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1) Quantum Fluctuations in Cosmology

2.) Gravitational Particle Production

w/ Joachim Kopp

3 ) GW-infuced Fermion Production

arXiv:2405.09723
arXiv:2406.01534

4) Outlook
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Quantum Vadacuum h #
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But, a vast ocean wmade of

Virtual particles
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Quantum Vacuum Particle Production

Virtual particles Actual particles
.
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<: e background field u\/\/~<:
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Background field can upgrade them into actual particles!




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
S e <----- ® O----- e

Work of the Lorentz force

eE 1 = mc?
over Comptom wavelenath COIR

2.3
=108/

J. Schwinger (1951) en



Quantum Vacuum Particle Production

Virtual particles Actual particles

0 >
C‘\‘ background field \/\/\/‘<
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Background field can upgrade them into actual particles!

Examples of such B fields: Schwinger Effect in Early Universe
/‘) E[60+V|0 Fi@[d SCI/\WI'V\geV 6FFeCt . K. Lozano\/’ A. M’ E. Komatsu 2017
= A.M, E. Komatsu 2018
Work of the Lorentz force E o 2 , _
= IMC = LM holi, A. M, K. L 2019
over Comptom wavelength 3 Acomp gt b
P = V. Domcke et al 2019
| D= —=1018 V/m = E.Komatsu 2022 (NatureReview)

J. Schwinger (1951) en




Quantum Vacuum Particle Production

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

Examples of such BG fields: s /HOF”“Z/QV]
1) Electric Field Schwinger effect &) 75 |
2) Gravitational Hawking radiation




Quantum Vacuum Particle Production

Virtual particles Actual particles

e, |
<: | background field
’/‘. ®----,
Background field can upgrade them into actual particles!
Carticle ,, Gyl

Examples of such B fields: Vi

1) Electric Field Schwinger effect

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




Expanding Universe Produces Particles!

Flat Space: | §T
A Vacum

Expanding space:

Particle
Production




Expanding Universe Produces Particles!

Flat Space. o

Expanding space:

Edwin Schrédinger
(1939)

Particle
Production

Shocked by his discovery,
Schrsdivaer found i+
an alarmivg phenoimenont




Cosmic Perturbations , G,

Exponential expansion turns ivitial

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

Big Bang
Singularity




Gravitational Particle Production
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Scalar Field in Expanding Universe

Consider scalar field £ = 1g""V,®V,® — 1m’°®* + L(P°R .

In cosmological background ds? = —dit* az(t) 0ij dx;dx;,

The field equation of scalar fieldis @, ""+w? ()P, = 0

Fffective freavent wi(z) = K+ a’(@m’ + (5 ~a*(DR()
Y )

Initial vacuum state Final vacuum state
CD;{ = —ia)mCDk ) i CD;C = _lwfq)k
G 03n) = 0 Particle Production Bics|Ooue) = 0 Scalar field can feel +he

expansion of Universe

» time



Scalar Field in Expanding Universe

Consider scalar field £ = 1g""V,®V,® — 1m’°®* + L(P°R .

In cosmological background ds® = —dt? az(t) 0ij dxidr;,

[ T 'I"I1II'I'| T 'I1'I'II|'I'| T 'I"I'II|T| T 'I"I1I1'I'| T T TTTI
10— -
3 m = UU

L ¢=0

1L y
10 —— TR 0.1- €=

O, "+w?(7)P, =0

o e | wil(@) =K+ (om® + (§ - €)a*(DR(T)
mz " _ Scalar ﬁ@lgl con feel the
Ej____— expavsion of Uviverse
0 An example of Cosimological Gravitational
m/ 8 S Particle Production (CGPP)

1(]—7 vl vl il sl i canful 4
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k/ac.H. Plot credit: Kolb & Long 2023



Fermions in Expanding Universe

Consider spln— massless fermions L, = ?ll) YD p.

Spivor covariant derivative Dp, — V,u — Wy, Spin conviection

In cosmological background ds® = —dt* + a°(t) 6;; dx;dx;,
. . o 0 3 I
The field equation of massless fermion is (ﬂ (O + §H) + - ();.;).IIJD: 0
: a
Effect of gravity

The effect of the cosmological background can be absorbed in the

canonically renormalized field =y,
Lives in flat space



Fermions in Expanding Universe

Consider spln— massless fermions L, = ?‘Ll) YD p.

Spivor covariant derivative D, = V, — w, Spin convection

In cosmological background ds”® = —dt* + a*(t) 0ij dxidx;,

No CGHPP for massless fermions! (conformal symmetry)

The effect of the cosmological background can be absorbed in the

canonically renormalized field =y,
Lives in flat space



How to Create Fermions in Expanding Universe?

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

" Inflaton field,
o Couple your Weyl fermion with 4 Standard Model,
Dark sector coupled to thermal bath

—

o make the fermion massive to produce them gravitationally!

