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Abstract. As part of an investigation of far-infrared emissiormable 1. Estimated infrared emission from intracluster dust in
from rich galaxy clusters the central part of Abell 2670 has beéhell 2670 predicted from our hypothesis. The fluxes (in Jy) are calcu-
mapped with ISO a0 ;um, 100 zm, 135 m, and200 pm us- lated assumingamass deposition rateloM yr~!and are expected
ing the PHT-C camera. Point sources detected in the field ha(jgin the cooling radius# 1')
infrared fluxes comparable to normal spirals at the cluster dis-
tance. Probable optical counterparts are cluster galaxies with 60pm 100pm  135pm 200 pm
various characteristics such as blue colous; émission, or model  0.01 0.02 0.02 0.02
double nuclei. One source is extended which could possibly be
emission from intracluster dust in debris from spiral galaxies.

dominated by a central cD galaxy and has recently been shown
Key words: galaxies: clusters: individual: Abell 2670 — in-to consist of several merging subclusters (Bird 1994; Hobbs
frared: galaxies & Willmore [1997). Cox et al.l(1995) usedl) pm and 100 pm
IRAS ADDSCAN data to search for far-infrared emission in
Abell clusters. A signal from Abell 2670 was measured in the
100 pm band at a 98% confidence level and of a large extent
1. Introduction giving a suspicion of Galactic cirrus, but because the source was

We have observed a sample of five rich galaxy clusters witiftended and no significant signal was foun@(@pm, it was
the Infrared Space Observatory (ISO) satellite, using the prffassified as a non-detection according to their adopted criteria.
C camera (Lemke et al. 1996) @ um, 100 yum, 135 ym, and The mass deposition rate in the cooling flow of Abell 2670 is

—1 .
200 pm. In these clusters cooling flows have been inferred frofv based on EINSTEIN IPC data Mg, yr™, White et al.

X-ray observations with mass deposition rates ranging fromot)- Estimated I1SO fluxes from our model (Hansen et al.

forty to several hundred\I, yr=! (White et al. 1997). One 1995) within the cooling radius{ 1’) are given in TablE]1.
motivation was to test the hypothesis (Hansen et al. 1995) that

most of this mass is transformed into low-mass stars. Duripg opservations

the star formation process dust is assumed to be formed, and a

significant fraction is returned to the hot gas phase, heated @4 The ISO data

destroyed by sputtering. The heating of the grains is counjgfe|| 2670 was imaged by ISO during revolution 371 (Novem-
balanced by infrared emission, which can be calculated frCHBrZL 1996) i0 zum, 100 m, 135 ym, and200 m using the
the mass deposition rate, the density of optical light, and & infrared camera PHT-C. The 9 pixel C100 detector was used
density and temperature of the X-ray-emitting gas. for 60 um and 100 um and the 4 pixel C200 fot35 um, and
In the present paper we present results for Abell 2670. TQ@O sm. The observing mode was PHT 32 performing mapping
cluster (z=0.076, richness class 3, Bautz-Morgan type I-1l) § the sky by moving the telescope in a raster along the space-
Send offprint requests 1o, Hansen craftY anq z djrections. A rqster ig made for one filter at gtime.
i I{g the Y direction the chopping mirror allows an overlap in sky

* Based on observations with ISO, an ESA project with instrumen betw di trast inti d | th
founded by ESA member states (especially the PI countries: Franga’€rage between adjacent raster pointings, and a scan ajong the

Germany, the Netherlands, and the United Kingdom) and with thedirection is performed. After a step in the Z direction a par-

participation of ISAS and NASA allel scan is performed with a certain overlap in sky coverage.
** Affiliated to the Astrophysics Division, Space Science DepartmeWith the oversampling factors used in the Z steps the overlaps
European Space Agency becomet6” and92”, respectively. The fixed chopper stepsin Y

