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ABSTRACT

The dynamics of gamma-ray burst (GRB) jets during the aftergohase is most reliably and accurately
modeled using hydrodynamic simulations. All publishedidations so far, however, have considered only a
uniform external medium, while a stratified external medisraxpected around long duration GRB progeni-
tors. Here we present simulations of the dynam|cs of GRBgmtbthe resulting afterglow emission for both
uniform and stratified external media with o r % for k = 0, 1, 2. The simulations are performed in two di-
mensions using the special relativistic version ofMezcal code. Common to all calculations is the initiation
of the GRB jet as a conical wedge of half-opening arfigle- 0.2 whose radial profile is taken from the self-
similar Blandford-McKee solution. The dynamics for stfiatl external mediak(= 1, 2) are broadly similar
to those derived for expansion into a uniform external medii = 0). The jet half-opening an?Ie is observed
to start increasing logarithmically with time (or radius)c@ the Lorentz factdr drops belowg;*. For larger

k values, however, the lateral expansion is faster at eanggi(wheri™ > 051) and slower at Iate times with
the jet expansion becoming Newtonian and slowly approacsiinerical symmetry over progressively longer
timescales. We find that contrary to analytic expectatithese is a reasonably sharp jet break in the lightcurve
for k = 2 (a wind-like external medium) although the shape of thakis d@ected more by the viewing angle
(for Bops < 6o) than by the slope of the external density profile (fok &k < 2). Steeper density profiles (i.e.
increasingk values) are found to produce more gradual jet breaks whilgetaviewing angles cause smoother
and later appearing jet breaks. The counter-jet becom#ésevis it becomes sub-relativistic, and foe= 0
this results in a clear bump-like feature in the light cutdewever, for largek values the jet decelerates more
gradually, causing only a mild flattening in the radio light'ee that might be hard to discern whiee 2. Late
time radio calorimetry, which makes use of a spherical flopragimation near the non-relativistic transition,
is likely to consistently over-estimate the true energy pyaia factor of a few fok = 2, but either over-predict
or under-predict it by a smaller factor far= 0, 1.

Subject headings: gamma rays: bursts - hydrodynamics - methods: numericédtivigy

1. INTRODUCTION jet decelerates, the relativistic beaming weakens and the
visible region increases. |If the outflow is collimated into a
pends on the density distribution of the ambient medium narrowhjet V‘ﬂth breﬁl(sinably sfhar;()ifedgesl thr:s occurs atfthe
as well as on the structure of the relativistic expanding ime when the bulk Lorentz factdr equals the inverse o

ejecta (e.g. Meszaros ef al._1998). Up to the deceleration€t half-opening angledo. A simple analytic calculation

epoch, where most of the energy is transferred to theYSing the usual scaling laws leads then to a steepening of
P 9y the afterglow flux decay rate, known ageh break

shocked external medium, the dynamics is regulated by lbern 9 scu

the local radial structure of the ejecta, while at later sme
). It is however clear from numerical studies that such

(as the blastwave decelerates) it mainly depends on its< . . o

global angular structure. In the absence of characteristicSMP!€ scalings do not provide an accurate description of
scales, self-similar, spherically symmetric solutiongsex e _afterglow |(Granot et hllﬂ%yeq
(Blandford & McKe& 1976 2009; [Meliani & Keppens| 2010; van Eerten et al. _2010;
Wygoda et a

, hereafter Blandford-McKee) and - '

they are widely used to interpret observational data on GRBW%L %@DF]EQUQD—&-NPQE%WGE_ZOM{

afterglows. However, even the simplest departure from this <[1€ 1). Such numerical studies have so far
been limited to the case of a uniform external density while

fﬁglof[?ggieelsc%uI:jhgrgsggal(l);&mg\?vﬁ)%?eeigﬁrgllg}/fv@gtertlre:_glo the interaction of relativistic GRB jets with a non-uniform
; ! ; medium remains poorly understood.
afterglow light curve when the mean jet energy per solid Motivated by this, here we study the dynamics of two-

angle within the visible region evolves significantly. Agth
g 9 g y dimensional (2D) axially symmetric impulsive jets propgga
ingina sphencally symmetric stratified medium of rest-nas
! TASC, Department of Astronomy & Astrophysics, UniversifyGali- densityp = Ar~% and the resulting afterglow emission. Since
fornia, Santa Cruz, CA 95064, USA; fabio@ucolick.org Iong duration GRBSL(Q_e_h_Le_I_S_e_tl BL_2_009) have massive star
Racah Institute of Physics, The Hebrew University, Jerma1904, progenitors whose winds are expected to modlfy their imme-

Israel . . : - : :
3Raymond and Beverly Sackler School of Physics & Astronongy, T diate surroundings (Chevalier elal. 2004, Ramirez-Ruédlet

The dynamics of gamma-ray burst (GRB) outflows de-

Aviv University, Tel Aviv 69978, Israel ' 2005; van Marle et al. 2008; Mimica & Giannios 2011), we
4 Centre for Astrophysics Research, University of Hertfbids Col- consider both steady and time varying stellar winds as possi
lege Lane, Hatfield, AL10 9AB, UK ble surrounding or external media for the GRB jet evolution.

5nstituto de Ciencias Nucleares, Universidad NacionalbAoma de _ ; ;
Meéxico, Ap. 70-543, 04510 D.F., México The casé = 2 corresponds to a stellar wind for a massive star
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progenitor [(Chevalier & Ili 2000; Panaitescu & Kumhar 2000; the casek = 0, which corresponds ta = nomyc? with ng =
IRamirez-Ruiz et al. 2001; Wu etlal. 2005) with a constant ra- 1 cnr3), and a pressure = 7poc?, with 5 = 1071°. The value

tio of its pre-explosion mass loss ra&, and wind velocity  of 5 has no bearing on the outcome of the simulation as long
Vi, in which cas@ = Ar~?, whereA = My/(4nv,,). However,  as the Mach number remains large, ifl. ~ n~2vgn/c > 1,
since the dependence bf, andv, on the timet,, before the  wherevy, is the shock velocity. As the simulation continues
stellar explosion that triggers the GRB is highly uncertdiis to evolve well into the Newtonian regime, this condition can
worth considering other values kf For example, iM, o« t§ be expressed agp, > 3 (7/10°19Y2 km s 1. The density
andvy, « t2 then the location of a wind element at the time of profiles in the casek = 1,2 are fixed here by assuming the
the explosion is = tyVy(ty) o t3 so thatt, o r/d+) and jet break radius (in the lab frame) to be the same fokall
we haveM,, « r&/@h) v o b/(1+h) gngp oo r-2+@-b)/(1+h), Ri(K) = R(k = 0). This can be rewritten (Blandford & McKee

