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1. A. Ishii et al. (2013) Paralle]l Computing of Radiative Transfer in Relativistic Jets
Using Monte Carlo Method: HEDP 9, 280

2. A. Ishii et al. (2014) Identical Algorithm of Radiative Transfer Across Ultrarela-
tivistic Shock in Different Inertial Frames: HEDP (submitted)
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Roma - La Sapienza University
December 2 - 5, 2014

Swift: 10 Years of Discovery
OVERVIEW

This meeting will celebrate 10 years of Swift successes and will provide the opportunity to review recent
advances on our knowledge of the high-energy transient Universe both from the observational and

theoretical sides.

When Swift was launched on November 20, 2004, its prime objective was to chase Gamma-Ray Bursts
and deepen our knowledge of these cosmic explosions. And so it did, unveiling the secrets of long and
short GRBs. However, its multi-wavelength instrumentation and fast scheduling capabilities made it the
most versatile mission ever flown. Besides GRBs, Swift has observed, and contributed to our
understanding of, an impressive variety of targets including AGNs, supernovae, pulsars, microquasars,
novae, variable stars, comets, and much more. Swift is continuously discovering rare and surprising

events distributed over a wide range of redshifts, out to the most distant transient objects in the Universe.
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Such a trove of discoveries will be addressed in the upcoming Swift meeting with sessions dedicated to
each class of events. The future prospects of time domain astrophysics, which could be addressed in the

extended Swift mission, will be also reviewed.

Besides the classical Swift areas in time domain Astrophysics, contributions are solicited also in the
following areas: new approaches on data analysis and theory as well as new ideas for non-conventional

uses of the spacecraft.

%%g \\I )I l T\/’\ Associazione Romana per le Astro-Particelle
L& NIVERSITA DI ROMA T —
& swift10ycars@brera inaf it
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Program

Tuesday December 2, 2014

Speaker Title
Swift and the future GRB missions

09.00 09.20 TBD Welcome
09.20 09.50 Neil Gehrels Swift results & Future
09.50 10.10 Alan Wells Swift a historical view
10.10 10.30 Luigi Piro Athena and GRBs
10.30 10.50 Lorenzo Amati Possible future missions for GRBs within ESA
10.50 11.10 coffee break
11.10 11.30 Josh Grindlay Possible future missions for GRBs within NASA
11.30 11.50 Bertrand Cordier The SVOM GRB mission
11.50 13.00 Paul O'Brien Round table discussion on possible future mission for GRB studies
13.00 14.30 lunch

GRB I (physics: jets & progenitors)

14.30 15.00 Tsvi Piran Prompt emission mechanisms

15.00 15.20 Davide Lazzati Numerical simulations of GRB explosions

15.20 15.35 Hendrik van Eerten Alibrary of GRB afterglows: applicability and limitations

15.35 15.50 Contributed

15.50 16.05 Contributed

16.05 16.30 coffee break

16.30 16.50 Klaas Wiersema Polarization studies in GRB afterglows
GRB II (high-z GRBs and cosmology)

16.50 17.20 Sandra Savaglio GRB host galaxies

17.20 17.40 Ruben Salvaterra The high redshift universe as probed by GRB

17.40 17.55 Contributed

17.55 18.10 Contributed

18.10 18.25 Contributed

18.25 18.40 Contributed

Wednesday December 3, 2014

Speaker Title
GRB III (short GRBs)

09.00 09.30 Edo Berger Short GRBs: a review
09.30 09.50 Giancarlo Ghirlanda Are Short GRBs similar to long GRBs?
09.50 10.05 Contributed
10.05 10.20 Contributed
10.20 10.35 Contributed
10.35 11.00 coffee break
11.00 11.30 Enrico Ramirez-Ruiz Short GRB models
11.30 11.50 Derek Fox The ambient medium surrounding short GRBs
11.50 12.05 Contributed

12.05 12.20 Contributed



12.20

12.35
12.50

14.30
15.00
15.20
15.35
15.50
16.05

16.30
17.00
17.20
17.35
17.50
18.05
18.20
18.35

09.00
09.30
09.50
10.05
10.20
10.35

11.00
11.30
11.50
12.05
12.20

12.35
12.50

14.30
14.50
15.10
15.30
15.45
16.00

12.35
12.50

14.30

15.00
15.20
15.35
15.50
16.05
16.30

17.00
17.20
17.35
17.50
18.05
18.20
18.35
18.50

09.30
09.50
10.05
10.20

10.35
11.00

11.30
11.50
12.05
12.20
12.35
12.50
14.30

14.50
15.10
15.30
15.45
16.00
16.30

Contributed
Contributed
lunch
Low luminosity - Very Long GRBs

Re'em Sari Low luminosity GRBs and shock break outs
Andrew Levan Very long GRBs: a new class?

