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1. Gravitational particle production can produce dark photon dark
matter.

2. Adding nonminimal couplings to gravity can lead to ghost and
runaway instabilities.

3. There is a stable region of parameter space which avoids both these
oroblems and can lead to production of the correct dark matter relic

abundance.
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Cosmological Gravitational Particle Production

® Expansion of universe — particle production
(e.g. Schrodinger, 1939; Parker 1965; Kuzmin & Tkachev, 1998; Chung, Kolb & Riotto, 1998)

® Two sets of operators at early and late times

(&, &T)eaﬂy # (CIZ\, d}“)late
a1 0% =0/[0°
a'|0° # 0]0°)

® Corresponds to particle creation
d’k

(27m)

(N) =[ (0° a1l 0°)
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Cosmological Gravitational Particle Production

® Farly, late time operators related via

Al k Ae ~Ate
a, = a_kak ﬂ_ka_k

® fin terms of mode functions, y;

2 _ 1 Wy », | » 1
= lim |— + 0 — —
| 5, | lim 1= | 2 | Zwk‘ Xk 2]

® Particle number from ﬁ

dk

— B = na’= [_nk

27:2 k
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Dark Photons

1

P = — —FW

A

FW+

lmzA AH
1

® Massive spin-1 field (Proca)

/

Portal to dark sector

¢ Kinetic mixing with SM photon,
dark guvS
Z D eF, ) F" M
® (Observable consequences: e.g.

Caputo+ 2020, Berlin+ 2022, East & Huang 2023,

Cyncynates & Weiner 2023, Arsenadze+ 2024
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Dark Matter

¢ (Can be produced via GPP:

Graham+ 2015, Ema, Nakayama, & Tang 2019,
Ahmed, Grzadkowski, & Socha 2020: Kolb &
Long 2020

® Alsoviae.qg.freeze-in (Postma &

Redondo 2008), misa\ignment (Nelson
& Scholtz 2011)
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Dark Photons with Nonminimal Couplings to Gravity

1 1
P = — ZFWF + EmzA AF — —51RA AF — —52R AFAY

® \We add two dimension-four operators which obey the symmetries of
the theory

e 5 =& =0 — minimal coupling

o £,,& #0 — expected from loop corrections, self interactions, etc.
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Dark Photons with Nonminimal Couplings to Gravity

1 1
L =——F"F,, +—mA A" - —51RA AF — —52R AFAY

4 2

Two Questions:

1. How does the addition of &;, &, # 0 impact dark

ohoton production via GPP?
(See also Ozsoy & Tasinato, 2023, Cembranos et al., 2023)

2. What are the allowable values ot &,,¢, to

A. Avoid instabilities?
B. Produce the correct relic abundance of DM?
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Dark Photons with Nonminimal Couplings to Gravity

1 1
P = — ZFWF + EmzA AF — —51RA AF — —52R AFAY

Addition of &, &, # 0 leads to time dependent
effective masses
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Dark Photons with Nonminimal Couplings to Gravity

1 1
P = — ZFWF + EmzA AF — —51RA AF — —52R AFAY

Addition of &, &, # 0 leads to time dependent
effective masses

|
my =m® = &R = —&R = 36H

|
me =m* = &R = =ER + HH
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Dark Photons with Nonminimal Couplings to Gravity

Decompose the field

Jd J' d3k 1 azmtz 3 AL‘Z | h 9
- — —a‘m
" anp |22+ azmz 1777 ~ 2% T

SL

Canonically normalize

k2 2.2
Af(n) = k() ) = A

a‘m?

Pk (1 2]
L __ 2 2
> _Jd”J(zn)B (5 9,1 R )
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Dark Photons with Nonminimal Couplings to Gravity

Longitudinal mode equation

o (o - i

w7 hiding a lot of complexity

, o 3k“a*m’H? k’a’R
@y a~m,; - |
(k? + a’m?)>  6(k?* + a’*m?)

