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Reheating,  
baryogenesis, 

PTs, axions, etc.

What do know about cosmological history?

• 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?

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


• Need a messenger which 
carries information from 
the early universe.



Ben Stefanek | Alternative probes of flavour

Probing Axions in the Early Universe

3

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

Einf = V
1/4
inf ⇠

p
H⇤MP

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Reheating,  
baryogenesis, 

PTs, axions, etc.

What do know about cosmological history?

What happens in between?

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


• Need a messenger which 
carries information from 
the early universe.
Can we probe 


with GW?

• 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.
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Dark Axions in the Early Universe
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Axions which have a mass heavier than          will begin to oscillate in 
the early universe.


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


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


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


• Other gravitational probes for heavier ALPs?
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Gravitational Waves from Dark Axions
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Focus on a simple toy model with an ALP coupled to a dark photon of a 
hidden U(1):


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


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


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


• But ALPs can also have non-trivial dynamics after inflation which 
result in GW production.
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• We consider the following effective field theory consisting of an 
axion-like particle (ALP)     and a dark photon


• We assume some explicit breaking of the global symmetry at 
the scale              , which generates a mass for the ALP

S =

Z
d4x

p
�g


1

2
@µ�@µ�� V (�)� 1

4
Xµ⌫X

µ⌫ � ↵

4f
�Xµ⌫

eXµ⌫

�

<latexit sha1_base64="AQaBXR2yDKoGtrmXTFD4PAe7Hpw="></latexit><latexit sha1_base64="AQaBXR2yDKoGtrmXTFD4PAe7Hpw="></latexit><latexit sha1_base64="AQaBXR2yDKoGtrmXTFD4PAe7Hpw="></latexit><latexit sha1_base64="AQaBXR2yDKoGtrmXTFD4PAe7Hpw="></latexit>

