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m Inflation and reheating



Inflation

slow roll

V(9) l

+—— inflation ends

+—— oscillation begins

+——— reheating

S— / oy g B(b‘@z - V<¢>}

1. Inflation (de Sitter) phase
K.E. < P.E. ~ const.

2. Inflation ends (K.E. ~ P.E.)
3. Oscillation phase

(25+3qu'5+m§,¢20

= Damped oscillation

4. Reheating phase



Example of Inflation Model and Reheating

B T-model [Kaliosh, Linde, '13]:

V($) = 6AM} tanh? (

GAM, (¢ > Mp)
fMP>

5(2AMp)¢® (¢ < Mp)
B Inflaton coupling to light (SM) particles: £ D yoff = Ty = m¢

B Decay products of inflaton form the thermal bath (inst. thermallzatlon assumed)

B Boltzmann Egs.
P

PR

pr+4Hpr = +T4py

B Reheating temperature:

72g,
ps(arn) = pr(aru) = 30 Tin

Ina

1/2
Try ~ 10% GeV (ﬁ)
= “RH VX Y\101 Gev


https://arxiv.org/abs/1306.5220

A Closer Look at Inflaton Dynamics during Reheating
W After inflation is over: Si,r ~ fd4;1:\/—g [%(HHQS)Q — %méd)ﬂ

B Inflaton = condensate = homogeneous in space (¢ = ¢(t))

100

10?

W EoM: ¢ + 3H¢ +m2¢ =0

do(t) = e /mgt = ¢e/a®/?

P(t) = sin(myt)

® $(t) = o(t)-P(t) {

® P = <Tgo>peri()d = V(OO) = %m(b(jo '
® For later convenience, P(t) = > o0 Ppe et

(w = m¢, Pn::l:l = i/2, Pn;é:l:l = 0)
B Decay: L; = yoff
® For n-th mode: M,, = y¢o(t)Pri(pa)v(pn)
® Energy transfer rate I'y:

2

Zw > B, =Lm,

o= T 8w

87Tp¢
(Ep=nw)

® T', turns out to be the same as the decay width of a
particle at rest (since ¢ is condensate, i.e. p=0)



m Perturbative Aspects of Gravity



Graviton in General Relativity

B Einstein-Hilbert action (+ matter + gauge fixing): S = Sgn + Sm + Set

M Introduce graviton hy.: gy = N + M Py

1 v vp v
Sen + Sgf = / d'z [—Qh“”Pw,pUDh”"] , Py = upllvo & %277 p = MuwTlpo

B Graviton propagator

d*k P,
_ et (x—y) ~ Hvpo_
(O] hyuw () hpo (y)10) /(2ﬁ)4 k% —ie

B Graviton coupling

1 2 0(v/—9Lnm)
Sm~/d4 [ﬁm—h ,,T“”], T, =
! Mp Mg dgm

Gravity universally mediates between all matter fields



DM Production from Thermal Bath by Graviton Exchange

B Minimal coupling of DM is gravity:

M h
c= MR roiroon = P mm)

Mp

| SM + SM — graViton — DM =+ DM [Garny, Sandora, Sloth '15]
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B Assume scalar DM with mass mx

B Boltzmann equation:

T8
nx +3Hny = Rsvm—sx ~ UL
P
nx  Rsvmox 3
= 78~ s < Thn

B Try ~ vV MpH;
B Qvh?x mXTliH x mXHf’/2


https://arxiv.org/abs/1511.03278

DM Production from Inflaton by Graviton Exchange
B Noticed that ¢ — DM dominates over SM — DM as pg > pg at early times

[Ema, Jinno, Mukaida, Nakayama '15,'16, Ema, Nakayama, Tang '18, Mambrini, Olive '21]

B Energy-momentum tensor of ¢(t): T[f’,, = (pg + Pp)uuuy — N Py

P - Z " € e M (w = my)
P n=—00
(T;(fl/) = ¢ P¢ = Tf,w = 2Knuuuu - nul/(Kn - Vn)
P¢ M_(LO:O:O)
\(TZS,OO = Kn +VH>T1(11)1 =7J = Kn - Vn)

