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from gravity
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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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no evidence (yet) of dark matter bumping into things

(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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the hypothesis:
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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)], [Garcia, Kaneta, Mambrini, Olver, 

Verner (2021)],  [Clery, Mambrini, Olive, Sherkin, Verner (2022)]

[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

<latexit sha1_base64="MpqjFXHF44a7ViTB+37LUeZCsX0=">AAABhHicZY7NSsNAFIXvVK21/kVduilm04WGxFbdScGNCEIF0xZMDZPxGofOJGFmIpSQB/Bp3Oqj+Da2NRvbs/o499x7bpQJro3r/pDa2vpGfbOx1dze2d3btw4OBzrNFUOfpSJVo4hqFDxB33AjcJQppDISOIwmN/P58B2V5mnyaKYZjiWNE/7KGTUzK7TsIlgcKVJFkxjL1n0YSGrelCwyUT4XZ15ZzlKu4y7UWgWvAhsq9UPrLnhJWS4xMUxQrZ88NzPjgirDmcCyGeQaM8omNMZCTivSy75BJfW83FuuWoXBueNdOt2Hrt1rV2804BhOoA0eXEEPbqEPPjD4gE/4gm9SJ6ekQy7+ojVS7RzBP5HrX3TGZeE=</latexit>

M�1
pl

<latexit sha1_base64="MpqjFXHF44a7ViTB+37LUeZCsX0=">AAABhHicZY7NSsNAFIXvVK21/kVduilm04WGxFbdScGNCEIF0xZMDZPxGofOJGFmIpSQB/Bp3Oqj+Da2NRvbs/o499x7bpQJro3r/pDa2vpGfbOx1dze2d3btw4OBzrNFUOfpSJVo4hqFDxB33AjcJQppDISOIwmN/P58B2V5mnyaKYZjiWNE/7KGTUzK7TsIlgcKVJFkxjL1n0YSGrelCwyUT4XZ15ZzlKu4y7UWgWvAhsq9UPrLnhJWS4xMUxQrZ88NzPjgirDmcCyGeQaM8omNMZCTivSy75BJfW83FuuWoXBueNdOt2Hrt1rV2804BhOoA0eXEEPbqEPPjD4gE/4gm9SJ6ekQy7+ojVS7RzBP5HrX3TGZeE=</latexit>

M�1
pl

<latexit sha1_base64="MpqjFXHF44a7ViTB+37LUeZCsX0=">AAABhHicZY7NSsNAFIXvVK21/kVduilm04WGxFbdScGNCEIF0xZMDZPxGofOJGFmIpSQB/Bp3Oqj+Da2NRvbs/o499x7bpQJro3r/pDa2vpGfbOx1dze2d3btw4OBzrNFUOfpSJVo4hqFDxB33AjcJQppDISOIwmN/P58B2V5mnyaKYZjiWNE/7KGTUzK7TsIlgcKVJFkxjL1n0YSGrelCwyUT4XZ15ZzlKu4y7UWgWvAhsq9UPrLnhJWS4xMUxQrZ88NzPjgirDmcCyGeQaM8omNMZCTivSy75BJfW83FuuWoXBueNdOt2Hrt1rV2804BhOoA0eXEEPbqEPPjD4gE/4gm9SJ6ekQy7+ojVS7RzBP5HrX3TGZeE=</latexit>

M�1
pl

<latexit sha1_base64="RXSJ2pnErU3dzzJORnc7HgSiQSs=">AAABc3icZY7NTsJAFIXv4B/iX8UlG0JdsLFpDdEtiRviChMLJJY00/HaTJjpNDNTI2n6Km71lXwQ9wp2I5zVl3PuvecmueDG+v4Xaezs7u0fNA9bR8cnp2fOeXtiVKEZhkwJpWcJNSh4hqHlVuAs10hlInCaLO5W+fQVteEqe7TLHOeSphl/4YzaXyt22mW0PlIqTbMUq+6oih3X9/y1utsQ1OBCrXHs3EfPihUSM8sENeYp8HM7L6m2nAmsWlFhMKdsQVMs5bIms+lb1NKsyoPNqm2YXHvBjTd4GLjDfv1GEzrQgz4EcAtDGMEYQmDwBu/wAZ/wTTqkRy7/Rhuk3rmAfyJXP8L6X2U=</latexit>

H

[see talk by Gabriele Montefalcone]



What do I want to tell you about?
(1) CGPP as inflationary quantum fluctuations

(2) CGPP as graviton-mediated scattering

(3) A theory of massive spin-2 during inflation

(4) CGPP of massive spin-2 particles

(5) Summary & discussion



(1)  CGPP as inflationary 
quantum fluctuations
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Establishing the framework: scalar spectator
covariant action

a harmonic oscillator with 
time-dependent frequency
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Fourier decomposition

equations of motion
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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 
quickly (non-adiabatically)

x

ψ
U

x

ψU

spring constant

x

ψ

U

an excited
state!

a field is an oscillator
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Various interesting observables

average 
energy density

w.r.t. BD vacuum

correlation 
functions

comoving number density

12

power 
spectra
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for fields that are 
light during inflation 

… 
scale-invariant 

energy spectrum 
… 

for CMB observables, 
you don’t care about 

the high-k modes

for fields that are 
heavy during inflation 

… 
most energy is carried 
by the high-k modes

… 
to calculate their 

spectrum, you need to 
model the end of 

inflation & reheating
… 

often necessary to rely 
on numerical methods
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(2)  CGPP as inflationary 
graviton-mediated scattering
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Gravity-mediated inflaton annihilation
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Ema, Nakayama, & Tang (2015)
Chung, Kolb, & AL (2018)

After inflation, 
inflaton-field 
oscillations 

correspond to a 
condensate of zero-
momentum spin-0 
inflaton particles

s-channel graviton
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There’s interference too!

16

Basso, Chung, Kolb, AL [2209.01713]
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Bogolubov coefficient
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��(n!2)
k = �(n!2)

k � �(n!2)
k,leading

Model m�/He m�/He ⌅e m�/H ⌅ a/ae

Quadratic 0.1 1.981 0.615 2.748 �0.138 0.5662

Hilltop 10 31.31 �2.526 26.90 �9.755 0.1041

Table 1. Values in the Quadratic and Hilltop models of inflation defined by eqs. (2.3) and (2.4),
respectively. Note that dividing a/ae by (He/m�)

2/3 gives 0.893 and 1.034 for the respective models,
which are O(1), as expected based on the definition of a in eq. (A.12).
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where xi, y
(n)

i
, z

(n) are merely notational variables to allow a visually manageable display of
the results, with their explicit values given in Appendix E. Given the generalized nature of
↵n as defined in eq. (2.2), these results are applicable to any inflationary potential which can
expanded as a polynomial with a positive quadratic term at its minimum. Since A

(2!2)

k
will

be the dominant term, we have shown it to higher order in the expansion. Note that the
higher order terms in these formulas are organized by time reversal symmetry, and therefore
have relative corrections that go as "

2

�3
n instead of "�3/2

n .
The boundary conditions for the background functions {�(t), a(t)} are given by 3 in-

tegration constants and are needed for specifying analytic formulas for �
(n!2)

k
. These can

be chosen to be H, ⌅, and a defined by limits as t ! 1 in eqs. (A.10), (A.11), and (A.12),
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Quantum interference fringes
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[Ling & Long (2101.11621)]Example: alpha attractor inflation
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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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what about particles with spin?
CGPP occurs for them too!
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Studies of CGPP for particles w/ spin
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Covariant action for metric field gµn

