Vill. Gogmic Microwave backgromd rediation

8.4, Measurements oJ the CMB

Predictions and Du‘Scover:)

As we hoave discoged 4a previovs Qecfwe&, thee are mure phofb/\s Hran any other Eype o;
baraom‘c malter in 4ine  Universe. The bayox\ to phontoa ratic Js:

_ (\b _ -40 _ 10 2
7 = o =40y, =0°x 2740, h

This robto was Oprb’te/) in at BRN.

Con%ic\,erm{j Nodiatton o> o baao'}mprc Jﬁufd ( Pzwpeer) With =14, e Jind trat
the Jemperatone 00? Phs}oz\g scaley as T R

Even &) dweic temperature dropped, we shoold be able to cbserve thowe photons Tocay.
let vs stort with a distrilostion o(P phohf\& i thermal ggu.‘&’bm‘um. Their ‘Specfmj eneryg
distrivtion 45 given by the Plasck coure:

w() do = Brhat 4— du

C* T -4

Since we Know  how Crod Scales with &pansion on on adfabaﬁ‘caﬂl? Q)C(;a/\dms Uniese:
Tot R
CaR™Y &= HoR™?

Wa can 4ntreduce ‘é\/\e Gcprezsion Oj the 8:/@"90 &l\$+f;bU£fOA ‘o obtain:

R‘H KThs? 4 A5 NoTE :
b oBhA 1 Crod ¢ R7, as seen 4

the Thermal Wbi'o?j lectore

W(3) dB =
Which 45 also oo Planck cove with T = Th.

Bleck - bcﬂj rodiation  £n an @Lpandmb Universe ccols down, bot remainy thermal.
(Tonan, 1973%)

We ehould be able be defect trose phctons, but we need to Know £hsir temperue
(and s, RCY).

Historec P vedichons

1996. Georye Gamoy predicks Tx SOk

194 %. Rolph Alpher and Robet Herman prediet T Sl



1960. Robet Drchke re-cstimates Ta40 Kk

1064, A Dorosh evich aad I5or Movikev suggest o sesrch (/dr the CHg
Dcscwefé

The disco\rer(j ?J’ the CUR Was abirboted do Pendius and Wilson (44965), bst i+ was MMQ(!)
ceteded «a 4957 o Emile le Roox. This PhD Shodent at A)armﬁ Radic O&Q/\Jﬁ‘}o{)
CFrmce) ()Douﬁd o near isstro pic J—)wc@rowd ff A at A= cm uhile he way doig\

o} (70&% Surtey. However, s was removed C}’rom his artrcke (?o!lomg o swesﬂm o a?
her sopervisor

The CHR emission g (rg)- discorered by Renzias SUilsen, who won the Nebd Prze
in 19728 The dofedton cnd the possible explanation  were pob&‘shed 'ITG(SG‘H'\@;' on
the some ()'Oof‘aaﬁ\ The fnTeergh%.m o(y the measvrements was (9?%2/1 bj Dicke, Pegbles
2 Wil kinsen, Jbﬂﬁowg the work C())) Abpher, Bebhe and Gamow.

Measorements d’ e CHQ
Monopole

OI\CQ g Was dﬁscmered, it wes ﬂecessarJ 1o P(‘oo/)
that fhis radiation comeg pvded {o the one P a

Black bcdd This f@:_p)if@é to measure the photons emitfed
on the Za.s‘l‘ SCaﬂerirb Cﬂl Vartouy d)reg}\)eh(leS

Cosmic Microwave Background Spectrum from COBE

CoRe satellite wos laonched <n 1292 o fne energy :: ;’fm\i mexasgmbs |
distribotion 0‘5) these ba.dﬁc‘ow\cl Fho'}“c){\& in C-Z\/Q{'J EZ; ;; * ‘\

direchion . The dbhained deata /{He& veg accmﬁe); i ow| X\i\

to a bllecklody with T= 2225 Cbeh“er than the ol K\‘\*NN‘ ]
ones “created” in o Qavborcdag). T e e e e on

Frequency [1/cm]

T+ was JJW,\A bhot tne distribohon agreed with that femperatore, kot ot (/)or ﬁoﬂzﬂ
Pa*o\v\es: +there were l’l{ijhe(‘ order terms. Howerer, any deviation (FF o T= 2.9%K

Wos vey small (even CPof the dttpolej.
Dipole

AT -
.Zoskmls o o 180° sepacation, we measore / \
a mar&ma&lg dlﬁere/ﬁ fempem‘}ure . AT=23352 mkK



This dfgfe/\ence in Temgeratore dndicates the oxistence o)

a digole. T+ is covmd by the mowemert of the Leoal
GmUp fowasds the Creat Affmclor at ca. 427 Jom /s

( Doppher shifh). H@,wmb the dgole ollows o anfee
the vellocify CCY this movemedt. A digole has +o exist unless
MW 4s ot pesk with respect to the CMB (olherwise We
would be Jn o gpecfaﬂ coordinate (yr‘amg, and Yred violatey

»C%O‘I‘mpo)
— The dipole can C"‘QJ be explained bﬁ movement o(? the observer
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H\;jhsr 0rder anisolropies

There are adso (o 9} \/\(ijner order anisotvopies

( goadmpoles, ---) . There. howe been several missions
1o ﬁva/ﬂ‘% Yhom with the \/\\250\93% d%ree y
azorey 03 possible. The bond in the middle s
due fo the Miliky Woy disc, which makes Us unable

60 meosSvre. ‘\.\/\@ an fSOJrr‘oP‘ec) 40 Jd/na'] dl‘rac{‘roxxs.

