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Probing Axions in the Early Universe

What do know about cosmological history?

e Lots of evidence for inflation at an
energy scale of at most the GUT scale.

* Need a thermal plasma for BBN at

temperatures of order MeV.

What happens in between?

e Can axions/ALPs leave a
signature in this era?

* Need a messenger which
carries information from
the early universe.
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Dark Axions in the Early Universe

Axions which have a mass heavier than Hppn will begin to oscillate in
the early universe.

Tose ~ \/mMp , m > Hgpn & 10716 eV

One possibility is that these axions couple to hidden gauge groups rather
than to the SM (or couple only very weakly to the SM)

e Axion becomes invisible- evades constraints based on coupling to
photons, etc.

e Can still be probed via gravitational effects, e.g. superradiance, but
these mainly focus on very light axions.

e Other gravitational probes for heavier ALPs?
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Gravitational Waves from Dark Axions

Focus on a simple toy model with an ALP coupled to a dark photon of a
hidden U(1):

Xy X

Dark photon can be non-perturbatively produced when the ALP has non-
trivial dynamics.

e GW from the same process as preheating, axion inflation, etc.

e Aforementioned cases occur during or at the end of inflation, fixing
the mass scale.

e But ALPs can also have non-trivial dynamics after inflation which
result in GW production.
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The Audible Axion Model

e We consider the following effective field theory consisting of an

axion-like particle (ALP) ¢ and a dark photon X,

1

1

S - / 2y | 50,60"6 — V(6) — 1 X, XP"

4

8%
_ EQSX

uv X

e We assume some explicit breaking of the global symmetry at
the scale A = +/mf, which generates a mass for the ALP

V(o)

m2f2

- — COS ? -
! (f)




Initial Conditions: Vacuum Misalignment

e Since the ALP has no reason to be near the minimum of the
potential when it is generated, we generically expect initial
conditions of the form

V(o)
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Model Parameters

e In principle, the model has 5 parameters

4

. 1 o
S = [ de =5 {50:60%0 —V(0) = XX — LXK
~
V(6) = m2f? |1 - cos (%) L b, @

e But effectively 3 if we apply misalignment arguments

m, [, o
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Cosmological History

/ Global symmetry spontaneously broken
\/HIMP Inflation
\/ mM p ALP begins fo oscillate, transfers energy to

dark photons. GW produced.

MeV Big Bang Nucleosynthesis
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Initial Dynamics

e The ALP begins to oscillate when the Hubble rate drops below
the ALP mass

V(o)

¢ =0f

OSC __ ’O%SC ~ m262f2/2 ~ (ﬁ)Q
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Initial ALP and Dark Photon Energy Density

e We assume the dynamics occur when the universe is radiation
dominated and take the ALP energy density to be a subdominant

fraction
0Ff \°
Oosc ~ [ 2L 1
i (M = ) -

e But to source GW with a large amplitude, should be not be too
small. We will require:
) /S Mp

e For simplicity, we assume the no initial abundance for the dark
photon. However, it can be sourced as the ALP rolls.

Q% = 0

11
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Dark Photon Production

(Dark E and B, sink for ALP )

e We assume that the ALP begins oscillating in a post-
inflationary radiation-dominated FRW universe (2, < Q,.4),
in which the ALP obeys:

6’V_oz
o f

and the dark photon obeys a wave equation sourced by ¢’

¢ +2aHP + a* a’F - B,

2
(8 V2>X: 3 x X, V-X=0.

01?2 f
Source for dark photons
(while ALP rolls)
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Dark Photon Production: Quantum Picture

circular pols. (k x ey = Fikey)
We quantize the dark photon field as /

(x,7) Z/ vk, 7) €4 (k) ax(k) e *+ h.c.
which leads to the following equation for the dark photon mode
functions

o
i twi(mus=0,  wi(r) =k Fhze

As the ALP rolls, there exist momenta for which w3 is negative.
The corresponding modes are tachyonic and grow exponentially:

vy (k,T) ~ elwt|T

13
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Dark Photon Spectrum and Parity Violation

Because the initial sign of ¢’ determines which helicity becomes
tachyonic first, the system violates parity and one helicity
experiences exponentially more production than the other.

