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ABSTRACT

I present the ROSAT Position-Sensitive Proportional Counter image of the nearby, nearly face-on, spiral
galaxy NGC 6946. The galaxy was observed with Einstein in 1980, uncovering a nuclear source, a source on
or near the northern spiral arm, SN 1980K, and evidence for non-point-source (i.e., diffuse) emission. The
ROSAT image resolves the nuclear region into approximately three sources, yields an accurate position for
the north arm source, and reveals diffuse extended emission across the galaxy face, tracing at least the bright
northern spiral arm of the galaxy. The diffuse emission is almost certainly the very hot component of the
galaxy’s interstellar medium and is probably similar to that found in the Milky Way and the Large Magella-

nic Cloud.

Subject headings: galaxies: individual (NGC 6946) — galaxies: nuclei — galaxies: spiral — X-rays: galaxies

1. INTRODUCTION

The X-ray study of nearby galaxies essentially started with
the Einstein satellite (Fabbiano 1989, 1992). X-ray morphology
studies using Einstein data were possible only for the nearest
galaxies (e.g., M31, M33, MS51, and the Large Magellanic
Cloud [LMC]). The somewhat poor spatial resolution of the
Einstein IPC made source identification difficult in dense
source regions as, for example, in the plane of a galaxy.
Regardless, our knowledge of the X-ray emission properties of
galaxies advanced considerably. Normal galaxies were
observed to emit X-rays with luminosities of ~1038-10*2 ergs
s~ 1. Observers are naturally interested in the origins of the
observed X-ray emission. The Einstein results for late-type gal-
axies were generally consistent with the summed emission of
unresolved point sources such as X-ray binaries. A question
remains, however, whether a hot interstellar medium (ISM) in
a spiral galaxy is detectable. The heating mechanism for a hot
ISM is believed to be the energy input from supernovae
(Fabbiano 1989).

Of the nearby galaxies available to the Einstein imaging
proportional counter (IPC) for detailed studies, the X-ray
emission of spiral galaxies such as M31 appears to be domi-
nated by the summed emission from X-ray binaries while that
of the LMC is dominated by supernova remnants (Fabbiano
1989, and references therein). The local galaxies thus suggest a
correlation between the morphology of the galaxy and the
galaxy’s X-ray—emitting population. A cautionary note must
be sounded, however. The inclination of a galaxy can be suffi-
ciently high that a soft emission source may be completely
extincted by the hydrogen column in the target galaxy,
resulting in a potential bias toward harder sources. Face-on
spirals are better targets to study the total X-ray—emitting
population, including soft X-ray—emitting, point sources
because the internal absorption or inclination effects are mini-
mized. Face-on galaxies are of no value in studying extended
hot halos because the halos are projected onto the disk and
create confusion. As ROSAT’s energy band is relatively soft
compared to previous missions, the study of face-on spirals
becomes more important for a galaxy-wide population study.
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The ROSAT Position-Sensitive Proportional Counter
(PSPC) offers two very important advantages over previous
X-ray observations of galaxies. First, the telescope-instrument
combination has a very good angular resolution. While the
on-axis FWHM at 1 keV is ~26” (Hasinger et al. 1992), the
position centroid is ~ 5"-8" (Kiirster & Hasinger 1993). Source
identification for the brighter objects becomes possible as
source confusion is reduced except in crowded regions. Second,
the internal background of the PSPC is very low (~3 x 1073
counts s~ ! arcmin~2; Snowden et al. 1992) which permits a
deeper probe of the X-ray luminosity function and the X-ray
morphology of galaxies. In particular, the low background
permits more galaxies to be surveyed more deeply than was
possible with the Einstein IPC.

In this paper, I report here on the ROSAT PSPC observa-
tion of the nearby, nearly face-on Scd galaxy NGC 6946. This
study is approximately equivalent to the Einstein IPC study of
M33 (Trinchieri, Fabbiano, & Peres 1988). NGC 6946 lies at a
relatively low galactic latitude (b = 1127), so the galactic
absorption column to the galaxy is moderately high
(~5 x 102' cm™2; Burstein & Heiles 1984). NGC 6946 is
source 29 in the Atlas of Peculiar Galaxies (Arp 1966), largely
because of its bright, northeastern spiral arm. It is a moderate
starburst galaxy based upon studies by de Gioia-Eastwood,
Grasdalen, & Strom (1984), Engargiola (1991), and Ishizuki et
al. (1990). Ishizuki et al. find a strong concentration of H, in
the nucleus formed by an efficient inflow; the existence of con-
siderable activity in the nucleus is implied by this result. From
H 1 studies, the inclination has been deduced to be ~30° (0° is
face-on) (Rogstad, Shostak, & Rots 1973), although Tully
(1988) lists the inclination as 42°. Kamphius & Sancisi (1993)
have observed H 1 at high velocities and concluded that the
emitting gas is located in the halo. The halo gas is swept out of
the disk by the action of supernovae and stellar winds. Kam-
phuis & Sancisi speculate that all galaxies may behave in a
similar manner. Klein et al. (1982), in a study at 2.8 cm, show
that the thermal radio emission is clumpy; the clumps match
the locations of H 11 regions. Tacconi & Young (1990) studied
the azimuthal variations in the molecular and atomic com-
ponents by comparing B and I images with H, and H 1 maps.
NGC 6946 has been studied extensively in other bandpasses,
with maps produced for the radio continuum (van der Kruit,
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@l Allen, & Rots 1977), CO emission (Young & Scoville 1982), Ha,
- .  the optical continuum (7020 A) (Roy & Belley 1993), and [C 11]
= 158 um (Madden et al. 1993). Ehle & Beck (1993) have recently
' ! published a study of the intrinsic magnetic fields present in the
galaxy
E': The Einstein IPC was used to study NGC 6946 (Fabbiano &
Trinchieri 1987, hereafter FT). Two sources were visible but
barely resolved by the IPC’s point-spread function. FT sug-
gested the northern source was consistent with a thermal radio
source observed by Klein et al. (1982). Too few counts existed
for a spectral fit. The other source appeared coincident with
the galaxy nucleus. A spectral fit was possible for the entire
galaxy resulting in a thermal bremsstrahlung temperature of
kT ~ 0.8 keV. This temperature is considerably softer than the
typical temperature of the IPC-studied galaxies (kT ~ 3-5
keV) (FT; Kim, Fabbiano, & Trinchieri 1992). Radial profile
plots of the southern portion of the disk showed emission
inconsistent with a point source, thereby suggesting the possi-
bility of diffuse thermal emission.

