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PARTICLE PRODUCTION = UNAVOIDABLE
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• Gravitational Particle Production ~ time dependence 
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DARK MATTER PRODUCTION

MODEL INDEPENDENT PRODUCTION?

GRAVITATIONAL PRODUCTION OF DARK MATTER

DARK SECTOR

• Assume SM and standard cosmology and nothing else 
• How can we ever populate the dark sector? 
• Only chance is thanks to “gravitational effects”

ONLY OBSERVABLE IS DM ABUNDANCE..



GRAVITATIONAL DARK MATTER PRODUCTION

A REAL CHALLENGE: INITIAL PRODUCTION
SECTOR CAN BE SELF-INTERACTING, BUT IT’S INITIALLY EMPTY
• We focus on the ‘jump start’ 
• Only source of energy is the SM background DARK SECTOR

IN THE SM ONLY A COUPLE OF POSSIBILITIES:

SM

GRAVITATIONAL FREEZE-IN
• Pump energy into the dark sector thanks to graviton mediated 2-to-dark scatterings 
• Short distance/flat space

GRAVITATIONAL PARTICLE PRODUCTION
• Pump energy into the dark sector thanks to non-adiabatic evolution of quantum fields 
• Feels the expansion
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GRAVITATIONAL PARTICLE PRODUCTION

PARTICLE PRODUCTION = NON ADIABATICITY [Schroedinger ’39]

• Sudden variation of frequency 
• Old state has non-zero overalp with excited states of new hamiltonian 
• In the new vacuum -> particle production

OFTEN SAID THAT PP NEEDS TIME DEPENDENCE
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BASED ON BOGOLIUBOV-TRANSFORMATIONS 
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GRAVITATIONAL PARTICLE PRODUCTION

PARTICLE PRODUCTION NEEDS ALSO VIOLATION OF WEYL INVARIANCE [Ford ’87]

• Time dependence is not enough (necessary but not sufficient) 
• Clear difference between goldstone bosons and chiral fermions/gauge fields

PRODUCTION OF QUANTUM FIELDS

LARGE SCALAR FLUCTUATION FROM INFLATION
• Inflaton fluctuations tested by CMB = consequence of maximal breaking of Weyl 
• Kinetic term for scalar is not Weyl invariant

gµ⌫(x) ! ⌦(x)2gµ⌫(x) + action on fields

TARGET: COMPUTE ENERGY/NUMBER DENSITY
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GRAVITATIONAL PARTICLE PRODUCTION

MAXIMAL WEYL VIOLATION: NAMBU-GOLDSTONE BOSONS

• Computation can be done in several ways (bogoliubov/power spectrum) 
• Massless during inflation, M << H_I

MOST EFFICIENT PARTICLE PRODUCTION FOR LIGHT SCALARS

ISOCURVATURES
• Energy density is flat in k at large distances 
• Fluctuations are not synchronized with the inflaton clock 
• Model is strongly excluded by CMB data / misalignement partially helps (pre-inflationary QCD axion) 
• Need to consider other scenarios…
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GRAVITATIONAL PARTICLE PRODUCTION

FERMIONS AND GAUGE FIELDS ARE CONFORMALLY COUPLED

• Chiral fermions and gauge fields are conformally coupled 
• They need to be heavy to feel the universe expansion

CLEAR OBSTRUCTION

IN FRW AFTER WEYL RESCALING / FERMIONS / GAUGE FIELDS:
<latexit sha1_base64="sq0iFBEDAypdGkMdjEev84cqao8=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZkuqhuh1I0boYJ9wMxYMmnahmaSIcmIZejKjb/ixoUibv0Gd/6NmXYW2nrgwsk593JzTxgzqrTjfFtLyyura+uFjeLm1vbOrr2331IikZg0sWBCdkKkCKOcNDXVjHRiSVAUMtIOR5eZ374nUlHBb/U4JkGEBpz2KUbaSF37yPegXxcP0MdDCi/g9V0FIlPZ0w+6dskpO1PAReLmpARyNLr2l98TOIkI15ghpTzXiXWQIqkpZmRS9BNFYoRHaEA8QzmKiArS6RkTeGKUHuwLaYprOFV/T6QoUmochaYzQnqo5r1M/M/zEt0/D1LK40QTjmeL+gmDWsAsE9ijkmDNxoYgLKn5K8RDJBHWJrmiCcGdP3mRtCplt1qu3lRKtXoeRwEcgmNwClxwBmrgCjRAE2DwCJ7BK3iznqwX6936mLUuWfnMAfgD6/MHqDOWtg==</latexit>

⇤� = M2a2�

• Mass x scale factor =  breaks Weyl invariance 
• Maximal production when k ~ a M ~ a H 
• Production is actually post-inflationary 
• Calculation is non-peturbative CALCULATION IS DONE BY EXTRACTING BOGO-COEFF.S 
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GRAVITATIONAL PARTICLE PRODUCTION

GRAVITATIONAL PRODUCTION

HEAVY RELICS HAVE NO ISOCURVATURES

CALCULATION IS DONE BY EXTRACTING BOGO-COEFF.S 

[Redi, AT]
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• alpha / beta 
• they relate operators at early/late times 

• Bunch Davies initial state: no particles 



GRAVITATIONAL PARTICLE PRODUCTION

GRAVITATIONAL PRODUCTION

SOME DEPENDENCE ON THE DETAILS OF INFLATION
MINI INFLATION AT THE RIGHT TIME: 

CAN INDUCE AN EFFECTIVE EXCITED STATE 

[E. Bertuzzo, G. Salla, AT, https://arxiv.org/abs/2603.03430]

• Just the case for massive vectors 
• They are special = no isocurvature: 

spectrum looks the one of conformal matter 
• Peak still mostly controlled by M 
• No effect for conformally coupled fields 

https://arxiv.org/abs/2603.03430


GRAVITATIONAL PARTICLE PRODUCTION 
(IN THE REAL UNIVERSE)



