10 Thermab history <¥ the Universe

34. The hot Big Bong Hoded

We lhavwe o&(‘emb Seen tnat the Unverse Js exparding Jollowing  the Friedmam eguatan, bt we
have nof Said af))'[jr\i/(tj abodt the temperature. The deminadt component j) the Universe Were,
photns  and S, when we re}er b the femperatue of the Universe we will be Mlltm;
aboit the temperotue gf trese  phatons.

We alss Know trat enbropy s being conserved (RS = du +pdV =0), since there i
net oy heat J)Qow. Ho.vfx(uj e heat (/W,ouu would vean thal eNey 43 9ol )rom oo place
1o anctier, which would create « p-?)er{ed direction  [(ond does not comply with the
covologiced prindiple ). The  vnierse equnds  odiabatically, ie. bire o Jloid i thermal

egu((&(briom )
For bam'h‘l&plc 3&)68 (’P: bu@c"') , this impo,(es ‘l;'lx\cd-,. C = RSCI’HD‘) %cms‘}‘j hos :
Radiation: W= 4 £ ot R Tncaflin j when Jecsvpled
Maller - w=0 6) ol R—G —— T R™?

The Gniverse  £s COOP,(ILO down when @cpa/\di/\a.
The d’cu:f- that we are WOPKC/(\) with bo.m‘\‘rop\‘c_ (})ﬂ,ofé_s @goar\OLMﬂ a.tlfu_bq‘}\‘caﬂb Makes bt
bre clser e 9@1‘ to the B\g Bwp [smgvﬂ_mrb), the hotter the Univerge (il be.

8.2. Thermol eguilibri um.

Thermad bath in eguilibriom.

When pPhotons and malter were coypled, they evoled in the same way, Which was Jictated by
the  dominant compoent (photons). In order fo do calleolabions, we need o mathemedical
description o) themal equilioium Joc radiation and matter.

thermal bty

Let ws dort with o temal bed, assming  thal {hee
are only photons ot o certain Jemperatie T (‘Hney
all de nst need Lo have exactly the some
enenyy, ) (yo_c’r therr encpgiey (}ofuow a Plancke
d\lsnLr(Locho,\)_

det ws pow add more inﬁm&en’rs" to thad thermal bath: neolrinos, electrons , positrens,

}ON*“G/\S .



Meotrmcs y pm}ms , dhc’[‘rcr\s ) neobms and Poai+ro/\s are Icep'l' AN
vilibrivm by tre weal snterackion gad Thomson scafferine.
<4 Y )

« Weak inferackion: - Thomson SCO-ﬂer\‘Aq

,2,22+Y\®p+e_ 8—+a’ «—> e” +¥

S Q' +N «> pri%
N & pPire +e

Sice thna photors outaumber everthing, they dictate how the femperature of the themal bath
evolves .

Jateraction rafe: &ecc»f»eub Prom the Cgoi bibrivm

Porhicles  con mankiin that egviQ{br\‘uM as 00’2? as Hheic own iferaction fak & larer

that the ceomic expansn e, I} the cosme expasion rafe s ﬁa?jer, then thewo

45 not enoygh Time (})OF the jnterachon 4o  bake ploce, thus twgg Jecwople Jrom

e trnemod bod. The inferackon rale s clﬂdpimed as:
N = Nomber densib U = nferaction cross-sechon Vv = redatie vdm‘r;

Pc L Nav
Once a PM’&‘E[Q species 15 olQ,COU,DEQG) & cvolies inde,oe/d'(@). Neutrines were the (ﬂ‘us‘f
to decoople  When Tp(ﬁ@) = T(tgec) when e intecaction rate <<j) e weak A‘/l‘{efkmb‘dnj
P\U kECame Pw < r‘c. T\m‘.s Qeaves S With o " fegaﬁw‘sf‘l‘o U']E’,‘d"‘f?ho bac@mon&" in the
Universe. Unless distuded, dne uncopled partieles remoin i1 their own eguilibriom.

