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motivation
making dark matter 

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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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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what to call it?

a 2018 play by Martin McDonagh



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
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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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scalar spectator
inflationary quantum fluctuations
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Energy spectrum of inflationary fluctuations
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Let’s turn up the mass … 
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comoving Hubble length: dH = 1/aH

comoving Compton length: dC = 1/am
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Takeaway

For models with m ~~ Hinf, most of the energy is carried by 
modes that are on the Hubble scale at the end of inflation.

Getting accurate predictions for the total particle number, 
requires a more careful modeling of:

1. The end of inflation & transition into the reheating epoch
2. The evolution of the spectator field & its energy
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spin-0 particles
example: alpha attractor
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[Ling & AL (2101.11621)]Example: alpha attractor
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Scalar spectator (dark matter)

covariant action

a harmonic oscillator with 
time-dependent frequency
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Figure 4: The spectrum of spin-0 particles arising from gravitational particle production in an ↵-
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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
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n in units of

a
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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
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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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Figure 7: The predicted isocurvature power spectrum �
2

S(k). As the spectator mass is raised from

m�/m� ⌧ 1 to m�/m� & 1, the spectrum’s low-k tail changes from a red spectral tilt (red-colored

curves) to a blue spectral tilt (blue-colored curves). For this example we take the T-model ↵-attractor

with m� ⇡ 6⇥ 10
�6

Mp and ↵ = 3.

the strongest constraints come from Planck,5 which correspond to �2

S(kcmb) < �2

S(kcmb)max =
7.3 ⇥ 10�11 at a pivot scale of kcmb = 0.002 Mpc�1a0. The pivot scale corresponds to roughly
kcmb/aeHe ⇠ e�50 ' 2⇥ 10�22 where we’ve used Eq. (6). To compare our numerically-evaluated
isocurvature at 10�4 . k/aeHe with these constraints we perform a power-law extrapolation
to low-k. This extrapolation is expected to be very reliable, since the Hubble parameter only
changes by a factor of 1 . H50/H10 < 2.1 across this range of modes.

4.5 Constraints

We summarize our constraints on this model in Fig. 8. Here, the dashed curves give the points
in the {m�,↵} parameter space where the relic abundance constraint ⌦h2 = 0.12 is satisfied
exactly; namely, the dashed curves show the cases in which �makes up all the dark matter. Since
gravitational particle production a3n/a3eH

3

e decreases as m� is increased, every point on the left
of the dashed curves are excluded, and for each ↵ we obtain a lower limit on m�. From the figure
we can conclude that the constraint on m� is the strongest as ↵ ! 1, and it grows weaker as

5
Here we have used �iso(klow) < 0.035 at 95%CL (“axion I” Planck TT, TE, EE+lowE+lensing) [2] where

�iso = �
2
S/(�

2
⇣+�

2
S) and �

2
⇣ = As ' 2.1⇥10

�9
. Planck provides limits on several di↵erent models of axion-type

isocurvature. The “axion I” model was chosen since it implies an isocurvature spectral index of nII �1 ⇡ 0, and

this is comparable to the isocurvature spectral index that we obtained numerically, 0.4.
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going non-minimal [Kolb, AL, McDonough, & Payeur (2022)],    [Garcia, Pierre, & Verner (2023)]

18

0 0.05 0.1 0.15 1
6

0.2

ª

10°2

10°1

100

m
¬
/H

e

10°4 10°3 10°2 10°1 100 101 102 103 104

≠¬h2

0.12
106GeV

TRH

10°2 10°1 100 101 102 103

ª

10°17

10°12

10°7

10°2

103

108

1013

m
¬

[G
eV

]

m¬ = Hend

Treh < TBBN

Treh > Tmax

Is
oc

ur
va

tu
re

Lyman-Æ

isocurvature constraints on ultra-light scalar GPP 
can be avoided by introducing 

a “small” non-minimal coupling to gravity
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CGPP for particles w/ spin
spin-0 (scalar field)

spin-1/2 (spinor field)

spin-1 (vector field)

spin-3/2 (vector-spinor field)

spin-2 (tensor field)
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Alexander, Jenks, McDonough (2020)
Kolb, Ling, AL, & Rosen (2302.04390) 

Chung, Kolb, & Riotto (1998)
Kuzmin & Tkachev (1998)
Herring, Boyanovsky, & Zentner (2020)
Brandenberger, Kamali, & Ramos (2023)

