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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:  

how do we use gravity 
to make dark matter?
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Can dark matter be created from gravity?

• Yes, via gravitational collapse into a PBH

• Yes, via Hawking radiation from an evaporating PBH

• Yes, via graviton-mediated thermal freeze in

• Yes, via graviton-mediated inflaton/moduli decay

• Yes, via graviton-mediated inflaton/moduli annihilation

• Yes, via inhomogeneous cosmological spacetimes

• Yes, via cosmological expansion in an FRW spacetime

collectively, we call these gravitational particle production (GPP),
& distinguish the last as cosmological gravitational particle production (CGPP)
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Can dark matter be created from gravity?

• Yes, via gravitational collapse into a PBH

• Yes, via Hawking radiation from an evaporating PBH

• Yes, via graviton-mediated thermal freeze in

• Yes, via graviton-mediated inflaton/moduli decay

• Yes, via graviton-mediated inflaton/moduli annihilation

• Yes, via inhomogeneous cosmological spacetimes

• Yes, via cosmological expansion in an FRW spacetime

collectively, we call these gravitational particle production (GPP),
& distinguish the last as cosmological gravitational particle production (CGPP)
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Hawking (1971);  Hawking & Carr (1974);  + many others
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Can dark matter be created from gravity?

• Yes, via gravitational collapse into a PBH

• Yes, via Hawking radiation from an evaporating PBH

• Yes, via graviton-mediated thermal freeze in

• Yes, via graviton-mediated inflaton/moduli decay

• Yes, via graviton-mediated inflaton/moduli annihilation

• Yes, via inhomogeneous cosmological spacetimes

• Yes, via cosmological expansion in an FRW spacetime

collectively, we call these gravitational particle production (GPP),
& distinguish the last as cosmological gravitational particle production (CGPP)
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Fujita, Kawasaki, Harigaya (2014);  Lennon, March-Russel, Petrosian-
Byrne, Tillim (2017);  Morrison, Profumo, Yu (2018);  Allaverdi, Dent, 

Osinski (2018);  Hooper, Krnjaic, McDermott (2019)

PBH 
evaporates dark sector 

is populated
graviton
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Can dark matter be created from gravity?

• Yes, via gravitational collapse into a PBH

• Yes, via Hawking radiation from an evaporating PBH

• Yes, via graviton-mediated thermal freeze in

• Yes, via graviton-mediated inflaton/moduli decay

• Yes, via graviton-mediated inflaton/moduli annihilation

• Yes, via inhomogeneous cosmological spacetimes

• Yes, via cosmological expansion in an FRW spacetime

collectively, we call these gravitational particle production (GPP),
& distinguish the last as cosmological gravitational particle production (CGPP)
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Garny, Sandora, Sloth (2015);  Chianese, Fu, King (2020,21);  Redi, Tesi, Tillim 
(2020);  Garcia, Kaneta, Mambrini, Olive, Verner (2021);  Clery, Mambrini, 

Olive, Sherkin, Verner (2022); Barman & Bernal (2021)

SM plasma
@ T ~ TRH

dark sector 
is populated

graviton
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inflaton 
condensate

Can dark matter be created from gravity?

• Yes, via gravitational collapse into a PBH

• Yes, via Hawking radiation from an evaporating PBH

• Yes, via graviton-mediated thermal freeze in

• Yes, via graviton-mediated inflaton/moduli decay

• Yes, via graviton-mediated inflaton/moduli annihilation

• Yes, via inhomogeneous cosmological spacetimes

• Yes, via cosmological expansion in an FRW spacetime

collectively, we call these gravitational particle production (GPP),
& distinguish the last as cosmological gravitational particle production (CGPP)
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dark sector 
is populated

SM radiation

graviton
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Can dark matter be created from gravity?

• Yes, via gravitational collapse into a PBH

• Yes, via Hawking radiation from an evaporating PBH

• Yes, via graviton-mediated thermal freeze in

• Yes, via graviton-mediated inflaton/moduli decay

• Yes, via graviton-mediated inflaton/moduli annihilation

• Yes, via inhomogeneous cosmological spacetimes

• Yes, via cosmological expansion in an FRW spacetime

collectively, we call these gravitational particle production (GPP),
& distinguish the last as cosmological gravitational particle production (CGPP)
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Ema, Jinno, Mukaida, Nakayama (2016);  Ema, Nakayama, Tang (2019a,b);  
Clery, Mambrini, Olive, Verner (2021);  Barman & Bernal (2021)

inflaton 
condensate

dark sector 
is populated

graviton
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Can dark matter be created from gravity?

• Yes, via gravitational collapse into a PBH

• Yes, via Hawking radiation from an evaporating PBH

• Yes, via graviton-mediated thermal freeze in

• Yes, via graviton-mediated inflaton/moduli decay

• Yes, via graviton-mediated inflaton/moduli annihilation

• Yes, via inhomogeneous cosmological spacetimes

• Yes, via cosmological expansion in an FRW spacetime

collectively, we call these gravitational particle production (GPP),
& distinguish the last as cosmological gravitational particle production (CGPP)
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Maleknejad & Kopp (2024a,b);  Garani, Redi, Tesi (2024, 25)
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Can dark matter be created from gravity?

• Yes, via gravitational collapse into a PBH

• Yes, via Hawking radiation from an evaporating PBH

• Yes, via graviton-mediated thermal freeze in

• Yes, via graviton-mediated inflaton/moduli decay

• Yes, via graviton-mediated inflaton/moduli annihilation

• Yes, via inhomogeneous cosmological spacetimes

• Yes, via cosmological expansion in an FRW spacetime

collectively, we call these gravitational particle production (GPP),
& distinguish the last as cosmological gravitational particle production (CGPP)
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CGPP for any particle species:  Parker (1969, 76);  applications to dark 
matter:  Kuzmin & Tkachev (1999);  Chung, Kolb, Riotto (1999);  Ahmed, 

Grzadkowski, Socha (2020);  nice reviews:  Ford (2021);  Kolb & Long (2023)



let’s focus on:

cosmological gravitational 
particle production (CGPP)

<latexit sha1_base64="6MW5qhJ2arcHW8AAVGsXybANOuc=">AAABY3icZY7LSgMxFIZP6q22XsbqTgRxNnUzZKTotuCmuKrgtAVbSiYea2gyCUlGKKWv4FZfzQfwPbSaje23+vjPOfwnN1I4T+knqWxsbm3vVHdr9b39g8PoqNFzurQcM66ltoOcOZSiwMwLL3FgLDKVS+zn09vlvP+K1gldPPiZwZFik0I8C878MmJNfzmOYprQX87XJQ0SQ6A7ju6GT5qXCgvPJXPuMaXGj+bMesElLmrD0qFhfMomOFezYG4192iVW/yUp6tV69K7StLrpHXfitud8EYVTuECmpDCDbShA13IgMMLvME7fMAXqZMGOflbrZBwcwz/IGffF4tYnw==</latexit>

a(t)
cosmological 

expansion
particles 

produced
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Ĥ(t)
time-dependent 

