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e.g. Adiabatic fluctuations only, Gaussian
with P(k) = A k), and an energy census of
the Universe (cosmological parameters, 1),

each and every (linear) mode and obtain
the “evolved” matter power spectrum,

or it’s transfer function at LSS (depending
mostly on sound speed history at M < M)).
Idem for the radiation Transfer Function.

Given “initial” conditions (type & statistics,

one can compute the temporal evolution of =@

ANGULAR POWER SPECTUM OF ANISOTROPIES
GENERATED BY SCALAR FLUCTUATIONS
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TATION DE BOLTZMANN SOLUTIONS

dans la limite du <iul ‘3;'!'- &= o Supposons des Conditions initiales adiabatiques
(7 & (ede) =1y : 9
e H™, (esk) (B(0) =0, 8(0) = —20)
nyxngoc T2 Mt (. t) = I-I{r\-l..f.f:'
e et U constant

% . . o Quand R est n
o dans la jauge Newtonienne ¢
(& temps conforme dn = dt fa)
pour des modes de Fourier (indépendants) en es- ; i
(In this limit, nothing else that conservation + Euler equations) & des oscillations quand A ~ k7" = eenf7,
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® la hauteur des pics dépend du contenn baryonigue :

Temporal evolution of the effective temperature, 0+y, for R=cste
Qp /" = Amplitude des oscillations 7

(et différences pair 2 [ impairs )
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PROJECTION (K=0 PROJECTION (IK£0) ;
o dans la direction observée, ¥, un mode k contribue
AT () = &k explik - £R), It = SDD distance
o développement de Uexp en harmonique sphérigue :
-':‘}l[i'] =3t Ot Yem(E)
gy = 4m 208 i G (kR) Y7, (K)

o contribution total du mode k & Uharmonique £ £t

=4I

, AR 5
S lagl? = 4720+ 1) ‘”;'L‘ JRkR)

Contribution substancielle de k a £ < kR

Foof for thoughts:

* In addition to Peebles & Yu 1970, Bond &
Efstathiou + Seljak & Zaldariaga 1977 and
Kamionkowsky et al. 1977 (polarisation),
generalised by Hu & White 1997 (flat space) + Hu
et al. 1998 (open) + Lewis et al. 2000 (closed).

» See For pedagogical approach, e.g.

— These W. Hu astroph 9504057
— Or preferably: Riazuelo (but in french)
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CMB & P(k)
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USING THE “CONCORDANCE MODEL” PARAMETERS...
R2Q,, = 0.12, h%Q, =0.021, Q) =0.71, h =0.7, 7=0.05 (<> 2. =8), o5 =0.815
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Linear

No Polarization

POLAR

Polarization

NOTATIONS

P=< E(@)E'(7) > o O(R)+ Q(R)os+ U)oy + VR)oy in the Pauli basis
with ©(n) = AT(R)/T: V is absent in cosmology
Under a rotation of the axes by v, Q=+ iU — exp F 2ip (Q +iU)

O = [dRY}, (2)O(7)
B £iBy, = — [di LY} () [Q(R) +iU(7)]

Yo, = eigen functions of Laplace operator on rank s tensor; Y, =Y,

(NB:  for small patch, spin — harmonic expansion — Fourier expansion)
(Y, — expil.n & .Y, — exp £ 2i¢; expil.in)
(with ¢; = azimuthal angle of Fourier wavevector 1)
(E &B are then Q & U states in the coordinate system defined by 1)

Observe Power spectra < X Xy, > with X € {0, E, B}

Im
with < X7 Xy >= 0yp0mpe for statistically isotropic fields
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POLARISATION DE TYPE B
TRACE DU FOND PRIMORDIAL
D’ONDES GRAVITATIONNELLES

Au lieu d’utiliser les parameétres de Stockes Q & U, il est plus commode
Ici d’utiliser 2 champs intitulés E et B (resp. scalaire et pseudo-scalaire)
qui sont indépendants de |’orientation du systéme de coordonnées
(et reliés a (Q,U) par une transformation non-locale).