Qnamcferzation of porticles in equf&'lm‘um :n, e, P
We. con chomderise @nsembla ?}) ?w‘ﬁ‘cﬂec {hm\igk'.

. number densily: n = 3 jg(pjimpl Jde
(2w )?

. eﬁa‘jg cjensﬁ-(j . ¢t = 3 [E('P)J)(P) 4mp*dp

(20R)%

® PreSSore (P - 2‘29;‘5_); AJ"p;;Z 3(?) 4rp? JP El_—_ l{)'c[ 2, m?*c4

Which can e defermined if the phase space distribution )Ul\d‘idr\ (Jce)) wad e statistecad weisht
Ore Known For the Qhase oo clis‘}ribo‘h‘m, one aeeds To sobe the i/ﬁ%m« d%’eﬂznh‘a_ﬂ eguq}ron

(BOQ‘L%VY\OLIM G?Ua.'h‘d/\): Z(_Z_ + 3Hn = fc [?Ce‘)] J},P



:5’ &+ & in Kinehie Qg’_uiﬁfbﬁ'um/ s eguaJde/\ i5 eosy fo sole, and we obtuin:
Relativishe : Mon - relativishe  ( T< £ <)
_ 4 . - (ﬂ'lcz + ’PI/!ch‘ —/u)/KgT
)(P) - C(EwJ/K‘T.i".{ (?(-P) &€

+ Erm""Dﬂ't\c d‘si-fib\",'\\oﬂ [Fzrmn'ons) E’ =J l_ﬁcll +micq = mcl \IP‘/.QMLJ' + i t mc? + %mr_‘

— : Boge- Cinstein oistidation (Boms)

Relabivistic Por ticles in Kinebic éguiﬁs'bi‘ M ( m=<< T, /M = O)
In+mufod/\(r7 e eXpress'on (})or the Pl/\o,se, ¥poce n 4ne @quqﬁ‘om Wwe (7#:

. ber density : = _9 P d
Number density n i je“‘""""%‘”ﬂ ¢

. efYBI‘(j(j clenshb . @c" = (Qf'TJ%fCW

P* ; Note
CCWH ¢ In the Ewgy Universe, /A<‘7; (Mr=0 w}jwtys)_
Forther, J)df (edativistic ’Parh‘des whvh are
dp Con+inucub,(7 created ond amihilated there

4 no net choge in particle number, ard hence
treir chemical ?o‘)'e/\'l‘fol can be neJeec%d N

(yenemi.

o Pressure P- 9 j pr et P

C (avh)® Jelrrwe et

_Elm:? m << T, this expresasns reduce  to: (pz >> me?)

o number densf}a-‘ n = J jcp— dp
(4

CQU“ 7 p* /keT +)
- encrg density - Qc* = 9— cip L dp
¥ J (205 )% e lp /KT +
2
o Pressure P- 9 pres P dp

- (Qﬁﬁ c 1P GCJP’_/KBTi'd

And gimpﬁi))(j;/%j terms:
N g P>
. number densily: n rE— P /KTy Jde

. ef\er(j(j clensitj . Qc* g—jcp GL dp

(2R ) P /KT +

1)

1

Some i/l')'c;jr‘af. The @?oa'}fon.s can be  combined

° PPeSSUre_ r-P—- 9 j CP L dp +0 (7€T p:
¢

- (2vh)® P /keT +

E =2 Ps éeci

Doing oq “smart’ coordinate fa/lfyormaﬁo/\ we can write the im‘%jra_@s as:

¢ = _E_F = P = KeTE dp = KgT&\?/C

*  Number denaib: n=_279 KT 2 fl £5_ng= 9 (_Xs_)-rs ¢ ag
2n2p3 = cfrl1 < 2n2 \%c ef+d

