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Abstract. In April 2001 SN 1993J was observed with both the PN and MOS camerasXfheNewtorobservatory, resulting

in about 7x 10* s of acceptable observation time. Fit results with both the PN and MOS2 camera spectra stufiyiagtdi
spectral models are presented. The spectra are best fitted in the energy range between- 0Bkawiby a 2-component
thermal model with temperatures kf; = 0.34 + 0.04 keV andkT, = 6.54 + 4 keV, adopting ionization equilibrium. A fit
with a shock model also provides acceptable results. CombiningNtié-Newtondata with former X-ray observations of the
supernova, we discuss the general trend,ofx t7°3° and the bump of the X-ray light curve as well as former and recent
spectral results in the light of the standard SN model as first proposed by Chevalier in 1982.
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1. Introduction 2. The supernova scenario

M 81 at the distance of 3.6 Mpc (Freedman et al. 1994) is offfie fact that 93J began as a type Il SN characterized by promi-
of the best observed galaxies. When in the end of March 199sht H lines in the optical spectra and few months later changed
the supernova SN 1993J exploded in that galaxy, there washe Ib type, characterized by no or little hydrogen but rich
good hope to learn about the progenitor and follow, as wifh He, is interpreted as meaning that the progenitor had lost
SN 1987A in the LMC, the evolution of the early phases fQf|| put a small amount of its hydrogen layers, thus that the
years with high quality spectra in many wave bands. 5 days 8hock-heatedfective photosphere could quickly sink through

ter the detection in the optical bands (Ripero & Garcia 1993he thin H layer into the deeper He layers during the initial ex-
radio emission from SN 1993J was observed at 22.4 Glgansion and cooling phase.

(V.\/e|le.r etal. 1993) by th_e VLA, demon;tratmgthe |nterac_t|9n In the case of SN 1993J, optical plate material taken
with circumstellar material (CMS), an important prereqwsﬂg

for X-ray emission. 1 day later, at day 6, the SN was observéfore the explosion, the optical light curve and theoreti-

with the ROSAT satellite at soft X-ray energies around 1 ke | considerations |nd|categ that _the pro_ggmtor was prob-
(12 Angstrom). The immediate detection of a strong X-ra sia-bly a KO I red supergiant with an initial main se-
9 ) 9 Y Sl@ence mass of about 18, that had kept less thanMg

nal (Zimmermann et al. 1993a,b) at these early times was W at the time of the explosion (Nomoto et al. 1993;
precedented up to that date, even though in the following yeqs ’ '

a few of the 18 presently known X-ray superncvhave been gjlajtlgvt\f?iggilvbgggle R:ty a?t 53914%93; Bartunov et al.
detected at even earlier epochs. The X-ray satellite ASCA lefﬁ ' ' y ' '
an extended spectral coverage (Tanaka et al. 1993) and the hard-0SS of the outer hydrogen layers of the star may have been
X-ray instrument OSSE onboard GRO (Leising et al. 1994) ekaused by either a strong stellar wind or by mass (Roche lobe)
tended a few days later the spectral bands in which emissiorP¥grflow to a companion star in a binary system. It is known
SN 1993J was observed. that red supergiants blow slow winds in the order of 10 kfn's
. 4 : )

X-ray observations of the supernova were continued wigif'd carrying between 10to 10°* M, per year into space. ltis
the ROSAT observatory up to 1998 and with the ASCA satéiﬂdear whether wind alone can account for the extreme loss of
lite up to 1996. After a break of 2 years the CHANDRA obseflydrogen in a star of 1#o, therefore there is some tendency

vatory observed SN 1993J in May 2000 (Swartz et al. ZOOE% prefer a binary scenario for SN 1993J with mass overflow

followed by the XMM-Newton observation in April 2001 to a companion, while additional material escaped as a wind.
reported here. " In a binary scenario one might expect disk-like asymmetries,

