Axion Cloud Decay

due to the Axion-photon Conversion
with Background Magnetic Fields
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Axion

QCD axion, string axion, ... etc

- I will skip all the details about axion
->see Obata-san’s talk
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axion cloud (@)

= quasi bound state of axion around a rotating BH

- axion cloud may grow by the

- axion may efficiently extract the angular momentum of a BH

= no rotating black holes T = p— \Aﬁ = g
in our universe ? . ﬂé
— constraints on axion = ool | I
- : 2 | 1 [5
(its mass & coupling) ol iy <
from the existence of N ) e J o
spinning BHs LT | R

Stott [arXiv: 2009.07206] |
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Gravitational atom

similarity to a hydrogen atom

- the basic eq. ~ that for a hydrogen atom in the far region :

T =

hydrogen atom

< electro-magnetic force

o = €2/47
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stability of the axion cloud

magnetic fields in the universe could affect the axion cloud ??

- Since the axion-BH system can be a GW source (cf. bosenova),
the stability of the axion cloud draw much attention recently.

— self-interaction of axion, gravitational back reaction,
effect from the third bOdy ctC cf. 2012.03473

- Although axion (massive particle) cannot escape from a BH,
photon (massless particle) can escape from a BH !!

- Magnetic fields are ubiquitous in the universe... any effect ??



Gravitational atom &

V' In the far region, eq. reduces to that for the hydrogen atom

DKerr(I)+m2(I):0| ’ 1 d (2d) 8} E(£+1) 1_‘*’2“ far
R =0.
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a = G Mgx M : gravitational fine structure constant

V' The (complex) frequency of each eigenstate (w = E + i IN):
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iatilCi via Pulsar-Black Hole Binaries
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by general re a1v1t; 1c' can be directly probed by the Rgmer delay of pulsar time-of-arrivals.
The sensitivity and accuracy of this approach is estimated for two typical atomic transitions. It is
shown that once the transitions happen within the observable window, the pulsar-timing accuracy
is almost always sufficient to capture the resonance phenomenon.
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Abstract

A rotating black hole can be clouded by li htbosons via su errad1ance and thus acquire an atom—hke
structure. If such a -  “atom system is comn mned wit 2)

transitions ’ewee ‘energy e s of tl these transmons can be detecte'
by pulsar timing. We show that in Such ‘pulsar-black hole systems, fine and hyperfine structure
ransitions are more likely to be probed than the Bohr transition. Also, the calculation of these fine
and hyperfine structure transitions are under better analytic control. Thus, these fine and hyperfine

structure transitions are more ideal probes in the search for gravitational collider signals in pulsar-
black hole systems.




add a companion @

Vv’ A binary companion (BH or pulsar)
exert periodic gravitational perturbation on the cloud.
— |nduce resonances = Landau-Zener transitions

V' diabatic (not adiabatic) transition b/w the two energy states
(no such transition will take place through an adiabatic process)

Vv’ The transitions are accompanied by energy exchanges
b/w the cloud and the binary companion.

V' floating : the cloud releases its energy — sink slower
sinking : the cloud drains energy — sink faster
= distinctive deviations from the orbital period derivative in GR



v The changing rate of the orbital period

Resonances @
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Figure 3. Upper panel: Orbital period as a function of
time during a floating-orbit resonance |322) — |200). Lower
panel: The deviation in the periastron time shift due to this
resonance. The gray region represents the total resonance
time At + At.. The parameters are chosen as Mp = 4Mg,
Mp = 14My, a = 0.1, e = 0. The resonance period under
this set of parameters is P, = 3.6 s.




Radio sensitivity

h

1010 107 104 0.1 100
1074 PTA
o-7]
10-20
10—23 _
; o dr=1 kpc
10—26: ettt e dr=10 kpc
: - dr=100 kpc
10—29 _
100F
1 ;
_______ ATeCIDO b et SC R RO
MeerKAT
0.01 FAST
P dr=1 kpc
o d;=10 kpc
-------- dr=100 kpc
10— -6 . N 1 . . L . N L . . L .
10-10 107 104 0.1 100