GRAVITATIONAL PARTICLE PRODUCTION FROM INHOMOGENEITIS

BREAKING OF WEYL INVARIANCE

• Conformally coupled matter (fermions, gauge fields, conformal scalars) do not see scale factor 
• However they do feel metric perturbations

MORE THAN JUST BACKGROUND

EXPLOITING THIS ARGUMENT:

• Every departure from Weyl invariance + time dependence = particle production 
• Mass is only a possible source of breaking…

<latexit sha1_base64="k9LKO9FPifJ5xDJwECgW9DS/fTk="></latexit>

ds2 = a2(⌧)[⌘µ⌫ + hµ⌫(⌧, ~x)]dx
µdx⌫

A TIME DEPENDENT PERTURBATION WILL GENERATE MASSLESS CONFORMALLY COUPLED PARTICLES 
in the literature this was often not touched / gravitational pp = massive relics [see review by Long&Kolb]

[we were prompted by a couple of papers of Kopp&Maleknejad]



GRAVITATIONAL PARTICLE PRODUCTION FROM INHOMOGENEITIS

BREAKING OF WEYL INVARIANCE

• Time dependence of scalar gravitational potentials (as predicted by standard cosmology) 
• Gravitational Wave backgrounds (build-up and redshifts) 
• Metric inhomogeneitis sources by phase transitions

POSSIBLE REALISTIC SOURCES

FOR THE OBSERVED AMPLITUDES OF COSMOLOGICAL FLUCTUATIONS => SMALL PRODUCTION 
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⇣ curvature perturbation / matched on super-horizon scales



GRAVITATIONAL PARTICLE PRODUCTION FROM INHOMOGENEITIS

A BIT OF TECHNICAL DETAILS

• Free quantum fields in curved backgrounds 
• Upon Weyl rescaling (remove scale factor) —> departure from flat space 
• Perturbations induces an effective mass-term (if you want an analogy) 
• Now the computation is perturbative

GENERALIZED BOGOLIUBOV TRANSFORMATIONS
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AT FIRST ORDER IN THE PERTURBATION:

• Fourier modes solved with retarded Green’s function

<latexit sha1_base64="QVgdq7BX019skzx0zHM+bM0UPF4="></latexit>

GR
~k
(⌧) = �✓(⌧)

eik⌧ � e�ik⌧

2ik
<latexit sha1_base64="9t4P3OgD+AKzds0BxM7D1V7y9Zc="></latexit>

ωout
ωk

(τ) = ωin
ωk
(τ) +

Z
dτ ′GR

ωk
(τ � τ ′)

Z
d3q

(2π)3
J($q, τ ′)ωin

ωω (τ ′), ω = k � q

• Bogoliuobov transformation mixes different k’s, rotation more complex



GRAVITATIONAL PARTICLE PRODUCTION FROM INHOMOGENEITIS

GENERALIZED BOGOLIUBOV TRANSFORMATION

RELATION BETWEEN ALL MODES

• We derived formulas for all spin 0,1/2,1 
• Without some assumptions, the computation gives us the total number N_k

<latexit sha1_base64="r5tEP1wObXIKvxvaXzvTQ65ICLc=">AAACJnicbVDLSgMxFM34rPVVdekmWARXZaZIdWGh4MaVVLAP6NSSSW/b0GRmSDKFMp2vceOvuHFREXHnp5i2s9DWAyEn59zLzT1eyJnStv1lra1vbG5tZ3ayu3v7B4e5o+O6CiJJoUYDHsimRxRw5kNNM82hGUogwuPQ8Ia3M78xAqlY4D/qcQhtQfo+6zFKtJE6ufJ9J3ZHQPEwKbsqEunLDQT0SYInrgeaLMR4mMyv1EsmT8VOLm8X7DnwKnFSkkcpqp3c1O0GNBLga8qJUi3HDnU7JlIzyiHJupGCkNAh6UPLUJ8IUO14vmaCz43Sxb1AmuNrPFd/d8REKDUWnqkURA/UsjcT//Nake5dt2Pmh5EGny4G9SKOdYBnmeEuk0A1HxtCqGTmr5gOiCRUm2SzJgRneeVVUi8WnFKh9HCZr9ykcWTQKTpDF8hBV6iC7lAV1RBFz+gVTdG79WK9WR/W56J0zUp7TtAfWN8/sPCnKw==</latexit>

N~k =
X

~!

|�~k~!|
2

<latexit sha1_base64="T1mLlrcV2ShIZlwsd1Iaf1ieOwY="></latexit>

aout~k
= ain~k +

X

!

�⇤
~k~!

(ain�~!)
†

AFTER SOME MANIPULATIONS, WE SEE:

• Bogoliubov coefficients are rather simple (perturbative) for each elicity J
<latexit sha1_base64="7gd0vNv1ZV+IlDkFwcrGjuuGf20="></latexit>

�J
ωkωω

=
hµν(q̃)

2
p
k!

⇥Aµν
J (k̃ , !̃) ON-SHELL AMPLITUDES: DECAY OF PERTURBATIONS

<latexit sha1_base64="MAoBpQgJvxa1ryD8V34OdW6j+WQ=">AAACBXicbZDLSgMxFIYzXmu9jbrURbAIrspMkepCoeDGZQV7gc5YMpnTNjQzGZKMUIZu3Pgqblwo4tZ3cOfbmLaz0NYfAl/+cw7J+YOEM6Ud59taWl5ZXVsvbBQ3t7Z3du29/aYSqaTQoIIL2Q6IAs5iaGimObQTCSQKOLSC4fWk3noAqZiI7/QoAT8i/Zj1GCXaWF37yNOMh4CH95WrHD0RQZ+Yu9O1S07ZmQovgptDCeWqd+0vLxQ0jSDWlBOlOq6TaD8jUjPKYVz0UgUJoUPSh47BmESg/Gy6xRifGCfEPSHNiTWeur8nMhIpNYoC0xkRPVDztYn5X62T6t6Fn7E4STXEdPZQL+VYCzyJBIdMAtV8ZIBQycxfMR0QSag2wRVNCO78yovQrJTdarl6e1aqXeZxFNAhOkanyEXnqIZuUB01EEWP6Bm9ojfryXqx3q2PWeuSlc8coD+yPn8A046Xfg==</latexit>

k̃2 = !̃2 = 0

[Verdaguer ‘90s]



GRAVITATIONAL PARTICLE PRODUCTION FROM INHOMOGENEITIS

GENERALIZED BOGOLIUBOV TRANSFORMATION

FULL RESULT (DIFFERENTIAL)
<latexit sha1_base64="+7Jk8WdEdW0jUM62znvjDAkuDOw="></latexit>

dN

d3k
=

1

(2⇡)3

Z
d3q

(2⇡)3
hµ⌫(k + !, ~q)h⇤

⇢�(k + !, ~q)⇥ Aµ⌫
J A⇢� ⇤

J

4k!

