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Abstract. One aspect of supernova remnant evolution that is relatively unstudied is the influence of an AGN environment. A
high density ambient medium and a nearby powerful continuum source will assist the cooling of shocked ejecta and swept-
up gas. Motion of the surrounding medium relative to the remnant will afsztathe remnant morphology. In an extension

to previous work we have performed 2D hydrodynamical calculations of SNR evolution in an AGN environment, and have
determined the evolutionary behaviour of cold gas in the remnant. The cold gas will contribute to the observed broad line
emission in AGNs, and we present preliminary theoretical line profiles from our calculations. A more detailed comparison with
observations will be performed in future work. The SNR-AGN interaction may be also useful as a diagnostic of AGN winds.
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1. Introduction studies (e.g., Clavel et al. 1991) show the direct response of
emission line strengths to continuum variability. The absence

Active galaxies produce prodigious luminosities in tiny voI-Of deep Lyr absorption indicates that the BELR covers only 5—

Emes, ;jls?rl]ayd_very _tstrofntgr;] (_:oEmr:)Iogmal evoltgmtn, bandkeg-s% of the continuum source (e.g., Boftat al. 1997). It has
nown for the diversity of their behaviour (e.g., Osterbroc small volume filling factor~10~7 (as determined from the

!\/Ia_tthews 1986). Their act|V|t_y arises from the releage of 9 Whserved line strength to continuum ratio; Netzer 1990). It also
itational energy from accretion onto a supermassive0f—

. . generates a wide range of line profile shapes (indicating that the
10° Mo) black hole angbr the cumulative fiects of short-lived eometry and kinematics are complex and varied), and shows

episodes of nuclear star formation, and is often accompan \ﬂdence of at least a two-component structure (CollinfSiou

by nuclear winds and jets. There is evidence (e.g., Williams al. 1982, 1986; Wills et al. 1985). One of these components
Perry 1994) that intense star formation and nuclear activity 1 E ' .
n

re K . . .. X . . L

. s associated with high ionization lines, includingig, C1v,
related, and starbursts are one possible way to fuel the ce ral ther multiply ionized species, and is known as the HIL.
black hole. In turn, the nuclear wind and the extreme radiatiolrhe second component can be idéntified with the low ioniza-
field act back on the starburst components, influencing stelﬁgn lines which include the bulk of the Balmer lines, and lines
winds (and thus stellar evolution), wind blown bubbles, and s '

. . i f singly ionized species (e.g., Cu, Fem) and is known
pernova remnants. For the most luminous active galactic nuc &l thegLyIL P (€. Mg )

AGNS) to be powered by accretion requires that the densi
( ) b y a y The regions emitting the LIL and HIL display féérent

of the interstellar medium be enhanced, for example by gala . ; ) .
e by d s? ematics, as deduced from studies of the profiles and line

encounters or mass loss from a dense nuclear stellar clu .
One of the most important questions concerning the AGN ph?éﬁdths (e.g., Gaskell 1988, Sulentic et al. 1995), and the HIL

nomenon is therefore the connection between starburst and ﬁu_systemat!cally blue-shifted with respect to the _LIL__(see,
clear activity. e.g., Sulentic et al. 2000). To account for the variability of

A defining characteristic of AGNSs is their possession dfee low ionization Mgt and Balmer lines the LIL must be

strong (and often very broad) line emission. This provides dgptically thick (e.g., Ferland et al. 1992). On the other hand,

tailed information on the physical conditions right down imooptically thin gas may account for the Baldwiffert (a neg-

the AGN core, and over the years a great deal has been lear e c_orrelation beFWee” the yltra_violet emissio_n—line e_quiva—
about the properties of the gas comprising the broad em gnt width and continuum luminosity), although it remains to

sion line region (BELR). It is photoionized, since reverberatio e seen if this is due 1o sgmple biases (_Sulentlc et_al. 2000),
and for the Wamsteker-Colindfect (a negative correlation be-

Send offprint requests to: J. M. Pittard, tween between the ¥ 11549Ly« ratio and continuum lumi-
e-mail: jmp@ast.leeds.ac.uk nosity; Shields et al. 1995).
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It is now fairly clear that the Balmer lines form at the surealculations, the powerful flux of ionizing radiation influences
face of an accretion disk, or close to the surface in an aitie thermal evolution of shocked regions. A central finding was
cretion disk wind (e.g., Collin-Sdfrin et al. 1988; Marziani that shocked gas could radiaté&ently enough to cool to tem-
et al. 1996; Nicastro 2000), and approximately three quartgrseratures and densities appropriate for the HIL.
of the total luminosity of the broad-line emission is estimated In this paper we present calculations which extend the work
to arise in the LIL (Collin-Soffrin et al. 1988). The geomet- of Pittard et al. (2001). We describe the results of 2D axisym-
rical distribution and kinematics of the HIL gas is, howeveinetric hydrodynamical models of the interaction of an AGN
much less clear: it may arise in a spherical outflow, but a bivind with a supernova remnant. As the formation, evolution,
conical “jet-like” distribution is another possibility. BELR sizeand structure of cold gas is of particular interest, we have de-
determinations are commonly obtained using reverberation ag@mined the mass of cool gas as a function of time and present
photoionization techniques, though it was concluded in a recesime simple modelling of line profiles. In a future paper, we
study that gravitational microlensing could be a useful alterngiill perform more detailed line profile modelling and will com-
tive method, particularly for the HIL (Abajas et al. 2002). pare the results closely to observations.

Many theoretical explanations have been proposed for the |n Sect. 2 we discuss the details of our calculations; in
origin of the BELR. They include: i) magnetic acceleration 0§ect. 3 we discuss our results; in Sect. 4 we present some pre-

clouds df accretion discs (Emmering et al. 1992); ii) the intertiminary line profile modelling; and in Sect. 5 we summarize

action of an outflowing wind with the surface of an accretiognd discuss future work.

disc (Cassidy & Raine 1996); iii) interaction of stars with ac-

cretion discs (Zurek et al. 1994); iv) tidal disruption of stars

in the graVitational field of the BH (ROOS 1992), V) intel’aCQ_ Details of the calculations

tion of an AGN wind with supernovae and star clusters (Perry

& Dyson 1985; Williams & Perry 1994); vi) emission fromWe performed our calculations with an adaptive grid hydro-

accretion shocks (Fromerth & Melia 2001); vii) ionized steldynamical code which is second order accurate in space and

lar envelopes (e.g. Torricelli-Ciamponi & Pietrini 2002). Manytime (see, e.g., Falle & Komissarov 1996, 1998). We used a

other models have been shown to possess seridiisutties Chevalier-Nadyozhin similarity solution specified by= 12,

