J. . TA78. C555T

R

r 992

THE ASTROPHYSICAL JOURNAL, 428:555-573, 1994 June 20
© 1994. The American Astronomical Society. All rights reserved. Printed in U.S.A.

ROSAT PSPC OBSERVATIONS OF NGC 4636: INTERACTION WITH VIRGO GAS?
G. TRINCHIERI
Osservatorio Astrofisico di Arcetri! and Harvard-Smithsonian Center for Astrophysics

D.-W. Kim

Chungnam National University,? and Harvard-Smithsonian Center for Astrophysics?

G. FABBIANO
Harvard-Smithsonian Center for Astrophysics?

AND

C. R. C. CANIZARES
MIT*
Received 1993 August 30; accepted 1993 December 17

2

ABSTRACT

ROSAT PSPC observations of NGC 4636 have provided a deep image of the galaxy and its surroundings,
which reveal the presence of emission well outside the optical galaxy. The source emission is measured out to
r ~ 18, where the instrument support structure prevents us at this time from following it farther out. The
nature of this emission is not fully understood, but could be evidence that the Virgo cluster gas extends as far
out as this galaxy (>3 Mpc from M87).

Spectral analysis of the X-ray emission suggests a relatively cool (kT ~ 0.5-0.9 keV) interstellar medium,
with temperatures increasing with radius. However, the detailed properties of the interstellar gas cannot be
unambiguously determined with the present data, since the results we obtain depend strongly on the choice of
the spectral model. Comparison of the spectral distributions in concentric annuli clearly indicates significant
differences with radius, which can be parameterized as a general increase of the temperature. For low cosmic
abundance models, kT varies from ~0.55 keV in the inner 1’ to ~0.8 keV at r ~ 6'-8'. Outside 8 the average
temperature is higher than in the inner region (kT ~ 0.8-1.2 keV) and the low-energy absorption is signifi-
cantly lower. For 100% cosmic abundance and galactic line-of-sight absorption, multi-temperature fits are
required, suggesting the possibility that the interstellar medium is inhomogeneous.

Subject headings: galaxies: clusters: individual (Virgo) — galaxies: individual (NGC 4636) — galaxies: ISM —

X-rays: galaxies

1. INTRODUCTION

Early Einstein observations of normal galaxies in the Virgo
cluster have suggested that the emission of the brightest ellip-
ticals could be attributed to the presence of hot gas radiating at
kT ~ 1 keV (Forman et al. 1979; Trinchieri, Fabbiano, &
Canizares hereafter TFC). Both the high X-ray luminosities
and the soft spectra observed in the X-ray bright early-type
galaxies have indicated the presence of an interstellar medium
in these objects, previously thought to be devoid of gas (see
Fabbiano 1989 and references therein).

This discovery has provided a potentially powerful tool for
estimating galaxy masses (M) out to radii well outside the
central regions, to which optical spectroscopic data have gen-
erally been restricted, and has led to the suggestion that large
amounts of dark matter are a common feature of early-type
systems (Forman, Jones, & Tucker 1985; Fabian et al. 1986).
However, the combined spatial and spectral resolution of the
Einstein X-ray data was not sufficient to yield an unequivocal
determination of the masses in early-type galaxies (sce TFC).
In principle X-ray data could determine the temperature at
each radius, and in particular at large radii where mass mea-

! Currently at the Osservatorio Astronomico di Brera Via Brera 28, 20121
Milano, Italy.

2 60 Garden St., Cambridge, MA 02138.

3 Department of Astronomy and Space Science, 305-764, Daejeon, South
Korea.

4 Center for Space Research, Cambridge, MA 02139.

surements are more interesting. Instead, only a gas tem-
perature averaged over the entire source could be derived with
the Einstein data, and even this mean depended on the assump-
tion of a given (solar) metal abundance. Only estimates of
radial temperature distributions have been attempted in a few
cases (see Forman et al. 1985). Improved measurements are
important. For example, a radially increasing temperature
could indicate the presence of an external pressure and conse-
quently relax the need for dark matter to confine the hot inter-
stellar medium (e.g., Cowie & Binney 1977; Vedder, Trester, &
Canizares 1988; Bertin, Pignatelli, & Saglia 1993).

Moreover the determination of the radial extent of the gas
and to a lesser degree of the density gradient at large radii are
also uncertain. In particular, in the observations of NGC 4636,
emission observed at galactocentric radii of ~6-7’ could have
been due to an instrumental feature, and thus could not be
unambiguously attributed to the source. In other cases, con-
tamination from the emission of unconnected sources in the
field could not be discarded. These uncertainties reflect directly
in the evaluation of M.

To address this issue, deep observations of some of the more
luminous galaxies have been obtained with the PSPC (Position
Sensitive Proportional Counter) aboard the ROSAT satellite
(Truemper 1983; Pfeffermann et al. 1987). The ROSAT band
(~0.1-2 keV) is softer than the Einstein band (~0.2-3.5 keV),
and the PSPC is more sensitive than the Einstein IPC and has
better energy and angular resolutions. Moreover, longer obser-

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJ...428..555T&amp;db_key=AST

J. . TA78. C555T

R

r 992

556 TRINCHIERI ET AL.

vations have been obtained, to achieve a greater sensitivity. We
report here the results obtained for NGC 4636, at the outskirts
of the Virgo cluster, one of the brightest early-type galaxies,
and one of the best examples selected to study the emission at
large radii and to derive accurately gas properties and the total
gravitational mass.

NGC 4636 was chosen because it is believed to be a rela-
tively isolated object (albeit at the edge of the Virgo cluster),
with an X-ray flux fy ~ 10'! ergs s~ cm 2 measured by Ein-
stein, or Ly ~ 3.5 x 10*! ergs s ! for D = 17 Mpc (Tully 1988).
In the optical, it is classified as E.0+, with mg = 1043,
R, ~ 90" and R,5 ~ 300" (RC3).

2. DATA ANALYSIS

NGC 4636 was observed by the ROSAT PSPC in 1991
December, for a total livetime of ~ 13,000 s. The observation
was carried out without any spectral filters in the field of view,
to take advantage of the full spectral coverage of ROSAT.

The X-ray data analysis is based on the routines available in
the “xray” software package (PROS) running under IRAF,
and on the XSPEC spectral package.

2.1. Source Extent

The grayscale, raw PSPC image of NGC 4636 is shown in
Figure 1. The emission is clearly peaked at the target position,
but other features are also present. In spite of the fact that there
is no correction for uneven exposure and vignetting effects, a
clearly extended, low surface brightness component is visible,
inside the typical “wagon wheel” PSPC support structure, ,
with a few sources embedded in it. Fainter sources are also
visible at large radii. All of the individual sources will be
excluded from the present analysis of the NGC 4636 emission,
by masking them out with circles of 2'-4' radius (to take into
account the vignetting and point-spread function effects at

F16. 1.—Raw PSPC data of NGC 4636. All spectral channels are included.
A factor of 30 compression is used for display. North is at top and East to the
left.
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F16. 2.—Radial profile (in counts/pixels, with pixels of 15’ x 15') of the
total raw detected counts (points) and the background template (solid line)
adopted in this analysis. Individual sources have been masked out and do not
contribute to the profile.

large off-axis angles). However, it should be noted that their
inclusion in the analysis does not alter the results.

To study the morphology and to quantify the significance of
the source emission and extent we must first obtain a reliable
estimate of the field background in the region covered by the
source. A detailed discussion of how we arrived at the back-
ground template used in this work is given in Appendix A.
Figure 2 shows the raw count radial profile, together with the
background model adopted.

To obtain the radial profile, photons in the 0.1-2.0 keV band
are binned in concentric annuli of 0:5-1’ width, and averaged
over 360° azimuthal angle. The source is clearly extended, with
intensity smoothly declining out to ~ 18’ (outside of 18’ the
support structure is partially shadowing the field); moreover,
the photon radial distribution flattens significantly at radii
greater than r ~6'-8". The isointensity contour map shown in
Figure 3 also confirms the presence of a low surface brightness
component that fills an inner > 15’ circle and is more promi-
nent in the NNW direction. The data plotted in Figure 3, in the
0.1-2.0 keV band, are normalized to the effective exposure, so
that the modulation due to vignetting and the obscuration by
the window support structure are taken out (we have used the
average exposure file provided with. the standard on-line
analysis), and are smoothed with a Gaussian function, with
o =30". A flat term of 0.0021 count arcmin~2 s~! is sub-
tracted, corresponding to the “corrected” count rate in the
25'-27' region.

