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All evidences for the existence of DM are due to gravity.

It would great if it had interactions with SM:
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Is this wishful thinking?
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What if DM interacts only gravitationally?
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We may never Know...

How is dark matter produced?

There are infinite model independent ways for example:

- Inflaton decay

9o
PD — ———PSM
gsm
- Some bridge
Ip="1T

Could dark matter be produced by gravity itself?



Gravitational freeze-in

[ Garny, Sandora, Sloth '15]

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

Abundance:
3 3
np cp (IR 4 IR 4
~ 0.0014 ~5-10 _-— T
Neq gD (Mp) i D <Mp>

Thermalization increases the abundance. [MR, Tesi, Tillim '20]



Quantum production i e e .

]

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

1. M2, g, _ -
L=:(09)° - —-¢"+2¢"R ap =v

~wi(n)z

vy (1) + wi(nvk(n) = 0,BD — vacuum

wi(n) = k> + M2a®(n) + (1—6¢)

a(n) winitial
Solving wave-equation we determine Bogoliubov coefficients:

a4 d,O _ ]{3 ’anfUP : w%‘U‘Q _% :k—BCUk;‘ﬁk:‘z
dlogk 272 2 2 2 272




- Minimal coupling:

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

1 dpx .1 H} VM % k> k,
sdlogh|e._g  go(M)V* (2m)% pr3% | 1 k< k.

k. = aeq\/MHeq

Light non-thermal DM:

~ 1014 GeV

Q5=h*  p/s M, Hj ’
0.12  044eV  V 6x10"%V

The flat IR energy spectrum is grossly excluded by isocurvature
perturbations.



- Conformal coupling:

Particle production vanishes in the massless limit for & = 1/6
corresponding fo conformal coupling fo curvature. The action
becomes Weyl invariant

gw/(x) — Q(aj)gw/(x) ; P(x) — Q_l(aj)gb(x)

More in general particle production vanishes for Weyl invariant
theories:

T/ =0
This is generic: fermions, gauge fields, strongly coupled CFTs.
Only exception minimally coupled scalar that naturally appears
as Nambu-Goldstone boson due to shift symmetry.
Relativistic ~ conformally coupled.



Inflationary production is often discussed for free theories.
In what follows I will highlight how interactions might change the
results:

® Dark photon Dark Matter

® Phase Transitions



Vector DM

- 2204.14274 with A. Tesi
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[Caputo et al '21]

Great interest in (Stueckelberg) dark photons!



2 theories

Stueckelberg

3=2+1 2+2=3+1=4



- Stueckelberg:

Massive spin-1 field described by the Proca lagrangian:

1 2
L — _ZF'UQ“V -+ 7((%6’ — gA,u)Z
3=24+1 free theory

- Higgs:

4=3+1



At high energies a Stueckelberg vector is equivalent to a
minimally coupled scalar + massless gauge field. Scalar is produced
during inflation but evolution is different:

. 2k : k? 5
AL—|—H 1+k2—|—a,2M2 AL‘I'?AL‘FMAL:O

(aH)1 H=M

[ Graham, Mardon, Rajendran '16]



scalar vs vector
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Dangerous isocurvature perturbations eliminated!



Higgs Dark Photon

12 2 | 2 22|| 2
Lo =! ZFA +Du! L1 P o+ PR

In flat space U(l) symmetry is spontaneously broken:

MA:gf7 M¢:\/2_)‘f

Dynamics depends on the scale of inflation:

2 2

| f
V=1 []° - +12H2"|! |?



- Higgs phase:

H <f & 24lHf<"f?= —

Symmetry is broken during an after inflation, d.o.f. are massive
vector and a Higgs. Dynamics is model dependent:

¥Mpa <H,|, <M,

Stueckelberg dark photon is recovered:

QGMRp2 M, ( H; )2

012 ~Vex105ev \ 101 GeV

Light dark photon requires ridiculous couplings:

g<6-107% (1014 Gev)5 ~3.1071 ( Ma )5/4

HI GeV



Such small couplings might be incompatible with the weak
gravity conjecture. In the simplest version

I <gMy

Arkani-Hamed et al ‘06

Naively imposing the weak gravity conjecture Hi <GMp
To reproduce the abundance:

H; < 10" GeV, M, > 50 GeV

Even for Stueckelberg theories not clear if a large
gap between Ma and Hi can be generated.

Reece ‘19



¥Ma 1 <H,

The scalar participates to the dynamics.

