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ABSTRACT

We present the results of a deep observation of NGC 507 and NGC 499 with the ROSAT PSPC. The
X-ray emission of NGC 507 is extended at least out to 1000” (458 kpc at a distance of 94.5 Mpc). The radial
profile of X-ray surface brightness goes as £y ~ r~!8 outside the core region. The radial profile is a function
of energy such that the softer X-rays have a smaller core radius and a flatter slope. Spectral analysis reveals
that the emission temperature, with an average of 1 keV, peaks at an intermediate radius of 2-3' and falls
toward the center (possibly decreases outward as well). The absorption column density is consistent with the
Galactic line-of-sight value. The X-ray emission of NGC 499 is extended to 300" and suggests a similarly
cooler core. The cooler cores of NGC 507 and NGC 499 are strong evidence of the presence of cooling flows
in these galaxies. Assuming hydrostatic equilibrium outside the cooling radius, the estimated mass-to-light
ratio of NGC 507 is 97 + 16 within 458 kpc, indicative of the presence of a heavy halo. Similarly, the mass-to-
light ratio of NGC 499 is 89 + 14 within 137 kpc. Near the edge of the X-ray—emitting region of NGC 507 we
detect 19 soft, unresolved sources. These sources do not have optical counterparts and are significantly in
excess of the expected number of background serendipitous sources. We speculate that they may represent
cooling clumps in the halo of NGC 507. If there are many undetected cooling clumps distributed at large
radii, then the radial profile of the X-ray surface brightness does not directly reflect the potential, adding

uncertainty to the measurement of the binding mass; the gas mass could also be overestimated.
Subject headings: cooling flows — galaxies: individual (NGC 499, NGC 507) — X-rays: galaxies

1. INTRODUCTION

Soon after the Einstein Observatory’s discovery of X-ray-
emitting hot gas in early-type galaxies, a debate ensued on the
physical status of these halos and on using them as a tool for
measuring the mass of the galaxies (for a review, see Fabbiano
1989). Initially, cooling flows were invoked to explain X-ray
observations of early-type galaxies (for example, Fabian,
Nulsen, & Canizares 1984; Sarazin & White 1987). These
models reproduce observed global properties such as X-ray
luminosity and emission-averaged temperature. However,
until recently there has not been any direct evidence of the
presence of cooling, with the exception of a few clusters of
galaxies like Virgo and Perseus (e.g., Canizares, Market, &
Donahue 1988), where X-ray spectroscopic observations
revealed emission lines originating from the cooling gas. If
cooling flows really take place in X-ray-bright early-type gal-
axies, the gas temperature should decrease within the cooling
radius as the gas is falling toward the center. An important
consequence of the presence of gaseous halos is the ability to
measure the galaxy mass if these halos are in hydrostatic equi-
librium. In many X-ray—emitting galaxies, these mass estimates
suggested the existence of a large amount of dark matter.
However, the uncertainties on the radial behavior of emission
temperature and surface brightness, intrinsic to Einstein data,
resulted in large uncertainties (Trinchieri, Fabbiano, & Cani-
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zares 1986). In particular, if the radial behavior of the tem-
perature is not known, the presence of high external pressure
could lead to the erroneous conclusion of the presence of large
heavy halos (Vedder, Trester, & Canizares 1988; Bertin, Pigna-
telli, & Saglia 1993). External pressures are typically not con-
sidered in the derivation of these masses.

Accurate measurements of emission temperature.and surface
brightness distribution are necessary to confirm the existence
of cooling flows in these galaxies and study their properties,
and to measure their binding mass. To obtain these measure-
ments, we have acquired deep ROSAT PSPC observations of
NGC 507 and report the spatial/spectral behavior of its X-ray
properties in this paper.

NGC 507 is the brightest member of a group of galaxies
belonging to a poor cluster, the Pisces Cluster, which contains
several subgroups (e.g., the NGC 383 group and the NGC 507
group). This cluster in turn belongs to the long, narrow main
ridge of the Pisces-Perseus supercluster (see Wegner, Haynes,
& Giovanelli 1993 for a large-scale distribution of galaxies in
this region). Within its optical radius, NGC 507 (also Arp 229
and VV 207) has a close companion elliptical galaxy with a
similar redshift, NGC 508 which is 90” north of NGC 507, and
there may be interaction between the two galaxies (Arp 1966).
NGC 507 has a weak radio core (Parma et al. 1986) and it may
have a dust lane in the center (Ebneter, Djorgovsky, & Davis
1988).

NGC 507 is one of the most luminous, extended X-ray
sources among early-type galaxies (Fabbiano, Kim, & Tri-
nchieri 1992) and its X-ray luminosity (~ 10*3 ergs s~ ') is com-
parable to those of poor clusters (Kriss, Cioffi, & Canizares
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1983). The ROSAT PSPC observation was motivated by the
suggestion, based on the Einstein IPC data, that NGC 507 may
have relatively a cool, absorbed core of X-ray emission (Kim &
Fabbiano 1992; see Fabbiano 1993). We indeed find the signa-
ture of cooling in this galaxy core with the ROSAT PSPC, but
do not confirm the excess absorption. The Einstein IPC image
(Fabbiano et al. 1992) shows that while NGC 507 is the domi-
nant X-ray source, another relatively strong source is associ-
ated with the elliptical galaxy NGC 499. We describe
observational results for spatial and spectral analyses of both
galaxies in § 2, and we compare these results with the Einstein
data in § 3. We estimate the deprojected density and gravita-
tional mass and discuss the implications of the observational
results in § 4. Finally, we summarize our resultsin § 5.

2. OBSERVATIONS AND DATA ANALYSIS

The NGC 507 and NGC 499 field was observed by the
ROSAT PSPC at two separate times, 1992 August 9-10 and
1993 January 8-9. The net exposure time is about 20,500 s
(5600 and 14,900 s each). The observational parameters and
basic physical parameters of the galaxies are listed in Table 1.
The raw PSPC image of NGC 507/499 (the second, longer
observation) is shown in Figure 1. Although no correction was
applied, it is clear that extended diffuse emission is present
inside the 20’ circle of the detector supporting structure. In
addition, several pointlike sources are visible within the field of
view.

Because of pointing uncertainty, the X-ray centroids of the
two observations are not at the same sky coordinates once the
data are aspect-corrected. For this reason, we have analyzed
the two observations separately to determine radial profiles
and spectral distribution for each. We then combined the
counts in each radial bin relative to the centroid of the emis-

TABLE 1
BAsiC PARAMETERS

Parameter NGC 507 NGC 499
RA.(J2000)0% ...cvneiiiiiineannns 123 401 123116
Decl. (J2000)* .....oveneieenannen. 331522 332736
B2 (mag) .....coeviiiiiaiiinn. 12.19 12.79
DMPO® et 94.5 94.5
D, (arcsec)® ....o.oiviiiiiininnn.. 185 97
Ny(em™2)° ..., 5.3 x 10%° 5.3 x 10%°
PSPC observed date®... 1992 Aug 9-10 1992 Aug 9-10
PSPC on time (s)¢ .................. 5728 5728
PSPC Exp time (s)%................. 5600 5410
PSPC observed datef ............... 1993 Jan 8-9 1993 Jan 8-9
PSPC on time (s)\..........oennnen. 15290 15290
PSPC Exp time (5)>f ............... 14900 13920
o kms ™8 366
Coronp KM ™1 P 595
log F,(IPC)ergss ™ 'em™2 1...... 94 x 10712 3.0 x 10712

* Right ascension (R.A.), declination (Decl.), total face-on B magnitude
(BY), and major isophotal diameter measured at B = 25 mag arcsec” %(D,)
taken from de Vaucouleurs et al. 1991 (RC3).

® Distance estimated by using H = 50 km s~' Mpc~! and an average
group velocity of 4725 km s~ (Wegner et al. 1993).

¢ Galactic line-of-sight H column density from Stark et al. 1992.

4 Sequence number rp600254.

¢ Average exposure time within 3’ circle.

f Sequence number rp60025401.

¢ Stellar velocity dispersion from Faber et al. 1989.

B Group velocity dispersion from Wegner et al. 1993.

! IPC flux from Fabbiano et al. 1992. Fluxes were estimated in a energy
range of 0.2-4.0 keV and kT = 1 keV was assumed. The count extraction
radii are r = 630” and r = 210" for NGC 507 and NGC 499, respectively.

sion from the two observations to generate a radial profile.
Similarly, the spectral counts from each channel were added to
generate the total spectral distribution. We used the IRAF/
XRAY package (developed at SAO) for the data analysis. We
also used the program XSPEC (provided by the NASA-
HEASARC) for the spectral analysis.

2.1. Background Subtraction

The standard ROSAT PSPC analysis software (SASS) pro-
vides background estimates for each observation. However,
this background map does not represent the real field back-
ground when a very extended source is present as in this obser-
vation (see also Trinchieri et al. 1994). In Figure 2a, we
compare the radial distribution of the background map with
that of the exposure map, also generated by SASS. The latter
contains the effect of telescope vignetting and shadowing by
the window-supporting structures. The exposure map can be
considered as a flat field for a given observation. It is clear that
in the center of the field the background map contains excess
emission over that expected from a uniformly extended back-
ground. This is also demonstrated by Figure 2b, where we
show the observed data (source + background profile) divided
by the exposure map (solid line), compared with a similarly
treated background map (dashed line). Both unsubtracted data
profile and background map profile flatten out at radius
r > 30" from the field center. However, the SASS background
profile is not flat throughout the field, but increases between
~ 5" and 30'. This demonstrates the inclusion of residual source
emission in the background map. We adopt the dashed line
(i.e., the flat surface brightness) as our background level. This
corresponds to a background level determined locally at
r = 30'-40’ from the field center where the count rate per unit
area becomes flat. The background subtracted data are shown
as points with error bars in Figure 2b.

