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◎Take home massage:
Galactic isolated stellar-mass BHs can be GeV-TeV target!



Introduction:
Isolated stellar-mass Black Holes in our Galaxy
◎ ~10!"# undetected IBHs in our Galaxy

→ possible interactions w/ Galactic gas clouds

implication:

(c)NASA

(e.g. Sartore & Treves 10; Caputo et al. 17; Abrams & Takada 20)

Can we detect signals from gas-accreting IBH?
・accretion disk (Agol & Kamionkowski 02; Tsuna et al. 18; Kimura et al. 21) 

・jet/disk outflow (Ioka et al. 17; Tsuna & Kawanaka 19)

・magnetosphere ← this research

Question:
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l massive star evolution  
l upper limit on primordial BHs formation rate
l Galactic PeVatron? (c.f. Ioka et al.17)



◎Highly-magnetized disk (MAD) around IBH (Ioka et al.17; Kimura et al. 21; Kaaz et al. 23)

magnetic flux accumulate during gas accretion
→ B-field strong enough to become MAD state

magnetospheres expected to be formed inside / launch jet
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Introduction: IBH magnetosphere?

mag. flux near BH

MAD

Kaaz et al. 23

jet
ISM
flow



Introduction: Particle acceleration 
in BH magnetosphere
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◎(expected) plasma source:
annihilation of two disk photons 𝛾 + 𝛾 → 𝑒# + 𝑒$

◎ 𝜌% too low to maintain 𝐽& & screen 𝑬∥ for low �̇�
(Levinson & Rieger 11)

→ time-dependent particle acceleration
GeV-TeV gamma-rays?
(e.g.; Chen et al. 20; Kisaka et al. 20, 22; Crinquand et al. 20, 21)
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Introduction: Particle acceleration 

in BH magnetosphere
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Can we detect IBH magnetospheric gamma-rays?
→ numerical approach for acceleration dynamics & radiation feature

Motivation:



Methods: Numerical simulation
of

stellar-mass BH magnetosphere



Numerical simulation of 
stellar-mass BH magnetosphere

◎1D general-relativistic PIC code (based on Zeltron, Levinson & Cerutti18; Kisaka et al.20;22)

- background Kerr metric, monopole B-field
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Particle-in-Cell

gravity
(inertia term) acceleration back reaction of

gamma-ray radiation

↓current density

↑charge density



Numerical simulation of 
stellar-mass BH magnetosphere

◎1D general-relativistic PIC code (based on Zeltron, Levinson & Cerutti18; Kisaka et al.20;22)

- reaction: IC, pair creation (𝛾 + 𝛾 → 𝑒# + 𝑒$)
Monte-Carlo approach to calculate each reactions

BH

E'
𝑒&
𝑒$

𝑒±
IC

pair creation

soft photon
from disk
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()
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- parameters:
𝑀 = 10𝑀⨀ , 𝑎∗ = 0.9 , 𝐵' = 2𝜋×10(G, 𝜃 = 30°

𝝉𝟎 = 𝒏𝜸,𝒅𝒊𝒔𝒌𝝈𝑻𝒓𝒈 = {𝟑𝟎, 𝟓𝟓, 𝟏𝟎𝟎, 𝟏𝟕𝟓, 𝟑𝟎𝟎}

|𝒋𝟎| ≡ | ⁄𝑱𝟎 𝑱𝟎,𝑩𝒁| = { ⁄𝟏 𝟐 , ⁄𝟏 𝟐𝝅}
lower than steady state (BZ) solution
(c.f. Blandford & Znajek 77; Komissarov 04)

𝐽#



Numerical simulation of 
stellar-mass BH magnetosphere

◎Results:

- quasi-periodic/steady 𝐸+ (period: ≲ 10 ⁄𝑟3 𝑐 ~10$4𝑀5 s)
- 𝛾%', !7~108 → GeV-TeV gamma-rays (via curvature process, IC)
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Numerical simulation of 
stellar-mass BH magnetosphere

◎Results:

- higher 𝑛9,(:;7 ↔ weaker 𝐸+
→ 𝐿<)+/𝐿=> ∝ 𝛾%4𝑛!?@;.@ lower : ⁄𝐿<)+,!7 𝐿=>~10$A ⁄𝜏& 30 $B (𝛼~8/3 for 𝑝 = 2.0, 𝐸3,456 = 10$7𝑚8𝑐9)

