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ABSTRACT
Filamentary gas spanning the region between the galaxy clusters Abell 3391 and Abell 3395 has been

detected using ASCA and ROSAT archived data. The gas has a minimum Ñux of 1.3] 10~12 ergs cm~2
s~1 (0.8È10 keV). Within this Ðlament resides a galaxy group for which a Ñux of (2.0^ 0.3)] 10~13 ergs
cm~2 s~1 (0.8È10 keV) is determined. An analysis using ray-tracing determines light scattered into the
Ðlamentary region contributes 13% of the count rate. The structure in which the Ðlamentary gas resides
is postulated to be a Ðlament aligned nearly lengthwise with the line of sight. IdentiÐcation of this struc-
ture as a Ðlament is based on the angular and redshift distribution of surrounding galaxies and clusters.
The distribution is compatible with the structure being a quasi-linear structure tilted to the line of sight
such that the ratio of the depth to the tangential distance is between 6:1 and 18:1. The Ðlamentary gas
contains on the order of 1013 of gas, which is close to 2% of the total mass of the system.M

_
Subject headings : galaxies : clusters : individual (A3391, A3395) È large-scale structure of universe È

X-rays : di†use background È X-rays : galaxies : clusters

1. INTRODUCTION

It may be the case that the majority of the baryonic
material in the universe has not been observed. Numerical
simulations suggest that for a " CDM universe, a large
fraction (up to remains in the intercluster medium,12)
located in a hot (0.01È1 keV) but tenuous gaseous(D)
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phase (Cen & Ostriker 1999). According to these same
simulations, this gas is not located uniformly dispersed
between the clusters of galaxies but is located, along with
the gravitationally dominant dark matter and a signiÐcant
fraction of the galaxy population, in weblike struc-(D14)
tures composed of Ðlaments and, perhaps, sheets. Conse-
quently, a large fraction of the baryon content of the
universe, as inferred from primeval nucleosynthesis argu-
ments, may yet to be observed. There is some disagreement,
however, as to what fraction actually is observed. Cen &
Ostriker (1999) claim only 20%, while the summation of
Fukugita et al. (1998) accounts for more than 50% and Ðnds
100% to be within the range given by the substantial errors.
The accounting of Fukugita et al. (1998) argues that two-
thirds of the baryonic material is in plasmas in groups of
galaxies, based on scaling arguments from clusters. Hence
the largest contribution is based on extrapolation rather
than direct observation.

There is observational evidence for a large reservoir of
low-density gas from the detection of O VI absorption in
QSO spectra by intervening matter. Tripp et al. (2000) set
an approximate lower limit of VI)[ 0.005 from)

b
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Space Telescope Imaging Spectrograph (STIS) detections of
four O VI absorbing systems. This is a sufficient density to
reconcile the apparent deÐcit of observed baryonic material
with the primeval nucleosynthesis predictions.

Briel & Henry (1995) reported the results of a search of
the ROSAT All-Sky Survey for X-ray emission from Ðla-
ments. The authors failed to Ðnd any and consequently put
an upper limit on the electron density of Ðlaments of
6]10~5 cm~3, assuming a gas temperature of 1 keV.h651@2Examining the cosmic microwave background decrement,
Campos et al. (1999) claim that a linear arrangement of
galaxies and QSOs at z\ 2.5 could represent a Ðlament,
with an observed decrement a result of the Sunyaev-

Zeldovich e†ect from the Ðlamentary gas. Scharf et al.
(2000) claim that X-ray emission from a Ðlament of galaxies
has been detected in ROSAT data. The emission was found
in one Ðeld from a sample of 22 deep exposures taken from
the archives. The count rate is 2È3 p above the background.

The best candidate for Ðlamentary emission between
clusters reported in the literature is given in Kull &

(1999). They Ðnd excess emission between theBo� hringer
clusters A3562, A3558, and A3556 in the Shapley super-
cluster, as observed by the ROSAT Positive Sensitive Pro-
portional Counter (PSPC). Scharf et al. (2000), however,
note that the emission may be from gas ejected from the
clusters during a merger. In such a case, the gas would not
represent infalling Ðlamentary gas. Some of the emission is
coincident with two galaxy groups, but there exists a di†use
component that permeates the linear arrangement of clus-
ters and groups. The structure spans or 13 Mpc.3¡.8, h65~1
The gas unassociated with the principal clusters and
groups, though difficult to separate from the principal com-
ponent and any uncataloged galaxy groups, has a lumi-
nosity of ergs s~1, a temperature T \ 1 keV,L X \ 3 ] 1043
and an electron density of cm~3 . This frac-n

e
\ 5 ] 10~5

tion of the gas comprises approximately 10% of the total
gas mass of the system.

Hot gas outside a cluster system has been reported
around A2125 (Wang et al. 1997) from ROSAT PSPC
observations. The gas either may be primordial or may
have been ejected from the system during its formation. It is
neither Ðlamentary nor intracluster (it surrounds the host
cluster), but it does have the characteristics expected for
Ðlamentary gas, providing an observational benchmark.
They report a temperature of 0.85^ 0.4 keV and an X-ray
luminosity of 2.4] 1043 ergs s~1.

Other than accounting for the baryons, there is good
reason to search for this gas. The state of the intergalactic
medium in groups of galaxies is more sensitive to the non-
gravitational processes that occur in the system than in
larger galaxy clusters (see Renzini 1997, for example). This
sensitivity suggests that galactic evolution should strongly
inÑuence the gas in groups and, by extension, their even
lower density counterparts, Ðlaments. Even though Ðla-
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ments likely have a lower fraction of their mass in galaxies,
they also have a lower binding energy and so would be
more sensitive to entropy changes. Markevitch (1999) pro-
poses using the large cluster Ðlament in Aquarius to study
early star formation, suggesting that metal abundances may
be extracted by performing a di†erential X-ray Gunn-
Peterson test.

Filaments as structures are interesting as tests of struc-
ture formation theory. The physical process that leads to
Ðlaments has been the focus of considerable attention. Bond
et al. (1996) note that the Ðlamentary structure is present at
early times in the initial density Ñuctuations. The peaks in
the initial density Ðeld collapse Ðrst and form the largest
objects at the scale over which the local density Ðeld is
measured. This intuitively simple picture forms the basis of
hierarchical clustering. Extending the picture, Bond et al.
(1996) claim that it is alignment of the tidal tensors between
nearby objects that leads to Ðlamentary structure between
the objects. Larger objects inÑuence larger scales and
produce larger Ðlaments. Furthermore, a result of peak-
patch theory (Bond & Myers 1996) is the preferential align-
ment of the tidal tensors of nearby density peaks. The bias
may be understood as a consequence of the interference of
the waves that perturb the initial density Ðeld. Similarly,
walls would form between aligned Ðlaments, but it is
unclear whether Ðlaments are preferentially aligned. It
follows naturally, as suggested by Bond et al. (1996), that
X-ray emission from Ðlaments, if there is any, will be more
common between clusters that are aligned than otherwise.

Filaments are the source of the material presently infal-
ling to the cluster (see Colberg et al. 1999, for example).
Consequently, the clusters determine the location of the
Ðlaments that, in turn, determine the accretion mechanism
of the clusters. Galactic evolution may be a†ected by this
feedback mechanism, and, indeed, galaxies have been
shown to be aligned with the principal axis of the galaxy
collection in both clusters (Lambas et al. 1988) and galaxy
groups (Fuller et al. 1999). The groups were also found to be
preferentially aligned with the nearest Abell clusters.

The new X-ray observatories should be able to either
observe Ðlaments or put further constraints on their abun-
dance and luminosity. In particular, the large e†ective area
of XMM-Newton ([2000 cm2 for 1È2 keV compared to
500 cm2 combined for the ASCA Gas Imaging Spectro-
meter [GIS]) coupled with its wide Ðeld of view (30@) allows
for the detection of fainter signals than previously possible.
Pierre et al. (2000) used numerical simulations to determine
if XMM-Newton will be able to observe Ðlaments. They
give a ““ good chance ÏÏ to observe ““ strong ÏÏ Ðlaments
around z\ 0.1 but note that the chances decrease as z
increases. The primary difficulties that will be encountered
are the large size of such objects, as well as selecting a target.

