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motivation
making dark matter
from gravity



dark matter pulls on things

Dark matter pulls on stars in galaxies
(galactic rotation curves)

Dark matter pulls on light
(gravitational lensing)
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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

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

10~ . . o
No dark matter decaying into things
< : (X-ray emission; 1908.09037)
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(notwithstanding hints of new physics, there’s no overwhelming evidence)
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the hypothesis:

DARK MATTER

DARK MATTER is the name

given to material in the

Universe that
dark B Tt
5 Des OL €]
[LEISTI@E docs not emi
== or reflect light
but is necessary to explain

observed gravitational effects
in galaxies and stars. Dark
matter, along with dark
energy, totals 96% of the
Universe, yet it remains a
mystery as to what cxattly it
is.

Acrylic felt, wool felt, and fleece
with gravel fill for maximum
mass. Packaged in a black opaque
bag designed for concealing
contents.
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GRAVITON

sPARTICLEZ 0

The GRAVITON is a
particle not yet
observed. It communi-
cates the force of
gravity and is the
smallest bundle of the

gravitational force field.

Some theorists believe
gravitons can travel
between braneworlds.
Lucky Vil fellas!

Acrylic felt with
poly fill for
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the problem:

where did all the
dark matter come from?

(how do we use gravity
to make dark matter?)



the DM is a collection
of primordial black holes

primordial

black hole

[many authors, esp. after LIGO BBH merger (2016)]

the DM is produced
from PBH evaporation

graviton

[Hooper, Krnjaic, & McDermott (2019)]

the DM is a produced
from thermal freeze-in

graviton
SM plasma

@T~TRH

dark sector
is populated

[Garny, Sandora, & Sloth (2015)], [Garcia, Kaneta, Mambrini, Olver,
Verner (2021)], [Clery, Mambrini, Olive, Sherkin, Verner (2022)]

this talk:

the DM is produced from
cosmological expansion
during (or at the end) of inflation

expanding
universe

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

dark sector
is populated
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What do I want to tell you about?

(1) CGPP as inflationary quantum fluctuations

(2) CGPP as graviton-mediated scattering

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

)

(9) Summary & discussion



(1) CGPP as inflationary
quantum fluctuations



Establishing the framework: scalar spectator

covariant action B FLRW spacetime
S = [a'av=g [Le" oo - dmix] HP (@9 = a(n)?[(@n)* - |def*
B R(n) = —6a" /a®

1 d’k .
Fourier decomposition X(n, w) = CL(?]) /(27_‘_)3 A Xk (77) e1l<:oa: -+ C.C.

equations of motion
Xu(n) + wip(n) xk(n) =0 &t
wip(n) = k> + a(n)*m3, + ga(n)*R(n)

initial Conditions Bunch-Davies vacuu m

Xk(n) ~ e_ik"/@ (as n — —00)
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An analogy with 1D quantum mechanics

. Gy 3 field is an oscillator
spring constant

AMYVYYYY TS

Spring constant is varied Spring constant is varied
slowly (adiabatically) quickly (non-adiabatically)

an excited
state!

W

U
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Various interesting observables

3
lati k
Tinetone (X ®)x(0,9)) spectra A3 (k) = o Py (k)
e ) = (5X (n,@)” + 3V X(n,2)* + gmix(n, ®)*)

density

contrast 5(777 33) — 10(777 (IZ) /:5(777 w) —1

comoving number density

3 k> 2
a’n = /dlnk 53 | Bk |
at late times when the field is

‘Bk ‘2 — % ‘Xk‘Q _I_ ﬁ ‘877Xk ‘2 o % non-relativistic we have

PR Myn

assume a3n is constant after
production (i.e. no decay,
annihilation, production)

see 2312.09042 for more info
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Intuition for light vs. heavy

for fields that are
light during inflation

scale-invariant
energy spectrum

for CMB 6Bservables,
you don’t care about
the high-k modes

Gravitational production of massive spin-2
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pr X k¥ where

v=3-2\/% - m2/H2 |

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

for fields that are
heavy during inflation

most ener.ggf is carried
by the high-k modes

to calculate their
spectrum, you need to

model the end of
inflation & reheating

often necessary to rely
on numerical methods

Andrew LOl’lg (Rice University)