General relativity
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Linearize around Minkowski spacetime
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gµ⌫ = ⌘µ⌫ + 2
MP

hµ⌫

Counting degrees of freedom

è  these are the two polarization modes of the massless graviton  (x & +  or  h = +2, -2)

<latexit sha1_base64="bUf8BTMoT7HsSmSzkkKAWf4ve6w=">AAAB2nicZY5NS8NAEIZ3q9VatY169BLsxYslKaWehIAX8VTBfoApYbOdpkuzu2F3I4SQizfx6p/z5F+x1VBp+54enplh3jCJmTaO84Ure/vVg8PaUf345LTRtM7Oh1qmisKAyliqcUg0xEzAwDATwzhRQHgYwyhc3K/mo1dQmknxbLIEJpxEgs0YJWapAiubB7nPU1+khe1rxm23F/icmLniOZU8kQKE0YV9Y/97nXEORjG60t21jkgawaaiUmijCBOmsO/sztpP5awIrJbTdn5j74JbQguV6QfWoz+VNOXLQjQmWr+4TmImOVGG0RiKup9qSAhdkAhynpWkt70BxfXqubv9aheGnbbba3efui3PK2vU0CW6QtfIRbfIQw+ojwaIom9cxQ3cxD5+w+/442+1gsubC7QR/PkDktmGKg==</latexit>

hµ⌫ ⇠ 16components � 6symmetric � 4gauge � 4constraint = 2dof
<latexit sha1_base64="HCaz5ewuTedjmNaKgXFqCZXPq+g=">AAABsnicZY5LS8NAFIXv1Fetr6hLN4N1URFKUoquhIIbcdWCfaBTwmR6rUMnD2YmYgn9Xf4WF271b5hoFtqe1eE7995zg0RJY133nVTW1jc2t6rbtZ3dvf0D5/BoYOJUC+yLWMV6FHCDSkbYt9IqHCUaeRgoHAazmyIfvqA2Mo7u7TzBccinkXySgtsc+U6PBXKqGpRRNkFlOX32MxamLEoX9JqyhGsrufJzRNmr9HNOL/7gqMRFTItT+tx36m7T/RFdNV5p6lCq6zt3bBKLNMTICsWNefTcxI6zokIoXNRYajDhYsanmIXz0pllblGHZpGXe8tVq2bQanqXzXavXe+clW9U4QROoQEeXEEHbqELfRDwBh/wCV+kTR4IJ+J3tELKnWP4J6K+ATvUdng=</latexit>�
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h = ⌘µ⌫hµ⌫

�
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Try to add mass terms

Adding a mass
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A poor choice of these mass parameters leads to a theory with a ghost (in addition to a massive spin-2)

A clever choice of parameters avoids the ghost and yields a healthy theory of massive spin-2 field

è  the five polarization modes of a massive graviton    (helicity = -2, -1, 0, +1, +2)

<latexit sha1_base64="jJqTLiPjFFAlUWIN1t6ODRSuZdI=">AAABqXicZY5LS8NAFIXv+Kz1FXXpJtiNUCyZUHQlFNwUVy3YB5o2TMbbduhMEmamQgn5S/4aNy70t9jaINie1XfPuZdzo1QKYz3vk2xt7+zu7ZcOyodHxyenztl51yQzzbHDE5nofsQMShFjxworsZ9qZCqS2IumD8u894baiCR+svMUB4qNYzESnNmFFTpNFQaK2YlW2XiSGJsPfffevXGDkWY8o3nm5wWrkC6yqlt3VegP/fzPWI2hU/Fq3q/cTaAFVKBQK3Qeg9eEzxTGlktmzAv1UjvImLaCS8zLwcxgyviUjTFT84LMum9RK7Msp+tVm9D1a/S2Vm/XK41G8UYJLuEKroHCHTSgCS3oAId3+IAv+CZV0iZ98rxa3SLFzQX8E+E/+EZxJg==</latexit>

m2
ghost = �1

2

m2
1 + 4m2

2

m2
1 +m2

2

Fierz & Pauli (1939)
see also the nice reviews by 
Hinterbichler 1105.3735
and de Rham 1401.4173

(Boulware-Deser ghost)

(Fierz-Pauli action)
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hµ⌫ ⇠ 16components � 6symmetric � 1gauge � 4constraint = 5dof
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Going to FRW background – failed attempt
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(Fierz-Pauli action)

try promoting Minkowski derivatives 
to FRW covariant derivatives
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This procedure would re-introduce the Boulware-Deser ghost.  Going to an FRW bkg without also introducing 
the matter sector is a violation of gauge symmetry.  
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Successful attempt
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Let’s add a matter sector
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Linearize around an FRW background
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� = �̄(FRW) + 'u

<latexit sha1_base64="IXubzvsc+TiHIT+ksS31kKvJpME=">AAAFmnichVRdb9MwFM1GAqN8rINHeLBWaeu0rWqqCR4Q0jReQDCpoLWbNDfBcb0SzXYyJx6aovDOr+EVfgr/BjdJnaQfwk/WPfeee86JWy+kfhR3u3/X1u+Z1v0HGw8bjx4/ebrZ3Ho2jAIpMBnggAbiwkMRoT4ng9iPKbkIBUHMo+Tcu343xc9viYj8gJ/FdyEZMTTh/pWPUaxK7pa5DT9hRJ2k3dtL3QQKBhiKIkqiKAU74C </latexit>

L(2)
massless = L(2)

uu + L(2)
u'u

+ L(2)
'u'u

L(2)
uu = � 1

2r�uµ⌫r�uµ⌫ +rµu
⌫�r⌫u

µ
� �rµu

µ⌫r⌫u+ 1
2rµurµu

+
⇣
R̄µ⌫ � 1

M2
P
rµ�̄r⌫ �̄

⌘⇣
uµ�u ⌫

� � 1
2u

µ⌫u
⌘
,

L(2)
u'u

= 1
MP

h�
rµ�̄r⌫'u +r⌫ �̄rµ'u

��
uµ⌫ � 1

2 ḡ
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(massless spin-2 graviton + inflaton perturbation)

Resulting quadratic action
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Another approach:  ghost-free bigravity
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Hassan & Rosen (2012)

Field content:  two metrics & two scalars

<latexit sha1_base64="Oqd6yhSKLAMW3HHjSgbf5NhK5k8="></latexit>

S =

Z
d4x

h
1
2M

2
g

p
�g R[g] + 1

2M
2
f

p
�f R[f ]

�m2M2
⇤
p
�g V (X; �n)

+
p
�gLg(g,�g) +

p
�f Lf (f,�f )

i

A theory of bigravity with a minimal coupling to matter

<latexit sha1_base64="TLsJQVgfrUvBc/xV1FICr3MWtDc=">AAABonicbY67TsNAEEVnwyuEl4GSxsIUFMiyUQStEQ1KlQjykNjIWm/GZpX1A+8aKbL8PXwNLYi/IYAbHG51dGZGd4JMCqUd55O01tY3Nrfa252d3b39A+PwaKTSIuc45KlM80nAFEqR4FALLXGS5cjiQOI4mN9+z8cvmCuRJg96keE0ZlEiQsGZXirfuIn8ksYFTYrKpOaFSZ8LNjPD/yTNnoQfNUXoG5ZjOz8xV8GtwYI6fd/o0VnKixgTzSVT6tF1Mj0tWa4Fl1h1aKEwY3zOIizjRU2q6TXmsaqW5W6zahVGl7Z7ZXcHXcvz6jfacAKncA4uXIMHd9CHIXB4hTd4hw9yRnpkQO5/V1ukvjmGPyH0C9rIb2w=</latexit>

gµ⌫ , fµ⌫ , �g , �f

(metric kinetic terms)