�
<latexit sha1_base64="ZnF0+WI7w4Ygwz1GYRXdsoTIiIM=">AAAB63icbVDLSsNAFL2pr1pfVZe6GCyCq5K40WXRjcsW7APaUCbTSTN0ZhJmJkIJ/QU3LhRx6z/4He7c+SlO0i609cCFwzn3cu89QcKZNq775ZTW1jc2t8rblZ3dvf2D6uFRR8epIrRNYh6rXoA15UzStmGG016iKBYBp91gcpv73QeqNIvlvZkm1Bd4LFnICDa5NEgiNqzW3LpbAK0Sb0FqjdOP1jcANIfVz8EoJqmg0hCOte57bmL8DCvDCKezyiDVNMFkgse0b6nEgmo/K26doXOrjFAYK1vSoEL9PZFhofVUBLZTYBPpZS8X//P6qQmv/YzJJDVUkvmiMOXIxCh/HI2YosTwqSWYKGZvRSTCChNj46nYELzll1dJ57LuuXWvZdO4gTnKcAJncAEeXEED7qAJbSAQwSM8w4sjnCfn1Xmbt5acxcwx/IHz/gMiQpCA</latexit><latexit sha1_base64="ETSvLEBCnQOwl6YUticS5P+8yhQ=">AAAB63icbVC7SgNBFL3rM8ZX1FKRwSBYhV0bLYM2lgmYByRLmJ3MZofMzC4zs0JYUtraWChi6z/kO+z8Bn/C2SSFJh64cDjnXu69J0g408Z1v5yV1bX1jc3CVnF7Z3dvv3Rw2NRxqghtkJjHqh1gTTmTtGGY4bSdKIpFwGkrGN7mfuuBKs1ieW9GCfUFHkgWMoJNLnWTiPVKZbfiToGWiTcn5erJpP79eDqp9Uqf3X5MUkGlIRxr3fHcxPgZVoYRTsfFbqppgskQD2jHUokF1X42vXWMzq3SR2GsbEmDpurviQwLrUcisJ0Cm0gvern4n9dJTXjtZ0wmqaGSzBaFKUcmRvnjqM8UJYaPLMFEMXsrIhFWmBgbT9GG4C2+vEyalxXPrXh1m8YNzFCAYziDC/DgCqpwBzVoAIEInuAFXh3hPDtvzvusdcWZzxzBHzgfPwCHkeY=</latexit><latexit sha1_base64="ETSvLEBCnQOwl6YUticS5P+8yhQ=">AAAB63icbVC7SgNBFL3rM8ZX1FKRwSBYhV0bLYM2lgmYByRLmJ3MZofMzC4zs0JYUtraWChi6z/kO+z8Bn/C2SSFJh64cDjnXu69J0g408Z1v5yV1bX1jc3CVnF7Z3dvv3Rw2NRxqghtkJjHqh1gTTmTtGGY4bSdKIpFwGkrGN7mfuuBKs1ieW9GCfUFHkgWMoJNLnWTiPVKZbfiToGWiTcn5erJpP79eDqp9Uqf3X5MUkGlIRxr3fHcxPgZVoYRTsfFbqppgskQD2jHUokF1X42vXWMzq3SR2GsbEmDpurviQwLrUcisJ0Cm0gvern4n9dJTXjtZ0wmqaGSzBaFKUcmRvnjqM8UJYaPLMFEMXsrIhFWmBgbT9GG4C2+vEyalxXPrXh1m8YNzFCAYziDC/DgCqpwBzVoAIEInuAFXh3hPDtvzvusdcWZzxzBHzgfPwCHkeY=</latexit><latexit sha1_base64="U85VTJ3p878UMP0ysiiXjjYK99o=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqex60WPRi8cK9gPapWTTbDc0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAU31vO+UWVjc2t7p7pb29s/ODyqH590TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gund4Xfe2La8EQ92lnKAkkmikecEltIwzTmo3rDa3oL4HXil6QBJdqj+tdwnNBMMmWpIMYMfC+1QU605VSweW2YGZYSOiUTNnBUEclMkC9uneMLp4xxlGhXyuKF+nsiJ9KYmQxdpyQ2NqteIf7nDTIb3QQ5V2lmmaLLRVEmsE1w8Tgec82oFTNHCNXc3YppTDSh1sVTcyH4qy+vk+5V0/ea/oPXaN2WcVThDM7hEny4hhbcQxs6QCGGZ3iFNyTRC3pHH8vWCipnTuEP0OcPEkiOOw==</latexit>