(2) CGPP as inflationary
oraviton-mediated scattering



Gravity-mediated inflaton annihilation T Chon, Kolb, & AL (2018

s-channel graviton rate estimates
: : 2 4
After mﬂapon, ¢\\ /’X O pp—sxx ™ mqb/Mpl
inflaton-field N h R 5 _3
oscillations “~ LY e Ny ~ Medy (a/ae)
correspond to a C:): 3 2 —3
condensate of zero- -’ *~ ~ 3/8 m¢¢€ a
i i S F¢¢_>XX ~ 4
momentum spm—O ¢ L7 \\X 167 jwp1 (e
inflaton particles
H, < m, < my ky = amgy at production
y-spectrum: a’n;, o k3/?
high-momentum L bb vy = o kY2
power-law tail AeMgp < K < AraTMig 66— x>y o k=02

ng — xx = nNpX f3(2n=3)/2
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There’s interference too! Basso, Chung, Kolb, AL [2209.01713]

¢@-condensate — yx

A
| |
P~ h,
PN b X ON B N AT
Jo==0{ L ¢--Z0==0( = JL 9~

The inflaton condensate is a state :[||:| () o o
of indefinite particle number, so
all these graphs contribute to the

same amplitude

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



Analytical analysis

Bogolubov coefficient

ni o< |Be|?

@) CU .
B %/ dt =5 e=2¢[Tdt wi/a
60 Zwk

Resonant contributions
My R 2\/k2/a2 +m3

Bk ~ B}gl—ﬂ) +51§2_>2) +51§3_>2) 4o

n—2 n—2) ;p(n—2)
(9 _ A

(n—2) 1 (n—2) (n—2)
Aq)k — (I)k o (I)k,leading

Basso, Chung, Kolb, AL [2209.01713]

Lowest-order terms

12960 (9 — 472)

(4—2) —3/2 Yy y14)7“2 + 3454)7" + 25881

—5T
A§C1_>2) " 15/4 L 2 (1+0(k7%)) | (4.3a)
17X
: 2 4 6 8
(2-2) _  _—9/43 [ —im o To + 217y + Ty — 4161y 4 384ry 5 6
A T = g —2 X <1+ 1024(1(—73%)2 S 000 )
(4.3b)
32 —15/4 O3 i
AZT =y P [ 2r2 2 (1+0(r3%)) (4.3¢)
4
3(—21+ 6803 + 24y +12r2) | —2irr
(4—2) _  —21/4 3 4 r2 (1 4
_ +y )2 —128()7“
A<I> (1—-2) 3/2 1 "x WL o , 4.4
480 (1 — 42) SO e
(2),.2 _ 4
_ +y _
A(I) (2—2) 3/2 y 1 "'y~ @) L O3 4.4b
960 1—r2 S0 | ()
(3)
B + — 1280
A@ (3—2) 3/2 (y y1 T TX 4,0 + O(k3 )) , (4.4c)
INY (e

960 — r2 —21 + 6803 + 24ay + 12r2)

+ 204 O(/@j?’)> , (4.4d)

Gravitational production of massive spin-2

Andrew LOl’lg (Rice University)



Quantum interference fringes

Basso, Chung, Kolb, AL [2209.01713]

Numerical validation: 0 e =
- 1 o6 4 W 7 \‘\ ,'I \‘)‘:\ y
i | I \ [1 \ ‘
5| quantum | AP O SO >SN S . SOUURTRY AU e !
10 interference 3 = 0.45 ; Y \\\_ I “\ llll Y /,”
- “fringes” § 0.44[! Wt A \ I',’ i
i i e : \ 1 \ X N/ b
1074 / 0.43F \\-“I- - v/
— B = = ' \ “I.
Q. o ., = B
o E E 0.421 numerical - 5](62H2) + 5}23%2” —
5| I 0.41F = 1877 —- XL A
—OoL _ ] ] ] ]
10 - ; 230 232 234 240
B numerical
... w(?% |
106 Ll Ll Ll
10~1 10V 10t 102

k
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quick example

scalar CGPP in
alpha-attractor inflation



Example: alpha attractor inflation

T-model

_ 27712 2
alpha attractor Vr(¢) = ap M; tanh

¢

v 6aM,,

o
a =10
a=1

T Model
4. % 10_9 -_ m¢ = 6. X 10_6Mp
3.x1079F
?ﬁA& [
§§ 2.x10—9;
1.x107F
O . ""’_.
-20 ~10 0
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[Ling & Long (2101.11621)]

FRW background

my(t — tc)

—2.5 —2 —1 0 5 10 20 30 40
| —

T T T T
_______ Quadratic Inflation

~
~
S
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Numerical results Ling & AL (3201.42622)]

