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Cosmological Gravitational Particle Production (GPP) 

• An external field can create particles from the vacuum

Expanding Universe – Schrödinger 1939 
Electric Fields – Schwinger    1951 
Black Holes  – Hawking 1974

• I will concentrate on time-dependent gravitational fields, in particular, the big bang

• GPP is an example of QFT in classical gravitation background.  Many interesting facets, but …

• … my motivation is to explore whether GPP can be the origin of DARK MATTER (DM) and 
whether can provide cosmological constraints on BSM physics

Inflation: Quasi deSitter (QdS) phase followed by transition to 
matter-dominated (MD) then radiation-dominated (RD) phase



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

• Mass: GeV – TeV
• “Weak-scale” interaction strength with SM
• No self-interactions
• Produced by “freeze-out” from primordial plasma.  COLD dark matter.
• “Detectable” by direct detection, indirect detection, decay products, production at colliders
• Just BSM

• In Direct detection (but DAMA/LIBRA)
• In Indirect Detection (but galactic-center excess)
• In Decay (but 3.5 keV g-ray line)
• In Colliders/Accelerators no BSM signal (but µg-2, mW)

• Gravity must play a prole in its cosmological production
• But gravity weak!

But not (convincingly) seen

What if DM interacts only gravitationally?

How can GPP produce dark matter?
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Ideas for gravitational particle production

Produce particles through misalignment mechanism

• Scalar field has quantum fluctuations during inflation

• After inflation field frozen by “Hubble drag” until

• After which it oscillates with energy density in 
oscillating field

• E.g., axion
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• EOM of scalar field



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

<latexit sha1_base64="IRbNqvtPGEzb0eJuggPMOIIkZD8="></latexit>

⌦h2

0.12
⇡

✓
1011GeV

m

◆✓
1012GeV

Ti

◆3 ⇣ ✏BH

10�16

⌘

Ideas for gravitational particle production

• PBHs of current interest (after first LIGO event)
• Seeds for PBHs from inflation
• Assumes DM mass about 1011 GeV (WIMPzilla)



WIMPzilla    is a very massive* dark-matter candidate

* Very massive ⇒ too massive to be a cold thermal relic ( ≳ 200 TeV)



Ideas for gravitational particle production

Produce particles from SM plasma via 
graviton exchange

Garny, Sandora, & Sloth
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• Freeze-in
• For DM mass about 1013 GeV (WIMPzilla)
• Assumes m < TRH



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

DM
cold

inflaton
condensate

• Only works for DM mass < inflaton mass
• DM mass for correct Wh2 involved function of several parameters
• “Boltzmann” approach not complete treatment (Kaneta, Lee, Oda)

⊂Boltzmann BolgoliubovSchrödinger +
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Even in an expanding universe, a particle’s 
wavefunction can be decomposed into 
“proper vibrations” (positive & negative 
energy modes):

Y(t) = a e-iwt + b e+iwt

Phenomenon of “outstanding importance.” 
The expansion of the universe creates 
particles! 

This alarms me [ed. why?] so I wrote a paper.

If start with pure incoming or outgoing 
waves, in and out may become mixed. 



Schrödinger’s two favorite phrases:
1. alarming phenomenon
2. adulteration

Schrödinger was alarmed by creation
of a single particle

per Hubble time      (H0
-1 ~ 1010 yr )

per Hubble volume (H0
-3 ~ 1057 km3) 

with Hubble energy (H0 ~ 10-33 eV  )

Of all the circumstances faced by 
Schrödinger in 1939, why did this alarm 
him?



Disturbing the Quantum Vacuum

E
!

e+ e-

Particle creation

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

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



Disturbing the Quantum Vacuum
Particle creationExpanding universe

Schrödinger’s Alarming Phenomenon (1939)

e+ e-
expansion
of space

v = c at Hubble radius

critH m= crit /H He p-G µ

e+ e-

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



Forgotten in 40s, 50s, 60s (by Schrödinger also).

Schrödinger’s Alarming Phenomenon

Schrödinger 1939: “Generally speaking this is a phenomenon of outstanding 
importance.   With particles it would mean the production or annihilation of matter, 
merely by the expansion.”  [why would that be of outstanding importance?]

Leonard Parker Thesis 1966. In 1968 paper: “…for the early stages of a Friedmann 
expansion it [particle creation] may well be of great cosmological significance, 
especially since it seems inescapable if one accepts quantum field theory and general 
relativity.”  [no speculation as to the “great cosmological significance”]

Zel’dovich 1970s proposed an application: explaining why the universe is 
homogeneous and isotropic.

“Outstanding” importance?

Great Cosmological Significance?

First attempt:



Schrödinger’s Alarming Phenomenon

Great cosmological significance in the 1980s (inflation):
Sasaki, Kodama, Mukhanov & Chibisov, Vilenkin, Linde, Abbott, Wise, Lyth, Salopek, Bond, … 

Other interest in GGP in the 1970s (mostly regarded as a curiosity).
US: Parker, Ford, Fulling, Allen, Friedman, Wald, … 
Soviet Union: Zel’dovich, Starobinski, Grishchuk, Grib, Mostepanenko, Lukash, … (CGGP in the CCCP)  
UK: Bunch, Davies, Birrell, Hawking, …

Could there be more?
Gravitational Particle Production universal*
Gravitational Particle Production not a large effect (cf. curvature perturbations ≈ 10-5)
What else could be observable?

Dark matter (DM)
CMB Isocurvature perturbations
CMB Nongaussianities

* So long as Weyl conformal symmetry violated.



DM From Schrödinger’s Alarming Phenomenon

Dark matter?
Chung, Kolb, Riotto (1998); Kuzmin & Tkachev (1999)

My collaborators: 
Ivone Albuquerque
Edward Basso
Daniel Chung
Patrick Crotty
Michael Fedderke
Gian Giudice
Lam Hui
Siyang Lin
Andrew Long
Evan McDonough
Toni Riotto
Rachel Rosen
Leo Senatore
Alexi Starobinski
Igor Tkachev
Mark Wyman



Gravitational Particle Production (GPP)
• In Minkowskian QFT, a particle is an IR of the Poincaré group.
• But, expanding universe not Poincaré invariant.
• Notion of a “particle” is approximate.

