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Abstract. Pulsars, formed during supernova explosions, are known to be sources of relativistic magnetized winds whose in-
teraction with the expanding supernova remnants (SNRs) gives rise to a pulsar wind nebula (PWN). We present spherically
symmetric relativistic magnetohydrodynamics (RMHD) simulations of the interaction of a pulsar wind with the surround-

ing SNR, both in particle and magnetically dominated regimes. As shown by previous simulations, the evolution can be divided
into three phases: free expansion, a transient phase characterized by the compression and reverberation of the reverse shock,
and a final Sedov expansion. The evolution of the contact discontinuity between the PWN and the SNR (and consequently of
the SNR itself) is almost independent of the magnetization of the nebula as long as the total (magnetic plus particle) energy

is the same. However, aftérent behaviour of the PWN internal structure is observable during the compression-reverberation
phase, depending on the degree of magnetization. The simulations were performed using the third order conservative scheme
by Del Zanna et al. (2003).

Key words. ISM: supernova remnants — stars: pulsars: general — stars: winds, outflows — magnetohydrodynamics —
shock waves — relativity

1. Introduction nebular remnant in the form of a wind composed of relativistic
L particles (mainly electron-positron pairs, with possibly a mi-
Supernova remnants (SNRs) are nebulae originating out i of jons (Amato et al. 2003 and references within)) and a
the explosions of massive stars, S;Jpernova events (Si}nidal magnetic field. Most of the pulsar rotational energy
which typically release energy of10°° erg. Most of this goes into the launching of this supposedly highly relativis-
energy is carried away by neutrinos produced during the \ying with a bulk Lorentz factor typically estimated to be
core-collapse phase and the formatl_or_l of a degenerate Sﬁ?lﬁhe range 16-107 (Rees & Gunn 1974; Michel & Li 1999).
lar remnant (neutron star). The remaining energy (about 1%)e yetailed magnetospheric physics at the origin of such an
gives rise to a blast wave that sweeps up the outer laygf§o is still poorly understood, but one point on which all
of the star and produces a strong shock propagating in {iGrent theories agree is that the wind should be magneti-
surrounding medium. The details of such an expansion ey gominated at a distance from the pulsar corresponding
pend on a number of fierent para_lmet_ers_: th_e ejected masta the so-called light cylinder radiuR c = ¢/Q, with Q the
and energy, the nature and density distribution of the amBiy;sar spin frequency. At larger distances a bubble of relativis-
ent medium (Dwarkadas & Chevalier 1998; Featherstone etgly, hot magnetized plasma is then created. This bubble (of-
2001; B_Iondln et a_l. 1996), th?“'e”?y Qf radiative 10SSes o, cajleq “plerion”) shines in a very large range of frequen-
(Chevalier & Blondin 1995), anisotropies in the supernova &Xjes, from radio wavelengths up to X-rays and everays,
plosion (Wang et al. 2002; Chevalier & Soker 1989), as well @36 15 the synchrotron and Inverse Compton emission of the
neutron star spin-down power and proper motion space Velpgeivistic particles. The global properties of the pulsar wind
|ty (Chatterjee & Cordes 2002; Frail et al. 1994:; Strom 1987aebu|a (PWN) can be modeled in terms of injeCtion parame-
H_ence, in principle one should expect to find a large variety fgrs and evolutionaryfiects (Pacini & Salvati 1973; Reynolds
different structures among PWN-SNR systems. & Chevalier 1984). However, the energy released by the pul-
If the stellar remnant s a rapidly spinning magnetized neday quring its entire life-time~(10*® erg in the case of the Crab
tron star (pulsar), then a late energy input is supplied to tB¢|sar) is much less than that driving the expansion and evolu-
tion of the SNR. Therefore we expect the PWN to have limited
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The evolution of the PWN-SNR can be divided into variexpansion phase and during the reverse shock reverberation,
ous phases with fferent observational features (Woltjer 1972even if diferent structures may form inside the PWN. We ex-
Cioffi 1990; Reynolds & Chevalier 1984; Chevalier 1998pect major diferences to arise in the multidimensional case
which result from the interaction of the SNR structures wittvhere the toroidal magnetic field may play an essential role
the pulsar wind bubble. The SN explosion leads to the formia-the development and growth of instabilities, eventually re-
tion of a SNR in which three main discontinuities can be foundoving degrees of freedom from the system.