2 ]1/2
Hi

ng <k’ with v=3-2[2 - 2

: : relic abundance
comoving number density
3

m H, T; a’n
e—foldings at horizon crossing Qxh2 =~ (0114) ( X ) ( ) ( o ) ( )

1010 GeV/ \1010 GeV/ \ 108 GeV/ \a2H?
-11-10 -9 -8 -7 -6 -5 -4 -3 -2 -10
100.000¢ my = 5.98x10°5M, : :
@ =1 ! Relic Density (T Model)
T Model (@] w T

— m,/m,=0.001 § _CX
0.001F m)(/m(,,:0.0l . k_3/2
OOO

P — %
m.,/my=0.0316 ///_’_’—\\~~ XX |
— m,/m,;=0.1 . e
— m,/m,;=0.158 Q
— m,/m,=0.251 7. — 9/2 %
10-8} — m,/m,=0.398 1 k 0.11 / / |
m,/ms=0.631 a=0.1
— M,/ my=0.794 e : 1
— m,/m,;=0.891 i “=
— m,/my=1. 10_5 - a=10 \ 1
4 \
1

comoving density: a3n,/a 3H3

-
>
1013 — m,/my=1.12 Q o TRH = 105G6V
m,/my=1.26 14¢) =
— m,/my=1.58 (@) - — Constant 0.12
— m,/my=2. — . . .
— m,/m,=2.51 Q 0.001 0.010 0.100
10~ 18L ‘ ‘ ‘ ‘ ‘ ] —
10~ 0.001 0.010 0.100 1 10 | . /
DM mass: m,/m,

comoving wave number: k/a_H, -
8 / €€ CGPP can account for all the dark matter
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what about particles with spin?
CGPP occurs for them too!



Studies of CGPP for particles w/ spin

spin-0 (scalar field) Chung, Kolb, & Riotto (1998) S — /d% V=g
Kuzmin & Tkachev (1998)
1 1 Herring, Boyanovsky, & Zentner (2020) “’5*‘ T
— /—’LV o 2 2 2 w0k S’ml(”(?“. :
D% — 2 qg a,u,gpa o) 2 m= —|— 5@ R Brandenberger, Kamali, & Ramos (2023) T Fonin = 10-20

spin-1/2 (spinor field)

Kuzmin & Tkachev (1998)
1 Chung, Everett, Yoo, & Zhou (2011) 0 o £

E/p - 1\"_[!7“ (v \"[j) L —m\IJ\IJ 1 h C Hashiba, Ling, & AL (2206.14204) Y T A = e —
2 = H 2 o

Dimopoulos (2006) — not for DM; Graham, Mardon, & Rajendran (2016);
Ahmed, Grzadkowski, & Socha (2020); Kolb & AL (2009.03828); Cembranos et al (2023) [see talk by Jose Cembranos]

spin-1 (vector field)

1 1 1 1
2
1A . : : Kallosh, Kofman, Linde, & Van Proeyen (1999); Giudice, Riotto, & Tkachev (1999); Lemoine (1999);
Spln 3/2 (VeCtor Splnor ﬂeld) Kolb, AL, & McDonough (2102.10113); Kaneta, Ke, Mambrini, Olive, Verner (2023)
7 — |
L= W, ("7 = 7 y) (N Wo) + 5mW Lyt W, + hie.

spin-2 (tensor field)

Alexander, Jenks, McDonough (2020)
Kolb, Ling, AL, & Rosen (2302.04390)

larger reps (Kalb-Ramond)

c,g — 1 thyVh'uy — 2huyh/~“/ <. Capanelli, Jenks, Kolb, McDonough (2023)
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(3) A theory of massive
spin-2 during inflation



General relativity

Covariant action for metric field g,

Slguw] = [ d*zv=g |3 M} Rlg)

Linearize around Minkowski spacetime

_ 2
v = NMuv + 375 o

S[hu] = / A4z |~ 30Nk Y + b0, hH — O, O, + S0,k h + O(h)]
(h:n’“’hw)
Counting degrees of freedom

h,ul/ ~ 1600mponen‘cs T 6symmetric T 4gauge T 4constraint — 2dof

(6hyuy = 0,6 + 9, ) (transverse & traceless )

=>» these are the two polarization modes of the massless graviton & + or h=+2, -2)

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



Fierz & Pauli (1939)
see also the nice reviews by

Adding a maSS Hinterbichler 1105.3735

and de Rham 1401.4173

Try to add mass terms

5S[hu] = [ da [—§m1h,ﬂ,h“’/ _ —mQhuhV}

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

5 1 m? + 4m3

m = — =
ghost 9 m% _I_m%

(Boulware-Deser ghost)

