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Evidences for Dark Matter

Several observations indicate the existence of non-luminous
Dark Matter (missing force) at very different scales!

* Galactic rotation curves

* RC in Clusters of galaxies
* Clusters of galaxies

* CMB anisotropies

planck




Evidences for Dark Matter

Several observations indicate the existence of non-luminous
Dark Matter (missing force) at very different scales!

* Galactic rotation curves

* RC in Clusters of galaxies
* Clusters of galaxies

* CMB anisotropies




How was Dark Matter produced
in the Early Universe?

Nicolas BERNAL @ UAN



WIMP Dark Matter

, | Early Universe:
107 F

DM in full thermal equilibrium
with the Standard Model.
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WIMP Dark Matter

Due to the expansion of the Universe DM

particles fall out of chemical equilibrium
and cannot annihilate anymore.
10" 1

ni's

v

A relic density of DM is obtained
/. t which remains constant.
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WIMP Dark Matter

Due to the expansion of the Universe DM

particles fall out of chemical equilibrium
and cannot annihilate anymore.

A relic density of DM is obtained
which remains constant.
P

A particle with stronger interactions

keeps in equilibrium for longer, and
IS more diluted.
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WIMP Dark Matter

Due to the expansion of the Universe DM

particles fall out of chemical equilibrium
and cannot annihilate anymore.

e o

A relic density of DM is obtained
which remains constant.
P

A particle with stronger interactions

keeps in equilibrium for longer, and
IS more diluted.

_ Collisionless cold WIMP Dark Matter



WIMP Dark Matter

, | WIMP DM typically requires:
A _ <gv> ~ few 10 cm?/s

ni's

* GeV to TeV masses
* O(1) couplings DM-SM
<gv>

v

—

Independent from initial conditions!
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x=1|11f'T
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WIMP Dark Matter

, | WIMP DM typically requires:
A _ <gv> ~ few 10 cm?/s

ni's
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WIMP Dark Matter

dnx

7 +3 Hn, = —{vay) [ni - (n;q)g}

Common lore:

* <gv>~ 10 cm?/s:
Standard WIMP mechanism

-2 10! 10" 10!
m [GeV]
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WIMP Dark Matter

dn 5
ditx + 3 Hn, = —(va,) [ni — (nxq)Q}

Common lore:
* <gv>>> 102° cm?d/s:
DM underproduction
— Multi-component DM

*<gv>~ 102 cm?/s:
Standard WIMP mechanism

102 107! 100 10! 102 103
m [GeV]
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WIMP Dark Matter

dn ; —y
T; +3 Hn, = —{vay) [ni - (nxq)z}

Common lore:
* <gv> >> 102 cm?/s:
DM underproduction
— Multi-component DM

*<gv>~ 102 cm?/s:
Standard WIMP mechanism

100 10! 102 10° * <gv> << 102 cm?d/s:
m [GeV] DM overproduction = Universe overclosed
Nicolas BERNAL @ UAN — Non-standard Cosmology
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“Standard” Cosmology

- Early Universe dominated by SM radiation

’}1‘2

s =2 o o [P} T
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. 1024
Hubble expansion rate H= |
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104
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10-6 10~* 1072 100 102 104
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Non-standard Cosmology

- Early Universe dominated by a non-SM component ¢
. equation of state
I',: total decay width into SM radiation

~L +3(1+w) H py = Ty pg

d
% +4Hpg=+T4 ps

Hubble expansion rate g —  [P¢ PR
3M32
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Non-standard Cosmology
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Non-standard Cosmology
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« a_ ¢ starts to decay

« a_ . end of ¢ domination era
H=r, at T=T, )
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Non-standard Cosmology
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DM in Non-standard Cosmologies

Free parameters:

L

% 4 3(14+w)Hpy=—T4py

i * Particle physics
ds L'y pg * DM mass m
dt a8 = T * annihilation cross section <gv>
dn ; ‘
e 3Hn=—{(ov nz — 712, ° Cosmology
d,t+ ( >( c.q) “K=p,/ps at T=m

*Tong > 4 MeV
* equation of state w € [-1, 1]
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WIMP Paradigm in Non-standard Cosmologies

Suppose DM is discovered
and its particle physics properties are reconstructed

e If <gv>~ 10-26 cm3/s - standard WIMP

e |f <ov> << 1026 cm3/s - standard WIMP mechanism fails!

