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Years of fruitful collaboration

1708.04293 – Kolb & AL – Higgs portals
1812.00211 – Chung, Kolb, & AL – super-Hubble mass
2009.03828 – Kolb & AL – spin-1
2101.11621 – Ling & AL – alpha attractor
2102.10113 – Kolb, AL, & McDonough – spin-3/2
2103.10437 – Kolb, AL, & McDonough – spin-3/2
2206.14204 – Hashiba, Ling, & AL – Stokes phenom
2209.01713 – Basso, Chung, Kolb, & AL – interference
2211.14323 – Kolb, AL, McDonough, & Payeur – kination
2302.04390 – Kolb, Ling, AL, & Rosen – spin-2

<latexit sha1_base64="V2fHJl8voxH8UAShR2eIx7uC9Sg="></latexit>

m > Hinf



(1) Introduction & motivation

(2) Cosmological gravitational particle production

(3) CGPP of massive spin-2 particles

(4) Summary & conclusion



Andrew Long   (Rice University)Gravitational production of massive spin-2

dark matter pulls on things
Dark matter pulls on stars in galaxies

(galactic rotation curves)
Dark matter pulls on light

(gravitational lensing)

Dark matter pulled on e-p+ plasma
(CMB & large scale structure)
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don’t need a dark force
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perhaps that’s all there is to it?

(notwithstanding hints of new physics, there’s no overwhelming evidence)

No dark matter bumping into things
(direct detection; 1805.12562)

No dark matter decaying into things
(X-ray emission; 1908.09037)

No dark matter bumping into itself
(annihilation to n’s; 1912.09486)
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hypothesis:

dark matter only 
interacts gravitationally
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The hypothesis:

8

aka:
”purely-gravitational”

“completely-dark”



the problem:  

where did all the 
dark matter come from?

( how do we use gravity 
to make dark matter? )
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[Hooper, Krnjaic, & McDermott (2019)][many authors, esp. after LIGO BBH merger (2016)] [Garny, Sandora, & Sloth (2015);  Mambrini & Olive (2021)]

[Kuzmin & Tkachev (1999);  Chung, Kolb, & Riotto (1999)]

ideas …
the DM is a collection 

of primordial black holes
the DM is produced 

from PBH evaporation
the DM is a produced 
from thermal freeze-in

SM plasma
@ T ~ TRH

dark sector 
is populated

graviton
graviton

M�1
pl
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dark matter

PBH
primordial 
black hole

PBH
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this talk:

the DM is produced from 
cosmological expansion

during (or at the end of) inflation

dark sector 
is populated

expanding
universe
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Cosmological gravitational particle production

12

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

cosmological
expansion

time-dependent
Hamiltonian

mixing of + and –
frequency modes

particle 
production
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STEP 1

STEP 2

STEP 3

quantum filed theory in 
curved spacetime applied to 

spectator fields in an 
expanding universe
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Example:  scalar field in FRW background
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This problem looks like 
a harmonic oscillator 

with a time-dependent frequency

covariant action
ds2 = a(⌘)2

⇥
d⌘2 � dx2

⇤
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action in an FRW background
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An analogy with 1D quantum mechanics

x

ψ
U

x

ψ
U

Spring constant is varied 
slowly (adiabatically)

Spring constant is varied 
abruptly (non-adiabatically)

x

ψ
U

x

ψU

spring constant

x

ψ

U

an excited
state!

Each fourier mode of 
the field is an oscillator
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an s=0 example: 
scalar dark matter from 
T-model alpha attractor
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[Ling & AL (2101.11621)]T-model alpha attractor (s=0 GPP)
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[Ling & AL (2101.11621)]T-model alpha attractor (s=0 GPP)
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Figure 4: The spectrum of spin-0 particles arising from gravitational particle production in an ↵-

attractor model of inflation. We show the comoving number spectrum a
3
nk where nk ⌘ k dn/dk in units

of a
3
eH

3
e . All four panels correspond to the T-model ↵-attractor with inflaton mass m� ⇡ 6⇥ 10

�6
Mp,

and the value of ↵ is varied across the panels from ↵ = 1, 3, 10, to 1. In each panel, the various curves

show di↵erent values of the scalar spectator’s mass from m� = 0.001m� to 3.16m�.
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Figure 5: The abundance of spin-0 particles arising from gravitational particle production in ↵-

attractor models of inflation. The left panel shows the comoving number density a
3
n in units of

a
3
eH

3
e , and the right panel shows the dimensionless relic abundance ⌦h

2
. This calculation is performed

for the T-model ↵-attractor with µ = 2.5 ⇥ 10
13

GeV and m� = 1.5 ⇥ 10
13

GeV. We vary ↵ and

the spectator’s mass, m�. The right panel also takes Trh = 10
5
GeV, and for models with a di↵erent

reheating temperature, the relic abundance can be inferred from Eq. (23) and using the left panel.

First we consider the T-model ↵-attractor. The comoving number density and relic abun-
dance are shown in Fig. 5 as a function of the parameter ↵ and the scalar spectator’s mass m�.
For a given value of ↵ the mass dependence follows the expected behavior. For a light spectator
(m� ⌧ He), the comoving density goes as a3n / m�1

� and the relic abundance is insensitive
to the mass, going as ⌦h2 / m0

�. For a heavy spectator (He . m�), we see that gravitational
production is suppressed [78].