FOR REALISTIC APPLICATIONS
• Scalar and tensor perturbations <latexit sha1_base64="qbKDwOzlNreGs9FijB5xMq9CAxM="></latexit>

⇥(⌧, ~x) ⌘ �+ , ⌃(⌧, ~x) ⌘ �� 

• Decomposition into helicities

on-shell + momentum conservation 
INCLUSIVE



GRAVITATIONAL PARTICLE PRODUCTION 
(IN THE REAL UNIVERSE,  
WITH THE EFFECTIVE ACTION)



EFFECTIVE ACTION FOR PARTICLE PRODUCTION

SCHWINGER’S APPROACH

VACUUM PERSISTENT AMPLITUDE
<latexit sha1_base64="J5HcagKrbQQ0VzSPuDBlw8rVajo=">AAACI3icbZBNSwMxEIazflu/qh69BIvgqeyKqIiC4EG9VbAqdGuZTac1NMkuSVYo6/4XL/4VLx4U8eLB/2K67cGvgcDD+84wmTdKBDfW9z+8sfGJyanpmdnS3PzC4lJ5eeXSxKlmWGexiPV1BAYFV1i33Aq8TjSCjAReRb3jgX91h9rwWF3YfoJNCV3FO5yBdVKrvB8KUF2BNAu1pHFq8/uCuMpDPXQOKd5knIYnICW0CjeoneV5q1zxq35R9C8EI6iQUdVa5bewHbNUorJMgDGNwE9sMwNtOROYl8LUYAKsB11sOFQg0TSz4sacbjilTTuxdk9ZWqjfJzKQxvRl5Dol2Fvz2xuI/3mN1Hb2mhlXSWpRseGiTiqojekgMNrmGpkVfQfANHd/pewWNDDrYi25EILfJ/+Fy61qsFPdOd+uHB2M4pgha2SdbJKA7JIjckpqpE4YeSBP5IW8eo/es/fmvQ9bx7zRzCr5Ud7nFxmDpIU=</latexit>

hout|ini = ei�1PI • overlap betwen in and out vacuum state 
• imaginary part of the effective action = decay probability

<latexit sha1_base64="JoVGymnVKy2zq8ma8aU+AN6k8mg=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYhd0g0cIiYKFpJIJ5QHYJdyeTZMjM7jIzK4YlP2Djr9hYKGJrb+ffOEm20MQDF86ccy9z7/EjzpS27W8rs7S8srqWXc9tbG5t7+R39xoqjCWhdRLyULZ8UJSzgNY105y2IklB+Jw2/eHlxG/eU6lYGNzpUUQ9Af2A9RgBbaRO/ujGhSiS4QMuJa4UuCrGbfcKhIDO9O3UqmOvky/YRXsKvEiclBRQilon/+V2QxILGmjCQam2Y0faS0BqRjgd59xY0QjIEPq0bWgAgiovmV4zxsdG6eJeKE0FGk/V3xMJCKVGwjedAvRAzXsT8T+vHeveuZewIIo1Dcjso17MsQ7xJBrcZZISzUeGAJHM7IrJACQQbQLMmRCc+ZMXSaNUdMrF8u1poXKRxpFFB+gQnSAHnaEKukY1VEcEPaJn9IrerCfrxXq3PmatGSud2Ud/YH3+AHTxmyo=</latexit>

N ⇡ 2Im[�1PI] number of decays

<latexit sha1_base64="xybfjJ3LeB6wAKX7iw3pttvIbAc="></latexit>

Sint =
1

2

Z
d4xhµ⌫(x)T

µ⌫(x)

EFFECTIVE ACTION AT SECOND ORDER IN THE INTERACTIONS

• Computing the effective action in the background of hmunu 
• Applications also for more generic interactions  

<latexit sha1_base64="0tcooh0xATS9E4q7yosunWaKkZ8=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaSL6sJFwY07K9gHJKHcTCbt0MmDmYlQQldu/BU3LhRx6ze482+ctFlo64GBwznnMvceP+VMKsv6NlZW19Y3Nitb1e2d3b198+CwK5NMENohCU9E3wdJOYtpRzHFaT8VFCKf054/vi783gMVkiXxvZqk1ItgGLOQEVBaGpgnroNdrvMBYDcdMexGoEYEeH47db2BWbPq1gx4mdglqaES7YH55QYJySIaK8JBSse2UuXlIBQjnE6rbiZpCmQMQ+poGkNEpZfPzpjiM60EOEyEfrHCM/X3RA6RlJPI18liSbnoFeJ/npOp8NLLWZxmisZk/lGYcawSXHSCAyYoUXyiCRDB9K6YjEAAUbq5qi7BXjx5mXQbdbtZb941aq2rso4KOkan6BzZ6AK10A1qow4i6BE9o1f0ZjwZL8a78TGPrhjlzBH6A+PzB2x7mHc=</latexit>

��O



EFFECTIVE ACTION FOR PARTICLE PRODUCTION

EFFECTIVE ACTION IN THE BACKGROUND

• imaginary part due to 2-point function of stress-energy tensor 
• for CFTs again the results just depends on central charges

EFFECTIVE ACTION CAN DEVELOP AN IMAGINARY PART
<latexit sha1_base64="L2fEMDA7fVrfAWHGMqN3Lwq6GZ8="></latexit>

