e Fundamental Interactions
e Interaction Rates I';
e Rudiments of Equilibrium Thermodynamics

e Entropy

Cosmology: 5. Thermodynamics of the Early Universe, Winter Semester 2009/10 1



Fundamental Interactions — the Standard Model

Introduction to the Standard Model: Experimental constraints

® Gauge symmetry: SU(3)c x SU(2)r x U(1)y

1 1 1
LD —=FMF, ,, —W"W;,, —=B"B,,
- YRl IN Rl L RNl i
SU@B)c SU(2)L U1y
4 4
Glla=1,..8 Wui, Dy fky

& The Higgs sector:

. . G
e The minimal choice H = ( (h + GO

U(l)enm.

IV ) necessary for SU(2)r, x U(1)y —

L>(D,H)'D*H — V(H)
for D), = 0, +igWiT +ig'sY B, and V(H) = p?|HP+ A[H[*  with Yy =3

2
pto_ v

o If u? < 0 then (0||H[?|0) = —34 = % (spontaneous symmetry breaking, the
origin of mass)
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e Boson masses: my = V2 \v, my+ = %gv and myz = my /cw, for cyy = cos Oy =
9/(g* + g %)'/?

& Fermions

fermion | T | T3 %Y Q)
1 1 1
AR R
i | 5| —3| 5|1
1 1 1
wr |5 |+5] g | 3
. | 1| =L L 21
Y 2 2 6 3
lir 0O} 0 | -1} -1
wg |0 0 | £ | 2
dip 0] 0 |—3|—3
Vi R 0 O 0 0

i=1,...,N;y =3, ¥p.r = 1(1 F5)¢ (parity violation), Q = T3 + 3Y
Neutrino masses:

e Dirac mass: f;; EiLVjR H +H.c. for H=irpH*

. . 1
e Majorana mass: 5M;; v;r Cvjr+ H.c
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Gauge transformations: ¢ (z) — exp { —igT"0;(x) — ig'sY B(z)} ¥ (z)
Gauge interactions:

LD wa“Dﬂw for D, =0,+igW,T" + Z9/§YBM
(3
Yukawa interactions:
3 ~ ~ —
LD — Z (Fwﬂz RHTQ]'L + Fz]dz RHTQJ'L + HC)
ij=1
U
if (H) # 0 then m, # 0
3
Eq mass = — Z (Z_LZ R./\/léj'ju]' I, + CZZ RngdjL + HC)
i,j=1
for
M = — T, M= Lfij =  1no FCNC for one Higgs boson doublet

ij_\/§
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U1 Uu d1 d

U2 =ULr| ¢ d =Drr| s
U /) LR t ) 1R d3 L.R b L.R
U]TQMUUL — dlag(mua M, mt) D}L%MdDL — diag(md7 ms, mb)
Y
~ ) mf
[T diagonal (gf=+v2—L) = 1o FCNC
v
d
e charged currents: u; pYHd; 1, = (u,c,t UlDpv | s
g > Ui py*dir = (0,6,t)L Up Dy ;
Uck M L

e neutral currents: > ;. Y*u; 1, > d; y*d; 1, remain unchanged upon UrL.r Dr.r
transformations
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Uckm:
e unitary complex N x N matrix, ¢;;, — e"®q;;, = =(N —1)(IN —2) phases in

5
Uckm

o N>3 = CP violation in charged currents

#® Masses in the SM: my &< gu  mp X \L/2y my¢ o< v

Leptons:
my, < 3 eV my, < 0.2MeV  m, < 18 MeV
me = 0.5 MeV. m,, =105.5 MeV m, = 1.78 GeV

Quarks:

My ~2MeV m.~1.2GeV m; >~ 174 GeV

mg=95MeV m,=0.1GeV my=4.3 GeV
Bosons:

my+ = 80.4GeV  myz=91.2GeV my > 115 GeV
Y

Fine tuning:

Mve < 05.10711 = e <p5.1071

my gt
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Introduction to the Standard Model: Experimental constraints

e Perfect agreement with the existing data

Measurement Fit |OMe2e—_OM|/cMeRS
m, [GeV] 91.1875+ 0.0021 91.1875
I, [GeV] 2.4952 + 0.0023 2.4957
Cpag [NbI] 41.540 + 0.037 41.477
R, 20.767 + 0.025 20.744
AL 0.01714 = 0.00095 0.01645
AP, 0.1465 + 0.0032 0.1481
R, 0.21629 + 0.00066 0.21586
R, 0.1721 = 0.0030 0.1722
AP 0.0992 + 0.0016 0.1038
ARC 0.0707 =+ 0.0035 0.0742
A, 0.923 =+ 0.020 0.935
A, 0.670 *+ 0.027 0.668
A/(SLD) 01513 &+ G.ODZ 0.1481
sin“elSP'(Q,,) 0.2324 + 0.0012 0.2314
m,, [GeV] 80.398 + 0.025 80.374
Iy [GeV] 2.140 *+ 0.060 2.091
m, [GeV] 170.9 = 1.8 171.3

O 1 2 3
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e The scalar sector weakly constrained
— Higgs-boson representation:

2

My
= SM = —14+0
P m2Z COS2 (91/‘/7 P + (Oé)
(Ty41)=T2 |02
for general Higgs multiplets: p = Zi[Tg:;é;gv?g] |
sefies (9= LIULLE tggggg = T =3 (doublets are favored)

— Higgs-boson interactions: no direct tests of the scalar potential
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Outstanding problems of the SM

& Gauge-Higgs sector:

t
g 8t
H | H
t
N m2 __ . (tree)2 A2
h — mh C -
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e T[he hierarchy problem

2
if my, ~ 100 GeV and 0_4 5 :40 then

| ((1omy™) 1.6A >
B 1 TeV 1 TeV
If A > 1 TeV then a fine tuned cancellation is needed to obtain m; ~ 100 GeV,
e.g. for A = Mp; = 10'Y GeV one has

(tree)

10m

1 = ( ] T Y ) —2.5-10° = to avoid fine tuning A < 5my, <1 TeV
e

4

The New Physics is expected at £ ~ 1 TeV
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e Why is there only one Higgs boson?

— The Higgs field was introduced just to make the model renormalizable (unitary)
— There exist many fermions and vector bosons, so why only one scalar? Why, for
Instance, not a dedicated scalar for each fermion?

e The strong CP problem:

— symmetries of the SM allow for
1 -
tr (FWF’“’) = 2 Ptr (B, Fag) = —t1 (FWFW)
— odd under CP

Lo = 93;8 e “”F“ —  neutron —EDM D, ~2.7-107'% e cm
w2
U

data: D,, <1.1-1072®ececm = 60#<3-10710

The strong CP problem: why is # so small?
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& The flavor sector:
e parity violation:

W—I—,u ’L_Li’yu(l—’yg))dj i) VV—’_’u Tj@”yu(1+75)dj

Maximal parity violation, why?
e Charge quantization, why ¢, = %, q4 = —% and ¢ = —17
e Number of generations, why N = 37

e Why is the top quark so heavy (m; ~ 174 GeV while m; >~ 4.3 GeV) ?

m ~ v = (0|H|0) ~ 246 GeV
4

top quark is very different (possibly sensitive to the spontaneous symmetry
breaking)
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e Mixing angles and fermion masses:

3
LD — Z (fZ]’L_LZ R[:ITQ]'L —+ Fz]Jz RHTQ]'L -+ HC)
i =1
J
3
_ UV ~
,Cq R = = Z (’L_Lz RM%UJ‘L + d; RngdjL + H.C.) for M;L; = TFija Mglg —
i,j=1 2

U1 Uu dl
U2 =ULr| ¢ d =Drr| s
U ) LR t ) 1R d3 L.R b L.R

U]TQMUUL — dlag(mua M, mt) D}L%MdDL — diag(md7 ms, mb)
Y

ZaiL’YudiL = (u,¢, 1)L, UzDL”YM S
—_—
Uck M L
It is natural to expect that Uc gy = UCKM(mq/mg).

