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The waning of the WIMP?
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What are the cosmological signatures of
out-of-equilibrium DM?

Can we probe the DM production mechanism?

Based on [arXiv:2011.13458] — JCAP 21
with G. Ballesteros & M. A. G. Garcia
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Production of out-of-equilibrium
dark matter



DM production during reheating

V(¢) inflation

4 | @ : inflaton
| —— . e .
rehoating “Y : generic SM particle
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DM production during reheating

V(¢) inflati :
y aaen | @ : inflaton

— reheating fy . generic SM partiC|e
X : dark matter
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UV Freeze-in via scattering

Mathias Pierre Out-of-equilibrium dark matter: production and cosmological signatures 09/02/2022 03/21




DM production during reheating

V(¢) inflation
A

.\

reheating

@ : 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

g
o0 = [ Conion

number-density energy-density

* Obtain phase space distribution by solving Boltzmann

equation
O _ gp 25 — i, (1pl, o)

Ot lp|
* Solution to the Boltzmann equation:
* After decoupling, distribution function only depends on

Rt = [ el (Sl
the comoving momentum

_ paf M /d3Qfx

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

- H |P|
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Production from inflaton decay

* Pair of DM or SM produced from perturbative inflaton decay

Cl (0] = 25Ty Brag(t) 5(p — my/2)
Y gm?b
1671y Brng(t) o a(t)  mg
1K treh
 24xen(t) (my 3/2
f(p,t) =~ g (2;;) 0(mg/2 —p)
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Inflaton decay: DM production

-------------------------------
— Numerical
—— Analytical |

Fit

Frlq) ~ 2.28¢ 3/2 074"

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

AR ~ 01 Br, ( My ) Tren 3 x 10" GeV
X B x 1074 ) \1MeV/ \ 1010 GeV M
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UV freeze-in from scattering

Assume cross section for Yy — XX : 0(8)
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UV freeze-in from scattering

n
2

S

Assume cross section for Yy — XX : 0(8) = W

.- . 2
+ n =0 Low-scale SUSY for gravitinos o o 1/M3; or axinos 0 x 1/ f:
[V. Rychkov, A. Strumia, PRD 75 (2007) 075011 - A. Strumia, JHEP 06 (2010) 036]

« n = 2 | Heavy Z’ from gauge unification 0 S/m%,
[Y. Mambrini, K. A. Olive, J. Quevillon, B. Zaldivar- PRL 110, 241306

, : : 1
Gravity mediated freeze-in o o< s/Mp,
[M. Garny, M. Sandora, M. S. Sloth - PRL 116 (2016) 10, 101302

N. Bernal, M. Dutra, Y. Mambrini, K. Olive, M. Peloso, MP - PRD 97 (2018) 11, 115020]
Y. Mambrini & K. Olive - PRD 97 (2021) 11, 115009]

1N =4 Non-SUSY Spin-3/2 DM + sterile neutrino 0 X 82/(’m3/2mRMp1)2
[M A. G. Garcia, Y. Mambrini, K. A. Olive, S. Verner - PRD 102 (2020) 8, 083533]

i Guw X

gl - X
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UV freeze-in from scattering

Assume cross section for Yy — XX : 0(8)

.- . 2
n =0 Low-scale SUSY for gravitinos o o 1/Mp, or axinos 0 o 1/ f:
[V. Rychkov, A. Strumia, PRD 75 (2007) 075011 - A. Strumia, JHEP 06 (2010) 036]

« n = 2 | Heavy Z’ from gauge unification 0 S/m%,
[Y. Mambrini, K. A. Olive, J. Quevillon, B. Zaldivar- PRL 110, 241306]

. . . 1
Gravity mediated freeze-in o o< s/Mp,
[M. Garny, M. Sandora, M. S. Sloth - PRL 116 (2016) 10, 101302

N. Bernal, M. Dutra, Y. Mambrini, K. Olive, M. Peloso, MP - PRD 97 (2018) 11, 115020]
Y. Mambrini & K. Olive - PRD 97 (2021) 11, 115009]

