_'_'Y TP

®  YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS

Dark Matter from Inflation

Mohammad Ali Goriji

Yukawa Institute for Theoretical Physics, Kyoto University

Institute for Research in Fundamental Sciences (IPM),
School of Particles and Accelerators

December 22, 2021



Outline

@ INFLATION

@ DARK MATTER FROM INFLATION
@ ENTROPIC DARK MATTER

@ VECTOR DARK MATTER

@ SUMMARY



Outline

@ INFLATION



Inflation
Generates
Two Types of
Waves

<— Quantum
Fluctuations

Big
Bang

Radius of the Visible Universe

0

History of the Universe

Gravitational Waves

NACA A A N Fay N\ oY N N TN e
WY MY AV MY ANV NAN NAN NAN NANINANSNANSNANS S
WA AT A A Y A 7N AN 7N N 7SN N N
Voo N \_/ v N/ AN > N

i Waves Imprint Characteristic
Density Waves Polarization Signals

Earliest Time

Visible with LiM

Free Electrons
Scatter Light

i3
2 g
c g 2
2 g 5 .
E z 3
E = .
107325 s 001s 3min 380,000 yrs 13.8 Billion yrs

Age of the Universe

bicepkeck.org



Flatness problem

From cosmological observations like Type la supernova and
cosmic microwave background (CMB) radiation:

|Qk|t:to = |Qt0t - 1|t:to <1

‘Why our Universe is flat?‘




Flatness problem

From cosmological observations like Type la supernova and
cosmic microwave background (CMB) radiation:

|Qk|t:to = |Qt0t - 1|t:to <1

‘Why our Universe is flat?‘

® Big bang nucleosynthesis: |, — 1|,-1. < 10 *®
® Electroweak SB scale: |, — 1|,_19 1. < 107

At the Big bang nucleosynthesis we need a fine tuning:

0.999999999999999999 < |Qyyt|:=1s < 1.000000000000000001



Flatness problem

Density 1 ns after BB

447,225,917,218,507,401,284,016.0 gm/cc
447,225917,218,507,401,284,016.2 gm/cc
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Horizon problem

Why the opposite sides of the universe have
the same temperature of T ~ 2.7 K?

NASA / WMAP Science Team



Horizon problem

There are many(~ 108) casually disconnected regions
with the same temperatures T ~ 10° K at Big Bang
nucleosynthesis!




Solution to the Big Bang problems

Inflation solves the Big Bang problems:

¢ Flatness (problem):
Inflation implies 0.999... < |Qot]t=1s < 1.000...1 or
Q0] — 1.000.... is the attractor solution.



Solution to the Big Bang problems

Inflation solves the Big Bang problems:

¢ Flatness (problem):
Inflation implies 0.999... < |Qot]t=1s < 1.000...1 or
Q0] — 1.000.... is the attractor solution.

¢ Horizon (problem):
Inflation creates our observable universe from one causally
disconnected region through the rapid exponential
expansion.



Inflation creates our observable universe from one
causally disconnected region through the rapid
exponential expansion




Inflation

® a(t) is the scale factor which characterizes the size of the
Universe

® The expansion rate (Hubble parameter) is positive
H=4a/a>0[a> 0 in expanding universe]

Inflation is a short accelerated expansion 3 > 0 at early
times, say before the Big Bang nucleosynthesis
® The comoving Hubble horizon (aH)™ = a1 is
- increasing in decelerating universe 1
- decreasing in accelerating universe |
* Since (a1 = —3/8 = —(1 — €)/a where e = —H/H?,
we need ¢ < 1




How to get inflation?

Friedmann Equations [Mp; = (87 G)~'/?]

N2 p 5 1
— = — _ = —— 3
(a> 3M2, 2~ oz P3P
Inflation needs 4/a > 0 which implies p + 3p < 0!
Scalar field:

/d“x\/_[ Morg 1

aﬁaa¢aﬁ¢ V(9)

. 1.
p=3F V@) p=5B - V()

pt3p=2 [452 . V(M <0 for ¢ < V(¢)



Slow-roll inflation
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Origin of structures in the Universe?

