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A Sélection d’articles publiés en Chimie Circumstellaire 65

A.1 Photochemistry and molecular ions in carbon-rich circumstellar envelopes . . . 67

A.2 Photochemistry and molecular ions in oxygen-rich circumstellar envelopes . . . 77

A.3 The photodissociation of CO in circumstellar envelopes . . . . . . . . . . . . . 89

A.4 The formation of molecules in protostellar winds . . . . . . . . . . . . . . . . 103
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masse au dessus de laquelle se trouvent 50%, 10% et 1% des halos (de bas
en haut), selon le formalisme de Press & Schechter (1974). Ce diagramme
suppose Z = 0, Ω0 = 1, λ0 = 0, Ωb = 0.06, h = 0.5 et σ8 = 0.7. . . . . . . . 14

2 Taux de coalescence sans dimension k/(r2hvg) en fonction du rapport des
dispersions de vitesses entre groupe ou amas et galaxies (Mamon 2000b). La
courbe pointillée correspond au taux de Mamon (1992a), la courbe hachurée
au taux de Krivitsky & Kontorovich (1997, re-normalisé verticalement, car
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fines pointillées), normalisées à la fonction de masse cosmique de Press &
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1

Résumé

Je présente ici les travaux que j’ai effectués depuis 1985, l’année de mon doctorat. Ces
travaux se subdivisent en cinq principales branches :

1) La chimie et le transfert de rayonnement dans les environnements circumstellaires
(étoiles AGB, carbonées, et étoiles jeunes), avec la prédiction de la distribution radiale des
abondances des atomes, ions, molécules, et certains ions moléculaires.

2) La formation et l’évolution des galaxies : sur-refroidissement, taux de coalescences et
de collisions rapides (en fonction de la masse des galaxies, la richesse de leur environnement
— groupes ou amas — et leur position dans ces structures), en vue de déterminer l’origine
de la séquence de Hubble.

3) Les contraintes (dynamiques, cosmologiques et par observations de rayons X du
plasma intergalactique) sur la nature des groupes compacts de galaxies. Ainsi, environ le
quart des groupes compacts ont des dispersions de vitesses trop faibles pour être très denses
en 3D et pourraient être causés par alignements fortuits de galaxies le long de la ligne de
visée. Mais le taux de formation des groupes compacts semble suffisamment grand pour
expliquer la plupart de ces systèmes comme bien denses en 3D.

4) L’Univers local en proche-IR, domaine spectral qui apporte une vision non-biaisée de
la distribution de masse de l’Univers : relevé en imagerie DENIS de l’hémisphère austral (de
plus grande fiabilité et complétude que les relevés optiques, et apportant une contrainte
forte contre l’hypothèse d’un Univers fractal) et suivis spectroscopiques du 6dF, avec le but
d’estimer précisément les champs de vitesse et de densité de matière de l’Univers local.

5) La densité de masse de l’Univers, mesurée par trois méthodes : la dynamique hors-
équilibre des groupes de galaxies, leur fraction de baryons (mesurée par leur émission X) et
l’application d’une règle, comobile avec l’expansion de l’Univers, aux structures de quasars
à z = 2. Ces trois méthodes convergent vers Ω = 0.3 et la dernière implique aussi une
constante cosmologique non-nulle.
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3

1 Introduction

1.1 Introduction générale

Le titre de cet exposé, Statistique des interactions dans l’Univers : des molécules aux
galaxies, peut parâıtre présomptueux, et certes tous les aspects des interactions entre les
échelles des molécules et celles des galaxies ne seront pas traitées ici. Néanmoins, il s’agira
de montrer les résultats de modélisations sur 1) les interactions chimiques entre molécules
dans les environnements circumstellaires, 2) les interactions gravitationnelles entre galaxies
dans les groupes et amas de galaxies, et 3) la statistique de la distribution des galaxies à
grande échelle.

On verra qu’il existe des liens entre ces trois grandes thématiques. Néanmoins, le premier
thème apparâıt quand même très différent des deux autres. On peut donc se demander ce
qui peut pousser un astrophysicien à travailler sur des sujets apparemment si différents.

La raison est purement matérielle ! Après une thèse de doctorat poursuivie à l’Univer-
sité de Princeton aux Etats-Unis sur les interactions gravitationnelles dans les groupes
de galaxies, qui suivait elle-même un travail avec J. Binney (Oxford) sur la modélisation
de la cinématique interne des galaxies elliptiques (Binney & Mamon 1982), des raisons
personnelles m’ont contraint de chercher un travail postdoctoral sur la région de New
York. J’ai eu la chance de recevoir le seul poste alors offert dans l’agglomération de la
Grande Pomme, à l’Université de New York, où l’on faisait de l’astrophysique inter- et
circumstellaire, et j’en ai donc profité pour m’initier aux vents circumstellaires. De retour en
France, en 1988, je me suis remis à l’astrophysique extragalactique, mais mes collaborations
sur les environnements circumstellaires avec A. Glassgold et P. Huggins (Université de New
York) ont néanmoins continué, à un rythme certes décroissant.

L’approche des travaux qui vont être présentés est principalement théorique, mais avec
une grande variété d’approches : des calculs simples sur le dos d’une enveloppe (Mamon
1992a), des calculs analytiques compliqués (Walke & Mamon 1989), des analyse de données
observationnelles (Mamon 1989; Mamon et al. 1998), des calculs numériques (e.g. Glassgold
et al. 1987), des simulations numériques (Mamon 1987; Lanzoni, Mamon, & Guiderdoni
2000), et des simulations d’images et de calculs sur ces images simulées (Harmon & Ma-
mon 1993). Mais ces différentes approches théoriques sont généralement entreprises pour
comparer, voire confronter à des observations, ou souvent sur des propriétés statistiques
tirées d’observations.

1.2 Contexte global

L’Univers est un formidable laboratoire de physique, dans lequel se mêlent des objets
de nature très différente, telles que les planètes solides comme la Terre ou fluides comme
Jupiter; les étoiles avec des diverses réactions nucléaires en leur centre, et des divers phéno-
mènes de transport dans leur photosphère et finalement des émissions radiales de particules
appelées vents; les nuages de gaz et de poussières dans lesquels se forment ces étoiles; les
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galaxies d’étoiles de morphologie visible plate comme les galaxies spirales et lenticulaires
ou arrondie comme les galaxies elliptiques; les petits groupes ou grands amas de galaxies;
les très grandes structures de galaxies dans l’Univers.

La compréhension de beaucoup de ces objets est liée aux autres familles d’objets. On
peut raisonner en amont, en commençant par l’Univers primordial, caractérisé par un en-
semble de paramètres qui peuvent être exprimés par les valeurs qu’ils atteignent dans
l’Univers actuel. Ces paramètres sont le taux actuel d’expansion de l’Univers, H0, le pa-
ramètre de densité de masse, Ω0 (ou Ωm où le ‘m’ signifie matière), qui représente la densité
moyenne de l’Univers, normalisée à la densité critique ρ0c = 3H2

0/(8πG) que devrait avoir
l’Univers pour que son expansion continue indéfiniment, une constante cosmologique, Λ,
qui dénote une densité en énergie sombre, λ = ΩΛ = Λ/(3H2

0), et un spectre de fluctuations
primordiales de densité, P (k). Les indices ‘0’ représentent l’Univers actuel.

Après l’explosion du Big Bang (probablement suivi d’une époque courte d’expansion
inflationnaire), l’Univers se refroidit. Environ 700 000 ans après le Big Bang, l’Univers
est assez froid (T ≃ 3000 K) pour que les électrons des atomes d’Hydrogène (principal
constituant de l’Univers) puissent se recombiner aux noyaux (protons) pour former ainsi
des atomes neutres. Ce faisant, les photons, précédemment piégés par les électrons libres
des atomes encore ionisés, viennent librement à nous en forme de fond cosmique micro-
ondes, dit CMB (Cosmic Microwave Fond Background en anglais), dont l’émission nous
parvient comme un corps noir de 2.73 K, qui trace l’époque de la recombinaison à laquelle
l’Univers avait une température de ≃ 3000 K. Ces paramètres laissent des empreintes très
fortes sur les fluctuations angulaires du CMB, qui commencent à être mesurées avec les
expériences en ballon BOOMERANG, MAXIMA et bientôt ARCHEOPS, et seront mesurées
avec une grande précision avec les satellites MAP et Planck Surveyor.

Depuis la recombinaison, la structuration de la matière dans l’Univers est régie par la
gravitation. Les régions sur-denses de l’Univers attirent de préférence la matière environ-
nante et deviennent encore plus denses, tandis que la matière quitte les régions sous-denses
pour aller vers des zones plus denses. Ainsi les contrastes de densité s’accroissent, et cette
croissance de contrastes de densité est régie par l’instabilité gravitationnelle.

Lorsque les contrastes de densité sont encore faibles, l’Univers est dit dans le régime
linéaire car la croissance des fluctuations de densité par instabilité gravitationnelle peut
être décrite de façon analytique, qui s’avère être linéaire en fonction de (1 + z), dans
un repère comobile avec l’expansion de l’Univers, lorsque l’Univers est plat sans constante
cosmologique (Ω0 = 1), où z est le décalage spectral (redshift en anglais). Dans une seconde
phase, dite non-linéaire, les fluctuations de densité sont au moins du même ordre que la
densité moyenne de l’Univers. Les structures sur-denses se détachent alors de leur expansion
de Hubble, pour s’effondrer, possiblement rebondir, et atteindre un équilibre dynamique dit
viriel (car le théorème du même nom est satisfait). Les systèmes dynamiques astrophysiques
en équilibre viriel vont du Système Solaire aux cœurs des amas de galaxies.

Au premier ordre, les galaxies devraient être des bons traceurs de la distribution de
masse dans l’Univers. Comme la distribution de masse porte les empreintes des paramètres
cosmologiques Ω0, λ0 et P (k), on peut espérer recouvrer ces paramètres par des analyses
appropriées de la distribution des galaxies, soit dans le champ, soit dans les grands amas
de galaxies, soit encore dans les petits groupes de galaxies.
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A noter que la masse de l’Univers est dominée par de la matière noire (ou sombre) non-
baryonique (car toutes les estimations de Ω0 donnent des valeurs ∼> 0.2 bien plus grandes
que les estimations de la densité de matière baryonique — Ω0 ∼< 0.1). La forte structuration
de l’Univers aux échelles des petits groupes de galaxies suggère que la matière noire est
principalement froide, dite CDM (Cold Dark Matter), avec P (k) ∼ k aux grandes échelles
(confirmé par le satellite COBE de mesures du CMB) et P (k) ∼ k−3 aux petites échelles. Les
particules de matière noire pourraient être des axions, des WIMPs ou bien des partenaires
super-symétriques de particules, en particulier le Higgsino. Leur détection est difficile et
leurs sections efficaces sont généralement très mal connues.

A partir du spectre P (k), il est facile de trouver l’amplitude typique des fluctuations
de densité à une échelle R, ou une masse M (ce qui revient au même, puisque l’Univers
primordial est quasiment homogène). 1 La variance des fluctuations s’écrit :

σ2(R) =
1

(2π)3

∫ ∞

0
W̃ 2(kR)P (k) d3k ,

où W̃ est la transformée de Fourier de la fenêtre de lissage, qui est une fonction de créneau
(top hat en anglais) si l’on considère le cas simple d’une boule de rayon R. Pour le spectre
CDM, σ est une fonction décroissante de la masse, de sorte que

lim
M=0

σ → ∞ .

Les fluctuations des galaxies ont un écart type de 1 à l’échelle de 8 h−1 Mpc (où h =
H0/[100 km s−1 Mpc−1]). Mais comme on n’observe pas la distribution de la matière noire
(cela viendra avec les grands sondages de vitesses particulières comme 6dF — voir Sec. 5.3,
plus bas, ou par la mesure des effets de lentilles gravitationnelles faibles à grande échelle),
il faut supposer un paramètre de biais des galaxies par rapport à la matière noire. Par
simplicité on adopte un biais local linéaire, b, ce qui se traduit par des fluctuations d’écart-
type σ8 = 1/b pour la matière noire à l’échelle de 8 h−1 Mpc.

On comprend relativement bien les conditions pour qu’une structure, dit halo de matière
noire, atteigne l’équilibre viriel à une époque donnée. Cela s’exprime par un seuil du
contraste de densité moyen du halo (par rapport à la densité moyenne de l’Univers), qui
crôıt avec z, et qui à z = 0 est ∆ = 178 pour (Ω0 = 1, λ0 = 0) tandis que pour (Ω0 = 0.3,
λ0 = 0.7), ∆ = 334 (Kitayama & Suto 1996b). Ainsi, les structures les plus denses se
forment d’abord. On appelle alors le rayon du viriel, le rayon d’un halo à l’intérieur duquel
la densité moyenne est de ∆ fois la densité moyenne de l’Univers. 2

Etant donné que la gravitation engendre des fluctuations de densité de statistique gaus-
sienne, la probabilité qu’un objet de taille comobile R, c’est-à-dire de masse M = 4πρ̄R3

s’effondre avant l’époque z peut s’écrire

P (zc > z|R) = erfc

(
δc(z)

σ(R)
√

2

)
, (1)

1. Pour éviter le choix d’un décalage spectral primordial de référence (zi = 1000 ou zi = 100, etc.), on
préfère exprimer les échelles (R) et nombres d’onde (k), par extrapolation du régime linéaire au temps
présent (z = 0) — les échelles sont alors dites comobiles. De même, les fluctuations de densité, leur spectre
P (k) et leur écart-type σ(R) sont exprimés par extrapolation du régime linéaire à z = 0.

2. ∆ est parfois définie comme la densité d’une structure relative à la densité critique.
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où erfc est la fonction complémentaire d’erreur, δc est le seuil de densité linéaire (δc(z) ≃
1.68 (1 + z) pour le cas Ω0 = 1, λ0 = 0), c’est-à-dire que δc(z) est la fluctuation de densité,
extrapolée dans le régime linéaire jusqu’au temps présent (z = 0), qui va s’effondrer à
l’époque z. Comme σ est une fonction décroissante de la masse et que δc est une fonction
croissante de z, l’équation (1) implique que les structures peu massives s’effondrent les
premières.

La croissance des halos peut être quiescente, par accrétion de très petits halos, ou bien
violente, par coalescence avec un halo de masse comparable (e.g. Salvador-Sole, Solanes, &
Manrique 1998). On sait aussi caractériser la fonction de masse des halos, par un formalisme
dit de Press & Schechter (1974), et ses extensions (Bower 1991; Bond et al. 1991; Lacey
& Cole 1993; Kitayama & Suto 1996a) et améliorations récentes (Sheth, Mo, & Tormen
2001), qui donnent des très bons accords avec les résultats des simulations cosmologiques
à N -corps (Jenkins et al. 2001; Sigad et al. 2000).

L’ansatz de Press & Schechter suppose que lorsque l’on passe d’un rayon R à un rayon
R+dR, c’est-à-dire quand on augmente légèrement le rayon de lissage, on perd les structures
de tailles comprises entre R et R + dR. Ainsi, la fraction de masse de l’Univers dans les
structures de taille R est :

F (R) = − ∂

∂R
[P (zc > z|R)] . (2)

Appliquant l’équation (2) à l’équation (1), la fonction de masse des halos s’écrit alors (Press
& Schechter 1974)

n(M) = 2
ρ̄ F (R)

M
=

√
2

π

ρ(z)

M2

∣∣∣∣∣
d log σ

d logM

∣∣∣∣∣ ν exp(−ν2/2) , (3)

où ν = δc(z)/σ[M(R)] et où le facteur 2 de normalisation a été ajouté pour tenir compte
des halos dans les structures sous-denses de l’Univers.

D’après l’équation (3), la fonction de masse de Press & Schechter varie à peu près
comme 1/M2 aux petites masses, avec une coupure de forme exponentielle, et une masse
maximale caractéristique, M∗, au delà de laquelle peu de structures se forment, satisfaisant
ν = 1, c’est-à-dire σ(M∗) ≃ δc(z). La masse M∗ crôıt avec le temps, car, comme on a vu
plus haut, les halos peu massifs se forment les premiers. A z = 0, la masse caractéristique
est M∗ ≃ 1014M⊙. A noter que le formalisme de Press & Schechter tient compte de la
coalescence des structures, mais sans introduire de vitesses particulières de ces halos par
rapport à l’expansion de Hubble.

Dans cette vision d’un Univers hiérarchique (White & Rees 1978), les objets actuels
de l’Univers sont composés de morceaux qui se sont détachés très tôt de l’expansion de
Hubble. Les galaxies se forment dans ces halos de matière noire. Contrairement aux groupes
et amas de galaxies, la formation des galaxies elles-mêmes est largement influencée par les
processus de physique dissipative. Comme une galaxie est composée (en grande partie)
d’étoiles, qui se forment dans des nuages froids de gaz moléculaire, le refroidissement du
gaz primordial est un ingrédient essentiel dans la formation des galaxies (Silk 1977; Binney
1977; Rees & Ostriker 1977).
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2 Chimie des environnements circumstellaires

2.1 Introduction

Alors que les intérieurs des étoiles sont difficilement observables du fait de leur forte
opacité, les environnements circumstellaires, moins denses, sont généralement facilement
observables. Ceux-ci sont composés de gaz et de poussières qui se condensent à une tempéra-
ture d’environ 1000 K, et ce mélange s’éloigne de l’étoile de façon radiale, d’où le nom de
vents circumstellaires. Cette perte de masse des étoiles peuvent atteindre 10−5M⊙/an, soit
un milliard de fois plus que la perte de masse du Soleil (qui a aussi son vent solaire). Les
vitesses d’éjection sont de l’ordre de 10 à 20 km s−1 pour les étoiles évoluées, et 10 fois
plus pour les étoiles jeunes. Le profil de densité de l’enveloppe circumstellaire satisfait la
relation de continuité, qui en symétrie sphérique s’écrit :

Ṁ = 4π r2 n(r) v(r) ,

où Ṁ est la perte de masse. Ainsi, pour une vitesse uniforme du vent, le profil de densité
du gaz est n ∼ r−2.

Quelle est l’origine des vents? Autour d’étoiles évoluées, on pense que le vent provient de
la pression de rayonnement sur les poussières, qui entrâınent alors le gaz avec elles. Autour
d’étoiles jeunes supermassives, les vents sont probablement propulsés par l’absorption dans
certaines raies de résonance. Autour des étoiles en formation, il semble que les champs
magnétiques jouent un grand rôle.

On observe les constituants du gaz, soit par l’émission en ondes millimétriques de raies
moléculaires correspondant à des transitions quantiques entre deux niveaux de rotation
différents de ces molécules, soit par l’absorption en infrarouge de lumière photosphérique
par des transitions quantiques entre deux niveaux de vibration différents de ces molécules.

Il se trouve que les vents circumstellaires ont une chimie en phase gazeuse 3 très riche,
à base de réactions chimiques traditionnelles : réactions ions-moléculaires, neutres-neutres
(bien plus lents), à transfert de charge, de recombinaison radiative, etc. Les taux de réaction
s’écrivent comme la moyenne de la vitesse relative multipliée par la section efficace de
collision :

k = 〈v σ(v)〉 , (4)

où σ est la section efficace de collision et v la vitesse relative.

Mais les photons ultraviolets (UV), donc de hautes énergies, provenant soit de l’étoile
centrale, soit du milieu interstellaire ambiant, ionisent les atomes et molécules (photo-
ionisation), et parfois cassent les molécules (photo-dissociation). Le taux de photo-absorp-
tion, non-atténué, dans le continu pour l’espèce j s’écrit

G0
j =

∑

j

∫
σj(ν) 4πIν

hν
dν =

4π

hc

∑

j

∫
σj(λ) Iλ λ dλ ,

3. Il existe aussi une chimie de déplétion des éléments gazeux sur des grains et de réaction sur les grains.
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où σj(ν) ≡ σj(λ) représente la section efficace de photo-absorption pour l’espèce j, Iν dν =
Iλdλ représente l’intensité du champ de rayonnement, h est la constante de Planck et c est
la vitesse de la lumière. Il arrive que les molécules absorbent des photons dans des raies,
et le taux de photo-absorption non-atténué pour une raie i s’écrit

G0
i =

πe2

mec
fi 4π I(λi) , (5)

où e et me représentent respectivement la charge et la masse de l’électron, tandis que λi et
fi représentent respectivement la longueur d’onde et la force d’oscillateur de la raie.

Le transfert de ces photons dans les vents circumstellaires est déterminant pour la chi-
mie du vent. Malheureusement, ce transfert de rayonnement n’est pas simple. Les poussières
absorbent et diffusent les photons UV, mais on a dû mal à modéliser la composante dif-
fusion de l’extinction. Les molécules et atomes absorbent aussi les photons UV, en vue
de leur dissociation et ionisation respectives, et chaque constituant gazeux a sa propre
section efficace, qui dépend de son état d’excitation (par exemple, chez les atomes, les
excités s’ionisent mieux ! — car leur état est énergétiquement plus proche de l’état ionisé).
Ces sections efficaces semblent être de nature plutôt continue, bien que dans certains cas
(Hydrogène atomique et moléculaire, ainsi que le CO) l’absorption se fait dans des raies.

L’épaisseur optique dans le continu pour une espèce j s’écrit

τj(λ,r) = σj(λ)Nj(r) , (6)

où Nj est la colonne densité de l’espèce j (évaluée soit vers l’intérieur pour des photons
stellaires, soit vers l’extérieur pour des photons interstellaires), tandis que σj(λ) est sa
section efficace à la longueur d’onde λ. Pour du rayonnement stellaire, l’atténuation du
taux de photo-absorption est simplement

Gj(r) = G0
j exp[−τ(λ,r)] , (7)

où τ(λ,r) =
∑

j τj(λ,r) + τpous(λ,r) est la somme des épaisseurs optiques, à la longueur
d’onde λ et au rayon r, des poussières et des espèces absorbantes dans le continu. Mais pour
du rayonnement interstellaire, un point de l’enveloppe circumstellaire reçoit des photons
depuis toutes les directions. En moyennant sur les directions, Morris & Jura (1983) ont
montré que si on ne prend en compte que l’absorption (en négligeant donc les effets de
diffusion), l’atténuation se réduit à l’approximation

Gj(r) ≃ G0
j γ[τ(λ,r)] ,

γ(τ) = exp
(
−1.644 τ 0.86

)

Pour une raie absorbante, l’atténuation est celle de l’équation (7) pour du rayonnement
stellaire (on ne tient pas compte de l’auto-absorption de la raie, mais on bloque le rayonne-
ment par les absorbants en continu, poussières comprises). Pour du rayonnement externe
(interstellaire), l’atténuation s’écrit

Gi(r) ≃ G0
i 〈β(τr(λi,r)〉 γ(τ) ,

où τr est l’épaisseur optique dans la raie, et 〈β〉 représente la probabilité moyenne d’échap-
pement (voir Sec. 2.4, plus bas), et τ est l’épaisseur optique totale des bloquants dans le
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continu (poussières comprises). Comme le vent est en expansion, il y a des effets pervers,
qui font qu’un photon qui se meut dans un vent, se meut aussi dans l’espace des énergies
d’absorption des constituants, à moins que l’expansion se fasse à vitesse constante. Si c’est
le cas, alors les photons d’incidence radiale seront fortement absorbés par le gaz tandis que
ceux en incidence tangentielle sont fortement absorbés par les poussières.

La modélisation ci-dessous concerne 3 différents types d’étoiles : 1) Les étoiles évoluées
à chimie carbonée (étoiles carbonées, nébuleuses proto-planétaires), 2) Les étoiles évoluées
à chimie oxygénée (géantes et supergéantes rouges), 3) Les objets stellaires jeunes (étoiles
pré-T Tauri).

Il est intéressant de comparer le temps dynamique, τdyn = r/v au temps chimique,
τchim = 1/(nk) ∼ r2 (pour les vents à vitesse constante), ou au temps photo-chimique
τphoto = 1/G. A la base des vents dans les étoiles froides, les temps chimiques et photo-
chimiques sont faibles, et les abondances chimiques sont celles de la photosphère. Si les
temps chimiques étaient beaucoup plus courts que les temps dynamiques, alors les abon-
dances chimiques pourraient être calculées indépendamment, à chaque rayon, en équilibre
thermodynamique local (ETL). Mais cette condition n’est pas satisfaite dans les vents
circumstellaires, ce qui implique que l’on doit effectuer un calcul où la chimie est couplée
à la dynamique du vent.

Ainsi, on effectue un calcul lagrangien (qui suit le vent), en débutant à la base du vent
(dans la photosphère ou chromosphère), là ou il commence à être accéléré. On suppose un
mélange de constituants gazeux, déterminé par un calcul en équilibre thermique. Puis on
calcule comment les abondances des composants gazeux varient avec leur distance à l’étoile
centrale, en intégrant les réaction chimiques et de photo-destruction. Si on veut étudier une
enveloppe circumstellaire illuminée de l’intérieur par l’étoile et à l’extérieur par le champ
UV interstellaire, il faut coupler les équations du type (6) aux équations (photo-)chimiques
et itérer les calculs d’abondance (en supposant, au premier ordre, des épaisseurs optiques
nulles).

L’idée est alors de comparer les abondances à celles observées, principalement en émis-
sion millimétrique. Notons que ces observations se font principalement sur les radio-téles-
copes à Kitt Peak (12m), Onsala (20m), l’IRAM (30m), et Nobeyama (40m) et depuis cinq
ans on peut mieux mesurer la variation des abondances avec la distance à l’étoile, grâce
aux interféromètres de Hat Creek et de l’IRAM. On peut aller plus loin bien sûr et faire
des prédictions sur des futures détections.

2.2 Enveloppes circumstellaires carbonées

Les amateurs d’étoiles carbonées ont la chance de pouvoir observer un exemple d’étoile
carbonée qui se trouve être une des sources les plus brillantes en infrarouge proche : IRC
+10216. On y observe à ce jour plus de 40 molécules différentes (Glassgold & Mamon
1992; Glassgold 1996). L’excès de carbone par rapport à l’oxygène dans la photosphère
entrâıne une chimie à base d’hydrocarbures dans l’enveloppe circumstellaire. Les molécules
dominantes sont CO, bien sûr, et aussi, C2H2, HCN, et SiS, qui se trouvent à la base du
vent, et sont photo-dissociées par les UV du milieu interstellaire ambiant. Les résidus de
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photo-dissociation peuvent être photo-dissociés à leur tour ce qui donne lieu à des photo-
châınes de dissociation telles que CO → C → C+, C2H2 → C2H → C2 → C → C+, et
HCN → CN → C → C+.

Outre ces molécules abondantes, nos calculs (Glassgold et al. 1987) montrent que l’on
doit s’attendre à observer quelques ions moléculaires, qui constituent d’importants diag-
nostics de l’ionisation des enveloppes circumstellaires. Ainsi nous avions prédit que l’ion
HCO+, atteint une abondance de quelques 10−10, et cet ion a depuis été détecté à l’IRAM
avec une abondance comparable (Lucas & Guélin 1990). Nous avions aussi expliqué le
grand rapport entre l’abondance de HCN et celui de son isomère HNC. Au delà de HCN,
on observe une séquence de cyanopolyynes : HC3N, HC5N, HC7N, HC9N, HC11N, et leurs
résidus de photo-dissociation. Nos derniers calculs (Cherchneff, Glassgold, & Mamon 1993)
ont permis de modéliser ces observations, avec comme corollaire que le taux de rayons cos-
miques semble être 10 fois inférieur à celui du milieu interstellaire ambiant, l’enveloppe
étant peut-être protégée par les champs magnétiques émanant de l’étoile centrale. Finale-
ment, l’observation de six molécules à base de silicium nous a conduits à développer la chi-
mie silicée et nos résultats préliminaires sont en bon accord avec les observations (Glassgold
& Mamon 1992; Glassgold 1996).

2.3 Enveloppes circumstellaires oxygénées

Alors que tout l’oxygène en phase gazeuse des enveloppes carbonées se trouve dans du
CO, dans les enveloppes oxygénées (étoiles AGB comme αOri, proto-nébuleuses planétaires
comme OH231.8+4.2, voire même nébuleuses planétaires comme NGC 7027) 4 le surplus
d’oxygène donne lieu à une chimie différente, où cette fois-ci tout le carbone gazeux se
trouve dans du CO et il ne se forme pas d’hydrocarbures. L’absence de phares tels que
IRC +10216 a retardé la compréhension de cette chimie oxygénée, qui n’est pourtant pas
moins intéressante, vu la présence de masers (OH, H2O, SiO) dans ces enveloppes. Nous
avons donc été les premiers à présenter une modélisation de la chimie des enveloppes
oxygénées (Mamon, Glassgold, & Omont 1987). La principale photo-châıne est maintenant
H2O → OH → O. Nous avons prédit la détection des ions moléculaires HCO+ et H3O

+,
dont le premier a été par la suite détectée et la seconde nécessite des observations sub-
millimétriques (difficiles) pour observer ses transitions rotationnelles.

2.4 Transfert dans les raies de CO

On a longtemps supposé que la molécule CO photo-absorbe en continu, et on s’est basé
sur cette idée pour déduire des taux de perte de masse des étoiles à partir de l’extension du
monoxyde de carbone (Knapp & Morris 1985). L’équipe de F. Rostas (DAMAP, Meudon)
a mesuré la spectre de photo-absorption UV du CO, et en a déduit que la photo-absorption
s’effectue principalement en raies (Letzelter et al. 1987).

4. La modélisation de la chimie des nébuleuses planétaires est plus difficile, le vent n’étant pas station-
naire mais détaché.
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Pour la molécule CO, on considère des transitions électro-vibrationnelles ℓ,u (‘lower’,
‘upper’) et des niveaux de rotation J,J ′, de sorte que la force d’oscillateur de la transition
ℓJ → uJ ′ s’écrit

fℓJ,uJ ′ = fi fJ,J ′ ,

où le premier terme à droite est la force d’oscillateur classique (qui rentre dans l’éq. [5])
tandis que le second terme représente le facteur de Hönl-London normalisé : avec fJ,J+1 =
(J + 1)/(2J + 1) et fJ,J−1 = J/(2J + 1). La probabilité moyenne d’échappement s’écrit

〈βi〉 ≡ 〈β(τr)〉 =
∑

JJ ′

PJfJJ ′βℓ,J,u,J ′

βℓ,J,u,J ′ =
1 − exp(−3τr/2)

3τr/2

(8)

où

τr ≡ τℓ,J,u,J ′ = PJ fi fJ,J ′

(
πe2

me c

)
λi

(
r nH(r)

v

)
xj(r) ,

et où PJ représente la probabilité de se trouver dans le niveau rotationnel J :

PJ = (2J + 1) exp
[
−J(J + 1)

TCO

T

]
,

où TCO = 2.78 K est la température de rotation du CO.

Nous avons alors appliqué les résultats de Letzelter et al. (1987) aux enveloppes circum-
stellaires en expansion (Mamon, Glassgold, & Huggins 1988). La photo-absorption en raies
implique un transfert de rayonnement différent, où l’auto-écrantage est très efficace et
intervient de façon beaucoup plus abrupte que dans le cas continu.

De plus, nous en avons déduit un taux de photo-dissociation du CO (non-atténué) dix
fois plus grand qu’admis précédemment. En utilisant les données pour 34 bandes de photo-
absorption CO données par Letzelter et al. (1987), et en supposant que ces bandes sont
subdivisées en raies de transitions entre niveaux rotationnels en équilibre thermique, nous
avons donc développé un modèle précis de la photo-châıne de CO dans les enveloppes
circumstellaires et proposé une approximation simple avec une seule raie (Mamon et al.
1988).

Alors que pour les enveloppes carbonées, la chimie se fait à l’intérieur de la zone de
photo-dissociation de CO, dans les enveloppes oxygénées, chimie et photo-dissociation du
CO se font au même endroit, ce qui rend l’examen de cette photo-dissociation critique
(Mamon, Glassgold, & Omont 1987).

2.5 Enveloppes circumstellaires autour d’étoiles jeunes

L’annonce de la détection de CO dans une enveloppe essentiellement atomique autour
d’un proto-étoile (Lizano et al. 1988), nous a conduits à essayer de modéliser la formation
de molécules dans les enveloppes de ces proto-étoiles. Il s’agissait de savoir si ce CO était
de nature interstellaire, et accélérée par le vent circumstellaire, ce qui était alors l’idée
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à la mode, ou bien si elle était formée dans le vent circumstellaire. Ici, les contraintes
observationnelles sont peu nombreuses, car les enveloppes sont mille fois plus petites.

La chimie est bien différente car les enveloppes sont aussi beaucoup plus denses, donc
les collisions jouent un rôle très accru. Nous avons dû tenir compte de certains niveaux
d’Hydrogène et de Carbone, qui jouent un rôle important dans le transfert de rayonnement.

Nous avons montré (Glassgold, Mamon, & Huggins 1989, 1991) qu’à partir d’une photo-
sphère entièrement atomique, et dans certaines conditions, des molécules telles que H2, CO,
et OH se synthétisent à l’intérieur du vent. Pour cela il faut que l’étoile et son vent ne soient
pas trop chauds et que la perte de masse soit assez forte (ce qui correspond à une assez
forte densité).

2.6 Epilogue

Etant revenu à la cosmologie, je n’ai plus contribué sur le sujet des milieux circum-
stellaires, mise-à-part la mise à disposition sur le Web de mon code de chimie circum-
stellaire, 5 qui a ainsi été utilisé par plusieurs auteurs.

Néanmoins, les études des vents circumstellaires profitent des avancées théoriques,
comme les mesures ou calculs de sections efficaces de photo-absorption ou de réaction,
ainsi que d’observations de qualité croissante, en particulier en résolution spatiale. Ainsi,
une observation HST de IRC +10216 montre que l’enveloppe est composée de coquilles,
par résultats de chocs (Mauron & Huggins 1999), ce qui implique qu’une grande partie de
la chimie de l’enveloppe est à revoir !

5. Mon code CSENV se trouve sur http://www.iap.fr/users/gam/csenv.html.
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3 Formation et évolution des galaxies

3.1 Formation de galaxies et le problème du sur-refroidissement

On a vu plus haut (Sec. 1.2) que la formation des galaxies est régie par des processus
dissipatifs. La Figure 1 illustre l’intérêt de combiner l’analyse de refroidissement du gaz
à la statistique des halos de matière noire donnée par le formalisme de Press & Schech-
ter (1974). 6 Ce diagramme, tracé d’abord par Silk (1977), montre comment la condition
d’avoir du gaz froid (dans les nuages moléculaires) contraint la formation de galaxies. On
y incorpore (Blumenthal et al. 1984; Blanchard, Valls-Gabaud, & Mamon 1992) les tracés
de fluctuations de densité extrêmes et moyennes, prédits par la fonction de masse de Press
& Schechter et couplés à la relation masse-température, obtenue depuis le seuil de densité
des halos, la relation dispersion de vitesses / température et le théorème du viriel :

ρ̄(z) =
3M

4πR3
= ∆ Ω(z) ρc(z) =

3 ∆ Ω0H
2
0

8πG
(1 + z)3 , (9)

µmp σ
2
v = βs k T , (10)

σ2
v = γ

GM

R
, (11)

où ∆ est le facteur (non-linéaire) de surdensité, par rapport à la densité critique ρc(z),
µmp est la masse moyenne des particules du gaz, βs est une constante d’ordre 1 qui mesure
le rapport entre la ‘température’ des particules d’un halo sur la température du gaz, et
γ = σ2

v/v
2
circ(R) est un facteur de forme du halo. Donc, en combinant les équations (9),

(10) et (11), on arrive à la relation masse-température :

kT =
γ µmp

βs

(
Ω0 ∆

2

)1/3

(GH0)
2/3M2/3 (1 + z) .

A une époque z correspond une densité critique pour l’effondrement d’un halo, ρ(z) =
∆(z) ρ0c ≃ 180 (1+z) ρ0c dans le cas simple de Ω0 = 1 et λ0 = 0, où ρ0c est la densité critique
de l’Univers actuel. La densité du gaz est simplement ρgaz = Ωb/Ω0 ρ. Le refroidissement
se fait à un taux n2

gaz Λ(T ), où ngaz est la densité en nombre de gaz, tandis que Λ(T ) est
la fonction de refroidissement (et dépend légèrement de l’abondance en éléments lourds,
dénoté Z — à ne pas confondre avec le décalage spectral, z). Pour un plasma chaud
monoatomique d’énergie interne (3/2)ngazkT , il en résulte un temps de refroidissement qui
vaut environ

tfroid =
3
2
ngaz kT

n2
gaz Λ(T )

. (12)

Les deux courbes (pleines et pointillées) de la Figure 1 indiquent les conditions pour
que tfroid = tUnivers et tfroid = tdyn, c’est-à-dire, où le refroidissement se fait soit sur un âge
de l’Univers, soit sur le temps dynamique du halo. Ainsi, à z ∼> 0, à densité de gaz donné,
il existe un intervalle de température pour lequel le refroidissement est rapide.

6. White & Rees (1978) ont été les premiers à relier le formalisme de Press & Schechter (1974) et celui
du refroidissement du gaz.
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Fig. 1 – Diagramme densité-température pour du gaz sans éléments lourds (Blanchard,
Valls-Gabaud, & Mamon 1992). L’ordonnée D représente la densité locale divisée par la
densité critique actuelle (D = ρ(r,z)/ρ0c). L’autre ordonnée zvir donne l’époque de virialisa-
tion de la structure. Les courbes pleine et pointillée indiquent les condition de refroidisse-
ment tfroid = tUnivers et tfroid = tdyn, respectivement. Les lignes droites obliques représentent
les masses des halos. Les courbes hachurées représentent, pour un z donné, la masse au
dessus de laquelle se trouvent 50%, 10% et 1% des halos (de bas en haut), selon le for-
malisme de Press & Schechter (1974). Ce diagramme suppose Z = 0, Ω0 = 1, λ0 = 0,
Ωb = 0.06, h = 0.5 et σ8 = 0.7.

Ainsi, considérons une époque z, et donc la densité de gaz associée d’un halo qui se forme
à l’époque z. D’abord, l’intersection avec les courbes hachurées donne les masses typiques
des halos à ce décalage spectral. Les galaxies se forment dans les halos de température
comprises entre ≈ 104 K et ≈ 106 K, c’est-à-dire dans la zone où le refroidissement est
rapide. Ainsi, d’après la Figure 1, les premières galaxies se forment dans des halos de masse
2 × 107M⊙ à z ≃ 25, les galaxies les plus massives se forment dans des halos de 1011M⊙

à z ≃ 4, et dans l’Univers actuel, la formation de galaxies est pratiquement nulle. On
remarque aussi que les galaxies naines se forment encore après l’apparition des premières
galaxies géantes.

Ces chiffres ne sont peut-être pas complètement réalistes, et ce diagramme pourrait être
amélioré en prenant le modèle cosmologique le plus en vue aujourd’hui, c’est-à-dire Ω0 =
0.3, Λ = 0.7 et h = 0.7, avec une meilleure fonction de masse (Sheth et al. 2001). D’autre
part, l’apparition des éléments lourds avec les premières galaxies accrôıt le refroidissement
et permet d’obtenir des galaxies se formant dans des halos de masse environ 10 fois plus
grande (voir Fig. 3 de Blumenthal et al. 1984).

L’intérêt principal du travail de Blanchard, Valls-Gabaud, & Mamon (1992) a été le
calcul de la fraction de baryons à z = 0 qui est sous forme froide. On trouve que, sans
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réchauffage, 80% des baryons devrait être sous forme froide à z = 0. Mais on sait que la
fraction de baryons sous forme froide est bien plus faible que 50% : les étoiles contribuent
Ω∗ ≃ 0.003 (voir Fukugita, Hogan, & Peebles 1998 et références incluses) tandis que le
gaz froid dans les galaxies fournit une densité au mieux comparable (voir Fukugita et al.
1998 et références incluses). La somme des deux est donc négligeable par rapport à la
densité baryonique de l’Univers, Ωb ≃ 0.02 (Fukugita et al. 1998 et références incluses).
Pour éviter ce problème de sur-refroidissement, on est amené à postuler un processus de
réchauffage de l’Univers pour ralentir le refroidissement des baryons et empêcher ainsi
la formation de trop d’étoiles, en particulier en augmentant l’entropie spécifique du gaz
intergalactique pour l’empêcher de s’effondrer dans des halos de matière noire (sinon leur
entropie spécifique diminuerait, voir Ponman, Cannon, & Navarro 1999). Ce réchauffage
explique aussi l’absence de gaz neutre à z ≃ 2 (test de Gunn & Peterson 1965). Un modèle
récent confirme l’importance de ce réchauffage sous forme de quasars (Valageas & Silk
1999).

3.2 Analyse semi-analytique et l’origine de la séquence de Hubble

On sait (depuis Hubble & Humason 1931) que les cœurs denses des amas riches de
galaxies sont peuplés presque uniquement de galaxies elliptiques (et quelques lenticulaires
— ou galaxies S0), tandis que les galaxies spirales y sont rares, et on appelle cela la
ségrégation morphologique.

Mais on ne connâıt toujours pas l’origine de la séquence de Hubble, ni de la ségrégation
morphologique. Une possibilité souvent considérée serait que les galaxies elliptiques pro-
viennent de coalescences (appelées aussi fusions ou mergers) de galaxies spirales. En effet,
les simulations numériques à haute résolution de la collision lente de deux galaxies spirales
de masse comparable produit invariablement une galaxie elliptique (Gerhard 1981; Barnes
1992), comme cela avait été prévu par Toomre (1977). Les coalescences majeures pourraient
donc être le mécanisme responsable de la distinction entre galaxies spirales et lenticulaires,
d’une part et galaxies elliptiques d’autre part.

Pour tester cette possibilité, j’ai encadré en 1994 le stage de DEA de Sergio Dos Santos
(maintenant postdoc à Leicester, Royaume-Uni), qui a considéré le rôle des coalescences
majeures de galaxies, dans le contexte d’un univers hiérarchique, avec le gaz, qui se refroi-
dit dans des halos de matière noire, puis génère des étoiles, qui elles-mêmes donnent des
supernovae qui rapportent de l’énergie au gaz qui essaie de refroidir (sinon, on aurait trop
d’étoiles formées, voir Blanchard, Valls-Gabaud, & Mamon 1992). Les résultats de cette
modélisation semi-analytique étaient prometteurs, mais Sergio est parti au service militaire
après son stage de DEA, et à son retour un préprint est sorti d’Angleterre (Baugh, Cole,
& Frenk 1996) faisant pratiquement exactement la même chose !

Mais il n’y a pas que les coalescences entre spirales de masse comparables qui peuvent
expliquer la distinction entre galaxies à disque et elliptiques. Une autre idée attrayante est
le fait que les spirales ne peuvent se former dans les amas car, étant donné que leurs disques
proviennent de la dissipation d’un très grand halo de gaz, si ces halos de gaz sont dissipés
par les effets de marée de l’amas, ils ne pourront s’effondrer pour former des disques de
galaxies spirales (Larson, Tinsley, & Caldwell 1980; Whitmore & Gilmore 1991; Whitmore,
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Gilmore, & Jones 1993). Une dernière idée est tout simplement que les galaxies elliptiques
sont celles qui s’effondrent le plus rapidement (Evrard, Silk, & Szalay 1990), sans pouvoir
recevoir du moment angulaire par couples de marées avec les (proto-)galaxies avoisinantes.

D’autre part, la distinction entre galaxies spirales en lenticulaires (pauvres en gaz et
poussières), est expliquée de plusieurs façons : par ablation du gaz des disques lors de
collisions (Spitzer & Baade 1951), par la pression de choc du gaz intergalactique (Gunn &
Gott 1972), ou par évaporation par conduction du gaz intergalactique (Cowie & Songaila
1977), ou encore la consommation du gaz lors de sursauts de formation d’étoiles (Larson,
Tinsley, & Caldwell 1980).

On peut être plus ambitieux et chercher à expliquer toute la séquence de Hubble.
Par exemple, les accrétions de petites galaxies satellites par leurs parents, qui épaississent
d’abord les disques de ces galaxies parentes (Quinn & Goodman 1986), puis après forma-
tion de barres, on prévoit le transport de matière vers les régions centrales, ce qui augmente
le rapport bulbe sur disque des galaxies (Pfenniger & Norman 1990; Combes 2000). Ainsi,
la séquence de Hubble pourrait s’expliquer entièrement par l’historique de ces accrétions et
coalescences majeures (Schweizer 1992; Charlton, Whitmore, & Gilmore 1995). De même,
les marées causées par les collisions rapides, non-suivies de coalescences, devraient faire
évoluer les disques sur la séquence de Hubble, et la première modélisation de ce phénomène
dans un contexte cosmologique est prometteuse (Balland, Silk, & Schaeffer 1998).

Les théoriciens (dont moi-même : Mamon 1992a) ont été assez astucieux pour “prouver”
que tel ou tel processus physique est efficace, mais comment connâıtre le moteur véritable de
la séquence de Hubble ? La réponse sera fournie, je l’espère, par le travail de ma doctorante
Barbara Lanzoni (boursière TMR), en collaboration avec Bruno Guiderdoni (IAP). Notre
démarche, dite semi-analytique, se fait en 3 étapes :

1. On décrit l’évolution de la matière noire d’un morceau d’Univers

2. On incorpore tous les processus physiques dans le formalisme de l’Univers hiérar-
chique mentionné plus haut (et amélioré de façon adéquate) et on cherche l’ensemble
des paramètres satisfaisant au mieux les très nombreuses contraintes observation-
nelles (ségrégation morphologique, mais aussi fonction de luminosité des galaxies,
évolution de ces relations avec le décalage spectral, etc.).

3. On itère avec N − 1 processus au lieu des N processus originaux, et on cherche le
processus qui, une fois retiré de la simulation, fait le modèle s’éloigner au maximum
des contraintes observationnelles.

Nous avons d’abord codé et testé une méthode très rapide (dite MCM due à Rodrigues &
Thomas 1996) qui permet de suivre l’évolution de la matière noire d’un morceau d’Univers
dans l’approximation linéaire (c’est-à-dire sur des échelles assez grands pour que le contraste
moyen de densité soit faible), et nos tests (Lanzoni, Mamon, & Guiderdoni 2000) montrent
que ce code reproduit de façon excellente les fonctions de masse prédite par le formalisme
de Press & Schechter (1974), ainsi que les fonctions de masse des progéniteurs d’un halo de
masse donnée. Nous montrons aussi que les halos MCM sont bien corrélés dans l’espace, et
que leur fonction de corrélation reproduit bien les prédictions analytiques (de Mo & White
1996 et Catelan et al. 1998).
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Toutefois, les processus d’évolution morphologique des galaxies seront les plus efficaces
dans les régions denses de l’Univers, qui terminent à z = 0 dans les amas riches de galaxies
(où le mélange des morphologies de galaxies est la plus différente par rapport au champ), et
l’approximation linéaire faite par MCM ne peut en principe bien reproduire ces régions très
non-linéaires. L’alternative est d’entreprendre des simulations cosmologiques de l’évolution
de matière noire de l’Univers à partir de codes gravitationnels. Au début de la thèse de
Barbara, les codes existants étaient beaucoup trop lents pour pouvoir envisager sérieuse-
ment une telle approche, mais nous avons pu bénéficier d’un code à architecture parallèle
très rapide, écrit par V. Springel (alors étudiant de S. White à Garching, maintenant
postdoc à Harvard, USA), qui s’avère être 10 fois plus rapide que les codes similaires dont
nous disposions à l’IAP. Nous avons obtenu 15 000 puis 25 000 heures de temps sur l’IBM
SP2 (plus de 200 processeurs) du CINES (anciennement CNUSC) et nous avons entrepris
une série de simulations d’amas, dans plusieurs gammes de masse, ayant chacun plus d’un
million de particules.

Barbara (qui doit soutenir sa thèse vers la fin 2000) est en train d’intégrer ses simulations
aux codes d’évolution semi-analytique des galaxies développé à l’IAP par Ninin (1999),
Devriendt (1999) et S. Hatton. 7 Pour avoir des résultats plus réalistes, elle modifie ces
immenses codes, afin de mieux suivre les orbites des galaxies, une fois qu’elles tombent
dans des groupes ou amas.

3.3 Taux de coalescences et de collisions rapides de galaxies dans

les groupes et amas

Dans le modèle de formation et évolution des galaxies dans un Univers hiérarchique
(Sec. 3.2), la prise en compte de toutes les paires de galaxies en interaction dans un amas
donné, pour le calcul des effets de collisions et de coalescences directes, revient à entre-
prendre une simulation à N corps pour les galaxies, ce qui est très coûteux en temps de
calcul.

Pour plus d’efficacité, la modélisation semi-analytique va devoir incorporer des calculs
analytiques des taux de coalescences directes et de collisions rapides dans les groupes et
amas (Mamon 2000b).

Le taux de coalescences s’écrit de manière similaire à l’équation (4) :

k ≡ 1

n2

d2N

dt dV
= 〈vs(v)〉 =

∫ ∞

0
dvf(v)vs(v) , (13)

où s(v) est la section efficace de coalescence et f(v) est la distribution Maxwellienne nor-
malisée de vitesses relatives. Alors une galaxie subit des coalescences à un taux nk ≡ dN/dt.

On peut séparer les coalescences en trois catégories : 1) les coalescences mineures avec
des objets beaucoup moins massifs, comme l’accrétion de petits satellites; 2) les coalescences
majeures avec des objets légèrement moins massifs, qui doivent détruire la morphologie

7. Un premier code crée l’arbre de coalescences des halos, tandis que le second incorpore les baryons et
crée une arbre de coalescences des galaxies.
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disque de galaxies spirales en interaction et engendrer par conséquent des galaxies ellip-
tiques; 3) les coalescences destructrices avec des objets plus massifs.

La Figure 2 montre les taux sans dimension de coalescences majeures, k/(r2hvg), où rh
est le rayon de moitié de masse moyen des deux galaxies, tandis que vg est leur dispersion
interne de vitesses moyenne.

Fig. 2 – Taux de coalescence sans dimension k/(r2hvg) en fonction du rapport des disper-
sions de vitesses entre groupe ou amas et galaxies (Mamon 2000b). La courbe pointillée
correspond au taux de Mamon (1992a), la courbe hachurée au taux de Krivitsky & Kon-
torovich (1997, re-normalisé verticalement, car ils ont raisonné en termes de rayons des
galaxies au lieu de rayons de moitié de masse), et la courbe pleine aux taux déduits des
simulations numériques de Makino & Hut (1997).

On remarque d’une part une excellente concordance (à 15% près) entre les taux de
coalescences majeures de Mamon (1992a) et Makino & Hut dans le régime des amas, alors
que Mamon (1992a) sous-estime les taux pour les groupes, car la focalisation gravitation-
nelle lors des rencontres de galaxies n’est pas prise en compte. D’autre part, le calcul de
Krivitsky & Kontorovich, une fois re-normalisé, donne un accord remarquable avec les
simulations de Makino & Hut (c’est d’autant plus remarquable que la forme de la section
efficace s(v) adoptée par Krivitsky & Kontorovich n’était pas très réaliste).

Dans le régime des amas, le taux de coalescences majeures s’écrit simplement (Mamon
1992a)

k = b
r2hv

4
g

v3cl
= a

G2m2

v3cl
, (14)

où vcl est la dispersion de vitesses du groupe ou amas (cluster), avec a ≃ 8 (Mamon 1992a).
En fait, la relation k ∼ v−3

cl ne dépend pas de la section efficace, tant que celle-ci diminue
fortement (ou est tronquée) aux grandes vitesses relatives (Mamon 2000b). D’après la
Figure 2, les coalescences majeures sont environ 100 fois plus fréquentes dans les groupes
que dans les amas riches (par unité de densité en nombre de galaxies).
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Lorsque les deux galaxies qui vont coalescer ensemble ne sont pas de même masse,
l’équation (14) se généralise par la relation

k ∼ 〈rh〉2〈v2g〉2 . (15)

Ainsi, étant donné les équations (14) et (15) et m ∝ r3h (on suppose l’auto-similarité des
profils de masse, et on prend la densité moyenne constante à l’intérieur du rayon du viriel),
le taux de coalescences majeures d’une galaxie de masse m avec une autre galaxie de masse
λm s’écrit (Mamon 2000b)

k(m,λm) =
aG2m2

v3cl

(
1 + λ1/3

2

)2 (
1 + λ2/3

2

)2

. (16)

Une galaxie donnée subit des coalescences avec d’autres galaxies au taux

R ≡ nk̄(m) =
∫ λmax

λmin

k(m,λm)n(λm) d(λm) , (17)

où n(m) est la fonction de masse des galaxies. Ainsi, λmin ≃ 1/3 et λmax = 1 pour les coa-
lescences majeures, tandis que λmin = 1 and λmax → ∞ pour les coalescences destructrices.

La Figure 3 montre les taux de coalescences en fonction des masses des galaxies, ob-
tenue par l’équation (17), quand on adopte une fonction de Schechter (1976) de pente
asymptotique α pour la fonction de masse. 8

φ(m) =
φ∗

m∗

(
m

m∗

)α

exp
(
− m

m∗

)
. (18)

Ces taux sont traduits en termes du nombre de coalescences majeures subies, extrapolé
sur un temps de Hubble. Il est important de rappeler que les taux de coalescences et
de collisions rapides calculés ici doivent être considérés dans le contexte d’un Univers
hiérarchique. En d’autres termes, ces taux ne représentent que des photographies d’un
système, qu’on ne peux extrapoler dans le temps, car les propriétés des groupes et amas
évoluent vite dans l’Univers hiérarchique.

La croissance des taux à faible masse reflète la croissance des sections efficaces avec la
masse, tandis que la chute des taux aux très grandes masses est due au manque de galaxies
avec qui coalescer. La Figure 3 indique que les galaxies de faible masse sont mangées par
des plus grosses avant de pouvoir se transformer en elliptiques par coalescences majeures.

On peut aller plus loin et prédire aussi la variation du taux de coalescences majeures
avec la position dans les groupes et amas. Pour ce faire, il est crucial de prendre en compte
les marées du potentiel du groupe ou amas. En effet, les galaxies qui chutent sur un tel

8. On aurait probablement dû adopter la fonction de masse de Press & Schechter (1974), car celle-ci
est plus réaliste que la fonction de Schechter (1976), qui ne s’applique qu’aux luminosités. Toutefois, la
fonction de Schechter est plus simple et on pourrait argumenter que la fonction de Press & Schechter n’est
pas complètement réaliste, car elle compte toutes les structures, qu’elles aient ou non des galaxies en leur
sein. De plus, la fonction de Press & Schechter ne compte pas les galaxies situées dans de plus grandes
structures comme des groupes en équilibre ou des amas.
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Fig. 3 – Nombre de coalescences majeures ( courbes épaisses) et destructrices ( courbes
fines), extrapolé pour un taux de Hubble en fonction de la masse de la galaxie, (eqs. [16]
et [17], Mamon 2000b). Les courbes pointillées, pleines et hachurées sont pour des pentes
asymptotiques de la fonction de masse (eq. [18]) de α = −1.1, −1.3 et −1.5, respectivement.
La normalisation suppose a = 12, vcl = 1000 km s−1, n∗ = 200nchamp

∗ , avec nchamp
∗ =

0.013 h3Mpc−3 (Marzke et al. 1998), et m∗ = 0.1 (M/L)amas ℓ∗ = 3 × 1011h−1M⊙.

système peuvent posséder de très gros halos qui vont être sévèrement tronqués (Merritt
1984; Mamon 1992a). Plus précisément, on peut montrer par des considérations analytiques
simples que, pour les orbites allongées observées dans les simulations cosmologiques d’amas
(Ghigna et al. 1998), les galaxies vont être tronquées à un rayon rt qui satisfait (Mamon
2000b)

rt
Rp

(
Vcl

vg

)
≃ 1.2 − 1.5 ,

où Rp est le péricentre de la trajectoire de la galaxie chutant dans l’amas. On s’attend ainsi
à ce que les masses caractéristiques des galaxies croissent avec leur distance au centre de
leur amas (nous ne prenons pas en compte ici les galaxies supergéantes cD situées au centre
des amas), sauf dans les régions centrales où la relaxation à 2 corps mélangera efficacement
les galaxies ayant au départ des différents Rp.