The previously available technology may have been able
to detect emission from clusters that were aligned along the
line of sight. In this case, the accumulated emission boosts
the signal so that it is detectable. The environment of
the proposed Ðlament, dominated by the galaxy clusters
A3391 and A3395, has been reexamined with the view that
it may represent a Ðlament alignment. From ASCA and
ROSAT observations of the intercluster region, it is found
that there is emission from material spanning the gap
between the two clusters, aligned with the axis of the super-
cluster. We propose that this emission is from Ðlamentary
gas.

The paper is laid out as follows. The morphology of the
supercluster and description of the components is given in
° 2. In ° 3.1, the description of the analysis method for the
detection of the Ðlament is given, along with the results. We
conclude with a discussion in ° 4.

All errors are quoted at the 90% conÐdence level.

2. THE ENVIRONMENT OF THE A3391-A3395 SYSTEM

Galaxy clusters A3391 and A3395 are located in the con-
stellation Carina, of the bright star Canopus. TheSSE1¡.5
region is about SW26¡ from the galactic plane and about
10¡ from the Large Magellanic Cloud. The system has as its
members the galaxy clusters 3391, 3395, and S 0584, along
with the galaxy group ESO 161-IG 006. Together, they
cover a square degree in the sky. A likely member of the
system is MS 0620.6[5239, located 1¡ to the northwest of
A3391, adjacent to Canopus. The proximity of Canopus
makes optical studies difficult. Consequently, little informa-
tion exists in the literature on this cluster. A further 4¡ to the
northwest lies Abell 3380. Since it is well separated from the
region of interest, its membership is not obvious and it will
not be discussed in detail. Both MS 0620.6[5239 and
A3380 have a position angle (P.A.) of 35¡ with respect to
A3391.

The galaxy sky surface density was determined for the
region surrounding the system (excluding A3380, which is
far from the region of interest). The Digitized Sky Survey
(DSS) images of a single Second Palomar Observatory Sky
Survey (POSS-II) plate of the region1 were processed by the
source extraction tool SExtractor2 (Bertin & Arnouts 1996).
The images were from a single plate. The routine produces a
listing of object positions, Ñuxes, elongations, and FWHMs,
among other parameters. The parameters are used to dis-
criminate between galaxies and stars, with galaxies being
associated with any object that is particularly dispersed or
elongated. A maximum integrated magnitude of 15.5
(minimum integrated signal, 105 ADU) was used to limit the
selected objects to only the brighter. The threshold for being
considered dispersed was a FWHM of more than 5A, while
an elongation threshold of the long access being 2 times
larger than the short was used. The point-spread function
(PSF) for the plate is elongated, presumably owing to track-
ing errors. The positions of the extracted galaxies were
smoothed by an adaptive kernel to produce a number-
density Ðeld. The adaptive kernel maintained a constant
number of 32 galaxies in the density estimate for each point
in the Ðeld. The Ðeld was then smoothed on a scale of 1@.4,
equivalent to 200 kpc at the distance of the cluster.

The surface number density for the galaxies is given in
Figure 1. No attempt to discriminate against redshift was
made. Clusters A3391 and A3395 stand out, along with the
galaxy group. MS 0620.6[5239 is partially obscured by
Canopus, but is still sufficiently rich to stand above the
glare. Upon visual inspection, the four 4 p peaks south of
declination [54¡40@ were veriÐed to be associated with
groups of galaxies. Since no redshifts were available, their
association with the system or, for that matter, with each
other, is uncertain except for the peak at 6h25m, [55¡25@,
which is a galaxy pair at z\ 0.118 cataloged in the ROSAT
All-Sky Survey Bright Source Catalog (1RXS). There are no
other 4 p or greater peaks in the Ðeld.

1 http ://archive.stsci.edu/cgi-bin/dss–plate–Ðnder.
2 http ://terapix.iap.fr/soft/sextractor/.
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FIG. 1.ÈThe galaxy sky surface density as determined from(m
R

\ 15.5)
Digitized Sky Survey-II data using SExtractor to separate galaxies from
stars. The contours are at levels of 2, 4, 6, . . . p above the Ðeld density. The
dashed contour corresponds to the [2 p level and encircles the bright star
Canopus, which masks faint objects.

The redshift distribution among the various structures is
illustrated in Figure 2. The galaxy distribution in the vicin-
ity of A3391 and A3395 is given by the contour levels while
the color axis gives the mean redshift. To compute the dis-
tribution, the 285 galaxies for which radial velocities have
been compiled by Teague et al. (1990) were used. Teague et
al. selected the original sample by eye, providing an approx-
imately magnitude-limited selection. The errors on the mea-
sured radial velocities were typically less than 200 km s~1.
We truncated the sample in radial-velocity space to
0.040[ z[ 0.065, removing 73 galaxies. The mean galaxy
surface density was determined using an adaptive kernel in
the fashion used on the galaxies extracted from the DSS.
Similarly, for these galaxies the mean local redshift map was
found by averaging redshifts of the nearby galaxies on the
sky with an adaptive kernel. In redshift space, AS 0584
(not on the map) is the nearest, at z\ 0.048. The cluster
A3395 has z\ 0.051, while the galaxy group lies at
z\ 0.053, midway to A3391 at z\ 0.057. The redshift to
MS 0620.6[5239 is not well known, owing to its proximity
to Canopus. It is reported to have a redshift of z\ 0.049^
0.002 (four brightest of Ðve galaxies) (Gioia et al. 1984)
and z\ 0.052 km s~1) (Tritton 1972).(V

r
\ 15300 ^ 300

Figure 3 shows the X-ray emission of the Ðeld as recorded
during the ROSAT All-Sky Survey. The majority of the
X-ray sources are unresolved and included stars such as
Canopus, which is the bright object in the northern third of
the Ðeld. The Ðeld is at the southern edge of a swath of
di†use, soft galactic X-ray emission that shows up as an

FIG. 2.ÈThe galaxy concentration and mean redshifts. The sample of galaxies is indicated by the crosses. Their mean local density is given by the contour
levels, which are separated by factors of 2. The mean local radial velocity is illustrated by the background color scale. Ignore redshift data outside the
contours. The position of the white circles correspond to the objects DÈH, north to south, listed in Table 1. Their radii are 5@. The larger dark circle is the
ASCA GIS Ðeld of view.
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FIG. 3.ÈThe Ðeld in the X-ray band from the ROSAT All Sky Survey. The positions of the circles correspond to the objects BÈH, north to south, listed in
Table 1. Their radii are 5@.

increase in the background counts north of the system. For-
tunately, the lower edge of the swath terminates north of
A3391. The regions circled are the components of the
system. Many of the other objects in the Ðeld also appear in
the galaxy density map, Figure 1, and are discussed above.
Every enhancement was cross-referenced with the various
catalogs found in the NASA/IPAC Extragalactic Database
(NED), but not all were identiÐed. No superposition of a
previously cataloged background or foreground object was
found.

A3391 is a regular cluster which is dominated by a dumb-
bell cD galaxy (Teague et al. 1990). It has a luminosity of
(1.6^ 0.3)] 1044 ergs s~1 (0.5È2.0 keV) (De Grandi et al.
1999) and temperature measured from the ASCA GIS data
to be 6 ^ 1 keV (Markevitch 1998). Henriksen & Jones
(1996) do not Ðnd evidence of a cooling Ñow using ROSAT
PSPC data. The mass has been measured to be 2.3] 1014

r \ 1 Mpc (Henriksen & Jones 1996) using X-rayh65~1 M
_

,
and optical methods. The dumbbell galaxy is associated
spatially with a radio point source with a Ñux of 1900 ^ 200
mJy (Wright & Otrupcek 1990 ; Wright et al. 1994). The
source has a spectral index of a \ [1.1, which is, given the
beamwidth of the of the PNM Southern Survey, consis-4@.2
tent with radio lobes of an active galaxy. Gregorini et al.
(1994) associate the radio source with the eastern lobe of the
dumbbell galaxy. Using the VLA, they report resolving it
into two components which straddle the lobe in a north-
south direction. The separate sources have, from north to

south, 6 cm Ñuxes of 779.9 and 812.5 mJy and upper limits
on their angular sizes of 49@@ and 31@@.

