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Intro

R ——

® Compelling evidence for the existence of Dark Matter (DM) on different astrophysical scales (galactic,
clusters of galaxies, cosmological scale,...)

® — 84Y% of the matter 1n the Universe 1s DARK

® DM candidate: stable (lifetime must be long compared to cosmological timescales), (dominantly)
Non-relativistic, electrically neutral and colorless. (Only?) gravitational interactions

® What 1s DM? How was produced?



Intro

Gravitationally produced Sterile Neutrinos

D M L AN DSC APE as non-thermal Dark matter
/ A. Boyarsky, O. Ruchayskiy and M. Shaposhnikov, ‘09
A. Boyarsky, M. Drewes, 1. Lasserre, S. Mertens and
O. Ruchayskyy, ‘19
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(Q-balls, nuggets, etc)
MoND non-thermal dark sectors e black holes
bosonic fields sterile v

can be thermal

N

Tongyan Lin °19
TAST lectures on DM
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BASICS OF THE
MODEL
(INFLATIONARY PART)



The basics of the model

® Starting point: A conformally invariant fermionic action of a field ¥ with mass M (breaking scale
invariance) on a FRW contormally tlat metric

ds* = a(zo)” nuwdztde” Sy = [d*z\/|g|¥(i7*Ve— M) (17v*Vo — M)W =0

~ —1~
G = Vg, UW=0Q7320  |eg=0"¢€  To =1

(14" 0y — a(n)M) ¥ =0
|

® Flat space Dirac equation with a time-dependent mass causing particle production
V. Mukhanov, 2005

L. Parker ’69, A. A. Grib and S. G. Mamaev ‘69
S. G. Mamaey, V. M. Mostepanenko and A. A. Starobinsky, ‘76

® Next step, however a non-trivial task, 1s to solve the e.o.m. revealing the particle production etfect
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The basics of the model




The basics of the model

az.|()> _ bi‘()> — 0 BD-vacuumn| T S-BunchandP.C. W. Davies, ‘78

Average number of

Bogol.?;u.bov / \ particles at the IN-
coefficient
vacuum




Other scenarios

CGPP
N. Herring and D. Boyanovsky, Phys. Rev. D 101, no.12, 123522 (2020)

J. Klaric, A. Shkerin and G. Vacalis, JGCAP 02, 034 (2023).
Edward W. Kolb et al., Higgs Inflation: Particle Factory, arXiv: 2510.24651 (2025)

Edward W. Kolb, Andrew J. Long et al., Greation of spin-5/2 dark matter via cosmological
gravitational particle production, arXiv: 2512.16976 (2025)

Graviton Exchange Mechanism (GEM)
N. Bernal, M. Dutra, Y. Mambrini, K. Olive, M. Peloso and M. Pierre, Spin-2 PortalDark
Matter,Phys.Rev.D 97 (2018)115020

Y. Ema, K. Nakayama and Y.Tang, Production of Purely Gravitational Dark Matter, JHEP
09 (2018)135

Y. Mambrini and K.A. Olive, Gravitational Production of Dark Matter during Reheating,
Phys.Rev.D 103 (2021)115009

B. Barman, S. Clery, R. T. Co, Y. Mambrini and K. A. Olive, JHEP 12, 072 (2022)
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INFLATIONARY
PRODUCTION




The setup

® Focus on a Radiation Dominated universe after Inflation

1 -1 1
— H 1 f < °H, |
i ={ (=) om0 (o L

) for n > 0

® Assume 3 right-handed Dirac neutrinos. 2 responsible for neutrino masses and the lightest 1s the
DM. For a time-dependent fermion mass M = M(y)

® 'T'he standard Higgs field & with quartic coupling 4, takes on a large value 1n the Early Universe

A. A. Starobinsky and J. Yokoyama,
Phys. Rev. D 50, 6357-6368 (1994)

1



The setup
= |

h(z) = h(zx) + fluctuations

h(z): kja< H
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The setup

A
H D. Da Silva, F.K., M1
O. Lebedev, S. Pokorski . .
inflation : :
= , 5 s 5 X

® ‘I'wo possibilities |1) Step-function massfand 2) Smoothed from thermal effects M o T o< 1/a

® 3 mechanisms for SN production:|1) Gravitational production| 1) Higgs condensate decay, 111) Freeze-in

13



Step-function mass

—0o0 < 1 < Mo
M 6O(no —n) +mb(n—mno)
Mo < N < O
In-wavefunction
- . 2" For u, e.o.m.
2 I 2 2 1 M M b
nuA+(k77 + | )uA:O Just set
_He HeQ_ M- —-M

in Tk i (—iM/H.) (1) k
U’A (CL) — \/4@[{6 € 2(1 M/ )Hl/z_iM/He (CLHG)

in Tk imaim H.) 77(1) k
up (CL) — \/4@[—]@ e 2(1_|_ / )Hl/Q—I—iM/He (@He)
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Step-function mass

Out-wavefunction: 5 > 7, uA -+ (]{2 -+ ZmCLQH + 7 m2a4H2) — ()

- C N M k
uOA“,’;(O) ~ ¢ TC/ A9 mIC)2 \/cosh% X (1 + 1 T O (%He )
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Step-function mass

Particle number

_ . ,,out . ,,out
Bl = |uly pup) — up yully | m=10"H, M =10"2H,, N = 6
0.500
1 M k
‘616‘ ~ N2 — 2 lIl
2 H, aeH, 9 ~ H,
0.100
0.050
|Br|?
k., 2
0.010
0.005}
() =0 —>
At H(ay) = M — k. = ay,M
Only part%c/les wz]'Zz p/zysicai Z’I—m0menta 0.001" 104 0001 0010 " 0.100
a < M are create k/a,H.