Correspondence tdeif@astro.ku.dk arel5” for C100 and0” for C200. The resulting images there-
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Fig. 1. The brightness images from the PIA reductions. Maximurig. 2. The LSQ images. The data are the same as displayed i Fig. 1,
brightness is dark. Value rangesNfy sr ! are: 14.7-17.860 um),  but reduced by our least squares procedure. In@ig:m image the
9.2-13.6 {00 m), 6.3-8.3 (35 um), 3.6-5.4 200 um). The fieldis plus marks the center of the cD, and the numbers 1, 2, and 3 mark
9!3 x 5/4 for C100 and)!6 x 6.2 for C200. An optical image of the sources discussed in the text and also labeled ifFig. 3 as S1, S2, and

field is shown in Fid:B S3
fore have natural pixel sizes a6” x 46” and30” x 92”. In o it o k
comparison the instrumental resolution measured as the FWH B £, .
of the point spread functions available in the ISOPHOT Inte e *H2
active Analysis softwa(PIA, version V7.1.1e) are abobib” - . .’/ }9 p Lot
for C100 andb5” for C200. : o . : 3 R >
’ v - '." ‘. . ‘. o -
' B e 3

2.2. Reductions : T v " .

. . e R P ' 5\
The results presented in Aig. 1 are based on images batch . T R j
cessed by PIA. The flux calibrations are based on both calib} ta ' e e ’
tion lamps which were observed before and aftereachscan.ly . -~ . B R
ear interpolation between the two measurements was applj - Y& . A o g S
\S/\éTeeCr;etZ(.a mapping was performed background flat fielding WE%. 3. An optical image of Abell2670 covering the C200 field of

- Figs[d and 2 ¢'6 x 6!2). The cD galaxy is at the center. Possible
We also presents results for thamedata in Figl2 where counterparts to infrared sources are labeled S1, S2, and S3. S3 is a pair

a least squares reduction procedure (LSQ) .has been USEd'c;lfriﬁeracting galaxies. Objects H1, H2, S2, and the southern compo-
LSQ procedure was worked out by us at a time when PIA Wagnt of the S3 pair are detected sources aféission. X1 and X3

not sufficiently developed to give useful results for PHT 32 dage X-ray sources. Object V is a faint radio source detected with the
and is, therefore, independent of PIA. The method rely on theA. The intensity scale is logarithmic

fact, that the flux from the individual sky pixels is measured by

various detector pixels at different times making a relative sen-

sitivity calibration of the latter possible. The procedure is simpfe3. Optical imaging

in the sense that the only further assumptions made are, (1) that

the detector voltage increases linearly with time proportional &9 [3reproduces a stacked opticalimage of Abell 2670 obtained
the incoming flux, and (2) that the dark corrections availab th the Danish 1.54m telescope at La Silla, Chile, in September

in the calibration files belonging to PIA apply. A problem in’L996. The individual images were exposed through the follow-

the data is the numerous glitches present after cosmic ray HRg filters: B 80 min), V (10 min), and Gunn {5 min). Fig[3
While PIA uses refined methods to correct for such glitches dtfvers the C200 field of Fids. 1 ahil 2 and is centered on the
procedure simply discards large residuals iteratively. The resieminant D galaxy. Notice, that north is towards upper right
ing images (FigR) are in the following denoted LSQ imageS°'Mer- _ o

Although the results obtained in this way do not make optimum Narrow band images were also obtained in the same ob-

use of the data, we still regard a comparison between the L&gVINg run. One filterX7102, FWHM = 80A) covered the

and PIA images as useful until more experience with such d&ggshifted H-+[N11] lines, and the other\(6960, FWHM =
has been obtained. 71A) fall in the nearby continuum. After rotation, scaling, and
subtraction of these images aHN 11] image resulted. Inspec-
1 The ISOPHOT data presented in this paper was reduced using Fi&N O_f the _"bé_+[N H]. image revealed nebular e.mission in four
which is a joint development by the ESA Astrophysics Division angalaxies within the field of the ISO scan. No emission was found

the ISOPHOT consortium. associated with the cD galaxy. The four emission-line galaxies
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are marked H1, H2, S2, and S3 in Hig. 3, and further comme
are given below.

H1: Identical to galaxy #74 in the list of Sharples et al. 198
The object is not associated with any of the stronger i
frared sources visible in Figs. 1 ahl 2. The small obje
just east of the nucleus is probably a star.

