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Fast Radio Bursts

Enigmatic transients
Extremely high Tg~1032-36K
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Magnetar Bursts
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Magnetar: One of the origins Lers~103%8 ergls
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Magnetosphere? Outtlow?
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Comptonized
ard X-rays

Margalit et al. 20;Yu et al. 20;Yuan et al. 20
Lyubarsky 14; Murase et al. | 6;Waxman 17;
Beloborodov |7; Metzger et al. 17

Lu et al. 20; Lyutikov & Popov 20; Katz 20;
Kashiyama et al. 13; Pen & Connor 15;
Cordes & Wasserman |6; Lyutikov et al. 16;
Kumar et al. 17; Zhang |7; Lyubarsky 20;
Kumar & Bosnjak 20; loka & Zhang 20




Kinetic? Magnetic?

ﬁ[} /dVB—2 x

ST
Energy source is near sarface



Poynting Flux

oN®
p\“' e !




v
Kinetic Flux

e “p outflow




2021/02/18 FRB Breakout from Fireball by K. loka 8

Trapped Fireball

Thompson & Duncan 95
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High Temperature
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Optical Depth

107, 7>>] at the surface
10°} { of the trapped fireball
10° | g
) [ o
£ 10%) 2 3 X-rays create e*
Z 02, 3 S — Surrounding field
=l 5 © ) o
0 [ @] 7
g2 00| a ¢ £ should be open
— < o 9 .
S8 02! ' 3 | — Expanding fireball
F [} 1 E
0§ 04| ' < |
Lo 3 8
2 [ 3 The fireball would
2 |0 ; If B were closed i
« ; ! 4 : ’ get too big
108 , Ly=10""erg/s
10° 10’ 102 10°

K| 20 Cutoff energy (Effective temperature) T . [keV] T~80keV T<80keV



Expanding Fireball
X-ra

e “p outflow

KI 20



Fireball Temperature

Spherical GRB Dipole flux tube
T ocr? T ocr—?/?
"o r [ o pd/2 fast
evolution

Lops ~ 11 ~ 1y

r? AQpI'3 = const.(number)
r?AQe**T3 = const.(entropy)  + radiation-dominated
r2AQ (pc2 + %e) I'?3% = const.(energy)
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Photon Escape

it/ Tayn < 1 tdlff/tdyn > 1 /
y, e*, baryon

_—a
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Pair Expanding
fireball i baryon-loaded
Yy > e e fireball
E-mode
L>L e ddington diffuse out
Baryon loading

neOCr—9/2
no<exp

- Tr apped Wada

BO
fireball &KI22
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Fireball Evolution

Io =1.0x 104 cm, Bp=1.0 X 1014 G, kao = O.3meC2

44444 r.
— Tdiff, £ 10°
103 — [4iff, b
e 1104
S 10% 10°
Baryon L
S 10t Pair e
\\ | Laitr < Tdyn? 101 E
\ 9
100 ;74, 1 }73 | M | | | | 100 Wada
1 102 104 10° 10° & KI 22

Baryon rich N = ey/poc? Baryon poor
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Radiative Acceleration

Even above the photosphere Work by v > Rest mass

o L
Thomson OTlijso T 9

. mc
scattering 417212 ¢ >

Meszaros+ 93

| X Grimsrud &
r <<

P Wasserman 98

Acceleration
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Radiative Acceleration

Mitrofanov & Pavlov 82
B Wada & Kl 22 Work by y > Rest mass
Q Resonant 9 9
. 2mce
cyclotron  Opes ~ O(w — we)
. MeC
scattering
. "
I <

r

Max Xpr~1/3

Acceleration
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Fireball Evolution

Io =1.0x 104 cm, Bp=1.0 X 1014 G, kao = O.3meC2

,,,,, r.
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= 108
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Baryon rich N = ey/poc? Baryon poor
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L. for FRB 20200428A

(b) /0 =5.0x 103 cm, BO =2.0x 1014 G, kaO — 0-16meC2
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Isotropic Luminosity

