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Overview

Axion clumps (stars): gravitationally bound objects from axions.

Can originate from
* PQ symmetry breaking after inflation, primordial black holes, instabilities, ...

Clumps above critical mass M, an undergo parametric resonance into photons.
ﬁ,_l»j,.@,- = ‘r_‘]{-l_.}..nf. :;“)E -B 1805.00430

Can such phenomena take place today in the Milky way?
e Mergers of clumps

Outline of the talk
e Field theory of axions and photons.
» Axion star collisions and mergers.
e Signatures via photon emission.
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Axion field theory

* Axion dark matter: high occupancies, classical field theory / _E

L=y [27:;2 + ggyvygf)wgf) - V(gf))] V(g) = %midﬂ + %&)4 +ON¢"/mg)
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Axion field theory
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Axion clumps/stars

3N,
; sech(r/R)

71_3 R:

e Spherically symmetric solutions, e.g. sech-profile: U (r) =
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Axion clumps/stars

3 j‘\':lr*

e Spherically symmetric solutions, e.g. sech-profile: U (r) = 7 sech(r/R)

’FTBR:
. ~ ~ ji}* :P\‘T*Q L{I_E Fi - mar Y -
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S Two branches:
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. . . . 1710.08910
; * Gravity or self-interactions dominant
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Parametric resonance into photons

* Number conservation.
e But there can be number-changing process via decay into photons, ¢ — yy.

e Equations of motion:
e Homogeneous axion field: ¢(t) = ¢gcos(wot)

« Coulombgauge, V- A = ()
. 0.8

Floquet Exponent iy [my)]

A — VA + g4,V x (;0A) =0 = |

S 06
3

e Parametric resonance. =04
=
<

S
N

e Most unstable mode: k = 1m /2
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Parametric resonance into photons

e Equations of motion:

e Axion clump: expand in spherical harmonics 1805.00430
A( f 3 [a iClm ] t Mlm(’l X) — b(»l )L{.-‘]m(;li‘. ZL.)N]m(;Ii‘. X) + h.c.
Im
Mg (1 x) = — L0 [f“l b —
1(1+1) |sind oL,

ikNm(k,x) = =V x My (k. %),

e Focus on specific harmonics, i.e.l = 1,m = 0.
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Parametric resonance into photons

e Equations of motion:
e Axion clump: expand in spherical harmonics 1805.00430

A(X t) f 3 [a Jim (k. t) My (k. x) — b(’l Jwim (k. )N (k. x) + h.c.

Im

M thox) = [y i
1(1+1)

sin ¢ w7 o T
ikNym (k. x) = =V x My (k,x) .
e Focus on specific harmonics, i.e.l = 1,m = 0.

* Parametric resonance. . 12 12
iti Fys 028 (L) 99T L g 08 (L )
* Resonance condition: Yavy¥a = 03 o 03

* Inefficient for conventional axions, g4, F; ~ 0(10~ 2).
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Numerical setup

e Rectangular lattice + absorbing boundary conditions: “sponge” potential

W |:2 N ’[.elllh('?ﬁ: — 'f:sp011ge)

Vi onge — —l—— -
POnS 2 O

— t&lllh('f:sponge/ 0)



Numerical setup

e Rectangular lattice + absorbing boundary conditions: “sponge” potential
W {2 N tanh(r — T'sponge)

T"’sporl{;{;e — _"'-'7 N - )["'f'lﬂh("f sponge / f-))

e Split-step beam method:
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Numerical setup

e Rectangular lattice + absorbing boundary conditions: “sponge” potential

% {2 " t.allll('f — 'FSp011ge) —

Vaponge = —i—
bons 2 0

tanh ('?ﬂ:sponge / 6)

e Split-step beam method:
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Collisions of axion stars

e Casel
* Head on No merger!
¢ N1* — N2*r

e zero phase difference.
 Large relative velocity: E,¢ > O.

— |@(7,1=0)| *
[ 1§(71=35)* ]
3t |§(7,7=5.5)]2 ]
=2 i
5 ] Of :
_ Z 1 — e ]
1 i - - ] _10- Florau
| /\ “ N\ = /\ | 20} ]
0: L Lt X ] — N
| PR B 1 PSS S U NS S S S N S S S | _30 1 1 1
-15 -10 -5 0 o) 10 15 0 2 4 6
t t



7.5

7.0

6.5
1= 6.0
5.5

5.0

e Case 2

e Head on

° N1* — NZ*r
e zero phase difference.

e Small relative velocity: E ¢ < 0.
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Collisions of axion stars
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Merger!
Nival = 0.7(N, 1 + N,.2)
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Parameter space

for merger

* |f the total energy of the colliding clumps is negative, they will merge.
H ~ 2 s+ 2H gy + 2Hye + 2HE + HAS

40
i Mergers are common
for F, > 1016GeV and !
rare if F, > 1016GeV. 0
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Interference

Case of nonzero phase difference
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Interference

Case of nonzero phase difference
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Collision and merger rate
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Collision and merger rate
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Photon emission

e Axion star formation in the early universe
e Supercritical stars undergo parametric resonance

A pile-up of clumps of
e Subcritical stars capture axions from the background —

unique value of mass

* Merger of clumps — decay into photons: E, , = m¢[0.7(N*,1 + N*,z) — NC]

M
* Center frequency of the signal: vev = 1.2GHz (1[:,_5 C\;)

. L g - AE/At =« 10=3 \7\-T/1112 a— 0.7T1a, F. 2 /50 kpc 2 B
* Typical energy flux: S =—_p57 ~~ > () 6 % 101 GV D N

(for comparison, S,,, = 1370 W/m?.)




Detectability

e For 101V GeV < F, <10 GeV. the central frequency is in the range
7T0MHz < vpv < 70 GHz

e Covered by current (and prospective) radio telescopes: Arecibo, FAST, JVLA, GBT, SKA.

e For £, > 10" GeV, the frequencies are even lower
e absortion and scattering produced by the ionosphere.
* requires a space or Lunar-based radio telescope.



Discussion

A novel way for detecting axion dark matter explored.

Mergers can lead to super-critical mass clumps, which can undergo parametric
resonance into photons, depending on the axion-photon coupling.

For smaller F, collision rate is large, but typically no mergers

For larger E, > 101°GeV, typical collision leads to mergers, but the rate is small,
and low-frequency telescopes required.



Thank you for your attention!
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