(metric interactions)

(coupling to matter)

Matter-sector Lagrangians
<latexit sha1_base64="Cjj6ZHH5RYszu+hkJlvkj1cq2Qw=">AAACNXicdY5LSwMxFIUTn7W+Rl26CRakgi0zpSgUhIIbERcV7ANMHTMxmcZmHkwyQhnmd/lH3LhwJ279C9Z2WrTVszr35N7zxQmlUNo0X+HC4tLyympuLb++sbm1bezstlQQR5Q1aSCDqOMQxaTwWVMLLVknjBjxHMnaTv/8+739xCIlAv9GD0LW9YjrCy4o0cPINl6wR3SPEplcpbZbdI9x2BO2e4QO0RkqIax5RGhipUklRe5dgr0Y+3GKsE8cSezhiMYH08SfJiXUGjZO+jBG+Z8sXuRjFv+Txf9n8TkWH7F4cdJnGwWzbI6E5o2VmQLI1LCNS/wQ0NhjvqaSKHVrmaHuJiTSgkqW5nGsWEhon7gs8QaZU7O5ZpGn0iHcmkXNm1albJ2Uq9fVQr2WfSMH9sEBKAILnII6uAAN0AQU1uA9FPARPsM3+A4/xqsLMLvZA78EP78AdlKkHw==</latexit>

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

◆
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spin-2 particles
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Separate out the 5 different polarization modes
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Perform a scalar-vector-tensor (SVT) decomposition

Tensor sector
<latexit sha1_base64="gpkxImXmLc3qxwG4MiwbnKkAGWo=">AAAB13icZY5NSwJBGMdn7M3UaqtjlyEljER2ReoUCF2ik0G+RKPL7Phow766MyvJsnSLrn28oA/TVnNJ/6cf/xeex4k8IZVpfuLCxubW9k5xt1Su7O0fGIdHfRkmMYceD70wHjpMgicC6CmhPBhGMTDf8WDguDc/+WABsRRh8KCWEYx8NgvEVHCmcss2FmeE8mdhp26DevlswrIxjaJY+FCnoNg5uSA09GHGbHfc0hZtrI10ck1MQufzhE0IVfCi0mkYk5ou5SmNfNKqZcQ2qmbT/BVZB0tDFWl1beOOTkKe+BAo7jEpnywzUqOUxUpwD7ISTSREjLtsBqm/1CRXfQWxL7P8uLV6ah36raZ12Wzft6udtn6jiE7QKaojC12hDrpFXdRDHH3hAi7jCn7Er/gNv/9VC1hvjtE/4Y9vifN/yg==</latexit>

�00
k,�(⌘) + !2

k(⌘)�k,�(⌘) = 0 for � = ±2

<latexit sha1_base64="EIbZssaGH6txnbhXjD+DrWoSc/w=">AAABlnicZY7NSsNAFIXv1L9a/6JuBDfBbipCSUqtK6UgoriKYn/A1DAZb8PQmSTMTIUS8iQ+jVt9At/GWLOxPYvLx7n3ck6YCq6N43yTysrq2vpGdbO2tb2zu2ftH/R1MlUMeywRiRqGVKPgMfYMNwKHqUIqQ4GDcHL9ux+8odI8iZ/MLMWRpFHMx5xRU1iBde4nEiMaTF5aDR8NPbUv7YLtM5sWU87JN2NFWebmWSef24+BVXeazlz2Mrgl1KGUF1j3/mvCphJjwwTV+tl1UjPKqDKcCcxr/lRjStmERpjJWUl60TeopM6LcHcxahn6rabbabYf2vVuu6xRhWM4gQa4cAFduAMPesDgHT7gE77IEbkiN+T277RCyp9D+Cfi/QDqjmjJ</latexit>

!2
k(⌘) = k2 + a2m2 + 1

6a
2R

<latexit sha1_base64="ruwmfMiFU1L8GxXPIGTWKvEJEzo=">AAACGHicjY/LSgMxFIaTeqv1NupShGBBWtAyU4quhEI3IgoV7AVMGdL0WEOTmWGSKS3D+CC+iFt34tadb+NoZ2O70H/1cfKF/5x+IIU2tv2Jc0vLK6tr+fXCxubW9o61u9fWfhRyaHFf+mG3zzRI4UHLCCOhG4TAVF9Cpz9qfL93xhBq4Xt3ZhpAT7GhJx4EZyYdudbL2I2piqgXJSUKhp3QyRh4mRwTqoUi1MDExIppLcZAdCC802pCKCWFTCjNjMd0AS7MNHmiMi0fMHJBaKBItUwooX4gI53CH7LzX9kuE9cq2hX7J2QRnAyKKEvTta7owOeRAs9wmd5z79iB6cUsNIJLSAo00hAwPmJDiNU0Iz0/NxAqnaTlznzVIrSrFeesUrutFeu1bI08OkBHqIQcdI7q6BI1UQtxfIgb+Brf4Gf8it/w+0zN4ezPPvoV/PEFC2qZ9A==</latexit>

vµ⌫(⌘,x) ⇠ massive spin-2
⇠ (helicity � = ±2) � (helicity � = ±1) � (helicity � = 0)

<latexit sha1_base64="uDHXvVG5xRBJudESFn/dPRHdWZY=">AAAB13icZY7LSsNAFIZn6q22VaMu3Qy2SMVSklJ0JRTciKsK9iJOGybT0zokk6SZSbGE4E7c+niCD2PUbGz/1cd/4Rwn9ITSpvmJCxubW9s7xd1SubK3f2AcHvVVEEccejzwgmjoMAWe8KGnhfZgGEbApOPBwHFvfvLBAiIlAv9BL0MYSTbzxVRwpjPLNhZnhPJnYSdug3rZbMLSMQ3DSEioU9DsnFwQGkiYMdsdt3KLNtZGeXJNTELn85hNCNXwopNpEJFaXspSGkpi1VJiG1Wzaf6KrIOVQxXl6trGHZ0EPJbga+4xpZ4sM9SjhEVacA/SEo0VhIy7bAaJXOakVn0NkVRpdtxaPbUO/VbTumy279vVTjt/o4hO0CmqIwtdoQ66RV3UQxx94QIu4wp+xK/4Db//VQs43xyjf8If34j0f8k=</latexit>

�00
k,�(⌘) + !2

k(⌘)�k,�(⌘) = 0 for � = ±1

<latexit sha1_base64="hTa3PonbL91otMEbZgskeXB4Qdg=">AAABx3icZY5LT8JAFIVv8YX4qrp0M5ENxggtIboyIXGjrjCRR2KhmQ63OKHTlpkBIQ0L/59/wL/hVhcW7QY4ydx8OXPPnPHigCttWZ9GbmNza3snv1vY2z84PDKPT1oqGkuGTRYFkex4VGHAQ2xqrgPsxBKp8AJse8O7xX17glLxKHzWsxi7gg5C7nNGdWq5pu9EAgfUHfaqJQc1vSC3JGVySWg6RXquiN9z4lhygRWfOKMx7RNH41Qnb68ocZ5ZfhpcRCrEUSOpk6VH5q5ZtMrWn8g62BkUIVPDNR+dfsTGAkPNAqrUi23FuptQqTkLcF5wxgpjyoZ0gImYZaRWfY1SqEW5vVq1Dq1q2b4u155qxXot+0YezuAcSmDDDdThHhrQBAYf8AXf8GM8GJExMab/qzkjy5zCkoz3XyZ4e0g=</latexit>

