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ABSTRACT

Physics of Gamma-ray Bursts and Multi-messenger Signals from Double
Neutron Star Mergers

by
He Gao

Dr. Bing Zhang, Examination Committee Chair
Professor of Physics
University of Nevada, Las Vegas

My dissertation includes two parts:

Physics of Gamma-Ray Bursts (GRBs): Gamma-ray bursts are multi-wavelength
transients, with both prompt y-ray emission and late time afterglow emission observed
by telescopes in different wavelengths. I have carried out three investigations to un-
derstand GRB prompt emission and afterglow. Chapter 2 develops a new method,
namely, “Stepwise Filter Correlation” method, to decompose the variability compo-
nents in a light curve. After proving its reliability through simulations, we apply
this method to 266 bright GRBs and find that the majority of the bursts have clear
evidence of superposition of fast and slow variability components. Chapter 3 gives a
complete presentation of the analytical approximations for synchrotron self-compton
emission for all possible orders of the characteristic synchrotron spectral breaks (v,,
Vm, and v.). We identify a “strong absorption” regime when v, > v, and derive the
critical condition for this regime. The external shock theory is an elegant theory to
model GRB afterglows. It invokes a limit number of model parameters, and has well
predicted spectral and temporal properties. Chapter 4 gives a complete reference of
all the analytical synchrotron external shock afterglow models by deriving the tem-
poral and spectral indices of all the models in all spectral regimes. This complete
reference will serve as a useful tool for afterglow observers to quickly identify relevant

models to interpret their data and identify new physics when the models fail.
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Milti-messenger signals from double neutron star merger: As the multi-messenger
era of astronomy ushers in, the second part of the dissertation studies the possi-
ble electromagnetic (EM) and neutrino emission counterparts of double neutron star
mergers. Chapter 6 suggests that if double neutron star mergers leave behind a mas-
sive magnetar rather than a black hole, the magnetar wind could push the ejecta
launched during the merger process, and under certain conditions, accelerates it to
a relativistic speed. Such a magnetar-powered ejecta, when interacting with the am-
bient medium, would develop a bright broad-band afterglow due to external shock
synchrotron radiation. We study this physical scenario in detail, and present the
predicted X-ray, optical and radio light curves for a range of magnetar and ejecta
parameters. Chapter 7 applies the model to interpret one optical transient discov-
ered recently. In chapter 8, we show that protons accelerated in the external shock
would interact with photons generated in the dissipating magnetar wind and emit
high energy neutrinos and photons. We find that ~PeV neutrinos could be emitted
from the shock front as long as the ejecta could be accelerated to a relativistic speed.
These events would contribute to the diffuse Pev neutrino background and sub-Tev

gamma-ray background.
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PART 1

PHYSICS OF GAMMA-RAY
BURSTS



CHAPTER 1
INTRODUCTION OF PART I

Gamma-Ray Bursts (GRBs) are the most extreme explosive events in the universe.
The fascinating GRB story started in the late 1960s, when they were first detected
by the Vela satellites (Klebesadel et al., 1973). The name “Gamma-Ray Bursts”
was first proposed in Klebesadel et al. (1973), since they were found to be short,
intense, and non-repeating flashes of ~ MeV ~-rays at that time. Later on, people
found that the initial burst is usually followed by a longer-lived broad band emission
(X-ray, ultraviolet, optical, infrared, microwave and radio), inferring that GRBs are
actually multi-wavelength transients instead of simple bursts in ~-rays. The initial
~v-ray emission is then often called “prompt emission” and the longer wavelength
emission is often called “afterglow emission”. Thanks to the detection of afterglow
emission, the cosmological origin of GRBs was confirmed. The isotropic-equivalent
energy released in one individual GRB could be 10 ~ 10% ergs, and the luminosity
of prompt phase could be 1047 ~ 10%3erg s~! (Zhang and Mészdros, 2004a), a million
times larger than the peak electromagnetic luminosity of a supernova, people thus
title GRBs as the most luminous explosions in the universe. Hereafter the convention
Qs = /107 is adopted in cgs units throughout the dissertation.

Thanks to the smooth handover of several space-borne high energy telescope mis-
sions: Compton Gamma Ray Observation (CGRO); BeppoSAX mission; NASA mis-
sions Swift and Fermi, the field of GRBs has rapidly advanced. Every time when a
new mission unveiled a new temporal or spectral window, a rich trove of new phe-
nomenology could be uncovered. While solving some old problems, new questions
and challenges are raised, keeping the GRBs field remain active and relatively young.
The statistical analysis of certain samples of observational data, or the study of some
specific bursts have triggered a lot of hot topics in the GRB field, such as classifica-

tion, progenitor, central engine, ejecta composition, energy dissipation and particle



acceleration mechanism, radiation mechanism, long term engine activity, external
shock afterglow physics, origin of high energy emission, cosmological setting and so
on (Zhang, 2011b).

In the literature, there are several expert reviews about GRBs (Mészéros, 2002;
Zhang and Mészaros, 2004a; Piran, 2004; Zhang, 2007b; Gehrels & Razzaque, 2013;
Zhang, 2014), one can refer to those papers for the details of GRBs. Here I would give
a general picture of “physics of GRBs” by answering a couple of simple physical ques-
tions: (1) Where does the huge amount of energy come from? Such energy released
in short variability timescale (down to milliseconds) would lead to the “compactness
problem” (Ruderman, 1975), requiring relativistic motion for the GRBs ejecta to
solve the problem. (2) What is the relativistic effect then? (3) How could the ejecta
get acceleration to ultra-relativistic regime? (4) How could this energy be converted
into the observed radiation?

I want to acknowledge that the general framework and some derivations of the
following discussion is based on the lecture notes of “Gamma-Ray Bursts”, taught by
Prof. Bing Zhang in UNLV. For equations that taken from the notes, I will cite as
“GRBs notes”.

Where does the Huge Amount of Energy Come From?

Two scenarios are usually invoked as the central engine to power the GRBs: hyper-
accreting black holes (BH) (Paczynski, 1998; Mészaros and Rees, 1997a) or rapidly

spinning magnetars (Usov, 1992).

Hyper-accreting black holes

If GRBs are powered by accretion onto the BH, to achieve the required luminosity

for GRBs, the accretion rate should be (GRBs note)



L
—L =056 Mos™' n_oL, 5. (1.1)
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Due to high accretion rate, the accretion flow is extremely hot, the disk becomes
dense and hot enough in the inner region, with neutrino-dominated cooling. On the
other hand, the accreting BH could carry large angular momentum, since the BH is
likely formed in a rapidly rotating core and it could also be spin-up by the accretion
disk. For such a fast spinning BH with hyper-accretion disk, energy can be extracted
to power GRBs by (1) neutrino annihilation process from the hot disk or by (2)
large-scale magnetic field from the rotating BH.

(1) Neutrino annihilation Model

Under the hyper-accretion situation, the gas photo opacities are so high that
radiation would be trapped (Katz, 1977; Begelman, 1978; Abramowicz et al., 1988).
But neutrinos could still escape and tap the thermal energy of the disk produced by
viscous dissipation. Nevertheless, neutrino annihilation along the spin axis can drive
a hot jet in regions of low baryon density, and the jet power is defined by the neutrino
annihilation power E,,,;.

One popular method for numerically calculating E,, is proposed by Popham et
al. (1999): the disk is modeled as a grid of cells in the equatorial plane. A cell k
has its neutrino mean energy 5{2 and luminosity l’,fi, and the height above (or below)
the disk is d;. Neutrinos from cell £ would encounter antineutrinos from another cell
k" at angle . Then the summation over all pairs of cells could give the neutrino

annihilation power at that point,

. [ — ,
Bp= Ay 5> el + )1 - costiu) +
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where A; =~ 1.7 x 107" cm -erg™2-s7! and Ay ~ 1.6 x 107°% cm - erg=2 - s7!. The
total neutrino annihilation power is obtained by integrating over the whole space
outside the BH and the disk.
Recently, Zalamea & Beloborodov (2011) obtained a power-law fit for numerical
results of EW as
Eyp 11 x 107() 48 hle) 32
0 m < Mgy
X8 A g, < < e ¢ €18 S (1.3)

9/4 . .
mtrap m > mtrap

where 714, and 1i,,, are two critical accretion rates. If m < rhjgy,, the disk temper-
ature is not high enough to ignite the neutrino emitting reactions. If m > 1y
the emitted neutrinos become trapped in the disk and advected into the black hole
Zalamea & Beloborodov (2011) .

(2) Magnetic Model

Blandford & Znajek (1977) proposed that the BH horizon and the remote astro-
physical load are connected by the open magnetic field lines, so that energy and angu-
lar momentum could be transported from the spinning BH to the remote load. Such
energy extracting mechanism is usually referred as BZ process, which could power
GRBs when the magnetic field of BH is strong enough (Paczynski, 1998; Mészaros
and Rees, 1997a; Lee et al., 2000). Here I present the main results of this model.

The rotational energy of a BH with angular momentum J is a fraction of the BH



rest energy M,c?,

M,
E, =18 x 10* frot(a.)ﬁerg, (1.4)
O]

frot(ao) =1- \% (1 + Q)/Q? (15)

where ¢ = /1 — a2, and a, = J,c/GM? is the BH spin parameter. For a maximally
rotating BH (as = 1), f(1) = 0.29.
The BZ jet power is (Lee et al., 2000)

Ep = 1.7 x 10°°a%(M,/M)*(B, /10°G)?F (a,) erg s %, (1.6)

where

F(al) = [(1+¢*)/¢*|[(q + 1/q) arctang — 1], (1.7)

q= a./(1+ﬂ), and 2/3 < F(a,) < m—2 for 0 < a, < 1. It apparently depends
on M,, B,, and a, and strong magnetic field of ~ 10'°G is required to produce the
high luminosity of GRBs (Lee et al., 2000).

Since the magnetic field on the BH is supported by the surrounding disk, one can
estimate its value by assuming the balance between the pressure of the magnetic field

on the horizon and the ram pressure of the innermost parts of an accretion flow (e.g.

Moderski et al. (1997)),

B2 Macc
8_7:' = Pram ~ PC2 ~ c

(1.8)
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We can then rewrite the magnetic power as a function of mass accretion rate as

. M
Fp =9.3 x 1053a2M

= X (a,) erg s7*, (1.9)

-1

where

X(ae) = F(as)/(14+ /1 —a2)*. (1.10)

It is found that X(0) = 1/6, and X (1) = m — 2. In general, a faster BH spin is
more favorable for GRB production, as revealed also by recent GRMHD numerical

simulations (Nagataki, 2009, 2011).

Millisecond magnetar

Besides hyper-accreting black holes, rapidly rotating neutron stars with surface
magnetic fields of order ~ 10 G ( and higher), often called “millisecond magnetars”,
also be able to satisfy the essential conditions for a GRB central engine, e.g., energy,
duration, variability, baryon loading, birth rate, etc(Usov, 1992; Zhang and Mészéros,
2004a). Here we only discuss the total energy and luminosity. The total spin energy

for a millisecond magnetar is (GRBs note)

Erow = (1/2)102 2 % 107 erg L4552, (1.11)

where Py ms is the initial spin period of the proto-magnetar. Notice that this is the
maximum energy of the magnetar model, namely if the total energy of a GRB turns
to be larger than this, the magnetar model can not be applied.

The simplest dipolar spindown formula gives the evolution of the spindown lumi-

nosity as (Zhang and Mészédros, 2001a)



Lsq 0, t < Tiq;

L(t) = Leao/(1 +t/Tw)* = (1.12)
Leao(t/Tea) ™2, t>> Tu,
where
T 3Ly 05 % 107 (IsB7%P2_,R59) (1.13)
= Tapeas = 2 s (L - :
B2ZR5(; p,15470,—3116
is the characteristic spindown time scale, and
193 49 —1 2 p-4 -6

is the characteristic spindown luminosity. Here B, is the polar-cap dipole magnetic
field strength and R is the neutron star radius. We can see that for a slightly stronger
B, and a slightly shorter Iy, Lsq can be boosted to the typical GRB luminosity, and

Tiq can be reduced to typical GRB duration.

What is the Relativistic Effect?
Compactness problem

The variability time scale of GRBs, dt, could be as small as millisecond (Bhat et
al., 1992), indicating that GRBs are related to stellar scale scenario, with emission

region size as

R~ 10" em (0t/0.33ms). (1.15)

The total isotropic energy of GRBs in y-ray band could be E, s, ~ 10°' — 105 ergs
(Zhang and Mészaros, 2004a). Such huge amount of ~-ray photons releasing in a

relatively small region, the pair production (yy — e*) optical depth 7., must be very

8



large. Here we make a simple estimation for 7,,: for a fireball with pure photons, its

total energy could be derived with blackbody formula

47

E, 0o = §R3aT51, (1.16)

where a = 7.56 x 10~ Yerg cm ™3 K% is radiation density constant. The typical photon
energy is

KTy = 11.5E! _ R-** Mev > 0.511Mev. (1.17)

v,i80,52

In this case, the pair production optical depth could be roughly estimated as

4
a7y

T orR =39 % 107 B> LR (1.18)

Here we use Thomson cross section o to replace the pair production cross section,
which should be fine for estimation to order of magnitude, since the pair production
cross section is close to the Thomson cross section near threshold. Nevertheless, we
also assume all the photons are with typical photon energy and thus all satisfy the
pair production condition. In reality, only a fraction f of photons are above the
threshold. Obviously, even taking such f factor into account, the pair production
optical depth should be still much larger than unity, which raises the so-called “Com-
pactness problem” (Ruderman, 1975) : the high energy photons of GRBs should be
in principle converted to electron-positron pairs, and cannot escape due to the large
pair production optical depths, but the fact is we do observe these photons.

The only way to solve this problem is invoking relativistic motion for the GRBs
ejecta (fireball). The reason includes two folds: (1) due to the Doppler de-boosting

effect, photon energy in comoving frame is significantly reduced (see later part of this



section for detail), which essentially makes f factor much lower; (2) in the comoving
frame, the emission region size is larger by a factor of I' (where I is the bulk Lorentz
factor for ejecta moving). From Eq. 1.18, this effect would make a correction of I'~2
for the pair production optical depth. For typical observational properties of GRBs,
the optical depth drops to below unity when I' is above several hundreds.

Although most theoretical contents about GRBs, including the so called “standard
fireball model”, are still debated, the fact that GRBs must move relatively towards
earth is one robust inference from GRB data. All GRB physics theory should be
under the framework of special relativity. Here I will give some basic relativistic

effects and their applications for GRB physics.

Doppler effects

A typical GRB problem involves three major physical elements (Fig. 1): a central
engine, a relativistically moving shell (ejected by the central engine) which produces
the GRB emission, and an observer (Zhang and Mészaros, 2004a). Each element
should have their own rest frame: (Ref I) rest frame of the central engine; (Ref
IT) rest frame of the relativistic ejecta; (Ref III) rest frame of the observer. Ref I
and III share the same inertial frame, the difference between these two rest frame is
from the cosmological redshift effect (which is small compared to special relativistic
effects). Ref 11, also called comoving frame of the relativistic shell, corresponds to
another inertial frame. The physical quantities as viewed in the two inertial frames
are different, and are related through special relativistic Lorentz transformations.
For example, there are two sets of clocks attached in both inertia frames, so that
dt' = dt/T', where df and dt' are the time intervals elapsed for the same pair of events
in the central engine/observer frame and the comoving frame, respectively.

The transformations between Ref II quantities and the Ref III quantities would

suffer the Doppler effect, which is the combination of both relativistic effect and

10



propagation effect. We will also take the time transformation as an example. In
general, we can consider a point emitter moving with a dimensionless speed 8 = v/c,
at an angle 6 with respect to the line of sight of the observer (Fig. 1). In rest frame
of the central engine/observer, the shell emits a first photon towards the observer at
the time ; at the location A (the radius r, corresponding to ¢, in Ref II), and emits
a second photon towards the observer at time #, at the location B (the radius 7 + dr,
corresponding to t, in Ref IT), as recorded by clocks precisely adjusted in this inertia
frame. The first photon arrives at the observer at t; = t; + L/c, while the second
photon arrives at the observer at to = fy + (L/c — Budt) where i = cosf, L is the
distance between the observer and the location A. The time interval for the observer

to receive the two adjacent photon signals is simply
ty —tr = (1= Bu)(fz — t). (1.19)
We thus have
dt =D dt', (1.20)

where D = 7 is known as the Doppler factor.

1
1—pBcosb)

Similarly, one could got other useful transformations (Begelman et al., 1984), such

as

dv = Ddv';
dr = Ddr';
dV = DdV";
dQ = D240,

11



Ceniral Relativistic Observer
engine shell

Figure 1 The geometric configuration among the GRB central engine, relativistic
emitting shells and the observer, taken from Zhang and Mészaros (2004a)

L,(v) = DI, (');
Ju(v) = Dj,(V');

a,(v) =Dal,(V), (1.21)

where [, is radiation intensity, j, is emission emissivity and «, is absorption coeffi-

cient.

Specifically, the observed flux from an optically thin source could be given by

E, = / j,dV/D7

— /D?’j;,dv’/D%, (1.22)

where Dy, is the luminosity distance.

Particularly, for a point source moving to a direction 6, the Doppler factor is fixed,

so that one would have (Granot et al., 2002)

F,= D?’/j;,dv’/Di. (1.23)

12



Equal arrival time surface and curvature effect

Other than solving the compactness problem, there are another two important
implications for the relativistic effects: equal arrival time surface and curvature effect.

(1) Equal arrival time surface

Due to the propagation effect, for given observational time ¢, detected photons
are not emitted simultaneously in the lab frame, but comes from different radius
R for different 6 (Waxman, 1997c; Sari, 1998b; Panaitescu and Meszaros, 1998b),
such surface that confines the volume constituting the locus of points from which
photons reach the detector simultaneously is usually called the equal-arrival-time
surface (EATS).

For specific dynamics of the ejecta, numerical calculation is required to solve the
EATS. For the most simple case, i.e., a shell moving with a constant velocity Sc¢, one

can easily derived

o SCtobs

R(6) = 125

(1.24)

which describes an ellipsoid.

(2) Curvature effect

Supposing when the emitting region of GRBs expand to certain radius R, some-
how the emission stops everywhere abruptly in the lab frame. In this case, the ob-
served flux would not stop accordingly, since the high-latitude emission comes later
with a delayed time and lower Doppler boost. This is called “curvature effect” (Fen-
imore et al., 1996; Kumar and Panaitescu, 2000a; Dermer, 2004; Dyks et al., 2005;
Qin, 2008). Same as the EATS, numerical calculating is required for precise flux
value. However, under some simple assumptions, a rough estimation could be also
achievable: (1) considering one thin shell with half opening angle 6; (2) the shell is

moving with constant velocity fc; (2) the radiation is isotropic in comoving frame

13



and the emission power per particle is just a function of v' as p/, = P, /n’ oc (V')™%;

Under these assumptions, the Eq. 1.23 reads

F,(t) = /D3+°‘anpL/(47rD%), (1.25)

where the integration volume should be under the EATS corresponding to ¢ but with

R <= R, namely

ey (1= By e, (1.26)

1

where p; = cosf; and py = [1 — (t/to)(1 — 3)]/B. We thus have
F,(t) =~ F,(to)(t/to) "2, (1.27)
where tg is the time when the emission from R = R,, 6 = 0 reaches the observer.

How could the Ejecta Get Acceleration to Ultra-relativistic Regime?

To give GRBs, the ejecta must be ultra-relativistic. In the following, we will
present how to convert the initial energy into kinetic energy of baryons. In general,
a GRB jet launched from the central engine may have two components, one “hot”
component due to neutrino heating from the accretion disk or the proto neutron
star, and a “cold” component related to a magnetic Poynting flux launched from the
black hole or the neutron star. The dynamics of the flow could be governed by the
ideal MHD equations for the conservation of energy, momentum and mass. For the

relativistic treatment the equations are formally best written in tensorial form (e.g.

14



Weinberg, 1973):

™., =0, (1.28)
(P} =0, (1.20)
where
™ = wuru” + pg"”
~—_————
matter part
1 1
— Fu? + =g ) b0 — bHb” 1.
uﬁ[(uﬁzg ) ] (1.30)

electromagnetic part

is the energy-momentum tensor for ideal MHD (Drenkhahn & Spruit, 2002a). Here,
p, w and p are the mass density, the enthalpy density and the pressure in the proper
frame of the fluid, which is moving with a 4-velocity u* = (I, @). b* = *F*u,, is the
4-vector of the magnetic field where *F* is the dual electromagnetic field strength
tensor.

The dynamic solution sensitively depends on the composition of the initial ejecta,
namely whether the “hot” component is dominated or the “cold” component is dom-
inated. Initial composition is usually characterized by a parameter oy (Zhang, 2014),
which could be the ratio between Poynting flux and matter flux, or ratio between

comoving magnetic energy density and rest mass energy density. Here we adopt

L. Lp
Og=—=——. 1.31
T Ln pMe (1.31)

The dynamic solution for system with comparable thermal energy and magnetic

energy at the central engine is very complicated, and has not been studied carefully
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in the literature. People usually discuss the dynamics for two extreme regimes: a
thermally driven fireball (¢ < 1) or a magnetically-driven jet (oo > 1). Note
that the prompt emission lightcurve may contain some information to diagnose the

ejecta composition, we will discuss this in detail in Chapter 2.

Thermal energy dominated jet

For 0y < 1 case, the electromagnetic part in Eq. 1.30 could be neglected. Piran
et al. (1993) rewrote the Eq. 1.28 - 1.30 as

0 10,4,
9 s 1O 5 am
a(e F)+r_2§(r e u) =0, (1.33)
) 1 1070, 4\ L] 10e
5 {<n+§e) Fu} +7‘_25 {r <n+§e)u] =35 (1.34)

Change variables from r, t to r, s =t — r. Equations 1.32-1.34 then become

10 0 n

st =5 (7). (1.3%)
10 o [ et
55(7263/411) — _g (F —|—u) , (136)

ig 2 _|_% 2 —_g _|_% u +
rzﬁrr " 36u_8s " 36 I'4+u

For a relativistic fireball, one has v > 1 and v ~ u, so the right hand side of all
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three equations would be ~0. This gives simplified conservation laws as

4
r?nI’ = constant, r2e3/4T = constant, 7 <n + 56) I'? = constant. (1.38)

Two regimes of behavior are then immediately apparent. In the radiation-dominated

phase (e > n), we have

Ixr, nors, eocr T,ps ~ constant. (1.39)

In the alternate matter-dominated regime (e < n), we obtain

2 -8/3
)

I’ — constant, nocr "~ eoxr Tops o 7 2/3. (1.40)

Therefore, the I' evolution for a thermally driven fireball is like this: initially the
Lorentz factor I' increases linearly with r until reaching the maximum Lorentz factor

Ly
~ -
= 32

at coasting radius R, ~ Ryn, where Ry is the radius where the fireball is
launched. The Lorentz factor then “coasts” with the maximum value, reduces through
later dissipation, such as the internal shocks (due to loss of radiation energy), and

finally decreases smoothly as a power law beyond the deceleration radius (we will

discuss these dissipation in detail later).

Magnetic energy dominated jet

For oy > 1 case, Drenkhahn (2002b) expanded Eq. 1.28 and 1.29 in coordinate
form under stationarity. He assumed that the flow is spherically symmetric and the

field dominated by its toroidal component. In this case v L B and the components

of the magnetic four vector are simply b* = (0, —B/T") and b,b* = B2 = B?/T2. The
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conservation laws for energy, momentum and mass are then

B2
0 = 0.7 (wFu + 64—7?) , (1.41)
B2
0 = 0.7 (wu2 + (1+ 8% g) +7r%0,p , (1.42)
0 = 8,,7“2,0u, (143)

where 8 = u/I.

In this case, the I' evolution history for the magnetically-driven jet is like this: the
jet would first undergo a rapid acceleration until reaching R = Ry4, where I'(Ry) =
aé/ ? and o(Ry) = a§/ 3, and then go through a very slow acceleration process as
I' o« RY3. Ideally, the jet could reach maximum Lorentz factor I' = o, at the
saturation radius R, = Rao2. After that, similar with the fireball jet scenario, I’
reduces through later dissipation. We note that the jet may start to decelerate before
reaching the saturation radius if oy is large enough so that Ry, > Rge.. Also magnetic

dissipation can reduce the final coasting I, since energy is released as prompt emission

(Zhang, 2014).

A jet with comparable thermal energy and magnetic energy

For a jet with comparable thermal energy and magnetic energy, since thermal ac-
celeration proceeds more rapidly, it would be reasonable to assume that the thermal
energy gets converted to kinetic energy first, after which additional acceleration pro-
ceeds magnetically if o is large enough. Based on this assumption, the I' resolution

for this hybird system could be roughly approximated as
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ot Ry < R < nRy;

1/3
[(R) = q n** (R%) , nRy < R < nRyog;

n(1+ o), R > nRyod.

Note that above approximation is only applicable when n > o3 > 1, namely
the maximum Lorentz factor from thermal acceleration is larger than Alfvern speed
of the initial Poynting flux. Otherwise, the dynamic should approach the magnetic

dominated regime.

How could These Energy Be Converted into the Observed Radiation?

After the acceleration, the initial energy has been converted into there parts (or
two parts beyond the photosphere radius): the energy of trapped photons within the
ejecta, the kinetic energy of baryons and the magnetic energy. The photon energy
will be naturally released when the ejecta reaches the photosphere radius. For the
other two parts, certain dissipation process would be invoked, we call them kinetic
dissipation and magnetic dissipation respectively. The kinetic dissipation could hap-
pen via shocks, either by internal shocks or external shocks (see details in the later
part of this section). The magnetic dissipation could happen directly beyond certain
radius, if the outflow is magnetically dominated at small radii and the field configura-
tion is striped-wind-like (McKinney & Uzdensky, 2012). But if the field configuration
is helical, enough repetitive collisions would be required to induce rapid magnetic
dissipation (Zhang & Yan, 2011a).

Note that both kinetic dissipation and magnetic dissipation could happen under
or beyond the photosphere radius, leading to different prompt emission models (see
Zhang (2014) and reference therein). For example, if dissipation is not significant (e.g.

no substantial amount of non-thermal particles), a quasi-thermal photon spectrum
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is emitted from the photosphere, and later dissipation process will give the observed
non-thermal emission. Otherwise, if dissipation is significant under the photosphere
radius, non-thermal electrons accelerated from the dissipative photosphere would up-
scatter the seed thermal photons to make it non-thermal, many authors intend to
explain the observed GRB Band spectrum with this model (see Zhang (2014) and
reference therein).

Here, I give a brief introduction to two important concepts under the “standard

theoretical framework of GRBs”: internal shock and external shock.

Internal shock dissipation

The mass (or energy) flow generate from GRBs central engine is very like unsteady
with a distribution of Lorentz factors [I' € (I'min, ['max)]. Approximating the outflow as
a series of “mini-shells”, one would expect a series of collisions due to the interactions
between the late, fast shells and the early, slow shells. These collisions are supersonic,
resulting in internal shocks from which particles are accelerated, this is usually called
internal shock dissipation. For two shells with parameters (I';, A;) and (I'f, Ay)
separated by d = cdt (with the fast shell lagging behind the slow shell), the internal

shock radius is (noticing f = (1 — ['72)1/2)

d

Ria =
L)

~ 2I2cht = 6 x 10" em I'2, 56ty | (1.44)

where Iyo5 = T'5/10*°. And suppose the collision is full inelastic, with energy
conservation, T'ymy + Fomy = [yy(my + mo + U'/c?), and momentum conservation,
Ly8imy + ToBame = TpfBm(my + my + U'/c?), one can derive the Lorentz factor of

the merged shell

F F 1/2
r, = ( S UL ) . (1.45)
ml/Fl +m2/F2
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where U’ is internal energy generated through the collision. The energy dissipation
efficiency (which is the upper limit of the radiation efficiency when the “fast cooling”

condition is satisfied) of the collision is

r,u

F1m102 + F2m202

- 1- e . (1.46)

Kinetic energy could be converted into radiation with such efficiency, and the
leading radiation mechanisms for internal shock dissipation include synchrotron (or
jitter) radiation and synchrotron self-Compton (SSC). This is because they are the
most natural non-thermal emission mechanism, especially considering that the GRB
central engine is likely magnetized and internal shocks can also generate magnetic
fields through plasma instabilities (for detailed discussion of synchrotron and SSC,

see Chapter 3).

External shock dissipation

The ejecta would always be decelerated through interaction with the ambient
medium, which is known as external shock dissipation. During the initial interaction,
a pair of shocks (forward and reverse) propagate into the ambient medium and the
ejecta, respectively. After the reverse shock crosses the shell, the blastwave enters a
self-similar phase described by the Blandford-McKee self-similar solution (Blandford
and McKee, 1976). Finally, the blastwave would enter the Newtonian phase when the
velocity is much smaller than speed of light. The dynamics is then described by the
well-known Sedov solution widely used to study supernova remnants. The electrons
accelerated in these shocks radiate synchrotron emission to power the broad-band
afterglow of GRBs. In chapter 4, we give a detailed review for a complete reference

of all the analytical synchrotron external shock afterglow models.
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CHAPTER 2

STEPWISE FILTER CORRELATION METHOD AND EVIDENCE OF
SUPERPOSED VARIABILITY COMPONENTS IN GRB PROMPT EMISSION
LIGHTCURVES

This chapter is part of the following published paper :
Gao H., Zhang B.-B., Zhang B., 2012, Astrophysics Journal 748,134

The temporal structure of Gamma-Ray Bursts (GRBs) exhibits diverse morpholo-
gies (Fishman & Meegan, 1995). They can vary from a single smooth pulse to ex-
tremely complex lightcurves with many erratic pulses with different durations, am-
plitudes, and fine structures. Based on temporal information, it has been difficult to
categorize GRBs.

Physically, several mechanisms have been invoked to interpret GRB temporal
variability. The leading scenario is to attribute the lightcurve variability to the ir-
regularity of the central engine!. For the commonly discussed internal shock scenario
(Rees and Mészaros, 1994; Sari, 1997; Daigne & Mochkovitch, 2003; Maxham and
Zhang, 2009), the observed time sequence tracks that of the central engine very well
(Kobayashi et al., 1997; Maxham and Zhang, 2009). Alternatively, if the emission
is from the central engine photosphere, then the observed lightcurve time history
tracks that of the central engine directly (e.g. Lazzati et al., 2009). Within such a
scenario, the observed lightcurves can be directly connected to the behavior of the
central engine (e.g. Lei et al., 2007; Lu et al., 2008). A second scenario takes the op-
posite view: The observed variability originates in the emission region, which is not
directly related to the history of central engine activity. Since the GRB outflow is
relativistic, this requires that the emission region is not uniform. Rather, it contains
locally Lorentz boosted emission regions, such as mini-jets (Lyutikov & Blandford,

2003) or relativistic turbulence (Narayan & Kumar, 2009; Kumar & Narayan, 2009a).

!The central engine in general sense refers to the central compact object (e.g. an accreting black
hole or a spinning down neutron star) as well as the stellar envelope (if any) that regulates the time
history of the outflow.
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A third scenario discussed in the literature invoked a clumpy circumburst medium to
interpret variability within the external shock model of GRB prompt emission (e.g.
Dermer & Mitman, 1999). Swift observations of early X-ray afterglows of GRBs re-
vealed a steep decay phase connected to the prompt emission lightcurve (Tagliaferri
et al., 2005; Barthelmy et al., 2005a). This suggests that the GRB prompt emission
region is detached from the afterglow region, and therefore prompt emission should
be of an “internal” origin (Zhang et al., 2006). This disfavors this third model of
GRB variability.

Recently, Zhang & Yan (2011a) proposed a new model of GRB prompt emission in
the Poynting-flux-dominated regime, namely, the Internal-Collisioninduced MAgnetic
Reconnection and Turbulence (ICMART) model. This model invokes a central en-
gine powered, magnetically dominated outflow, which self-interacts and triggers fast
magnetic turbulent reconnection to power the observed GRBs. An important predic-
tion of the ICMART model is that it has two variability components: a broad (slow)
component related to the central engine activity, and a narrow (fast) component as-
sociated with relativistic magnetic turbulence. Zhang & Yan (2011a) conjectured
that the visually apparent broad pulses in GRB lightcurves are related to the time
history of the central engine (with each broad pulse corresponding to an ICMART
event), while the much faster variabilities superposed on the broad pulses are related
to relativistic, magnetic turbulence.

Alternatively, Morsony et al. (2010) simulated jet propagation from a massive star,
and suggest that the broad pulses of several seconds duration are due to interaction
of the jet with the progenitor, while the shorter scale variability in the millisecond
range is related to that of the base of the inner engine (e.g. the black hole or the
millisecond pulsar).

It would be essential to use rigorous mathematical methods to study GRB lightcurves

to investigate whether the time sequence demands superposition of multiple variabil-
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ity components. Power density spectrum (PDS) is the most commonly used tool to
study the temporal behavior of astronomical objects. Beloborodov et al. (1998, 2000)
found that although the PDS of individual GRBs are diverse, the average PDS of a
stack of GRBs is in accord with a power law with index -5/3 over 2 orders of mag-
nitude in frequency. By locating the PDS peaks, Shen & Song (2003) revealed the
typical variability time scales of some GRBs. In general, this method is not powerful
to address whether a GRB lightcurve has superposed variability components. This is
because it is insensitive to the lower frequency component (if it exists) since the GRB
durations are typically not much longer than the broad pulses themselves. In the time
domain, several methods have been developed to study temporal properties of GRBs.
For example, lightcurves were decomposed into individual pulses using some param-
eterized empirical pulse functions (Norris et al., 1996) or a peak-finding algorithm
(Li & Fenimore, 1996; McBreen et al., 2001; Nakar& Piran, 2002), and the temporal
properties of the resulting pulses were analyzed. When performing the empirical pulse
modeling, Norris et al. (1996) noted that some bursts are too complex to fit, possibly
indicating pulse superposition. However, their matrix inversion algorithm failed to
handle the problem. The peak finding selection method can decompose a lightcurve
into many individual peaks. However, the method is not developed to reveal the
superposed variability components.

Nonetheless, the possibility of superposition was suggested from other observa-
tional evidence. From a frequency-dependent analysis of prompt X-ray lightcurves of
a sample of BeppoSAX GRBs, Vetere et al. (2006) discovered that the lightcurve tends
to become smoother in softer energy bands. They then speculated that there might
be a slow component superposed on a fast component. It is therefore of great interest
to develop a rigorous mathematical method to identify such a superposition effect, if
any, in gamma-ray lightcurves alone without the assistance of multi-wavelength data.

Hereafter, we define a slow component as an underlying broad pulse component, while
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a fast component as the component of rapid variability that overlaps on top of the
slow component.

In this chapter, we develop a mathematical method to process GRB lightcurves
as an effort of identifying the superpostion effect. This method, known as the step-
wise filter correlation (SFC) method, is presented in detail first. Then we delineate
its mathematical basis, and justify its robustness in identifying the superposed slow
component through simulations. We apply this method to a sample of bright BATSE
GRBs, and indeed identify the superposition effect in the majority of them. The prop-
erties of the identified slow components are studied statistically. The data analysis

results and their physical implications are presented in later section.