Non-relativistic
16




Step-function mass

Particle number

n~4></(

A3k . , 2 -, 1 V2, MT? gl
e O (Fx — K) B o g e @ BT = 5 N G

DM observational

constraint

y < 4.4 x 10-10 &V

M

| Sterile Neutrino production durmg inflation zsznszgnzfzcant unless it is v

1 /zecwy AZSO Y, <Y, Higes « Y,

|




Slow effective mass decrease

Particle number 1 M/H,=10 ",107*,10"*,m/H, = 107"
e | |
n~ —N°M° = 0.500 f
3 a o
T hermal cut-off 0.100¢ . th o
th 0.050f :
k* = ay M |,3,\,_|2
Particle abudnance iy |
0.005[- :
3
YSIOW ~ 10—3 X N3 M
UR : : N I . . N | : . N P
(]wPl}Ie):;/2 0 104 5. % 10-40.001 0.005 0.010 0.050 0.100

k/a.H

Yfast ~ Y'slow X N \/ — < 1/slow
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The constrains

10—10
10—15
1072

—25
D 10

C\lg B
3= 10 30
10—35
10—40
10—45

1077
103 1072 107t 10 10! 102 103 104 109
M [MeV]

V. De Romeri, D. Karamitros, O. Lebedev and
T. Toma, JHEP 10 (2020) 137
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POST-INFLATIONARY
PRODUCTION




Oscillating period

® Inflation completes and the Intlaton field ¢ oscillates around 1ts minimum

Classical time-dependent background which naturally
leads to particle production

® Quantum (and classical) gravity eftects induces gauge invariant Planck-suppressed operators
among various fields including the Inflaton

Particle production takes place even in the absence of direct
renormalizable couplings between the inflaton and other fields

® For ¢y < Mp, after Inflation an EF1 description 1s on giving in leading order the dim-5 operator

C ¢2 NTaV, under ¢ - — ¢ and P M ¢2— W
1

N D conservation

21



Oscillating period

® '1'he Wilson coetlicient C

W. Buchmuller, K. Hamaguchi,
O. Lebedev and M. Ratz, Phys.

1) Demands a complete quantum gravity theory, e.g. via an n-pownt_function in Rev. Lett. 96 (2006)

string theory

2) Dnfferent structure compared to those generated by graviton exchange, no
relation to T,

. | , Y. Ema, R. Jinno, K. Mukaida and
3) Dim-5 operator breaks CF'T as classical gravity does but C 1s not K. Nakayama, Phys. Rev. D 94

11?70]7071%072&[ to M (2016) 063517

® There are no general arguments to naturally suppress C and 1s treated as free parameter under C < 1

22



Oscillating period

Fermion production rate

@
¢2 (t) = Z Cne_mwt w 15 the oscillation frequency and §, are slow functions of time

23



Oscillating period

Relic abundance

. . . . | 218
1 he particle density for Dirac fermions n+ 3Hn = 2T I " CL3 _ / da CL2 <L

15 found via the Boltzmann equation

Quadratic Inflaton potential

1, Qo
V—§m¢ ~ 3/2

_ C2m¢ ¢8
2\/67TMP1 a’




Oscillating period

Constraints and implications

H,~107°M
GeV e <1070 AY?
¢O M Py ~ 0.1 Mp, M

For YQG <Y

3

/4 1/4

Unless Ayg > 1, C < 1 for M > GeV otherwise the Universe
would be too dark

Quartic Inflaton potential

V = i)\gb¢4 W =~ 0.85\/ )\¢¢O/a Cl = 025¢(2)/CL2

No dependence on reheating temperature!!! (or = Ayg = 1)

25



Results

® For both cases C(M ~ keV) ~ 1072 - 101

The QG dim-5 operator with a small Wilson coefficient can generate all of the dark

matter cven in the keV regime

® SN are cold DM 1n contrast to the Dodelson-Widrow mechanism (EUR related to Tqyy)

E, ~m, < V"~ Tgy

SN become non-relativistic at Toy > M and are cold at the stage of structure formation

® The gravitational production mechanism 1s operative irrespective of the active-sterile mixing

angle ©

Up = Uy X-ray and gamma ray emission as well as Swonatures of decaying dark matter as
vp > ve e’ CMB distortion monochromatic photons

26



The message

1072 107t 10Y 10! 102 103 104 109
M [MeV]

V. De Romeri, D. Karamitros, O. Lebedev and T.
Toma, JHEP 10 (2020) 137
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Conclusions

® Connection with GU'ls: Sorry for that but not explicitly
® DM 1n the form of SN 1s produced only gravitationally via Inflaton during and after Intlation

® During Inflation the relic density of the produced (cold) Dirac SN, even though enhanced due to
the Higgs condensate, is extremely suppressed for M < 6 x 10° GeV

® At the post-inflationary regime quantum gravity operators break conformal invariance and
couple the SN with the Intlaton. At leading order a dim-5 operator with a relatively small Wilson
coefficient can generate all of the dark matter of the Universe even in the keV regime with
observable signatures

® Future plans: Connection with baryogenesis via leptogenesis, further investigation of majorana SN
production under the presence of a spectator scalar field and extension to vector field case among

THANK YOU!!