a forward shock that propagates in the ISM, a reverse shock
that propagates inside the free expanding ejecta, and a cgn- . . .
tact discontinuity separating the shocked ISM from the shocked Numerical simulation

SN material. Initially the overall structure expands and also tiag! the simulations have been performed by using the newly de-
reverse shock moves away from the origin of the explosiofeloped scheme by Del Zanna et al. (Del Zanna & Bucciantini
but, as the amount of swept ISM grows, the speed of the c@B02; Del Zanna et al. 2003). We refer the reader to the cited
tact discontinuity decreases and, finally, the reverse shock stpHpers for a detailed description of the code, the equations and
moving back to the origin, where it collapses on a time scagyorithms employed. This is a high resolution conservative
of the order of 18-10* years. Initially (up to about fyears (shock-capturing) code for 3D-RMHD based on accurate third
after the SN explosion, before the reverse shock in the ejegtader reconstruction ENO-type algorithms and on an approxi-
starts moving back), the pulsar spin-down luminosity is nearffate Riemann solver flux formula (HLL) which does not make
constant and provides a steady energy injection in the PWie of time-consuming characteristic decomposition. The code
The PWN expands a8’ in the freely expanding supernovaused here has been modified by adding a new equation for a
ejecta, in the case where the SN has a constant density pracer that allows us to useftiirent adiabatic cdgcients for

file (we will refer to this phase as the free expansion phage: pulsar wind material and for the SNR-ISM medium, namely
due to the fact that the PWN is inside the freely expanding= 4/3 andy = 5/3 respectively, following the same approach
ejecta). The second phase (often referred as the Sedov-Tayin Bucciantini (2002), but modified for the HLL solver actu-
phase) results when the PWN contact discontinuity reaches &g used by the code. The use of twdfdrent adiabatic cdg-

SNR reverse shock in the ejecta. At this point the PWN exents on a contact discontinuity with a very large density jump
pansion stops and the SNR reverse shock start compressing#fe@sity may change by factors of ordef2Q0’, see Fig. 2)
PWN toward the pulsar (McKee 1974; @icet al. 1988). The |eads to the formation of waves that tend to propagate back into
main observational signature of this process is an increasats PWN (Shyue 1998; Karni 1994); however such waves are
radio luminosity associated with the magnetic field enhanagell subsonic (the ratio between velocity fluctuations and the
ment and particle re-energization due to compression. In tsund speed is about 0.07 in the HD case, and that between ki-
absence of a PWN, the SNR reverse shock would collapsentgtic and thermal energy is less than)@o that the behaviour
the center, but when a plerion exists, the presence of an hot bgfthe PWN is not very muchfiected.

ble prevents the collapse from happening and after a transient

phase, characterized by oscillations of the contact discontinu- . _y o

ity, the nebula enters a phase of slow expansion (Sedov expart: Coice of initial parameter and injection

sion phase, Sedov 1959), and finally dissipates in the interstel- conditions

lar medium (ISM). _ _ _ o The simulations were performed on a 1024-cell radial grid, cor-
Hydrodynamical simulations aimed at investigating thgssponding to a physical domain extending from the origin to
free expansion and Sedov-Taylor phases were recently ¢gj1y The evolution of the system is followed for 30 000 years.
ried out both in one (van der Swaluw et al. 2001 (SW)) ange set continuous conditions at the outer boundary (zero order
two (Blondin et al. 2001 (BCF), Jun 1998) dimensions. Theg&rapolation) and reflection at the origin. Density, momentum-
studies were intended to provide some insights into t@ergy and magnetic field from the pulsar are injected in the
details of the system evolution and its stability propertiggst cell. No radiation cooling is assumed.
(Rayleigh-Taylor instability may occur both in the free ex- |njtial conditions are similar to those adopted by SW: to-
pansion (Jun 1998), and in the Sedov-Taylor (BCF) Stagestéﬁenergy in the eject& = 10°! erg, mass in the ejecta
a consequence of ejecta acceleration and compression by,\m]e: 3 Mo, ISM mass density 164 g/cm?, chosen to match
reverse shock). However, all the previous investigations de@fe parameters for the Crab Nebula. The supernova ejecta are
with non-relativistic hydrodynamic regimes. Our aim is t0 €Xset at the initial time in the first computational cells: we adopt
tend such simulations to the more realistic relativistic magngare a spatially constant densipy) profile and a velocity pro-