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

p
k2 + a2m2

Vector sector

Scalar sector – it’s complicated!
<latexit sha1_base64="YNW6ZudMDyibQ+qh3G5tK5cdGD0=">AAACmHicjU/LTsJAFJ3WF+ILdKebiSw0kZCWEFyZEF34TvDBI3GwmQ4jTphpm85gQko/xa9xqx/g30ihi1o04axOzj3nnnttjzOpDONb0xcWl5ZXMqvZtfWNza1cfrsp3YFPaIO43PXbNpaUM4c2FFOctj2fYmFz2rL7Z9G89UZ9yVznUQ092hG457AXRrAaS1Zeq8IxbqzgoRggW8B+GMITmI3EaytAdRZCVIQjiBTjXToRDuDouTy1HMHbf0xJT7RIYPVKMA9Ow5Q3MZhZPE8omUF8/HgXW2bkThzzjLBUfzemksa8SStXMErGBHCWmDEpgBh1K3eFui4ZCOoowrGUT6bhqU6AfcUIp2EWDST1MOnjHg3EMGYyrSvqCxmVm+mqWdIsl8xqqXJXKdQq8RkZsAf2wSEwwTGogQtQBw1AtHftQ/vUvvRdvaaf65dTq67FmR3wC/r9D9s2vbs=</latexit>

LS,k = K⇧ |⇧̃0|2 +M⇧ |⇧̃|2 +KB |B̃0|2 +MB |B̃|2 + �1 ⇧̃
⇤B̃0 + �0 ⇧̃

⇤B̃
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Hilltop inflation
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a hilltop model of inflation

0.0 0.1 0.2 0.3 0.4 0.5 0.6
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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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CGPP for tensor & vector sectors
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Minimally-coupled theory, vector sector
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Notable features:
1. Similar results for tensors & vectors
2.  Low-k power law ~ k3
3. High-k power law ~ k-3/2 or k-9/2
4. Wiggles!

see 2302.04390
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CGPP for tensor & vector sectors
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Minimally-coupled theory, vector sector
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Notable features:
1. Similar results for tensors & vectors
2.  Low-k power law ~ k3
3. High-k power law ~ k-3/2 or k-9/2
4. Wiggles!

<latexit sha1_base64="CCI4MY32csMg0TiRoRpV417fgTU=">AAACBnicnY7LSsNAFIZnvNbWS9Slm8GCVMSalFKhIhTciKsq9gJOGybTkxKamzOTYgnZ+yJu3YlbX8O3MabZ2O78F4eP/5zzn2OFriOVrn/jldW19Y3NwlaxtL2zu6ftH3RlEAkOHR64gehbTILr+NBRjnKhHwpgnuVCz5rc/PZ7UxDSCfxHNQth4LGx79gOZyq1TO2NKnhRsQJfBoJI4CoQzYScEPocsRGhgQdjZk6GtQoFxU7JNUmZnBGWVi8jqmzBeGwkcSPJ7AdCKSnOc6dZ4D9yz4k9pGEoHA8ubGJqZb2qZyLLYORQRrnapnZHRwGPPPAVd5mUT4YeqkHMhHK4C0mRRhJCxidsDLE3y0ku+gqEJ5P0uLF4ahm6tarRqNbv6+VWPX+jgI7QMaogA12iFrpFbdRBHJewgZv4Cr/id/yBP+ejKzjfOUR/hL9+ANdFjuM=</latexit>

tensor sector: !2
k(⌘) = k2 + a2m2 + 1

6a
2R

vector sector: !2
k(⌘) = k2 + a2m2 � f 00/f

equal for nonrelativistic modes

see 2302.04390
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Notable features:
1. Similar results for tensors & vectors
2.  Low-k power law ~ k3
3. High-k power law ~ k-3/2 or k-9/2
4. Wiggles!

<latexit sha1_base64="cEzFKqdwuYdKVjWGHT6fT+n+pL8=">AAACKXicZU49T8MwFLT5pnwVGFksWiEWSlIqEAOoEkvFVFALleo0coxbrMZJsB2gsvyL+COsbMDKHyGFIFG46d69u3svSEKutOO8wanpmdm5+YXFwtLyyupacX3jSsWppKxN4zCWnYAoFvKItTXXIeskkhERhOw6GJ6N99f3TCoeRy09SpgnyCDifU6JziS/+Bz5Q4QTGSc6RsMejlJUwHcpuUFYs0dtHri+tehbKYy3O+gEHaA9VEU44IOwm/n6klBzbE3NZno+il7VmoaPBdG3Uhge9W2mfGWk1zPu/njAWWVuuGS2m9V7ef/vF/qxRGWBTn+qD6zJwpPdZesXS07F+QL6T9yclECOpl88xzcxTQWLNA2JUl3XSbRniNSchswWcKpYQuiQDJgRo5ypv7pmUqjxcffvqf/kqlpxDyu1i1qpfpi/sQC2wDbYBS44AnXQAE3QBhRWYAt6sAef4At8he/f1imYZzbBBODHJ55joAk=</latexit>

nk / k
⌫ with ⌫ = 3� 2

⇥
9
4 � m

2

H
2
inf

⇤1/2

Re[⌫] = 3 for m >
3
2Hinf

low-k modes have familiar dS solution

see 2302.04390
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Notable features:
1. Similar results for tensors & vectors
2.  Low-k power law ~ k3
3. High-k power law ~ k-3/2 or k-9/2
4. Wiggles!

<latexit sha1_base64="PMwBX0G31uajy8Fbb+licyNLQWc=">AAABY3icZY7LTgIxFIZP8YbgZUR3xsQ4G1eTjiG4JbAxrjBxgMQhpFOP0NCZNm3HhBBewa2+mg/geyjajfCtvvznnPwn01JYR+knqWxt7+zuVfdr9YPDo+PgpNG3qjQcE66kMsOMWZSiwMQJJ3GoDbI8kzjIZt3VfPCKxgpVPLq5xlHOJoV4EZy5VZTqqRgHIY3oL5ebEnsJwdMbB/fps+JljoXjkln7FFPtRgtmnOASl7W0tKgZn7EJLvK5N7ueOzS5Xf6Ux+tVm9K/ieJW1Hxohu2Of6MK53AF1xDDLbThDnqQAIcpvME7fMAXqZMGOftbrRB/cwr/IBffi1ZZEA==</latexit>

� <latexit sha1_base64="VOUEq3fPg7o4xOKcsY2iWgWcou8=">AAABY3icZY7LTgIxFIZP8YbgZUR3xsQ4G1eTjiG4JbAxrjBxgMQhpFOP0NBOJ23HhBBewa2+mg/geyjajfCtvvznnPwnK6SwjtJPUtna3tndq+7X6geHR8fBSaNvdWk4JlxLbYYZsyhFjokTTuKwMMhUJnGQzbqr+eAVjRU6f3TzAkeKTXLxIjhzqyjlUzEOQhrRXy43JfYSgqc3Du7TZ81Lhbnjkln7FNPCjRbMOMElLmtpabFgfMYmuFBzb3Y9d2iUXf6Ux+tVm9K/ieJW1Hxohu2Of6MK53AF1xDDLbThDnqQAIcpvME7fMAXqZMGOftbrRB/cwr/IBfffnBZAw==</latexit>�
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Notable features:
1. Similar results for tensors & vectors
2.  Low-k power law ~ k3
3. High-k power law ~ k-3/2 or k-9/2
4. Wiggles!
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[Basso, Chung, Kolb, AL (2022]

interference between annihilation channels



What about the scalar sector?