which indeed have been found in the profiles of some opti-

Send gprint requests toH.-U. Zimmermann, cal lines (Matheson et al. 2000). On the other hand, radio im-
e-mail; zim@mpe . mpg .. de ages of the SN 1993J explosion nebula (Bietenholz et al. 2001)
1 http://www.astro.psu.edu/~immler/ show nearly perfect circularity with no indications of asymme-

supernovae_list.html tries (<690).
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In the collaps of the inner core of a supergiant star an edifferent energy bands. The final selection of accepted intervals
treme shockwave traverses the layers of the supergiant, drivimas done in the band above 1 keV to optimize the signal in the
the upper layers of the star into circumstellar material prodygart of the spectrum where the lines clearly stand out. The cut
ing strong shocks in that medium. Observations of the sho@dius chosen was 300 pixels, corresponding to 15 arcsec. The
interaction in the radio, optical and X-ray bands provide inpspectrum was binned such that each bin contained at least a
for understanding the explosion dynamics as well as eleméred number of 5 (background subtracted) source counts.
composition and mixing. Its physical basis is usually described
in the standard or 2-shock model first worked out by Chevaligr
(Chevalier 1982). '

In this model the expanding supernova drives a forwaiithe PN spectrum of SN 1993J shows emission lines of highly
shock with a typical velocity of 20kms™ into the circum- ionized Mg, Si, S, Ar, Ca and the complex of the Fe lines at
stellar matter giving rise to temperatures in the order 8fK0 high energies. Spectral fits were first performed using only the
~100 keV. The circumstellar matter is assumed to origina®N camera dataftering the best statistics. Fitting was tested
from the stellar wind of the supergiant progenitor star. The redth different model components. Good fits were achieved over
sultant density profile is then a function of the mass loss rate whole energy band between 0.3 antll keV, using a
by the wind, and the wind velocity, and has a radial depeRB-componentthermal model with variable element abundances
dance off~5 wheres = 2 if the wind is isotropic and constant.(vmekal in the nomenclature of XSPEC). We also trieffied
In the model a reverse shock also forms by the interactionasit shock models and found that a Sedov model with variable
the shocked material with the SN ejecta, from which tempeabundances (vsedov in XSPEC) also produces acceptdble
atures of the order of 1 keV are expected. Initially the reversalues, although all tested shock models do not reproduce es-
shock region may be radiative and can form cool material thacially well the dfferent line complexes visible in the spectra
may absorb the X-radiation of that region. The density prabove 1 keV.
file of the SN ejecta is also described by @i dependance.  An overview of the best fit parameters with both the PN and
One can then derive a self similarity solution for the scenaribe MOS2 camera and forféierent models is given in Table 1.
wheren ands, describing the density profiles of the ejecta anthe PN camera spectrum and the best fit 2-component thermal
the circumstellar medium, play an important role. model (2vmekal) is shown in Fig. 1.

The reason that early X-rays are so rarely seen, up to now The spectral dferences found between the PN and MOS2
only in 18 events, is mainly due to the circumstellar envirofiits can be understood as uncertainties in the spectral cross
ment. If the density is very high, then the initial radiation magalibration of the two instruments (as stated in the docu-
not be able to ionize all the circumstellar material and X-raysent “XMM-EPIC status of calibration and data analysis”,
may be fully absorbed. If, on the other hand, the circumstell¥MM-SOC-CAL-TN-0018 2003, valid for the software ver-
matter density near the SN is very low then the intensity of tls@on SAS 5.4 applied in this analysis). In the following we
X-rays from the shocks may be too weak to be detected witherefore take the best fit results from the PN camera with its
present-day instruments, as was the case with SN 1987A. better statistics (7515 counts compared to 2593 from MOS2),
especially at higher energies more representative of the overall
behaviour, as the basis for the spectral discussion.

