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AL Inner Space/Outer Space Interface |

AV ( o Particle physics (Inner Space) is
> necessary to explain the universe
dark matter
dark energy

baryon asymmetry
CMB fluctuations

The universe (Outer Space) is

a particle physics laboratory
big bang as particle accelerator
limits on Beyond Standard Model physics
long lifetime/path length
stellar energy loss
large B fields




V . Inner Space/Outer Space Interface

A sum;flon particle of interest (e.g., dark matter) was a component of the o~
Lmordlal soup with present abundance determined by, e.g., freeze- out/fre,eze—m

l at some point 7'>m
2 partlcle has:SM interactions

‘ ./ﬁRequires:

MaXtmum temperature of the radiation-dominated universe is the
eheat temperaturé after inflation, Try

N NS, TRH may be as low as 8 MeV (to set stage for BBN)!
\ J\ N

What about partlcles with no SM interactions (or) too weak to be
\p&pulated in the primordial soup?

'~
" (No evidence that dark matter interacts with SM particles)




# The g question: origin Of dark matter?

.
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. JWST image




For 40 Years, Leading DM Candidate:
“Weak”-Scale Cold Thermal Relic

Mass: GeV - TeV

“Weak-scale” interaction strength with SM (WIMP miracle)

No self-interactions

Produced by “freeze-out” from primordial plasma. COLD dark matter. CDM.

“Detectable” by direct detection, indirect detection, decay products, production at colliders
Just BSM, e.g., low-energy SUSY!



The WIMP “Miracle”

( Merriam-
Webster

mir-a-cle
\'mir-i-kal \
b ‘ noun
Merriam-Webster

OnlLine

1 : an extraordinary event manifesting
divine intervention in human affairs

Miracle

From Wikipedia, the free encyclopedia
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WIKIPEDIA

The Free Encyclopedia

... often used to give an
impression of great and
unusual value in a trivial
context ...




For 40 Years, Leading DM Candidate:
“Weak”-Scale Cold Thermal Relic

e Mass: GeV - TeV

 “Weak-scale” interaction strength with SM (WIMP miracle)

* No self-interactions

* Produced by “freeze-out” from primordial plasma. COLD dark matter. CDM.
 “Detectable” by direct detection, indirect detection, decay products, production at colliders
* Just BSM, e.g., low-energy SUSY!

But WIMPs have stubbornly evaded detection!

What if DM interacts only gravitationally with SM?

e Gravity must play a role in its cosmological production
e But gravity weak!

Cosmological Gravitational Particle Production (CGPP) can be the origin of DM!

* CGPP is not optional! Can’t hide from gravity.



Ideas for gravitational particle production

Produce particles through misalignment mechanism

e EOM of scalar field
¢+3Hp+m?¢p =0

e Scalar field has quantum fluctuations during inflation
H
Ap = —
e 21

» After inflation field frozen by “Hubble drag” until
H ~ me

» After which it oscillates with energy density in
oscillating field

* E.g., axion



Ideas for gravitational particle production

Produce particles via Hawking radiation from primordial black holes
(Hooper, Krnjaic, & McDermott)

Oh2 _ (10'1GeV [ 10'2GeV 3( eBn )
0.12 m T, 10-16
* PBHs of current interest (after first LIGO event)

* Seeds for PBHs from inflation
e Assumes DM mass about 101 GeV (WIMPzilla)



Ideas for gravitational particle production
L= Mg h,, T"

Produce particles from SM plasma via
graviton exchange
Garny, Sandora, & Sloth

standard

model ~ M-ttt --- DM

plasma ‘\[1»_11 ‘\[I’—ll
Q_h2 o lov) ( m > Trn \’
0.12 ~ \T2/ME, ) \1013CeV/ \ 1014GeV

* Freeze-in
« For DM mass about 10'3 GeV (WIMPzilla)
* Assumesm < Tpy



Ideas for gravitational particle production
L= Mg h,, T"

Produce particles from inflaton field after quasi-de Sitter era via graviton exchange
Ema, Nakayama, Tang; Mambrini & Olive

cold
inflaton
condensate A 1!

* Only works for DM mass < inflaton mass
e DM mass for correct Q4?2 involved function of several parameters
* “Boltzmann” approach not complete treatment (Kaneta, Lee, Oda; Basso, Chung, EWK, Long)

=

Boltzmann

Schrodinger + = Bolgolubov




Physica VI, no 9 October 1939

Particle creation through
expansion of the universe

THE PROPER VIBRATIONS
OF THE EXPANDING UNIVERSE

by ERWIN SCHRODINGER

§ 1. Introduction and summary. Wave mechanics imposes an a
priori reason for assuming space to be closed ; for then and only then
are its proper modes discontinuous and provide an adequate descrip-
tion of the observed atomicity of matter and light. —Einsteins
theory of gravitation imposes an a priori reason for assuming space
to be, if closed, expanding or contracting; for this theory does not
admit of a stable static solution. — The observed facts are, to say
the least, not contrary to these assumptions.

