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® Viable production mechanism @ small masses and tiny
couplings

® Qverdensities washed out by free streaming warm light
particles

® Necessary to go beyond n, — PSD [D’Eramo, Lenoci: 2012.01446]

® DM PSD affects the matter power spectrum
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Matter — like (we < 1/3) Kination — like (wg > 1/3)
— uas(HJrq,) [ — o g~ 3(0+ws) ; o ¢~ Tat — o g~ 3(0+ue) [ [ — e Tat
— xat — x g 3(+wa) —xa? — xat — x g 3+ws) — xa?
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ar ap aNA AR, dec ag aANA AR, dec AR, rsh
1. Radiation domination 1. ®-dominates until
2. ®-dom. (adiabatic) e Decays
3. ®-dom (NON-adiabatic) ® Resdhifts away
4. Standard RD 2. Standard RD
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Focus on DM Fl via By — By : the Boltzmann Equation reads

df (A, p) _ C(T(A), p(A))

dlog A H(A)

— C(T(A),p(A)) — microscopic physics input: decay
— Modify the cosmological background — H(A)

H(A) o« HyA™  T(A) xx MA® q=Ax p(A)/M

e.g. (m¢)=(-3/2,-3/8) for Inflation, (m,¢) = (—2,—1) in RD.
If DM FI production occurs within one epoch

Ap dA A€+2 P 1
fx(q, A, Ap) o A W? Exp| —gA _W
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We compute its second moment

Jo© dq ¢*f(q) Jar dA At=mtaKa(A-L)
Oqg — 55 =
TV 5T da ?hla) T\ 4 [3r dA A-me2K (A

This relates to the r.m.s velocity

T, _ 8xs(To) 1/
Wito) o £ X Q@ﬂ_n<&ww)

The physical quantity is

Y =0, x D, °
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We impose WDM upper bounds from LSS W, (ty) < Waypm(to)
[D’Eramo et al:2506.13864]

win VP8 ST (k)
X Wiwpm(to)  Wavbm(to)

4/3 1/3
o0 keV(mWDM> (Z) (104.5)
6 keV 3/ \g«(M)

The Dilution factor accounts for entropy injection after production

_ 5(Ar)
5(Am)

Dwm
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Benchmark scenarios: Classification

Exemplary cases: M = 1TeV

H ¢I TI rq;[GCV] ‘ phase ‘ Crelic ‘ O'q ‘ DM ‘ > ‘ Zth

S 0 10%2 0 RD [14x10%] 3 1 [3]3
M, [[02x107% 2x10° 2x107* | ®Da | 56x10% | 43| 11 [19 ] 1.2
1073 10% 1.2x 107 | ®Dya | 3.1 x 1077 | 300 | 10° | 3.0 | 3.8

M || 20x1077 15x10° 55x107® | RD' |32x107% |30 |50 |17 16
K, 10% 10° 02x107 | ®Dp | 44x10°|35[6.1[19] 1.9
Ko 10% 10° 10716 ®Dna | 1.8x107% | 87 | 110 | 1.8 | 1.8
K; 10%° 5 x 10° 0 oD |25x1077 | 35| 1 |35]|35
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81 — BQX
N M=1Tev —— M
—
- K :
—_— K, 3

W —_— K3

S 1\[1 Mo 313 K] Ko K;;

numerical m;(nin [keV] || 20 | 13 | 20 | 12 | 13 | 12 | 23

analytical m™™® [kev] || 20 | 8 | 25 | 12 | 13 | 12 | 23
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L TR < 5 MeV

1071 10! 103 10°
M [GeV]
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Conclusions and Outlook

® Parametrized general modified cosmological backgrounds ()

Solved BE in phase space — PSD

Extracted lower mass bounds from warmness/structures

Novel results: bounds can be relaxed/tightened by ~ x2

® Parameters space available for other experimental searches

Future developments

® Scatterings B1B> — B3 x

* Investigate IR/UV dynamics interplay

® Microscopical models for modified cosmologies
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Introduce an exotic species ® behaving macroscopically as a fluid

Po = Wo Po

The cosmological background evolves accordingly (in suitable
dimensionless variables

do Y
——— h

dlogA~ H where

A=a/a
R I _ Po A 7

; |CigA — (1 . 3WR) R + A(1—3W¢) ﬂ‘b ) ¢(A) = 754)A3(1+ ®)
R(A) = L%A“

Hia) = YOATRI 4+ R TP i

B V3 A2 Mp,
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We can analytically get some intuition and results

W¢§1/3
R\ 1/(1-30)
Ar = —
A (¢1)
_ 72 R 12/(6-3w)
P PO T S
2 \3leMp Vo1

3(1+ wo) T[2\/qTI
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We can analytically get some intuition and results

o Wop > 1/3
Ry 1/01-300) - W
o (®) ) V3l o Mo 2/[3(14wo)]
e {1 L83 TP ir/(u"’) AR, dec =
INA = 2 V3T o Mp1 /1. ’ 3(1 + WCD) le\/()ﬁl

