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©Take home massage:
Galactic isolated stellar-mass BHs can be GeV-TeV target!
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Introduction:
Isolated stellar-mass Black Holes In our Galaxy

© ~10778 undetected IBHs in our Galaxy
(e.g. Sartore & Treves 10; Caputo et al. 17; Abrams & Takada 20)

— possible interactions w/ Galactic gas clouds

implication:
® massive star evolution

® upper limit on primordial BHs formation rate
® Galactic PeVatron? (c.f. loka et al.17)

— Question:

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
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Introduction: IBH magnetosphere?

@HighIY‘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

Successful jet
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Introduction: Particle acceleration
iIn BH magnetosphere

jet

Magnetosphere

o
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Introduction: Particle acceleration
iIn BH magnetosphere

© (expected) plasma source:
annihilation of two disk photons y+y » et + e~ Q <t4 -

© p, too low to maintain j, & screen E for low M

— time-dependent particle acceleration
GeV-TeV gamma-rays?

disk

equatorial plane

— Motivation:
Can we detect IBH magnetospheric gamma-rays?

— numerical approach for acceleration dynamics & radiation feature




Methods: Numerical simulation
of
stellar-mass BH magnetosphere
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Numerical simulation of
stellar-mass BH magnetosphere

© 1D general-relativistic PIC code

Particle-in-Cell

- background Kerr metric, monopole B-field

duy (Qi _ p ) - Lt -fi
= w/grr)u_r_tc’)r(oc) tal,. E, ) EoM along B-field Ajo/

gravity . .

- - acceleration back reaction of

(inertia term) gamma-ray radiation gamma-ray
o emission
CZ = —/g"ptd,(a) : high-energy photon propagation r

| current density Bp

at(\/ZET) = —4n(Zj" — Jo) : Ampere’s law
0-(VAE,) = 4n2(j¢ — pg)) : Gauss’ law

T charge density

high-energy photon
propagation
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Numerical simulation of
stellar-mass BH magnetosphere

© 1D general-relativistic PIC code

- reaction: IC, pair creation (y +y 2 et +e7)
Monte-Carlo approach to calculate each reactions !

- — -

| - parameters:
‘M = 10Mg ,a, = 0.9,By = 2mx107G, 6 = 30°

| To = N, qisk07Ty = {30,55,100,175,300}

Vol = o/Joszl = (1/2,1/2m)

\ lower than steady state (BZ) solution ".'..,:_ soft photon

" from disk
-p
ny, = no(Ey/Eymin)
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Numerical simulation of
stellar-mass BH magnetosphere

Jo
©Results: .
- quasi-periodic/steady E, (period: < 101,/c ~107*M; s)
- Ye-, pk~107 = GeV-TeV gamma-rays (via curvature process, IC) ﬁ /
time step=6220000 t= 30.02r,4/c
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Numerical simulation of
stellar-mass BH magnetosphere
© Results:

- higher n, 4,5 <> weaker E, " from disk

= Leyr/Lpz < Ve4nplasma lower : Lcur,pk/LBZ ~1072 (t0/30)™% (a~8/3 forp = 2.0, Ey min = 107°m,c?)
Lic/Lpz X npjasma @lmost const.

0
Q 1071 [ | > 1071
O Leur/L « 1583
O > 10—3 ! ! - \BZ i 8 -3
= OnN N 10
QO c QD 9 ; ® i ®
QDX 10-5 e A O=
Q.2 510 , a 1n-5
- Q2 é E 5 10
D o )
-+ qu:_l 1077 i p=2.0, €min, -6 v _7 i P=2.0, Emin, -6
rg v I p=2.5, €min, -6 U 10 I P=2.5, Emin, -6
1 L 107°4 B p=20, &mn, -5 i — B p=2.0 &mn -5
_0.10\\\\|\\\\|\\\\|\\\\ 8 ‘ — ‘ : 10—9‘ — : |
150 155 160 165 170 30 100 300 30 100 300
t/(rg/c) > >

higher n, g;sk higher n, 45k



Numerical simulation of 9/21
stellar-mass BH magnetosphere
© Results:

- higher J, < higher amount of plasma, weaker E,

'_.% 102 _ t=58.3ry/C '8
> ©
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Numerical simulation of
stellar-mass BH magnetosphere

© Results:

- higher J, < higher amount of plasma, weaker E,
— Lcur/LBZ x Ve4nplasma |Owerl but LIC/LBZ X Nplasma higher

10-1
)
O
O 1073
O > N
0O m
O c 1
LGS_‘
o E 3
o O - _
E 10
-
@]

102

| jol = 1Jo/Jopz|

Ml, BH = 2T X 107G

o Leur/Lez & T5%
®
[ ]
I 0
i jo = —1/2n O
A jo=-112
B jo=-1 =
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To
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nplasma/nG,( accelerating region
< >
1.0 ——— > T
— 7
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Discussions on detectability
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Expected emitting region

© two zones of emitting region:

- Magnetospheric gamma-rays: curvature
- curvature emission from accelerated plasma

- IC emission from 2nd gen. of pairs

» semi-analytic model
based on simulations

emission /

7
]
7
!