To reassure ourselves that the emission outside of 8 is real
source emission and is not a spurious consequence of the
uncertainty in the definition of the background, we have also
compared its spectral shape with that of a region farther out,
where background counts should dominate. Figure 4 shows a
direct comparison of the 10'-15’ region (cleaned of the contri-
bution from individual sources) with the 25'-27' background
annulus. For the 25’27’ annulus, both the observed distribu-
tion and that obtained after the vignetting correction appropri-
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FiG. 3—Isodensity X-ray contour maps of the central portion of the PSPC field centered on NGC 4636. The data (0.1-2 keV band) have been smoothed with a
Gaussian with ¢ = 307, “flat-fielded ” using the exposure map and background-subtracted. Contour levels are: 0 (dashed), 0.04, 0.08, 0.16, 0.31, 0.62, 1.25, 2.5, S counts

arcmin 2,

ate for the 10'-15' region has been applied are shown (the
background data are actually offset for clarity). The two dis-
tributions are clearly different, their ratio increasing with
energy suggesting that the spectrum of the background
annulus is softer than that of the 10'-15’ region. It is clear that
vignetting could not account for such a significant change in
spectral characteristics (see also Appendix A), and therefore the
excess emission outside 8’ should be regarded as a real astro-
physical feature. Its nature will be discussed further on.

2.2. Radial Count Distribution

The azimuthally averaged radial profile of the net galaxy
emission, where the background is subtracted and the contri-

bution from the individual sources in the field is masked out, is
shown in Figure 5: a change of gradient is clearly observed at
r ~ 6'-8', with excess emission out to r ~ 18’ from the source
center. Inspection of Figure 3 in fact shows a more compli-
cated, nonradially symmetric surface brightness distribution.
At 2'-6' radius, a distortion in the X-ray isophotes is visible in
the SW quadrant, while at larger radii the northern sector
appears more prominent than the southern one. Figure 6 com-
pares the radial distributions for different azimuthal angles.
The radial profiles of normal galaxies, in analogy with clus-
ters of galaxies, have been usually parameterized with a
“King” model of the form Iy oc [1 + (r*/r})] % where ry is
the core radius. However, the core radii are generally much
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F16. 4—Comparison of the spectral shape of the annulus 10'-15’, and of the 25'-27’ background region in NGC 4636. The bright individual sources visible in the
contour maps are masked out. The ratio (log) of the source and the (vignetting-corrected) background count are shown in the lower panel.
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FI1G. 5—Radial surface brightness profile of the net emission from the galaxy, in the 0.1-2.0 keV band. Power-law fits are plotted on the data. (a) The background
is obtained from the properly normalized exposure map (see text, Fig. 2). (b) The background is obtained from the 10'-15' region.
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FiG. 6—Radial surface brightness profile of the net emission from different sectors. The profile is calculated out to r = 10’ only in the NE and SW regions (top
panels), and to r = 18’ in the NN'W and SSE. The background is obtained from the properly normalized exposure map as in Fig. 5a.
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smaller than the PSPC point-spread function, and in particular
the Einstein HRI data indicate rx ~ 15” for NGC 4636 (TFC).
We have therefore fitted the profile only at large radii, where
the profile can be approximated with a power-law model. The
best-fit slope for the azimuthally averaged profile changes sig-
nificantly at 6—8'. We find Zy oc r~ 190005 for r < 8, and
Ty oc 1422013 for » > 8 If we exclude the SW quadrant in
the 2'-6' region, Ty oc r~1-79%£0:08 while the SW quadrant-
alone is not well fitted by a power law, as clearly shown by
Figure 6.

A significantly different profile is also observed outside 8’ in
the NNW and SSE directions: Ty oc 7~ 1%%%1 in the —90° to
45° angle region (NNW), while Ty oc r~1-70%0-15 i the 45°-
270° region (SSE). In the former, the change in slope relative to
the inner region is also more pronounced, although the fact
that the inner region shows distortion along a different angle
might influence in part this evidence.

2.3. Spectral Data

The average spectral count distribution of the whole source
is extracted from a circle with r = 18'. The contribution of the
individual sources visible in Figures 1 and 3 is masked out. The
background is obtained from the same field, so it has the spec-
tral shape appropriate to this observation. Background counts
must then be obtained far from the field center, in a concentric
annulus at 25'-27’, to avoid the contribution from the extended
source and the support structure of the PSPC. Due to the
radial dependence of the intensity and spectrum of the back-
ground (see Fig. 2 and Appendix A), both level and spectral
shape must be readjusted to the appropriate distance from the
field center. The net spectrum shown is therefore the sum of the
net counts in concentric annuli, obtained by subtracting an
appropriately rescaled background level. The scaling applied
to each annulus is obtained from the expected modification at
each radius due to the telescope vignetting and instrument
response to a flat component with a kT = 0.3 keV spectrum,
solar abundances, and no absorption (i.e., Ny = 10'® cm~2;
see Appendix A).

The spectral analysis is based primarily on the PROS soft-
ware spectral routines, that, in analogy with “SASS”
(Standard Analysis Software System), bins the 256 channels of
pulse height information in 34 channels, for subsequent use in
the spectral fits (see ROSAT Data Production Guide, by
Downes, White, and Reichert).

We have adopted a thin plasma thermal model with lines
(Raymond code in the IRAF “xray” package) and low-energy
absorption to fit the observed spectral count distribution. One-
hundred percent cosmic abundances (Allen 1973) are assumed
as our basic model parameters. The value of Ny is free to vary
between 4 x 10'° and 4 x 102° cm ™2 (the line-of-sight galactic
value is 1.7 x 102° cm™2; Stark et al. 1992). Different choices
of abundance percentages and Ny limits are discussed in the
next section. We have included in the fit as many channels as
possible, with the following restrictions: (1) the boundary
channels should have a signal-to-noise ratio greater than 2;
(2) only channels with more than 10 total counts are included,
so that the source count errors could be computed as the
square root of the counts; (3) channels, 1, 2, and 3 are not used,
to avoid “bad” or marginal PI channels at the soft energies
(ROSAT Data Production Guide); and (4) channels above 30
are not used, to avoid discontinuities in the background rescal-
ing factors (see Appendix A; however, since the counts in these
channels are usually very low, we would have excluded them

because of restriction 2). The results are summarized in
Table 1.

The very large number of counts obtained in this observa-
tion allows us to study the spectral characteristics of this
source in different regions. We have analyzed the 0'-8' circle as
a whole and in several concentric annuli. We have also divided
the outer region in separate annuli.’

The results obtained for each annulus indicate a complex
spectrum. The two innermost annuli cannot be fitted with a
single-temperature model. The y? values are very high, and the
structure of the residuals about the best fit indicate a contribu-
tion to the high y? value from all channels. Figure 7 shows an
example for the residuals in the innermost region (r = 1’). The
addition of a second component dramatically improves the
quality of the fit, and the residuals are now more homoge-
neously scattered around a value of 0, although the y2;, value
is still relatively high. The F-test applied to the results of the
one-temperature and two-temperature fits above confirms that
the addition of the additional parameters significantly
improves the fit (P > 0.99%). The best-fit y* value is further
lowered by the addition of a third thermal component to the
model spectrum. Figure 8 shows the final fit to the spectral
distribution of counts in the inner 1’ circle. In the 2'-8’ region, a
one-temperature fit is adequate, since the y? values are not
significantly improved by a second component, as shown by
the results summarized in Table 1 (we list the results for a
two-temperature fit for all annuli for completeness).

Outside &, the two-temperature model again gives signifi-
cantly improved fits over the single temperature, although
there is no clear trend: the lower temperature is ill-defined,
while the higher temperature is consistently above ~0.8-1
keV. The average temperature for the whole region is signifi-
cantly higher than the average temperature in the inner &
region, and the low-energy absorption is significantly lower.

We have also looked at the temperature distribution in the
SW quadrant, compared to the rest of the azimuthal plane, to
see whether the morphological distortion could also be related
to a different radial temperature profile. To retain enough sta-
tistics in the SW quadrant, we have looked at the 2-3" and

’'—6' annuli, in the two azimuthal angles 180°-270° (SW) and
270°-180° (NE). With a single-temperature model, the tem-
peratures in the SW quadrant in both annuli are lower than in
the complementary region at the 68% level for two interesting
parameters, although they are consistent at the 90% con-
fidence level.

2.4. Element Abundance and Low-Energy Absorption

We have investigated whether cosmic abundances, at 100%
value, should be used, or whether a different percentage and/or
a different model should be considered. For this purpose, we
have set all parameters (Ny, kT;, kT,, abundance percentage)
free to vary, and compared the results.

