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Quantum Vacuum Particle Production

Virtual particles Actual particles
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Background field can upgrade them into actual particles!
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Quantum Vacuum Particle Production

Actual particles

Virtual particles
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‘/‘

Background field can upgrade them into actual particles!

Examples of such B fields: 3
1) Electric Field Schwinger effect - < et
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over Comptom wavelength el Rest everay of charged particle )

J. Schwinger (1951)




Quantum Vacuum Particle Production

Actual particles
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Background field can upgrade them into actual particles!

Examples of such B fields: 3
1) Electric Field Schwinger effect - < et
------- “----® @--—---p----.

Work of the Lorentz force
over Comptom wavelength

eE Acomp = MC?

Rest eneray of charaed particle
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The Electric field that can create electron pairs E = ——=1(018 V/

eh J. Schwinger (1951)



what about
Schwinger Effect n Early Universe?

Schwinger effect in scalar QED in 4d de Sitter
= T. Kobayashi, N. Afshordi 2014

How about Axion-inflation?!

1) a natural candidate for the inflaton field
i1) Naturally conpled to gange fields
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Quantum Vacuum Particle Production

Virtual particles Actual particles
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Background field can upgrade them into actual particles!

Examples of such B fields:
2.) Gravitational

one particle fall into the BH, while the other escapes... .

Hawking radiation *_;

Power BH emitted is we3M

S. Hawking (1974)



Quantum Vacuum Particle Production

Virtual particles Actual particles
.
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Background field can upgrade them into actual particles!
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Examples of such B fields: Vi tion
1) Electric Field Schwinger effect

2.) Gravitational Hawking radiation
or expansion of the Universe!




Expanding Universe Produces Particles!

- Q Va Virg
Flat Space: 2 _Uum Yal pair
A Vacuum
wn
Expanding space:
Particle
E. Schridinger (1939) Production
Shocked by his discovery, & .
Schrsdinger found i+ / ........................
an alarming phenomenont /




Ccosmic Perturbations

Exponential expansion turns ivitial

We are the product of
quantum fluctuations in the
very early uviversel

Big Bang
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Coswological Gravitational ?arﬂole ?rodmcﬂow
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L. Parker (1966)

The expansion of the Universe creates pair production in FRW geometry.

But conformal fields in 4d will not be produced since FRW is conformally flat!




Scalar Field in Expanding Universe

Consider a scalar field
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Scalar Field in Expanding Universe

Consider a scalar field L= 38"V, OV — ;m P’
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Scalar Field in Expanding Universe

Consider a scalar field L= 38"V, OV — ;m P’

In cosmological background g, = a*(7)diag(—1,1,1,1)

mg%’—————-m =0.01; £ =g CI)k”+(1)k2 (T)Cbk =0
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m@ l[]—-lé_ =23 ¢=0
Au example of Cosmological Gravitational
105 . 4
o o Particle Production (CGHPP)
7;’7”1“ ) , Plot credit: Kolb & Long  Reviews of Modern Physics 2023
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k/a.He H, is Hubble scale at the end of inflation




Spinning Fields in Expanding Universe
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Plot credit: Kolb & Long Reviews of Modern Physics 2023




Spinning Fields in Expanding Universe
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Conformal fields in FRW will not be produced

since FRW is conformally flat!



Spinning Fields in Expanding Universe

10°
10*
10

10-°

. 8
s = .;w-i'!l.llll;-:"‘I A

m/H.

Plot credit: Kolb & Long Reviews of Modern Physics 2023

L. Parer (1966)
Conformal fields in FRW will not be produced

since FRW is conformally flat!

No CHPP for massless fermions!