Distances used by the various authors have generally been
around 10 Mpc, based upon the distance adopted in Rogstad
et al. (1973). More recent work, based upon the brightest H 11
regions visible, has set the distance at 7 Mpc (Israel 1980).
McCall (1982) used a value of 5.9 Mpc. In this paper, I assume
a distance to NGC 6946 of 5.5 Mpc (Tully 1988). This distance
translates to a scale of 26.6 pc arcsec ™ 1.
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The plan of this paper is as follows. Section 2 will describe
the observations and data analysis in detail. Section 3 will
describe the individual sources found in the galaxy. Section 4
will describe the diffuse emission present, and § 5 discusses the
results.

2. THE OBSERVATION

The ROSAT PSPC observed NGC 6946 on 1992 June
16-21, obtaining a total exposure time of 36,713 s scattered
over 14 observation intervals. The mean count rate in each
observation interval was calculated, as well as the mean of
these means. Observation intervals in which an interval’s mean
count rate was more than 3 ¢ from the total mean count rate
were screened out. A total of 70 s failed this criterion, leaving a
total exposure time of 36,643 s. Figure 1 shows the raw data
with the count-rate screening applied. The original pixels from
the MPE SASS processing software are 0”5. The data in Figure
1 have been binned by a factor of 16, resulting in 8” pixels (all
images in this paper will use 8” pixels). Note that no smoothing
or background subtraction has been applied to the data in
Figure 1. The quality of the ROSAT PSPC is immediately
evident. Without additional work, we see that where the Ein-
stein IPC showed two, barely resolved sources, the PSPC data
show approximately five sources as well as possible diffuse
emission with an apparent spiral morphology.

The background light curve was examined as recommended

'y

FiG. 1.—Raw PSPC photons from NGC 6946. For this and all other similar figures, north is up, east is to the left. The frame size is 10’ on a side. Each pixel is 8”
square. No background subtraction or exposure corrections have been applied at this point in the reduction. The quality of the ROSAT PSPC is evident without any
additional work. All photons between 0.2 and 2.1 keV are shown. The number of counts in the highest pixel is 233.
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in Snowden et al. (1993). No after-pulses were seen in the back-
ground spectrum (identified by an upturn in the counts dis-
tribution in moving toward the lowest channels). The
background light curve showed a relatively constant count rate
of ~5 counts s~! for each ROSAT observation interval. The
exceptions were an increase in the count rate at the end of two
observation intervals (possibly due to solar scattered X-rays)
and two “bursts” occurring in the middle of another two
observation intervals. The detailed light curves and back-
grounds of these intervals were examined for possible contami-
nation and no compelling reason existed to eliminate any
photons in these time intervals. The count rate during the
“bursts” was only a factor of 2 above the nearly constant
count rate during the other observation intervals. A factor of 2
is somewhat small compared to the factor of 68 increase cited
by Snowden et al. (1994) as the result of short-term enhance-
ments. Long-term enhancements probably also represent a
small contaminant in the NGC 6946 pointing. The total obser-
vation occurred over a 5 day interval, while the long-term
enhancements typically vary over 1-2 day intervals with an
amplitude of ~60%. Within the small scatter, no variation was
seen in the count rate from the start to the end of the observa-
tion. The master veto rate (Snowden et al. 1992) was also
examined for each observation interval. No systematic effect
was seen in the image when time intervals, corresponding to
slightly high master veto rates, were screened out.

3. THE OVERALL IMAGE AND THE DIFFUSE EMISSION

I turn now to the data reduction of the image as a lead into
the analysis of the apparent diffuse emission. As a general note,
the data were manipulated using the PROS software. The
energy resolution of the ROSAT PSPC is approximately 40%
at 1.0 keV (Pfeffermann et al. 1986), therefore, detailed spectral
fits of the diffuse emission are not possible, particularly given
the low number of counts observed in the diffuse emission. The
spectral resolution is sufficiently good, however, that images in
a few spectral bands can be produced. Table 1 lists the energy
bands used in this study, as defined by Snowden et al. (1994). In
this paper, I use only Snowden et al. bands R2 to R7, with
Snowden et al. band R2 corresponding to my “band 1” and
band R7 corresponding to “band 6.” A supplementary band
has been added covering channels 202-242. Although this
portion of the ROSAT PSPC bandpass has not yet been well
calibrated, it may be instructive to examine the hardest
photons detectable with the PSPC. The softest photons have
been ignored due to the “electronic ghost image” effect
(Nousek & Lesser 1993) which is essentially a nonunique posi-
tion determination. This is not a significant loss as the known
column to NGC 6946 is somewhat high (Ny ~ 5 x 102!
cm~2), so there are likely to be very few photons in this band
from NGC 6946.

The photons from the galaxy were blocked by a factor of 16
and filtered using the channels listed in Table 1. An image of
the galaxy was created for each band. Vignetting and exposure
map corrections were applied, but these corrections were very
small perturbations to the image since the farthest extent of the
galaxy (to be discussed below) was less than ~ 5. Background
image frames of the same size as the galaxy image frame were
excised north, east, south, and west of the galaxy. The centers
of these background frames were a few arcminutes away from
the outer edge of the galaxy. The same energy channel filters
were applied to create the background frames. The back-
ground frames were exposure- and vignetting-corrected; the
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corrections were small because the frames were near the optical
axis of the ROSAT mirrors. The resulting background frames
were then averaged, creating an average background image for
each energy band. Snowden et al. (1994) argue that the back-
ground should be modeled using their prescription. The back-
ground frames used here will include, however, all components
of the X-ray background as discussed in Snowden et al. (1994).
I believe the difference between modeling the background and
averaging the background frames to be slight, based upon the
data screening described in § 2. In addition, the goals of this
paper and those of Snowden et al. differ: for their study, model-
ing the background was a necessity as they were interested
in studying the background; here I am interested only in
removing it.