(longitudinal polarization: l = 0)
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Scalar sector
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Scalar metric perturbations mix with scalar inflaton perturbation

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

40

Scalar metric perturbations mix with scalar inflaton perturbation

After imposing constraints (and a LOT of algebra) there are only two propagating degrees of freedom
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LS = a messy function of A, B, E, F , and 'v

The second kinetic term coefficient is

and where we’ve defined:
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2

<latexit sha1_base64="1NGbXrRmmKeFGdBCbGk6i7CXDKk=">AAAB7HicZY7NSsNAFIVn6l+tf1EXLtyMFqQiliSGiguh6KbopoL9AdOE6XRaQ2eSMDMVypAncOtO3PpOPoZvYFqzSXtWh/Pdc+/txyyQyjR/YGFldW19o7hZ2tre2d0z9g/aMpoIQlskYpHo9rGkLAhpSwWK0W4sKOZ9Rjv98f2Md96okEEUPqtpTHscj8JgGBCs0sg33rU7X6IFHSTo0dcux+qVYKbvkiRBpTN0i9yhwERfIezVEPdslKtUZskl4n7Ds8+TRDto7DnoAll2Om/ncYrsFN2kxJlvypd9o2xWzbnQsrEyUwaZmr7x4A4iMuE0VIRhKV8sM1Y9jYUKCKNJyZ1IGmMyxiOq+TRzcjFXVHA5O24tnlo2bbtq1arOk1OuO9kbRXAMTkEFWOAa1EEDNEELEPALjyCCJzCEH/ATfv2PFmDWOQQ5we8/U3WDNA==</latexit>

KB =
3a6m2(m2 �m2

H
)

4k4 + 12a2(m2 �m2
H
)k2 + 9a4m2(m2 �m2

H
)



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

Beware of ghosts

41

Higuchi (1986)
see also:  Fasiello & Tolley (2013)

A wrong-sign kinetic term leads to dangerous ghosts!

For massive spin-2 particles in FRW spacetime, ghost avoidance requires:

è  Generalizes the Higuchi bound (for dS) to FRW spacetime
è  After inflation e > 1 and any positive m2 is ghost-free
è  Implications for ultra-light spin-2 dark matter (e.g., time-dep mass)
è  Implications for Kaluza-Klein (compact extra dimensions)
è  Our numerical analysis focuses on m2 > 2 Hinf

2 to avoid the ghost
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Scalar sector - spectra

42
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Notable features:
1.Same power laws & wiggles as T/V
2.Lowering mass raises amplitude
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Scalar sector - spectra
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Notable features:
1.Same power laws & wiggles as T/V
2.Lowering mass raises amplitude
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Scalar sector - spectra

44
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Notable features:
1.Same power laws & wiggles as T/V
2.Lowering mass raises amplitude



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

Implications for spin-2 dark matter

45

Assume:  massive spin-2 particles are cosmologically long-lived

Relic abundance
<latexit sha1_base64="51E1AlHGVkaHHCFy3vFwsJAcjJM="></latexit>
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Questions:  If dark matter only interacts gravitationally, how was it produced?  What if it has spin-2?

Things I talked about:  
• review:  CGPP = quantum excitations of a spectator field during/after inflation
• review:  CGPP = graviton-mediated inflaton annihilation after inflation
• We showed: interference effects lead to fringes (“wiggles”) in the CGPP spectrum
• We developed: a theory of massive spin-2 particles on an FRW background (bigravity)
• We calculated:  predicted spectrum & relic abundance of massive spin-2 particles

• CGPP of massive spin-2 particles can account for all the dark matter
• As a by-product:  we derived an FRW-generalization of the Higuchi bound

Things to talk about:
• CGPP for massive spin-2 particles in Kaluza-Klein, hadronic resonances, Regge trajectories?
• The dynamics of a system that approaches (crosses?) the FRW Higuchi bound?
• Stabilizing massive spin-2 dark matter?
• Observational probes:  isocurvature, free streaming, non-Gaussianity, CMB hot spots

Summary
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Numerical results – spectra

54
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Scalar sector - spectra

55

Comments:

• We also calculate spectra for the inflaton-like scalar 
perturbations.  This is just the usual quasi-scale 
invariant spectrum of curvature perturbations.  10°2
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ghost-free bigravity
details
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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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(metric kinetic terms)

(metric interactions)

(coupling to matter)

Matter-sector Lagrangians
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Backgrounds plus perturbations: 

We seek solutions of the background equations of motion with

<latexit sha1_base64="p7GlbSWLUF7YMWG/awihUCBZhiI=">AAACa3ichY7LSgMxGIUz462tt9bu1EWwKIJSZkpREISCGxGECvYCpgyZNJkOnZtJpliGvIZbfS0fwndwakdqW8SzOv85+b8/duS5QhrGh6avrK6tb+Tyhc2t7Z3dYmmvLcKYE9oioRfyro0F9dyAtqQrPdqNOMW+7dGOPbyZ9J0R5cINg0c5jmjPx07gMpdgmUZWScs7VoL8GAWxgifwGiIb88RRs/AMIsk4JklNJfeWo+Bg1hVgKnQOzyF6jnF/OrNZn+HYnzim4PAfHIoGruX8oCaTSscUM8J8Wi2uIUlfZIKDvlrisHkO+8VhVrFiVI1vwWVjZqYCMjWt4h3qhyT2aSCJh4V4Mo1I9hLMpUs8qgooFjTCZIgdmvjjzInFXFLuC5UeNxdPLZt2rWpeVOsP9UrjKvtGDhyAI3AKTHAJGuAWNEELEC3SXrU37V371Mv6vn44fapr2U4ZzEk//gIn9K8z</latexit>

gµ⌫ = ḡµ⌫ + 2
Mg

hµ⌫ , fµ⌫ = f̄µ⌫ + 2
Mf

kµ⌫ , �g = �̄g + 'g , and �f = �̄f + 'f

<latexit sha1_base64="gPF9Pi9KIpjcPiIiPeWkr+cAMZM=">AAAB43icZY5LS8NAFIVn6qtWrVEXCm6C3bQgJSlFQRAKbkQQKtgHODVMxps4dPJwZlIoIRu37sStP8x/4M+wapQ+zupw7nc4140FV9qyPnBhaXllda24XtrY3CpvGzu7XRUlkkGHRSKSfZcqEDyEjuZaQD+WQANXQM8dXnzfeyOQikfhrR7HMAioH3KPM6onkWM8mybRnqQstbP02vHvG5lJjs2u41eJS2VK4keeOX7NLJkTnc/A3j/sTcNeDhN4SvhoptH+a0zxNceoWHXrR+aisXNTQbnajnFFHiKWBBBqJqhSd7YV60FKpeZMQFYiiYKYsiH1IQ3GuVPzuQYZqGwybs9PLZpuo26f1Js3zUrrLH+jiA7REaoiG52iFrpEbdRBDH3iMt7HBxjwC37Fb79oAeedPTQj/P4F1xGDcA==</latexit>

1
M2

g
Vg(�̄g) =

1
M2

f
Vf (�̄f ) ⌘ 1

M2
P
V (�̄)

The existence of such solutions places a constraint on the models:

<latexit sha1_base64="Y0IOnYDBYZ9WxZQz5QHMGE4PrUc=">AAACR3icZU5bSwJBGJ2xm9nN6rGXIaGMatkVKQgCKYIIJQtv0NgyO442uDdnZkPZ9gf2E/oDvfYWPWa6oOl5Ot93zvedY/k2l0rXP2BiYXFpeSW5mlpb39jcSm/v1KQXCMqq1LM90bCIZDZ3WVVxZbOGLxhxLJvVre71n15/ZUJyz62ogc+aDum4vM0pUcOVmf7EivVVaHU7GnKYEpyim/vSRYQOEO71AtJC2CIifIzMEDsBdoMInSKs2oLQ0IjCXDSSOxM5tqNjhIvDGi2CZh3ocupBySw/5yKET8a2ypQNY5Saasfdtk2U5871u/L642Psv/C/erXD7GQ+GsbpyExndE0fAc0TIyYZEKNspu9wy6OBw1xFbSLlk6H7qhkSoTi1WZTCgWQ+oV3SYaEziJmc3SsmHBkNw43ZqHlSy2nGmZZ/yGcK+bhGEuyBfZAFBjgHBXALyqAKKCxCAUP4Bt/hF/yGP2NrAsY3u+AfEvAX09OsZw==</latexit>

bkg. metric EOM: R̄µ⌫ � 1
2 ḡµ⌫R̄+ ⇤ḡµ⌫ = 1

M2
P
T̄µ⌫

bkg. inflaton EOM: ⇤�̄� V 0(�̄) = 0

Then the backgrounds obey the usual equations of motion (EOM) for an inflationary cosmology:

(mirroring condition)

<latexit sha1_base64="upREjbz38lk131FD9qhvdJOjobY=">AAACF3icZY5JS8NAHMVn6lbrFvWoh2AvHqQkUhQEoSiIuEAVu4BTwmT6TxyarTOTYgn5IH4Rr97Eq0e/jV0i0vSdHr/3/osdeVwqw/jBhYXFpeWV4mppbX1jc0vb3mnKMBYMGiz0QtG2qQSPB9BQXHnQjgRQ3/agZfcux3lrAELyMHhSwwg6PnUD7nBG1QhZ2juxqUjc1EqIH5MgTvVzfYKcWaTgVSVXj620pI9E+v2YdjNKg276R6apcgRliZkm95Y7io6mG0n0wlPLnWz7Lzj5gqMT6Md8MNOq51ta2agYE+nzxsxMGWWqW9oN6YYs9iFQzKNSPptGpDoJFYozD9ISiSVElPWoC4k/zJzMcwXCl+PjZv7UvGkeV8yTSvWhWq6dZW8U0R46QIfIRKeohq5RHTUQw/v4At/iO/yGP/An/ppWCzib2UUzwt+/Ls2bLg==</latexit>

ḡµ⌫ = f̄µ⌫ = FRW and 1
Mg

�̄g = 1
Mf

�̄f ⌘ 1
MP

�̄
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Change variables
<latexit sha1_base64="ywO99MCHKAzHGdYdXQv5Mp7dtjg=">AAAC+XichY/LSsNAFIYn463WW6tLN4MVEWxLIkVXhYIbEYQK9gJOCZPpJIbmZmYSKCHP4dqduPVpfBmxttGkbcQzm5/znzPf+TXPMrmQ5Q8JrqyurW8UNotb2zu7e6Xyfpe7gU9Zh7qW6/c1wpllOqwjTGGxvuczYmsW62mjq2+/FzKfm65zL8YeG9jEcEzdpERMWmpZesZC9wmNlDi6VTHhIka4igI1wnaAnSBGJ6iJsjN6jB5T92zOM6bLo9QuYlRF+Ckgw4nMA4XpbDPnqwyptnjFPAnjPwg4JL73aKpBXpKMb+Rm+XH1bBQ8e9V/iGFupJSXl+iXp5Yqcl2eFloWSiIqIKm2WrrBQ5cGNnMEtQjnD4rsiUFEfGFSi8VFHHDmEToiBovscaL4Yl8w3+bxBK4sopZF97yuXNQbd41Kq5GcUQCH4AicAgVcgha4Bm3QAVT6hMewBuswgi/wFb7NRqGU7ByAuYLvXzTV59Q=</latexit>

1
M⇤

uµ⌫ = 1
Mf

hµ⌫ + 1
Mg

kµ⌫ , 1
M⇤

vµ⌫ = 1
Mg

hµ⌫ � 1
Mf

kµ⌫
1

M⇤
'u = 1

Mf
'g +

1
Mg

'f , 1
M⇤

'v = 1
Mg

'g � 1
Mf

'f

<latexit sha1_base64="2EFRL5fXIAOUWCUIIGVpgfVKt8A="></latexit>

L(2)
massive = L(2)

vv + L(2)
v 'v

+ L(2)
'v'v

L(2)
vv = � 1

2r�vµ⌫r�vµ⌫ +rµv
⌫�r⌫v

µ
� �rµv

µ⌫r⌫v +
1
2rµvrµv

+
⇣
R̄µ⌫ � 1

M2
P
rµ�̄r⌫ �̄

⌘⇣
vµ�v ⌫

� � 1
2v

µ⌫v
⌘

� 1
2m

2
�
vµ⌫vµ⌫ � v2

�
,

L(2)
v 'v

= 1
MP

h�
rµ�̄r⌫'v +r⌫ �̄rµ'v

��
vµ⌫ � 1

2 ḡ
µ⌫v

�
� V 0(�̄)'vv

i
,

L(2)
'v'v

= � 1
2rµ'vrµ'v � 1

2V
00(�̄)'2

v .

<latexit sha1_base64="IXubzvsc+TiHIT+ksS31kKvJpME=">AAAFmnichVRdb9MwFM1GAqN8rINHeLBWaeu0rWqqCR4Q0jReQDCpoLWbNDfBcb0SzXYyJx6aovDOr+EVfgr/BjdJnaQfwk/WPfeee86JWy+kfhR3u3/X1u+Z1v0HGw8bjx4/ebrZ3Ho2jAIpMBnggAbiwkMRoT4ng9iPKbkIBUHMo+Tcu343xc9viYj8gJ/FdyEZMTTh/pWPUaxK7pa5DT9hRJ2k3dtL3QQKBhiKIkqiKAU74C </latexit>

L(2)
massless = L(2)

uu + L(2)
u'u

+ L(2)
'u'u

L(2)
uu = � 1

2r�uµ⌫r�uµ⌫ +rµu
⌫�r⌫u

µ
� �rµu

µ⌫r⌫u+ 1
2rµurµu

+
⇣
R̄µ⌫ � 1

M2
P
rµ�̄r⌫ �̄

⌘⇣
uµ�u ⌫

� � 1
2u

µ⌫u
⌘
,

L(2)
u'u

= 1
MP

h�
rµ�̄r⌫'u +r⌫ �̄rµ'u

��
uµ⌫ � 1

2 ḡ
µ⌫u

�
� V 0(�̄

�
'uu

i
,

L(2)
'u'u

= � 1
2rµ'urµ'u � 1

2V
00(�̄)'2

u .

Quadratic action

(massless spin-2 graviton + inflaton perturbation) (massive spin-2 + inflaton perturbation)

<latexit sha1_base64="hI+9DW7Vyc8TU+2u7+9w9sMvv8g=">AAAB/XicdY7LSgMxGIWTeqv1NurSzWg3U9QyU4q6EQpuRFxUtBcw7ZBJ4xiauZikpWUIvohbd+LWZ/FtnLYjqMWz+jj/+TnHizmTyrY/YW5hcWl5Jb9aWFvf2NwytneaMhoIQhsk4pFoe1hSzkLaUExx2o4FxYHHacvrX0zurSEVkkXhnRrHtBNgP2QPjGCVWq7xcmuem4iFykT7JgqwehRB0tPd6shERyaST0Ilx8jDIvG1nloe87k1ixLMk2vtfr8FWEpOpdTdxKqUtHn4b4oN6Y+QoiOVpBOowGSySuppiyi5RtEu21OZ8+BkUASZ6q5xhXoRGQQ0VISnPfeOHatOgoVihFNdQANJY0z62KdJMM5I/vXTIYHUabnzt2oempWyc1Ku3lSLtbNsRh7sgQNgAQecghq4BHXQAATmoAUdWIHP8BW+wfdZNAezn13wS/DjC+bDkec=</latexit>