Kuzmin & Tkachev (1998)
Chung, Everett, Yoo, & Zhou (2011)
Hashiba, Ling, & AL (2206.14204)

Dimopoulos (2006) – not for DM;  Graham, Mardon, & Rajendran (2016); 
Ahmed, Grzadkowski, & Socha (2020); Kolb & AL (2009.03828)

Kallosh, Kofman, Linde, & Van Proeyen  (1999);   Giudice, Riotto, & Tkachev  (1999);  Lemoine (1999); 
Kolb, AL, & McDonough (2102.10113); Kaneta, Ke, Mambrini, Olive, Verner (2023)
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<latexit sha1_base64="Wq7mRc14J6YUSLyQ1iJx/I986Pk=">AAACdHicbY9LT8JAFIWn9YX4AlzqYrQxwSikRaIrE6Ib40aM8kgYaIZhgAnTRzpTI2nqX3GrP8k/4loKTUXwrk7mO+eeO12XMyF1/UtRV1bX1jdSm+mt7Z3dvUw2VxeO7xFaIw53vGYXC8qZTWuSSU6brkex1eW00R3dRrzxQj3BHPtZjl3atvDAZn1GsJw8mVkl99QamgGyfGT7YRteQ8RsCdERRH6vU4avEJ1DdMMGvAULSPY9TAIjDEohRC72JMPcRHxS18Pwd03COgnrJOxsLmn5U2L7sW9+qx2xicMM3hJaWM4uNM5yUcn/t0apufOsmfkhP+xcnE7/6bWhmdH0oj4duCyMWGggnqqZuUc9h/gWtSXhWIiWobuyHUQlhNMwjXxBXUxGeEADaxwrsfguqWeJcFJuLFYti3qpaFwWy49lrVKJz0iBA3AM8sAAV6AC7kAV1ABRxsq78qF8Kt/qoaqpJzOrqsSZffBn1OIPrRO7fQ==</latexit>

S[hµ⌫ ] =

Z
d4x

h
� 1

2@�hµ⌫@
�
h
µ⌫ + @µh

⌫�
@⌫h

µ
� � @µh

µ⌫
@⌫h+ 1

2@µh@
µ
h+O(h3)

i

Covariant action for metric field gµn

General relativity
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Linearize around Minkowski spacetime
<latexit sha1_base64="HgAfsj1QtHg/m/rqj7F/ESsi7xc=">AAABm3icZY5bS8NAEIVn663WS6M+ihDsi6CUpBQFQQj0RYpCBdMW3BI267Qu3VzY3Qgl5L/4a3zVV/+NVQPF9jx9c84MZ8JUCm0c54tU1tY3Nreq27Wd3b39unVw2NdJpjj6PJGJGoZMoxQx+kYYicNUIYtCiYNw2vnJB6+otEjiRzNLcRSxSSzGgjMztwLrehLkNMponBX2jU3RsMV8blMzVoznrSK/D3qFTS/sl0UcWA2n6fzKXgW3hAaU6gVWlz4nPIswNlwyrZ9cJzWjnCkjuMSiRjONKeNTNsE8mpWkl32DKtLFvNxdrlqFfqvpXjbbD+2G55VvVOEYTuEMXLgCD26hBz5weIN3+IBPckI6pEvu/lYrpLw5gn8i/jc8Tm36</latexit>

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>�
�hµ⌫ = @µ⇠⌫ + @⌫⇠µ

�

<latexit sha1_base64="IfLjYg5jbFE/rfvmQJD16726UxY=">AAABknicZY7LSgNBFERvx1eMr/Gxc9OYTQQJMyEoCEIkGxEXEZwkYMehp70mTXoedPcIIeQ7/Bq3+g3+jRMdBJNaHarqUjdMlTTWdb9IaWV1bX2jvFnZ2t7Z3XP2D7omybRAXyQq0f2QG1QyRt9Kq7CfauRRqLAXjtvzvPeK2sgkfrCTFAcRH8byRQpucytwPBbKoapRdkZH9IoytPxpyqKMxdmMjoI/zPN5U5/SwKm6dfdHdBm8AqpQqBM4t+w5EVmEsRWKG/PouakdTLm2UiicVVhmMOVizIc4jSYFmUXfoo7MLB/3FqeWoduoe+f15n2z2qoVb5ThGE6gBh5cQAtuoAM+CHiDd/iAT3JELsk1af9WS6S4OYR/Inffiu1o8g==</latexit>�
h = ⌘µ⌫hµ⌫

