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¢ Dark matter production
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Particle Production

Important concept in Cosmology
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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
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Example of particle production

(" )

1 1
V= omgd” + omix” + 997X + pox”
\_ _J

e Inflaton coherent oscillation ¢ = gAb/(t) cos(myt)

e Effective mass of X rapidly oscillates

_aZX mgceﬂ-’)zx — 0 mg(eﬂ-‘)2 :mi+29¢2+2,u¢5

® |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 =ti, @ ag|0) =0

@)= [ 55 [aultiag + (0l ] 7

® Measure quantaat ¢ = tout

X(7,t) = / (dgk [wk(t)bE‘FwZ(t)biE} o

27)3

Wi (t)

Bogoliubov transformation : by ~ Z(Oékk'@k’ + ﬁkk/a};,)

k/

-

e = (0] bpbg [0) ~ > B’

k/
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A Method for Calculation

e Useful parametrization

* 1 —1 | wrdT
Yi(T) = a(T)us(r) + Bu(T)ui(7)  onlr) = ge Tt
e Equaion of motion:
Xr+wixe =0,  wp =k +ml

— s QU =

® Energy density:

d>k (1 2
p :/ wi | 5 + 1Pkl )
NG RN Folk) = 18]
T \ Phase space density of

Vacuum conrtribution
(subtracted by cosmological constant)

produced particles



¢ For m{"™?=m2 +2u¢

A3k 212
() = ./ (277)3f><(k’t) S t

oyl
12
> Inflaton perturbative “decay” rate I'(¢ — xXx) = Sy
e For m&eﬂ:ﬂ = mi + 2¢¢°
dgk 92%%
) = [ Gl = L0

g*¢?

> Inflaton “annihilation” rate ~ I'(¢¢p — xx) ~
8ﬂ7ﬂ¢

Time dependence of background determines production rate

mgceﬂ:)Q = A+ Bcos(mgt) > “Decay”

m;eﬂc)Z = A + B cos’ (mgt) » “Annihilation”
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Gravitational Particle Production

Parker (1969), Ford (1986)

® Real scalar field interacting only through gravity
(" )

1 1
/d4:v\/ ( MER — 59 "0 Xx0ux — §mx><2)
\_ Y,

FRW metric:  ds® = —dt* + a*(t)dz* = a*(7)(—d71? + d7?)

(" )
2

—| S = /degma éT) X — (Vx)* — azmixﬂ

\_ W,

¢ 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
4 R

1 1
/d4:v\/ ( MER — 59 "0 x0ux — §mx><2)
\_ Y,

FRW metric:  ds® = —dt* + a*(t)dz* = a*(7)(—d71? + d7?)

(" )
2

—| S = /degma éT) X — (Vx)* — aniXQ}

\_ W,

¢ X does not have direct interaction with inflaton.
However, it feels inflaton dynamics through gravity.
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Friedmann 72— (%) = _Pe
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Background evolution

¢ Friedmann equation 3MzH?* = P
oV

¢ Inflaton EoM 6+ 3Ho 55 =
1
Two time scales: My , H V(9) ~ omge”
H :expansion rate “Slow” Vggb) = ¢ — V4
m :oscillation rate “Fast”
@
Background quantities have \/
both “slow” and “fast” part > O




® Slow-Fast decomposition
H = (H)+/H
ps = (Ps) + 0pg

J X :
“Slow” part X ~ O(HX) “Fast” oscillating part X ~ O(myX)

(" ) )

e Slow part (H) = a7 (a(t)) o t2/3
- J
(" )

L pyp 2 — (p?)
SH ~ — = 2% - p”— (P

¢ Fast part 1 M2 a(t) =~ (a(?)) (1 M2 )

\- J
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Ema, Jinno, Mukaida, KN (2015)



Scalar particle production

e Action of minimal scalar
4 )

2
S — /deSxa éT) [X’Q — (Vx)? — anixz}
\_ W,

~

e Canonical field Xx =ax

[ N
1. B o
S = /d7d3x§ [X’Q _ (@X)? _ m;ff)QX?}
- _
Effective mass: m!*? = ¢?m? — a’ _ 2 m2—om? 4 ol
- X a X 2M?

Time dependent mass just from gravitational effect



® Abundance of scalar particle

2

P PP (p
—2H2> HY 22
") ez T o

mg(eff)Z _ <CL2> [m

i—2<H}2— (mi

® “Fast” contribution from inflaton “annihilation”

c o> m
] s | T I e Mjé
a(t nd
n;faSt)(t) ~ CHignf < (CL(Gt) )) D :oscillation amplitude
\_ ) tend :end of inflaton

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

® “Slow” contribution: produced by Hubble expansion

4 )

(slow) ’ HS —m/ Hint a’(tend) °
nx ( ) ~ it € CL(t)

Ford (1986)

.