We find that with the present data the determination of the
abundance percentage is not possible, since the coarse energy

5 To perform the spatially resolved spectral analysis correctly, one has to be
able to take into account the spatial and spectral characteristics of the instru-
ment at the same time. The software currently available does not allow us a
proper treatment of these data. With PROS were were able to account for a
vignetting-corrected area table appropriate for the extended region covered by
the source and for the background region. However, it is unlikely that the
hardening of the spectral counts is an instrumental artifact, and we should be
justified in “believing ” the substance of our results, bearing in mind that the
details should be refined at a later time.
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TABLE 1
100% CosMiC ABUNDANCE MODEL, WITH LoG Ny; FREE TO VARY IN THE RANGE 19.6-20.6

Annulus Counts Error  Channel Ny 90% Error kT, 90% Error Norm* kT, x> DOF  Notes
0-1......... 4963.6 ! [4:29] 1994  19.85-20.05  0.583 0.56-0.67 . .. 95.0 23 a
20.19 0.459 <0.55 —0.20 113 39.2 21 b
20.60 0.575 —-0.10  0.12 19.6 19 c
1-2......... 31829 59 [4:29] 19.87 19.75-19.95  0.724 0.69-0.76 .. . 472 23 a
20.07 0.641 <0.68 —0.02 271 18.2 21 b
-3, 1732.6 47 [4:28] 19.84  19.70-20.05  0.795 0.75-0.84" .. . 21.1 22 a
19.93 0.764 —-042 289 19.1 20 d
3-4......... 1329.7 44 [4:28] 1997  19.75-20.15  0.859 0.81-0.92 .. . 149 22 a
20.01 0.845 -0.71 2.89 14.5 20 d
4-6......... 18132 61 [5:27] 19.69 <2000 0.896 0.84-0.94 . .. 222 20 a
19.70 0.868 —0.08 093 222 18 d
6-8......... 13425 66 [4:26] 19.60 <1975  0.878 0.78-0.95 .. .. 224 20 a
19.60 0.726 0.26 3.00 13.9 18 d
8-10......... 1781.0 79 [4:29] 19.60 <19.7 0.939 0.87-1.05 .. 58.3 23 a
19.75 0.226 0.10-0.45 0.44 148 16.8 21 b
10-12......... 21529 99 [5:27] 19.60 <197 1.028 0.93-1.13 .. 499 20 a
20.00 0.190 0.10-0.40 0.34 1.02 17.0 18 b
12-15......... 1691.7 103 [4:27] 19.60 <198 1.002 0.86-1.13 444 21 a
19.60 0.529 >0.20 0.74 3.00 26.0 20 b
15-18......... 1974.3 131 [5:26] 19.60 <19.85 1.078 0.96-> 1.2 309 19 a
19.60 0.811 0.69 3.00 24.2 17 b
0-8......... 14466 145 [4:30] 1976  19.70-19.85  0.745 0.73-0.76 . .. 142 24 a
19.95 0.669 —0.03 274 47.8 22 b
8-18......... 7725 312 [4:29] 19.60 <1970  1.021 0.95-1.09 .. .. 65 23 a
19.60 0.579 0.73 225 323 21 b
0-18......... 22249 293 [4:30] 19.60 <1970  0.816 0.79-0.83 .. . 197 24 a
19.71 0.674 020 275 67.3 22 b

* Log of the ratio of the second component normalization relative to the first component [i.e., log (N2/N1)].

NoTEs.—(a) One-temperature fit. The 90% errors quoted are for (2) interesting parameters (x,,;, + 4.6). (b) Two-temperature fit. No errors are quoted for Ny,
kT, (see appendix B). (c) Three-temperature fit, with kT; = 3 keV. (d) Best-fit parameters for a two-temperature fit included only for completeness. No errors are
calculated.

resolution of the PSPC allows for several equivalently accept- However, these are not exhaustive of all possible ambiguities in
able formal solutions that have significantly different mean- the spectral fit of these data (see also Appendix B).

ings. Details can be found in Appendix B. A graphical Two feature are immediately clear from Figure 9: (1) in the
explanation of this is shown in Figure 9, where we show three 100% cosmic abundance model, a stronger soft component can
significant examples applied to the 0'-1' spectral data: (1) a compensate for a higher column density (Figs. 9a and 9b); (2) a
100% cosmic abundance model, with Ny at the Galactic value single temperature with low cosmic abundance (20%) and
along the line of sight and three temperatures free to vary; (2) a absorption consistent (to within the 90% confidence) with the
100% cosmic abundance model, with Ny and two tem- Galactic line-of-sight column density gives an equally accept-
peratures all free to vary; (3) a low-abundance, that is, 20%, able fit to the data. In all three cases in the figure the residuals
cosmic model, with Ny and one temperature free to vary. are relatively well behaved, and although formally the fit in
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FI1G. 7—Residuals (observed-predicted) from the one-temperature, two-temperature, and three-temperature, 100% cosmic abundance models in the 0'~1’ region
(from the fits in Table 1).
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F1G. 8—Best-fit three-temperature model in the inner 1’ region (from
Table 1).
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Figure 9b gives a higher value of 2, we believe that this is not
sufficient to consider it significantly poorer than the others (see
Appendix B, Fig. 7).

The temperature and Ny variations at different radii for a
one-component model at 20% cosmic abundance (the lowest
value investigated here) are summarized in Table 2, which indi-
cate clearly that the temperatures increase out to 4—6' from
kT ~ 0.5 to kT ~ 0.8 keV, and then remain constant at 0.8—1
keV.

We therefore conclude that our results on abundance are
heavily dependent on what assumption we keep: if one tem-
perature only is allowed, then low-abundance models (<$40%)
only can fit the data in the inner 2'. If, however, multi-
temperature gas is allowed, then cosmic abundances are pos-
sible; however, trade-offs between high absorption and a very
soft component are required. For Galactic line-of-sight column
densities, three temperatures are required in the inner 1'.
However, regardless of which model is assumed, the tem-
perature (or the dominant component, in a multitemperature
fit) is fairly insensitive of the abundance percentage/low-energy
absorption chosen.

We also notice that the values of the column density drop
significantly outside of 6'-8’ relative to the inner regions. This
result is independent of the metal abundance (see Tables 1 and
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TABLE 2
20% CosMIC ABUNDANCE MODEL

Annulus Counts Error Channel Ny 90% Region kT 90% Region x?
0-1 ......... 4963.6 71 [4:29] 20.44 20.40-20.50 0.575 0.55-0.61 23.8
1-2 ...l 31829 59 [4:29] 2043 20.40-20.50 0.687 0.65-0.72 159
2-3 ...l 1732.6 47 [4:28] 2043 20.35-20.50 0.751 0.70-0.79 394
3-4 ... 1329.7 44 [4:28] 20.46 20.35-20.55 0.804 0.75-0.86 27.7
4-6 ......... 1813.2 61 [5:27] 20.35 20.20-20.40 0.844 0.79-0.89 327
6-8 ......... 13425 66 [4:26] 20.04 19.85-20.20 0.781 0.70-0.87 8.8
8-10......... 1781.0 79 [4:29] 19.90 19.80-20.10 0.825 0.75-0.95 19.9
10-12......... 21529 99 [5:27] 19.87 19.60-20.00 0.888 0.78-0.98 16.8
12-15......... 1691.7 103 [4:27] 19.96 19.65-20.20 0.875 0.75-1.02 28.4
15-18......... 1974.3 131 [5:26] 19.87 <20.20 0.956 0.84-1.15 19.8
0-8 ......... 14466 145 [4:30] 20.37 20.35-20.45 0.705 0.69-0.71 344
8-18......... 7725 311 [4:29] 19.96 19.80-20.10 0.905 0.83-0.97 27.6
0-18......... 22249 293 [4:30] 20.21 20.15-20.25 0.755 0.73-0.77 55.1

2) although the value of Ny depends on the model assumed, as
discussed above.

2.5. Background

As will be discussed later, there is a distinct possibility that
the emission outside 8’ is not directly related to the galaxy, and
should therefore be subtracted from the inner region. We have
therefore produced an azimuthally averaged profile of the
inner 8 region, using the outer 10-15" annulus as background
(cf. §2.2). The resulting surface brightness distribution is
shown in Figure 5b. A power-law fit to the 2'-8' radial range
gives Ty oc 12681018,

We have also repeated the spectral analysis of § 2.3 in the
inner 8’ region, using the properly rescaled (and vignetting-
corrected as described in Appendix A) count distribution
obtained in the 10'-15’ region as background. For statistical
purposes we have treated the 4—8' annulus as a single region.
Table 3 summarizes the results for the 100% and 20% cosmic
abundance models. As in § 2.4, only one temperature is
required for low abundances, while two temperatures are still
needed in the inner 2’ for 100% cosmic, and the best-fit values
are entirely consistent with those of Tables 1 and 2.

2.6. Fluxes and Luminosities

We have calculated the flux and luminosity of the source
under the various assumptions used above. The results are
summarized in Table 4 and are the sum of the flux (luminosity)
for each annulus for the best-fit value obtained under the
assumed model (Tables 1, 2, 3). The luminosity of the whole
source is of 67 x 10*! ergs s 1, for 20%—-100% cosmic abun-
dance.

For completeness, we also give in Table 5 the net counts and
the fluxes of the five sources visible within r ~ 18’, that have
been subtracted. The fluxes are calculated assuming the line-of-
sight column density and a power-law spectrum f(E) = AE ™%,
with a; = 1.7, which is very close to the best-fit spectrum for
two of the three strong sources. Four source 4 we have used
og = 0.9, the best-fit value.

