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An on-linelibrary of afterglow light curves

Hendrik J. van Eerten, Andrew |I. MacFadyen and Weiqun Zhang
Center for Cosmology and Particle Physics, Physics Department, New York University, New York, NY 10003

Abstract. Numerical studies of afterglow jets reveal significant gatle differences with simplified analytical models. We
present an on-line library of synthetic afterglow lightwes and broadband spectra for use in interpreting obsenadtilata.
Light curves have been calculated for various physicsrggttsuch as explosion energy and circumburst structureghis w
as differing jet parameters and observer angle and reds€kdftulations gave been done for observer frequenciesngng
from low radio to X-ray and for observer times from hours teatdes after the burst. The light curves have been calculated
from high-resolution 2D hydrodynamical simulations penied with the RAM adaptive-mesh refinement code and a ddtaile
synchrotron radiation code.

The library will contain both generic afterglow simulat®as well as specific case studies and will be freely accesaibl
http://cosno. nyu. edu/ af t er gl ow i brary. The synthetic light curves can be used as a check on theamycof
physical parameters derived from analytical model fits tergfow data, to quantitatively explore the consequentearyging
parameters such as observer angle and for accurate poedicii future telescope data.
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INTRODUCTION

Gamma-ray burst (GRB) afterglows are well described byataat from outflows expanding into an external medium
[1]. At first the outflow takes the shape of two highly colliredtrelativistic jets ejected in opposite directions. Over
time, the jets slow down and gradually widen, eventuallyitasy in a spherical nonrelativistic blast wave. Synchoat
radiation is produced by shock-accelerated electronsdatieag with a shock-generated magnetic field. The radiatio
will peak at progressively longer wavelengths and the akegklight curve will change shape whenever the observed
frequency crosses into different spectral regimes as méted by the velocity of the flow and the physics of the
radiative process, such as synchrotron self-absorptidrebattron cooling.

Analytical models have greatly enhanced our understarafi®@RB afterglows, but are limited in that they rely on
simplifications of the fluid properties and radiation medbars involved. For example, the flux received by observers
not on the jet axis has usually been calculated assumingathamission originates from a homogeneous slab at
the shock front, rather than taking into account the fulldflprofile [2, 3]. Also, lateral spreading of the jet is often
ignored completely or roughly estimated assuming anglependent values for the fluid variables at a shock front
that expands laterally at the speed of sound [4].

High resolution relativistic hydrodynamical jet simutats help to overcome the limitations of analytical models.
The aim of the current work is to present the results of jetusations performed using the RAM adaptive-mesh
refinement code [5], linked to a synchrotron radiation med#l, 7, 8]. Synthetic light curves are made available
to the community and are freely accessibldéat p: / / cosnp. nyu. edu/ af t er gl ow i br ary. The synthetic
light curves can be used as a check on the accuracy of physicameters derived from analytical model fits to
afterglow data, to quantitatively explore the consequsrafevarying parameters such as observer angle and for
accurate predictions of future telescope data.

JET DYNAMICS

We use the RAM adaptive mesh hydrodynamics code [5] to catiedhe jet evolution in 2D. We start with a conic
section of the self-similar Blandford-McKee analytic dodn for a relativistic explosion [10]. The adaptive mesh
approach allows us to dynamically refine the grid where resrgs leading to an enormous increase in effective
resolution. The jet evolution is followed for a long time tilthe explosion has become nearly spherical due to lateral
spreading of the jet and until the shock velocity has becoamgalativistic. This stage is again self-similar and can
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FIGURE 1. Time evolution of the comoving density for a typical GRB. Tdensity (g cni3) is color coded on a logarithmic
scale. Snapshots of the simulation are shown at (a) 147 (@y256 days, (c) 372 days, (d) 970 days, (e) 27.6 years aridb(fB
years in the lab frame time after the explosion. The begmoirihe simulation is at 147 days. Panel (d) shows that the GiREBow
is still highly anisotropic at =~ 970 days, where analytical estimates have put the trangitioonrelativistic flow [9]. This figure
has been taken from [6], where a more detailed discussidmedditnulation can be found as well.

be described by the Sedov-Taylor solution. Fig. 1 shows timeaving density for a typical jet (half opening angle of
0.2 rad, total energy of 2 10°% erg in both jets and homogeneous circumburst number dewfsitym—3) at various
stages.

The jet energy, opening angle and circumburst density preéity between simulations. The maximum refinement
level is set very high at first (the precise level being chasanich that the initial Blandford-McKee profile is properly
resolved). Over time the maximum refinement level is de@@gsadually, following the widening of the shock profile.
In order to keep the calculation time for a single simulatitanageable, we also keep at low refinement level the region
deep within the shock. This region does not contribute tootltgoing emission or overall jet dynamics. But if it is
not articially derefined, the Kelvin-Helmholtz instaliéi$ that develop in the region will slow down the computation
time significantly. For similar reasons we keep at a low refiast level the nonrelativistic shock that initially deveso
between the empty cavity far behind the forward shock anditecemburst medium.

