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For 40 Years, Leading 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

But not (convincingly) seen
• In Direct detection (but DAMA/LIBRA)
• In Indirect Detection (but galactic-center excess)
• In Decay (but 3.5 keV g-ray line)
• In Colliders no BSM signal (but µg-2, mW)

along with axions



Direct detection

M. Fedderke

Spin-Independent Scattering

10-45 cm2 = 1 zeptobarn!

10-42 cm2 = 1 attobarn

10-48 cm2 = 1 yoctobarn

10-39 cm2 = 1 femtobarn

10-36 cm2 = 1 picobarn



Direct detection

M. Fedderke

Spin-Dependent Scattering



For 40 Years, Leading 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

But not (convincingly) seen
• In Direct detection (but DAMA/LIBRA)
• In Indirect Detection (but galactic-center excess)
• In Decay (but 3.5 keV g-ray line)
• In Colliders no BSM signal (but µg-2, mW)

What if DM interacts only gravitationally?
• Gravity must play a prole in its cosmological production
• But gravity weak!



Assume Standard Inflationary Picture

Quasi-de Sitter Phase driven by vacuum energy of inflaton displaced from potential minimum, 
expansion rate He

Matter-dominated phase due to inflaton oscillations about minimum of potential

Inflaton decays and leads to radiation-dominated phase characterized by a 
reheat temperature TRH
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”Chaotic” Inflation
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Chaotic Inflation

Ricci Scalar Curvature R
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Chaotic Inflation
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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

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



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 +



Cosmological Gravitational Particle Production (CGPP) 

• A space-dependent (e.g., black holes) or time-dependent (e.g., big bang) gravitational field 
can create particles from vacuum

Black Holes  – Hawking 1974
Big Bang       – Schrödinger 1939

• Interest here on time-dependent gravitational fields, in particular, the big bang

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

• … my motivation is whether
o CGPP can be the origin of DARK MATTER (DM), and 
o CGPP can result in cosmological constraints on particle properties

Inflation: quasi deSitter phase followed by transition to matter-dominated then radiation-dominated phase



Disturbing the Quantum Vacuum
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Particle creation

Sauter (1931); Heisenberg & Euler (1935); Weisskopf (1936); Schwinger (1951) 
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Particle creation if energy gained in acceleration from E-field 
over a Compton wavelength exceeds the particle’s rest mass. 



NATURE, Vol 446/1 March 2007

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

Gérard Mourou

Physicists are planning lasers 
powerful enough to rip apart the 
fabric of space and time.



Gérard Mourou

Disturbing the Quantum Vacuum
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Crab pulsar 3 × 1013 G

Magnetars       1014 – 1015 G

Strong magnetic fields imply existence of strong electric fields.

Many unexplained phenomena associated with pulsars, magnetars, etc.

The Skeptics Guide to the Universe

could rip the iron
out of your blood

from 1,000 miles away.

MAGNETARS
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Disturbing the Quantum Vacuum

Hawking (1974); Bekenstein (1972) 

Particle creationTidal gravitational field              

e+ e-

v = c at Black Hole horizon

Black
Hole

tidal gravity
fielde+ e-

Particle creation if energy gained in acceleration from gravity 
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. 



My collaborators on CGPP

Chung, Kolb, Riotto (1998); Kuzmin & Tkachev (1999)
My collaborators: 
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Andrew Long
Evan McDonough
Guillaume Payeur
Toni Riotto
Rachel Rosen
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Alexi Starobinski
Igor Tkachev
Mark Wyman



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

cosmological
expansion

time-dependent
Hamiltonian

+ and – frequency modes mix
(Bogoliubov)

particle 
production



Scalar field f in Minkowski space
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Mode functions satisfy wave equation and normalization condition:
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Vacuum state |0⟩ defined as state where  
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bak|0i = 0