A detailed discussion of the different PSPC background
components can be found in Snowden et al. (1994). In
summary, this background consists of a particle component
(which is not vignetted) and X-ray component (auroral, scat-
tered solar X-ray, cosmic X-ray, etc.), which is vignetted. In our
background subtraction analysis, we have implicitly assumed
that the field background is vignetted (see above). This is not a
bad assumption in our case, since we estimate that the particle-
contribution is ~ 1% of the total background (estimated from
the master veto rate, see Plucinsky et al. 1993). Moreover, we
have checked the time variation of our data to exclude short-
term enhancements and scattered solar X-rays in the back-
ground. These, however, would be vignetted, so our analysis
would subtract them correctly. Another background term,
mentioned by Snowden et al. (1994) is afterpulse background.
The afterpulse is present in PI channels near 11 after cosmic-
ray hits. We do not use these low-energy channels in our
analysis (see below).

To estimate the uncertainties of our background determi-
nation, and how it would affect the derived surface brightness
profile of NGC 507, we used background maps generated from
other observations which do not contain extended sources. As
done in Trinchieri et al. (1994), we used four representative
PSPC pointing observations: rp600009, rp600008, rp600017.
and rp600520. In all of these observations, the second PSPC
(PSPC-B) was used and the gain was at a low state. The radial
profiles of the four background maps (PI = 7-240) produced
by the standard SASS processing are very similar to each other
and also similar to that of the NGC 507 exposure map (see Fig.
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F1G. 1.—The raw PSPC image of NGC 507/499 field. No correction was applied.

3). Only one observation (rp600520) results in systematically
lower counts in the central region (about 10%). Using different
observed background templates, we find that the net source
radial surface distribution does not change appreciably, When
these differences are translated in errors in the param-
eterization of the surface brightness profile (see § 2.4), we
obtain estimates of a core radius and slope all within 1% of
each other, except the case of rp600250 which produces a ~3%
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flatter slope. All these values are well within the error bars of
our estimates.

2.2. Surface Brightness Distribution—Contour Map

The X-ray contour map of the NGC 507 region is shown in
Figure 4. The broadband image (0.1-2.4 keV), after exposure-
correction and background-subtraction, is binned in 15” bins,
and smoothed with a Gaussian of ¢ = 30”. The contours are
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F16. 2—Comparison of background map and exposure map. (@) The radial profile of the background map (dashed line) and that of the exposure map (solid line)
are plotted in unit of counts per unit area, but the normalization is arbitrary to easily compare two profiles. (b) The rate as a function of radius is made by dividing the
image by the exposure map. The solid line is the source rate, the dashed line is the rate taken from the background map, the dotted line is the adopted background

rate, and circles with error bars are the net rate.
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F1G. 3.—Comparison of background maps obtained from other PSPC observations. From the top, they are rp600009, rp600008, rp600017, and rp600520. The
dotted line is the radial profile of the exposure map of this observation (rp60025401). The bottom two lines are radial profiles of the background maps of this

observations (rp600245 and rp60025401). Normalizations are arbitrary.

plotted in units of counts arcmin~2 ks~ !. The lowest plotted
contour is roughly at the 2 g level, corresponding to 0.4 counts
arcmin~2 ks~ !; other contours follow at 0.5 mag interval (i.c.,
a factor of 1.585). The figure shows two strong X-ray sources:
the stronger is at the center of the field, corresponding to the
optical position of NGC 507; the second strong source coin-

cides with NGC 499 at 13.6 to northwest of NGC 507. Both

sources were also detected with the Einstein IPC (Fabbiano et
al. 1992). Four more prominent point sources are present in the
ROSAT PSPC field: one at 7' to the southwest of NGC 507,
one at 18’ to the southwest of the NGC 507, and the other two
outside the central 20’ circle (see Fig. 1). Also noticeable are
many less intense peaks of emission near the edge of the X-ray—
emitting halo of NGC 507. While the X-ray image of NGC 507
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F1G. 4—Contour plot of X-ray image of NGC 507 and NGC 499. The lowest contour is 2 ¢ level (0.4 counts arcmin~2 ks ~!) and the step size is a factor of 1.585
(0.5 mag interval). The source number of 21 detected small sources is sorted by R.A.
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is in general spherically symmetric, the X-ray isophotes at 2'—3’
are less steep toward the first quadrant (PA = 270°-360°) than
that in the other directions.

2.3. Source Detection and Count Rates

X-ray count rates for NGC 507 and NGC 499 were
extracted from circular regions centered at their X-ray cen-
troids from the background-subtracted, exposure-corrected
image (as above). The X-ray centroids are (7668.2, 7622.9) and
(8349.2, 9104.9) in pixels and the radii are 1000” and 3007,
respectively (the radius was determined from the radial profiles
in § 2.4). All pointlike sources detected in the observed field
(described below) are excluded if they are within these radii.
We obtain 17627 + 196 counts and 5813 + 82 counts for NGC
507 and NGC 499, respectively.

The SASS detection method found more than 100 sources.

But it often found multiple detections for many sources partic-

ularly near the center of NGC 507 and NGC 499 probably
because of the presence of the diffuse extended emission. A
different method was followed to determine the existence of
individual sources. To detect sources, we first generated an
error map, which gives the statistical errors corresponding to
the smoothed map. By dividing the smoothed map by the error
map pixel by pixel, we then generated a signal-to-noise ratio
(S/N) map. We selected sources at above 5 ¢ in several
15" x 15" pixels by eye-examining this S/N map. In this way
we find 21 sources. The X-ray positions of these 21 sources are
listed in R.A. order in Table 2. These sources are marked in
Figure 4 with their source numbers taken from Table 2. All the
sources we detect were also found by the SASS method except
for source 1, which is partly hidden by the detector support
structure.
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Recently, Prestwich et al. (1994) and White et al. (1994)
pointed out that the filamentary features in A2029 found with
the ROSAT HRI by Sarazin, O’Connell, & McNamara (1992a)
may be not real and caused by applying an inadequate analysis
technique. These filaments in A2029 are small-scale features
(<10”) in the central 30" region with strong diffuse emission
and White et al. (1994) suggested that these may have been
resulted by a circularly symmetric modeling of the elliptically
shaped diffuse emission. However, the White et al. (1994)
approach, while explaining away the filaments in A2029, is not
necessarily a unique representation of the astrophysical object.
In our case, we detect a number of prominent pointlike
sources, far away from the central (almost circular) halo. It is
very hard to imagine how these could be produced by projec-
tion effects. Furthermore, the average PSPC spectrum of these
sources differs from that of the surrounding emission (§ 2.5.2),
proving that our detected sources are not produced by an
artifact of data analysis.

The count rate for each source is extracted from the circle
centered on the source. The diffuse emission relevant to that
position is then subtracted from the source counts. The count
rate of the diffuse emission and its error were estimated using
the radial profile at a given radius (see § 2.4). For sources 19
and 21 (at 28 and 42’ away from the center), background
counts extracted from the annuli surrounding the sources were
subtracted from the source counts. The results are summarized
in Table 2. Within the PSPC position uncertainty, these
sources do not match with any known SIMBAD object except
for sources 2 and 21. A star, HD 8216, and a galaxy,
Z0119.4+ 3300, are within 1!4 and 1'3 from source 2. A galaxy,
EQ 0123 +328, is within 3'4 from the center of source 21 (its
source size ~5'). We will discuss the possible nature of these
sources in § 4.

TABLE 2
OTHER SOURCES

Source X Y Source? Diffuse Emission® Net? Net Error®
Number Pixel Pixel Radius Count Rate Count Rate Count Rate Count Rate P
... 10219.70 6997.40 90” 7.94 1.01 6.93 1.28 0.94
2., 9981.20 7685.90 90 11.07 1.26 9.81 1.30 1.34
3. 9598.10 8046.20 90 7.49 1.72 5.77 1.13 0.79
4 ... 9398.00 7733.30 60 3.60 0.98 2.61 0.71 0.36
5 ... 9366.20 7307.90 90 6.60 2.11 4.49 1.00 0.61
6°...... 9196.10 6058.10 120 24.44 247 21.98 1.96 3.00
7 ... 8629.70 8522.60 60 7.45 1.54 591 0.85 0.81
8 ...... 8440.10 7637.00 60 5.45 392 1.53 0.77 0.21
9 ... 8371.40 8155.70 60 6.56 3.28 3.28 0.83 0.45
10 ...... 8343.20 7119.20 90 20.32 7.81 12.51 1.45 1.71
11 ... 8028.80 8307.80 60 7.08 398 3.10 0.84 0.42
12 ...... 8025.50 8865.50 60 8.14 1.44 6.70 0.86 091
13 ...... 7508.60 8918.00 60 4.81 1.63 3.18 0.74 0.43
14 ...... 7273.40 8628.50 60 4.87 2.07 2.81 0.72 0.38
15 ... 7023.20 6724.40 60 4.57 2.19 2.38 0.72 0.32
16 ...... 6895.40 7208.00 60 5.28 325 2.03 0.76 0.28
17 ...... 6887.60 8434.70 60 5.79 2.08 3.71 0.78 0.51
18 ...... 6625.40 6462.20 90 5.93 2.55 337 0.96 0.46
19°...... 6387.20 4544.60 180 106.78 2.83 103.95 393 14.18
20 ...... 6217.40 6906.50 90 6.83 2.44 4.39 1.00 0.60
21 ...... 2700.50 6720.50 300 215.14 1.40 213.74 5.45 29.15

# Count rate are in units of counts ks ~*. The diffuse emission is subtracted from the source counts. Its count rate and error were
estimated using the radial profile at a given radius (see § 2.4). For sources 19 and 21, background counts extracted from the annuli

surrounding the sources were subtracted from the source counts.

