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FAST RADIO BURSTS (FRB) Lorimer+07; Thornton+13

“Lorimer Burst” (FRB 010724)
A-few-msec coherent

radio emission with Sv~Jy ' L (RO Rl YT AT Y ml.
@0.8-8 GHz ’
Eventrate : ~>1000day’' | ' |
T ', f' i
Dispersion Measure ; N HEL S Ay "
(DM=[n.ds in pc cm?) far i I g’ oy ,jm' "“’,‘ ",'g, “)‘
exceeds Galactic value = ‘iM? ‘m M "' ‘r' 'w ]
e Extragalactic (z = 0.1-2) "'J?Eﬁﬁaﬂ@)&h ' 1{ ’ 4
if DM excess is due to M '& ﬁ*
IGM (loka03; Inoue04) 100 200 400 500

FUREFRE (S V)

Energy = 1038-1042 erg

Majority of FRBs (100/110) has not yet been seen to repeat
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PROPAGATION EFFECT: DISPERSION Rybicki & Lightman 86
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WATERFALL PLOT

Keane+16
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DM DISTRIBUTION: PULSAR VS. FRB

® FRBs
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— cosmological distances?



FRBS AS COSMOLOGICAL PROBES?

Shull +11
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REPEATING SOURCE FRB 121102

First source confirmed to repeat multiple times
(Spitler+14,16; Scholz+16)

Very Large Array (VLA) detected repeating FRBs (Chatterjee+17)

0.1” localization to a dwarf, star-
forming host galaxy at z=0.19

(Tendulkar+17; Marcote+17) ' ‘Are,cib‘o error regions

SFR~0.4 Ms,,,/yr, Mg ~107 Mg,

Chatterjee+17

Compact, bright, persistent radio
counterpart (~103° erg/s)

| persistent radio o
® The progenitor is most likely a ~_counterpart
young neutron star? -radio *. |

5h32min12s 5h32min0s 5h31min48s 5h31min36s

(Kashiyama&Murase17; Metzger+17) Right s i




MORE HOST GALAXIES...

FRB 121102 (repeater) FRB 181112 (non-repeater) FRB 180916.J0158+65 [repeater]

F11T0W a massive foreground

“ . galaxyatz=0.37 | FRB 180016.J0158+65

® tas

an intermediate star-forming
host galaxy at z = 0.48

4 dw_ar‘f star-forming galag ® 5 starforming region in a massive
Rt 20N [Bassa+’IiS_]] ¥ | Fpniony [Prochaska+19] spiral galaxy at z =0.03 [Marcote+20]

FRB 190523 [non-repeater) FRB 180924 (non-repeater]
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at z = 0.32 [Bannister+19] ‘= .



MORE HOST GALAXIES... Li+20
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Jiomp=1.00 Deng & Zhang (2014)
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PROGENITOR MODELS

Collapse of supra-massive neutron stars (Falcke & Rezzolla14)
Binary white dwarfs mergers (Kashiyama+13)
Binary neutron star mergers (Totani13; Wang+16; Yamasaki+18)
Superconducting cosmic strings (e.g. Vachaspati08)
Evaporating primordial black holes (Rees77)/Quark nova (Shand+15)
Black hole battery (Mingarelli+15; Zhang+16)
Dark matter-induced collapse of neutron stars (Fuller & Ott+15)
Magnetar flares (e.g. Lyubarsky14; Connor+15; Belobolodov17,19;
Metzger+19)
Young pulsar wind nebula from SNe (Murase+16; Kashiyama & Murase17;
Metzger+17, Margalit+19a)
Young pulsar wind nebula from BNS mergers (Yamasaki+18; Margalit+19b)
Interacting NS binary (Lyutikov+20; loka & Zhang 20)
Magnetar precession (Levin+20)
Supergiant pulses from NSs (e.g. Cordes & Wasserman16; Lyutikov16;
Kisaka+17)
Pulsar in asteroid belt (Dai+16)
Mass transfer in a WD-NS system (Gu+16)
Pulsar in plasma stream (Zhang17, 18)...