- MAD broadband emission
- synchrotron from thermal e~ (IR~UV)

- # from non-thermal e~ (X-ray~MeV) magnetosphere
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Magnetospheric gamma-ray
semi-analytic model

©predicting gamma-ray emissivity for wider range of BH mass , ISM density

------------------- semi-analytic model ----—---—---—---—---.

' one-zone ] input parameters: - E, amplitude !
solve EoM, reaction

M(Mpr, usm) g MAD model I»n E. B o oM reaction gy L

mass accretion rate y.disk Y:Tmm H photon transter Yemax cur,pk ic,pk |

disk photon peak energy
<basic egs.>
electron EoM from inner boundary r;,:
E, = E.(By, 1), Ex(rin) =0

IC, pair annihilation mean free path - energy:

1 2
: - ! £ T E., min Th
dI/e ~ - (—eEr __ Peur IC) ( Cdt~d1") lICN _t ~-x YeEymin) , Ey o~ Ye Eymin Thomson
r meC Cc Ny diskOIC To W ) yemecz KN
e

I pair

I creation
| e Ve ICIW et
I
I

! E
Y.IC
Ey,min %

L~ 1 ~10 Tg X (Ey,ICEy,min)
To

44 Ny, disk9yy (Mmec?)?
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Magnetospheric gamma-ray
semi-analytic model

©predicting gamma-ray emissivity for wider range of BH mass , ISM density

e e semi-analytic model -----=--------"------- .

‘ one-zone ' input parameters: : E, amplitude !
solve EoM, reaction

M Mo -nISM) p MAD model \I» disk E By hoton transfer ‘l» L i

mass accretion rate " (Kimura et al. 21) | 1’_ i _1_";_"_”} ________ photon transter =7 _)’_e_n}cg{ “cur,pk “icpk |

disk photon peak energy

dot: simulation result

My, By =21 x 107G line: model
107 - "
T
g |
9 - > 1
1054 — @ model LAL-5 . model LA1-5 X 10-5 —® model LALS
1 —A model LB1-3 i 10 — A model LB1-3 1 —Z model LB1-3
1 — @ model LC1-3 — M@ model LC1-3 i i — @ model LC1-3
1 — A model I11-3 107°<4 — A model I11-3 1 —A model 11-3
105 | T T T T T T | T | 1 | T T T T T T | T | 10_6 | T T T T T T | T |
30 100 300 30 100 300 30 100 300

To To To
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Application of Semi-analytic Model

jo= —1/2

104

I—cur, pk/LBZ

TTT T T T T 1171 5 T 3 T 1 |"|‘||||| T T T TTTTIT
10 10 10 10 102 103

M/Mq M/Mqg

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

© sweet spot: m = M/Mgyq ~107° — 107% (~10%*M; gs™1)



E,Le, [ergs™!]

Spectra

2
© GeV-TeV gamma-rays: Leey_tey = 107*Lg,~1032M 2 (019) By 7 ergs”
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E,Le, [ergs™!]

Spectra

© GeV-TeV gamma-rays detectable from ~kpc, by Fermi-LAT, CTA

M =50Mg, Nnisy = 10cm ™3
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Preliminary: Expected number of detection

_ _ ~1
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© How many IBHSs in Galactic ISM? © How many of them are detectable in GeV-TeV?



Preliminary: Expected number of detection

© 10-100 IBH detectable, sensitive to BH spin

Curvature (peak in ~10GeV)
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Detection strategy

©Optical~X-ray: MAD signals
Gaia © X-ray survey (eROSITA, Chandra---)

curvature

flux

© Fermi-LAT: ~3000 unlIDs

@ hard index ( flux « E,")
criteria : - e spectral break
® association w/ Galactic MC

—

IR~X-ray(~MeV)
O©CTA: flux time variation via short-term observation

gamma-ray efficiency sensitive to n, 4 i.€. M

-3
— ISM turbulence creates x10%2 flux variation At~ —~1O7M1 ( - — ) S
v3 40kms—1
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Caveat: magnetospheric current J,

© assumption: |Jo/Josz| < 1

external Q —— Jo/

]0 o6 VXB(p pressure
infalling
mag. flux

— accretion flow pressure / mag. flux perturbation
determine J, fluctuation timescale

