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Current Structure - Charge 2/13
Distribution of Pulsar Magnetospheres

® plasma injection from NS / via yB - yy interactions

® co-rotation of NS, axisymmetrical B-field, plasma
( Qg = Q'F)

maintaining j,
1 1 n : n
Sp = - ExBy = — —ROpB,B, pulsar wind
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Current Structure - Charge 2/13
Distribution of Pulsar Magnetospheres

® plasma injection from NS / via yB - yy interactions

® co-rotation of NS, axisymmetric B-field, plasma
( Qg = Q'F)

@c}’/ NS rotation energy — steady plasma flow
<
RN maintaining j,

1 1 n : n
Sp = - ExBy = — —ROpB,B, pulsar wind

® Goldreich-Julian charge distribution

1 1
pe_ZTV'E"’_%'Qs'B

— cone-like null charge surface

(where 0, - B vanishes)
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Formation of BH magnetospheres

<Plasma injection>

infa”ing gas bring magnetic flux main source = YY interactions of disk phOtonS
— highly-magnetized gas disk around BHs
(Magnetically Arrested Disks, MADSs)

EHT observations:
highly-magnetized, poloidal B structure
are expected at M87 vicinity

Flux

Transport
| Magnetosphere
U) / /‘ f \ \ \B MAD
" Polarization
image of \
EHT 21



contour: charge distribution

(Hirotani & Pu 16)
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Current Structure - Charge
Distribution of BH Magnetosphere

O "##P%P&'( )*+!,+- . steady EM structure /01-)23%&!14  (c.q. Blandrord & znajek 77)

s AR SRR Difference rssssessssssesssssesssseseass
@b o/ o | "H$96& ' () V" HSY" SHE E

% P iQ(r,0) > Qp $-'&+2567- Q < Qp +(-H#+2 ]

4 | far zone: negatively charged outflow
& maintains the stational current
g ! v (connected to the jet)
s = | : _ . .
> : null charge ! near horlzo_n. positively charged_ |nﬂow_ |

2 =— - (consistent w/ infall due to the gravity, rapid rotation)

surface
almost spherical

null charge surface (ryyu;~21y)




Formation of “Spark Gap” in R
Charge-Starved BH Magnetospheres

©%8+29&-!(+2:&;- . time-dependent E-field (analogical to pulsar polar cap/outer gap)

7 | 5
Q ! p/ I charge starved due to the low plasma injection
 '|| I

® (Levinson & Rieger 11; Levinson & Segev 17; Hirotani & Pu 16 etc...)

B X R
H o /(QB/2nc). " /& | ¢
=-0.8 .- © (-) — |ocal charge deficiency around null surface
4= ;
2] n<n = e
null’charge 61( |PG]|/ )
surface — displacement current develops, maintaining

electric current
0¢(Ep) = —4n(j" — Jo/72)

local, intermittent E-field region ("#$%&'($# ")

— 2 4
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Formation of “Spark Gap” in
Charge-Starved BH Magnetospheres
©%8+29&-1(+2:&; . time-dependent E-field
Q | | ” _ , | charge starved due to the low plasma injection

— |ocal charge deficiency around null surface

n < ng(= |pg|/e)
— displacement current develops, maintaining

electric current
0¢(Ep) = —4n(j" — Jo/72)

local, intermittent E-field region ("#$%&'($# ")

Rotation axis

efficient acceleration, gamma-ray emission
secondary pair creation

Equatorial plane
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Examining BH Spark Gap Natures:--

@ !II#$II%&I( )*+*’$_(.ln/0&’(+1
steady gap approximations (likewise pulsar outer gap model
© "#$"2*3-(.,& )4+)5&,,"%('6,*-(/+%" )*$+,-.'/0%'1234"5
introducing time-dependence
® 1D local model ® 2D global model

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

- =

&!1%+)$'9-9 +,,+ 2+6!-#32-<=0>-,+9'&(3!)8&2&!-
?- :&(&%(+5*&@
)3NE5*&- %3"& %($3' AB- C&D #*+2&!-#23,-E'3A-FGH!

considering time-dependent B-field

F (>300 GeV) [cm? ]

v I"HSY&
- TeV flare

— 1 : 1
5555555555555

562441
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"HS%&E (' +' &=/
012. 3('&2"#4,55 #* "+#6&875#

8)'99,& 3, ++#:.0#!1,2(")7+,.'&'+#
1(#<=#4*>?$#815%9,)17(+

(Kin et al. 23 in prep.)



