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What is dark matter?

Experimental evidences

Solar . Cluster.s Observable
system Galaxies of galaxies Universe
pc kpc Mpc Gpc distance
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What is dark matter?
The problem

ﬂ DARK MATTER 1
=7
Massm= ?
Mean life r =2
P
DECAY MODES Fraction ([;/T) Confidence level (MeV/c)
? ? ? ?
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What is dark matter?
The problem

l] DARK MATTER ||
=7
Massm= ?
Mean life r =2
P
DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
? ? ? ?

* No electric charge, no colour charge (Smith et al. '79, Perl et al.
'01).

® Non-relativistic at the time of formation of the first structures (White,
Frenk, Davis '83).

® |ife time longer than the age of the Universe.
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The problem

l] DARK MATTER ||
=7
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* No electric charge, no colour charge (Smith et al. '79, Perl et al.
'01).

® Non-relativistic at the time of formation of the first structures (White,
Frenk, Davis '83).

® |ife time longer than the age of the Universe.

—> Evidence for new particles/phenomena.

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



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 dark matter?

Mechanisms: compute Qpy

[ ] GraVitational Freeze—in Garny, Sandora, Sloth '16; Bernal, Dutra, Mambrini, Olive, Peloso '18

° GI’aVItatlonal partlde prOdUCtIOﬂ Parker '69; Ford '76; Chung, Kolb, Riotto '98, Ema,

Nakayama, Tang '16; Long, Kolb '24

e From perturbations:
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How to gravitationally produce dark matter?

Mechanisms: compute Qpy

e Gravitational Freeze-in camy, sandors, Sioth '16; Bernal, Dutra, Mambrini, Olive, Peloso 18

e Gravitational particle production parer ‘6o, Ford 76, Chung, Kolb, Riotto ‘98, Ema,
Nakayama, Tang '16; Long, Kolb '24

e From perturbations: New:

Stochastic production from curvature perturbations (RG, Redi,
Tesi, 2408.15987)

e See also Maleknejad, Kopp 2405.09723
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How to gravitationally produce dark matter?

Gravitational Freeze-in

SM DM
>~v-~< A (IS»MIB%F . uiphuw)
SM DM

e SM particles annihilate to DM: ﬁ]huvT“V

e Yield is controlled by reheating temperature:
3
— —6 T,
YD—6X10 CD(MZ) :

* Qom ~ 107 g (50)°

2712
3HZMZ,
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How to gravitationally produce dark matter?

Gravitational Freeze-in

e Universal, depends only on central charge

1 105GV
MDM ~ —106Ge\/ <e>
CD TR

e Typical candidate Glueball Dark Matter rasgei and Pospeloy ‘02
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Particle production from background fields

Example: Schwinger pair production

Virtual particles Actual particles

'/"\, background field

Background field can upgrade them into actual particles!

If work done by Lorentz force: eEAcompton = Me
= Electron pairs created for £ ~ m? ~ 10" V/m
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Particle production from background fields

Background expansion

Expanding Universe

Flat Space:

Expanding space:

Credit: Azadeh Maleknejad
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Gravitational Particle production

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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Gravitational Particle production

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 1 B(7) T
2w(T) 2w(T)

Parker '69; Ford '76
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Gravitational Particle production

Building intuition: The harmonic oscillator

e Occupation number per mode
(Olafar|0) = |Bk(7)[?
e Energy and number density

I _ K smp 2
dlog k 272 W logk 27r2

|5k( )7

e For QFT in curved space — gravitational particle production
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How to gravitationally produce dark matter?

Gravitational particle Production: Massive fermion

Massive fermion conformally coupled to the metric
ds* = a(7)*n,,da*dx”

() = (@) g (2)

L = 5Dy + b — L)+ ) v
Rescale 1) — x/a’/?
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Gravitational Particle Production

Massive fermion
* ig"0,x = May

— 3 ik T —ik-&
* Xo(T,7) _f(gwl;3 ug(7 )e+k “ag + vg(T)e " b,T;

Mode equation:

Qv + kv, + a* (1) My, = 0

Characteristic frequency w?(7) = k? + M?a*(7).
Recall Energy and number density

dn dp k*

i 2
dlogk 27r2|6k( I Jlogk — 2727l
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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
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gl 100 | 5
=ls E conformal coupling x 10* ! 3
« E <
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s| & = E
1 %! E
- ES =
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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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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

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

o M R breaks Weyl invariance

e Fluctuations of FLRW metric

o Curvature perturbations from inflation re, Redi, Tesi 2408.15087
o Tensor perturbations from phase transitions wmaieknejad, Kopp 24
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Stochastic Particle production [New]

Cosmological perturbations break Weyl invariance

ds* = a*(1) ((1 +2®)dr?* — (1 — 2‘If)da:2)

1 — x/a’/? scalar factor dependence disappears

®, W functionsof 7, ¥

No anisotropic stress & = ¥
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Stochastic particle production

Massless fermions in curved space RG, Redi, Tesi 2408.15087
a ,u,(a _’_1 bc[ b 70]) =0
v ea (O 8w“ 0,0 )X =

i0x + (k- &)xp = Ja(1).

d3q . 1 oL 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 2408.15087

Xi(7) = Xoi (1) + [ dr'GE =) It
G () =if(7) [P]Z_e_“” + P’;eikq ,
Brs = /dTe_i(Hw)T‘I’q*(T) i(k—w) &l & .

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

Abundance of Dark Matter Rrg, Redi, Tesi 2408.15987

- 27T2

(Ua(r) W5 (7)) = (2m)*0°(7 - ')?A\D(Qﬁﬁl)‘

{18z /dT/dT/dlogq /dx

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 Ra, Redi, Tesi 2408.15987

d(na®)  k? 2
Toeh = 472/d(logq> dz A(q)[Z(q, k +w)PK[k , q. 2] |

10 - 5g-q.)

E w3
102 -4

(2.°A¢(q.)) " dn/diogk

10°

107 dmanf.=10 dashed)
F Gran/q.=100 (solid) ]

10

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



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

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



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

e Massless particles can be gravitationally produced from
perturbations!

e The possibility that DM is coupled ONLY gravitationally is
compelling
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Conclusions and Outlook

e Massless particles can be gravitationally produced from
perturbations!

e The possibility that DM is coupled ONLY gravitationally is
compelling

Thank you for your attention!
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Stochastic particle production
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