For a constant wind velocityb(= 0) this givesk = 2 — a, 1976) as

which corresponds t& = 2 for a = 0 (constant wind mass 1/(3-K) 1/3
flux) andk = 1 fora = 1 (linearly increasing mass flux with R = (17— 4K)Eiso _ 17Eiso )
time). 87rAk1“12c2 87er1"]202 ’

A brief description of our numerical methods and initial
conditions for both jet and external medium models is giv- wherelj = V2/6.
ingin §[2. Detailed hydrodynamic simulations of GRB jets g tion[2 h _ K(17 — 4K)/17. so that
interacting withk = 1, 2 stratified media are presented $ig3 theré)gsgugfl:;\rgar)nvgfeenfnﬁd' ?noi( iven b)/ S0 tha
and §[4, where §[3is devoted to the jet dynamics and the re- ity ! iumis giv y

sulting afterglow emission is discussed §id. For complete- 17 — 4k r\X
ness and comparison, the interaction with a constant-yensi o= Ao (—) , 3)
medium k = 0) is also discussed, although the reader is re- 17 R

ferred ta De Colle et all. (2011) for a review of the currentesta  \yhich guaranteeR, to remain unchanged for varyikg With

of hydrodynamical modeling witk = 0. Our conclusions are  thjs constraint, the value of the density at the jet breakusad
summarized in§ 5. p(r = R) differs, compared to thie = 0 case, by factors of
2 NUMERICAL METHODS 13/17 and 917 fork = 1 andk = 2, respectively. In the

: simulations presented in this pap&, = 9.655x 10" cm,
2.1. Code Description and Initial Conditions corresponding to a jet break timetpf= Rj/c ~ 372 days.

To study the dynamics of a GRB jet propagating in a o . . L
stratified gxternaly medium, we carryj ouF; ap sget o? two-  The jetis expected to begin decelerating to non-relativist
dimensional simulations using the special relativistidtoy ~ SPeeds at
dynamic (SRHD) version of the adaptive mesh refinement L (3-KE 1/(3-K)

(AMR) codeMezcal (De Colle et al. 2011). Thiezcal code thg & —dov ( 'SO) , (4)
integrates the SRHD equations by using a second-order (in c AnAc?

space and time, exceptin shocks where it reduces to first ordecorresponding téng ~ 970, 3800 and 11000 days (in the lab
in space by a minmod limiter) upwind scheme based on theframe) fork=0. 1 R2 respéctively.

relativistic HLL method L(_S_th_e_l_d_e_l‘_e_tlal._lﬁ)93) The equa- The simulations withk = O, 1 employs a Spherical com-

tion of state (EOS), relating enthalpy to pressure and tiensi i ; ; ; _
I putational domain of radial and angular sizk, ()

is taken fro 006), which approximates the exact (1 1’5 1019 ¢m 7/2) while the simulation witkk = 2 uses
Synge [(1971) EOS with an error of 0.5%. This EOS prop- ELr L) = (22 10)19 cm, 7/2). The inner boundaries are
erly recovers the correct values of the adiabatic indexthe located at (18,1.2,0.3) x 10t cm fork = (0,1,2), respec-

ultra-relativistic (" = 4/3) and NewtonianI( = 5/3) regimes.  alv. The AMR code uses a basic arid of 169 cells in
The reader is referred to De Colle et al. (2011) for a detailed y, o 3(? 6) directions, and 15K = 0. 1)gor 16 g(«i:() 2) lev-
description of the code and an extensive listof numerisiie o5 of refinement, corresponding to a maximum resolution of
For the initial conditions we use a conical wedge of half- (Afmins Afmin) = (6.71x 102 cm, 160x 10°5 rad). To keep
opening angle, within which the initial radial profiles of themrlgsolthl?on_of the relativistic thin shel o 4 approx.
pressure, density and Lorentz factor in the post-shocloregi imately constant, the maximum number (;’; Ievelsp(?f refine-

2g?u:%knesnf c‘;:oamsttrg%ﬁsé%h;ré%?& nEq)!andford McKee self-similar oy Nieveis is decreased with time_(De Colle ef al. 2011) as
' NIe_vels = max[?, Nievelso — (4 - k) |09(t/t0)/ |09(2)]- _The S|mu'.
p= Ark. (1) lations are halted after 150 years. We also carried out aehigh
) ) _ ) ) resolution simulation (for th& = 2 case) using a basic grid
Two-dimensional simulations witkk = 0 (homogeneous  of (100Q 16) cells in the I, 6) directions, and 14 levels of re-
medium),k = 1 andk = 2 (corresponding to a steady stellar finement. The light curves computed from this simulation are
wind medium) are then evolved to study the lateral expansionvery similar to those those obtained from the lower resotuti
and deceleration of the jet. _ _ ~ run, implying that convergence has been achieved.

To accurately study the dynamics near the jet break time, TheMezcal code is parallelised using the “Message Passing
an initial shock Lorentz factor ofspo = V2 x 20 and an Interface” (MPI) library, enabling the highest resolutisim-
initial half-opening jet anglé, = 0.2 rad are selected, so that ulation to be run in about two weeks on a local supercomputer
Isno > 6. The isotropic equivalent energy is taken to be with 160 processors, and the low resolution in about a quarte

Eiso = 10°3 erg, corresponding to a total jet energy content of Of that time.
Ejet = Eiso(1 - C0OSfp) ~ 2x 10°! erg. The ambient medium is
assumed to have a density= Ay = 1.67x 10724 g cn13 (for

2.2. Afterglow Radiation



To compute the afterglow radiation, we use the method de-  soeer  tiieor 2000117800 razoor  Liseror sase3
scribed in_De Colle et al! (2011). As the main goal of the - |
current calculations is to study théfect of the jet dynam-

ics on the afterglow lightcurves, a simple model is employed
to calculate the emanating radiation. It assumes synarotr
to be the primary emitting mechanism, while ignoring self-
absorption and inverse Compton scattering. Furthermore, ¢
simple prescription for electron coolirig (De Colle ef al12p
is assumed, which is similar to the one used by Granot et al.
(2001) and Zhang & MacFadyen (2009).

