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Case for Feebly Interacting Massive Particles (FIMPs) as dark matter
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Consider FIMPs:

e Not in thermal equilibrium

e Produced via freeze-in

e Elusive (in)direct detection

e Dependence on initial conditions
(inflation, reheating)




1. Reheating The Goals

\// ¢——————  Understand the (perturbative) repopulation of the Universe after the

end of inflation (rates, energy densities, temperatures, distributions,..)

2. Freeze-In

Characterize the out-of—equilibrium production of dark matter (from

particle/condensate decays, scatterings, misalignment...)

In the absence of a direct signal, can we say more beyond Qom?

Use the Ly-O( measurement of the power spectrum to impose constraints

4. The end? ¢ A short summary of what we (don’t) understand
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JCUEEULEES  Accelerated expansion can be driven by a slowly rolling scalar field

ps +3H (ps + Pp) =

or

¢ +3HD+V/'(®) = 0




BUELEHLER  Accelerated expansion can be driven by a slowly rolling scalar field
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Y. Akrami et al. [Planck], Astron. Astrophys.
641 (2020) A10

Planck TT, TE, EE + lowE + lensing + BK15 (M 10, ¥ 20)




IBLEG RS After inflation ends, reheating begins

P +3H (pp + Pp) =

or

¢ +3HD+V/'(®) = 0




BLELEHLER  Reheating depends on the shape of the potential
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BLELEHLER  Reheating depends on the shape of the potential
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BLELEULER  Particle production in the expanding Universe  x+a+b+--«—i+j+ -




(ALEGLEHLEE  Integrated Boltzmann equations

\// pp + 3 (lffz) H pg —I's(t)pa

pr+4HpR
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(ALEGLEHLEE  Integrated Boltzmann equations

\// pp + 3 (lffz) H pg —I's(t)pa

pr+4Hpr = T's(t)pa

Pd T PR
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1. Reheati
ng BN
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nn equations

\// pp + 3 (lffz) H pg —I's(t)pa

pr+4Hpr = T's(l)pse

Pe T PR




BLELEEETEE A closer look: thermalization is not instantaneous! (quadratic only)




BLELEEETEE A closer look: thermalization is not instantaneous! (quadratic only)




1. Reheating

N\

K. Harigaya, K. Mukaida, JHEP 05 (2014) 006
K. Mukaida, M. Yamada, JCAP 02 (2016) 003

p° f(p)




1. Reheating
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Freeze-in: producing dark matter out-of—equilibrium

inflation reheating radiation

thermalization

2- Freeze'ln N thermal thermal thermal
n==~6 n =2 decay

non-thermal inflaton non-thermal
n=4 decay decay

scale factor




Decay of an oscillating condensate (inflaton, non-stabilized moduli, ...)

Notation. If fx(p) = fx(p/po) at decoupling (t=t,), thentor t>t,

2. Freeze-In

L (E) - 1 (202) - 5 (25) = s

D —

T. (or Tnepwm )

Standard in literature and cosmology codes (CLASS)

C. Ma, E. Bertschinger, Astrophys. J. 455 (1995) 7
D. Blas, J. Lesgourgues, T. Tram, JCAP 07 (2011) 034




Decay of an oscillating condensate (inflaton, non-stabilized moduli, ...)

47Br, gteh i - g, ok me
fx(t) d’p = X ) T? fr(q) d’q, 1y = ( greh> T T

2. Freeze-In
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Decay of an oscillating condensate (inflaton, non-stabilized moduli, ...)

