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ABSTRACT

Important astrophysical sources, such as gamma-ray bursts (GRBs) or tidal disruption events,
are impulsive — strongly varying with time. These outflows are likely highly magnetized near
the central source, but their interaction with the external medium is not yet fully understood.
Here I consider the combined impulsive magnetic acceleration of an initially highly magnetized
shell of plasma and its deceleration by the external medium. I find four main dynamical regimes
that (for a given outflow) depend on the external density. (I) For small enough external densities
the shell becomes kinetically dominated before it is significantly decelerated, thus reverting to
the familiar unmagnetized ‘thin shell’ case, which produces bright reverse shock emission that
peaks well after the prompt GRB. (II) For larger external densities the shell remains highly
magnetized and the reverse shock is strongly suppressed. It eventually transfers most of its
energy through pdV work to the shocked external medium, whose afterglow emission peaks
on a time-scale similar to the prompt GRB duration. (II) For even larger external densities
there is no initial impulsive acceleration phase. (IV) For the highest external densities the flow
remains Newtonian.
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1 INTRODUCTION

The composition of relativistic jets or outflows in different astrophysical sources, and in particular their degree of magnetization, is highly
uncertain and of great interest. Pulsar winds are almost certainly Poynting flux dominated near the central source, and the same most likely
also holds for active galactic nuclei (AGN) and tidal disruption events (TDEs) of a star by a super-massive black hole. In AGN and TDEs,
since the central accreting black hole is super-massive, then even close to it the Thompson optical depth T may not be high enough for
thermal acceleration by radiation pressure — the main competition to magnetic acceleration — to work efficiently (e.g. Ghisellini 2011). In
GRBs or micro-quasars, however, thermal acceleration could also work (t 3> 1 is possible, or even likely), and the dominant acceleration
mechanism is less clear.

One of the most important open questions about outflows that start out highly magnetized near the central source is how they convert
most of their initial electromagnetic energy to other forms, namely bulk kinetic energy or the energy in the random motions of the particles,
which also produce the radiation we observe from these sources. Observations of relevant sources, such as AGN, GRBs or pulsar wind nebulae
(PWN), suggest that the outflow magnetization is rather low at large distances from the source. This is known as the o problem, namely how
to transform from o >> 1 near the source to o < 1 very far from the source, where the magnetization parameter o is the Poynting-to-matter
energy flux ratio.

Different approaches to this problem have been considered so far. Outflows that are Poynting flux dominated near the source are usually
treated under ideal magnetohydrodynamics (MHD), axisymmetry and steady-state (mainly for simplicity). Under these conditions, however,
itis hard to achieve 0 < 1 (or o < 1) far from the source that would enable efficient energy dissipation in internal shocks (Komissarov et al.
2009; Lyubarsky 2009, 2010a). One possible solution to this problem is that the magnetization remains high (o > 1) also at large distances
from the source and the observed emission is powered by magnetic reconnection rather than by internal shocks (Lyutikov & Blandford 2003;
Giannios & Spruit 2006; Lyutikov 2006; Giannios 2008). Alternatively, the non-axisymmetric kink instability could randomize the direction
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of the magnetic field, causing it to behave more like a fluid and enhancing magnetic reconnection, which both increase the acceleration
and help lower the magnetization (Heinz & Begelman 2000; Drenkhahn & Spruit 2002; Giannios & Spruit 2006). Another option that
may be relevant for AGN and GRBs (Lyubarsky 2010b) is that if the Poynting flux dominated outflow has alternating fields (e.g. a striped
wind) then the Kruskal-Schwarzschild instability (i.e. the magnetic version of the Rayleigh—Taylor instability) of the current sheets could
lead to significant magnetic reconnection, which in turn increases the initial acceleration resulting in a positive feedback and self-sustained
acceleration that leads to a low o.

While most previous works have assumed a steady state (i.e. no time dependence), here the focus is on the effects of strong time
dependence — impulsive outflows that are initially highly magnetized, under ideal MHD. Granot, Komissarov & Spitkovsky (2011, hereafter
Paper I) have recently found a new impulsive magnetic acceleration mechanism for relativistic outflows, which is qualitatively different
from its Newtonian analogue (Contopoulos 1995), and can lead to kinetic energy dominance and low magnetizations that allow for efficient
dissipation in internal shocks. Paper I focused mainly on the acceleration of an initially highly magnetized shell of plasma into vacuum, and
only briefly discussed the effects of its interaction with the external medium. Here I analyse in detail the effects of its interaction with an
unmagnetized external medium whose density varies as a power law with the distance from the central source.

Most astrophysical relativistic outflow sources, such as AGN, micro-quasars or PWN, operate more or less steadily over long periods
of time. Therefore, the deceleration of their outflow due to its interaction with external medium becomes important only at very large
distances from the source (at the ‘hot spots’ near the leading edge of AGN or micro-quasar jets' and at the wind termination shock in PWN).
AGN or micro-quasar jets occasionally produce bright flares, which likely correspond to a sudden and short lived large increase in their jet
power (or energy output rate). If the resulting ejected shell (or blob) of plasma is highly magnetized, then it can accelerate by the impulsive
mechanism found in Paper 1. Since it would be propagating in the evacuated channel cleared by the preceding long-lived steady outflow
from the same source, the deceleration by the external medium would become important only well after the acceleration is over. There are,
however, also sources that are both impulsive and short-lived, such as GRBs, TDEs or potentially also relativistic outflows from giant flares
in soft gamma-repeaters. In such sources the deceleration because of the interaction with the external medium can become important already
during the acceleration stage, and this may have important implications for our understanding of these sources and the interpretation of their
observations.

The deceleration of an unmagnetized uniform?® relativistic shell through its interaction with the external medium has been studied in
the context of GRBs (Sari & Piran 1995; Sari 1997; Kobayashi & Sari 2000; Kobayashi & Zhang 2003; Nakar & Piran 2004). The main
results are summarized and extended to a general power-law (with the distance from the central source) external density profile in Section 2.
The deceleration of a uniform magnetized relativistic shell by an unmagnetized external medium has also been studied (Zhang & Kobayashi
2005, hereafter ZKO05; Giannios, Mimica & Aloy 2008; Mimica, Giannios & Aloy 2009; Mizuno et al. 2009; Lyutikov 2011). However,
most of the treatments so far have assumed arbitrary initial conditions just before the deceleration radius where most of the energy is
transferred to the shocked external medium, which can result in some unrealistic outcomes (notable exceptions are Paper I and Levinson
2010).

This work self-consistently considers the combined impulsive magnetic acceleration and deceleration by an unmagnetized external
medium of an initially highly magnetized shell. The main results for the acceleration into vacuum of such a highly magnetized shell (Paper I)
are described in Section 3. The test case that was studied in detail in Paper I features a magnetized shell initially at rest whose back end leans
against a conducting wall with vacuum in front of it, with initial width /y, magnetic field By, rest-mass density p, and magnetization

2

B (M)
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0 47100C>

The shell is crossed by a strong, self-similar rarefaction wave essentially on its light crossing time so that at a radius Ry ~ [ it reaches a
typical magnetization (o) ~ 0’02 /3 and Lorentz factor (T) ~ 001 /31t then becomes super-fast magnetosonic and loses causal contact with the
wall, resulting in a much slower subsequent impulsive acceleration phase in which (I') oc R!/3. Eventually it becomes kinetically dominated
at the coasting radius R, ~ R0, and at larger radii it starts coasting at a constant Lorentz factor ({(I') ~ ) and spreading radially while its
magnetization rapidly drops with radius ({(o) ~ R./R).

The combined acceleration and deceleration for an expansion into an unmagnetized external medium with a power-law density profile is
addressed in detail in Section 4. The test case from Paper I is generalized by replacing the vacuum with an appropriate external medium. Five
distinct dynamical regimes are identified, and their main properties are derived and discussed. In regime I the external density is sufficiently
low that early on it hardly affects the shell, which accelerates essentially as if into vacuum (as described above) until well after its coasting
radius R.. By the time the effects of the external medium become important the magnetization is already low, so that Regime I effectively
reverts to the unmagnetized thin shell case (where both the reverse shock emission and afterglow emission peak on a time-scale longer than
that of the prompt GRB emission). In Regime II the external density is sufficiently large that it starts to strongly affect the shell during
its impulsive acceleration phase, while it is still highly magnetized. The shell then starts to decelerate or accelerate more slowly until it

!'In such jets, at relatively small distances from the source the external medium can provide lateral pressure support that helps in the collimation of the jet and
its early collimation induced quasi-steady acceleration.

2 A non-uniform shell of ejecta or relativistic wind with a power-law profile has also been considered in other works (e.g. Blandford & McKee 1976; Sari &
Mészaros 2000; Granot & Kumar 2006; Nakamura & Shigeyama 2006; Nousek et al. 2006; Levinson 2010), and can result in a temporally extended phase of
energy injection into the external (afterglow) shock. For simplicity, however, this work is restricted to the case of a uniform shell of ejecta.
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transfers most of its energy to the shocked external medium. In Regime II the shell is highly magnetized all the way to its deceleration
radius, and therefore this strongly suppresses the reverse shock (which is either non-existent or very weak) and its associated emission.
Thus, Regime II can be thought of as a highly magnetized thick shell case, in which no bright reverse shock emission is expected, and the
afterglow emission peaks on a time-scale comparable to that of the prompt GRB. In Regime III the external density is high enough that from
the very start it inhibits the acceleration so that there is no impulsive acceleration phase, and the dynamics become essentially independent
of the flow composition [i.e. of o, while o scales linearly with o but affects only the small fraction of the total energy that is in kinetic
form, (1 + o)~! &~ o~! « 1]. The observational signatures of Regime III are very similar to those of Regime II. In Regime IV the external
density is so high that the flow remains Newtonian all along. This regime might be relevant for a highly magnetized jet trying to bore its
way out of a massive star progenitor in long-duration GRBs. Finally, Regime II* occurs only for a highly stratified external medium for
which it replaces Regime II, and where also Regimes I and III all show interesting and qualitatively different behaviour compared to smaller
stratifications.

Table 1 summarizes the main notations and definitions that are used in this work in order to help the reader follow the text. The new
results found in this work are compared to previous works in Section 5, and their implications are discussed in Section 6.

2 DECELERATION OF AN UNMAGNETIZED IMPULSIVE RELATIVISTIC FLOW

Before generalizing the dynamics to the case of a highly magnetized outflow, I begin with a detailed description of the deceleration of an
unmagnetized shell (corresponding to o < 1 where o is as defined in the next section) that initially coasts and propagates relativistically into
an unmagnetized external medium with a power-law density profile.

For simplicity I assume spherical symmetry, and that the original ejecta from the GRB form a uniform shell of initial Lorentz factor
I'p and initial width A, where a subscript ‘0’ is used to denote the initial value of a quantity. Bulk Lorentz factors (denoted by I'), as
well as the radius R and width A of the shell, are measured in the rest frame of the central source (which is also the rest frame of the
external medium, and thus serves as the lab frame), while thermodynamic quantities like the rest-mass density p, the number density n,
the pressure p, and the internal energy density e are measured in the local rest frame of the fluid. A reasonable variation in I'y of 6['g ~
"y will result in a significant radial spreading of the shell from the spreading radius, R, ~ AoI'Z, so that its (lab-frame) width evolves as
A ~ max(Ag, R/ FS) ~ Apmax(l, R/R;). The ambient medium is assumed to have a power-law mass density profile, p; = AR™*, where for
simplicity I consider only k < 3, which is also the parameter range of most physical interest. Of particular interest are the case k = 0, which
corresponds to a constant density medium like the interstellar medium (ISM), and k = 2, which is expected for the stellar wind of a massive
star progenitor.

As the shell interacts with the external medium and sweeps it up, two shocks are formed: a forward shock that propagates into the
ambient medium and a reverse shock that goes back into the shell and slows it down. The shocked shell material and the shocked external
medium are separated by a contact discontinuity (CD). There are thus four different regions: (1) unperturbed external medium, (2) shocked
external medium, (3) shocked shell material and (4) unperturbed shell material. Quantities at each region are denoted by the appropriate
subscripti =1, 2,3, 4. We have I'y = I'y, I'; = 1, and since regions 2 and 3 are separated by a CD, I', = I'; = I" and p, = p3 = p. Together
with the shock jump conditions between regions 3 and 4 (for the reverse shock) and between regions 2 and 1 (for the forward shock), the
resulting set of equations (together with the equations of state in the different regions) can be solved to obtain I', e, p, and p3 (as well as the
Lorentz factors of the reverse and forward shock fronts) as a function of I'y and the density ratio f = p4/p, of the unperturbed shell material
and external medium. There are two limits for which there is a simple analytic solution (Sari & Piran 1995): for f > I'2 the reverse shock is
Newtonian, and® " & 'y, while for f < T'Z the reverse shock is relativistic, I' & 27/2I')/* £1/4 and the relative Lorentz factor between the
fluid in regions 4 and 3 is ['y3 ~ 2_'/2F(1)/2f_'/4, where

_ P E _ 5t )
f= P ATACTIRFA ~ (3 —KTZR>FA’ @

E = 10> Es; erg is the (isotropic equivalent) kinetic energy of the ejecta shell, and

25x 108EY 0y em (k= 0),
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is the Sedov radius where the (isotropic equivalent) swept up mass equals E/c*. Numerical values are provided for the physically interesting
cases of k = 0, which correspond to a uniform medium of number density n = ngcm™> (A = nmy, where m,, is the proton mass), and k = 2,
which corresponds to the stellar wind of a massive star progenitor, with A, = A/(5 x 10" grem™!). It is clear from equation (2) that k = 2
is a critical value below which f decreases with radius and above which f increases with radius, before the shell starts spreading (i.e. while
A ~ Ay and is independent of radius). Since k = 2 is also a physically interesting value, it will be discussed separately below. The case 2 <
k < 3 will also be briefly mentioned. We shall, however, first concentrate on k < 2.