In addition to the contributions to the afterglow radiation
computed by post-processing the results of the hydrodynam:-
ics simulations, contributions from earlier lab frame tgeee
included, corresponding to the blast-wave deceleratiog fr

1—‘l = F(X = 1) = 1—‘Sh/ \/Z = 200 torl = 20 Her@((r/RSh) = 0.51.01.52.02.53.03.5
1+2(4—k)1"§h(1 —1r/Rgp) is a self-similar variable which quan- A

tifies the distance from the shock front (Blandford & McKee
[1976). These are computed using the same conical wedgt
taken out of the Blandford-McKee self-similar solution ttha
is used for initializing our simulations. The mapping of the
Blandford-McKee solution is implemented by using a high
resolution grid, starting at the position of the shock front
(which varies with time) and sampling the Blandford-McKee
solution at intervals of fixedI' = 0.01. The values of the
proper density, internal energy densitg, 4-velocityu and
self-similar variabley replace those coming from the simula-
tions, and are taken from the Blandford-McKee self-similar
solution at the relevant lab frame time. In order to calcu-
late the contributions to the observed radiation, rttegped

jet radial structure is subsequently integrated over ajles g i o 2i0 3.0 400 50 O e
(0 <8< 60,0< ¢ < 27). This procedure provides a rea- : o e
sonable description of the afterglow radiation at earli@es

and it is significantly more accurate than ignoring the dentr
butions from lab frame times preceding the start of the simu-
lation.

The microphysics processes responsible for field amplifica-
tion and particle acceleration are parametrized here uynass
ing that the magnetic field everywhere in the shocked region
holds a fractioneg = 0.1 of the local internal energy density
in the flow, while the non-thermal electrons just behind the
shock hold a fractiol. = 0.1 of the internal energy, and have
a power-law energy distributiolN(ye) o« <P, with p = 2.5.

We also assume the source to be at a redshitefl, cor-
responding to a luminosity distance @f = 2.05 x 10?8 cm. | » ‘
The afterglow radiation code has been testéd in De Colle et al 030.40.60.81.01.218 10 2.0 3.0 4.0 5.0

(2011). The simulation withk = 0, in particular, gives after- Fic. 1.— The temporal evolution of GRB jets in a stratified mediwith
glow light curves that are nearly identical to those comgute k = 0.1,2 (top to bottom panels, respectively). The three plottetes,
by(Zhang & MacFadyéen (2009). whose exact values dependentkohave been selected so that the Blandford-
McKee Lorentz factor in the post-shock regibfy = 1) is equal to 10, 5
3. JET DYNAMICS IN A STRATIFIED MEDIUM and 2 (left to right). Shown are logarithmic lab frame depsits in cnr,

Detailed hydrodynamic simulations of the evolution of a Saculations were done in two-dimensional spherical coatds with the
axes corresponding to the- and z— directions in units of 15 cm. The

GRB jetin a stratified medium witk =0,1,2are p_resented position of the shock front corresponding td'g = 1) = 5 is the same for

in Figured1 and12 where the density and velocity contoursall k values, consistently with the normalization used in theusitions (see

of the expanding ejecta at various times are plotted. A tran-equatiorP).

sient phase caused by the sharp lateral discontinuity in the

initial conditions is observed in all cases as the shock ex-tion in thed direction. The expansion velocity of the jet re-
pands laterally and a rarefaction front moves towards the je mains mainly radial at most angles, with a non-relativiatie
axis. This initial phase, during which shearing instaigititare gular component being prominent at large angles. The sub-
observed to be prominent at the contact discontinuity (sepa structures seen in the velocity quadrivector alongzhaxis
rating theoriginal Blandford-McKee wedge material and the at late times (generated by the convergence of turbulenj flow
later shocked external medium), lasts for about a dynamicalcarry a small fraction of the energy and have a negligible ef-
timescale and is followed by the establishment of an egg-lik fect on the lightcurves.

bow shock structure that persists throughout the simulatio Similar resulting bow shock structures are observed for
The velocity quadrivector (Figufg 2) shows strong stragific k = 0, 1 and 2. However, because the rate at which mass



Fic. 3.— A comparison between the bow shock structures depiicteidjure
[ for k = 0 (black),k = 1 (red) andk = 2 (blue). The two times have
been selected so that the jet has the same Lorentz factor afd.® in all
770 s % Foassan 100e0 P Gaiesr * iveron rovesz 1 Larest  ° 20 simulations. The evolutionary scale unit §tt is indicated with a black
transverse bar. The origin of the axis is located at the higktom corner and
the jets main direction of propagation is toward negatiwe this figure. The
simulations are normalized with respectcto

energy ----- ]
emlsslvlty ...........