Emission radius
101- """ 3r0
105y
10 — 1021,
o 10_1 — 1O3r0
3 4
S 1 0- ic FRB™ Liso = L
8 10-2| Galactic FRB S0 0(r) +T—1(r)]2
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plar Physics

- B

. en — Alfven + Acoustic
\ ' ve interactions
icoustic wave (slow wave)
akes shock and dissipate

Growth rate 1 / )

0B VA

B\ c,
decay for 5B/B~|
but this eq. is for c<<I
(va is non-relativistic)

MHD for <<,
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To Relativistic MHD

Energy-momentum conservations & Induction egs.

i(ExB}} =0

a 2 1 2 2 2
— _ — (E?+ B :
T [(6+p)7 p+87r( + )]+V [(6+p)7 v+

%[(e—l—p) v + i(E X B)} +V- [(e—l—p)’y2v RV — %(E®E+B®B)] +c*V [p—l— EQ;TBQ] =0
0B
ke V x (v x B)
EOS . Ideal MHD (w<<a,,)
. 2—5261, o2 — 2 (%) 2. Adiabatic EOS
i 3. Byl k
4. Circular polarization
5. In the fluid comoving frame

(background vg 4 ~ 0)



2022/06/1 | FHEREDIFEFERAE : FHiH 24

Previous Research

® Please let us know the relevant papers
® We find papers on two fluids (pair fluid)
— Matsukiyo & Hada 03, Lopez+ |2

— But the equations are very complex, calling for
simple formulae

® Nonlinear interactions in force-free
— Thompson & Blaes 98, Lyubarsky 19, Li+ 19

— Force-free kills the slow mode
(a single Alfven wave is stable)
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Perturbation

Background Parent wave Daughter waves

BO + 6B + bJ_ Sound wave

oo
|

V = ov + UJ_ T D)
€ — e 0 Alfvén wave Alfvenwave T € "
0(1) au 0(e)

Section 2.2 : Neglecting 0(82) and keeping all order of n

Section 2.3 : Neglecting both 0(£2) and 0(n?), but keeping 0(n¢)



2022/06/1 | FHEREDIFEFERAE : FHiH 26

Perturbed Equations

10ey g Oul _ 0 10 5 ) —oou- (L1O%L _g,001
c Ot + P 0z  1+4+ocot (Ou-uy) - odu (c ot Ba 0z ) (27)
10u ;08 _ 44 O i (10w Oey
PPy + Bs py = —0 ﬁAaz ((56-8_1_)+0‘(9 de - - ot — Ba Py (28)
10u, g 0er  ,10 N S P 9 21 0
c Ot Ba 0z eﬂAcat (u||(5e) l1+o [53U| 0z (0u) + Baey 0z (9€) + 5, c Ot (e”(Su)]
(29)
10 d d
E% — ﬁA% = —95,4& (U||56) . . (30)
Dimensionless
_ o parameters
For the normalized quantities s
5 , _ 0
ou = 5—5 up = % Alfven velocity g =
A 4 ) 47 (EQ -+ po)
9B b Ba=oc/(1+0)
A
bo Po Enthalpy H = Bs
woh A 7 =
”_637 ||_,w0 wozeo—'—po /BA
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Dispersion Relation

Fourier mode expansion

Parent '~ %(560 xp(ido) e; + cc. ) B
du = —de ¢0 — kOZ — wot
Sound ¢ = %(ekeXP(i(b) + cc ), u = %(uk exp(ig) + c.c. ) ¢ = kz — wt
! - P+ =¢o+ ¢, ¢ =¢o— ¢
e, = — (e;exp(igy)e; + c.c. )+—(e exp (ip_)e; + c.c. )
Alfven V2 v2

1 1 (satisfying resonance conditions)
u, = 7 (utexp (i¢4)e;+ cc. )+ 7 (u_exp (ip_)e; + c.c. )

Det (6 X6 matrix) = 0 — Dispersion relation

(w—k)* (w? — k%) {(w+ k)* — 4} = n*(w — k) (So + S10 + S20” + S30° + Syo?)