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

Sepll] = / A4z |~ 3ONhy PR+ DR 0,1 = 0k D,k + 30,80 — S (hy ' — 12|

(Fierz-Pauli action)

h,uu ~ 16(:0mponents T 68ymmetric T 1gauge T 4constrain’c — 5dof

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

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



Going to FRW background — failed attempt
(Fierz-Pauli action)
Sep[P ] = / d*x [—%aAhW@AhW + 0,k 0, hY, — 0, R O, h + $0,h0"h — tm?® (hy, W — h2)}

try promoting Minkowski derivatives
to FRW covariant derivatives

Vb, = 8>\hMV — Fiuhm/ — Fiuhup

Slhuw] = /d% [—%v,\hkahw + VRV RS = VRN b+ 2V, BV — 2mP (b, B — h?)}

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. (k. = 8,8 +6.€,)

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



Successful attempt

Let's add a matter sector

Slow) = [ dte V=g [1M} Rlg) ~ 39"V,69,6 - V(9)]

Linearize around an FRW background

Resulting quadratic action

¢ _ &(FRW) £+ Doy

Lomsstons = L8+ L2, + L),
Egu) = —%VAUWV’\U“V + V,Lu”’\v,,u“A -V, u""Vyu + %VMuV“u

+ (RW — MLI%VMQ_SVVQ_S) (u“)‘uA” — %u“”u) ,

L0}, = 3tz | (VudVou + VudV,pu) (u = §3u) = V'(6) puu]

LP, =1V, V0, — V()2 .

£(2)

massive

(2 2 2
T Lgv) + E,E} ‘;v + ESPl?‘P'u

51(;%) = —%VAUWV’\UW + Vuv”’\v,,vp’)\ -V, 0" Vy,u 4 %VM’UVM’U
(Ru = 512 VudVu0) (20 = Jorv)

_|_

- 3 (0" v = )
1
Mp

L3, = 3 | (VudVip + VodV,p0) (0 = 550) = V/(d)puv] |
Ec(p%,)gou = _%VMSOUVMSDU - %V”(&)Qp?] .

(massless spin-2 graviton + inflaton perturbation)

Gravitational production of massive spin-2

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

Field content: two metrics & two scalars

g,ul/ ) f,ul/ y ng y ¢f

A theory of bigravity with a minimal coupling to matter

S / |:1 M2 vV — (3 R 1 Mf2 A/ — f R (metric kinetic terms)
_ m2 M f \/?g ‘/v(§§7 5,”) (metric interactions|
F V0L (0,80) + VT Ls(f, )] e

Matter-sector Lagrangians

Ly(g,¢q) = _%ngu(bgvv(bg — V(o)
ﬁf(f,¢f) :_%fuyvuqbfvvgbf_vf(qbf) <M§2:ML"_2+ML’P_2)

Mg = M7 + M7
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(4) CGPP of massive
spin-2 particles



Separate out the 5 different polarization modes

Perform a scalar-vector-tensor (SVT) decomposition

v, (N, ) ~ massive spin-2
~ (helicity A = £2) @ (helicity A = +1) @ (helicity A = 0)

Tensor sector
Xiea(m) +wi(m) xea(n) =0 for X = +£2

Q wi(n) = k* + a*m” + 2a°R
Vector sector

X (n) + wi(m) xea(n) =0 for A = =£1

Q wi(n) = k> +a®m? — f"/f where f=a?/Vk?+ a?m?

Scalar sector — it's complicated!

Lsk = Kn|IT')> + My |)? + K |B'|> + Mg |B|> + M\ II*B' + M II*B

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



Hilltop inflation

a hilltop model of inflation

~14 [ 22 6

[ my = 4.14 x 10'2 GeV ~ 20.8 V2Hyy; ~ 22.1V2H,

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



CGPP for tensor & vector sectors

104 ." o ‘ oty | - “Lm:Z»O\/‘—QHinfL
Minimally-coupled theory, tensor sector o s0EHy
102} ooy Notable featu res.
o 1007 —_ m:21i0\/§H$£7 ) .
T « | 1. Similar results for tensors & vectors
0] 5 2. Low-k power law ~ k3
® 10-0) =™ 3. High-k power law ~ k=32 or k%72
-8 .
10 4. Wiggles!
10% Minimally-coupled theory, vector sector o Ziiﬂﬁﬁjﬁ |
1027 —— m=10.0V2H
— m=20.0V2Hyy
02—\ 10()7 e m:21.0\/§Hinf—
mw k.fiﬂ/Q
\@jl()‘?
F0) K
s 10-61 L-9/2
1078

comoving wavenumber k/(a.H.)