(see references in Pittard et al. 2001): in particular, any model= 0" as the initial profile for the SNR (Chevalier 1982;

must overcome the “confinement problem”, orccontinually Nadyozhin 1985). In the majority of our calculations we as-

generate clouds. sumed a canonical explosion energy ofi@rgs and ejecta
Many of the mechanisms on which the various models af@ass of 1Mo, which is typical of a type Il SN. 75 per cent of

based will probably contribute to the production of the obthe mass and 58 per cent of the explosion energy are contained

served BELR gas. However, it is clear that some of the priithin a constant density core. Heating and cooling rates for a

posed mechanisms will be more dominant than others, at leggfionical AGN spectrum were kindly supplied by Tod Woods

under certain conditions. For example, the rate of tidally diécf. Woods et al. 1996) and are included in our calculations.

rupted stars in high luminosity AGNs is likely to be too lowT'hey are valid in the optically thin, low-density regime with so-

to account for much of the BELR in these objects. Which afar abundances. Further details and assumptions can be found

generally the dominant contributions remains, to date, largedlyPittard et al. (2001) and references therein.

unknown.
Even if the SNR-AGN wind interaction is not the dominant * ¢ = 0 specifies expansion into a constant density ambient medium.

formation mechanism of the HIL gas, it is of interest due to it§ reality the eje_cta initi_aIIy gxpands into circumstellar gas e_xpelled

potential as a diagnostic of the AGN wind. Supernovae mu&p™ the progenitor by its wind and by any outbursts. The high am-

occur close to the central AGN engine — in our own Gala: ent pressures con5|dereq in this work will cpnflne thI.S mater_lal

there exists a cluster of a few dozen evolved massive stars V\éha smaller volume than is the case for massive stars in a typical

L . ) alactic environment. For instance, with canonical valuesof=

initial massesl\_/l > 20 MG_(See Figer & K_'m 2002 and ref- ;g6 Mo yr1, andv = 2000 kms? for the progenitor wind, and

erences therein) in a region of 1.6 pc diameter centered QN 16 co3 andT = 107 K for the surrounding environment, the

Sgr A*. Recent absorption line measurements from one of thgn pressure of the progenitor wind is balanced by the thermal pres-

high velocity stars are consistent with an O8-BO dwarf witBure of the surrounding environment at a distance.5813* cm

a mass~15 Mg and a highly eccentric orbit which brings it(2.75 x 10 pc) from the center of the progenitor. If the ambient

within 1900 AU 6.3 x 10~* pc) of the supermassive blackmedium flows past the progenitor, substantially smaller confinement

hole (Ghez et al. 2003). We can expect a similar, if not mofédii can occur on the upstream side. For the same parameters as abov

extreme, situation in the central regions of AGN. andv = 3000 km s? for the AGN wind, ram pressure balance occurs

The evolution of SNRs in a high density static amblerﬂtad'Stance of 26 cm (32 x 1075 pc) from the centre of the progen

medium has been studied by Terlevich et al. (1992), with pd},gr. These distances are much smaller than the size of the subsequen
' ’ emnants (see Sect. 3), thereby justifying our assumption of a constant

ticular application to the _formation qf BELRs in StarbursEjensitysurrounding medium aad= 0. We note, however, that a more
models devgloped to obviate the existence of SUpermass’tllYgrough treatment would consider th@eet of the mass of the con-
black holes in the centres of AGNs. More recently, the agned wind on the results presented in Sect. 3, since this could be sig-
ditional influence of an intense continuum radiation field ORjficant compared to the amount of mass in the surrounding medium

the evolution of SNRs has been examined (Pittard et al. 200Which is swept up by the time that the ejecta core interacts with the
With Compton cooling and heating processes included in thesserse shock.
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The thermal equilibrium of gas irradiated by the intense 108 L) S S L1 s o R ]
continuum in an AGN may be described in terms of several
differently defined ionization parameters. When cold and hot
phases exist with comparable pressure, it is convenient to use a 107
definition based on the ratio of the ionizing photon pressure to
gas pressure (cf. Krolik et al. 1981):

T T TTT
1111l

T TTTHW
11 11111“

3 6
1 0 -~
E=—s— | L 1) o 107¢ 3
47r2nckT fVL i @) 5 g E
] [ ]
wherer is the distance to the central continuum sounds,the & L 4
gas density] the gas temperaturk, the diferential luminos- g— 10° - -
ity, v the frequency at the Lyman limit, and the other symbolso E ]
have their usual meanings. Another useful definition is the rati 5 1
of the ionizing photon density to the gas density, 104 i |
1 L
U=—— —dv. 2 § ]
4Anr2ne va hy (2) C ]
3
The relation between these two ionization parameters depends 10 vl il il
on the shape of the ionizing spectrum. For the canonical AGN 0.1 1.0 10.0 100.0  1000.0
spectrum in Cloud$ (see Woods et al. 1996), which we adopt =
for this work, Fig. 1. Thermal equilibrium curve for the standard AGN spectrum in
Cloudy (see Woods et al. 1996).
U = 0.0182T4E, 3

whereT, is the gas temperature in units of1K. Comparison Table1. Initial_ radius,R, expansion speedsy,, and aget, of_the SNR
with Roos (1992) shows that our adopted spectrum is neitHef models withE = 10°* erg andM = 10 Mo, as a function of the

particularly soft or hard. ambient densityp.

