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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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no evidence (yet) of dark matter bumping into things

No dark matter bumping into things

(direct detection; 1805.12562)
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(notwithstanding hints of new physics, there’s no overwhelming evidence)
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DARK MATTER

DARK MATTER is the name
given to material in the
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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 exactly it
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mass. Packaged in a black opaque
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what to call it?

[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
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Production of purely gravitational dark matter: the This Is no fairytale

case of fermion and vector boson

| Ay
Very Very Very
Yohei Ema,** Kazunori Nakayama®¢ and Yong Tang* D ark Matter

a 2018 play by Martin McDonagh

Completely dark matter from rapid-turn multifield
inflation

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




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)]

SM plasma

the DM is a produced
from thermal freeze-in

raviton
9 dark sector

@T ~ Try 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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scalar spectator
inflationary quantum fluctuations



Energy spectrum of inflationary fluctuations
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Let’s turn up the mass ...
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For models with m ~~ Hj,¢, most of the energy is carried by
modes that are on the Hubble scale at the end of inflation.

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

1. The end of inflation & transition into the reheating epoch
2. The evolution of the spectator field & its energy

Gravitational production of massive spin-2 Andrew Long
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spin-0 particles
example: alpha attractor



Example: alpha attractor

[Ling &AL (2101.11621)]

T-model B 5 9 5 o)
alpha attractor Vr(¢) = ap M tanh

T Model

o
-6
4 x10°F my ~ 6.x107° M, 1
—25 -2 i”f(tnim 510 20 30 40
3. X 10_9 B ] t 1(!15 """ I—-——-___I__‘\(;zimrlhuti(l’ Inﬂatmnl ' i T
g o) .
10°F
@ = o 2
s — z
S 2.x107%F R 107
> a (t) E — a/a,
a =10 F— H;
Lx107F : FRW background = f— blam |
o 10 _
) 4 —1 ) 0
o n/a.H,
a=1
0 oo & .
-20 -10 0 10 20
¢ (M)

Gravitational production of massive spin-2

Andrew Long (Rice University)



Scalar spectator (dark matter)

FRW: (ds)? = a(n)? [(dn)Q - \da:]2]

covariant action
_ 4 1 v 1, 2 2
S = /d N\ —g |:§g a,uXaI/X _ mex i|
Fourier decomposition

1 d°k -
x(n, ) = —/ ar, Xk (n) €F® + c.c.

a(n) J (2m)°
equations of motion comoving number density
X (1) + wi(n) x&(n) = 0 Bil? = xal? + 2|0l — 3
2 2 2.2 1 2
W =k +a(n)m, + za(n)°R
(merdapendent frequency
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Numerical results

[Ling &AL (2101.11621)]
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CMB isocurvature

Neutrinos

CDM

Adiabatic

CDM

isocurvature
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*image: http://danielgrin.net

[Ling &AL (2101.11621)]
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Parameter space {Ling & AL (z101.1262)
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[Kolb, AL, McDonough, & Payeur (2022)], [Garcia, Pierre, & Verner (2023)]

go lng n O n - m lnlm al see also: [Markkanen, Rajantie, & Tenkanen (2018); Tenkanen (2019)]
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CGPP for particles w/ spin