(conformal symmetry)



Fermions in Expanding Universe

. .1 . .
Consider spin > massless fermions £y = ip! 4Dy

Spivior covariant derivative D, = V,, — w,  Spiv connection

In cosmological background Juv = a?(t)diag(—-1,1,1,1)

The field equation of fermion is (q--o(ao + gH) + l»-;.’*i(‘-)i)ll) = 0.
- a

Effect of gravity



Fermions in Expanding Universe

. .1 . .
Consider spin > massless fermions £y = ip! 4Dy
Spivior covariant derivative D, = V,, — w,  Spiv connection
In cosmological background 9 = a*(r)diag(-1,1,1,1)

The field equation of fermion is (n,-“(ag + ; ) + if;.f-(‘-)i)ll) = 0.

Effect of gravity

The effect of FRW gravity (conformally flat geometry) can be absorbed as
U = g% 20,

comonically renormalized field lives in flat space!



How to Create Ferwmions in Expandivg Universe?

Breaking the conformal symmetry of Weyl fermions by interactions, e.g.

(dilatation transformation)

Inflaton field,
o  Couple your Weyl fermion with Standard Model,
Dark sector coupled to thermal bath

o make the fermion massive to produce them gravitationally!
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Gravitational Particle Production Mechanisms

Production Mechanism Underlying Physics Conditions

Cosmological Gravitational Cosmic expansion  super-massive fields Kolb & Long 2017
Particle Production (CGPP) M> 1013 GeV

Relic density by CGPP
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Gravitational Particle Production Mechanisms

Production Mechanism Underlying Physics Conditions

|) Cosmological Gravitational Cosmic expansion  super-massive fields Kolb & Long 2017
Particle Production (CGPP) M> 1013 GeV
SM ¥ M. Garny, et al 2016
: C - Bernal, et. al. 2018
“) Graviton-Mediated b Super-massive field Clery et, al. 2022
Annihilation (GMA) High temperature plasma
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Relic density by GMA
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Gravitational Particle Production Mechanisms

Production Mechanism Underlying Physics Conditions

|) Cosmological Gravitational Cosmic expansion  super-massive fields Kolb & Long 2017
Particle Production (CGPP) M> 1013 GeV
SM ¥ M. Garny, et al 2016
: . - Bernal, et. al. 2018
“) Graviton-Mediated b Super-massive field Clery et, al. 2022
Annihilation (GMA) High temperature plasma
SM ! Treh > 1013 Gel/
Parity violation h; # hp
|||) Gravitational Leptogenesis Vb Chiral GWs Alexander et. al. 2006
Chiral fermions A.M. 2014 & 2016

Chiral fermions

(global) Gravitational avomaly g s — N — iVR RE  Parity violation in inflation[§8
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Matter Asymmetry by Gravitational Anomaly: (RR) = o!

vaﬁ : <[:ﬁ:

What makes Chiral Gravitational Waves?
Left-handed Gw

To generate circularly polarized GWs, we need Parity violation in inflation.
Two possible models are IR) L)
=

1 -
1) Chern-Simons Gravity Lerr = chRR
Alexander, Peskin, Sheikh-Jabbari 2006

2) Non-Abelian Gauge fields in axion-inflation  L,¢r = lggFF' (Chiral Gauge Field Chiral Gws)
A.M., Noorbala, Sheikh-Jabbari 2012 A
A.M. 2014 & 2016 Axion-inflation is a generic setting for leptogenesis
Caldwell, Devulder 2017
A.M. 2014

Adshead, Long, Sfakianakis 2017

Alexander, McDonough, Spergel 2018
Kamada, Kume, Yamada, Yokoyama 2019

m AR

Papageorgiou, Peloso 2017



Matter Asymmetrey by Chiral Anomaly: (FF) = o!

Axion-inflation is a generic setting for lepto/Baryogenesis Vplt -
(All the Sakharov conditions are satisfied) A.M. 2014

* Non-Abelian Gauge fields in axion-inflation Left-handed A,

A.M. 2019 2 L)

A.M. 2020, 2021
Right-handed 4,

« U(1) Gauge fields in axion-inflation

Domcke, Harling, Morgante, Mukaida 2019
Domcke, Kamada, Mukaida, Schmitz, Yamada 2020



Gravitational Particle Production Mechanisms

Production Mechanism Underlying Physics Conditions
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Particle Production (CGPP) M> 1013 GeV
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What does Unpolarized Gravitational Waves do!?




