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Abstract. We investigate the evolution of spherically symmetric supernova remnants in which mass loading takes place due
to conductively driven evaporation of embedded clouds. Numerical simulations reveal signifitenethdies between the evo-

lution of conductively mass loaded and the ablatively mass loaded remnants studied in Paper |. Aferaimcdiis the way

in which conductive mass loading is extinguished at fairly early times, once the interior tempeayhthe remnant falls be-

low ~107 K. Thus, at late times remnants that ablatively mass load are dominated by loaded mass and thermal energy, while
those that conductively mass load are dominated by swept-up mass and kinetic energy. Simple approximatioest@mtt
evolution, complementary to those in Paper I, are given.
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1. Introduction loaded supernova remnants can be derived for a specific func-

Th luti d i f " ftional dependence of the mass injection. Previous work has fo-
€ evolution and properties of supernova remnants are tiysqqaq on cases in which one mass injection process is domi-
damental to many areas of astrophysical research. Self-si

. . ! "&ht over others. McKee & Ostriker (1977), €be & Lazar&
solutions for various stages of the evolution have been obtai 881) and White & Long (1991) each investigated the evolu-
for various assumptions, as have unified solutions which "I':S n under the assumption that cloud destruction is due to con-
these together (see tal. 1988; Truelove & McKee 1999). ductive evaporation. Alternatively, Dyson & Hartquist (1987)

The self-similar and unified solutions are complemented %P’eated hydrodynamic ablation as the dominant process
o .

a wide range of numerical investigations. Amongst the pr ) . .
lems examined numerically are explosions in plane-stratifie? A small number of papers based on numgrlc_:al S|mylat|ons
media (e.g. Falle & Garlick 1982; Arthur & Falle 1991, 1993)0 mass loaded supernova remnants alsc_) exist in the literature.
the evolution of SNRs inside pre-existing wind-driven caviti(fOWIe et al. (1981) included the dynamics of the clouds and
(Franco et al. 1991), the influence of hydrodynamic instabiliti gund that warm clouds are swept towards the shock front and

(e.g. Chevalier & Blondin 1995), and applications to the broa?tfs t[azldlyddﬁstro?/ed, Wmlet_cold (\:/I\?#ds are molre ever;ly dis-
emission line regions in active galactic nuclei (e.g. TerIevictH uted ana have ‘onger fifetimes. YWhen energy l0Sses become
et al. 1992; Pittard et al. 2001). important, this behaviour leads to the highest densities in the

. L . mnant occuring over the outer half radius. In contrast, when
In most investigations of supernova remnant evolution, t:;% 9

; ) re is no mass loading, a thin dense shell forms at the for-
surrounding medium has been assumed to have a smooth vvea%rd shock. Arthur & Henney (1996) studied th@ieets of

sity distribution. However, the interstellar medium is known tQ . . .
ass loading by hydrodynamic ablation on supernova rem-

be multi-phase (e.g. McKee & Ostriker 1977), and there is Clen%nt evolving inside cavities evacuated by the stellar winds of
observationalevidenceofengulfedcloudswithinthesuperno% S €Volving Ins| vities evacu y N winas

remnant N63A (Chu et al. 1999; Warren et al. 2002). As it Eue progenitor stars. They showed that the e?<tra mass injected
widely known, the injection of mass from such cool clouds in embedded clumps was capable of producing the excess soft

the interior of a supernova remnant wiffect its behaviour and -ray emission seen in some bubbles in the Large Magellanic

structure. Cloud. |
If the clouds are assumed to be continuously distributed, The range of a supernovaremnantis relevant to a number of

similarity solutions describing the evolution of adiabatic madiPOrtant areas of astronomy. It caffiext the @iciency of se-
guential star formation and the global dynamics and structures

Send offprint requests to: J. M. Pittard, of starburst superwinds where many remnants overlap. The su-
e-mail: jmp@ast.leeds.ac.uk perwind in the starburst galaxy M 82 must be mass loaded to
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account for the observed X-ray emission (Suchkov et al. 199@he dfect of diferent progenitor masses and explosion ener-
Since the range and radiative energy losses of a remnantgies is commented on in Sect. 5). The assumption that the en-
affected by mass loading, it is therefore desirable to have &pgy is entirely kinetic for the initial conditions is somewhat
proximations which describe remnant evolution and range different to that in Paper I, but it does ndtext the result-
clumpy media. ing evolution (see also Gull 1973 and Cowie et al. 1981). We

