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ABSTRACT

We examine the stability of self-similar solutions for an accelerating relativistic blast wave that is generated
by a point explosion in an external medium with a steep radial density profile of a power-law index greater
than 4.134. These accelerating solutions apply, for example, to the breakout of a gamma-ray burst outflow
from the boundary of a massive star, as assumed in the popular collapsar model. We show that short
wavelength perturbations may grow, but only by a modest factor <10.

Subject headings: gamma rays: bursts — shock waves

1. INTRODUCTION

The self-similar solutions of relativistic blast waves are of
much interest because of their recent applications to the
study of gamma-ray bursts (GRBs). A sudden release of a
large amount of energy within a small volume results in a
strong explosion that drives a relativistic shock into the sur-
rounding medium. At late times the blast wave approaches
a self-similar phase, whereby its speed and the distribution
of the pressure, density, and velocity of the gas behind the
shock front do not depend on the length and timescales of
the initial explosion, but only on the explosion energy and
the properties of the unshocked external medium. The self-
similar solutions describing this phase were first studied by
Blandford & McKee (1976, hereafter BMK). We list their
central results, which are relevant to this paper, in § 2.1.
Note that in the BMK solution the total energy released in
the explosion E'is the only relevant parameter.

The BMK solution is only valid for k < 4, where & is the
power-law index of the radial density profile of the external
medium, i.e., p; oc ¥X. When k > 4, the similarity variable
defined by BMK is no longer appropriate. Even in the range
3 < k < 4, the validity of the BMK solution is not justified,
because the mass contained behind the shock front diverges
if the density profile of the shocked fluid is described by the
BMK solution.

The self-similar solutions for steep density profiles with a
power-law index k > 4 were derived recently by Best & Sari
(2000).2 The derivation of these solutions is similar to that
in the nonrelativistic regime. The self-similar solutions to a
nonrelativistic blast wave were discovered independently by
Sedov (1946), Von Neumann (1947), and Taylor (1950).
The so-called Sedov—Von Neumann—Taylor blast wave sol-
utions exist only for & < 5, but Waxman & Shvarts (1993)
showed that in the range 3 < k < 5 these solutions fail to
describe the asymptotic flow because the energy diverges;

I Guggenheim Fellow. Currently on sabbatical leave at the Institute for
Advanced Study, Princeton, NJ 08540.

2The more extreme case of an exponential density profile has been
discussed by Perna & Vietri (2002).
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instead they found second-type self-similar solutions for
3 < k < 5aswellas for k > 5. The new class of nonrelativis-
tic, self-similar solutions describes the flow in a limited spa-
tial region D(1) < r < R(t), where R(¢) is the shock radius
and D(¢) coincides with a C, characteristic so that the flow
inside the region r < D(f) does not affect the flow in the
outer self-similar region. The self-similar solution has to
cross the sonic line into the region where the C,, characteris-
tic cannot catch up with the shock front. The solution
describes a shock accelerating with a temporal dependence
whose power-law index is uniquely determined by requiring
that the self-similar solution cross the sonic line at a singular
point. Note that in these second-type self-similar solutions
the total energy released in the explosion E is not the deter-
mining parameter.’ Although the energy in the self-similar
part of the flow approaches a constant as time diverges, the
fraction of the explosion energy E carried by the self-similar
component depends on the details of the initial conditions.
Thus, contrary to the BMK case, dimensional arguments
cannot be used to determine the power-law index of the tem-
poral dependence. Instead, the singular point determines
the temporal power-law index. In the ultrarelativistic
regime, the second-type self-similar solutions for £ > 4 can
similarly be obtained by requiring that they cross the sonic
line at a singular point. Best & Sari (2000) found that these
self-similar solutions exist for k > 5 — (3/4)"/* and describe
accelerating shock waves. However, the properties of the
flow in the self-similar region, such as the energy and mass
contained in the region, were not discussed.

In this paper, we rederive the self-similar solutions of
ultrarelativistic blast waves for k > 4 using a different self-
similar variable and discuss the properties of the flow in the
self-similar regime. Our main goal is to study the stability of
these self-similar solutions. The stability of the Waxman-
Shvarts self-similar solutions in the nonrelativistic regime
was studied by Sari, Waxman, & Shvarts (2000). They
found that shocks accelerating at a rate larger than a critical

3 For a comprehensive discussion on the second type of self-similar
motion, see Zeldovich & Raizer (2002).
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value and corresponding to solutions that diverge in finite
time are unstable for small and intermediate wavenumbers.
Shocks that accelerate at a rate smaller than the critical rate
are stable for most wavenumbers. The acceleration rate can
be quantified by the measure § = RR/R2 where the dots
denote time derivatives and R(¢) is the radius of the shock
front. This measure provides the fractional change of the
velocity over a characteristic timescale for evolution R/R.
Solutions that diverge in finite time have 6 > 1, while others
have 6 < 1. Thus, when shocks accelerate sufficiently fast
they become unstable.

In the following sections we study the stability of the self-
similar solutions of ultrarelativistic blast waves for steep
density profiles with a power-law index k > 4. The self-
similar solutions are described in § 2. We list the BMK
solutions for k <4 in § 2.1 and derive the self-similar
solutions for k£ > 4 in § 2.2. In § 3, we discuss the properties
of the self-similar flow and calculate the energy and mass
contained in the self-similar regime. In §§ 4 and 5, we study
the stability of the self-similar solutions. Finally, we
summarize our main results in § 6.

2. SELF-SIMILAR SOLUTIONS
2.1. BMK Solutions for k < 4

For pedagogical reasons, we first briefly outline the deri-
vation of the self-similar solutions of relativistic blast waves
for k < 4 by BMK. For a complete derivation, the reader is
referred to the original paper (BMK).