Simulations have found that very little sideways expansakes place for the ultrarelativistic material near the
forward shock, while the mildly relativistic and Newtonigat material further downstream undergoes more sideways
expansion. When taking a fixed fraction of the total energyt@imed within an opening angle as a measure of the jet
collimation it is found that sideways expansion is logaritb (and not exponential, as used by some early analytic
models such as that of [4]). This sideways expansion sethamthe Lorentz factor of the jet is approximately the
inverse of the original jet half opening angle. The jet beeemonrelativistic when the isotropic equivalent energy in
the jet becomes approximately equal to the rest mass enétbg material swept up by a spherical explosion. The
transition to spherical flow was found to be a slow processveamifound to take five times longer than the transition
to nonrelativistic flow. After this time the outflow can be ddbed by the Newtonian Sedov-von Neumann-Taylor
solution.



SYNCHROTRON RADIATION

The dominant emission mechanism in the afterglow phasenigtsgtron radiation. We calculate the radiation from a
simulation output using one of two different methods, dejiemon whether synchrotron self-absorption plays a role
at the observer frequencies of interest. Both approachesihazommon their parametrization of shock acceleration
of electrons and the subsequent evolution of the electrsirildlition. The energy density in the accelerated elestron
is assumed to be a fractiaag (typically ~ 0.1) of the thermal energy density, the magnetic field energsite a
fraction g (typically ~ 0.01) of the thermal energy density and the number densityedlacated electrons a fraction
én (typically ~ 1.0) of the fluid number density. A power law in energy with lovierit y, and with slopep (typically

~ —2.5) is assumed for the accelerated electron distributioe. [®bal synchrotron peak frequeney is calculated
from ym, which in turn is fixed byeg, eg andéy and standard synchrotron theory. This approach followk [11

If self-absorption can be ignored, the emission is caledldbllowing the approach taken in [6, 12] (these papers
also present an analysis of light curves obtained by thik©atht The procedure is as follows. For every grid cell in
the simulation, the emission is calculated (taking intooaitt the beaming factor, observer redshift etc.) and added
to the appropiate observer time bin. Electron cooling iated by assuming a global cooling time that is equal to the
time since the explosion.

If self-absorption does play a role, rays of emission thiotig expanding fluid need to be calculated explicitly by
simultaneously solving a large set of linear radiative $fanequations. The number of rays that are followed through
the changing fluid is adapted dynamically depending on thallchanges in intensities via a procedure analogous
to adaptive mesh refinement for the fluid dynamics calcutatidgght curves obtained using this method have been
published in [8, 13]. Additional advantages of this methoel that it is easy to determine the exact regions of the
fluid that contribute to the emerging flux and that spatiadlyalved afterglow images are automatically generated as a
by-product of the flux calculation.

AFTERGLOW DATABASE

The on-line database &t t p: // cosno. nyu. edu/ aft er gl owl i br ary will aim to contain all light curves
that have been calculated usirgm and the synchrotron radiation code. An example set of ligintes from [12]

is shown in Fig. 2. Light curve datasets are available inediffit formats, including plain text. An overview plot is
provided which each afterglow dataset, showing a pre-sefeof light curves from some of the available frequencies.
The rest of the data can be downloaded directly and additgmnipts are provided to quickly visualize the dataset.

At the moment, an afterglow dataset can be selected eitheselgcting a specific GRB from the list or by
selecting physical explosion parameters from a list. Suatampeters include observer redshift, angle, explosion
energy, circumburst density as well as radiation pararagtess, €g, n. Frequencies are chosen to match commonly
used observer frequencies, like in [12] and in our secondriboition presented elsewhere in these proceedjngs
where observed X-ray flux is calculated at 1.5 keV (obseep/alle.g.Swift) and radio flux at 8.46 Ghz (e.g VLA,
WSRT). Alternatively and depending on the aim of the pubiizathat first presents the light curves, a whole range
of frequencies between 181z (or lower, 16 Hz) and 1687 Hz is occasionally used to show the complete broadband
picture (see also [12] and Fig. 2).

The downloadable synthetic light curves can be used as & arethe accuracy of physical parameters derived
from analytical model fits to afterglow data and as an aid secgtudies. By comparing different light curves when a
single input parameter is varied (e.g. observer angle avgehing angle) it is possible to quickly and quantitatively
explore the impact of these paremeters on the observed skgnally, various new telescopes, lik@FAR andSKA
are under development that will probe new parts of the specand synthetic light curves can be used as a basis for
predicting what these telescopes will observe from GRBglfbevs.

This paper broadly follows [6, 12] in its presentation anscdisses the same dataset.

1 seeOff-Axis Afterglow Light Curves from High-Resolution Hydrodynamical Jet Smulations, H.J. van Eerten, A.l. MacFadyen & W. Zhang,
elsewhere in these proceedings.
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FIGURE 2. Simulated light curves for various observer angles andigagies for a jet with half opening angle of 0.2 rad, total

energy of 2x 10°1 erg in both jets and homogeneous circumburst number desfsitgm 3. On the top row we have small observer
angles, 0.0, 0.1 and 0.2 radians from left to right. On thédnotrow we have large observer angles, 0.4, 0.8 and 1.57m&éfiam
left to right. Observer frequencies from 981z up to 137 Hz are plotted. For each frequency and angle a curve is gdltid¢h
with and without the contribution from the counterjet. Thertical lines in the top plots indicate jet break time estesaThe
legend in the bottom right plot refers to all plots. Largeatysr angles are truncated at earlier time to show only ghten times
completely covered by the simulation. The figure has beezntédom [12], where the dataset and its features such astthesjek
times are discussed in more detail.
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