Contributed

Contributed

Contributed

coffee break

GRB-SNe connection
Alicia Soderberg GRB-SN connection: the Swift view

Thomas Janka GRB-SN explosions: a theory primer

Contributed

Contributed

Contributed

Contributed

Contributed

Contributed

Thursday December 4, 2014

Speaker Title
Magnetar
Chryssa Kouveliotou An observational view of magnetars
Rosalba Perna GRB and magnetars: observational predictions
Contributed
Contributed
Contributed
coffee break
Supernovae
Peter Brown Swift UVOT Ultraviolet Observations of Supernovae: Past, Present, and Future
Avishay Gal-Yam Very luminous SNe (with GRBs?)
Contributed
Contributed
Contributed
Contributed
lunch

Compact objects and the Galactic center

Julian Osborne Swift view of Novae
Jamie Kennea X-ray transients with Swift
Nathalie Degenaar The galactic center
Contributed
Contributed
coffee break

Swift catalogs



16.30 16.50 Richard Mushotzky Results from the BAT catalog

16.50 17.10 Phil Evans The XRT catalogs
17.10 17.30 Mathew Page The UVOT catalogs
17.30 17.45 Contributed

17.45 18.00 Contributed

18.00 18.15 Contributed

18.15 18.30 Contributed

18.30 18.45 Contributed

Friday December 5, 2014

Speaker Title

Tidal Disruption
09.00 09.30 Stefanie Komossa TDE: observational status
09.30 09.50 Giuseppe Lodato TDE: theory and rates
09.50 10.05 Contributed
10.05 10.20 Contributed
10.20 10.35 Contributed
10.35 11.00 coffee break

AGN - Blazar

11.00 11.30 Gabriele Ghisellini Swift and the blazars
11.30 11.50 Jonathan McKinney The central engine
11.50 12.05 Contributed
12.05 12.20 Contributed
12.20 12.35 Contributed
12.35 14.00 lunch

Multiwavelength - Multimessengers

14.00 14.20 Paolo Giommi The Swift contribution to multiwavelength campaigns
14.20 14.40 Eli Waxman GRBs and neutrino astronomy
14.40 15.00 Fulvio Ricci The detection of GW from transients: the future with Ligo and Virgo

15.00 15.20 Dieter Hartmann Concluding remarks
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Important Dates

» May 15, 2014: First Circular = ()
3 10 | 18 19 ~\J
» July 14, 2014: Second Circular and Registration open

2526 97

» September, 30, 2014:

+ Deadline for the abstract and poster submission

« Last day for early bird congress fee € 300,00
without Social Dinner and 350,00 with Social
Dinner

» October 30, 2014:
 Final program
» November 14, 2014:
« Last day for reduced congress fee € 350,00

without Social Dinner and 400,00 with Social
Dinner

From November, 15 the fee will be € 400,00 without Social Dinner and
450,00 with Social Dinner

» December 2 - 5, 2014: Conference

! swift10years@brera.inaf it L
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Registration and Conference Fee

How to Register

To register, please follow these 3 steps

1. Fill in the Registration form;

2. Complete the registration fee payment by bank transfer or credit card (please pay attention to select the right

conference);
3. E-mail us a copy of the payment swiftioyears@brera.inaf.it

Deadline for abstract submission is September, 30, 2014.

Conference Fee

Conference Fee without Social Dinner Conference Fee with Social Dinner

early bird fee |[300,00 Euro up to September, 30, 2014 | 350,00 Euro up to September, 30, 2014

reduced fee 350,00 Euro up to November, 14 2014 | 400,00 Euro up to November, 14 2014

full fee 400,00 Euro after November, 14 2014 450,00 Euro after November, 14 2014

The registration fee includes all lunches for four days, coffee breaks, conference documents.
The Social Dinner you should be requested in the registration form and the corresponding amount has to be
paid together with the fee.

Registration form

Credit Card Form please pay attention to select the right conference and the social dinner option (w or w/o)
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Bank

Cancellation Policy

If you decide to cancel your participation before August 30, 2014 the registration fee will be refunded
deducting a 30% handling fee. Between September 1, 2014 and October 31, 2014 a 50% cancellation fee will
be applied. After November 1, 2014 there will be no refund whatsoever.

Cancellations must be communicated in written form via e-mail to swiftioyears@brera.inaf.it with all details
needed for the refund.

Further information
Should you have any special request for the processing of your invoice, kindly let us know via e-mail.

In case you need a letter of invitation please send us an e-mail to swiftioyears@brera.inaf.it

! swift10years@brera.inaf it "
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Welcome SOC & LOC Program Events Registration Where Accomodation Important dates

HOTELS

The workshop will be held at La Sapienza Universiy nearby Roma Termini - the main train station of Rome.
In Rome there are many possibilities to find an hotel, so we did not make any particular effort to book an hotel.

However, we contacted the Dreamtour Italy agency that has pre-booked for us some rooms at special rates

for the period December 2 - 4 in hotels close to the Conference venue (see list below). Rooms will be kept up to
November, 15, 2014.

If you want to take advantage of this offer, please contact the agency directly. Please note that we have no
responsibility for this service.

Hotel list is included below; it comprises 4-star and 3-star hotels. All hotels have internet point connection
either in the rooms or in public areas.

Considering the high number of tourists usually visiting Rome, we strongly suggest you to book your room as
soon as possible.