Les diagrammes dans la Figure 4 montrent la variation radiale des taux de coales-
cences majeures, quand on fait le calcul pour des profils de densité de masse suivant la loi
caractéristique de Navarro, Frenk, & White (1995) (NFW):

ρ(r) =
4 ρ(a)

(r/a) (r/a + 1)2

et quand on adopte la non-auto-similarité de ces profils pour les objets de différentes
masses (Navarro, Frenk, & White 1997). On confirme que les coalescences de galaxies sont
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Fig. 4 – Nombre de coalescences majeures subies par une galaxie donnée en fonction de
sa position dans son groupe ou amas, extrapolé à un temps de Hubble, pour un amas
( gauche) ou groupe (droite), d’après Mamon (2000b). On a pris une pente asymptotique
de la fonction de masse des galaxies (eq. [18]) de α = −1.3. Les courbes épaisses, pleines et
hachurées représentent le nombre de coalescences pour des galaxies de masse m = mchamp

∗ =
5 × 1012h−1M⊙ et m = 0.1mchamp

∗ = 5 × 1011h−1M⊙, respectivement. Les courbes fines,
pleines et hachurées sont pour des masses de galaxies de m = m∗(R) et m = 0.1m∗(R),
respectivement.

rares dans les amas 9, mais fréquents dans les groupes compacts (voir Sec. 4), surtout vers
R = Rvir/10 pour les galaxies massives (notez que, d’après la Fig. 3, les galaxies m = 0.1m∗

sont détruites par coalescences avant de subir des coalescences majeures avec des galaxies
légèrement moins massives).

Finalement, on peut aussi calculer le taux auquel une galaxie de masse et position
données dans un groupe ou amas (de dispersion de vitesses donnée) subit des collisions
rapides, non suivies de coalescence, mais qui contribuent à modifier la morphologie de la
galaxie par les marées induites par la seconde galaxie perturbatrice.

9. Cette conclusion est contraire à celle de Mamon (1992a), qui s’appuie sur une analyse similaire, mais
avec des profils de densité en loi de puissance, et surtout avec la non prise en compte du fait que la fraction
de masse d’un amas ou groupe à une distance donnée de son centre varie de la même manière que varie
la masse caractéristique — du fait de la marée du potentiel. Ainsi, dans le passage de la densité de masse
ρ(R) à la densité en nombre de galaxies n(R), Mamon (1992a) a surestimé n(R) et donc surestimé la
fréquence de coalescences majeures au petits R.
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Une étoile de la galaxie test, située à une distance r de son centre, reçoit un incrément
de vitesse

∆v ∼ Fmarée ∆t ∼ GM(p) r

p3

(
p

Vp

)
= C

GM(p) r

p2 Vp
, (19)

où C est une constante sans dimension, proche de l’unité. La galaxie reçoit alors une énergie
qui est γ fois son énergie de liaison :

∆E ≈ 1

2
(∆v)2 = γ|E| = 3 γ v2g , (20)

où vg est la dispersion de vitesses de la galaxie test. Les équations (19) et (20) conduisent
à un paramètre d’impact critique de

pcrit =
rg

(3γ)1/2
v2circ,p
vgV

, (21)

où rg est le rayon rms des étoiles de la galaxie test, et vcirc,p est la vitesse circulaire de la
galaxie perturbatrice, qui dépend très peu de la distance au centre. Avec la section efficace
πp2crit et l’équation (21), le taux de collisions rapides laissant des traces se détermine pour
un seuil du paramètre γ :

k = 〈vs(v)〉 =
π1/2

3γ

(
rg
vg

)2 v4circ,p
vcl

, (22)

qui est pratiquement indépendant du paramètre d’impact.

La Figure 5 montre la variation avec la position dans le groupe ou amas du taux de
collisions rapides, obtenu en intégrant l’équation (22) sur les masses des galaxies perturba-
trices, en remarquant que les galaxies test et perturbatrices sont toutes deux limitées par les
marées de leur amas ou groupe. La Figure 5 montre que les galaxies perturbées par collisions
rapides sont très fréquentes dans les groupes, en particulier dans leurs parties externes.
Mais les galaxies perturbées par collisions rapides sont aussi relativement fréquentes dans
les régions externes des amas.
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Fig. 5 – Nombre de collisions rapides fortes (γ = 1/3) subies par une galaxie, extrapolé
sur un temps de Hubble, en fonction de la distance au centre du groupe ou amas (Mamon
2000b). La courbe pleine correspond au cas d’un amas NFW, avec une dispersion de vitesses
vcl = 1000 km s−1, tandis que le courbe hachurée correspond à un groupe NFW, avec vcl =
300 km s−1. La fonction de masse des galaxies (eq. [18]) a une pente asymptotique α = −1.3
et on adopte mchamp

∗ = 5 × 1012 h−1M⊙.
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4 Groupes compacts de galaxies

4.1 Introduction

Mes travaux de thèse de doctorat sur la dynamique des groupes de galaxies se sont
poursuivis jusqu’à maintenant. Grâce à la gravitation, environ la moitié des galaxies dans
l’Univers se situent dans des groupements liés d’au moins quatre galaxies (dans un intervalle
de typiquement trois magnitudes, c’est-à-dire un facteur de douze en luminosité). Ces
groupes de galaxies sont intéressants pour au moins quatre raisons : a) Ce sont des labo-
ratoires pour étudier la dynamique des galaxies. b) Les interactions dynamiques entre
galaxies d’un groupe engendrent des sursauts de formation d’étoiles. c) Ils servent comme
indicateurs de distance (en améliorant la précision sur les indicateurs de distance par un
facteur N1/2, où N est le nombre de galaxies dans le groupe). d) Ils servent à contraindre
les paramètres cosmologiques.

Si les groupes paraissent si intéressants, alors pourquoi travaille t-on plus sur les grands
amas de galaxies, contenant pourtant dix fois moins de galaxies ? Indubitablement, les
amas de galaxies ont des apparences plus spectaculaires. De plus, on pense que les amas de
galaxies souffrent moins d’effets de projection que les plus petits groupes. Aussi, même si
un groupe est lié gravitationnellement, il peut ne pas être en équilibre, subissant toujours
les effets de son expansion de Hubble initiale. Et comme les groupes ont un faible nombre
de membres (ou multiplicité), le bruit statistique sur leurs propriétés globales est grand. Et
finalement, le gaz chaud intergalactique des amas émet fortement en rayons X, alors que
le gaz intragroupe n’est observé que depuis quelques années (avec les satellites X ROSAT
et ASCA : Pildis, Bregman, & Evrard 1995; Saracco & Ciliegi 1995; Ponman et al. 1996;
Mulchaey et al. 1996).

Les groupes dans les grands catalogues (Geller & Huchra 1983; Tully 1987; Maia, da
Costa, & Latham 1989; Ramella, Geller, & Huchra 1989; Gourgoulhon, Chamaraux, &
Fouqué 1992; Nolthenius 1993; Garcia 1993; Ramella, Pisani, & Geller 1997; Trasarti-
Battistoni 1998; Ramella et al. 1999) sont sélectionnés de sorte que leur densité soit de
l’ordre de 20 à 100 fois la densité de l’Univers. Ces groupes diffus ne sont donc pas encore
en équilibre viriel (Byrd & Valtonen 1985; Giuricin et al. 1988; Diaferio et al. 1993; Mamon
1993). L’exemple le plus connu de groupe diffus est le Groupe Local, constitué principa-
lement de la galaxie M31 (Andromède) et la Voie Lactée. Comme le décalage spectral
de M31 est vers le bleu, la galaxie s’approche de nous, et donc le Groupe Local s’effondre
probablement pour la première fois (sinon, il faudrait y mettre une masse bien trop grande).

Parmi les groupes de galaxies, le pour-cent des plus compacts est une catégorie à-part :
en effet les groupes compacts apparaissent, en projection sur le ciel, au moins aussi denses
(en 3D) que les cœurs des amas riches de galaxies, et donc comme les régions les plus denses
(en galaxies) de l’Univers. Un échantillon de 100 groupes compacts isolés a été sélectionné
(Hickson 1982) en 2D sur les planches du Palomar, et sert de référence pour les études de
groupes compacts. D’après les données cinématiques de Hickson et al. (1992), la densité de
masse moyenne des groupes compacts de Hickson (HCGs) est de l’ordre de 40 000 fois la
densité critique de l’Univers. Par conséquent, les groupes compacts devraient constituer le
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laboratoire privilégié pour étudier les interactions de galaxies et les sursauts de formation
d’étoiles qui doivent en découler.

La première question que l’on doit poser est de savoir si les groupes compacts sont
aussi denses en 3D qu’ils apparaissent en 2D? Si la réponse est positive, qu’apprend t-on
alors sur les effets des environnements extrêmement denses sur les galaxies et leurs taux
de formation d’étoiles?

Dans un article quelque peu provocateur (Mamon 1986), j’avais énuméré un grand
nombre d’arguments allant contre l’idée que la majorité de groupes compacts sont aussi
denses qu’ils apparaissent en projection, et favorisant l’hypothèse contraire : la plupart des
groupes compacts proviendrait d’alignements fortuits de galaxies le long de la ligne de visée
à l’intérieur de plus grands groupes.

Ainsi a débuté un débat entre les partisans de la forte densité 3D des groupes compacts
(Sulentic 1987; Hickson & Rood 1988; Hickson 1997) et les partisans des effets de projec-
tion, c’est-à-dire moi tout seul au départ (Mamon 1986, 1987, 1992b), puis Hernquist,
Katz, & Weinberg (1995), qui ont noté dans leurs simulations cosmologiques quelques cas
de groupes compacts, tous causés par des alignements fortuits de galaxies le long de la
ligne de visée à l’intérieur de longs filaments cosmologiques.

Les groupes compacts de Hickson ont été systématiquement étudiés dans tout le spectre
de longueurs d’onde, afin de tirer des informations sur les anomalies morphologiques et de
cinématique interne de leurs galaxies, ainsi que sur le taux de formation d’étoiles. Ces
études indiquent que les galaxies des groupes compacts sont significativement plus aptes à
subir des interactions dynamiques avec leurs voisins que les galaxies isolées ((Hickson 1997)
et références incluses). Mais, paradoxalement, les galaxies de groupes compacts montrent
significativement moins de coalescences en cours (Zepf 1993) et de formation d’étoiles
(Moles et al. 1994) que les galaxies dans des échantillons de paires serrées.

Depuis quinze ans, le sujet des groupes compacts est en croissance exponentielle (le
nombre de publications sur les groupes compacts de galaxies étant passé de 3 par an dans
les années ’80, à 15 par an depuis 1993). 10

4.2 Effets de projection dans les groupes et amas

Parmi les arguments que j’ai avancés (Mamon 1986) en faveur de l’hypothèse de groupes
compacts comme alignements fortuits de galaxies à l’intérieur de plus grands groupes, la
plus directe vient de mes simulations de groupes diffus en équilibre (Mamon 1987). J’ai
étudié la fréquence avec laquelle on y voyait des sous-groupes en projection satisfaisant
exactement les critères que Hickson (1982) a employés pour sélectionner ses groupes com-
pacts. J’ai ainsi montré qu’un groupe diffus avait environ 10% de chances de montrer,
dans une projection donnée, un sous-groupe compact et isolé. De plus ces sous-groupes
compacts ne sont généralement vus que le long d’un seul parmi trois axes orthogonaux

10. D’après l’ADS (NASA Astrophysics Data System).
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de visée, suggérant que la grande majorité de ces sous-groupes proviennent d’alignements
fortuits à l’intérieur des groupes diffus.

A noter que la faiblesse de cette étude provient du fait que les groupes diffus que j’ai
simulés étaient un peu trop diffus pour pouvoir s’être détachés à temps de leur expansion
de Hubble initiale et se trouver en équilibre aujourd’hui.

Cette grande fréquence d’alignements fortuits a été contestée par une étude (Hickson
& Rood 1988) basée sur des simulations Monte-Carlo (sans dynamique) qui concluait que
le groupe diffus typique avait une probabilité de quelques 10−5 de donner un alignements
fortuit (soit 3000 fois moins que dans mes simulations dynamiques). Peu après, nous avons
refait cette étude de manière analytique, en reproduisant les critères d’isolation et de com-
pacité de Hickson (Walke & Mamon 1989), confirmant cette faible probabilité. Toutefois,
nous montrons que la probabilité (ou fréquence) d’alignements fortuits dépend très sensi-
blement de la taille et de la multiplicité du groupe parent. En particulier, plus le groupe
parent est grand, plus difficile il est d’aligner des galaxies pour former des groupes plus
compacts qu’un seuil absolu. La fréquence d’alignements fortuits varie à peu près comme
R−4

parent, et la fréquence moyenne est alors environ 10 fois plus grande que la fréquence
médiane utilisée par Hickson & Rood. De plus, les deux modèles (Hickson & Rood et
Walke & Mamon) supposent une distribution homogène dans le groupe parent, alors que
la gravitation force les galaxies à se distribuer de façon très hiérarchique, en paires, etc.
En corrigeant pour le nombre de paires observées dans les groupes diffus, on arrive a une
fréquence encore 200 fois plus grande, réconciliant ainsi les fréquences très différentes entre
simulations Monte-Carlo et simulations dynamiques.

L’autre résultat du travail de Walke & Mamon a été de prédire que les amas de ga-
laxies (c’est-à-dire les groupes à grande multiplicité) doivent donner lieu à une plus grande
fréquence d’alignements fortuits que les groupes. En effet, plus il y a de membres dans le
groupe parent, plus il y a de façons de les aligner pour en faire un groupe compact et isolé.
J’ai testé cette idée en faisant une recherche automatique de groupes compacts dans Virgo
(l’amas le plus proche), et j’ai pu ainsi détecter (Mamon 1989) un groupe compact, que
Hickson (1982) avait manqué, et qui est alors le groupe compact le plus proche (autour de
la troisième galaxie de Virgo, Messier 60, alias NGC 4649).

Parmi les autres arguments en faveur d’alignements fortuits et contre l’idée que les
groupes compacts sont denses en 3D, il faut noter que les groupes compacts ont une re-
lation morphologie-densité (Mamon 1986) et des rapports M/L (Mamon 1992b) qui sont
précisément ce à quoi on s’attend avec des alignements fortuits (la fraction de galaxies
spirales est beaucoup plus forte que dans les régions d’amas à densité comparable, et les
M/L sont beaucoup plus faibles que ceux des groupes diffus). D’autre part, la moyenne
〈m1 −m2〉 de la différence de magnitudes entre les 2 galaxies les plus brillantes de chaque
groupe compact est statistiquement compatible avec une fonction de luminosité normale
(Mamon 1986) , alors que dans les groupes denses simulés, 〈m1−m2〉 est significativement
plus grand (Mamon 1987), à cause des coalescences de galaxies.

Mais alors, comment expliquer les nombreux signes d’interaction dynamique et de
formation d’étoiles accrue dans les galaxies des groupes compacts de Hickson, bien que
moins importants que dans les galaxies des paires serrées? En regardant plus en détail
les propriétés des alignements fortuits dans mes groupes diffus simulés (Mamon 1992b),
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j’ai remarqué que celles-ci ne sont généralement pas constituées de quatre ou cinq galaxies
sans association particulière, mais au contraire les trois-quarts des alignements fortuits
contiennent au moins une paire serrée. En d’autres termes, les groupes compacts seraient
causés, pour la plupart, par des alignements fortuits de galaxies, naturellement riches en
paires, grâce à la gravitation qui attire les galaxies. Le débat sur les groupes compacts est
alors de savoir si les signes modérés d’interaction et de formation d’étoiles accrues dans les
galaxies des groupes compacts sont dûs à des groupes denses en 3D ou bien à des paires
de galaxies alignées, le long de la ligne de visée, avec d’autres galaxies ou paires.

4.3 Emission diffuse X des groupes compacts

Il est bien connu que le milieu intergalactique dans les amas de galaxies est un plasma
très chaud, à peu près en équilibre hydrostatique avec le potentiel de l’amas, et émettant
fortement en rayons X, principalement par rayonnement de freinage des électrons dans le
potentiel Coulombien des ions du plasma, appelé bremsstrahlung thermique, ainsi que par
rayonnement en raies, principalement du Fer. Ces rayons X pourraient apporter la solution
au débat sur la nature des groupes compacts. En effet, l’émission X est moins sujette aux
effets de projection, car l’émissivité X (du gaz diffus et chaud intergalactique) varie comme
la densité locale de gaz chaud au carré.

Durant les années ’90, le satellite ROSAT a permis, pour la première fois, la détection
de quelques groupes compacts en rayons X, en particulier avec son spectro-imageur PSPC.
Mais d’autres n’ont pas été détectés, et la fraction de groupes compacts détectables, tenant
compte des effets de sélection est sujette à débat entre les observateurs. Sergio Dos Santos
(alors doctorant à l’IAP, maintenant postdoc au centre de données XMM-Newton à Leices-
ter) et moi avons ré-analysé les images d’archives de ROSAT sur deux groupes compacts
extrêmes.

Le premier groupe, HCG 16, est composé de galaxies spirales en interaction, ayant
toutes des spectres Starburst, Seyfert ou LINER et avec une dispersion de vitesses très
basse (100 km s−1). Deux équipes différentes avaient analysé ce groupe et conclu à l’opposé
sur la présence d’émission diffuse : Saracco & Ciliegi (1995) n’en ont pas trouvé, tandis que
Ponman et al. (1996) ont en détecté à un niveau 30 fois supérieur à la limite supérieure de
Saracco & Ciliegi ! Notre propre analyse d’image bidimensionnelle et multi-longueurs d’onde
montre des fortes similarités entre les morphologies X (ROSAT/PSPC) et continu radio à
20 cm (NVSS 11) Nous avons démontré que plus de la moitié de l’émission X découverte
par Ponman et al. était due à des sources (C1A, C1B et C5) en arrière plan et à une étoile
(C1C) en avant plan. 12 Donc, l’émission diffuse en X de HCG 16 est très morcelée, et la
plupart est située dans les environnements autour des galaxies du groupe, ce qui suggère
que le groupe est loin de l’état virialisé (Dos Santos & Mamon 1999). Alternativement, la
morphologie morcelée du groupe pourrait signifier que le gaz primordial n’ait pu chuter
dans le potentiel du groupe parce que son entropie spéficique est plus grande qu’elle ne
serait au fond du potentiel (Ponman et al. 1999), et comme l’entropie ne peut diminuer
cela revient à une barrière d’entropie spécifique.

11. NRAO VLA Sky Survey.
12. Ironiquement, Saracco & Ciliegi, Ponman et al., et nous (Dos Santos & Mamon 1999) avons analysé

les mêmes observations.
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Fig. 6 – Contours X, après lissage adaptatif ( gauche) et continu radio à 20 cm, observé
par NVSS (droite) du groupe compact HCG 16, superposés sur l’image optique (niveaux
de gris), tiré de Dos Santos & Mamon (1999).

Nous avons obtenu du temps sur le nouveau satellite X Américain Chandra (ancienne-
ment AXAF) pour mesurer la température et l’abondance en métaux lourds de la seule
région d’émission de HCG 16 qui soit loin des galaxies (C4, qui pourrait représenter une
épisode de vent galactique, ou bien un morceau de galaxie, arraché par effets de marée lors
d’une collision avec une autre galaxie, ou encore des sources en arrière-plan).

D’autre part, nous sommes en train d’analyser l’émission X de ROSAT provenant du
groupe chaud et très probablement virialisé HCG 62, au moyen d’une nouvelle technique
que nous avons développée qui permet de cartographier la température et l’abondance en
métaux d’un groupe ou amas, au moyen de cartes de dureté obtenues à partir d’images
filtrées par ondelettes. Cette méthode est prometteuse pour les analyses d’amas avec Chan-
dra ou avec l’autre nouveau satellite X, Européen, XMM-Newton.

Finalement, dans le but de rassembler un maximum de données X sur les groupes, dont
les propriétés X sont très divers, S. Dos Santos et moi venons de former un consortium avec
J. Vrtilek, W. Forman, C. Jones (CfA Harvard) et T. Ponman (Birmingham) sur l’analyse
X des groupes compacts à partir des données Chandra et XMM-Newton.

4.4 La dispersion de vitesses minimale des systèmes de galaxies

Pour qu’un groupe ou amas de galaxies soit en équilibre dynamique, il lui faut une
dispersion de vitesses minimale. L’idée est fort simple : un système de galaxies doit avoir
plus de masse que la somme des masses de ses galaxies, c’est-à-dire

Mgroupe(Rvir) ≥
∑

j

mgal,j(rvir,j) ,
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où Rvir est le rayon du viriel du groupe, tandis que rvir,j correspond au rayon du viriel de la
galaxie j. Comme les systèmes assez denses pour se détacher de leur expansion de Hubble
initiale et obéissant au théorème du viriel doivent suivre une relation M ∼ σ3

v (vérifiée par
divers auteurs à partir de simulations cosmologiques), un minimum de masse est équivalent
à un minimum de dispersion de vitesses.

Comme les HCGs sont définis comme des systèmes isolés, on peut trouver un critère
plus contraignant en considérant, à un rayon R beaucoup plus grand que la séparation
typique entre galaxies du groupe, la masse contenue dans le groupe :

M(R) ≥
∑

j

mj(R) .

En adoptant des profils NFW, à la fois pour le groupe et pour les galaxies, et en tenant
compte de la variation de la concentration des profils NFW avec la masse (Navarro et al.
1997), j’arrive à la condition

σ2
v,,gpe ≥ 0.5

∑

E

σ2
v,j(0) + 0.14

∑

D

v2rot,j , (23)

où les sommes sont sur les galaxies elliptiques (E) et à disque (D), et où σv,j est la dispersion
de vitesses de la galaxie elliptique j, tandis que vrot,j est la vitesse de rotation maximale
de la galaxie disque j.

Il faut noter que si un groupe est dans sa phase d’effondrement maximal, sa dispersion
de vitesses sera encore plus grande que lorsqu’elle aura atteint son équilibre viriel. En
revanche, un groupe qui coalesce globalement aura une dispersion de vitesses faible (qui
devient nulle lorsque la coalescence est achevée). Cela semble être le cas pour un groupe
compact découvert par Weinberger, Temporin, & Kerber (1999), mais de tels cas sont très
rares.

Malheureusement, l’équation (23) nécessite la connaissance de la cinématique interne
des galaxies des groupes compacts, et l’information n’est connue que pour quelques galaxies
dans quelques groupes. Mais on peut employer les relation d’échelle reliant la cinématique
interne aux luminosités connues des galaxies :

– La relation Faber & Jackson (1976) pour les galaxies elliptiques et bulbes des lenticu-
laires, renormalisée par de Vaucouleurs & Olson (1982)

MB − 5 log h = −A− 9 (log σv − 2.3) ,

où MB est la magnitude absolue, avec A = 19.4 pour les elliptiques et A = 19.6 pour
les S0.

– La relation Tully & Fisher (1977) pour les galaxies à disque, calibrée avec les distances
aux galaxies, déterminées avec des étoiles Céphé̈ıdes par Sakai et al. (2000)

MB = −7.85 (logW c
20 − 2.5) − 19.7 ,

où MB est la magnitude absolue totale extrapolée de la galaxie, après correction
pour l’extinction interne et de notre Galaxie, tandis que W c

20 est la largeur de la raie
d’Hydrogène neutre à 21 cm, mesurée à 20% du maximum et corrigée de l’inclinaison
et du décalage spectral.
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On obtient alors, avec h = 0.7 (e.g. Sakai et al. 2000), une dispersion de vitesses minimale
pour le groupe qui satisfait

(
σv,gpe

100 km s−1

)2

≥ 2.1
∑

E

dex[−(MB + 20)/4.5]

+ 1.9
∑

L

dex[−(MB + 20)/4.5]

+ 0.4
∑

S

dex[−(MB + 20)/3.9] ,

où les sommes sont sur les galaxies elliptiques, lenticulaires et spirales, respectivement.

Hélas, les groupes compacts de Hickson ont trop peu de membres (typiquement 4 !)
pour que leurs dispersions (écarts-type) de vitesses soient fiables. 13 Ainsi, la distribution
des σv,gpe/σ

min
v,gpe est similaire à celle obtenue par simulations Monte-Carlo, dans l’hypothèse

ou le vrai écart-type de chaque groupe est précisément σmin
v,gpe.

Toutefois, on peut aller plus loin en considérant le sous-échantillon des 16 groupes
compacts pour lesquels de Carvalho et al. (1997), Zabludoff & Mulchaey (1998) et Barton,
de Carvalho, & Geller (1998) ont cherché des galaxies peu lumineuses (dont les décalages
spectraux suggèrent leur appartenance au groupe), et qui, pour la plupart, ont au moins
7 galaxies. Je trouve alors que 3 groupes sur 16 ont des probabilités de moins de 1.5%
d’avoir σv,gpe > σmin

v,gpe, dans le cas défavorable où leur σvrai
v,gpe = σmin

v,gpe, alors que l’on s’attend
à 0.015×16 = 0.2 groupe. De même, 5 groupes sur 16 ont des probabilités de moins de
6.5%, alors que l’on s’attend à 0.065×16 = 1 groupe. On en conclut qu’environ le quart
des groupes compacts ont des dispersions de vitesses trop faibles pour être denses en 3D.

4.5 La fonction de masse des groupes denses de galaxies

Quelle est la fréquence de groupes compacts attendue par les analyses cosmologiques
de la formation des structures de l’Univers? J’ai entrepris de répondre à cette question
en adaptant le formalisme de Press & Schechter étendu aux groupes compacts. Ainsi, la
fonction de masse des groupes denses aujourd’hui peut s’écrire comme l’intégrale sur les
époques de formation des taux de formation des groupes avec au moins la moitié de la
masse :

NDG(M,t0) =
∫ t0

t0−∆t
dt
∫ M

M/2
dM ′ Rform(M ′,t)P (M,t0|M ′,t) , (24)

où t0−∆t est l’âge de l’Univers à la formation du groupe, M ′ sa masse lors de sa formation,
Rform(M ′,t) est le taux de formation des structures de masse M ′ au temps t (Kitayama
& Suto 1996a) et P (M,t0|M ′,t) est la probabilité qu’un objet de masse M ′ au temps t se
retrouve à une masse M au temps t0 (Lacey & Cole 1993). 14

Si les groupes compacts se sont formés avec leurs tailles actuelles, leurs surdensités de
40 000 par rapport à la densité critique de l’Univers impliquent qu’ils ont dû se former

13. La distribution de N σ2/σ2

vrai
est distribuée selon une loi de χ2 avec N − 1 degrés de liberté, qui est

très large, pour N = 4, typique des groupes compacts.
14. L’intégrale double de l’équation (24) peut se réduire à une intégrale simple par inversion de l’ordre

d’intégration.
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à z ≃ 8 (quelque soit Ω0 et λ0), car c’est à cette époque que le rayon de viriel d’un
système de la masse actuelle d’un groupe à la taille d’un groupe compact d’aujourd’hui.
Déjà, très peu de structures de la masse des groupes sont déjà formées si tôt. De plus, une
telle structure aurait des bonnes chances d’être cannibalisée dans une structure bien plus
massive. Finalement, les galaxies devraient coalescer rapidement (Mamon 1987), de sorte
que l’on n’aurait plus à faire à un groupe compact, mais à une galaxie elliptique géante.
Donc, si on adopte cette hypothèse, alors les groupes compacts observés doivent être des
alignements fortuits de galaxies.

L’alternative est que les groupes compacts se forment avec des plus grandes tailles et
décroissent en taille par friction dynamique des galaxies contre la matière noire qui domine
le potentiel du groupe. Dans le cas extrême, un groupe compact de masse M peut se former
récemment avec un rayon similaire à son rayon viriel actuel et les galaxies les plus massives,
de masse m, et situées plutôt dans les régions internes du groupe qui vient de virialiser,
vont subir un déclin orbital par friction dynamique, qui prend typiquement M/m temps
de croisement (e.g. Mamon 1995).

La Figure 7 illustre l’application de l’équation (24) au cas où le groupe se forme
récemment (pour survivre un temps compatible avec les temps de survie observés dans
les simulations à N -corps de Mamon 1987), puis ses galaxies centrales forment un système
de taille décroissante par friction dynamique. D’après la Figure 7, les groupes denses qui
ont survécu en tant que groupes compacts (c’est-à-dire avec au moins 4 galaxies brillantes
distinctes), sont assez fréquents pour expliquer la grande majorité des groupes compacts
observés. 15 On déduit alors que la plupart des groupes compacts observés sont réels.

Dans tous les cas, je prédis que les groupes compacts doivent être beaucoup plus rares que
les restes des anciens groupes denses, c’est-à-dire les galaxies elliptiques supergéantes (en
dehors des amas) (Mamon 2000c). Deux équipes (Mulchaey & Zabludoff 1999; Vikhlinin
et al. 1999) ont cherché l’émission en rayons X autour de galaxies elliptiques lumineuses
et isolées, qui pourraient être le produit de ces coalescences multiples de galaxies dans
des ex-groupes compacts. Ils ont trouvé que la plupart avaient bien des halos en X qui
ressemblaient bien plus, par leur luminosité X et leur étendue, aux groupes compacts
comme HCG 62, qu’aux galaxies elliptiques.

4.6 Epilogue : la nature des groupes compacts de galaxies

Après avoir longtemps poussé l’hypothèse selon laquelle les groupes compacts sont en
majorité causés par des alignements fortuits de galaxies le long de la ligne de visée à
l’intérieur de groupes diffus, mes travaux récents penchent vers l’hypothèse contraire, selon
laquelle les groupes compacts sont bien denses en 3D.

15. On trouve environ 10 fois plus de groupes par unité de volume que les groupes compacts de Hickson.
Toutefois, une recherche automatique de groupes compacts par Prandoni et al. (1994) a montré que la
complétude de l’échantillon de Hickson n’est que de 20%. Ainsi on trouve 2 fois trop de groupes compacts,
ce qui est probablement dans les erreurs systématiques de la méthode.
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Fig. 7 – Fonctions de masse des groupes denses ( courbes épaisses) et diffuses ( courbes
fines pointillées), normalisées à la fonction de masse cosmique de Press & Schechter, tiré
de Mamon (2000c). On suppose une cosmologie ΛCDM avec σ8 = 0.9. Les courbes ha-
churées et pleines correspondent aux groupes denses qui s’effondrent après 0.9 et 0.95 t0,
respectivement.

Certes, notre étude sur HCG 16 indique que l’on a surestimé la fraction de groupes
compacts ayant une composante diffuse de gaz chaud émettant en rayons X. Mais, HCG 16
pourrait être un cas rare.

La distribution des dispersions de vitesses des groupes compacts de Hickson est cohérente
avec l’hypothèse que tous sont denses en 3D, mais l’emploi de galaxies naines dans le groupe
indique qu’au moins le quart de l’échantillon des groupes est causé par alignements fortuits
de galaxies.

L’analyse de la fonction de masse des groupes compacts dépend de l’importance de
la friction dynamique subie par les galaxies des groupes compacts. S’ils en ont subi peu,
alors les groupes compacts auraient dû se former très tôt et résister aux coalescences des
galaxies, ce qui est très improbable et pousse l’idée de alignements fortuits. Si, au contraire,
les groupes compacts proviennent de systèmes virialisés de typiquement 200 à 500 h−1 kpc,
dont certaines galaxies massives ont subi une friction dynamique importante, alors on
trouve que de tels systèmes se forment assez fréquemment pour expliquer la plupart des
groupes compacts comme systèmes bien denses en 3D.
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Au niveau théorique, on peut espérer résoudre le débat à partir d’échantillons de ga-
laxies simulés dans le contexte de l’Univers hiérarchique. Mais cela nécessite que l’évolution
dynamique des galaxies dans les groupes et amas soit bien prise en compte, par exemple
par les méthodes de la Sec. 3.3.

Au niveau observationnel, on a beaucoup à gagner avec les futures observations Chandra
et surtout XMM-Newton (qui est 10 fois plus sensible), qui détermineront la fraction de
groupes compacts avec de l’émission diffuse en rayons X.

A plus long terme, on pourra confirmer les analyses X, en les combinant aux cartes de
l’effet Sunyaev-Zel’dovich (SZ), comme cela a été suggéré par Ostriker, Lubin, & Hern-
quist (1995). En effet, alors que la brillance de surface X est à peu près proportionnelle
à
∫
n2
gaz ds,

16 l’effet SZ mesure
∫
ngaz ds, et la combinaison des deux peut lever la dégéné-

rescence entre effets de projection et fraction de gaz dans les groupes (Ostriker et al.).

D’autre part, la mesure du cisaillement faible (weak shear), par l’analyse statistique
des angles de position des galaxies d’arrière plan, permettra de cartographier le potentiel
projeté, et séparer les groupes selon la morphologie de leur potentiel projeté.

16. La proportionnalité est exacte pour un plasma isotherme.
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5 L’Univers local en proche IR

5.1 Introduction

Alors que les analyses cosmologiques, basées sur la distribution des galaxies, ont toutes
été faites à partir d’échantillons sélectionnés dans le domaine Visible (d’ailleurs toute l’as-
tronomie a commencé par là !), le proche infrarouge (IR) est la bande de couleur idéale
pour la cosmologie, pour 3 raisons :

1. L’émission proche IR semble être la mieux représentative de la masse en étoiles d’une
galaxie, contrairement à la lumière Visible, qui est très accrue par la formation récente
d’étoiles, et contrairement aussi à l’IR lointain qui détecte directement les poussières
autour d’étoiles jeunes, et est donc aussi très sensible à la formation récente d’étoiles.

2. La lumière proche IR n’est que très peu absorbée (jusqu’à 10 fois moins que la lumière
visible) par les poussières ce qui permet une vue propre des galaxies.

3. De même, grâce à cette faible extinction en proche IR, on peut voir pratiquement
à travers le plan de la Voie Lactée et on a donc une vision quasi-totale de l’Univers
proche (alors que, jusqu’à là, nous avons été limités à des zones au moins 10◦ au
dessus — ou au dessous — du plan de la Voie Lactée).

5.2 Le relevé 2D DENIS

La mise au point récente de détecteurs imageurs performants en proche IR a permis
la création du programme européen DENIS (DEep Near-Infrared Southern Sky Survey) de
cartographie digitale complète du ciel austral en infrarouge proche. Le relevé DENIS (1995–
2000) est en train d’obtenir 4000 Gigaoctets d’images en bandes I (0.8µ), J (1.25µ) et Ks

(2.15µ). De ces images, on pense pouvoir tirer près de 109 étoiles de notre Galaxie, ainsi
que des échantillons complets et fiables d’environ 105(Ks), 3×105(J), et > 106(I) galaxies.
La base de données extragalactique sera donc parmi les plus grandes au monde, avec, en
plus tous les avantages de la sélection en proche IR. En particulier, malgré la concurrence
du consortium Américain 2MASS, nous développons le premier échantillon de galaxies en
bande I, qui servira de référence pour les années à venir.

C’est pourquoi je me suis associé au consortium DENIS au début de 1991, et j’en suis
devenu le responsable scientifique de l’extraction des galaxies, ainsi que le responsable
scientifique de l’équipe extragalactique. En 1991, j’ai convaincu le consortium d’étendre
DENIS des voies JK à la voie I.

L’extraction des galaxies des images DENIS représente un défi considérable, pour les
raisons suivantes :

1. Les galaxies sont cinq à dix mille fois moins fréquentes que les étoiles.
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2. La fonction d’étalement (PSF) est large, en partie parce que les pixels en bandes J
et Ks sont de 3′′ (mais de 1′′ en bande I).

3. La PSF varie à travers les images, pour raison de défocalisation et mauvais alignement
du télescope, et dans le temps, de sorte qu’il faille modéliser cette PSF, pratiquement
image par image.

4. La géométrie du sondage en strips très fins (30◦ par 12′) empêche la couverture
efficace de zones précises.

En 1997–1998, j’ai mis en place une châıne de traitement préliminaire de galaxies, qui
se fait en deux étapes :

1. Les images corrigées du champ (flat-fieldées) sont réduites par le logiciel SExtractor
de Bertin & Arnouts (1996), qui entreprend les tâches suivantes :

– calcul du fond de ciel 17 et son écart-type sont calculés localement

– filtrage des rayons cosmiques 18

– lissage de l’image

– détection des objets : un minimum de pixels connexes dont l’intensité est au
dessus d’un seuil égal à 3 σ au dessus du fond de ciel 19

Les paramètres optimaux d’extraction (nombre d’écarts-type au dessus du fond pour
le seuil de détection et nombre de pixels minimum), sont fonctions de la fenêtre de
lissage, et ont été déterminés au moyen de nombreuses simulations d’images, avec le
but d’éviter que les faux objets dûs au bruit représentent plus que 5% du nombre de
galaxies (Banchet, Mamon, & Contensou 1995).

2. Les catalogues d’objets sont analysés avec différents algorithmes classiques de sépara-
tion étoiles/galaxies, ainsi que par les réseaux neuronaux de SExtractor. Dans chaque
cas, la frontière entre étoiles et galaxies est une fonction linéaire de la magnitude, de
pente optimisée (Mamon et al. 1998).

J’ai pu mesurer la complétude et la fiabilité des algorithmes en construisant divers
tables de vérité, basées soit sur des classifications visuelles sur les images I de DENIS, soit
sur des catalogues d’objets (étoiles et galaxies) légèrement plus profonds, sélectionnés en
bande bleue par la numérisation entreprise par les équipes APM et COSMOS des plaques
photographiques du ciel austral prises sur le télescope de Schmidt de l’UKST. Ainsi, j’ai pu
montrer (Mamon et al. 1998) que l’on obtient avec des méthodes classiques de séparation
étoiles/galaxies une extraction à la fois complète et fiable à plus de 95% jusqu’à I = 16.5 à
hautes latitudes galactiques (alors que les réseaux neuronaux du logiciel SExtractor s’avèrent
être bien moins performants).

17. L’instrument peut aussi contribuer au fond, par lumière diffusée et en bande K par émission ther-
mique.
18. Nous avons modifié SExtractor pour que les rayons cosmiques soient filtrés.
19. L’écart-type σ est celui de l’image lissée.
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Durant les 18 derniers mois, j’ai considérablement amélioré les algorithmes de sépara-
tion étoiles/galaxies. J’emploie la statistique

x = log
(
Imax

Aiso

)
,

où Imax est l’intensité maximale de l’objet (l’intensité de son pic), tandis que Aiso est l’aire
isophotale (nombre de pixels à l’intérieur de l’isophote de détection). Cette statistique à
l’avantage de cumuler les deux statistiques de concentration/étendue des objets que sont
Imax en fonction de la magnitude et Aiso en fonction de la magnitude. Aujourd’hui, la
séparation étoiles/galaxies peut désormais se faire jusqu’à I = 18 (mais la limite d’extrac-
tion fiable et complète de galaxies reste vers I = 16.5).

Pour optimiser la frontière entre étoiles et galaxies, je définis d’abord le lieu des étoiles
et ensuite le lieu des galaxies. J’emploie le fait que la grande majorité des objets détectés
sont des étoiles. Pour cela, j’ajuste (avec rejet des points discordants) un polynôme d’ordre
3 aux médianes des x = log[Imax/Aiso], calculées, pour tous les objets, sur une grille fine
de magnitudes, pour obtenir une estimation de premier ordre du lieu des étoiles. Puis, je
calcule les écarts-type en calculant la racine carrée de la moyenne tronquée des carrés des
résidus par rapport au lieu des étoiles. Puis j’itère, en rejetant les points en dehors de ±3 σ :
en recalculant les médianes et moyennes des x dans les intervalles fins de magnitude, j’en
déduis les modes avec la relation

Mode = 3 × Médiane − 2 × Moyenne ,

et j’ajuste un polynôme d’ordre 3 à ces modes, pour obtenir l’estimation finale du lieu
des étoiles. Je recalcule alors les écarts-type en recalculant la racine carrée de la moyenne
tronquée des carrés des résidus par rapport au lieu des étoiles.

Pour les galaxies, je ne considère que les objets moins concentrés que 3 σ par rapport au
lieu des étoiles, et je prends une relation linéaire de pente 0.2, imposée, et de normalisation
conforme à la médiane des x− 0.2m, où m est la magnitude I.

Reste à choisir la frontière des tracés de séparation étoiles/galaxies à fiabilité F donnée,
xF (m). A priori, le choix de xF = Cte ≃ 2.5 donne des bons résultats pour les magnitudes
pas trop faibles (Mamon et al. 1998, voir aussi Fig. 8 plus bas). 20 Mais cette coupure
fixe limite la séparation étoiles/galaxies à faibles magnitudes et il faut adapter la valeur à
la qualité des observations (une plus grande PSF donne des lieux d’étoiles avec des plus
faibles x — et de même, à moindre mesure, pour les galaxies), et à la densité d’étoiles sur
les images.

Alternativement, on pourrait appeler ‘galaxies’ les objets qui sont à plus de 2 ou 3
écarts-type du lieu des étoiles, comme cela est souvent fait dans la littérature. Mais ce
faisant, la fiabilité de l’échantillon des galaxies dépendrait du rapport entre le nombre
d’étoiles et le nombre de galaxies. Ainsi, pour une sélection à 95% de fiabilité, il suffirait,
au Pôle Galactique Sud, de sélectionner les objets à plus de 2.5 σ du lieu des étoiles,
alors qu’à quelques degrés du Plan Galactique, le nombre d’étoiles est tel qu’il faudrait se
restreindre aux objets à plus de 4.5 σ du lieu des étoiles.

20. Cela permet une séparation étoiles/galaxies à l’œil sur les données des catalogues !
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Il faut donc prendre en compte le rapport entre le nombre d’étoiles, f∗(m) et le nombre
de galaxies, fg(m) à une magnitude m donnée, qui décrôıt assez fortement avec la magni-
tude (car notre Galaxie est de taille finie). Comme la distribution de x, à une magnitude
donnée, est à peu près une gaussienne pour les étoiles et une autre gaussienne pour les
galaxies, pour une fiabilité de 50%, on mettra la frontière pour la valeur de x pour laquelle
le nombre différentiel (par intervalle de x) d’étoiles

n∗(x,m) = f∗(m)G(x,x̄∗(m),σ∗(m)) ,

où G(µ,σ) est la gaussienne de moyenne µ et d’écart-type σ est égal au nombre différentiel
de galaxies

ng(x,m) = fg(m)G(x,x̄g(m),σg(m)) .

Plus généralement, la fiabilité s’écrit

F =
fg(m)G(x,x̄g(m),σg(m))

fg(m)G(x,x̄g(m),σg(m)) + f∗(m)G(x,x̄∗(m),σ∗(m))
, (25)

et il est aisé de résoudre l’équation (25) pour x, étant donné une fiabilité F donnée. La fonc-
tion f∗(m) est déterminée par ajustement, sur les étoiles du strip, d’une relation linéaire,
sans à priori de pente, entre le logarithme décimal des comptages et la magnitude. Pour
les galaxies, on suppose une pente 0.6, (dite Euclidienne, car elle correspond à un Uni-
vers homogène, sans effets de corrections k ou d’évolution), et on ajuste simplement la
normalisation des comptages fg(m).

L’an passé, avec mon stagiaire de magistère, Frédéric Giraud, nous avons incorporé
des filtres de faux objets (glitchs, objets dans les enveloppes d’étoiles saturées, etc.) dans
notre extraction, ce qui a permis d’augmenter sensiblement la fiabilité de l’extraction des
galaxies. La Figure 8 illustre notre séparation étoiles/galaxies. Nous avons validé notre
séparation étoiles/galaxies par comparaison aux catalogue EDSGC tiré des scans COSMOS
des plaques UKST et par visualisation des images dans les cas de désaccord entre le EDSGC
et nous. Ainsi, en extrapolant sur le ciel austral, nous devrons obtenir un catalogue, très
fiable et à plus de 50% complet, d’environ 5 millions de galaxies (en bande I), dont près
d’un million dans un sous-échantillon complet à 95% à I < 16.5 (avec une photométrie
précise à 0.10 magnitude).

La châıne d’extraction des galaxies tourne de façon automatique depuis le 12 Avril 2000,
au rythme théorique de 60 deg2 par semaine, en employant les images DENIS, corrigées du
champ (par J. Borsenberger), qui restent temporairement sur les disques de nos stations
de travail. 21 Une version qui lit les données sur bandes DLT, et qui devra traiter 1000 deg2

par semaine, et par conséquent devra être opérationnelle en Juin 2000, et permettra de
rattraper le traitement du flat-field vers la fin de l’été. De plus, le centre parisien de
traitement de données DENIS bénéficiera, à partir de l’été 2000, d’un ensemble de disques
RAID, permettant de stocker 60% des images DENIS, corrigées du champ (1.7 Téraoctets).
L’extraction automatique des galaxies devra alors passer à 2000 deg2 par semaine, sans
aucune intervention manuelle (comme l’insertion de bandes DLT dans les lecteurs).

Vers la fin de l’été 2000, on devrait avoir un catalogue de galaxies sur la quasi-totalité des
zones déjà observées par DENIS. En automne 2000, je compte travailler sur l’incorporation
des variations spatiales de la PSF (modélisées par C. Alard) dans mon algorithme de
séparation étoiles/galaxies.

21. Des pannes fréquentes de disque ont considérablement ralenti la châıne de traitement.
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Fig. 8 – Diagramme de séparation étoiles/galaxies pour un strip de 180 images DENIS
à relativement haute latitude galactique. La zone dense du haut représente les étoiles (la
cassure de pente vers I = 10 est due à la saturation des détecteurs CCD), tandis que la zone
moins dense en bas représente les galaxies. La courbe rouge et la ligne rouge donnent les
moyennes des lieux des étoiles et galaxies, respectivement, tandis que les courbes et lignes
vertes donnent les intervalles de confiance ±3 σ, pour les étoiles et galaxies, respectivement.
Les points au dessus de la zone des étoiles (16 ≤ I ≤ 19) sont des rayons cosmiques (qui ont
survécu à notre filtrage dans SExtractor). Les courbes turquoises représentent les limites de
séparation étoiles/galaxies à fiabilité donnée. Les symboles jaunes indiquent les candidats
galaxies qui sont filtrées, généralement parce qu’elles sont trop près d’étoiles très brillantes.
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Nos premiers résultats scientifiques sont les suivants :

– Les comptages de galaxies dans la voie I, à partir d’un sous-échantillon de 50 degrés
carrés, sont représentés, sur 5 magnitudes, par une loi Euclidienne, alors que les
comptages effectués avec l’APM ou COSMOS donnaient une déficience de galaxies
brillantes par rapport à l’extrapolation des comptages de galaxies plus faibles (Mamon
et al. 1998; Mamon 1998). Nous estimons que la différence provient de la difficulté de
corriger les effets de non-linéarité dans la photométrie sur plaques photographiques.
A noter que ces comptages Euclidiens invalident les théories fractales de l’Univers. 22

– Les premiers comptages en bande J sont Euclidiens aussi (Mamon et al. 1998; Ma-
mon 1998). Ainsi, il n’y a plus besoin d’invoquer une évolution des galaxies à très
bas décalage spectral comme ce fut le cas avec les comptages des sondages APM et
COSMOS.

– Une comparaison précise et croisée des listes de galaxies COSMOS et DENIS indique
que COSMOS a une fiabilité et complétude de moins de 70% à 80% aux magnitudes
15.5 < bJ < 17.5, et la complétude COSMOS descend à moins de 5% pour bJ < 14.5
(Fig. 5.2 et Mamon 2000a). Ainsi COSMOS manque systématiquement les galaxies
très brillantes (car leur châıne de traitement sur-compense les effets de la non-linéarité
des plaques photographiques).

En revanche, ces comparaisons révèlent que DENIS est complet et fiable à plus de
95% pour 13 < I < 16.5 (ce qui équivaut à peu près à l’intervalle de magnitudes bJ
précédent). Pour cela, nous avons systématiquement visualisé les images de plusieurs
centaines d’objets pour lesquels les classifications DENIS et COSMOS sont différentes
(galaxie pour l’une, étoile ou non-vue pour l’autre et réciproquement) : nous avons
alors trouvé que dans 80% des cas, c’est DENIS qui avait raison et non COSMOS

– La découverte de galaxies sur une petite région dans la Zone d’Obscurcissement
(derrière le plan de la Voie Lactée), aux latitudes galactiques 1◦ < |b| < 5◦ (Schröder
et al. 1999).

Frédéric Giraud et moi avons aussi mesuré la fonction de corrélation angulaire des
galaxies DENIS, qui mesure l’excès de probabilité de trouver une galaxie à une distance
angulaire donnée d’une autre. Le calcul de la fonction de corrélation se fait par comparaison
à des échantillons de galaxies tirées au hasard, sur la même géométrie que les données .
Comme notre échantillon de galaxies DENIS provient d’une zone non-contiguë d’observa-
tions DENIS, nous avons pris beaucoup de soins à simuler, image par image, la couverture
de notre échantillon de galaxies, et nous avons masqué dans les simulations les zones
proches d’étoiles saturées, que nous filtrons de nos catalogues préliminaires de galaxies.
Notre première fonction de corrélation, sur 8 strips de 6 deg2 chacun, est en bon accord
avec celle obtenue du catalogue APM (en bande B) et celle de Postman et al. (1998, en
bande I). Ma stagiaire de DEA, Effrosyni Rassia, est en train d’améliorer les programmes de
Frédéric Giraud et se prépare à recalculer les fonctions de corrélation angulaires, de manière

22. On pourrait s’inquiéter d’un raisonnement circulaire, puisque l’on a adopté des comptages de galaxies
de pente Euclidienne dans l’algorithme de séparation étoiles/galaxies. Toutefois, nos comptages de galaxies
restent Euclidiens — aux magnitudes brillantes où la séparation étoiles/galaxies est fiable — quand on
emploie un algorithme plus simple de séparation étoiles/galaxies, sans faire d’hypothèse, à priori, sur la
pente des comptages de galaxies.
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Fig. 9 – Complétude (histogrammes hachurés) et fiabilité (histogrammes pleins) pour l’ex-
traction de galaxies DENIS (gauche) et COSMOS (droite), tiré de Mamon (2000a).

plus précise, grâce, en particulier à l’accès à une meilleure calibration photométrique des
images DENIS et à un échantillon de galaxies bien plus grand.

A terme, les applications scientifiques que l’on pourra tirer des catalogues de galaxies
DENIS sont les suivants :

– Distribution des galaxies à grande échelle et contraintes sur les paramètres cosmo-
logiques (en particulier, le spectre de fluctuations primordiales de densité)

– Structures de galaxies (paires, groupes, amas)

– Galaxies derrière le plan de la Voie Lactée

– Couleur et concentration des galaxies en fonction de l’environnement (ce qui peut
servir de contrainte aux modèles de formation de galaxies [voir Sec. 3.2])

– Cross-identification des galaxies DENIS avec des sondages dans d’autres domaines de
longueur d’onde (visible, radio, IR lointain, X)

– Catalogue d’entrée aux suivis spectroscopiques 6dF et DENIS-HI (voir Sec. 5.3).

5.3 Les relevés 3D et 4D du 6dF

C’est bien de faire de la cosmologie avec un catalogue bi-dimensionnel de l’Univers
sélectionné en proche IR, mais c’est encore mieux de faire de la cosmologie avec un catalogue
tri-dimensionnel ! C’est pourquoi je me suis soucié depuis le début du suivi spectroscopique
qui devra être fait sur les échantillons de galaxies sélectionnées en proche IR avec DENIS.
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Dans la foulée d’Alain Blanchard (maintenant à l’Obs. de Midi-Pyrénées), qui avait
poussé, en 1988–1991, un projet de grand sondage spectroscopique de galaxies en optique,
j’ai estimé en 1995 que le meilleur moyen d’accomplir rapidement un tel sondage (mais
basé sur un échantillon proche Infrarouge) est avec un instrument multi-fibres monté sur
un télescope de Schmidt (qui a le bénéfice d’avoir un champ immense, ce qui permet de
paver plus rapidement le ciel).

Je suis allé en Décembre 1996 présenter ce projet au Schmidt Telescope Panel de l’Anglo-
Australian Telescope en Australie. Plus précisément, je leur ai proposé de robotiser leur
spectroscope FLAIR-II sur le télescope de Schmidt UKST, de doubler le nombre de ses
fibres, de dédier l’UKST aux sondages cosmologiques, et de baser ces sondages sur DENIS.

En Juin 1997, l’AAO a présenté à son organisme de tutelle (le AAT Board) le projet
6dF (pour Six Degree Field) de robotisation de FLAIR-II pour la poursuite de sondages
cosmologiques du ciel austral comme l’un parmi deux grands projets à moyen terme pour
l’UKST. Le AAT Board a sélectionné le 6dF, et en automne 1997, le directeur de l’AAO,
Brian Boyle, nous a promis au moins 100 nuits de temps sur l’UKST avec le 6dF par an pour
3 ans, pour entreprendre le sondage de décalages spectraux à partir d’un échantillon de
galaxies sélectionnées en proche Infrarouge. Cette promesse vient d’être étendue à 350 nuits
sur 2 ans, c’est-à-dire la grande majorité du temps du télescope en dehors des périodes de
pleine Lune. L’instrument 6dF, actuellement en construction, devrait être livré à l’automne
2000 et le sondage de décalages spectraux doit débuter vers Avril 2001.

Brian Boyle a nommé un 6dF Scientific Advisory Group (6dFSAG), composé de M. Colless
(PI), G. Mamon (co-PI), J. Huchra, O. Lahav, Q. Parker, W. Saunders & E. Sadler. Pour
choisir les cibles des mesures spectroscopiques, le 6dFSAG a choisi d’utiliser un catalogue
de galaxies composé d’un échantillon complet en K (2MASS car DENIS est peu sensible en
bande K), ainsi que des sous-échantillons complets en I (DENIS), J (DENIS et/ou 2MASS),
ainsi que BR (SUPERCOS). Le sondage de décalages spectraux avec le 6dF ressemblerait
alors au SDSS, mais avec une extension à l’IR.

Les applications scientifiques du sondage de 105 décalages spectraux sont principale-
ment :

– Fonction de luminosité détaillée de l’Univers local et sa variation avec l’environne-
ment

– Structures 3D de l’Univers

– Ségrégation 3D de couleurs et de types spectraux de galaxies

– Fréquence et distribution des galaxies à raies d’émission

Mais ce qui nous motive encore plus est la perspective d’entreprendre un second sondage
cosmologique, à plus haute résolution spectrale que le sondage de décalages spectraux, afin
de mesurer les largeurs des raies d’environ 15 000 galaxies de type précoce (elliptiques et
bulbes de lenticulaires), à l’horizon 2003–2004. En effet, les largeurs de raies permettent
de mesurer les distances aux galaxies, indépendamment des décalages spectraux (par les
relations du type Dn−σ, liées au Plan Fondamental), et par conséquent nous permettent de
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mesurer les vitesses particulières des galaxies par rapport au flot de l’expansion de Hubble
(vpec = cz −H0D).

Or la mesure d’environ 15 000 vitesses particulières de galaxies nous fournit une quatri-
ème dimension à l’analyse de la distribution des galaxies dans l’espace des phases. L’échan-
tillon de vitesses particulières permettra de cartographier en 3D la densité de masse de
l’Univers et par conséquent de mesurer les biais de la distribution de galaxies par rapport
à celle de la matière noire. D’autre part, les vitesses particulières nous renseignent sur le
paramètre de densité Ω et la constante cosmologique Λ.