Hamiltonian
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An analogy with 1D quantum mechanics

x

ψ
U

Spring constant is varied 
slowly (adiabatically)

Spring constant is varied 
abruptly (non-adiabatically)

spring constant
a field is an oscillator

16
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An analogy with 1D quantum mechanics
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spring constant
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An analogy with 1D quantum mechanics
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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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Getting a feel for the numbers

21

Consider CGPP occurring at the end of inflation

scale of inflation:        mf ~ Hinf ~ He
scale of dark matter:  mc

Dimensional analysis implies:

one particle per 
Hubble volume

Relic abundance today:
<latexit sha1_base64="ZjvZCcZyAPz7EeQTIfg9LrzfzXA=">AAAB5nicZU67TgJBFJ3BF+Jr0U6ajTTQrDtI1JLEQmIjJvJIXNjMjpdlwuwjM4ORbLa0tTO2/pbf4E8I6zbCae65556Tc71YcKVt+xsXNja3tneKu6W9/YPDI6N83FPRTDLoskhEcuBRBYKH0NVcCxjEEmjgCeh705vlvf8CUvEofNTzGIYB9UM+5ozqheQab859AD51HTbh5mTUMB0axzJ6NR2P+6Jm2hYxx9ki69lYis5YUpYEWShNiG06t9BL/86yPkrSFWfbhaVtlJBGuuq9OF9orlG1LTuDuU5ITqooR8c17pzniM0CCDUTVKknYsd6mFCpOROQlpyZgpiyKfUhCeY5U6u6BhmodFFOVqvWSa9hkUur+dCstq7zN4qogs5QDRF0hVqojTqoixj6wWV8iit4gt/xB/78sxZwnjlB/4C/fgFw6YXL</latexit>

!ωh
2 →

(
0.1f

)( mω

10 GeV

)(
He

1012 GeV

)3/2
<latexit sha1_base64="Juae06ydVb4B7rN6syB1kZEnCHA=">AAABzXicZY5LT8JAFIVn8IX4qrp008gGNrUlDbIkcSFxIya8Egeb6XjBCdNHZqYGUuvW/+fOf+JSKN0IZ3NPzv1uzvVjwZW27R9c2tnd2z8oH1aOjk9Oz4zzi4GKEsmgzyIRyZFPFQgeQl9zLWAUS6CBL2Doz+5W++E7SMWjsKcXMYwDOg35hDOql5FniJ5HNMx1ShQz5VtmEhrHMpqbxOdTUTNblmsSzQNQpmO/pI67JO5hkK9lPR8rjEwkZWnHgyzNscYay9aArC+jm0bmGVXbsnOZ28YpTBUV6nrGA3mNWBJAqJmgSj07dqzHKZWaMwFZhSQKYspmdAppsCic2sw1yECtyp3Nqm0zaFhO03Kf3Gq7VbxRRlfoGtWQg25RG3VQF/URQ9/oF2Ncwo84wR/4c42WcHFzif4Jf/0Bqkp9RQ==</latexit>

TRH →
(
8.4↑ 1014 GeV

)( He

1012 GeV

)1/2

assuming instant RH:  

Lessons learned:
• faster expansion (big He) è more particles, 
so CGPP strongest during inflation / end of inflation 

• mass è  need not be superheavy,
so CGPP threatens to overproduce stable relics

(NB:  f contains additional mc dependence)

(NB:  te & He = “end” of inflation)

<latexit sha1_base64="y2zFQkNDrVaeCN/p1010gTlmgfY=">AAABi3icZY7NSsNAFIXv1L9arUZduhnsphWpSVtURKEgQnFVwf6AqWEy3rZDJ8mQmQil9B18Grf6Gr6NsWZje1Yf59zLOb6SQhvb/ia5tfWNza38dmFnt7i3bx0cdnWUxBw7PJJR3PeZRilC7BhhJPZVjCzwJfb8yd1v3nvDWIsofDJThYOAjUIxFJyZ1PKs09Bz+ViUjYcVektbHr7UqXtGh+VgEdBzmoIaiwr1rJJdtReiq+BkUIJMbc96cF8jngQYGi6Z1s+OrcxgxmIjuMR5wU00KsYnbISzYJqRXvYNxoGep+XOctUqdGtV56LaeGyUmlfZjDwcwwmUwYFLaEIL2tABDu/wAZ/wRYqkTq7Jzd9pjmQ/R/BP5P4HTNdk6g==</latexit>

nω(te) = H
3
e f(mω/mε)



people are asking:  

• observables?  relic abundance, particle energy spectrum, power 
spectrum of inhomogeneities (i.e., isocurvature), non-Gaussianity, 
secondary grav waves, cosmic rays from late-time decay … 

• d.m. dependence?  dark matter mass & spin, nonminimal dark 
matter gravitational interaction, dark matter self-interaction … 

• inf. dependence?  model of inflation, i.e. connection with UV 
embedding, duration of inflation, model of reheating temp & EOS …



what should we call DM that only interacts gravitationally?



a 2018 play by Martin McDonagh

what should we call DM that only interacts gravitationally?



Can spin-0 dark matter 
arise from CGPP?

yes! … but isocurvature
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Scalar Dark Matter CGPP

26

inflationary quantum fluctuations
light scalar spectator (mc < Hinf)

<latexit sha1_base64="wC6hNB5lmI9HBu5wMYxN5nvrJBw=">AAABh3icZY7LTsJAFIbP4A3wQtWlm8YmxhW0hKBL1A1xhYkFEoc00+EAE2baZmYwIQ1v4NO41RfxbUTtRvhWX/5zTv4TZ1IY6/tfpLSzu7d/UK5UD4+OT2rO6VnfpAvNMeSpTPUwZgalSDC0wkocZhqZiiUO4vnDz3zwitqINHm2ywxHik0TMRGc2XUUOVd0jNIyl/KZcKkRyu1GVDE70yoXyWTlNtwmzUTkeH7d/8XdlqAQDwp6kfNIxylfKEwsl8yYl8DP7Chn2goucVWlC4MZ43M2xVwtCzObuUWtzGpdHmxWbUu/WQ/a9dZTy+vcF2+U4QIu4RoCuIEOdKEHIXB4g3f4gE9SIQ3SJrd/qyVS3JzDP8jdN2q7ZYs=</latexit>

ωε → Hinf/2ϑ

stores energy efficiently
field is frozen outside the horizon

review:  [Kolb, Long (2023)]
see talks by Marcos Garcia & Oleg Lebedev
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ωω → m2
ωε

