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Abstract. Obscured AGNs are thought to contribute a largeeep ROSAT observations resolved80f the XRB around 1
fraction of the hard X-ray background (2—10 keV), and have alkeV into discrete sources (Hasinger ef al. 1998), most of which
been proposed as the powerhouse of a fraction of the SCURAre identified with low absorption type 1 AGNs (Schmidt et
sources which make most of the background at;880thus al.[T998). However, the energy density of the XRB has a maxi-
providing a link between the two spectral windows. We hawvaum around 30 keV, where type 1 AGNs cannot give adominant
tackled this issue by comparing data at 2—10 keV and gt850 contribution due to their relatively soft spectra. Following the
for a sample of 34 sources at fluxes (or limiting fluxes) which reriginal suggestion of Setti & Woltjer {1989), the hard XRB is
solve most of the background in the two bands. We present heoenmonly explained with the superposed emission of a large
new SCUBA observations, and new correlations between sepapulation of highly obscured, type 2 AGNs (e.g. Comastri et
rate data sets retrieved from the literature. Similar correlatioak/1995). Recently, deep Chandra observations in the 2—-10 keV
presented by others are added for completeness. None of theahiye, down to a limiting flux o2.5 x 1071 erg s~! cm ™2
hard X-ray (2—10 keV) sources has a counterpart ag@®0vith  (Mushotzky et al. 2000, hereafter M00), resolved 75% of the
the exception of a Chandra source in the SSA13 field, whichX&B in this spectral range if the background measured by Bep-
a candidate type 2, heavily absorbed QSO at high redshift. Ts@SAX is adopted, or an even larger fraction if previous back-
ratiosFss0.m /Fskev (Mostly upper limits) of the X-ray sourcesground estimates are used (Vecchi et al. 1999 and references
are significantly lower than the value observed for the cosnttwerein). So far, optical identifications have been biased in favour
background. In particular, we obtain that 2—10 keV source$optically bright sources, i.e. broad line unobscured QSOs and
brighter thanl 0~ erg s~cm~2, which make at least 75% of Seyfert 1 galaxies, however some of the counterparts do show
the background in this band, contribute for less than 7% to timelications of obscured AGNs [MOO; Fiore et al. 2000a; Brandt
submillimeter background. Out of the 24 SCUBA sources, 22 al. 2000; Fabian et al. 2000 (hereafter FO0); Hornschemeier
are undetected by Chandra. The rafi@go,m/Fskev (Mostly et al. 2000 (hereafter H00)].
lower limits) of these SCUBA sources indicate that most of If obscured AGNs are actually the major contributors to the
them must be powered either by starburst activity, or by an AQ@¥rd X-ray background, a large fraction of their optical-UV en-
which is obscured by a colum¥y > 10?° cm~2, with areflec- ergy must be re-radiated at longer wavelengths, from the near
tion efficiency in the hard X rays significantly lower than 1% iro the far infrared and submillimeter (sub-mm) regions, as con-
most cases. However, AGNs of this type could not contributiemed by the observations of nearby heavily absorbed AGNs
significantly to the 2—10 keV background. (e.g. Vignati et al. 1999). The shape of the infrared spectrum of
such sources is uncertain, but the integrated luminosity can be

Key words: galaxies: active — submillimeter —infrared: galaxiesstimated from the X-ray luminosity. One finds that, if the re-
— X-rays: galaxies — cosmology: diffuse radiation processing material were sufficiently cold, the absorbed AGNs
could contribute a substantial fraction (20-50%) of the submil-
limeter background (Almaini et al. 1999).

However, the nature of the energy source in powerful IR
and sub-mm galaxies is still matter of debate. Recent ISO re-

Active Galactic Nuclei (AGNs) are thought to produce most ¢lults suggest that most of them are powered by vigorous star

the X-ray background (XRB) in the 1-100 keV energy rangérmation (eg. Genzel etal. 1998; Lutz et al. 1998). If starbursts
were the dominant contributors to the high-z SCUBA sources,

1. Introduction
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Table 1. HELLAS sources observed with SCUBA Table 2.Observing log and results