TEMPERATURE & POLARISATION

Cartes de 20 X 20 degrés, avec en fond le champ de température, avec la polarisation corrélée superposée

o ¥
L] 5 0 1% Mmoo 5 0
groes]

Perturbations tensorielles
L’association est inverse

Perturbations scalaires adiabatiques
points chauds <> motifs tangentiels
points froids «<» motifs radiaux
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DASI w/ deployable ground shields
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SITUATION AUJOURD’HUI
PREMIERE DETECTION PAR DASI...

(astroph/0209478)




DASI BANDPOWER ANALYSIS

P Acceptable models from T analysis
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4 : D
CMB experiments
COBR/OMR | BOOMERanG CBlL MAP Planck
Preq. range 090 90-400 GHz 2636 GHz 2290 GH= 30-857 Gtk
No. of freq. chan- 3 4 10 5 9
nels
Angular resolution - 10513 4158 12° 666" FEH
Sky coverage 100% % % 100% 100%
109 A 7 Sensitivity | 2010 10 4D <1 = =
(10’x10°)
Polarisation Futute yes yes yes
Raw data sfze 1 Goyte 10 Goyte 1 Thyte 5 Thyte
No of pixels 6144 10° 108 szucé
‘Time to reduce 2 yis 2y 1yt Lyt
data
1** generation god generation 3™ generation
| Eesa PLANCK )

EXPERIMENTAL CHARACTERISTICS

+ MAP & PLANCK both full sky, at L2, with polarization
capability, making highly redundant measurements.
Differences:

+ Resolution: o, ~ 10" = 5°, 6,,/cp =2

4 Sensitivity: S=0,;0, 12 =118 uK. deg — 0.8 pK.deg,
Sy/Sp > 10 (mission duration sensitive, o t/2)

4+ Frequency coverage: [30, 44 70, 90]yap =
[30,44 70, 100], ¢+ [100, 143,217, 354, 550, 857 |yyp1
a new window in space (and foregrounds control)

4 Ground & balloon experiment will continue doing a
wonderful job at (very) good oz & S on a (relatively low)
fraction of the sky (& relatively short duration / 1 year)

+ NB:
(20 4 1) fo, _, 0C,0C,
Fj= E 7I[CI+CNGXPG§(12)] ? ﬁ]ﬁ/

12
ij 2 o =F;
[

SIDE A FOUAL PLANE SIOF B FOCAL FLARE

MAP uses passively
cooled HEMTS

PLANCK HFTI uses spider-web
bolometers cooled to 0.1 K
(LFI uses improved HEMTS)

100 mK stage
1.6 K stage

4 K stage

BOLOMETERS
18 K plate The HFI is built by a French-lead consortium




First / Planck Payload Review PLANCK HFI OptiCS Filters
23 May, 2000

HFI W Back horn | 100mK horn
i -

| 0.1 K stage

HE Focal 1.6 K stage
& 4 K stage

4K Back-to-Back | | - ——
l ek-to-Hack hom | 16K filter and lens holder | Detector

Overall optical efficiency measured to be = 50% (Requirement: 25%)

S0K
I-FET Box ' 50K stage
4 80K

Harness 140K

Gene-| Readout
ral | electronics

Electrol pagq Processing
nies | Unit
18K cooler

Out-of-band (mm to UV)
performance of prototype

I
i HFI filters for 143 GHz Band
[@ 127w | |’w‘|‘ M | (compared with requirement
AK€ cooler ! W [’f.\ Specification in red)
300K 18 K plate (single LFI mounting interface) ol \,,/""

1.A.S. / J-L. Puget

PLANCK MOCK-UP
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Bolomeétres Planck
NEP =10-17 WHz 1”2

Time constant = 2ms

200

PLANCK

500 10002000

¢

Planck References (voir aussi cours des
Houches, FRB, Lamarre, Puget)
+The « red book » (end of phase A report)

http://tonno.tesre.bo.cnr.it/Research/PLANCK/Redbook
+AAOs for the instruments

http://tonno.tesre.bo.cnr.it/Research/PLANCK/ONLY_SOMEONE/AODO
cS/intro.html

+Science team web pages @ ESTEC

http://astro.estec.esa.nl/SA-general/Projects/Planck/

+The « blue book » (soon)

