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What is dark matter?
Experimental evidences

  

distancepc kpc Mpc Gpc

Solar
system Galaxies

Clusters 
of galaxies

Observable 
Universe

There is evidence for dark matter 

in a wide range of distance scales
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What is dark matter?
The problem

  

DARK MATTER

?

?
?

? ? ? ?

• 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).

• Life time longer than the age of the Universe.
=⇒ Evidence for new particles/phenomena.
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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?

• All evidences → only
gravitational interactions!
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How to gravitationally produce dark matter?
Mechanisms: compute ΩDM

• Gravitational Freeze-in Garny, Sandora, Sloth ’16; Bernal, Dutra, Mambrini, Olive, Peloso ’18

• Gravitational particle production Parker ’69; Ford ’76; Chung, Kolb, Riotto ’98, Ema,

Nakayama, Tang ’16; Long, Kolb ’24

• From perturbations:

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

• See also Maleknejad, Kopp 2405.09723
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How to gravitationally produce dark matter?
Gravitational Freeze-in

• SM particles annihilate to DM: 1
Mpl

hµνT
µν

• Yield is controlled by reheating temperature:

YD = 6 × 10−6 cD

(
TR

Mpl

)3

.

• ΩDM ≈ 10−5 M
3H2

0 M2
pl

(TRT0
Mpl

)3
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How to gravitationally produce dark matter?
Gravitational Freeze-in

• Universal, depends only on central charge

MDM ∼ 1
cD

106GeV
(

1015GeV
TR

)3

• Typical candidate Glueball Dark Matter Faraggi and Pospelov ’02
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Particle production from background fields
Example: Schwinger pair production

If work done by Lorentz force: eEλcompton = me

=⇒ Electron pairs created for E ∼ m2
e ≈ 1018 V/m
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Particle production from background fields
Background expansion

Credit: Azadeh Maleknejad
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Gravitational Particle production
Building intuition: The harmonic oscillator

Credit: Andrea Tesi
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Gravitational Particle production
Building intuition: The harmonic oscillator

• Ĥ(τ) = 1
2 p̂

2 + 1
2ω

2(τ)x̂2 x̂ = ν(τ)a+ ν(τ)a†

• At all times ν̈ + ω2(τ)ν = 0 ν̇ν⋆ − ν̇⋆ν = −i
• Bunch-Davis a|0⟩ = 0 and ν0 = 1√

2ω
e−iωτ

• τ → ∞
ν = α(τ)√

2ω(τ)
e−iωτ + β(τ)√

2ω(τ)
eiωτ

Parker ’69; Ford ’76
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Gravitational Particle production
Building intuition: The harmonic oscillator

• Occupation number per mode

⟨0|a†
kak|0⟩ = |βk(τ)|2

• Energy and number density

dn

d log k
= k3

2π2 |βk(τ)|2 dρ

d log k
= k4

2π2 |βk(τ)|2

• 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
• ds2 = a(τ)2ηµνdx

µdxν

• gµν(x) → Ω2(x)gµν(x)
• L = iψ̄σ̄µ(∂µ + ωµ)ψ − M

2 (ψψ + ψ̄ψ̄) Wess and Bagger

• Rescale ψ → χ/a3/2
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Gravitational Particle Production
Massive fermion

• iσ̄µ∂µχ = Maχ̄

• χ0(τ, x⃗) =
∫ d3k

(2π)3

[
uk⃗(τ)e+ik⃗·x⃗ak⃗ + vk⃗(τ)e−ik⃗·x⃗b†

k⃗

]
• Mode equation:

∂2
τνk + k2νk + a2(τ)M2νk = 0

• Characteristic frequency ω2(τ) = k2 +M2a2(τ).
• Recall Energy and number density

dn

d log k
= k3

2π2 |βk(τ)|2 dρ

d log k
= k4

2π2 |βk(τ)|2
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Gravitational Particle Production
Massive fermion