+Hak2mt2/ (—k* + 2a2mt2) kz(mtzl)2 (k? 4a2mt2) kzmt2

_I_ —_
m  (k? + a’m?)? 4(mp)? (k* + a*mp)>  2mA(k? + a*my)

SL
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Instabilities of the Theory: Ghosts

Ghost: wrong sign kinetic term

To avoid ghosts: k* > 0

k* + a*m?

k() = > 0

a’‘m?

Y

m? > 0

Y

2 1 2
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Instabilities of the Theory: Ghosts

Ghost: wrong sign kinetic term

t = 0
To avoid ghosts: k* > 0 L0 :
, k* + a*m? ,
K (;/]) — azmz > O 0o Ghost free H = m/He
t
* W 0.0-
mt2 > () -
Y N
1 ~1.0 0.5 0.0 0.5 1.0
2 2 &9
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Instabilities of the Theory: Runaway

Tachyon: wrong sign mass term

2

m
w? = k? m); a‘m? + fla, k, &, &, R, H)
[

w* < 0 not necessarily a problem
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Instabilities of the Theory: Runaway

Tachyon: wrong sign mass term

1.00
, 2mf - 0.75 A u
w; =k > +atm; fla,k,&,6,R, H)
m; 0.50-
) . 0.251
@~ < 0 not necessarily a problem |
"0 0.00
But w? also has modified sound speed, ¢, —0.25°
- 001 ym, =001, (6,6) = (0,0)
ol = o] — (&,&) — (4,—6) x 107
S m? —— m/H, — 0.03
—1.00+ | |
1074 1072 10° 102

a/ae
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Instabilities of the Theory: Runaway

Tachyon: wrong sign mass term

1.00
, sz - 0.75 A u
w; =k > +atm; fla,k,&,6,R, H)
m; 0.50-
095 Minimal
. + &) | Enh t
w* < 0 not necessarily a problem . Runaway |
S 0.00
But w? also has modified sound speed, ¢, —0.25°
- 00—y, =001, (6,&) = (0,0)
ol = o] — (&,&) — (4,—6) x 107
S m? —— m/H, — 0.03
—1.00+ | |
) . 10~ 102 10° 102
c: < 0 leads to runaway production. a/a,
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Instabilities of the Theory: Runaway

p=00L,k=01

104 ——
3 — §=0,6£=0
1071 —— ¢, =0.004, & = —0.006
102_ - fl — 4 X 10_6762 = —0 X 10_6
10! A

100_ J
0 - /

A

‘
| wﬂ“

10t 10
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p=0.0LkF=10

10t 1wt 102
a/ae
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Instabilities of the Theory: Runaway

p = 0.01 Runaway

12_I”
0 — g =0,6=0
—— £ =0.004,& = 0 = —0.006
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Instabilities of the Theory: Runaway

2
. ) mx

To avoid runaway: ¢, = — >0
M

EH* > 0
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lnstabi

To av
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ities of the Theory: Runaway

1.0~ p="
2
: o) mx
oid runaway: ¢y = — >0
* mt ) Ghost free
W 0.0 Runaway free
2
m; > 0
* —0.5
mz—éR—lfR EH?* > 0 ~1.0 . ,
1 6 2 2 —1.0 —0.5 0.0 0.5 1.0
&9

In the m — 0 limit, there is no overlap for ghost-free and non-
runaway regions.
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Potential Solutions tor the Runaway?

® I[mpose a cutoft?
® For cutoft to really solve the problem, would need A < H,

o UV completion?
® |ne.g., Abelian Higgs model, we still expect to generate
nonminimal couplings

® Disformal gravity? (Hell 2024)
® Removes couplingto R, attree level

® \What about early reheating?
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Aside: Runaway in Early Reheating

1010_ fl = 0.004: 52 = —0.0006; CLRH/CLG = OO
&1 = 0.004; & = —0.006; ary/a. = 3.34

104_ TTL/HG = (.01 _

10—8 Ll IR Ll L1
1073 10~* 10~ 10° 10!