S
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& Parameters of the SM:

my m,/ﬂ my.  MMqg Mg My

e

g ) gJ/ y Ys y IMp, >‘,7 \UCKM,

(agepssinby) (agep)  (mA)  09123.0cp

21  parameters !
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& Cosmology:

e Dark matter and dark energy

3 Ll L L v I Ll L Ll L I L} LJ L 1 [ T T L] T I ] T L] T I L] T ¥

| Mo Big Bang

Supernovase z

sSMNAFP SN
Target

C MB .
expands %
= recollapses event R T
| 1 =
L Clus ters
=
2o

—
==
=
-
=
-
—
=
.
=
-

e

-

il

W R

; H?
O, = lad for p. = ) 9
Pc 8rG N

data = Q) = H2_70%, Qpyr >~ 27% and Q5 ~ 3%

= 11h*m,/m> for h=~0.7

3
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SM has no candidate for dark matter

O\ = pA ~ 0.7 = pp=107120M3, = (1073 eV)* while typical scale of the
SM is 0(100 GeV)! Fine tuning again!

A

Inflation: period of fast expansion of the very early Universe, R(t) >~ exp ( = t)

Again the SM has no means to explain the inflation (no inflaton in the SM). For a
typical inflaton m, ~ 10'? GeV and A ~ 1073, so the SM Higgs boson is not an
inflaton.

Baryogenesis and SM CP violation 7 = 2"t ~ b ~ . 1010
Y Y
The Sakharov's necessary conditions for baryogenesis:

— B number violation
— (C and CP violation
— Departure from thermal equilibrium

SM:

— B number violation: OK
— (' and C'P violation: too weak CP violation o« Im@), for Q = U,qUU;,
(re-phasing invariant)
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— Departure from thermal equilibrium: no electroweak phase transition for mj =
73 GeV

Conclusion: the SM doesn't explain the baryogenesis

e Why is gravity so weak? Or, why Mp; = 10'Y GeV > v = 246 GeV?
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Possible extensions of the SM - a subjective view
& Extra Higgs bosons

e SM single Higgs doublets quite unnatural, why only one?
e extra sources of CP violation from the scalar sector (needed for baryogenesis)

e hope for an explanation of weak mixing angles through horizontal symmetries

NH 3

£D—ZZ (f?ﬂZRH TQJL—FF dzRH TQ3L+HC)

a=14,j=1

HO‘—>7—[g‘Hﬁ, uiR—>L{;7ujR, diR—>D§ug‘R, QiL—>Q‘ngL

constraints on fermion mass-matrices:
Ny
d « Vo
E :sz\/* sz_i :Fzg 9
a=1

U};MUUL — dlag(mm M, mt) DTRMdDL — diag(mah ms, mb)
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If M®? sufficiently constraints, then Uo g = U}:DL = Uckm(mg/my)
e Multi-doublet models favored by the p measurement

e An example of extra Higgs boson scenario: the 2 Higgs Doublet Model:

V(pi,d2) = mi|gn|? +mi|a|® +mi(eplpa + e Bpip1)+
—I—>\1(¢J{¢1)2 + >\2(¢£¢2)2 + >\3(¢J{¢1)(¢£¢2)+
FAx(8[02)(910n) + s [€%3(0]62)? + Hee.| +

Fa(0161) [e%00162 + Hc.| + Ar(6hen) [l n + Hc]
where m? and §; real
under CP: ¢;(t,Z) —  e™igr(t,—Z) for i=1,2
e explicit CP violation: 9; £ 0

plog 5 eileeagly,
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e spontaneous CP violation (§; = 0)

(1) = ( % ) (p2) = vga;

4)\51)1’02

—~  SCPVifo+0,7

cos =

e Difficulties of extra-Higgs-boson scenarios:

— many new parameters (m?, \;, 6;)
— tree-level FCNC to be suppressed

I A
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& Extra gauge symmetries

e GUTs, e.g. SU(5): unification of gauge couplings, . . .
e L — R symmetry, SU(2);, x SU(2)g x U(1): spontaneous parity violation

e SU(2)L xU(1) x U(1)": just extra Z’

#® Extra dimensions (more special dimensions)
Motivations:

e Unification of gravity and gauge interactions in gap (Kaluza & Klein)
e Quantization of gravity (strings)

e Solution (amelioration) of the hierarchy problem
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The interaction rates I';

& Definition of the Cross-Section:
The transition matrix element w;_, ¢ gives the probability for the transition to occur:

Py = |wiss? = |{fl3)]?
The translational invariance allows to write the matrix element as
Wiy f = Oif +9(2m)* 0% (ps — pi)Tis s

The above formula defines the transition matrix 7.
Let's consider the following scattering process

a+b—cr4+ca+---+cy

We assume that b is at rest, and the velocity of a is v = |p,|/E,. The number
of particles b per target volume is (that defines the normalization of plane waves):
2F, = 2my as b is at rest. The incident flux is the velocity of a times their
number density 2F,, so 2|p,|. If the reaction volume is V' and the reaction takes
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place during the time T, then the cross-section o is defined such that the transition
probability per unit time and unit volume equals the target density x the incident
flux x the cross-section o, that is, 2m; X 2|p,| X 0. On the other hand it is equal to
lw;— ¢|?/(VT). Hence summing over all available momenta for the final state we get

ocla+b — c1—|—02—|— —|—cn)—

dgpy 4c4 ~ 9
/H (@764 (Pa+ Po— 11—+ — P
4mb’pa|

where for unpolarized initial state we have

~ 1 1
T]> = < Y Bl
= S v Dt Tis

final spins

The spins of initial states are denoted by s, and s;. The symmetry factor S appears
because in quantum mechanics we can't distinguish between two final states which
differ only by the exchange of identical particles, in general, if there are k groups of
n; (¢ =1,2,...,k) identical particles in the final state, one has S = nilno!...ngl.

In order to have the cross-section in a Lorentz invariant form one has to replace

. 1/2
Myl Pal — [(Pa - Pb)* — mEm]
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For decays
a—>C +C+-+cy

we get instead of the cross-section the decay width

I'a — c1+co+-+cy) =

N : /ﬁ 17 (2m)*6* (pa — p1 — -+ — pu) [T
dm, ) 2 2E;(2m)?
for : .
T1?2== Ti¢|?

final spins

Summing over all final states we get the total width

Twot= Y  Tla—f)

final states f

Then the life time is given by
1

I‘tot

T
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while the branching ratio reads

I'(a — f)
Ftot(a)

BR(a — f) =

& Strong and Electroweak Transitions:
Estimates of cross-sections:

o
2

2
e 1
Tem(eTe™ = ptp™) ~ (E) = for 5= (per +pe-)? > me
2

where 7~ = aqgep ~ 1—;8, for /s ~ 100 GeV.

2
2
_ _ 9gcp | 1
Ustrong(qq — qq) ~ < Zﬂ_ ) g for s > mg

2
9dQCD
47

where = aQcD X~ 10~ 1,

92 Kk . S
Uweak(ye+e+_>yﬂ+'u+>N ( Z:Ta ) (3—77112/[/)2
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2
where Zweak — e’ — ZQED

A4t 7 47 sin? Ow ~0.23

#® The Interaction Rate:

If interactions between species are fast enough they could be in local equilibrium
(state of maximal entropy). The reaction rate responsible for establishing equilibrium
can be characterized by the colliston time:

1

onv

te

where o is the cross-section, n is the number density of the target particles and v is
their relative velocity. In order to maintain the equilibrium this time must be much
shorter than the Universe age tg ~ H !

te < tg (1)

Then the local equilibrium is reached before the expansion becomes relevant.
Let's consider T > 500 GeV, then the cross-section for strong and electroweak
interactions could be estimated applying just dimensional analysis for typical energy-
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momentum p ~ T' (masses are irrelevant at that energy)

042

O~ —

T2

where « is the fine structure constant for strong or electroweak interactions o ~
107! — 1072. Taking into account that the number density of relativistic species
behaves (see next section for details) as n ~ R™3 ~ T3 we obtain

If the Universe is dominated by relativistic species then we have (see next section for

details)
1 1 Mpy

HH praa/ MBI T
Hence we can see that the collision (reaction) time t¢. decreases slower than the
Hubble time ¢y, so if T is too large then (1) can not be satisfied. Note that since
praa ~ T* during the radiation dominated epoch we have H ~ T?/Mp; (see next

section for details). Therefore at temperatures T ~ o*Mp; ~ 10 — 1017 GeV, we
obtain t. ~ ty. So for T' < 10*® — 1017 GeV but above few hundred GeV (where
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o~ %—Z) the inequality (1) is satisfied and the Universe made of quarks, leptons, gauge

bosons and Higgses remain in equilibrium. Above 10'7 GeV the interaction that we
know are too slow too keep the universe in equilibrium. Below 100 GeV, the masses of
gauge bosons W* (myy = 80.403+£0.029 GeV) and Z (mz = 91.187640.0021 GeV)