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

10% 5 i —— M6a
— M20a

E s ] M50a
u = T —————
= l
Q
1

)i |
T T T 1 T T 1
0 2000 4000 6000 8000 10000 0 5000 10 N' 50 20000 25000

t [M] t [Mﬁ



Caveat: magnetospheric curre

nt Jo

M =50Mg, njsm =10 cm™3

20/21

| e ] SRS dotted: || = 1/2
© assumption: |Jo/Josz| < 1 dashed: [jy| = 1/2
1034 e
]0 M VXBCP -—I': ] ’.. '-‘:
31032? ,_.\ :,,;‘-\ $
— accretion flow pressure / mag. flux perturbation 3 1 .,;;’?’ /\\‘v )
determine J, fluctuation timescale o P A
curvature: luminosity duty cycle ~1-10%? N R G 3
. R AR -\
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Jiang et al. 23: infalling mag. flux at the horizon
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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

optimistic estimate on the detection humber: 10-100 in Fermi-LAT - CTA
©Model uncertainty:
- Jo 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



Back up



Caveat: magnetospheric current J,

© assumption: |j,| <1
Jo X VXB,,

— accretion flow pressure determine
Jo fluctuation timescale

curvature: luminosity duty cycle ~1-10%7?
[C: almost persistent

Jiang et al. 23: infalling mag. flux at the horizon
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IBH dist. in Galaxy

©sensitive to "initial" velocity of BHs: v, = (”P“’g'disk) + Vyick
Uprog,bulge

Vayg =50kms™1! Vayg =400kms™! 10°
:". ﬁvv". vi-. M TN o — 50kms”™-1
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Based on the calculation by

Tsuna et al. 18



IBH velocity in Galaxy

Otypically 10 ~10%2 km s~

Vavg =50 kms™!
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Discussion: expected number of
detection In certain gas phase N,

O N,.=number of IBHs in gas & sensitivity limit

ey n om . . . . ey s = di, e
sensitivity limit d; 4.;: luminosity vs sensitivity 7 o il =
) ISM ®
7\ 1BHs| V P
. 3 galactic disk @
Lobs 1/2 -1/2 . . . .
didet = k. 5 Loégg,33Fgen,/—12 kpc as distributing in z S Hgy

1_
" Nyer~NoéoM d—NZnH d? g .; = 3 7(di'det)2 i '
det 050 dM ISM™Yi,det . SkpC 50M®

102F_ermi — LAT, (0,0),10y  CTA—N, 50h

dN

d_M x MY (y~2.6 Abbott et aI.Zl)

&, + Volume filling factor
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Preliminary: Introducing
MeV Photon Injection

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

expectatlon for gap formation threshold :
nln](M) ~

(Levinson & Rieger 11; Kimura & Toma 20)

©Methodology:
random injections in each step, n,jdt~kyyng in total

T
s injection




VA AR) D /By

Preliminary: Introducing
MeV Photon Injection

To = 30, Kpyey = 0.01
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— setting upper limit on gamma-ray
bright parameter range? i



Preliminary discussion: Upper Limit on
Gap Formation in M —n,,s Plane

1.0

L 1 IIIIII|

L 1 IIIIII|
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gamma-ray bright range? |

@ future work:
dynamical difference,
gap formation lower limit
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Very preliminary: intermediate BHs in TeV?

© GeV-TeV bright in M/Mggq ~107> — 10~ 4@ n;5~1073 — 1071cm™3 for 103 — 10°Mg BHs
— 10~1000 intermediate BH in Galaxy
some of them found in TeV?

: : — -3 M =105
MAD dynamical timescale (~1037,/c ~10*Ms s) Mism =0.006cm™~, M =10"Mo
10_7 m— Total (jo= —1/2) == = Gap Curvature Photons
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| _
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Light surfaces

©EXB drift velocity ¥ = 1 under B, = 0 assumption (monopole-like)

P = (.Q. — (l)) ”/(P(P a = il (c.f. Toma & Takahara 14) — TILSN]-'STg\ T0L5~12Tg fOI‘ a=09

t=154.2r,/c
10° o/ 0.020

10-’1 4

B, dominant inside/outside LS

E-field develops around LS (Crinquand et al. 20)
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B, effect on radiation/plasma injection

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

©magnetic pair production: y+ B - et +e~in 1 ?

IC photon energy
102 expected for IBHs

(face-on)

T IIIIIIII T IIIIIIIII T IIIIIIII T IIIIIIII T T TTTITT T T TTTTI0
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BH magnetosphere PIC: so far

® 1D local model

(Levinson & Cerutti 18; Chen et al. 20; Kisaka et al. 20, 22)
fixed global B-field structure

solving E-field & plasma evolutions

® 2D global model

(Parfrey et al. 19; Crinquand et al. 20,21;

Hirotani et al. 22,23; Niv et al. 23)

time-dependent B-field

@IOcal E-field partlde 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? (uirotani et al.23)
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