see 2302.04390
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CGPP for tensor & vector sectors

T T T
— m=20V2H;
— m=25.0 \/iHinf

—wand Notable features:

— m=20.0vV2H,

Minimally-coupled theory{ tensor sector

— =
() O
o S

= 100k —— m=210v2 Hy;
T v« | 1. Similar results for tensors & vectors
Z10) i 2. Low-k power law ~ k3
T 10 =k 3. High-k power law ~ k32 or k=72
1078

4. Wiggles!

-+ | —+H —————+++H —

104* .. — m=20V2Hy;
Minimally-coupled theoryf vector sector  m—s0vEH.g

102+ — m = 10.0 V2 Hypg

— m=20.0V2H;,

=0 — 2 2, 2 2, 1.2

) k.*3/2 . J— =
T e tensor sector:  wi(n) = k“ +a“m” + za"R
TS -4l k3 . 2 _ 1.2 2 2 "
0 vector sector:  wi(n) =k“+a*m* — "/ f

1076¢ L-9/2

108 equal for nonrelativistic modes

1071 10 10!t 102

comoving wavenumber k/(a.H.)

see 2302.04390
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CGPP for tensor & vector sectors

10 Mi‘nimz‘xlly‘—C(‘)u‘p‘le‘d‘ ‘theory,‘tensor sector - ::zzgiﬁ |
e} —want Notable features:
= 100 — m=21.0V2 Hyyp ) )
S| | 1. Similar results for tensors & vectors
Fuof £ 2. Low-k power law ~ k3
T 7 3. High-k power law ~ k=32 or k/2
_8 .
! 4. Wiggles!
10 Minimally-coupled theory, vector sector - :iigggﬁ |
102k —— m=10.0V2 Hyps |
— m=20.0V2H;;
2 100 T =210 VR - 2 11/2
= 132 v . L . 9 m /
3510—27 ] nge X k with v =3 2 [4 —Hian]
P i Relv| =3 form > 5 Hins
1078 .. .
i e e low-k modes have familiar dS solution
1071 10 10t 102

comoving wavenumber k/(a.H.)

see 2302.04390
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CGPP for tensor & vector sectors

[Ema, Nakayama, & Tang (2018)]

1T T T
— m=20V2H;

1041 .
Minimally-coupled theory, tensor sector e m—50vEHL,
102k —— m=10.0V2 Hyps |
— m=20.0vV2H,
= 100k —— m=2L0v2 Hy;
m@ .—3/2
< 102 §
\& 1074 L li'g
=
10-° k92
108
L 20V
Minimally-coupled theory, vector sector o ,,L:zﬂ;zmi
102k —— m=10.0V2 Hyps |
— m=20.0V2H,
© 100+ —— m=210v2 Hy¢
= 1—3/2
< 1072
< 3
e 1074 k
m@
3
10_6 kfg)/g ]
1078
107! 10° 10! 102

comoving wavenumber k/(a.H.)

[Chung, Kolb, AL (2018)]

Notable features:

1. Similar results for tensors & vectors
2. Low-k power law ~ k3

3. High-k power law ~ k32 or k=72

4. Wiggles!

0N b L) inflaton annihilation
U
¢,/ \\\X PEXX T 16 M p
PP — XX = Np X k—3/2
dod — xx = mnyock?
ng — xx = N X f—3(2n=3)/2

see 2302.04390
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CGPP for tensor & vector sectors Bsss0, Chng Kol AL (2002

T T
m=2.0V2H;; ]

1041 . —
Minimally-coupled theory, tensor sector e m—50vEHL,
102k —— m=10.0V2 Hyps |
— m=20.0vV2H,
= 100k —— m=21.0v2 Hy¢
m@ .—3/2
< 102 § i
~ 3
e 1074 L k
m@
3
10-° k92
108
101 . o,
Minimally-coupled theory, vector sector o ,,L:zﬂ;zmi
102k —— m=10.0V2 Hyps |
— m=20.0V2H,
© 100+ —— m=210v2 Hy¢
= 2 1—3/2
¢ 10™
S
\& 1074 k 3
=
10_6 kfg)/g ]
1078
107! 10° 10! 102

comoving wavenumber k/(a.H.)