Les mesures du second sondage du 6dF devraient permettre de répondre avec précision
aux questions suivantes :

– Fonction de masse des galaxies (par la statistique des largeurs de raies)

– Epaisseur et cinématique interne des très grandes structures de galaxies (nappes,
filaments)

– Cartographie de la densité de masse de l’Univers austral

– Biais des galaxies par rapport à la matière noire

– Mesures de Ω, Λ et du spectre de fluctuations primordiales de densité P (k)

Aujourd’hui, les plus grands échantillons de vitesses particulières ont environ 3000 ob-
jets, dont la moitié dans l’hémisphère Sud, ce qui ne donne pas une statistique fiable, et les
interprétations sont encore sujettes à débat. De plus, la couverture actuelle est parsemée
de grands vides que les analyses de la carte de densité de masse doivent interpoler. La
multiplication par plus de 10 de la taille de l’échantillon du ciel Sud doit donc permettre
un bond significatif dans les 3 derniers points de la liste ci-dessus. 23

A noter que la seule concurrence pour le 6dF vient de France, où le consortium DENIS-
HI a commencé l’an dernier à mesurer depuis Nançay les largeurs de raies 21cm de spirales
tardives inclinées. Le but de ce projet, dont je fais partie, est d’obtenir environ 6000 vitesses
particulières d’ici 2006, profitant de la montée en puissance, à partir de la fin 2000, du radio-
télescope de Nançay (grâce au projet FORT). Ce projet est complémentaire à 6dF, car il
observe les galaxies spirales alors que 6dF se limite aux elliptiques et lenticulaires.

En automne, nous allons simuler des catalogues de vitesses particulières, afin d’estimer
la précision avec laquelle que le sondage 6dF de vitesses particulières mesurera les para-
mètres cosmologiques. Pour cela, nous nous baserons sur les propriétés des galaxies à z = 0,
issues des simulations cosmologiques faites à l’IAP par Hatton et ses collègues, et qui se base
sur une simulation dynamique de l’évolution de la distribution de matière noire, à partir
d’un décalage spectral très élevé, et qui incorpore les divers processus de formation des
galaxies (voir Sec. 3.2). Il faudra trouver une zone dans la bôıte de simulation (de 150 Mpc
de côté) qui ressemble à l’environnement du Groupe Local de galaxies, situé environ à
mi-chemin entre deux zones de forte densité (le Grand Attracteur et Persée-Poissons).
Puis on simulera des catalogues en 2D, avec les erreurs photométriques, puis les catalogues

23. Le projet 6dF est décrit sur le Web au http://www.iap.fr/users/gam/6dF.
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de décalages spectraux, avec les erreurs de mesure des z, puis les catalogues de vitesses
particulières, avec les erreurs de mesure directe des distances.
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6 La densité de masse de l’Univers

6.1 La cinématique interne des groupes hors-équilibre

Plusieurs auteurs (Byrd & Valtonen 1985; Giuricin et al. 1988; Diaferio et al. 1993) ont
suggéré que les groupes diffus ne sont pas encore en équilibre, mais s’effondrent encore à
partir de leur expansion de Hubble maximale (voir Sec. 4.1). De plus, Giuricin et al. (1988)
ont estimé, à partir de simulations simples à N -corps, l’erreur que l’on fait lorsque l’on
mesure la masse et le temps dynamique d’un système de particules, en supposant à tort
l’équilibre viriel.

La Figure 10 montre l’évolution cosmo-dynamique d’un système sphérique de galaxies,
schématisée par l’évolution d’une paire de galaxies avec un moment angulaire négligeable,
dans l’approximation Newtonienne (Mamon 1993). Comme les galaxies ne sont pas des ob-

Fig. 10 – Evolution des biais de rayon (a), dispersion de vitesses (b), masse (c) et temps
de croisement (d), relatif aux conditions de l’équilibre viriel final (Mamon 1993). Tta est
le temps ou la structure atteint son rayon maximal (turnaround). Les courbes pointillées
montre l’évolution pour un système de masse ponctuelles, tandis que les courbes pleines
incorporent les effets des potentiels adoucis et de la dissipation d’énergie orbitale par friction
dynamique (à partir de t = 3 Tta).

jets ponctuels, il faut adoucir leurs potentiels, de sorte que leur vitesse relative au péricentre
ne tend plus vers l’infini.
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En comparant les biais sur la masse et le temps de croisement, je trouve une trajectoire
théorique, que j’appelle trajectoire fondamentale, dans l’espace à 2D (biais de masse, biais
de temps dynamique) pour les systèmes cosmologiques comme les groupes, moyennant
l’hypothèse que l’évolution cosmo-dynamique des groupes peut se calculer dans un cadre
sphérique et isolé (Mamon 1993, 1994, 1995). La trajectoire fondamentale est indépendante
de la masse du système.

Fig. 11 – a) : biais de masse (par rapport à celle trouvée par le théorème du viriel) en
fonction du biais de temps de croisement, en unités du temps courant. (b, c, et d) : rapport
M/L en fonction du temps de croisement, en unités de l’âge présent de l’Univers, pour des
groupes rassemblés par multiplicité, pour Ω0 = 1. Les polygones (b, c, and d) représentent
les groupes diffus, tirés du catalogue de Gourgoulhon, Chamaraux, & Fouqué (1992). Les
courbes fines montrent les trajectoires de l’évolution de masses ponctuelles, tandis que les
courbes épaisses montrent les effets des potentiels adoucis et du déclin orbital par cause de
friction dynamique des galaxies contre la matière noire du système. Dans (b, c, et d), les
courbes sont ajustées verticalement, en supposant que tous les groupes ont Mvrai/L = 440 h.
La taille caractéristique des barres d’erreur est indiquée. D’après Mamon (1993).

Cela est illustré pour les groupes de Gourgoulhon, Chamaraux, & Fouqué (1992) dans la
Figure 11, pour le cas Ω0 = 1. 24 Comme on ne connâıt pas les vraies masses des groupes,
on suppose un même Mvrai/LB pour l’ensemble des groupes. 25 On ajuste la valeur de

24. Pour Ω0 = 0.2, les symboles doivent être déplacés vers la gauche de 0.1 décade.
25. Ce serait mieux de travailler avec des luminosités en proche-IR (voir Sec. 5.1), mais les catalogues

existants de groupes ont une photométrie optique.
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Mvrai/LB sur les groupes à haute multiplicité 26 (auxquels sont attachées les plus petites
barres d’erreur), ce qui donne Mvrai/LB = 440 h. Ce rapport M/L est 4 fois plus grand que
le Mvir/LB médian du catalogue de groupes de Gourgoulhon et al.. Cela traduit le fait que
les groupes de Gourgoulhon et al. sont généralement proches de leur expansion maximale,
pour laquelle la sous-estimation de masse tend vers l’infini.

En extrapolant à l’Univers tout entier (en supposant que les groupes de galaxies sont
des bons traceurs du rapport masse sur luminosité), on en déduit (Mamon 1993, 1994,
1995)

Ω0 =
M/LB

(M/LB)Ω0=1

= 0.34 ,

avec (M/LB)Ω0=1 = 1300 h pour fermer l’Univers (Zucca et al. 1997). Ω0 peut être encore
plus grand si de la matière noire se cache entre les groupes.

On notera que la trajectoire fondamentale est une coupe d’une surface fondamentale
dans le diagramme d’observables rapport masse/luminosité versus temps de croisement,
c’est-à-dire RV 2/(GL) versus R/(V t0), où R, V , L, G, et t0 représentent respectivement
la taille, dispersion de vitesses, luminosité bleue, constante de gravitation, et l’âge de
l’Univers.

6.2 La fraction baryonique des groupes de galaxies

Si les groupes ou amas de galaxies sont représentatifs de la fraction de baryons dans
l’Univers, alors on peut en tirer le paramètre de densité par la simple relation

Ω0 =
Ωb

fb
, (26)

où Ωb est la densité de baryons de l’Univers, déterminé par les relations entre les abon-
dances de divers éléments (2D, 3He, 4He, 7Li, etc.) par rapport à l’Hydrogène (qui dans
l’Univers primordial contient tous les baryons) et la densité d’Hydrogène. Cette idée toute
simple a été proposée par White (1992) et White et al. (1993), qui l’ont appliquée aux
amas de galaxies, pour trouver Ω0 ≃ 0.3.

Dans un groupe ou amas de galaxies, la fraction de baryons s’écrit

fb =
Mgaz + Métoiles

Mtotal
.

Le rapport M/L d’une vieille population stellaire donne la masse en étoiles :

Métoiles = 8LB .

Généralement, on néglige la contributon du gaz dans les galaxies et on ne comptabilise
donc que le gaz diffus intergalactique. Alors, la masse de gaz est intégrée sur le profil de
densité de gaz diffus,

Mgaz =
∫

µmp ngaz dV , (27)

26. L’amas de Virgo fait partie de l’échantillon N ≥ 20.
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où µmp est la masse moyenne des constituants du plasma (électrons compris), mp étant la
masse du proton. La normalisation de ngaz dans l’équation (27) est donnée par la luminosité
X :

LX = Λ(T )
∫

n2
gaz dV ,

où l’on suppose un plasma intergalactique isotherme. Finalement, la masse totale est obte-
nue par l’équation d’équilibre hydrostatique du gaz dans le potentiel du groupe ou amas :

Mtot = − kT r

Gµmp

(
d logn

d log r

)
,

où de nouveau on suppose un gaz isotherme.

Peu de temps après que White ait introduit sa nouvelle méthode pour déterminer Ω0,
Mulchaey et al. (1993) ont découvert, avec le satellite X ROSAT, du gaz intergalactique
dans le groupe de galaxies, NGC 2300. 27 Le travail de Mulchaey et al. a généré beaucoup
d’enthousiasme : d’abord pour la première découverte de gaz diffus dans une groupe, ensuite
parce que ce gaz semblait tracer un potentiel plus important que prévu, et finalement parce
que la fraction baryonique était similaire à Ωb, ce qui impliquait, avec l’équation (26),
Ω0 = 1.

Surpris par les résultats de Mulchaey et al. (1993), en particulier par leur très grande
masse totale pour le groupe, j’ai refait l’analyse de leurs observations X avec M. Henriksen
(alors à l’Université d’Alabama, maintenant à UMBC, Baltimore). Nous avons ajusté le
profil de brillance de surface X, en laissant le fond de ciel comme paramètre libre (méthode
souvent employée depuis). Nous avons alors trouvé une masse totale 8 fois moins grande,
et une fraction baryonique de plus de 20%, ce qui nous a conduits, par l’équation (26), à
Ω0 ≃ 0.3 (Henriksen & Mamon 1994).

Les mesures récentes de la fraction baryonique dans les groupes, à partir d’une analyse
couplée des données ROSAT et ASCA, sont de 15–20% (Hwang et al. 1999), ce qui confirme
notre analyse.

6.3 La règle comobile étalon appliquée aux quasars

Boud Roukema (postdoc à l’IUCAA, Pune, Inde) et moi avons entrepris une toute
nouvelle démarche pour déterminer les paramètres cosmologiques Ω0 et λ0 (Roukema &
Mamon 2000). Alors que les méthodes de mesures de supernovae lointains se basent sur le
concept de bougie étalon, nous avons introduit le concept de règle étalon dans la mesure
de ces paramètres cosmologiques.

S’il n’y avait pas la gravitation, les structures (galaxies, quasars, groupes et amas de
galaxies) seraient figées dans un repère comobile avec l’expansion de l’Univers. 28 La gravi-
tation agit de telle sorte que les régions denses attirent de préférence la matière avoisinante

27. NGC 2300 est plus exactement une galaxie elliptique. Le groupe est un triplet diffus, avec une paire
serrée au centre, à laquelle est associée l’émission diffuse X.
28. Il faut ajouter que sans gravitation, l’expansion ne serait soumise qu’à l’accélération causée par

l’énergie sombre de la constante cosmologique.
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tandis que dans les régions peu denses, la matière s’échappe vers les régions sur-denses.
A petite échelle, l’impression provenant des simulations cosmologiques (et bien sûr prédite
par la théorie de la croissance des perturbations de densité dans un Univers en expan-
sion) est que le contraste entre les structures augmente, mais, qu’à très grande échelle, les
structures restent bien figées dans le repère comobile.

Roukema et moi avons découvert (Roukema & Mamon 2000) une structuration de la
distribution des quasars lointains (z ≃ 2, c’est-à-dire au moment où le facteur d’expansion
de l’Univers n’était que d’un tiers de sa valeur actuelle), sur un échantillon de 800 quasars,
découverts par un relevé prisme-objectif, répartis sur une zone contiguë de ciel d’angle
solide 200 deg2 (Iovino, Clowes, & Shaver 1996). On trouve que les quasars sont distribués
en bulles (Fig. 12).

Fig. 12 – Diagramme déclinaison - décalage spectral de la distribution des quasars d’un
sous-ensemble limité en position sur le ciel et en décalages spectraux de l’échantillon de
Iovino, Clowes, & Shaver (1996), tiré de Roukema & Mamon (2000).

Or, on croit savoir (par les sondages spectroscopiques en pinceau de Broadhurst et al.
1990, ainsi, semble t-il, par le sondage large du Las Campanas Redshift Survey) que les
galaxies de l’Univers local sont aussi distribuées dans des structures (en bulles) de typique-
ment 130 h−1 Mpc. 29 Cette échelle de L = 130 h−1 Mpc correspond au nombre d’onde
(k = 2π/L) auquel le spectre de fluctuations primordiales de densité de matière noire
froide (CDM) est à son maximum.

Roukema et moi avons appliqué cette règle étalon comobile à la distribution des quasars
à z = 2, projetée sur une coordonnée tangentielle comobile (nous ne prenons pas en compte
les décalages spectraux afin d’éviter les effets de sélection en z).

29. L’existence de cette échelle caractéristique à 130 h−1Mpc dans l’Univers local est encore sujette à
débat, mais voir Guzzo (1999).
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La taille angulaire et la taille projetée comobile dépendent du paramètre de densité, Ω0

et de la constante cosmologique, λ0. En effet, la coordonnée tangentielle comobile, d⊥ et
l’angle sur le ciel sont reliées par les relations (voir Lahav et al. 1991) :

d⊥(z,θ) ≡ (θ − θ1) dmp(z)

= (θ − θ1)





RC sinh[d(z)/RC ], κ0 < 0
d(z), κ0 = 0
RC sin[d(z)/RC ], κ0 > 0.

, (28)

où la coordonnée angulaire θ est mesurée, relativement à une coordonnée angulaire de
référence θ1, dmp(z) est la distance de mouvement propre,

d(z) =
c

H0

∫ 1

1/(1+z)

da

a
√

Ω0/a− κ0 + λ0a2
, (29)

est la distance propre ,

κ0 ≡ Ω0 + λ0 − 1 (30)

est la courbure (sans dimension) de l’Univers observable, et

RC ≡ c

H0

1√
|κ0|

(31)

est son rayon de courbure. Donc, si on connait la taille angulaire d’une structure, et que
l’on croit connâıtre sa taille projetée comobile, on obtient, d’après l’équation (28), une
contrainte sur le rayon de courbure ainsi que la distance propre, ce qui se traduit par une
contrainte sur Ω0 et λ0, qui rentrent dans les expressions du rayon de courbure (eqs. [31]
et [30]) et de la distance propre (eq. [29]).

Notre analyse conduit à une contrainte forte sur Ω0 (mais faible sur λ0). La Figure 13
montre les couples (Ω0,λ0) permises si les tailles angulaires des structures de quasars à
z = 2 (Fig. 12) correspondent à une taille projetée comobile de 130 h−1 Mpc. Ainsi, la
Figure 13 indique que, pour λ0 = 0 on a Ω0 = 0.24+0.05

−0.15, tandis que pour Ω0 + λ0 = 1
(l’Univers plat), on trouve Ω0 = 0.30 ± 0.15 (Roukema & Mamon 2000). L’analyse 3D est
en cours.

Avec les très grands échantillons de quasars attendus dans les 3 ans avec les sondages
2dF et surtout SDSS, notre méthode devrait apporter des contraintes bien plus fortes sur
Ω0 et probablement une contrainte sur λ0.

30

6.4 Synthèse

Mes trois contributions à la mesure du paramètre de densité Ω0, par la cinématique
hors-équilibre des groupes, par leur fraction baryonique, et par la règle étalon comobile,
donnent des valeurs très similaires : Ω0 ≃ 0.3.

30. Une page Web expliquant, de façon didactique, notre méthode et nos résultats est disponible sur
http://www.iap.fr/users/gam/etalon.html.
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Fig. 13 – Diagramme Ω0, λ0 des zones permises par la présence d’un pic de L =
130 h−1 Mpc (comobile) dans le spectre de puissances des coordonnées tangentielles de
l’échantillon de la Figure 12, tiré de Roukema & Mamon (2000). Les zones sombres cor-
respondent à celles qui sont rejetées.

Il faut noter que la présence de la constante cosmologique devrait affecter légèrement
l’analyse hors-équilibre de la cinématique des groupes en effondrement. Une étude est en
préparation (avec E.  Lokas, CAMK, Varsovie) pour refaire l’analyse dans le contexte de
l’analyse cosmologique perturbative.
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7 Conclusions et perspectives

Ce mémoire couvre beaucoup de terrain et présente un grand nombre de résultats, qui
correspondent à 15 ans de travail.

La modélisation de la photo-chimie des enveloppes circumstellaires a servi de référence
pour la compréhension des abondances des divers espèces observées, principalement avec
le 30 m et l’interféromètre de l’IRAM. Peut-être le résultat principal de ce travail a été la
modélisation des effets sur la photo-chimie des enveloppes enveloppe circumstellaires du
transfert de rayonnement en raies de la molécule CO.

Notre étude sur l’origine de la séquence de Hubble est très ambitieuse. Nous avons passé
beaucoup de temps à modéliser au mieux l’évolution de la matière noire dans les zones de
l’Univers qui, à z = 0, se retrouvent dans des amas de galaxies. Nous espérons avoir très
bientôt des résultats à partir de la modélisation semi-analytique de la physique des baryons
et de l’évolution morphologique des galaxies. Après, on analysera l’évolution chimique des
galaxies, pour mieux comprendre l’histoire de l’enrichissement du plasma intra-amas.

En attendant, il convient de vérifier la modélisation des taux de collisions rapides et
coalescences (après collisions lentes), en comparant avec les données observationnelles, en
particulier avec une série de travaux de Moss & Whittle (1993, 1997, 2000), qui apportent
des contraintes sur les galaxies d’amas avec des anomalies morphologiques et/ou des voisins
proches, et ceux de Lobo et al. (1997), qui montrent comment la pente de la fonction de
luminosité des galaxies varie avec la position dans l’amas.

Les modèles semi-analytiques de formation de galaxies développées à l’IAP seront très
utiles pour contraindre la nature des groupes compacts. Du point de vue analytique, il
faudra quantifier la quantité de déclin orbital par friction dynamique qui est subie par les
galaxies des groupes compacts. Au niveau observationnel, les données X du satellite XMM-
Newton devront être déterminantes, et le relevé d’un échantillon homogène d’une dizaine
de groupes compacts sera proposé.

Les observations du relevé DENIS vont se terminer à la fin 2000, et à ce moment, on aura
de grands catalogues de galaxies à exploiter avec les avantages de la sélection proche-IR.
En particulier, je compte construire des grands catalogues de groupes compacts, à partir
de DENIS et 2MASS, couplée aux sondages spectroscopiques du 6dF (au Sud) et du SDSS
(au Nord), ce qui apportera un échantillon bien plus important et homogène, et permettra
donc de mieux contraindre la nature de ces systèmes. D’autre part, nous espérons tirer une
fonction de corrélation angulaire à 2 points des galaxies, qui sera de bonne qualité jusqu’au
très grandes échelles angulaires, afin de pouvoir l’inverser pour déterminer le spectre de
fluctuations primordiales de densité, P (k). Des comparaisons seront faits avec les catalogues
de galaxies provenant du relevé 2MASS.

Dans moins d’un an devront commencer les observations du premier relevé cosmologique
du 6dF, avec 120 000 décalages spectraux en moins de deux ans d’observations. Notre
ambition principale est de lancer le second relevé cosmologique du 6dF, avec 15 000 vitesses
particulières de galaxies elliptiques et lenticulaires (dix fois plus que l’échantillon actuel de
l’hémisphère Sud). Nous allons nous y préparer en construisant des échantillons simulés de
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catalogues de vitesses particulières, à partir des simulations semi-analytiques de galaxies
de l’IAP (en collaboration avec S. Hatton).

Les mesures de la densité de masse de l’Univers, Ω0, vont continuer sur deux fronts.
A partir des groupes, une ré-analyse de la théorie de la trajectoire fondamentale, sur
une base cosmologique, auto-cohérente (au lieu de mon approximation Newtonienne) sera
entreprise avec E.  Lokas. D’autre part, avec B. Roukema, nous poursuivons notre analyse
de l’échantillon de quasars à z = 2 de Iovino et al. (1996), maintenant directement en 3D,
et nous avons commencé l’analyse d’un échantillon de quasars provenant du relevé 2dF. Il
faudra se dépêcher, car vers 2002, le satellite MAP aura cartographié le CMB et déterminé
Ω0 avec environ 10% de précision.

A plus long terme, qui sait où mes recherches vont me mener?
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AB S TRACT

The merging history of dark matter haloes is computed with the Merging Cell Model

proposed by Rodrigues & Thomas. While originally discussed in the case of scale-free

power spectra, it is developed and tested here in the framework of the cold dark matter

cosmology. The halo mass function, the mass distribution of progenitors and child haloes, as

well as the probability distribution of formation times, have been computed and compared

with the available analytic predictions. The halo autocorrelation function has also been

obtained (a first for a semi-analytic merging tree), and tested against analytic formulae. An

overall good agreement is found between results of the model, and the predictions derived

from the Press & Schechter theory and its extensions. More severe discrepancies appear

when formulae that better describe N-body simulations are used for comparison. In many

instances, the model can be a useful tool for following the hierarchical growth of structures.

In particular, it is suitable for addressing the issue of the formation and evolution of galaxy

clusters, as well as the population of Lyman-break galaxies at high redshift, and their

clustering properties.

Key words: galaxies: clusters: general ± galaxies: formation ± galaxies: haloes ±

cosmology: theory ± dark matter.

1 INTRODUCTION

In the basic picture of the formation of cosmic structures, the

Universe is dominated by a dark matter (DM) component, and

small perturbations in the initial density field grow in amplitude

proportionally to a linear growth factor, until they approach unity.

Then, non-linear effects dominate their evolution, and the regions

stop expanding with the Universe, collapse, and virialize, thus

forming DM haloes. In hierarchical scenarios, like the cold dark

matter (CDM) model, small-scale inhomogeneities collapse first

and then aggregate via merging to generate larger structures. Since

galaxies form by the collapse and cooling of baryonic gas within

DM haloes, and their history is greatly influenced by that of their

surrounding haloes (e.g. Lemson & Kauffmann 1999), it is

important to understand how these objects form and evolve with

time.

The most realistic way for following the history of DM haloes is

by means of N-body simulations, but they require huge amounts of

RAM memory and are computationally expensive. Therefore, they

are often limited to a modest dynamic range, and to few different

cosmological scenarios.

The simplest alternative approach is to consider only the linear

regime of growth of density fluctuations, and describe the non-

linear evolution and collapse by means of the spherical `Top-Hat'

model (Gunn & Gott 1972). In this formalism, the formation of a

DM halo of mass M at redshift z is described by identifying in the

initial density field smoothed on a scale M, and linearly

extrapolated to redshift z, a region having overdensity equal to a

given threshold value. Starting with Gaussian initial conditions,

Press & Schechter (1974, hereafter PS) interpreted the probability

of finding such regions as the number density of haloes of massM,

that formed at redshift z (see Section 3.1). The PS mass function

has been extensively tested against N-body simulations, and has

been found to be in reasonably good agreement with numerical

results (e.g. Efstathiou et al. 1988; Carlberg & Couchman 1989;

Lacey & Cole 1994; Gelb & Bertschinger 1994). However,

systematic deviations both at small and high masses have been

recognised, with the PS formula predicting too many low-mass

haloes, and underestimating the number of massive objects (e.g.

Jain & Bertschinger 1994; Gross et al. 1998; Somerville, Primack

& Faber 1998; Tormen 1998; Lee & Shandarin 1999; Sheth &

Tormen 1999; and references therein). A better agreement with

numerical results is obtained when ellipsoidal rather than

spherical collapse models are considered (Monaco 1995,

1997a,b; Bond & Myers 1996; Audit, Teyssier & Alimi 1997,

1998; Lee & Shandarin 1998, 1999, hereafter LS98 and LS99;

Sheth & Tormen 1999; Sheth, Mo & Tormen 1999; and references

therein).

q 2000 RAS
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Extensions of the PS theory (Bower 1991; Bond et al. 1991)

follow the redshift evolution of the halo population as a whole, by

deriving the conditional probability of finding progenitors of mass

Mp at redshift zp, given their child haloes of mass Mo at zo, and

vice versa (see Section 3.2). By means of the extended Press &

Schechter (EPS hereafter) theory, the distribution of halo

formation and survival times, as well as their merger rate, can

also be obtained (Lacey & Cole 1993, 1994, hereafter LC93 and

LC94; see also Section 3.3). The few comparisons between these

analytic predictions and numerical results reveal a general good

agreement, even if discrepancies similar to those of the mass

function have been pointed out (LC94; Somerville et al. 1998;

Tormen 1998).

Still based on the EPS theory, analytic predictions for halo bias

in the Lagrangian space of initial conditions have been obtained

(Mo & White 1996, MW96 hereafter; Catelan et al. 1998, CLMP

hereafter; Porciani et al. 1998; Sheth & Lemson 1999b; Sheth &

Tormen 1999; Sheth et al. 1999; and references therein). The halo

autocorrelation function jhh(r) is then the product of the halo bias

with the correlation function of the underlying matter. The

predicted jhh is in good agreement with that in N-body simu-

lations for massive objects, but its amplitude is too large for low-

mass haloes (Porciani, Catelan & Lacey 1999, PCL hereafter; Jing

1999; Sheth & Tormen 1999). However, Jing (1999) propose an

empirical fitting formula (see Section 3.5) that provides a good

description of halo clustering on the whole range of masses (see

also Sheth & Tormen 1999; Sheth et al. 1999).

While the PS and EPS formalisms describe the mean statistical

properties of the population as a whole, several models of the

individual merger history of DM haloes have been proposed (Cole

& Kaiser 1988; Kauffmann & White 1993, KW93 hereafter;

Rodrigues & Thomas 1996, RT96 hereafter; Somerville & Kolatt

1999; Sheth & Lemson 1999a). Each model presents some

advantages and some drawbacks with respect to the others. For

example, the `block model' of Cole & Kaiser (1988) partly retains

the spatial information, but it is affected by the discretization of

both halo masses (in powers of two), and positions. The KW93

merging tree presents a more continuous spectrum of masses, but

a grid of collapse redshifts is imposed, and the relative positions of

haloes are unknown. Moreover, it reproduces exactly the mean

progenitor mass distribution, but mass conservation is enforced

only approximately, while the opposite holds in the model of

Somerville & Kolatt (1999).

In this paper, we focus on the `Merging Cell Model' (MCM)1

proposed by Rodrigues & Thomas (1996), which has the same

characteristics of simplicity and speed as the other merging tree

algorithms, but also presents some major advantages. Since it is

based on an actual realization of the initial density field, it is much

closer to the spirit of N-body simulations, thus allowing direct

comparisons with numerical results, and it also seems to take into

account the spatial correlations of density fluctuations (Nagashima

& Gouda 1997). Moreover, no specific collapse times are imposed

a priori, and haloes form with a continuous spectrum of masses,

and a variety of (Lagrangian) shapes. Also the spatial information

about the relative location of haloes is retained by construction,

thus allowing study of their clustering properties. While in the

original paper, the authors only discuss the halo mass function in

the case of scale-free power spectrum, here we consider the more

realistic standard CDM (SCDM) cosmology (see Section 3).

Moreover, we test the model reliability also in terms of the mass

distribution of progenitor and child haloes, the behaviour of the

largest progenitor mass as a function of redshift, and the

probability distribution of formation times. For the first time for

a semi-analytic merging tree, the halo two-point correlation

function is also computed, and we test it against theoretical

predictions. We outline the method in Section 2, define these

quantities and compare them to the analytic predictions in Section

3. Discussion and conclusions are presented in Sections 4 and 5,

respectively.

2 THE ALGORITHM

2.1 Basic principles

At an `initial time' ti, consider the density field r�x; ti� of the

Universe characterized by a mean value rÅ(ti), and small

perturbations d�x; ti� � r�x; ti�/ �r�ti�2 1. Through gravitational

instability, the amplitude of density fluctuations start growing

proportionally to a linear growth factor D(t), i.e. d�x; t� �
d�x; ti� � D�t�=D�ti�: Such a linear growth law strictly holds only

when perturbations are much smaller than unity, but it is useful to

extrapolate it also into the non-linear regime. In fact, the `Top-

Hat' model (Gunn & Gott 1972) shows that the formation of a

bound virialized object of mass M occurs at the time tf when the

density contrast of a spherical region in the initial density field,

smoothed at a scale M, reaches a critical value d c. This in turn

corresponds to a value dlinc �tf� of the density field linearly

extrapolated to that time, or to a value dlinc �t0� if the extrapolation

is carried on until the present epoch t0. For an Einstein±de Sitter

Universe, D�t� / �1� z�21; dc . 178; dlinc �zf� . 1:686; and

dlinc �z � 0� . 1:686�1� zf�: It is therefore sufficient to know the

values of the density field linearly extrapolated to z � 0, for

determining the formation epochs of DM haloes.

Because this is the approach we adopt in the paper, we choose

henceforth to change the notation and we denote the density field

linearly extrapolated to z � 0 as d . Therefore, dc � 1:686; and the

collapse redshift of haloes is zf � d=dc 2 1:

2.2 The method

The MCM is based on an actual realization of the density field,

obtained with a standard initial condition generator, by Fourier

transforming waves of random phase and amplitude drawn from a

Gaussian distribution of zero mean, and variance given by the

chosen power spectrum.

A value of the density contrast d is assigned to each of the L3

base cells (bcs) composing a periodic cubic box of side L (for

simplicity, L � 2l, where l is a positive integer). Density

fluctuations are then averaged within cubic blocks of side 2, 4,

8, ¼, L. At each of these smoothing levels, a set of 8 overlapping

grids, displaced one relative to another by half a block length in

each coordinate direction, is used. This ensures that the density

peaks are always approximately centred within one of the blocks

in each smoothing hierarchy. At this point, one has a total of

�15 L3 2 8�=7 base cells and cubic blocks, with side ranging from

1 to L, mutually overlapping in the volume of the box. Each of

them is characterized by a value of the density contrast d .

All base cells and blocks are then ordered in a single list in

terms of decreasing d (or, correspondingly, decreasing collapse

redshift). The largest value of d in the list fixes the earliest zf of

the realization. It usually corresponds to a base cell, which thus

becomes the first collapsed object (i.e. the first halo). All the

q 2000 RAS, MNRAS 312, 781±793

1As first coined by Nagashima & Gouda (1997).
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elements of the list are then analysed one after the other from

early times to the present, and the specific base cell or cubic block

under investigation is called investigating region. Whether the

investigating region can collapse and give rise to a new halo or not

is decided by the following rules:

(i) an investigating region that does not overlap with any other

pre-existing halo collapses and forms a new halo;

(ii) if there exist two haloes, each of them containing half of the

investigating region, the latter cannot collapse. This is to avoid the

formation of very elongated structures in linking together adjacent

haloes without the collapse of any new matter. If instead there exists

only one halo containing half (or more) of the investigating region,

the latter collapses and merges with it, thus forming a new halo;

(iii) after taking into account condition (ii), if the investigating

region overlaps with at least half of one (or more) pre-existing

halo(s), it collapses and merges with it (them), thus forming a new

halo.

Note that in the Lagrangian space of initial conditions, mass and

volume are equivalent quantities �M � �rV�, and `merging'

together the investigating region with one or more pre-existing

haloes does not mean summing up their masses. Instead, the mass

(volume) of the new resulting halo is that of the old ones plus the

fraction of the investigating region that does not overlap with any

already pre-existing object.

Thanks to the use of overlapping grids and merging criteria,

haloes of a large variety of shapes and masses are obtained. The

model also contains information on the relative locations of

haloes, since their positions within the box are known, and the

effects of discretization are expected to be smaller than in the

block model. Moreover, because halo formation times are given

by the density contrasts in the list, they span a continuous range of

values. As a drawback, the overdensity of the investigating region

(which fixes the collapse redshift of the new forming object) is not

necessarily equal to the mean overdensity � �d h� of the resulting

halo. Therefore, the position of an object in the merging tree

occasionally differs from that predicted by the linear theory, i.e. the

assigned zf is not exactly equal to �d h=dc 2 1, as it should be (see

section 3.2 in RT96). Finally, the `linking' and the `overlapping'

conditions [criteria (ii) and (iii), respectively] are reasonable but

arbitrary, and different choices would result in different mass

functions, as discussed by Nagashima & Gouda (1997). Yet, it is not

clear which are the `best' criteria. Thus, we will adopt the original

conditions (ii) and (iii) throughout the paper.

3 TESTS OF THE ALGORITHM

The MCM is based on the linear theory of growth of density

fluctuations, and it uses simplified criteria to describe the

formation and merging history of DM haloes. It is therefore

necessary to test its reliability by comparing its results against

those of N-body simulations that directly take into account the

gravitational interactions between DM particles, and are much

more realistic in following the dynamics in the non-linear regime.

The model is required to correctly describe not only the

population of haloes at a given redshift, but also how this

population evolves with time.

As a first test, the cumulative and the differential mass functions

in the case of a scale-free power spectrum with spectral index

n � 0, and 22 have been computed and compared to those in the

original paper (figs 4 and 5 in RT96). A remarkable agreement has

been found.

Here we consider the SCDM cosmology, and perform several

tests against the available analytic formulae, to verify the

reliability of the model results. We set the Hubble constant to

H0 � 100 h km s21 Mpc21; h � 0:5. The total and baryonic

density parameters are V0 � 1 and Vb � 0:05 respectively,

while that corresponding to the cosmological constant is

VL � 0. The transfer function of Bardeen et al. (1986) is adopted,

and the power spectrum is normalized so that the mass variance on

scale 8 h21Mpc is equal to s8 � 0:67.
For a 2563 base cell realization in a cubic box of L � 100Mpc

side (i.e. 50 h21Mpc, and a total mass of about 3:5 �
1016 h21 M(�; the base cell mass is about 2 � 109 h21 M(, and

the resulting most massive halo typically has a mass of about

5 � 1014 h21 M( (but see Section 3.1). The CPU time on a

500MHz DEC Alpha workstation is only roughly 25min, and

typically 700MB of RAM memory are required.

In the following sections, results averaged over 10 different

realizations are presented, and error bars correspond to the

standard deviations of the 10 run sample.

3.1 Mass function

The differential mass function of haloes, is defined as the

comoving number density of haloes with mass in the range [M,

M � dM] at redshift z. This is shown for logarithmic mass interval

in the histrograms of Fig. 1 (left-hand panels), for z � 0 and z � 3.

Also shown for comparison as dotted lines are the correspond-

ing predictions of the PS theory (e.g. LC94):

dn

d lnM
�M; z� �

����

2

p

r

�r
dc�z�
s2�M�

ds

dM

�

�

�

�

�

�

�

�

exp 2
d2c�z�

2s2�M�

� �

; �1�

where dc�z� � dc � �1� z�, and s (M) is the mass variance of the

linearly extrapolated (to z � 0) density field smoothed on scale M.

In this paper, s (M) is always computed by a fitting formula

analogous to that proposed by White & Frenk (1991), with errors

smaller than 8 per cent on mass scales ranging from 109M( to

1015M(.

Right panels show the cumulative mass fraction for the same

redshifts, i.e. the fraction of the total mass which is in haloes of

mass above M, at redshift z.

At z � 0 the overall agreement is good over a large range of

masses, but a lack of objects at the two ends of the mass function

is evident. At small masses, the problem seems to be inherent to

the method, since this is also the case for scale-free power spectra

(RT96; Nagashima & Gouda 1997). This is a drawback of the

model, which limits the reliable dynamical range, and it is

probably due to the adopted criteria for the formation and merging

of haloes. In fact, as detailed in Section 2, the `bricks' for the

construction of haloes are base cells and blocks composed by

8i bcs �i � 1; 2;¼�. Thus, an object of less than 8 bcs can only

result if an investigating region partly overlaps with a pre-existing

halo, but does not merge with it, and the fraction of its non-

overlapping volume (which gives rise to the new halo) is less than

8 bcs. In practice, the model requires that some `particular'

conditions happen in order to form haloes of mass between 2 and

7 bcs, thus explaining the underproduction of these kind of objects

in the resulting mass function. The lack of high-mass structures

instead, is partly inherent to the method, partly due to a statistical

fluctuation (in different realizations in fact the problem is more or

less severe). At high redshift the model always tends to produce a

q 2000 RAS, MNRAS 312, 781±793
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larger number of intermediate mass haloes, and less massive

objects than predicted by the PS theory.

These discrepancies appear to be even more severe if compared

to results of N-body simulations. It has been recently shown that

the PS mass function already tends to predict fewer high-mass

haloes, and more low-mass objects than those found in the

simulations (e.g. Jain & Bertschinger 1994; Gross et al. 1998;

Somerville et al. 1998; Tormen 1998; LS99; Sheth & Tormen

1999). An analytic formula which better agrees with numerical

results has been obtained by LS98, based on a nonspherical model

for the collapse of a perturbation, in the frame of the Zel'dovich

approximation (but see also Monaco 1995, 1997a,b; Audit,

Teyssier & Alimi 1997; Bond & Myers 1996; Sheth & Tormen

1999; Sheth et al. 1999).

In this formalism, the displacement of a particle due to the

surrounding density field, is simply computed from the perturba-

tion potential C generated by the distribution of particles in the

initial conditions. The mass density can therefore be expressed as

a function of the three eigenvalues of the deformation tensor

(defined as the second derivative of C), and a virialized bound

object forms when the smaller one (l3) is positive. The idea

is therefore to substitute the collapse condition of the spherical

Top-Hat model �d � dc�, with an analogous one for l3: a DM halo

of mass M forms when this eigenvalue reaches a critical value l3c

in a region of the linearly extrapolated density field, smoothed on

a scale M. The resulting mass function is:

dnLS
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where s � s�M�, erfc(x) is the complementary error function, and

the critical value for l3 has been empirically chosen to be

l3c�z� � 0:37�1� z�.
Fig. 1 shows that in comparison to the LS98 mass function

(solid curves), the MCM presents an excess of small objects, and a

significant underproduction of high-mass haloes, especially at

high redshift.

q 2000 RAS, MNRAS 312, 781±793

Figure 1. Left panels: comoving number density in units of Mpc23, per logarithmic mass interval, of haloes of mass M at redshifts z � 0 (upper panel) and

z � 3 (lower panel), as a function of M/M(. Masses are also shown in units of base cells on the top of the figure. Results averaged over 10 realizations of the

MCM are displayed in the histograms. Error bars show the standard deviations of the 10 run sample. The Press & Schechter (1974) predictions [equation (1)]

and the Lee & Shandarin (1998) mass function [equation (2)] are plotted as dotted and solid curves, respectively. Right panels: cumulative mass fraction of

haloes with mass larger than M at redshifts z � 0 and z � 3, as a function of M. Results from the MCM (thick solid line) are compared to the PS and the LS98

predictions (dotted and solid curves, respectively).
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3.2 Conditional mass functions

In this section we analyse how the population of haloes identified

at a given time has changed with respect to a different epoch.

Fig. 2 shows the mass fraction of haloes of mass Mo at redshift

zo, that has already settled at redshift zp in progenitors with masses

between Mp and Mp � dMp. Child haloes have been selected at

zo � 0 and have masses Mo in the range Mo=M( � �10i; 10i�1�,
where, from the top to the bottom panel, i � 11, 12, 13, 14. The

mass distribution of their progenitors at zp � 1 is shown in the left

panels, that for zp � 3 is plotted on the right-hand panels.

The analytic prediction for the distribution of progenitor masses

is given by (e.g. Bower 1991; Bond et al. 1991):

df

d lnMp

�Mp; zpjMo; zo� �
Mp
������

2p
p dcp 2 dco

�s2
p 2 s2

o�3=2
ds2

p

dMp

�

�

�

�

�

�

�

�

�

�

� exp 2
�dcp 2 dco�2
2�s2

p 2 s2
o�

" #

; �3�

where dcj � dc�zj�; sj � s�Mj�.

Because numerical results shown in Fig. 2 have been obtained

for ranges of Mo, the analytic formula has been computed in two

different ways for an accurate comparison. In the MCM, the mass

of a halo corresponds to the number of base cells that compose it.

Thus, when expressed in these units, the massMo can only assume

N integer values in the range [Mi, Ms], with N � �Ms 2Mi � 1�:
i.e. Mo � {Mok � Mi � k2 1; k � 1; N }. Given the number

N(Mok) of child haloes with mass equal to Mok for each of its

possible N values, the mean weighted mass in the range is:

�Mo �

P

N

k�1

N�Mok�Mok

No

; �4�

where No is the total number of haloes in the chosen range of Mo.

Dotted curves in Fig. 2 show results from equation (3) computed

for Mo � �Mo (whose numerical values are listed in the figure

caption). The abrupt fall down of dotted curves occurs at values of

Mp near MÅ o, because the progenitor mass obviously cannot be

larger than that of its child halo. Since MÅ o is lower than Ms in each

panel, this explains why dotted curves are not as extended inMp as

the histograms are.

q 2000 RAS, MNRAS 312, 781±793

Figure 2. Progenitor mass distribution at redshifts zp � 1 (left panels), and zp � 3 (right panels), for child haloes in four different mass ranges Mo at zo � 0

(from top to bottom: Mo=M( � �10i; 10i�1�; i � 11; 12; 13; 14). Average results from 10 realizations of the MCM are displayed in the histograms, and

their standard deviation is shown as error bars. The average number of child haloes found in each mass range is, from top to bottom: No � 34839, 5545, 822,

and 67. Dotted curves correspond to the progenitor distribution computed from equation (3) for Mo equal to the mean mass in the corresponding range

(Mo � �Mo . 2:7 � 1011; 2:5 � 1012; 2:3 � 1013; and 1:5 � 1014 M(). Solid curves are the average distributions in each mass range, computed from equation

(5).
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For a better comparison between numerical and analytic results,

we have also computed the average progenitor mass distribution

by summing up the N single-mass distributions, each weighted

with the fraction of mass in haloes of mass Mok:

df

d lnMp

� �

�

P

N

k�1

f �Mok�N�Mok�Mok

P

N

k�1

N�Mok�Mok

; �5�

where f �Mok� � �df=d lnMp� is the single-mass progenitor

distribution for child haloes of mass Mok as given in equation

(3). Mp is obviously also a function of Mo, and it is required that

Mp # Mo. The average progenitor mass distribution is plotted in

Fig. 2 as solid curves. By construction, kdf /d lnMpl is a sum of

curves of the same kind as the dotted lines, with the sharp cut-off

at progenitor masses very similar or equal to those of their child

haloes. This is the reason for the oscillations in the solid curves for

values of Mp between Mi and Ms.

A lack of objects with masses between 2 and about 7 bcs is

apparent, just as was the case for the mass function. The MCM

also appears to systematically underproduce progenitors with

mass similar to that of their child haloes. At intermediate masses,

an overall good agreement between the MCM results and the

analytic predictions is found, with a possible slight overproduction

of haloes in the model. When compared to N-body simulations,

these discrepancies may become more severe, since simulations

appear to have fewer/more haloes than predicted by EPS theory in

the intermediate/high-mass range (Somerville et al. 1998; Tormen

1998). For the less massive child haloes (top panels), numerical

and analytic results only agree over a small range of Mp. This is

due to the lack of low-mass objects, and to the fact that the

minimum mass in the model is limited to 1 base cell, thus not

allowing to accurately follow back in time the past history of small

haloes.

The reverse conditional probability that a halo of mass Mp at zp
is incorporated at a later time zo in a halo of mass between Mo and

Mo � dMo, is shown per logarithmic mass interval in the histo-

grams of Fig. 3. Progenitors of massMp=M( � �10i; 10i�1�; with
i � 11, 12, 13, are selected at zp � 1 (left panels) and zp � 3 (right

panels), and the mass distribution is computed for their child

haloes at redshift zero. No results for progenitors with masses

q 2000 RAS, MNRAS 312, 781±793

Figure 3. Mass distribution of child haloes at redshifts zo � 0, given the progenitors at zp � 1 (left panels), and zp � 3 (right panels) with masses

Mp=M( � �10i; 10i�1�; i � 11; 12; 13, from top to bottom. Average results from 10 realizations of the MCM are plotted as histograms, and their standard

deviation is shown as error bars. The number of progenitors found in each mass range at zp � 1 is, from top to bottom: Np � 59898, 6696, and 431, while at

zp � 3, Np � 52213, 1724, and 8. Dotted curves refer to the children mass distribution computed from equation (6) for the mean progenitor mass in the

corresponding range (from top to bottom): �Mp . 2:6 � 1011; 2:2 � 1012, and 1:7 � 1013 M( for progenitors at zp � 1; �Mp . 2:3 � 1011; 1:9 � 1012, and

1:5 � 1013 M( in the right panels. Solid curves are the average distribution in each mass range, computed in the same way as in equation (5), as detailed in the

text.
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between 1014 and 1015M( are shown, because too few of them

have already formed at redshifts 1 and 3.

Given all the objects of mass Mp at zp, the analytic prediction

from the EPS theory for the mass distribution of their child haloes

at zo, when expressed per mass logarithmic interval, is given by

(e.g. LC94):
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where the notation is the same as in equation (3).

As before, equation (6) has been computed in two different

ways, in order to get an accurate comparison with the numerical

distributions. Results for Mp � �Mp; the mean weighted progenitor

mass in the range [Mi, Ms] (analogous to MÅ o), are plotted in Fig. 3

as dotted lines. A sharp cut off occurs for values of Mo near to MÅ p,

because child haloes cannot be less massive than their progenitors.

Since MÅ p is larger than Mi in each panel, this explains why dashed

lines are not as extended in Mo as histograms are. A more

appropriate comparison between numerical and theoretical results

is obtained if the average child mass distribution kdf=d lnMol is

considered, instead of that relative to progenitors with mean mass

MÅ p: df(MÅ p)/d ln(Mo). The computation of kdf=d lnMol is analogous

to that in equation (5), and results are plotted in Fig. 3 as solid

lines.

An overall agreement is found between MCM results and the

EPS theory predictions, that in turn fit reasonably well N-body

simulations (LC94). However an oscillating behaviour of the child

haloes mass distribution can be recognised in the histograms.

Actually it is more evident when a different binning is used (here

results are binned on a mass grid Mo � 2i bcs; i � 0, 1, 2¼),

and it seems inherent to the method. Also the halo mass function

and the progenitor distribution present analogous features, and

oscillations appear to occur with peaks corresponding to the block

masses of 8i, i � 1; 2;¼bcs, and with troughs in between.

Moreover, the same trend is found in the halo mass function for

the scale free power spectrum (in particular for the spectral index

n � 22, that fits the CDM spectrum over a significant range of

masses; see RT96).

3.3 Largest progenitor history

By analysing the variation with redshift of the largest progenitor

mass, information can be obtained on how haloes build up in time,

whether they preferably form via a continuous and slow accretion

of small objects, or whether their mass suddenly increases because

of nearly equal-mass merging events, or by mergers of several

sub-units at the same time. A different behaviour is expected for

haloes of different masses, with larger objects preferably

assembling at recent epochs, and smaller haloes showing a more

q 2000 RAS, MNRAS 312, 781±793

Figure 4. History of the most massive progenitor of 30 haloes selected at zo � 0. The y-axis represents the ratio of progenitor mass M1 to final halo mass Mo.

The four panels refer to four different values of Mo/M(: 10
11, 1012, 1013, 1014.
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delayed and smooth evolution with time. This is shown for

instance, in KW93, both from their merging tree model, and from

N-body simulations (their Figs 5 and 6, respectively).

We have looked at the past history of haloes with current mass

Mo � 1011, 1012, 1013, 1014M(, randomly selecting 30 objects for

each value of Mo to show the scatter in the merging histories. The

ratio between the mass of the largest progenitor M1, and that of its

child halo Mo is plotted in Fig. 4, as a function of 1� z. For all the

masses, the expected trends are obtained, with larger haloes

preferably assembling through major mergers at low z, and smaller

objects gradually forming in a smoother way by accreting small

mass objects over a larger interval of time. A qualitative good

agreement of both trends and scatters is also found between the

present results and those of KW93. Moreover, halo collapse

occurs at more recent epochs here, as expected when a SCDM

cosmology is considered instead of an open model (V0 � 0:2 in

KW93).

3.4 Formation redshift

In the hierarchical clustering scenario, massive haloes form by

accretion of lower mass structures. Therefore, their formation

redshift is expected on average to be lower than that of small

objects. Actually, because of the continuous evolution in mass due

to the hierarchical nature of the process, the definition of `halo

formation time' is not straightforward. In this paper, we adopt the

definition of LC93, as the time when half the mass of the halo is

assembled, i.e. when a progenitor with mass equal to half or more

that of its child halo appears for the first time.

Fig. 5 shows the distribution of formation redshift for haloes

with massMo � �10i; 5 � 10i�M(; i � 11, 12, 13, 14 at z � 0. In

agreement with results of the previous section, high-mass objects

tend to form at more recent epochs, while lower mass haloes

typically collapse earlier and over a larger interval of time. The

mean formation redshifts for haloes in the four mass ranges, from

lower to higher Mo, are: �zf � 1:55, 1.03, 0.66, 0.46.
As discussed in LC93 and LC94, the probability that a halo of

mass Mo at redshift zo has a progenitor with mass between Mo/2

and Mo at zp, gives the probability that its formation epoch was

earlier than zp. In differential form, the probability distribution of

formation redshifts is therefore given by:

dp

dzf
�zf jMo; zo� �

�Mo

Mo=2

Mo

Mp



zf

df

dMp

� �� �

dMp; �7�

where df=dMp � df �Mp; zf jMo; zo�=dMp is the progenitor mass

distribution (see Section 3.2). Formation times computed by

means of the previous formula are found to be in good agreement

with N-body simulation results, except for haloes on cluster scales
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Figure 5. Differential probability distribution of formation redshifts zf for haloes at zo � 0 with masses Mo=M( � �10i; 5 � 10i�; i � 11, 12, 13, 14 (see

labels), as a function of �1� zf �. Histograms and error bars result from the average over 10 realizations of the MCM. No labels the number of haloes found at

zo � 0 in the corresponding mass range. Solid curves refer to the analytic prediction of the EPS theory computed from equation (7), forMo � �Mo . 2 � 1011;
2 � 1012; 1:7 � 1013; 1:4 � 1014 M(.
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that form earlier than predicted by the EPS theory (LC94; Tormen

1998; note however that these conclusions are drawn for scale-free

power spectra only).

Once again numerical results are derived for ranges of masses

Mo, thus the analytic prediction for zf has been computed in the

same way as discussed in Section 3.2. In this case however, the

probability distribution for the average mass dp�zf j �Mo; zo�=dzf ,
and the average probability distribution kdp=dzfl are almost

indistinguishable in the chosen range of Mo. Only the former is

therefore shown in Fig. 5, where solid curves correspond to

equation (7) solved for Mo � �Mo . 2:2 � 1011; 2 � 1012; 1:7 �
1013; 1:4 � 1014 M(. Within the error bars, a very good agreement

is found for the most massive objects. For intermediate mass

haloes, the epoch when they first appear, as well as the rising of

the probability distribution with decreasing z, is well reproduced

by the MCM. However, they do not present the expected peak of

formation epoch, but instead still form at very recent times, in

contradiction with the expectations of the EPS theory. A severe

disagreement is found for small objects, with the departure of

MCM relative to the EPS theory going in the opposite sense. Low-

mass haloes in fact preferentially collapse and stop forming at

earlier epochs than predicted, with a peak of formation at about

zf � 1:6, instead of zf � 0:85. No significant improvements are

obtained if different values for the collapse threshold d c are

adopted. This confirms once more that the history of low-mass

objects is not well followed in the model.

3.5 Two-point correlation function

Since the relative positions of haloes within the box are known by

construction, the MCM also contains information about their

spatial distribution. We have computed the two-point autocorrela-

tion function of DM haloes, by counting the number of objects

separated by a distance r, and comparing it with the value

expected for a Poissonian distribution:

j�r� � NDD�r�
NRR�r�

2 1; �8�
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Figure 6. Autocorrelation function of haloes with mass M selected at redshift z � 0. Each panel refers to a different mass range: M=M( � �10i; 5 � 10i�,
with i � 11, 12, 13, 14 (see labels). Average results and standard deviation from 10 MCM realizations are plotted as circles and error bars, and the average

number of haloes found for each mass range is also indicated as N. Separations are in units of the box length �L � 100Mpc � 256 bcs�. The three vertical
thick linesmark the typical Lagrangian radius R of haloes in the given range ofM: the two shorter ones correspond to the minimum and the maximum mass in

the range, while the longer one refers to the mean mass in the interval, weighted by the mass function. Long-dashed curves have been computed by use of the

linear and the second order bias factors [Catelan et al. 1998; see equations (9)±(12)], and the values of �b1 and �b2 are labelled in each panel. Also shown are

the linear mass correlation function at the given redshift (dotted curves), and jhh computed with the linear bias only, as first discussed by Mo & White (1996;

dashed±dotted lines). Solid curves corresponds to the correlation functions computed as jhh � �b 2
J jm, where the value of

�bJ (see label) is derived from Jing's

formula [equation (13)], which provides a good fit to N-body simulations. The first order bias vanishes at M* . 3:4 � 1013 M(.
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where NDD(r) is the number of pairs whose geometric centres are

separated by a distance between r and r � dr; and NRR(r) is the

same quantity if haloes were randomly distributed in the same

volume: NRR�r� � �1=2�N2
o�dV=V�; where No is the total number

of haloes, dV is the volume of the shell at r with thickness dr, and

V is the total volume of the box.

Results for haloes selected in four mass ranges at z � 0, 1 and 3

are shown as circles in Figs 6, 7 and 8, respectively. Note that

q 2000 RAS, MNRAS 312, 781±793

Figure 7. The same as in Fig. 6, but for haloes selected at z � 1. No results for haloes with mass in the range �1014; 5 � 1014�M( are shown because only 5

of them have already formed at this epoch. At z � 1; M* . 1:2 � 1012 M(.

Figure 8. The same as in Fig. 6, but for haloes selected at z � 3. No results for larger masses are shown because too few, or no high-mass haloes, have already

formed at this redshift. Here, M* . 6:2 � 109 M(.
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points are found at separations smaller than the typical halo sizes

(marked by the vertical thick lines in plots). This is a consequence

of the non-spherical shape of haloes in the MCM, allowing the

distance between two centres to be smaller than the spherical

radius R artificially attributed to each object in this computation.

Using an approach based on the EPS theory, CLMP give an

analytic formula for the halo two-point correlation function, which

is valid for separations r larger than R. In particular, when r @ R,

the correlation function of objects of mass M identified at redshift

z, can be expressed as:

jhh�r;M; z� � b21�M; z�jm�r; z� � 1
2
b22�M; z�j2m�r; z� �¼; �9�

where jm�r; z� is the matter correlation function (the Fourier

transform of the power spectrum) linearly extrapolated to redshift

z. The linear bias function b1�M; z� was already obtained by

MW96 using a different approach still based on the EPS theory. It

is given by:

b1�M; z� � dc

s2�M; z� 2
1

dc
; �10�

where s�M; z� is the mass variance linearly extrapolated to

redshift z: s�M; z� � s�M��1� z�21. CLMP show that the second

order bias factor is:

b2�M; z� � 1

s2�M; z�
d2c

s2�M; z� 2 3

� �

: �11�

If the typical non-linear mass M*(z) for dark matter haloes is

defined as s�M*�z�; z� � dc, it results from equation (10) that the

first order bias vanishes for M � M*, and jhh is then determined

by the second order term only. For redshifts z � 0; 1, 3, the values
of M* are 3:4 � 1013; 1:2 � 1012, and 6:2 � 109 M(, respectively.