4 stars:

HOTEL VILLAFRANCA, Via Villafranca 9 - Roma
DSU € 105,00

HOTEL TORINO, Via Principe Amedeo 8 - Roma
Single € 70,00 / DSU € 80,00

HOTEL GALLIA, Via Di Santa Maria Maggiore 143 - Roma
Single € 70,00 / DSU € 80,00

HOTEL VIMINALE, Via Cesare Balbo 31 - Roma
Single € 70,00 / DSU € 80,00

3 stars:

HOTEL BRASILE, Via Palestro 13 - Roma
Single € 70,00 / DSU € 85,00

HOTEL WINDROSE, Via Gaeta 39 - Roma
Single € 60,00 / DSU € 70,00

HOTEL DANIELA, Via Luzzatti 31 - Roma
Single € 55,00 / DSU € 70,00
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http://www.brera.inaf.it/Swift10/Events.html
http://www.brera.inaf.it/Swift10/Registration.html
http://www.brera.inaf.it/Swift10/Where.html
http://www.brera.inaf.it/Swift10/Accomodation.html
http://www.brera.inaf.it/Swift10/Important_dates.html
http://welcometorome.altervista.org/blog/en/
http://goo.gl/maps/iqPjg
http://goo.gl/maps/ZHHTc
http://goo.gl/maps/wgJaO
http://goo.gl/maps/dyf4k
http://goo.gl/maps/AinUF
http://goo.gl/maps/gkaW5
http://goo.gl/maps/Jbqn8
http://goo.gl/maps/nOaZu
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Single € 55,00 / DSU € 70,00

HOTEL SIVIGLIA, Via Gaeta 12 - Roma
Single € 55,00 / DSU € 70,00

HOTEL CAMELIA, Via Goito 36 - Roma
Single € 90,00 / DSU € 105,00

HOTEL PORTAMAGGIORE, P.zza di Porta Maggiore 25 - Roma
Single € 60,00 / DSU € 70,00

HOTEL BLED, Via Santa Croce in Gerusalemme 40 - Roma
Single € 55,00 / DSU € 70,00

Note: DSU is double for single use

Requests for reservation must be sent directly to Dreamtour Italy via e-mail providing the information

listed below (m.pizzichemi@dreamtour.it).

Dates of your arrival and departure

Single room or double room for single use

Name and Surname

The Hotel you would like (please indicate al least 3 preferences)
Number and expiration date of your credit card

The reservation will be done on a first come first served basis. If the required hotel will not be available, the
agency will suggest a similar hotel in the same area.

The indicated rates are per room and include breakfast, service charge and taxes (but not the city tax that
amounts to 2 € /day for a 3-star hotel, 3 € /day for a 4-star hotel per person).

The payment will be due directly to the hotel upon departure, but a credit card is needed as a guaranty for the
reservation.

Please, contact m.pizzichemi@dreamtour.it for any further information.
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ABSTRACT

We present numerical attempts of radiative transfer in a relativistic scattering flow that can produce
gamma rays using a three-dimensional Monte Carlo code. We prepared an initial background flowfield
obtained from hydrodynamical simulation of a relativistic jet in which Thomson scattering dominates
compared to absorption, and solved the radiative transfer equation for the background evolved by
a simple expansion model. Since a large number of sample particles is required for an accurate com-
putation, we have parallelized the Monte Carlo code in order to obtain solutions in a practical compu-
tational time even for a long-term simulation coupled with a time-dependent flowfield. Using this code,
higher parallel efficiency is achieved with larger number of particles. The obtained light curve from the
simple model shows a signal of the transition from the opaque post-shock flow to the transparent regime
as the flow expands, and the high-energy photons are generated by not only the Doppler boosting but
also the inverse Compton scattering.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Origin of gamma-ray bursts (GRBs) has intensively investigated
by many authors, so far. Although it is considered that GRBs are
associated with formation of a black hole caused by neutron star
merger [1] or with hypernovae that is much more luminous and
energetic than ordinary supernovae (SNe) [2], the issue how GRBs
are produced is still controversial. There is also an observational
evidence that links at least some GRBs to core-collapse SNe [3]. SNe
are commonly expected to be a feasible candidate creating such
huge energy; however, it is difficult to discuss in terms of energy
generation because of their isotropic energy emission [4]. On the
other hand, around collapsing massive stars, directional flows
within narrow area are formed with extremely high velocity
approaching to almost speed of light [5—7]. Such collimated flows
are called relativistic jets. Relativistic jets are also thought to play
important roles on GRBs because it is easier to discuss about
problems of energy generation if GRBs are emitted by the colli-
mated relativistic flow [4].

Multi-dimensional dynamics of relativistic jets has been
numerically investigated through an envelope of collapsing

* Corresponding author.
E-mail address: ohnishi@rhd.mech.tohoku.ac.jp (N. Ohnishi).

1574-1818/$ — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.hedp.2013.01.002

massive star in the context of GRBs [5,8,9]. The jet propagation
beyond a stellar surface has been simulated with an inference that
a hot jet produces very bright photospheric emissions yielding
a high radiative efficiency in the prompt phase of GRBs [10,11]. The
radiative efficiency of the prompt GRBs may be also explained by
taking into account pair photospheres and pair annihilation lines
[12]. Recently, the photospheric emissions were identified for some
long-duration GRBs [13,14]. Moreover, in spite that the locally
emerging photons are thermal even in relativistic flows, since an
observer simultaneously sees photons emitted from different an-
gles, hence with different Doppler boosting, the observed spectrum
becomes a multicolor blackbody [15].