2 → a0

cosmological energy fraction
easily makes up all the dark matter
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inflaton & spectator fluctuations 
don’t align in space

prediction: dark matter isocurvature

*image: http://danielgrin.net

CMB observations consistent with 
completely adiabatic perturbations

Planck 2018 upper limit on isocurvature
<latexit sha1_base64="ivAzt6tP5iuTnVMOhLLwkYEhBSE=">AAABm3icZY7NTsJAFIVv8Q/xr+rSmDSywYVNB4kY44IEF4a4wGiBxEIzHa846UzbdAYT0vRdfBq3uvVtFOlGOKvvnntvzgkSwZV2nG+jtLK6tr5R3qxsbe/s7pn7Bz0VT1KGLotFnA4CqlDwCF3NtcBBkiKVgcB+ELZn+/4bporH0aOeJjiUdBzxF86o/rV888q7QaGp70mqXxkV2UM+qtfC+ZzKjMkgP7WuraZ9bnmaS1QWcUbZGSG5b1Yd2/mTtQykgCoU6vpmx3uO2URipJmgSj0RJ9HDjKaaM4F5xZsoTCgL6RgzOS1ILfoaU6lm4WQxahl6dZtc2I37RrV1WdQowxGcQA0INKEFt9AFFxi8wwd8wpdxbLSNjnE3Py0Zxc8h/JPh/gD0f2yv</latexit>
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S(kcmb) < 7.3⇥ 10�11
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kcmb = 0.002 Mpc�1a0
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isocurvature is a problem for scalar CGPP
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1. Consider a heavy spectator instead:  mc = O(1) Hinf

2. Consider a nonminimal coupling:  Lint = x c2 R

3. Consider a long period of inflation:  Nefold >> 60

4. Consider a self-coupling:   Lint = l c4

5. Consider a coupling to the inflaton:   Lint = g f2 c2
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[Ling & AL (2101.11621)]
see also:  [Chung, Kolb, Riotto, Senatore (2004)]

[Garcia, Pierre, Verner (2023)]
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WIMPzilla!
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dark matter mass: mω [GeV]
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1. Consider a heavy spectator instead:  mc = O(1) Hinf

2. Consider a nonminimal coupling:  Lint = x c2 R

3. Consider a long period of inflation:  Nefold >> 60

4. Consider a self-coupling:   Lint = l c4

5. Consider a coupling to the inflaton:   Lint = g f2 c2
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[Kolb, AL, McDonough, & Payeur (2022)],    [Garcia, Pierre, & Verner (2023)]
see also:  [Markkanen, Rajantie, & Tenkanen (2018);   Tenkanen (2019)]

isocurvature avoidance
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ω ↭ 0.04
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it’s not a bug, it’s a feature!
future CMB observations will 

search for DM isocurvature
projected sensitivity of CMB-S4

40 Inflation

The mixture of isocurvature modes is determined by whether or not baryon number, lepton number, and
CDM are produced before, by, or after curvaton decay. Curvaton-type isocurvature is distinct from axion
isocurvature, because it is correlated (or anti-correlated) with `. If lepton number is produced by curvaton
decay, the lepton chemical potential �lep is important in setting the amplitude of NDI modes [207, 217, 218]:

S⌫⇣ = �
135

7

P
�lep



2

`⇣ . (2.43)

There are 27 distinct curvaton decay scenarios, since baryon number, lepton number, and CDM could each
be produced before, by, or after curvaton decay. Viable models are those in which one of baryon number or
CDM is produced by curvaton decay, and those in which both baryon number and CDM are produced after
curvaton decay. For curvaton-decay scenarios, we use the notation (byb , cyc , LyL), where the subscripts run
over yi ⇠ {before, by, after}. Here b denotes baryon number, c denotes CDM, and L denotes lepton number.
For example, (bbefore, cby, Lby) is a model in which baryon number is produced before curvaton decay, CDM
by curvaton decay, and lepton number by curvaton decay.

Current isocurvature limits favor values of rD � 1, except for models in which baryon number is produced
by curvaton decay and CDM before (or vice versa), which favor central values of rD � 0.16 (rD � 0.84).

The current limits [219] on rD are shown in Table 2-3, along with a forecast of CMB-S4’s sensitivity to rD via
isocurvature modes. There is dramatic improvement in the (bby, cbefore, Lby) and (bbefore, cby, Lby) scenarios
because of the accompanying NDI perturbations. One unusual case is the (bafter, cafter, LyL) scenario. Here the
isocurvature component just constrains the degenerate combination [219] �D ⌧ [1 + �

2
lep/(2) (1/rD � 1)]�1,

while the independent constraint to �
2
lep is driven by the CMB limit on the e↵ective number of relativistic

degrees of freedom (Ne↵).

Isocurvature scenario Planck CMB-S4

�rD/r
adi
D

�rD/r
adi
D

(bby, cbefore, LyL) 0.03 0.005

(bbefore, cby, LyL) 0.01 0.004

(bby, cafter, LyL) 0.04 0.01

(bafter, cby, LyL) 0.008 0.002

(bby, cby, LyL) 0.007 0.002

��D/�
adi ��D/�

adi

(bafter, cafter, LyL) 0.003 0.0004

��
2
lep ��

2
lep

(bby, cbefore, Lby) 0.02 0.002

(bbefore, cby, Lby) 0.4 0.04

(bby, cafter, Lby) 0.3 0.04

(bafter, cby, Lby) 0.3 0.04

(bby, cby, Lby) 0.3 0.04

(bafter, cafter, Lby) 0.3 0.04

Table 2-3. Isocurvature constraints on rD and `2
lep, both at (95% CL) using Planck TT+BAO+LowP

data [219] in viable curvaton decay-scenarios, and Fisher forecasts for CMB-S4 sensitivity.

CMB-S4 Science Book

significant improvement expected

large isocurvature 
can source other signals

e.g., secondary gravitational waves

table:  [CMB-S4 Science Book (2017)]
[Domenech, Passaglia, Renaux-Petel (2021)]
[Ebadi, Kumar, McCune, Tai, Wang (2023)]

 [Domenech, Trankle (2025)]
figure:  [Garcia & Verner (2025)]
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see talk by Marcos Garcia this afternoon



Can spin-1 dark matter 
arise from CGPP?

yes! … mostly L-polarization
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cosmological energy fraction
easily makes up all the dark matter

[Graham, Mardon, Rajendran (2016]
figure:  [Ahmed, Grzadkowski, Socha (2020)]

figure:  [Kolb, AL (2020)]
[Gross, Karamitsos, Landini, Strumia (2020)]
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energy depletes during inflation 
after modes leave the horizon
b/c inverse metric in the mass term