« The scientific program of Planck »,
as of 2002

. raselengin & [ ipe] N Waralungth & (11 tpe] .
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Tegmark & Zaldarriaga, astroph/0207047

il pawer apectrum PIK)/AK

Frimard)




10
10

m ) I \___.‘ - e CTE 11 |
fﬁ@ _J;__ S \r‘”llﬁ

R i

=10
=10

yen g iRk H g

(e 1), / 2n] / (KK
o

[es1)e, / 2n] / (kK]
0

0% 0 08

: VI ]
z |[J
o = HH| K A g

¥ i 500 1000 § o 100 1600
i ;
COMPARISONS OF PROJECTED C(1) SENSITIVITIES
) Hox I I Planck ’ ( i
”‘g i - "35“ ol | EE
3.l 3 i c
= [ i >3
; Lo % J ; g
& 1 1 3
50 100 200 | |so0 . 10 100 1000
15 1

DEGENERACIES E
T/S ratio and reionisation optical depth have rather similar effects on the temperature C(/)

since most of the difference is at low / where cosmic variance is largest ...
This degeneracy may be lifted by looking at other signature of reionisation, i.e.

& Small scale temperature signatures (here OV)

= Large scale polarisation signature

L
|

{ —— E-polarization

Cross

1 1

W.Hu 110 1 BT} 1000

-' otropies, 1% Planck M_

B-TYPE POLARISATION, Smoking gun of a Primordial gravity wave Background
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(Figs abiove from Thise Riazuelo) | O R,

USING THE C(l)...

4 Suppose the minimal model (standard inflation) holds; then :
4 Measure the parameters with phenomenal precision (if no inconsistency
appears)
4 Verify consistency with other « clean »probes like gravitational lensing,
anf if OK, refine even further the parameters determinations

4 Check consistency with more indirect probes, and extract from that
“gastrophysical” lessons. ..

+ Consider weak deviations around the minimal model by relaxing
priors (prejudice?) on (the absence of) extra degrees of freedom
(e.g. isocurvature modes, topological defects, extra scales in IC
spectrum...)

4 Consider more radical deviations as in brane cosmologies [e.g.
H2=87/3(p+p*/c) for Randall-Sundrum type models], although
detailed predictions might turn out difficult to compute (e.g. C.S.)

4+ All tastes should be represented in a collaboration like Planck
with ~ 350 physicists (today).

+ NB: C(]) is only a first moment (transform of 2-pt correlation
function)




Wrong Qb...

Wavelength A [h~! Mpc]
104 1000 100 10

1 T T T T TrrT

= Planck CME T

| ARY

Wavenumber k [h/Mpc]
(h2Qb=0.07 instead of 0.021) Togmark o Zaldarriaga, astroph/0207047|

Primordial power spectrum P.(k)/Ak

SECONDARY ANISOTROPIES

6
By definition, secondary anisotropies occur after recombination, via two broad types of mechanisms:
no lensing
« Gravitational effects:
—————— lensin
4Photon path (relative) deflection through Lensing, a smoothing effect &
a several % level effect
«Photon path through time-varying potentials (Included in CMBFAST)
4 Integrated Sachs Wolf effect, or Late ISW (linear, large scales) k|
+ Rees-Sciama (non-linear, small scales)
4 “Moving lens” effect (Butterfly pattern from clusters, “Kaiser-Stebbins” from strings) &)
+«Thomson (re-) scattering: —
4 from Reionisation =
« Damping of the primary (homogeneous) 2
4 Vishniac-Ostriker (small scale, KSZ of weakly non-linear field)
4 Polarisation generation (large scales)
4 Inhomogeneous reionisation (KSZ from reionised bubble fronts)
« from hot gas within LSS: (Late) Kinetic SZ (from clusters, filaments)
NB: Most effects are weak and are coming, or are traced by, from the same (low-z) structures.
Analyses will thus be difficult, since effects will be intertwined, but we can (maybe) learn a lot... o
200 400 600 800 1000 1200 1400
| SRS dary Anisotropics, 1" Planck Meeting @ ESTEC 01271011
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REES-SCIAMA CONTRIBUTION
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ies, 1* Planck Me Seljak (1996).

