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Abstract

Context. X-ray emitting features originating from the interactiohsupernova shock waves with small interstellar gas clouds a
revealed in many X-ray observations of evolved supernovanests (e.g., Cygnus Loop and Vela), but their interpretais not
straightforward.

Aims. We develop a self-consistent method for the analysis amrdgdrétation of shock-cloud interactions in middle-agepesnova
remnants, which can provide the key parameters of the syatehihe role of relevant physicaffects such as thermal conduction,
without the need to perform ad-hoc numerical simulatiorgs lamther about morphology details.

Methods. We explore all the possible values of the shock speed and deunsity contrast relevant to middle-aged SNRs with a set
of hydrodynamic simulations of shock-cloud interactionlirding the &ects of thermal conduction and radiative cooling. From the
simulations, we synthesize spatially and spectrally resbfocal-plane data as they would be collected with XMM-KeyEPIC, an
X-ray instrument commonly used in these studies.

Results. We develop and calibrate two diagnostic tools, the first basethe mean photon energy versus count-rate scatter mlahan
second on the spectral analysis of the interaction reghat,dan be used to highlight th&ects of thermal conduction and to derive
the shock speed in case dfieient conduction at work. These tools can be used to aseérnfairmation from X-ray observations,
without the need to develop detailed and ad-hoc numericdietsdor the interpretation of the data.
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1. Introduction energetics of the shocked cloud, and ii) to analyze acdyrite
. SNR observations by comparing them with model results.

Supernova remnants (SNRs) are known to be invaluable labo- ag part of this project, we previously investigated the rile
ratories for investigating the physical and chemical etiohuof  1hermal conduction and radiative cooling on the evolutibthe
the galactic interstellar medium (ISM) and the mass disttin  ghocked cloud in the unmagnetized limit. We explored twosphy
of the plasma in the Galaxy. Multiwavelength o_bservatlohs fal regimes in which each of the two physical processesrim tu
evolved SNRs (e.g., Graham et al. 1995; Bocchino et al. 20Q@5minates (Orlando et al. 2005, hereafter Paper 1) and fthatd
Patnaude et al. 2002; Nichols & Slavin 2004; Miceli et al. 200 i, general, the thermal conduction determines the evaiporat
can be a useful tool for investigating the physics of SNRE, f§ traction of the shocked cloud, forming a hot and tenuous gas
instance the interaction of the remnants with mhomogwsaltphase (the corona) surrounding the cloud core. In the poesain
(clouds) in the ISM. However, this interaction involves mangp, organized interstellar magnetic field, the thermal cetido
non-linear physical processes (e.g., radiative lossesh@tthal s known to be inhibited across the magnetic field lines aed th
conduction), which complicate the analysis of the obsemat agjative cooling can be enhanced by magnetic plasma cenfine
An additional limitation comes from the superposition of€i- ,ent. We studied the role played by the magnetic-field-oeign
ent emitting regions along the line-of-sight (hereafteB)and, {hermal conduction and the radiative cooling during theckho
in most cases, the data interpretation is not unique. cloud interaction by considering fiérent configurations of the

A powerful approach to the data analysis is based on hydigagnetic field (Orlando et al. 2008). We found that the mag-
dynamic and MHD simulations of the shock-cloud interactiometized cases fall in-between the limit of completely segped
which takes into account the most relevant physical mesasi thermal conduction and the unmagnetized limit with conigunct
(e.g., thermal conduction, radiative cooling), and on thene Our numerical models were also used to predict the expected
parison of the model results with observations. Previoudist X-ray emission from the shock-cloud interaction. We showed
(Orlando et al. 2005, 2006; Miceli et al. 2006; Orlando et ajhat the X-ray emitting structures do not trace the morpypuf
2008) were devoted to investigate, by means of numericatmagle flow structures originating from the shock-cloud intian
eling, the interaction of SNR shock fronts with small intet&r  and that the shocked clouds are visible more easily durieg th
gas clouds. In this paper we propose: i) to investigate the r@arly phases of their evolution (Orlando et al. 2006, heeeaf
of the diferent physical processes involved on the dynamics apdper I1).
These significantféorts in modeling the shock-cloud inter-
Send offprint requests to: S. Orlando, action and its X-ray emission has not been superseded bigthe r
e-mail: orlando@astropa.inaf.it orous methodologies developed to compare X-ray obsengtio
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of SNR shells and models. The high resolution instrumenis orable 1. Parameters of the simulated shock-cloud interactions.
board XMM-Newton and Chandra have provided us with excel-

lent images and spectra of SNRs, which are always much mor&un M xP we Ton Tee therm.
complicated than the ideal cases treated in numerical aimul [kms?'] [MK] [10%yr] cond.
tions. Therefore, a straightforward comparison betweedeteo  HYm40c10 40 10 458 3.0 6.75 no
and observations is still flicult, and this tends to hamper ourun- HYm50c10 50 10 574 4.7 541 no
derstanding of the details of the physical processes attbeof ~ HYm60cl0 60 10 688 6.7 4.50 no