® Abundance of scalar particle

X X X M3 M2 22
“Slow” part

® “Fast” contribution from inflaton “annihilation”

c o> m
] s | T I e Mjé
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ngcfaSt)(t) ~ CHf)’nf ( (CL(Gt) )) D :oscillation amplitude
\_ ) tend :end of inflaton

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

® “Slow” contribution: produced by Hubble expansion

4 )
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Ford (1986)
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® Abundance of scalar particle

P y -2
mgceﬂ:)Z = (a*) [mi —2(H) — (mi — 2 <H>2> 4}[\}% + (H) ]\904—?3 + 2;[\)41%]
“Slow” part “Fast” part

® “Fast” contribution from inflaton “annihilation”

c o> m
] s | T I e Mj?i
a(t nd
ngcfaSt)(t) ~ CHf)’nf ( (aft) )) D :oscillation amplitude
\_ ) tend :end of inflaton

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

® “Slow” contribution: produced by Hubble expansion

4 )

(slow) ’ HS —m/ Hint a’(tend) °
nx ( ) ~ it € CL(t)

Ford (1986)
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Comments

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

mgceﬁ)Q ~ a? (mi —2H2 )

Superhorizon modes k/a < Hin¢ are enhanced.

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

: — Hin
It is suppressed as € Mo/ Hint gor my > Hig

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

¢ Gravitational production from inflaton oscillation is efficient
even for m, > Hix (as far as m, < mgy )



Graviton production

® Graviton action is the same as minimal massless scalar

ds* = —dt* + a(t)*(8s; + hy;)da'da’ Oihij = hyi =0
4 )
M2 [ (9hij\* '
S= | dvd3x a*(t)— Tl —(Guh;i)?
f . x“()g_(af) (@
\_ _

® Production rate of graviton is similar to scalar

hos = ahy  mem2 = _C e _opry &
J J a 2M3%,

“Slow’ Superhorizon mode (“primordial GW”)

“Fast’ High frequency GWs induced by inflaton oscillation



Stochastic GW spectrum

Q)

10712

1071°

10718

10720

10722

10724

fGW =

Primordial GWs *,

\f

r=0.001

— T,=10°GeV
T, =10°GeV

! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! I J .I: ! !
| KN,Saito,Suya, Yokoyama (2008) I : .
\3 I .
- \ ( 1

10714

Fast contribution
from inflaton dynamics

102° 10" 1010 10°

10°

f [Hz]

M@ ( Hint)

X f—1/2

T 1/3 H. —9/3
~ 2 % 10° Hz ( e ) R f
27T 1013 GeV 1010 GeV 1014 GeV

Ema, Jinno, Mukaida, KN (2015)



Stochastic GW spectrum

_12 | °
L prransmommmpsmenan  GVV as a direct
\ [ ]
1014 - (M probe of inflaton
i Primordial GWs -, .o
16 | \, properties!
10 _ r=0.]1 <
= 18 |
5 1077 r=0.001 \\ ° O\
1020 - O\ -
_ e _ .
107%% |- ' _109Gev - frol;?s}:\ﬁ:tr::z;::::ﬂcs
i T, =10"GeV
10'24 R T T B T e . ¥ Y & _1/2
102 10" 10" 10% 10/ 10° N\ X/
f [Hz]
N M@ ( Hint) N . M IR L3 Hing /8
Jaw = 27 =2 x 10Tz (1013 GeV) (1010 GeV> <1014 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

f , , )
/d4:1:\/ ( MzR — =gM" WXOu X — —mXXQ)

2 2
\_ /

® 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

®¢ New inflation

¢ n 2 | 4
4 ~11 n=
oo (2)] w20
Ug : _
| e N =28
10—13;
“ :
10—15;
10—17_§
0.94 0.55 0.56 0.57 O.I98
Ns
7 )= o—exp (i [ wd
° T Vp(T) = exp | —7 | wrdT
9 wk
/ /
w w
/ k  x ! % k
o EoM: ayv; = V. Bk Bruy, = (Ne%?
k 2wk k ) k“k ka