INHOMOGENEOUS REIONISATION...

Studies being made to study it with semi-analytical
or hybrid models of galaxy formation together with

s

“poor man”’s radiative transfer algorithms...
Will be a major theme of IGM TMR...

Direct optical studies of the end of dark ages should
be rather challenging, even with NGST...

Disentangling various small scale “secondaries” wil
also be challenging, even with interferometers...

Fe

N Ciardi a, Marri, Raimondo, astroph/000581

Changing the IMF

WL extraction ‘WL extraction from
from CMB+ML® CMB+ML+KSZ ® 13="8|

CLUSTERS AS MOVING LENSES
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W10, 2

GROUNDS

RELATIVE WEIGHT OF EACH FREQUENCY MEASUREMENT

is given, for each multipole and each astrophysical component, by a Wiener matrix
Weights all die off when there is no more useful signal at that ...

Bouchet <L, Gispert 1999

e T T

ad~
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= @ B
MAP CMB case PLANCK

VR BOUCHET & . GISPEST 1000 & [Gllz




16 ERROR 10000

FORECAST
Foreground 1 600
separation .
erTors o
included; ‘:

L o100}
NO band & i
averaging =
performed =

(1~2500 OK) 0.010

NB: a BoloBall cannot
map 66% of the sky with
that sensitivity (~few deg?)

L, q1/2 0001
AC“[@HUA]

LFI
HFI

BoloBall

MAP-X{(98)

Cosmic variance, f,J

= 0.66

500

1000

1500

2000 2500
Bouchet & Gispert 2000

Detector skies

(30GHz) .

Simulation results

40GHz _«

100 1004

®runet, Teyssier; Scully, Bouchiet, Gispert, 2001ALA...3730..13

ANGULAR RESOLUTION, SENSITIVITY, FREQUENCY COVERAGE
COMBINED EFFECT ON A FIDUCIAL SKY MODEL: RESIDUALS

MAP CMB case PLANCK

e e

—— "'\\..\'

Results turn out to be rather robust vs. « reasonable » foregrounds model
variations. But we might be wrong about reason...
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POLARISATION & FOREGROUNDS...

[ -

o

BB (Planck)

data...(Bouchet, Prunet, Sethi, MN99)
band averaging” for MAP, LFI & HFI

Wiener filtering pol

Implication for cosmological parameters (Prunet, Sethi, FRB, MN0) TE,E & B with A0,

- .
Cll) Amalysis and H . -

sitier dtaild Tasis sl p— T

sjede

[ ———

ANALYSIS
CHALLENGE

CMB Signal Foregrounds Instrument Noise
(Multipole Basis) (Pixel Basis) (Time Basis)




USED WITH ARCHEOPS

SpICE on simulated MAP experiment Timings of SpICE versus other
methods on a 500Mhz CPU
T —
9
- I\‘]
1000 o
100 .
;! ; DE ENE RE EN E
1 .
0.1
0.01 seed 4 sinid L
L0 108 108 107 108
N
« Central curves : Model/SpICE expectation (no m; nﬁzgﬁ; function method with brute
apodization, 1000 realizations) force (Szapudi et al. 2001)
« Upper and lower pairs of curves : N6 : $piCE (speedup is obtained thanks to
Optimal errors/errors from spice with 1/6? Healpix fast harmonic transform)
weighting Cross : Oh, Spergel & Hinshaw (1998)
method
« Dots : Individual realizations Open square : expected speed for PLANCK
in 2007
L B g e e ey - = : :
Best fit with BOOMERanG and MAXIMA soioe - Q=7 h=08 (fixed)  eo00 |- .
_q Swm —_ . oy =
T Q=3 Yook = 1,08 1 T :
6000 T T T T 3 n, =1yt =083 3
i 2 ’ 4000 - ©
— u=0.62, ¥ id.of=1.09 \ & % &
i 3 Tl = i | =2
001 e — @ 0.7, h=0.7, 1 /o fi=3.5 . ] 3 \ ] S
L Strings alone \ & - i e - =
COBE < 2000 - ARG \ . < 2000
L4000 BOOMERanG we A C o 1 we
= MAXIMA (/1.03542) = ) ™ =
[y [ S S P I L 0 PP BRI BEErE EPAPEr R
-E_lun(] 200 400 600 BOD 1000 200 400 600D BOD 1000
= 08 [ . ————— d
= Y —r e . -+ -~
= 0.75 1 o7s |
E 2000 | 75
~ 07 | 1 0.7 | Y& HSTBBN = modest I contrib
h  0.85 4
h 0.65 |
1000 - 98 | 06 |
0.55 4 |
0.55 1
05 L— . s . s Al |
. RETI | L PR T T B T AT | L Pl i 0.02 0.03 0.04 0.05 0.06 0.07 0.08 05— : - S : .
¢ 10 100 1000 o 0.02 0.03 0.04 0.05 0.06 0.07 0.08
En attente de la thése de C. Ringeval (05/07/02) pour faire (beaucoup?) mieus... Mix a la Bucher et ® al. [0007360] i
: Rk i ol Cabellar )
Multipole Peter, Ry \; dou 2000 (Buchier et al. [0012141], SR 2%—>577%!) Tiotta, Riazuelo, Qurrer [0104017]