3 More accurately I' = [o(1 — \/€) and T43 = | + 2¢, where € = 2F(2)/7f < 1.
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Table 1. Notation and definition of some quantities used throughout this work.

Notation Definition Equation/section

o, Ag Initial Lorentz factor and lab-frame width of the unmagnetized shell Section 2

p1 = Ark External medium rest-mass density (r is the distance from the origin) Section 2

P4 Proper rest-mass density of the unmagnetized shell Section 2

f=pa/p1 Unmagnetized shell to external proper rest-mass density ratio Equation (2)

Is Sedov length (or radius) Equation (3)

RN ~ min(Rr, RN,0) Radius where the reverse shock becomes Newtonian or relativistic Section 2

Rr Radius where an external rest mass of E/ F%cz is swept up Equation (5)

RA ~ max(Rr, Ra o) Radius where the reverse shock finishes crossing the unmagnetized shell Section 2

Ry ~ AOF(% Radius where the shell starts spreading radially significantly Section 2

RN.0-RA 0 Initial values (without radial spreading of the shell) of Ry and R Equation (4), Section 2
T =7Yo(Ag/A) Reverse shock strength parameter (Newtonian for Y > 1, rel. for Y < 1) Section 2

Yo Initial value (without radial spreading of the shell) of T Equations (8) and (12)
Loy Acr Critical Lorentz factor and width of the shell, respectively Equations (10) and (11)
T,t Time when photons reach the observer and lab-frame time, respectively Sections 2 and 3

E, Ecxt Total energy and energy in the shocked external medium, respectively Sections 2, 3 and 4

EgM, EEM,0, Exin

00 = B /47tpoc? > 1
B, By

0

Bms.0> Ums,0- T'ms,0
Brms» tms> s

I',o

('), (o)

Ry =~ ctg ~ Ay

R, ~ ct. ~ R()UO2

Rcp, 'ep
Rsha l—‘sh
E=r/ct=x/ct
&cps Esh

§u

sr[ = *ﬁms,O
X> XCD

§x

B

a

Ry~ cty

P =p/po=0/0y
fo=po/p1(Ro)
Ry

oy ~ 0CD, pu =
Rer ~ RoT2,

jury
90

Raec

Rrs

Ry cp =~ ctcp
URS

L~ EC/ZR(), Lcp
'y =TcepRy)

Tere = (1 +2)Ao/c
Tdec ~ max (TGrs, 1T)

Electromagnetic, initial electromagnetic and kinetic energies, respectively
Initial value of the magnetization parameter

Lab-frame magnetic field and its initial value (at Ry), respectively

Initial proper rest-mass density of the magnetized shell (at Ry)

Initial fast magnetosonic dimensionless speed, four-velocity and Lorentz factor
Fast magnetosonic dimensionless speed, four-velocity and Lorentz factor
Lorentz factor and magnetization parameter of the shell, respectively
Typical values of I' and o — weighted means over the lab-frame energy
Initial radius (or lab-frame width) of the magnetized shell

Coasting radius where the shell becomes kinetically dominated (in vacuum)
Radius and Lorentz factor of the contact discontinuity (CD) that

separates between the magnetized shell and the shocked external medium
Radius and Lorentz factor of the shock front for the external shock
Similarity variable

Values of & corresponding, respectively, to Rcp and Rg

Value of & where the uniform region 3 in the Riemann problem starts
Value of & at the head of the self-similar rarefaction wave

Similarity variable of BM76 and its value at Rcp

Value of & at the head of the secondary (or ‘reflected’) rarefaction wave
Dimensionless speed of the secondary (‘reflected’) rarefaction wave head
Ratio of pressure at the CD for the Blandford & McKee (1976) (BM76) solution
and a uniform region 2

Radius where the secondary rarefaction wave reaches region 3, £..(1,) = &,
Normalized shell proper rest-mass density (or magnetization)

Initial (at Rp) magnetized shell to external proper rest-mass density ratio
Radius where o = 1 just behind the CD

Values of o and p, respectively, at & = &, (and also just behind the CD)
Critical radius where (I') reaches I'¢; in Regimes II and IIT

Deceleration radius where most of the energy is transferred to the shocked
external medium

Radius where a strong reverse shock develops in Regime I

Radius where the secondary rarefaction’s head reaches the CD (£, = &cp)
Reverse shock upstream to downstream relative four-velocity

Shell’s mean total energy flux through a static sphere and its value at Rcp
The CD as well as the typical Lorentz factor at R,,, I";, ~ (I")(R,,)
Observed duration of the prompt GRB emission

Duration of peak reverse shock or afterglow emission (deceleration time)

Sections 3 and 4
Section 3
Sections 3 and 4
Sections 3 and 4
Section 3
Section 3
Section 3
Section 3
Section 3
Section 3

Section 4

Section 4

Section 4, Fig. 1
Section 4, Fig. 1
Section 4, Fig. 1
Section 4, Fig. 1
Section 4, equation (20)
Section 4

Equation (

Equations (23), (24)
Equations (31), (40)

Section 4

Section 4

Equation (28)

Equations (25), (29) and (30)
Equations (46) and (47)

Section 4

equation (34)
Equations (and (43)
Section 4.2

Section 4.3

Equations (40) and (49)
Sections 2 and 6
Equation (7), Section 6

For k < 2, f decreases with radius. Thus the reverse shock is initially Newtonian, and becomes relativistic at a radius Ry given by
f(RN) = F%, or Ry ~ min(Rr, Ry o) with

E
Rxo =

ATACTE A

1/2—k) 1
> T |G- 0ria

1/(2—k)
=4.2x 100 2 E’ny ' °r, 2757 em,
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where ¢ = (1 + 2)/3, Ty5 = I'y/10%°, Tgre = (1 + 2)A¢/c = 30T3s is the observed duration of the GRB while z is the cosmological
redshift and
54 x 10°E 012 em (k= 0),

Re = [(3 - k)E] 1/@=h I

4TACPT] T e T )

1.8 x 10¥E3A'T,2em (k= 2)

is the radius where a rest-mass E / I'3¢? of the external medium is swept up. In this work T denotes the observed time (at which photons reach
the observer), while ¢ denotes the lab-frame time. The observed times corresponding to Ry o and Ry are

R _ _
Ivo=(1+2) Nloz = 132 E’ng PT3T5  s, (6)
bel'§
21CEL n,' T Y s (k=0),
Tr =(1+27)— = 7
r=( +Z)bcré @)

0.089¢Es3A;'T,2s  (k=2),

where b ~ 1-2 and b ~ 2 reflect the typical photon arrival times from regions 3 and 2, respectively, and b = 2 is used to obtain the numerical
values. Two additional important radii are the spreading radius Ry ~ T34, ~ R R{i{oz mentioned above (where the shell starts spreading
radially), and the radius at which the reverse shock finishes crossing the shell, Ry ~ f!'/?TyA ~ (EA/Ac?)"/4 O ~ max(Rr, Ra.o) where
Ra o~ (RGREHVED ~ (EAy/Ac?)/@P Tt is also convenient to define the parameter

1/3. —1/3+~—8/3pn—
veh L8CEL ny' "I T k=0,
_ S F—2(4—k)/(3—k)_
S =

Ao

Rr
Yo= — =
0 RS

(3 - kE
2(4—k) A 3—
4mACT AT

59 x 10°CE AL T, 4T (k=2), ®)

and* T = Yo(Ao/A) = (lS/A)FgM_k)/G_k), Note that R = Rr and Ry = R, since R does not depend on A and R depends on Ag
rather than on A. Thus, we have

T*l/(sz)RN ~ Rp ~ 'Y*l/(47k)RA ~ TORS, (9)
so that the initial relative ordering of the different radii is determined by the value of Y, while the evolution of this ordering is determined
by that of Y.
The condition Yy > 1 can be written as Ay < A, or I'g < I'; where
1/G3—k) ) 1 pl/3, —1/3--8/3 _
B —k)E Ig 54x 107 Esy'ng "Ih5" em (K =0),
b= | Gmacra® = (10)
co Ly 18 x 10°EsA;' Tydem  (k=2),

8 —1/8,-3/8
@B —KkE 1240 Is =) 395¢%° Eslz/ ny T, k=0,
Lo = {7} - (7) - an
2 A3—k A
4mtAC? Ay 0 88 §1/4ESI§4A;1/4T35]/4 k=2),

so that this case is often referred to as a ‘thin’ or ‘slow’ shell. Similarly, the case Ty < 1 corresponds to Ay > A, or 'y > I'¢; and is referred
to as a ‘thick’ or ‘fast’ shell. Note that

v Ao 71_ Ty —2(4—k)/(3—k) W)
T \Aa.) \TIa '

2.1 Thin shells

For YT > 1 (a thin or slow shell) and k < 2, the initial ordering of the critical radii is Ry < Ra o < Rr < Ry, and the shell starts spreading
early on’ so that at R > R, we have A ~ R/ F(Z) ~ (R/Ry)Ag and T ~ YTo(R/R,)" starts decreasing, which leads to a triple coincidence,
RA ~ Rp ~ Ry with T ~ 1 at that radius (see equation 9). In this case the reverse shock is mildly relativistic during the period when most of
the energy is extracted from the shell, near the radius Ro ~ R ~ Ry or the corresponding time 71 when the reverse shock finishes crossing
the shell. At larger times or radii, most of the energy has already been transferred to the shocked external medium and the flow approaches
the adiabatic (i.e. with a constant energy E) self-similar Blandford & McKee (1976, hereafter BM76) solution.

For k = 2, f is initially (at R < R;) independent of radius and f/T3 = Is/T¢A = Y (=Y, as long as the shell does not spread
significantly). Therefore, for thin shells the reverse shock is Newtonian with a constant shock velocity at R < R,. However, for thin shells R
is smaller than all other critical radii, so that the shell begins to spread early on. Therefore, again at R > R, we have A ~ R/ I‘é ~ (R/Rs)Ag

4 Note that Y = 2%, where & is essentially the same parameter that was defined in Sari & Piran (1995).

5 If there is no significant spreading of the shell (i.e. 8Ty < T'¢) then the reverse shock will cross the shell while it is still Newtonian, and the energy extraction
would proceed via a semi-steady state of Newtonian shocks and refraction waves travelling back and forth in the shell (Sari & Piran 1995). In this case we do
not expect to have significant radiation from the original shell of ejecta during its deceleration.
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and Y ~ Yo(R/R,)~" starts decreasing with radius, leading to Ro ~ Rr ~ Ry with Y ~ 1 at that radius, so that the reverse shock is mildly
relativistic by the time it finishes crossing the shell, at Tt

For2 <k <3 and Y( > 1, the initial ordering of the critical radii is Rx,0 < Ry < Ra o < Rr and f initially (at R < R;) increases with
radius (and time). Hence, the reverse shock is initially relativistic until Rx o (T'n,0) and then becomes Newtonian. At R > R, the shell begins
to spread and from this point onwards A ~ (R/R,)A, and therefore f and Y begin to decrease with radius (as R~ and R~', respectively).
This again leads to Ro ~ Rp ~ Ry with T ~ 1 at that radius, where the reverse shock finishes crossing the shell. Here Ry is the radius where
the reverse shock becomes relativistic again, i.e. it becomes mildly relativistic when it finishes crossing the shell, at 7r.

2.2 Thick shells

For T < 1 (a thick or fast shell) and k < 2, the initial ordering of the critical radii is Ry < Rr < Ra o < Rs. Since Ry is the largest of the
critical radii, spreading is unimportant, and therefore A &~ A, Ry & Rn and Ry =~ R, o. The reverse shock becomes relativistic before it
crosses most of the shell, and therefore in this case most of the kinetic energy is converted to internal energy (of the shocked shell and the
shocked external medium) at R, ( corresponding to an observed time 7 ~ (1 + z)RAYO/cFéM(RAVO) ~ (14+2z)Ap/c ~ Tore, Where I'gy(R)
~ (E/Ac?)'?R%=3/2 is the Lorentz factor of the adiabatic BM76 self-similar solution. Here Ry is no longer relevant since the relativistic
reverse shock implies that I' <« Iy so that the energy in the swept up external medium of rest mass M is now I'*Mc¢? « I'2Mc?, and an
external medium of rest mass much larger than M,/ Ty = E/T'2c? (by a factor of T3/ T2 & 2T/ f/2 > 1, where M, is the original shell’s
rest mass) needs to be shocked in order for it to reach an energy comparable to E (and this occurs only at Rx ).

I now generalize the results of Sari (1997), which are for a uniform external density (k = 0), to a more general power-law external
density (with k < 3; see also Granot & Ramirez-Ruiz 2011). At 7 < Tn, (R < Rno) we have ' & 'y, while at Tno < T < Te (Rno <R <
Ry0) we have I' ~ 2*1/2Fé/2f1/4, which can be expressed as

E 1/4 E 1/2(4—k)
I~ RUE=2/4 A, T-C—h/264—k). (13)
167’[AC2A() ]67'[b2_kAC4_k A() N

For k = 2, I remains constant at this stage while for k < 2 it decreases with time (see below). Since 7. = T/(1 + z) & R/T"? oc R470/2 we
have R/T, = [2/(4 — k)]R/T, and the observed (without cosmological time dilation) rate of production of internal energy in the forward
shock is
dE  dE dR  8mb*~*
dT. ~ dR dT. ~ (4—k)
where dE /dR = 47tR? pi(R)C*T2(R) = 4mAC’T?R*, Substituting equation (13) into equation (14) we see that regardless of the value of &,
the luminosity of the forward shock is constant, Lin obs = (1 + 2)E/Tg where Tg = [2(4 — k)/D](1 4+ 2)A¢/c = [2(4 — k)/b]Tcrp =~ 30(4 —
k) T s is the time when the energy in the shocked external medium becomes comparable to E. The Lorentz factor at this time is independent
of the initial Lorentz factor I'y
4 — k)\2E 1/2(4—k)

26-kmAC2ATTF }
After the time 7z most of the energy is in the forward shock, which quickly approaches the BM76 self-similar solution, in which its Lorentz
factor scales as I'gy oc R~C0/2 o¢ T-C0/264-8 wwhich implies Lingops o 77

For k = 2 and a thick shell (Yy < 1) we have R, > Rx o so that the shell hardly spreads radially (A & Aj) while it is crossed by the
reverse shock. This implies that f/ F% =ls/ I‘é A =Y & Yy, i.e. the reverse shock is relativistic and its strength (or I'43) is constant with

Lim,obs = A657kl—~2(47k)T22,k’ (14)

I'(Tg) = |: ~ L. (15)

radius until it finishes crossing the shell at R o (corresponding to an observed time 7'g). Therefore, for thick shells Ry ¢ and T’y o go to zero,
and the Lorentz factor of the shocked fluid is constant in time, I'(T < Tg) = I'(Tg) ~ ', (note that this value is <« I'y). At T > T (or
equivalently, R > Rx ) the flow approaches the BM76 self-similar solution.