the X-ray radiation from SNR shells. Miceli et al. (2006) nead ngggcig gg 18 ggj 2'? g'ﬁ yes
the first attempt to accurately compare models with obsiemnvat RCm ¢ ’ : yes
. - . m60c10 60 10 688 6.7 4.50 yes
They compared the X-ray observatlons_ of an _|sol_ated kndtent £-ns0c03 50 03 574 47 206 yes
northern rim of the Vela SNR (Vela FilD; Miceli et al. 2005) rcmsoc30 50 30 574 4.7 9.37 yes
with an ad-hoc hydrodynamic model; the comparison showet
that the bulk of the X-ray emission in the knot originatestie t
cloud material heated by the transmitted shock front, lanisi  2Shock Mach number® Density contrast cloydmbient medium.
icant X-ray emission is also associated with the cloud niglterc Velocity of the SNR shock! Temperature of the post-shock ambient
that evaporates in the intercloud medium, under thiece of the medium.® Cloud crushing time (Klein et al. 1994).
thermal conduction. While this strategy has proved to fiiece
tive, it is quite model-dependent, in the sense that it ietam
an accurate yet restrictive morphological and spectralpamm The plasma dynamics are described by solving numerically
son, which may be time and resource consuming. the time-dependent fluid equations of mass, momentum, and en
In contrast, the idea behind this paper is that the explamatiergy conservation (see Egs. 1-5 in Paper |). The model takes i
of the parameter space of the shock-cloud model performedaiocount both thermal conduction (Spitzer 1962) and raadiati
Papers | and II, along with the extension presented herertbwéosses from an optically thin plasma (e.g., Raymond & Smith
still unexplored values of the cloud density contrast, maysed 1977, Mewe et al. 1985, and Kaastra & Mewe 2000). The ther-
to devise a quick andfkective methodology for the interpreta-mal conduction includes the free-streaming limit (satorgton
tion of current generation X-ray satellite observationslodck- the heat flux (Cowie & McKee 1977, Giuliani 1984, Borkowski
cloud interactions, without the need to develop ad-hoc migale et al. 1989, Fadeyev et al. 2002, and references thereimcadu
models. Our intent is to provide easy-to-use recipes tHawval culations also include a passive tracer associated withlduel
us to extract from the data many of the key parameters govematerial that traces its motion during the evolution. A dission
ing the evolution of shocked clouds, by comparing with a $et of the assumptions of the model and their influence on thdteesu
model quantities normalized in such a way as to eliminate tigpresented in Sect. 4.4.
dependence from unnecessary details, e.g., the exact olorph  The numerical code isLasu (Fryxell et al. 2000), a mul-
ogy of the hit cloud. In particular, our scope includes diegs tidimensional hydrodynamics code for simulating astragtgl
a diagnostic tool capable of quickly assess whether thetispecplasmas that uses tieramesn (MacNeice et al. 2000) library
results obtained in the interaction regions are dominagetiér- for block-structured adaptive mesh refinement (AMR) and has
mal conduction, which is a physicaffect whose contribution been customized with numerical modules that model thermal
to the X-ray emission is modulated by the magnetic field andonduction and optically thin radiative losses (see Pafmrde-
ther_lt_arf]ore, remains uncgrte&in. f” Sect. 2 briefly d _bgjls%. The initifalhconfigulrat_ion,the %oandary cop}ditioaed theh
e paper is organized as follows: Sect. 2 briefly descri setup of the simulations used here are the same as those
the numerical setup, the physical parameters of the praldeth adopted and discussed in Paper .
the method to synthesize, from the numerical simulationsggyX As a reference case, we consider tht= 50 shock model
observations as they would be performed by X-ray observaigescribed in Paper I; we then explore the parameter space by
ries; Sect. 3 presents the results of the numerical sinalgfi varying, alternatively, either the Mach numbg, or the density
in SeCé. 4, v;/e k(?escrit;]e éhe diagnostic t?OIS devised l;n this rontrast clougsurrounding mediumy. In the reference model
per and apply the methods, as an example, to X-ray obsemgatigRCm50c10), the unperturbed ambient medium is at a tempera-
reported in the literature; in Sect. 5, we draw our conclasio gfrensm = 12)4 K andpparticle number densitysy, = 0.1 cnT?, g
and the spherical isobaric cloud has a radiys 1 pc and den-
) . sity contrasty = 10 (particle number densityy = yhism = 1
2. Hydrodynamic modeling cm3). The SNR shock front s planar at a Mach numbée= 50
We model the three-dimensional interaction of a SNR sho@kd temperatur@ps, = 4.7 MK. In the other simulations, the
front with an ISM cloud as described in Paper I, to which thi¥ach number varies in the range 40M < 60 (corresponding
reader is referred for more details. We summarize here thie m& Shock temperatures in the range 3 MKTpsh < 7 MK) and
model features. The cloud is assumed to be small compaf@l cloud density contrast is in the range<3y < 30 (corre-
to the curvature radius of the shdciind in pressure equilib- spondw;g to a particle n3umber density in the cloud in the eang
rium with the unperturbed isothermal and homogeneous amfi3 €M~ < Ne < 3 cn™). We note that in Paper Il, we stud-
ent medium; we consider, therefore, a planar shock fronizand!€d the variation induced by aféirent choice of shock speed
isobaric cloud that is spherical for simplicity. The shockopa- (W€ consideredW = 30 and 50 aj = 10). Here, we present
gates with a Mach numbe¥! > 1 in the ambient medium. The for the first time the resylts for fierent density contrasts. These
post-shock initial conditions are given by the strong shigoie ~ '2nges are representative of most of the shock-cloud ictiera
(Zel'dovich & Raizer 1966). The fluid is assumed to be fullf€9ions observedin evolved SNRs (e.g., Vela, Cygnus Laup, a
lonized, and is regarded to be a perfect gas. GZ?I%?;T%&)S of thermal conduction on the shocked cloud evo
1 This assumption is valid for a 1 pc cloud in the middle-aged?RSN lution were fully investigated in Papers | and Il. Here, sivee
Vela and Cygnus Loop, whose shell has a radiu€) pc. wish to develop a diagnostic for use in real X-ray observetjo
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100 : — — LoS for each X, 2), in the temperature range5 logT(K) < 7