Some g’ e missions Jc)ncd' aimed to mansure the CMR anissieo pres bere:
1383 - Aawnch o] Rusvion salellite RELIKT-I (annsvnced discovery of AT/7 4a 1992,
bol was onnoticed due 4o Cold War £ lack Qj’ translation).

Mao + Jaunch o CBE gatdlite  (Lobed FPrize <0 2006 for disavery of AT/r).
99 :  RBooHMBR anb and Makmo bealloon euperiments

ol lanch of WHAP satellite

2002 : DASI discovers Po@anxaﬁm

2009 Aawth cz)) Planclk. satollite
A(gﬁgr Corred—rg e gyyeof UJ dhe jaQ,o.chc disc, wean compore the Oceuragy ?yﬂ,\p
d»'d%’everr} misSiops.

cope satellite quz) WMAP 62004)

Planck [2045)
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Qor coreeat valyes (ﬁ;r H aad the densit pocamelers {2 [% well as other porametes) come
J)f‘am -éhe da{‘q qy the %Aek %qJ'Q,OJMe. I+ wild e d%i‘cupfl‘ 1o 0\)“‘0.1‘/\ better resodls taa
the ones J) rom Planck. Safellite Cyof‘ H’I'MQD On(sofcopies.

2.2. Om’ain o1 the CHB anrasiropies

Qualitative approach:
The infersclions  between éf& svent componeats cStablish

o @ Coyplings between them. Perturbakons in one component
@ t @ r‘?@ec’f on e othery (v direct ia}_ero\.c'{'CO/L%) @ 405
“I R ™ Q PP oy ﬂ\% ace coupled, Cuen L\y M components ae
e ~ Coupﬂea by the Metric, this i weaker than the
@' t @ direct interactins (how@\,gr, it ds {mdcor"}an‘i' o
\@ /s remember  that this Ccaupﬂrr(\j @uists ).
~ ’ We only can have a covpling between rodeaton
Berore riscaHpT\nAﬂop: and bavo,\g jj’ Hhere ar (P/\ee oderteons @or Thomson
= ”:; ;?‘OVUW T — chﬂeffr{‘)). Even %Her e'e” annihilation thee ace Jree
A ;;“: . v; Aectrons @pzjur, Which are stild covpled to Yo rmadidim.
?iiﬁ: } ’ « PRioR TO RECOMBINATION
Pl | edrors and photons are covpled b(j Thomsen &uﬁwig.
AETER, 'RECOM&\'?)AT\‘ON-‘ The Universe ws Qpagie ycr radiation. Thee oe also
30000y —— pﬁo‘}‘ons, which are Combim"fD with the electrons h(}) orm
. - 4 3 h()dﬂ??&y\_ Once the dectrons ave Captu-ed, tlw(j ose
- i Not available Jor Scattering apymore. The. union
Nsu — between electons  and protons 4 colled RecomgiuaTION.

AFTER. REComMeinATION
Eleteons o bouad Yo pro+df\»& and Pho‘lonS ace )me {o +Pd,\d. These ore the CHB Pl\qlm&.

Jt &5 imporﬁud to note Hratl recombination and c'ecou,oarn) \happened at eli}/er\e/ﬂ‘ Hmes:

there is a shoct period inbetween
We can caleullate the times (temperatuey) o) both events to analyse  whdl hagpered

o Phetons and clectoms .



CMAR on‘am ced.culation

H@dmﬁaﬁ reombination. Saha equation.,

For recambination, we have the J)oﬂowfg' reaction:
€ +P 2> H+Y (in eguilibrivm)

The number densities czy the elements involued ace:

’“ek7>3/2 =~ (Mme -pe) c2 mpkT \% = (e = o) e
n - I KT = ( P ) T
€ 5&’ ( 2R Np 9‘? 22Uk &

22— (- )
N = Gy (MH kT) e (M1 =)y

Since we are interested in a tatio, e calcolede:

___~—~— * Binding cner )U& en
Ny - H ( My orh Bl (metmp —my) et o ) Q $5)
Nenp Xk9p \ Memp KT

Wherr we howe consideed that, in Gq,uiQibﬂ'Um L Me /“P = My /“Y:O
M\ _ 9 my amh | * o BT
Ne Np &9,: <Y7Jemp kT

:Pr ac"‘u& Qce kr\olw\ or q.&?bmed !