474 Bry 5" [ Then il ’ - qY /3 me
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fx(p,t)d°p 50, (mq) ) . frg)d’q, gich T

2. Freeze-In

O h2 ~ 01 Brx ( mpwm ) 1 yen 3 x 10%° GeV
X T T x 1074 ) \1MeV/ \ 1010 GeV M




Out-of-equilibrium decay chain ® — A — x

( MpM ) Treh 3 X 1013 GeV
—4 1 MeV/ \ 1010 GeV ma

2. Freeze-In
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(for thermal decays, see also K. Petraki and A. Kusenko, Phys. Rev. D 77 (2008) 065014;
K.J. Bae, A. Kamada, S. P. Liew and K. Yanagi, JCAP 01(2018) 054 )




Out-of-equilibrium decay chain

— Numerical

- --- Analytical (NR)
- —— Analytical (R)

2. Freeze-In

_ 1
fD,R(Q) ~ 106(]_2F(—1,074q2>




Freezing-in through scatterings

2. Freeze-In

>~WW< , Production at ¢ < tyapn If

An—|—2

with n > —1




2. Freeze-In

D

Freezing-in through scatterings (examples)

o n—=20:

o = 2:

. _ : _9
Low scale susy gravitino, o M*. Axino, o o f,
V. Rychkov, A. Strumia, Phys. Rev. D 75 (2007) 075011 ; A. Strumia, JHEP 06 (2010) 036

SO(10) — SU(4) x SU(2)r, x U(1)gp — SM (heavy DM), o o s/M,,
Light spin-2 mediator (light DM), o oc s/M}

Y. Mambrini et al., Phys. Rev. Lett. 110 (2013) 241306; N. Bernal et al., Phys. Rev. D 97 (2018) 115020

Non-susy spin-3/2 DM + sterile neutrino, o(s) (3/m3/2mRMP)2

. .. A
High scale susy gravitino (heavy DM), o 33/(m3/2Mp)
: ; ; A
Heavy spin-2 mediator (light DM), o 83/(m;LMp)
K. Benakli et al., Phys. Rev. D 95 (2017) 095002; N. Bernal et al., Phys. Rev. D 97 (2018) 115020

Vector non-Abelian DM with heavy Z’

G. Bhattacharyya, M. Dutra, Y. Mambrini, M. Pierre, Phys. Rev. D 98 (2018) 035038




Thermal freeze-in

n <o0:
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2. Freeze-In
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Thermal freeze-in
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Thermal freeze-in

2. Freeze-In

D




Non-thermal freeze-in

High scale supersymmetry breaking:  mgyusy => me > mg /o

2. Freeze-In

thermalization
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Non-thermal freeze-in

low-scale Susy

2. Freeze-in :/ high-scale susy

D




Non-thermal freeze-in (1 = 4)
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The Lyman-& constraint on Warm Dark Matter

Wavelength A [h~! Mpc]
104 1000 100 10 1

IITITII 1] 1 ]IIT'TT 1] 1 ITITTTI 1 1 IT!TTTT 1 1 ]1'

1 T S 1
1 1 aun

] 1 ITIT-II
! llll'll

\

N

b |

' ll‘l'[\

i !llll[

'

3. Lyman-&

-
N ==
2
(T
O
>
o
(Vo]
-
O
-+
E

' 1 ] TTI[IF]
1 | lllllll

® SDSS galaxies
# Cluster abundance
m Weak lensing

4 Lyman Alpha Forest

1200
Colour (wavt

Current power spectrum P(k) [(h=! Mpc)?]

1] TT.TTI']
1 ) | llllll[

——

= 1 lllllll A 1 llllill 1 1111111 | | Lllllll | | 111\1-—

V. Irsic, et al., Mon.Not.Roy.Astron.Soc. 466 (2017) 4, 433 0.001 Wao\;gr]mmber kotllm/Mpc] 1 10

N. Palanque-Delabrouille et al., Astron. Astrphys. 559 (2015) As>;  >. Chabanier et al., JLAF U/ (ZUIY) UI/




3. Lyman-&

The perturbed Boltzmann equation

f(a:,p, T) — fO(‘p|77-)[1 + \P(vay T)]
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J. Lesgourgues, T. Tram, JCAP 09 (2011) 032