The galaxy and the background frames were each smoothed
using a symmetric, two-dimensional Gaussian. The point-
spread function of the ROSAT PSPC is dependent on energy;
the sharpest images are produced for photons of about 1 keV
(Hasinger et al. 1992). While the PSPC point-spread function is
not strictly a Gaussian, for all but the highest energies the
dominant term in the functional description is Gaussian; it is a
good approximation and is used here. The scale parameter of
the Gaussian was set to the appropriate value based on the
energy dependence of the point-spread function using the
mean energy of the defined energy band. Table 1 lists the
FWHM of the point-spread function used for each of these
bands. Before subtracting the background images, a radial
profile was constructed for each individual frame. Figure 2
shows the radial profile plots of the galaxy and the back-
ground. The radial profiles were obtained by summing all
counts in annuli 1.5 pixels wide, dividing by the number of
pixels in the annulus, and converting the resulting number to
counts arcmin~ 2. The annuli were extended to 400” from the
galaxy’s nucleus. The radial plots show that, beyond about
260"-300", any galaxy emission is dominated by the back-
ground. (The “wavy ” profiles in several of the plots result from
some “splotchiness” in the background frames. This
splotchiness may be extremely weak point sources; however,
the “detect ” routines do not uncover them. Within the errors,
the background profiles are constant.) This exercise has the
purpose of checking that the background frames have the same
flux as the galaxy frames beyond the galaxy’s outer edge. The
radial profiles in Figure 2 show this is indeed the case. The
background fames can then be subtracted from the source plus
background frames without further scaling. The north arm
source clearly dominates the profile plots in all bands. (Further
discussion of the radial profiles is deferred to § 5.) The results of
the band-by-band subtraction are displayed in Figure 3. Figure
3a shows the image of the galaxy scaled to a common value for

TABLE 1

ENERGY CHANNEL DEFINITIONS AND FWHM
OF THE POINT-SPREAD FUNCTION

Energy Range 4
Mean Energy FWHM (pixels)

Band Channels (keV)
) DU 20-41 0.20-0.41 0.28 4272 2.2
2.0 42-51 0.42-0.51 047 36.2 19
3o 52-69 0.52-0.70 0.61 33.2 1.8
4. ... 70-90 0.70-0.90 0.80 29.8 1.6
S, 91-131 091-1.32 1.10 26.4 14
6.crnnnn 132-201 1.32-2.02 1.67 33.0 1.75
Tevernnn. 202-242 2.02-2.45 2.20 134.4 7.1

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...434..523S

SCHLEGEL

Vol. 434

30 T T T T 1T 177 | T T 1 | T T T_]

10

l IIIIIII

2
Counts / arcmin
w
>
> —a—y
> e
b e
[ —
P
—a—
—a
—a
>
>
>
—a—
——
—a—

I IIIIII|

i
—n—

—a—i

.ot

— .o

—o—i

o—a—
>—a—

—ba—
—ba—
Lol

526
I T T T T l T T T T [ T T T T ’ T T T T ]
20 Band 1 (20—41) —
. i1
N I
§ 10 HHH
~ I ]
g ]
5 5 —
5] | .
2 | I I | I 1 1 I 1 I 1 1 L | | 1 1 |
0 100 200 300 400
Radius (arcsec)
F1G. 2a
£ T T T T | T T T T | T T T T I T T T T E
L] —
% } EIEE i * ¥, Band 3 (52-69) y
g 10 EH [] 3
N Rt 5
:i 3 ?MzsﬁAAz;AA{ a AAAA;AAAlﬁzggigiiii[TTT _:
é 1 = =
S E ]
3 L]
1 1 It 1 | | I L | | | | 1 | 1 I | | | I
0 100 200 300 400
Radius (arcsec)
Fi1G. 2¢

3
gl b by | L4
0 100 200 300 400
Radius (arcsec)
FiG. 2b
100 =TT 11 T B — T T T
iii | - [ | E
1 Ii o Band 4 (70-90) .
() O — pa—
g b Pt
: oo,
8 10 [) —]
~ E EEE 3
0 ~ -
E C if ]
g L i
8 3z AfA Aifiif{l%
- ante a and? a —
aa a AAAA
1= -
E o Ly v v by v by g i 73
0 100 200 300 400
Radius (arcsec)
FiG. 2d

F1G. 2—(a)-(g) Radial profile plots of NGC 6946. The radial bins are 1.5 pixels wide (12”). The plots are labeled by the energy band and channel numbers
corresponding to the entries in Table 1. Only a representative error bar has been included for the background profiles for clarity. It is clear that the galaxy is ~ 300"

in radius.

all frames. Figure 3b shows the images normalized frame by
frame, bringing out the weaker structure in each image.
Together, Figures 3a and 3b are equivalent to a hardness map
of the galaxy in which a different color is assigned to each
band. Figure 4 shows the image obtained by summing the
individual bands to obtain the final, background-subtracted
image.

Figure 5 shows the contoured version of Figure 4 overlaid
on an optical reproduction of the Palomar Sky Survey (red
plate). The optical pixels are 177 in size. The optical galaxy has
a size of about 6'-7’, comparable to the X-ray image. The X-ray
contours start at 0.3% of the peak, with additional contours at
0.5%, 1%, 3%, 5%, 10%, 30%, and 50%. The peak flux in the
smoothed image is 98 counts. The X-ray contours generally
follow the galaxy’s optical morphology; specifically, the con-
tours follow the bright northeastern spiral arm, as well as the
eastern and western arms. These three arms are the most devel-
oped arms in NGC 6946. X-ray emission from the north arm is
completely dominated by the north arm source. In the south-
western portion of the galaxy the situation is somewhat con-
fused because it is not apparent exactly which arms join at
what point on the nucleus. Note that the X-ray emission gener-

ally appears to remain within the bright optical image, except,
perhaps, on the western side of the galaxy. This region also
appears to be dominated by weak sources, so the contours may
be biased by these sources.

