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Inner Space/Outer Space Interface
Cosmological limits on particle properties:

 1. neutrinos
 2. axions
 3. magnetic monopoles
 4. all sorts of BSM particles (e.g., SUSY)

5. cosmological defects
6. Kaluza-Klein modes
7. String theorists suggest a lot of unseen 

things … difficult to get rid of them

Usually assume LTE

I will consider limits from  “cosmological gravitational particle production (CGPP)”

CGPP can populate hidden sectors & produce DM w/ only gravitational interactions



Ideas for gravitational particle production
Misalignment

• Superhorizon quantum fluctuations 
during inflation 

• After inflation, field frozen by “Hubble 
drag” until H drops below mass

• Then energy density in oscillating field
• Most familiar example is the axion
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Hawking radiation from primordial black holes
Hooper, Krnjaic, & McDermott

• PBH seeds from inflation
• PBHs evaporate in early universe
• DM mass ∼ 1011 GeV (WIMPzilla)
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From primordial plasma via graviton exchange
Garny, Sandora, & Sloth

• Reheating produces SM plasma
• DM mass ∼ 1013 GeV (WIMPzilla)
• Assumes m < TRH
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From inflaton field after inflation via graviton exchange 
Ema, Nakayama, Tang; Mambrini & Olive

• “Boltzmann” approach not 
complete treatment 
(Kaneta, Lee, Oda; Basso, 
Chung, EWK, Long).

• Underestimates particle 
production: must include 
Schrödinger Effect 
(production during quasi-
de Sitter era). 
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Cosmological Gravitational Particle Production (CGPP) through the Schrödinger Effect

Ideas for gravitational particle production

Physics of “Schrödinger Effect” in the spirit of the “Schwinger Effect” 



The Schwinger Effect
Particle creationElectric field

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

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

Turn on expansion

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

The Schrödinger Effect
Expanding space

Schrödinger (1939)
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Particle creation
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Rarita-Schwinger (R-S)

Why study Rarita-Schwinger fields?
Supergravity

In Supergravity (SUGRA), the spin 3/2 R-S field is the superpartner of the graviton, the gravitino.

Gravitino difficult to detect at LHC because of feeble gravitational coupling to SM fields, but …

“Gravitino production leads to important constraints on early universe cosmology.” (Supergravity, Freedman and Van Proeyen).

“Early universe cosmology (may) lead to important constraints on Supergravity model building.” (EWK, Long, McDonough, PRD 
2021 & PRL 2021; EWK, Long, McDonough, Wang 2025).

This is a work in progress with Andrew Long, Evan McDonough, and Jingyuan Wang.
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through the Schrödinger mechanism

I’ve studied CGPP of minimally-coupled scalars, conformally-coupled scalars, Dirac fermions,        
de Broglie-Proca fields, Kalb-Ramond fields, Fierz-Pauli fields, in one-field inflation models, 
rapid-turn inflation models, inflation models with non-canonical kinetic terms, Higgs-inflation 
models, …

Aren’t you tired of it?   Don’t you have anything better to do?

What could possibly be new with Rarita-Schwinger fields?  Two answers:

 1. possibility of vanishing sound speed,
 

 2. in SUGRA models, generally RS field (the gravitino) has a dynamical mass.

Our (EWK, Long, McDonough, Wang) project goal is to calculate CGPP of gravitinos.

First step is to understand CGPP of “simple” R-S fields.

This is a progress report.

Why study CGPP of Rarita-Schwinger fields?
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Rarita-Schwinger field in FRW background

Specialize to FRW and define new field                                                       for canonical kinetic term

Impose constraints from field equations

Fourier decomposition

Remove non-dynamical DOFs and decompose into helicity states:                                   and  

Mode equations become 
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Covariant action for R-S field:               vector-spinor
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Rarita-Schwinger field in FRW background
Parameterize spinor wavefunctions in terms of helicity eigenspinors with mode functions

which satisfy

Helicity-3/2 mode equation is just like Dirac field

Helicity-1/2 mode equation is more “interesting”