Assuming an ultrarelativistic equation of state, p =
where p and e are the pressure and energy density, respec-
tively, measured in the fluid frame, the equations describing
a relativistic, spherically symmetric, perfect fluid can be
written as

d 4y 20p
d 34 __48 )
) = =55 (0) (2)
on 1 0
Fn+—2a—(rnﬂ):0, 3)

where 7’ is the density as measured in the laboratory frame,
~ and g are the Lorentz factor and velocity of the fluid,
respectively, and
d 0 0
—_— = — —_— 4
ot +P or “)

is the convective derivative. Throughout this paper we set
the speed of light ¢ to unity. Assuming that the blast wave is
ultrarelativistic so that the Lorentz factor of the shock front
I' and the shocked fluid « are much larger than unity, we
only search for solutions accurate to the lowest order in y 2
and 2,

The effective thickness of the blast wave is approximately
R/T?, where R is the radius of the shock front. Thus, an
appropriate choice of similarity variable is

g:(l—%ﬁﬂzo. (5)

Next we assume that the external medium has a scale-free,
power-law density profile p; o< r~%. Ignoring radiative

losses, the total energy contained in the shocked fluid
remains constant, and so the Lorentz factor of the shock
front evolves adiabatically as a power law:

MPoct™, m>-1. (6)
Keeping only terms up to the order O(I'"%¢), the shock
radius is then given by

Reifi- ] )

A more convenient similarity variable can be defined as

X:1+2(m+1)g:[1+2(m+1)r2]<1_;>. (8)

In terms of y, the pressure, velocity, and density in the
shocked fluid can be written as, respectively,

p=3mI*f(x) ©)
=3T%9(x) , (10)
n' = 2mI?h(y) , (11)

where x > 1 and w; and n; are the enthalpy and number
density, respectively, of the unshocked external medium.
We assume that the unshocked external medium is cold, so
that w; equals the energy density p;. The jump conditions
for a strong ultrarelativistic shock are satisfied by the
boundary conditions

S()=g(1) =h(1) =1. (12)

For an adiabatic impulsive blast wave, equations (1)—(3)
admit a simple analytical solution, first derived by BMK,

f _ X7(1774k)/(1273k) 7 (13)
g=x", (14)
h = X~ (7— 2/()/(47/()’ (15)
for
m=3—k>—1. (16)

2.2. Self-similar Solutions for k > 4

In searching for self-similar solutions for k >4, we
assume that the Lorentz factor of the shock front still obeys
a power law, I'2 oc 7, with m < —1. Therefore, these self-
similar solutions describe accelerating shock waves. When
m < —1, the similarity variable y defined in equation (8)
(and used by Best & Sari 2000) could be negative. For con-
venience we will use &, defined in equation (5), instead as our
similarity variable. If at an initial time #,, the shock radius is
R and the Lorentz factor of the shock front is Iy, then at a
later time ¢ to O(I'~2¢) the shock radius is given by

1
R=Ry+t|l ——=| — |l ———| . (17
°+[ ﬂm+lﬁ4 4 %m+lﬁ£ a7
We can rewrite this equation as
1
R=t|l ———— 1
’{ zon+nr4 Ta, (18)
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where a is a constant dictated by the initial conditions. This
equation for R with m < —1 differs from equation (7) by a
constant . However, we can choose the initial time 7, such
that « is equal to zero. This is appropriate for two reasons.
First, the self-similar solutions are valid at much later times
t>to; thus, the effect of the special choice of 7, can be
ignored. Second, what matters in the derivation of the self-
similar solutions is the derivative of R instead of R itself.
When a = 0, the similarity variable becomes

¢= (1—%>r2:r2—;{r2+m} . (19

Note that we have ignored higher order terms in I'=2 in the
above expression.

Similarly to equations (9)—(11), we write the pressure,
velocity, and density in the shocked fluid as, respectively,

p=3ml (), (20)
7 =3%(8) (21)
n' = 2mI?h(¢) (22)
where ¢ > 0 and the boundary conditions,
f(0)=9(0)=h(0) =1, (23)

correspond to the jump conditions for a strong ultra-
relativistic shock.

We can now treat I'Z and ¢ as two new independent
variables in place of r and ¢ and get

R 1 m B
o [, 1 1o
ZE“[ +2<m+1>]a_s’ 29)
d_ 0 [, o

In deriving the above equations, we have assumed that the
blast wave is ultrarelativistic so that I'>1 and v> 1. Thus,
we only keep terms of the lowest contribution order in I'2
and y~2

Substituting equations (24)—(26) into equations (1)—(3),
we obtain the following differential equations for f, g, and /:

1 df
23m +k)g + [g +2(m + 1)g£+2]fd5
1d
+2[g + 20m + 1)g€ — 2]~ dz 0, (27)
2(5m + 3k — 8)g + 3[g + 2(m + 1)g€ — 2]}?;
+2[g+2(m+1 )g£+2]125 0, (28)
ldh _1d,
2(m+k —2)g+[g+2(m+1)g€ — 2]hd§ +2- dz 0.
(29)
Using a new variable,
y=[14+2(m+1)¢g, (30)
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we rewrite equations (27)—(29) as follows:

Ldf\  2[dQ2m+k—2)— (m+k—4)]
(f ds) =8y 4 G
Ldg\  2[(Tm+ 3k —4) — (m+2)y]
(J df) 8y +4 (32
L)~ 20t sy -2
X [(m+k —2)y* — (10m + 8k — 12)y
+ (18m + 10k — 16)] . (33)

One solution to the above equations is obtained for y = 1
and m = 3 — k and corresponds to the BMK solution. From
the definition of y, y = [1 4+ 2(m + 1){]g, and the require-
ment that g be positive, it follows that this solution is only
valid form > —1,1.e., k < 4.

In our search for possible solutions with k > 4, we start
by analyzing equations (31)—(33). The right hand sides of
these equations diverge to infinity if y> — 8y +4 = 0. This
corresponds to two singular points, y; = 4 — 2v/3 = 0.536
and y, = 4 4 2v/3 = 7.464. In addition, equation (33) has
another singular point at y3 = 2. The solution to equation
(31) can bypass the singular points y; and y, if the numera-
tor on the right-hand side of the equation vanishes at y; or
¥». This gives

8 — 4k + (k - 4)y1‘2
8 =12 '

(34)

myp =

It is easy to prove that when m = m,, equations (32) and
(33) will also bypass the singular point y; (the numerator in
the right-hand side of each equation is equal to zero at y).
The same is true for m = my and the singular point y,. We
will show below that when m = m; and k is bigger than a
critical value k., we have y < 1; thus, equations (31)—(33)
are able to bypass the singular point y; and never reach y,
and y3. The critical value k. can be calculated by setting n1,
equal to 3 —k, the m-value corresponding to a BMK
solution. For y; = 4 — 21/3, we get

my = 12v3 =20+ (3 - 2V3)k . (35)
Thus, m; = 3 — k gives us
kc:5—§:4.134. (36)

The value of m; corresponding to k., is mj. =
—2++/3/2=—1.134. Thus, when k >k. we have
mp < mie.