Ne =np (Clwﬁ‘e neu‘h‘o.ﬂ;’ra) e =Jp =2 (:Spm - down)
My %My (OI\QJ J)or P'sj)“fd'o() 9,_, =4 [@ aljyed /a,,}«‘aﬁ(.‘;neé o p)

Snce the electrons are the ones covpled 4o phtons, We evpress e\e'yf‘“"g in terms o/ their

nuen ber d@/\sfb (JcakirB iaty accoont thad Ne —'l‘.ﬂp). A&SU/V\\VL\) that my s dominated bJ
the proton Mass:

Ny \ (QW'K 32 _ Bu/er
(ne?') - Mme kT ) s

We ae wnterested 4n the jracho/\ oJP j)me electons

Xe =&
(4 ﬂb

T(/\e densib Oj baf()(){\& N, Can be \HFfHC/\ '¥a) ‘}QWVLS Cj the 68/15{{(-) %Pkoi‘é/\\s Ca:
Ny = r}ﬂy, Wihere

n, = %2(3)(;%)373 1= P\a‘l‘m to (bouadf\ fra.c‘hw\

Thos :
Ny = Qﬂa = 2 28 (®) (_K_.)a T3

m hc




We dso Know thet 4ne number der\sﬁj c(’f bayor\s {s e 1’%7 ({bﬁorf(\é ) nuler As4
ond assUmiA; C}\of(je lileui‘r‘aDﬁ(?‘):
N, X Np+ Ny = Ne+ Ny

We can rewrite the eypreston obtained éPor Ny /,187_ as -

32
2nh B fiet
f)H = Ne* ( m:m_)
And 5o
. B et
nb=ne+nﬂ:ne (i'ﬂ' Ne i@ﬁ) c )

We can rewrite e éPree— eedcon J)Pac‘hd/\ as:

n
Xeofe ., 4. %M

And Joim'zcxj e\efjthirzs ‘l:o(je'fher:

%A B/
223 By 1 _ n Qnt) et

4_><e[i ne””‘ S /“)—> AR GV —

2 %%
1 = (2 )%e&'/kr _ s I _ope (2"" )3/ e ¥ _ X, n.,(z"“) ™k
Mg leT Xe MekT mekT
E-% 3
1-Xe _ 2¢c3) ) T3 (Qn-hz eBH/kT 1-Xe _ 26 7 (QIIkT B et
2 T2 mekT X > ncime

Sl eguaton
This & o non-linear a4uq’n‘0/\, So We cannct (731‘ an Q){Jp@'cu"" jormub Xe =-. We hawe
an intringic A%Dmﬁor\ thal Ccan be solued numer/cauj
Sol\m& tho egga\-tan/ we. (P\/\d that 4in the

1 recombination 0.1
T

very Qarv,() Universe, at tempercdues ~{el,
all the dedrny are ()Vneo_, Wnen T drops,

Xe drps too. The doshed fine rgpresents te
i _ resutt 3)‘ Saha Cqucttion ﬂ) No CO&MDQ%J would

0 10? happen in between.

We. cle(ym,e the b@(jmnu\ of recombination as the point when we hawe Xe = 0.4 (e
the point whee we onEJ hove 407 o(y the inikral J)ree Gzedrana). This gives:
T=0231ey =<<BRyl

)\)ai\rg%/ we could think Haaf this '&'@,Mpef‘cc\‘ure is too low becavse the bmd[np enersy 93
h&dr‘bﬂe/\ s By = 13.6eV: as Son as the fempera:)ue OX the Unnerse (ond 80, the




Pho‘}oné) & below 2.6 eV, +he reacton should 0/10? go in the dicgchion @7+P — H +¥
(pho+oa& do aot have 8/1005’/) onersy %o dissociale H). Hswever, we hae to take into
account that the number od? photons is (way ) duaer tho, the number ?j bar&on&/ So
there are stitl phelons with @noysh ety to disseciate H: g delays recmbinahion.
TMnaQa‘\‘\'fl\j s o medshcjb recombinadtion takes place crond 2 =4300

In another Doctore we caleolgted +he nzdshf)‘r jo{‘ mafter - radiation e?uwvb (ze,zﬁﬁog
Osing Planck cosmology). Thus, recombination hagpens durfr\(} matter dominatan,

Photon deceupling

Afﬁar recombination, we shll hawe some Cpr\ee ectrons [40% gyighe inidial 3\)&1\7‘“4& ).
Those dlectrons sl inferoct with The p hotons . This steps at decoyoling, We ain
Callevlate when dbes it happen throssh the inferaction fafe of Thanson scafferiny:

etV <= ey

Electrons Wil decovple  when Ty < OA:

[} & elrc=nN % Ge = 222 () T Xeme

H = ( Ho> <2 meeo R‘?’y}l malter domiaatien Caﬁ 2 ree << Ze_?), (P""”’ Friedmann @qua{eor\
And ‘takfrb inte cccount the Saqﬂma with temperate: To R

H = Ho m (%) \)U)’\,erf_ T 5 the ’}c—}mpgra_'}upe czf ‘6"‘6’ Pho‘fol\s
o
Eguq+iA(9 bstia @&P’Es&l‘dnax we 0se Saha Cguation J]ar Xe CTdec) ond Solwe (Por Tec.

3
P20 (61 T3 e or e o ( B2

. Momericdly, we Pind boat-
l recombination 0.1
1 —\' Tdac S
| ‘ 24 = {090
10 =k

Rsth  recombimation and decou,oﬁ\‘g happen ot
Qppcoxiwﬁéﬁg the Seme famperatoe , bot demple
happens a &t lalter,

7 — Tha A Proper (More accvrate)  calculaton would

: reguire SOD'WB the ‘Boltevann agoactron.

