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What is dark matter?

Plentitude of candidates but mass scale unknown!
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What is dark matter?

How dark can dark matter be?
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What is dark matter?

How dark can dark matter be?

. All evidences — only
gravitational interactions!
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How to gravitationally produce particles?

All evidences for DM inferred from gravitational dynamics
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How to gravitationally produce particles?

All evidences for DM inferred from gravitational dynamics

° GraVltatlonal Freeze—in Garny, Sandora, Sloth '16; Bernal, Dutra, Mambrini, Olive, Peloso '18
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How to gravitationally produce particles?

All evidences for DM inferred from gravitational dynamics

° GraVitational Freeze—in Garny, Sandora, Sloth '16; Bernal, Dutra, Mambrini, Olive, Peloso '18
o GI’aVItatlona| part'cle pI’OdUCtlon Parker '69; Ford '76; Chung, Kolb, Riotto '98, Ema,
Nakayama, Tang '16; Long, Kolb '24

e New: From perturbations:
Stochastic dark matter from curvature perturbations re, redi, Tesi

Phys.Rev.Lett. 134 (2025) 10, 101005 (2408.15987 [hep-ph])
Particle production from inhomogeneities: general metric
perturbations RG, Redi, Tesi, 2502.12249 [hep-th]
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The basic idea

Schwinger

Virtual particles Actual particles

o
Q/"\‘ background field \/\/\/

-

Background field can upgrade them into actual particles!

Credit: Azadeh Maleknejad
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The basic idea

Schwinger

Virtual particles Actual particles

o
Q/"\‘ background field \/\/\/

-

Background field can upgrade them into actual particles!

Credit: Azadeh Maleknejad
2
o LU
e Rate xc aE%e™ <E

e If work done by Lorentz force: eEAcompton = Me
— Electron pairs created for £ ~ m? ~ 10'® V/m
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The basic idea

Schwinger

Virtual particles Actual particles

o
Q/"\‘ background field \/\/\/

-

Background field can upgrade them into actual particles!

Credit: Azadeh Maleknejad
2
o LU
e Rate xc aE%e™ <E

e If work done by Lorentz force: eEAcompton = Me
— Electron pairs created for £ ~ m? ~ 10'® V/m

e External field — h,, (7, z) in expanding Universe
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The basic idea

Building intuition: The harmonic oscillator

need time dependence

VPinitial

initial state has overlap with excited states of new Hamiltonian

Credit: Andrea Tesi
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The basic idea

Building intuition: The harmonic oscillator

© H(r) = 30"+ ju*(1)” & =v(r)a+v(r)a
e At all times 7 + w?(T)v =0 vt — v = —i
¢ Bunch-Davis a|0) = 0 and vy = \/%e_i‘”
e 7T — 0
Y — a(7) emiwT B(7) oI
2w(T) 2w(T)

Parker '69; Ford '76
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The basic idea

Building intuition: The harmonic oscillator

e Bogoliubov

. 3 . %
Cfrout,k . / d°q Qg o 5;;@ < iin,&} )
- 3 - *
aout,—E (27T) B*k:*w a—k,—@’ ain,—ﬁ

e Occupation number per mode

(0lafar|0) = |Bx(T)?

e Energy and number density

I _ K snp 2
dlog k 27r2 ML dlogk 27r2

|5k( )7

e For QFT in curved space — gravitational particle production
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Outline

e Standard gravitational particle production (M # 0 & h,, = 0)

WIMPzillas parker '69; Ford '76; Rubakov '84; Kolb, Riotto '98;
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Outline

e Standard gravitational particle production (M # 0 & h,, = 0)

WIMPzillas parker '69; Ford '76; Rubakov '84; Kolb, Riotto '98;

New Stochastic particle production (M =0 & hy, # 0) ke, redi Tes

2408.15987 (Phys. Rev. Lett. 134, 101005 (2025) ) & 2502.12249 (hep-th)

e Production of dark matter

e Impact of self interactions
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Standard Gravitational Particle Production

Massive fermion: the algorithm

Massive fermion conformally coupled to the metric
ds* = a(7)*n,,da*dx”
() = (@) g (2)
L = 5Dy + b — L)+ ) v
Rescale ¢ — x/a

3/2
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Gravitational Particle Production

Massive fermion, no perturbations

e iol0,x = May

— 3 ’Lﬂf 71""2‘
* Xo(T,7) :f(gﬁlfg ug(T)et* Fap 4+ vp(r)e”* bTE

Mode equation:

c‘fuk + Ky 4 a* ()M, = 0

Characteristic frequency w?(7) = k? + M?a?(7).

e Recall Energy and number density e winpziLLa
dn k3 , dp Kk )
dlog :TWQWk(Tﬂ dlog & ZZTEWIC(TN
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Gravitational Particle Production

Massive fermion, no perturbations

e iol0,x = May

— 3 ’Lﬂf 71":2
* Xo(T,7) :f(gﬁlfg ug(T)et* Fap 4+ vp(r)e”* bTE

Mode equation:

c‘fuk + Ky 4 a* ()M, = 0

Characteristic frequency w?(7) = k? + M?a?(7).

e Recall Energy and number density e winpziLLa
dn k3 , dp Kk )
dlog :TWQWk(Tﬂ dlog & ZZTEWIC(TN

e Can we make massless particles?
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Stochastic Particle production [New]

Cosmological perturbations break Weyl invariance

Production of conformally coupled particles — 0 as M — 0.

