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Major milestones of the hot Big Bang

N

N

NCRATIFR

Event t(approx)  z(approx) T (approx)  Description

Inflation 103752 — 00 1018 GevV?  perturbations generated

Baryogenesis ? ? ?  explain the observed baryon density through
some mechanism without assuming any initial
asymmetry in matter and antimatter.

EW phase transition 10~ 10 100 GeV  electroweak force “breaks” into weak and electromagnetic

QCD phase transition 1075 s 1012 100 MeV  quarks & gluons bind into protons & neutrons

Dark matter freeze-out ? ? ?  dark matter particles decouple

Neutrino decoupling 1s 107 1 MeV  neutrinos decouple

Electron-positron annihilation 10s 10° 0.5MeV  e* annihilate into photons

Big Bang nucleosynthesis 3m 10 100 keV  nuclei of light elements form

Matter-radiation equality 6 x 107y 3500 levV

Recombination 4x10°y 1100 0.2 eV neutral hydrogen atoms form

Photon decoupling 4x10°y 1100 0.2eV  photons decouple from matter, CMB originates

Formation of first stars 10°y 15 5meV first galaxies form

Dark energy-matter equality 1070y 0.4 0.3 meV

Present 1.4 x 1010 y 0 0.2 meV
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Universe at k3T < 1 GeV

» Let us apply the concepts discussed so far to study the evolution of the universe for T< 10*® K ~ 1 GeV.

» Particles with m > 1 GeV (like protons and neutrons) would have become nonrelativistic and hence would not
contribute significantly towards the energy density or entropy.

» The only particles which would be relativistic are photons (m, = 0), electrons, positrons (m. ~ 0.5 MeV), three
species of neutrino and anti-neutrino (m, < 0.1 eV).

» Neutrino equilibrium maintained by weak interactions, e.g., et +e +—v.+v.ande + . € + e

» The values of g., g«s are given by (note that neutrinos are spin-1/2 particles but they have g, = 1 because all of them
have left-handed helicity)

7 7 43
g =gs=gm= g+ §ZgF:gw+ gleete+3(e +g) = =107
B F
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Decoupling of neutrinos

The weak interaction rate for neutrinos is I'y ~ G?e,mi 7°, where Grermi = a/mg ~ 1.17 x 107°GeV 2 is the Fermi
constant (mg ~ 50 GeV is the mass of the gauge-vector boson).

Using the form of the Hubble parameter derived earlier, one can show that

Ty keT \° T :
H 1.4MeV 1.6 x 101°K
So, the interaction rate of neutrinos becomes lower than expansion rate when T < Tp ~ 1 MeV. The corresponding
time is

—2
. —6_ —1/2 [ ksT N
t=242x10""s g, (—Gev) s ~s.

At these lower temperatures, the neutrinos are decoupled from the rest. Since they are almost massless, they are
relativistic at the time of decoupling (they will remain relativistic even now if they are massless).

After neutrino freeze-out, electrons and positrons remain in equilibrium with radiation via annihilation and
pair-production. The entropy of the neutrinos will be conserved separately. Since the neutrinos remain relativistic
during decoupling, the total g.s remains conserved.
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Degrees of freedom

» The value of g.s contributed by electron, positrons and photons (after neutrino decoupling) would be
11
g*s—ngJr ng g+ ge+ge)— =5.5.

» The same for the neutrinos would be

7 21
gs= g3 (& +gr) = 7 =525

the total being 10.75, as before. The two components will be conserved separately.

» The temperatures of the two components would keep on falling as a~*, thus neutrinos and photon-electron-positron
plasma would continue to have the same temperature even though they do not interact.
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» However, the photon temperature T can be different if the value of g.s changes somehow, e.g., if species in
equilibrium become non-relativistic.

» When T =T, < 0.5 MeV, the photons do not have enough energy to produce e e~ pairs and hence the electrons
and positrons would annihilate and thus disappear. Once this happens, the value of g.s would be

7 7\ 21 /T, \*

» Because g.s decreases (the contribution of ™, e’ ~ plasma goes from 5.5 to 2) during eT e annihilation at a = dann,
we expect T to rise (which is because of pairs dumping energies into photons). Note that since the neutrinos have
already decoupled, they cannot receive any of the entropy released by the electron-positron pairs.
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Neutrino and photon temperatures

Since entropy is conserved, we expect them to be equal before (a = a_) and after (a = a4) the annihilation

ges(as) T’ (a-) d = gus(ay) T°(ay) d conservation of entropy
43 21 (T,\° _
- (T- a-)® =2(T; a+)3+j (7) (T ay)? ges for 7y, €, ve, T
a:a+
Z%3(7—1/— a_)3 =2(T4 614-)3 + QZTI(TV+ a+)3 T, = T = T, before annihilation
4 21 _
I3(T,,+ a+)3 =2(Ty a+)3 + Z(Tl/+ a+)3 T, oxa’ throughout

11
37§+ =27}

To(as) = (141)/ Tlay)

Clearly the photon temperature is higher than the neutrinos after annihilation.