The Fe complex near 6.7 keV is represented in the PN cam-
XMM-Newtonwas pointed towards the center of M 81 -era by about 33 counts (in the MOS camera by about 5 counts).
SN 1993J is at 3 arcmin distance — on Aprif22, 2001, fora The width of the Fe complex in the PN spectrum (extending
total of 132 ks, from which data of 90 ks with the PN camerfaom 6.5 to 7.2 keV) is generally better fit with a higher “high
in small window mode and 83 ks with the MOS2 camera itemperature” component, while other line complexes, and the
image mode were taken. The medium filter was applied bothriggions between them, tend to be better fit by somewhat lower
the PN and the MOS2 instrument setup during the observatitemperatures. However, the statistics in the spectrum do not
The MOS1 camera was set to timing mode and not used in treesonably suggest that we can introduce more components
analysis. with additional temperatures.

Due to high and variable particle background in parts of Let us first look at the results from the 2-component ther-
the observing period, a temporal screening had to be appliethl model fit (2vmekal). The low temperature component of
While for the MOS2 camera only the last few 1000 s wellel; ~ 0.34+ 0.04 keV dominates the spectrum up to energies
screened 5, leaving 77 ks of good data, in the PN observaf about 2 keV, but a higher temperature component is defi-
tion about half of the observation waected by bursts in the nitely needed to explain the spectrum at higher energies.
particle background. In order to maximize the signal to noise Given the fact that the high temperature component takes
ratio in the PN spectrum, we determined the rates in intervaigo account just the band between 3 keV a8lkeV, where
of about 1000 s separately for the source plus background fithe spectral fit holds on to the Ar XVII and XVIII, the Ca IXX
and the background field and eventually excluded all time iand XX, and the prominent Fe XXIll to XXV line complexes,
tervals that deteriorated the signal to noise ratio in that bamide temperature is likely to be not very well defined. Indeed
leaving 69 ks of good data. The optimization relative to the ctiite temperature of the high temperature componek@of ~
radius of the source plus background field and the deselecté + 4 keV is poorly restricted, because any change in the
of background-fiected time intervals was performed irtemperature component is compensated for by changes in the

The XMM-Newton spectrum

3. XMM-Newton observations
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Table 1. Selected best fit parameters offdrent models. 2vmekal is a 2-component thermal model with variable element abundances, 2vmekall
is the same model but with identical element abundances for the 2 temperature components, and vsedov is a shock model with variable

abundances.

Instrument  Model kTi[keV] kTo[keV]  Nui[102cm?]  Npp[10?2cm™?] d.of.  x2
PN 2vmekal (B4fg;8§ 6.5431 0.55+0.21 033+ 1.80 360 0.90
PN 2vmekall CBSjgjgﬁ 4.24jig 0.45+0.13 018+ 0.75 371 0.94
PN vsedov ®1+0.04 70+0.2 017+ 0.037 376 1.01
MOS2 2vmekal 059ﬁ8:82 3.48j:§ 0.25+0.25 00+ 0.54 113 1.25
PN+MOS2  2vmekal C83jgjg 4.09j:§ 0.59+0.25 02+0.8 505 0.99
‘“3 3 Table 2. Best fit element abundance values from the fit to the PN
o camera data.
(@} -
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the best fit thermal 2-component model wki; =

_ _ based element abundances. In the November 1993 measure-
Fig. 1. XMM-Newtonspectrum as observed with the PN camera aflents the fit with the thermal model and solar abundances

034 keV and y,red out to be poor but improves significantly (see Table 3)

kT, = 6.54 keV. The dashed curves show the low and high temperat%ﬁh the XMM-Newtorbased element abundances

The first ROSAT PSPC spectra only allow us to set a
lower limit of >17 keV for the temperature of a thermal
abundances of Fe, Ca and Ar. Due to this dependence, all binemsstrahlung, a Raymond & Smith or a mekal model. From
element abundances in the fits have errors typically much lar¢fee ASCA measurements, a lower limit o0 keV was re-
than the parameter values themselves.Therefore, the abundaoceed. Around the same time the hard X-ray instrument OSSE
on the GRO satellite determined a temperature o§8ReV at

One major dificulty with fitting the vsedov model is its day 10 to 15 and, statistically already very weak, oj}@ﬁkev
enormous demands on computational power. It is therefore dibout 1 month after the event (Leising et al. 1994). ROSAT

component.