Stepwise Filter Correlation Method
The method

In signal processing, a filter is a device or process that removes some unwanted
component or feature from a time sequence signal. Our method is based on a low-
pass filter named Butterworth filter. For a certain cutoff frequency, this filter passes
low-frequency signals below this frequency but attenuates signals above (see the final
section in this chapter for mathematical details). Our method is based on the follow-
ing concept. Suppose that one specific time series (lightcurve) can be decomposed
into the summation of N pulses, either horizontally (pulses are laid out side by side)
or vertically (superposition). One may denote the time scales (durations) of these
pulses as t; j—1.n. The corresponding frequency for each pulse is therefore f; = 1/t;.
If one applies a stepwise filter in the frequency space, one would get a series of resid-
ual lightcurves (RLCs). If there is no pulse falling into the range between the cutoff
frequencies f.; and f.;;+1, then the two RLCs should be identical. If there are some
pulses whose frequencies fall into this range, the RLC with the lower cutoff frequency

(RLC;) should be smoother than the one with the higher cutoff frequency (RLCi;1),
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since these pulses are screened after performing the low-pass filter at f.;. The more
pulses falling into this frequency range or the highger the amplitudes of these pulses,
the more different the two RLCs look like. One can quantify the difference between
the two RLCs using a statistical correlation method. A cluster of many pulses or a
high amplitude of pulses within a frequency range would result in a correlation coeffi-
cient R; (defined between RLC; and RLC;,1) to be more less than unity. By plotting
R; against f.;, a “dip” in the curve would reveal such a clustering, and hence, would
lead to the identification of a variability component around a particular frequency.

We realize such a concept based on the following procedure:

(1) For a time series, define a frequency range (fiin, fmax) to be searched from.
We then divide this frequency range into many discrete frequency bins uniformly
in logarithmic scale. For all the GRBs, our frequency step is uniformly chosen as
log(Af) = 0.05. This gives a sequence of the cutoff frequencies f.;(i = 1,...M),
where M is the total number of frequency bins. The low-pass filter to the original
time series is then performed with each cutoft frequency f.; in turn. The RLC for
each cutoff frequency, e.g. RLC; corresponding to f;, is recorded.

(2) Perform a correlation analysis between each pair of adjunct RLCs (e.g. RLC;
vs. RLCiy1). Record the Pearson’s correlation coefficient R; for each pair.

(3) Plot R; against f.;, and identify apparent dips in the curve.

Simulation tests

To prove the validity of the method, we perform some simulations. We start with a
simple two-component lightcurve as shown in Fig.2 top row left panel. We superpose
two periodic signals, both with the function form A|sin(7t/T))|, where the periods of
the two components are Ty = 1007 s for the slow component and 7t = 107 s for the fast
component, and the amplitude ratio between the two components is Ag : Ap =2 : 1.

The middle panel of the top row shows the PDS of the lightcurve, which clearly shows
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the two components. The right panel of top row is the R; — f.; figure of our SFC
method. Two dips that correspond to the two frequencies (f, = 1/100m s~ and
fr = 1/107 s7! are clearly identified. We also add some white noise to the mock
lightcurve. We find that even when the amplitude of the white noise is comparable
to the signal, the dip in the lower frequency still shows up. This suggests that this
method is powerful in identifying the low frequency component in the superposition.

Next, we simulate a more realistic lightcurve (middle row of Fig.2). The lightcurve
(left panel of the middle row) is now a superposition of a slow component with pulse
widths randomly distributed in the range of Ty = (10—20) s and a fast component with
pulse widths randomly distributed in the range of 7t = (1—3) s. The amplitudes of the
two components are randomly chosen in the range of A; = (0.5—3) and A; = (0.5—1),
respectively. Since there is no strict periodicity and since the duration of the time
series is not much longer than the slow component time scale, the PDS method
(middle panel of the middle row) fails to identify the two frequency components. On
the other hand, our SFC method (right panel of the middle row) clearly identifies a
dip around 1/17 s~1, which is right within the frequency range of the slow component.
This simulation suggests that the SFC method is much more powerful in identifying
the superposed components than the PDS method.

We note that the absolute value of the correlation coefficient R depends on the
step length of the cutoff frequency. A smaller frequency bin means smaller differences
between consecutive RLCs, so that R would be closer to 1. In any case, the global
shape of the SFC R; — f.; curve (e.g. the location of the dips) does not depend on
the size of the frequency bin, as long as it is small enough.

In order to further understand the SFC algorithm, we have performed a series
of additional simulation tests (see final section for details). These tests suggest that
the SFC method is sensitive to significant clustering structures of a lightcurve in the

frequency domain. A significant clustering structure is a cluster of frequencies that
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is separated from other frequency clusters, and that has a large enough amplitude.
If a frequency cluster is too wide, or is too close to another frequency cluster, the
corresponding dip is diminished. Similarly, if the amplitude of a frequency cluster
component is too small, the corresponding dip would be too shallow or disappear
completely. An interesting finding is that the quiescent gaps that separate pulses in
GRB lightcurves (Ramirez-Ruiz et al., 2001) would complicate the analysis. Only
when the gaps are removed manually, can one identify the corresponding frequencies
of the slow pulse components (see final section for details). Another finding is that
if the slow component has only one pulse, the long tail of pulse tends to extend the
duration, so that the identified duration can be much longer than the full width at

half maximum.

Application to GRB Data

We now apply the SFC method to real GRBs. In this work, our aim is to demon-
strate the validity of the SFC method and to investigate whether the superposition
effect exists in GRBs. So we do not pursue sample completeness. Rather, we only
focus on some bright GRBs that have clear temporal structures.

We select 266 bright GRBs detected by Burst and Transient Source Experiment
(BATSE) (Kaneko et al., 2006), whose lightcurve data and Ty values are publically
available from the online database http://heasarc.gsfc.nasa.gov/docs/cgro/batse/. In
our analysis, we use light curves with 64 ms resolution obtained by BATSE in the four
Large Area Detector energy channels, 20 — 300 keV. The background is subtracted in
each channel using linear fits to the 1024 ms data. The SFC method is then applied to
these bursts. For all the analyses, we adopt a fixed maximum frequency of fy.x = 5,
which is based on the consideration of having at least 3 time bins for a 64 ms time
resolution. The minimum frequency varies from burst to burst, but is related to a

duration at least (sometimes larger than) Ty, in order to catch the slowest variability
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component. After fixing the frequency range, the frequency step is chosen evenly in
the logarithmic space with log(Af) = 0.05.

In order to quantitatively delineate the significance and confidence level of each
dip, we define two parameters. The significance parameter, s, delineates the deep-
ness/shallowness of a dip in the SFC R; — f.; curve. A dip is typically asymmetric,
we apply the shallower wing of the dip to define its shallowness. We first identify
the local minimum point at the bottom of the dip, e.g. for the n-th dip the co-
ordinate (f,, R,) in the SFC curve. Next, we find out the inflection points (where
the second derivatives change sign), or the turning points (where the first derivatives
change sign) if an inflection point does not exist, in the left and right wings of the
dip, respectively. These two points, i.e. (fueft, R teft) and (foright, B right), could be

defined as “boundaries” of the dip. One can then define

Rn,left - Rn Rn,right - Rn
log(fa) — log(.fn,left)’ lOg(fmright) —log(fu)

S, = Min{ } (2.1)

for each dip. A larger S,, means a more significant dip. To reduce the bin-size effect,
we normalize S, to the most significant one, S/ (which is usually the slowest one
Si1), i.e. we define s, = S,,/S™* for each dip.This s parameter (which is s < 1) is
then the significance parameter.

Next, we define a confidence level parameter, ¢, based on Monte-Carlo simulations.
For each time bin with a particular observed count rate, we can generate a mock count
rate based on the observed count rate C by randomly generating the data based on
a normal distribution with (C,+/C). We then generate 1000 mock lightcurves by
collecting these randomly generated count rates for each time bin. We apply the
SFC method to each mock lightcurve, and identify the frequencies of the dips in
each realization. For each dip in the original lightcurve, we define ¢ as the fraction

that the simulations reproduce. We regard a component with high confidence level if

29



¢ > 0.9, i.e., more than 900 simulations have revealed the component. We note that
even though in general high-significance dips have a high confidence level, the two
parameters are not always correlated. Some high “s” dips turn out to have a low “c”.
We therefore evaluate both parameters for every dip measured in the SFC R; — f.;
curves.

We take GRB 930331A as an example (bottom row of Fig.2). The left panel shows
the original lightcurve, and the middle and right panels show the PDS and SFC anal-
ysis results, respectively. Although the PDS does not show any interesting feature,
the SFC curve indeed shows a prominent dip around 1/38 s™! (both significance and
confidence level parameters equal unity, i.e. s = 1, ¢ = 1). Checking back in the
lightcurve, one indeed sees one broad pulse with a time scale of 38 s and another
with the pulse width slightly shorter. Rapid spikes overlap on top of these two broad
pulses. To verify whether the 38s component truly exists, we apply the SFC method
to a portion of the lightcurve, from the trigger time Ty to a certain time 7', with T’
stepwisely increasing in the range of 0 < T — Ty < Tyo. We found that once T' — Tj
is longer than 38s, the dip at 1/38s™! persists in all SFC curves, indicating that the
38s component is a real slow component.

Applying this method to our entire GRB sample, we find the following interesting
facts.

(1) The total 266 bursts could be grouped into four categories based on both their
lightcurves and SFC curves: (I) Good sample: 117/266 (44.0%) of the bursts can
be included in this sample. They clearly show at least one dip in the SFC curve.
Checking back the lightcurves, one can usually find one or more pulses with the
identified characteristic frequencies. Superposed on the identified slow component,
there are always more rapid variability features. This clearly suggests a superposition
of at least two variability components in the lightcurves. (II) Gap/long tail sample:

88/266(33.1%) of the bursts have quiescent periods in the lightcurve whose durations
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are comparable to the broad pulses, or have one FRED-like pulse with extended tail.
For these cases, dips in the SFC curve are affected by the quiescent periods (gaps)
and the tails. For the gap case, the real slow component can be revealed by manually
removing the gaps in the lightcurves (see examples in final section). These bursts
also clearly show the superposition effect as seen in the sample (I). However, since
the identified frequencies do not well match the pulse durations, we have excluded
these bursts in the statistical study presented below; (III) Irregular (noisy) sample:
24/266 (9%) of the bursts show dips in the SFC curve. However, their lightcurves are
too noisy to identify the corresponding components (see examples in final section). To
be cautious, we do not include these bursts in the statistical analysis. (IV) Short/low
temporal resolution sample: Finally, 37/266 (13.9%) of the bursts are short bursts
or long bursts whose lightcurves have a poor temporal resolution (see example in
final section). These bursts have too narrow a frequency range to perform the SFC
analysis. All the lightcurves and their corresponding SFC curves for the samples I-111
are presented at the UNLV GRB group website http://grb.physics.unlv.edu/sfc. An
example to each of the groups II, III and IV is presented in final section.

(2) Within Sample I (good sample), 30/117 (25.6%) bursts show just one dip in
the low frequency regime. Due to space limitation, we only present some examples in
Fig.3. All the other cases are disseminated at the group website. The identified slow
component time scales, as well as the s and ¢ parameters for each dip are presented
in Table 2-2. Since there is no strict periodicity in the lightcurves, the time scales of
all the components we have identified are rough values, and we have rounded them
to the nearest 0.5.

(3) The rest 87/117 bursts (74.4%) in Sample I show more than one dips. For each
dip we try to identify the corresponding component in the lightcurve. Some examples
are presented in Fig.4. Others are presented in the group website. We present the

time scales of all the identified components 7T; and their relevant s and ¢ parameters
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also in Table 2, with increasing frequencies for ascending number ¢. Only dips with
¢ > 0.9 are selected.

Inspecting the lightcurves with multiple dips in the SFC curve, we find that it
is not always straightforward to relate dips with pulses in the lightcurves. In some
cases (e.g. GRB 910430 and GRB 940414B), the low-frequency dip corresponds to a
broad pulse with overlapping fast variability whose frequency corresponds to the high-
frequency dips. In these cases, it is straightforward to identify the underlying broad
pulses as the slow component, while to identify the overlapping narrow pulses as the
fast component. In more complicated cases (e.g. GRB 940228A), besides identifying
some slow components (e.g. 8s and 4s) that correspond to individual broad pulses,
one also identifies a very slow (21s) component. This is due to clustering of multiple
pulses to make a 21s “cluster”. In general, we caution that the SFC method, although
sensitive to identify variability components not easy to unveil using the PDS method,
may be over-sensitive to pick up variability components. We therefore caution that
one should always go back to the lightcurves to clarify the physical nature of the
frequency components identified in the SFC curves.

To understand the results better, we perform a statistical analysis on the time
scales identified using the SFC technique. Figure 5 presents the identified variability
timescales T; vs. the duration Ty, of the bursts, histogram of T;, and histogram of
Too/T;. First we focus on the one-dip only sample. The characteristic time scales T7 of
this sample are marked in red in Fig.5. The following trends can be observed: first, it
seems that there is a very rough positive correlation between T} and Tyo (Fig.5a). This
suggests that one tends to find longer slow components in longer bursts. Since there
is a wide distribution in Tyo, 77 distributes from 2 s to 108 s (Fig.5b). On the other
hand, the scatter of correlation is large. The ratio Ty /7 spans in at least one decade
for this one-dip only sample. In some bursts, 7} as small as 1/10 of Ty can be found

(Fig.5c). Next, we include all the identified components (7;) in the multi-dip sample
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(black circles in Fig.5a, and dashed histograms in Figs.5b and 5¢). It is found that all
the distributions are much wider. The overall histograms including all 7} in the entire
sample (solid histogram in Fig.5b and Fig.5¢) cover 2 orders of magnitude in both 7;
and Tyo/T;. The spreading is mostly caused by the fast components identified in the
multi-dip sample, but the long clusters (such as the 21s component identified in GRB
940228A) also contribute to the scatter. Since our frequency interval log Af = 0.05
is uniform for all the bursts regardless of their Ty, our result does not suffer from the
possible selection effect caused by different Tyy. Inspecting the one-dip only sample,
one usually also see the overlaping fast component, but with a lower amplitude than
the multiple-dip ones. So these bursts are intrinsically similar to the multiple dip
sample. The fast-component dips only show up when the high-frequency component
amplitudes are large enough.

Another way to look at the distribution is to isolate the slowest component Tj
from other higher frequency ones. Figure 6 shows such a separation: 77 in red and
T; (i > 1) in black. It can be seen that the 7; — Ty, correlation is more prominent
for T7. This may be because the longer the burst, the more probable that a long
cluster (e.g. 21s cluster in GRB 940228A) would show up. The correlation between
T; (¢ > 1) is much weaker. In particular, variability time scales as short as seconds
can appear in very long GRBs (e.g. Tgy ~ 250 s). This suggests that the fastest

variability component essentially does not depend on the duration of the burst.

Conclusions and Discussion

We have developed a new method (Stepwise Filter Correlation) to decompose vari-
ability components in a time series. Through Monte Carlo simulations, we demon-
strate that this method can identify significant clustering structures of a lightcurve
in the frequency domain, and is more powerful than the traditional methods (e.g.

PDS) to identify superposed variability components, especially the slow variability
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component with duration comparable to the duration of the time series.

We then apply this method to GRB lightcurves as an effort to investigate whether
the lightcurve is a superposition of multiple variability components. Our findings can
be summarized as follows:

(1) We have applied this method to 266 BATSE bright GRBs, which may be
grouped into 4 categories. In general, most bursts show a clear dip in the low fre-
quency range, suggesting a slow component. By checking back to the lightcurves,
we were able to identify the corresponding pulses with the relevant dip frequency in
most of bursts. We found that such a slow component usually has superposed rapid
variability components. We therefore conclude that GRB lightcurves are typically
the superposition of multiple variability components.

(2) We selected 117 bursts as the good sample, and carried out a statistical sta-
tistical analysis sample. Among them, 30 show only one dip in the correlation curve.
The other 87 GRBs have more than one dips. For the one-dip only sample in which
the dip corresponds to a slow component, the distribution of this time scale 17 spreads
from several seconds to ~ 100s, with no typical time scales, and Toy/T} spreads in
one order of magnitude (from ~ 1 to ~ 10). There is a rough trend of correlation
between T} and Tyy. Including all the variability components, the distributions of T;
and Ty /T; spread in two orders of magnitude, without a characteristic value. The
fastest time scale of order ~ 1s can be found in bursts with a wide range of durations.

The identification of the variability superposition effect (i.e. the existence of
a slow component with overlapping faster variabilities) suggests that the causes of
GRB lightcurve variabilities may be diverse. There might be more than one physical
mechanisms that define the observed variability. This is in align with the prediction of
the ICMART model (Zhang & Yan, 2011a) and the jet propagation model (Morsony
et al., 2010). The common aspect of these two suggestions is that the slow component

(duration of seconds to 10s of seconds) is attributed to the engine that defines the
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jet variability. The difference between the two scenarios is the origin of the fast
component. While the envelope model (Morsony et al., 2010) attributes it to the
intrinsic variability at the base of the inner engine, i.e. the central black hole or
magnetar, the ICMART model (Zhang & Yan, 2011a) attributes it to relativistic
magnetic turbulence in the emission region. These two scenarios may be further
differentiated through testing more detailed predictions in both models. For example,
in the jet-star interaction model, the inner engine powered variability shows up only
if the input PDS is hard enough, e.g. E(k) oc k°, or essentially the same power per
decade. It is not known whether this can be achieved in the inner engine, and such
a hard PDS is not observed in the high frequency regime of GRBs. On the other
hand, the fast variability in the ICMART model arises from locally Lorentz-boosted
mini-jets due to relativistic turbulent reconnection. Simulations suggest that the it
can reproduce the observed PDS (Zhang & Zhang , 2014). In any case, neither model
predicts a characteristic time scale for the fast component. It is therefore still a
theoretical challenge to account for the typical fast component time scales identified
in some bursts.

Finally, we’d like to justify the Butterworth low-pass filter we have adopted. In
principle, one can use low-pass, high-pass, or band-pass filters. First, a band-pass
filter only passes signals in a certain frequency band, which is disfavored by the SFC
method. This is because a good correlation between two adjacent frequency bins may
simply reflect that the changes between the two frequency bins are similar. One may
not get a “dip” even though the changes are significant. Second, the purpose of this
work is to find out whether superposition exists in GRB lightcurves. We therefore care
more about the underlying slow component. We therefore choose a low-pass filter,
which is more sensitive to the slow component. A high-pass filter, on the other hand,
would be more sensitive to fast components. As for specific digital low-pass filters,

we have done simulation tests for several types, including the Butterworth filter, the
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Chebyshev filter, and the Gaussian filter. We find that different choices of filter would
not change the results significantly. Among them, the Butterworth filter is designed
to have as flat a frequency response as possible in the unscreened bandpass, which
is beneficial to retain information of the slow component. We therefore adopt it in
this work. We have also tried the wavelet transform method. It is a useful tool to
unveil multiple variability components in the lightcurves (see e.g. Vetere et al. 2006).
However, we did not find an easy way to quantify the results. We therefore do not

apply the wavelet transform in this work.
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GRB T T7(5)0)  T(5/0) T5(5/0) Ti(s/0)
910627 152 5 (1/1) 0 0

910807  59.6 12 (1/1)
911031A  90.0 23 (1/1)
911118A  19.2 2255 (1/1)
920218C  122.5 55 (1/1)
920511A 485 3 (1/1)
920524  66.1 7.5 (1/1)
920622B  36.0 7 (1/1)
930331A  119.1 38 (1/1)
930425A  29.2 30 (1/1)
930916B  74.3 4 (1/1)
931106  152.1 108 (1/1)
931221A  57.9 29 (1/1)
940306  42.6 47 (1/1)
940520  32.8 2.5 (1/1)
940529D  37.6 425 (1/1)
941020B 56 28 (1/1)
950111B  46.3 48 (1/1)
950403A 14 12 (1/1)

950425  59.1 42,5 (1/1)
951202  28.5 34 (1/1)
960114  36.5  32.5 (1/1)
960807  12.7 6 (1/1)
961102 714 85 (1/1)
970202  26.7 34 (1/1)
970223 163 16 (1/1)
970807B  37.6 7 (1/1)
970912B  65.6 37 (1/1)
971029A  89.9 23 (1/1)
971220A  13.6 15 (1/1)
980124A 451 32 (1/1)
980225  127.7 81 (1/1)
980329A 185 20 (1/1)
991121 1122 71 (1/1)
000302A  22.7 285 (1/1)
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Table 1 Characteristic timescales identified in BATSE bright Gamma-Ray Bursts,
part 1
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GRB___ T Tp(s/0)  T(s/0) T5(s/<) (/0

910425 90.2 106 (1/1) 9.5 (0.65/1) 1 (0.41/1) 0

910430  62.0 35 (1/1) 6 (0.11/1) 0 0

910601  28.5 20 (1/1) 4.5 (0.36/1) 0 0

910614  146.9 83 (0.65/1) 33 (1/1) 2.5 (0.02/0.98) 0

910619  106.1 67 (1/1) 11 (0.06/1) 2 (0.05/1) 0
910814A 77.8 62 (1/1) 10 (0.3/1) 0 0

910905  81.5 58 (1/1) 18 (0.64/0.96) 9 (0.77/1) 0
911127A  18.8 18 (1/1) 2 (0.046/1) 0 0
911202A  20.1 22 (1/1) 7 (0.2/0.99) 0 0
920110A  318.6 225.5 (1/1) 56.5 (0.33/1)  11.5 (0.1/1) 3 (0.027/1)
920210B  51.8 60 (1/1) 15 (0.25/0.97) 0 0
920308A  51.1 11 (1/1) 5 (0.53/1) 1(0.15/1) 0.5 (0.03/0.99)
920513 88.6 70 (1/1) 4 (0.74/1) 2 (0.42/1) 0

920525B  16.1 8 (1/1) 4 (0.67/1) 0 0

920617B  67.7 34 (0.03/1) 27 (1/1) 0 0

920627B  52.8 265 (1/1) 4 (0.11/1) 3 (0.1/1) 1(0.17/1)
921015  272.4 108 (0.6/1) 48 (1/1) 0 0

921118  174.7 78 (1/1) 10 (0.18/1) 0 0

921206B  53.8 21 (1/1) 3 (0.46/1) 0 0
921209B  38.1 9.5 (1/1) 3 (0.76/1) 0 0
921230A  18.8 16 (1/1) 2 (0.17/0.9) 0 0
930309A  90.1 72 (0.83/1) 7 (1/1) 1(0.8/1) 0
930506B  22.1 22 (1/1) 5.5 (0.03/1) 2 (0.15/1) 0
930720A  45.9 26 (0.7/1) 5 (0.5/1) 2.5 (1/1) 0

930910C  83.1 52 (1/1) 4 (0.03/1) 3 (0.07/1) 1(0.11/1)
931026  134.7 142 (1/1) 6.5 (0.04/1) 0 0

940128B 452 18 (1/1) 7 (0.2/1) 0 0

940210  30.7 12 (1/1) 1.5 (0.16/1) 1(0.28/1) 0
940228A  33.3 21 (0.3/1) 8 (1/0.93) 4 (0.65/1) 2 (0.4/1)
940301 425 425 (1/1) 2 (0.05/1) 0 0

940302 119.9 67 (0.82/1) 12 (0.59/1) 2 (0.21/1) 0

940319  75.9 60 (1/1) 10 (0.3/1) 2.5 (0.08/1) 1(0.11/1)
910321  51.6 16 (1/1) 3 (0.2/1) 0.5 (0.15/1) 0

940323  60.7 6 (1/1) 2.5 (0.19/1) 0 0

940414B  42.8 13,5 (1/1) 4 (0.2/1) 1(0.16/1) 0

940619  88.4 56 (0.34/1) 315 (0.67/1) 20 (1/0.98) 5 (0.35/1)
940703A  34.9 30 (1/1) 15 (0.4/1) 3.5 (0.12/1) 0.5 (0.03/1)
940806D  10.2 3.5 (0.5/1) 0.5 (1/1) 0 0

940817 32.2 34 (0.62/1) 19 (1/1) 8.5 (0.5/1) 2.5 (0.7/1)

Table 2 Characteristic timescales identified in BATSE bright Gamma-Ray Bursts,
part 11
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Table 3 Characteristic timescales identified in BATSE bright Gamma-Ray Bursts,

part III

Table 4 Characteristic timescales identified in BATSE bright Gamma-Ray Bursts,

part IV

GRB Too  Ti(s/c) T3 (s/c) T$(s/c) Ti(s/c)
941014A 454 23 (1/1) 11 (0.65/1) 6 (0.15/1) 1 (0.25/1)
941017A  77.1 85 (1/1) 7 (0.05/1) 4 (0.03/1) 1.5 (0.09/1)
941023A  34.9 22 (1/1) 11 (0.2/1) 5.5 (0.34/1) 0

941119 334 24 (1/1) 5 (0.06/1) 2.5 (0.09/1) 0

941126E  36.1 13 (1/1) 1(0.03/0.99) 0 0

950208  58.6  18.5 (1/1) 7 (0.24/1) 1(0.21/1) 0

950211B  54.3 34 (0.43/1) 14 (1/1) 3 (0.43/1) 0

950608  142.0 101 (0.77/1) 45 (1/1) 2.5 (0.15/0.97) 0

950701B  10.6 7 (0.95/1) 4 (1/1) 0 0

950706  68.9 27 (1/1) 14 (0.38/1) 0 0

950909  65.7 21 (1/1) 7 (0.2/1) 0 0

951011  31.5 28 (1/1) 4 (0.55/1) 2.5 (0.75/0.98) 0

951219  58.8 21 (1/1) 4 (0.8/1) 1.5 (0.15/1) 0

960322A  22.8 25 (1/1) 2.5 (0.14/1) 0 0

960524C  80.6 64 (0.84/1) 23 (1/1) 3.5 (0.28/0.93) 1 (0.3/1)
960607B  140.5 112 (0.11/1)  88.5 (1/1) 14 (0.69/1) 2 (0.11/0.91)
960824  229.9 82 (1/1) 6.5 (0.05/1) 2.5 (0.07/0.9) 0

961228C  60.0 34 (0.54/1) 12 (0.4/1) 4 (1/1) 0

970111 31.5 13 (0.07/1) 9 (1/1) 0 0

970306 1225 345 (0.52/1) 14 (0.18/1) 6 (1/1) 0

970315B  16.8 6.5 (0.98/1) 3.5 (0.1/1) 2 (1/1) 1(0.76/1)
970411  58.9  53.5 (1/1) 3.5 (0.06/1) 0 0

970420 105 8 (1/1) 2 (0.81/1) 1(0.5/1) 0

970612B  37.6 24 (0.07/1) 13 (1/1) 2.5 (0.4/1) 0

970816 6.5 5 (1/1) 1.5 (0.36/1) 0 0

970831  114.5 126 (1/1) 28 (0.34/0.94) 10 (0.11/1) 0

971110 1952 123 (1/1) 55 (0.21/1) 28 (0.95/1) 9 (0.53/1)
971207C  48.3 38 (0.74/1) 5.5 (1/1) 0 0

980105  36.8 10 (0.42/1) 6.5 (1/1) 1(0.24/1) 0

980203B  23.0 6 (1/1) 2 (0.42/1) 1.5 (0.9/1) 0.5 (0.42/1)
980208B  31.2 12 (1/1) 6.5 (0.42/0.96) 1.5 (0.16/1) 0

980315B  105.0 74 (0.93/1) 23.5 (1/1) 2 (0.13/0.96) 0

980703B  108.4 77 (1/1) 17 (0.25/1) 0 0

980803  19.8 21 (0.03/1) 7.5 (1/1) 1.5 (0.1/1) 0.5 (0.29/1)
980923  33.0 15 (1/1) 5 (0.44/1) 2 (0.39/1) 1(0.15/1)
990108  145.7 58 (0.04/0.98) 36 (1/1) 3(0.05/0.99) 0

990111A  15.0 14 (1/1) 1.5 (0.12/1) 0 0

990123A  63.4 56 (1/1) 16 (0.74/1) 0 0

990316B  100.5 89 (1/1) 18 (0.14/1) 2 (0.05/1) 1 (0.05/1)

GRB Too  Ti(s/c) T3 (s/c) T5(s/c) Ti(s/c)
990323C  49.5 175 (1/1) 5 (0.18/1) 2 (0.46/1) 0
990728 42.8 15 (1/1) 3 (0.39/1) 0 0
990803  19.4 1 (1/1) 0.5 (0.45/0.99) 0 0
991004D  77.4 39 (0.69/1) 9.5 (1/1) 0.5 (0.22/1) 0
991009  131.6 83 (1/1) 23.5 (0.29/1) 6 (0.11/1) 0
991113 61.4 13 (1/1) 3 (0.76/1) 0 0
991127 527 8 (1/1) 1.5 (0.39/1) 0 0
991216 152 16 (1/1) 3 (0.55/1) 1(0.11/1) 0.5 (0.1/1)
000101  51.8 33 (0.8/1) 7 (1/1) 0 0
000103  67.4 21 (0.79/1) 10 (1/1) 0 0
000201A  95.0 42 (1/1) 13.5 (0.19/1) 6 (0.08/1) 0
000221 262 12 (1/1) 0.5 (0.05/1) 0 0
000511A  115.0 73 (1/1) 145 (0.1/1) 0 0
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Theoretical Derivation and Monte Carlo Simulation Test for SFC
Method
Butterworth low-pass filter

For a time series signal S(¢) passing an ideal low-pass filter with cutoff angular

frequency w. = 27 f., the residual signal would read (Oppenheim et al., 1998)

S(r,w.) = % /_  SWsinlwe(r =] (2.2)

o T—1

For example, if S(t) = sin(At), then one has

S ) =
(7, we) 2 We W

where “Sign” is the sign symbol of the expression. This formula can be translated to

0, we < A
S(1,we) = ¢ oA w.=A (2.4)

sin(A7), w.> A

which shows that the high-frequency signal is attenuated.
For a signal as the sum of two periodic components, e.g., S(t) = sin(At) + sin(Bt)

with A < B, one can derive

0, we < A
sin(AT
(2 )7 We = A
S(T,we) = { sin(Ar), A<w,<B (2.5)

(
sin(A7) + sin(B7) . = B
(

sin(A7) +sin Br, w.> B
It is obvious to see how the two signals are screened when a progressively lower
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angular cutoff frequency is applied. If one chooses two angular cutoff frequencies that
satisfy we;—wei—1 < B—A, one would get a correlation coefficient between two RLCs
tobe Ry =1 if A&B ¢ (wei ~ wei—1), or By < 1if A|B C (Wei ~ Wei—1).

Similar results can be obtained if one sets S(t) = cos(At) or S(t) = cos(At) +
cos(Bt) with A < B.

For a more complicated time series, one can always decompose it into the summa-
tion of many Sine or Cosine functions through Fourier transforms. For any angular
cutoff frequency we; (and the corresponding cutoff frequency f.; = wei/2m), the low-

pass filter then attenuates the signal above this frequency.

Simulation tests of the SFC algorithm

In order to better understand the SFC algorithm, we perform a set of additional
simulations.

1) Pulse profiles: We test four different pulse profile functions, A|sin(xt/T")| (sine)
function, Gaussian function, and two “FRED” profiles proposed by Kocevski et al.
(2003) and Norris et al. (1996). First, we generate multiple pulses lying side-by-side
with a fast component superposed on the slow component. For all four different pulse
functions, the pulse durations of the slow and fast components are fixed to 100w
and 107, respectively, with the amplitude ratio between the two components fixed
as As 1 A = 2 : 1. As shown in Fig.7(a-h), we can see that SFC is not sensitive
to the pulse profile function in the multi-pulse case. In the rest of the simulation
tests invoking multi-pulse lightcurves, we adopt the sine function as examples, and
use Fig.7(a,b) as our nominal test to be compared with others (see tests 2-6 below).
Since the SFC method can catch a frequency component even if only one pulse exists
(test 3 below) and since some GRBs indeed only have one broad pulse, next we test the
four pulse profile functions for one pulse only. We fix the full width at half maximum

(FWHM) to ~ 200 s, and vary the function shapes. To our surprise, it is found that
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the identified typical durations from the SFC curve dip frequencies are very different
for the four functions (Fig.7(i-p)): ~ 470 s for the sine shape, ~ 500 for the Gaussian
shape, ~ 676 s for the Norris’ shape, and ~ 708 s for the Kocevski’s shape. A closer
investigation suggests that the longer durations for the FRED shapes are mostly due
to the extended tails for these profile functions (Norris et al., 1996; Kocevski et al.,
2003). This explains the identified long durations for some FRED-like lightcurves in
Sample I (gaps and long tails), which can be longer than Ty, in some cases.

2) Amplitude of pulses: The amplitude of a frequency components is an impor-
tant factor. For our superposition tests, the relative depths of the dips depend on
the amplitude ratio of the slow and fast components. This can be seen from the
comparison of Fig.7(a,b) for As : Ay = 2 : 1 and Fig.8(a,b) for Ay : A =1 :1 (with
the nominal parameters Ty = 1007 s, and Ty = 107 s). For this set of parameters,
the fast component dip disappears when A : Ay > 15 : 1, while the slow component
dip disappears when Ag : A; < 1:25. The asymmetry is understandable since a low
pass filter favors the slow component.

3) Number of pulses: Similar with 2), we change the number of pulses rather than
the amplitude ratio, and also fix other parameters. Fixing the nominal parameters
but increasing the number of pulses, we find that the corresponding dips in the SFC
R; — f.; curve become deeper. See Fig.8(c,d) as compared with Fig.7(a,b). On the
other hand, the slow component can be detected even with one single broad pulse, as
long as its amplitude is large enough. See Fig.7(i-p).

4) Pulse duration spread: Similar to the mock light curve shown in the middle
panel of Fig.2, we generate a set of light curves whose slow component duration range
is fixed in Ty = (50 — 100) s and the amplitude ratio is fixed to As : Ay =2 : 1. We
gradually spread the fast component duration range. We find that the significance
of the relevant dip of the fast component in the SFC R; — f.; curve diminishes and

eventually disappears as the frequency spread is wide enough (Fig.8(e-h)). and then
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disappear (see Fig.7(m)~ 7(p)). We propose that the pulse duration spread is another
important properties the SFC sensitive to.

5) Separation between two components: Back to the two-frequency case, we fix the
amplitude ratio as Ag : Ay = 1: 1 and the slow component duration as Ty = 100, and
then gradually brings the fast component duration closer and closer to the slow one.
We find that the significance of the relevant dip of fast component in the SFC R; — f.;
curve diminishes, and merges with the slow frequency component when % < 0.5
is satisfied (Fig.8(i-n)). Fig.7(o)~ Fig.7(t)).

6) Gaps between pulses: Here we still test the simple two-frequency case. We
fix the pulse duration of slow component as 1007, fast component as 107w, and the
amplitude ratio between the two components as Ag : Ay = 1: 1. We then add gaps in
the lightcurve between the slow component pulses. The gap duration is fixed to 1007
(Fig.8(o,p)), Fig.7(u)~ Fig.7(v)) or is randomly distributed in the range 0 — 1007
(Fig.8(q,r)). We find that the SFC curve still shows two components. However, the
corresponding period for slow component is larger than 1007, indicating that part of
the gap duration is added to the pulse. We therefore draw the conclusion that one
should be careful to perform SFC analysis when substantial gaps exist in a lightcurve.
Indeed, only when the gap is manually removed, can the original pulse width restored

(see final section for a case study).

Case studies of GRBs not belonging to the good sample

We take GRB 930120 as an example in Group II (gaps/long tails). As shown
in Fig.9(a), the burst has two brief activities with durations ~ 10 s, followed by the
main emission episode. The three episodes are separated by two gaps. The SFC curve
(Fig.9(b)) shows only one dip, which corresponds to the main pulse with duration
around 34.5 s.

