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Introduction

[credit: Samuel Velasco/Quanta Magazine]
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The waning of the WIMP?

* Weakly Interacting Massive Particles (WIMP) most considered DM candidates
Simplest example: introduce scalar dark matter

DR 5332‘[‘]‘2

* Sizable coupling with SM = freeze-out

*  Minimalistic WIMP models under siege!

[M. Escudero, A. Berlin, D. Hooper, M.-X. Lin - JCAP 12 (2016) 029]

7 i | S — [G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mambrini,
o 10747 S __-=-m—" MP, S. Profumo, F. S. Queiroz EPJC 78 (2018) 203]

[G. Arcadi, A. Djouadi, M. Raidal - Phys.Rept. 842 (2020) 1-180]
___________ [T. Biekotter & MP - EPJC 82 (2022) 11, 1026]
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[T. Biekotter & MP - EPJC 82 (2022) 11, 1026]
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Introduction

Hypothesis:
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How can such dark matter candidates be produced?
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Introduction

inflation radiation domination

N o, 4

present horizon

<)
o
/~
|-
~
>
o~

w~1/3

> log (a)

Mathias Pierre Inflationary and post-inflationary scalar dark matter production 24/06/2024 6/46



Inflation in a nutshell

For concreteness, consider

s = [dav=g(50.0° - Vo)
d+3Hp+V, =0 @
¢ )]k [Kallosh & Linde

V(o) = MM [\/6tanh (
(¢) P V6Mp )| arXiv:1306.5220]
A

¢k N 7373(]{7 = k*)
2H? [k \™
Pr=r (—H>
> ¢ m a
A~ ~ 10
6.V ? Qb: inflaton
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Inflation in a nutshell

For concreteness consider [J. Ellis, M. A. G. Garcia, D. V. Nanopoulos, K. A. Olive & S. Verner - arXiv:2112.04466]
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Inflation in a nutshell

For concreteness, consider Close to the minimum (k = 2)
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Inflation and post-inflationary dynamics

T inflation L matter domination @ radiation domination
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Scalar production during and after inflation



Minimal scalar dark matter

non-minimal coupling [arXiv:2303.07359] -

l M. A. G. Garcia, MP & S. Verner
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+5(0u9) 6AM 5 tanh ( \/EMP)

T-model inflation [

do(t)
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Effective mass mi,eﬂ:(t) = mi + oo (1)

¢-coupling  [arXiv:2206.08940]
l M. A. G. Garcia
MP & S. Verner

yph + Lsu
Treheating
9\ 1/4
Tieh >~ | ———— M
" (20w4greh) I

—> Cosmological gravitational particle production
and its implications for cosmological relics

Edward W. Kolb! * and Andrew J. Long?{

[arXiv:2312.09042]
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Particle production: perturbative approach

* Phase space distribution from —* — H|P|

1 d3k 3P’
C[fx(’P|7t)] - PO/(27T)3R¢ (27T)32P’0

< [Fo0) 0+ AP+ £ (P) = F(PY AP+ f(R))

@r) 5Ok — P~ P') M3y ﬂ

J L

folk,t) = (2m)°ng(t)0® (k)

. Collision term given by:

Ofx
ot

a 2
—H!P\afx = ;T =Pl s6—xx0 (| P] —mgB(1))|(1 + 2f,(|P|)) Bose enhancement
1P| o m,

Mg,

B(t) = \/1@ . kinematic blocking

[M. A. G. Garcia, K. Kaneta, K. Olive, Y. Mambrini, S. Verner - arXiv: 2109.13280]
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Particle production: perturbative approach

* Treat inflaton as coherently oscillating condensate

©.@)

1
73 e—znw¢t _ T En ; . 2
E n E, nwe = Loy = (1 wy) 05 - E : B M|

1 po(t)
WA | (O ' - T ¢ M1+ —X
| l >< ¢¢_>XX 327.‘_ m?b @ —I— /82
Guv = Ny + 2~ W

Mp Interferences!