tohydrodynamical (RMHD hereafter) regime, in order to evabortional to the distance from the origin such that:
uate if the hydrodynamical (HD hereafter) approximation is

good enough and whatftiérences one may expect. In this paﬁ/l o Ro dror?d 1
per, we present one-dimensional RMHD simulations of the first® — fo 7ipol - ar (1)
two evolutionary stages in spherical symmetry, thus extending Ro A

the HD study by SW. Two-dimensional simulations of the fred=tot = f —pov’r?dr (2)

expansion phase will be presented in a forthcoming paper. We
will show that no significant dierences in the global evolutionwhereR, is the initial radius of the ejecta (we have &t =
arise between the HD and RMHD cases, both in the frée& Ly for a good resolution, but simulations give nearly the
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same results also for smaller values). While in the work by SWe have checked that such injection condition ensures the cor-

the supernova energy is initially set as enhanced thermal pnes:t energy balance in the PWN.

sure, here we have decided to set it as kinetic energy for numer-

ical convenience, in order to reduce the initiafdsion of the 3. Discussion

contact discontinuity and thus to obtain a sharper density pro-

file (this problem is common to atlentrattype schemes that In this section we will briefly review the various phases of the

avoid spectral decomposition). PWN-SNR interaction (the reader is referred to SW and BCF
The pulsar wind is created by injecting mass, momenturior a more detailed analysis in the hydrodynamic case), fo-

energy, and a purely toroidal magnetic field in the first concusing on the &ect of the magnetic field, especially inside

putational cell, with a total luminosity that depends on time ithe PWN, which had not been taken into account previously.

order to include the spin-down process: First of all, we find an overall slower evolution of the SNR,
Lo and, consequently, a slower evolution of the PWN, with respect
L= (1+1/7)2 (3)  to the work by SW, even if all the structures appear to be ba-

8 _ __sically the same. As far as the PWN is concerned, the slower
wherel, = 5x 10* erg’s, andr = 600 years; no magnetic o\ 1 tion is mainly the @ect of a diferent adiabatic cdgcient
ﬂgld is .|n|t|ally present in the SNR.or in the ISM. In_ all thfe(4/3 instead of &) that makes the nebula more compressible
S|rr_1u.lat|ons we hg\_/e kept con_stant in time j[he following ratlgge PWN size is about 10% larger if®is used, given the

of injected quantities: the r_atlo of magnetic energy anq tot@l e energy input). As for the SNR, th@elient time scale of
energy (), and that of partlcle_ energy and_mas];O_O. Units 6 evolution is most probably due to théfdrent setup of the
wherec = 1 are used. Three filerent simulations will be €on-jiia| conditions (the energy released by the explosion is now
sidered here: in the form of kinetic energy rather than thermal).

— purely hydrodynamic; mass and momentum-energy in- We do not expect the global evolution of the system to be
jected as a wind with Lorentz factor 100, aptp = 0.01, different between the HD and RMHD case. The only two pa-
no magnetic field; rameters that rule the evolution for a given SNR are the PWN

— slightly magnetized windd«t ~ 0.003); as in the previous energy and its radius. In SW it is shown that, for a given SNR,
case mass, momentum and particle energy are injected #iseaevolution of the contact discontinuitiR{un) is completely
wind with Lorentz factor 100, angd/p = 0.01; determined by the local value of the PWN pressure. When the

