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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:
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What if DM interacts only gravitationally?



. . . G -Sandora-Sloth ’15
_ Gravitational freeze-in: O )
SM DM
1
_ SM—-DM_po, vB  —pSMpDM

SM DM

Y = 2 Y —
AT HT (YD Y ) D(O) 4/0 T H eq

(ov) = 4{ogv) + 45(01 /2v) + 12(01 V)


https://inspirehep.net/literature/1831941

X-sec can be obtained through the optical theorem:

Trot(S) = Im[A(s)]forward
V/s(s — 4M?)

1 1
A ~ Tspr 5 (T(p)T(—p)) — Tss
p p
In relativistic regime:
T 3
(T(p)T(=p)) ~ ep* log(—p?) o~ 510 ep (ﬁR) T
p

Free theory:

Qh?  YpM _ cpM T\’
0.12  0.4eV ~ 2-106GeV \ 1015 GeV
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Gravitational particle production: rocdings

: , . . Kolb, Riotto, Giudice ‘90s
We live in an expanding universe: Kolb, Long "24]

ds* = a(7)*(dr* — d2®)

In a time dependent background particles are produced due to the
non-adiabatic evolution of the vacuum.

winitial

As for the time dependent harmonic oscillator the initial vacuum is
intferpreted as an excited state at late times.



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

Production of the inflaton generates the seeds of perturbations
that eventually give rise to all that we see:
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Could DM be produced by the expansion of the universe?



Cosmological particle production is associated to the breaking
of Weyl invariance (g,w(x) — Q(f)quv(ﬂf)):

« Kinetic term:

1
L= §gwjau¢av¢

During inflation each mode is produced with an amplitude Hp/(2m)
that is constant till horizon re-entry. This gives a large abundance:

1 dp  Hj \/M{@ k> k.

1 S k

sdlogk — (2m)2 pr3/% | 4 k< k,
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10—%eV
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Inflationary production generates non-adiabatic perturbations
in DM that are strongly constrained.

e Mass term:
L =9(in"D, — M)U

Particles are produced during reheating or radiation when
the mass becomes relevant leading to smaller abundance,

. A 5/2
bM 10° GeV

Massless fermions and in general conformally coupled theories
are not produced in a homogeneous FLRW background

ds® = a(7)*(dr? — d2*) > X =0



= v aleknejad, Kopp ’24
ds® = a*(7) [ + hy (1, ©)]dz" da ngalnil,(Mli\,'dl'eL(i Ei '25]
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:

1 oTHY

p = shu
2" S

= 0" (10" 9) + 15 (20"0" + 1" D),

The abundance can be computed from the Bogoliubov
transformation induced by the background. To first order:

L & 5TH
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Scalar and tensor perturbations can be parametrized as

ds? = a*(T)[1 + 20 (7, 7)|dr? — a>(1)[0:;(1 — 2U(7, &) — hy; (7, 7)]daidz?

We decompose:
d>q -
| e hi(T,cf)ei((j)—l—h.C.

7) = Zi: / (27rq3

O(r,7) =P+ V¥, Y(r, ) =d— U



Due to Weyl invariance > does not contribute
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With these formulas we can compute fully differential
quantities from scalar and tensor backgrounds.



An alternative approach is to follow Schwinger.
One can compute the vacuum persistence as the overlap of in
and out vacuum

1I'1p1 —2ImI' 1 p1

»  |[{out|in)|]* = e

(out|in) =€

The number of decays is:

N =~ QIm[Flpl]

Contrary to Schwinger pair production it is very easy to
compute l'ip1

Sy = % / Ay ()T ()

To second order in the perturbations:

Curt = 7 [ G (~0) T (@) (—0) " )



For conformally coupled particles <TT> is completely fixed!

<TMV(q)TPU(q/)> — (2%)454(q T q/) 7626#2 HWpa(Q) log(—q2)

H,ul/pa (Q) = (277,UJV7T,00 _ 37T,pr7TVO' T 37T,1L0'7Tl/,0) ) Uyny — TLW/QQ — ququ

Now logx = log |z| + im0(—x) g0 that
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There is one last surprise... the theory is Weyl invariant so the
answer must contain the Weyl tensor!
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Bogoliubov vs. Schwinger

Formulas look very different...

Bogo ~ [ &k [ dalh(q.k+w)PK(k.q.cos0)

Schwinger ~ /qu/dBQ\h(q,qO)PK(q,CJo)

This suggests the change of variables:

k+w = qq > qo:k+\/k2+q2—2chosé’

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.



In cosmology we are often interested in stochastic backgrounds.

scalar perturbations:

ds® = a*dr?[1 + 2VU(1,%)] — a*[1 — 2V (7, Z)]dZ* .

(W)W (7)) = (2m)363(7 - (P)%Aw(qm )

Taking the average of previous formulas,

d(na3) k3
— 1 ,
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For small q formulas simplify:

1 4
;i_IE(l) dCOSHKJ:%CJ%—I—"’ CJ:<_74716

The inclusive abundance is in fact exactly,

d(na®) ¢y
dgo 24072

/d(log 0)0(q5 — ¢°)q* Aw(q, 90, —q0)

tensor perturbations:

d(na®) ¢y
dgy 64072

/d(log q0)0(q5 — a°) (a5 — ¢°)*An(q, 90, —q0)

Abundance is more UV sensitive.



Stochastic Dark Matter

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 o DM.

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



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

Inflation produces curvature perturbations that depend on the
evolution of the inflaton. This is described by the power spectrum
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At large scales the perturbations are small but they could be
large at smaller scales.
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Metric perturbations are induced by curvature perturbations,

Ag(q,7,7") =T(q,7)T(q,7")A¢(q)

/

a
T"(q,7) +3—(1+ u)T'(q,7) +u2q°T(q,7) =0

The power spectrum that controls particle production is,

A(q,q0) = Ae(q) X Z(q,q0)|*, with Z(q,q) = / dre "7 T(q, )
Performing the 9o integral,
3 AS 3 c_ 1 [ 2
L d(log q)q°A¢(q) At = oo 1 dz|Z(1,z)|? ~ 0.008

AS is only mildly dependent on cosmology. This gives,

npMm ~ 10_4 Cj X AC(quak)qgeak



Abundance is dominated by modes that exit horizon towards
the end of inflation

3
Qo ~ 107, SJ\J\%);IE B¢peaic) ~ € Acl(gin;)() 107]\(4}ev
Gmax ™~ 1077 eV
Other contributions can easily be smaller,
- Gravitational freeze-in: [Garny-Sandora-Sloth 15

MR-Tesi-Tillim "20]

SM DM
MEk3
QDM‘GFI%10_5 2R2 X Cjg >'\I\’\’\A<
3Mp, Ho SM DM

- Time dependent background: [Redi-Tesi "22]
M K3 M \*?
) ~ 1072 M e
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Modes re-entering the horizon during reheating are not diluted!



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

HI>2 M

Qpyt ~ ey | L
DM ™ € (MP1 106 GeV

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

o (4) 2
H 5 Ptot

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]



SUMMARY

e 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.

e 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 fo different perturbations.
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tensor perturbations:

1
AL =

= 5hi T 0'hij = h; =0

Kernels:
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slow reheating:
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