� =
1

4

Z
d4q

(2⇡)4
hµ⌫(−q)〈Tµ⌫(q)T⇢�(−q)〉h⇢�(q)

CFTS FROM METRIC PERTURBATIONS
<latexit sha1_base64="fU0yAFGGJNJfFZvoiNMlZHHw2pA="></latexit>

hTµ⌫(q)T⇢�(q
0)i = (2⇡)4�4(q + q0)

cJ
7680⇡2

⇧µ⌫⇢�(q) log(�q2)
<latexit sha1_base64="EKuU7gQBNsNJ017e1HSDaF0OlWw="></latexit>

⇧µ⌫⇢�(q) ⌘ (2⇡µ⌫⇡⇢� � 3⇡µ⇢⇡⌫� � 3⇡µ�⇡⌫⇢) , ⇡µ⌫ ⌘ ⌘µ⌫q
2 � qµq⌫

• Imaginary part for positive q^2



EFFECTIVE ACTION FOR PARTICLE PRODUCTION

EFFECTIVE ACTION = PARTICLE PRODUCTION
FULL EXPRESSION

EVEN BETTER, PARTICLE PRODUCTION ENTIRELY CONTROLLED BY WEYL TENSOR

• Thanks to Weyl invariance of the CFT contribution proportional to C^2 
• Projection onto TT 4d components

• inclusive / equivalent to Bogoliubov computation

<latexit sha1_base64="Dq8hlbDzN45IzgOKbdsaPu0k6j0="></latexit>

N =
cJ

2560⇡

Z
d4q

(2⇡)4
✓(q2)✓(q0)C

µ⌫⇢�(q)Cµ⌫⇢�(�q)

<latexit sha1_base64="8rh9JrF8xo3oF1CGGQ9Jd601sMo="></latexit>

N =
cJ

15360⇡

Z
d4q

(2⇡)4
✓(q2)hµ⌫(q)⇧µ⌫⇢�(q)h

⇢�(�q)



EFFECTIVE ACTION FOR PARTICLE PRODUCTION

PARTICLE PRODUCTION FROM WEYL TENSOR ~ SCHWINGER PAIR PRODUCTION
INTERESTING ANALOGY (AT LEADING ORDER)

<latexit sha1_base64="Dq8hlbDzN45IzgOKbdsaPu0k6j0="></latexit>

N =
cJ

2560⇡

Z
d4q

(2⇡)4
✓(q2)✓(q0)C

µ⌫⇢�(q)Cµ⌫⇢�(�q)

• At leading order, Schwinger pair production has the same structure c—>e^2 and C—> F 
• Time-like support requires ‘electric configurations’ 
• Electric components of the Weyl tensor crucial

<latexit sha1_base64="hI1sicn8wZ4bdQvDtRcTxHtNW0U="></latexit>

Eij =
1

2
(@i@j −

1

3
�ij∇2)⇥

<latexit sha1_base64="KfDlDt58nUxRzVJm5lFMF0ewycI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EEh6MVjBPOAZAmzk9lkzOzsOtMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkQKg6777Swtr6yurec28ptb2zu7hb39uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrexwm3I9oT4lQMIpWal53MvEwunI7haJbcicgi8SbkSLMUO0UvtrdmKURV8gkNabluQn6GdUomOSjfDs1PKFsQHu8ZamiETd+Nrl3RI6t0iVhrG0pJBP190RGI2OGUWA7I4p9M++Nxf+8VorhhZ8JlaTIFZsuClNJMCbj50lXaM5QDi2hTAt7K2F9qilDG1HehuDNv7xI6qclr1wq350VK5ezOHJwCEdwAh6cQwVuoQo1YCDhGV7hzXl0Xpx352PauuTMZg7gD5zPH5A6j6g=</latexit>

Bij = 0

<latexit sha1_base64="TkkmXGb7bY81GtHaVOYnrQFLMo4=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBDiwbC7SMxBIRgEjxHMA5LdMDuZTYbMPpiZVULIf3jxoIhX/8Wbf+Mk2YMmFjQUVd10d3kxZ1KZ5rexsrq2vrGZ2cpu7+zu7ecODhsySgShdRLxSLQ8LClnIa0rpjhtxYLiwOO06Q2rU7/5SIVkUfigRjF1AtwPmc8IVlpyq659XS7cuvb5jWufdXN5s2jOgJaJlZI8pKh1c1+dXkSSgIaKcCxl2zJj5YyxUIxwOsl2EkljTIa4T9uahjig0hnPrp6gU630kB8JXaFCM/X3xBgHUo4CT3cGWA3kojcV//PaifLLzpiFcaJoSOaL/IQjFaFpBKjHBCWKjzTBRDB9KyIDLDBROqisDsFafHmZNOyiVSqW7i/ylas0jgwcwwkUwIJLqMAd1KAOBAQ8wyu8GU/Gi/FufMxbV4x05gj+wPj8AVrykHg=</latexit>

C2 = 8(E2 �B2)

<latexit sha1_base64="AwoqSUUl0qwxnPAP8/le5A4YdoA="></latexit>

Eij =
1

4

�
h′′
ij +∇2hij

�
Bij = −1

4
εi!m∂!h

′
mj −

1

4
εj!m∂!h

′
mi.