Analogous approximations already exist for smooth mediaodelled the intercloud ambient medium as a warm plasma of
(cf. Truelove & McKee 1999, and references therein). In a reemperature 10K. Cooling appropriate for an optically thin
cent paper (Dyson et al. 2002, hereafter Paper 1), the first stpfasma of solar composition and in collisional ionization equi-
towards this goal were taken with the derivation of range aliibrium was included. We assumed that cooling belowH s
proximations for cases in which mass injection occurs at a cdralanced by photoionization heating from théuse field and
stant rateg, or at a rate which depends on the flow Mach nunfer that reason impose a temperature floor of KOFor sim-
ber relative to the clump (Hartquist et al. 1986). A mass loadimdjcity we did not include magnetic fields or shock precursors,
rate ofgM#® was used for subsonic flow, whelkkis the Mach and also did not consider conduction between the hot remnant
number of the flow. A constant mass loading rqteas used interior and cold neighbouring gas.
where the flow is supersonic. This prescription simulates mass The rate of mass evaporation from embedded clouds is de-
stripping from the clump by hydrodynamic ablation. pendent on many factors (cf. Cowie & McKee 1977), including

In this companion paper we consider mass injection frothe temperature of the hot phase, the cloud radius, and the pres-
clouds into the hot remnant interior by conductive evaporati@mce of magnetic fields. However, motions of the clouds are
(cf. Cowie & McKee 1977; McKee & Cowie 1977). This pro-generally not large enough to change the evaporation rates, and
cess is potentially important in any astrophysical system whe&Zewie & Songalia (1977) noted that nonspherical clouds may
a hot tenuous phase coexists with a colder denser phase fgetreated in an approximate way by adopting half the largest
McKee & Cowie 1977 for some examples), though it can limension as the radius of the cloud. The evaporative mass-loss
suppressed by magnetic fields. In many systems (including sate from a single cloud (Cowie & McKee 1977) is

ernova remnants) the hot phase flows past the clouds, andthey , > /5 1/2

\?vill be subject also to ablgtion. Unfort?mately, we currentlg/n = drain T *(kumy) g F (o), (1)
lack even basic models of this combined interaction, so itugherea is the cloud radiusp andT are the density and tem-
difficult to know whether one process dominates the other, op#érature of the surrounding hot phase (i.e. the interior of the
one process limits the other. For example, one could imaginesmnant) umy is the mean mass per particle, ands an ef-
scenario whereby ablation drives the initial mass loss, increfisiency factor which encapsulates the magnetic field strength,
ing the dfective surface area of the cloud (e.g. by forming iés configuration, the cloud geometry, etg. € 0 corresponds
tail), at which point conduction takes over and leaddticient to no evaporationj ~ 1 to evaporation in the absence of mag-
mixing. In evolving objects such as supernova remnants, ometic fields — e.g¢ = 1.1 for a plasma with equal electron and
process may dominate at early evolutionary stages, while iba temperatures and cosmic abundandeg)) is a function
other dominates at later stages. Given these potential compligefined in Egs. (61) and (62) of Cowie & McKee (1977). In the
tions and our lack of knowledge about them, as a first approagtassical limit,F(oo) = 20, where the saturation parameter,

we treat each process individually. oo, is defined as
The outline of our paper is as follows. In Sect. 2 we out- 2
. ) ) ) T 1
line our assumptions and our numerical code; in Sect. 3 wg = ( ) . (2)
1.54x 10"/ napeh

present some of our results; in Sect. 4 we present simple ap-

proximations to these results; and in Sect. 5 we summarize dfetea,. = a/(1 pc) is the radius of the cloud in parsecs. The

conclude. onset of saturation occurs whet is of order unity, varying

between 1.95/ « 1) and 1.08¢ = 1) for the examples given

in Cowie & McKee (1977). In the classical limitn « T%?

sinceF(og) « oo (cf. Fig. 4 in Cowie & McKee 1977). If

As initial conditions, we take freely-expanding cold ejecta aaturatedF (o) o o-ﬁ, wheres = (1 + M2)/(6 + M2), andMs

constant density (typically fQimes the ambient densitgip), (the Mach number of the saturated zone) is relatetltig

and with a linear velocity profile. The maximum ejecta speed

is 4000 kms?, which together with the radius of the ejectaV (1 + —Mg) = 2¢. 3)

defines the initial time. We performed extensive tests with dif- >

ferent density ratios to confirm that our chosen ratio is lar@nceg is unlikely to exceed unity by a substantial amount, and

enough not to influence the resulting evolution. The calculhas a lower limit of zero, the likely range 8is 1/6 < 8 < 3/8.

tions were performed using an adaptive grid hydrodynantitence in the saturated limit &« T* where 56 < a < 5/4.

code (see e.g. Falle & Komissarov 1996, 1998), and we have Since the onset of saturation is dependent on the radius of

further verified that the resolution employed is high enough tiee cloud for a specified hot phase, larger clouds will tend to

give robust results for the global quantities considered in ttégaporate in the classical limit, while the evaporation of mass

paper. from smaller clouds will tend towards saturation. As the tem-
All calculations were performed in spherical symmetryperature and density of the remnant interior evolves, the ra-

with an ejecta mass of 14, and a kinetic energy of Pbergs dius of clouds which are just at the onset of saturation will