S =

Z
d4x

p
�ḡ

�
L(2)
massless + L(2)

massive + interactions
�



<latexit sha1_base64="RruJgcXr+6wpJS0TSX7rueNEPPg=">AAABaHicZY7LTsJAFIbP4A3xVnRhjBtDN66aqSG4JbIxrjCxgLGkmY5HnDDTTmamTQjhKdzqg/kKPoWo3Qjf6st/zsl/Ui2FdZR+ktrG5tb2Tn23sbd/cHjkNY8HNi8Mx4jnMjejlFmUIsPICSdxpA0ylUocptPez3xYorEizx7cTONYsUkmXgRnbhk9xiUz+lUkZeL5NKC/XKxLWIkPFf3Eu4ufc14ozByXzNqnkGo3njPjBJe4aMSFRc34lE1wrmaV2dXcoVF2sSwPV6vWZXAVhJ2gfd/2uzfVG3U4hxZcQgjX0IVb6EMEHBS8wTt8wBfxyCk5+1utkermBP5BWt9jcFtg</latexit>'v
<latexit sha1_base64="jIzP/m/DurPtk8idv1RIMchv/vc=">AAABaHicZY7LTsMwEEXH5VXKK8ACITao2bCKHFSVbQUbxKpIpC0iVeSYoVi1E8t2KlVVv4ItfBi/wFdQwBvaszq6M6M7uZbCOko/SW1tfWNzq77d2Nnd2z8IDo96tqwMx4SXsjSDnFmUosDECSdxoA0ylUvs5+Obn3l/gsaKsnhwU41DxUaFeBGcuUX0mE6Y0a8iq7IgpBH95XxVYi8heLpZcJc+l7xSWDgumbVPMdVuOGPGCS5x3kgri5rxMRvhTE292eXcoVF2viiPl6tWpXcZxe2odd8KO9f+jTqcQRMuIIYr6MAtdCEBDgre4B0+4IsE5ISc/q3WiL85hn+Q5jdidFtf</latexit>'u

<latexit sha1_base64="5qF2b+cMK9Ekh1rXpkm0crRopps=">AAABaXicZY7LSsNAFIbP1Futt1Q3ohsxG1chI0W3RTfiqoJpi6aEyXgsQ+cSZiaFEvoWbvW9fAZfQqvZ2H6rj/+cw3/yQgrn4/iTNNbWNza3mtutnd29/YOgfdh3prQcE26kscOcOZRCY+KFlzgsLDKVSxzkk9vFfDBF64TRj35W4EixsRavgjP/Ez1NsypVZarLeRaEcRT/crYqtJYQanpZcJ++GF4q1J5L5twzjQs/qpj1gkuct9LSYcH4hI2xUrPa3HLu0Sq3KKfLVavSv4zoVdR56ITdm/qNJpzCOVwAhWvowh30IAEOGt7gHT7gi7TJMTn5W22Q+uYI/kHCbxjpW/k=</latexit>vµ⌫
<latexit sha1_base64="PBmpbxqfP4tGw0tdbSMwBLnVx8Q=">AAABaXicZY7LSsNAFIbP1Futt1Q3ohsxG1chkVK3RTfiqoJpi6aEyXgsQ2cmw1yEEvoWbvW9fAZfQqvZ2H6rj/+cw38KLbh1cfxJGmvrG5tbze3Wzu7e/kHQPhzY0huGKStFaUYFtSi4wtRxJ3CkDVJZCBwW05vFfPiKxvJSPbiZxrGkE8VfOKPuJ3r0eZVJnyk/z4MwjuJfzlYlqSWEmn4e3GXPJfMSlWOCWvuUxNqNK2ocZwLnrcxb1JRN6QQrOavNLucOjbSL8mS5alUGl1HSjTr3nbB3Xb/RhFM4hwtI4Ap6cAt9SIGBgjd4hw/4Im1yTE7+VhukvjmCf5DwGxfkW/g=</latexit>uµ⌫

<latexit sha1_base64="PwvtXqQOCaarLTRQTTb4WOH1XWs=">AAABgHicZY67TsNAEEVnwyuEl4GSAgs3KcDYKAJEFYkGUQWEk0ixZa03g7XK+sHuGimyXPI1tPAx/A1JcENyq6N7Z+ZOlAuutOP8kMba+sbmVnO7tbO7t39gHB71VVZIhh7LRCaHEVUoeIqe5lrgMJdIk0jgIJrcz/PBO0rFs/RFT3MMEhqn/JUzqmdWaJyW/uJIKXFcmb56k7q8iGd0bj6P4qAKDcuxnYXMVXBrsKBWLzQe/X HGigRTzQRVauQ6uQ5KKjVnAquWXyjMKZvQGMtkWpNa9jXKRM3L3eWqVehf2e613XnqWN3b+o0mnMAZtMGFG+jCA/TAAwYf8Alf8E0apE0uifs32iD1zjH8E7n7BUciY1o=</latexit>p
�g R[g]

<latexit sha1_base64="iAgSjgxOLih7WSTyuzbUU+FyPXQ=">AAABgXicZY5LS8NAFIXvtD5qfUVduglmo6AhKUUFNwU34qqKaQtNCJPxpgydPJyZCCVk669xq//Ff2Nbs7E9q49z7r3nRrngSjvOD2k0Nza3tls77d29/YND4+h4oLJCMvRYJjI5iqhCwVP0NNcCR7lEmkQCh9H0fpEP31EqnqUvepZjkNBJymPOqJ5boWGW/vJIGYkCK9NXb1KXV/GcLs3ncRxUoWE5trOUuQ5uDRbU6ofGo/+asSLBVDNBlRq7Tq6DkkrNmcCq7RcKc8qmdIJlMqtJrfoaZaIW5e5q1ToMOrZ7bXefulbvtn6jBadwBufgwg304AH64AGDD/iEL/gmTXJBHNL5G22QeucE/onc/QLiQGPP</latexit>p
�f R[f ]

<latexit sha1_base64="4qLBU8Tux/X54AgMy7HDXZ3g7Eg=">AAABjHicZY7NSsNAFIXv1L9atUZdugl2U1FLUoIKIhQEEVcV7A+YUibjNQ6dJOPMRChDH8KncauP4dvY1mxsz+rjnHvvuZEUXBvP+yGlldW19Y3yZmVre6e66+ztd3WWK4YdlolM9SOqUfAUO4YbgX2pkCaRwF40upnlvXdUmmfpoxlLHCQ0TvkLZ9RMraFzYsP5EStzJQVO3FC/KWPP4imdut16mFDzGkW2PzmeDJ2a1/DmcpfBL6AGhdpD5z58zlieYGqYoFo/+Z40A0uV4WzaVQlzjZKyEY3RJuOC9KJvUCV6Vu4vVi1Dt9nwzxvBQ1BrXRZvlOEQjqAOPlxAC+6gDR1g8AGf8AXfpEoCckWu/0ZLpNg5gH8it79HIWh/</latexit>p
�g V (X)