0.5 1.0 1.5 2.0 2.5 1.0 2.0 3.0 4.0 5.0 4 6 8 10 12 14
1.00e-01 2.00e+01 1.00e-02 2.24e-01 5.00e+00 1.00e-02 141e-01 2.00e+00

0.20.40.60.81.01.21.4 1.0 2.0 3.0 4.0 5.0
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Fic. 2.— The same evolutionary sequence depicted in Figure fobtite
absolute value of the velocity quadrivector. The superposdocity field
arrows are represented by scale color scheme linear with respect to the
3-velocity, with dark corresponding to speeds and lighter tov <« c.

is swept-up is larger for smaller values lofthe bow shock
lateral expansion augments with increadings clearly seen
in Figurel3, the ratio between the bow shock width and height Fi. 4.— The temporal evolution (in the lab frame) of the velpcjtiadrivec-
as the ejecta expand changes wkithrhis can be understood  tor,u=I'v/c =TI, in units of the jet break timeJpper panel: The diferent
as follows. Small values (kfcorrespond toa |arger increase in lines give the evolution ofi within the jet when averaged over (rest-) mass,

th ¢ t | dl d in the L energy (excluding rest mass) and over the emissivity (otritorion to the
€ swept-up external mass and larger aecrease in the Orenc7rbserved flux for a distant observer along the jet axis) &f Mz for the

factor. For the spherical case, in particulsi{< R) o Rk evolutionary sequences shown in Figlile 1. The non-redéitviransition
andI' o« R®9/2 and the same trend should persist for the time, tur(Eiso), is shown in the figure as solid vertical lines for= 0, 1,2.
non-spherical case. Lower panel: A comparison between the velocity quadriveant) averaged

p : _ _ . over energy fok = 0,1,2. The non-relativistic transition timéyr(Eiso), is
. The velocity q_uadrlvectou =Tv/c= _F,B, of the e?(pandlng shown as a thin vertical line with the same line-style anadrcak the thick
jets are shown in Figuid 4 for threeffdirent angle-integrated |ines for the corresponding(t). The Blandford-McKee and Sedov-Taylor
quantities: mass, energy and emissivity. The mean value ofself-similar solutions are plotted as black thin dasheesitogether with the
uis larger when weighted over the energy or emissivity than corresponding-dlogu/dlogt slopes.

over the shocked rest-mass unit 10 x tj. This clearly il-



lustrates, in agreement with previous analytical and numer - ‘ ‘

ical results limited to the cask = 0 (Granotetall 2001; k=1 ——
n 2009), that during the relativistic phase k= s

most of the shocked rest mass resides in relatively slow-mate

rial at the edges of the jet, while most of the energy is stored 10" ¢

in the fastest moving material near the head of the jet.

As illustrated in Figurgl4, the Blandford-McKee and Sedov-
Taylor self-similar solutions fail to provide an adequate d
scription of the jet dynamics df < t < tar(Eiso) with the 10 |
disagreement becoming less pronounced befoead after
tnr(Eiso)- Between these two limiting casesdlogu/dlogt
evolves at early and late times between the two asymptotic
slope values, as seen in the bottom panel of Figlire 4. The 10
evolution of-dlogu/dlogt is, however, non-monotonic as it
first increases above (3k)/2 and only then decreases down
to (3- K)/(5 — k). This behavior is mainly caused by the
faster decrease il compared to a spherical flow &t> t;
due to the lateral expansion of the jet. It also relates to the
fact that the Blandford-McKee solution dependsia while
the corresponding Sedov-Taylor solution uses the jet’s tru 10" |
energy,Eje: and, as a result, the ratio oft) for these two

limiting cases is~ ¢; att = tyr(Ejer) and~ 6,7 at

t = tnr(Eiso) ~ 972/(37k)tNR(Ejet)-

Figures® anﬂ]G show the resultiRg(t), R(t) andej(t) for
k = 0,1, 2 and diferent recipes for estimating the transverse,
parallel and angular size scales within the jet (e.g. when-av 101 |
aged over mass, energy and emissivity). For all valuégtod
early lateral spreading of the jet, which starts arotindt;,
is observed to initially involve only a modest fraction ogth
total energy, with the bulk of the energy reaching angles wel
above, at significantly later times.

For k = 0, previous numerical simulations and analytical
models assuming a small lateral expansiontfer tyg (e.9. =
Granot, Ramirez-Ruiz & Loeb 2005) have shown that spher- 2
ical symmetry is approached on timescales much larger than -
tyr. In particular, FigureBl5 shows that the growthRyfis 10
essentially stalled dt ~ tyg While R, continues to grow as o
the flow gradually approaches spherical symmetry. For in- 5:
creasingk this dfect is less pronounced, sin&g continues
to increase even aftéir(Eiso), albeit more slowly. This con-

tributes to the faster growth i for lower k-values at late
times, contrary to the opposite situation at early times ;). o 01
This causes GRB jets expanding into steeper density profiles

to approach spherical symmetry at progressively latergime Rt 100

as argued by Ramirez-Ruiz & MacFady 010)Ker 2. t
Since the rate of lateral spreading of the jet increasds as
i

: C _ Fic. 5.— Temporal evolution (in the lab frame) &, , R, (CR./Ry),
decreases (See' e.g., equation 2 of G 2007r®d - (Rj/RL) ands = d(R,/Ry)/dt in units of the jet break ﬁme. Hen@LL and

951 is the same for alk, then the jet lateral spreading is R, are the transverse (cylindrical radius) and parallel @ltvez axis) scales

Rg[em]

50%, 95%

107 10° 10t

19

10

RD,II [ecm]

1017 L

X=X
ninn
[N~ O

10t

expected to increase witk for R < R (whereT'(R) de- of the expanding jet, respectively. Thefdrent lines give the evolution (top
; ; Ha ; panel) ofR, defined as the transverse scale of the jet that contains Sf)i) (s

creases wittk for a glvenR)’ Whlle the OppOS|te shoul_d hold or 95% (dgshed) of the total energy excluding rest mass @oelpand the

forR > R; (V\_/he_re, for a giverR, F(R_) increases witrk). evolution (middle, bottom panels) &, (R;) averaged over the total energy

Such a behavior is also seen in analytic moi 2007pxcluding rest mass.

Granot & Piran 2011).