Notable features:

1. Similar results for tensors & vectors
2. Low-k power law ~ k3

3. High-k power law ~ k32 or k=72

4. Wiggles!

interference between annihilation channels

Gravitational production of massive spin-2
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What about the scalar sector?

(longitudinal polarization: A = 0O)



Scalar sector

Scalar metric perturbations mix with scalar inflaton perturbation

Lg = amessy function of A, B, E, F', and ¢,

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

Ls

K. — a? H?k' + 3a* (m —mll)H2k2+9r)1n7z(n72—m“)HZ (3170)
72 H2%kA 4+ 302 (m? — my) H2K? + Sa*m? (6m2H? — AH?m3, — m};)
M a? c1ok'0 + csk® + c6k® + cakt + cak? + o (3.17b)
M, = - 3.17b
f 2 [H2E* + 3a2 (m? — m3) H2K2 + 2a*m?(6m2H?2 — AH?m?, —m},)]z
co=H*

es = S HE[(12m2 H2 o SH' — W2 nity — miy) + 4250 4 212v"(5)]
g = 7(1"H [(367”41{‘2 +72m*H* — 82!7121'1'2"1%, - 64H4m?.,
— Tm*m; + 40H m}; + Sm(j.l)
+8(3m? — 4m3) %
+16(m? —m¥) H*V" ()]
cy= [4H2(9mbH2 +36m*HY + 16m>*HS — 30m* H*m3; — 76m>*H'm3;
— 3m*mi; + 31m2H?m; + 24H mj; + 6m>mf; — 6H’mY; — 3mY;)

— Am?H? (H? ~ mH)%

+ (36m* H? + 8m2H" — 94m? H*m3; +m>my, + 48H?m) (1?&
(36IYL4H‘2 — 58m2H?*m3; — m*m; + 24H? mH)HZ‘ "o )]
ey = 35a®m? [H? (18mC H? + 120m* H* + 128m® H — 78m* H*mj; — 384m* H'mj;
— 9m m; + 132m*H*miy; + 128 H'm; + 23m>m§; — 32H>m§; — 16mf;)
— 8H*(2m*H? — 2m*mj; + m,,)‘ (’)

+ 4(6m4H2 —22m*H?m3; + m?*m}; + 1-1H2m,.1)M
+4(m? —mfy) (12m*H? — 10H?*m3; — my) H*V"(9))

cp = 27aw7r74[ 2112(2777,2112 —2m’m3; + mj )L(;:“ﬁ

—m? (QHZ - m%,) (4H2 + m%,)

+ (m2 - mi,) (6!7121{2 —4H?*m3; — 'rrLJH)HZV’/(@T))]

Gravitational production of massive spin-2

6

a'm

Kp=

6

a-"m

8

Mp =

(8mzH2 - 6H2m%1 - mznﬁl)k‘1

—_— 3.17
8  H2k'+3a?(m? — m3, ) H2k? + %tﬂm2 (6m2H? — 4H?>m?% — m};) (3.17¢)

H
Clokm + Cgk‘s + C(;k‘ﬁ + 641{74

3.17d
[H2E* + 3a%(m? — m%) H2k? + %a‘lm2 (6m2H? — 4H?>m?2; — m%l)]z ( )

clp = H2(8mzH2 — 8H* — 2H*m?% — QO%)
cs = a’H? [(30m4H2 +32m?H* — 96 H® — 3m*m?, — 56m>H>m?%

Ce =

cy =

+48H*m3, + 5m*mf; + 6H*mY;)

+ (4m? — 24H2) I Zﬁ,@"’}

Za4m2 [(9677:,4H4 +144m?HS — 6m*H?m?%; — 252m>H*m?% — 192H%m3,

+ 8m*H*m; + 200H*m?; — 10H?*m$; — m*mY)
HV'($)¢
+ (8m2m§{ - 16H2m%{)m7(142¢]
3aSm*[(36m* H* — 48m>H® + 64H® — 12m> H*m¥ — 32H%m}
— 12m?H?mY + AH*my; + 12H°m§; — 3m*m§; + 2m¥;)

— (24m?H? — 16H" — 12m*mi; — 8H*mi; + SmH)‘HVA((p) ]