Schrodinger (1939);   Parker (1965, 68);   Fulling, Ford, & Hu;  
Zel’dovish;   Starobinski;  Grib, Frolov, Mamaev, & 
Mostepanenko;  Mukhanov & Sasaki, Birrell & Davies…

cosmological
expansion

time-dependent
Hamiltonian

+ and – frequency modes mix

particle 
production



Standard Inflationary Picture, but not Standard Inflationary Model
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But there is a “simple” inflationary model: 
single-field with quadratic inflaton potential:

Simple model ruled out by CMB 
measurements.  But CMB measurements 
probe inflaton potential 60 or so e-folds 
before the end of inflation.  We will often be 
interested in inflaton potential near the end 
or after inflation ends when 𝜑 is close to the 
minimum of its potential and quadratic 
description may be a good approximation.
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Also, recent studies employing Hilltop 
Potential (Basso, Chung, Kolb, Long) 

and rapid-turn inflation models (hyperbolic 
inflation, angular inflation, racetrack 
inflation, orbital inflation,…) with two fields
(Kolb, Long, McDonough, Payeur)
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Standard Inflationary Picture, but not Standard Inflationary Model
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But there is a “simple” inflationary model: 
single-field with quadratic inflaton potential:

EOM: 

Slow roll during inflation (           ): 

Inflation is accelerated expansion:
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2 '̇

2 + V (')

p = 1
2 '̇

2 � V (')

<latexit sha1_base64="kNZtS/30q4qScgImXoUcSUZNgdk=">AAACBHicbVBNSwMxFHzrZ61fVS+Cl2ARKmLZ1aI9Frx4VLC20F1KNpu2wewmJFmhLD148a948aCIV3+EN/+N6daDtg4Ehpn3eJkJJWfauO6XMze/sLi0XFgprq6tb2yWtrZvtUgVoU0iuFDtEGvKWUKbhhlO21JRHIectsK7i7HfuqdKM5HcmKGkQYz7Cesxgo2VuqU9P4qEyfAI+VIJaQQ6rvhqII5O5WG3VHarbg40S7wfUm7sQo6rbunTjwRJY5oYwrHWHc+VJsiwMoxwOir6qaYSkzvcpx1LExxTHWR5iBE6sEqEekLZlxiUq783MhxrPYxDOxljM9DT3lj8z+ukplcPMpbI1NCETA71Uo5s1nEjKGKKEsOHlmCimP0rIgOsMDG2t6ItwZuOPEtuT6reWbV2XSs36pM2oAB7sA8V8OAcGnAJV9AEAg/wBC/w6jw6z86b8z4ZnXN+dnbgD5yPb+lJl6E=</latexit>

ä / �(⇢+ 3p)

<latexit sha1_base64="Z5i0t1aEF7EqG10kUum7nKKRVVE="></latexit>

ä / �(⇢+ 3p) / V (')� '̇2

Standard Inflationary Picture, but not Standard Inflationary Model
<latexit sha1_base64="F4gueCpqo2Q+Im7sFZ/8VnIjZ2w=">AAAB+3icbVDLSsNAFL2pr1pfsW4EN4NFcFUSKeoy4MZlBfuAJpTJZNIOnTyYmUhL6K+4caGIW3/EnX/jJO1CWw8MHM65l3vm+ClnUlnWt1HZ2Nza3qnu1vb2Dw6PzON6VyaZILRDEp6Ivo8l5SymHcUUp/1UUBz5nPb8yV3h956okCyJH9UspV6ERzELGcFKS0Oz7voJDyKsxrlLp/qenA/NhtW0SqB1Yi9JwzmFEu2h+eUGCckiGivCsZQD20qVl2OhGOF0XnMzSVNMJnhEB5rGOKLSy8vsc3ShlQCFidAvVqhUf2/kOJJyFvl6skgpV71C/M8bZCq89XIWp5miMVkcCjOOVIKKIlDABCWKzzTBRDCdFZExFpgoXVdNl2CvfnmddK+a9nWz9dBqOM6iDajCGZzDJdhwAw7cQxs6QGAKz/AKb8bceDHejY/FaMVY7pzAHxifP1zilVk=</latexit>

9

V(𝝋)
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Quadratic Inflation

Ricci Scalar Curvature R
<latexit sha1_base64="486lPlWwc8hOobNic0XCC2EFpxo=">AAACBXicbVC7SgNBFL0bXzG+Vm0ELQaDEIuE3Rg0jRCwsRGimAckMcxOJsmQ2Qczs0JY0tj4KzYWitj6D3b+jbObFBo9cOFwzr3ce48TcCaVZX0ZqYXFpeWV9GpmbX1jc8vc3qlLPxSE1ojPfdF0sKScebSmmOK0GQiKXYfThjO6iP3GPRWS+d6tGge04+KBx/qMYKWlrnlw1W27WA2FG1X55K54c57PtcXQz58Ex6hrZq2ClQD9JfaMZCt7kKDaNT/bPZ+ELvUU4VjKlm0FqhNhoRjhdJJph5IGmIzwgLY09bBLZSdKvpigI630UN8XujyFEvXnRIRdKceuozvji+W8F4v/ea1Q9cudiHlBqKhHpov6IUfKR3EkqMcEJYqPNcFEMH0rIkMsMFE6uIwOwZ5/+S+pFwv2aaF0XcpWytM0IA37cAg5sOEMKnAJVagBgQd4ghd4NR6NZ+PNeJ+2pozZzC78gvHxDezOl5E=</latexit>

M2
PlR = �(⇢� 3p)

Potential
<latexit sha1_base64="XPoTREUY9IdcQMHnlQ58v/PL1JA=">AAACE3icbZDLSsNAFIZP6q3WW9SN4CZYhOqiJKVoN0LBjcsK9gJNDJPppB06uTAzKZTQd3Djq7hxoYhbN+58G6dpEW39YeDjP+dw5vxezKiQpvml5VZW19Y38puFre2d3T19/6AlooRj0sQRi3jHQ4IwGpKmpJKRTswJCjxG2t7welpvjwgXNArv5DgmToD6IfUpRlJZrn7eKtkjxOMBPbuyfY5wak3SyiRw5+595QdcvWiWzUzGMlhzKNaPIFPD1T/tXoSTgIQSMyRE1zJj6aSIS4oZmRTsRJAY4SHqk67CEAVEOGl208Q4VU7P8COuXiiNzP09kaJAiHHgqc4AyYFYrE3N/2rdRPo1J6VhnEgS4tkiP2GGjIxpQEaPcoIlGytAmFP1VwMPkEpGqhgLKgRr8eRlaFXK1kW5elst1muzNCAPx3ACJbDgEupwAw1oAoYHeIIXeNUetWftTXuftea0+cwh/JH28Q1F2p5z</latexit>