1N =4 Non-SUSY Spin-3/2 DM + sterile neutrino 0 X 82/(’m3/2mRMp1)2
[M A. G. Garcia, Y. Mambrini, K. A. Olive, S. Verner - PRD 102 (2020) 8, 083533]

n > 0 Constructions inspired by modified gravity
[N. Bernal, M. Dutra, Y. Mambrini, K. Olive, M. Peloso, MP - PRD 97 (2018) 11, 115020]
[P. Anastasopoulos, K. Kaneta, Y. Mambrini, MP - PRD 102 (2020) 5, 055019]
[P. Brax, K. Kaneta, Y. Mambrini, MP - PRD 103 (2021) 5, 015028]
[P. Brax, K. Kaneta, Y. Mambrini, MP - PRD 103 (2021) 5, 115016]
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UV freeze-in from scattering (n < 6)

. )1/23'2n+6r(£%é)9A989¢ﬂ4PTﬁﬁl ag
(2

3
31y ~ 3 pln) 3
fx(pa t) d b= (giih 5 W)SATH—Q (I(t)) T* fTF (Q) d q

ar -
)
[

— BB |

g%\ A .
“ohl/ N\
* Mild dependence on progenitor spin | [\
B : Bose-Einstein :M” \\ @
. MY g N\
F : Fermi-Dirac ) N
+ Maxwell-Boltzmann ~ FB _N\
& Q' A
* Not thermal but well fitted by j
z

f(Q)OCC]a eXp(—Bq’Y) R
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UV freeze-in from scattering (n = 6)

— BB |

sl

Z — FB |

= 6F )
X, I
= 4}
S i
= .
= 2r
=
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Non-termal UV freeze-in (n =4)

inflation matter domination

radiation domination

Al
I’I\ f'l\
@\b thermal ~
)
Y v
1 1 1 A\
| | | L4
tend tth treh t

[M. A. G. Garcia & M. A. Amin Phys. Rev. D 98, 103504 (2018)]

) — Exact
200} /\ Fit
150} (4 Cajo o 2.6
=7 Fi(q) ~ 433.2¢ 3225
s 1/
== 100t |
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Freeze-in via decay ¢ — A — x

T T T — T T T —T—TTTTT T T — T T

— Numerical
1} --- Analytical (NR)
—— Analytical (R)

-
-
-
-
-
-
-

1/3
(giih) mATreh - mA

R =
gggc mqudec <p>
102 10! 1 10
q
Relativistic limit (R) R < 1 Non-relativistic limit (NR) R > 1
107 ———— | | ) '— Numerilcal | | | I
I Analytical
:% . for(g) = 2.19 g~%/2e~ 0T
me; 107
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 Phase space distribution of out-of-equilibrium DM

inflation reheating radiation

thermalization

thermal thermal

n=2

decay

non-thermal inflaton non-thermal
decay decay

scale factor

n=4

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

Mathias Pierre Out-of-equilibrium dark matter: production and cosmological signatures 09/02/2022 13/21



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]

7_[ — q H: Conformal Hubble rate [J. Lesgourgues & T. Tram, JCAP 09 (2011) 032]
T ' [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)

1

3
: _ 2 _ (Mmwbpm\ [(Iwpm ™ _
fWDM(Q) — 1 T eQ’/TWDM ‘ QWDMh ~ ( 94 oV ) ( TV ) ~ (.12

L5

L N

WDM

P(k) [h~ Mpc?|

102_
101 i
— ACDM
— WDM (mwpuy = 100 eV)
10()
1.0

mMmwDM — 100eV

—
&2

& 0.5
—

Il

=

0'07 T T TTTrTTTT T T T T T TTrTTTTT T T T TTTT T T T
1074 1073 1072 10! 100
k [h Mpe 1]

[J. Baur, N. Palanque-Delabrouille, C. Yéche, C. Magneville, M. Viel, JCAP 08 (2016) 012]
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How warm is Non-Cold Dark Matter?

* From Lyman-alpha forest my/os = (1.9 — 5.3) keV at 95% C.L.

[Braur et al. JCAP 08 (2016) 012 — Iri¢ 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]

k 8/3 _
wwpm(a) ~ 6 x 107 ¢ 2 (e_V) m) wypu(a=1) < 1077
mMwbDM

* C(Constraints much stronger than CMB! wwpm(a =1) < 1010
[M. Kunz, S. Nesseris, |. Sawicki, PRD 94, 023510 (2016)]

e How cold are WIMPs ?

o s (1) (22) (120 (1)

mpm mpwMm gf

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

w(mpnm) = wwom (Myipar)

[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]
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How warm is Non-Cold Dark Matter?

oP T} (¢°)

W — =
0p 3miy a?