. Approximate SOIUtion for 5 ~ 1’ tend < t < treh [arXiv:2206.08940] M. A. G. Garcia, MP & S. Verner

P Y B i T
fx(q,t) ~q""0(q — 1) L 1= 7| L= my (=

- Equivalent to treat inflaton as collection of particles (for quadratic potential)
[arXiv:2206.08940] M. A. G. Garcia, MP & S. Verner
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Scalar production: the field picture

* Treat dark matter as quantum field in curved space-time

Equation of motion & _V +3H d +m2 +o¢* —ER 0
— = — — +m op° — =
i a2~ a2 dat X X
* Quantize th led) field X = = d°p | 0 X*(r)a!
uantize the (rescaled) fie (1,) =axy = (27r)3/2€ p(T)ap + X (T)al,
* Harmonic oscillator with time-dependent frequency
/! 2 -
X, tw, Xy =0
Gravity!
28) = p? + a2(t)mZe(t) —m? + o¢? + 165@ d
wy () p°+a”(t)mig e —
- dr
¢ = 1/6 : Conformal coupling dt = adr

[L. Kofman, A. Linde, A. Starobinsky - arXiv:9704452 — arXiv:9405187]
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Scalar production: the field picture

- - - - - 1 Z.w
* Initial conditions: Bunch-Davies vacuum _ X/ _
£p(70) N p() =~
* Light scalar fields unstable during inflation! w, =p° +2(aH)’ QHXQ toge T 6 1

* For small physical scales: modes always inside horizon p/(aH) > 1 w,; >0 ® 70 = Tend

ing

log(1/p)
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Scalar production: the field picture

* Initial conditions: Bunch-Davies vacuum Xo(r) = — X! () = — W
P( 0) \/m P< 0) \/ﬂ
2 2
. 1: : .. - 2 2 2 | Mx | 0O B
Light scalar fields unstable during inflation! w, =p° + 2(aH) o2 Toope 1661

 For small physical scales: modes always inside horizon p/(aH) > 1 wIZ) >0 @70 = Tend

* For mi < 2H2, o/ANK1,£<1/6 superhorizon modes experience wi (tend) <0

1
® 7o < Tend lcf <ﬁ>
p? > a(r0)?H(m)? w e

=» Particle production! log(1/p)
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Scalar production: the field picture

Solution to EOM 1 it [ imw ( k )” ( k )”
k<< alH) ~ 2 2 I'(— 4T
during inflation X aH) 2\/%@3/2@6 c (=) 20 H ) 2aH

1036

1032_
= 02 ith ) 12¢ mi taod
£ 10 with v = /- — —
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10
E= S
= 10 3 k e
= For v <° R, = Xe(@ena)| ()
f_éj 10" 2 ‘Xk‘end (a’end)‘ Aend Hend
Ssé 12
Wlo vy, = v(k=aH)
o 108

10 =» Superhorizon enhancement

100L: N . (if mass at horizon crossing is smaller than H)

10718 10-12 10-° 10°
k/kend
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Scalar production: the field picture

ﬁQ
leaves enters \
horizon horizon )

—_— —_—

— I _

e — ———

inflation reheating

0 = 1 o
5 "Rancb_m)v:alk" <X2> - ‘529‘2 = ﬂprp - ZXp2
(x*) =0 (x*) #0 P

Bogolubov coefficient

In curved space one must rely on correlation functions!
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Scalar production: the field picture

Q
leaves enters \
horizon horizon )

—_— —_—

— I _

T — e

inflation reheating

— O — O 1 I vl
R
X _ andom wa % D

Bogolubov coefficient

=» Match particle interpretation only at later times

Phase space distribution Comoving number density Energy density
2 3 m2
fx(p) = 1By a’ny = /dlogpzpﬂﬁpz px = 5 (X)
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Inflationary and post-inflationary gravitational production

produced during inflation

produced during reheating

, < >
—2v
fXO(q 104 T T T T _'-I' T 1; T T T ]
£=0 fyoexg™ : |'nlx)/Hencl:1{.}_2
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4 H? |
1 s
Nt:'- |
[ |
l““‘-“h ¥
Z | e=u
107!
rr:txqz
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al L M S | L " roe ool M ||.Ji R | MR | Il.
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=> Recover perturbative regime at large ¢ = Conformal coupling ¢ = 1/6 : same as fermions

q
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Inflationary and post-inflationary direct production (0 < o/)\ < 1

produced during inflation produced during reheating

\
A r

o/A=10%

.r'rx . q_3

My [Hend = 1072 |

l increas::ng o/ f — O

LMo/ = 10-3/1

1072 107! 1 10 107
q
=» Gravitational /direct interferences: minimal amount of dark matter always produced
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Parametric resonances

