Intracluster Planetary Nebulae in the Virgo

Cluster: Tracers of Diffuse Light

M. ARNABOLDI'2, O. GERHARD?, K.C. FREEMAN*

’I. N. A. F.,, Osservatorio Astronomico di Torino, Turin, Italy; 2. N. A. F., Osservatorio Astronomico di Capodimonte,
Naples, Italy; 3Astronomisches Institut, Universitat Basel, Binningen, Switzerland; “RSAA, Mt Stromlo

Observatory, ACT, Australia

Discovery of diffuse light
in clusters

Stars are usually observed to form in
galaxies (discs, dwarfs and starbursts).
In nearby galaxy clusters, however, a
diffuse intracluster stellar component
has been detected from deep imaging
and observations of individual intraclus-
ter stars.

Intracluster light (ICL) is potentially of
great interest for studies of galaxy and
galaxy cluster evolution. The dynamical
evolution of cluster galaxies involves
complex and imperfectly understood
processes such as galactic encounters,
tidal stripping and cluster accretion.
Various studies have suggested that
between 10% and 50% of a cluster’s to-
tal luminosity may be contained in the
ICL, with a strong dependence on the
dynamical state of the cluster. The prop-
erties of the ICL may also be sensitive
to the distribution of dark matter (DM) in
cluster galaxies, as simulations have
shown that the structure of DM halos in
galaxies plays a central role in the for-
mation and evolution of tidal debris.

Recently progress has been made in
the study of intracluster star light on
several fronts. Individual intracluster
stars, including planetary nebulae de-
tected from the ground and red giants
detected using HST, have been discov-
ered in the Virgo cluster. These intra-
cluster (IC) stars give the promise of
studying in detail the kinematics, metal-
licity and age of the intracluster stellar
population in nearby galaxy clusters,
and thereby learning about the origin of
this diffuse stellar component and the
details of the cluster origin.

Direct observations of stars in
Virgo field

Ferguson, Tanvir & von Hippel (1998)
first looked for individual RGB stars in
intracluster space. Using a HST deep
F814W (/-band) image of a “blank” field
located 45 east of the central Virgo
Cluster galaxy M87, they were able to
detect an excess of point sources rela-
tive to the HDF-north caused by the
presence of IC red giants. Follow-up
studies on a different IC field 41’ north-
west of M87 confirmed an excess of ob-
jects (with respect to background HDF-
N and HDF-S fields) with /= 27.

Are these stars tidally stripped from
galaxies during the early phases of
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cluster collapse, or are they removed
gradually over time via “galaxy harass-
ment”? Do all of these stars have parent
galaxies or do they form in situ? The re-
cent discovery of an isolated compact
HII region in the Virgo cluster (Gerhard
et al. 2002) has shown that some star-
formation activity can indeed take place
in the outskirts of galaxy halos if not al-
ready in Virgo IC space. The spectrum
of this isolated compact HIl region is
shown in Figure 1. This HIl region is
powered by a small star cluster of ~ 400
Mg, involving only 1 or 2 O stars, with
an estimated metallicity of Z = 0.4. The
age of this HIl region is ~ 3 Myr and it
will probably dissolve by internal
processes in a few 108 yr: its stars and
metals will then be added to the diffuse
stellar population nearby. The location
of this object in the Virgo field is shown
in the ESO press release 02/03.

Intracluster Planetary Nebulae
as tracers of cluster evolution

Intracluster planetary nebulae (IC
PNe) have several unique features that
make them ideal for probing intracluster
starlight. The diffuse envelope of a PN
re-emits 15% of the UV light of the cen-
tral star in one bright optical emission
line, the green [Olll] A5007 A line. PNe
can therefore readily be detected in ex-
ternal galaxies out to distances of 25
Mpc and their velocities can be deter-
mined from moderate resolution
(AMAN~5000) spectra: this enables kine-
matical studies of the IC stellar popula-
tion.

PNe trace stellar luminosity and
therefore provide an estimate of the to-
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tal IC light. Also, through the [OIll]
A5007 A planetary nebulae luminosity
function (PNLF), PNe are good distance
indicators, and the observed shape of
the PNLF provides information on the
line of sight distribution of the IC
starlight.

IC PNe are useful tracers to study the
spatial distribution, kinematics, and
metallicity of the diffuse stellar popula-
tion in nearby clusters. Different cluster
formation mechanisms predict different
spatial distributions and velocity distri-
butions for the IC stars. If most of the IC
light originates in the initial cluster col-
lapse, its distribution and kinematics
should follow closely that of galaxies in
the cluster. On the other hand, if the IC
light builds slowly with time because of
galaxy harassment and tidal stirring,
then a fraction of IC light may still be lo-
cated in long streams, and dynamically
unmixed structures should be easily vis-
ible in phase space.