spin-0 (scalar field) Chung, Kolb, & Riotto (1958) s— [atev=gz
Kuzmin & Tkachev (1998)
1 L 1 5 o 5 Herring, Boyanovsky, & Zentner (2020)
a— —g O 9081/@ — —m~p° 4+ _590 JR Brandenberger, Kamali, & Ramos (2023) e -
2 Iz 2 2 T |
1 _ N N 101\/ .
Spln 1/2 (Splnor ﬁe|d) Kuzmin & Tkachev (1998) ol gituding) v, |
i 1 Chung, Everett, Yoo, & Zhou (2011) :
&L — _\Ij,y,u (VIL,,\IJ) — ZmWPW + h.c. Hashiba, Ling, & AL (2206.14204) pie i
2 I 2 1075 bn\\?\"ﬁ/"/b B
Sp| n_1 (Vector f|e|d) Dimopoulos (2006) — not for DM; Graham, Mardon, & Rajendran (2016); v N i, 1 !
Ahmed, Grzadkowski, & Socha (2020); Kolb & AL (2009.03828)
= Lgregip, F L2 A A, — 6 RGP ALA, — SR A, A
__Z g v a,8_|_§m g o 1/_§€1 g o 1/_552 pny
A . ; ; Kallosh, Kofman, Linde, & Van Proeyen (1999); Giudice, Riotto, & Tkachev (1999); Lemoine (1999);
Spln 3/2 (VeCtor spinor ﬂe|d) Kolb, AL, & McDonough (2102.10113); Kaneta, Ke, Mambrini, Olive, Verner (2023)
7 = 1 -
— P AT O~/ P~ H N
L = 20, ("7 — 7 M) (Wo) + 5mP Lty W, + he.
Spln_Z (tensor fleld) Alexander, Jenks, McDonough (2020)
Kolb, Ling, AL, &R .
) o ol Hng AL & Rosen (230204399 larger reps (Kalb-Ramond)
g — §VhMVVhMV - §m h/“/hl“/ + - Capanelli, Jenks, Kolb, McDonough (2023)
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massive spin-2 particles
on the hunt for a theory



General relativity

Covariant action for metric field g,

Slgw) = [ d*zv=g | s M3 Rlg]|
Linearize around Minkowski spacetime
Guv = M + 315 Py

Slhuw] = / diz [—%aAhWaAhW + O DY = Bkt D, + 30,h0"h + O(h)]
(o= hyu )
Counting degrees of freedom
h,uz/ ~ 1600mponen’cs _ 6symmetric _ 4gauge _ 4constraint — 2dof
( Ohuw = 0uéu + 0v€u ) (transverse & traceless)

=>» these are the two polarization modes of the massless graviton (x&+ 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 mas S Hinterbichler 1105.3735

and de Rham 1401.4173

Try to add mass terms

5S[hu] = [ d*e [—§m1hwhw/ —1m h”h”}

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

host — ~ &
SHOS Qm%—km%

(Boulware-Deser ghost)

m

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

Ser[hyw] = / d*z [-%@hw,akh“” + 0, h 0" — 8RB h 4+ $0,h0Mh — Lm? (hy, b — h2)}
(Fierz-Pauli action)

h,uz/ ~ 1600mponen’cs - 6symmetric - 1gauge - 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)
Seplh] = / d4z [—gaAhWaAhW + 0B A0, RE — 0, D,k + 10,hd" b — 2m? (hy, b — hQ)}

try promoting Minkowski derivatives
to FRW covariant derivatives

Vil = by — Ff\uhpv - Fiyhup

Slhuw] = / d*z {—%VAhWVAhW + VRV — VYN b+ 3V, RV ER — Lm? (B, R — h2)}

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. (6hu, = 9.6 +9.8,)

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



Successful attempt

Let's add a matter sector

Slguv] = / d'z =g [sM3 Rlg) = 59" V,.6V .0 = V(9)]

Linearize around an FRW background

—(FRW) i 2

g/,LV — g/“/ MP /U/,u,y and

Resulting quadratic action

6= 4 g,

5(2)

massless

_ (2 2 2
= 2 £, 42,
L’Sfu) = _%VAU,WV/\UH'V + V#uw‘vuu“/\ -V, u'""Vyu+ %VMUV"U

+ (RW — Migvuév,,&) (u’”‘u/\” — %u‘“’u) ,

£ = 1 [ (VadVopu + VudV,pu) (W = 15" ) = V'(6)put] ,
LB = 1V,0,V 0, — SV ($)p2 .

