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WIMPS have not been detected yet!
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Consider feebly-interacting massive particles (FIMPs)
instead:

® They are never in thermal equilibrium.
® Production occurs via freeze-in mechanism.
® Avoids direct and indirect detection.

® Depends on the initial conditions of inflation and
the reheating mechanism.

In such models, the coupling between the visible
and dark sectors is assumed to be sufficiently small

to ensure out-of-equilibrium production.

SuperCDMS Dark Matter Limit Plotter

One can consider purely gravitational
production of dark matter!




Particle creation in
expanding universes.




Our starting point: QFT in curved spacetime.
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* Massive scalar field action in curved spacetime:

S = [ d'av=g| 50,0 = V(6) + 500" — gmix® = J(ME — &)

g = det(g,,) is the metric determinant l

Mp = 1/4/87Gy =~ 2.435 x 10*® GeV
R is the Ricci curvature

Inflationary Potential DM Mass Term DM Coupling to the Curvature



We introduce a scalar dark matter field, y,
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Vx = 5t X Dark matter action
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S = /d4aj\/ —q 5(8;0()2 — imi)f + §§X2R Non-Minimal Coupling
1
It leads to : (5’3 — V2 + Qngﬂ-)X — ()7 mgﬂ: = mi + 6(1 — 6§)R
Introduce a rescaled field : X — ax U Mokhanow and S. Wintaki

"Quantum Effects in gravity”

The momentum modes of the field X

d3k —k-x X A * ~T |
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where k is the comoving momentum and &L and ay are the creation and annihilation operators

Conformal time

|dt/d7' = X(T,X) —
"=d/dr /




We impose the Wronskian condition

X X} — X; X, = i

To solve the mode equations, we choose the positive frequency of the Bunch-Davies vacuum:

Xi(10) =

\/2wk )
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Xi(10) = —

iwk

\/ ka

These initial conditions correspond to the zero-particle initial state.

We find the mode equations: Angular Frequency
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Minimal Coupling /
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Gend Reheating > ¢ 6
‘5 5 5 Since the scale factor a grows, the mode frequency increases
End of inflation, when Vepng = ¢4 and Hz  Mp = Vena/2 This leads to the growth of ny.
n, — comoving number density N}, — comoving number density spectrum
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Long-wavelength (IR) regime
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T-model of Inf3ation

............................... " T2
0.06E Planck TT,TE EE+10WE+1ens1ng5 V(| ) - "M é - étanh | _|
0.05| +BK18 + BAOE 6M P
oot racaam] | 11 2" 10 ™ Heng! 6" 102 GeV
% 0.03] |
T Friedmann-Boltzmann equations
U2p % ]
S g +3H!, =111
0.01f
: ; . |L|| +4HT, = ' Ry
0.00 O.9:50 0.955 0.960 0.965 O.9I70 0.975 0.5)‘80 0.985 2

BICEP/Keck constraints on T-models of inflation. The panel compares the 68%
and 95% C. L. constraints in the (n, , r) plane with the model predictions for
different number of e-folds N.,, and Ny,

J. Ellis, M. Garcia, D. Nanopoulos, K. Olive, S. Verner, 2021
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Re-scaled dimensionless comoving momentt

K a

n, — comoving number density
H T+
a 3 m3

n

= o2 da off1 (a, 1)
n M

K is the physical momentun
q ! m, is the inRaton mas:
Hend @end
. . 1 :
Particle occupation number f, (k,t) = ﬂ e X T IX ,!<|2
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Long-wavelength (IR) regime

n, — comoving number density
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Short-wavelength (UV) regime:
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hyr ! canonically-normalized metric perturbation
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Production from the Inf3aton

Thermal Production
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where!, and"!, denote the DM energy density and its Ructuatior

from Planck
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DM isocurvature power spectrum for different non-minimal couplings, with each coupling represented
by a different color. The vertical lines indicate the present horizon scale and the Planck pivot scale.
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For out-of-equilibrivm DM production mechanisms, the Lyman-! bound is
dependent on the details of the production and decoupling of the dark particles
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Twowm o IS the WDM temperature

T, is the characteristic energy scale of the produced DN

T! = m- (aend/aO)‘ !qz"WDM # 12932

| > 1/4 1]
m, > 324¢eV m, > 3! 10 * eV
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Parameter space of the dark matter mass as a function of the non-minimal coupling, &. The white region displays the space compatible with the observed dark
matter abundance. The red region is ruled out by isocurvature constraints, the blue region is ruled out by the maximum possible reheating temperature, the green
region is excluded because of the BBN temperature, and finally, the yellow region displays the Lyman-/ constraint.



Conclusions

I In the absence of a non-minimal coupling, the isocurvature power spectrum is nearly scale-
invariant and must satisfy the constraint:

I In the limit where the bare dark matter mass is much smaller than the Hubble scale, the
isocurvature constraint is satisfied when:

T 0.03
| The Lyman-! constraint excludes masses lighter than :

| > 1/4 L]
m, > 324eV m, > 3! 10 * eV

| CMB-S4 and LiteBIRD experiments could detect the B-modes or the isocurvature modes in the
CMB narrowing down the gravitational particle production models.
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