Dispersion relation: 
<latexit sha1_base64="0H4SqPe/m+mcgCmvgEy0mycTE5k=">AAAB/3icbVDLSgMxFL1TX7W+RgUR3ASLIAhlphTtRii4cVnBPqAvMmnahiYzQ5IRytiFv+LGhSJu/Q13/o2ZaRfaeuBeDufcS26OF3KmtON8W5mV1bX1jexmbmt7Z3fP3j+oqyCShNZIwAPZ9LCinPm0ppnmtBlKioXHacMb3yR+44FKxQL/Xk9C2hF46LMBI1gbqWcftQNBh7g37hbRNUr6BRLdYs/OOwUnBVom7pzkK8eQotqzv9r9gESC+ppwrFTLdULdibHUjHA6zbUjRUNMxnhIW4b6WFDVidP7p+jMKH00CKQpX6NU/b0RY6HURHhmUmA9UoteIv7ntSI9KHdi5oeRpj6ZPTSIONIBSsJAfSYp0XxiCCaSmVsRGWGJiTaR5UwI7uKXl0m9WHAvC6W7Ur5SnqUBWTiBUzgHF66gArdQhRoQeIRneIU368l6sd6tj9loxprvHMIfWJ8/gDaUfQ==</latexit>

!2
k = k2 +m2

Action:



Scalar field f in Minkowski space

Solution to wave equation:
<latexit sha1_base64="BcauJViiuROL85J4GI4XtJ7EFsY="></latexit>

�k(t) =
↵kp
2!k

e�i!kt +
�kp
2!k

e+i!kt

If choose |ak| = 0, will have pure outgoing wave … no mode mixing

Bogoliubov coefficients satisfy:   
<latexit sha1_base64="tTLmDewF7cZsc3mERDtrLUPGzQo=">AAACA3icbZDLSsNAFIZP6q3WW9SN6CZYBDeWpBQVQSi4cVnBXqCJYTKdtEMnF2YmQkkLbnwVNy4UcetLuPNtnCZdaPWHgY//nMOZ83sxo0Ka5pdWWFhcWl4prpbW1jc2t/TtnZaIEo5JE0cs4h0PCcJoSJqSSkY6MSco8Bhpe8Orab19T7igUXgrRzFxAtQPqU8xkspy9f2xjVg8QO5wfFc9GdsekTlfWq5eNitmJuMvWDMo1/cgU8PVP+1ehJOAhBIzJETXMmPppIhLihmZlOxEkBjhIeqTrsIQBUQ4aXbDxDhSTs/wI65eKI3M/TmRokCIUeCpzgDJgZivTc3/at1E+udOSsM4kSTE+SI/YYaMjGkgRo9ygiUbKUCYU/VXAw8QR1iq2EoqBGv+5L/Qqlas00rtplauX+RpQBEO4BCOwYIzqMM1NKAJGB7gCV7gVXvUnrU37T1vLWizmV34Je3jG8nEl6E=</latexit>

|↵k|2 � |�k|2 = 1



Assume Standard Inflationary Picture

Quasi-de Sitter Phase driven by vacuum energy of inflaton displaced from potential minimum, 
expansion rate HI roughly constant

Matter-dominated phase due to inflaton oscillations about minimum of potential

Inflaton decays and leads to radiation-dominated phase characterized by a 
reheat temperature TRH  

Conformal time -∞ < h < 0  de Sitter and 0 < h < ∞ matter-dominated → radiation-dominated

Roughly           inflation                       matter-dominated         (ae , He are values at end of inflation)
<latexit sha1_base64="wnTB6gn8ESeByvl+iWiYutcfkcQ=">AAACDnicbVDJSgNBEK1xN25RL4KXxqB4McxIUBGEgJccFUwUMmGo6dRoY89Cd48QhnyBF3/FiwdFvHr25t/YWQ5uDwoe71VRVS/MpNDGdT+dicmp6ZnZufnSwuLS8kp5da2l01xxavJUpuoqRE1SJNQ0wki6yhRhHEq6DG9PB/7lHSkt0uTC9DLqxHidiEhwNFYKytvIdtgJ87uRQl5gQP3C2/PJYJ/5fqkxMBsBBeWKW3WHYH +JNyaV+gYMcRaUP/xuyvOYEsMlat323Mx0ClRGcEn9kp9rypDf4jW1LU0wJt0phu/02bZVuixKla3EsKH6faLAWOteHNrOGM2N/u0NxP+8dm6io04hkiw3lPDRoiiXzKRskA3rCkXcyJ4lyJWwtzJ+gzYYYxMs2RC83y//Ja39qndQrZ3XKvXjURowB5uwBbvgwSHUoQFn0AQO9/AIz/DiPDhPzqvzNmqdcMYz6/ADzvsXaiOZ2A==</latexit>