This makes it imperative to generalize to expanding (or contract-
ing) universes the investigation of proper vibrations, started for the
the static cases (Einstein- and De Sitter-universe) by the
present writer and two of his collaborators ). The task is an easy one.
The broad results are largely (in part even entirely) independent of
the time-law of expansion. In the cases of main practical interest, i.e.
with the present slow time rate of expansion and with wave lengths
small compared with the radius of curvature of space (R), they are
the following.

900 ERWIN SCHRODINGER

These are the broad results. A finer and particularly interesting
phenomenon is the following.

The decomposition of an arbitrary wave function into proper
vibrations is rigorous, as far as the functions of space (amplitude-
functions) are concerned, which, by the .way, are exactly the same
as in the static universe. But it is known, that, with the latter, two
frequencies, equal but-of opposite sign, belong to every space func-
tion. These two proper vibrations cannot be rigorously separated in
the expanding universe. That means to say, that if in a certain
moment only one of them is present, the other one can turn up in the
course of time.

Generally speaking this is a plhienomenon of outstanding import-
ance. With particles it would rean production or anihilation of
matter, merely by the expansion, whereas with light there would be
a production of light travelling in the opposite direction, thus a sort
of reflexion of light in homogeneous space. Alarmed by these pros-
pects, I have investigated the question in more detail. Fortunately
the equations admit of a solution by familiar functions, if R is a
linear function of time. It turns out, that in this case the alarming
phenomena do not occur, even within arbitrarily long periods of time.



Disturbing the Quantum Vacuum

Electric Field =—p  Particle creation

|
| * |-

Particle creation if energy gained in acceleration from E-field
over a Compton wavelength exceeds the particle’s rest mass.

II2#3

n 1016 V Cm!l

$

crit

Sauter (1931); Heisenberg & Euler (1935); Weisskopf (1936); Schwinger (1951)



NEWS FEATURE

EXTREME LIGHT

Physicists are planning lasers powerful enough to rip anart the
fabric of space and time. Ed Gerstner is impressed.

NATURE, Vol 446/1 March 2007

Physicists are planning lasers
powerful enough to rip apart the

fabric of space and time.

“We’re going to change the
index of refraction of the
vacuum and produce new
particles.”

Gérard Mourou

C Il 12
| 8—|!Ecm! 1 10°°W cm' ?
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Strong magnetic fields imply existence of strong electric fields.

Many unexplained phenomena associated with pulsars, magnetars, etc.
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Disturbing the Quantum Vacuum

Expanding universe =P Particle creation

|
| * |-

Particle creation if energy gained in acceleration from expansion
over a Compton wavelength exceeds the particle’s rest mass.




CGPP Through Expansion of the Universe

* In Minkowskian QFT, a particle is an IR of the Poincaré group.

e But, expanding universe not Poincaré invariant.

* Notion of a “particle” is approximate. 1S("H#SH53,<$.5<+=

%*"3/.)1>#3%$? @ABACD$E53&#3$?@.
J-;)1>D$J/BK-DSF;M./2)*D$$$
%(53/N) 1B§B) NHIB/; /2 HB565#2H$7$
O/+(#'51#1&/ DEB&"51/2 F$%5+58&)HS
P)33#$452)#®

cosmological
expansion

time-dependent
Hamiltonian

b +and! frequency modes mix

particle
production
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Scalar field in FLRW background

Covariant action for spectator scalar field (not the inflaton)

! 1

I 1 1 t .
S[! (), 90 (X)] = d4x T g égu! ONC émz! 2 4 E#R! > Gravity enters

the picture

£is a dimensionless constant: &= 0 minimal coupling; &= 1/6 conformal coupling.

In principle, & could be anything (and presumably there is RGE).

In spatially-flat FLRW background in conformal time: df = a dn, rescaled field g¢=a'

C : i 1 1 .
S[! (", x)] = d' dx Z(#H ) Z(" 1) Zmg!?
[ (") x)] \ x ST omg
Time-dependent effective mass cosmological expansion !

-

2 2y D - time-dependent background field !
mg ()= a’(t) m=+ 6 | R() time-dependent Hamiltonian for spectator field




CGPP Through Expansion of the Universe
Expansion of the universe causes explicit time dependence in action for “spectator” fields.
Initial State ~ Minkowski (early-time) vacuum may not evolve to
Final State ~ Minkowski (late-time) vacuum, but to an excited state populated by particles.