It is interesting to see how the amount of gravitational particle production changes as ↵ is
varied. Eq. (23) tells us that the relic abundance ⌦h2 is proportional to the product of three
factors: a3n/a3eH

3

e , m� and He. By fixing a ratio m�/He, we can eliminate the free parameter
m� and conclude that ⌦h2 is proportional to (a3n/a3eH

3

e )H
2

e , leaving only dependence on a
single parameter ↵. For ↵ � 1 we regain the familiar results for a3n/a3eH

3

e and He in the case
of chaotic inflation with V = m2

��
2 [10]. Since both a3n/a3eH

3

e and He converge as ↵ ! 1, we
have ⌦h2 ⇠ ↵0 in that limit. On the other hand, for low ↵ we know from our discussion in
Sec. 4.2 that a3n/a3eH

3

e ⇠ ↵0 and He ⇠ ↵1/2, so we have ⌦h2 ⇠ ↵1.

To illustrate how the e�ciency of gravitational particle production varies across ↵-attractor
models of inflation, we have calculated ⌦h2 for a light, scalar spectator, and we present these
results in Fig. 6. In the regime m� ⌧ He, the relic abundance becomes insensitive to m�,
and ⌦h2 is controlled primarily by ↵ for either the T-model or E-model ↵-attractor. Provided
that the duration of reheating is su�ciently long (10), the dependence on Trh is just an overall
scaling, ⌦h2 / Trh as seen in Eq. (23). We can use (10) to check that our results are consistent
with the late reheating regime: typical values of m� give 8⇥ 108 GeV

p
m�/ GeV ⇠ 1015 GeV.
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Collaboration with Rocky:  a collage of plots & graphs
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FIG. 1. An illustration of the background cosmology assumed in this work. On a log-log scale, we show how

the Hubble parameter H(t) varies with the monotonically growing FRW scale factor a(t). The WIMPzilla

mass m defines a time t⇤ such that H⇤ ⌘ H(t⇤) = m and a⇤ ⌘ a(t⇤). The very recent epoch of accelerated

expansion is not shown.

m > Hrh ' (1.4 ⇥ 108 GeV)(Trh/1013 GeV)2
p

g⇤(Trh)/106.75.

In the following subsections we provide additional details of the gravitational particle production

calculation for the scalar, fermion, and vector dark matter models, and we summarize the salient

results that are relevant to our analysis.

A. Scalars

Consider a scalar field �(x) with a nonminimal gravitational interaction. The action for this

field is given by

S [�(x), gµ⌫(x)] =

Z
d4x

p
�g


1

2
gµ⌫@µ�@⌫� � 1

2
m2�2 � 1

2
⇠R�2 � 1

2
M2

plR

�
, (4)

where R is the Ricci scalar and ⇠ is a dimensionless coupling. Two well-studied choices for ⇠ are

⇠ = 0 (“minimal” coupling) and ⇠ = 1/6 (“conformal” coupling). Note that ⇠ = 0 is not particularly

special, because even if ⇠ = 0 at some energy scale, quantum corrections would induce ⇠ 6= 0 at other

energy scales [25–27]. On the other hand, ⇠ = 1/6 is a quasi-fixed point of the renormalization-group

flow because the theory enjoys an approximate conformal symmetry in the limit ⇠ ! 1/6, which is
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FIG. 2. The comoving number density of WIMPzilla dark matter produced though its gravitational inter-

action during or at the end of inflation.

On the other hand, for m2 < 2H2, the frequency passes through zero at a time ⌘k such that

k =
p

2 a(⌘k)H(⌘k)+O(m/H). Since (aH)�1 is the comoving Hubble radius, the modes with |k| = k

experience their largest departure from adiabaticity at the time of horizon crossing (k ⇡ aH).

Consequently, one expects efficient particle production for light scalar fields, m2 ⌧ 2H2, and little

particle production for heavy fields, m2 > 2H2.

The authors of Ref. [6] calculated the relic abundance of gravitationally produced, minimally

coupled, scalar dark matter. We reproduce their result in Fig. 2 where we have scaled their calcu-

lation2 to show the comoving number density a3n normalized to a3eH
3
e . For m/He < 1, the scalar

field amplitude is fixed to roughly h�2i ⇠ H2
e until H drops below m at time ⌘⇤, and then the field

begins to oscillate about the minimum of its potential, behaving like nonrelativistic matter. At this

time the physical number density is roughly n = ⇢/m ⇠ mH2
e , and the comoving number density

is larger by a factor of (a⇤/ae)3 = H2
e /m2, which explains the scaling a3n/a3eH

3
e ⇠ (He/m). For

m/He > 1 the gravitational particle production is exponentially suppressed, and h�2i ⌧ H2
e .