® We can numerically evaluate f, (k) = |Bx|* given inflation model



® Phase space distribution well after inflation

1073 Y.Ema, KN,Y.Tang (2018)
107
107
10°
Py _7 SRR G
£ 10 ¢ vy = 0.5Mp
108 L
10 km, =0.2m, ( UGN 30)
10-10 %mx=05m¢ ------- Hinf
10" b Zom?
12 E mX=2m¢ (Qend :scale factor
10 — at the end of inflation
0.1 1
Fena My T LI
Energy density is peaked around £ ~ aengmg P (QW)ka X
&P Cmy HieT, H, T,
P SR 31070 GeV C (g i) (o R
s 4 M3 10°GeV/ \ 10°GeV ) \ 1010 GeV
\_




® Phasec

1

after inflation
Production around the

end of inflation ———

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

\_

107k E
00 f
g 10-7 %_\3/'\’,%'\1;?\,\ \ ? Vg = 0.5Mp
H_X 10'8 :E ! . _
9 [ NSy ‘ m
10 ?mx=02m¢ \'\‘I’\ \\ ( ¢ ~ 30)
10710 fm;=0.5my ------- AR Hing
- m.=m, - - - - A bt
10 X5 A
P E xS e T y N (end :scale factor
10 at the end of inflation
0.1 1
Bena My T L.
Energy density is peaked around Kk ~ @engmy ¢Px = (277)3wk X
&7 Cmy Hie T, H, T
P SR 31070 GeV C (g i) (o i
S 4 M3 10° GeV 10° GeV 1010 GeV




after inflation

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

Continuous production
during inflaton oscillation

Vp — O5Mp

; ‘\_/ ) ' v - ‘
10” km =0.2m,, Wil <m¢ ~ 30)
10 fm*=0.5m, ------- A R L Hing
10 ) _ (I) ) V\’\
1011 mX_mq) - === \,'\ Y
E m. =2m, — —- — ‘ Qo1 - scale f
12 X0 | N end :scale factor
10 0.1 1 at the end of inflation
Gena M T UL
Energy density is peaked around £ ~ Gepngmy ¢Px = (2w)3wk X
x

(GP)

o) Com HiiTw iy () Hi T
~ — ~ 3 x 1077 GeVC
s 4 M2 . P 100Gev/ \10°Gev ) \ 1010 Gev

\_ J




PGDM from coherent oscillation

o wi~k®+ az(m§< —2H? )

Superhorizon modes are enhanced

during inflation if my S Hins

V(AX) Quantum

® Field value is saturated at fluctuation

4
< 2> N SHinf Classical
X/ = 7292 motion
X \

® Coherent oscillation after inflation

>

X
~
D Ta(x?) < 10-12 oy [ Hin 1710°GeVY® [ Tr
s 8 M3i 109 GeV My 1019 GeV
W,

NOTE: isocurvature constraint is severe

~

\_




12+

10+

Contour of scalar PGDM abundandce

- Tr=10°GeV, myp=10"?GeV, Qpu=0.25
- OQ,=(4,1,0.1,0.01)xQppm

excluded by
 isocurvature

12

12

10

Tr=10"GeV, my=1
- 0,=(4,1,0.1,0.01)

" excluded by
_isocurvatyre

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




Contour of scalar PGDM abundandce

Region of consistent PGDM abundance

12-

10+

- 0Oy=(4,1,0.1,0.01)xQpwm

excluded by
 isocurvature

12

- Tr=10"GeV, my=10"3GeV, Qpu
- 0,=(4,1,0.1,0.01)xQpw

" excluded by
_isocurvatyre

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

s - A
S = / d*ze {—51& (e"~*D,, — m) w]
L Y
e Canonical fermion ¢ = a3/%)
- ~ )
S = / drd®z {—%{Z (0440, — am) ?Z]
L J

It does not “feel” gravity in the massless limit m — 0
(a fermion is conformal in massless limit)



Formalism to calculate fermion production
Decomposition: (1) = Z [UE,h(T)bE’h + ’l),;:,h(T)bT . } {b,;,h,b;g,,h,} — (21)° 6(k — k) Spp

EoM: fﬁu%h(ﬂ + |wi(7) £i(am)’] ujfh(T) = 0, wi (1) = k* + a’*m?

Useful parametrization:

ut (1) = Apn(7)gse T8O 4 By (r)g_e TR g = ok am)[(2e)

EoM becomes:

/ /
A;{,h(T) — _g_;BQiIT Wk(T/)dT/Bk’h(T)7 B];,h(’r) _ _g_—l—e—QifT wk('r’)d’r Ak;,h(T)

Phase space density:

RED=IBEP a2 [ S5 fun




Fermion abundance

(eff)

My,

— am =~ (a(t)) m (1 .