Think of a
rarmonic— ISTYTNIVAVAAMS )+ () ) ="
oscillator
N Spring constant varied Spring constant varied
Initial State slowly (adiabatically) abruptly (nonadiabatically)
! / A "
>3/-1. | | VI
o +(5(#
< > < >




Scalar field in FLRW background

Fourier modes of ¢ obey wave equation: ! F" k(#) + $£" «(#) =0

Solutions to wave equation for mode functions include both + and — frequency terms

(") = L —=——=o #k(")" e e I %(")" e”! e ()d” k]2t "kf=1
28 (") 2% (")

If start with only positive frequency modes, || =1 & |8] =0,
Expansion of the universe will generate negative frequency modes (particles), £, # 0.

Comoving number density of dk k*

particles at late time is k 2!2

——

n,= spectral density

n 2
"kl



Quadratic Inflaton Potential for Conformally-Coupled Scalar: / = 1/6
10 4
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Quadratic Inflaton Potential for Conformally-Coupled Scalar: / = 1/6
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GPP & Dark Matter

Inflation indicates a new mass scale

In most models, 7, qat0n !

Hopon! 102" 104 #$9%?

Hi q.i0n detectable via primordial gravitational waves in CMB

"H$%8 % ()8 +%),-).'%/'0)1%-&1'2.()*%32'0% &%

all produced
a la CGPP

-

48**%

A

Minflaton

lightest stable? Dark Matter “WIMPzilla”



Quadratic Inflaton Potential for Minimally-Coupled Scalar: / = 0
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10t

Red Spectrum leads to dangerous
isocurvature fluctuations

CMB limits
S"-1>H$VZTHK( HB#15(/3®RGC

Stable, minimally-coupled scalars
are disallowed if m % few H,



Model-T inflation model (Kallosh & Linde): V(!)=10' M3 tanh?(! / 6Mp)

ms = m*+ (1! 6!)R
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Model-T inflation model (Kallosh & Linde): V(! )=10'®M3 tanh?(! / 6Mp)

M- > H gng

10’].3 ______________________________________________________________________________

CGPP can produce dark matter in mass range
milli-$%to 10'3 #$%

I-3/&
<#+#3.5< 1P

1¢°

m- [GeV]

10 2 10 1 1 10 1¢
Garcia, Pierre, Verner 2305.14446



Dirac field " in FRW background

'h2 . m He 2 Try ‘nad  a3H3
0.12  He 102Gey 10°GeV 10 5
% m &2' T
! A (m ! MinRaton )
1011GeV 10°GeV

Dirac*tquation*)*STFU

ill : UA(") _ : a(u)m k : UA(")

s () Kk tat)m  ug(")

Dispersion relation same as
conformally-coupled scalar

Blue spectrum: no isocurvature issues

Dirac WIMPZILLA DM candidate for
m :$ (minﬂaton)

10,5 102 101 10 10
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mZ !!H[ ~ &ml !!minﬂaton




Fields with Spin! 1/2

For bosons, #,($) tells all:

K2+ a2(1)m?+ (1 Ma2()R(!) s*= 0
k% + a2(1)m? J>-*$().(/,"#H#0 LS(%;#-1++$ " #"[U*)* "++#-++*#' '&*) (*:/(1%$&' () s'=1 #==+1

1 k2a?(!)R(! k?a*(! )H 2(! )m?
o O+ ety * (s EmyE O ) 2B #S AT 1 0

HOER
K2+ @2(1)m? + 2a2(1)R(1) J'>-%),"#40 1S(%i#-15+$ " IV D &())*, " +#t++54 ' &s*= 2 #= %2
a2(1)(2k? + a?2(1 )m?)R(! a2(1)k?(2k? 1 a?(1)m?)H 4(!
s e O FOMARO) | SORGEL SO, oy,

\_ 5"04*5"0*&((*#()*&(*+6(5 =2 #=0



de Broglie—Proca field in FLRW background

— - _" " | | n | n | :r’
S[AL(X), g (X)] = d*x Tg " 20" gF FuFy + 2mPgt ALAL " 21RgM ALAL T SHRMALA

I Two possible nonminimal terms

I Transverse mode looks like conformally-coupled scalar

I Longitudinal mode more complicated

I For some choices of (%4, %) kinetic term can be negative leading to ghost-like action

I CGPP of longitudinal mode dominates transverse mode



de Broglie—Proca field in FLRW background
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Rarita—Schwinger field “ , in FRW background
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Rarita—Schwinger field “

