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Nonthermal afterglow of GW170817
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Afterglow SED of GW170817 (Troja+18)
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Nonthermal afterglow of GW170817

Structured jet viewed off-axis (Jet, e.g. Lazzati+17, Margutti+18): I — @
ﬁ

o Ultra-relativistic core + slower wings

e |nitially beamed-away core emission gradually enters line of sight
to off-axis observer

Radially-stratified (quasi-)spherical outflow (Sph, e.g. Mooley+18):

e “Cocoon” created by a successful/chocked jet

=11 2 345 10

e Radially-stratified layers: fast layers traveling ahead gradually 1016 1018 1020 B=02 05 09 099

caught up by slow layers and energized Energy density, T%° (erg om ) eg fourvelaciy logle)

“Cocoon” (Kasliwal+17)

Jet

Decay rate F,~t2 O

Cooling passage ~104d

Obs (Alexander+, Corsi+, Mooley+, Troja+18):
o [, ~ 2 after ~ 160d

e No cooling passage till ~ 360d

. : Large axial ratio Spherical, small * Not resolved by VLBI, but superluminal motion
Radio imaging : @(
centroid large o offset
e []<12% (2.8 GHZz) at 244d
Linear polarization 10% - 60% 7 <10%

jet-dominated late-time emission
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Our research

Motivation

f injection eff|C|ency, l.e. number
fraction of accelerated electrons 1

Previous studies commonly apply a conventional GRB afterglow theory (e.g. Sari+, 1998, ApdJ, 497L1 7),wh|ch

e assumed all electrons in the shock are accelerated (f* = 1), ignoring possible majority of thermal
electrons (e.g. normally observed in SNR)

o formulated in ultra-relativistic limit, but BNS merger ejecta is mildly or non-relativistic

* Degeneracy in f(Eichler & Waxman, 2005) and paucity of broadband GRB afterglow data
We re-examine afterglow modeling of GW170817 with a more natural electron spectrum:

* fis allowed to vary freely

* In conventional model, minimum electron energy ym is controlled by other model parameters. We
determine ym independently by 1 extra d.o.f. (electron-proton coupling level)

* Applicable to trans-relativistic regime

We perform Markov-Chain Monte-Carlo (MCMC) analysis to estimate parameters of GW170817
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Modeling: electron spectrum

Given shock Lorentz factor I’

. . _ _ . T —
(i) power-law energy spectrum with minimum injection energy Ty X Me s e = Ym

Conventional =1 model Our free fmodel

E—— S — =

m—

;ﬂ’ (i) energy as fraction ¢, of shock energy | (ii) energy as fraction e. (rest mass excluded) |

Jﬁ
fme <7€> — 6eﬂlprs

average

(iii) all electrons are accelerated | | (iii) degree of electron-proton coupling

fme(<’}/e>_1) — 66377119(1_15_1)

ym controlled by the spectrum vm independently parametrized by #.
energy ¢. and index p (as 1 new d.o.f)
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Modeling: electron spectrum

Spectral index p
Degree of electron-proton coupling 7.

Injection efficiency f (1 extra d.o.f.)

Total energy e.(as fractional shock energy)

Conventional /=1 model Our free f model
A A
AN\ : dNy ,
d}/e E dye E
: X : .
_ Y If
- (eep 2> ‘ Vn(71,) ‘
-l e, p—2
ym NOT independent parameter = leb (v, > 1)
How to parametrize yn? le P~
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Modeling: electron spectrum

L, ~m, (g = 1) Electrons further heated by protons up
\ ) I,~m(I—1)<T, {54 higher temperature up to equilibrium

/ Natural assumption: shock acceleration

I's o starts somewhere between T, and 7,
\ 44— Cold ISM
p+
/ T, <my,—1)<T,

my/m, <n, <1

_ Me(Ym — 1)
- mp(l's — 1)

Shock frame Ne

Degree of electron-proton coupling: .

ne~ 1: equilibrium (heated T. ~ 7))
ne~ me/mp: NO energy transfer from protons to electrons
me/mp < n.< 1. Inefficiently-heated electrons

LIN Haoxiang - High Energy Astrophysics 2018 8‘ THE UNIVERSITY OF TOKYO




Modeling: shock dynamics

Jet model Spherical model

Gaussian angular profile for energy Power-law radial profile in proper velocity u

6° _
E, io(0) = E_ ;,€Xp (—2—92> E(>u) xu & (Umnin < U < Umax)
[,(0) = 1 = (. — Dexp (_ 0° > Continuous injection
¢ 2
o Eini = E(> ) Ucol = 1
Single injection (no radial profile) inj — teol ol T 2 — 2
(IBCOI = R/Ct)