3. SUMMARY OF RESULTS

The results from the previous sections can be summarized as
follows:

Both maps and surface brightness profiles indicate that there
is emission at least out to r > 18'. Investigation of the possi-

TABLE 3

SPECTRAL RESULTS FOR SOURCE COUNTS ABOVE A LocaL (10'-15') BACKGROUND
A. 100% CosMiC ABUNDANCE MODEL

Annulus Channel Ny kT Norm* kT, Ve
o-1'......... [4:29] 19.95 (19.85-20.05) 0.582 (0.55-0.62) . 91.8
20.16 0.507 —0.1658 1.9 39.8
2 [4:29] 19.91 (19.80-20.00) 0.719 (0.68-0.75) 41.0
20.09 0.642 —0.0389 2.8 16.9
e [4:28] 19.96 (19.80-20.15) 0.786 (0.74-0.83) .. 22.7
19.99 0.768 —0.8056 1.8 223
I-4......... [4:28] 20.19 (20.00-20.40) 0.854 (0.80-0.93) .. 153
20.19 0.856 0.0729 0.8 15.3
8 [5:25] 20.06 (< 20.60) 0.861 (0.78-0.92) . 19.1
20.05 0.861 —0.0354 0.8 19.1
B. 20% CosMmic ABUNDANCE MODEL
Annulus Channel Ny (90% Range) kT (90% Range) x?
O-1"......... [4:29] 20.44 (20.40-20.50) 0574 (0.55-0.60) 23.5
2 [4:29] 20.45 (20.40-20.50) 0.684 (0.65-0.72) 153
2-3 ... [4:28] 20.49 (20.40-20.60) 0.742 (0.69-0.79) 43.1
—4' ... [4:28] 20.59 (20.50-20.80) 0.789 (0.74-0.86) 29.9
8 [5:25] 20.52 (20.30-21.00) 0.810 (0.73-0.90) 28.7

* Log of the ratio of the second component normalization relative to the first component.
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TABLE 4
FLUXES AND LUMINOSITIES OF THE SOURCE ASSOCIATED WITH NGC 4636

X Ly Model*
Radius (ergscm~2s71) (ergss™1) (cosmic)
-8 ......... 1047 x 10712 3.65 x 10*! 100
0-18"......... 1697 x 10712 592 x 10*! 100
'—8 el 14.50 x 10712 5.06 x 10*! 20
0-18'......... 21.15 x 10712 7.38 x 10*! 20
0-8 ......... 9.38 x 10712 327 x 10** 100 local background
0-8 ..ooen.n. 9.54 x 10712 3.32 x 10 20 local background

* Either 100% or 20% cosmic abundance spectral models are used to
convert from counts to X-ray fluxes. “ Local background ” is obtained from the
10’-15" annulus around the galaxy (see text).

TABLE 5

FLUXES FOR THE POINT SOURCES EMBEDDED IN
THE NGC 4636 EMISSION

Flux
Source  R.A. (J2000) Decl. (J2000) Counts Error (ergscm™2s71)
1......... 12:42:19.3 2:31:32.8 208 20 4.6 x 10713
20, 12:42:38.7 2:34:46.6 125 19 23 x 10713
3o 12:43:19.8 2:53:04.9 995 35 2.1 x 10712
4......... 12:43:25.6 2:55:53.8 733 31 1.3 x 10712
Seeiinnn 12:43:31.0 2:37:172 107 17 2.0 x 10713

NoTte—The flux is in the 0.1-2 keV band and is obtained assuming a
power-law spectrum with Galactic absorption and ag = 1.7. For source 4,
ap = 0.9.

bility that emission could be detected farther out is beyond the
scope of this paper.

A significant discontinuity in an otherwise smooth radial
profile is observed atr ~ 8':Zy oc r~1:99%0:05 forr < 8'; T oc
p~ 1402013 gyutside. However, azimuthal asymmetries are
found in the 2'-6' region, more prominent to the SW, and the
emission in the NNW sector appears stronger than in the SSE
one outside of 8'.

With the present data we cannot discriminate between dif-
ferent abundance models, unless we assume that the gas is
homogeneous, with a single temperature at any given radius.
However, the values of the best-fit temperatures do not change
significantly with abundance percentages.

Similarly, we cannot determine accurately the Ny value,
which is highly model dependent. In general, low-abundance
models require higher Ny values; alternatively a very soft com-
ponent can be added to compensate for high absorbing
columns.

The average temperature and column density are signifi-
cantly different in the regions within and outside of 8': lower
values of Ny and higher temperatures are measured in the
8-18' region, regardless of the abundance assumed.

Specifically for the region within r = 8, for galactic absorp-
tion:

The spectral characteristics of the emission indicate that
two/three temperatures are needed to explain the observations,
for all but very low abundance models. The high-temperature
component is easily distinguished from the low temperature
only out to a radius r ~ 2, and cannot be constrained to better
than kT, > 0.9 keV. Its contribution is significant and can be
comparable to that of the softer component. These can be the
result of the two physical situations: the gas spans a range of

ROSAT PSPC OBSERVATIONS OF NGC 4636 563

temperatures, and only two (three) are selected, one of which
best matches the instrument spectral response; (2) there are
two components, a hotter one (possibly isothermal) at
kT > 0.9 keV, and cooler gas probably more centrally peaked
(possibly a cooling flow), coexisting with the hotter phase, with
temperatures increasing outward.

In the assumption of very low abundances, one temperature
at any given radius can explain all the data. In this case there is
a clear temperature gradient, from kT ~ 0.5 to ~0.9 keV.

Outsider = 8':

There is a similar trend as in the inner region, with high-
abundance models requiring more than one temperature. For
20% abundance, the temperature is roughly constant at
kT ~ 09 + 0.2 keV.

The column density has significantly lower values than in
the inner region, and could be significantly lower than the
Galactic column density along the line of sight to NGC 4636.
However, as discussed above, this evidence should be taken
with caution.

4. COMPARISON WITH PREVIOUS RESULTS

X-ray images of this galaxy obtained with the Einstein
Observatory IPC and HRI (TFC; Forman et al. 1985) have
revealed a relatively symmetric source, extended out to r ~ 6'.
Outside of this radius, excess emission was detected, in the
7'-10" region, which, however, could not be unambiguously
attributed to a real astrophysical feature, rather than an instru-
mental artifact.

A comparison of the radial distribution from the Einstein
instruments and the ROSAT PSPC indicates that the excess
emission outside 6 is indeed a real astrophysical feature, which
extends from ~8' to 18'. Inside 6’ the profiles are comparable,
once the different instrumental responses are taken into
account.

The spectral characteristics of the emission of NGC 4636
were investigated both with the IPC and with the LAC on
board the Ginga satellite (TFC; Kim, Fabbiano, & Trichieri
1992; Awaki et al. 1991). A thin thermal model, with tem-
perature in the range 0.7-1.1 keV, was fitted to the whole
source, but neither instrument would allow a significant study
of spatially resolved spectra.

The average temperature obtained from the PSPC data, for
the whole source (both out to 8" and to 18') and under the
assumption of a one-component temperature is consistent
within the 90% confidence region with previous results,
although it indicates an average temperature significantly
softer than 1 keV.

S. INTRINSIC PROPERTIES

The quantities derived above, namely radial surface bright-
ness profile and temperatures, are obtained from the observed
counts at each projected radius, which are contaminated by the
outer layers projected along the line of sight. To obtain the
intrinsic count distribution we have used the technique
described by Kriss, Cioffi, & Canizares (1983) to deproject the
radial surface brightness profile and subtract the contribution
of the external layers. Once the temperature is known at any
given radius, the gas density and cooling time can be easily
derived from the observed radial profile.

However, if the gas has a temperature gradient, or is inho-
mogeneous at all radii, as suggested by the results above, then
the quantities derived suffer from the same contamination as
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the count distribution. In particular, we expect that the intrin-
sic temperature gradient should be steeper than that derived
from the data. Moreover, it is important to check that the
requirement of a multitemperature fit (for the 100% cosmic
abundances) is not induced by the superposition of the outer
hotter layers onto the central cooler component.

As already discussed, to properly take this into account, a
detailed combination of the two-dimensional spatial and spec-
tral characteristics of the instrument with the assumed spectral
fit should be used. Here we have applied the same deprojection
technique to each single spectral channel, so that the subtrac-
tion of the contribution from the adjacent outer layer takes
into account both intensity and spectral shape. Since it is likely
that the emission outside of 8’ is not related to the galaxy and
should be regarded as “ background ” for this purpose (see § 7),
we have started our deprojection from an outer radius of 8’ (see
Fig. 5b). We have also disregarded azimuthal asymmetries and
treated the source as spherically symmetric.

Table 6 summarizes the results for 100% and 20% cosmic
abundances. We find that the main results of the previous
section are confirmed. Acceptable fits are obtained for either
20% or 100% models. A multitemperature fit is required for
the inner region, for 100% abundances. For r > 2', one com-
ponent is acceptable. A single component only is required for
20% abundances at all radii For the 20% abundance model,
the temperature increases from ~ 0.5 to ~0.8 out to 3'-4'.