�

<latexit sha1_base64="3pcV59gHdhEI++SubcTkf6OnX8M=">AAABk3icZY7NSsNAFIXv1L9afxoVV26CEakgISlFF26KuhBBqGDagilhMl7L0MkPMxOxhLyHT+NWX8G3Ma3Z2J7Vd889l3PDVHClHeeH1FZW19Y36puNre2d3aaxt99XSSYZeiwRiRyGVKHgMXqaa4HDVCKNQoGDcHIz2w/eUCqexE96muIoouOYv3JGdWkFRtsP+Vi0TP/c9DW+61xLGqvZBZr+qVlODAUqVcwTZVaeBYbl2M5c5jK4FVhQqRcY9/5LwrIIY80EVerZdVI9yqnUnAksGn6mMKVsQseYR9OK1KKvUUaqKMvdxapl6Ldt98LuPHas7kn1Rh2O4Bha4MIldOEOeuABgw/4hC/4JofkilyT279ojVQ3B/BP5OEX+lVqHA==</latexit>�
transverse & traceless

�

<latexit sha1_base64="UKXR0sndiU9TOP1EiJu9ZZY4iv0=">AAABunicZY7LTsJAFIZP8YZ4oerSzSgbF0paQnSjCdGNMTHBCxfTKc10GJoJ04szUyNp+mw+hw/gVl9BwG6Ef/Wd//9PzvETwZW2rE+jtLK6tr5R3qxsbe/sVs29/a6KU0lZh8Yiln2fKCZ4xDqaa8H6iWQk9AXr+eObWd57Y1LxOHrWk4S5IQkiPuKU6KnlmS9PTuBlOExxlOYuukKYRxrhI4TT4aCJ3hE+RVi9Sp2dBfl8uOaBcBDWI0loZudZI0f3XnvQmIWPTuDOG9JFnlmz6tZcaBnsAmpQqO2Zd3gY0zRkkaaCKOXYVqLdjEjNqWB5BaeKJYSOScCycFKQWvQ1k6HKp8ftxVPL0G3U7fN686FZa7WKN8pwCMdwAjZcQAtuoQ0doPABX/ANP8al4RvcGP9VS0axcwD/ZOhfXEh3Mw==</latexit>

S[gµ⌫ ] =

Z
d4x

p
�g

h
1
2M

2
P R[g]

i



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

<latexit sha1_base64="cWhIYR4AnUWyV4/HVVKkPQ9+jMk="></latexit>

SFP[hµ⌫ ] =

Z
d4x

h
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⌫�@⌫h
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µ⌫@⌫h+ 1
2@µh@
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Try to add mass terms

Adding a mass

22

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)
<latexit sha1_base64="QHuwVs1VEdLhSYXqEot/KtI7YAU=">AAAB9nicZU5LT8JAGNzFF+Kr6tFLlYvRSFqDeDIh8WI8YSKPxJJmu3zAhm632d0aSbM/w6s349W/42/xIsUGBeY0mW/mmwnikCntOF+4sLK6tr5R3Cxtbe/s7ln7By0lEkmhSUUoZCcgCkIWQVMzHUInlkB4EEI7GN1m9/YzSMVE9KjHMXQ5GUSszyjRE8m3Xod+6vHEixJje4px2635Hid6KHlKBY9FBJFWxr6w/3Q15hy0ZDSTU286IpXQM7Y78wxIMgCTGar//kVKS8Iibeyb+eDVzNQTfWN8q+xUnCnsZeLmpIxyNHzr3usJmvDJWBoSpZ5cJ9bdlEjNaAim5CUKYkJHZAApH+dMLeoaJFdZubtYtUxalxW3Vqk+VMv1ej6jiI7QCTpFLrpGdXSHGqiJKPrGx/gMn+MX/Ibf8cevtYDzzCGaA/78Acf5ks4=</latexit>