H2: Sharples et al. 1988 #281. Not obviously associated w
infrared emission.

S2: Galaxy #28 of Sharples et al. 1988. An infrared source
seen at this position in all four bands.

S3: A pair of galaxies. The southern is #7 and the northern
of Sharples et al._(1988). Both galaxies have double nucler.
The nebular emission is detected in the eastern componkiit4. A contour map of the optical image (FIg. 3) is overlaid the

of #7. The galaxies are probably interacting. An infrarelP0 pm PIA image. The infrared emission has a tendency to follow
source is detected at the position of the pair. the distribution of galaxies. Two apparent infrared sources near the

right edge are artefacts

2.4. X-ray and radio sources
Hobbs & Willmore (1997) discovered 3 point-like X-ray sourcegata are corrected for drift eﬁects before mapping in order to
. . ) enhance the detection of point sources.
in the field from ROSAT HRI data. Their sources 1 and 3 co- . L, .
- , . . . .~ The three infrared sources fall withi)” from galaxies
incide with optical objects which are marked X1 and X3 in . .
. o . . marked S1, S2, and S3 in Hid. 3. As shown by the following
Fig.[3. Source 2 is situated in between X1 and X3 without an . : ;
; . T Jnarks these objects have signs of enhanced star formation
optical counterpart. There are no known quasars in the ﬂ%ctivit
(NASA/IPAC Extragalactic Databd$e y
Slee etal[(1996) surveyedrich clusters of galaxies at 1.5 a®tl: The galaxy is #86 in the list of Sharples efal. 1988. It has
4.9 GHz with the VLA. The limit extends to 1 mJy at 1.5GHz,  been classified as SO, but has a blue colour indicative of
and 15 sources were detected in the area of Abell 2670. Number recent star formation (Tab[é 3).
15 was identified with an early type galaxy (Sharples et al. 1982: Sharples et al. 1988 #28. This is one of our detected sources
#40) just visible in the lower left corner of F[d. 3 (object V),  of nebular emission which can be explained by star forma-
i.e. inthe C200 field but slightly below the C100 field. The flux  tion activity.
of source number 15 at 1.5GHz is 2.7 mJy with no detecti®B: A pairof galaxies (#7 and #9 of Sharples étal. 1988) both of
at 4.9 GHz. Hacking et al[ (1989) made 1.49 GHz VLA maps  which show double nuclei. Their radial velocities differ by
of 60 um sources detected in a deep IRAS survey. They find 420 kms—! (Sharples et dl. 1988). The overlapping optical
a typical infrared to radio flux of about 100, and we therefore isophotes, the presence of double nuclei, and the detected
expect &0 um flux of 200-300 mJy. We made the experiment  nebular emission in #7 point to galaxy encounters with
to put an infrared source of this strength at the position of object associated star formation activity.
V, but found that too little flux is scattered into dif zm frame

to be detectable. Because star formation is known to be associated with infrared

emission from warm dust, it is reasonable to assume that the
three optical objects are the counterparts of the infrared sources.
3. Results There are further infrared features in FIgs. 1 &hd 2 which
{aay be real, such as a possible source marked with a plus sign
in Fig.[2 associated with the cD galaxy. Particularly at longer
avelengths the features form a diagonal band from the upper

When Figd. 1l anfll2 are compared some noticeable similari
and differences are seen. Theum PIA image has a strong

feature in the upper right corner which is not visible in the LS . .
pper 1 right towards the lower left thus following the chain of cluster

image, nor in the other pass-bands. Similarly the ym PIA 3 ) )
image has two strong features near the right border which gﬂlaéames oriented north-south through the cluster center. InJFig. 4

not present in any other image. These are probably artefa & 100 pm PIA image is reproduced overlaid with a contour

On the other hand the three features marked 1, 2, and 3 inJFi .%.t of Fig[3. The tendency for the infrared emission to follow

appear persistently in both reductions and in at least three p g_optlcal contours favours the interpretation, that the emission

band. We regard these as real sources. Their reality was é%%ssomated with the cluster.