NSZESOETILDZBCIRIB, VTR F—hEHIEMIHNBL,



1. Repeating and Non-repeating
FRBs from BNS Mergers

Non-repeating FRBs
EEPEFESHEOERRIED, VE—FLEVFRBOREE
EEBEICEYIal—2avicE>THSMILE
Repeating FRBs

EEPEFESHRICTRS. IEBICEV(~10F)FEFED
BHDBIVE—FTSFRBZER LV SHeHTRREL:

Detection rate for two populations

BEESHEZRBELI32EBHRETILICEDS S, RHIELFRB
KIE=—— LTRAICERRIN-IER%ZEE



1. Repeating and Non-repeating
FRBs from BNS Mergers

Non-repeating FRBs

BEEPREFESHOERIRIED, VE—FLAGVFRBOHE
EEEFHEIceEzoSal—avicE>THSMNMCLT:



NON-REPEATING FRBS FROM BNS MERGERS Totani 13; Wang+16

FRBL— b vs. EERIEFESHEL—F
FRB rate 0(103)/day at z < 1-2 = Rz ~0(103-104) /fp,/Gpc3/yr
GW 170817 BAHIdD L — b Rys.ns <~ 0(10%) /Gpc3/yr L EFE
IRTE(IL Rys.ns = 154013200 1,,, /Gpc3/yr (LVC 17)
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RADIO SIGNALS ABSORBED BY EJECTA?

EERHEFESEIIUE—H
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(Image Credit : NASA)
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BNS MERGER SIMULATION

t=-4.3ms logp(g/em®) t=-2.1ms logp(g/em?) t=0.0ms logp(g/em®)
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(1.35-1.35 Mg,,, , H4 EOS, no B-field, simulated by K. Kiuchi)




BNS MERGER SIMULATION

t=0.7 ms log p (g/cm?) . log p (g/em?) t=5.0 ms log p (g/cm?)
2 15 — 15

(1.35-1.35 Mg,,, , H4 EOS, no B-field, simulated by K. Kiuchi)



WHICH IS EARLIER?: ROTATION VS EJECTA
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@ NS Spins up (FRB possibility increases) — 2 Ejecta formation
® FRB signal can possibly escape during (t - terge )= -0.5 to 0.5 ms

“Non-repeatingness” may be explained by the ejecta screening



1. Repeating and Non-repeating
FRBs from BNS Mergers

Repeating FRBs

EEPHEFESHRICTRS. IEBICEV(~10F)FEFED
BHDBIVE—FTSFRBZER LV SHe#HTRREL:



HOW TO EXPLAIN REPEATING FRBS?

A favored model: a young (30-100 yr) NS produced by SNe

(Murase+16; Kashiyama & Murase 17; Metzger+17)

155k B 2 Super-luminous SNe (SLSN) DICEZ & EZZ BN 3,
S UM TERREEEY 5 EMEPIEFEDEEIH ) E—S2—FRB Z4ERK

SLSN (& 'V E—%—FRB 121102 L E#kD R (dwarf galaxy) T
RELPIWMER

® A fraction of BNS mergers may also produce a fast-rotating
(~msec) long-lived NS

COYESRPEFEDIRESBERXN L EEDETESHICKE IKTE
Rus.ns (1500/Gpc3/yr) >> Rg sy (40/Gpcd/yr) (xWThHFREEK)

o CNSDERICEDE, EESHRICIAS NI AKEEPEFEDFZHH
JE—=42—FRBEX LTRZRBEWVWSUFH VA ZHLLIEE



DOUBLE POPULATION MODEL BY BNS MERGERS

BNS merger remnant NS pulsar wind nebula
(t=0) (t<~1yr) (t=1-10yr)  radio
ejecta counterpart

A,
nebula Wy

|

bright - Dense ejecta
non-r:ssatmg prohibit any radio

opt. thin to

emission to escape free-free abs

4

o EESHDIZE(B=10125G, P=1ms, faint

Mejecta = 0.01 Mgy, Vejecta = 0.1c), YE—4—FRB I reﬁia;ing
&1FH5 0(10) FICRZ 3L 51k 3 S