In Fig. 1 we show the thermal equilibrium curve for the
assumed AGN spectrum giving the temperature as a func- n(em®) R(10°pc) vep(kms?) t(yn)
tion of the ionization paramete, At low temperatures, pho- 10 3.4 11000 0.3
toionization heating and cooling due to line excitation and re- 10° 1.2 12000 0.1

combination are in near balance. At high temperatures, the
equilibrium arises from the balance of Compton heating and

cooling. The exact shape of the thermal equilibrium curve ati?édius, expansion speed, and age of the SNR in our models is

termediate temperatures is a complicated function of the irra%eciﬁed in Table 1 for each of the ambient densities. All mod-

ating spectrum, the assumed abundances and thermal ProC€SR&}ave the same ionization parameter and temperature for the

(cf. Krolik et al. 1981), and varies substantially from source tg .- -+ medium¥ ~ 150,T = 1.33x 10" K) unless otherwise

source. Since we are not model_llng a s_pecmc object, we d(_) Lted. We further assumed that the central continuum source is
concern ourselves with the details of this part of the equilibriumg, - -+ enough that the flux of ionizing radiation is constant
cur\_/re. btai | inth | ilibri . .__over our computational volume. The SNR was evolved until
0o tain coo gis In thermal equilibrium we require iong, . pressure of the shocked gas drops to the point where it is
ization parameter3 < 10. As noted by Perry & Dyson (1985), | longer able to exist in the cool phade ¢ 10° K). As the

EhOCked gas cooled_ back to equilibrium can have a value mnant expands we periodically regrid our model to a coarser
E much lower than its pre-shock value. This is because t t of grids

post-shock density and pressure can be much greater than the
pre-shock value. Therefore, strong shocks can create condi-

tions for the gas to cool to temperatures much lower tha§) Results

the surrounding ambient temperature. The crucial question is

whether the shocked gas remains at high densities and pr@st. Expansion into a stationary medium

sures for long enough to cool from its post-shock temperature _. . _
to T ~ 2x 10* K. In our earlier 1D work (Pittard et al. 2001) In Figs. 2 and 3 we show the evolution of a SNR expanding

: . . 6 3
we demonstrated that this was possible for a supernova idfp & stationary environment with= 1(.) cm. The shocked
characteristic AGN environment. gas rapidly loses energy, first through inverse Compton scatter-

In the next section we present results from 2D simulatioad’ and then through free-free and line cooling, and is com-

of a SNR evolving in an AGN environment. We have comput essed into a relatively thin zone with the unshocked ejecta
models with ambient densitias = 10° 10}; em3 and with ominating the remnant volume. The shocked gas has a frac-

AGN Wi _ 7 kms? The initial tional th.ickness of 0.132 i|_"| the adiabatic self-similar.sqlution
GN wind speeds = 0,3000 5000 7000 kms € initia (Chevalier 1982; Nadyozhin 1985), buttat 5 yr the radiative
2 Ferland (2001). energy loss has reduced this to just 0.036.
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t =5y t =10 yr

t o= 20 yr t =40 yr

L L i I L
0.0 5.0 10,0 16.0 0,0 10,0 20,0
R R

Fig. 2. The evolution of a SNR expanding into a stationary environment of densityi® cm3. Shown are logarithmic plots of the density
with a scale from 2 x 10* cm2 (white) to 31 x 1¢f cm 2 (black). The age of the remnant is shown in the upper left corner of each plot. Note
the change in the axis scaling between the plots. The unit of length in these and subsequent. pbot(& dm (0.0036 pc), and the ionization
parameter of the surrounding mediuBx 150, unless explicitly stated otherwise.

Since the shocked ejecta are denser than the swept-up gasWhile previous numerical calculations of remnants in the
they cool quicker and form a thin dense shell within the naliterature showed that the shocked ejecta were unable to distort
row region of shocked gas, which is bounded on its interidhe position of the forward shock (the Rayleigh-Taylor (R-T)
surface by the reverse shock. Since the dense shell is decéf@mgers” being limited to about half the thickness of the region
ated by the hot gas on its outside surface, it is subject to tbEhot, swept-up gas (see, e.g., Chevalier et al. 1992), a num-
Rayleigh-Taylor instability, and there have been many investier of exceptions have recently been found. For instance, the
gations of this behaviour in SNRs (e.g., Chevalier et al. 1998xistence of circumstellar cloudlets was found to enhance the
Chevalier & Blondin 1995; Jun et al. 1996; Blondin et al. 2001growth of the R—T fingers by generating vortices in the swept-
Blondin & Ellison 2001; Wang & Chevalier 2002). up gas (Jun et al. 1996). Alternatively, if the forward shock is
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L=5yr =10 yr

=20 yr to= 40 yr

0.0
0.0 5.0 10,0 15.0 oo 10.0 20,0
R R

Fig.3. As Fig. 2 but showing logarithmic plots of the temperature with a scale frdnK{hite) to 158 x 10° K (black). Note the creation,
evolution, and destruction of cool gab & 1¢° K) within the remnant.

an dficient site for particle acceleration, the shock compressiomore strongly compressed than normal. In this sense our mod-
ratio is increased and the region of hot swept-up gas is reduadd mimic the higher compression ratios found in models with
in thickness, allowing the convective instabilities to reach adfficient particle acceleration (Blondin & Ellison 2001), and
the way to the forward shock (Blondin & Ellison 2001). Finallylike them we find that the high density “fingers” are able to dis-
if the ejecta are clumpy, the greater momentum of the clumpst the forward shock. Chevalier et al. (1992) had previously
enables them to push through the position of equlibrium presuggested the possibility of a highly radiative inner shock front
sure balance and to perturb (or puncture) the forward shock (td.explain protrusions seen in VLBI observations of SN 1986J.
Blondin et al. 2001; Wang & Chevalier 2002). The large decrease in entropy of the shocked ejecta greatly en-
To this list we can add the present work. In the high defances this instability.

sity, high radiation flux environment which we consider, the Att = 10 yr, the R-T “fingers” have grown so long, and
region of swept-up gas is significantly morffigient at radi- distorted the forward shock to such an extent, that the insta-
ating energy than in less extreme environments, and is thifity begins to resemble the non-linear thin shell instability
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(hereafter NTSI; Vishniac 1994). To our knowledge this hashape in the way that one would expect. The resulting mor-
never been seen before in SNRs, although it is a comhology can be compared to that seen in adiabatic remnants
mon phenomena in simulations of wind blown bubbles (e.gexpanding into a plane-stratified (stationary) medium (Arthur
Garcia-Segura et al. 1996) and colliding stellar winds (e.g, Falle 1993). The models show increasing distortion of the
Stevens et al. 1992; Pittard et al. 1998). remnant with wind speed.

We note that the “fingers” do not form at constant intervals Motion of the ambient medium alsdfacts the develop-
along the thin shell. Since they are not deliberately seeded, thegnt of hydrodynamic instabilities. On the leading edge of the
naturally develop from noise within the code itself. It is knowremnant, instabilities are more vigorous, since the shocked re-
from both analytical and numerical work that small wavegion is compressed to higher densities. On the trailing edge,
length modes grow most rapidly for both the R-T instabilitghe shocks are much weaker, and the shocked gas is both less
(Chandrasekhar 1961; Youngs 1984) and the NTSI (Vishnigdense and broader in extent, which severely suppresses the ac:
1994; Blondin & Marks 1996). However, it is extremelyfih tivity of the instabilities in this region. Since the trailing edge
cult to resolve modes of the thin-shell instability, as fiisient has relatively low pressurg, is much higher here than at the
number of grid cells across the thin shell is needed to follolgading edge, and cool gas forms preferentially in the upstream
the tangential flow of material (Mac Low & Norman 1993)direction. We find that the evolution of the mass of cool gas is
Given that this is not the case in our models, we expect the derprisingly similiar over a wide range of ambient densities and
velopment of this instability to dier in higher resolution runs. flow speeds (see Sect. 3.4).

