Printed from the Mathematica Help Browser

CMBquick 2. Documentation

Thisisthe doc file CMBquickDoc2.nb of version 0.0.3 of CVBqui ck?2" . Last update on 22 July 2011.

m Preambule

Author
© 2009-2010, under the GNU General Public License (GPL)

Cyril Pitrou
Ingtitute of Cosmology and Gravitation, Portsmouth, UK
cyril.pitrou@ns-1lyon.org

http://icg.port.ac. uk/~pitrouc/cnbquick. ht m

©1988-2008Wolfram Research, Inc. All rights reserved.



2 Printed from the Mathematica Help Browser

Intro

CMBqui ck2® is a Mathematica Package which provides tools to compute non-linear perturbations solutions in
cosmology.

It thus goes beyond the capabilities of CMBFAST or CAMB and extends the functions and procedures developed in
CMVBqui ck1®

Since computations in Mathematica are slower than in low level compiled code like Fortran or C, it is unavoidably
slow.

However, the purpose of this package is not the speed of computation, but rather to have a code easy to
understand, and thus to modify, and which provides patterns for second order integrations
Its functional design enables the user to compute non-linear perturbations interactovely.

This enables to check, plot, output and understand all the steps of the computation in a straightforward way, and is thus
a

good tool to study and understamd the behaviour of non-linear equationsin cosmology.

It is restricted to second order in cosmological perturbations but we use the abusive "non-linear" to distiguish the
second order

functions from the first order (linear) functions.

The main features provided are

1.Second order transfer functions for all geometrical and physical variables.

2.Computations of the second order sourcesin the flat sky (lengthy).

3.Computation of the primordial bispectrum both in the flat sky and full sky methods.

4.Computation of the bispectrum generated by non-linear effects, once the second order sources have beer
stored.

Possible determination of the contamination to primordial non-Gaussianity (Ienghy) that is the equivalent fy,
and signal to noiseratios.

5.Integration of the distorsion field Y (of its multipoles). The computation of the spectrum of spectral distor-
sionsis provided in a separate "example" notebook

6.Integration of the magnetic field generated by non-linear effects.. The computation of the spectrum of the
magnetic field is provided in a separate "example" notebook
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See History2[] and ToBeDone2[] for more information about versions and future developments in
CMVBqui ck2®

Note that this package is still in "alpha' version and is widely incomplete contrary to CMBqui ck1l™ and so is the
documentation.

Loading the package
Loading the package is straightforward once it has been installed :

You just have to evaluate '<< CM Bquick/CM Bquick2.m;'
Thisloads all the definition, and also loads CMBqui ck 1 but does not start any computation.
We can aso check how much memory space

it takes to store all these definitions, and the time it takes to load them (less than 2 second!):
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In[1]:= MenBefore = Menoryl nUse[];
<< CMBqui ck/ CMBqui ck2.m // Timng // First

These packages conme w th ABSCLUTELY
NO WARRANTY; for details type Disclaimer[].
This is free software, and you are welcone to
redistribute it under certain conditions.
See the CGeneral Public License for details.

Package CMBqui ck® CMBqui ckl® version 0.0.3, {2011, 7, 22}

CopyRi ght (C) 2009-2010, Cyril Pitrou, under the General Public License.

Pl ease send ne your comments and
don't hesitate to report the bugs and ni stakes

at cyril.pitroueens-lyon.org

For information, browse also the
Add-Ons in the Documentation Center of the Help.

You can al so find worked exanples in the
' Exanpl es' subdirectory of your CMBquick installation.

You can al so downl oad the pdf of the docunentation on the CVBqui ck| page.

For information on versions and
future devel opment, type 'ToBeDone[]' and 'History[]'

A file with interpolation

functions for the Bessel functions has been found in
/Users/cyrilp/Library/Mat hemati ca/Applications/CVBqui ck/Data/j | s. dat
It will be used if you load it with 'LoadAndGener at eBessel sBi nary [l max]'
unl ess you erase it and recreate it.