Cluster A3395 is double-peaked in X-ray Ñux (Henriksen
& Jones 1996). Previous works have classiÐed the A3395
system as one potentially undergoing a merging event. Hen-
riksen & Jones (1996) Ðnd that the A3395 components have
dynamics consistent with infalling, bound objects. They
conclude, however, that A3391 is not bound to the A3395
pair. In a study of the temperature and entropy gradients,
Markevitch et al. (1998) Ðnd little evidence of excess shock
heating in the A3395 system, which suggests they are not
currently colliding. More recently, Donnelly et al. (2001)
have reanalyzed the ASCA data correcting for the PSF
using the method of Churazov et al. (1996). They Ðnd sig-
niÐcantly higher gas temperatures between the south-
western and northeastern component of A3395 and
conclude that the system is approaching the Ðrst core
passage.

The galaxy distribution of A3395 is elongated strongly in
the northwest-southest (NW-SE) direction, transverse to
the axis of the double-peaked X-ray emission. The north-
eastern component is coincident with the peak of the galaxy
distribution while the southwestern is 10@ away. The gal-
axies in the northeast structure have a lower mean radial
velocity, with km s~1, corresponding toV

r
\ 15,000

z\ 0.050, compared with km s~1, correspond-V
r
\ 15,400

ing to z\ 0.051, for the southwest component. The cluster
has a total luminosity of (1.2 ^ 0.5)] 1044 ergs s~1 (0.5È2.0
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keV) (De Grandi et al. 1999) with the NE component being
marginally more luminous ergs s~1 versus[(5.7~0.4`2.9) ] 1043

ergs s~1 (Henriksen & Jones 1996)]. The(4.2~0.5`5.8)] 1043
temperature of the entire structure is reported by Marke-
vitch (1998) to be 5.0^ 0.5 keV. The strong elongation in
the NW-SE direction of the galaxy distribution may be
owing to a projection e†ect. The galaxies clustered 12@
northwest of the center of the galaxy distribution have a
distinctly lower redshift km s~1, corresponding(V

r
\ 14,500

to z\ 0.048). There is an increase in the X-ray emission
associated with this group of galaxies. Consequently, the
cluster may be separated into three components : A3395 E,
which coincides with the peak in galaxy concentration and
X-ray luminosity ; A3395 NW, which coincides with the
group of low-redshift galaxies ; and A3395 SW, which
encompasses the second X-ray emission peak. Masses have
been found for the east and southwest components to be
(1.7^ 0.5)] 1014 and (2.9^ 0.5)] 1014h65~1 M

_
h65~1 M

_
,

r \ 1 Mpc (Henriksen & Jones 1996). The southwest com-
ponent is coincident with a radio source with a Ñux of
1020 ^ 80 mJy and a \ [0.9 (Wright & Otrupcek 1990 ;
Wright et al. 1994), parameters that are again consistent
with the radio lobes of an active galactic nucleus (AGN).
Gregorini et al. (1994) report a lower Ñux at 6 cm of 61.7
mJy and associate the source with a giant elliptical in the
southwest component. They fail to resolve the source.

The galaxy group ESO 161-1G 006 is visually dominated
by a sextet of galaxies in close proximity (\1@). One of the
galaxies is an edge-on spiral with a redshift of z\ 0.1468
that excludes it from the system. Redshifts exist for four of
the remaining Ðve, giving a mean recessional velocity for the
system of km s~1, as well as the high velocityV

r
\ 15,600

dispersion, p \ 1800 km s~1. The velocity dispersion is too
large by a factor of 3È6 to be consistent with a group of
galaxies. Indeed, it is double the velocity dispersion of both
A3391 and A3395. The system must be either the chance
alignment of two pairs of galaxies, a pair and two isolated
galaxies, or four isolated galaxies. The western pair of gal-
axies have radial velocities of 13,600 km s~1 and 14,300 km
s~1 while the eastern pair are receding at 16,800 km s~1 and
17,700 km s~1. All the velocity data are from Teague et al.
(1990) and have errors on the order of ^100 km s~1. There

is another galaxy to the southwest of the western pair2@.5
with a redshift of 13,500 km s~1. The X-ray data provide
constraints on the nature of the group, as is discussed in
° 3.3.

Little information exists for AS 0584. It has a Bautz-
Morgan classiÐcation of IÈII, characterizing the central
galaxy between cD and a giant elliptical (Abell et al. 1989).
It is curiously lacking an X-ray signature, despite possessing
the large elliptical galaxy. The central elliptical has a red-
shift of z\ 0.047 No redshifts for member(V

r
\ 14,180).

galaxies other than the central elliptical have been found in
the literature, so this value is adopted for the entire cluster.
The center of the elliptical is SSW30@@ from a 47 mJy radio
source (Wright et al. 1994), but an association with the
galaxy has not been established. There is a visible-light
object located at the location of the radio source, but no
identiÐcation for it was found in NED.

The cluster MS 0620.6-5239 is host to the radio galaxy,
PKS 0620[526. The reported values for the X-ray Ñux are
3.316] 10~12 ergs s~1 cm~2 measured by Einstein (Stocke
et al. 1991), a value that accounts for a Ñux contribution
from a nearby star, and (4 ^ 1)] 10~12 ergs s~1cm~2 as
measured from the ROSAT All-Sky Survey data (De
Grandi et al. 1999). Using a value of (4 ^ 2)] 10~12 ergs
s~1 cm~2, this translates into a luminosity of (3 ^ 1) ] 1043
ergs s~1 (0.5È2.0 keV), making it the fourth most X-ray
luminous object of the seven objects in the system (A3395
counting as two objects).

The information regarding the components of the system
is summarized in Table 1. It should be noted that at a
recessional velocity of 15 000 km s~1, an angular distance
of 1¡ corresponds to 2.6 h~1 Mpc while a velocity decre-
ment of 100 km s~1 corresponds to 1 h~1 Mpc for pure
Hubble Ñow.

2.1. Filament Geometry
The distribution of galaxies, four clusters, and a galaxy

group in the vicinity of galaxy clusters A3391 and A3395
strongly suggests the alignment of these objects in what
could best be described as a Ðlament. The volume and,
consequently, the density and total mass of the gas in the
Ðlamentary structure is a function of the alignment

TABLE 1

OBJECTS

X-Ray Luminosity Temperature V
r

Object Name R.A. Decl. (1043 ergs s~1) (keV) (km s~1) z

A . . . . . . A3380 6 06 58 [49 29 16700a 0.056
B . . . . . . MS 0620.6[5239 6 21 44 [52 41 2.6 ^ 1b 15300c 0.051
C . . . . . . AS 0584 6 22 58 [53 36 \ 0.01 14200d 0.047
D . . . . . . A3391 6 26 15 [53 41 16^ 2e 4È5f,g 16500 0.055
E . . . . . . ESO 161-IG 006 6 26 06 [54 02 0.12 ^ 0.01 15600 0.052
F . . . . . . A3395 NW 6 26 35 [54 20 Included in G 14500 0.048
G . . . . . . A3395 E 6 27 37 [54 27 5.7~0.4`2.9f 4.1~3.5`= f 15000 0.050
H . . . . . . A3395 SW 6 26 49 [54 33 4.2~0.5`5.8f 4.6~3.1`= f 15400 0.051

NOTE.ÈUnits of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and
arcseconds.

a Abell et al. 1989.
b Gioia et al. 1984.
c Tritton 1972.
d Struble & Rood 1999.
e De Grandi et al. 1999.
f Henriksen & Jones 1996.
g Markevitch 1998.
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geometry. The important element of the geometry is the
angle between the line of sight and the long axis of the
system. Here we will refer to this angle as the inclination of
the system. The limits on the inclination may be ascertained
by spatial and dynamical arguments. Since the region of
interest spans the space between A3391 and A3395, we will
limit the analysis to the A3391-A3395 pair and the A3395
system itself. Note that the inclinations of the two systems
are uncorrelated. We will show that the A3391-A3395
system is unbound, implying that the system is being viewed
at a low inclination. As a point of interest, it will also be
shown that there exists an unbound solution for the A3395
system, but it is most likely bound.