Nevertheless, we do not expect it to drastically alter the mass

of gas that cools (see Sect. 3.4). ..
) ) ) 3.3. Individual cool clumps
Until aboutt = 7 yr, the ejecta envelope impacts the reverse
shock, and the pre-shock density remains relatively constantathe upper panels of Fig. 6 we zoom in on the remnant limb
n ~ 7 x 10° cm~3. However, soon after this the reverse shockom the simulation at = 10 yr as shown in Figs. 2 and 3. The
interacts with the ejecta core. During this stage the ram préerward shock bounds the right side of the shocked gas, and
sure of the ejecta on the shocked gas rapidly declines as the reverse shock bounds the left. The high densities appar-
pre-shock density now decreasesdsand the shocked regionent in the upper panels lead to rapid cooling of the post-shock
depressurizes as the reverse shock travels towards the centéioaf, such that the morphology resembles that resulting from
the remnant. This loss in pressure raises the equilibrium iothhe ram-ram pressure instability. The lower panels of Fig. 6
ization parameterZ, of the shocked gas to the point that thelisplay the remnant limb at = 30 yr for expansion into an
equilibrium temperature changes frorm0% K to ~10’ K. Gas ambient densityn = 10° cm3 (see Fig. 4). Compared to the
that has managed to coolTo~ 10* K is then heated. This be- situation shown in the upper panels the post-shock flow cools
haviour is seenin Fig. 3. At= 5 yr much of the shocked ejectafar less strongly, and we see that the cool regions are embedded
has cooled td ~ 2x 10* K, and att = 10 yr, this has signifi- in a much thicker region of shocked gas.
cant structure from the action of the instabilities. However, by = Of note is the fact that the cool regions (which we shall
t = 20 yr most of the cool gas has disappeared, with only a fa@entify henceforth as “clouds”) contain within them a range
regions concentrated at the densest points of the remnant, thesgensities, equilibrium ionization parameters, and velocities.
typically being at the extremeties resulting from the “fingersihe clouds, being surrounded by a confining medium, are in-
mentioned earlier. By = 40 yr even these regions have disgeed long-lived: they remain as distinct entities until their pres-
appeared, and the remnant is at an almost uniform temperatsiiite drops to the point where their equilibrium temperature cor-
T~ 13x10" K. responds to the hot phase. Within an AGN as a whole where
Remnants expanding into lower density surroundings ameany young SNRs will exist at a given time, cool clouds will
characterized by a thicker region of swept up material; those continuously created (through gas cooling in the younger
expanding into higher density have a thinner region of swepgmnants) and destroyed (through gas re-heating in the older
up material. Figure 4 shows the morphology of a remnant esemnants).
panding into a stationary medium with= 10° cm3,

3.4. Evolution of cool gas

3.2. Expansion into an AGN wind . L
The mass of the cool clouds as a function of time is shown

Several major dferences in the morphology and evolution ofn Figs. 7 and 8, and Table 2. We defibe = [ M(Z)dE.

the remnant are seen when it expands into a high velocity flie first gas to cool below = 10° K is initially out of pres-
rather than into a stationary medium. Figure 5 shows densguyre equilibrium with its surroundings as the cooling timescale
and temperature plots of a remnant expanding into a flow witf this gas is shorter than the dynamical timescale of the sur-
n = 10° cm™ andv = 3000 kms?. Since the expansion ve-rounding material. This can be seen by examining Fig. 7, where
locity of the remnant is intially much higher than this, the flowduring the re-establishment of pressure equilibriEnde-
velocity of the surrounding medium has littl&ect on the rem- creases. For the remaining evolution, continued expansion of
nant morphology at early times. However, as the expansion \tee remnant causes to increase towards the ambient value
locity of the remnant slows, the flow velocity becomes increag= ~ 150). WhileZ is below the value separating the cool and
ingly significant, and the remnant is distorted from a spherichbt phasesy ~ 30 — see Fig. 1), gas continues to cool and the
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t =30 ur t = 30 ur

15.0

5.0

0.0, I ! = 1] 0.0F ) 1 I !
0.0 5.0 10,0 15.0 0.0 5.0 10.0 15,0
R R

Fig.4. The morphology of a SNR expanding into stationary surroundingsmihl® cm2 att = 30 yr. Left: logarithmic density (grayscale
from 4.7 x 10* cm3 (white) to 18 x 107 cm3 (black)).Right: logarithmic temperature (grayscale fronf ¥0(white) to 158 x 1 K (black)).
The unit of length is 24 x 106 ¢cm (0.0073 pc).

total mass of cool gas continues to rise. However, withen30, U ~ 1 (Laor et al. 1994). This translates irfo~ 25 for gas

the clouds are subject to net heating, and the mass of cold gassting in the cool phase, which is clearly in good agreement
decreases until the clouds are eventually completely destroyeith the results presented in Fig. 7.

Figure 7 shows that not all of the clouds transit from a cool

to a hot phase at exactly the same time. Pressure and densit )

enhancements in the remnant caused by the action of instafie- Effect of an increased AGN flux

ities are able to maintain some clouds in their cool phase fon:l%e simulations shown so far were computed with an AGN

longer duration. . S . . flux which was high enough to maintain the ambient gas in the
When the surrounding medium is in motion relative to th o phase (i.6= ~ 150 — see the equilibrium curve in Fig. 1)

progenitor of the explosion, the increased compression of tﬁﬁis resulted in a relatively low value & for the shocked gas
leading edge of the remnant results in cool gas forming more

rapidly and with a lower value oE. The cool gas is also able to and provided a good opportunity for the shocked gas to cool to

: O 5 . 3 T ~ 2 x 10" K. However, if a remnant were to be immersed in
survive for a longer time in such cases. o 10° cn°, the . . : S .
s - bient gas with a higher ionization parameter, the ability for
total mass of cool gas is fairly insensitive to the flow speed g ; o .
. . . : Shocked gas to cool would be compromised. This is shown in
the ambient medium, peaking k&t ~ 2—-4 M, approximately _. . T ) .
Fig. 9, where a remnant is expanding into a stationary medium
Ith = ~ 1500 (i.e.E is 10x higher than in Figs. 2 and 3).