‘ (divided into 50 bins, all equal on a logarithmic scale).frine
EM(T) distributions, we synthesize maps of X-ray emission and

, X-ray spectra, using the MEKAL spectral synthesis code (Blew

r Rmm-ol" T ] et al. 1985; Kaastra 1992, Kaastra & Mewe 2000), assuming so-

L A 1 lar metal abundances (Grevesse & Anders 1991).
mibeln 0, rrmenen We assume the source to be at a distaDgg = 500 pc

RCM40c10 _ =~ . RCMBOc10

LN

~ 10L o + .+ . (as, for instance, in the case of Cygnus Loop) and we filter
B T HYm50c10 ] the spectra through an ISM absorption column density, =
Lo e 1 5 x 10?° cm2 (Morrison & McCammon 1983), according to
- © &y 8 typical values derived from SNR observations at that distan
- //w + R ] (e.g., Patnaude et al. 2002). The absorbed X-ray spectra are
. 2 RS 1 then folded through the instrumental response to obtaialfoc
A < La . .
. plane spectra. The exposure time is assumed tig,pe- 10 ks
1 ‘ ‘ ‘ L for EPIC-pn (see, for instance, Miceli et al. 2005). The pimot
20 50 100 counts are randomized in each energy instrumental charinel o
A the focal-plane spectra using Poisson statistics, by appthe

rejection method to a Poisson distribution (Press et al61.98
Figure 1. y — M parameter space (adapted form Paper I). The lingé-ray emission maps are produced in selected energy basds, a
are derived for length-scale= 1 pc, and for an unperturbed ambi-suming a spatial resolution of 4 arcsec; the X-ray images are
ent medium of temperaturBs, = 10* K and particle number density convolved with the corresponding point spread functionfPS
nism = 0.1 cnT3 (see Paper | for details): the solid line separates regio% given by Ghizzardi (2002) for EPIC-pn.
dominated by radiative cooling (on the left) from regionsrilsated The final products are X-ray simulated observations, spa-
by thermal conduction (on the right); the dashed line mahnksdensity tially and spectrally resolved, in a format virtually idasi té)

contrast,y, above which the cooling timescatgg is shorter than the h .
cloud crushing timere; the dotted line marks the values pfabove that of real observations collected with EPIC-pn. To thesad

which the thermal conduction timescatg,q is shorter tharr... The W€ apply_ standard analysis methods commonly used for X-ray
parameter pairs explored are marked with crosses. observations.

we compare the results of runs with this physical processe¢he3. Results
after RC runs) with those of other runs without it (hereaFr
runs). As shown in a previous work (Orlando et al. 2008), &hoc
cloud interactions in an organized interstellar magnegifare The detectability of the shock-cloud collision in the X-fagnd
in-between these two limits (i.e., HY and RC cases). A suris expected to depend on thel andy parameters. From our
mary of all the simulations discussed in this paper is in @absimulations, we derive the X-ray lightcurves of the regiss@

1, while Fig. 1 shows the simulations in tye- M parameter ciated with the shocked cloud, to understand at which stége o
space. As discussed in Paper | (cfr. Fig. 2 in Paper 1), thos pkhe interaction the visibility of the cloud is maximum. This

can be used to evaluate whether radiative cooling has a aampgion is selected in each synthesized EPIC-pn count-ratgéma
ble influence to thermal conduction in a given run. For examnplin the [0.3 - 2.0] keV band (typically selected for the analysis of
the shock transmitted into the cloud is strongly radiativeuns evolved SNR shock-cloud interaction; see, for instanceeli
RCm40c10 and RCm50c30. On the other hand, the thermal cenal. 2005) by considering all the pixels with a median epefgy

duction dominates over the radiative losses in all the athees x_ray photonsg (Hong et al. 2004), which is less than 90% of
(i-e., RCm50c03, RCM50¢10 and RCM6G0C10): the cloud is exe = o rved for the surrounding medidmFrom these pixels,
pected to evaporate on atlmesca[e comparable to (in RCMB50 L then evaluate the average countspser pixel, Fy, normal-
and RCm50c10) or shorter than (in RCmG0c1&) ized to the value derived for the intercloud medium. The ¥-ra
lightcurves reported in Fig. 2 indicate when the shockedidlo