Numerical solution to the temperature evolution
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The neutrino backgro.und o . B N7

» Thus T, < Twhen the pair-production is halted at T, < 0.5 MeV. Since both T, and Tfall as a NeRa <TiER
afterwards, the above relation is maintained till today.

> The neutrino temperature today is T, = (4/11)"/3 x 2.73 K ~ 1.95 K.

» The neutrinos form a homogeneous background which can be detected today. However, since the neutrinos have
only weak interaction, detecting the small background is a big challenge.

> At present epoch, photons and (massless) neutrinos (plus antineutrinos) are relativistic, however they are at different
temperatures, hence

g(to)= > &(Ts/T' +(7/8) > & (Te/T)' =2x 1+ (7/8)(3x 2 x 1) (4/11)"/* ~ 3.36,

BEbosons Fefermions
ges(to) = > g (Te/T)>+(7/8) > g (Te/T)> =2x 1+ (7/8)(3 x 2 x 1)(4/11) ~ 3.91.
B&bosons Fefermions

» The energy density at the present epoch is

4
pr(to) = 30 (k >g>,<74 ~81x 1073 gm cm 3

» Then Q.0 = Qgo ~ 4.3 X 107%h~2 ~ 1.68 Q0 because py,0 = (712/15) (kﬁ/ﬁ‘q’) TS

» The contribution to density by neutrinos will be given by the above only if the neutrinos are still relativistic. If the
neutrinos have mass, then when T < m, it is possible for neutrinos to contribute much more to the density because
there would be a lower bound in the contribution to density made by a neutrino. A neutrino with mass m, has to
contribute at least m,, to density.



Non-equilibrium evolution N

> It is possible to work out the effect of decoupling and departure from equilibrium more rigorously. A nice NCRASTIER
application of this would be to study the freezing out of dark matter and calculate the amount of dark matter present.

» For this, we need to assume something about the dark matter particles, which will be speculative. Let us start with
the hypothesis that the dark matter particles have only weak interaction.

> We also assume that at sufficiently early times the dark matter particle X and its anti-particle X can annihilate and
produce two light particles [and [ i.e., X+ X +— [+ L

» These light particles are assumed to be tightly coupled to the rest of the cosmic plasma. Hence they will assume their
equilibrium densities n; = n[<0> and m; = n(o).

» |n case X are neutrinos, [ would be electrons

» We also assume that ny = ny, i.e., the asymmetry in the dark matter and anti-matter is very small (which follows if
the chemical potential is small).

» We then have (see the previous lecture)

(0) (0)

no, x r 0,x9, % MNo,iNg T
=—1%x _
no,x 801) n“’) no,xNo X
(0)
n
dnox 3 2 ( 0,X
=—a " (ovmx |1 — ~—=5"—

dt ng x

no,xNo x

(0) (0)
(ov)ny {1 nO’Xno‘X]
- X T

= —a® (o) {ng,x - (ng?;ﬂ .
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» We will assume for simplicity that during most of the relevant epochs related to the dark matter decoupling and
freeze-out the temperature T oc a~!. We then have

1dT_dlnT__dlna_ a

- = —_ — — = _H
T dt dt dt a
» Let us introduce a new dimensionless variable m
X
xX= —
ksT
such that
dx my dT xdT
= =25 —Hx

dt — keT2dt  Tdt
» Since we are in the radiation dominated era, the evolution of H is given by

H(mx/kB) _ ﬂ

-2
Hoxa ? o TP = H(T) = " 2

Hp, is the Hubble parameter when x =1, i.e., ks T = my.
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The Riccati equation N

» Hence NCRASTIER

1 2
dnox _ dmoxdt 1 a?®(ov) [H(Q),X— (né?l) ] = _% a% {”g,x (”E)O))() } :

dx dt dx Hx
» Let us define another dimensionless variable
K no,x i nx
Y)( = - = — | =
)@~ \&) 7
» Since the combination aT does not evolve, we get

dvx _ B/ky (ov) «x aGTG{ 7(X0))2}

dx ~ @B H(m) & 1°/K
() -]

» We are thus left with solving the differential equation

M2 e ()],

where

\ = (ov)ym} (ovymic®
=353 3
R’ Hpy h°H,yy

Equations of the above form are known as Riccati equations.
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» To solve the equation, we need to know how A is related to x or T. For some models, the cross section NCRA-TIFR

(ov) depends on T, while for some it is independent. We will work with the simple case where \ can be taken as a
constant.

Equilibrium densities

» The equilibrium number density is given by

ng(o): 8x /oo dEE\/EQ—m?