2. The calculations
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also change. Moreover, we expect the distribution of cloudgich gives the mass flux through the blast wave divided by the
to evolve with time, as the timescale for the smaller clouds temnant volume at the onset of thin shell formation for Sedov
completely evaporate is shorter than the equivalent timescalg@ansion. Hergy is the intercloud ambient density ahgis
for larger clouds and in many cases the evolutionary timesc#be timescale for thin shell formation for aremnant propagating
of the remnant. Further, we may expect sonfeedénces in the into a uniform ambient medium given by Franco et al. (1994),
physical make-up of clouds offtiering radii (e.g. the distribu-
tion of cloud mass in the cold core and its warmer skin — d = 2.87x 10°EZ ng™" yrs, (8)
McKee & Ostriker 1977). Finally, a full treatment also requires
specifying the number of clouds per unit volume, which i 23141117 - :
likely to be dependent on the local environment (e.g. the clo 032X 10rs_6E51/ o / (W't_h mean mass per particle = 0.6). .
spectrum inside a starburst superwind is likely to be somewhat Following the ab.ove discussion, we define the mass loading
different to that in our local ISM). McKee & Ostriker (1977)rate due to conduction as
argued that mass loading in the Galactic ISM would be dona’-: 316f'qo (T > 10 K),
nated by the smaller clouds.

Addressing all of these issues is beyond the scope of the= f'qo(T/Te)*? (105 K<T<10 K),
present paper, so we choose instead the following simplifica-_
tion. We assume that we can specify a temperature for the oncZe_t 0 (T <10 K)’ ©)

of saturationTsa, Which is an average over both the cloud di%/'vhereTe, — 10° K (e.g. Cowie et al. 1981). Thin shell forma-
> : cra 0. . .
tribution and time. We adoplisa = 10" K for all of our calcu- o gccurs when the temperature immediately behind the lead-

lations. Given the uncertainties introduced by this assumpti% shock is about TOK. At low temperatures, mass loading
(and those in the original work of Cowie & McKee 1977) it ' ’

I . X so weak that the precise temperature fililounimportant.
seems unrealistic to specify a complicated dependence for gbﬂ P b P

X it vol ining f’ as we have in Eq. (9) ensures that mass loading
mass evaporation rate per unit volume abdve Tsa, and We a4 1 influence the dynamics and evolution of the remnant

therefore assume that it is independenTofTests with other i+ ¢/ _ 1 19 e more specific, low values df mean that

values ofTsqt have shown that our resglts only beconjae S€fass loading will not dominate in the remnant before the time
sitive to the value Off sa WhenTsar < 10° yMo K (o (cm™) u?f onset of thin shell formation, whilé’ > 1 indicates that

is the intercloud ambient number density). Hence our resuif, o\ anorated mass becomes important in the remnant before

i 3 i im- . . .
with no < 1cnT> are robust (since a lower value ®éaim- ¢ is reached. Readers who refer to Paper | will note that in

plies that most of the mass loading is from a populat_i_c_)n of tin}4¢ paper we defined a paramefewhich is somewhat anal-
clouds @y < 0.42/¢) whereas the smallest cloud radii in moda o s tof”. In an ablatively mass loaded remnant the ablated
els of the ISM by McKee & Oastnker, 1977, ax®38 pc). On oo is comparable to the swept-up mass at tigié f ~ 1.

the other hand, fong > 1 cnm™, our results are dependent ofyqever, under the assumptions we have made, in very young
our chosen value Ofsa: However, asTsa ill depend on de- o nants in which the temperature is everywhere abo?&10
tails such as clump lifetimes and number distributions, Whlc[h ~ 316f’ for the mass loading rate in an ablatively loaded
are problem specific parameters, we simply note that our resyli, nant to be comparable to that in a conductively loaded rem-
begin to stfer from loss of generality in this regime. nant for whichEq andn, are the same.

Our final assumptions are: i) that the intercloud spacing is f is physically related to the number density of clouds and

small compz_ired o the scale over which the properties of rate at which mass is evaporated from these. However, from
remnant varies (so that a continuous mass source term car: ?(13) of Cowie et al. (1981), and singgoc E-3/14 31/7, we

n
used), ii) that injection takes place at zero velocity relative .4 that 51
the global flow, and iii) that the injected gas has zero internal

here 16'Es; is the explosion energy. In these unitp, =

energy. The full set of gas dynamic equations is then o ¢achcE§§14nall/7, (10)

p + izgﬂpu =q, (4) WhereNc is the number density of clouds. Thus we might ex-
ot reor pect real remnants to be better described by srffalivhen
dou 14, N 2D they evolve in environments _with high ambier_1t densities,
ot T e’ (D+PU ) == (5) and largerf’ when they evolve in environments with low am-

bient densities. We note that if the distribution of clouds evolve
with time, f’ itself may evolve with time, though such affiext
is not investigated in the models presented in this paper.
We note here, that fferences exist between this work and
'Paper |. In the calculations presented here, mass loading is
ermitted throughout the remnant, including the ejecta mate-
ial, whereas in Paper | it is switchedfdn the ejecta. This
causes dferences when most of the mass loading occurs before
the remnant has swept up much intercloud mass (i.e. vihen
600 andng are large). A further dference is the assumed temper-
Qo = Sty (7) " ature of the ambient gas. In Paper |, a temperature of 100 K

‘;—f + %2% [rPu(e+ p)| = -L. (6)
where the symbolg, u, and p have their usual meanings
e = p/(y - 1) + 0.5pu? is the total energy, andl is the ra-
diative cooling termq is the mass loading rate per unit volum
and time.

