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Introduction V282
What is Axion ? =

mm) A hypothetical elementary particle. mass and coupling
mm) QCD Axions Introduced to solve strong CP problem of QCD. — are proportional

Peccei and Quinn, Phys. Rev. Lett. 38(1977) 1440

=) Axion like particles(ALPs)  Light pseudoscalar fields
predicted by many extensions of standard model.

In the presence of magnetic field axions /7 (I) ,-y
interact with photons through the coupling term, (I) |
int 1 RN
£ = magay Pl Y )
Objectives

== Photon-axion conversion in black hole(BH) spacetime
= Generalizing to spherically symmetric non rotating BH
== Relevant ALP parameter space.

== Observation prospects .
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=7 Motivation and Outline of the problem 3/11

z;)urce photon

» The Event Horizon Telescope observations of supermassive blackhole M87* centered in
Messier galaxy discovered the potential existence of magnetic field of the order (1-30) gauss.

Akiyama et al. EHT collaboration Astrophys.J.Lett 875(2019)
= The Event Horizon Telescope achieved to get an image of the black hole photon sphere

through radio observation.

~

= Photons can be converted to axion in presence of the magnetic field.
x B

= The propagation length of photon-axion conversion is of the order of milli-parsec,
comparable to the Schwarzschild radius of a supermassive black hole with a mass of 109M@



The Photon-Axion Conversion /,%z

We consider the following photon-axion system, Raffelt and Stodolsky , PRD 37(1988)1237

1 1 1 1 ~
4 v v
S = /d 7 (—ZFWF“ — 50,90"2 — im?pqﬂ — 9oy O F Y )

2
Q 7 ~ \2
With QED correction term to Maxwell equations, Len = 90 [(FWFW)2 + (FWFW) ] ,

and also taking the effect of plasma as photon acquire effective mass in plasma,

the equations of motion are,
2

oe 9 . .
2 piestion LA, — %%lAa: + Tw? ormd IB|”sin” © 4, + wge- |B|sin OP = O\/
% Propagation (/Z\) 9 . 9
3 H LA, + 4w*Esin“©A, =0
,,,, )
, 0. é (O - m3)® + wge|B|sinOA, =0 \/
A —
i = The solutions of the fields are expressed as,
Yy

B =(|B|sin6,0, B| cos 0)

# Ay (t,z) = A(z)e " @t=k2) 4 h ¢
TN = (idy(2),i4,(2), 0) ™

D(t,z) = B(2)e @tk 4 he

After few simplifications the equations of motion reduces to,

o d ~ w3 2802w ) o\ ~ 1 ) ~
ZEA(z) — (25] ~ 90m3 (|B|sin ©) ) A(z) — §g@7\B\sm@(I>(z)

ZE (2) = _§9<I>’V‘ | sin (Z)_’_% (2) 4/11



The Photon-Axion Conversion /,%l

It is convenient to rewrite the equations as,

Where, I = [Apl ~ Avac AM]

i— |2V = | 2
dz | ¢(z) ¢(2)
The diﬁerentQContributions related to M87* are, Ne ~ 10%em =3
W e keV :
Ap =B = 6.9 x 107Pev () (= |B|sin® = 30G
2w cm 3 W
2802w B| \°
Avac = B = 1072 in?
003 (IB|sin®)* = 9.3 x 1072%V (keV) (Gauss) sin® ©
_ 1 - _ —23 9o~ B -
Ay = 2g¢v\B\ sin® = 9.8 x 10™“"eV < O_UGeV_l) (Gauss sin ©

2

_ Ma 22 e
A@_Zw_5><10 V(neV> <w>

Assuming initial axion density is negligibly small with respect to that of
photons, the probability of conversion of photon into axion as a function of

distance z as
2 A1\/[ ° 2 Aosc
— ] yA
(Aosc/2> o ( 2 )

Aosc — \/(ACI) - Apl + Avac)2 + (ZAM)2

P ol ‘CD
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Photon Pathlength

B

ds® = —f(r)dt* + dr? + r*(d6* + sin? 0d¢?)

1
f(r)
Now, we will study the behaviour of photon geodesics near the photon sphere

in perturbative approach. We define dimensionless fractional deviations around
the radius of the photon sphere and the critical impact parameter as follows

PGSt D kAesel) %rsltl)aigg(lgoalng S

Expanding the impact parameter around its critical value we have

b= be [1 + G - ibgf//(rph)> or? + 0(57“3)]

Equation of null geodesics,

dr b?
L — 44 = — /0612 — 28b PS,Roy, Sau & Sengupta
g = T\ () =ver Arxiv 2310.05908
where, ,
1 f”(?“ h) [1 1 1 M K
=1 =2 P a=|= — Zb3f (r — M87
p 2 ph f(rph) 2 4 cf ( ph) Toh

The pathlength of photon around the photon sphere,

7 — _hy, [2(bbbc) 9 ;“%2] M=6.2x10° M
e € 6/11



: \
Photon number calculation : ek

The number of photons reaching the photon sphere per unit time ¢ and unit
frequency w,. with impact parameter (b,b + db) is given by

