Eh77v7m—w EicklTd
IR F—5|SHREZBEICOVT

/J\_L/\

J\‘ [ |

OX (AZZCK YY)

with
B AR (Gr#0K) |, EA R SEC/JI PSR
P WA (GZZCK) , Mandar P@"(‘IMPAN)

1 TS @RS

hmadl

1-3/3/2017 #5FIZ Xk %




Outline

» Introduction

- High energy particle collision

» Collisional Penrose process and efliciency

- Super-Penrose process and escape probability

- Summary



Introduction

|

K7 7 v 7R — VN INESE & LT <

o ; . V—.b = e A P PEAY 8 PR = U I.__"Ql. 4 ..‘A._ . ::.l‘u-; " 4 .‘-. § e .,...,:'_ - _-.-._-'\. - Iai ..:‘\ LA gl gl U 5 y gl e P T 2 2N el
: ) 3 4 CcamML] PN - & b P B - .
= st L st i e sl i R e
) P > L . 3 ?



Introduction

» BSWIY Z W F- 58 T =t L X — R I3E % 4> 2
=T %)L X — D 5

c 799 I — )L IR )NF—JRICHFKS |
=Sh 22 Hwiz, TRV F—5 ZRZERE

(collisional) Penrose process

\} N, & E' >E +E
£ L TR I E < 0 38 -

E3
by + Eo

efficiency : 1 =




Penrose process W5lW\5

» Penrose process
Mhase 22 L2007

*_L?/\ﬁJ

- collisional Penrose process
ipaissealiils

VAR IS
2R I3 I PRE D 5

» super-Penrose process
77ma,x % .9

(ARCIES
ERB A D— )51 ruifE TH

.’i .hEE LHE




Introduction -
1972 Bardeen, Press, and Teukolsky

1975 Piran, Shaham, and Katz

2009 Banados, Silk, and West
= arbitrarily large center-of-mass energy

2012 Bejger, Piran, Abramowicz, and Hakanson

L]
| - Harada, Nemoto, and Miyamoto |

- >
/
/////—\ e -




Outline

» Introduction

- High energy particle collision

» Collisional Penrose process and efliciency

- Super-Penrose process and escape probability

- Summary



Kerl" H%E 0P =r?+a%cos?0, A =12 —2Mr+a°,

D — (r2 + a2)2 — a’Asin? 6, w = 2Mar/%

>
02

- Gl
p° A

2
ds® = S i 'OAdr2+p2d€2 |

sin® 0(dp — wdt)?

.;[:H_j‘SZ: :TH:M‘I‘\/MQ—CLQ
D ST crp =M + /M2 — g2 cos? 0

o'?;\éEi'A:

v

=

R P




i E DABEIRGER

- IRGER C E=—p=—(0:)%Pa, L=p,=(0,)pg
4713;@ Hﬂ =0 ¢ e (m2 = _papa)
=HIHAR G TR —RITLD R T v > ¥ ILHE

)Y +V(Er)=0 =p =0y/-2V(r)
Mm?* L?—a*(E*°—-m?) M(L-aFE)*| E?-m?

oot g X,




EnsT A EE =

. forward-in-time &4

H
\
||
=
Y
-

IU-Ulrl
Ul

—

- fEAL (critical) AEFIE : L. .= Q4 E

L < L. : subcritical (a A LIRS Ot 20
L= L critical _

N . i A e L. i . . - L b
» Y s F T X X ) L, - - gaks v 3 i
2 s P ASNY AN § | S & 4
s~ 5 Al 0 I.. T J" 1 > e RS " . L= ° ),




RTF2viIbh 5 R5HTFDER

ca=M, m=00DE4& :L.=2MEFE




RTF2viIbh 5 R5HTFDER

V=0% b, :=L/(EM)IZD\WTHE< (turning point)




HERFOELRIRILF—

DRI RN — 1 B2 = —ga (p} + p%) (p} + p5)
BT O2D3 A CRFZE LI b & X
ZDRT Py +05 L TR4AREZ H O
FHHIE MM 2 = 2V X —, |

Ll

e v .1 A wi LAt et ST S, Lo B radhd fihesling iy iy LWV S8 LRI L e b S AL & s g Okl =g s RIS
o R o e B s 1 XS OIS oY £ . e b Sl { 8 # B N L) Xl s
'9.: S > R o PR, ] g s P ey |10 ". A Sb kit £ 74 ! i Rt - -' ., "-"‘".vu -u

o » x
= - 9'!3 B N
Ny BNE 7JIN H
= |
fnn s T -‘, \a..;.'_\ Y -..'-." = Ll ) O "._!. Lt o™t A ,."...~ A AL PSR S
o oy 3 s-". vy '.‘3."' A -*-a*-':' > o -»,',?(-v, ""-,-'.:, ! g = é'll'(" --r-‘-....:: 7 _'.-“" e :s‘. i;|‘




MW FEEFEICE T IHRAUTFD E...,
- T = 7TH DMRRZE 25

- head-on : ogy02 = —1

Efmocioc b9

(
TN (AN A (R /A

. —
2il G el B2 ClesuChiOea==
2 : { - AL R . o e g4 ) 5t o B8 B . L "’\':_ S 108 TP P By P Ve S KDY, A L o5 oy .“v.. N ad
a0 it ., g e 2 ove & e yowr L ',"'_....’ e U WA - t.'g._.;‘ b £ -.\;:r. o u e PP e LIL] Iy NANRATS RO o Bl e it m i IS/ sabs AT
vy b o oy LB A ~ S TR v A A s » b A e O LY CO et .k"".:' =% ,;..--7—14_{:»:‘-—:_ fards) ,'_‘-’ J \f._..-)::—;‘ gl _“_\-. Ll

A e R T i S e




BSW %15k

ca=MTr—orudDfR2%2 %
M?l

lim E., = V2m <€1 2id | EQ = ;) EPE'%M?
s

rT—Trg 62 o= 2
{:=L/(Mm) (Banados, Silk, and West 2009) >
[H]45B. H.
+ 4 — 201y — 2 DMRRT

N[

HODREL 2L — 135K T 2 O K2
- ISCOIZ X > CHAICAEE] &= I BSWHL -l 22 DI &[X
SR ANEBHO [l /7 1)

i FMEIC R I L 5

(Harada, Kimura 2011)




AIFIE D SRRV TS BFIR

A physical explanation
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ISCO

O . ICO
particlel horizon |
(critical particle)

Figure: An infalling subcritical particle is accelerated to the light
speed. If the observer can stay at a constant radius near the horizon,
he or she will see the particle falling with almost the speed of light.
(Harada, Kimura 2014, Zaslavskii 2011)
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Locally Non-Rotating Frame
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Center-of-Mass Frame
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FIG. The radial turning point for particle 3 with q=1, 3, 5. The orange band
indicates the range of b for the massless particle with q=5 that escapes infinity.
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