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Detection of Galactic stellar-mass BHs 1/13

N108 _ 109 eXpeCted from Star_formation history (https://www .astro.puc.cl/BlackCAT/index.php)

(cf. e.g., Timmes et al. 96; Caputo et al. 17; Olejak et al. 20) Pl pcoveres
(V)]
) : . = 6]
© as X-ray binaries --- ~70 so far. ~20 specified as BHs %
50 A
© GaiaBH 1, 2, and 3 D w
(El-Badry et al. 23a,b; Tanikawa et al. 23; Balbinot et al. 24) (T) 30 CGRO
Qo oS
— both binaries S 2 s
3 HEAO-1 EXOSAT
© isolated BHs - only 1 microlensing event Z v ||||||||||||||||||||||||| ‘“ ““““l““‘“
(MOA-2011-BLG-191/OGLE-2011-BLG-0462 ; Sahu et al. 22) o] --...-...n||||||||||I

1970 1980 1990 2000 20&0 20&0

Year of detection

- Detectability: EM radiation during ISM accretion .______________

1 . .
I - accretion disk/out flow (Fujita et al. 1998; Tsuna et al. 18; Tsuna & Kawanaka 19; Kimura et al. 21)

| - relativistic jets (Fender et al. 2013; Ioka et al. 17)

I - - - - - - -
I - PeV CRs production, inelastic collision in ambient gas (kimura, incl. KK et al. 25)

Aug 8, 2011
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IBH-MADs/magnetosphere formation? 2/13

GM
TBHL - 2 2 ~01 AU

Csism T Vgy

© heuristic: 2nr3y; Boo~27t(10rg)ZB ~ B~107(Bs/nG)(vgy/50 km s™1)~* G , strong enough to be MAD
© 3D GRMHD: MAD formed nearby of IBH during BHL accretion
— magnetosphere (& jet) formation?

100 z|Ra .1'[]?;.]

mag. flux near B

150 ZE‘!’] 150 30 0 10 2'0 30 40 50
Kwan et al.23 t [Ra/Voo) Kaaz et al. 23
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IBH magnetospheric spark gap? 3/13

© steady plasma injection required to maintain current & screen E|,

cf. Blandford & Znajek 1977

—

© main injection channel: disk photon annihilation inside the
magnetosphere

— ny (M) S ng; for sub-Eddington accration rate
(Levinson & Rieger 11; Levinson & Segev 17; Hirotani & Pu 16, but see also Wong et al. 21)

M = A4 (GM)*myn sy /(c2 + vpy)3/? (Bondi-Hoyle-Littleton rate)
= 1()14/1W,01\412()M@nISM,lO cm‘3v31-;jokm s—1 8 sTH MEqq (2 1018]\/[1 8 S_l)
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IBH magnetospheric spark gap? 4/13

© steady plasma injection required to maintain current & screen E|,

cf. Blandford & Znajek 1977

—

© main injection channel: disk photon annihilation inside the
magnetosphere

— ny (M) S ng; for sub-Eddington accration rate
(Levinson & Rieger 11; Levinson & Segev 17; Hirotani & Pu 16, but see also Wong et al. 21)

M = A4 (GM)*myn sy /(c2 + vpy)3/? (Bondi-Hoyle-Littleton rate)
= 1014/1W,0M120M@nISM,10 cm‘3v31-;j0km s—1 8 sTH MEqq (z 1018]\/[1 8 S_l)
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1DGRPIC: stellar-mass BH model 5/13

(see KK et al. 24 ApJ; KK et al. 25 accepted for details)

© 1D GRPIC code (grzeltron; Levinson & Cerutti18)
parameters: M = 10Mg, By = 21 X 107G, QL
6 = 30° €smin = 10_6meC2, a=1{0.1,0.50.9}

solve IC, pair production
To — n},’MADO'Trg = {30, 55, 100, 175, 300}

Basic egs.:

du q P pair
—=—J9"r+0, () + @ (j E, — mevi) : e* EoM along B-field production
P _ _ g""pto.(a) : high-energy photon propagation soft photon

dt

at(\/ZEr) = —4n(Zj" —Jo) : Ampere’s law

from MAD

Ny MAD» €smin

d0.(VAE,) = 4nx(j* — pg,) : Gauss’ law
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1DGRPIC: stellar-mass BH model 6/13

(see KK et al. 24 ApJ; KK et al. 25 accepted for details)
time step=33980000 t =163.99ry/c