3.1. Lightcurves

2.1. Synthesis of the X-ray observations is detectable (when the normaliz€g is higher than 1) and its
. . . . i X-ray luminosity is maximum.
The output of the numerical simulations is the evolutionesht In general, we find that the higher the valuedf the higher

perature, density, and velocity of the plasma in the spatial e normalizedry at each stage of the evolution (see Fig. 2). In
main. From the density and temperature values, we syn#esigsst cases, the shocked cloud is visible in the X-ray banidgur
spatially and spectrally resolved X-ray observations vilie ihe {ime interval 0L 7. < t < 1.5 7. The thermal conduction
XMM-NewtoryEPIC-pn X-ray imaging spectrometers (Striidegayses the shocked cloud to be brighter than in cases without
et a]. 2001). The method can be easily customized for other E%nduction, broadening the peak in the X-ray lightcurvesioy
ray instruments. o _ , Mach number. The conduction contributes to the cloud hgatin
The emission measure in then domain cell is calculated jhcreaging the amount of cloud material above 1 MK and emit-
to be em = ni,Vj, whereng; is the particle number density injng in the X-ray band. We also note that the conduction cause
the cell, andv; is the cell volume. We assume that the directiothe shocked cloud to be hardly detectable in cases with 3
of the LoS corresponds to theaxis (in the cartesian coordi- due to the quick evaporation of the cloud. For instance, in ru
nate system), perpendicular to the direction of propagatd Rcm50c03, there are no pixels wigh below 90% of the value

the SNR shock front, and that the depth along the LoS is 10 ggrived for the background and no lightcurve can be reported
(a typical value for the shells of evolved SNRs, such as i Vel

and in Cygnus Loop). We then derive the distributions of emis 2 The shocked cloud material is expected to be cooler thanuhe s
sion measure versus temperature, EM(integrated along the rounding medium.
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Figure 2. X-ray lightcurves of the shock-cloud interaction regiortlie
[0.3 — 2] keV band (see text for details on the definition). The time-
dependent surface brightness is normalized to the avewrdge wf the

3.2. Spectral analysis

The shocked cloud is detectable with EPIC-pn during theyearl
phases of the shock-cloud interactidn<( 1.5 7; see Fig. 2)

as a bright knot surrounded by afftise region (see right pan-
els in Fig. 3). We focus our spectral analysis on the time in-
terval Q4 7. < t < 1.4 7. when the shocked cloud reaches
its highest luminosity in all the models. For each sampled X-
ray image, we select spatial sub-regions in the computaltion
domain and analyze the X-ray spectra extracted from each of
them. To select spectrally homogeneous regions, we degsm

of the median energy of X-ray photon§, from the EPIC-
pn data that allows us to convey at the same time both spa-
tial and spectral information about the emitting plasmar{glo
et al. 2004). Since the shocked cloud is cooler than the sur-
rounding medium, the median photon energy,of the bright
region is lower than that of the surroundings (see left pairel
Fig. 3). Thus we select subregions with a median photon en-
ergy of either B keV < & < 0.6 keV (to identify the knot) or
0.6 keV < & < 0.7 keV (for the difuse region, DR). The knot
corresponds to the brightest portion of the X-ray image @ Bij
and the DR selects the intermediate brightness regionsudro
ing the knot (compare the left and right panels of Fig. 3).

We emphasize that this definition of the extraction regions
for spectral analysis are completely independent of thephmmir
ogy of the X-ray emission. This has the great advantage that i
can be straightforwardly applied to any current X-ray tetgse
observation for which the mean photon energy map can be com-
puted. Moreover, it makes the spectral analysis indepdngen
first approximation, of the details of the shape of the ISMidig,
which in reality may be far more complex than the ideal spheri
cal cloud proposed in our model.

The extracted spectra have a total number of photons rang-
ing between 10and 4x 10°, which is adequate for performing
a detailed spectral analysis. The focal plane spectra weae a
lyzed using the spectral fitting package XSPEC (Arnaud 1996)
and applying a multi-temperature fit to each spectrum. Adl th
extracted spectra were closely fitted with two MEKAL compo-
nents of an optically-thin thermal plasma in collisionahiza-
tion equilibrium (Mewe et al. 1985, Kaastra & Mewe 2000),
with solar abundances, and filtered through the interstala
sorption (Morrison & McCammon 1983). We applied this pro-
cedure to any model listed in Table 1, and in the interv&Q, <
t < 1.4 1 in steps ofst = 0.1 ... As an example, we present
here the results obtained in the reference models HYm50ed 0 a
RCm50c10.

Figure 4 shows the temperatuik, and the emission mea-

post-shock intercloud region. Upper panel: runs withoetithal con- sure per unit area, er= EM/Aq (Where A is the area of
duction (HY runs) withy = 10 andM = 40,50, 60. Middle panel: runs the selected region), of the isothermal components fittirey t

with thermal conduction (RC runs) with = 10 and M = 40,50, 60.