ISOCURVATURE MODES WITH SAME POWER LAW I.C.

Temperature
<ADAD>

T
all all

modes s

vapr*ru(urt_ ' Tempe ru!urﬂ

ih/h
$50
i

B0L01

100,97

INIV.N ”JJ
(BN}

TABLE I

TOrSs O cosoh el isocurvature

his table i

anticipated for the MAP and PL. In the column header
temperature mes ents. ak the complete temy and pol nd T+ those
inforred if tomporature and polarisation information is used soparately without inchuding the cross-correlation
Phase space ““yolume™’: Bucher, Moodley, Turok, astroph/0012141
: e M-T-A | M-TP-A | M-T-F | M-TP-F | P-T-A | P-TP-A | P-T-F | P-T+P-F | P-TP-F
. 1. CMB multipole spectra for the various mode
From top to hottom the rows show I({ + 1€} the V1 1.10°5 4.10”° 5 7.107 2.10% 9.1012 5.10°5 6.10°1° 5101
thon, respectively, In pi. The Ci spectra for th 1 modes and th )
The right most column shows the derimtives of the spectra with gespe scles ape V2 3.106 1.104 1.102 3101 11013
indlicated as follows: adinbatic {AD),[neutrine isocurvature velocity (NIV), bary
density (N1D). A fiducial mocel with the parameter dhojoes (5, = 0.06, {1y = 0.69, L B VT 2.107 8.10°1! 6.107 2,102 7.10°
. = 1 has been assunwed. Becanse the CDA socurvature mode produces a spectrum nearly sdentical to that of the BI |Jw<]l. - - - - n —
it is ot considered separatel A ), Titrok, astroph/0012141 NB: Still assuming simple scale-invariant (initial) P(k)...
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Méme en étant optimiste sur le
Niveau du fond gravitationnel,
Planck ne fera que quelque mesures,|
Limitées par le bruit détecteur...
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" E E = Bucher, Moodley, Turok, astroph/0012141
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The sensitivity increase required

AIBDA sao-to

§COBE | 3 Exact
_;J_i_’_')‘ ‘\_‘\_ number will
- be the result
of studies

Polarization
sensitivity
30uKf per 5
arcmin pixel
toQand U

A ot of the sensitivity increase for MAP and Planck has come
from improvements in detector sensitivity, but Planck is close to
the baCkground limit fPlanck spec. Mission-realized
sensitivity is expected to be much better

TABLE 1. CMB anisotropy milestones

Phenomena Experiments Date
Sachs-Wolfe COBE DMR 92
Degree-scale many '93-99
First peak Toco, Boom, Maxima  ’99-'00
Secondary peaks DASI, Boom 01
Damping tail CBI 02
Polarization detection DASI 02
Secondary anisotropy CBI?, BIMA? 027
Polarization peaks future
non /Gaussianity future
Reionization bump future
Lensing of peaks — future
Dark energy ISW future
Grav.-wave polarization future
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