Cosmological Gravitational Particle Production (CGPP)
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Ts that the best Gravity can do +o produce fermions!?



How to Create Fermions in Expanding Universe?

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

" Inflaton field,
o Couple your Weyl fermion with 4 Standard Model,
Dark sector coupled to thermal bath

—

o make the fermion massive to produce them gravitationally!

Cosmological Gravitational Particle Production (CGPP) /VO /

Ts that the best Gravity can do +o produce fermions!?



Gravitational Particle Production Mechanism

Production Mechanism Underlying Physics Conditions

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

Production Mechanism Underlying Physics Conditions
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|||) Gravitational Leptogenesis - Chiral GWs Alexander et. al. 2006

Chiral fermions A.M. 2014 & 2016




Gravitational Particle Production Mechanism

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
AP - : Bernal, et. al. 2018
“) Graviton-Mediated hi Super-massive field Clery et, al, 2022
Annihilation (GMA) High temperature plasma
Parity violation h; # hp
|||) Gravitational Leptogenesis - Chiral GWs Alexander et. al. 2006
~ Chiral fermions A.M. 2014 & 2016

What does Unpolarized Gravitational Waves do!?



Gravitational Particle Production Mechanism

Production Mechanism Underlying Physics Conditions

|) Cosmological Gravitational Cosmic expansion  super-massive fields Kolb & Long 2017
Particle Production (CGPP)
SM W M. Garny, et al 2016
: L - Bernal, et. al. 2018
“) Graviton-Mediated i Super-massive field Clery et, al. 2022
Annihilation (GMA) High temperature plasma
SM o

Parity violation h; # hp
|||) Gravitational Leptogenesis - Chiral GWs Alexander et. al. 2006
Chiral fermions A.M. 2014 & 2016

itigy,
|V) GW-Induced Freeze-In A.i.g—k GWs Background A.M. & Kopp 2024
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A.M. & Kopp 2024

arXiv:2405.09723
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@ravitational Wave-induced Freeze-in

T : Based on
A.M. & Kopp 2024 (to appear soon)

oo . : Plot credit: Ellis et. Al. 2020
In a nutshell it is the production of Weyl fermions by

a stochastic background of GWs as Q.

Qew



@ravitational Wave-induced Freeze-in

T : Based on
A.M. & Kopp 2024 (to appear soon)

oo . : Plot credit: Ellis et. Al. 2020
In a nutshell it is the production of Weyl fermions by —

a stochastic background of GWs as Q.
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The graviton—fermion Interaction

Cosmological background with Gravitational Waves T WSV;‘”S@** raceless
ds® = —dt* + a*(t) §ij dvidx;. ij = (5@; + hij + 5 hikhge - )
Consider spin % Weyl fermions Ly = ?;‘LIJJ;—}’}*‘HDM‘LPD:

Free massless fermions can be written as ¥ = 3/,

/

Does vot feel ¥he expansion of
Universe



The graviton—fermion Interaction

Cosmological background with Gravitational Waves T WSV;‘”S@** raceless
ds® = —dt* + a*(t) §ij dvidx;. ij = (5@; + hij + 5 hikhge - )
Consider spin % Weyl fermions Ly = ?;‘LIJJ;—}’}*‘HDM‘LPD:

Free massless fermions can be written as ¥ = 3/,

W __ i, g Y ’ %
L. = —@hgj‘llgy O ;Wp. Cubic vertex

—

J .

2 T 1 * N
£i(n3 - f_;e*ilhijc‘)#,hik \I{Dlﬂ'ﬁ“-j"l'”\I{Dj Quartic vertex
106a- -




The graviton—fermion Interaction

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

W) _ oy §nin
Line = —5,.11j'¥p7" 0 ¥p. %}T
- %
(2) G - T ajk
Line = ~16.3€ aliiOulin¥pL T, yf)\

Expectation value of an arbitrary operator in In-In formalism

{ t
<Q(I)> = <T exp [i /’_ dt"” lli,,l(l")] Qr(t) Texp [— i /’+ dt’ Ili,,l([')] > .

/

Tuteraction Hamiltonian — p,, (1) = — [.rf‘.m:‘(r) Lin (1,%),



The graviton—fermion Interaction

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

1y _ b= i | |
Ling = —5ahi¥p7" 05 ¥D. ?7; Eneragy devsity of Weyl fermions
' o ¥ py(7,X) = Tpntn” = L gtyw - Ly,
(2 i - : w P10, y
£in3 - 160}38%71@';;(9#%;@\1191“ J \I{Dj % a

Expectation value of an arbitrary operator in In-In formalism

( t
<Q(I)> = <T exp [i /1‘ dt"” Ili,,l(l”)] Qr(t) Texp [ — 1 /ﬁ dt’ Uim(f,)] > .