𝐿CD/𝐿=> ∝ 𝑛!?@;.@ almost const.
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Numerical simulation of 
stellar-mass BH magnetosphere

◎Results:

- higher 𝐽& ↔ higher amount of plasma, weaker 𝐸+
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※| 𝒋𝟎| = | ⁄𝑱𝟎 𝑱𝟎,𝑩𝒁 |

|𝑗#| = 1/2 |𝑗#| = 1|𝑗#| = 1/2𝜋

𝜕: 𝐴𝐸; = −4𝜋(Σ𝑗; − 𝑱𝟎)

𝜕; 𝐴𝐸; = 4𝜋Σ(𝑗: − 𝜌<=)
𝐸 *

/m
ag

ne
tic

 fi
el

d

𝐸 *
/m

ag
ne

tic
 fi

el
d

nu
m

be
r 

de
ns

ity
 ra

tio

nu
m

be
r 

de
ns

ity
 ra

tio



Numerical simulation of 
stellar-mass BH magnetosphere

◎Results:

- higher 𝐽& ↔ higher amount of plasma, weaker 𝐸+
→ 𝐿<)+/𝐿=> ∝ 𝛾%4𝑛!?@;.@ lower, but 𝐿CD/𝐿=> ∝ 𝑛!?@;.@ higher
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※| 𝒋𝟎| = | ⁄𝑱𝟎 𝑱𝟎,𝑩𝒁 |
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Discussions on detectability



Expected emitting region
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・Magnetospheric gamma-rays:
- curvature emission from accelerated plasma
- IC emission from 2nd gen. of pairs

semi-analytic model 
based on simulations

・MAD broadband emission (c.f. Kimura et al. 21):
- synchrotron from thermal 𝑒$ (IR~UV)
- 〃 from non-thermal 𝑒$ (X-ray~MeV)

◎ two zones of emitting region:
BH

MADBH

𝐵

�̇�

magnetosphere

𝑒±

curvature IC

MAD
emission

IBH in ISM cloud



Magnetospheric gamma-ray 
semi-analytic model

◎predicting gamma-ray emissivity for wider range of BH mass , ISM density
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�̇�(𝑴𝑩𝑯, 𝒏𝑰𝑺𝑴)
mass accretion rate

input parameters:
𝒏𝜸,𝒅𝒊𝒔𝒌 𝑬𝜸,𝒎𝒊𝒏 𝑩𝑯

one-zone
MAD model

(Kimura et al. 21) ↑
disk photon peak energy

solve EoM, reaction
photon transfer

𝐸; amplitude
𝜸𝒆,𝒎𝒂𝒙 𝑳𝒄𝒖𝒓,𝒑𝒌 𝑳𝒊𝒄,𝒑𝒌

semi-analytic model

IC, pair annihilation mean free path・energy:
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Magnetospheric gamma-ray 
semi-analytic model

◎predicting gamma-ray emissivity for wider range of BH mass , ISM density
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�̇�(𝑴𝑩𝑯, 𝒏𝑰𝑺𝑴)
mass accretion rate

input parameters:
𝒏𝜸,𝒅𝒊𝒔𝒌 𝑬𝜸,𝒎𝒊𝒏 𝑩𝑯

one-zone
MAD model

(Kimura et al. 21) ↑
disk photon peak energy

solve EoM, reaction
photon transfer

𝐸; amplitude
𝜸𝒆,𝒎𝒂𝒙 𝑳𝒄𝒖𝒓,𝒑𝒌 𝑳𝒊𝒄,𝒑𝒌

dot: simulation result
line: model

semi-analytic model



◎ IBHs in dense gas clouds = bright in GeV-TeV

◎ sweet spot: ⁄�̇� = �̇� �̇�CDD ~10$E − 10$F (~10@A𝑀@ g sB@)

Application of Semi-analytic Model 
14/21



Spectra
◎ GeV-TeV gamma-rays: 𝐿1%]$^%] ≳ 10$4𝐿=>~10_A𝑀5A

@
&.a

A
𝐵b,8 erg s$5
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Fermi-LAT, 10y, 
(l,b)=(0,0)

( 𝑗! = ⁄1 2) ( 𝑗! = ⁄1 2𝜋)