PuPu

‘Cl(j:)issive = ‘Cz()%)) + ‘65129)0 + ‘64(»02)‘9
EE,%,) = —%V)\U;WVA’U“V + Vuv”’\vl,v")\ - V" Vyu + %VMUVM’U

+ (RNV - ML}%VHQEVV$> <’U'u>\'U)\V — %’U’JV’U>
‘ - %mQ (V" v — ”2) 7’

£3), = 1 [(VudVup + VudVop0) (0 = 1g"0) = V()] |
LY, = =3Vupu Vo, — V" (9)¢ -

PovPo

(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 talk tomorrow by
Siyang Ling
g;u/ y fMV y ¢g Y gbf (Rice U grad student)

A theory of bigravity with a minimal coupling to matter

S = / d*z 1M2 V=g Rlg] + LMZ\/—f R[f] e
J— m2 M*2 \/jg V (X’ Bn) (metric interactions)
FV=GLy (9, 80) + V=T Ls(f,6)] e

Matter-sector Lagrangians

Ly(9,04) = _%ngu(bgvv(bg — Vy(dg)
Li(f,d5) = =5V 0uosVids — Vi(oy) (M)

MP_M2+M]%f
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massive spin-2 particles
CGPP & dark matter



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
Xiam) +wi(m) xealn) =0 for A = +2

H wi(n) = k* + a®m® + ta’R
Vector sector

Xiam) +wi(m) xpaln) =0 for A= +1

Q wi(n) = k> +a’>m® — f"/f where f=da%/Vk?+ a2m?

Scalar sector — it's complicated!

Lsk = Kn ‘ﬁ/|2 + Mn |ﬁ|2 + Kp |B~/‘2 + Mp |l§|2 + A1 1B + Ao 1B

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



A numerical example

a hilltop model of inflation

2. %1074} miv? [ ¢\?
- Vi(g) = = 1—1}—6 with v = Mp/2
my = 4.14 x 1012 GeV ~ 20.8 V2 Hyy; ~ 22.1V2H,

15 x 107"}

Andrew Long (Rice University)
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CGPP for tensor & vector sectors

T T
104+ o — m=20VZHy
Minimally-coupled theory, tensor sector  mes0vEH.g
102+ —— = 100V3 i |
— m=20.0V2Hy¢
‘79\ 100 L —— m=21.0v2Hy¢
s
! —3/2
6@ 1072 k i
<
< —4 k
£10
o
S 106 —9/2
10 Py
1078 B
10t t F—t———+++ t F—t———+++ t ————++ t t
r .. — m=20V2Hy;
Minimally-coupled theory, vector sector e sovERL,
102+ — M =100V3 Hyp |
— m :2l|.l)\/§Hinf
EI 100 [ —— m =21.0v2 Hy¢
< -
S —]
\
< —4 k
£10
S
10=6 E9/2
1078 B
1 1 1 1 I T 1 1 1 1 I T 1 1 1 I T 1 1
1071 100 10 10?

comoving wavenumber k/(a.H,)
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Notable features:

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

3. High-k power law ~ k=/? or k=72
4. Wiggles!
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CGPP for tensor & vector sectors

10 Minimally-coupled theor Ytenéor Yse‘ctor ¥ o ,,ffﬂf;ﬁj“j L

ot —=uin) Notable features:
% 100, — 711;21:[J\/§H:::7 . .
e v+ | 1. Similar results for tensors & vectors
Ee g 2. Low-k power law ~ k3
S , ,( . - -

1070} = 3. High-k power law ~ k=/? or k=72

1078 1 .

4. Wiggles!
1047 } ] } } T L T ﬁ‘ L T T T T L : mzzo\/%H“‘fl
Minimally-coupled theoryf vector sector e sovERL,
1024 — W =100v2 Hypp
—— m=20.0V2Hy;
=0 R 2 2, 2.2, 1.2
k3/2 . — =

T e ] tensor sector: wy(n) = k* +a"m” + za"R
Fio k vector sector:  w2(n) = k2 + a’*m? — "
E k7
s 1076t E9/2

1078 1 C .