Gravitational Particle Production Mechanisms

Production Mechanism Underlying Physics Conditions
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|V) GW-Induced Freeze-In A.i.—ﬁ—k GWs Background A.M. & Kopp 2024




Gravitational Wa\/e induced Freeze-in
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S Based on
In a nutshell it is the production of Weyl fermions by A.M. & Kopp 2024
a stochastic cosmic perturbations A s 09723

arXiv:2406.01534
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P - Based on

In a nutshell it is the production of Weyl fermions by A.M. & Kopp 2024
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a stochastic cosmic perturbations arXiv:2406. 01534

As the lowest hanging fruit of this mechanism, consider:
unpolarized stochastic background of GWSs
with broken power-law spectrum gy, In radiation ear
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Plot credit: Ellis et. Al. 2020
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P - Based on

In a nutshell it is the production of Weyl fermions by A.M. & Kopp 2024
arXiv:2405.09723

a stochastic cosmic perturbations arXiv:2406. 01534

As the lowest hanging fruit of this mechanism, consider:
unpolarized stochastic background of GWSs
with broken power-law spectrum gy, In radiation ear

Super-mass
[igh temperature plasma
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' Plot credit: Ellis et. Al. 2020

GW-Induced Freeze-In L S SN GWs Background




The graviton—fermion Interaction

Cosmological background with Gravitational Waves T WSVT”S@**W@'%S
ds® = —dt* + a*(t) §ij dvidx;. Jij = (&i; t+ hij + Shikhgr + - )
. .1 . .
Consider spin E Weyl fermions Ly = ZIDE"}”HD_M‘LPD:
D
Free massless fermions can be written as ¥ = ¢3/ 2, “cs »
"r
<§’/74
é/@/'l/ éé’e
C’kse *Aq@
S/.o@



The graviton—fermion Interaction

Cosmological background with Gravitational Waves T WSVT”S@** raceless
ds® = —dt* + a*(t) §ij dvidx;. Jij = (&i; t+ hij + Shikhgr + - )
Consider spin % Weyl fermions Ly = ’.!:IIJE"}*‘HDH‘LPD:

D
Free massless fermions can be writen a ¥ = ¢3/2, 5

&/
. by, "%
£. _— — F }?’53 ‘I’D"}f 0 ,}\I’D . C/(/llﬁw \/@V"’@X —— SC’
a .

int /
Vi “feeeﬂ // O

; :

2 T ) ko .
Efnt? - qe’u,_.lhijaﬁ,hik l:[ljl_j]__"[]E'jhk\I{[}j Quartic vertex
16a- -




The graviton—fermion Interaction

We use In-In formalism to compute the energy density of Weyl fermions

) B0, —
Ling = —511ii¥p7 9 WD,
20) Vh'!lﬂ!')
. “ W
(2) ¢ - T agk
Lis = = 75,3 i Ouhin ¥pT " ¥p, EN

Expectation value of an arbitrary operator in In-In formalism

{ t
<Q(I)> = <T exp [i /’_ dt” Ili,,l(l”)] Qr(t) Texp [ — 1 /I+ dt’ Uim(l’)] > ‘

Tuteraction Hamiltonian 1, (1) = — [ff?‘.f-;;:‘(r) Cint (1, %),



The graviton—fermion Interaction

We use In-In formalism to compute the energy density of Weyl fermions

JO I ) o, . |
int — 541t =D7 CjED: s Evergy devsity of Weyl fermions
: %@/ pu(T,x) = T),,n"n" = L‘I”La:.f);}‘lf — Ly,
7 _ - 8 jLv 1 T s
51(33 = 163 et hij0uhi Bpl 7 Wp, ym\ !