values should be considered with caution.

ficult to properly scan the parameter space. In the vsedov moaelasurements half a year later (Zimmermann et al. 1993d,
the best fit temperatures are somewhat higher than those in1B84a) revealed a strong decrease from the initial high temper-
vmekal models. The fit requires additional intrinsic absorptioatures to temperatures around 1 keV. An ASCA measurement
The lines at higher energies are not very well reproduced by ithéno et al. 2002) confirmed the strong temperature drop.
model. In terms of the standard 2-shock model it is suggested that
the observed emission initially originated from the fast for-
ward shock, while emission from the reverse shock region was
blocked at that time by absorbing material due to fast cool-
How do the X-ray observations fit into the scenario fdng processes in the denser environment. It has been assumed
SN 1993J ? that the initial absorption disappeared on a time scale of the or-
der of 100 days so that half a year later the measured flux was
then dominated by the emission from the reverse shock region
(Zimmermann et al. 1994b, 1996; Fransson et al. 1996).

We have reevaluated the ROSAT data in a homogeneous wayUnfortunately the X-ray lightcurve of SN 1993J is not cov-
(Zimmermann et al. 1997) and fitted the spectra with a therneaked between days 50 and 200, so that the transition from the
1-component model (vmekal in XSPEC) where the elemeiorward shock dominance to the reverse shock remains an open
abundances were fixed to either solar or to the values obtaingsle.

from a similar fit to theXMM-NewtorPN spectrum. Due to the  The Chandra spectrum of May 2000 was fitted by Swartz
high temperatures in the early ROSAT observations there is al-al. (2003) with a 3-component 2vmekatekal model. Their
most no diference between fitting either solarXiiM-Newton best fit model KT's of 0.35, 1.01, and 6.0 keV) does not fit

5. Discussion

5.1. Earlier X-ray spectra
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Table 3. ROSAT spectra: best fit parameters of the fit to

1-component thermal model (vmekal in XSPEC). Abundances we | 1 EENS )
fixed to either solar or to those that resulted from a fit to tF EFE
XMM-NewtonPN spectrum using the same model. @ E
Qg
£ 10 ‘ .
date KT [keV] Ny[10?2cm?]  d.of. x? Abund. « i ; 1
- = L Ve i
April93 > 17 Q073351 6 0.97 solar S Ve !
April93  >18 Q071°3%% 6 0.96 PN 2| [ T i
. 0 \ |
Nov.93 160792  0.057:0915 6 246 solar ¢ | SN1993J o % ,
Nov.93 105018  0.14'5% 6 0.90 PN & ROSAT PSPC observations - I / \ %8
April94a 05695 070709 6 1.05  solar [ o oo vaons 2 Y I
Apl’il 94 105+8%g 0.14+8.82 6 0.90 PN XMM/NEWTON observation O
Ll Ll Ll
10 100 1000
the XMM-NewtonPN data very well, especially in the energy davs (after explosion)
regime below 0.7 keV, although the low and high temperatureg. 2. X-ray light curve showing the development of the X-ray lu-
are almost identical. minosity in the 0.3-2.4 keV energy range. The dotted line indicates
a decline rate witti-°3°. The dashed lines result from model calcula-
. tions involving time limited decrease and increase of the density in the

