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@ Dark matter from spectator fields during inflation

@ Spin of dark matter: Spin-0, spin-1, spin-2

@ Summary



Slow-roll inflation

Scalar field with slow-roll potentials
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can drive inflation. Danial Baumann (2009)

Its quantum fluctuations 0o (1, x) = ¢(t,x) — (H(t))
characterized by curvature perturbations R = %(5('} (in

spatially flat gauge) satisfy
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Superhorizon curvature perturbations —k7 < /2 or
k < +/2aH;,; are produced through interaction with gravity.



CMB observation
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CMB observation
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f— Inflation Hot big bang

Inflation generates almost Gaussian, almost scale-invariant,
and almost adiabatic perturbations




The superhorizon curvature perturbations provide the
seed for the “visible matter” in the universe
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https://svs.gsfc.nasa.gov/12307



Dark energy

Inflation Dark ages The first dominated
stars and
galaxies

100 million

50,
Radiation Matter dominated

Karim A. Malik & David R. Matravers, How Cosmologists Explain the Universe to Friends and Family

Can spectator fields (fields with subdominant energy)
during inflation provide DM?
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@ Dark matter from spectator fields during inflation



Mass of dark matter

The dark matter spectator fields should be almost massless
during inflation and massive before the time of matter and
radiation equality:

° to allow efficient particle production

° to make the produced particles non-relativistic
before the matter-radiation equality

_4 . .
PDoM X a a<ax [ax is the solution of
a® a>ay H(a) = m]



Mass of dark matter

The dark matter spectator fields should be almost massless
during inflation and massive before the time of matter and
radiation equality:

° to allow efficient particle production
° to make the produced particles non-relativistic
before the matter-radiation equality
—4
a a<an i -
pom <3 [ax is the solution of
a a > an H(a) — m]

“Roughly” speaking, we may produce dark matter
particles in the mass range

107%leV <« m < 10°GeV



Spin of dark matter

The dark matter spectator fields may have
different spins:

® Spin 0: Axion, - --
e Spin 1:  Dark photon, -

e Spin 2:  Massive graviton, - - -
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@ Spin of dark matter: Spin-0, spin-1, spin-2



Spin-0: Scalar dark matter

Massive scalar field v minimally coupled to gravity g, and
inflaton ¢ during inflation

2
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Since v is an spectator field, its contribution to the curvature perturbation is

negligible. Thus, explanation of the CMB spectrum will be similar to the single field

inflation.

Quantum fluctuation of ¢, du)(t, x) = ¥(t,x) — (¥(t))
characterized by & o< 01 satisfy

S / m?,
(a8)" + [(kr)P=2+85] T k0, Bs= /T;f

Assuming my, < Hj,¢, superhorizon modes —k7 < /2 or
k < \/2aH.,,; are produced through interaction with gravity.

D. Polarski, A. A. Starobinsky, PRD (1994), T. Tenkanen, PRL (2019)



Spin-1
Massive vector field A, minimally coupled to gravity g, and
inflaton ¢ during inflation
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1 longitudinal (helicity-0): Scalar dark matter 5
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It CAN be excited through gravitational particle production.
P. W. Graham, J. Mardon, S. Rajendran, PRD (2016)

2 transverse (helicity-1):
Aix+wirAa =0 wiy = [(kr)?+04] /7% A= (+,-)

It CANNOT be excited since we always have w? > 0.



Spin-1
Massive vector field A, minimally coupled to gravity g, and
inflaton ¢ during inflation

M3 1
L=y R 3870000 = V(0)
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1 longitudinal (helicity-0): Scalar dark matter 5
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It CAN be excited through gravitational particle production.
P. W. Graham, J. Mardon, S. Rajendran, PRD (2016)

2 transverse (helicity-1):
Aix+wirAa =0 wiy = [(kr)?+04] /7% A= (+,-)

It CANNOT be excited since we always have w? > 0.

Is it possible to excite light m < H,,r spin-1 (helicity-1)
particles during inflation?



Spin-1: Conformal symmetry

The origin of this difficulty is the conformal symmetry.

The transverse modes can be excited through direct
interactions between vector field and inflaton which breaks the
conformal symmetry
MI%I 1 ny
L= PR~ 2g"0,00,0 — V(0)
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1 longitudinal (helicity-0): Scalar dark matter
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It CAN be excited even for o, = 0

2 transverse (helicity-1): Vector dark matter

Aps+ wﬁ’AAh,\ = wi’)\ = [(kr)2—(,x,,-,,t+ﬁA] /% A= (+,-)

It CAN be excited for cv;,; # 0 as w? < 0 can be achieved.