<latexit sha1_base64="8o4ijYwvMcuSeC3+VjOBGJQ7Rl8=">AAABm3icZY5NT8JAEIZn8Qvxq+rRmKxy8aCkJUQTT1QuhnjAxAKJC812XXHDbtvsbk1Iw3/x13jVq/9GkF6E9zB55p2ZvBOlUhjruj+otLa+sblV3q7s7O7tHziHR12TZJrxgCUy0f2IGi5FzAMrrOT9VHOqIsl70bg1n/feuTYiiZ/sJOUDRUexeBWM2pkVOrdEvyWhj4kRCqvQH9YxucSjYU5URuJsiskZ9sNZM69xttijw/yqPg2dqltz/4RXwSugCoU6odMmLwnLFI8tk9SYZ89N7SCn2gom+bRCMsNTysZ0xHM1Kcgs+5ZrZebh3nLUKnTrNe+61nhsVJt3xRtlOIFzuAAPbqAJ99CBABh8wCd8wTc6RS3URg+L1RIqbo7hn1DwCyrIbB8=</latexit>

ωA → m2
A gµωAµAω → a→2

low-momentum modes 
carry less energy

spectrum is automatically  blue-tilted
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dω/d ln k → k2

[Graham, Mardon, Rajendran (2016]
figure:  [Ahmed, Grzadkowski, Socha (2020)]

[Kolb, AL (2020)]
[Gross, Karamitsos, Landini, Strumia (2020)]

Figure 7: Expectation value of the number density per ln k as a function of wavevector k at
a = aı for DM vector boson with mass in the range Hrh Æ mX < HI (left-panel) and mX < Hrh
(right-panel). Di�erent colors correspond to di�erent values of equation of state parameter w.
Grey dashed (dotted) lines indicate k = kı(krh) while colored dashed lines refer to k = ke for
corresponding value of w. For k < kı the number density increases as k

2, while for kı < k < ke it
is proportional to k

3(w≠1)
1+3w . Here we take HI = 1013 GeV, “ = 10≠3, mX = 108 GeV (left-panel),

mX = 103 GeV (right-panel).

and only if wœ(≠1/3, 1). A similar peak structure was also observed in [15] with standard
cosmological history assuming instantaneous reheating and radiation dominated universe
after the end of inflation. In this case, dÈnL(aı)Í/d ln k is dominated by modes with k ≥kı.
In Fig. 8 we compare the exact numerical results (solid curves) with the approximate
analytic form [(3.18a)-(3.18b)] (dashed curves) of the number density per ln k as a function
of k for w = 0, 1/3 at a=aı. As seen from the plots the exact numerical results agree very
well with the approximate analytic solutions.

The total number density ÈnL(aı)Í for the case of heavy vector DM, Hrh Æ mX < HI,
at the moment when H(aı)=mX is given by,

Èn
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where in the last approximation we have assumed that wœ(≠1/3, 1) such that
1

HI

mX

2 1≠w

1+w

∫1.
Note that we have introduced a cut-o� at � = ke, so only modes that exit the horizon dur-
ing inflation and re-enter during reheating contribute to the total number/energy density.
Moreover, these sub-horizon modes, i.e. k > ke, do not receive any tachyonic enhancement
and hence their contribution would have been suppressed. For the case of light vector DM,

– 23/34 –

isocurvature is negligible at CMB scales!
prediction:  small-scale isocurvature
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Can spin-2 dark matter 
arise from CGPP?

yes! … but ghosts
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Tensor Dark Matter CGPP – earlier work

Babichev et al
only considered thermal freeze in 

after inflation

36

Alexander et al
only considered maximal helicity 

in a dS background

[Babichev et al (2016)]
[Alexander, Jenks, McDonough (2020)]

[Kolb, Ling, AL, Rosen (2023)]

our paper
first comprehensive study of CGPP 

for massive spin-2 particles 
in an inflationary background
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Perform a scalar-vector-tensor (SVT) decomposition
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vµ⌫(⌘,x) ⇠ massive spin-2
⇠ (helicity � = ±2) � (helicity � = ±1) � (helicity � = 0)
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Perform a scalar-vector-tensor (SVT) decomposition

Tensor sector
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�00
k,�(⌘) + !2

k(⌘)�k,�(⌘) = 0 for � = ±2

<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="SwAUBmezX1jgIAz0HOz+LR24UCc=">AAABkXicZY7LSgNBEEWr4yvGR0azdNOYTUSMMyEoLoSgG9FNBPMAJw49bRma6Z5pujtCCPkNv8at/oN/46izMblQxeFWFbdiLYV1vv9FSiura+sb5c3K1vbObtXb2+/bbGI49ngmMzOMmUUpUuw54SQOtUGmYomDOLn+mQ9e0ViRpQ9uqnGk2DgVL4Izl1uR54eZwjGLkqdWI0THjuglzZkeU5Z3lddJTqHWRiikp5RFXt1v+r+iyxAUUIdC3ci7DZ8zPlGYOi6ZtY+Br91oxowTXOK8Ek4sasYTNsaZmhZkF32HRtl5Hh4sRi1Dv9UMzprt+3a90y7eKMMBHEIDAjiHDtxAF3rA4Q3e4QM+SY1ckA65+lstkeKmBv9E7r4BHmlmyw==</latexit>

ω2
k(ε) = k2 + a2m2 → a→→/a
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<latexit sha1_base64="SwAUBmezX1jgIAz0HOz+LR24UCc=">AAABkXicZY7LSgNBEEWr4yvGR0azdNOYTUSMMyEoLoSgG9FNBPMAJw49bRma6Z5pujtCCPkNv8at/oN/46izMblQxeFWFbdiLYV1vv9FSiura+sb5c3K1vbObtXb2+/bbGI49ngmMzOMmUUpUuw54SQOtUGmYomDOLn+mQ9e0ViRpQ9uqnGk2DgVL4Izl1uR54eZwjGLkqdWI0THjuglzZkeU5Z3lddJTqHWRiikp5RFXt1v+r+iyxAUUIdC3ci7DZ8zPlGYOi6ZtY+Br91oxowTXOK8Ek4sasYTNsaZmhZkF32HRtl5Hh4sRi1Dv9UMzprt+3a90y7eKMMBHEIDAjiHDtxAF3rA4Q3e4QM+SY1ckA65+lstkeKmBv9E7r4BHmlmyw==</latexit>

ω2
k(ε) = k2 + a2m2 → a→→/a

Tensor Dark Matter CGPP – polarizations
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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="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
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Tensor Dark Matter CGPP – polarizations
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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="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

<latexit sha1_base64="SwAUBmezX1jgIAz0HOz+LR24UCc=">AAABkXicZY7LSgNBEEWr4yvGR0azdNOYTUSMMyEoLoSgG9FNBPMAJw49bRma6Z5pujtCCPkNv8at/oN/46izMblQxeFWFbdiLYV1vv9FSiura+sb5c3K1vbObtXb2+/bbGI49ngmMzOMmUUpUuw54SQOtUGmYomDOLn+mQ9e0ViRpQ9uqnGk2DgVL4Izl1uR54eZwjGLkqdWI0THjuglzZkeU5Z3lddJTqHWRiikp5RFXt1v+r+iyxAUUIdC3ci7DZ8zPlGYOi6ZtY+Br91oxowTXOK8Ek4sasYTNsaZmhZkF32HRtl5Hh4sRi1Dv9UMzprt+3a90y7eKMMBHEIDAjiHDtxAF3rA4Q3e4QM+SY1ckA65+lstkeKmBv9E7r4BHmlmyw==</latexit>