For 2 < k < 3 and a thick shell (T < 1), the initial ordering of the critical radii is Rr < Ra o < Ry < R, and f increases with radius
(and time). Therefore the reverse shock is relativistic until it finishes crossing the shell at R o (or Tg). Again, I" is given by equation (13)
at T < Tg (or R < Rp,), where it increases with time (and radius) at this stage, while at T > T (or R > Rj ) it is given by the BM76
self-similar solution, I'gy(R) ~ (E/Ac?)!/?R*=3/2,

3 ACCELERATION OF A HIGHLY MAGNETIZED IMPULSIVE FLOW INTO VACUUM

This was addressed in great detail in Paper I, and here I summarize the main results that were derived in there. Paper I has studied, under
ideal MHD, the test case of a cold (with a negligible thermal pressure) finite shell of initial (at = 0) width [, (occupying —lp < x <
0) and magnetization oy = Bg /47t,0062 > 1, whose back end leans against a conducting wall (at x = —1y)® and with vacuum in front
of it (at x > 0), where the magnetic field is perpendicular to the direction of motion. A correspondence was shown in this case between
the dynamical equations in planar and spherical geometries. A strong rarefaction wave develops at the vacuum interface and propagates

6 Such a ‘wall’ can be the centre of a planar shell surrounded by vacuum on both sides, which splits into two parts going in opposite directions, with reflection
symmetry about its centre, which remains at rest.
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towards the wall at the initial fast magnetosonic speed of the unperturbed shell, cins.0 = Bms.0¢, reaching the wall at t = 1y = ly/cms0 &
ly/c. For a cold shell the dimensionless fast magnetosonic speed is given by Buso = +/00/(1 + 0¢) and corresponds to a Lorentz factor
of Tmso = (1 — B2, )" = /T+ 0y and a dimensionless four-velocity of umso = s 0Bms0 = O'()I/2. In our case oy > 1 so that
Fins.0 & Ums0 = aol 2 '>> 1 and Bps,0 = 1. The rarefaction wave accelerates the shell to a typical (or weighted mean over the energy in the lab
frame) Lorentz factor of (I")(#y) ~ 001 /3 while the typical magnetization drops to (o) (#y) ~ UOZ /3 This result has a simple explanation: as long
as (o) > 1 and most of the energy is in electromagnetic form, energy conservation implies that (I') (o) ~ o¢; such very fast acceleration
can occur only as long as the flow pushes against the ‘wall’ (or static source), and stops when the flow loses causal contact with it, i.e. when
it becomes super-fast magnetosonic, (I') ~ Tps ~ (0')1/2 ~ oy/*(I") /2, which corresponds to (I') ~ ¢,/” and (o) ~ o;”°. Such a shell is
broadly similar to a uniform (quasi-)spherical outflow from a static source that lasts a finite time, #y, during which it reaches a radius Ry ~
cty, Lorentz factor (I")(¢y) ~ 001 /3
In a spherical steady-state flow the acceleration becomes inefficient once the flow loses causal contact with the static source (or ‘wall’)

and magnetization (o )(fy) ~ 002 A, being quickly accelerated from I' ~ 1 and ¢ = o near the source.

and there is no significant subsequent acceleration so that (I') ~ ool /3 also asymptotically, at very large distances from the source (Goldreich
& Julian 1970). For a non-spherical flow collimation can result in further acceleration up to (I") ~ crol / 39i_2/ 3 (e.g. Lyubarsky 2009), where
0; is the asymptotic half-opening angle of the jet (at which point lateral causal contact across the jet is fost, so the centre of the jet cannot
push against the ambient material; for simplicity, factors of order unity are discarded here and until the end of this subsection). However,
for an impulsive source, which corresponds to a shell of finite width [y or an outflow lasting for a finite time 7y ~ [y/c, efficient subsequent
acceleration (at ¢ > t) does occur. This happens since the shell pushes against itself and significantly expands in its own rest frame, under its
own magnetic pressure (while its width in the lab frame remains constant, A = A’/T" ~ [, since its comoving width A’ increases linearly
with its Lorentz factor I" as it accelerates). While in the comoving frame the expansion is roughly symmetric between the back and front parts
of the shell, in the lab frame most of the energy remains in the front part of the shell, resulting in a constant effective width (A ~ [y, where
most of the energy resides).

The shell’s expansion in the radial direction in its own rest frame, as it accelerates, leads to a spread §I" ~ (I") in its Lorentz factor. This
causes the shell width in the lab frame to increase as A ~ Ry + R/(I")?. Ideal MHD implies that the shell’s electromagnetic energy scales as
Egyvocl /AL Therefore, at the radius R, where the shell doubles its initial width, half of the initial magnetic energy is converted into kinetic form,
so that (o) = Egm/Exin ~ 1 and (I") ~ o at this radius. Therefore, R. must correspond to the coasting radius where the acceleration saturates
and after which the shell becomes kinetically dominated and starts coasting at (I") ~ . This, in turn, implies that R. ~ Ry, which provides
the scaling of (I') with R during the acceleration phase: dlog(I") /dlog R = log[({I")(R.)/(T")(Ro)]/ log(R./Ry) = log(aom)/ log(a(f) =1/3,
so that (I") ~ (ogR/Ro)!/? during this phase, which ends at the coasting time, . ~ tyo, distance l. ~ ct. ~ lpo¢ or radius R, ~ ct. = Ryog.

At t > 1. the flow becomes essentially unmagnetized (i.e. with a low magnetization, o < 1), its internal (magnetic) pressure becomes
unimportant dynamically and each fluid element within the shell coasts at a constant speed (ballistic motion). As we have seen above, the
shell starts spreading radially significantly in the lab frame at R., and subsequently its width grows linearly with R, 7 or x,

A 1 L < 1,

-~ (16)
b

e G > 1,

where {. = t/t. & x/l. = R/R. (where R, = [.). Moreover, the growth in the width of the shell causes a significant drop in its magnetization:
o(t > t.) ~ t./t. One can summarize this result in terms of ¢y = t/ty =~ x/lp = R/Ry (where Ry =~ Iy) or ¢,

(9050)'* 1 < & < 07, o ¢ 1 < g < o,
() ~ (o) ~ )
o0 & >o0g, 9% &' G >ag,
ongl ot <<, (7 et <<,
(r) ~ (o) ~ (18)
o) L > 1, gc—' L > 1.

4 ACCELERATION AND DECELERATION OF AN IMPULSIVE HIGH-0 RELATIVISTIC OUTFLOW

4.1 The general framework and a spherical self-similar solution for k = 2

For concreteness, let us specify to a spherically symmetric flow expanding into a power-law external density profile, p; = Ar~*, where r is
the spherical radial coordinate. The outflow is taken to be cold (with no thermal pressure), and with a high initial magnetization, o > 1. The
original outflow remains cold as long as it is not shocked by a reverse shock. The shocked swept-up external medium, however, is typically
heated to relativistic temperatures. The motion is in the radial direction (B = t') and the magnetic field is tangential (f - B = 0).
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It has been shown in Paper I that the relevant cold (no thermal pressure) MHD equations for spherical and planar geometries are identical
when written in terms of the normalized, barred variables, which can apply to both a planar and a spherical geometry,

(x, b, p)  (planar),
(F, b, p) = (19)
(r, rb, r?p)  (spherical),

where b = B/(~/4mT") is the normalized comoving magnetic field. When there is thermal pressure then it violates this rescaling.” There is a
convenient analytic solution for the relevant planar Riemann problem with a uniform unmagnetized external medium (Paper I; Lyutikov 2010),
which has a corresponding spherical solution according to the above rescaling, for k = 2. This solution would be valid within the original cold
magnetized shell, i.e. at r < Rep(f), where Rcp is the radius of the CD that forms.® A shock propagates into the cold unmagnetized external
medium, with a shock radius Ry, (), which heats the material passing through it to a relativistically hot temperature. Therefore, in the region
between the shock front and the CD, Rcp(f) < r < Ry (2), the simple self-similar solution for the planar case where this region is uniform
with the same pressure and velocity as the CD itself is no longer valid in the spherical case. However, for the spherical case with k = 2 and a
constant velocity of the CD (I'cp = const) there is a different self-similar solution shown in figs 4-6 of BM76, corresponding to k =2, g =
0 (energy injection by a constant power source), and m = 0 [the Lorentz factor has no explicit time dependence, and instead depends only on
the value of the self-similar variable, x = (1 + 2F§h)(l — &) where & = r/ct, so that the Lorentz factor of the shock front, I, or the CD,
Icp, is constant]. In our case, this unmagnetized (¢ = 0) solution would apply in the region between the CD and the shock front, Rcp(f) <
r < R (1), while the inner part [r < &,ct < Rep(f), where &, is introduced below] of the global solution is given by the self-similar solution
mentioned above for the cold magnetized shell, which can be simply scaled from planar to spherical geometry. Please note that the shock
location, x = 1, corresponds to &, = Bs, &~ 1 — 1/2I'3 and that the CD location is (from table I of BM76) xcp & 1.77, corresponding to
Ecp =Pcp=1— xcp /2I‘52h and therefore

= xep ~ 1.77. (20)

However, the Lorentz factor of the material just behind the shock frontis I'(x = 1) &~ I'y,/+/2, and therefore T'cp /T (x = 1) = (2/xcp)'/? ~
1.06. This shows that the Lorentz factor of the shocked external medium increases only by about 6 per cent from just behind the shock front
to the CD (and its square increases by 13 per cent, as can be seen in fig. 5 of BM76). Therefore, a uniform Lorentz factor is a reasonable
approximation for this region (and I shall occasionally use this approximation). Moreover, the normalized width of this region is

Ry —Reo _ Rw—Rep _ xeo—1 11— xgp 0435
~ ~ = ~ . @2n
Rcp Ry, 2T2 22y 22,

This spherical self-similar solution for k = 2 is a very useful starting point for the current discussion. It will be described in terms of the
corresponding planar solution, where a uniform region would correspond to an 2 dependence of the density or magnetic pressure in the
spherical solution. We are interested in an initially highly magnetized flow (o >> 1), and for all cases of interest (except Regime IV, which is
described separately in Section 4.5) the shock that is driven into the external medium is (at least initially) highly relativistic, the shock front
moving with I'y, = (1 — g3)7!/2 >> 1. The planar Riemann problem contains five regions (see Fig. 1): (1) at § > &g, where & = x/ct and
& = &g = xa(1)/ct = By at the location of the shock front, there is cold, unmagnetized, unperturbed uniform external medium at rest with
rest-mass density p;; (2) at £cp < £ < &g, there is a uniform” region of shocked external medium, moving at I', = (1 — ﬂ%)*” 2 & Ty /ﬁ
with e; = 3p, = 4F§p1c2, where at Ecp = B, there is a CD; (3) at £, < § < &¢p there is a uniform region [moving at I'; = ', with
e3s = p3 = (B3/T'3)?/8m = p,] occupied by magnetized material (originating from region 5, or from the original magnetized outflow in
an astrophysical context) that has passed through a rarefaction wave (region 4) and is accumulating between the front end of the rarefaction
wave, at'® &, = [B2 — Bus(B2)]/[1 — B2Bms(B2)], and the CD; (4) at £ < € < £, is a region with a rarefaction wave described by the
self-similar solution in appendix A of Paper I, where & s = —Bms.0 = —[00/(1 + 0¢)]"/? is its tail and (5) at & < £ is the original unperturbed
uniform, cold magnetized shell at rest with rest-mass density po, magnetic field By, and magnetization oy = B2 /4mppc? > 1.

Now, let us consider such an initial shell of finite initial width /y, whose back end is leaning against a conducting ‘wall’ (at x = —Iy).
At ty = lo/cms.0 (Where 1y = Iy /c for o9 > 1) the tail of the leftwards moving rarefaction wave reaches the wall and a secondary right-going
rarefaction wave forms which decelerates the material at the back of the flow. The head!! of the secondary rarefaction wave is located at

7 This occurs since in the momentum equation there is a term 0, p or 9, p, while in spherical geometry this rescaling requires p = r2p, which would instead
give r=20,r2p = 0, p +2p/r, i.e. a spurious extra term.

81In this region, for k = 2, I derive the expressions for the density p for the planar case, ppl, and those for the spherical case are given by pgpn(r, 1) =
(r/Ro) "2 ppi(x = r, 1), where pspn(r, t = 0) = po(r/Ro)~? is the initial density profile of the spherical shell.

9 As discussed above, in this region there is a deviation from the simple scaling between the planar and spherical cases, and the BM76 solution with m = g =
0 and k = 2 holds there in the spherical case.

10 Here Bms(B) is the dimensionless fast magnetosonic speed within the rarefaction wave (region 4), at the point where the flow velocity is v = fc.