— Magnetically dominated; in this case there is no selRMHD case is considered, the total pressure may vary inside
consistent quasi-steady shock solution on the timescaletlod PWN due to magnetic tension, but its value at the bound-
PWN-SNR evolution (as soon as a shock is formed in tlagy still stays the same since it is a function Bf; alone.
PWN, it starts collapsing back to the center). We have iMNeglecting adiabatic and radiation losses, the following evo-
jected in the first cell magnetic and thermal energy with tHetion equation holds for the PWN in the general RMHD case:
ratio between the two close to equipartition (corresponding E
to o ~ 0.5). In this case we have a hot source instead offg — - tot
cold wind,)with p/p ~ 100 R = 1 (P (Rown)) = 1 (4nngn]’ ©

The injection of the wind is actually a delicate process, espghere the functionf contains the dependences on the SNR
cially in the highly magnetized case. The reason is that thgzarameters.

are cases when the flow in the first cell becomes subsonic, duelLet us consider the two extreme cases: no magnetic field
to the collapse to the center of the termination shock (this hagrd magnetic field alone. When no magnetic field is present,
pens at very early times when a highly magnetized wind is cahe total pressure is just the thermal pressure and is approxi-
sidered, but it also happens in the low and zero magnetizatimately constantRo: = P(Rown)) SO that:

cases, although at later times, since the decreasing pulsar input

leads to situations in which the shock has to move very cloge _ fR”W" 127Py; r2dr = 47rP(Rpwn) R @)

to the pulsar in order for the wind ram pressure to contrast the 0

inward push from the outer nebula). When the flow in the firg{, he other hand, in the magnetically dominated dase=
computational cell is subsonic, there is no longer a complege(r)/Z andB(r) ~ 1/r, so:

freedom in the choice of the injected quantities. We have cho- Rp

sen to assign the values of mass, total energy fluxes-amtis wn 2

forced us to treat the magnetic field not as a primitive variabfeot = fo APt redr = 4”P(R'3W”) Row: (8)

but rather as a derived quantity. This is especially important in
the magnetic case to ensure energy conservation. Assigning
total energy flux and- fixes the magnetic luminositEmag SO
that:

the second equality in Eq. (6) still holds.
he thermal and magnetic pressure appear in a completely
analogous form in the two cases (this is due to the fact that the
_ different proportionality cdicients between pressure and en-
Emag(t + dt) = Emag(t) + dt X (Emag) - (4) ergy for an HD (13) and magnetically dominated (1) plasma
and the value oB is then derived using the following equality:£X@ctly compensate thefférent pressure profile). So it is ap-
o parent that what is important for determining the propagation
Emag(t + dtf) = 0.5% (B(t) + dt x B) . (5) speed of the contact discontinuity is just the value of the total
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Fig. 2. The radius of the PWN contact discontinuity as a function of
time: T = 0-1.8 kyr free-expansion phas@&; = 1.8-15 kyr unsta-

I ¢ ble reverse shock reverberation phase= 15-30 kyr Sedov ex-

L € | pansion phase. The curve shows the evolution for the hydrodynamic
case, only dierences too small to be shown on the plot are present
in the magnetic cases, mainly due to magnetiiudion at the contact
discontinuity.
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simulations see Kun & Jishan 1998), and they completely dis-
¢ d { appear when a single fluid is used. The various discontinuities
1 are all well developed: moving from the origin outward, we

4l -4 find the pulsar wind termination shock, the contact discontinu-
1 ity separating the hot relativistic bubble from the ejecta mate-

N ; . | . { rial, the shock in the ejecta driven by the PWN expansion, the
5 10 a5 a0 s reverse shock propagating into the ejecta, the contact disconti-

Radius (Ly) nuity between the ejected and ISM material, and the blast wave

Fig. 1. Density and pressure profile for the hydrodynamic case at t"ﬁéopaggtlng in the u.n.perturbed ISM. . Lo
In Fig. 2 the position of the contact discontinuity is shown