Figure 1. Sensitivity of the channel vs sensitivity of the
a,d' Achan'nel 'fora PSR—BH blar “Three different distances
typical among the observed pulsars are chosen for compari-
son. They are plotted using solid, dashed and dotted lines as
labeled in the figure. The GW sensitivity curves for LIGO,
LISA and PTA are borrowed from [23|. The minimal radio
flux density for Arecibo, MeerKAT and FAST are taken to
be 0.2, 0.017 and 0.0038 [19, 21, 24, 25]. Other parameters
are chosen as Mp = 1.4Mg, ¢ = 1 and an average pulsar
pseudoluminosity at 1.4 GHz, L1400 = 1 mJy kpc?. The high-
frequency cutoff of radio telescopes at_fow = 2x10° Hz is due
the rqulremet 1 ms S " P = - 2 f_ 1n‘rdr the

orbital period throueh Romer de ' “Notice
‘O frequency are
thus excluded. But this exclusion is only for solar-mass BHs
with Mg = 1.4M,. For BHs with different mass parameters,
or for resonance happening at different frequencies, the LIGO
bound can be evaded. This is the case for GCP resonances
that we consider in Sect. IV.

and radio channel in Fig. il "As is clear from the plot,

the radio channel is not much dependent on the binar

E elod, xct for the cutoff at pulsar rotation period
ts sensitivity is more dependent on pulsar properties

such as ’seudo'lum1n01ty as well as distances. Although
the signal-to-noise ratio quickly decre d 2

decreases as d 2, pulsars
with exceptionally large pseudoluminosity can still fall
inside the sensitive region. As an example, d;, = 1 Mpc
and L, = 10* mJy kpc? gives S ~ 10~2 mJy, which falls
within the sensitive region of FAST. For short-distance
pulsars (d;, < 102 kpc), observations in the radio channel
can also be complementary for the blind regions of GW
detectors.
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set-up

axion cloud around a BH with background magnetic fields

1 1 1
L=-=(V 5 ——F2—— F,,*F‘“’
coupling b/w EM&ax1on (]) E-B

- We consider two types of configuration of BG M-fields
A, monopole magnetic field around a Sch. BH

B, uniform magnetic field along z axes
around a Sch. BH (Wald’s solution)




laugh sketch of the analysis
EOM: (

= u2)¢ — K’FHVFHV & V., F" = _”F“Vvuqb

1, At BG, axion cloud form due to the effect of gravity of a BH
(O-p?) ¢ =0
2, Axion could generate through the coupling

V“Ful/(l) — ﬁ/wv#qg(O)

3, could backreact to axion cloud
through the same coupling -> axion cloud could decay

(O - )¢ = —s FHF,, ()




A, € / H—)UigYs around a Sch. BH

(O—p*)¢ = "GFWFW

& V, FMW = _gFF'V ¢

1, BG axion : ¢ = ¢pMm Yim (& grow 3 2) [n,1]=[2,1] 1213
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B, z /i nl—gkY%5 around a Sch. BH

( _“2)¢: K:F[,LVFIMV

& V, FMW = _gFF'V ¢

1, BG axion : [nl,m] = [2,L1(-1)] {ZH

y

2, . DAAOY'Zm = Kkm Bowor ® Y7141
: DAA®Y,,, = k Bowor? (® + r®’) Y.
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Kk°Bj
X
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“(Y1+1 + YSil)]



results

axion cloud decay around a BH with BG magnetic fields

- Superradiant instability (growth of axion cloud)

~ (GMp)Bp ~ 1077571 (u/1078[eV])” (M/106Mp)°

- axion decay with a monopole magnetic field

(Im w/Wg)mono ~ (K°q*/at) (GMp)~° a0 : Bohr radius
~1/(GM?)

- axion decay with a uniform magnetic field
(Imw/ws)uni ~ (QORZBO) (GMp)

K >/ By 2( L )—3 M -
10-12GeV ! 103G 1018V 106 M




summary & discussion

Axion Cloud Decay with background magnetic fields

- We have considered axion cloud decay due to the axion-
photon conversion with background magnetic fields

- Axion cloud may decay at the time scale same as that for the

superradiant instability around a BH for the uniform M-field

while the time scale is extremely large for the monopole M-field
->need to consider a realistic configuration of M-fields

- In reality, due to the presence of plasma, photons cannot
propagate from a BH -> other decay process ? Alfven wave ??
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