* Can non-standard cosmologies revive the WIMP paradigm?
* which non-standard cosmologies are compatible?
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Reconstructing Cosmological Parameters

For m = 100 GeV and <ov> = 3 x 10-28 cm3/s
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Reconstructing Cosmological Parameters

For m = 100 GeV and <ov> = 3 x 10-28 cm3/s
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Case 1: Teq << Tfo

Usual case with a late entropy injection

* SM energy density dominant during freeze-out
— Hubble rate dominated by SM radiation

* Entropy conserved during freeze-out
- T - a-l

* Late DM dilution when ¢ decays

1
1-3w | 1+w
l 71end
(oY m

dy (ov)s | ; Vo — E N 15 Tto
- ° =D T 27/10g, m Mp (ov)

, Cosmology: & oc T2
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Case 2: TC << Tfo << Teq

Case with a late entropy injection

* ¢ energy density dominant during freeze-out
— Hubble rate dominated by ¢

* Entropy conserved during freeze-out
- T - a-l

* Late DM dilution when ¢ decays

: . . Y 45(1 — 31—
d_Y:(m))e(Yzyf) Yobs:—q =5 ( w) \/E 371'2(1 w)
dx Hzx e D 4m\/10g, m Mp (ov) ™

9 1—3w

Cosmology: ko T,
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Case 3: Tenol << Tfo << TC

Freeze-out and decay happen simultaneously

* ¢ energy density dominant during freeze-out
— Hubble rate dominated by ¢

* Entropy in not conserved during freeze-out
o T ~ g3a+ws

100 TR 103 10* 105 . ,
x=m/T * DM is diluted while produced

v No _ 45(1-w) [ 1 1 {T.ﬁl(wl)TS—Sw e
PP A7 10g, Mp{ov) L 1 end

Cosmology: independent on k

da H a?
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Case 4: Tfo << Ten ;

Freeze-out in standard cosmology!

¢ decays at very high temperatures,
when DM is still in equilibrium with the SM.
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Reconstructing Cosmological Parameters

For m = 100 GeV and <ov> = 3 x 10-28 cm3/s
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Varying the Particle Physics

<gv>=3 x 102 cm?d/s m = 100 GeV

102 1
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o
10~
103 102 101 109 101 10—3 102 ] =1 109
Tena [GeV] w=0 Tena [GeV]
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Varying the Cosmology
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Varying the Cosmology

*w=0

* Non-relativistic freeze-out:
Xfo > 3
*T, ,>4MeV

102 101 100 10! 102 108
m [GeV]
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Breaking the Degeneracy

2 free parameters and 1 observable:
k and T4 are degenerated

103

10!
N

107!

1073
1073 1072 107t 100 10
Tend [GeV]

— Another observable is needed
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GWs as probes of the early Universe

 GWs decouple upon production

* GWSs spectrum:
* Primordial spectrum at production
* Propagation

e But difficult to detect :-/
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GWs as probes of the early Universe

 GWs decouple upon production

* GWSs spectrum:
* Primordial spectrum at production
* Propagation

e But difficult to detect :-/

-~ GWs do probe the early Universe
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Primordial Gravitational Waves

« GW are represented by spatial metric perturbations (transverse & traceless).

 The evolution of GWs is described by the linearized Einstein eq.
- : \vL. e
h,{'j + 3H héj -_ ”—th'j = 161 (s Hi;,r'

. . ) s = g
n'T is the transverse-traceless part of the anisotropic stress tensor 11;; = J’”—_j’r”

* Primordial GW spectrum

. l (I{p(n.,rﬁ,r.-(f.. I{L) 1 p 9
swit, k) = - = , —Pr(k) | X'(n, k
flaw(t, k) pc(t) dlnk 12a2(n) H2(p)" " (k) [X'Cr, k)]

) ) ) T
with the primordial tensor power spectrum Pz (k) = Ay (I)

and the transfer function  #X(u) 2 da(u) dX(u) o v

du? a(u) du  du

Nicolas BERNAL @ UAN



Breaking the Degeneracy

2 free parameters and 1 observable:
k and T, are degenerated

— Another observable is needed

Primordial Gravitational Waves are sensitive to the expansion rate of the Universe!
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Conclusions & Outlook

* Dark Matter exists

* The nature of Dark Matter is still unknown

* Understanding Dark Matter is one of the major problems in particle physics

* WIMP paradigm is by far the favorite scenario

* We do not know much for the cosmology before BBN

* Non-standard cosmologies are completely plausible and well-motivated scenarios!
« Expansion of the early Universe could have been driven by an extra component ¢

* Non-standard cosmologies open up the particle physics parameter space beyond the
canonical <gv> = few 10-26 cms3/s

* Non-standard cosmologies with w = 0 (dust) can make the WIMP mechanism viable for
m > 30 MeV.

* Need other observables sensitive to the cosmology: -~ PGW
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Muchas gracias ve!
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Non-standard Cosmology

- Early Universe dominated by a non-SM component ¢
. equation of state
I',: total decay width into SM radiation

do.;

—2 +3(1+w) H ps = T4 pp
ds L'y pa
— +3Hs=+-27
dt+ s =+

(just to keep track of the relativistic degrees of freedom!)

Hubble expansion rate g —  [P¢ PR
3M32
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DM freeze-out In Non-standard Cosmologies

For m = 100 GeV and <ov> = 3 x 10-28 cm3/s
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Varying the Cosmology
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