® Flux was calculated by assuming T = 0.5keV and Ny = 5.3 x 102° cm~2 and is in units of 10~ '3 ergss™* cm~2.
° Sources 1,2, 3, 6, and 19 are partly hidden by the detector structure.
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2.4. Surface Brightness Distribution—Radial Profiles
24.1. NGC 507

Assuming circular symmetry, we derived a radial profile of
the X-ray surface brightness measured in concentric rings cen-
tered on the X-ray centroid. Regions of NGC 499
(radius = 300”) and all the detected sources (radii and centers
from Table 2) were excluded. Due to the serious position
uncertainty at the lowest PI channels, known as the electronic
ghost effect (Plucinsky et al. 1993), we used only PI channels
above 20, which corresponds to 0.2 keV. However, the radial
profile is almost the same as that with all channels in our case.
Due to the recent report of the ghost effect which may affect up
to PI channel 25 (Fabbiano, Kim, & Trinchieri 1994), we also
derived a profile with PI channels above 27 but the results are
exactly the same. We also tried nonuniform radial bins to
make a signal-to-noise ratio at each radial bin similar, but the
results again do not differ greatly. The radial profile is shown
in Figure 5a. The emission is extended at least out to 1000”. We
fitted the observed radial profiles (r < 1000”) to the analytic
King approximation model, Ty ~ [1 + (r/a)?]~3#*°5, after
convolving this model with the PSPC point response function
appropriate for a 1 keV source. The best-fit parameters and
90% confidence regions (in parentheses) are: core radius, a =
3977(37"6—42"5) and slope, f = 0.449 (0.445-0.457). Given the
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~ 25" spatial resolution of the PSPC, the estimate of the core
radius is very uncertain. However, the power-law slope outside
the core radius can be relatively well determined from the
emission outside the core region. Where r > g, the X-ray emis-
sion falls as Ty ~ p~1:69(1.67-1.74)

This best fit is not acceptable, yielding y*> = 116 for 29
degrees of freedom. The fit residuals (Fig. 5a) show departures
of the observed data from the model at r = 90”150 (too high),
at r = 150"-350" (too low) and at r = 450"-650" (too high
again). The most significant is the bump at r = 450"-650". To
search for substructures in this radius range, we derived a ratio
map by dividing the image by a model image generated with
the best-fit radial profile (Fig. 6). Indeed many small clumps are
seen in this region, implying that the bump at r = 450"-650" is
likely to be due to the faint sources below the detection thresh-
old. To confirm that the excess emission in this bump is not
localized to a particular part of the image, we divided the
region into four angular sectors (four quadrants) and regener-
ated radial profiles for each angular bin. The bump exists in all
four bins. It appears strongest in the first quadrant
(P.A. = 270°-360°) and weakest in the fourth quadrant
(P.A. = 180°-270°). In the first quadrant, there may exist
enhanced diffuse emission between NGC 507 and NGC 499
(see Figs. 4 and 6). However, the best-fit parameters of a radial
profile obtained by excluding the first quadrant remain within
the estimated error.

-1

|
[aS)

Log Rate(cnts arcmin-2 sec™!)
|
w

—4 L1
1 1.5 2 2.5 3
10 E T T L “‘l N D 1 T T T T l T T T T :
E 3
L 7
B O B SO N
C Ll - m '] 3
_5 ;_ .

_10 F 1 1 1 1 l 1 1 1 1 | 1 L 1 1 I | I N
1.5 2 2.5 3
Log R (arcsec)
FiG. 5b

Fic. 5—Radial profiles of NGC 507 X-ray surface brightness. (a) Radial profile was made excluding NGC 499 and all the sources in Table 2, and the data at
r < 1000” was fitted to y ~ [1 + (r/a)*]~3#* 93, and (b) same as (a) but fitting is to the data at r = 0-450" and r = 650"-1000".

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995ApJ...441..182K&db_key=AST

J. D 124 182K

SAD

I'I_

188 KIM & FABBIANO

Vol. 441

FIG. 6.—A model image was made by the best-fit radial profile of NGC 507 and the image was divided by this model image, then smoothed with a Gaussian
o = 30". The small circles mark detected sources and the large annulus indicates the region (r = 450"-650") where the excess emission is seen.

We fitted the profile of the region r = 0"-450” and r = 650"—
1000” to exclude the bump. The best-fit slope is f = 0.461
(0.454-0.469), which corresponds to X, ~ p~1-77(1.72-1.81)
Such a flat radial profile is also found in the ROSAT observa-
tions of NGC 4636 (Trinchieri et al. 1994) and NGC 1399 (Kim
et al,, in preparation). Z, ~ r~2 is excluded at the 99% level.
Ty ~r 2 was suggested to be the typical surface brightness
profile of X-ray bright ellipticals from the analysis of the
Einstein data, although the Einstein range encompasses
Ty ~r 14-26) (e o Trinchieri et al. 1986; Fabbiano 1989).
The minimum ? is significantly reduced to 44 for 22 degrees of
freedom and even the observed data at the outer region
(r = 650"-1000") are well reproduced by the model. The major
differences are at the 90"—120” and 120”"-150" bins which con-
tribute 2 = 18 (see Fig. 5b).

To explore energy dependencies of the surface brightness
distribution, we derived radial profiles for two different energy
bands: 0.2-1.0 keV and 1.0-2.4 keV. This choice of energy bins
divides the counts roughly in half. Proceeding as above, we
find that the acceptable parameter ranges for the soft and hard
energy bins are clearly disjoint at the 99% level (Fig. 7). The
soft energy radial profile (the best fit is § = 0.442 for the whole
region and 0.454 for the region excluding r = 450"-650") is
flatter than the hard energy profile (8 = 0.461 for the whole
region) and 0.472 for the region excluding r = 450"-650"). The
90% confidence intervals on the best-fit core radius are 34"-37"
for the soft energy and 48”—51" for the hard energy, indicating

that the soft X-rays are more centrally concentrated than the
hard X-rays.

This finding is not affected by the energy-dependent point
response function (PRF) and energy-dependent exposure map

05 ———F——F———F—T———— 7

0.48

Slope

0.46 - <>

Soft
0.44 - —

n 1 s L L s 1 s s

30 50
40 Core Rad 60

F1G. 7—Contour plot of acceptable parameter ranges for the radial profiles
of soft and hard X-rays. The contours are at the 66%, 90%, and 99% con-
fidence levels.
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(vignetting effect). We checked the PRF effect by reestimating
the best-fit parameters using a 0.5 keV PRF for the soft band
and a 1.5 keV PRF for the hard band instead of a 1 keV PRF.
We also checked the vignetting effect by generating exposure
maps at seven different energy bands (Snowden et al. 1994) and
applying each exposure map separately to a given energy band.
Both effects cause the observed difference between the soft and
hard energy band to be even stronger but do not change the
results more than the error of our estimates. As remarked in
§ 2.1, uncertainties in the background subtraction will not
affect our results appreciably. In summary, the radial profile of
the surface brightness is a function of energy in such a way that
the softer X-ray photons are concentrated in the center more
strongly and fall less steeply in the outskirts. This is also con-
sistent with the spectral fitting results (§ 2.5).

24.2. NGC 499

In a similar fashion, we made a radial profile of the X-ray
surface brightness of NGC 499, using concentric rings centered
on its X-ray centroid and excluding sources 7 and 12. We again
used PI channels between 20 and 240. The X-ray emission in
NGC 499 is extended to ~300". As done for NGC 507, we
fitted the King approximation model to the observed data. The
best-fit model (Fig. 8) yields y2 = 8.3 for 7 degrees of freedom
with = 0.60 (0.58-0.63) and core radius = 4279 (39-46). The
radial distribution of the X-ray emission is much steeper than
that of NGC 507 (Z4 ~ r~2:% at r > a in NGC 499). A similar
steep X-ray surface brightness distribution was found in NGC
4649 with the Einstein IPC (Trinchieri et al. 1986).

2.5. Spectral Analysis

To extract the net source counts for the spectral analysis, we
also need to subtract the field background. However, we

-1 T T T T T T T T T | L T T
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FiG. 8—Radial profiles of NGC 499 X-ray surface brightness
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cannot use the method of § 2.1, because the vignetting is a
function of energy. Therefore, we have first determined back-
ground counts for each spectral channel from source-free
regions not hidden by the detector supporting structure, at
30'-40" from the field center. Then we have applied energy-
dependent vignetting corrections to these counts, before sub-
tracting them. Particle background was subtracted separately
but its contribution is very small. We tried different back-
ground regions, and we found that the uncertainty in the back-
ground could only affect our results in determining the
absorbing column density for the outer region of the NGC 507
emission (see also Trinchieri et al. 1994).