The puzzling fact is that the ~ 10 s feature and the high-frequency spikes overlap-
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Figure 8 Mock catalog of lightcurves with different pulse properties and their relevant

correlation curves I1.
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ping the main pulse are not captured. The missing high-frequency spiky component
is due to the low amplitude of this component. The lack of the ~ 10 s component
may be understood in two ways. (1) The amplitudes of those two pulses are too small
compared with the main pulse; (2) The existence of the gaps modified the durations
of those pulses from ~ 10 s to ~ 30 s, which is close to the duration of the main pulse
so that the two dips merge to one. To test these possibilities, we perform several
tests. First, we manually remove the quiescent periods (the gaps) in the lightcurve.
The SFC curve still does not show the ~ 10 s component (Fig.9(c,d)). Next, we man-
ually increase the amplitudes of the two pulses to be comparable to that of the main
pulse, the ~ 10 s component then shows up in the SFC curve (Fig.9(e,f)). Finally,
we increase the amplitude of the two pulses but do not remove the gaps. The ~ 10 s
dip in the SFC curve disappears again (Fig.9(g,h)). This suggests that both reasons
(low amplitude and influence of gaps) play a role in missing the ~ 10 s component in
the original lightcurve.

In the irregular group (III) we chose GRB 910522 as an example. The lightcurve
is very noisy (Fig.9(i)), and the SFC curve is irregular (Fig.9(j)).

Finally, the group IV includes bursts with short durations or poor temporal reso-
lution. The SFC method is no longer applicable to these bursts. An example (GRB
920718B) is presented in Fig.9(k,1).
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CHAPTER 3

COMPTON SCATTERING OF SELF-ABSORBED SYNCHRONTRON
EMISSION

This chapter is part of the following published paper :
Gao H., Lei W.-H., Wu, X.-F., Zhang B., 2013, Monthly Notices of the Royal
Astronomical Society, 435,2520

Astrophysical sources powered by synchrotron radiation should have a synchrotron
self-Compton (SSC) scattering component. The same electrons that radiate syn-
chrotron photons would scatter these synchrotron seed photons to high energies,
forming a distinct spectral component. The SSC mechanism has been invoked to
account for the observed high energy emission in many astrophysical sources, such as
gamma-ray bursts (GRBs) (e.g. Mészaros et al., 1994; Wei and Lu, 1998; Dermer et
al., 2000a; Panaitescu & Kumar, 2000; Sari and Esin, 2001; Wang et al., 2001a; Wu
et al., 2004) and active galactic nuclei (AGNs) (e.g. Ghisellini et al., 1998b; Chiang
& Bottcher, 2002; Zhang et al., 2012).

SSC is a complex process. The flux at each observed frequency includes the con-
tributions from electrons in a wide range of energies, which scatter seed photons in
a wide range of frequencies. Therefore, a precise description of the SSC spectrum
invokes a complex convolution of the seed photon spectrum and electron energy dis-
tribution, which requires numerical calculations. However, for a synchrotron source
with shock-accelerated electrons, the injected electron spectrum is usually assumed
to be a simple power-law function, the corresponding electron energy distribution
and seed synchrotron spectrum thus have simple patterns. Some analytical approx-
imations for the SSC spectrum can be then made if Compton scattering is in the
Thomson regime.

Besides the injected electron spectrum, two other factors are essential to define

the shape of the final electron energy distribution in a synchrotron source: radia-
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tion cooling and self-absorption heating. There are three characteristic synchrotron
frequencies in the spectrum: the minimum injection frequency (v,), the cooling fre-
quency (v,.), and the self-absorption frequency (v,). When v, < v, the heating effect
due to self-absorption is not important in modifying the electron energy spectrum.
For a continuous injection of a power-law electron spectrum, the final electron energy
distribution is a broken power law. The seed synchrotron spectrum for SSC is charac-
terized by a multi-segment broken power law, separated by v,,, ., and v,. Different
ordering of the three characteristic frequencies leads to different shapes of the seed
synchrotron spectrum. In the literature, usually v, < min(vy,,v.) is assumed. Sari
and Esin (2001) have derived the approximated expressions of the SSC spectrum in
the v, < v < Ve and v, < 1, < vy Tegimes, respectively!.

When v, > 1., synchrotron self-absorption becomes an important heating source
for the low-energy electrons. Consequently, the electrons are dominated by a quasi-
thermal component until a “transition” Lorentz factor =, above which the electrons
are no longer affected by the self-absorption heating and keep the normal power law
distribution (Ghisellini et al., 1988, 1991, 1998a). For these strong absorption cases,
a thermal peak due to pile-up electrons would appear around v, in the synchrotron
spectrum (Kobayashi et al., 2004), which would also result in some new features in
the SSC spectrum.

In this work, we extend the analysis of Sari and Esin (2001) and present the full
analytical approximated expressions of the SSC spectrum in all six possible cases
of Va, Um, Ve ordering. Firstly, three weak synchrotron self-absorption cases (v, <
v.) are discussed. Then we focus on the strong synchrotron self-absorption regime
(va > 1), where synchrotron self-absorption significantly affects the electron energy
distribution. By adopting a simplified prescription of the pile-up electron distribution,

we derive the expressions of both synchrotron and SSC spectral components. All the

! Assuming weak self-absorption, Gou et al. (2007) derived analytical approximations of the SSC
component for several other spectral regimes.
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expressions in this work are valid in the Thomson regime, so that the Klein-Nishina
correction effect (e.g. Rees, 1967; Nakar et al., 2009) is not important in the first order
SSC component. We also limit our treatment to the first-order SSC, and assume that
the higher-order SSC components (e.g. Kobayashi et al., 2007; Piran et al., 2009)
are suppressed by the Klein-Nishina effect. Such an assumption is usually valid for
most problems. In order to make a simple analytical treatment, we have applied a
simplified approximation for the synchrotron spectra, and adopted the simplification
that the inverse Compton scattering of mono-energetic electrons off mono-energetic
seed photons is also mono-energetic (Sari and Esin, 2001). This would not significantly

deteriorate precision of the analysis, while making it much simpler.

Weak Synchrotron Self-Absorption Cases

In the single scattering regime, the inverse Compton volume emissivity for a power-

law distribution of electrons is (Rybicki and Lightman, 1979; Sari and Esin, 2001)

31 = 30r /00 va(fy)/ dx g(:c)f,,s(:c), (3.1)

Ym 0

where r = v/47%v, (an angle-dependent parameter), f,. is the incident specific flux in
the shock front, o7 is Thomson scattering cross section, and g(x) = 1+x+2z In x—222
takes care of the angular dependence of the scattering cross section in the limit of
7> 1 (Blumenthal & Gould, 1970). One can approximate g(z) =1 for 0 < x < x
to simplify the integration, which would yield a correct behavior for x < 1 (Sari &
Esin 2001). With such a simplification, the SSC spectrum is given by (Sari & Esin
2001),

19~ Ror [ [ de ), (3.2)

Ym 0
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where f,, () is the synchrotron flux, R is the co-moving size of the emission region, and
the value of the parameter xg is set by ensuring energy conservation, i.e. fol zg(z)dr =
Jo da.
When v, < v, in the slow cooling regime (v, < 7.), the electron energy distribu-
tion is
n(p — Dyhty7?, Yo <V < Yey

N = (33)
nlp— D89 > e

Here ~,, is the minimum Lorentz factor of the injected electrons, and p is electron
spectral index. Cooling is efficient for electrons with Lorentz factor above the critical
value 7.. Notice that Eq.3.3 is only valid for p > 1.

In the fast cooling regime (7. < 7m), the electron energy distribution is?

—2
ny.y s, Ye <Y < Ym;
N(vy) = (3.4)

Yy P >

In this regime, all the injected electrons are able to cool on the dynamical timescale.
Therefore, there is a population of electrons with Lorentz factor below the injection
minimum Lorentz factor 7.

The seed synchrotron spectrum f,, has spectral beaks at v,, v, and v., where
v, is the self-absorption frequency, below which the system becomes optically thick,
and v, and v, are the characteristic synchrotron frequencies for the electrons with
Lorentz factors 7, and ~., respectively.

As shown in Sari and Esin (2001), the critical frequencies in the SSC component

are defined by different combination of 7., Y, Ve and v,, vy, V.. For convenience, we

2This is valid only in the deep fast cooling regime. For a non-steady state with not too deep fast
cooling, the electron spectrum can be harder than -2 (Uhm and Zhang, 2013b).
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use a new notation in this work

vls = 4y v, i,j=a,c,m. (3.5)

The physical meaning is the characteristic upscattered frequency for mono-energetic
electrons with Lorentz factor v; scattering off mono-energetic photons with frequency

l/j.

Case I: v, < vy < 1,

This case has been studied by Sari and Esin (2001). The synchrotron spectrum

reads®

Va % v 2
fmax Tm ) V< Vg
1
3
Jmax (i) ) Va <V < Upj
fl/ = PTP (36)
Jmax (i) : Um <V < I
2P -5
|t (22) 7 (2) 7 v

where fiax = fo(vm) is the peak flux density of the synchrotron component, which is
taken as a constant. Substituting this seed photon spectrum into equation (3.2), the

inner integral reads (Sari and Esin, 2001)

( 1
5 R 9
I =~ 3 fmaxTo (,Ij—m> (7472,2%) ) v < Av*1,xg
1
3 3 9 9
Iy >~ 5 fnaxTo (7472,1“1,0) ; Aviv,xg < v < 4y unxg
= ) (3.7)
2 2 9 9
I3 =~ (p+1)fmaxl'0 <4’y2:mwo> 5 4’}/ UmTo <V < 47 Ve
1-p _p
~ 2 Ve 2 v 2 2
\ I4 = (pt+2) fmaxxo (K) (4721/ch> y V> 47 VeZg.

3Hereafter, the synchrotron spectra are denoted as f,(v) for simple presentation. Notice that
when they are taken as seed spectrum, one should consider them as f,_(vs) and apply equation (3.2)
to calculate the SSC spectra.
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Similar to Sari and Esin (2001), only the leading order of v and zeroth order of v, /vy,
and vy, /v. are shown. However, we note that higher order small terms are needed
to derive the following SSC spectrum (3.8) through integrating the outer integral of
equation (3.2).

After integration, f.¢ is very complex. Keeping only the dominant terms, one

gets the analytical approximation

£i¢ =~ Rornfumaxto (3.8)
( 1
s (22) (k) v <G
%(1(,]0__1}2),) @)é ) Vi <V < Upon
1p
% Eﬁ:; (ﬁ) 1: [(p+(1p)J(rp1/i’/3 + hl( )] ’ IC V< VIIS”
=y (ﬁ)T S~ e 1“( Sk Ve <V < Vg’
G ) () (657 - i+ B ()] v
Notice that Sari and Esin (2001) presented an opposite sign for the term @ +2)2 in the

last segment, which might be a typo in that paper.

The normalized synchrotron 4+ SSC spectra for this and other two weak self-
absorption cases are presented in Figure 10. We note that these analytical expressions
are not continuous around the breaks because of dropping the small order terms (see
also Sari & Esin 2001), but the mis-match is small. When plotting the SSC curve in
Figure 10, we have used the analytical approximations, but added back some smaller

order terms to remove the discontinuity.
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Case II: v, < v, < 1,

The synchrotron photons spectrum reads

2
v .
(Z) 9 v S Vm;

9

2
v .
V_a) ) Um <V < Uy

i

fmax
fmax
fmax
fmax

t|§

o7
/N

v

)
)"
Vm) )
27 (@) v

Evaluating the inner integral in equation (3.2), we obtain

3 Vo <V < Vg

?ﬁ
Il
/\/\/r/\
NN
8

( p+1

2(p Vm) 2 __ v 2
Il = 3(p+1) fmaxx ( I:) 17 2vmo v < 47 VaXo
1-p
= 2 v 2 2 2
1 IZ = p+1fmaxx0 (472um:vo> ) 47 Valp < V < 47 VeZo
1 _r
2 ve )2 v 2 2
\ I = (p+2) Frmaxo (Vm> (4“/2sz0> e

(3.9)

(3.10)

An interesting feature of this result is that [; is linear with v all the way to

v = 47%v,7¢, indicating that a break corresponding to the break in the synchrotron

spectrum at 14, does not show up in the SSC spectrum for monoenergetic electron

scattering. When v > 4+%v,2, the SSC spectrum follows the same frequency depen-

dence as the corresponding seed synchrotron spectrum.

After second integration, we get the analytical approximation in this regime:

fic = RO_TnfmaxIO
( pt+1

e (5) () <V
1-p _
5 () T [En ()] e <v <
<y EGE) 2+—+m< I s
o (o) * [ em(F)] o<
| () () P ()] v
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Similar to the I result, there is no spectral break around /¢

. Another comment

is that the logarithmic terms make the SSC spectrum harder than the simple broken

power-law approximation above the vF, peak frequency. At high frequencies, the

simple broken power-law approximation may not be adequate to represent the true

SSC spectrum.

Case III: v, < v, < Uy

This case was also studied by Sari and Esin (2001). The seed synchrotron spectrum

reads

This gives

o fmax I/Lc ’
T e 2)
(

1
~ 5 va)?® v
]1 — 2fmaxx0 Ve 47 Vazo )
[2 = gfmaxxo (47 l/cro) )
1
I T2
~d
3 — 3fmaxx0 47 VeTo

I = 25 fruo (—m) (47 L)

Nl’ﬁ

and the final SSC spectrum

fIC ~
v

RUTnfmaxxO

60

v < 4v*v,10
Ay, < v < 4v%vemg
4y’ v.xg < v < 4y un g

v > 4y 10

(3.12)

(3.13)

(3.14)



/ 1
5 (va)? v 1C.
6 (7) (49) ’ CY
1
3

9 v ‘ 1C 1C.
E(VIC) ’ Ve <V < Vs

ca

1
; |z 1C Ic.
% 3 (JI/C) [1_5 +1n (5@)] : VIC < v < VI,
1
1(v ) 2| 205 2=l JIC . o
3 (uéf?) [(p+2)(p—1) 302 T In (== )1, Ve <V < Uy
_p
1 2

mm

2(p+5) _ 2 (p-1) y ©
[ﬁ(i—l) B §(§+2) +In (Vl—c:)] y V> Unn
We note that Sari and Esin (2001) has an opposite sign in the term In (VILC) in the

third segment, which might be another typo in that paper.

We define ratio between the SSC luminosity and the synchrotron luminosity as

the X parameter similar to Sari & Esin (2001), i.e.,

X =20 b (3.15)

where U, and Up are the synchrotron photon energy density and magnetic field
energy density, respectively.

For v, < vm < 1. (case I) and v, < v, < 1. (case II), the vf, peaks of the
synchrotron and the SSC components are at v, and v, respectively (see Figure 10).

cc )

One can estimate

IC £IC(, IC
_ Lic Ve fy~ (Vec)
X = ~ = =
Lsyn chu(l/c)
- 1-p
IC Vec ) 2
Voo RoOTN finax®o (Vﬁfm)
~ ip
2
chmax (ﬁ)
v\ "
~ AdxiornRy? (—C> : (3.16)
m

which is consistent with Sari & Esin (2001). Note that when calculating X, we did

not include the coefficients in the analytical approximations of the SSC component,
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Figure 10 Total synchrotron + SSC spectra for weak synchrotron reabsorption cases
(Va < V). The top panel is for v, < v, < v, case; the middle panel is for vy, < v, < v,
case; and the bottom panel is for v, < v, < vy, case. The thin solid line is synchrotron
component. The thick solid line in the SSC component is drawn using the analytical
approximations, while the dashed lines are the broken power-law approximation for
comparison. In all the cases, the vF, peaks for both the synchrotron and the SSC
components are normalized to unity:.
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which is of order unity.
For v, < ve < vy, (case I11), the v f, peaks of the synchrotron and SSC components

are at vy, and V¢ | respectively. One therefore has

mm?’

oo e | S0
Lgyn Vin fo (V)

N

ite VIC -
v Rorn fiax®o ( V‘Eg‘,“)

~ A3 ornRYYm, (3.17)

Jun

which is also consistent with Sari & Esin (2001).

Strong Synchrotron Self-Absorption Cases

When v, > v, synchrotron/SSC cooling and self-absorption heating would reach
a balance around a specific electron energy under certain conditions (see details in
the last section of this chapter). For such cases, the electron energy distribution
and the photon spectrum are coupled, a numerical iterative procedure is needed to
obtain the self-consistent solution. Ghisellini et al. (1988) solved the kinetic equation
and found that the electron energy distribution would include two components: a
thermal component shaped by synchrotron self-absorption heating, and a non-thermal
power-law component. Based on their results (Ghisellini et al., 1988), the electron
distribution is close but not strictly Maxwellian. Strictly, one needs to use equation
(3.2) to calculate the SSC spectral component numerically. In the following, we make
an approximation to derive analytical results. For the quasi-thermal component, we
take N(v) o< 2 for v < 7, to denote the thermal component, and take a sharp cutoff
at 7,. Above this energy, the electron energy distribution is taken as the standard

(broken) power law distribution.
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In particular, for v. < v, < vy, the electron distribution becomes

nTga 7 S Yas
N(@) =4 me2 Yo <Y < Y- (3.18)

For v, < v, < v,, one has

nﬁ, Y < Yas
N(y) = a - (3.19)

n(p =D ey ™ 7> e
For v, < v, < v,, one has

2

3y
n—s, Y < Vay
N(’y) = Ta (3.20)

A e
Following these new shapes of the electron distribution, the synchrotron photon
spectra can be calculated, which also contain a thermal component and a (broken)
power-law component. Still applying equation (3.2), one can analytically calculate
the SSC spectral component for another three cases in this regime. We note that
due to the simple approximation to the complicated electron pile-up process, the
analytical results presented below are not as precise as those in the weak absorption

cases.

Case IV: v, < v, < vy

In this case, the synchrotron photon spectrum reads

2
foe (£) v <
_1
fr=13 fouR —) ’ Ve < V< U (3.21)

()
Fun (52) () 7 v > v



where R is the discontinuity ratio in the electron distribution at ~,,

Ve

R = . 3.22
3%a (3:22)
One can then derive
I~ fraxo (3R + 1) <m) ; v < 4v%v,10
I= I ~ gfmaxxoi)% (4.y Vax0>_§ ) 4’)/21/35170 <rv< 4”)/2I/mx0 (323)

[Nl

1
~ 3 s ) 2 B 2
Iy = s freto® (2)7 (3t ) 5 ¥ > 492t

and
FI ~ Ropnfumto (3.24)
[ (19 +1) (R+4) (é)w@i&’;
N R e
' %(—H—(—}

In this case, there are two peaks in the vF), spectrum for the synchrotron and SSC
components, respectively. For the synchrotron component, the thermal peak is at
(25/9)v, ~ 2.8v,, and the non-thermal peak is at vy,. For the SSC component, the

thermal peak at v/C, and the non-thermal peak at v'¢ . The relative importance

of the two peaks depend on the relative location of v, with respect to v. and vy,.
More specifically, the spectrum is non-thermal-dominated when v, < /e, and is
thermal-dominated when v, > \/vpVc.

In Figure 11, we compare the above simplified analytical approximation (solid)
with a simplest power law prescription (dashed) of the SSC component. The non-
thermal-dominated and the thermal-dominated cases are presented in Figures 11la

and 11b, respectively. Below v, similar to the weak self-absorption regime (cases

mm’
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[-1II), the logarithmic terms make the analytical spectrum harder than the simple

broken power-law approximation above the non-thermal v F,, peak frequency. At high

frequencies, the simple broken power-law approximation is not adequate to represent

the true SSC spectrum.

Case V and VI: v, > max(vpy, )

For these two cases (v, < V. < v, and v, < vy, < 1,), the treatments and results

are rather similar to each other. we take v, < v, < v, as an example. In this case,

the synchrotron spectrum reads

2
fua (£) 0 vEw
fo= -2
fon® (2) 70 v v

where

Yo ()"
n=p-ge ()

(3.25)

(3.26)

Applying equation (3.2), the inner integral I can be then approximated as

2
2
I ~ 20+2) p+2 fmaxxO% (47 Vamo) ; v > 4y 1,70.

Integrating over the outer integral, one gets

fic =~ RUTnfmaxxO

R v
) G ) () ()

[ e (2 o) 2 ()] ()

I =~ fraxTo ( p12) + 1) <m) . v <4y,

(3.27)

(3.28)

IC.

aa ?

IC.
V> U

The case of v, < v, < 1, is almost identical to the above v, < v, < v,. The only
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difference is that the expression of R is modified to

Ye [m)
r=-"(2 . 3.29
3Va <%) (3:29)

This is reasonable, since in the fast cooling case, the electron energy spectral index is
p = 2, so that the factor (p—1) can be reduced to 1. The analytical results and simple
broken power-law approximation in this regime is identical to Figure 11c. We note

again that full numerical calculations are needed to obtain more accurate results.

Finally, we investigate the X parameter in the strong synchrotron self-absorption
regime.
For v. < v, < vy, (case IV), if the spectrum is non-thermal-dominated, the syn-

chrotron and SSC emission components peak at v, and /¢

mim?’

respectively. One thus

has

B LIC VIC lEC(VIC )
—_— ~J I ———

X mm mm
Lsyn meu(Vm)
1
- 3
mefmax (Iljj_t':)
~ 420 rnRY Y. (3.30)

If the spectrum is thermal-dominated, the synchrotron and SSC emission components

peak at v, and V¥, respectively. One has

aa ?

Lo #SACw)
Lign Vafo(Va)
VIC Rorn finax®o
Va Jmax

~ 4xdornRy2. (3.31)

X =

In general, the X parameter for v, < v, < vy, (case IV) is 4z2ornR - max(V2, YeYm)-
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Figure 11 Same as Figure 10, but for strong synchrotron reabsorption cases . The top
panel is for v, < v, < 1y and v, < /Uyl case; the middle panel is for v, < v, < vy
and v, > \/Unl. case; and the bottom panel is for v, > max(vy, v.) case. All the
solid lines are analytical approximations and the dashed lines are broken power-law
approximations.
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For v, < v. < v, (case V) and v, < vy, < v, (case VI), the synchrotron and SSC

emission components peak at v, and v/, respectively. In this case, one has

aa
I1C rI1C/, IC
LIC -~ Vaa Ju (Vaa )
Ly Vafu(Va)
V;SRUTnfmaxxO
Vafmax

~ dxiornRy?. (3.32)

X =

which is same as the thermal-dominated case for v, < v, < vy, (case IV). So in general

the expression of X is equation (3.32) only if the spectrum is thermal-dominated.

Conclusion and Discussion

We have extended the analysis of Sari and Esin (2001) and derived the analytical
approximations of the SSC spectra of all possible orders of the three synchrotron
characteristic frequencies v,, v, and v.. Based on the relative order between v, and
V., we divide the six possible orders into two regimes.

In the weak self-absorption regime v, < ., self-absorption does not affect the
electron energy distribution. Two cases in this regime have been studied by Sari and
Esin (2001). Our results are consistent with theirs (except the two typos in their
paper). For the other regime vy, < v, < 1., we find that the SSC spectrum is linear

I/IC

ma’

and there is no break corresponding to v.9 .

to v all the way to

In the strong self-absorption v, > 1, regime, synchrotron self-absorption heating
balances synchrotron/SSC cooling, leading to pile-up of electrons at a certain energy,
so that the electron energy distribution is significantly altered, with an additional
thermal component besides the non-thermal power law component. Both the syn-
chrotron and the SSC spectral components become two-hump shaped. To get an
analytical approximation of the SSC spectrum, we simplified the quasi-thermal elec-

tron energy distribution as a power law with a sharp cutoff above the piling up energy,
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and derived the analytical approximation results of the synchrotron and SSC spectral
components. We suggest that for the thermal-dominated cases, i.e. v, > /Unve in
the v. < v, < v, regime or the v, > max(vy, V) regime, full numerical calculations
are needed to get accurate results.

In general, the SSC component roughly tracks the shape of the seed synchrotron
component, but is smoother and harder at high energies. For all the cases, we compare
our analytical approximation results of SSC component with the simplest broken
power-law prescription. We find that in general the presence of the logarithmic terms
in the high energy range makes the SSC spectrum harder than the broken power-law
approximation. One should consider these terms when studying high energy emission.
The only exceptions are the v, > max(vy, 1) regimes. However, in these regimes the
analytical approximations may be no longer good, and one should appeal to full
numerical calculations.

Our newly derived spectral regimes may find applications in astrophysical objects
with high “compactness” (i.e. high luminosity, and small size). In these cases, v, can
be higher than v, or vy, or even both (see last section in this chapter for the critical
condition). For example, in the early afterglow phase of GRBs, slow cooling may be
relevant, and the radio afterglow is self-absorbed with v, above 1, (e.g. Chandra and
Frail, 2012). In the prompt emission phase when fast cooling is more relevant, the
self-absorption frequency can be above v, (e.g. Shen and Zhang, 2009).

An example of the extreme case v, > max(vy,, v.) can be identified for a GRB
problem. For a dense circumburst medium with a wind-like (n oc 772) structure, in the
reverse shock region, the condition v, > max(vy, 1) can be satisfied (e.g. Kobayashi
et al., 2004). For a GRB with isotropic energy E = 1052Es,, initial Lorentz factor
[o = 1000, initial shell width A = 10'?A}, running into stellar wind with density
p=(5x10"g cm ) A,r=2, one can derive following parameters at the shock cross-

ing radius ry: The blastwave Lorentz factor I'y = 25.8A*_1/4A1_21/4E§2/4, Vm = 3.1 X
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101 Hz [9(p)/g(2.3)] AN, P B e 62 o35, ve = 1.2x1012 Hz A 2A Bif%e 5,
Ve = 4.6 x 10" Hz AY AL B, 10%°. Here e, = 0.1¢,_; and e = 0.01ep,_o
are microphysics shock parameters for the internal energy fraction that goes to elec-
trons and magnetic fields, p is the electron spectral index, and g(p) = (p—2)/(p—1).
We can see that for typical parameters, v, > max(v,,v,,) is satisfied. In this
regime, one should check whether the “Razin” plasma effect is important. At shock
crossing time, the comoving number density of the shocked ejecta region is n' =
2.3 x 10® cm™ Ai/4A1_27/4E5_21/4Fﬁ. Noticing that the comoving plasma angular
frequency is w), = 5.63 x 10* s™'n/ /2 one can write the plasma frequency in the
observer frame as v, = 1.4 x 10! Hz Ai’/SAfzg/SEéz/SFa’;/z. Multiplying by 7. =
1024 AL B e, 0T0 57, one gets var, = 1.4x 10 Hz ALOALTO B0 VY
Ly ;/ 10, which is much smaller than v,. This suggests that the Razin effect is not im-
portant (Rybicki and Lightman, 1979), and the dominant mechanism to suppress
synchrotron emission at low energies is synchrotron self-absorption. Notice that for
this particular problem, the second order Comptonization may not be suppressed

by the Klein-Nishina effect, and one has to introduce it for a fully self-consistent

treatment.

Condition of electron pile-up and strong absorption

By applying the Einstein coefficients and their relations to a system with three
energy levels, Ghisellini et al. (1991) have derived one useful analytical expression of

the cross section for synchrotron self-absorption:

. ~5/3
22/3\/37T2(4/3) o Ber [ v VL 3.2
5 o B \3n , 7<I/<<§”)/I/L,

os(vy,v) = (3.33)

?wz"—TBg% (”—L) exp ( —2v ) L US> %’)/2VL.

ag v \v 32y

where v is the relevant electron Lorentz factor, v is photon frequency being absorbed,

oy is the fine structure constant, Be, = ap(mec?/r)'/? ~ 4.4 x 10'3G is the critical
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magnetic field strength, r. is the classical electron radius, and v, = eB/2wm.c is the
electron cyclotron frequency. All the parameters introduced in this section are in the
comoving frame.

For a simple derivation of the electron pile-up condition, we take an approximate

form

—5/3
22/3\/37T2(4/3) o Ber [ v VL, 3.2
5 a B \3u ;o <V =g,

os(7,v) = (3.34)

0, v > 297y,

For electrons with Lorenz factor -, the heating rate due to synchrotron self-

absorption can be estimated as

i) = [ em by as() v (3.35)

where n, is the specific photon number density at frequency v contributed by all the
electrons.

The cooling rate for electrons with Lorentz factor of 7 is

Y (v) = (1+Y)- Pyn
B2

4 2
= (1 + Y) X gO’TC’}/ 8_7'('7 (336)

where Y = % is the Compton parameter.
syn
By balancing the heating and cooing rate, one can easily obtain the critical electron

Lorentz factor v.,, which satisfies

A (Yer) = 3 (Yer) (3.37)

Initially, the photon spectrum has not been revised through self-absorption, i.e., n, o
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/3. One therefore has
Yor = 2.1 x 10* BT3P0 4715 (1 4 y)=3/10 (3.38)

The electron pile-up (strong absorption) condition can be expressed as

6mmec
or = Ve = . 3.39
Jor = e = G BH(1 1Y) (3:39)
With equations 3.34 - 3.39, the pile-up condition can be expressed as
B\’ £\ 1+Y
— — FL3 — ] >1 3.40
<1OOG) 8 (100s) " Svmax X\ T (3:40)
where
fmax dL ? -2 -1 —1 fmax mJy dL 28 ?
fu max — =y =1 H : : 3.41
’ I'l+2) \ R ce e e Co(1+2) \ Rua (341)

is the synchrotron peak flux in the emission region. Here dy, is the luminosity distance
of the source, and R is the distance of the emission region from the central engine.

One can immediately see that this condition is very difficult to satisfy. It requires
a strong magnetic field, long dynamical time scale and high synchrotron flux. In
the GRB afterglow problem, for forward shock emission, B decreases with ¢ rapidly,
and there is essentially no parameter space to satisfy the condition. This condition
may be realized in extreme conditions, e.g. the reverse shock emission during shock
crossing phase for a wind medium, as discussed in the main text.

One interesting note is that SSC cooling only enhances the pile-up condition. Once
the pile-up condition is satisfied for synchrotron cooling only, adding SSC cooling only
makes the condition more easily satisfied (as shown in equation 3.40).

Once the electron pile-up process is triggered, both electron distribution and pho-
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ton spectrum would be modified, so that the value of 7., is modified correspondingly.
According to the numerical calculation results (Ghisellini et al., 1988, 1991, 1998a),
the electron distribution is dominated by a quasi-thermal component until a “transi-
tion” Lorentz factor 7, above which the electrons go back to the optically-thin normal
power law. In this case, 7. should be around the thermal peak, and 7, should be
around the “transition” Lorentz factor 7, which is slightly larger than ... Conse-
quently, one would roughly have 7, ~ 7. ~ 7, so that the assumption of a sharp
cutoff in the electron distribution around this energy is justified. In the main text, we

did not differentiate the three Lorentz factors, and only adopt 7, in the expressions.
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CHAPTER 4

A COMPETE REFERENCE OF THE ANALYTICAL SYNCHROTRON
EXTERNAL SHOCK MODELS OF GAMMA-RAY BURSTS

This chapter is part of the following published paper :
Gao H., Lei W.-H., Wu, X.-F., Zou, Y.-C., Zhang B., 2013, New Astronomy
Review 57, 141

Although the nature of the progenitor and central engine as well as the detailed
physics of y-ray emission are still rather uncertain (for reviews, see e.g. Zhang and
Mészaros, 2004a; Piran, 2004; Mészaros, 2006; Zhang, 2007b; Kumar and Zhang,
2013), a generic synchrotron external shock model has been well established to in-
terpret the prompt emission and the broad-band afterglow data (Rees and Mészaros,
1992, 1994; Mészaros and Rees, 1993, 1997a; Sari et al., 1998a; Chevalier and Li,
2000). This model delineates the interaction between the relativistic GRB jet and a
circumburst medium. During the initial interaction, a pair of shocks (forward and
reverse) propagate into the ambient medium and the ejecta, respectively. After the
reverse shock crosses the shell, the blastwave enters a self-similar phase described
by the Blandford-McKee self-similar solution (Blandford and McKee, 1976). In this
phase, the dynamics of the blastwave is solely determined by a few parameters (e.g.
the total energy of the system, the ambient density and its profile).

Electrons are accelerated in both forward and reverse shocks, which radiate syn-
chrotron emission in the magnetic fields behind the shocks that are believed to be
generated in situ due to plasma instabilities (e.g. Medvedev and Loeb, 1999). Intro-
ducing several notations to parameterize micro-scopic processes, i.e. the fractions of
shock energy that go to electrons and magnetic fields (e, and eg), and the electron
spectral index p, one can then calculate the instantaneous synchrotron spectrum at
a given epoch, as well as the flux evolution with time (the lightcurve) for a given

observed frequency.
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Since the simplest external shock theory does not invoke details of a burst, and
invokes only a limit number of model parameters, it is an elegant theory with falsi-
fiable predictions. It turned out that the predicted power-law decay of lightcurves
and broken power law instantaneous spectra are well consistent with many late time
afterglow data in the pre-Swift era (e.g. Wijers et al., 1997; Waxman, 1997a; Wijers
and Galama, 1999; Huang et al., 1999, 2000; Panaitescu and Kumar, 2001, 2002; Yost
et al., 2003), suggesting that most of the observed multi-wavelength afterglows indeed
originate from jet-medium interaction, and that synchrotron radiation is indeed the
right radiation mechanism to power the observed emission. Later observations showed
more complicated afterglow behaviors (e.g. Akerlof et al., 1999; Harrison et al., 1999;
Berger et al., 2003; Fox et al., 2003; Li et al., 2003), which demand more complicated
models (Mészaros et al., 1998) that invoke joint forward shock and reverse shock emis-
sion (Mészaros and Rees, 1997a; Mészaros and Rees, 1999; Sari and Piran, 1999a,b;
Kobayashi and Zhang, 2003b; Zhang et al., 2003), non-uniform density medium (Dai
and Lu, 1998b; Chevalier and Li, 1999, 2000), continuous energy injection into the
blastwave (Dai and Lu, 1998a; Rees and Mészaros, 1998; Zhang and Mészédros, 2001a),
collimation of the jet (Rhoads, 1999; Sari et al., 1999¢; Zhang and Mészdros, 2002a;
Rossi et al., 2002), hard electron injection spectrum (Dai and Cheng, 2001a), etc.
Nonetheless, these more complicated models, by introducing one or more additional
assumptions/parameters, still have clear testable predictions regarding the afterglow
decaying index «, the spectral index 3, and the relation between them (the so-called
“closure relations”) (e.g. Zhang and Mészaros, 2004a; Zhang et al., 2006, for a col-
lection of these models). The Swift mission (Gehrels et al., 2004) made it possible
to systematically detect the early phase of the GRB X-ray afterglow, which shows
some un-predicted features (Tagliaferri et al., 2005; Burrows et al., 2005a; Nousek
et al., 2006; O’Brien et al., 2006; Evans et al., 2009) that demand multiple physical

processes that shape the observed lightcurves (Zhang et al., 2006). Systematic data
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analyses (Zhang et al., 2007a; Liang et al., 2007b, 2008, 2009; Butler and Kocevski,
2007; Kocevski et al., 2007; Chincarini et al., 2007, 2010; Margutti et al., 2010) sug-
gest that the X-ray afterglow is a superposition of the conventional external shock
component and a radiation component that is related to the late central engine ac-
tivity (e.g. Zhang, 2007b, 2011b; Zou et al., 2013). Nonetheless, the data indicate
that the low-energy (optical and radio) afterglows (Kann et al., 2010, 2011; Chandra
and Frail, 2012) and the late-time X-ray afterglow is more likely of the external shock
origin. Recent Fermi observations suggest that the GeV afterglow after the prompt
emission phase is also dominated by the emission from the external shock (Kumar
and Barniol Duran, 2010; Ghisellini et al., 2010; He et al., 2011; Liu and Wang, 2011;
Maxham et al., 2011). Observations with EVLA and ALMA start to reveal the early
phase of GRB afterglow in the radio and sub-mm regime, during which reverse shock
and self-absorption effects are important. These are the regimes not fully covered by
the already published materials. With new data flooding in, it is essential to system-
atically survey a complete list of external shock models in all possible temporal and
spectral regimes.