When a finite range of halo masses is considered instead of a

single value of M, the theoretical halo correlation functions can

still be estimated by equation (9), with the two bias factors

replaced by their mean values in the mass interval, weighted by

the mass function n�M; z� � dn=dM:

�bi �
�Ms

Mi
bk�M; z�n�M; z� dM
�Ms

Mi
n�M; z� dM

k � 1; 2: �12�

Long-dashed curves in Figs 6, 7 and 8 have been computed by

means of equations (9)±(12) for the corresponding mass ranges

and redshifts. Also shown for comparison are the linear mass

correlation function at each redshift (dotted lines), and jhh
computed with the linear term in equation (9) only (dashed-dotted

lines). For all redshifts and halo masses, the autocorrelation

function derived from the MCM is in a remarkable good

agreement with the predictions of the EPS theory. Even if the

analytic formula for jhh has been obtained in the limit of

separations much larger than R, a reasonable agreement is also

found when this condition is not exactly satisfied. Moreover,

results of the MCM are well described by the linear bias relation

also in the (slightly) non-linear clustering regime (i.e. for

separations where jm(r) is slightly larger than unity), and thanks

to the second order term, equation (9) still provides a very good

description of the model correlation function, even for masses

near M*, where b1 vanishes.

Such an agreement between the MCM results and analytic

predictions derived from the EPS theory only ensures the

reliability of the model in correctly taking into account the

clustering of high-mass (M * M*) haloes, but it also highlights its

limitations for small objects. Indeed, accurate comparisons with

N-body simulations show that the correlation function given by

equations (9)±(12) correctly describes numerical results for haloes

with masses larger than M*, but significantly overestimates the

clustering of small-mass objects (PCL; Jing 1999; Sheth &

Tormen 1999; Sheth et al. 1999). For M , M*, the analytic bias

factor b1 is significantly lower (more negative) than that found in

numerical simulations, whereas a better fit to the N-body

Lagrangian correlation function (with errors within the 15 per

cent for a CDM cosmology) is obtained by means of the linear

term in equation (9), with b1 replaced by (Jing 1999; but see also

Sheth et al. 1999):

bJ�M; z� � s4�M; z�
2d4c

� 1

" #�0:0620:02n�

�1� b1�M; z��2 1; �13�

where n is the index of the power spectrum P(k), computed as:

n � d lnP�k�
d ln k

jk�2p=R: �14�

The correlation functions computed as jhh � �b2Jjm are plotted in

Figs 6±8 as solid curves. Relative to these N-body based

correlation functions, the MCM overestimates the clustering of

haloes on the low-mass �M , M*� regime.

4 D ISCUSS ION

As far as the halo mass function, and the conditional probability

distribution of progenitor and child haloes are concerned, a good

general agreement between MCM results and PS and EPS analytic

formulae is found, but an underproduction of low-mass objects in

the model is apparent. This limits the mass resolution of the MCM

to a minimum of 8 base cells (3 � 1010 M(, for the present choice

of cosmological parameters and box size). Compared to the mass

function from N-body simulations (well described when a non-

spherical model for the collapse of density fluctuations is

considered; see LS98; LS99; Sheth et al. 1999, and references

therein), the MCM produces a significantly lower number of high-

mass haloes, especially at early times. Since a finite box is used

for representing the Universe, the effective amplitude of the mass

variance on large scales is smaller than that expected from the

input power spectrum, used in the computation of the analytic

formulae. Such an effect may in part be responsible for the

underproduction of high-mass haloes in the MCM with respect to

theoretical predictions. Also changing the linking and the

overlapping conditions (see Section 2.2) helps to obtain larger

mass haloes, especially at high z, but it is not clear which are the

best criteria (see also Nagashima & Gouda 1997). Moreover,

oscillations in the mass functions occurring at block masses of 8i

base cells, i � 1, 2,¼, are apparent, but may possibly disappear if

different criteria are adopted when deciding whether or not to

merge pre-existing haloes and form a new structure, as well as if a

set of grids displaced in a different way (no longer by half a block-

length) are used.

The distribution of formation redshifts is in good agreement

with analytic predictions for high-mass haloes, even if the peak of

formation is systematically shifted towards more recent epochs.

For intermediate mass objects, the MCM correctly reproduces the

analytic expectations only at high redshifts, then it keeps forming

haloes also at very recent times, in contradiction to the EPS

theory. Once more, a failure of the model in describing the history

q 2000 RAS, MNRAS 312, 781±793
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B SÉLECTION D’ARTICLES ET PROCEEDINGS PUBLIÉS EN FORMATION &
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of low-mass haloes is evident, since they systematically form at

earlier epochs than predicted.

Finally, a remarkable agreement of the two-point correlation

function is found with respect to the predictions derived from the

EPS theory (MW96; CLMP), for all considered masses and

redshifts. This ensures that the model reliably retains information

about the spatial correlation of high-mass haloes �M * M*�, but it
also overestimates the clustering of small objects (as do all

analytic formulae). The amplitude of their correlation function in

fact is significantly (2±3 times) higher than that predicted by the

fitting formula recently proposed by Jing (1999), that correctly

describes the correlation function found in numerical simulations.

As discussed by Jing (1998, 1999) and PCL, this difference

between N-body and EPS results in Lagrangian space, suggests

that the criteria adopted in the PS theory for identifying bound

virialized objects in the initial conditions are inadequate. The

assumption of spherical symmetry for the collapse is certainly a

strong simplification, and it also affects both the mass function

and the typical formation epoch of structures. Considering that

haloes in the MCM are produced with a large variety of shapes, we

intend to adopt a nonspherical condition and study its effects on

the resulting mass function and formation redshift distribution in a

future paper.

The physical processes ruling gas cooling, dissipative collapse,

star formation, evolution and feedback (as well as interactions and

merging between galaxies) are currently implemented in merging

history trees of DM haloes, so far obtained through two main

approaches. In semi-analytic models (KW93; Kauffmann, White

& Guiderdoni 1993; Kauffmann, Guiderdoni & White 1994; Cole

et al. 1994; Baugh et al. 1998; Somerville & Primack 1999; and

papers in these series), the merging history of DM haloes is built

through Monte Carlo realizations of the block model or EPS

formalism, with no (or not accurate) spatial information. More

recently (Kauffmann, Nusser & Steinmetz 1997; Governato et al.

1998; Benson et al. 1999), DM haloes have been selected from

cosmological N-body simulations, but their merging trees are still

computed with the Monte Carlo technique. In a `fully' hybrid

model (Roukema et al. 1997; Kauffmann et al. 1999), merging

trees are also computed from the output of large N-body

simulations, and as a consequence they retain the spatial and

dynamical information of the parent simulation, but they suffer

from its limited mass resolution and expensive CPU cost.

The interest of the MCM is that it represents an intermediate

approach. It is very fast, and it partly retains spatial information in

the linear or weakly non-linear regime. A priori, it suffers from the

same resolution problem as merging trees built from N-body

simulations. For the same choice of cosmological parameters and

box length, the 2563 base cells have the same mass as the 2563

particles, and reliable haloes cannot be obtained below ,8 base

cells or 10 particles. However, its low cost in terms of CPU time

allows to run realizations of sub-boxes, thus improving the mass

resolution. Moreover, many choices of the cosmological para-

meters, shape and normalization of the power spectrum of linear

fluctuations can be tested. So the MCM appears as a versatile and

rapid method to test physical ideas about galaxy, group and cluster

formation in various cosmologies, mostly when some degree of

spatial information can be useful.

In particular, the MCM can be suitable for studying galaxy

clusters, mainly at low redshifts, where a good agreement between

MCM and analytic results is found, not only in terms of mass

functions, but also in the distribution of formation redshifts, as

well as in the halo two-point correlation function. Also the

population of Lyman-break galaxies at z � 3 can be reasonably

well studied by means of the MCM. In fact, these objects are often

interpreted as star-forming galaxies located at the centre of haloes

of about 1012M( (e.g. Steidel et al. 1996; Giavalisco, Steidel &

Macchetto 1996; Steidel et al. 1998; Giavalisco et al. 1998; Baugh

et al. 1998; but see also Somerville, Primack & Faber 1998). For

these masses and redshifts, the model provides a reasonably good

description of both the mass distribution and the formation history.

Moreover, the correlation function fairly matches the numerical

results over a large range of halo separations, thus allowing in

principle to investigate the clustering properties of Lyman-break

galaxies.

5 CONCLUSIONS

The Merging Cell Model originally proposed by Rodrigues &

Thomas (1996) for a scale-free power spectrum, has been

developed in the case of the SCDM cosmology. Its reliability

has been tested not only in terms of the halo mass function, but

also comparing the distributions of the progenitor and child

masses, as well as that of halo formation times, to the analytic

predictions derived by the Press & Schechter theory and its

extensions.

For the first time in the case of a semi-analytic merging tree

model, we have also computed the halo two-point correlation

function, and compared it to the available theoretical predictions.

We have stressed the major successes of the model, as well as

its main weakness, and several possible solutions to improve it

have been proposed.

Two main fields where the use of this method can be of

particular interest have been recognized. It appears to be a suitable

tool for studying the properties of cluster-scale objects, mainly at

low redshift, as well as the population of Lyman-break galaxies,

and their clustering at high z.

We intend to apply the method in a more realistic cosmological

scenario (as the open and the lambda CDM), and directly test it

against N-body simulations in a forthcoming work.
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Dynamics of Galaxies: from the Early Universe to the PresentASP Conference Series, Vol. 197, 2000F. Combes, G. A. Mamon and V. Charmandaris, eds., p. 377Theory of galaxy dynamics in clusters and groupsGary A. MamonInstitut d'Astrophysique, F{75014 Paris, FRANCEAbstract. Analytical estimates of the mass and radial dependence ofthe rates of galaxy mergers and of tidal interactions are derived for clus-ters and groups of galaxies, taking into account the tides from the systempotential that limit the sizes of galaxies. Only high mass galaxies undergosigni�cant major merging before being themselves cannibalized by moremassive galaxies. Strong tides from the group/cluster potential severelylimit the merger/tide cross-sections in the central regions, and while tidesare most e�cient at the periphery, one should see merging encounters fur-ther inside rich clusters.1. IntroductionMergers of galaxies in slow collisions and tidal interactions in rapid collisionsare two key dynamical processes that occur in groups and clusters of galaxies.Cosmological N -body simulations are beginning to approach the resolution nec-essary to study galaxy dynamics in groups and clusters (see Moore, in theseproceedings). Moreover, mergers and tidal collisions leave signi�cant observa-tional signatures, in the form of tidal tails, asymmetries and generally disturbedmorphologies and internal kinematics (see Amram, in these proceedings). Also,galaxy merging is an essential mechanism for driving elliptical galaxy morpholo-gies given disk-like progenitors. As such, an understanding of galaxy merging isvery important for semi-analytical modeling of galaxy formation.In this review, I compute analytically the rates at which a galaxy of givenmass and position within a cluster or group with a Navarro, Frenk, & White(1995, NFW) potential undergoes slow major mergers with lower mass galax-ies and rapid tidal encounters. Since the collision cross-sections are stronglymodulated by the tides from the group/cluster potential, I begin with a simpleformalism for estimating the tides from the system potential. Note that I willnot consider ram pressure stripping on galaxies.2. Tides from the cluster/group potentialThe potential of a cluster can exert a strong di�erential force on a galaxy orbitingwithin it, but these tides are strongly dependent on the galaxy orbit.377
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EVOLUTION DES GALAXIESGalaxy dynamics in clusters 378A galaxy on a nearly circular orbit is likely to be tidally locked, as the Moonis with respect to the Earth. In this case, the tidal force is simply (King, 1962)Ftide = � �GM(R)R2 � 
2(R)� (1)and equating Ftide in eq. (1) to the force, f = Gm(r)=r2 that a galaxy exerts onone of its stars yields for r � R a galaxy tidal radius rt that satis�es a velocitymodulated density criterion (see Mamon, 1995):��g(rt) = ��cl(R) "2� 3�cl(R)��cl(R) + V 2p (R)V 2circ(R)# ; (2)where Vp and Vcirc are respectively the galaxy's velocity at pericenter and thecluster's circular velocity. The term in brackets in eq. (2) is 2 for circular orbits.Moreover, for a singular isothermal law � � r�2 for both galaxy and cluster, one�nds (see White, 1983) that for circular orbits the galaxy size is proportionalto its clustocentric radius: rt = 2�1=2(vcirc=Vcirc)R, where vcirc is the circularvelocity of the galaxy. For general density pro�les, writing ��(r) � v2circ(r)=r2,one obtains rt=Rvcirc(rt)=Vcirc(R) = �2� 3 ��� + V 2p =V 2circ(R)��1=2 : (3)Merritt (1984) used a similar circular-tide criterion to argue that galaxies arestrongly tidally limited by the cluster potential.However, cosmological infall imposes elongated orbits. A galaxy on anelongated orbit experiences a strong tide during its rapid, hence short, passageat pericenter, prompting Ostriker, Spitzer, & Chevalier (1972) to introduce theterm tidal shock. During this shock, a star in the galaxy experiences a velocityimpulse �v � Ftide�t � GM(Rp) rR3p  RpVp ! = cstGM(Rp) rR2pVp ; (4)where we neglected the centrifugal term in Ftide, because the galaxy falls in toofast to be phase locked. A more precise calculation by Spitzer (1958), who in-troduced the impulsive approximation where the point-mass perturber moves atconstant V, produces the same relation as in eq. (4) with a constant of orderunity. The impulse approximation can also be applied to extended perturbers(Aguilar & White, 1995; Mamon, 1987). Recently, Gnedin, Hernquist, & Os-triker (1999) applied the impulsive approximation to the more realistic Hernquist(1990) potential and found a dependence of �v matching that of eq. (4), witha very small dependence on Rp and again the constant is found to be of orderunity for elongated orbits (with order of unity changes when they performedorbit-integrated | instead of straight-line | tidal calculations).The tidal radius can then be de�ned as that where the energy incrementcaused by the tidal perturbation is equal to the binding energy (White, 1983).
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Galaxy dynamics in clusters 379With E � Gm(rt)=rt and �E � (�v)2=2, one obtains another velocity modu-lated density criterion ��g(rt) ' ��cl(Rp) Vcirc(Rp)Vp !2 ; (5)which for any density pro�le yieldsrt=Rvcirc(rt)=Vcirc(R) = VpVcirc : (6)
Figure 1. Velocity modulation of normalized tidal radii for givenorbit pericenter. The solid curve shows impulsive tides for elongatedorbits (eq. [6]). The dashed curves show circular tides (eq. [3]) in aNavarro, Frenk, & White potential for 0.1 (upper curve) and 1 (lowercurve) scale radii. The dotted curve shows the circular tide within ahomogeneous core.Figure 1 shows the e�ects of velocity modulation on the tidal radii. Thee�ective tidal radius should be taken as the largest of the circular and impulsiveregimes (otherwise one would be left with discontinuities in the transition Vpfrom near-circular to elongated orbits). Hence, with homogeneous cores, circu-lar tidal theory produces increasingly smaller tidal radii for orbits of increasingbut low elongation, as Merritt & White (1987) found in their N -body simula-tions. With cuspy cores as in the NFW pro�le, low-elongation non-circular orbitsexperience tidal shocks instead. The orbit elongation, Rp=Ra ' 0:2, found inGhigna et al.'s (1998) high-resolution cosmological simulations corresponds toVp=Vcirc(Rp) ' 1:5� 2:7, roughly yieldingrt ' (1:2� 1:5)Rp� vcircVcirc� � (1:2� 1:5)Rp� vgvcl� (7)
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EVOLUTION DES GALAXIESGalaxy dynamics in clusters 380as for singular isothermal models, where vg and vcl are the mean galaxy andcluster velocity dispersions, respectively. If Vp ' Vcirc(Rp) and if galaxy andcluster density pro�les are self-similar, then tides from the cluster potentialwould force the simple relation m(rt)=m(rvir) = M(Rp)=M(Rvir). In fact, usingVp=Vcirc(Rp) expected for the NFW pro�le, assuming hRi ' 4Rp, and adoptingthe departures from self-similarity in the NFW pro�les noted by Navarro, Frenk,& White (1997, lower mass NFW pro�les are more centrally concentrated), one�nds m(rt)m(rvir) ' � M(R)M(Rvir)�bm ' ar � RRvir�br ; (8)where for clusters (vcl = 1000 km s�1) and groups (vcl = 300 km s�1) we respec-tively have bm = 0:50 and 0.82, ar = 0:58 and 0.52, and br = 0:57 and 0.78(eq. [8] is accurate to better than 5% for R > 0:05Rvir).3. Galaxy merger rates in clusters and groups3.1. Global merger rates for equal mass galaxiesThe rate of mergers is obtained by integrating over velocities the merger cross-sections: k � 1n2 d2Ndt dV = hvs(v)i = Z 10 dvf(v)vs(v) ; (9)where s(v) = �[pcrit(v)]2 is the merger cross-section and f(v) is the distributionof relative velocities (with R10 f(v) dv = 1). Hence, nk � dN=dt is the rate atwhich a galaxy su�ers a merger. Within the virialized regions of clusters with1D velocity dispersion vcl, the velocity distribution is a gaussian with standarddeviation 2�1=2vcl: f(v) = 2�1��1=2v�3cl v2 exp[�v2=(4 v2cl)].Roos & Norman (1979), Aarseth & Fall (1980) and Farouki & Shapiro (1982)have established merger cross-sections from very small N -body simulations ofgalaxy collisions, that were based upon the parameters at closest approach.The maximum distance of closest approach, rmaxp , was 4 (Aarseth & Fall) or 11(Farouki & Shapiro) times the mean galaxy half-mass radius, rh. Mamon (1992)used the Roos & Norman cross-section with the Aarseth & Fall scaling to derivea merger rate.However, the gaussian approximation for the relative velocity distributionimplies that the cross-sections used in eq. (9) are based upon impact parameters(at in�nity) and not at closest approach. Makino & Hut (1997) derived mergercross-sections using high resolution N -body simulations of colliding galaxies withmore realistic density pro�les. Their cross-sections are expressed in terms ofimpact parameters.Krivitsky & Kontorovich (1997) used a simple gravitational focusing recipeto connect the cross-section at closest approach (which they assumed to beindependent of pericentric velocity), in units of the velocity at in�nity, to thecross-section at in�nity (without making any assumption on the potential energyof interaction of the colliding pair). Note that Makino & Hut show that rmaxp >10 rh, while Krivitsky & Kontorovich argue that it is approximately the sum ofthe galaxy radii (which are ill-de�ned).
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Galaxy dynamics in clusters 381Figure 2 shows the dimensionless merger rates k=(r2hvg), where vg is themean galaxy internal velocity dispersion, derived fromMamon (1992), Makino &Hut (1997), and Krivitsky & Kontorovich (1997). I rescale the rates of Krivitsky& Kontorovich in terms of half-mass radii using R = 9 rh (to obtain merger ratessimilar to those of Makino & Hut), i.e., rmaxp =rh = 18.
Figure 2. Dimensionless merger rates k=(r2hvg) (see eq. [9]) as a func-tion of the ratio of cluster to galaxy velocity dispersion. The dotted,solid and dashed curves respectively correspond to the rates of Mamon(1992), Makino & Hut (1997, using Hernquist, 1990 model galaxies)and Krivitsky & Kontorovich (1997, rescaled vertically, because theyreason in terms of galaxy radii rather than galaxy half-mass radii).The agreement between the merger rates of Krivitsky & Kontorovich andMakino & Hut is remarkable, given the very simple analytical formulation of theformer authors (but again this required a rescaling, or, in other words, a choiceof rmaxp =rh = 18). The very low merger rate of Mamon (1992) in the groupregime (vcl � vg) is a consequence of the lack of gravitational focusing in thatmodel.The merger rates of Mamon (1992) and Makino & Hut agree to within15% in the cluster regime (vcl �> 4 vg). This agreement is almost fortuitous sinceMamon shows that the merger rate with the Roos & Norman cross-section scalesas (rmaxp =rh)2, while this ratio is very di�erent in Makino & Hut's cross-section.In any event, in the cluster regime the merger rate can then be writtenk = b r2hv4gv3cl = a G2m2v3cl ; (10)where a ' 8 (Mamon, 1992). With 3 v2g ' 0:4Gm=rh (Spitzer, 1969), appro-priate for the Hernquist model, the Makino & Hut rate translates to a = 12.Figure 2 shows that k � v�3cl , whichever merger cross-section is used. In fact,
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EVOLUTION DES GALAXIESGalaxy dynamics in clusters 382it is easy to show that for any merger cross-section rapidly decreasing with in-creasing velocity, the merger rate should scale as v�3cl for vcl � vg, as �rst foundby Mamon (1992) for the Roos & Norman cross-section.The important conclusion of Figure 2 is that for given galaxy parameters,the merger rate is roughly 100 times lower in rich clusters than in poor groupsof galaxies.3.2. Merger rates for di�erent massesIf the critical merging velocity vcrit is a function of rp=rh (Aarseth & Fall, 1980;Farouki & Shapiro, 1982), it is easy to show that k � r2h, and if vcrit is a functionof rp=hrhi, then k � hrhi2 (see Mamon, 1992). Similarly, it is reasonable toexpect that k � hv2gi2. Then, given eq. (10) and that m � r3h, the rate ofmergers of a galaxy of mass m with a galaxy of mass �mk(m;�m) = aG2m2v3cl  1 + �1=32 !2  1 + �2=32 !2 : (11)A given galaxy undergoes mergers with other galaxies at a rateR � n�k(m) = Z �max�min k(m;�m)n(�m)d(�m) ; (12)where for major mergers with smaller galaxies (that transform disk galaxies intoellipticals), �min ' 1=3 and �max = 1, while for destruction by mergers withlarger galaxies, �min = 1 and �max! 1. Adopting a Schechter (1976) form forthe mass function of galaxies, n(m) = (n�=m�) x�� exp(�x), where x = m=m�,eqs. (11) and (12) yieldR = n�k = aG2n�m2�16 v3cl K(m=m�) ; (13)Kmajor(x) = x3�� 6Xj=0Min(j; 7�j) [�(1+j=3��; x=3)� �(1+j=3��; x)] ; (14)Kdestr(x) = x3�� 6Xj=0Min(j; 7�j) �(1+j=3��;x) : (15)Figure 3 shows the expected number of major mergers with smaller galaxiesand destruction by mergers with larger galaxies that a galaxy of a given massshould expect in a Hubble time if it sits in a typical location of a rich cluster,assuming a constant rate in time. The rise in merger rates at low mass reectsthe rise of merger cross-section with mass, while the decrease at high mass iscaused by the sharp decrease in the galaxy mass function yielding few galaxies tomerge with. Figure 3 clearly indicates that the probability of merger for a givengalaxy is always small. Moreover, low and intermediate mass galaxies (m < m�)are usually cannibalized before undergoing major mergers.
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Figure 3. Number of major mergers with lower mass galaxies(eqs. [13] and [14], thick curves) and higher mass galaxies (eqs. [13] and[15], thin curves) extrapolated to one Hubble time versus galaxy mass.Dotted, solid and dashed curves are for � = �1:1, �1:3 and �1:5,respectively. The normalization assumes a = 12, vcl = 1000 km s�1,n� = 200n�eld� , with n�eld� = 0:013 h3Mpc�3 (Marzke et al., 1998), andm� = 0:1 (M=L)cl `� = 3� 1011h�1M�.3.3. Variation of merger rates with position in clusterOne can go one step further and predict the variation of the merger rate withposition in the cluster. From eq. (13), the merger rate scales with radius asR(R;m) = aG2m� �2(R) �cl(R)16 �(2��; xm) v3cl(R) K(m=m�) ; (16)where �(R) = m(rt)=m(rvir) (see eq. [8]), m� is the mass at the break of the�eld galaxy mass function and xm is the minimum galaxy mass in units of m�.Assuming a mass density pro�le � � R�� and arguing that cluster galaxiesare severely tidally truncated by the cluster potential as rgal � R (i.e. witheq. [7] and assuming constant Rp=Ra), Mamon (1992) showed that if galaxiesalso follow the law � � r�� , then their masses obey m � R3�� . Note that thissharp scaling of galaxy size with clustocentric distance is now con�rmed in highresolution cosmological simulations of clusters (Ghigna et al., 1998). Hence, theradial variation of merger rates are strongly modulated by potential tides.By writing n(R) � �(R)=m(R) � R�3, I derived nk � R��=2, hence ahigher merger rate inside the cluster, with a slope agreeing perfectly with theobserved elliptical fraction (Whitmore, Gilmore, & Jones, 1993), given � = 9=4as predicted in early models of cluster formation (Bertschinger, 1985). Thederivation above has one aw: although galaxy masses were correctly scaledto increase with R, I forgot to scale the fraction of cluster mass lying within
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EVOLUTION DES GALAXIESGalaxy dynamics in clusters 384galaxies in the same way. Therefore, one really expects n(R) � �(R) � R�� andnk � R3�3�=2 yielding a slope d ln(nk)=d lnR = �3=8 for � = 9=4 and a nullslope for � = 2, both in disagreement with the logarithmic gradient of ellipticalfraction found by Whitmore et al..One can use the more realistic NFW density pro�les to estimate the ra-dial dependence of the merger rates. An essential parameter is hRp=Ri, whichmeasures the e�ectiveness of the tides from the cluster potential. Because thedynamical friction time scales as M=m times the orbital time (Mamon, 1995),orbit circularization, which to �rst order operates on a dynamical friction timescale, should be very slow for galaxies falling onto clusters, but fairly e�ectivefor galaxies falling into small groups.Figure 4 shows the predicted number of major mergers in rich clusters andsmall groups, extrapolated over a Hubble time, using the non-self-similarity ofthe NFW pro�les, an exact scaling of the typical galaxy mass m� with radius(see eq. [8]), and partial orbit circularization in groups.
Figure 4. Number of major mergers a given galaxy undergoes withlower mass galaxies (eq. [16], with eqs. [13] and [14]), extrapolated toone Hubble time, versus clustocentric radius in (left) an NFW clusterwith vcl = 1000 km s�1 and (right) a group with vcl = 300 km s�1, wherethe galaxy mass function has � = 1:3. The solid thick and dashed thickcurves represent the expected number of major mergers for galaxies ofmass m = m�eld� = 
0�c=[n�eld� �(2��; xm)] = 5�1012h�1M� andm =0:1m�eld� = 5 � 1011h�1M�, respectively. The solid thin and dashedthin curves refer to galaxy masses m = m�(R) and m = 0:1m�(R),respectively.
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Galaxy dynamics in clusters 385The merger rates for constant mass galaxies fall o� sharply at small clusto-centric radii, simply because tidal truncation of galaxies is so severe that thereare no galaxies left that are massive enough to produce a major merger with ourtest galaxy. In general, the merger rates are maximum for intermediate radiifor given test galaxy masses, and at low radii for �xed m=m�(R) (recall thoughthat low mass galaxies get cannibalized before they can undergo a major mergerwith a smaller galaxy). In any event, Figure 4 con�rms that mergers are ine�ec-tive in clusters, but very e�ective in small groups. Note that without resortingto partial orbit circularization within groups, the expected number of mergersin groups is somewhat less than expected from the v�3cl scaling, because, rela-tive to clusters, the more concentrated NFW pro�les in groups lead to strongermodulation of the merger rate by the potential tides.4. Collisional tidal stripping in clusters and groupsBecause non-merging galaxy collisions are by essence rapid, they can be treatedas tidal shocks, and it is reasonable to assume that for tidal features to be visible,one requires �E � jEj, where  �< 1. Hence, �v � (3)1=2vg. Denoting p andV the separation and relative velocity at pericenter, and vcirc;p(p) the circularvelocity of the perturbing galaxy out to p, eq. (4) leads to a critical impactparameter pcrit = r(3)1=2 v2circ;pvgV ; (17)where we note that vcirc;p, is almost independent of p for realistic density pro�lesfor the perturbing galaxy. Then, integrating the cross-sections derived fromeq. (17), the rate of tidal interactions isk = hvs(v)i = �1=23  rvg!2 v4circ;pvcl ; (18)and is virtually independent of the test galaxy parameters. Integrating eq. (18)over perturber mass and remarking that both the galaxy and the perturbers aretidally limited by the cluster potential, one obtains using eq. (5)n�k = �(7=3� �; xm)4�1=2  G�(2��; xm)  vcircvg !2 v4circ;�m� �cl(R)�7=3(R)��cl(Rp) vcl(R) " VpVcirc(Rp)#2 ;(19)where again �(R) = m(rt)=m(rvir) (see eq. [8]), vcirc;� is the circular velocityat the virial radius for a �eld m� galaxy. Again, the rate of tidal encounters isindependent of the galaxy mass. Note that the �7=3(R) dependence of the rate oftidal encounters illustrates the strong modulation of this rate by the tides fromthe cluster potential.Figure 5 shows the expected (eq. [19]) number of strong tidal collisions forgalaxies in clusters and groups, with hR=Rpi as in Figure 4. Although groupsare preferential sites for strong tidal encounters, galaxies in the outskirts ofclusters should also witness such interactions. However, the signature of tidalinteractions lasts of order 1 h�1Gyr, so that the fraction of galaxies in clusters
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Figure 5. Number of strong ( = 1=3) tidal encounters a given galaxyundergoes (eq. [19]), extrapolated to one Hubble time, versus clusto-centric radius in an NFW cluster with vcl = 1000 km s�1 (solid curve)and a group with vcl = 300 km s�1 (dashed curve). The galaxy massfunction has � = 1:3 with �eld m� = 5� 1012 h�1M�.and groups that are currently undergoing tidal interactions is roughly one-tenthof what is displayed in Figure 5.5. DiscussionThe strong radial dependence of galaxy masses, predicted by the tidal theory(eq. 8), is clear in the cosmological simulations of Ghigna et al. (1998). Shouldwe then witness inverse luminosity segregation in clusters where, outside of thecore, galaxies become more luminous towards the cluster periphery? Indeed,Adami, Biviano, & Mazure (1998) found a weak trend of mean galaxy magnitudeversus radius for an ensemble of clusters, although they worry that this trend iscaused by observational bias. It may be that incompleteness of the observationalsamples is washing out the trend rather than creating it.The lack of mergers in present-day rich clusters has been noted in cosmo-logical simulations of clusters (Ghigna et al., 1998). Figure 4 shows that in richclusters, mergers are at best marginally probable for high mass galaxies lying inthe cluster body. Given that high mass galaxies are rare, such merging will bedi�cult (but not impossible) to detect observationally or in simulations.From their H� prism surveys of galaxies in clusters, Moss and co-workers(Moss & Whittle, 1993; Moss, Whittle, & Pesce, 1998; Bennett & Moss, 1998)note ' 30% of spiral galaxies in rich clusters exhibit a compact H� morphologyand roughly half of these tend to be morphologically disturbed and have nearbyneighbors. Another half of these compact H� emission galaxies are in the cluster
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Mamon, 1989, A&A 219, 98–100
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Dos Santos & Mamon, 1999, A&A 352, 1–18
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Abstract. We carefully reanalyze theROSAT PSPC X-ray
spectro-photometric observations of HCG 16 (Arp 318), and
compare them to optical and radio data. Its X-ray morphology
resembles its morphology at 20 cm, seen by theNVSS. In par-
ticular, we detect diffuse emission in eight regions filling half
of the200 h−1

50 kpc (8.′7) radius circle around the optical cen-
ter of the group: one region encompassing galaxies a & b, two
regions surrounding the group galaxies c & d, a clumpy re-
gion roughly140 h−1

50 kpc from the group galaxies, which may
be gas ejected from one of the galaxies, plus regions respec-
tively associated with a background radio-source, a probable
background radio-source, a foreground star and a background
group or cluster. The bolometric X-ray luminosity of the diffuse
emission, excluding the regions associated with radio galaxies,
is Lbol

X = 2.3 × 1041 h−2
50 erg s−1, i.e., half of the luminosity

found by Ponman et al. (1996). The region that is offset from
the galaxies contributes half of the diffuse X-ray luminosity of
the group. The diffuse emission is cool (T < 0.55 keV with 90%
confidence with a best fitT = 0.27 keV). At these low tempera-
tures, the correction for photoelectric absorption in the estimate
of bolometric luminosity is a factor 3.5 and varies rapidly with
temperature, hence an uncertain bolometric luminosity.

The clumpy distribution of hot diffuse gas in HCG 16 is il-
lustrated by the low mean X-ray surface brightness and hot gas
density of the regions of undetected emission within8′ (at most
1/4 and 1/6 of those of the detected gas, assuming both have
same temperature, metallicity and clumpiness). The irregular
X-ray morphology of the diffuse emission rules out a (nearly)
virialized nature for HCG 16, unless intergalactic gas had suf-
ficiently high specific entropy to be unable to collapse with the
group. In any event, the clumpy gas distribution, and high lu-
minosity given the low temperature suggest that most of the
diffuse gas originates from galaxies, either through tidal strip-
ping or through galactic winds driven by supernova remnants.
Therefore, no spiral-only HCGs are known with regular diffuse
emission tracing a gravitational potential.

Our results highlight the need for a careful 2D spatial anal-
ysis and multi-wavelength study of the diffuse X-ray emission
from groups, suggesting that other compact groups could be
significantly contaminated by superimposed X-ray sources.

Send offprint requests to: S. Dos Santos

Key words: galaxies: clusters: general – galaxies: clusters: in-
dividual: HCG 16 – X-rays: galaxies – X-rays: general

1. Introduction

The extreme apparent density of compact groups of galaxies
makes them ideal sites for the study of multiple interactions
of galaxies, and more generally, another dense environment to
be compared with rich clusters. Indeed, compact groups (of
typically 4–5 bright galaxies) such as those (hereafter, HCGs)
cataloged by Hickson (1982) appear as compact in projection
onto the plane of the sky as the cores of rich clusters, and are
moreover selected to be isolated.

The discovery of numerous signs of galaxy-galaxy inter-
action within HCGs (see Hickson, 1997 for a review) suggest
that most HCGs are indeed dense in 3D. However, the very short
crossing times derived from galaxy spectroscopy (Hickson et al.,
1992) suggest rapid galaxy merging and coalescence into a sin-
gle giant elliptical galaxy (Carnevali et al., 1981; Barnes, 1985;
Mamon, 1987; Barnes, 1989; Bode et al., 1994; Governato et al.,
1996) if indeed they correspond to the low-mass end of clusters
of galaxies, forming at high redshift, unless the group is con-
stantly replenished through accretion of surrounding galaxies
(Diaferio et al., 1994; Governato et al., 1996). In fact, a vari-
ety of arguments have been put forth suggesting that compact
groups are mostly chance alignments of galaxies along the line
of sight within larger systems: loose groups (Rose, 1977 for
chain-like groups; Mamon, 1986 for the majority of compact
groups), clusters (Walke & Mamon, 1989) or cosmological fil-
aments (Hernquist et al., 1995). Thanks to gravity, these chance
alignments tend themselves to be binary-rich (Mamon, 1992),
and it is very difficult to tell whether the interaction seen in
HCGs are caused by a system of 4 or more bright galaxies or
simply by binaries, well-separated along the line-of-sight.

Recently, there has been much hope that the debate on the
nature of HCGs could be resolved by X-ray observations. The
ROSAT, ASCA andBeppo-SAX X-ray satellites are sensitive
enough in the soft X-ray band to be able to detect the diffuse
intergalactic plasma within (nearly) virialized galaxy systems
with potential wells with depth corresponding to a 1D velocity
dispersion of∼ 250 km s−1. Most sensitive of these is thePo-
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sition Sensitive Proportional Counter (PSPC) of ROSAT,
which discovered diffuse intergalactic emission from large num-
bers of compact groups (Ebeling et al. 1994; Pildis et al. 1995;
Saracco & Ciliegi 1995; Mulchaey et al. 1996; Ponman et al.
1996, hereafter PBEB).

But there has been a debate on whether the fraction of com-
pact groups detected byROSAT is 40% (Mulchaey et al., 1996)
or 75% (PBEB, taking into account the selection effects on dis-
tance). There is also controversy on the luminosity-temperature
relation: Mulchaey & Zabludoff (1998) derive a relation that is
consistent with the extrapolation from rich clusters, while PBEB
find a luminosity-temperature relation for compact groups with
a much higher slope, with the hottest groups lying on the cluster
extrapolation.

Moreover, the morphology of the diffuse X-ray emission of
compact groups is very diverse, as attested by thePSPC maps
provided by Pildis et al. (1995), Saracco & Ciliegi (1995), Pon-
man & Bertram (1993) (only for HCG62) and PBEB (only for
HCG 16). In some cases, such as HCG 62 (Ponman & Bertram),
diffuse intergalactic emission extends well beyond the group,
not centered on any galaxy of the group, with regular circu-
lar isophotes, just as is to be expected in a well relaxed galaxy
system. But in other cases, the emission is only attached to
individual galaxies, see e.g. HCG 44 (PBEB). And there are in-
termediate cases, such as HCG 16, where the diffuse emission
does not appear as extended as the galaxy system nor as regular
as in HCG 62.

In fact, HCG 16 (also known as Arp 318) is an unusual
galaxy system. First, because the six brightest galaxies of the
group (Hickson’s original 4 plus two more outside the group
isolation annulus, see de Carvalho et al., 1994) are starburst,
LINERs or AGNs (Ribeiro et al., 1996, hereafter RdC3Z). More-
over, the X-ray properties of HCG 16 are controversial and pos-
sibly extreme. It was first detected with theEINSTEIN satellite
(Bahcall et al., 1984), which did not have the angular resolu-
tion to resolve the emission between the group galaxies and
an intergalactic medium. However, Ponman et al.’s analysis of
ROSAT PSPC observations made it the coldest detected group
(T = 0.30±0.05 keV), and there are no other spiral-only com-
pact groups with diffuse X-ray emission (Mulchaey, 1999; see
also Ponman et al.). HCG 16 is thus an abnormal group given
the very strong correlations between X-ray luminosity and group
spiral fraction found by Pildis et al. (1995) and Mulchaey et al.
(1996). Moreover, whereas diffuse X-rays were clearly detected
by PBEB, Saracco & Ciliegi (1995) failed to detect such dif-
fuse emission at an upper limit 16 times lower,1 whereas only
a factor 2.3 (which we find by simulating aMEKAL plasma
with temperature, abundance and absorbing column as quoted
by PBEB) is attributable to the wider (“bolometric”) energy
range in which PBEB compute their luminosities. Given the
low temperature that PBEB derive for HCG 16, their derived

1 Given the fluxes measured by Saracco & Ciliegi (1995) for HCG 16
and their adopted value forH0, their quoted upper limit for their lumi-
nosities were underestimated by a factor 2 for all undetected groups in
their Table 4 except HCG 3.

X-ray luminosity places it two orders of magnitude above their
compact group luminosity-temperature relation and roughly a
factor of two above the extrapolation of the cluster trend. It thus
seems difficult to reconcile HCG 16 with a low temperature ex-
trapolation of regular X-ray emitting compact groups. Indeed,
PBEB note that HCG 16 is “probably not fully virialized”.

In this article, we present a detailed analysis of theROSAT
PSPC observations of HCG 16. The data reduction is presented
in Sect. 2, our spatial analysis in Sect. 3, and our spectral analysis
in Sect. 4. In Sect. 5, we compare our results with previous X-ray
analyses of HCG 16, perform a mass budget of the group and ask
if it is virialized. In a following paper (Mamon & Dos Santos,
1999, hereafter Paper II), we discuss at length the cosmological
and dynamical constraints on the nature of HCG 16.

2. Observations and data reduction

2.1. Observations and preliminary reduction

HCG 16 was observed in January 1992 with thePSPC (in
its low-gain state), on board theROSAT satellite, for a to-
tal observing time of14 634 s. We obtained the data from the
ROSAT archives. Snowden et al. (1994)’sPSPC Extended
Source Cookbook software was used to perform the first-
pass data reduction,i.e., rejection of high-background times,
energy-dependent (in 7 bands) background subtraction, expo-
sure and vignetting corrections. We adopted a conservative value
of 170 cts s−1 for the maximum Average Master Veto rate al-
lowed (see Snowden et al., 1994). Even with this low threshold,
only 6% of the total observing time was rejected, leaving an
effective observational time of13 748 s. We then carefully ex-
amined the light curves of the total counts in the entire image per
energy band as defined by Snowden et al. (1994), and checked
that no short time scale glitches were present. Point sources
were detected using a sliding box algorithm, with the improve-
ment that the box is a circle with a radius varying with off-axis
angle, to model the varying point spread function. Each point
source detected at a level exceeding3 σ was removed,i.e.a cir-
cle centered on the source, of radius1.5 times the90 % encircled
energy radius, was excised. Unless otherwise stated, we limited
our analysis to the[0.2, 2.0] keV energy band, because at lower
energies, the background is too high to be adequately subtracted
from the data, while at high energies the same occurs because
our sources happen to be relatively cold, and moreover the cal-
ibration of thePSPC is uncertain. This preliminary reduction
produced an image with512 × 512 pixels,15′′ wide (roughly
the FWHM of thePSPC’s PSF at1keV).

2.2. Background estimation

The definition of the background region, whose counts are sub-
tracted to each pixel within some region, is of crucial importance
for the spatial detection of sources with very low signal-to-noise
ratio (hereafter S/N), as well as for spectral analyses.

The shadowing by the supporting ring of thePSPC (sit-
uated at≃ 20′ from the center of the field) is visible in the
images, even after the vignetting correction. Thus, we measure
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Table 1.Background from different annular regions

Region Radii Pixels Counts/pixel

BG1 30′
− 48′ 25930 0.593 ± 0.005

BG2 26′
− 40′ 17630 0.577 ± 0.006

BG3 26′
− 34′ 9832 0.565 ± 0.008

the background well outside of the ring. In practice, we choose
three annular regions to measure the background, each centered
on HCG 16, with inner and outer radii of30′ − 48′ (BG1),
26′ − 40′ (BG2), and26′ − 34′ (BG3). The radial structures of
thePSPC supporting ring were removed in each case. Table 1
shows the background counts in the three regions within the
0.2 − 2.0 keV energy range. We note that BG3 has a slightly
lower value than the other two.

To decide which is the best background, we measure thenet
counts in two regions within the inner ring support, using each
of the three background regions for measuring the background.
The latter have been vignetting corrected and normalized to the
number of pixels of each region. Our two test regions are the
8′ radius circle centered on the group optical center and the
annulus surrounding this circle, with inner and outer radii of
8′ and17′. Both are in the inner20′ of the field of view, thus
avoiding problems with the supporting ring of thePSPC and
with somewhat uncertain vignetting correction outside of this
ring. Table 2 gives the background subtracted data and errors
for both regions and for each background.

While we find positive net counts within the inner8′ of
HCG 16, whatever three of the background regions is used
to estimate the background, only BG3 is compatible with the
near zero net counts within the8′ − 17′ annulus. The nega-
tive net counts with the other two background regions are dif-
ficult to understand, unless there happens to be X-ray absorp-
tion by Galactic or intergalactic neutral hydrogen merely in this
8′ − 17′ annulus. This appears to be ruled out by HI obser-
vations with the VLA (Williams, 1998; Verdes-Montenegro et
al., 1999) and by the spectral analysis (Sect. 4). We thus in-
fer that BG1 and BG2 are contaminated by sources or suf-
fer from uncertain (large) vignetting corrections. In fact, Pildis
et al. (1995) had also encountered aPSPC field with a back-
ground that rose with distance to the field center. We therefore
use BG3 (26′ < r < 34′) to measure the background, which
then amounts toB = 6.6 ± 0.1 × 10−4 s−1 arcmin−2 (in the
[0.2 − 2.0] keV energy range).

3. Spatial analysis

3.1. Preliminary spatial analysis

Ponman et al. (1996) claimed a3 σ detection of diffuse emission
within a radius≃ 8.′5 surrounding HCG 16 (corresponding to
≃ 195 h−1

50 kpc, given HCG 16’s redshift of0.01322). The net

2 Distances throughout this paper are derived assuming a Hubble
constantH0 = 50 h50 km s−1 Mpc−1, withh50 = 1, unless explicitly
given.

Table 2.Tests of background subtraction

Region r < 8′ 8′ < r < 17′

Net counts Significance Net counts Significance

BG1 222 ± 48 4.6σ −250 ± 78 −3.2 σ
BG2 271 ± 49 5.5σ −121 ± 82 −1.5 σ
BG3 308 ± 51 6.0σ − 26 ± 91 −0.3 σ

counts shown in Table 2 confirm PBEB’s global detection of
diffuse emission in HCG 16. We detect diffuse emission at6 σ
within 8′ and fail to detect significant counts between8′ and
17′. Hence, to first order, the extent of the diffuse emission is
very roughly8′, or190 h−1

50 kpc, similar to what is inferred from
PBEB’s surface brightness profile of HCG 16.

But we wish to go further: what is the spatial distribution
of this excess of photons within8′ of the group center? Here
we are confronted with the low number of detected photons
(≃ 300). We applied three different methods to analyze the
photon distribution within8′. First, we count the photons in a
grid encompassing the8′ radius circle. Then, in order to obtain
the best S/N ratio, we adaptively smooth the image and detect
diffuse emission. Finally, we apply a wavelet-based method to
detect structures at all scales and verify that emission is present
on more than one scale as a confirmation of its diffuse nature.

3.2. Analysis on a grid

The simplest way to spatially analyze HCG 16 is to define a
grid encompassing the whole group. We divide the field of view
of the group in sixteen16 × 16 pixel (92 h−1

50 kpc) squares.
The grid overlaid on a smoothed X-ray image of HCG 16 is
displayed in Fig. 1. After removing the point sources (including
group galaxies), we counted the background-subtracted number
of photons in each square of the grid. The net counts and their
statistical significance are given in Table 3.

The analysis of Table 3 shows that7 regions over the16
selected are detected at a2 σ level above the background. We
count regions from East (left) to West (right) and North (top) to
South (bottom). Fig. 1 shows that the regions of excess counts
are concentrated East, West and South of the four bright galaxies
of the group: regions9, 13 and14 in the East contain114 net
counts, while regions8, 11, and12, contain149 net counts.
Moreover, half of the cells in the grid (if we don’t take into
account cell6, detected at a1.8 σ level) are compatible with
no excess emission over the background, and most of these are
North of the four galaxies (regions1, 2, 3, 4, 5, 10, 15 and16).
Hence, the diffuse emission is located in two distinct regions as
well as around the galaxies. This could be seen in PBEB’s Fig. 2,
but they gave no quantitative analysis of the spatial distribution
of photons, except for their radial surface brightness profile.

Is it possible to detect more precisely these excess counts
regions, without degrading the S/N ratio? Indeed, the grid we
used was arbitrarily set on the HCG 16 image, and some cells,
especially cells10, 11, 13 and14, overlap two regions where
the photon densities differ. Using a smaller grid would not help
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Table 3.Net counts within a square grid

Region Pixels Net counts Significance (σ)

1 106 −4 ± 9 −0.5
2 252 −9 ± 13 −0.7
3 204 −3 ± 12 −0.2
4 217 17 ± 13 1.3

5 256 −8 ± 13 −0.6
6 198 23 ± 13 1.8
7 167 31 ± 13 2.5
8 256 57 ± 16 3.7

9 200 50 ± 14 3.6
10 203 15 ± 13 1.2
11 194 34 ± 13 2.5
12 256 58 ± 16 3.8

13 200 36 ± 14 2.7
14 256 28 ± 15 2.0
15 196 18 ± 13 1.4
16 201 −18 ± 11 −1.6

The regions, shown in Fig. 1, are numbered from East to West, looping
North to South. Cells with a statistical significance of detection greater
than2 σ are shown in bold. Errors are1 σ and on the total (background
+ net) counts.

because we are at the limit of sensitivity. Since we are princi-
pally interested in mapping thediffuse intergalactic gas, we can
smooth the image, looking for large-scale features. But we need
to be careful with the level of smoothing: indeed, regions with
low count numbers must be smoothed on larger scales than the
bright regions (e.g. , the bright galaxies), so as to keep a good
statistical significance of the regions of diffuse emission. Conse-
quently, we choose an adaptive filter algorithm, which automati-
cally adapts the smoothing length to the local density of photons.
PBEB already used adaptive smoothing to detect diffuse gas in
HCG 16 (see their Fig. 2), but did not make a quantitative use
of the information obtained with this technique.

3.3. Adaptive filtering of the image

3.3.1. Spatial resolution

In a classical (top-hat) smoothing filter, the filtering radius is
fixed, the smoothed intensity is the mean (unweighted) counts
within this radius, and the total counts within this radius varies
across the image. Hence, every pixel will have a S/N directly
proportional to the local photon density. The pixels in low sur-
face brightness regions will then have poor statistics.

In an adaptive filter, the filter size is adapted to contain a fixed
number of counts. LetC0 be this fixed number of (background +
net) counts per smoothing region of sizeP pixels. The intensity
of a given pixel will typically beI = C0/P , henceS/N =
I/δI = P/δP . Now, if the cumulative counts rise with radius
1 σ faster than on average, they will reachC0 atP − δP , where
the typical counts areC1 = I(P −δP ). Since the count curve of
growth,C(P ), is a Poisson process, one hasC0 = C1 + C

1/2

1 .
Then, in the limitδP ≪ P , one obtainsδP = (P/I)1/2, hence

d

b
c

3

a

Fig. 1. Contour map of smoothed (by a Gaussian of FWHM =45′′)
ROSAT-PSPC X-ray emission from HCG 16 superimposed on an op-
tical image of the group provided by theDigital Sky Survey (DSS).
Coordinates are for epoch J2000. This figure and the following ones
do not mask the detected point sources (which are masked in the
subsequent X-ray photometry and spectral analyses). Contours are
drawn at1 σ, 2 σ, 3 σ, 4 σ, 5 σ, 10 σ, 15 σ, 20 σ, 30 σ, and50 σ above
the background level, whereσ is the standard deviation of the smoothed
background. The scale (upper left) is for the plane at the distance of
HCG 16. The four original galaxies discovered by Hickson (1982) are
marked ‘a’, ‘b’, ‘c’ and ‘d’, together with galaxy HCG 16–3 (de Car-
valho et al., 1994), marked ‘3’, which is at the same distance as the
group. Thedotted circlecentered on the group optical center is8.′7
wide, i.e.,200 h−1

50 kpc at the distance of HCG 16. Thedashed square
grid used for the preliminary spatial analysis has cells16 pixels wide
(92 h−1

50 kpc). Cells are counted from left to right then from top to
bottom.

S/N = C
1/2

0 (we check thatδP/P = C
−1/2

0 ≪ 1). Therefore,
every pixel will have the same S/N.

Refining the grid analysis, we define polygonal regions with
much greater S/N than in the grid cells. Contrary to the grid,
there will be no regions half overdense and half-underdense
in photons. We produce adaptively smoothed images using
ADAPT in thePSPC Extended Source Cookbook (Snow-
den et al., 1994), withC0 = 25, 50 and 100. Before smoothing,
we masked point sources detected at the3 σ level, so as to better
highlight the diffuse emission. The adaptively smoothed images
are shown in Fig. 2. For esthetical reasons, the point sources de-
tected byDETECT are not cut in these images.

Our smoothing resolution is easily computed. CallingB the
mean background, sinceI > B, our smoothing radius, equal to
(P/π)1/2, must be smaller than
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Fig. 2a–d.Contour maps of the adaptively smoothed X-ray emission (C0 = 100 (a), 50 (b), and 25 (c), see Table 4 and Eq. 1) superimposed
on an opticalDSS image. The five polygonal regions (C1–C5) dividing the emission region in HCG 16 are also shown, as well as the different
components of region C1 (C1A, C1B, C1C and C1D, see text). Lower right plot (d) shows a contour map of a 20 cm radio image from the
NVSS (see Condon et al., 1998).

Rsm =

(

C0

πB

)1/2

. (1)

With a mean background ofB = 0.565 counts/pixel (see
Sect. 2.2), we obtain the smoothing resolutions listed in Table 4.

The grid we used in Sect. 3.2 was made of16 × 16 pixel
cells. Table 4 shows that the lowest resolution varies withC0

from 1/4 square cell (Rsm ≃ 4 pixels) for C0 = 25 to 1/2
square cell (Rsm ≃ 8 pixels) forC0 = 100. This shows that our
adopted values ofC0 are well suited to the size of the group, and
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Table 4.Adaptive smoothing parameters

C0 Rsm S/N
(cts) (pixels) (arcmin) (h−1

50 kpc)

25 3.8 0.9 22 5.5
50 5.3 1.3 31 7.6

100 7.5 1.9 43 10.5

The smoothing radii are obtained through Eq. (1) with a mean back-
ground ofB = 0.565 counts/pixel (see Sect. 2.2).

will not smear out intermediate scale structures by smoothing
on too large a scale.

3.3.2. Results

Consider first the image smoothed withC0 = 100 (Fig. 2a),
which has the largest features of the three images. Within the
single contour encompassing the group galaxies are two over-
densities, SE and SW of the group. They correspond respectively
to part or all of cells9, 13, 14 for the SE overdensity and cells
8, 11, 12 and15 for the SW one, in the grid of Sect. 3.2. These
cell numbers correspond to the cells detected at a level higher
than2 σ (see Table 3). We divide this closed region in5 differ-
ent polygonal regions (C1–C5) filling the contours of the X-ray
image adaptively smoothed withC0 = 100, as shown in Fig. 2.
The exact cut between different regions is arbitrary, but we tried
to be consistent with what we know about HCG 16: C1 is the
South-Eastern overdensity, C2 and C3 are the regions around
galaxies c & d and a & b of thegroup (but with these galax-
ies cut out), C4 is the South-Western overdensity, and C5 is a
somewhat disjointed region, to the West of C4. The source to the
South of C4 is detected as a point-like X-ray source, and also
appears as a double point-like radio-source (Fig. 2d). Finally,
C6 is the region within the8′ radius circle minus the closed
region (C1+C2+C3+C4+C5),i.e the part of this circle (53% of
it) with no obvious excess counts over the background.

Table 5 shows the net counts in each region. Regions C1
and C4 are detected at∼ 5 σ, much higher than regions C2
and C3 surrounding the bright galaxies (detected at∼ 3 σ).
This shows that the adaptive smoothing has targeted regions
of high S/N ratio more efficiently than the spatial detection on
the square grid. But the most important feature, which fully
justifies the use of adaptive filtering, is that the emission of
region C6 is fully compatible with the background. Hence,half
of the region within8′ of the group center contains negligible
emission from diffuse hot gas. In Sect. 4.1 below, we confirm
the different nature of the two halves of the8′ circle.

3.3.3. Detailed spatial analysis

Nothing has yet been said about the nature of the X-ray photon
overdensities detected. We have intentionally called them with
the vague denomination “regions”. Are these photons emitted
by diffuse gas linked to the group? If so, is this gas primor-
dial, or mainly ejected by the galaxies? Or does the diffuse

Table 5.Net counts in regions defined after adaptive filtering

Region Pixels Net counts Significance (σ)

C1 447 96 ± 19 5.1
C2 261 44 ± 14 3.2
C3 206 45 ± 13 3.5
C4 306 83 ± 16 5.2
C5 175 28 ± 11 2.5
C6 1697 10 ± 31 0.32

The counts are computed from the unsmoothed images, within the
0.2–2.0 keV energy interval and are rounded to the nearest integer.
Errors are1 σ on the total (background + net) counts.

emission originate from foreground or background sources, not
necessarily linked with the group? Indeed, looking at PBEB’s
Fig.2, the position angle of the northern overdensity seems to be
well-correlated with the alignment of three optical sources. The
spatial and spectral capabilities ofROSAT are certainly insuf-
ficient to answer these questions, but the careful analysis of the
images and spectra can provide some useful insight. Observa-
tions of HCG 16 at other wavelengths can also help to specify
the dynamical state of the gas. In particular, deep optical im-
ages and radio surveys can precise the interactions between the
diffuse gas, the galaxies and the radio sources.