Spin-1: Vector dark matter

Considering direct interactions between vector field and
inflaton, some VDM models have been suggested in recent

years M2 1
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The mode functions v\ = f(¢)A \ satisfy
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M. Bastero-Gil, J. Santiago, L. Ubaldi, R. Vega-Morales, JCAP (2019)
K. Nakayama, JCAP (2020)
Y. Nakai, R. Namba, Z. Wang, JHEP (2020)

B. Salehian, MAG, H. Firouzjahi, S. Mukohyama, PRD (2021)



Spin-2 DM: Higuchi bound

Spin-2 field o, with mass m that is minimally coupled to

gravity g, and inflaton ¢ during inflation
2 1

M
L= %R - ig“’j@“(b@,@ — V(o) + Efree[aul/]
Spin-2 field has 5 dofs:
¢ 1 longitudinal (helicity-0): Scalar dark matter?
® 2 transverse (helicity-1): Vector dark matter?
® 2 transverse-traceless (helicity-2): Tensor dark matter?

For massive spin-2 particles in de Sitter space, there is a
forbidden mass range (to avoid existence of ghost) (a wiguchi, Nuct

Phys. B (1987)]

As inflation is a quasi-de Sitter phase, one may expect that
the deviation from the Higuchi bound will be small.



Spin-2 DM: Higuchi bound

Spin-2 field o, with mass m that is minimally coupled to

gravity g, and inflaton ¢ during inflation
2 1

M
L= %R - ngaufbaz@ - V(¢) + Efree[U;w]
Spin-2 field has 5 dofs:
¢ 1 longitudinal (helicity-0): Scalar dark matter?
® 2 transverse (helicity-1): Vector dark matter?
® 2 transverse-traceless (helicity-2): Tensor dark matter?

For massive spin-2 particles in de Sitter space, there is a
forbidden mass range (to avoid existence of ghost) (a iguchi, nuct

Phys. B (1987)]

As inflation is a quasi-de Sitter phase, one may expect that
the deviation from the Higuchi bound will be small.
Is it possible to produce light m < H;,r spin-2
(helicity-2) particles during inflation?



Spin-2: Tensor dark matter

The origin of the Higuchi bound is the isometries of the
de Sitter space.
Similar to the case of vector field, we can break the
symmetry and relax the Higuchi bound by assuming
direct interaction between the spin-2 field and inflaton
2
L= /V;PlR - lg‘”aucb@ﬁ V(9) + Liree [Uul/]+£int [0)w: @]

In the context of EFT (L gordin, et a, scap 2018y, the mode functions
for 5 helicities Okl = {Sk, Vk+, VkX, TkJr, TkX} are [MAG, arxiv:2305.13381

[astro-ph.CO]]
" 2 2 2 2 3 2
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where ¢; = {cs, ¢, ¢, ¢, ¢} are sound speeds for the different
helicities. The explicit forms of ¢/, @;,;, and the mass term
3, = m?/H? are determined by the EFT free parameters.



Relic density of spin-2 dark matter
Assuming instantaneous reheating
3MEHZ = (7°/30) g, T}

where H, is the Hubble parameter at the end of inflation and
T, is the reheat temperature, we can estimate the dark
matter relic density today

. \°
Oy = O (10716) Ce(cr, Ne) <1012 GeV) <1renv)

The two conditions and leave us with
allowable mass range

-6 T < M 15 T ’
0(10°) (fgmgm) = 12 <0 (10°) (gmsey



Assuming the spin-2 particles provide the whole DM Qo = 0.27
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Model | : ¢, ¢y, c: = O(1), Model Il : ¢5,¢c, = O(1), ¢ < 1,
Model Il : ¢;,¢c, < 1,¢: = O(1), Model IV : ¢, ¢y, c: < 1

103eV < m < 10° GeV



Outline

@® Summary



Summary

® Inflaton field generates curvature perturbation which can be probed
by CMB and serve as seed for the observed large-scale structures in
the Universe.

® Spectator fields may exist during inflation and can generate seed
of dark matter.

® Spin-0 spectator fields can be generated through a very similar
mechanism that inflaton generates curvature perturbation.

® Spin-1 spectator fields can be generated by considering direct
interaction between inflaton and spectator fields (to break
conformal symmetry).

