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Standard afterglow theory

A shock (Lorentz factor I's) sweeps up external medium matter (number density n)

Swept-up mass M = gﬂR3nmp

1. Power-law distribution of accelerated electrons in the shock
N, <y, (v.> 1)
2. ¢.(ep) of shock energy goes to accelerated electrons (magnetic field)

3. ALL electrons in the shock are accelerated N, = J dy, N, =

Yom n,

p—2m,
p_lme

Minimum electron energy 7, = €, I
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Standard afterglow theory

Electron energy distribution Synchrotron spectrum Best-fit for
Not observed ., _ GW170817

7 afterglow
vy, tF

1
1 FmaX
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' ' £ 55 7 g
1 | 3 Sg * 3 Q
Ts [$)
I ' S
1 1 - .
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1 ] - Thel "~3160d
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(1) 100% acceleration?

Standard theory assumes the number fraction f of accelerated
electrons is 100%, for simplicity.

However, f<<1 is normally observed in supernova remnants
(e.g. Cas A ~ 4%, SN 1006 ~ 0.1%) and in PIC simulation of
relativistic shock (e.g. ~ 2%, Sironi & Spitkovsky 2011).

For a variable f

M e’B’
N :f— Fmax = m C2Nerg ch

f greatly affects estimate of the peak frequency!
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(II) Minimum electron energy

. P 2 m, »r  Standard model controls ym

plm

with the total

energy and slope, just for simple math

But ym should be determined by interactions between

Non-relativistic shogks

—~

p*(p

1.000 F

0.100

0.010

downstream electrons and protons:

By latest PIC simulations

Relativistic shock .-o.:  o=15° 400

%:} m,y,, ~ mpFS

close to equipartition

I | ] 10 ohit= 3037 |
e 1£=5062
0.5 1.3 2.1 3.0 3.8 46 _- Ze
r : r ~
3 10°
’\ -
£
3 3 R 0%
_ i 10'E v :
10° oo > ..... A\ :
5 T _ T T H
10 ) ] g
E \ % E
] 104= H —_— * 4 3
E: . 3 : —_— g‘xS g
] = 1000 2000 3000 4000 5000 -
| 3 103K Time, wyt -
= -~
] \;: ]
E 3 (02 1
1 X Electron -
. . \ . (i . . a 10! 3
1.0E-01 1.0E+00 1.0E+01 1.0E+02 v 3
. 10 100 1000
p (mec) 10 s s aaal A i

Park et al. 2015

A natural way to

" " Ad A il aaaaaal "
1 10 100 1000
Vi s Veme/my

Sironi & Spitkovsky 2011
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(II) Minimum injection energy

ne: electron-ion coupling efficiency

y, M,C% = nempcz(FS — 1)

ne~ 1: equipartition ne ~ Me/Mp ~ 10-3: NO energy transfer

4 parameters to model electron distribution: e, p, f, 1.

€, p—2
Total d.o.f = 3: =
e p—1

100% acceleration & electron-ion equipartition is impossible!

e.g.fixf=n.=1,p=2.2, then ¢. = 6...Clearly unphysical

-> we should expect much smaller f
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(I1l) non-relativistic theory

p—2Mm,
}/m=€e

i [«xI'y, B'= (32ﬂ€Bnmp)1/2FSC x I

These scalings become incorrect when s ~ 1...

BNS merger ejecta ~ 0.3c =P [~ 1.05

r (Vclvm)_(p_l)/z (1//1/6)_19/2 (v, <v)
Pv/Pmax = (V/Vm)_(p_l)/z (I/m <Uv< I/C)
(v/vm) . (v<v,)

Power-law synchrotron is invalid when ym ~ 1, where
most electrons emits cyclotron emission line
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(I1l) non-relativistic theory

A criterion e.g. ve > 2 for synchrotron-emitting electrons

m
= LT -1,2 N, =f£><min 1, yP=t/2r-1
ym = max ne ( s )9 e s I/'m
m, mp
. . . - mp 1
Not relevant in this event since I', — 1 > 3 (superluminal) > (—)~! ~ 6(1077)
103 5 m,
T I
102 _ ’ Sl I I/C X to_bls/s
) | Trans-relativistic shock jump condition
10! | ;
100 NN feak : Chandra 0.3-10 keV (Somegnm,) T ¢
E LSS o 1/2
: S~o m———— T T S e ——— Fs+1
< > Bty I == — B = [8n€ByA nmpcz(FS —1)
£ 1071 ; S | 7—1
Q \~
= \.\ | ’
107 5 | T~ t—2 -2 Blandford-Mckee (ultra-rel)
] NV, XL L. X
_3 | — Jet, trans-relativistic treatmenk \'\° obs ¢ —1/5 (=2 - -
10  AETEE Jet, ultra-relativistic (conventibnal) '\, tobs (tobs> Sedov Taylor (non rel)
1 —=- Sph, trans-relativistic treatmept \'\
107 3 —-- Sph, ultra-relativistic (conventlional) N )
] 0.3-10 keV | ‘\.\ Temporal evolution of the
10_5 ! L] ! L] ! LA | ! LA | ! LI | ! o I I '
Lot o o iy iy e s spectrum break v. is different!
Time [day]
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Summary of the new model