Generalizing to ⇠ 6= 0, we expect the results to be qualitatively unchanged for any ⇠ < 1/6

(including negative ⇠), because the dispersion relation Eq. (7) admits a tachyonic phase where
2

Figure 2 of Ref. [6] shows ⇢/(⇢cm
2
13) where ⇢c(a) = 3M

2
plH

2(a) is the cosmological critical density and m13 is the

inflaton mass in units of 1013 GeV. (The inflaton mass is approximately 2He.) This ratio is static during the

matter dominated phase of reheating. We evaluate (a3
n/a

3
eH

3
e ) = (3M

2
plm

2
13/H

2
e )�1(m/He)

�1(⇢/⇢cm
2
13) where

(3M
2
plm

2
13/H

2
e )�1 ' (7.1 ⇥ 1011), which is static at all times after reheating.
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FIG. 7. The region of parameter space where the predicted scalar WIMPzilla abundance (minimal coupling

in left panel and conformal coupling in right panel) matches the measured dark matter abundance. See text

for explanation. Constraints on isocurvature perturbations exclude m/He . 6 [31].

curves begins to shrink. This is because the thermal abundance becomes exponentially suppressed

if the WIMPzilla mass is too large; see Eqs. (42), (48), and (51). The Boltzmann suppression sets

in where m & 10Tmax with Tmax given by Eq. (39). To compensate the exponential suppression,

the coupling || must be made exponentially large in order for ⌦h2 to match the correct relic

abundance. Hence, || changes very rapidly in this regime, and the spacing between the blue curves

becomes small.

Although we have not discussed the power spectrum of dark matter density perturbations here,

it is well known that the spectrum is nearly scale invariant for gravitationally produced minimally

coupled scalar-WIMPzilla dark matter in the regime m/He . 1 [6]. Since the dark matter is

produced nonthermally, the dark matter density fluctuations are not correlated with the photon

density fluctuations, which corresponds to a large dark matter-photon isocurvature. In fact, mini-

mally coupled scalar-WIMPzilla dark matter is ruled out for m/He . 6 from the cosmic microwave

background limits on isocurvature [31]. The isocurvature constraint does not apply to the mod-

els with conformally coupled scalar, fermionic, or vector WIMPzilla dark matter, which have blue

power spectra.

In the regions of parameter space shown in Figs. 7 and 8 we have verified that the WIMPzilla

Figure 1: This diagram illustrates the comoving Hubble scale (aH)�1 and the comoving Compton wavelength (am)�1 of the vector
field for the three reheating scenarios discussed in the text, and it highlights the comoving wavenumbers, k = 2⇡/�, that are important
for understanding the spectrum of gravitationally-produced spin-1 dark matter. Inflation ends at a = ae when H(ae) = He, and we
assume m ⌧ He. In the de Sitter phase H ⇡ const., before reheating H / a

�3/2, and after reheating H / a
�2. We illustrate three

possibilities: Late Reheating: If reheating has not completed by the time when m ⇡ H(a), then the spectrum is well-approximated
by a power law with a single break at k�1

⇡ (m/He)
�1/3, which corresponds to the special mode that reenters the Hubble radius at

the same time when m = H . Early Reheating: If reheating completes before m ⇡ H(a) then the spectrum is a power law with two
breaks. Immediate Reheating: In the limit where the duration of reheating goes to zero, the early reheating scenario is approximated by
the immediate reheating scenario in which the spectrum is a power law with its break at k�1

⇡ (m/He)
�1/2.
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Figure 2: Numerical results for the evolution of k
3
|�k|

2
/2⇡2 for m/He = 10�2 and k = 10�4. Shown are the results for the

longitudinal component of a massive vector field (“spin–1”) and for comparison the evolution of a massive minimally-coupled scalar
field (“spin-0”), which corresponds to the transverse component. The left-most pair of vertical dashed lines corresponds approximately
to the time when this mode left the horizon during inflation (assuming either chaotic m2

�
2 inflaton, or simply de Sitter). The dashed line

labeled a = k/m corresponds to the time when this mode became nonrelativistic. Inflation ends at a/ae = 1. The right-most dashed
line corresponds to the time when H(a) ⇡ m.
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Figure 5: Regions in the ↵–k plane for evolution in the MD phase (upper) and the RD phase (lower). In different regions we indicate
the scalings of |�k|

2with ↵. Note that k = µ
1/2

↵
1/4
RH

will be larger than unity (hence off the graph) if ↵RH > µ
�2. In the RD phase,

↵RH will be smaller (larger) than ↵
1/4
RH

µ
�1/2 if ↵RH is smaller (larger) than µ

�2/3. For both MD and RD, the line denoted k = ↵µ is
the line delineating the nonrelativistic (k < am) and the relativistic (k > am) regions. In MD the line k = ↵

�1/2 and in RD the line
k = ↵

�1
↵
1/2
RH

is the line denoting k = aH; above the lines the mode is sub-Hubble-radius (k > aH), while below the line the mode is
super-Hubble-radius (k < aH). The values of ↵ = µ

�2/3 for MD and ↵ = ↵
1/4
RH

µ
�1/2 for RH are the values of ↵ when H = m. To

the left of the lines H > m, and to the right H < m.
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Figure 1: Values of nk/a
3
eH

3
e = k

3
|�k|

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

18

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

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
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what about higher-spin particles?
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Beyond scalar fields
spin-0 (real scalar boson)

spin-1/2 (Dirac fermion)

spin-1 (real vector boson)

spin-3/2 (Rarita-Schwinger fermion)

spin-2 (Fierz-Pauli boson)