2 2 Q 1)
107° |
Tachyonic modes: <4010
O
&¢/ k § 10—15
<
0< k< , — S ab S |
/ m 10720 |
. -25 ,
Most tachyonic mode: YA /\n.[ﬂ)M
/ ] 2 5 10 20 50
]'% _ Oé¢ < a_m k[ (mags)
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Stochastic Gravitational Waves

Dark photon modes in the range 0 < k < 6am which were initially
iIn vacuum grow exponentially when the axion begins to oscillate

1 P L —— vy (k,T) ~ plwx|T

V2k wi <0

’Ui(k, T << Tosc) —

These exponentially growing modes become highly occupied.
Quantum fluctuations amplified into a rapidly time-varying,
anisotropic classical energy distribution, sourcing GW.

Anisotropic

2

@ravity WaveQ—» hi;(k,7) + k*hij(k, ) = Wﬂij(ka T), stress ]
P

kl 3
N ;i d q ~ ~ N N
(k) = 2 [ G55 [Bula DBk = a.n) + Byla. 1Bk —a,7)].
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Gravitational Waves: More Detail

Anisotropic stress comes from exponentially growing dark photon
modes:

5 ARV @Bg T 5 . .
) = 22 [ 5 (B Bk - a.n) + Bua Bk - a.7)]

a? | (2m)3
Ei(q,7) = vi(g,7) €} (a) ax(q) v (b, 7) ~ elwslr

A

Bi(a,7) = Aqua(g, 7)€} () ax(a)

We compute the GW spectrum as follows:

d,OGW ks /T Y, / 1 / 7 2 Y,
— dr'dr"a(t")a(t") cos k(7" — )| II*(k, 7", 7"")
dlogk Am2a*M3 J.

oSscC

(OI1L; (k, 7)1 (K, 7)]0) = (27m)* 1% (k, 7,7")5(k — k')
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Numerical Results: Linear Analysis

H < m, Particle Production

Cold Dark Matter

H>m
%
S
Comoving Energy Densities
[P. Agrawal, G. Marques-Tavares, W. Xue:
arXiv:1708.05008]
Benchmark Point: m=10"%¢eV,

17
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[Machado, Ratzinger, Schwaller, BAS:
1811.01950]
f=10"GeV, a=55, 6=12
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Tachyonic Instability

Because the helicity which experiences tachyonic growth switches every
half period, only the modes which have growth timescales less than the

conformal oscillation time will grow efficiently

1012
8 L .
w? =k* —k—¢' < —(am)? 108 |
7 -
< 10%
] 9 3 P
~ 2 a % |
ki =~k 1\/1() ( ) = 10
o Qosc
1078
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Tachyonic Instability

Because the helicity which experiences tachyonic growth switches every
half period, only the modes which have growth timescales less than the

conformal oscillation time will grow efficiently

1012

CUQ S k‘z — ]‘C%Qy < _(am)Q 108"
5 o
I 2 5| 1
N 9 %
ki =~k 1\/1() (a> = 10

o Qosc
B | 1078
a/ agsc
Tachyonic band is £_ < k < k4 and closes when

(0/2)%/3 ~ 10 //% Gose (0 /2)%/3 ~ 10m

a/aosc — —

Will use this to estimate the time of GW emission.
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Parametric Resonance

Comoving Energies Dark Photon Power Spectrum
1012 — ey ——— : : —— : E—
_ ” n 1073
w i - - A )
108 |
) 10713 ¢
> a2 :
£ 10%; o0
’? | § 10—23
CZY O P . :
5 - S 1078
Q 10—4 -A_ N 3ﬁ<_=_0_3 _______
o G005 10 |
1 2 5 50
2k [ (m ays)
Modes — Mathieu Equation For small amplitude
d? k
”5(2"2) 4 [Ay £ 2¢F (2)] vi(k, 2) = 0 k=ma/2 (n=1)
z
B’ ) Narrow Resonance ~ ~
Ak‘:4(%> — ) Bands a/f/aosc - Q{H ~Y 66
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GW Spectrum: NDA

The energy in GW is limited by the energy in the axion field

oo PSP/ (ﬁ)
© P 3MpHZ Mp)

OSsC

Rough estimate for the peak of the GW spectrum

~ a H,\°
kpeak ~ k(T*) : QGW(kpeak) — Qi (k’* *> .
peak

Estimating at the time of emission leads to

8%

f 4 92 %
kpeak ~ (()4(9)2/3 m, QGW(kpeak) ~ (M—P) <—> .

