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Cosmological (particle) horizon lH(t)

distance covered by photons emitted at t = 0

the size of causally-connected region — the size of the visible part of
the Universe

in conformal coordinates:
ds2 = 0 −→ |dx|= dη

coordinate size of the horizon equals
η(t) =

∫
dη

lH(t) = a(t)η(t)= a(t)
∫ t

0

dt ′

a(t ′)

dust

lH(t) = 3t =
2

H(t)
, lH,0 = 2.6×1028cm (h = 0.7)
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Recombination: horizon

matter domination: lH,r = 2H−1
r

H2
r =

8π

3
GρM(tr ) =

8π

3
GρM,0

(
a0

ar

)3

=
8π

3
GρcΩM,0(1+zr )

3 .

at recombination: lH,r = 2
H0
√

ΩM

1
(1+zr )3/2

today: lH,r (t0) = lH,r × a0
ar

= 2
H0

√
ΩM

1√
1+zr

lH0

lH,r (t0)
∼
√

1+zr ≃ 30
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Examples of cosmological solutions

radiation: p = 1
3ρ singular at t = ts

ρ =
const

a4 , a(t) = const · (t − ts)1/2 , ρ(t) =
const
(t − ts)2

ts = 0 , H(t) =
ȧ
a
(t) =

1
2t

, ρ =
3

8πG
H2 =

3
32πG

1
t2

lH(t) = a(t)
∫ t

0

dt ′

a(t ′)
= 2t =

1
H(t)

.

In case of thermal equilibrium T = const/a

ρb =
π2

30
gbT 4 , ρf =

7
8

π2

30
gf T 4

ρ =
π2

30
g∗T 4 , g∗ = ∑

b
gb +

7
8 ∑

f
gf = g∗ (T )
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ds2 = dt2−e2HdStdx2

no cosmological horizon: lH(t) = eHdS t ∫ t
−∞

dt ′e−HdS t ′ = ∞

de Sitter (events) horizon (x = 0, t):
from which distance l(t) one can detect light emitted at t?

in conformal coordinates: ds2 = 0 −→ |dx|= dη

coordinate size: η(t → ∞)−η(t) =
∫

∞

t
dt ′

a(t ′)

physical size: ldS = a(t)
∫

∞

t
dt ′

a(t ′)=
1

HdS

observer will never be informed what happens at distances larger than
ldS = H−1

dS Our future? with HdS = 0.8×H0
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TODAY2.7 K 14 by
accelerated expansion

4.4 K matter domination 7.7 by

0.26 eV recombination 370 ty e+p → H + γ

matter domination
0.8 eV 50 ty

radiation domination

50 keV 5 min 3H + 4He → 7Li + γ

primordial nucleosynthesis 2H + 2H → n+ 3He

1 MeV 1 s p+p → 2H + γ

neutrino decoupling2.5 MeV 0.1 s

QCD transition confinement↔free quarks200 MeV 10 µs

Electroweak phase transition100 GeV 0.1 ns

hot Universe

reheating

inflation

dark matter production

baryogenesis
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Recombination: p+e → H + γ, Trec ≈ 0.25 eV

Large Scale Structure CMB anisotropy
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Small inhomogeneities in the expanding Universe

matter perturbations (perfect fluid approximation)

T 0
0 → ρ(t)+δρ(η ,x), T 0

i → ∂iv(η ,x), T i
j → δp(η ,x)

gravitational perturbations (scalar and tensor modes)

ds2 = a2(η)
[
(1+2Φ(η ,x))dη

2 − (1+2Ψ(η ,x))dx2 −hTT
ij (η ,x)dx idx j

]

Equations for linear perturbations, δρ/ρ ≡ δ ≪ 1, Φ≪ 1, etc

Rµν +
1
2

Rgµν = 8πGTµν → . . .

∇µT µν = 0 → . . .
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Subhorizon modes (k/a > H) at various stages

tΛ

∣∣δλ
∣∣

trteqt× t

∝a−2 ∝a−1

∝a

Ia Ib IIa IIb III

Φ

δB

δCDM

δγ∝ c1 + c2 log a
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On formulas. . .

short waves, kηeq ≫ 1 RB ≡ 3ρB/4ργ

δγ =Φ(i) ·
[
−324 · (1+RB) I2(ΩM)

ΩCDM

ΩM
(1+zeq)

log(0.2kηeq)

(kη0)2

+
6

(1+RB)1/4 cos

(
k
∫

η

0
d η̃ us

)]
,

long waves, kηrec ≪ 1

δγ =−12
5
Φ(i) = const

intermediate waves ...

δγ(k,η)=−4 [1+RB(η)]Φ(k,η)+4Φ(i)(k) ·A(k ,η)cos

(
k
∫

η

0
usd η̃

)
,
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On top of that: propagation in expanding Universe
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On formulas. . .