This chapter aims at providing a complete reference to the analytical synchrotron
external shock afterglow models. It includes all the published models and spectral
regimes, but also includes new derivations in the previously not well-studied models
or spectral regimes. All the models are surveyed systematically, with typical model
parameters calculated, temporal and spectral indices and their closure relations sum-
marized in tables. It is designated as a complete reference tool for GRB afterglow
observers to quickly identify the relevant models to interpret their broad-band data.
In the second 2, we provide a general description of the synchrotron external shock
models, which lay the foundation to derive any model discussed later. The third sec-
tion summarizes all the models in four different phases: the reverse and forward shock

models during the reverse shock crossing phase, the forward shock models during the
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isotropic self-similar deceleration phase, the forward shock models in the post-jet
break phase, and the forward shock models in the non-relativistic phase. For each
model, the expressions of key parameters, including the three characteristic frequen-
cies v, (self-absorption frequency), v, (the characteristic synchrotron frequency of
the electrons at the minimum injection energy), and v, (the cooling frequency), and
the peak synchrotron flux density F) max, are presented. The spectral index g and
the temporal index « (with the convention F, oc =7t as well as their closure rela-
tions are presented in Tables 5-25. Next, we describe how to make use of the models
to calculate lightcurves, and derive all possible lightcurves (Fig.12-55) by allowing a
wide range of parameters. We also draw typical lightcurves in the radio, optical and
X-ray bands by adopting typical values of model parameters. Finally, we discuss the

limitations of these simple analytical models.

General Description of the Synchrotron External Shock Models of
GRBs

The synchrotron external shock models (Rees and Mészdros, 1992; Mészéaros and
Rees, 1993, 1997a; Sari et al., 1998a) describe the interaction between the GRB out-
flow and the circum-burst hydrogen medium (CBM). The physical parameters that
enter the problem to determine the dynamics of blastwave deceleration include the
“isotropic” energy E (the total energy assuming that the outflow is isotropic), the
initial Lorentz factor I'y, and the CBM density and its profile n(R) oc R7%,0 < k < 4
(Blandford and McKee, 1976) (and see Sari (2006) for a discussion for the cases with
k > 4), where R is the radius from the central engine. As a result, these models are
very generic, not depending on the details of the central engine activity and prompt
~v-ray emission. There is another parameter, i.e. the magnetization of the outflow o,
that would slightly affect the dynamics of the system during the early phase of evolu-

tion (e.g. Zhang and Kobayashi, 2005; Mimica et al., 2009). In this chapter, we limit
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ourselves to the regime of zero (or very low) magnetization. These matter-dominated
ejecta are also called “fireballs”.

Assuming that a jet with opening angle 6, is launched from the central engine,
which lasts a duration 7" with constant Lorentz factor I'g, the evolution of the a
fireball jet includes four phases'. The first phase is when a pair of shocks (forward
and reverse) propagating into the CBM and the shell (with initial width Ay = ¢T),
respectively (Sari and Piran, 1995). After the reverse shock crosses the shell, the
blastwave quickly enters a self-similar deceleration phase described by the Blandford-
McKee solution (Blandford and McKee, 1976). This is the second phase. Later, as the
blastwave is decelerated enough, the 1/I" cone becomes larger than the geometric cone
defined by 0;, the afterglow enters the post-jet-break phase. Finally, the blastwave
enters the Newtonian phase when the velocity is much smaller than speed of light.
The dynamics is then described by the well-known Sedov solution widely used to
study supernova remnants.

During all the phases, particles are believed to be accelerated from the forward
shock front via the 1st-order Fermi acceleration mechanism. For the reverse shock,
particle acceleration occurs only during the shock crossing phase. No new particles
are accelerated in the reverse-shocked region after the reverse shock crosses the ejecta
shell. Assume a power-law distribution of the electrons N(7.)dv. o ~.Pd. (for
Ym < Ve < vu) and consider radiative cooling of electrons and continuous injection
of new electrons from the shock front, one can obtain a broken power-law electron
spectrum, which leads to a multi-segment broken power-law photon spectrum at any
epoch (Sari et al., 1998a; Mészaros et al., 1998).

Assuming that a constant fraction e, of the shock energy is distributed to electrons,

IThese simplified assumptions are certainly not the case in reality, but may be a good approxi-
mation after the prompt emission phase when the ejecta irregularities are smoothed out after energy
dissipation through internal shocks (Rees and Mészdros, 1994; Kobayashi et al., 1997; Kumar and
Piran, 2000b; Maxham and Zhang, 2009).
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one can derive the minimum injected electron Lorentz factor

Ym = g(p)ec(T’ — 1)—, (4.1)

where I' is the relative Lorentz factor between the unshocked region and the shocked
region, which is the Lorentz factor of the blastwave for the forward shock, m, is

proton mass, m, is electron mass, and the function g(p) takes the form

— p>2

9(p) ~ (4.2)
I~ (/m), P =2

3

=
—

Here 7, is the maximum electron Lorentz factor, which may be estimated by balanc-

ing the acceleration time scale and the dynamical time scale, i.e.

I'tq.B
¢myc’

where ( is a parameter of order unity that describes the details of acceleration, ¢ is
the observational time, ¢. is the electron charge, and B is the comoving magnetic
field strength. We also assume that the magnetic energy density behind the shock is

a constant fraction eg of the shock energy density. This gives
B = (8meep)'/?, (4.4)

where e is the energy density in the shocked region. If the electron energy has a harder

spectral index 1 < p < 2, the minimum electron Lorentz factor would be derived as

(Dai and Cheng, 2001a; Bhattacharya, 2001)

2—pm A\ V-1
Ym = <E#EG(F — i 2) (4.5)
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For synchrotron radiation, the observed radiation power and the characteristic

frequency of an electron with Lorentz factor v, are given by (Rybicki and Lightman,

1979)
4 B2
P(v.) = —opc®y—, (4.6)
3 8
B
L) ~ 72 e 4.7
v(7e) L (4.7)

where the factors of I'> and I' are introduced to transform the values from the rest
frame of the shocked fluid to the frame of the observer.

The spectral power of individual electron, P, (power per unit frequency, in unit
of erg Hz='s71), varies as v'/3 for v < v(7,), and cuts off exponentially for v > v/(7,)
(Rybicki and Lightman, 1979). The peak power occurs at v(7y.), where it has the

approximate value

2
Pymaz & = I'B. (4.8)

Note that P, 4, does not depend on ..
The life time of a relativistic electron with Lorentz factor v, in the observer frame

can be estimated as

Iy.mec? 6mmec
T(7ve) = = . 4.9
(%) %UTCF%C?%? IyeorB? (4.9)
One can define a critical electron Lorentz factor v, by setting 7(7.) = t, i.e.,
6mmec
e = ; 4.10
B FO’TB2t ( )

where t refers to the time in the observer frame. Above 7., cooling by synchrotron
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radiation becomes significant, so that the electron distribution shape is modified in
the 7, > 7. regime.

The electron Lorentz factors 7, and 7. defines two characteristic emission fre-
quencies v, and v, in the synchrotron spectrum. A third characteristic frequency
Va, is defined by synchrotron self-absorption, below which the synchrotron photons
are self-absorbed. There are two methods to calculate this frequency. The first one
is to define v, by the condition that the photon optical depth for self-absorption is
unity (Rybicki and Lightman, 1979). A more convenient method (e.g. Sari and Piran,
1999b; Kobayashi and Zhang, 2003b) is to define v, by equating the synchrotron flux

and the flux of a blackbody, i.e.

2
L7 (v,) = I%(v) = 2kT - 22, (4.11)
c
where the blackbody temperature is
ET = max|[vy,, min(ve, ym)]mec?, (4.12)

and 7, is the corresponding electron Lorentz factor of v, for synchrotron radiation, i.e.
Yo = (27mecv, /Tq.B)Y? (derived from Eq. 4.7). One can prove (Shen and Zhang,
2009) that the two methods are equivalent to each other, even though the coefficient
may slightly differ within a factor of two.

In the afterglow phase, v, is usually the smallest among the three frequencies. The
broad-band synchrotron spectrum therefore falls into two broad categories depending
on the order of v, and 7., namely the fast cooling regime (v,, > 7.) or the slow

cooling regime ,, < 7. (Sari et al., 1998a).
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In the slow cooling regime, the electron energy distribution is

Cl(p - 1) r%_lfye_pa Ym < Ve < )
N() = (413

Cilp = D) e Ye > e

In the fast cooling regime, usually one has the approximation

Caves 2, Ye < Ye < Y,
N(v) = (4.14)

Co2 AP, Ve > Y.

where C; and C, are normalization factors?.
For such an electron energy distribution, the observed synchrotron radiation flux
density F, can be expressed as

L v, <v, <ve:

1/3 2
v .
(z) 5 V<< Vs

) , Vg < U < Upys
)—<p—1>/2 (4.15)

) Up < UV < Vg

—(p—1)/2 —p/2
<L> , V> U

(
Fy = Fax (
(
(

II. v, < v, < vy,

1/3
) ( ) v < vy;
1/3
) Vo < V< Vg

T|t

. (4.16)
Ve < V< Uy

1/2 —p/2
() ()" v

2Tt is realized that the fast-cooling spectrum below injection can be harder than -2 in a decaying
magnetic field, which is the case for GRB afterglow emission (Uhm and Zhang, 2013b,a). We will
discuss this more in the fifth Section.

T|t

(x
Fy = Fmas (
(&
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In general, there are six different orders among v,, v, and v.. Under extreme
conditions they might be all possible. When v, > v,, the electron energy distribution
may be significantly modified (Gao et al., 2013a), so that analytical models are no
longer good approximations. Those cases are rare but not impossible, and we will
leave out from this chapter. A detailed analysis can be found in Kobayashi et al.
(2004) and Gao et al. (2013a).

For the v, < v, regime, there is one more case, i.e.

I v, < v, < v.:

(p+4)/2 /N2
(ﬂ) ’ V < Vm;
2

( )—(P—l)/ 5/2
<5—§L) <i) s U < U< Uy
F, = Fypo ( )_(p_l) P (4.17)

Vo <V < Vg

In all the above expressions, F), ax is the observed peak flux at luminosity distance

D from the source, which can be estimated as (Sari et al., 1998a):
Fy,max = NePu,max/47TD27 (418)

where N, is the total number of electrons in the emission region. For the forward
shock emission, it is usually calculated as N, ~ [ }i 4n(r)ridr, where Ry is the
central engine radius and R is the radius from the center of central engine.

The instantaneous spectra described above do not depend on the hydrodynamical
evolution of the shocks. However, in order to calculate the light curve at a given
frequency, we need to know the temporal evolution of various quantities, such as the
break frequencies v,, v, and v, and the peak flux density F) j,ax, which depend on

the dynamics of the system. For the forward shock, the emission essentially depends
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on the temporal evolution of three quantities I', R and B (or the energy density e if
ep is assumed to be constant). In the next section, we will derive how I', R and e
evolve as a function of ¢ for various systems and dynamical phases, and quantify the
evolutions of the break frequencies v,, v, v,, as well as the peak flux density F, yax.
We will then present the spectral and temporal indices (5 and «) for all the spectral

regimes of all the models, as well as the closure relations between o and f.

Analytical Synchrotron External Shock Models

There are many variations of the external shock synchrotron models. First, dur-
ing the reverse shock crossing phase, the dynamics of the blastwave is complicated,
and there are rich features in the reverse shock and forward shock lightcurves. Sec-
ond, even after reverse shock crossing and when the blastwave is in the self-similar
deceleration phase, variations in the energy content of the blastwave (e.g. radiative
loss or energy injection) or in the profile of the CBM (e.g. constant density ISM, a
stratified wind, or a more general profile) would give very different lightcurves. Next,
the collimation effect becomes important when the blastwave is decelerated enough
so that the relativistic beaming 1/T" cone is large enough to enclose a solid angle in
which the anisotropic effect becomes significant. Finally, the blastwave eventually
enters the Newtonian phase, when a different self-similar solution is reached. For
each dynamical model, there could be many possible lightcurves in view of a range of
initial spectral regime of the observing frequency, and the complicated evolutions of
three characteristic frequencies and their relative orders.

In the following, we will discuss all these models based on the four dynamical
phases outlined above: Phase 1: reverse shock crossing phase; Phase 2: relativistic,
pre-jet-break self-similar deceleration phase; Phase 3: post-jet-break phase; Phase 4:

Newtonian phase.
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Phase 1: reverse shock crossing phase

We consider a uniform and cold relativistic shell with isotropic energy FE, lab-
frame width Ag = ¢T', coasting with an initial Lorentz factor I'y. This shell sweeps
into a circumburst hydrogen medium (CBM) with a proton number density profile
n= AR (0 <k <4). A pair of shocks are developed: a forward shock propagating
into the CBM and a reverse shock propagating into the shell. The two shocks and the
contact discontinuity separate the system into four regions: (1) the unshocked CBM
(called Region 1 hereafter), (2) the shocked CBM (Region 2), (3) the shocked shell
(Region 3), and (4) the unshocked shell (Region 4). Using the relativistic shock jump
conditions (Blandford and McKee, 1976) and assuming equal pressure and velocity
in the blastwave region (Regions 2 and 3)3, i.e., e; = e3 and 75 = 73, the values of the
bulk Lorentz factor I', the radius R, and the energy density e in the shocked regions
can be estimated as functions of nq, ng, and I'g = 74, where n;, e; and ~; are the
comoving number densities, energy density and Lorentz factors for Region .

Analytical results can be obtained in both relativistic and Newtonian reverse shock
limits. These two cases are defined by comparing a parameter f = n4/n; (ratio of
the number densities between the unshocked shell and the unshocked CBM) and ~?
(Sari and Piran, 1995). If f > ~2, the reverse shock is Newtonian (NRS, thin shell
case), and if f < 73, the reverse shock is relativistic (RRS, thick shell case). The
strength of the reverse shock depends on the relative Lorentz factor between Region

3 and Region 4, i.e.

Yaa = Y3v4(1 — \/1 - 1/%3\/1 —1/73). (4.19)

For 7,74 > 1 and assuming o = 3, 734 can be expressed as 734 ~ %yi/ 21 for

3Strictly speaking, such a situation cannot be achieved since it violates energy conservation (Uhm,
2011; Uhm et al., 2012). Nonetheless, for a short-lived reverse shock (finite width Ay with constant
T'y), such an approximation is good enough to delineate the dynamical evolution of the system.
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a RRS, while 434 — 1 ~ 277 f~" for a NRS.

The Phase 1 ends at the reverse shock crossing time
ty = max(tgee, 1), (4.20)

where T is the duration of the burst, and

(3—k)E =%

24—k Am,, TS 25—k

(4.21)

tdec =

is the deceleration time of the ejecta for an impulsive injection of fireball with energy
E and initial Lorentz factor I'g, which corresponds to the time when the mass collected
from the CBM is about 1/I" of the rest mass entrained in the ejecta. For thin shells,
one has t, = tqee, while for thick shells, one has t, = T (Kobayashi et al., 1999).

In the following, we discuss the synchrotron emission properties for four models:
thin shell forward shock model, thin shell reverse shock model, thick shell forward

shock model, and thick shell reverse shock model.

Thin Shell Forward Shock Model

In the thin shell models, the reverse shock is Newtonian, so that vo >~ v4 = I'.

We consider the dynamics of Region 2, i.e.

Yo = FQ, R2 = QCth

In general, the expressions for an arbitrary density profile index k£ can be derived.
The two most commonly used models are the constant density interstellar medium
(ISM) model (k = 0) and the free stratified wind model (k = 2). Hereafter we will
explicitly derive the expressions for these two density profiles.

For the constant density case (n; = ng) with electron energy spectral index p > 2,
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one has

G(2 3) 02 0,0 e—l B,-2

= 4.1 x 10" Hz 20530 2e 552,

= 3.1 x 10 Hz 2

Fl/,max =1.1x 104 ILLJy 2_2Pg 2”3/0261B/2 2D2_82t§>
5.7 % 10° Hy 27 (; ;)rg/gng/gee—l_l s s Ve < U < Vs
6 oll 4(p+2) _p+6  2(p—1) p+2 2
Vo = 8.3 x 102 Hz 5 5is %rogﬂ ngs e, BTt v < vy < 1
— 4.9 x 10° Hz —13/597()#8/5 A Ve < Ve < U

111(2 3)
(4.22)

where G(p) and ¢‘(p) are numerical constants related to p, and 2 = (1 + 2)/2 is the
redshift correction factor. The explicit expressions of G(p) and ¢'(p) are complicated,
and we present them (along with the p-dependent coefficients in all other models) in
last section of this chapter.

When 1 < p < 2, expressions of v, and [, nax remain the same as the p > 2

case (also apply to other models discussed later). Other expressions are modified as

follows

— 3.2 10 Hy 57! iv(i g)rgf e BNt el

46 x 101 Hy 3-89 (i E)S)F(ié;(flzﬂ ng%ilzf’) 02&:21)6; 1_,,1 ]230<12p> /5 y0 < vm < Ve
Ve = 2.0 x 10 Hy z—é’ii%rgﬁ PRt e, o oy,

= 4.0 x 10° Hz 2_13/5%#8/5 o en oty Vo < Ve < U

(4.23)
For the wind model (k = 2), one can express the density profile as n; = AR™?,
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with A = M /4mm,v, = 3x 105 A,em™ A, = (M/107° Mg yr=1)(vy/10% km s=1) 7!
(Dai and Lu, 1998b; Chevalier and Li, 1999, 2000). For p > 2, one has

G(p)
G(2.3)

ve=18x 10" Hz 27212,A. % e "0,

v, =87 % 10'° Hz A2, et

Fypnax = 7.5 10° pJy 2AY2 12 )%, D32,

VIIT
9 ") . .
v111(2.3) 5A$—1€6 —1€B,—2t2 ) Vo < VUp < Vg

IX 2(p—2 +6  2(p—1 +2
(p) (p—2) P (p=1) _p

v, = 5.9 x 10'° Hz

— 4.7 % 10° Hz 2 X, 3)F0 5 A e M epm ity va < < e
= 4.1 x 10" Hz gi(é ;)P§§/5A2/El Ao Vo < Ve < Un,

(4.24)
For 1 < p < 2, one has

15 2= QXI()zl—ﬂiﬁ—
Vi = 1.2 x 10" Hz 2071 2 AP0 Lot el e

gX1(1.8)" " =1 ’
p—2 gXH(p) 11p—6 26—21p p—2 1 _14-9p 4—3p
o 11 Ty 10(1—-p) 20(1 p) ~2(p—1) T-p 20(1 p) 1 2(p—1)
Vg = 42 X 10 HZ z2(p—1) WFOQ A 0 Ee _1 B,—2 t s
g*1(1.8)
Vg < Vpy < Vg
XIIT p—2 4 2-p 2 _2 6
22 g0 (p) (B
=1.2 x 10" Hz 271 #l—‘ AT T e T e B oty T Uy < o < Uy

gXTTI(1.8) 0
XIV
3 g (p) F5§/5A9/5 6/5 t2_2,

11
—34><1O H m *—1B _9

Vg < Ve < Upp

(4.25)

The a and [ values and their closure relations of the models described in this
section (with convention F, o< t=®v~7) are collected in Tables 5 and 6.

We note that the temporal evolution of the characteristic frequencies and the peak
flux density are important to judge the relevant models. Hereafter at the end of each

subsection, we summarize these dependences for easy identification.
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p>2 1<p<?2

Jé] «a a(B) « a(B)
ISM slow cooling
v < Vg —2 —2 a=p —2 a=f
Vo <V < Um —% -3 a =308 -3 a =308
Um <V < Ve pr1 -3 - -3 —
v > e g -2 —— -2 ——
ISM fast cooling
v < Vg —2 —1 o = g 1 o = g
Vg <V < Ve —% —% a=11p3 —1—31 a=11p3
Ve <V < Um % -2 a=—4p —2 a=—4p
V> unm g —2 — -2 —
Wind slow cooling
v<vg -2 -2 a=p 2‘?’1’:2) ——
ve<v <o -k T R S
Um <V < Ve prl prl o = ﬁ % -
V> e z P2 a=p-1 0 —
Wind fast cooling
v<va -2 -3 a=2 -3 a=2
Ve <V < Ve —% % a=—pf % a=—p4
Ve <V < Um % —% a=—0 —% a=-—03
V> Vm % % a=p-1 0 ——

Table 5 The temporal decay index o and spectral index 3 in thin shell forward shock
model with v, < min(vy, v).

For this regime (thin-shell forward shock model during shock crossing) and for
p > 2, vy oo t0 (7Y, ve o 72 (1), Fymax o< 3 (t°) for the ISM (wind) models,
respectively. The temporal evolution of v, depends on the relative orders between v,
Vp and v,. For 1 < p < 2, v, and F), ,ax evolutions are the same as p > 2 cases, while

Vp o< 10 (tﬁ) for the ISM (wind) models, respectively.

p>2 1<p<?2

B o o(B) o a(B)
ISM slow cooling
v < Um -2 -2 a=pf -2 a=f
Um <V < Vg —% —2 a:% -2 a:%
Vo <V < Ve prl -3 —— -3 ——
v > e 2 -2 — -2 __
Wind slow cooling

— 6—5p
v <Vm _2r _2r a=p 2(p—1) -
Um <V < Vg —% _5 a=p _§ a=8
—1 p—1 1
Vo <V < Ve pT b a=p 3 —
22

V> e 2 b= a=B-1 0 -

Table 6 The temporal decay index a and spectral index S in thin shell forward shock
model in the v, < v, < v, regime.
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Thin Shell Reverse Shock Model

The scalings of this regime have been derived by Kobayashi (2000b). During the
reverse shock crossing phase, the blastwave dynamics is same as the thin-shell forward
shock case. However, the emission properties of the reverse shock depend on 734 and
ny, while those of the forward shock depend on 7, and n;. Following the similar
procedure described above, one can derive the expressions of various parameters of

this model. For the ISM model (k = 0) and p > 2, one has

G
V= 1.9 x 10" Hz :2‘7G(;p§)E 2T nee e ey oS,

= 4.1 x 10" Hz 2053, e 515

Fpmax = 9.1 x 10° uly 272 BPTS g oef” Doty

v, = 1.0 x 1013 Hyz 523/10 g9'(p) 13/10n=86/5, ~1/2 —1  1/5 t, 33/10

n 6 Vo < VUpy < U,
2 2 a m c
91(23) 5 0, 0,0 1 B,—2 ?

1 3-7p gll(p) 3—2p 18p—12 . op4 2(p—1) 2p+24 6p—7
Vo =47 x 10" Hz 2 v#1 =22 BSH T ng™ e, 7 eg” 0t ™ g < vy < 1
g'1(2.3) ’
117
— 7.0 x 1010 [y z-17/10 9" (p) E3/10F19/5 3/2 6/5 t7/10 . <
v, = 1. zZ Z 7111(23) N0 €5 —2 . Vy < Ve < VUpy
g .
(4.26)
For 1 < p < 2, one has
- v 2 +16 2—p 2 6
L5 g (p) Tpo1 2( i) p=1 p—1 32(p-1),p-1
U = 1.8 x 10° Hz 270 2 E.7 Rl e’ e - ty
m gIV(18) 52 02 0 e, 1€ B,-2 ’
. 1% 3p+7 98—13p 8—3p p—2 1 _14-9p 3(p+9)
_37-7p = =
v, = 2.7 x 1014 Hz 2106-D % (p> 515)(1? 1)1"10(1 P) 61(5 P) 02(p 1) Eel _pl éo(l2p)t 10(p— 1)’
g"(1.8)
Vg < Vpp < Ve
VI 1 p+22 5 2-p 2 2
N P+9 p
v, = 1.7x 10" Hz 2 p+4gvT§;)E5;+4r Py ngy (T el e g+42tp+4 U < Vg < Ve
g .

v, = 5.8 x 1010 Hz 2-17/10 9" (p) E3/10p19/5,3/2 6/5 7/10

gV11(1.8) 52 102 Too€p,—2l2 Vg < Up < Uy,

(4.27)
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For the wind model (k = 2) and p > 2, one has

G
Uy = 3.3 x 101 Hz z—QG(;%E 2AY TS ,E e’ oty
A 3/2 —3/2
v. =18 x 10" Hz 2 2F(2)72A* —/1 B, /2t2

Fu,max =13 x ]-07 ,UJy 23/2E;2/2A* —1F0 2613/2 2D t_1/2>

VIIT
v, = 1.7 x 10'2 Hy 513/10 9 (p) [13/10p=26/5 4=1/2 —1 1/5

23/10
gvnl(zg) 52 0,2 x,—1€e,—1€B, 2t2 yVa < Vm < Vg
13 I O o= i W
v, =59x 10" Hz 2 = PEE) 3)E5§+ Loyt A e 7 g )t v < vg < 1
A 1 —11 2 —23/1
Ve = 2.3 x 10'2 Hz 21%/10J (; ;)E?’/ “Tos PAY 7, Vo < Ve < U
(4.28)
For 1 < p < 2, one has
13 £ Xl(p) 1 2-1) &? L % 2(11) =1
Vm = 2.0 x 107 Hz 27-» pReTE 8)E52” AL fl Loy ot el heply 5,
_3 gXII(p> 13p+71 117p1+18 48 3p 2p721 1 2141 9p  13—18p
— 1.8 x 10'3 Hz Z]O(p 1 o, Esé)(p T 0( P) A*(ilp) (@ )Eel e BO( 2p)t10(p 1)’
gX1(1.8)
Vg < Vpp < Vg
13 Li=p XHI(P) S 2
Vo = 1.9 x 10°° Hz z»+1 mE52p+4 Fé) Ap+41<.p+4 5+—41 §+42t2 p+4 s Um < Vg < g
12 A13109 () 3/101+—11/5 43/2 6/5 ,—23/10
—]_9><1O Hz z /WESQ/ F072/A/1B/ 2t2 /, Vg < Ve <V

(4.29)

After the NRS crosses the shell, the Lorentz factor of the shocked shell may be

assumed to have a general power-law decay behavior 3 oc 779 (Mészaros and Rees

1999; Kobayashi and Sari, 2000a). The dynamical behavior in Region 3 could be

expressed with some scaling-laws:

vy o< t‘g/(1+29),n3 Oct—6(3+9)/7(1+2g)’
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e5 oc t780BHN/T0+29) o 1/ (+29) N o 0, (4.30)

For the ISM case (k = 0), one may adopt g ~ 2 (Kobayashi, 2000b; Zou et al.,

2005). For p > 2, one has

. G(P) 18/35-—74/35 —1/70 1/2 ,-54/35
Hz 19/35mE52/ 1102/ noo/ 62—1 B/ oy /

~ —16/1051+~—292/105 —283 210 3 2 —54/35

= 8.5 x 101

Y

Fy,max — 70 % 105 ,uJy 269/35E139/105F&;67/105ng’70/210613/2 2D t2 34/35’

Hy 5~ 73/175 g~ (p) EOONTHP8/1T5 TL/1T5 1 1/5 t_102/175

—14><1O13 m 52 0,2 Moo e—1€B,—2

Y

Vg < Upp < Vg

p—36 gXVI(p) 2(9p+29) —74p—44 94—p  2(p—1) 2p+24 §§p+124
35(p+4 35(p+4 70(p+4
=37x 1012 Hz 235(p+4) WEEQ (p+4) 1’*0 2(p+ ) ng O(p+ )Eep_+14 EB(p+2)t (p+4) ,
g . K 9 9
U < Vg < Vg
(4.31)

Here v is the cut-off frequency of the synchrotron spectrum, which is different
from the traditional v.. After reverse shock crossing, no new electrons are accelerated.
The maximum electron energy is defined by v, which is calculated by v, at the shock
crossing time with correction due to adiabatic expansion (Kobayashi, 2000b). In this
case, fast cooling is not relevant, so there are only two regimes, i.e., v, < v, < Veut
and v, < Vg < Veut.

For 1 < p < 2, again the expressions of v, and F), . Temain the same, and other

parameters are

109p—144  71—36 — 2 1
_ 6.8 x 10! Hy 519/3 9" (p) EIEF 85(1=p) n 0= 1P>C 1 26-D ;5
- zZz gXV[[(l 8) 52+ 0,2 0 e—l B,—2 "2 >
XVIII 191p—366  459p—634 p—2 1
_ P 8 5o - T T3
— 1. 3 % 1013 H 73/175 g ( ) E51270F3 0(p—1) no7()0()(p 1) 02(p 1) 661 _pl

gXVIII(l'S)

14—9p 102

0
63(12”) to 7 Ve < Upy < Veus
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XIX( ) 2(9p+29) 26-—109p _ 2(9p—41) 2—p 2
p B 35(p1 D) 1—130(p+4) 3o(p+4) ¢ P Pl
0 e —1

12 19p—36 ¢
= 3.7 x 10°* Hz 2356+9 QXTGS)

2 54p+104
pt+4 35(p+4)
€p, 2t2

s Vm < Vg < Veut

(4.32)

For the wind model (k = 2), one could adopt g ~ 1 (Zou et al., 2005). For p > 2,

one has
= 14x10"H 26/7_S\P) G(p) E6/7 _5/14F_24/7 2 /2 =13/7
X zz ae. 3) =1 €e,—1€B,—2l2 )
Ve = T4 x 101 Hz 26/7E20/7F—66/7 *—211/14 _3/215_13/7

Fmax = 1.6 x 10° puly #/2 B2/2 ATIPT 30 62 Dy2e, 20,

= 55 5 107 By 7L O S

Vq, < Vm, < Veut

XXI(p) 6p—4  16—24p 50—5p  2(p—1) p+2 13p+24

7(p+4) 7(p+4) WUt prd 24D D)
Es A e €p,—2 lo

14 p—41 (g
= 5.5 x 10" Hz zﬂm@m

Y

U < Vg < Veut

(4.33)
For 1 < p <2, Veyt and F, j,ax Temain the same, and
" 6/7 gXXH( ) 13p—20 45p—66  47—26p 2—p 2
_ 2 7(1) 1) 7(1 p) A 14(p—1) p p—1 p—1 2(? 1)
=3.5x 10" Hz }Eﬁﬁﬁ5E o0 ANG (T TR DT
y gXXHI(p) 94—59p  3(67p—102) 74—53p p—2 1
— 2 8 % 1014 HZ ~—8/35 E70(P*1)F 70(P 1) A28(1*P) 2(p— 1)
XXIIT 52 *,—1 0 €e, —1
g (1.8)
14—9p 23
20(1-p) 4~ 35
B,—2 ™, Vg < Uy < Veut
13 p—1 gXXIV(p) 13(p—1§s 58—45p  46—13p 2—p _2 2 13(p+2;1
7(pt+4 7p+2s Tp+28 p+4 P4 p+4 T(p+4
=1.6x 10" Hz ZWH) W(lg)Ew Loy ™ A e—1€B,—2t )
qg .
VUm < Vg < Veut
(4.34)
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B a a(f) a a(B)
ISM slow cooling
_ _ _ 58 2p+1 —
v < Vg 2 5 a = 32,6, %717
1 1 _ e
Vasv<imo =y 2 ="y B
—1 —: 3(48+1
Um <V < Ve pT —% (Xl:lﬁ;% _% _
p p—9O
V> Ve 2 = — -~ o
ISM fast cooling
v < Vg 2 -1 a = g -1 o = g
Ve <V < Ve —% _% a—% _% a—%
Ve <V<Um 3 -1 a=-48 -4 a=—8
p 6p—>5 128-5 7
V> VUm 5 —5 -5 -5 J—
Wind slow cooling
_ 3B 5p—4
v < Vg —2 -3 o = Tﬁ —— —
1 5 _5 -1
Va SV <Vm 3 6 a=y 5D -
V> e H -t a=12 ~1 o
Wind fast cooling
v < g 2 -3 o= % _3 o — ‘%
Vo <V < Ve I% % a__% % a__%
Ve <V < Vm 3 0 J— 0 _
— —2
v N R S

Table 7 Temporal decay index « and spectral index § in the thin shell reverse shock
model during the reverse shock crossing phase in the v, < min(vy,, 1) spectral regime.

The a and [ values and their closure relations for the thin shell reverse shock
models are presented in Tables 7 and 8 (for pre-shock-crossing), and Tables 9 and 10
(for post-shock-crossing).

For this regime (thin-shell reverse shock model during shock crossing), for p > 2,
one has v, oc t% (1), v, o< 72 (t1), Fmax o t%/2 (t71/2) for the ISM (wind) models,
respectively. For 1 < p < 2, v. and F), ax evolutions are the same as p > 2 cases,
while v, o< t7T (tﬁ) for the ISM (wind) models, respectively.

After shock crossing, vy, X Ve, o< t7243 (¢713/7) F, L., oc t734/35 (#723/21) for the

ISM (wind) models, respectively.

Thick Shell Forward Shock Model

For the thick shell case, the reverse shock becomes relativistic early on during

shock crossing. In this relativistic shock crossing phase, the blastwave dynamics can
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p>2 1<p<2

B «a a(B) « a(B)

ISM slow cooling

5 2
v < Um -2 —5 a = % —% ——
Um <V < Vg —g -2 a:% —2 a:%

— — 3(4 1
Vg <V < Ve :21 szz 0!1:26_ 5( B+1) —3 -
e _

v>ve b i T ) —
Wind slow cooling

35 S5p—4
v < Um _2r _3r 6 2 _2(7)71) -
Um <V < Vq —% —% a=p —% a=p
Ve <V < Ve prl ij = 1:222 0 ) ——
v>ve £ —t  a= 3 —

Table 8 Temporal decay index a and spectral index  in the thin shell reverse shock
model during the reverse shock crossing phase in the v, < v, < v, spectral regime.

p>2 1<p<2
Jé] «a a(B) « a(B)
ISM slow cooling
v < Vg -2 —% a = % —% a= %
163 16 168
p—1 p+7 __ 54B8+34 p+7 _ 54B8+34
vm <V <Veut 5 = a= == = o= ==
Wind slow cooling
v < Vg -2 —% a = 142—25 —1—‘;’ a= 1%—2*6
Vo <V < VUm —% % « % % o %
-1 39p+7 788+46 39p+7 788+46
vm <V <veu Pom i’; a= 7’6‘; 75; a= ﬁ;

Table 9 Temporal decay index « and spectral index § in thin shell reverse shock
model after reverse shock crossing in the v, < min(vy,, Vey) spectral regime.

p>2 1<p<2

Jé] «a a(B) « a(B)
ISM slow cooling
v < Um —2 —% a = ?—/3 —% a = ?—:
Va < 1 < Veut % 27(;;:7 o= 54;2:34 27§;L7 o= 54@%:34
Wind slow cooling
v < VUm —2 —% a = % —% o= %
Um <v<ve =3 iy a_ffl%ﬁ 5 a_féf
Va < U < Veut % 395;7 o= 7286;46 395;;7 o= 7 ,32+46

Table 10 Temporal decay index « and spectral index [ in thin shell reverse shock
model after reverse shock crossing in the v, < v, < V. spectral regime.
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be characterized as

1
1 [3k\Z2EFm ¢\ 2D k=2
72:73:\/§<A0) <T) A, R = 2c3t
(4.35)

%
where | = ( B-k)E )3 " is the Sedov length, and T = % is the shock crossing time

A Ampc?

(Yi et al., 2013).