We used the IRAF/XRAY spectral software package, which
bins the 256 pulse height channels into 34 channels. To fit the
observed spectra to models, we used the Raymond thermal gas
emission model (a revised version of Raymond and Smith
1977) and the Morrison & McCammon absorption model
(1983). We also used XSPEC for an independent check of the
results and to be able to add together low-energy channels with
low statistics. The two software packages produce slightly dif-
ferent results but they are consistent within the error ranges
when their abundance tables are adjusted to have the same
value.

2.5.1. NGC 507

The spectral distribution of the background-subtracted
counts extracted from a circle with r = 1000” containing NGC
507 (after excluding NGC 499 and the detected sources listed
in Table 2) shows a strong peak at ~1 keV (Fig. 9), indicating
that the emission is mainly from thermal emission lines. This
spectrum, however, cannot be fitted with a single temperature
Raymond model with low-energy absorption and 100%
cosmic abundance (x> = 63 for 21 degrees of freedom). A
similar result was found by Trinchieri et al. (1994) for NGC
4636.

As was done in NGC 4636, we divided the emitting region
into several concentric rings to determine if there are radial
changes in the spectral parameters. NGC 499 and other

2000
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FiG. 9.—Spectral fit of the whole region of NGC 507 (r < 1000”) with a
single-temperature model with cosmic abundance.
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FiG. 10—Best-fit kT and Ny for various radial bins. The error bars are at the 90% confidence level.

sources in Table 2 were excluded as above. The results of the fit
to a single-temperature Raymond model with 100% cosmic
abundance (Allen 1973) are listed in Table 3 and the best-fit
parameters and their ranges at the 90% level (for two inter-
esting parameters, Avni 1976) as a function of radius are shown
in Figure 10. The spectral fits of the subregions are statistically
acceptable with reduced y? close to 1. The two innermost
radial bins have the highest reduced x> of ~1.4. On the
average, the emission temperature is close to ~1 keV (0.9-1.4
keV) as seen in other X-ray bright elliptical galaxies (Kim,
Fabbiano, & Trinchieri 1992; Trinchieri et al. 1994) and the
absorption column density is close to the Galactic line-of-sight
value (see Table 1).

The emission temperature increases from the center to the
2'-3 bin (from 1 to 1.3 keV). The temperature difference
between the first and third radial bin is significant at 3.5 o.
After 3', the temperature appears to decrease, but the decrease
is marginally significant (about 2 ¢). These results are consis-
tent with the energy dependence of the surface brightness
radial profile discussed in § 2.4, which shows a smaller core
radius and a flatter radial slope for the lower energy range.

The absorbing column density remains constant out to 5’
and similar to the Galactic line-of-sight value, 5.3 x 102°
cm~2, or log Ny =20.72 (Stark et al. 1992). The column
density appears to decrease after 5’ but is consistent with the
Galactic value within the 90% error.

We tried fitting the data with a two-component Raymond
spectrum and with a single-component spectrum, leaving the
abundance free to vary. The fitting parameters are given in
Table 4. In both instances we do not find appreciably better
values of x* and the radial dependence of kT seen in Figure 10

remain the same. The metal abundance is not well constrained
with these data. It may be lower than solar (down to ~30%)
but the acceptable range does not exclude solar abundance.
The data only constrain the abundance not to be much higher
than the solar value.

2.5.2. Pointlike Sources

Near the edge of the X-ray—emitting region of NGC 507 we
have detected 19 sources. Sources 19 and 21 are far from NGC
507 (r = 30') and may be not related with it. We tried to see if
these sources have different spectral properties from those of
the diffuse emission surrounding them. Since these sources are
weak, we co-added their spectra by summing the counts in
each spectral channel to increase the statistical significance (we
exclude source 1, 2, 3, and 6 because they are partly hidden by
the detector structure). The combined spectrum still contains
emission from the extended gas in NGC 507 as well as the
emission from the sources. This composite spectrum is com-
pared with that of the diffuse emission from the r = 420"-700"
radial bin in Figures 11a and 11b. The best-fit model prediction
for the radial bin r = 420"-700" (from Table 3) is plotted as a
solid line in both figures. It is clear that this model (with nor-
malization as a free parameter) cannot fit the combined spec-
trum of the point sources, yielding y2 = 66 for 24 degrees of
freedom (Fig. 11b). This point source spectrum definitely con-
tains excess emission at the low energies, indicating that the
sources have softer spectral property than the surrounding
diffuse gas.

Assuming that the spectrum at r = 420”"-700" is representa-
tive of the diffuse emission, we subtract this spectrum from that

TABLE 3
SPECTRAL PARAMETERS (1T Fit)

Channel log Ny (90%) kT (90%) Degrees of
Region Used (cm™?) (keV) 2 Freedom

0-60........ 5-30 20.71 (20.64-20.81) 098 (0.94-1.01) 32.40 23
60-120....... 5-30 20.65 (20.60-20.71) 1.06 (1.02-1.11) 31.93 23
120-180....... 5-30 20.73 (20.65-20.83) 1.32 (1.21-1.46) 17.93 23
180-300....... 6-30 20.64 (20.56-20.74) 1.17 (1.11-1.26) 25.60 22
300-420....... 5-30* 20.66 (20.52-20.83) 1.11 (1.07-1.20) 23.72 19
420-700....... 6-30° 20.60 (20.47-20.77) 1.08 (1.04-1.11) 22.75 20
700-1000...... 7-30° 20.49 (20.16-20.95) 1.04 (0.96-1.10) 14.29 18

* Channels 5,6 and 7, 8, 9, 10 are combined.
® Channels 6, 7, 8 are combined.
¢ Channels 8,9, 10, 11 are combined.
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TABLE 4
A. Two-CoMPONENT FiT*

log Ny kT kT Degrees of
Region (cm~2)  Primary Second  Norm® 12 Freedom
Adding a Hard Component (1.5-3.0 keV)
0-60 ........ 20.73 0.95 3.00 —0.50 30.47 21
60-120....... 20.69 0.95 299 0.11 18.38 21
120-180....... 20.76 0.86 1.52 1.13 15.54 21
180-300....... 20.69 1.05 3.00 0.11 17.49 20
300-420....... 20.49 0.89 1.51 0.54 14.54 16
420-700........ 20.52 0.95 2.95 0.07 12.31 18
700-1000...... 20.23 0.99 2.62 -0.57 11.73 14
Adding a Soft Component (0.1-0.5 keV)
0-60 ........ 20.72 0.98 0.46 —2.00 32.40 21
60-120....... 20.68 1.13 049 —-1.32 26.22 21
120-180........ 20.74 1.32 0.10 —-2.00 18.00 21
180-300....... 20.70 1.19 0.23 —141 22.16 20
300-420....... 20.50 1.21 045 —1.26 13.52 16
420-700........ 20.51 1.13 045 —1.21 13.41 18
700-1000...... 20.23 1.03 0.25 —1.94 11.61 14
B. WITH VARYING ABUNDANCE
log Ny (90%)° kT (90%)° Degrees of
Region (cm™~?) (keV) Abundance (90%)° x2 Freedom
0-60 ........ 20.71 (20.43-20.88) 1.01 (0.94-1.07) 099 (045~ ) 32.13 22
60-120....... 20.74 (20.61-20.86) 1.08 (1.02-1.12) 0.53 (0.29-1.00) 23.38 22
120-180....... 20.77 (20.63-20.95) 1.35 (1.17-1.55) 0.70 (0.31-1.52) 16.68 22
180-300....... 20.76 (20.61-20.93) 1.14 (1.09-1.30) 0.47 (0.26-0.95) 18.24 21
300-420....... 20.80 (20.58-21.10) 1.09 (0.96-1.18) 0.37 (0.12-0.98) 18.14 18
420-700....... 20.76 (20.56-21.05) 1.05 (0.94-1.11) 0.38 (0.16—0.84) 14.67 19
700-1000...... 20.55 ( -21.24) 1.04 (0.87-1.11) 0.73 (0.14- ) 14.03 17

# In two-component model fitting, the acceptable ranges are not well determined.
® Logarithm of the relative normalization to the first component.
° 90% confidence range with three interesting parameters.

of Figure 11b, after normalizing it to match its extraction area
to the total point source extraction area. This assumption is
reasonable because the spectra of the last three radial bins do
not differ significantly from each other (see Table 3). We also
used a spectrum taken from source-free regions close to each
source (having the same area as the source region) and we
reached similar results. The net spectrum after subtracting the
diffuse emission is shown in Figure 11c. This spectrum is soft
and is similar to that of ellipticals with the lowest Ly/Lg (Kim
et al. 1992; Fabbiano et al. 1994). As found by Fabbiano et al.
(1994), this spectrum can be fitted either with a thermal gas
model with a low abundance or a two-temperature gas model
with 100% solar abundance. In Figure 1lc, the best-fit low
abundance model is plotted as a solid line. The best-fit param-
eters are kT = 0.52 (0.28-0.86) and abundance = 0 (0.0-0.2)
solar, yielding x* = 6.7 for 9 degrees of freedom. The param-
eters of the two-component model are not well constrained. A
model with kT; = 0.1-0.5 keV and kT, > 1 and with similar
fluxes from the two components fits well the spectrum.