102 3——
© 1D GRPIC code (grzeltron; Levinson & Cerutti18 W c. 0.0057
& J— 08 ]
£ o I 0.000
parameters: M = 10Mg, By = 21 x 107G, = 10% @ TV
& =. —0.005-
0 = 30° €gmin=10"%m,c?, a=1{0.1,0.50.9} £ 10°4 E :
» Es,min e“ 1 ’ ’ = < ]
_ _ £ = —0.010
solve IC, pair production § ] < L 015_5 a=09,j,=—1/2m,
To = Ny yaporTy = {30,55,100,175,300} o § T =175
’ 0- T ~0.020 L
20 2.5 3.0 35 4.0 2.0 25 3.0 35 4.0
results:
r/ry r/rg
- oscillating gap around ~2r, (~null surface) for 7, = 30
- gamma-ray luminosity 1071 101
107—_“~ \E\‘~\
depends on T, B % ~~~~~~~~ R N34 8 % B
7 —a £ § i ~~~~~ < ;\~\ =
Yemax~107(79/30)"*(a~6/5) > g ::8:2 \%*- $10-s \‘%\ 3 10-5 »
Leurpie/Lez ~1072(1/30)F (B~ 14/5) NIRRT 7 7
~ —4. —’}/ ~ 10 | T T 17T I| T | 10— T | T 1T 71T I| T | 10— 1 | T T 1T 17T I| T |
Licpk/Lpz ~107*(7o/30)77 (y~1/5) 30 100 300 30 100 300 30 100 300
To To To
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IBH-MAD/spark gap
mUIti'Wavelength radiation model (KK et al. 2025, accepted)

Y 2 2 3/2 . 1014 2 -3 ~1 e,
© M = A,4n(GM)“mpyngy/(cs + vpy) /2 =10 Aw,0M10M5M1sM,10 cm=3VBH 10km s-1 8 S BH in-ISM"cloud-,
_ 2 . 107 1 1/2 |4
By =¢ Mc/ang ~ 10 ¢50M10M®nISM,1OCm‘3 G (cf. e.g., Tchekhovskoy et al. 2011) P @ N
X7 o
© MAD radiation: one-zone model (Kimura et al. 21) ;
—5/4 i
N 2 - 9/14 —27/14 Rmap/Tg ;
— To LSY":PR/ TRMaDEy synpk€ 01Ty = 50M10M®nISM,1Ocm_3 BH,10kms™1 ( 10 |
Lo% ‘(M‘: 10M®,M~1O_14g s71) | et MAD !
= Total ++:-: Thermal Primary Electrons Y RAS emissidn
1035_ ,,‘,-“'\\,’ ' . S 2%\" :'
| - thermal| electron synchrotron - IC % " !
) Y@ o
ction (or turbulent) acceleration |
/ spark gap .:
X-ray~MeV) By | ;
magnetosphere i
103

E, [GeV]
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8/13

IBH-MAD/spark gap
mUIti'Wavelength radiation model (KK et al. 2025, accepted)

T _ 2 ~ 2 -3 —_ .
© M = A, 4n(GM)*myn sy /(cs + vpy)3/? = 1014/1w,0M10M@7’115M,10 cm3VBH 10km s~ 1 8 S ! BH in-18M+cloud-,
Jn —~ 1/2 Jr
By =¢ MC/27T7”g2 = 107¢50M1011V1®n13{M,10cm—3 G (cf. e.g., Tchekhovskoy et al. 2011) e o 3
A ...............

© MAD radiation: one-zone model (Kimura et al. 21)

To, Ey,syn/ Lsyn

© spark gap gamma-rays.:

- IC from secondary-pairs __ pair
. _ _ Z. production
empirical relation from simu.: Ky
% soft photon spark 93p
; p [ By \

‘. from MAD
Ny syn magnetosphere

Ye~107(10/30)"%(a~6/5)

Lcur,pk/LBZ NlO_Z(TO/BO)_ﬁ (B~ 14/5)

Licpr/Lpz ~107*(74/30)7Y (y~1/5)
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IBH-MAD/spark gap 9/13
mUIti'Wavelength I‘adiation mOdEI (KK et al. 2025, accepted)

© bright in optical-X-(MeV)-100GeV =2:5
. _ . .o _ = —3.0-"
© spark gap active for 1075 S = M/Mggq (S 1072) BE, .
. — o2
— -2 —4 2