L =
i

4
 ̄µ

�
¯
�µ

¯
�⇢

¯
�� �

¯
��

¯
�⇢

¯
�µ

�
(r⇢ �) +

1

2
m ̄µ

¯
�µ

¯
�� � + h.c.
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<latexit sha1_base64="u6h27L+FseswZ1DIo1eRau3QT/E="></latexit>

S =

Z
d4x
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4
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2
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⇠2R
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(1) Introduction & motivation

(2) Cosmological gravitational particle production

(3) CGPP of massive spin-2 particles

(4) Summary & conclusion



What’s the minimal (ghost-free) theory 
that describes both 
a massless graviton

and a massive spin-2 field
on an FRW background?
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Constructing the theory
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Start with GR coupled to matter
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Linearize around an FRW background
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(massless spin-2 graviton + inflaton perturbation)

Quadratic action is ghost-free
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(massive spin-2 + inflaton perturbation)

Add a Fierz-Pauli mass term
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This action also arises from ghost-free bigravity
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Hassan & Rosen (2012)

Field content:  two metrics & two scalars
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A theory of bigravity with a minimal coupling to matter
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gµ⌫ , fµ⌫ , �g , �f

(metric kinetic terms)

(metric interactions)

(coupling to matter)

Matter-sector Lagrangians
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Lg(g,�g) = � 1
2g

µ⌫rµ�gr⌫�g � Vg(�g)

Lf (f,�f ) = � 1
2f

µ⌫rµ�fr⌫�f � Vf (�f )

<latexit sha1_base64="HSy93Xm8u9zQqII2f9d6tCbaRzY=">AAAB5nicZY5LS8NAFIVntNVaX1GXboLdVNSSlKIroeDGTSGCfYDTxsn0Ng6dPMhMlRLyF9yJW/+UC3+LG6dtoNie1ce55957vFhwqSzrB29sFopb26Wd8u7e/sGhcXTckdEkYdBmkYiSnkclCB5CW3EloBcnQANPQNcb383m3VdIJI/CRzWNoR9QP+QjzqjSlmtExOO+L6om8cDnYUqThE6zlGXllkuoVIP0qp6Zt2bL9Rd4oXG0QEJMnXIG6TKxDGgqEwiH+UVz/ic5d42KVbPmMtfBzqGCcjmu8UyGEZsEEComqJRPthWrvr6qOBOQlclEQkzZmPqQBtOc5KqvIAlmZghvLAoCqnuRlpOlun6mK9mrBdahU6/Z17XGQ6PSvMzLldApOkNVZKMb1ET3yEFtxNA3+sUFXMQv+B1/4M9FdAPnOyfon/DXHwzyhuA=</latexit>✓
M�2

⇤ = M�2
g +M�2

f

M2
P = M2

g +M2
f

◆

This approach includes interactions 
… allows for questions about stability



Let’s study CGPP for each polarization mode

tensor modes ~ helicity = +-2 
vector modes ~ helicity = +-1 
scalar modes ~ helicity = 0 
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Massive metric perturbations

Constraints

<latexit sha1_base64="gjFsxRDtFgzZ1zdjQ/70uapWQlQ=">AAACNHicbU5JT8JAGJ1xRdyqHr1M5ALBkJYQl4MJils8YSJLYnEynY44MF3sTEkI4W/5RzyZeDNe/Q0WrUrBd3p5y/c+yxdcKl1/gTOzc/MLi6ml9PLK6tq6trFZl14YUFajnvCCpkUkE9xlNcWVYE0/YMSxBGtY3crIb/RYILnn3qi+z1oOabv8nlOiIglrzz2TuzanTA6wjvUhOkLkrojOds3HkNhpFCGR4D+JrOmTQHEiMEfnKI8uMM/9X+K481eymVBkwjuO6mPXfmkHnSSdSiTlx/1KJObRafJeDmsZvaB/AU0TIyYZEKOKtSvT9mjoMFdRQaS8NXRftQajGSrYMG2GkvmEdkmbDZx+zOSkrljgyGE0bkxOTZN6sWDsFUrXpUz5IH4jBbbBDsgCA+yDMrgEVVADFB5CDB8gh0/wFb7B9+/oDIw7WyAB+PEJTRChEA==</latexit>

v00 = a2E, v0i = a2(@iF +Gi), vij = a2(�ijA+ @i@jB + @iCj + @jCi +Dij )

<latexit sha1_base64="R9d2InVTWwttEAUtjRPPsuaRtZk=">AAAB6XicfU7LSsNAFL1TX7W+4mMnSrAbF1ISKepGKFRQXFWwDzAlTCbXMu3kYWYilpC9W3fi1q/yJ/wG0zagbcEDFw7nnMs5Tii4VIbxRQoLi0vLK8XV0tr6xuaWtr3TkkEcMWyyQARRx6ESBfexqbgS2AkjpJ4jsO0M6iO//YyR5IF/r4Yhdj3a8/kjZ1Rlkq29WiGNFKfC5no9u0vdOLGeYuqW9Ax/zOv/zCuL+y5nKBOb2/30N6hbCl9UQn031SfC+HUqz8d5WysbFWMMfZ6YOSlDjoat3VpuwGIPfcUElfLBNELVTUabmMC0ZMUSQ8oGtIeJN8yZnNUVRp5Ms3JztmqetE4r5lmlelct1y7yGUXYhyM4BhPOoQY30IAmMPgme+SAHJIBeSPv5GMSLZD8ZxemQD5/AAUShSA=</latexit>

