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Non-Cold Dark Matter erases small scale structures
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@ WDM free-streaming from overdense to underdense regions
~~ Smooth out inhomegeneities for A\ < A\ps ~ [ v/adt

@ Effects P(k) generalized to Non-Cold DM seee.g. (Bode'00, Viel'05, Murgia'171,
including non-thermal FIMPS [see talk 0. Lebedev] 01 €.2. DM from PBH evap (tis talk].
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@ WDM free-streaming from overdense to underdense regions

~~ Smooth out inhomegeneities for A\ < A\ps ~ [ v/adt

@ Effects P(k) generalized to Non-Cold DM see e.g. (Bode'00, Viel'05, Murgia'171,
including non-thermal FIMPS [see talk 0. Lebedev] Or €.2. DM from PBH evap [this talk].

@ Tested against Lyman-a: absorption lines along line of sights to distant quasars

probe smallest structures ~ miiSmal > 5.3.5.7 keV
see e.g. [Viel’05, Yeche’17, Palanque-Delabrouille’ 19,Garzilli’ 19,Isric’23]
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Introduction

PBH evaporation and Dark Matter

see also e.g. [Bauman’07,Fujita’ 14,Allahverdi’ 17, Lennon’17,Morrison’17, Hooper’ 19+, Masina’20,Keith’20, Gondolo’20,Bernal’20+,..,

Barman’24, Haque’24] + talks P. De la Torre Luque, F. Kiihnel

PBH stable on
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Memory Burden

Burdened PBH evaporation )

NCDM from burdened PBH June 4, 2026 4/10



Memory Burden

Memory Burden: Slow down of PBH evaporation

PBHs must be light enough to decay via Hawking radiation at an early
enough epoch to avoid constraints.

oT— andS 47r

Laura Lopez Honorez (FNRS@ULB&VUB) NCDM from burdened PBH June 4, 2026

5/10



Memory Burden

Memory Burden: Slow down of PBH evaporation

PBHs must be light enough to decay via Hawking radiation at an early
enough epoch to avoid constraints.

o T=grand$= 47r
° Seml—classwal. evap self similar evaporation from Mr to M = 0:
W* _g TEMs) o M
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Memory Burden

Memory Burden: Slow down of PBH evaporation

PBHs must be light enough to decay via Hawking radiation at an early

enough epoch to avoid constraints.

oT— andS 47r

@ Semi- classwal. evap self similar evaporation from Mr to M = 0:

dN;¢ _ & I'(E, M, sj)
dEdr 2w eE/T — (—1)%i

M;
Mg

and f, ~

@ Memory Burden: evap drops drastically from M = gMF puai20

d ]ijb 1 d sc

dEdr sk ¢ dEd and  tmp o< 3¢ S(gMr) 1 .

Laura Lopez Honorez (FNRS@ULB&VUB) NCDM from burdened PBH June 4, 2026

5/10



Memory Burden

Burdened PBH parameter space

see also e.g. [Thoss’24, Chianese’24, Chaudhuri’25, Haque’24, Barman’24, etc]

Constraints from BBN, CMB anisotropies, y-rays and neutrino observations,

assuming instantaneous transition SC— MB:
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*Also for MB setting at very early stage ¢ < 1 a few %
evaporated particle DM could add up to PBH DM.

Laura Lopez Honorez (FN NCDM from burdened PBH

@ upper right: PBH makes
all DM iff very
suppressed initial
abundance (3 < 10721)*
Considering a smooth
transition excludes this
region. [Montefacone’25, Dvali’25]

@ lower left: PBH fully
evaporated and potential
source of DM
Focus of this talk
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NCDM from PBH

(Not even FIMP) DM production from Burdened PBH )
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NCDM from PBH evaporation

see also earlier works from [Bell’98, Dolgov’00, Baumann’07, Dai’09, Fujita’ 14, Lenon’ 17, Morisson’ 18, Hooper’19++, Gondolo’20,

Masina’20, Baldes’20, Bernal’20, Auffinger’20, etc]
@ DM particles (and SM) will be produced from PBH evaporation given
gravitational interactions (not even FIMPs needed).