© Lyap = Leyr + Lic~1072 — 10™*Lp, (~Mc?) S —4.0-

—10 a7 2 -3 2 -1 -2 _

= Fgap ~107"" MiomoMism,10 cm=3VpH,10km s=1 A 1kpc€Tg S~ €M —45 o< 30 l
~5.0 , , , , 31.0
annihilation a=20.9 20 40 60 80
(=pair production in the magnetOSphere) ==+ Thermal Primary Electrons = = Gap Cur == Gap IC mass [M/M @ ]
10%
1035_ | A : i P _*
1034_ — < E-1 — o« Ezl
1033_ | ]
1032 —{m=10 - -4 m=50 -
Lot | m=18x10"* | m=62x10"
To = 38.3 T0=30.6
1030 I T T IL | T T I T I‘ | T T | T T T LI I T T I T T II T T I T T
10712 10°° 107° 103 1.0 103 10712 107°° 106 1073 1.0 103 10712 107°° 10°° 103 1.0 103
E, [GeV] E, [GeV] E, [GeV]
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- - 10/13
Detection number calculation (KK ot a1, 2025, accented)

- - o

1. dynamical calculation to obtain IBH positions/vgy in Galaxy IBHS “SIoMm
--Y @ Hisy e
(cf. Tsuna et al. 18) =" __ o galactic disk = ===
- initial kick: 3D MB dist. , v4,, = {10,50,100,400} km s™* .

e

~
el S

— How many IBHs are in specific phase of ISM?

ISM Phase Hiswm [kpe]
M(M Nrcy Upn) Molecular Clouds 0.075
e T Cold HI 0.15
Warm HI 0.5
108 1083
. — 10[kms™] —— 100[kms] E
1072 % —— 50[kms™1] —— 400[kms!] 107+
N 106 ' . 1054
GJ p= |
(@) o) ]
o 5_ 5_
~ 10 g 10°%
= E.
N 104 = L = 104=g
103~ YA 103
= « exp(—R/2.15[kpc]) W - ]
102 T T [ T T T T I ! T T T ] T T T T ] T T T T 102 T Tlllllll T IIIIHII T ‘lllllll I‘illlllﬂ
0 5 10 15 20 25 10° 10! 102 103 104

r [kpc] vikms™!]
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Detection number calculation

11/13
(KK et al. 2025, accepted)

——————
- -

/'— [} s\\
) ,/ ‘\\\
i - - IBHSs el ISM
2. give each IBH mass and spin, derive gamma-ray flux .-® o Hisy o
- e galactic disk = __ ===
for given n;gy: R s ©® -
RS [ ] a8
/ \\\ L
* /
Feev-rev = Lgev-Tev [To (M(M, nism» UBH)) ) LBZ(a)] /47Td12;H )/ ‘IB.H_(EII_S_t_I‘I_QEI’_ELODf
/ ...... ; ! \
. M, a, -
""" e IBH in ISM cloud

0.35 f e T ra R g5
i |

030 _S,Plnl?,rOba_lelt;Y_dls_,t:____A_L ________ LI
0254 -------- hlgh Spln _________ A}
o204/~ N\_| _ (BHXBobs,
015/ : ,,,,,,,D,ra,g,hl,st,LZ,S,
0.10—- ”(G’W”GBS‘""E ************ e
0.05 4/ ABbott+ 23) N A
0.00 i | i —

0.0 0.2 0.4 0.6 0.8 1.0

spin

—— mass func. (PP model)
& M—3.5

BH mass function
(Abbott+ 23)

ISM Phase nism [cm ™3]
Molecular Clouds 102,103
Cold HI 10
Warm HI 0.3

|
20

M/M o

100
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- - 12/13
Detection number calculation (KK ot a1, 2025, accentod)

© result :

- maximum number achieved for v,,, < 10°km s~ & high-spin
Fermi-LAT @~10GeV: ~500 (<10% of current un-IDs) , H.E.S.S. @~100GeV: ~10 (),

CTA @~100GeV : ~50 s FErmi-LAT @10GeV H.E.S.S. . CTAO-S
104 4FGL-DR4 un-IDs 1023 H.E.S.S.un-IDs| 102 LOV\:ASWpE;t )
_ s 1034 - 1
sensitive dependence s 100 s
) . Z-c 101-; —A— (1072,1)
ON Vg4 , SPIN dist. 100
— Ngo May put a constraint 2077
bOth on Vava & SD|n 105§ High spin:
J 104 ‘% ()\w: fduty)
1033 a1
oy 102=; -®- (1,107?)
i ) ) > 1013 —A- (1072,1)
- considerable contribution = %7
to GeV diffuse emission iy

Vavg [kms™1]
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Summary Lyl

© Motivation: IBHs can possess MADs/magnetospheres during ISM accretion

© 1D GRPIC stellar-mass model (KK et al. 24; see also Levinson & Crutti 18; Kisaka et al. 20:22)

- spark gap formation (consistent w/ previous works; cf. e.g., Chen et al. 20)
- efficient GeV-TeV emission (Lgey—rey~10"%Lg, at maximum)

© IBH-MAD/spark gap radiation analytic model - detection number estimate (kK et al. 25 accepted, arXiv
2502.09181)

- at maximum ~a few 10? as 10-100GeV un-IDs (~10%)
- can be third-party of GeV diffuse emission, may put constraint on kick velo. BH spin dist.