Xµ
<latexit sha1_base64="iAoE2W8BaH6+lKm18So0vDHw/G4=">AAAB7nicbVC7SgNBFL0bXzG+opY2g1GwCrs2WgZtLCOYByQhzE7uJkNmZpeZWSEs+QgbC0Vs/QJrv8HOD7F38ig08cCFwzn3cu89YSK4sb7/5eVWVtfWN/Kbha3tnd294v5B3cSpZlhjsYh1M6QGBVdYs9wKbCYaqQwFNsLh9cRv3KM2PFZ3dpRgR9K+4hFn1Dqp0exmbZmOu8WSX/anIMskmJNS5eT7/QMAqt3iZ7sXs1SiskxQY1qBn9hORrXlTOC40E4NJpQNaR9bjioq0XSy6bljcuqUHoli7UpZMlV/T2RUGjOSoeuU1A7MojcR//NaqY0uOxlXSWpRsdmiKBXExmTyO+lxjcyKkSOUae5uJWxANWXWJVRwIQSLLy+T+nk58MvBrUvjCmbIwxEcwxkEcAEVuIEq1IDBEB7gCZ69xHv0XrzXWWvOm88cwh94bz9OuJJ4</latexit><latexit sha1_base64="H72AwLZMeBN6j71aqBgYuUUAyTw=">AAAB7nicbVC7SgNBFL3rMyY+opY2g1GwCrs2WgZtLCOYByRLmJ3MJkPmsczMBsKSj7CxUMTWL/AH/AM7P0RrJ49CEw9cOJxzL/feEyWcGev7n97K6tr6xmZuK1/Y3tndK+4f1I1KNaE1orjSzQgbypmkNcssp81EUywiThvR4HriN4ZUG6bknR0lNBS4J1nMCLZOajQ7WVuk406x5Jf9KdAyCeakVDn5ensfFr6rneJHu6tIKqi0hGNjWoGf2DDD2jLC6TjfTg1NMBngHm05KrGgJsym547RqVO6KFbalbRoqv6eyLAwZiQi1ymw7ZtFbyL+57VSG1+GGZNJaqkks0VxypFVaPI76jJNieUjRzDRzN2KSB9rTKxLKO9CCBZfXib183Lgl4Nbl8YVzJCDIziGMwjgAipwA1WoAYEB3MMjPHmJ9+A9ey+z1hVvPnMIf+C9/gBHWJPy</latexit><latexit sha1_base64="H72AwLZMeBN6j71aqBgYuUUAyTw=">AAAB7nicbVC7SgNBFL3rMyY+opY2g1GwCrs2WgZtLCOYByRLmJ3MJkPmsczMBsKSj7CxUMTWL/AH/AM7P0RrJ49CEw9cOJxzL/feEyWcGev7n97K6tr6xmZuK1/Y3tndK+4f1I1KNaE1orjSzQgbypmkNcssp81EUywiThvR4HriN4ZUG6bknR0lNBS4J1nMCLZOajQ7WVuk406x5Jf9KdAyCeakVDn5ensfFr6rneJHu6tIKqi0hGNjWoGf2DDD2jLC6TjfTg1NMBngHm05KrGgJsym547RqVO6KFbalbRoqv6eyLAwZiQi1ymw7ZtFbyL+57VSG1+GGZNJaqkks0VxypFVaPI76jJNieUjRzDRzN2KSB9rTKxLKO9CCBZfXib183Lgl4Nbl8YVzJCDIziGMwjgAipwA1WoAYEB3MMjPHmJ9+A9ey+z1hVvPnMIf+C9/gBHWJPy</latexit><latexit sha1_base64="0D4e2NpvX5M8ONaWCWG0HTFemDw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5stAzaWEYwH5AcYW8zlyzZ3Tt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXpYIb6/vfXmljc2t7p7xb2ds/ODyqHp+0TZJphi2WiER3I2pQcIUty63AbqqRykhgJ5rczf3OE2rDE/VopymGko4Ujzmj1kmd7iDvy2w2qNb8ur8AWSdBQWpQoDmofvWHCcskKssENaYX+KkNc6otZwJnlX5mMKVsQkfYc1RRiSbMF+fOyIVThiROtCtlyUL9PZFTacxURq5TUjs2q95c/M/rZTa+CXOu0syiYstFcSaITcj8dzLkGpkVU0co09zdStiYasqsS6jiQghWX14n7at64NeDB7/WuC3iKMMZnMMlBHANDbiHJrSAwQSe4RXevNR78d69j2VryStmTuEPvM8fhEiPqQ==</latexit>

V (�) = m2f2


1� cos

✓
�

f

◆�

<latexit sha1_base64="9WQMN8LS3FxQX1kiD7y8FyJQH40="></latexit><latexit sha1_base64="9WQMN8LS3FxQX1kiD7y8FyJQH40="></latexit><latexit sha1_base64="9WQMN8LS3FxQX1kiD7y8FyJQH40="></latexit><latexit sha1_base64="9WQMN8LS3FxQX1kiD7y8FyJQH40="></latexit>

⇤ =
p

mf

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



Ben Stefanek | Alternative probes of flavour

Initial Conditions: Vacuum Misalignment

7

Ben A. Stefanek | Cosmological Probes of Fundamental Physics

• 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

�i = ✓f , �0
i ⇡ 0 , ✓ ⇠ O(1)
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• In principle, the model has 5 parameters


• But effectively 3 if we apply misalignment arguments
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Global symmetry spontaneously broken

Inflation

Big Bang Nucleosynthesis

ALP begins to oscillate, transfers energy to

dark photons. GW produced.