BH

MADBH

𝐵

magnetosphere

𝑒±

curvature IC

MAD
emission

magnetospheric
gamma-rays

MAD emission

( 𝑗! = ⁄1 2) ( 𝑗! = ⁄1 2𝜋)

dotted: 𝑗# = ⁄1 2𝜋
dashed: |𝑗#| = ⁄1 2



Spectra
◎ GeV-TeV gamma-rays detectable from ~kpc, by Fermi-LAT, CTA  
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MAD emission

3kpc
d/ = 5kpc

Gaia, 20mag

eROSITA, 4y

( 𝑗! = ⁄1 2) ( 𝑗! = ⁄1 2𝜋)

Fermi-LAT, 10y, 
(l,b)=(0,0)

CTA-N, 50h

BH

MADBH

𝐵

magnetosphere

𝑒±

curvature IC

MAD
emission

magnetospheric
gamma-rays



Preliminary: Expected number of detection

velocity histogram
(calc. based on Tsuna+ 18)
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IBH spatial distribution
(calc. based on Tsuna+ 18)

↑Galactic plane

𝐻GHI
IBHs

galactic disk

◎ How many IBHs in Galactic ISM?

BH mass function
(Abbott+ 23)

◎ How many of them are detectable in GeV-TeV?

ISM distribution

100

low-spin 
(GW obs,
Abbott+ 23)

high-spin 
(BH XB obs,
Draghis+ 23)

spin probability dist.

𝑣,C,,DEF = 50 km sB@ 𝑣,C,,DEF = 50 km sB@
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IBHs
galactic disk

Preliminary: Expected number of detection
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◎ 10-100 IBH detectable, sensitive to BH spin

Ferm
i-LAT (0,0)

@
 10 GeV CTA 50h

@
 100GeV



Detection strategy
◎Optical~X-ray: MAD signals

Gaia ↔ X-ray survey (eROSITA, Chandra…)

◎Fermi-LAT: ~3000 unIDs

criteria︓

◎CTA: flux time variation via short-term observation

gamma-ray efficiency sensitive to 𝑛9,(:;7 i.e. �̇�

→ ISM turbulence creates ×10±A flux variation       ∆𝑡~ bc
d1 ~10

!𝑀e
d

fghi j23
"k

s

lhard index ( flux ∝ 𝐸9
4/_)

l spectral break
lassociation w/ Galactic MC
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◎ assumption: 𝐽&/𝐽&,=> < 1

𝐽g ∝ ∇×𝐵l

→ accretion flow pressure / mag. flux perturbation
determine 𝐽& fluctuation timescale

Caveat: magnetospheric current 𝐽!
𝐵 ⨀ 𝐵"

external
pressure

BHMAD infalling
mag. flux

Jiang et al. 23: infalling mag. flux at the horizon
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𝐽#



Jiang et al. 23: infalling mag. flux at the horizon

◎ assumption: 𝐽&/𝐽&,=> < 1

𝐽g ∝ ∇×𝐵l

→ accretion flow pressure / mag. flux perturbation
determine 𝐽& fluctuation timescale
curvature: luminosity duty cycle ~1-10%?
IC: almost persistent

Caveat: magnetospheric current 𝐽!
dotted: 𝑗# = ⁄1 2𝜋
dashed: |𝑗#| = ⁄1 2
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Summary & future works
◎Motivation: finding undetected isolated BHs through gamma-ray from magnetosphere
◎Method: 1D GRPIC simulation + semi-analytic modeling

→ GeV-TeV gamma rays detectable from ~kpc
(see also Kin et al. accepted in ApJ, arXiv:2310.12532)

optimistic estimate on the detection number: 10-100 in Fermi-LAT・CTA
◎Model uncertainty: 
- 𝐽& evolution timescale 
- additional plasma injection 
- 𝐵" structure affecting on plasma flow dynamics, radiation feature, plasma injection

◎Future work: 
- simulation including additional plasma injection, multi-dimensional effect
- candidate search from catalog data
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Back up



Caveat: magnetospheric current 𝐽!