27r2ﬁ3 eE/ksT 4 1

my
» This gives

vo _ (BN e [T dyy /Y -
X ke) T  2m2 ), e+l

» The number density can be written in closed form for the ultra- and non-relativistic case. For the former (x < 1), we

have 3
0 _ 36) (@) o f T s YO :gB,FC(?))

w2 h w2’
where gg r = gx, 3gx/4 for bosons, fermions.
» For the non-relativistic case (x > 1),

3/2
0 mxks T —my/kgT 0 8x 3/2 —x
ni):g)((zﬂ_ﬁZ) e m/ke :>Y§(>:(27r)3/2)(/ e "




Relics
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» Returning back to the Riccati equation, we can see that for x — 0, the interaction term )\/x2 — 00, and hence the
system will try to attain its equilibrium value Yx(x — 0) ~ Y§(0>.

» As xincreases, the annihilations become less efficient /\/x2 — 0 and hence Yx — constant, the freeze-out value. Let
the freeze-out occur at x = xp, then Yx oo = Yx(x — 00) = Yx(xp).

» The frozen out species are usually known as “relics”.

» There are three possible types of relics:

1. Hot relics: the particle remains relativistic during decoupling and is relativistic even today (e.g., massless neutrinos).
2. Warm relics: the particle remains relativistic during decoupling and is non-relativistic even today (e.g., massive neutrinos).
3. Cold relics: the particle has become non-relativistic before decoupling (e.g., cold dark matter).

» In the case of the hot/warm relics, xp < 1. For cold relics, xp > 1.

» Note that we are studying what are known as “thermal relics”. It is possible that there were non-thermal relics too
(i.e., particles that were never in equilibrium with the cosmic plasma), e.g., axion-like particles inspired by string
theory.
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Hot and warm relics

>
>

>

For the hot/warm relics, xp < 1, so the equilibrium density Y< does not evolve till x = xp. NCRA - TIFR

In that case, the Riccati equation implies a solution Yx = Y( ) = = constant.

C()

Hence the relic density is given by Yx oo = Y(O) (xp) = gs,F

The number densit ing i = ( ) Y _ <3 (k3) .
y at decoupling is nx(xp) = D (xp) Ty = 2 gs.F

If the species has decoupled, the number density will evolve as a3, hence the relic density today (a = 1) would be
k3
nxo = nX(XD) a:)[) = 4752) ( ) 8s, FT%aD

It is useful to express this quantity in terms of the CMB temperature today To. We have already seen that

Tx ailg;;/s (conservation of entropy). Hence

Thap = 73 &)
8+s(Tb)
Since g«s(To) & 3.91, the number density of the hot/warm relic at present is given by
¢(3) (ks 8s,F
Mo = 39150 (ﬁ) &s(Tp) 7o,
which is inversely proportional to g.s(Tp), the entropy state of the universe during decoupling of the species.
Note that in this case, the relic density is “relatively” insensitive to the details of decoupling.
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Present density of hot/warm relics N7

» For the hot relics, the number density is given by its temperature NeRA-TIER
¢<3) [k 73 . 3.91 _.
nx,o 2 B 8s.Flx0 X,0 g*s(TD) 0

> As an example, for massless neutrinos we have g.s(Tp) = 10.75, hence T?,jﬁo = 0.3673, identical to the result we
obtained earlier. The relic energy density is px,0 o T;l(,o.
» Warm relics have a small mass, hence we have

3
Px,0 = Nx,0 Mx = 391@ (

my.
ﬂ-2

@) 8B,F
R 8+s(Tp) 0

» If we put in the appropriate values, we get the corresponding density parameter as

Qo = X0 — 0.0765 h~2_85F (ﬂ) .

' Pe,0 gxs(Tp) \1leV
» Since we know from observations that total matter Q,, 0h*> < 1, we get a conservative bound
ws( T
myx < 13.1 ev &570).
B,F

< 94 eV. However, structure formation studies

~

For neutrinos gg r = 2 X 3/4 (accounting for anti-particles) and so m,,
provide a much tighter bound on the mass.



Cold relics g}
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» The calculation is not straightforward for cold relics because the equilibrium density Yg(o) begins to evolve with x as
soon as the species becomes non-relativistic.

» One can obtain approximate solutions by assuming that the species retains the equilibrium density till x = xp and
freezes out at x > xp. Then Yx oo = Yx(xp) = Yg(o)(xD).
» The value of xp can be estimated by demanding I'x(xp) = H(xp).

» These calculations, when compared with the present bounds on dark matter density (2pm,0, leads to a heavy
myx ~ GeV — TeV having weak interaction-like cross sections as possible dark matter candidate. These are known as
Weakly Interacting Massive Particles (WIMPs).

» Unfortunately, no such particles have been detected in the particle physics collider experiments or otherwise.