! Note that I refer to the rightmost point in the rarefaction wave as its head. In the original rarefaction wave this was at the vacuum interface while for the
secondary rarefaction wave this is at the interface with the original rarefaction wave.
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Figure 1. The self-similar structure when a cold magnetized shell initially at rest (occupying x < 0 at # = 0) accelerates into an unmagnetized external medium
(initially at rest and occupying x > 0 at r = 0). For concreteness, I show the proper density normalized by its initial value in the magnetized shell (pg — the
density in region 5), for o9 = 6 and p;/po = 0.08. Such a self-similar solution in planar symmetry, where & = x/ct, also corresponds to a solution in spherical
symmetry, where & = r/ct and (x, b, p) — (r, 1D, 2p) (see equation 19).

&.(t) = x.(t)/ct and moves to the right with a dimensionless speed

_ldn _ )+ ) @)
T codt 1+ ﬁ(é*)ﬁm%(é*),

where 8(§ > &,) and Bs(§ > &) are given by the self-similar solution for the original expansion (describing a leftwards moving rarefaction),

B+

since the part of the flow ahead of the secondary (or ‘reflected’) rarefaction wave (§ > &,) does not ‘know’ about the existence of the ‘wall’.
At this stage region 5 described above no longer exists, and a new region is formed behind the head of the secondary (right-going) rarefaction
wave. This new region carries a very small fraction of the total energy as long as the magnetization at its head is large, o(&,) = 0pp. > 1
where p. = p(&,)/po, which implies that this rarefaction is strong and significantly decelerates the fluid that passes through it (see Paper I for
details). Therefore, as long as this condition holds, most of the energy and momentum in the flow, as well as most of the original rest mass of
the magnetized shell, remain in a shell of constant width ~2/, between &, and &,.

The value of &, is determined by pressure balance at the CD. Since both the normalized pressure, p = b*/2 = r?b*/2, and the fluid
velocity are constant in the range £, < § < &y, = By, (corresponding to regions 2 and 3; see Fig. 1), and Ry () & Rcp(f) = R(t) =~ ct so that
the external density can be evaluated at either of these radii, p;[Rq ()] & p1[Rcp(?)], we have

4 Su : R g o0p (:2 ~
a T (R)pi(R)c* = pa(R) = p3(R) = paE) = (= ) S BAR), (23)
3 &cp R 2
1 uniform approximation,
a= 24)
0.571 BM76 solution,

where p = p/py is the normalized density (i.e. p/po in the planar case and pr?/poR3 in the spherical case) and p, = p(£,)/po is its value at
&, while equation (24) holds for I'cp > 1.

Although the self-similar solution at r < Rcp(#) is strictly valid only for k = 2, for which I'cp is constant, we shall make the approximation
that it still provides a reasonable description of the flow for k # 2, in which case I'cp, o ¢p, etc. gradually evolve with time.

Denoting the initial shell to external density ratio by o = po/p1(Ro), equation (23) implies

. 8a 12 7 g\ @hr2 8ao, 12 7 p N\ @hr2
pu(R) = = = — Cep, o0, = — Cep, 25
PuR) o (3f000> (Ro) @ (3fo> (Ro) «® @
where o, = o(&,). For the self-similar rarefaction wave solution in region 4 (see Paper I),

1+ 4
(%) (Wo +vo + 1)t = T = (JaTH— oy + 1) ~ 1605, (26)
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where o = 0(§) = 0pp = 0pp(£)/po is the local value of the magnetization parameter, and the Riemann invariant 7, approaches a value of
1607 for o >> 1. We are interested primarily in the relativistic part of region 4, for which I'y > 1 is given by'?

. 200+ 1 N oy + /(1 +2/0) ~ 20 oK1, o
(Vo +vo 1)’ 12 o> 1.

At ]l € 0 K 0 the Lorentz factor varies significantly with o = oyp as I's & 0 /20, while for o « 1 it approaches a constant value of I'y &

20 . The transition between these two regimes occurs at o ~ 1 for which I'y ~ o [though I'4(c = 1) & 0.3430, and ['4(o = 1/8) = o¢].

We are particularly interested in when this also corresponds to the transition between regions 4 and 3, i.e. ['4(§,) =T, ~opand o, ~ 1,

which according to equation (25) corresponds to fy ~ 003 (R/Ry)*™*, or to a radius R, that can be defined by o ,(R;) = 1 and is given by

f() 1/(2—k)

99
For k = 2 both I'cp = I', and o¢p = o, do not change with radius, so that generally o, is either always below 1 or always above 1,
corresponding, respectively, to Regimes I and II that are discussed below, so that in this case there is no radius R, where o ,(R;) = 1.
If the magnetization in region 3 or just behind the CD is low, o, = ocp < 1, then I'cp =~ 20 according to equation (27), so that

equation (25) implies
k

_(32a00\'"7 (RN a0\ (RNTF 29)
u% e ) 0-u%0' ~ —— .
P 3fo Ro @ 3/ Ro

If, on the other hand, the magnetization in region 3 or just behind the CD is high, o, & o¢p > 1, then equation (27) implies 'y ~ 1/2p

(since 0 > o, in all of the region behind the CD), and in particular I'cp = ['4(§,) =~ 1/2p,, so that equation (25) gives

) 2 14 7 R\ @04 2a03 1/4 R\ @4
o (3fooo) (RT)) SR ( 3 ) (170) >
Fep ~ (3f000) 174 (R)<k—2)/4 r <R>(‘"2)/4’ 30
32a Ry R,

where R, ~ Rol‘fr is the radius at which I'cp reaches the value I' ., when o, & o¢p > 1, and an expression for this radius is provided in
equation (46).

4.2 Regime I

From the derivation above it becomes clear that for f > 007 ~2 the external medium would hardly affect the acceleration phase, and the

magnetized shell would accelerate essentially as if it were expanding into vacuum (as described in Paper I, and summarized in Section 3).
This can be seen from the fact that this condition corresponds to o, (R.) < 1, i.e. that even by the coasting radius R. ~ Ryo¢ the region of the
original shell that had been affected by the external medium (region 3) occupies only a small part of the flow near its head that carries a small
fraction of its energy. The transition, where f; ~ 007 ~2kcorresponds to the equality of the coasting radius (or distance), R, ~ Ryo?, and the
deceleration radius.'3 In planar symmetry with a constant external density p; (which corresponds to k = 2 in spherical symmetry), conservation
of energy implies E ~ looopoc? ~ aozldec p1¢? and thus the deceleration distance is given by lgec ~ lopo/oop1 = lofo/0 ¢ (Where for simplicity
we discard factors of the order of unity) so that indeed lgec ~ I ~ lo<702 corresponds to fy ~ ag, as it should. For spherical symmetry, energy
conservation reads E ~ R}oopoc® ~ o3 AR c?, implying a deceleration radius Raec ~ (E /03 Ac?)"/C0 ~ Ry(fo/00)"/C7P, s0 that indeed
Ryce ~ R. ~ Roag corresponds to fy ~ 007 “2kor A ~ R(’; ,ooaozk ~7. Note that in this regime Ry essentially corresponds to R that is given in
equation (5) where Iy is replaced by I'(R.) ~ 0.

For k < 2, 0, increases with radius (see equation 29) and since we have seen that Regime I corresponds to o,(R.) < 1 this implies
that o, < 1 all along. For 2 < k < 10/3, on the other hand, o, decreases with radius passing through the value of 1 at a radius R, given
by R1/R. ~ (fo/o] *)"/@% « 1. This would be physically interesting only if R; > Ry, which corresponds to o, * <« fy < 0. In this
parameter regime Ry < R; < R, so that equations (29) and (30) imply that 0, & o cp ~ (R/Rl)(z_")/4 >1latRy <R <R, whileo, = ocp ~
(R/R)®™/2 < 1atR > R (orat R; < R < R, as we shall see later). For both k < 2 and 2 < k < 10/3 we have o, ~ ocp < 1 at R > R...

One can find the time when the reflected rarefaction wave reaches region 3, £, = £, or the corresponding radius R,. Relying on the

derivations in Paper I, one obtains R, /R, & 20;3/ 4. which upon substitution of o ,(R,) from equation (29) and solving for R, gives

3 12—3k
R, 2 3fo =4 Rgs \ 7%
A ~ ~ 1’ 31
R. 03/4(&‘) (27/3a%7—2k> ( R. > (31)

12 The result for the bulk of the rarefaction wave (where I >> 1 and o >> 1) can be understood considering a finite shell of initial width [y and energy (per unit area)
Ey = l()(Bé/ST[)(] +2/00) = 1y 38/871. After the passage of the rarefaction wave, the shell width becomes ~2lj, and since it is relativistic there is an electric
field in the lab frame that is almost equal to the magnetic field so that the shell energy is E ~ 2lo(B?/47). Now, E = Eq requires B ~ By/2, and B = ByI'p
since B/T p = const, implying I' ~ 1/2p. More generally, 'y = (§g + Bgl)/Z, where 85 = [(1 + B)/(1 — P12 = [(VT+ 00 + /o0) / (VT + & + Jo)I2.

13 The deceleration radius Ry, is the radius at which most of the energy is transferred to the shocked swept-up external medium. Here its post-shock Lorentz
factor is 'y ~ 0 and therefore the energy given to a swept-up external rest mass M is (I’% —DMc* ~ U&M 2, and Ryec is given by E ~ U&M (r < Reec)c?.
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Figure 2. Evolution of the typical Lorentz factor of the flow (where most of the energy resides), (I'), as a function of radius R for k < 2 and for different
values of the initial magnetization o (and pg  1/0() and fixed values of the initial time or length scale (fo & Ro/c or Ry), energy (E ~ Lto =~ LRy/c or L)
and external density (k and A or p;(Ro) = Ang), which imply fixed I'¢; and Rc;. In most cases of interest I'c; 3> 1, so this is assumed to be the case here.
The purple and green lines correspond to regimes I (1 < o9 < I'¢r) and II (I'ey < 0 < F?,M_k)/z), respectively. In Regime III (o > F?,(4_k)/2), (T'YR > Ro)
becomes independent of o and follows the thin solid red and blue lines. (The particular slopes in this figure are plotted for k = 0, but the general scalings are
clearly indicated.)

where Rgs (discussed below) is the radius where a strong reverse shock develops. Therefore, clearly R, < Rgs, and the reflected rarefaction
reaches region 3 well before a strong reverse shock develops. The rarefaction wave also reaches the CD (&, = &¢p at a radius R, cp) within a
single dynamical time from reaching &, (i.e. R, cp ~ R,),

Bcp—PBms(fcp)
AR At En—b P~ TGy _ L+ BooBm(Bon) 32)
R, ty  B«(Bcp) — Bep %‘% —Bep 1= BeoBms(Bep) '

where AR = R, cp — R, and the last approximate equality is valid since Bs(Bcp) ~ 0)/?

./~ < 1. Once the right-going rarefaction wave reaches

the CD, this triggers a gradual deceleration of the CD, which is initially weak as the rarefaction is weak at this stage since up, = /0, < 1.

In Regime I, which corresponds to fy > o) * <= 0y < T ~ (f000)"/® 2% or R, &« Rgec ~ Rr, there are three main stages in
the dynamics of the shell (see Figs 2 through 7): (i) initially (at Ry < R < R.) the shell accelerates, its typical Lorentz factor increasing as
(I') ~ (ogR/Ry)"/* while its typical magnetization decreases as (o) ~ (T()z/ 3(R /Ry)~'/3 (since magnetic energy is converted into kinetic energy
while the total energy is conserved, (I')(o) ~ o¢); (ii) at the coasting radius, R. ~ RyoZ, the kinetic energy becomes comparable to the
magnetic energy, (o) ~ 1, so that at R, < R < Ry, most of the energy is already in kinetic form and the shell coasts at (I") ~ o while its
magnetization decreases as (o) ~ R./R; (iii) at Rgec ~ (E /03 Ac*)/C® ~ Rp(I'y — 09) most of the energy is transferred to the shocked
external medium,'* and at R > Ry.. the flow approaches the BM76 self-similar solution where (I') ~ (E/Ac?)!/2R*=3/2_This is summarized
in the following equation:

oo(R/R)'3 Ry < R <R,
(R/R)™ Ry<R<R.,
(") ~ 00 R. < R < Ryec, (o) ~ (33)
(R/R)™! R: < R < Ryec-
00(R/Raec) ™ R > Ruee,
Please note that in Regime I, 'cp ~ 0 at R > max (Ry, R|) < R. < Ry However, at R > Ry, as the original magnetized shell becomes
part of the BM76 self-similar solution its Lorentz factor is ~I"cp and it decreases with time along with its magnetization and total energy.
As long as it is relativistically hot and thus part of the BM76 solution, its Lorentz factor scales as I'cpy oc RZ=7/2 o¢ T=D/144=0] while its
magnetization decreases as o o« RZ*9/2 o¢ T=9/AE=b] where T ~ R/cTZp is the time when radiation from the original magnetized shell
reaches the observer. However, since the reverse shock is only mildly relativistic the shell’s temperature quickly becomes sub-relativistic and
it deviates from the BM76 solution (and the corresponding scalings above), decelerating more slowly (Kobayashi & Sari 2000).

14 At R < Rgec ~ Rr the shocked external medium holds only a small fraction of the total energy, Ecxi/E ~ (R/Rr)3_k < 1 (for k < 3 for which the forward
shock decelerates).
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Table 2. The different regimes for k < 10/3 expressed in terms of fo = po/p1(Rp), er ~ (foa())l/<8_2k) and 0.