SAXJ F%  logNy R z Clas$ Name Date . Teo  Toso  FSso  Fiso
0045-2515 35 <23 174 0111 19 SAXJ (ks) (mdy) (mJy)
1054+5725 2.7 <22 184 0205 19 0045-2515 25-26/08/99 2.8 0.17 0.91<2.6 <42
1117+4018 1.3 22%#05 199 1274 B 1054+5725  09/01/00 1.8 0.19 1.05<3.4 <37
2302+0856 3.3 23803 183 0.135 ELG 1117+4018  10/01/00 1.4 033 27 <7 -

* 510 keV flux in units of 107 erg & cm™2. 2302+0856 20-24/08/99 3.0 024 1.39<2.4 <31

> Absorbing column density derived from the X-ray hardness ratio Byinteg. time.
assuming an intrinsic photon indéx= 1.8 and the absorber at the® Average opacity.
same redshift of the AGN. ¢ Upper limits are at 2.
¢ B=Blue broad line QSO, 1.9= intermediate type 1.9 AGN,

ELG=Emission Line Galaxy.

with the Starlink SURF software (Jenness & Lightfoot 1998).

which make most of the sub-mm background (Blain et al. 200097 each object more than one photometric observation was car-
Barger et al. 1999a, hereafter B99), this would have importa{f'ﬁd out. Each o_bservation was first reduced by subtracting_ the
implications on the star formation history of the Universe. Offéasurements in the reference beam from those in the signal
the other hand, several of the high-z SCUBA sources appeaPf§iM rejecting obvious spikes. It was then flatfielded and cor-
host an AGN, but it is not clear to what extent the latter cofiected for atmospheric opacity. For this purpskgdipswere
tributes to their sub-mm flux (lvison et al. 2000). Constrainf§ken regularly to determine the sky opacity before and after
on the hard X-ray emission of the SCUBA sources should héﬁ!ﬁ target observation. Residual sky background emission was
to tackle this issue. removed using the median of the different rings of bolometers
With the aim of investigating the relation between the sugS @ background estimate. With the_ extin_ction corrected and
mm and the 2—10 keV hard X-ray backgrounds we have star%ﬁf subtracted data we produced a final signal for each obser-
an observing program with SCUBA, the Sub-mm Commofftion and then for each source we.concatenated together the
User Bolometer Array (Holland et &1, 1999) at the James clafdividual observations producing a final coadded data set. Two
Maxwell Telescope (JCMT), of a subsample of the sources QUrces (SAXJ0045.7-25 and SAXJ2302+08) were observed on
tected by BeppoSAX in the HELLAS survey. This survey hégvo_ d_|fferent nights, with a very low ar_1d stable opacity. The re-
resolved abous0% of the 5-10 keV background into discretdn@ining two were observed on one night only, and one of them
sources at a flux limit of- 510~ erg cn2 s~ (Fiore et (SAXJ1;17+40) suffered from bad opacity conditions. A pri-
al. 1999, 2000b). Here we present preliminary results comifify calibrator (Uranus) was used in the August run, yielding
from these observations, and combine these with 2-10 keV hd0% accuracy, while a secondary calibrator (OH231.8) was
sub-mm data of other fields. In particular, we also include in tHi§€d in January, yielding a calibration uncertainty of 20%.
study the results from FOO on the cross correlation of Chandra
and SCUBA data of two lensing clusters, the cross correlatign pasyits and cross-correlation of other surveys
performed by us of the deeper Chandra observation of SSA13
(M00) with SCUBA data of a sub-area (B99), and the resultéone of the four HELLAS sources in our subsample was de-
of the Chandra and SCUBA observations on the HDF Nortfcted. Table 2 gives the upper limits at@&long with other rele-
reported by HOO, with some additional correlations in the sard@ntinformation on the observations. In order to putthese results
field performed by us. into perspective, we follow FOO and compute a submillimeter—
to—X-ray indexxsx (F, o< v~%), using the observer-frame flux
densities at 85@m and 5 keV. The flux densities at 5 keV have
been derived from the observed 5-10 keV fluxes and spectral
The objects included in our program are a subsample of the apdices. In Fig. 1, which givess x as a function of redshift, our
tically identified HELLAS sources. Higher priority was given taesults are represented by filled squares (note that in Fig. 1 the
sources showing evidence for absorption either in the X rays¥saxis is inverted with respect to F0OO, this is to avoid misunder-
in the optical. Relevant information on their X-ray and opticaltanding when discussing upper and lower limits).
properties are listed in Table 1. In the case of SAXJ2302+0856 The open squares are the sources of FOO, modified in ac-
there is some ambiguity in the identification of the counterpadprdance with the energy band used here, which were detected
since another Emission Line galaxy pair is present in the Begither at 85@m by SCUBA orinthe 2—10 keV band by Chandra.
poSAX errorbox. However, a ROSAT PSPC counterpart (which We have also cross-correlated the deep hard X-ray survey
is most likely associated with the hard X-ray source) is closef the Hawaii Field SSA13, carried out by MO0 with Chandra,
to the source observed with SCUBA, suggesting that more thaith the deep4{ = 0.6 — 1.0 mJy) small-area and, respectively,
half of the X-ray emission comes from the latter. shallow ¢ = 1.5 — 2.5 mJy) wide-area SCUBA maps cen-
The observations were made in standard point-source pkered on the same field obtained by B99 at 850. Three of
tometry mode at 450 and 85@m, and the data were reducedhe hard X-ray sources detected by MOO lie in the deep SCUBA