@iCi = 0, @iGi = 0, @iDij = 0, and Dii = 0

The action decomposes into scalar, vector, and tensor sectors:
<latexit sha1_base64="hzX/x8ihEZc58pGc9iSyXP0e6Xk=">AAABo3icZY7LSsNAFIZP6q3WW9Slm8EiVNSSlKJuhKIb0S6q9gZODZNxrENnkjgzKZSQ9/Fp3KpvY6zZ2P6Lw8d/Lv/xI8G1cZxvq7CwuLS8Ulwtra1vbG7Z2ztdHcaKsg4NRaj6PtFM8IB1DDeC9SPFiPQF6/mjq99+b8yU5mHQNpOIDSQZBvyFU2Iyy7MvsX5TJjnBPlHJME0RPka4SYnwsCTmVclEEq35mKVPSaV2mKIL1PQe0FFWu9PaRp5ddqrOVGge3BzKkKvl2Tf4OaSxZIGhIrv+6DqRGSREGU4FS0s41iwidESGLJGTnPSsb5iSOs3C3dmoeejWqu5ptX5XLzfO8zeKsAf7UAEXzqAB19CCDlB4hw/4hC/rwLq17q3232jBynd24Z+swQ8wHG9g</latexit>p
�ḡL(2)

massive = LS + LV + LT

<latexit sha1_base64="OS/Ygt6BwflH9F91Gmo1b00I0lo=">AAACDHichY7LTsJAFIZnvCLeii7dTKQxLgxpDZGVCYi3GBYYuSWWTIZhwJHpJZ0pkTR9BV/ErTvj1nfwbWyxLoQF/+LPl3POf87peYJLZRjfcGl5ZXVtPbOR3dza3tnVcnst6QY+ZU3qCtfv9IhkgjusqbgSrOP5jNg9wdq9UTXpt8fMl9x1Gmrisa5Nhg4fcEpUXMLaWw030BE6R5ZiLyp0HTFBBA0ChyZ95A6QfolD/hzpEbIslK3h1oLxKuY6Ik4f6Tcx/aUeFqQq+gnSLxK7Suw6tukOa0x874njcbwJa3mjYEyF5sFMIQ9S1bF2Z/VdGtjMUVQQKR9Nw1PdkPiKU8GirBVI5hE6IkMW2pOU5GxdMd+WUXzcnD01D63TgnlWKN4X8+Vi+kYGHIBDcAxMUAJlcAvqoAkozMESLMMKfIXv8AN+/o4uwTSzD/4Jfv0A5jmN+A==</latexit>

LT = only a function of Dij

LV = only a function of Ci and Gi

LS = only a function of A, B, E, F , and 'v
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Quadratic action
<latexit sha1_base64="rSEMVqU6nshhJnXOo6+HVwG1Nqw=">AAACGnicjU7LSsNAFJ2pr1pfUZcuHOzGjSUpQVdC0QoiohX6gqYNk+ltmXbyYGYqlJA/8UfcuhO3bvwbUw1I240HLpxzX+d4keBKm+YXzq2srq1v5DcLW9s7u3vG/kFThRPJoMFCEcq2RxUIHkBDcy2gHUmgvieg5Y2vZ/PWM0jFw6CupxF0fToM+IAzqtOWa7zeu3VySZyBpCy2kricENorO1d82Km6MR8lPSeS3AcyrwokxRlxIio1p8LhQZ8zULE7Tkj1T3F3lPxrKfuXWhM/rYXp0sc0Xtc1imbJ/AFZJlZGiihDzTXunH7IJj4EmgmqVMcyI92NZ+GYgKTgTBRElI3pEGJ/mjG12NcgfZWk5tai1TJplkvWecl+sosVO4uRR0foBJ0iC12gCrpFNdRADB/jG/yAH/ELfsPv+ON3NYezm0M0B/z5DZ7Pm+s=</latexit>

LT =
1

2
a2
h
D0

ijD
0
ij � @kDij@kDij � a2m2DijDij

i

<latexit sha1_base64="XVj+4HV1x+Z5G4tIQf9+AZ8utFM=">AAACYnichU9LS8NAGNyNrxpfrT3qYbEHK2JJStGTUOxBEQ8V7AOaGjbbz7B28yC7FUrJT/Cqv827P8SkBh9toXMa5pth5nNCwaUyjA+srayurW/kNvWt7Z3dvXxhvy2DUcSgxQIRRF2HShDch5biSkA3jIB6joCOM2yk984LRJIH/oMah9D3qOvzJ86oSiS7gNGd3SaXhD5WiXXF3R6xQhopToXF/QFnICf2c2w53BVlcv2r8ZickYbNj0l6i04WxsjynE4SnE7rvXTCgsBselFT469nqeFnc/Jw386XjIoxBZknZkZKKEPTzt9ag4CNPPAVE1TKnmmEqj9JO5mAWLdGEkLKhtSFiTfOmJzVFUSejJNyc7ZqnrSrFfO8Uruvleq1bEYOHaAjVEYmukB1dIOaqIUYdvErfsPv+FPTtYJW/LZqOMsU0T9oh1+8Q7MM</latexit>