Expectation value of an arbitrary operator in In-In formalism

{ L
o T A . I A /! ' | A / i /
(pl/J> = <.[ exp l:' ./li_ (”’/Ilmt(l )] ,01/)(1) 1 exXp [ ,/lj" dt llmt(’ )] > !

Tuteraction Hamiltonian Hi (1) = — [ A3 a®(t) Li (1. %),



The graviton—fermion Interaction

We use In-In formalism to compute the energy density of Weyl fermions

2 _ R
l:(l) — — ﬁhij’ l:[{[)’)/E 0;, ‘I’D.

i —

int — 1603euahijayhik@DFajk\IJD:

Diagrammatically we have

=
[
|

+

Vi

Everay density of Weyl fermions

- i s B
py(T,X) = Typnt'n® = ”—4'1')'(),,-‘1' — Ly,

In-Tw compurtation of fermion everagy
(pw) - <’1‘exp li | /’ i dt” lli,,t(!")] Py Texp [—-i, . /’l dt’ 11-,,,l(r’)]>.




The graviton—fermion Interaction

We use In-In formalism to compute the energy density of Weyl fermions

O N A g Everay density of Weyl fermions
4 ‘T Dﬂy ] D- . . i T‘H
- 2a py(T. %) = Tpntn” = — W10, ¥ — L,
(L
In-In cova(AJeriom of F@rmiom @mer@w
e)u’ hgja h klIJDF Ik \IJDj (pw) = <T(‘xp [i /[i dt" Hip (1" ) ,01/) 1(\1) /’ dt’ Hip (1 ) ,

(2) _
Elnt o 16(}

Diagrammatically we have

S et Y >

Vi

e
@\/} 03 = <p,f? ) > __ (2]



The graviton—fermion Interaction

We use In-In formalism to compute the energy density of Weyl fermions

Everay density of Weyl fermions

int

2 _ R
l:(l) = — ﬁh@j\l’;}’}fﬂ 8;, ‘I’D.

m rft ‘H
py(T,X) = Typntn® = ”_4@‘()qu — Ly,

In-Tw compurtation of fermion everagy

2 Z = i L ) t v
E( ) —_ eH’a hZJ 8” h%k lI’DFa'?k lIJ]:)j (pw) = <T exp li, /’_ dt” lli,,l(!"):l ,01p Texp [— i /’i dt’ 11-,,“(!,')] > ,

it 16(13

Diagrammatically we have
01 = < > 3 02 = <a0 > 3




The graviton—fermion Interaction

We use In-In formalism to compute the energy density of Weyl fermions

; e Euneray density of Weyl fermions
l:(l) — —ﬁhijwp’yzgljwp. @bl L -F L -F
(1

1 .
f"?ﬂ'(T: X) - I}w”“”y = u—d‘lﬂdq-‘p — .Cf#ua

In-Tw compurtation of fermion everagy
e“a h@j.@#hm l:[{[)]‘_“ji'?kl];']:)j (pw) = <1 exp ll /zj dt” Ilim(t”)] ptp‘Texp [— ’/ﬁl" dt’ llim(t')] > :

c®
nt 16(13

Diagrammatically we have

‘ _ [ (0 /o
Vavishes for o1 = ( Py : 02 = { p
Vhgy

unpolarized GWs




The graviton—fermion Interaction

We use In-In formalism to compute the energy density of Weyl fermions

; e Euneray density of Weyl fermions
l:(l) — —ﬁhij\:[’p’}/zaj‘]:’p. @\{ L -F L -F
(1

py(T,X) = ﬂw”“”y = a_d‘Pth‘I' — Ly,

Z. In-In computation of fermion eweray
2 T j : "
f,( ) — — e“ah@jﬁﬂhik\]:’prajklpp, (pw) = <Texp l:/{_ dt,”Hi,.l(r,”)] Py Texp [—i/ﬁ dt’ Hi,,t(t')]>‘

mt 16(13

Diagrammatically we have

f Vi

Vanishes for
unpolarized GWs



GW-induced Freeze-In

The energy density of Weyl fermions

(py(T)) = 7 / dr’ / dr" /q dq(h,,(‘r hq(r >/ Lk /,19 sin3 @ ei(k+w)(r'=7")
al

2 )2
(Alw)[ sin“ 0((w + k) Iq)]“(
2w(w + k — gcosB) .
negual time power spectrum of &Ws
It acts like radiation  (p,(r)) = (pt (7)) ; 3
H T
It depends on the degree of temporal coherency of
GWSs background Fully ncoherent