Lower panel: RC runs wittM = 50 andy = 10, 30.

EPIC-pn spectra. When the thermal conduction is completely
suppressed (run HYm50c10), the spectra of both the knot and
the DR at the dferent epochs are described, in general, by two
isothermal components with temperatuigsy, ~ 1 MK and
Thigh ~ 4.5 MK; the emission measure of the hot component
is emygh ~ 5 x 10' cm™® in all the spectra, whereas gm

in Fig. 2. On the other hand, the conduction produces shock@fges between 8 10* and 8x 10" cm>. We note that the
clouds withy > 20, whose evolution is strongly dominated byemperature of the hot component is close to the temperature
the radiative losses, and are partially visible during tegyearly  of the shocked ambient plasriigsh ~ 4.7 MK, whereasT oy is
phases of the evolution (see lower panel in Fig. 2); thesedslo slightly higher than the temperature of the shock transdiithito
would not be detectable in X-rays, in the absence of theroral ¢ the cloud,Tsq ~ 0.8 MK (see Paper ).

duction, because of their temperatiligg ~ 2.5x 10° K. In these
cases, only the thermally conducting corona is detected;dhe

being much cooler than 1 MK.

In run RCm50c10, the spectra are again described by two
isothermal components, but with somefdiences caused by
the thermal conduction. In particulaFoy is higher andThign
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Figure 4. Best-fit values of temperature (upper panel) and emission
measure per unit area (lower panel) for the EPIC-pn spectra e
tracted from the bright knot and from thefilise region (DR) in runs
HYm50c10 (blue) and RCm50c10 (red) affdrent epochs between 0.4
and 1.4r... The dashed lines in the upper panel mark the temperatures
expected for both the shock transmitted into the clolg & 0.8 MK)

and the shocked ambient plasnigs, ~ 4.7 MK).

ferences between HYm50c10 and RCm50c10. The reasons for
these dfiferences can be understood by comparing the results of
the spectral fitting with the distributions of emission meagper

unit area versus temperature, @f(in the region in which the
extracted spectra originate.

Figure 5 shows these eifif) distributions and the results of
the spectral fitting. In general, the distributions for btite knot
and the DR are bimodal. The cold peak around: 2 MK is
produced by the shocked cloud gas; the hot pedk-att MK is
produced by the shocked ambient plasma surrounding the clou
The best-fit values are localized around these maxima and can
therefore, be associated with both the shocked cloud gdg (co

Figure 3. Median energy maps (left) and EPIC-pn count-rate imagegmponent) and the shocked ambient plasma (hot component).

(right) in the [03 — 2.0] keV band derived for run RCm50c10 at the

three labeled times during the evolution. The pixel size i4 arcsec

In HYm50c10, the en¥() distributions of both the knot and

and the exposure time is 10 ks. The images are smoothed witkcab € DR do not change significantly during the evolution (ex-
of width o = 12 arcsec. The white contours mark the cross-section 68Pt att ~ 1.2 7¢., when the shocks transmitted from both the

the cloud on the plane of the image, identified by zones ctngisf the
original cloud material by more than 90%; the contours sipeosed
on the median energy maps mark the bright knot (red) and tffiesei
region (DR; black).

is lower than the values derived in HYm50c10, th&atence
being larger for the DR than for the knot. The value ofignis

front and the rear of the cloud interact; see Paper Il), the tw
bumps being steadily centered on the temperatures expkected
the shock transmitted into the clouts ~ 0.8 MK) and for the
shocked ambient plasm@h ~ 4.7 MK), respectively. By com-
paring HYm50c10 with RCm50c10, the maifiexts of the ther-

mal conduction are: i) to smooth the emdistributions because

of a transition region that forms between the inner part ef th
cloud and the ambient medium in which the density decreases

systematically lower and efgn higher than the values derived inand the temperature increases smoothly in the radial direct
HYm50c10. In general, we find that the cold component is ti{see Paper II); and ii) to shift the first bump to higher tenaper
most sensitive to thermal conduction, showing the largést dtures because of the gradual thermalization of the shodked c
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the spectral fitting for the EPIC-pn spectra ex-
tracted from the selected regions (symbols as

107 7

TIK] TIK]

10° in Fig. 4). The errors are at the 90% confidence

level.

material to the temperature of the shocked ambient plase® (therefore,& versus count-rate scatter plots (see, for instance,
also Paper ). Miceli et al. 2005): we first divide the range of count-rateé)[D-