2. Observations and data reduction
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Fig. 1. Distribution of the observed sub-mm to hard X-ray spectral indiges as a function of redshift. Filled squares are the HELLAS sources
observed by us. Empty squares are the sources reported by F00. The filled circles are Chandra hard-X sources detected by M0O in the SSA13
field. The shaded areas give the distribution of lower limits for the SCUBA sources detected by B99 in the SSA13 field but undetected by
Chandra. The empty circles are sources in the HDFN reported by HOO. Dark and light blue symbols indicate 2—-10 keV sources detected in
different ranges of flux (see legend), while red symbols indicate SCUBA sources which were not detected by Chandra in the 2-10 keV band.
Templates derived from various types of known active galaxies are shown (see text). Stars are high-z QSOs detected by SCUBA. The thick
horizontal segments give thes x of the cosmic background and of sources having a factor of 10 lower sub-mm flux relative to the 5 keV flux.

area (# 15, 18 and 21 in M@)Only one (#15) out of these tainty. At this redshift, the observed flux implies a luminosity
three sources has a counterpart at 860 it has not been spec-of Ly_jgrey ~ 1 — 2 x 10* erg s™! (or intrinsically higher
troscopically identified, but its colours match those of a yourigabsorbe(ﬂ which is not extreme, but in the QSO range. Al-
galaxy at 1.9, with significant probability at2.6-2.8 as though no information is available on its X-ray spectral slope,
well. This is also consistent with the HST optical image (fuzzthe optical to near-IR properties (see above) and, as we will see,
and possibly interacting). Object #15 is indicated with a fillethe asx suggest that this is a type 2 QSO. Out of the other
circle in Fig. 1; a horizontal dotted bar shows its redshift uncemwo hard X-ray sources in the deep SCUBA area, one (# 21)
is spectroscopically identified with a QSO at¥.3 and for the

1 The upper limits orvs x from the MOO hard-X sources intieide  other (# 18) we derive a photometric redshif%Z9-2.0 (upper
SCUBA field could not be derived because of insufficient information
on the area covered by the latter. 2 We assumél, = 50 andgg = 0.5.
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limits with filled circle in Fig. 1). On the other hand, none of x 1024 cm~2, Matt et al 1999). We further show the expected
the 9 SCUBA sources (but the one discussed above) detectedby in the case that the absorbing column density were an order
B99, both in the deep and shallow survey areas, has a Charafrmagnitude lower than observed, namgly 1023 cm~2.
counterpart, giving lower limits on theitsx. Since for none StarburstsAs an example of a powerful starburst galaxy, we
of these sources the redshift is known, the spread of the lovpéot Arp 220 (data from Rigopoulou et al. 1996 and Iwasawa
limits on as x is shown with two yellow shaded areas on Fig.1999).
(the thin red solid lines give the mean of the lower limits).
Finally, we also report in Fig. 1 the lower limits alsx 5 Discussion
for the 10 SCUBA 85pm sources which were undetected by
Chandra in the HDFN by HOO (open circles). We also derivedh€ thick upper horizontal segment in Fig. 1 gives dhg of
the upper limits onvg x for the two sources detected by Chandre cosmic background, under the assumption that most of the
in the 2-10 keV band in the HDFN (down to a limiting flux offlux in both spectral windows comes from redshifts between 1
~ 10715 erg s~ 'cm™2), but undetected at 8%fn: one of these and 2 (in analogy with the soft XRB). The lower thick solid line
is an AGN at z=0.960 and the other is an extremely red objétiYes theasx of sources which would contribute 100% of the
whose photometric redshift is estimated to be z=2.6-2.7 afdl0 keV XRB and only 10% of the sub-mm backgrdiinkhe
suspected to host a heavily obscured AGN. It should be note@ation of thensx of the various objects in Fig. 1 with respect
that the Chandra observation of the HDFN is deeper than tkthese values constrains the fraction of either background con-
presented by M0O. The behaviour of the source counts dowrifi@uted by the dominant sources of the other background, under
such faint fluxes is not known yet. If we extrapolate the Mote assumption that the objects discussed in this paper are in-
|ogN_|ogS S|0pe tolo—15 erg S_ICHI_2, we estimate that at deed representative of the dominant contributors to the XRB
this limiting flux about 85% of the 2—10 keV XRB should beand the sub-mm background, respectively.
resolved if the background value given in Vecchi et al. (1992‘) Constraints from the bright hard X-ray sourcés. Fig. 1
ar
10