p
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p
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• The ALP begins to oscillate when the Hubble rate drops below 
the ALP mass
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• We assume the dynamics occur when the universe is radiation 
dominated and take the ALP energy density to be a subdominant 
fraction


• But to source GW with a large amplitude, should be not be too 
small. We will require:


• For simplicity, we assume the no initial abundance for the dark 
photon. However, it can be sourced as the ALP rolls.
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Dark Photon Production
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• We assume that the ALP begins oscillating in a post-
inflationary radiation-dominated FRW universe (             ), 
in which the ALP obeys:


and the dark photon obeys a wave equation sourced by
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Dark Photon Production: Quantum Picture

13

Ben A. Stefanek | Cosmological Probes of Fundamental Physics

We quantize the dark photon field as


which leads to the following equation for the dark photon mode 
functions


As the ALP rolls, there exist momenta for which      is negative. 
The corresponding modes are tachyonic and grow exponentially:
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Dark Photon Spectrum and Parity Violation
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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.


Tachyonic modes:


Most tachyonic mode:
2 5 10 20 50

10-25

10-20

10-15

10-10

10-5

1

� / (� ����)

��
�
/�
��
�
�

�0
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

!2
+(⌧) = k2 � k

↵

f
�0

k̃(⌧)

0 < k <
↵�0

f
,

k

m
. ↵✓

k̃ =
↵�0

2f
. ↵✓

2
m

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



Ben Stefanek | Alternative probes of flavour

Stochastic Gravitational Waves
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Dark photon modes in the range                 which were initially 
in vacuum grow exponentially when the axion begins to oscillate


These exponentially growing modes become highly occupied. 
Quantum fluctuations amplified into a rapidly time-varying, 
anisotropic classical energy distribution, sourcing GW.
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Gravitational Waves: More Detail
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Anisotropic stress comes from exponentially growing dark photon 
modes:


We compute the GW spectrum as follows:
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⇤kl
ij

a2

Z
d3q

(2⇡)3

h
Êk(q, ⌧)Êl(k� q, ⌧) + B̂k(q, ⌧)B̂l(k� q, ⌧)

i
.
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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 
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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 


Tachyonic band is                  and closes when


Will use this to estimate the time of GW emission.
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dz2
+ [Ak ± 2qF (z)] v±(k, z) = 0

Modes  Mathieu Equation→

Ak = 4

✓
k
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◆2

= n2 Narrow Resonance
 Bands

For small amplitude

k = ma/2 (n = 1)
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The energy in GW is limited by the energy in the axion field


Rough estimate for the peak of the GW spectrum


Estimating at the time of emission leads to
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Scaling Estimate:
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The produced GW spectrum is highly polarized because the GWs 
inherit the parity violation in the dark photon population.
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Fit Template

• Can use the template to go 
directly from a set of underlying 
model parameters  to 
the GW spectrum without 
running a time-consuming 
numerical simulation.


{α, m, f}

[Machado, Ratzinger, Schwaller, BAS: 1912.01007]
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Because larger decay constants correspond to larger GW amplitude, 
gravitational wave detectors can probe these models from the “bottom up”!

[Machado, Ratzinger, Schwaller, BAS: 1912.01007]
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[Ratzinger, Schwaller: 2009.11875]

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

Did NANOGrav hear an ALP?

Here’s what we would need:


f ∼ 5 × 1017 GeVm ∼ 2 × 10−13 eV ,Best fit point:

*BFP close to Neff bound, requires a 10-5 suppression of the relic abundance.
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• Can we detect? Main 
problem is that we are 
dealing with planar 
detectors (LISA, ET, etc).


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


• Need to break planarity 
or isotropy.


[N. Seto, A. Taruya: 0707.0535
 N. Seto, A. Taruya: 0801.4185
 T. Smith, R. Caldwell: 1609.05901]

https://arxiv.org/abs/0707.0535
https://arxiv.org/abs/0801.4185
https://arxiv.org/abs/0707.0535
https://arxiv.org/abs/0801.4185
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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  
since it must vanish in the  limit.