2.5.3. NGC 499

The results of spectral fitting to the NGC 499 data are sum-
marized in Table 5. The emission from the whole NGC 499
(r < 300") is not compatible with a single-temperature fit with
100% solar abundance, resulting in a best fit y> = 47.6 with 23
degrees of freedom. To explore radial changes in the spectral
properties as seen in NGC 507, we extract spectral data from

regions with r <2’ and r=2-5. When these data are
analyzed we find that the temperature decreases toward the
center, as seen in NGC 507. The best-fit column density is
consistent with the Galactic line-of-sight value. If the abun-
dance is allowed to vary, the minimum y? value are somewhat
reduced in the central bin, where the abundance is constrained
to be 18%-60% solar. A similar lower value of y2 in the central
bin is achieved by allowing the presence of two different tem-
perature components with solar abundance.

2.6. Fluxes and Luminosities

The X-ray fluxes of NGC 507 and NGC 499 were calculated
for each radial bin used for the spectral analysis with the
appropriate best fit kT and Ny (Tables 3 and 5). In the energy
range of 0.1-2.4 keV, Fy = 1.3 x 107! ergs s~ ! cm~2 within
r < 1000” for NGC 507; Fyx =4.0 x 107 !2 ergs s™! cm~2
within r < 300” for NGC 499. The total X-ray luminosity of
NGC 507 (adopted distance is 94.5 Mpc) is 1.45 x 10* ergs
s~ ', which makes this galaxy one of the X-ray brightest early-
type galaxies and comparable to poor clusters. The X-ray lumi-
nosity of NGC 499 is 5.3 x 10*2 ergs s~ !, lower but in the
range of gas-dominated ellipticals (Fabbiano et al. 1989; Kim
et al. 1992).

The flux of the point sources is given in Table 2. It was
calculated by assuming a Raymond thermal gas model with
T =0.5 keV and the Galactic line-of-sight absorption Ny =
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FiG. 11.—(a) Spectrum taken from r = 420"-700" and (b) combined spec-
trum taken from the pointlike sources. The solid lines both in (a) and (b) are the

same best-fit model prediction for the spectrum in (a). (c) Net source spectrum.
A normalized diffuse spectrum is subtracted from the source spectrum.

5.3 x 102° cm ™2 (Stark et al. 1992). These sources, if they are at
the same distance as NGC 507, would have X-ray luminosities
of 104°-10*! ergss .

3. COMPARISON WITH EINSTEIN RESULTS

The NGC 507/499 field was previously observed with the
Einstein IPC for ~9000 s. The IPC data of NGC 507 and
NGC 499 (Fabbiano et al. 1992; Kim et al. 1992) are consistent
with the PSPC estimates in terms of the X-ray flux and overall
spectral distribution. However, the spectral results of the two
observations differ. The most puzzling discrepancy between the
two observations is in the measurement of the low-energy
absorption. The IPC spectrum (Kim & Fabbiano 1991; see
Fabbiano 1993) requires excess absorption over that expected
from the Galactic line-of-sight Ny, while the PSPC spectrum
(this paper) is consistent with the Galactic value. The two
spectra are compared in Figure 12, where the best-fit model
predictions for the PSPC data (two-temperature thermal
model with kr, = 0.7 keV, kT, = 1.3 keV and log Ny = 20.7)
are plotted on the data to illustrate the difference. We consider

Vol. 441
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two possibilities: (1) an extra absorbed, hard emission com-
ponent or (2) an unknown systematic error. There may be a
very absorbed, hard emission component (perhaps associated
with the active nucleus) which is seen in the IPC observation,
but not in the PSPC observation due to the different energy
response of the two instruments. This would effectively mimic
the excess absorption required by the IPC data. We used
various models such as multiple components, edges, and
partial covering to imitate such an effect. These complex
models considerably reduce %2 in the joint fitting but the fit is
still not acceptable (x> =48 for 27 degrees of freedom).
Another possibility is that the IPC data are affected by
unknown systematics. Fiore et al. (1994) compared ROSAT
and Einstein spectra of a quasar sample and found a systematic
discrepancy similar to that in Figure 12. ASCA and AXAF
observations with response up to ~10 keV may resolve the
inconsistency. For the moment, we can conclude only that no
excess absorption is required to explain the ROSAT PSPC
data.

4. DISCUSSION

The intensity and extent of the X-ray emission of NGC 507
and NGC 499 and their spectral properties strongly argue for a
centrally cooling, hot extended halo. Both emission com-
ponents from stellar sources in NGC 507 and NGC 499 (see,
e.g, Kim et al. 1992) and X-ray emission from the active
nucleus of NGC 507 (Fanti et al. 1987; we assume a typical
X-ray-radio ratio, see Fabbiano et al. 1989) would not be
detected with our data.

Although we are fairly confident of the radial behavior of the
temperature of the X-ray—emitting gas in both cases, our mea-
surements cannot set very strong constraints on the metal
abundance of this medium, although solar values are allowed.
There is a basic uncertainty in the interpretation of PSPC
spectra (see Fabbiano et al. 1994 and Trinchieri et al. 1994),
which do not permit a unique choice of emission model. Only
in the inner regions of both NGC 507 and NGC 499, a thermal
gas model with low abundance can reproduce the observed
spectra slightly better (slightly reduced minimum x?) than the
model with solar abundance. However, a similar good fit can
be obtained with two-temperature thermal models with solar
abundance. To accurately measure abundance (without ambi-
guity of model dependency), a high spectral resolution obser-
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TABLE 5
A. SPECTRAL PARAMETERS (NGC 499)

193

Channel log Ny (90%) kT (90%) Degree of
Region Used (cm™2) (keV) 2 Freedom
0-300...... 5-30 20.76 0.81 47.59 23
0-120...... 6-30 20.65 (20.57-20.77) 0.77 (0.74-0.80) 29.90 22
120-300...... 6-30° 20.74 (20.51-21.43) 0.92 (0.80-0.99) 19.69 16
B. Two-COMPONENT FIT®
log Ny kT kT Degree of
Region (cm™?) Primary Second Norm*® 2 Freedom
Adding a Hard Component (1.5-3.0 keV)
0-120......... 20.74 0.66 1.73 -0.12 12.84 20
120-300......... 20.30 0.89 3.00 —0.08 17.84 14
Adding a Soft Component (0.1-0.5 keV)
0-120......... 20.77 0.95 0.50 —-0.22 16.58 20
120-300......... 20.00 0.99 0.50 —1.14 20.04 14
C. WITH VARYING ABUNDANCE
log Ny (90%)* kT (90%)¢ Degrees of
Region (cm™?) (keV) Abundance (90%)* I Freedom
0-120...... 20.86 (20.71-21.02)  0.72 (0.67-0.77) 0.29 (0.18-0.60) 14.78 21
120-300...... 20.92 (20.75-21.53) 0.88 (0.81-0.99) 0.46 (0.17-1.63) 16.94 15

2 Channels 6, 7, 8,9 and 10, 11, 12 are combined.

® In two-component model fitting, the acceptable ranges are not well determined.
¢ Logarithm to the relative normalization to the first component.
4 90% confidence range with three interesting parameters.

vation of individual lines which will be provided by ASCA and
AXAF is crucial.

In the following sections, we will discuss the implications of
our results for the physical status of the hot interstellar
medium (ISM) and for the measurement of the binding masses
of NGC 507 and NGC 499. We will also discuss possibilities
for the nature of the population of unresolved sources found
surrounding NGC 507.

4.1. Gas Parameters

To estimate the three-dimensional density distribution of the
X-ray—emitting gas, we have used the deprojection scheme

described in Kriss et al. (1983). To do this, we implicitly assume
that the hot gas is homogeneous, i.e., the physical status of gas
in a given radius can be represented by one temperature and
density. The deprojected density profile of NGC 507 is shown
in Figure 13a. To derive this profile the best-fit temperatures
determined by the spectral analysis for each annulus (in Table
3) were used. To exclude the bump at r = 450"-650", the
surface brightness at this radius was interpolated using the
best-fit parameters (§ 2.4.1). The solid line is the best-fit model,
n, ~ [1 + (r/a)*]1~*-># with B = 0.463. This slope is consistent
with the radial surface brightness distribution, since the gas
temperature does not vary significantly. The shoulder at 90"
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r h 600 [— -
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3 1000 [— ] =]
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FiG. 12—Comparison of (a) the ROSAT PSPC and (b) Einstein IPC spectra of NGC 507. The best-fit model for the PSPC spectrum is plotted in both figures.
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150" seen in the surface brightness profile (Fig. 5) is even more
pronounced in the density profile. This is partly because the
temperature at this radius is highest so that the cooling func-
tion is lowest.

Using these density and temperature distributions, we esti-
mate the cooling time as a function of radius (Fig. 13b). The
cooling time is given as t, = 1.5 nkT/n,ny A, where n, n,, and
ny are the total particle density, electron density, and hydrogen
density, respectively, and A is the cooling function. The con-
stant is in the range of 1-2.5, depending on its definition (see
Sarazin 1988). The cooling time in the center is ~10° yr,
smaller than the Hubble time. The cooling radius (ie., the
radius at which the cooling time is equal to the Hubble time,
ty = 10'% yr)is ~200” (~92 kpc).

‘Since the X-ray-emitting gas temperature of NGC 499 does
not change greatly as a function of radius, we assume isother-
mality in this case to estimate the electron density and cooling
time. We find that the electron density at the center is
~4 x 1072 cm™? and then falls radially as ~r~!% The
central cooling time is ~10° yr and the cooling radius is ~ 3’
(~82kpc).