V (') =
1

2
m2

''
2

Expansion rate H
<latexit sha1_base64="Qk0BBkuLYC0SGkusqUO86Ov3d4E="></latexit>

3M2
PlH

2 = ⇢' =
1

2
'̇
2 + V (')

p' =
1

2
'̇
2 � V (')



<latexit sha1_base64="vc9Q7ERoWMMtsX47ghfNhtiIvUw=">AAACDnicbVDLSsNAFL3xWesr6kZwEyyFuilJKdqNUHDjsoJ9QBPDZDpph04ezEwKJeQL3Pgrblwo4ta1O//GadqFth64cDjnXu69x4sZFdI0v7W19Y3Nre3CTnF3b//gUD867ogo4Zi0ccQi3vOQIIyGpC2pZKQXc4ICj5GuN76Z+d0J4YJG4b2cxsQJ0DCkPsVIKsnVy52KPUE8HtGLa9vnCKdWltaywF2otqqHmquXzKqZw1gl1oKUmqeQo+XqX/YgwklAQokZEqJvmbF0UsQlxYxkRTsRJEZ4jIakr2iIAiKcNH8nM8pKGRh+xFWF0sjV3xMpCoSYBp7qDJAciWVvJv7n9RPpN5yUhnEiSYjni/yEGTIyZtkYA8oJlmyqCMKcqlsNPEIqFKkSLKoQrOWXV0mnVrUuq/W7eqnZmKcBBTiDc6iABVfQhFtoQRswPMIzvMKb9qS9aO/ax7x1TVvMnMAfaJ8/dRCcaA==</latexit>

V (') =
1

2
m'�

2

Potential

Equation of state parameter 
w = p/r

Quadratic Inflation
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field rescaling
<latexit sha1_base64="ZiQ9+8H0W322+htl4T1lt2uOMnU=">AAACLHicdVBdSwJBFJ21L7Mvq8dehiRQCNkNKV8CwZceDfID3EXujqMOzn4wMyvJ4g/qpb8SRA9J9NrvaHb1obQuDHM451zuvccNOZPKNOdGZmNza3snu5vb2z84PMofn7RkEAlCmyTggei4IClnPm0qpjjthIKC53Ladsf1RG9PqJAs8B/UNKSOB0OfDRgBpalevm6HI1a0qYLL2HYD3pdTT3/x42xWwrcYUqlkT0D87+vlC2 bZTAuvA2sJCmhZjV7+1e4HJPKorwgHKbuWGSonBqEY4XSWsyNJQyBjGNKuhj54VDpxeuwMX2imjweB0M9XOGV/dsTgyWQ57fRAjeSqlpB/ad1IDapOzPwwUtQni0GDiGMV4CQ53GeCEsWnGgARTO+KyQgEEKXzzekQrNWT10Hrqmxdlyv3lUKtuowji87QOSoiC92gGrpDDdREBD2hF/SO5saz8WZ8GJ8La8ZY9pyiX2V8fQP5wKis</latexit>

�(⌘,x) = a(⌘)'(⌘,x)

in spatially flat FRW background : ds2 = a2(h)[dh 2 - dx 2]  (h is conformal time)
<latexit sha1_base64="VYEqi4CY5VhsCCFh1BcS6hNm160=">AAACznicbVLLjtMwFHXCayiPKbBkY1EhdQRTJaGC2SCNxAaJTXl0ZqQ4iW4cp7XGeWA71RQrYsv3seMD+A+cNhJDy5Wse3XPObr2uU5rwZX2vF+Oe+Pmrdt3Du4O7t1/8PBw+OjxmaoaSdmcVqKSFykoJnjJ5pprwS5qyaBIBTtPL991+PmKScWr8ote1ywqYFHynFPQtpUMf38OyQpkveRjwjS8NCStRKbWhU3mqm2PIvwWE1 7qxBzblOt1G28zzjrBBsNZ/MoK806AiWC5DjHJJVDjtyZoIQ7GpAapOYikE/UTj+IAH+8RS0jFNcYOYVrEQQ9a9YsdkFxx/OkvjDGRfLHUUTIceRNvE3i/8PtihPqYJcOfJKtoU7BSUwFKhb5X68h0b6CCtQPSKFYDvYQFC21ZQsFUZDbraPFz28lwXkl7rDmb7nWFgUJ1DltmAXqpdrGu+T8sbHR+Ehle1o1mJd0OyhuBdYW73eKMS0a1sKvhQCW3d8V0CdYgbX/AwJrg7z55vzgLJv7ryfTjdHR60ttxgJ6iZ2iMfPQGnaL3aIbmiDofnK/ON8e4M3fltu73LdV1es0T9E+4P/4AP/7f6A==</latexit>

S['(⌘,x)] =

Z 1

�1
d⌘

Z
d3x


1

2
a2(@⌘')

2 � 1

2
a2(r')2 � 1

2
a4m2'2 +

1

2
a4⇠R'2

�

cosmological expansion ⇒
time-dependent background ⇒
time-dependent Hamiltonian for spectator fields

time-dependent effective mass
<latexit sha1_base64="ZrI9TTOEFVVSt+6iETITUvho398=">AAACPXicbZBLS8NAFIUnvq2vqks3wSJUxJIUUTeC4MalilWhiWUyvWkHZ5IwcyOWkD/mxv/gzp0bF4q4des0RvB1YeCbc+9l5pwgEVyj4zxYI6Nj4xOTU9OVmdm5+YXq4tKZjlPFoMViEauLgGoQPIIWchRwkSigMhBwHlwdDPvn16A0j6NTHCTgS9qLeMgZRSN1qqey40mKfSUzCMP8sln3AOn6Hv0iT0CIbXnZ3Cio7oWKss zNs+1807vhnuK9Pq6flMPFze9Ua07DKcr+C24JNVLWUad673VjlkqIkAmqddt1EvQzqpAzAXnFSzUklF3RHrQNRlSC9rPCfW6vGaVrh7EyJ0K7UL9vZFRqPZCBmRw61b97Q/G/XjvFcNfPeJSkCBH7fChMhY2xPYzS7nIFDMXAAGWKm7/arE9NPGgCr5gQ3N+W/8JZs+FuN7aOt2r7u2UcU2SFrJI6cckO2SeH5Ii0CCO35JE8kxfrznqyXq23z9ERq9xZJj/Kev8ABLeufQ==</latexit>

m2
e↵(⌘) = a2(⌘)


m2 +

✓
1

6
� ⇠

◆
R(⌘)