15-20 yr after the explosion. On the other hand, the increase
reased photon flux from the AGN increases the rate of

compression caused by a wind can significantly enhance 5 inc
%,eompton heating, and leads to a reduction in the net cooling

mass of cool gas in situations where its formation is otherwi
rate. While the radius of the remnant is largely unchanged, its

marginal. For example, whem= 10° cm 3, gas barely man-
ages to cool beloW ~ 10° K when the medium is stationary, morphology is &ected: the shocked gas is not compressed as
much, and cool clouds do not form. This behaviour is consis-

but in the model witm = 10° cm~3 andv = 3000 km s* a sub-
stantially greater mass of gas cools and exists fora S|gn|f|cantt(la¥1t with the earlier work presented in Pittard et al. (2001).
longer period.

The results of most observational work are reported in
terms of the ionization parameter (Eq. (2)). Since we know 3 6. Effect of the stellar envelope
the relationship betweeb) and E for the AGN spectrum
adopted in our models (Eg. (3)), we can therefore easily coe investigate whether cool clouds could form in a remnant
pare our results to observations, where a large rangé infrom a type la SN explosion, we have computed an additional
is seen. Low ionization lines (such as M@2800) typically modelwith appropriate parameteEs= 10° erg,M = 1.4 Mo,
haveU ~ 0.01, which translates int& ~ 0.3 for gas at andn = 7 (cf. Chevalier 1982). The mainftitrence with this
T =~ 20000 K. In contrast, high ionization lines (such asnodel is that the increased value®fM results in higher ex-
C1v 11549) are characterized by larger valuesof low val- pansion velocities of the ejecta and hotter post-shock gas, and a
ues of Qm 1977/0v1 11034 imply the presence of gas withlower equilibrium ionization parameter. However, the remnant
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t=5y =10y =20y L= doyr

10,0

Fig.5. The evolution of a SNR expanding into an AGN wind with- 1 cm2 andv = 3000 km s?. In this figure the AGN wind propagates
down the page and the explosion site is at position (0, 0).tdjneow shows logarithmic plots of the density with a scale fros2 16 cm2
(white) to 31 x 108 cm® (black), while thebottom row shows logarithmic plots of the temperature with a scale frofKL@white) to

1.58 x 10° K (black). The age of the remnant is shown in the upper left corner of each plot. Note the change in the axis scaling between
plots.

also decelerates more rapidly, causihtp increase at a faster optically thin and the volume emission rate varies&sSince
rate than for then = 12 case. This ultimately hinders the for-the gas is cool, thermal Doppler broadening is negligible. A
mation of cool gas relative to thee= 12 case, and only a small previous investigation (Bottffret al. 2000) failed to reach any
amount is able to form (see Table 2). strong conclusions concerning whether microturbuléneas
Recently, it is has become clear that there exists a clasdafoured by observations, so it is not included in our model.
type 1l supernova explosions which are under-energetic (e.ghe emission is blue- or redshifted according to the line of
Zampieri et al. 2003). For two explosions examined in detasjght velocity of the gas. Absorption was also assumed to be
Zampieri et al. (2003) foun! > 14 M, andE ~ 0.6-09 x negligible.
10°* erg. We do not expect remnants with such parameters to In Fig. 10 we show the line profiles resulting from a rem-
evolve significantly dierently to our canonical models withnant expanding into an ambient medium using 3 sets of pa-

M = 10 M, andE = 10° erg. rameters. The normalization of the line profiles has been set so
that the peak emission is approximately 1.0, and we have pre-
4. Line profiles served the relative scaling between the models (e.g., the central

intensity of then = 10° cm3, v = 0 kms™, t = 20 yr pro-

We have calculated synthetic line profiles for emission frogy : . .
the cooled gas. The 2D axisymmetric grid is rotated onto[@le is approximately % greater than the central intensity of the

3D Cartesian grid and the emission from volume element$ Defined as any velocity field that occurs over distances that are
containing cool gas integrated under the assumption that itsimall compared to a photon’s mean free path.
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Fig. 6. The density and temperature structure of individual bowshocks and cool clumps. The top panels show the structure existhgrat
when a remnant expands into an ambient density 1 cm3. The bottom panels show the structure existing at30 yr when a remnant
expands into an ambient density= 1 cm 3. The left panels display density gray-scales, contours, and flow vectors, while the right panels
display temperature gray-scales and contours.

n=10cm3,v=0kms?, t =20 yr profile — note that the in- Fig. 2 is minimal, a tangential line of sight does not intercept
tensities do not scale a8 because the total volume of the cooln increased number of clouds, and “horns” are not seen in the
gas also varies). The bottom row in Fig. 10 shows the line prprofile. In contrast, the line profiles displayed in the rightmost
file which results if we integrate over the age of the remnargolumn of Fig. 10 show an increasingly rounded or triangu-
In effect we sum each of the profiles in the rows above witlar profile as the remnant ages, and the time-averaged profile
an appropriate weight which reflects the time between eadlsplays a distintly rounded top. In this model the remnant is
“snapshot”. expanding into an AGN wind and the line profiles (which are

TP .ﬁensitive to the spatial distribution of cool gas) reflect the in-
In general, the normalization first rises and then falls wit . . . .
gasing distortion of the remnant as it expands.

time as cool clouds are created and then destroyed. The widit
of the line decreases with time as the expansion speed of thelt is clear from Fig. 2 that the emission cames from a rela-
remnant slows. The line is clearly flat-topped, which is chatively small number of clouds (particularly at later times, e.g.,

acteristic of emission from a geometrically and optically thim = 20 yr). This introduces a great deal of small scale structure
spherical shell (see, e.g., Fig. 3 in Capriotti et al. 1980 witinto the line profiles which we have smoothed out in Fig. 10

vmin/Umax & 1.0). As the dfective thickness of the “shell” in by averaging over many fiierent lines of sight. Observed line
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Fig. 7. The evolution of cool gas in remnants expanding into a surrounding mediunmwith® cm3. The mass of cool gas with an ionization
parameter below& is shown as a function dffor flow speeds of = 0, 300Q 500Q 7000 kmst.