A Monte Carlo technique is useful for dealing with propagation
of photons, and emissions of X-ray and gamma ray can be discussed
in a relativistic flow using this technique [16—18]. Although three-
dimensional Monte Carlo simulation has been performed in the
context of SNe [16,18], a comprehensive assessment for GRB origins
needs a coupling computation with the relativistic jet dynamics.
However, in order to take into account multi-dimensionally astro-
physical phenomena, we generally require huge computational
cost. So, we have developed a parallelized Monte Carlo code for
solving the radiative transfer equation, which can be coupled with
relativistic flow computation. Some test computations were carried
out in a spherical flow in order to measure a computational
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efficiency of our code, and the obtained light curve and emission
spectrum with a simple expanding model are presented.

The organization of this paper is as follows. In the next section,
we present numerical modeling of radiative transfer in this study. A
simple model of relativistic expanding flow is introduced in Section
3 for examining an initial value problem based on relativistic jet
solution. In Section 4, computational efficiency of our parallelized
Monte Carlo code is assessed with a large number of sample parti-
cles aiming to show a feasibility of future large-scale computing.
Physical interpretation of the obtained light curve and spectrum is
also addressed in Section 5 to validate our numerical modeling.
Then, we conclude this paper in Section 6.

2. Numerical modeling of radiative transfer
2.1. Basic equation

We calculate photon transport in a background flowfield in or-
der to simulate gamma-ray flash from a relativistic jet. Therefore,

we need to solve the radiative transfer equation including gamma-
ray regime. Radiative transfer equation is written by

10

Planck constant, and n is the number of photons in the packet. The
emission coefficient is given by bremsstrahlung

32n/ 2w \ /% Z72e6
3kgTme

j(l}7 T)dl/ = T W]\LFNeeihv/kBle/, (2)
e

where kg, me, Z, e, ¢, N, and N, are Boltzmann constant, electron
mass, atomic number, elementary charge, speed of light, ion
number density, and electron number density, respectively [19].
No line emission is included in the present paper. For the
bremsstrahlung emission, emission power é at any position is
described as the spectral integration of the emission coefficient
given by

32m 2wk T\ 1/? 7266
- B) (3)

e = /](V, T)dv = T(—3me me3h +Ne.
0

The total emission power & over the entire flowfield can be
obtained as a product of é and the total cell volume. Setting N as the
number of packet emitted during At, the holding energy for single
packet in a certain simulation step is given by

(— —-‘rQ‘V)I(r,Q,v, t) = j(v, T)+% // J(v)1<r, Q’,u’,t)¢(g’,g,v’,u)du’dg’ — [k(v) + a()]p(r, OI(r, Q,v, 1), 1)

c ot

where I(r,Q,v,t) is the specific intensity as a function of the position
r, the traveling direction €, the photon frequency », and the time t.
The variables j, k, p, and ¢ are the emissivity, the absorption cross-
section, density, and the scattering cross-section, respectively. The
emissivity j depends on the matter temperature T. The scattering
kernel ¢(€',Q,v,v) is defined by the incident direction €', the
incident frequency v/, the scattered direction , and the scattered
frequency ». Note that if the scattering is isoenergetic such as
Thomson scattering, v/ = v.

In order to assess radiation transfer in scattering media, we need
to solve the differential—integral equation (1) for I. However, since I
depends on seven independent variables of three spaces, two di-
rections, frequency, and time, it is difficult to obtain analytical so-
lution. Even if we numerically try to solve the radiative transfer
equation using finite difference manner, solution cannot be
obtained in a practical resolution with reasonable computational
costs. Therefore, in this work, we employ Monte Carlo method that
is relatively facile to solve the radiative transfer equation including
scatterings.

2.2. Monte Carlo method

Monte Carlo method is a technique that stochastically sol-
ves the transfer equation by tracking a large number of parti-
cles. Using Monte Carlo method, we can obtain an approximate
solution of the transfer equation with reasonable computa-
tional costs. The remains of this section are devoted to describe
the physical elements and numerical procedures of our Monte
Carlo code.

2.2.1. Packet setting

A cluster of photons having single frequency is considered as
a sample particle used in Monte Carlo method. Hereafter, we call it
as packet. The packet has energy of ¢(v) = nhv = nE, where h is

£
€0 =N

Since ¢y is the energy in comoving frame (CMF), we need to
transform it to that in observed frame (OF) in order to move the
packets in a free path. We also randomly set initial frequency of
packet vg in the CMF within the range from 10" to 10?* Hz, and
transform it to that in the OF as well.

We randomly set the initial position of the emitted photon in
the entire flowfield using random numbers. Also, the initial direc-
tion of the photon is set by two random numbers with the
assumption of isotropic emission in the CMF; the initial direction
vector Qg = (sinfcosg, sinfsing, cosf) can be expressed by

At. (4)

cosf =12z, (5)

¢ = 27z;, (6)

where z; and z; are random numbers for the direction. After the
initial packet position is set in the OF, the traveling direction Qg in
the CMF is Lorentz-transformed using the flowfield (background)
velocity at the corresponding position to obtain the direction vector
Q in the OF. Using the direction Q and the flowfield velocity v, the
Lorentz-transformed frequency » and packet energy ¢(v) are given
by

1 _ 2
e @
1-— (v/c)?
e(v) = SOT'V/C’ (8)

respectively, in the OF.
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2.2.2. Scattering and absorption of optical ray

