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Abstract: If axion Dark Matter exists, then they can collapse to form self-gravitating exotic compact objects known as axion stars. As mergers of
such compact objects can potentially yield detectable gravititational waves which are correlated with a burst of electromagnetic radiation, much
effort have been expended to compute these signals. | will discuss both the technical and theoretical challenges of this endeavour, and demonstrate
such decays. | will show that axion stars may not be stable to electromagnetic decay, raising the question on whether we should expect to see these
objectsin the first place.
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Ultra Light Dark matter

DM gravitationally detected, but what are they?

credit : HST

=
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Ultra Light Dark matter

Cold DM (e.g. WIMP) has “small scale problems”.

Pgalaxy

10° Mg /kpc? Cusp (CDM)

Core (data)

10° M, /kpc®

0.1 kpc
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Ultra Light Dark matter

CDM is pressureless, so forms small scale structures.

/

j
o

o~

Outward pressure around 1 kpc

Some kind of “pressure support” must kick in around
1 kpc scale.
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Ultra Light Dark matter

Low mass -> large occupations numbers -> bosonic

Described by classical scalar field equations:

av
O — 25 =" G, = 87GT,,

(Also complex scalars, vectors etc...)
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Ultra Light Dark matter

A scalar field with mass m oscillates, gradient
“pressure” wants to spread it.

k
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Ultra Light Dark matter

A scalar field with mass m oscillates, gradient
“pressure” wants to spread it.

Competition with gravity forms self-gravitating object.

Jeans Length (de Broglie wavelength)

'\Jeans s (GP):1/4m_1/2
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Ultra Light Dark matter

/\Jeans ~ (GP)_1/4m_1/2

“Fuzzy” DM m ~107* eV

Hu, Berkana, Gruzinov (2000) P = PDM

— AJeans ~ 1 kpC

Forms a galactic halo of “ambient DM”




Ultra Light Dark matter

Scalar DM WIMP CDM
DM

Schive et al (2014)

Numerical simulations reproduced large scale WIMP CDM
structures.
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Axion Dark Matter

e Axions or “Axion-Like” particles DM are physically
motivated models of ultra-light DM (e.g. String theory).

V(¢) = A2 |1+ cos (fg)} m% 2¢2~§¢4+...

Vs
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Axion DM Stars

Axion stars support itself with “gradient” pressure

V(¢) 1

aka. boson stars, oscillatons, soliton stars etc
(nobody agrees on nomenclature!)
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Axion DM Stars

Compactness C = % g
"R -

2R
Cprr =05, Cns ~ 0.2

Non-relativistic 0 < C < 0.5 relativistic

Most models become unstable around C ~ 0.1 — 0.3

[ Open Question : can we get to 0.5? (I suspect no.) ]
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Axion DM Stars

* Non-compact, non-relativistic stars C < 1

Can be very large and massive
R > m_l (galactic+ masses)

very low density “ambient” DM

¢ Compact, relativistic stars C ~ O(0.1)

2

M
Rmm_l Mass M ~ —%
m

K
“Exotic Compact Objects”

For m ~ 107! eV LVK GW detector window M ~ Mg
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Stability of Axion Stars

R1 : Stablestar
R2 : Black Hole
R3 : Dispersion

“triple point”
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(Helfer, Clough, Marsh, Lim, Fairbairn, Becceril 2016)
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Axion/Boson Stars
VS

Black Holes/Neutron Stars
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BS vs BH/NS #1 :
“Squishiness”

BH are “maximally rigid” : tidal forces do not deform

- Binnington + Poisson 2009,
them (LOVG number 0) Le Tiec+Casals 2020, Chia 2020

BS are “squishy” — bosons do not experience Pauli
Exclusion : more GW during collision!

Is there a relationship between Love Number and
GW pl"OdUCtiOﬂ ....! GeBoxuanetal (work in progress!)
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BS vs BH/NS #1 :
“Squishiness”

More GW power from equal mass BS collisions vs BH
collisions (Helfer, Lim, Amin, Garcia 2018)
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BS vs BH/NS #2 :
Instability at high Compactness

critical point

Stable Unstable
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C=GM/R Alcubierre (2003)

This instability has possible observational consequences.
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BS vs BH/NS #2 :
Instability at high Compactness

| sub-critical critical degenerate |

(Helfer, Lim, Amin, Garcia 2018)
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BS vs BH/NS #3 :
Spin?

Continuity imply spin must be quantized.
y Py P q Kleihaus, Kunz, List (2005)

Stable spinning BS solutions (analytical or numerical)?

Sanchis-Gual et al 2019
Siemonsen 2020 et al, Di Giovanni 2020 et al.
Siemonsen + East 2023 etc

Very active research right now! Not an easy problem.
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BS vs BH/NS #4 :
Post-merger signals

BH end states are boring, BS end states are exciting!
Croft, Helfer, Ge, Lim, Sperhake,
Radia, Clough (2022)

Colliding 2 boosted BS
with non-zero impact
~ parameter.

I impact param b
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BS vs BH/NS #4 :
Post-merger signals

BH end states are boring, BS end states are exciting!
Croft, Helfer, Ge, Lim, Sperhake,
Radia, Clough (2022)

Colliding 2 boosted BS

with non-zero impact
_ parameter.
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BS vs BH/NS #4 :
Post-merger signals

If post-collision remnant is a highly perturbed BS, we
get long lived GWV signal.
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GWV signatures for post-collision BS with spin.
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Axion-Photon couplings

and its consequences
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Axion-Photon Coupling

Chern-Simons coupling to Electromagnetic fields:

L= £¢ + Ly — Qﬂng#yﬁﬁy

4

QCD axions : induced through axion mixing with pions.

