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A fundamental question is how Dark Matter couples to the SM

It would be great if DM had other interactions with SM:

What if DM interacts only gravitationally?




- Gravitational freeze-in:
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X-sec can be obtained through the optical theorem:
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In relativistic regime:
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We live in an expanding universe:
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In a time dependent background particles are produced due to the 
non-adiabatic evolution of the vacuum.
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As for the time dependent harmonic oscillator the initial vacuum is 
interpreted as an excited state at late times.
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- Gravitational particle production:



A phase of quasi de-Sitter — inflation — appears necessary to 
explain the initial conditions of our universe,

Could DM be produced by the expansion of the universe? 

Production of the inflaton generates the seeds of perturbations 
that eventually give rise to all that we see:
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Cosmological particle  production is associated to the breaking 
of Weyl invariance ( ):gµ⌫(x) ! ⌦(x)2gµ⌫(x)

• Kinetic term:
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• Mass term:

Massless fermions and in general conformally coupled theories 
are not produced in a homogeneous FLRW background
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Particles are produced during reheating or radiation when 
the mass becomes relevant leading to smaller abundance,

Inflationary production generates non-adiabatic perturbations 
in DM that are strongly constrained. 



With inhomogeneities the background is not Weyl flat and 
particle production takes place even if Weyl invariance is not 
broken by mass or kinetic term. Take conformal scalar:

The abundance can be computed from the Bogoliubov 
transformation induced by the background. To first order:
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<latexit sha1_base64="G+8MyY/sg1mjhhW/XMkjQXrdSwM="></latexit>

�±⇤
~k~!

=
hµ⌫(q̃)

2
p
k!

"⇢⇤~k,±Z
µ⌫
�⇢ "
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spin-0

spin-1/2

Scalar and tensor perturbations can be parametrized as

spin-1

<latexit sha1_base64="qbKDwOzlNreGs9FijB5xMq9CAxM="></latexit>

⇥(⌧, ~x) ⌘ �+ , ⌃(⌧, ~x) ⌘ �� 

<latexit sha1_base64="pRcnTGaM9MZVlxBzVIajmdMJWUs="></latexit>

hij(⌧, ~x) =
X

±

Z
d3q

(2⇡)3
ei~q·~xh±(⌧, ~q)✏±ij(~q) + h.c.

We decompose:

<latexit sha1_base64="KJflcUhYRRBEXq2nZKtYwhfY2j0="></latexit>

ds2 = a2(⌧)[1 + 2�(⌧, ~x)]d⌧2 � a2(⌧)[�ij(1� 2 (⌧, ~x))� hij(⌧, ~x)]dx
idxj



<latexit sha1_base64="MlG4IY5c6B5k8jdOKiPzKD8fC60="></latexit>
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(C+
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2
p
k!

(C�
J )~k~!

With these formulas we can compute fully differential 
quantities from scalar and tensor backgrounds.

Due to Weyl invariance  does not contribute⌃



An alternative approach is to follow Schwinger.

One can compute the vacuum persistence as the overlap of in 
and out vacuum

<latexit sha1_base64="itr9lftAChRHmrhbw01ae8uGKqo="></latexit>

|hout|ini|2 = e�2Im�1PI

The number of decays is:

Contrary to Schwinger pair production it is very easy to 
compute �1PI

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

Sint =
1

2

Z
d4xhµ⌫(x)T

µ⌫(x)

<latexit sha1_base64="v3fvpSfPmehHrPUq5kIS/aB5jf0="></latexit>

�1PI =
1

4

Z
d4q

(2⇡)4
hµ⌫(�q)hTµ⌫(q)T⇢�(�q)ih⇢�(q)

To second order in the perturbations:

<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]

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

hout|ini = ei�1PI



For conformally coupled particles <TT> is completely fixed!
<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⌫

Now  so that,log x = log |x|+ i⇡✓(�x)

There is one last surprise… the theory is Weyl invariant so the 
answer must contain the Weyl tensor!

<latexit sha1_base64="adGTdEOytleLWmqRUVRiQ7+QEU0="></latexit>

Nparticles =
cJ

2560⇡

Z
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(2⇡)4
✓(q2)Wµ⌫⇢�(q)Wµ⌫⇢�(�q)

<latexit sha1_base64="U6imuBk1s5aK+1Swe15W1AvUazE="></latexit>
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Z
d4q

(2⇡)4
✓(q2)hµ⌫(q)⇧µ⌫⇢�(q)h

⇢�(�q)



Bogoliubov vs. Schwinger

Formulas look very different…

With this change of variable the angular integral can be done 
and one can check that the result agrees with Schwinger.