O(10−3)
vp → 0

[V.Domcke, J.Garcia-Bellido, M.Peloso, 
M.Pieroni, A.Ricciardone, L.Sorbo and 

G.Tasinato: 1910.08052]
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vp

[N. Seto: astro-ph/0609504, astro-ph/0609633]



• For large decay constants, polarization detectable in LISA or ET.  
 
 
 

 
 
 
 
 
 

• Dipole response functions from:
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Polarization and Model Cosmology
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• Dark photons can contribute to DM or relativistic DOFs. 
 
 
 

 
 
 
 
 
 

• Viable mechanism to produce VDM.
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Polarization and Model Cosmology
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• In general, a large suppression of the relic abundance is needed. 
 
 
 

 
 
 
 
 
 

• Due to non-linearity, question must be answered on the lattice.
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• Dark photon backscattering induces inhomogeneities in the axion 
field- destroys the coherently oscillating condensate. 
 

 
 
 
 
 
 

• Lose parametric resonance, so can only suppress by 10−2 − 10−3

Lattice Specs : 1283, L = 𝒪 (m−1)
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• Dark photon backscattering induces inhomogeneities in the axion 
field- destroys the coherently oscillating condensate. 
 

 
 
 
 
 
 

• Lose parametric resonance, so can only suppress by 10−2 − 10−3

Tachyonic 
phase

Lattice Specs : 1283, L = 𝒪 (m−1)
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• Dark photon backscattering induces inhomogeneities in the axion 
field- destroys the coherently oscillating condensate. 
 

 
 
 
 
 
 

• Lose parametric resonance, so can only suppress by 10−2 − 10−3

Tachyonic 
phase

Parametric 
resonance

Lattice Specs : 1283, L = 𝒪 (m−1)
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• Dark photon backscattering induces inhomogeneities in the axion 
field- destroys the coherently oscillating condensate. 
 

 
 
 
 
 
 

• Lose parametric resonance, so can only suppress by 10−2 − 10−3

Tachyonic 
phase

Parametric 
resonance

Lattice Specs : 1283, L = 𝒪 (m−1)



Ben Stefanek | Alternative probes of flavour

Lattice Results: GW Spectrum

41

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

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

 
 
 
 

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

Lattice Specs : 1283, L = 𝒪 (m−1)
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Will continue to study the model on the lattice. Preliminary results 
suggest only SKA is available, so new ideas are needed to open up 
the parameter space compatible with cosmology.
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• Monodromy? (lower 
axion mass at the 
bottom of potential) 
 

• Shut off  potential 
 

• Lower mass probes?


ϕ

Tune 2 cosine terms

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


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

[Kite, Ravenni, Patil, Chluba: 2010.00040]
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Tensors source perturbations in photon fluid- mainly dissipated by 
free streaming effects.
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[Kite, Ravenni, Patil, Chluba: 2010.00040]
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CMB can be distorted over a wide range of scales where there is 
no other probe.


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

[Kite, Ravenni, Patil, Chluba: 2010.00040]

6 decades
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Spectral distortions of the CMB can be used to probe GWs at 
frequencies much lower than pulsar timing arrays.
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• Tensors source perturbs 
in photon fluid- mainly 
dissipated by free 
streaming effects.


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


• Analysis done specifically 
for our model, using our 
fit template.


[Kite, Ravenni, Patil, Chluba: 2010.00040]

Neff

100 10−2
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Spectral distortions of the CMB can be used to probe GWs at 
frequencies much lower than pulsar timing arrays.
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• Tensors source perturbs 
in photon fluid- mainly 
dissipated by free 
streaming effects.


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


• Analysis done specifically 
for our model, using our 
fit template.


[Kite, Ravenni, Patil, Chluba: 2010.00040]

Neff

100 10−2

ALP-DM w/ PP
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• Axions that begin to oscillate in the early universe may 
emit a SGWB if they are coupled to a light dark photon.


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


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


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

m ≲ 10−14 eV
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