Package CwvBqui ck® CMBqui ck2® version 0.0.3, {2011, 7, 22}

CopyRi ght (C) 2009-2010, Cyril Pitrou, under the General Public License.

aut[2]= 1.3809

In[3]:= MenorylnUse[] - MenBefore

ut[3]= 12306040
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GPL
In[4]:= Disclainmer[]

These are points 11 and 12 of the General Public License:

BECAUSE THE PROGRAM | S LI CENSED FREE OF CHARGE, THERE | S NO WARRANTY
FOR THE PROGRAM TO THE EXTENT PERM TTED BY APPLI CABLE LAW EXCEPT
VWHEN OTHERW SE STATED I N WRI TI NG THE COPYRI GHT HOLDERS AND/OR OTHER
PARTI ES PROVI DE THE PROGRAM "AS |I'S™ W THOUT WARRANTY OF ANY KI ND,

El THER EXPRESSED OR | MPLI ED, | NCLUDI NG, BUT NOT LIMTED TO, THE

| MPLI ED WARRANTI ES OF MERCHANTABI LI TY AND FI TNESS FOR A PARTI CULAR
PURPOSE. THE ENTI RE RI SK AS TO THE QUALI TY AND PERFORVANCE CF

THE PROGRAM | S WTH YOU. SHOULD THE PROGRAM PROVE DEFECTI VE, YQU
ASSUME THE COST OF ALL NECESSARY SERVI CI NG REPAI R OR CORRECTI ON.

I'N NO EVENT UNLESS REQUI RED BY APPLI CABLE LAW OR AGREED TO I N WRI Tl NG
WLL ANY COPYRI GHT HOLDER, OR ANY OTHER PARTY WHO MAY MODI FY AND/CR
REDI STRI BUTE THE PROGRAM AS PERM TTED ABOVE, BE LI ABLE TO YOU FCR
DAMAGES, | NCLUDI NG ANY GENERAL, SPECI AL, | NCI DENTAL OR CONSEQUENTI AL
DAMAGES ARI SI NG OUT OF THE USE OR | NABI LI TY TO USE THE PROGRAM
(I NCLUDI NG BUT NOT LIMTED TO LOSS OF DATA OR DATA BElI NG RENDERED
I NACCURATE OR LOSSES SUSTAI NED BY YOU OR THI RD PARTI ES OR A FAI LURE OF
THE PROGRAM TO OPERATE W TH ANY OTHER PROGRAMS), EVEN | F SUCH HOLDER
CR OTHER PARTY HAS BEEN ADVI SED OF THE POSSI BI LI TY OF SUCH DAMAGES.

Useful definitions for this notebook

A 2 quick overview

m Second order transfer functions

The main feature of C\VBqui ck2is to alow the numerical integration of the second order system of Einstein-Boltz-
mann hierarchy.

Choice of equations

The Booleans value for the numerical integartions are (click for information)
In[18]:= ?$Integrate*

v CMBquick' CMBquickl®

$integrate TC

v CMBquick’CMBquick2
$IntegrateMO $integrateM2 $integrateSources

$IntegrateSpectralDistorsio™.
$IntegrateM1 $IntegrateMagnetic ns
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We choose in this section to integrate only the brightness (scalar vectors and tensor), and not to integrate the spectral
distorsions or the magnetic field. All these options are set to true by default when the package is loaded.

$I nt egr at eMD isthe boolean for scalar second order equations (m=0)

$1 nt egr at eML isthe boolean for vector second order equations (m=1)

$1 nt egr at eM2 isthe boolean for tensor second order equations (m=2)

$I nt egr at evagnet i ¢ isthe boolean for magnetic field integration

$1 nt egr at eSpect ral Di st or si ons isthe boolean for integrating the spectral distorsion Y
$I nt egr at eSour ces hasto besetto Tr ue if we also want to memorize the expression of the quadratic sources.