T = 1 kyr after the supernova explosion. From the origin one can .
see the termination shock of the relativistic wind (a), the PWN contd@' the HD case. The weakly and strongly magnetized cases are

discontinuity (b), the swept up shell of ejecta (c), the reverse shock (Bfsically the same except for some mindifetiences mainly
the contact discontinuity between ejected and shocked ISM matefigle to the numerical ffusion of the magnetic field. The only
(e) and the blast wave propagating in the unperturbed ISM (f). way to reduce thisféect is to use more sophisticated wave-
based Riemann solvers. However, we do not deem this neces-
sary since theféect is kept within a few computational cells. As
pressure, not the role that is separately played by the magnatiticipated the behaviour is very similar to that found by SW,
field and the particles. It can be also shown that the relativisven if the evolution turns out to be slower. This agrees with
tic plasma and the toroidal magnetic field undergo the saméat one would expect, given the same initial energetics. The
adiabatic losses, so the energy variation is analogous for fhee expansion phase lasts for about 2000 years, until the swept
two components under compression or expansion of the nelp-shell of ejecta hits the reverse shock of the SNR. Then the
ula (Pacini & Salvati 1973). As far as radiation losses are com¢pansion stops and the reverberation phase begins: the revers
cerned, these are dynamically important only in the presswwtgock compresses the PWN until the pressure of the latter be-
dominated portion of the PWN (i.e. only for the time a parcomes high enough to stop it and to push it back. There is a
ticle spends in the pressure dominated region), and not in th@nsient phase characterized by oscillations of the PWN con-
magnetically dominated part where the dynamics are ruled tagt discontinuity and finally the structure relaxes to the Sedov
the magnetic field. Actually, radiative cooling may play a monghase.
important role in the evolution of the SNR. In Fig. 3 the time evolution of both density and pressure
Figure 1 shows the density and pressure after 1000 yemrshown. As soon as the reverse shock starts compressing
in the HD simulations: the small oscillations seen in the pretiie PWN, the termination shock moves toward the origin and
sure and density profile of the PWN, as well as the wall hedinally collapses to the first computational cell. At later times,
ing (point b) at the boundary (Del Zanna & Bucciantini 2002)yhen the SNR enters the Sedov expansion phase, the ram pres
are mainly due to the use of twoftérent adiabatic cdicients sure in the wind has dropped to such a low value that the termi-
(for a discussion of spurious wave generation in multifluidation shock cannot be detached from the first cell any more.

107/t g/cem’

LI
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ezt b Ol In spite of the fact that the evolution of the contact dis-
3 continuity between the PWN and the ejecta (and as a conse-
guence the evolution of the SNR) is the same in both the HD
and RMHD cases, the structure inside the PWN showerdi
ent behaviors. This is due to theffdirent stffness of a mag-
netically dominated plasma with respect to a purely HD one.
For a hot relativistic plasma suchfiirences can be easily un-
derstood looking at the wave speeds: in the magnetically dom-
inated case the wave speeciwhile in the HD case it cannot
exceedt/ V3, therefore the magnetically dominated region acts
more similarly to a rigid body in transmitting inward informa-
- i s e tion from the PWN boundary. This plays an important role dur-
0 2.0x10 s0x10*  ing the reverberation phase. In a magnetized case the terminal
Time (years) velocity inside the PWN tends to a positive asymptotic value
(that should match the velocity of the contact discontinuity),
which increases as the magnetic pressure becomes more and
more important. When the PWN reaches the reverse shock in
the SNR, the contact discontinuity cannot go any further and
starts moving back to the origin. The magnetically dominated

Pressure in Log10—scale

& part (which is in asymptotic condition) also starts to move back
P and compress the particle dominated region, where mass and
'§ energy also increase as a consequence of the pulsar injection. A
o

high density, and high pressure region is formed near the origin,
whose dimension is a function of the ratio between the injected
magnetic and thermal energy during the pulsar life (we have as-
sumed it to be constant). In spite of thigfdrent behaviour, the
magnetic field and particle pressure combine in a way to give
the same total pressure at the boundary in the various cases, as
we explained.
Fig. 3. Evolution of a PWN inside a SNR for the HD case. Density
(top) and pressure (bottom) in logarithmic gray-scale and contour lev- Figures 4 and 5 show density and pressure in the slightly
els, with black corresponding to low values and white to high valuediagnetized and magnetically dominated case after 1000 years
In the bottom panel the position of the contact discontinuity is showgthe same as in Fig. 1). As anticipated the position of the con-
tact discontinuity and the value of the pressure at the boundary
are the same as the HD case, while rath&edént PWN struc-
tures arise. The internal structure in Fig. 4 is consistent with the
v{fl\e]nnel & Coroniti model (Kennel & Coroniti 1984) even if we