We can now estimate the number of independent smoothing
regions within our regions of excess counts. If our region has
areaA pixels andE excess counts, the number of independent
smoothing regions within it is

N =
A

P
=

AB + E

C0

. (2)

Using Table 5 and Eq. (2), we find that, forC0 = 100 (our worst
spatial resolution), our regions C1, C2, C3, C4, and C5 consist
of 3.6, 2.0, 1.7, 2.7, and 1.3 independent smoothing regions,
respectively. Hence, the correlation among neighboring pixels
introduced by adaptive smoothing may connect several local
maxima in the X-ray surface brightness map, which are close in
the plane of the sky, but not necessarily linked, neither among
them nor with the group.

This is illustrated by comparing the adaptively smoothed
images with different parametersC0. Comparing Figs. 2a and
2c, (withC0 = 100and25 respectively), we see that region C1 is
composed of an elongated structure, almost perpendicular to the
group (marked C1A), together with three point sources (marked
C1B, C1C and C1D). This substructure remains atC0 = 50,
but is smoothed out atC0 = 1000 (Fig. 2a) into the entire C1
region. All these structures can be seen in Fig. 1, although with
a worse S/N. On the contrary, region C4 seems to be extended,
even with the lightest smoothing.

3.3.4. Spatial positioning of the images

We have obtained an optical image of HCG 16 from theDigi-
tized Sky Survey (DSS), as well as a20 cm continuum radio
image from theNRAO VLA Sky Survey (NVSS), which we
superpose on aROSAT PSPC image. The FWHMs are≃ 2′′
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(DSS), 30′′ (PSPC) and45′′ (NVSS). The radio and X-ray
images both have15′′ pixels, while the optical image has1.8′′

pixels. Fig. 2d shows theNVSS radio contours overlaid on a
DSS optical greyscale image. Both optical and radio images
were centered at the center of the X-ray image. To ensure a
correct superposition, we aligned the three images using the
bright sources detected in the three wavebands. Comparison of
Figs. 2b,c and 2d clearly shows thatthe X-ray and 20 cm mor-
phologies are remarkably similar.

In their spectroscopic survey of HCG 16, Ribeiro et al.
(1996) found that six galaxies among the seven belonging to the
dynamical group were emission-line galaxies, AGN, LINERs
or starburst galaxies. These galaxies are good candidates for de-
tection in all three wavebands. Indeed, we find four sources de-
tected in the three images: they are all HCG 16 galaxies and are
marked a, b, c and d in Fig. 2d. Galaxies HCG 16a and HCG 16b
seem to share a common X-ray and radio halo, thus enhancing
the probability of tidal interaction between these galaxies sug-
gested by optical tails seen in galaxy HCG 16a. The differences
between the optical, radio and X-ray positions are less than5′′,
much less than the radio and X-ray PSFs. Moreover, we find
two objects exactly coincident in radio and X-rays, ensuring
good correspondence between X-rays and radio images inde-
pendently. Both were first detected in the X-rays by Saracco &
Ciliegi (1995), who called them XR1 and XR2, with no optical
counterparts. We found two radio sources within a radius of less
than5′′ around them, and XR1 hasthe samebimodal structure
in X-rays and in radio.

The probability of finding anNVSS source within a given
radius around an arbitrary position is less than10−3 when this
radius is≃ 5′′ (see Condon et al., 1998). This means that the
coincidences between six sources in the whole image cannot
have occurred by chance, and this ensures that the superposi-
tion of the three images is quite perfect, given the positioning
uncertainties. We are now able to compare small-scale structure
in the three wavebands and attempt to elucidate the nature of
the three regions of excess X-ray counts.

3.4. Finalizing the regions of diffuse emission of HCG 16

The problem is now to separate local maxima due to interloping
X-ray sources (point or extended sources) from those due to the
presence of diffuse gas. The regions C2 and C3, surrounding
the four group galaxies, are certainly related to the group. We
must then analyze thesmall scale X-ray structureof regions C1,
C4 and C5 and compare it to optical and radio images. For this,
we use a wavelet transform of the image to search for structures
simultaneously at all scales.

3.4.1. Wavelet transform of the X-ray image

Since its invention in the early 80s, the wavelet transform (here-
after, WT) has proven its capabilities in numerous astronomical
applications, such as the detection of the large scale structure
(e.g., Slezak et al., 1993), galaxy detection and counts (Slezak
et al., 1990), and structure detection in low-intensity X-ray im-

ages (Starck & Pierre, 1998). We used theTRANSWAVE à
trous(Shensa, 1992; Starck & Murtagh, 1994) wavelet package
kindly provided by E. Slezak. In thèa trousimplementation of
the discrete WT, anN ×N image is transformed intoi wavelet
planes (hereafter WPs) ofN × N pixels, each being the differ-
ence between two consecutive wavelet smoothings at scalesi
andi + 1 (with 2i and2i+1 pixels respectively). The pixel val-
ues in these planes are called the wavelet coefficients at scale
i. The main advantage of this algorithm is that each WP has
the same number of pixels, and thus, the reconstruction of the
image (for example, after thresholding in the wavelet planes) is
a straightforward process of addition. However, there is redun-
dancy in the full set of wavelet coefficients. The main difficulty
with the à trouswavelet filtering is the estimation of the sta-
tistical significance of the pixels in each WP, which should not
follow Poisson nor gaussian statistics.

Fig. 3 shows the wavelet contours of WPs 2, 3, 4 and 5,
respectively. We do not take WP1 into account, since it is highly
contaminated by small-scale noise in the original image, nor
WP6 and higher, which smooth the group on too large a scale to
prove useful. Structures seen only at the1 σ level should mostly
be artefacts.

There are two ways we can ensure that a detected source
is real: First, if a source is detected in more than one WP, its
probability of being true is enhanced. Indeed, random noise is
not correlated between WPs and cannot produce large spatial
overdensities. Moreover, it cannot produce pixels high enough
to leave some power on larger scales. Second, the probability
of a false X-ray detection being randomly superimposed on
an optical or radio source is very low. Consequently, we will
search for small-scale X-ray sources in regions C1, C4 and C5,
detected in several WPs and roughly superimposed on optical
and/or radio sources.

3.4.2. Nature of region C1

The multiple nature of region C1 (Sect. 3.3.3) is confirmed by
the inspection of the Wavelet Planes. Four of the sources present
in WP2 are also detected in WP3 (marked C1A, C1B, C1C and
C1D in Fig. 3b). The first two are still detected in WP4, where
the smoothing is so strong that only an extended region remains,
comparable to C1, with two local maxima (at C1A and C1B) and
an evidence of distortion by C1C. Note that sources C1A and
C1B were detected at∼ 3.5 σ and cut using the local detection
algorithmDETECT provided in thePSPC Extended Source
Cookbook. Thus, the excess photons measured in Sect. 3.3.2
do not take these sources into account. But, it is very likely that
the majority of the diffuse gas is related to these sources.

We now examine sources C1A, C1B, and C1C and compare
with their optical and radio counterparts:

– Source C1A: Fig. 4a shows a zoomed optical image of
C1A, together with WP3 contours (solid) and radio con-
tours (dashed). There is anNVSS radio source less than10′′

away from this X-ray source. Both sources are coincident
with two optical sources. Moreover, in Fig. 4a, we verify
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COMPACTS DE GALAXIES

8 S. Dos Santos & G.A. Mamon: Clumpy diffuse X-ray emission from HCG 16

a)

WP2

3

XR1 XR2

C1A C1D

C1C
C1B

c
d

a b

b)

WP3

c)

WP4

d)

WP5

Fig. 3a–d.Contour map of the wavelet planes WP2 (a), WP3 (b), WP4 (c), and WP5 (d) superimposed on an opticalDSS image. Contours are
drawn at1 σ, 2 σ, 3 σ, 5 σ, 10 σ and50 σ, whereσ2 is the3 − σ clipped variance of the whole WP (see Sect. 3.4.1). Structures in WP2, WP3
and WP4 are resolved at 1, 2, 4, and8′ (23, 46, 92, and184 h−1

50 kpc), respectively. In Fig. 3b, the objects XR1 and XR2, detected by Saracco
& Ciliegi (1995) are also shown, as well as the different components of region C1.

that the western part of the radio source is aligned with the
elongated X-ray source and with the direction defined by
the two optical sources. The second of these optical sources
is an emission line galaxy, HCG 16–9, observed spectro-
scopically by RdC3Z. Its recession velocity was measured

as more than20 000 km s−1, i.e. it is a background galaxy
superimposed on the group. The other optical source is com-
parable in size and magnitude to HCG 16–9, and although
we don’t have any spectroscopic evidence for this, it is un-
likely that this galaxy lies at the redshift of HCG 16.
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that this excess is linked to the group, even if this seems a
reasonable assumption. Indeed, the two interacting galaxies
HCG 16a and 16b lie at≃ 140 h−1

50 kpc in projected distance
from C4. This gas could have been ejected by these galaxies
(see Sect. 5).

– Region C5:Figs. 5a and b show the superposition of op-
tical, radio and X-ray wavelet planes WP2 and WP3, re-
spectively. Region C5 has a complex X-ray structure, and
several local maxima can be seen in WP2, which merge into
a single structure in WP3. An8.2 mJy NVSS radio source
is superposed with the extended structure in WP3, and the
prominent three X-ray sources are situated at distances of
35, 80, and95′′ from the peak of the radio emission. Given
cumulative source counts of106 and4 × 105 for 1.4 GHz
radio fluxes greater than 5 and15 mJy respectively (Condon
et al., 1998), and the 82%NVSS coverage of the celestial
sphere, we infer 20.7NVSS sources brighter than8.2 mJy
per square degree. Therefore, Poisson statistics yield respec-
tive probabilities of 0.6%, 3.2% and 4.5% of having each
of the three X-ray sources as close as they are to the radio-
source.
Likewise, at least six optical sources are clearly visible
within the outer WP3 isophotes of C5, of which two are
COSMOS galaxies brighter thanBJ = 20.1, and there is
an additionalCOSMOS galaxy lying just10′′ outside of
the outer WP3 isophote (to the East). Within the16′ × 16′

box centered on the group, there are 34 galaxies in COS-
MOS withBJ ≤ 20.1. Poisson statistics then yield a 3.6%
probability of having as least 3COSMOS galaxies within
10′′ of the WP3 outer contour (in a5.5 deg2 region).
If these 3 galaxies were at the distance of HCG 16, their
typical separations would be20 h−1

50 kpc and they would
all be less luminous than the SMC. We would then have a
very compact subgroup of very faint dwarfs detached from
Hickson’s original compact group of 4 bright galaxies.
The alternative of a background group or cluster appears
much more plausible, given that subgroups of very faint
dwarfs have never been discussed, and that there is X-ray
emission apparently associated with this group or cluster.
Therefore, the concordance of the radio source with 3 X-
ray sources,coupled withthe large galaxy surface number
density in C5, strongly suggests that C5 is not associated
with diffuse emission from HCG 16.

3.5. Summary

We have shown that the detection of diffuse gas within a radius
of ∼ 200 h−1

50 kpc around HCG 16 reduces to the significant
detection of five regions of diffuse X-ray emission, filling less
than half of the circle. The small-scale structure of these regions,
together with associations with optical and radio point sources,
allows us to reject two of these regions (C1 and C5) as related
to point sources or background extended sources. There thus re-
mains three diffuse emission regions, two (C2 and C3) surround-
ing the four bright galaxies and the other (C4)∼ 140 h−1

50 kpc
away from the two interacting galaxies HCG 16a and HCG 16b.

a)

WP2

b)

WP3

Fig. 5a and b.Radio (dashed) and WP2 (a), WP3 (b) wavelet plane
(solid) contours of C5 superimposed on an optical image. Note the sev-
eral maxima comprising the X-ray emission, and the numerous uniden-
tified optical sources present in this area.
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A better understanding of the gas physics in these regions re-
quires an examination of their spectra.

4. Spectral analysis

The spectra are extracted using theQPSPEC task in theIRAF/-
PROS environment. Again, we restrict our analysis to the en-
ergy range0.20–2.01 keV unless otherwise noted. We first com-
pare the shapes of the spectra (before background subtraction)
of different regions with that of the background.

4.1. Spectral shapes

The shapes of the spectra,Ck, in specific regions are compared
to the shape of the background spectrum,Bk, renormalized to
the total counts of the spectrum of the region of interest. For
this, we use likelihoods with Poisson statistics:

lnL =
∑

Ck

[

ln

(∑

Ck
∑

Bk

)

− 1

]

+
∑

Ck lnBk −
∑

k

Ck
∑

j=2

ln j ,

wherek is the spectral channel. We resort to sets of10 000
Monte-Carlo trials to derive probabilities that thelnLs of simu-
lated background spectra drawn from the observed background,
measured relative to the normalized background spectrum are
smaller than the observedlnLobs measured between the spectra
of a given region and of the normalized background. The sim-
ulated spectra are drawn from a Poisson distribution to match
the normalized background spectrum in each energy channel,
i.e. with expected simulated countsBk (

∑

Ck/
∑

Bk).
Table 6 shows the resultant probabilities that each spec-

tral region has a spectrum with the same shape as that of
the background. Not only does the region of excess emission,
C2+C3+C4 present an excess of counts, but it also has a spec-
trum whose shape is significantly different from that of the back-
ground, while region C6 with negligiblenetcounts has a spectral
shape consistent with that of the background. Hence,the spec-
tral shape analysis confirms that the regions of excess counts
are indeed the locations of X-ray emission and not caused by
poor background subtraction.

4.2. Spectral fits

The background-subtracted, point-source excised spectra were
then fit to a hydrogen absorbed (Balucinska-Church & McCam-
mon, 1992)MEKAL (Mewe et al., 1985, 1986, with Fe L calcu-
lations by Liedahl et al., 1995 and the ionization balance from
Arnaud & Rothenflug, 1985) plasma, usingXSPEC version
10, withχ2 minimization. A vignetting correction of the back-
ground was performed before the background-subtracted spec-
trum was analyzed.

Table 7 shows the parameters we used for extracting the
galaxy spectra. Table 8 presents the results of our spectral fit-
ting to different regions within HCG 16. There remains many

Table 6.Comparison of spectral shapes with the background spectral
shape

Region Total counts ln L P (ln L < ln Lobs)

C2+C3+C4 663 −77.7 0.026
C6 974 −77.1 0.258

The fourth column represents the probability (from Monte-Carlo sim-
ulations) that the region has a spectral shape consistent with that of the
background.

Table 7.Extraction parameters for galaxy spectra

Galaxy RA Dec radius
(J2000) (arcmin)

HCG 16a&b 2h09m24.s0 −10◦07′49′′ 1.5
HCG 16c 2h09m38.s2 −10◦08′49′′ 1.2
HCG 16d 2h09m43.s9 −10◦10′58′′ 1.1
HCG 16–3 2h10m16.s5 −10◦19′11′′ 1.1–0.9

The spectrum of HCG 16–3 was extracted from an ellipse.

instances where energy channels have fewer than 10 net counts,
and the Poisson statistics do not resemble gaussians, hence our
χ2 spectral fits are not fully appropriate. Therefore, the reduced
χ2 values and the 90% error bars given in Table 8 should not be
over-interpreted.

The low net counts in our background-subtracted spectra
(Table 8) make it difficult to perform reliable spectral fits for
temperature, metal abundance, and absorbing column. Indeed,
decent spectral fits require at least 500 net counts, whereas we
have typically 2 to 7 times less. Nevertheless, the spectra often
do have sufficient counts to provide decent constraints on the
gas temperature, as well as on the bolometric luminosity, once
metal abundance and absorbing Hydrogen column are fixed to
reasonable values. Note the large absorption corrections on the
bolometric luminosity, especially for the lower best fit temper-
atures, where the emission is peaked at low energies, which are
the most seriously affected by absorption.

The temperature of the diffuse emission is well constrained:
the diffuse emission is coolatkT = 0.27+0.28

−0.10 (with much nar-
rower 90% confidence intervals for fixed metal abundance). All
fits produce an upper-limit (90% confidence level) of 0.56 keV.
The metallicity is completely unconstrained.

The spectral fits from region C4 (offset from the group
galaxies) are similar to that of the total diffuse emission, and
C4 accounts for roughly half of the total luminosity of the dif-
fuse emission. However, C4 could be hot if its metal abundance
is low. Fig. 6 shows the best-fitMEKAL spectrum for region
C2+C3+C4 together with the residual error per bin. The fit is
adequate, hence no additional galactic absorption nor additional
component is required by the spectrum.

The galaxy pair HCG 16a&b and galaxy HCG 16c both emit
more X-ray luminosity, before correction for absorption, than
the group, illustrating the difficulty of absorption corrections in
low temperature spectra.
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Table 8.Spectral fits

Region Energy range Net kT Z NH h2
50 VEM χ2 h2

50 L
[0.5−2.3]
X h2

50 Lunc
bol h2

50 Lbol

(keV) Counts (keV) (Z⊙) (1020cm−2) (1063cm−3) (/d.o.f.) (1041 erg s−1)

C2+C3+C4 0.20–1.40 125 0.27+0.28
−0.10 (0.05) galactic 31.4 0.64 0.39 0.68 2.13

0.24+0.17
−0.07 0.1 galactic 24.5 0.61 0.43 0.69 2.32

0.19+0.11
−0.06 1 galactic 4.5 0.69 0.48 0.71 3.31

0.19+0.10
−0.06 10 galactic 0.5 0.71 0.48 0.72 3.69

C4 0.20–1.31 71 0.26+31.7
−0.11 0.1 galactic 11.9 0.30 0.23 0.36 1.03

0.20+0.27
−0.07 1 galactic 2.3 0.33 0.26 0.38 1.53

0.20+0.22
−0.07 10 galactic 0.3 0.33 0.27 0.38 1.69

HCG 16a&b 0.20–2.01 232 0.72+0.24
−0.19 0.17+0.43

−0.09 galactic 16.5 0.58 0.97 1.21 1.99

0.72+0.25
−0.18 0.1 galactic 21.8 0.63 0.96 1.27 2.30

0.70+0.25
−0.23 1 galactic 4.0 0.74 0.90 0.99 1.40

HCG 16c 0.20–2.01 213 0.53+0.16
−0.15 0.79+∞

−0.55 galactic 7.3 0.39 0.93 1.01 1.42

0.65+0.19
−0.13 0.1 galactic 20.3 0.90 0.86 1.13 2.00

0.53+0.17
−0.14 1 galactic 4.0 0.37 0.94 1.02 1.42

HCG 16d 0.20–2.01 83 0.67+∞

−0.31 0.1 galactic 7.2 0.32 0.31 0.41 0.71

0.39+∞

−0.14 1 galactic 1.5 0.27 0.31 0.35 0.53

(0.12) 0.1 (41) (123) 0.19 0.14 0.16 190

(0.11) 1 (44) (240) 0.19 0.14 0.16 1770

HCG 16–3 0.20–2.01 32 (0.49) 0.1 galactic 2.3 0.23 0.08 0.11 0.21

(0.29) 1 galactic 0.6 0.21 0.10 0.12 0.23

Column (1): region. Column (2): energy range used for the spectral fit. Column (3): net counts in the given energy band (hence lower than the
net counts in Table 5). Column (4): temperature. Column (5): metal abundance. Column (6): absorbing hydrogen column density (the galactic
value isNH = 2.02 × 1020 cm−2, Stark et al., 1992). Column (7): volume emission measure, defined as

∫
V

nenpdV . Column (8): reducedχ2

(per degrees of freedom) of fit. Their values are low because the noise is not gaussian. Column (9): X-ray luminosity in the0.5–2.3 keV band.
Column (10): bolometric X-ray luminosity, uncorrected for absorption. Column (11): bolometric X-ray luminosity, corrected for absorption.
The error bars are 90% confidence levels for one interesting parameter. Values in parentheses provide the best fit when the fit was unconstrained
(i.e.,when the 90% confidence levels could not be determined). Values of the metal abundance without error bars nor parentheses were frozen
in the fit.

With only 83 photons the spectrum of HCG 16d produces
virtually no constraints on temperature or metallicity. Neverthe-
less, careful inspection of the spectrum reveals that the6 first
energy channels (between0.2 and0.5 keV) have very low net
counts, even taking into account the great error bars, suggest-
ing strong hydrogen absorption, as confirmed by the best fits
with variable absorption, which produce a column density 20
times the galactic value. However, the absorption correction to
luminosity then becomes enormous and produces unreasonably
high absorption-corrected bolometric luminosities.

4.3. Comparison with other X-ray results on HCG 16

4.3.1. Group diffuse emission

The EINSTEIN satellite pointed for3217s at HCG 16 with
theIPC detector. The analysis of these observations by Bahcall
et al. (1984) led to26± 12 counts for the entire group (galaxies
plus intergalactic medium), corresponding to a luminosity of
2 × 1041 h−2

50 erg s−1. But the limited sensitivity and angular

resolution of the IPC didn’t allow separating the galactic and
intergalactic components.

Saracco & Ciliegi’s (1995) analysis of theROSAT PSPC
observation of HCG 16 led to the conclusion that the X-ray emis-
sion was due to point sources associated to the galaxies and not
to a diffuse intra-group medium. By assumingkT = 1.0 keV
andZ = 0.1 Z⊙, they obtained a5 σ upper limit on diffuse
emission of3.0 × 1040 h−2

50 erg s−1 in the 0.5–2.3 keV band,
after converting this flux to luminosity correctly (see footnote
in Sect. 1 and Table 8), i.e.,≃ 30% below our fitted luminosity
in the same energy band.3

On the other hand, PBEB, who analyzed the same data as
Saracco & Ciliegi, but in the full0.1–2.4 keV PSPC energy
band, found an excess of photons in an8′ radius circle corre-
sponding to a bolometric luminosity of4.8×1041 h−2

50 erg s−1.
Their factor of 16 discrepancy with Saracco & Ciliegi can be
subdivided into three terms: 1) a factor 3.4 caused by the cor-
rection for Hydrogen (and Helium) absorption, 2) a factor 1.6

3 adoptingkT = 0.3 keV instead of1.0 keV produces roughly the
same upper limit.
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Fig. 6. Spectral fits to the diffuse emission in HCG 16 (regions
C2+C3+C4). Thesolid anddashed histogramsrepresent the best fit
MEKAL models for solar and one-tenth solar metallicity plasmas, with
a galactic absorbing column (NH = 2.0 × 1020 cm−2).

caused by the narrower energy band used by Saracco & Ciliegi,
and 3) a factor 3.0 unexplained residual term. The adaptive
smoothing of the image (PBEB’s Fig. 2) indeed showed two
diffuse extensions on both sides of the group galaxies, roughly
corresponding to the regions C1 and C4 defined in Sect. 3.3.1.

Our spatial analysis is performed over an intermediate
energy band ([0.2, 2.0] keV, see Sect. 2.1). From our spec-
tral fit to the diffuse emission (regions C2+C3+C4), we find
LX [0.5 − 2.3 kev] = 3.9 × 1040 h−2

50 erg s−1, only slightly
higher than the upper limit of Saracco & Ciliegi. Our bolometric
luminosity isLbol = 2.3 × 1041 h−2

50 erg s−1 (after adding 9%
extra luminosity to include region C1D, assuming that it has
the same spectrum as the rest of the group emission). Thusour
derived bolometric luminosity for the diffuse emission is half
that of Ponman et al. (1996).

Summing up from our Table 5, our8′ circle around HCG 16
has 306 net counts. In comparison, we infer from the surface
brightness profile of PBEB (their Fig. 1) that they measure 281
net counts within a circle of radius0.◦14 = 8.′4 around HCG 16.
In both cases, the group galaxies and point sources exceeding a
3σ threshold were excised. Thus, the difference (although within
the error bars) between PBEB’s net counts and ours can be at-
tributed to a different background region. Indeed, their back-
ground region was chosen to be an annulus of radii between
36′ and42′, while ours was taken between26′ and34′ (see Ta-
ble 1). We showed in Sect. 2.2 that the mean background value
increases with off-center radius, which explains our higher net
counts. But this can certainly not explain the discrepancy in lu-
minosity. Hence,the discrepancy between the high luminosity
measured by Ponman et al. (1996) and our low luminosity for the
diffuse emission is not caused by different background subtrac-
tion or different removal of the emission from bright galaxies,
but by Ponman et al.’s inclusion of regions associated with ra-
dio or optical galaxies, some of which are definitely background
objects.

We do agree with PBEB that this diffuse emission is cool,
as they findkT = 0.3 ± 0.05(1 σ) keV, consistent with our
values. Note that the correction for absorption is as large as 3.5
at temperatures as low as0.3 keV and increases rapidly for de-
creasing temperature. Hence, while our bolometric luminosity,
uncorrected for absorption, depends little on the fit, the absorp-
tion corrected luminosity is less certain.

From Table 5, region C6 has10 ± 31 net counts. Hence
the 90% confidence (1.28 σ) and3 σ confidence upper limits
for diffuse emission in C6 are 50 and 103 net counts, respec-
tively. We convert these net counts to luminosities assuming
the same spectrum as region C2+C3+C4, which has 172 net
counts according to Table 5. After correction for galactic ab-
sorption, this yieldsLC6

bol < 6.1 × 1040h−2
50 erg s−1 (90%) and

1.3 × 1041h−2
50 erg s−1 (3 σ). Hence, region C6 contributes lit-

tle to the diffuse X-ray emission of the group (unless it is much
cooler, hence more absorbed).

4.3.2. X-ray emission from the group galaxies

Our0.5–2.3 keV luminosities for the galaxies match fairly well
those of SC95, who had simply assumed the galaxies to have
1 keV temperature and solar metallicity: our luminosities are
1%, 12% and 28% lower for HCG 16a&b, HCG 16c, and
HCG 16d respectively.

The extent of the diffuse X-ray emission around each galaxy
or pair in HCG 16 is fairly large (≃ 40 h−1

50 kpc) in comparison
with the extent of the X-ray emission detected by Henriksen
& Cousineau (1999) around spiral pairs or by Read & Ponman
(1998) around most interacting pairs. Fig. 15 of Read & Pon-
man shows that only the pairs closest to maximum interaction
show such large extents of their diffuse X-ray emission, but their
diffuse-X-ray to optical luminosity ratio are factors of 5 larger
than for the HCG 16ab pair.

5. Discussion

We estimate below the total dynamical mass of the group, the
baryonic fraction together with the separation of the baryonic
mass into its different components (namely, hot gas, HI,H2 and
stars) and the possibility of virialization of HCG 16.

5.1. Mass budget of HCG 16

5.1.1. Total dynamical mass

The total mass of the group can be estimated, to first order, as-
suming that the group is in dynamical equilibrium (we will re-
turn below to the relevance of this assumption). Table 9 presents
the estimates for the total mass of the group using either the 4
original galaxies (Hickson, 1982) of HCG 16, or adding to them
the three additional galaxies that were found by de Carvalho
et al. (1994) in the close environment of HCG 16, and confirmed
spectroscopically by RdC3Z. We apply the mass estimates of
Heisler et al. (1985) relevant to self-gravitating systems as well
as the projected mass of Bahcall & Tremaine (1981), relevant to
test objects orbiting within an underlying potential. We use the
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Table 9.Dynamical mass estimates

Group N θ R σv MHTB
vir MHTB

proj MHTB
avg MHTB

med MBT
proj

(arcmin) (h−1
50 kpc) (km s−1) (h−1

50 1012M⊙)

Hickson (1982) 4 3.2 74 99 1.1 1.1 0.9 0.7 0.4
Ribeiro et al. (1996) 7 16.9 389 76 2.0 2.0 2.0 1.9 0.8

Column (2): number of galaxies. Columns (3) and (4): radius of the smallest circumscribed circle containing theN galaxies, in arcmin and in
kpc respectively. Column (5): unbiased sample velocity dispersion (corrected for the measurement errors, see Eq. [3]). Columns (6), (7), (8),
and (9): virial, projected, average and median mass estimates from Heisler et al. (1985), respectively. Column (10): projected mass estimate for
isotropic orbits from Bahcall & Tremaine (1981). These mass estimates do not include correction for measurement errors, and are thus slight
overestimates.

radial velocityvi measurements and errorsδvi from RdC3Z.
For the velocity dispersion, we computed

σv =

[

1

N − 1

∑

i

(vi − v̄)2 −
1

N

∑

(δvi)
2

]1/2

. (3)

We adopt the median of the four Heisler et al. mass estimates,
as we deem it unlikely that the galaxies are test particles in a
potential, since we do not detect this potential in diffuse X-
rays. Interpolating the total mass at8′, within which we have
constraints on the gas content of the group, then yieldsMtot ≃

1.4 × 1012h−1
50 M⊙. For a spherical group, this yields a density

that is 256 times the critical density of the Universe or 770 times
the mean density ifΩ0 = 0.3.

Of course, the reliable estimation of the total gravitating
mass of the group is difficult with only four to seven galax-
ies. Moreover, the group may not be in virial equilibrium (see
Sect. 5.2.1 below). Mamon (1993, 1995) has quantified the ef-
fects of departures from virial equilibrium on the estimation of
the masses of groups, initially following the Hubble expansion,
taking into account the softened nature of galaxy potentials. If
the galaxies were point masses, the mass of a galaxy system
near full collapse should be half of the mass inferred from dy-
namical equilibrium (hereafter virial mass), as is well known.
But since galaxies have softened potentials, the velocity at clos-
est approach is only a little larger than for the future virialized
system (before it coalesces). So,the virial mass should provide
an adequate estimate of the mass — within the apparent radius
of a galaxy system near full collapse. Hence the masses given in
Table 9 are probably roughly correct, unless projection effects
are important in HCG 16.

5.1.2. Mass in hot gas

An upper limit to theobservedmass of the diffuse intergalactic
gaseous medium (IGM) can be estimated from the normaliza-
tion of theMEKAL plasma model, which is the Volume Emis-
sion Measure (VEM) defined by

VEM =

∫

V

nenp dV = nenpV (4)

whereV is the volume of the emitting region,ne andnp are the
electron and proton densities. Including the contribution from
Helium, the gas mass is

Mhot = mpnp[1 + Y/(1 − Y )]V (5)

wheremp is the proton mass andY the Helium mass fraction.
Sincenp

2 ≤ n2
p = nenp/[1 + Y/(2 − 2Y )] (the equality being

reached for a plasma of uniform density), Eqs. (4) and (5) lead
to

Mhot ≤
mpV

1/2VEM1/2

(1 − Y )1/2(1 − Y/2)1/2

= 1.2 × 109 h
−5/2

50

×

[

(

θ

1′

)3

−

(

θg

1′

)3
]1/2

(

h2
50

VEM

1063 cm−3

)1/2

M⊙ , (6)

where we took a distanceD = 79.2 h−1
50 Mpc andY = 0.24,

and whereθ is the angular radius of the extended emission, and
θg is the angular radius at which the emission from a possible
group galaxy was cut.

Eq. (6) is valid for spherical diffuse regions. Whereas, C3
and C4 are nearly circular, C2 is close to being comprised of
two circles. The VEM of C4 is taken from Table 8, while that
of C2 and C3 are each taken as half the difference of the VEM
of C2+C3+C4 in Table 8 minus the VEM of C4. Moreover,
both circular regions of C2 are assumed to have the same VEM.
Table 10 presents the estimates of the upper limit to the mass
in diffuse intergalactic gasMmax

hot for the various regions of
diffuse emission. Summing up the contributions of the different
regions of diffuse X-ray emission, we obtainMhot < 2.1 ×

1010h
−5/2

50 M⊙.
One does not gain much in attempting to fit aβ model to

each diffuse region. Indeed, if the gas density profile isn(r) =
n0/[1 + (θ/θc)

2]1/2, as in the isothermalβ model withβ =
1/3 (close to the slope found by Ponman & Bertram, 1993, for
HCG62), then Eqs. (4) and (5) lead to

Mhot

Muniform
hot

=
np

(

n2
p

)1/2
=

31/2

2

x(x2 + 1)1/2 − sinh−1 x

x3/2(x − tan−1 x)1/2
,

wherex = θ/θc. Mhot/M
uniform
hot is always greater than 0.87

for θc > θ/100. If, on the other hand, one assumesβ = 1 as
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Table 10.Upper limits to the observed gas content of diffuse regions

Region h2
50 VEM θ θg h

5/2
50 Mmax

hot ρmax
hot

(1063 cm−3) (arcmin) (1010 M⊙) (h−3/2ρc)

C2A 4.9 1.7 1.2 0.24 212
C2B 4.9 1.7 1.2 0.24 212
C3 9.8 1.9 1.2 0.49 269
C4 11.9 2.0 0.0 1.2 412
C2+C3+C4 31.5 2.2 309
C6 (face value) 2.5 8.0 0.0 4.3 24
C6 (90%) 12.6 8.0 0.0 9.6 53
C6 (3 σ) 25.9 8.0 0.0 13.8 76

The last column is the upper limit to the density of hot gas in units of
the critical density of the Universe.

found by Mulchaey & Zabludoff (1998), Eqs. (4) and (5) lead
to

Mhot

Muniform
hot

= 241/2
x−3/2

[

sinh−1 x − x/(x2 + 1)1/2
]

[

tan−1 x + x/(x2+1) − 2x/(x2+1)2
]1/2

,

which falls to 0.47 forθc = θ/5 (close to what we infer was
derived by Mulchaey & Zabludoff), but to 0.25 forθc = θ/10.
Hence, the uniform approximation for the mass of diffuse gas
is probably valid to within a factor of two or at worst four.

An upper limit to the gas mass from region C6 can be es-
timated, assuming that it is a sphere of200 h−1

50 kpc radius,
and that its temperature and metal abundance are the same as
the best fit case for regions C2+C3+C4. The upper limits for
C6 are provided in Table 10, with the face value counts, the
90% upper limit or the3 σ upper limit. The gas mass of C6 is
poorly constrained in contrast with its diffuse X-ray luminosity.
However, Table 10 shows thatif the undetected region (C6) has
similar temperature, metallicity and clumpiness as the detected
regions (C2+C3+C4), then its mass-density is at most (3 σ limit)
one-quarter that of the detected regions. Similarly, its mean X-
ray surface brightness is at most one-sixth that of C2+C3+C4.
Hence,the low emission of C6 is not merely a statistical fluc-
tuation in X-ray counts, but indicative of a true underdensity in
the distribution of hot diffuse gas.

In summary, we obtain four upper limits to the mass in
diffuse hot gas within8′ from the group center:Mhot <

2.1 × 1010h
−5/2

50 (if the 10 counts in C6 are just noise),

6.4×1010h
−5/2

50 (taking the 10 counts in C6 at face value),1.2×

1011h
−5/2

50 (with 90% upper limit on C6), and1.6× 1011h
−5/2

50

(with 3 σ limit on C6).

5.1.3. Baryonic fraction

Within an 8′ radius from the group center, the molecular gas
mass isMH2

= 7.4 × 1010h−2
50 M⊙ (Leon et al., 1998), while

the mass in cold HI gas is slightly less thanMHI = 4.5 ×

1010h−2
50 M⊙ (Williams, 1998, whose VLA map shows that a

small fraction of the diffuse HI emission extends beyond the4′

radius circle around the group). Note that the contributions of
dust and ionized hydrogen (estimated by Mendes de Oliveira et

al. 1998), though important in comparison with other galaxies,
are negligible within the mass budget of HCG 16. Thus, if the
10 counts measured in region C6 are just noise or taken at face
value, the mass in diffuse hot gas is much smaller than the mass
in cold gas and fairly negligible within the total mass budget of
HCG 16.

The fractionfb of baryons within8′ of the optical center of
HCG 16 is

fb =
M∗ + MHI + MH2

+ Mhot

Mtot

=

(

M∗/LB

6.4
+ 0.085

)

h−1
50 + fhot h

−3/2

50 , (7)

whereM∗/LB is the mean stellar mass-to-light ratio for the
group andfhot is the mass fraction of the group in hot gas, and
is 1.5%, 5%, 8% or 11% depending on the interpretation of the
10 net counts in region C6 (noise, face-value, 90% limit and3 σ
limit, respectively).

Because the galaxies in HCG 16 have probably all under-
gone fairly recent bursts of star formation (e.g. Ribeiro et al.,
1996), their stellar mass to blue luminosity ratios are probably
much lower than for normal spirals (i.e.M∗/LB < 2.5). There
are two ways to estimateM∗/LB for each of the four bright
galaxies in HCG 16.

First, MPABB mentioned that galaxies HCG 16a and 16c
have rotation velocities consistent with the Tully-Fisher (1977,
hereafter TF) relation, whereas galaxy HCG 16d has a rotational
velocity at most half of what is expected by the TF relation.
This translates to a luminosity that is at least 16 times larger
than expected from the TF relation. Assuming that such was
also the case for galaxy HCG 16b (its low rotation velocity on
one side is also half of what is expected from the TF relation,
although its high rotation velocity on the other side is consistent
with the TF relation), this leads toM∗/LB = 1.19 assuming
(M∗/LB)normal = 2.5 for the group of 4 galaxies.

Alternatively,M∗/LB can be constrained by the times since
the last bursts of star formation in each of the 4 bright galaxies
of HCG 16. These times can be inferred from the optical colors
of the galaxies or from their X-ray properties. Table 11 provides
the values ofM∗/LB inferred from the colors of the 4 bright
galaxies, using Fioc and Rocca-Volmerange’s (1997)PEGASE
spectral evolution model, assuming a single burst, a Rana &
Basu (1992) initial mass function, and solar metallicity.

The stellar masses in Table 11 yieldM∗/LB = 0.53 for the
group of 4 galaxies. With this value ofM∗/LB , Eq. (7) yields
a baryonic fraction of 18% or 21% if the emission from C6 is
respectively noise or taken at face value, and as much as 25%
(90% limit on C6) or 28% (3 σ limit on C6).

Note that if significant star formation occurred before the
last burst, the mean colors of the galaxies would be redder than
with the most recent starburst. Therefore, blue colors indicate
even more recent starbursts than listed in Table 11. This in turn
leads to lowerM∗/LB and an even lower baryonic fraction.
Moreover, ifM∗/LB ≤ 0.55, then there is more mass in cold
(HI+H2) gas than in stars.
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Table 11.Colors, ages and stellar masses of the HCG 16 galaxies

Galaxy BT B0
T B−R (B−R)0 Age M∗/LB h50M∗

(Gyr) (1010M⊙)

HCG 16a 12.99 12.76 0.82 0.72 0.50 0.39 3.0
HCG 16b 13.74 13.27 1.07 0.86 0.68 0.52 2.5
HCG 16c 13.40 13.10 1.04 0.91 0.71 0.57 3.2
HCG 16d 13.90 13.42 1.29 1.08 0.95 0.75 3.1

Column (1): Galaxy name. Columns (2), (3), and (4): Asymptotic blue
magnitude before and after correction for Galactic and internal extinc-
tion, and mean color within theµB = 24.5 mag arcsec−2 isophote,
all from Hickson et al. (1989). Column (5): Color corrected for galactic
and internal reddening using(B −R)0 = B −R +0.54 (B0

T −BT ).
Columns (6) and (7): age andM∗/LB from thePEGASE spectro-
photometric evolution model of Fioc & Rocca-Volmerange (1997).
Column (8): Mass in stars.

5.2. The dynamical state of HCG 16

The knowledge of the dynamical state of the HCGs is primor-
dial to assess the reality of these close associations of galaxies
on the sky. In paper II, we show that the low velocity dispersion
of HCG 16 is indicative of a non-virialized dynamical state, but
show that the alternative scenario of chance alignments is even
less likely for HCG 16. Here, we just want to briefly emphasize
two points: is the peculiar X-ray morphology found in HCG 16
compatible with virialization, and are the X-ray properties de-
duced fromROSAT data reduced here compatible with chance
alignment models?

5.2.1. Can a virialized group
have an irregular X-ray morphology?

If HCG 16 were in a (nearly) virialized state, the galaxy halos
should have merged, and thus the global group potential should
be fairly smooth. Moreover, the diffuse gas associated with these
halos should have also merged, and reached hydrostatic equilib-
rium within this smooth potential. For example, HCG 62 is the
archetype of such a virialized group, as its X-ray morphology
is smooth and the diffuse X-ray emission extends well beyond
the HCG galaxies (Ponman & Bertram, 1993). The significant
gas density at the group center is attested by the presence of a
cooling flow, as witnessed by the increase in surface brightness
and the cooler temperature of the inner50 h−1

50 kpc (Ponman &
Bertram, 1993).

The X-ray morphology of HCG 16 is very different from
that of HCG 62. The diffuse X-ray emission is situated within
≃ 50 h−1

50 kpc around the galaxies, plus in one clump (C4) at
140 h−1

50 kpc from the nearest galaxy. This clumpy X-ray mor-
phology strongly suggests that HCG 16 is far from virialization.

This argument against virialization supposes that intergalac-
tic gas, at the time of formation of the group, was able to settle
in hydrostatic equilibrium in the shallow potential of HCG 16.
This point of view can be challenged if the specific entropy
of the intergalactic gas at this epoch is high enough to prevent
the gas from collapsing with the dark matter (Ponman, private

communication). Indeed, assuming the infalling gas has the den-
sity of the Universe at the epoch of group collapse, there is a
maximum temperature above which the specific entropy of the
infalling gas will be higher than the specific entropy of the gas
settled in equilibrium in the potential of the group. Since the gas
entropy cannot decrease (unless the gas radiates), this constraint
gives a maximum temperature above which the gas cannot settle
in the dark matter potential.

This (relatively) high specific entropy intergalactic gas still
lacks direct observation, but it is indirectly inferred from the
changes in the X-ray surface brightness profiles from clusters to
groups (Ponman et al., 1999). Also, the high temperature level is
required in the interpretation of a number of observational facts.
For example, the negative result of the Gunn-Peterson effect im-
plies that the Universe had an overall reionization (and therefore
probably reheating) phase beforez ≃ 5. Moreover, the steep-
ening of theLX − T relation from clusters to groups (PBEB)
has so far only been explained in models where the infalling gas
was preheated at a temperature of≃ 0.5 keV (Cavaliere et al.,
1997, 1998; Balogh et al., 1999). Thus, provided that HCG 16
is forming today, we can understand its irregular X-ray mor-
phology as a consequence of its low virial temperature, which
does not exclude that the underlying dark matter potential is
relaxed. Finally, hydrodynamical cosmological simulations in-
dicate that most of the intergalactic gas is in the105–107 K
temperature range (Cen & Ostriker, 1999).

If intergalactic gas cannot collapse onto the group, then
the diffuse gas observed in the group originates primarily from
the galaxies of the group, in the form of shock-heated tidally
stripped gas or hot winds from collective supernovae ejecta.
In the latter case, the diffuse hot gas should be metal-rich.
Our spectral fits do not constrain the metallicity of the group,
whereas PBEB foundZ < 0.17 for the diffuse gas that they
detected. Since half of their detected emission arises from the
radio sources in regions C1 and C5, we cannot confirm the low
metallicity of the HCG 16 diffuse gas. Better signal-to-noise
observations are required to answer this question, in particular
better constraints on metallicity and its spatial variation in the
group.

Whether or not the group is near virial equilibrium,the hot
gas appears too clumpy to be itself in hydrostatic equilibrium
within a nearly spherical potential.

5.2.2. Chance alignment models

Difficulties in the understanding of the properties of HCGs (in
particular their short crossing-times) have led some authors to
the conclusion that most of these objects are chance alignments
along the line-of-sight within larger structures, namely loose
groups (Mamon, 1986), clusters (Walke & Mamon, 1989) or
cosmological filaments (Hernquist et al., 1995).

Loose groups are obviously not dense enough to be globally
near full collapse (although their cores may have already col-
lapsed and formed interacting binaries), and are more likely to
be in their early phases of collapse (Diaferio et al., 1993; Ma-
mon, 1993, 1994, 1995), as is our Local Group, or even in the



210
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COMPACTS DE GALAXIES

S. Dos Santos & G.A. Mamon: Clumpy diffuse X-ray emission from HCG 16 17

late stages of their Hubble expansion before their turnaround
(Valtonen & Byrd, 1986). Thus, one does not expect to see
diffuse gas in a compact group caused by a chance alignment
within a collapsing near-spherical loose group. Indeed, if loose
groups have diffuse intergalactic gas, this gas is too tenuous to
be observed. Moreover, this gas should remain fairly cold until it
relaxes with the group potential, and this re-heating must await
the virialization of the group. Therefore, the gas that one expects
to observe in X rays within loose groups will be associated with
the dense substructures within these groups,i.e., galaxies and
interacting binaries (which are expected in chance alignments,
Mamon, 1992), and with gas ejected by supernovae near in-
teracting galaxies (e.g., Read & Ponman, 1998; Henriksen &
Cousineau, 1999).

The X-ray properties of chance alignments within cosmo-
logical filaments depend strongly on the dynamical and thermal
state of the cosmological filament. Such filaments appear clearly
in cosmological simulations. For example, the hydrodynamical
simulations of Cen & Ostriker (1999) show that most of the
intergalactic gas is not only at temperatures of105–107 K, but
also within filamentary structures. Cen & Ostriker argue that this
gas was shock-heated mainly by structure collapse and possibly
also by supernovae.

It presents a major challenge to detect gas, either within
filaments of loose groups, at temperatures well below0.3 keV,
since the gas in these systems should be too tenuous to be an
efficient emitter or an efficient absorber. Moreover, its typical
temperature is too cool to observe in X-rays, and its detection
is difficult in the EUV because of contamination from emission
from the galactic corona and strong absorption from galactic
HI. Hence, one does not expect to detect widespread diffuse X-
ray emission in compact groups caused by chance alignments
within loose groups or cosmological filaments.Therefore, in
these chance alignments scenarios, the diffuse X-rays detected
in HCG 16 are associated with interacting pairs of galaxies,
perhaps emitted by gas that was stripped by tidal interactions or
ejected by galactic winds generated by supernova explosions.

Our revised X-ray luminosity for HCG 16 brings the group
closer to the extrapolation of the cluster luminosity-temperature
relation and to the the groupLX − T relation of Mulchaey &
Zabludoff (1998). Moreover, if there is a universal luminosity-
temperature relation spanning the range from individual galax-
ies to binaries to real compact groups such as HCG 62 to rich
clusters, then one expects that a chance alignment ofN equal
luminosity systems along the line-of-sight will produce a group
that will be located a factorN in luminosity above this univer-
sal luminosity-temperature relation. This is consistent with the
position of HCG 16 in theLX -T diagram relative to the relation
of Mulchaey & Zabludoff, but the X-ray luminosity of HCG 16
is 300 times too large for its low temperature in comparison
with PBEB’sLX − T relation, and chance alignments cannot
explain such a large luminosity excess.

In Paper II, we investigate in more detail the possibility that
HCG 16 occurs as a chance alignment within a looser group or
a cosmological filament.

5.3. Concluding remarks

Due to their low virial temperature (T ≃ 1 keV), groups of
galaxies and their X-ray emission are of extreme importance in
the study of processes affecting the baryonic diffuse content of
systems of galaxies, such as reheating and early energy injec-
tion (Cavaliere et al., 1997, 1998; Balogh et al., 1999; Ponman
et al., 1999). Earlier analyses ofROSAT PSPC observations of
Hickson Compact Groups (Pildis et al., 1995; Saracco & Ciliegi,
1995; Ponman et al., 1996) were based on counting photons in
a circle surrounding the optical center of the group. The present
detailed spatial analysis of X-ray emission in HCG 16 high-
lights the importance of a multi-wavelength study, in particular
for rejecting point sources identified in the optical and radio
wavebands. The clumpy nature of the hot gas in HCG 16 ap-
pears quite different from the more regular diffuse emission seen
in other compact groups, and HCG 16 loses its previous charac-
teristic of being the sole spiral-only compact group with hot gas
tracing a fairly regular potential well (see Ponman et al., 1996;
Mulchaey, 1999). Our study raises nevertheless the question
that other compact groups previously detected in X-rays may
be significantly contaminated by superimposed X-ray (point or
extended) sources.

Another question raised by this study is the inclusion of
HCG 16 in theLX − T relation of groups and clusters. Indeed,
this relation measures the trend between dark matter total mass
and mean baryonic densityin systems where the diffuse gas is
in equilibrium within the dark matter potential. Since the dif-
fuse hot gas of HCG 16 appears to lie in several (N ) clumps,
one would then expect that the group luminosity be a factorN
above theLX − T relation, for given temperature. If PBEB’s
LX−T relation is correct, then the factor of 300 excess luminos-
ity for its temperature in comparison with the extrapolation of
the PBEB’s trend is too large to be consistent with the idea that
most of the X-ray emission originates from a few clumps of hot
gas in equilibrium within an underlying potential. Moreover, in
the frame of theories explaining theLX − T relation in groups
(Cavaliere et al., 1997, 1998; Balogh et al., 1999), gas cannot
settle in hydrostatic equilibrium into a system with a virial tem-
perature smaller than≃ 0.5 keV (see Sect. 5.2.1). These two
arguments naturally lead to the conclusion that the diffuse gas
observed in HCG 16 originates mostly from the galaxies, either
through tidal stripping or in galactic winds driven by supernova
explosions.

The launch of new X-ray satellites (Chandra) with its high
spatial and spectral resolution andXMM with its greatly en-
hanced sensitivity and spectral resolution will eventually allow
to answer these questions. The precise nature of the diffuse
emission seen in HCG 16 is still difficult to constrain, because
of the low signal-to-noise of theROSAT/PSPC observations.
We expect to pursue our study of HCG 16 using archivalASCA
data, as well as aChandra observation, which we have obtained
on this compact group.
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Contribution to IAU Colloq. 174 on Small Galaxy Groups, held in Turku,FINLAND, June 13{18, 1999, ed. M. Valtonen & C. Flynn, ASP seriesUnderstanding low and high velocity dispersion compactgroupsG. A. MamonIAP, F-75014 Paris, FRANCEAbstract. A galaxy system must have a minimum velocity dispersionfor its mass to be greater than the sum of the masses of its galaxies.Nearly half of the nearby Hickson compact groups (HCGs) have too lowa velocity dispersion in comparison with the rotational velocities of theirspiral galaxies and internal velocity dispersions of their early types.A detailed study of the low velocity dispersion group, HCG 16 | theonly known group of late-type galaxies with di�use intergalactic X-rayemitting hot gas | reveals that half of the di�use X rays are associatedwith foreground/background sources and the remaining gas is clumpy andmostly associated with the bright galaxies of the group. The large-scaleenvironment of the group suggests that HCG 16 lies where a cosmological�lament falls perpendicularly onto a large-scale sheet.The observed frequency of compact groups is lower than predictedfrom the extended Press-Schechter formalism, which also predicts thatmost 1013M� objects in the Universe must be fairly old and hence havealready coalesced into single objects, reminiscent of elliptical galaxiesover-luminous in X-rays that are now being discovered.Thus, the low survival time of dense groups against the merginginstability is no longer a worry for compact groups, as they form in largeenough numbers. I show why other arguments against the reality of HCGsno longer hold, partly because of the biases of Hickson's sample.1. IntroductionCompact groups (hereafter CGs) have been puzzling astronomers for a num-ber of years. How can a few bright galaxies coexist within less than 100 kpc?CGs may have formed early, and have managed to survive the merging instabil-ity (Governato et al. 1991; Athanassoula, in these proceedings) or else formedjust recently (Hickson 1982). Alternatively, CGs may be not be truly dense in3D, but caused instead by chance alignments of galaxies along the line of sightwithin larger loose groups (Mamon 1986), clusters (Walke & Mamon 1989) andcosmological �laments (Hernquist et al. 1995, hereafter HKW).In this contribution, we provide new light on this debate by studying thegroup velocity dispersions, X-ray, optical and continuum radio emission, andby predicting the frequency of dense groups as compact as Hickson's (1982,hereafter HCGs) appear to be, using the (Press & Schechter 1974) cosmologicalformalism. We conclude on the nature of HCGs.1
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2. Low velocity dispersion compact groupsFor near spherical virialized systems, mass increases with some power (near 3,as is easily shown by combining the virial theorem with a critical mean densityfor virialization) of the velocity dispersion of virialized systems. One thereforeexpects that there must be a minimum velocity dispersion for a virialized galaxysystem to be more massive than the sum of the masses of its member galaxies.Systems near full collapse should have even larger velocity dispersions.For a tighter constraint, within a given radius R, the sum of the masses ofthe galaxies before they they got close to one another must be smaller or equalto the mass within the same radius that the group would have once it virializes :M(R) � Pj mj(R). Assuming Navarro, Frenk, & White (1995) pro�les forgroups and halos of galaxies, one can show (Mamon 1999) that the velocitydispersion �v of a given dense group must satisfy:�2v � 0:16 Xspiralsv2rot + 1:0 Xellipticials�2v;E ; (1)where the sums are over the deprojected maximum rotation velocities of spiralsand the internal velocity dispersions of ellipticals.Table 1. Hickson compact group minimum velocity dispersionsGroup NS �Sv NE �Ev �minv N �vHCG 16 4 151/166 0 | 151/166 4 99HCG 23 2 123 0 | 123 4 180HCG 33 1 93 0 | 93 4 172HCG 34 1 83 0 | 83 4 365HCG 37 1 93 2 266 282 5 445HCG 40 3 124 1 199 234 5 160HCG 44 2 98 1 158 186 4 145HCG 57 3 166 2 195 256 7 275HCG 79 1 42 0 | 42 4 150HCG 88 2 118 0 | 118 4 24HCG 89 2 79 0 | 79 4 35HCG 90 3 106 0 | 106 4 108Columns (2) and (4): number of spirals and ellipticals used; columns (3) and (5):minimum group velocity dispersion (in km s�1) from spirals and from ellipticals;column (6): global minimum group velocity dispersion (km s�1), i.e., ��minv �2 =��Sv�2+��Ev �2; column (7) number of accordant redshift galaxies in group; column(8) measured group velocity dispersion (km s�1).Although there is still little data on the internal kinematics of HCG galaxies,Table 1 above shows that 5 HCGs out of 12 (HCGs 16, 40, 44, 88 and 89) haveabnormally low velocity dispersions, and two others (HCGs 57 and 90) havejust marginal velocity dispersions. We expect to measure by chance low velocitydispersions in roughly 20% of dense groups (those with chance tangential velocityvectors). Still, most of the 5 HCGs mentioned above have too low velocitydispersions to be dense systems near virialization. The simplest alternative isthat they are chance alignments within loose groups near turnaround, since atturnaround the velocity dispersion of galaxy systems is expected to be small.Another possibility is that tidal friction has been e�ective in slowing down the2
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galaxies, although this is only expected in much more compact groups near fullcoalescence (Weinberger et al. 1999; Temporin, in these proceedings).The two groups with �v ' �minv may simply have little intergalactic matter.Given that the internal kinematics data on HCG galaxies is very incomplete(only one group has data for all its members, i.e., N = NS + NE), some ofthe groups with high velocity dispersions may turn out to have only marginalvelocity dispersions and thus possess little intergalactic matter, while some ofthe marginal ones may in fact be non-real. In any event, There seems to be 3classes of compact groups, following decreasing velocity dispersion: groups withsubstantial intergalactic matter, groups will little intergalactic matter and chancealignments within loose groups (or clusters or cosmological �laments).Finally one may be tempted to secure more precise velocity dispersionsby including the galaxies from the environment of HCGs with the data of deCarvalho et al. (1994) and Zabludo� & Mulchaey (1998), but these spectroscopicsurveys show that the velocity dispersion usually increases with inclusion of theenvironment galaxies, and it is not clear that one is not increasingly a�ected byinterlopers.3. HCG 16We now focus on HCG 16, the prime, example of a low velocity dispersion,spiral-rich compact group.3.1. X-ray emissionThe X-ray properties of HCG 16 are controversial and possibly extreme. In theirROSAT/PSPC X-ray survey of HCGs, Ponman et al. (1996) (hereafter PBEB),HCG 16 was the coldest detected group (T = 0:30� 0:05keV), and there are noother spiral-only compact groups with di�use X-ray emission (Mulchaey in theseproceedings; see also PBEB). Moreover, whereas di�use X-rays were clearly de-tected by PBEB, Saracco & Ciliegi (1995) failed to detect such di�use emissionat an upper limit 16 times lower,1 whereas only a factor 2.3 is attributable tothe wider (\bolometric") energy range in which PBEB compute their luminosi-ties. Given the low temperature that PBEB derive for HCG 16, their derivedX-ray luminosity places it two orders of magnitude above their compact groupluminosity-temperature relation and roughly a factor of two above the extrap-olation of the cluster trend. It thus seems di�cult to reconcile HCG 16 with alow temperature extrapolation of regular X-ray emitting compact groups.Dos Santos & Mamon (1999) have re-analyzed the ROSAT/PSPC observa-tions of HCG 16 with the hopes of resolving the discrepancy between Saracco& Ciliegi and PBEB and establishing if an irregular morphology is caused byclumpiness or uctuations in signal-to-noise ratios. Figure 1a below shows theX-ray emission of HCG 16 as contours overlayed on a greyscale map of the group.The emission beyond the galaxies is indeed signi�cant in a few compact regions:1Given the uxes measured by Saracco & Ciliegi (1995) for HCG 16 and their adopted valuefor H0, their quoted upper limit for their luminosities were underestimated by a factor 2 forall undetected groups in their Table 4 except HCG 3.3
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around the galaxies a&b, c and d, as well as a few clumpy regions outside thegalaxies denoted C1 (comprised of 4 sub-clumps), C4 and C5.
Figure 1. Contour maps of (a): the adaptively smoothed (50 countsper smoothing circle) ROSAT/PSPC X-ray emission, b): the NVSS 20cm radio emission of HCG 16, both superimposed on an optical DSSimage. The �ve polygonal regions (C1{C5) dividing the emission regionin HCG 16 are also shown, as well as the di�erent components of regionC1 (C1A, C1B, C1C and C1D, see text).Figure 1b shows the 20 cm continuum radio contours, measured with theNVSS survey, and illustrates the similarity between the X-ray and 20 cm contin-uum radio morphologies of HCG 16. A closer look (Dos Santos & Mamon 1999)reveals that C1A is connected with a radio-galaxy, which turns out to have aredshift (Ribeiro et al. 1996) that clearly places it in the background, C1B isconnected with a radio-source, C1C is related to a foreground star, and C5 isconnected to a radio-source and to a background group or cluster. This reducesthe X-ray luminosity of the di�use hot gas connected with HCG 16 by 50% toLbolX = 2:3� 1041 h�250 erg s�1. In the regions without signi�cant X-ray emission,the upper limits to the counts correspond to at most 1/4 the the space densityof hot gas in the detected regions. Hence, the hot gas in HCG 16 is clumpy.3.2. Large-scale environmentIf HCG 16 is part a cosmological �lament viewed nearly end-on (HKW), oneshould see this �lament in its large-scale environment. We have searched withNED a roughly cubical region around HCG 16 of 40 h�150 Mpc size. HCG 16 isclose enough (cz = 3899 km s�1) that NED should be fairly complete around it.The projected environment of HCG 16 within �1000 km s�1 from the groupdistance (Fig. 2a) suggests concentration of galaxies along 4 projection angles.Figure 2b shows the wedge diagrams in each of these position angles, and onecan guess a �lament at PA = 31�, stopping at HCG 16 and a wide sheet visible4
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Figure 2. Environment of HCG 16, limited to cz = 3899 �1000 km s�1. a) Projected environment (HCG 16 in center). b) Line-of-sight environments from wedge diagrams at 4 position angles. Filledand open symbols refer to galaxies within projected distances of re-spectively 1 and 5 h�150 Mpc from the major axis of the projected wedge.HCG 16 and its 3 neighboring galaxies appear as the �nger of God of�lled symbols at the center of each diagram.at PA = 91� and 67�. There are no �laments closely aligned to the line-of-sightas would have been favored by HKW.4. Cosmological predictions on the mass functions of groupsAlthough loose groups have generally not yet collapsed, one can apply the Press& Schechter (1974, hereafter, PS) formalism to these systems, assuming thatwhen they will collapse, their mass is what we infer today (t = t0). We thenobtain NLG(M; t0) = Z 2 t0t0 dtRform(M; t) ; (2)where Rform is the rate of formation of structures derived by Kitayama & Suto(1996) from the PS formalism.N -body simulations suggest that compact groups cannot survive (with atleast 4 members) for over �t = 0:05� 0:10 t0 (Bode et al. 1993; Athanassoulaet al. 1997; Athanassoula in these proceedings), the fraction increasing withmass. Assume therefore that compact groups must have undergone their cos-mological collapse within that time. One then obtainsNDG(M; t0) = Z t0t0��t dt Z MM=2 dM 0Rform(M 0; t)P (M; t0jM 0; t) ; (3)5
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C SÉLECTION D’ARTICLES ET PROCEEDINGS PUBLIÉS SUR LES GROUPES
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where P is the probability that a dense group of massM exists today given thatit collapsed with a mass M 0 < M at time t < t0 (given by Lacey & Cole 1993).