MpM = mLy—a ( T* ) <q2>
WEMA Tywoum (¢°)wDM

* Compute 2" moment of distribution + determine T,

w — matching

- I distribution can be fitted by  f(q) o< ¢ exp (—£¢q")

w — matching - o = T.56 keV (w)ys (%) \ I (?%;S’ﬁ)
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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

4/3 3.78 MeV Numerical
Ly—a 1/3 10 3 9
m 106.75 m 10" GeV
> WDM ¢ )
mpMm < (—3 keV) ( greh ) (3 101 GeV) ( T ) 4.11 MeV, Analytical,

3.79 MeV, Fit.

* For low reheating temperature 1., < my

mpyv = BeV

N

 Combining with relic density condition

reh \ 1/3 4/3
Br, < 1.5x 1074 ( g ) ( 355\;)
1065) \mbi-a

X Y X X
e Even if @-K . since >< then ¢ —{ K
X Y X 7y X

[K. Kaneta, Y. Mambrini & Keith 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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1.0 -—-—-~-————-..;\
NCDM -
NCDM hase-space NCDM Matching to WDM NCDM
collision term p. d‘. ‘pfl transfer function transfer function bound 0.81
distribution =
— 0.6}
Lyman-a =
bound on WDM =~ 0.4k
n Match to
\l Equation of state matching | 021 wpa = 3keV
'| w(mpnm) = wwpm(Mwpwm) [
0.0 )
1 10
k [h Mpe ™)

* Lyman-alpha is a powerful tool to probe out-of-equilibrium
dark matter and early universe dynamics

 Many more cases in the paper! [arXiv:2011.13458]

e Dark matter is cold.

Thank you for your attention
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Lyman-alpha forest

[Edward L. Wright's website] O

O
g0 WOM

Y Lyman-«
A=1215.67 A

A —>

Flux

* Quasi-Stellar Objects (QSQ) are luminous astrophysical objects
powered by gas spiraling at high velocity into an massive black hole

* Light emitted by distant QSO is absorbed in foreground structures

* Allows for a 1D measure of overdensities along line of sight
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Lyman-alpha forest

100 [TT T T[T T T T[T T T T[T T T T [TT T T TTTT[TTTTQ
i]l.) B B _ P _:
o 3C 273 z=0.158 N -
g o\ R
< { A - ]
- IJ"\ MMM' W‘\"\# w ]
20 l'l ’1 ] m f \ |i —
0 [ | = || L | L L1 | | L E 1 1 H
1000 1050 1100 1150 1200 ! 250 1300 1350
Emitted wavelength , A
100 | } T 1 } T
80 I. =
- | .
- | {
‘o 60 ‘. —]
a \ 3
S 40 \ —
k= -
20 MW"“ -
Ll e -
(J 1 1 | ‘ 1 | - ‘ 1 |
1000 1050 1100 1150 1200 1250 1300 1350

Emitted wavelength , A

[Bill Keel's website]

* Comparison of QSO spectra at low and high redshift in QSO rest frame
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NCDM Cosmology

« Expand around (homogenous) background quantities
f(z,p,7) = f(lp|, 7)1+ ¥(z,p,7)]

* Expand fluctuations in term of Legendre polynomials

U(k,h,q,7) =Y (i)' (20+1)Uy(k,q,7) Pk - 1)
£=0
* Express fluctuations in terms of Legendre coefficients

4
15 = : .
0p =4m (—) / ¢*ef(q)V, dg, energy density fluctuation
a
_ dx (T\* 2 _
P = ?ﬂ- (—) / q2q— f(q)¥q dg, pressure (density) fluctuation
a €
4 —
(p+ P)0 =4rnk (—*) /q?’f(q)\I’l dq, velocity divergence
a
_ T.\* 2 _
(p+ P)o = ? (—) /qzq—f(q)\llz dg, anisotropic stress.
a €
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NCDM Cosmology

* The phase space distribution satisfies collisionless Boltzmann equation
0 dz* 0 dg O dn; O
ofr | f dgdf dni0f _
or dr dx* dr dq dr On;

* Plugging distribution expansion in Legendre polynomials give

0,

\IJO — %\1}1 + lhdlnf? d82 = CL(‘T)(—d‘T2—|—((5%3—|—hw)d$?'d$3)
€ 6 dlng : _
in synchronous gauge h = hy;
i _ﬁ(xp —2\11)
1 3¢ 0 2] )
. qk‘ 1. 2. dlIlf
Wy =220, —30,) — (—h + =
’ 56( 1= 3 3) (15h+5n)dlnq’
. gk
- - >
W, (%H)e(mjﬁ . (€+1)\Pg+1), 0> 3]