In the Monte Carlo sequence, photons should be categorized
into some energy groups because they have different types of
scattering cross-sections depending on their energy regime. We
categorize them into two groups in this paper, and the lower-
energy photons are hereafter called ‘optical’, while the higher-
energy group is expressed by ‘gamma ray’. In this work, we set
the absorption cross-section for optical ray using Kirchhoff’s law

j(U7 T) 2hv3€—hv/kBT. (9)
pko(v) 2

Total cross-section of the Thomson scattering is given by
or = /da(Ql) = 83—77r92, (10)

where r, is the classical electron radius. We estimated the electron
number density n, by assuming that the species involved in the
background is only fully-ionized helium gas. Therefore, we can
determine the mass scattering cross-section ¢q for optical ray as
a0 = a1he/p. Since the above cross-sections are defined in the CMF,
they should be Lorentz-transformed for free path estimation in the
OF

1 - (v/c)?
M e

V11— (w/c)?
1-Qv/c’

(11)
k(v) = ko(v)

The optical ray is scattered or absorbed after traveling the free
path ds. These events are simpler to be considered in the OF than
the CMF. When the random number z holds z < ¢/(¢ + k(v)), the
event is scattering; otherwise it is regarded as absorptlon. In the
Thomson scattering, if the incident light is scattered, the energy of
it in the CMF is fully transferred to the scattered light, so that
Ey = Egp, where E|, is the post-scattering energy. The scattered an-
gle and direction are determined by the direction vector of the
incident light Q¢ in the CMF. If the absorption to the matter occurs,
we assume that the absorbed energy is quickly re-emitted as a new
optical ray. The direction of the re-emitted light Qj is isotropic in
the CMF, so that cos® = 1 — 2z; and @ = 27z, where 0 is the
scattering angle. We also reset the energy Ej from j(v,T). The post-
event variables Q' F, and ¢ in the OF are transformed from
Q. Ejy, and ¢} in the CMF, respectively.

2.2.3. Scattering and absorption of gamma ray

The gamma ray leads to the Compton scattering or photoelectric
absorption by interaction with the matter after free traveling in a certain
distance. The gamma-ray free path is determined by cross-sections of
these events and the matter density. If the gamma ray is scattered or
absorbed, its energy is transferred to the scattered light and the matter,
and finally to the optical ray. Generally, the cross-sections for the
Compton scattering and the photoelectric absorption depend on the
incident light energy. Therefore, we should care about the gamma-ray
energy Eg = hvg in the CMF in order to obtain these cross-sections.

The scattering cross-section in the CMF can be estimated by
integrating the Klein—Nishina formula for solid angle

00N By, @) = S re{f(Fo. 6) ~ 2 (Eo, O)sin’6 + f2(Eq. )} (12)

where f. is given by f. = 1/[1 + x(1 — cos0)] for x = Eg/(mec?). The
mass cross-section og is determined with the above cross-section,

the mean mass 7, and the mean atomic number Z in the given
cell, so that g = ognZ/m, where agn(Eg) = [dokn/0Q(Eo,Q)dQ.

Because it is difficult to derive the absorption cross-section
ko(Ep) in the CMF, we approximate it by power of Eg based on the
absorption cross-section of the reference energy. In this paper, we
use 100 keV as the reference, and the absorption cross-section is
represented by

_ 1,100 Eg -3
ko(Eo) = kb (mom 7 (13)

where ,{(1)00 is the absorption cross-section for 100-keV gamma ray.
The reference cross-section is obtained from the fraction of each
species f; and the corresponding absorption cross-section kloo for
100-keV gamma ray as follows:

ko0 — Z fikd. (14)

The fraction f; is determined by the composition in each cell, and
the experimental values are used for kwo Transforming ko and g¢ in
the CMF to the OF, the correspondmg values k and ¢ are obtained,
respectively.

After traveling the free path s in the direction Q, the gamma ray
is scattered or absorbed. Probability of the events is proportional to
each cross-section in the OF. Thus, if the random number fulfills the
condition that z < ¢(E)/(a(E) + k(E)), the Compton scattering occurs,
but otherwise the photoelectric absorption does. We then should
consider these events in the CMF.

If the event is the Compton scattering, the scattering angle ® can
be determined by random number z with Klein—Nishina formula

[C]

dokn (Eg, ® /
= d@ . 15
~ ok (E / 00’ (15)

0

Moreover, the angle @ in a plane perpendicular to Qg is
randomly chosen by ¢ = 27z. Since a part of energy of the incident
light is transferred to the electron, fraction of the incident light
energy to the kinetic energy of the scattered electron is introduced
by f. for energy conservation in the CMF. In order to keep number
of particles through the events, all the energy of the incident
packet is transferred to either the scattered light or the scattered
electron, but the probability of the destination is proportional to
the fraction f..

In the case that z < f;, the energy of the scattered light is
E) = fcEo. So, we have to determine the traveling direction Qf from
Qo, O, and @. Using the direction vector Q' in the OF transferred
from Q, the energy of the scattered light E’ in the OF becomes

E = Ej\/1-(v/0)?/(1-2"v/c), and the

1- (v/c)z/(l — Qr-v/c). In the case that z > f, the packet
energy is transferred to the scattered electron. Because the electron
free path is much shorter than that of light, we assume that the
electron is quickly thermalized, and all the electron energy is used
to generate a new optical ray. We also do not take effect of electron
spectra into account by a proper sampling of electron energies for
simplicity. We should deal with this effect in a realistic simulation.

