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Reheating after inflation

® After inflation, inflaton cohenrent oscillation begins

® Inflaton oscillation induces particle production

® Eventually inflaton energy is converted into radiation

V()
Inflation
o —.
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Reheating
O
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Example of particle production

a )
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V= Zm2! 2+ Zm?
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¢ [nflaton coherent oscillation ¢ = 5(75) cos(m t)

e Effective mass of X rapidly oscillates

_82X+ m!(eﬂ-‘)ZX: 0 mgce! )2 — mi+29¢2+2u¢

® |t excites zero-point fluctuation of X (cf. parametric resonance)

> Particle production of X

Dolgov, Kirilova (1990), Traschen, Brandenberger (1990), Kofman, Linde, Starobinsky (1994)



QFT treatment of particle production

® Define “in vacuum” at t = tj, : az |0l =0

d3k i

= - (2H)F (D3 + (e, ek ="

® Measure quantaat t = gyt

—

3 zZ—
!(sz,t):/ ax $k(Ob: + $i(Db_L| € 1) =1

(2#)*
Bogoliubov transformation : by ! | (! ke + " @)
k/
( ; )
2
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A Method for Calculation

e Useful parametrization
Xk(T) = auc(T)Vi(T) + P

e Equaion of motion:

(PVK(T) W) 1 gt

L+ (2 =0, ol K24 mlh?,
.. % : %
% | %
 —— #k?}k — 2(y Uk$k, $kvk — 20/ Uk#k
® Energy density:
d>k 1
= [t (5 8 z
fi (k) = | Brl

1

Vacuum conrtribution

\ Phase space density of

produced particles

(subtracted by cosmological constant)



o For m{®?=mf+2ug
- A3k ”252
[ () = (K, t) ~
U2
. . « ”) I | " =
Inflaton perturbative “decay” rate I'(! ! ) 8#m.,
 For m{®)?=mf+2g!°7
- dgk g254
L () = (k,t) ~
g2|!2
13 ] R . » 1 (11 l "" " :
> |nflaton “annihilation” rate N ) 8HMm,

Time dependence of background determines production rate

eff ¢« b}
m§< )2 = A + B cos(myt) >  “Decay

m{*H2 = A+ Bcog(m-t) »  “Annihilation”
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Gravitational Particle Production

Parker (1969), Ford (1986)

® Real scalar field interacting only through gravity

(" )
' 1 1 1 )
S=  d*zy/—g QM]%R — ég“’/ﬁux(")’yx — émixz

\_ W,

FRW metric:  ds® = | dt? + o?(t)d#® = a?(7)() dr? + diP)

(- ~
2(]

—| S= /d! d3xa§') 121 ()21 a?m2n 2]

\- Y

¢ X does not have direct interaction with inflaton.
However, it feels inflaton dynamics through gravity.
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Gravitational Particle Production

Parker (1969), Ford (1986)

® Real scalar field interacting only through gravity
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Friedmann

Qtion

_H2:§fI — qu
o a

S = /d! #x 0 1



Background evolution

¢ Friedmann equation 3M5H?* = &
. LAY,
¢ Inflaton EoM L+ 3HD + 5= =0
1
Two time scales: 1, H V(g) ~ 5mi¢®
. , |
H :expansion rate OSlowO VE) e! " wu

m, :oscillation rate OFastO

Background guantities have \/
both GslowO and @istO part - |




® Slow-Fast decomposition

H
P!

(H) + 0H

“Slow” part X! O(HX)

> 1

“Fast” oscillating part X1 o(m, X)

4 )
e Slow part IH" = % la(t)" # t%/3
\_ J
(" )
o1t 2g 127
e Fastpart | 'H! amz AT am# 18 —au
\_ y,




Numerical calculation of Hubble parameter

H I H
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Hubble parameter & scale factor contain rapidly oscillating part

S TH | w2
2y " o _a! o
P! H Mp a M%

Ema, Jinno, Mukaida, KN (2015)



Scalar particle production

e Action of minimal scalar
4 )

S = / d dBXaZS) M21 ()21 a2m2e
- J

e Canonical field Xx# ax

a )

S = /do/df%X% [HV!Z T (#in“)Z " m.(.E! )2n~’2}
\_ W,

. a!! 12
Effective mass: m{®' % = a?m? — — =d?[m? —2H?> + ¢ >

Time dependent mass just from gravitational effect



® Abundance of scalar particle

@2t ey g Tm2i o AL
m™ '/’ = a* m2! 2"H#! m2! 2"H ' "H#—
X X X mz Mz oMz

® “Fast” contribution from inflaton “annihilation”

cC "2 m
s R IR R O A T VARV
a(len
n;faSt)(t) | CHignf < (aft)d)) | :oscillation amplitude
\_ ) lend :end of inflaton

Ema, Jinno, Mukaida, KN (2015); Ema, KN, Tang (2018); Chung, Kolb, Long (2018)

® “Slow” contribution: produced by Hubble expansion

4 : )

3
. a(t
n!(slow) (t) ! Hi?\f e! M/H i ( end)
a(t) Ford (1986)
Y,

.




