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Abstract. X-ray observations of the galaxy NGC 5194 (M 51)
with the High Resolution Imager (HRI) onboard ROSAT were
analysed to search for X-ray emission from the type Ic supernova 1994I. An X-ray source with a (0.1–2.4 keV) luminosity of
1.6 × 1038 erg s−1 is found at the position of SN 1994I, 79–85
days after the explosion. We believe this to be the first detection
of X-ray emission from a type I SN. Assuming the emission
arises from shocked circumstellar gas, deposited by the progenitor through non-conservative mass-transfer to a companion, we
2/3
estimate a constant gas density of ρ = 2 × 105 cm−3 v16 500
and a total mass of X-ray luminous gas of M = 1 × 10−3 M
inside a sphere of radius 1.2 × 1016 cm. If the emission arises
from the shocked stellar wind of the progenitor, heated by the
outgoing wave, we derive a mass-loss rate prior to the outburst
of Ṁ = 3.6 × 10−6 M yr−1 , similar to mass-loss rates of
other type I SNe, inferred from radio observations.
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1. Introduction
Supernova 1994I in NGC 5194 (M 51) was independently discovered by four groups of observers on April 2, 1994 (Puckett
et al. 1994), and was identified as a type Ic supernova (SN),
resulting from the iron core collapse of a C+O star (cf. Schmidt
et al. 1994; Clocchiatti et al. 1994; Nomoto et al. 1994). In this
Letter, we adopt an assumed date of explosion of March 31,
1994 (Chandler et al. 1994). Multiwavelength follow-up observations indicated that, whereas the amount of ejected mass was
very low, the circumstellar matter had a sufficiently high density
to produce strong radio emission. SN 1994I is thus a promising target for X-ray investigation because of the expected X-ray
emission due to the circumstellar matter interaction, once the
expanding shell becomes optically thin (cf. Rupen et al. 1994;
Filippenko et al. 1995; Baron et al. 1996; Richmond et al. 1996).
Whereas X-ray emission from eight type II SNe has been established to date, no detections of type I SNe in X-rays are reported
Send offprint requests to: S. Immler (e-mail: simmler@mpe.mpg.de)

(cf. Schlegel 1995 for a review of X-ray observations of SNe
to the year 1995; Fabian & Terlevich 1996; Lewin et al. 1996;
Immler et al. 1998a for detections thereafter).
2. Observations and data reduction
The galaxy pair NGC 5194/5 was observed with the High Resolution Imager (HRI) onboard ROSAT (Trümper 1983) in five
separate pointings in Dec. 1991/Jan. 1992 (8.5 ks), May/June
1992 (8.8 ks), May 1994 (9.4 ks), June 1994 (36.3 ks) and Dec.
1997 (5.0 ks). Results from the 1991/92 observations are discussed in Ehle et al. (1995).
Eight point sources visible in the merged 68 ks observation
were used to align each of the 33 different observation intervals
(OBIs) with respect to the first. No offset is seen to exceed
5.00 3. To test the resulting attitude solution, we compared the
positions of five point-like X-ray sources with possible optical
counterparts suggested by the APM finding charts (Irwin et al.
1994). The resulting systematic error of the attitude solution was
found to be 3.00 2. In order to reduce background contamination
due to UV emission, cosmic rays, etc., only HRI raw channels
2–8 were used.
An ‘image subtraction technique’ was performed on the data
to search for variable X-ray point sources within the galaxy. This
technique is based on the creation of ‘count rate images’ over
selected observation intervals, and subtracting these from the
mean ‘count rate image’ over the complete 68 ks observation.
The 36.3 ks observation from June 1994 was subdivided into
two observation blocks of 6.4 ks and 29.9 ks integration time,
respectively. The resulting six observation blocks used in the
‘image subtraction technique’ are listed in Table 1.
A Gaussian filter, corresponding to the on-axis HRI pointspread function (PSF) of 4.00 7, was applied to the count rate
images, and each image was subtracted from the gauss-filtered
count rate image of the complete observation. The resulting images show regions of variability only, their X-ray photon flux
being enhanced or reduced when compared to their mean photon flux in the complete observation. A ‘local detect’ algorithm
was applied to the images to search for variable point sources
with variabilities exceeding a Gaussian significance of 3σ. The
‘image subtraction technique’ is very sensitive to variable Xray sources, as the resulting image background consists only of
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Table 1. ROSAT HRI observations of NGC 5194/5
Obs.
no.