Considering £k = 4 and dimensionless time 2 = mend(T — Tend)
with m2 ;= Vi (¢ena) the EOM for inflaton fluctuations is

d*X, p \’° 5 [ 2
—,—1])| X = 0
dZ2 (mend) —l_SnL(\/é, ) g
Jacobi elliptic function
i

p/mend

V(p) = AMp [festanh (ﬁ?wpﬂk

iy N

b 5o 09

f
0¢

Solutions given in terms of Floquet index
Xp(1) = e"7gi(7) + €777 ga(T)

Floquet chart is time-dependent for
non-quartic potentials k£ # 4

Parametric resonances affect all scalar
quantities (“preheating”)
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Sizable coupling: preheating 1 < /) < 10*

broad resonance

narrow resonance

e T
q

i : 2 t
Parametric resonances at large couplings: fc(p) ~ e"7"?

Cannot be accounted for by perturbative approach (even with Bose enhancement)
24/06/2024 24/46
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Large couplings /) > 10

Copiously produced dark matter disrupts inflaton condensate

=> Hartree approximation ¢ + 3Hqﬁ + Vg + Ong <X2> = ()

- . - . COSIIIOﬁattiCe [D. G. Figueroa, A. Florio, F. Torrenti,
Real Space Iattlce SlmUIatlons A modern code for lattice simulations of scalar \/\/ Va”(enburg, arX|V210201031]

and gauge field dynamics in an expanding universe

]-0_11 i U//\ =3 X 103 - <p¢-,condensate> == P 1T U/A = 104 - {prﬁ_.condensate) I
(pc‘.-_.partil:le) - Px {pcb.pa.rticlc,-) — Px ]

10-13F — {po) 17T — (pe)

1~ _
)Oc;fa,condensate = 5@52 + V(Q’S)

E 10—15 L

Z 10—17 N

10—19 R _ R
- fragmentation

10721 F 1F . P¢,particle = P¢ — Pg¢,condensate

0.4F

02F ]
0.0 ] ~

..........................................................................

(w)
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Large couplings o/)\ > 10

Hartree
— Lattice

L0°k ——— a/A = 10° |

-r-_--_._-

3 10 30
q a/ﬂend
=» Exponential tails from quasi-equilibrium =» Saturation of number density = =» Hartree fails at backreaction
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Limits, parameter space & prospects




Constraints

on non-cold dark matter

| * Cutoff determined by equation-of-
10
state parameter 5 ;9
R or _ T7 ()
ﬁém%// j¥ ﬂJEiEE T 3m?
Z anc \ ‘_| X
'ﬂl | 1 f E:anc:: ;gi: -Ili_llE- \\ i
=~ 2] =+ Planck 2018 ¢ . -
= F DES Y2 cosmicshear * Find mass that reproduces cutoff
SN 1 .
101__ I eBOSS DR14 Ly-a forest COnStraInedby Lyman_a
| AcDM S
| — WDM (mwpy = 100 eV) [G. Ballesteros, M A. G. Garcia, MP, JCAP 03 (2021) 101]
10(}
= 101 mLy—a / T
_E m, > 7.5 keV —_WDM —B V (q?)
€027 Feutoft ~ kps ~ ——= - PR
o VW w — matching
= 00 e | / A
4 3 2 1 0
10 10 19 | _110 10 o quq f<Q>
k [h Mpc™] <q > =
Photon t . / quq2f(Q)
[S. Chabanier, M. Millea, N. Palanque-Delabrouille, MNRAS 489 (2019) 2, 2247-2253] oton temperature now
Mathias Pierre Inflationary and post-inflationary scalar dark matter production 24/06/2024

28/46



Constraints on preheating production 1< o/)\ < 10

* Power spectrum computed numerically with CLASS
[D. Blas, J. Lesgourgues & T. Tram JCAP 07 (2011) 034 - J. Lesgourgues & T. Tram, JCAP 09 (2011) 032]

== o/x =101
0.6 o=10t

== o/A=10°
a/A=10!

a/A=10°

NV AL o/a=103
0.4y 7020
/A= 10!