2= {oo (decoupling ) d%r\ea the last Sca,ﬂ'e(‘i(\j surface. From that saweds We are
able fo see the Universe.

, \ Boltzmann
1077 F " Saha




3.3. CMB Jluctuations

ﬂ*fmw& <P0,om‘oq+m/\s

Jatrinsic (Pﬂlud'ua‘]-[ons

',BeLPor\e the emiston of the CM&, e@dfwrb wos komeﬁpﬂeous and isotmorc . /—\(/Pnlerwds, dormj
the evlolion ) the Universe, non - Linearites ae developiny, giving mie o non — isstrpre
and non hOMojenew& stuctores.,  There most be some primordiad vmalfer (/)Rudroqhong

anhrxa as Seeds J)or all £he structures n twe Universe.

At {r}yﬂa‘lﬂ‘on , C_luoﬂ'h/M J)I&udocﬁm\s grew vp and became Macroscpic (bot H’”eﬂ were still
‘HAD): Primordial matter f@udmhw. These shuctures graw ﬂm\mlodmf\dl%j over time
and  lead to infrinstc J)Qucfuaﬁ'om i the CMB  [which ae cnsered).

- redshifted At e time c(p)) ellechon decoup(),c/b, photons are

Wm*m yme o 4ravel. A pkolrcm Hat stacts “'PaVEMfg‘
Ry v Jrom an everdense rggion will be gravahonall
< gﬁi&i fecl&‘f\gyfeo'\ (becavse i+ most scape from bhe
RS Pcﬁent‘a,o wd,?,). rkedsh\))k’_d prodony Will have
M\ a lower temperatue than onaltered photons
e ponc e 8ince E=han=KkT
£~ 15358 Z;M;;” CAd spots tn CMIB = J’\\g\'\ dﬂﬂsl’b Corans
Nater  sheuchures Keep ngMJ s Hesh 8)00}6 inCMe = (ow d@n&-b l%\‘ur\ﬁ

time . Toc]wj, we observe  4¢., /p,
and AT /T. The lalter are the “i}(),echon
of the anmatepies in the malter distribution

ATATAVAT

We can make predt‘cﬁorm abost A/t

al that redshids based. on the 4m/g, simorl A by AVATAVAY

va\q'[‘ WO observe ‘I‘o&ag hot spots in CMB 4 low-density regions ,\/\/V\f

Since the photony are cecpled, thay it o ?
cwlve os Ty R The’f,’;ow, A7 b a7 tuead s
{5 ot charﬁi/\é :

T R, AT/T = Const



We woat o abtain AT/T ond a rdation such as AT/T =Kk Af’"’/(_om
The Jrest step will ke tronslating the Lo, ot we observe %dad back 1o ifs vale

ot decoupling. To do &, we an e +the Jo?ﬂouﬂ"nj @uortion (Pbt‘ the auolotton e? He o]@nsfb
controst:

S T 2H S = U Gom S &= 5

For o mafter cdominated Univese with (1 =4, we 89{"’

Smo = Smgec &
Tt‘pda;j/ we obsere that Sme = 4. This & a lower limit, siace —?nkci\ﬁ Lwo <9aﬂqxfea and
the b&o\@mm Jives o \nb\ner volue ( ~ 40¢)
We Know the valve O(yreclshuy‘r (}l;r éecmpefr(\j (2% Hoo), o we Can Scale J (a:l-j/z
ond (})\ml:

Sose > 1073 which s, Aoain, Q. lower dimit.
Now we need to relate it to AT/T. To do so, we wil J).'Aol (P\‘mL o. Conpection
between A(?rw/@m and 4(E’P/Lor o ond then Translate Hhe Qutler to AT/T.
Reliing Ae"‘/em and  Dojp. is euyy, sine we ace éea,ﬂrﬁ with odiabatic parfurbatton.
We Know trat / tokig - differentrals

y a A
GYIO( R, b = Aem X _6R. /AR = - Bem AR e €—fm = -3 ,i_[z A@M
r < PELIIEN do- % “YRP AR = - He- R = e — 4R t
R e~ R

de-

:§—_—
4 Cr

Now it is Necessary to rodate A0 bo AT Tas qun be done as:
Ao _ o AT
> =X = —_—

Cr T4 = Aer < JYTPAT = 4_54 AT

& T
Combmin& betn &prosSsiong VUe(Pincl;
AT _ 1 Ag,
T 2 Om

M decouplicg , we had S dec :(%’"ﬂ)c& 5407 so 4T/T 5 407 [and s vas
o lower linit). Since AT/I. remained constont, we should have absered this aniolropres
in 1970's and 1280's. Howewer, iatead ‘f} Fus We asene < T4 ~407S o

ordecs cg‘)? Mc;ﬁnh‘ode soallor. To eplain bais, we need Some{hwb tat stock (})Ormirg

shructures bcé[)ore decoup&v\(s > The sj?eypﬂ\ ?}) the am‘soirop'e\s ia Yo CME «s ancther hint
at  the @astence oy darlke  matter,



Dork majter could J)orm stroctores o

prioc o reombination. The (9mml;,
coopaif\b makes pessible to Creale e
ngml.'c& wells o evploin Tre

observed AT/

Thes, the observed AT ©40% ik macer
s compatible with (A6 ) >4
Quantifying PQUCJMHW.

decoupling

today

gravity |coupling

Since we take observedions as § e were atthe centre OJ) o gphece, tre lest way of
ana.%sfg the anislropias 45 osrr:? +he o{%@,\d@ FOQ(\] nowials, Shce 76/\027 o an opihgfw}

S(k) sten 0N Sphem‘cc& oordinades.