Figure 3. Loose (thin dotted curve) and dense (thick curves) groupmass functions scaled to the Press-Schechter cosmic mass function, de-rived from extended Press-Schechter theory (eqs.[2] and [3]), assuminga �CDM cosmology with �8 = 0:9. Dashed and solid curves refer todense groups collapsing later than 0.9 and 0:95 t0, respectively.Figure 3 shows the resulting loose and dense group mass functions, bothnormalized to the PS cosmic mass function, for a �CDM cosmology (SCDMand OCDM with reasonable values for �8 yield roughly similar curves). Massivedense groups survive longer simply because they have more galaxies, so the �gureshould be interpreted by adopting the recent collapse (solid curve) for the lowermass end and the earlier collapse for the high mass end. The ratio of dense toloose groups then varies with increasing group mass from 12 to 20%. If compactgroups are replenished by infalling galaxies (Governato et al. 1996), they collapseeven earlier and we would predict even more compact groups today.In contrast, the estimates of the ratio of HCGs to loose groups range from0.5{8% (Walke & Mamon 1989; see also Mamon 1986, 1992). Comparison ofthe HCG sample with a similar compact group sample automatically selectedfrom COSMOS/EDSGC galaxies (Prandoni et al. 1994; Iovino in these proceed-ings) shows that the HCG sample is severely incomplete: inspection of Prandoniet al.'s Fig. 7 suggests that the incompleteness of the HCG sample is a factor of3 at the bright-end and increasingly worse at fainter magnitudes.6
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Now if dense groups represent only a few percent of the cosmic mass func-tion, where are the remaining virialized cosmic structures with masses near1013M�? The answer is simple: the remaining structures collapsed too early tobe visible as compact groups today, and must then be in di�erent stages of the�nal coalescence of groups. This includes quartets with massive dominant mem-bers (thus failing Hickson's 1982 magnitude concordance criterion: m�m1 < 3),as well as triplets, and binaries. But since the cosmic multiplicity function de-creases with increasing galaxy number, one is led to conclude that most of themissing structures are fully coalesced, single galaxies, which harbor large X-rayhalos, as discovered by Mulchaey & Zabludo� (1999, see Mulchaey, in theseproceedings) and Vikhlinin et al. (1999). Therefore, we predict that X-ray over-luminous ellipticals should be more common than compact groups.5. Why Hickson's compact groups are dense in 3D after allIt is very di�cult to decide whether the numerous signatures of galaxy interac-tions in CGs are proofs of their reality or alternatively simply binary interactionswithin binary-rich chance alignments of galaxies within the line of sight (Ma-mon 1992; Hernquist et al. 1995). The high fraction of HCGs with di�use X-rayemission (PBEB) should be reduced when only considers groups with regulardi�use X-rays (x 3.1). However, the combination of HI (Verdes-Montenegro, inthese proceedings) and optical (Mendes de Oliveira, in these proceedings) dataon HCGs suggests that most of these are real interacting systems. In view of thisbeautiful data, the arguments spelled out by Mamon (1986) against the realityof HCGs must be reappraised.The large predicted cosmic rate of production of dense groups (x 4 above)implies that the low survival time of dense groups is no longer a good argumentagainst the reality of most compact groups. Moreover, the end products of densegroups | isolated bright elliptical galaxies with huge X-ray halos | are nowbeing seen (Mulchaey & Zabludo� 1999; Vikhlinin et al. 1999).Whereas mergers tend to increase rapidly the di�erence in �rst and secondranked magnitudes, the low hm2 �m1i of HCGs (Mamon 1986, 1987) is simplycaused by Hickson's strong bias (Prandoni et al. 1994) against groups withdominant members still satisfying the magnitude concordance criterion. Thisbias probably also causes the absence of signi�cant luminosity segregation incomparison with simulated groups (Mamon 1986, 1987).The morphology-density relation of HCGs is o�set (Mamon 1986) relativeto the cluster / loose group / �eld morphology-density relation (measured byPostman& Geller 1984): at a given galaxy number density, HCGs have too manyspirals. However, HCGs have too few spirals given their velocity dispersions incomparison with the cluster morphology-velocity dispersion trend (PBEB).There happens to be virtually no low velocity dispersion HCGs beyond10,000 km s�1, therefore the number of HCGs whose low velocity dispersion (x 2)suggests they are non-real is limited to roughly 10 out of 69 accordant redshiftHCGs with at least 4 members.Therefore, there are few arguments left against the reality of HCGs. How-ever, the samples of automatically de�ned compact groups (Iovino, in theseproceedings) will be much looser on average (given the same compactness crite-7
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C SÉLECTION D’ARTICLES ET PROCEEDINGS PUBLIÉS SUR LES GROUPES

COMPACTS DE GALAXIES
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Invited review to appear in \The Impact of Near-Infrared Surveys on Galactic andExtragalactic Astronomy", meeting held in Meudon, France, June 1997, ed. N.Epchtein (Dordrecht: Kluwer, p. 177)GALAXIES WITH DENIS:Preliminary star/galaxy separation and �rst resultsGARYA. MAMONInstitut d'Astrophysique de Paris & DAEC, Obs. de Paris98 bis Bd Arago, F{75014, Paris, FRANCEANDJEAN BORSENBERGER, M. TRICOTTETAND V. BANCHETInstitut d'Astrophysique de ParisAbstract. The numerous extragalactic and cosmological motivations of theDENIS and 2MASS near infrared surveys are outlined. The performance ofthe DENIS survey is estimated from 50 deg2 of high galactic latitude data(20� < jbj < 60�). Simple star/galaxy separation methods are presentedand comparison with 300 visually classi�ed objects as well as COSMOSand APM classi�cations. We �nd that the peak intensity over isophotalarea is an excellent star/galaxy separation algorithm, fairly robust to vari-ations of the PSF within the frames, achieving 98.5% completeness and92.5% reliability for I < 16:5, in comparison with visual classi�cation. Anew estimate of the photometric accuracy for galaxies is presented. The lim-iting factors for homogeneous galaxy extraction at high galactic latitudesare completeness and photometric accuracy in K, photometric accuracyin J and star/galaxy separation in I (also used for classi�cation in J andK). Galaxy counts are presented on 50 deg2. The I counts are in excellentagreement with a Euclidean extrapolation of the published counts aroundI = 16� 17 (more so than in all previous studies), and thus point to a highnormalization at the bright end, in contrast with the counts published fromthe APM and COSMOS plate scans. The J-band di�erential galaxy countsfollow the relation N(J) = 12� 1 dex(0:6 [J� 14]) deg�2mag�1. Extrapola-tion of these high latitude counts suggest that DENIS will produce highlyhomogeneous catalogs of ' 6000 (K < 11), ' 700 000 (J < 14:8) and,' 1 000 000 (I < 16:5) galaxies, respectively with photometric accuracy of0:08m in I and 0:20m in J and K. Larger highly homogeneous samples areexpected with improvements to the camera and the algorithms.
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PROCHE-IR178 GARY A. MAMON ET AL.1. IntroductionThe DENIS consortium has been imaging the southern sky in the I (0:8�m),J (1:25�m) and Ks (2:15�m) wavebands since December 1995. When thesurvey is complete, around 2000{2001, we expect to have extracted tens ofthousands of galaxies in K, roughly one million in J , and a few million inI (see x 7 below for our estimated sizes of homogeneous, highly complete,reliable and photometrically accurate galaxy catalogs).Much of the information in this review has been given elsewhere (Ma-mon et al. 1997b). The notable improvements here are improved reliabil-ity estimates from a much larger visually classi�ed sample, a �rst-orderoptimization of star/galaxy separation yielding a one-half magnitude im-provement in the high completeness/reliability magnitude limit and a moreaccurate estimate of the photometric accuracy.2. Prospective scienti�c impactWide-angle near infrared (hereafter NIR) galaxy surveys, such as DENISand 2MASS (see Schneider, Jarrett, Rosenberg and Cutri, all in these pro-ceedings) will have a wide array of scienti�c prospects, of which a few arelisted below. The two important advantages of NIR selection are 1) thenear transparency of interstellar dust in our foreground Galaxy and withinexternal galaxies, and 2) the low sensitivity of NIR light to recent star for-mation in galaxies (see Mamon et al. 1997b), hence a better estimation ofthe stellar mass content of galaxies in the NIR.Statistics of NIR properties of galaxies: DENIS and 2MASS will providethe �rst very large galaxy databases with NIR photometry. Photometryof the brighter galaxies will be coupled with redshift measurements, eitheralready made, or performed during spectroscopic followups (see, e.g., Ma-mon 1996; Paturel, in these proceedings) to be used for distance estimatesand computation of precise parameters of the fundamental plane and Tully-Fisher relations (see Vauglin et al. 1997; Rosenberg, in these proceedings).Cross-identi�cation with other wavelengths: The extragalactic objects ex-tracted by DENIS and 2MASS will be cross-identi�ed with analogous sam-ples at other wavelengths, such as optical galaxy samples, for example in theZone of Avoidance (see Kraan-Korteweg et al., in these proceedings), IRASgalaxies (Saunders et al. 1997), quasars (see Cutri, in these proceedings),radio-galaxies, galaxies found in blind HI surveys (see Kraan-Korteweg etal., in these proceedings), etc. The NIR properties (mainly their location incolor-color diagrams) of such objects will be targeted for discovering new



D.1 Galaxies with DENIS: preliminary star/galaxy separation and first results 229GALAXIES WITH DENIS: 179large samples of such objects. One should expect followups at non-NIRwavelengths of DENIS and 2MASS galaxies.Galaxy counts: There has been a debate on the level of galaxy counts atthe bright end, as �rst estimates (Heydon-Dumbleton et al. 1989; Maddoxet al. 1990) found a depletion relative to the extrapolation of the faint-endcounts, while later work (e.g. Bertin & Dennefeld 1997) disputed this. Thisdebate has consequences on galaxy evolution and on whether the environ-ment of the Local Group is underdense on very large scales (z <� 0:1).Zone of avoidance There are two main applications for studying galaxiesbehind the Galactic Plane (see Kraan-Korteweg et al., in these proceed-ings): 1) Mapping the large-scale distribution of galaxies in this still poorlyknown region. Indeed, the Zone of Avoidance contains interesting structuressuch as the largest large-scale concentration of matter in the local Universe,the Great Attractor (at the intersection of the Supergalactic Plane and theGalactic Plane, Kolatt, Dekel & Lahav 1995) and within the Great Attrac-tor, the Norma cluster, Abell 3627, richer and closer than the Coma cluster(Kraan-Korteweg et al. 1995). 2) The uxes and angular sizes of galaxiesare a�ected by extinction from dust in the Galactic Plane, and one canmeasure this extinction from galaxy counts (Burstein & Heiles 1982), col-ors (Mamon et al. 1997a), and color-color diagrams (Schr�oder et al. 1997,and Kraan-Korteweg et al., in these proceedings).Small-scale structures of galaxies Only a few catalogs of clusters (Lums-den et al. 1992; Dalton et al. 1997; Escalera & MacGillivray 1995, 1996)and compact groups (Prandoni, Iovino & MacGillivray 1994) are basedupon automatically selected galaxy samples, which happen to be opticaland photographic (hence subject to photometric non-linearities). Becausestar formation is probably enhanced by galaxy interactions, one expectsthat the statistical properties of pairs, groups and clusters of galaxies builtfrom NIR selected galaxy catalogs will be di�erent from those built fromoptical catalogs. DENIS and 2MASS will thus have the double advantage ofusing a NIR galaxy sampled based upon linear (non-photographic) photom-etry. The applications of such NIR-based samples of structures of galaxiesare numerous (e.g. Mamon 1994) and include understanding the dynam-ics of these structures, their bias to projection e�ects, their constraints on
0 and the primordial density uctuation spectrum, their use as distanceindicators, and the environmental inuences on galaxies.Large-scale structure of the Universe: The NIR selection and the lin-ear photometry will also bene�t the measurement of statistics (two-point
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PROCHE-IR180 GARY A. MAMON ET AL.and higher-order angular correlation functions, counts in cells, topologi-cal genus, etc.) of the large-scale distribution of galaxies in the Universe.For example, the (3D) primordial density uctuation spectrum of galaxyclustering can be obtained from the two-point angular correlation function(Baugh & Efstathiou 1993) or from the 2D power spectrum (Baugh & Ef-stathiou 1994). Moreover, by the end of DENIS and 2MASS, large-scalecosmological simulations with gas dynamics incorporated (thanks to whichgalaxies are properly identi�ed) will provide adequate galaxy statistics inprojection that will be compared with those obtained from the surveys,iterating over the cosmological input parameters of the simulations.3. Galaxy extraction and current galaxy pipelineThe current galaxy pipeline consists of the following steps:1) Bias subtraction, at-�elding, bad pixel mapping and astrometriccalibration (standard DENIS Paris Data Analysis Center pipeline, Borsen-berger 1997); 2) Cosmic ray removal; 3) Extraction of photometric zero-points and airmasses from relevant �les; 4) Galaxy extraction using theSExtractor (Bertin & Arnouts 1996) object extraction software, version1.2b6a (which includes a neural-network star/galaxy separator, Bertin 1996,whose input parameters are 8 isophotal areas, the maximum intensity andas a control parameter, the FWHM of the PSF), with detection and Kron(1980) photometry parameters optimized from simulated images.4. Star/galaxy separationNevertheless, star/galaxy separation is intrinsically di�cult because, at thegalaxy extraction limits I ' 16:5 (see below), DENIS will extract roughly5.5 times as many stars as galaxies in I , at very high galactic latitude(jbj ' 70�, see Lidman & Peterson 1996), and the ratio worsens considerablyat lower galactic latitudes and at brighter magnitudes.We discuss below the steps towards an e�cient star/galaxy separationmethod. For this, we extracted in the I band (which has the best angularresolution) classical star/galaxy separation diagnostics such as isophotalarea, peak intensity, and FWHM, as well as the neural-network based stel-larity parameter, in a direct fashion, or using a suitably modi�ed versionof SExtractor that includes a two-dimensional modeling of the PSF that isused as input to the neural network.Figure 1 shows how these quantities vary with magnitude for all objectsat least 20 pixels from the frame edges on a high latitude strip.
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Figure 1. Diagnostics of star/galaxy separation over one DENIS (6 deg2) strip. Thedashed lines are the critical lines for selection of candidates for visual classi�cation (seex 4.1).4.1. TESTS OF AUTOMATIC STAR/GALAXY SEPARATIONOne of us (G.A.M.) has classi�ed by eye a set of 329 galaxy candidates on109 DENIS I band images (of which 33 appeared on consecutive images,leaving 296 unique candidates). These candidates were chosen with I �
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PROCHE-IR182 GARY A. MAMON ET AL.16:5, centers at least 20 pixels from the image borders. Furthermore, theymet at least one of the following loose (to ensure completeness) galaxycriteria (dashed lines in Fig. 1):� Isophotal area: A � 40 dex[�0:38(I � 16)] pixels� Pseudo surface brightness: � = Ipeak=A � 3 ADU/pixels� Neural-network stellarity before PSF modeling: s0 � 0:1� Neural-network stellarity after PSF modeling: s � 0:1We've used 5 sets of truth tables:� Visual DENIS I (see above)� COSMOS bJ� APM bJ� APM rF� A mix of the previous 4The COSMOS and APM lists were obtained through the World Wide Web(telnet://catalogues apm3.ast.cam.ac.uk for the APM andtelnet://cosmos cosmos.aao.gov.au for COSMOS).We've optimized each of the 6 algorithms plotted in Figure 1 for a linearstar/galaxy separator in these plots (slope and normalization, except thatwe forced a zero slope for the two neural network algorithms). The resultsare showed in Figure 2, which plots the completeness-reliability plots for4 of the 5 truth tables. The di�erent points in Figure 2 for a given algo-rithm correspond to di�erent cuts through the algorithm versus magnitudediagram and we only plotted the optimal slope, varying the normalization.Figure 2 shows that the pseudo-surface brightness criterion is slightlysuperior to the peak intensity, which, in turn, is slightly superior to theisophotal area (except for the COSMOS-based truth table, for which isopho-tal area does best). The other three algorithms (FWHM, and neural net-work stellarity before and after PSF modeling), are far inferior to the �rstthree algorithms. For the visually classi�ed DENIS I sample, we achieve92.5% reliability at 98% completeness, and for the global sample we obtain96% reliability at 96% completeness. The poor results of the neural net-works is probably due to the variations of the PSF across the frames, andfor this particular DENIS strip (number 5570), PSF modeling worsened theresults!4.2. COSMOS AND APM VERSUS VISUAL STAR/GALAXY SEPARATIONTable 1 shows the comparison between the visual classi�cation and theclassi�cation obtained from the COSMOS and APM lists.Of the 11 objects termed as junk, 3 were fragments of a bright galaxy,two were deemed optical aws, but according to both APM and COSMOS,one of those was a star.
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PROCHE-IR184 GARY A. MAMON ET AL.TABLE 1. Visual DENIS I versus COSMOS and APM star/galaxy separationVisual DENIS I COSMOS bJ APM bJType Total Galaxy Star Notfound Galaxy Star Faint NotfoundGalaxy 203 193 10 0 193 5 3 2Star 53 6 46 1 9 42 1 1Star+Star 8 4 3 1 4 3 0 1Faint 21 7 11 3 10 10 0 1Junk 11 0 2 9 2 3 3 3Total 296 210 72 14 218 63 7 8If one assumes that APM or COSMOS are complete, than the incom-pleteness of the DENIS galaxy extraction can be estimated from the objectstoo faint for DENIS visual classi�cation but called galaxies by the opticalsurveys. One obtains completeness levels of 95% or 97% at I = 16:5 usingAPM or COSMOS, respectively. Of course, if the visual classi�cation wereimperfect and that objects classi�ed as stars or double stars are in factgalaxies, the completeness of DENIS visual classi�cation would decreaseto levels of 90% or 92% using APM or COSMOS, respectively. Moreover,DENIS may not have detected objects at I = 16:5 that are seen in the op-tical surveys, and this issue will be addressed in a forthcoming publication.4.3. QUICK AND DIRTY AUTOMATIC STAR/GALAXY SEPARATIONSince the pseudo-surface brightness criterion seems to produce the beststar/galaxy separation, we have adopted the following preliminary algo-rithm for each DENIS strip:We adopt a constant critical pseudo surface brightness (independentof magnitude | the optimal slope with respect to the visual DENIS I ,COSMOS B, APM B, and global classi�cations was 0.05), by �tting witha cubic polynomial the histogram of the values of � = Ipeak=A for I � 16:5,in a range chosen to exclude the peak due to the stars. Although k� curvesdown from the stellar locus have negative slope, the higher slope of thegalaxy counts relative to the star counts leads us to believe that a givenreliability will be achieved with a cut of k that decreases with magnitude,i.e., with a lower slope for �crit. This may explain why the optimal slopeis non-negative.For the J and K bands, we rely on the star/galaxy separation performedin the I band. Because the I band has better angular resolution and is more



D.1 Galaxies with DENIS: preliminary star/galaxy separation and first results 235GALAXIES WITH DENIS: 185sensitive than J or K (except at very low galactic latitudes, correspondingto visual extinction AB > 3, see Kraan-Korteweg et al., in these proceed-ings), using I-band star/galaxy separation is superior to doing star/galaxyseparation directly in J or in K.Our star/galaxy separation, relying only on pseudo surface brightnessis simpler than in our previous work (Mamon et al. 1997b), where we re-quired out galaxies to satisfy both neural network stellarity (after PSFmodeling) and isophotal area algorithms, and our former star/galaxy sepa-ration method had the disadvantage of using a �xed critical isophotal arealine, whereas strip to strip variations of the PSF lead to variations of thiscritical line from one strip to another.We have thus analyzed a little over 50 deg2 of DENIS data, restrictingourselves here to I < 17.5. PhotometryWe estimate below the accuracy of DENIS galaxy photometry using objectswithin image overlaps and comparing with APM and COSMOS, and weuse color-magnitude diagnostics as an additional test on the reliability ofstar/galaxy separation.5.1. PHOTOMETRIC ACCURACY FROM OVERLAPSFigure 3 shows the magnitude di�erences on unagged overlap objects ex-tracted from 50 deg2 of high galactic latitude data.Contrary to the analogous �gure in Mamon et al. (1997b), we havehigh certainty on the extragalactic nature of the J-band and K-band over-lap objects (since again, we rely on I-band star/galaxy separation). Forthis reason, the photometric accuracy is worse than given in Mamon et al.(1997b): The rms error on a single measure is 0.05 at I = 15, 0.10 at I = 17,0.10 at J = 13:7, and 0.20 at J = 14:8. There are too few K overlaps toconclude strongly, but indications (based upon only 4 points!) are that therms photometric accuracy for a single measure is roughly 0.20 at K ' 12:2.The J-band photometric accuracy was considerably better in our previousstudy (Mamon et al. 1997b), but unreliable direct (using neural networkstellarity in J lower than 0.2) star/galaxy separation had been used for thephotometric accuracy study of that work, and the inclusion of stars tendsto improve the photometric accuracy.5.2. COMPARISON OF DENIS GALAXY PHOTOMETRY WITH COSMOSFor the 3:6 deg2 region in which we visually classi�ed our extracted objects,we plot in Figure 4 the color-magnitude relation obtained with COSMOS
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Figure 3. Photometric accuracy for galaxies lying within overlaps of 2 images, extractedwithin 50 deg2 of high galactic latitude (20� < jbj60�) DENIS data. Objects closer than20 pixels to the frame edges are excluded). The tilted dashed line represents an I � 17selection, whose e�ects are also seen in the J band.bJ photometry, taken from the World Wide Web. This �gure shows thedi�culties in star/galaxy separation, as a number of points lie far o� theB � I ' 2 � 3 region. Part of this di�culty lies in poor star/galaxy sep-aration from COSMOS. Moreover, there is a trend for bluer galaxy colorsat brighter magnitudes, which we interpret as poor photometry on theCOSMOS side, because of inaccurate compensation for plate saturation.We also attempted the same with APM data from the World Wide Web,but that photometry su�ers from unusually strong systematic errors at thebright end (up to 6 mag di�erence with COSMOS!), as the photometriccalibration has been optimized for stars that saturate at these magnitudes(Maddox, private communication).5.3. COLORS OF DENIS GALAXIESFigure 5 shows the color-magnitude diagram for the galaxies. The bluesttwo points turn out to be galaxies! Visual inspection shows that they arelow surface brightness galaxies that are barely visible in J (and invisible inK). The use of adaptive aperture photometry to de�ne colors makes suchobjects appear very blue. We checked that their central colors are normal.
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Figure 4. Color-magnitude diagram for galaxies extracted within 3:6 deg2 of high galacticlatitude (20� < jbj60�) DENIS data. Diamonds refer to objects classi�ed as stars byCOSMOS, but as galaxies by APM, DENIS visual inspection and all DENIS automaticstar/galaxy separation algorithms. Open circles are objects classi�ed as galaxies with lowcertainty by the DENIS visual classi�cation and that were not stars in COSMOS.Figure 5 shows that at the limit J = 14:8 for �J = 0:20 mag photomet-ric accuracy, the star/galaxy separation performed in I should be roughlyas reliable as at I = 16:5, and could be made even more reliable by cullingout the reddest objects for which I > 16:5.In Figure 6, we plot the color-color diagram for extracted galaxies. Thegalaxy colors cluster around I �J = 1:2� 0:3, J �K = 1:1� 0:5, but thereare indications for fairly bright objects with red J �K ' 2 colors, whichupon visual inspection are con�rmed as galaxies. An important fraction ofthe points o� the central cluster lie near the frame edges where the PSF islarger. The large open circle refers to an object too faint in I for reliablestar/galaxy separation, and indeed, visual inspection shows it to be a starblended with a faint galaxy.6. Galaxy countsFigure 7 illustrates our IJK galaxy counts. The K-band counts becomeincomplete at K ' 11, in comparison to both published counts by Gardneret al. (1996) and to the expected Euclidean 0.6 slope (the completeness isstill roughly 50% at K = 12).
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Figure 5. Color-magnitude diagram for galaxies extracted within 50 deg2 of high galacticlatitude (20� < jbj < 60�) DENIS data. Objects closer than 20 pixels to the frame edgesare excluded. The horizontal line represents I = 16:5 (the and the dashed line representsJ = 14:8 (the limit for 0.20 mag J -band photometry and reliable star/galaxy separation).The I band counts match well the published data, although Lidmanand Peterson (1996) �nd fewer counts at the bright end, while Gardner etal. �nd more counts at the bright end (the two sets of published data di�erby a factor of 3 at I < 15). Note that DENIS, Gardner et al. and Lidman &Peterson all work with the Cousins I band, so no conversion was made fromanother I �lter. Also, our survey has smaller error bars at the bright end asit covers 4 to 5 times the solid angle of the two cited surveys. Our bright-endI-band counts are more consistent with the extrapolation of the faint countswith a Euclidean slope than either two sets of published data (our high valueat I = 16:5 is caused by important stellar contamination in the fainter halfof the bin; also, at I > 18, the published counts become lower than theEuclidean line because of signi�cant k-correction at these magnitudes). Inthis sense, although not as high as Gardner et al.'s counts, the DENIS I-band counts argue for a high bright-end normalization, consistent with littlegalaxy evolution at the bright end , in line with analogous �ndings by Bertinand Dennefeld (1997) using blue counts.The J counts are new (although they were already shown in Mamon
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Figure 6. Color-magnitude diagram for galaxies extracted within 50 deg2 of high galacticlatitude (20� < jbj < 60�) DENIS data. Objects closer than 20 pixels to the frame edgesare excluded. Large and small circles are for objects brighter or fainter than K = 12 (thelimit for fairly accurate K photometry, see x 5.1), respectively. Filled and open circlescorrespond to objects brighter and fainter than I = 16:5 (the rough limit for reliablestar/galaxy separation, see x 4.1), respectively.et al. 1997b). They are highly complete to J = 15, follow very well theEuclidean slope of 0.6, and are well described by the relation N(J) '12� dex[0:6 (J � 14)] deg�2mag�1.7. DiscussionFrom the results of the preceding sections, we can establish limits for thehomogeneous extraction of galaxies from DENIS, as given in Table 2.The limiting factors turn out to be star/galaxy separation in I , pho-tometry and star/galaxy separation in J , and detection in K (assumingthat I-band star/galaxy separation is used to classify objects detected inthe other bands).Using the counts from Figure 7 to extrapolate to the entire survey area(roughly a hemisphere), we infer that our homogeneous catalogs will havesizes of 6000 at K < 11 (0.2 mag photometry), 100 000 to 500 000 at J <13:7 and 14.8 (with 0.2 and 0.1 mag photometry, respectively), and 900 000
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Figure 7. Di�erential galaxy counts over 50 deg2 of high galactic latitude (20� < jbj60�),I < 17 DENIS data. Objects closer than 20 pixels to the frame edges are excluded. Solid ,dashed , and dotted histograms refer to the DENIS I, J , and K counts, respectively. Thesquares represent K-band counts from Gardner et al. (1996), while the open and �lledcircles represent the I-band counts from Lidman and Peterson (1996), and Gardner et al.(1996), respectively. The thin oblique line represents an eye-�t Euclidean count function(0.6 slope).TABLE 2. Estimated DENIS limits from 50 deg2 of reduced dataIc J Kcompleteness (' 80%) 17.25 15.25 11star/galaxy separation (90% reliability, from I) 16.5 14.8 13.5photometry (0.20 mag accuracy) >18? 14.8 12.2?photometry (0.10 mag accuracy) 17.4 13.7 <11?galaxies at I < 16:5 (0.1 mag photometry). The recent installation of an airconditioning system on the K band optics has decreased the instrumentalbackground by 0.7 magnitude, which should bring the extraction limit to



D.1 Galaxies with DENIS: preliminary star/galaxy separation and first results 241GALAXIES WITH DENIS: 191K ' 11:7, and thus increase the size of the homogeneous K sample toroughly 15 000 galaxies.Moreover, there is still room for progress on star/galaxy separation. C.Alard has devised a new algorithm to accurately model the variations ofthe PSF across the frame, which need no longer be an elliptical gaussian(�tting the asymmetric coma of the images), and tests on visually classi�eddata are about to be performed.AcknowledgementsWe thank Emmanuel Bertin for supplying recent updates of his SExtractorsoftware package, Steve Maddox for useful comments on the APM data,Nicolas Epchtein for a careful reading of the manuscript, and Pascal Fouqu�eand the DENIS operations team.ReferencesBaugh C.M. & Efstathiou G. (1993) MNRAS, Vol. no. 265, pp. 145{332Baugh C.M. & Efstathiou G. (1994) MNRAS, Vol. no. 267, pp. 323{332Bertin E. (1996) PhD thesis, University of Paris 6Bertin E. & Arnouts S. (1996) A&AS, Vol. no. 117, pp. 398{404Bertin E. & Dennefeld M. (1997) A&A, Vol. no. 317, pp. 43{53Borsenberger J. (1997) in The Impact of Large-Scale Near-IR Surveys, eds F. Garz�on etal., Kluwer, pp. 181{186Burstein D. & Heiles C. (1982) AJ, Vol. no. 87, pp. 1165{1189Dalton G.B., Maddox S.J., Sutherland W.J. & Efstathiou G. (1997) MNRAS,Vol. no. 289, pp. 263{284Epchtein N. et al. (48 authors) (1997) ESO Messenger , Vol. no. 87, pp. 27{34Escalera E. & MacGillivray H.T. (1995) A&A, Vol. no. 298, pp. 1{21Escalera E. & MacGillivray H.T. (1996) A&AS, Vol. no. 117, pp. 519{555Gardner J.P., Sharples R.M., Carrasco B.E. & Frenk C.S. (1996) MNRAS,Vol. no. 282,pp. L1{L6Heydon-Dumbleton N.H., Collins C.A. & MacGillivray H.T. (1989) MNRAS,Vol. no. 238, pp. 379{406Kolatt T., Dekel A. & Lahav, O. (1995) MNRAS, Vol. no. 275, pp. 797{811Kraan-Korteweg R.C., Woudt P.A., Cayatte V., Fairall A.P., Balkowski C. & HenningP.A. (1995) Nature, Vol. no. 379, pp. 519{521Kron R.G. (1980) ApJS, Vol. no. 43, pp. 305{325Lidman C.E. & Peterson B.A. (1996) MNRAS, Vol. no. 279, pp. 1357{1379Lumsden S.L., Nichol R.C., Collins C.A. & Guzzo L. (1992) MNRAS, Vol. no. 258,pp. 1{22Maddox S.J., Sutherland W.J., Efstathiou G., Loveday J. & Peterson B.A. (1990) MN-RAS, Vol. no. 247, pp. 1P{5PMamon G.A. (1994) Astrophys. & Sp. Sci., Vol. no. 217, pp. 237{242Mamon G.A. (1996) in Dark Matter in Cosmology, Quantum Measurements, Experimen-tal Gravitation, eds. R. Ansari, Y. Giraud-H�eraud & J. Trân Thanh Vân, Fronti�eres,pp. 225-232 (astro-ph/9608076)Mamon G.A., Banchet V., Tricottet M. & Katz D. (1997a) in The Impact of Large-ScaleNear-IR Surveys eds. F. Garz�on et al., Kluwer, pp. 239{248 (astro-ph/9608077)Mamon G.A., Tricottet, M., Bonin, W. & Banchet, V. (1997b) in ExtragalacticAstronomy



242
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culiar velocity surveys

Mamon, 2000, dans XIVth IAP Astrophysics Meeting, Wide-Field Surveys
in Cosmology, p. 323, arXiv:astro-ph/9809376
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Contributed talk at XIVth IAP meeting \Wide-Field Surveys in Cosmology", Paris,May 1998, ed. Y. Mellier & S. Colombi (Paris: Fronti�eres)The Wide-Field DENIS Near-IR Imaging Survey and 6dFRedshift and Peculiar Velocity SurveysGary A. Mamon1;21Institut d'Astrophysique de Paris, 98 bis Boulevard Arago, F{75014 Paris, France2DAEC, Observatoire de Paris, F{92195 Meudon, FranceAbstract. The DENIS survey is currently imaging the entire southern sky in the I,J , and K wavebands. The current star/galaxy separation algorithm is presented andthe galaxy counts are nearly perfectly Euclidean. 95% complete and reliable galaxysamples with better than 0.2 magnitude photometry should include 50 000 (K <12:0), 500 000 (J < 14:8), and 900 000 (I < 16:5) galaxies, respectively, over the fullhemisphere. Two spectroscopic followups of DENIS and 2MASS galaxies are plannedon the 6dF robotic multi-object spectroscopic unit, currently under construction atthe AAO, and which will be mounted on the UKST Schmidt telescope: a redshiftsurvey of roughly 120 000 NIR selected galaxies and a peculiar velocity survey ofroughly 15 000 galaxies (both early-types and inclined spirals) at cz < 10 000 km s�1.1 Importance of Near-IR selected nearby galaxy samplesThe Near-IR (NIR) wavebands are considered to provide galaxy catalogs thatoptimally trace the distribution of matter in the Universe. Indeed, cosmolog-ical studies have all been based upon optical (e.g., [7]) or far-IR (e.g., [12])surveys, and the optical wavebands are severely a�ected by extinction frominterstellar dust, while both optical and far-IR wavebands tend to pick upgalaxies undergoing recent starbursts. For this reason, the European DENISIJK survey of the southern hemisphere [1] and the American 2MASS JHKsurvey of the entire sky [5] have important cosmological implications [9]. Inessence, all the cosmological analyses of the distribution of matter in the localUniverse, performed in the optical or the far-IR, need to be redone in the NIR.2 DENIS galaxy extractionThe current DENIS galaxy pipeline is based upon fairly standard procedures,described elsewhere [10][11]. Star/galaxy separation is performed in the Iband, even for J and K-selected objects, because the I-band is the mostsensitive (except at jbj < 3�) and has the best spatial resolution.Excellent star/galaxy separation is crucial, because, at the fairly brightmagnitude limits of DENIS, stars vastly outnumber galaxies, and also becausethe point spread function (PSF) of the DENIS images varies in space and intime. We have studied various star/galaxy separation algorithms, by com-paring their output to visual classi�cation of 329 galaxy candidates and to323
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the output of the APM [13] and EDGSC [14] galaxy catalogs. This led us toabandon neural networks, which were improperly trained for PSF variationsin space and time. The ratio of peak intensity to isophotal area (hereafterRATIO) turns out to be perhaps the simple star/galaxy separation algorithmthat is the most robust to variations of the PSF [10][11].
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Figure 1: Star/galaxy separation plot for 180 consecutive DENIS I-bandimages at high galactic latitude. The upper locus shows the foreground stars,and shows saturation at I � 11. The lower locus shows the galaxies. Thecurved and straight lines around the star and galaxy locii respectively representour estimates of their mean and 3� envelopes. The horizontal line shows a1st-order star/galaxy separation, which works well for I � 16:5. The familyof nearly horizontal curves represent our 2nd-order star/galaxy separation, asdescribed in the text, with reliabilities of 50%, 84%, 90%, 95% and 99% (seeeq. [1]) from top to bottom. The vertical lines show the magnitude intervalswhere the stellar locus is de�ned (outer two lines) and where the star countsare estimated (left two lines). Note that this star/galaxy separation is notmeant to work beyond where our estimates of the star and galaxy locii cross.Figure 1 above shows our star/galaxy separation on a sequence of 180consecutive DENIS I-band images at high galactic latitude. A constant RATIOthreshold works well for I � 16:5, but poorly at fainter magnitudes. A better324
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star/galaxy separation is obtained by computing critical curves forR = fg(m)N (x; �xg(m); �g(m))fg(m)N (x; �xg(m); �g(m)) + fs(m)N (x; �xs(m); �s(m)) ; (1)where N (x; �; �) is the gaussian of mean � and standard deviation �, f are thenumber counts, x is our star/galaxy separation statistic, and subscripts `g' and`s' refer to galaxies and stars, respectively. We've tested the reliability of ourtwo methods, by comparing with visual classi�cations from DENIS images andwith APM and COSMOS classi�cations, and by checking the very low frequencyof very blue or red colors for our galaxies [10][11] and we have begun to testthe spatial uniformity along the image frames of our extraction.
Figure 2: I (solid), J (dashed) and K (dotted histogram) galaxy counts from50 deg2 of high galactic latitude DENIS images. The solid line is an eye-ball�t of the I counts to a Euclidean (0.6) slope.Comparing our resulting galaxy counts in Figure 2 to the previous pub-lished counts, we infer > 90% completeness limits of I ' 16:5, J ' 14:8,and K ' 12:0. These yield homogeneous samples of 900 000 (I), 500 000 (J),and 50 000 (K) galaxies over the southern sky. The nine-fold increase of ourestimated K sample, relative to our previous estimates (e.g., [10]), is the con-sequence of the much wider smoothing �lter we now use to detect galaxies inthe K band. Our counts show Euclidean slopes and no lack of bright objects,in contrast with the APM [8] and EDGSC [4] counts.325
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3 Spectroscopic followups with 6dFSimulations [9] of the duration time of a NIR-selected full redshift survey showthat a wide �eld telescope is necessary to tile the sky e�ciently. Based uponthese �ndings, we've been able to convince the AAO to robotize its currentlyhighly ine�cient FLAIR-II multi-object spectrograph on the UKST, increasingfrom 92 to 150 its number of �bers. The new instrument, currently under con-struction, is called 6dF for Six Degree Field. The AAO is suggesting dedicating100 nights per year during 2001{2003 to obtain roughly 120 000 redshifts. Ourinput catalog will consist of a combination of magnitude-limited subcatalogsfrom DENIS IJK, 2MASS [5] JHK, and hopefully SUPERCOS [3] B and R.We are also planning a peculiar velocity survey of roughly 15 000 galax-ies. The sample will be NIR ux-limited, and restricted to distances cz <10 000 km s�1 (determined from the redshift survey). We will measure the dis-tances to both early-types and inclined spirals and infer the peculiar velocitiesby subtracting the Hubble expansion velocity from the radial velocity.Our main scienti�c aim is to map the mass density �eld of the local southernUniverse and to infer 
, � and the primordial density uctuation spectrum.For the �rst time, we will provide complete and uniform coverage, multiplyingby 10 the current sample of peculiar velocities in the southern hemisphere.References[1] Epchtein, N. et al. 1997, Messenger 87, 27[2] Gardner, J.P., Sharples, R.M., Carrasco, B. & Frenk, C. 1996, MNRAS 282, L1[3] Hambly, N.C., Miller, L., MacGillivray, H.T., Herd, J.T. & Cormack, W.A.1998, MNRAS 298, 897[4] Heydon-Dumbleton, N.H., Collins, C.A. & MacGillivray, H.T. 1989, MNRAS238, 379[5] Kleinmann, S.G. et al. 1994, Ap&SS 217, 11[6] Lidman, C.E. & Peterson, B.A. 1996, MNRAS 279, 1357[7] Maddox, S.J., Efstathiou, G., Sutherland, W.J. & Loveday, J. 1990, MNRAS242, 43P[8] Maddox, S.J., Sutherland, W.J., Efstathiou, G., Loveday, J. & Peterson, B.A.1990, MNRAS 247, 1P[9] Mamon, G.A. 1996, ed Ansari, R. et al., in Dark matter in cosmology, quantummeasurements, and experimental gravitation, p. 225 (astro-ph/9608076)[10] Mamon, G.A., Borsenberger, J., Tricottet, M. & Banchet, V. 1998, ed Epchtein,N., in The impact of near-infrared sky surveys on galactic and extragalacticastronomy. Kluwer, Dordrecht, p. 177 (astro-ph/9712169)[11] Mamon, G.A., Bertin, E., Borsenberger, J., Epchtein, N., Fouqu�e, P. & Tricot-tet, M. 1998, to be submitted to A&A[12] Saunders, W., Frenk, C., Rowan-Robinson, M., Lawrence, A. & Efstathiou, G.1991, Nature 349, 42[13] telnet://catalogues@apm3.ast.cam.ac.uk[14] telnet://cosmos@cosmos.aao.gov.edu.au326

http://xxx.lpthe.jussieu.fr/abs/astro-ph/9608076
http://xxx.lpthe.jussieu.fr/abs/astro-ph/9712169
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D.3 Near-infrared galaxy surveys in 2D, 3D & 4D

Mamon, 2000, dans Cosmic Flows 1999: Towards an Understanding of Large-
Scale Structure, p. 103, arXiv:astro-ph/9908163
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Contribution to Workshop on Cosmic Flows, held in Victoria, BC, CANADA,July 13{17, 1999, ed. S. Courteau, M. Strauss & J. Willick, ASP seriesNear-Infrared Galaxy Surveys in 2D, 3D & 4DG. A. Mamon1IAP, F-75014 Paris, FRANCEAbstract. The completeness and reliability of the DENIS IJK surveyand the EDSGC (derived from the COSMOS scans of USKT plates) areobtained by detailed cross-identi�cations and systematic visual inspec-tions of conictual classi�cations. The DENIS galaxy extraction turnsout to be over 95% complete and reliable out to I < 16, while the COS-MOS/EDSGC galaxy catalogue is less than 80% complete and reliable atBJ = 17:5, and even less than 10% complete at BJ < 14:5.Spectroscopic followups of DENIS and the similar Near-IR 2MASSsurvey are described: 1) a redshift survey of 120,000 galaxies using the6dF robotic multi-�ber spectrograph, currently under construction at theUKST, and for which a total of 300 nights are guaranteed for 2001-2003, 2)a peculiar velocity survey of 12,000 early-type galaxies with the 6dF, and3) the DENIS-HI peculiar velocity survey of 5000 inclined spirals visiblefrom Nan�cay (� > �38�), which has just begun. The DENIS-HI and6dF peculiar velocity samples will have the strong advantage of coveringentire regions of the southern sky, and combined, will multiply by 10 and4 respectively the projected and space number densities of objects in theSouthern sky. These two surveys should thus provide considerably moreaccurate estimates of the bulk ow, 
0:6matter=bias, 
matter itself, and theprimordial density uctuation spectrum.1. Near-infrared surveys and cosmologyAs is well known, near-infrared (NIR) photons are up to 10 times less a�ectedby dust extinction than their visible counterparts. Hence, cosmological surveysbased upon NIR-selected galaxy samples can probe the Universe almost com-pletely through the Zone of Avoidance in the Galactic Plane, and moreover havea clearer view of galaxies, virtually unobscured by dust (especially important forthe central regions of spirals and for edge-on spirals).The other main advantage of NIR-selected galaxy samples is that they arenot biased towards recent star formation, contrary to optically-selected samples(especially in blue light), and hence the NIR-selected galaxies are more weighedby their mass, or at least their stellar mass.However, the IRAS galaxy samples, heavily weighted towards galaxies withrecent star formation, appear to be better tracers of the mass in the Universe1also DAEC, Observatoire de Paris, F-92195 Meudon, FRANCE103
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than are early-type galaxy samples. The �rst spectroscopic followups of NIRselected galaxy samples show fairly small fractions of galaxies with emissionlines in their spectra: 37% in J < 13:7 samples (Mamon et al. 1999) and 30%in K < 12:2 samples (Huchra, 1999), in comparison with 60% in similar depthB-selected samples. Hence, DENIS and 2MASS will be more weighted towardsearly-type galaxies and may lead to stronger biases relative to the dark matterthan the IRAS samples, but this remains to be seen (especially because, contraryto the IRAS samples, they will have a mix of early- and late-type galaxies).2. DENISThe DENIS (DEep Near Infrared Southern Sky Survey) consortium is under-taking a complete imaging survey of the southern sky (�88� < � < +2�)in the Gunn I (0:8�), Johnson J (1:25�), and Ks (2:15�) bands (Epchtein etal. 1997), and at this writing, 62% of the southern sky has been observed(see http://www.iap.fr/users/gam/DENIS/slots.html). The completion date isplanned for January 2001. The DENIS team has built an IR camera and mountedit on the ESO 1m telescope (which had previously only done optical aperturephotometry). The I , J , and K images are obtained simultaneously through theuse of dichroics with integration times of 9 sec. The pixel sizes are 100 in I and300 in J and K, and the latter two are dithered in 9 sub-exposures of 1 sec eachto yield images with a pseudo-resolution of 100.Star/galaxy separation is performed with classical estimators, and exceptin the Zone of Avoidance (jbj < 2�), the much higher sensitivity and spatialresolution of the I band allow us to base our star/galaxy separation on the Iimages for objects detected in the J or K images.3. Comparison of DENIS and COSMOS/EDSGC galaxy extractionsWe have performed detailed cross-identi�cations of the DENIS extractions withthe COSMOS extractions from BJ photographic plates (obtained over the WorldWide Web), over 8 DENIS strips, corresponding to 50 deg2. These strips wererandomly selected at typically high galactic latitudes (hjbji ' 50�) from the greatmajority of strips that are not agged as poor quality.To compare the quality of the two surveys, we performed two cross-identi�ca-tions: 1) relative to all DENIS objects; and 2) relative to COSMOS objects(BJ < 20:5) in the exact geometry of the 8 DENIS strips. We assumed that allobjects, on which both DENIS and COSMOS agreed were galaxies, were indeedgalaxies. We systematically inspected visually the DENIS I-band images for allcases with I < 16 (our estimated limit for 95% reliable visual classi�cation)where one of the surveys identi�ed a galaxy while the other called it a star ordid not detect it altogether. Objects that both DENIS and COSMOS classify asgalaxies have hB � Ii = 2:3 and 95% have B � I > 1:5. Hence, our estimates ofCOSMOS completeness are limited to B < 17:5.Figure 1 shows the resulting DENIS (left) and COSMOS (right) complete-ness (dashed) and reliability (solid) as a function of magnitude. While DE-NIS achieves better than 95% completeness and reliability over the full range13 < I < 16, COSMOS has worse than 80% completeness and reliability at104
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Figure 1. Completeness (dashed) and reliability (solid histograms)for DENIS (left) and COSMOS (right) galaxy extraction.B = 17:5, and the numbers get even worse at brighter magnitudes: in partic-ular the completeness falls to below 10% at B < 14:5. At bright magnitudes,COSMOS su�ers from the non-linearity of the plate photometry. Its reliabilitysu�ers from the blending of low non-linear peaks of double stars, while its strongincompleteness is caused by systematic over-compensation of the photometricnon-linearity, thus bright galaxies are classi�ed as even brighter stars.4. The 6dF redshift surveyThe strong case for spectroscopic followups of near-IR selected galaxy samples,coupled with the realization that Schmidt telescopes o�er wide enough �eldsto sample most e�ciently the sky for shallow samples of 5{10 galaxies deg�2,has led the AAO to replace its existing manually-con�gured FLAIR II 92-�bersystem on the UKST with a robotized, 150-�ber system, called 6dF (for SixDegree Field). The 6dF instrument, currently under construction uses an r � �positioner, adapted to the curved focal surface of the UKST.The AAO has suggested granting 300 nights of dark/grey time during 2001{2003 to a Scienti�c Advisory Group (6dFSAG, see Acknowledgments, below), toconduct a redshift survey based upon near-IR selected galaxy samples. The6dFSAG is envisioning a complete spectroscopic followup of ' 120,000 DE-NIS/2MASS selected southern galaxies. The primary sample should be a 2MASS-K or DENIS-J selected sample. Moreover, we will add galaxies to form completesubsamples in DENIS I and 2MASS H , as well as SuperCOSMOS B and R.Because �bers cannot be placed closer than 50 to one another, we envision anadaptive tiling scheme, with typically 2 exposures per e�ective �eld to minimizethe losses due to crowding. At a galaxy density of 7 deg�2, our 27 deg2 �eld willhave an average of 189 galaxies. If 10 �bers are reserved for sky, we will have105
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2 � (150� 10) = 280 �bers available for objects per �eld, hence an average of280� 189 = 91 spare �bers, which we intend to use for other classes of objectssuch as quasars and/or IRAS galaxies, as well as allow for cosmic variance of the�eld density.5. The 6dF and DENIS-HI peculiar velocity surveysThe principal motivation of the 6dFSAG is to perform a peculiar velocity sur-vey in the full (jbj > 10�) southern hemisphere. Assuming 3/4 dark or greyUKST telescope time and two 4 hours exposures per night, we expect to mea-sure 1�A resolution spectra for roughly 12,000 ellipticals and lenticulars at cz <15,000 km s�1. To limit the survey duration, only the densest half of the �eldswill be observed. The line-widths will be coupled with surface photometry (us-ing DENIS I or 2MASS K images), to yield distances (with the Dn�� relation)and hence peculiar velocities. We hope to be awarded the time to pursue thepeculiar velocity survey during the period 2003{2005.In the meanwhile, the DENIS-HI consortium has just begun a spectroscopicfollowup of DENIS southern galaxies with the Nan�cay radio-telescope. We es-timate that given one-sixth the Nan�cay time, we can reach the estimated 5000inclined spiral galaxies at �38� < � < +2� with I < 14:5 and cz < 10,000 km s�1in 2000{2004, thanks to the 5-fold increase in sensitivity and velocity coveragethat Nan�cay should obtain in the fall of 1999. So far, a hundred spectra havebeen obtained.6. PerspectivesThe DENIS-HI and 6dF peculiar velocity surveys should increase the coverageof the southern hemisphere from 1500 to 17,000 galaxies, and within cz =6000 km s�1, the space density of objects will be 4 times higher than today.Therefore, the problems related to the sparseness of the current peculiar veloc-ity samples should disappear with these two surveys, leading to more accurateestimates of bulk ow, 
0:6matter=bias, 
matter itself, and especially the primordialdensity uctuation spectrum.Acknowledgments. I thank members of the DENIS team, especially N.Epchtein, P. Fouqu�e, and J. Borsenberger. Thanks also to F. Giraud who par-ticipated in the comparison of DENIS and COSMOS, and E. Bertin for usefuldiscussions on the matter. I also acknowledge my colleagues on the 6dF Sci-ence Advisory Group: M. Colless, J. Huchra, O. Lahav, J. Lucey, Q. Parker, E.Sadler, W. Saunders, and F. Watson and on the DENIS-HI team: G. Theureau,I. Vauglin, G. Paturel, L. Bottinelli, J.-M. Martin, and W. van Driel.ReferencesEpchtein, N. et al. 1997, Messenger, 87, 27Huchra, J. P., 1999, in these proceedingsMamon, G. A., Parker, Q. A., Proust, D. 1999, PASA in prep.106
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E Sélection d’articles et proceedings publiés sur la
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E.1 Dynamical theory of groups and clusters of galaxies 259DYNAMICAL THEORY OFGROUPS AND CLUSTERS OF GALAXIESGary A. MamonDAEC, Observatoire de Paris-Meudon, F 92195 Meudon, FRANCEAbstract. The di�erent dynamical processes (relaxation, dynamical friction, tides andmergers) operating in groups and clusters are reviewed. The small-scale substructure ob-served in clusters is argued to be the remnants of the cores of rich clusters that mergedtogether, rather than large groups falling into the cluster. The ROSAT X-ray observationsof two groups of galaxies are discussed, and, contrary to a previous claim, the baryon frac-tion is high, relative to the constraints from baryonic nucleosynthesis. A general theoryof the fundamental surface of groups is presented, allowing one to determine with reason-able con�dence the precise cosmo-dynamical state of a given group of galaxies. The datafrom groups is then consistent with a universal true M=L of 440h, roughly 4 times largerthan previous estimates, the discrepancy occurring because most groups are still relativelynear cosmological turnaround. This high M=L and the young cosmo-dynamical state ofgroups suggests a density parameter 
 > 0:3. Hickson's compact groups are explained asa mixture of virialized groups, loose groups near full collapse, and chance alignments fromcollapsing loose groups. Finally, the level of projection e�ects contaminating samples ofbinary galaxies within groups is shown to be important.1. IntroductionThanks to gravity, galaxies like to congregate in groups and clusters. As seen in Table 1below, only a minority of galaxies seem to live in isolation. From the general hierarchicalclustering of galaxies in the Universe, one can separate the various systems of galaxies,according to richness (number of galaxies within given magnitude interval and distancefrom the system's center), i.e., groups vs. clusters, compactness (mean surface brightness),i.e., compact vs. loose groups, with an isolation criterion (compact groups and binaries).Note that with Abell's de�nition, one hasNgal = 4, 44, and 106 for the Local Group (MilkyWay, M31, M33 and the LMC), Virgo and Coma clusters, respectively.Despite their relatively rare occurrence in the Universe, there has been plenty of studiesof clusters of galaxies. Indeed, clusters are popular because they are the largest objectswhose cores are in dynamical equilibrium, hence virialized (they obey the virial theorem),as contamination by interlopers is not too signi�cant. In contrast, the outer regions ofclusters are thought to still be feeling the e�ects of their infall onto the virialized cores,and to complicate matters even further, clusters often display substructure, as is well shownin pictures of the hot gas traced by the ROSAT satellite (e.g., White, Briel & Henry 1993).This substructure is a tracer of cosmological parameters such as the density parameter, 
,and the spectrum of primordial density uctuations (see x3).188
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L’UNIVERSTable 1: 2D de�nitions of structuresCriteria Ngal hM=Li fgalClusters m < m3 + 2 30� 300 300h 10%hR < 1:5MpcLoose m < m3 + 2 3� 30 150h 50%Groups hR < 1:5MpcCompact m < m1 + 3 4� 7 50h 0.1%Groups �n > 3�Binaries m < m1 + 3 2 100h 10%�n > 5� (100 kpc)Isolated 1 30%Notes: The criteria are taken from Abell (1958), Hickson(1982), Turner (1976a), for the clusters, compact groupsand binaries, respectively. Here, Ngal is the number ofgalaxies per system, fgal is the fraction of galaxies in theUniverse that belong to the type of system under consid-eration, and h = H0=(100 kms�1Mpc�1).Also, as dense systems near equilibrium, clusters represent an excellent laboratory tostudy dynamical interactions between galaxies, with the caveat that since their potentialwells are deep, the relative encounter velocities are large, hence the interactions are shortand not very damaging to the galaxies. One would then like to understand the segregationin morphologies, with elliptical galaxies predominantly occurring in the dense regions suchas the cluster cores (see Mamon, in these proceedings), and the recent inference of highcentral concentration of dark matter relative to gas in clusters.Loose groups have the advantage of being numerous, and for this reason, are often usedas distance indicators, since if one knows that the distance to one object is known to someaccuracy �D, the distance obtained from N galaxies believed to be all lying in the samegroup ought to be �D=pN . Also, although not as extreme as clusters, loose groups canbe thought to be good tracers of the Universe, and for many years, astronomers have triedto link the group mass-to-light ratios to 
 by simple extrapolation: 
 ' (M=L)=(1500h).And the distribution of their properties is again related to both 
 and the primordialdensity uctuation spectrum, see xx4 and 5.There are three serious problems with loose groups: 1) They su�er from importantcontamination from interlopers. 2) They are rarely virialized at best, so that the truemass-to-light ratio is a function of both the mass-to-light ratio obtained by assuming virialequilibrium and the cosmo-dynamical state of the group (expanding, collapsing, collapsed,virialized ...), see x5. 3) Groups could be biased M=L tracers, if signi�cant amounts ofdark matter bound to the group lurk beyond the galaxies.Compact groups appear so dense in projection that they would be the highest densityisolated systems of galaxies, denser than the cores of rich clusters. Unfortunately they arevery rare (see Table 1), and they may su�er from serious contamination from a surroundingloose group. This last point is a matter of debate (x6). If this contamination is low, then189