Regime Ordering of critical radii fo=po/p1(Ro) Cer o
I Ry < (Ry <)TR. < Ry ~ Ry cp < Rrs ~ Rer < Raec ~ Ry fo> ol *>»1 Co > 00> 1 1 €09 <Ko
1 1 1
PE2%s o> TR > 1 T > Te> >l 1KoK ff ™
i R i 1/3 T2k ﬁ 1253](
0 < (R1 <)¥ Ry < Ret ~ Raec ~ R+.cp < Re 0, < fo <oy 0y " LT K0 T € 00 K Ty
4k 1 2 1
To? < fo<<TEH fo 7 K Ta < fi'™ o F <o < fy
2 123k
11 Ro~ Ry < Rer ~ Rgee ~ Re.cp < Re oy < fo <oy 1 €T K0y 00> Te? >1
4—k 2
fo<Te? T 1 T > max(l, ™) oo > max(f§, fyH
v Race ~ Ro, taee/to ~ TE4 > 1 foxay' <1 e <€ 1K oo> 1> Ty
1
fo<TE 2%« i «Ta k1 l<a < fy!
. . . . T2k 3 (4—k)/2
1 This ordering of Ry is valid only for 2 < k < 10/3 and o, < fo<oy =T < o9 < .

7—

1 This ordering of R; is valid only for k < 2 and ag < fo <oy rﬁ?‘“/ 2,

2% < ¢ <0 <

In Regime I, the typical magnetic pressure in the ejecta shell at R, is p,,(R.) ~ p(R.)c> ~ p0c20075 (where p is its typical or average
proper density), while the pressure of the shocked external medium is p,(R.) ~ p; (Rc)czao2 = p (Ro)cza(f*zk, so that the typical or average
magnetic pressure in the shell is much larger, p,,(R.)/p2(R:) ~ fo/ 007 1. However, at larger radii the two pressures scale as p,, R4
and p; o R7* so that their ratio drops with radius as p,,/p> o< R“"* and the two pressures become comparable at Rgs, where

fo 1/(4—k) fo 1/(3—k)
Rgrs ~ R <ﬁ> ~ Rer, Raec ~ R <ﬂ) . (34)
% %

A strong reverse shock must form at R ~ Rgg, since at that stage the magnetic pressure can no longer balance the thermal pressure of the
shocked external medium at the CD, and a new source of pressure is needed, which comes in the form of thermal pressure that is generated
by the reverse shock that develops and soon becomes dominant. While a weak reverse shock might develop earlier, at R < Rgs the thermal
pressure it generates would be much smaller than the magnetic pressure, so that it would not have a significant effect on the dynamics and
would dissipate only a small fraction of the total energy. The reverse shock is initially Newtonian, until it becomes mildly relativistic at Rgec.
This can be seen by balancing the pressure behind the forward shock, p, ~ p; (R)czag ~ p1 (Ro)czaoz*Zk(R /R.)7*, with the (predominantly
thermal at R > Rgg) pressure behind the reverse shock, prs ~ ,O(R)czuﬁS ~ pocza(; (R / RC)*‘%uﬁs, which implies a reverse shock upstream
to downstream relative four-velocity of ugs ~ (R/Ryec) 072,

This is the familiar ‘thin shell” case for the deceleration of an unmagnetized initially coasting shell (described in Section 2). The shell starts
spreading significantly (in the lab frame) at R, ~ RyI'*(R.) ~ Rocroz, resulting in the formation of a reverse shock that becomes thermal pressure
dominated around Rgs, and gradually strengthens until it becomes mildly relativistic near its shell crossing radius, which is the deceleration
radius, Ry ~ (E /O‘OZACZ)I/ (=K Near Ry, where most of the energy is given to the shocked external medium, and where the reverse
shock crosses most of the shell, the typical magnetization of the shell is low, (o) ~ R./Raec ~ (00/ L)@ /G0 ~ (a7 / fi)/CP « 1
(where I have identified A in equation 11 with Ry). Note that this regime corresponds to I'(R.) ~ oy < I'ir, which can also be expressed
as Do /0y ~ (foodt™)/E=20 ~ T(()3_k)/ @20 5 1 where in the expression for T (equation 8) one substitutes Ag — Ry and T’y — o, thus
clearly corresponding to the unmagnetized (or low magnetization) thin shell case. A larger magnetic field downstream (and also somewhat
upstream) of the reverse shock is possible due to magnetic field amplification in the reverse shock itself, which may allow for a reasonable
radiative efficiency coupled to the rather effective energy dissipation in the mildly relativistic reverse shock.

Altogether, I find that R, cp ~ R,, Rrs ~ Rer, Raec ~ Rr and

3—k 2—k

RN\TF Re  (Ru\ ™ (RN\TT (TN [ fo B 35)
R. R R. R. oo oy % '

The ordering of the relevant critical radii in different regimes is given in Tables 2 and 3. In Regime I with k < 2 or with 2 < k < 10/3 and

fo> 003 we have Ry < R. < R, ~ R, cp < Rrs ~ Rt < Ryec ~ Rr while for2 < k < 10/3 and 03_21‘ < fo < 003 we also have the critical

radius R; sothat Ry < Ry < R. < R, ~ R.cp < Rrs ~ R+ < Raec ~ Rr.

4.3 Regime II

This regime corresponds to crol/3 < fo K 00772]‘ — 002/“2731{) LTy Koy = Ty K oy K l"czr/('z_3k), where the condition ', <
oo corresponds t0 Rgee ~ Ror ~ RoI'Z &« Rood ~ R.. As we shall see below, this also implies that 0'01/ P« I'ep(Ry) < o0p and

1 < au(Ru) < (7(%/3.

For k < 2, o, increases with radius, and since in Regime II it is larger than 1 at R,, it passes through the value of 1 at a smaller radius
R that is given by R,/R. ~ (fo/oq *)"/@% « 1, and the ordering of the critical radii is R, < R, < Ry < R.. As in Regime I, also
here in Regime II, R, is physically interesting only if R; > Ry, which now corresponds to o < fy < 007 ~2k In this parameter range o, ~
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Table 3. The different regimes for 10/3 < k < 4 expressed in terms of fo = po/p1(Ro), Ter ~ (foo0)/E=20 and o).

Regime Ordering of critical radii fo=po/p1(Ro) Cer o)
1/3 = 123
I TRo ~ Racp < Re < Ry fo> 0,7 > 1 Lo > 0 > 1 1 Koy K Ter
4k 2 1
¥Ry < Ri ~ Raep < Re < Rer FE2% > fo» Te > 1 foE > Ta> 57 >1 1 <o < f3
2 123k
1= Ry <R, <Ry ~ Rdcp < R¢ < Rer 0_372k < fO < 001/3 1 Kog KT € 00]2_3k 1K l—‘cr 2 K oy L e
4k
I < fo < Tef
2 1 1
Dek<] T F < T < f " 1< figog< fy &
2 1 1
l<k<4 Ter > max(fy™", f75) oo > max(f3, fy )
i} Ry < Rer ~ Racp ~ Raec o < fo<og 1 < T <00 00> T > 1
o< TI7 Ty > 1
1
Vok<? Ter > max(l, £ %) oo > max(fy ', f7)
1
T<k<4 7> Tax>1 1< fy oo < f7F
v Race ~ Ro. taec/to ~ T4 > 1 fogay' <1 I < 1 00> 1> Iy
i
fo 82k «1 T «Te < 1 1 <00 < fy!

4—k)/2
r(r )/ .

4—k)/2
r(r )/

1 This ordering holds for fy > 03 =09 <

1 This ordering holds for 001/3 < fo< ag’ — Félz_%m.

<o)<

Figure 3. The same as Fig. 2 but with the addition of the Lorentz factor of the CD, I'cp (dash—dotted lines), until it becomes similar to the typical Lorentz
factor, (I') (solid lines). The two remain similar up to the deceleration radius, after which I'cp starts falling behind (I") (at which stage only (I") is shown in
the figure for clarity; dashed lines). (The particular slopes in this plot are drawn for £ = 0, but the general scalings are clearly indicated.)

ocp increases with radius as o, ~ ocp ~ (R/R)?M? < 1atRy <R <Ry and as o0, ~ ocp ~ (R/R)?P* > 1 at R, < R < R,,. For
0, < fo < o wehave R, < Ry, and o, ~ ocp ~ (R/R))> P4 > 1 all along. Altogether, for k < 2 we have o, ~ ocp ~ (R/R))> /2 <
1 at Ry < R < min(Ry, R) and as o, &~ ocp ~ (R/R)?P/* > 1 at min(Ry, R)) < R < R.. For 2 < k < 10/3, on the other hand,
Ri/R. ~ (R /RN fy /o] 7H)/CR 5 1 5o that Ry > R, > R and o, & ocp ~ (R/R))® /4 > 1 all along.

For k = 2 we have a self-similar solution for the rarefaction wave, thanks to the equivalence of the cold MHD equations for a spherical
flow to those for a planar flow, which make it easier to explicitly calculate much of the relevant dynamics. For a general value of k we do
not have this privilege, and I have relied on the approximation that this self-similar solution still approximately holds in this case where
I'cp =T'(€,) and &, gradually changes with time. In order to further justify this, I now provide an alternative derivation of equation (30). The
pressure balance at the CD reads (Bcp/ T'ep)?/87 ~ a(4/3)T'2p p1¢2, implying

3Lep \"* .
Tep & | -2} RED/M4 36
P (32a7‘tAc3) (36)
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2<k<10/3

Ro Rer |Og(R)

Figure 4. The same as Fig. 3 but for 2 < k < 10/3.

10-3k)/2
g2
Rcr = Rdec

(2

1"2/3 Gy = N
cr cr O~ R-1/3 \\\
1 —
Re =~Ryo0? log(R)
% < 7 2= R ?\\
A\
5 ¢
~ R\7 Qs
Ro

Figure 5. Evolution of the typical magnetization (o) of the outflow as a function of radius R, corresponding to Fig. 2 (i.e. for k < 2, where each of the solid
lines originating at R = Ry corresponds to a different value of o). The different regimes identified in the text are plotted using lines of different colours:
Regime I (1 < 0¢ < I'¢p) in purple, Regime II (I'e; < 0p < rﬁf“*k)/ 2) in green and Regime III (o > 1"C3r(47k)/ 2) in cyan. The lines corresponding to relevant
critical radii (some of which depend on o) are also shown.
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Figure 6. The same as Fig. 5 but with the addition of the magnetization just behind the CD, o cp (dash—dotted lines), until it becomes similar to the typical
magnetization, (o).

where Lcp ~ cBéD RéD is the instantaneous Poynting flux through a static spherical surface at r = Rcp. Note that L¢p is close to the mean
(isotropic equivalent) luminosity (or power) of the source, L &~ Ec/2R, & Tpy0yc’ Rg [identifying the initial width of the shell Ay with its
initial radius Ry, where the shell initially occupies the region 0 < r < Ry, while E ~ Egy o = 27p)00C> RS and pg = p(t =0, r = Ry)], only
where the magnetization parameter just before the CD is large, ocp > 1, which corresponds to I'cp < 0. In this case Lcp &~ L and we have

3L R*2 1/4 3ER2 1/4 3 fo00 14 s g\ k=24
I'ep~ | ——— ~— ~ _
P ( 32amAc? ) (64anAc2R0 ) < 32a ) ( Ro )

(k—2)/4 (k—2)/4 (k—2)/4
~ Té-hr2 (5) ~ Ty (i) ~ o9 (5) , (37)
RO Rcr Rl
y o 2aci\ " [ RN\ R\ o1 a8
ocp = 0, = 00Py ~ ~ — ~ [ — .
€0 = Ou = 0o 2l cp 3/ Ro R,

This is valid as long as the value of the lab-frame magnetic field B at the CD (i.e. the head of the outflow) is close to its original value, i.e. for
ocp = o, > 1, which holds at max (Ry, R1) < R < Rgec.

The condition that f, > aol /3 in Regime II implies that Tcp(Ro) ~ LE=R72 ~ (foop)/* > %1 /3 and therefore at 7 region 4 (see Fig. 1)
holds most of the volume and energy, and (I") ~ 001 / 3(R JR))'3 & (oyt /ty)'/3 at t > t,. At this stage the typical or mean value (weighted
average over the energy in the lab frame) of the Lorentz factor within the magnetized shell, (I"), increases with time, while for k = 2 the
Lorentz factor of the uniform region at its front, I'(§,) = I'3 = I'cp, remains constant. More generally, I'cp(Ry < R < R.;) is given by the
minimum of 20 and the expression in equation (37). This acceleration (increase in (I"})) lasts until the secondary (or reflected) rarefaction
wave finishes crossing region 4, i.e. until £, & 1 — 2Ry /ct &~ 1 — 2R, /R equals

3/4 32=k)
£ = Beo = Bwns(Bep) 1= (Tins/ Tcp)? ol %0 32a0, " <£) ! 39)
! - ﬁCDIBms(ﬁCD) 1+ (Fms/ IﬂCD)2 l_‘(33[) 3f0 RO ’
[where since ', > 1, we have Fﬁu ~ ufm =0 = 0pp ~ 0p/2I" and specifically Fﬁls(ﬁCD) ~ 0y/2lcpl, at R = R,,, which corresponds to
3 1
Ru 3f0 10-3k UORu 1/3 3f00037k 10-3k 3
Ri() ~ (W) . (CYRY) ~ 2R, ~ W ~Tcp(R) =T, (40)
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This implies
3
R, 3f -3¢ 1
— x| —— N — KL, 41
R, (21'/3a%7—2") 403 (Ry) < “n

which is different from the result for Regime I (see equation 31), where R, /R, = 20,3/*(R,) > 1.
At this stage (R = R, or t = t,) most of the energy in the flow is in'’ region 3, which moves with I'; &~ I'cp given by equation (37),
which represents (I') at this stage (R, < R < R, cp). Region 3 is gradually crossed by the right going rarefaction wave, until it reaches
the CD at R, cp ~ R ~ Ryec (as shown in detail below), which marks the end of this stage. At that point most of the energy is in the
shocked external medium,'® and the flow approaches the BM76 self-similar solution (first the rarefaction wave crosses region 2, within a few
dynamical times,'” and then the adiabatic BM76 self-similar solution is quickly approached).
The width of region 3 at #, (when the rarefaction wave reaches &,) in the lab frame is A3 = ct,(§cp — &4) ~ Ry00' ¢ (Ru) ~ 2Ry. In
region 3,
ﬁCD + ﬂms(ﬂCD) ~1— 1 ~1— 1
I + BepBms(Bep) IEpT2,(Bep) 4o0Tcp’

so that (1 — B8,) < (1 — Bcp) = 1/2I'(2:D and therefore Av = (8. — Bcp)c = c/ZFéD and the increase in radius, AR = R, .cp — R, (or time,
At =t,cp — t, ® AR/c), during the time it takes the rarefaction wave to cross region 3 is AR =~ 2Ryc/Av =~ 4R01"éD ~ Ryec fork =2,
while more generally