If the event is the photoelectric absorption, the background
atom is ionized by the incident light. A part of energy is consumed
for the ionization, and the residual energy is transferred to the ki-
netic energy of the librated electron and the ion. However, one can
consider that the electron and ion are quickly thermalized as well
as the scattering event. The ion rapidly returns to the former state
and emits a light which has much lower energy than the original.

packet energy
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Therefore, in the case of the photoelectric absorption, all the energy
is assumed to be transferred to the optical ray, ie., &5 = £o. This
optical ray is also emitted isotropically in the CMF, and its frequency
is randomly chosen as obeying Planck function.

2.24. Free path of photon

The free path of photon ds between the events depends on the
cross-sections in the OF. The optical depth of the matter corre-
sponding to ds is given by

T = (a(E) + k(E))pds. (16)

The free path of the photon is determined by probabilistic
manner using 7. If the radiative transfer equation includes only
dissipation term relevant to the absorption and scattering, it is
reduced to the following form:

dI(E, 1)
dr

Therefore, the incident intensity I(E,0) drops exponentially with

= —I(E,1).

T
I(E,7) = I(E,0)e". (17)

This shows the probability that the photon freely travels to T can
be represented by

p(r) = 11((58)) — e (18)

When the uniform random number for the free path equals to
the integrated probability in the following form:

T
z= /p(f’)df’,
0

the free optical depth is readily expressed with it
T = -In(1-2). (19)

Therefore, the flying distance of the photon ¢s is given by

(0(E) + k(E))pds = —In(1 — 2). (20)

Also, the time duration 6t = ds/c takes while the packet travels in
o0s. The time t for the packet should be incremented to t + dt be-
tween the events.

2.2.5. Observed time
Reaching the boundary of the flowfield and escaping from there,
the photon is added to the observed signal. However, the observed
time is different for the escaped position of each photon, so we
need to translate the escaped time toy¢ to the observed time tops.
As shown in Fig. 1, the observed time of the photon that escapes
at toy: from the position R in the direction Q is written by

2 2 .

tobs = tout + M7 (2])
where L is the distance vector from the center of the flowfield to the
observer, and R is the absolute value of R, i.e., the distance from the
center of the flowfield. Since the direction of the escaped photon
can be expressed by Q = (L — R)/|L — R|, the inner product in Eq.
(21) is written with Q

L'R = R>+|L—RQR. (22)

observer

object

Fig. 1. Positional relation among object center, escape point, and observer.

With the assumption that the absolute value of L, L, is much
larger than R, we can approximate the observed time as follows:

V12 +R2 - 2(R2 + |L— R|2-R)

fobs = fout + C
e k(R > 2IL-R|QR
= lout c L L2 7 (23)
et L(q _L-RQR
~ lout c L2
. L _oR
Slout T

Although the above equation includes the term of L/c, we are not
concerned with the concrete distance between the object and the
observer. In terms of the purpose to plot a light curve, we can
neglect this term with the assumption that the center of the
flowfield does not move against the observer. So, in this paper, we
use the observed time defined by

QR
tobs = tout — T (24)
As found in the above discussion, R does not need a constant
value. Thus, this formula can be applied for non-spherically sym-
metric flowfield. We consequently obtain the luminosity by sum-
ming of packet energy ¢, that escapes from the flowfield within

[thss tg‘gsl], where the superscript n denotes the simulation step.

3. Background flowfield

Three-dimensional Monte Carlo simulations of radiative trans-
fer are carried out based on hydrodynamical data of the relativistic
jet [5] in which the Thomson scattering dominates compared to
absorption. Using axial data from the MHD simulation, as initial
conditions, we prepared one-dimensional spherically expanding
flowfield that transits from optically thick to thin. The initial con-
ditions of this relativistic flowfield are displayed in Fig. 2.

Our Monte Carlo code takes into account the Thomson and
Compton scatterings and the absorption with regarding the emit-
ted photons.

For the background flowfield, the polar coordinate system is used.
In each computational cell, physical quantities are assumed to be
uniform and constant at each cell within the time step At. Photons
experience several cells in At when they travel especially in the opti-
cally thin region. In this paper, the background profiles change with
time increment by following a simple model described below, but no
constraint appears for time step because of no characteristic wave in
the model. Therefore, we set time step to Aty 1 = Aty/(1—Npocol/
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(a) S S— (26)
1 _ 2
& 12 ] V1 - (/)
g 10 If the radial coordinate constantly expands with the initial po-
o sition rg and flow velocity v as follows:
52 -
5 8 r=ro+ut, (27)
2 6 1 the density is determined by Eq. (25). Assuming that the radiation
(2] . . P
c 4 ] pressure dominates in the flowfield, radiation pressure p, may obey
3 the polytropic gas relation with the obtained density
2 i r
pv = Kp~, (28)
O L
0O 1 2 3 4 5 6 7 8 9 10 where K is the constant determined by the initial condition, and I is the
polytropic constant; I' = 4/3 in this paper. The pressure is also related to
the temperature T through the equation of blackbody radiation
T T T 40'
(b) 3p, = T (29)
- As the spherical flow expands with the relativistic velocity, the
2 density and the pressure rapidly drop down. This leads to the
- photon break-out due to the transition from opaque flow to
% transparency. In the later time, however, the emission cannot sus-
Y tain large photon generation because the temperature falls with the
o pressure.
o Although pair production is actually dominant as absorption
2 process in high-energy gamma ray, we assume that it rarely occurs
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perature profile obtained from the relativistic jet simulation [5]. %
ny x 0.1), where npoco) is the number of photons that never collide f__g 40
during one time step, and n,y is the number of all photons in that step. 8
From single snapshot of the hydrodynamical data (Fig. 2), the 20 t ]
background flowfield is obtained by solving the continuity equation
in spherical Lagrangian coordinate [20] under the assumption of (b) ' i
constant velocity expansion 0 1 1 1 1 1 1