Shock dynamics

Energy equation E;,; = M(R) (cus)2
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Modeling: synchrotron flux

Comoving magnetic field strength (parametrized by ¢5)

1 T, + 1 1/2 4 1
B' = (327T€Bnmp> /QFSC —_— = [SWEBVA _+1 nmy,c(Ty — 1)] A= 3 + 3T
Relativistic limit (standard GRB theory) Trans-relativistic adiabatic index (mono-energetic gas approx.)
Comoving synchrotron spectral power
(1, 0 \N—(=1)/2 /1, 1\—D/2 / /
/ 87 e B’ M(R) I (Vf/yjn)—(p—l)/Q v/ C), / e <)
Pr="5—">3 foo =) (Vi <V <)
m,c- M 1/3
€ p \ (V//V,;n) (V' <uv,)
eak freque v, = S eB » absorption frequency v, cooling frequency v, = ieB/ ( brm.c )2
p quency m= 5 mec%n P q Y v gireq Yy Ve= 5 mec \or BT 1

: 1 T de [T sinfdl ;o
Received flux mw7)= /O ™ /0 S (0) P 1)

e Doppler effect v/(u) =v/5p() 6p = [[o(1— B.pu)] "

e Photon arrival time delay 1 — ¢ Z0#

e Emitting angle from observer 1 = cosfcosf, + sinf cospsinb,
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Best-fit model (Jet)

f =1 with similar parameters of previous fits Best-fit free f model by MCMC
Constant single power-law spectrum (v > v,)  New fit with radio in synchrotron tail (v < vx)
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: S —S&— 0.6 GHz —A- 7.25 GHz ] : /e —&— 0.6 GHz —A- 7.25 GHz
T 1.4GHz  —f- F606W x 200 - ¢ 74 1.4 GHz  —fe- F606W x 200 |
3 GHz - 1keV x 2500 - ' a 3 GHz @ 1keV x 2500 1
10-1 L Q- 6 GHz 4 upperlimit | 1071} 7 Ii - 6 GHz ! upper limit ]
2 T 109 10! - 102 10
Time [day] Time [day]
n=10-25 cm3, eg=10-23, €.~10-15, p=2.13, n=10-25 cm3, eg=1047, €.~10-12, p=2.18,
Eciso=101.70 crg, I'=229, 6~0.11, 6,=0.58 Eciso=1052-59 Ccrg, I'=242, 6.=0.09, 6,=0.45, 773:0.14
2 2
Xmin 7 137 Xmin ™ 108

Nia =54  Ax2.. ~ 29! with 1 more model parameter
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Best-fit model (Sph)

f =1 with similar parameters of previous fits Best-fit free f model by MCMC
Constant single power-law spectrum (v > v,)  New fit with radio in synchrotron tail (v < vx)
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2 2
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Nyata = 54 Ax2:. ~ 12 with 1 more model parameter
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Synchrotron tail fit

New fit with early radio flux in the regime of synchrotron tail!

(Vé/y?/n>—(p—1)/2 (V//Vé) —p/2 (Vé < V/)
P///P?fn — (I/,/V/ )—(19—1)/2 (V?/n < < I/é)

v

m
(V) H3 V' <) Emitted by low-energy electrons ~ v,

Q: why new fit is found by allowing free /?

r(f=1) =€~ _f 2, - 1) > u(f=1)=22MHze] e2n'5TY  (p=2.17)
"1, —1€B,
, 1 eB" , v is far below GHz with 7= 1 fixed
Dm — }/m
2r m,c
m
ymfree f) = ﬂe?p(rs -1 > v, (free ) ~ 11.6 GHz ngeéfzznlgzrg (p=2.17)

e
Possible early v, passage in GHz!