Standard model Variable f model

iv
v > }/ >
}/ — ¢ p_z mpr‘ € myYm = nemp(rs_ 1) ye
m ep_l me S
He ~ 1 _ €e P — 2
f is fixed as 1 Suggested by PIC N, P — |

f is variable and proportional to energy
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Outflow models

Using the two fiducial outflow models from previous studies:

1. Gaussian jet

E

C,1S0°

I'.,6.,0

Viewing angle 0, ¢» Ues 0,

02 Parameters:
207

9% isol0) = E, 5o €XP <——

2. Radially-stratified

Lo E(>u) « Ejgou™ (Ui <u < u
spherical ejecta k.1s0 min

max)

Parameters: Ey isos K> Upins Umax
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Monte-Carlo Markov-Chain

log(Ec,iso/erg) = 51.05331 g
T

log(E¢,iso/erg) = 52.38+3:33

i

. = 0.08+3:33

6. = 0.08:382 >
o o i
o iy >
© o
01 < o
] ®
S o> ‘{ S LL
® >
o o 6, = 0.44731
&1 ~ .
o 6, = 045313 o o J1
° N
~ .
i P ] L 3 o°
o N
s ] N:
S o 2
™ 1 0-0 logl, = 3.04%3:28
\} S
E ©
Ny logrc = 3.06+333 > HJ
W7 &L
g
2] < ®
S ooV A>
> | o log(n/cm~3) = —2.4971§
22
] - i
log(n/cm™3) = —3.713¢ g
’1, =
] £
o
o
7 | E
£ log(ep) = —4.13*143
S
£ {1
B .
3
log(eg) = —2.57989 g
~ ﬁJLﬁ log(ee) = 128234}
&
g 8l
g
log(ee) = —0.2243%2 -
p=2.18438
i
3
)
o
o
Q
p=2.18%8}
logn. = ~1.02333
Q 5 g
i ‘ 5
© 9.9, 9 O > PO O »x 6 .9 x> 6O M a4 O 1 5 0 9 O o 9 9 O VI Y % '
~
RGP o o oY o¥ QT O 07 07 AT A AT AT T T s P L L A M S A A R E B RSCEFF SRR R R NN SR N R I R RS N A EAPSISS N APR SRR A
log(Ec,iso/erg) 6. 6y logre log(n/cm™3) log(ep) log(ge) P log(Ec, iso/erg) A 6, logle log(n/cm~3) log(ep) log(e) p logne
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Monte-Carlo Markov-Chain

Jet (Standard / variable f)

Spherical (Standard / variable f)

Sph f =1 Sph f free
Jet f=1 Jet f free
b b Parameter 1D dist. best-fit 1D dist. best-fit
Parameter 1D dist.Y  best-fit? 1D dist.® (Vobs > V) best-fit” (vopo >v,,,) 1D dist.  best-fit
log o(Ey io/erg)  50.15%027 50.58 51.6071-8  50.18
log;o(E.. .. /erg)  51.057931 51.19 52.6779->3 52.33 52.38+0-93 52.25 210(Ex. iso/€18) —0.63 -1.70
10\ *=c, iso 0.37 0.62 0.90 +0.53 +0.46
0, 008709 0.09 0.07*902 0.08 0.08*9%  0.10 10810 timax 1.2050%s 0.5 131004 0.59
' s o +0.02 +0.07
0, 045701 0.47 0.42%0-30 0.50 0.4470-14 0.50 10g10 Upin 0.402 08 0.24 0.342002 0.24
0.55 0.45
log; T, 3.06%0 39 2.93 3.58%021 3.86 3.041033 2.97 k 5.66703 6.21 5.6970 10 5.79
logjp(n/em™)  =3.717065  -3.57 ~2.3610 74 -2.18 249110 2.8 logg(n/em™)  -3.687):2 2.5 —2.05"1% 2,69
0.89 1.38 1.41
logjg €p 257 312 —4.3001 7, —4.60 —4.13515 476 log,o €5 ~0.94*051  —1.94 2570 —1.62
0.15 0.46 0.81
log;o €, -0.227 57 -0.10 -1.36757 —0.83 -1.28771¢ —0.80 logyg €, _1.74797 214 3367170 193
+0.01 +0.01 +0.01 ) )
p 2.18*0-01 2.19 2.1619-01 2.16 2.18_00_0213 2.18 b 2157001 515 216300 517
lo — — — — -1.02%, -0.80
e L -
logo f 0 0 0 0 -1.09'0-ls -0.83 o
log,o f 0 0 =317 6s —1.90
% 114 140 114
X 148 125

aMedians with symmetric 68% uncertainties; “Maximum of the posterior probability density function
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Standard model (Vobs > Vm)