/A= 10°
a/A =108

()2 [ -~ o/x=10!

/A =103
== /A =101
a/A =107

0.0F - o2 =10t

a/A =102

— WDM, mypm = 3.00 keV'

& m, = 9.9eV
4 m, = 13.36eV
8 m, =15.04eV
2 my =16.11eV
8 my = 17.03eV
4 m, = 17.84eV
8 m, = 18.63eV
my = 19.20eV

& m, = 19.96eV
4 m, =208eV

/8 my =21.73eV
2 m, = 22.69eV
/8 m, = 24.04eV
4 m, =25.56eV
/8 m, =264eV
my = 24.85eV

a/X =109
/A= 10!

-— o/A=10°
-— o/A=10?
== o/A=10!
-— o/A=10?
-— o/A=102
-— /A =102
-— o/a=10!
-— o/A=10?
== o/A=107
-— o/A=10?
-— o/a=10!
-= o/A=10%

-— a/A=10%

o/A = 1017

/8 m, = 24.52eV
4 m, = 27.79eV
8 m, =31.54eV
2, m, = 23.92eV
/8 m, = 22.58eV
/4 m, =21.24eV
/8 m, =21.72eV
m, = 10.23eV
/8 m, =23.72eV
/. my = 6.96eV
/8, my, = 11.76eV
2 m, = 5.39eV
/8 m, =8.59eV
M my = 6.74eV
/8 m, =0.63eV

+

m, = 9.59eV

w — matching

109

107

k [h Mpe™ Y

* Excellent agreement with w — matching for all distributions! Even the nasty ones!
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Constraints on preheating production 1< o/ < 10

* Power spectrum computed numerically with CLASS
[D. Blas, J. Lesgourgues & T. Tram JCAP 07 (2011) 034 - J. Lesgourgues & T. Tram, JCAP 09 (2011) 032]

1.0 i

g/ =1017/8 m.  =2452eV
4/3
Ly—«

m m 1/2 (427/4 1/3
onyey (MEa) T (_me
iy > Ol 3keV 1013 GeV Qreh

— WDM__mypi — 3.00 kel

af/A= 109’181 my, = 19.96 eV -— o/A= 1013!4‘ my = 6.96eV
~ a/A =104 m, =208V == o/A=10%7/8 m, =11.76eV
(_) . 2 i o/A=101/8 m, =2173eV == g/A=107/2, m, = 5.39eV
a/A= 103’12: m, = 22.69eV == o/A= 1029/8 m, = 8.59eV
o/X=1013/8 m, = 24.04eV == o/A= 1015/4 my = 6.74eV
- a/A=107* m, =2556eV == o/A=103/8 m, =0.63eV
()() i a/A=101/2 m, =264eV == o/A=10% m, =0.59eV
a/A=10% m, =2485eV
L ! ! ! L L L ! 1 ! ! ! ! ! ! ! ! 1
10V 101 102

k [h Mpe™ Y

* Excellent agreement with w — matching for all distributions! Even the nasty ones!
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Isocurvature perturbations

i?j :77V7X7b

dp;(x,t) _ op;(x,t)

pi(t) p;i (1)
* Adiabatic perturbations share “single clock” 67 (x,t) : pi(x,t) = pi(t) + pi(t)oT(x,1)

* Single field inflation predicts adiabatic perturbations k< aH

1045 L | ' L ' L |
* 07(x,t) < curvature perturbation R(x,t)
C‘E
= - - . . .
= * Deviations to adiabatic perturbations are
N - .
= isocurvature perturbations
~
e S <(5,0i(w,t) 5pj(w,t))
— ij = 3H - —
o —  Adiabatic pi(t) p;i(t)
S 100 = T CDI: cold dark matter density isocurvature 1
=  —— NDI: neutrino density isocurvature ] 2.5% (CD|) from Plaan at
oLt e = ey < TRNDD T e Me—]
101 107 107 rTE 6.8% (NvI) " — Y pe