• Need for spatial gradients as well 
• Result is finite for physical inputs!

scalar 

tensor 



COSMOLOGICAL APPLICATIONS

NEED UNEQUAL TIME CORRELATORS
<latexit sha1_base64="hTsymWZCcPaPQ51w3lUPS2PjSv0="></latexit>

N /
Z

d4qhµ⌫(q)h⇢�(�q) · · ·

IN COSMOLOGICAL APPLICATIONS:
• great interest in stochastic backgrounds (with translational invariance)

<latexit sha1_base64="ui4CcymXTAEy0zFbLVQXiRoYsxU="></latexit>

〈h(!q, τ)h∗(!q ′, τ ′)〉 = (2π)3δ3(!q − !q′)
2π2

q3
�h(q, τ, τ

′)

SCALAR FLUCTUATIONS

TENSOR FLUCTUATIONS

<latexit sha1_base64="MsO+LF/tl3W8nTWRyaUcGh3i/P8="></latexit>

d(na3)

dq0
=

cJ
240⇡2

Z
d(log q) ✓(q20 � q2)q4� (q, q0,�q0)

<latexit sha1_base64="Z7A2l1q2MsQDiC6ESrVirWKiDLw="></latexit>

d(na3)

dq0
=

cJ
640⇡2

Z
d(log q) ✓(q20 � q2)(q20 � q2)2�h(q, q0,�q0)

FLUCTUATIONS MATCHED ON SUPER-HORIZON SCALES:
<latexit sha1_base64="FIYwWo2VuQNGAcC19TCXVQuNnzY=">AAACJXicbZBLS0JBFMfn2svsZbVsMySRSsi9ERZkINSipYEvULvMHUcdnPtw5txAxC/Tpq/SpkUSQau+SnPVoKwDM/zmf87hzPk7geAKTPPDiC0tr6yuxdcTG5tb2zvJ3b2q8kNJWYX6wpd1hygmuMcqwEGweiAZcR3Bak7/OsrXHphU3PfKMAxYyyVdj3c4JaAlO1lo3jABJD04aQIJp9dx5gqX7UE64oyG+2x6JuPv2svobWczdjJl5sxp4L9gzSGF5lGyk5Nm26ehyzyggijVsMwAWiMigVPBxolmqFhAaJ90WUOjR1ymWqPplmN8pJU27vhSHw/wVP3ZMSKuUkPX0ZUugZ5azEXif7lGCJ2L1oh7QQjMo7NBnVBg8HFkGW5zySiIoQZCJdd/xbRHJKGgjU1oE6zFlf9C9TRn5XP5u7NUsTC3I44O0CFKIwudoyK6RSVUQRQ9omf0iibGk/FivBnvs9KYMe/ZR7/C+PwCVPKirw==</latexit>

�(q, ⌧, ⌧ ′) = Tq(⌧)T
∗
q (⌧

′)�(q; ⌧∗)

for example: late evolution of inflaton perturbations



COSMOLOGICAL APPLICATIONS

DARK MATTER FROM INFLATON PERTURBATIONS
EXPLOIT TIME DEPENDENCE OF GRAVITATIONAL POTENTIAL

MECHANISM:

<latexit sha1_base64="FIYwWo2VuQNGAcC19TCXVQuNnzY=">AAACJXicbZBLS0JBFMfn2svsZbVsMySRSsi9ERZkINSipYEvULvMHUcdnPtw5txAxC/Tpq/SpkUSQau+SnPVoKwDM/zmf87hzPk7geAKTPPDiC0tr6yuxdcTG5tb2zvJ3b2q8kNJWYX6wpd1hygmuMcqwEGweiAZcR3Bak7/OsrXHphU3PfKMAxYyyVdj3c4JaAlO1lo3jABJD04aQIJp9dx5gqX7UE64oyG+2x6JuPv2svobWczdjJl5sxp4L9gzSGF5lGyk5Nm26ehyzyggijVsMwAWiMigVPBxolmqFhAaJ90WUOjR1ymWqPplmN8pJU27vhSHw/wVP3ZMSKuUkPX0ZUugZ5azEXif7lGCJ2L1oh7QQjMo7NBnVBg8HFkGW5zySiIoQZCJdd/xbRHJKGgjU1oE6zFlf9C9TRn5XP5u7NUsTC3I44O0CFKIwudoyK6RSVUQRQ9omf0iibGk/FivBnvs9KYMe/ZR7/C+PwCVPKirw==</latexit>

�(q, ⌧, ⌧ ′) = Tq(⌧)T
∗
q (⌧

′)�(q; ⌧∗)
• inflaton generates power on short scales (larger than CMB) 
• later cosmological evolution provides time dependence to 

• spectator conformally coupled DM gets generated when perturbations evolves 
• exploit scalar perturbations (they do not evolve in matter dominance)

CASE STUDY OF MAJORANA FERMION
• mass neglected at production 
• mode functions evolve due to graviational potentials



COSMOLOGICAL APPLICATIONS

DARK MATTER FROM INFLATON PERTURBATIONS
MAJORANA FERMION

DM ABUNDANCE RELATED TO INFLATON POWER SPECTRUM

• Time evolution gives the overal coefficient

<latexit sha1_base64="WK0Vg4TUMv/lUBWC+6EWoyBMzwA=">AAACNXicbVBNb9NAEF2XrxK+Ahy5jIiQw iWyS1U4gFQEB4R6aKWmrRQn1ngzTlddr93dMVKw/Ke48D84wYEDqOq1f6Gb1IfS8qSVnt57o515aamV4zD8FazcuHnr9p3Vu5179x88fNR9/GTPFZWVNJSFLuxBio60MjRkxZoOSkuYp5r206MPC3//C1mnCrPL85LGOc6MypRE9lLS3TI4eQXvZPIZ4syiBKjfT+r4KzE2Tb0el2qy1gDEyjBMoR/rYgbHL+HYD8UfSTMmbbjv1aTbCwfhEnCdRC3piRbbSfdHPC1klZNhqdG5URSWPK7RspKamk5cOSpRHuGMRp4azMmN6+XVDbzwyhSywvrnt1uqlydqzJ2b56lP5siH7qq3EP/njSrO3oxrZcqKyciLj7JKAxewqBCmypJkPfcEpVV+V5CH6MtjX3THlxBdPfk62VsbRBuDjZ313ubbto5V8Uw8F30RiddiU3wS22IopPgmfoo/4m/wPfgdnASnF9GVoJ15Kv5BcHYOD7epNQ==</latexit>

na3 = cJ
A⇣

4⇡2

Z
d(log q)q3�⇣(q)