_'p(t)! 3m?ME!
"(1)+3m2M3

p & 3m*M3 (units of H2M3)
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Rarita—Schwinger field “ , in FRW background
<G L) = K+ @ () m?
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Rarita—Schwinger field “ , in FRW background
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Fierz-Pauli field !, in FRW background
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Metric Perturbations About Minkowski Spacetime

MZ
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Now Add Fierz-Pauli (1939) Mass Term(s)
1(22)&2E+23()%1)}'2&%+56828L MNONLP)12)4$6B)JQKIMQJIONR
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Boulware—Deser Ghost
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Bigravity With Minimal Coupling To Matter (Minimal Model)
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Perturbations, Backgrounds, Mirroring (Bar Denotes Background)
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Change Perturbation Variables: Massive and Massless Modes Decouple
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Change Perturbation Variables: Massive and Massless Modes Decouple
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Scalar/Vector/Tensor (I"# ) Decomposition Of Massive Spin-2 Field

42A&2(2-%92-("&)%,) ES&+$%#2()'6$")'&$-(D"&B)8-12&)(A$'+$#)&"'$'+"-()$()
3" (5$#$E&B" E25"&E3" "2-("&(

V00:a2E Vol-:Clzll( iF+ GZR "!-':#ZG&@#'F I !"! [ %+' !i&! +| !#&" +' " H

*896h25")")'&$-(E2&(2F' &$52#2(()5"-('8$+-'()|&2A2$'21)+-1+52()(8BB21R>
1,C =0, 1!G; =0, !iDij =0, and Di =0

0)e8$1&$'+5)" &1 2B )125"8A#2KF)iFal R)
Sz didX Le+Ly+Lr +03  1%29)"88)3%56)")* g I"-D"&B$H)*'$-1$&1)_+B2I

7"&) FAR
IM 42B"E2)"-1,-$B+5%#)X"7(M LM 7+-1)B"12)2e8%$'+"-)$-1¢, >NHNINHIN)))
VM<YA&2(()+-)'2&B()"D)7"8&+2&)B"12(MY ¥ #E2)3+'6)SAA&" A&+$2)%"8-1$&,)5"- 1 +'+'
NMI$-"-+5$##,)-"& BSH+72) @+-2'+5)'2& BOIMS-'2.&$'2) "E2 &)
QMI625@)D"&).6"(‘(H).&$1+2-")+-('$%+#EM TR 2)A$A28M



Tensor Sector (Prime Denotes ! .)
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Vector Sector (Prime Denotes ! .)
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Scalar Sector (Prime Denotes ! -)
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Scalar Sector (Prime Denotes ! -)
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Scalar Sector (Prime Denotes ! -)
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Generalized Higuchi Bound
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Question For My Wise Colleagues
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Scalar Sector (Prime Denotes ! -)
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CGPP (Finally!)
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Massive Bigravity
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Finally, Summary: CGPP can produce DM & constrain BSM physics!
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Much Recent Work ... Many Open Roads
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Coming soon-ish, to a I"#3$"%&'()*(+",-'./0&$1& Near You

Cosmological gravitational particle production
and its implications for cosmological relics

Edward W. Kold:' and Andrew J. Long

IKavli Institute for Cosmological Physics and Enrico Fermi Institute,
The University of Chicago,

5640 S. Ellis Ave., Chicago,

IL 60637 USA

2Department of Physics and Astronomy;,

Rice University, Houston,

Texas 77005 USA

The focus of this review is the phenomenon of particle production in the early universe
solely by the expansion of the universe, with particular attention to the possibility that
the created particle species could be the dark matter. We will treat particle production
by cosmological expansion for particles of spin 0, 1 /2, 1, 3/ 2, and 2, and comment on the
possibility of larger spins. For the early-universe evolution of the background spacetime
we assume an initial inBationary phase, followed by a transition to a matter-dominated
phase, eventually transiting to a radiation-dominated phase. We review the two basic
requirements for particle production by the expansion of the universe: 1) the contribu-
tion to the matter action from the particle must violate conformal invariance (the trace

of the matter stress-energy tensor involving the new beld must be nonzero), and 2) the
mass of the particle must not be too much in excess of the expansion rate of the universe
during inf3ation. In this review we specialize to a Friedman-Lema@tre-Robertson-Walker
cosmological model, and calculate the spectrum of particles resulting from the expansion
of the universe. We summarize the criteria for the resulting density of particles to be
sulcient to account for the dark matter, as well as discuss several other cosmological
implications. We then mention other mechanisms for cosmological particle production
through gravity: particle production from the standard-model plasma through graviton
exchange, particle production through black-hole evaporation, and particle production
through a misalignment mechanism.
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