2

M2

)

“Fast” contribution from inflaton annihilation

[(¢pp — ¢ip) ~

C > mgﬁ m
167 M]% MJ%

2
77l¢:>

\_

(fast)
Ty

o~ente (i) ()

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

“Slow” contribution from Hubble expansion

-

\_

(slow)

Ty

(t)

n

f e_m/Hinf (

a(tend

a(t)

))3

~

J

Chung, Everett,Yoo, Zhou (201 1)



Fermion abundance

(eff)

My,

“Slow” part

— am ~ (a(t)) m (1 .

2

M2

)

“Fast” contribution from inflaton annihilation

[(¢pp — ¢ip) ~

C &? m?ﬁ m \°
167 M]% M]% m¢

\_

(fast)
Ty

(t) ~ CH?

inf

(fena) ) i

() (e

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

“Slow” contribution from Hubble expansion

-

\_

(slow)

Ty

(t)

n

f e_m/Hinf (

a(tend

a(t)

))3

~

J

Chung, Everett,Yoo, Zhou (201 1)



Fermion abundance

(eff)

My,

“Slow” part

— am ~ (a(t)) m (1 A 854?3)

2

“Fast” part

“Fast” contribution from inflaton annihilation

C m?ﬁ m \?
D66 — p) ~ ()
167 M]% M]% 7o
2 3
as ten
n{ 0 (1) ~ CHE, (ﬁ> (a( d))
M a(t)
\_ ) Y.Ema, KN,Y.Tang (2019)
“Slow” contribution from Hubble expansion
a )
(slow) " H2 —m/ Hing a(tend) :
n@b ( ) ~ M I1ine € a(t)
\_ Y,

Chung, Everett,Yoo, Zhou (201 1)



Contour of fermion abundance

3 - j 12
Mior=10"GeV, Tr=10"1GeV, Qpu=0.25  min=10"3GeV, Tr=10"1GeV, Qpy=0.25
12}
Q,=(1, 0.1, 0.01)xQpy I -
| - - Qu=(1,0.1,0.01)xQpy Slow : :
. f Slow - f L
- % 11’ -
(o |
g{v ﬁ
I 10f
9
8t 8t
2 4 6 8 10 12 2 4 6 8 10 12
m
Log(—— Log(——
g(eev) g(GeV)

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

f
1 1
S — /d4fE\/ —( [_Zg,upgl/dFuprg — §m29WAuA,,] ]
\_

® Transverse-longitudinal decomposition

A= IAYT + ]%AL L . A)T — () Graham, Mardon, Rajendran (2015)
S:ST—i_SLa
d’kdr 1 - -~
Sr = ~ (10-A7? = (¥ + a*m?)| Arf?)
r= [ Gy (10l = 02+ atm®) A

Brdr1 [ a®m? s o
SL :/ (27)3 2 (k2+a2m2‘aTAL’ —ami Ay )



Transverse mode

\_

Phdrl /- ]
Sy :/ 2o (10-ArP — (8 + a?n®)| A7 )

(27)3 2

~

J

® Conformal in the massless limit

(similar to massive conformal scalar)

® [nflaton “annihilation’ rate:

® Produced number density:

m4

4

inf

I'(¢pp — ApAr) ~

1

m
H inf

I

a (tend

3
C &2 mq5

a(t)

))3

167 MJ% MI%

Subdominant compared with longitudinal mode

(

m

me

;



Longitudinal mode

4 )
[ i) o
\_ ),
5 5 9 k2 a’  d? 3a*m?
M= @ k? + a*m? (;_ a? k2+a2m2>

/7

. .. a
® High momentum limit: m7 ~a*m” — —

Same as minimal scalar (note the Goldstone picture)

3
C P2 m¢

F(¢¢ — ALAL) ~ 167 M2 M2
P P

® Superhorizon modes are also produced if m S Hin¢

Modes with m < k/a < H;,; are enahnced.