® Abundance of scalar particle

A

n o N)) 70 | 2 BE |* 2

|
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m a m=1 2"H#! mz! 2"H H# —
X X X mz Mz oMz

)

“Slow” part

® “Fast” contribution from inflaton “annihilation”

cC "2 m
s R IR R O A T VARV
a(len
ngcfaSt)(t) | CHf)’nf ( (CL(Gt)d)) | :oscillation amplitude
\_ ) lend :end of inflaton

Ema, Jinno, Mukaida, KN (2015); Ema, KN, Tang (2018); Chung, Kolb, Long (2018)

® “Slow” contribution: produced by Hubble expansion

a : ™

3
. a(t
n!(slow) (t) ! Hi?\f e! M/H i ( end)
a(t) Ford (1986)
Y,
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® Abundance of scalar particle

nm o D) 70 |2

I
6'2_ 2 2 n 2 ]
m)2="a> m2! 2"H#! mi! 2"H#

)

“Slow” part

M 2

C

—|—"H#; _|_

|1 12

oM 2

)

M5
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“Fast” part

® “Fast” contribution from inflaton “annihilation”

~

n(59 (1) 1 CH3, (aggad) ) 3

~

J

C n 2 m?

167 MZ M2

H(go ! xx) ™

| :oscillation amplitude

lend :end of inflaton

Ema, Jinno, Mukaida, KN (2015); Ema, KN, Tang (2018); Chung, Kolb, Long (2018)

® “Slow” contribution: produced by Hubble expansion

( .
a(tend)

n!(S|OW) (t) | Hi?]f e! M/H i

a(t)

.

3

~

Ford (1986)



Comments

® Generation of superhorizon fluctuation of light scalar
during inflation is understood in the same way.

mgfﬁ)z ~ az(mi — 2Hi%f)

Superhorizon modes k/a! Hi,s are enhanced.

®  “Gravitational particle production” often refers to
“slow” contribution at transition from dS to MD/RD

e~ M IH inf

It is suppressed as for mi ! Hin

Ford (1986), Chung, Kolb, Riotto (1999)

¢ Gravitational production from inflaton oscillation is efficient
even for m, ! Hjy (as faras m; <m- )



Graviton production

® Graviton action is the same as minimal massless scalar

ds® = | dt? -+ a(t)2(5ij + hij )dXi de S'ihij = h; =0
~ ; —\
| M2 Fen de ’
S=  d#d3x az(t)?P $#’ — ($hi)?
_ Y

® Production rate of graviton is similar to scalar

(P
2M 2

I
hij | ahij m€' )2 = | a — a2 |1 2H2+
d

OSlowO Superhorizon mode (“primordial GW?)

OFastO High frequency GWs induced by inflaton oscillation



Stochastic GW spectrum

Q)

-12
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Ema, Jinno, Mukaida, KN (2015)



Stochastic GW spectrum

GW as a direct

1 0-1 2 ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! )
| KN,Saito,Suya, Yokoyama (2008)
\

1014 L Ml probe of inf3aton
Primordial GWs - :
16 | Y properties!
107717\ r=0.1 X
= 18 |
> 1077 0001 \\ o\
1020 L i
_ s _ L
022 [ a7l eV L rom fiaton dynamics
! T, =10°GeV
10-24....|....|....|....|..
102° 1075 10710 10°  10°/ 108 N ! f 77
f [Hz]
" 3 Yo 3P % 93
Mga(Hins) mg ¥ Tr Hins
fow % === %2# 10Hz 107 TgoGev 104 GeV

Ema, Jinno, Mukaida, KN (2015)



Purely Gravitational
Dark Matter



Models of dark matter

e WIMP DM

SUSY neutralino Weak SU(2), sfermion exchange
Z2 scalar Higgs-portal coupling

e Light particle

Sterlile neutrino Mixing with active neutrino
Axion Anomalous interaction suppressed by PQ scale
Hidden photon Kinetic mixing with photon

e FIMPSIMP, ...