profiles from AGN are in reality very smooth, and it has beefiow has a velocity component towards the observer), the blue
concluded that the number of emitting clouds must~i®° wing of the line shows the greater extension &at10 yr. This
(Arav et al. 1997), although this would be reduced if there was expected since the trailing edge of the remnant is not decel-
significant microturbulence. Alternatively, electron scatteringrated as rapidly as the leading edge. Howevet, -at5 yr,
could help to explain smooth broad line profiles, especially ithe cold clouds exist predominantly on the leading edge (the
the line wings (Emmering et al. 1992). In our 2D hydrodynandensity and cooling rate are highest here) and it is the red edge
ical models the clouds are in fact rings, and numerical viscosf the line profile that is the most extended. This behaviour is
ity and the finite number of grid cells limit the number of dis-also seen when the remnant expands into a flow witr5000
tinct clouds which form. Increased numerical resolution anar 7000 kms?. Hence as the remnant expands, the resulting
3D simulations will produce many more distinct clouds, buine profile flips from a red to a blue-shift (and vice versa for
present limitations mean that the line profiles from our modeds< 45°).
are not as smooth as seen in observations, and their fine struc-For each of the 3 distinct cases of ambient medium inves-
ture should be ignored. tigated in Fig. 10, the time-averaged line profile displayed in
In Fig. 11 we show the line profiles resulting from a remthe bottom row has BWHM =~ 4500-5000 km's', and a full
nant expanding into an AGN wind of speed= 30005000, Wwidth at zero intensity 0£6000-8000 km's'. This range lies
and 7000 kms!, for a viewing angled = 135°. Here#d is de- almost in the middle of the distribution &f'WHM measures
fined as the angle between the AGN wind vector and the vectfrthe broad component of ® 11549 for radio-quiet sources
from the observer to the remnant (i®e= 0° corresponds to (Sulentic et al. 2000).
the observer facing the side of the remnant expanding into the In Table 3 we list various statistics for the time-averaged
oncoming AGN wind). Inspection of Fig. 5 reveals that codine profiles shown in Fig. 11. Radio quiet sources show
clouds exist over a wide range of angles, namely flosm 0° a scatter in the asymmetry values for the broad component
to 6 ~ 135°. For a line of sight withd = 135° (i.e. where the of the Civi1549, with Al. = +0.2, and(A.l.) ~ +0.04
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Table 2. Time evolution of the mas3$\,) of cool clouds in remnants expanding into a surrounding medium with various density, flow speed, and

ionization parameter. Columns 2-5 show results for an ambient density® cm3. Columns 6-11 are for an ambient density 1¢ cmi 3.
In Cols. 10 and 11 we give results for stationary surroundings but with either an enhanced AGN flux (causirigaeke in the ionization

parameter of the ambient medium3cr 1500), or remnant parameters suitable for a type la SN explosion (see Sects. 3.5 and 3.6 respectively).

Dashes indicate that no cool gas exists. The bottom row contains values for the integrated area under the mass vs. time curvé/iryunits of

t(yr) n=10cm?3 n=10° cm?3
0 3000 5000 7000 0 3000 5000 7000 High SNla
2.5 - - - - 0.0072 0.074 0.11 0.37 -
5.0 - - 0.0015 0.035 0.83 1.1 1.4 1.5 -
7.5 - 0.047 0.20 0.42 2.3 21 24 2.7 0.51
100 - 0.29 0.31 0.63 2.3 3.2 3.2 2.5 0.79
150 - 0.46 0.71 1.1 15 4.3 27 37 0.30
20.0 0.48 0.77 0.23 0.55 1.3 1.7 3.8 1.8 0.033
25.0 0.58 0.84 0.35 0.84 0.91 15 34 1.7 -
30.0 0.54 0.85 0.30 11 0.66 0.89 0.33 1.09 -
35.0 0.37 0.39 0.32 1.4 - 0.01 043 0.77 -
40.0 0.095 0.33 0.34 0.27 - - 0.32 0.53 -
50.0 0.056 0.40 - 0.17 - - - 0.098 -
60.0 - 0.20 - 0.043 - - - 0.051 - -
700 - - - 0.040 - - - - - -
80.0 - - - 0.0025 - - - - - -
90.0 - - - - - - - - - -
Mt 11 26 14 33 39 62 77 71 - 6
10.00£ T 3 (Marziani et al. 1996). This lack of a strong preference for red
E 3 or blue asymmetries is currently much in need of confirma-
~ r 1 tion, especially when one considers the system_atic blueshift
S 100 = that Civa1549 shows in RQ sources (see Sulentic et al. 2000
@ c ] and references therein). It is interesting to note that our models
g - 8 produce values for the asymmetry index which are compatible
E 0.10 E with the observationally deteremined values.
O C 7
L . Observations have revealed great diversity in the profiles of
0.01 L e particular broad emission lines, such asvC11549, whereas
1 10 100 variations in other lines, such as@] 11402, are much reduced
t(yr) in comparison (see, e.g., Francis et al. 1992; Wills et al. 1993).
The variation in Qv 11549 from object to object can be ex-
10.00 = - plained if a two-component structure is invoked — a broad
B 4 E “base” which is relativel)_/ constant between ob_jects, and a nar-
C = 1 row “core” whose contribution to the overall line strength is
g 1,00 ' . - variable. With this model, lines with large equivalent widths
b F 7 ' o ] tend to be narrow (or “cuspy”) and have large peak fluxes, as
o - X v=0km/s anY . observations require. In contrast, lines such asz]Oll402,
Z oL L e o which show far less variability from object to object, are essen-
§ ' g 77777 v = 7000 km/s % g tially composed of a single broad component. In such cases,
- : b the contribution from a variable narrow core is small.
0.011; s ‘1‘0 =y : foo The observational interpretation of broad line profiles has

t(yr)

advanced greatly over the last decade, partly due to a better un-
derstanding of sample biases and more careful consideration

Fig. 8. The evolution of the mass of cool clouds in remnants expandin§ contaminating lines and superposed narrow components.
into a surrounding medium with= 1 cm3 (top) andn = 1¢° cm3

(bottom). In each panel the mass of cool gas is shown as a functionfrrow component. Alternatively, if a line has a rounded top,
t for flow speeds of = 0, 300Q 500Q 7000 km st.

Sometimes an obvious inflection demonstrates a superposed

one can infer that the narrow component is largely absent.
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t =5y t =10 y~

t=05uyr t =10 yr

I I L 1
0.0 2.0 4.0 6.0
[

Fig.9. The evolution of a SNR expanding into a stationary environment with1® cm and= ~ 1500. The top panels show logarithmic
plots of the density, while the bottom panels show logarithmic plots of the temperature (same scaling as in Figs. 2 and 3). Note that cool cl
do not form in this case.