Eigenvalues of 1/2 mode equation are
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Vanishes for R-S fields, but
can be nonzero for gravitinos
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Sound speed can vanish

New feature (or is it a bug?):  sound speed can vanish!

when
0.0

0.2

0.4

0.6

0.8

1.0

c2 s m/He = 0.01

0.0

0.2

0.4

0.6

0.8

1.0

c2 s m/He = 0.39

10°3 10°2 10°1 100 101 102 103

a/ae

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

c2 s

m/He = 1.0

avoided
occurs

<latexit sha1_base64="oa1rUX0qpwPyaLt5sUeBujxXdUw=">AAAB7nicbVBNSwMxEJ3Ur1q/ql4EL8Ei9FR2i1SPBS8eK9gPaNeSTbNtaDa7JFmhbPsjvHhQxKu/x5v/xnTbg7Y+GHi8N8PMPD8WXBvH+Ua5jc2t7Z38bmFv/+DwqHh80tJRoihr0khEquMTzQSXrGm4EawTK0ZCX7C2P76d++0npjSP5IOZxMwLyVDygFNirNSe0r6ePlb7xZJTcTLgdeIuSal+Bhka/eJXbxDRJGTSUEG07rpObLyUKMOpYLNCL9EsJnRMhqxrqSQh016anTvDl1YZ4CBStqTBmfp7IiWh1pPQt50hMSO96s3F/7xuYoIbL+UyTgyTdLEoSAQ2EZ7/jgdcMWrExBJCFbe3YjoiilBjEyrYENzVl9dJq1pxa5Xa/VWpXl6kAXk4hwsogwvXUIc7aEATKIzhGV7hDcXoBb2jj0VrDi1nTuEP0OcPsNiPxg==</latexit>

|c
s
|2

<latexit sha1_base64="oa1rUX0qpwPyaLt5sUeBujxXdUw=">AAAB7nicbVBNSwMxEJ3Ur1q/ql4EL8Ei9FR2i1SPBS8eK9gPaNeSTbNtaDa7JFmhbPsjvHhQxKu/x5v/xnTbg7Y+GHi8N8PMPD8WXBvH+Ua5jc2t7Z38bmFv/+DwqHh80tJRoihr0khEquMTzQSXrGm4EawTK0ZCX7C2P76d++0npjSP5IOZxMwLyVDygFNirNSe0r6ePlb7xZJTcTLgdeIuSal+Bhka/eJXbxDRJGTSUEG07rpObLyUKMOpYLNCL9EsJnRMhqxrqSQh016anTvDl1YZ4CBStqTBmfp7IiWh1pPQt50hMSO96s3F/7xuYoIbL+UyTgyTdLEoSAQ2EZ7/jgdcMWrExBJCFbe3YjoiilBjEyrYENzVl9dJq1pxa5Xa/VWpXl6kAXk4hwsogwvXUIc7aEATKIzhGV7hDcXoBb2jj0VrDi1nTuEP0OcPsNiPxg==</latexit>

|c
s
|2

<latexit sha1_base64="oa1rUX0qpwPyaLt5sUeBujxXdUw=">AAAB7nicbVBNSwMxEJ3Ur1q/ql4EL8Ei9FR2i1SPBS8eK9gPaNeSTbNtaDa7JFmhbPsjvHhQxKu/x5v/xnTbg7Y+GHi8N8PMPD8WXBvH+Ua5jc2t7Z38bmFv/+DwqHh80tJRoihr0khEquMTzQSXrGm4EawTK0ZCX7C2P76d++0npjSP5IOZxMwLyVDygFNirNSe0r6ePlb7xZJTcTLgdeIuSal+Bhka/eJXbxDRJGTSUEG07rpObLyUKMOpYLNCL9EsJnRMhqxrqSQh016anTvDl1YZ4CBStqTBmfp7IiWh1pPQt50hMSO96s3F/7xuYoIbL+UyTgyTdLEoSAQ2EZ7/jgdcMWrExBJCFbe3YjoiilBjEyrYENzVl9dJq1pxa5Xa/VWpXl6kAXk4hwsogwvXUIc7aEATKIzhGV7hDcXoBb2jj0VrDi1nTuEP0OcPsNiPxg==</latexit>