As in Paper |, we define a fiducial mass loading rate
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was used, whereas here we usé KO This will have negli- conservation of energy). This causes the shocked material to
gible consequences until near the merger of the remnant whittake harder and leads to an overall reduction in the expan-
the surrounding gas. We note that in the specific case of supgon velocity of the remnant. Once the ejecta have completely
wind generation, merger may take place with gas at even hightegrmalized, the highest temperatures are in the shocked ejects
temperatures. material and most of the mass is added here, increasing the den-
We have computed models witti = 0, 0.316, 316, 316, sity and pressure in this gas. At this stage the rate of decrease of
316, and ambient densities = 0.01, Q1, 1, 10, 100 cm®. the expansion velocity is less in the conductively mass loaded
Although there is an indication that high values ©f will remnants than in the zero mass loading case because of the
be favoured when remnants evolve in surroundings with Idwgher pressure in the remnant interior. As the blast wave de-
ambient densitiesf’ also scales with the number density o€elerates, the postshock temperatures and hence the conductivi
clouds, and thus could be completely independent of the demass loading rates decrease, so during this stage the swept-uy
sity of the intercloud medium. Hence we explordd () pa- mass becomes more important. Eventually, the swept-up mass
rameter space. dominates the dynamics in the postshock region and the rem-
The remnants are evolved until the blast front degeneratest evolution tends towards the zero mass loading case.
into an acoustic wave. We adopted the same definitions for the
ends of the free expansion and Quasi-Sedov-Taylor phase . .
given in Paper |I. Thpese are respectively when th)é intzrnal 316? Mass loading history
ergy reaches 60% of the initial energy (FE) and when 50% Bfgure 2 shows the ratio of injected to swept-up mass as a
the initial energy has been radiated (QST). Fois 3.16, the function of time for various values of’ and ambient densi-
mass loading dominates in the remnant at times before the gis ny. The top panels show the evolution when mass is in-
set of thin shell formationts, though is always decreasing inected through hydrodynamic ablation, while the bottom panels
importance at this point (i.e. the ratio of loaded mass to sweghow the results obtained when mass injection occurs by con-
up mass is falling). Fof” > 3.16 the mass loading also re-ductive evaporation. It is immediately obvious from this fig-
mains dominant at the time of the end of the QST stage,  ure that these mass loading prescriptions yield vasffermint
Finally, as in Paper |, we note the caveat that we are considerifiithaviour.
a purely general case and that, in practices determined by ~ when mass loading occurs through ablation, the injected
the actual physical situation being studied. We therefore igan%SS becomes increasing|y dominant over the swept up mass
details such as clump lifetimes and spatial distributions, whigls time progresses. The limit of the ablative mass loading is a
only introduce additional, problem specific, parameters.  constant mass loading ratécorresponding to supersonic flow
throughout the remnant), so that the injected mass increases a:
3. Results Mioad ~ 47R(t)%q/3, whereas the rate of increase of the swept-

o up mass iMswept = 47R(t)%00dR(t)/dt, so that

We note that all of the results presented in this paper and Paper |
are for a particular set of explosion parameters, namely the,,.q R(t)q
canonical value& = 10° erg andM = 10M,. Where results Mawent . R0
for hydrodynamic ablation or constant mass loading are pre- P
sented these have been calculated with the same code as udezte we have used Eq. (7) and approximated the remnant ex-
in the conductive mass loading cases but for the mass loadgamnsion speed &(t) o R(t)/t. Hence, as the ratio of thates
prescription given in Paper I. increases approximately linearly with time, we expect that the
ratio of the injected to swept-umass will also increase ap-
proximately linearly with time. This is indeed the behaviour
that we see in Figs. 2a, b. Furthermore, for a gifénwe ex-
In Fig. 1 we show the remnant expansion speed and radiugast that the ratio of the loaded mas4,{,q) to the swept-up
functions of time for calculations with zero mass loadifig£ mass Mswep) as a function of time (in units dkr) will be in-
0), substantial mass loadind’(= 3.16), and high mass load-dependent ofy, as is indeed seen (Fig. 2b). With reference to
ing (f’ = 31.6), and for ambient densities of = 0.01 cnt®  Eg. (10), however, “mathematical” independencegfat con-
andng = 100 cnt. Mass loading causes a reduction in exstant f’) does not imply “physical” independence (i.e. keep-
pansion velocity and range at intermediate ages, but therenig constant the other physically meaningful parameters, like
convergence in speeds and ranges at later times, regardless afc, Nc, Esy).
the value off’ or the ambient density. This is in contrast to When mass loading occurs via conductively-driven evapo-
remnants which mass load through ablation (Paper I) where th&on, on the other hand, the behaviourMbad/Mswept as a
reductions in expansion speed and remnant range persist righttion oft is quite diferent (cf. Figs. 2a, c). Although the in-
through to the point of merger with the ambient medium.  jected mass exceeds the swept-up mass at intermediate times