dm = 4nrdryp,
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where m is the mass coordinate, r is the radial coordinate, and v is
the Lorentz factor defined by the flow velocity v

number of processors

Fig. 3. (a) Speed-up ratio and (b) parallel rate measured by the developed Monte Carlo
code.
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and the Compton scattering is still dominant because the atomic
number is low in this model [21]. Similarly, gamma—gamma ab-
sorption is also not taken into account in this simulation. These
effects should be treated in a realistic simulation.

4. Parallel computation

Since a large number of packets and long-term tracking in
a scattering medium are required for an accurate prediction of
light curves and emission spectra with less statistical errors,
Monte Carlo simulation needs huge computational loads. Our
parallelized Monte Carlo code achieves a high parallel efficiency
that helps us to obtain solutions in a practical computational time.
Computational speed-up ratio S, and parallel rate P are defined by

Sn = Tnz (30)
T

p==2 31
Trot S

respectively, where Ty, Ty, T, and Tior denote time of single com-
puting, time of parallel computing with n processors, time of
computing the parallelized part, and time of computing all the
parts, respectively. The parallel computing was carried out using up
to 128 cores on the SGI AltixUV1000 equipped with maximum 512
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Fig. 4. Obtained (a) light curve and (b) spectrum of photon number flux from the
spherically expanding relativistic flow.

cores of Intel Xeon X7560 at the Institute of Fluid Science, Tohoku
University, with Message Passing Interface (MPI) library.
Speed-up ratio increases as the number of particles increasing,
where the number is defined by particles added in a single time
step (Fig. 3(a)). When the number of particles is 10%, the Monte
Carlo computing is highly accelerated in contrast that the parallel
computing speed is not so faster than single computing speed with
the number of particles of 104 However, the parallel rate decreases
with increasing number of processors (Fig. 3(b)) because the par-
allelized part for each CPU decreases with increasing the number of
processors. On the other hand, since the parallelized part is devoted
to track photons assigned to each CPU, the fraction of it in the entire
computation increases with increasing the number of particles.

5. Light curve and spectrum

We conducted radiative transfer computations in the relativistic
flow with the simple expanding model and obtained the light curve
and the spectrum of the photon number flux (Fig. 4). In this case, 10°
of packets were added in a single time step. The light curve is found
in a power-law with t 3. Observed light curves usually show the
feature that decreases linearly with time in double logarithm plot as
found here [22]. Moreover, the escaped photon energy after the peak
is close to total emission power because the flowfield becomes
optically thin. In such a transparent regime, emission flux should be
proportional to TS, where S is the emission area. The term of T* is
determined from p, by Eq. (29) and is then proportional to pF from
Eq. (28). Since the constant expansion r « vt is assumed, p and S
proportionally grow with (vt)~> and (vt)?, respectively. Considering
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Fig. 5. Time evolution of (a) temperature and (b) optical depth in the mass coordinate.
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that I = 4/3, we obtain the relation of T*S « t 2. After differentiating
this with respect to t, we can estimate that time variation of the
escaped photon energy is proportional to t 3. In Fig. 4(a), a part of
the light curve is not proportional to t=3 from 10 to 10* s. It may
come from the fact that the flowfield changes from optically thick to
intermediate in that duration. As shown in Fig. 5, the optical depth t
is unity in the high temperature region at around 10* s, so that
almost all of emitted energy is radiated as the escaped energy.

The spectrum of photon number flux is compared with the
Planck distribution of 300 eV which is a typical value in the initial
high temperature region. The number flux is defined by

Nesc/At  R?
“arR? @7
where Ngg is the escaped photon number and d denotes the dis-
tance between the outer radius and the observer (10 Mpc). We can
find that the peak energy of the spectrum is almost 10% higher than
that of the Planck distribution because of the Doppler boosting
owing to the relativistic flow velocity. Higher-energy photons are
also found, which may come from the inverse Compton scattering.
Time evolution of the arbitrarily selected photons during the single
time step at At = 550 s shows that the photon energy increases

(32)
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Fig. 6. (a) Time evolution of trajectory and energy of arbitrarily selected two photons

that gain extremely high energy through multiple scatterings and profiles of (b) Lor-
entz factor and (c) density in a single time step of 850—1400 s.

repeating the scatterings in the relativistic flow as shown in Fig. 6.
This may result from high Lorentz factor at near edge of the flow-
field, in which the flow velocity is almost speed of light. High
density in such region is also responsible for generating high-
energy photons because the photons are easily to be scattered
many times. Note that Fig. 6 is a close-up view for drawing scat-
tering trajectories, and the photons continue to travel after this
time step.