is adopted; using previous background values would result if@ark blue symbols indicate X-ray sources brighter than
still h|gher resolved fraction. —14 erg s_lcm_2 in the 2—-10 keV band. At this |Im|t|ng flux

about 30% of the 2—-10 keV background is resolved (Ueda et al.
1999; MO0O; Fiore et al. 2000b). The subsample includes all of
4. Comparison with AGN and starburst templates the HELLAS sourced and one of the sources in FOO, whose
de-lensed flux is still in the “bright” range. It should be noted
that these sources are not biased in favour of low absorption,
ue to the selection criterion discussed in Sect. 2; in particular

. . " e source taken from FOO is most likely an absorbed AGN, as
typical Seyfert 1 galaxy (data from Bicay etlal. 1995 and Geor rred from the X-ray and optical data (see FOO for details).

et al.[1998). Two optically selected PG quasars (PG1613+ S etheless. thewe~ uoper limits of such “briaht” Sources

and PG2130+09) have been taken as typical radio-quiet quasars. ) sx Upp gnt™

(data from Lawson & Turn€r 1997, Haas et/al. 2000 and EnALe inconsistent with the values expected for heavily absorbed

et al[T994). They are nearby séur’casq 12 and 0.06 respec- GNs. Instead, they are consistent with the templates of type 1
. . . . 93 o

tively) with hard X-ray luminositie$of Lo_1giev=5x10* and or, atmost, mod_ergtely absorbed AGNg,(N: 5x 107 cm )-

Ly 1orev=8x10% erg 1. Four quasars at > 4 (stars) are Theagx upper limits, when compared to the index of the back-

shown for comparison with the PG quasar predictions (datafr@r&%ﬂ}%?g'nl]i;rzht?]\gr:ht"x;h;dsgg%?Sma;enuitnu%irlL:P:]' S?rl:];'irz];ze
McMahon et al._ 1999 and Kaspi et al. 2000). y 9 ;

X . __in the X rays. On a most conservative approach, even the ex-
Type 2 obscured AGNSCG1068 is the archetype objec golation of thensx upper limits to a redshift of- 2 with a

for the class of Seyfert 2 galaxies as a whole and at the sagr*l"1
time for the Compton thick subclass. In this object the hargomPton-thin template falls short of the required sub-mm lumi-

. . —nosity by a factor ofv 50. Since the hard X-ray sources brighter
Xrays are due to reflection from both a cold and a warm mirrgr 4 1T
: anb x 107'* erg s~ tem™# in the 2-10 keV band make only
(Matt et al [ 1997). SCUBA maps at 830n and at 450m of % of the corresponding background, we estimate that the
NGC1068 were obtained by Papadopoulos & Seaduist {19 0 P 9 9 ’ y

I = 0 -
and show a nuclear component associated to the AGN anff tribute less than 0.3/50 = 0.6% of the sub-mm background.

circumnuclear component associated to the starforming activi his result is plagued by the I|m|'_[ed statistics, on t_he one hand,
; -~ . of the other hand, our estimate is very conservative both in the
which probably accounts for2/3 of the sub-mm emission. N . : ) .
use of upper limits and in the extrapolation to high redshifts.

