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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)

Observed

Expected

Dark matter pulled on e p* plasma
(CMB & large scale structure)

making dark particles from gravity
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don’t need a dark force

making dark particles from gravity 3 Andrew Long (Rice University)



no evidence (yet) of dark matter bumping into things

No dark matter bumping into things

(direct detection; 1805.12562)

10—43

Normalized

10~

WIMP-nucleon oy [cm?]
=)
|

WIMP mass [GeV/c?]

making dark particles from gravity

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

NuSTAR

No dark matter bumping into itself

(annihilation to v's; 1912.09486)

T IIIIIII| I)’IIIIIIl T

10713

BBN Limit i
(Resonant Production)

© SK-p,

Thermal Relic Abundance

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

102 1000 10 100 10° 10° 10° 10° 100

my (GeV)
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the hypothesis:

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

: gravity and is the

1 smallest bundle of the
gravitational force field. .
DARK MATTER ' Some theoris beieve Standard Model of Elementary Particles
; ! & gravitons can trave
3 Ketwieen braneworldy three generations of matter interactions / force carriers
K / Lucky I'il fellas!
¢ i (fermions) (bosons)
DARK MATTER is the name : / Acrylic folt with | I m
given to material in the /)(,(}';ﬁ]'/ﬁ,,
Nort Whiversethat 4 7 ST, TS, mass | =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =124.97 GeV/c2
72 does not emit 0000000000000 charge % % % 0 \ Y
matter /’ e LIGHT HEAVY spin 1 u » (e % t 1 g 0 H
== or reflect light
b but is necessary to explain T, up charm top gluon higgs
observed gravitational effects SmRTI‘ I EZ 0 i w -\
in galaxies and stars. Dark —4.7 Mevicz 96 Mevic =4.18 Gevic? 3
matter, along with dark _y _y, “y, 0
energy, totals 96% of the » d v S % b 1 y
Universe, yet it remains a
mystery as to what cxattly it down J strange | bottom J | photon
is. =
=0.511 MeV/c2 =105.66 MeV/c? =1.7768 GeV/c2 =91.19 GeV/c2
-1 -1 -1 0
Acrylic felt, wool felt, and fleece 1% e % ”. % T 1 ;
with gravel fill for maximum
“ mass. Packaged in a black opaque electron muon tau Z boson
bag designed for concealing
0000000000000 contents. <1.0 eV/e2 <0.17 MeVic2 <18.2 MeV/c2 =80.39 GeV/c2
LIGHT HEAVY o 2 n e
» Ve » Vu 1 Vi 1
DARK MATTER
w electron muon tau
..SPAR I 'IC I EZ 0 | | neutrino neutrino neutrino | | W boson

W TR
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the problem:

how do we use gravity
to make dark matter?



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 (GPP),
& distinguish the last as (CGPP)

making dark particles from gravity Andrew Long (Rice University)



Can dark matter be created from gravity?

« Yes, via gravitational collapse into a PBH

collectively, we call these (GPP),
& distinguish the last as (CGPP)

making dark particles from gravity Andrew Long (Rice University)



Can dark matter be created from gravity?

« Yes, via Hawking radiation from an evaporating PBH

PBH graviton

evaporates

dark sector
is populated

collectively, we call these (GPP),
& distinguish the last as (CGPP)

making dark particles from gravity Andrew Long (Rice University)



Can dark matter be created from gravity?

« Yes, via graviton-mediated thermal freeze in

raviton
9 dark sector

is populated

SM plasma
@ T ~ TRH

collectively, we call these (GPP),
& distinguish the last as (CGPP)

making dark particles from gravity Andrew Long (Rice University)



Can dark matter be created from gravity?
SM radiation \T

graviton

inflaton
condensate

dark sector

« Yes, via graviton-mediated inflaton/moduli decay is populated

collectively, we call these (GPP),
& distinguish the last as (CGPP)

making dark particles from gravity Andrew Long (Rice University)



Can dark matter be created from gravity?

dark sector
is populated

inflaton
condensate

« Yes, via graviton-mediated inflaton/moduli annihilation

collectively, we call these (GPP),
& distinguish the last as (CGPP)

making dark particles from gravity Andrew Long (Rice University)



Can dark matter be created from gravity?