. : 9c KT V> £3  KkaT . s
Ener&j &ensd(-j N :zrf“;,‘aj(_g—) 7 —df =3 b 1) € gg

c¥+ 4 2n2 KA c’ eFt4

The sslofion fo this J:/\j‘gjr\qﬂ ae l_'—(yunc}zbns




HATHEMATICA £ CO ¢

i" df = P(os)g(n+) &Y G : Remann zeha unclon
- n= 2 > (0= 22(3)
2 F _ E—
j;H dr=-§fc” o (2) TGy = (a-1) @ =22%(®
£ 4o =3_J £ de  (3) n=3 (1) = £Z(a) = ¢
el 8 C"-d PC"J = Cﬂ-ﬂ)! 2 - * o
(%) = 7 6% =%6§;
We Obfm‘/\:
3
Nunber density: = 2] 552 55—) 9T
8182(7 deng;b: [8]30 -r.‘c" []" On% (}’or fermions
rPr‘&SSW‘& : (P = gec

Noa rdativistic ?Mh‘oﬂes in  Kinehe egruiOf)prruM Cm»T)
Now (,P (P) = o (e Plam MYy
E =|1pel* +mc* - mc® | Pomzr +4 % met s "72,,,5:
SOQ,UMD the ereJran one ﬂets:

" o o = (VT

» Nomber &en&-\(-) n= 9

2117\"
. 5Wer<ja dens(+(7: = nme* + %nk.sT

. p“f&SUI‘E: {P-: ”Kgi

Non - degenerated relatviste gas (kT > me% p=0)

- Bosons FERMIONS Non relativistc gas (KeT << rc?)
NUHBER ges) S 3 e [Ke ) 3 ey
DensiTy = 2 ) T n= A -‘h—ci) g‘r% n= 3 > 2 _[..312 e kaT

2n%
EKERGY 2 _ n? ke“’ 2 Cz _ i 12 Kaq T‘l 5 _
DENSl'TY GC T 30 #3ct g (‘_J T8 3 #3ct 3 (Ocl = nmcq_ + Z nk6 1
PRESSURE P Lpoct P o Lot _
& CC = €¢ - kg
NOTE :

* The enengy censity o relativishie  gactrcles sales with temporajue as T4
Ccet < T4
Stefen - Boltzmarn Daw
1 The number &easib OaP tpe  non - eelativishic Component 4s Q(Ponen"‘fq% SuFm.sseol. :5’ o
woold have shoyed in egfuae;\;r;um wth the femperature 2)0 e Pho‘j“on dath, i+ woold e
dilofed .


Alexander Knebe
fermions


relativistic non-relativistic . ;
T T T 1 rrr Tl T T T T T 11T 2 If l+ 4‘\5 dee -}-b }{\wze—w+/ -eye @Clej

freeze-out

PJH decouples Jrom dne phofons and ¥

femaing ot is own e?u[llflariu/w-.
T R

= N relic density _|
\

\
e . .
equilibrium *, i 8/2

-3
gy Nee ¢ BT = e T

1 1 11 111 | 1 L 1 11 11 |l 1 “I | 1 1111 . . - .,
Eanzy : i 100 e [ Withest the exponential J>ac+or becowse it 4s

UNIVERSE dec,g“;,a Jemperodue. UMIVERSE

(expansion ) nof Coupfled o the pho‘)‘o/\s anymore, ie. net

N|3

in e_cl\)}gibr(om with them).
AR e CPwh‘cQQ.s n e themall batly share te same fempeature, byt ‘U’\e(j all hae
dcyererd‘ disfribation (Puncﬁw\s, Species ace  chamclerised bj their mass, Statistical
webm 3 ond Maabe m‘e(jm{fo/\ (yafro rs (bosoﬂs Vs. (})ermms).
However, reativashic Species @a b combined Vol on %QD‘HV‘Q ﬂ*'