W AY as =4
C Gan d&COMPOM —; : /=1
AT re0) = = +Ze a 2
- (9/ ) = I mest tm \Y(m CQ ‘9)

ybn (@-; %’) : %PWCC&,Q ]/Ufm.mm‘cg
Since we have xSo’fmpD @‘.e./ rotationc]

spherical harmonics | — monopole (not measurable)

— dipole (Local Group motion)

— anisotropies we're after!

iNofiance ) we cn Combire the oli}yened
m - *Cfmg .

;X
Co =

2
2044 W\Z:—Q o]

Tower spectrum uj’ +emp@rotuce J&,ud‘oo}x‘w\&

Ad dhine Dy = A0 (0+4) G

il 1 1 1 1
30 500 1000 1500 2000 2500

Multipole moment ¢

NG?IU/E § ‘&\/\8 <PQ/UC+UQ,+COA&. %om‘c QLCcu&'h‘Q 6sc utions and Sachs - Woﬂge @;ye'd-'
(ﬁar(jom‘c) walter was @gpled fo rodiation prior to Zree & 1280 The eustence cﬁ)

perturbationy dn Tre  coupled bacacm& lood do (oddilentic) pecturbations 41 The rodhation

())"&?,d , Z_HAS we ha.ve O\D!Eaib OaD,CQQOL+€dJ Sb =

% SPJ. It also doads o bag’om‘c aaushc

GsciQQmeaS This Wen& becavse J e cgecf ) (jmvfb and  nadiation pressore.

O=@® -0~ @ 0

max. COMPresSWA

[

face Jc&r:ﬁdn



va‘+(7 wonks to pull He materiad ¢nside, bot the radiaton 4 @cep’r(® a presgue that

Joes into e other direction Hrat wants Yo teac ‘b{lrzja Qﬁxmt. This anstaa j)eoé. generq,fes

OSQ‘%+\'OAS .
A+ OleCC)UPQIr\D this coes ngt WJWQA awmo/e:

oscillohons ore J)me@r\ ond pho%ns ere @%H

af extremes,

This Tronglates into Femperature J boctyaons:
We se= peaks ond dips in the desened 4T

These ace called ba@or\ accovstic oscifla o,

Sound  wases have an assscialed feed s =

oP

—_—

6000 f

5000 [

H,=678+09
Q, =0308£0012
Q, <0.005

0 1 al 1 1 1 1
30 500 1000 1500 2000 250C
Multipole moment ¢
C
(/\Jv —

ol

For an o\rerdensﬁy & DM, weutrines, Jos and photons :
* DM 4s decopled, and hence able to (9rav{\\a¥;onaDlJ collupse right asuny (Cmﬁ'/{\j ﬂmvchﬁ‘omj\
o Neutrines ae about to decosple and Jree gleam oot ) the overdensib,

o Gay ond Photony  r@main cOueré until Photon C’&Codp@f/\é: We get sound

O\Jerdensijra J oerpresued region travely oufwocds  with V= G

4
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We stact when ever(fch\'@ i shitl coopled (U With the eypansion of the wniene, gus,
VMrom ard reutrines stact to Jecoyple (2). The duwrk matffer 45 not @(Fw\&fl\‘j (it ochuaM;
COQQQ{JSVD) Stnce 4t QlecooPQeel a QU/L\j time Ao Pevutrinoy owe  abouT 1o decooﬂaQe as
wel) . Photons and gos ae sl copled, So *ﬁh@ ewole Jt%ﬁeﬂ\@r. M recombination (3
(+ decouFQ(‘r\O) Jc\ae& wll shact e\rollufrzj d%eren)‘ﬁj 3). Protons and vedhrinoy cvolve on
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AV —5,725(7@/6/*& edpantion 3J> e FT o(/ the T onisclepy
The Cps compress ivj)ormajn“o,\; From &xi0® px CﬂSfde = 2048, N = 12 xNae®) to
~n 2500 moltipoles.

CE = ‘LthcL%K P’lyﬁk) Aesz,z)

44 GHz | N

2 5 10 30 S0 100 ZéO 500 1000 1500 2000 2500
Multipole

HEALPIx

(Hicmrch\‘ca& Equal Aren rsodotitvde Pixelisation). A 2-sphere 48 fesselated into conilivar
q,uaclriQatchZs with é%emm‘ resolohons . The Qowery one has 12 pixels, and tre resolofon
L& ncrecsed 'Pacjrijn‘omg Cvery ?iX&Q o U new.

"\(sid(' - 1, 27 4, 8

Pixels are distributed on
lines of constant latitude.

The sphere is partitioned,
respectively, into 12, 48,
192, and 768 pixels.