From linear approximation to the geodesic equation. . .
for scalar perturbations

δT
T

(n,η0) =
1
4

δγ (ηr )+(Φ(ηr )−Φ(η0))

+
∫

η0

ηr

(
Φ′−Ψ′)dη

+nv(ηr )−nv(η0) .

for tensor perturbations

δT
T

(n,η0) =
1
2

∫
η0

ηr

dη nihTT ′
ij nj ,
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These inhomogeneities (matter perturbations)

originate from the initial matter density (scalar) perturbations

δρ/ρ ∼ δT/T ∼ 10−4, which are

adiabatic δ
(nB

s

)
= δ

(nDM
s

)
= δ

(nL
s

)

Gaussian ⟨ δρ

ρ
(k) δρ

ρ
(k′)⟩ ∝

(
δρ

ρ
(k)
)2

×δ (k+k′)

flat spectrum ⟨
(

δρ

ρ
(x)
)2

⟩= ∫ ∞

o
dk
k PS(k) PS(k)≈ const

LSS and CMB PS ≡ AS ×
(

k
k∗

)ns−1
AS ≈ 2.5×10−9 , nS ≈ 0.97
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Standard cosmological model ds2 = dt2−a2(t)dx2

(
ȧ
a

)2
≡ H2 = H2

0

[
ΩΛ+(ΩDM +ΩB +Ων ,m ̸=0)

(a0
a

)3
+(Ωγ +Ων ,m=0)

(a0
a

)4
]

Tγ = 2.735 K, =⇒ Ωγ ∼ 10−5

Nν ≈ 3, ∑mν < 0.2 eV =⇒ Ων ,̸=0, Ων ,0 ∼ 10−5 ?

ΩB = 4.5% =⇒ ηB ≡ nB/nγ = 6×10−10

ΩDM = 27.5%
H0 = 67 km/s/Mpc =⇒ ρ0 = 5GeV/m3

ΩΛ = 68% =⇒ flat space
adiabatic, gaussian matter perturbations

⟨
(

δρ

ρ

)2
⟩ ∼ AS

∫ dk
k

(
k
k∗

)nS−1

with AS = 3×10−9 and nS = 0.97
no tensor perturbations, r ≡ AT /AS < 0.05
reionization at z ≡ a0/a = 10
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Friedmann equation (00) :
(

ȧ
a

)2
= 8π

3 Gρ − κ
a2

∇µT µ0 = 0 −→ ρ̇ +3
ȧ
a
(ρ +p) = 0

the equation of state
p = p(ρ)

many-component liquid, other equations
in case of thermal equilibrium

−3d(lna) =
dρ

p+ρ
= d(lns)

entropy of cosmic primordial plasma is conserved in a comoving frame

sa3 = const
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Dark Matter: many well-motivated candidates

WIMPs related to EW scale, SUSY
sterile neutrinos active neutrino oscillations
light scalar field string theory
axion strong CP-problem
gravitino local SUSY
Heavy relics GUTs
(Topological) defects GUTs
Massive Astrophysical Compact Heavy Objects
Primordial black hole (remnants) Phase transitions

exotic inflation, reheating
Multicomponent Dark Matter ?

γ, ν , H, He
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Microscopic processes in the expanding Universe

A competition between scattering, decays, etc and expansion

for general processes one should solve kinetic equations
dnXi

dt
+3HnXi = ∑(production−destruction)

Boltzmann equation in a comoving volume: d
dt

(
na3)= a3 ∫ . . .

production:
σ(A+B → X +C)nAnB, Γ(D → E +X )nD ·MD/ED, etc

desrtuction:
σ(A+X → C +B)nAnX , Γ(X → F +G)nX ·MX/EX , etc

Fast direct and inverse processes, Γ≳ H, are in equilibrium,
∑( ) = 0 and thermalize particles
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Freeze-out of nonrelativistic Dark Matter

Assumptions:
1 no X − X̄ asymmetry either X = X̄ or nX = nX̄

2 @ T ≲ MX in thermal equilibrium with plasma (e.g. neutrons)

nX = nX̄ = gX

(
MXT
2π

)3/2

e−MX/T

XX̄ −→ light particles

freeze-out temperature Tf H ≡ T 2/M∗
Pl, M∗

Pl = MPl/1.66
√

g∗

nX ⟨σannv⟩= H(Tf )−→ Tf =
MX

ln
(

gXMXM∗
Plσ0

(2π)3/2

) .

Bethe formula: s-wave: σann =
σ0
v
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Weakly Interacting Massive Particles

density after freeze-out: nX(Tf ) =
T 2

f
M∗

Pl σ0

present density: nX(T0) =
(

a(Tf )
a(T0)

)3
nX(Tf ) =

(
s0

s(Tf )

)
nX(Tf ) ∝

1
Tf

X + X̄ contribution to critical density:

ΩX = 2
MXnX(T0)

ρc
= 7.6

s0 ln
(

gXM∗
PlMXσ0

(2π)3/2

)

ρcσ0MPl

√
g∗(Tf )

= 0.1 ·
(
(10 TeV)−2

σ0

)
10√

g∗(Tf )
ln

(
gXM∗

PlMXσ0

(2π)3/2

)
· 1
2h2
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WIMPs: discussion

ΩX = 0.1 ·
(
(10 TeV)−2

σ0

)
10√

g∗(Tf )
ln

(
gXM∗

PlMXσ0

(2π)3/2

)
· 1
2h2

natural DM: subweak-scale cross section σ0 ∼ 0.01×σW

say, MX ∼ 1 TeV or X is not a weak gauge eigenstate

naturaly “light” unitarity σ0 ≲ 4π

M2
X
−→ MX ≲ 100 TeV

all stable particles with smaller σ0 are forbidden !!