6. Conclusion

Parallel Monte Carlo code simulating radiative transfer in a rel-
ativistic flow has been developed to examine a feasibility that
a relativistic jet formed around a collapsing massive star that be-
comes an engine of GRBs. The code can describe photon traveling
over the flow in the OF and scattering and absorption processes in
the CMF in order to figure light curves and spectra found by a dis-
tant observer. High parallel efficiency was achieved with the
developed code, and preliminary simulations were carried out with
a simple background model of relativistic spherical flow.

Since a large number of particles is required for obtaining reli-
able results with the Monte Carlo code with less statistical error,
parallel computing is a lifeline toward future large-scale compu-
tations coupled with a flowfield given by multi-dimensional hy-
drodynamical simulation. We parallelized the Monte Carlo code
using MPI, and performance of parallel computing was measured
with over a hundred of processors. As a result, the parallel effi-
ciency approaches to ideal one when 10° particles are added in the
single simulation step while it becomes worse with the smaller
number of particles because the fraction of the parallelized part, i.e.,
photon tracking part in a computational sequence decreases for
that case. In other words, the developed code must show higher
performance with a larger number of particles for attaining an
accurate prediction from a long-term relativistic flows on a mas-
sively parallel computer system.

The preliminary simulation of radiative transfer with the simple
expansion model produces gamma-ray emission through the
Doppler boosting and the inverse Compton scattering even with
the initial matter temperature of ~300 eV, which is given by
a snapshot of the preprocessed relativistic jet simulation. The
obtained light curve shows a power-law feature widely found in the
actual observation of GRBs. As the background matter expands, the
observed emission grows up due to a transition in the post-shock
dense region to diffusive regime with deviating from the power-
law. However, at the later time, the light curve obeys the power-
law again because photons freely travel away in the entire flow-
field. The high-energy plateau is also found in the obtained spectra
at the early time because some optical rays, which first travel in-
ward and is scattered to outward, are pumped up by the inverse
Compton scattering within the dense region.

The relativistic jet from the collapsing massive star has high
Lorentz factor flow in which the velocity is almost speed of light.
Although such flowfield can produce gamma rays in the processes
as shown in this paper, bridging data between the hydrodynamic
simulation and the Monte Carlo transfer is not straightforward
since a simple interpolation of the flow velocity fails due to the
causality break resulting from the round-off error. Nevertheless, we
should address the coupling computation with the relativistic flow
because it must arouse a controversy of the GRB origin.

References

[1] S.E. Woosley, Astrophys. J. 405 (1993) 273.

[2] B. Paczynski, Astrophys. J. 494 (1998) L45.

[3] S.E. Woosley, ].S. Bloom, Annu. Rev. Astron. Astrophys. 44 (2006) 507.
[4] P. Meszaros, Rep. Prog. Phys. 69 (2006) 2259.



A. Ishii et al. / High Energy Density Physics 9 (2013) 280—287 287

[5] H. Nagakura, H. Ito, K. Kiuchi, S. Yamada, Astrophys. J. 731 (2011) 80.
[6] J.K. Cannizzo, N. Gehrels, E.T. Vishniac, Astrophys. J. 601 (2004) 380.
[7] H. van Eerten, W. Zhang, A. Macfadyen, Astrophys. J. 722 (2010) 235.

[8] A.Mizuta, T. Yamasaki, S. Nagataki, S. Mineshige, Astrophys. J. 651 (2006) 960.

[9] A. Mizuta, M.A. Aloy, Astrophys. J. 699 (2009) 1261.
[10] D. Lazzati, B.J. Morsony, M.C. Begelman, Astrophys. J. 700 (2009) L47.
[11] A. Mizuta, S. Nagataki, ]. Aoi, Astrophys. J. 732 (2011) 26.

[12] K.Ioka,K.Murase, K.Toma, S. Nagataki, T. Nakamura, Astrophys. ]. 670 (2007) L77.

[13] AA. Abdo, M. Ackermann, M. Ajello, et al., Astrophys. J. 706 (2009) L138.
[14] F. Ryde, M. Axelsson, B.B. Zhang, et al., Astrophys. ]. Lett. 709 (2010) L172.

[15] A. Pe’er, F. Ryde, Astrophys. J. 732 (2011) 49.

[16] K. Maeda, Astrophys. ]. 644 (2006) 385.

[17] A. Suzuki, T. Shigeyama, Astrophys. J. 719 (2010) 881.

[18] L.B. Lucy, Astron. Astrophys. 429 (2005) 19.

[19] Y.B. Zel'dovich, Y.P. Raizer, Physics of Shock Waves and High-temperature
Hydrodynamic Phenomena, Dover, 2002.

[20] Y.A. Urzhumov, Gravit. Cosmol. 8 (2002) 222.

[21] G. Nelson, D. Reilly, in: D. Reilly, et al. (Eds.), Sec. 2 in Passive Nondestructive
Analysis of Nuclear Materials (1991). LA-UR-90-732.

[22] D.E. Reichart, Astrophys. J. 521 (1999) L111.