® SN FVUAFADIZE[BEHED S 0(100) FEICLEREL



1. Repeating and Non-repeating
FRBs from BNS Mergers

Detection rate for two populations

BEESHERBE T32FEETTILICED S, RHEFLFRB
KIE=F—= LTRIICERRINT-IBERZEZE



FRB RATE EVOLUTION MODEL SY, Totani & Kiuchi 18

o EESHEENDIEVE—42— - VU E—2—DIRBIEEDEL
ZEEMICANRT=V

® 2FENRZEIRENFERET S

e bright, non-repeating FRBs (1.0 Jy@z=1, e.g. Parkes FRBs)
e faint, repeating FRBs (0.1Jy@z=0.2, e.g. FRB 121102)

o HMENTEERHFESWHIRED z EbZRE

o EEAUNHZ—EDHATYE—F—2 LM T SAEES
HFRBERTLERS



WHY WAS THE FAINTEST FRB FOUND AS REPEATER?

Arecibo
Siim~0.01-0.1Jy
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CONCLUSIONS OF PART 1
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2. Submsec Rotations in FRBs as
Evidence for BNS Mergers:
Implications for NS EOSs

FRB 181112 from BNS merger?

FRB 181112 DS KIS AEREERAIIC K D. N—X DD W
ADDYINILATIEBRINS B, T /NILXEOEEH
t$~0.8 ms H' HEFERFK L 51 BNS merger TERBARIEE

Future implications for NS EOS

#3KB9IC FRB & GW ZREFEHT I hiE,. FEFEDIKEE
PFERICEHREIIMIILFRES XL ERT



2. Submsec Rotations in FRBs as
Evidence for BNS Mergers:
Implications for NS EOSs

FRB 181112 from BNS merger?

FRB 181112 DS KIS AEREERAIIC K D. N—X DD W
ADDYINILATIEBRINS B, T /NILXEOEEH
t$~0.8 ms H' HEFERFK L 51 BNS merger TERBARIEE



FRB 181112 UNDER A MICROSCOPE Cho+20
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PERIODICITY !?

INIVRERESREDRER t (Ft3-t1) & ty, (=
ty-t,) IZ/NJLABE(0.1 ms)DIRENT
P ~ 0.8 ms £ —3 (Cho+20)

=
2P=1.6ms AT4DDNLZDS VLI [
RETEHE. IS5VSCerREsEE [
I3 0(10%) L ERTI AL 2

-0.1

LHL/NILR 1-3, 2-4 B OEELUE(/NIL X534
&, polarization, spectrum) (2[E U848 0.5 1.0
(1) 2 T — AP ERICERS Time (ms)

hiEFEI?7?7EEP=0.8ms [ EOS ICH 5T EIWTF S (Lattimer & Parkash 07)

P~ 0.1 1.4 Mg t/2 Rrov 3/2 s (Mrov * Rrov : HE[EIERH
min ~ U.C 10 km : MFEDER L ¥13)
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THE ORIGINS OF MOST RAPIDLY SPINNING NEUTRON STAR

Core-collapse supernovae (CCSNe)

I25%: Progenitor DAE VBRI VESIFHI UMICHEDFZID. >Ial—
A VDAREMK (e.g. Heger+00; Thompson+05; Ott+06)

A EESNBSNILY—DHHARE I 0(10-100 ms) iEZEICE—2
(Kaspi & Helfand 02; Faucher-Gigu'ere & Kaspi 06)

BIEEFED = U NILY —I3 P~1.4 ms (Hessels+08)

Binary neutron star (BNS) merger

BFRIDERLIESEHE(~105 erg) 22 (T < 7. massive remnant
NS (&H 7 = UF(HEEYIC0.5-1ms) TR EENEIEE (e.g. Radice+18)

® CCSNe TP~0.8ms DHRMEFEZEAS LT3 fine-tuning MK E

® BNS merger Z5BRAICFHATE 3, SIFERD ejecta ICEIN3TD
DR X 7= (Yamasaki+18) & fRFR B 8E



2. Submsec Rotations in FRBs as
Evidence for BNS Mergers:
Implications for NS EOSs

Future implications for NS EOS

FFRBIC FRB & GW Z @R L o35S, PHEFEDIRRE
FRAICENRE BRI LFIREZEXS L ETT



GW SRAlD5HHB L (e.g. IIAT ADIHARIEIT)