For the ISM model and when p > 2, the forward shock emission can be charac-

terized by

G(P) 1/2 A —1/2 1/2
G 3)E54 0,1é 65 1€ B/ 2t2 )
1/2 1 _3/2t
2

—=1.2x 10V HZE_1/2A0 13M0,0€B,-2

Fu,max =1.2x 103 :U“Jy 2E52A0 13/n’é/()2 1B/2 2D282>

Vm = 1.0 x 10' Hz

_ 1/5 A, —-1/5 3/5 _ 1/5 1/5
Ve = 3.6 x 10° Hz 575/° g(;?))) 52/ Amé ”0/0661—13/ 2t/ Vo < Vpp < Ve
H( ) p+2 p+2 2 2(p—1) _p+2 _ _p
Vo =39 x 10" Hz 27vi i g1(2. 3)E522(p+4) A0 5 n 0,04 667;,_+14 ngf;) ty ",

Vi < Vg < U

5-6/5 9" (p) /10 AZT/10 11710 6/5 t1/5 by < Uy < Uy,

=1.0 x 10° Hz
III 52 0,13 0,0
g'1(2.3)
(4.36)
For 1 < p < 2, one has (v, and F, ;,.x remain the same)
. 1A% p+2 2—p p+2 2—p +2
s 'V (p) == - =
_ 13 T 8(p—1) , 8(p—1) A 8(1—p) 2(1) 1) 4(1 P)
Vm = 8.6 x 10 Hz 210 UmEsz 00 Dois Co € hep oty "
10 gV(p) 46—31p 46—31p 58—53p p—2 1 14—9p 22—Tp
_ 80(1—p) 80(p—1), 80(1—p) ~2(p—1) 1—p 20(1 p) 440(p— 1)
Ve = 3.2x 107 Hz——="~ Po 1>E Ag1s g 0 € €p 5"ty
gV (1.8)
Vy < VUpp < Vg
11 3p+10 g ( ) 81()++14) 8(++1§) 81(812) 272 24 24 4(11164)
— 9 3 X ]_0 HZ Z T a(p+4) 7E52p AO 13p no’g 0p+ Eé,tl g+ 2t2 P 5

gV1(1.8)
U < Vg < Ug
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— 8.5 % 108 Hy 27/ 9" (p) E?/loA 7/10 11/10 6/5 t1/5

T TSN Vo < Ve <V,
gVH(IS) 0,13 0,0 a c m

(4.37)

For the wind model and p > 2, one has

G _
U = 5.8 x 10" HZG(ép?))) Esngo,}é%g 1€ 113/2 o2

= 1.2 x 10" Hz 2B A1 A2 165 5t

Fymax = 5.0 x 10" ply 2B AGICA, ey 3Dy,

T gVHI(p) E2/5 A28 A0/5 ~1 /54—
Vo =09.1 X Zm 52 01344 160,16, Tt Vo < Vm < Ve
13 9" (p) o AT 45 2 2(’7124)
. = 4.2 x 10" Hz IX(23)E YN A e T eg? St U < Ve < Ve
= 3.6 x 102 Hz gi( (é ;)E;f/%ﬁ{ngilﬁ & 1y, Vo < Ve < Upy
(4.38)
For 1 < p < 2, one has (v, and F, ,.x remain the same)
—56x 108 1 22 g™ (p) 4<p 1>A4<p 1>A4<1 e p21 2(p ”t
Vm = . X 72P— m % _1 C 6 _1 B _9 ’
2 gXII( ) 6—11p 11—6p 58—53p p—2 1 _14-9p  4-3p
v, = 4.3 x 10'2 Hz 226D —gXH(l S)E;S(p ) Agol(g ) Afoill el 661 e ]230(12p)t2(p 2l
Uy < Upy < Vg
o XIIT 2—p 18—p 2-p _2 _2 _6
Ve = 1.3 x 10" Hz zw’i% 4R AT T AT G T 1,7,
gXII(1.8)"°
U < Vg < U
0% 102 Hy 2 TP pors s g
o gXIV(l.S) 52 0,1341%,—1€p,—2l2 s Va (e 'm
(4.39)

The o and [ values and their closure relations for the thick shell forward shock

models are presented in Tables 11 and 12.
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Jé] «a a(B) « a(B)
ISM slow cooling
v< U, -2 -1 a= % ;111’:;;1 ——
Vo <V < U —% —% a=4p 112(1’1111)0) —
Um <V < Ve pT*l % a=p-1 p—6 a 26;5
V> e % % a=p-1 % o %
ISM fast cooling
v<vg -2 -1 a=15 -1 a=2
ve < v < Ve —% —% a=4p —% a=4p
Ve <V < VUm % -3 a=—pf -3 a=—p
V> Um % % a=8-1 0 _
Wind slow cooling
v < Vg —2 —2 a=p 25(’71):2)
Vg <V < Um —% —% a=f 3-D
Um <V < Ve it % a=4 P -
V> e £ % a=p—-1 0 —
Wind fast cooling
v < Vg —2 -3 a = % -3 o= %
Vo <V < Ve —% % a=—F % a=-—0
Ve <V < Um % —% a=—F —% a=—0
V> Unm % % a=p-1 0 ——

Table 11 The temporal decay index « and spectral index 3 of the thick shell forward
shock model in the v, < min(vy,, 1) spectral regime.

For this regime (thick-shell forward shock model during shock crossing), for p > 2,
one has v, o< t71 (t71), ve o< 71 (1), F)max o< t¥ (t°) for the ISM (wind) models,
respectively. For 1 < p < 2, v. and F), ax evolutions are the same as p > 2 cases,

while v, o it (tﬁ) for the ISM (wind) models, respectively.

p>2 l<p<2
B o a(B) o a(B)

ISM slow cooling

— B TIp—14
Vg <V < Um _§1 —53 Q[:T _56 a_?s
vm <y <ve Byl e B
v > e 2 % a=8-1 p;2 a—%
Wind slow cooling

_ 5p—6
v < Vg —2 —2 a=p 3(1=p) -
Vo <V < Um —%1 —%1 a= 1;*6 -3 o= 1;5
Um <V < Ve p% p% a=p % —
V> e z %2 a=B8-1 0 __

Table 12 The temporal decay index a and spectral index 3 of the thick shell forward
shock model in the v, < v, < 1, spectral regime.
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Thick Shell Reverse Shock Model

Using the same dynamics in Eq.(4.35), one can characterize the reverse shock

emission during the shock crossing phase

For the ISM model and p > 2, the reverse shock emission can be characterized by

=7.6x 10" Hz 1Gczép?))) 0,2”(1),/0263,—16115;2_%
= 1.2 x 107 HzE,) P Ay g e’ 5t
Fmax = 1.3 % 10° puly 22 B AT Inglef” , D32,
= 7.2 % 10" Hy 57257 (; ;)E§§5r‘8/5A;§§5 b tien oty vy < v < v
=25 %102 Hy 5 w1 1P 97p) potapyd

2 (p+2 5 2(p—1) (p+2 ) 2
P+4 p+4 p+4 2(p+4 pt+4 2(pt+4 pt+4
g11(2. 3) Ej A0 13 100  €e1 €p_2 o

)
1/m<1/a<1/C

10 —9/10 9" (p) 17/20~—3/5 A —17/20 _19/20 6/5

1/10
0,13 0,0 oty
Vg < Vp < Uy
(4.40)
For 1 < p < 2, one has (v, and F, ;. remain the same)
v p—2 6—p p—2 2-p _2 1 2—p
2o g'V(p)
_ 8 2 A= 8(p 1) 8(p 1) 8(1—p) p o=t 2(p—1) p4(p—1) 1)
m = 6.1 x 10° Hz 24 DWE A013 Ee—l B2 b2
14 9" (p) 2 ﬁ’f*% S0 55&4“3 oy T
P p p —PpP pP—
— 921 x 10" Hz 20615 = F Agis nog o e—11
gV(1.8)°
14—9p 14—19p
20(1 ) 4 40( 1)
5ty T Vg < Upp < Vg
VI p+14 p+14 p—18 2—p 2 _p+6
3p+10
11 g (p> 8(p+4) 8(p+4) T 8(pt4) ~pta p+4 pH4 4 4(pra)
.= 9.3 x 10" Hz 27 40+8) ————— VI(18) A013 0.0 0 €e—1¢B, “oly )
Uy < Vg < U,
10 £—9/10 9 ( ) 17/20~—3/5 A —17/20 19/20 6/5 —1/10
= 1 5 X ]_0 HZ 4 mEsz F072 AO 13 nOO 2t
Vg < Vo < Uppy,
(4.41)
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For the wind model and p > 2, one has

Glp)
U = 3.3 x 10 Hz G(;p ?)))E@” A, T30 e el oty

= 1.2 x 10" Hz 22 B A AT 6,70t

N 1 1/2 —
Fpmax = 6.7 x 10° pJy 2B, AY? TodAG el , D32,
39 % 108 Hy 9 P) pisposss 25 <25 el ot Vo < Um < V.
- gV[[[(2 3) 52 + 0,2 *,—1 013 —1€ B,—2%2 » a m c
gIX( ) 2-p  2(p—2) p—2 p+2  2(p—1) p+2
Ve = 3.3 x 10" Hz S (2.3) E522(”+4)F o AS%*“ Alte 6;(”;)152 U < Vg < Vg
13 g ( ) —1/10 —3/5 1/10 19/10 6/5
. = 1.7 x 10" Hz gX(23)E oo Az AL o152, Vg < Ve < Upy
(4.42)
For 1 < p < 2, one has (v, and F, . remain the same)
9 X1 p—4 _6-—p 2 p—4 2—p 2 1 1
Uy, = 8.7 X 1010 Hz grff %E&(p 1)A:(511)F6)21 Ag(ll3p) CO 1 5711623(1) 21)t1 1)7
9 gXII (p) p414 3p+2 p414 66—41p p—2 1
— 592 % 1014 Hz ZZ(P ) WEE;O@ 1) F6(21*p) A(ﬁ)lf)l(g—l) A:f)illfp) 02(p 1) el—pl
g*1(1.8)
14—9p _4-3p
eéo(lzp)tz(p R Vg < Uy < Ug
13 Sk gXHI(p) 4(P+4)A4(p+4)A41(i+i) e pi4 ~peg
v, = 1.3 x 10" Hz z»+ gXT(lES) 0,13 s —1 e1€B.—ola ",
U < Vg < Vg
XIV
13 9 () —1/101~—3/5 A 1/10 19/10 6/5

(4.43)

After the reverse shock crosses the shell, the shocked shell can be roughly described
by the BM solution (Kobayashi and Sari, 2000a; Wu et al., 2003; Kobayashi and

Zhang, 2003a; Kobayashi et al., 2004),

g oc HERTDAUR) oo fOR=13)/30U-R) o g1/B=2K) N o 40, (4.44)
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For the ISM case, one has

t 15 ¢ B
V= V3% (T) ) R =R, (T)

where 73 . and R are the Lorentz factor and radius of Region 3 at the shock crossing

time.

For p > 2, one has

. G(p) 73/48 1/2 1/2 ,—73/48
= 4.8 x 10" Hz 2%/ G2 3)P A0,1/3 ”0/0 65 —1€ B/ oty e
Vet = 2.3 X 1017 Hz 5’25/48E5_21/2A§?1/§8n6(1) B3/2t2 73/48

P = 7.9 x 107 puJy 295048 /AT IALASp A2 | oy 4718,

12 5—7/15 9" (p) 3/5 —8/5 ~2/3,1/5.-1 /5 ,—8/15
=6.6 x 10" Hz 2 WE Los " Dois nop€e—1€p ols
Vg < Upy, < Veut
. 25p—58 ng[(p> 2 2(p—2) 73(p 58) (p+2) 2(p—1) (p+2) 73;E+13;1
P+4 p+4 48(p+4 2(p+4 p+4 2(pt+4 48(p+4
= 5 7 X 10 HZ Z48(P+4) WE AO 13 00 667—1 EB -2 t )
Vm < Vg < Veut
(4.45)
For 1 < p < 2, one has (v, and F, . remain the same)
_p=2 6—p 55p—37 2—-p 2
12 £25/48 g ( ) 8(p 1) N p— 1 8(p 1) A 48(p—1) p 1 _p—1 2(p 1) —73/48
—42)(10 Hzz mE F A013 65713 2t
y gXVIII( ) 43p—38 3p+2 23p—14  66—41p p—2 1
12 ~—T/15 80(p=1) 5(1 ) \A8(1=p) ) 80(1=p) ~2(p=T) I-p
= 5 8 X 10 HZ mE‘L—Q AO 13 00 0 667_1
01—y ,—8/15
20(1—p) 24—
EB’_2P t2 P I/a, < Vm < cht
XIX p+14 11(5p—2) 18—p 2—p 2 2 73p+134
25p=58 (p) =1 o o
. 12 8(p+4) 48(p+4) 8(p+4) p+4 _p+4 _p+4 48(p+4)
=5.1x 10" Hz 2869 QXTGS) RBos" Moo G €TieR oty g
I/m < Va < cht
(4.46)

102



For the wind model and p > 2, one has

G _
= 4107 A7/8G(;p§)E521/2A*,—1F3,2A(1),11/§€z, 1/2 "oty B

Ve = 3.7 % 101 Hz 5B AT AT2 €751,
Fymax = 2.6 x 10° pJy 2778 B, A2 ToAAyey)® s D3ty ",
Lo 95ND) a5 esss 4205 4/5 1 1/5
Vo =19 x 10" Hz 2 2/5WE54F02/A/ AOlé 1lB/ 2t2/>

Vg < Vpp < Veut

13 p—6 gXXI( ) 2( +p4) 2(p+42) él(pwl;;l pﬁ 2(,;41) 2(pt24) és(pii)ﬁ
P P p p P P P
=41x%x10 Hz 28(7’+4) WE F AO 13 A 1 €B _9 t2 s

U < Vg < Veut

(4.47)

For 1 < p < 2, one has (v, and F, . remain the same)

XXII( ) 6—p 13p—15 2—p 2 15/8
(p 1) 4(p—1) 8(p—1) p p—1 _p—1 2(p 1)
Es, F A* —1 A0 13 €e,—1€p, 2 ty ",

14 A789

XXIII( ) p+14 3p+2 66—41p 42-37p —
E40(p*1)F5(1*p)A40(1*p)A40(p 1)<
52 0,2 *,—1 0,13 0

—12x 108 Hy 27259

XXIII e —1
g (1.8)
—3/5
;p R Vo < Vm < Veut
Tp—6_ gXXIV(p) p—2 13p—18 18—p 2-p 2 2 _ 15p+26
_ 13 3 4(p+4) 8(p+4) A 4(p+4) p+4 p+4 p+4 8(p+4)
Vg = 3.8 x 10 Hz zsG+D W AO 13 A* —1 e, _1€ B, 2t2 s
g*XIV(1.8)
Um < Vg < Veut
(4.48)

The o and ( values and their closure relations for the thick shell reverse shock

models are presented in Tables 13 and 14 (for pre-shock-crossing), and Tables 15 and

16 (for post-shock-crossing).

For this regime (thick-shell reverse shock model during shock crossing), for p > 2,

one has v, oc t° (t71), v, oc t71 (1), Fymax o< t/2 (t°) for the ISM (wind) models,

respectively. For 1 < p < 2, v, and F), nax evolutions are the same as p > 2 cases,
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bS]
\Y
[\
=
A
bS]
A
no

B a a(B) o a(B)

ISM slow cooling
3 _ 38 I1p—10
v < Vg -2 -3 o= g 8(71—%) _
1 1 - p—

Vo <V<¥m —3 3 a= 2(1-p) -
vm<v<re T3 5 R
v Ve U T 1
ISM fast cooling
v < Vg -2 -1 a = § —1 a = g
ve <V < Ve T% _% QZTﬁ' _% a:TB
Ve <V < VUm 3 0 —— 0 —_—

r p—2 _ B-1
V> Un z 0 __ - a= 8
Wind slow cooling

5p—0

v - “2 a=p 201—p) -
w<v<m - 3 ams by -
vm <v<ve BFt el a=p 1 —
V> e 2 LEQ a=B8-1 0 __
Wind fast cooling
v < Vg —2 -3 o= % -3 o = %
Vg <V < Ve —% % a= -3 % a=—8
Ve <V < VUnm % _% Oé:—ﬁ —% a:—ﬁ
V> Um £ % a=8-1 0 o

Table 13 The temporal decay index « and spectral index (§ of the thick shell reverse
shock model during the shock crossing phase in the v, < min(wy,, V) spectral regime.

while v, o« $iG 1) (tﬁ) for the ISM (wind) models, respectively.

After shock crossing, vy, X Ve o< ¢~/ (+715/8)  F, Loy oc t747/48 (+79/8) for the
ISM (wind) models, respectively.

Notice that in the above treatment, a relativistic reverse shock has been assumed.
In reality, there is a brief epoch before the reverse shock becomes relativistic. There
should be an additional dynamical change at Ry (the transition radius from Newto-
nian to relativistic reverse shock), which is much smaller than R, (Sari and Piran,
1995). The light curves may show an additional break at this epoch, before which

the thin shell scalings apply.

Phase 2: relativistic, pre-jet-break, self-similar deceleration phase

After reverse shock crosses the shell, the blastwave would quickly adjusts itself

to a self-similar deceleration phase (Blandford and McKee, 1976)*. Early on, the

4This is the case for the idealized situation. In reality, there might be irregulatities in the
system (e.g. ambient density fluctuations or non-power-law energy injection). The blastwave is no
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p>2 I<p<2
B o a(f) o a(B)
ISM slow cooling
3 — 38 TIp—10
v < VUm —2 —? a= S(1-p) ——
Um <V < Vg _7%1 —% a—% —7‘%6 a:g,r
2 p— -
V> Ve bl 0 — = -
Wind slow cooling
_ 6—5p
v <VUm 2 —2 a=p =D -
Um <V < Vg4 —g —g a=f —g a=pf
Vg <V < Ve p;l Lgl a=p % __
v> e z P2 a=p5-1 0 __

Table 14 The temporal decay index o and spectral index (8 for the thick shell reverse
shock model during the reverse shock crossing phase in the v, < v, < v, spectral

regime.

Table 15 The temporal decay index a and spectral
verse shock model in the post-shock crossing phase in

regime.

p>2 1<p<2
B «a a(B) « a(B)
ISM slow cooling
5 — 5B _5 — 5B

v e _21 ;ﬁ ‘= 75 172 ‘= 75
Vg <V < VUn -3 % —a= 55 % —a= =5

-1 21 735347 21 735347
v <V <Vew Ep- e o o e a= "o
Wind slow cooling
v < Vg -2 —% a= % —% a= %
Vo <V<VUm  —% i a=-3£ i a=-%

—1 3(5p+1 3(5 3 3(5p+1 3(5 3
Vm <V < Veut P (dfgL ) a4 = (#;Jr (Of: ) o= (#;Jr )

index [ of the thick shell re-
the v, < min(vpy, Vey) spectral

p>2 1<p<?2

B a o(B) a o(B)

ISM slow cooling
5 — 58 5 — 58

v < VUn —% —13 a_%(s —13. _%6
Um <V < Vq _5 —113 « 7%%)'6‘ —% o = 7%%’56‘

p—1 73p+21 _ 73B+47 73p+21 _ 735447
Va <V <Veut ~—5 96 = T 9% = T
Wind slow cooling
v <vm -2 -1 a= g =1 o — g
Um <V < Vg —% —% o = 4;36 —% o = %36
Vo < U < Veut p;l 3(5p+1) o= 3(58+3) 3(5p+1) o= 3 o[;+3)

Table 16 The temporal decay index « and spectral index (§ of the thick shell reverse
shock model in the post-shock crossing phase in the v, < v, < Ve spectral regime.
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blastwave is ultra-relativistic with 1/I' < ;. The closure relations in this phase have

been reviewed previously (e.g. Zhang and Mészaros, 2004a; Zhang et al., 2006).

Adiabatic deceleration without energy injection

The simplest model invokes a constant energy in the blastwave. This requires that
the blastwave is adiabatic (no radiative loss), and that there is no energy injection into
the blastwave. The adiabatic approximation usually gives a reasonable description
to the blastwave evolution. This is because the radiative loss fraction is at most e,
(for fast cooling), which is constrained to be around 0.1 and lower (Panaitescu and
Kumar, 2001, 2002; Yost et al., 2003)°.

For an arbitrary k density profile, the dynamics of the blast wave in the constant

energy regime can be described as

- (17 — 4k)E Ees) R (17 —4k)(4 — k)Et =
Y= 154 — k)3 Fr Am,co k3 F ' N A Am,,c

For the ISM model (kK = 0) and p > 2, one has

G
= 4.3 x 10'° Hz &ﬂaé%#%fé—lg%%/a

%zzgxmmHZ—WElﬂggﬁng

Fl/,max =1.1x 104 ILLJy 2E52né/02613/2 2D2_82>

9 51 g ( ) 1/5 3/5 —1 1/5
. = 0.7 x 107 Hz 2 ?))E52 n0.0 €c.—1€5, 2 Vg < Upp < Ve
10 p—6 gH(p) 2(p+24) 2, el 2(p+24) - 2%p+i)
_ TR Pt prd T pid pt Pt
Vg = 1.5 x 10" Hz z26+9 m 52 0,0 €e,—1 €p,—2 t5 yVUm < Vg < Vg

= 6.9 x 10° Hz _1/297(ME7/10 11/10 6/5 ,—1/2

n €np _ Vg < Ve <V
]]](2‘3) 52 0,0 B,-2%5 ’

longer self-similar. We limit ourselves to the self-similar assumption and derive the scalings in this
subsection, and discuss more complicated simulations in the fifth section.
5Note that since the blast-wave energy is given again and again to newly heated material, the

radiative energy loss may become important after several orders of magnitude of deceleration time
(Sari, 1997).
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(4.49)

For 1 < p < 2, one has (v, and F, ,.x remain the same)

7 14-5p gIV(p) S(Z;)+21) 8(2p pl) 1 2(p1 1) 8%€+2)
_ €r
3 6 X ]_0 HZ Zs(p 1) WEEQ CO e _16 t s
\% 46—31p  58—53p p—2 1 14—9p 9(p—2)
__mw+2_ g (p) -
_ 11 2 — 80(1—p) 80(1—p) ~2(p—1) 1—p _20(1—p), 16(p—1)
I/a, - 1.6 X 10 HZ Z 16(p 1) gV(]_ 8) E52 P 00 0 66 _pIEB 2 t P
Vg < VUpp < Vg
- VI pt+14 2 3p+26
5p+6
ve = 4.5 x 10° Hy 55 D) pdliihy oy x4
g 9" (1.8) d

Vi < Vg < Ug

— 5.7 x 10° Hz _1/2%]5;2/10%1({10 65 45 Ve < Ve < U

(4.50)
For the wind model (k = 2) and p > 2, one has
a2 Gp) g /2 =5/2
= 2.2 x 10" Hz 2 1/2G(2 3)EE,Q/ € ey ots
= 1.8 x 10" Hz 2732 B2 A72 6,73t
Fymax = 1.5 x 10° pJy 2B A, elf” D25,
10 10° Hy 525 L) By P AR et e ot Va < Um < Ve
gVIT1(2.3) +—16e,—
p—2 gIX( ) 4 20p=1) _pt2  _ 3(p+2)
Vo = 4.4 x 10° Hz 220+9 pEee) 3)E522(p+4)Ap+ e 6]23(p+24) 2y < <1,
— 1.2 x 10° Hz 2*/59 (; g)EgjﬁAilﬁ ?3/5 215_8/5, Vo < Ve < Upy

(4.51)

For 1 < p < 2, one has (v, and F, ,.x remain the same)

XI( ) 2-p _2 +4
9 Eg‘é” 1>A4<p EV = s i ) ”t““ )

gX7(1.8) x—1 60 €e—1¢B, -2 )

v, = 1.5 % 107 Hz210
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10 p—34 gXII(p) %( 11?) 55(71531)) 2(1)72) T 2}{%797)) 47(;1(749_1?3
p—1 -p p—1) 1—p 1—p p—
=3.3 x 10" Hz Z40(p 1 N1 8) A7 G € epg ts 7
g
Vg < Uy < Ve
XIIT p=2  18p 2-p 2 2 224p
_esp gXHI(p 2
Ve = 1.3 x 10° Hz 276+ () R gT0rh Co P en oty Y,

gXHI(l.8) 52 *,—1

Upy < Vg < U,

— 9.5 % 10* Hy 23/5 g (p) 25 A11/5 6/5 4—8/5

gXIV(1.8) 52 x,—1€B,—2ls = Va < Ve < VU

(4.52)

The a and 3 values and their closure relations of these models are presented in
Tables 17 to 20.

For this model (adiabatic deceleration without energy injection), for p > 2, one
has vy, oc t73/2 (t73/2) v, oc t 712 (t12), F,, ax o< t° (t7/2) for the ISM (wind) models,
respectively. For 1 < p < 2, v. and F), ¢ evolutions are the same as p > 2 cases,

3p+6 4
while v, $50p (t4<ﬁtp>) for the ISM (wind) models, respectively.

Adiabatic deceleration with energy injection

In some central engines models, such as the millisecond magnetar model (Dai
and Lu, 1998c; Zhang and Mészaros, 2001a), significant energy injection into the

blastwave is possible. Assume that the central engine has a power-law luminosity

Loto

history L(t) = Lo (%>_q, the injected energy is Ej,; = tl 2, If the injected
energy is in the form of a Poynting flux so that a reverse shock does not exist or is
weak, one can approximately treat the blastwave as a system with continuous energy
increase. The energy injection effect becomes significant when Ei,; > FEiyp, where

FEip is the impulsively injected energy during the prompt emission phase (Zhang and

Mészéros, 2001a). The dynamics of the system can be described by

- <45_k( (17 — 4k)E )mlm . <(17—4k)(4—k)Et2—q)41k

4 — k)3=kr Am,co—Ftat2-k A Amy,e
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There is an alternative type of energy injection, which does not invoke a long
lasting central engine, but rather invokes a Lorentz factor stratification of the ejecta

(Rees and Mészaros, 1998; Sari and Mészaros, 2000), e.g.
M(> ) x~y° (4.53)

As the blastwave decelerates, ejecta with lower v gradually piles up onto the blastwave
so that the energy of the blastwave is increased. Since energy is injected when [ ~ 7,
the reverse shock is very weak, one can treat the blastwave as a system with continuous
energy injection.

The two energy injection mechanisms can be considered equivalent when bridging

the two injection parameter s and ¢, i.e.,

10 =3k —7q + 2kq 10 —2s =3k + ks
B 24+q—k R ;7>

(4.54)

for general density profile n; = AR™*. For the ISM model and wind model, it becomes

s = lg;Zq, q= 1(;—135 and s = %, qg= 3—+s respectively (Zhang et al., 2006).

In the following, we derive all the expressions using the parameter q. For the ISM

model (k= 0) and p > 2, one has

= 1.37 x 10" Hz zq/2E1/2 Y 113/2 192,
=9.2 x 10" Hz —4/2E521/2 gé 3/2t—1+q/2

Fymax = 1.1 x 10" ply 29E,nys e, Dyttt ™,

I
9() 1/5 3/5 —1 1/5 ,1=da
(2 3)E/ 0/0 GI—IEB/ Qt °

(@+2)a=8 ¢ Ghtze 2 2D pE2 0 opi(pi2)g
= 5.0 x 10" Hz 2 2+0 0 (; ?))) s g e T ept T 2t by, < vy < 1

v, = 5.7 x 10° Hz éqo , Vo < Upp, < Ug

V. = 2.2 % 10° Hz s gHI(p) E7/10,,11/10 6/5 t_%,

9111(2‘3) 52 0,0 EB,—Q Vg < Ve < Vppy

(4.55)
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For 1 < p < 2, one has (v, and F, ,.x remain the same)

_ 1v p+2 2—p 2-p _2 2)(p+2)
_ 16 AM g (p) 8(p—1) 8(p71> T _poT 2(p 0y, — 2 @t2)
46—31p 58—53p p—2 1 14—9p
31pq—66p—469+36 g p — — — —
Ve =32x 10" Hz 2 -0 S ( ) Egy" ™ ngg "G e ep g
(1 8) 9 b
44—14p+469—31pg
t 80(p—1) , Vg <V < Vg
prla A8-p 2 2 2)+2(7q+6)
_ 13 , a=Sptllg—20 g (p) 8(p+4) 8(p+4) > (P i — pla+2)+2(7g+6)
., = 1.1 x 10" Hz 2 36D gVI(1.8)E CO € 1€ IotT T e

Vi < Vg < Ug

18 x 109 Hy 57529 B) prno o Pt vy < v <
- zz gV”(1.8) 52 "o -2 » Va c m

(4.56)

For the wind model (k = 2) and p > 2, one has

= 7.0 x 107 Hz 272 E7 ey 471702,

= 5.8 x 101 Hz 2922 B} A2 ¢ artma/?

—1€ B,—2
Fmax = 4.9 x 10° puly 25 By A, e, Dyt ™2,
Ve = 1.0 x 10'2 Hz z—%‘]% By P A €L e s, Va < U < Ve
= 5.8 x 10" Hz 2%%Q€Z;p§> B2 Afi_“l j’fﬂ‘f) eﬁt 5 b < v, < v,

L =1.2x 10" Hz 2 EZq&E_z/E’A”/E’ 6/5 201572,

Xoay e L€ Vo < Ve < Vpy

(4.57)

For 1 < p < 2, one has (v, and F, ,.x remain the same)

2—p 2-p _2
— 7 % 1016 HZ Z Z(p4 1+)8 g ( ) 4(p 1)A4(p 1) p 1 _p—1 2(p 1)
'm — L.

P e’ e t4(1 P)
XII 6—11 58—53 -2 1 14—9
—55% 102 H AW g (p) F 06~ z1))1440(1—15 -1 _Tp _200—p)
o — 0.0 X 7 Z m 52 %,—1 0 e,—1€B,—2 >

20p—40+6g—11pg
t ey, < Yy < Ve
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no injection injection
B o a(B) o a(B)
ISM slow cooling
v < Vq —2 —% o = B 4 _q N
1 1 _ 3 gq 8
Vg <V < VUn -3 -3 a = —
Um < U < Ve Pgl 3(1’4*1) a= % (2P*6)I(P+3)q a=(g—1)+ (2+9)B
V> v B 3@;2 o= 3,6‘271 (2p*4)z(p+2)q o= q52 + (2+2¢J)
ISM fast cooling
v < Vg 2 —1 o = % -1 o= g
Vo <V < Ve —% —% a—g 7‘158 —
ve SVStm % % 2 ‘- g 1 :());14124)+( +2) N 2 (2+9)B
V> Um % -p; o ﬁ; P t rt2)a —a=2 | 2q
Wind slow cooling
v < Vq -2 -1 = q—2 ——
Vg <V < Vm _% 0 0 ——
= _ 2p—2 2

DL E b s e e

3p— — p— p+2)q - q
V> Ve 5 ) d 2 1 a=9" "+
Wind fast cooling
v < Vg -2 -2 a=p q—3 ——
Vg <V < Ve —% % a=—-243 (1:—4;‘1) ——
ve sV vm % % 2 “- § 1 ?;I;f4)+( +2) N 2 (2+q9)8
V> Vm g lp47 o ﬁ; pqu a:q%"'Tq

Table 17 The temporal decay index « and spectral index [ in relativistic, isotropic,
self-similar deceleration phase for v, < min(vy,, v.) and p > 2.

18—p
p) 4(p+4> A4<p+4)

GXITT(1.8) Esy -1

22p 2 _2
P+4 p+4 _p+4d 4—
€e1€p,_ot

(p—2)q+24

XIIT (
4(p+4)

(p—2)q—4p+8
4(p+4) 9

L= 1.7x 10" Hz 2

Uy < Vg < U,
XIV(

20 g p) E—2/5A11/5 6/5

o 12 5
a_9-5><10 Hz z m 52 *—1B

tz‘Z/E’ 2 U < Ve < Uy

(4.58)

The o and S values and their closure relations for these models are also presented
in Tables 17 to 20.

For this model (adiabatic deceleration without energy injection), for p > 2, one
has vy, oc t7179/2 (7179/2) y, oc t71F2 ($179/2)F, o oc 179 (#79/2) for the ISM
(wind) models, respectively. For 1 < p < 2, v, and F, j,.x evolutions are the same as

. (g+2)(p+2)
p > 2 cases, while v, oct 80-p)

(tﬂﬁfg)) for the ISM (wind) models, respectively.
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no injection injection

B o o(B) o o(B)
ISM slow cooling
v < Um —2 —% o= é % -1 —
Um <V < Vg —g —% a=5 % —
Vo <v<ve B3t L) a=3 7(?72)1(”2)(1 a=(g-1)+ 2+a)8
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Table 18 The temporal decay index a and spectral index [ in relativistic, isotropic,
self-similar deceleration phase for v, < v, < v. and p > 2.
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1 5(p— —— q—5pq _
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Um <V < Ve 2 §6 (X—2B8+7 (6+8§ a = (ﬁi”"r 1
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V> Ve 5 = o= = —ri o= .
Wind fast cooling
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v Ym 2 8 a="% g a=-""7

Table 19 The temporal decay index a and spectral index [ in relativistic, isotropic,
self-similar deceleration phase for v, < min(vpy, v.) and 1 < p < 2.
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no injection injection

B o a(B) «a a(B)
ISM slow cooling
_ 26—17p __ 28—22p—2915pq _
v <Vm 2 T6(—1) T6(p-1)
Um <v<Va —3 -5 a=§ a-6 e
Vo < U < Ve pgl 3(1132) o= 6?29 18q+p(11(;r2)*12 o= 191117*10 + (2+8tz)6
2 3p+10 _ 3845 14g+p(q+2)—4 _ T9—=2 | (2+q)B
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Wind slow cooling
— T3p—18 — 20pFB6q—Tpq—24
v <¥m 2 8(1-p) ; 5 1%(1*11)
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Vo <v<wve PFt e a= 2 74“1;;4)‘1 e
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V> Ve 3 = a="% B ="

Table 20 The temporal decay index a and spectral index [ in relativistic, isotropic,
self-similar deceleration phase for v, < v, <v.and 1 < p < 2.

Phase 3: post jet break phase

The above calculations are based on the assumption of a spherical expansion.
However, achromatic breaks seen in many afterglow lightcurves suggest that GRB
outflows are collimated. For a simplified conical jet model with an opening angle 6;,
the jet effect becomes important when 1/I' > ;. The lightcurve shows a steepening
break around this time.

In the literature, two effects have been discussed to steepen the lightcurve. The
first is the pure edge effect (e.g. Panaitescu et al., 1998a). Since an observer sees
emission within the 1/T" cone for a blastwave moving with bulk Lorentz factor T,
he/she would feel the deficit of flux outside the #; cone when 1/I" > 6, is satisfied.
Assuming that the dynamics does not change, the flux reduction factor would be
07/(1/T')* = T*6%. This defines the degree of steepening at the jet break.

The second effect discussed in the literature is the sideway expansion effect. Ac-
cording to (Rhoads, 1999; Sari et al., 1999¢), when I ~ 9]-_1 is satisfied, sound waves in
the jet would cross the jet in the transverse direction and lead to its sideways expan-
sion. This leads to a exponentially deceleration of the jet. However, later numerical
simulations, and more sophisticated analytical treatments suggest that sideways ex-
pansion is not important until I' drops below a few (Kumar and Panaitescu, 2003a;

Cannizzo et al., 2004; Zhang and MacFadyen, 2009; Granot and Piran, 2012). We
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therefore do not discuss this effect.

For the edge effect only, in the post-jet-break phase the expressions of the break
frequencies v,, v, and v, and the peak flux density F, nax all remain the same as the
isotropic phase. The temporal decay indices are changed with the extra steepening
correction factor. In rare cases, continuous energy injection may extend to the post-
jet-break phase. For completeness, we also discuss these cases. After shock crossing,
the reverse shocked region decelerates with a different dynamics from the forward
shocked region. Given a same jet opening angle, it corresponds to an earlier jet break
time. In Table 21, we present the expressions of jet break time and the temporal
indices changes (A« defined as post-jet-break ay minus pre-jet-break ay) for all the
models in different regimes.

In Tables 22 and 23, we present a and ( values and their closure relations for the
jet model. Since the reverse shock jet break is usually undetectable, only forward

shock models are presented.

tiet Ao
ThinRSpost (ISM) 2.8 x 10* s 2B,4°0°"% ng VP )¢ 4/5
ThinRSpost (wind) 29 x 103 s 2B,,607 A1 T 2/3
ThickRSpost (ISM) 1.2 x 10% s 282 70,% Ing > " AT, 7/8
ThickRSpost (Wind) 1.9 x 103 s 2B2,°05° AP AT 3/4
FS (ISM, no injection) 5.8 x 103 s 2E;23€? flngl 3 3/4
FS (wind, no injection) L7 x10% s 25007 | A7T 1/2
11 I 8 I

FS (ISM, injection) 2.0 x 102+4 s ZEZT10° 4 n, 271 (2+q)/4

FS (wind, injection) 17 x 107 s 2E§29§71A;§1 a/2

Table 21 Collection of jet break time and temporal indices changes Ao = as — « for
different regimes.