The lightcurve in Fig. 2 shows the development of the X-
ray luminosity in the energy range 0.3-2.4 keV as determingstewind velocity” decreased during the last 5000 years of the
from the 19 ROSAT observations, the Chandra observatifife of the progenitor by more than a factor of 7. This scenario
from May 2000 and the neXMM-Newtordata. The tendency has been investigated in more detail by Van Dyk (1994) using
over the first half year is characterized by a decline with® radio data and by Immler et al. (2001) using the ROSAT data
(Zimmermann et al. 1993c,d), whelres the time since the out- to calculate absolute mass loss rates. The latter authors also
burst. Thereafter the lightcurve shows a bump and 5 years gjfeculate that the change in the wind properties might indicate
ter the outburst the luminosity appears to return to the initialtransition from a red to a blue supergiant phase where mass
decline profile. The CHANDRA observation of 2000 and thiss rates are at least an order of magnitude lower and wind
XMM-Newtonobservation in 2001 are very close to the gemvelocities may reach 1000 km's
eralt=%30 decline. The bump in the X-ray light curve suggests a local increase
The mass loss rate of the wind of the progenitor can be d@w-density above the general power-law profile of the circum-
pressed ad/! = 4rpuv,rS, Whereu, is the wind velocity. For stellar matter. It could be attributed to a change in the wind
a constant and homogeneous wisitlas a value of 2. Under parameters of the progenitor or to an asymmetry caused by a
the assumptions that the dengitgf the circumstellar material possible binary scenario.
at radiusr is dominated by that wind and the shock velocity The correlation with the expansion velocity of the SN shell
stays constant, the observed luminosity is roughly proportiortaht has been derived from high resolution radio images of
to the square of the density integrated over the emitting volun8N 1993J is interesting. In Fig. 6 of Bartel et al. (2002) at
In the case of a constant and homogeneous wind, the luminalseut 350 days after the outburst the expansion rate of the radio
ity should show a time dependencelgf « t=1. The flatter image size shows a break and continues thereafter at a slower
time profilet=%3° of the ROSAT luminosity observed duringrate. Between day 369 and 1655, in the leading edge and the
the first half year corresponds for a spherically symmetric sqgateau of the bump, the expansion velocity decreases by the
nario to a density profile witls = 1.65. In a more detailed order of 28%. The total mass which gave rise to the observed X-
consideration in the framework of the formalism of the stamay luminosity bracketing the bump is estimated ddJ. The
dard model the development of the X-ray luminosity producedtal mass of the expanding shell covered up to day 350 was
in the forward shock is expressed hy: o« TO16tE-290-3)/("-9  of the order of 30 4 M,. Both features, the radio deceleration
(Fransson et al. 1996), where" describes the radial depen-break and the bump in the ROSAT light curve, independently
dence of the density of the SN ejecta. fFror> 10 it follows indicate a flattening of the density profile in the circumstellar
Lx o« t-@s3 and taking the observed slow decline witf*® medium. Because the break in the expansion curve does not
the value fors ~ 1.65 is confirmed, in good agreement withvisibly affect the circularity of the radio images, one may argue
results published earlier by Immler et al. (2001). that the cause more likely can be attributed to a density change
In the picture of the standard model the shock front, whila the wind instead of an asymmetry by a binary scenario that
running outward, is probing increasingly older periods of the@ould possibly &ect the circularity of the images.
progenitor wind with a velocity roughly 1000 times the wind The closer inspection of the X-ray light curve shows a rapid
velocity. Thus in 5 years ROSAT scanned about 5000 yeascline between day 225 and day 370, followed by a rapid
of wind history. In our simple formalism the measured timmcrease until day 935. A similar behaviour could have oc-
dependence of the luminosity requires that the ratio “mass lassed between day 1126 and day 1464, but there is just one
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data point in that period, the upper limit of which is consis ST S ST T
tent with no change. The rapid decline after day 1655 is ve SN 1993J

evident and recovery indicated by the Chandra data point i::?%\\ thermal fit temperatures
around day 2500 occured. The existence of the latter two d_ \\\:\\\\

is statistically not too convincing, but they may be real as \@ 1 \\\\

show below. We suggest that each of the three dips indica, i,

a density depression which is followed by a rise in density. 3
the shock wave runs into aféiciently low density regime, no £
more matter will be shocked and heated, the matter heatecg -~ S

far will simply expand. If the expansion is isothermal, the ligt= 1 Tl %\\\

curve will go down witht=2; if the expansion is adiabatic the ROSAT PSPC Tl Tl g
decline will go ag~®/3, as long as the temperature is higher the ASCA S X
about 2 keV. This temperature is about what we would expe