For reasonable range of parameters (e.g. . < 1),
synchrotron tail fit is uniquely found by free f model
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MCMC
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Jet model Spherical model
f=1 Free f f=1 Free f
Parameter Prior 1D dist.* maximum 1D dist.* maximum Parameter Prior 1D dist. maximum 1D dist. maximum

log(n/em™)  —6-2  —=3.727080 —-292  —22077%  —248 log(n/em™) —6-2 —2.067%  —242  —1.00%]3  —1.84
log ep —6-0 —24879% 232 4501100 —4.69 log e —6-0 -320720%  —2.00 —3.98"1% 224
log €. —6-0 —0.2372%  —0.06 —1.6570%  —1.15 log €. —6-0 —1577102 189  —1.95"13 129

P 2-25 2187001 2.18 2.18% 00 2.18 D 2-25 215755 2.16 2.1670:01 2.16
log(E, iso/erg) 47 — 54 51.127507 50.53 52.767 183 52.59 log(Ey iso/erg) 47 — 54 5087115 5045 5097113 49.71
0, 0.01 - 0.2 0.09+0 0.13 0.097002 0.09 108 Unnax 0-2  109%5 059 103506 041

0, 0.1-1 04702 0.70 0.47+011 0.45 l0g Umin ~ —1-1  0.26%003 0.25 0.10%5,05 0.08

T, 4-8 3151082 2.85 3111056 2.38 k 4-9  6.6870% 6.40  6.40%55 6.17
log 7 —3-1 — - ~1.037902 (.84 log 7. -3-1 — —  —051%g5  —0.52
log f - 0 0 C1.45H09 113 log f — 0 0 —-2.3351 —1.63

«Medians with symmetric 68% uncertainties; “Maximum of the posterior probability density function

Common constraints by light curve turnover

(Jet: Fc ~ 1/(0v' Hc), Sph: Ug ~ umin)
Jet: energy ~ other SGRBs (10750-53 erg); Jet size (6.) & viewing angle (6,) strictly constrained

6. ~ 0.09 (5°) and 6, ~ 0.47 (27°). If + LIGO & VLBI, 6. ~ 0.06 (3.4°) and 6, ~ 0.3 (17°)

Sph: energy ~ kilonova (10751 erg), high umin~ 1-2 (0.7-0.9¢) disfavors dynamical ejecta
(umin ~ 0.4, 0.4—0.5¢) while cocoon remains as an possible option (umin>~ 1, 0.7¢)
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MCMC: Highlights

Synchrotron tail solution

Degree of electron-proton coupling 7. is strictly constrained, #.~ 0.1 (jet) and ~ 0.3 (sph)

Close to simulation of non- or trans-relativistic shock acceleration (Park et al. 2015): 7.~ 0.4

Other differences by Free f model

Higher density by 1—2 orders of magnitude

. . . . f=1 Free f
in tension with HI observation (< 0.04 cm-3)

Parameter Prior 1D dist.* maximum® 1D dist.® maximum®
Make sense if hot gas is taken into Jet log(n/om=®)  —6-2 —372797T  _992  _290"'8  _oug

account (0.01—0.1 cm-3 for offset ~ 0.64r.*
of GW170817 in hot gas dominated giant Sph log(n/em™)  —6-2 —2.061;3
elliptical galaxies like NGC 4993)

—242  —1.00M13 —1.84

| "Half-light radius r. }

Jet: higher energy by nearly 2 order of magnitudes! log(Ee is0/erg) 47 - 54  51.12407 50.53 52767185 52.59

Lower and higher end of SGRB observations (1€50-53 erq)
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One more thing...

T+ 1 1/2
B’ = (327T€Bnmp)1/2rsc — B = [87’(’63 7& _+1 nmyc?(Ty — 1)
Trans-relativistic
—— Trans-relativistic treatment Previous predictions: very early cooling
10* - —— Ultra-relativistic (conventional) passage in X—ray for Sph model
0.3-10 keV
Non-passage for 1 yr disfavors Sph model
102 -
= But in non-relativistic limit, v.
Y 10°1 almost stops evolving (~ 10-2)
= after the shock becomes
Lo | Newtonian ~ O(100d)
Even if v. already reaches X-ray band,
Lo- | it stops to further decrease and
cooling break becomes not observable
10 10 10! 102 10° 10 108 l

Time [day] . .
Time of cooling break cannot be

Comoving cooling frequency v.' v.s. time diagnostic btw jet/sph models
*pbest-fit parameters to GW170817 by sph model
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Summary

A natural model for nonthermal electron spectrum is formulated:
* |njection efficiency f'is allowed to vary freely
* Minimum energy ym is independently determined by electron-proton coupling level
A new fit to afterglow of GW170817 with early radio in synchrotron tail, in contrast to previous fits
Parameter of GW170817 by free f model:
* Higher ambient density by 1 — 2 orders of magnitude (but consistent with hot gas)
* Jet energy increased by nearly 2 orders of magnitude
Time of cooling break at v. cannot be diagnostic btw jet/sph models

Our prediction of “early radio in the synchrotron tail” may be tested in the future events by early
multi-frequency radio observations
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