B E.g. spin-0 DM: ¢¢ — xx <= annihilation of n-th modes in T[f,,

Vi 2m3 Po
x = real scalar : M, = M—I% (1 + ()2 ~ Mil%

3
R Z Fpa AP g o5 — ) — ) (5 + i)
Pxx = (2m)32pY (2m)32p% A VB ATDEB
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Spin-0 DM

o DM N
\ /'
\ 7 12
\ 7/
\ / ;
\
\ // O 11}
\ , o
' 3
\ / [
/ = or
/ \\ &0
/ \ Q
7 - ol
/ \
, \
, \
\ 8
/ \
/ Ry
¢ DM ;

0 2 n . e R
Logio[m../GeV]
2
B Boltzmann Equation: 1, +3Hn, = Ry, ~ 1\%4, with pg o< a™

3 4
. . T3 Tmax T
W Easily find Qxh2 ~ <1010Réev) < 10/0 RH) (101?)5}(9\/)
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https://arxiv.org/abs/2102.06214

Spin-1 DM

B Spin-1 DM production during reheating (not include production during inflation)
[Garcia, KK, Ke, Mambrini, Olive, Verner, 2311.14794]

W Ly=—1FPwE, +lmdArA, = TH = _FreR,Y 4 m3ARAY — oL,
B Interaction: /—¢Lint = —M—Ph#,,(TS“l\'j[ + Tqﬁ”’ +T4")

H Helicity amplitudes:

2
) AH & M, = ]‘\;2 (1 + ( TZ‘; ) (cf. minimally-coupled scalar)
\ / V 2m?
AN h )/ ® M, 1= M2 ( '>4 K My 11 for my < myg
THY W / Y .
B From Boltzmann equation
MP // \\ MP
/ \ Tru ma
K \ Qph? ~0.12 x ( )
5 A, L (101O GeV> 107 GeV

Ty 1018 GeV\* my \3
Qrh? ~ 10716 RH
rh 0~ (1010 GeV me (EeV)


https://arxiv.org/abs/2311.14794

Spin-3/2 DM

W0, 1/2, 1, 2, why not 3/2?7 = Rarita-Schwinger field (e.g. gravitino)
[KK, Ke, Mambrini, Olive, Verner, Phys.Rev.D108, 115027; 2309.15146]

® Ly = @u(m“p”ap + m3/2’YW)¢u
v i Loy ~( HV) P v u)<_> P L P (MH v)
® T?fi/zzi =3y OVYP + P O b + PP

B Helicity amplitudes:

m?2 m2
® M, = L (2 T > jR—LY (diverge when mg,5 — 07)

M2Zmsi \ 3 2(nw)? nw)?
p 3/
2
Vi, m3)2 ms3 o
° WTT = —= 1— nLL T
Moo M% 2nw (nw)? K M1 for mgjs < mg

B DM abundance:

TRH me 2 EeV
® O;h? ~10° ( ) > 10 PeV (Try = 4 MeV
L (1010 GeV) 105 GoV i = my5 2 10 PeV (Tky 2 4 MeV)

- Tru me 2 (EeV\®
® Oph?~10"8
Th” =10 (1010 GeV) (1013 Gev> M



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.115027
https://arxiv.org/abs/2309.15146

Issues on Spin-3/27

B mg3/y can not be zero due to unitarity bound

V32 V372 ® Scattering of longitudinal modes: v, ~ ”%/2
h ® Amplitude at E ~ my:
v wv v
T35 Uy "
Mp Mp M~ _¢ —— Z;l when m3/2§40 EeV
m3/2M
32 32 ® If SUSY, M ~ m3/mg)s M3 21 = mypy S 0.1 EeV

[Antoniadis, Guillen, Rondeau, '22]
[ | CataStI’OphIC production [Hasegawa et al, '17; Kolb, Long, McDonough, "21]

(P¢ — 3m§/2M%,)2
(po + 3m3, M2)?

m/H, =102

® Sound speed of DM: ¢ =

® Non-perturbative production of DM when ¢; =0

3
® f3/5(k) ~ const. = npy = / (d ]; f3/2(k ) oc A3

102 0 10° 107 ® Divergent? Backreaction?
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m Non-perturbative Aspects



Another Approach to Gravitational DM Production

H Different way to describe the gravitational DM production
[Ema, Jinno, Mukaida, Nakayama '15,'16, Ema, Nakayama, Tang '18]
B DM production scenario:

1. Inflaton (damped) oscillation = oscillation of the metric (or H)
2. Oscillation in DM kinetic term (y/—gg**0,x0,X) = DM production

B Equation of motion of DM (x):

[Ema, Nakayama, Tang '18]

12

Tr=10%GeV, my=10"2GeV, Qpm=0.25

1
=4, 1, 0.1, 0.01)x Qo Xi + [kz + a2mi + GazR] Xk =0

B Numerically compute p,, based on
Bogoliubov transformation:

_1/dgk[| /,2
Px =3 (2m)3a* Xk

(8 + am? + aP )

,"‘mx=\/?Hmf
2 4 6 8 10 12

Log( 125 — aH (xrX3 + XiXk)]
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https://arxiv.org/abs/1804.07471

Different Interpretation?

B ¢ oscillates = R oscillates

Xj + wixk =0
wi =k? +a’m? + §a®R

B Bogoliubov approach

[Ema, Nakayama, Tang '18]

Tr=10°GeV, my=10"2GeV, Qom=0.25
Q,=(4,1,0.1, 0.01)xQom

,»'Im,(=\f2_H.nv

2 4 6 8 10 12
Log(—2L)

K GeV

-

B ¢¢ —graviton— xx
B Production rate Ry,

B Boltzmann approach

[Mambrini, Olive '21]

~ME

&

P

Logo[Tru/GeV]

Logio[m../GeV]

10

Are these two approaches (Boltzmann and Bogoliubov) equivalent or not?
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Phase Space Distribution of Spin-0 in Boltzmann's Approach

) % B Graviton exchange diagram
pA/ ' 1
AN hwj ,/ S ~ /d4x |:»Ch,kin + £¢ + ‘CX — ﬁh“V(ij + Tffy)
TL?V \\WMW(/ T‘}V P
MP // \ Mip
/ \\;\ B Boltzmann equation for f,(t,p4):
PB N
¢ x O Hipal g = o1y
[Pl
B Collision term (when xx — ¢¢ is negligible).
2 2\ 2 2
7T,0¢ mX 5 mX
C =—|14+—"= | 0 - , = - —=
[fA] 165miM?5 ( + 2m3)) (|Pal quﬁ) B mi

B Phase space distribution (comoving momentum k = |p4|a(t)):

. or [ H\? ( m@)9/2 . mi 5/4 - mi 2 o
al) = — : — = 3 x
pa 64 \ mgy k mé 2m?2

Fx(t,




How to Address the Question

(Boltzm: .(Bogoliubov . .
B What do we want? ff(B“mm ) e fcho"O oY) 4 see if they are equivalent

B The question may be stated as follows.

Boltzmann approach
® Based on QFT in Minkowski spacetime

® Particle production is described by collision terms in the Boltzmann Eqs

Bogoliubov approach

® Based on QFT in curved spacetime

® Particle production is described by time dependence in effective frequencies

AN

B Therefore, there seems no guarantee that they are equivalent



QFT in Curved Spacetime in a Nutshell
B Use adn = dt and ¥ = a~ 'y to write

1 1 1
Sx = /d4a:v 9Ly = /d4$ [2(?)2 - 25@025(/} , W=V a®m} + gaZR

B Frequency w is time dependent, so

[ %(past) 7& %(['uture) — ‘0(past)> 7& ‘O(I'uture)> }

B Introduce Bogoliubov coefficients:

<%) (7 —ﬂ:)(o;;;)
i =
b*}: future _Bk Ok a*]z past

B Define the initial vacuum by a,;\()(l)} =0, then

n = (0 [bLbg0M) = B # 0



Bogoliubov Coefficients in Perturbative Regime

JU O‘?c —iwp oy, + 7,81c
B From 7 =Y and EoM = /

Wi
/ .
= W —0[
ﬁk kﬁk + ka k

W For lw/wi| <1 = 5k(77):/ dn/ [;jf] 72“" dn"wi(n")
; k



Bogoliubov Coefficients in Perturbative Reglme
aj, = 7 udt /Bk
B From 7 =Y and EoM = W
Br = iw B + kk
3me (a*R)'/67 i [ dn'onn’)
k? + a*m2 + a?R/6

n
m Forluf ol <1 = A= [
i



Bogoliubov Coefficients in Perturbative Reglme
aj, = 7 al /Bk
B From 7 =Y and EoM = W
B = iwk Bk + kk
1 3Hm (a2R)//6 _2‘]77/ dn’’ 7
2 -~ X i [0 dn wk(n")
W For |wy/wil <1 = /Bk(n)—/m dn’ |:k2_|’_a2m?<_'_a2R/6 e '
B Use ¢(t) = (¢e/myt) sin(myt) and H = He(a/ae)3/? (slowly-moving):