• source of the perturbations is inflation 
• performing the q0 integral

<latexit sha1_base64="q4JJ2PicEH1/Eh4D3iPnvHg99oQ=">AAAB8HicbVA9T8MwEHX4LOWrwMhiUSExVUmHwsBQiYWxSPQDJVHluE5r1XYi+4JUov4KFgYQYuXnsPFvcNsM0PKkk57eu9PdvSgV3IDrfjtr6xubW9ulnfLu3v7BYeXouGOSTFPWpolIdC8ihgmuWBs4CNZLNSMyEqwbjW9mfveRacMTdQ+TlIWSDBWPOSVgpYfAD54YkCDsV6puzZ0DrxKvIFVUoNWvfAWDhGaSKaCCGON7bgphTjRwKti0HGSGpYSOyZD5lioimQnz+cFTfG6VAY4TbUsBnqu/J3IijZnIyHZKAiOz7M3E/zw/g/gqzLlKM2CKLhbFmcCQ4Nn3eMA1oyAmlhCqub0V0xHRhILNqGxD8JZfXiWdes1r1Bp39WrzuoijhE7RGbpAHrpETXSLWqiNKJLoGb2iN0c7L86787FoXXOKmRP0B87nD7UkkFc=</latexit>

⇣

<latexit sha1_base64="+z3WQ+PJ/Gkds+ihDIOI0/hgYpU=">AAAB7HicbVA9TwJBEJ3FL8Qv1NJmI5hYkTsKtCTaWKLxgAQuZG/Zgw17e5fdPRNy4TfYWGiMrT/Izn/jAlco+JJJXt6bycy8IBFcG8f5RoWNza3tneJuaW//4PCofHzS1nGqKPNoLGLVDYhmgkvmGW4E6yaKkSgQrBNMbud+54kpzWP5aKYJ8yMykjzklBgredXJ4KE6KFecmrMAXiduTiqQozUof/WHMU0jJg0VROue6yTGz4gynAo2K/VTzRJCJ2TEepZKEjHtZ4tjZ/jCKkMcxsqWNHih/p7ISKT1NApsZ0TMWK96c/E/r5ea8NrPuExSwyRdLgpTgU2M55/jIVeMGjG1hFDF7a2Yjoki1Nh8SjYEd/XlddKu19xGrXFfrzRv8jiKcAbncAkuXEET7qAFHlDg8Ayv8IYkekHv6GPZWkD5zCn8Afr8AeV2jhk=</latexit>

kR

<latexit sha1_base64="gOvltOcqCnBJR2tCwJLEg57S1iU=">AAAB+3icbZDNTsJAFIWn+If4V3HpZiKYuCItC3RJdOMSDSAJNM10uIUJ02kzMzWShldx40Jj3Poi7nwbB+hCwZNM8uXce3PvnCDhTGnH+bYKG5tb2zvF3dLe/sHhkX1c7qo4lRQ6NOax7AVEAWcCOpppDr1EAokCDg/B5GZef3gEqVgs2nqagBeRkWAho0Qby7fLEsZgWIww0bja9u+rvl1xas5CeB3cHCooV8u3vwbDmKYRCE05UarvOon2MiI1oxxmpUGqICF0QkbQNyhIBMrLFrfP8LlxhjiMpXlC44X7eyIjkVLTKDCdEdFjtVqbm//V+qkOr7yMiSTVIOhyUZhyrGM8DwIPmQSq+dQAoZKZWzEdE0moNnGVTAju6pfXoVuvuY1a465eaV7ncRTRKTpDF8hFl6iJblELdRBFT+gZvaI3a2a9WO/Wx7K1YOUzJ+iPrM8fmA+TgQ==</latexit> re
h
ea
ti
n
g
at

T
R

<latexit sha1_base64="H+FUWx8dlpV2493vOaAbDNEMfsw=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtCTaWGIiYAIXsrfswYbdvWN3j0gu/A4bC42x9cfY+W9c4AoFXzLJy3szmZkXxJxp47rfTm5jc2t7J79b2Ns/ODwqHp+0dJQoQpsk4pF6DLCmnEnaNMxw+hgrikXAaTsY3c799oQqzSL5YKYx9QUeSBYygo2V/PK4l3aVQAI/zcq9YsmtuAugdeJlpAQZGr3iV7cfkURQaQjHWnc8NzZ+ipVhhNNZoZtoGmMywgPasVRiQbWfLo6eoQur9FEYKVvSoIX6eyLFQuupCGynwGaoV725+J/XSUx47adMxomhkiwXhQlHJkLzBFCfKUoMn1qCiWL2VkSGWGFibE4FG4K3+vI6aVUrXq1Su6+W6jdZHHk4g3O4BA+uoA530IAmEBjDM7zCmzNxXpx352PZmnOymVP4A+fzBydOkbY=</latexit>qmax

<latexit sha1_base64="T7ng3ZRykSxEv+q5oymXjho7qDA=">AAACF3icdVBLSwMxGMzWV62vVY9egq0gIsvuVtt6K3rxWMHWwnZZsmnahmYfJlmhLP0XXvwrXjwo4lVv/huzfYCKDgSGmfmSL+PHjAppmp9abmFxaXklv1pYW9/Y3NK3d1oiSjgmTRyxiLd9JAijIWlKKhlpx5ygwGfkxh9eZP7NHeGCRuG1HMXEDVA/pD2KkVSSpxultDO5xeF9301N46xWsU/tY9MwzapdrmTErp7Y5fGtdzQueXpxHoHzCJxHoKWUDEUwQ8PTPzrdCCcBCSVmSAjHMmPppohLihkZFzqJIDHCQ9QnjqIhCohw08lGY3iglC7sRVydUMKJ+n0iRYEQo8BXyQDJgfjtZeJfnpPIXs1NaRgnkoR4+lAvYVBGMCsJdiknWLKRIghzqnaFeIA4wlJVWVAlzH8K/yct27AqRuXKLtbPZ3XkwR7YB4fAAlVQB5egAZoAg3vwCJ7Bi/agPWmv2ts0mtNmM7vgB7T3LxKnm3o=</latexit>q⇤