The counts in the diffuse emission can be extracted and a
spectral fit done, even if the fit is poor. The extraction region
used was a polygon shaped approximately as a rectangle
oriented with the long axis parallel to the major axis of the
galaxy. This region was a compromise between a huge region
that included X-rays not clearly from NGC 6946 and a region
too small to include the obvious extent of the galaxy. The
coordinates of the nodes of the polygon are listed in the notes
to Table 2. The spectral fitting results are included in Table 3
with the individual sources (§ 4 below). None of the fits is
preferred over any of the others. The arbitrarily chosen spec-
trum presented in Figure 6a is the thermal bremsstrahlung
spectrum. A systematic error of 2% was added to each channel
for all spectra. This systematic error masks the known prob-
lems with the response matrix. The contour plot of Ny versus
kT is shown in Figure 6b. (In this paper, all contour plots show
the Ay? levels of 2.71 (90% for one parameter of interest), 4.61
(90% for two parameters of interest), and 9.21 (99% for two

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...434..523S

2

Counts / arcmin

2

Counts / arcmin

ROSAT OBSERVATION OF NGC 6946 527
T T T T T T T T T T T T T T T — 1 LI T T L T T T  —!
100 I3 % | | I ] 100 =TT [ I I E
H [] X Band 5 (91-131) 3 EE L Band 6 (132-201) 4
R . ] ] . 8 ]
of ¥ ¥ . . o5 1 : N
- it i il £ 0T P T
£ E [}
EE e 10 |— E E 1
10 = EI — © E I E 3
= 3 ~ £ ]
C i E ] “ C E E ]
. HHH ] E 3 H
3——AA a AA AAAA aansbaLAA A% 8 a iiii
B ae et 8 AAAA a8 8 apa,088a,0"° aba
1 | A p A
1= E
E | 1 | | I 1 | L | | 1 | | | I 1 | 1 C | I | I 1 | | 1 | | 11 | | | |
0 100 200 300 0 100 00 300
Radius (arcsec) Radius (arcsec)
FIG. 2e FiG. 2f
- L N - parameters of interest. The reader should pay most attention
Band 7 (202-242) 3 to the outer two contour levels.) The fitted temperature is soft
¥ - with kT ~ 0.5 keV. The fitted column is ~3 x 10?! cm ™2,
3 f | E f _ which is somewhat low relative to the known column of
f{ 7 ~5 x 102! cm~2 (Burstein & Heiles 1984), but within the
1 H - uncertainties the two values can be considered equal. The 0.5—
o } 3 2.0 keV luminosity is ~3.8 x 1036 ergs s~! arcmin~2 or
C . ~9.4 x 1038 ergs s~ over the polygon aperture (essentially
g[ftea, . the entire galaxy).
L Y SN ot Wang et al. (1991) and Triimper et al. (1991) have recently
demonstrated the existence of a very hot component of the
1 ISM in the Milky Way and the LMC. This component, with a
E temperature of 10%2-107 K, probably represents the direct
n T e input of supernova heating. Whether the hot component is a
0 100 200 300 400 major constituent of the ISM is still debated (i.e., is the filling
Radius (arcsec) factor 1%, 10%, or more?), although ROSAT observations
FiG. 29 may establish the case one way or the other. A crude estimate
TABLE 2
SOURCES IN THE NGC 6946 FIELD
RA. Decl. Approximate Flux® Luminosity®
Source (2000) (2000) Aperture? Counts S/N Hardness® (ergs s" ' cm™?) (ergs s™1)
2035m01° 60°11'32" 0:70 2326.4 + 46.8 32.1 +0.28 83+02(-13) 3.0+ 0.1 (39
20 34 37 60 09 34 0.70 1699 + 129 7.7 +0.26 6.0+ 05(—14) 224+ 0.2 (38)
20 34 52 60 09 14 0.70 219.6 + 15.7 8.5 +0.36 79 +£0.7(—14) 2.8 +0.3 (38)
20 35 01 60 09 09 0.70 1539 + 12.7 6.9 +0.11 55+0.5(—14) 1.9 £ 0.2 (38)
20 34 49 60 1221 0.70 434 + 6.5 39 +0.81 1.5+03(—14) 5.5+ 0.6 (37)
20 34 57 60 08 30 0.70 552+ 6.9 3.8 +0.21 1.9+ 03 (—14) 6.8 + 1.1 (37)
20 35 01 60 1009 0.46 61.6 +9.7 4.1 +0.42 22+ 04(—-14) 79 +1.5(37)
20 34 26 60 09 15 0.70 589 + 6.8 4.1 +0.86 21+02(—14) 7.6 +£0.7 (37)
20 34 49 60 0557 0.70 519 + 8.1 4.2 +0.64 1.8 +£0.3(—14) 6.5+ 1.2 (37)
8.72 931.6 + 45.3 18.5 —0.03 2.6 +03(—13) 94 + 0.1 (38)
16.8 15134 + 384 38.5 —-0.51 54 +£03(—13)

* Aperture radius. Approximately 90% of each source is enclosed in the aperture except for source S7. Source crowding forced the use of a smaller

aperture enclosing ~ 62% of the flux.
® Hardness ratio, defined in § 4.

¢ Numbers in parentheses are exponents. The counts and fluxes have been corrected for the flux outside the aperture. The energy range over which the

flux and luminosity were calculated is 0.5-2.0 keV.
4 Source described in detail by Schlegel 1994a.