CALP mass sets peak ﬂ”equenc@ CLarge decay constant required)

21



GW Spectrum: Numerical Result

4 2\ 3
Scaling Estimate: ke = (a0)?3m,  Qaw(kpear) = (ML> (%) |
P

1077

108

1072 0.1 1 10 100
k[ (magse)

Benchmark Point: m=10"2%eV, f=10"GeV, a=055, 0=12

50 [Machado, Ratzinger, Schwaller, BAS: 1811.01950]



GW Spectrum: Numerical Result

-

4 4
: : 62 3
kScclllng Estimate: ke = (a0)?2m,  Qaw(kpear) = (ML]) (E) :

1077

~

1078
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% f
= :
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107"
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GW Spectrum: Chirality

dQy [/ dlog k

The produced GW spectrum is highly polarized because the GWs
inherit the parity violation in the dark photon population.

( ) ( )
A (Y G C’ ( ;, (Y 14744
<— > —> ' — P
\.71 \/ ! (O \/\/
\_ J \_
11 10~/
1075 107°
10-10 107
5 10
-15 S 107
10 L
10=%0 10 —
107"
107%° ?
| f\ﬂ.ﬂm ‘ ‘ 10713 ! i
10 20 50 1072 1 100
k/ (M agsc) k |/ (m Aosc)
[Machado, Ratzinger, Schwaller, BAS: 1811.01950]
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Probing ALPs with Gravitational Waves

10_8 = é 10—8
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~14 . 1 10-14
1077 & : », |U ? 10
.| zlz
[ i © E
o o ]
10_16 fl g = B = 10—16
- —_ — 1 ]
L1 llHH‘ L1 i L1 llHH‘ Il llHH‘ L1l
107° 1077

~ 1o 2/3 _ m 2/3 0 0 f 4 62 5
Jo=m <i) (04(9) = M— 1o (04(9) : QGW ~ ny M—P E

o5 [Machado, Ratzinger, Schwaller, BAS: 1811.01950]
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GW Spectrum: Fit Template

4 (92 %
Scaling Relations:  fpeak & (a0)*?m,  Qaw(fpeax) z( / ) <_>

Fit Template

e (F) = A (1)
e (78 e [y £ - 1)

R2Odw

* Can use the template to go
directly from a set of underlying
model parameters {a,m, f} to
the GW spectrum without
running a time-consuming
numerical simulation.

29

10-11 .
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0
10-16

10—177 ‘ L ‘ L ‘ L ! L
1076 1073 104 1073
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A, s Y p

Total spectrum (black) | 6.3 | 2.0 | 12.9 | 1.5

fo (Hz)

[Machado, Ratzinger, Schwaller, BAS: 1912.01007]




Probing ALPs with Gravitational Waves

Because larger decay constants correspond to larger GW amplitude,
gravitational wave detectors can probe these models from the "bottom up”!

CAST /—VT/} HB Stars / }

P4
1078+ SN1987 ] Fermi ot -
HESS IAXO ,/
. Chandra +* F MAGIC L > |
V4
10 L/// ’/;:L\O(\

1077+ ‘
[
O 10—12f
)
=

10—16 L

[—
<
=
T ‘ T
BH Superradia@

10—18 \

[Machado, Ratzinger, Schwaller, BAS: 1912.01007]



Did NANOGrav hear an ALP?