The perturbed Boltzmann equation

HDM : 0.1 keV WDM : 0.5 keV

L
- i
| Transfer Function N

3. Lyman-&
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The perturbed Boltzmann equation

.. : 3
f(@,p,7) = follpl, 7)1 + ¥(,p, 7)) O+ MO — o (1 BRCRT:

9 H?

3. Lyman-& mwpm = 3keV




The perturbed Boltzmann equation

f(@,p,7) = follpl, 7)1 + ¥(,p, 7)) i - A (1 BRCRT:

9 H?

3. Lyman-&

k [h Mpc™!]
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Constraints on dark matter from condensate decay (inflaton, moduli)
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Constraints on dark matter from chain decay d— A— vy
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Constraints on dark matter from chain decay ¢ — W3/, — LSP
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3. Lyman-&
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Constraints on dark matter from thermal freeze-in
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Constraints on dark matter from thermal freeze-in
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3. Lyman-&
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Constraints on dark matter from non-thermal freeze-in (n=4)
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Non-supersymmetric decaying spin-3/2 particle
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Non-supersymmetric decaying spin-3/2 particle
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Non-supersymmetric decaying spin-3/2 particle
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Non-supersymmetric decaying spin-3/2 particle

. o .
L = ZQMPVRV“[V’),V |V Fpo + 1
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Non-supersymmetric decaying spin-3/2 particle

Scattering Inflaton decay

FERMI130 GeV

T3/2 < Texp

0 2
1Og10(m3/2/ Ge\/) 10%10(7”3/2/ Ge\/)




Non-supersymmetric decaying spin-3/2 particle

Scattering Inflaton decay

Ly-a excluded

FERMI130 GeV

Non-thermal Ta/a < Texp

9 0 2
1og10(m3/g/ GeV)




For k # 2 the nature of the final state matters

In-medium effects cannot be neglected

N —2/( °p £(E) Tm I

4. The end? aV dt 2m)52E




Non-perturbative particle production

—

fermion

4. The end? - / preheating




Non-perturbative particle production

Dark matter/

radiation

disorder, warm/multifield inflation

./\/;(O'/H)Q =25, Nyt =20, Planck T\TE, EE + lowE + lensing + BK'\5 (W10, ¥ 20)

4. The end? E ' ' ' — 10 0 preheating

MG, M. Amin, D. Green, JCAP 06 (2020) 039




So, how warm are non-thermal relics?

inflation matter radiation

non-thermal ~y thermal ~

K

non-thermal

thermal

4. The end?




So, how warm are non-thermal relics?

[ Inflation ] )[ Reheating J
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4. The end?




Constraints on the properties of warm dark matter using the satellite galaxies of

the Milky Way

),

NN

\

Milky Way DM

halo mass

O. Newton et al., arXiv:2011.08865

Kennedy et al. (2014)
Jethwa et al. (2017)
Nadler et al. (2020)
Ly o limits

GALFORM galaxy

formation model
(Zreion — 7)

—
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Out-of-equilibrium decay chain ® — A
—7 X

C[fx(pv t)] —

4 4 reh
0. e BryBral'ama (1
( reh mCID) (areh

a(t)

5gAD?
m¢ 2




Light, but not too light DM

Split energy density into relativistic and non-relativistic parts,

Px — (IOX o mDMnx) - DMLy — AA]Veﬂ:

Saturating the Ly-& bound,

AN < LAX 10~ (g*s(T) /3 (Q(;(?Q) ( 3keV )4/3 (%)4 [<\/q2 +u*(T)2> —M*(T)}

<q2> g>|(<)s TmMwDM

p(T) =V {a?) (gi%;))l/g ( 3keV )4/3 (7.56Tke\/)

TMWDM

I 4/3
ANeff(TBBN) < 54 x 10_5 ( S ke )
(¢%) ) \MwDM

3keV )4/3

TM\NVDM

ANeff(TCMB) < 9x 1077 (




Strongly stabilized moduli

1014

Entropy production

mZ>Fz>F¢