a =
ae

1� ⌘

H = He

<latexit sha1_base64="NqaueNUvaojgeURvaj2KFcTNwt0="></latexit>

a = ae(1 +
1
2⌘)

2

H =
He

(1 + 1
2⌘)

3



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

covariant action
<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

�

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

�

action for canonically-normalized field

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(⌘)

�

Gravity enters 
the picture

<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

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)

�



Expansion of the universe causes explicit time dependence in action for “spectator” fields.   
Initial ~ de Sitter (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

x

Spring constant varied 
slowly (adiabatically)

an 
excited

state

y y



time-dependent Hamiltonian ⇒ mode mixing 
⇒ - frequency modes from + frequency modes

Fourier mode decomposition
<latexit sha1_base64="nhipXtlJ01AHiEtNjQwyayk4eHA=">AAAC0XicdVJLb9QwEHbCqyyvBY5cLFZIuzxWSVtBL0iVuHBCRbBtpXWychwnsdZ5yJ60rCwjxJV/x41/wM/Am4ZVaelIlj9/M/ONPeOkkUJDEPzy/GvXb9y8tXV7cOfuvfsPhg8fHeq6VYzPWC1rdZxQzaWo+AwESH7cKE7LRPKjZPlu7T864UqLuvoMq4ZHJc0rkQlGwVGL4W9yKlJeUDCkKYQdEw70pSFJLVO9Kt1mvlg7wW 8xERWQTFFm0niHJJlZWmvG26QRk3jHYiJ5BvONGLUL0wdhwgqxOXUFJjw24i9DWFpDd3CVLB68wOdUYpLSPOfqCrX4+Ubv1VWCRIm8gGgxHAXToDN8GYQ9GKHeDhbDnyStWVvyCpikWs/DoIHIUAWCSW4HpNW8oWxJcz53sKIl15HpJmLxM8ekOKuVWxXgjj2fYWip1/11kSWFQl/0rcn/+eYtZHuREVXTAq/YWaGslRhqvB4vToXiDOTKAcqUcHfFrKBubOA+wcA1Ibz45MvgcHsavp7uftwd7e/17dhCT9BTNEYheoP20Xt0gGaIeR888Kz31f/kr/xv/vezUN/rcx6jf8z/8QfmcOeG</latexit>

b�(⌘,x) =
Z

d3k

(2⇡)3

h
bak�k(⌘)e

ik·x + ba†k�
⇤
k(⌘)e

�ik·x
i

mode functions satisfy wave equation
<latexit sha1_base64="mJxC4Xly9sJpx6e4PhMyOBflHcU=">AAACI3icbVBNSwJRFH1jX2ZfVss2QxIYgcyIlASB0KalQX6Ao8Od51UfvvngvTeBiP+lTX+lTYtC2rTov/RGXZh24MG559zLffd4EWdSWda3kdrY3NreSe9m9vYPDo+yxyd1GcaCYo2GPBRNDyRyFmBNMcWxGQkE3+PY8Ib3id94RiFZGDypUYRtH/oB6zEKSktu9taJQCgG3HVQQafo0AFzh/mkuLxyQh/74A47xbmwbN5Zbj ZnFawZzHViL0iOLFB1s1OnG9LYx0BRDlK2bCtS7XGyn3KcZJxYYgR0CH1saRqAj7I9nt04MS+00jV7odAvUOZMXZ4Ygy/lyPd0pw9qIFe9RPzPa8WqV26PWRDFCgM6X9SLualCMwnM7DKBVPGRJkAF03816QAEUKVjzegQ7NWT10m9WLCvC6XHUq5SXsSRJmfknOSJTW5IhTyQKqkRSl7IG/kgn8ar8W5Mja95a8pYzJySPzB+fgF9DaN8</latexit>