Fundamental to the argument are the concepts of pecu-
liar velocity, turnaround radius, and bound solutions. These
concepts may be understood by considering two overdense
regions of the universe, in which the clusters will subse-
quently form, separated by some initial distance and unper-
turbed by other masses other than the isotropic mass
density of the universe. The regions are initially in motion
away from each other, Ðxed in the Hubble Ñow. Their
mutual gravitational attraction will slow the rate of separa-
tion. That is, each region will break from the Hubble Ñow
and they will each develop a peculiar velocity in the direc-
tion of the other region. If the regions have sufficient mass,
the gravitational attraction will overcome the initial kinetic
energy and they will slow to a stop (at which point their
peculiar velocities are equal and opposite to their Hubble
Ñow velocities). It is at this point that the regions have
reached turnaround radius. Barring any further input of
energy from outside sources, the regions will fall toward
each other. In this case, the regions will be bound, since their
dynamics will never take them further away from each other
than the turnaround radius. A bound solution is a set of
velocities for the regions and a separation between them
such that the system is bound. If the system is unbound,
turnaround is never achieved.

For a system to be unbound, the total internal kinetic
energy must be greater than the total gravitational potential
energy. For a pair of clusters, A and B, the inequality that
tests if the system is unbound is

1
2

(M
A

v
A
2 ]M

B
v
B
2)[ G

M
A

M
B

R
, (1)

where M is the mass of a cluster, v is the velocity of a cluster
relative to the center of mass of the system, and R is the
separation between the two clusters. For unbound systems,
the velocity component along the axis of separation domi-
nates the magnitude of the velocity. Any nonaxial motions
will only increase the kinetic energy of the system, making it
more likely to be unbound. Hence, to simplify the analysis,
all velocities are assumed to be along the axis of separation.
What is observed is the di†erence in the radial velocities of
the clusters, and their angular separation on the sky.*V

r
,

The angular separation on the sky may be translated into a
tangential separation, using HubbleÏs law and theR

T
,

observed redshifts. The true separation relates to the
tangential separation by with i the inclinationR\R

T
/sin i,

between the line of sight and the axis of the system. The
masses of the clusters can be estimated from X-ray analysis
of the hot halos or dynamical studies of the constituent
galaxies, both of which are done in Henriksen & Jones
(1996) for the A3391-A3395 system (see ° 2). The velocities,

and are related to their radial components byv
A

v
B
, v\

Finally, we need the relations to derive the radialv
r
/cos i.

components of the velocity of the clusters with respect to
the center of mass. The relations are
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Combining equation (1) with equation (2) and the relations
of R to and v to gives the inequalityR
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[ cos2 i sin i , (3)

which is the inequality that may be used to determine
unboundedness.

Use of equation (3) with the parameters for the A3391-
A3395 system demonstrates the system is unbound. For this
system we have the following parameters. The tangential
separation is Mpc with the errors esti-R

T
\ 3.1^ 0.2 h65~1

mated by comparing angular separations of peaks in the
X-ray emission and in the galaxy density. The velocity dif-
ference is given by *V

r
\ (16,750^ 200)[ (15,100 ^ 200)

km s~1\ 1650 ^ 300 km s~1 (errors 1.6 p) determined
from 62 galaxies for A3395 and 26 galaxies for A3391. The
radial velocities were taken from the sample of Teague et al.
(1990). Finally, the masses, as determined in Henriksen &
Jones (1996), are andMA3391 \ (2.3^ 0.5) ] 1014 h65~1 M

_The left-MA3395 \ (2.9^ 0.5] 1.7^ 0.5) ] 1014 h65~1 M
_

.
hand side of the inequality, equation (3), is then 1.4^ 0.5

The maximum value possible for cos2 i sin i is 0.38.h65~1.
The system is unbound by at least a factor of 2.4 (90%
conÐdence), which agrees with Henriksen & Jones, who Ðnd
no bound solutions unless the total mass of the system is
3È4 times larger.

The test, equation (3), may also be used on the two prin-
cipal components of A3395 : A3395E and A3395SW. For
the east and southwest components we have R

T
\ 0.68

^ 0.05 Mpc,h65~1 *V
r
\ (15,700^ 300)[ (15,100 ^ 300)

km s~1 \ 600 ^ 400 km s~1, MA3395SW\ (2.9^ 0.5)
] 1014 andh65~1 M

_
, MA3395E \ (1.7^ 0.5) ] 1014 h65~1

In this case, the left-hand side of the inequality is thenM
_

.
0.06^ 0.07. The maximum range of inclinations for which
the inequality is true spans 0¡È8¡ and 68¡È90¡.

A constraint on the inclination is provided by comparing
the speed with which the clusters are moving away from
each other to the total distance separating them. Two
assumptions are required. First, to simplify the analysis it
will be assumed that all cluster motions are directed away
from each other. If the clusters are unbound, then the
Hubble Ñow dominates motions which justiÐes the assump-
tion. Second, it is taken that the velocity of separation in the
past was never less than the present velocity of separation.
These assumptions lead to the condition that the distance
separating the clusters must be greater than the distance by
which the clusters could be separated if they moved at the
same speed as they do at the present for the duration of the
Hubble expansion, i.e., R[ V t. This inequality, expressed
in terms of measurable velocities and separations as well as
the inclination and the age of the system at the given red-
shift is

R
T

*V
r
t(z)

[ tan i . (4)
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For z\ 0.053^ 0.002 (error covers range in redshift space
of A3391 and A3395), t(z)\ 13.75^ 0.05 Gyr forh65~1 )" \
0.7 and (see eq. [3.63] of Peacock 1999). For the)

m
\ 0.3

A3391-A3395 pair, the left-hand side of the inequality is
0.13^ 0.03, which implies a valid range for i of 0¡È9¡. Simi-
larly for the A3395 system, the only valid range in inclina-
tion is Hence the A3391-A3395 system is further0¡È7¡.4.
constrained by this analysis. For the A3395 E-A3395 SW
system, the range of inclinations 68¡È90¡ is excluded, which
lowers the probability that the system is unbound to less
than 10%, but does not exclude it.

A Ðnal constraint provides a minimum value for the incli-
nation, i. The constraint is provided by the maximum pos-
sible true separation that is consistent with the measured
velocity di†erence and the Hubble Ñow. Since R\R

T
/sin i

and we observe the tangential separation, if the inclina-R
T
,

tion, i, goes to zero, the inferred true separation, R, of the
clusters would have to go to inÐnity. There is a limit to how
large R can actually be, which puts a lower limit on i. As R
goes to large distances, the cluster dynamics become domi-
nated by the Hubble Ñow. That is, V ] HR. The deviation
of the velocity from the true Hubble Ñow is the peculiar
velocity, such that The maximum separa-V

p
, V \HR[ V

p
.

tion possible is then The maximum[V ] max (V
p
)]/H.

peculiar velocity is estimated by Ðnding the kinetic energy
converted to gravitational energy as the clusters separate
from an initial separation to a maximum possible separa-
tion (inÐnity). The initial separation is taken to be 1 Mpc. In
the standard cosmology, the masses were once arbitrarily
close. The perturbations required to generate peculiar
velocities, however, did not occur until structure was devel-
oped at a redshift of D10. Since we already have a
maximum possible inclination for the A3391-A3395 system
of i\ 9¡, then the true separation is at least 3.1 ^ 0.2 h65~1
Mpc/sin i\ 20 ^ 1 Mpc. Scaled down by an expan-h65~1
sion factor of 10 (a redshift of 11) gives 2 Mpc for an initial
separation, which is twice our presumed value. Using 1 Mpc
as the initial separation, the maximum peculiar velocity is
1400 km s~1. The maximum true separation is then
(1650^ 300 km s~1] 1400 km s~1)/H0\ 47 ^ 9 h65~1
Mpc. This separation implies the minimum inclination is
3¡.1.