E.1 Dynamical theory of groups and clusters of galaxies 261compact groups would indeed be extremely dense, and as such would serve as the idealsites for strong galaxy evolution, by dynamical interaction, and by the star formationwhich this interaction may trigger. They would then also be extreme cosmological tracers,a little bit like the clusters, and thus allow one to determine 
 and the primordial densityuctuation spectrum. If, on the other hand, contamination by surrounding loose groupswere indeed important, one still expects that the resulting chance alignments within loosegroups will be binary-rich (Mamon 1992b), thus making compact groups interesting sitesfor galaxy evolution.One could go on and state that binary galaxies are potential sites of strong galaxyevolution. Moreover, they are used to trace the matter distribution in galactic halos ofdark matter, in particular the extent of these halos. The di�culty here is that again,contamination by chance alignments of galaxies within surrounding loose groups may bevery important (see x7). Finally, one should state that isolated galaxies are very interestingas they serve as reference galaxies to which to compare the galaxies in denser environments.2. Dynamical ProcessesThe reader is encouraged to read the excellent reviews on the details on the di�erentdynamical processes by White (1983) and Richstone (1990), and the classic books bySaslaw (1985) and Binney & Tremaine (1987).The dynamics of groups and clusters are set by their cosmological initial conditions.An homogeneous isolated system will �rst expand with the local Hubble ow. Then itshigh density will force it to decouple from the Hubble ow and it will reach its maximumexpansion turnaround , collapse, and subsequently virialize. This equilibrium does not lastforever, as virialization is followed by dissipation of orbital energy, caused by dynamicalfriction against an intergalactic background, and by tidal friction during collisions andmerging. An inhomogeneous system will evolve in the same way, except that the denserregions will collapse and virialize �rst, and the low-density regions will later collapse ontothe virialized core of the system (secondary infall) and subsequently virialize at a largerradius. Conservation of energy then yields a relation between the epoch of turnaroundand the crossing time in virial equilibrium (Gunn & Gott 1972): Tta = �tcr where thecrossing time is de�ned as tcr = (3=5)3=2RV =VV , where RV and VV are the virial radiusand velocity dispersion, respectively.This can be adapted to the circular orbital time:�circ = 2�RVcirc(R) = � 3�G��(R)�1=2 :As a test particle undergoes scattering collisions within a sea of �eld particles, it willprogressively forget its initial conditions. This two-body relaxation time can be de�ned inat least three ways:�2�rel � � 1v2 dV 2dt ��1 or � 1E dEdt ��1 or �d sin2��dt ��1 ;190
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L’UNIVERSwhere �� is the deection angle in an encounter. Chandrasekhar (1942) has shown thatthis can be written as �2�rel = v3G2m2fnf(v=�v) ln� ;where v is the velocity of the test particle, mf , n, and �v are the mass, number density,and 1D velocity dispersion of the �eld particles, respectively, f is a function of orderunity, and ln�, also of order unity is called the Coulomb logarithm, where � is the ratioof maximum to minimum impact parameter. For a system of galaxies and dark matterparticles, one �nds that the galaxies relax by galaxy-galaxy collisions, but not by collisionswith individual dark matter particles (whose masses are too low). Similarly, the darkmatter particles relax mainly by collisions with individual galaxies.Gurzadyan & Savvidy (1984, 1986) estimated the collective relaxation time, obtainednot by summing up the encounters but by computing the collective response of the system.They obtain �N�rel = Cst vGmfn2=3 :This collective relaxation turns out to be somewhat more e�cient than two-body relaxationin clusters and loose groups but not in dense groups. In general, only the cores of richcluster are relaxed.Lynden-Bell (1967) has shown that particles can rapidly forget their initial conditionsif they evolve in a rapidly time varying potential:�v�rel � �� � �dyn when j@�@t j > jv � r�j ;where �� is the free-fall time, and � is the global potential. This applies for example tocollapsing systems, as is often the case in cosmology, and thus explains why the cores ofelliptical galaxies appear relaxed although their 2-body (and collective) relaxation timesare much longer than the age of the Universe.Chandrasekhar (1943) also considered the e�ects of many scattering encounters onthe forward velocity of a test particle. Because �eld particles are scattered in such a waythat in the frame of the test particle, the �eld particle density is higher behind the testparticle than in front of it. This leads to a drag force known as dynamical friction, whichplays a major role in group and cluster dynamics. The timescale for dynamical frictioncan be written �df � � 1vk dvkdt ��1 = v3G2(m+mf )�f(v=�v) ln� ;where � is the local mass density of �eld particles, f is another function of order unity,and ln� is again the Coulomb logarithm. In principle, one could also compute a collectivefrictional timescale in a manner analogous to the collective relaxation timescale (Gurzadyan1993, private communication). Maoz (1993) has recently computed the orbital energydissipation from dynamical friction in inhomogeneous media, but his methodology doesnot return the actual force, which in general is not opposite to the motion of the testparticle. 191



E.1 Dynamical theory of groups and clusters of galaxies 263Perhaps more physical is the timescale for orbital decay de�ned as�od � � 1R dRdt ��1 = �RdE=dRmv2 � �df = 32 ���� + 13� �df :Unfortunately, this timescale does not always provide correct answers: 1) No orbital decayis predicted in zero density environments, whereas a satellite galaxy sitting just outsideits parent galaxy will see its orbit decay, because of resonances with its parent (Lin &Tremaine 1983); 2) Although orbital decay should be slowed by tidal e�ects that reducethe test particle's mass, the contrary may occur with a satellite galaxy circling its parent,as the tides from the latter remove stars from the former, and these carry o� energyand angular momentum, thus accelerating the orbital decay (Prugniel & Combes 1992).3) If one throws a satellite right through a parent galaxy, the resultant energy loss bydynamical friction requires an unusually high Coulomb logarithm (10 or so) to match theresults from PM simulations (Seguin, in these proceedings). In any event, the timescale fororbital decay in rich clusters is greater than a Hubble time for galaxies with m < 1012M�(see Mamon 1985, xIII), but starts to become important for groups of galaxies falling intothese clusters.Another outgrowth of dynamical friction is orbital circularization, whose timescalecan be de�ned as �oc = � 1Jcirc(E) dJdt ��1 ;which Merritt (1985) �nds to be shorter than the orbital decay time outside of the coreradius of a cluster.Tidal forces act on particles in a system relative to the full system itself. As suchthere are two types of tides acting on galaxies in groups and clusters: those caused byclose encounters with other galaxies and those caused by variations in the gradient of theglobal group/cluster potential. The �rst type of tides (collisional stripping) has a timescale�cs � � 1m dmdt ��1 = h(�m=m)nh�vii�1 = Cstnr2gvg ;where � is the collisional stripping cross-section, and the outer stars are assumed to followelongated orbits (Richstone 1975; Dekel, Lecar & Shaham 1980).Global potential tides depend strongly on the galaxy's orbit around the cluster. If thegalaxy is phase locked in a nearly circular orbit around the cluster, it will feel a roughlyconstant tidal shear, and its tidal radius will be obtained by equating the tidal shear at agiven radius in the galaxy with the gravitational pull that the full galaxy exerts on a starat that radius, plus an inertial term:��GM(r)R2 � = �Gm(r)r2 +
2r ; (1)yielding for r � R ��g(rt) = ��cl(R)"2� 3 �cl(R)��cl(R) + V 2p (R)V 2circ(Rp)# ; (2)192
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L’UNIVERSi.e., the galaxy is tidally truncated at a radius rt where its mean density is of the orderof the mean cluster density within the radius Rp of closest approach of the galaxy (whereVp and Vcirc are the pericentric and circular velocities, respectively). Merritt (1984) hasargued that central cD galaxies could not have spiralled in from outside the cluster cores,for otherwise these global potential tides would have seriously limited their sizes.If the orbits are elongated, the instantaneous tide obtained from equation (1) is shortlived and the galaxy experiences a tidal shock (Ostriker, Spitzer & Chevalier 1972). Usingthe impulse approximation (Spitzer 1958), in which the perturber moves with a constantrelative velocity V, one can show (Mamon 1992a) that again for r � R��g(rt) = Cst ��cl(Rp)f(�) ;where Rp is the pericentric of the galaxy's orbit, and f(�) is a function of order unity ofthe galaxy's orbital eccentricity. This criterion is similar to that for circular orbits, butthe constants are higher, because at given pericenter, a galaxy in a circular orbit must feela more e�ective tide, since it is long-lived (Mamon 1987). Numerical simulations by Allen& Richstone (1988) con�rm this result although other simulations by Merritt & White(1987) suggest that the tide is most e�cient for some intermediate elongation at givenpericenter, when this is within the nearly homogeneous region of the cluster. Note thatthe timescales for global potential tides are basically the orbital timescales divided by thetypical mass-loss per passage through the cluster core.The e�ectiveness of a tide is related to the maximum strength of the tide times theduration of this maximum tide. So, from equation (2) one gets�v � Ftid�t � ��g�t � 2� 3�cl=��cl + V 2p =V 2circVp=Vcirc� 3�1� �cl��cl���1� 3�cl��cl�� VpVcirc � 1� for Vp �> Vcirc :Hence, the results of Merritt & White are understood, since when the cluster region isnearly homogeneous, the e�ective tide increases with increasing pericenter velocity, butnot when the cluster density pro�le decreases sharply as outside the core of the Modi�edHubble model used by Merritt & White.The timescale for merging may be estimated from a merging cross-section, again as�m = n h�vi�1 :Using Roos & Norman's (1979) numerically experimental cross-section, the merger timecan be written (adapted from Mamon 1992a)�m = Cst �nr2gvgK(vcl=vg)��1 ; (3)where n is the number density of galaxies, rg and vg are the galaxy half-mass radius andinternal velocity dispersion, respectively, and where the merging e�ciency K is optimumfor groups (vcl ' vg), while for clusters it falls o� as v3cl. In groups as dense as Hickson's(1982) compact groups appear to be, merging ought to be extremely e�cient, and the193



E.1 Dynamical theory of groups and clusters of galaxies 265relatively low fraction of ellipticals indicates that chance alignments are contaminating theHickson compact group catalog (Mamon 1992a). Despite their high velocity dispersions,rich clusters seem to be able to produce the right amount of mergers to produce ellipti-cal morphologies, and moreover, merging is able to account for the morphology-density(Postman & Geller 1984) and morphology-radius (Whitmore & Gilmore 1991) relations(Mamon 1992a, and in these proceedings).The physical processes described above compete in the evolution of the galaxy sys-tem. For example, merging leads to increased merger cross-sections, hence to a merginginstability (Ostriker & Hausman 1977; see also the simulations of Carnevali, Cavaliere &Santangelo 1981 and the analytical formulation by Cavaliere, Colafrancesco & Menci 1992).However, this instability is slowed down by tidal processes which are usually thought totruncate galaxies of their outlying particles which become unbound (Mamon 1987). Yet, ifthe merging cross-section is related to galaxy half-mass radius (Aarseth & Fall 1980), andsince the tidal processes for galaxies on elongated orbits or from collisions pump energyinto the system, then the half-mass radius of those particles that remain bound to thegalaxy should increase. The question remains whether the new half-mass radius is thengreater or smaller than the old value, but this reviewer is not aware of any numerical studythat has addressed this question yet.In any event, it becomes necessary to run numerical simulations to see how groupsand clusters evolve. The reader is referred to Athanassoula, Friedli, and Scholl (all threein these proceedings) for presentations of the numerical techniques, and to Mamon (1990)for comparison of the results on merging in dense groups from di�erent techniques.The principal results are as follows: The dynamics of clusters is now understood todepend strongly on the primordial density uctuation spectrum (West, Oemler & Dekel1988). Galaxies overmerge in clusters and possibly in dense groups, when simulated withcollisionless particles (e.g., White et al. 1987) and this overmerging seems to be causedby the fact that the particles in the halos of galaxies relax rapidly with the intergalacticparticles within the core of the system (Villumsen 1993). This is not seen in simulationswhere gas is included (Evrard, Summers & Davis 1992; Katz & White 1993), presumablybecause the gas sinks to the bottom of the halo potential wells and deepens these wells,which thus avoid merging with one another. Dense groups of galaxies witness rapid mergingand coalesce into a single elliptical galaxy (Carnevali et al. 1981; Barnes 1985; Mamon 1987;Barnes 1989; Lima Neto, in these proceedings).A detailed comparison of the results on groups (Mamon 1990) showed that the di�erentnumerical studies of groups produced comparable rates of merging. In an interesting study,Garcia & Athanassoula (in these proceedings) have gone one step further by simulatingthe same groups by the various methods (explicit-physics with one particle per galaxyand the physics of interactions [x2] explicitly included, and the self-consistent methods inwhich galaxies are constituted of many particles). They point out a discrepancy betweenthe merging cross-section of Roos & Norman (1979) which seems too high, whereas thatof Aarseth & Fall (1980), curiously derived from the former, seems to give decent results.Whereas simulations by Cavaliere et al. (1982), Barnes (1985) and Mamon (1987)all show that dense groups survive longer if the dark matter is distributed in a commonenvelope, the contrary as been found in recent simulations by Athanassoula & Makino(1993). What causes this discrepancy? If galaxies have individual halos, merging is direct(Mamon 1987), and the merging rate is proportional to the merger cross-section, and hence194
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L’UNIVERSto the square of the galaxy half-mass radius (eq. [3]). Usually, the individual halos of darkmatter are more extended by construction than the luminous matter, and the mergingcross-section is increased by a factor of nearly 100, more than compensating the positivee�ects of dynamical friction on the merging rate when the dark matter is in a commonenvelope (Mamon 1987). But in Athanassoula & Makino's simulated galaxies, the darkmatter halos have the same matter distribution as the luminous matter (simply scaled up),hence the presence of dark matter halos did not increase the merger cross-sections, whilethe runs with a common envelope merged faster thanks to dynamical friction.3. Substructure in ClustersAlthough perhaps 30% of clusters exhibit large-scale substructure (e.g., Jones & For-man 1992), various statistical studies on optical data (Salvador-Sol�e, Sanrom�a & Gonz�alez-Casado 1993; Salvador-Sol�e, Gonz�alez-Casado & Solanes 1993) and recent ROSAT obser-vations (e.g., White, Briel & Henry 1993) show that small-scale substructure is presentin a majority of clusters. Three recent studies (Richstone, Loeb & Turner 1992; Lacey &Cole 1993; Kau�mann & White 1993) have attempted to obtain constraints on the densityparameter 
 from the frequency of substructure in clusters. The idea is that if 
 < 1, thenstructures in the Universe collapse from their initial Hubble expansion at epochs z ' 1=
,while if 
 = 1, structures keep collapsing today (Gott & Rees 1975; Richstone, Loeb &Turner 1992). The �rst two of the three studies conclude to 
0 > 0:5, while as notedin the third (Kau�mann & White), the problem is that the dynamical survival time ofsubstructures is only guessed (Richstone et al.) or treated too simplistically (Lacey &Cole).In fact, one can do better, and consider as two extreme cases the accretion of a groupinto a cluster, and the merging of two similar-mass clusters with the decoupling of theirdense cores. One can then compare the ability of these two extreme scenarios to producesmall-scale substructure of a mass-fraction of say 5 or 10%. Preliminary calculationsindicate that groups are destroyed by tides from the global cluster potential in one passagethrough the cluster core, whereas the stripped cores of clusters are able to survive suchtides for a few orbital periods. The di�erence arises simply because groups have lower meandensity than the detached cores of clusters, and thus are easier to destroy (see Gonz�alez-Casado, Mamon & Salvador-Sol�e 1993). Moreover, while the more massive substructuressurvive tides better at �rst passage through the cluster core, their orbits decay faster bydynamical friction, thus reducing their lifetime �t. One thus expects a small range ofmass fractions, which is consistent with the observations (Gonz�alez-Casado, Mamon &Salvador-Sol�e 1993). 4. X-ray Observations of GroupsVery recently, a di�use hot intergalactic background has been discovered in two groupswith pointed observations of the ROSAT satellite: the loose group NGC 2300 (Mulchaey et195



E.1 Dynamical theory of groups and clusters of galaxies 267al. 1993) and the compact group HCG 62 (Ponman & Bertram 1993). In both groups, thedi�use IGM has a temperature of about 1 keV (to within 15%) although the compact grouphas a dip in its central temperature, probably caused by a cooling ow, since the coolingtime in the center is found to be short. Also, both groups have low metallicity compared toclusters, consistent with nearly primordial gas, rather than enriched by supernova ejecta.The NGC 2300 group is claimed to have a rather high dynamical mass within a radiusof 165h�1 kpc (Mulchaey et al. 1993), and consequently a very low baryonic fraction, 4%,consistent with the constraints from big-bang nucleosynthesis. Note that the NGC 2300group has very uncertain parameters: the X-ray surface brightness pro�le is so poorlyconstrained out to R = 450 that its background-subtracted asymptotic slope is uncertainto at least a factor of three (Henriksen & Mamon 1993). This implies an uncertainty of afactor two in the total mass within a radius of 250, and the resultant gas fractions rangebetween 14% and 24% (Henriksen & Mamon), thus higher than the limits obtained fromnucleosynthesis. Moreover, for low asymptotic slope, the baryonic fraction increases withradius, and conversely for high slopes (Henriksen & Mamon 1993). Hence the need formore extended X-ray observations with, for example o�-center pointings, which are indeedplanned (Burstein 1993, private communication).5. A Uni�ed Scheme for GroupsGroups of galaxies have often been used to argue for low values of the cosmologicaldensity parameter 
, since their mass-to-light ratios are �< 10% of the required value toclose the Universe. However, these mass analyses assume that groups are virialized entities.It has been shown that groups are rarely virialized (Byrd & Valtonen 1985; Giuricin et al.1988). Diaferio et al. (1993) go further and say that the observational properties of thegroups that Ramella, Geller & Huchra (1989) extracted from the CfA slice are compatiblewith a single collapsing group observed from di�erent viewing angles.Simple cosmological theory provides more insight into the evolution of the observableproperties of groups. A homogeneous isolated group should see its size evolve as shownin Figure 1a. It �rst follows the Hubble expansion, then decouples from this expansionand turns around, collapses and subsequently virializes. Applying the virial theorem, onederives a virial mass MV = RV V 2V =G and crossing time tV = RV =VV to within knownconstants of order unity. In an important paper, Giuricin et al. (1988) have shown how tocompute the observable mass and crossing time of a group in terms of its cosmo-dynamicalstate. Figures 1b, 1c, and 1d show the biases in observable velocity dispersion, mass, andcrossing time using their analysis to the idealized evolution depicted in Figure 1a. Thedotted track is for groups made of point mass galaxies, while the solid track is for extendedgalaxies, which reach a terminal velocity at group collapse (because the smoothed potentialis at at the center), and after virialization, dissipate their orbital energy by dynamicalfriction against their common massive halo (merged from their individual halos after groupcollapse). 196
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Figure 1. Time evolution of bias in observed virial radius (a), velocity disper-sion (b), mass (c), and crossing time (d), relative to virial equilibrium (VE),where Tta is the turnaround time. The dotted curves show the evolution forpoint-masses, while the full curves show the e�ects of softened potentials andorbital energy dissipation by dynamical friction (starting at t = 3Tta).In Figure 2a is shown the theoretical evolution of a group in the space (MV =M versustV =t0), which can be understood to be analogous to an evolutionary track in a Hertzprung-Russell diagram for stars. To compare with parameters from observed groups, we must linkthe groups to a same mass scale, and do so by assuming that the true M=L is constantfrom group to group and independent of its cosmo-dynamical state. In Figures 2b, c,and d, we plot the observed group parameters (MV =L vs. H0tcr, for groups of di�erentmultiplicities, and superpose the theoretical evolutionary track, adjusting the y-axis withthe high multiplicity groups of Figure 2b, while the x-axis scaling is imposed by theory.The groups are taken from the Gourgoulhon, Chamaraux & Fouqu�e (1992) catalog ofgroups, the largest available in the literature, but the results below have been checkedwith Tully's (1987) groups.The high-multiplicity groups �t the theoretical tracks very well. A one proceedsto lower multiplicities, the statistical noise in the mass-to-light ratio and crossing timeestimates increases, but so does the probability for chance alignments, which make thegroups appear smaller while conserving on the average their velocity dispersion. Althoughprecise assignments of group cosmo-dynamical states is di�cult because of statistical noise,one can nevertheless get a handle on which groups are unbound (above theoretical track),which are still in their expansion phase (upper-right handle of track), which are nearturnaround (lower-right handles of track), which are collapsing (central handle), whichare near maximum collapse (�rst lower-left handle), and those that are virialized (secondlower-left handle). The theoretical track thus represents a slice through the fundamentalsurface (which is curved) of groups, where the third axis is total group luminosity.197
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Figure 2. Mass, scaled to total mass (a) or total blue luminosity (b, c, andd), versus crossing time (in units of the age of the Universe for 
 = 1, while for
 = 0:2 the points should be displaced to the left by 0.1 decade). The polygons(b, c, and d) represent the loose groups from Gourgoulhon, Chamaraux &Fouqu�e (1992). The thin curves are the theoretical point-mass evolutionarytracks, while the thick curves are the same for softened potentials and allowingfor orbital energy dissipation after virialization. In (b, c, and d), these curves arescaled to mass-to-light ratios assuming that all groups have a trueM=L = 440h.The true M=L is obtained by extrapolating to the early virialized state (before dis-sipation of orbital energy, which occurs at nearly constant velocity dispersion since thecommon halo should have near constant circular velocity). The Gourgoulhon et al. groupsthen have Mtrue=L = 440h, much higher than the median M=L = 130h, for the groupsof N � 4 members (the mass estimate used here is the median of the non-weighted virial,weighted virial, and projected masses). In other words, the mass-to-light ratios of groupsare severely underestimated because most groups are still relatively near their turnaroundphase. This points to 
 ' 0:3 obtained by extrapolating Loveday et al.'s (1992) galaxyluminosity function to (M=L)closure = 1560h. Barnes (1985) showed similar plots as inFigure 2 for simulated groups of 5 galaxies starting from turnaround and also concludedfor mass estimates of observed groups too low by a factor three or more, but attributesthis to mass segregation between galaxies and dark matter at group collapse instead of thebias near turnaround advocated here.In any event, no groups in the loose group catalog has yet completed its collapse, noteven the Virgo cluster included in the catalog, whose outer members are still collapsingonto the virialized core. Although this conclusion is in accord with the single collapsing198
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 = 0:1, then structures would form at z ' 10, and there shouldbe few collapsing groups today (Gott & Rees 1975). The fact that all groups are in ayoung cosmo-dynamical state, thus points to a high 
, perhaps close to unity. Details ofthis analysis will be found in Mamon (1993b).6. Real vs. Accidental Compact GroupsThe nature of the compact groups such as those cataloged by Hickson (1982) hasbeen a matter of much debate. On one hand, the high level of galaxy-galaxy interactionis becoming increasingly evident as the numerous observational studies of compact groupsprogress. To summarize briey, compact group galaxies are often morphologically (Hickson1990; Mendes de Oliveira 1992) or kinematically (Rubin, Hunter & Ford 1991) disturbed.However, various theoretical and statistical arguments point against the 3D high den-sity of the majority of Hickson's compact groups (once the obvious interlopers with discor-dant redshifts are culled out). Indeed, 1) It is hard to understand how bound dense groupsform in su�cient numbers, given their short survival times against depletion from galaxymergers (see Mamon 1987 for a statistical appraisal of the survival of dense groups againstmergers). 2) Simulations of virialized dense groups (Mamon 1987) show rapid evolutionof the bright-end of the luminosity function, in sharp contrast with what is observed forthe ensemble of Hickson groups (Mamon 1986). This argument implies that most compactgroups could not have been dense in 3D for over 1 or 2 Gyr.The alternative to compact groups that are dense in 3D are compact groups causedby chance alignments of loose group galaxies along the line of sight. Simulations of virial-ized loose groups have shown that such 1D chance alignments are roughly 10 times morefrequent than the formation of 3D dense groups by 2-body processes (Mamon 1992b).Moreover, these chance alignments are binary-rich as only one-quarter is composed of 4or more unrelated galaxies (Mamon 1992b). A rule of 3 on the frequency of binaries inchance alignments, shows that the fraction of interacting galaxies in groups is consistentwith the observed high frequency of 63% (Rubin et al. 1991) of compact group galaxieswith abnormal internal kinematics, once one folds in a fraction of 10% of truly dense groupsin Hickson's sample (Mamon 1992b).A recent detailed morphological analysis of compact group galaxies (Mendes de Oliveira1992) shows that 35% of Hickson's compact groups have 3 or more interacting galaxies,whereas the prediction from only chance alignments is 19% to 27% (Mamon 1993a). Thediscrepancy gets worse once the subsample of 16 compact groups with kinematical data isconsidered, as Mendes de Oliveira �nds that 75% of these groups have 3 or more interactinggalaxies, combining her morphological analysis with Rubin et al.'s (1991) kinematical anal-ysis. But if one-third of the accordant-redshift Hickson compact groups are real while theremainder are binary-rich chance alignments, one then obtains 55% of Hickson's compactgroups showing 3 or more interacting galaxies (assuming that dense triplets and quartetsalways show morphological or kinematical interactions). Considering that some of theinteractions seen in the sample of 16 could be caused by accretion of dwarf galaxies rather199



E.1 Dynamical theory of groups and clusters of galaxies 271than interaction between galaxies bright enough to be listed in Hickson's catalog, the dis-crepancy is not strong enough, in this reviewer's opinion, to rule out that the majority ofcompact groups are caused by chance alignments.Where do compact groups lie in the MV =L vs. H0tcr diagram (see Mamon 1993b fordetails)? This is shown in Figure 3, for the accordant redshift compact groups of four ormore members (Hickson et al. 1992), which lie within three regions: 1) The low-velocitydispersion compact groups (lower right) are mostly chance alignments within collapsingloose groups. 2) The intermediate velocity dispersion compact groups are mostly loosegroups near full cosmological collapse. 3) The high velocity dispersion compact groups(upper left) are mostly virialized loose groups. The previously unexplained morphology-velocity dispersion relation in compact groups (Hickson, Kindl & Huchra 1988) is thenattributable to the fact that only the high velocity dispersion compact groups have hadenough time to reach virialization and hence witness rapid merging within them to formellipticals.
Figure 3. Mass-to-light ratio versus crossing time of compact groups (crosses)and theoretical evolutionary tracks (see �g. 2).7. Real vs. Accidental BinariesBinary galaxies have been often used to probe the existence and extent of galaxyhalos (Turner 1976b; White et al. 1983; Schweizer 1987; Charlton & Salpeter 1991), withcontradictory results. Indeed, if binary halos overlap, their global kinematics should bealtered relative to non-overlapping halos, which orbit in the same manner as point masses.Because a substantial fraction (' 40%) of binaries reside within groups, it is importantto assess what fraction of the binaries within groups are caused by chance alignments andwhich fraction are truly bound pairs. Brieu & Mamon (1993) have employed simulationsof virialized groups looking for pairs in projection meeting the binary isolation criteria200
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E SÉLECTION D’ARTICLES ET PROCEEDINGS PUBLIÉS SUR LA DENSITÉ DE
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E.2 The baryonic fraction in groups of galaxies from X-ray measurements

Henriksen & Mamon, 1994, ApJ 421, L63–L66

Les figures de cet article ont été permutées par mégarde par les éditeurs (mais les captions
de figures sont placées correctement) :

Figure 1 −→ 3ème diagramme

Figure 2 −→ 1er diagramme

Figure 3 −→ 2nd diagramme
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E.3 Tangential large scale structure as a standard ruler: curvature parameters
from quasars

Roukema & Mamon, 2000, A&A sous presse, astro-ph/9911413
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A&A manuscript no.(will be inserted by hand later)Your thesaurus codes are:2 (12.03.3; 12.03.4; 11.17.3; 12.04.3; 12.12.1; 05.18.1) ASTRONOMYANDASTROPHYSICSMay 16, 2000Tangential Large Scale Structure as a Standard Ruler:Curvature Parameters from QuasarsB. F. Roukema1 and G. A. Mamon2;31 Inter-University Centre for Astronomy and Astrophysics, Post Bag 4, Ganeshkhind, Pune, 411 007, India (boud@iucaa.ernet.in)2 Institut d'Astrophysique de Paris (CNRS UPR 341), 98bis Bd Arago, F-75014 Paris, France (gam@iap.fr)3 DAEC (CNRS UMR 8631), Observatoire de Paris-Meudon, 5 place Jules Janssen, F-92195 Meudon Cedex, FranceLe 16 mai 2000Abstract. Several observational analyses suggest thatmatter is spatially structured at a scale of LLSS �130h�1 Mpc at low redshifts. This peak in the power spec-trum provides a standard ruler in comoving space whichcan be used to compare the local geometry at high and lowredshifts, thereby constraining the curvature parameters.It is shown here that this power spectrum peak ispresent in the observed quasar distribution at z � 2: quali-tatively, via wedge diagrams which clearly show a void-likestructure, and quantitatively, via one-dimensional Fourieranalysis of the quasars' tangential distribution. The sam-ple studied here contains 812 quasars.The method produces strong constraints (68% con�-dence limits) on the density parameter 
0 and weaker con-straints on the cosmological constant �0, which can be ex-pressed by the relation 
0 = (0:24�0:15)+(0:10�0:08)�0.Independently of �0 (in the range �0 2 [0; 1]), the con-straint is 0:1 < 
0 < 0:45. Constraints if the cosmologicalconstant is zero or if �0 � 1� 
0 are 
0 = 0:24+0:05�0:15 and
0 = 0:30� 0:15 respectively.The power spectrum peak method is independent fromthe supernovae Type Ia method by choice of astrophysicalobject, by redshift range, and by use of a standard rulerinstead of a standard candle. Combination of the two re-sults yields 
0 = (0:30� 0:11) + (0:57� 0:11)(�0 � 0:7);0:55 < �0 < 0:95; (68% con�dence limits) without assum-ing that �0 � 1 � 
0. This strongly supports the possi-bility that the observable universe satis�es a nearly at,perturbed Friedmann-Lemâ�tre-Robertson-Walker model,independently of any cosmic microwave background obser-vations.Key words: cosmology: observations | cosmology: the-ory | distance scale | quasars: general | large-scalestructure of Universe | reference systemsSend o�print requests to: B. F. Roukema

1. IntroductionIt has been known for more than a decade (e.g. de Lap-parent et al. 1986; Geller & Huchra 1989) that the spa-tial distribution of extragalactic objects is structured atlength scales about an order of magnitude greater thanthe r0 � 5h�1 Mpc scale which characterises galaxy clus-tering via the two-point auto-correlation function. Obser-vational analyses from several di�erent data sets suggestthat this is due to a characteristic length scale at LLSS �130h�1 Mpc, or in other words, that there is a maximumin the power spectrum at k = 2�=LLSS � 0:05hMpc�1(e.g. Broadhurst et al. 1990; Broadhurst 1999; Broadhurst& Ja�e 1999; da Costa 1992; da Costa et al. 1993; Baugh &Efstathiou 1993, 1994; Gazta~naga & Baugh 1998; Einastoet al. 1994, 1997a,b; Deng, Deng & Xia 1996 or Guzzo1999 for a recent review).It has already been suggested that this scale could beused as a standard ruler which could be compared at lowand high redshifts in order to constrain the curvature pa-rameters, 
0 (the density parameter) and �0 (the dimen-sionless cosmological constant). In the redshift direction,at least two analyses have been carried out based on thisidea: one analysis of a quasar catalogue and one analysisof Lyman break galaxies.Deng, Xiaoyang & Fang (1994) implicitly used thelarge scale structure scale as a curvature constraint inquasar data, under the assumption that �0 � 0, and foundthat 
0 � 0:4. Broadhurst & Ja�e used the radial (red-shift) distribution of Lyman break galaxies at z � 3 (ta-ble 1, Giavalisco et al. 1998; �g. 2, Adelberger et al. 1998).They found a correlation scale of �z � 0:22� 0:02, andinferred a relation 3:2
0� �0 � 0:7.The purpose of this paper is to (i) emphasise that theprinciple can be applied to a class of bright objects eas-ily found at super-unity redshifts: quasars; (ii) show thatredshift selection e�ects can be minimised by using thetangential distribution instead of the radial distribution;and (iii) show pictorially (i.e. qualitatively) that quasarsdo indeed trace large scale structure at z � 2.
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E SÉLECTION D’ARTICLES ET PROCEEDINGS PUBLIÉS SUR LA DENSITÉ DE

L’UNIVERS2 B. F. Roukema & G. A. Mamon: Curvature Parameters from QSO Tangential LSS(i) Because quasars are much brighter than Lymanbreak galaxies, they o�er a potentially much more rapidmethod of obtaining high precision estimates of the cur-vature parameters than the latter. Both classes of objectshave the advantage relative to supernovae type Ia (Perl-mutter et al. 1999; Riess et al. 1998) of being at super-unity redshifts, so that the dependence on the curvatureparameters is strong.(ii) In order to avoid the well-known selection e�ectsin the redshift distribution of quasars (which could also inprinciple a�ect the redshift distribution of Lyman breakgalaxies), the tangential distance distribution of quasarsis investigated.(iii) However, two-dimensional wedge diagrams arealso plotted to show clear qualitative evidence of the trac-ing of large scale structure by the quasar distribution.Details of the method and selection of homogeneousquasar samples are described in Sect. 2. Results are pre-sented in Sect. 3, and discussion and conclusions are pre-sented in Sect. 4.A perturbed Friedmann-Lemâ�tre-Robertson-Walkercosmological model is assumed here. The context in whichquasars could reasonably be expected to form a tracerpopulation of large scale structure may be any model inwhich quasars form in galaxy centres or in which galax-ies form around quasars. The expected short life times ofquasars should not prevent them from forming a tracerpopulation, though they might form a biased populationwhich could either weaken or strengthen the amplitude ofthe signal.The Hubble constant is parametrised here as h �H0=100 km s�1 Mpc�1: Comoving coordinates are usedthroughout [i.e. `proper distances', eq. (14.2.21),Weinberg(1972), equivalent to `conformal time' if c = 1]. Values ofthe density parameter, 
0, and the dimensionless cosmo-logical constant, �0, are indicated where used.2. Method2.1. Choice of catalogue and sky regionsThere are now around 104 quasars which have publiclyavailable redshifts and celestial positions (V�eron-Cetty &V�eron 1998). What is the optimal way to search for thepower spectrum peak among these data?Figs 1 and 2 show the redshift and sky distributionsof these quasars. Depending on the redshift range of anyquasar sample, a few hundred h�1 Mpc typically corre-spond to �z � 10�1 in redshift to within an order ofmagnitude, and at z � 2, where the peak in the redshiftdistribution lies, to �� � 1�:There is clearly structure in the combined redshift his-togram for the full sky at around this scale. As discussedin detail by Scott (1991), the ratios in wavelength of im-portant emission lines which contribute to the chance ofdetecting a quasar (Ly�, C IV, C III, Mg II) correspond

Fig. 1. Redshift distribution of quasars in the compilationof V�eron-Cetty & V�eron (1998).
Fig. 2. Sky distribution of quasars in the compilation ofV�eron-Cetty & V�eron (1998).to intervals � ln� � 0:2 and clearly contribute to the ob-vious peaks in the distribution.The alternative to searching for structure in the red-shift direction is to search in the tangential direction. Mostof the deep surveys visible in Fig. 2 are based on photo-metric selection from photographic plates of size roughly6� � 6�; in particular from objective prism surveys. Thisis moderately larger than the scale of interest.In order to minimise possible systematic e�ects dueto obscuration by dust and modi�cation of the sky back-
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Fig. 3. Redshift distribution of quasars with redshiftsfrom Iovino et al. (1996).Table 1. De�nition of the two tangentially long, denselyobserved, homogeneous, subsamples of the Iovino et al.(1996) quasar survey listed in the V�eron-Cetty & V�eron(1998) catalogue, near the south galactic pole (SGP). Theright ascension (�rst row) and declination (second row)subsamples are de�ned by J2000 limits (�1 � � � �2,�1 � � � �2). For the purpose of Poisson simulations,these are subdivided in right ascension at (�0; �00) and indeclination at (�0; �00), in order to allow for the possibilityof di�erent magnitude zero points or di�erent magnitudecuto�s in the di�erent plates. The number of objects N ineach subsample is indicated. The total number of physi-cally distinct quasars in the two subsamples is Ntot = 812.�1 �2 �1 �2 �0 �00 �0 �00 N`Right ascension (�) subsample'0h42m 1h59m �42:0 �37:5 1h07m 1h33m 604`Declination (�) subsample'0h42m 1h00m �42:0 �28:0 �37:5 �32:5 373ground by bright stars, surveys near the South or Northgalactic poles would be best.Near the South galactic pole (SGP), several regionshave been observed contiguously, with (at least to the eye)a reasonable homogeneity across the di�erent plates in theregion.More objectively, the largest single homogeneous sub-set of the V�eron-Cetty & V�eron (1998) catalogue in theSGP region is that of Iovino, Clowes & Shaver (1996), who

Fig. 4. Sky distribution of quasars with redshifts fromIovino et al. (1996), which lie in the redshift range 1:8 �z < 2:4. Thick lines show the outlines of the right ascen-sion and declination samples chosen for one-dimensionalFourier analysis. Thin vertical and horizontal lines showdivisions in right ascension and declination in the rightascension and declination subsamples respectively, whichsimulated distributions are Poisson distributed. See Ta-ble 1 for numerical values of these limits.used an `automatic quasar detection' method, i.e. applieda computer algorithm to the digitised images of objectiveprism plates taken on the UK Schmidt Telescope at SidingSpring, Australia.This is the catalogue chosen for analysis here. Theoverall redshift distribution of this catalogue is shown inFig. 3, and the sky distribution of the 1:8 � z < 2:4 com-ponent is shown in Fig. 4.Wedge diagrams of the catalogue, within the limits ofTable 1 (see Sect. 2.2) are shown in Fig. 5. Note thatthe right ascension and declination subsamples are notentirely independent sets of quasars (see Fig. 4), thoughsince only one angular coordinate is used in each analy-sis, they are very close to being e�ectively independent.Although quantitative analysis in these planes would bedi�cult to carry out due to the obvious redshift selec-tion e�ects, it is qualitatively clear that a void-like struc-ture is present, at a scale near LLSS � 130h�1 Mpc for(
0 = 0:3; �0 = 0:7). In order to avoid the redshift selec-tion e�ects (see also Hartwick & Schade 1990; Scott 1991),the analysis here is restricted to Fourier space.2.2. One-dimensional Fourier AnalysisThe study of structure at LLSS is made by one-dimensional Fourier analysis of two subsamples of the
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Fig. 5. Wedge diagrams for the for the right ascen-sion (upper panel) and declination (lower panel) subsam-ples, for (
0 = 0:3; �0 = 0:7). Since curvature is zero,rectlinear coordinates are de�ned: x = dpm cos(�� � �);y = dpm sin(�� � �); where �� � (�1 + �2)=2 + �=2 and�; �1; �2 and dpm are de�ned in Sect. 2.2. Voids consistentwith LLSS = 130� 10h�1 Mpc and not due to selectione�ects are clearly visible.Iovino et al. (1996) sample [i.e. of the subset of the V�eron-Cetty & V�eron catalogue for which redshifts are obtainedfrom Iovino et al. (1996)] which have maximum tangen-tial survey length. That is, one subsample combining threeplates in the right ascension direction and one subsam-ple combining three plates in the declination direction arechosen.The right ascension and declination boundaries arechosen conservatively, i.e. to within at most 2.5 great cir-cle degrees from the plate centres, and are shifted evencloser in where it looks like there may be incompletenessclose to the boundary. Although what appears to be a lackof quasars near a few plate boundaries might in fact bedue to real voids, it is preferable to risk losing some realsignal rather than risk including some noise.

The angular limits chosen are indicated in Table 1.The redshift range used is z1 = 1:8 � z < z2 = 2:4,which includes most of the catalogue, and is small enoughto superimpose only a few `units' of large scale structure,i.e. the signal should not be signi�cantly reduced by thesuperimposition of structures which are out of phase.In each of the two subsamples, the angular positionsin the long direction (right ascension and declination re-spectively) are converted to comoving tangential lengthsd? byd?(z; �) � (� � �1) dpm(z)= (� � �1)8<: RC sinh[d(z)=RC]; �0 < 0d(z); �0 = 0RC sin[d(z)=RC]; �0 > 0: ; (1)where the angular position � = � cos � or � = � and thesurvey limit is �1 = �1 cos �1 or �1 = �1 respectively (inradians), dpm(z) is the proper motion distance,d(z) = cH0 Z 11=(1+z) daap
0=a� �0 + �0a2 ; (2)is the proper distance [eq. (14.2.21), Weinberg (1972)],�0 � 
0 + �0 � 1 (3)is the (dimensionless) curvature of the observational Uni-verse andRC � cH0 1pj�0j (4)is its curvature radius.The maximum tangential length considered isd?(z1; �2), where z1 = 1:8 is the low redshift limit ofthe sample. This is the minimum tangential length cor-responding to �2� �1 over the range in z and the (
0; �0)domain considered in this paper. For negative or zero cur-vature, d? is always an increasing function of z. For pos-itive curvature and 
0 < 1:1; �0 < 1; the d=RC = �=2point (halfway to the antipode) occurs at z >� 8; so the do-main of decreasing d? is not reached here. Thus, d? is astrictly increasing function of z in the domain of interestof this paper and d?(z1) provides the minimumtangentiallength.Note that the choice of this cuto� throws away a smallamount of data (e.g. for which z � z2; � � �2), but en-sures that the one-dimensional number density distribu-tion dN=dd? is a uniform projection of a (large) subsetof the two-dimensional distribution d2N=dd?ddpm. In-clusion of the small amount of lost data would create anonuniform number density projection and would intro-duce non-physical power to the Fourier transform, so isnot attempted here.For values of (
0; �0) in the range 0:0 � 
0 �1:1;�0:1 � �0 � 1:0, the list of positions 0 � d? �d?(z1; �2) is binned into 1024 bins and fast Fourier trans-formed to a function f(�j
0; �0). The results below are
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0; �0) planeare more noisy with fewer bins.Two null hypotheses are considered here for theFourier spectrum for each pair (
0; �0): the possibilitythat large scale structure is undetectable in the two quasarsubsamples, and the possibility that the best estimate ofthe scale of large scale structure is LLSS ��LLSS.2.3. Null Hypothesis H1: No LSS peak is detectableInformally, H1(
0; �0) is the hypothesis that there is nopeak in the tangential distributions of the quasars due tolarge scale structure.More precisely, H1(
0; �0) is the hypothesis that:(i) the pair (
0; �0) is correct;(ii) the value of the Fourier transform f at the large scalestructure frequency �0 � 1=LLSS, i.e. f(�0j
0; �0), isnot signi�cantly higher than that expected from thedistribution of the same statistic evaluated for Poissondistributions in �, for �xed values of �0;
0; �0, for bothsubsamples; and(iii) �max, de�ned as the local maximum in f(�j
0; �0)at the greatest value of � satisfying � < 0:01hMpc�1,is not signi�cantly higher than that expected from thedistribution of the same statistic evaluated for Poissondistributions in �, for �xed values of 
0; �0, for bothsubsamples.The Poisson distributions are pseudo-random sam-plings of uniform distributions in � within each of thethree subdivisions of the sample as de�ned as in Table 1.The number of simulations calculated is 30. A Gaussiansmoothing of standard deviation two bin widths is appliedto the Fourier transform f(�j
0; �0) before searching forthe local maximum.The purpose of criterion (ii) is that if a peak is presentat the scale expected, then this may contribute to rejectingH1 by the presence of a strong peak. However, becausethe overdensity may not be very high, this may not besu�cient in itself to reject H1.An independent and possibly more sensitive test is(iii): is the best estimate of the frequency of a peak signif-icantly di�erent from that for Poisson distributions, in-dependently of any criterion on the absolute height ofthe peak? Likely values of h�maxi for Poisson simulationsare around 0:005hMpc�1, though this depends on thesmoothness or roughness of f for the Poisson simulations.Since 1=LLSS � 0:0077hMpc�1, then, as long as the scat-ter in �max for the simulations is small enough, criterion(iii) may enable rejection of H1 for pairs (
0; �0) whichcorrectly describe the observational Universe, because inthat case (under the principle assumed for this paper), thepeak is expected to occur at a special frequency ratherthan at an arbitrary frequency.

2.4. Null Hypothesis H2: The best estimate of thefrequency of an LSS peak is at 1=LLSSThe more interesting hypothesis is H2(
0; �0), the hy-pothesis that the best estimate of a peak in the tangentialdistributions of the quasars due to large scale structure isat LLSS ��LLSS; independently of whether the peak issigni�cant or not.H2(
0; �0) is quanti�ed as follows:(i) the pair (
0; �0) is correct;(ii) �max (de�ned as for H1) is consistent with �max =1=LLSS where the 1� uncertainty in the external es-timate of LLSS is �LLSS, and ��max, the 1� un-certainty in estimating �max from the present data isobtained robustly by bootstraps (e.g. Barrow, Sonoda& Bhavsar 1984).The estimate �LLSS = 10h�1 Mpc is adopted here.The bootstrap method (e.g. Barrow et al. 1984) for acatalogue of N objects, is for N objects to be randomlydrawn from the same sample, allowing multiple samplingof single objects. The statistical uncertainties in the prop-erties of interest are then estimated by running severalsuch bootstrap simulations, which are considered as inde-pendent experiments. This provides an upper estimate tothe uncertainty. The number of bootstraps used here is30. The bootstrap 1� uncertainty and �LLSS are as-sumed to be independent and to arise from Gaussian dis-tributions, so are combined in quadrature.Although H2 could in principle be consistent with thedata for (
0; �0) pairs which are also consistent with H1;the (
0; �0) pairs for which H1 is rejected and H2 is notrejected are obviously of most interest.3. Results3.1. H1: Can the absence of a peak be rejected?Con�dence levels 1�P�[f(�0)]; 1�P�(�max); 1�P�[f(�0)]and 1 � P�(�max); for rejecting H1 are shown in Figs 6and 7 for the right ascension and declination subsamplesrespectively.These are de�ned by the probability of the observa-tional results given the hypothesis:P (t) � Pgauss(t; t;�t) � Z 1jt�tj =�t 1p2�e�u2=2 du;= 12erfc� 1p2 jt� tj�t � (5)where t is the parameter studied (either f(�0) or �max),and t and �t are the mean value of t and the standarddeviation of t obtained from the Poisson simulations.Since the question of interest is to �nd (
0; �0) pairsfor which there is, ideally, an excess of power at LLSSand a frequency higher than that for Poisson distributions
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Fig. 6. Con�dence levels for the di�erent criteria for try-ing to reject H1, for the right ascension subsample. Theupper panel is for f(�0), the lower panel for �max. Rejec-tion of the null hypothesis H1 at > 0�; > 1�; > 2� and> 3� con�dence levels, i.e. 1 � P > 50%; 1 � P > 84%;1 � P > 98% and 1� P > 99:9%, is shown by contouredregions with light shading, light cross-hatched, mediumcross-hatched and heavy cross-hatched shading, respec-tively. (In a few of this set of �gures, a few contours at< 0� and < �1� are also shown. These are not usefulfor null hypothesis rejection.) Lines indicating �0 = 0 and�0 = 1� 
0 are shown for 
0 � 1 as a guide to the eye.(given the limits for searching for a local maximumde�nedin Sect. 2.3), the probability above is de�ned to be one-sided.The upper panel of Fig 6 shows that if there is a peakat LLSS in the right ascension subsample, then it is notstrong enough to signi�cantly reject the null hypothesisH1(
0; �0) of the non-existence of a peak for any pair
Fig. 7. Con�dence levels for rejecting H1, for the decli-nation subsample. The upper panel is for f(�0), the lowerpanel for �max. Shading is as for Fig. 6.(
0; �0): Note, of course, that non-rejection of H1 doesnot imply that H1 is correct. It just implies (states) thatH1 is not rejected.However, the lower panel of Fig 6 shows that the bestestimate of the frequency of a peak, independently of itssigni�cance, is rejected at the 1 � P > 84% level for alarge (though noisy) band in the (
0; �0) plane, for 
0 �0:4� 0:1:Both the f(�0) amplitude test and the �max test forthe declination subsample (Fig 7) independently con�rm,to � �0:2 precision in 
0 and �0, the region of the (
0; �0)plane which enables 1� rejection of H1(
0; �0). A smallband within the latter, for the �max test, enables rejectionto 2�; i.e. 1� P > 98%.As noted above, the fact that the f(�0) test for theright ascension sample does not reject H1 is not a problem
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Fig. 8. Combined con�dence levels for rejecting H1, usingEq. (6) to combine the results shown in Fig. 6 and Fig. 7.Shading is as for Fig. 6.for alternative hypotheses to H1 (in particular for H2).The failure of one test to reject a model does not implythat it is correct, and in the presence of independent testswhich do reject the model, the overall result should beto reject the model. This is expressed mathematically asfollows.The results for the two tests, for the two subsamples,imply a con�dence level1� P = 1� P�[f(�0)] P�[�max] P�[f(�0)] P�[�max] (6)for rejecting H1: Note that although the f(�0) and �maxtests seem to be independent (e.g. Figs 6, 7), this has notbeen strictly proven, so the combined con�dence levels forrejecting H1 may be slightly overestimated.The �nal contours in con�dence levels for rejectingH1(
0; �0) are shown in Fig. 8.These show that the null hypothesis of the absenceof the large scale structure peak is rejected at at leastthe 1 � P > 84% level for nearly all pairs (
0; �0)with 0 <�
0 <� 0:6 and at the 1 � P > 98% level for0:1 <�
0 <� 0:5. Moreover, for a band running from (
0 �0:15; �0 = �0:1) to (
0 � 0:4; �0 = 1), H1(
0; �0) is re-jected at the 1� P > 99:9% level.In other words, if the matter density of the Universe islow, then the possibility that there is no large scale struc-ture peak at LLSS = 130h�1 Mpc in the quasar sample isrejected, and it is rejected to high signi�cance for the mostfavoured values of the (
0; �0) pair: a low density hyper-bolic model with (
0 � 0:2; �0 = 0), or a low density atmodel with (
0 � 0:3; �0 = 1� 
0).For a at, critical density model, (
0 = 1; �0 = 0), H1is not rejected. Could it be argued that if (
0 = 1; �0 = 0)is correct, then the rejection of H1 for low values of 
0 issimply an artefact due to making a wrong assumption?