T~27K

NASA / WMAP Science Team



Origin of structures in the Universe?

T~27K T ~27(1+107%) K

NASA / WMAP Science Team NASA / WMAP Science Team

We need small inhomogeneities as a seed for the observed
structures in the universe like stars, galaxies, clusters



Quantum fluctuations of
the inflaton field

¢(t,x) = ¢(t) + 0o(t, x)

reheating

The curvature perturbations R = %&zﬁ (in spatially flat

gauge). For the normalized field u = R/(v/2Mpa) in
conformal time d7 = dt/a

2

U+ [(krP=24 00 2 = 07 = 0 = 6e—3p< 1

inf

Superhorizon curvature perturbations —k7 < —+/2 or
k < \/2aH,,; are produced through interaction with gravity



Power spectrum for the superhorizon curvature perturbations

(R, KYR (7, K)) = %Pﬂ%)%(k +K)

Pr = Ag (—kr)™=*

H?
A = ——nt_ —1=—4e+2
R 8m2 M3 e R €t e
CMB observations
Ar =0 (1077) nr—1=0(107?)

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




Curvature perturbations
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Inflation explains origin of structures

NASA / WMAP Science Team
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Dark Matter (DM)

Evidences: Visible

matter

® Rotation curves in Dark . ‘5%
spiral galaxies 27% . o

e Gravitational lensing

e Cosmic microwave

background radiation
687
Dark

energy

Candidates:
® Weakly Interacting Massive Particles (WIMPs)
¢ Neutrino DM
® Primordial Black Holes (PBHs)
* Modified gravity



Dark Matter (DM)

Evidences: Visible

matter
e Rotation curves in Dark > - b
spiral galaxies
e Gravitational lensing
e Cosmic microwave
background radiation

687
e Dark
energy
Candidates:
® Weakly Interacting Massive Particles (WIMPs)
¢ Neutrino DM
[ J

Primordial Black Holes (PBHs)
Modified gravity

Isocurvature fields during inflation?‘




Isocurvature DM

DM particles can produce during inflation

Dark energy

Inflation Dark ages ~ The first dominated
stars and
galaxies

100 million

Radiation Matter dominated

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



Isocurvature DM: Mass

Isocurvature fields should be almost massless during inflation
and massive before the time of matter and radiation equality:
® m; < H,r to allow efficient production of entropy modes
® m; =~ Hy . r to make the produced entropy modes
non-relativistic before the time of matter and radiation

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

Roughly speaking, we can produce DM particles in the
mass range 1073°GeV <« m; < 10*GeV

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



Isocurvature DM: Spin

Isocurvature fields can have different spins:

® Spin 0:  Scalar fields like axion, ...
e Spin 1:  Massive dark photon, ...
e Spin 2:  Massive graviton(?), ...
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Isocurvature DM

Isocurvature fields can have different spins:

Spin 0

® Spin 1:

- Scalar fields like axion, ...

Massive dark photon, ...

® Spin 2: Massive graviton(?), ...



Multiple field inflation

M2
S= /d4x\/—_g {%R — %gaﬂvabaaqbaaﬁeﬁb - V(cba)]
¢°(t,x) = ¢7(t) + 097 (t, x) a=172

1 - ) 1 . )

p=3 1| + Ve p=3 || - V()

The background dynamics becomes the same as single field
inflation by the following identification:

[7 abéa(bb] = ¢



Multiple field inflation

M2
S= /d4x\/—_g {%R — %g‘“ﬂvabaasbaaﬁeﬁb - V(cb"’)]
¢°(t,x) = ¢7(t) + 097 (t, x) a=172

1 . ) 1 . )

p=3 1| + Ve p=3 || - V()

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 /77

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



For N > Ncug, there is NO constraint on o and we can have

a>0(R<0) with |of>1

For negative curvature of the field space we can achieve

wp = [(k7)?=2—a+ 5] /77 <0 Bs=ml/Hy



Observables

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

Qe = 3/\2’:’/_’3 Q. <1 (To avoid backreaction)