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



12f
11
10}
EA%
(o
>
@)
-]

Contour of vector boson abundance

- my=10"3GeV, Tr=10""GeV, Qpy=0.25

- Qa=(1, 0.1, 0.01)xQpm

yyyyyyyyyyyyyyyyyyyyyyy

Superhorizon modes
2 4 & 8 10 1

Log(——)

gGeV

12+
- miy=10"GeV, Tr=10"°GeV, Qp\=0.25

Vector PGDM is possible for

wide range of mass & inflation scale

- Qa=(1, 0.1, 0.01)xQpwm

107

e i i i i A A i o

Superhorizon modes

66
/5/%
o)O 9(, ,
0(3\,,@/)
o
2 4 & 8 10 12
LO(ﬂ)
gGeV

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



Gravitational particle production
in extended gravity



Extended gravity

® Einstein gravity needs not be exactly true

L] L] L] 2
: 4 Mp 2
® Starobinsky inflation: /d T/ — ( R+¢R ) Starobinsky (1980)
® Higgs inflation: s [atoy= ( Moy g \2R> Bezrukox
Shaposhnikov (2009)
° o 4 4 M-% GMV T
® New Higgs inflation: /d V=g 5B+ 5D DH

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

(- ] )
S = [ dlov=g | 3£O)R ~ 50" 0,60,6 ~ V(9
_ ] _

3fH® =ps—3Hf

® Friedmann equation: , . . 1.
(3H2+2H)f+f+2Hf:—§gb2+V.

® Assume: f(¢) = M} <1+clj\j |>
P

H = Hy+ H; O = ¢ —|—A¢1 (Einstein + small deviation)

(- )
> Hlﬁ— .




008 T T T T 004 | [ r |
numerical
0.06 - 7 0.035 / analytical =
0.04 7 i 0.03 | | .
0.02 | |
0.025 / 7
0 7 T o /\
0.02 +H | [ | | .
-0.02 T " / \ ] f\ N
0.015 VooV .
-0.04 . VAR IRVAW \ A
-0.06 i 0.01 \/ VYA
J/ \ /
.0.08 | | | | 0.005 | | | | -
20 30 40 50 60 70 20 30 40 50 60 70
t t
7 | | | | 7 | | | |
6 - 6 | —
5 - 5 -
=
4 = — — 4 . _
(qV|
4]
3+ - 3 -
2 - 2 -
1 | | | | 1 | | | |
20 30 40 50 60 70 20 30 40 50 60 70
t t

Ema, Jinno, Mukaida, KN (2015)



® Scalar paticle production

2
s [aras ™D [ - (902 - @]~ a (1- 22

2 2 Mp
62m3
Inflaton d rate: T = ¢
aton decay rate (¢ — xXx) 1287 M2
cf). Inflaton “annihilation” rate in Einstein gravity
C P2 mi;; 902 _ <¢2> )
( F(é¢ — xx) = 55— M2 2 a(t) = {a(t)) (1 ~ TR

® Graviton paticle production
S [ardzavP ()5 1 - @hy?]  @05(6) = aj(0

Production rate is same as Einstein gravity

(Note that f(P)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.
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Yy =ny/s
10'° = —
10'2 F ]
10" F ]
10"0 ¢ ]
109 :_ / =

8 L —
10 | Too large curvature 10° -
o7 E perturbation for 18_10 -
Hinf = |OA{|3}GeV 10712 e
10° ' — —_— — .
1018 104 1015 1016 1017
q)i [GeV]

AA]\feﬂ?

Ema, Jinno, Mukaida, KN (2016)




Background evolution in derivative coupling

2 )
BYE: 1 GHY |
_ 4 P v
S = /d TN/ —(g _TR — 5 (g“ M2> a,u¢au¢ o V(¢)_
\_ Y,
® Friedmann equation and EoM:
9H2 éz
P —
2 ofr Do _(,_3EN ¢ 1 d o
3H?\ - 3H2 2H)\ . OV
(1+W>¢+3H <1+W—|—W>¢—|—a¢o

® Case l: H<<M Similar to Einstein gravity
Case 2: H>>M  |py| ~ O(mypy/H) > py —> |H| ~ meH(> H?)

H is violently oscillating!  Jinno, Mukaida, KN (2013)



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.

Ps| > ps

— <0

Ema, Jinno, Mukaida, KN (2015)

® Analysis assuming homogeneous inflaton breaks down.



M [GeV]

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

1 1 1
S = /d4a:\/—g (§(M1% —&X°)R — 59"”5’an,,>< — —mif)

9
e Canonical action in FRW gudatds” = a*(7)(—dr* + d7?)
5 1o ~\2 (eff)2 ~2 v
S = [ drd’zZ [X" = (0X)" — m X7 X = ax

/!

(ef)2 — 20,2 _ (1 _ g a
mle™? = ?m? — (1 - 66)"

1
® A special case: § = - (conformal coupling)
2
Mo
H2 .

inf

Bassett, Liberati (1998),

* (2 tachyonic instability Tsujikawa,Maeda, Torii (1999)



Conformal coupling Minimal coupling
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