Evyy; Jensities and cYlechve shatrstcal weight
det vs (?ecus XWL on Cnergy density , Consféeri/\(j a] the possible confribotions : Cegpled
[ﬂ"ﬂ redativiste. and olef,ouFlZeA L_nof] reloYivishee C]Dar+:‘cﬂes_
C=ed rew von Foa
Relativistc species i trormal eguilibrium (C82¢) — ffective statstical wesht g,

2 _ 2z _ mn? K th - ,?_ .
Gre? c" = ? Cra,: € = o hsc? ngT) T (% (T) = 5(94‘3 + E ’__23_,_’:

M some -'Foi/\‘} & the Unierse c‘e'?_t-h"{‘\j waa relatvistic and in JthBrmaR eﬂuiﬂl’br:’uw\_ Ths was ot ')“@Wu‘}ve.t

above  KaT >> 176 GeU, dnus, all the pockicles in the stoadad model, d Porticle physies Were
in  themal e?ufpjb‘n‘um with each other.

We can callate Ehe %ed‘ive statished wejght

Jg = gluons + photons + W™ + 2o 4 figes = Ex2 +2+ 3xd+ 4 = 28

9F = guo.rk& ¥ Qerohm& + neutrinos = 12x6 + E€x2 3x2 =190
7 -
32 = 28 + = 90 = 106.75

As T dreps, vouious C§ those  rodativishic species become non ~reledives Foe (cmd aanihfﬁaje),
ond  So ‘H\.gg ace removed (Pr‘am 3*(

y Nevtrnos, {})or iastance, aontinve ‘]‘o 9&‘81' and remain V‘GP,CL‘}.‘V;‘S‘}W‘Q 91‘&” decou’,oln'/(\j,



Relakvistic Spedes  (cwpled and decwpled , PRt +0%).
We con add tme confribokon @ decospled relafivishc species 4o e otal Gnogy censity o
the %Qc‘)‘iue statishicad  wegoht as:
9 (0= 0t (3 3 24°(R)
Where T, is the demperture o e docopled species, whivh Can be different Yo the temperatue g/
the Unierse  (thermal /photon Bath).
Tre graph Shows how twe effechve wepsht of all
the Comporents in e Yomal beth cve s o
yur\c won (o)?*tl/\e Fomperture ?/ the  Universe.
T+ is vmally aproxived.  as a. Step (/UN: Yon .

9.(T)

i 1 i 1 L 1 1 1 L
10° 1w 10 10? 10 1 0.1

T [MeV] —mm—— ————>
deereasrg T
A temperature T particles g« 4g.
T<Tpee y's+3v's 3.36 13.4524%((24(7/8) *2 * 3 * (4/12)43)
’ =4%[2+ . Neotrinp
T,.<T<m, 0.5 MeV y's+3v's 7.25 29=4%(2+(7/8)°2* 3) o
m,<T<m 95 MeV +e.e 10.75 43229 + 4*((7/8)*2* 2) EDectron-
it positeon
anninilation
”l;,(T(Inx 139 MeV + U0 4425 57=43 + 4*((7/8)*2* 2)
<T<T, 150 MeV - 17.25 6957 + 4%(3)
e e x Tl'*, e 1(0 remark: now the 3 pions annihllate again._..
TQCD<T<m,. 1.3GeV +u,u, d’d’ 61.75 205= 69 + 4*(8%2 + (7/8)*(2%3%2*2) - 3*1)
» remark: the 3 plons (w/ g*=1) are formed!
+g'’s
-, w, n°
éﬂ m.<T<m, see below* 53 247=205 + 4*((7/8)*1*3°2*2)
—§ my<T<m, 1.8GeV +cC 7225 280=247 + 4*((7/8)*2*3 * 2)
— 75.75 303=289+4
- = *((7/8)*2* 2)

m<T<m, oew | 6T
my<T<my; 85GeV +b,b 86.25 345=303 +4*%((7/8)*2*3* 2)
my z<T<my 25 GeV + Wz, 20 95.25 381=345 + 4*(3*3)
my<T<m, 173 GeV +H 96.25 385=345 + 4*(1)
m,<T +t,t 106.75 427=385 + 4*((7/8)*2*3 * 2)