|c
s
|2

<latexit sha1_base64="65d4aOzN+1CaMYBEgc+t5Wxt82E=">AAAB8HicbVBNSwMxEJ2tX7V+Vb0IXoJF8CDrrpTqRSh46bGC/ZB2Kdk02waT7JJkhVL6K7x4UMSrP8eb/8Z024O2Phh4vDfDzLww4Uwbz/t2ciura+sb+c3C1vbO7l5x/6Cp41QR2iAxj1U7xJpyJmnDMMNpO1EUi5DTVvh4O/VbT1RpFst7M0poIPBAsogRbKz0IC5qPXrjueVeseS5Xga0TPw5KVWPIEO9V/zq9mOSCioN4Vjrju8lJhhjZRjhdFLoppommDziAe1YKrGgOhhnB0/QqVX6KIqVLWlQpv6eGGOh9UiEtlNgM9SL3lT8z+ukJroOxkwmqaGSzBZFKUcmRtPvUZ8pSgwfWYKJYvZWRIZYYWJsRgUbgr/48jJpXrp+xa3clUvV81kakIdjOIEz8OEKqlCDOjSAgIBneIU3RzkvzrvzMWvNOfOZQ/gD5/MHk+mPmA==</latexit>

m/He = 0.4

<latexit sha1_base64="LbyGMat3j7Wv8NLn3DvNVJHQyTg=">AAAB8HicbVBNSwMxEJ2tX7V+Vb0IXoJF8CB1V6R6EQpeeqxgP6RdSjbNtqFJdkmyQln6K7x4UMSrP8eb/8Z024O2Phh4vDfDzLwg5kwb1/12ciura+sb+c3C1vbO7l5x/6Cpo0QR2iARj1Q7wJpyJmnDMMNpO1YUi4DTVjC6m/qtJ6o0i+SDGcfUF3ggWcgINlZ6FBe1Hr31ym6vWHLLbga0TLw5KVWPIEO9V/zq9iOSCCoN4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWSiyo9tPs4Ak6tUofhZGyJQ3K1N8TKRZaj0VgOwU2Q73oTcX/vE5iwhs/ZTJODJVktihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0nzsuxVypX7q1L1fJYG5OEYTuAMPLiGKtSgDg0gIOAZXuHNUc6L8+58zFpzznzmEP7A+fwBj1+PlQ==</latexit>

m/He = 1.0

<latexit sha1_base64="CnQilIkdEqG71j3aDTJ/SbgjD/U=">AAAB8XicbVDLSgMxFL1TX7W+qm4EN8EiuJA6I1LdCAU3XVawD2yHkkkzbWiSGZKMUIb+hRsXirj1b9z5N6bTLrT1QMjhnHu5954g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cpo0QR2iARj1Q7wJpyJmnDMMNpO1YUi4DTVjC6m/qtJ6o0i+SDGcfUF3ggWcgINlZ6FBe1Hr11y67XK5bslwEtE29OStUjyFDvFb+6/YgkgkpDONa647mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/TTbeIJOrdJHYaTskwZl6u+OFAutxyKwlQKboV70puJ/Xicx4Y2fMhknhkoyGxQmHJkITc9HfaYoMXxsCSaK2V0RGWKFibEhFWwI3uLJy6R5WfYq5cr9Val6PksD8nAMJ3AGHlxDFWpQhwYQkPAMr/DmaOfFeXc+ZqU5Z95zCH/gfP4A/4SPzw==</latexit>