This allows to compute only inclusive quantities.


This suggests the change of variables:

<latexit sha1_base64="H4yyQw8eIEGx8TKQMas2tud2aXg=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIsgCGVXpHpQKHjxWMF+QHcp2XS2Dc0ma5IVytK/4cWDIl79M978N6btHrT1wcDjvRlm5oUJZ9q47rdTWFldW98obpa2tnd298r7By0tU0WhSSWXqhMSDZwJaBpmOHQSBSQOObTD0e3Ubz+B0kyKBzNOIIjJQLCIUWKs5I/OfBnDgNw89txeueJW3RnwMvFyUkE5Gr3yl9+XNI1BGMqJ1l3PTUyQEWUY5TAp+amGhNARGUDXUkFi0EE2u3mCT6zSx5FUtoTBM/X3REZircdxaDtjYoZ60ZuK/3nd1ERXQcZEkhoQdL4oSjk2Ek8DwH2mgBo+toRQxeytmA6JItTYmEo2BG/x5WXSOq96tWrt/qJSv87jKKIjdIxOkYcuUR3doQZqIooS9Ixe0ZuTOi/Ou/Mxby04+cwh+gPn8wdFgpEv</latexit>

k + ! = q0
<latexit sha1_base64="3Pr3qFbtVQOEqZw0d3fTa2mkNxA=">AAACEHicbVDJSgNBEO1xjXGLevTSGEQhGGaCRA8KAS8eI5gFMpPQ0+kkzfRs3TVCGPIJXvwVLx4U8erRm39jZzlo4oOCx3tVVNVzI8EVmOa3sbS8srq2ntnIbm5t7+zm9vbrKkwkZTUailA2XaKY4AGrAQfBmpFkxHcFa7jezdhvPDCpeBjcwzBijk/6Ae9xSkBLndxJ3DGvvQK2VSwh9dqlQtwunZVwjD1s01BhGwYMyKiTy5tFcwK8SKwZyaMZqp3cl90NaeKzAKggSrUsMwInJRI4FWyUtRPFIkI90mctTQPiM+Wkk4dG+FgrXdwLpa4A8ET9PZESX6mh7+pOn8BAzXtj8T+vlUDv0kl5ECXAAjpd1EsEhhCP08FdLhkFMdSEUMn1rZgOiCQUdIZZHYI1//IiqZeKVrlYvjvPV65mcWTQITpCp8hCF6iCblEV1RBFj+gZvaI348l4Md6Nj2nrkjGbOUB/YHz+ANrpmzw=</latexit>

q0 = k +
p
k2 + q2 � 2qk cos ✓

<latexit sha1_base64="nurniEjy+V29bYq7QFPWJxctAuQ="></latexit>
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Z
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<latexit sha1_base64="/z0Z3qc2drADhsGnL1f0V90KcGE="></latexit>

Schwinger ⇠
Z
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Z
d3q|h(q , q0)|2K̃(q, q0)



In cosmology we are often interested in stochastic backgrounds.


scalar perturbations:

<latexit sha1_base64="0kmnPXsBRTXAGIrhq1OeDe9iPnY="></latexit>
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q3
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0)

<latexit sha1_base64="BP72pGJuubUfkF2Ropc0ftb23MI="></latexit>

ds2 = a2d⌧2[1 + 2 (⌧, ~x)]� a2[1� 2 (⌧, ~x)]d~x2 .

<latexit sha1_base64="j/mzhU7HIj6hC+lup7uU2VtfWJc="></latexit>
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<latexit sha1_base64="Jxo4WANNCCi8zoZJUC4MbML5xwU=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0Woi5aklepCoeBGcFPBtkKTlsl00g6ZPJyZCCXkL9z4K25cKOJWd/6N0zYLbT3cC4dz7mXmHidiVEjD+NZyS8srq2v59cLG5tb2jr671xZhzDFp4ZCF/M5BgjAakJakkpG7iBPkO4x0HO9y4nceCBc0DG7lOCK2j4YBdSlGUkl9vXLdN+AFhJbLEU5K971quVbyylbokyE67lVVpUmt7s2EtK8XjYoxBVwkZkaKIEOzr39ZgxDHPgkkZkiIrmlE0k4QlxQzkhasWJAIYQ8NSVfRAPlE2Mn0rhQeKWUA3ZCrDiScqr83EuQLMfYdNekjORLz3kT8z+vG0j2zExpEsSQBnj3kxgzKEE5CggPKCZZsrAjCnKq/QjxCKiGpoiyoEMz5kxdJu1ox65X6zUmxcZ7FkQcH4BCUgAlOQQNcgSZoAQwewTN4BW/ak/aivWsfs9Gclu3sgz/QPn8AtoudNA==</latexit>
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(q2 � 3(k � !)2)2

36k!