« Yes, via inhomogeneous cosmological spacetimes

collectively, we call these (GPP),
& distinguish the last as (CGPP)

making dark particles from gravity Andrew Long (Rice University)



Can dark matter be created from gravity?

= Cosmic Dark Ages
<< 380000yedrs

« Yes, via cosmological expansion in an FRW spacetime

collectively, we call these (GPP),
& distinguish the last as (CGPP)

making dark particles from gravity Andrew Long (Rice University)



let’s focus on:

cosmological gravitational
particle production (CGPP)

a(t) = H(t) = <N,;*>

cosmological time-dependent particles
expansion Hamiltonian produced



An analogy with 1D quantum mechanics

. Gty 3 fie|d is an oscillator
spring constant

MYYYYYYTD

Spring constant is varied Spring constant is varied
slowly (adiabatically) abruptly (non-adiabatically)
U
v/
X

making dark particles from gravity Andrew Long (Rice University)



An analogy with 1D quantum mechanics

. Gty 3 fie|d is an oscillator
spring constant

MYYYYYYTD

Spring constant is varied Spring constant is varied
slowly (adiabatically) abruptly (non-adiabatically)
U
v
X
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An analogy with 1D quantum mechanics

. Gty 3 fie|d is an oscillator
spring constant

MYYYYYYTD

Spring constant is varied Spring constant is varied
slowly (adiabatically) abruptly (non-adiabatically)
v v

X
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An analogy with 1D quantum mechanics

spring constant

MYYYYYYTD

Gty 3 fie|d is an oscillator

Spring constant is varied
slowly (adiabatically)

making dark particles from gravity

Spring constant is varied
abruptly (non-adiabatically)

U
W

Andrew LOl’lg (Rice University)



An analogy with 1D quantum mechanics

. Gty 3 fie|d is an oscillator
spring constant

MYYYYYYTD

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

an excited
state!

W

U

making dark particles from gravity Andrew Long (Rice University)



Getting a feel for the numbers

Consider CGPP occurring at the end of inflation
scale of inflation: my, ~ Hine ~ H,

scale of dark matter: m,

Lessons learned:

Dimensional analysis implies: - faster expansion (big H.) & more particles,
Ty (te) — He f(mx/mqb) so CGPP strongest during inflation / end of inflation
— « mass =» need not be superheavy,
L. one particle per so CGPP threatens to overproduce stable relics

(NB: t, & H, = “end” of inflation)

Relic abundance today:

Q h2 ~ (O 1f) mX He 3/2 assuming ins’can‘;rRH:I/2
X . 10 GeV 1012 GeV TRHz(8.4><1014GeV)<m>

(NB: fcontains additional m, dependence)

making dark particles from gravity Andrew Long (Rice University)



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?

[Submitted on 14 Oct 1998]

WIMPZILLAS!
Edward W. Kolb, Daniel J. H. Chung, Antonio Riotto

Despicable dark relics: generated by gravity with
unconstrained masses

Malcolm Fairbairn’, Kimmo Kainulainen?#, Tommi Markkanen® and Sami Nurmi?
Published 3 April 2019 - © 2019 IOP Publishing Ltd and Sissa Medialab

4

Production of purely gravitational dark matter: the
case of fermion and vector boson

Yohei Ema,%® Kazunori Nakayama®? and Yong Tang®

Completely dark matter from rapid-turn multifield
inflation

Edward W. Kolb,* Andrew J. Long,’ Evan McDonough® and Guillaume Payeur®¢




what should we call DM that only interacts gravitationally?

[Submitted on 14 Oct 1998]

WIMPZILLAS!
Edward W. Kolb, Daniel J. H. Chung, Antonio Riotto

Despicable dark relics: generated by gravity with | :
unconstrained masses | J

Malcolm Fairbairn’, Kimmo Kainulainen?#, Tommi Markkanen® and Sami Nurmi?
Published 3 April 2019 - © 2019 IOP Publishing Ltd and Sissa Medialab

2 T

This is no fairytale

Production of purely gravitational dark matter: the A
‘Very Very Very
Yohei Ema,*® Kazunori Nakayama®< and Yong Tang® D ark Ma‘ter

case of fermion and vector boson

Completely dark matter from rapid-turn multifield
inflation

Edward W. Kolb,* Andrew J. Long,’ Evan McDonough® and Guillaume Payeur®?