ω2
k(ε) = k2 + a2m2 → a→→/a
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Tensor Dark Matter CGPP – numerical results
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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!

spectra:  [Kolb, Ling, AL, Rosen (2302.04390)]
scattering:  [Chung, Kolb, AL (1812.00211)]

interference:  [Basso, Chung, Kolb, AL (2209.01713)]
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<latexit sha1_base64="Y/rF0iLZcCzNnMUzD8vcjsDWOHc=">AAACAHicnY7LSsNAFIZnqtVab1GXbgYLUim2SakKglBwI64q2As4NUympyU0k4kzk2Ip3fgibt2JW9/EtzG2cWG784dz+DiX/xwvCnxtbPsLZ1ZWs2vruY385tb2zq61t9/SMlYcmlwGUnU8piHwQ2ga3wTQiRQw4QXQ9obXP/32CJT2ZXhvxhF0BRuEft/nzCQl13qlBp7NxECopSIauJHqckqOCX2KWY9QKWDA3OFjtUjBsBNyRRImJcKSLJI4TYhGkfIFkAojlJL83HE0s/qXY//XsdInrlWwy/ZMZBmcFAooVcO1bmlP8lhAaHjAtH5w7Mh0J0wZnwcwzdNYQ8T4kA1gIsYp6cW6ASX0NDnuLJ5ahla17JyXa3e1Qr2WvpFDh+gIFZGDLlAd3aAGaiKOs7iEa/gMv+A3/I4/5qMZnO4coD/Cn9/Stoy7</latexit>

tensor sector: ω2
k(ε) = k2 + a2m2 → a→→/a

vector sector: ω2
k(ε) = k2 + a2m2 → f →→/f

Tensor Dark Matter CGPP – numerical results
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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!

equal for nonrelativistic modes

spectra:  [Kolb, Ling, AL, Rosen (2302.04390)]
scattering:  [Chung, Kolb, AL (1812.00211)]

interference:  [Basso, Chung, Kolb, AL (2209.01713)]
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Tensor Dark Matter CGPP – numerical results
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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

spectra:  [Kolb, Ling, AL, Rosen (2302.04390)]
scattering:  [Chung, Kolb, AL (1812.00211)]

interference:  [Basso, Chung, Kolb, AL (2209.01713)]
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Tensor Dark Matter CGPP – numerical results

45

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!
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spectra:  [Kolb, Ling, AL, Rosen (2302.04390)]
scattering:  [Chung, Kolb, AL (1812.00211)]

interference:  [Basso, Chung, Kolb, AL (2209.01713)]
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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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interference between annihilation channels

spectra:  [Kolb, Ling, AL, Rosen (2302.04390)]
scattering:  [Chung, Kolb, AL (1812.00211)]

interference:  [Basso, Chung, Kolb, AL (2209.01713)]
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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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Tensor Dark Matter CGPP – longitudinal polarization
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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:
<latexit sha1_base64="dqdX0liXMhiB1Tn8AFSB90IKL5A=">AAAB4nicZY5LT8JAFIVnfCKKVk104WYiG1yIbUN0RULipnGFiTwSCs20XHHC9OHMVCVNF27dGbf+MX+Bf8MCdQGc1Zdz7r3nuhFnUun6D15b39jc2i7sFHf3SvsH2uFRW4ax8KDlhTwUXZdK4CyAlmKKQzcSQH2XQ8cd307zzgsIycLgQU0i6Pt0FLBH5lGVWY72ntizI4mAYUp8xxqYFRsUvUhJnZjWnAcmsV024j1ikEtiQyQZD4N5NktEn9jPMR0SW8GbSl6fQED6by2O16cXhqFKrJRckazO0cp6VZ+JrIKRQxnlajraXbbvxT4EyuNUyp6hR6qfUKGYxyEt2rGEiHpjOoLEn+Qkl30FwpdpVm4sV61C26wa19Xafa3c0PM3CugMnaMKMtANaiALNVELeegXl/AJPsVD/IE/8dd8dA3nO8doQfj7D7aBhBc=</latexit>

m
2
H
(⌘) = 2H(⌘)2

⇥
1� ✏(⌘)

⇤
where ✏(⌘) = �Ḣ/H
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Beware of ghosts

49

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

<latexit sha1_base64="KqrhbPh3OZ+6dzM/wJpOQxYfs6w="></latexit>

m
2
> m

2
H
(⌘) = 2H(⌘)2

⇥
1� ✏(⌘)

⇤
where ✏(⌘) = �Ḣ/H
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Tensor Dark Matter CGPP – longitudinal polarization

50
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Notable features:
1.Same power laws & wiggles as T/V
2.Lowering mass raises amplitude
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Tensor Dark Matter CGPP – longitudinal polarization
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Notable features:
1.Same power laws & wiggles as T/V
2.Lowering mass raises amplitude
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Tensor Dark Matter CGPP – longitudinal polarization

52
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Notable features:
1.Same power laws & wiggles as T/V
2.Lowering mass raises amplitude
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Summary:  Cosmological gravitational particle production (CGPP) arises when quantum 
fields `feel’ the homogeneous expansion of the universe during inflation or at the end of inflation.  

CGPP provides a simple explanation for the origin of dark matter (across wide mass & spin), 
and it leads to an unavoidable production of any (non-conformal) hidden-sector particles.  

Conclusions:
• CGPP can explain the origin of dark matter even if it only interacts gravitationally.  
• CGPP predicts dark matter isocurvature è constrained @ CMB scales è  a target on small scales
• CGPP explains the origin of massive spin-2 dark matter è they must be superheavy to avoid the 

Higuchi bound ghost instability

Summary & Conclusions
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Tensor Dark Matter CGPP – summary results

54

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

Relic abundance
<latexit sha1_base64="51E1AlHGVkaHHCFy3vFwsJAcjJM="></latexit>
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Highlight:  results for CGPP of spin-0 DM

59

[Garcia, Pierre, & Verner (2023)]
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see also:  [Chung, Kolb, Riotto, & Senatore (2005)] ,  [Ling & AL (2020)] ,  [Kolb, AL, 
McDonough, & Payeur (2022)] ,  [Lebedev, Solomko, & Yoon (2022)]
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Covariant action for metric field gµn

General relativity

63

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)
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hµ⌫ ⇠ 16components � 6symmetric � 4gauge � 4constraint = 2dof
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�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
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<latexit sha1_base64="cWhIYR4AnUWyV4/HVVKkPQ9+jMk="></latexit>