<latexit sha1_base64="+HLNGpE8Fz23j49zGQd9Y3ViMwo="></latexit>

K1/2 =
(k � !)2(q2 � (k � !)2)

2k!

<latexit sha1_base64="X/DZvj1YKSDlnarkeN5v34EJIOk=">AAACFXicbVDLSgMxFM3UV62vqks3wSJUsGVmkOpCoeBGcFPBPqAzLZk004ZJZsYkI5ShP+HGX3HjQhG3gjv/xvSx0NZDAifn3MvNPV7MqFSm+W1klpZXVtey67mNza3tnfzuXkNGicCkjiMWiZaHJGE0JHVFFSOtWBDEPUaaXnA19psPREgahXdqGBOXo35IfYqR0lI3f3LTteAlhI4vEE6L9x27VAxKTsRJHx13bH1GqR1M36NuvmCWzQngIrFmpABmqHXzX04vwgknocIMSdm2zFi5KRKKYkZGOSeRJEY4QH3S1jREnEg3nWw1gkda6UE/EvqGCk7U3x0p4lIOuacrOVIDOe+Nxf+8dqL8czelYZwoEuLpID9hUEVwHBHsUUGwYkNNEBZU/xXiAdL5KB1kTodgza+8SBp22aqUK7enherFLI4sOACHoAgscAaq4BrUQB1g8AiewSt4M56MF+Pd+JiWZoxZzz74A+PzB7VynLc=</latexit>

K1 =
(q2 � (k � !)2)2

2k!

Taking the average of previous formulas,




tensor perturbations:

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

cJ
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Z
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<latexit sha1_base64="Z7A2l1q2MsQDiC6ESrVirWKiDLw="></latexit>
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Z
d(log q) ✓(q20 � q2)(q20 � q2)2�h(q, q0,�q0)

Abundance is more UV sensitive.


<latexit sha1_base64="p+3TFfecFtfA+tztt4FYg2i45Jk="></latexit>
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Z
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q4
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+ · · ·

For small q formulas simplify:
<latexit sha1_base64="X0TuQn6SknP+s/jERF6C88B1Z0Q=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVGIEMKMhuhBIeBFPEUwC2SGoafTkzTpWeiuEULID3jxV7x4UMSrd2/+jZ3loIkPCh7vVVFVz08EV2BZ30ZmaXlldS27ntvY3NreMXf3GipOJWV1GotYtnyimOARqwMHwVqJZCT0BWv6/eux33xgUvE4uodBwtyQdCMecEpAS555RL3bK0ewAApOIAnFZXzmFItlXXYFO5J3e3DimXmrZE2AF4k9I3k0Q80zv5xOTNOQRUAFUaptWwm4QyKBU8FGOSdVLCG0T7qsrWlEQqbc4eSbET7WSgcHsdQVAZ6ovyeGJFRqEPq6MyTQU/PeWPzPa6cQXLhDHiUpsIhOFwWpwBDjcTS4wyWjIAaaECq5vhXTHtGhgA4wp0Ow519eJI3Tkl0pVe7K+erlLI4sOkCHqIBsdI6q6AbVUB1R9Iie0St6M56MF+Pd+Ji2ZozZzD76A+PzB/nBmPU=</latexit>
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✓
4

3
, 4 , 16

◆

The inclusive abundance is in fact exactly,



This mechanism allows to produce cosmologically dark sectors 
when the mass scale is negligible:


• massless fermions and gauge fields

• interacting CFTs

If these sectors are gapped by mass or confinement they will 
contribute to DM.


The background could be produced by inflation, first order phase 
transitions or any other violent event in the early universe.


Stochastic Dark Matter



Inflation produces curvature perturbations that depend on the 
evolution of the inflaton. This is described by the power spectrum

- Inflationary production: [Garani, MR, Tesi ’24]

At large scales the perturbations are small but they could be 
large at smaller scales.