14
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Isocurvature: gravitational production

L [fm,x = 10" 2Hopg
= §
— 0
— 0.001
| — oo my = 0.54 Hins
— 0.01
e’ 1074 1 — 0.02 § Z 0.03
0.03
0.05 Lower bound!
| | 0.1
1079 ko k* — (1).15
1075}
10726 10720 10°H 1078 1072
k/kend
Planck p
constraints Ps(k) = T /d3p Px(p,|p — k|) Px(p,q) = |X,[IXG" + ami | X, [*| X, "
X

+ a’m? [(XpX]))(X,X.") +h.c.]
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Isocurvature: direct production

1 - | my = 10 2hr{.:nd}
_ a/\
1072 — 1073
— 10-1 >
— 10 5/2 mx ~ 054 Hlnf
— 10791
(::c? 104 — 1072 G’/)\ ;Z 0.02
10-7/4
10 > Lower bound!
lo_ﬁ | — 1[:] 1
f{[]i ik* — 10 3/4
10_8_ L li L L i i " M 1 M L L L L 1 n " M " " 1 L L L n 4 M
10—26 10—2[] 10—14 10—8 10—2
'lﬁ/lﬁend
Planck 5
constraints Ps(k) = T /d3p Px(p,|p — k|) Px(p,q) = |X,[IXG" + ami | X, [*| X, "
X

+ a’m? [(XpX]))(X,X.") +h.c.]
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Isocurvature: direct production

1 | I I | Tﬂ"’( =10 QH{:H(]}
10~%}
Ty E’j 054 Hinf
10 o/\ 2 0.02
Lower bound!
10~%F - "
0 i ok
]_0_8 B ) li . . : ) . . . . ) f ) X X N X L \ . \ i i L "
10—26 10—2[] 10—14 10—8 10—2
k/lﬁend

417 — (1 — u® + v*)?

Auv

- - o0 1+v 2
* Gravitational waves? Qqw..(k) = ;/ dv/ du( ) 12 (e, k, u, v)Ps(ku)Ps (kv)
0 11|

° 1 1 ?
Prlmordlal bIaCk hOIES ’ [Work in progress, M. A. G. Garcia, S. Verner & M.P.]
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Gravitational production: summary

[M. A. G. Garcia, MP & S.Verner, arXiv:2305.14446)|

WIMPZILLAS

[E.W. Kolb, D.J.H.
Chung, A. Riotto]

[ m, > Hepng
1013_-—-——<; ---------------------------------------------------------------------------------------
108 o

I —

L =3

= 10°F &
Q P~
S -
> 10—2'_ O
S - O

RN
10-7F

10—17'.-..- . MR S R
102 101 1

§
* Generalization to higher spins

* Spin %2: if m,— 0 : conformally coupled to gravity <> scalar £&=1/6

* Spin 1: Transverse: <> conformally coupled scalar £&=1/6
Longitudinal: <+ minimally coupled scalar £&=0 if m, —0

* Spin 3/2, 2: [E. W. Kolb & A. Long arXiv:2312.09042]

10
— Dark matter can be produced
gravitationally

— Non-minimal coupling to gravity
mimics direct coupling to the inflation
£ o/
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Direct production: summary

L) Iy
10"F ;
' | Tren < IBBN
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107} 5
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e ! 1
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= 107 < |
o I i .
@) Isocurvature gx ' Backreaction
— [ ' Tien > m :
< 10} R |
. i ]
_ | ]
_ | _
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Digestive: reheating after inflaton fragmentation




Self-fragmentation: quartic case k£ = 4

1071 F —— P, (condensate) 7
[ 1. 1 so (particles) |
_ — 242 2 Péo P .

10—15 L

r fragmentation

| 1 X |
w-zp| 7T (27T)3a4/d Peplip \

10—19 _

ps [Mp]

L 12 _
10—27_ IO¢ - §¢ +V(¢)
—~ 0.34f
3 1/ V
0.32k | / L ]
1 10 102 10°

lEI/ Qend

* The condensate subsists!  =» generic for larger k
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Reheating and inflaton fragmentation

Consider coupling to

LD —ydyr

production rate

py +4Hpy = Ry + Rsy
pe +3H(1+wy)py = —(Ry + Rso)

Condensate contribution

\W'ﬁ\ /

_ 1 = ) ey
Py = 87(1 + wy)py ;“M”‘ Enfin) = ‘{ 3 (t)
efficiency
4
Ry = §F¢P¢

Quanta contribution

* Estimate number density from the lattice
* Mass term induced by leftover condensate:
=»> allow quanta to decay!

