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How dark matter is produced?
Can we probe the production mechanism?

mm) Focus on out-of-equilibrium particle dark matter
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Production of out-of-equilibrium
dark matter



Out-of-equilibrium DM production
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Out-of-equilibrium DM production
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Out-of-equilibrium

V(¢) inflation
A

.\

reheating

DM production

@ : inflaton

7Y : generic SM particle
X : dark matter

A : particle (SM or not)

X
0% Decay of inflaton

UV Freeze-in via scattering

X Freeze-in via decay
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DM Phase space distribution

* Obtain phase space distribution by solving Boltzmann

equation
O Hp| 2% — i (1pl, 1)

— Hip —
o~ HIPlgp)

nx(t) — (297;()3 /dgpfx(p():t) px(t) — (297:)3 /dgppo fx(pOat)

number density energy density
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DM Phase space distribution

* Obtain phase space distribution by solving Boltzmann

equation
O _ gp 25 _ ciy, (1pl, o)

Ot olp|
* Solution to the Boltzmann equation gives
a(l)
(o )—/ el (4
(t')
* After decoupling, ¢ > tqec DM production stops, distribution
function only depends on the comoving momentum

pa(t) - — o T 3 7
T, — ﬂw_(%ﬁa3/dqﬂm)

T, = Incpum in CLASS [J Lesgourgues & T. Tram, JCAP 09 (2011) 032]

Hml

R
]

Mathias Pierre How warm are non-thermal relics? Out-of-equilibrium dark matter production 04/14



Production from inflaton decay

* Consider DM produced from perturbative inflaton decay

87
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gm
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space distribution

reheating radiation

inflation

thermalization

thermal thermal

n=2

thermal

decay

n==~06

non-thermal inflaton non-thermal

scale factor

decay decay

n=4

—

 Most of the distributions fitted by f(q) x q% exp (—5 q”)

What is the cosmological imprint of out-of-equilibrium dark matter?

Mathias Pierre How warm are non-thermal relics? Out-of-equilibrium dark matter production 06/14



Cosmological imprint



Cosmological imprint

* Cosmological role of out-of-equilibrium dark matter via

T\" . _ 4r (T N\ 2 _
p=A4m (;) /q2€f(Q) dq P = ?ﬂ (;) /qz% (¢) dg
energy-density pressure
t 2
q = p;ﬁ ) : comoving momentum € = \/q2 + (m%\(/ja)

* Define w = P/p : equation-of-state parameter

* In pure ACDM : w = 0 precisely (Cold = pressureless)

 But w#0 ! mmp Non-Cold Dark Matter cosmology
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Non-Cold Dark Matter w = 0

* Expanding quantities around homogenous background
f(z,p,7) = f(pl,7)[1 + ¥(z,p,7T)

 |n matter domination, matter overdensities § follow

. .3, L2
2 Fig

9 H? . .
where kig(a) = 10 w(@) is the Free-Streaming wavenumber
d7 = a dt : Conformal time T [C. Ma & E. Bertschinger. ApJ 455 (1995) 7-25]

H = q H : Conformal Hubble rate [J. Lesgourgues & T. Tram, JCAP 09 (2011) 032]
— ' [M. Kunz, S. Nesseris, |. Sawicki, PRD 94, 023510 (2016)]

W = P/ﬁ Equation-of-state parameter [G. Ballesteros, M. A. G. Garcia & MP, 2011.13458]
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Non-Cold Dark Matter w = 0

* Expanding quantities around homogenous background
f(z,p,7) = f(pl,7)[1 + ¥(z,p,7T)

 |n matter domination, matter overdensities § follow

. . 3., L2
2 Fig

9 H? . :
7" is the Free-Streaming wavenumber

10 w(a)

where kig(a) =

* |f w =0 all modes grow “democratically” : CDM limit
1 da

w70 at o) = | [ 05 ]

* Only w controls the cutoff scale!

d7 = a dt : Conformal time T [C. Ma & E. Bertschinger. ApJ 455 (1995) 7-25]

7_[ — H : Conformal Hubble rate [J. Lesgourgues & T. Tram, JCAP 09 (2011) 032]
— ' [M. Kunz, S. Nesseris, |. Sawicki, PRD 94, 023510 (2016)]

w = P/ﬁ Equation-of-state parameter [G. Ballesteros, M. A. G. Garcia & MP, 2011.13458]
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Non-Cold Dark Matter w = 0

* Lyman-alpha forest constraints Warm Dark Matter (WDM)

fWDM(Q)

1

3
_ o _ (mwbMm)\ [ Iwpm |
1 + e2/Twom —  Qwouh’ = ( 94 eV) ( T, ) ~0.12

ACDM WDM

— ACDM

Planck 2018 TT
Planck 2018 EE
Planck 2018 ¢¢
DES Y1 cosmic shear
SDSS DR7 LRG
eBOSS DR14 Ly-a forest

e Fod o

— WDM (mwpm = 100 eV)

N

mwpM = 100eV

[J. Baur et al. JCAP 08 (2016) 012]

muoe = (1.9 — 5.3) keV at 95% C.L.