Phase 4: newtonian phase

The blastwave eventually enters the Newtonian phase when it has swept up a CBM

mass comparable to the initial mass entrained in the ejecta. In the deep Newtonian
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Table 22 The temporal decay index a and spectral index [ after jet break for

min (v, ), considering edge effect only.
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Wind injection
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Table 23 The temporal decay index o and spectral index 3 after jet break for v, <
v, < V., considering edge effect only.
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phase, the dynamics is described by the well known Sedov-Taylor solution:

2 1 k—3
(5= k\TF[B-kE]TF 5K\ [(3— =
= (50) e ] - () ] e

This phase has been studied extensively in the literature (Wijers et al., 1997; Dai and
Lu, 1999a; Huang et al., 1999, 2000; Livio and Waxman, 2000; Huang and Cheng,
2003).

In this phase, for an ISM medium and p > 2, one has

G(P) —1/2 2 1/2

U = 2.0 x 10 Hz 22 G(2-3)E52 0,0 €e,—1¢B, “ots 7,

ve = 7.0 x 101 Hz 5755 Png 010 20010

Fl,max — 2.3 x 102 uly :22/5E4/5 7/10 113/2 2ngzts/s

)

— 1.4 x 107 Hz 57117 g(;p;)EQ/%ooe;l_l AR Vo < U < Ve
II — _
Vo = 3.3 x 10 Hz 275 gn(;p?)))Ew 2(6”% 6:(%141) eg;’}}) ts = Vm < Vg < Vg
g b b}

(4.60)

For 1 < p < 2, one has (v, and F), ,.x remain the same)

117 1 2— 2 1 3
ip g (p) 2(1 D i T e y Bt

U = 1.9 x 10" Hz 271 7E el ent s !
m III(l 8) 0 e,—1-B,—2 "5 )
g gIV(p> 8—3p 1 _14-9p 3(p—6)
_ 10(1 P) 4(1 p) 2(p 1) i-p 20(1 P) 10(p—1)
Vg = 1.2 x 10 HZWZM(I’ 1)E C() e 1€ B,—2 2(:5 )

Vg < Uy < Ve

0 » gV(p) 2 2 2-p 2 2 4
_ 5= 5 4, p+d ~pFd _p+d _p+d +4
Ve =74 x10° Hz % ey el e T T U < e < 1

(4.61)
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For the wind model and p > 2, one has

G .
~ 1.6 x 10" Hz A4/3G(;p§)E§§3 e ey,

= 1.7 x 10 Hz 2724”58,

=

Fv,max = 5.3 X ]_02 IuJy 24/3E'1/3A7/61 1B/2 2D t_l/g’

. = 6.9 x 107 Hg 3718/15 220 9""(p) E13/15 45/3 -1 1/5 t 2/15

1(2.3) %,—1€e,—1€B 2 , Vo < Vm < Ve
. o gV (p) Arop em 2e-h pta ek
. = 6.9 x 10" Hz P B AP e P en Pt Y < vy < 1

VII(2‘3) *,—1 e,—l B,-2

(4.62)

For 1 < p < 2, one has (v, and F, ,.x remain the same)

12 03 gV (p) 5o S8 5t T 2-T) 4 5(-T)
3 p 1 6 1 P 1 p—1 2 p—1 3(p—
=1. 4 X ]_0 HZ 23(7’ 1) WE52 A* 1 CO _1 B,—2 t5 5
gvHI(1.8)
g op_dd_ gIX( ) 3p+7) 5(3;;)72; (])72) 1 1% 9p) 74( 39p)
o ~ — T5(1—p T2(p—1) ~2(p—1 —p _20(1—p) ,30(p—1
Vg = 6.0 x 10 Hz z3%06-1) WEEQ A* —1 0 Ee —IEB _9 t s

Vg < Uy < Ve

X 2-p 2 2 20
9" (p) sorm A3<p+4) pi o P t T 3(p+4)

v, = 1.6 x 100 Hz 2514
a gX(].8) 52 *,—1 0 e—l B,—2

s U < Vg < U,

(4.63)

The v and [ values and their closure relations in this phase are presented in Tables

24 and 25.

For this model (newtonian Phase), for p > 2, one has v, o =2 (t77/3), v,
t75 (1Y), B max o< 37 (¢71/3) for the ISM (wind) models, respectively. For 1 < p < 2,
v, and F), nax evolutions are the same as p > 2 cases, while v, & tﬂ (tw) for the

ISM (wind) models, respectively.
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no injection injection
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Table 24 The temporal decay index « and spectral index 8 in the Newtonian phase
for v, < min(vpy, ve).
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V> Ve b G o= 2 _—

Table 25 The temporal decay index « and spectral index 8 in the Newtonian phase
for v, < v, < v,.
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Applications of the Models

The third section gives a complete reference of all the possible analytical syn-
chrotron external shock models. There are two opposite ways of applying this refer-
ence tool. First, one can fit the observational data to get both temporal decay index
« and spectral index [, and then identify which spectral regime the observational
frequency lies in. One can then constrain related afterglow parameters. To fully de-
termine the parameters, one needs multi-wavelength, multi-epoch observational data.
In any case, for the relativistic deceleration phase before the jet break, from which
most data are collected, usually a closure relation study could give a quick judgement
about the possible spectral regime and medium type. Alternatively, one can start
to assign reasonable ranges of a set of model parameters, and apply the models to
draw predicted light curves. By varying parameters, one can use the model to fit the
observational data.

Since the three characteristic frequencies v,, v,,, and v, all evolve with time, the
order among them may change during the evolution. The characteristic frequencies
may also pass the observed band, so that the observational spectral regime may also
change. These factors introduce complications in drawing theoretical lightcurves.
First, one needs to estimate how spectral regimes evolve with time, using the related
expressions of the characteristic frequencies; Second, one needs to use the closure
relation tables to find out the temporal decay index for each segment of the light
curve, and then connect all the segments. Lightcurves can differ for different dynam-
ical models, different initial ordering of the characteristic frequencies, and different
spectral regimes.

In order to make readers more conveniently use this reference tool, we plot all

the possible lightcurve shapes that can be derived analytically®, and present spectral

6The only spectral regimes that are not included are all the spectral orders that invoke v, > v..
For such combinations, the power-law description of electron energy distribution is no longer valid,
and pile up of electrons near 7, is expected (Kobayashi et al., 2004). Since the exact shape of
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and temporal indices for each temporal segment for all the phases discussed in the
third section. These are presented in Figures 12 to 55. Some of these lightcurves
may demand extreme afterglow parameters. However, since we aim at a complete
reference of the models and keep a wide open range of the observational frequency
and model parameters, we have included all the possible frequency regime transitions
for all the phases. In reality, one could use the observational data to narrow down the
possibilities to identify the most relevant lightcurve segments. For easy identification,
Table 4 summarizes the corresponding figure numbers for different dynamical models
and spectral regimes.

It is worth emphasizing that a critical time to separate Phase 1 (reverse shock
crossing phase) and Phase 2 (self-similar deceleration phase) is the shock crossing time
tx (Eq.4.20). At t., the ratios of the forward and reverse shock quantities F, jaz, Vi,
V. etc. can be coasted into some simple forms (Zhang et al., 2003). Practically, one can
derive the forward shock scaling first (which is easier), and extrapolate to t.. Then
applying the reverse-to-forward shock ratios of critical parameters (Zhang et al., 2003;
Harrison and Kobayashi, 2013), one can derive the reverse shock parameters at .
One can then apply the reverse shock scaling laws to derive reverse shock quantities.
By comparing the reverse-to-forward shock flux ratio at ¢, , one can determine which
component dominates for a specific frequency, see Figure 56 for example.

The numerous possible lightcurves in each phase make it impossible to draw all
possible overall lightcurves. We therefore only draw a set of example lightcurves
based on a standard set of parameters. In Figure 56, we present the “standard”
afterglow light curves in radio (10° Hz), optical (10'® Hz) and X-ray (10'7 Hz) bands,
by adopting a set of typical parameter values: the total energy E ~ 10°? erg, initial

Lorentz factor 'y = 100, width of ejecta Ay = 10" c¢m, jet opening angle 6; = 0.1,

electron distribution cannot be obtained analytically, we do not include these cases in the figures.
Such electron pile-up condition is usually not satisfied in most models reviewed in this work. The
only relevant model is the reverse shock model during the shock crossing phase for a wind medium,
when A, is large enough (Kobayashi et al., 2004; Gao et al., 2013a).
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microphysics shock parameters ¢, = 0.1, eg = 0.01 and electron index p = 2.3 for
both forward and reverse shocks. For the ISM model, we take ng = 1 cm™3, so that
the reverse shock is non-relativistic and the system is in the thin-shell approximation.
For the wind model, we take A, = 0.1, the reverse shock is relativistic and the system
is in the thick-shell approximation. More detailed studies on the standard models
can be found in the literature (e.g. Sari et al., 1998a; Chevalier and Li, 2000; Granot
and Sari, 2002; Wu et al., 2003; Kobayashi and Zhang, 2003a; Zou et al., 2005).
Several remarks regarding Fig.45 are worth addressing. 1. Only external shock af-
terglow light curves are plotted. If one includes the internal-origin “prompt” emission
also, one would expect another component before t,. There has been no observations
in the radio band in this time frame. In the optical and X-ray band, this component is
usually brighter than the external shock component, and hence, would mask the early
phase of the lightcurves. After the cessation of the prompt emission, the lightcurve
usually transits to the afterglow emission through a “steep decay” likely due to the
high-latitude emission (e.g. as observed in the early X-ray afterglow detected with
Swift, Tagliaferri et al., 2005; Zhang et al., 2006, 2007a). 2. The lightcurves are
plotted with identical microphysics parameters €. and eg in the forward and reverse
shocks. For the particular set of parameters adopted, the reverse shock flux is usually
lower than that of forward shock in both radio and X-ray band, and it only dominates
the forward shock emission in the optical band early on for a brief time. Observatinal
data, on the other hand, require different microphysics parameters in the two shocks,
in particular, a more magnetized reverse shock than the forward shock (Fan et al.,
2002; Zhang et al., 2003; Kumar and Panaitescu, 2003a; Harrison and Kobayashi,
2013). This corresponds to the ISM models with enhanced reverse shock peaks in
the optical and radio bands. Specifically, in the radio lightcurve (top-left panel), the
reverse shock flux at ¢, is much brighter than the forward shock flux; in the optical

band (mid-left panel), the reverse shock flux at ¢, way exceeds the forward shock
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flux, and even at ¢, the reverse shock flux is higher than that of forward shock, so
that the optical flux shows a “flattening” behavior (Zhang et al., 2003). These are the
“radio flares” and “optical flashes” as observed in some GRBs, such as GRB 990123
(Akerlof et al., 1999; Kulkarni et al., 1999; Kobayashi and Sari, 2000a). 3. Combining
lightcurve features and spectral properties is essential to diagnose the physical origins
of the afterglow emission. For example, the peaks of the light curves could be due to
a hydro-dynamical origin (shock crossing or jet break) or crossing of a spectral break
(U or 1,). The former should not be accompanied by a color change while the latter
should. Taking spectral observations before and after a certain break time is there-
fore crucial to identify the correct model to interpret the data. The hydrodynamical
breaks are also expected to be “achromatic”, i.e. occuring in all wavelengths, while
the frequency crossing breaks should be chromatic. So simultaneous observations in
all wavelengths are also important to diagnose the physics of afterglow emission. 4.
Some light curve properties can be quickly applied to diagonose the properties of
the ambient medium. For example, in the pre-jet-break phase, the wind model has
a steeper slope than the ISM model. In the optical band, a fast-rising optical flash
would point towards an ISM origin. In the radio band, a forward shock peak due to
jet break (achromatic break with other bands such as optical) would point towards

an ISM origin.

Limitations of the Analytical Models

Despite their great success, the analytical synchrotron external shock models are
known to have certain limitations that hinder a precise description of GRB afterglows.
In many situations, numerical calculations are needed. In this section we itemize all
the limitations of the analytical approach, which serve as a caution to readers to

apply the analytical models reviewed in this work.

e Swift observations suggest that X-ray flares observed in the afterglow phase can
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be best modeled as internal emission of late central engine activities (Burrows
et al., 2005a; Zhang et al., 2006; Fan and Wei, 2005a; Ioka et al., 2005; Lazzati
and Perna, 2007; Maxham and Zhang, 2009). It is likely that some X-ray
plateaus followed by steep decays (internal plateaus) are also caused by late
central engine activities (Troja et al., 2007; Liang et al., 2007b; Lyons et al.,
2010). A more extreme view interprets all the X-ray afterglow as emission from
the central engine (Ghisellini et al., 2007; Kumar et al., 2008b,a). Therefore the
external shock model discussed in this chapter is not relevant to interpret X-ray

flares and internal X-ray plateaus, and possibly even the entire X-ray emission.

A relativistic ejecta moving towards the observer has a complicated equal ar-
rival time effect (Waxman, 1997¢; Sari, 1998b; Panaitescu and Meszaros, 1998b;
Granot et al., 1999), which smooths the spectral and temporal breaks (Granot
and Sari, 2002). The sharp transition in the blastwave dynamics adopted in an-
alytical models is also an approximation. As a result, the sharp breaks predicted

in the analytical models usually do not exist.

Since the strength of the shock is continuously decreasing as the blastwave
decelerates, the magnetic field strengths continuously decay in the shocked re-
gion. Electrons therefore cool in a varying magnetic field, which leads to a very
smooth or non-existence of v, (Uhm and Zhang, 2013b), see also van Eerten and
Wijers (2009). In the fast cooling regime, exactly the same effect makes the fast
cooling spectrum harder (Uhm and Zhang, 2013a) than F, oc v~/ proposed by
Sari et al. (1998a). In view of this, a sharp temporal or spectral break observed
in GRB afterglow lightcurve or spectrum must not be associated with electron

cooling (Uhm and Zhang, 2013b).

All the analytical models reviewed in this article consider synchrotron radia-

tion only. Synchrotron self-Compton (SSC) effect may be important in the
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afterglow phase (Wei and Lu, 1998; Dermer et al., 2000b; Zhang and Mészaros,
2001b). Invoking synchrotron self-Compton (SSC) would complicate the mat-
ter. In particular, it would enhance cooling by a factor of (1 4+ Y'), where
Y = Lic/Lsyn = Upn/Us, Lic and Lgy, are the luminosities of the SSC and syn-
chrotron components, respectively, and Uy, and Ug are the energy densities of
the synchrotron photons and magnetic fields, respectively. The detailed treat-
ments of the SSC effect can be found in Sari and Esin (2001) and Gao et al.
(2013a). During the reverse shock crossing phase, besides SSC in the reverse
shock and forward shock regions, scattering of photons from the other shock by
electrons from both shocked regions can be also important, which make more

complicated spectra and lightcurves (Wang et al., 2001a,b).

Only adiabatic models are reviewed in this work. In the literature, radiative
models have been also discussed (e.g. Sari, 1997; Bottcher and Dermer, 2000).
However, since ¢, is usually small, a GRB blastwave cannot be fully radiative
even if electrons are in the fast cooling regime. A partially radiative fireball
and its dynamical evolution have been discussed by various authors (e.g. Huang
et al., 1999, 2000; Pe’er, 2012; Nava et al., 2012) and the detailed lightcurves of

these cases have been calculated by Wu et al. (2005).

Numerical simulations are needed to well describe the transitions among various
phases. For example, the analytical models in Phase 1 (reverse shock crossing
phase) and Phase 2 (self-similar phase) do not match exactly. After reverse
shock crossing, how the blastwave self-adjusts itself to the Blandford-McKee
profile can be only addressed by numerical simulations (e.g. Kobayashi and
Sari, 2000a). Sideway expansion after the “jet break” phase and the transition
from the ultra-relativistic phase to deep Newtonian phase all need numerical

simulations to resolve the details (Cannizzo et al., 2004; Zhang and MacFadyen,

124



2009; van Eerten and MacFadyen, 2012).

The lightcurves involving collimated jets are complicated and usually require
numerical treatments. Even for a uniform jet, the shape of the jet break may
depend on the viewing angle from the jet axis (Granot et al., 2002; van Eerten
and MacFadyen, 2012). If the viewing angle is outside the jet cone, one expects
a variety of lightcurves for the so-called “orphan afterglows”, which cannot be
properly addressed analytically. More complicated jets invoke angular struc-
ture with decreasing luminosity and Lorentz factor with respect to the jet axis
(Mészaros et al., 1998). The commonly discussed the jet structures include
power law (Mészaros et al., 1998), Gaussian (Zhang et al., 2004b), and two-
component conical jets (Berger et al., 2003; Racusin et al., 2008). An on-axis
observer would see a steeper lightcurve than the isotropic case (Mészaros et al.,
1998; Dai and Gou, 2001b; Panaitescu, 2005). For an off-axis observer (Rossi
et al., 2002; Zhang and Mészaros, 2002a), the lightcurve may show a jet-break-
like feature as the jet axis enters the field of view, but the exact shape of the
break depends on the angular structure of the jet and the viewing angle (Kumar
and Granot, 2003b; Granot and Kumar, 2003). The two-component jets can
show more complicated lightcurve behaviors (Huang et al., 2004; Peng et al.,

2005).

It is possible that due to continuous energy injection or ejecta Lorentz factor
stratification, a long-lived reverse shock may continue to exist, and the blastwave
never enters the Blandford-McKee phase. The long-lasting reverse shock can
show rich afterglow lightcurve features (Uhm et al., 2012), which may show up
above the forward shock contribution if the reverse shock emission is enhanced.
A more extreme view is that the entire observed afterglow is of a reverse shock

origin (Uhm and Beloborodov, 2007; Genet et al., 2007).
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e Analyses of early afterglow data (Fan et al., 2002; Zhang et al., 2003; Kumar
and Panaitescu, 2003a) and theoretical considerations (Usov, 1992; Mészaros
and Rees, 1997b; Metzger et al., 2011; Lei et al., 2013) suggest that the GRB
central engine is likely magnetized. The GRB ejecta therefore likely carries
a certain degree of magnetization. The reverse shock models presented here
apply to low-magnetization cases. For moderate to high magnetization, the
shock jump conditions and the strength of reverse shock are modified (Zhang
and Kobayashi, 2005; Fan et al., 2004), and numerical simulations are needed to
achieve precise results (Mimica et al., 2009). Also numerical simulations (Sironi
and Spitkovisky, 2009) suggest that electron acceleration becomes suppressed in
a magnetized shock, which would also affect the predicted synchrotron radiation

flux.

e All the models invoke constant microphysics parameters €, and eg. In principle,
these parameters may evolve with time also, and some authors have considered

such more complicated models (e.g. loka et al., 2006; Fan and Piran, 2006a).

e More complicated afterglow models invoke density bumps (Dai and Lu, 2002;
Dai and Wu, 2003; Nakar and Granot, 2007), violent energy injection into
the blastwave via collision from a fast shell ejected at late times (Zhang and
Mészéros, 2002b; Geng et al., 2013), and patchy jets (Kumar and Piran, 2000b;
Ioka et al., 2005).

e Finally, in the early afterglow phase, additional physical processes may modify
the blastwave dynamics. These include pair loading effect caused by inter-
action between radiation front and ambient medium (Madau and Thompson,
2000; Mészaros et al., 2001; Beloborodov, 2002) and neutron decay effect from a

neutron-rich ejecta (Derishev et al., 2001; Beloborodov, 2003; Fan et al., 2005b).
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Phase 1
Initial characteristic Thin shell Thick shell Phase 2 Phase 4
frequency order FS RSpre | RSpost FS RSpre | RSpost
Vo < Um < ve (ISM) 1-2 5 8 10 13 16 18 22
Vo < Ve < Vm (ISM) 3 6 —— 11 14 —— 19 — 20 ——
VUm < Vg < Ve (ISM) 4 7 9 12 15 17 21 23
Vo < Um < Ve (Wind) 24 27 30 32 35 38 40 43
Vg < Ve < Vm (Wind) 25 28 —— 33 36 — 41 —
VUm < Vg < Ve (Wind) 26 29 31 34 37 39 42 44

Table 26 Collection of figure numbers corresponding to different dynamical models

and initial spectra regimes.

127



Vv <v_<V. Vv <v_<vV.
am-c a~m o
X
VA2
|
k] k] i
= ‘ = |
| VA |
| |
VA2 ! ! 1cm
! on :
| |
I I
| |
I I
Time Time
V_<v<v_<v. V_<v<v_<v.
as 'mse as imse
22 vat!
|
; e
e :
x I x I
= | =2 |
w w
I | [
{ Ly o | v
| | 1133 I |
RIS I poom vy ! !
| | it I
b I oA I
| | | |
I I I I
| | | |
I I I I
Time Time
V_<v<v_<v. V_<v<v_<v.
m as 'mSe
—1/2,
VR VA
|
|
V13113 !
i I
| |
« v1/3‘H/3 i « i
= | = |
w I w I
t
| | e
It d |
1o 13,3 | I
1133 ! ! vt ! !
V13 | | |t |
1t | 1 cm |
| oem I I I
| | | |
I I I I
Time Time
V_<v_<v<v V_<v_<v<v
mS e mS e
V522 v
f f
| y |
W1-p123 i W1-pi23 i
| |
x I x I
=2 | 2 |
w I w I
| |
VP23 e (1-p128 A D
I I I I
| | | |
It I It I
| ma | | ma |
I I I I
| | | |
I I I I
Time Time

Figure 12 All possible forward shock lightcurves during Phase 1 (reverse shock crossing
phase), for thin shell ISM model and the initial characteristic frequency order v, <
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Figure 13 Figure 12 continued.
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Figure 14 Same as Fig. 12, but with the initial characteristic frequency order v, <

Ve < Vpp.
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Figure 15 Same as Fig.

Vg < Vg.
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Figure 16 All possible reverse shock lightcurves during Phase 1 (reverse shock crossing
phase), for thin shell ISM model and the initial characteristic frequency order v, <

Vi < Ve.
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Figure 17 Same as Fig.

Ve < Vpp.
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Figure 18 Same as Fig. 16, but with the initial characteristic frequency order v, <

Vg < Vg.
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Figure 19 All possible reverse shock lightcurves after reverse shock crossing the shell,
for thin shell ISM model and the initial characteristic frequency order v, < v, < ..
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Figure 21 All possible forward shock lightcurves during Phase 1 (reverse shock crossing
phase), for thick shell ISM model and the initial characteristic frequency order v, <

Vi < Ve.

Flux

Flux

Flux

Vv <v_<v
am ¢

J(1-PI2-(p-3)2-

’ er)/Zf(p72)/2
I I
Vo2 /o |
I I
I I
I I
I I
21 | t e
v | | at |
I I I
I I I
it I I
i | me | |
I I I I
1 G I I I
I I I I
I I I I
Time
V_<v<v_<v.
m
yP2-(p-2)2
VP2 (p-3)2 T yPI2-(p-2)2
I ]
I I
i I I
I I I
I I I
VB ! !
! o it
t ma
o I I
I I I
I I I
I I I
I I I
I I I
I I I
Time
v <v_<v<v,
am e
-p/2y-(p-2)12
vt
J(1-P)2-(p-3)

p
I

I

I

I

I

: t VPR(-2)2)
I

I

I

I

I

I

I

c+ !
I
|
it
ma
|
I
|
I
Time
V<V <V <V
asmc
VPR-(p-2)2
| /24-(p-2)/2
! v P24-(P-2)
ot
ma
I
|
I
Time

137

Flux

Flux

Flux

v <v<v_<v
a mc

Vi

V{1-P2=(p-3)2

-PI2y-(p-2)12

P)/24~(p-3)/: v

i
|
i
|
|
|
|
‘C+
|
t I
|
|
|
|
|
\

I

I

|

I

|

|

I

|

I

|

I

l
Time

V113413 ¢

I
it
I

V(1-PV2=(p-3)2

]
P22

V524312

i
i
|
| |
| |
| |
| |
't er
-
| |
i i
| |
| |
| |
| |
| |
‘ ‘

V(1-P)V2=(p-3)

yP2-(p-2)/2
J-P2-(p-3)

o+

t

T
|
|
|
|
|

t
|
| |
| |
| |
poma |
| |
I I

Time




V<V _<v <v v_<v<v_<v
a~co'm a 'm

VA
x x
2,1
] , 3
z v Il f
I
V133 !
ot
I a-
I
I
I
.
Time Time
V_<VV <V, V<V Vv
a~ e m a~ e 'm
yP2-(p-212
12112 '
| | yPi2-(p-2)2
I I
I I
d I I
x I I x I
= | | = 172,172 |
v 113,413 I It [ v !
vt | | ome |t
I t I I m+
" I I
I I I
I I I
I I I
I I I
I I I
I I I
Time Time
V<V V<V
2~ 'm
x
3
w
yP2-(p-2)2

Time

Figure 22 Same as Fig. 21, but with the initial characteristic frequency order v, <
Ve < Vpp.
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Figure 23 Same as Fig. 21, but with the initial characteristic frequency order v, <

Vg < Vg.
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Figure 24 All possible reverse shock lightcurves during Phase 1 (reverse shock crossing
phase), for thick shell ISM model and the initial characteristic frequency order v, <
U < Ve.
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Figure 27 All possible reverse shock lightcurves after reverse shock crosses the shell,
for thick shell ISM model and the initial characteristic frequency order v, < v, < ..
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Figure 28 Same as Fig. 27, but with the initial characteristic frequency order v, <

Vg < Vg.
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Figure 29 All possible forward shock lightcurves during Phase 2 (relativistic, isotropic,
self-similar deceleration phase), with an ISM medium and initial characteristic fre-
quency order v, < v, < V.
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Figure 30 Same as Fig. 29, but with the initial characteristic frequency order v, <

Ve < Vpp.
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Figure 31 Figure 30 continued.
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Figure 32 Same as Fig. 29, but with the initial characteristic frequency order v, <
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Figure 33 All possible forward shock lightcurves during Phase 4 (Newtonian phase),
with an ISM medium and initial characteristic frequency order v, < v, < ..
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Figure 34 Same as Fig. 33, but with the initial characteristic frequency order v, <

Vg < Vg.

Flux

Flux

W(1-P)2y-3(5p=7)110

yP2p-@p-4)2

I
Time

150

V_<v<v <V
m a~c

Vo J(-PV23Ep-7)10
I
I
I
I
x I
El I
2 :|a‘ ! P2 (342
| I
| I
| it
! | e
| I
| I
| I
. .
Time
V<V <V <V
ma e
P2 (3p-4)2
x
El
w

Time



Vv <v_<v v <v<v_<v
a mc

a~m-c
113113 (1-p)/24~(p-1)/
vt N, P2y
I
f | )
| | |
! ! NS !
I I I
| | |
x I I x I
= 2 | | =2 | (1-p)/24=(p-1)/
I VA ! - [ L VP2
s ! ot
I I I
| | |
I I I
| | |
I I I
| | |
I I I
Time Time
V. <V_<v<v V<V <y <v
asmS e asmc
yP2(p-22
J-PY2(p-1)2 |
I
|
x x | (1-p)/24-(p-1)/2
u’:_’ u’:_’ i v t
I
[
e
I
|
I
|
I
|
I
Time Time

Figure 35 All possible forward shock lightcurves during Phase 1 (reverse shock crossing
phase), for thin shell wind model and the initial characteristic frequency order v, <
U < V.
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Figure 36 Same as Fig. 35, but with the

Ve < Vpp.
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Figure 37 Same as Fig. 35, but with the initial characteristic frequency order v, <
Vg < Vg.
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Figure 38 All possible reverse shock lightcurves during Phase 1 (reverse shock crossing
phase), for thin shell wind model and the initial characteristic frequency order v, <
U < V.
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Figure 39 Same as Fig. 38, but with the initial characteristic frequency order v, <
Ve < Vpp.
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Figure 41 All possible reverse shock lightcurves after reverse shock crossing, for thin
shell wind model and the initial characteristic frequency order v, < v, < v,.
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Figure 42 Same as Fig. 41, but with the initial characteristic frequency order v, <
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Figure 43 All possible forward shock lightcurves during Phase 1 (reverse shock crossing
phase), for thick shell wind model and the initial characteristic frequency order v, <

Vi < Ve.
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Figure 44 Same as Fig. 43, but with the

Ve < Vpp.
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Figure 45 Same as Fig. 43, but with the initial characteristic frequency order v, <
Vg < Vg.
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Figure 46 All possible reverse shock lightcurves during Phase 1 (reverse shock crossing
phase), for thick shell wind model and the initial characteristic frequency order v, <
U < V.
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Figure 47 Same as Fig. 46, but with the

Ve < Vpp.
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Figure 48 Same as Fig. 46, but with the initial characteristic frequency order v, <
Vg < Vg.
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Figure 49 All possible reverse shock lightcurves after reverse shock crossing, for thick
shell wind model and the initial characteristic frequency order v, < v, < v,.
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Figure 50 Same as Fig. 49, but with the initial characteristic frequency order v, <
Vg < Vg.
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Figure 51 All possible forward shock lightcurves during Phase 2 (relativistic, isotropic,
self-similar deceleration phase), for a wind medium and the initial characteristic fre-
quency order v, < v, < V.
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Figure 52 Same as Fig. 51,

Ve < Vpp.
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Figure 53 Same as Fig. 51, but with the initial characteristic frequency order v, <
Vg < Vg.
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Figure 54 All possible forward shock lightcurves during Phase 4 (Newtonian phase),
for a wind medium and the initial characteristic frequency order v, < v, < v..
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Figure 55 Same as Fig. 54, but with the initial characteristic frequency order v, <
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Figure 56 Example light curves in the radio, optical and X-ray bands for a set of
typical parameter values (see text). The left and right panels are for the ISM and
wind medium, respectively. In each panel, from top to bottom are the lightcurves
in the radio, optical and X-ray band, respectively. Notations are the same with
other Figures. The parameters 7., ,tx 71; and Tx denote 1, crossing time, the
shock crossing time, jet break time, and the transition time to the Newtonian phase,
respectively. The solid and dashed lightcurves denote contributions from the forward
and reverse shock, respectively. The 4 different phases of forward shock emission are
marked with 4 different colors. Notice that the reverse shock light curves have a
sharp ending, which corresponds to time beyond which no on-axis electron radiation
contributes to the band (i.e. after shock crossing and v > v In reality, there should
be emission from high latitudes during these phases, so in these regimes there should
be a steeply-decaying lightcurve with slope —(2 + ), where (3 is the flux density
spectra index in the band (Kumar and Panaitescu, 2000a).
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p-dependent Coefficients in Analytical Solutions
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Thick Shell Forward shock
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Thick Shell Reverse shock
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Adiabatic Deceleration With(or Without) Energy Injection
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CHAPTER 5
INTRODUCTION OF PART II

The next generation gravitational-wave (GW) detectors, such as Advanced LIGO
(Abbott et al., 2009), Advanced VIRGO (Acernese et al., 2008) and KAGRA (Kuroda
et al., 2010) interferometers, are expected to detect GW signals from mergers of two
compact objects. The primary sources for such ground-based gravitational-wave de-
tectors are coalescence of neutron-star (NS) binaries. The detection of GW signals
would represent a great breakthrough for both fundamental physics and astrophysics.
However, due to the faint nature of GWs, an associated electromagnetic (EM) emis-
sion signal in coincidence with a GW in both trigger time and direction becomes es-
sential for its identification. As the new generation GW detectors are coming online,
the study of double neutron star (DNS) system becomes more and more attractive to
astrophysics. In this part of my dissertation, I will firstly give a general introduction
to DNS merger scenario and then present some of my study work that contribute to

this exciting field.

General Introduction for Neutron-Star Binary System

The first observed DNS binary was PSR B1913+4-16 (Hulse & Taylor, 1975). The
measurement of its orbit decay provided strong indirect evidence for Einstein’s general
theory of relativity (GR; see, e.g., Taylor & Weisberg (1989); Weisberg et al. (2010)),
leading to the 1993 Nobel Prize in physics for Hulse and Taylor. After a few decades

accumulating, totally ten DNS binary systems have been observed, as collected in

Table 27.
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Object Mass (Mg) References Object Mass (Mg) References
J1829+2456 1.2575-2L Champion et al. (2005) | Companion 1.3479:37 Champion et al. (2005)
J1811-1736 1.5370-22 Corongiu et al. (2007) | Companion 1.047578 Corongiu et al. (2007)
J1906+0746 | 1.2487001% Kasian (2008) Companion | 1.3657001% Kasian (2008)
J1518+4904 1.2370-99 Janssen et al. (2008) Companion 1.4970:33 Janssen et al. (2008)
B1534+12 | 1.333270 8010 Stairs et al. (2002) Companion | 1.345270 6010 Stairs et al. (2002)
B1913+16 | 1.439870 0002 | Weisberg et al. (2010) | Companion | 1.38867000% | Weisberg et al. (2010)
B2127+11C | 1.35870:010 Jacoby et al. (2006) Companion | 1.35470:010 Jacoby et al. (2006)
J0737-3039A | 1.338170-0007 | Kramer et al. (2006) | JO737-3039B | 1.248970-0907 | Kramer et al. (2006)
J1756-2251 131270017 | Ferdman et al. (2008) | Companion | 1.25870°017 | Ferdman et al. (2008)
J1807-2500B | 1.365510 0050 Lynch et al. (2012) Companion ? | 1.20647 0030 Lynch et al. (2012)

Table 27 List of observed double neutron star binaries.

In the standard channel, the progenitor of DNS system is a high-mass binary,
where both stars are with mass M 2 8 — 10 M, ensuring that a pair of supernova
explosion could happen (Bhattacharya & van den Heuvel, 1991). Over a few million
years, the primary star (the one with higher mass) would pass through its giant phase,
and undergoes a Type Ib, Ic, or II supernova, leaving behind the more massive NS in
the final binary. Later, when the secondary star also evolves off the main sequence to
giant phase, the binary would enter the common-envelope phase. Dynamical friction
shrinks the binary separation dramatically, until sufficient energy is released to expel
the envelope. The exposed Helium-rich core of the secondary would then go through
another supernova, giving birth to the other NS. If the second supernova kick is not
large enough to unbind the system, a tight DNS binary system is formed. Figure 57
is an illustration for this process (Faber & Rasio, 2012).

The newly formed tight DNS binary could maintain a stable stage, i.e., inspiral
phase, for tens of Myr to much longer than a Hubble time (e.g., Burgay et al. (2003);
Champion et al. (2004)), until the point where the gravitational radiation timescale
becomes comparable to the dynamical timescale. During inspiral phase, the orbital

separation decays over long timescales through GW emission. The binary separation
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Figure 57 Cartoon showing standard formation channels for close NS-NS binaries
through binary stellar evolution, taken from Lorimer (2008)

decaying rate is da/dt = —a/Tqw, where a is the binary separation and Tgw is merger
timescale causing by gravitational wave radiation. According to the lowest-order

dissipative contribution from GR, 7qw could be given by (Faber & Rasio, 2012)

5 at 5 a*
T == — e
oW 64 uM? ~ 64q(1+ q)M?
a 4 M1 -3
= 22x10%7'(1 R 5.1
v (5) (i) w6
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where My, M,, and M = M; + M, are the individual NS masses and the total mass of
the binary, u = M;My/M is the reduced mass, ¢ = My /M is the binary mass ratio
(G = ¢ =1 was assumed here).