/

Tuteraction Hamiltonian — p,, (1) = — [ Az a®(t) Ling(t,X),



The graviton—fermion Interaction

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

int,

i A
) = 5 qhij¥py' 9 ¥p.
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o= — 1603eﬂahijaﬂhik%r@fk%,

Diagrammatically we have

=
[

+
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Everay density of Weyl fermions

- ] g
py(7,X) = Tyyntn” = ”—4‘I'fr)T‘I' — Ly,




The graviton—fermion Interaction

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

int,

m_ v s i
I — ﬁhg;‘I’D’}f 0;Wp. Eneray density of Weyl fermions

1 e
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The graviton—fermion Interaction

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

int,

M _ g i
I — —ﬁhm‘l’n’)f 0;Wp. Eneray density of Weyl fermions

T i I=H
p'r.,-'}(Tz x) - 1;;1}“-’””“ — ”—4‘1'%()7-‘1' - E*ﬁ')!

r®_ !
nt 16a?

Diagrammatically we have
( (1)
Vanishes for e oL = <*”zf) > = 02 = <Pw1 > )

unpolarized GWs
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The graviton—fermion Interaction

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

1t

(D) _ Ly Gain
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Diagrammatically we have
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Vi

unpolarized GWs




The graviton—fermion Interaction

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

(1) R )
Line = —5,.11j'¥p7" 0 ¥p.

Everay density of Weyl fermions

9 —>
(2) ’ = ; py(T.X) = !F;w“”*“”y = %‘I’fd‘,—\l’ — Ly,
Lol = — epahg‘jaﬂhik\llprajklp[), a

mt 16(13

Diagrammatically we have

Vanishes for
unpolarized GWs



GW-induced Freeze-In

The energy density of Weyl fermions

Mmaqml time power spectrum of GWs

(py(T

' L osin®O((w + k)% + ¢?)
x(l..lw)[Z 2w(w + k — gcosB) ]*(('
It acts like radiation  (p, (7)) = :;(pl.(f))fx 1: -
. a’ (T

It depends on the degree of temporal coherency of
GWs background

(b3 y()) = (17~ 1)y o)) gy, 77

Vq ( |T,

(k4w T 1‘
~ dm a( / dr’ / dr" /q dg (hy (7" )hy(7") / ‘dk /do sin® § ei(k+@)(7'=7")

Fully wcoherent

T”|) = &r;ﬁ(’rf 'r”),

|) = 1. Fully coherent



GW:-induced Freeze-In

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

(py(T) = B / dr’ / dr" /q dq <h,,(T llq(T >/ Lk /d{) sin? g ot (k+w) (7' =7")
al

2 )
x (k w)[ sin”6((w + k)° +4 )] fee..  Broken Power-law Spectrum
2w(w + k — qcosB)

1

It acts like radiation  (p,(7)) = % (pu(r)) x | g o
3 a'(r) 3 /\

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

(3 () = (17~ 1) ()R gy, ol =) = Andl ),
v (|7 — ")) = 1. Fully coherent




GW-induced Freeze-In

The energy density of Weyl fermions
Mm@qmal time power spectrum of GWs

(k4w T 'r"
" Ara / dr’ / dr" /‘I dq <hfl(T hq(T >/ Yk /(10 sin® @ e (k+w)( )

sin® O((w + k)2 + ¢?)
k [ ] c..
Xt ) 2w(w + k — gcosB) de

It acts like radiation  (p,(r)) = = (pu(r)) x ——. e ok

Finalesult () = (B2) ()" 2¢O T

(py (T

Proken Power-law Spectrum




GW-Induced Freeze-in & Dark Matter

(effectively) massless during production
{\;

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

~ Energy /A Today

Fermion eventually becomes massive with mass M

’ 4, 1/3 570
ﬂ_ s ﬂ qpcak/ H., g*(T*) 1% peak
P ESERGRRE g i 100 106.75 3 x 101 GeV 165 )




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

GW prod. temperature T, [GeV]
GW prod. temperature T, [GeV]
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Gravitational Waves Spectrum

@W-nduced freeze-in mechanism requires a (qWs spectram with peak freduency

fpeak €
(kHz-GHZz)

CMB missions CMB spectral - Astrophysical space-based High frequency
distortion Probes Interferometers GWs
Age of the .
. Time (s)
Universe | | ~ Years | Hours  seconds Milli-Seconds, | >
lb—lS lollﬁ 10—'14 10—'12 10—\0 ](I)--8 10I_6 ]&)—4 ]O]—2 i 102 10l4 1I09

GW Frequency (Hz)

Age of the Universe = Billions of Years



Summary
T N =
aravity and Quantum Effects in Cosimoloay can still surprise us:

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

Coswic Perturbations (like Gws) naturally break the conformal
symmetry of Weyl Fermions

T+ leads to a vew mechavism for production of dark fermions v
early uviverse, i.e. GW-induced freeze-in of fermiovic dark mat+ter.
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Scalar number density for minimal coupling

4 ]_ o -
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