H)3 H m? o
B ~ / %_(a )"(my/H) 1+ —x sin(2mgt)  +... e~ 2 Sy
n ——— N

2 2,2 2
4 k+amx 2m¢

fast oscillation of ¢ change in x’s frequency

for k > aﬁ ~ a\/ﬁ (otherwise, adiabaticity is broken) and F/m¢ < 1



Bogoliubov Coefficients in Perturbative Reglme
aj, = 7 ul /Bk
B From 7 =Y and EoM = W
B = iwiBr + kk
n 3Hm (a2R)’/6 _2‘f77/ dn’’ 7
2 -~ / X i [T dn" wi (")
B For |w,/wi| <1 = ,Bk(n)_/m dn [kQ—i—an?(JrazR/G e K

B Use ¢(t) = (¢e/myt) sin(myt) and H = He(a/ae)3/? (slowly-moving):

3 () (my /T m? o
B ~ / f—(a )"(mg/H) 1+ 7)62 sin(2mgt)  +... s 2i [, wi
; ] N—

2 2,2
4 k+amx 2m¢

fast oscillation of ¢ change in x’s frequency

for k > CLF ~ a\/ﬁ (otherwise, adiabaticity is broken) and F/m¢ < 1
B Use stationary phase approximation to find

) 5\ b/4 . 2
3 2~ 97 [ H.\* (m@)g)/Q 1 mf( / 1+ mfé E—9/2
k>aH 64 \mq k m? 2m? >

which is identical to f, obtained in the Boltzmann approach




Gravitational Particle Production from Phase Transition

B Particle production through abrupt phase
transition (dS — MD)

106 B Initial condition: Bunch-Davies vacuum (no
particle)

[N

Inflation Phase Oscillation Phase

ot
L

u wids) # ngD), producing particles

'S
f

B Phase space distribution:

occupation number (k = H,/100)
w

9 (H.\°
2 — < ) (k> k)
fo(k) = 64 \ k ,
1 - 9 / H, H, k< k)
0 my = H/10 32 \ My eff k ' *
102 10 10° 10! 10? k. ~ ( 2 )1/ 3
In(a/ac) * = emx,eff

B Only k < H. may be excited



Schematic Picture of Particle Production

comoving k
2~ & dS (inflation) MD (inﬂaton oscillation)
u}({d&) N 15 )4 B MD)

Non-tachyonic
(no particle production)

Tachyonic
(particle production)

conformal time
> 1




Two Different Sources of Gravitational Production

Bogoliubov Boltzmann=Bogoliubov
1044 —— my/mg = 0.0001
\-\_\ k*ﬁ - ’ITLX/7TL¢ = 0.001
Sl —— my/mg = 0.01
L 102 4 X My /Mg = 0.1
<L
E 100 4
=z =
SO P ———
=107 R
= s
1074-
Phase Transition (dS—MD) ¢d = hy — XX
1076 T . ' .
1072 107! 10° 10! 10?

k/H,



Three Regimes in Spectrum

Phase Transition (dS — MD)

Scattering (¢ — hu — XX)

soft non-rel.

soft relativistic

numerical (m,/mg = 0.001)

hard spectrum

1072

10! 109
k/H,

10! 102



m Summary



Summary

B Two regimes in gravitational particle production

Phase Transition (dS — MD)  Scattering (¢ = i — X\)

” T et o 0000 ® [ > mgy: Boltzmann = Bogoliubov
® f < mg: Bogoliubov

10!

10"

%10

i

2

B Main characteristics

k) x (K/H,)*/

Z10°3

(Hom2)1?

e ik > Mg
» Unavoidable and easy to estimate
» Depends on spins and inflaton oscillation
1072 107! 10" 10! 10% [ ] k < m¢:
k/H,
» Can not be negligible in many cases
» Depends on spins, whole shape of inflaton
potential, and (DM) self interactions

104

k

10-3]  soft non-rel. | soft relativistic| hard spectrum

10°°




