
Intracluster Planetary Nebulae as Probes ofIntracluster StarlightJohn FeldmeierCase Western Reserve University, Cleveland OH, 44106, USAAbstract. I review the progress in research on Intracluster Planetary Nebulae (IPN).Hundreds of IPN candidates have now been found in the Virgo and Fornax galaxyclusters, and searches of two nearby galaxy groups have made. From the results thusfar, approximately 10{20% of all stars in Virgo and Fornax are in an intracluster com-ponent, but there are few such stars in galaxy groups. From the spatial distributionof IPN, it appears that the intracluster stars are clustered, in agreement with tidal-stripping scenarios. In Virgo, the IPN have a large line-of-sight depth, which impliesthat the bulk of intracluster stars in this cluster derive from late-type galaxies anddwarfs. I also discuss other important developments in IPN research such as the detec-tion of intracluster H II regions, a possible detection of IPN in the Coma Cluster, andfuture observational and theoretical developments.1 IntroductionWhy do planetary nebulae (PN), which are a late phase of stellar evolution,make excellent tracers of intracluster stars, stars between the galaxies inside ofa galaxy cluster? An example of the utility of PN under similar circumstancescan be seen in Figure 1. On the left is a standard broad-band image of thefamous interacting galaxy pair M 51. Although there are numerous signs of theinteraction at high surface brightnesses, there are many lower surface-brightnessfeatures [5] that are barely visible in this representation.However, the distribution of PN found in M51 [20] displayed on the rightgive additional information on this interacting system. There is a clear tidal tailstructure to the west of the secondary galaxy, and there are also signs of anextension of the spiral arm to the south. The lack of PN in the central regions ofthe galaxies are due to crowding e�ects. What this illustration reminds us is thatplanetary nebulae trace stellar luminosity, not stellar surface brightness. BecausePN are an end-phase of stellar evolution for most stars between 1{8 solar masses,the distribution of planetary nebulae closely follows the distribution of stars ingalaxies [9]. If there is enough luminosity in a stellar population for suÆcientnumbers of PN to be present, then we can detect and study that population,regardless of its surface brightness. Intracluster stars, which are believed to bequite luminous (anywhere between 10% and 70% of the cluster's total stellarluminosity; [51,41]), but have a very low surface brightness (less than 1% ofthe night sky in the optical bands; [30,22]) are therefore an ideal target for PNsearches.
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Fig. 1. Two images of the interacting galaxy pair M51. On the left is a broad-bandimage taken with the KPNO 4-m telescope showing the classical high-surface bright-ness features of this interacting system. On the right shows the location of the 64planetary nebula candidates found by [20]. Note the clear tidal tail structures that areextremely diÆcult to detect in the broad-band image, but can be seen easily in the PNdistribution.PN have additional features that make them useful probes of intraclusterstarlight. Because PN are emission-line objects, any bright PN that can be de-tected photometrically can also be observed spectroscopically to high precision(� � 12 km s�1). In the case of M 51, spectroscopic follow-up of the PN [18]found that the western tidal tail consists of two discrete structures that over-lap in projection, one from each galaxy. With the high velocity precision of thePN observations, the separation of the two kinematic structures was trivial. Al-though I will not focus on the dynamical aspects of IPN/PN in this review (seereviews by Arnaboldi, Douglas, Gerhard, & Peng this conference), it is impor-tant to state that IPN are the easiest (and perhaps, the only) way to obtaindynamical information about the intracluster light.Finally, through the [O III] � 5007 Planetary Nebulae Luminosity Function(PNLF), extragalactic PN make excellent distance indicators (see Ciardullo, thisconference). The distinctive PNLF can be used in the intracluster environmentto gain information on the line-of-sight distribution of the intracluster stars.Why study intracluster stars in the �rst place? Once a curiosity proposedby Zwicky ([62]), intracluster light is potentially of great interest to studies ofgalaxy and galaxy cluster evolution. The dynamical evolution of cluster galaxiesis complex, and involves the poorly understood processes of cluster accretionand tidal stripping [14]. The intracluster light provides a unique way to studythese mechanisms. Modern numerical simulations show that the intracluster light[15,44,55,59,39] has a complex structure, and can be used to gain informationon the dynamical evolution of galaxies and galaxy clusters.