1 1 1 1 I T 1 1 1 1 I T 1 1 1 1 I T 1 1 equal for nonrelatIVIStIC mOdeS
107! 100 10! 102

comoving wavenumber k/(a.H,)
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CGPP for tensor & vector sectors

T T
m=2.0v2Hyr 7

Minimally-coupled theory, tensor sector  mes0vEH.g
102+ —— = 100V3 i |
— m=20.0V2Hy¢
"?\ 10() [ — m :21.0\/§Hinf—
s
! —3/2
6@ 1072 k B
<
< —4 k
£10
™
S 106 —9/2
1078 B
10t t F—t———+++ t F—t———+++ t ————++ t t
r .. — m=20V2Hy;
Minimally-coupled theory, vector sector e sovERL,
102+ — M =100V3 Hyp |
—_— 771:2l|.l)\/§Hinf
@2 100+ —— m=21.0V32 Hy¢ o
< -
S —]
\
3 —4 k
£10
S
10=6 E9/2
1078 B
1 1 1 1 I T 1 1 1 1 I T 1 1 1 I T 1 1
1071 100 10 10?

comoving wavenumber k/(a.H,)

Gravitational production of massive spin-2

Notable features:

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

3. High-k power law ~ k=/? or k=72

4. Wiggles!

m2 11/2
- anf}

Re[v] =3 form > 3 Hiy

ne < k¥  with V:3—2[%

low-k modes have familiar dS solution
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CGPP for tensor & vector sectors (Ema, Nokayoma, & Tang (2025

[Chung, Kolb, AL (2018)]

T T T T T L T T T T T LI T T T T T LI T T
104* .. — m=20V2H;
Minimally-coupled theory, tensor sector e 50v3 H“:i
102+ —— = 100V3 i |
— m=20.0V2Hy¢
@ 100 L —— m=21.0v2Hy ¢
s
—3/2
O 1072 k
g . g
<~ —4L A";
£10
o
s "
107°¢ E—9/2
1078 B
Il Il Il Il Il -\ Il Il Il Il Il - Il Il Il Il Il - Il Il
104 [ T T T T L T T L T L 20\/%1{ L
. — m=2 in
Minimally-coupled theory, vector sector 503 H;.,i
102+ — M =100V3 Hyp |
— m :2l|.l)\/§Hinf
EI 100 [ —— m =21.0v2 Hy¢
%) —3/2
‘ . k
1y L
A‘—f),“z =
L I I | L I | L I |
1071 100 10 10?

comoving wavenumber k/(a.H,)

Notable features:

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

3. High-k power law ~ k=/? or k-2

4. Wiggles!

0~ o) inflaton annihilation
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CGPP for tensor & vector sectors

T
m = 2.0v2 Hy¢

Minimally-coupled theory, tensor sector  mes0vEH.g
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Gravitational production of massive spin-2

Notable features:

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

3. High-k power law ~ k=/? or k=72

4. Wiggles!

[Basso, Chung, Kolb, AL (2022]

interference between annihilation channels
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Quantum interference fringes Basso, Chung, Kolb, AL [2209.01713]

The basic idea:

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

What's getting calculated?

2
number density spectrum: ng X |6kz|
m .
w - rt
Bogolubov coefficient: B ~ / dt = =21 [Tdt’wi/a
o ka
: :  n(1=2) (2—2) (3—2)
stationary phase approx.: Bk ~ Bk + Bk + 5/% 4.

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



Quantum interference fringes

Basso, Chung, Kolb, AL [2209.01713]

Analytic results:

]E:n—>2) _ A;‘"%Q) ez’fbi}n_ﬂ)
AR =" e
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Quantum interference fringes

Basso, Chung, Kolb, AL [2209.01713]

Numerical validation:
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What about the scalar sector?

(longitudinal polarization: A = 0O)



Scalar sector

Scalar metric perturbations mix with scalar inflaton perturbation

Lgs = amessy function of A, B, F, F', and ¢,

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

Lsg

X a? H?E' + 302 (m? — m%) H?K? + $a'm?(m? — m3;) H? ©.172)
K, = . 3.17a
¢ 7 2 HARA 4 302 (m? — m) HOR + ‘a‘m?((m;’H)7-’1H2m§,7m},)
2 ok + gk + ok + enk? + ok
J[;ia 10 csk® + cok® + ekt + ok® + o _ (317)
2 [H2k* + 3a2(m? — m},) H2K? + 3a*m?(6m2H? — 4H?m3; — m};)]”

cg=H*

s = $a?H? (1202 H? + 8H* — 14Hm}, — mi) +42Y “)”
3,
54

+2H?V"(6)]

op = Sa'H? {(srm‘Hf +72m?HY — 82m* H?mY; — 64H m};
— Tm*miy + 40H?*mi; + 8mf;)
8 (3m? 4“,,,)”‘7,)“’
+16(m? — m3;) H*V" ()]
cy = 3aS[4H? (9mOH? + 36m" H' + 16m>H® — 30m" H*m; — 76m>H'mj;
— 3m'my + 31m*H?miy + 24H'm; + 6m®mfy — 6H?mSy — 3mfy)
2