@2
⌘�k(⌘) + !2

k(⌘)�k(⌘) = 0

but with a time-dependent dispersion relation
<latexit sha1_base64="HxyYFWtj4RJGy3Yp277Js7KJg1w=">AAACIXicbVBNS8NAFNz4WetX1aOXxSJUhJKUor0IghePFawKTRo225d26W4SdjdCifkrXvwrXjwo4k38M25qBa0OLAwz89j3Jkg4U9q23625+YXFpeXSSnl1bX1js7K1faXiVFLo0JjH8iYgCjiLoKOZ5nCTSCAi4HAdjM4K//oWpGJxdKnHCXiCDCIWMkq0kfxKy40FDIg/6jVqLmhygE/wXeYGYTbK87teAx9i4buC6KEUGY Rh/p3zK1W7bk+A/xJnSqpoirZfeXP7MU0FRJpyolTXsRPtZURqRjnkZTdVkBA6IgPoGhoRAcrLJhfmeN8ofRzG0rxI44n6cyIjQqmxCEyy2FXNeoX4n9dNddjyMhYlqYaIfn0UphzrGBd14T6TQDUfG0KoZGZXTIdEEqpNqWVTgjN78l9y1ag7R/XmRbN62prWUUK7aA/VkIOO0Sk6R23UQRTdo0f0jF6sB+vJerXevqJz1nRmB/2C9fEJ8q6iwA==</latexit>

!2
k(⌘) = |k|2 +m2

e↵(⌘)

+ & - frequency modes
<latexit sha1_base64="lfqefFh+hRr1Bcn6gJkwfIzdMeQ=">AAACTHicbVBNbxMxFPQGKCV8BThysYiQ0gPRblVBj5W4cCwSaSvFaeR13iZW/LG13wIryz+QCwdu/AouHEAICW+aA7SMZGk0M0/Pb8paSY95/jXr3bh5a+f27p3+3Xv3HzwcPHp84m3jBEyEVdadldyDkgYmKFHBWe2A61LBabl+3fmn78F5ac07bGuYab40spKCY5LmA8HESs4Dq3U8Z5rjyukwAu5UuxdHDJDvUco+OrlcIX fOfgidxtC+YNJU2EbKKsdFKGJg/sJh2F/HSOE8MF1Tue7CsT8fDPNxvgG9TootGZItjueDL2xhRaPBoFDc+2mR1zgL3KEUCmKfNR5qLtZ8CdNEDdfgZ2FTRqTPk7KglXXpGaQb9e+JwLX3rS5TsrvXX/U68X/etMHqcBakqRsEIy4XVY2iaGnXLF1IBwJVmwgXTqa/UrHiqR1M/XclFFdPvk5O9sfFy/HB24Ph0eG2jl3ylDwjI1KQV+SIvCHHZEIE+US+kR/kZ/Y5+579yn5fRnvZduYJ+Qe9nT8pNbWy</latexit>

�(early)
± (⌘)

⌘!�1�����! 1p
2k

e⌥ik⌘

<latexit sha1_base64="Rqb+oTiGI+DzFk1OtOMK/J0mFMI=">AAACYHicbVFNTxsxFPQu/QgplNDe6MVqVCmoUrSLUMsRqZceQSKAFCeR13mbWNheY78tRNb+SW499NJfUm/IoYWOZGs0b0a2x4VV0mOW/UzSrRcvX73ubHff7Oy+3evtv7v0Ve0EjESlKnddcA9KGhihRAXX1gHXhYKr4uZbO7/6Ac7LylzgysJE84WRpRQcozTr3TGxlLPArG6mTHNcOh0GiiMcNgMGyA8pZfdOLpbInavuQq sxrD4zaUpcNZSVjouQN4H5W4fhiOumoTANTFsqaXThtI3QebtPmXVSA42mWa+fDbM16HOSb0ifbHA26z2weSVqDQaF4t6P88ziJHCHUihouqz2YLm44QsYR2q4Bj8J64Ia+ikqc1pWLi6DdK3+nQhce7/SRXS2Hfins1b832xcY3kyCdLYGsGIx4PKWlGsaNs2nUsHAtUqEi6cjHelYsljZRj/pBtLyJ8++Tm5PBrmX4bH58f905NNHR3ygXwkA5KTr+SUfCdnZEQE+ZVsJTvJbvI77aR76f6jNU02mffkH6QHfwDBV7f5</latexit>