• Production peaked k/aM ∼ H ∼ M =⇒ suppressed by mass
• ΩDM = 10−2 Mk3

M

3M2
plH

2
0

10-5 10-4 10-3 10-2 10-1 1

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

1

k/kmax

(
H
I
M

2
π
)-
2
(
a a M
)3

dρ
(η
)

dl
og
k

a(η) at H(η)/M=0.01

aM at H(ηM)/M=1
M/HI=0.01

≈k2

≈k-5

minimal coupling

conformal coupling × 104

k/
k m
ax
≈

M
/
H
I

Redi, Tesi ’23; Long, Kolb ’23

• 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
• M2

pl R breaks Weyl invariance
• Fluctuations of FLRW metric

◦ Curvature perturbations from inflation RG, Redi, Tesi 2408.15987

◦ Tensor perturbations from phase transitions Maleknejad, Kopp ’24
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Stochastic Particle production [New]
Cosmological perturbations break Weyl invariance

• ds2 = a2(τ)

(1 + 2Φ)dτ 2 − (1 − 2Ψ)dx2


• ψ → χ/a3/2 scalar factor dependence disappears
• Φ,Ψ functionsof τ, x⃗
• No anisotropic stress Φ = Ψ

Raghuveer Garani garani@iitm.ac.in Stochastic Particle Production 17/25
17/25



Stochastic particle production
Massless fermions in curved space RG, Redi, Tesi 2408.15987

γaeµ
a(∂µ + 1

8
ωbc

µ [σb, σ̄c])χ = 0

i∂τχk⃗ + (k⃗ · σ⃗)χk⃗ = Jk⃗(τ) .

Jk⃗(τ) =
∫ d3q

(2π)3

[
2Ψq⃗χ̇ω⃗ − i

2
Ψq⃗ (q⃗ · σ⃗)χω⃗ + 3

2
Ψ̇q⃗χω⃗

]
.

• RHS: source of Weyl breaking → produces particles
• Equation linear in field → quadratic Hamiltonian
• New: apply Bogoliubov type calculation (translations

broken)
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Stochastic particle production
Bogoliubov RG, Redi, Tesi 2408.15987

χk⃗(τ) = χ0,⃗k(τ) +
∫ τ

−∞
dτ ′GR

k⃗
(τ − τ ′)Jk⃗(τ ′)|χ0,ω⃗

GR
k⃗

(τ) = iθ(τ)
[
P−

k⃗
e−ikτ + P+

k⃗
eikτ

]
,

βk⃗ω⃗ =
∫
dτe−i(k+ω)τ Ψq⃗(τ) i(k − ω) ξ†

k⃗,+ξω⃗,− .

• Notice β ∝ Ψ → ⟨βk⟩ = 0
• But ⟨|βk|2⟩ ̸= 0 !
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Stochastic particle production
Abundance of Dark Matter RG, Redi, Tesi 2408.15987

⟨Ψq⃗(τ)Ψ∗
q⃗′(τ ′)⟩ = (2π)3δ3(q⃗ − q⃗′)2π2

q3 ∆Ψ(q, τ, τ ′) .

⟨|βk⃗|2⟩ = 1
2

∫
dτ
∫
dτ ′

∫
d(log q)

∫
dx

× e−i(k+ω)(τ−τ ′)∆Ψ(q, τ, τ ′)K[k , q , x] ,

• Well behaved
• Kernel K depends on spin: (k−ω)2(q2+2kω−k2−ω2)

4kω

• ∆Ψ(q, τ, τ ′) = T (q, τ)T (q, τ ′)∆ζ(q)
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Stochastic particle production
The spectrum RG, Redi, Tesi 2408.15987

d(na3)
d log k

= k3

4π2

∫
d(log q) dx∆ζ(q)|I(q, k + ω)|2K[k , q , x] ,

10-2 10-1 1 101 102

10-8
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10-1

1

k/q*

(q
*
3
Δ

ζ
(q

*
))
-
1
dn

/d
lo
gk

δ(q-q*)

n=3

n=4

qmax/q*=10 (dashed)

qmax/q*=100 (solid)
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Stochastic particle production
Abundance of Dark Matter from curvature perturbations RG, Redi, Tesi 2408.15987

•
na3 = A

4π2

∫
d(log q) q3∆ζ(q) , A ≈ 0.015 .

•

ΩDM|stochastic ≈ A

4π2
M q3

∗
3M2

plH
2
0

∆ζ(q∗) .

•

q∗ ≈ 1022 Mpc−1
(

106 GeV
M

) 1
3
(

0.01
∆ζ(q∗)

) 1
3 (0.01

A

) 1
3
.
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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

• Gravitational freeze-in

ΩDM ≈ 4 × 10−5 Mk3
R

3M2
PlH

2
0
.