@ For mpy < Tr = M}/(87Mg), can behave as non-thermal NCDM.
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NCDM from PBH evaporation

see also earlier works from [Bell’98, Dolgov’00, Baumann’07, Dai’09, Fujita’ 14, Lenon’ 17, Morisson’ 18, Hooper’19++, Gondolo’20,
Masina’20, Baldes’20, Bernal’20, Auffinger’20, etc]
@ DM particles (and SM) will be produced from PBH evaporation given
gravitational interactions (not even FIMPs needed).

@ For mpy < Tr = M}/(87Mg), can behave as non-thermal NCDM.

1/2
8 (MF) RD (8 < o),

) Mp
{py ~ k+1/2
-2 MP
g\ = MD (8 > fc).
qMr

MB only influences Qg)l\),[ in MD.

see also [Haque’24, Barman’24]
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NCDM from PBH evaporation

see also earlier works from [Bell’98, Dolgov’00, Baumann’07, Dai’09, Fujita’ 14, Lenon’ 17, Morisson’ 18, Hooper’19++, Gondolo’20,
Masina’20, Baldes’20, Bernal’20, Auffinger’20, etc]
@ DM particles (and SM) will be produced from PBH evaporation given
gravitational interactions (not even FIMPs needed).

@ For mpy < Tr = M}/(87Mg), can behave as non-thermal NCDM.
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@ In general: two populations DM (NCDM+CDM);
if MB and SC near in time ~» two populations NCDM
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Translating WDM bound to NCDM?

see also [ Kamada’ 19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20, Decant’21 ]

Naive estimate for “similar velocity distributions” :

<VX> NCDM 2 (VX> WDM lim

o fo
2 2
) \/<p>x> \/@7X> T*prodaprod TO
with  (vy)[s, = - T x T oy
my * 0 my
fo tprod
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Translating WDM bound to NCDM?

see also [ Kamada’ 19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20, Decant’21 ]

Naive estimate for “similar velocity distributions”

NCDM WDM i
> = (g
) <p§< > <p§< > T*prodaprod TO
with  (vy)];, = = x *
my, T, Ty ny
fo tprod

g+5(t0) 173
® WDM: T'yprod@prod = <7) To and

8+s(mp)
Ok = 0.12 ~ g, s(Tp) = 10> X 22 = (1, )[WPM o g 13
o PBH: Tiproddprod ~ Tr X @™ ~ ; X M13,/ 254/2
= <VX> PBH m;l X Mrl,]/gﬁ_k
my 2 1131/32}1+k %3)1\/1 lim

~> the NCDM lower bound on the DM mass increases for larger k values

— = ==
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NCDM from PBH

PBH evaporating after inflation and before BBN

see also [Barman’24, Haque’24]

PBH generation: after inflation an initially large density perturbation at sufficiently

small scale can colla}gse to form a PBH with mass of order the horizon mass.
[Zeldovich & Novikov; Hawking;

arr & Hawking]

Mgllilt = MF - Mhoriz = YPtot X 47T/(3H13:~)

@ PBH formed after inflation:
tp > tinn — Mp > 104Mp

@ PBH evaporate before BBN:
teyv < tggn — Mp < M)

max

@ DM abundance depends on the initial
BH fraction: 5 = ppgn/protls, < 1
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NCDM from PBH

PBH evaporating after inflation and before BBN

see also [Barman’24, Haque’24]

PBH generation: after inflation an initially large density perturbation at sufficiently
small scale can collagse to form a PBH with mass of order the horizon mass.
[Zeldovich & Novikov; Hawking; Carr & Hawking]

MBI = My = Mo, = Ypror X 47/ (3H3)
p=10"2 k=1,¢=05

108 L — Jfou=1
-== fou=01 @ PBH formed after inflation:
100 | B v > 1 tp > ting — Mp > 104Mp
> [ Lyman-o
2 \ X Vel. disp. @ PBH evaporate before BBN:
5‘10 I - gg?mn tey < tggny — Mp < Mrer;/ax
@ DM abundance depends on the initial
BH fraction: 5 = ppgn/protls, < 1
0 i ! ! !
10 10* 10° 108 107 10®

My /Mp

Lyman-a bound using area estimator [schneider'16, Murgia'17] : can exclude NCDM with
mpy > keV. NCDM always excluded in MD (=PBH dominated) era (8 > (.) J
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NCDM from PBH

PBH evaporating after inflation and before BBN

see also [Barman’24, Haque’24]