Figure[3 also plots the temporal evolution BR, /R, ~ non-relativistic.
I'9;, which is observed to approach unity at > As shown in Figure(6, the weighted mean @f over

tj. This should be compared with the results of semi- the emissivity (and to a slightly lesser extent over the en-
analytic models|(Rhoads 1997; Sari, Piran & Halpern 1999; ergy) remains practically constant urtit; ~ a few, while
IKumar & Panaitescu 2000, e.g.). These models prédict: the weighted mean over the shocked rest mass is signifi-
1 att > t;, andI to decrease rapidly with lab frame tinte  cantly larger, in accord with earlier resufts (Granot épap1;
which is not observed here. In the simulatiosilecreases  [Biran & Grandt 2001; Zhang & MacFadyen 2009). This indi-
rather slowly witht (as a power-law). The jet angular size cates that, as argued before, a large fraction of the swept-u
0; (see Figur¢J6), on the other hand, is observed to increasexternal rest mass is concentrated at the edges of the jig, wh
Only |Ogar|thm|ca”y witht for all k until the flow becomes most Of the energy and emission |ies near the head. More-




As illustrated in Figuréle, the evolution of the jet's angula

L k=0 — a / :
- ;:g L k=1ooo scale containing a constant fraction of the total energggs |
04 arithmic and is not self-similar as it retains memory of the

‘ ‘ ‘ initial jet opening angle. The deviation from the expected
L2 r | self-similar exponential lateral expansion behav
[2007) might be at least partly dueusapidly decreasing with

; ; the polar angl® from the jet symmetry axis, so that the flow
12 1 is no longer ultra-relativisticu > 1) as it has been previ-

weighted by mass )
t

e e 1 ously assumed. Even with the expectation that such a self-
py weighted by energy similar solution would be only very slowly attained (Gruain
12} l [2007), the maximal Lorentz factor at the head of the jet is thi
< 08 S formalism is predicted to decrease exponentially with time
04T ‘ =" seighted by emissivi] which appears to be inconsistent with our numerical results
- 10° 10t The resolution of this apparent inconsistency between an-
; alytic models and numerical simulations can be attributed t

Fic. 6.— The evolution of the jet half-opening angleas a function of time the mOdESt values df used in the.SImU|atlons’ WhICh re-
for differentk values. The various panels giggderived based on the angle- sult in the breakdown of the analytic models, which assume

integrated mass, energy (excluding rest mass) and enjsgati 167 Hz). I' > 1 and¢j < 1 soon after the jet starts spreading side-
Also plotted is the evolution of; computed as the characteristic angular waysT < 951) and before it can reach a phase of expo-
scale containing 75% or 95% of the total energy (excludirsg meass). nential lateral expansion (Wygoda et al. 2011; Granot &Pira
[2011). In the small region in which the analytical models
107 frermy ' ' ' ' ' k=01 are valid:1< I' < 43, there is reasonable agreement with
10‘2 ] simulation results_ (Wygoda etlal. 2011). A generalizatibn o
oot these analytic models to any valued'ar 6; (Granot & Pira
H_m i . [2011) shows reasonable agreement with the results of simu-
5 10% " k=13 lations from the early ultra-relativistic stage to the latew-
gl": o ] tonian stage. Such generalized analytic models preditt tha
%1249 ) ] if the jet is initially extremely narrow then there shouldlst

. T . be an early phase of exponential lateral spreading. However

C10% e ' ' ' ' " k=23 these models make the simplifying approximation of a uni-
R S ] form jet, while in practicai quickly drops withd. This causes

a breakdown of thar > 1 assumption used to derive the

. . e self-similar solution, which is only slowly attained evemder
00 02 04 06 08 10 12 14 ideal conditions (Gruzindv 2007).

]

Fi. 7.— The angular distribution of the energy content in theaexding jet
(excluding rest mass) at= 0 (black line), 0.5 (red), 1 (green), 2 (dark blue), 4. AFTERGLOW LIGHTCURVES

5 (pink), 10 (light blue), 20 (yellow), 50 (orange) years. Figure[8 shows the emerging light curves at frequencies
ranging from the radio to gamma-rays € 10°, 10, 10'3,

over, it implies that (as discussed above and seen in the tem10'°, 10", 10 Hz), and corresponding spectra affeii-
poral evolution ofs depicted at the bottom of Figufé 5) the €nt observed timetys, for k = 0, 1, 2, including the ef-
lateral expansion at early times t;j, is significantly faster fects of electron cooling and the contribution from a mapped
for larger values ok, while the situation is reversed at late Blandford-McKee solution (with 26 max(() < 200). Fig-
times. ure[® shows the light curves computed for= 10°, 103
FigurdY plots the temporal evolution of the energy (exclud- and 187 Hz, for the two dimensional simulation and the
ing rest energy) per solid ang|e'= dE/dQ, as a function of _BIandford-M_cKe_e conical W_edge, asin _Fl_glﬂe 8, but |_I|uBtra
the angley from the jet symmetry axis, fok = 0,1,2. At ing the contributions to the lightcurve arising from theivas
t > 50 yrs the energy distribution appears nearly spherical€volutionary stages of the blast wave, quantified here by con
for all ks. At earlier times, a clededependence trend is ob-  sidering the emission from lab frame times whEgg(t)/ V2,
served, where the energy spreads to larger solid angles fast given by the Blandford-McKee solution, ranges between 10
for a more stratified medium, but a correlation is less eviden and 20, 5 and 10, 2 and 5, 1 and 2 respectively. As expected,
when one compare$0) for differentk-values at the same four  lower Lorentz factors contribute to the observed flux atrlate
velocity u rather than the same lab frame titne times. A slightly more subtleftect is that at the same ob-
Abundant confirmation is provided here that the dynamics served time the flux at low frequencies comes from slightly
of GRB jets are greatly modified by the radial profile of the later lab frame times (corresponding to a lower Blandford-
surrounding circumburst density. Most analytic formaksm McKee Lorentz factoFgy(t)). This is because there is a lower
(e.g.,/[Rhoad5 1999) derive an exponential lateral sprgadin flux contribution from the sides of the jet compared to the
with lab frame time or radius &t > t;, which ultimately center, as reflected by the fact that the afterglow image remo
erases all information about the initial jet opening angid a  limb-brightened at higher frequencies and less so at lower f
relies solely on the true energy content of the jEf:. No uencies|(Granot, Piran & Sdri_1999; Granot & Lloeb 2001,
exponential lateral expansion is observed in our study for%@ ), resulting in a smaller typical angular deiaet
k = 1, 2, consistent with previous numerical work for ex- (ty = R(t) ~ Rg?/2¢) in the arrival of photons to the observer
pansion in a constant density mediurn_(Granot et al. [2001;(which is along the jet axis in these figures). As a result, the
[Zhang & MacFadyeh 2009; van Eerten & MacFadyen 2011). flux at the same observed timgs is dominated by larger lab
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Fic. 8.— Light curves atv = 10°, 10, 10'3, 10%, 10Y7, 10'9 Hz
(black, red, green, blue, purple, cyan respectivédg panels) and spectra
at tops = 0.1, 1, 10, 100 1000 days (blagkontinuous line, orangeotted,
blugdashed, purpldash-dotted, yelloydash-dash-dottedbottom panels)

for the modelsk = 0,1, 2 (top to bottom panels), calculated including elec-

tron cooling and the contribution from a mapped Blandfordkde solution
(with 20 < max(’) < 200).

frame timeg.