• Gravitational particle production

ΩDM ≈ 10−2 M k3
M

3M2
plH

2
0

× min

1 , TR√
MMpl

 ,
• Stochastic particle production

ΩDM ≈ A

4π2
M q3

∗
3M2

plH
2
0

∆ζ(q∗) .
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Conclusions and Outlook

• Massless particles can be gravitationally produced from
perturbations!

• 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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log a

<latexit sha1_base64="GUpIC8AZsPq/c4SIiIaUHQZAyFY=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4OJEEHCbg7RY9CLxwjmAdklzE56kyGzD2ZmA2HNwV/x4kERr/6GN//GSbIHTSxoKKq66e7yYs6ksqxvI7e2vrG5ld8u7Ozu7R+Yh0ctGSWCQpNGPBIdj0jgLISmYopDJxZAAo9D2xvdzvz2GIRkUfigJjG4ARmEzGeUKC31zJOS05CsPLp0FEkuShjGER+D7JlFq2LNgVeJnZEiytDomV9OP6JJAKGinEjZta1YuSkRilEO04KTSIgJHZEBdDUNSQDSTef3T/G5VvrYj4SuUOG5+nsiJYGUk8DTnQFRQ7nszcT/vG6i/Gs3ZWGcKAjpYpGfcKwiPAsD95kAqvhEE0IF07diOiSCUKUjK+gQ7OWXV0mrWrFrldp9tVi/yeLIo1N0hsrIRleoju5QAzURRY/oGb2iN+PJeDHejY9Fa87IZo7RHxifP1+xlRI=</latexit>

 (k, ⌧) evolves

<latexit sha1_base64="GUpIC8AZsPq/c4SIiIaUHQZAyFY=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4OJEEHCbg7RY9CLxwjmAdklzE56kyGzD2ZmA2HNwV/x4kERr/6GN//GSbIHTSxoKKq66e7yYs6ksqxvI7e2vrG5ld8u7Ozu7R+Yh0ctGSWCQpNGPBIdj0jgLISmYopDJxZAAo9D2xvdzvz2GIRkUfigJjG4ARmEzGeUKC31zJOS05CsPLp0FEkuShjGER+D7JlFq2LNgVeJnZEiytDomV9OP6JJAKGinEjZta1YuSkRilEO04KTSIgJHZEBdDUNSQDSTef3T/G5VvrYj4SuUOG5+nsiJYGUk8DTnQFRQ7nszcT/vG6i/Gs3ZWGcKAjpYpGfcKwiPAsD95kAqvhEE0IF07diOiSCUKUjK+gQ7OWXV0mrWrFrldp9tVi/yeLIo1N0hsrIRleoju5QAzURRY/oGb2iN+PJeDHejY9Fa87IZo7RHxifP1+xlRI=</latexit>

 (k, ⌧) evolves

<latexit sha1_base64="kwgN00kDy4Aqv22dcbMtHWw6WEQ=">AAAB9XicdVDLSgMxFM3UV62vqks3wVaoC0tmFmO7K7pxI1SwD2inJZOmbWgmMyQZpQz9DzcuFHHrv7jzb8y0FVT0wIXDOfdy7z1+xJnSCH1YmZXVtfWN7GZua3tndy+/f9BUYSwJbZCQh7LtY0U5E7Shmea0HUmKA5/Tlj+5TP3WHZWKheJWTyPqBXgk2JARrI3UK5YwvO7bp73kzJ4V+/kCKiMD14UpsSvINqRarThOFdpzC6ECWKLez793ByGJAyo04Vipjo0i7SVYakY4neW6saIRJhM8oh1DBQ6o8pL51TN4YpQBHIbSlNBwrn6fSHCg1DTwTWeA9Vj99lLxL68T62HFS5iIYk0FWSwaxhzqEKYRwAGTlGg+NQQTycytkIyxxESboHImhK9P4f+k6ZRtt+zeOIXaxTKOLDgCx6AEbHAOauAK1EEDECDBA3gCz9a99Wi9WK+L1oy1nDkEP2C9fQIQpZD3</latexit>