m/He = 0.01

<latexit sha1_base64="uXLqmNUC/75gQGgMo9YMFnO8Rsc=">AAACFHicbVDLSgMxFL1T3/VVdSO4CRZBEMpMLdVNoeDGjVDBPqCtQyZN29BkZppkhDL2I9z4K25cKOLWhTv/xkzbhVoPJDmccy+593ghZ0rb9peVWlhcWl5ZXUuvb2xubWd2dmsqiCShVRLwQDY8rChnPq1qpjlthJJi4XFa9wYXiV+/o1KxwL/Ro5C2Be75rMsI1kZyMyf3xFX3qGSj1nAY4Y55kjssnYrb/JXbElj3pYgrfHybdzNZO2dPgOaJMyPZ8j5MUHEzn61OQCJBfU04Vqrp2KFux1hqRjgdp1uRoiEmA9yjTUN9LKhqx5OlxujIKB3UDaQ5vkYT9WdHjIVSI+GZymRI9ddLxP+8ZqS75+2Y+WGkqU+mH3UjjnSAkoRQh0lKNB8ZgolkZlZE+lhiok2OaROC83fleVLL55xirnhdyJYL0zRgFQ7gEI7BgTMowyVUoAoEHuAJXuDVerSerTfrfVqasmY9e/AL1sc3oOSd+Q==</latexit>

|cs| = 0 p = 3m2M2
Pl

1 2 3 4 5 6 7 8 9 10
a/ae

°2

°1

0

1

2

3

p
&

3m
2 M

2 P
l

(u
ni

ts
of

H
2 e
M

2 P
l) 1 = m/He

0.39
0.01

p

3m2M 2
Pl

0.4
0.01

EWK, Long, McDonough (2021)

<latexit sha1_base64="3IQxhqKiJfvzMUXkFjEw8HCzBqA=">AAACB3icbVDLSgMxFL1TX7W+Rt0IggSL4MYyI6W6KRTcuKxgH9CWIZNJ29DMo0lGKG13bvwVNy4UcesvuPNvzEy70NYDyT2ccy/JPW7EmVSW9W1kVlbX1jeym7mt7Z3dPXP/oC7DWBBaIyEPRdPFknIW0JpiitNmJCj2XU4b7uAm8RsPVEgWBvdqFNGOj3sB6zKClZYc82RCHDlBZWSj9nAYY0+X5I7KF23RDx0zbxWsFGiZ2HOSrxxBiqpjfrW9kMQ+DRThWMqWbUWqM8ZCMcLpNNeOJY0wGeAebWkaYJ/KzjjdY4rOtOKhbij0CRRK1d8TY+xLOfJd3elj1ZeLXiL+57Vi1b3ujFkQxYoGZPZQN+ZIhSgJBXlMUKL4SBNMBNN/RaSPBSZKR5fTIdiLKy+T+mXBLhVKd8V8pThLA7JwDKdwDjZcQQVuoQo1IPAIz/AKb8aT8WK8Gx+z1owxnzmEPzA+fwBkOphl</latexit>

|cs| = 1 p = �⇢in dS (               )



a3n is the comoving
number density

If a3np peaked,
a3n ≈ peak of a3np
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Vanishing sound speed enhances GCPP
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Even if |cs| doesn’t 
vanish, GPP can be 
enhanced by a large 
factor (50 in this case)

EWK, Long, McDonough (2021)
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cs varies for helicity-1/2 mode
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a3np is the comoving
spectral density

If |cs| > 0,        proportional to  k2, and CGPP suppressed for high-k modes

If |cs| = 0,        independent of k2, and CGPP unsuppressed for high-k modes
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m/He = 10°1

m/He = 10°2

m/He = 10°3

Low mass raritron: catastrophic production for ½ helicity

Unresolved 
high-p 
behavior
p0, p1, p2, p3 ?

Call it a “raritron” (Kaneta, Ke, Mambrini, Olive, Verner 2023)

EWK, Long, McDonough, Wang (2025)

Dashed lines are
Boltzmann
calculation à la
Kaneta et al. 

Vanishing sound speed enhances GCPP
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High mass raritron: no catastrophic production for ½ helicity, but nk larger

Call it a “raritron” (Kaneta, Ke, Mambrini, Olive, Verner 2023)

EWK, Long, McDonough, Wang (2025)

Dashed lines are
Boltzmann
calculation à la
Kaneta et al. 

Dashed lines are
Boltzmann
calculation à la
Kaneta et al. 