14,CD Ry.cD dR R, Reco/Ru -,
2Ry & / thv%/ 5 =-— dRR 2,
, r 2T2p(R)  2MEp(R,)

2 |:(1 N M>(4k)/2 B 1:| ~ 4ROF(23D(R’4) ~ 209

B =

42)

u u

~ doco(R) > 1,
@—n R, R, TRy~ toeo(Ru) >

= iR [2(4 — k)ocp(R)14H ~ (

u

43)
R

so that the rarefaction reaches the CD at R, cp &~ AR ~ Ry ~ Ryec.
The deceleration radius in this regime can be obtained by equating the initial magnetic energy to the energy of the swept-up external
medium, E & 27mp000c? R} ~ [471/(3 — k)] Ac® Ry Tep(Raec)?, which implies

R. ) 2/(12-3k) R..
u

4—k)
Reee  [B—k)8afyoy]" ) ., Ra
Ddee o | 22 OJ0T0 ~ T2 (Rgee) ~ T2 ~ 25 44
RO |: 3 CD( dCL) R() ( )
and therefore Ry.. ~ R, where R, is the radius at which I'cp = 'y, and
BG-kE*
Ty &~ | ———2— R G-h/2 45
M [ 4mAC? )

is the typical Lorentz factor during the subsequent constant energy self-similar (BM76) stage. Estimating the value of R, from equations (37)
and (45) and identifying Ry with A, gives

4G —kpapa,Ven  [93x 10 e g FEL T em (k= 0),
Ry ™ | —————— 2 46
“ { 3mAc? } 15, 1/2—1/2 A—1/2 p1/21/2 o
53 x 10562 1V2PAPER T em (k= 2),
or
R 1 [ERy\ "% -
R ( Ac ) ~ (fooo) " ~ TG, @)

15 This can be seen as follows for k = 2. The pressure is continuous across the CD, and therefore the energy density of regions 2 and 3 in the lab
frame is similar, and their relative energy is determined by their relative width in the lab frame. For region 2, using the uniform velocity approximation
&n — &cp = Psn — Bep ~ 1/2T% — 1 /2r2 ~ 1/4T'2, [for the BM76 solution &g, — &cp ~ (1 — xcp)/202p & 1/4.60T"2;, which is rather similar], while
for region 3, &cp — &, ~ 00/ I"éD I/ZFCD = (200/I'cp — 1)/21"CD, and therefore the width of region 3, A3, is larger than that of region 2, A, by a factor
of A3/Ay~2(200/T'cp — 1) > 1, since I'cp <K o in this regime.

16 At R, < R < Rgec ~ Rer only a small fraction of the total energy is in the shocked external medium, Eey/E ~ (R/Re) 40072,

17 For k = 2, making the approximation that the region between the CD and shock front has the constant velocity of the CD and that I'y, = +/2cp
and using equation (21) one obtains that during the time the rarefaction wave travels from the CD to the shock front the radius increases by a factor of
L+ (1 = xg )2(\/7 + 1)/(3 — V/3) ~ 2.87. If we self-consistently use the above assumption to estimate the width of this region (even though this is not
fully self-consistent) this gives (Rsy — Rcp)/Rcep =~ 1/4Icp instead of equation (21), and a growth in radius during the rarefaction crossing by a factor of
14+ (v/3+1)/(3 — +/3) & 3.15. In both cases it is close to a factor of ~3. This factor is relatively large since the sound speed in region 2 is ‘only’ ¢, & ¢/+/3
(as it is unmagnetized but relativistically hot, while regions 3 and 4 are cold but highly magnetized) and the shock front moves somewhat faster than the fluid
in region 2.
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During the initial acceleration (at R > Ry), (I') ~ (¢oR/Ry)"/>. This lasts until most of the energy is transferred to the part of the magnetized
shell with I ~ I'¢p, which occurs at a radius R,,, Lorentz factor I', and magnetization o ,(R,) given by

3/(10-3k 1/(10—3k
Moreover,
r., (k=2)/(10—3k) r., 2(4—k)/(10—3k)
Fu ~ 1—‘cr (7> ~ 0y (7> ) (49)
0o 0o

so that near the transition to Regime I, I, ~ ', ~ ¢ and R, ~ R, ~ R..
In Regime IT we have 1 < foa(;l/3 < 002“0731{)/3, which corresponds to 1 < R,/Ry < o (i.e. Ry € R, < R.), 001/3 <« I'y <« oy and
1kKo,(R,) K 002 /3. The different critical radii are related by

103k (2-k)(10-3k) 2k

3 2-k 10-3k 5
R, 2 R Id=n R\ %+ R, 1% R r
Rcr Ru Rc RC Rc 0o

so that for 2 < k < 10/3 or for k < 2 and 001/3 < fo< 003 we have R; < Ry < R, < Rt ~ Raec ~ R..cp < R and R is irrelevant (as o, > 1

all along), while for & < 2 and 03 < fo < ag ~2 we have Ro < R; <R, <R ~ Ryec ~ Ricp < R. and R, is relevant. In all cases R, is not

relevant physically (since it loses its meaning as a coasting radius).

The typical magnetization of the shell in the intermediate stage is
(@) (R, < R < Rep) il %(R)QW4 %(R)QW4 1)
)R, <R<Ry)~0cp~ o—~ — | ~ |5 ,
“ l—‘CD Fu Ru r cr Rcr

so that at Rgec ~ R we have (o) ~ oo/T"; > 1. Thus, altogether in Regimes I and II we have

(UO/ l—‘cr)2(4_k)/(3_k) oy < l—‘cr (Reglme I)a
(o) (Raec) ~ (52)

00/ Ter 0o > T (Regime II),

while in Regime II we have

(060R/R)\? ~TW(R/RD'® Ry <R <R,

(")(R) ~ Fa(R/ Rt~/ R. <R <R, 53
1—‘cr(R/Rcr)(k_:;)/z R > R,
0 Ry <R < max(Ro, Rl),
Fep(R) ~ o9

U()(R/Rl)(kiz)/4 ~ l—‘CI'(R/RC1')(k72)/4 max(Ry, R1) < R < R,

o3 (R/Ro)™"/* ~ (59/ T)(R/R,)/? Ry <R <R,
(@)(R) ~ (55)
00/ TO(R/R)C™/4 ~ (00/ Te)(R/R)>™* R, < R < R

(R/R)ZZ ~ (a3 / fo) *(R/R))* ™M Ry < R < max(Ry, R)),
ocp(R) ~ (56)
(R/Rl)(z_k)/4 ~ (00/ l—‘cr)(R/Rcr)(z_k)/4 maX(R(h Rl) <R< Rcr'

4.4 Regime II1

In Regime Il we had I'cp(Rp) > 001 73 50 that the plasma near the CD was super-fast magnetosonic with respect to the ‘wall’ already at R ~ Ry,
with Tep/ Dins & (2T35/00)'/2 > 1, and thus not in causal contact with the source. Here, in Regime III, we consider what happens when 1 <
TCep(Ry) K 001 /3 In all the regions behind the CD, the fast magnetosonic Lorentz factor is given by Fﬁﬁ ~ urzns =0 > ocp ® 0p/2cp > 1,
so that as long as I'cp K 001 /3 the flow remains in causal contact with the ‘wall’ or central source, I'/ ' < (21“(3jD /o)'/? « 1. Thus, the

flow remains roughly uniform and the conditions just behind the CD are representative of the typical values in the shell, (I')(Ry) ~ I'cp(Rp),

implying
_ 1/4
(D)(Ro) ~ TG ~ 03 (faoy ) = (foow 57
- _ —1/4 _
(@) (R)) ~ ol ™" ~ ot (fooy 1) = o0 (foow) ™ (58)
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so that the conditions near R,, are very similar to those in Regime I: Rgee ~ Rer ~ RoI'2, (T)(Rer) ~ Ter, (0)(Rer) ~ (0 )(Ro)(Rer/ Ro)? /4 ~

cr?
00/ Ter»and Tep(Ree) ~ (T)(Rgee) ~ T'er. This implies that Regime 111, defined above through the condition 1 < I'ep(Ry) < o,°, corresponds
ooy < fo <0y 1< T <oy orog > TI2072 % 1.
In this regime I'¢p is still given by equation (36) while
or
_ ﬂCD - ﬁms(ﬁCD) ~ _1 - (FCD/ l_‘ms)z ~ _1 - % ~ 4FéD
1 — BcpBms(Bep) 1+ (Pep/ Tins)? 1+ 2o 0o

o0

Eu -1~ _17 (59)

so that region 3 initially occupies most of the volume, As(r < t,)/ct = &p — &, = 2 —1 /ZF%D + 41"%D /oo ~ 2. This demonstrates again
that already at t = #, the conditions just behind the CD (region 3) dominate the average values over the original magnetized shell, so that
(I') ~ I'cp and (o) &~ ocp are given by equations (37) and (38), respectively. Region 4 occupies only a small fraction of the total volume
already at t = 1y, A4(ty)/cto = &, + Pmso & 41“33D /oo < 1, and it is very quickly crossed by the right-going rarefaction wave, which reaches
region 3 (¢, = &,) att =1, (and R = R, that corresponds to

ty N Ay(to) _Ayrg) 2T,

) [B:(t0) — &ulcto 2cty 0o
This implies that R, & R, and the time since 7y when the right-going rarefaction wave reaches the CD (¢cp — o) is dominated by its propagation

< 1. (60)

time through region 3. For k = 2,
fco A3(1o)
fo [B«(Bcp) — Beplety
so that it reaches the CD at a radius R, cp ~ ctcp &~ 41"%D Ry ~ R, ~ Rge.. Similarly, since in this case R, =~ Ry then for a general k-value
equation (43) implies R, cp/Ry &~ AR/Ry ~ [2(4 — k)FéD(RO)]2/(4_") ~ Ffr ~ R/ Ry, so that again, R, cp ~ Ry ~ Ryec-
The effect of the external medium in this regime is very large in the sense that it causes most of the energy to be in the uniform region 3,

A AT, > 1, (6D

with a sub-fast magnetosonic speed relative to the ‘wall’. Nevertheless, since this region is still relativistic, it takes the rarefaction wave
that is reflected from the wall a long time to cross this region in the lab (or wall) frame, and this occurs at a large distance from the wall,
R.cp ~ Rgee ~ Rer ~ Ry Ff_r > Ry, near the deceleration radius where most of the energy is transferred to the shocked external medium.
Altogether, in Regime III we have Ry ~ R, < Ry ~ Rgec ~ R..cp < R. (see Table 2), and similarly to Regime II, here as well R, does not
have a physical significance (and the same also holds for R, since we always have o, > 1 in Regime III).

In Regime III, (I")(R > R;) becomes independent of o while (¢)(R > Ry) scales linearly with o, when fixing L, A, k and R, (which
fixes I'¢;) while letting o and py o 1/0 vary (since o > 1 we have L ~ Ec/Ry ~ 00 p0C> R(Z) & oppo, SO that fixing L implies that py o
1/0¢). Such a variation of the parameters means fixing the overall properties of the flow and changing only its composition or magnetization
(as is done in Figs 2 through 7). In this regime the global dynamics become insensitive to the exact composition. This can be thought of as
the high magnetization limit, where the behaviour of the outflow approaches that of an electromagnetic wave that is emitted at the source and
reflected by the CD, where the time when the back end of the finite wave reflects off the CD corresponds to the time when the right-going
rarefaction wave reaches the CD, tcp ~ R, cp/c.

Alternatively, as is done in Figs 8 and 9, one could fix the properties of the magnetized flow: L, Ry, oo, po (and thus also R, ~ R()aoz) and
vary the normalization of the external density: A or p;(Rg) = AR, k¥ (while fixing its power-law index, k), which effectively varies I'; and R,;.
It can be seen from Figs 8 and 9 that as the external density goes to zero we have f; — 00, ['er ~ (f900)"/® 2% — 0o and Ryec ~ R — o0,
and this solution approaches that of expansion into vacuum (or the extreme limit of Regime I). As the external density increases fy, ', and
Ry all decrease, until when ', ~ o9, fo ~ o) and Ryec ~ Rr ~ R, there is a transition to Regime II. As the external density increases
even further a transition to Regime III occurs when I'; ~ 0'02 /(12=3k) , for~ 001/ 3 and R, ~ Ry. Finally, when the external density becomes so
large that ', ~ 1, fo ~ ao_l and R.; ~ Ry, the flow remains Newtonian and there is a transition to Regime IV that is discussed below.