¢ “Diffuse ” emission represents the entire galaxy minus the point sources S1-89. The aperture used was a polygon, so the aperture “size ” is the circle
of equal area. The polygon’s nodes are at (1) 20"34™58, 60°13'09”; (2) 20"35™27%, 60°10'39”; (3) 20"35™14°, 60°08'07"; (4) 20"34™49%, 60°05'25"; (5)
20734™30%, 60°07'15"; and (6) 20"34™20%, 60°09'23". This polygon essentially surrounds the optical image of the galaxy.

f «Bkgrd ” represents the background emission in an annulus surrounding the entire galaxy minus any point sources. The aperture used was a
polygonal annulus, so the aperture “size” is the radius of the circle of equal area. The polygon’s outer nodes are at (1) 20%34™54%, 60°15'17”; 2)
20"35m46°, 60°10'51"; (3) 20734™45%, 60°0250"; and (4) 20733™52¢, 60°09'33". The inner boundary of the background region was the outer boundary of

the diffuse emission.
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TABLE 3
SPECTRAL FITS TO STRONG SOURCES

1 Ny kT (keV) Approximately 1 ¢
g: Source Counts Model® I Channels®  (1022cm~2)  90% Error Range® or o Error Range®
:ﬂ: SI% . 23264 + 46.8 Power 28.1 33 0.61 0.49-0.73 49 42 -5.6

Blackbody 30.2 33 0.17 0.11-0.23 0.24 0.22-0.26
Brems 289 33 0.35 0.30-0.43 0.48 0.37-0.59
Mewe 27.2 33 0.37 . 0.31-0.42 0.46 0.42-0.50
Brems-F 38.7 33 0.50F e 0.37 0.33-0.40
2 s 1699 + 129 Power 18.1 25 0.88 0.56-1.20 7.86 5.86-9.80
Blackbody 179 25 0.05 0.03-0.07 0.21 0.19-0.23
Brems 19.8 25 0.31 0.16-0.87 0.33 0.17-0.53
Mewe 19.6 25 0.42 0.13-0.73 0.31 0.18-0.44
Brems-F 342 25 0.50F .. 0.33 0.29-0.37
3 219.6 + 15.7 Power 17.4 27 0.73 0.48-0.98 5.09 3.65-6.53
Blackbody 17.6 27 0.28 0.14-0.42 0.23 0.19-0.27
Brems 17.3 27 047 0.31-0.71 0.45 0.29-0.81
Mewe 17.6 27 0.47 0.33-0.61 0.44 0.36-0.52
Brems-F 17.5 27 0.50F e 0.54 0.38-0.67
4 1539 + 12.7 Power 24.5 23 1.00 0.65-1.35 8.80 6.60-11.0
Blackbody 25.6 23 0.27 0.11-0.43 0.15 0.12-0.19
Brems 273 23 0.32 0.20 0.64 0.30 0.19-0.38
Mewe 273 23 0.42 0.06-0.76 0.30 0.16-0.47
Brems-F 40.5 23 0.50F e 0.31 0.27-0.34
Diffuse® ............. 931.6 + 45.3 Power 122 28 0.29 0.09-0.59 428 3.01-5.56
Blackbody 13.1 28 0.05 0.02-0.10 0.21 0.18-0.23
Brems 122 28 0.11 0.07-0.21 0.56 0.10-0.91
Mewe 119 28 0.08 0.07-0.23 0.54 0.38-0.64
Brems-F 18.8 28 0.50F 021 0.11-0.38
Weakf ............... 271.1 + 172 Power 39 14 1.33 498
Blackbody 29 14 0.05 . 1.01
Brems 20 14 0.69 e 0.99
Mewe 2.6 14 0.95 0.51
Brems-F 22 14 0.50F . 1.55

 The number of free parameters is three for all models except the fixed bremsstahlung model (designated “ Brems-F ), in which the column Ny, is held fixed at
0.5 x 1022 cm ™~ 2. For the Mewe models, the abundance is fixed at 1.0.

% The number of binned channels used in the fit. The number of extracted channels was identical for all sources and covered the full energy range of the PSPC
(0.1-2.4 keV). Due to the moderately high column to NGC 6946, there were few photons below ~0.3 keV.

¢ The error ranges were calculated for two parameters of interest.

4 Source S1 is described in Schlegel 1994a.

¢ See note e in Table 2.

f “Weak ” represents the sum of the sources S5-S9. Due to the generally poor statistics, error ranges are uniformly large and are not quoted.
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can be made of the number density from the diffuse emission
luminosity. The estimate comes from

Ly~An2V,

where A is the plasma cooling function. Wang, Hamilton, &
Helfand (1989) plot the cooling function for various values of
the column density. The value most appropriate to the PSPC
data of NGC 6946 is A ~ 5 x 10~ 24 ergs cm® s~ !, ignoring for
now possible abundance differences. The volume of NGC 6946
can be approximated as a flat cylinder of radius ~ 14 kpc and
thickness h. These values then yield n2hf ~1072 cm ¢ pc,
where f'is the volume filling factor. For h ~ 100 pc and f ~ 0.1,
n, ~0.1 cm 3. This value is comparable to the hot ISM com-
ponent of the LMC (e.g., Wang 1993; Wang et al. 1991) and
suggests that the diffuse emission in NGC 6946 is that galaxy’s
hot ISM. I shall discuss the diffuse emission again in the con-
text of whether the emission is the sum of unresolved point
sources.