T ‘«\\:: = o i T
\ %‘f NS~
) A

&

(PECcEFI BHXX YO

e TVANTZI - EFTEEE (M ~2.74 M,,, : GW170817)
o HYZEHEA — B9 ZER;E (100 <~ A< 800 : GW170817)
o Siktk - S REGE, AV (FRIRRETISFHE)
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FRB 181102 = BNS merger &2 5. FRB &illh 5 &g DEFVHE
FE(LLF > FORBEEEELGHD D - SEMZELESHIRTEF 307

HEEREFESHISaL—arh 5853 EHReHsSHhES
($8EE 2.5-2.73 M, /EELt 0.7-1/EOS 5/3%2 —>; Kiuchi+19)
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7 )L (e.g. Read+09) | \
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FRB X GW Z#lAEDEThh3 Ck: THH-EHE)
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FRB X GW ZiHAHEHhEThHh B Ck: TFAE-BMIERE]
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FRB X GW ZiHAHEHhEThHh B Ck: TFAE-BMIERE]
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FRB X GW ZiHAHEHhEThHh B Ck: TFAE-BMIERE]
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SUMMARY OF PREDICTIONS

SEIOFERMNELIFNIX., IFEMIZFRB 181102-like FRB NZ<LREOMBI(Ld
(D EKEL—EBD FRB = BNS merger £\ EDFELNEBESERLIZAE D)

ITIRD GW FRBITIEIEARERDBERZFLSISZSHEHLLIVD T, SEFME D ESNT-
FRB/NJLRAM G BlERE B 1R 5 F & (X AHERY

J$3& 8912 FRB 181102-like FRB & GW M REIBFIZ=Z M ALIE

o B ERER (LX) FEICEAMICIRIZIGETS—/\— TS DHIRA DL

o BIXHID GW OB MNLRESNDIHAERE (FF) LSEIRELTLVSHE
FRANSRESNSEAIEREN—T S5 IFIEERA, REFICZD2DDH
R/ \RF3OREFERBARERIIIYELIFIEENS

- TIAIIZ. FRB 181102-like FRB & post-merger GW M EIEIZRE S L
FRB & GW hoh S BRI T = EELER T H2FE A AT HE

* DECIGO [Z&BEARTHZEHE-T CW-ER=HRE RCEIFEHRA TS LA REE



Introduction to
Magnetar Flares




MAGNETAR = HIGHLY MAGNETISED NEUTRON STAR Rea+13
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BURSTS/FLARES FROM MAGNETARS

Short bursts (most common)
t~0.1-1s
L~1038-104% erg/s
thermal spectra (<10 keV)

X BEROIITRI—D
X $REE L ~1035 erg/s

Giant flares (very rare)

the brightest gamma-ray events ever (SGR 1806-20)
L~ 104 -10% erg/s
initial spike (~ 0.1s) + pulsating tail (~ a few 100 s)

L7 DIRILE—II8HTLLLEICE > TEHEMIZH

(e.g. Cheng+96; Gogus+01; Nakagawa+07)

FRB LREEL TS AIEEMEELH S

(e.g. Lyubarsky14; Belobolodov17; Metzger+19; Margalit+19)



HISTORICAL GIANT FLARES Hurley+98; Israel+05

"initial spike” SGR 1900+14

27 Aug. 1998

Count (0.25 s{)’l

“Pulsating tail” (pulsating
@ stellar rotation period)

SGR 1806-20
27 Dec. 2004
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=
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O

300
Time (s)

Enoto, Kisaka & Shibata 19



MODEL FOR FLARES

* BRIRILX—ERICK
D, et ¥ XFHS5KD
optically-thick plasma :
(= fireball) HY4EFE <>

Spin axis

o XTI —DBVESE
Ick D fireball IZ2FRME
ICREBI N, ABRED S
BBV X8F or > iR
B8t (=2L7) #2175
(Thompson & Duncan 95)

@)

“Trapped fireball”

® Shortburst D& SICTRILF—DNSWVWTI L 7 DIEIC trapped
fireball BERERIRED & S HMIE KRR RRIRE (Kaspi & Beloborodov 17)