While the reverse shock moves inward compressing the P o ; .
) S . S are not able to resolve the termination shock (this should be in
and increasing its pressure, the contact discontinuity sepafat

ing the ejecta from the shocked ISM still moves outward. T e first cells but numerical flusion spreads it to the first one).

) : . e pressure profile shows a central region dominated by the
pressure in the ejecta decreases due to rarefaction, and wher) the : : .

; . thermal pressure and an outer magnetically dominated zone: at
compression phase has gone on for about half of its total dura-

tion, it reaches the same values as the pressure inside the P\Wﬁ contact discontinuity the PWN has a ratio between mag-

: i netic and thermal pressurel0. The wall heatingféect is still
and the compression starts slowing down. As can be seen from e ; ;
. : resent even if it is less than in the HD case. In Fig. 5 the mag-

the pressure evolution, the PWN experienced phases of com:. S L .
. S netic pressure isc r~= (and almost coincident with the total
pression and rarefaction; if the latter are strong enough the

S . - Hly(%ssure inside the PWN) as expected for a magnetically dom-
may give rise to enhancements of the radio emission, so tha . i o
L : ; 1{1ated nebula (with a purely toroidal magnetic field), only very
one can expect to see old remnants with high radio luminosj S 0 .
. I : near to the origin it reaches values close to equipartition with
near the pulsar position. These oscillations also trigger the f%'e thermal pressure
mation and propagation of weak shocks in the SNR, which may P '
reheat the ejecta. These shocks form when compressions stopn Fig. 6 the temporal behaviour of density, total pressure
and a new expansion phase begins (in our simulations we s@&e thermal pressure is plotted for the case wien 0.003:
only two of them, which propagate in the SNR with a velocitgdensity and pressure in the SNR are very similar to the hydro-
of the order of 1000 km$, and a jump in pressure of about alynamic case while inside the PWN they showetient radial
factor of 2). As shown in BCF the number, amplitude and tinyeofiles decreasing toward the contact discontinuity. During
scale for the oscillations during the reverberation phase, nthg various compression and expansion phases, due to reverse
vary in different PWN-SNR systems so that theet of such shock oscillations there are enhancements of pressure that can
weak shocks may be important in the case of low luminosiproduce high temperature and high magnetic field regions near

pulsars or light SN ejecta. the pulsar, eventually observable at radio wavelengths. Looking

N R IR AL
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Fig. 4. Density and pressure profile for tlee = 0.003 case at time

T = 1 kyr after the supernova explosion. The SNR structure F§g.5. Density and pressure profile for the ~ 0.5 case at time
the same as in Fig. 2, while affiirent profile for PWN quantities T = 1 kyr after the supernova explosion. In the bottom pan@dint
arises: the termination shock is not detached; the total pressure atayes represent various pressure contributions as in Fig. 4.
PWN contact discontinuity is the same as in the HD case. The bot-

tom panel shows the total (solid line), the thermal (dotted line) and the

magnetic (dashed line) pressure.