k/a.H.
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Stable Region

For m > 0, there exists a small region to avoid ghosts & runaway

| | | | 2.0 | |
1.0 m/H, = 0.1 0.05 - m/H, =1.0
0.04 5
0.8F 0.03 — 1 5 my > 0 |
0.6k G 0.02 B
' 0.01
04 mi >0 0.00 _ H
U —0.01 oY
0.9 —0.04 —0.03 —0.02 —0.01 0.00 0.01 0.02 0.03 05 m?c >0 |
0.0F
0.0 _
—0.2F
—0.4 | | | | 05 | | | | | | | |
—1.0 —0.5 0.0 0.5 1.0 1.5 -30 —-25 —-20 —-15 —10 —-05 00 05 1.0 15
&2 &
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Stable Region

We now restrict ourselves to the ‘stable region’

1.0 1
1. Ghost-free: m? > 0 0'8'
miO.G-
free: .2

2. Runaway-free: ;2> () =

0.4-
. . . )
3. Subluminal propagation: |c7| < 1 .
—2.9 —2.0 —1.5 | —1.0 —0.5 0.0
&/ 1
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GPP in the Stable Region

O =
| O

_ O

I

OOO?OOOO
© 00 N O Ul ok W N

m@co ]
\& — ]
méf — _|
@ - —_
—— L& = 0.009. & = —0.002 _
1071 F - L& =0,x2=0 _
10121 — T& =0.009, & = —0.002 —
10~ — T&=0,x2=0 —
'0—14 R ANEEN Ll Ll L] Ll R EEEE
1072 10~ 10V 101 107 10° 10
a/a,

Transverse modes enhanced with £, , # 0 but still subdominant
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GPP in the Stable Region

I L PR S T N N | I ! PO TR S T N |

10° -
100 i
21072 \
=
<
- 1071
G — &/ =0,6/p =0
10 — /1= 0.1,6/1 =0
- fl/ﬂ'g — 0552/‘12 =0
107°- — &/t =0.9.&/pf =0
103 102 100t 100 10! 10°
k/a.H.
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/ — & /p? = 0.0,& /% = 0.0, min(c)
—— & /p* = 0.5,&/p? = 0.0, min(cy)

S E1/p? = 0.5,&/pu* = —0.1, min(cy)
/ — &/ pf=0.5,&/pu* = —1.0, min(c;)
51/,11-2 = 0.5,52/;1.2 = —1.97. min(cs) = 0.08

|
1

0.9
0.5

B T TR T

k/a.H.
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GPP in the Stable Region

Main effect: variation in c,

p=0.1
1.05- \
1.00 AW
0.951
0.90 1
S ).85-
0.801
— £ =0,6=0
0.75- G =0.6
— & =0.004, & = —0.006
0.70 - &1 =0.0007, & = —0.001
—— & = —0.0001, & = 0.0005 u
10~ 103 1072 10~1 10Y 10! 102
a/ae
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Relic Density
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Relic Density

0.12 H, \ 1012GeV 109GeV ) 10-5
® Can obtain Qh</0.12 = O(1) by . o e
Chaﬂglﬂg s TRH e o © . o ° ..O..o:
® |Largestincrease of particle production | ~. : . g
towards edge of stable region = R .
® Allows for lower particle massesfora ®, o
OOQ) :

wider range of parameters than

minimal theory
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Summary & Conclusions

® Adding nonminimal couplings to gravity can lead to ghost and
runaway instabilities for gravitational production of massive spin-1

fields.

® |nthe ghost-free, non-runaway stable region of parameter space
for the couplings, we can obtain the correct relic density of dark
matter.

® Addition of nonminimal couplings in the stable region allows for a
wider viable parameter space than in the minimal theory.

Thank youl!
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Extra Slides
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Cosmological Gravitational Particle Production

® Many ways to calculate GPP

We use numerical methods, but also a variety of analytic strategies can be employed, see e.g.
LJ, Kolb, Thyme 2024.

® DM production for a wide range of masses & spins - Generic!