—4m*H? (H? —m},

+ (36m B2 + 8mPH' — 94m®H*m + m*mly + 48 H?miy) 1O

+ (36m* H? — 58m*H*m}; — m*m; + 24H*my) H*V"(6)]
oy = gpa®m? [H? (18m°H? + 120m* H* + 128m® H® — 78m* H?m; — 384m” H'm3;
— 9m*miy + 132m? H2m; + 128 H*m; + 23m*m§; — 32Hm§; — 16mf;)

SH2(2m> H? — 2m®m3y + miy)

+ (Gm "H? zznﬁmmf, + n#m',‘., + 145“7”,‘.,

o= Ezu"’m*[ 2H*(2m? H? — 2m*m; + mi,
m?(2H* — miy) (4H? + m3;)
t (m? —mi;) (6m*H? — 4H*m3; m,,)H V'(6)]
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Scalar sector

Scalar metric perturbations mix with scalar inflaton perturbation

Lgs = amessy function of A, B, F, F', and ¢,

After imposing constraints (and a LOT of algebra) there are only two propagating degrees of freedom
Loy = Kn|TU? + Mp [TI]> + K5 |B'|? + Mg |B]* + M IT*B' + X\ IT*B

The second kinetic term coefficient is
6.2/ 2 2
3a®m=(m* —my;)

T 4kt 1202 (m? — m3)k? + 9a*m?2(m? — m%;)

Kp

and where we've defined:  m7,(n) = 2H(n)?[1 — e(n)] where €(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:

‘m2 > m%{(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

Minimally-coupled theory, scalar sector

m=2.0 \ﬁHi“f

A

k—i*". /2 ‘

1076 m=5.0V2 Hyyg k9/2
—— m=10.0v2 Hy,¢
1078 — m=20.0v2Hyy¢
—— m=210V2Hyy
/\ L L L L I -l L L L L I -l L1l
107! 10° 10! 10°

comoving wavenumber k/(a.H.)

Notable features:

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

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

Relic abundance

m H,
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2 o
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see also: Babichev et. al. (2016)
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conclusion



24 June - 19 July 2024

QUANTUM ASPECTS OF INFLATIONARY COSMOLOGY

® overview

MIAPbP Workshop

_ Participants

Munich
June 24 - July 19, 2024

& Schedule

= Room reservation

register now:
deadline is
this Sunday, Oct 22!

Registration open
(Deadline 22 October 2023)

Contact at MIAPbP

v

MIAR?

Munich Institute for
Astro- Particle and BioPhysics

QUANTUM ASPECTS OF INFLATIONARY COSMOLOGY ‘

Andrew Long, Edward (Rocky) Kolb, Jun “ichi Yokoyama, Rachel Rosen, Viatcheslav (Slava) Mukhanov

Astrophysical and cosmological observations have revealed a wealth of information about the structure,
composition, and evolution of the Universe. Although we can classify the ingredients that compose the
Universe today, we don't yet know their origin. Their genesis must have been the early stages of the big bang
and involved particle physics beyond the standard model. This MIAPbP program is centered around topics that
sit at the connection between particle physics and cosmology:

1) cosmological inflation,

2) the end of inflation,

3) cosmological relics, and

4) gravitational particle production.

How did quantum fluctuations of the inflaton field provide the seeds for structure on cosmological scales?
Did other fields play a role during inflation? How did their quantum fluctuations imprint on cosmological
observables (e.g., non-Gaussianity) or survive as cosmological relics today (e.g., dark matter,
matter/antimatter asymmetry)? How can these degrees of freedom be embedded into a compelling UV
theory? By bringing together experts on particle physics and cosmology, we hope to develop a deeper
understanding of these tough questions over the course of this 4-week MIAPbP meeting.