4.5 Regime IV

For a sufficiently large external density, fy < 00_', the formal expression for I';; gives I'.; < 1 and the flow remains Newtonian. If we
consider a source that is active over a time 7y then when the central source finishes ejecting the highly magnetized outflow, it would be
bounded within Rep (%) ~ Bep(to)cto & Bep(to)Ro, where I neglect factors of the order of unity for simplicity (here Ry is still defined through
the relation Ry =~ cty, even though it loses its physical meaning from the relativistic regime). More generally, at ¢ < f, the radius of the
CD satisfies Rep(?) ~ Bep(t)et ~ Bep(H)Ro t/ty. For a tangential magnetic field, which scales as B/By ~ Ry/R, the magnetic pressure at
Rep, ~ B?[Rep(1)] ~ [Ro/Rep(1)1*BS ~ aopoc?(t/t0) > Bep(t), would be balanced by the ram pressure of the shocked external medium at
the frame of the CD, ~ p;[Rep(1)]1825(1)c? ~ pi(Ro)c2(t /1)~ BE5t (1), leading to

(k—2)/(4—k)
Bep(t < t0) ~ (foo0)"/ 4P (L> .

o (62)

This implies Bep(to) ~ (foo0)/“ ~ I'2. « 1, which demonstrates self-consistency by showing that the flow is indeed Newtonian in this
regime. The magnetic energy in the original outflow, at R < Rcp(?), is given by Eg[R < Rcp(t)] ~ RéD(t)BZ[RCD(t)] ~ (t/to)ﬂCD(t)Rg Bg ~
(t/t0)Bcp(t)Ey =~ Bep(t)Lot, where Ly =~ B(%Rgc and Ey & Lot, are the injected luminosity and corresponding energy over a time 7, for
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Figure 7. The same as Fig. 6 but for 2 < k < 10/3.

a relativistic outflow. This would violate conservation of energy, if the outflow emanating from the central source was indeed relativistic
(this is basically the well-known o problem).'® However, since in this regime the outflow is sub-sonic (or sub-fast magnetosonic) and
Newtonian, the information about the existence of the external medium must propagate back to the source producing a back reaction
that results in a Newtonian outflow with a speed ~fBcp(#). For such a Newtonian magnetized outflow the electromagnetic luminosity is
L = 47nR*(c/4m)|E x B| = B*R*Bc, and for B(t) ~ Bep(?) this gives L(1) ~ Bep(t)B>R*c ~ Bep(t)Ly and E() ~ tL(t) ~ Bep(t)Lot, which
is consistent with the above estimate. Even during the initial injection phase (¢ < #;) the shocked external medium holds a good fraction
of the total energy at any given time. After the injection stops, at ¢ > #y, most of the energy is quickly transferred to the shocked external
medium on the dynamical time (up to ¢ ~ 2¢, or so), and the flow settles into an adiabatic Sedov—Taylor solution with velocity B(t > f9)c ~
[E/ABFYGCR ~ Bop(ty)e(t/ty)~3~0/C=P radius R ~ (Ef? /A)"/~0 and energy E = E(ty) ~ Bcp(to)Eo.

If we start with a magnetized spherical shell or ‘ball’ of radius Ry, initially at rest, then in this case the magnetic pressure at Rcp ~ Ry is
~ B2 ~ oppoc? and equating it to the ram pressure of the shocked external medium, ~ p;(Ro)B2p¢?, implies Bep ~ (fooo)'/* ~ T+ « 1.
Therefore, it would significantly increase its radius and transfer most of its energy to the shocked external medium on its dynamical time,
which corresponds to a time-scale of
fgee ™~ Fo b (fooo) Pty ~ T 19 > 1. (63)

Bepe Bcp

At t > t4.. most of the energy is in the shocked external medium and the flow settles into an adiabatic Sedov—Taylor solution with velocity
B(t > taec)c ~ [EJAPTKVE0 ~ Bop(tgee)c(t /1) C75/O~0 radius R ~ (Ef? /A)!/~0 and energy E = Ey ~ Roopoc’.

4.6 Regime IIx (10/3 <k <4):

When the external density drops very sharply with radius, k > 10/3, then I'¢p initially grows with radius faster than R'/3, which has interesting
implications. Regime II that exists for k < 10/3 disappears for k = 10/3 and reappears for 10/3 < k < 4 in a different form that we shall
call regime II*, which corresponds to 007 R O'()I 3 For 10/3 < k < 4, Regime I holds for f, > 001 /3 and Regime III holds for
0y K fo K og

In Regime I, for fy > 003 < o0y < Fé‘r‘_k)/ 2 there in no R, (as ocp < 1 and I'cp ~ o all along) and the shocked external medium

decouples from the magnetized shell at a decoupling radius of Ry, ~ Ry < R, as the forward shock accelerates down the steep external

18 For a steady central source that ejects a magnetized outflow of constant power into a fixed volume this regime resorts back to a simple version of the
well-known o problem, where in ideal MHD the stored magnetic energy grows quadratically with the injection time of the central source, while the actual
injected energy grows only linearly with this time (Rees & Gunn 1974), implying a breakdown of one or more of the underlying assumptions. This may be
relevant, e.g., for a millisecond magnetar born inside a collapsing massive star, as a possible progenitor of long-duration GRBs.
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Figure 8. Evolution of the typical Lorentz factor (I') of the flow (where most of the energy resides; thick solid lines) and the Lorentz factor of the CD, I'cp
(dash—dotted lines), as a function of radius R, for k < 2 and for different values of the external density normalization [fo = po/p1(Ro) or p1(Ro) = ARy k or

A] and fixed values of all of the other model parameters (oo > 1, k, po, Ro, and therefore also E and L), which imply a constant R. ~ Rorro2 and varying I'¢; ~

(fooo)/ (#-20) and Rer ~ Rol"fr, The purple, green and cyan lines correspond, respectively, to Regimes I (I'¢; > 09 > 1 or Rer > Re), 11 [02/ (12=30 I < oo

0
or o Wb Rer/Re < 1land IIT'[1 < T < 002/ 12730 6or 1 < Rer/Ry < 002/ @01 The borderlines between these regimes are indicated by thin

dashed red lines. Within Regime II, the thin dashed green line is the border between the regions with and without a break in I'cp(R) at Ry > Ry. (The particular
slopes in this plot are drawn for k = 0, but the general scalings are clearly indicated.)
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Figure 9. The evolution of the magnetization o with radius for k < 2, similar to Fig. 6, but for different values of the external density normalization [fy =
po/p1(Ro) or p1(Ro) = AR\ or A] and fixed values of all of the other model parameters (oo > 1, k, po, Ro, and therefore also E and L), which imply a

constant R; ~ Roo¢ and varying T'er ~ (f0o0)/®20 and Rr ~ RoI'2 (similar to Fig. 8). (The particular slopes in this plot are drawn for k = 1, but the
general scalings are clearly indicated.)
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density gradient, and the shocked external medium carries only a very small fraction of the total energy, Ec./E ~ oo/ fo < 0f 2« 1.In
the parameter range o, Y < fy< of &= TUN/2 < 5, < T12730/2 on the other hand, there is a radius R; where ocp ~ o, = | and the
ordering of the critical radii is Ry < Ry ~ Rucp < R, 50 that T'cp ~ 0¢/ocp o« R€=2/* following equation (51) until Tcp ~ o and ocp ~
lat R ~ Ry ~ (foo,>)/@~P, and the decoupling of the forward shock from the magnetized shell occurs at Ry, ~ R;. In both cases at R >
Rycp the shell accelerates in the wake of the accelerating forward shock, almost as if into vacuum. At R > R, it starts coasting and spreading
radially, where it can in principle keep coasting indefinitely (or more realistically until the assumption of a very steep external density profile
breaks down, and enough external mass is swept-up that could decelerate the forward shock and, in turn, also the shell).

In Regime II* the ordering of the critical radii is Ry < R, < R| ~ Ryep < R < R, (see Table 3). Initially, at Ry < R < R, the typical
Lorentz factor and magnetization are similar to those at the CD and are determined by the pressure balance at the CD, (I') ~ I'cp ~ 0¢/(0)
~ 09/0cp X R*k=2/4 following equations (37) and (51). At R, < R < R, the bulk of the shell decouples from the CD and accelerates as
(T'y ~ 0o/{o) ~ (0gR/Ry)'/? until reaching the coasting radius R, ~ Roo‘(]z (where it starts to coast and spread, as in Regime I), while
Tep ~ 0g/ocp o« RE2/* keeps following equation (51) until T'ep ~ 0g and ocp ~ 1 at R ~ Ry ~ (fooy )/ . AtR > R; ~ Ruep
we have ocp < 1 and I'cp ~ o, while the shocked external medium decouples from the shell, carrying with it only a small fraction of
the total energy, Eoii/E ~ Ri/R. ~ (fooi* )/@ « 1, as it keeps accelerating down the steep external density gradient, with T'gy o
R* =372 (where the same energy is given to a decreasing amount of newly swept-up external rest mass). The original shell keeps coasting and
spreading radially in the evacuated region in the wake of the accelerating forward shock, essentially as if into vacuum. Near the transition to
Regime III we have f; ~ 007 ~2% and therefore E./E ~ 1, so that the energy in the shocked external medium becomes comparable to the total
energy.

In Regime III the ordering of the critical radii is Ry < Rer ~ Racp ™~ Raec, and there are no R, or R;. At Ry < R < R, the shell accelerates
as (I') ~ Cep ~ 0g/ocp ~ 0¢/{0) o« R*=2/4 following equation (51), where the typical values of I' and o are close to those at the CD.
The shocked external medium decouples from the original magnetized shell at Ry, ~ R, but since in this case o'cp(Rer) ~ 0o/I¢r > 1 the
rarefaction wave is still strong when it reaches R, so that it effectively decelerates the shell and very little energy remains in the original
shell at later times (or larger radii), while most of the energy is transferred to the shocked external medium, which approaches the BM76
self-similar solution.

4.7 Summary

The different regimes are summarized in Tables 2 and 3 as well as in Fig. 10. Tables 2 and 3 provide the ordering of the various critical radii
in the different regimes, along with the parameter range occupied by each regime, in terms of the initial shell to external medium density
ratio fo = po/p1(Ry), initial magnetization oy and 'y ~ (fyo9)/®~29. Fig. 10 shows the regions of parameter space occupied by each
regime within the two-dimensional planes spanned by f(— o (top-left panel for k < 10/3 and bottom-right panel for 10/3 <k <4),;,—0o9
(top-right panel for k < 10/3), fo — ', plane (bottom-left panel for k < 10/3).

In order to gain some intuition for these results and better understand them, it is useful to follow the behaviour of the system when
varying one key physical parameter and leaving the others fixed. First, I vary the initial magnetization o (and py & 1/0 for consistency)
while keeping fixed the energy (E ~ Lty &~ LRy/c or L), initial time or length scale (fp &~ Ry/c or Ry) and external density [k and A or
p1(Ry) = ARJk], and thus also I'¢; ~ (fo00)"/®2 and R, ~ Rol"czr. This corresponds to a constant I, and varying oy o 1/f, or in Fig. 10
to a horizontal line in the top-right panel, a vertical line in the bottom-left panel, and a diagonal line parallel to the f, = o ! line separating
Regimes III and IV in the remaining two panels (showing the f, — o plane). The behaviour in this case is summarized in Figs 2 through 7.

InRegime I (1 < o < I',) the acceleration is almost as if into vacuum: (I') o< R'/? and (o) o« R™!/3 until most of the energy is converted
to kinetic form at the coasting radius R, ~ Rocroz, where (I') ~ 0 and (o) ~ 1. Then the shell starts coasting (at (I') ~ o) and its width
in the lab frame starts growing linearly with radius resulting in a fast drop in its magnetization, (o) ~ R./R. At R > R. this regime reverts
back to the well-studied unmagnetized ‘thin shell’ case, with a reasonable spread in its Lorentz factor, §I" ~ (I'). A reverse shock develops
and is initially Newtonian, but strengthens as the shell widens, until it becomes mildly relativistic when it finishes crossing the shell at the
deceleration radius, Rgec ~ Rr ~ (E/0Z Ac?)'/C~0, where the magnetization is 1ow, (0')(Rgec) ~ Re/Raec ~ (070/T )@ 0/G=0 « 1.

In Regime I (1 < [y < 09 < ['{12739/2) the initial acceleration of (I') oc R'/? is limited by the external medium at R,, where most of
the energy is still in magnetic form [{(o}(R,) ~ ocp(R,) > 1], and thus there is no coasting phase. Between R, and R, the typical Lorentz
and magnetization of the shell are similar to those just behind the CD and determined by the pressure balance at the CD, (I') ~ 0¢/{(0)
R*=2/4 A rarefaction wave gradually crosses the shell from its back to its front, until reaching the CD at R, cp ~ Rer ~ Ryec. At that point
the shocked external medium starts dominating the total energy and the flow approaches the BM76 self-similar solution.

In Regime III [o > T'{1>739/2 > 1] the external density is large enough that there is no impulsive acceleration stage with (I') oc R'/3.
Instead, the pressure balance at the CD determines the shell’s typical Lorentz factor and magnetization from the very start, (I') ~ o¢/(0)
R*=2/% at Ry < R < Ry ~ Ryee, and the dynamics become insensitive to the exact composition [i.e. to the value of o, when fixing the external
density (A and k) and the shell luminosity (L) and initial width (Ry)]. This is the high-o limit where the flow behaves like an electromagnetic
wave that is emitted at the source and reflected at the CD.

There are also more ‘exotic’ regimes, such as Regime IV where the external density is so high that flow remains Newtonian, or Regime
I« that exists only for a highly stratified external density (10/3 < k < 4) where the external shock accelerates down the steep external
density gradient and decouples from the original shell, carrying a small fraction of the total energy, while the original shell travels in its wake
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Figure 10. Phase space diagrams of the different dynamical regimes: in the fo — o plane for k < 10/3 (top-left panel), I'¢; — o plane for k < 10/3 (top-right
panel), fo — I'¢; plane for k < 10/3 (bottom-left panel) and in the fo — oo plane for 10/3 < k < 4 (bottom-right panel). Each regime is labelled and denoted by
a different colour, and the borders between the different regimes are indicated (by labelled thick black lines).

essentially as if into vacuum, similar to Regime I. Note that Regime IV corresponds to I'.; < 1 and thus cannot be reached when fixing ",
to a value larger than 1 and varying oy o 1/po.