Can spin-0 dark matter
arise from CGPP?

yes! ... but isocurvature



Scalar Dark Matter CGPP

inflationary quantum fluctuations
light scalar spectator (m, < Hiny)

5)( ~ Hinf/Qﬂ'

stores energy efficiently
field is frozen outside the horizon

ﬂmeiXQ ~ a0

cosmological energy fraction
easily makes up all the dark matter

( H, 9 Tr kilate) .
Q,h? (m) (102 GeV> o Krnin ) o laeRH e Hu <my

assuming wgy=0
0.1 Jo(early)

H, 2 My 1/2 |
(o) (orsy) tos(Ty) - conyRH ey <

making dark particles from gravity Andrew Long (Rice University)



Scalar Dark Matter CGPP - isocurvature issues

inflaton & spectator fluctuations CMB observations consistent with
don’t align in space completely adiabatic perturbations
prediction: dark matter isocurvature Planck 2018 upper limit on isocurvature

Neutrinos Adiabatic AS(kcmb) < 73 X 10
o e Femb = 0.002 Mpc™tag

CDM A~ =50 _922
isocurvature kcmb / CLeH e N € ~ 2 x 10

*image: http://danielgrin.net

isocurvature is a problem for scalar CGPP

making dark particles from gravity Andrew Long (Rice University)



Scalar Dark Matter CGPP — evading isocurvature

1. Consider a heavy spectator instead: m, = O(1) H;,

2. Consider a nonminimal coupling: L, =& %>R

3. Consider a long period of inflation: Nggq >> 60
4. Consider a self-coupling: L, = A x*
5. Consider a coupling to the inflaton: L, =g¢? 2

making dark particles from gravity Andrew Long (Rice University)



Scalar Dark Matter CGPP — evading isocurvature

mass ratio: m, /m
0.4 0.6 0.8 1. 1.2 1.4 1.6 1.8 2.

40F ;
. B s N e D === ffp == mm e
1. Consider a heavy spectator instead: m, = O(1) H;, w8 for 10064 N0 |
5 S 30}
2. Consider a nonminimal coupling: L, =& %>R x
3
<
. . . . St L
3. Consider a long period of inflation: Ny >> 60 =
<
| | =
4. Consider a self-coupling: L, = A x* S 10p ,
: : e T S i
5. Consider a coupling to the inflaton: Ly = g2 »2 ; WIMPana
50><1012 10><1013 1.5x10%  2.0x10% 25x1013 30x1013

dark matter mass: m, |GeV]

isocurvature avoidance

my 2 (0.8 —1.6) my

Andrew LOl’lg (Rice University)
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Scalar Dark Matter CGPP — evading isocurvature

1. Consider a heavy spectator instead: m, = O(1) H;,

2. Consider a nonminimal coupling: L, =& %>R

3. Consider a long period of inflation: Nggq >> 60
4. Consider a self-coupling: L, = A x* ..
5. Consider a coupling to the inflaton: L, =g¢? 2 -

isocurvature avoidance

£>0.04

making dark particles from gravity Andrew Long (Rice University)



Scalar Dark Matter CGPP — signals of isocurvature

it’s not a bug, it’s a feature!

future CMB observations will

search for DM isocurvature
projected sensitivity of CMB-54

large isocurvature

can source other signals
e.g., secondary gravitational waves

’ Isocurvature scenario H Planck ‘ CMB-54 ‘ ‘ my/H; = 0.50
— I EEEEEEEE—————
Arp/rgh | Arp /it 107 et Planck 2018: ANeg 1
(bbya Cbefore; LyL) 0.03 0.005 . 7 T
10~ .
(bbetores Chy s Ly, ) 0.01 0.004 // & ]
(bby; Cafter, LyL) 0.04 » 0.01 o 1002 Y o —
(Daster, Coy, Ly.,) 0.008 0.002 2 “ ]
(Bogs Chys Ly, ) 0.007 0.002 S h )0 S8 i
Axp /x| Axp/x* [ SE
(bafter7 Cafter, LyL) 0.003 0.0004 10720 i 5 _
A&er A&er ol [a =0, Q. = 0.12] ]
(By» Chefores Liny) 0.02 0.002 10 . _ . : 3 i = ]
(bbeforea Chy Lby) 0.4 0.04 10 10 10 10 10 10 10° 10°
(bby, Cafter, Ly) 0.3 » 0.04 f [Hz]
(l()after’cby’ng) 03 0.04 see talk by Marcos Garcia this afternoon
bby s Chy, Lby 0.3 0.04
(bafteh Cafter, Lby) 0.3 0.04

significant improvement expected

making dark particles from gravity
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Can spin-1 dark matter
arise from CGPP?

