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1. Dark Matter annihilations in the galactic core
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1. Dark Matter annihilations in the galactic core

ﬂ Non-gravitational detection et S
Bl GC

—— 8 stacked dwarfs
—— HESS.

direct detection

K. Abazajian et al., PRD 102 (2020),

043012 (Fermi-LAT)

Lol Lol
10° 10
Mass [GeV]

3

1010

Dark Matter-nucleon ag; [pb]

-«
£
S,
5
°
c
S
2
o
s
c
WS
2
kS
=
X<
T
a

werd g2 annihilations to neutrinos

10 100 1000
Dark Matter Mass [GeV/cz]
SuperCDMS Dark Matter Limit Plotter

N O GRAVITY

, [ ELECTROMAGNETIGM
MATTER y) T wek Force
JH STRONG FORCE

C. Argiielles et al., ar¥iv:

el Rl Abindone
00 100 107 10°
my (GeV)




Inflation and reheating

inflation reheating

radiation

<

equilibrated SM

non-equilibrated SM i
¢ "

(3

tend

Inflation: a slowly rolling scalar field in FRW, ds* = dt* — a(t)?dx?

b+3Ho+ V'(¢)
H = E =
a

1,
5‘15 + V()

1-
30 = V(9)

lren

V= 6AM tanh?

viriy)

R. Kallosh and A. Linde,
JCAP10 (2013), 033




Primordial fluctuations

Quantum fluctuations in @, g are stretched by the HOW GUANTUM FLUCTUATIONS GAVE
expansion

THE UNIVERSE STRUCTURE:

2. Inflation
Small quantum Fluctuations.

in the early universe... ),
= 2 ...were amplified by the
rapid exp?‘nsion of

(Y. Mambrini)

Comoving Scales
i

horizon exit horizon re-entry  (Comoving
Horizon

...creating
enormous wr\nkley
density fluctuation and clumes...

. ...that provided the
Inflation Hot Big Bang seeds Fogrgpé Universe
to grovp into galaxies
and clusters.

Time [log(a)]

(D. Baumann)




2. Inflation

Primordial fluctuations

Quantum fluctuations in @, g are stretched by the

expansion

)

(Y. Mambrini)

Comoving Scales
i

horizon re-entry

horizon exit Comoving

Horizon

Inflation Hot Big Bang

Time [log(a)]

(D. Baumann)

density fluctuation

lopoo H
26g +q56¢

Curvature: R =

or?

RIOR(K)) =

Pré(k— k)

Planck TT, TE, EE + lowE + lensing + BK15 (M 1o, M 20)

107 107° 1072 107!
k[Mpc™]

Y. Akrami et al. [Planck], Astron. Astrophys. 641(2020) A10




Primordial fluctuations

Quantum fluctuations in @, g are stretched by the Curvature: R — %5900 " g

expansion

2. Inflation
@ @ @ T-fluctuations in the CMB
(Y. Mambrini) .
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3. Production
O L e

Curvature and inflaton couplings

General relativity can be obtained from a stationary-action principle

1 y 1
S = /d“x\ﬁ—g |:—§ME:R+£sM:| LN Ruy = 5 Rgus = srGTHM

A simple DM model: scalar (spin 0) and only interacts with gravity and/or the inflaton

Einstein-Hilbert term

l {
S :/d4w\/—_g[—%(M12; — &2)R + %(aMX)Q - %mix - 10¢2X2 +. ]

non-minimal coupling T kinetic term ¢-coupling

Non-minimal couplings are generated by quantum corrections even if they are not present in

the classical action




QFT in the early universe

Introducing conformal time, dt = a dr, and the re-scaled field X = ay,
1
(83 —V2—|—a2m§ff) X =0, mi = mi—i—aqﬁQ—i—g(l—Gf)R
Quantize as a superposition of oscillators

X(r,x) =

3. Production / &’k
(

oL apr e [Xua+ ximat,] .l al] = otk—K), o) = 0
?’V‘g obtaining

X! +wiX, =0, with wi = B+ d®m’




QFT in the early universe

Introducing conformal time, dt = a dr, and the re-scaled field X = ay,
1
(83 —V2—|—a2m§ff) X =0, mi = mi—i—oqﬁQ—i—g(l—Gf)R
Quantize as a superposition of oscillators

X(r,x) =

3. Production / &’k
(

oL apr e [Xua+ ximat,] .l al] = otk—K), o) = 0
?’V‘g obtaining

X! +wiX, =0, with wi = B+ d®m’