◎ assumption: 𝑗& < 1

𝐽g ∝ ∇×𝐵l

→ accretion flow pressure determine
𝐽& fluctuation timescale 
curvature: luminosity duty cycle ~1-10%?
IC: almost persistent

Jiang et al. 23: infalling mag. flux at the horizon

≲ 1000𝑟!/𝑐

𝐽# ∝ |𝐵J|

𝑡

≲ 1000𝑟F/𝑐

≲ 100𝑟F/𝑐

𝐿/𝐿KL
10(0

𝐿MN/

𝐿OP
10(1

dotted: 𝑗# = ⁄1 2𝜋
dashed: |𝑗#| = ⁄1 2



IBH dist. in Galaxy

◎sensitive to "initial" velocity of BHs: 𝒗𝒊𝒏𝒊𝒕 = 𝒗𝒑𝒓𝒐𝒈,𝒅𝒊𝒔𝒌
𝒗𝒑𝒓𝒐𝒈,𝒃𝒖𝒍𝒈𝒆

+ 𝒗𝒌𝒊𝒄𝒌

Based on the calculation by
Tsuna et al. 18

↑Galactic plane



IBH velocity in Galaxy

◎typically 10 ~10A km s$5

Based on the calculation by
Tsuna et al. 18



Discussion: expected number of
detection in certain gas phase 𝒩"#$

◎𝒩(%*=number of IBHs in gas & sensitivity limit
sensitivity limit 𝑑:,(%*: luminosity vs sensitivity

!!,#$%
"&'(

IBHs
galactic disk

∴ 𝒩(%*~𝑛&𝜉&𝑀
𝑑𝑁
𝑑𝑀2𝜋𝐻Cfg𝑑:,(%*A ≃ 3.7

𝑑:,(%*
5kpc

A 𝑀
50𝑀⨀

5$9

𝑑𝑁
𝑑𝑀 ∝ 𝑀$3 (γ~2.6 Abbott et al.21)
𝜉#︓Volume filling factor

𝑛#~ℛ<M𝑛N@?$O 𝐻#$O~2×109kpc$P︓merged BH density

𝑑5,D8: =
𝐿QRA
4𝜋𝐹A86

~ 5 𝐿QRA,PP
O/9 𝐹A86,$O9

$O/9 kpc gas distributing in 𝑧 ≲ 𝐻GHI



Preliminary: Introducing 
MeV Photon Injection

◎evaluate how injection via MeV photon annihilation affects gap 
dynamics, radiation feature

◎Methodology:
random injections in each step, �̇�𝒊𝒏𝒋𝒅𝒕~𝜿𝑴𝒆𝑽𝒏𝑮𝑱 in total

expectation for gap formation threshold︓
𝒏𝒊𝒏𝒋(�̇�) ≳ 𝒏𝑮𝑱

(Levinson & Rieger 11; Kimura & Toma 20)

𝐵

𝒆±Photons

: injection

r



0.1

𝜅I8T = 1.0

0.01

Preliminary: Introducing 
MeV Photon Injection

𝜏( = 30, 𝜿𝑴𝒆𝑽 = 𝟎. 𝟏

particle
distribution

E-field

𝜏( = 30, 𝜿𝑴𝒆𝑽 = 𝟎. 𝟎𝟏

◎ E-field screened for 𝒏𝒊𝒏𝒋 ≳ 𝟎. 𝟏𝒏𝑮𝑱???
→ setting upper limit on gamma-ray 

bright parameter range?

𝒋𝟎 𝜿𝑴𝒆𝑽 gap?

− ⁄1 2 1.0 ×

〃 10(2 ×

〃 10(0 ○

−1/2𝜋 10(2 ×



BH MAD

𝑣8AX
𝑆4
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Preliminary discussion: Upper Limit on 
Gap Formation in 𝑀 − 𝑛%&' Plane
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◎ insignificant for 
gamma-ray bright range?

◎ future work: 
dynamical difference, 
gap formation lower limit
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◎ GeV-TeV bright in ⁄�̇� �̇�\(( ~10$l − 10$4 𝑛Cfg~10$_ − 10$5cm$_ for 10_ − 10l𝑀⨀ BHs
→ 10~1000 intermediate BH in Galaxy (e.g., Rashkov & Madau 14)

some of them found in TeV?
MAD dynamical timescale (~10_ ⁄𝑟3 𝑐 ~104𝑀l s)

distinguishable?

Very preliminary: intermediate BHs in TeV?