K |IU'|> + My 11> + Kg |B'|> + Mg |B]> + M ITI*B’ + X\ II* B

L a*m?¢ H2E' + 5a2(m2 —m¥)H?k? (3.170)
= AT7e
7 2MpH H2K* + 302 (m? — m%) H?K? + 3a*m? (6m2H? — 4H?m?, — m’;)
et (2 iy - VD)0 Y ) 1+ oy +
' Mp H2k* + 3a?(m? — )szz + a4m2 (6m2H? — 4H2mH - mH)
(3.17f)
atm?@’ c10k'0 + cgk® 4 cskS + cak? + cok? (3.17g)
0= y o P P 5 P .
2MpH [H2k* + 3a2(m? — m2;) H2k? + %a4m2 (6m2H? — 4H2m?%; — m%;)] 2
10 = H* (3.17h)

b - Hv/ s
oy = Sa?H'[(9m? + 12H? — 13m}) — 42172
6= %a4H2 [(18m4H2 +32m2H* + 64H® — 48m?H*m?2, — 64H*m?,
+m2mi; + 28H2m‘}{)
2772 4 2,2\ aHV'($)
+8(—4m® H? + 4H" +m*miy ) =272
cy = %aGmZH2 [(18m4H2 — 24m2H* 4 256 H® — 54m>H*m?, — 160H*m?%,
+9m?*mi; + 60H*mY; — 7m§1)
+4(=30m> H? + 32H" + 12m*m3; + 4H?m3; — Tmfy) 2]
c2 = 2aBm H? (2H? — my;) [ (4H? + mF;) (3m? — 4H? — m3)
+4(=3m? + 2H? + 2m) LY
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Scalar sector

Scalar metric perturbations mix with scalar inflaton perturbation

Lg = amessy function of A, B, E, F', and ¢,

After imposing constraints (and a LOT of algebra) there are only two propagating degrees of freedom
LS,k = Kpq |ﬁ"2 + My |1:[|2 + Kp |B/’2 + Mp |l§|2 + A1 ﬁ*B/ + Ag ﬁ*g

The second kinetic term coefficient is

3a%m?(m? — m?,)

T 4kt 12a2(m2 — m4;)k? 4+ 9a*m?(m? — m%,)

Kp

and where we've defined:  m3(n) = 2H(1)*[1 — €(n)] where e(n) = —H/H?

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



Beware of ghests

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:

m? > mi;(n)|= 2H(n)*[1 —e(n)] where €(n) = —H/H?

=> Generalizes the Higuchi bound (for dS) to FRW spacetime

> Afterinflation € > 1 and any positive m? is ghost-free

=> Implications for ultra-light spin-2 dark matter (e.g., time-dep mass)
=> Implications for Kaluza-Klein (compact extra dimensions)

=» Our numerical analysis focuses on m2 > 2 H,.¢ to avoid the ghost

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



Scalar sector - spectra

104— o \ I B B Aﬂfé/g i
Minimally-coupled theory, scalar sector
102 L
= 100 “ w
m“) ) K ' l "ww
E“i 10
~—
1071 L
”@ — m=20V2Hy;
10767 m =5.0v2H¢ A779/2 -
—— m=10.0v2Hy,s
10_8 N\ — m=20.0V2Hy
—— m=2L0V2H,
107! 10° 10! 10

comoving wavenumber k& /(a,
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H.)

Notable features:

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

122 Minimally-coupled theory, scalar sector N Ot a b | e -F e atu re S:
2 10 () 1.Same power laws & wiggles as T/V
m:n 1072 ‘ o . .
< 2.Lowering mass raises amplitude
3 10—4
mz — m=20V2Hy;
1076 B m=5.0v2Hyp @
— m=10.0V2H,
1078k — m =200V Hyyp
—— m=2L0V2H,
10! 10° 10! 102

comoving wavenumber k/(a.H,)
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Scalar sector - spectra

]‘,,,,7.%/2 ‘

Notable features:
% ) . d/‘ | 1.Same power laws & wiggles as T/V

2.Lowering mass raises amplitude

0V2 H;
107 0V2 H
—_— 0V2 H;
1078 — OV H;
— m .0 \/§Hi £
107! 10° 10! 10

comoving wavenumber k/(a.H,)
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Implications for spin-2 dark matter

see also: Babichev et. al. (2016)

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

Relic abundance
2 m H, TrH a*n
Qn” ~ (0.114) (1010 GeV) (1010 GeV) <108 GeV) <a2H§)

Relic Abundance (

M‘inilmal Theory) Constraints (Minimal theory)

103 E | ‘ i — B T T T T T T ] T : .
- ! : 1065_ E =
102k my E = :
: : ; 10°F 4
~ 10'g l E — : E
— F —— Scalar i - = Qh% > 0.12 | i
Ng 100;_ Vector : ] U 1045_ i _E
é F —— Tensor E 5 ; E E
10-2f —~ ; C
| 10°E | 3
10_3 ‘ ‘ ‘ I ‘: E | | | I \i E
’ ’ ’ \@H.lo * . 2 3 ! 10 20 30
m/ " m/\/éHinf
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(5) Summary & discussion



Questions: If dark matter only interacts gravitationally, how was it produced? What if it has spin-27?