® Purely Gravitational DM (PGDM)  Only gravitational interaction



|. Scalar PGDM

2. Fermion PGDM

3.Vector PGDM



|. Scalar PGDM

® Real scalar field interacting only through gravity

s . . . )

S= d'zy/—g EMIQDR — 59" OuXOyX — QmiXQ

\- J

® Several production mechanisms of PGDM

® Thermal scattering of SM particle with graviton exchange
Garny, Sandora, Sloth (2015); Tang,Wu (201 6)

SM + SM — graviton — Yy

® Gravitational particle production  Ema, KN, Tang (2018)

In most cases, this is larger than thermal production.



Concrete Calculation

e New Inf3ation

) % n*2

0 ] _
V(%: M4 1 % V_/O 1011 4 Z;g
| = n=28
V (¢) 0
' Lo-15 -
.
05 0b5 0% 087 068
> | Ne
o !«(")= #A(M)w(")+ S(")v ("), Ww(")! ——=exp #I %d
2%
.. % .. %
7% 7R
o EOM: #kvk — ka$k, $kvk — ka#k

® We can numerically evaluate f; (K) = | «|° given inflation model



® Phase space distribution well after inflation

Y.Ema, KN,Y.Tang (2018)

< V, = 0.5M p
M,
— ~ 30
Hinf

dend :scale factor
at the end of inflation

KI(@gng M-)

d3k
41 I |
Energy density is peaked around k ~ @opqmi 4 (2" )3#kf' (k)
(GP) C 0T ' ( Y0 J= & Y0 T &\
P! " _m! inf LR | 3 10_10 GeVC m inf R
S 4 Mz $ 1®GeV 10°GeV  10°°GeV

\_ J




® Phasec after inflation

Production around the
end of inflation — g T-EMa KN, Y.Tang (2018)

X 2 Vs, = 0.5Mp

; m,

- — ~ 30

m. Hinf
10_12 E m,=2m. — — o \ dend :scale factor
10 — - at the end of inflation

0.1 1
k/(aend m.)

d3k
4 | = |
Energy density is peaked around k ~ Qepqmm a- / (2" )s#kf- (k)

(GP) C T ! (U/O o & Y0 T (’SL\
P! w Tl Hinf R! 33 100 GeV C m inf R

S 4 M3 1®GeV 10°GeV  1019GeV
\_ J




after inflation

® Phasc
Production around the
1 end of inflation — g Ema,KN,Y.Tang (2018)

Continuous production
during inflaton oscillation

g ;3 Vyp = 0.5M p
IT | 30
“1m. inf
10_12 E m —|2m.: ___ o . . .‘\. o dend :scale factor
10 01 ) at the end of inflation
k/(aend m") d3k
a’l, = #i (k)
Energy density is peaked around k ~ aGengm | (2")3 "
(GP) C T ! ( Y0 o & Y0 T (’SLX
P! w N Hinf IR 3¢ 10°°GeVC T inf R
S 4 Mz $ 1®GeV 10°GeV  1019GeV

\_ J




PGDM from coherent oscillation

o !Z! k?+ a’(mf " 2H%)

Superhorizon modes are enhanced

during inflation if My ! Hin

V(!

) Quantum
fluctuation

® Field value is saturated at

I| 2" ! SHilf

||2 2
8 ms

Classical

Q:otion

® Coherent oscillation after inflation

g »
$ %, $ %, $ %
P&CO) N TR <X2> ~ 8% 10 2 GeV Hing ) 10° GeV TR
s 8 M& 10° GeV m, 1010 GeV
\- J

NOTE: isocurvature constraint i1s severe



"1 =10%GeV, my=10"?GeV, Qpm=0.25
1 4=(4,1,0.1,0.01)xQpw
10

Contour of scalar PGDM abundandce

excluded by
 isocurvature

12

%!+

- 04=(4,1,0.1, 0.01)
%&

TRJiq/\‘f!’ Oe v’, MmMep=

—

excluded by
isocurvatuyre

Y.Ema, KN,Y.Tang (2018)



Contour of scalar PGDM abundandce

12-

 isocurvature

excluded by

" =10%GeV, my=10"?GeV, Qpu=0.25 \< o
1 x=(4,1,0.1,0.01)xQpp
10

'8 10

12

H!II# .
x4
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, ,
’
» ",“ i
e
. .- %¢&
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‘ i
LN
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.
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Region of consistent PGDM abundance