Narrow-band wide-field surveys

We have embarked on a narrow-
band [Olll] imaging survey in the Virgo
cluster (Figure 2), with the aim of deter-
mining the radial density profile of the
diffuse light, and gaining information on
the velocity distribution via subsequent
spectroscopic observations of the ob-
tained samples. Given the use of the
PNLF as distance indicators, we also
obtain valuable information on the 3D
shape of the Virgo cluster from these IC
PN samples (see also Feldmeier et al.
1998).

Wide-field mosaic cameras, such as
the WFI on the ESO MPI 2.2 m tele-
scope and the Suprime Cam on the
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Figure 2: Our surveyed
fields in the Virgo cluster.
The two upper fields were
obtained at the ESO MPI
2.2m telescope, and the
lower-right field with the
Suprime Cam at the 8.2
m Subaru telescope. The
lower-left field is from
Feldmeier et al. (1998)
and was used to test the
selection criteria on the
spectroscopically
confirmed IC PNe in
Arnaboldi et al. (2002).
Several more fields need
to be surveyed to deter-
mine the large scale sur-
face density distribution
of the ICL in the Virgo
cluster.

Subaru 8.2 m, allow us to identify the IC
PNe associated with the extended ICL
(Arnaboldi et al. 2002, 2003; Okamura
et al. 2002). These surveys require the
use of data reduction techniques suited
for mosaic images, and also the devel-
opment and refining of selection criteria
based on colour-magnitude diagrams
(CMD) produced with SExtractor.

Through this work, the on-band/off-
band [OIlll] imaging technique which
has been used for PNe identification in
Virgo and Fornax ellipticals has led to
the following selection criteria for the
most reliable detection of IC PNe candi-
dates:

1. the source should be unresolved;

2. the source should have an emis-
sion line equivalent width (EW) larger
than 100 A. This is evaluated by meas-
uring the ([Olll] - V) colour between a
detected object in the on-band [OIIl] im-
age and the signal in the corresponding
position in the off-band V image. The
EW criterion corresponds to a filter-de-
pendent colour excess relative to field
stars;

3. there should be no source detect-
ed in the V-band image at the position
of the detected [Olll] source.

The requirement on EW greatly re-
duces the contamination from [Oll] star-
burst emitters at z ~ 0.35. The colour
selection must take into account the
photometric errors in the final on-image,
via simulation of unresolved sources.

Spectroscopic confirmation
and first results

The spectroscopic observations of
the Feldmeier et al. (1998) Virgo IC PNe
sample, carried out by our group using
2dF and the AAT, showed that most of
the emission line sources in this sample
are indeed IC PNe, because the com-
bined spectrum of all the “sharp line”
emitters clearly showed the [Olll]
4959/5007 A doublet. In 2002, a high
S/N spectrum for a single IC PN in the
Virgo cluster (Figure 3) was obtained for
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the first time at the VLT-UT4 with
FORS2 by Arnaboldi et al. (2003). We
conclude that the existence of IC PNe in
the Virgo cluster is now beyond doubt.

Why then did the spectroscopic study
by Kudritzki et al. (2000) find only back-
ground galaxies? The answer lies in ex-
amination of the luminosity function (LF)
of their objects. The LF of the candi-
dates studied by Kudritzki et al. (2000)
follows closely the LF of field Ly-o emit-
ters at z= 3.1; see Figure 4.

We can compare the LF for the Ly-a
emitters with the LF for the 16 spectro-
scopically confirmed IC PNe of the
Feldmeier et al. (1998) sample. These
confirmed IC PNe are mostly brighter
than the brightest of the Ly-o emitters
shown in Figure 4. The brightest of the
emission line candidates studied by
Kudritzki et al. (2000) is 0.5 mag fainter
than the bright cut-off in the PNLF for
M87, and 0.8 mag fainter than the bright
cut-off for the spectroscopically con-
firmed IC PNe in the Virgo cluster. Most
of the current IC PN candidates in Virgo
are within 1 mag of the bright cut-off in
the PNLF. This is the reason why
Kudritzki et al. did not find IC PNe. Their
sample was dominated by the Ly-a
emitters which are
more abundant at

the Tully-Fisher relation.

What is the fraction of Ly-o emitters
in the first magnitude of the LF for the
Virgo IC PNe samples ? When we com-
pute the fraction of Ly-o. emitters which
can contaminate the ICPN candidate
sample selected as outlined in section
2.1, it amounts to about 15% of the ob-
served sample. This estimate is sup-
ported by the empty field survey of
Castro-Rodriguez et al. (2003).

Properties of the diffuse light
in Virgo cluster

A primary goal is to estimate the frac-
tion of light from intracluster stars in the
surveyed region of the Virgo cluster. In
our 0.25 deg? field at a distance of 1°
from the cluster centre, the IC PNe
sample indicates a total associated lu-
minosity of 5.8-7.5 x10° Lg, which
corresponds to a surface luminosity of
0.33-0.57 Lgo/pc? or a surface bright-
ness of ug- = 28-27.7 mag/arcsec?. As
discussed by Arnaboldi et al. (2002),
over the range of radii probed by the
survey fields, the luminosity surface
density of galaxies in Virgo decreases
by a factor of ~3, while that for the IC
PNe is nearly constant. Therefore, from
the data available so far, the IC PNe in
Virgo are not centrally concentrated;
however we need to investigate fields at
larger radii to constrain the total amount
of IC light.