The spectra at flierent observer times are shown in Figure
[B. For all values ok, the spectra evolves from a fast cool-
ing (with ve < v andF, o v3, v Y2 P2 for v < v,
ve < v < vm, v > 1 respectively) to a slow cooling regime
(with vy < ve and F, oc v¥3, y=P/2 P12 for v < vy,

Ym < v < v., v > vy respectively). The characteristic fre-
quencyvy, quickly drops with time with an asymptotic slope
of —2.9,-26, -2 fork = 0, 1, 2 respectively, (while one ex-
pectsyy, oc t-15-4%/(5-K) "which is relatively closed to our re-
sult), whilev. increases at late times as« t, that is, with a
slope independent on the particular stratification of théiam
ent medium (for comparison, in the Sedov-Taylor regime one
expectsy; o t1/(6-K),

As shown in§3, a jet moving in a stratified medium (with
k = 1 andk = 2) decelerates to sub-relativistic speed over
larger distances with respect to a jet moving in an homoge-
neous mediumk = 0). The consequences of it on the light
curve are particularly evident at radio frequencies (Fegir;
where the contribution from mildly- and sub-relativistiam
terial is negligible in thé&k = 2 case and dominant in the= 0
up tot ~ 10° days.

Figured8 an@9 show a pan-chromatic dip or flattening in
the lightcurves at around half a day fer= 0, a third of a
day fork = 1 and significantly earlier fok = 2. This feature
is also seen in Figurfe_]10, which shows the temporal index
a = —dlogF,/dlogteps @as a function ot,p,s, where the earli-
est value ofr is larger than expected analytically for a spheri-
cal flow (or for a jet viewed along its axis, before the jet lrea
time). Figurd® clearly illustrates the reason for this hédra
It basically occurs at the point where the dominant contribu
tion to the observed flux switches from the Blandford-McKee
wedge with 20< T'gy(t) < 200 to the simulation, which cor-
responds to later lab-frame times. As pointed out and calcu-
lated in.De Colle et al. 2011 for the spherical case, the relax
ation of the mapping of the analytic Blandford-McKee self-
similar solution to the numerical solution and the finiteoles
tion of the simulation result in a dip in the Lorentz factoath
is gradually recovered as the shocked region becomes wider
and thus better resolved with time. This produces a dip in the
lightcurve, that gradually goes away as the resolution ef th
simulation is increased (see Figures 5, 6, 7 of De Collelet al.
[2011). This feature is a numerical artifact of the finite teso
tion of the simulation. Similar errors in the light curvesree
also present in previous simulations for the- O case (e.g.,
our light curve in the cask = 0 is nearly identical to that
by [Zhang & MacFadyeh 2009 as depicted in_De Colle kt al.
2011).

A smaller contribution (although not easily quantifiable) t
the pan-chromatic dip in the lightcurve is due to the paldicu
initial conditions chosen in this paper. In fact, as the et i
tially has sharp edges (a step function inékhgirection), once
the simulation starts there is a relaxation period occgririn
the lateral direction on a dynamical timescale (as a ratiefac
wave propagates from the edge of the jet towards its center).
This lateral transient phase triggered by the sharp-edgésl j
also imprinted in the lightcurves around the time of the dip o
flattening, and, contrary to the limited resolution artifads
not expected to go away as the resolution is increased. This
artifact might be less pronounced for initial conditionstth
are smoother in the lateral direction (e.g., a jet with atidhi
Gaussian angular profile).

Apart from this early-time, artificial feature, there is e
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Fic. 9.— Afterglow lightcurves emanating atfféirent Lorentz factors.
The red, green, blue, purple (dashed, dotted, dashedddakbshed-dotted-
dotted) lines are the contributions to the total light cufimeblack) computed
by using the outputs of the simulations at the lab frame tiwtesrelsn(t)/ V2
(as given by the Blandford-McKee solution) ranges betwe®art 20, 5 and
10, 2 and 5, 1 and 2 respectively. The cyan dashed-dottesl direesthe con-
tributions from a Blandford-McKee wedge with 20Ig(t)/ V2 < 200. The
light curves include electron cooling.
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Fic. 10.— “Shape of the jet break”, i.e. temporal decay of ligive, given

by a = —dlogF, /dlogtopsas a function ofyps, at three diterent frequencies,
including electron cooling.

pected pan-chromatic jet break that is present at all freque
cies abover, and is observed between a day fo= 2 to

several days fok = 0. These jet break features are discussed

in more detail below.

4.1. Jet Breaks

10? 10° 10t 102
t [days]

Fic. 11.— Light curves corresponding to= 10°, 1013, 10'7 Hz (from
top to bottom panels) for fferent viewing angle®yps (Normalized to the
jet initial half-opening anglép) and external density profile& & 0, 1, 2),
with (left panels) and without (right panels) electron @éogl The lightcurves
corresponding t& = 0 andk = 1 are multiplied by 1000 and 30, respectively.
The lightcurves include the contribution from a mapped Bfard-McKee
solution (with 20< I" < 200) and the numerical simulation (with<lI" < 20).

The relatively sharper jet break (compared to analytic expe
tations) in a stratified medium may permit the detection of
such a jet break. We also note that there is an “overshoot” in
the value of the temporal decay indejust after the jet break,
which is more prominent for lowek-values (in agreement
with previous results; Granbt 2007). After this overshaot
gradually decreases, and there is also a noticeable cuevatu
in the lightcurve as the flow becomes mildly relativistic and
eventually approaches the Newtonian regime. Tifieces of
electron cooling on the shape of the jet break appear to be
rather modest in most cases.