I TRJiq/UbUcvl, MmMep=
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n
U "uev, \ipMm

—— —

* excluded by
_isocurvature

Y.Ema, KN,Y.Tang (2018)



2. Fermion PGDM

® Fermion may be more natural candidate of PGDM

E.g.) Renormalizable interaction with SM is naturally forbidden,
Stability is ensured by Z2(B-L) for B-L singlet fermion.

e Free fermion minimally coupled to gravity

4 | " . # )
S= d'xe ! é!_(eg"aDH! m) !
\_ )
e Canonical fermion ; &" a¥2
~ ! - " R
S= dd ! %!&(8§"a$u! am) &
\_ W,

It does not “feel” gravity in the massless limit m — O
(a fermion is conformal in massless limit)



Formalism to calculate fermion production

Vo & ' L
Decomposition: ! ¢(#)=  Ugy(#9hp + Ven (4B o BBy = @97 k=K m

EoM:  %Buf (M) + [*A# xi(am)]uf (=0,  *E#) =K+ alm?

Useful parametrization:
ut (") = Akn(")gse SN B (g € B g = /(#cx am)] (2#)

EoM becomes:

/ !T I ! . " / . -!Tw 7_! ,7_! n
AL ()= — g Tae g () B (") = —oted T a ()

9+ 0

Phase space density:

X

d3k

=B @On()=2 oo

1:! (k1")




Fermion abundance

| 2

8M 2

m® —am 1" at)#m 1$

® ‘“Fast” contribution from inflaton annihilation

11 - 2
C "2 m} m

) TgMzZNE m
( . 2 t 3 \
m a
n!(fast) (t) | CHi:r%]f m_ (aetnd)
\_ ®) * ) YEma,KN,Y.Tang (2019)

® “Slow” contribution from Hubble expansion

-

~

3

r]!(slow) (1) ! mH%f g MH i a(tend)

| t
_ -

Chung, Everett,Yoo, Zhou (201 1)




Fermion abundance

2

m!(eﬂ-‘)

—am!" a(t)#m 1$

SM

“Slow” part

2
P

“Fast” contribution from inflaton annihilation

n 2 3 2
oy ey & 2T M
16#MZ M2  m,
( . 2: t 3 \
m a
(1)1 CHE {Lena)
m- a(t)
\_ ) Y.Ema, KN,Y.Tang (2019)
“Slow” contribution from Hubble expansion
(- : )
(slow) (v | 2 1 mH o tend) ¥
n, (t)! mH:. e a()

\_

J

Chung, Everett,Yoo, Zhou (201 1)



Fermion abundance

2

m!(eﬂ-‘)

—am!" a(t)#m 1$

“Slow” part

8M 2

“Fast” part

“Fast” contribution from inflaton annihilation

n 2 3 2
oy ey & 2T M
16#MZ M2  m,
( . 2: t 3 \
m a
(1)1 CHE {Lena)
m- a(t)
\_ ) Y.Ema, KN,Y.Tang (2019)
“Slow” contribution from Hubble expansion
(- : )
(slow) (v | 2 1 mH o tend) ¥
n, (t)! mH:. e a()

\_

J

Chung, Everett,Yoo, Zhou (201 1)



$%&

Contour of fermion abundance
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There is lower bound on fermion mass
in order for it to become DM

Y.Ema, KN,Y.Tang (2019)



3.Vector PGDM

® Hidden vector boson is also a candidate of DM
if kinetic mixing with photon is small enough.

e Massive vector boson minimally coupled to gravity

4 | . . . #
S=  d'%n #qg # Zg“" g E g # éng“#AuA#
\_

® Transverse-longitudinal decomposition

é = AT + QAL éSéAT =0 Graham, Mardon, Rajendran (2015)

S=5r+ 5,
" Pk 1 #
(2#)3 2 $ Ar]P" (kK + a@m?)|Ar]?

$ 0%
d3kd" 1 a’m? S T
a2 v amelo Ml EmIAL

ST:
!

St



Transverse mode

4 . g )
d°kd" 1 o o 5 5
St = @A| (k%2 + a®m?)|A+]
. (2#)° 2
\_ ),
® Conformal in the massless limit
(similar to massive conformal scalar)
cC "2 m
® “annihilation” M ATAT) " '
Inflaton “annihilation” rate ( TAT) 16" M2 M2
® Produced number density:
! # $
m* m  atena)
t)! H G + | ah
nAT( ) inf T mﬁ]f Hinf a(t)

Subdominant compared with longitudinal mode



Longitudinal mode

4 : )
\_ ),
5 5 9 k2 a”  a”? 3a*m?
M= @ k? + a*m? (;_ a? k2+a2m2>
® High momentum limit: m{ ! a’m?*" a

Same as minimal scalar (note the Goldstone picture)

C n 2 m|3

(1L ALAL) " I6" MZ M

® Superhorizon modes are also produced if m! Hiy

Modes with m! k/a! H,s are enahnced.