<latexit sha1_base64="zC/zla3MrTplMGwfNaZ7CKnvpY0="></latexit>
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https://inspirehep.net/literature/2822430


<latexit sha1_base64="VIkrwlDQoOX/EulsDFkN20Cyjw8="></latexit>

nDM ⇡ 10�4 cJ ⇥�⇣(qpeak)q
3
peak

<latexit sha1_base64="OmdwW233h4d0w2h2U+QD3RhuwIc="></latexit>

�(~q, q0) = �⇣(~q )⇥ |I(q , q0)|2 , with I(q , q0) ⌘
Z 1

�1
d⌧ e�iq0⌧T (q, ⌧)

The power spectrum that controls particle production is,


Performing the  integral,
q0

<latexit sha1_base64="WK0Vg4TUMv/lUBWC+6EWoyBMzwA="></latexit>
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A⇣

4⇡2

Z
d(log q)q3�⇣(q)

<latexit sha1_base64="f9vtNFRh59XWQuZq2/CHWJrcXeA=">AAACKXicbVDLSgMxFM34rPVVdekmWMQWpMyIqAuFgi5cVrAqdEq5k95qMPMwuSPU4u+48VfcKCjq1h8xrVPwdSDhcM49JPcEiZKGXPfNGRkdG5+YzE3lp2dm5+YLC4snJk61wLqIVazPAjCoZIR1kqTwLNEIYaDwNLjc7/un16iNjKNj6ibYDOE8kh0pgKzUKlT9A1QELb9mZOlq3SdIB9daeY8fZ0LZXx/StTIfBm6QoHRVbhWKbsUdgP8lXkaKLEOtVXjy27FIQ4xIKDCm4bkJNXugSQqFt3k/NZiAuIRzbFgaQYim2RtsestXrdLmnVjbExEfqN8TPQiN6YaBnQyBLsxvry/+5zVS6uw0ezJKUsJIfD3USRWnmPdr422pUZDqWgJCS/tXLi5AgyBbbt6W4P1e+S852ah4W5Wto81idTerI8eW2QorMY9tsyo7ZDVWZ4LdsQf2zF6ce+fReXXev0ZHnCyzxH7A+fgEkD6kXQ==</latexit>

� (q, ⌧, ⌧
0) = T (q, ⌧)T (q, ⌧ 0)�⇣(q)

Metric perturbations are induced by curvature perturbations,

 is only mildly dependent on cosmology. This gives,
A⇣

<latexit sha1_base64="TVv2xZtnFyqtLKhxDBpmVVnClnM="></latexit>
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<latexit sha1_base64="DwDULXeUQYt6WDJMPX1kVyO1GdM="></latexit>
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Abundance is dominated by modes that exit horizon towards 
the end of inflation


Other contributions can easily be smaller,


<latexit sha1_base64="jJ1mqXCbYSmyOUOulc7IYhA/64U="></latexit>
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3
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3M2
PlH
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⇥ cJ

[Garny-Sandora-Sloth ’15
MR-Tesi-Tillim ’20]

- Gravitational freeze-in:

- Time dependent background: [Redi-Tesi ’22]

<latexit sha1_base64="QKSs6Zb4NF0RVzGdQlLZem+rPL4=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUg1DIwVGJhLBJ9SE2IHNdtrdpJsB1EFWVm4VdYGECIlS9g429w0wzQcqQrHZ1zr+69x48Ylcqyvo3CwuLS8kpxtbS2vrG5ZW7vtGQYC0yaOGSh6PhIEkYD0lRUMdKJBEHcZ6Ttjy4nfvueCEnD4EaNI+JyNAhon2KktOSZ+3de4ggOOXpIHUk5tK3b5KSWOseZTFqpZ5atipUBzhM7J2WQo+GZX04vxDEngcIMSdm1rUi5CRKKYkbSkhNLEiE8QgPS1TRAnEg3yV5J4aFWerAfCl2Bgpn6eyJBXMox93UnR2ooZ72J+J/XjVX/3E1oEMWKBHi6qB8zqEI4yQX2qCBYsbEmCAuqb4V4iATCSqdX0iHYsy/Pk9Zpxa5Wqtdn5fpFHkcR7IEDcARsUAN1cAUaoAkweATP4BW8GU/Gi/FufExbC0Y+swv+wPj8AQ7/mdk=</latexit>

qmax ⇠ 10�7 eV

<latexit sha1_base64="PR9pW+wTocqkt0yRe/u6TguH++4="></latexit>
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<latexit sha1_base64="VQDM5ikvXzmbn0zQDsorZ/Sw7OM="></latexit>
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https://inspirehep.net/literature/1831941


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

Modes re-entering the horizon during reheating are not diluted!




Gravity waves from inflation are unavoidably small leading to 
negligible particle production.

First order phase transitions also produce large background 
inhomogeneities especially with supercooling,

Both scalar perturbations and  gravity waves are produced that 
can source the production of spectator fields. The latter might 
be enhanced for rapid transitions.


If the source is classical a much larger effect can be produced 
similar to axion-photon conversion.