Heres what we would need:

1078 3 x 10184
F> Mp|
10—9 ........ 2 X 1018 1
TS s B B i S 3
~t§ O 1018 7
c 1011 - \\\\ s ]
] Runaway PT 6 x 107 -
10712 1 —-- Non-Runaway PT . '
] —— Audible Axion 4x10°"
oL . T
10-8 10714 10713 10712 1011

Frequency / Hz m, /[ eV

Best fit point:  m~2x107% eV,  f~5x10" GeV

*BFP close to Neff bound, requires a 10> suppression of the relic abundance.

31 [Ratzinger, Schwaller: 2009.11875]
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Probing Polarization?

&G | C»:G—»C

( ) ( )
y

e Can we detect? Main
problem is that we are 107
dealing with planar |
detectors (LISA, ET, etc).

e Planar detectors cannot
measure the polarization
of an isotropic SGWB.

* Need to break planarity

. 1 10 100
or isotropy.

k[ (magsc)

[N. Seto, A. Taruya: 0707.0535
N. Seto, A. Taruya: 0801.4185
T. Smith, R. Caldwell: 1609.05901] 32
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Probing Polarization: Breaking Isotropy

Relative motion of our solar system w.r.t the cosmic reference frame
induces dipolar anisotropy in the SWGB (similar to CMB dipole)

Allows for directional information on the wave. Detector dipole
response function changes sign under a chirality flip!

But, effect is suppressed by the small peculiar velocity O(1077)

since it must vanish in the v, — O limit.

[V.Domcke, J.Garcia-Bellido, M.Peloso,

M.Pieroni, A.Ricciardone, L.Sorbo and
[N. Seto: astro-ph/0609504, astro-ph/0609633] 33 G.Tasinato: 1910.08052]
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Polarization and Model Cosmology

e For large decay constants, polarization detectable in LISA or ET.
Tosc (GeV)

102 10* 10°

107"

107"
. . N
T Parameter space
()] - .
G 1077 with detectable
= i polarization
107"k
10718
m (eV 2
(eV) SNR? o v? / dT cos® o(T) T D f L
o fA(
e Dipole response functions from: —— |y oncke, g.carcia-Bellido,
M.Peloso, M.Pieroni, A.Ricciardone,
[Machado, Ratzinger, Schwaller, BAS: 1912.01007] L.Sorbo and G.Tasinato: 1910.08052]
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Polarization and Model Cosmology

e Dark photons can contribute to DM or relativistic DOFs.

QVDM 1

QCDM

(Warm VDM

e Viable mechanism to produce VDM.

[1810.07188, 1810.07208,

[Machado, Ratzinger, Schwaller, BAS: 1912.01007] 1810.07196, 1810.07195]
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Polarization and Model Cosmology

e In general, a large suppression of the relic abundance is needed.

Tosc (GEV)
10° 10* 10°
g | 6 VDM
Required \
' /\
SUPpression BBO A0
of relic
abundance ‘
\_ Y, LISAZ
o"..'- ~~~’ A
10718 eff . 4 - ~. "' ..'. L “e — 1
107" 107° 107* 10

m (eV)
e Due to non-linearity, question must be answered on the lattice.

[Machado, Ratzinger, Schwaller, BAS: 1912.01007] 36



eyl Lattice Results: Relic Abundance

e Dark photon backscattering induces inhomogeneities in the axion
field- destroys the coherently oscillating condensate.

— == standard misalignment
-9 41 ; e
10 lattice result P Y
------ linear analysis

comoving axion energy pya3/(f?m?)

FHAET I g s E E E E R E N RN EEEEEEEEEEEEEEEEE

10° 10! 102
scale factor a/aysc

e Lose parametric resonance, so can only suppress by 1072 — 1073

a7 Lattice Specs : 128%, L = 0 (m™)



eyl Lattice Results: Relic Abundance

e Dark photon backscattering induces inhomogeneities in the axion
field- destroys the coherently oscillating condensate.

Tachyonic
phase
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eyl Lattice Results: Relic Abundance

e Dark photon backscattering induces inhomogeneities in the axion
field- destroys the coherently oscillating condensate.
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eyl Lattice Results: Relic Abundance

e Dark photon backscattering induces inhomogeneities in the axion
field- destroys the coherently oscillating condensate.