Intracluster PN 32 History of Intracluster Planetary Nebulae ResearchThe history of IPN research begins over a decade ago with the �rst PN survey ofthe Virgo cluster [32] (hereafter JCF). In this survey of elliptical galaxies, JCFfound 11 PN that were much brighter than the expected [O III] � 5007 PNLFcut-o� magnitude. JCF attempted to explain these \overluminous" PN with anumber of hypotheses, but none was entirely satisfactory.The next step involved spectroscopic follow-up of objects from the JCF sur-vey. During a radial velocity survey of PN in the Virgo elliptical galaxy M 86,[1] found that 16 of the 19 detected PN velocities were consistent with thegalaxy's mean velocity (vradial = -227 km s�1). The other three planetaries hadmean radial velocities of � 1600 km s�1, more consistent with the Virgo clus-ter's mean velocity. [1] argued convincingly that these objects were intraclusterplanetary nebulae, and it is here that the term �rst enters the literature. The\overluminous" PN candidates were thus naturally explained as a population ofintracluster stars in front of the target galaxies. Almost simultaneously, the �rstsearch for IPN candidates in the Fornax cluster was published [57], and moredetections of IPN candidates in Virgo quickly followed [36,10,21].However, a surprise was in the works. Spectroscopic follow-up of the IPNcandidates revealed that some were not IPN, but instead background emission-line objects with extremely high equivalent width [27,34]. This was unexpected,because previous deep emission-line surveys had found very few such objects[48], though many have now been detected at fainter magnitudes [50]. The mostlikely source of the contamination was found to be Lyman-� galaxies at redshifts3.12{3.14, where the Lyman-� � 1215 line has been redshifted into the [O III] �5007 �lters used in IPN searches. However other types of contaminating objectsmay also exist [56,46].Although these contaminants caused some consternation at �rst, a number oflines of evidence quickly showed that the majority of IPN candidates are in fact,actual IPN. Observations of blank control �elds with identical search proceduresas the IPN surveys [11,7] have found that the contamination fraction is signi�-cant, but was less than the observed IPN surface density. The surface densitiesfound correspond to a contamination rate of � 20% in the Virgo cluster and �50% in Fornax (Fornax is more distant than Virgo, so its PNLF is fainter, andtherefore further down the contaminating sources luminosity function). There arestill signi�cant uncertainties in the background density due to large-scale struc-ture, and to the small numbers of contaminating objects found thus far. How-ever, deeper and broader control �elds are forthcoming. Spectroscopic follow-upof IPN candidates [27,11,3], and Arnaboldi et al., this conference, clearly showlarge numbers of IPN candidates have the expected [O III] � 5007 and 4959emission lines, with a contamination rate similar to the blank �eld surveys. Fi-nally, there is independent evidence of individual intracluster stars in Virgo fromobservations of individual Intracluster Red Giant stars (IRGs; [26,17]) from theHubble Space Telescope.It is worth reiterating that all deep [O III] � 5007 emission-line searcheswill have such contamination at fainter magnitudes. In fact, such objects have



4 John Feldmeieralready been seen in conventional PN surveys ([37,18] and Romanowsky, privatecommunication). Extragalactic PN researchers should keep this into account.The brightest of such objects have been detected with a m5007 magnitude of25.5 [27], though the luminosity function of the contaminants is still poorlyknown.Currently, with the widespread use of mosaic CCD detectors, and automateddetection methods derived from DAOPHOT and SExtractor, over a hundred IPNcandidates can be found in a single telescope run [47,23,3,25]. IPN candidatesare easily identi�ed as stellar sources that appear in a deep [O III] � 5007 image,but completely disappear in an image through a �lter that does not contain the[O III] line. Currently, over 400 IPN candidates have been detected in the Virgocluster, and over 100 IPN candidates have been found in the Fornax cluster.Figure 2 summarizes the status of the di�erent surveys. Despite all of the e�ort,to date, only a few percent of the total angular area of Virgo and Fornax havebeen surveyed. Literally thousands of IPN wait to be discovered by 4-meter classtelescopes.3 The Spatial Distribution of the Intracluster LightIf we want to understand the mechanisms that produce intracluster stars, it isuseful to compare the intracluster stars' spatial distribution with that of thebetter-studied components of galaxy clusters: the cluster galaxies, the hot in-tracluster gas, and the invisible dark matter. Theoretical work predicts verydi�erent spatial distributions for the intracluster light depending on its produc-tion time. For example, if most intracluster stars are removed early in a cluster'slifetime [38], the distribution of this di�use component will be smooth and followthe cluster potential. However, if a signi�cant portion of the stars are removedat late epochs via galaxy encounters and tidal stripping [51,42], then the intra-cluster light should be clumpy and have a non-relaxed appearance. In particular,the \harassment" models of [42,43] �rst predicted that many intracluster starswill exist in long (� 2 Mpc) tidal tails, which may