We now prove that when m = m; and k > k., we always
have y < 1. Using equation (32) and the definition of y in
equation (30), we obtain

dy

gg = 20m+ g + 5 0

_29(9? + (m = 3k +12)y — 4(m + 1)] (37)
y:—8y+4 '

When m = my, the above equation can be rewritten as

dy 2g(y — b)
AP A~ At 38
d§ Y= (38)
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where obtain
hb=4—-10V34+2V3k =14+2V3(k —k.). (39) ﬂzl_i_(mﬂ)g_iﬁ (44)
dt 212 I2 2 dr’

When k > k., we have b > 1. We also have g > 0 and
y2 =4+2v/3 > 1, and so the right-hand side of equation
(38) is negative when y < 1. Since the boundary condition is
y(€ =0) =1, (§) must be a monotonically decreasing func-
tion of £ with y(¢€) < 1. The asymptotic behavior of y(¢) can
be derived as follows. When ¢ is large, y is negative and |y| is
large so that equation (38) can be approximated as

dy Iy
e g~ — z 40
d¢ g mp+1¢&7 (40)

where we have used the approximation y ~ 2(m; + 1)&g for
large £. Equation (40) yields

_yocg—l/(mwl) ) (41)

Note that when k& > k., we have m; < m;. < —1. Thus, the
exponent in the above power law is always positive.

It can be proved that when k < k., equations (31)-(33)
cannot bypass all the singular points with either m; or m,,
and so the BMK solution is the only possible solution.
When k > k., the equations cannot bypass all the singular
points with m,. But this by itself is not sufficient for justify-
ing that m, is the only viable choice. What if the solutions
cut off at some radius before reaching any singular points?
We know that in order not to run into divergences of the
energy or mass of the system, the solutions must be
truncated at some radius r (or &, in terms of the similarity
variable), which should coincide with a C, characteristic
line.* The C, characteristic guarantees that the flow in the
inner region r < r, will not influence the flow in the self-
similar region r, < r < R. This C, characteristic should not
overtake the shock front in finite time; otherwise the self-
similar region will eventually disappear. This argument has
been applied in the nonrelativistic case (Waxman & Shvarts
1993). We will prove below that in order to get to the regime
where the C, characteristics cannot catch the shock front,
the solutions have to pass the singular point y;, making 1,
the only viable choice.

First, let us derive the equation for a C, characteristic.
We use v to denote the fluid velocity in the laboratory frame.
The sound speed in the fluid frame is «;, = 1/+/3. Thus, the
sound speed in the laboratory frame u is given by

Lo to _ V3-1 1 V3-1 ]
V3 112%()

Tl 4o *\/§+12_,y2:
(42)

where we only keep the first-order term in v~2. Thus, a C,.
characteristic is described by

dre W3-l 1
dt V3+1T%(&)
We can rewrite this equation in terms of the similarity

variable &, . Using the definition of ¢ in equation (5), and the
relations dR/dt =1 —1/(21?) and dT'?/dt = —mI?/t, we

(43)

4 For a discussion on the nature of C, and C_ characteristics in one-
dimensional relativistic hydrodynamics, see Johnson & McKee (1971).

where we only keep the first-order term in I'-2. Substituting
equation (44) into equation (43), we get
dé. Vi—1 1

dt 341 9(&)

which describes the evolution of a C, characteristic. We can
further rewrite this equation as

—(m+1)¢ (45)

+_57

d¢ 1
td—;z T30 ¥+ =21 (46)
where
Vi =[14+2(m+1)&]g(&s) - (47)

Equation (46) implies that when y, > y;, the right-hand
side of the equation is negative, and so ¢, will decrease with
time and the C, characteristic will approach the shock
front. Only when y; < y; will £, increase with time, and the
C, characteristic will not overtake the shock front. Also
notice that the self-similar solution has the boundary condi-
tion (£ = 0) = 1 > y;. We thus proved that in order to get
to the regime where C, characteristics cannot overtake the
shock front, the self-similar solution must pass through the
singular point yy, and therefore 1, is the only viable choice.

We can now attempt to obtain the self-similar solutions
for equations (31)-(33). For m = m,, these equations
become

LLdf  2mi+k—4)
G- )
L(ldg\ _ 2(m+2)
g(.c} d§> y=y “9)
L(Ldh\  2(m +k—=2)(y—d)
1 R e B
where
B 3+2V3
d_4+\/§+m. (51)

Treating y as the independent variable instead of ¢ and
making use of equation (38), equations (48)—(50) can be
rewritten as

1df_m1+k74

Ty~ y—b (52)
ldg _mi+2
gdy y—>b"’ (53)
Ldh _(m +k=2)(y—d)
i -0 -b) 54

The boundary conditions are f(y=1)=g(=1)=
h(y = 1) = 1. Equations (52) and (53) have the solutions

= (= (53)
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b— mp+2

A special case is obtained at k = 6 (m; = —2), for which
f(») =g(») =1. When b # 2 [k # (15 — /3)/3], equation
(54) has the solution

SENE)

When b =2 [k=(15-+/3)/3], equation (54) has the
solution

]’l _ (2 _ y)m]+/(—2

xem{@u+k2ﬂdn<zé;l>}. (58)

d_p (m+k=2)/(2-b)
[

In general, the functions £(€), g(§), and A(§) do not admit
simple analytical forms. Their values can be derived numeri-
cally from equations (55)—(58). For example, g(£) satisfies
the implicit algebraic equation

my+2

- b—1 (59)

But generally, we can derive the analytical forms for the
asymptotic behaviors of f(§), g(§), and A(€) in the limit of
large &. In this limit, y is negative and |y| is large, and so
equation (56) yields

_ my+2 ) 1 my+2

We can solve g(&) from the above equation and get
g(f) ~ agff(mﬁLZ)/(mﬁLl) , (61)

where

(62)

,z(mlJrl) —(m+2)/(mi+1)
Oéq: ﬁ .