yes! ... mostly L-polarization



Vector Dark Matter CGPP

cosmological energy fraction
easily makes up all the dark matter

He V(_lw late-RH (ie., H
O h? <1014 GeV) <1o2 GeV) , late-RH (i.e., Hru < my)

0.1 H, 2 1/2
( ) ( Mx ) , early-RH (i.e., my, < Hgn)
\

/

Q

1014 GeV 10-5 eV

102
10!
100
1071
1072

dependence on mass: 10

longitudinal polarization dominates o

1076
1077
1078k
1079’( | —— L S
1073 1072 1071 100
m/H,

s
=
09
=,
=

=9
=

)
=
=)

|/

—_
o
—

ultra-light VDM with a mass as low
as 10 peV could arise from CGPP

making dark particles from gravity Andrew Long (Rice University)



Vector Dark Matter CGPP — no isocurvature issues

energy depletes during inflation
after modes leave the horizon

i .. d "
b/c inverse metric in the mass term <:1hir(1ak) ) (k) for Hy, <mx <H;
2 2% —2 - w
pa~mygtAA, ~a 2", :
T~ MO
low-momentum modes S7 o o k? -
carry less energy ENRERTE .
spectrum is automatically blue-tilted =23
gq i 3(w—1)
dp/dInk o< k? =26 B
o0
A?  x k7 S
1S0 24 :
4 2 0 )
isocurvature is negligible at CMB scales! Logo|k/k,]

prediction: small-scale isocurvature

making dark particles from gravity Andrew Long (Rice University)



Can spin-2 dark matter
arise from CGPP?

yes! ... but ghosts



Tensor Dark Matter CGPP — earlier work

Babichev et al Alexander et al
only considered thermal freeze in only considered maximal helicity
after inflation in a dS background
our paper

first comprehensive study of CGPP
for massive spin-2 particles
in an inflationary background

making dark particles from gravity Andrew Long (Rice University)



Tensor Dark Matter CGPP — polarizations

Perform a scalar-vector-tensor (SVT) decomposition

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

making dark particles from gravity Andrew Long (Rice University)



Tensor Dark Matter CGPP — polarizations

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? —d"/a

making dark particles from gravity Andrew Long (Rice University)



Tensor Dark Matter CGPP — polarizations

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? —d"/a
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?

making dark particles from gravity Andrew Long (Rice University)



Tensor Dark Matter CGPP — polarizations

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? —d"/a
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

making dark particles from gravity Andrew Long (Rice University)



Tensor Dark Matter CGPP — numerical results

10% Minimally-coupled theory, tensor sector o Ziiﬁﬁﬁﬁ |
] —wid Notable features:
— m=20.0vV2H,
02-8 100, —— m=210V2H . .
= = | 1. Similar results for tensors & vectors
Z10) i 2. Low-k power law ~ k3
S0 7 3. High-k power law ~ k=32 or k/2
78 | .
a 4. Wiggles!
10% Minimally-coupled theory, vector sector o Ziiﬂﬁﬁzﬁ |
102k —— m=10.0V2 Hyps |
— m=20.0V2H,
0 100, —— m=210V2H
m“ k.%ﬂ/?
< 1072
F0) K
= 1075¢ L9/2
1078
0w e

comoving wavenumber k/(a.H.)
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Tensor Dark Matter CGPP — numerical results

1047 .\ - T T T T T 1T T ﬁ T : m:20\/‘_2Hlnf L
Minimally-coupled theory{ tensor sector e m—50vEHL,
102k —— m=10.0V2 Hyps |
— m=20.0vV2H,
= 100k —— m=210v2 Hy;
mw .—3/2
\éj 10—2 L k i
~ 3
e 1074 L k
<
1070F kO
108
104 I .\ . T T T T T 17 T 1T : o \/\— . L
Minimally-coupled theoryf vector sector I 23 J;ZHE
102k —— m=10.0V2 Hyps |
— m=20.0V2H,
© 100+ —— m=210v2 Hy¢
mw 2 k_%ﬂ/?
) 10— ]
S
< 3
e 1074 L k*
<
1076 L-9/2
1078
107! 10° 10! 102

comoving wavenumber k/(a.H.)