Things | talked about:
* review: CGPP = quantum excitations of a spectator field during/after inflation
« review: CGPP = graviton-mediated inflaton annihilation after inflation
«  We showed: interference effects lead to fringes (“wiggles”) in the CGPP spectrum
*  We developed: a theory of massive spin-2 particles on an FRW background (bigravity)
*  We calculated: predicted spectrum & relic abundance of massive spin-2 particles
« CGPP of massive spin-2 particles can account for all the dark matter
* As a by-product: we derived an FRW-generalization of the Higuchi bound

Things to talk about:
« CGPP for massive spin-2 particles in Kaluza-Klein, hadronic resonances, Regge trajectories?

« The dynamics of a system that approaches (crosses?) the FRW Higuchi bound?
* Stabilizing massive spin-2 dark matter?
«  Observational probes: isocurvature, free streaming, non-Gaussianity, CMB hot spots

Gravitational production of massive spin-2 Andrew Long (Rice University)
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Numerical results — spectra

m :‘ 2.0 \/% Hint"
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Scalar sector - spectra

1064 Minimally-coupled theory, scalar 1

CB—\ 104 B
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comoving wavenumber k/(a.H.)

10

102

We also calculate spectra for the inflaton-like scalar
perturbations. This is just the usual quasi-scale
invariant spectrum of curvature perturbations.
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ghost-free bigravity
details



Ghost-free bigravity

Hassan & Rosen (2012)

Field content: two metrics & two scalars

Juv 5 f,ul/ ; ng ; Qbf

A theory of bigravity with a minimal coupling to matter

S / |:1 M2 vV — (3 R 1 Mf2 A/ — f R (metric kinetic terms)
_ m2 M f \/?g ‘/v(§§7 5,”) (metric interactions|
F V0L (0,80) + VT Ls(f, )] e

Matter-sector Lagrangians

Ly(g,¢q) = _%ngu(bgvv(bg — V(o)
ﬁf(f,¢f) :_%fuyvuqbfvvgbf_vf(qbf) <M§2:ML"_2+ML’P_2)

Mg = M7 + M7

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



Proportional background & mirroring conditions

Backgrounds plus perturbations:

Guv = Guv + 31T s fur = fuv + 55k . b9 =g+ g, and  ¢p =y + ¢y
We seek solutions of the background equations of motion with

Guv = frw =FRW  and 3¢y = 5 95
The existence of such solutions places a constraint on the models:

77 Val(8s) = 1 Vi(67) = g V(G)  moeenen

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

1
3y 9

bkg. metric EOM: R, — %g,WR + A = = T
bkg. inflaton EOM: Oo — V'(¢) =0

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



Perturbations

Change variables

1 — _1 1 1 _ 1 _ 1

M, Ypv = thuV+Mg Kuv s 3 U = M, Py M7 K
1 _ 1 1 1 _ 1 1

i, Pu = 31 Po T AL P L, P = dr, P9 T dr; P

Quadratic action

S = [d* /=3 (Lgissless + + interactions)

massive
Lomstess = L + L3, + LE),, Lossive = L5 + L3}, + £8),,
LEZ) = - 1V\u,, V" + V, 0 Vouk - V,utVou + AV, uViu LE = -1V, V" + V0"V, 0", — V0" V0 4+ 4V, 0VH
+ (RHV - MLI%VMBV%g) (“W\“AV - %u“”u) ; + (Ruv - ML;VM/_)VV(/_)) (U”/\U,\V - %UWU)
— %m2 (U’“’UW — 1)2) ,
£8), = 7= [(VudT oo + V.V (0 = 3370) - V@)pu] . | | L8 = (VoW + VaiTuin) (0 = 4570) — V(@)pun]
‘Cc(p23<pu = —5Vupu V¥, — 3V (9)ps - £<(P2v)§0v = —3VupVipu — 5V (9)p} -

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

Gravitational production of massive spin-2
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Inflationary bigravity with
minimal coupling to matter

V-9V (X

i Qm

After linearizing on equal
FRW backgrounds

Upy (Y,

Pu Pu
V Lgissless \ _g Egr?é)lssive

+ interactions