The asx of NGC1068. I shown in Fig. 1; for this object, we Constraints from the faint hard X-ray sources. the lim-
also show thevg x relative to the nuclear component alone (|.eI ina flux of 2.5 x 10-15 2 achieved by MOO at least
excluding the sub-mm flux of the circumnuclear starburst). 9 ’ org cm y

o . )
also show the locus of the CircirﬁJgaIaxy, a Seyfert 2 object . % of the 2-10 keV background is resolved. Our sample also

characterized by a reflection-dominated spectrum in the Z—TGIUdeS the fainter sources observed by HOO in the HDFN, at

keVrange and by atransmitted componentabove 10 kgVEN  * Alog(Fss0um/Fskev) = 6.53Aasx.
® The 5-10 keV fluxes of the HELLAS sources were converted into
3 Sub-mm and far-IR data are from Siebenmorgen efal {1997). 2-10 keV fluxes by means of the observed X-ray slope.

InFig. 1 we also show the values®f x as a function of redshift
for various classes of objects.
Type 1 unobscured AGNNCG 4593 has been chosen as
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a limiting flux of about10~1 erg s~tem~2. As discussed in nucleus of NGC1068. These sources are probably dominated
Sect. 3, at such low fluxes the resolved fraction of the 2—b§ starburst activity. A significant contributior>60%) from

keV background is probably larger than 85%. However, we wiin obscured AGN might be presahthe latter is completely
conservatively assume 75% even after inclusion of the HDRBbmpton thick (i.eNy > 10%° cm~2) and ifthe reflection ef-
results. ficiency is significantly lower than estimated for NGC1068 (

Light blue symbols in Fig.1 indicate hard X-ray object4%). Most of the sources with unconstrained redshift might be
whose 2-10 keV flux is in the rangex 10~ > Fy_jgev >  consistent with the NGC1068 template, but are hardly consis-
10~*% ergs~'cm 2. As mentioned above, only one out of thestent with AGNs templates which are not reflection-dominated,
six sources, all observed by SCUBA down to a limiting flux ofinless located at very high redshifts{@-5). This is in conflict
~ 1 mJy, was detected at 8bM. Its a5y iS consistent with a with recent findings according to which most of the SCUBA
heavily absorbed AGN (N = 5 x 1024 cm~2), however even faint sources are located at3 (Barger et al. 1999b). The pres-
here the sub-mm flux falls short by a factor of 10 of the luminognce among the SCUBA-detected sources of AGNs dominated
ity required to match the background colour. This only detectioby direct X-ray emission seems very unlikely.
together with the upper limits of the brighter X-ray sample, ten-
tatively suggest that at lower X-ray fluxes and at higher redshifts )
one s observing more heavily absorbed AGNs: indeed, the loiconelusions
of the mentioned objects in Fig. 1 cuts across the templates frgj) means of new SCUBA observations and data in the lit-
the Compton-thin to the Compton-thick ones. The locations gfature we constrained the sub-mm emission of hard X-ray
the SCUBA—undetected,X-rayfaint objects are Compatible WI(Q_]_O keV) sources and, vice versa, the 2—10 keV emission
the suggested trend, however they are only upper limits: thgfr850,m SCUBA sources, at limiting fluxes which resolve
position is mainly due to the X-ray data being much deeper feost (70%) of the cosmic background in the two bands, i.e.
the X-ray weak sample, at a comparable sub-mm depth.  ~ 10-1% erg s~'cm~2 in the 2-10 keV band ang 1 mJy at

To estimate the sub-mm contribution of the fainter X-ragso,m.
sources we adopt a conservative approach and treat their subOnly one out of 11 hard X-ray 2—10 keV sources is detected
mm upper limits as if they wergetectionsWe find that this class at 85Q.m. This is a Chandra source whose optical, X-ray and
of sources has an average sub-mm flux (relative to the 2—-10 kQ}h-mm properties suggest a type 2, heavily absorbed QSO at
emission) which is less than 9% of that required by the sub-m@&yshift between 1.9 and 2.7. The upper limits on the sub-mm
background. Since, as discussed above, the X-ray sources indifssion of the other X-ray sources are much lower than the
lower flux range make between 45% and 70% of the 2—-10 k@¥ckground requirements. In particular, we estimate that, un-
background (the first 30% being accounted for by the brightgér conservative assumptions, the 2—10 keV sources brighter
sources), in the most favourable case they contribute for leggn~ 105 erg s~Lecm—2, which resolve at least 75% of the
than 0.09%0.7=6% to the sub-mm background. Combining thisackground in this band, cannot contribute for more than 7% to
result with the limit on the brighter sources, we can state thfe sub-mm background. This result confirms and strengthens
the sources making the first 75% of the 2-10 keV backgrousghilar conclusions obtained by FOO and H0O. Any significant
(and perhaps more than 75%, M00) contribute no more thggntribution to the sub-mm background is limited to fainter hard
6%+0.6%-~ 7% of the sub-mm background. X-ray sources which might contribute no more than 25% of the