[Eroncel et al. ’25]

<latexit sha1_base64="PAEin8PfvDcI2N5JlJ2oszr2yLo="></latexit>

hµ⌫ ⇠
✓
H

�

◆2
�⇢

⇢tot

<latexit sha1_base64="NogjkjssGrsDNjF9JUF+EBqMO2o="></latexit>

⌦DM ⇠ cJ

✓
HI

MPl

◆2
M

106 GeV



SUMMARY
• Inhomogeneities allow for a new mechanism of particle 

production that works even for conformally coupled sectors such 
as fermions and gauge fields.

• Inclusive quantities are simply determined by the central charge. 

• This mechanism can be applied to the production of dark sectors 
that can host (heavy) dark matter. The formalism can be also 
applied to production from astrophysical systems or other 
defects and more generally to different perturbations. 



10-2 10-1 1 101 102

10-8

10-7

10-6

10-5

10-4

10-3

10-2

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)



tensor perturbations:

<latexit sha1_base64="Xf43ntHBj8Dg+oZ0mbGlhLA9pT0="></latexit>

K0 =

⇣
k4 � 2k2

�
q2 + !2

�
+

�
q2 � !2

�2⌘2

64kq4!

<latexit sha1_base64="SIICx65eVpY4jKZlQN09eeY8UM8="></latexit>

K1/2 =

�
(k � !)2 + q2

�
(k � q � !)(k + q � !)(k � q + !)2(k + q + !)2

64kq4!

<latexit sha1_base64="PR1IJoF1ftY7VmRWPsdJ2zpXr0E="></latexit>

K1 =
(k � q + !)2(k + q + !)2

�
k4 � 4k3! + 6k2

�
q2 + !2

�
� 4k

�
3q2! + !3

�
+ q4 + 6q2!2 + !4

�

32kq4!

Small q:

<latexit sha1_base64="xTMZd1WXo10+8t8/GctMh162OKk=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKFQaQKsHAwFCkvqQmRI7rtKaOE9kOUhV1ZeFXWBhAiJU/YONvcNoM0HKke3V0zr2y7/FjRqWyrG+jsLS8srpWXC9tbG5t75i7e20ZJQKTFo5YJLo+koRRTlqKKka6sSAo9Bnp+KPLzO88ECFpxJtqHBM3RANOA4qR0pJnQueKMIXgzQV0AoEwtGEVDr2U3k+ad1n3zLJVsaaAi8TOSRnkaHjml9OPcBISrjBDUvZsK1ZuioSimJFJyUkkiREeoQHpacpRSKSbTi+ZwCOt9GEQCV1cwan6eyNFoZTj0NeTIVJDOe9l4n9eL1HBmZtSHieKcDx7KEgYVBHMYoF9KghWbKwJwoLqv0I8RDoQpcMr6RDs+ZMXSbtasWuV2u1JuX6ex1EEB+AQHAMbnII6uAYN0AIYPIJn8ArejCfjxXg3PmajBSPf2Qd/YHz+ADepmMk=</latexit>

�L =
1

2
hijT

ij
<latexit sha1_base64="PnUmxJ1jqxBhSvTpUNLg7eOq0WY=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIrkoiUl1YKLhxWcE+oE3DZDppRicPZiZCCcWNv+LGhSJu/Qp3/o2TtgttPXDhcM69M/ceL+FMKsv6NgpLyyura8X10sbm1vaOubvXknEqCG2SmMei42FJOYtoUzHFaScRFIcep23v/ir32w9USBZHt2qUUCfEw4j5jGClJdc86CVYKIZ5n6HAzdjduBb0mctqlmuWrYo1AVok9oyUYYaGa371BjFJQxopwrGUXdtKlJPlzxNOx6VeKmmCyT0e0q6mEQ6pdLLJCWN0rJUB8mOhK1Joov6eyHAo5Sj0dGeIVSDnvVz8z+umyr9wMhYlqaIRmX7kpxypGOV5oAETlCg+0gQTwfSuiARYYKJ0aiUdgj1/8iJpnVbsaqV6c1auX87iKMIhHMEJ2HAOdbiGBjSBwCM8wyu8GU/Gi/FufExbC8ZsZh/+wPj8AdMslw0=</latexit>

@ihij = hi
i = 0

Kernels:

<latexit sha1_base64="dOoPKiEld8YS7hSWgSrUiHbfcD4="></latexit>

lim
q!0

Z
d cos ✓KJ =

1

5
cJ k2 + · · ·



slow reheating:
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<latexit sha1_base64="S+GkKAbKS4xbXZhJwjNUnw1+Ix8="></latexit>

A⇣ ⌘ 1

240

Z 1

1
dx|I(1, x)|2