LV = a2
h
@j

�
Gi � C 0

i

�
@j

�
Gi � C 0

i

�
+ a2m2

�
GiGi � @jCi@jCi

�i

Equations of motion
<latexit sha1_base64="qKp/0w/i9oPuv+UMGDOUz8bFla0=">AAACPXicZY5NTwIxEIZbPxG/UI9eGjEGApJdQvREQvRiPGkiQmJ1U8oADVt2aQtKNvvb/B0mXr0Zr16tsAeFN+n0ycz7ZqYV+kIbx3nDS8srq2vrqY305tb2zm5mb/9eByPFoc4DP1DNFtPgiwHUjTA+NEMFTLZ8aLT6l7/zxhiUFsHgzkxCeJSsOxAdwZmxLS/zfkKoEX4bIsp7Ivb0U0RDJSTMapyjYFiR9sfA86RAaCChy7z+U3k6yBNanMv/C1SJQ+hwOGJt64IXE3UCRY51tVC0IQn6OCaUpokV/WN67oGCOGmdLO6sEsv2GGartO+UlKd8NWVm/9nxxMtknZIzFVkEN4EsSnTjZa5pO+AjCQPDfab1g+uE5jFiygjuQ5ymIw0h433WhUhOEtLzfQNK6tgud+dXLcJ9ueSelSq3lWytkpyRQofoCOWQi85RDV2hG1RHHF/gHh5ihV/xB/7EXzPrEk4yB+if8PcPLT6jmg==</latexit>

�̃
00
s (⌘,k) + !

2
k(⌘) �̃s(⌘,k) = 0 for s = +,⇥

where !
2
k(⌘) = k

2 + a
2
m

2 � 2a2H2 � aH
0

<latexit sha1_base64="xSQq2JtOXH54wt8tEX4Ykff1EZ4="></latexit>

�̃00
s (⌘,k) + !2

k(⌘) �̃s(⌘,k) = 0 for s = +,�

where !2
k(⌘) = k2 + a2m2 � f 00/f, f = a2/

p
k2 + a2m2

tensor sector:

vector sector:
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Assume a hilltop model of inflation

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

5. × 10-15

1. × 10-14

1.5 × 10-14

2. × 10-14

ϕ [MP]

V
[M
P4
]

<latexit sha1_base64="+iw3EuODNkEijfPHA8C8tpdsnbI=">AAABzXicZU7LTsJAFJ3BF+Kr6tLNRDawENuGwMqExI0xMdZEHomFZjoMZcL04cy0Smrd+n/u/BOXFuhGOIubc889597rRpxJpes/sLS1vbO7V96vHBweHZ9op2c9GcaC0C4JeSgGLpaUs4B2FVOcDiJBse9y2ndnt4t5P6FCsjB4VvOIDn3sBWzCCFa55Gi8V7OjKaujG2RPBCap7yz6kYmSkZmlbTNDtss8j9eQga4Kz9LRytIkL6uxqOcJ+zXGY2Qr+q7SN6amWaEk+fIHx7o2Ha2qN/Ql0CYxClIFBSxHu7fHIYl9GijCsZQvhh6pYYqFYoTTrGLHkkaYzLBHU39eMLmuKyp8meXHjfVTm6RnNoxWo/nUrHb04o0yuACXoAYM0AYdcAcs0AUEfINfCGEJPsIYfsDPlbUEi8w5+Af49QeYV31T</latexit>

V (�) =
m2

�v
2

72

✓
1� �6

v6

◆2

with v = MP /2
<latexit sha1_base64="8mNcrL5IImwAfRwwniEoLkqdQTs=">AAAB0XicZY5LSwMxFIWTamutr1GXboLduJAhKYO6EQouLK4q2geYOmRi2oZOZmKSimUoiFv/n+B/ceGoI2g9q3PP/S7nRjqW1mH8BktLy+XKSnW1tra+sbnlbe90bTo1XHR4GqemHzErYpmIjpMuFn1tBFNRLHrR5Oxz33sQxso0uXYzLQaKjRI5lJy5PAo9rUKqxxKdosAnAaJOKmERwbcZacwRRVQxNzYqOxfdfGRam/QRNbB/gughovbeuCznWuEPJ5PhL67hkwVOhF4d+/hL6L8hhamDQu3Qu6B3KZ8qkTgeM2tvCNZukDHjJI/FvEanVmjGJ2wkMjUrnF3MnTDKzvNyslj133Tzt4/84DKoN3HxRhXsgX1wAAg4Bk3QAm3QARy8gndYhhV4BWfwCT5/oyVY3OyCP4IvH/qtfgE=</latexit>

m� = 4.14⇥ 1012 GeV ⇡ 20.8
p
2Hinf ⇡ 22.1

p
2He
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Comments:

• The T- and V-sector spectra are very similar.  This is b/c the 
equations of motion for non-rel modes (k<<am) are identical 
between T- and V-sector.  Both give:  

• The low-k modes follow a power-law

which is familiar from studies of scalar spectators.  This is b/c the 
T-sector EOM is identical to that of a scalar spectator.  Low-k modes 
leave the horizon during inflation & expressions are easily derived.  