The constraints outlined above conÐne the inclination of
the A3391-A3395 system to the range Equivalently,3¡.1È9¡.
the inclinations correspond to a range of ratios of 1 :6 to
1 :18 for the depth versus the transverse separation. The
Ðlament is being observed nearly lengthwise. For the A3395
system itself, the existence of an unbound solution is found.
The geometry required for the unbound solution is consis-

tent with the geometry found for the A3391-A3395 system
as a whole. The solution is not valid, however, if the struc-
tures are presently interacting, as indicated by the presence
of hot gas between the lobes.

3. ANALYSIS

3.1. Data
In the HEASARC X-ray data archives3 there are ROSAT

and ASCA observations of the A3391, A3395, and the inter-
cluster region. The data for the intercluster region are pro-
vided by the ASCA GIS and Solid-State Imaging
Spectrometer (SIS) instruments. Only those SIS data taken
at a high bit rate were used. From ROSAT , data exist for
only the two clusters. The ROSAT PSPC instrument,
however, has a substantially larger Ðeld of view than either
of the ASCA detectors, so the PSPC observations cover the
region between the clusters. A summary of the observations
used in this study is made in Table 2. In addition to the
target observations listed in Table 2, the ROSAT All-Sky
Survey data retrieved from Max-Planck-Institut extra-fu� r
terrestrische Physik4 were also used for testing for scattered
light in the ASCA observations.

3.2. Filament
3.2.1. ASCA GIS

As a preliminary analysis, the GIS event Ðle was used to
produce an image of the region between A3391 and A3395.
The 26603 events from both GIS detectors were smoothed
with an adaptive kernel that maintained 100 events within
its smoothing radius. The kernel used is a spline with a
general Gaussian shape but compact (goes to 0 in a Ðnite
distance). The smoothing produced an image with a signal
to noise ratio (S/N) of approximately 10. The image was
then smoothed with a Gaussian with a full width at half-
maximum of 2@. The procedure produces an image with a
minimum S/N level throughout the image plane and
a resolution no better than that allowed by the GIS
instrument.

The background was estimated using the FTOOLS5
utility, mkgisbg, and the blank sky events database.6 The
background events were smoothed using kernels with the
same radii as used to smooth the GIS events, followed by
convolution with a 2@ FWHM Gaussian. An exposure map

3 http ://heasarc.gsfc.nasa.gov/docs/corp/data.html.
4 http ://www.xray.mpe.mpg.de/cgi-bin/rosat/rosat-survey.
5 http ://heasarc.gsfc.nasa.gov/docs/software/ftools/ftools–menu.html.
6 ftp ://legacy.gsfc.nasa.gov/caldb/data/asca/gis/bcf/bgd/no–sources/.

TABLE 2

OBSERVATIONS

Live Time
Date Archive No. Instrument Data Modea Counts (s)

1997 Dec 13 . . . . . . 85043000 ASCA GIS 2 12411 24167
ASCA GIS 3 13594 24167
ASCA SIS0 Bright 1596 6747

Bright2 2091 6747
ASCA SIS1 Bright 505 3335

Bright2 812 3335
1992 Apr 3 . . . . . . . . rp800080n00 ROSAT PSPC 6461
1991 Mar 24 . . . . . . rp800079n00 ROSAT PSPC 2595

a SIS only.
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was created using the FTOOLS utility, ascae†map, so that
the image may be corrected for vignetting. The exposure
map was also smoothed in the same fashion as the back-
ground events. Consequently, for each position in the image
plane, the events, background, and exposure map are
smoothed over equal regions of inÑuence. The background
was subtracted from the events image and the result was
divided by the exposure map.

The ASCA GIS image is given in Figure 4. There is a
clear enhancement in X-ray emission in the region between
the cluster A3395 to the south and the galaxy group located
near (6h26m0s,[ 53¡0@), following a north-northwesterly
trend.

Better statistics were achieved by examining the total
signal in the region of the lineament. A mask for the GIS
data which included the Ðlament region but excluded those
areas within 15@ of A3391 and A3395 as well as within 3@ of
the galaxy group was created. The included area covered
311 arcmin2. The count rates within this region were
extracted from the data. The count rate contributed by the
background was again estimated using the blank sky events
database, but for just the region of interest. Data were
extracted from energy channels 68È849 (0.8È10 keV,
nominally).

The count rate above that expected for the background in
this region was found to be (5.8 ^ 0.3)] 10~2 counts s~1
and (6.5 ^ 0.3)] 10~2 counts s~1 for the GIS2 and GIS3
detectors, which di†er marginally in their gain. Using the
routine PIMMS, these count rates were translated into
Ñuxes, assuming a Raymond-Smith model (Raymond &
Smith 1977) with the hydrogen column density set to

cm~2( Dickey & Lockman 1990). Since thenH\5.6]1020
detector is most sensitive to gas at a temperature of 1.3 keV,
the Ñux estimate from a model with this temperature would
represent a lower limit to the true Ñux. If the temperature of
the gas is estimated to be either 0.5 or 2 keV, then the
estimated Ñux rises to 25] 10~13 ergs cm~2 s~1 and
18 ] 10~13 ergs cm~2 s~1, respectively. Consequently,
lower limits of 13] 10~13 ergs cm~2 s~1 and
15 ] 10~13ergs cm~2 s~1 (0.8È10 keV) for the GIS2 and
GIS3 were found presuming T \ 1.3 keV. Here and else-
where in the paper, lower limits are 3 p below the measured
value. The Ñux rises sharply as the input gas temperature
drops, which is signiÐcant since it would be expected that
Ðlament gas would be less than 1 keV.

The Ñux-to-luminosity relation for a z\ 0.5 object,
L \ 6.4] 1054 cm2 F, gives a lower limit to the lumi-h65~2
nosity of 8 ] 1042 ergs s~1 in the 0.8È10.0 keV energyh65~2
band. The luminosity is approximately 1/10 the luminosity
of A3395 (Henriksen & Jones 1996) and 1/15 of A3391.

The sample area corresponds to approximately 1.4 h65~2
Mpc2 (305 arcmin2), giving an approximate lower limit to
the surface luminosity of L^ 6 ] 1042 ergs s~1 Mpc2 and
a surface brightness of 2.6 ] 1040 ergs s~1 arcmin~2.h65~2

3.2.2. GIS Scattered L ight

The count-rate in the Ðeld of the ASCA GIS detector for
the intercluster observation is contaminated by stray
photons from the comparatively bright sources A3391 and
the components of A3395. There are three independent
causes of light scattering (Tsusaka et al. 1995) : (1) nonideal
optical paths, (2) broadening owing to reÑector misalign-

FIG. 4.ÈThe GIS image of the region between A3391 and A3395. The image has had the background rate subtracted. The count rate is events per second
per detector. The circles have radii of 5@ and are centered on A3391, the galaxy group, A3395 NW, and A3395 E, respectively, from north to south.
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ment and surface distortion, and (3) di†raction by surface
roughness. Nonideal paths are those other than the primary
optical path, and involve grazing reÑections o† of the front
surface of both the primary and secondary mirrors. The
nonideal paths are limited to direct passage without reÑec-
tion, reÑection only by the primary mirror, reÑection only
by the secondary mirror, and multiple reÑections o† of the
backs and fronts of the mirrors. Since the angle to which
grazing maintains its efficiency for reÑection o† of both the
front and back sides is energy dependent, the scattering
contributed by nonideal paths decreases with increasing
energy. Surface Ñuctuations and misalignment cause geo-
metric scattering, which is energy independent. Finally,
scattering via di†raction increases with photon energy. A
method must be used to account for this contamination.
Ray-tracing provides the means to determine the propor-
tion of photons scattering into the region of interest.

We used two ray-tracing methods to create scattered
light maps of the region between the clusters. The Ðrst uses
model sources as input while the other is able to use a Ñux
map of the region covering the observation Ðeld of view as
input. The FTOOLS package, ascaray, performs ray-
tracing using predeÐned model sources as input. For ray-
tracing from an input Ñux map, the ASCA analysis tool,
trace–asca (Ptak 1997 ; Ptak et al. 1997) was used.