4.2. Dark and Visible Mass

Using the spatially resolved spectra, we have determined
temperature and density as a function of radius (Figs. 10 and
13a). With these measurements we can derive an accurate esti-
mate of the gravitational mass outside the core region.

To determine the total gravitational mass, we use power-law
descriptions for density and temperature gradients which are
reasonable approximations in our case in the region well
outside the core radius. If we assume T ~r~*and N, ~ r~ 3,
at a given radius r the binding mass will be given, assuming
hydrostatic equilibrium (e.g., Fabricant & Gorenstein 1983), by

MA(My) =18 x 101238 + a)(l IZ;V>

N r d
103 arcsec /\ 10 Mpc/

Similarly, the mass-to-light ratio scales as
M T

B

T
= -210B/2.5
= 1.16 x 107*10%*°(38 + a)(l keV)

y r d -1
10® arcsec /\ 10 Mpc/ °

In both equations r is the radius within which the mass is
determined and T is the temperature of the X-ray—emitting gas
at this radius. In these equations we implicitly assume that the
external pressure is negligible. Although in absence of a mea-
sured radial dependence of T the presence of high external
pressure could lead to the erroneous conclusion of the presence
of massive dark halos (Vedder et al. 1988; Bertin et al. 1993),
this is not the case in NGC 507 because a radial temperature
profile has been measured. There is no evidence for an out-
wardly increasing temperature, which would be appropriate
for the model with significant external pressure.

We estimate a mass outside of 3’ where the density and
temperature gradients are almost constant and are not seri-
ously affected by the unresolved, cooling core. We take
p =0.461 (0.54-0.469) from § 2.4 and we determine a = 0.1
(0.05-0.2) at r = 180"-1000" from Figure 10. The estimated
total mass within r, M(<r) is shown in Figure 14. The error
bars include the errors in temperature and its gradient as well
as the error in density gradient. Since the temperature gradient
is small, M (<r) increases almost linearly as r. The total mass
within the outermost radius (1000”) is 2.2 x 10'3 (1.8
2.6 x 10'3) M, which corresponds to M /Ly = 97 (81-113),
where Ly includes the optical luminosity of NGC 508. We used
H =50 km s™* Mpc~! for the adopted distance. If we used
H = 100, the mass would be half and the mass-to-light ratio
double.
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F1G. 14.—Radial dependence of binding mass of NGC 507

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995ApJ...441..182K&db_key=AST

J. D 124 182K

SAD

rt

No. 1, 1995

Similarly, to estimate the gravitational mass of NGC 499, we
used T =09 keV at r=300", $=0.62, and =0 (ie,
isothermal). The total mass is then 9.5 x 10'2(8.2-11.0 x 10'2)
M  within r = 300" (137 kpc) and the mass-to-light ratio is 89
(76-104).

Our estimates indicate large amounts of dark matter in both
NGC 507 and NGC 499. If the mass-to-light ratio of stellar
matter is 8, the estimated stellar mass of NGC 507 (including
NGC 508) is M(star) = 1.8 x 10'> M which is ~8% of the
total mass. The estimated total gas mass of NGC 507 is
<24 x 1012 M o> <11% of the total mass. For NGC 499, the
stellar and gas mass are ~8.5 x 10*' Mg and <2.3 x 10!
M, which are about 9% and 2% of the total mass, respec-
tively. The gas mass estimated with the X-ray data is an upper
limit because we assumed a filling factor of 1. Since the X-ray
emissivity depends on a square density, the gas mass for the
same X-ray flux can vary largely depending on the unknown
volume filling factor (~f 1/2). We will show in § 4.3 and 4.4 that
the hot gas may be clumpy within the cooling radius as well as
outside the cooling radius. Therefore the above can be used to
derive upper limits of the baryonic fraction of ~19% and
~11% in NGC 507 (r < 458 kpc) and in NGC 499 (r < 137
kpc), respectively.

As it has been frequently noted (for example, see Forman,
Jones, & Tucker 1985; Trinchieri et al. 1986), the mass esti-
mated using X-ray data strongly depends on the radius to
which X-ray emission can be detected. This radius is ~ 1000” in
NGC 507 and two other galaxies with very extended X-ray
emission observed with ROSAT (NGC 1399 and NGC 5044;
Jones et al. 1994 and David et al. 1994), because this radius is
just inside the PSPC detector supporting structure (see Fig.
15). The circular PSPC support structure at ~20’ prevents an
accurate estimate of X-ray emission outside this position. Until
the background of the PSPC is better understood, the X-ray
emission outside the 20’ circle is very uncertain. The masses
quoted in these three studies are almost proportional to the
radius quoted. If one estimates the mass within a certain linear
distance (say, 100 kpc) from the center, then the masses are
almost the same (a few times 10!'?> M) because all three gal-
axies have similar gas temperature and their gas is almost
isothermal. The different density gradients make the masses
different by ~60%. Note that the slope of the surface bright-
ness distribution may not directly reflect the binding mass in
the case of inhomogeneous cooling flow (see §§ 4.3 and 4.4). If
this is the case in NGC 507, an additional uncertainty on the
mass measurement is present.

These uncertainties and the uncertainty on the filling factor
of the X-ray—emitting gas (which could be clumpy, see §§ 4.3
and 4.4) make very tentative any conclusions based on the
baryon fraction of these galaxies. As remarked by Briel, Henry,
& Bohringer (1992) and David et al. (1994), baryon fraction
26% would be inconsistent with Q =1, if Q,hZ, = 0.05
+ 0.01 (Walker et al. 1991). Recent measurement of the deute-
rium abundance reduces Q, hZ, to 0.02, making the discrep-
ancy more serious (Songaila et al. 1994). David et al.’s (1994)
measurement of NGC 5044 and our measurement of NGC 507
suggest larger baryon fractions. However, for the above
reasons these measurement are really upper limits (see also
Ponman & Bertram 1993).

It is not clear how much of the dark halo of NGC 507 is
bound to the galaxy and how much belongs to the galaxy
group. The mass estimated by the observed X-ray data is larger
than for the typical isolated early-type galaxy, for example,
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F1G. 15—Comparison of radial profiles of X-ray surface brightness of
NGC 1399 (open circle), NGC 5044 (cross), and NGC 507 (open square). The
big filled circles, triangles, and squares indicate positions at r = 1000” from the
center (outer set), positions of the cooling radius (middle set), and positions
where the measured temperature peaks (inner set) for NGC 1399, NGC 5044,
and NGC 507, respectively. The dips at 140 kpc for NGC 1399, 300 kpc for
NGC 5044, and 580 kpc for NGC 507 are due to the detector structure.

NGC 4636 where the mass-to-light ratio is ~ 30 (Trinchieri et
al. 1994). The X-ray luminosity is at the highest end of those of
the observed galaxies (Fabbiano, Kim, & Trinchieri 1992) and
comparable to those of poor clusters (Kriss et al. 1983). The
emission temperature is typical of early-type galaxies and
much lower than that of rich clusters (for example, David et al.
1993) and at the lowest end of the poor cluster temperature
distribution (Kriss et al. 1983). The almost isothermal tem-
perature gradient is also similar to that of typical elliptical
galaxies (e.g, NGC 4636, Trinchieri et al. 1994; NGC 4472,
Forman et al. 1993) and is in contrast to a large positive gra-
dient found in clusters, for example, in the Virgo Cluster
around M87 (e.g., Fabricant & Gorenstein 1983). The velocity
dispersion of the NGC 507 group is about 600 km s ~! (Wegner
et al. 1993). The virial mass is then 2.5 x 10'* M within 1
Mpc. Although the virial mass is uncertain, it is an order of
magnitude larger than the mass estimated with the X-ray data.
The emission-averaged temperatures of clusters of galaxies are
well correlated with their velocity dispersions (Edge & Steward
1991; Lubin & Bahcall 1993), indicating that the hot gas is in
hydrostatic equilibrium under the gravitational potential
specified by the velocity dispersion. The group velocity disper-
sion of the NGC 507 group (595 km s ', Wegner et al. 1993) is
far in excess to that expected for its temperature (~ 1 keV) from
this relationship (~330 km s~ ! is expected for 1 keV). This
may imply that the observed hot gas may be bounded mainly
by the galaxy gravitational potential, including the heavy halo.
In the outer region, some of the group potential may play a
role, but not all the mass in the group seems to work to hold
the observed hot gas.
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4.3. Implications for Cooling Flow Models

The temperature decrease toward the center found in NGC
507 (also possibly in NGC 499) is clear evidence that the gas is
cooling. Indeed the cooling time in the center of NGC 507 and
NGC 499 is ~10° yr, much shorter than the Hubble time.
Unless it is being reheated, the gas must flow in.

In the case of homogeneous inflow (i.c., no mass deposition),
the hydrodynamic equations can be written as

14 (r*pv) = 0 (or, M = 4nrpy) ,
2dr

dP_ oM
a2 P
dE P dp 2
Nl AN |
p dr pvdr p

Here p, v, P, and E are the density, flow velocity, pressure, and
thermal energy (3kT/2umy) of the gas. M is the total binding
mass within r and A is the cooling function. We assume a
steady state condition which is valid within the cooling radius,
where the flow time (cooling time) is shorter than the age, ie.,
t, < ty. The first equation (continuity equation) mean a con-
stant mass inflow rate, the second one is the equation of hydro-
static equilibrium and the third one is the equation of energy
conservation. Since the gas is almost isothermal (which is valid
down to the position of the temperature peak), then the energy
equation is simply reduced to

— gy A

p dr P
or, after substituting the pressure gradient with the gravita-
tional potential gradient,

GM
po—=—pA.