In[19]:= $I ntegrateSources = Fal se;
$I nt egr at eSpectral Di st orsi ons = Fal se;
$I nt egr at eMagneti c = Fal se;

We choosethe configuration of k; k, and u4, for which wewant to compute the transfer functions.

In[22]:= k1t =0.05Rescal eMp[CPL];

k2t = kit /10;

Pri nt ["kl = ", kit / Rescal eMp [CPL],

" Mpc™, " and k2 =", k2t /Rescal eMp[CPL], " Npc "]
angl e = 0;

k1 = 0.05 Moc? and k2 = 0.005 Mc?

Energy densities

The moment 1=m=0 is not exactly the energy density for radiation and neutrinos. We thus define the energy density of
radiation:

In[26]:= dopr [cpl _1[k1_, k2_, m1[y_]1:=Ro2[cpl 1[0, O][k1, k2, mI[y]/4+
2/3/716 xProdupl2[0, 0, 0, k1, k2, m] Rol[cpl J[1]1[k11[y] Rol[cpl 1[1]1[k2]1[Yy]

And we can draw the evolutions of the energy densities of radiation and baryons.

©1988-2008Wolfram Research, Inc. All rights reserved.
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In[27]:= MPl ot Band\/\,{
{dpr [CPL] [k1t, k2t, angl e][10”"p], BOo2[CPL][k1t, k2t, angl e][10”7p] / 3},
{p, Log[10, yi2], 1}, Frane -» True, Axes - Fal se,
FranelLabel - "Log,,[a/aeq]", Pl otLabel - "é&,, 5b"]

10

Qut[27] = i

-2.0 -15 -1.0 -0.5 0.0
Log;pla/ae]
We thus see that the syntax is not very different from first order transfer functions. The mode k is replaced by the set of

k1, k2, u. And the syntax of the multipoles is slighlty modified since now we must specify L and M, instead of just
L for thefirst order case.

In[28]:= ?Ro2
Moments of radiation at second
order. Syntax is Ro2[cpl][L,M][k1,k2,m12][y].
In[29]:= ?BOo1

Baryons monopole (zeroth moment). Syntax is BOol1[cpl][k][y]
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Velocities

The first moment (I =1 m = 0) is not exactly the velocity. We thus define the velocity of radiation, in order to be able
to compare with the velacity of baryons and cold dark matter.

In[30]:= Vr[cpl _1[k1_, k2_, m1[y_]:=Ro2[cpl]1[1l, 0][k1, k2, m[y]l/4-
(Rolp[cpl 1[01[k11[y]Blol[cpl]1[k2][y] Rot2[1, O, k2uz[kl, k2, m]] +
Rol[cpl 1[0]1[k2][y] Blol[cpl J[k1]1[y] Rotlr[l, O, kluz[kl, k2, m]])

And we can draw on the same plot the velocity of baryons and radiation. We also draw the fluid velocity obtained from
the tight coupling approximation.

In[31]:= MyPlotColors [{-Vr [CPL] [k1t, k2t, angle][10”"p], -Blo2[CPL] [k1lt, k2t, angle][10"p],

-Flo2[CPL] [k1t, k2t, angle][10”"p]1}, {p, Log[10, yi2], 1},
Axes -> Fal se, FranelLabel - "Log,,[a/acq]", Pl otLabel - "kV,, kvb"]

KV, kVp
T r T T [ T T T Tt [ T Tt T T [ T T T T [ T T T T T T T
10+ -
5 _
Qut[31] = - |
ok _
5| _
I T TV T SV S T S S S (S S S S (R S T R S S S S | ]
-2.0 -15 -1.0 -05 0.0 0.5 1.0
L0g;0[8/aeq]

| n[ 32] .= ?Blol
? Flol

Baryons first moment. Syntax is Blol1[cpl][Kk][y]

Tight coupled fluid first moment. Syntax is Flol[cpl][K][y]