For a non-relativistic species, higher multipoles are typically suppressed by
(positive) powers of ¢/e ~ p/mpy, making any W, with £ > 2 much smaller than
Uy and Wy. In this case, the Boltzmann hierarchy can be truncated imposing
W, =0 for £ > 1. In this (non-relativistic) case ¥y depends only mildly on the
variable ¢, and the integrals are dominated by the low ¢ < € regime so that we
can identify 6P/ép ~ P/p = w.
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NCDM Cosmology

* Neglecting higher multipoles, for very non-relativistic DM,
integrating over momenta gives

5 = —(1—I—w)(6’—|—g) —37{(0 —w)(5—|—97-£2(1+w) (62—63)%9
22

) 922 Cs
0 = —H(1 308)9+1+w

k%5 .

* In matter domination, from Einstein equations, metric perturbation

follow ) _
h+Hh+3(1+3w)H*5 =0,

* Which can be translated to evolution of matter density fluctuations

. . 3.5 10
i 1] —w— — = 0.
0+ Ho 27—[ ( w9%2)6 0
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General phase space distribution

fq) o< ¢® exp(—B4q7)

Scenario ol B ¥
Inflaton decay -3/2 | 0.74 | 1.00
, : during reheating | -3/2 | 1.00 | 3/2
Moduli decay rzl.ftergreheatingg Z1.00 | 1.00 | 2.00
Thermal decay -1/2 | 1.00 | 1.00
non-relativistic - - -
Non-thermal decay relativistic -5/2 | 0.74 | 2.00
BB 0.70 | 1.13 | 1.00
UV Freeze-in (n = 0) FB 0.51 | 1.10 | 1.00
FF 0.29 | 1.11 | 1.00
BB 0.51 | 0.91 | 1.00
UV Freeze-in (n = 2) FB 0.42 | 0.90 | 1.00
FF 0.33 | 0.90 | 1.00
BB 0.21 | 0.06 | 1.98
UV Freeze-in (n = 4) FB 0.21 | 0.06 | 2.04
FF 0.21 | 0.05 | 2.10
BB - - -
UV Freeze-in (n = 6) FB - - -
FF - - -
Non-thermal UV Freeze-in -3/2 | 25 2.6
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Precision on transfer functions

1:1 T T 3 IE.I T |
- — Inflaton Condensate decay | } t — Thermal, FD Particle decay | ]
;a: == Modulus (a) : ! ! Thermal, BE :
; 10_1 e —+ Modulus (b) - 3 10_1:- — - Non-thermal. R ; Y 4
l\ ++++ Modulus (¢) -y B Non-thermal, NR -
e % ¥
= }‘i 10_2 3 A3
a 3 70
= ol
[\ -3 *d 1
| 10"k - a : E
e 1]
i . ~ A% 1
2 1 e ) i
:' ].0— 3 v = : 3
= S5
bl ke - $." I
1 . i L N 3 - L 1
1_1 T T3 lrl T T
. —_—n=0 Thermal freeze-in | f = n=4 Non-thermal freeze-in |
E ; - n= 2 : 1 [ :
2101} — n=4 o101 ' ]
B s =6 . : 3 :
— 9 '(/‘* 5 |
= 1077 A4 1077 !
: i /‘/
- it YN
K s Ho T | : !
L] T — IR N P : :
SO 5 4R 1
E M R \/ ) /\ I N/y . g :
8 = —4L : 3
> 10 /\/ »/—\ V \/\ i 3 1 10 S
l\ [P L L Q!
= y =20 ] ! ==
=107} <11 1079 <
1 1 1 1 1 1

i L | i 10
k [h Mpc™!] k [h Mpc™]
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Contribution to N _g ?

T\" py —
ANeg = §(?) Px — TDMTx

7\T, P
_ 8ty (g.(T) VTNt T
-, ( 9% ) (T_,,) (mDM)
925 5 o\ (To 92 Y2 fmon \ (To
e )" () () () () (3)]
« Saturating the Lyman-alpha bound gives
AN o LAx 107t (g (D) (kN [ 3keV NP/ T\?
e (%) ( 92 ) (0-1 )(meM) (f)

X K\/q2 + u*(T)2> - u*(T)} ,

) = VT (2) () (M),
AN.g(Tgpn) < 5.4 x107* (\/%) (Q(ﬁ?) (ﬂiii\;)fl/a |