: 2 2 /04
become relevant and the cross-sections scale as o .. 1~/my,, so

1 mW41
ez —(7) 7
aweak T T

for T' < 100 GeV. Therefore the interactions become too slow to maintain the

equilibrium, as a consequence, e.g. neutrinos decouple at 7"~ 1 MeV (more on that
later).
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Rudiments of Equilibrium Thermodynamics

Assumptions

e The Universe is a dilute and weakly interacting gas.

e |f rates of interactions between constituents of the Universe are large enough, then
we assume the Universe is in local equilibrium (so the state of maximal entropy,
see Mukhanov for detailed discussion).

Then the number density n;, the energy density p;, and the pressure for particles
with g; internal degrees of freedom (massless gauge boson has g=2, massive gauge
boson has g=3, massless fermion has g = 1, massive fermion has g = 2, the same for
anti-fermions) is given by the following integrals of the expected number density of
particles in states with energy E; (phase space distribution or occupancy functions)

fi(D,T):
/ £.(F

(%)3 for  Ei(p) = (A2 +md)Y?  (3)

(2)

pi(T)

| |
\
51
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pi(T) = g / SIEZj‘(ﬁ)fi(ﬁ’ T)(;lﬂl))g (4)

The phase space distribution (the expected number of particles in an energy state) is
given by the Fermi-Dirac (for fermions, + sign below) or Bose-Einstein (for bosons,
— sign below) distributions

1

10 T) = Tt 11

where 11; is the chemical potential of the species, for our unit choice kg = 1. It
will be usually assumed that @ can be neglected in the early Universe. Performing
the angular integrations and changing variables from |p] to E = (|p]% + m?)!/2, so
1pld|p] = EdE, so that d®p — 4n(E? — m?)Y2EdE and we obtain

g [ (E2 — m2)1/2
D) = 52 /m o[BG —p/T1

g [~ (B2 — m2)1/2 ,
pT) = ?/m pE@) - p/T10 F
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g 00 (E2 _ m2)3/2
"= |, et

In the relativistic limit (7" > m) we get

SBT3 for bosons " gT*  for bosons T
n(T) = 372‘2(5 3 : p(T) = ?Og 4 : p(T) = A
ngT for fermions s3g91™ for fermions 3

where ((3) = 1.202... is the Riemann zeta function of 3.
In the non-relativistic limit (7" < m) there is no difference between fermions and
bosons

mT

3/2
n<T>=g(g) exp(—m/T)  p(T) =mn(T) p(T) = n(T)T < o(T) (6)

For non-relativistic species the average energy per particle reads

(E) ey (7)

#@fég)T ~ 3.151 T for fermions

p { T T ~2701T for bosons
n

For the rhs of Friedmann equations we need the total contribution to the energy
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density and the pressure, that is

4 00
rot —\T 272 exp(y) £ 1

TN\ g [ (y? — 22)3/292dy
ot = T4 ? v 7
Fros Z (T) 272 /m exp(y) £ 1 ©)

where x; = m;/T and y = E/T, and it has been taken into account that some
species may have decoupled (remaining in equilibrium) so that they may have different
temperature 7;.

Note that at a given temperature the ratio of the energy density for non-relativistic
species to relativistic one reads

Pnrel o~ (@) 9)2 e—m/T
Prel T

For the species to be non-relativistic one needs m > T so the e~™/7 is a strong
suppression factor, so that we will neglect contributions from non-relativistic species
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while calculating total energy density. In that case we get

w2 p(T) 2
(T = —qg,T? d T ="12="_¢gT* 10
prot(T) 37 and  p(T) 5 Y (10)

where g, counts only massless (m; < T') degrees of freedom:

ge= > g <?>4+; > (?)4 (11)

bosons fermions

Note that g, = g.(7T) is a function of temperature. An exact form of ¢,(7") could
be easily obtained from (8) and (9). For T >> 100 MeV g, = 1062, for T' < 1 MeV
g = 3.36, while for 100 MeV > T' > 1 MeV one gets g, = 102 (see class).