® Spin-2 spectator fields can be generated by considering direct
interaction between inflaton and spectator fields (to avoid Higuchi
bound).

® While contribution of spin-0 and spin-1 spectator fields to the
gravitational waves are negligible, light spectator spin-2 fields can
give a significant contribution.[MAG and M. Sasaki, arXiv:2302.14080 [gr-qc]]

® We may be able to distinguish /ight spin-2 dark matter models from
spin-0 and spin-1 cases through gravitational wave observations.
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MAG, Spin-2 dark matter from inflation, arXiv:2305.13381[astro-ph.CO)]

® Backreaction: The energy density of the produced isocurvature
modes should NOT change the background configuration of the
gravity sector (g,,,) and inflaton (¢).

® lsocurvature constraint: In the case of scalar dark matter, the
contribution of spectator field to the isocurvature modes is

dominant and we need to take into account isocurvature bound
from CMB observations at large scales.

e Stability: It is assumed that the spectator dark matter is decoupled
from the standard model fields. Assuming some possible
interactions, one finds some bounds on the corresponding couplings.

In the case of spin-2 dark matter, there can be conversion between
helicity-2 modes and gravitons. This opens interesting possibility of
testing the model with gravitational waves.

[MAG and M. Sasaki, arXiv:2302.14080 [gr-qc]]

® Big bang nucleosynthesis: To be more precise, m > Hy; r. is not
enough to make the produced dark matter modes non-relativistic.
2.2
The dispersion relation is w? = % + m? and we need
m > max[c/k/a, Hu.r.]. Some modes will be relativistic before the
time of BBN and therefore contributing to Neg.
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Inflation

Inflation is a short accelerated expansion 3 > 0 at early
times, say before the Big Bang nucleosynthesis

The comoving Hubble horizon (aH)™! = a7t is

- decreasing in accelerating universe |: (aH)™! = —7 with

7 € [-00,0] (r = [dt/a(t) is conformal time)

- increasing in decelerating universe 1: (aH)™! = 7 with 7 € [0, o]
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Multiple field inflation

5 /d4X\/_|: PIR ; 'ul/,aba,uﬁba qu e (¢ )}
o°(t,x) = ¢7(t) + do(t, x) a=1,2

1 la a
p= 2 [d ] + V) p= g [1dd] - V@)
The background dynamics becomes the same as single field
inflation by the following identification:

[7 abéa(bb] = ¢



Multiple field inflation

1

S= /d4X\/_|: PIR 2 lw,abap,gba qu - (¢ ):|

o°(t,x) = ¢7(t) + do(t, x) a=172

1 la a
p=5 [ 4 v(6)  p=3 [dd] - vie)
The background dynamics becomes the same as single field
inflation by the following identification:

[“,»abéa(bb] — ¢2

Which of d¢' and §¢” plays the role of
curvature perturbations?




Adiabatic/entropy decomposition

H .
R = —F—=T.0¢" curvature perturbations
\/ 73b¢a¢b
H C :
S=——N,00 entropy perturbations

YabP?PP




Entropic DM

Defining s = a(1/7.,0°0?/H)S and considering geodesic
trajectory in field space (T2 and N? do not change in time)

s +wis=0 wp = [(kT)? =2 —a+ B /7°

2 NANPY,V,V
a=—eM3R By = s VaVs

H2, H?

R is the Ricci scalar of the field space with metric v,

There is an upper bound on the power spectrum of the
superhorizon entropy perturbations

Ps/Pr <102 = a—3,<-01



Spin-0: DM via scalar isocurvature modes

In two-field inflationary models, performing
curvature/isocurvature decomposition, you may have

R 2
(aRk)”—l—[(kT) —2+3R]a K=0; ir HTR

2
T inf

>~ O(e, 1)

Superhorizon curvature perturbations —k7 < /2 excited by
gravity, provide seed for the large scale structures observed in

the Universe.

The isocurvature satisfies

Ve S /S 2

Parameter o characterizes possible interactions between the
two original fields.



Dark matter relic density

The accumulated energy density of the excited entropy modes
with w? < 0 at the end of inflation (H, ~ Hinf)

PSe
Qse= =’
CIMAR
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e S+ (4557 )5
pso= g [ s (19 (104557 )1

The power spectrum as a function of scale can be read as

Qse <1 (To avoid backreaction)

T=Te

Qs = /dm k Ps(k)
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