�(late)
± (⌘)

⌘!+1�����! 1p
2am

e⌥i
R ⌘ d⌘0am

leads to mode mixing
<latexit sha1_base64="OSJEmxr0MKGxJw6r+bA4Dh8rLzY=">AAAC+3icjVJNb9NAEF2brxI+mpQjlxURKC0islFFe0GqxIVjkUhbKU6s8WaSrLJeW7tj1MjyX+HCAYS48ke48W9YJ0aUBAQjrfT03tuZ2dlJciUtBcF3z792/cbNWzu3W3fu3ru/2+7sndmsMAIHIlOZuUjAopIaByRJ4UVuENJE4XmyeFXr5+/QWJnpt7TMcZTCTMupFECOijteh0cJzqQu8xTIyMuKR2Iu43LxtBpHjpqbtO wpINyvehES7PMo+ml59lcL6smvhC+3S4DK5xAv+JNaohrVWWs4PljTjWN8sJHsP7pFMGr5j3Y3PFdLxO1u0A9WwbdB2IAua+I0bn+LJpkoUtQkFFg7DIOcRiUYkkJh1YoKizmIBcxw6KCGFO2oXP1dxR87ZsKnmXFHE1+xV2+UkFq7TBPnrHu3m1pN/kkbFjQ9HpVS5wWhFutC00Jxyni9CHwiDQpSSwdAGOl65WIOBgS5dWm5IYSbT94GZ8/74Yv+4ZvD7slxM44d9pA9Yj0WsiN2wl6zUzZgwrv03nsfvU9+5X/wP/tf1lbfa+48YL+F//UHd6nymQ==</latexit> 
�(late)
k+ (⌘)

�(late)
k� (⌘)

!
=

✓
↵k �k

�⇤
k ↵⇤

k

◆ 
�(early)
k+ (⌘)

�(early)
k� (⌘)
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Scalar field f in FRW background



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.
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Conformally-coupled scalar  
x = 1/6
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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 HI ≈ 1012 GeV and TRH ≈ 109 GeV 
are “common.”

• If stable and dark matter, Wc h2 = 0.12  ⟹ m ≈ HI .
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



• Inflation indicates a new mass scale

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

• Hinflation detectable via primordial gravitational waves in CMB

• (I) expect other particles with mass » minflaton

minflaton

lightest stable?   Dark Matter  “WIMPzilla”

mass 

all produced à la
Schrödinger’s
alarming
phenomenon

CGPP & Dark Matter
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red   for m/HI < 2
blue for m/HI > 2x = 0 
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Scalar field f in FRW background



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
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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 field f in FRW background



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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Kolb, Ling, Long & Rosen
(in progress)

Long-term Program

Chung, Kolb, & Riotto (98)
Kuzmin & Tkachev (99)



Dirac Equation in FRW:
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Blue spectrum: no isocurvature issues

Dirac WIMPZILLA DM candidate for mc =𝒪(minflaton)
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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.”
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Dispersion relation for transverse modes,                                    , same as conformally-coupled scalar.
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de Broglie—Proca field Aµ in FRW background
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Minimal coupling

Non-minimal coupling

Fierz-Pauli field fµn in FRW background
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• It was believed 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
m > 2H

• We (with Ling, Long, and Rosen) generalize the Higuchi bound to FRW:
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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
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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
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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 