making dark particles from gravity

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!

tensor sector:  wi(n) = k* + a*m? —a’’ /a

vector sector:  wi(n) = k* +a*m? — [/ f

equal for nonrelativistic modes

Andrew LOl’lg (Rice University)



Tensor Dark Matter CGPP — numerical results

104 L o AR P
Minimally-coupled theory, tensor sector  m—tovEH. .
7| —want Notable features:
= 10 —— m=200V2 Hyyg
= el v« | 1. Similar results for tensors & vectors
S 10
F - i 2. Low-k power law ~ k3
S0l =™ 3. High-k power law ~ k-3/2 or k-9/2
-8 .
N 4. Wiggles!
10 Minimally-coupled theory, vector sector - :iii£22§ |
1()27 —— m=10.0v2 Hip¢
— m=20.0V2H,
= 10° T e ROVR iy . 2 -1/9
EIO*‘L K o 3
=l i Relv| =3 form > 5 Hins
1078
T low-k modes have familiar dS solution
10-1 10° 10t 10?

comoving wavenumber k/(a.H.)
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Tensor Dark Matter CGPP — numerical results

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 §
~ 3
e 1074 L k
<
1076 k9
108
L 20V
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
\@j 10~ |
< 3
e 1074 L k*
<
10_6 kfg)/g ]
1078
107! 10° 10! 102

comoving wavenumber k/(a.H.)

making dark particles from gravity

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!

0~ ) inflaton annihilation
NI mw 7 )
O C o 4
s S Lgpsxx & 7= 777 M
3/2

Op — xx = npxk”
pPpp — XX = npoc k2

ng — xx = N X f—3(2n=3)/2

Andrew LOl’lg (Rice University)



Tensor Dark Matter CGPP — numerical results

1T T T
— m=20V2H;

Minimally-coupled theory, tensor sector e m—50vEHL,
102k —— m=10.0V2 Hyps |
— m=20.0vV2H,
= 100k —— m=21.0v2 Hy¢
T .—3/2
§ 10—2 k i
~ 3
e 1074 L k
<
1076 k9
108
L 20V
Minimally-coupled theory, vector sector o ,,L:zﬂ;ini
102k —— m=10.0V2 Hyps |
— m=20.0V2H,
0 100 o —— m=210V2H
= 2 1—3/2
\@j 10~ |
< 3
e 1074 L k
<
10_6 kfg)/g ]
1078
107! 10° 10! 102

comoving wavenumber k/(a.H.)

making dark particles from gravity

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

Andrew LOl’lg (Rice University)



Tensor Dark Matter CGPP - longitudinal polarization

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))]

making dark particles from grav
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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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Tensor Dark Matter CGPP - longitudinal polarization

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*gl + Ag ﬁ*g

The second kinetic term coefficient is

3a%m?(m? — m?,)

Kr =
BT AKY + 1202 (m2 — m2,)k? + 9a*m?(m? — m2,)

and where we've defined:  m3(n) = 2H(1)*[1 — €(n)] where e(n) = —H/H?
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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
= After inflation € > 1 and any positive m2 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
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Tensor Dark Matter CGPP - longitudinal polarization

ol Minimally-coupled theory, scalar sector A’ w me ’ N Ot a b | e f e atu re S:
> 10 ’ M “W 1.Same power laws & wiggles as T/V
- 2.Lowering mass raises amplitude

— m 02 H.
1076 —— m=50v2H, L—9/2
— 0V2 Hj
10_8 — m .0\/§Hi
— 1.0V2 H;
107! 10° 10! 10

comoving wavenumber k/(a.H,)
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Tensor Dark Matter CGPP - longitudinal polarization

Minimally-coupled theory, scalar sector

2 100
] (5

1071 10 10t 102
comoving wavenumber k/(a.H,)

making dark particles from gravity

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

Minimally-coupled theory, scalar sector

c\j\ 100 - d‘
m@ i k? _

1071 10 10t 102
comoving wavenumber k/(a.H,)

making dark particles from gravity

Notable features:

1.Same power laws & wiggles as T/V
2.Lowering mass raises amplitude
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Summary & Conclusions

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 it it only interacts gravitationally.
« CGPP predicts dark matter isocurvature =» constrained @ CMB scales = a target on small scales

« CGPP explains the origin of massive spin-2 dark matter = they must be superheavy to avoid the
Higuchi bound ghost instability
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Tensor Dark Matter CGPP — summary results

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

Relic abundance

OR? ~ (0.114) (

m

1010 GeV

)

H,

1010 GeV

)(

TRHu

a3n

108 GeV

2. —— Scalar
Ng 100 B Vector
= F .

= Tensor

Relic Abundance (Minimal Theory)
1 1 1 1 1 1 1 I 1

1

1

1

1
me

10
"n/\/é Hinf

)(

30

33
a’eHe

)

Constraints (Minimal theory)

see also: Babichev et. al. (2016)

Qh? > 0.12

m/\/é Hinf
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backup slides




scalar DM from CGPP
nonminimal coupling to gravity



Highlight: results for CGPP of spin-O0 DM
Z D -——-—~rrz )(;2 + éflﬁi)(

[Garcia, Pierre, & Verner (2023)]

[ @
— 3L
% 10: g
< :
<1077 2

Treh > Tmax

Tren < IBBN;
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ghost-free bigravity
details



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)
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Adding a mass e o 39

see also the nice reviews by

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)
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Going to FRW background — failed attempt

(Fierz-Pauli action)
Sep[P ] = / dx [—%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.€,)
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Successiul 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)

making dark particles from gravity

(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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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
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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
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Perturbations

Change variables

1 _ 1 1 1, _ 1

Euuv—thuV+Mg kv s 31 Y = 31 P
1 _ 1 1 1 _ 1

L Pu = 5 Po Tt ar, Pro M, Pv = 1, Py

Quadratic action

S = d4ZE \ _g (Lgissless

+ Lg;ssive + interactions)

(2) _ (2 2 2
’Cmassless - [’i(w) + ’Cz(z g)ou + 5503%
L) = —%VAUWV”\UW + V,u" Vo uty — V,ut Vo, u 4 1V, uVHiy

t+ (R — 527 V00900 (w0 — duvu) |

£ == [(VMBVV% + VooV,up,) (W — 15" u) — V' () souu} :
‘Cc(p23<pu - _%Vu@uVMSOu - %Vﬁ(@@i .

Lo = LR+ L) + L8,
LE = -1V, V" + V0"V, 0", — V0" V0 4+ 4V, 0VH
+ (RW — MLIQDVM(/;V,,(;;) (U")‘U/\” - %v‘“’v)
— 3 ("0 —7)
L3 = 5| (VudVupu + V0u6¥,00) (0 = 5570) = V' (@)puv] |
LY, = -1V, Vi, — LV ($)e? .

(massless spin-2 graviton + inflaton perturbation)

making dark particles from gravity

(massive spin-2 + inflaton perturbation)
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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



phenomenological considerations
in a concrete model



Example: alpha attractor

T-model B 9+ 19 5 ¢
alpha attractor Vr(¢) = au Mp tanh

v 6aM,

T Model

®
L _6 1
4. % 10_9 B m¢ ~ 6. X ].O Mp 1
—2.5 —2 Tlf(t[)_t) 5 10 20 30 40
3 10_9 [ 1 10"~ — Qua(lh'ati;: Inﬁa‘rionl I I b
. X B ] - Tl
A | | Qb(t) | >
= | o= | = \
S ol ] B x
= 2.x10 1071k \\
= | | a (t) E
| ¢ =10 : T — o
1.x10°F o . FRW background [ Wi |
3 1 —4 -2 0
[ o ] n/a.H,
o a=1
0 ~_ o0 ® ]
-20 -10 0 10 20
¢ (M,)
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Numerical results

comoving number density

e—foldings at horizon crossing
-11-10 -9 -8 -7 -6 -5 -4 -3 -2 -10
100.000f m, = 5.98x107°M, |

a =1
T Model |

— m,/ms=0.001
0.001[ — 7x/1ms=0.01

A
170/ 1114=0.0316 //,\
— m,/m,;=0.1
— m,/m,;=0.158 1
— m,/m,;=0.251 1
F— m,/m,=0.398 R
m,/1my=0.631 1
— m,/m,;=0.794 1
— m,/m,=0.891 1
— m,/my=1. 1

1078 — m /ym,=1.12
m,/my=1.26

— m,/ms=1.58

— m,/my=2.