This dynamical behaviour can be understood as follows. A$ the remnant ages the rate of mass loading becomes negligi-
early times, the highest temperatures are in the shocked 18M, and the swept-up mass gradually dominates. In Figs. 2c,
material so mass loading is highest there. By conservationdhfthe swept-up mass is, in all cases, greater than the injected
momentum, the addition of mass to this gas reduces its wveass at the point when the remnant merges with the ambient
locity and also has theffect of increasing the pressure (bynedium.

o f't/tsf, (11)

3.1. Remnant expansion speeds and ranges
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Fig. 1. Expansion velocity (km$) and radius (pc) versus time (yrs) for remnars<£ 10°* erg,M = 10M,) expanding into an ambient
density ofny = 0.01 cnT® andny = 100 cnt3. The temperature of the ambient medium i$ k) and its sound speed is 15 krtsThe solid
line hasf’ = 0 (no mass loading), while the dotted and dashed lines fiave 3.16 (substantial mass loading) aftl = 316 (high mass
loading) respectively. The diamonds, triangles and squares indicate the end of the FE and QST stage, f8r16, 31.6 respectively.

This qualitative diference in the time-dependent be- Values off’ = 3.16 and 31.6 correspond fovalues of 10
haviour of the mass loading between the conductively drivamd 16, respectively. These are much higher thanftvalues
evaporation and ablation cases accounts for tfferénces in discussed in Paper I. The reason for this choice is to approx-
the evolutionary behaviour displayed in Fig. 1 of this paper amtately match the loaded to swept-up mass ratio in the two
the evolution of the remnants discussed in Paper |. For the cdifferent mass loading scenarios at the onset of thin-shell for-
ductive case, the mass loading is extinguished at relatively earigtion, ts, i.e., Mioad/Mswept & 4 in both cases. Since conduc-
times and hence does not have mufthe over the later stagestive evaporation is saturated only at early times in the remnant
of the remnant evolution. Once mass loading is “switch@d o evolution (cf. Figs. 3c and 3e) and becomes negligible once
the ratioMjpad/Msweptdepends solely oMsweprand thus isiot  average temperatures fall below®HK while hydrodynamic
independent offig. ablation becomes more important as the remnant’s volume in-
creases, obviously far higher valuesfofire necessary in the
conductive evaporation case to giViad/Mswept~ 4 attss.

With f = 0 (no mass loading) the thermal energy fraction
Figure 3 shows the time variation of the mass and energy frgeaks at approximately 0.72 i.e. the value for a Sedov-Taylor
tions forng = 0.01 cnt3 andf’ = 0, 3.16 and 31.6. Although remnant expanding into a uniform medium (cf. Fig. 3b). Once
our initial conditions specify the remnant energy as being etie age of the remnant is comparabléstpthe remnant begins
tirely kinetic at early times, a significant fraction is quicklyto radiate its thermal energy, and the thermal energy fraction
thermalized. falls as the kinetic energy fraction rises. Mass injection speeds

3.3. Mass and energy fractions



1032 J. M. Pittard et al.: Evolution of mass loaded SNR. II.

1000.00; 'a'l')'"ho TooL T 1000.00; Nr=10 "

g 10000 P g 10000 = 100.3

> 10 ooE | . Z 10 ooE —
5 % R
2 3 .
3T 100k T L100F
% 3 o i
o [ 8 [
—  010f ! -~ 010f

F ] F N, = 0.01
0.01 R T I 0.01 R T T
001 010 100 10.00 001 010 100 10.00
th, th,
1000.00§ 'c':j'"r'lo ool ] 1000.00; P R T
10000F ... ] 100.00F .
g T I O =100
> 1000f 7 = 1000}

g 8 O
2 z :
8 100f T 100F
% 3 O E
o 8 [
—  010f - 010f

(X0 )R T I R R I 0.01 L it

001 010 100 10.00 001 010 100 10.00

th, th,

Fig. 2. The ratio of evaporated or ablated mass to swept-up mass as a function of time (normalized to the timéoofrstieh cf. Eq. (8)) for
mass loading by hydrodynamic ablation (top panels) or by conductive evaporation (bottom ganek) 10° yr (ny = 0.01) and 2x 10° yr
(no = 100). The diamonds mark the end of the QST stage, and almost ovetiqp in

up these processes, and the thermal energy fraction first over-At very late times the energy in a SNR with mass load-
shoots (see Sect. 3.1), then undershoots the Sedov-Taylor vatgedue to conductive evaporation is predominantly kinetic,
(Figs. 3d, f). The decrease in the thermal energy fraction occwiereas in Paper | it was found that in the final stages of a SNR
not long after the end of the FE stage. This is long before naith mass loading due to ablation the continued mass loading
diative losses become significant, and the remnants are at #risures that thermal energy dominates.