• The high-k modes also follow a power law: 

These modes never leave the horizon & CGPP can be understood 
as a scattering.  Different channels are open depending on how the 
masses compare.

• Oscillatory features are the result of quantum interference between 
competing scattering channels.  

<latexit sha1_base64="ZvYKftR3mDYefPI3B3u5k1X0PUA=">AAAB13icZY5LT8JAFIVn8IWAWnXpZiIbN2JbicaFCYkb4goTeRgGmukwwKSdts5MUdI07oxbf56JP8aCdSGc1bnfPSf3upHPlTbNL1jY2Nza3inulsqVvf0D4/Coo8JYUtamoR/KnksU83nA2pprn/UiyYhwfdZ1vbvFvjtjUvEweNTziA0EmQR8zCnRGXKMWeB4CEcyjHSIvCEOYoSfYzJCWLNXnbxwPU3/SLa7RZfoHNkIu3zi97PQWBKa3KRJPc14PoqhnSZNBwuip1IkPBinGVl25GCYWBd26hhVs2YuhdaNlZsqyNVyjHs8CmksWKCpT5TqW2akBwmRmlOfpSUcKxYR6pEJS8Q8d2qVayaFWhy3Vk+tm45ds65q9Yd6tWHmbxTBCTgFZ8AC16ABmqAF2oCCb1iAZViBT/ANvsOP32gB5p1j8E/w8wdtSIJV</latexit>

nk / k⌫ with ⌫ = 3� 2
⇥
9
4 � m

2

H
2
inf

⇤1/2

<latexit sha1_base64="EhHmIDSB5x6faAsFU8qRtli8oao=">AAABlHicZY7LSgNBEEWr4yvG16jgxs1gNm4MM0nQjYtAEIILiWAe4MShpy1Dk+7pprtHDCEf4te41U/wbxzjbEwuFHW4VcWtRAtuXRB8k9La+sbmVnm7srO7t3/gHR71rcoMwx5TQplhQi0KnmLPcSdwqA1SmQgcJJP273zwisZylT64qcaRpOOUv3BGXW7FXiNSEsc0njzV/YhqbdSbT3OWeV349QV3FkzzHmnDJcZeNagFC/mrEBZQhULd2LuNnhXLJKaOCWrtYxhoN5pR4zgTOK9EmUVN2YSOcSanBdll36GRdp6Hh8tRq9Cv18LLWvO+WW0FxRtlOIUzOIcQrqAFHehCDxi8wwd8whc5IdekTW7+VkukuDmGfyJ3P/3saCE=</latexit>

!
2
k ⇡ a

2
m

2 � 2a2H2 � aH
0

<latexit sha1_base64="XwmiDBdK8qkw60/XNgT6PZ5kVBc=">AAAB23icZY47T8MwFIVtHqWURwOMLBatEAslKRUsDJVYEFNB9CHhEjmu21qJ42A7QIk6sSFWfhwbP4WkzUJ7pHv16dxzfe1FAdfGtn/gyuraemGjuFna2t7ZLVt7+x0tY0VZm8pAqp5HNAt4yNqGm4D1IsWI8ALW9fzrbN59YUpzGT6YScT6goxCPuSUmNRyrXds2JtJhlKhqkBXSLg4GvPqFOHnmAzQMcL3fDQ2RCn5mntZICuEjUSYZjBr8+FSPHT9dEXJKE37T8np+Vk9fR2jkmtV7Jo9E1oGJ4cKyNVyrVs8kDQWLDQ0IFo/OnZk+glRhtOATUs41iwi1CcjlohJTnrRN0wJPU2PO4unlqFTrzkXtcZdo9K0828UwSE4AifAAZegCW5AC7QBBb+wAMvQgn34AT/h1zy6AvOdA/BP8PsPvZWCrQ==</latexit>

for m < m� ) �� ! �� ) nk / k�3/2
<latexit sha1_base64="88mD1Ipgn9rQfTtDUfDF9SZggU8=">AAAB6HicZY5LSwMxAIST+qr1tdqjCsEW8WLdrUURPBS8iKcq9gGmLtmYtnEfWZOsWpY9e/UmXv1X/gj/g9t2PdgOJHxMZpg4oceVNs1vmJubX1hcyi8XVlbX1jeMza2WEpGkrEmFJ2THIYp5PGBNzbXHOqFkxHc81nbci9F7+5lJxUVwq4ch6/qkH/Aep0Snlm28Yc1eddwTEpV9dI6w7klC4+MkribIt3E44OUE4aeIPKB9hG94f6CJlOIl80aBv5OWBcJ0BONrEpipBLab1qQI07R7Hx+eHaVTtlEyK+ZYaBasDEogU8M2rvCDoJHPAk09otSdZYa6GxOpOfVYUsCRYiGhLumz2B9mpKZ9zaSvknTcmp6ahVa1Yp1Uate1Ut3MvpEH22APHAALnII6uAQN0AQU/MAi3IG78BG+ww/4OYnmYNYpgn+CX7+pdYjR</latexit>

for m < 3
2m� ) ��� ! �� ) nk / k�9/2

[Ema, Nakayama, & Tang (2018)]   ,   [Chung, Kolb, AL (2018)]

[Basso, Chung, Kolb, & AL (2022)]