We have then used the temperatures derived in the assump-
tion of low cosmic abundances to obtain a density profile,
shown in Figure 10. For 20% abundance, we could use the
spectral fit results directly. To use the 100% cosmic model, we
would have to know how to decompose the emission in the
various components. However, since the higher temperature is
not well defined, and the evidence of a finite number of com-
ponents probably indicates that the gas is inhomogeneous, we
have restricted ourselves to the simpler scenario of homoge-
neous gas with a temperature gradient.

For completeness, we have also “deprojected” the surface
brightness profiles out to the last observed point (18’), both in
the assumption of azimuthal symmetry and separately for the
northern and southern regions outside of 8'. The radial density
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FiG. 10—Density distribution (p) for 20% cosmic abundance models. De-
projection starts at the 68’ annulus. A power law r~!:3% is plotted on the data.

profiles obtained assuming a constant temperature at 0.9 keV
are shown in Figure 11. In the 0'-8' region the data are azi-
muthally averaged over 360° in all three plots and are directly
comparable to Figure 10. The differences in the common
region, due to the different background subtraction and the
choice of temperatures, are not significant (probably well
within the uncertainties in the other assumptions, like spherical
symmetry, distances). A significant flattening of the profile is
observed however at radii larger than 6'-8' in all the plots.

6. GAS PROPERTIES

The average gas temperature, both observed and “intrinsic”
(Tables 1, 2, 6), shows a positive gradient with radius out to
r ~ 6, although we cannot clearly establish whether a single or

TABLE 6

RESULTS FROM THE DEPROJECTED SPECTRAL DISTRIBUTION
A. 100% CosMIC ABUNDANCE MODEL

Annulus Ny 90% Region kT 90% Region  Norm* kT,  90% Region  x*
o-1"......... 20.00 [19.80-20.10] 0.55 [0.50-0.60] e . el 56
20.20 0.49 [<0.55] —0.21 22 [>0.7] 31

2 19.90 [19.80-20.05] 0.67 [0.62—-0.75] e ce. e 29
20.26 035 [<0.6] 0.14 0.90 [>0.6] 12

3, 19.70 [<2020] 072  [0.60-082] 15
I-4......... 20.20 [19.80-20.60] 0.86 [0.77-1.00] . .. . 15
4-8......... 20.06 [<20.60] 0.86 [0.78-0.92] e e e 19

B. 20% CosMiC ABUNDANCE MODEL

Annulus Ny 90% Region kT 90% Region 2
0-1"......... 20.50 [20.45-20.55] 0.55 [0.51-0.58] 22
2 2045 [20.40-20.50] 0.65 [0.60-0.70] 11
23 2040  [2020-20.60] 069  [0.58-080] 19
3-4......... 20.60 [>20.40] 0.80 [0.72-0.87] 21
8 s 20.52 [20.30-21.00] 0.81 [0.73-0.90] 29

® Log of the ratio of the second component normalization relative to the

first component.
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FiG. 11.—Density distribution (p) for 20% cosmic abundance models and a constant temperature kT = 0.9 keV. Deprojection starts at the 1518’ annulus. The

same power law r~*-5% as in Fig. 10 is plotted on the data.

a multitemperature interstellar medium is present at each
radius, nor can we determine the metal abundance. For low-
abundance, one-temperature models (Table 6), the azimuthally
averaged “intrinsic” temperature of the gas increases with
radius as T oc r~%2, over a scale of ~30 kpc. A comparison
with temperature profile models of Vedder et al. (1988) and
Bertin et al. (1993) shows that increasing temperature profiles
are produced in the presence of external pressure. Heavy halo
models, capable of reproducing the observed mean tem-
perature and X-ray luminosity of this object (cf. model D1 in
Vedder et al.) would predict at best isothermal gas over most of
the galaxy (1-40 kpc).

The minimum external pressure necessary to explain raising
temperatures corresponds to environments like those in loose
groups or poor clusters (e.g., Pegasus I). Such should not be in
the ambient medium of NGC 4636 if this is an isolated object.
However, emission outside the optical galaxy is detected, indi-
cating a possible confining medium for the inner gas. Motion
against this medium (possibly observed in the asymmetric
emission at r ~ 2'-6’) could also produce significant pressure.
Specific models for temperature profiles in the presence of
dynamical pressure (stripping) are discussed by Gaetz (1985).
For a model that allows for little gas loss (“ nearly complete gas
retention ”), which would be appropriate for this galaxy, tem-
peratures averaged over spherical shells centered on the galaxy
show a significant increase (up to a factor of 10) on scales of
10-20 kpc. A steeper temperature gradient might also be
expected on the side of the shock front, which might be sug-
gested by the data.

The total quantity of gas present in NGC 4636 can be deter-
mined from the spectral results in the low-abundance model,
since it is not possible with the present data to obtain a good
measure of the various components, if the abundance is 100%
the cosmic value. Inside 8’ M,,, ~ 1-2 x 10'® M, depending
on which background is used (the field value from 25'-27’, or a
local background from 10'-15', see § 2.2, 2.5). This constitutes
~2%-6% of the mass in stars (for an optical [blue] mass-to-
light ratio of 10). If we extend the estimate to the whole source
(18, see Fig. 11), My, ~ 8 x 10'° M.

Figure 12 shows the comparison of the observed X-ray

surface brightness distribution with the optical light (N. Caon
et al. 1993, private communication). The X-ray data are azi-
muthally averaged, while the B-band data are along the appar-
ent major axis of the galaxy. However, since the ellipticity is
very small for this object (Caon et al.; RC3), these two profiles
are directly comparable. The comparison in Figure 12a shows
that the Zy and X, are in good agreement out to ~5', as
already noticed in the Einstein data (TFC), while outside r ~ 8§’
the optical profile falls off much more rapidly than the X-ray
one. A closer agreement between X-ray and optical profiles is
observed in Figure 12b out to r = 8'. Inside 0!5 no direct com-
parison can be made, since Ty is dominated by the PSF of the
PSPC.

7. HAVE WE DETECTED EMISSION FROM THE VIRGO
CLUSTER AT GREATER THAN 3 Mpc FROM M87?

To understand the properties of the gas inside 8 it is impor-
tant to establish the nature of the emission at r > 8, in particu-
lar to decide whether it should be subtracted, or whether it
should be included in the galaxy’s emission as an extension
outside the stellar component.

We have considered possible interpretations. We do not
believe that the emission at r > 8’ has its origin in our Galaxy.
NGC 4636 is at high Galactic latitude (+ 65°), and the extent of
this emission, if it is a cloud in our own Galaxy, would be less
than 100 pc (depending on exactly how far this is), if the emis-
sion extends out to the round support structure (see § 2). The
observation of a significant drop in the fitted low-energy
absorption, and the possibility that the column density Ny
could in fact be lower than the integrated galactic value along
the line of sight (however, see cautionary remarks in § 3), might
support a local origin; however, this would be the first detec-
tion of a ~ 1 keV cloud in the Galaxy. While this certainly does
not rule out such a hypothesis, other explanations are more
likely.

Likewise, a background source is unlikely. Zwicky et al.
(1961-1968) have identified a medium-compact, medium-
distance background cluster around this galaxy. At a minimum
estimated distance for medium-distance clusters of 15,000 km
s™! (D =300 Mpc for H, =50 km s~! Mpc~?), this source
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F1G. 12—Comparison between the optical and X-ray radial distribution. Optical data (arbitrary units) are from Caon et al. (1993, private communication). Since
no correction for the very different instrument responses is applied, the discrepancy in the innermost region should not be considered. (@) Background from the
exposure map as in Fig. 5a. (b) Background from the 10'-15' region as in Fig, 5b.

would have a linear diameter of more than 3 Mpc and Ly 2
10*4 ergs s !, comparable to the luminosity of rich clusters of
galaxies, but with a low temperature around 1 keV.

If this emission is at the distance of NGC 4636, its presence
would imply that the gravitational potential in which the
galaxy sits is much broader and deeper than the light distribu-
tion would suggest. The X-ray source would have a linear
diameter greater than 200 kpc, a total X-ray luminosity Ly ~ 7
x 10** ergss™!,and a Ly/L, ratio of 2 x 103! ergss™! L.

From the results of the deprojection of the azimuthally aver-
aged X-ray surface brightness we found that the density dis-
tribution outside r > 6'-8' is significantly flatter than inside
and could be consistent with a constant, although it is very ill
defind (see Fig. 11). This, coupled with the constant tem-
perature in the 818’ region, would prevent us from any mea-
surement of total mass based on the assumption of gas in
hydrostatic equilibrium tracing the gravitational potential (see
§ 8; Fabricant & Gorenstein 1983), that has ben used in the
past and indeed was one of the driving reasons for this obser-
vation. For flat density and temperature profiles, M(r) = 0O for
r > 8 (cf. § 8), while values of a few times 10'2 M, are found
closer in (see below). However, the limited spatial range over
which we have measured these quantities, and the relatively
large measurement errors due to the poorer statistics at large
radii, could explain the lack of detection of a density gradient
(isothermal temperatures are actually acceptable), unless we
were to discover confinement by some external pressure that
would also explain the null mass (since gravity no longer con-
fines the hot gas). This should, however, be coupled with a
temperature rise, not required by the present data (although it
could be consistent within the errors).