Commonly found by previous work

Fit to GW170817 afterglow A F
F U 173
LI | T LI | T T 2! T T T T l_ maX j BN B B = = = = =
Jet, f=1, x*=140] I
] p :
102 ¢ : : :
F | 1 |
1 1 1
"""" 1 1 1
1 1 1
1 1 1
= 10!} -Cis : : :
= F > 1 1 1
a |
R . , :
1 1 - 1
' radio X-ray
1 1 1
100: ‘ o] > y
' —©— 0.6 GHz —A- 7.25GHz ] I/a I/m VC
1.4 GHz —#- F606W x 200 ]
3 GHz - 1keV x 2500
-©O- 6 GH limit .
101§ O 6GHz ¢ upperlimit || Ghirlanda+18
1 00 1 02 1 03 10° 610 MHz (x27/8) v L 23
Time [day] 1.4 GHz (x9/4) 14

6 GHz
5 x 104 Hz (x300)
1keV (x5000)

[
|
* 3GHz(x3/2)
®
*
*

log E, i, = 52.33,6, = 0.08, 0, = 0.50,1og T, = 3.86

flux density [mJy]
AB mag
Flux density [mJy]
3

4
2
b

logn =—2.18,logez = —4.60,loge, = —0.83,p = 2.16

time after GW170817 [days] 10 Time [:1(])0
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Standard model (no constraint)

Fit to GW170817 afterglow

T U
Jet, f=1, x*=114] 2
: Fooxf==mmmmmaaa p
102 2
- 1
: :
: 1 U_p/2
|
> 10'F : '
C : .
I |
: :
0L ' - 1
+0 ‘ 'radio X-ray
7.25 GHz _ ' I . >
1.4GHz = - F606W x 200 | " I/
3 GHz -0 1keV x 2500 . VCZ Um UC
101 | O 6GHz ¢ upperimit ]
10° 102 103
Time [day] Ghirlanda+18
10° v

log E, i, = 51.19,6, = 0.09, 6, = 0.47,10gT, = 2.93

logn =—3.57,logeg =—3.12,loge, = — 0.10,p = 2.19

A)(éin = — 26 (Data#=62)

flux density [mJy]

1073

5 x 101 Hz (x300)

1.4 GHz (x9/4) y
3GHz (x3/2)
6 GHz

1keV (x5000)

10! 102
time after GW170817 [days]

AB mag

Flux density [mJy]
)

4
2
b

|
100
Time [d]
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Judge with your eyes!

nght curves normalized to 1 frequency

 Jin = 140 | B =114
B V{X-ray, opt, radio} > Vm min

102; ; 102'

5&@—& | V . 8 .':v;: e
. 4 _ {X-ray, opt} > Vm IR ==
o q%,/@"aﬁ%ﬁq) é%\ : _ Q A ¢%\

o\ R
> 10 ‘\ ; = 10' /1’ ;
'37 ; ., E 3 E /" . - E
a k a - G (” E
W \ : W @ ARG \
\ v // {o' k
- / A V{X-ray, opt, radio} > Vm
0% 3 10°F ;oA ]
: A - : [ Y —A -
—©— 0.6 GHz =/ 7.25GHz : : /" Vradio/< Vm —S- 0.6GHz /- 7.25GHz ]
1.4 GHz =% - F606W x 200 | R 1.4 GHz = - F606W x 200 ]
3 GHz -+ 1keV x 2500 . L /{:‘ 3 GHz -+ 1keV x 2500 |
- 6 GHz 4 upper limit oo - 6 GHz § upper limit
1071 |/ . o . — . DP ey 1071 k7 ,5 o . — , p? e
10° 10! 102 103 10° 10! 102 103
20+papers found thigme iday] | found th|s Time [day]

Synchrotron profile (exact/power-law) does not affect this conclusion

log(ee) =f-0.2213-33

| fit?