(e.g. Chung, Kolb & Riotto, 1998+; Graham, Mardon & Rajendran 2015; Ema, Nakayama, & Tang 2019;
Kolb & Long, 2020; Ahmed, Grzadkowski, & Socha 2020; Alexander, LJ & McDonough, 2020; Kolb,
Long, & McDonough 2021; Kolb, Ling, Long & Rosen, 2022; Capanelli, LJ, Kolb, McDonough, 2023....)

See Kolb & Long 2023 for a nice review.

Leah Jenks (Runaway) Gravitational Production of Dark Photons 33



Dark Photons with Nonminimal Couplings to Gravity

)

Transverse mode equation

= 2 [d J Lk (1 0,A "
B ") 2 \2

Tk
b=1,2

2

— w2
2

ST

1,
Ak

a)T(n) — k% + a’m 2
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Mass Range (Minimal)

H, = 10" GeV

Kolb & Long, 2020

H, = 10'° GeV

0
190_16 10~ 1071 100" 100* 107t 10* 10> 108 10% 10™
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Aside: Runaway in Early Reheating

Late Reheating

—10.071

—12.51

OXRH — 3.34

Leah Jenks

a/ae

o

[T

0

102 10t 1 10t 12
a/ae
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Freeze-In of KRLPs

TRH — 104'0 MeV
|

5 | KRLP
T <1y _ g gB G'Myl//

12 S _
<10 analytic DP ° Independent of ar
. Y X numerical DP : . 1
Cﬁ 107 analytic KRLP : - ® Scales like ~Tyy;
C.\]Q 10—16 numerical KI : B
S
= 1018 : - Dark Photon (Redondo & Postma, 2008)
X 7
10~20- . ] Z int gA Wy y
: 1/2
1022 | | | | S e Scales like ~ m
103 101 10" 103 10° 2m, 107 /
mp [eV] ® |ndependent of Ty
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Early Reheating Equations

¢+3Hp+Vip)+1 ,0=0
p,+3Hp,+1 p,=0

pr+3Hpr—1,p,=0

I', : Decay width
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Abelian Higgs

1
< = —ZFWFM\Dﬂqﬂzwzwz—wr‘

Can generate couplings:
“L_pp DV * L, = 2 2
(gv)* (&v)

L, = RD, D, * R
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CGPP of KRLPs

Add non minimal couplings?

1
== Jd% /=g (HW A —3m*B, B — £, RBM" B, — &R “B,,pro-)

Dualize

l

| | |
4 vy 2 %
Jd X/—8 (——4 F P!+ —m?A Al = — & RAAN = — &R AﬂAD)

GPP of nonminimally coupled KRLPs identical to Proca!
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Dualities

Massless KR Massive KR
"Kalb-Ramond axion” Dual to a pseudovector
(Svrcek & Witten, 2006) (e.g. Smailagic & Spalluci, 2001; Hell, 2022)
— k
d0 = % dB B = €ub
_ 4 2
S — Jd4XHﬂup 0, S = Jd x (H/WH/W —m BWB””)
S=|d* —lF F/“/+l 2A AH
S — Jd4x&ﬂ<9&”6’ o A 4 HV 2m 2
= axion # Proca
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Kinetic mixing

mHz Hz kHz MHz GHz THz eV keV

l ” Crab

10~ nebula
104
10~ ‘ qu
10~y | COBE/FIRAS ‘ Lswsprings L

" X .
10 5 . 4
10~
10~ DPDM heating

—8
10 ,O DM
10“9 g Pathfinder

' NN DPDM o y
10— 10 %(7 5 (Arias et al.) B | TeeaL
10-11 00‘7 MuDHI
Tokyo-1

K DPDM Hell | 5o o y
10~ Refonisaton 20 szl
1013 | v | FUNK
10—14 Dark D AM I( O/Q\,, && 4,0
1015 photon Haloscopes SENSEI
10—16 DM SuperCDMS

Black hole XENON

=17 .
10 superradiance
10—18

AT A6 A5 A& 4D A2 A% AQ

Dark photon mass [eV]
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Cosmological Gravitational Particle Production