(aM1)�1
<latexit sha1_base64="/3PVH/m56MaDfYA8Vy9UT5y/M3I=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LLaCp5L0ENuDUPTSi1DBfkAbyma7aZduNmF3I5TQH+HFgyJe/T3e/Ddu2goq+mDg8d4MM/P8mDOlbfvDyq2tb2xu5bcLO7t7+wfFw6OOihJJaJtEPJI9HyvKmaBtzTSnvVhSHPqcdv3pdeZ376lULBJ3ehZTL8RjwQJGsDZSt9y8vBk65WGxZFdsA9dFGXFqtmNIvV6rVuvIWVi2XYIVWsPi+2AUkSSkQhOOleo7dqy9FEvNCKfzwiBRNMZkise0b6jAIVVeujh3js6MMkJBJE0JjRbq94kUh0rNQt90hlhP1G8vE//y+okOal7KRJxoKshyUZBwpCOU/Y5GTFKi+cwQTCQztyIywRITbRIqmBC+PkX/k0614rgV97Zaalyt4sjDCZzCOThwAQ1oQgvaQGAKD/AEz1ZsPVov1uuyNWetZo7hB6y3T/LljrA=</latexit>

H = M1

<latexit sha1_base64="JCTZCCksxEOSGlbYCH4p0cFLp7w=">AAAB8HicdVDLSgMxFM34rPVVdekm2AquSqaLsd0V3bgRKtiHtMOQSTNtaJIZkoxQhn6FGxeKuPVz3Pk3ZtoKKnrgwuGce7n3njDhTBuEPpyV1bX1jc3CVnF7Z3dvv3Rw2NFxqghtk5jHqhdiTTmTtG2Y4bSXKIpFyGk3nFzmfveeKs1ieWumCfUFHkkWMYKNle4qkyC7DtxZJSiVURVZeB7MiVtHriWNRr1Wa0B3biFUBku0gtL7YBiTVFBpCMda912UGD/DyjDC6aw4SDVNMJngEe1bKrGg2s/mB8/gqVWGMIqVLWngXP0+kWGh9VSEtlNgM9a/vVz8y+unJqr7GZNJaqgki0VRyqGJYf49HDJFieFTSzBRzN4KyRgrTIzNqGhD+PoU/k86tarrVb2bWrl5sYyjAI7BCTgDLjgHTXAFWqANCBDgATyBZ0c5j86L87poXXGWM0fgB5y3TyQ8kAE=</latexit>

kM1

<latexit sha1_base64="y6d4gPZUr9iArAPNjg4H3MR7Bfk=">AAAB8HicdVBNS8NAEN3Ur1q/qh69LLaCp5CkmtZb0YsXoYKtlTaEzXbTLt1Nwu5GKKG/wosHRbz6c7z5b9y0FVT0wcDjvRlm5gUJo1JZ1odRWFpeWV0rrpc2Nre2d8q7ex0ZpwKTNo5ZLLoBkoTRiLQVVYx0E0EQDxi5DcYXuX97T4SkcXSjJgnxOBpGNKQYKS3dVcd+duU706pfrljmWcN1Th1omZZVd2puTpz6iVODtlZyVMACLb/83h/EOOUkUpghKXu2lSgvQ0JRzMi01E8lSRAeoyHpaRohTqSXzQ6ewiOtDGAYC12RgjP1+0SGuJQTHuhOjtRI/vZy8S+vl6qw4WU0SlJFIjxfFKYMqhjm38MBFQQrNtEEYUH1rRCPkEBY6YxKOoSvT+H/pOOYtmu6106leb6IowgOwCE4Bjaogya4BC3QBhhw8ACewLMhjEfjxXidtxaMxcw++AHj7RMxZpAJ</latexit>