One needs to compare the luminosi-
ty derived for the diffuse population with
the luminous contribution from Virgo
galaxies. If IC PNe are produced by
phenomena acting locally, as the struc-
ture in the IC PNe distribution shown in
Okamura et al. (2002) seems to sup-
port, then the fraction of diffuse light
with respect to the computed light in
galaxies in the field is about 10%. On
the other hand, comparing the IC sur-
face brightness with the smoothed out
surface brightness of galaxies from
Bingelli et al. (1987) gives an upper lim-
it of about 40%.

Is the diffuse light in the Virgo cluster

fainter magni- Eelratat
tudes. (See also L
Arnaboldi et al.
2002).

The bright cut-
off of the LF for the
Virgo IC PNe is
about 0.3 mag
brighter than for
the PNe in individ-
ual Virgo galaxies.
This is believed to 0
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Figure 3: Spectrum of the confirmed intracluster PN in the Virgo clus-
ter. The [Olll] doublet and the Ha emission are visible in this high S/N
spectrum from UT4 and FORS2.



Figure 4: The solid line [
shows the expected LF of 20
the field Ly-a population at [
redshift z = 3.1 for objects
with V < 24.73. The faint
dotted line shows the ex-
pected Ly-a LF without
any magnitude constraints
in the V band. Asterisks in-
dicate the LF of
spectroscopically
confirmed Ly-a emitters
from Kudritzki et al.

(2000). Filled dots and dia-
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are all consistent; from Castro-Rodriguez et al. (2003).

distributed uniformly? Recent discover-
ies of low surface brightness arcs in oth-
er nearby clusters, significant field-to-
field variations in the number density of
Virgo IC PNe, and the remarkably inho-
mogeneous distribution of IC PNe in the
field surveyed by Okamura et al. (2002)
(see Figure 5) have demonstrated that
intracluster stars are not distributed uni-
formly.

An emission line survey carried out
on an empty field in the Leo group, us-
ing the same selection criteria as adopt-
ed for the Virgo cluster survey, gives an
upper limit on the diffuse surface lumi-
nosity of 4.4 x1073 Lg o/pc?, correspon-
ding to a surface brightness limit ug - >
32.8 mag/arcsec? (Castro-Rodriguez et
al. 2003). This empty field survey, ob-
served at the peak of the HI distribution
in the Leo intragroup cloud, gives an up-
per limit on the fraction of diffuse light in
this intra group field of < 1.6%. The ev-
idence coming from the Leo group is
very interesting because it shows that
the fraction of diffuse light vs. light in in-
dividual galaxies that we find in Virgo is
related to the Virgo cluster and its evo-
lution. It does not appear to be a gener-
al physical property of the local uni-
verse.

A high resolution simulation of a
Virgo-like cluster in a LCDM cosmology
was used to predict the velocity and the
clustering properties of the diffuse stel-
lar component in the intracluster region
at the present epoch (Napolitano et al.
2003). The simulated cluster builds up
hierarchically and tidal interactions be-
tween member galaxies and the cluster
potential produce a diffuse stellar com-
ponent free-flying in the intracluster
medium. We find that at z = 0 the intra-

Figure 5:  Deep [Olll] image in the Virgo
central core region. The IC PN candidates
are marked by circles. Envelopes of bright
galaxies have been subtracted. The over-
density in the upper right quadrant of this
field is highly significant. The majority of can-
didates in this field seem to be related to the
M86-M84 region of the Virgo cluster, sup-
porting a local origin for the IC PNe.

cluster stellar light is mostly dynamical-
ly unmixed and clustered in structures
on scales of about 50 kpc at a radius of
400-500 kpc from the cluster centre.
The simulations predict the radial veloc-
ity distribution expected in spectroscop-
ic follow-up surveys. When we compare
the spatial clustering in the simulation
with the properties of the Virgo IC stel-
lar population, we find a substantial
agreement.

Conclusions

The results obtained so far from IC
PNe samples have shown that i) the
fraction of the diffuse light in the Virgo
cluster amounts to 10%-40%; ii) the in-
tracluster stars of Virgo are not central-
ly condensed and not uniformly distrib-
uted and iii) the front edge of the Virgo
cluster is about 20% closer to us than
M87. A high-resolution collisionless N-
body simulation of a Virgo-like cluster at
z = 0 predicts strong substructure in
phase space, so our next goal will be to
look for substructure in the radial veloc-

ity distribution of ICPN candidates in
Virgo. The VLT instruments, FLAMES
and VIMOS, will be most important in
giving us the radial velocity distribution
of the stars in the diffuse component,
identifying individual streams, and pro-
viding us with samples of the phase
space for the diffuse component at dif-
ferent cluster radii. These observational
results will be compared with N-body
high resolution cosmological simula-
tions and in this way we should be able
to determine how old dynamically the
diffuse light is.
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