<latexit sha1_base64="7vq9gYmPVDfo6nEhe/aT3JXP4Qo=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZLqrLopsuK9gHtEPJZDJtaCYZ8iiUsQt/xY0LRdz6G+78G9N2Ftp6IHA45x7uzQlTRpX2vG+nsLG5tb1T3C3t7R8cHrnHJ20ljMSkhQUTshsiRRjlpKWpZqSbSoKSkJFOOL6b+50JkYoK/qCnKQkSNOQ0phhpKw3cMywSMaF8CBsmtCEoUUSNGrhlr+ItANeJn5MyyNEcuF/9SGCTEK4xQ0r1fC/VQYakppiRWalvFEkRHqMh6VnKUUJUkC3un8FLq0QwFtI+ruFC/Z3IUKLUNAntZIL0SK16c/E/r2d0fBNklKdGE46Xi2LDoBZwXgaMqCRYs6klCEtqb4V4hCTC2lZWsiX4q19eJ+1qxa9VavfVcv02r6MIzsEFuAI+uAZ10ABN0AIYPIJn8ArenCfnxXl3PpajBSfPnII/cD5/AOqclgw=</latexit>

co
m
ov
in
g
H
ub
bl
e
ra
di
us

<latexit sha1_base64="0jqgJCNGtCeeh9v9FxTbExBG340=">AAAB+3icbVA9TwJBEN3DL8SvE0ubjcTEitxRoCXRxhIT+UjgQvaWOdiwt3vZ3SOSC3/FxkJjbP0jdv4bF7hCwZdM8vLeTGbmhQln2njet1PY2t7Z3Svulw4Oj45P3NNyW8tUUWhRyaXqhkQDZwJahhkO3UQBiUMOnXByt/A7U1CaSfFoZgkEMRkJFjFKjJUGbpnKWE6ZGOGhXUYEBT1wK17VWwJvEj8nFZSjOXC/+kNJ0xiEoZxo3fO9xAQZUYZRDvNSP9WQEDohI+hZKkgMOsiWt8/xpVWGOJLKljB4qf6eyEis9SwObWdMzFivewvxP6+XmugmyJhIUgOCrhZFKcdG4kUQ9l8F1PCZJYQqZm/FdEwUocbGVbIh+Osvb5J2rerXq/WHWqVxm8dRROfoAl0hH12jBrpHTdRCFD2hZ/SK3py58+K8Ox+r1oKTz5yhP3A+fwBbE5So</latexit> co
m
ov
in
g
di
st
an

ce
s

<latexit sha1_base64="fFkrVAyXBt1mPScE07VH8P1o3ck=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtCTaWGIiHwlcyN6yBxv2ds/dPRNy4U/YWGiMrX/Hzn/jclyh4EsmeXlvJjPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvV343SeqNJPiwcxi6kd4LFjICDZW6lUHXI4Rrg7LFbfmZkDrxMtJBXK0huWvwUiSJKLCEI617ntubPwUK8MIp/PSINE0xmSKx7RvqcAR1X6a3TtHF1YZoVAqW8KgTP09keJI61kU2M4Im4le9Rbif14/MeG1nzIRJ4YKslwUJhwZiRbPoxFTlBg+swQTxeytiEywwsTYiEo2BG/15XXSqde8Rq1xX680b/I4inAG53AJHlxBE+6gBW0gwOEZXuHNeXRenHfnY9lacPKZU/gD5/MH4tuPOg==</latexit>

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)

• No dilution from entropy injection for q*>kR



COSMOLOGICAL APPLICATIONS

DARK MATTER FROM INFLATON PERTURBATIONS
PRODUCTION IS DOMINATED TOWARDS THE END OF INFLATION

<latexit sha1_base64="Ayambf5NlZGsbLJ87sbRIRYb+kM="></latexit>

⌦DM ⇡ 10�4
cJ

Mq
3
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3M2
PlH

2
0

�⇣(qmax) ⇡ cJ
�⇣(qmax)

10�2

M

107 GeV

• recall that in our universe qmax~ 10^-7 eV 
• need sizable power spectrum towards the end of inflation

COMPARISON WITH OTHER MECHANISMS:

<latexit sha1_base64="XVt6NjwaKVMYUvZeXRtOgPcIgzg="></latexit>

⌦DM|GFI ⇡ 10�5 ⇥ cJ
Mk

3
R

3M2
PlH

2
0

• gravitational freeze-in • gravitational particle-production
<latexit sha1_base64="0OGPUI59cTbLRvAqCuGm4kv543g="></latexit>

⌦DM|GPP ⇡ 10�2 M k
3
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3M2
PlH

2
0

⇥ ⌘e↵



COSMOLOGICAL APPLICATIONS

COMMENTS:
GIVEN A METRIC PERTURBATION ONE CAN COMPUTE DM ABUNDANCE EASILY

• Not important how they are generated 
• So far particle production happens thanks to cosmological evolution: 

• given a power spectrum from inflation —> transfer functions give time dependencies 
• transfer functions often as in standard cosmological perturbation theory

WHAT HAPPENS IF WE FOCUS ON THE SOURCES:
• Connection with physics generating the perturbation 
• Time dependence during the build-up of the perturbations 
• Can give stronger time dependencies (larger than Hubble inverse time) —> new scale 
• Basically we go sub-horizon…



GRAVITATIONAL PARTICLE PRODUCTION 
(IN THE REAL UNIVERSE,  
WITH THE EFFECTIVE ACTION, 
INSIDE THE HORIZON..)