[M. A. G. Garcia & MP, JCAP 11 (2023) 004]
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Effect on reheating temperature

¢ — Py

--- No fragmentation

BBN — With fragmentation

B T = 1=
Y

* Large (non-perturbative) couplings required

* At large k, post-fragmentation decays extremely suppressed

[M. A. G. Garcia, M. Gross, Y. Mambrini, K. Olive, MP & J-H Yoon, JCAP 12 (2023) 028]
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Gravitational waves: quartic case k = 4

 Tensor perturbations of the metric  ds* = a(7)? [de — (%‘ + hz-j> dz’ dxj]

* Sourced by Tranceverse-Traceless (TT) scalar inhomogeneities

9 d3q TT
P

(2m)3/2
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Gravitational waves: quartic case k = 4

 Tensor perturbations of the metric  ds* = a(7)? [de — (%‘ + hz-j> dz’ dxj]

* Sourced by Tranceverse-Traceless (TT) scalar inhomogeneities
1" / 2 2 d3 o
hij <p7 T) + 27‘[th (p7 7-) + k hzg (p7 7-) — M—IQD [/ ( )3/2 q; QJ ¢(q7 ) gb(p —(q, 7-)]

* Use Boltzmann approach to predict spectrum of inflaton fluctuations ¢ — 0 0@

T [ Mend |7Dn’2 ’p|
t) o -1
f5¢(‘p’7 ) c2 <Hend> (aend > nzﬁ <mend

4mg \/1 series of peaks! J‘

ané
\/ﬁ I'(3/4)
3 I(1/4)

Mathias Pierre

| Is of infl | [M. A. G. Garcia & MP
energy Ieveis or In aton potentla JCAP 11 (2023) 004]

24/06,2024 42/46
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Gravitational waves: quartic case k = 4

 Tensor perturbations of the metric  ds* = a(7)? [d72 — (&L-j + hz-j> dz’ dxj]
* Sourced by Tranceverse-Traceless (TT) scalar inhomogeneities

hl(p,T) + 2HR; (p, y+HMAnﬂ::i%[/(dPﬂ%%¢m,%ﬂp—%ﬂ]

1[}_3_ T T T T T T T 7 T T T T T T T i ]-U_ﬂ1

T TTTT T T T T T TTTT T T T T T TTTT

ok
o
|
w
T

M2 1 3 / /%
wsE [ pow = kg [ @RB R E)
10-1®
10_2] |||||||||||||||||||
200 400 600 800 1000
a/afend
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Gravitational waves: quartic case £ =4

_4_ ’ ! v v o T y ) T i T i 1T 1T 11 T T T 11 T T T T T T 1
10 laf/afend = 1240J 10—28 L ) _
— S e (-;x[--. |
(: 10—30_ Uf(.,\_ _
10_6 ;N \/\_/\./\/\, ]
- S| 10-32F 4
i T BN
] o B -
—— -~ i
10—8 ! 10 34
'QU 10—36 _
10_10' . . A . ] J | i1 10—38 [ R | I R R I 1 LoL11
0.5 1 5 107 108 10°
P/Mend J [H7]
™
. interval from approach accurate!
_ o ~ Inflaton spectroscopy
* Detectable via future resonant ENM cavities?
[N. Herman, L. Lehoucq, A. Fiizfa, arXiv:2203.15668| D

[M. A. G. Garcia & MP, JCAP 11 (2023) 004]
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Direct production: summary & prospects