The relic density for the DM today is

20y [ Ms v T
QS,O = O(]‘O ) <E) <m) st(}




Observables

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

Qe = 3/\5;61_’62 Q. <1 (To avoid backreaction)

The relic density for the DM today is

20y [ Ms v T
QS.O = O(]‘O ) <E) <m) sto

The spectrum and tilt are characterized by

Q, = /dlnsz(k)

dIn Py
k — g
n(K) = 1= ik




A model

2p
a:ae<—> p>0, ae >0
T

T 2p
Sy —i—w,% sx =0 wi = {(k7)2_2—(\<0 (llf() +[>’5] /7-2

® Interaction with gravity gives a NEGATIVE contribution
e Curvature of field space gives a NEGATIVE contribution
® The mass term gives a POSITIVE contribution



A model

2p
azae<—> p>0, ae >0
T

2
s/ twlisi=0 wl= {(k7)2—2—ao (%) p+[3s] /72

® Interaction with gravity gives a NEGATIVE contribution
e Curvature of field space gives a NEGATIVE contribution
® The mass term gives a POSITIVE contribution

Gravity excites light 3, < 1 superhorizon —k7 < 1/2 modes

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

Curvature of field space excites semiheavy s = O(1 — 10)
subhorizon —kT < /2 4+ a modes

H. Firouzjahi, MAG, S. Mukohyama, A. Talebian (2021)
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The location of the peaks for the spectral densities in flat and
curved field spaces are different
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Isocurvature DM

Isocurvature fields can have different spins:

® Spin O:

Spin 1}

® Spin 2:

Scalar fields like axion, ...
Massive dark photon, ...

Massive graviton(?), ...



Vector Dark Matter (VDM)

Massive vector field A, minimally coupled with gravity g, and
inflaton ¢ during inflation

M3 1

L= PlR aﬂ6a¢85¢ V(o)

1 1
— ZFNVF“V — Emf\ AMAIL + »Cint(Auﬂ O)

One longitudinal dof (scalar dark matter):
AL +wiAL =0 wi= [(k7)2—2—a,-,,t+b’A] /T3 Ba=

It CAN be excited even for a;,, = 0
P. W. Graham, J. Mardon, S. Rajendran, PRD (2016)

Two transverse dofs (VDM):
AZ’/\ + wi’/\AkvA =0 wi’/\ = [(kT)2—(},-m+‘8A] /72 A=(+,-)
It CANNOT be excited for o, = 0 as always w? > 0



The transverse modes can be excited through interactions
with inflaton which breaks the conformal symmetry

L= MI%R ! “53a¢3ﬁ¢—v(¢)

f(O)2 v 1 h()?
—— fwf” —Emf\A”A“—

The mode functions v\ = f(¢)Ak x satisfy

Fou F™

3
Vir + cUi,,\’/k,/\ =0 Wﬁ,x = {(kT) —Qpt + /f;\} /7
T2f" oAk )Th’h
f KNz

It is NOT possible to produce VDM with my ~ H;,¢

At =

M. Bastero-Gil, J. Santiago, L. Ubaldi, R. Vega-Morales, JCAP (2019)
K. Nakayama, JCAP (2020)

Y. Nakai, R. Namba, Z. Wang, JHEP (2020)



Heavy VDM via inflation with symmetry breaking

Vector field is massless during inflation while it acquires mass
through the symmetry breaking mechanism toward the end

of inflation:
W2 = [(kT)?—cvine] /72 ma = 0 during inflation
KT UKk7)2 et 5a] /72 ma # 0 at the end of inflation

Vector field particles produce very efficiently during inflation
since my = 0. After the production, they acquire masses

mA7§O

It is possible to produce VDM with mass my ~ H,,r
(5a = m/H2; ~ O(1))

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

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

* Inflation generates perturbations on CMB and
seeds the observed structures like stars, galaxies,
and clusters in the universe

* Massive isocurvature fields with different spins can
be also excited during inflation which can play the
role of dark matter

* Not only superhorizon but also subhorizon entropy
perturbations can be excited in multiple field
inflationary models

¢ “Entropic dark matter” has its own observational
signature which makes it distinguishable, e. g.,
from "vector dark matter” models



Thank You
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