kM2

<latexit sha1_base64="NvEuQx4yw2YR4/oxekIB2zfOEuY=">AAAB9HicdVDLSsNAFJ3UV62vqks3g61QF4Yk1bTuim7cCBXsA9pYJtNJO3TycGZSKKHf4caFIm79GHf+jZO2gooeuHA4517uvceNGBXSMD60zNLyyupadj23sbm1vZPf3WuKMOaYNHDIQt52kSCMBqQhqWSkHXGCfJeRlju6TP3WmHBBw+BWTiLi+GgQUI9iJJXkFEvoumcd3yUn5rTYyxcM/bxqW2cWNHTDqFhlOyVW5dQqQ1MpKQpggXov/97thzj2SSAxQ0J0TCOSToK4pJiRaa4bCxIhPEID0lE0QD4RTjI7egqPlNKHXshVBRLO1O8TCfKFmPiu6vSRHIrfXir+5XVi6VWdhAZRLEmA54u8mEEZwjQB2KecYMkmiiDMqboV4iHiCEuVU06F8PUp/J80Ld20dfvGKtQuFnFkwQE4BCVgggqogStQBw2AwT14AE/gWRtrj9qL9jpvzWiLmX3wA9rbJ8ZckNU=</latexit>

(aM2)�1

<latexit sha1_base64="gOMU721FuLV0yXyeowtKw7mbzsY=">AAAB7nicdVDLSgMxFM3UV62vqks3wVZwNcykOq0LoeimG6GCfUA7lEyaaUMzD5KMUIZ+hBsXirj1e9z5N2baCip64MLhnHu59x4v5kwqy/owciura+sb+c3C1vbO7l5x/6Ato0QQ2iIRj0TXw5JyFtKWYorTbiwoDjxOO97kOvM791RIFoV3ahpTN8CjkPmMYKWlTrlxeTNA5UGxZJkXNQedI2iZllVFFScjqHqGKtDWSoYSWKI5KL73hxFJAhoqwrGUPduKlZtioRjhdFboJ5LGmEzwiPY0DXFApZvOz53BE60MoR8JXaGCc/X7RIoDKaeBpzsDrMbyt5eJf3m9RPk1N2VhnCgaksUiP+FQRTD7HQ6ZoETxqSaYCKZvhWSMBSZKJ1TQIXx9Cv8nbWTajuncolL9ahlHHhyBY3AKbFAFddAATdACBEzAA3gCz0ZsPBovxuuiNWcsZw7BDxhvnwAdjrg=</latexit>

H = M2

<latexit sha1_base64="7xRL/7wjGkDANaBJ0fXWGCnUSZI=">AAAB7HicdVBNS8NAEJ34WetX1aOXxVYQDyXJIba3ohePFUxbaEPZbDft0s0m7m6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXphyprRtf1grq2vrG5uFreL2zu7efungsKWSTBLqk4QnshNiRTkT1NdMc9pJJcVxyGk7HF/lfvueSsUScasnKQ1iPBQsYgRrI/mVu/55pV8q21XbwPNQTpya7RhSr9dct46cuWXbZVii2S+99wYJyWIqNOFYqa5jpzqYYqkZ4XRW7GWKppiM8ZB2DRU4piqYzo+doVOjDFCUSFNCo7n6fWKKY6UmcWg6Y6xH6reXi3953UxHtWDKRJppKshiUZRxpBOUf44GTFKi+cQQTCQztyIywhITbfIpmhC+PkX/k5Zbdbyqd+OWG5fLOApwDCdwBg5cQAOuoQk+EGDwAE/wbAnr0XqxXhetK9Zy5gh+wHr7BAksjjQ=</latexit>q⇤

<latexit sha1_base64="s3qevI1C9VWW9hj5zNlEByHesG8=">AAAB73icbVBNT8JAEJ3iF+IX6tHLRjDBC2k5oEeiF49o+EqgIdtlCxu227q7NSENf8KLB43x6t/x5r9xKT0o+JJJXt6bycw8L+JMadv+tnIbm1vbO/ndwt7+weFR8fiko8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vervwu09UKhaKlp5F1A3wWDCfEayN1CvjSmv4cFkeFkt21U6B1omTkRJkaA6LX4NRSOKACk04Vqrv2JF2Eyw1I5zOC4NY0QiTKR7TvqECB1S5SXrvHF0YZYT8UJoSGqXq74kEB0rNAs90BlhP1Kq3EP/z+rH2r92EiSjWVJDlIj/mSIdo8TwaMUmJ5jNDMJHM3IrIBEtMtImoYEJwVl9eJ51a1alX6/e1UuMmiyMPZ3AOFXDgChpwB01oAwEOz/AKb9aj9WK9Wx/L1pyVzZzCH1ifP0OtjtI=</latexit>

a(TR)
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