RADIO PULSARS = QUIESCENT MAGNETARS? Enoto, Kisaka & Shibata 19

RPPs
HBP
CcCoO
RRAT
XINS

Magnetar TS Ll

SGR 0501+4516 SGR 1806-20
SGR 1833-0832

SGR 0418+5729 4V 0142461 ol e

Cral

J1822.3-1606 - ARGt B
J1714381O J1846-0258 (R0531+

1E 2259+586 . B1509-58
@

J1834. 9 &46

1E1207 a- 52090
J0726-2612

X-ray luminosity (erg s)

Rotational energy loss rate (erg s™')



RADIO PULSARS = QUIESCENT MAGNETARS? Enoto, Kisaka & Shibata 19

RPPs
HBP
CCO

RRAT Mag netars
j\\‘llil\g:clur SGR 1900+14 g h B ra d |O o

SGR 0501+4516 SGR 1806-20
SGR 1833-0832

SGR 0418+5729  4U 0142461 \

“ “ Crab
J1822.3<1606 ‘ -025 ANER1 201
PRE W J184600258 (B0ss1.01)

1E 2259+586 @ ‘ @ B1509-58
183496 ®

\ 1E 1547.0-5408 e

3 4

® ©
2]

1E12074 5209’ £
J0726-2612 ‘\ 1119-6127
J1622-4959%

X-ray luminosity (erg s')

Rotational energy loss rate (erg s™')



RADIO PULSARS = QUIESCENT MAGNETARS? Enoto, Kisaka & Shibata 19

RPPs
HBP
CCo
RRAT Mag netars
XINS

Magnetar

SGR 1900+14
SGR 0501+4516 ar
SGR 1833-0832
SGR 0418+5729 4V 0142461 \

J1822.3<1606 o ' ey
1E 2259+586 .509-58
@

"'_,

Wi1119-6127

X-ray luminosity (erg s')

Rotational energy loss rate (erg s™')



3. Missing Links btw. Magnetar
Flares & Radio Emission

Short burst Ditt;E

fireball 75 XY D—EHEXREMZPVLTHY k
ARy b EEEL. #ERMAOEVWILT7ELT
A5 EEZHL CEX

BHR/NIL A HREARDENR

N=Z FHICAZETHRHINS TS XAVHADER
s Z2RINe S5 T, BR/NILAD—ERRF
kY3 LEERICTRLE




SIMULTANEOUS RADIO & X-RAY OBSERVTION Archibald+17

SREIA IR /NI —
2 J1119-6127 Hh* %
9 % Short bursts A= EROT L
RS 7 (short burst) %z 2
k= XMM & NuSTAR ~
s § 0.5-20 keV clk

® short burst (C[FIHB

e LT. BrHLRZ
E TWEBENILAD
% ~100 #RA;EE L7

69|_Q 800 1000 1200 1400 BRI L7 %
e 8= CYRIZ D ?

* Radio suppression timescale 1,4~ 100 s



MOTIVATIONS

BENING =T 2—DIBERDEZADDOHSIRINTIE. ER/N
AR DEAEDLED S IITRI—T L TIRROIBEHERT
SLHIFTETS

N—Z FBICER LTS5 X PR ICEA L, IIEE
IGEERISICETERERBEZLLDT:?
(Archibald+17)

L L. BREROZAALRT—)L(~1005)id. HESEDZE(L(P~
0.4 s) TIZEHEADEEL L

o LL3. 7S5ATOMMICE > TERMSHEIEON R, B
L BRI E B - D TR LAY



A MODEL FOR SHORT BURSTS & RADIO SUPPRESSION

TE 5 B RS
(BIR/NILR)

R




A MODEL FOR SHORT BURSTS & RADIO SUPPRESSION

TE 5 B RS
(BIR/NILR)

Expanding fireball

plasma backflow

X FBARS ~ T v TSN VWIRREEREE (FB DEREE RS
BORIBRRICL > TIT T R EZ— OIS TH< THREIDED)



A MODEL FOR SHORT BURSTS & RADIO SUPPRESSION

TE 5 B RS
(BIR/NILR)

ctLABBZ7L 701082
HHIRR (Meng+14)

plasma backflow

X FBARS ~ T v TSN VWIRREEREE (FB DEREE RS
BORIBRRICL > TIT T R EZ— OIS TH< THREIDED)