During the radiation dominated epoch (¢ < 4 x 10!V s see class for this number),
Ptot = Prad hence inserting (10) into the Friedmann equation one gets the very
important formula for the physics of early Universe:

8t 1/2 87 G 2 t/2 gi/QT2
H = (T = |——0q, T — 1.66

For the radiation dominated Universe we have obtained earlier the following time

Cosmology: 5. Thermodynamics of the Early Universe, Winter Semester 2009/10 33



dependence of the scale factor

R(t) o tY/?
So, for the radiation domination one has
1

g=t_1
R

2t

Hence the time — temperature relation could be obtained

M 1 MeV
t=0.30— " ~( e) s
N T2 T

The above is a useful formula to memorize as 1" ~ 1 MeV is a very important
temperature in the evolution of the early Universe.
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Entropy

Let's define the entropy through its differential
TdS(V,T) = dip(T)V] + p(T)dV = d[(p +p)V] — Vdp (12)

In general we have

L AS(V,T) . OS(V,T)
AS(V,T) = —7—>dV + —Z==dT
So, we get
aS(V,T) 1 dS(V,T) Vdp(T)
v — AR and e =

The integrability condition tells us that

2S(V,T) 0*S(V,T) 9 [1 9 FM]

oTav  oveT  oT TWT)“’(T)]] ~av |T aT
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4

% _ % p(T)+p(T)] = dp(T) =

The above equation could be derived (see class) from

g [ (B2 — m2)L/2 , R (E? — m?)3/2
D=5 ], splme - A Eit D =5 | e T

Inserting (13) into (12) we get
15 = Zd|(p+p)V] ~ V [p(T) + p(T)] oy = d {%[pm +p(T)] + t}

So the entropy, up to an integration constant is given by

S(V.T) = [o(T) + p(T)

Recall now the "first law of thermodynamics” (equivalently T = 0)

dp(T)

R = LR + p(T)]}
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Combining with (13) we get

1dT
’ T p(T) +
—

r(H)
Hence ; ;
L) + o =0

Therefore, identifying volume with R? we can conclude that the entropy in the volume
V' is conserved. It proves useful to define the entropy density

Since for the relativistic particles both p(T') and p(7T") are dominated by relativistic
species, the same happens for the entropy density. Using (5) one gets:

72
— = g.T3
TR
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where . X
T; 7 T;
g« S = bz gi (?) =+ gf Z gi (?) (14)
Since n., oc T
2¢(3)
2
therefore one can derive the following relation

T3

N~ =

7'('4

= ————(, ~ 1.8¢,
) 45<(3)g Sn’)/ g Sn’)/

Note that the entropy conservation implies that g, s7°R> = const. , therefore in
the early Universe (R ~ 0) the temperature was maximal (roughly T oc R™1),
consequently all species can be treated as highly relativistic.
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Let's now illustrate the possibility of some species having different temperatures by
the decoupling of neutrinos at about 1" ~ 1 MeV. For weak interactions we had

2 2 2 2 2
— _ S sKmyy, S
aweak(€+ +e — U+ Vz') ~ Jweak B ~ Iweak -
dm (5 —miy) 47 miy

So, since (F) ~ 3T therefore at T' < myy we get

Since the interaction rate I'j,; =t ! = nov therefore we get for n ~ 7% and v = 1

2 5
aweakT
4

My,

~ G5T°

I’int =

where Gp = 1.1664 x 1075 GeV~? is the Fermi constant. Let's compare the
interaction rate with the expansion rate H ~ gi/zTZ/Mpl

I  G3T°  GET° T\’
H — g212 /M, T?/Mpr o \0.7 MeV
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So, at T' < 1 MeV the interactions are too slow to provide an equilibrium between
leptons and neutrinos. Neutrinos decouple ("the freeze-out”) from the SM and evolve
separately, so the possibility for neutrinos to have different temperature appears. So,
their energy (temperature) is being redshifted the same way as for photons