Ly—« —15 -2
wWDM(mWDM) ~ 10 a

I ERRETERE.

w0

w0t

k [h Mpc!] [Braur et al. JCAP 08 (2016) 012 — Irsi¢ et al. PRD 96 (2017) 2, 023522
Palanque Delabrouille et al. JCAP 04 (2020) 038 — Viel et al. PRD 88 (2013) 043502
Viel et al. PRD 71 (2005) 063534 — Narayanan et al. ApJ 543 (2000) L103-L106]
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How warm is Non-Cold Dark Matter?

* How to translate Lyman-alpha WDM bounds on any scenario ?

[S. Colombi, S. Dodelson, L. M. Widrow ApJ. 458 (1996) 1 - Kamada, N. Yoshida, K. Kohri, T. Takahashi JCAP 03 (2013) 008
K. J. Bae, R. Jinno, A. Kamada, K. Yanagi JCAP 03 (2020) 042 - A. Kamada & K. Yanagi JCAP 1911 (2019) 029]

0P T?7 (¢%)

w

~ 6p 3m3, a?
w — matching T 5
Moy = m%&gﬁ ( * ) (q*)
Twpwm (¢*)wpm

* Compute 2" moment of distribution + determine 7T},

» |If distribution can be fitted by f(q) X qo‘ exp (—5 Qﬂy)

— hi ~ 7.56 k —
w — matching ‘ mpMm == 7.56 keV (3keV T,

b\ o (T () T ()
) [T
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How warm is Non-Cold Dark Matter?

 Example: inflaton decay case computed using CLASS
[D. Blas, J. Lesgourgues & T. Tram JCAP 07 (2011) 034 - J. Lesgourgues & T. Tram, JCAP 09 (2011) 032]

N 1Op—————————— Teen, = 1019 GeV _

-~ \ = Numerical (mpy = 3.78 MeV)

VR 08} Analytical |(mpy = 4.11 MeV) |

o) - e Fit (mpy = 3.79 MeV)| |

E\/ g 0.6 - = = WDM (mpym =3 keV) ’
a [
~ 04y
i -
= 0.2y
I~ I

0.0f | o T ﬂ\‘"‘l““‘-"‘—l =]

10" 10! 102

k [h Mpc™!]

* Excellent agreement with w — matching for all distributions!
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Inflaton decay

 Lyman-alpha bounds translate into

3.78 MeV, Numerical,

(Mo Y2 10675\ 1/ Mg 10 GeV [ Vv Analvtical
DM X\ B eV gren 3% 1013 GeV Ton AL Mev,  Analytical,
3.79 MeV, Fit.

* For low reheating temperature 1., < my

mpyv = BeV

N

 Combining with relic density condition

reh N\ 1/3 4/3
_ g 3keV
BrX<1.5><104(*8) (L a)
106.5 V@’DM

e Even if @K >< then AO<

[K. Kaneta, Y. I\/Iambrlnl & Kelth A. Olive Phys.Rev.D 99 (2019) 6, 063508|
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UV freeze-in via scattering

o\ 4/3 13 [ 727 (7.17) keV,  FF Numerical (Fit), n =0
Ly—a /
> [ Mwpm 106.75 _ _ B
mpMm 2 | = 8.48 (8.73) keV, FF Numerical (Fit), n =2
3 keV g
8.52 (8.05) keV, FF Numerical (Fit), n =14

* Combine with relic density condition

Y X

10'2

Ly-a excluded

10°}

Y X

DM production

106

Crrvh [G(‘V]

3 n
10 2

S
o(s) = T

103 109 10° 10*2 101 1018
A [GeV]

* Apply to any UV freeze-in model!
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Out-of-equilibrium DM can be produced after inflation

Cutoff in power spectrum can be probed by Lyman-alpha
Powerful tool to probe out-of-equilibrium dark matter

DM produced from modulus decay, from decay of thermalized
particle + much more... in the paper! [arXiv:2011.13458]

Dark matter is cold.

Thank you for your attention

Mathias Pierre How warm are non-thermal relics? Out-of-equilibrium dark matter production 14/14