Using equation (61), we obtain the asymptotic form of y(§)
for large &:

(€)= —ay &Vl (63)
where
—1/(m+1)
—Z(H’ll —+ 1)
ay = |————% 64
Y [(b _ 1)m|+2 ( )

Using equation (63), we can derive the asymptotic form of
f(¢) for large & from equation (55) and get

f(&) =~ apgtmrk=d/tm+D) (65)
where

) 1 —(my+k—4)/(m+1)
ap = {(ml"_)] ) (66)

b—1

Similarly, the asymptotic form of A(£) for large & can be

Vol. 594
derived from equations (57) and (58). We obtain
h(ﬁ) ~ ah§7<m1+k72>/("11+1) , (67)
where
—(my+k=2)/(m+1)
o — —2(m1+1) (68)
h = (b— 1)1—(;711—0—1)((1’—2)/(2—[7)
if b # 2 and
—(my+k=2)/(m;+1
—2(my + 1) (my+k=2)/(m+1)
Qn = my+2
(b—1)™
x exp[—(m + k —2)(d — 2)] (69)
ifb =2.

Equation (46), which describes the evolution of the C
characteristic, can also be rewritten using the variable y.
Using equation (38), we obtain

(e e =y)0e —b) (70)
dt Y+ =

We have proved earlier that when k > k., one finds b > 1
and y < 1. Thus, the sign of the right-hand side of the above
equation is decided by the term (y, — y1). If a C, character-
istic emerges from the region y < yy, i.e., y+(t =) < y1,
we know that y, (¢) will decrease with time or, equivalently,
&.,(¢) will increase with time and the C, characteristic will
not catch up with the shock front.

Equations (48)—(50) can also be solved numerically for
different values of k. We plot the results for k=5.5
(my = —1.77) and k = 6.5 (m; = —2.23) in Figure 1. When
k. < k < 6, the function f{(¢) decreases with increasing &,
while the function g(§) increases with increasing &. This
implies that when moving inward, away from the shock
front, the pressure decreases while the Lorentz factor
increases. For k > 6, the situation is reversed. For all
k > k., the function A(£) increases with &, implying that the
density always increases when moving inward, away from
the shock front.

3. PROPERTIES OF THE FLOW IN THE
SELF-SIMILAR REGION

We now examine the properties of the flow in the self-
similar region bounded by £ = 0 and & = &, (r), where £,.(7)
coincides with a C, characteristic that emerges from the
region y < y;. The evolution of the C, characteristic is
described by equation (70) with the initial condition
& (t = 1)) = & and, correspondingly, y. (t = 1)) = yo < y1.
By solving equation (70), we get the following equation for
y(0):

(y _y+)(}'2y1)/(by|) (b _ y+) (b*yZ)/(b*}’l): t a1
Y1 =)o b —yo 7o

We can now derive the asymptotic behavior of the C,
characteristic at ¢+ — oo. In this limit |y, (?)| is large, and
equation (71) yields

yo(t) = —oot (72)
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Fic. 1.—Distributions of the self-similar functions f(€), g(£), and A(¢).
The left-hand column corresponds to k = 5.5 and m; = —1.77, while the
right-hand column corresponds to k = 6.5 and m; = —2.23.
where

ap = (y1 _ yo)(yz*yl)/(b*yl)(b _ yo)(b*yz)/(b*yl)/lo ) (73)

Substituting equation (63) into equation (72), we get

§(0) = agr Mt (74)
where
—(mi+1)
(07
oy = (a—f) . (75)

The initial condition for the C, characteristic, namely, the
value of the C, characteristic with which £,(#) coincides,
contains the information about the initial explosion.

The shock front is accelerating with a power-law tempo-
ral dependence of its Lorentz factor, I'2 oc 11, How does
the C, characteristic propagate? Define v, as the Lorentz
factor of the C, characteristic. From equations (42), (61),
and (74), we find that when 1 — oo,

2= (V3+27(6) = (V3+2UT(E) o« 2. (76)
We see that irrespective of the value of k, the C, characteris-

tic always accelerates as v2 o 2. We can also calculate the
thickness of the self-similar region. Using equations (5) and
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(74), we obtain, when ¢ — oo,

—~ . const . (77)

R—V+: Fz

Note that when —2 < m; < mj,, the C, characteristic accel-
erates faster than the shock front, but because the Lorentz
factors of both surfaces are accelerating as power laws of
time, the C, characteristic can never catch up with the
shock front. Instead, the distance between the two surfaces
approaches a constant value at late times.

We can now examine the energy and mass contained in
the self-similar region. The energy contained in the spherical
shell between { = 0 and £ = £, (¢) is given by

R &+
E= / 167rpfyzr2dr:1677rwlF2R3 /0 f(©g&)de.  (78)

+

Using equations (65) and (61), we can calculate the above
integral for large values of . This gives

167 my + 1 2 53— (my+k—3 +1
Ews<m+k_9”%er@M R
(79)
In deriving the above result we have used the fact that when
k > k.,wehavem; +k —3 > 0and m; + 1 < 0, so that the
exponent of &, in the above equation, —(m; +k —3)/
(my + 1), is positive. When 7 — oo, £, is given by equation

(74). In addition I'? o< " and w; = p; o< R~*. Thus, when
t — 00,

E — const. (80)
The total number of particles contained between £ = 0

and & = £, (1) is given by

R &+
N = / W'4nr*dr = 87ny R® / h(¢)de . (81)
Iy 0

Using equations (67) and (74), we obtain that for r — oo

my + 1
k-3

N ~ 877( >ahn1R3£;(k_3)/<'"‘+l) —const . (82)

We have thus proved that both the energy and mass con-
tained between the C, characteristic and the shock front
will approach constant values as ¢t — oo. The situation is
similar to the nonrelativistic case (Waxman & Shvarts
1993). However, the mechanisms that cause the acceleration
of the shock front are qualitatively different for the non-
relativistic and relativistic cases. In the nonrelativistic case,
the kinetic energy contained in the self-similar region
approaches a constant, while the thermal energy approaches
zero as the radius of the shock front goes to infinity
(Waxman & Shvarts 1993). The acceleration of the shock
front is not due to the conversion of thermal energy to
kinetic energy. Rather, there is a continuous transfer of
energy to new material shocked by the shock wave. The rate
of this energy transfer is decreasing (to zero) with time, but
the rate at which mass is overtaken by the shock decreases
even faster. Thus, the shock accelerates. It is not that all the
shell (i.e., the self-similar region) accelerates. Rather, a
smaller and smaller fraction of the shell’s mass is shocked to
higher and higher velocity. The mass-averaged velocity of
the shell approaches a constant. In the relativistic case, the
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acceleration is not concentrated only in a small fraction of
the total mass of the shell. We can calculate the mass
averaged Lorentz factor 4 as follows:

1 R

Y=

N n'drr dr

:ffmm / h(€)g'*(€)de (83)

where N is given by equation (81). Using equations (61),
(67), (74), and (82), we obtain that for t — oo

k—3 _
. \/E(ml - 4) al/PTe I Rm) g4

Therefore, the whole self-similar region is accelerating.® The
total energy contained in the self-similar region will still
approach a constant because the pressure in the self-similar
region decreases with time as p oc 1 %11(£) (see eq. [20]).
The acceleration of the shell is caused by the conversion of
thermal energy to kinetic energy. The situation is similar to
the accelerated expansion of a cloud of gas in vacuum.
Indeed, from equation (77) we know that the thickness
of the shell approaches a constant as ¢t — oo, and since
the radius of the shock front increases as ¢, the volume
contained in the shell increases as 7.

As pointed out by Johnson & McKee (1971), postshock
acceleration (the acceleration of the fluid after it is shocked)
is important for a relativistic fluid. In a planar geometry,
they estimated the final Lorentz factor of the shocked fluid
tobe vy ~ (7,/ \/Z)Hﬁ, where v, is the Lorentz factor of the
shock front when the fluid is initially shocked. The impor-
tance of postshock acceleration was also demonstrated for
transrelativistic blast waves in both planar and spherical
geometries by Tan, Matzner, & McKee (2001) using numer-
ical simulations. They also derived approximate analytic
expressions to describe transrelativistic blast waves. To see
whether the self-similar solutions for steep power-law
density profiles (kK > k) are consistent with the argument
that postshock acceleration is important, we follow the
evolution of a fluid element that is shocked at time ¢ = #,
by the ultrarelativistic spherical shock whose Lorentz factor
is I'; at that time. The evolution of the fluid element follows

dre 1 _y__ 1
dt 2% I2g(&)
where we use the asterisk subscript to denote values

associated with the fluid element. Combining the above
equation with equation (44), we obtain

(85)

dé+ 2 —yx
Car T a9 (86)
where
= [1+2(m1 + 1)&]g (&) - (87)

5 Note that when —2 < m; < m,, the mass-averaged Lorentz factor ¥
increases with time faster than the shock Lorentz factor I'. However,
although the fluid behind the shock front accelerates faster than the shock
front, it can never catch up with the shock front. This follows the same
reasoning that explained the acceleration of the C, characteristic; see the
arguments below eq. (77).
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Using equation (38), we can rewrite equation (86) as

) _
“ar Yk —
With the boundary condition yx«(f=t)) =1, the above
equation has the solution

_ _ b—y*
5 ) 02-2/(6-2)

The asymptotic behavior of the fluid element at large ¢ can
be derived by setting |y«(¢)| to be large, and thus equation
(89) yields

-1 (89

(b=2)/(b-2)
) lo

yx(t) ~ —aqt, (90)
where
ay = (b — 1)/ (91)
Substituting equation (63) into equation (90), we get
& (1) = aset™ MY (92)
where
—(m+1)
(€3]
ax = | — . (93)
(O‘y)
The Lorentz factor of the fluid element is described by
where I is the Lorentz factor of the shock front at time ¢ and
isrelated to I'; by
2 AN
—=|- . 95
= (z) (95)

Using equations (61), (92), and (95), we can rewrite
equation (94) as

Vi = %3tg"aga;('”'+2)/('nl+l>tz x . (96)
Therefore, the fluid element is accelerating with vx o ¢. The
acceleration of the fluid element is caused by the conversion
of its internal energy to kinetic energy. When the available
internal energy is exhausted, the acceleration stops. The
time of this final stage can be estimated by setting the
internal energy density of the fluid element equal to its rest
energy density:

ex = Nxm, , (97)

where nx = nly /v+ and ex = 3psx are the number density
and energy density of the fluid element measured in the fluid
frame, respectively. Using equations (20)—(22), we can
rewrite equation (97) as

r .
596 (&) = M) (98)
For large 7, we can substitute equations (61), (65), and (67)
into the above equation and also use equations (92) and (95)
to obtain

F\ 7i
t = \/_t(;ﬂ/z }]/zafa la*(”ﬂ 2)/[2(m+1)] 7 (99)

where #/is the final time when the fluid element stops accel-
erating. The final Lorentz factor of the fluid element can be
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calculated by plugging the above equation into equation
(96). We get

T2
v :75042 3 (100)

where

a = agafa,;la;m‘ (b _ 1)m1(b7}’2)/(b72)

_ [2\/§(k _ kc)](2\/5/3*1)(kfé)/[k*(5*\/§/3)] ] (101)

Here «; is an increasing function of k. As k increases from
k. to 6, a» increases from 0 to 1. For k > k., a, increases
very slowly as k increases. For example, when k = 20,
ap = 1.74. From equation (100) we see that the ﬁnal Lorentz
factor of the fluid element is of the order of (T'y/ V2)? 2)” (except
for the limiting case in which k is very close to k). We have
therefore shown that postshock acceleration is also very
important for the self-similar solutions in a steep power-law
density profile. However, because of the spherical geometry
in this case, the postshock acceleration is not as strong as
that in the planar geometry case, where the final Lorentz
factor yyreaches ~(7,/v2) V3 (Johnson & McKee 1971).6

4. APPROXIMATE (ANALYTIC) STABILITY ANALYSIS

In order to analyze the stability of the self-similar solutions
obtained in § 2.2, we first follow an analytic approach. The
perturbations of greatest interest are those that grow fast
compared to the acceleration of the unperturbed Lorentz
factor of the shock front I'y. For these perturbations, we may
assume that I’y is nearly a constant during the growth of the
perturbation and thus simplify the equations by separating
variables. As explained later, these assumptions limit the gen-
erality of our results, and so in § 5 we relax the above approxi-
mation and use numerical simulations to exactly solve the
evolution of the perturbations. The numerical simulations
demonstrate that the results obtained based on this simplified
analytic approach are qualitatively valid.