<latexit sha1_base64="IkDd2UF9UBaaAFTJwq9P+iuYbPA=">AAABjHicZY7NSsNAFIXv1L9atUZduglmI6ghkaCCCAVBRFxUMG3BlDAZr3Ho5MeZiVBCHsKncauP4dvY1mxsz+rjnHvvuVEuuNKO80MaS8srq2vN9dbG5lZ729jZ7amskAx9lolMDiKqUPAUfc21wEEukSaRwH40up7m/XeUimfpox7nOExonPIXzqieWKFxVAazI2UmaRpjZQbqTeryJJ7QsRkkVL8yKsr7Koyr0LAc25nJXAS3BgtqdUPjLnjOWJFgqpmgSj25Tq6HJZWaM4FVKygU5pSNaIxlMq5JzfsaZaKm5e581SL0Tm33zPYePKtzUb/RhH04gENw4Rw6cAtd8IHBB3zCF3yTNvHIJbn6G22QemcP/onc/AKpF2ji</latexit>p
�gLg

<latexit sha1_base64="yPsoDpiw7BnpddAwzEIMhYUq4Yo=">AAABinicZY7NSsNAFIXv1L9aq0Zduglmo6AhKcUf3BR0IeKigmkLpoTJeFOHTn6cmQgl5Bl8Grf6HL6Nbc3G9qw+zrn3nhtmgivtOD+ktrK6tr5R32xsNbd3do29/Z5Kc8nQY6lI5SCkCgVP0NNcCxxkEmkcCuyH45tZ3n9HqXiaPOlJhsOYjhIecUb11AqMk8KfHyk0UlGavnqTujiLpnRq+jHVr4yK4qEMojIwLMd25jKXwa3AgkrdwLj3X1KWx5hoJqhSz66T6WFBpeZMYNnwc4UZZWM6wiKeVKQWfY0yVrNyd7FqGXot2z23249tq3NZvVGHQziCY3DhAjpwB13wgMEHfMIXfJMmaZErcv03WiPVzgH8E7n9BWfKZ/Y=</latexit>p
�f Lf

Inflationary bigravity with 
minimal coupling to matter

After linearizing on equal 
FRW backgrounds

<latexit sha1_base64="2n09+lCeQNRLyj3plEu+HKIvPBE=">AAABaXicZY7LTsMwEEXH5VXKK4UNgg0iG1ZRgqqyrcoGsSoSaStIFTlmiKzajmU7SFXUv2Bb/otv4CegkA3tWR3dmdGdTAtuXRh+ksbG5tb2TnO3tbd/cHjktY+HtigNw5gVojDjjFoUXGHsuBM41gapzASOsuntcj56Q2N5oR7dTONE0lzxV86o+4me8rRKZJmocp56fhiEv1ysS1SLDzWD1LtPXgpWSlSOCWrtcxRqN6mocZwJnLeS0qKmbEpzrOSsNruaOzTSLsuj1ap1GV4HUTfoPHT8Xr9+ownncAlXEMEN9OAOBhADAwXvsIAP+CJtckrO/lYbpL45gX8Q/xsJnlvq</latexit>gµ⌫
<latexit sha1_base64="PrWz/kazMT8p0JpSNlb+b3o5Q3Y=">AAABaXicZY7LSsNAFIbP1Futt1Q3ohsxG1chI0W3RTfiqoJpi6aEyXhahs4lzEyEEvoWbvW9fAZfQqvZ2H6rj/+cw3/yQgrn4/iTNNbWNza3mtutnd29/YOgfdh3prQcE26kscOcOZRCY+KFlzgsLDKVSxzk09vFfPCK1gmjH/2swJFiEy3GgjP/Ez2NsypVZarLeRaEcRT/crYqtJYQanpZcJ++GF4q1J5L5twzjQs/qpj1gkuct9LSYcH4lE2wUrPa3HLu0Sq3KKfLVavSv4zoVdR56ITdm/qNJpzCOVwAhWvowh30IAEOGt7gHT7gi7TJMTn5W22Q+uYI/kHCbwiZW+k=</latexit>

fµ⌫

<latexit sha1_base64="9XyMlcTowPNZFFSRm20POFA91FE=">AAABZXicZY7LTsMwEEXH5VUKhfAQGxYgsmEVOVUF2wo2iFWRSFqJVJFjhmDqJJbtIFVV/4Et/BlfwG9QwBvaszq6M6M7mZLCWEo/SWNldW19o7nZ2tpu7+x6e/uxqWrNMeKVrPQwYwalKDGywkocKo2syCQOsvH1z3zwitqIqry3E4WjguWleBKc2XkUJ+pZpHnq+TSgv5wuS+jEB0c/9W6Tx4rXBZaWS2bMQ0iVHU2ZtoJLnLWS2qBifMxynBYTZ2Yxt6gLM5uXh4tVyxJ3gvAi6N51/d6Ve6MJx3AG5xDCJfTgBvoQAYcXeIN3+IAv0iaH5OhvtUHczQH8g5x8A5qsWeo=</latexit>

�g
<latexit sha1_base64="Bg2WS+MANhVwgDO62OvgBNyww1A=">AAABZXicZY7LTsMwEEXH5dFSKISH2LAAkQ2ryEEVbCvYIFZFImklUkWOmRZTO7Fsp1JV9R/Ywp/xBfwGBbKhPaujOzO6k2kprKP0k9TW1jc2642t5vZOa3fP2z+IbVEajhEvZGH6GbMoRY6RE05iXxtkKpPYy8a3P/PeBI0VRf7ophoHio1yMRScuUUUJ/pFpMPU82lAfzlblbASHyq6qXefPBe8VJg7Lpm1TyHVbjBjxgkucd5MSoua8TEb4UxNK7PLuUOj7HxRHi5XrUp8GYRXQfuh7XduqjcacALncAEhXEMH7qALEXB4hTd4hw/4Ii1yRI7/VmukujmEf5DTb5mwWek=</latexit>

�f

+ interactions

<latexit sha1_base64="OamSBjyobdQiL1Sf3owVhbPS4K8=">AAABp3icZY7LSgMxFIZP6q3eR126KXbTgpaZUtRlQRARwQr2Ak4dMvFYQ5OZMUmVEvJGPo070YexrbOx/Vff+c/lP3EmuDa+/0UKS8srq2vF9Y3Nre2dXW9vv6PTkWLYZqlIVS+mGgVPsG24EdjLFFIZC+zGw4tpv/uGSvM0uTfjDPuSDhL+zBk1EyvyLm04O2Jjlb4nrhTqV2XsSRhTZQduUh+XQknNC6PC3rhoxkpaSbUWqLV7tJV61bnIK/s1f6bSIgQ5lCFXK/Kuw6eUjSQmhonJsYfAz0zfUmU4E+g2wpHGjLIhHaCV45z0vG9QST0ND+ajFqFTrwWntcZdo9w8z98owiEcQQUCOIMmXEEL2sDgAz7hG35IldySDun9jRZIvnMA/0ToL7EDdN8=</latexit>p
�ḡL(2)

massless

<latexit sha1_base64="IvXUx7hwylGBCri7YWebOYzSNmk=">AAABpnicZY5NT8JAEIZn8Qvxq+rRC5ELJkpaQtQjiTExxhhMLJBYrNt1hA27bd1dSMimv8hf41H9MwL2IrynZ2beeWeiVHBtXPeLFFZW19Y3ipulre2d3T1n/6Ctk5Fi6LNEJKobUY2Cx+gbbgR2U4VURgI70fBqNu+MUWmexI9mkmJP0n7M3zijZtoKnWsbzENsIvgYs3Kg35WxZ0FEle1n0/q0HEhqBowKe5eFc1bSSqr1zP9sq/WTLAudiltz5yovg5dDBXK1Quc2eE3YSGJsmJhmPXluanqWKsOZwKwUjDSmlA1pH62c5KQX+waV1LPj3uKpZWjXa955rfHQqDQv8zeKcATHUAUPLqAJN9ACHxh8wCd8ww+pknvik86ftUDynUP4J/LyC/QHdFk=</latexit>p
�ḡL(2)

massive