For minimal coupling it is copiously produced during inflation
and then decays to dark photons if kinematically allowed:

p_A ~ 5 X 10—3 ]:II2 MA ( 100 )1/4 log k*
S ldecays M1§1/2 M¢ g*(M¢) HO

Isocurvature constraints are back to life:

"
o ! (—=22)2# 10 Y K1 Kemp

liso ! —— 11" AA l iso | M— If stable

|
Isocurvature can also be suppressed Myt Hy
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- Coulomb phase:

H, ! f

Symmetry is restored during inflation:

2 2

V=1 []° - +2H?! |

| =
¥ 5

ol

Inflationary fluctuations are negligible however symmeftry is
restored due to the coupling to curvature. During reheating or
radiation the symmetry gets broken and a string network forms
through the Kibble mechanism. Dark photons are emitted similarly
to axions:

I 2 P 1/4
!—Al | Ma f3/ : 100
S string M P g

[ Long, Wang '19]



¥ =0

Inflationary fluctuations

H,

1
2"

The field is coherent over distances:

. _
-
d! H, exp|

For small ! symmetry is broken during inflation so the Higgs and
dark photons are produced.

|

N

TAY
S

inf,decays Y4 (Mp)32 Ho

Avoiding isocurvature requires ! ! 1.



Its complicated!

My > Hp > My Hp> My > My Hr > Mp > My
f>Hj GMR GMR + ¢-decay + (iso) € =0 | GMR + thermal-FO + (iso) £ =0
f < Hp, &= % — string network string network
f<H&E=0 — string net.+ ¢-decay +(iso) string net. + thermal-PT +(iso)

Stueckelberg DM only recovered in tiny regions of parameters.

Strong constraint from isocurvature perturbations unless the
sector is Weyl invariant.



DM from a
Phase Transition

- 2210.03108 with A. Tesi
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H ! M

I will consider Weyl invariant dark sectors that undergoes a phase
transition.

- Conformally coupled scalar:

_ ()2, 1
L = 5 '2“

1 #
2"2+ _II2R I _||4
12 4

¥u? > 0

v+ K2v+ MZ2a2v =0

Particle production peaked at:

YA

K # ar  HgM TrR> MM,
a

k = . 0% H 1/ 3 %
P § ar HrM WR Tr < MM,

H=M =




@ radiation:
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¥p2< 0

In flat space the minimum is at ' = T During inflation the

conformal coupling produces a positive mass 2H{ 5o that the
symmetry is restored. A phase transition takes place in
radiation or reheating releasing the latent heat:

The abundance is:

. . |, | | 3/ 2
radiation: D2 2V MM
S pT s(Ty) MS/Z
| VAR T M2
| = ~ 1 05-2

. |
reheating: sl T STR) & M 2



Gravitational freeze-in:
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G luebdl l DM [see 1710.06447]

A very minimal scenario for DM is a decoupled ““pure glue”
gauge theory. Simplest example is SU(3).

M b Lh
! I 5.5 !—4! 1.4

Lightest glueball is a CP even scalar that is automatically
stable:

4 : S
Moy g 10° Gev
MDG Mbc

- thermal scenario

If the sector thermalizes in the relativistic regime



Gravitational freeze-in: [MR, Tesi, Tillim "20]
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- No thermalization:

Gluons are deconfined during inflation for Hi > !
Inflation prepares the system in an empty false vacuum state.
As for the scalar an energy ! * will be released @ H ! ! :

| ba | 82
L ‘%6 011 Min - R
-:-N: . . » y 2
:—_\o o S Mp Mp
7

!u # !u $ !u % !u & !n ! !u ( !n ) !u * !n " !u I !n 1# !u 1$ !n 1% !u 1&

g



- Dilaton Dark Matter:

Very similar conclusions in strongly coupled scenarios described
by their holographic Randall-Sundrum dual (with light dilaton).

s 2
VA N 4
64! 2
MZ21 112
. | dilaton | NZ 1 M52 TeM2
) dilaton } — 602 1% min 0.5 3 II:\\)/IZ
S pt [#% Mp 0




SUMMARY

e Interactions can significantly modify inflationary production
of dark matter.

® Massive vector DM can be realized through the
Stueckelberg lagrangian or the Higgs mechanism.
Phenomenology is vastly different. Only Weyl invariant
theories are safe from isocurvature constraints.

e In the second part I suggested the possibility to populate
the dark sector through a phase transition. The mechanism
iIs more simple for Weyl invariant theories where the control
parameter is Hubble. Non thermal phase transitions should
be further studied.



- ' _functions:

For Hi > ! the gluons are deconfined during inflation.
Since the action is Weyl invariant inflationary production
is small. In curved space 1PI effective action,

:!i.l gzbOlog(”)G b

492 16! 2

! 2
Al + K2A7 1 2! %A!T:O, =1 DY

One can compute the abundance of gluons by solving the wave-
equation,

4 4
ae

H
!gluons! (N2 1) ||2a4# H4