stage cooling by adiabatic expansion, such that thermal energy

is converted into kinetic energy. This is despite the countering

effect of mass loading, which at any given time tends to irg.4. Evolution of physical quantities

crease the thermal energy fraction relative to the kinetic energy

fr_action. Hoyvever, we note that the thermal energy fraction bﬁ'f,:ig. 4 we show the density, pressure, temperature, and veloc-
gins to decline when the mass fraction O_f evap_orated mateli@ distributions at specific times just before and after the pre-
starts to drop fi and thus is simply a manifestation of the fac icted onset of thin-shell formation for models with = 0.01

that mass loading is ceasing to be an important process in thgﬁgf, — 0 andf’ = 3.16. The “structure” at small radii (where
remnants qug before the_ onset of radiative coc_)ling. In contr e ejected mass is) seen in the density and temperature plots is
f(_)r the ablation cases discussed n Paper |, it was found t a(Eonsequence of the initial conditions and imposed spherical
since mass loading becomes more |mportant fpr the rer_nnang metry (which requires a reflection conditiorrat 0) but

time goes on, the thermal energy fraction continues to incre s not significantly fiect global properties (see e.g. Gio
right up until the end of the QST stage. etal. 1988)
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Fig. 3. Mass fractions (left panels) and energy fractions (right panels) as functions of the remnant fige f13.16,316 (f = 0, 10%, 10°)

andny = 0.01 (tss = 4x 10 yr, E = 10°* erg,M = 10M,). In each of the panels on the left the solid line shows the mass fraction of evaporated
material, the dashed line shows the ejecta mass fraction, and the dotted line shows the swept-up mass fraction. In each of the panels on the right
the dashed line shows the kinetic energy fraction, and the dotted line shows the thermglfieration, both in terms of theurrent remnant

energy. The solid line shows the total energy as a fraction oirtitial remnant energy. Note that we subtract the thermal energy swept-up by

the remnant — if this is included both the total energy and the thermal energy fraction increase at late times. The vertical lines mark the ends of

the free expansion (FE) and Quasi-Sedov-Taylor (QST) phases.

For f = 0 the distributions of density etc. in the exterCioffi et al. 1988, at high ambient densities the remnant be-
nal part of the remnant (where the swept up mass is) corcemes radiative before fully entering this phase). The thin-shell
spond to the standard Sedov-Taylor solution (although, asfammation time ts;, for this ambient density is % 10° yr (from
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Fig. 4. Remnant evolution of density, pressure, temperature, and velocity as a function of age f@01 andf’
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Fig.5. Remnant averaged mass injection rateand integrated mads), as a function of time fon, = 0.01 cnT® and f’ = 3.16 (solid),

f’ = 316 (dotted), andf’ = 316 (dashed). Here we define the remnant volume as a sphere with radius equal to that of the blastavave. Th
slight increase ip at early time results from the fact that the post-shock region where mass loading occurs is above the saturation temperature,
while the volume filling factor simultaneously increases as the reverse shock propagates back to thé tentezrmant. Note also that the
maximum amount of mass that can be evaporated wiien0.01 cnT® is S3000M.

Eq. (8)). Inspection of Fig. 4 (in particular, the pressure, whicdverage remnant temperature drops belowKl@nass load-
drops markedly in the region where strong radiative coolingg is efectively “switched &”, the remnant averaged mass
starts) shows that our simulations are consistent with this valigection rate drops sharply, leaving the power-law dependence

The addition of mass through the conductively driven evapn time, and the quantity of evaporated mass remains constant
oration of embedded clouds significantly alters the propertiesthe remnant from this time onwards. Interestingly, this quan-
of the remnant, most obviously causing the interior density tify does not depend linearly on the mass loading fadtor
the remnant to increase with respect to the no mass load{fgg. 5b). Roughly half the evaporated mass is loaded after the
case. At early times, mass loading occurs mainly in the centneerage temperature has dropped belo KGor the model
of the remnant (in the shocked ejecta region). Once tempendth ng = 0.01 cnT® andf’ = 3.16. Hence our results should
tures here fall below 1K (due to adiabatic expansion), massiot be strongly fiected by the precise value of the tempera-
loading occurs mainly in the region of hot post-shock gas biete Tg,: at which conductive evaporation becomes saturated,
hind the blast wave, creating a “thick-shell” morphology (cfor by the initial conditions that we specify.
Fig. 4b), resembling that of Cowie et al. (1981) and Dyson &
Hartquist (1987).