Potentials

We plot the two gravitational potentials ® and ¥ and their asymptotic form which is to be reached in the matter
domination

©1988-2008Wolfram Research, Inc. All rights reserved.
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In[34]:= MyPlotColors [{§Z[CPL] [k1t, k2t, angle][10”7p], @2[CPL][k1t, k2t, angl e][10”p],
s2Asynptoti c[CPL] [k1t, k2t, angl e][107p]}, {p, -2, 2}, Franme -» True,
Axes - Fal se, FramelLabel - "Log,,[a/ac]", PlotLabel ->"2® and 2@ "]

o? and ¥

2 ~ T T T T T T T T T T T T =
O I \/ )
2k _
it[34= | ]
4+ 4
-6+ _
I 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 ]

-2 -1 0 1 2

L.0g3[8/2e]

Vector modes

We plot the second order vector perturbations, together with its asymptotic value in matter dominated universe

In[35]:= MPlotBandW {VD2[CPL] [k1t, k2t, angle][10"p], ConvV2[CPL] [k1t, k2t, angle][10"p]},
{p, -2, 2}, Frame » True, Axes - Fal se ,
FranmeLabel - "Log,,[a/aeq]", PlotLabel ->"B% (vector node)" |

B®@ (vector mode)

-0.5

-1.0

Qut [ 35] =

-15

-2.0

-25

L 0gy[8/ae]
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In[36]:= ?V2
? ConvV2

Information::notfound : Symbol V2 not found. >

Exact solution of vector modes at
second order in a matter dominated universe.

Tensor modes
We plot the second order tensor perturbations, together with its asymptotic value in matter dominated universe
In[38]:= MyPI ot Band\/\:{{TZ[CPL] [k1t, k2t, angl e][107p], ConvT2[CPL] [k1lt, k2t, angl e][10"p]},

{p, -2, 2}, Frame -» True, Axes - Fal se,
FrameLabel - "Log,,[a/aeq]", PlotLabel ->"H® (tensor mode) " |

H® (tensor mode)
0.000 e

—0.005
-0.010
Qut[38] =

-0.015

-0.020

II\)

|

=

o

=

N

Log,p[a/aeg]

In[39]:= ?T2
? ConvT2

Second order Tensor modes H®

Exact solution of Tensor modes at
second order in a matter dominated universe.

Convergence tests

We know the form of the gravitational potential in the matter dominated era, for sub-Hubble modes.

We can thus check the convergence. We have several functions to assess the convegence. Click on the table for exact
definitions

©1988-2008Wolfram Research, Inc. All rights reserved.
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In[41]:= ?Test*
v CMBquick’CMBquick2’
TestConvDm TestConvPhi TestConvPsi TestPoissonl TestPoisson2
In[42]:= MyPlotColors [{Test Poi sson2 [CPL] [k1t, k2t, angl e][u],
Test ConvPhi [CPL] [k1t, k2t, angl e][u], Test ConvPsi [CPL] [k1t, k2t, angl e][u]},
{u, 1, 100}, Frane -» True, Axes - Fal se, FranelLabel - "Log,,[y]",
Pl ot Label -> "Convergence tests at second order"]
Convergence tests at second order
—mm
16 —
141 —
12 —
out[42] = " _
10} —
0.8 —
06 _
[l ! ! ! ] ! ! ! ] ! ! ! ] ! ! ! ] ! ! ! 1]
0 20 40 60 80 100

Logyelyl

m Primordial bispectrum

(Full Sky method implemented in CMBquick1l)
We first load the previously stored Bessel functions

In[43]:= LoadAndGener at eBessel sBi nary [2000];
Previously, Bessel functions were conmputed up to | ax=2500
No need to conpute other Bessel functions
We choose the range of |-values
In[44]:= lmn=4;
| max = 1000;
Listls = Sel ect [Li stl Usedi nBessel Function, # <=1 nmax &];