hµ⌫ ⇠ 16components � 6symmetric � 1gauge � 4constraint = 5dof

<latexit sha1_base64="63V/wdp0LeHeiV69ZDl69Pp3dyI=">AAAB7HicZY7LSsNAFIZn6q3WW9SFCzdTu3GhJQlFV0LRjbiqaC/QScJkOm2HTiYhMxFLyBO4dSdufScfwzcwrUGx/eHAx3/+c/EjwZU2zU9YWlldW98ob1a2tnd294z9g44Kk5iyNg1FGPd8opjgkrU114L1opiRwBes609uZv3uE4sVD+WjnkbMCchI8iGnROeWZ7zgAROaoIf+2EtxkGCZZA66QphLjXAV4WTgNtAzwmcIX/OR6KNzhPUwJjS1stTOUOBZro3+htHY/cWlqD2P5m03rxnJnGQyXx07nlEz6+ZcaBmsAmqgUMsz7vAgpEnApKaCKNW3zEg7KYk1p4JlFZwoFhE6ISOWBtOC1KKvWRyoLD9uLZ5aho5dty7qjftGrdks3iiDY3ACToEFLkET3IIWaAMKvuARRLAKJXyFb/D9J1qCxcwh+Cf48Q2mPIlB</latexit>
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<latexit sha1_base64="EGa0DJWv0E16PXEj5dW9GHuOJ3I="></latexit>

S[hµ⌫ ] =
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d4x
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Going to FRW background – failed attempt

23

(Fierz-Pauli action)

try promoting Minkowski derivatives 
to FRW covariant derivatives

<latexit sha1_base64="RHKUTrrMcKlgfF5mIQQQs3mIxLo=">AAAB53icdY47T8MwFIXt8irlFcpYhoguLFQJqsqEVIkBxFQk+pBwiW5c01q1nSh2kKoqKysbYuVn8R/4EbhtBmjhLP50zrm+N4wF18bzPnFhbX1jc6u4XdrZ3ds/cA7LHR2lCWVtGoko6YWgmeCKtQ03gvXihIEMBeuG46tZ3n1mieaRujeTmPUlDBV/4hSMtQLnhSgIBQRE2JkBuKNgSmRKVJq5ly6JITEcxF/pmUuuQUqwziK0QfZIklE0b9n3n5r6WbOfWczcwKl6NW8udxX8HKooVytwbskgoqlkylABWj/4Xmz609m9VLCsRFLNYqBjGLKpnOSkl33DEqkzu9xfXrUKnfOa36jV7+rVZiM/o4gq6ASdIh9doCa6QS3URhR94TKu4GPM8St+w++LagHnM0fol/DHN4YSi2g=</latexit>

r�hµ⌫ = @�hµ⌫ � �⇢
�µh⇢⌫ � �⇢

�⌫hµ⇢

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.  

<latexit sha1_base64="HCaz5ewuTedjmNaKgXFqCZXPq+g=">AAABsnicZY5LS8NAFIXv1Fetr6hLN4N1URFKUoquhIIbcdWCfaBTwmR6rUMnD2YmYgn9Xf4WF271b5hoFtqe1eE7995zg0RJY133nVTW1jc2t6rbtZ3dvf0D5/BoYOJUC+yLWMV6FHCDSkbYt9IqHCUaeRgoHAazmyIfvqA2Mo7u7TzBccinkXySgtsc+U6PBXKqGpRRNkFlOX32MxamLEoX9JqyhGsrufJzRNmr9HNOL/7gqMRFTItT+tx36m7T/RFdNV5p6lCq6zt3bBKLNMTICsWNefTcxI6zokIoXNRYajDhYsanmIXz0pllblGHZpGXe8tVq2bQanqXzXavXe+clW9U4QROoQEeXEEHbqELfRDwBh/wCV+kTR4IJ+J3tELKnWP4J6K+ATvUdng=</latexit>�
�hµ⌫ = @µ⇠⌫ + @⌫⇠µ

�

<latexit sha1_base64="S75c7Vpxe7UoaDA1PSg6gChJJ9A="></latexit>
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Successful attempt
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Let’s add a matter sector
<latexit sha1_base64="fsTYgN+d+OQCbDDbRBU+KKaqZxo=">AAAB/nicZY5LTwIxFIVb8YH4Ql26qbKBRMgMEl2ZEN0YExN88EjoMOmUMjZ0HrYdI5lM4h9x68649a/4bwQcTYCz+s499/bUCQVX2jC+4VJmeWV1Lbue29jc2t7J7+61VBBJypo0EIHsOEQxwX3W1FwL1gklI54jWNsZXk7y9jOTigf+gx6FzPKI6/MBp0SPR3b+7b7r2jH2IuxHiYXOEea+RvgQ4ajfq6EXhI8RVk9Sx2U3mZoL7oouwnogCY3NJK4m6MZu9KqT8K7rWqg8G7q9v+cR9okjiD22CIeP/N/7qS+jVnECpWmLtJCdLxgVYyq0CGYKBZCqYeevcT+gkcd8TQVRqmsaobZiIjWngiU5HCkWEjokLou9UUpqfq6Z9FQyLjfnqxahVa2Yp5Xaba1Qr6ffyIIDcASKwARnoA6uQAM0AYUZWIJVeAJf4Tv8gJ+/q0swvdkHM4JfPyg1jb8=</latexit>