Areas of all pixels at a given Npix =12 x stidc = 12, 48, 192, 768. 9500 =z gsod =z

resolution are identical!
rP-QOv\e. ‘Pr‘o\)-e.c}rfof\ -



13 +he inlfensdj [or '}empemﬁre) cy) the pho‘}om Ls Known 40 cvery Pi‘xd, we Can

obtain: oomp’i&t Mmber read nombe-
& Nptx -~ /
— = __f > z
b — L p=o (}P)JD CJP\) Cﬂ 204 m 1aem}

It s nec&:&o.v {o Kaow thre argﬂes ossocciated o ench PI’KQ,Q.

CMB  polarisation modes
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Tensor pertorbations
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Adiabortiz / isecurvature - perturbations

Ontil now, we were nch considering which Kinds g porturkotions were we dealins with.

Consiéer.‘(\& a. volome with eg(ual Jdistribotion c;} madter and adiation, it coa be Per“furbeol
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horion at fne fime 9> reonabion, {54 Csmeall scales) 0y (\edocg /\/\/»
Pe Go: Ao — Aoe? Z—j;ﬁ dy ne 07 ofn)




(esmic vorioace
For each { we hove 2p+4 cgpm a:e%;‘cfenk, 9 which ke Can onﬂ(j predet te Jistribohivn,
nat actual vodoes (they are foadom Volues) .
0- 100 — 201 asm (good for shabshey)  ay, = (=) "4n [FLye (R) 4l7e)
-2 — S ay. (ot Joool /f)or shat) <ay, Aym)y = G St S

Sensitivi +y 1o CesmoQoOrqul ’Pdi‘ame'l"—”‘s

L (d) Matter

(b) Dark Energy 100} (c) Baryons
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Takff\o our chprcﬂ Ql,ecom’oosﬂ(‘on {a gphgr.‘ca,Q harmenics ?j 8777‘ chamd*erraed b(? theor ¢
(Scaﬂe), we Can J)fqd the dependencas on The pestion ﬂ“ﬁb\e peaks with the

:
10ol- (@) Curvature

!
2002)

3%— (sphercad harmonics)

1
& Dodelson

(Hu & Dodelson 2002)

‘ .
(Hu & Dodelson 2002)
0
5.

Cbsmoﬁoé:‘m& densi\’r} perameters.

a) Curvedure  degs no} Change the shape z(»}) the Spedlrum , bot shiks the Jposition
of the peaks. We have mexsored tne Pist peak on L-2m, which means thect
the Onivene ds almesT ‘))Qa‘}

c) Clr\am(jrz:S Tthe \Dar&on content mOcl(u})fes the diye(‘eﬂce betwaen tne hegh? o/
te Pt ond Yre second  peak.

d) Chwﬁiz(xj cdl the matter content CV\M@@ momtlﬁj the \051(‘51‘11' of the thid park
and 438 F@gi%‘d/\.

b N has o mmilac gyecf than Kk

NaTE

Anisstrogies ﬂOﬁMMD(? depend on bagon-Phofcm interactions - rato

Dork maker has decoupled ch\g boJore the emepgence of the anisetgpies

Tne Shope ?)’ the power spectrum @0 the ntnpsic +emper‘oti~we J)ﬂuo}uﬂb/\,g in the CuB
depends sans“r(ve,o,g on the cosmollo@z‘ca& pacometors.



Corvature

_ c . | & dE
cl/_\ = e sinh (\)_'dk jo

Ho Eﬂ&) ECZ)
s main e%ed is on the Qsaafion j) the 1S Peai (’“ distance 1o "3@”‘40(““‘}0”), As it way

Jis cussed bgore, tne  lecafion ‘3 the pexks i€ gien dy: Cn =0a (m-0), o D,
¢ £ 0.267 g )™
Spectrad index
The Spec’rr‘aﬂ index Ng aﬁeo[\& normedizadon
Ce - me Pk Pl A (k=) 2 acéf:f@ = ()"
‘D\,, ~ knb-4
Dark Gncr?;

It hos o Qafe tine effect ((2<4) af lage scales (2<10) [Tntegmited SW]

G = 4 [ TPy 2R T™Ck) < 2 [ a2 2 o (kreay

25 2m

I+ also changes “the distance fo recombination . since 4t is charging sbig htly the expaasion
vellsci i~(7 .

Maffer content O,

L oﬁeck Yo M Pofe/\*r.‘a@s. @eeper poﬁ@/\f-‘aﬂs %mp?j fess BAO.

Y = - 4nG, f—f—@m S

Bor(jon content Q1

S affects the heignt f the peaks.

S+ R_saprarss[-pry - L)

1+R 1+~
R-2 £ _ o ‘ \ .
P -, Ro = Roo —— Amplidode , appeoss in the c’nw‘/ﬁ (Pame
Corvature Darlk energ Dork matler Baggons
(7 Qm=[0.2038, 0.2538, 0.3038] and HO=70 Qb=[0.0362.'0.0462, 0.0562] and HO=70
. ‘ Qmh"2=[0.099862, 0.124362, 0.148862] oo Qbh"2-{0.017738, 0.022638, 0.027538]
Qk=[-0.05, 0, 0.05] | Astro-phi0610532 /\ i . 2
| &1811.02469 // \‘ . / \ o
2 /f | ™
/ N\ z ) g e P
= U(,\(thl> \/ \/‘\ _% 0 \ E_ 200 / \ Z
= 1”2 . ‘m / \\\,/'ﬂ\\_,//,\\\ 1000
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Beraviour Oj tre ‘Power SPQCWUM