Inflections also support the interpretation that the broamissivity at the outer edge. Support for this model comes
lines are formed in several kinematically amdgeometrically from variability measurements of NGC 5548 and NGC 4151
distinct emitting regions, as does the frequent “mismatch” i{Clavel 1991b), in which the line cores (defined as the cen-
profile wings (Romano et al. 1996). One possibility is that thigal 3000 km s?) lag continuum changes with approximately
variable narrow component forms on the outer edge of theice the delay of the wings. An alternative model consist-
BELR (this is sometimes referred to as an “intermediate lirieg of a biconical outflow and an accretion disc continuum
region”), with the broad component formed at smaller radSource has been shown to have problems in explaining the
within the BELR. Variations are then most likely explainedhear-constant velocity width and equivalent width of the emis-
as a changing covering factor (if optically thick) or volumesion line wings (Francis et al.1992), and there are doubts
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Fig. 10. Line profiles from cool gas formed in a SNR expanding into an AGN environmentEvitii 50 and integrated over many lines of sight

(i.e. itis assumed that there is a spherical distribution of remnants in an isotropic medium and radiation field). The left and middle columns are
for stationary environments with= 16° cm andn = 1¢° cm3, respectively. The right column is for an environment witk 16° cm and

v = 3000 km s?. In the top two rows the line profile at specific remnant ages is displayed, with the age of the remnant (in years) marked next
to each profile. The solid line in the top row corresponds 020 yr forn = 16 cm 3, andt = 5 yr for n = 1¢° cm 3. The remaining profiles

in thetop and middle rows correspond to the subsequent entries in Table 2, with the line width decreasing with remnant ageottortihew

the average line profile integrated over the age of the remnant is displayed. Not&ehendk in the scaling of the intensity axis.

concerning the dependence of the line equivalent width on ori- A parameter space study shows that for ambient densities
entation via an axisymmetric continuum, which this model resf n = 10°-10° cmi™3, about 1-4M,, of material can cool to

quires (Wills et al. 1993).

5. Discussion

shocked supernova ejectalto~ 10* K in the inner regions of a
QSO. Although our results fier from the original proposals of
Dyson & Perry (1982) and Perry & Dyson (1985), which wer
for the shocked ambient medium to cool, the resulting cool g 3
nevertheless has properties (densities, column densities, ve

low temperatures. Such gas then persists-f0—20 yr before

the continuing expansion of the remnant reduces the density
and pressure of the cool gas to the point where its equilibrium
temperature and ionization parameter corresponds to the hot
phase. This result is robust for a wide range of velocities of
the surrounding medium, although the spatial distribution of
cfﬂle cool gas around the limb of the remnant, and hence the
resulting opticalJV line profile, is sensitive to this detail. We
find that the integrated value of the mass of cool gas over the
Yemnant lifetime generally increases with the density and the
w velocity of the surrounding medium. The highest value
find in our simulationsMt = 77 Mg yr, is obtained when

ities and ionization parameters) compatible with those inferrq,]d: 10° cm-2 andv = 5000 km s
for gas emitting the high ionization lines in QSOs. '



92 J. M. Pittard et al.: 2D calculations of supernova-QSO wind interactions. Il.

v = 3000 v = 5000 v = 7000
1.2F - 1.2F - 1.2F -
%‘ 10f 3 % 10f 3 % 10f 3
S o0sf 1 5 osk 1 § osf 3
E  osf 3 E osf 3 E osf 3
@ o4f 3 2 oaf 32 oaf 3
= o2f /\ 1 “o2f 1 — o2f —
0.0 . . N 0.0 . . : N 0.0E
44000 2000 O 2000 4000 44000 2000 O 2000 4000 2000 2000 20004000
v (km/s) v (km/s) Y (km/s)
12F E 12F E 12F 3
2 10f 1 210f 1 & 1of 3
S osf 1 5 osk 1 § osf 3
£ os6f 3 E osf 3 E osf 3
@ g4f 3 2 oaf 32 oaf 3
= o2f 1 —o2f 1 = o2f —
0.0 . . . N 0.0E._. . . . N 0.0E._.
44000 2000 O 2000 4000 44000 2000 O 2000 4000 -4000 -2000 2000 4000
v (km/s) v (km/s) v (km/s)
1.2F 7 E 1.2F E 1.2F E
%‘ 10f 3 % 10f 3 % 10f 3
S osf 1 5 osk 1 § osf 3
£ os6f 3 E osf 3 E osf 3
@ o4f 3 2 oaf 32 oaf 3
= o2f 1 —o2f 1 = o2f —
0.0E._. . . N 0.0 . . . N 0.0E._.
44000 2000 O 2000 4000 44000 2000 O 2000 4000 2000 2000 20004000
v (km/s) v (km/s) v (km/s)
12F ' ' ' E 12F ' ' ' E 12F ' ' ' E
%‘ 10f 3 % 10f 3 % 10f 3
S osf 1 5 osk 1 § osf 3
£ os6f 3 E osf 3 E osf 3
@ o4f 3 2 oaf 32 oa4f 3
= o2f 1 —o2f 1 = o2f M
0.0E._. . : A N 0.0 . . . N 0.0E._. . . , .
44000 2000 O 2000 4000 44000 2000 O 2000 4000 44000 2000 O 2000 4000
v (km/s) v (km/s) v (km/s)
0.50 " " " " 0.50 " " " " 0.50
2> o040F 3 zousob 3 Zoaofb E
g 0.30F E %o.ao = E é 0.30F E
[ c [

é 0.20F E éo.zo = E é 0.20F E
5 oa0f 3§ Soaof 3 Soaof A
0.00f_. . . . . . 0.00f_. . . . . . 0.00E. . . , , .
44000 2000 O 2000 4000 44000 2000 O 2000 4000 44000 2000 O 2000 4000
v (km/s) v (km/s) v (km/s)

Fig.11. Line profiles from cool gas formed in a SNR expanding into an AGN wind wita 1 cm™, 2 ~ 150, andv = 300Q 500Q or
7000 kms!. The line-of-sight is specified by = 135 (i.e. there is a component of the AGN wind moving towards the observer) and the
profiles are from remnants of age: 5 yr (top row),t = 10 yr,t = 15 yr, andt = 20 yr. In the bottom row the age integrated profiles are shown.