S[gµ⌫ ] =

Z
d4x

p
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1
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2
P R[g]� 1

2g
µ⌫rµ�r⌫�� V (�)

i

Linearize around an FRW background
<latexit sha1_base64="mhhpDy6ChWDADkJd5Q/Kut1VsoQ=">AAABr3icZY5LSwMxFIXv1Fetj466dBPspqKUmVJ0JRTciKBUsA8w7ZiJ6RCaeZBk1BLyr/wzutUfYtVBsT2rj3PuveeGmeBKe96rU1paXlldK69XNja3tqvuzm5PpbmkrEtTkcpBSBQTPGFdzbVgg0wyEoeC9cPJ+Vfef2RS8TS51dOMDWMSJXzMKdEzK3Cvo8DgOMdJbtEZwiGRJrK/1ghr9qwNVhTVx/Lp0KIjhPVYEmqa1lwFHYvwMcr/TgRuzWt430KL4BdQg0KdwL3EDynNY5ZoKohSd76X6aEhUnMqmK3gXLGM0AmJmImnBal5XzMZKzsr9+erFqHXbPgnjdZNq9ZuF2+UYR8OoA4+nEIbLqADXaDwAm/wDh+O7/SdkXP/M1pyip09+CeHfwLjZnaS</latexit>

gµ⌫ = ḡ(FRW)
µ⌫ + 2

MP
uµ⌫ and

<latexit sha1_base64="1SQC0k6cxpq+3zYnC8Pk7KxK7TM=">AAABj3icZY5LS8NAFIXv1Fetr1SXboLdVISQSGlXSsCNuqpgH+DUMBlv69DJg5lJtYT8C3+NW/0T/htbycb2rD7OuZdzwlQKbVz3h1Q2Nre2d6q7tb39g8Mjq37c10mmOPZ4IhM1DJlGKWLsGWEkDlOFLAolDsLpzTIfzFBpkcSPZp7iKGKTWIwFZ2ZhBZZD01dhX9k0ZCpfcvFMDb6bnGpuN8fq7bywL2w6Y2qRBVlgNVzH/ZO9Dl4JDSjVDax7+pLwLMLYcMm0fvLc1IxypozgEosazTSmjE/ZBPNoXpJe9Q2qSBeLcm+1ah36l47XdloPrYbvlzOqcApn0AQPOuDDLXShBxw+4BO+4JvUSYdck/K2QsqfE/gncvcLOfZpFQ==</latexit>

� = �̄(FRW) + 'u

<latexit sha1_base64="IXubzvsc+TiHIT+ksS31kKvJpME="></latexit>
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(massless spin-2 graviton + inflaton perturbation)

Resulting quadratic action
<latexit sha1_base64="2EFRL5fXIAOUWCUIIGVpgfVKt8A="></latexit>
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(massive spin-2 + inflaton perturbation)
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Another approach:  ghost-free bigravity

25

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>✓
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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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a hilltop model of inflation
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<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
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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!



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

CGPP for tensor & vector sectors

30

10°8

10°6

10°4

10°2

100

102

104

a3
n

k
/(

a e
H

e)
3

Minimally-coupled theory, tensor sector

k°3/2

k3

k°9/2

m = 2.0
p

2 Hinf

m = 5.0
p

2 Hinf

m = 10.0
p

2 Hinf

m = 20.0
p

2 Hinf

m = 21.0
p

2 Hinf

10°1 100 101 102

comoving wavenumber k/(aeHe)

10°8

10°6

10°4

10°2

100

102

104

a3
n

k
/(

a e
H

e)
3

Minimally-coupled theory, vector sector

k°3/2

k3

k°9/2

m = 2.0
p

2 Hinf

m = 5.0
p

2 Hinf

m = 10.0
p

2 Hinf

m = 20.0
p

2 Hinf

m = 21.0
p

2 Hinf

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
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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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low-k modes have familiar dS solution
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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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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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d t

t2→2

d tf
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f
f

f

c

c

c

c

[Basso, Chung, Kolb, AL (2022]

interference between annihilation channels
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k + �(3!2)
k + · · ·

number density spectrum:

Bogolubov coefficient:

stationary phase approx.:

The basic idea:

What’s getting calculated?