This equation simply means that the potential energy gain of
the inflowing gas is balanced with the radiative loss by the
X-ray emission. If we write the gas density and velocity as
p~r" and v~ r" 2, making them satisfy the continuity
equation, then from the energy equation, p ~ r~ -3, which cor-
responds to y ~ r~ 2. This equation is valid in the case of a
homogeneous, isothermal, steady state inflow (i.., inside the
cooling radius and outside the region where the temperature is
decreasing). Outside the cooling radius, the steady state condi-
tion is not valid because the flow time is very large. On the
other hand, the assumption of homogeneity and isothermality
is not valid in the cooling region where the temperature
decreases inward.

Combining the three hydrodynamic equatlons, one can
write the constant mass inflow rate, M = 4nr?p?A/GM/r? (see
also eq. [1] of Canizares, Steward, & Fabian 1983) The mass
1nﬂow rate at the cooling radius of NGC 507 is M ~ 40 M
yr~!. Similarly, we can estimate the average cooling rate
w1th1n the cooling radius by dividing the energy loss rate by
the enthalpy of the gas M = (2umy; Ly)/(5kT), where Ly is the
bolometric X-ray luminosity inside the coohng radms The
average cooling rate of NGC 507 is ~35 Mg yr- !, The mass
mﬁow rate at the cooling radius of NGC 499 is M ~ 30 M,
yr ! and the average cooling rate is ~20 Mg yr 1.

If all the cooling gas is falling into the center, we would have

KIM & FABBIANO

Vol. 441

a central peak of the surface brightness much more pro-
nounced than observed. Some of the hot gas will cool locally
and drop out of the overall inflow and hence the actual inflow
rate inside the cooling radius will become smaller as gas flows
toward the center. The local excess at r = 90"-150" (41-69 kpc)
seen in both surfacce brightness and density of NGC 507 could
be an example of the increased local cooling within the cooling
radius. High-resolution spectral/spatial observations are
necessary to confirm this hypothesis. The detailed process of
how mass deposition occurs as a function of radius is not easily
determined because a priori knowledge of the distribution of
the gravitating mass (i.e., the potential) is needed (Arnaud
1988; see also David et al. 1984). With our data we can deter-
mine this well only outside the cooling radius (see Fig. 14 and
§4.2).

To assess how much the potential varies particularly inside
the cooling radius, we compare the X-ray surface brightness
profile of NGC 507 with those of two other galaxies in poor
groups. This comparison suggests that the mass deposition
rate and the shape of the potential may vary widely from
galaxy to galaxy. These three galaxies (all observed with the
ROSAT PSPC) are NGC 507, NGC 1399 (Jones et al 1994)
and NGC 5044 (David et al. 1994). They are similar in many
respects, for example, cluster richness (all three are poor in
clusters or galaxy groups), X-ray temperature (all three have
kT ~ 1 keV) and central cooling core (all three show tem-
peratures decreasing toward the center). However, their surface
brightness distributions differ widely. Beyond the core radius,
Ty ~r 1 in NGC 1399 (Jones et al. 1994) and £y ~ r =22 in
NGC 5044 (David et al. 1994), while we find Zy ~r~ % in
NGC 507 (§ 2.4.1). The X-ray radial profiles of the three gal-
axies are compared in Figure 15, where the profiles are plotted
against the linear distance from the center (as those authors, we
adopted D = 24 Mpc and 52.2 Mpc for NGC 1399 and NGC
5044, respectively). We marked with three large, filled symbols
in each radial profile the position of the temperature peak, the
cooling radius, and the outermost radius (~ 1000”), where the
X-ray emission can be accurately measured.

These three positions divide the surface brightness profiles
into four subregions: (1) within the temperature peak (down to
a few kpc) where the temperature decreases inward, i.e., the
cooling gas is mainly deposited; (2) between the point where
the temperature stops decreasing and the cooling radius where
the assumption of steady state, homogeneous, and isothermal
flow may be valid; (3) between the cooling radius and the
outermost radius (~ 1000”), where the binding mass can be
well determined by the X-ray data; and (4) outside ~ 10007,
where the X-ray data are very uncertain.

In region (2), between the temperature peak and the cooling
radius, the slopes of the radial profiles are similar. Within this
region, the uncertainty in our measurement is such that tem-
perature could be constant, and the gas could still be in cooling
flow regime. These slopes are close to Zy ~ r~2 as expected for
a homogeneous, isothermal gas flow. However, if there is a real
temperature peak (i.e., the temperature is decreasing radially),
this result may be just coincidental. In this case, a cooling flow
would be restricted only to the region within the temperature
peak.

In the region where the gas temperature decreases inward
(region 1), the X-ray profiles begin to differ and keep the trend
down to a few kpc radius. Inside a few kpc, the PSPC data of
NGC 1399, the galaxy closest to us, suggest a change in slope.
The ROSAT HRI observations of NGC 1399 confirm this
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central peak (Kim et al. 1994). NGC 5044 and NGC 507 may
also contain such a central peak which would be unresolved
with the ROSAT PSPC. HRI observations are required to test
this.

It is difficult to interpret the radial profile in region (1) from
the position of the temperature peak to a few kpc (excluding
the central peak of NGC 1399, because we do not have compa-
rable data for the other two galaxies). If one assumes that the
shape of the potential is similar in the three cases, the different
X-ray radial profiles may imply that the cooling flow of NGC
1399 deposits mass at large radii while that of NGC 5044
deposits mass mainly at the center; NGC 507 would be an
intermediate case. Qualitatively this argument may be correct.
However, the exact amount of mass deposition as a function of
radius may differ from this simple scenario because the deter-
mination of the mass deposition process is closely coupled with
the shape of the potential, which we cannot determine with the
X-ray data.

Outside the cooling radius (region 3), the gas is not in a
steady state because the flow time is much larger than the
Hubble time. However, the equation of hydrostatic equi-
librium is valid because the sound crossing time of the ~ 1 keV
gas is short. This justifies the use of this equation in determin-
ing the binding mass in § 4.2. The different slopes of the X-ray
radial profiles reflect the difference in the binding mass.
However, the gas may not be homogeneous even outside the
cooling radius. We will discuss the possibility in § 4.4. Then the
different slopes represent mixed effects of different binding
masses and inhomegeneities.

The possibility that the potential in region (4) (r 2 1000”),
where X-ray data cannot determine a mass, may vary is sug-
gested by a comparison of the optical velocity dispersion of
group galaxies in the three cases with the stellar velocity dis-
persion of each dominant galaxy. The Fornax group where
NGC 1399 resides has the lowest group velocity dispersion
(~325km s~ !; Ferguson & Sandage 1990) while the NGC 507
and NGC 5044 groups have higher velocity dispersions (595
km s~! and 474 km s~ ?, respectively; Ferguson & Sandage
1990 and Wegner et al. 1993). The ratio of the group velocity
dispersion to the galaxy velocity dispersion may be used as a
measure of the shape of the potential in the region between the
galaxy scale and the group scale. NGC 1399 has the lowest
ratio (~1) and NGC 5044 has the highest ratio (~2) while
NGC 507 is intermediate (1.6). A recent measurement using
globular clusters confirms the low-velocity dispersion of the
NGC 1399 group (Grillmair et al. 1994). Unless the optical
measurements are contaminated by nongroup members or the
velocity is not isotropic, the wide range of the velocity disper-
sion ratios indicates that the group velocity dispersion mea-
sures the potential in a much larger scale than the outer limit of
the gas distribution. To confirm the difference in the shape of
the potential in a larger scale suggested by the optical data,
X-ray data in such a larger scale are necessary. These may be
obtained by better understanding the field background and/or
obtaining long off-center exposures of these galaxies.

The X-ray surface brightness of NGC 499 is quite in contrast
to those of the three galaxies mentioned above in that its X-ray
distribution is very steep (Zy ~ r~ 2-%). The steepness is at the
highest end of those measured with Einstein X-ray bright early-
type galaxies (see Fabbiano 1989). The hot gas in NGC 499 is
likely maintained by the steep galaxy potential (i.e., the poten-
tial of the NGC 507 group does not have a significant effect).
This is also indicated by the relatively small extent of the X-ray

ROSAT OBSERVATIONS OF NGC 507 AND NGC 499

197

gas. The steep surface brightness distribution of NGC 499 may
imply that most of gas is falling toward the center before con-
densing at a large radius, as suggested by the presence of a
possible cool core and the short cooling time at the center. It
may also be interpreted as a stripped gas distribution due to
tidal interaction with NGC 507.

4.4. The Unresolved Sources in the Halo of NGC 507

As discussed in § 2.3 (see Table 2) 19 faint pointlike sources
are detected above 5 ¢ near the edge of the X-ray—emitting gas.
The number of sources found in this observation is about twice
that expected by chance in the corresponding area of sky with
a comparable flux threshold (estimated using deep survey field
data by Hasinger et al. 1993), indicating that many of the
detected sources are related with NGC 507 or its group.