A supernova rate of /4r would then imply a mass for visible above the QSO in a specific waveband. The typieal
the clouds emitting the HILs of up t680 M, This is eas- band magnitude for a QSO at a redshift~ 1 is ~18-19,
ily compatible with the lower end of BELR mass estimates iwhereas thel + H band magnitude for a type la SN {24
the literature (e.g., Peterson 1997), although our model (aaticomparable. On this basis, individual SN will not be dis-
most others) would be severely challenged to explain muckrnible, but clearly this conclusion depends on the luminos-
more extreme estimates of the mass of BELR gas (see Balditinof the QSO, as well as other variables such as the orien-
et al. 2003 and references therein). We note that it is currentition of the SN with respect to the molecular torus, and the
unclear how this mass is partitioned between the HIL and Liambient density of the surroundings (e.qg., if the SNR expands
gas in these higher estimates. into a nearby molecular cloud then its luminosity could be sig-
In earlier work it was shown that for typical QSO paramnificantly increased). Detailed numerical modelling will be re-
eters the power going into supernova remnants is comparagléred to determine the likelihood of this possibility.
to that of the QSO wind, but is much less than the bolometric One of the most interesting questions concerning AGNSs is
QSO luminosity (Perry & Dyson 1985). However, it is morghe connection between nuclear and starburst activity. Mixed
difficult to estimate whether emission from the SN would bgtarburst-AGN sources may be recognizable as outliers in the
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Table 3. Statistics for the time-averaged line profiles shown in Fig. e localized density enhancements in the ejecta. Such material
(n=10 cm*3). Detailed are the profile centroid measures #iedent - will cool more dficiently, and higher masses for the cold phase
levels of the line peak, the fU”-Wg'dth at ?a” maximuiWHM), and  will be obtained. In this sense, the values in Table 2 should be
the asymmetry indexiul. = (C(3) — C(3))/FWHM. The columns  yjewed as lower limits. Future models will eventually need to
labelledusooo, vsooo, andvzooo refer to the models where the AGN windyreat iy 4 realistic fashion the inhomogeneities in density and
speed is 3006000 and 7000 knT& respectively. abundance that we know exist

Our investigation of the influence of an AGN environment

Cs:tgt)ls(ﬂ; ) 163000 258‘(’;’ Ufggo on the dynamics and evolution of a supernova remnant s ongo-
C(3/4) (kmsl) 0 1400 1200 ing. In the next paper in thIS. series we will study tlymamical
C(y4) (kms?!) -100 500 1200 influence of the QSO radiation field. We also note that the com-
FWHM (kms?l) 4200 3200 4200 bined wind from a group of early-type stars may provide the
Al. 0.0 0.3 0.0 necessary conditions for the formation of cool regions. We an-

ticipate that this scenario will be more relevant in the nuclei of
Seyfert galaxies, since supernova explosions will evacuate all
EW(HB) — EW(Felrr 14570) plane (Sulentic 2000). In thisbut the most tightly bound gas in them (Perry & Dyson 1985).
sense AGNs displayingalaxy-wide starburst activity are in Finally, it is clear from our models that while the supernova-
the minority. However, to provide enough fuel for the high luQSO wind interaction is conceptually simple, the BELR is
minosity QSOs, the accreting medium needs to be particulatijely to be a very complicated region in practice.
dense. Possible mechanisms to augment the density include the
winds and explosions of massive stars, and galaxy collisiorfgknowledgements. We would like to acknowledge helpful com-
As the latter are often associated with starbursts, vigorous m3gnts from the referee. JMP would also like to thank PPARC for the
sive star formation in the inner regions of AGN is probably inding of a PDRA position. Finally, we WO“".j like to give particu-

. Lo ar thanks to T. Woods for the use of his cooling and heating tables,
necessny_. If a significant component_of the BELR results frg d for the other help that he has kindly given during the course of
cool gas in SNRs (as explored in this paper), then essentigilys work. This research has made use of NASAs Astrophysics Data
all AGNs must have auclear starburst. System Abstract Service.

We have assumed in our models that both the ejecta,
and the surrounding interstellar medium, are homogeneous
and have solar abundances. While the presence of Iarge—s&q
macroscopic mixing of ejecta in core collapse SNe has begBajas, C., Media Villa, E., Mufioz, J. A., Popovit, L. C., & Oscoz,
well established on both observational and theoretical grounds A. 2002, ApJ, 576, 640
(see Blondin et al.2001 and references therein), such miav, N., Barlow, T. A,, Laor, A., & Blandford, R. D. 1997, MNRAS,
ing is not complete on a microscopic level. For example, 288, 1015
X-ray observations of the Vela SNR (Aschenbach et al. 1998§thur, S. J., & Falle, S. A. E. G. 1993, MNRAS, 261, 681
show several fragments outside of the general boundary, aiﬁfhenba(:h’ B., Egger, R., & Trumper, J. 1995, Nature, 330, 232
ASCA (Tsunemi et al. 1999) and¥MM-Newton (Aschenbach schenbach, B., & Miyata, E. 2003, A&A, submitted _

. . Baldwin, J. A., Ferland, G. J., Korista, K. T., Hamann, T., & Dietrich,
& Miyata 2003) observations of fragment A have revealed a \, 2003, ApJ, 582, 590
significant overabundance of Si and Mg, confirming that thigiondin, J. M., Borkowski K. J., & Reynolds, S. P. 2001, ApJ, 557,
fragment is ejecta. Widespread evidence that the ejecta of core7g»
collapse supernovae are clumpy is further noted in Wang Blondin, J. M., & Ellison, D. C. 2001, ApJ, 560, 244
Chevalier (2002). The possibility that supernovae are explBlondin, J. M., & Marks, B. S. 1996, New Astr., 1, 235
sions of “shrapnel” which give rise to a complex outer boundBottorft, M., Ferland, G., Baldwin, J., & Korista, K. 2000, ApJ, 542,
ary has been discussed by Kundt (1988). Density enhancementsf44 )
in the surrounding medium may also occur. The interaction 59“2[“;2 'Z'%’QK%?""’ K. T., Shlosman, ., & Blandford, R. D. 1997,
the broad and intermediate-nd 1nes in the spectram of dogProt E. Folz,C. & Byard, P 1980, Apd. 241, 03

. i . ssidy, I., & Raine, D. J. 1996, A&A, 310, 49

peculiar SN 19887 (Chugai & Danziger 1994). Chandrasekhar, S. 1961, Hydrodynamic and Hydromagnetic Stability

Knots of X-ray emission seen in the Tycho SNR (a type 1a (Oxford: Oxford Univ. Press)
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