[ 1 VAo MPI} 2/[3(1+we)]
Ar =

3T+ we) TEVo A o 1/(3wep—1)
R,rsh = <R1>
In general
- ~, _ ~ A
H o« HyA TxMxA with: A= —
Am
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Exact analytic solutions can be found for specific cases: (RD, $D)

Matter — like (wg < 1/3 ination — like (we > ¥/3)
(RD' (oD, (D) 'RD‘ ftDy] oD [ (rD) {RD;

: : :
3(1ws)

__ xu"” va)

— xa

ar

Dy=1—=
PhaseHToca Hx a
22

_ 3(+we)
a 2
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If a NON-adiabatic era follows DM production we need to account

for dilution
Tatter\: like (we < 1/3) ination — like (wg > 1/3)

) \/ o N ) fo) @5 [ (@) )
. \ \ I

—Tat
1
~3(14uwa)

— o e Tt .« q—3(1+wa) — xe
a — xa we) — xa

- xa

. .
al\/ aa \/GNA AR, dec ag \/aNA AR, dec

.
AR rsh

and F| assumption consistency (watch out for couplings!)
Yy (A) < YU(A) = Yy (Ao)Dm < Y7

m
1< Dy < 1 X
= M’Vmax[’zkev}
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Phase Space Solution Analytics: Non-Adiabatic

— « q—3(1+wa)
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Stages alten Galter
If FI happens during a NON-adiabatic phase physics (and
calculation) gets more complicated
Matter — like ft0g < 1/3) Kinagtn — like X > 1/3)
RD' (oDy] (2Dya) U (eDy) {oD} [N (rD) {RD!
, "‘ ) Y T

. — xe
—xat )

ar ap AaNA \/U«R ‘.(lu(: ag ul\‘h\\_/éﬁ.dov aR‘.r,sh
_ _ " M —1/¢
AF -+ 00 but A ~ Ag = ()

3 3
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Maximizing the DM yield [Calibbi et al: 2102.06221]

~ ['B,-8
X( )_ 1— 02X

/o|og;\' tog & (A)nigl (T(A) Ka[M/T(A)]

H(A) KoM/ T(A)]

At =M/Tp=M/Tg| . : how
early By can decay within the NA
phase — before reheating —
without inducing excessive
dilution and spoiling freeze-in.

< Dy

AST(A)3
1
0.01 y:q(A)
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Estimating the maximum D™ = # Y9/(0.44 eV /my)

max ~, Max YE(Z\p) _ XX(E\P) (7-R>3(1+1/Z(W¢)) <TP)—3(1+1/£(W¢))
Yy (Ar) X, (Ar) \ M M
leading to
1
M M my X, (x 1/ Hwe)) T Ga/6))
7, (o) = 7, (o) l<2 keV) XM To) V)
—3(14+1/6(wa))
RS (M (W¢)>
TR I imax
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Some hidden subtleties

e Assumption of Fl during a ® Qverestimate
single phase Tr — (M/Tg)/c1 with

e Critical behavior for a ~ (1,1.7) (a posteriori)
wep — —1 ® Account for production

® Low-T FI tail missed after Tp = ;=5

()=
— C,0)= —
TR max o]

Y (o) [( ) )
P

—1/(3(1+1/€(ws))

X =

2 keV ) Xy ((M/Tp) 1/00)
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Mass bounds analytical estimates |

. 4/3 1/3
RD : m;un ~ 296M — 19.7 keV <mWDI\{> ( 104.5 )

WWDM(tO) 6 keV g*(M)
i T\ (to) mwDM /3 1104.5\1/3
oD : m™ 2 (1.94 — 3.46) 22—~ _ = (12.9 — 23.1 keV( > ( >
X ( ) WWDM(tO) ( ) 6 keV g*(M)
. min .., mwpMm \ ( 104.5 )1/ ¢
RD": my ~11.1 kev(ﬁkeV) ( (M)

_ /s
®Da:  mMM (81— 125) k ("’WD (1045>
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Weo Z —0.4

Zmax ~ ~ ~
~ Jot dAATTHAKI(AT)  Gmax1y -
Ugrﬁax,q:l(W(D) = OZmax,l (ARa ' ) (1+£)

4[5 dA Al-mi2K (A)

S M =1/¢(wo)
A= (7))
W¢§—0.4

J5 gA A-mra (A
_ dA Af—mta K3 (A~ ~max,2\ —
Jgélax,q:l.?(w‘b): 0’A’max,2 - - — (AR 2) (1+0)

4 [®  dA AEmR2K(AY)
_ M —1/€(wo)
A2 — <> (1.7,5)]

TR max
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Scan region

We vary wo € [—0.9,1] and T; € [1072,10%?] GeV and change
other conditions to let the dilution factor vary over a few orders of

magnitude
91
w = 1.00 -
- w=000
) = —0.80 o .25
. 2 o 1450
s 375
o 3002
Mo 025 £
®\ 150 .
N\ 0.75 NS
: A |)()(1 & 3R 00 * WWN N S Epo
TR A .
Lo My /T? IR ® 8 Lo M,/ T}
o] ; ‘ ,
Lo My/T? Lo M,/T;
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R R

1 161 0%
M [GeV] M [GeV]

Imposing Freeze-In consistency a posteriori is necessary!
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