The mater power Spacfrum 4s the pro,du%bf\ vallue cj) the durk mafter densi b per'}ur‘ka‘lrb/w:

p(K) = <1&K}2>

BEWARE

Jtison ingoctant quonkly trat inplivtdy offeds the e 7 e S e
that we had beJore. Tap
The B can tell o8 what & happem‘/ﬁ with the \UGri‘Uf balions and _i.sapﬂe power .[/j'la?;‘on ()?rom
hows can they O%)Gd the Clg. 3P we uke the psfentiald, we iohaion.
Can cbcompoae oF dno:
3 (ko) = $p(K) X T(x) % Slo) — Matter clensib contadl 104_MD->®~°'°”St ' : RD-&~const 1
4 L Trans Jer C?Unc‘h‘cm C el /E BAO
Tnifia) value from i/yﬂaﬁ‘w\ flormas LOA) 1000} ~k ,Pw
2 21, Ny-1 - @(K,aue) ;_8 -k
<S> & kBk™ T = ———— 100}
§Qa:()e (K/a&”) '
Diger&\ce in the Po+en‘)1‘ot15 10} i Kes
between ary scale and boge soule 1 | o . .
104 0001 0010  0.100 1 10
Wit these &gﬂnih‘of\s, We an express P(k) as- k (h/Mpc)
Py =<8> = K4<FE> T00 80)* ~ K*ik® K™ T  » K*TCK)? | pore

Aﬂd Us?n& the Feisson eguml(‘cn-.
K>> Keg —s &~ const — §>~E"5 — Te Yo — PO~KS
K<“KE_9 —> P ccogt — Sa k* — Tod — A ~K

Keg = O.0AQmeh (hie)
Scale thal cormespords fo the

C?vauiy belween malter an
(adiation

Mo des b% ond  Keg O‘:pk‘r hand  side o—()’ the gJraph) en ter the horzon durl‘/\& radiation cominction,

The +mn§?er (P\)I\d‘\‘dh behaves aa
TCk) :{

4 Ve K >> Keg

9 K< keﬂ_

Mdd e power spedrum goes ay:

Vs K> leg

Pliy :{

Cc&uﬁwh/\j the Fourier frw\?yorm o Flk), one
obhains The two- point corredation juna‘h‘on
(£¢r)) (~ probo. o) galuties at 1)

$ (9= s [ P00 (ko K

K Kk <L Keq_

§tr)= c7"® n=(4,-3)

BAO peak
Qmo=0.21 /
Qmg=0.41 /"
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r (Mpc/h)



Disc vssion %» Planck pagers
The moin Hanck Papers on the waller ace {802 0620S, 1807 0629, 1§67 06211
* Planck 2013 nexlts. J. Owerview, and the cosmologiond O%méy of Planck

+ Planck 2018 resulls V1. Cosmoﬁoafmﬂ parametors
o Ploack 2048 resulls . XK. Ganstring on £/<7Wa+con

Thﬂa c]iscuss the main char‘acTen‘&hcs and 8(~eq_uer\u‘es: "‘*"“"" -“‘g"" ‘ "“" 4

Frequency [GHz] &
Property 30 4 70 100 143 217 353 545 857 M e
Frquency [GHZ* . ...................... 24 Y 70.4 100 143 217 353 545 857 i g
Effective heam FWHM [arcmin]® ... .. ......... 3229 27.94 13.08 966 122 490 49 467 an -
Temperature Sensitvity [wKcwm degl” ... ... 25 27 3s 120 055 0718 2% g P N
Pyl .. 078 072 e s TS
Polarization Sensitivity [tKcun degl;‘ vvvvv 35 40 50 1.96 117 175 131 = Hid®
Dipole-based calibration uncertainty [%]¢ . . . . 017 0.12 020 0008 0021 0028 0024 -1 P N
Planet submm inter-calibration accuracy [%[* . . R . N . Sus . & A ~3 - ¥ - —
Temperature transfer function uncertainty [%]° . . . . . 025 0.1 Ref. Ref. 012 0.36 078 43 \M
'LM ion calibration yISE ... <001% <001% <001% 10 10 1.0 . -
Zodiacal emission monopole level [uK (IO 0 0 0 043 0.94 8 340 o v 13
ysep 4 o . i 004 012 o o) W‘” e
LFl zero level uncertainty [uKeasl' - - . - ... .. . . 07 +07 +06 g i : : e
HH Galactic emission zero level uncertainty [MJy sr~' P : ; i 00008 00010 200024 200067 200165 =0.0147 P, . . .
HF CIB monopole assumption [Mlysr'|* .. ... .. 00030 00079 0.033 0.13 035 064 %
HF CIB zero level uncertainty [Mlysr']' ... ... .. 00031 200057 20016 20038 =0066 20077 1 St 3 .
The Pcsiﬁol\ o The peaky
Extremum Multipole Amplitude [pK?]
TT power spectrum
) [ 2206+ 0.6 5733 £39 £000
Trough 1 4163+ 1.1 1713 £20 5000
L o A 5381+ 13 2586 =23 4000
Trough?2 ..... 6755+ 1.2 1799 =14 g
Peak3......... 8098+ 10 2518 =17 ‘ = 30001
Trongh3 .x.a. 1001.1+ 18 1049 = 9 2000
Pk anns 11478+ 23 1227 = 9 L
Trough 4 12000+ 1.8 41 = 5 o |
Peak5......... 14468+ 1.6 799 =5 5T 30 50 100 250 500 1000 1500 2000
Trough 5 ..... 16238 - 3 2] 399 — 3 Multipole
. o TR 1779 + 3 378 + 3
Trough 6 1919 = 4 249 + 3
Pk ¥t 2005 = 8 221 + 6
Trough7 ..... 2241 =24 120 = 6