— m,/m,=2.51

1018t , , , , , =
104 0.001 0.010 0.100 1 10

comoving density: a3n/a3H_3
:

(

comoving wave number: k/aH, -
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Numerical results

comoving number density

3
| e—foldings at horizon crossing Qth ~ (0114) ( mX ) ( He ) ( TRH ) ( a-n )
-11-10 -9 -8 -7 -6 -5 -4 -3 -2 -10 1010 GeV 1010 GeV 108 GeV ag’Hg’
100.000f L _508x10°M, ]
a=1 | .
T Model | relic abundance

— m,/m4s=0.001 Relic Density (T' Model)

0.001F mX/m¢:0.01

///X——N#
17,/ 1114=0.0316 //,\ |
— m,/m,;=0.1 1
— m,/m,;=0.158 1
— m,/m,;=0.251 ]
F— m,/m,=0.398 1
m,/1my=0.631 1

— m,/m,;=0.794 1
— m,/m,=0.891 1
— m,/my=1. 1

1000

a=0.1

1073 — m /m,=1.12
m,/my=1.26
— m,/m,=1.58

a=10

—
9
o

- Lp=2. =
Txl Ty TRH = 10°GeV
— m,/m,=2.51

1018t , , , , , =
104 0.001 0.010 0.100 1 10

 @=o°

—— Constant 0.12

comoving density: a3n/a3H_3
:

relic abundance Qxh2 .
| ‘
; /J ;
// /

0.001 0.010 0.100 1

(

comoving wave number: k/aH, -

DM mass: mx/m(b
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Numerical results

comoving number density

(

e—foldings at horizon crossing

-11-10 -9 -8 -7 -6 -5 -4 -3 -2 -10

m, = 5.98x107°M,

a=1

— m,/ms=0.001
m,/my=0.01

— iy my=1.12

A
M,/ m,=0.0316 //,\
— m,/m,;=0.1
— m,/m,;=0.158
— m,/m,;=0.251
F— m,/m,=0.398
m,/1my=0.631 1
— m,/m,;=0.794 1
— m,/m,=0.891 1
— m,/my=1. 1

m,/my=1.26
— m,/ms=1.58
— m,/my=2.
— m,/ms=2.51

T Model |

on
Q
H:,E 100.000[
Q
©
S~
C
on
O 0.001f
;
x
8 1078
Q
©
o]0]
C 10—13,
>
o
CE) 1018
(@)

104 0.001 0.010

comoving wave number:

0.100 1 10

k/aH, -

k=a.H,

(Hubble-scale modes at the end of inflation)

Aphys,e = 21ae [k ~ (10_29 meters) (mlfﬁ)_l

Aphys,0 = 2mag/k =~ (100 meters) (wlfﬁ)_l/g(

Pphys,0 = hk‘/ao ~ (5 X 10_18 GGV) (mlé{{ﬁ

TRH
109 GeV

TR H

)_1/3

1/3 1/3
) ()
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CMB isocurvature

AN

R/ NEONBLNGN
NS NG TERY,

x(‘llll'illt)ﬁ Adiabatic VAVAVAVAVAVAVAVAVAV

CDM

SIS
CDM AVAVaV 2 VaVaVaVaVaVa

1socurvature

*image: http://danielgrin.net

AZ (kemp) < 7.3 x 1071
kemb = 0.002 Mpc™tag
kemb /e He = 7% ~ 2 x 10722

a =3 //\/ /‘/—/
0.100F E
o ()50:* ] — m,/mg=1.12
= B | — my/mg=1.
= m,/m4=0.891
;5; 0.010— E m, /mg=0.794
= 0.005| i m,/my=0.631
= I
% - m,/mg=0.398
' m,/m,=0.251
0.001E B m,/mg=0.158
5.x 1074} I ——
5.x10"% 0.001 0.005 0.010 0.050
comoving wavenumber: k/a. H,

m, /mg=0.1
m, /mg=0.0316
— m,/mg=0.01

— m,/mg=0.001

low mass = red tilt
high mass = blue tilt
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Parameter space

constraints m,/my

401

shape parameter: o

5.0 x 1012

06 0.8

w
=)