We choose to multiply the resulting bispectra by this function in ordet to obtain aresult of order unity

In[47]:= FactorMultiplicatif([l ]:=172%( +1)"2/(2Pi)"2%10"16;

©1988-2008Wolfram Research, Inc. All rights reserved.
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The function in the case of equilateral bispectum isjust bLLL and is defined in CMBquickl. Otherwise the function is
bL1L 2L 3. We can check that and obtain information:

In[48]:= ?bL*L*

v CMBquick’CMBquickl®
bL1L2L3 bLLL

And we store the bispectrain alist by defining the following rules:

In[49]:= Clear [bLLLIistl]
bLLLIi st [cpl _, el _]:=
Table[{l, FactorMultiplicatif[l]bLLL[cpl, el 1[I1}, {I, Listls}];
bLLLIistl [cpl , el _1:=bLLLIistl [cpl, el ] =Interpolation[bLLLIist[cpl, el]]

We then plot the result

In[52]:= MyLoglLi near Pl ot BandW {-bLLLIistl [CPL, EL][I 1},
{I, Imn, I max}, PlotStyle » {{G ayLevel [0], Thi ckness[0.002]}},
FraneLabel - {"I"}, PlotLabel ->"B;,,, exact nethod",
Frane - True, Axes -> Fal se, FraneTi cks - MyTi cks]

By, exact method
45° 10° 2 0.5° 0.2°

0.025

0.020

0.015

Qut[52]= 0.010

0.005

0.000

—-0.005

10 50 100 500 1000

&)

Flat Sky Method

We sdlect the directory where stored files are located (Y ou should create it if it does not exits or choose something else,
or just ignore and work in your current directory).

In[53]:= SetDirectory["~/CVB"];

We now compute the bispectrum on thelist of I' sin the flat sky method

©1988-2008Wolfram Research, Inc. All rights reserved.
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In[54]:= IncludeEarly = True;
bLLLFSI i st [cpl ] :=Table[
{I, FactorMul tiplicatif[l]BispectrunfNL,one[cpl, FlatSky2, Local J[I, |, -0.5]},
{I, Listls}];
bLLLFSIistl [cpl ] :=DbLLLFSIistl [cpl] =Interpolation[bLLLFSIi st [cpl]]
In[57]:= ?BispectrunfNLone

fNL primordial in the Flat Sky approximation. Syntax is
BispectrumfNLone[cpl,FlatSkymethod,NGtype][l1,12,m12],
where m12 is the angle between the multipoles I1 and
I2m and NGtype can be either 'Local' or 'Equilateral’.
FlatSKyMethod has to be 'FlatSkyX' with X=1,2,3.

And we plot the result

In[63]:= MLogLi near Pl ot BandW {-bLLLFSIistl [CPL][l 1},
{I, Imn, Imax}, PlotStyle » {{GayLevel [0], Thi ckness[0.0027]}},
FraneLabel - {"I "}, PlotLabel ->"B;,;, flat-sky nethods",
Frame - True, Axes -> Fal se, FraneTi cks - MyTi cks]

By, flat—sky methods
45° 10° 2° 0.5° 0.2°

0.025

0.020

0.015

Qut[63]= 0.010

0.005

0.000

-0.005 ! ! ! Lo ! Lo M
5 10 50 100 500 1000
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m Bispectrum generated by non-linear effects, and other non-linear
effects

We will not detail this part in the documentationm but we instead refer to the example notebook (located in CM Bquick-
/Examplesin your installation directory).

Indeed this is not very user friendly, it is Slow and not very general or robust. This is work and research in progress!
(please contact meif you need more on that topic)

m Obtaining information

You can obtain an interactive list of al functions publicly defined in CMBquick2 with the command
?" CVBqui ck™ CvBqui ck2™ *"

You have to click on the name within the table below to obtain information on each variable. Documentation is not
complete yet.