DNS binaries would rapidly become unstable when its separation approaches com-
parable with the radii of the two NSs. coalescence phase would be triggered through
the onset of dynamical instability. For equal or nearly equal masses system, the merger
resembles a slow collision. Otherwise the secondary would be tidally disrupted during
the plunge and essentially accrete onto the primary. On the other hand, numerical
simulations show that binary neutron star mergers could eject a fraction of the ma-
terials, forming a mildly anisotropic outflow with a typical velocity about 0.1 — 0.3¢
(where c is the speed of light), and a typical mass about 107 ~ 1072M, (e.g. Rezzolla
et al., 2011; Rosswog et al., 2012; Hotokezaka et al., 2013).

After the short standing coalescence phase, the system will again settle into a new,
dynamically stable configuration through a phase of ringdown, with a particular GW
signal form that depends on the remnant’s mass and rotational profile. Usually, the
merger product is assumed to be a black hole or a temporal hyper-massive neutron
star which survives 10-100 ms before collapsing into the black hole (e.g. Rosswog
et al., 2003; Aloy et al., 2005; Shibata et al., 2005; Rezzolla et al., 2011; Rosswog
et al., 2012). Nonetheless, recent observations of Galactic neutron stars and NS-NS
binaries suggest that the maximum NS mass can be high, which is close to the total
mass of the NS-NS systems (Dai et al., 2006; Zhang, 2013b, and references therein).
Indeed, for the measured parameters of 6 known Galactic NS binaries and a range of
equations of state, the majority of mergers of the known binaries will form a massive
millisecond pulsar and survive for an extended period of time (Morrison et al., 2004).
When the equation of state of nuclear matter is stiff (see arguments in Dai et al. (2006)
and Zhang (2013b) and references therein), a stable massive neutron star would form

after the merger. This newborn massive neutron star would be differentially rotating.
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The dynamo mechanism may operate and generate an ultra-strong magnetic field
(Duncan & Thompson, 1992; Kluzniak & Ruderman, 1998; Dai and Lu, 1998¢), so
that the product is very likely a millisecond magnetar. FEvidence of a magnetar
following some SGRBs has been collected in the Swift data (Rowlinson et al., 2010;
Rowlinson & O’Brien, 2012), and magnetic activities of such a post-merger massive
neutron star have been suggested to interpret several X-ray flares and plateau phase
in SGRBs (Dai et al., 2006; Gao & Fan, 2006; Fan & Xu, 2006b).

By extrapolating the observed sample of NS binaries, or performing population-
synthesis simulation, the NS-NS merger event rate could be very roughly estimated as
(10 — 5 x 10*) Gpc™2 yr~!(Phinney, 1991; Kalogera et al., 2004; Abadie et al., 2010).

On the other hand, for the relative location of DNS system to their host galaxy,
the population-synthesis simulation predicts relatively larger radial offsets (Wang et
al., 2006; Wong et al., 2010), but all observed Galactic neutron-star binaries reside
within the Galactic disk. Therefore, the circum number density of ISM is expected
to vary significantly, from n ~ lem =3, in galactic disks, to n ~ 10~%cm =3, for mergers

taking place outside their host galaxies (Nakar & Piran, 2011).

Gravitational Wave Signal

The form of the GW signal from DNS system varies with different undergoing
phases. The most clear and detectable waveform is during inspiral phase, often

called a chirp waveform, given by (Allen et al., 2012)

1+cos?t (GM te—t \ M
hill) = —— (@D) <5GM/03>
X co8[2¢c + 2¢(t — te; M, p)], (5.2)
GM te—t \ V!
hy(t) = —cost <02D> <5GM/03>
x sin[2¢. + 2¢(t — te; M, p)], (5.3)
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where D is the distance from the source, ¢ is the angle between the direction to the
observer and the angular momentum axis of the binary system, M = p3/°5M?/5 is
the chirp mass, and ¢(t — t.; M, u) is the orbital phase of the binary (Blanchet et al.,
1995, 1996). Here, t. and ¢. are coalescence time and coalescence phase, when the
waveform is terminated.

Entering the coalescence phase, full GR simulations is required to shown the GW
signal form. And it turns out this phase yields the maximum GW amplitude but with
a signal much simpler and more quasi-periodic than in the original cartoon version.
In ringdown phase, GW signal is even complicate and depends on the remnant mass
and rotational profile. Please refer to Faber & Rasio (2012) and reference therein for

detailed GW signal discussion.

Electromagnetic Signal

Depending on different central merger product (essentially different equation of
state of nuclear matter), the EM signals could be totally different: if the merger
product is a black hole, the EM signals could include a short gamma-ray burst (SGRB)
(Eichler et al., 1989; Rosswog et al., 2012; Gehrels et al., 2005; Barthelmy et al., 2005b;
Berger, 2011), an optical “macronova” powered by the radioactivity of the ejecta
(Li & Paczynski, 1998; Kulkarni, 2005; Metzger et al., 2010), and a long lasting
radio afterglow (Nakar & Piran, 2011; Metzger & Berger, 2012) raising from the
interaction between the ejecta and the ambient medium; on the other hand, if a
stable massive neutron star would form after the merger (Dai et al., 2006; Zhang,
2013b; Giacomazzo & Perna, 2013), besides SGRB (SGRB may be not relevant in
this case), the proto-magnetar would eject a near-isotropic Poynting-flux-dominated
outflow, the dissipation of which would power a bright early X-ray afterglow (Zhang,
2013b); the ejecta launched during the merger would firstly be heated up by the

magnetar wind to produce a bright ”"merger-nova” peaking in the UV band (Yu et
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al., 2013; Metzger & Piro, 2013) and be accelerated even into relativistic regime,
giving rise to broad band afterglow emission through strong external shock between
the ejecta and the ISM (Gao et al., 2013b).

Figure 58 and 59 present the physical pictures for different EM emission compo-

nents for black hole remnant and megnetar remnant, respectively.

Jet—ISM Shock (Afterglow)
Optical (hours—days) ,
Radio (weeks—years)

Ejecta—ISM Shock

(5/ Radio (years)

Kilonova ('JJ

Optical (t ~ 1 day) ™

 Merger Ejecta
* Tidal Tail & Disk Wind

— (> N

Figure 58 A physical picture for several EM emission components appearing after the
merger, black hole as the remnant. Following the merger a centrifugally supported
disk (blue) remains around the black hole. Rapid accretion powers a collimated
relativistic jet, producing a SGRB. Non-thermal afterglow emission results from the
interaction of the jet with the surrounding circumburst medium (red). Short-lived
isotropic optical emission lasting ~ few days (kilonova; yellow) can also accompany
the merger, powered by the radioactive decay of heavy elements synthesized in the
ejecta. Figure produced by Metzger & Berger (2012).

Short gamma-ray bursts

Short GRBs is the most commonly discussed EM counterpart of DNS merger,
since it provides detectable signal all the way from ~-ray to radio bands. However,
two issues need to be claimed if we count on SGRBs for the joint detection of GW
and EM signals:

Firstly, NS-NS/NS-BH mergers were proposed as SGRB progenitors for a long
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Jet-ISM shock (Afterglow)

Figure 59 A physical picture for several EM emission components appearing after the
merger, magnetar as the remnant. Near the spin axis, there might be a SGRB jet. An
observer towards this jet (red observer) would see a SGRB. At larger angles (yellow
observer), a free magnetar wind may be released, whose dissipation would power a
bright X-ray afterglow (Zhang, 2013b). At even larger angles (orange observer), the
magnetar wind is confined by the ejecta (green shell). The interaction between the
magnetar wind and ejecta would trigger magnetic dissipation of the wind and also
power a bright X-ray afterglow (Zhang, 2013b). After releasing some dissipated en-
ergy, a significant fraction of the spinning energy would push the ejecta and shock into
the ambient medium (Dai and Lu, 1998a; Zhang and Mészaros, 2001a). Synchrotron
emission from the shocked medium (red shell) would power brighter X-ray, optical
and radio afterglow emission. Taken from Gao et al. (2013b)

time (Paczynski 1986; Eichler et al. 1989; Narayan et al. 1992; Rezzolla et al.
2011), even prior to the discovery of the duration bimodality (Berger, 2013). From
theoretical point of view, DNS merger scenario could provided a roughly correct event
rate, rapid release enough energy, and a clean environment to avoid significant baryon
loading; from observational point of view, the observed properties of SGRBs tends
to be consistent with the observational predictions of DNS merger scenario, such as
short bursts will occur in both early- and late-type galaxies, offset distribution of
SGRBs are in good agreement with compact object population synthesis predictions

that include kicks, and the SGRBs are not accompanied by supernova explosions
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(Berger, 2013). But one need to be cautious that, the smoking gun is still lacking to
firmly establish the connection between DNS merger and SGRBs.

Secondly, even if there is a SGRBs and DNS merger association, the prompt
~v-ray signal, X-ray afterglow signal and optical afterglow signal of SGRBs are non-
detectable for the majority of cases, due to relativistic beaming effect. For example,
for SGRBs with jet half-opening angle as #; < /2, only a fraction f,, ~ 1 —cosf; ~
HJ? /2 < 1 of viewers with observing angles 0,,s < 6; will detect bright y-ray signal
(the fraction could be relatively lager for X-ray and optical afterglow signal by a
very limited factor). Observations have provided evidence for collimation in at least
one case (GRB051221A), with a jet half-opening angle of #; ~ 0.12 (Burrows et al.,
2006; Soderberg et al., 2006). Taking this value as the best-bet beaming factor for
all SGRBs, we only have f;, ~ 0.01. Radio afterglow emission can in principle be
detected at all observer angles, but it is usually dim due to relatively low energy
budget and circumburst density (the study of SGRBs afterglows provide a scale for
3

the energy release and circumburst density, with £ < 10% erg and n < 0.1 em™

(Berger et al., 2005; Soderberg et al., 2006; Berger, 2007)).

Li-Paczynski Nova/macro-nova/kilo-nova

As mentioned above, a fraction of the materials would be ejected during the co-
alescence process, forming a mildly anisotropic outflow with a typical velocity about
0.1 — 0.3¢c, and a typical mass about 107* ~ 1072M,, (e.g. Rezzolla et al., 2011;
Rosswog et al., 2012; Hotokezaka et al., 2013). The ejecta from NS-NS mergers is pri-
marily neutron-rich. Thus radioactive elements (mass number A 2 130) are expected
to form as neutrons capture onto nuclei (r-process nucleosynthesis) (e.g., Lattimer
& Schramm 1974; Eichler et al. 1989; Freiburghaus et al. 1999). The resulting energy
release will power a brief transient in the UV-Optical band with brightness approx-

imately one thousand times brighter than novae but dimmer than supernova. With
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a simple one zone model, Li & Paczynski (1998) firstly propose a simple analytical
formula to estimate the peak luminosity and peak timescale of such transient as a
function free parameters f, i.e., the fraction of the rest mass converting into radioac-
tive decay energy budget. Back to that date, f ~ 0.001 was adopt as a prior. Most
recently, Metzger et al. (2010) uses a nuclear physics reaction network to define the
value of f and found that provided that one adopts a value of fu. ~ 3 x 1076 for the
dimensionless parameter quantifying the amount of nuclear heating on a timescale of
~ 1d, the resulting transient peaks on a timescale of ~ 0.5 — 5 d, with an optical
luminosity in the range ~ 10*! — 10%*5 erg s7!, corresponding to ~ 19 — 22.5 mag at
the edge of the ALIGO/Virgo volume. Following the peak, the luminosity declines

as L, o« t7*, with o =& 1 — 1.4, due to the declining radioactive power.

Long lasting radio afterglow

Similar with GRB afterglow scenario, the ejected material would interact with the
ambient medium, giving rise to synchrotron emission photons through external shock.
One can easily estimate this signal with results shown in Chapter 4. According to
estimation of Nakar & Piran (2011) , such signal would mainly emerge in radio band,

with peak flux
F,, =40 Ej5 ng/s 3_12/4 dz,zzoo 1/1_3/4 1Jy, (5.4)

where (2 = ve;/0.2¢, 11 is the observing frequency in GHz; and dj, = 200d, 200 Mpc
is the luminosity distance. p = 2.5 and ¢, = eg = 0.1 is assumed here. The radio

emission peaks at the deceleration time:

taee = 2.6 15y ? By yr. (5.5)
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Dissipated early x-ray afterglow

If the merger product is millisecond magnetar instead of black hole, the proto-
NS would quick cool down and a Poynting-flux-dominated outflow can be launched
(Usov, 1992; Metzger et al., 2011). Two mechanisms could dissipate the magnetar
wind energy into radiation. (1) In the free wind zone with solid angle A, ;, the
magnetar wind would undergo strong self-dissipation, for instance, through internal-
collision-induced magnetic reconnection and turbulence (ICMART) process (Zhang
& Yan, 2011a) beyond self-dissipation radius; (2) One can also consider the confined
magnetar wind zone with solid angle AQ,, » where the magnetar wind is expanding
into a heavy ejecta launched during the merger process. The magnetic energy may be
rapidly discharged upon interaction between the wind and the ejecta. Zhang (2013b)
carefully calculate these two situations and found that in both mechanism, radiation
is peaked in X-ray band.

On the other hand, since before the merger the two NSs are in the Keplerian orbits,
the post-merger product should be near the break-up limit, i.e., Fy = 1 ms F _3 could
be taken as the typical value of the initial spin period of the proto-magnetar. Given
nearly the same amount of the total rotation energy E.o = (1/2)IQ3 ~ 2 x 105 erg
(Qo = 27/ P), the luminosity, and hence, the afterglow flux critically depend on the
dipole magnetic field B,. Applying dipole spindown formula and correcting for the
beaming factor f, and the efficiency factor n, to convert the spin down luminosity
to the observed X-ray luminosity in the detector band, Zhang (2013b) gives a rough

estimation to this dissipation X-ray flux,

nstd
47be’wD%

-2

E, ~2x10 % erg s~! cm

. Dr 7, o
X e —2fym (m) L5 3T, (5.6)
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where L,q = IQ2/(2T,q) is the characteristic spindown luminosity, and
Ty~ 2% 10° s Ii5B, 1Py _sRg° (5.7)
is the characteristic spindown time scale.

Merger-nova

In the confined magnetar wind zone, dissipation X-ray photons will heat up the the
merger ejecta, which is much stronger than heating from r-process. Yu et al. (2013)
develop a generic dynamic model for the merger ejecta with energy injection from
the central magnetar and find that the ejecta emission (the “merger-nova”) powered
by the magnetar peaks in the UV band and the peak of the light curve progressively
shifts to an earlier epoch with increasing frequency. A magnetar-powered mergernova
could have an optical peak brightness comparable to a supernova, which is a few tens
or hundreds times brighter than the radioactive-powered merger-novae (the so-called
macro-nova or kilo-nova). And such a merger-nova would peak earlier and have a

significantly shorter duration than that of a supernova.

Double neutron star merger afterglow

On the other hand, through absorbing magnetar wind energy, the merger ejecta
would essentially got accelerated, and under certain conditions, would reach a rela-
tivistic speed. Such a magnetar-powered ejecta, when interacting with the ambient
medium, would develop a bright broad-band afterglow due to synchrotron radiation.
In Chapter 6, we study this physical scenario in detail, and present the predicted
X-ray, optical and radio light curves for a range of magnetar and ejecta parameters.
We show that the X-ray and optical lightcurves usually peak around the magnetar
spindown time scale (~ 10% — 105 s), reaching brightness readily detectable by wide-

field X-ray and optical telescopes, and remain detectable for an extended period.
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The radio afterglow peaks later, but is much brighter than the case without a mag-
netar energy injection. Therefore, such bright broad-band afterglows, if detected and
combined with GW signals in the future, would be a probe of massive millisecond
magnetars and stiff equation-of-state for nuclear matter. Hereafter, we define such a
model as the “double neutron star (DNS) merger” afterglow model.

Palomar Transient Factory (PTF) team recently reported the discovery of a rapidly
fading optical transient source, PTF1lagg. A long-lived scintillating radio counter-
part was identified, but the search for a high energy counterpart showed negative
results. The PTF team speculated that PTF11lagg may represent a new class of rel-
ativistic outbursts. It turns out that the PTF1lagg data could be explained well
with above DNS merger afterglow model, suggesting that at least some GW signal
from DNS mergers may be associated with such a bright electromagnetic counterpart

without a 7-ray trigger (see Chapter 7 for detail).

Possible High-Energy Neutrino and Photon Signals

For the scenario with magnetar as central product of DNS merger, protons accel-
erated in the forward shock powered by a magnetar wind pushing the ejecta launched
during the merger process would interact with photons generated in the dissipating
magnetar wind and emit high energy neutrinos and photons. In Chapter 8, we esti-
mate the typical energy and fluence of the neutrinos from such a scenario. We find
that ~PeV neutrinos could be emitted from the shock front as long as the ejecta
could be accelerated to a relativistic speed. The diffuse neutrino flux from these
events, even under the most optimistic scenarios, is too low to account for the two
events announced by the IceCube Collaboration, but it is only slightly lower than the
diffuse flux of GRBs, making it an important candidate for the diffuse background
of ~PeV neutrinos. The neutron-pion decay of these events make them a moderate

contributor to the sub-TeV gamma-ray diffuse background.
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CHAPTER 6

BRIGHT BROD-BAND AFTERGLOWS OF GRAVITATIONAL WAVE BRSTS
OF BINARY NEUTRON STARS

This chapter is part of the following published paper :
Gao H., Ding, X., Wu, X.-F., Zhang B., Dai, Z.-G., 2013, Astrophysics Journal
771,86

The Double Neutron Star Merger Afterglow Model

The postmerger hyper-massive neutron star may be near the break up limit, so
that the total spin energy F.o, = (1/2)I03 ~ 2 x 1052145P0_,33 erg (with Iys ~ 1.5
for a massive neutron star) may be universal. Here Py ~ 1 ms is the initial spin pe-
riod of the proto-magnetar. Throughout this chapter, the convention ) = 10"Q),
is used for cgs units, except for the ejecta mass M, which is in unit of solar
mass M. Given nearly the same total energy, the spin-down luminosity and the
characteristic spin down time scale critically depend on the polar-cap dipole mag-
netic field strength B, (Zhang and Mészdros, 2001a), i.e. Leq = Leao/(1 + t/Tsa)?,
where Lyqo ~ 10" erg s BZ;R{P; %5, and the spin down time scale Tyq ~ 2 X
10% s I45B;f5P§_3RgG ~ Fiot/Lsao, where R = 10°Rg cm is the stellar radius’.

After the internal dissipation of the magnetar wind that powers the early X-ray
afterglow (Zhang, 2013b), the remaining spin energy would be added to the blastwave.
The dynamics of the blastwave depends on the magnetization parameter o of the
magnetar wind after the internal dissipation. Since for the confined wind, magnetic
dissipation occurs upon interaction between the wind and the ejecta, in this work,
we assume that the wind is still magnetized (moderately high o), so that there is no

strong reverse shock into the magnetar wind (Zhang and Kobayashi, 2005; Mimica

'In principle, besides dipole spindown, the proto-magnetar may also lose spin energy via gravita-
tional radiation (Zhang and Mészaros, 2001a; Corsi & Mészdros, 2009; Fan et al., 2013). This effect
is neglected in the following modeling for simplicity.
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et al., 2009)%. As a result, the remaining spin energy is continuously injected into
the blastwave with a luminosity Ly = {Lsq,0, where £ < 1 denotes the fraction of the
spin down luminosity that is added to the blastwave. The evolution of the blastwave
can be described by a system with continuous energy injection (Dai and Lu, 1998a;
Zhang and Mészaros, 2001a).

The newly formed massive magnetar is initially hot. A Poynting flux dominated
outflow is launched ~ 10 s later, when the neutrino-driven wind is clean enough
(Metzger et al., 2011). At this time, the front of the ejecta traveled a distance
~ 6 x 10 em (for v ~ 0.2¢), with a width A ~ 107 ecm. The ultra-relativistic
magnetar wind takes ~ 2 s to catch up the ejecta, and drives a forward shock into
the ejecta. Balancing the magnetic pressure and the ram pressure of shocked fluid
in the ejecta, one can estimate the shocked fluid speed as vy ~ 10_4cL(1],/ 427A$/ 2Me;1_/§ ,
which is in the same order of forward shock speed. So the forward shock would cross
the ejecta in around ta ~ A/vy ~ 35 L iézA;/ 2M01J/ 33. Note that when calculating
magnetic pressure, we have assumed a toroidal magnetic field configuration in the
Poynting flux, but adopting a different magnetic configuration would not significantly
affect the estimate of ta.

After the forward shock crosses the ejecta, the forward shock ploughs into the

ambient medium. The dynamics of the blastwave during this stage is defined by

energy conservation®
Lot = (7 — 1) Myic® + (% — 1) Mgy &2, (6.1)

where M, = 4%Ji’?’nm;,, is the swept mass from the interstellar medium. Initially,

(v — 1) Mgc® > (7% — 1) Myyc?, so the kinetic energy of the ejecta would increase

2If, on the other hand, the wind is already leptonic matter dominated, a reverse shock can be
developed, which would predict additional radiation signatures (Dai, 2004).

3The accurate expression for Eq.8.4 should be Lot = (7 — Yej.0)Mejc® + (v2 — 1) Mgy c?, where
Yej,0 is the initial Lorenz factor for the ejecta, which we take as unity for convenience.
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linearly with time until ¢ = min(7yq, Thee), where the deceleration timescale Ty is
defined by the condition (y—1)Mc? = (v* — 1) My ¢?. By setting Tyee ~ Tiq, We can

derive a critical ejecta mass

Myjer ~ 1073 Mon B 131 Ly 30 Py o2/

~ 107 Mon T3 B, 3 Ry Py ™/ (6.2)

which separate regimes with different blastwave dynamics. For a millisecond mas-
sive magnetar, the parameters Iy5, Rg, Fy_3 are all essentially fixed values. The
dependence on n is very weak (1/8 power), so the key parameters that determine the
blastwave parameters are the ejecta mass M,; and the magnetar injection luminosity
Ly (or the magnetic field strength B,,). If My < Mjc1 (or Thee < Twa), the ejecta can
be accelerated linearly until the deceleration radius, after which the blastwave decel-
erates, but still with continuous energy injection until 7Ty4. Conversely, in the opposite
regime (Mg > Meje1 or Tiq < Tgee), the blastwave is only accelerated to Ty, after
which it coasts before decelerating at Tie.. In the intermediate regime of Mj ~ M .1
(or Tgec ~ Tyq), the blastwave shows a decay after being linearly accelerated.

There is another critical ejecta mass, which defines whether the blastwave can
reach a relativistic speed. This is defined by E,o& = 2(y — 1)Mc?. Defining a

relativistic ejecta as 7 — 1 > 1, this second critical ejecta mass is
Mcj,c,2 ~ 6 X 10_3M®[45P0_733£. (63)

An ejecta heavier than this would not be accelerated to a relativistic speed.

Below we discuss four dynamical regimes.

Case I: My; < Mejeq1 or Ty > Tgee. This requires both a small Ly (or low B,)
and a small M. We take an example with Ly ~ 10*" erg s™' (B, ~ 10" G) and

Mg ~ 107*M. To describe the dynamics in such a case, besides the spin down
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timescale 1.4, we need three more characteristic time scales and the Lorentz factor
value at the deceleration time

Tiee ~ 4.4 x 10" s Ly 1} 1‘17\44/5471—1/10

€J,—
Tng ~ 4.5 x 107 s Lé@n‘l/?’Tjd/g

Yaee ~ 12205 MG in =110 41 (6.4)

where Ty1, Tno are the two time scales when the blastwave passes the non-relativistic
to relativistic transition line y—1 = 1 during the acceleration and deceleration phases.
With these parameters, one can characterize the dynamical evolution of the blastwave
(Fig.60a), as shown in Table 28. Based on the dynamics, we can quantify the temporal
evolution of synchrotron radiation characteristic frequencies v,, vy, ., and the peak
flux, F, max.- The evolutions of the characteristic frequencies are presented in Fig.60b
and collected in Table 29.

Following the standard procedure in Sari et al. (1998a), we derive the synchrotron

radiation characteristic frequencies and the peak flux density at Tyec,

Vadee ~ 5.0 x 10° Hz Lg/f$M4/25 29/80 ‘1_16113/5 2
p1 3/5 3/5
— +1
x(p_2)(p )7 f(p)

—92\?
Ve ~ 1.3 x 10" Hz LY M Yin' 10 _ el (z—_ 1)

Vedee ~ 9.6 x 10" Hz L(1)7/457M 4/5,-9/10, 3/22

Fymasdee ~ 1.7 x 10° pJy Lyl MY® n*5e)? , Dy? (6.5)

F(3p+22)r(3p;2)
F(3p+19)F(3 151) .

where f(p) = With the temporal evolution power law indices of

these parameters (Table 29), one can calculate the X-ray, optical and radio after-

glow lightcurves. Notice that there are two more temporal segments listed in Table
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29, since v, crosses v, twice at

_ o _ 9\ /4
Tt ~ 14 % 10% s L07244Mf>5j{i4”1/8€e,i/5163,1182 (i - 1)

x (p+ 1) ()",
—92\?
T 195108 Lo P15 1 (22)
% (p + 1)_2/5f(p)_2/5, (6.6)

respectively. We present the light curves in X-ray (Fig.60d), optical and radio (10GHz)
band (Fig.60c). The distance is taken as 300 Mpc, the detection horizon of Advanced
LIGO.

Case II: Mej ~ Mejcq or Tyg ~ Tyec. The dynamics and the expressions of the

characteristic parameters become simpler:

Tdec ~ Lgd

Tai ~12s 1M,

ej,—4

T3

TN2 ~ 1.3 % 108 S 68/3M;’8_/Z’Tsd,3

The temporal indices of the evolutions of v,, vy, Ve, £}, max are listed in Table 29, and
the expressions of v and R are shown in Table 28.

As examples, we consider Ly ~ 10% erg s™* (B, ~ 10 G) vs. My ~ 107*M,
which satisfies Tyq ~ Tgec.

Similarly to Case I, we have

Vasa ~ 2.2 x 10° Hz €VP L3P MY on Y5t elf?

X <p;1) (p+ 1)%° f(p)**

p—2
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—92\?
Vmsd ™~ 2.7 X 1017 Hz £4Me§,4_4n1/255,—1613/,2—2 (i - 1)

Vesa ~ 8.6 x 10" Hz ¢'MS _n =T %6,
Fy,max,sd ~ 2.4 % 108 ,uJy gllLa29M4315;_4n3/261B/72_2D2_72

Toa1~1.4x107 s 5_1L&ié4Mg{f4n1/8ﬂd,3€;5_/14€§}12

b2\
X (1?1) (p+ 1) f(p)*

Tz ~ 2.5 x 10% s €LY/ MY on =T 0 e”

x (p — 2)2 (p+ 1) f(p) 27

p—1

(6.8)

The expressions of v and R as well as the power-law indices for this case are also

presented in Table 28 and Table 29, respectively. The dynamics typical frequency

evolution, and the light curves are presented in Fig.61. We note that in this case

(and case III), the synchrotron radiation properties are very sensitive to M, and &.

G, and My ~ 1073 M.

Case III: Myjcq < My < Myjeo (Toa < Taee). As an example, we take B, ~ 10%

For this example, the dynamics and the expressions of the characteristic parame-

ters become

and

_ 1
Vasa ~ 1.6 x 10° Hz 58/5M0j,8_/§’n4/5T§;/§e;1_16}9/75_2 (i—

Thee ~ 1.5 % 10" s € AN 13
Tai ~59.9 s E "My _sTias
T ~ 2.7 x 107 5 £Y/3p71/3

Yoa ~ 16.7EMG 5+ 1

9
x (p+ 1)*° f(p)*/°
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—92\?
Vinsa ~ 4.5 x 10" Hz € Mgt yn' e e? (]%)
Vesd ~ 5.3 x 1017 Hz €M _yn 3T %3

Fy,max,sd ~ 6.5 X 102 :uJy £8Me3,8—3n3/2T3d,361B/,2—2D2_72

_ B o 2 —5/4
Tmal ~1.0s 6_5/4M65j{i3n1/8Tsi/§€e,i/14€B}12 (]%)
x (p+ 1)V f(p)t!
—92\?
Tma2 ~ 9.9 x 107 S 51/577'_2/563,—1613/,5—2 (]%)
x (p+1)"25f(p)~2° (6.10)

The power-law indices of various parameters for this case are also collected in
Table 29, and the dynamics, frequency evolutions, and light curves are presented in
Fig. 62.

Case IV: My > M,jco. In this case, the blast wave never reaches a relativistic
speed. The dynamics is similar to Case III, with the coasting regime in the non-
relativistic phase. The dynamics for a non-relativistic ejecta and its radio afterglow
emission have been discussed in Nakar & Piran (2011). Our Case IV resembles what
is discussed in Nakar & Piran (2011), but the afterglow flux is much enhanced because

of a larger total energy involved.

Detectability and Implications

For all the cases, bright broadband EM afterglow emission signals are predicted.
The light curves typically show a sharp rise around Tiq, which coincides the ending
time of the X-ray afterglow signal discussed by Zhang (2013b) due to internal dissipa-
tion of the magnetar wind. The X-ray afterglow luminosity predicted in our model is
generally lower than that of the internal dissipation signal, but the optical and radio
signals are much brighter. In some cases, the R-band magnitude can reach 11th at

the 300 Mpc, if M,; is small enough (so that the blastwave has a high Lorentz factor)
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and the medium density is not too low. The duration of detectable optical emission
ranges from 10% seconds to year time scale. The radio afterglow can reach the Jy
level for an extended period of time, with peak reached in the year time scale. These
signals can be readily picked up by all-sky optical monitors, and radio surveys. The
X-ray afterglow can be also picked up by large field-of-view imaging telescopes such
as ISS-Lobster.

Since these signals are originated from interaction between the magnetar wind and
the ejecta in the equatorial directions, they are not supposed to be accompanied with
short GRBs, and some internal-dissipation X-ray afterglows (Zhang, 2013b) in the
free wind zone. Due to a larger solid angle, the event rate for this geometry (orange
observer in Fig.59) should be higher than the other two geometries (red and yellow
observers in Fig.59). However, the brightness of the afterglow critically depends on
the unknown parameters such as My, B, (and hence Lg), and n. The event rate also
crucially depends on the event rate of NS-NS mergers and the fraction of mergers
that leave behind a massive magnetar rather than a black hole.

This afterglow signal is much stronger than the afterglow signal due to ejecta-
medium interaction with a black hole as the post-merger product (Nakar & Piran,
2011). The main reason is the much larger energy budget involved in the magnetar
case. Since the relativistic phase can be achieved, both X-ray and optical afterglows
are detectable, which peak around the magnetar spindown time scale (103 — 105 s).
The radio peak is later similar to the black hole case (Nakar & Piran, 2011), but the
radio afterglow flux is also much brighter (reaching Jy level) due to a much larger
energy budget involved. The current event rate limit of > 350 mJy radio transients in
the minutes-to-days time scale at 1.4 GHz is < 6 x 10~* degree™? yr~! (Bower & Saul,
2011), or < 20 yr all sky. In view of the large uncertainties in the NS-NS merger rate
and the fraction of millisecond magnetar as the post-merger product, our prediction

is entired consistent with this upper limit. Because of their brightness, these radio
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transients can be detected outside the Advanced LIGO horizon, which may account
for some sub-mJy radio transients discovered by VLA (Bower et al., 2007).

Recently, Kyutoku et al. (2012) proposed another possible EM counterpart of
GW signal with a wide solid angle. They did not invoke a long-lasting millisecond
magnetar as the merger product, but speculated that during the merger process, a
breakout shock from the merging neutron matter would accelerate a small fraction
of surface material, which reaches a relativistic speed. Such an outflow would also
emit broad-band synchrotron emission by shocking the surrounding medium. Within
that scenario, the predicted peak flux is lower and the duration is shorter than the
electro-magnetic signals predicted in (Zhang, 2013b) and this work, due to a much
lower energy carried by the outflow.

Detecting the GW-associated bright signals as discussed in this work would un-
ambiguously confirm the astrophysical origin of GW signals. Equally importantly, it
would suggest that NS-NS mergers leave behind a hyper-massive neutron star, which
gives an important constraint on the neutron star equation of state. With the GW
data, one can infer the information of the two NSs involved in the merger. Model-
ing afterglow emission can give useful constraints on the ejected mass M and the
properties of the postmerger compact objects. Therefore, a combination of GW and
afterglow information would shed light into the detailed merger physics, and in par-
ticular, provide a probe of massive millisecond magnetars and stiff equations of state

for neutron matter.
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t < Thi 0.28Lo,a7 M " 4ts +1 3.2 x 1088 Lo/ M e
Tni <t < Taee  28LoarMy~ yta+1 4.6 X 101 L3, M 2 Jt3

Casel  Tyee <t<Tw 9.9Ly3 *1/81& AN | 5.9 x 1017L1/4 *1/4#/2
Tag <t < Tio 4.2L(1)/487 1/8 *1/8t 3/8 49 1.1 x 1018L1/4 TMn *1/4%/4
t> Tio 0. 4L§/f7Td/5 *2/51&8 541 37x 1018L(1)/f7T1/5 —1/5¢2/5
t < Thi 0.08¢M; " ,Toilyt +1 17 x 10106120 5 Y Tsjil *13/2
Case Il Ty <t<Ta  83.36Mj 1 Tt + 1 42 x1017¢2M 5% S T
Tq <t<Tna 14.86M' Tjd/i AN 1.3 x 10186202 2 T3/4 1/4
t > T 1. 4516/0Mjlf£°ng 5% 41 T1x 101858/01\/1 8/°Ti{gt§/°
t < T 0.026M ;" ST} e+l 7.8 x 109612 M AT P32
Tny <t<Tyq 16 7§M 73Tsd sta+1 1.7 x 101652MeJ 73Tsd 3t3
Case IIl  Tyq <t <Tgee 16.TEM_; 1 3+ 1 1.7 x 101762 M t,

Tiee <t < TN2
t > Tno

ej,—
3561/ 1/848/8 4y
0.262/5n-2/5¢0/% 41

ej 73
7.2 x 1017¢1/4n *1/41&1/4

2.8 x 1018¢1/5y, *1/5t2/5

Table 28 Expression of the Lorentz factor and radius as a function of model parameters
in different temporal regimes for all dynamical cases.
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Case I: Lo ~ 10%7 erg s’l,Mej ~ 10~ Mg

3 54 5 =
t < Tmal 1 > STy ? -7 5
Tma1 <t <IN 1 % ﬁ % _% 5
TNt <t < Tyec 1 3 A2 n 6 11
Tdcc<t<Tsd _é % % 1 1 1
Tsq <t < Tma2 -5 7 0 -3 _% 0
3 1 3p+2 3 1 0
Tmaz2 <t < TN2 -3 1 _ 2§p+4) 2 -1
6 2 —3p 13
t > 1TNo2 - 2 L -~ -1 3
Case 1I: Lo ~ 10% erg sfl,Mej ~ 10~ TMg
3 5p+4 5 7
t < Tmal 1 3 Ty 5 7 5
Tma1 <t <TnN1 1 % ﬁ g _% 5
Thny <t <Tyq 1 3 et h 6 1
Toqa <t < Tma2 _§ % 0 _% _% 0
: 1 3p+2 3 1
Tma2 <t < TNg -2 1 _ 23(p+4) -5 -1 0
6 2 —3p 1 3
t > TNe -5 2 L -3 -1 3
Case III: Lo ~ 107 erg s~ 1, My; ~ 103 Mg
3 5P - -
t<Tma1 1 E 2(ptd) ? -3 5
Tma1 <t < TNl 1 % }719 % _% 5
TNt <t < Tsq 1 3 I ] _6 1
Tsd <t < Tdec 0 1 g 0 —2 3
Taec <t < Tma2 _% % 0 _% _% 0
3 1 3p+2 3 1
Tmaz <t <Tn2 3 1 k) T2 T3 0
6 2 3p 1 3
t>TNo -5 2 L -3 -1 3

Table 29 Temporal scaling indices of various parameters in different temporal regimes
for all dynamical cases.
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Figure 60 Calculation results for Case I: Ly ~ 10*7 erg s™' and M ~ 10~*M (for
all the examples, we adopt £ = 0.5, p = 2.3). (a) The dynamical evolution of the
parameter (v — 1); (b) Temporal evolutions of the characteristic frequencies v,, vy,
and v, and the peak flux density F), ax; (¢) Analytical light curve in R-band (blue)
and 10 GHz radio band (red); (d) Analytical light curve in X-ray band. The solid
and dashed lines are for n = 1 em™ and n = 1073 ecm™3, respectively. In (c) and
(d), we mark the spectral and temporal indices for each segment of the light curves
for n = 1 ecm™3. The main figures denote the time regimes when the light curves are
detectable. The insets show the full light curves for completeness. Both X-ray and
optical light curves reach their peaks around 10? s, and remain detectable in years.
The radio light curve peaks around 107 s, and lasts even longer. The peak flux for
X-ray, optical and radio could be as bright as 107! erg s~'em™2, 10 mJy and Jy,
respectively.
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Figure 61 Calculation results for Case II: Ly ~ 10% erg s™' and My ~ 107*M,.
Captions are the same with Figure 60. For n = 1 cm ™3, both X-ray and optical light
curve reach their peaks around 10 s, and the radio light curve peaks around 107 s.
The peak flux of X-ray, optical, and radio is 107 erg s 'em ™2, 100 mJy and 100 mJy,

respectively. Taking R-band magnitude 20 and 107 erg s ‘cm™

2

as the detection

limit, the durations of the detectable optical and X-ray afterglow are ~ 10° s and
~ 10% s respectively. The radio afterglow lasts even longer. For n = 1073 cm™3, the
signals for X-ray is still detectable, but with shorter durations, ~ 10° s.
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Figure 62 Calculation results for Case III: Ly ~ 10% erg s™' and My ~ 107°M,,.
Captions are the same with Figure 61. For n = 1 cm ™3, both X-ray and optical light
curve reach their peaks around 10° s, and the radio light curve peaks around 10°
s. The peak flux for X-ray, optical and radio is 107! erg s~tem™=2, 10 mJy and Jy,
respectively. Taking R-band magnitude 20 and 107 ergs—'cm™2 as the detection
limit, the durations of the observable optical and X-ray afterglows are ~ 107 s and
~ 10% s respectively. The radio duration lasts even longer. If n = 1072 cm ™3, the
optical signal just reaches R-band magnitude 20 around ~ 10° s, while the X-ray
afterglow is detectable with a duration ~ 10% s.
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CHAPTER 7

A DOUBLE NEUTRON STAR MERGER ORIGIN FOR THE COSMOLOGICAL
RELATIVISTIC FADING SOURCE PTF11AGG?