Summary

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

Things | talked about:

« Constraining CGPP dark matter with CMB isocurvature (spin-0, minimally-coupled to gravity)
« A theory of massive spin-2 particles on an FRW background (connections to bigravity)

« CGPP interpretation as inflaton annihilations during reheating

 Effect of quantum interference leading to “fringes” in the energy spectrum

* Predicted relic abundance of massive spin-2 particles

»  FRW-generalization of the Higuchi bound

Things I'd like to talk about:

* Other theories of massive spin-2 (Kaluza Klein, string Regge trajectories)

* Observational signatures of CGPP (isocurvature, non-Gaussianity, lab tests)
 Implications for other relics (baryogenesis, dark radiation)
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Massless scalar spectator

In(a/ay) k lapMpc ']
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spin-1 particles
& ultra-light vectors



A massive Proca field in FRW

S = [atay=g [~1g" " FuFyo — b4, A,

transverse polarization modes longitudinal polarization modes
(82 + wi) X1k =0 (82 + wi)xrk =0
= K+ a?m? W} = K+ aPm? + L RO,y 3l
identical to a conformally- extra terms from integrating
coupled scalar out time-like component
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Differentiating vectors & scalars

[Graham, Mardon, & Rajendran (2015)]

82Xk + w2Xk =0 9 5 55
/'7 —
Xk (1) ~ e (early) Wscalar _[k ]—"[a m ]—|—

2 _ 2 2 2 k2a4H2m2
“Lvector _[k ]—i_[a dL ]+ 3 (k24+a2m?)2

10°Em
1 10°f
1/aH 1/am 10if m/H. =107
100 k=107
— ot — 2 1k

chaotic
de Sitter

|
T
k\/6/|R]
ol ol )l

1070 107 10* 1077 1072 107" 10 100 10> 10°
aja,

a =

a=k/m a= (9/4H.m?)'/?

k=aH k=am H=m Vectors evolve differently while
nonrelativistic & outside the horizon
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Differentiating vectors & scalars

[Graham, Mardon, & Rajendran (2015)]

Xk Xk =0 ( )2 2 2, .2 1 2
n 1
Xk (n) ~ =™ (early) scalar k* +a*m” + AL R

2 2 L2 04 FH2m?2
W vector — k —I—CL m _|_ k2—|—a2m2 + 3(k2+a2m2)2

A ng = k3|5k|2/27r2

1/aH ) kO scalar

\ / /Ko L-vector

~ k2

1/k«

\ 1/khigh }k
: \/ 1/a.H, Kiow ke khigh a.H. a.m,

k=aH k=am H=m Vectors are suppressed toward low k.
Most power carried at ks«
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Re llc ab u n d an C e [Kolb & Long (2020)], see also: [Ahmed, Grzadkowski, & Socha (2020)]
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spin-2 CGPP
extra plots



Numerical results — spectra
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Scalar sector - spectra
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nightmare scenario



A “nightmare” scenario?

NO SIGNATURES AT
DIRECT D, INDIRECT D, COLLIDERS
... JCARY 1172

o N

DIRECT DETECTION COSMOLOGICAL SIGNATURES THEORETICALLY
COMPELLILNG

You can’t turn off gravity!

g N

Neutrinos
The Windchime Project CDM-Photon ),

(snowmass w.p.: 2203.07242) Isocurvature

(VAVAVAVA 'AVAVAVAV,

Adiabatic VNV VIANNNAN
= & i.f.h a 7
RN

WVAVAVAVEVAVAVAVAVAV,

CDM ANNANNANANANAN

spontaneously
broken SUSY
Aot Ny
isocurvature Vi = = o symimetey
\ \ *image: http://danielgrin.net / *Baumann & McAllister 1404.2601 /
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intuition for CGPP



An analogy with 1D quantum mechanics

= a field is an oscillator
spring constant

AVVYYYYYS

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

an excited
state!

W

U
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