Compare: minimal and non-minimal coupling

—— L:§=5x10%&E=3x1071 -
== T :6=0,&=0 )
=== T .6 =5x10"%¢&&=3x10"*

10°
1
10 — L& =060
™ w L3£1:5X1O_4,€2:10_4
T 107t -=-= 1007 : & =0,& =0 -
N cem 100T &, =5 x 1074 & = 107
~= g mmEmEmEm
< — _,—"—‘ Ssg )
105 e N T 1
—””’ ‘\\
- ",—,—’ \}t\ 10—18_ //,
10—°F _a=="" W g
——’—"’ ‘\‘\’Y’ 10_21% 1:' I__"\'I/
b="" u !
7 o D O |'| 0—24 Ll
10 1073 1072 101 10V 1072 10~
k/a.H,
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Full parameter space in progress

4 10—3

1072 107! 10Y 10! 102

a/ae

Capanelli, LJ, Kolb, McDonough, 2023
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Interactions

Interactions built from symmetry properties

Dark photon-like portal

el Zz int — gB//w]/_/g””l//

® KRLP Is an antisymmetric matrix

® B, apseudovector (parity even) oM = [y#, ")
® H,, parity odo N\
Axion-like portal
® > B parity even Zz int — §ﬁ Iul/_/}/'uysw
H=%H
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Freeze-in: Axion-like Portal

10—7E KRLP
- e . - o~ 2 12 5
I 10_8§_XX>’<, E gint_ngul//}/ ryy
= e, :
% 10_92_ ~ e . E Axion (Langhoff et al., 2022)
— - X : -
@10—10; T, T < ty ~ — .5
= = | L= 80,0ur
mH 10—11;_ X numerical ALP g X o _;
é : ¢ numerical KRLP X o = ® Sca‘es ‘Ike o m1/2
2\510—12;_ * X —; f
. ® |ndependent of Ty
10—13_ | | | | . | |
1073 101 10! 103 10° 2m, 107
mp eV]

C. Capanelli, LJ, E. Kolb, E. McDonough
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Kalb-Ramond-Like-Particles (KRLPs)

Kalb-Ramond-Like-Particles «alb&Ramond, 1974

S = [d4x (HW SJHMP — szWBW)

H=dB

® Antisymmetric, massive two-form field, Buv

® EFT-inspired, B, -like objects appear in many
areas of physics

e (1,0) & (0,1) representation of the Lorentz group
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GPP of KRLPs

Duality: Massive KR — massive pseudovector

(See Hell 2022
for caveats)

1
_ 4 Y, 2 U
— EJ'CZ X\/—g (H//pr’u P — 3m BMUB’M )
l B —ekAk
d*x\/—g ——F FHY 4 1 2A AH
X 4 uv 2m 1

GPP of minimally coupled KRLPs identical to Proca
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CGPP of KRLPs

Add non minimal couplings?

Proca
aflRAﬂA”
52R””AﬂAy

l

|
my =m® = &R = —&R = 36H

|
me =m* = &R = =ER + HH
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CGPP of KRLPs

Add non minimal couplings?

Proca KRLP
c1RA, AP &RBMB,,
EHRMA A, E,RMPB, B,
1 2 2 4
m; =m” — &R — Esz — 3&,H" mi = m* — §53R — §§4R — 554H2

m2=m2—§R—lfR+§H2 m2=m2—%§R—i§R+£§H2
X | 6 2 2 X 33 57 o4 3 4
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GPP of KRLPs

Add non minimal couplings?

3
2

Redefine: 9 — Effective masses are the same (on FRW)
4

We get GPP of non minimally coupled KRLPs from non
minimally coupled spin-1!
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Future Directions

® Experimental prospects: dark photon and axion
experiments (Belle-Il, DarkLight)

® Couplings to cosmic strings
(e.g. Vilenkin & Vachaspati, 1987)

® Cosmological collider signaturess
(e.g. Chen & Wang, 2010; Arkani-Hamed & Maldecena, 2015; Lee etal., 2016)

® Terrestrial collider signatures
® Primordial gravitational waves

® & much more!
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