4.1. Derivation of Linear Perturbation Equations

For the analytic approach to the stability analysis of the
self-similar solutions, we use linear perturbation analysis
similar to that used in the nonrelativistic case (Sari et al.
2000). We start from the equations of motion for an ideal
relativistic fluid:

a / / o
5,7+ V(o) =0, (102)

e+ p) [‘Z’t’ (v-V)v] + <Vp+v%> —0, (103

8 [+ A3

5 (L) +ew(TF) =0 0w
where v and v are the fluid velocity and Lorentz factor,
respectively, in the perturbed solution measured in the labo-
ratory frame, e and p are the energy density and pressure,
respectively, in the perturbed solution measured in the fluid

frame, and »’ is the fluid density in the perturbed solution
measured in the laboratory frame. We use the Eulerian

6For a discussion of the difference between planar and spherical
geometries on postshock acceleration, see Tan et al. (2001).
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perturbation approach; i.c., the perturbed quantities are
defined as the difference between the perturbed solution and
the unperturbed one in the same spatial point. Therefore,
we define the perturbed hydrodynamic quantities as

6]7(7’, 9; ¢7 t):p(rv 97 ¢a t)—po(r, [)7 (105)
ou(r, 0, ¢, t) =v(r, 0, ¢, t) — vo(r, 1) = bv,# + dvr , (106)

on'(r, 0,6, 0)=n'(r,0, ¢, t) —ny(r, 1),  (107)

where the quantities with subscript ““ 0 are the unperturbed
values. Substituting the above quantities into equations
(102)—(104), we obtain the following linear perturbation
equations:

0 1 0 1 1
- Y 1o
8[6 + r? Or { {270 ( * 2'70>n(}6’y

+ (1 ; )5n“+ngvT-(5vTo, (108)
0

1 ol 1 1
1—— )= |—(1+=— )&
*< m@w@%(*mﬁ”]
() (5)
b (1) (2
g\ g/ \or

0 1\ 0
Yo

or 2~z ) Ot
(o) ()
b (1 =) (P2 =0, (109
AN VAN
0 1\ 0
0

+ (1 _2178) iévT] FVip (%p;’)(sw —0,
(110)
p) [vo o (257 s 4511)1
ot W335 e 3
+O_1)éPj%ﬁfﬁp4Mﬂ
243) or ”64/3 392 po 3 m

1 ( 1>a o\ .
+— 1+ = oy =0, (111)
1\ g  or < !

where we have used the relations

81)() 1 1 873
—=—|1l+—)=" 112
o 2vg ( i 275) ot '’ (112)
vy 1 1 073
= (1+— ]2 113
o= (1 3) o ()
5ur_i4<1+i2>672, (114)
274 27
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and the operator Vi = (6/r)(8/00) +
follows on a scalar ¥ and a vector f:

(6/r)(0/9¢) acts as

10V » 1 oV .
Vo —-T gy 9%
=5 e 95 (115)
19 1 of,
rsinﬁ%(smeﬁ)—i_rsinGB—qﬁ'

Since the unperturbed quantities satisfy equations (20)—
(22), we write

Viof = (116)

—2pT2/(E) | (117)
vé =1TG9(¢) (118)
nhy = 2mT2h(E) (119)

where I is the unperturbed Lorentz factor of the shock
front and £ is the similarity variable, defined as

e=(1-5)m3. (120)

where Ry is the unperturbed radius of the shock front. We
further define the perturbation variables as

8v3(r, 0, ¢, 1) = 3T569(€) Yim (0, 0)X (1), (121)

Sor(r,0,6,0) = — o S0r OV Y0, DX (1), (122)
0

&p(r, 0, ¢, 1) =2 T8/ (&) Yim (0, @)X (1), (123)
on'(r, 0, ¢, t) = 2mTE6h(E) Yim(0, &)X (1),  (124)

where the operator Vi = 6(9/00) + ¢(1/sin0)(d/d¢).
Note that the variables £ and ¢ are separated in above
definitions of the perturbations, and so we consider only
“global” perturbations (Sari et al. 2000; Cox 1980). The
function X(¢) measures the amplitude of the perturbation
relative to the unperturbed values.

Substituting equations (117)—-(119) and (121)-(124) into
equations (108)—(111), we obtain

20my + z)} sh (v-2) (1 ldéh)

|:q+2—k—WZ1+

=yl h 2 \ghdg
[—4(’"1 +2) 2(m +k-2)(y— d)] b9
(y =) y=23)0r-2) g

11dég\ (I +1)
- ovr =0 125
(gg df) T =0, (129)

[t g 22022

(y—>r2) f
by
2 \gf d¢
242y -4 2mi+k—4)] g
+{2q (y—12) (y —12) }g
—(y—Z)GéC;—Zg):o, (126)
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2mi+q+1) — 72(nat];2; 4)] gbvr
d(SUT 6f
_ —(y-2)==L T ffo, (127)
2 2(m+2)(y—4)  20m+k—4)
137 3 (—») (y =)
8 (mit+k-2)(y- d)} bg (- 2)(}16159)
3 0-»0-2) Jy 3 \gg d¢
{ m1+k—4)(y—2)]5f_(y—2)<11d<5f>
(y =) f 2 \gf d¢
_é_l[q (my +k—2)(y— d)} Sh
3 (y =) h

2 1 1doéh
+30-2(;; %) =0, ()

where we have used equations (48)—(50) and the following
relations:

ar? r

W = —m 7 y (129)
oe 1], I
ot [FO +2(m1 + 1)] ’ (130)

o 1l m
E_t{ro o 1) g(m1+1)}, (131)

dp pi m

A B - 132
dt t [ 2(m1+1)1"ﬁ} ’ (132)
dn1 n n

Lo k- ——L 1
dt k t [ 2(my +1)rg} ’ (133)

P S
r’[l 2 + 1)T2 Pé}' e

Note that in deriving equations (125)-(128) we have
assumed that there is no perturbation in the external
medium. Moreover, in order to separate variables, X(7) has
to be a power law in time, X (¢) < 74, where ¢ defines the
temporal evolution of the perturbation amplitude. If the
real part of ¢ (Relg]) is positive, then the perturbation
grows, while if the real part of ¢ is negative, then the
perturbation decays.