4. POINT SOURCES

The ROSAT PSPC data on NGC 6946 impressively resolves
the X-ray emission, formerly attributed to the nucleus by the
Einstein IPC study, into nine sources. Figure 4 shows the
source positions. These sources all have a signal-to-noise ratio
greater than 3.5 as generated by the PROS detect tasks. The
background region used is the entire galaxy from § 3. This may
overestimate the local background at a particular source as the
diffuse X-ray emission is not uniform. Absolute positions (, &)
were derived from the raw positions by adding the corrections
Ao = 136, A6 = —6"4. These corrections were obtained by
comparing the PSPC positions of two known Einstein sources
and one HD star with their catalog positions. While three
sources are not a large statistical sample, these three objects
are the only point sources in the NGC 6946 pointing which
have clear identifications, thereby minimizing source confu-
sion. Table 2 lists the individual sources with entries for the
R.A. and Decl, the extraction aperture size, the counts
obtained, the signal-to-noise ratio, the hardness ratio [defined
as (H—S)/(H+3S), where S = channels 20-90 = 0.2-0.9 keV
and H = channels 91-201 = 0.9-2.0 keV], and the approx-
imate flux and luminosity. Fluxes were calculated assuming a
thermal bremsstrahlung spectrum of kT =1 keV plus the
galactic column to NGC 6946 (Burstein & Heiles 1984). The
derived fluxes are insensitive to the exact spectral model due to
the large uncertainties resulting from the low count rate. Table
3 lists the spectral fits to the individual sources with sufficient
counts, including, as a “source,” the diffuse emission described
above and a spectrum obtained by summing all of the weak
sources. The number of extragalactic sources present in the
immediate NGC 6946 region is expected to be less than 1
based on the log N-log S relation from the ROSAT medium-
sensitivity survey (Hasinger, Schmidt, & Triimper 1991). In
addition, the fitted column for all sources is relatively high (a
few x 102! cm~2). On this basis, I believe all the sources listed
in Table 2 are local to NGC 6946. The brightest source, S1 lies
near the north arm of the galaxy and is the “ north arm ” source
discovered in the IPC data (FT). The luminosity of the source
is ~3 x 103° ergs s~ !, which is unchanged within the errors
from the value quoted by FT. This source has been identified
as a supernova remnant (Schlegel 1994a; Blair & Fesen 1994)
and will not be discussed any further in this paper.

Of the remaining sources, only S2, S3, and S4 individually
provide sufficient statistics to attempt crude spectral fitting.

The spectral fits are listed in Table 3, while the spectra and Ny
versus kT contours are displayed in Figure 7. The thermal
bremsstrahlung spectrum is used as the default spectrum for
the displayed spectra. The abundances for the Mewe models
were fixed at solar values. Sources S2 and S4 are relatively soft,
with thermal bremsstrahlung temperatures kT ~ 0.5 keV. The
temperature of source S3 is essentially indeterminate. On the
basis of A2, no particular model is preferred to any other. All
of the power-law models, however, yield values for Ny con-
siderably higher than the known galactic column, so these
models may not be the best match to the data, although the
reader should note that galactic sources do exist with intrinsi-
cally high Ny. The blackbody models tend to produce an Ny-
value quite low relative to the known column; the believability
of these models should be somewhat lower. While source S4
shows evidence for a slightly lower temperature, the y? con-
tours of all three sources overlap at the 99% level. Optical
follow-up studies are planned at least for sources S2 and S4,
both of which have sufficient counts to obtain a reasonably
accurate position.

The remaining sources (S5-S9) only have count rates and
hardness ratios available. Based upon the hardness ratios,
most of the sources are relatively soft [(H —S)/(H +S) ~ 0.3—
0.5]. Sources S5 and S8 are relatively harder, which suggests
the possibility that they may be X-ray binaries, although the
PSPC energy band is sufficiently narrow that this possibility
should be read as a hint rather than a conclusion. The emission
of the weaker sources can be summed and a spectral fit done.
The statistics are rather poor due to the low count rates of the
few weak sources. The contour plot is shown in Figure 7; the
fitted spectrum was deemed not worth presenting as it appears
as a noisier version of the spectra already present. A compari-
son of the contour plots of the diffuse emission (Fig. 6b) and the
summed weak sources shows that the summed weak sources
have a higher temperature than the diffuse emission. The evi-
dence is not overwhelming, but the contours are essentially
mutually exclusive at about the 95% level. The summed weak
source contours extend to much higher temperatures (the fit
does little more than establish a lower limit to the temperature
of ~0.5-1 keV), while the contours of the diffuse emission are
confined rather tightly below ~0.7 keV. The fitted column for
the weak sources provide a hint that these objects may lie
within the plane due to its higher fitted value. The reader
should note the size of the contours, however. These hints
about the differences between the diffuse emission and the
weak sources may be more easily seen by examining the hard-
ness ratios for each (Table 2). Finally, the positions of the
remaining sources (S5-S9) may not be sufficiently well deter-
mined to produce a sufficiently small error circle that would
make an optical follow-up useful. Source S9 is well separated
from the galaxy itself and may have sufficient counts to deter-
mine an accurate position, largely as a result of the lower
galactic background at that location.

The PSPC image can also be used to look for 0.5-2.0 keV
emission from sources identified in other wavelength bands.
The original motivation to obtain a PSPC image of NGC 6946
was the study of the historical supernovae which have occurred
in this galaxy. SN 1980K is almost certainly present; SN
1968D may be visible. Both are weak sources. The other four
historical supernovae are not visible in the PSPC data. The
complete description of these results is presented in Schlegel
(1994b). Klein et al. (1982) list sources they found in their radio
survey of NGC 6946. The positions listed in their Table 2 were
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converted to J2000 and overplotted on the X-ray image. No
match exists of any of the radio sources with the PSPC sources
except for the nuclear source (Klein et al. 1982, source A).
Source A of Klein et al. corresponds, within the positional
accuracy, to source S3 in this paper. From the PSPC spectrum,
S3 shows no apparent discrepancy in the column from the
galactic value. This is somewhat surprising as many studies of
galaxies discuss the internal extinction in the nucleus and
derive high upper limits or measurements of a large extinction
(see, e.g., Trinchieri et al. 1985). Engargiola (1991) and
Devereaux & Young (1993) showd from their far-IR studies
that dust absorption is very high in the central 5". One might
expect the hydrogen column to show similar behavior. Since
ROSAT is quite sensitive to soft photons, which are easily
absorbed, one expects a good estimate for the total column
from the spectral fits. For NGC 6946, DeGioia-Eastwood et al.
(1984), Engargiola (1991), and Devereaux & Young (1993) all
derive a nuclear A, of ~2. This value corresponds to an Ny of
~5 x 102! cm 2. The spectral-fitted Ny is consistent, within
the errors, with that value. Note also that NGC 6946 is a
low-power starburst galaxy (Telesco & Harper 1980; Giuricin
et al. 1991). No apparent spectral signature appears in the
ROSAT band. However, the lack of a starburst signature has
been noted, for example, in M83 (Trinchieri et al. 1985) in
which the ratio of X-ray to optical flux was not found to be
enhanced as might be expected of star-forming galaxies. Fab-
biano, Feigelson, & Zamorani (1982) concluded from their
peculiar galaxy study that nuclear emission does not dominate
the X-ray emission of a galaxy like NGC 6946.