�

<latexit sha1_base64="+EChF3rM286hVgt/YFSHPCRo/tg=">AAACnXicbVFda9swFJW9ry77yrq37mGXhUHH2mCH0O5lECiFbYzRfaQpWI6RFdkRlWVPkkuC8b/aL+nb/s3kxN2ydhcE5557j3R1blwIro3n/XLcW7fv3L23db/z4OGjx0+6T7dPdV4qysY0F7k6i4lmgks2NtwIdlYoRrJYsEl8ftTUJxdMaZ7L72ZZsDAjqeQJp8RYKur+/BbgC6KKOd9dvN5LowpnJZZlbbMQ3gHm0sAM70 2HC8D6hzLVfloDFiwxAeBEEVr5dTWo0+mVEBdEGU5E1OTrm/9S8oqC/U11Nh20/HTwZoPHCw5f/1QAACuezk0YdXte31sF3AR+C3qojZOoe4lnOS0zJg0VROvA9woTVs1YVLC6g0vNCkLPScoCCyXJmA6rlbs1vLLMDJJc2WPdWLGbiopkWi+z2HZmxMz19VpD/q8WlCZ5G1ZcFqVhkq4fSkoBJodmVTDjilEjlhYQqridFeicWHeMXWjHmuBf//JNcDro+wf94Zdhb3TQ2rGFnqOXaBf56BCN0Ht0gsaIOjvOyPngfHRfuMfuJ/fzutV1Ws0z9E+4k98ids1s</latexit>

S['(x), gµ⌫(x)] =

Z
d 4x

p
�g


1

2
gµ⌫@µ'@⌫'� 1

2
m2'2 +

1

2
⇠R'2

�covariant action for spectator scalar field (not the inflaton)
Gravity enters 

the picture

Scalar field f in FRW background

<latexit sha1_base64="yDOGlnNZ3UNHOYK3MERz0wf61ms=">AAACynicbVFNj9MwEHXC11K+Chy5WFRIrcRWTVnBXpBW4sAeOCyC7q4Up5Hj2K21dhLZk4XKyo1fyI0j/wS7LRLtMpI1o3nvaTxvikZJC5PJryi+dfvO3XsH93sPHj56/KT/9Nm5rVvD+IzVqjaXBbVcyYrPQILil43hVBeKXxRXHwJ+cc2NlXX1FVYNzzRdVFJIRsG38v7vLylplnJIONDXjhS1Ku1K++S+d90ow+8xkRXk7t AnAatuvsm4DII1hsv5Gy8UQYCJ4gJSTIShzCWdm3ZD0lADkqo8KMKs0XyKD3cpFS3UX2wH0jnRFJZGOy5EN58Gzr58Z8CQnm44I0yMXCwhy/uDyXiyDnyzSLbFAG3jLO//JGXNWs0rYIpamyaTBjIXhjDFux5pLW8ou6ILnvqyoprbzK1P0eFXvlNiURv/vDfr7r8KR7UNBntmWMzuY6H5PyxtQRxnTlZNC7xim0GiVRhqHO6KS2k4A+UvIykz0v8VsyX1JoG/fs+bkOyvfLM4n46Tt+Ojz0eDk+OtHQfoBXqJhihB79AJOkVnaIZY9DHS0XX0Lf4Um3gVuw01jraa52gn4h9/AJmk30M=</latexit>

S[�(⌘,x)] =

Z 1

�1
d⌘

Z
d
3x


1

2
(@⌘�)

2 � 1

2
(r�)2 � 1

2
m

2
e↵�

2 � 1

2
@⌘(aH�

2)

�
action for canonically-normalized field <latexit sha1_base64="VwFPm+g8SzDGTqNw135sALHJya0=">AAACGnicbVBNSyNBEO3xazV+Zd2jl8YgeAozEnQvQsCLxwgbFTIh1HRqtLG7Z+iuWYhDfsde/Ct78aCIN/Hiv7EnycGvB9083quiql6SK+koDF+DufmFxaUfyyu11bX1jc36z60zlxVWYFdkKrMXCThU0mCXJCm8yC2CThSeJ9fHlX/+F62TmflDoxz7Gi6NTKUA8tKgHsEJjynjIY95rIGurC4pi/kNWv8DjSsdCY7iXMfSpDQa1BthM5yAfyXRjDTYDJ1B/TkeZqLQaEgocK4XhTn1S7AkhcJxLS4c5iCu4RJ7nhrQ6Prl5LQx3/XKkKeZ9c8Qn6jvO0rQzo104iur7d1nrxK/83oFpb/7pTR5QWjEdFBaKO6zqHLiQ2lRkBp5AsJKvysXV2BBkE+z5kOIPp/8lZztN6ODZuu01Wi3ZnEss222w/ZYxA5Zm52wDusywf6x/+yePQS3wV3wGDxNS+eCWc8v9gHByxua85//</latexit>

aH ! 0 to zero at ⌘ = ±1



<latexit sha1_base64="ShgLmNONGmV5GN5gLpsLRRF9Hpc=">AAACHHicbZDLSgNBEEVrfBtfUTeCm8YguAozGtRlxI1LBaNCJg41nZrYpOdhd48QhnyIG3/FjQtF3LgQ/Bs7iYKvCw2HW1VU1w0zKbRx3XdnbHxicmp6ZrY0N7+wuFReXjnTaa44NXgqU3URoiYpEmoYYSRdZIowDiWdh93DQf38hpQWaXJqehm1YuwkIhIcjbWC8s5B0GU+XefihvmRQl74GSojUAY+GfTTmDoYdPvFF11u94Nyxa26Q7G/4H1Cpb4GQx0H5Ve/nfI8psRwiVo3PTczrWKwh0vql/xcU4a8ix1qWkwwJt0qhsf12aZ12ixKlX2JYUP3+0SBsda9OLSdMZor/bs2MP+rNXMT7bcKkWS5oYSPFkW5ZCZlg6RYWyjiRvYsIFfC/pXxK7QRGZtnyYbg/T75L5xtV73dau2kVqnvj9KAGViHDdgCD/agDkdwDA3gcAv38AhPzp3z4Dw7L6PWMedzZhV+yHn7AHLcouU=</latexit>