Both ascaray and trace–asca are able to model sources
outside the Ðeld of view. They have, at their core, the same
legacy routines developed for preÑight characterization of
the ASCA XRT. Those routines were able to reproduce the
scattered light to better than 10% for a source 1¡ o†-axis
(Tsusaka et al. 1995). In-Ñight validation of the ray-tracing
software has been sparse. The ray-tracing code has been
tested to up to 100@ o†-axis using observations of the QSO
3C 273, with the stray light Ñux being modeled7 to better
than 20% within 1¡ and a factor of 2 within Ptak1@.40.
(1997) Ðnds good agreement in reproducing the image of 3C
273 by trace–asca but tests only up to 10@ o†-axis. The
principal sources of stray light in this GIS image of the
intercluster region are A3391 and the components of A3395
that are located 30@ from the center of the Ðeld of view.

3.2.2.1. Ray-Tracing with ascaray

In the following results, the scattered light contributions
from A3391 and the components of A3395 were determined
independently by modeling each using the FTOOLS
package, ascaray. Four objects were modeled, A3395 E,
SW, and NW, and A3391. The objects were presumed to
have Ñux distributions consistent with b-models, the param-
eters for which were taken from Henriksen & Jones (1996).
The parameters for A3395 NW, however, were determined
separately by Ðrst performing this analysis on the ASCA
GIS observation of A3395 and selecting a set of parameters
(b and core radius) which best reproduced the observed
distribution. The core radii were and for1@.1, 1@.5, 2@.5, 1@.5
A3395 E, SW, and NW, and A3391, respectively. The
routine, ascaray, is not able to accept values for b that are
less than 0.51 (otherwise an internal integral diverges) and
Henriksen & Jones (1996) assign values to b of 0.33, 0.47,
and 0.49, to A3395 E, A3395 SW, and A3391, respectively.
Consequently, the minimum value of b \ 0.51 was used for
all models. This limitation is a point of concern and will be
discussed below.

7 http ://heasarc.gsfc.nasa.gov/docs/asca/dec95/min5.html.

For each component, the scattering of 1,000,000 photons
in each of the energies, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, and
7.0 keV, was simulated using ascaray. The 12 di†erent
simulations were co-added to produce a single image of the
scattered photon distribution. The contributions from the
di†erent energy bands were weighted by the factors 0.06,
0.11, 0.20, 0.26, 0.18, 0.08, 0.05, 0.03, and 0.02, respectively.
The factors were derived from the photon energy data from
the ASCA GIS observations of A3391 and A3395. The
contributions from each component were also weighted
by their relative luminosities as measured from ASCA
observations.

It was found that photons in the 0.6È1.0 keV range were
twice as likely to be scattered as photons in the 4.0È7.0
range. Thus the spectrum of the scattered light will be softer
than the cluster spectra.

The photon distribution from the simulations of the stray
light is shown by Figure 5. The routine fails to recreate the
shapes of the peaks associated with the edges of the clusters
A3391 and A3395 as observed by the GIS (Fig. 4). The
inability to successfully model the Ñux distribution may be
caused by the use of values for b that are larger than appro-
priate. The core radii in the input to ascaray were subse-
quently varied in an attempt to compensate for the larger
values of b used as input, but no combination was found to
produce satisfactory results. The failure diminishes the con-
Ðdence we have in the results from using this tool. Never-
theless, we note that approximately 0.5% of the photons
from the cluster components are scattered into the inter-
cluster region associated with the Ðlament. The contribu-
tion corresponds to a Ñux of approximately 2 ] 10~13 ergs
s~1 cm~2, or about 1/7 of the lower limit provided by the
GIS data. A second ray-tracing method, however, is
required to verify this result.

FIG. 5.ÈThe distribution of light scattered onto the image plane of the
GIS detector from A3391 and the components of A3395. The distribution
was determined using the FTOOLS package ascaray. See the text for more
details.
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3.2.2.2. Ray-Tracing with trace–asca

A di†erent approach is provided by the ASCA analysis
tool, trace–asca8 (Ptak 1997). The tool is able to take a Ñux
map as input and, as such, is able to trace photons coming
from the sources within and surrounding the Ðeld of view.
For a template, the ROSAT All-Sky Survey data were used
to create an X-ray intensity map of the sky in the region, 2¡
square, surrounding the center of the GIS Ðeld of view. The
emission, weighted by the X-ray intensity map, was pre-
sumed to be from a 5 keV gas emitting via thermal brems-
strahlung radiation. These parameters were selected since
the bulk of the emission is coming from the clusters A3391
and A3395.

Two input images were created from the ROSAT All-Sky
Survey data : one unmodiÐed and one with the intercluster
emission ““ blanked ÏÏ (Fig. 6, panels a and b), since Ðlamen-
tary emission is weakly visible in the PSPC image. For the

8 http ://lheawww.gsfc.nasa.gov/Dptak/trace2/.

blanked image, a rectangular region between A3391 and
A3395 was set to a constant count-rate approximate to that
in the Ðeld away from the clusters. If a signiÐcant count-rate
is predicted in the intercluster region using the blanked
image as input, it may be taken as indicative of a strong
contribution from scattered light.

The ray-traced Ñux rates calculated from the input
images are given in Figure 6, panels c and d. The excess
emission north of A3395 seen in panel c is entirely absent in
panel d, conÐrming that the counts are from Ñux originating
in the intercluster region and not from photons scattered
into the Ðeld from A3391 or A3395. That the shapes of the
bright peaks at the northern and southern edges are similar
to those observed in the GIS image (Fig. 4) indicates that
the routine is faithfully modeling the scattering.

An input map with the blanked region set to zero was
ray-traced to determine the contribution scattered photons
make to the Ðlament region. For the ray-traced image using
the unaltered input map, less than 7% of the counts in the
Ðlament region come from outside the blanked region. The

FIG. 6.ÈThe distribution of light, including scatter, estimated to be measured at the image plane of the GIS detector by image ray-tracing. As input,
ROSAT All-Sky Survey data (top row) were used. The ray-tracing was done by the tool trace–asca. Image a was traced to produce image c. Image b had the
intercluster Ðeld ““ blanked,ÏÏ which was subsequently ray-traced to produce image d.
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fraction is almost of the 13% calculated using ascaray. To12err on the side of caution, we will still correct the ASCA-
measured Ñuxes by 13%, as is done in Table 3.

3.2.3. ASCA SIS

The data recorded by the SIS cameras on ASCA were
used to determine if a Ñux from the Ðlament was detected.
The Ðeld of view of the SIS cameras is small (a square with
sides spanning 22@). The Ðeld of view of the SIS camera was
centered on (6h26m35s, [54¡3@32@@), which is 5@ from the
galaxy group. No attempt to remove any signal that orig-
inates from the galaxy group was made.

A mask was generated that selected the active regions of
the four SIS chips. The events in these regions were limited
to those that had energies between 0.5 and 6 keV (PI chan-
nels 136È1333 in BRIGHT mode and 137È1644 in
BRIGHT2 mode). Outside this range, the e†ective area of
the cameras drops o† considerably.

Background rates were also determined for the selected
region within the given energy range using archived back-
ground Ðles.9

The count rates above the background for the entire
SIS Ðeld were found to be (6.6^ 0.5)] 10~2 and
(5.0^ 0.8)] 10~2 counts s~1 for the SIS0 and SIS1
cameras, respectively. The rates were converted to Ñuxes
using PIMMS, assuming the same Raymond-Smith model
used earlier. Since the SIS is more sensitive to cooler
photons, to get a lower limit on the Ñux an input tem-
perature of 0.3 keV was used. The lower limits to the Ñux
were found to be 1.3] 10~12 ergs cm2 s~1 and 1.0] 10~12
ergs cm2 s~1 for the 0.5È6 keV energy band. Again, the
errors arising from the assumptions of the model are larger
than the quoted errors. A lower limit, ergsFZ 10 ] 10~13
cm 2 s~1, is inferred. The minimum Ñux corresponds to a
luminosity of 6] 1042 ergs s~1.h65~2

3.2.4. ROSAT PSPC

Data from ROSAT PSPC pointed observations of A3391
and A3395 were taken from the archives (Table 2).