At low frequenciesy < vm(tobsj) (See Figurd_1l0, upper
panel), there is only a very modest increase imeartypsj. On
the other hand, when the break frequengysweeps past the
observed frequenoy a very sharp break is seen (i.e. increase
in @). Both features are present for= 0, and we find here
that they also persist for high&svalues. Moreover, we also
find that this break is sharper for smallewvalues. This is
because the corresponding spectral break(gis very sharp
for our simple broken power-law spectral emissivity model,
and is not degraded by the contribution from multiple pafts o
the jet at smallek-values (in additior, decreases somewhat
faster in time atops > tonsj for smallerk-values). We expect
that a more realistic synchrotron emissivity function wbul
result in a significantly smoother spectral breakgtwhich
would in turn lead to a correspondingly smoother temporal
break.

Figure[I0 plots the shape of the jet break, i.e. the temporal

decay index of the light curvey = —dlogF,/dlogtys as a
function of observer timé,yg, for different observed frequen-

Figure[I1 shows afterglow lightcurves for thredfelient
observed frequencies & 10°, 10'3, 10'7 Hz; top to bottom

cies andk-values. We shall first discuss the pan-chromatic jet panels), external density profilels € 0, 1, 2), and viewing
break features at frequencies that are above the typical synangles ¢ons/60 = 0O, 0.5, 1), both with and without electron

chrotron frequency at the time of the jet breaks; vm(tobsj)-

cooling (left and right panels, respectively). Figliré 12w

As shown in Figuré&0, the temporal decay of the light curve the corresponding values of the temporal decay inddar

becomes smoother for increasikg as derived in analytic

v = 107 Hz. FiguresIll and12 show that the shape of the

models ((Kumar & Panaitescu 2000, hereafter KPOO). How- jet break is predominantly regulated by the change in view-

ever, the steepening in the lightcurve occurs within a $igni

ing angle (within the initial jet aperture, & Gops/00 < 1)

icantly smaller observed time period than that predicted by rather than by the external density power-law inégin the

analytic models. Most of the increasedroccurs over a fac-
tor of ¥ 3— 5 in time fork = 0 (compared to a decade in time

range 0< k < 2). Forfyps = 0 most of the steepening occurs
within a factor of~ 2 — 4 in time fork = 0, 1, 2 while for

predicted in KP0O) and within about one decade in time for Oyps/00 ~ 0.5— 1 it takes~ 1 -2 decades fok = 0, 1, 2. This
k = 2 (compared to four decades in time predicted in KP0O0). is particularly interesting because previous analyticatkwv
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Fic. 12.— “Shape of the jet break”, i.e. temporal decay of ligive, given
by @ = —dlogF, /dlogtyps as a function otgps, including electron cooling,
aty = 1047 Hz > v

have argued that thefect of varyingk should be significantly
larger. It can also be seen in Figlrd 12 that the jet induceds
steepening starts earlier and ends later for lakgezlues and
for larger viewing angles (cfops/6p values). Also, the over-
shoot in the value o is larger for greatek-values 0®yns/ 6o
values. The jet break time is also observed to occurs later
for larger viewing angles at all values kfand varies over a
factor of~ 3 -5 for 0 < Opps/6p < 1.

The change in the jet break duration wktis due to the
slower evolution of” with t or R = ct as well ag,ps for larger tobs[days]

k-values [ o« R&=3)/2 o tgkbfs)/(?%k) fora sphe_rical flow). For Fic. 13.— Light curve atv = 10° Hz for the 2d runsK = 0,1,2), for

Oops = 0 andy > Vm(tobsj)y the jet break duration roughly cor-  spherical 1d simulations with = Ejet and for a cone with half-opening angle

responds to the time it takes the beaming cone to grow past thé computed from spherical 1d simulations wih= Eis. The contribution

limb brightened outer part of the image If crudely neg‘hag:t due to the counterjet is included in the lightcurves, anslal$o shown (dotted
- - - - 1 A curves) for the 2d simulations.

lateral spreading (since most of the emission near thegetkor

time is from within the initial jet aperture, Piran & Grahot _ . . . .

20071), so that the dominanffect is the “missing emission”  With the same isotropic equivalent energy (whégg, = 0

: : . in the two non-spherical cases). As expected, the lighesirv
{L%Th%?ttsr:gebg]:mﬁggi%?\fet?c?f %ﬁ%’ggh te:]ned"rr(]a guw computed from a spherical blast wave with the same isotropic

; : energy and from the two dimensional simulation match rea-
?; Z'%Qggrrz\;vs %gk{%}gr ofi, then this woild correspond sonably well at early times. For the double-sided jet, itisan

Acto _ in observed time. However, the  geen that the bump in the lightcurve near the non-relativist
resulting image is more limb-brightened for smakevalues  yansition time, caused because the counter-jet (whosgicon

: , 12001} Grandt 2008), and, as a result, onepion is indicated by dashed line) becomes visible, is much
might estimatefico ~ 1.3, fcs ~ 14, ficp ~ 15, which = 1616 prominent for iow values éfand becomes significantly
would result in factors of 2, ~ 3 and~ 5 in the observed  yore modest for largee-values. This fect is caused by the
time, in rough agreement with our numerical results. more gradual deceleration of the jet for lardevalues (as