*The mass of the strange is 95Mev at the |GeV scale and in general is of course running with energy. So, at the QCD
transition scale ~|175MeV it is quite higher, eg around 125MeV or so. The transition scale is a bit fuzzy, ie it's not a step
function happening at one value only, so without a very difficult numerical simulation we cannot say exactly how/where it
happens exactly. The system is strongly coupled, so counting degrees of freedom in the range of Tc to the bottom quark
mass doesn't make much sense anyway (in his opinion). Also, any simulation (as mentioned in point 3) is very difficult to do
to begin with.



Non velativastic SPQC(QS
We ned add theic cofrbution to the energy de,,s;b of be Univeve.
ﬂf" = gi (m"-K& r‘5/7'—[-3)1 C—(m..-c"—-,«.)/m.’_

2t
ﬂ;w & 'E%/z

3.3. EnTmpa 93 the Universe

TJotal entropy

We hoe olremly Soen thaf the enfrop is o corsorved Quantity, This cyperted et it i proportinal
te 4he scale fastr ond the tempentore.

We stoct with tre second Qo of trermodynamics: TS = U +pdV< O

And writieg dV ad dU in Herms o(} Hhe smle dPachsr-.

3V = d(r®
(R%) ds =—_ir—[du+'pelv]
JU. = JC Vecz) = d[k-&@cz)
(RY) = d(pR?) — R3S
ds - »f‘r—[au + PV = ‘.%-’[d(ﬁ’sfc,’“) + PJ(R?)] = 7 P & :
4
= — | d(r?¥(pc? - RYd =
T [ CR- [Lo "'P)> CPL QePQa_ce B\OPG-VOUF aj JT . Cuuchz)—Rfsmcmn Mfgmbl,b Condition:
=La(recm) - & wfendr] - i

> dp = (ect+p) 4T
SR*T  9TOR® Pe (e R

= _14__ d(R¥(ee* +P) - &; (ee* +p)dT =

(ec:. +P)RD A) In‘fEJf‘OL‘Hd/\ &a Pwh
= A + Co/\ﬁ']

= S[T) = R?’@ = const

Relahvishic Species
= é’ Ca ¢ = NoTE

3#S+h = 3;“'[7')

4
9s T'= 2m Ke 9.5 (RT)?

SCT) = _Bi(i-i-i)@d c? = 2”{'512_‘ ket
T 5

dec . o
3T we = 8% =2 on(Z) 329 (L
dec dec/ —
) =cnst _ N 7 9&%(7)
S(m) = 2r ke* s (RT3 ST Toc&éi R 9-« I
45 wec?
Chcmaea in time 1l

The pression Jl,r S(T) tnat we doluined bg})ore J)mm the second low g“ﬁke/mm%jnwm‘cs takes uto
account g\fev‘hh?rxo Anal AS contwined. 4 the Unierse , CO\Jpﬂed or clecoap.().ec‘ (ymﬂ\ the Memal) buth.



S e L A Mter clecton- pesitron anninlakin somebin
happens to the tremal bath . Tre tuwo
eﬁechwe statishical weights  stoct fo

differ. Wnatever decovples at that point

C]“Ssapfeom .

1 | L . 1
10° 10* 10% 10 10 1 0.1
T [MeV)

Tew\pem\ure, evolution
T 95* R — when Ppacticles become non-relativiske ond demuple, Gus Orops and its

Gn*m@ s +tm§yeroed to heat bath, Whith dncreases its  Femperature
(Evbopy o decopled species is conserved seporataly).

U&xo&% wnaf decosples  loecomes  non- eeativistic o annihiluted . The D/\QJ
Fomaining relativishic. cemupled  gpecies Wee nevtives.