obs.
time

1
2
3
4

8.5 ks
8.8 ks
9.4 ks
36.3 ks

4a
4b
5


4

date

Table 2. X-ray emission from the position of SN 1994I
Fx
erg
)
cm2 s

Lx
(1038 erg
)
s

< 7.1
< 3.6
< 3.1
5.2 ± 1.7

< 3.0
< 1.6
< 1.3
2.3 ± 0.7

< 2.1
< 1.1
< 0.9
1.6 ± 0.5

7±3
12 ± 5

10.9 ± 3.1
4.0 ± 1.7

4.7 ± 1.3
1.7 ± 0.7

3.3 ± 0.9
1.2 ± 0.5

–

< 8.4

< 3.7

< 2.5

day since
explosion

Obs.
no.

net
counts

rate
(10−4 cts
)
s

07/12/91 – 10/01/92
22/05/92 – 05/06/92
22/05/94 – 23/05/94
18/06/94 – 24/06/94

−798
−679
52
79–85

1
2
3
4

–
–
–
19 ± 6

6.4 ks
29.9 ks

18/06/94
19/06/94 – 24/06/94

79
80–85

4a
4b

5.0 ks

26/12/97 – 30/12/97

1 368

5

background fluctuation since regions of constant X-ray emission
are subtracted. The applied method is thus especially suited to
searching for variable X-ray sources in regions of enhanced diffuse X-ray emission. The full details of the ‘image subtraction
technique’ are described in Immler et al. (1998b).
3. Results
An X-ray point source is detected at the radio position of SN
1994I in the subtracted image from the 6.4 ks observation (no.
4a), together with seven variable X-ray sources within the inner
10 × 10 of the galaxy (discussed in Immler et al. 1998b).
The offset between the X-ray source and the radio position of
SN 1994I (R.A.2000 = 13h 29m 54.s 07, Dec.2000 = +47◦ 110 31.00 5,
Morrison & Argyle 1994) is 1.00 2, well below the systematic
error of the attitude solution (3.00 2). The source has a count rate
excess of (4.3 ± 0.8) × 10−4 cts s−1 in the 6.4 ks observation
interval, compared to the complete observation. To confirm the
existence of the source, a source detection algorithm was applied
to images of pixel size 100 for the observation blocks listed in
Table 1. The applied analysis procedures are described in Vogler
& Pietsch (1996). Within the inner 10 × 10 of the galaxy, two
sources are detected in the observation blocks 4a and 4b, with a
likelihood L ≥ 6. While one source is located at the position of
the optical nucleus of the galaxy, the other source coincides with
the variable source found in the subtracted images at the position
of SN 1994I. The source at the position of SN 1994I is detected
with a likelihood of L = 7.2 (3.4σ) in the 6.4 ks observation
(no. 4a) and with a likelihood of L = 6.3 (3.1σ) in the 29.9 ks
observation (no. 4b). The corresponding net counts within an
extraction circle of radius 500 are 7 ± 3 and 12 ± 5, respectively.
Analysis of the complete 36.3 ks observation (no. 4) gives a
total of 19 ± 6 net counts. No source is found at the position
of SN 1994I for the remaining epochs at a 3σ confidence level,
and 3σ upper limits (99.7% confidence level) were calculated.
Comparison of the HRI raw spectra of the source at the position of SN 1994I, the nuclear region of NGC 5194, and a large
background region shows that photons from the background region are evenly distributed across the HRI raw channels 0–15, an
expected result given the nature of the background (instrumental background, UV emission, weak galactic and extragalactic
sources, cosmic rays, etc.). All source photons from the position