<latexit sha1_base64="QpRYCq5ZOPVvHg+Kt1B/xxpyY5A=">AAACE3icbZDLSsNAFIYnXmu9VV26GSyCFyhJKOpGENy4VLCt0KThZHpah84kYWYilNJ3cOOruHGhiFs37nwbp7WCtx8Gfr5zDmfOH2eCa+O6787U9Mzs3Hxhobi4tLyyWlpbr+s0VwxrLBWpuopBo+AJ1gw3Aq8yhSBjgY24dzqqN25QaZ4ml6afYSihm/AOZ2Asikp7QSqxC1Gv5e8EaGCXHlMW6ZZvAd2n8IVly49KZbfijkX/Gm9iymSi86j0FrRTlktMDBOgddNzMxMOQBnOBA6LQa4xA9aDLjatTUCiDgfjm4Z025I27aTKvsTQMf0+MQCpdV/GtlOCuda/ayP4X62Zm85ROOBJlhtM2OeiTi6oSekoINrmCpkRfWuAKW7/Stk1KGDGxli0IXi/T/5r6n7FO6hUL6rlk+okjgLZJFtkh3jkkJyQM3JOaoSRW3JPHsmTc+c8OM/Oy2frlDOZ2SA/5Lx+AJ2Qm20=</latexit>

!2
k(⌘) = c2sk

2 + a2(⌘)m2

Usual case:                                          and constant for

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

If               :  as                                 is independent of k, production of high-k modes unsuppressed!

<latexit sha1_base64="LEOyLMXpF/rRlqP983NYD3BQ5w4=">AAACEnicbVA9SwNBEN3z2/gVtbRZDII24U6C2giCjaWKiUIuHnObSbJk7/bYnVNC8DfY+FdsLBSxtbLz37j5KPx6MPB4b4aZeXGmpCXf//QmJqemZ2bn5gsLi0vLK8XVtZrVuRFYFVppcxWDRSVTrJIkhVeZQUhihZdx93jgX96gsVKnF9TLsJFAO5UtKYCcFBV3RGSvd/khD3h4LtsdAmP0LQ91gm2IutshEuw4u8ujYskv+0 PwvyQYkxIb4zQqfoRNLfIEUxIKrK0HfkaNPhiSQuFdIcwtZiC60Ma6oykkaBv94Ut3fMspTd7SxlVKfKh+n+hDYm0viV1nAtSxv72B+J9Xz6l10OjLNMsJUzFa1MoVJ80H+fCmNChI9RwBYaS7lYsOGBDkUiy4EILfL/8ltd1ysFeunFVKR5VxHHNsg22ybRawfXbETtgpqzLB7tkje2Yv3oP35L16b6PWCW88s85+wHv/ArpHm5Y=</latexit>

c2s = 1 ) !k(⌘) = k
<latexit sha1_base64="/Fr4qEhvb2+rSbxJS7DPeVArX5Y=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEinosePFYxX5AU8pmu2mXbjZhd6KEUPCvePGgiFd/hzf/jZs2B219MPB4b4aZeX4suAbH+bZKK6tr6xvlzcrW9s7unr1/0NZRoihr0UhEqusTzQSXrAUcBOvGipHQF6zjT65zv/PAlOaRvIc0Zv2QjCQPOCVgpIF9NMHeHR+NgSgVPWKPywDSysCuOjVnBrxM3IJUUYHmwP7yhhFNQiaBCqJ1z3Vi6GdEAaeCTSteollM6ISMWM9QSUKm+9ns/Ck+NcoQB5EyJQHP1N8TGQm1TkPfdIYExnrRy8X/vF4CwVU/4zJOgEk6XxQkAkOE8yzwkCtGQaSGEKq4uRXTMVGEgkksD8FdfHmZtM9r7kWtfluvNupFHGV0jE7QGXLRJWqgG9RELURRhp7RK3qznqwX6936mLeWrGLmEP2B9fkDmGWVOA==</latexit>