3.6. End of the QST stage

3.5. Volume-averaged mass loading properties In Fig. 7, the ratio of the time at which the total energy of the
In Fig. 5a we show the remnant-averaged mass-injection regennant falls to one half of its initial energy;»(f’, no), to the
(rate of mass evaporation divided by the volume of the rershell formation timescalds(no), defined in Eqg. (8), is shown
nant) as a function of time. At early times, the entire remnaas a function of the mass loading paramdtefor the five dif-
is aboveT = 10’ K, hence conductive evaporation is saturateférent values of the ambient density used. This figure shows
and the remnant-averaged mass loading rate is approximaftatymore variation witing than the equivalent figure in Paper I,
constant as the remnant expands (the small rise is causedvbgre the curve for the flerent values of the mass loading
the increasing fractional volume of the hot shocked gas in tharameter lie on top of each other. In the conductively driven
remnant). Once the average remnant temperature drops rhass loading case the mass loading rate is sensitive to the ther-
low 10’ K the mass evaporation rate is no longer saturatesal structure throughout the remnant, and radiative cooling,
andp, the rate of mass evaporation per unit volume, varies witthen it begins, occurs in a larger volume of gas (because of
time asp o« t72. This matches the behaviour found by €né'& the “thick-shell” morphology). The radiative cooling rate thus
Lazardf (1981), who adopp « T2, for heavily mass loaded depends on the density and temperature of the gas in this ex-
remnants. This is a steeper dependence thap the't depen- tended region, which have a non-simple relation to the mass
dence found by White & Long (1991), which is a consequenteading factorf’. In contrast, in the ablation cases discussed in
of their particular description for mass loadinge T%6). Paper I, mass loading occurs in the narrow region just behind

From Figs. 5b and 6 we see that the majority of the mag blast wave, and so the amount of radiative cooling in this
evaporation from the embedded clouds occurs after the avasne (which ultimately definefgst) depends directly on the
age temperature of the remnant drops below KOOnce the factorf.
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Table 1. The total massMre(M,), in the remnant at the end of the
free expansion stage for conductive mass loading. Apart from models
with f” = 0.316, the mass is relatively invariant with, being~56 M,,

for f* = 0 and~37M,, for f’ > 3.16.E = 10°* erg,M = 10 M.

f/

Ny 0.0 0.316 3.16 31.6 316
0.01 56.4 45.6 38.1 36.2 36.4
0.10 56.4 43.3 37.4 36.9 37.6
1.00 56.0 42.4 37.6 36.2 36.2
10.0 55.6 41.6 36.9 37.6 37.6

100.00 56.0 39.3 37.6 37.0 -

10.00 LR T T T T T T T T TTTIT
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Fig.7. Ratio of the half energy time to the thin shell formatio
time (t1,2/tsr) @s a function of the mass loading parametérfor

1000.0

Mrge = 37Mg, and is insensitive to botli’ andng. The fact
that Mg is dependent orf’ for a givenng is consistent with
Figs. 3b, d, f, where it can be seen that the remnant energy
thermalizes more rapidly with increasing. This behaviour
arises from the fact that mass loading reduces the rate at which
{he remnant expands at early times, as it causes more braking
In the ejecta and sends the reverse shock back through it more

the full range of intercloud ambient densities considergd= 0.01 quickly. In contrast, we note thd¥lee is essgntially constant
(solid); ng = 0.1 (dotted);n, = 1.0 (dashed)n, = 10.0 (dot-dashed); When mass loading occurs by hydrodynamic ablation (Paper I).

ny = 1000 (triple dot-dash).

4. Discussion

4.1. The free expansion (FE) phase

Since the mass loading is essentially saturated in both formu-
lations at this stage, theseff@drences arise from the fact that in
this paper we also mass load in the shocked ejecta (unlike in
Paper 1), which has theffect of increasing its pressure.

In Fig. 8 we show the radius at the end of the free-expansion
stage,Rrg, as a function ofny and f’. We derive an ap-

Table 1 gives the total mass in the remnant at the end of the pifBpriate analytical approximation for the dependencBqef

phaseMgg, for remnants with an initial energg = 10°* erg,

onng and f’ by following the same procedure as in Sect. 4.1

and ejecta masdy = 10My. When there is no mass load-of Paper I. The agreement between the simulations and the ana-
ing the total mass is independent of the ambient density (beigtcal approximation is generally good, although the latter sys-
approximately 58, cf. Paper 1), though with intermediatetematically underestimat®sg at high values of’ (as was also
rates of mass loading (e.§. ~ 0.316) Mgz becomes depen-found in Paper I, where an explanation for this is given). For fu-

dent onng. For slightly higher mass loading ratef (> 3.16)

ture purposes, however, we are more concerned with accurate



J. M. Pittard et al.: Evolution of mass loaded SNR. II. 1037

100-0 ;lll TT ||||||| TT ||||||| LI ||||||| TT ||||||| E _|| LI ||||||| LI ||||||| TT ||||||| LI ||||||| ]
100'05 \\\\g E
AN A \+ 4
10.0% RN N \<>«.‘ ]
) i 7o 100p tLox A . * E
<3 2 E \ N, N ]
S 5 f woNg N % 4
o CKO | \ \.\ Qe . ]
- \X~ NN N O
1.0¢ N E\ ~