» |Isocurvature constraint can be easily avoided
Graham, Mardon, Rajendran (2015)



Contour of vector boson abundance
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Vector PGDM is possible for

Y.Ema, KN,Y.Tang (2019)



Gravitational particle production
in extended gravity



Extended gravity

® Einstein gravity needs not be exactly true

! M 2 )
. . - . _ 4.,° T~ P 2
® Starobinsky inflation: S= d* g TR + IR Starobinsky (1980)
SR B V 2o
® Higgs inflation: 5= dx Tg S RHHHIR Shapolilleit:\?\z’ZOO%
o oy g Meo, GM “
® New Higgsinflation: s= d'x "g —>R+ —-DyH D/H

Germani, Kehagias (2010)

® Expansion law is modified

> Gravitational production rate is modified

® Particle production can be a probe of gravity theory



Background evolution in f(! )R gravity

2 | | "1 . #)
S= d'%* "g éf(!)R" ég“! v
_ Y

3fH 2= # " 3HFL

® Friedmann equation: , 1 .
2 1 = U= » LR
(BH<+2HHf + "+ 2H fU= Q! + V

|
¢ Assume: f(1)= MS3 <1+clM'_+...>

p
H = Ho+H; ' = 1lo+ 11 (Binstein + small deviation)
s CL . | c, ! h
> | o Al Al 1T S

\_ J




0.08 , , , , 0.04 , , —
numerical
0.06 - 7 0.035 / analytical s
0.04 1 i 0.03 | | .
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0k - T ‘* | /
002 — ‘. ' \ ,)\ —
-0.02 — / \ /
ooi5F VN LA -
.0.04 - - VAR IRVAW \ A
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W \ /
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t t
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4 + 4 = 4} i
AN
©
3k - 3k -
2 b - 2 b -
1 | | | | 1 | | | |
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I t

Ema, Jinno, Mukaida, KN (2015)



® Scalar paticle production

2 :
S = /d! gex &) M2 )21 @?m2h 2] At at) 1" L

2 2 Mp
Wy CGim
Inflaton decay rate: ! (! ! ) = 128M 2
cf). Inflaton “annihilation” rate in Einstein gravity
o C #2 m} " 12 2 )
( ($$ ) ( 3&MZ M2 a(t) I'" a(t)# 1% BN 2
® Graviton paticle production
# 13. 0
S= d&dPxa(t)’f(!)g hi" 0ihy)° a’(f (1) ! ag(t)

Production rate is same as Einstein gravity

(Note that f(! )R is conformally equilvalent to Einstein gravity)



m, [GeV]

Scalar abundance in f(! ) theory

Here we assume that ! is subdominant component of the Universe.

Light particle abundnace is determined just by the branching ratio.

Y! — ﬂ! /S

1013 LI | T ". T L T T L ™
1012 _ ]
10t F i
10 J=
107 ¥ =
i O,
9 2 — —
107 ¢ / ifl=
8 L —
10" F Too large curvature 10° -
o L perturbation for %8_10 -
Hinf = 10713}GeV 10712 e
1(:)6 — . — — L ,
10" 10" 10" 10™° 10 1018
I [GeV]

! Ne!

Ema, Jinno, Mukaida, KN (2016)



Background evolution in derivative coupling
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Numerical results
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® Particle production (even the graviton production)
can be signifucantly enhanced for H>>M

® However, there is gradient instability in this regime.

Inflaton fluctuation exponentially develops in shortest time range.
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® Analysis assuming homogeneous inflaton breaks down.
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Scalar abundance in derivative coupling model

Here we assume that ! is subdominant component of the Universe
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Summary

Gravitational particle production is ubiquitos phenomena
that happen in the early Universe.

It is efficient in the reheating era where
inflaton oscillates rapidly.

Gravitational production rate is sensitive to the
extension of gravity theory.

Particles with only gravitational interaction can be
produced to become dominant dark matter.

Implications: moduli problem, baryogenesis, etc...



Appendix



Non-minimal coupling

¢ PGDM nonminimal coupling to gravity
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