Fig. 9. Con�dence intervals for rejecting H2, the hypoth-esis that the large scale structure peak occurs at 1=LLSS,for the right ascension subsample. Shading styles are asfor the previous �gures, except that the con�dence levelsare two-sided, i.e. the four successively darker shadingsare for 1 � P > 0%; 1 � P > 68%; 1 � P > 95% and1� P > 99:7% respectively.A simple, quanti�ed counterargument to this is the fol-lowing. If a peak really is present in the data, even thoughits amplitude may be low, then even for incorrect valuesof (
0; �0) it is likely that non-random frequencies can bedetected. Since the search for the frequency starts just alittle above 1=LLSS, then if a low value of 
0 is correct, thecase of (
0 = 1; �0 = 0) may lead to the detection of a lowfrequency harmonic. This is indeed the case. By substitut-ing the word `lower' for `higher' in (iii) of the de�nition ofH1 (Sect. 2.3), and recalculating the equivalent of Fig. 8,the con�dence level for rejecting H1(
0 = 1; �0 = 0) isfound to be at the 1� P > 98% level.3.2. H2: What pairs (
0; �0) are consistent with thefrequency of the peak being at 1=LLSS?Given that H1 is strongly rejected for interesting pairsof (
0; �0) values, what are the pairs (
0; �0) which areconsistent with LLSS = 130� 10h�1 Mpc?For consistency, this question is formally answered bytrying to reject the null hypothesis H2(
0; �0), accordingto which the frequency of the peak is assumed to be atLLSS = 130�10h�1 Mpc. Two-sided con�dence intervalsare used [a factor of two is inserted in front of the integralin Eq. (5)], since the question of interest is now how closethe best estimate of the frequency is to the hypothesisedfrequency, and both low and high frequencies would rejectthe hypothesis.The region in the (
0; �0) plane for which H2 cannotbe signi�cantly rejected provides an estimate of the values
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Fig. 10. Con�dence intervals for H2, for the declinationsubsample, shading as for Fig. 9.
Fig. 11. Con�dence intervals forH2, combining the infor-mation from the two subsamples. Shading is as for Fig. 9.of 
0 and �0. In the present case, as for most other meth-ods which provide signi�cant constraints on the curvatureparameters, there is a degeneracy between the latter, sothat an estimate can only be provided for the relationbetween them, rather than for both parameters indepen-dently. A linear �t is used to describe this relation.Figs 9 and 10 show the con�dence levels for rejectingH2(
0; �0) for the right ascension and declination sub-samples respectively. Neither subsample is su�cient on itsown to provide a precise estimate of an (
0; �0) relation,although both reject 
0 >� 0:5 to >� 70% signi�cance.However, the fact that they are independent subsam-ples implies that they can be combined via1� P = 1� P�[�max] P�[�max] (7)

to give Fig. 11, which shows that most values of (
0; �0)can be rejected to > 68% con�dence if j
0 � 0:25j >� 0:15.More precisely, a linear relation between the two cur-vature parameters can be �tted to the points in Fig. 11 forwhich the probability P of obtaining the observations ishighest, using the 68% con�dence limits as uncertainties,by linear regression of 
0 as a function of �0.This relation is
0 = (0:24� 0:04) + (0:10� 0:08)�0: (8)The uncertainties here relate to the �tting procedure.Since the 1� (68% con�dence) uncertainties on 
0 for eachvalue of �0 are not mutually independent, the uncertain-ties in Eq. 8 do not represent measurement uncertainties.Since the measurement uncertainty (including �LLSS)is already expressed in the contours in Fig. 11, this isrestored to the zero-point of the relation, giving
0 = (0:24� 0:15) + (0:10� 0:08)�0; (9)where the zero-point uncertainty includes known measure-ment uncertainties and the slope uncertainty relates to the�tting procedure.Note that, as revealed by this relation, the point leastrejected by the data for �0 � 0 is much closer to the large
0 68% con�dence limit than to the low
0 68% con�dencelimit, so the representation by Gaussian uncertainties isnot an optimal approximation. However, if one deduces
0 = 0:24�0:15 for the case �0 � 0 and assumes that thisis a Gaussian 1� uncertainty, then this will be su�cientfor most applications, where one prefers overestimates ofuncertainties to underestimates.Alternatively, the �0 � 0 result can be written as 
0 =0:24+0:05�0:15.For a at universe, i.e. �0 � 1 � 
0; use of the un-certainties in Eq. (9) as Gaussian uncertainties and com-bination in quadrature yields 
0 = 0:30� 0:15, which isconsistent with Fig. 11.A large part of the uncertainty here is due to the boot-straps. For example, if the intrinsic measurement uncer-tainty due to the bootstraps is removed, and only the un-certainty �LLSS = 10h�1 Mpc is used for the equivalentof Fig. 11, then the regions not rejected by the con�dencelevel contours shrink considerably, and �0 < 0:4 is rejectedat the 1� P > 95% level.However, although bootstrap estimates of uncertain-ties provide an upper estimate to uncertainties, i.e. thetrue uncertainties may be smaller, it is prudent to retainthe bootstrap estimate.3.3. Amplitude of large scale structure peakSince the main aim of the present study is to use the LLSSscale as a ruler for measuring the curvature parameters, astatistically robust estimate of the amplitude of the powerspectrum peak used as a standard ruler is beyond thescope of this paper.



E.3 Tangential large scale structure as a standard ruler: curvature parameters from quasars291B. F. Roukema & G. A. Mamon: Curvature Parameters from QSO Tangential LSS 9Indeed, as can be seen in Fig. 6 (upper plot), the am-plitude of the peak in the right ascension sub-sample isinsu�cient (on its own) to signi�cantly rule out the hy-pothesis of no peak at all, with respect to the Poissonsimulations. Of course, the search for a local maximumdoes �nd that this is closer to �0 than expected randomly,for a certain band in the (
0; �0) plane.However, as a guide to what might be expected infuture less sparse surveys, the amplitude in the declina-tion subsample, which has a stronger signal than that ofthe right ascension subsample, may be useful to quantify,though caution is recommended in the interpretation ofthis estimate.For the pair (
0 = 0:3; �0 = 0:7) (see Sect. 4), a crudeestimate of the amplitude expressed as a signal-to-noiseratio,A � f(�0jobsvn)� hf(�0jPoisson)ihf(�0jPoisson)i ��[f(�0jPoisson)]hf(�0jPoisson)i (10)is A � 1:7� 0:5.This value is lower than the corresponding value inBroadhurst et al.'s (1990) one-dimensional survey, forwhich A � 7 at the LLSS scale (from �g. 2b of that pa-per), but is similar in order of magnitude to the densitycontrast values of ��=� >� 2:5 found in the Las CampanasRedshift Survey (Tucker, Lin & Shectman 1998).This is not surprising. Even for (
0 = 0:3; �0 = 0:7),a somewhat lower amplitude of density contrast can beexpected at z � 2 relative to z � 0, though this could becompensated for (or under- or over-compensated for) bypositive biasing of the quasar distribution relative to thatof galaxies, if quasars turn on at the densest points wheregalaxies are most likely to interact and/or merge.A full analysis of the amplitude of the signal in analy-ses following the present one should potentially provide auseful constraint on models of quasar onset and lifetimes.3.4. Selection E�ectsThe results above are strikingly consistent with the mostrecent expectations from independent observations re-garding large scale structure and the curvature param-eters: the power spectrum peak is present at LLSS =130 � 10h�1 Mpc for the popular curvature pair (
0 =0:3� 0:15; �0 = 1�
0):Could this just be a coincidence due to selection ef-fects? In the redshift direction, selection e�ects have longled to surprising results, though not to expected results,from quasar catalogues (see Scott 1991 and referencestherein).The angular scale corresponding to z � 2 and (
0 �0:3; �0 = 1�
0) is � 2�: This is half an order of magnitudesmaller than the size of a UK Schmidt plate (� 6�). Thisis su�ciently small that the large scale structure scale isclearly smaller than the size of the plates, but not so muchsmaller that more subtle e�ects related to the plate size

can be trivially excluded from contributing to the resultfound above.Possible angular selection e�ects, instrumental and/orastrophysical, in objective prism quasar surveys include(i) e�ects due to human subjectivity of selecting `quasar-like' objects from the photographic plates(ii) not �nding quasars in regions where the sky back-ground is noisy or there is no signal at all due to stepwedges, large, bright galaxies or to bright stars andtheir ghosts (due to reection from the secondary mir-ror support structure)(iii) not �nding quasars close to other quasars/stars dueto overlapping spectra(iv) di�erential apparent magnitude limits due to the vi-gnetting function of the telescope plus instrument ge-ometry(v) di�erences in apparent magnitude limits betweenplates(vi) di�erential apparent magnitude limits due to inter-vening dust(vii) mistaking quasars for stars in low projected numberdensity open (star) clusters which happen to lie in thesurvey region, thereby missing quasars in those regions(viii) mistaking stars for quasars, which possibly explainsthe excess numbers of objects at some speci�c redshiftsin Fig. 5.Problem (i) is avoided by application of a computeralgorithm to digital scans of the Schmidt plates. The va-lidity of the precise quanti�cation and relative weightingof the various `quasar-like' criteria chosen by Iovino et al.(1996) to detect quasars could be debated, but since theyare calculated automatically over the entire scanned re-gions, this aspect of human subjectivity is applied in aconsistent, objective fashion across the plates.Problems (ii), (iii) to some extent (quasar-star over-laps), (vi), (vii) and (viii) are likely to be minimised bythe choice of a very high galactic latitude region, i.e. theSGP.Problem (v) is corrected for in the control simulationsby Poisson distributing points independently within theboundaries of individual plates in each of the two sub-samples (see Sect. 2.2).The largest obvious contaminants listed in item (ii)which ocur in the �elds studied here are a moderatelybright star near � � 1h; � � �30� (�eld 411, see ta-ble 1 of Iovino et al. 1996) and a bright galaxy near� � 0h50m; � � 39� (�eld 295), which occupy less thanabout 0.1 sq. deg. and 0.2 sq. deg. respectively. Neithercorresponds to what visually appears to be a void in Fig. 4.Counting the right ascension and declination anal-yses separately, the fraction of the solid angle bi-ased by these two objects is <� [(0:2) + (0:2 +0:1)] sq. deg.=116:4 sq. deg. = 0:4% of the total solid an-gle included in the borders (as de�ned in Table 1). This
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L’UNIVERS10 B. F. Roukema & G. A. Mamon: Curvature Parameters from QSO Tangential LSSTable 2. Angular separation of plate centres (table 1,Iovino et al. 1996) from the four borders [�(1),(2), �(1),(2)in table, from the borders in strictly increasing numerical� or � values] and maximum centre-corner angle (3) ofthe �elds for the right ascension (�) and declination (�)subsamples, de�ned here in Table 1, in great circle degrees.Field numbers (#) are ESO/SERC �eld numbers.� �# : 295 296 297 295 351 411�(1) 2:37 2:55 2:53 2:37 1:73 1:40�(2) 2:43 2:45 2:47 1:09 1:97 2:51�(1) 2:27 2:26 2:25 2:27 2:77 2:77�(2) 2:23 2:24 2:25 2:23 2:23 1:73(3) 3:33 3:41 3:38 3:29 3:40 3:74is unlikely to be su�cient to mimic a large scale structuresignal at � 2� in the full data set.Problem (iii) for quasar-quasar overlap could in prin-ciple cause a weakening of the real signal and not a falsesignal, although the low number density of the quasarsimplies this e�ect should probably be small. This is be-cause overlaps are expected to occur at around 7000 in thedispersion direction and 300 in the orthogonal direction. Ifclose quasar pairs are missed due to this e�ect, then theangular distribution measured will be smoother than theintrinsic angular distribution, i.e. �lamentary type struc-ture would be less easy to detect than it should be.Quasar-star overlap, and problems (vi), (vii) and (viii)should be uncorrelated with the intrinsic quasar distri-bution and are more likely to weaken any genuine signalrather than mimic an expected signal.3.4.1. Di�erential magnitude limits?Problem (iv) could, in principle, provide the largest sys-tematic error. Fig. 3 of Dawe (1984) shows that from � 2�to � 4� from the centre of the UK Schmidt Telescope �eld,the apparent magnitude limit can become less faint from� 0:02 mag to� 0:2 mag respectively. That is, less quasarswould be detectable by a �xed search algorithm towardsthe edges and corners of the plate than in the middle.Table 2 lists the angular distances, in great circle de-grees, from the boundaries and the corners of the plateimages, assuming that the plate centres listed in table 1of Iovino et al. (1996) are the correct (B1950) centres ofthe actual �elds observed by those authors.The borders of the �elds, as analysed here (Table 1),are mostly about 2� 2:5� from the centres, so the magni-tude limits should vary much less than 0.1 mag over mostof the plates. The furthest corners from the centres aremostly at about 3:3� 3:4� from the centres, so the mag-nitude limit should be about 0.06 mag brighter at thesecorners.

Are di�erences in the (solid angular) quasar numberdensities due to these magnitude limit variations visiblein Fig. 4? Possible voids in three of the �42� corners of�elds in this �gure, and in the (� = 0h42m; � = �37:5�)corner of �eld #351 (the middle declination �eld) couldconceivably be related to the variation in magnitude limit.However, since the majority of Iovino et al.'s quasars(see �g. 2 of Iovino et al. 1996) are roughly uniformlydistributed over an interval of about one magnitude inapparent magnitude, a change in the magnitude limit of0.06 mag could at most change the quasar number densityby � 6%.Moreover, a small fraction of the quasars in the Iovinoet al. sample have z > 2:4 and are not studied here. Theseare likely to have the faintest apparent magnitudes, so� 6% is an upper estimate to the expected reduction innumber density at the furthest corners.The apparent voids visible to the eye are presumablyseen as voids because the number density is at least anorder of magnitude lower than average. This is not expli-cable by a magnitude limit varying by 0.06 mag.In addition, in at least some of the �elds, the num-ber density of quasars appears to be lower in `voids' nearthe centres of the plates, where the exposure ought to bedeepest.Figure 4 suggests that the � � �30� �eld mightappear to have a circularly symmetric central concen-tration of quasars, apart from a cluster/�lament near(� � 0h42m; � � �31�). This is partly because the rightascension centres of the declination �elds are o�set fromone another, which is why narrow limits in right ascen-sion were chosen. This could a�ect an analysis using theboundaries adopted here if that analysis were carried outin right ascension in the `declination' subsample. But thatis not the case here: only the distribution in declination ofthe declination sample was studied, so the right ascensiono�sets cannot a�ect the results.Another reason why problem (iv) is unlikely to be sig-ni�cant in the present study is that, as Dawe (1984) pointsout, departures from circular symmetry of the magnitudelimit are below the measurement limits (0.01 mag) of hisempirical estimates, and are not expected theoretically.The variations in quasar density around the �eld cen-tres appear about as strong as the variations leading tovoids towards �eld edges or corners. For example, the voidcentred around (� = 0h50m; � = �37�) in �eld #351 (themiddle declination �eld) is adjacent to a quite dense regionaround (� = 0h55m; � = �37�), which is about equidis-tant from the �eld centre. This strong variation cannot becaused by the circularly symmetric vignetting of the UKSchmidt Telescope.Finally, shifting several of the borders de�ned in Ta-ble 1 by 0.5� typically modi�es the slope and zeropoint ofthe (
0; �0) relation of Eq. (9) by only about �0:01. Sincemagnitude limits should, statistically, have some e�ect atthe corners, even if small, this shows that uncertainty due
B. F. Roukema & G. A. Mamon: Curvature Parameters from QSO Tangential LSS 11to di�erential magnitude limits appears to be negligiblerelative to the basic result.3.4.2. Selection e�ects: summaryThe possible selection e�ects discussed above do not seemsu�cient to provide a non-cosmological explanation forthe present results. It remains that there could be unusualsystematic e�ects not reported by Iovino et al. (1996),e.g. dust on patches of the photographic emulsion, brightsupernovae, very bright comet or satellite trails. However,the overall similarity in the results for the right ascensionand declination samples makes it unlikely that these couldexplain the principal results.3.5. Could the signal be con�ned to just a small part ofthe data set?Although Fig. 5 provides qualitative evidence that the sig-nal comes from structures spread through the full dataset, it could be possible that this subjective judgment iswrong. Could it be the case that a single structure pro-vides most of the signal, and that very little signal comesfrom the rest of the full data set?One possible approach to investigating this is by sub-dividing the full data set into smaller `independent' sub-sets. Given the sparsity of the data set, subdivision intosmaller subsets is likely to increase the noise. The LLSSscale has a primarily statistical meaning, and random vari-ation in the estimate of the value of LLSS (something likethe standard error in the mean) is likely to be greater inthe smaller samples than in the larger samples.However, in order to provide an illustrative answer tothe question, a subdivision of the two subsamples (rightascension and declination) was carried out, into the fourredshift intervals 1:8 � z < 1:95; 1:95 � z < 2:10;2:10 � z < 2:25 and 2:25 � z < 2:40: These provideradial intervals which are close to the LLSS scale, at leastfor (
0 = 0:3; �0 = 0:7). Analyses across the full angularscale were carried out for H1 and H2 as before, but divid-ing the data into eight independent subsamples instead ofjust two.The result is that the hypothesis H1(
0; �0) is rejectedmore strongly than before, so that the equivalent of Fig. 8is rejection 1�P > 98% everywhere in the domain of the(
0; �0) plane studied in this paper, and 1 � P > 99:9%over most of this.This shows that the presence of signals of some sortis stronger in the smaller subsamples than in the largerones.However, the length scales at which the signals occurin individual subsamples are noisier in the smaller sub-samples, so that if no allowances are made for this, thenthe �nal result for H2, the hypothesis that there is a signalat the expected scale LLSS in every subsample, is that it

Fig. 12. Con�dence intervals forH2 (cf Fig. 11), for split-ting up both of the two subsamples into four redshift sub-samples each, and increasing the uncertainty in the powerspectrum peak length scale to �LLSS = 20h�1 Mpc(Sect. 3.5). Shading is as for Fig. 9, i.e. the small patchsuggesting a hyperbolic universe model is a 1� P > 95%(`> 2�') con�dence interval region, and the rest is for1� P > 99:7%.
Fig. 13. Con�dence intervals for H2 (cf Fig. 10), for thefour redshift subsamples of the declination subsample, re-taining �LLSS = 10h�1 Mpc (Sect. 3.5). Shading is as forFig. 9, i.e. the lightest shaded region is for the 1�P > 68%con�dence interval.is also rejected, to 1�P > 99:7%, for the full range of the(
0; �0) plane covered.In order to �nd consistent solutions, either the uncer-tainty �LLSS needs to be increased, in order to allow for



E.3 Tangential large scale structure as a standard ruler: curvature parameters from quasars29312 B. F. Roukema & G. A. Mamon: Curvature Parameters from QSO Tangential LSSthe increased uncertainty per subsample, or some of thesubsamples have to be (a posteriori) dropped.Since the number of objects per subsample decreasesby roughly a factor of four, a doubling of �LLSS to�LLSS = 20h�1 Mpc should be su�cient to allow forconsistency with the analysis for the full redshift range.This results in a small region which provides a 1�P > 95%solution in a small patch close to the (
0 = 0:3; �0 =0:7) point, but suggesting a hyperbolic universe model(Fig. 12).Alternatively, retaining �LLSS = 10h�1 Mpc andjust considering the four redshift intervals of the decli-nation subsample leads to Fig. 13. This shows a band inthe (
0; �0) plane within the 1�P > 68% contour, whichis clearly consistent with (though narrower than) the cor-responding contour for the declination sample consideredas a single sample (Fig. 10).It is therefore clear that the signal is present in mostredshift interval subsets of the full data set, but that be-cause of the increased noise, in order to combine thosesignals into a consistent solution, a more sophisticatedtechnique than that presented here would be necessary.4. Discussion and conclusionsIt has been shown in this paper that the use of the powerspectrum peak corresponding to large scale structure as astandard ruler in the tangential distribution of a homoge-neous quasar survey at z � 2 provides a new and indepen-dent method of constraining the curvature parameters.More precisely, what appears to be the optimal choiceof homogeneous tangential quasar surveys publicly avail-able was chosen and analysed. The quasar data analysedwere the right ascension and declination subsamples (Ta-ble 1) of the Iovino et al. (1996) survey as provided in theV�eron-Cetty & V�eron (1998) quasar catalogue.The null hypothesis H1(
0; �0) according to which nopeak can be detected at LLSS = 130h�1 Mpc in the one-dimensional Fourier transform of the tangential propermotion distance distributions, and according to which thebest estimate of the frequency of any such peak is ran-dom, is rejected to high signi�cance for most `interesting'pairs of (
0; �0) in the range (0:0 � 
0 � 1:1;�0:1 ��0 � 1:0): The highest rejection (at a con�dence level1�P > 99:9%) is for a band in the (
0; �0) plane runningfrom � (0:15;�0:1) to � (0:4; 1:0):Inversion of the frequency condition (iii) ofH1(
0; �0),by replacing `higher' by `lower', and recalculating con�-dence levels results in a rejection of H1(
0 = 1; �0 = 0)at 1� P > 98%:Since H1 is rejected, this implies that a power spec-trum peak is present in the data.Can the power spectrum peak be seen as a `periodic-ity' in the data? Fig. 14 allows the reader to judge thissubjectively for the pair (
0 = 0:3; �0 = 0:7):
Fig. 14. Tangential length distribution for (
0 =0:3; �0 = 0:7), for the right ascension (upper panel)and declination (lower panel) subsamples (in bins of12.8h�1 Mpc). The null hypotheses test relate to a powerspectrum peak at LLSS = 130� 10h�1 Mpc. Di�erencesin number density between the plate boundaries are notcorrected for, these are corrected for in the simulations.Consistently with the points at (
0 = 0:3; �0 = 0:7) inthe upper panels of Figs 6 and 7, a periodicity of signi�cantamplitude should be hard to detect in the right ascensionsample, but discernable in the declination sample. This isthe case in Fig. 14.Moreover, although the redshift direction is potentiallyplagued by selection e�ects, the wedge diagrams in Fig. 5
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L’UNIVERSB. F. Roukema & G. A. Mamon: Curvature Parameters from QSO Tangential LSS 13show clearly that large scale structure can be seen in thez � � plane, where � = � cos � or � = � as above. Voidsat a scale of around LLSS � 130h�1 Mpc and di�cult toexplain by selection e�ects are visible in this �gure.A best estimate for the values of (
0; �0) consis-tent with the occurrence of a large scale structure peakin the tangential quasar distribution is found by try-ing to reject the null hypothesis H2(
0; �0) according towhich the best estimate of the frequency of a peak below1=d? = 0:01hMpc�1 in the Fourier transforms occursat 1=(LLSS ��LLSS). Bootstraps from the observationaldata set are used to robustly provide an upper estimateto the observational uncertainty.Based on a linear �t to the resulting estimates in the(
0; �0) plane, the relation 
0 = (0:24� 0:15) + (0:10 �0:08)�0 is considered to best summarise the constraintson the two curvature parameters. For zero cosmologicalconstant or at models, the curvature parameter estimatesare (
0 = 0:24+0:05�0:15; �0 � 0) and (
0 = 0:30� 0:15; �0 �1� 
0) respectively.These estimates of the density parameter are in re-markable agreement with analogous estimates obtainedfrom the kinematics of galaxy clusters (e.g. Carlberg,Yee & Ellingson 1997), collapsing galaxy groups (Mamon1993), as well as from the baryonic fraction in clusters(White et al. 1993; Mohr, Mathiesen & Evrard 1999) andgroups (Henriksen & Mamon 1994).The estimate of the cosmological constant under theassumption of a at model is also remarkably closeto those which now tend towards a at, cosmologicalconstant dominated universe from faint galaxy numbercounts, the galaxy depletion curve behind clusters, the su-pernovae type Ia method (Fukugita et al. 1990; Fort et al.1997; Chiba & Yoshii 1997; Perlmutter et al. 1999; Riess etal. 1998) and cosmic microwave background methods. Re-sults from the latter are being updated rapidly at the mo-ment, and are dependent on numerous assumptions whichdo not enter either the present method or the supernovaetype Ia method, so are not discussed here.The present method is very independent of the super-novae type Ia method: in choice of astrophysical object,in the redshift range and in the di�erence between usingstandard candles versus standard rulers. What is the re-sult of combining the two?The combination of the present result with the relation0:8
0+0:6�0 = �0:2�0:1 from Perlmutter et al. (1999),where the error is modelled as Gaussian, results in Fig. 15.Although the two relations are not quite orthogonal,they have di�erent enough slopes that the uncertainty inboth is considerably reduced, such that a nearly at modelis impliedwithout using any cosmic microwave backgroundinformation.A linear �t to the 68% con�dence contour in Fig. 15,for 
0 as a function of (�0 � 0:7), results in:
0 = (0:30� 0:02) + (0:57� 0:11)(�0 � 0:7);

Fig. 15. Con�dence intervals from combiningFig. 11 withthe relation 0:8
0 � 0:6�0 = �0:2� 0:1 from Perlmutteret al. (1999). Shading is as for Fig. 9.0:55 < �0 < 0:95; (11)where as before, the uncertainties from linear regressionrelate to the �tting procedure and underestimate the trueuncertainties shown in the �gure.In this case, the maximumuncertainty in 
0 for a givenvalue of �0 in the range above is �(
0) = 0:11: Restoringthis to the relation as before yields:
0 = (0:30� 0:11) + (0:57� 0:11)(�0 � 0:7);0:55 < �0 < 0:95: (12)This combined result strongly supports the possibil-ity that the observable universe satisi�es a nearly at,perturbed Friedmann-Lemâ�tre-Robertson-Walker model,where `nearly' is quanti�ed as �0:1 in the two dimen-sionless curvature parameters. It does not require priorassumptions on the cosmological constant, nor does it usecosmic microwave background (CMB) data.An independent con�rmation that no systematic errorsare present in the data studied here (or else an indepen-dent estimate of the systematic errors) would obviouslybe very desirable.If further observations con�rm that large scale struc-ture can be used as a standard ruler, then surveys suchas the 2dF (2 degree �eld) and SDSS (Sloan Digitial SkySurvey) quasar surveys should provide con�rmation of thepresent results within the next few years.The former risks systematic error from the fact thatthe angular scale corresponding to LLSS = 130 �10h�1 Mpc at z � 2 is 2�: this is the �eld size of the 2dFsurvey. Careful correction for this, use of lower redshiftquasars, and a much higher signal-to-noise ratio wouldhelp in obtaining convincing results from the former. How-



E.3 Tangential large scale structure as a standard ruler: curvature parameters from quasars29514 B. F. Roukema & G. A. Mamon: Curvature Parameters from QSO Tangential LSSever, since the SDSS is digital, it should presumably avoidthis problem.The present method would be ideally suited to a deepright ascension survey (i.e. for a narrow band in declina-tion but a long, e.g. 60�, band in right ascension), whichavoids any risk of dependence of any angular scale near afew degrees but includes a fair sample of quasars at z � 2,sampling a few hundred quasars per great circle degree.A blind, deep, slit spectroscopic, right ascension survey,`blind' in the sense of taking spectra of all objects in a verynarrow declination interval, would provide possibly one ofthe fastest ways of obtaining constraints in the (
0; �0)plane which should su�er little from possible selection ef-fects. This o�ers a valuable cosmological project for theplanned liquid mercury LZT (Large Zenith Telescope).Another survey to which the present method couldbe usefully applied will be the combined VIRMOS (Vi-sual and Infrared MultiObject Spectroscopy, on the VLT)and XMM (X-ray Multiple Mission, X-ray satellite) sur-vey, which should trace out the �laments and/or walls ofseveral units of large scale structure at super-unity red-shifts via several di�erent astrophysical tracers: galaxies,quasars and hot gas.Over the next few years, if the precision in the presentapplication of this method were increased by an order ofmagnitude in the new quasar surveys, then, together withmore con�dence in understanding systematic errors in thesupernovae type Ia method and reduction in random er-rors by more detections at high redshifts, that would implyestimates on 
0 and on �0 to a precision of �0:01 | againwithout use of CMB data.Interest may then shift to the other geometrical pa-rameters: those required to determine the size of the Uni-verse. As pointed out by Schwarzschild (1900, 1998), boththe curvature and the topology of space need to be knownin order to know the size of the Universe. For backgroundand recent reviews on progress in observational methodsfor measuring the topological parameters, see Lachi�eze-Rey & Luminet (1995), Starkman (1998; and followingpapers in that volume), Luminet (1999) and Luminet &Roukema (1999). Moreover, a side e�ect of a signi�cantmeasurement of the global geometry of the Universe wouldbe a con�rmation or re�nement of the estimates of the lo-cal geometrical parameters (Roukema & Luminet 1999).AcknowledgmentsWe thank St�ephane Colombi, Emmanuel Bertin, GuyMathez, Bernard Fort, Enrique Gazta~naga, Jasjeet Bagla,Shiv Sethi, Daniel Kunth and Steve Hatton and an anony-mous referee for useful comments. Use of the resourcesat the Centre de Donn�ees astronomiques de Strasbourg(http://csdweb.u-strasbg.fr), the support of the Institutd'astrophysique de Paris, CNRS, for a visit during whichpart of this work was carried out, and the support of la
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1979– Princeton University, Princeton, Etat de New Jersey, USA.
1985 Ph. D. (doctorat) en Sciences Astrophysiques, Juin 1985. Thèse : Compact Configurations

within Small Evolving Groups of Galaxies.

1977– Massachusetts Institute of Technology, Cambridge, Etat du Massachusetts, USA.
1979 S.B. (licence) en Physique, Juin 1979. Thèse : A Study of the Solar Variability.

1975– Lycée Janson de Sailly, Paris.
1977 Mathématiques Supérieures et Spéciales P ′.

Reçu 12ème au concours d’entrée à l’Ecole Normale Supérieure de l’Enseignement Tech-
nique (aujourd’hui ENS Cachan), ainsi qu’aux écoles d’ingénieur Ponts & Chaussées,
Télécoms, ENSTA, SupAéro, etc. (Juillet 1977).

DISTINCTIONS
Baccalauréat C avec Mention Bien (Juillet 1975). Elu à la société honorifique pour
scientifiques américains Sigma Xi (1979). Bourse Thaw Fellow (1979-1980). Membre de
l’American Astronomical Society (depuis 1985) et de la Société Française des Spécialistes
d’Astronomie (depuis 1993). Notes biographiques publiées dans le Marquis Who’s Who
in Science & Engineering (depuis 1994) et le Marquis Who’s Who in the World (depuis
1999). Article (Henriksen & Mamon 1994) mentionné dans les journaux de vulgarisa-
tion New Scientist (18 Déc 1993) et Sky & Telescope (Mars 1994). Deuxième astronome
Français le plus remercié en 1995 dans les revues internationales en Astronomie (A&A,
A&AS, ApJ, ApJL, ApJS, AJ, MNRAS) (d’après la compilation faite aux Etats-Unis sur
le site Web http://www.pa.uky.edu/~verner/aai.html). Prime d’encadrement doctoral
et de recherche (1999–2003).

PUBLICATIONS (Voir bibliographie ci-jointe)
23 articles publiés dans des revues à referee (dont 7 en premier auteur et 9 en se-
cond auteur) : Astronomy & Astrophysics (6 articles), Astronomy & Astrophysics Sup-
plements (2 article), Astrophysical Journal (7 articles), Astrophysical Journal (Let-
ters) (5 articles), et Monthly Notices of the Royal Astronomical Society (2 articles).
58 contributions à des conférences internationales, dont un sommaire de conférence,
17 revues et longs exposés invités (dont 14 en premier auteur), 5 à jugement de rap-
porteur, et 3 autres contributions invitées. Ces articles et proceedings ont fait l’ob-
jet de 781 citations, dont 364 en 1er auteur et 296 en 2nd auteur (d’après ADS :
http://cdsads.u-strasbg.fr/abstract service.html). 1 autre article sous presse et 2
soumis. Editeur principal du Second DAEC meeting : Distribution of Matter in the Universe

(1992) et du XVIIth Moriond Astrophysics Meeting : Extragalactic Astronomy in the Infrared

(1997). Co-éditeur du XVth IAP Meeting : Dynamics of Galaxies: from the Early Universe to

the Present (2000).

TRAVAUX DE REFEREE
Rapporteur sur 29 articles soumis aux revues : Astronomy & Astrophysics (17 articles),
Monthly Notices of the Royal Astronomical Society (5 articles), Astrophysical Journal (3
articles), Astrophysical Journal (Letters) (3 articles), et Europhysics Letters (1 article).
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SEMINAIRES (Voir bibliographie ci-jointe)

COMITÉS DE THESE
Octobre Gastão BIERENBACH LIMA-NETO (Université de Paris 7)
1993 Formation des galaxies elliptiques et structure des amas de galaxies

Juin Guillermo GONZÁLEZ-CASADO (Universitat de Barcelona, ESPAGNE)
1994 Small-scale substructure in galaxy clusters

Juillet Christophe BALLAND (Université d’Aix-Marseille 2)
1996 Physique des amas de galaxies et contraintes cosmologiques

Septembre Philippe HÉRAUDEAU (Université de Paris 6)
1996 Photométrie de surface des galaxies spirales en optique et infrarouge proche

Décembre Jean-François BECQUAERT (Université de Paris 7)
1997 La géométrie 3D des halos de matière noire par les disques d’hydrogène atomique HI

Décembre Philippe BRIEU (Université de Paris 7)
1997 Simulations cosmologiques sur superordinateurs : la saga P3M

Septembre Sergio DOS SANTOS (Université de Paris 7)
1999 Le plasma chaud dans les amas et les groupes de galaxies : étude théorique et observation-

nelle

LETTRES DE RECOMMENDATION
Lettres de recommendation écrites pour 20 doctorants ou chercheurs postulant pour des
postes à l’étranger ou en France.

OPERATIONS GdR et PROGRAMMES NATIONAUX
1992– Responsable des opérations financées par le GdR Cosmologie :
1995 Survey européen à 2 microns (1992), Galaxies & cosmologie en IR proche (1993,1994), et

Groupes et mergings de galaxies (1994,1995).

1999– Responsable d’une opération financée et renouvelée par le GdR Galaxies :
2000 Galaxies DENIS et effets d’environnement

2000 Responsable de l’opération financée par le PNC :
Achèvement du relevé du ciel en IR proche DENIS
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ENSEIGNEMENT (voir aussi ENACDREMENT D’ETUDIANTS, page suivante)
Fév. 1983 – Princeton University
Juin 1983 Correction d’examens pour un cours d’astronomie générale (licence).

Printemps New York University
1986 Cours d’astrophysique (un mois intensif) à des étudiants de mâıtrise de journalisme scien-

tifique.

Printemps New York University
1986 Cours d’électromagnétisme (un semestre) à des étudiants de 3ème année de licence de

physique.

1987– New York University
1988 Travaux Pratiques d’astronomie observationnelle (deux semestres) à des étudiants de li-

cence (tous domaines confondus).

1988– Université de Paris 7 (Denis Diderot)
1989 Travaux Dirigés, Travaux Pratiques & Supervision de Projets en mécanique et optique (un

service à temps plein) à des etudiants de 1ère année de DEUG.

Février DAEC, Observatoire de Paris-Meudon
1993 Cours sur le système UNIX (2h30) avec polycopié tiré à 40 exemplaires.

Septembre Ecole de Cosmologie, Luminy
1993 Cours : Comment Extraire un Catalogue Homogène de Galaxies des Images DENIS? (1h).

Septembre Ecole de Cosmologie, Luminy
1994 Cours : L’Univers en infra-rouge proche et le survey DENIS (2h).

Avril Institut d’Astrophysique
1995 Cours sur le système UNIX (3h30) avec polycopié tiré à 50 exemplaires.

Novembre Journées GdR Cosmologie, Garchy
1995 2 Cours : 1) L’Univers en infra-rouge proche et le survey DENIS (1h), 2) Groupes compacts

et cosmologie (1h).

Automne PCEM Lariboisière, Université de Paris 7, Paris
1997 Enseignement Dirigé de Physique (39 heures) à des étudiants de 1ère année de médécine.

Septembre Ecole de Cosmologie, Luminy
1998 Cours : La dynamique de groupes et amas de galaxies (4h30)

Automne PCEM Lariboisière, Université de Paris 7, Paris
1998 Enseignement Dirigé de Physique (66 heures) à des étudiants de 1ère année de médécine.

Automne PCEM Lariboisière, Université de Paris 7, Paris
1999 Enseignement Dirigé de Physique (66 heures) à des étudiants de 1ère année de médécine.

Hiver DEA Astronomie Fondamentale, Mécanique Céleste & Géodésie, Obs. Paris
2000 Cours de Dynamique gravitationnelle des systèmes sphériques en astrophysique (18 heures).

Polycopiés sur le Web (http://www.iap.fr/users/gam/DEA).

2001– Ecole Doctorale Ile de France
2004 Cours transversal de DEA : Dynamique gravitationnelle à N corps (15 heures).
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ENCADREMENT D’ETUDIANTS
Encadrement principal de 3 doctorants, 7 stagiaires DEA et 11 autres stagiaires. Enca-
drement secondaire d’un doctorant, un stagiaire DEA et un autre stagiaire. Encadrement
administratif d’un doctorat. Prime d’encadrement doctoral et de recherche (1999–2003).

Automne Thomas BUCKLEY
1987 Stage de licence (4ème année d’université) de Physique à New York University, sur les

masses des groupes compacts.

1988 Darryl WALKE
Doctorat de Physique (projet hors-thèse) à New York University, sur le calcul analytique
des fréquences d’alignments fortuits dans les groupes de galaxies.

Printemps Sandra CODIS et Fäıza BOUFRARA
1992 1ère année de DEUG de Physique à l’Université de Paris 7, sur les expériences numériques

sur la dynamique à 3 corps.

Printemps Philippe BRIEU
1992 DEA d’Astrophysique à l’Université de Paris 7, sur les galaxies binaires dans les groupes

de galaxies.

Printemps Francis LENNE
1992 DEA d’Astrophysique à l’Université de Paris 6, sur la séparation étoiles/galaxies aux

basses latitudes galactiques pour le programme DENIS.

1992– Philippe BRIEU
1997 Doctorat d’Astrophysique à l’Université de Paris 7, soutenu le 19 Décembre 1997. Simu-

lations cosmologiques sur superordinateurs : la saga P3M (responsable administratif, dirigé
par J. Ostriker à Princeton University [USA], puis par A. Evrard à University of Michigan
[USA]).

Printemps Sophie GOSSET
1993 Stage de fin d’études à l’Ecole Polytechnique Féminine (co-directeur avec J. Léorat), sur

les algorithmes pour l’astrométrie pour le projet LITE.

Eté Matthieu CONTENSOU
1993 Magistère de Physique à l’Université de Paris 11, sur la détection des galaxies pour le

programme DENIS.

1994– Vincent BANCHET
1997 Doctorat d’Astrophysique (boursier CIFRE) à l’Université de Paris 6, sur l’extraction des

objets étendus pour le programme DENIS (abandonné 3 mois avant la fin).

Printemps Sergio DOS SANTOS
1994 DEA d’Astrophysique à l’Université de Paris 7, sur l’évolution morphologique des galaxies

dans un Univers hierarchique.

1994– Marisa MONTOYA
1995 Boursière pré-doctorale ERASMUS à l’Université de Paris 6, sur l’analyse statistique de

la structure interne des groupes compacts de galaxies.
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ENCADREMENT D’ETUDIANTS (suite)
Hiver Cyrille MACH
1995 Stage de début de thèse (non-officialisé) sur la séparation étoiles/galaxies dans le sondage

DENIS.

Printemps Frédéric ENGELMANN
1995 DEA d’Astronomie à l’Université de Strasbourg et stage de fin d’études à l’ENSPS sur

l’optimisation et la validation de l’extraction des galaxies du sondage DENIS.

Printemps Laurent GANIER
1995 DEA d’Astronomie à l’Université de Paris 6, sur les propriétés des groupes compacts de

galaxies.

Oct. 1995– Sergio DOS SANTOS
Septembre 1999 Doctorat d’Astrophysique à l’Université de Paris 7, soutenue le 6 Septembre 1999. Le

plasma chaud dans les amas et les groupes de galaxies : étude théorique et observationnelle.

Printemps David KATZ
1996 DEA d’Astrophysique à l’Université de Paris 7, sur l’optimisation de l’extraction des ga-

laxies du sondage DENIS.

Printemps Matthieu TRICOTTET
1996 Stage de fin d’études à l’ENSPS sur comptages de galaxies et diagrammes couleur-couleur

des galaxies du sondage DENIS.

Printemps William BONIN
1997 Stage de licence de Physique à l’Université de Paris 11 sur l’analyse des images DENIS.

Juillet 1997– Barbara LANZONI
Automne 2000 Doctorat d’Astrophysique à l’Université de Paris 7 (sur bourse européenne TMR) sur

l’évolution morphologique des galaxies dans un univers hiérarchique et l’origine de la
séquence de Hubble (co-dirigée par B. Guiderdoni).

Eté Fabien WERNLI
1998 Mâıtrise de Physique à l’Université de Paris 7 sur le traitement de clichés IR dans le Plan

Galactique.

Hiver-Printemps Frédéric GIRAUD
1999 Magistère de Physique à l’Ecole Normale Supérieure de Paris sur la distribution des ga-

laxies tirées du sondage IR DENIS.

Printemps Claudia QUERCELLINI
1999 Stage de l’Ecole Polytechnique sur la généralisation du code Merging Cell Model aux cos-

mologies avec constante cosmologique non-nulle.

Printemps Effrosyni RASSIA
2000 DEA d’Astronomie à l’Université de Paris 6, sur le spectre de fluctuations primordiales de

densité depuis les corrélations angulaires des galaxies DENIS.
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TACHES DE SERVICE (voir aussi plus bas ORGANISATION DE CONGRES)
1990– Service Informatique de l’Observatoire de Meudon
1993 Administration de la station de travail SUN mesuna du SIO (administrateur principal de

novembre 1990 à janvier 1992.

1992– DAEC, Observatoire de Meudon
1993 Administration des stations SUN maitai, kir & gin du DAEC (administrateur principal de

juin 1992 à mars 1993).

1991– Programme DENIS
Conception et développement d’algorithmes pour la détection des objets, la séparation
étoiles/galaxies, et la photométrie des galaxies pour ce programme européen de carto-
graphie complète du ciel austral en IR proche (quart-temps depuis mars 1991). Mise
en place d’un serveur Web des observations DENIS (automatiquement mis-à-jour quo-
tidiennement) en particulier le ciel couvert par DENIS (publiquement accessible sur
http://www.iap.fr/users/gam/DENIS/slots.html) et les variations temporelles des ca-
librations photométriques (accès restreint). Mise en place en avril 2000 de la version 1.0
de la châıne d’extraction des galaxies.

1993– Institut d’Astrophysique
1994 Animateur du journal club Groupes et Amas de Galaxies.

1994– Institut d’Astrophysique
1997 Co-responsable des séminaires de l’IAP (avec F. Durret puis S. Charlot, puis B. Guider-

doni). Responsable principal au printemps 1997 (avec en moyenne deux séminaires par
semaine).

1994– ASTRE
1995 Membre du Bureau du groupement ASTronomes a la Rencontre de l’Entreprise, pour favo-

riser les liens entre doctorants et postdocs d’une part et industriels de l’autre (Président :
Laurent Petitbon).

1996– Conseil National des Universités
1999 Conception et maintenance du serveur Web (http://www-cnu.iap.fr) de la section 34

(Astronomie & Astrophysique).

1996– getastroph, getads, getadscits
Scripts csh disponibles sur le Web (http://www.iap.fr/users/gam/software.html)
d’extraction automatique de préprints astro-ph, d’articles de l’ADS, et des citations d’ar-
ticles pour un auteur donné (les deux premiers scripts sont installés pour tous sur les
stations de travail de l’IAP). Nombreuses mises-à-jour.

Février CSENV
1998 Mise sur le Web (http://www.iap.fr/users/gam/software.html) de mon code de chi-

mie et transfert de rayonnement dans les enveloppes circumstellaires.
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COMMISSIONS
1986– Département de Physique, New York University
1988 Commission des résaux informatiques.

1988– Projets POST, TESC
1991 Equipe scientifique sur des projets de télescope français dédiés à la cosmologie (P.I. :

Jacques Léorat et Paul Felenbok).

1992– Projet LITE
1993 Equipe de réduction des données sur ce projet de télescope de 2.5m avec imagerie optique

et infra-rouge proche de très haute-résolution (P.I. : Laurent Vigroux).

1991– Rapport de conjoncture CNRS 1992
1992 Comité de rédaction pour le thème Univers, Noyaux et Particules.

1991– Programme DENIS
Equipe scientifique sur ce programme de cartographie du ciel austral en infrarouge-
proche (P.I. : Nicolas Epchtein). Co-investigator et responsable de l’équipe extragalac-
tique/cosmologie (depuis 1992).

1991– GdR Cosmologie
1997 Conseil scientifique (Président : René Pellat jusqu’en 1993, puis Jean-Loup Puget). Comité

permanent en 1991.

1995– Projet 6dF
Co-reponsable du Scientific Advisory Group pour le projet de cartographie 3D et 4D
de l’Univers local sur le télescope UKST en Australie. Reçu promesse du directeur de
l’AAO d’environ 480 nuits de télescope sur 2 ans (2001–2002) pour mener à bout la
cartographie 3D (120 000 décalages spectraux de galaxies). Voir description du projet
dans http://www.iap.fr/users/gam/6DF/6df.html

1996– Conseil National des Universités
1999 Membre (nommé) de la section 34 du CNU (astronomie-astrophysique, Président : Lucette

Bottinelli). Assesseur (membre du bureau).

1996– CSES, Université Claude Bernard – Lyon 1
1998 Membre suppléant de la 34ème Commission de Spécialistes de l’Enseignement Supérieur

(astronomie-astrophysique, Président : Jacques BERGEAT).

1998– DENIS-HI
Co-investigateur sur ce programme de suivi radio à Nançay de 6000 galaxies DENIS.

2000– Equipe Cosmologie Structures et Galaxies à l’IAP
Responsable d’une équipe de 15 chercheurs, 8 doctorants et 7 postdocs.

Printemps Centre National de la Recherche Scientifique
2000 Membre élu de la Section 14 (système solaire et Univers lointain, Président : Michel Blanc)

du Comité National de la Recherche Scientifique.
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ORGANISATIONS DE CONGRES
Mars 2nd DAEC Meeting
1991 Editeur principal des proceedings pour un congrès international à Meudon : Distribution

of Matter in the Universe (premiers proceedings dans l’astronomie française utilisant un
format uniforme : 3 mois de travail à temps plein pour la mise en page et les négociations
avec les imprimeurs).

Janvier 4th DAEC Meeting
1994 Comité local d’organisation pour le congrès international Unveiling Large-Scale Structures

behind the Milky Way à Meudon.

Avril Atelier COBE
1995 Comité scientifique d’organisation pour le congrès international Unveiling the Cosmic In-

frared Background à College Park (Maryland, USA).

Mars XVIIèmes Rencontres Astrophysiques de Moriond
1997 Co-responsable (avec Trinh Thuan) du comité scientifique, responsable du comité local

d’organisation et éditeur principal pour le congrès international Extragalactic Astronomy

in the Infrared aux Arcs. 3 mois de travail à temps plein. Mise en place du serveur Web
(http://www.iap.fr/coll/moriond97).

Juin 3rd DENIS Euroconference
1997 Comité scientifique d’organisation pour le congrès international The impact of near-infrared

surveys on galactic and extragalactic astronomy à Meudon.

Décembre Cosmological Topology in Paris
1998 Comité local d’organisation pour un atelier international à Paris.

Juillet XVème Colloque IAP
1999 Co-responsable (avec Françoise Combes) du comité scientifique et responsable du co-

mité local d’organisation ainsi que co-éditeur du congrès international Galaxy Dyna-

mics: from the early Universe to the Present à Paris. Mise en place du serveur Web
(http://www.iap.fr/iapmtg99). 2 mois de travail à temps plein.

Février Mapping the Hidden Universe
2000 Comité scientifique d’organisation pour ce congrès international (voir

http://cuevano.astro.ugto.mx/~kraan/zoahi/) à Guanajato (MEXIQUE).
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OBSERVATIONS
1994– Programme DENIS (Programme-Clé ESO)
2000 Co.I. (P.I. : Nicolas Epchtein). Télescope de 1m de l’ESO. Imagerie en bandes IJK de

l’hémisphère austral.

1993 Imagerie IR proche de galaxies proches
Co.I. (P.I. : François Simien). 4 nuits sur le télescope de 2.2m de l’ESO.

1994 Imagerie IR proche du Plan Galactique
P.I. Une nuit sur le 2.2m de l’ESO.

1996 Imagerie IR proche du Centre Galactique
P.I. 3 nuits (juin 1996) sur le 2.2m de l’ESO.

1998 Spectroscopie multi-fibres de galaxies DENIS
P.I. 4 nuits sur le Schmidt (UKST) de l’AAO.

2001– Sondage de décalages spectraux 6dF

2002 Obtention de 480 nuits de télescope sur 2 ans pour entreprendre un sondage de 120 000
décalages spectraux sur le télescope de Schmidt UKST à Siding Spring (Australie).

VULGARISATION
1994– Expo Cosmologie
1995 Co-responsable d’une équipe visant à créer une exposition de vulgarisation de la cosmolo-

gie, itinérante à travers la France (Direction : Daniel Gerbal).

Fév. La Cosmologie de Mäımonide
1995 Cours de vulgarisation (2h) donné a l’IAP (ouvert au public).

Automne Controverses sur les groupes compacts de galaxies
1996 Revue Quintessiences, CNRS, Région Ile de France

Sept. Les formes des galaxies et leurs origines
1996 Cours de vulgarisation (2h) donné a l’IAP (ouvert au public).

Oct. Questions-réponses sur l’Univers
1996 Exposé (1h30) donné à l’IAP devant des élèves de CE2 durant la Science en Fête.

Automne Ecole maternelle des Grandes Fermes, Vaucresson
1998 Questions-réponses (2 fois 1h) sur la Terre, le Système Solaire et l’Univers.

Printemps ARTE
2000 Intervention avec B. Roukema, sur notre détermination du paramètre de densité de

l’Univers par une nouvelle méthode de mètre cosmique, pour une émission de télévision
consacrée aux échelles.
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Gary A. MAMON

Bibliographie

dernière mise-à-jour : le 10 Février 2005
(une version actualisée des mes publications est disponible sur

http://www.iap.fr/users/gam/papers.html)

I. Articles publiés dans des revues internationales à jugement
de rapporteur

(1) Gary A. MAMON & Raymond N. SONEIRA : Stellar Luminosity Functions in
the R, I, J, and K Bands, Obtained by Transformation from the Visual Band, 1982,
Astrophysical Journal, 255, 181–190.

(2) James BINNEY & Gary A. MAMON : M/L and Velocity Anisotropy of Sphe-
rical Galaxies, or Must M87 have a Massive Black Hole?, 1982, Monthly Notices of
the Royal Astronomical Society , 200, 361–375.

(3) Gary A. MAMON : Are Compact Groups of Galaxies Physically Dense?, 1986,
Astrophysical Journal , 307, 426–430.

(4) A. E. GLASSGOLD, G. A. MAMON, A. OMONT & R. LUCAS : Photo-
chemistry and Molecular Ions in Carbon-Rich Circumstellar Envelopes, 1987, Astro-
nomy and Astrophysics , 180, 183–190.

(5) Gary A. MAMON : The Dynamics of Small Groups of Galaxies: I. Virialized
Groups, 1987, Astrophysical Journal , 321, 622–644.
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Molecular Ions in Oxygen-Rich Circumstellar Envelopes, 1987, Astrophysical Jour-
nal , 323, 306–315.

(7) G. A. MAMON, A. E. GLASSGOLD, & P. J. HUGGINS : The Photodissocia-
tion of CO in Circumstellar Envelopes, 1988, Astrophysical Journal , 328, 797–808.

(8) A. E. GLASSGOLD, G. A. MAMON, & P. J. HUGGINS : Molecule Formation
in Fast Winds from Protostars, 1989, Astrophysical Journal Letters , 336, L29–
L32.

(9) G. A. MAMON : A Compact Group in Virgo, 1989, Astronomy and Astrophy-
sics , 219, 98–100.

(10) D. G. WALKE & G. A. MAMON : The Frequency of Chance Alignments of
Galaxies in Loose Groups, 1989, Astronomy and Astrophysics , 225, 291–302.

(11) A. E. GLASSGOLD, G. A. MAMON, & P. J. HUGGINS : The Formation of
Molecules in Protostellar Winds, 1991, Astrophysical Journal , 373, 254–265.

(12) A. BLANCHARD, D. VALLS-GABAUD, & G. A. MAMON : The Origin of
the Galaxy Luminosity Function and the Thermal Evolution of the Intergalactic
Medium, 1992, Astronomy and Astrophysics , 264, 365–378.

(13) Gary A. MAMON : Are Cluster Ellipticals the Products of Mergers?, 1992,
Astrophysical Journal (Letters), 401, L3–L6.

(14) Isabelle CHERCHNEFF, Alfred E. GLASSGOLD, & Gary A. MAMON :
The Formation of Cyanopolyyne Molecules in IRC +10216, 1993, Astrophysical
Journal , 410, 188–201.
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(15) Mark J. HENRIKSEN & Gary A. MAMON : The Baryonic Fraction in Groups
of Galaxies from X-Ray Measurements, 1994, Astrophysical Journal (Letters), 421,
L63–L66.

(16) Guillermo GONZÁLEZ-CASADO, Gary A. MAMON, & Eduard SALVA-
DOR-SOLÉ : The Dynamical Survival Time of Small-Scale Substructure in Relaxed
Galaxy Clusters, 1994, Astrophysical Journal (Letters), 433, L61–L64.

(17) Philippe HÉRAUDEAU, François SIMIEN, & Gary A. MAMON : Near-
Infrared Surface Photometry of Spiral Galaxies: I. The Data, 1996, Astronomy &
Astrophysics Supplements , 117, 417–444.

(18) Maria-Luisa MONTOYA, Rosa DOMÍNGUEZ-TENREIRO, Guillermo GON-
ZÁLEZ-CASADO, Gary A. MAMON & Eduard SALVADOR-SOLÉ : The
Surface Density Profiles and Lensing Characteristics of Hickson’s Compact Groups
of Galaxies, 1996, Astrophysical Journal (Letters), 473, L83–L86.

(19) N. EPCHTEIN, E. DEUL, S. DERRIERE, J. BORSENBERGER, D. EGRET,
G. SIMON, C. ALARD, L. G. BALÁZS, B. DE BATZ, M.-R. CIONI, E. CO-
PET, M. DENNEFELD, T. FORVEILLE, P. FOUQUÉ, F. GARZÓN, H. J.
HABING, A. HOLL, J. HRON, S. KIMESWENGER, F. LACOMBE, T. LE
BERTRE, C. LOUP, G. A. MAMON, A. OMONT, G. PATUREL, P. PERSI,
A. C. ROBIN, D. ROUAN, D. TIPHÈNE, I. VAUGLIN, S. J. WAGNER : A Pre-
liminary Database of DENIS Point Sources, 1999, Astronomy & Astrophysics , 349,
236–242.

(20) Sergio DOS SANTOS & Gary A. MAMON : Clumpy Diffuse X-Ray Emission
from the Spiral-Rich Compact Galaxy Group HCG 16, 1999, Astronomy & Astro-
physics , 352, 1–18.

(21) P. FOUQUÉ;, L. CHEVALLIER, M. COHEN, E. GALLIANO, C. LOUP, C.
ALARD, B. DE BATZ, E. BERTIN, J. BORSENBERGER, M. R. CIONI, E.
COPET, M. DENNEFELD, S. DERRIERE, E. DEUL, P.-A. DUC, D. EGRET,
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(10) Guillermo GONZÁLEZ-CASADO, Gary A. MAMON, & Eduard SALVADOR-
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(12) M.-L. MONTOYA, R. DOMÍNGUEZ-TENREIRO, G. GONZÁLEZ-CASADO,
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(8) Dynamique gravitationnelle des systèmes sphériques en astrophysique : amas globu-
laires, galaxies elliptiques et amas de galaxies, Janvier–Mars 2000 (18h), DEA
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