[\~
==

—_
=

1.0x101% 1.5x10% 2.0x10¥% 25x1013

scalar spectator mass: m
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X

Isocurvature Constraint (Try=10°GeV)
Isocurvature Constraint (Tgy=10*GeV)
Isocurvature Constraint (Try=108GeV)
Relic Abundance Constraint (Try=102GeV)
Relic Abundance Constraint (Try=10*GeV)
Relic Abundance Constraint (Tgry=102GeV)

WIMPzilla!
my 2 me

isocurvature avoidance:

my > (0.8 — 1.6)m

Andrew LOl’lg (Rice University)



going non-minimal

0.1

0.5

D=

0.2

100 10! 102
0 h?105CeV
0.12 Try
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103

104

my = chd

1013 s

108

103

Isocurvature

m, [GeV]

1072F
[ Treh >

1077F

Tm ax

Tren < TgBN ]

12—

10*17---.“ s PR | s PR
1072 101

10° 10!

102 103

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



A massive Proca field in FRW

S = /d4aj vV —3 [—%g”pg’/"FWFpa — %m2g“”AﬂAV}

transverse polarization modes longitudinal polarization modes
(8% + wi) X1k =0 (5’2 +wi )Xok =0
= k? + a?m? W} = K2 + am? 4 LR, | 3 Kd i
identical to a conformally- extra terms from integrating
coupled scalar out time-like component
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Differentiating vectors & scalars

OpXn +w?x =0 2 _
Xk(1) ~ e (early) scalar —
2
Wr,-vector
A

k=aH k=am H=

making dark particles from gravity

17k

2 4772 2
j|3kaHfm

(k2_|_a2m2)2

- _ -3 ,

10(]:7147710 ‘

B I

] l

101 !
- ‘;_(
L1072 AL
g = = =
S | @
2107 e g

% qgf ‘

/6 TR

a=k/m a= (9/4Hcm2)1/3

10-8 —
10,9]\ L T BT | . ol o T T B Hm\’\ ol
1070 107° 107* 107% 1072 10°* 10° 10" 10%2 10%

aja.

Vectors evolve differently while
nonrelativistic & outside the horizon
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Differentiating vectors & scalars

O + "X = 0 2 2, 2.2 1,2
K — -+ 4 =
Xk(1) ~ e (early) Wscalar k a m 6CL R
. —k?+a’m?+ 1 k°R L 9 kZa*H?*m?
W[ -vector — 6 k2+azm2 | °(k2+a2m?2)2
) ni = 9By /27
) scalar

1/aH ~ kY

/ 1/Kiow L-vector

~ k2

1/ks
1/Knigh p K

v \\ ’I/aeHe I<|ow ke I<high aeHe aem¢

Vectors are suppressed toward low k.
Most power carried at k«
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Relic abundance

Hin 2 TRH
All the spin-1 dark matter is produced O h2 ~ (0.130) (1014 Gfev)2(10 GeY/)Q ;  le Sty < tlgu
. . _ 14 X T Hin m
gravitationally for Hi,s < 1014 GeV & m > peV ((),2()1) (1014 Gfev) (Mev) c o te < tru < t4
10°p - T 72? 14‘(} N ‘TMAX‘ T E 106; T T T T T T T 1
[ Thy = 2.7E + — ] -
ot VAT - O He = 10" GeV B2 71— 8 5E + 15 GeV (TYAX):
wp He=10"Gev 10°F E
: = ] 103
ol Try = 4.7E 4+ 09 GeV ol Tru = 4.7E + 03 GeV
g 10t NQ 10
S Trn = 4.7E + 07 Gov  [EEM LAl T I

TRH =4.7TFE — 01 GeV

Tryg =4.TE + 05 GeV

| | | | | | | —4 | | | | | | | |
0% 10 107* 1072 10° 102 10* 105 10% 10% 1010—18 107?107 1072 1075 1072 10° 10® 10° 10° 10'2
m (GeV) m (GeV)
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