SFP[hµ⌫ ] =

Z
d4x

h
� 1

2@�hµ⌫@
�hµ⌫ + @µh

⌫�@⌫h
µ
� � @µh

µ⌫@⌫h+ 1
2@µh@

µh� 1
2m

2
�
hµ⌫h

µ⌫ � h2
�i

Try to add mass terms

Adding a mass

64

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>

�S[hµ⌫ ] =

Z
d4x

h
� 1

2m
2
1hµ⌫h

µ⌫ � 1
2m

2
2h

µ
µh

⌫
⌫

i
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<latexit sha1_base64="EGa0DJWv0E16PXEj5dW9GHuOJ3I="></latexit>

S[hµ⌫ ] =

Z
d4x

h
� 1

2r�hµ⌫r�hµ⌫ +rµh
⌫�r⌫h

µ
� �rµh

µ⌫r⌫h+ 1
2rµhrµh� 1

2m
2
�
hµ⌫h

µ⌫ � h2
�i

Going to FRW background – failed attempt

65

(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>

SFP[hµ⌫ ] =

Z
d4x

h
� 1

2@�hµ⌫@
�hµ⌫ + @µh

⌫�@⌫h
µ
� � @µh

µ⌫@⌫h+ 1
2@µh@

µh� 1
2m

2
�
hµ⌫h

µ⌫ � h2
�i
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Successful attempt

66

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
�g

h
1
2M

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=">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 .

(massless spin-2 graviton + inflaton perturbation)

Resulting quadratic action
<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 .

(massive spin-2 + inflaton perturbation)
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Another approach:  ghost-free bigravity

67

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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Ghost-free bigravity

68

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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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
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Example: alpha attractor
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Numerical results
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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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Numerical results
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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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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.

18

CMB isocurvature

79

*image: http://danielgrin.net

<latexit sha1_base64="ivAzt6tP5iuTnVMOhLLwkYEhBSE=">AAABm3icZY7NTsJAFIVv8Q/xr+rSmDSywYVNB4kY44IEF4a4wGiBxEIzHa846UzbdAYT0vRdfBq3uvVtFOlGOKvvnntvzgkSwZV2nG+jtLK6tr5R3qxsbe/s7pn7Bz0VT1KGLotFnA4CqlDwCF3NtcBBkiKVgcB+ELZn+/4bporH0aOeJjiUdBzxF86o/rV888q7QaGp70mqXxkV2UM+qtfC+ZzKjMkgP7WuraZ9bnmaS1QWcUbZGSG5b1Yd2/mTtQykgCoU6vpmx3uO2URipJmgSj0RJ9HDjKaaM4F5xZsoTCgL6RgzOS1ILfoaU6lm4WQxahl6dZtc2I37RrV1WdQowxGcQA0INKEFt9AFFxi8wwd8wpdxbLSNjnE3Py0Zxc8h/JPh/gD0f2yv</latexit>

�2
S(kcmb) < 7.3⇥ 10�11

<latexit sha1_base64="s5kvI9KzcIDCzGfxLSG97SyhfPc=">AAABj3icZY7NSsNAFIXv1L9a/1Jdugl248YwKaV1oxTcqCBUsD9gapiM1zp0JgkzE6GEvIVP41ZfwrexxbiwPauPc+7lnCiVwlhKv0llbX1jc6u6XdvZ3ds/cOqHA5NkmmOfJzLRo4gZlCLGvhVW4ijVyFQkcRhNrxb58A21EUn8YGcpjhWbxOJFcGbnVuh40zBQzL5qlXMVFe6FSz1Km27g/tl3KS+e8jO/cFlIQ6exyBdyV8EvoQGleqFzGzwnPFMYWy6ZMY8+Te04Z9oKLrGoBZnBlPEpm2CuZiWZZd+iVqaYl/vLVaswaHp+22vdtxrd83JGFY7hBE7Bhw504Rp60AcO7/ABn/BF6qRDLkn397RCyp8j+Cdy8wMAYmfi</latexit>

kcmb = 0.002 Mpc�1a0
<latexit sha1_base64="12JcWBoTaMpHZ43f5JFSE3TGaTA=">AAABonicZY5LT8JAFIVv8YX4oOrSzURcuBHbBh9LjBvCCqI8EovNdLzihJm2zgxG0vT3+Gvcavw3Fu1GOMlNvpxzb84NE8G1cZxvq7Syura+Ud6sbG3v7Fbtvf2+jqeKYY/FIlbDkGoUPMKe4UbgMFFIZShwEE5u5vngFZXmcXRnZgmOJB1H/IkzanIrsK8ngS+peVYyZTLMyBmhAZJWPj5NEhW/EXxIT8+djPiaS3whHvFNDpq4Th54XhbYNafu/Iosg1tADQp1ArvtP8ZsKjEyTFCt710nMaOUKsOZwKziTzUmlE3oGFM5K0gv+gaV1PNyd7FqGfpe3b2oN7qNWvOqeKMMh3AEJ+DCJTShBR3oAYN3+IBP+LKOrbbVtW7/VktWcXMA/2T5P4hWbww=</latexit>

kcmb/aeHe ⇡ e
�50 ' 2⇥ 10�22

low mass è red tilt
high mass è blue tilt

[Ling & AL (2101.11621)]
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[Ling & AL (2101.11621)]

Parameter space
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m� & (0.8� 1.6)m�

isocurvature avoidance:

<latexit sha1_base64="WngFgIsva/BikdGlt2fwUH0bc0A=">AAABdnicZY7NSsNAFIVv6l+tf1FxJUgwiK7CRIpui27EVQXTFkwJk/GaDp1JhpmJUEIfxq0+kW/i0qjZ2J7Vd889l3NTJbixhHw6rZXVtfWN9mZna3tnd8/dPxiYotQMI1aIQo9SalDwHCPLrcCR0khlKnCYTm9/9sNX1IYX+aOdKRxLmuX8hTNqaytxj2QSswn34szWIenVo5rwxPVJQH7lLUPYgA+N+ol7Hz8XrJSYWyaoMU8hUXZcUW05EzjvxKVBRdmUZljJWUNm0beopZnX5eFi1TIMLoPwKug+dP3eTfNGG47hFC4ghGvowR30IQIGFbzBO3zAl3PinDnnf9GW09wcwj855BvsnGBF</latexit>

m� & m�

WIMPzilla!
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scalar spectator mass:  mc

[Ling & AL (2101.11621)]
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going non-minimal
[Kolb, AL, McDonough, & Payeur (2022)],    [Garcia, Pierre, & Verner (2023)]

see also:  [Markkanen, Rajantie, & Tenkanen (2018);   Tenkanen (2019)]
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isocurvature constraints on ultra-light scalar GPP 
can be avoided by introducing 

a “small” non-minimal coupling to gravity
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spin-1 particles
& ultra-light vectors
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A massive Proca field in FRW

