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iclu 1. The standard audible axion

The original mechanism

e ALPpotential: V(¢h) = m;f; <1 — COS %)
¢

oV
e EoM: ¢"+2aHp + aZE ~0

e Startstorole: H ~ my,

* Atoscillation: T, . ~./mMp

2
9f¢
Qd),osc ~ 1\4})1
non-exhaustive list:

[Machado, Ratzinger, Schwaller, Stefanek 1811.01950, 1912.01007]
[Ratzinger, Schwaller, Stefanek 2012.11584]
[Banerjee, Madge, Perez, Ratzinger, Schwaller 2105.12135]

[Madge, Ratzinger, Schmitt, Schwaller 2111.12730] ¢/f¢’)
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iclu 1. The standard audible axion

[Hook, Marques-Tavares 1607.01786]

Gravitational waves from tachyonic instability

e Photon modes: vitk,7) + 02k, T)v. . (k,7) =0 = v xexp(—iw.7)

1 2 — a /
with frequency k*Fk—¢'(7)
J4
Unstable modes: me = 1071 GeV, f, = 1017 GeV, a =55, = 1.2
a. . 5 1071 Best fit No supercooling
0<k< ]T | ¢ | —> wy < 0 *  Analytic estimate
¢ e  Simulation
<)(.\
% 10—9_
ng *
=3
10—11_
10—13_

k/(mg aosc)
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clu. 2. Supercooling

Motivation and effect of delaying oscillation

e Sizable GWs: need large coupling + large decay constant

e Delaying the evolution can help!

o T d icali [Higaki, Jeong, Kitajima, Takahashi 1603.02090]
€.g. Irapped misa Ignment [Di Luzio, Serensen 2408.04623] + refs. therein

e Parametrize the supercooling: T 4 supercooled temperature

_ osc
| —

sC
zlmcﬂqa

goscaa D temp. in original audible axion

_ 4
Qe = 12U v

E 7

lease

e Effect on the growth time between
oscillation and GW emission:

12872 f3
&=1+%rszcln< i f(p)
a

402 12
a0 mg

> trapped regime

aOS (&

Plfy
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icu 3. Dark photon scenario

How much supercooling for the dark photon case?

e More supercooling means less growth time means smaller a possible!

1/4 1/2

e AN, leads to maximum length of supercooling in [ O of
= lower limit on r: 8¢ a,. My,
Q= 200y
-
ok
v
S
—
1070 1072 1074 107 | 101070701072 1074 107°
mg [GeV] mg [GeV]
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icu 3. Dark photon scenario

Gravitational waves (I)

e Generally, for the peak of the GW spectrum:

2 g

H. a ki,

Qowx = Ceszggs,* —= Jowx =2—
2k,

Ay

Linear numeric simulation

my = 10721 GeV, f, =10 GeV, a=5,0=1

Supercooling

Extract fit parameters

for exact result
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107°

1017

3. Dark photon scenario

Gravitational waves (Il)

B / / a=50, =1 |
BBN
SKA | uAres  LISA O  ET
I fy =10'° GeV
my =101 GeV

(£, =101 (*‘reV}

my =107 GeV
\

X4

& |

L4 .

,* without
L4

.* supercooling

| £, =101 GeV |

J

10-10

1078

1076
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icu 3. Dark photon scenario

Gravitational waves (lll)

o = 20
10_11 T T : -
C%>l > I > — - — I
12 51 Lol s = L :
1071 2 5} g z] < Z\ g I
- 1013 §T'I / I @@ 7\ |
T ol V5 ' A
= 0\ £ o I = -
< 107\ =Y 3 H
s N ‘ = I3 |
«o 107104 \ <1 > FA
R | R | w | 3
1 —17 | \ \ = . gg
O ‘ R l =
. . - ﬁ
107184 A Ng > 0.3 ‘ A N.g > 0.3
10730 107 107 1072 1076 10V 10730 1072 107 1072 1076  10Y
mg |GeV] mg |GeV]
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v 4,.The SM photon scenario

Overcoming the suppression

e Abit more complicated...

2.2 3 2

+ k + k
a)z—kzikﬁcb'=aml) L (2 _ 2 m(Z + 2
f 2 2k w—k 2k3 w—k k2

Debye mass: mp ~ el

—» peak frequency suppressed with (eT)?

=» need supercooling to open band:

Foe ™ (m¢/MP1)1/2
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Zero—T
10+ -
peak zero-T \
8 ___________________________________
Mg
6 »
i Finite—T, no supercooling |
—21f === k3—scaling of peak o
e Full 1-loop expression .,..-:3'*‘\.
- 23 B ¢ ,° .’
L7 ’ peak finite-T
—25} Jat
5x1071x 10% 5x 1081 x 107 5x10°
k/a [GeV]

Christopher Gerlach



v 4,.The SM photon scenario

Overcoming the suppression

Zero-T
Finite-T with supercooling

e Abit more complicated...