As to the dfect of the viewing angle for a fixed value bf e same mass of external medium is swept-up over a larger
the addition to the duration of the jet break relativede = 0 range in radii), which causes the counter-jet to becomaleisi
corresponds approximately to the time it takes the edge Ofyore gradually, resulting in a wider, lower peak flux bump. In
the beaming cone () to grow fromé t0 6o + fops ThUS,  particylar, fork = 2 it amounts to a fairly modest and rather
for fobs = 6o this corresponds to a factor of 2 decrease in gjoy flattening of the lightcurve, which might be hard to dis-
I', or a factor of~ 28-29/9 increase in the observed time oy observationally. This might, however, not help explai
(i.e. factors of~ 6, ~ 8 and~ 16 fork = 0, 1, and 2, ré- ha |ack of a clear flattening or rebrightening in the latéoad
spectively). This is in rough agreement with our numerical afergiow of GRB 030329 (e.d., Pihistrom etlal. 2007), sinc
results. According to this simple estimate, the duration of i, hat case detailed afterglow modeling favors a uniform ex
the jet (grgkz)a/l((gfglﬁobs = 6o andk = 2 should be a factor of — terng| density K = 0;van der Horst et hS).
~ (2f2) ¥ ~ 3"~ 8lin time, or almost two decades  comparison of the radio flux at late times from a double-
in observed time, also in agreement with the results of ourgjgeq jet and from a spherical blast wave with the same true
calculations. energy near the non-relativistic transition time shows iy

. . are broadly similar but may fier by up to a factog 3. For
4.2. Radio Calorimetry k = 0 andk = 1 the spherical analog slightly over-predicts

Figure[I3 shows the radio lightcurves fat 10° Hz) for the flux before the contribution from the counter jet becomes
k=0, 1, 2 from our two-dimensional numerical simulations important, and under-predicts the flux once the emissian fro
of a double-sided jet, as well as for a spherical blast wavethe counter-jet becomes dominant, while kot 2 the spher-
with the same true energy and a double-sided cone of fixedical analogue consistently under-predicts the flux, by ua to
half-opening angl#, calculated from a spherical blast wave factor of < 3. This may result in an small but not negligi-

F,(2D)/
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ble error in the estimation of the true energy in the double- t;). A similar conclusion can be reached from the calculated
side jet assuming a spherical sub-relativistic flow, as i-co  evolution ofR;/R, with t/t;.

monly done in radio calorimetry studies (Kaneko et al. 2007; We find that contrary to the expectations of analytic mod-
Berger et all 2003;_Frail et 06;_Gorosabel et al. P006; els, the shape of the jet break exted more by the viewing
Kulkarni et al! 1998), both over- or under- estimating th@re  angle (within the initial jet aperture, € obs/6p < 1) than by
true energy depending on the stratification of the ambientthe steepness of the external density profile (far @ < 2).

medium and the observer time). Larger viewing angles result in a later jet break time and a
smoother jet break, extending over a wide range in time, and
5. DISCUSSION with a larger overshoot (initial increase in the temporalaje

index a beyond its asymptotic value), which is observed to
be more prominent for lowet-values. Largek-values result

in more gradual jet breaks, but the sharpness of the jet break
is afected even slightly more by the viewing angle as argued
above. The counter-jet becomes visible arotjpd and for

k = 0 this results in a clear bump in the light curve. However,
for largerk-values the jet deceleration is more gradual and as

. > ) LY . - aresult a wider and lower bump is produced, which becomes
sity at the jet break radius (which is definedbyR)) = 901)’ hard to detect fok = 2, Whereri)t reF(Jjuces to a mild flatten-

the lateral spreading is initially (& < R;) larger for higher ing in the light curve. This may explain the lack of a clear

k-values. This arises because at the same radius (or 1aRyter-jet signature in some late time radio afterglovatlig

frame time) the typical Lorentz factor is lower. At late time : ;
_ AN A ; curves of long duration GRBs although the dynamical com-
(R> Rj) the situation is reversed, and théeetive jet opening plexity of their surrounding circumburst medium seriously

angle at a fixed lab frame time is similar foiffdirent-values. limits the validity of a non-evolving power-law density pro

Since for highek-values a larger range of radii is required in file (e.g/Ramirez-Ruiz et 4. 2005)
order to sweep-up the same amount of mass, the whole evo-"g i “\ve showed that the use of a spherical blast wave

lution extends over a much wider range of radii and times. AS ¢, astimating the total energy of the jet, as is commonlyedon
a result, the jet break in the afterglow lightcurve is smeoth in radio calorimetry studies, results in an error in thereati

ang trrr:orﬂe gradual, thr? non-rrlelatlvllstlc trantsmon occlate{l 4ion of the true energy content of the jet that depends on the
and the flow approaches spherical Symmetry more SIowly antgyiification of the ambient medium (being on average large
over longer timescales. Théfective jet opening angle is ob-

; oove ; . for k = 2). In particular, in the cask = 2, the spherical
served to increase only logarithmically with lab frame time - \ave analogy consistently overestimates the truggne
(or radius) once the jet comes into lateral causal contat (i

whenr' drops belovd-L while for the casek = 0 andk = 1 it produces and under- or
p g")- N an over-estimate depending on whether the estimation of the
As long as the jet is relativistic, most of the energy and

emission are concentrated near the head of the jet while th etenergy is done before or after the non-relativisticsiéon

. . ; ; ime.
slower material at the edges carries relatively little gger
(even though it carries a substantial fraction of the swapt-
rest-mass). This holds true for &lvalues. Once the jet be- We are grateful to A. MacFadyen, W. Lee and W. Zhang for
comes sub-relativistic, at> tnr(Eiso), it quickly spreads lat-  discussions. This research was supported by the David and
erally and swiftly starts to approach spherical symmethe T Lucille Packard Foundation (ERR and FDC), the NSF (ERR)
energy weighted mean valueuft) is observed to be of order (AST- 0847563), the ERC advanced research grant “GRBSs”
unity att/t; ~ 2 rather than at ~ tyr(Eiso), @as one might  and a DGAPA postdoctoral grant from UNAM (DLC). We
naively expect. We find that there is litttedependence on  aknowledge the support by S. Dong for administrating the
the temporal evolution of;, so that irrespective of the exter- Pleiades supercomputer, maintained and operated by the Uni
nal medium radial profile, all of the expanding jets approach versity of California at Santa Cruz, where the numerical cal
spherical symmetry at similar times (L — 1.5 decades after  culations in this paper were performed.

We have studied the dynamics of GRB jets during the af-
terglow stage as they propagate intffelient external density
profiles,pex = Ar ¥ for k = 0, 1, 2, using detailed hydrody-
namic simulations. Our main results, which relate both & th
dynamics and the resulting afterglow emission, can be sum-
marized as follows.

For the same initial half-opening anglgand external den-
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