F 1.0k SRS
F D SN
C N
I X

0-1 |||I 11 ||||||I 11 ||||||I 11 ||||||I 11 |}|"I 0.1 |||I 11 ||||||I 11 ||||||I 11 ||||||I 11 ||||||I
0.01 0.10 1.00 10.00 100.00 0.01 0.10 1.00 10.00 100.00

Ny Ny

Fig.8. Radius at the end of the free expansion stage as a functieig. 9. Radius at the end of the Quasi-Sedov-Taylor stage as a func-
of ambient density. The symbols represent the results of the numn of ny and f’. The symbols represent the results of the numerical

ical simulations and the lines are from Egs. (8) and (9) in Papersimulations and the lines are the analytic approximation of Eq. (12),
appropriately modified foMreayg = 47 Mo, and using the relation and denotef’ = 0.0 (plus); f* = 0.316 (diamond, dotted)f’ = 3.16

f’ = 316f. The symbols and lines ard?’ = 0.0 (plus, solid); (triangle, dashed)f’ = 316 (square, dot-dashedj; = 316 (cross,

f’ = 0.316 (diamond, dotted)f’ = 3.16 (triangle, dashed);’ = 316 triple dot-dashed).
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) ) ) Table 2. The radius (pc) of a conductively mass loaded remnant at the
estimates foRgsr, the radius at the end of the Quasi-Sedond of the Quasi-Sedov-Taylor stage= 10°! erg,M = 10Mo.
Taylor phase. We note that the much higher valuet which

we consider in this paper lead to a greater rangBqn at a 7

givenno. No 0.0 0.316 3.16 31.6 316
0.01 214 201 167 117 50.7

4.2. The Quasi-Sedov-Taylor (QST) phase 010 88 726 564 239 197
1.00 32.8 21.8 11.7 4.45 2.00

In Fig. 9 and Table 2 we show the variation Rfst with no 10.0 12.4 5.67 277 1.32 0.67

and f’. We find that the expression 100.00 4.35 1.74 0.89 0.45 0.23

RQST(f/» nO) ~ O75RQST(f, — 0) f/—0.0Slo—b tanhho/a)’ (12)

wherea = 6x10°%91-¢7% = 0.17 (logof’ + 2.5)*, andx =
logiof’ + 0.5 achieves a good fit to the numerical results. We conclusions
plot values ofRgst Using Eq. (12) in Fig. 9.

The ratio of the radius at the end of the Quasi-Sedov-TayMfe have extended work presented in Paper | on the evolution
phase to the radius at the same stage for the case Wher® of mass loaded supernova remnants by considering mass load-
(Rost/Rost(f” = 0)) is shown in Fig. 10 for allf’ andno. ing by conductively driven evaporation of embedded clouds.
Although there is variation witmg for ng < 10, this ratio ap- Paper | confirmed that mass injection can strongly influence
pears to become fairly insensitive itg for larger values of’. remnant evolution, and we also establish here thatahee of
We further note that the behaviour seen in Figs. 7 and 10tlig mass injection process is also important in this regard. This
qualitatively similar (which is also the case for ablative mags due to the fact that mass loading through conductive evapo-

loading cf. Paper I). ration is extinguished at relatively early times. Hence, conduc-

For an ambient density, = 0.01, the approximation notedtively driven mass loading does not appreciably alter the later

in Eq. (11) of Paper I, with substitution dfwith f, i.e. stages of remnant evolution, when the remnant is dominated by
, -\ ~009logiof’ swept up ambient gas. Therefore remnants that ablatively mass

Rost ~ 0.9Rost(f” = 0)(10/f) ; (13) |oad are dominated by loaded mass and thermal energy at late

is a good fit, while for high ambient densitie (~ 1000) an times (Paper I), while those that conductively mass load are
excellent approximation is dominated by swept-up mass and kinetic energy. The greater
dominance of loaded mass in the ablative case means that such

logsoRost/Rast(f” = 0)] ~ —0.3logiof’ — 0.5. (14)

remnants evolve more quickly, and reach all dynamical stages
In the equations in this section it is again assumed that the rezarlier. At a given age they tend to be both more massive and
nants have an initial energg, = 10°* erg, and ejecta mass,smaller than equivalent remnants which are conductively mass
M = 10Ms. loaded.
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more dependent on our model assumptions (such as the satu-
ration temperaturelsy), than on the progenitor mass, at least
. in some regions of parameter space. With regards to the possi-
] bility of different explosion energies, we note that our solutions
| should scale in a similar way to the time of thin shell formation,
1 tsf o« E¥/14 (cf. Eq. (8)).

Our range approximations will form the basis of future
1 work to investigate galactic superwinds formed by the com-
bination of many overlapping supernovae.
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