Ak ⌘ @⌘!k

!2
k

Solutions to wave equation include both + and - frequency terms

Assume start with only + frequency term:

<latexit sha1_base64="/mNUVlAskcsaiJnSHFFoCPiCeok="></latexit>

�k(⌘) =
1p

2!k(⌘)
e�i

R
!k(⌘)d⌘

<latexit sha1_base64="lK4VJOqG3L2Rd5BFhyt9oG1kF7U="></latexit>

�k(⌘) =
↵k(⌘)p
2!k(⌘)

e�i
R
!k(⌘)d⌘ +

�k(⌘)p
2!k(⌘)

e+i
R
!k(⌘)d⌘

Mixing of + and - frequency terms depends on ”Adiabaticity parameter” Ak :

Ak ≪ 1,  + frequency solution remains good solution
Ak ≫ 1,  + and – frequency terms mix

<latexit sha1_base64="HSCNq0GEWHObCh2SMvXFIJ2plgk="></latexit>

@2
⌘�k(⌘) + !2

k

"
1 + 3

✓
@⌘!k

2!2
k

◆2

�
@2
⌘!k

2!3
k

#
�k(⌘) = 0

Scalar field f in FRW background



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

Schrödinger’s Alarming Phenomenon

( ) ( ) ( )2 0x t t x tw+ =!!

U

x

Spring constant varied 
abruptly (nonadiabatically)

U
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Spring constant varied 
slowly (adiabatically)

an 
excited

state

y y



Mixing of + and - frequency terms depends on “Adiabaticity parameter” Ak :

Ak ≪ 1,  + frequency solution remains good
Ak ≫ 1,  + and – frequency terms mix

Adiabticity Parameter Ak

<latexit sha1_base64="kAUYJzMBASxrsC0HC7Z9eRXziIc=">AAACNXicbVBNa9tAEB0l/Ujcj7jJpdCLqCk4lBrJhDSXgKGXHHpIS50ELMWM1iN78a4kdkclRvhP5ZL/0VNy6KGh9Nq/0LXsQ5v0wcDb92aYnZcUSloOghtvbf3Bw0ePNzYbT54+e77VfLF9YvPSCOqLXOXmLEFLSmbUZ8mKzgpDqBNFp8n0w8I//UrGyjz7wrOCYo3jTKZSIDtp2PwY5ZrGOJyedw9dvcXzbjsixt1IUcoD7a SataPUoKjCebU/fxddyMjI8YR3P6+a61c8bLaCTlDDv0/CFWn1XkKN42HzWzTKRakpY6HQ2kEYFBxXaFgKRfNGVFoqUExxTANHM9Rk46q+eu6/ccrIT3PjKmO/Vv+eqFBbO9OJ69TIE3vXW4j/8wYlpwdxJbOiZMrEclFaKp9zfxGhP5KGBKuZIyiMdH/1xQRdPOyCbrgQwrsn3ycn3U6439n7tNfqHSzTgA14Ba+hDSG8hx4cwTH0QcAlXMMPuPWuvO/eT+/XsnXNW83swD/wfv8BEXCrGQ==</latexit>

!2
k = k2 + a2(⌘)


m2 +

✓
1

6
� ⇠

◆
R(⌘)

�

Define some dimensionless parameters
<latexit sha1_base64="wlYdjtDtK6Gu36/jyV4CYes5+uA=">AAACKHicbZBNSwMxEIZn/bZ+Vb0IXoJF8VR3pWhvFrz0qGCr0C1lNp3aYLK7JtlCKf4cL/4VLyKKePWXmLZC/Xoh8PLMDJN5o1QKY33/3Zuanpmdm19YzC0tr6yu5dc36ibJNKcaT2SiryI0JEVMNSuspKtUE6pI0mV0czqsX/ZIG5HEF7afUlPhdSw6gqN1qJU/CVGmXWR7LKTbTPQYHmCLWBjmQpVNqDqojml3wqpD1soX/K I/Evtrgi9TqGzBSGet/HPYTnimKLZcojGNwE9tc4DaCi7pLhdmhlLkN3hNDWdjVGSag9Ghd2zXkTbrJNq92LIR/T4xQGVMX0WuU6Htmt+1Ifyv1shsp9wciDjNLMV8vKiTSWYTNkyNtYUmbmXfGeRauL8y3kWN3Lpscy6E4PfJf039sBgcFUvnpUKlPE4DFmAbdmAfAjiGClThDGrA4R4e4QVevQfvyXvz3setU97XzCb8kPfxCZ+fo0g=</latexit>

↵ ⌘ a/ae

µ ⌘ m/He

h ⌘ H/He

<latexit sha1_base64="nSXim8BZarZuh1VTsRXM1omVkv0="></latexit>

Ak =
↵
3
µ
2
h+ ↵

3
h(R/H

2
e )(1/6� ⇠)� 1

2↵
2(R0

/H
2
e )(1/6� ⇠)

[k2 + ↵2µ2 + ↵2(R/H2
e )(1/6� ⇠)]3/2

<latexit sha1_base64="ShgLmNONGmV5GN5gLpsLRRF9Hpc=">AAACHHicbZDLSgNBEEVrfBtfUTeCm8YguAozGtRlxI1LBaNCJg41nZrYpOdhd48QhnyIG3/FjQtF3LgQ/Bs7iYKvCw2HW1VU1w0zKbRx3XdnbHxicmp6ZrY0N7+wuFReXjnTaa44NXgqU3URoiYpEmoYYSRdZIowDiWdh93DQf38hpQWaXJqehm1YuwkIhIcjbWC8s5B0GU+XefihvmRQl74GSojUAY+GfTTmDoYdPvFF11u94 Nyxa26Q7G/4H1Cpb4GQx0H5Ve/nfI8psRwiVo3PTczrWKwh0vql/xcU4a8ix1qWkwwJt0qhsf12aZ12ixKlX2JYUP3+0SBsda9OLSdMZor/bs2MP+rNXMT7bcKkWS5oYSPFkW5ZCZlg6RYWyjiRvYsIFfC/pXxK7QRGZtnyYbg/T75L5xtV73dau2kVqnvj9KAGViHDdgCD/agDkdwDA3gcAv38AhPzp3z4Dw7L6PWMedzZhV+yHn7AHLcouU=</latexit>
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Nonadiabaticity proportional to
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Adiabatic deep in quasi-de Sitter phase
Adiabatic at late time after inflation

Nonadiabatic: 

x = 0: 
k/a ≪ H when mode exits horizon during inflation.  Super-Hubble.
k/a ≫ H at end of inflation.  Sub-Hubble radius.

x = 1/6: at end of inflation.  Sub-Hubble radius.