It is unfortunate that the region of the Ðlament is par-
tially obscured behind a radial rib for the A3395 obser-
vation. There is some emission visible to the right of the rib
in the vicinity of the galaxy group. In the case of the A3391

9 ftp ://legacy.gsfc.nasa.gov/caldb/data/asca/sis/bcf/bgd/.

data, the galaxy group is obscured behind the circular rib
circumscribing the principal Ðeld of view. The Ðlament
region is visible, however, permitting better statistics in the
search for emission in the Ðlament region compared with
the A3395 data.

To get count rates and lower limits to the Ñux, the
ROSAT PSPC events data were processed in the following
manner. The region used to extract the Ðlament from the
ASCA GIS data was converted to PSPC image coordinates.
The counts within this region which fell in the PI channels
40È200 (0.4È2.0 keV) were extracted. The count rate was
determined by dividing the counts (per binned pixel, at this
point) by the vignetting-corrected exposure map. The expo-
sure map was created using the detector map for the PI
channels of 42È201, which most closely spans the energy
range considered here. The background was estimated by
selecting counts in 10 regions away from the Ðlament, clus-
ters, and obvious point sources. The background count rate
was also normalized by the same exposure map. The back-
ground count rate was then scaled by the ratio of the area of
the Ðlament region and the background region. The event
rate for the Ðlament is then estimated to be the event rate
within the region less the scaled background rate. The pro-
cessing was done for the ROSAT PSPC data for A3391 and
A3395. Count rates of (6.8^ 0.5)] 10~2 counts s~1 and
(6.4^ 0.3)] 10~2 counts s~1, respectively, were found. The
rates are translated by PIMMS to minimum Ñuxes of
5.2] 10~13 ergs s~1 cm~2 and 4.7 ] 10~13 ergs s~1 cm~2,
presuming a temperature of 0.6 K. This temperature mini-
mizes the calculated Ñux. Hence, the Ñuxes represent lower
limits. The corresponding minimum luminosity is then
3.0] 1042 ergs s~1.h65~2

3.3. Galaxy Group
Emission from the galaxy group is evident in the ASCA

GIS data illustrated in Figure 4. A Ñux estimate was made
for the galaxy group using an analysis similar to that used
for the Ðlament region in ° 3.2.1. A circular aperture 3@ in
radius was used to isolate the group. The count rate within
this region was found, as was the background rate from the
source-free regions.

The total number of counts is 5 p above the background.
When converted to a Ñux using PIMMS, assuming T \ 1
keV, a value of (2.0^ 0.3)] 10~13 ergs cm~2 s~1 (0.8È10
keV) is found for both the GIS2 and GIS3 data. The corre-
sponding luminosity is then (1.2^ 0.2)] 1042 ergs s~1.h65~2
The luminosity is about of the total Ñux from the Ðla-18

TABLE 3

MEASURED FLUX LOWER LIMITS

F
(10~13 ergs s~1 cm~2)

ENERGY WINDOW

INSTRUMENT (keV) Lower Limit T \ 1 keV, 0.4È10 keVa

ASCA GIS 2 . . . . . . . . . . . . . . . . . 0.8È9.0 Z12.9^ 0.8b 20^ 1
ASCA GIS 3 . . . . . . . . . . . . . . . . . 0.8È9.0 Z14.6^ 0.8b 22^ 1
ASCA SIS 0 . . . . . . . . . . . . . . . . . . 0.5È6.0 Z10.1^ 0.6b 11.7 ^ 0.8
ASCA SIS 1 . . . . . . . . . . . . . . . . . . 0.5È6.0 Z7.7^ 0.6b 8.9 ^ 0.8
ROSAT PSPC (A3391) . . . . . . 0.4È2.4 Z6.2^ 0.5 6.8 ^ 0.5
ROSAT PSPC (A3395) . . . . . . 0.4È2.4 Z5.8^ 0.6 6.4 ^ 0.8

a nH \ 5.6] 1020 cm~2.
b Corrected for a 13% contribution from scattered light.
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ment, but since the projected area is 9 times smaller than the
ÐlamentÏs, the surface Ñux is slightly greater.

We were unable to use either the SIS or PSPC data to
determine the galaxy group luminosity. The group was not
completely in the Ðeld of view of the SIS camera, and was
unfortunately masked either partially or completely by the
support ribs of the PSPC instrument in the observations of
A3391 and A3395.

3.4. AS 0584
The region of AS 0584 was observed serendipitously by

ROSAT in its observation of A3391. Approximately half of
the region of interest was partially obscured by a rib
support. The telescope jitter was transverse to the rib,
however, leading to an attenuation of the signal not exceed-
ing 20%, a value determined by examination of the expo-
sure map. A similar analysis was performed as for the
Ðlament region to put an upper limit on the Ñux from the
cluster AS 0584. A circular aperture with a 4@ radius cen-
tered on the cluster was used to extract the recorded events
from the PSPC data. After background subtraction, a count
rate of (1 ^ 2)] 10~3 counts s~1 was determined. The rate
obviously represents a null detection. The 3 p count rate
corresponds to a Ñux of 4.5 ] 10~14 ergs cm~2 s~1, giving
an upper limit to the luminosity of 3 ] 1041 ergs s~1.h65~2

There is no appreciable enhancement in the galaxy
density in the location of AS 0584 (Fig. 1). There is a bright
elliptical at the location of the cluster that is classiÐed as a
cD galaxy by Abell et al. (1989). However, examination of
the region using second generation Deep Sky Survey
images10 processed with SExtractor using the same criteria
as described in ° 2 Ðnds no concentration of galaxies above
the background. Altering the criteria failed to reveal a faint
population. This is confusing, since Abell clusters are identi-
Ðed by a local enhancement in galaxy density (speciÐcally,
at least 30 galaxies with magnitudes between the magnitude
of the third brightest member and that plus two). We are
unable to explain this apparent misidentiÐcation.

The limit on the X-ray Ñux from the elliptical further
points to the absence of a cluster at the given location.
From a sample of X-rayÈselected clusters containing cD
galaxies examined by Burns (1990), a span in X-ray lumi-
nosity for the clusters was found to be 3 ] 1043 ergs s~1 to
2 ] 1045 ergs s~1, fully 2 orders of magnitude greater than
the found for the AS 0584 upper limit. Though the sample is
X-ray selected and su†ers a bias against fainter objects, the
discrepancy indicates the bright elliptical is not a cD galaxy
located in a galaxy cluster.

4. DISCUSSION

An ASCA GIS observation of the region between
A3391 and A3395 outlines a swath of excess X-ray emission
connecting A3395 to the galaxy group. The excess emission
is aligned with the general direction of a Ðlament as out-
lined by the alignment of the clusters MS 0620.6, A3391,
and A3395 (Fig. 3). If the emission was the result of gas
ejected from the A3395 system, which is double peaked in
X-ray emission and likely at some stage of a merger, the gas
would not preferentially align itself with the Ðlament. A

10 http ://archive.stsci.edu/cgi-bin/dss–plate–Ðnder.

similar argument suggests against, but does not rule out, it
being a result of a postimpact tidal tail between the A3395
system and the galaxy group. Hence, the excess emission is
postulated to be from hot intercluster gas within the Ðla-
ment structure. Finally, the emission may have as its source
the chance superposition of galactic gas. Without better
spectroscopic information, the possibility cannot be ruled
out. It is the spatial coincidence with the A3391-A3395
intercluster region and the alignment with the entire system
that points to a relation with the system. It is likely,
however, that some fraction of the emission may still be the
result of intervening galactic gas. We are presuming that the
fraction is small.

The Ñux rates from the Ðlament gas, determined from the
data from the various instruments as outlined in °° 3.2.1 to
3.2.4, correspond to lower limits to the Ñux. The minimum
Ñuxes, as listed in Table 3, are all consistent with a positive
identiÐcation of excess Ñux but do not give an indication of
what that Ñux might actually be.