k ) 1

<latexit sha1_base64="yNmXn6m2MXfZog9OzQHhko6cPgA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyWol6EghePFewHtGvJptk2NJtdk6xQlv4JLx4U8erf8ea/MdvuQVsfDDzem2Fmnh8Lro3jfKPC2vrG5lZxu7Szu7d/UD48ausoUZS1aCQi1fWJZoJL1jLcCNaNFSOhL1jHn9xkfueJKc0jeW+mMfNCMpI84JQYK3XpQD/Urp3SoFxxqs4ceJW4OalAjuag/NUfRjQJmTRUEK17rhMbLyXKcCrYrNRPNIsJnZAR61kqSci0l87vneEzqwxxEClb0uC5+nsiJaHW09C3nSExY73sZeJ/Xi8xwZWXchknhkm6WBQkApsIZ8/jIVeMGjG1hFDF7a2Yjoki1NiIshDc5ZdXSbtWdS+q9bt6pVHP4yjCCZzCObhwCQ24hSa0gIKAZ3iFN/SIXtA7+li0FlA+cwx/gD5/AJ6JjwE=</latexit>

c2s = 0
<latexit sha1_base64="t9043jvau9l/G1b8/usXhoZZWAU=">AAACEXicbVBNaxsxENXmq6nz5SbHXkRMwYFgdoNJezT0kmMS4sTgXcysPGsLa6VFmm1ZjP9CLvkrveTQUnrtrbf8m8iOD23cNww83ptBmpcWSjoKw6dgbX1jc+vN9tvazu7e/kH93eGtM6UV2BVGGdtLwaGSGrskSWGvsAh5qvAunXye+3df0Dpp9A1VBSY5jLTMpADy0qDenPD4Wo7GBNaarzyWOqPqNOa+TI4jGEyaMRKc8E G9EbbCBfgqiZakwZa4HNT/xEMjyhw1CQXO9aOwoGQKlqRQOKvFpcMCxARG2PdUQ44umS4umvEPXhnyzFjfmvhC/XtjCrlzVZ76yRxo7F57c/F/Xr+k7FMylbooCbV4eSgrFSfD5/HwobQoSFWegLDS/5WLMVgQ5EOs+RCi1yevktuzVnTeal+1G532Mo5t9p4dsyaL2EfWYRfsknWZYPfsG/vOfgQPwWPwM/j1MroWLHeO2D8Ifj8Du/acRg==</latexit>

k ) 1, !k(⌘)

10�2 10�1 100 101

k/aeHe

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

n k
/a

3 eH
3 e

m/He = 10�2

helicity 1/2

helicity 3/2

10�1 100 101

k/aeHe

10�5

10�4

10�3

10�2

n k
/a

3 eH
3 e

helicity 1/2

helicity 3/2

m/He = 1
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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.

Catastrophic 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)

CGPP may provide constraints on SUGRA model building.
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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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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)



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 ≈ HI (WIMPZILLA miracle).
Minimally-coupled: not promising DM candidate.

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

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

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

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! 



Detect WIMPzillas with only gravitational coupling?

“Gravitational Direct Detection of Dark Matter”  
Carney, Ghosh, Krnjaic, Taylor arXiv: 
1903.00492

Meter-scale detector

Billion microgram to milligram sensors

Lattice spacing millimeter to centimeter 

Detect DM of mass greater than Planck mass

How about 10-6 Planck mass?
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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



Rocky Kolb

Gravitational Origin of Dark Matter

9/19/2022
VI José Plínio Baptista 
School on Cosmology 
Friedmann and the 
LCDM model
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d⌘2 + d~x2
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Some Notation

FLRW model

In early universe k = 0 

Define conformal time

My convention:  scale factor a has dimension of length.  An observer “at rest” has constant  
(r, q, f )  “comoving coordinates”

Expansion rate                                             prime indicates derivative wrt conformal time 
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Forgotten in 40s, 50s, 60s (by Schrödinger also).

Gravitational Particle Production

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: explains homogeneity and isotropy of the universe. 

“Outstanding importance”?

“Great Cosmological Significance”?



Great cosmological significance in the 1980s (inflation):
Mukhanov & Chibisov

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

Gravitational Particle Production



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

Dark matter
CMB Isocurvature perturbations
CMB Nongaussianities

Gravitational Particle Production universal*

* So long as Weyl conformal symmetry violated.

Great cosmological significance in the 1980s (inflation):
Mukhanov & Chibisov

Gravitational Particle Production