(related topic: IBHs as PeVatrons, LHAASO "dark" sources? (Kimura, incl. KK et al. 2025, ApIL))

© future work:
- time-dependency, co-evolution analysis using 2D GRPIC code (in progress)
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On-going : investigating gap 14/13
time dependency & co-evolution

© reconnection @ equatorial plane w/ ~103 ry/c duty cycle (e.g. Ripperda et al. 2022)
spark gap can be affected? :
- change electric current. cyclic particle acceleration b/w gap & current sheet ? (Vos et al. 2025)

— analysis focussing on gap & reconnection co-evolution required to discuss

spark gap gamma-ray feature : . e 3
Time=17.04 0 D -B/B
30°
. \Y
Electron density 1.0 8% _
3.0 \ To — 10
10’ c | DN
0.8 AN
o 3 o
\ _'\") i ; high energy high energy high energy Lm 9 60
/ 10 100 flare? flare? flare? ,\:: 4 \
0.6 © .
90 t=9113 M, : /(| " é y
§ %0 ’\\ o \\ /Mk - \\ \ \\\:"\ \\ - 0.4 8 VO
5701 V o . \ AR 77777,
10 i Q- 60- \\,/ “\‘\v\ ‘/;\x“‘// = 0378 .\[>“\ \ .‘v"\\' \\\ O é < <VI{{{<[£‘J 900
| \\ \\\\\ e - 0.2 k\\\\§:
50' . \ = \ \\\;
Jia+23 t—9643 M—>" \\
5 401 : . . . .
0= 03 6 7 8 9 10 — 0.0 _-k-T
¢/1w000M 0 e | -]
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Back up



IBH-MAD/spark gap

multi-wavelength radiation model

© few notes:
- assuming isotropy for both MAD & gap emission
- spherical null surface (at least for monopole-like B-field)

- very weak scattering/absorption via MAD plasma, ambeint cloud

- indecomposible spark gap fluctuation

16/13

S

pGJ/ (QB/ch)
=-0.8 .. /

O)H

Rotation axis

leotanJ et aI 16

PGJ distributions,’

/ 4 P pGJ/(QB/Zth)

/ I /

______
,,,,,,,

30

*toap~Tyy 1Tg/c~1—1071,/c ~1 —10 M; ms
2 R _ -
 taisk~tuis~ g ()~0.1 = 1aZ3 R (5) My

— active<>inactive duty cycle will be smeared out

L/Lsz

by time integration:

KK et al.24 |

6, P=2,jo=—1/21, 1o =

10#

10! MR

107

Rlpperda et al. 22

1

fduty int (fduty"’1 — 10~ 2) 106 50

obs

55

60 6 70
Time [ry/c]

(
75 6000 r()()() 8000

tlre/]

9000
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Mass, position of detectable IBHs 17/13

Vavg =10 km S_l
—— Fermi-LAT, @10GeV  —— H.E.S.S. --=-= CTAO-S

1000 80

| _ —_ | —— _,..': E:acljJ iSiéij.rijl[f(ijteg] |
. ] ..’.: H: 0 = 4.7[deg] — 60

— B — f 91 C:o0=4.6[deq] [

1 - it 40 ;%Z
-] E 1 - 20
LI IIIIIII I I.IIIIHI L | . : _O
10 10-1 100 10! 102 -20.0 0.0 20.0
M/M ¢ Distance [kpc] b [deq]
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Contribution to Galactic GeV diffuse flux  18/13

© significant contribution, even overshoot observation for v,,;~10 km s™, high-spin

— Vgyg~a few km s~ and low-spin prefered

(cf. vapy~51 kms~! based on microlensing event; Sahu et al.25)

o fduty - 1.0
— 0.0 — 10
8 5 l: = B v—li — Vayg=10kms™! === v,,=50kms™!
1Gev 3 O 25 7 X L« 1071
a =5 " =
5.0 'E L 10_2 ~~~~~
o 5 3 O E T T
10GeV 2 75 O =2 01073777 e TN
=2 =5 £ ©7 . 1T T
“ —-10.0 = S ; 107* h{)whspih
— S —— High spin s
100Gev > 125 = g V10> GBE:|b|<8°,|l|<80°
T 0 > g O E ™ (Ackermann+12)
_Q_S _150_ 10_6| T T T T T TTT] T T T T T 171
' 10° 10! 102
| [deg] E, [GeV]
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Detection/classification strategy 19/13