confirmed by a procedure used by Linden-Vgrnle ef al. (1999).
They use a median filtering technique, where the PIA reducgd.. Flux measurements

2 The NASA/IPAC Extragalactic Database (NED) is operated by ttft Procedure has been developed to do aperture photometry on
Jet Propulsion Laboratory, California Institute of Technology, undéeurces in the PIA brightness images. We use circular apertures
contract with the National Aeronautics and Space Administration and interpolate the included area for pixels on the rim. Aperture
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Table 2. Aperture photometry on objects with model predicted fluxekSQ image. Atl00 xm both reduction methods agree about the
source. Atl35 pm and200 pm the source becomes the brightest

object filter ~ model flux measured deviation in the area, but broader than compatible with a single point
HR 5981 60 ym 0.142 0.15 +06 source. In thd35 ym PIA image the peak is shifted two pixels
IRC+60228 90 um 0.084 0.07 17 to the left, but this is likely an artefact and not seen in the LSQ
HR 1654 135 pm 0.254 0.25 -02 image. At200 ym S3 peaks at the position of the optical pair.
HR 1654 160 pm 0.197 0.30 +52

Jy Jy %

4. Discussion

The tendency of the infrared emission to follow the distribution

corrections are calculated based on the point spread functi@hgalaxies makes it likely that it is associated with the clus-
used in PIA. ter rather than being foreground cirrus. The reality of sources
The procedure can be checked by means of observed sf@h-S2, and S3 is well established. S1 and S2 are probably as-
dard stars for which accurate model predictions are avaipciated with cluster galaxies with star formation activity. S3
abl@. The sources were observed in raster scans (PHT32) likddentified as a pair of apparently interacting galaxies, both
Abell 2670. The FIR calibrations for the standard stars weyéth a double nucleus. The southern component shows neb-
obtained by fitting the shape of an appropriate red giant brarfiélgi” emission. One or more galaxy encounters with triggered
star model to the longest wavelength observations reliably méar formation and associated infrared emission is therefore
sured for these stars, thus extending the SEDs o@0@igum ~ Very likely. Melnick & Mirabel (1990) studiediltraluminous
(Cohen et al. 1996, Cohen private communication). The resuifared galaxies and found all to be advanced mergers with
of our aperture photometry are compared with the model predqi@uble nuclei and tails. They suggest that a critical distance
tions in Tablé®. The deviations are compatible with the preséiftabout 10 kpc is required for the system to become ultralu-
ISOPHOT calibration accuracies of 20% (Klaas et al._199g}linous. In #7 the distance between the nuclei is 7.2 kpc, and
although the deviation is rather large for th& um measure- in #9 it is 6.7 kpc (forH, = 75 km s~ Mpc™" as used by
ment. Melnick & Mirabel[1990). The distance between the nearest
In our procedure the flux measured in the aperture is céuclei in the galaxy pair is 19.6 kpc. The sources in Abell 2670
rected for the background level, which is usually the dominaf€. however, not particularly strong compared to normal field
error source. We derive the background value from the med@@axies. Alton et al[(1998) have published infrared data for
brightness of the image. TH&0 um image of HR 1654 shows 7 nearby spiral galaxies representing quiescent galaxies with
significant structure in the background. However, in such cagémal FIR-to-blue colours. IRAS (HiRes) fluxes are given for
— which also apply to our Abell 2670 framme- a better proce- 60 xm and100 pm together with ISOPHOT fluxes f@00 ym.
dure is to position, scale, and subtract the PSF from the imaljeTable[3 we present data for these objects scaled to the dis-
If this is performed for the HR 165460 um image using the tance of Abell2670. The properties of S1, S2, and S3 are quite
flux value given in Tablg]2 an obvious over-correction is seefPMpatible with this sample.
When we lower the assumed flux until the background looks S3 is extended a5 m and200 xm. The reason could be
smooth the flux is reduced from 0.30 to 0.21 Jy, which is only@) instrumental artefact or galactic foreground emission acci-