In[64]:= ?"CMBqui ck’ CMBqui ck2® +"

v CMBquick'CMBquick2®

a2MagneticM1 ELNoLate Proddown21 SRLMIPP oNo2
StoreSecond™.

a2MagneticM™. OrderResult™.

1ChgFrame Eo2 Produp12 S o6R02
a2MagneticM™.

1dv Equilateral Produp21 Sys2 {2
a2MagneticM™.

1Pi F0o2 PUB T2 P2
a2MagneticM™.

1lpure2 Flo2 Pure2Early T2p ®2Asymptotic
AllEarly fNL Pure2LSS Temperature p2
AlILSS FNLshape QuadraticEarly Tensor p2
B002 IncludeEarly QuadraticLSS TestConvDm Pp2
B1M1o2 k Ro2 TestConvPhi $Accuracy?2

$AdaptativePr.

Blo2 kluz Rotl TestConvPsi ecision2
BispectreCorr". $CMBquickl1V".

ectifTemper-. ersionExpec™.

ature k2uz Rot2 TestPoissonl ted
BispectreRSIS™.

W krmax|1 RSISW TestPoisson2 $Doppler2
BispectreRSIS™. TotalBispectru™.

WI1I213 krmaxI2 S1Keitaro m $dxelnSources
BispectrumEv™.

olutionAllYT".

T krsko S10verH2 TransferB2 $early2
BispectrumEv™. TransferB2Ch".

olutionM k$ S2Keitaro gFrame $IntegrateMO
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BispectrumEv™.

olutionTot

BispectrumEv™.

olutionTotM

BispectrumfN".

Lone

BispectrumPa™.

rtialfNLone

BispectrumPa™.
rtielEvolutio™.

n

BispectrumPu.

re2

BispectrumPu™.

re2M

BispectrumQu.

adratic

BispectrumQu™.

adraticM

BispectrumTy".

pe

Bo2

C002

C1lM1lo2

Clo2

Cli2m

CiM

CMBquick2
ConvT2
ConvVv2
CorrectionTe™.

mperature

Distorsions
ELall

130fl112

LastLIntrinsic

LastLSources

Listmu

LoadedQIBool

LoadSecondO™.
rderResults

Local

MagneticField

mdek1k2k3

mdek1k2k3true

mu3del1l2I3

mu3delll2I3ex™.
act

mumin

Ncoskr

No2

Nth

Pointsintegrati™.
onNumeriqu™.
e2

PointsIntkrBis™.
pectrum

PointsiIntkrBis™.
pectrumEvol

Precisionk2

PrimordialBisp™.
ectrum

Proddown12

S20verH2

S3

S40verH

SBO

SB1M

SBLM

SCO

SCiM

Scalar

SElecdV

SElecforpure2

SElecPi

SELM

SFO
SF1M

SIimY

SNLM

SRI

SRIF

SRIY

SRLM
SRLMBetter

TransferB2dV

TransferB2Pi

TransferB2pur*.
e2

TransferT2

TransferT2Ear™.
ly

TransferT2inFS

TransferT2Qu".
ad

TransferT2Qu".
adEarly

TransferY2

TransferY2Qu™.
ad

TransferY2Qu™.
adRei

TransferY2Qu™.
adReillglg

TransferY2Rei

VarianceT
VD2

Vector

VND2

VNo2

VRo2

yi2
YTT

$IntegrateM1

$IntegrateM2

$IntegrateMag™.
netic

$IntegrateSou.
rces

$IntegrateSpe™.
ctralDistorsi".
ons

$IPPSources

$ISW2

$ISWInSources

$krCappedBool

$late2

$LensingInSo"™.
urces

$LoadDistorsi".
onsFinished

$LoadMagneti-.
cFinished

$LoadTemper™.
atureFinishe™.
d

$lss2

$MaxNLSSWi-.
dthBool

$Orderinterpol*.
ation

$Quadrupole2

$SignQuadrati-.
cTerms

$StiffnessSwit™.
ching2

$SW2

$Version
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