In equation (125), the term /(/ + 1)/T3 is associated with
causality, namely, the fact that a perturbation can only
propagate at a speed <c¢/I'y in the transverse direction and
hence expand across a maximum opening angle of ~1/T.
Since Iy is a function of time, it is not possible to achieve a
complete separation of variables for this equation, in con-
trast with the nonrelativistic case. However, for any con-
stant value of 'y, we can still calculate the power-law index
for the growth of the perturbation, ¢g. These results are
meaningful if we find Re[g] > |m;]|, so that perturbations
grow on a timescale shorter than the timescale for changes
in Ty. Therefore, the assumptions of variable separation
and fixed I’y limit the generality of the results. However,
even if we find Re[g] < |m;|, we should still be able to gain
an insight into some qualitative properties of the
perturbation amplitude evolution.

Also note that for a perturbation with a fixed wave-
number /, there is a qualitative change when I'y ~ /, due to
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causality, and hence self-similarity breaks. This is reflected
in the term /(/ + 1)/I'3 in equation (125).

Equations (125)—(128) are a complete set of first-order
differential equations for 4f, 6g, 6h, and évy. After some
algebraic manipulations, one may write the equations for
the first-order terms dof/d¢, dbg/d€, déh/dE, and dbévr/dE
in the following matrix form:

of
d bg
28y +4)—
0" =8+ )d5 s
5UT
of
2 bg
(SUT

where A is a 4x4 matrix. Note that
(»*—8y+4)=(y—»1)(y — y2). Thus, the solutions for
the perturbation variables must pass the same singular point
(or the sonic line), y; = 4 — 2v/3, as the unperturbed varia-
bles. Therefore, the value of ¢ can be found by requiring that
the solutions pass through the singular point y;. This is very
similar to the nonrelativistic case (Sari et al. 2000).

In order to numerically integrate the differential equa-
tions (135) and derive ¢, we need to specify the boundary
conditions at the shock front when the shock is perturbed.
Since the relativistic jump conditions across the shock front
must be satisfied, we have

p =2, (136)
n =2I%n , (137)
7 =4r, (138)

where I' is the Lorentz factor of the perturbed shock front.
By linearizing these boundary conditions with respect to the
perturbed quantities, we find

Ipo _ 44 d 2k o SR
5p+ (E>5R_§I‘Op1E5R—?F0p1R—O ; (139)
, ony, oapa d » OR
o+ (E)é‘R_M‘OnlEéR—ZkFOmR—O ;o (140)
2
& + (%)512 = F§%5R, (141)

where 6R is the deviation of the perturbed shock radius
R from the unperturbed shock radius Ry. In deriving
equations (139)—(141), we used the relations p; oc R~* and

ad
O dt
where 6I'2 is the deviation of the square of the perturbed
shock Lorentz factor I'Z from the square of the unperturbed

shock Lorentz factor I'2.
We now define

6T? = 2I'j—6R , (142)

6R(97 (bv t) = ﬁ%Ro Ylm(97 ¢)X([) ) (143)
0

where 7 is a scale factor that can have an arbitrary value;
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for convenience we set n = 1. Substituting equations
(143), (117)—(119), (121), (123), and (124) into equations
(139)-(141), we find

_qr
o =L+ 2mq 1), (144)
dh
oh =+ 2m+q+1). (145)
_ 9

Another boundary condition results from the require-
ment that the tangential velocities must be continuous
across the shock front, yielding

1 -
Svp = ——V6R . (147)
Ry

Substituting equations (122) and (143) into this equation,
we get

Sop=1. (148)

Note that here dv7 = 1 does not mean that the tangential
velocity is equal to the speed of light, but rather that it is
normalized by the definition of évy in equation (122) with
the scaling factor of 1/T'3. Equations (144)—(146) and (148)
are the four boundary conditions necessary to solve the
perturbation equations.

4.2. Numerical Results

Based on the derivations presented in the previous sub-
section, we may now examine the stability of different
modes for different values of k. As a particular example, we
consider the case of k = 5.5. We derive ¢ for different values
of the mode wavenumber / by integrating the differential
equation (135) from the shock front to its interior and
requiring that the solutions pass through the singular point.
The results are shown in Figure 2. The top panel shows the
real component of ¢ (Re[q]) as a function of [/(/ + 1)]'/? /T,
where I'j is treated as a scaling factor. As mentioned before,
Re|g| determines the growth rate of the perturbation. In the
bottom panel, we plot the imaginary component of ¢
(Im[gq]), which provides the oscillation frequency of the
perturbation. Figure 2 separates the behavior of ¢ into
three different regimes:

1. In the regime of small //T’y (0 < //Ty < 0.87), ¢ is a
real number and Re[qg] is positive, implying that the pertur-
bation grows monotonically in time. The value of Re[q]
increases as / increases. Note that ¢ vanishes in the limit of
[ — 0. This result can be derived analytically by com-
paring two unperturbed spherical solutions with different
parameters.

2. In the regime of intermediate //T" (0.87 < [/T'y < 17),
¢ is a complex number and Re[q] is positive, implying that
the perturbation grows while oscillating. As / increases, the
real part Re[g] decreases, while the imaginary part Im[g]
increases. Note that the transition between the real and
imaginary solutions for ¢ occurs at //Ty ~ 0.87. This result
follows from causality. When the wavelength of the pertur-
bation (~1//) is smaller than 1/T, the maximum angular
separation of two regions that can interact with each other,
the perturbation can oscillate.
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k=5.5
0.5 . :

Re[q]

0 5 10 15 20 25 30 35 40 45
[0+

FiG. 2.—Perturbation growth rate, ¢, as a function of [/(/ + 1)]1/ 2 /T.
The top and bottom panels show Re[g] and Im[g], respectively.

3. Finally, in the regime of large //Ty (//Ty > 17), g is a
complex number and Re[q] is negative, implying that the
perturbation decays while oscillating. The value of Re[q]
decreases (so the absolute value of Re[g] increases) as /
increases, while the value of Im[g] increases as / increases.