Before leaving the discussion of the nucleus, note that the
image of the nucleus appears slightly elongated in the
northwest-southeast directions. Since source S1 is quite circu-
lar in appearance, a poor aspect solution is ruled out as an
explanation. The elongation can be quantified to some degree
by comparing the counts in annuli, in wedges oriented along
the major and minor axes. Due to the few counts in the source,
the result is rather noisy, but an elongation of about 1.5:1 is
suggested for the major to the minor axis. There are too few
counts to attempt to deconvolve a composite source. Further
work may be justified if a detailed understanding of the point-
spread function becomes available. If we assume the source is
two sources radiating at half the rate, then a 10 ks ROSAT
high-resolution imager (HRI) observation should yield a 4-5 o

385
Log Ly (ergs/s)

FiG. 8.—Integrated number distribution of sources in NGC 6946 compared
to the Einstein IPC data on M33 (Trinchieri et al. 1988).

detection of each source, making the issue an observational
question. ‘

Figure 8 shows the integrated number distribution for the
NGC 6946 sources (solid line). For a comparison, the Einstein
IPC data on M33 have been used (Trinchieri et al. 1988). M33
is a face-on Sc galaxy, so the comparison has been deemed
appropriate. In addition, the ROSAT PSPC data reach to
approximately the same flux level as the IPC data on M33. The
IPC data uncovered 13 sources definitely attributed to M33.
The distributions for the two galaxies are nearly identical over
most of the luminosity range. Admittedly, both distributions
are examples of small-number statistics. If source S1 did not
exist, however, the two distributions would most likely be used
to illustrate the overall similarity of the source distribution
present in spiral galaxies or, at least, in Sc—Scd galaxies.

Finally, the brightest sources were examined for possible
time variability. Timing with the ROSAT PSPC is problematic
except for very short times (of order milliseconds) or very long
times (of order hours to days). A period search was done on
sources S1, S2, S3, and S4 using the PROS task “period,”
which permits a range of periods to be examined and calculates
a x? value for each period. Ten bins were used per period and
periods from 10 msec to 10 s were examined with a time
resolution of ~5% of the period. For this type of search, y2
should have a value approximately equal to the number of bins
used. Any value greatly exceeding the expected mean was then
examined in greater detail with a time resolution of ~1%. No
convincing periods were seen for any of the sources over these
short times. The longer periods were examined by averaging
the counts in an observational interval and comparing the
average rate to the rates from the other observational intervals.
Again no convincing variation was found. This approach to
the time data is not ideal. It clearly avoids, however, the
window and aliasing problems present due to the observation
intervals and the satellite wobble.

5. DISCUSSION

I first discuss the point sources. The north arm source has
apparently been constant in flux, within the errors over the
intervening ~ 12 yr (Schlegel 1994a). The source clearly is
localized to the northern arm of the galaxy, but is not coin-
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cident with the Klein et al. (1982) source, as suggested by FT.
The better X-ray positional resolution of the PSPC clearly
places the Klein et al. radio source several arcminutes east of
the X-ray source (VanDyk et al. 1994). Ironically, the X-ray
source does not lie on the optically prominent northeastern
arm. The nucleus seen with the IPC is now resolved into at
least three sources, two of which are relatively prominent. Both
happen to be somewhat soft, thus explaining FT’s result of a
softer spectral fit for the total NGC 6946 IPC spectrum.

If we take the spectral fits and hardness ratios at face value,
however, then sources S2, S4, and S6 may be supernova rem-
nants, while sources S5, S8, and S9 may be X-ray binaries.
Sources S3 and S7 are probably not cleanly enough separated
by the hardness ratio to identify them. If this crude form of
identification were to hold, and including source S1, then the
high end of the X-ray-emitting luminosity function of NGC
6946 would be dominated by supernova remnants. This may
not be surprising if NGC 6946 is a moderate starburst galaxy.
Thus, if the identifications are at all reasonable, ROSAT can be
expected to uncover a sizable population of supernova rem-
nants in the nearby galaxies. Some support for this result is
provided by the M33 PSPC image (Long et al. 1994) in which
many of the detected sources are known remnants. Perhaps the
overall population of soft sources in NGC 6946 is an evolu-
tionary quirk, in that the harder sources are slightly fewer in
number. I must also include, however, the caution that the
PSPC has a very soft response, so it is somewhat insensitive to
a hard spectrum. Only a classwide study of Sc galaxies
observed with the PSPC will address this issue. Such a study
will not be possible for at least a few years, or until the ROSAT
archive becomes populated with sufficient pointings to provide
a reasonable number of galaxies.