4

(10−14

of SN 1994I and photons from the nuclear region of NGC 5194,
however, are contained in the HRI raw channels 1–8, the peak
being located in channel 4.
Since SN 1994I is only ∼ 1800 offset from the nucleus of
NGC 5194, the contribution of emission from the extended
bulge region to the emission of the source at the position of SN
1994I was estimated by constructing surface brightness profiles,
centred on the X-ray peak emission of the galaxy. Three sectors
were extracted, with radially binning of 1.00 75. The sectors extend to 3500 radius from the nucleus, having a width of 500 at the
distance of SN 1994I. The middle sector is centred on the position of the SN, and the two adjacent sectors have been co-added.
The location of the sectors are shown in the inset of Fig. 1 for
the 6.4 ks observation (no. 4a). The inset image shows the X-ray
contours from the inner 10 × 10 nuclear region of NGC 5194.
The contour levels are 1,1.5,2,3,4,5 and 6 in units of 1 count per
detection cell (5.6×10−1 cts s−1 arcmin−2 ). The position of the
optical nucleus of NGC 5194 is at the origin of the sectors, while
the radio position of the SN is indicated by a cross. Comparison
of the surface brightness profiles of the sectors containing SN
1994I (solid line, labelled ‘on’) and the two adjacent sectors to
either side (dashed line, ‘off’), shows an excess of X-ray emission at the position of SN 1994I. The extended bulge emission
component (‘off’) exceeds the PSF of the eight co-added point
sources used for the boresight correction (dotted line, ‘PSF’).
The extent of the bulge emission, however, can only be observed
to a distance of ∼ 1200 from the nucleus of the galaxy. Hence,
the contribution of the bulge emission to the source flux at the
position of SN 1994I is negligible.
4. Discussion
The (0.1–2.4 keV) flux and luminosity of the source at the position of SN 1994I over observation block 4 (i.e. between days
79–85 after the outburst) are Fx = 2.3 × 10−14 erg cm−2 s−1
and Lx = 1.6 × 1038 erg s−1 , respectively, assuming a 5 keV
thermal bremsstrahlung spectrum, a galactic hydrogen column
of NH = 1.3×1020 cm−2 (Dickey & Lockman 1990) and a distance of 7.7 Mpc (Tully 1988). Assumption of a 1 keV thermal
bremsstrahlung spectrum increases the source flux and luminosity by ∼ 5%. Fluxes and luminosities for observation bins
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Fig. 1. Radial surface brightness profile of
the X-ray emission, centred on the nucleus
of NGC 5194. Photons were extracted from
three sectors in the 6.4 ks observation (observation 4a in Table 1). The locations of
the sectors are shown in the inset image,
which gives a contour representation of the
inner 10 × 10 region X-ray emission from
the 6.4 ks observation. The image was constructed with a pixel size of 100 and smoothed
with a Gaussian filter of 4.00 7 FWHM. Contour levels are 1,1.5,2,3,4,5 and 6 in units of 1
count per detection cell (5.6 × 10−1 cts s−1
arcmin−2 ). The position of the optical nucleus of NGC 5194 is at the origin of the
sectors, the radio position of the SN 1994I
is indicated by a cross. The solid line shows
the radially-binned surface brightness profile of the X-ray emission from the center sector, containing SN 1994I (‘on’). The
dashed line gives the mean surface brightness profile of the emission in the two outer
sectors (‘off’). The dotted line gives the
surface brightness profile of eight co-added
point sources. The mean background level
of 7 × 10−7 cts pixel−1 s−1 is indicated by
the dot-dashed horizontal line.