As a result of the conductiorffects, the amount of plasma0.20] cnts stinto 100 bins (all equal on linear scale); then, from
above 1 MK increases in RCm50c10, making the shocked clotli EPIC-pn count-rate images in thede- 2.0] keV band, we
brighter in the X-ray band (see Fig. 2). The changes in th@@m(derive the median photon energy of all the pixels belonging t
distributions caused by the thermal conduction also prediife the same count-rate bin. Figure 6 shows the scatter plogeder
ferences in the results of the spectral fitting for HYm50ch@ a for HY (upper panel) and RC (middle and lower panels) runs
RCmM50c10 (see Fig. 4); for instance, the shift of the first punat selected epochs in the time intervalt @¢c < t < 1.4 7
in em(T) to higher temperatures leads to higligs,, and the (when the shocked clouds are visible; see Fig. 2). All thésts p
smoothing of em) leads to lower eng, in RCmM50c10. We also are characterized by a clear descending trend and, therpsh m
note that the fects of the thermal conduction are greatest in thgases, by a much flatter fall (cold plateau): the higher thato
em(T) distribution of the DR, which represents the plasma of thate, the lower the median energy and, therefore, the loher t
corona surrounding the cloud core that i$eated by ficient average temperature along the LoS. The descending braxch an
heat conduction. As a consequence, the cold fitting comgon#re cold plateau are the signature of the shock-cloud aartlis
in the DR is, in general, hotter than that in the knot (see al$ae former roughly corresponds to the DR and the latter to the
Fig. 4), whereas the opposite is true in HYm50c10 (i.e.,¢éne-t bright and cold knot defined in Sect. 3.2.
perature of the shocked cloud material is never higher thant  |n HY runs, scatter plots derived fgr= 10 and dfferentM
temperature of the shock transmitted into the cloud). show a similar shape, characterized by a very steep desgendi
branch and a well-defined cold plateau (see upper panel in Fig
6). The descending branch shows an abrupt transition batwee
the intercloud material (highegét) and the shocked cloud ma-

4.1. Median energy versus count-rate scatter plot terial (lowest&). In RC runs (see middle panel in Fig. 6), the
thermal conduction makes the slope of the descending branch
Since the thermal conduction modifies the temperature and dgatter than that of HY runs, the absolute value of the slope
sity structure of the shocked cloud (see Paper I), ffeats peing smaller for highet. The flattening of the descending
should be evident in the comparison&fmaps (related to the branch reflects a smooth temperature and density strudttiie o
spatial distribution of temperature) with count-rate mgps shocked cloud produced by the heat conduction, which causes
lated to the spatial distribution of mass density). We derivthe gradual growth of a transition region from the inner prt

4. Diagnostics
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E Figure 7. The figure compares the temperature and the emission mea-
3 sure per unit area of the cold component derived for the kiiibt those

] derived for the dfuse region (DR). The blue stars (red crosses) mark the
values derived in run HYm50c10 (RCm50c10) and reported @n &i

the black symbol with error bars mark the values derived ftbenanal-

ysis of EPIC data of Vela FilD (regions 4, knot, and Xfuae region, in
Miceli et al. 2005).

<E> [keV]

descending branch and inferring the speed of the shock when
there is dicient conduction. On the other hand, the plots are
poorly useful for inferring the true density contrast of teud.

Olgé RC runs M =50 +x=23 ,
F ] 4.2. Temperature and emission measure ratios

The spectral analysis discussed in Sect. 3.2 implies teatdh

S 0'85 fitting components describing the knot and the DR are seasiti
3 ] to thermal conduction; we therefore propose to use them as a
A o7b E diagnostic tool for tracing thefgciency of conduction. Figure
v E 7 compares the temperature and emission measure values de-
F ] rived for the knot with those derived for the DR (and repoiited
06 E Fig. 4) in runs HYm50c10 and RCm50c10. The runs either with
r E or without thermal conduction can be clearly separated & th
0 5§ ‘ 1 plot, the thermal conductive case being localized in thédnot
0.01 010 right quadrant and the pure hydrodynamic case in the tdp-lef

cnts s quadrant. This result is determined by the development ef th
thermally conducting corona in RCm50c¢10 and is therefore ex

Figure 6. Median photon energy;, versus count-rate scatter plot de- i ) -
rived from the EPIC-pn data in the periodQ. <t < 1.4 7... Upper pected to be general. In particular, as discussed in St

panel: runs without thermal conduction (HY runs) with= 10 and thermal conduction smooths the first bump in the Eju{istribu-

M = 40,50, 60. Middle panel: runs with thermal conduction (RC runs§ions and shifts it to higher temperatures, thieet being larger

with y = 10 andM = 40,50, 60. Lower panel: RC runs witM = 50 Tor the DR than for the knot. As a result, the cold component

andy = 3,10,30. The dashed lines in the upper and middle panefitted for the DR is, in general, hotter than that derived foz t

show the slope of th& versus count-rate scatter plot derived from th&not (i.e., Tiow[DR] > Tiow[knot]), whereas the opposite is true

analysis of EPIC data of Vela FilD (Miceli et al. 2005). (i.e., Tkw[DR] < Tiow[knot]) if the conduction is suppressed.
The smoothing of the e distribution due to the conduction
is also the largest for the DR (because the corona surrogndin

the cloud to the ambient medium (see Paper I). We note that tH€ cloud core is subject tdieeient heat conduction), leading to

scatter plots of runs with dfierenty butidenticalM = 50 arevir- the smallest values of e (see also lower panel in Fig. 4).

tua”y indistinguishab|e (See lower pane| in F|g 6) |ndmﬂxent|y In summary, the temperature and emission measure ratios are

of the role of either radiation or conduction. This is beaatie an excellent way of determining the role of the thermal candu

contribution of the shocked cloud to X-ray emission origesa tion in the evolution of the system.