<latexit sha1_base64="nS0N0HDsjuNvLkWWpHr1JcocRKQ="></latexit>
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transverse polarization modes
<latexit sha1_base64="mnYXFqGFq0aWxraO0zPjxIzk7ow="></latexit>�
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<latexit sha1_base64="fSqJAJ/wuCee/FJMswBs0Q9gStg="></latexit>�
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longitudinal polarization modes

<latexit sha1_base64="yjdjRr6VOIxip6QoFQxZyS2P9nc="></latexit>

!2
T = k2 + a2m2

identical to a conformally-
coupled scalar

extra terms from integrating 
out time-like component
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<latexit sha1_base64="g3qOdz+I8IdXlGWc3xV1VmL/EJU="></latexit>
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Differentiating vectors & scalars
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[Graham, Mardon, & Rajendran (2015)]

Vectors evolve differently while 
nonrelativistic & outside the horizon

<latexit sha1_base64="lFfN/+i/HWdtg6cpMytk04oUuaI="></latexit>
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scalar = k2 + a2m2 + 1
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<latexit sha1_base64="Gv2Cs/T7Vmu5rg1yFJCrc9/9KvE=">AAABZHicZY7PSgMxEIcn9V+tVVeLJ0HEvXhaEln0WvAiniq4bcEtJRvHEppsliQrlNJn8KqP5gv4HFbNxfY7ffxmht8UlZLOU/pJGhubW9s7zd3WXnv/4DA6Ou47U1uBmTDK2GHBHSpZYualVzisLHJdKBwU09uf+eAVrZOmfPSzCkeaT0r5IgX3yyjLned2HMU0ob+crwsLEkOgN47u82cjao2lF4o798Ro5Udzbr0UChetvHZYcTHlE5zrWTC3mnu02i2W5Wy1al36Vwm7TtKHNO6m4Y0mnMIFXAKDG+jCHfQgAwES3uAdPuCLtEmHnPytNki46cA/yNk3JGNZhQ==</latexit>?

<latexit sha1_base64="uF3itzjMjwgNkdTijsWOg9BTlIs=">AAABjnicZY7LSsNAFIbP1Futl0ZduhnMRhBDUkJdFQtuiqsKpi2YGibjMQ6dJENmIpTSp/Bp3OpT+Da2moW2/+rjP+fwnVhJoY3rfpHaxubW9k59t7G3f3DYtI6OBzovC44Bz2VejGKmUYoMAyOMxJEqkKWxxGE8uVnOh69YaJFn92aqcJyyJBPPgjOzqCLrMlSsMILJKETDHls05C8imtALGuYpJn+aDnVpZNmu4/6EroNXgQ1V+pF1Gz7lvEwxM1wyrR88V5nxbKnkEueNsNSoGJ+wBGfptCK92hssUj1fyL1V1ToMWo7Xdvw73+761Rt1OIUzOAcPrqALPehDABze4B0+4JNYpE065Pp3tUaqmxP4F9L7BiTdZyA=</latexit>

@2
⌘�k + !2�k = 0

<latexit sha1_base64="EbmcvKhX1uc3YlZKktoe0PSmwB0=">AAABr3icZY5LT8JAFIVvfSK+qi7dNLKBRElLiG5J3BgXBhN5JA7U6XiBSWfaOjMYyaT/yj+jW/0hgnYjnNWXc8/JuVEmuDa+/+GsrW9sbm2Xdsq7e/sHh+7RcVenU8Www1KRqn5ENQqeYMdwI7CfKaQyEtiL4uvFvfeKSvM0eTCzDAeSjhM+4oyauRW6d4RNeBhXCRpa84jm0iNmpCizQW6JflHGNuI893BoL4ikZqKk5bkXe4tC7pF5Gt+MrSJVYlbLQ7fi1/1feasQFFCBQu3QvSXPKZtKTAwTVOvHwM/MwFJlOBOYl8lUY0ZZTMdo5awgvewbVFIvxoPlqVXoNurBZb1536y0zos3SnAKZ1CFAK6gBTfQhg4weIdP+IJvJ3B6ztB5+ouuOUXnBP7J4T/V83aT</latexit>

�k(⌘) ⇠ 1p
2k
e�ik⌘ (early)
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[Graham, Mardon, & Rajendran (2015)]

Vectors are suppressed toward low k.
Most power carried at k*

<latexit sha1_base64="lFfN/+i/HWdtg6cpMytk04oUuaI="></latexit>
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<latexit sha1_base64="E5cs6lm8cxtgLyYZ5xzJBzdKpbk="></latexit>
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<latexit sha1_base64="Gv2Cs/T7Vmu5rg1yFJCrc9/9KvE=">AAABZHicZY7PSgMxEIcn9V+tVVeLJ0HEvXhaEln0WvAiniq4bcEtJRvHEppsliQrlNJn8KqP5gv4HFbNxfY7ffxmht8UlZLOU/pJGhubW9s7zd3WXnv/4DA6Ou47U1uBmTDK2GHBHSpZYualVzisLHJdKBwU09uf+eAVrZOmfPSzCkeaT0r5IgX3yyjLned2HMU0ob+crwsLEkOgN47u82cjao2lF4o798Ro5Udzbr0UChetvHZYcTHlE5zrWTC3mnu02i2W5Wy1al36Vwm7TtKHNO6m4Y0mnMIFXAKDG+jCHfQgAwES3uAdPuCLtEmHnPytNki46cA/yNk3JGNZhQ==</latexit>?

<latexit sha1_base64="uF3itzjMjwgNkdTijsWOg9BTlIs=">AAABjnicZY7LSsNAFIbP1Futl0ZduhnMRhBDUkJdFQtuiqsKpi2YGibjMQ6dJENmIpTSp/Bp3OpT+Da2moW2/+rjP+fwnVhJoY3rfpHaxubW9k59t7G3f3DYtI6OBzovC44Bz2VejGKmUYoMAyOMxJEqkKWxxGE8uVnOh69YaJFn92aqcJyyJBPPgjOzqCLrMlSsMILJKETDHls05C8imtALGuYpJn+aDnVpZNmu4/6EroNXgQ1V+pF1Gz7lvEwxM1wyrR88V5nxbKnkEueNsNSoGJ+wBGfptCK92hssUj1fyL1V1ToMWo7Xdvw73+761Rt1OIUzOAcPrqALPehDABze4B0+4JNYpE065Pp3tUaqmxP4F9L7BiTdZyA=</latexit>