While the discovery of a significant concentration of matter
around the poor group NGC 2300 (Mulchaey et al. 1993)
could suggest a similar case here, with X-rays tracing the dark
matter much more efficiently than the luminous mass (NGC
4636 has always been considered a rather “isolated” galaxy,
although at the outskirts of the Virgo cluster), the limits to a

density gradient suggest that we are still only detecting the
“tip of the iceberg,” and therefore that the source is
probably uncomfortably large. Moreover, we could not easily
explain the stronger emission detected in the northern region
outside 8.

However, as mentioned earlier, we should not neglect the
fact that NGC 4636 is at the outskirts of the Virgo cluster. We
have therefore considered whether we have detected the cluster
gas that extends this far from M87. For a distance of ~20 Mpc
for Virgo this would be at a distance of >3 Mpc from the
cluster center, within the observed extent of other X-ray clus-
ters. In fact the Virgo gas has been traced out ~6° with
ROSAT survey data (2 Mpc). The observed asymmetry in the
inner 6’ would support the idea of interaction with an external
medium, not at rest with the galaxy. In fact the distortion in the
galaxy’s gas could be viewed as a much fainter example of the
MS86 tail, believed to be the result of that galaxy’s motion
against the Virgo gas (Forman et al. 1979), and similar possibly
to NGC 4472 (TFC).

We have estimated what surface brightness we could expect
under the assumption that the radial gradient continues
without changes in slope from the cluster center. Extrapolating
from the results that Fabricant & Gorenstein (1983) obtained
within ~ 125 from M87 we expect Zy ~ 6 x 1071 ergs cm ™2
s™! arcmin~2. We have detected =y ~ 9 x 1075 ergs cm ™2
s~! arcmin~?, assuming a flux to count conversion factor
appropriate for the same spectral shape and energy band for
consistency. We have however measured a temperature close
to 1 keV, significantly lower than the temperature of the Virgo
cluster gas measured near M87 (Fabricant & Gorenstein 1983),
so if this is the same component, the temperature must decline
with distance from M87. For kT =1 keV, £x ~ 6 x 10715
ergs cm~ 2 s~ ! arcmin ™2, Clearly a thorough comparison with
data at intermediate radii is needed to establish whether the
apparent excess that we measure is due to a flattening of the
surface brightness profile, suggesting that the simple extrapo-
lation of what is observed close to M87 is not valid at such
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large distances, or it is real and due to a different source than
the Virgo gas.

8. MASS DETERMINATION

One of the main motivations for obtaining good quality data
for this and similar bright early-type galaxies was their poten-
tial in providing us with the necessary tools to determine total
(gravitational) mass. This can be done by applying the hypoth-
esis of ideal gas in hydrostatic equilibrium in the galaxy’s
potential (Fabricant & Gorenstein 1983):

kT (d logp dlog T>r

M) = —
) Gumy \dlogr dlogr

where k and G are the Boltzmann and the gravitational con-
tants, repectively, u = 0.6 is the molecular weight, my is the
hydrogen mass, and T is the actual value of the temperature at
the radius r.

An attempt to measure masses has already been made with
the Einstein data; however, the results were uncertain by a
large factor (> 10) mainly due to the uncertainties in T(r) (see
TFC). Furthermore, r,,,, = 6’ was assumed, but with the possi-
bility that it might be larger. In fact, emission out to at least 10’
was detected, but both the suggestion of a change of slope in
the density gradient outside of that radius and a possible
instrumental artifact that could simulate emission at r ~ 810’
made unequivocal determination of r,, problematic.

With the ROSAT data we were aiming at measuring accu-
rately all four quantities (r, T, d log T/d log r, d log p/d log r),
hence at obtaining an accurate mass measurement at all radii.
However, since the spectral fit results are rather complicated,
and cannot conclusively point to a one preferred model, we
cannot unambiguously resolve this question. Moreover, if
there is external pressure, as would be inferred from the rising
temperatures and from the detection of emission at radii
greater than 8, the assumptions used in the formula above are
no longer valid.

We have nonetheless investigated the case of 20% cosmic
abundance, for which we have obtained a temperature mea-
surement at each radius. The outer radial bin for mass mea-
surements is 6'-8’, or (r) = 7' (35 kpc for D = 17 Mpc). For
larger radii either the emission belongs to a separate com-
ponent or we must await better data to measure temperature
and density gradients. The profile of mass versus radius is
shown in Figure 13. We have used the overall T and p gra-
dients, and the actual deprojected temperatures and its errors
at each annulus. The errors plotted reflect only the uncertainty
in the temperature in that particular bin.

The mass at the outermost point, taking into account also
the uncertainties in determining both density and temperature
profiles is 1.3 + 0.3 x 10'2 M. The corresponding mass-to-
light ratios are in the range M/L ~ 28-45. For M/L constant
with radius, Katz & Richstone (1985) estimate M/L ~ 15-36
for NGC 4636, from optical velocity dispersion data and re-
scaled to Hy = 75 km s~ * Mpc ™!, consistent with our adopted
distance. Different model for the radial distribution of the dark
matter led Katz & Richstone to estimate M/L ratios within the
effective radius R, as high as 180.

We do not give an estimate of the mass for the 100% cosmic
abundance case. We could, as suggested earlier, interpret the
multitemperature results as due to the emission of hotter, pos-
sibly isothermal gas, coexisting with cooler gas, and estimate
the mass from the larger than 0.9 keV component only.
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F1G. 13.—Mass distribution on the assumption of a 20% cosmic abundance
model.

However, we cannot separate the spatial distribution of the
different components, and we cannot therefore derive the
radial density gradient, even if we were to assume a constant T.
We must therefore await data that will allow us to better
understand the physical nature of the gas.

9. CONCLUSIONS

A very extended source (r ~ 18') is observed at and around
NGC 4636. Most likely NGC 4636 itself extends out to 6'-8',
while the emission at larger radii is to be attributed to a differ-
ent source. While it is unlikely that this emission has a galactic
origin, whether it is the Virgo cluster that extends this far south
from M87 (~3 Mpc), or whether this is a small group similar
to NGC 2300 is yet to be established.

Even within NGC 4636 itself, the characteristics of the gas
are as yet not completely understood. The present data indi-
cate that either the gas is inhomogeneous, at roughly cosmic
metal abundance, or the metal enrichment is very low (~20%-—
30% cosmic). There is however a clear temperature gradient,
from ~0.5 keV in the inner 1’ to 0.8-1 keV outside, regardless
of the abundance percentage model adopted.

All the above ambiguities prevent us from obtaining a final
estimate of the total mass of this object. Morever, the assump-
tion of spherical symmetry, used to derive the relevant param-
eters (T, p at different radii) is not strictly valid for this galaxy,
and we have neglected the possible presence of an external
medium. An estimate of the total mass, derived ignoring the
above objections, and for low metal abundance, gives
M(r) ~ 1.3+ 0.3 x 10?2 M for r = 35 kpc, ~3.5 times the
optical mass [if M/L(opt) = 10].

We thank R. Rampazzo and N. Caon for supplying us with
data prior to publication. This work was supported by NASA
grants NAG5-2049 (ROSAT) and NAGW-2681 (LTSA) and
ASI. D. W. K. acknowledges support by the KOSEF grant
923-0200-007-2.

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJ...428..555T&amp;db_key=AST

J. . TA78. C555T

R

[T992A

568 TRINCHIERI ET AL. Vol. 428
APPENDIX A
BACKGROUND

To quantify the significance of the low surface brightness emission, and the actual extent of the source, the background level must
be known in the region covered by the source. The background templates (shown in Fig. 14 together with the galaxy’s raw profile)
distributed with the data by the standard processing in the three default energy bands have proved inadequate for this observation,
and in general for observations with strong extended sources, mostly because at small angles they seem steeper than should be
expected. This latter effect can be seen in the comparison of the radial profiles of background templates of several observations of
comparable length, shown in Figure 15. All but two have a very similar shape, the two steeper cases being fields with strong
extended central sources (NGC 4636 and the Pegasus I cluster). The “ expected ” radial distribution of a flat background, modulated
by the energy-dependent vignetting, is also shown (from the exposure map), and is also significantly flatter.