invariably in regions dominated by thermal conduction. &¥-p

ticular, the X-ray emission in run RCmM50c30 originates ia th4.3. An example of model versus observation comparison

thermally conducting corona, the cloud core being at teiper

turesT <2x 10° K. Our study shows that evidence of thermal conduction at work
In summary, these scatter plots can be very useful for detduring the shock-cloud interaction can be found in the spéct

mining the role of thermal conduction through the slope @& thanalysis of X-ray data. As discussed in the previous sestitre
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& versus count-rate scatter plot and the temperature and emis Miceli et al. (2005) also derived& versus count-rate scat-
sion measure ratios can bffieient diagnostic tools for deriving ter plot for FilD that can be directly compared with the cerre
the shock speed and the role of thermal conduction, which, Sponding scatter plots derived with our models. We overalot
turn, is linked to the magnetic field configuration, as shown kbest-fit power-law model (with index —0.25) onto the data of
Orlando et al. (2008). In this section, we challenge the alutiv the FilD region reported in Fig. 4 of Miceli et al. (2005), -
agnostic tools and show that they can easily be used in tHe amaing the count-rate as a free parameter, a reasonableectfioic
ysis of X-ray data, by comparing our model results with X-raywe consider that the true value of the count-rate dependsen t
observations reported in the literature. actual LoS extension, which is poorly known. The slope of the
In particular, we focus on a well-studied region, the “FilDobserved scatter plot is rather flat and cannot be reprodoyged
region”, that is an isolated, bright X-ray knot in the nomfi@ém models without thermal conduction (see upper panel of Fig. 6
of the Vela SNR. Because of its proximity £50 pc, Bocchino On the other hand, the observed slope is reproduced quite wel
et al. 1999, Cha et al. 1999), Vela is an ideal target for tiid k by our RC runs, in agreement with the evidence that the therma
of study, allowing us to observe the interaction of the SNBc&h conduction plays an important role in the evolution of Fille
front with relatively small clouds, such as FilB 2 x 108 cm; model with M = 60 appears to be the most successful in repro-
see Miceli et al. 2005) in great detail. The analysis of an XMMducing the slope, in very good agreement with the value nbthi
Newton observation of FilD (Miceli et al. 2005) demonstchteby Miceli et al. (2005) M = 57) with a detailed analysis.
that its X-ray spectra can be modeled as that of an opti¢hlty-
plasma with two thermal components atl MK and~ 3 MK,
respectively) with inhomogeneous volume distributionsnal
the line of sight. The cold component dominates in the beght In our simulations, we parametrize the thermal condugtivi-
region that is surrounded by afflise region with harder X-ray ing the classical Spitzer's conductivity and the saturatimit,
emission. To interpret these results, Miceli et al. (2008)ed- by assuming essentially laminar thermal conduction actioss
oped a detailed hydrodynamic model of FilD, synthesized¥X-r entire spatial domain. However, regions of strong turbodeof
emission maps, and spectra from the model, and compared théifferent strength and extent can develop in the system (espe-
with the data. Their analysis showed that the X-ray and apticcially in shock-cloud interactions dominated by radiatgel-
emission of FilD can be explained as the result of the inteac ing), for instance at the shear layers along the cloud boyrata
of a SNR shock (with Mach numbe¥t = 57) with an ellip- at the vortex sheets in the cloud wake. The turbulence irethes
soidal cloud 30 times denser than the intercloud medium, thegions may have a significanffect on the thermal conduction,
estimated interaction time being0.32 ... Miceli et al. (2006) |eading to significant deviations of thermal conductivityrh its
proved that the two components originate in the cloud malteriaminar values (e.g., Kulsrud 1983; Narayan & Medvedev 2001
heated by both the transmitted shock front and heat coratuctiazarian 2006). As a result of the turbulence, the thermat co
between the cloud and the hotter, shocked intercloud mediugiliction may be inhomogeneous. On the other hand, the devia-
FilD, therefore, is an ideal benchmark for our model, beeaugions of thermal conductivity from laminar values are exgec
it is a case in which the thermal conduction is clearly at worko be relevantin the shocked intercloud medium, and thusldho
Since the parameters used in our simulatiofiedslightly from  not afect our main conclusions about thieets of thermal con-
the parameters deduced from the observations (includieg uction on the shocked cloud and the applicability of theydia
shape of the cloud), we do not expect a perfect match, but #hestics developed here.
comparison will nonetheless provide us with much usefudinf In our model, we do not account for the possibfEeet of
mation. the back-reaction of accelerated cosmic rays on shock dynam
Among the runs presented here, the one matching the d@ss. In the case of high Mach number shocks, a part of the shock
sity contrast of the shock-cloud interaction is RCm50c3$e(spower may be dissipated into cosmic-ray acceleration Jtiagu
Table 1). As already discussed, the shocked cloud with #1is d in an increase in the shock compression ratio. The distdhut
sity contrast ¢ ~ 30) would not be detectable in X-rays if thefunction of non-thermal particles and the bulk flow profile fo
thermal conduction is suppressed, its estimated temperbgt the shock upstream region are sensitive to the total corsiores
ing Tser = 3.5x 10° K. On the other hand, after inspecting Fig. 2ratio. Thus, even a moderatéieiency of particle acceleration
we note that, in run RCm50c30 (dashed line in the lower panat)ay reduce the post-shock ion and electron temperatures (se
the shocked cloud is visible in X-rays for a short time intdrv e.g., Eq. 18 in Bykov et al. 2008), which would have implica-
(0.1-0.6 7¢¢) and is of the highest surface brightness during théns for the X-ray emission. Thidfect is expected to be large
evolutionary stage estimated for FilD (0.32 7). We expect for shocks with high Mach number (as, for instance, in young
to detect brighter emission for higher values/of (see middle SNRs), but not for middle-aged SNRs (on which this paper is
panelin Fig. 2). As shown by our simulations, the detectaady- focused) for which no non-thermal emission has been detecte
emission originates in the cloud material dominated byrtt®r Even if particle acceleration were not negligible, the vals
conduction, confirming the relevance of conduction in the-eveffect on our diagnostics would only be to slightly reduce the
lution of FilD. efficiency of the thermal conduction because of the lower post-
Miceli et al. (2005) analyzed the spectra extracted from tlehock temperature. As in the case of magnetized cloudsr{@la
knot and the DR contained by the FilD region. Thus, we caet al. 2008), shocked clouds with considerable particlelaca-
derive the temperature and emission measure ratios of tfide ction would fall in-between the limit of completely suppreds
components derived by these authors and plot them in Fig.t@ermal conduction (HY runs) and the unmagnetized limit of
The observed values lie in the bottom-right quadrant of tfe ficonduction (RC runs) discussed in this paper.
ure, confirming once again that in FilD the thermal conduciso Pittard et al. (2009) demonstrated that turbulence plays an
efficient, in perfect agreement with the independent conatusionportant role in shock-cloud interactions, and that emvinen-
of Miceli et al. (2006). The diagnostics presented in Figa# c tal turbulence adds a new dimension to the parameter space.
be easily implemented and we propose their use as a standargarticular, these authors showed that turbulence is rgéeed
for verifying the role of conduction. mainly around the cloud boundary and in the cloud wake after