@2
⌘�k + !2�k = 0

<latexit sha1_base64="EbmcvKhX1uc3YlZKktoe0PSmwB0=">AAABr3icZY5LT8JAFIVvfSK+qi7dNLKBRElLiG5J3BgXBhN5JA7U6XiBSWfaOjMYyaT/yj+jW/0hgnYjnNWXc8/JuVEmuDa+/+GsrW9sbm2Xdsq7e/sHh+7RcVenU8Www1KRqn5ENQqeYMdwI7CfKaQyEtiL4uvFvfeKSvM0eTCzDAeSjhM+4oyauRW6d4RNeBhXCRpa84jm0iNmpCizQW6JflHGNuI893BoL4ikZqKk5bkXe4tC7pF5Gt+MrSJVYlbLQ7fi1/1feasQFFCBQu3QvSXPKZtKTAwTVOvHwM/MwFJlOBOYl8lUY0ZZTMdo5awgvewbVFIvxoPlqVXoNurBZb1536y0zos3SnAKZ1CFAK6gBTfQhg4weIdP+IJvJ3B6ztB5+ouuOUXnBP7J4T/V83aT</latexit>
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<latexit sha1_base64="DqXAvdHTckpav/6JABZBra0N69A=">AAABgHicZY5LS8NAFIXvxFetr6hLFwaziSBpUoqCIBTcFFcVTFswNUzGaxkyeTAzEUro0l/jVn+M/0aj2diezf04917OiQvBlfa8L2KsrW9sbrW22zu7e/sH5uHRSOWlZBiwXORyElOFgmcYaK4FTgqJNI0FjuPktt6PX1EqnmcPel7gNKWzjL9wRvWPFZmnSRQqTaV1Yzk0QmsQ4bnlpJ16PlXZIjJtz/V+Za2C34ANjYaReRc+56xMMdNMUKUefa/Q04pKzZnARTssFRaUJXSGVTpvSC37GmWq6nB/OWoVRl3Xv3R79z27f9HUaMEJnIEDPlxBHwYwhAAYvME7fMAnMYhDOsT/OzVI83MM/0SuvwFQcGF5</latexit>

k? = (aeHe)(m/He)
n

<latexit sha1_base64="TmF407d/u1uggfpWgAochLmxz0Q=">AAABZ3icZY7LSsNAFIbP1Futl6YKIripxoWrMClFtwU34qqCaQOmlsl4LENmkmFmIpTSl+hWX8xH8C2smo3tt/r4zzn8J9VSWEfpJ6ltbG5t79R3G3v7B4dNr3U0sEVpOEa8kIWJU2ZRihwjJ5zEWBtkKpU4TLPbn/nwDY0VRf7ophpHik1y8So4c8soTqxQ7eyZjj2fBvSX9rqElfhQ0R9798lLwUuFueOSWfsUUu1GM2ac4BLnjaS0qBnP2ARnalqZXc0dGmXny/JwtWpdBp0gvA66D12/d1m9UYczuIArCOEGenAHfYiAg4QFvMMHfJEmOSGnf6s1Ut0cwz/I+Tc4rVo7</latexit>

⇠ k0

<latexit sha1_base64="6CA/sgSLXBIti/jQ2hAOCfKlgnE=">AAABZ3icZY7LSsNAFIbP1Futl6YKIripxoWrMClFtwU34qqCaQOmlsl4LENmkmFmIpTSl+hWX8xH8C2smo3tt/r4zzn8J9VSWEfpJ6ltbG5t79R3G3v7B4dNr3U0sEVpOEa8kIWJU2ZRihwjJ5zEWBtkKpU4TLPbn/nwDY0VRf7ophpHik1y8So4c8soTqxQ7ey5M/Z8GtBf2usSVuJDRX/s3ScvBS8V5o5LZu1TSLUbzZhxgkucN5LSomY8YxOcqWlldjV3aJSdL8vD1ap1GXSC8DroPnT93mX1Rh3O4AKuIIQb6MEd9CECDhIW8A4f8EWa5ISc/q3WSHVzDP8g5986pVo9</latexit>

⇠ k2
<latexit sha1_base64="K7Sk0dJfr+genJlQ7rEjBGv+Ci0=">AAABbHicZY7LSsNAFIbP1Futt3jZFaEYETfGTC26LbgRVxVMWzCxTMZjGTKTxJmJUEKfw60+li/hM2g1G9tv9fGfc/hPnEthrO9/ktrS8srqWn29sbG5tb3j7O71TVZojgHPZKaHMTMoRYqBFVbiMNfIVCxxECfXs/ngFbURWXpvJzlGio1T8Sw4sz9RFBqhWsljeXZx3p6OHNf3/F9ai0IrcaGiN3Juw6eMFwpTyyUz5oH6uY1Kpq3gEqeNsDCYM56wMZZqUpmZzy1qZWbldL5qUfptj156nbuO2z2u3qhDE47gFChcQRduoAcBcHiBN3iHD/giB6RJDv9Wa6S62Yd/kJNvgtdb9g==</latexit>

⇠ k�3/2

<latexit sha1_base64="U/5921gplcG2CzUMnXn5ImACJ/4=">AAABanicZY7LTsJAFIbP4A3xVnFl2BDLwo1NhxDdkrgxrjCxQEKRTMcjmXSm08xMTUjDY7jV5/IdfAhFuxG+1Zf/nJP/JLkU1oXhJ6ltbe/s7tX3GweHR8cn3mlzaHVhOEZcS23GCbMoRYaRE07iODfIVCJxlKS3q/noFY0VOnt0ixynis0z8SI4cz/RJLZCtdOn8oouZ54fBuEv7U2hlfhQMZh59/Gz5oXCzHHJrJ3QMHfTkhknuMRlIy4s5oynbI6lWlRm13OHRtlVOV2v2pRhN6DXQe+h5/c71Rt1aMEFXAKFG+jDHQwgAg4a3uAdPuCLNMk5af2t1kh1cwb/IJ1v0Q5bfw==</latexit>

⇠ k�1

<latexit sha1_base64="GmkQvxmLVNgzVDCPrsVqe3jhrfU=">AAABf3icZY5NS8NAEIZn61etH416FCQYQU9xE4viQSh4EU8VTFswbdisY1mySZbsRihtb/4ar/pn/DdWzcX2OT28M8M7sZJCG0q/SG1ldW19o77Z2Nre2W1ae/tdnZcFx4DnMi/6MdMoRYaBEUZiXxXI0lhiL05uf+a9Vyy0yLNHM1Y4SNkoEy+CMzOPIusoixL7xk6GF/Y0jNGwKJkOffvc9kMlhn5kOdSlv9jL4lXiQEUnsu7D55yXKWaGS6b1k0eVGUxYYQSXOGuEpUbFeMJGOEnHlenF3GCR6tm83FusWpau73qXbuuh5bRPqjfqcAjHcAYeXEEb7qADAXB4g3f4gE9CyClxCf1brZHq5gD+Qa6/AceoYQw=</latexit>

nk = k3|�k|2/2⇡2
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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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