)

So = k2 (w® + kw? — 3w + k) (|n the unit of k0=|’ W0=|)

S|=..., Szz..., S3=..., S4=...
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Non-relativistic Limit
Neglecting O(ﬁAz) o= (%/(1—3%) is small

(w—k)? (v — %K) {(w+k)* — 4} = °k*(w — k) (w° + kw® — 3w + k)

the same as Goldstein (1978) & Derby (1978)

In the limit f=c?2/v,?*—0, the decay instability is recovered:
forward Alfven — forward sound + backward Alfven

wi 0B [wvg 1/2
wo B \ c.
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High o Limit

1

(=B (@ =) {(w+ B — 4} = 1o

o> o0
(w—k)*{(w+k)* —4} (v — n°0*kw — 0°k*) =0

n*(w — k) (So + S10 + S20” + S30° + Syo?)

No instability

consistent with force-free
(a single Alfven wave is stable in force-free)



Re(w/wq)
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) ) l )
Dispersion Relation
2 | | I | | |
= Stable '4/@@0 2
1.5 | oemeseee Unstable 8‘90(71’ \(,0@\0 _
el‘d NNQ(\
1r _
0> R 0und (Backwarg Sound (Forward) ""<
0 : ................................................................................................................................................................
05 Im o (instability) arises 7
-1+ at the resonance -
&,
& WA=wWy + W,
1.5 | Kor -
"Vel.d ka=ks+ ko,
2 ! | ! | ! |
-2 -1.5 -1 -0.5 0 0.5 1 1.5
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1/oc Expansion

(w—k)* (w? — k%) {(w+ k)* — 4} = n*(w — k) (So + S10 + S20” + S30° + Syo?)

)

Intersection point of backward Alfven and forward sound

L2 2
P40 1406
Expansion around this point
w=w+ 0w (|w| Kw), k=k

o >> I,H<<I

Im ow o re-1/2, /2N15_B vA 1/20—1/2
Wy 277 2 B Cs

Non-rela

Rela
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Aflven-Boosted Fireball?

pa—

EAvaen — Ethermal — Ekin?
— 2 stream instability?

— ~100% linear polari?
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Plasma Freq. in Fireball

Fireball density
/ L

¢ Arr2me3l'?

L, 2
~ 1 x 1017 42 ( 4 ) cm

n

P21 rr
cP 9
Plasma frequency =50~ o x 107 Pem
(e i
= ()
1/2

I & .
~ 3 x 103 ";’;42 (: ) GHz Need more studies
L
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Summary

® Expanding fireball
— E, = Ex & Eyjn > Efra
— Baryon or Radiative acceleration via resonance
® Decay of Alfven waves
— Relativistic MHD: Alfven — Alfven + Acoustic
— Alfven waves could boost fireball

® Emission mechanism is not yet

34



Thank You
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Alfven Wave Amplitude

® At the emission region

532
L~ A4dnr?—¢
7T

5B
— ~107°By; LLV2r2 ~1 @r~10%m

— Perturbation is good at r<~10? cm

® Below it, if B is dipole, the solid angle is o< r

0B
0B o r_3/2,B X 7’_3, 5 o 13/2
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Nonlinear Interaction

Parent Alfven

Parent Alfven: Circular

OB, (z,1)=0B, expl[i(koz — wot)] + c.c.,

oVi(z, )+ vi(z, t)jV”(z t sv, B0 kogp
( t) 4 po wo

p ,00"'@/ _ 2_ -

Daughter sound wave wO (B [4mpo)ky = Viky

Ideal MHD, B, || k

WA=Ws + Wo,
. R t diti
M+ c? ap 0 (b, 0B, i esonant conditions kA:ks n kO,
Jt  po Gz 81 A 00
ap v nonlinear *
—1 =0, ‘ ov ) B()kA oB* v
ot T oo 0z dominant term —HZZ(kA — ko) 4l = )
O B0l (ba) 0y B0 D gy ‘ powal 4
ot  pooz\an) o7t 4rpg 0z + GVJ_ lB()k kov SB
— Ly
ob, —Boiv __9 (vBL) . nonlinear ot 4”:00“)8 ”
ot oz = oz

dominant term

vipve~ e — Im v
Galeev & Oraevskii 63; Sagdeev & Galeev 69
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Number of bursts