PBH generation: after inflation an initially large density perturbation at sufficiently

small scale can colla]gse to form a PBH with mass of order the horizon mass.
[Zeldovich & Novikov; Hawking; Carr & Hawking]
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Lyman-o bound using area estimator [schncider'16, Murgia’17) : can exclude NCDM with
mpym > keV. NCDM always excluded in MD (=PBH dominated) era (5 > £3.) l
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Conclusion

Take home message

f=10"12 k=1,q=05
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108 — fomu=1
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108 ~ o — 4 — L L ) 10° i L L s 5
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q My /My

@ Not even feebly coupled NCDM can be produced from PBH evaporation

@ Memory burden naturally leads to two populations of DM
CDM + NCDM or 2 NCDM populations

@ Lyman-« observations exclude all DM from PBH evaporation in a PBH
dominated universe and can exclude NCDM with masses > few keV
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Thank you for your attention!! )
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Bonus J
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-
Reinterpretation of WDM bounds

Introduce exact velocity distribution in CLASS to extract T#(k) = P(k)/Pcpm(k)

k=2,4¢=0.5,8=10"1% Mp =2x10* Mp

1.0
0.8
__ 0.6}
<)
& oaf
— fom=10
0.2k —— fom=0.5
— fom=0.1
0‘900 10! 102 10°
k [h Mpc™]
: . __ Acpm—Ax : _ [kmax 1 Ph)
Use the area estimator: Ay = v with Ax = fkmin dk PN () to extract

CDM+NCDM bounds corresponding to miif,, = 5.3 keV for 100% WDM
(6Awpm = 0.32).
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Area criterium [Schneider 2016, Murgia, Merle, Viel, Totzauer, Schneider 2017]

= Consider ratio of 1D power spectra, computed with CLASS

rhy = P px g / T A K Pk
PO wih= ), |
= Compute area under the curve
Fnax
Ax :f dk v (k')
k,

min 10

6AW'DM =10.33 for MWDM — 5.3keV

Acpm — Ax 08

(k)

= For freeze-in (§ = 1):
mygr > 15.3keV

04

02

= Suitable for mixed scenario X

K[h/Mpc]

[see also D’Eramo, Lenoci, 2020; Egana-Ugrinovic, Essig, Gift, LoVerde 2021]
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-
DM Production: Model and Cosmology Dependent

Cosmology

Particle Physics

L[fx(t,p)] = C[fx]
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DM Production: Model and Cosmology Dependent

Cosmology

Weak/strong Feeble/No
coupling to SM coupling to SM

Fyesm > H Tyosmu < H
“Thermal” DM “Non-Thermal” DM
_ D,BE
folt:p) = f(t,p)! F(t.p) # fiult,p)! PP
Decouple still Still coupled to Produced through Produced through
relativistic ; ; feeble interactions gravitationnal
light dof while 5 )
and freestream truct. form: and freestream interactions
while struct. forms struct. torms while struct. forms and freestream
Feehl while struct. forms
“Fee
“Thermal Warm” “Interacting” y DM from
Interacting . .
Dark Matter Dark Matter Massive Primordial Black
(WDM) (IDM) Particles” Holes (PBH)
(FIMPS) evaporat®
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-
PBH and memory burden

see also [Barman’24, Haque’24, Dvali’25, Montefalcone’25]

My /Mp My /My
108 10° 10%2 10% 1018 10% 10° 10° 10% 10" 10'% 10%
3.5 - 3.5 - - . . .
Galactic v rays & Neutrinos \ 770 Neutrino emission
301 I CMB anisotropies 1 30r Galactic y rays
25 [ BBN 25 e [ CMB anisotropies
[ BBN
=0.5,0~0(0.1 20F
« g G . 7=10,0=0
L5F
A
/”0’///
0.5
— ]
R— 0.0 - - - - -
0% 10" 10° 10° 10° 107 10 10" 10"
Mr/g Mr/g

@ Smoother transition SC— MB (§ = 0.1)
~ close the viable PBH parameter space with masses My < 101g.