The inflaton field is in a state of indefinite particle number (coherent state).  
Many-to-two scatterings will interfere with one another.  
This explains the wiggly features in spectra – they are interference fringes.  



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

Quantum interference fringes

35

Basso, Chung, Kolb, AL [2209.01713]

Analytic results:
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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 "
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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 �
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be chosen to be H, ⌅, and a defined by limits as t ! 1 in eqs. (A.10), (A.11), and (A.12),

– 9 –



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

Quantum interference fringes

36

Basso, Chung, Kolb, AL [2209.01713]

Numerical validation:
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What about the scalar sector?

(longitudinal polarization: l = 0)
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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
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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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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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Beware of ghosts

40

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

41
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• 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.

Notable features:
1. Larger amplitude than T- or V-sectors
2.  Lowering mass raises amplitude
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Implications for spin-2 dark matter

42

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

Relic abundance
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MIAPbP Workshop

Munich
June 24 – July 19, 2024

register now:
deadline is 

this Sunday, Oct 22!



Andrew Long   (Rice University)Gravitational production of massive spin-2 45

Question:  if dark matter only interacts gravitationally, how was it produced?
Quantum fluctuations during or at the end of inflation (i.e., CGPP) can do it!

Things I talked about:  
• Constraining CGPP dark matter with CMB isocurvature (spin-0, minimally-coupled to gravity)
• A theory of massive spin-2 particles on an FRW background (connections to bigravity)
• CGPP interpretation as inflaton annihilations during reheating
• Effect of quantum interference leading to “fringes” in the energy spectrum
• Predicted relic abundance of massive spin-2 particles
• FRW-generalization of the Higuchi bound

Things I’d like to talk about:
• Other theories of massive spin-2 (Kaluza Klein, string Regge trajectories)
• Observational signatures of CGPP (isocurvature, non-Gaussianity, lab tests)
• Implications for other relics (baryogenesis, dark radiation)

Summary
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Massless scalar spectator
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A massive Proca field in FRW
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Vectors evolve differently while 
nonrelativistic & outside the horizon
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Differentiating vectors & scalars [Graham, Mardon, & Rajendran (2015)]

Vectors are suppressed toward low k.
Most power carried at k*
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Relic abundance [Kolb & Long (2020)],  see also:  [Ahmed, Grzadkowski, & Socha (2020)]

All the spin-1 dark matter is produced 
gravitationally for Hinf < 1014 GeV & m > µeV
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Numerical results – spectra
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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.  

10°2

100

102

104

106

a3
n

k
/(

a e
H

e)
3

Minimally-coupled theory, scalar ¶

k°9/2m = 2.0
p

2 Hinf

m = 5.0
p

2 Hinf

m = 10.0
p

2 Hinf

m = 20.0
p

2 Hinf

m = 21.0
p

2 Hinf

10°1 100 101 102

comoving wavenumber k/(aeHe)

10°2

100

102

104

106

a3
n

k
/(

a e
H

e)
3

Both theories, scalar 'u



nightmare scenario
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A “nightmare” scenario?

58

no signatures at
direct D, indirect D, colliders 
… scary !!??

v DM
 ~ 200 km

/s

1903.00492 Carney, Ghosh, Krnjaic, Taylor
1908.04797 Carney, Hook, Liu, Taylor, Zhao

Impulsive detection: gravitational detection of 
heavy DM (M_pl scale), composites, maybe 
lighter WIMPy things?

Monochromatic detection: ultra-light DM 
(m << 1 eV)

direct detection

The Windchime Project
(snowmass w.p.: 2203.07242)

cosmological signatures

    CDM-Photon 
    Isocurvature

*image: http://danielgrin.net

Theoretically 
Compellilng

You can’t turn off gravity!
I II

spontaneously
broken SUSY

UV-completion

fine-tuning 
or symmetry

*Baumann & McAllister 1404.2601
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m ⇠ Hinf
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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!

a field is an oscillator
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