10t
peak zero—T——

Debye mass: mp ~ el

/L
17/

Yy
7/

o Finite-T, no supercooling
k d with (eT)* ~ -21} 3—scali .
—» peak frequency suppressed with (eT) 23| S k3—scaling of peak .

4

o Full 1-loop expression .,.v:',’*"\

=» need supercooling to open band: 23l

Foe ™ (m¢/MP1)1/2
-251

5x 1071 x 108 5x1081 x10° 5% 10°
k/a [GeV]
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v 4,.The SM photon scenario

Cosmology

e Extra degrees of freedom play no role

e Additional thermal inflation in most of parameter space (before photon
production)

e Schwinger pair production limits the energy we can transfer to photons:

E
E2+BZ—CEB+%EJM= 0 )
‘ mm
o eXp (— : >

ek

e Suppressed by electron mass for small ALP masses
e ALP domination once production unsuppressed
e Suppressed by thermal electron mass for large masses

[Schwinger 1951]
[Domcke, Ema, Mukaida 1910.01205] + many more
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4.The SM photon scenario

Gravitational waves

SKA

i/ XEUI‘¢w < ¢’LLL \L
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4.The SM photon scenario

Gravitational waves

SKA

i/ XEUI‘¢w < ¢’LLL \L

Little dependence on
suppression parameter
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4.The SM photon scenario

Gravitational waves
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iclu. 5, Outlook

Future directions of the model

e Magnetic fields as signatures:

e SM coupling leads to strong helical magnetic field in early
universe

E
E?+ B* - EB + %EJM =0

e Redshift to today & compare to observation:
lower bound on IGMF from absence of GeV photons from
blazars

e Lattice study: so far, backscattering not covered - treat ¢, , as

pa rameter

e Thermal effects: Schwinger equations with full fermionic dispersion
relation
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iclu. 6. Conclusions

What you should take away

Dark photon: Period of supercooling enhances SGWB

e Smaller decay constant f, and smaller photon-coupling a possible:
Jo ™~ 102 GeV and a ~ 1 can be sufficient

SM photon: supercooling can open the tachyonic band

e Pair production limits parameter space
e Small ALP mass + f, ~ 10'® GeV could be in yARES and BBO range

e UHF range window
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What you should take away

Dark photon: Period of supercooling enhances SGWB

e Smaller decay constant f, and smaller photon-coupling a possible:
Jo ™~ 102 GeV and a ~ 1 can be sufficient

SM photon: supercooling can open the tachyonic band

e Pair production limits parameter space
e Small ALP mass + f, ~ 10'® GeV could be in yARES and BBO range

e UHF range window

Thank you for your attention!
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clv. Backup

----- growth time estimate
Simulation benchmarks - band closure estimate
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GW fits overview

mg = 1071 GeV, f; =107 GeV, a =55, § = 1.2 mg=10"2GeV, f, =10 GeV, a =1.5,0 =1
107 Best fit No supercooling 10-8 Supercooling
*  Analytic estimate
e  Simulation
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cu. Backup

GW fit functions

o it template: [Madge, Ratzinger, Schmitt, Schwaller 2111.12730]

(7/£.)
1+ (f/fs)pexp [7 (f/fs — 1)]

QGW,O(f) — «ASQGW,O

2
e Dark photon result: B2 G o = 7.69 x 10~ ( fs )

3

~ 4 1 % 1 10 %
fo = 28.53 Hz (a’°s°) af (%) (0 GeV)

Qy eV

1 3 1

~ 100\ =2 my (a 2 (GeV 2 a
—8 o) osc . *
= 8. H 1, —

fo=28.69 x 10 Z(ggh) aeev(a*> (Hrh) mln{ ’arh}’
100 3 fo \°
2~MD . -4 2 ¢ o amd
h*Qw.0 =4.20 X 10 ( e ) Xsp (aMPI) min {1, o } ,

_ 100\* , (6\*/ f» \'[a a
20ORD =5 [ = 2 ¢ = . o
p— . - 1
h QGW’O 70110 ( 9z ) Xep (Oé> (rscMPl) (aosc) mm{ " }

e SM photon result:
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cu. Backup

Schwinger pair production. Some more details

e Gauge field equation of motion:  p, = — 4Hp, + 2(HEB — eQEJ,,,

nm?
e Induced current suppressed by electron mass: Jing < €Xp | — E
e Assume dynamical equilibrium:
. . . 2
e Maximize photon energy fraction 1 i Qe = 1
on this contour 1071 - \
I &
1074 2 =
e Plot as fcn. of would-be ) 2| > &
. = _ AN Q S
reheating temp. =107 N ; 5
< Z o &
~10] < | b S
10 , S
| /
_ : 8
10713 ! N
i
—16 1 . , ! . .
1 1072 10! 107 107 1010
Trh [GGV]
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clu. Backup

The minimal coupling

v~

g [GGV]
2 £2
Alpse o3 a, T, 1287% f
= (a0 , =1+4+—rIn
Qe () ve a,q. af > < a*0? m3
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