't 1071 - S “""":-'""'-_':-‘_ : o ——
) i
o ' n,
S 1073 1 / -'5‘. sy
> ' YRR -
Tachyonic LR Parametric
o 107° A =
phase R, resonance
© : .
-7 ' %
g”
g — == standard misalignment ; :li";:-“
S 107? 4 — lattice result Hfl‘-;.:.g,. ......................................
------ linear analysis P
10° 10! 10°

scale factor a/aysc

e Lose parametric resonance, so can only suppress by 1072 — 1073
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ey Lattice Results: GW Spectrum

GW signal survives, as it is produced mainly during the tachyonic
phase. Scalar contribution to the stress-energy tensor now included.

107 -

108 3

dﬂgw/d/n/(

10—10

101 102
comoving momentum k/m

Overall, still peaks close to NDA expectation, but broader shape that
extends to higher momenta due to 2 — 1 processes.

» Lattice Specs : 128%, L = 0 (m™)



Ben A. Stefanek | Gravitational Wave Probes of Axion-like Particles

Ongoing Work: Lattice and Cosmology

Will continue to study the model on the lattice. Preliminary results
suggest only SKA is available, so new ideas are needed fo open up
the parameter space compatible with cosmology.

* Monodromy? (lower
axion mass at the
bottom of potential)

=% Tune 2 cosine terms

e Shut off @ potential

= Requires inverse PT?

* Lower mass probes?

1/f(GeV™)
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Lower Mass Probes via Spectral Distortions

Spectral distortions of the CMB can be used fo probe GWs at
frequencies much lower than pulsar timing arrays.
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Lower Mass Probes via Spectral Distortions

Tensors source perturbations in photon fluid- mainly dissipated by
free streaming effects.

k [Mpc—1]
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Lower Mass Probes via Spectral Distortions

CMB can be distorted over a wide range of scales where there is
no other probe.

| 6 decades |
| 'k Mpc]
1074 1073 10-2 10~ 10° 10 102 10% 10* 105 10° 107 10%® 10° 100 10! 102 1083 10 10 106 1017 10'8

waul il el el o anul o auul ol sl Ll llll o anul o auul gl sl el o auul s auul el ol il

— bin size

FIRAS (95%CL

PIXIE PN — -~
Sup

\Voyage2050

10 x Voyage2050

10—17
1018
1019

10—15 E
10—14 E
10-13 3
10~
10~
10~
1079 3

0

0
106 3
107
1074 3
1073 3
1072 4
10~ 3

45 [Kite, Ravenni, Patil, Chluba: 2010.00040]



Lower Mass Probes via Spectral Distortions

Spectral distortions of the CMB can be used to probe GWs at
frequencies much lower than pulsar timing arrays.

SD PTA Interferometry

e Tensors source perturbs i
in photon fluid- mainly
dissipated by free
streaming effects.

1018

e CMB can be distorted

over a wide range of
scales.

fo [GeV]

1017
e Analysis done specifically
for our model, using our *

fit template. I 1[0\"/;4

10-10  10-6
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Lower Mass Probes via Spectral Distortions

Spectral distortions of the CMB can be used to probe GWs at
frequencies much lower than pulsar timing arrays.

SD PTA Interferometry

e Tensors source perturbs i
in photon fluid- mainly
dissipated by free
streaming effects.

1018

e CMB can be distorted
over a wide range of
scales.

fo [GeV]

il

1017
e Analysis done specifically
for our model, using our *

fit template. RN ARl I A
m [eV]

~ ALP-DM w/ PP 1011

10—12
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Conclusions

e Axions that begin to oscillate in the early universe may
emit a SGWB if they are coupled to a light dark photon.

e Axion GW signal is peaked near the mass and detectable by
future GW experiments for large decay constants.

e Signal is highly polarized due to underlying parity violation
in the system. Can be probed by planar detectors using the
Kinematically induced dipolar anisotropy.

e As most of the viable GW parameter space is for low
masses m < 1071* eV, spectral distortions could be the best
probe of the model. New ideas needed make the larger
mass region compatible with cosmology.
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