the bubble. In the case of no magnetic field we find a uniformly
at the thermal pressure we can see tfiect of the difer- hot bubble, while in the magnetized case the emission enhance-
ent rigidity between the magnetically and thermally dominatd@€nt may be higher near the pulsar and, in principle, even eas-
part of the PWN. As compression starts, the magnetic regit§h to detect.
moves suddenly and starts compressing the thermally domi- A similar behaviour is present in the magnetically domi-
nated portion near the origin. The material starts moving tnated case shown in Fig. 7, but in this case the thermal pressure
ward the pulsar which still continues to inject mass and ebecomes too noisy (it must be derived numerically from the
ergy so that these accumulate at small radii. Finally, when tte#al pressure, which is much larger, so that unavoidable ac-
system enters the Sedov expansion phase, matter and theomadcy errors arise), and th&ect of the diferent rigidities is
energy start being advected away from the pulsar again. Thisre easily seen by looking at the density evolution. The over-
behaviour is completely absent in the HD case where densatynebula can be considered to be in a magnetically dominated
remains constant inside the nebula. This fact is importantdondition (except for the first cell). The injected material re-
that it leads to dterent observable signatures in old SNR-PWMhains in the first cell during the compression and is advected
systems depending on the magnetization of the bubble. Thealivay only at later times when the nebula enters the Sedov ex-
mension of the overcompressed region can in principle be ugethsion phase. In this case we expect to find a high pressure
to estimate the magnetic field inside the nebula and, from thégid high magnetic field spot near the pulsar that may be hot
the magnetization in the pulsar wind itself: the larger the simmough to be detected not only in radio but also at higher fre-
of the overcompressed region the lower the magnetic fielddaencies (microwaves or IR).
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Fig. 6. Evolution of a PWN inside a SNR for the = 0.003 case.
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Fig. 7. Evolution of a PWN inside a SNR for the ~ 0.5 case.
Density (top) and pressure (bottom) are represented in logarithmic
gray-scale and contour levels, with black corresponding to low val-
ues and white to high values. In the bottom panel the position of the
contact discontinuity is shown.

have chosen to compare our results with the EC model, since
this allows for a non-zero velocity of the termination shock.

It should be emphasized that the applicability of these mod-
els is limited to the first phase of the evolution of the PWN-
SNR system, before the reverse shock in the SNR reaches the
PWN contact discontinuity. Moreover a comparison between
our results and the work by EC is only possible for the HD and
slightly magnetized case, the only two cases for which a shock

Density (top) and total pressure (middle) and thermal pressure (bsblution exists.
tom) are represented in logarithmic gray-scale and contour levels, with The solution found by EC (as well as that by KC) relies on
black corresponding to low values and white to high values. In thg,q strong assumptions: a constant pulsar spin-down luminos-

middle and bottom panels the position of the contact discontinuityiE, and a constant velocity at the outer boundary of the PWN

shown.

3.1. Comparison with existing analytic models

None of these applies to our case: in our simulations the spin-
down power fed to the nebula by the PSR varies according to
Eq. (3) and the velocity of the contact discontinuity increases
with time during the evolutionary stage we are considering,

Two classes of analytic solutions exist in the literature fahanging from an initial value of.005c to a value of 007

the internal structure of PWNSs: the steady-state solutiovhen the system is 2000 years old. Both these factors lead to
(Kennel & Coroniti 1984, KC) and the self-similar solutiondifferences between our results and those found by EC, but the
(Emmering & Chevalier 1987, EC). Itis interesting to compardifferent energy input as a function of time likely plays the most
the predictions of the analytic models with the results of oimportant role. As the PSR luminosity decreases, the position
simulations, also to evaluate how good those models are. @fehe wind termination shock moves to smaller radii than in the
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constant luminosity case. Thifect can be easily estimatedin ~ >°[" T A T T

the pure HD case. Assuming a constant energy input, the
sition of the termination shocRs(t) can be estimated through
the condition of pressure equilibrium:

L Lt

= , 9
4rcRe(t) 47z'RSWn ©)
this becomes in the time dependent case:
t
L(t L(t)dt
- ﬁ) (10) -2.5 -

ArcR(t) 471'ngn . -
When the PSR luminosity is described by Eg. (3), afte -3ol.%.. . e L Leviiiii L I oo

LR B I S

1000 years, the value & is a factor 0.612 less than in a case L 2 - d? W 4 5 6
. . . . aai

when the luminosity is taken to be constant and to give the sarnie e

value ofRywn. Q[T A .