Is the diffuse emission the sum of unresolved point sources?
For NGC 6946, the diffuse emission has a hardness ratio con-
siderably different from the ratios of any of the point sources.
The contours of the spectral fit suggests that the diffuse emis-
sion is not the summed emission of sources similar to the weak
detected sources. The N(> Ly)—Ly relation can be extrapolated
to lower Ly to see if the diffuse emission is consistent with the
emission of unresolved sources. Such an extrapolation implies
approximately 12 sources with Ly of ~5 x 103° ergs s~ ! and
~20 sources with Ly of ~1 x 10%® ergs s~*. This represents
about a factor of 5 too little luminosity to account for the
diffuse emission. From an alternative point of view, the dis-
cussion in Primini, Forman, & Jones (1993) on the diffuse
emission in the central region of M31 can be followed. In their
paper they list the possible sources, the size of the source popu-
lation, and the typical X-ray luminosity. They then show that
no particular population can account for the diffuse emission
in the central region of M31. For example, one can quickly
show that cataclysmic variables do not have sufficient numbers
to account for more than a few percent of the diffuse emission.
The same analysis can be applied to NGC 6946 with suitable
adjustments to account for the differences between the central
region population of Primini et al. and the disk population of
NGC 6946. That exercise leads to the same conclusion: the
diffuse emission cannot be represented by known, unresolved
point sources.

A good correlation exists for a galaxy’s X-ray luminosity
and its blue optical luminosity, radio luminosity, and far-IR
luminosity (Fabbiano et al. 1988). The X-ray/far-IR lumi-
nosity correlation appears to be the strongest, indicating an
apparent close relationship between star formation regions
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and the X-ray sources (Devereaux & Young 1993). Figure 9
shows azimuthally averaged radial distributions from the band
5 ROSAT data, Ha, and the far-IR (Devereaux & Young 1993).
Each distribution has been normalized to its own maximum,
so the absolute values cannot be compared. Overall, each of
the distributions behaves in roughly a similar manner. Note,
however, that the comparison may be suspect, in that the X-ray
azimuthally averaged distribution is dominated by point
sources (the “spike” at ~150” is source S1), the impact of
which on the radial distribution is determined by the point-
spread function. The far-IR distribution is almost certainly not
dominated by point sources. The Ha distribution, on the other
hand, is likely the sum of H 11 regions. A better comparison
should be possible once the point-spread function is known in
greater detail, or after a deep HRI pointing has been obtained.
The proper analysis would compare maps of NGC 6946 at
various wavelengths; such a study is beyond the scope of the
present paper.

Beck (1991) and Ehle & Beck (1993), as well as Klein et al.
(1982), analyzed polarimetry data and revealed a minimum in
the polarization in the southwestern (SW) quadrant where the
spiral structure is least apparent. Ehle & Beck argue that the
minimum suggests the galactic equivalent of a “solar coronal
hole” exists. They also show that a thick disk of ionized gas is
not consistent with their observations and suggest a disk
thickness of ~ 100 pc is appropriate and argue that the mag-
netic field is perpendicular to the plane of the galaxy in the SW
quadrant. Their prediction that the galactic equivalent of a
solar coronal hole exists in the SW quadrant may be supported
by the PSPC data. Their prediction is based upon the
minimum in the polarization data coupled with an excess
Faraday rotation measure. The X-ray data shown an apparent
asymmetry in the distribution of the X-ray emission north-
south about the nucleus. The southern portion appears to be
deficient relative to the north side. Making this qualitative
statement quantitative is difficult due to the dominance of the
point sources. An attempt has been made however. Wedges
with an opening angle of 45° and lying along the major axis of
NGC 6946 define the profiles. Annuli lying within the wedges
of width 16” have been used to extract the counts from
the background-subtracted image (i.e., Fig. 4). Figure 10 shows
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the results. The evidence for a deficit in the southern wedge is
weak, although the southern wedge profile does lie consistently
below the northern profile. Unfortunately, the SW region is
rather chaotic in other bands, rendering it difficult to under-
stand the situation. As mentioned, Ehle & Beck (1993) find the
magnetic field lines perpendicular to the disk in this region,
derived from the higher polarization and steeper pitch angles
present in their data. Tacconi & Young (1990) suggest the
density wave potential is broader in this area, resulting in less-
sharply defined spiral arms. Their suggestion is based upon
their B- and I-band observations of the arm-interarm con-
trasts. Even an H 1 map (Boulanger & Viallefond 1992) does
not show sharp spiral arms in the SW region. In fact, the two
western arms appear to merge in the SW region, although the
apparent merger could be a contrast effect, with the inner
western arm joining the nuclear region north of the apparent
merge area. Optically, it is also not clear what the situation in
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the SW region is. An Ha map in Devereaux & Young (1993) or
Ehle & Beck (1993) does not provide much additional insight.
Based upon the X-ray data, I regard the Ehle & Beck sugges-
tion as interesting, but requiring further data to establish or
refute definitively.

As a final comment, I note that the integrated X-ray proper-
ties of NGC 6946 have long been known to be softer than the
average spiral galaxy (FT). Correlations have been made
between X-ray properties and integrated properties from other
bandpasses. Given that source S1 so dominates the X-ray emis-
sion from NGC 6946, it is a point of concern that the corre-
lations may, in some cases, be exceedingly sensitive to
particular bright sources. Certainly, comparing integrated
properties is a valid scientific goal; however, I believe the NGC
6946 results indicate the need for caution in doing so.

6. SUMMARY

The ROSAT PSPC data on the nearby spiral galaxy NGC
6946 has been presented. The data show that the Einstein IPC
“nuclear source ” is composed of approximately three sources.
The source on the north arm, barely resolved from the nuclear
source by Einstein, is well resolved and identified as a probable
supernova remnant (Schlegel 1994a). A total of nine sources
are present above a flux of ~1037-! ergs s™!. X-ray spiral
structure is clearly present, particularly for the optically promi-
nent northeastern arm, indicating the X-rays at least arise from
a source distributed along the arms. No X-ray “corona” or
halo is obvious from the PSPC data, although the X-ray emis-
sivity does appear to match the results from other wavelength
bands in the SW region of the galaxy. The diffuse emission
appears to be truly diffuse and not the summed emission of
point sources.

I thank the referee for helpful comments that improved this
paper. This research was aided by the use of the NASA Extra-
galactic Database. I also thank D. Davis for obtaining the
optical image of NGC 6946.
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