We have already cautioned that the limited statistics is a pp=10 keV background. These fainter sources should have a sub-
tential problem, since only 11 hard X-ray sources are usedriiin to X-ray ratio substantially higher than the stronger ones,
this study. However, all of them but one are upper limits, and tegthe order of at least (50/25)/(7/75) 20, if they were to con-
censorecKaplan-Meier estimator gives a very low probabilityribute 50% — say — of the sub-mm background. Although the
(<1%) that the population of sources represented by our samipied X-ray sources which make most of the 2—10 keV back-
contribute to the sub-mm background for a fraction larger thgfound contribute little to the sub-mm background, they might
estimated above (more precisely, this is the combined probag#ntribute significantly to the mid— and far—IR background (20—
ity the mean of the true distribution efs v is higher than 0.89 200,m), since AGN-powered systems are generally character-
and 1.04 for the bright and faint sources, respectively, whigfed by warmer dust, with a spectral energy distribution peaking
correspond to 1% and 9% of the background viiue in this range.

Constraints from the SCUBA sourc@hie SCUBA sources  None ofthe 24 SCUBA sources, but the one discussed above,
in our sample have 8%0n (de-lensed) fluxes down tol mJy. s detected in the 2—10 keV band down to a limiting flux of
Atthis limit ~70% of the sub-mm backgroundisresolved (Blaip, ;. ~ 1 — 2 x 1071 erg s~ Lem™2. The lower limits on
et al. 2000). Out of a total of 24, 23 sources do not have X-rgiye rati0F850;un/F5keV indicate that most of them are either
counterparts in the 2-10 keV band, down to a limiting flux Qdowered by starburst activity or by obscured AGNs which are
Fy 10k ~ 1 —2x107'% erg s'em™ for most of them. completely Compton thickNy > 1025 cm~2) and, in most
Their lower limits ono s x occupy the upper part of the plot anccases, with an X-ray reflection efficiency significantly lower
are presumably akin to the starburst template given by Arp22Ran~.1%. However, this class of AGNs is not expected to con-
Most of the SCUBA sources with known redshift are inconsisribute significantly to the X-ray background (e.g. Gilli et al.
tent even with the reflection-dominated template given by th@99). Therefore, it remains true that the sources making most
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of the sub-mm background do not contribute significantly to th&ore F., Giommi P., Vignali C., et al., 2000b, MNRAS submitted
X-ray background. Genzel R., Lutz D., Sturm E., et al., 1998, ApJ 498, 579

Finally, we should mention that most of the 2—10 keV dafaeorge I.M., Turner T.J., Netzer T., et al., 1998 ApJS 114, 73
used in this work were obtained with Chandra, whose effecti@li R., Risaliti G., Salvati M., 1999, A&A 347, 424

area drops rapidly at high energies, although the sensitivitﬁggﬁwgﬂé’r g”"glz ;-AF-QH-(’;%TC”;E”? ;"’12909080’ :;‘:3325;’:8523
still much higher than previous hard X-ray missions. As a cop- land W.S.. Robson E. I, Gear W, K., et al.. 1099, MNRAS 303,

sequence, Chandra detections might still be biased in favor 0

soft sources dominated by photons at about 2 keV. Obser\%’rnschemeier A.E., Brandt W.N., Garmire G.P,, et al., 2000, ApJ in
tions with XMM, which has a much larger effective area athigh - pess (Ho0)

energies, should help to tackle this issue. Ivison R., Smail I., Barger A., et al., 2000, MNRAS 315, 2091

. lwasawa K., 1999, MNRAS 302, 96
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