Light surfaces

◎E×B drift velocity t𝑣" = 1 under 𝐵" = 0 assumption (monopole-like)

t𝑣" = Ω − 𝜔 ⁄𝛾"" 𝛼 = ±1 (c.f. Toma & Takahara 14) → 𝑟Cmf~1.5𝑟3、𝑟nmf~12𝑟3 for a=0.9

𝐵" dominant inside/outside LS
E-field develops around LS (Crinquand et al. 20)

Inner Light Surface
𝑟/𝑟!

E-field

𝐵 Outer
Light Surface

Inner
Light Surface

BH



◎synchrotron emission from 2nd pairs propagating in curved B-field?

◎magnetic pair production: 𝛾 + 𝐵 → 𝑒# + 𝑒$ in 〃 ? 

𝐵( effect on radiation/plasma injection

𝑒±

(face-on)

gap

IC photon

BH

syn. photon

IC photon energy
expected for IBHs



BH magnetosphere PIC: so far

◎local E-field particle acceleration (Kisaka et al. 20;22, Chen et al. 20; Crinquand et al.20)

→ gamma-ray luminosity ≲ 1% of BZ luminosity

◎magnetic reconnection at equatorial plane/in ergosphere
→ flare-like Poynting flux release? (Hirotani et al.23)

◎injection site affect dynamics (Niv et al.23)

Crinquand et al. 21

reconnection

𝑛8

l2D global model
(Parfrey et al. 19; Crinquand et al. 20,21; 

Hirotani et al. 22,23; Niv et al. 23)
time-dependent B-field

l1D local model
(Levinson & Cerutti 18; Chen et al. 20; Kisaka et al. 20, 22)

fixed global B-field structure 
solving E-field & plasma evolutions

𝑛3

Particle acceleration in BH magnetospheres 21

Figure 15. The Blandfor-Znajek flux moving-averaged with period 20M when ṁ = 2.8 ⇥ 10�4, instead of 2.5 ⇥ 10�4. The
flux is normalized by its analytical estimate (§ 3.6), and is measured at radius r = 2.335M and at six colatitudes in the upper
hemisphere as labelled.
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(38)

where �7 ⌘ h�i/107 and B6 ⌘ B/(106G); B̃0 ⌘
eBrg/mec2 measures the magnetic field strength in di-
mensionless unit. For a non-rotating BH (i.e., a ! 0),
we find  ! 1 so that nGJ gives the actual pair den-
sity. In Parfrey et al. (2019); Crinquand et al. (2021);
Bransgrove et al. (2021), they employed B̃0 < 5 ⇥ 105

in their re-scaled formulation, which corresponds to
B < 5⇥ 102 G for M = 10M� and B < 5⇥ 10�5 G for
M = 109M�. Note that we have Beq ⇠ 106ṁ�4

1/2 G for
M = 10M�, and Beq ⇠ 102ṁ�4

1/2 G for M = 109M�,
where ṁ�4 ⌘ ṁ/10�4. By virtue of such tiny magnetic
field strengths, B ⌧ Beq, the skin depth was resolved
in their works even for supermassive BHs, M ⇠ 109M�,
despite �7 ⌧ 1 due to the smallness of B.
In the present paper, on the other hand, we adopted

a stellar-size BH mass M = 10M� and heavy elec-
tron/positron mass m = mp/20. Evaluating the
mean Lorentz factor, plasma density, and the magnetic
field strength at each position at each time, we find
�7/(B6) > 0.001 at r < 3M and �7/(B6) > 0.006 at

r > 3M as the conservative lower limits, where M = rg.
Therefore, it follows from the last line of equation (38)
that the plasma skin depth is greater than 0.045M at
r < 3M , which can be resolved by the present grid in-
terval, < 0.008M there. Also at 3M < r < 7M , we find
that lp > 0.11M can be resolved by the grid interval
< 0.026M there.

5.2. Horizontal magnetic field lines at the exact

horizon

As figure 7 shows, the magentic field lines become hor-
izontal at the exact horizon when magnetized plasmas
accrete, if we adopt the Boyer-Lindquist coordinates.
Similar configuration of the lines of force also appear
for the electric field when two oppositely charged parti-
cles are separated near the horizon (fig. 17 of § II D 5
in Thorne et al. 1986). Nevertheless, if we introduce
the ‘stretched horizon’ slightly above the true horizon
and consider the physics only outside of the stretched
horizon, we obtain horizon-penetrating lines of force at
finite elapsed time. After an infinite time elapses, the
stretched horizon eventually matches the true horizon.
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