A slightly different way of gaining perspective about these results is by varying the external density normalization [A or p;(Ry) = AR, k
orfo = po/p1(Ro)] while keeping the other parameters fixed (k, ¢, po, Ro, and therefore also E and L). In this case R, ~ Roag remains constant
while T, ~ (fo00)/®= and R, ~ RoI'% vary, where both fo and I'e; ~ (fo00)"/¢ 20 o fol /820 decrease when the external density
increases. In Fig. 10 this corresponds to a vertical line in all but the bottom-left panel, where it corresponds to a slightly diagonal line parallel
to the fo = '3 line (the left boundary of the coloured regions). The behaviour in this case is illustrated in Figs 8 and 9. For a sufficiently low
external density, corresponding to fy > o) > or 'y > 0, we are in Regime I, where the expansion is initially essentially as if into vacuum,
reaching the coasting radius at R, that is independent of f, and decelerating significantly only at Rgec ~ Rr ~ R.( foagk_7)1/ G0 fo1 16k,
As the external density increases, I'cp(Ry) decreases, bringing about first Regime 11 [001 B < T'ep(Ry) < oy or 00_2(3_k)/ @=h R /R. < 1],
and at even larger external densities Regime III [1 < ', < 002 230 o0r 1 < R /Ry < 002 / (4_k)]. For the highest external densities (R.; < Ry,
Fe<lorfy < 00‘1) the flow remains Newtonian all along (Regime IV).
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5 COMPARISON WITH PREVIOUS WORKS

The unmagnetized case for the deceleration of a finite uniform relativistic shell by the external medium has been studied in the context of
GRBs (Sari & Piran 1995; Sari 1997; Kobayashi & Sari 2000; Kobayashi & Zhang 2003; Nakar & Piran 2004). The main results have been
summarized in Section 2 and extended to a general power law of the external density profile, and are consistent with the previous results.
The deceleration of a magnetized relativistic shell by an unmagnetized external medium has also been studied (Giannios et al. 2008; Mimica
et al. 2009; Mizuno et al. 2009; Levinson 2010; Lyutikov 2011; ZKO05).

ZKO05 have both considered arbitrary ‘initial’ values for the shell Lorentz factor and magnetization, and have attached too much
importance to the crossing of the shell by the reverse shock, while for o >> 1 even if a reverse shock exists its effect on the global dynamics
of the system is very small (it dissipates only a small fraction of the total energy, of the order of ~1/0, and by its shell crossing time only a
similarly small fraction of the total energy is transferred to the shocked external medium). Therefore, the conclusions of that paper are very
different from my results.

Giannios et al. (2008) have considered a similar initial setting and argued for a different condition for the formation of a reverse shock.!”
While the condition for the formation of a reverse shock in the ideal Riemann problem addressed in ZKO05 is correct, such initial conditions
are not realistic and the formation of a reverse shock and its properties can be sensitive to the exact initial conditions or to fluctuations in the
external density, etc. Moreover, in the high-o limit even if such a shock exists it has a very small effect on the global dynamics, which are
the main focus of the present work, and therefore this is not addressed here in detail. In Mimica et al. (2009) the problem is addressed with a
similar initial setup but using high-resolution 1D relativistic magneto-hydrodynamic (RMHD) simulations numerical simulations. There, the
regime that is argued to have no reverse shock in Giannios et al. (2008) is correctly found to have either a weak or no reverse shock. They
also demonstrate numerically that the flow quickly approaches the BM76 self-similar solution after the deceleration radius.

Mizuno et al. (2009) point out that for the Riemann problem of a magnetized shell moving relativistically relative to an unmagnetized
region (or ‘external medium’) at rest, above some critical value of magnetization parameter o there is a rarefaction wave that propagates
into the magnetized shell and accelerates it, and only below that critical value there is a (reverse) shock that decelerates the shell. While this
observation is correct, this Riemann problem is not a realistic setup for the deceleration of magnetized GRB ejecta, since it uses arbitrary
‘initial” conditions near the deceleration radius. Lyutikov (2011) has analysed the similar problem of the deceleration of a shell with arbitrary
initial Lorentz factor and magnetization, concluding that the differences between the magnetized and unmagnetized cases are rather small,
and involve mainly the existence or strength of the reverse shock at early times (which may be non-existent or weak for high magnetizations),
rather than the global gross properties of the flow. I find that this is a right answer for the wrong question, in the sense that the initial setup
is too arbitrary to realistically apply to GRB outflows. The impulsive acceleration process determines the conditions near the deceleration
radius, which are therefore not arbitrary, and some regions of parameter space and their corresponding dynamical regimes cannot be realized
under realistic circumstances.

Paper I has addressed mainly the impulsive acceleration into vacuum of a highly magnetized shell, starting at rest. However, at the end
of its section 5.2 it also briefly addressed the expansion of such a shell into an unmagnetized external medium. There it has outlined the two
main dynamical regimes, which in the current work are referred to as Regimes I and II. Levinson (2010) has also considered the acceleration
and an impulsive magnetized shell and its deceleration due to the interaction with the external medium, following Paper I and treating the
latter part in more detail. Levinson (2010) also identified Regimes I and II. His expressions for the maximal Lorentz factor of the shell in
Regime II are only a factor of 1.09 lower than equation (11) of the current work for k = 0, and a factor of 1.57 lower for k = 2 (the latter
difference might appear larger since he used z = 0, E53 = 0.1 and A, =~ 33 for his fiducial values while the current work uses z =2, Es; = 1
and A, = 1.) The current work finds that for k < 2 the maximal value of (I'} is obtained at R,,, and is a factor of ~(07o/T¢)>0/10730 > | (see
equation 49) larger than I",. However, for the values of oy < 10% and I, = 180 considered by Levinson (2010) this factor is < 1.4 for k =
0, and thus consistent with his results (see his fig. 5). Levinson (2010) has argued, however, that multiple sub-shells with an initial separation
comparable to their initial width would collide and merge while still highly magnetized, which is incorrect and in contradiction with Paper I.
An accompanying paper (Granot 2012) focuses on the possible role of multiple sub-shells, which can alleviate some of the requirements of
the Lorentz factor of the outflow and may help accommodate GRB observations much better.

6 DISCUSSION AND CONCLUSIONS

This work has presented a detailed and unified treatment of the magnetic acceleration of an impulsive, initially highly magnetized (oo >
1) shell and its deceleration by an unmagnetized external medium (with a power-law density profile). The dynamics divide into three main
regimes (I, II and III) and two more ‘exotic’ regimes [relevant for an external density that either sharply drops with radius (IIx), or is very
large (IV), leading to a Newtonian flow].

19 Their argument that the shell can be crossed by a fast magnetosonic wave (and thus come into causal contact) faster than by a fast magnetosonic shock
(both starting at the CD) appears to contradict the basic notion that a shock must always travel faster than the relevant corresponding wave. It arises since they
use the formula for the radius at which the reverse shock crosses the shell from equation (38) of ZKO05 that is valid only for a strong reverse shock (with a
relativistic upstream to downstream four-velocity, urs >> 1, or y34 > 1 in the notation of ZK05) also outside its range of applicability, while the result for a
fast magnetosonic wave is approached in the opposite limit of a weak reverse shock (urs < 1 or y3q — 1 < 1).
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In Regime I the external density is low enough that the shell accelerates almost as if into vacuum. At the coasting radius, R. ~ Ryo3, it
reaches its maximal Lorentz factor of (I') ~ o < I'; (Where I, is given in equation 11) and becomes kinetic energy dominated. At R > R,
this regime reverts back to the well-studied unmagnetized ‘thin shell’ case (Sari & Piran 1995), where the shell coasts and spreads radially,
A(R > R.) ~ (R/R.)Ry, as its magnetization rapidly decreases well below unity, o(R > R.) ~ R./R. In this regime the reverse shock is
initially Newtonian, starts dominating the pressure behind the CD at Rgs ~ R, and becomes mildly relativistic when it finishes crossing the
shell, at R ~ Rge.. The deceleration radius, Rq.., Which corresponds to an observed deceleration time, T'q., is where most of the energy
dissipation in the shell takes place and most of the energy is transferred to the shocked external medium. Thus, both the reverse shock emission
and the afterglow emission are expected to peak on the time-scale of 7~ Tgec. At R > Ryec (or T > Tge.) the flow quickly approaches the
BM76 self-similar solution, which for GRBs signals the start of the usual long-lived decaying afterglow emission. The magnetization at the
deceleration radius is low, (0)(Ruec) ~ Re/Raec ~ (00/Tr)?@0/G=0 « 1. If it is very low then magnetic field amplification in the mildly
relativistic collisionless (reverse) shock that develops could bring the downstream magnetic field to within a few per cent of equipartition,
thus allowing a good radiative efficiency for synchrotron emission, resulting in a bright reverse shock emission. In this regime the reverse
shock emission and the afterglow emission both peak on a time-scale T4 that is larger than the duration Tgrp of the prompt GRB emission,
Tgec/Tore ~ Ryec/Re > 1. Moreover, the degree of magnetization behind the reverse shock, ~(o)(Rgec) ~ Torp/Taec <K 1, can be directly
inferred from the ratio of these two observable times.

In Regimes II or I1I the shell remains highly magnetized near the deceleration radius, (0 )(Rgec) ~ 00/I"er 3> 1, which strongly suppresses
the reverse shock (which either becomes very weak or non-existent) and its associated emission. The energy in the flow is transferred to the
shocked external medium (mostly near Rgec ~ R.;) With very little dissipation within the original shell as long as ideal MHD holds. This is a
highly magnetized ‘thick shell’ case, and the afterglow onset time is similar to the initial shell light crossing time, T4ec ~ (1 4+ z)Ry/c. For
a single shell ejected from the source the prompt emission in this case might either arise from the onset of the forward shock emission [for
an external shock origin, which makes it difficult to account for significant variability, and in which case Tgrg ~ Taec ~ (1 + 2)Ro/c] or
alternatively due to magnetic reconnection events within the highly magnetized shell. The latter might be induced by the deceleration of the
shell due to the external medium, in which case they might peak near Ry, ~ R, since the angular size of causally connected regions (~I"~!)
grows as the shell decelerates [["cp R*=2/4 decreases with radius for k < 2] and at R < Rgec ~ Ry most of the energy is still in the original
magnetized shell [this would again lead to Tgrg ~ Tdec ~ (1 4+ 2)Ro/c].

For the single shell case that was analysed in this work there is either the low magnetization ‘thin shell’ (Regime I) or the high
magnetization ‘thick shell’ (Regimes II or III). There is no low magnetization ‘thick shell’ case where a strong highly relativistic reverse
shock develops, which can result in a bright reverse shock emission on a time-scale comparable to that of the prompt gamma-ray emission
in GRBs (Tgec ~ Tgrp)- Similarly, there is no high magnetization ‘thin shell’ case where the reverse shock is severely suppressed by a high
magnetization in the shell near the deceleration radius and the afterglow onset occurs well after the prompt GRB emission (T gec > TGrp)-
Therefore, a bright reverse shock emission is possible only in the low magnetization ‘thin shell’ case — Regime I, in which case this reverse
shock emission (as well as the afterglow emission) would peak on a time-scale larger than the duration of the prompt GRB emission, Tgec >
Tere ~ (1 + 2)Ro/c. An accompanying paper (Granot 2012), however, shows that if the flow consists of many distinct sub-shells instead of
a single shell, then this may also allow a low magnetization ‘thick shell’ regime.

The Lorentz factor of the emitting region in GRBs must be high enough to overcome the compactness problem and avoid excessive pair
production within the source (Krolik & Pier 1991; Fenimore, Epstein & Ho 1993; Woods & Loeb 1995; Baring & Harding 1997; Lithwick &
Sari 2001). It had been recently argued (Levinson 2010) that the interaction with the external medium might not enable an impulsive highly
magnetized outflow in GRBs to accelerate up to sufficiently high Lorentz factors, and that its maximal achievable Lorentz factor is largely
limited to I' < ;. This would pose a particularly severe problem for a stellar wind-like external medium (k = 2) for which typically T'., <
107 (see equation 11). Recent high-energy observations by the Fermi Large Area Telescope (LAT) have set a lower limit of ' 2 10 for the
emitting region in a number of GRBs with a bright high-energy emission (Abdo et al. 2009a, b; Ackermann et al. 2010) using a simplified
one-zone model. However, a more detailed and realistic treatment shows that the limit is lower by a factor of ~3 (Granot, Cohen-Tanugi & do
Couto e Silva 2008; Ackermann et al. 2011; Hascoét et al. 2011), which would correspond to I" > 102 for the brightest Fermi LAT GRBs.
Nevertheless, this might still pose a problem for a single highly magnetized shell in a stellar-wind environment.

Regime I implies a maximal Lorentz factor of the flow, I' < 0y <« ', (where T, is given in equation 11). In Regime II, a higher maximal
Lorentz factor is possible for k < 2, and (I') peaks at ', where it exceeds I, by a factor of ~(c/T"¢;)?0/19=30 - 1 (see equation 49),
while I'cp can reach values as high as ~o at R < R [however, the material with such a Lorentz factor would carry only a small fraction of
the total energy, ~(I'¢;/0¢)® /@0 « 1 at R ~ R,]. In Regime III the typical Lorentz factor is close to that of the CD, (I') ~ I'cp, and
for k < 2 they both peak at Ry where they exceed I'; by a factor of ~ '3/ > 1, while (I') ~ ['(R/Rr)*"?/* at Ry < R < R;. All this
could help increase (I') above I'; for k < 2. However, for a stellar wind-like (or steeper) external medium, k = 2 (or k < 2), we have (I")
< I'e;, which makes it very difficult to satisfy the observational constraints on I" from pair opacity (mentioned above), and to a lesser extent
also those from the onset time of the afterglow emission (usually around a few hundred; Sari & Piran 1999; Nakar & Piran 2005; Molinari
et al. 2007; Zou & Piran 2010; Gruber et al. 2011). The accompanying paper (Granot 2012) shows, however, that if instead of a single shell
the flow is initially divided into multiple, well-separated sub-shells, then it can reach (I') > I'.,; and reasonably efficient internal shocks can
naturally take place at such high Lorentz factors. This greatly helps to satisfy the observational constraints on I'.

© 2012 The Author, MNRAS 421, 2442-2466
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