D

102} |
_ i 4 Tren < TpN
| = :
107} = ' i
[ E :
z 10 3 i
@) Isocurvature gx i Backreaction
i - 771"(3h>7n¢' i
s 10_3.' E
| /
10—8?
: / Lyman-o
L /
10~ 12 [
1072 107 1071 1 10 102 103 10? / 10°
o/
GW and PBH from Non-perturbative GW and PBH fro.m
isocurvature? reheating? inflaton fragmentation?
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Take home message

radiation domination

inflation q\b matter domination *

P~ a

|
1 I
tend treh t

* The expanding universe as a source for particle production

* (Post)inflation dynamics offers a rich spectrum of phenomenological implications

* Inhomogeneities might reveal (post-)inflationary dark matter production

Thank you for your attention
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Gravitational waves from post-fragmentation reheating

k
. k
V() = AMp [\/6tanh( K )] ~ ¢" | < Mp]
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stiff EOS era

fragmentation

-

o

~
Multi-wavelength GW

detectors as probe of
(post)inflation history

J

(almost) flat spectrum
from inflation

[M. A. G. Garcia & MP
arXiv:2404.16932 |



p +3H (1 +we)py =
py + 4H py

vV, T =0

* System of Friedmann-Boltzmann equations

—Typp (1 + wgy)

Lype(l+ we)
L (oot py)
3MP1 p¢ IO’Y

V., T“’/ -V,

P¢ < Mg

Perturbative reheating

> In fluid picture: transition to radiation era via dissipation term = I'4p4(1 + wy)

Tt’éi — Tczﬁﬁw —|_T7W

Tiax =~ (p’y )

10



Scalar production: the phase space distribution

1
o/X =10 o/\ = 10"
0.30 i
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Scalar preheating phases
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® Lattice
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Scalar preheating
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Fermion production: the phase space distribution
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Gravitational contribution to the effective mass

(1/ Qend (I/ Uend

0% 1071t 10 1 3 5 7 9 11 3 95 7 9 11

40 —20 0 20 40 60 80
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Growth of inhomogeneities: quartic case ¥ = 4

¢ Simulations Wlth CosmoLattice [D. G. Figueroa, A. Florio, F. Torrenti, and W. Valkenburg, " CosmoLattice” arXiv:2102.01031]

: ) 1 oy 12
* Estimate the occupation number (PSD)  fss(p,t) = n, = S wpXp — 11X,
p
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Fragmentation: t > 4

10738,
0.5F

0.3E.

— pg (condensate) |

Pse (particles)
— pe (total)

10—40 k=238 — pg (condensate) _
pse (particles)
— pe (total)

10-%
104
10~

0.6

0'4___________________________¥ __________

10 0

* Transition to radiation-like era at the onset of fragmentation

* Fragmentation takes longer for larger k but the condensate subsists!



Effect on reheating temperature for £ =4

10 §| -- No fragmentation (A)

— With fragmentation (x)

1 100 108 100 1012 101
a/ﬂfend

* Fragmentation suppresses efficiency of reheating process



DM phase space distribution from freeze-in scenarios

inflation reheating

radiation

thermalization

i:

thermal

n=232

thermal

decay

scale factor

non-thermal

n=4

inflaton

decay

\_

non-thermal

decay

=> Previous analysis for cases with “well-behaved” distributions

[G. Ballesteros, M A. G. Garcia,
MP, JCAP 03 (2021) 101]

Freeze-in via
scattering

Freeze-in via
decay

flq) o< ¢" exp(—=B¢")



Isocurvature constraints

Single field inflation predicts adiabatic perturbations

0pi _ 0P
Pi Py

* Significant DM production during inflation departs from “single clock” inflation:
DM isocurvature perturbations constrained by CMB

10-1:

10-92

10-1;

negligible mass limit (m, < H)

small mass (analytical) (m, < H)

small mass (numerical) (m, < H)

10—13§
1073

102 101
m(31°)

Biso = PS(k*)/PR(k*) < 0(1%)

k3
Ps(k) = (goyszas | @' Pl KD

Px(p,q) = |X,I*1Xg* + a*m} | Xp[*| X,

+a’m? [(Xp X)) (X X/[) + hc.]



Gravitational production
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Gravitational production
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Gravitational production
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