°°°°°°°°°° Periodic FRB

20

151

104

180916.J0158+65

—
—

|
P=16.35d
Duty cycle
~5d/lé6d
~0.3

0.0 0.5 1.0 1.5 2.0
Phase CHIME/FRB 20
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FRB 121102 also Periodic

50 Ist repeater
70 Lo~3 X 104!
60 - ergls
§ 0 76 m Lovell
+ 401 telescope
mg 30 - 5 yr data
20 -
o P~157 day
: Duty cycle
0.0 0.2 0.4 0.6 0.8 1.0 ~0.5

Rajwade+ 20 Phase (periods)



Binary Scenario

Massive star or
FRB pulsar black hole

® &

a = (GM)'3 (Pyy/2m)*3

1/3 2/3
M / Porb /
IOM@ 16day

Kl & Zhang 20

~ 4><1012cm(



é Kl & Zhang 20

o
C 5

) A

< P Observer
< RE o

72

M
O» ____________________________________________________________________________________________________________________________________
¢5A

r(6) = ropcsc 9\/3[1 + (m — 0)cotd]
Contact discontinuity

Photosphere for—_»~
induced scatterings



2020/07/07 Binary Comb for Periodic FRBs by K. loka 42

Opacity

O Iy

an47m2mpV
M
~ 9 x 10°cm ™3
*em <1O9M@yr1>

_2 1
y a V
(4 x 1012 Cm) (2 x 103 kms—1>

Thomson thin 61 n, a <<'|
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Induced Compton

Scattering probability
is enhanced by the k1B 033

b5 1

occupation number hi

Wilson & Rees 78,
Thompson+ 94,

Th i C k ' Lyubarsky 08

3or ny(r)LcAt ~ 30 M _ V5315 (LAt)3gv9°

327%  r*m,uv]

TC

Photospheric radius for the induced Compton scatterings
1/4 _
rS o~ 1% 103 em (LADY M G vy 1403/
) i Kl & Zhang 20
Free-free is subdominant Lyutikov+ 20
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Additional Modes

Funnel mode T-crossing mode
(a) (b) n o

+ Eccentricity
— A large space
of parameters
is allowed

Woada+ 21
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Parameter Space

M=1.0x10My, V=3.0x 10"2¢c, ADM = 6.0[cm3pc]

M=1.0x10°M,, V=1.0 x 10"1¢c, ADM = 6.0[cm~3pc]

ADM
441 | B=1

S l-radio=%";"/2
- [,=10%ergs™!
421| m == SGRJ1935+2154

34

32

log10M [M o yr—1]

45

ADM I 0.9
44 1 | B=1 » s
—_—— Lradio=;'MV2 I
- L,=10%ergs™? 3
421| m == SGRJ1935+2154 |
40 = mn e - - —— =
-
|
w
2
2 38'
b3
~J
2
O 361
o (Lol .
J 0.3
34- Cm=g) Al sl mmmey .— TN TN ..
| 0.2
32 »
0.1
I
' I
30+ T T ™ 0.0
=10 -9 -8 -7 <=6 -5 —4 =3 =2
log1oM [M o yr~]
Wada+ 2|

Periodicity + Persistent radio counterpart ~10% erg/s + ADM



Detections
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Frequency Dependence

20 —m—m—mm ™ —p— 77 —+—+——1 2.00
| P =16.29 days ~ .
18 B Disfavor the {175
16 |- /:\  binary model?
< 1.50
14 |
PN Apertif 1,370 MHz -1 1.25
—— CHIME/FRB 600 MHz 7;
10 L~ CHIME/FRB <2020 4100 =
--- CHIME/FRB 2020 ' ®
8 - =— LOFAR 150 MHz 1075 =
6 -
4 0.50
4
o L 4 0.25
N 2 N ] N , A A n | A .."-.\ _ . 2 : O
%0 0.2 0.4 0.6 0.8 1.0

Phase Pastor-Marazuela+ 21, Pleunis+ 21
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A Possible Solution

4 flux

high frequency

observational
threshold

stronger
absorptlon

.
.
.
““
.®

$ flux low frequency

Wilgle! observational

FRB pulsar threshold

hage
weaker 4 total rate P

absorption

high
Woada+ 21

" +Threshold

phase

>
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Another Solution

--------
------------
....
ﬁﬁﬁﬁ
s
.
.
.
.