Exotic axions : coupling is a free parameter but
computable in explicit models e.g. string axions.

Primary channel for Direct Detection Experiments
(CAST, CasPER, ADMX, IAXO etc.)
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Primakoff process

Photon production via interaction with external B field

i
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Primakoff process

Multi-messenger signals from NS-BH interactions

IMBH — DM

Radio Amplitude
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Edwards et al (2020)
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Parametric Resonance

Resonance pumping of photons with w by oscillating
axion

A 4 (K + gayk@) Ay, = 0

If resonance occurs w ~ m , axion field can explosively

decay into photons : axion-photon instability.
Kephert + Weiler 1987

Homogeneous axion fields are protected by cosmological

expansion, but axion stars are not.
Preskill, Wise, Wilczek 1983

Page 29/44



Axion Star Decay?

Similar to stimulated emission : Axion star radio

k
Yto—=>v+7+7
2%kRs~1=k~m since R,~m™}
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Parametric Resonance

Resonance pumping of photons with w by oscillating
axion

Ay + (K +kgmk¢'§)Ak =0

If resonance occurs w ~ m, axion field can explosively

decay into photons : axion-photon instability.
Kephert + Weiler 1987

Homogeneous axion fields are protected by cosmological

expansion, but axion stars are not.
Preskill, Wise, Wilczek 1983
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Axion Star Decay!

(L. Chung-Jukko, E. Lim, D. JE Marsh, et al 2023)
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Axion Star Decay!

(L. Chung-Jukko, E. Lim, D. JE Marsh, et al 2023)

Unstable when gay > 931}“ ~ M independent of m
10~ h S =

D
7

T

dilute
remnant

gt'rit o Mf—l.
i ay =
decaying star
stable star

5.0 60 70 80 90
Mg [Mg (107 eV/m)]

1.66 x 10717 K M,

Actual formula: ¢t ~

GeV M,
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Axion Star Decay!

(L. Chung-Jukko, E. Lim, D. JE Marsh, et al 2023)

Decay is exponentially quick

Gay = 10/mp;
Gary = 14/mp

= 16/mp
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Rate of decay “half life” T X (gm ~ Gary

Time to initiate decay to o log Ey

Page 34/44

Pirsa: 23110045



Axion Star Decay!

(L. Chung-Jukko, E. Lim, D. JE Marsh, et al 2023)

EM emission spectrum is pseudo-isotropic

- E; . t=0/m
E. t=350/m
E,, t =350/m
E.. t=350/m

10~?
k [m]

~ 0.50m < 2R, = 0.6m
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Axion Star Decay!

(L. Chung-Jukko, E. Lim, D. JE Marsh, et al 2023)

Integrated EM and
GW waveforms | Axion Flux

o
ook
W

flux [arb.units

Z(rWy)|m]

(STiEL L/m|

E-field breaks axial symmetry => Axions are massive so propagate
+ and x modes slower
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The end of Axion Stars?

(L. Chung-Jukko, E. Lim, D. JE Marsh, et al 2023)

crit

If gay > g4~ axion stars will decay within a Hubble time

from CMB photons alone.

e.g.for m =10"1' eV suchthat M, ~ O(M,)

then t5~ 0.05s for g, = 16m;11

=> no compact axion stars in LVK sensitivity range.
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Axion Star Decay!

(L. Chung-Jukko, E. Lim, D. JE Marsh, et al 2023)

Integrated EM and

GW waveforms Axion Flux
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E-field breaks axial symmetry => Axions are massive so propagate
+ and x modes slower
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The end of Axion Stars?

Axion stars decaying into photons is a lot of energy into the
intergalactic medium...

Observable? Constraints?

Energy Density of Critical Solitons Emission of photons into IGM
[E = 10*Mp)

Axiofi stars decay into photons

z = 100, Tgecay ~ O(10min) ith i sz
. with energy £, = m,

4‘2@ E}@ o=

Photons undergo inverse
Bremsstrahlung absorption

e.g. Heat up integalactic medium and change CMB optical
depth. (Escudero et al 2023)
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What about mergers?

(L. Chung-Jukko, E. Lim, D. JE Marsh in prep)

crit

ga'y < ga'y
Stable

k

Gary 3> 95 (2M,)

Unstable?
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What about mergers?

(L. Chung-Jukko, E. Lim, D. JE Marsh in prep)

PRELIMINARY!

1=00m"! t=00m™!

40

—60 —60
Wed —d0  —20 260 —40 =20
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What about mergers?

(L. Chung-Jukko, E. Lim, D. JE Marsh in prep)

PRELIMINARY!

\ Decay

— SCAlAr ENErgY

|
f —— EM energy

—— total energy

1000
ume

“Delayed Nova” : double GW bursts!
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What about mergers?

(L. Chung-Jukko, E. Lim, D. JE Marsh in prep)
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Summary

ECOs are much more complicated and richer objects
than BH — ECOs have plenty of hair!

Axion-photon couplings : destabilize Axion stars
unless couplings are small.

Mergers :“double” GW bursts, possible signature!?

Direct observations : gravitational waves, couplings to

photons.
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