For a mode inside the horizon,

2172
W= k2+(’)<%> >0

free particle interactions




Perturbative DM production

The perturbative picture: inflaton, gravity and dark matter as (quasi)particles

1. Build the free particle and condensate states
[DM; P), [¢)

2. Linearize the interactions
3. Production 1
. v v g
o Lr= —gphu (107 + 1¢7) = Z0%%°

3. Compute the annihilation amplitude

|(DM; P, P'|exp ( / d%az) )P o M2

4. Solve the Boltzmann equation
Of  pp Ok _ mMP _
@ ot H|P|8|P| - 2m; Gy




Perturbative DM production

The perturbative picture: inflaton, gravity and dark matter as (quasi)particles

@ The amplitude is
2 _ 1P,
h. M = Smjég

3. Production
I 6 = o—M1-6¢)

The Phase Space Distribution is
—9/2
fﬂU pend (Hend q) e(q _ 1)

t) =
fX(q7 ) 16m¢ me
% 6 (a(t) _ Hena q>

Qdend me




Gravitational particle production during inflation

Light scalar fields are unstable during inflation

/ 2 . 2 2 2 o¢?
X +wiXp = 0, with w; = k" +2(aH) 2;2+2H2 1+6¢

For a mode that is outside the horizon (k/aH < 1),

3. Production
PRI wi <0 if  mi<2H?,0/A<1, and £<1/6  (tachyonic instability)

leaves enters
horizon horizon

— ) —

inflation reheating

No free particle state during inflation = no perturbative picture




Gravitational production

produced during inflation

produced during reheating

(4

fy o< q?

increasing §

3. Production
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Weak inflaton coupling

, produced during inflation produced during reheating
< 7
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Inexact interference for o /A = 1




Strong inflaton coupling
Linear regime: The inflaton remains a condensate = Hartree aproximation

b+3Hp+ Vs +o(xo = 0

W) = oy [ 4% (168 - 5

3. Production L. Kofman, A. Linde, A. Starobinsky, PRD 56 (1997) 3258
L]
[ ) oA Lo MG, K. Kaneta, Y. Mambrini, K. Olive, S. Verner, JCAP 03 (2022) 016

Z

<

v Non-linear regime: The inflaton is fragmented => (Cosmo)Lattice

. R V&
B+3m)- L1V, =0
. .V
L+ BHY— X+ Vi = 0

D. Figueroa, et al., Comput. Phys. Commun. 283,108586 (2023)




Linear regime

Appearance of parametric resonance, fy(p) ~ e2Hrmet

106 L

broad resonance

3. Production
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narrow resonance




Non-linear regime
Re-scattering leads to a broader distribution with pseudo-thermal tail for ¢ and x

fo ~ e /M0 inthe UV
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Number densities

The Boltzmann approximation has a very limited range of validity

107°

3. Production
[ ) WAl e

P2

)

<

2%

— Hartree
—-= Lattice
—- Boltzmann

m,y-dependent

Backreaction |




Relic abundance, gravitational production

1020
If my < Hena and € < 1,
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Relic abundance, gravitational production

If 1y, < Heng and € > 1/6, ©

1016.

10]2

108
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Relic abundance, inflaton decay

small coupling

large coupling
10"2F7 '
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Ly-a excluded
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Isocurvature

Adiabatic perturbations: a single dynamical variable fixes the inhomogeneities
5d(x, 1) —— Gps(x, 1)
56 (x,1) —— Sppu(x.1)

The relative entropy is

) S PDN
Spm,y = —3H ﬁ—m =0
P PDM

Original image by Dan Grin

4. Limits N\NANANANNANNY Neutrinos Dark N\NANNANNNNN
: 2 . NERVAVAVAVAV A VaVaVaVAV, CDM ark matter A A AANAANANANAN
£ Adiabatic ‘
o Isocurvature
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NSNS NI NN NN, .
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isocurvature isocurvature



Isocurvature

Isocurvature perturbations: several dynamical variables fix the inhomogeneities
Sp(x, 1) —— bpy(x, 1)
ox(x,t) -5, dppm(x, t)

The relative entropy is

) S PDN
Spm,y = —3H ﬁ—m # 0
P PDM

4. Limits N\NANANANNANNY Neutrinos Dark N\NANNANNNNN
: 2 . NERVAVAVAVAV A VaVaVaVAV, CDM ark matter A A AANAANANANAN
£ Adiabatic ‘
o Isocurvature
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NSNS NI NN NN, .
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isocurvature isocurvature



Isocurvature in the CMB

Isocurvatures would leave an imprint in the CMB

10* F

10% E

Adiabatic
CDI
NDI

&
X
=
&
o
<
~
~
O
—
—
+
0
SN—"
X

10!