"HSYRHS" (JF+H+ HP - 6/13
4$%8 (%8S 1 #$.-(0 "#&1(%0$&).&//& 01&234

© ~108 ";&(&%(&;-10>!-$'-(8&-G+*+J6
SFR X Vya1 X tgataxy

~10"%pc éyr™® _10%8pct  ~10Gyr
%9%),6M

— possible interactions w/ ISM clouds

© :FK_#32’+($3'_+23"';-|O>! (e.g. Ioka et al.17; Kimura et al. 21)

efficient magnetic flux transportation
— become MAD for low-B ISM accretion

"4 06" &' S(YO)HS* +, $H'-.10)' 1 2/%34$5'1"%6$-"15
| 4" $7/$8/0/40/89
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SlmU|at|On Settlng ! 1D-Gli#g(i)/é&(;liq|i:ulation code

Metric term - considering General Relativistic effect
A=1?+a® = 21yr gamma-ray - solve particle motion ./$%*"0$ #"11
Y =12+ a?cos?6 emission du- q- P . _ t
A= (2 +a?)? — a2Asin? 0 = —\/9rr V10 () + @ (m—# E,. — —- ) : et EOM
D$#<0( HAA&*&$#(091GHA?)S&HA(091
101&$(0#)(&$0= 9%)$#40#(091
dp$

—- = /970, (a) : ic photon trajectory

— evaluate the charge/current distribution,
solve the Maxwell’s eq. at each grid

0.(VAE,) = —4n(Zj” — J,) : Ampere’s law
0.(VAE,) = 4nx(j* — pg;) : Gauss' law

- include IC - pair creation interactions

I Kerr spacetime

Mr. = M 6 i . -
Aty =" ~15x10%m - gteady, axisymmetric B-field

By = 2nx107G -
" i gravitational radius (split-monopole)



Simulation Result: Overall Evolution

time step=6220000 t= 30.02ry/c
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Simulation Result: Disk Photon 11/13
Intensity Dependence

#$%&'
Tp = Ny,o7rg < 0(%7"89/-/+"(+-&+%(-$ N :9/'%/+"0&8-9";/3" rg Ye ,\E,i{,)(&)$*%;r,+_
controlling e* pair multiplicity (7qir~0.17oX(€;c€2) 1) | )j . C
. Lot "H$%8& ()*)+$,
' - 101 O
Cg: 109 2 n Leur/Lez < T5%3
< —0.05- 3 T
= 10~ n 10 * s
E ~0.10 T %'é 10-5 f I o i
< _g.15- "HS%& (") (+ 3 o
0.15 _ i o e .
= 535553 10~ T 1074 3 PR
—-0.20 I I I I : 10—4 S - B B p=20, €nin -5
2.0 2.5 3.0 3.5 4.0 10° 10* 10° 10° 107 108 107° 4 Z jo= —12(xnlargen) g
r/ry u T T T ]
30 100 300
© *+,-#,./-0'$112/-"($# 304" /"5#2%.637 ($#".829 - AL —
_2 _ igher intensity = higher multiplicity
© Lcur,pk/LBZ ~107%(79/30)7*

~8/3 16%' = 2.0, €,,in, = 1099 Lgz:BZ luminosity



Semi-Analytic Model of Gamma-Ray /"
Emission from Gap

©predicting gamma-ray emissivity #32-A$;&-2+'9&-3#-0>-,+!1-7-9+!1-:&"1$(6

(C&)D#R 40@7?)RCI(9IHP40&*4) @ ($&1D(C)
——————————————————————————— IRH#AO(' R&#?)&1&$D'#()(C&)CI$0S91

ISM density. BH massI‘ one-zone IBH MAD model Il» To! €nin! Bpy

solve simplified EoM, photon transfer, pair creations
— gap boundaries: enough pairs created

maximum Lorentz factor y,;
gamma-ray peak luminosity L,

Npair (rout) = Ntnre
#$%& |
. (&)$*%+, :

I
I
Ie_ N 7 —3
I
|




Semi-Analytic Model of Gamma-Ray /"
Emission from Gap

© predicting gamma-ray emissivity #32-A$;&-2+'9&-3#-0>-,+11-7-9+1-:&'1$(6
(C&)D#R 40@7?)RCI(9IHP40&*4) @ ($&1D(C)
——————————————————————————— IR#AO(' R&#?)&1&$D'#()(C&)C9$0S91

ISM density. BH mass\l‘ one-zone IBH MAD model "#s%& () (+,-.(/ il» To! €nin! Bpy
Nism = 65 cm‘3, M=10Mg

. . . . 1077 <
solve simplified EoM, photon transfer, pair creations = 3 — total (o= - 1/2) — = Non-Thermal Synchrotron
- gap boundaries: enough pairs created '§ == Thermal Synchrotron = = Gap Curvature Photons
. — 10794 —~ Thermal IC - == Gap IC photons
maximum Lorentz factor y,; ~
gamma-ray peak luminosity L, 5 3 calculated spectra fermt LA 10 (60,30
|m 10—11_§I
(@)} ]
" " 1 1 I g 11 2 3
"# P'H &'(( $)"*+"(,--,./ < 1053 ] ‘
0"1"21'34"+5).(+6782 ER TSl
10-15 Im =_ 31_: 107> I)‘ \‘ ||||$)2%3n+2% y
e AR I S WA L 2 S5 TYE

|
10712 107° 1076 10°3 1.0 10° 10°
E, [GeV]
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Summary

I Research Motivation: finding undetected isolated BHs through ($**$  6%$. observation

gas infall = formation of "#$%&'()*+,-(.( , particle acceleration?