We have therefore considered two different ways of predicting the background for this source: First, we might use the background
template of another observation available to us, where the central source is small and therefore does not contribute to enhance
significantly the background shape toward the center of the field. For this we chose an observation of similar length, made in the
same period, of an object in the same region of the sky (e.g., NGC 4649), rescaled to match the count rate outside ~ 20'. This choice
has some clear disadvantages: (1) the normalization based on the observed counts outside 20 will most likely cancel evidences of
real emission in the region; (2) a detailed analysis of features outside the round support structure might suffer, since the details of the
support structure can vary from field to field (due to the telescope wobble, pointing, roll angle, etc.; however, inside ~ 18’ this is not
a concern); (3) NGC 4649 is closer to the Virgo cluster center (~ 1°) and therefore probably still well within the hot cluster emission.

Alternatively we might use the exposure map, which combines the effective exposure of each pixel (although more coarsely than
the actual image) with the expected radial distribution of a flat incident component, for a given spectral model. However, since
vignetting is energy dependent, while the exposure has a fixed incident spectrum, we have checked what effects we can expect for
different energy bands or spectral channels. The spectral fitting routines in “ PROS” provide us with the spectral distribution
predicted by a given model “adjusted ” to the area considered. If all the prarameters in the model are given, including the absolute
normalization (which is equivalent to assuming that a flat component is illuminating the whole detector), then differences in the
predicted count distribution at different radii reflect the vignetting correction appropriate for that particular region. We have then
obtained the vignetting correction for different annuli in each spectral channel (in the 34 bin scale used by SASS and PROS) as the
ratio of the predicted count distribution (obtained assuming the same model as described above) in the region of interest to those of
a background annulus taken at 25'-27'. Figure 16 shows the ratios (i.e., the vignetting correction) for the annuli (6'-8’ and 1518’
relative to 25'-27') and three different models as a function of energy channel. It is quite clear that this ratio is constant up to channel
20, while it is increases rapidly after channel 25. It is also clear that the choice of the input spectrum is basically irrelevant, in the
channel range 4-30. The ratio of surface brightness in the same two annuli relative to the background region obtained from the
exposure map is also plotted in the same figure, which indicates that this template can be used for most purposes, especially
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FiG. 14—Radial profile of the total raw detected counts (points) and the background template (solid line) provided by the standard software
F1G. 15.—Comparison of surface brightness profiles for several broad-band background maps, in arbitrary units. These templates correspond to observations of
high Galactic latitude objects (quasars and galaxies) that do not contain very extended strong central sources (except for NGC 4636 and the Pegasus I cluster).
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FiG. 16—Comparison of the vignetting correction that should be applied to the 25'-27’ counts to match those in the 6'-8' and 15'-18’ regions, for three different
thermal spectra, with 100% solar abundance model (Meyer 1979). Two column density values (log Ny, = 18 and 21 cm ™~ 2) and two temperatures (kT = 0.3 and 1
keV) are considered. The average rescale derived from the exposure map for the same regions is also plotted for comparison.

FiG. 17—Comparison of the results of the “vignetting correction” procedure applied to background counts in the 2527’ region to the background count
distribution in the 10’-15’ region. The observed count distribution in the 25’27’ regions is also shown.

considering that the source count rates decrease for channel 25 and higher (we have alsc checked numerically the agreement on the
resulting net counts).

We conclude that for spatial analysis the exposure map is a suitable background template, properly rescaled to match the
emission outside 25'. This choice has also the advantage of correcting for poorly exposed region (mostly for the obscuration due to
the support structure). Clearly this normalization has the same disadvantage as in the first consideration, that we are ignoring
possible emission at large radii. We have confined our analysis to photons in the PHA bins 4-30, corresponding to 0.1-2.0 keV.

Although it is clear that the relative corrections in the spectral channels are small, for spectral analysis we have made full use of
this technique, to correct the shape of the background, as well as the normalization. The background for each annulus is therefore
obtained from the counts in the 25-27' annulus, normalized by area, and each spectral channel is then readjusted separately for
vignetting obtained as explained above (see Fig. 16). To check that our “predictions” are indeed reproducing the spectral count
distribution observed in regions free of source counts we have repeated this procedure for regions outside of 27, and also for
different observations available to us, where central sources are not as extended, so that we could check our procedure closer to the
field’s center. Figure 17 shows the results applied to the field of NGC 247, a normal galaxy away from the Virgo cluster emission,
which confirms that our predictions are close to the observed count distribution in the 8'-15’ from a background taken at 25-27'.

APPENDIX B
PROPERTIES OF THE SPECTRAL FITS

To reassure ourselves of the validity of our main spectral results, namely of the existence of a temperature gradient within 8, we
have investigated what changes are observed in the fitted parameters if some of the assumptions are modified. Moreover we have
tried to understand what weight we should attribute to the deviations from the best-fit models observed in some channels.
A comparison of the results should give a measure of the uncertainties (other than statistical) involved.

For this purpose, we have compared the results from different spectral fitting routines (PROS and XSPEC to be specific), and we
have searched the range of abundance, from 20% to 300% of the cosmic value. The various metals in different models scale rigidly
with the cosmic ratios. Furthermore, we have looked at the time history of the observation.

Abundance—Table 7 shows the (PROS) best-fit parameters for a two-temperature fit for each annulus, for a range of abundance
models. Notice that the PROS software allows us to use only discrete values of the abundance percentages. The XSPEC software
could be used instead for continuous values, however, given the different assumption for the Fe abundance in XSPEC (see later), and
our conclusions that a measure of the abundance is not yet possible with the present data, we have completed the test using PROS
consistently.

The results of Table 7 indicate a rather complex situation. The best-fit values would indicate that low abundances are preferred at
the center, while roughly cosmic values are suggested for the 2'-6' region. Otherwise, all models give equivalent “goodness of fit ”
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TABLE 7

COMPARISON OF THE BEST-FIT PARAMETERS FROM A THIN THERMAL PLASMA (RAYMOND CODE),
Two-TEMPERATURE SPECTRUM, FOR DIFFERENT COSMIC ABUNDANCE PERCENTAGES

Annulus Channel Ny kT, Norm?* kT, Abundance  x?
-1 ......... [4:29] 20.45 0.557 —1.00 0.729 20% 24
=2 [4:29] 20.43 0.685 —-1.00 0.698 20 16
2-3 [4:28] 2043 0.753 —1.00 0.737 20 39
—4" [4:28] 20.46 0.799 —1.00 0.849 20 28
4-6" ......... [5:27] 20.35 0.848 —0.88 0.824 20 33
6-8 ......... [4:26] 20.05 0.776 —-0.96 0.835 20 9
8-10"......... [4:29] 19.90 0.667 -0.14 2.885 20 15
10-12'......... [5:27] 19.88 0.770 —0.14 1.534 20 16
12-15"......... [4:27] 19.94 0.685 0.01 2.891 20 26
15-18'......... [5:26] 19.88 0.953 —0.01 0.961 20 20
-1 ......... [4:29] 20.35 0.588 —1.00 0.556 30 32
-2 .. [4:29] 20.34 0.684 —1.00 2.999 30 15
2-3 [4:28] 20.33 0.768 —0.86 0.767 30 29
-4 ... [4:28] 20.38 0.830 —-0.98 0.813 30 21
4-6" ......... [5:27] 20.25 0.862 —-0.97 0.862 30 26
6-8 ......... [4:26] 19.88 0.806 —0.97 0.787 30 9
8'-10"......... [4:29] 19.75 0.647 0.08 2.874 30 16
10-12"......... [5:27] 19.74 0.705 0.22 1.374 30 16
12-15......... [4:27] 19.81 0.674 0.19 2.898 30 25
15-18'......... [5:26] 19.66 0.969 —0.22 0.968 30 19
-1 ......... [4:29] 20.29 0.570 —1.00 2.900 40 34
-2 ... [4:29] 20.28 0.667 —0.55 2.898 40 15
2-3 [4:28] 20.26 0.765 —1.00 2.900 40 26
K [4:28] 20.31 0.843 —0.94 0.821 40 17
4-6" ......... [5:27] 20.16 0.862 —0.62 0.871 40 24
68 ......... [4:26] 19.74 0.791 —0.77 1.378 40 9
8-10"......... [4:29] 19.64 0.633 0.22 2.837 40 16
10-12"......... [5:27] 19.61 0.621 045 1.275 40 17
1215 ......... [4:27] 19.72 0.662 0.32 2.899 40 25
15-18"......... [5:26] 19.41 0.966 —1.00 2.889 40 19
-1 ..., [4:29] 20.28 0.535 —0.46 2.900 50 32
=2 [4:29] 20.23 0.660 —0.38 2.618 50 15
=3 [4:28] 20.18 0.768 —1.00 2.900 50 23
34 [4:28] 20.24 0.857 —-0.27 0.829 50 16
4-6" ......... [5:27] 20.08 0.872 —0.44 0.884 50 23
-8 [4:26] 19.64 0.778 —0.46 1.739 50 10
8-10"......... [4:29] 19.55 0.622 032 2.887 50 17
10-12"......... [5:27] 19.45 0.659 042 1.559 50 17
12-15"......... [4:27] 19.64 0.650 0.42 2.899 50 25
15-18"......... [5:26] 19.09 0.889 0.12 1.159 50 19
-1 ......... [4:29] 20.29 0.462 —0.27 0.995 60 33
-2 [4:29] 20.20 0.654 —0.26 2.550 60 16
2-3 [4:28] 20.12 0.768 —0.86 2.900 60 22
—4' [4:28] 20.18 0.851 -0.59 0.852 60 15
4—-6" ......... [5:27] 20.00 0.873 —0.94 0.966 60 22
6'-8 ......... [4:26] 19.54 0.764 —0.25 1.934 60 11
8-10"......... [4:29] 19.49 0.595 041 2.896 60 17
10-12"......... [5:27] 19.30 0.656 0.48 1.719 60 17
12-15"......... [4:27] 19.56 0.643 0.50 2.879 60 25
15-18"......... [5:26] 19.00 0.927 —0.11 2.880 60 19
-1 ... [4:29] 20.73 0.624 0.20 0.111 70 29
-2 [4:29] 20.16 0.651 —0.18 2.797 70 17
=3 [4:28] 20.06 0.768 —0.71 2.900 70 21
. N [4:28] 20.13 0.854 —0.43 0.853 70 15
4-6" ......... [5:27] 19.92 0.880 —0.36 0.902 70 22
6-8 ......... [4:26] 19.45 0.757 —0.14 2.144 70 11
8-10"......... [4:29] 19.41 0.584 047 2.897 70 17
10-12"......... [5:27] 19.13 0.658 0.53 1.928 70 18
12-15......... [4:27] 19.49 0.635 0.54 2.868 70 25
15-18"......... [5:26] 19.00 0.905 0.12 2.890 70 20
-1 ......... [4:29] 20.19 0.459 —0.20 1.125 100 39
-2 ... [4:29] 20.08 0.641 —0.01 2.708 100 18
23 [4:28] 19.93 0.764 —042 2.899 100 19
34 .. [4:28] 20.02 0.845 —0.71 2.898 100 15
4-6" ......... [5:27] 19.70 0.868 —0.08 0.933 100 22
-8 [4:26] 19.23 0.743 0.11 2.729 100 12
8-10"......... [4:29] 19.20 0.561 0.59 2.898 100 18
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TABLE 7—Continued