Y. Akrami et al. [Planck], Astron. Astrophys. 641, A10 (2020)

CDl: cold dark matter density isocurvature
NDI: neutrino density isocurvature

NVI: neutrino velocity isocurvature

However, they have not been detected,

2.5% (CDI)
B = =25 < L 7.4% (NDI)
150 PR + ,PS . 0
6.8% (NVI)
This constraint applies only at
large scales (k. = 0.002 Mpc™")

At smaller scales, \_(V)_/~




Isocurvature in gravitational production

The growth of x fluctuations during inflation sources isocurvature

1

10‘—20 10‘—14

k/kend

k,3
252
2m2p3,

Ps(k) =

/ 0%x (Bpy ()5, (0)) &+

D. Chung, E. Kolb, A. Riotto, L. Senatore, PRD 72, 023511 (2005)




Isocurvature in production from inflaton decay

The growth of x fluctuations during inflation sources isocurvature

T

——
—
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Non-Cold Dark Matter and structure formation

WDM (0.5 keV)

J. Baur et al., JCAP 08 (2016), 012




How warm are non-thermal relics?

R. Murgia, V. Ir$i¢ and M. Viel, PRD 98 (2018), 083540

Wavelength A [h~! Mpe] linear ~ non-linear
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How warm are non-thermal relics?

R. Murgia, V. Ir$i¢ and M. Viel, PRD 98 (2018), 083540

Wavelength A [h~! Mpe] linear ~ non-linear
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Light, but cold enough, dark matter

-_ WD]\I, MwDM = 3keV
© My = 33.8€V (ayen/aend = 30)
[ = my = 33.8€V (aren/dend = 60)
my = 33.8eV (aen/@ena = 100)
L == my =33.8eV (aren/dena = 200)

1‘0
k [hMpc™!]

(aren/aena) /2, €2 1/4 N {SSev, £21/4
X ~

mg , £E<1/4 02meV, £<1/4




Parameter space for gravitational production

my > Hend

WIMPZILLAS

[socurvature




Parameter space for production from inflaton decay
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Tren < ToBN

SN

107
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my-dependent n,

Isocurvature Backreaction




5. Prospects

CER

Additional constraints?

Distortions of the CMB frequency spectrum

400

N RS E S W

1
10 15 20
Frequency (cm™")

FI1G. 4—Uniform spectrum and fit to Planck blackbody (T). Uncertainties are a small fraction of the line thickness.

D. Fixsen et al., Astrophys. J. 473 (1996), 576

Energy injected into the CMB at different
times results in a spectrum that mixes
regions at different temperatures

FIRAS: |u| <9 x 107°
PIXIE: |u| < 1079




Additional constraints?

Isocurvature-induced gravitational waves
G. Doménech, S. Passaglia and S. Renaux-Petel, JCAP 03 (2022), 023

WT

DECICE Log-normal width: = A=1 == A=0.01

1012 101 1016 1018 10% 10° 108 101 101 1017 10%

K= k/keq u ky [Mpc™]

/ 2
iy + 21K + VP hy = 575 (0:0,6)] ”
5. Prospects r

4uv

oo 14w 2 1.2 212\ 2
Qcw (k) = %/O dv/l ‘ du (4v (L= +v) ) I?(z, k, u, v)Ps (ku)Ps (kv)

1




Additional constraints?

Blue tilted isocurvature: Ultra Compact Mini Halos

Allowed regions

— Ultracompact minihalos (gamma rays, Fermi-LAT)

inihalos (reionisation, WMAP5 7,)
= = Primordial black holes

— CMB, Lyman-a, LSS and other cosmological probes

I N I [ Sy [ e [ [ I Iy
1075077907 110 4@ 4@ 100 40 40 100 40 40 10 10 107 10 10 107 10 10" 10%° 40

k (Mpc™1)

5. Prospects

Q M. Ricotti and A. Gould, Astrophys. J. 707 (2009), 979; T. Bringmann et al., PRD 85 (2012), 125027
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Structure formation

Limits in the “warmness” of dark matter using the satelite galaxies of the Milky Way

2.0

1
[ZJ Kennedy et al. (2014)
[ Jethwa et al. (2017)
XN Nadler et al. (2020)
Ly o limits

Mass of the
Milky Way’s
DM halo

GALFORM model
«— of galactic formation

OB (zreion = 7)
5. Prospects
P 10° 102

\ O. Newton et al., JCAP 08 (2021), 062
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