* -

% long separation
4 g separe low frequency
. ’ or slow wind

emission

..

Aurora scenario:Wind particles

may enter the magnetosphere k

ow frequency

48

Wada+ 21

— change the FRB frequency

phase=
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_I_ ()
e® Creation

Equilibrium number density of e*

eBm, ( T )1/2 ( mecz)
ny = > eXp .

2a)2p2 \m,c T
Optical depth
4’ T Bo : /
T, = —0O nily,
LT ot m.c* B £0X

Bp = m%c’/he = 4.4 x 10° G.



Timescales
r
7 = (n+ +n-)o (T, B)F
7, = (ny +n-)o (T, B){

r
ldyn = —— Dynamical timescale

{t, e
Ldiff = — Diffusion timescale
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Terminal Lorentz Factor

['Ra (7)) = ( 3

Am3a Adarmcer I

1/7
45 )1/7(0'TLph,iso)/

X r(l‘”)4/73(1‘”)2/7T(l‘”)_3/7

~1/2
— r .

45 )1/7((7"TLph,iso)l/7 2/7.7=3/7

B>
drmc3rg 0 0

fiea =

A3

_\—1/7
1/7 m 2/7 =3/7
~ 26 Loh,iso.41 (E) By,1470,100 kev-
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Kinetic Energy

lb=1.0x10%cm, Bo=1.0 x 10 G, kpTo = 0.3m.c?

1
—— Lpn/lo
— Liin/Lo (RA)
107 -==+ LiinlLo
Lkin, x/LO (RA)

10_4_ Lkin, +/Lo

=
o
|
(o))
/
’

=
o
I
(0 0]
/
/
/
’

10-10 gt M+ 13 Mo
1 10° 108 1010
Baryon rich Baryon poor

Luminosity L/L,

Wada
& Kl 22
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Typical Frequencies

Goldreich-Julian density Fireball density
OB, , L,
n g =
G 2mqc e T Urr2medr?
— — — —2
~7x1072B. P tem™3 3 N1><1017L7;’422 <7’) =3
r o 3 P<T L
~ 6 x 10 Bp,14P_4 (—) cm
'L cP 9
rp = — ~5x 10° Pcm
2T
Plasma frequency Cyclotron frequency
1/2
> / 5
]/p — — q
o © 2mme
~ 9 x 10 nl/2 Hz 5 Braa ( r )‘3 oH
~ - Z
~ 9 x 10° ne,loel/Q Hz P L



Acoustic Nonlinearity

Yevheniia Chernukha 19
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Radiative Deceleration

Mitrofanov & Pavlov 82

B Wada & KI 22 Work by y > Rest mass
B =cosOirp
N de
POCI*\//g /

Acceleration
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Breakout

I045

|O44_

FRB luminosity Lggp [erg/s]

|036

I043_
I042_

|O4I_
I040_
|039_
|038_
I037_

Breakout

GF 04|227_§

Choked

[=2.6,1,=2

10
KI 20

40 |O4I |042 |O43 |044 |O45 |O46 |047 |048

SGR X-ray burst luminosity Ly [erg/s]

56

eT outflow is
optically thick

FRB could break
out the e* outflow

No X-ray burst
with weak FRBs

No FRB with
bright X-ray bursts
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Compton Drag is Strong

e rest mass energy < Compton cooling energy
2 Y
MeC” < COTUx gy

t! =r/cly

Ziyn -
Breakout condition
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For FRB 20200428A

(@) Io=5.0 x 10> cm, By = 2.0 X 104 G, k,T = 0.16m.c?
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Observed Temperature

59
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Linear Polarization
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Plasma Screen
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Correlations

Slope: 0.81 *0.16
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Spectral Fine Structure
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Case Classification

Baryonic electrons e~ pairs
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Cosmic DM
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