Presuming a gas with a temperature of 1 keV and the
intervening column density of hydrogen to be nH \ 5.6
] 1020 cm~2, then for the common energy range 0.4È10
keV, the various instruments Ðnd the Ñuxes to be (18 ^ 2)
] 10~13, (12^ 2)] 10~13, and (5.5^ 0.8)] 10~13 ergs
cm~2 s~1 for the GIS, SIS, and PSPC detectors, respec-
tively. The GIS and SIS Ñuxes include the correction for the
13% scattered light in the ASCA observations. The GIS and
SIS data agree to within 3 p, but the Ñux from the ROSAT
PSPC data is to of the ASCA-derived Ñuxes. The dis-13 12crepancy may be a result of the Ðlament region being par-
tially obscured by the support ribbing on both PSPC
observations. The assumption of the gas having a tem-
perature of 1 keV may also be at fault. The PSPC is pro-
gressively less sensitive to emission from hotter plasmas. If
the temperature were 3 keV, for example, the Ñux inferred
from the PSPC data would be 4 times greater, while that
inferred from the SIS data would increase only marginally.
It would double for the GIS data, however, which would
not increase the agreement among the instruments.

The amount of material contained within the extended
structure is difficult to ascertain since the density of the gas
is not known and the emissivity is a strong function of
density, going as Some estimates can be made, however,o

g
2.

since the total luminosity goes as the volume emissivity,
multiplied by the total volume, V \ Al. For avPT 1@2o

g
2,

Mekal spectrum of a 1 keV gas, spanning the energy range
0.4È10 keV, the following relation is found :

F\ o
g
2 V /Mpc3

Dist2/Mpc2 5.7] 1047 ergs cm~2 s~1 . (5)

A Ñux of 21 ] 10~13 ergs cm~2 s~1 corresponds to a lumi-
nosity of 1.3 ] 1043 ergs s~1 in the range 0.4È10 keV.h65~2

The area of the region mask used to extract the Ñuxes
from the observations is 311 arcmin2 in area. At a recession-
al velocity of 15,500 km s~1, this gives A\ 1.50 Mpc2.h65~2
The ratio of the long axis to short is 1.6.

An upper limit may be found on the gas density by pre-
suming that the emission is coming from a cylinder aligned
perpendicular to the line of sight. If the cylinder has a diam-
eter of 0.97 Mpc and length 1.55 Mpc, then itsh65~1 h65~1
volume would be 1.2 Mpc3. Such a volume gives a gash65~3
density of 3.7 ] 10~28 g cm~3 andh65~1@2 nH \ 1.7] 10~4

cm~3.h65~1@2
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The description of the system laid out in ° 2 implies that
the system is tilted to the line of sight such that a distance
projected on the sky spans a distance at least 6 times longer
in depth with a range in inclination of 3¡È9¡. A cylinder 0.49

Mpc in radius and 4.2 Mpc in length tilted at 8¡h65~1 h65~1
would project 1.5 Mpc2 on the sky. Its volume wouldh65~2
be 3.2 Mpc3 and to create an equivalent emissionh65~3
would require a density of 2.6 ] 10~28 g cm~3 andh65~1@2

cm~3. The total mass would benH \ 1.2 ] 10~4 h65~1@2
1.2] 1013 The density corresponds to an over-h65~7@2 M

_
.

density of 800 in the baryon content (assumingh65~1@2 )
b
\

on the order of 100 times larger than expected for0.04 h65~2),
Ðlaments. For a given observed Ñux and the relation, equa-
tion (5), the inferred density goes as o P L~1@2, where L is
the length of the cylinder. The minimum possible value for
the inclination, 3¡, gives an increase in the cylinder length
sufficient to lower the inferred density by a factor of 1.6.

The derived characteristics for the intercluster gas are
similar to those of the system described by Kull &

(1999). The total mass of the Ðlament given byBo� hringer
the previous estimate is 1.7% of the total mass of theh65~5@2
system (presuming a total mass of 7 ] 1014 Hen-h65~1 M

_
;

riksen & Jones 1996) and 12% of the total gas massh~5@265of the system (1 ] 1014 Henriksen & Jones). Kullh65~1 M
_

;
& Ðnd the intercluster gas comprises 5% of theBo� hringer
total system mass. The luminosity is of that described by13Kull & The estimated density translates into anBo� hringer.
electron density of cm~3, which isn

e
\ 1 ] 10~4 h65~1@2

twice the value found in the Shapley supercluster. Given the
sensitivity of these estimates to the presumed geometry, it is
possible that they are the same class of object.

It would be expected that the search for Ðlamentary gas
would Ðrst Ðnd the high density tail in the distribution.
Hence, the high apparent gas densities of these systems
should not exclude them as candidates for Ðlamentary gas.

The Ñux surface brightness is 6 ] 10~15 ergs cm~2
s~1 arcmin~2 (0.4È10 keV). The surface brightness is more
than 30 times larger than that for the Ðlament report in
Scharf et al. (2000), which has a Ñux more in line with
expectations for Ðlamentary gas as seen in numerical simu-
lations (Cen & Ostriker 1999), although their detection is
only at the 3 p level.

The galaxy group has a Ñux of (2.0 ^ 0.3)
] 10~13 ergs cm~2 s~1 (0.8È10 keV) measured by the GIS2
and GIS3 instruments. The corresponding luminosity is
(1.2^ 0.2)] 1042 ergs s~1. Its projected area (3@ at 260h65~2
Mpc) is 0.16 Mpc2. Presuming it is spherical, that trans-h65~2
lates to a volume of 0.05 Mpc3. Using the sameh65~3
assumption of a 1 keV gas, then equation (5) requires o

g
\

g cm3 and a total gas mass of 4.9 ] 10116.7] 10~28 h65~1@2
This mass is about 4% of the mass for the inter-h65~7@2 M

_
.

cluster gas.
In a survey of Hickson Compact Groups with the

ROSAT PSPC, Ponman et al. (1996) Ðnd a range in ofL X1041È1043 ergs s~1, with the spiral-dominated groupsh65~2
conÐned to less than 1042 ergs s~1. Mulchaey et al.h65~2
(1996) Ðnd for poor groups of galaxies a similar range but
with the majority greater than 1042 ergs s~1. In ah65~2
comparison of 20 loose groups to 22 compact groups (from
Ponman et al. 1996), Helsdon & Ponman (2000) Ðnd a
luminosity span for the loose groups of 1041 to 5 ] 1043

ergs s~1, essentially indistinguishable from theh65~2

compact groups. Hence, our measurement is consistent with
classiÐcation as an early-type dominated compact group or
a faint loose group. The group would be in the low-
luminosity range for poor groups.

That the luminosity is consistent with a group of galaxies
is signiÐcant, since the redshift data (described in ° 2)
demonstrate that the Ðve principal galaxies are a chance
alignment of at least two pairs of galaxies. For a single
galaxy to be responsible for the emission, it would need to
be a massive elliptical. No B magnitudes are available for
the galaxies, but the Deep Sky Survey image indicates that
none of the galaxies are particularly bright. The X-ray data
demonstrates that there is at least one true group of galaxies
but the resolution is not sufficient to attribute the emission
to either the eastern or western pair of similar-redshift
galaxies.

The galaxy distribution, as illustrated in Figure 1, shows
a greater than 2 p enhancement to the north of A3395 NW
that coincides with the location of the excess X-ray emission
as illustrated in Figure 4. The A3395 cluster and the galaxy
group are sufficiently separated that the enhancement in the
galaxy distribution is likely not a result of percolation of the
contour line.

The temperature of the gas was not determined owing to
the low number of counts. A temperature greater than
1 keV may be required to resolve the discrepancy between
the ROSAT PSPC estimated Ñux and the ASCA GIS. A
higher temperature would not be incompatible with the
identiÐcation of the gas with Ðlamentary material as sug-
gested from numerical simulations since, as mentioned,
selection e†ects dictate that the hottest, densest members of
this postulated population would be found Ðrst.

The nature of the gas would be clariÐed if its temperature
were known. Further observations, particularly using
XMM-Newton, would help determine the state and extent
of the gas. It is important to know if such emission truly
does represent a population of dense, Ðlamentary gas or is
simply a by-product of local cluster activity.
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