This chapter is part of the following published paper :
Wu, X.-F., Gao H., Ding, X., Zhang B., Dai, Z.-G., Wei, J.-Y, 2013, Astrophysics
Journal 771,86

Statement of coauthorship: This chapter is based on the published paper
mentioned above. This paper (Wu, X.-F., Gao H., Ding, X., Zhang B., Dai, Z.-G.,
Wei, J.-Y, 2013, Astrophysics Journal 771,86) was led by Xue-Feng Wu, who first
propose to use DNS merger afterglow model to explain PTF1lagg. Since the main
calculation in this work was carried out by me and I also contribute to the writing

part of this paper, I put this work as part of my dissertation.

Introduction

Recently, Cenko et al. (2013) (hereafter C13) reported a new discovery from the
Palomar Transient Factory (PTF), named as PTF1lagg. A multi-wavelength counter-
part search was performed for this rapidly fading optical transient. While a year-long
scintillating radio counterpart was identified, no high energy counterpart was found.
Based on a late-time, deep optical observation which revealed a faint, quiescent source
at the transient location, C13 suggested a cosmological origin for this transient. If
so, a relativistic ejecta is required in order to explain the incoherent radio emission.

Many cosmological sources have been known (or proposed) to be able to generate
relativistic ejecta, such as active galactic nuclei ( Ghisellini et al. 1993; Krawczynski
& Treister 2013), gamma-ray bursts (GRBs; Zhang & Mészaros 2004; Mészaros 2006;
Gehrels & Razzaque 2013), tidal disruption of a star by a supermassive black hole
(Burrows et al., 2011; Bloom et al., 2011; Cenko et al., 2012; Lei & Zhang, 2011; Lei

et al., 2013), as well as core-collapse supernova without GRB association (Soderberg et
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al., 2010). Among these sources, the GRB afterglows have the most similar observed
properties to PTF1lagg, regardless of the fact that PTF11agg has no high energy
counterparts. If PTF1lagg is indeed a GRB afterglow, the lack of a high energy
signature could be explained in two ways: an on-axis burst but without a high energy
band trigger due to a lack of satellite coverage; or an off-axis burst that gives rise to
an “orphan” afterglow emerging due to a viewing-angle effect (Rhoads, 1997; Nakar&
Piran, 2002). C13 considered both possibilities: it turns out the likelihood of an
“untriggered” on-axis long GRB being discovered by PTF is quite small (~ 2.6%),
and the off-axis afterglow model fails to interpret both the optical and radio data.
They therefore speculated that PTF11lagg may represent a new class of relativistic
outburst. We suggest that PTF1lagg might be the first recognized detection of
MDNSM afterglow emission.

Observations of PTF1lagg

PTF1lagg was first detected by the Palomar 48 inch Oschin telescope at 5:17:11
on 2011 January 30, and is located at R.A.(J2000.0) = 08222™m17.195%, decl.(J2000.0)
= +$21°37'38”.26. In the R band, the source shows decay behavior from the very
beginning, with R = 18.26 + 0.05mag in the first detection image and a faint last
detection R = 22.15 4+ 0.33 mag on 2011 February 1. Checking back to 2009 Novem-
ber, no optical emission was reported at this location. Late-time (At > 1month)
deep optical observation revealed a faint, unresolved source in ¢’ and R bands at
R.A.(J2000.0) = 08"227m17.202°, decl.(J2000.0) = +21°37'38".26. Based on this de-
tection, C13 speculated that the redshift of PTF11lagg should fall somewhere in the
range 0.5 < z < 3.0. The R band light curve of PTF11lagg could be fitted well by a
power-law with a best-fit index a = 1.66 £ 0.35, if ty =23:34 UT (£1.7hr) on 2011
January 29 is taken as the onset time.

Besides optical observation, the Karl G. Jansky Very Large Array (Perley et al.
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2011) was also employed to observe the radio counterpart of PTF11agg, starting from
2011 March 11, with a total bandwidth 8 GHz and local oscillator frequency 93.6 GHz.
The spectral energy distribution in the radio band was constructed at two epochs on
2011 March 14 and 2011 April 7, and both can be fitted with a power law with an
index 8 = 1/3 (convention F, oc v?). Based on the constraints from the angular
diameter of the emitting region, C13 inferred that PTF1lagg was initially at least
modestly relativistic.

C13 also checked the archival data from three primary high-energy facilities for
GRB triggers, i.e. InterPlanetary Network (Hurley et al., 2010), the Gamma-ray
Burst Monitor on the Fermi spacecraft (Meegan et al., 2009), and Burst Alert Tele-
scope on the Swift spacecraft (Barthelmy et al., 2005¢). No temporally coincident
triggers were reported in the direction of PTF1lagg. The X-Ray Telescope ( Burrows
et al. 2005b) on Swift was also later employed to observe the location of PTF1lagg

on 2011 March 13, but no X-ray source was detected.

Applying DNS Merger Afterglow Model to PTF11agg

In the Blandford-McKee regime, the characteristic synchrotron frequencies and the
peak synchrotron flux density F, . = 47/ 3R3nPy,maX for a constant circum-medium

density could be expressed (see Chapter 4 for detail)

—92\?
Vpmp = 8.1 x ]_011 Hz (]. + 2)1/2 (pj) E;2/2€g 1€ 13/2 2t5 3/2 ;
ve =2.9x 10" Hz (1+ 2)7V2E, Png he 5t 1?
Fy,max =1.1x 104 :uJy (1 + Z)E52n(1)02€1B/2 2D28 )

Ve = 3.1 % 10° Hz (1 4 2)~%/5 g(é ;)E“ o,
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p—1 35 (T(EE2)r(zi2)\3/5 .
where g(p) = (ﬁ) (p+1) (W) is a numerical constant relate to p.

Before applying the above DNS merger afterglow model (see Chapter 6 for detail)

to explain the PTF11agg data, we first simply summarize the observational properties

of PTF1lagg as follows (Cenko et al., 2013):

e Late time radio data suggest that the ejecta should be still relativistic even at

a very late epoch;

e The optical light curve starts to decay at the very beginning of observation, i.e.,
ts = 2 x 10*s, with a simple power law decay slope o = 1.66 4 0.35. The first

optical flux in R band is about 180 uJy (see Figure 63);

e The radio band (8 GHz) light curve reached its peak around 107 s, where the
peak flux is about 200 pJy. The spectral slope for the early radio spectral
regime is about 8 = 1/3 (until 5.8 x 10° s), implying that the radio peak should

correspond to v, crossing.

First, to reach a relativistic speed for the ejecta, we need
Mej < Mej e (7.2)

where M. ~ 6 X 10_3M@I45P0_33£ (defined by setting Eyoié = 2(7 — 1) Mgjcac?),
above which the blast wave would never reach a relativistic speed (Gao et al., 2013b).
Nevertheless, there is no obvious break for late radio light curve, implying that the
ejecta is still in the relativistic regime (e.g. v—1 > 1) until the end of the observation
-3/8

te = 3x107s. Since it is in the Blandford-McKee stage, the ejecta evolves as 7 o< ¢

we thus have

£\ /8
maX(’ysd - 17 Vdec — 1) 2 <_e) . (73)
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Second, since the R-band light curve starts to decay from the beginning of the

observation, we thus have

max(tsd, tdec) S ts. (74)

On the other hand, since the radio light curve (see Figure 63) implies that v, crosses

the 8 GHz band at about 5.8 x 10° ~ 1.2 x 107, we thus have

p—2 ? 1/2 1/2 t /2
8.1 x 10" (1 4 2)1/2 (F) Egy €l 1éh -, ( 109 ) =8 x 10°,

(7.5)
where

5.8 X 108 < terees < 1.2 x 107, (7.6)

32 one could easily estimate that v,,(t) < vopt = D X

Moreover, from v, oc t~
10'Hz. We thus expect the optical band to fall into the spectrum regime v, <
Vopt < Ve. Consequently the observed temporal decay index (agpe = 1.66 £ 0.35) can

be translated directly into the electron spectral index p, i.e., for a constant-density

medium as suggested by C13, we find p = 3.2 +0.47. At t,, we have

14

fu(ts) - Fu,max (_

Um

—11
) ~ 180uJy. (7.7)
Based on the peak flux in the radio band, we get

1.1 x 10* (1+ 2) Egyngs €7 D3t ~ 200 (7.8)

Moreover, the self-absorption frequency should fall below the radio frequency range,
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ie.,
3.1 % 10°(1 + 2) "B nylg et e, < 8 x 10°. (7.9)

Note that the ejecta formed in a DNS merger system would expand into a pulsar
wind bubble created by the progenitor pulsars (Gallant & Achterberg, 1999). The
radius of the bubble could be about 10" cm (Konigl & Granot, 2002). The value of
ep should be relatively large in the bubble (Konigl & Granot, 2002). One can easily
find that the optical signals of PTF11lagg are emitted within this bubble radius (with
ep), while the radio emission is emitted from outside (with ég = neg, and 0 < n < 1,
see equations 7.5, 7.8 and 7.9).

From equations 7.2-7.4, we get the following constraints on the ejecta mass and

spin down luminosity:

M < 1.1 x 107%¢M,,

Loao > 1.5 x 10%¢ erg s71 .

(7.10)
Combining equations 7.5-7.9, we have
7Y% = 0.0066 (1 + 2) "IV 2, D3
n'/? = 0.93¢715(1 4 2) 76 26 Y Dy
1240(1 + 2) "M < ef? ep”y < 3921(1 4 2) MM
(7.11)

For a given redshift, we only get three independent constraints on five unknown
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z n (cm~3) €e B n £ p

0.5 1.0x 10=4 0.4 0.08 0.09 0.3 3.2
1 2.4 x 1073 0.4 0.06 0.09 0.3 3.2
3 0.26 0.4 0.03 0.09 0.3 3.2

Table 30 Adopt parameters for fitting the optical and radio data of PTF11lagg for
different redshift.

parameters, i.e., £, n, €., eg and 1 (note that p = 3.2 is fixed). This leaves us some
degeneracy in choosing parameters to fit the data.

In the following, we fix £ = 1/3 (i.e. ~ 10°%erg spin down energy injected into the
ejecta) and €, = 0.4, and then fit the optical and radio data for different redshifts by
adopting appropriate values for eg, n and 7. One fitting result is shown in Figure 63,
and the adopted parameters are collected in Table 30. With the chosen parameters,
we have derived the corresponding X-ray flux, which is found to be consistent with
the non-detection limitation.

In view of the fact that PTF11agg might be the first recognized candidate for DNS
merger afterglow, it would be helpful to compare the inferred shock parameter values
with those of other relativistic shock related phenomena, such as GRBs. Recently,
Santana et al. (2013) performed a careful literature search for €. and ep, and found
that e, ~ 0.02 — 0.6 and eg ~ 3.5 x 107 — 0.33 were favored by the observations.
With GRB optical afterglow data, Liang et al. (2013) found that the electron spectral
index p is distributed in the range from 2 to 3.5!. Moreover, Shen et al. (2006)
performed a general investigation for relativistic sources, such as GRBs (with both
prompt and afterglow data), blazars and pulsar wind nebulae, and found a similar
broad distribution of p. Our inferred parameters from the DNS merger afterglow

model fall well within the ranges of these parameter distributions.

'Note that medium density profile is relevant for determining the electron index p. For a general
circumburst medium density profile n oc 7~* as adopted in Liang et al. (2013), the derived p would
be somewhat larger than the value derived by assuming a constant density of the medium
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Figure 63 Optical and radio (8 GHz) light curves for PTF1lagg, with best fittings
by assuming different redshift for the source. The green square denotes the optical
observation and the purple squares denote the radio data. The black solid line is for
z = 0.5, the blue dash line is for z = 1 and the red dash-dot line is for z = 3.

Discussion

We have proposed a DNS merger origin for the cosmological relativistic fading
source PTF1lagg. Based on the observational properties of PTF1lagg, we analyti-
cally constrained the parameter space for the DNS merger afterglow model and then
fit the multi-wavelength data by adopting appropriate parameter values. We find that
the DNS merger afterglow model could fit both the optical and radio data well regard-
less of the source redshift. If our interpretation is correct, the following implications
can be inferred:

First, the next generation gravitational-wave (GW) detectors are expected to de-
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tect GW signals from mergers of two compact objects, with DNS mergers as primary
targets. PTF11agg-like transients could be potential electromagnetic counterparts to
such GW signals. The study of PTF11agg-like transients would not only shed light
on the nature of the DNS merger scenario itself, but also contribute to identifying
the astrophysical origin of GW signals.

Second, since DNS mergers are proposed to be the progenitor of short GRBs, the
lack of a high energy counterpart for PTF11agg could be due to the fact that our line
of sight is not along the direction of the jet axis. If so, there exists the possibility of
simultaneously detecting a short GRB afterglow and (off-beam) PTF11agg-like emis-
sion, when our line of sight is within the jet opening angle. Since the PTF11agg-like
emission component is Doppler de-boosted with respect to the on-beam calculations
(Gao et al., 2013b), it is detectable only under favorable condition. Some short GRB
afterglow features may be accounted for within this picture (H. Gao et al. 2014, in
preparation).

Third, recently the short GRB 130603B has attracted attention by showing an
infrared excess in its late emission (Tanvir et al., 2013; Berger, 2013). Even though it
was suggested that this emission is consistent with the r-process powered “kilonova”
emission with a black hole central engine, some authors have already pointed out
that both the mergernova and short GRB afterglow of this burst can be understood
within the scenario of a supra-massive magnetar central engine, as long as a large
fraction of magnetar spin-energy is lost, possibly by GW radiation (Fan et al., 2013;
Metzger & Piro, 2013). If so, the short-lived transient emission from GRB 130603B
and PTF1lagg may be different manifestations of the same intrinsic phenomenon
with different viewing angles and/or magnetar parameters.

Finally, due to the large uncertainty of the DNS merger event rate and the fraction
of mergers that produce stable magnetars, it is difficult to predict the detection rate

by blind surveys for DNS merger afterglows (e.g. Yu et al., 2013, for a discussion).
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C13 suggested the event rate of PTF11agg-like sources is ~5 times that of normal
GRBs, namely 5 Gpc™ yr~!. Assuming a fraction f of DNS mergers may give rise
to PTF1lagg-like events, one can estimate the DNS merger events rate as N ~
5/f Gpc™® yr~! = 50~ Gpc™® yr~'(Gao et al., 2013c), which is consistent with
predictions using other methods (Phinney, 1991; Kalogera et al., 2004; Abadie et al.,
2010).

We note that Wang & Dai (2013) also proposed a different model for PTF11agg
within the same framework as this Letter. They assumed that the magnetar wind
injection is in the form of electron/positron pairs rather than a Poynting flux, and
they interpreted the observed emission from the reverse shock region. They obtained
different model parameter values and different spectral properties from ours. Future
observations with a larger sample of PTF1lagg-like transients may be helpful to
distinguish between these two models, and consequently lead to a diagnosis of the

composition of the magnetar wind.
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CHAPTER 8

POSSIBLE HIGH-ENERGY NEUTRINO AND PHOTON SIGNALS FROM
GRAVITATIONAL WAVE BURSTS DUE TO DOUBLE NEUTRON STAR
MERGERS

This chapter is part of the following published paper :
Gao H., Wu, X.-F., Zhang B., Dai, Z.-G., 2013, Physical Review D 88, 043010

General Picture

As mentioned in Chapter 5, protons are expected to be accelerated in the forward
shock powered by a magnetar wind pushing the ejecta launched during the merger
process, serving as efficient high-energy cosmic ray accelerators. On the other hand, as
propagating to us, photons emitted via magnetic dissipation at a smaller radius from
the engine (Zhang, 2013b) would first pass through the external shock front, and
have a good chance to interact with the accelerated protons. Strong photo-meson
interactions happen at the A-resonance, when the proton energy £, and photon

energy I, satisfy the threshold condition

mA 2

—m
E,E, > Tpﬁ =0.147 GeV?T?, (8.1)

where I' is the bulk Lorentz factor, ma = 1.232 GeV and m,, = 0.938 GeV are the rest
masses of AT and proton, respectively. The AT particle decays into two channels.
The charged pion channel gives A* — nnt — netv.p,v,, with a typical neutrino
energy E, ~ 0.05E,. The neutron pion channel gives the A* — pr® — pvyy.

Note that the broad-band photons produced in the shocked region could also serve
as the seed photons for pv interaction. However, since their peak flux in the X-ray
band (Gao et al., 2013b) is much lower than that of the internal dissipation photons
(Zhang, 2013b), we do not consider their contribution.

With the multi-messenger era of astronomy ushered in, studying multi-messenger
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signals in astrophysical sources is of the great interest (e.g. Bartos et al. (2011)).
The high-energy neutrino detectors such as IceCube have reached the sensitivity to
detect high energy neutrinos from astrophysical objects for the first time. Gamma-ray
bursts (GRBs) have been proposed to be one of the top candidates of PeV neutrinos
(Waxman & Bahcall, 1997b). However, a dedicated search of high energy neutrinos
coincident with GRBs have so far led to null results (Abbasi et al., 2010, 2011; Ahlers
et al., 2011; Abbasi et al., 2012), which already places a meaningful constraint on
GRB models (Abbasi et al., 2012; He et al., 2012; Zhang & Kumar, 2013a). Very
recently, the IceCube collaboration announced their detections of two neutrino events
with an energy approximately 1-2 PeV(Abbasi et al., 2012; Cholis & Hooper, 2013),
which could potentially represent the first detections of high-energy neutrinos from
astrophysical sources. Among the proposed sources of such cosmic rays, GRBs stand
out as particularly capable of generating PeV neutrinos at this level (Cholis & Hooper,
2013; Liu & Wang, 2013). However, the absence of associated GRBs for these two
events calls for alternative cosmological PeV neutrino sources. Here we investigate the
possible neutrino signals associated with NS-NS mergers with a millisecond magnetar
central engine using the photomeson interaction mechanism delineated above.
Initially, the heavy ejecta launched during the merger is not far away from the
magnetar, so that in a large solid angle range, the magnetar wind would hit the ejecta
before self-dissipation of the magnetar wind happens. In this case, a good fraction
(n) of the magnetic energy may be rapidly discharged upon interaction between the
wind and the ejecta. The Thomson optical depth for a photon to pass through the
ejecta shell is 7y, ~ oM/ (4mR*m,). By setting the optical depth equals to unity,
we define a photosphere radius Ry, = 2.5 X 1014Mclj{ 33 cm for the ejecta. When
R < Ry, the spectrum of the dissipated wind is likely quasi-thermal due to the large
optical depth of photon scattering. The typical photon energy can be estimated as

Eone ~ k(Lsaon/An R2osp)Y* 1 ~ 27 eV Lid/i),4777£/14M(§,1_4Ri/12, where ogp is the
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Stefan-Boltzmann constant. Alternatively, when R > Ry, the typical synchrotron
energy could be estimated as E,; ~ 1.8 x 10* keV Lid/?0747R1517]3/1204, where o is
the magnetization parameter of the Poynting flow when the magnetar wind catches
the ejecta (Zhang & Yan, 2011a). In order to estimate the value of o, we assume
that the proto-magnetar has oq ~ 107 at the central engine and the magnetized flow

is quickly accelerated to I' ~ O’é/ 3

at Ry ~ 107 cm, where o ~ US/ ? (Komissarov
et al., 2009). After this phase, the flow may still accelerate as I' oc RY3 with o
falling as oc R™!/3 (Drenkhahn & Spruit, 2002a). Consequently, we have E,; ~
18 keV L;ﬁ) 1l 3/2 4/3R2/3R_5/3.

As it is pushed forward by the magnetar wind, at a late time the ejecta is far
away enough from the central engine, so that before hitting the ejecta, the magnetar
wind already starts to undergo strong self-dissipation, for instance, through internal-
collision-induced magnetic reconnection and turbulence (ICMART) process (Zhang &
Yan, 2011a). In this case, the typical synchrotron frequency can be still estimated as
above, except that the emission radius is set to the self-dissipation radius, which we
parameterize as the ICMART radius R; = 1015Ri,15, rather than the blastwave radius
(Zhang & Yan, 2011a; Zhang, 2013b), ie. E,, ~ 1.8 keV LI1% 0 og s RIZRL.
Notice that for a substantial range of M, we have R,, < R;. Overall, the seed

photon energy for py interaction can be summarized as

27 eV Lid/40 4777£/14M Wi R < Ry
Eyve=1q 18keV L3 0’ Pog R RYZRE”, Ry < R < R;; (8.2)
1.8 keV L% o™ oos RyZ R R > Ry

In the mean time, the magnetar-wind-powered ejecta would interact with the
ambient medium, forming a blastwave similar to GRB afterglow. Depending on

the unknown parameters such as M., B, (and hence Lyi) (Gao et al., 2013b), the
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blastwave could be accelerated to a mildly or even highly relativistic speed, due to the
continuous energy injection from the magnetar wind. Protons are accelerated from the
forward shock front along with electrons via the first-order Fermi acceleration process.
Consequently, when the seed photons due to magnetar wind dissipation (Eq.8.14) pass

through the shocked region, significant neutrino production due to p7v interaction

Tymmpc?

through A-resonance would happen, as long as the condition R = > 1 is

p,t

satisfied. Here, E,; = 0.147 GeV*I'?/E. , is the corresponding proton energy for the
typical seed photon at A-resonance, and 7, is the maximum proton Lorentz factor.

It can be estimated by balancing the acceleration time scale and the dynamical time

TteB’
Cmpe

scale, which gives vy, ~ , where ( is a parameter of order unity that describes
the details of acceleration and B’ is the comoving magnetic field strength. Once
py interaction happens, significant neutrinos with energy €, ~ 0.05E,; would be

released, the neutrino emission fluence may be estimated as

o Etot X fﬁ/p’t X f7r

fI/ 47Td2 )

(8.3)

where By ~ 4mR*nl' (I’ —1)m,c® /3 is the total energy of all the protons, f, , = Iz‘;‘
is the energy fraction of the relevant protons, and f, is the fraction of the proton
energy that goes to pion production. Assuming a power-law distribution of the shock
accelerated protons: N(E,)dE, oc E PdE, (hereafter assuming p > 2), one can
obtain f, = (%)2_1), where v, = (I' — 1)?;%? + 1 is the minimum proton Lorentz
factor. The fraction of the proton energy that goes to pion production could be
estimated as f, = %(1 — (1= < Xpor >)™), where 7, is the py optical depth and

< Xpor >~ 0.2 is the average fraction of energy transferred to pion. Notice that f

is roughly proportional to 7,, when 7,, < 3 (Zhang & Kumar, 2013a).

219



Neutrino Energy and Fluence

The dynamics of the blastwave is defined by energy conservation (Gao et al.,

2013b)
Lot = (7 — 1) Myic® + (v* — 1) Mgy &2, (8.4)

where Ly = £Lgq is the magnetar injection luminosity into the blastwave, and Mg, =
(47/3) R*nm,, is the swept-up mass from the interstellar medium. Initially, one has
(7 = 1) Mejc? > (v* — 1) M, so that the kinetic energy of the ejecta would increase
linearly with time until R = min(Ryq, Rgec), where the deceleration radius Rge. is
defined by the condition (y — 1)Mgc? = (72 — 1) Mgy, By setting Rgec ~ Rsq, we

can derive a critical ejecta mass
Myjer ~ 103 Mon B I B, 3 Ry By L6778, (8.5)

which separate regimes with different blastwave dynamics (Gao et al., 2013b):

Case It My < Meje1 or Ryq > Raec. In such case, the ejecta can be accelerated
linearly until the deceleration radius Rge. ~ 3.9 X 1017M02j{ ZL;;SLO??’LS 3/ 10, where
bulk Lorentz factor of the blastwave is ['gee ~ 12.2L§d/10047M ano /10 After that,
the blastwave decelerates, but still with continuous energy injection until Rgq ~ 1.0 X
108¢/ 2Ls_dlé447 oM* where Ty ~ 7.567Y 4L§£80 ;1o "%, During the acceleration phase,
the blastwave passes the non-relativistic to relativistic transition line I' — 1 = 1 at
radius Ry ~ 2.2 x 10" M, 4Lsd047

For the different radius range of the typical photon energy shown in Eq. 8.14,
we can investigate whether py interaction at A-resonance can occur, and if so, the
typical energy and fluence of neutrino emission. We first assume that the blastwave

is always non-relativistic when R <= Ry, since Ry is comparable with Ry, with a

high probability. We first have
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O 1771/4[/5;:671427]\4 1/3 1/2R11/6 R <= Rph;

o 2600 Lo 08y M2 iy 4/332/33‘4/3 Ry < R < R;; -
120.70 Ly 5 M2 ing %o 4/332/33;155/331/3 >1, Ri <R < Rge;

| 1.2 10%% P ngog s ROT R R, Raee < R < Ryg;

implying that p~y interaction at A-resonance could happen only when R > R,,. The

typical neutrino energy and fluence for different range could be estimated as

1.1 x 1072 PeV - "LYS M. 500 Ro 7RI, Ry < R < Ry
e =19 021 PeV n{°LYS JMP 00 PROPRIERTY, Ri< R < Rge; (8.7)

0.24 PeV =3 *ng 2oy 1 *Re 2 PRIER L, Raee < R < Ryg;
1.6 x 10712 Y0 LA ongog 7 R RY2, Ron < R < Rj;
fr=1 16x 10—8n:?-°5Lgd63 47noo—0$9330$47331157317, Ri < R < Rgec; (8.8)

0 05 —0.93 0 47T pl.1

For better illustration, we take Lgyo = 10*7 and M, = 107*M as an example
and plot the evolution of ¢, and f, for this dynamical case in Figure 64.

Case II: Mg ~ Mej o1 or Req ~ Rgec. In this case, the ejecta would be continu-
ously accelerated until Ryq = 1.2 x 10"¢3L ) ;o M;2 ,, where the bulk Lorentz factor

reaches I'yq = 83.3¢ M, Similar to case I, we have

ej, 4
0.0 L e M iy * Ryy/© < R <= Ry,;
R = 12. 0773/2Lsd166;19M2/34 (1]/2 4/3R2/3R1 4/3 Rph < R< Ri; (89)

55.9 3/2Lsd1,é?49Me2J/34 (1)/2 4/3R2/3Rl 155/331/3 >1, R < R < Ra.

221



Again p interaction at A-resonance could happen only when R > R,,. The typical

neutrino energy and fluence for different range could be estimated as

__Jo02pev 1LY oM o0 PROFPRIS, Ry < R < Ry £.10)

0.5 PeV -3 °LS (oMo lo0 s Ro 2 RIERIL, Ry < R < R;

. 3.2 x 10710 L0 ingog PP RIS RY2, Ry < R < Ry &11)
3.2 x 107 )P LY 4one00 8 P Ro 7 RIYT RY;, Ri < R < Raa.
In this case, we take Ly = 10*” and M; = 10* My, and plot the evolution of €,
and f, in Figure 8.
Case III: Mg; > Mej 1 or Reg < Rgec. Similar to Case II, the ejecta would be accel-

erated to a relativistic speed of [y = 16.7E M ; until Ryy = 5.0x 101653[/5(1 0 49M_

Similarly, one has

0.004n" ' Lo My Yaing P RIY® < R <= Ryy;
R=q 3510 L 10 M2y %o 4/3R2/3R 43 Ry < R < Ry; (812)
163.1n" Ly M2 0?0 4/332/33;155/331/3 >1, R <R < Ry.

No significant neutrino emission at R < Ry, and beyond Ry, the typical neutrino

energy and fluence for different range could be estimated as

) saxao 3 PeV 3PS oML 5002 *Ro*RIL%, Ry < R < Ry; o)

0.2 PeV LY WMY3 002 *RePRIGRY . Ri < R < Ry;
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E®o (v)(GeV cm™?)

Figure 64 Examples of the evolution of neutrino energy ¢, and fluence f, for differ-
ent dynamics: Case I (dash-dot), Case II (solid) and Case III (dashed). Blue lines
represent €, and green lines show f,. Model parameters: ng = 1,9 = 0.1, oq = 107,
Ry =107, and D = 300 Mpc (the advanced LIGO horizon for NS-NS mergers). For

the magnetar parameters for each case, see text.

) 3.9 x 10_11n:?.osL(S)nggnoao—’?.gsR&g.47R:1))52’ Ry, < R < Rj; (8.14)

—7,,—0.0570.65 —0.93 P—-0.47 P1.17 R2

v

For this case, we take Ly = 10*7 ergss™ and M, = 1073M and plot the
evolution of €, and f, in Figure 64.

Note that there is another critical ejecta mass Mg o ~ 6 X 10_3M@]45P0_733§
(defined by setting Fiol = 2(y — 1)M,jc2¢®), above which the blast wave would
never reach a relativistic speed (Gao et al., 2013b). The dynamics is similar to Case
ITI, with the coasting regime in the non-relativistic phase. In this case, we always

have R < 1, therefore no significant neutrino flux is expected.
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Detection Prospect

From the above calculation, one can see that when the post-merger product is a
millisecond magnetar and the outgoing ejecta could be accelerated to a relativistic
speed, ~PeV neutrinos could indeed be emitted from NS-NS mergers scenario. These
neutrinos are well suited for detection with IceCube(Ahrens et al., 2004).

As shown in Figure 64, for different initial conditions, i.e., different combinations
of M and Lgq, the maximum neutrino fluence is always reached at the spin-down time
scale. We therefore take the neutrino energy and fluence at this epoch as the typical
values for each specific NS-NS merger event. For the events happening at 300 Mpc,
the optimistical typical neutrino fluence could be as large as 1076 — 107°GeV cm 2
(corresponding to oy = 107, 10° respectively), one or two orders of magnitude lower
than the typical fluence of GRBs(He et al., 2012). Given the typical neutrino energy
~PeV and the IceCube effective area ~ several 106 cm? (Ahrens et al., 2004; Li,
2013), optimistically only several 107% — 107> neutrinos are expected to be detected
by IceCube for a single event.

In any case, these events would contribute to the ~PeV neutrino background.
The NS-NS merger event rate is rather uncertain, i.e., (10 — 5 x 10*) Gpc™2 yr!
(Phinney, 1991; Kalogera et al., 2004; Abadie et al., 2010). Considering that only
a fraction of NS-NS merger event would leave behind a massive neutron star rather
than a black hole, and that only a sub-fraction of these mergers have the right M,;
and Lgq o to make relativistic blastwaves, the event rate of NS-NS mergers that gen-
erate PeV neutrinos may be at least one order of magnitude lower, i.e. ~ (1 —5 x
103) Gpce™ yr~!. Even with the most optimistic estimate, the ~PeV diffuse back
ground is ~ 10719 GeV ecm=2 s7! sr7!. It takes tens of years to get two events. So
these systems are not likely the origin of the two reported PeV events announced by
the Icecube collaboration (Aartsen et al., 2013). Nevertheless, compared with the

GRB event rate 1 Gpc™ yr~! (Liang et al., 2007a; Wanderman & Piran, 2010), this
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scenario may gain the event rate by 1-2 orders of magnitude than GRBs. Noticing that
a typical GRB has a fluence 1-2 orders of magnitude higher than a magnetar-wind-
powered NS-NS merger remnant, our scenario could contribute to the ~PeV neutrino

diffuse background, which is comparable or slightly lower than that of GRBs.

High Energy Photon Emission

Besides high-energy neutrino emission, the decay of 7° produced in p~y interactions
would lead to the production of high energy gamma-ray photons. Assuming that half
of the A™ decays go to the 7+ channel (neutrino production), while the other half go to
the 7° channel (y-ray production), the typical gamma-ray photon energy and fluence
values would be comparable to the neutrinos we studied in section I/I. However,
such high-energy photons may interact with the synchrotron emission photons in the
shock (Gao et al., 2013b) to produce electron/positron pairs, vy — e*, and initiate an
electromagnetic cascade: the pairs would emit photons via synchrotron and inverse
Compton, which would be converted back to pairs, and the pairs would emit photons
again, etc. Photons can escape only when the vy optical depth becomes lower than
unity (Murase & Beacom, 2012a; Murase et al., 2012b). Following the calculation
shown in Ref.(Gao et al., 2013b), we find that the v optical depth exceeds unity
for photon energy above €,, ~ 100GeV. For simplicity, we assume that the total
energy of the 7%decay photons would finally show up around 100GeV through an
EM cascade. These photons are within the energy windows of the Fermi/LAT. In
the most optimistic situation, the photon flux for an event at 300 Mpc could be

2 57!, which is essentially 107!° photons ecm~2 s~!. The

as high as 107 *erg cm™
effective area of LAT for 100GeV photons is around 9000 cm? (Atwood et al., 2009),
suggesting that even for Ty ~ 10°, one single NS-NS merger event could not trigger

LAT. Nevertheless, the total diffuse flux from these events could reach ~ several

1077 MeV ecm~2 s7! sr~! optimistically, giving a moderate contribution to the sub-
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TeV ~-ray background, i.e., 4 x 107 MeV em™2 s7! sr™!, according to Fermi/LAT
observation(Abdo et al., 2010).
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