Abrupt changes in a(h) leads to nonadiabatic changes in wk(h), which adulterates positive and 
negative frequency modes, leading to of particle creation in the expanding universe.

Scalar field f in FRW background
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Initial Conditions

Initial Conditions: as a → 0, frequency                                                                      → k 2 motivates

“Bunch-Davies” (Minkowski) initial conditions for ck and 𝜕h ck:

as h → ∞ the physical momentum is much larger than H and the field should not “feel” the

curvature of spacetime. 

NO APOLOGIES!
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Solutions to wave equation include both + and - frequency terms

If start with only outgoing waves, bk(h) = 0, 
will generate incoming waves,      bk(h) ≠ 0.

Comoving number density of particles at late time is
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Scalar field f in FRW background
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Conformally-Coupled Scalar



10°3 10°2 10°1 100

k

10°10

10°9

10°8

10°7

10°6

10°5

10°4

lim
a!

1
n

k

m/He = 0.1

0.01

0.001

x = 1/6

Notice spectrum is BLUE, by which I 
mean spectrum vanishes as k → 0



na3 → 0 as m → 0

For conformally-coupled 
scalar, conformal symmetry 
only broken by mass term.

Since metric is conformally 
Minkowski, massless, 
conformally-coupled scalar 
field does not feel 
expansion.



Adiabaticity Parameter Ak
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Mode equation:

Conformal and Minimal Couplings Very Different
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k < 0 Possible for minimal coupling—expect growth

Why should x be constant?   There should be an RG flow for x.

Might set x to 0 or 1/6 at some scale (say MPl?) but at other scales there should be log 
corrections.



Minimal: x = 0

For small m, nonadiabatic deep in inflation 
as mode becomes tachyonic*

Irruption when tachyonic: k = aH

Suppression in spectrum at k >1

Suppression in spectrum for m/He >1

Spectrum diverges  
In IR for m / He < 2

Isocurvature issues

Evolution complicated by 2
frequency scales:  m and R

*In inflation R ~ -H2

Kolb & Long 2020
Kolb & Long 2020

<latexit sha1_base64="DwYFEb11G8yBWS+PZET1dPl8bJU="></latexit>

!2
k = k2 + a2(⌘)

✓
m2 +

1

6
R(⌘)

◆



Conversion of comoving density to Wh2
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After inflation universe dominated by coherent oscillations of inflaton.  Energy density decreases 
as a matter-dominated universe.   Eventually inflaton decays, “reheating” the universe to some 
“reheat” temperature TRH , after which the universe evolves as a radiation-dominated universe, 
eventually becoming matter dominated around z = 30,000, then dark-energy dominated at a 
redshift ≈ 1.

All the while na3 remaining constant.

We don’t know He or TRH, but the above values are “representative” choices.

So na3 ≈ 10-5 seems desirable.



Conformally coupled scalar  
x = 1/6
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mc /He ≈ mc /minflaton
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• Calculation assumes particular inflationary model 
(chaotic, which is ruled out).

• But general picture holds in other models since 
action occurs around end of inflation.

• We don’t know, but He ≈ 1012 GeV and
TRH ≈ 109 GeV are “common.”

• If stable and dark matter, Wc h2 = 0.12  ⟹ m ≈ He .
Could have been anything!

• Perhaps inflation scale represents new physics scale, 
stable particle at that mass scale natural DM 
candidate.

• WIMPZILLA miracle!

Conformally-coupled scalar WIMPZILLA DM candidate
mc =𝒪(minflaton)

Scalar field f in FRW background
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• Inflation indicates a new mass scale

• In most models, minflaton» Hinflation» 1012 - 1014 GeV?

• Hinflation detectable via primordial gravitational waves in CMB

• (I, at least) expect other particles with mass » minflaton

minflaton

lightest stable?   Dark Matter  “WIMPzilla”

mass 

all produced à la
Schrödinger’s
alarming
phenomenon

GPP & Dark Matter
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Minimally-coupled scalar WIMPZILLA not DM candidate
unless mc /He ≈ mc / minflaton ≳ a few

na
3

mc /He ≈ mc /minflaton

Scalar field f in FRW background
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If WIMPZILLAS contribute to matter density, two 
sources of density fluctuations:

Curvature fluctuations from inflation
Fluctuations in c field

They are uncorrelated.

DM density perturbations uncorrelated with baryon 
and photon perturbations.

For red spectrum, strict CMB limits      
Chung, Kolb, Riotto, Senatore for minimally-coupled scalars

Scalar field f in FRW background
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n k
Assumes before reheating mode becomes 

nonrelativistic    k/a < m 
and sub-Hubble k/a < H 

Red spectrum survives “early” reheating. 

Red Spectrum Leads to dangerous 
Isocurvature Fluctuations



Scalar Fields Not the Only Game in Town

spin-2 (Fierz-Pauli) DM: Kolb, Liang, Long Rosen (2022); [see also Babichev, et al (2016)
Bernard, Deffayet, & von Strauss (2015);  Mazuet & Volkov (2018)]

spin-0 (real scalar) Chung, Kolb, & Riotto (1998);  Kuzmin & Tkachev (1998)

spin-1/2 (Dirac) Chung, Kolb, & Riotto (1998); Kuzmin & Tkachev (1998); Chung, Everett, Yoo, & Zhou (2011)

spin-1 (de Broglie-Proca)
Dimopoulos (2006) – not for DM;  Graham, Mardon, & Rajendran (2016); 
Ahmed, Grzadkowski, & Socha (2020); Kolb & Long (2020)

spin-3/2 (Rarita-Schwinger) Kallosh, Kofman, Linde, & Van Proeyen (1999)
Giudice, Riotto, & Tkachev (1999); Lemoine (1999); Kolb & Long (2020)
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Dirac Equation in FRW:
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Dispersion relation same as conformally-coupled scalar

Dirac field y in FRW background
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Fields with Spin ＞ 1/2

For bosons, wk(h) tells all:
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Like conformally-coupled scalar: in massless limit no production

Like minimally-coupled scalar; graviton in massless limit

Interesting (i.e., complicated)