100

X > O+

XMM PN

at around day 350 (cf. Fig. 3). The falling dashed lines in Fig. 0.1 —— “‘1‘0 S ‘1‘(‘)0 S “1‘0‘00 S
represent such an expansion. After some time the shock w day (after_outburst)

encounters a jump in density to significantly higher values. The ) o )
density increase raises the emission measure and the X-ra _|g._3.X-ray determined emission temperatures. The dashed lines out-

minosity. Initially the luminosity increases linearly withvhen ine the time evolution of the low and high temperature component us-
it hits a step-like density jump. The rising lines in Fig. 3 re ing the standard model. For each component there are two lines brack-

h o he i - h .péting the range of the temperatures allowed byXMM-Newtondata
resent such density jumps. The intersection between the ris 919 the 2vmekal model.

and falling lines denotes the position or epoch of the density

jump. We have compared these epochs with those where the

highest, discontinuous deceleration of the shock wave has oc-

cured, which have been derived from the expansion rate of the

radio images (cf. Fig. 6 of Bartel et al. 2002). There are thrg@mperatures backward in time and compare them with the
such events in the expansion curve. The two sets of epoFIBSAT, ASCA and GRO results (see Fig. 3). The temperature
agree surprisingly well with each other to within less thagevelopment of the forward shock component is roughly con-

30 days. We conclude that these changes in the X-ray ligiétent with the temperatures deduced from the GRO data, and
curve reflect changes of the density in the ambient matter pgdso the low temperature development, matching the ROSAT

file, which appears to show some repetitive pattern. Each gfta at day 210, is consistent with its interpretation as coming
these density increases is preceded by some density decreaf@gsthe reverse shock region.

in a wave. Whether this characterizes the activity of the progen- But it has to be repeated that, while the parameter s appears
itor star as far as the mass loss is concerned remains to be SgS ’

e:5[§onably well determined from the light curve (at least for
certain periods), the value of is derived under the assump-
5.3. Spectral development tion of thermal equilibrium between electrons and ions in the
emission region. Estimates (see Fransson et al. 1996), however,
We can now combine théMM-Newtorntemperatures with the show that even near to the time of the explosion, equipartition
ROSAT, ASCA and GRO results. Let us assume for a momegitot expected in the wind shock.

that the initial high temperature, as measured by GRO, origi- One cannot exclude that we see just emission from the
nated from the forward shock, while half a year later the fluggrward shock. The hot material heated in the early days has
was dominated by emission from the reverse shock becausg@&led as it expands, both radiatively and adiabatically with
the higher electron densities in that region. One can use i@ continuum temperature dropping faster than the higher ion-
similarity solution of the standard model to express in genejghtion levels indicate, i.e. we have a delay of the recombina-
terms the ratio between the temperatures in the forward and {igy because of the long recombination time scales involved.
reverse shocks that depends only on the parametargin, Thermal equilibrium just by Coulomb collisions and ioniza-
T/Te = (3-9?/(n— 3)* (Fransson et al. 1996). tion equilibrium is no longer reached at times later than about

With the wind density profile o = 1.65 derived from a few days after outburst. Stellar wind matter heated at later
the light curve, and assuming that the 2 temperatures detdages as the forward shock proceeds is not in thermal equi-
mined from the thermal 2-component fit to tk&M-Newton librium if processes other than Coulomb collisions are not at
spectrum represent the temperatures in the forward and revaveek. Therefore the electrons would stay relatively cool and
shock regions, we obtain = 8.9 for the density profile of also ionization equilibrium is far from being reached, leaving
the ejecta. Taking into account the uncertainties of the tethe plasma underionized, which would explain the observation
peratures as quoted for the PN 2vmekal model, then n is loéthe low temperature component.

tween 6.4 and 10.9. With the Sedov model we have tested such a scenario with

Enterings andn into the formula that describes the tememission from just one shocked region, but the relatively poor
poral behaviour of the shock3, o« T; o t2G@9/(-s] fitting of the line complexes at higher energies show that this
(Fransson et al. 1996), we can extrapolate XMM-Newton modelis also not adequate.
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