Vanishing sound speed enhances GCPP



• For high-mass raritrons (m/He ≳ 0.4): 
Ø Helicity ½ dominates, esp. for m ≲ 1.5 He.
Ø nk decreases at large k, n and W finite. 
Ø Could be dark matter for m ≲ 10 He.
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EWK, Long, McDonough, Wang (2025)

• For low-mass raritrons (m/He ≲ 0.4): 
Ø Helicity ½ dominates. 
Ø nk unbounded at large k, so must either

introduce cutoff, or have               (SUGRA?) 
Ø Could be dark matter
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ṁ 6= 0

Rarita-Schwinger field can be dark matter



Rarita-Schwinger field can be dark matter

EWK, Long, McDonough, Wang (2025)

• For low-mass raritrons (m3/2 /He ≲ 0.1): 

Ø For helicity 1/2, TRH scales as (m3/2/He)-1 to obtain Wh2 = 0.12
Ø For L/aeHe = 10, if TRH = 1015 GeV, Wh2 = 0.12 for m3/2/He = 10-10 
Ø Can have very light raritron be dark matter
Ø If cutoff L > 10 aeHe, even lighter raritron possible for Wh2 = 0.12 
Ø Similar conclusion in Kaneta et al., but different calculation
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Varying R-S mass?
Varying rarirton mass to remove catastrophic helicity ½ production

• Sound speed is complex, cs = CA + i CB 

• Now just focus on          and consider  
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|cs|2 = 1

R = Ricci scalar
N = ln(a/ae)

Ambiguity in choice of sign.
When dm/dN = 0, can change sign.
dm/dN = 0 when             or when m = 0 and                    . 
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What fixes initial value of m?
                at late time.  Not acceptable.
Note: for fermion sign of m doesn’t matter.

What fixes initial value of m?
Sign of dm/dN changes every time     goes through 0.
Nice m behavior at late time, but WHY change sign? 
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Answers must lie with Supergravity
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m ! 1

|cs| = 1 to remove catastrophic helicity ½ production?  Require              .  BUT WHY? 
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ṁ 6= 0

Varying R-S mass?



Varying R-S mass?
• Even with |cs|2 = 1, can still have catastrophic production.

• Sound speed is complex:  cs = CA + i CB .

• It can be pure imaginary when CA = 0 ! 
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Spin-3/2 particles arise in theories of supergravity; s = 3/2 gravitino is superpartner of s = 2 graviton

Does supergravity have a catastropic production of gravitinos?   It depends on the model!

For models with a single chiral superfield F with Kahler potential                             , superpotential
 

 
 

Time-dependent gravitino mass (depends on rolling inflaton) ⇒ |cs| = 1 at all times & no catastrophic production.
 But issues:

1. SUSY restored at late times when f = 0
             2. model doesn’t inflate
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EWK, Long, McDonough (2021) × 2
EWK, Long, McDonough, Wang (2025) 

Gravitino in FRW background
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For models with two chiral superfields
 |cs| depends on relative orientation of inflaton direction & SUSY breaking direction
 |cs| = 0 occurs in models with a nilpotent superfield S2 = 0 and orthogonal constraint 
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Gravitino in FRW background
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But even more complications:
 why not three chiral superfields  
 gravitino may mix with inflation
 mixing between the goldstino & inflatino can avoid the catastrophe (explicit calculation needed)
 many other fields
 vanishing sound speed may not be catastrophic



• Preliminary results!

• It’s still a work in progress (things take longer than they do).

• What we (EWK, Long, McDonough, Wang) plan to accomplish in the first paper:

Ø Convincingly demonstrate (again) that Boltzmann approach is not the compete 
picture. 

Ø Calculate relic density for R-S fields, including possibility of zero sound speed.
      (Kaneta, Ke, Mambrini, Olive, Verner (2023) ignored zero sound speed and only
      considered Boltzmann)

o If constant mass RS, must employ cutoff for low masses.

Ø Explore parameter space for R-S field (raritron) to be dark matter.

Ø Explore possibilities for an R-S field for varying m.

• In a subsequent paper we will consider CGPP of gravitino, inflatino, goldstino, 
      (s)goldstino, whateverino in several Supergravity models. My experience with Supergravity

https://youtu.be/ozA0VmIsCNs?feature=shared
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