Graham, Mardon, & Rajendran (2016); Ahmed, Grzadkowski, & Socha (2020); Kolb & Long (2020)

• power spectrum is blue-tilted at low k
• negligible power at CMB scales
• no problem with isocurvature even for m << HI

de Broglie—Proca field Aµ in FRW background

Dispersion relation for longitudinal modes, , “interesting.”
<latexit sha1_base64="jlHWIV5kJ2y04lStxFobgP5Dv6Y="></latexit>

!
2
k = k

2 + a
2(⌘)m2 +

1

6

k
2
a
2(⌘)R(⌘)

k2 + a2(⌘)m2
+ 3

k
2
a
4(⌘)H2(⌘)m2

(k2 + a2(⌘)m2)2

Dispersion relation for transverse modes,                                    , same as conformally-coupled scalar.
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de Broglie—Proca field Aµ in FRW background



de Broglie—Proca field Aµ in FRW background
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mirror matter

doubly-coupled

Fierz-Pauli field fµn in FRW background
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• One thought that massive gravity theories had ghostly 6th degree of freedom at the nonlinear level until             
de Rahm, Gabadadze & Trolly (dRGT 2011)

• Hassan & Rosen (2012) showed how to construct ghost-free “bimetric” theories with correct number of 
propagating d.o.f.

• We (with Ling, Long, and Rosen) are examining two massive spin-2 theories à la Hassan & Rosen

• Looking for WIMPZILLAS, but interesting things along the way
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• In 1987 Higuchi demonstrated that for fields of spin two or greater in de Sitter space, there are ghosts unless
m2 > 2H2

• We (with Ling, Long, and Rosen) generalize the Higuchi bound to FRW:
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Cosmological Limit on the 
mass of massive spin-2 field!
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Fierz—Pauli field fµn in FRW background



Rarita—Schwinger field yµ in FRW background

“Dirac” Equation in FRW:

s = 3/2; l = ± 3/2    (same as s = 1/2) 

s = 3/2; l = ± 1/2
CA & CB function of (H, m, R, 𝜕h m)
CA

2 + CB
2 = cs

2 = sound speed

nonzero for gravitino

<latexit sha1_base64="06eX6M+ZugpdRAnsiih7ZW28ftY="></latexit>

cs =

��p(⌘)� 3m2M2
Pl

��
⇢(⌘) + 3m2M2

Pl

New feature:                                                     time-dependent effective sound speed!

Can vanish when                             !! 
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Figure 2: The evolution of the pressure at the end of inflation in the chaotic inflation model. For a given choice of the
spin-3/2 field’s mass m, the sound speed cs vanishes when p = 3m2

M
2
Pl corresponding to intersections of the blue curve

with the corresponding gray-dashed curve.

different choices of the spin-3/2 field’s mass m/He. For a given mass choice, the sound speed vanishes cs = 0

whenever the blue and gray-dashed curves intersect. In this example, for m/He & 0.39 the sound speed never
vanishes, for m/He ' 0.39 it vanishes just once, and for m/He ⌧ 0.39 it vanishes many times as the pressure
oscillates at the end of inflation.

The evolution of the sound speed is illustrated directly in Fig. 3, which presents c
2
s for the same three

values of m/He that appear in Fig. 2. Every time c
2
s touches zero the sound speed vanishes. Note that the upper

limit to the sound speed is unity, so there is no superluminal propagation. As the pressure damps away with
time, it eventually decreases below the threshold |p| < 3m2

M
2
Pl and subsequently the sound speed has no more

zero-crossings and it remains positive.

4.4 Non-adiabatic particle production from vanishing sound speed

Here we seek to clarify how the vanishing sound speed leads to efficient production of the helicity-1/2 modes.
In general, particle production results from non-adiabatic mode evolution. If the mode equation takes the form
of @2

⌘�k + !
2
k(⌘)�k = 0 with time-dependent dispersion relation !k(⌘), then

Ak(⌘) ⌘
@⌘!k

!
2
k

(4.10)

provides a dimensionless measure of the nonadiabaticity. When the dispersion relation changes rapidly and
|Ak| � 1, efficient particle production results. (See, e.g., [69, 70] in the context of preheating.)

The mode equation for the helicity-1/2 modes (3.30) has the dispersion relation !
2
k,1/2 = c

2
sk

2 + a
2
m

2

from Eq. (3.29b). For simplicity, we consider the case of a constant mass, as studied in the numerics. The
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Figure 3: The evolution of c
2
s as a function of a/ae for three values of m/He. As illustrated in the upper panel, for

m/He ⌧ 1 after inflation, c2s = 0 many times in the oscillation of the inflaton field. If m/He ' 0.39, while c
2
s still

oscillates it vanishes only once (see the middle panel). As seen in the lower panel, if m/He & 0.39 the oscillations
become less important and the sound speed never vanishes. (Note the different lower limit in the bottom panel.)
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vanishing sound speed

Rarita—Schwinger field yµ in FRW background
<latexit sha1_base64="06eX6M+ZugpdRAnsiih7ZW28ftY="></latexit>

cs =

��p(⌘)� 3m2M2
Pl

��
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Sound speed will vanish (perhaps many times) if m < 0.39 He
(assumes harmonic potential after inflation)



Rarita—Schwinger field yµ in FRW background
Dispersion relation is 
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Usual case:                                          and constant for

GPP depends on changing wk (h), so no production of high-k modes!

If               :  as                                 is independent of k, production of high-k modes unsuppressed!
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2
/2⇡2 as a function of k for two values of m/He for helicity-3/2 and helicity-

1/2. (The helicity-3/2 results are identical to the results for a Dirac fermion.) If m/He = 0.01 then c
2
s vanishes during

the evolution (see Fig. 3) and catastrophic particle production results. If m/He = 1.0 the c
2
s does not vanish in the

evolution (but is less than unity). There is no catastrophic GPP, but particle production is enhanced over helicity-3/2 which
has c

2
s = 1. The oscillations for k & 5 can be compared to the oscillations seen in Figure 3 of Giudice, Riotto, and

Tkachev [16].