And e matter power Specf*mm N & six

pa(ume]‘e/ ACDM mogdel

Parameter Planck alone Planck + BAO . . i .
T T 0.022383 0.022447
QR . 0.12011 0.11923 10t¢
I s 1.040909 1.041010
AP 0.0543 0.0568 B
In(10'°4,) ......... 3.0448 3.0480 B /
-

T T 0.96605 0.96824 T .
Ho[kms 'Mpc™'] 67.32 67.70 + < 107}
o D 0.6842 0.6894 o WR—
B o craimmonuniaiv i 03158 03106 +}+ Planck EE

2 10t} = Planck 6¢
R s cenin 0.1431 0.1424 ;e AN
50 TRt T 0.0964 0.0964 1 BOSS DRO Ly-a forest
A 0.8120 08110 - , DYt
(/03 ...... 0.8331 0.8253 10 10° 10°? 107 10°
R 768 7.90 Wavenumber k [h Mpc ']
Age[Gyr] ......... 13.7971 13.7839




3.6. Bolttmann Cedes
Some existent codes
Thee o ssme codes fo coleulate the CUB anisohopias ad  power gpecteum.
o CAMg: (e (}Lr Anisetrepies in the Microwave lswl%j(‘d\)(\d
+ Code in J0, fast, necenty, ypeated, Jarum Sugpord
— Code in J90, not very modulor
¢ CLASS: Cesmic Lineanr Anl’SoTran Sobuiog Systenm
+ Godein Ci, recently updated, very modulr (te infroduce new models)
- Docomentetion o bit omj\)&m‘j somelime

CLASS

The variables aad the ch{n)aﬂo/\s

Once ﬂ\@ CGGMOQOSI‘C&.D Parame‘bm ae .[n‘f(‘o&uayd/ Hm@_ code SOQU&& the Eriedmann equaﬁ‘orxs-_
1y 2 3_\1‘_ 25 _

(4)" - B coe-

$(%) - -Loalerm

And the Per+uf‘ba+\‘d/s egrud\‘or\s J)OF the metric (Can choese  botween gynchronovt and
Corj)ormaﬁ (9@(5@9

i) Corformal  Newtenian Gawge: ds? - a_z[c)-{ - (442%)de? + (4-26)dxidxet

Q) S(jnchf‘cmou& Jumge: ds?2= 03(z) f- dz® 4 (&§+hy) o &x"f

The Gg,,ua{‘w/\s cPor Cach gauge ace &i\/e/\ by -.

/.'2() + :{i <(.) — i1 )
( (l

k2 ((,‘: + ﬂl) — 17(}'112(/: + P)8(Con),

a

47.'(1'”2(5“1‘0“( ( ‘()ll) ’

2

. . « 9
- g . o u 4 B
o+ Z(l‘—{— 20) + (_’Z - ”—,> v+ T(“ — 1) T(f'u")(\[ “(Con),

a a a”

K2(é — ) 127Ga®(p + P)o(Con).

p la.: _—
/;2/} — 3_1' — 47(](:2(5T(’(,(S}'11) ’
2a
/.‘21.[ — 4ﬁ(,'4:2(,7 + P)#(Syn),
7 .)’.I ] D) 2 _ ey i . (Qxr
h+2—h—-2kn = —-81Ga“dT";(Syn).
a

h + 6ij + 2= (h 4 (,;,',) — 2%y = —247Ga®(p+ P)o(Syn).
a



Basic axde <PD_och\orJf
4. User inpts main cosmolyoical - pacameters Qm, L, ns, Mo, ..
9. Calcdate backgmund ewlokion H(2) and a(t)
2. e code sdlves Per'[‘urba‘l;t‘on @gt\,mh‘o/\s oy Ratzmann %iemrchj and multipoles Ay (k)
J)or a grl‘é cgj values o k., UsanﬂJ in kefo.o004, 0] h/ppe
2y, Cadleylate matler power SGJQCJ[Cum PCk) and Cp- Abso, include other Secmeb(rj g/ech‘
5. Output results or j)e.ed McMC code to estimate b@ﬁf@e& pacamoters.
Ater aw&mj e code, tre esult <s Juen in £xt j)iles with the Coe .
Tz p,n)= Tl)[2tr OF p.9)]
O B/1) = 2 2, G (%,0) You (P)
{agm > = 0
g Oy = St S G
Tt alse returns  the malter power S(Pecfmm , B, jrom the which we Gan obtain the Hwo
point correlatton ())U/\chro/\ ( denctes pméabi&‘b c(f(})mtlmj a gaﬂax& at pesiton 0)  as:
¢ - / PO Sf"‘cf"” 4k dic

-