4.4. Limits of the model
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~ Tee, the main &ect being that clouds subject to a highly turdetermining some of the parameters of the system and the role
bulent post-shock environment are destroyed significantlye of thermal conduction in a very quick and straightforwardwa
rapidly than those within a smooth flow: the greater the clouthese pieces of information can in turn be used for a more de-
density contrask, the higher the #ect of turbulence (for in- tailed model, if necessary.
stance, fory =~ 100, the &ect of the post-shock turbulence  The method can be applied to imaging X-ray observations
dominates the shock-cloud interaction). On the other hand, of middle-aged thermal SNR shells (like Vela or Cygnus Lgop)
efficient thermal conduction smooths the cloud boundary vesyich as those obtained by the XMM-Newton and Chandra X-ray
quickly (see Paper 1), and turbulence grows more slowly adou satellites. We used as a benchmark the XMM-Ney&sHiC ob-
clouds with a smooth density profile (Pittard et al. 2009)ud h servations of the Vela FilD region of Miceli et al. (2005)pfn
we are confident that our results are valid and the diagr®stighich, independently, Miceli et al. (2006) found strongdmrnice
proposed here can be applied to clouds of moderate density cof thermal conduction at work during the shock-cloud intera
trast (i.e., the ffects of turbulence poorly influence the shocktion, using a detailed ad-hoc numerical model. We founddhat
cloud interaction at early evolutionary stages fox 7c) and method is quite ective in quickly recovering the shock speed
smooth density profiles (i.e., the growth of turbulence abu and the &ects of the thermal conduction.
clouds is slow), which we have considered here.

Finally, our model does not account for the incomplete
elec.tr_on_-lon temperature equilibration in th(:j' post-shiegkion. Acknowledgements. We thank the referee for constructive and helpful criti-
Equilibrium may not be completed early during the shockddlo cism. The software used in this work was in part developed Hgy DOE-
interaction { ~ 0.1 7¢c). We should apply emission models in-supported ASQ Alliance Center for Astrophysical Thermonuclear Flashes a

cluding non-equilibrium in that phase and the initial parttee  the University )Of Chicago. The simulations haye been exebat CInECA
: : : : ologna, Italy) in the framework of the - agreent on “Hig
lightcurves presented in Fig. 2 may be subject to changeh®n fﬁerformance Computing resources for Astronomy and Asyrsigh”, and on

other hand, the diaQUOSﬂCS discussed in this section tefitie e scaN (Sistema di Calcolo per I'Astrofisica Numerica) HR@ility of
shock-cloud interaction at@rec < t < 1.4 7., when the hy- the INAF-Osservatorio Astronomico di Palermo. This workswsupported in
pothesis of temperature equilibration can be consideraliste  part by Ministero dell'Universita e della Ricerca and byitlgo Nazionale di
for the shock velocities explored here (Rakowski et al. 003 Astrofisica.
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