@ g = 1 moves to MB from the start of evaporation
~ SC vertical exclusion bands disappear.
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PBH lifetime and Lyman-« bound estimate

Memory Burden implies a delayed evaporation

1 M3 N Mr \?
Tee = EME ~11x10"%s <m) ; Tab = Churst q3+2kS(MF)k X Tec -
My 3 My 7
o5 ~42x 107 s [ ——— d =46x107s( ————
g=05 s (4.9 x 103g) St b *\ 29 x 10%g

q=0.5and k =2

The delayed evaporation easily play the major réle in Lyman-alpha bound

Tnlya 4/3
mpm 2 1.74keV x /(q2) Tnepm x ( “DM>

keV
ya \ 43 [
My Mp 1
> 1.2k —WDM —_ 4.1
mpMm < eV x ( keV > 1\1,, /1+(£7 1)1]2 ( 0)

1/2

, Mg\
X {(1 —@*)(1 - ¢*)(aDa)se + (5(1 = @) + £ P G (I\_Ii) ) (qZDl\[)mb:|
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PBH parameter space

see also [Barman’24, Haque’24]

p=10"2k=1,¢=05 p=10""k=14¢=05

108 fom=1 10°
-== fom=01
. >1
100} it 10°
= I Lyman-o >
Q X Vel. disp. Q
Z10*r Inflation 10t e
= EEm BBN Tl
102k 102
10° 10° 10° 107 107 107 10° 100 107
My /Mp My /Mp

@ relic DM abundance depend on 8 in RD era and on & in MD era

@ Increasing k supresses more evaporation in the memory burden phase making
BBN constraints more stringent (for k£ > 4 no viable parameter space left).

@ Ly-« constrains 8 < 0.0150, as in SC case [pecant21].

° Larger [3 ~ less V1ab1e parameter space as it moves the RD-MD to lower-Mg.-
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PBH parameter space

see also [Barman’24, Haque’24]

=101 k=2 q=05

p=10"18k=24¢=05
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6L 6
5 100 o 10
3 - 3
3 3
Z10'r Z 104
g £
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@ relic DM abundance depend on (8 in RD era and on k in MD era

@ Increasing k supresses more evaporation in the memory burden phase making
BBN constraints more stringent (for k > 4 no viable parameter space left).

@ Ly-a constrains 8 < 0.0150, as in SC case [pecanc21].

@ Larger 5 ~~ less viable parameter space as it moves the RD-MD to lower M.
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|
PBH parameter space

see also [Barman’24, Haque’24]

101 104 k220
1071
1012 1012 L
10—17
1010 1010} 10-18
>
g 10° 10°F 107
= o8
g 10 100 107%°
g . ’ - mpm =Tf 10-2
10 10°F Inflation v
10~
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Lyman-o 10~
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@ relic DM abundance depend on 3 in RD era and on k in MD era

@ Increasing k supresses more evaporation in the memory burden phase making
BBN constraints more stringent (for k > 4 no viable parameter space left).

@ Ly-« constrains 8 < 0.0158, as in SC case [pecanc21].

@ Larger 5 ~~ less viable parameter space as it moves the RD-MD to lower M.
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PBH parameter space

see also [Barman’24, Haque’24]

108

1011 L
10°
5 10° F ' — k=05
= — k=10
10° | : — k=20
ol — k=30
Inflation
1071 2 I4 Iﬁ IX ‘l” 12
10 10 10 10 10 10

My /My

@ relic DM abundance depend on 3 in RD era and on k in MD era

@ Increasing k supresses more evaporation in the memory burden phase making
BBN constraints more stringent (for k£ > 4 no viable parameter space left).

@ Ly-« constrains 8 < 0.0158, as in SC case [pecanc21].
@ Larger 5 ~~ less viable parameter space as it moves the RD-MD to lower M.

@ For DM fraction lower than 10%, no Ly-« constraints.
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-
Long MB with stable PBH
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-
Ly-« for fraction of NCDM

1.0

1.0 -
—— Hooper ect. al. 2022
-—- Area (6A=0.26)

------- Velocity dispersion
—— Area (64=0.32)

—— Baur et. al. 2017
--— Arca (§4=0.41)
....... Velocity dispersion
Areca (64=0.32)
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Figure 11. Comparison of the Lyman-a bound derived in Refs. [79, 89] for W+CDM to the ones
described in Secs. 4.2.2 and 4.2.3. The left figure shows a comparison to the bound at 95%CL from
Ref. [79], whereas the 20 bound from [89] is shown on the right. Their results are compared to the
velocity dispersion estimate (dotted line) and the area criterion (dashed line) matched to [79, 89] for
fwpm = 1. In addition, we show as a red line the results from the area criterion for mi}g}'ﬁf\[ =53

keV at fwypm = 1 (in agreement with the findings of Ref. [74]), that are being used in this work.
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This is really the end )
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