I Method: analyze plasma dynamics & gamma-ray characteristics using
78 + 9:;<=""+*>-$7+0,'@"'A*+ 6$,5-.7+B*0CA-+,(

=<&= )&= 1¥*"3*$N"0&-&.-*#,&";3/">78.?" 6+4@ .*+0(0*-&%
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a=—1,p=2.0, €min=107°, To =55

. Ml' Emin, — 6, p — 2’ jo —_ = 1/2]-[’ TO — 30 1.(Eime =150.57~152.02rg/cC time =152.02 ~ 152.9914/c time =152.99 ~ 154.43ry/c
10 : : : E 051 — jPg), min
= ' == PN /p ,min
: : : Lcur § 0.0 . M
[ I I 2
3
: : —  Lkin 510 1, . : .
, , \ 5] charge distribution evplution
10734\ | ! rwe- 5L
] | _
] | 207 2.0 2.5 3.0 1.5 2.0 2.5 3.0 15 2.0 2.5 3.0
l r/ry r/ry r/rg
]_0—4 E : : Y 01time =150.57rg/c  time =152.02rg/c  time =152.99ry/c  time =154.43ry/cC
] | |
| 0.00 : - e e
10_5 3 : -0.01 \/ ] ] ]
! ! I -0.021
[ I I
| | | ~0.031 ]
10-© I ; - - . L
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r/ry r/rg r/ry r/ry

typical light curve at the outer boundary
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Discussion: strategy

% pc (persec)~3x1018cm

©spectrum peak: 10-100GeV — main target: A&3'( )BC:" 6+4@%
- ® hard spectral index for low energy side

| ®has a peak in Fermi-LAT sensitivity range
® association w/ gas clouds, point source ...will be the selection criteria

—

©determining the position: cross-match w/ optical~X-ray o Gaia wetee
spatial resolution of gamma-ray detector: ~1° -
— if ~kpc distant, size of error circle: ~pc!
cross-matching w/ data from other observation;

{0 Gaia(IR~optical)

® NuSTAR etc... (X-ray)

...Will be crucial to narrow down & determine the location NUSTAR 1a=):>k>Uv"J
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Discussion: time variability

M=50M@,jo= _1/2

Nsy=6cm=3 (M=2.9x107°)

Nism=10cm™3 (M =4.8 x 107°)
Nisy =20cm~—3 (M =9.5 x 1079)
Nism=50cm™3 (m=2.4 x 107°)

Fermi-LAT, 10yr CTA-N, 50h
(1,b)=(0,0) CTA-S

Le, Sensitive to gas density: Loy, /Lgz * 15°° « nigy
— variable due to the gas turbulence 107’
the timescale :

=
9
O

R, (length scale of gas turbulence)

V' (infalling gas velocity)

|

o

I
=
=

_ 8.3x10%%cm
T 10%cm s&*

~ 108s

Ey. Fe lergs~tcm™?]

=

o

|
=
w
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I—cur, pk/LBZ



Semi-Analytic Model of Gamma-Ray
Emission from The “Gap”

© imitate the acceleration of e~, gamma-ray emissivity during the oscillation

— = = -#/01&2*€134568)+278)+289: & #IWE )23 — - — - — - - - - - - - - - - - - - =
'gas density. BH mass — mass infall rate in the disk — radiation from the disk | Tp!

By (gas transports magnetic flux)
lic(V; TO) ) lyy(]/, TO) )

1) solve the simplified EoM of one e~ from ic mean free path ,, mean free path
|
d(ym c) PQ* _ Py | . \ [ \
2) consider the pair creation o ot ,\;{/)e (&)$*%+e
— the position where enough pair created = E
€min s 2
3) iteration, find that satisfy “£0—~2.0r, i
1$22"&'()*)+

define the evolution of the e~ energy from
|][> gamma-ray luminosity of the e~ also found unanimously



Discussion: expected number of
detection Iin certain gas phase ! 4

© Nyz.e=number of IBHs in gas & sensitivity limit 7 :
" @ R o o
sensitivity limit d; 4.: luminosity vs sensitivity L R e

as distributing in z < Hjgy

Lobs 1/2 -1/2

di,det = ATF,,, ~ 5 Lobs,33Fsen,—12 kpc
1=y
1—-y d; det ? M
NdethOé—O 1= 1= Ml_YZTCHISMdiZdet = 37( . ) (fOr Cold HI) o glﬁg:g:g;‘
M2 g M1 Y 5kpc 50Mq —— Fermi-LAT,(0,0),10y
Lo M.C. (njsm = 102cm~3) Lot Cold HI (nisy =10cm™3)
dN — fd,j= 1071 eeeee fd,j= 102 —_— fd,j= 1071 eeee fd,j= 102
— o M~Y (y~2.6 Abbott et al.21)
dM 10714 1.04
¢, + Volume filling factor : 3
no~RewngaHo '~2x10%kpc~3 : merged BH density Loz Lot
If ny is high, could be larger 103 102
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