To better understand how the sound speed varies with time, we need to specify a model for the inflaton so
that ⇢(⌘) and p(⌘) can be calculated, and we must also specify how the spin-3/2 field’s mass varies with time, so
that @⌘m can be calculated. For simplicity we consider a quadratic potential, and the inflaton’s energy density
and pressure are given by

⇢ = 1
2 �̇

2 + 1
2m

2
��

2 and ⇢ = 1
2 �̇

2
�

1
2m

2
��

2
. (4.9)

Here and below “dot” denotes d/dt where t is cosmic time. The inflaton mass is related to He by m� =

2HeMPl/�e. Again, we emphasize that this is the potential that describes the oscillation of the inflaton about
its minimum after inflation, and it need not describe the inflaton potential when the scale factor was about 50
e-folds from the end of inflation when scales important for observable curvature fluctuations crossed the Hubble
radius. For the spin-3/2 field’s mass, we consider the simplest scenario first and assume that it is a constant so
that @⌘m = 0. Then it is possible for the squared sound speed (4.8) to vanish when p = 3m2

M
2
Pl.

It is easy to see that the sound speed cannot vanish during inflation: since ⇢+3p < 0 and ⇢ > 0, it follows
that p < 0 and c

2
s > 0. We study the evolution of cs(⌘) after inflation by numerically solving the inflaton’s field

equation to calculate the pressure p. In Fig. 2 we show the pressure p as as a function of a/ae, and we compare
with 3m2

M
2
Pl for several different values of the spin-3/2 field’s mass m. If the spin-3/2 field’s mass is static,

@⌘m = 0, then the sound speed cs vanishes when the pressure p equals 3m2
M

2
Pl [see Eq. (4.8)]. The blue curve

shows the pressure p (in units of H2
eM

2
Pl) and the gray-dashed lines show values of 3m2

M
2
Pl (same units) for
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Rarita—Schwinger field yµ in FRW background

Supergravity employs spin-3/2 field (gravitino, inflation, …), the superpartner to graviton.

Catastropic production of gravitinos dependent on model.

For models with a single chiral superfield gravitino mass is time dependent (                 ).
cs = 1 at all times ⟹ no catastrophic production

For models with multiple chiral superfields (most modern models)
cs depends on relative orientation of inflaton direction & susy breaking
cs = 0 in models with a nilpotent superfield and orthogonal constraint KKLT
mixing between the goldstino & inflatino may avoid the catastrophe (explicit calculation needed)

Dudas, Garcia, Mambrini, Olive, Peloso, & Verner (2021); Antoniadis, Benakli, & Ke (2021)

Models with cs = 0 are in a SWAMPLAND!       Kolb, Long, & McDonough (2021)

GGP may provide constraints on SUGRA model building.

<latexit sha1_base64="LqZVhSrdACWaGCw2GxBxCKclGuI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUZcFNy4r2Ac0IUymN+3QySTOTIRair/ixoUibv0Pd/6NkzYLbT1w4XDOvTP3njDlTGnH+bZKK6tr6xvlzcrW9s7unr1/0FZJJim0aMIT2Q2JAs4EtDTTHLqpBBKHHDrh6Dr3Ow8gFUvEnR6n4MdkIFjEKNFGCuwjLyVSM8IDDzTBsSfg3gnsqlNzZsDLxC1IFRVoBvaX109oFoPQlBOleq6Tan+Sv0w5TCtepiAldEQG0DNUkBiUP5ltP8WnRunjKJGmhMYz9ffEhMRKjePQdMZED9Wil4v/eb1MR1f+hIk00yDo/KMo41gnOI8C95kEqvnYEEIlM7tiOiSSUG0Cq5gQ3MWTl0n7vOZe1Oq39WqjXsRRRsfoBJ0hF12iBrpBTdRCFD2iZ/SK3qwn68V6tz7mrSWrmDlEf2B9/gA4k5UJ</latexit>

@⌘m 6= 0



Kolb, Ling, Long & Rosen
(in progress)

Long-term Program
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Boltzmann or Bogoliubov?
Kaneta, Mook, Oda

Catastrophic Production of Slow Gravitinos 
Kolb, Long, Mcdonough

WTF? (Why These Features?)  also, power-law decrease instead of exponential

Quantum interference in gravitational particle production 
(Basso, Chung, Kolb, Long)

We argue that these features are due to the quantum interference of coherent scattering reactions. We find analytic 
formulae for the particle production amplitude for a conformally-coupled scalar field, including an interference effect in 
the kinematic region where the production can be interpreted as inflaton scattering into scalar final states via graviton 
exchange.
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• Extrapolated MD (matter dominated-no inflaton oscillations)  |bk| ∝ exp(-k3/2) for k > 1

• Numerical (quadratic inflaton potential with inflaton oscillations)  |bk| ∝ k-9/4  for k > 1

• Power-law behavior can be understood as f + f  → c + c  via a classical Boltzmann approach 

• But, f + f  → c + c  via a classical Boltzmann approach cannot explain oscillations

• Oscillations due to quantum interference 
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Quantum interference in gravitational particle production 

• Initial macroscopic inflaton scattering state can be viewed as cold coherent superposition of nf states  

• Bogoliubov treatment allows processes that can be interpreted as    
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• Hilltop inflaton potential                                         effective cubic term

• Quantum interference much more pronounced
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Dark matter might have only gravitational interactions (that’s all we really “know”)
If so, dark matter must have a gravitational origin.
Cosmological Gravitational Particle Production through Schrödinger’s alarming phenomenon promising.

Scalars:
Conformally-coupled: promising DM candidate if m ≈ He (WIMPZILLA miracle).
Minimally-coupled: not promising DM candidate.

Late reheating: Wh2 much too large unless m ≳ few He .  Early reheating: Wh2 much too large unless m ≳ few He .
Isocurvature constraints unless m ≳ few He.

Dirac fermions:
Similar to conformally-coupled scalars: promising DM candidate if m ≈ He (WIMPZILLA miracle).

de Broglie—Proca vectors:
DM candidate could be very light (µeV) or very massive (He)

Rarita-Schwinger fermions: 
Catastrophic production if cs vanishes.  Implications for models of supergravity.

Fierz-Pauli tensors:
FRW-generalization of the Higuchi bound; DM relic abundance in progress.

Spin greater than 2: Alexander, Jenks, McDonough

Finally, Summary: GPP can make DM & constrain BSM physics! 



A Question

What to make of a QFT that is “perfectly” reasonable in Minkowski, 

but

Pathological in FLRW?  
(examples: Fierz-Pauli, spin-2 with small mass)



Coming soon to a Reviews of Modern Physics Near You

“Cosmological Gravitational Particle Production 
and its Implications for the Origin of Dark Matter”

With Andrew Long 2023
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