WIMPs remain in kinetic equilibrium with plasma till T ∼ 10 MeV

this is Cold Dark Matter, vRD/MD ≪ 10−3

WIMPs may form dark halos (clumps) much lighter than dwarf galaxies
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Weakly IMPs are mostly welcome (e.g. LSP in SUSY)

We can fully explore the model !!
Direct searches for Galactic Dark Matter (v ∼ 10−3) a hit

X +nuclei → X +nuclei+∆E

Can search for WIMPs in cosmic rays: products of WIMPs
annihilation (in Galactic center, dwarf galaxies, Sun) ∝ n2

X + X̄ → pp̄ , e+e− , ν ,γ, . . .

Can search for WIMPs in collision experiments (LHC): missing

X + X̄ ↔ SM+SM’+ . . .
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Prospects in WIMP searches

Enectali Figueroa-Feliciano  /  International Cosmic Ray Conference / 2015 

Sensitivity Projections: Spin-Independent Interactions
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Testing neutrino floor with PandaX-4T 2207.04883
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2 ]
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ν floor
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Constraining the DM model parameter space

M.G. Aartsen at al (2016)
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Dark matter mass mχ (GeV)
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IceCube Collaboration 2016

Well-tempered
neutralinos

χ± coannihilation

A funnel

Pure h̃B̃ − q̃
coann.

Area where essentially
all MSSM models are
excluded by IC79

MSSM excluded by
IC79 depending
on channel

MSSM models not
excluded by IC79

τ +
τ −

b̄b

MSSM-25 benchmarks

excluded at >90%CL

tension (68% – 90% CL)

allowed
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Present indirect limits on DM annihilation (clumps..)

M.Cirelli (2015)
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Next generation: CTA 2108.09078

102 103 104 105

mχ [GeV]

10−27

10−26

10−25

10−24

〈σ
v
〉 m

ax

[ cm
3

s−
1]

Thermal 〈σv〉 (DarkSUSY)

signal: Einasto
background: CR + IEM (Gamma)

projected mean upper limit

statistical reach

bb̄

W+W− w/o EW corr.

τ+τ−
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Ursa Major III 2311.14611

10 100 1000
Mχ [GeV]

10−28

10−27

10−26

10−25

10−24

〈σ
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Center
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Ursa Major III 2311.14611

10 100 1000
Mχ [GeV]

10−28

10−27

10−26

10−25

10−24

〈σ
v
〉[

cm
3

s−
1 ] bb̄

10 100 1000
Mχ [GeV]

τ+τ−

100 1000
Mχ [GeV]

Thermal Cross-Section

W+W−
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LHC limits for annihilation 1502.01518
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If thermal CDM but not Weakly IMPs?

We still can study the model if DM annihilates (partly) into SM particles

But DM particle X can be light and feebly coupled (t-channel)

σ0 ∼ ξ 4

M2
X

ξ is not a gauge coupling within GUT !

With small σ0 one needs entropy production

σ0 may be increased by s-channel resonance, MY ≈ 2MX

annihilation can be amplified by co-annihilation channels, X +A → SM

With light messengers between Dark and Visible sectors many estimates
change, say σ0 = σ0(v)

DM interaction at freeze-out and now are not the same
say, Sommerfield enhancement of the annihilation of slow particles v ∼ 10−3
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Dark Matter: non-thermal production

1 in the primordial plasma of SM particles
(via scatterings (freeze-in), gravitino
via oscillations): sterile neutrino of 1-50 keV

2 at phase transitions:
axion of 10−4 −10−7 eV

Q-balls
strangelets (?)

3 during reheating (after inflation?): black holes
any guy coupled (only) to inflaton

▶ perturbatively: inflaton decays
production by external (inflaton) field

▶ non-perturbatively: Bose-enhancement of
coherent production by external field

4 while the Universe expands:
gravity produces any particles at H ∼ MX
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A simple example of scalar DM

most general renormalizable coupled to SM:
Z2-invariant Higgs (Φ) portal

∆L =
1
2

gµν
∂µX∂νX − 1

2
M2X 2 +g2X 2Φ†Φ− λ

4
X 4

Options:
freeze-out: sufficiently large g2

vσhh→XX ×nh ≳ H → ΩX ∝
1
σ0

, with
g4

(4π...)2M2 = σ0 ≡ σv

freeze-in: intermediate g2

ṅX +3HnX = σhh→XX n2
h → nX

s
=#

∫
dT

n2
h

sHT
× g4

T 2 ∼ g4 MPl

M
→

ΩX ∝ g4 → g2 ≈ 10−11 still natural...
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Freeze in via gravitational scatterings..?

any particles A in plasma

σAA→XX ∝
T 2

M4
Pl

→ ΩX ∝ MX
T 3

i

M3
Pl
...

assuming m ≪ Ti

called “unnatural” being dependent on the initial conditions
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