A MODEL FOR SHORT BURSTS & RADIO SUPPRESSION

X TSAXHY AT
I KB EREK

EREEAE
(BIE/NILR) =

v

- e Short burst
, ~0(keV)

N High-energy

fﬂﬂﬂ /\/\//\\/‘/\ counterpart
AN oMey)
—>

Expanding fireball



3. Missing Links btw. Magnetar
Flares & Radio Emission

Short burst Ditt;E

fireball 75 XY D—EHEXREMZPVLTHY k
ARy b EEEL. #ERMAOEVWILT7ELT
A5 EEZHL CEX




SHORT BURSTS FROM HOT SPOTS

Some fraction of initial fireball energy (E;,) is used to
bombard the NS surface, creating the hot spot(s)

r; : initial fireball size

Inflowing particles T;: initial fireball temperature
m. : e rest-mass (~511 keV)

E,.q (<~Eg) is thermally radiated away from hot spot (T, ,: & r 1)

4 .,
Ay B8 Eran s Bl vita Erad T.'Spot < T'spot ) 4
Alrad X ———5———5— ~3lms | - r
N oepT2 . A2 1038 erg 10 keV 1 km

spot spot




3. Missing Links btw. Magnetar
Flares & Radio Emission

BHR/NIL A HREARDENR
N=ZFHICAZETHRHEINS TS XAVHADER
2RSS & T, BR/NILAD—ERRE
kY3 LEERNICTRLE




ABSORPTION DUE TO PLASMA CUTOFF

Fireball 7S XY DIFA. free-free/EFEELIZZIDT. 75
AREAFRBICE DDy b F 7RINHD ZEIEY

Dispersion relation:

Plasma frequency:

T3ARBABEBAT w <w, DRIIBRET NS

® [#3R 9 B fireball D /S XY HBEDIRIFEED S BIKHEHEKD
BALRT=IL Totrt ZHETE

Wradio — W (ne (Toff ))




Paczynski 86; Goodman 86; Grimusrud &
CLASSICAL FIREBALL EVOLUTION Wassermann 98; lwamoto & Takahara 02

Energy & momentum conservation:

A relativistic outflow with




CLASSICAL FIREBALL EVOLUTION

3 initial parms. : r;(size), T; (temperature), T; (velocity)
radiation starts to escape from the photosphere

T, /m, 1 Ty~ 0.08 Tpn~ 0.06

1 | 1 1
T >m, T <m, T>1 /r<1

\

Y
\
M (n > (1 (‘JJ« (V) LW

ne» e | me»n.,  cOasting phase
! (no acceleration)

/
/

) Ne = Neeq Ne = Neeq

[' = const.

| > T/Ti

~1.7x10%

radiation-dominated # matter-dominated




RADIO SUPPRESSION TIMESCALE

X TJLT7IRILF—D
AR LTEITS

~
N

N ~
~ N
N Y
N N AN \
~ — A\ AY V4 '—|—|
Seo s i I =
So N N ]
SN N /=<
~ So N
~ A

S (rest)

~

-|O'I'|

-|O1O

10°
104 10> 10°% 107 108 10° 10 10" 10" 10" 10™

FEFEHLSDHEE (cm)

Eé.i&ﬁ&gq;ﬁ*a) Tﬁrcba,l]) ~7/8 Eﬁl"cball
F1LAT—IL 1 km 104 erg




APPLICATION TO RADIO PULSAR J1119-6127

Short bursts I375y b X7Rw
S kH 5 DSt L TEREARTEE

® size=1km
Short bursts P Tspot =2 keV

XMM & NuSTAR ® E.q=10%erg
0.5-20 keV
® At,.q=afew sec

S

N

Q
bt
.
D
=t
2O
IU

>
n 5
© %

S IXIFER Al & consistent

[Jy ms]

BRHRDZALRT—I
. To~100 sec (T TRIL¥X—
€0 590 T000 1200, TA0p Eq, = 1038 erg (T; ~ 300 keV,
| r; = 1km) @fireball 75 X<
» Radio suppression timescale 1,4~ 100 s DEEEIC L DTS 3

Radio Fluence




CONCLUSIONS OF PART 3

Short burst DifEjEE LT, fireball 7S XV D—HERETE %=
IPWTHERLT=FRY FXERy b5 DOREBMIFZFHL SIRE