- Catalog matching in multi-band : (LHAASO; Kimura incl. KK et al. 2025)

Optical (Gaia) -X (eROSITA, Chandra) -10-100 GeV (Fermi-LAT) +~10-100TeV?
detailed spectral analysis will be the key to distinguish IBH candidates

L. - , R - R GM /v
- luminosity variation---t,;; in MAD~—~sub sec . Bondi timescale tp~-%= ~ V/"BH ~Yr
acc acc

(detectable mainly in X) (longer, detectable in gama-ray band)

— 7 Vavg - 10 km S_l
GapBHs - WDs A N o i ('l\l_| B
0 o2 e o7 il
2 . »‘t. -—1U —97 10°
. . S ok 3 | _ _
= 41 : BHs = | 5 vn 10 30"
C 6" . & © O _11- s
E E 3 ———
2 874 s 0. 2 Tk P — T
G Rl G L 13- - PSRS .
12_A ‘“A X—ray WDS 8 14_ & XO E
14 — B < | below the sensitivity)
AR R DR DAL DR IR 2 —-15 |‘— |
103° 103! 1032 1033 103 10% 1036 -12.0 -11.5 -11.0 -10.5 -10.0 -9.5 -9.0
-1 - —
Li[ergs!] l10g10(Fgey [ergs=tcm=21)
Opt-X flux ratio/HR diagram comparisons to WDs GeV-X flux ratio comparison to PSRs, Blazers
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Related: IBHs as Pevatrons & LHAASO "dark/:3
sources

(Kimura, incl. KK et al. 2025)

Isolated Black Holes as Potential PeVatrons and Ultrahigh-energy Gamma-ray Sources ha d ronic A

SHIGEO S. KIMURA 2 1'2 KENGO Towmipa (2,2 MasaTo I.N. KoBavasHi 2 Koki KIN (2 2 AND BING ZHANG (245 Y_ ray

L Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai 980-8578, Japan
2 Astronomical Institute, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan Pev C RS
31. Physikalisches Institut, Universitit zu Koln, Zilpicher Str. 77, D-50937 Kéln, Germany MR s,
4Nevada Center for Astrophysics, University of Nevada, Las Vegas, NV 89154, USA NG .7 ¢
5 Department of Physics and Astronomy, University of Nevada, Las Vegas, NV 89154, USA =

© IBH-MADs in dense (n > 103cm=3) MC:
reconnection accelerate proton up to ~PeV |

curvature

MAD

— fraction escape from MC (IBH-"PeVatron") .- e

rest interact w/ ambient gas to produce

~10-100TeV gamma-rays A9 < ‘MAD
Molecular

Cloud /Bsrark gip

magnetosphere
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Related: IBHs as Pevatrons & LHAASO "dark's

sources

© m=5x10"* to be efficient PeVatron

= Lgap S 107*Lgy (~107*Mc?)
GeV-TeV dark, 10-100TeV bright

(Kimura, incl. KK et al. 2025)

can explain some of LHAASO "dark" sources

ex) JO07+5659u

l0910(Lgap/Lsz)
5.0 _4TO -3{0 -2{0 1.0
o -
—2.5-
35.410_ (m,m) for J0007+5659u

mass [M/M ¢ ]
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Shared parameters

R

a B

Aw

fcr

TMrec  T)diff  Sinj

10 03 0.1 01 0.035 10 10

Model parameters

Model M. nmMmc Vk RMC BMC d
[Mo] [em™®]  [km s™'] (1G]  [kpc]
Typical | 10 100 20 10 0.50
J0007 20 1000 20 30 2.0

demonstration for JO0O07+5659u

107105
3 Fermi-LAT, 14yr . ~ \ LHASSO, 1lyr ~
1 (I,b)=(0",0%) : # F 30m
‘T"—| 10—11_§ e ¥ e : N
£ ] _ ¥ —~ CTA-N/ 50h
+ 10712 < CFA-S
3 2\ S /7 7
u i 7/ \/ /’ \
Tn 1 7 A ! \
W 10-14 44 : /1 ] m=20.0 : W%
. VAN : To=210.7
1071 —T i I i
107! 1.0 10! 102 103 10% 10° 10°

E, [GeV]

= = Hadronic

Gap Cur

Gap IC

J007+5659u
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