The entropy is separately conserved for each decoupled species, so

1
9« s(RT)3 = const. — T~ (g*s)—1/3ﬁ

Hence we can see that neutrino distribution will be the same as if it was still
in thermal equilibrium with photons as long as (gxs) does not change. However
around the same temperature electrons become non-relativistic m, >~ 0.5 MeV so they
annihilate e™e™ — v (the inverse process is being suppressed as the averaged energy
decreases roughly below 2m.). So, the number of relativistic degrees of freedom (rdf)

drops down:
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o forT' > 2m, ~ 1 MeV:

T\® 7 T\ ° 7 11
— A S il=) =24+-%x4=—
ges= D 9 (T) tg 2 9 (T) TRXET

fermions

o for T' < 2m:
gxs = 2

From continuity of the entropy we get the following condition

[g* S (RT)g} before — [g* S(RT)g] after
which implies
?(RT)%efore — Q(RT)ther — Tbefore — (ﬁ) Tafter

For the temperature " before”, the neutrinos even though they decoupled a bit earlier,
have the same temperature at photons, however at T' ~ 2m,. photons are heated
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up by ete™ — 77y as the entropy is transfered (since it is continues function of
T) from eTe™ to photons. The already decoupled neutrinos do not benefit from

that reheating, since for them (RT,)} ;... = (RT,)2... (in other words the entropy

after
of neutrinos is conserved separately after the decoupling). Consequently there is a

difference in temperatures for neutrinos and photons after ete™ freeze-out:

4\ 1/3
T,=(—) T
(&) ©

Strictly speaking the photon temperature does not jump at T' = 2m,, but rather start
to decrease slower already at temperatures slightly above T' = 2m, (in reality the
freeze-out process is smooth and starts already before T' = 2m,.).

For CMB photons T, = 2.73 K, so there should be also cosmic neutrino background
with the temperature 7,, = 1.95 K.
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Let's now determine the present energy density, number density and entropy density
for CMB photons and neutrinos assuming 1o = 2.75 K.

— P3(H/R)?

Y 1Y
. 4 4/3
g*szgi@) +1%0 (F) 7.9.3.(4)"% =136
3
g*sszgi(%) + 3 ngz(%) 2 1.2.3.4£=1091
D= %g*T‘L 464-103tgem™3 | 3.16-107%* gcm™3
n = 2<'<3>T3 410 cm—3 149 cm—3
s = 2% 2, T8 1478 cm ™3 1412 cm™3
Oh? = pom& 2.47-107° 1.68-107°

Where | used the following conversion factors: 1 K = 4.3668 cm~! = 8.6170 -
10714 GeV = 1.5361 - 10737 g, 1 Mpc = 1.5637 - 108 GeV™', G = 6.7065 -
10739 GeV ™2 and Hy = h 2.1317 - 10742 GeV.
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Fig. 3.5: The evolution of ¢.{T) as a funclion of temperature in the SU{3}c &
SU(2)p & U1}y theory.

(plot from Kolb& Turner)
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There exists also a possibility for another kind of radiation present as a relic of the
early Universe, this is the graviton, the massless quantum excitation of a fluctuation of
the gravitational field. The reaction responsible for maintaining the equilibrium would
be e.g. Y1) < hh, where h is the graviton. Gravitons h,. interact with ordinary
matter through the standard Lagrangian oc 1/Mp;h,, T"", where TH" is the energy
momentum tensor, therefore the reaction width (the inverse of the reaction rate) is

Since at the early Universe H ~ gi/2T2/Mpl therefore we get (gi/2 ~ 10 for the SM
at T' 2 100 GeV)

Lgav 1 (T Y’
H 10 \ M p;

So the gravitons freeze-out roughly at the Planck temperature T ~ 2Mp; ~ 1019 GeV.
Using the continuity of entropy at the moment of graviton freeze-out and all the SM
thresholds we get the relation between graviton temperature and the CMB photon
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temperature at the present moment (see class for the discussion):

gnow 1/3

_ S ~

Tgrav o ( PTanck) . TO ~ 1K
g*S

where we have approximated ¢gI2nck by its SM value for T' > 100 GeV, i.e. ~ 100.
Their contribution to the present energy density is pgray ~ T* ~ 0.018p.,.
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