PARTICLE PRODUCTION FROM INHOMOGENEITIS AT SHORT DISTANCES

A SOURCE FOR PERTURBATIONS
BUILD-UP VS DECAY

• In realistic context, perturbations are created and then redshifted 
• Particle production happens at all times 
• Possible impact of energy scales larger than Hubble

POSSIBLE APPLICATIONS:

• Phase transitions / supercooled 
• Pre-heating / re-heating 
• Connection with gravitational waves

typical transfer function



PARTICLE PRODUCTION FROM INHOMOGENEITIS AT SHORT DISTANCES

FROM SOURCE TO PERTURBATIONS TO PARTICLE PRODUCTION

MICROPHYSICS SOURCES PERTURBATIONS VIA EINSTEIN’S EQ.S IN FLAT SPACE

• New formula in terms of the stress-energy tensor of the source 
• Imaginary part from the dark sector —> cJ 
• Integral over the 2-point function of the source —> <Ts Ts>

<latexit sha1_base64="L2fEMDA7fVrfAWHGMqN3Lwq6GZ8="></latexit>

� =
1

4

Z
d4q

(2⇡)4
hµ⌫(−q)〈Tµ⌫(q)T⇢�(−q)〉h⇢�(q)



PARTICLE PRODUCTION FROM INHOMOGENEITIS AT SHORT DISTANCES

FROM SOURCE TO PERTURBATIONS TO PARTICLE PRODUCTION

PARTICLE PRODUCTION INSIDE THE HORIZON

• Possible to decompose in scalar, vector, tensor perturbation 
• Each helicity sourced by a given 2-point function constructed with Ts 
• Given any <TT> possible to compute particle production

EFFECT OF SUPER-HORIZON EVOLUTION: IT SLIGHTLY MODIFIES THE INTEGRAND (BETTER IN REAL TIME)



PARTICLE PRODUCTION FROM INHOMOGENEITIS AT SHORT DISTANCES

WHAT ABOUT GRAVITATIONAL FREEZE-IN?

FROM OUR DERIVATION: JUST A SPECIAL CASE OF THERMAL <T T>

GRAVITATIONAL FI = THERMAL PARTICLE PRODUCTION INSIDE THE HORIZON

• By computing the thermal averaged <TT> 

• Translational invariance + thermal state 
<latexit sha1_base64="e6G1u8ewXylynylTTYgsBiQ24pQ=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwY01EqguFgpsuK/QFbQyT6U07dDIJMxOhhn6JGxeKuPVT3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFsrq2vrG5u5rfz2zu5ewd4/aKo4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDfxW48gFYtFXY8S8CLSFyxklGgj+XahKwexX7+Fh+ysel4f+3bRKTlT4GXizkkRzVHz7a9uL6ZpBEJTTpTquE6ivYxIzSiHcb6bKkgIHZI+dAwVJALlZdPDx/jEKD0cxtKU0Hiq/p7ISKTUKApMZ0T0QC16E/E/r5Pq8NrLmEhSDYLOFoUpxzrGkxRwj0mgmo8MIVQycyumAyIJ1SarvAnBXXx5mTQvSm65VL6/LFZu5nHk0BE6RqfIRVeogqqohhqIohQ9o1f0Zj1ZL9a79TFrXbHmM4foD6zPH9dbko4=</latexit>

⇢T = e�H/T

• Full production rate need insertion of complete set of states. By focusing on vacuum insertion:

same expression

SM

SM DM

DM



PARTICLE PRODUCTION FROM INHOMOGENEITIS AT SHORT DISTANCES

GRAVITY WAVES + PARTICLES

CLEAR MESSAGE: ANY TIME GWS ARE PRODUCED, ALSO PARTICLES ARE PRODUCED
• Given a source: compare GWs + particle produced 
• It can be done systematically for all helicities

KEY INGREDIENT IS UNEQUAL TIME TT CORRELATOR

GW SPECTRUM:

PARTICLE/DM SPECTRUM:

same quantity in different 
kinematic limits

similar formulas for scalar perturbations [less discussed in the literature]



PARTICLE PRODUCTION FROM INHOMOGENEITIS AT SHORT DISTANCES

ESTIMATES FOR FIRST ORDER PHASE TRANSITIONS

FIRST ORDER PHASE TRANSITIONS

• Assuming a build up of the source on a time scale 1/beta 
• Power spectro of gravitational waves A ~ 1/beta^2 
• Important to explore connection between DM production and GWs



PARTICLE PRODUCTION FROM INHOMOGENEITIS AT SHORT DISTANCES

OTHER APPLICATIONS: 

PRE-HEATING ~ AXION-GAUGE INTERACTIONS

MORE GENERIC SOURCES
<latexit sha1_base64="CVE7RNj1GV0X8SjJjm2aA0ZqPLg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gKrkoiUl24KLhxZwX7gCaEyXTaDp08mJkINQR/xY0LRdz6H+78GydtFtp64MLhnHuZM8ePOZPKsr6N0srq2vpGebOytb2zu2fuH3RklAhC2yTikej5WFLOQtpWTHHaiwXFgc9p159c5373gQrJovBeTWPqBngUsiEjWGnJM4+ceMy81M+QE2A1Jpint5lnVq26NQNaJnZBqlCg5ZlfziAiSUBDRTiWsm9bsXJTLBQjnGYVJ5E0xmSCR7SvaYgDKt10lj5DNa0M0DASekKFZurvixQHUk4DHbGWR5SLXi7+5/UTNbx0UxbGiaIhmT80TDhSEcqrQAMmKFF8qgkmgumsiIyxwETpwiq6BHvxy8ukc1a3G/XG3Xm1eVXUUYZjOIFTsOECmnADLWgDgUd4hld4M56MF+Pd+Jivlozi5hD+wPj8AcCWlWs=</latexit>

�bO production rate of O:
<latexit sha1_base64="iK08Iv3PrvVmUJloqNYzD2/icQA="></latexit>

rate ∝

Z
d4p�b(p)�b(−p)Im[〈O(p)O(−p)〉]

• potentially relevant for particle production from bubble collision 
• in general maybe second order is not sufficient…

• We are completing an explicit example with source = gauge fields sourced by axion 
• Connection with the full 2-point function in the background of an oscillating axion



CONCLUSIONS



PRODUCTION OF DARK MATTER

DARK SECTORSM • Often linked to inflationary dynamics / reheating 
• Inhomogeneitis allow for production of massless relics 
• Clear target for associated gravitational wave signals 
• Less explored impact of scalar perturbations 
• … 

THANK YOU!