The actual evolution of a perturbation is shaped by the
fact that Iy increases with time as T'3 o /. If initially the
wavenumber of the perturbation is sufficiently large so that
it is in the regime of large //T', the perturbation will start to
decay while oscillating. As time progresses, //Iy decreases,
and so both | Re[g] | and Im[g| decrease, the perturbation
decays with slower speed, and oscillates on longer time-
scales. As soon as the perturbation enters the regime of
intermediate //T, it starts to grow slowly over time and
oscillate on even longer timescales. The growth rate slowly
increases over time, but is always limited by the rather small
upper bound, Relg] <0.38. Eventually, the perturbation
enters the regime of small //Ty and grows slowly without
oscillating. As 7 increases, the growth rate approaches zero,
and so the perturbation saturates. Therefore, perturbations
with large wavenumbers (short wavelengths) grow when
1<1/Ty <10 only by a modest factor. In the case of inter-
mediate wavenumbers, the perturbation goes through the
two regimes of intermediate and small //Ty. Therefore, it
grows slowly with some initial oscillations, but soon after-
ward it stops oscillating and saturates. Perturbations with
small wavenumbers stay in the regime of small //T.
The perturbation grows slowly without oscillating at the
beginning but soon saturates.
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The above results remain qualitatively the same for all
values of k > 4.134.

5. NUMERICAL SIMULATIONS

In our approximate stability analysis of § 4, we were con-
sidering perturbations that grow fast compared to changes
in Ty (i.e., Re[g] > |m|), and so we were able to separate
variables based on the assumption of a constant I'j. We
derived some qualitative results for the evolution of the
perturbations, which are also suitable for the case of
Re[g] < |m;]|. In this section, we relax the above approxima-
tions and verify those qualitative results by a direct integra-
tion of the partial different equations that determine the
evolution of the perturbation variables, without assuming
separability of the solutions with respect to £ and .

Instead of equations (121)-(124), we redefined the
perturbation variables as

& (r, 0, ¢, 1) =1T26g(€, ) Yim(0, ), (149)

_ %&JT@, OV Ym0, ¢),  (150)
0

&p(r, 0, ¢, 1) =3pTG8f (&, ) Yim(0, ), (151)
67’1/(”, 97 ¢, t) = 2n1F56h(§, l) Ylm(ev ¢) . (152)

51)]"(7', 93 (ba t)

Equations (125)-(128) were then replaced by four partial
differential equations (PDEs) for the perturbation variables
Of(E, 1), bg(&, 1), Oh, (&, 1), and dvr(E, ). We then solved for
the evolution of these perturbation variables by numerically
integrating the PDEs with appropriate initial values. In our
numerical simulations, the outer boundary (£ = 0) is the
shock front where the shock jump conditions are assumed
to be satisfied. We can still define 6R as in equation (143).
Then at the outer boundary the perturbation variables
satisfy

57(0,1) = Z—QX(:) +20my + )X (1) + 2zd);([) . (153)
oh(0, 1) = Z—ZX(t) +2(my + 1)X(1) + thA:TEZ) . (154)
59(0, 1) = Z—Zx(z) +2(my + D)X (1) + 2:‘”;5’) . (159)

sor(0,1) = X(1) . (156)

The inner boundary is chosen to be sufficiently large so as to
cover the entire similarity region that is bounded by a inner
C, characteristic. This way, the values of the perturbation
variables at the inner boundary cannot affect the shock
front.

The numerical simulations gave us the same behavior for
the perturbations as the previously mentioned analytical
results for the growth rate ¢. In Figure 3, we show the evolu-
tion of X(¢) in a numerical simulation with &k = 5.5 and
[/Ty =75. We plot X(¢) in the range ¢ € [1, 10] in the top
panel and ¢ € [1, 100] in the bottom panel. Note that X(¢)
describes the relative displacement of the perturbed shock
radius from the unperturbed value, and we set its initial
value to be X(r=1) = 1.0. From Figure 3 we see that X
oscillates over time over increasingly longer timescales and
stops oscillating at late times. Its amplitude first decreases,
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k=5.5, I/FO=75

10 20 30 40 5 60 70 80 90 100

FiG. 3.—Evolution of X(¢) for k =5.5 and //Ty =75. The top and
bottom panels show ¢ € [1, 10] and 7 € [1, 100], respectively.

then slowly increases, and finally saturates. Overall, it grows
by a factor of ~10. These results are consistent with the
previous discussion of the three regimes for the evolution of
the perturbations.

6. CONCLUSIONS

We have derived the self-similar solutions for an ultra-
relativistic blast wave in an external medium with a density
profile p; o< ¥=% and k > 4. The solutions exist for k larger
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than a critical value k. = 4.134. They describe the flow in
the self-similar region bounded by the shock front and a C,,
characteristic. The shock front accelerates with Lorentz fac-
tor I'2 oc =" and m; < —1.134, while the C, characteristic
accelerates with Lorentz factor 72 o< 2. The energy and
mass contained inside the self-similar region approach
constant values as time diverges.

We have found that at large wavenumbers the perturba-
tions first decay, then grow slowly over time, and eventually
saturate. The initial decay and the intermediate growth are
accompanied by temporal oscillations. These small wave-
length perturbations grow when 1 <//T) < 10, with an over-
all factor of ~10. At intermediate wavenumbers, the
perturbations first grow slowly and then saturate. The initial
growth is also accompanied by temporal oscillations. At
small wavenumbers the perturbations grow monotonically
in time but soon saturate. Our results also apply to expand-
ing relativistic jets as long as the opening angle of the jet is
larger than the inverse of its Lorentz factor.

In the collapsar model of GRBs, a collimated relativistic
outflow is generated by the collapse of the core of a massive
star. The outflow approaches the stellar envelope at a
modest semirelativistic speed but is expected to accelerate
significantly across the sharp density gradient at the surface
of the star (Tan et al. 2001; Zhang, Woosley, & MacFadyen
2003 and references therein). Our results indicate that in the
breakout phase, perturbations are close to being stable in
spherical symmetry. It is still possible, however, that the
lateral expansion of the jet at breakout would be accompa-
nied by instabilities. These instabilities may produce varia-
tions in the Lorentz factor of the jet needed in the internal
shock model. They may also be responsible for the complex
light curves observed in most GRBs. Current numerical
simulations (Zhang et al. 2003 and references therein) lack
adequate resolution at the stellar surface to follow the shock
breakout and confirm the instabilities. We leave a detailed
study of the instabilities associated with the lateral
expansion of the jet for future work.
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