(7)) = (17 — 1)/ (g()R) (g(ryp), ol =) = Andr =),

(7 — 7"|) = 1. Fully coherent



Phenomenological Wodel for Qew
/ Bl e . o —

Broken Power-law Spectrum

Qpeak

Apeak  q[GeV]



GW-induced Freeze-In

The energy density of Weyl fermions
Mmaqml time power spectrum of GWs

ik w ‘r 7‘
= B / dr’ / dr" /q dq (he(7" )b} (7") >/ Lk /,1() sin® @ o' (k+ )

(py(T

sin® 0((w + k)% + ¢2)
X w)[ 2w(w + k q(,()s())] Sk
It acts like radiation (f’h.-,(r))zé(;Jl.(T))-’x .,: -
. a“\7

It depends on the degree of temporal coherency of
GWs background Fully ncoherent

B3 hg()) = (17 — 1) (hg()R) (), 2l = 7'1) = And(r =),
(17— 7)) = 1. Fully coherent




GW-induced Freeze-In

The energy density of Weyl fermions
(/lm@dl(ml time power spectrum of GWs

). (IT dT q°dq (hy(7")h: (T (Il. df sin® § e (k+w) (7' =7")
py(T 4#(1 J !

smz()((w - k)% + ¢2)
k [ ] %G,
) 2w(w + k — gcosB) d

It acts like radiation (pﬂ._,(r))zé(w(f))m 4: 1

Final result  (p,(7)) = (QT':;) (i”)ngc Qpeak



GW-Induced Freeze-in & Dark Matter

(effectively) massless durivg production

- 3 'l [ 3 )
My  Agyr T. M (M Hy)'/?

~ Energy Today

Fermion eventually becomes massive with mass M

-

i " 1/3 2./ ()
Qpo ~o0. M (Gpea/Hs\" ( g+(72) T, peak
i’I_rJ',Iﬂ ~ (.36 x C T* 100 106.75 3 % 10]1 GeV 106 /°




Parameter space of GW-induced freeze-in of fermion

A.M. & Kopp 2024
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Parameter space of GW-induced freeze-in of fermion

A.M. & Kopp 2024
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Gravitational Waves Spectrum

s CMB spectral  Astrophysical space-based
EME missiohs distortion Probes Interferometers
Age of the :
_ Time (s)
Universe | | ~ Years | Hours  seconds Milli-Seconds, . >
10-™ 107 10 10-2 107  10* 10° 10* 102 1 10> 10* 10°

GW Frequency (Hz)

Age of the Universe = Billions of Years



Gravitational Waves Spectrum

@W-induced freeze-in mechanism requires a
@Ws spectrum with peak frequency

fpeak €
(kHz-GHZz)

s CMB spectral  Astrophysical space-based
EME missiohs distortion Probes Interferometers
Age of the :
_ Time (s)
Universe | | ~ Years | Hours  seconds Milli-Seconds, | >
10-™ 107 10 10-2 107  10* 10° 10* 102 1 10> 10* 10°

GW Frequency (Hz)

Age of the Universe = Billions of Years



Summary
/ e 5] -
Gravity and Quantum Effects in Cosimology can still surprise us:

We discussed an effect that is zero at tree level and won-zero at 14-
loop v cosmic perturbations!

Cosmic Perturbations (like Gws) waturally break the conformal
symmetry of Weyl Fermions in Cosimology

T+ leads Yo a vew mechavism for dark matter production v
early uviverse, i.e. GW-induced freeze-in of fermiovic dark mat+ter.
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