3 Tout
(G0Nt [ o, (VI ey T
dtduw.db . f(re) V2 f(re)) — 02
Nomura, Saito and Soda, PRD 107(2023)123505

in

T, =T, .(7=)"! A
@ @y@ Tph )

1 (2%®\ [ 2r \'/?
Je(N)(Weare) - < - > < . > Te—l/ane—we/Tegff

r _
drwe \ 3m, 3M, Ne = N C( E )—3/2 Mz o — 10%em =3

T'ph

To calculate the number of photons that transform to axions, near the photon
sphere, per unit time ¢ and unit frequency w.., the following equation can be used

BN,  [r0Fe) 1 BN
— ~ | ——— | P \/ b
dtdw, /b b5 (dtdwcdb> s ( f(ron)( ))

_ ( f(rph)z(@) _ (ZAMY « sin? <A§sc ﬁ% In lz(bbcbc) GJ%ZD

The fraction of photons entering the region near the photon sphere that are
converted into axions is given as

dZN’y—)(b/ d*N N 1 <2AM>2 (Tph)2 (AOSC)Z
dtdwe [ dtdwe — 4\ Dose ) | (rpn)? (Aose)? + pf(rpn) 7/11

where




The maximal photon-axion dimming rate

IS

For the efficient conversion, we have Ay ~ 2An. For such a scenario, the
conversion factor (CF) can be given by,

PS,Roy, Sau & Sengupta

2
. (Tﬂ) (2M Ayp)? Arxiv 2310.05908
CF ~ — M
4 T'ph 2 IMA 2
(ﬁ) ( M)" + f(7pn) M87*
With
oM  BM?>
f(r) = (1 D + r2 )
: : _ MAy = 0.13
Special case : 3=0 which corresponds to a Schwarzchild Black Hole
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2023 < 0.2l
£ 0.22} g~
ks & 0.15}
c 0.21¢ c
9 S 0.10f
g 0.20t g
0.05¢
£ 0.19} g
v O 0.00}:
0.0




/,%z Expected normalized spectral luminosities 9/11
In the unit of M VA T N 2
LO — 6.4 1 27 ; —1 K -1 2 e,c e,c _
o = 048> 107 erg - sec - Rel e <6.2 X 1O9M@> <1011K> <1O4cm—3> 915
the spectras for different values of 3 in the metric
undimmed ]. d2N
= X W
w 5.37L0 dtdweps =~ O
dimmed ]_ d2N o 1 d2N
_ Ly =———XCF X ———— X Wyps
v " 5.3TLY sarze ) G tdwgs Y 5.37LY, dtdwops ’

2.0F

Relative Luminosity

o
2

0.0F

Photon Spectra

|B|=30 Gauss,gq,y:10’11GeVL1,ne:104cm’3,M:6.2><lOgMO,m(p:l neV

-
ol
T

by
=)
T

B=-10
Undimmed Spectra
g0 _6 _:--1 Dimmed Spectra
T
B=+1 I
160 164 Wobs 166 168

Relative Luminosity

0.12

0.10f

0.08f

:

0.04f

0.02f

0.00

Axion Spectra

|B|=30 Gauss,g,,=

10 11GeV 1,n,=10%m3,M=6.2x10°M_

1 1 1

B=0 case

T

== mg=0.1 neV

My=1nev
Mg=3 neV
me=3.7 neV
Mg =5 nev
mg=10 neV

My, =50 neV

mg=100 neV

108



Required resolution :

In case of Schwarzchild black hole, the resolution

R M 16.8 Mpc
h==| <109x107 arc
D| ~ e (6.2 » 109M@> ( D )
B=0
T
R denoting the size of photon sphere s
QO
=
—— Resolution(©) b%
1074 ] =
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The resolution for non zero 3 parameter

Why interested with negative 8 ?

>Greater dimming
>Lesser resolution
>Signature of extra dimension

The axion mass window of 10711

expected photon-ring dimming:
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N,
Conclusion f@

@ Photon-ring dimming is possible due to photon-axion oscillation with axion mass << 100 neV
and axion-photon coupling AJ 1011 GeV 1

@ The dimming is expected to be observed in X-ray - Gamma ray band (=~ (100 — 106)6V)

@ The maximum possible dimming from our analysis of spherically symmetric black hole is
about 25%.

@ The expected resolution required for M87* to be a Schwarzchild BH is < 10™° arc-sec

@ The extra dimensional signature can also be explored if the dimming rate and required
resolution matches with observation.

@ A similar approach can be used for a more massive black hole, along with stronger
magnetic fields,resulting in increased dimming and subsequently higher flux levels.
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https://chandra.cfa.harvard.edu/blackhole/
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4Ton, Ne

— 3.7 x 107 teV

Me cm 3

Wpl =

A, (t, 2) ~ 2iwd, A(z)e " “t=*2) 4 hec.

(
O®(t, z) ~ 2iwd, (z)e “=*2) 4 hec.
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2
w-n_plane for finite photon-axion conversion probability ( A—M)

Aosc/2
= Observationaly plasmatic electron number density has a range n_ ~ 10 4" cm™
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From the above region plots , we have set n_ ~ 10 % cm™ and the frequency band of finite
Photon-axion conversion falls in ~ (10% -10° ) ev



The dimming rate with the change of coupling, mass of axion and the 3 parameter :
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