N=R FFICKETHREESN S TS5 VRbDERBS 2 RIS B
C T, BENIWAD—ERMERT S eBEmrIICRLTE

® BRARDAALRT—ILIZTILTDIXRILF—TRES1-®.
BB ZH S R IT R Z—ICx T B SKA FIC & 55l BREA
D5, XIFEFEHTIIREDEHL VNS LT L7 OREHFEDHFIR
TI3AEEED' DB S

o SEDXIREEHTR/N> FORKHRICEDEETILHMEEFTE



4. Spectral Modification of
Magnetar Flares by
Resonant Cyclotron Scattering

B3 WY T RA—T L 7 XDiLR

Trapped fireball 1* 5 O ZBIMH S D\ K E D1
s0rOVHERHELICE >TEILTIETILER
X, FETFILICED, BREASN-HREYT1 XD
FLT7ARY FILEFRBATE S e ZR LT,

> Trapped fireball NEKT 23FH (BTICH > 72 short burst & D
HIXRILF—DARZTVWTILT7)ZEELTWVS



DISCREPANCY: OBSERVATION VS THEORY Olive+06; Israel+08

An intermediate flare from
SGR 1900+14 on 2001 July
ISR E T )L: trapped fireball
H 5 DEBIFEST (Lyubarsky 02) WXM + FREGATE
(2-150 keV)

FAREIRILX—TET
IWEDN—=RLEZANRT FILE
T 9 (Olive+06; Israel+08)

cm™?2 keV™!

FLT7ARY FILDIEG -
ADA—BUIKRBRD X &

-1

()]
()]
C
O
-
©)
L
o

HEDANRY FILHEKEIC
&1 5ELBETEIL?

o HroOobrO HEEEL ZE 1072

z 10
i Olive+06 Energy (keV)




RESONANT INVERSE COMPTON SCATTERING

BFIIBIRICE>TEH, BiBICEELEFDEDNERIEFLS
NTHEH, Yro/OrAOVARBICELVIRILE —DIF =R
L. XFOAFHERE £ < BREWVERICERES

A

-
-
-
-
-
-
-
-
-

sﬁa

Rapid synchrotron cooling: 10-20-10-1¢ s

€, =0 - hwpg (absorption)

B-field line




RESONANT INVERSE COMPTON SCATTERING

EFIXEHRICR > TES), BIBICEELEFOEFHRIIES LS
NTHEOH, Fr7O0rOYVEABRBMICELVIRILEF—DIFZ MUY
L. XFDOAHAFRE < BEREVEREICEKRS

AELEFH RIS EETEH T S5S. FyTS5—2T MK
D, BERDOHKFOIXRILF—DMEMT S (=Hro0O kO HIEH
A7 b EREL)

7 L 7RO SERF I trapped fireball 55 M3# L) radiation
force ICEFN ZZAE S NS 7-8. HFR L LT mildly relativistic %
HE(O—LYEF~1)T:EEHT S



Electron’s rest-frame N

rad E‘ad

B, < 1 H5E B> 0 = &

® In the electron’s rest-frame, radiation force acts on a particle in
perpendicular direction to the local magnetic field so that
electrons do not gain or lose the kinetic energy

0i BFHILERTOXEFASHA
O; BAERTOAFAHE




Electron’s rest-frame N

rad E‘ad

B, < 1 H5E B> 0 = &

J/

® In the electron’s rest-frame, radiation force acts on a particle in
perpendicular direction to the local magnetic field so that
electrons do not gain or lose the kinetic energy




TOY MODEL

Fireball = point-like source with
initial spectrum (Lyubarsky 02)

Observer
frame

N(e) x €24 exp
(€) { I[Teﬁ'

repped Rl (Tt : effective FB temperature)
(trapped fireball) L

\ Dipole field geometry

Aligned rotator (spin axis =
magnetic pole = z-axis)

B-z plane SCCICH @ Single scattering 1% €

3D Monte Carlo Simulation




REPROCESSED SPECTRA (single-energy case)

injected photons
(10 keV) \

scattered photons

(angle-integrated) \

up-scattering
(x2)

m Mﬂﬂh NW
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REPROCESSED SPECTRA (full energy range)

viewed from reprocessed spectrum 5
different angles (angle-integrated)