4a and 4b are listed in Table 2, together with 3σ upper limits for
the remaining epochs.
The chance probability of a background AGN, at the flux
given above, being within 500 of the position of SN 1994I,
is 3 × 10−5 (using the ROSAT Medium Sensitivity Survey;
Hasinger et al. 1991). However, if we suppose that the seven
variable sources detected with the ‘image subtraction technique’
are distributed randomly within the inner 10 × 10 (excluding the
source at the nucleus of the galaxy), we derive a probability of
15% that one of the sources accidentally falls within 500 of the
position of the SN. It therefore should be stressed that we cannot be certain whether the X-ray source at the position of SN
1994I can be attributed to the supernova itself. The positional
coincidence, however, is highly suggestive.
Two models have been proposed for the progenitor of SN
1994I, one by Woosley et al. (1995) and another by Nomoto
et al. (1994). In the model presented by Woosley et al., the
progenitor was in a close binary system and lost its outer envelope both by mass-transfer to the companion and by a strong
stellar wind, leaving a C+O star, which exploded when its
iron core collapsed. According to the circumstellar interaction
model (cf. Chevalier 1984; Chevalier & Fransson 1994), the
luminosity expected by thermal emission of the hot shocked
wind is L = 1 × 1040 A2 (t/10 days)−1 erg s−1 , where A is
defined by Ṁ /vw = 10−6 A (M yr−1 )/(km s−1 ). Using our

Fig. 2. X-ray lightcurve of SN 1994I. The data points correspond to
the five HRI observations (cf. Table 2), time is given in days relative
to the outburst of the SN (March 31, 1994). Arrows represent upper
limits at a 3σ confidence level, the count rate error for observation 4
corresponds to a ±1σ statistical error.

observed luminosity at t = 82 days (no. 4) and assuming a
wind velocity of vw = 10 km s−1 , we derive a mass-loss rate
of the progenitor of Ṁ = 3.6 × 10−6 M yr−1 . This is typ-
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ical of type I SNe, as inferred from radio observations (cf.,
e.g. SN 1983N, SN 1984L: 2 × 10−6 M yr−1 , SN 1990B:
3 × 10−6 M yr−1 , Weiler et al. 1993), whereas the massloss rate of type II SNe is more than an order of magnitude
higher (cf., e.g. SN 1979C: 1 × 10−4 M yr−1 , SN 1980K:
3 × 10−5 M yr−1 , SN 1996J: 2 × 10−4 M yr−1 , Weiler et
al. 1993; SN 1988Z: 7 × 10−5 M yr−1 , van Dyk et al. 1993).
The only stringent upper limit to the X-ray flux of a type I
SN (SN 1992A, type Ia) found to date implies a mass-loss rate
of Ṁ < (2 − 3) × 10−6 M yr−1 (Schlegel & Petre 1993).
However, as Chevalier (1998) pointed out in a recent paper, if
synchrotron self-absorption is the dominant absorption mechanism, then it might not be possible to estimate the mass-loss
rate using radio observations.
The second model, proposed by Nomoto et al. (1994), suggests that the progenitor of SN 1994I lost its envelope to the companion through two stages of non-conservative mass-transfer,
which accounts for the presence of circumstellar matter. We can
estimate the density and mass of the circumstellar matter by assuming that the observed X-ray emission on day 82 arises from
the shocked circumstellar gas, heated by the outgoing wave.
At this time, the SN ejecta had reached a distance of r82 =
1.2 × 1016 cm for an expansion velocity of vs = 16 500 km s−1
(Filippenko et al. 1995),
R well outside the orbit of the binary
(∼ 1013 cm). For Lx = Γ(T )(4ρ)2 dV with a cooling function
of Γ(5 keV) = 3 × 10−23 erg cm3 s−1 (Raymond et al. 1976),
2/3
we derive a constant density of ρ = 2 × 105 cm−3 v16 500 (for
−1
a shell expansion velocity in units of 16 500 km s ) and a total
mass of deposited X-ray luminous gas of M = 1 × 10−3 M
inside a sphere of radius 1.2 × 1016 cm. On day 52, the expanding shell had reached a radius of r52 = 7 × 1015 cm. The
expected Lx , normalized to that on day 82, is 4.1 × 1037 erg s−1
with ρ = 2 × 105 cm−3 , which is not in conflict with the 3σ
upper limit of Lx < 9 × 1037 erg s−1 (cf. Lewin et al. 1994).
Quite recently, on day 1 368, another observation of SN 1994I
provided a 3σ upper limit of 2.5 × 1038 erg s−1 , which is much
lower than expected for a constant velocity expansion into a
constant density medium of ρ = 2 × 105 cm−3 . Clearly, either
the ambient density and/or the expansion speed are significantly
lower at these later times and large distances.
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