[ Qr :4 :
— Ay _1_3_ 2 . ‘ \
T zlsg. (t) (tine in seweds affer de By Bogy)
Dem: From TFRW Decture, D=1 /RG)xt% > Ha i/é

e ITC T ke o " 1
H= | s O —‘l —g——gg;%:—sgu(T)T = %CT)T xz—

Parh‘ cle nombers

0= [B]ED (kg - B-[2]lm L [2] Jo Fomin

34, Decouplfj\g
Generali Fies
As i¥ wos  mertoned beore , Pochioles drop oot of thermal eguilibrion when their ieraction

e is less than the exponsion ratfe czf the Universe. The interachon fale was Jymed qs:
v = relatie veleoity

[ = nov n = Nomber clensib U = inferaction cross-section

Twe idferaction  ate deperds on the cosrer o{)’ the Merackon .
[1 o T (@Qwom Phofon)
(W 2)

e Jnterachon m@_dt‘o&Ecl bcy maSsﬂess 90!»(38 bosons -
o Tnterackon mediated by mussive.  gauge Dosony C'T<J'1x)'- = T5



Oniverse expansion rote

We oim to compmre the jnferchion rate fo the exponsion rate of e Universe,
{s +he Hubble fa‘amef‘er‘

P e H

We would like fo know how it Smaley with T

1. Rodiaksn dominatean: Teo R™? D Mafler dominakon: TaR™2
Friedmann  Cquateon: Friedmaona co,?ua,h‘om Hee R™*2
HZ:Hozﬂr,o[4+2)”ﬁ;%, Ho R 2 = Ho T
= H«T?

Conditien J)or /Porﬁcl).els Lo remain in thermal eg’,\)\'@bﬂ\)m

e Inherochon m@dtoc}eé b(y mq_SsﬂeSs gauae bosons: % o2 T_4 > 4

° Infemoh‘m mednﬁeA b; Mg ssive aa»(je Dosony ['T<Hx)‘- E—(X T35 4

wheeh

e gruanﬁfa’rcve cacolution feguires actoed [{=nov aad H= Fredmann egfuodfan, thus. we

need to know the cuolotion oj the number &ens(b uNng the Rolttmann &_guod‘m/\'

%% + BHn = — <oV [n‘*— neg"') — n(4) Jecoopkg ‘g 0 %
\. s st i eguilidriw 5 10-2
~ N . . ,3
Gross. sectien keep% A E %874 increasin
5 108 g
N<fNeg = rhs >0 fe S <gv>
n— nes — Tries }0 be_ W’\ AN E %8:;
”‘<ﬂeg = rhs. <0 @%w;efbn‘um ;110933
The lugqer bre cross Sechwn, + ( spe ci E %8*1;‘
J e, ,'\e M(y(‘ oN P cey E 10-13 f;Q I_*__\
. e 10—14 L L L L AL L d I e B
remains in ggerlbrrum ° 1 08 =08l I8
_ m/T ime
ZDecoupﬁe: =0 = n o R3 [J’r‘eeze—ooi') L’ r‘/Rs
Neuvtrino dgcmpllfl? [durirr\) radiaton dominahm).
Neotrines Were coupled to the dhermad bath v the weak jaterachion:
N +a> <— Pre” p+.5 <— ntet
Jts interachion rale £s (jivev\ \00
My = 2.66 GATS, e Ge & e Fermi conshit
Uﬂe WOAT '}b J)E?u/e oo‘]\ oCl‘ \U)/\a‘t Temperaﬁ;/e B)f d ﬂeu‘f‘r\'nqs Ob,coupp,e
° vat Y ) . z - 2 o = 2 Qﬁ -4 _ Bm6 = sré = Sr6 m? N
(Paé ation Jomination: H Ro? Qe R Ho s R = _%_ Cro R _ = e = = &T

M 3.66°T°
H

(Epe)T



Thb cop beo wriﬁea as - _Iji ’,E’,—Q'é— HP GFQ Ts v G{:-‘ Fc_z/mf cofu9+aq+, Hp'— PQaACk MaSs
H

A/\;:l, {0 J’\!\A ‘t\/xe decoupﬁi/‘\j 'J‘empem?lwe:

.,

T:d - —ESJEC/A: 0. & Mey

This #s Qa{jer than the res] mass ?}) bhe electens 0-SMev), So eectons and positeons
are shll  around ber:(\.j creoted in the thermal becth.