()

softening
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initial fireball spectrum
with Teff =10 keV
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REPROCESSED SPECTRA (full energy range)

viewed from reprocessed spectrum 5
different angles (angle-integrated)

o
(0N

initial fireball spectrum
with T =10 keV

® 5 ﬁﬁ#ﬁ(&ﬂ#ﬁf I3 (REEXREHRA)
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APPLICATION TO FLARES FROM MAGNETAR SGR 1900+14

a

Burst Energy Range Time Duration Luminosity® Energy
(keV) (UT) (s) (erg s™') (erg)

IF06 1 02:53:13.3 1.2 1.5 %104 1.8 x 104
IF06 2 15-100 02:53:15.4 1.2 1.0 x 10%! 1.2 x 104
IF06 3 02:53:22.3 0.34 1.1 x 104 3.7 x 1040

GF98 B 10:23:24.1 128 2.9 x 1040 3.7 x 10%2
GF98 C 10:25:32.1 128 4.6 x 10%° 5.9 x 104

I %4 — SGR 1900+14 (B,=7x10* G/P=5.20 s/D~10 kpc)
DIRY +FeZBEFLTARY FILZEE

2006 DRI 7 L 7(IF) by Swift/BAT (15-100 keV)
1998 ME A7 L 7(GF) by BeppoSax/GRBM (40-300 keV)

WIhb HE > 104 erg/s DIEFEICBHZWVWIL 7
- FEREROFHENFEEZIIEHRINTWVSIET

EMYEICE BHERYN(<~5 keV)IIEHRTE S



e Injected (T = 7.2 keV) C mes Injected (Lo = 6.2 keV)
e Reprocessed s Reprocessed

-~ Data > s N <~ Data
o X red = =0.9 |

1

Xred 0.6

28~  keV

2

-9 = r —
Photons cm 2 s ! keV !

—
=)
=
)
wn
2
=
)
it
Q
=

() b=s — ) 0
0.0 0.5 ] % A 2 0.0 0.5 1.0
Time (s) , Time (s)

Energy (keV) Energy (keV)

® EFILIZSGR1900+14 DRI T L 7L EL IFEES (X2req <~1)

FB JCED =AU HREDIL>TLD

FB DEZHRME = 6-7 keV — FB H# 1 X ~ 2 Rys
HISERELHEC 3 FILE ~>10 vel/® Rys

single scattering picture TR\ = HI581E. D optical depth ~O(1)
HIBHELMEC BMUBETD TS XIEE ~ 103 ng,



= Injected 1
mem - Reprocessed

<~ Data

L GF98 B
Ly, (T =33 keV)

(Tets = 29 keV)

ered =4

Rate (40-700 keV Counts s 1)

100
Energy (keV)

EFILIE SGR 1900+14 DFESER giant flare E ISFEES (%24 > 1)

RL2DETILDFETHEEFZBIIRIEINTWVWBSIEITED. ULTOD
IBlb 5 B4 single scattering EFILIZBA TSI A LVATEE

128 s/P ~ 25 cycle DREfETES LAY kL (f8&x[E]1EEL)
BABERNOEREZEENIAT BT S ({EHEEE)
FBDH A XHKEL. HKiEDREBELD LD IL7=% L




CONCLUSION OF PART 4

HrsoorO BRI T N OBEZZEL. B3 L
ITXZ=TD L TARI FILDIEBGHBET IV 2O TIBE

e JL7HRDANEEFD:ESIIEVIESFADICEER SN, mildly-
relativistic IC%: 3

o FHELFNRICED, BIRILF—EITOAIRIZ LAY RF T
HAN—FICZE(t

® EFILING A—4AI|Z Trapped fireball DB WNEE T DH

I 232 =—SGR 1900+14 5 OHPEF LT XDI7L 7
AR FIL(~104 erg/s)Z IEEBICB S SHEATE 3

Single scattering TH 1% 5iEARTHE
fireball DEZNBEIZ 6-7 keV , Y1 X ZE2F R D2-3fZICHY
SERIITLIABY =X - IRILF—DILTPABRZITS