GPP works since mass breaks Weyl invariance

M? R breaks Weyl invariance
Fluctuations of FLRW metric
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Stochastic Particle production [New]

Cosmological perturbations break Weyl invariance

Production of conformally coupled particles — 0 as M — 0.
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Fluctuations of FLRW metric

o Curvature perturbations from inflation re, Redi, Tesi 240815087 & 2502.12249
o Tensor perturbations from phase transitions maleknejad, Kopp 24

® G = 0° (N + hy)
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Stochastic Particle production [New]

Cosmological perturbations break Weyl invariance

e Production of conformally coupled particles — 0 as M — 0.
e GPP works since mass breaks Weyl invariance

o M7 R breaks Weyl invariance

e Fluctuations of FLRW metric

o Curvature perturbations from inflation re, Redi, Tesi 240815087 & 2502.12249
o Tensor perturbations from phase transitions maleknejad, Kopp 24

® G = 0° (N + hy)

ds* = a?(7) (1 + 20)dr* — (1 — 2¥)da?)
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Stochastic particle production

Massless fermions with h,,, 7 0 RG, Redi, Tesi 2408.15987 (Phys. Rev. Lett. 134, 101005 (2025) ) &
2502.12249

? oo 3
- 5‘1’6‘((1 0)xa + §‘I’q‘X¢3

e RHS: source of Weyl breaking — produces particles
e Equation linear in field — quadratic Hamiltonian

* New: apply Bogoliubov type calculation (translations
broken)
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Stochastic particle production

Bogoliubov Ra, Redi, Tesi 2408.15987 (Phys. Rev. Lett. 134, 101005 (2025) )

Xi(7) = Xoi (1) + [ dr'GE =) It
Gg(T) =10(1) [PE_G_“” + P’;eikq ,
B = [ dre Sy il — w) €l 6

* Notice B x ¥ — (B) =0
o But (|f?) £0 !

Raghuveer Garani garani@iitm.ac.in Stochastic Particle Production



Stochastic particle production

Abundance of particles Rc, Redi, Tesi 2408.15087 (Phys. Rev. Lett. 134, 101005 (2025) )
<‘I’q“(7')‘1’}<7/>> = (21)°0%(7— ¢ )?Aw(q, 7,7) .

{18z 2/d7/d7‘/dlogq/dm

SR T)A\p(q 7, 7Kk, q,x],

o Well behaved

e Kernel IC depends on spin:
e Ay(g,7,7) =T(q,7) T(q,7")Ac(q)

(k—w)? (q2+2kw—k2 —w2)
4kw
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Stochastic particle production

The spectrum RG, Redi, Tesi 2408.15987 (Phys. Rev. Lett. 134, 101005 (2025) )
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Stochastic Particle production [New]

Master formula for Scalars, Fermions and Vectors Rra, Redi, Tesi 2502.12249 [hep-th]

AN k2 / e Al AT
2

q . B
- h v ) k h* y k?
dkd(cosOy)dor  (27)3 )3 (¢, ktw)h, (4, k+w) ¥ T

N = 2 [ L g (g) 0, (=)
25607 J (2m)4 P

see also Starobinsky and Zeldovich '77
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Stochastic Particle production
Application to Dark Matter: Evidences so far ONLY gravitational
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Stochastic particle production

Abundance of Dark Matter from curvature perturbations RrG, Redi, Tesi 2408.15087

°
A
3 _ 3 ~
na’ = /d(log q) ¢°Ac(q) A= 0.015 .
°
A Mg
QDMlstochastic ~ AT N2 3M21H2 AC(Q*) :
°

10°GeV\? / 0.01 \? /0.01\3
~ 102 Mpe ' | &/~ ( )
e ( M ) (Aaq*)) 4
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Stochastic particle production

Qualitative features

e Computation valid for
k~q. 2 aM

4
g
2
E
3 f H=2M,
Ef B ()
3 %ﬂ Far,
8 =i
8 g
@3 G+
(ab)~t H=M
kn ;
Bievol
S
|G« lves
Imax
a(Tr) loga
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Stochastic particle production