Annulus Channel Ny kT, Norm* kT, Abundance  y?
10-12"......... [5:271] 19.00 0.346 0.54 1.150 100 18
12-15"......... [4:27] 19.27 0.618 0.67 2.899 100 25
15-18'......... [5:26] 19.00 0.855 0.49 2.899 100 21

-1 ......... [4:29] 20.04 0.497 0.11 2.878 200 50
-2 . [4:29] 19.91 0.623 0.26 2.900 200 22
3 [4:28] 1967 0750 —004 2900 200 18
-4 ... [4:28] 19.80 0.828 -0.13 2.896 200 15
4—6" ......... [5:27] 19.33 0.860 -0.14 2.895 200 23
6-8 ......... [4:26] 19.00 0.693 0.52 2.900 200 15
8-10"......... [4:29] 19.00 0.418 0.68 2.398 200 20
10-12"......... [5:27] 19.01 0.267 0.49 1.124 200 18
12-15" ... [4:27] 19.01 0.346 0.51 1.301 200 26
15-18'......... [5:26] 19.00 0.217 0.64 1.083 200 18

® Log of the ratio of the second component normalization relative to the first component
[ie.,log(N2/N1)].

and in any case the best-fit low temperature kT, is virtually unaffected by the choice of cosmic abundance percentages. As the value
of kT, is usually poorly determined, similarities here are hardly significant.

The assumption of the solar abundance model (Meyer 1979) does not change significantly the results: the best-fit values are
consistent with those in the cosmic abundance case, and there is a similar trend of increasing kT; (at the best-fit value) with radius.

Although the metal abundance can be very low, we can exclude a thermal bremsstrahlung model with no lines (i.e., exponential
model times (Gaunt factor), which gives unacceptable high values of x2. For the inner 1’ circle, x2;, = 938 for one-temperature
model, and this value is not reduced by the addition of more temperature components.

Time history—The observation was carried out in eight time intervals (OBI), over the period 24-26 1991 December. The time
intervals (with the exception of the fourth, <100 s long) range from 1500-3500 s, and end when the satellite orbit enters the South
Atlantic Anomaly (SAA). We have looked at the overall count rate in each OBI and found that they all behave well, that is, no
significant increase in the overall count rate is observed except at the end, where the SAA enhances the count rate very rapidly,
before the “accepted data interval” ends. We have then obtained the spectral count distribution using only “best” data (i.e.,
truncating the accepted observing times so as to minimize or exclude the contribution from the SAA) and checked that the results
are consistent with those obtained with all the data. Table 8 shows an example for the 2’3’ region, for 20% and 100% cosmic
abundance models.

Significance of the parameters—The 90% confidence region has been derived for the interesting parameters, as listed in the
relevant tables. We have also analyzed the significance of the second temperature value, for the two-temperature fits, and its relative
strength. Figure 18 shows the y? grid for two interesting parameters (kT, and kT5), for the two inner annuli. The Ny is allowed to
vary around the line-of-sight value. All values of kT, > 1 are acceptable, and it is not possible to measure it better with these data. At
the same time the normalization of the second component can vary between 30% and 100% of the first normalization in the
innermost annulus, and from 50 to greater than 100% in the 1'-2’ region. Similarly, the second temperature for the fits outside 8 is
not well constrained, butis kT, > 0.8 keV.

We have also evaluated how much the background rescaling values influence the results. As shown in § 2.5, the determination of
temperatures is very solid regardless of where we obtain the background counts. This is also true if we use different rescaling factors
applied to the counts in the 2527 region. The determination of Ny however is somewhat affected by the rescaling values (see also
§ 2.5).

XSPEC vs. PROS—A last check was done that compares the results obtained from the PROS and the XSPEC softwares. We
found that qualitatively the two systems give consistent results, that is, they agree as to where a minimum of a given spectral model
is. There are, however, differences in the value of x? in some of the models tried, that result from different predicted models. After a
few systematic comparisons of the predicted models from the two softwares, we believe that the reason for the differences are due to
the following:

PROS currently has a later version of the “ Raymond ” code.
In spite of the same name “cosmic abundance,” the assumed ratios for the heavy elements relative to hydrogen are not the same.
Ratios are the same for all elements except Fe and are the Allen (1973) values. In PROS, Fe is consistently taken from Allen; in

TABLE 8
COMPARISON OF BEST-FIT PARAMETERS FOR THE 2'-3’ ANNULUS, USING ALL DATA AND “BEST” DATA

Model
Counts Error Ny 90% Region kT 90% Region I (cosmic) Data Set
12795......... 39 20.43 20.30-20.50 0.767 0.70-0.80 45.7 20% “Best”
19.87 19.65-20.10 0.806 0.75-0.85 272 100 “Best”
17326......... 47 20.43 20.35-20.50 0.751 0.70-0.79 394 20 “All”
19.84 19.70-20.05 0.795 0.75-0.84 21.1 100 “All”
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Fic. 18 —Confidence contours for kT, and kT, for a two-temperature spectrum, with 100% cosmic abundances. The N, and the relative normalization of the
second component are let free to vary.

XSPEC, the solar value from Ross & Aller (1976) is used. Taking advantage of the flexibility of the XSPEC software, it is possible
to use the same abundance ratios for all elements (model vraymond). The comparison between the PROS and XSPEC models thus
obtained indicates that the different choice of standard abundance ratios, rather than the different version of the “ Raymond ” code,
probably gives the bigger effect of the two, although this is somewhat dependent of the temperature assumed for the model.

The effect of absorption is different in the two softwares, even though both are derived from Morrison & McCammon (1983).

An example of the difference in the predicted models is shown in Figure 19, for the innermost 1’ region. We have used the best-fit,
two-temperature model (cf. Fig. 9b) with the following parameters: Ny = 7.4 x 10° cm™2; kT, = 0.08 keV; kT, = 0.60; 100%
cosmic abundance. In XSPEC, we have used the default Raymond model. The x? differ by ~8 for the same model parameters (see
Fig. 19). Since this is true only for some of the models, while in others the agreement is much better, some quantitative differences
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Fi6. 19.—Comparison of the spectral models predicted by the PROS and the XSPEC softwares. In both cases the qualitative agreement with the data is good, but
small differences are observed mostly for energies above 1.5 keV. The different panels are, from top to bottom: comparison between the observed counts (0'-1’) with
the models; ratio of the XSPEC to PROS model; difference XSPEC predicted counts — PROS predicted counts; ([observed—predicted]/error)?> for PROS;
([observed — predicted]/error)? for XSPEC.
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arise in the search for the confidence contours. For example, to derive the range of abundance allowed by the fit, the PROS software
would formally exclude the 100% abundance model while XSPEC accepts up to 100% abundances (however, see the above
discussion on the difference in abundance ratios). This clearly adds uncertainties in the search of the confidence region, in particular
for abundance percentages, since this parameter is probably more model dependent than others.
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