’ New fit: (::e Is trying t:o escape l:

Riken-Resceu seminar@UTokyo, Mar 20, 2019 y THE UNIVERSITY OF TOKYO



Variable f model

Fit to GW170817 afterglow

Jet, free f, 2 = 114
ol | Let f be free... myy,, =nm,I —1)
| - \_\:\ ///‘:;
'@CD g;,:ivﬂ?"@
= 1otk e ¥ ) logE. ;, = 52.25,0. =0.10,0,,, = 0.50,logI', = 2.97
= : : Optical ] ’
: Radig// >P Wg® Ny _ _ _
- L .. . ogn =—228,loge, =—4.76,logec, = — 0.80,p = 2.18
- /:’/ ’ X'-ray q)‘ .ﬂl. '\‘ \Q’: g g B g ¢ p
o " R ‘\. - = —
100 (1) ““’7 ¢ . logn, 0.80
' —6— 0.6 GHz =/ 7.25 GHz ]
P ¢ 1.4 GHz -~ F606W x 200 ]
7 3 GHz .® - 1keV x 2500
101} 4y o, (B oef ¢ upperimit |
10° 10! 102 103

log(€e)

Time [day]

-

fitis

feasopa

lﬂe\Nﬂ

h |

log(ge) = —1.2879:81

© 2.0 10 O PR DD T P AP F A S 1 50 5 o] o 0 50
R RTDTATPTY o° oY oY gV QT 07 07 Q7 AT AT AT T T N s s RS CUES U I RS C RS N
log(Ec,iso/€rg) 6 6, loglc log(n/cm—3) log(eg) log(&e)

D

©

6 > O
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Modeled with spherical ejecta

—&— 0.6 GHz —A- 7.25GHz _ - 7.25 GHz _
1.4 GHz —%- F606W x 200 . - F606W x 200 -
. . 3 GHz -+ 1 keV x 2500 -1 keV x 2500 1
10-1 ;.;':/ 7o O+ 6 GHz 4 upper limit ] 10-1 } upper limit ]
100 10! 102 103 100 103
Time [day] Time [day]

log By ;, = 50.58,log u,,,, = 0.55,logu;, = 0.24,k = 6.21 log By i, = 50.18,log u,,, = 0.59,logu,;, = 0.24,k = 5.79
logn = —2.25,logeg = —1.94,loge, = —0.14,p = 2.15 logn =—-2.69,logeg =—1.62,loge, = —193,p =2.17
logn, = —0.80

A)(r%lin = — 23' Data num. = 62
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Highlights of MCMC

Jet J free oph J e New fit = m,y,, ~ 0. lm I
Parameter 1D dist.”  best-fit” 1D dist.  best-fit -~ 2,172 1214
vy, = 11.6 GHznjey ~ n 3T
10810 17, ~1.0470%  —0.87
Only ~10% electrons were accelerated
log,o f ~3.17°0 190
Jet f=1 . .
For the old fit previously found
Parameter 1D dist.“  best-fit? 1D dist.* (v, Vobs = Vin) best-fit? (Vobs > Vi) by Standard mOdel
log g(nfem™)  -3.717061 357 2361971 2.18 p—2
logyo €p 2577001 -3.12 ~4.30*] 7% ~4.60 Melm = Ce P — 1 "y FS - 0'006mprs
logg €, ~0.2270-3)  -0.10
p 2.187 001 2.19

- 12 11214
Z/m_Z.ZMHze 1€ on 31
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Highlights of MCMC

Sph f =1 Sph f free

Higher isotropic energy by 1-2

orders of magnitude Parameter best-fit best-fit
Still consistent with previous short logo(n/cm™) ~2.25 ~2.69
GRBs observations (1e50-53 erg) logo(Ey iso/er2) 50.58 50.18
Jet f=1 Jet f free
Parameter best-fit? 1D dist.? (v >v,,) best-fit? (v, >v,)) best-fit?
log(n/cm™) ~3.57 ~2.3670 71 ~2.18 ~2.28
10g10(E¢. is0/e12) 51.19 52.67°023 52.33 52.25

Higher ambient density by 1-2 order of magnitude
in slight tension with HIl obs. (< 0.04 cm-3)

Make sense if hot gas is taken into account.

For GW170817, offset = 0.64*(half light radius) » = 0.01—0.1 cm-3
in typical giant elliptical galaxies like NGC 4993.
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Frequency [HZz]

10°

1618
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Temporal Evolution of v,

104 5
: — Jet, f free
3 1T NN e Jet, f=1
10 3 —==- Sph, f free
I —.~ Sph, f=1
. Variable f Son f=1
101 -; .............................. ..:
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100-E
107
T T T \.\, \\\
107° ———— — e
1071 10° 10t 103

Time [day]

vm IS Usually detectable!
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Variable-f electron distribution -> new fit to GW170817 afterglow
e »2significantly reduced by matching early(10-100d) radio data
 Electrons & protons are close to equipartition
* Only a small fraction (<10%) of electrons is accelerated

Low-frequency, densely-sampled early radio observations in similar
future BNS events may clearly detect v, passage -> constraining
particle acceleration efficiency
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