Qualitative features

e Computation valid for
k~q. 2 aM

A
¢ Production begins when ¥ g .
. Es] = H=M,
begins to evolve E F
g %ﬂ Kty
3 =i
D
(aby)™t  H=M
kg,
By ) evolves
4
\\\\“\’\(‘
3
) |G« Ives
Imax
41('/',;5 1oga‘
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Stochastic particle production

Qualitative features

e Computation valid for
k~q. 2 aM

A
¢ Production begins when ¥ 5 .
. Es] = H=M,
begins to evolve E S
g g Far,
TOTR 3 £ o
[ ] —l S g
kp ~ o I
(aby)™t  H=M
kg,
By ) evolves
‘w\‘“
e
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Stochastic particle production

Qualitative features

e Computation valid for
k~q. 2 aM .
e Production begins when ¥ U .
begins to evolve E 3 o 2
o kp~ Rk 8 i
o kyja=H=M. Ifq >ky gy LT
OK | — ps e
\\\\v)\\\“
: |G« lves
Imax
e Toga

Raghuveer Garani garani@iitm.ac.in Stochastic Particle Production



Stochastic particle production

Qualitative features

Computation valid for
k~q. 2 aM

Production begins when ¥

begins to evolve

ToTr
My,

ky/a=H =M. If g > ky
OK

If kps re-enters during
reheating need ¢, = ToM/Tg
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Stochastic particle production

Abundance of Dark Matter from curvature perturbations

Need a sizable primordial power spectrum

Need to happen at the last few e-foldings of inflation

Related to ultra-slow roll scenarios

Phase transition after production required to make them
massive
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Stochastic particle production

Summary: comparison to other mechanisms

e Gravitational freeze-in

ME3
Qpm ~ 4 x 1077 — B
DM 3MZ H3
e Gravitational particle production
M3 Tr
Qpum ~ 1072 M« min |1, ———]| ,
DM 3M21H2 [ MM,
e Stochastic particle production
A Mq*
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Conclusions and Outlook

Massless particles can be gravitationally produced from
perturbations!

Generalizations — self-interactions + small mass term

Example: A\¢* and non-abelian vectors — larger cored
proto-halos [work in progress]

A new mechanism to produce primordial magnetic fields
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Conclusions and Outlook

Massless particles can be gravitationally produced from
perturbations!

Generalizations — self-interactions + small mass term

Example: A\¢* and non-abelian vectors — larger cored
proto-halos [work in progress]

A new mechanism to produce primordial magnetic fields

Thank you for your attention!
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Gravitational Freeze-in

M DM
1 S: o, v 3 1 s
>~\~v~< A= (T»TFTRW - ZTWTDM>
M DM

e SM particles annihilate to DM: MithT“”
P

e Yield is controlled by reheating temperature:

3
Yp =6 x 10_6CD<1\7/}1;> .

TrTo )3

.QDMN105H2M ( pl
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Gravitational Freeze-in

e Universal, depends only on central charge

1 105GeV®
Myt ~ —10°GeV (OGG>
CD TR

o Typlcal Cand'date G|Ueba” Dal’k Matter Faraggi and Pospelov '02
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Gravitational Particle Production

Massive fermion
* Production peaked k/ay; ~ H ~ M = suppressed by mass

2 k
e Opy =10~
DM M2 H2

ETTTTT T T T TTITmT T T T T T T TTIIT T \\\HH‘ T T TTTIIS
1E ! 2
107! ; minimal coupling \;
1025 ) 2
E ! E|
gl 100 | 5
=ls E conformal coupling x 10* ! 3
« E <
o~ E . E
s| & = E
1 %! E
- ES =
= L o
f‘” =3 E
E 1 E
E | g
E t H(p)/M=0.01 I =
c aty) at Hap/ MiH=001 ‘ ]
E  ayat Hip)/M=1 ! E
107 107 1072 1072 107 1

kfkmax

Redi, Tesi '23; Long, Kolb '23
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Gravitational Particle Production

Massive fermion
* Production peaked k/ay; ~ H ~ M = suppressed by mass

2 k
° QDM — 10 M2 H2
:HHH T T T TTITIT T T TTTTITIT T T T TTTTIT T \\\HH‘ T T 171717
1k .
10—1; minimal coupling \
102 )
E I
gl 100 | kS
i s 104E conformal coupling x 10* !
—~ E I
s| & 100k 1
o 10k |
lon) E I
2‘ k107 !
= E
L = \
il 0.01 |
E at H(np)/M=0 ( |
107"0g — - M/H;=001 !
E ay at Hp)/M=1 i
101k {
Eliii oLl Lo L L1 Lo L L =
108 10 1073 1072 107" 1

kfkmax

Redi, Tesi '23; Long, Kolb '23

e Can we make massless particles?
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