T> 030V, L2 R

The Joempgmbe ?} the de,couPQed (sﬁﬂ r\e)lm‘iw‘er?c) neotrinoy drops ke R APter 2
d@Couin/\o {mae Te [o.g, 0.51] HeV) the thermal bath contmined phodons, llectron
ond  positrons [aﬂ the vt hag c\wopﬂ@d) We cn calwlate the % echive Shafishcal
\Wefghts - Photons g€ and it

°c Je [0.5, 0.51] HeV —— 9es - 2 & % 2

e T < 0s# MV —— g, - 2 [elecheon- posdran annihilation )

Since T 9\(;“3 R, the temperature ?)V the
themal bath roisd dve to fhe Chaye 4n i

e B

neutrino decoupling

9«6. W\m\zjh Qﬂfm@ consenvation’

electron-positron

— 107 'F svinihilati

7; N 1, _ MeV E annihilation
- = — > T =494k E
'E> - (QT To=2 225K » 2 r

) -4 1072 F Ty000
-— MEU‘\'IW\(DS‘. R E (detailed calculation later...)

(il 1 I oA [ 1 4 5 e | | o1l

—— - Thermal batw : reheatod 1010 10~ 10°8
N a R
oTE

At some peint  nestrines become non redativistic. and  stoct S;zz.Qr/D Oie R?

Photon clecouPQfl;

Phetons  were copled to the thermal bath view Thomson Sco.‘ﬂer\'/\‘j with remaining electrany
€ +Y¥ =— " +7

FOMOW({S the Same SPem s bf}ore'_

+ Matter domination: H?= Ho>Qn, (%,) [ TR PRI (Res)""

PJ NeTrC

H HD ﬂm“/g (RO/R) 3)2

Relakivis e Pho"'on& : TR 3 dec
5 =

Non- rel — (Me- pie) Skt
elecmrs ‘ Ne = Je [ huKT)e Fe)

2kt

D@oupﬂ”\& condition: _PHL =4




3.5. Halter ~radiation eg\:a.!:b

For s colelafion wo. consider the Scaliegs Oj
malter ond  padiaton  (neh the  cosmological
— _
The Qqu&Q\'}y time 45 &%D{Aed as: log [,N)] ‘ N
Cra (Reg ) = = Cu [Req ) = 442 = Crmeo l_ matter-radition equivalence

Cro I cosmological constant \
sl ol ol NI MR,

3 1
C)ﬂr R = Envseq Reg = Crro R / Coro | S F= e s :
E— - =3 a(t)
Gd RY = Broeg Rey* = Gt o R" &3 Cdo Re
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Event time t  redshift z  temperature T
Inflation 10-34 5 (7)
Baryogenesis ? ? ?
EW phase transition 20 ps 1012 100 GeV
QCD phase transition 20 ps 10 150 MeV
Dark matter freeze-out ! ? ?
Neutrino decoupling ls 6 x 107 1 MeV
Electron-positron annihilation G s 2 x 107 500 keV
Big Bang nucleosynthesis 3 min 4 x 10° 100 keV T?Od‘\@-}'\c’” dom?r\u‘l-tw)
Matter-radiation equality 60 kyr 3400 0.75 eV
Recombination 260-380 kyr 11001400 0.26-0.33 eV \l Matier dM[/Lu.‘h‘O/\
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV

Present 13.8 Gyr 0 0.24 meV