Taking the EC solution in the unmagnetized case and wit
the shock velocity set to.Bx 107*c (as evaluated from our sim-
ulation), we can determine the position of the contact discont o
nuity (normalized to the termination shock radius) as the poil,
where the flow speed equals the values ok 10~3c, corre- E |
sponding to the velocity of the contact discontinuity in our sim.” _,
ulation). Doing this, we findRywn/Rs)ec ~ 0.5(Rpwn/Rs)sim. {
where the subscripic is the ratio computed on the basis ofe
EC model, and the subscrigt, is our simulation value. This is
consistent with our expectations based on the discussion abc

In Fig. 8 the numerical simulation is compared with the
EC solution scaled to the same wind termination shock radiu
Apart from the small waves previously discussed, we see
good agreement in the post-shock region. The two models sh¢ Radius(Ly)

bigger diferences in the outer part of the nebula. As we men-

tioned, the EC model gives a smaller nebular radius: the ouﬁé‘?' 8. Comparison of the density (upper) and pressure (bottom) pro-
iles in the pure hydrodynamic case. The solid line is our numerical

?heak?[uel\?(-jli ifo?(;zl"Slglf/tt?ChggIulc?or?l:al;(gz(sji L(Jv[\)"iom;abnotuttOSpg IC; ?ﬁiﬁmulz_j\tion while the_z dashed line is the EM model rescaled to the ter-
. . . . ) ’ nation shock radius.

dimension of the nebula determined by matching the bound-

ary velocity is smaller~3.6 Ly). This diference is the result

of the diferent pulsar spin-down law: material in the outer part

was injected at early times, when the luminosity was larger, affgs should be 0.2 Ly ifL(t) were constant), but likely, in this

carries more energy, so that it tends to expand as the wind ré@$e, variations of the velocity at the boundary as well as nu-

pressure drops, and to push the more recently injected matefgrical discretization are also of some importance.

close to the pulsar. Our results suggest that, taking into account the spin-down

A comparison in ther = 0.003 case is even more deli-Process, the Crab Nebula, where the r&jan/Rs is believed

cate: the variation of the boundary velocity is now more impoto be about 20, should probably have a smaller magnetization

tant because the velocity is close to the asymptotic value fop@rameter than what is estimated by KC. It should be noted

shocked wind with such magnetization so that even small vdftat EC arrived at the same conclusion based on the speed of

ations can lead to majorﬁ%grences in the nebular size. Aga|ﬁhe termination shock. However, this subject deserves further

we have chosen the EC model with the same magnetizationifpfestigation.

a comparison, even if in this case the termination shock is not

fjetache_d from the first cell so that we_cogld easily assume tﬂ‘?bonclusion

its velocity is zero. Results are shown in Figs. 9 and 10, both for

the overall nebula and for the post-shock region. The analylicthe present paper, relativistic MHD simulations of the evo-

model has been rescaled to the shock position resulting fraution of a PWN inside a SNR, in the spherically symmetric

our simulation (determined through a best fit procedure) whielpproximation, are shown for the first time. The early free ex-

turns out to be at about 0.07 Ly from the origin. The radial prggansion and Sedov-Taylor stages have been studied, both in

files agree very well with the EC model, even if the nebula the hydrodynamical and magnetohydrodynamical (withedi

more extended and the magnetically dominated part appearsiid magnetizations) regimes for the PWN. These simulations

be larger. The dierences in dimension can again be in part aare mainly aimed at extending previous similar works (espe-

counted for as anfiect of the dfferent pulsar spin-down law cially SW) to the more appropriate relativistic and magnetic
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regimes. Moreover, two fierent adiabatic cdicients are used two different regions (an internal thermal pressure dominated
for the PWN and for the SNR (two fluids). and an outer magnetic dominated zone) witliedent associ-

An important result is that the evolution of the contact disated rigidities gives rise to an overcompression near the ori-
continuity only depends on the total energy in the PWN whilgin, where mass and energy coming from the pulsar are con-
it is independent of its magnetization. The same result wiised inside a small radius. In this case a high-temperature and
found previously by Emmering & Chevalier (1987) under thkigh-magnetic field spot is formed, which could eventually be
assumptions of time-constancy of the PSR power input andrefrealed not only in radio but also at higher frequencies (mi-
the velocity of the contact discontinuity. crowaves or IR).

Our simulations do not take into account radiative losses.
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