Except for a few very bright sources (such as sources 6, 10,
19, and 21), the X-ray luminosities of these sources are in the
range of 10*°-10*! ergs s~ ! assuming they are at the distance
of NGC 507. These values are far in excess of those expected
for binary stars or globular clusters associated with NGC 507
(e.g., Fabbiano 1989). Their average spectrum is also soft (Fig.
11¢) in contrast to the hard spectrum expected from X-ray
accretion binaries. The composite spectral distribution of these
sources is reminiscent of that of elliptical galaxies with the
lowest Ly/Lg (Kim et al. 1992; Fabbiano et al. 1994). However,
given their luminosities, it is highly unlikely that they could be
due to the integrated emission of the soft stellar sources
invoked to explain the emission of X-ray faint ellipticals
(Fabbiano et al. 1994). With the possible exception of two of
them, these sources do not have any obvious optical counter-
part (see § 2.3). In this they are similar to otherwise more lumi-
nous sources found near the clusters of galaxies A1367
(Bechtold et al. 1983) and A2256 (Henry & Briel 1991).

We speculate that these sources may be cooling clumps in
the cooling flow even though they lie outside the cooling
radius. A local high-density blob will cool more rapidly than
the surrounding gas and the cooler clumps are then dropped
out of the general inflow and remain at large radii. The spectral
properties of these sources indicate that they are cooler than
the diffuse gas at the same radius (Fig. 11). The fainter sub-
structures (see Fig. 6) causing a bump in the radial profile at
450"-650" (see¢ Fig. 5) may also be due to local cooling. The
spectral behavior of the surface brightness (Fig. 7) is in agree-
ment with the hypothesis of mass deposition at large radii. The
cooling gas at large radii will produce much stronger soft emis-
sion in the outer region (see White & Sarazin 1987b; Vedder et .
al. 1988; Sarazin & Ashe 1989). This is what our observations
suggest, i.e., the radial profile is flatter in the soft energy band
(0.2-1.0 keV) than in the hard energy band (1.0-2.4 keV).

It is not clear how density fluctuations are originally intro-
duced into the hot gas and how cooling clumps form and
evolve through thermal instability (Balbus & Soker 1989; Loe-
wenstein 1989; see Fabian, Nulsen, & Canizares 1991 for a
review). In particular, Balbus & Soker (1989) have shown that
the linear thermal instability does not grow and produces just
a buoyant oscillation. Fabian et al. (1991) suggested that
density inhomogeneities might be initiated by some dynamical
effects (such as stripping of gas, winds, infall, etc.). In NGC 507,
there is some evidence of dynamical perturbations. Within its
optical radius, there is a possible interacting galaxy, NGC 508,
at 15 away (5 times less bright than NGC 507). Optical obser-
vations of the surface brightness distribution reveal shell fea-
tures around NGC 507 (Arp 1966; Prugniel, Davoust, & Nieto
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1989), which are often interpreted as evidence of interaction
(e.g., Malin & Carter 1983; Schweizer 1990). The density inho-
mogeneities may also be related to the tidal interaction with
NGC 499.

However, these sources look like unresolved point sources
rather than like filaments as seen in the central regions of
cooling flow clusters, 2A 0335+096 and A2029 (Sarazin,
O’Connell, & McNamara 1992a, b). If these sources are
cooling clumps, their electron density must be larger than
~1073 cm™3 for the cooling time to be shorter than the
Hubble time. Then the upper limits of their size and mass are
~14 kpc and 3 x 103 M o- At the distance of NGC 507, the
angular size would be <05, therefore it would appear as a
pointlike source with the PSPC. High-resolution spatial/
spectral observations will be very important to establish if they
are cooling clumps.

5. SUMMARY AND CONCLUSIONS

We have observed the field containing NGC 507 and NGC
499 with the ROSAT PSPC for a total of ~20,000 s. With this
deep observation we have studied in detail the X-ray properties
of these galaxies. Our results are summarized below.

1. In both galaxies the Ly/Lg ratio is far higher than that
expected from the integrated emission of a population of X-
ray—emitting stellar sources, suggesting that the emission is
dominated by hot, gaseous components. In both cases the
average spectral distribution of the PSPC counts support this
conclusion, presenting a very pronounced peak near 1 keV,
which can be explained with the blended contribution of
thermal line emission. The X-ray halo of NGC 507 is also far
more radially extended than its optical stellar emission.

2. We detect a total of 17,600 counts from NGC 507, corre-
sponding to an X-ray flux of 1.3 x 107! ergs s~ ! cm ™2 with
1000” (458 kpc) and luminosity of 1.45 x 10*3 ergs s~ ! in the
energy range of 0.1-2.4 keV (D = 94.5 Mpc).

3. NGC 499 is detected with 5800 counts within 300" (137
kpc), corresponding to Fy = 4.0 x 10712 ergs s™! cm ™2 and
Ly =53 x 10*%ergss™1.

4. The X-ray emission of NGC 507 is extended at least out
to 1000” (458 kpc at a distance of 94.5 Mpc). The surface
brightness distribution outside the core region of NGC 507
declines as Ty ~ r~ 8, Both core radius and gradient of the
surface brightness are function of energy such that the surface
brightness is both more centrally concentrated and flatter at
the outer radii for softer rather than harder X-rays.

5. The X-ray—emitting temperature of NGC 507 is near ~ 1
keV but there is clear cooling at the center and possibly at the
outer radii. The temperature peaks at a radius of 2’3’ (55-82
kpc). The absorption column density is consistent with the
Galactic line-of-sight value at all radii. We cannot set a strong
constraint on the metal abundance of the X-ray—emitting gas.
Values ranging from 30% up to 100% of solar value are
acceptable. A better definition of the spectral parameters and
of emission model will require higher resolution data (see also
Trinchieri et al. 1994).

6. We detected 19 weak pointlike sources near the edge of
the X-ray—emitting region of NGC 507. Their spectrum is on
average softer (~0.5 keV) than that of the X-ray emission at a
similar radius from the center. Their fluxes are in the range of
1074 to 10713 ergs s~ ! cm ™2 and if they are associated with
NGC 507, their luminosities are in the range of 10*°~10*! ergs
s~1. The number density of these sources is well in excess to
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that of the expected background sources, indicating that a
good fraction of them (~ 1) are associated with NGC 507.

7. The surface brightness distribution of NGC 499 is steep
(Zx ~ r~29), in contrast to that of NGC 507, but in the range
of those measured with Einstein in X-ray bright early-type
galaxies (see Fabbiano 1989). Its emission temperature is also
near 1 keV and there is a suggestion of cooler core. The choice
of the spectral model is more uncertain than in NGC 507; both
a low-abundance model and a two-temperature solar abun-
dance one give a better fit to the core emission. This is remi-
niscent of the results on NGC 4636 (Trinchieri et al. 1994).

These results suggest the following.

1. Both NGC 507 and NGC 499 contain large amounts of
dark matter; total binding masses are 2 x 10!® M, within 458
kpc and 9 x 10'? within 137 kpc, respectively, yielding
M /Ly ~ 100 in both cases. The baryonic mass (including
stellar and gas masses) is $19% for NGC 507 and <11% for
NGC 499. The upper limits are due to the unknown volume
filling factor of the hot gas which could be clumpy.

2. Both galaxies are experiencing cooling flows. The central
cooling time is ~ 10° yr in both cases, shorter than the Hubble
time. The cooling radius is at ~200” (~92 kpc) in NGC 507
and ~ 180" (82 kpc) in NGC 499. Within the cooling radius,
the cooling rate is roughly 30-40 M, yr~! in NGC 507 and
20-30 M, yr ! in NGC 499.

3. By comparing the NGC 507 X-ray surface brightness
with those of two other galaxies observed with the PSPC,
NGC 5044 and NGC 1399, we find that the surface brightness
distributions vary widely in otherwise similar galaxies. Only in
the region between the point where the temperature stops
decreasing and the cooling radius (where one may assume the
isothermal, homogeneous, steady state condition), the radial
profiles of the three galaxies are similar to Zy ~r~2, as
expected. This wide variation of radial profiles may indicate
significant variation in the mass deposition rate as a function
of radius. However, the shape of the potential may vary as well
in the cooling regions where X-ray data cannot accurately
measure the binding mass (and potential gradient). A compari-
son of stellar and galaxy velocity dispersions in the three cases
also suggest differences in their potentials in the radius range
between the galaxy scale and the group scale.

4. We speculate that the unresolved, soft sources are cooling
clumps. An excess of the surface brightness distribution seen at
r = 450"-650" could be due to an unresolved population of
similar sources. The inhomogeneous cooling flow may be
dynamically affected by the nearby companion galaxies, NGC
508 and NGC 499. The relatively flat radial profile of X-ray
surface brightness, and the different slope as a function of
energy are consistent with this interpretations. If there is a
large number of undetected cooling clumps in a wide range of
radii, then the radial profile does not directly represent the
potential, and a further uncertainty must be added to the mea-
surement of the binding mass. The presence of cooling clumps
could be confirmed by detection of extended emission with
high-resolution ROSAT HRI observations.

5. The relatively steep distribution of X-ray surface bright-
ness of NGC 499 as well as the relatively small extent of its gas
distribution suggests that the hot gas of NGC 499 is trapped
by the galaxy potential well, not by the potential of the NGC
507 group. The data could also suggest that the hot gas may be
stripped by the tidal force of NGC 507.
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In a following paper, we will describe quantitatively the
detailed radial behavior of mass deposition and the shape of
the gravitational potential as a function of radius, and discuss
their implications for the nature of cooling flows.
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