<latexit sha1_base64="fYBpqJauMXSLeIL5zfzawCMHPRE=">AAABiXicZY7LSsNAFIbP1FttvURduglm01VI0lJFEArdiKsK9gKmCZPxtAyZXJiZCiXNK/g0bvU9fBurZmP7rT7+cw7/iXLBlXacL1Lb2d3bP6gfNppHxyenxtn5SGULyXDIMpHJSUQVCp7iUHMtcJJLpEkkcBzF/Z/5+BWl4ln6pJc5ThM6T/mMM6rXUWi0aNA20zA270x/Jikr4qBdFp6f88ArzZUfoaZhvAq80LAc 2/nF3Ba3EgsqBqHx4L9kbJFgqpmgSj27Tq6nBZWaM4Flw18ozCmL6RyLZFmZ2sw1ykSV63J3s2pbRp7tdu3OY8fqdao36nAJV9ACF66hB/cwgCEweIN3+IBP0iQuuSG3f6s1Ut1cwD9I/xswKWYL</latexit>

a3nk =
k3

2⇡2
|�k|2



What about the scalar pol. mode?

(it’s much more difficult)



Andrew Long   (Rice University)Gravitational production of massive spin-2

Scalar polarization mode

31

Quadratic action

After imposing constraints (and a LOT of algebra) there are only two propagating degrees of freedom

<latexit sha1_base64="cVoP7qnje1+54uA+cuUnDpZxHhQ=">AAABp3icZY5LSwMxFIVvfNb6GnXpJthBFKTMSNGVUBWLiGBF+wCnDJk0raGZZEgyxVL6j/w17kR/jB2dje1ZHD7OuZd7o0RwYz3vEy0sLi2vrBbWiusbm1vbzs5u06hUU9agSijdjohhgkvWsNwK1k40I3EkWCsaXGd9a8i04Uo+21HCOjHpS97jlNhpFDq1+/AJH+ILHFj2ZsdKihEmuJdKmvVY9bB76Z5g9yqzm8xqUyOyi91gSHTyysOhO8GhU/LK3q/wPPg5lCBXPXTugq6iacykpYIY8+J7ie2MibacCjYpBqlhCaED0mfjeJSTmc0t07GZTI/7s6fmoXla9s/KlcdKqVrJ3yjAPhzAEfhwDlW4hTo0gMI7fMAXfKNj9ICaqP03uoDynT34J0R+ALcubbc=</latexit>

LS = only a function of A, B, E, F , and 'v

<latexit sha1_base64="YNW6ZudMDyibQ+qh3G5tK5cdGD0=">AAACmHicjU/LTsJAFJ3WF+ILdKebiSw0kZCWEFyZEF34TvDBI3GwmQ4jTphpm85gQko/xa9xqx/g30ihi1o04axOzj3nnnttjzOpDONb0xcWl5ZXMqvZtfWNza1cfrsp3YFPaIO43PXbNpaUM4c2FFOctj2fYmFz2rL7Z9G89UZ9yVznUQ092hG457AXRrAaS1Zeq8IxbqzgoRggW8B+GMITmI3EaytAdRZCVIQjiBTjXToRDuDouTy1HMHbf0xJT7RIYPVKMA9Ow5Q3MZhZPE8omUF8/HgXW2bkThzzjLBUfzemksa8SStXMErGBHCWmDEpgBh1K3eFui4ZCOoowrGUT6bhqU6AfcUIp2EWDST1MOnjHg3EMGYyrSvqCxmVm+mqWdIsl8xqqXJXKdQq8RkZsAf2wSEwwTGogQtQBw1AtHftQ/vUvvRdvaaf65dTq67FmR3wC/r9D9s2vbs=</latexit>
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Where the kinetic coefficients are
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Spectrum
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Comments:

• The S-sector particle production is generally larger than either the 
T- or V-sectors.  

• Lowering the mass m enhances the S-sector particle production.  
This can be understood as an approach to the ghost instability at 
m = sqrt(2) Hinf.  

• The same low-k and high-k power law behaviors are observed in 
the S-sector that we noted previously in the T- and V-sectors.
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Scalar sector - spectra
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Comments:

• We also calculate spectra for the inflaton-like scalar 
perturbations.  This is just the usual quasi-scale 
invariant spectrum of curvature perturbations.  
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Phenomenological 
implications?
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Implications for spin-2 dark matter
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Assume:  massive spin-2 particles are cosmologically long-lived   (very non-trivial – ask me after!)

Relic abundance
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We’re interested in the phenomenon of CGPP with massive spin-2 particles
Lower spin fields have been studied extensively, but there’s no comprehensive study of spin-2

To couple massive spin-2 to gravity, we study a theory of bigravity
Minimal ingredients:  two metrics + two inflaton fields

(1)  We derive the quadratic action for bigravity on an inflationary background
We use an SVT decomposition to isolate scalar, vector, and tensor degrees of freedom

(2)  In the scalar sector, this decomposition reveals a ghost instability
We derive an FRW-generalized Higuchi bound

(3)  We numerically evaluate the spectra of gravitationally produced particles
If these massive spin-2 particles are cosmologically long-lived dark matter candidates, 
then CGPP provides a possible explanation for their origin in the early universe.  

Summary
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