7% deviation from the model flux. In what follows we thereforgentally projected on the cluster galaxies. However, the spatial
use the PSF subtraction method. coincidence with a pair of interacting galaxies favours the inter-

pretation that we are detecting intergalactic dust in the cluster —
possibly related to galaxy debris either from galaxy encounters
3.2. 1S0 sources forming the S3 pair, or due to ram pressure stripping working

We have identified 3 certain sources (S1, S2, and S3) in the IS®galaxies moving through the intracluster gas. As mentioned
images (Fig€.l1 arfd 2). By varying the flux and subtracting tithe introduction, Abell 2670 consists of several merging sub-
PSF an upper and a lower flux limit can be estimated (cf. 3.£Justers and is thus in a highly active dynamical state.
From these limits the mean and its deviation from the limits As stated in Sedtl1 a goal of the present study is to search
have been calculated and are given in TRble 3. A possible sigi®4la possible dust component of the hot intracluster gas. The
at the position of the cD may be present in ﬂm‘um image prediCted fluxes are at a level of 0.01-0.02 \]y for Abell 2670
and has been measured. Borm only an upper limit can be (Table[1) within the cooling radiusy( 1'). The X-ray emission
given for the cD, and fot35 ym and200 m source confusion Peaks at the cD (Hobbs & Willmore 1997), and we therefore
prevents a reliable estimate. expect the hypothetical infrared emission to occur more or less
Some comments on S3 are necessary. S3 appears in an\di’@&n the visible envelope of the cD. The data presented for
of enhanced background emission. The source is ill definedtit® cD in Tabl&B do not rule out the model, but do not pose any
the 60 um PIA image, but is somewhat more convincing in th&trong constraints either. At the long wavelengths source confu-
sion prevents a study of the predicted effect. Even if point source
3 These data were kindly put to our disposal by Ulrik Klaassubtraction could be accurately made, the extended nature of S3
ISOPHOT Data Centre covering part of the cooling area masks the hypothetical, faint
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Table 3. Source fluxes determined from the PIA images (Jy) by positioning, scaling, and subtracting the PSF. The quoted uncertadrtties are
statistical, but are subjectively evaluated limits as described in the text. B, B-V, and T (morphology parameter of de Vaucouleurs et al. 1976) are
from Sharples et al. (1988). Also given are observed data for nearby spirals (Altdn et al. 1998) scaled to the distance of Abell 2670. K-corrections
for optical data are taken from Pence (1976)

Object 60 pm 100 pm 135 pm 200 pm B B-V T comments
cD < 0.03 0.09 = 0.05 - - 157 118 -4

S1 0.11+0.03 0.19+£0.04 0.13£0.09 0.15%+0.08 185 094 -2 blue colour
S2 0.06 £0.03 0.14£0.04 0.25+£0.10 0.17%£0.08 177 092 9 kv emission
S3 0.04+0.02 0.13£0.05 0.28+£0.15 0.454+0.25 172 112 O interacting pair
NGC 134 0.11 0.33 0.63 172 1.00 4

NGC 628 0.02 0.06 0.18 178 072 5

NGC 660 0.10 0.17 0.22 194 101 1

NGC 5194 0.06 0.13 0.23 176 076 4

NGC 5236 0.17 0.33 0.47 165 081 5

NGC 6946 0.19 0.38 0.84 171 096 6

NGC 7331 0.06 0.16 0.32 179 1.04 4

extended flux. The upper limit measured@jm and the point Cox C.V., Bregman J.N., Schombert J.M., 1995, ApJS 99, 405
source flux measured #10 ym at the position of the cD alreadyde Vaucouleurs G., de Vaucouleurs A., Corwin H.G., 1976, Second
exceeds the model predictions. We therefore conclude that theReference Catalogue of Bright Galaxies. University of Texas Press,
data for Abell 2670 does not allow us to perform a convinc- Austin )

ing test of our hypothesis due to the presence of point souré&gking P., Condon J.J., Houck J.R., Beichman C.A., 1989, ApJ 339,
and extended emission possibly related to the ongoing mergi_rc{g\;i1
of subclusters in Abell 2670. In forthcoming papers other rich
clusters will be studied and compared to Abell 2670.
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