maintain their structure forGyrs.With regards to angular clustering, there is good evidence that the IPN followa non-random distribution. [47,25] show evidence for clumps of IPN within theirsurvey �elds, and Aguerri et al. (2004) found a strong clustering signal usinga standard two-point correlation function analysis (reported in [45]). The scaleof the angular clustering ranges from one to ten arcminutes, (corresponding 5to 50 kpc assuming a mean Virgo distance of 15 Mpc), depending on the �eldstudied. However, no tail-like features have yet been seen in the IPN distribution,although tidal arc features have been seen in broad-band images of other galaxyclusters [58,31,6].With the use of the [O III] � 5007 PNLF, we can also obtain line-of-sightinformation on the intracluster stars, a property unique to IPN. Although a fullanalysis of the observed luminosity functions has not yet been attempted, wecan already learn something useful from the brightest IPN candidates in each
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Fig. 2. Images of the Virgo cluster (left), and the Fornax cluster (right), with thevarious published IPN survey �elds marked, as well as the two HST IRG �elds. Soonto come are additional �elds from Aguerri et al. (2004; Virgo), Ciardullo et al. (2004;Fornax), Feldmeier et al. (2005; Virgo) and Ciardullo et al. (2005; IRG Virgo)�eld. Given the empirical PNLF, there is a maximum absolute magnitude M�,that a PN may have in the light of [O III]. If we assume that the brightestobserved IPN candidate in each �eld has this absolute magnitude, we can derivean upper limit on its distance, and therefore estimate the distance to the frontedge of the Virgo intracluster population. This is plotted in Figure 3. As can beclearly seen, there is an o�set between the IPN of subclusters A and B : this isinterpreted as due to the di�ering distances of these two subclusters. However,the most revealing feature of the distribution of the IPN is in subclump A. The



6 John Feldmeierupper limit distance for most of the �elds is well in front of the cluster core.This is partially due to a selection e�ect: it is easier to detect an IPN on thenear side of Virgo than the far side. Nevertheless, the depth implied from themeasurements is remarkable. If we take the data at face value, then the IPNdistribution has a line-of-sight radius of over 4 Mpc. If we compare this radiusto the classical radius of Virgo on the sky (six degrees, or 1.6 Mpc), we �nd thatthe Virgo cluster is more than 2.6 times as deep as it is wide. Virgo is nowherenear a spherical cluster: it contains considerable substructure, and is elongatedsigni�cantly along our line of sight.The great depth derived for the IPN distribution gives an important clue tothe parent galaxies of the intracluster stars. Numerical simulations [43,16] showthat the majority of intracluster stars are ejected into orbits similar to thatof their parent galaxies. In Virgo, the cluster ellipticals are clustered within aradius of � 2 Mpc from the cluster core [32]. In contrast, the hydrogen de�cientspirals found in the Virgo cluster have a radius of 4 Mpc or larger [54], and thedwarf ellipticals have a depth of 6 Mpc [33]. Therefore, it seems clear that asigni�cant portion of Virgo's intracluster stars originate from late-type galaxieswhose highly radial orbits take them in and out of the cluster core.4 Converting IPN densities to Luminosity DensitiesIn principle, determining the amount of intracluster luminosity from the ob-served numbers of IPN is straightforward. Theories of simple stellar populations[49] have shown that the bolometric luminosity-speci�c stellar evolutionary uxof non-star-forming stellar populations should be � 2 � 10�11 stars-yr�1-L�1� ,(nearly) independent of population age or initial mass function. If the lifetimeof the planetary nebula stage is � 25; 000 yr, and if the empirical PNLF isvalid to � 8 mag below the PNLF cuto�, then every stellar system should have� � 50 � 10�8 PN-L�1� . According to the empirical PNLF, approximately oneout of ten of these PNe will be within 2.5 mag of M�. Thus, under the aboveassumptions, most stellar populations should have �2:5 � 50 � 10�9 PN-L�1� .The observed number of IPN, coupled with the PNLF, can therefore be used todeduce the total luminosity of the underlying stellar population.In practice, there are a number of systematic e�ects that must be accountedfor before we can transform the numbers of IPN to a stellar luminosity [25],which we briey summarize here.First, although stellar evolution theory originally predicted a constant �2:5value for all non star-forming populations, observations present a more com-plicated picture. [8] found that in a sample of 23 elliptical galaxies, lenticulargalaxies, and spiral bulges, the observed value of �2:5 never exceeded �2:5 =50�10�9 PN-L�1� but was often signi�cantly less, with higher luminosity galax-ies having systematically smaller values of �2:5. Since the amount of intraclusterstarlight derived is inversely proportional to the �2:5 parameter, a large error inthe amount of intracluster light can result if this is not accounted for.
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Fig. 3. A comparison of the upper limit distances obtained from the intracluster plan-etary nebulae to direct distances to Virgo Cluster galaxies. At the top are the upperlimit distances (denoted by the open squares) from IPN observations by Okamura etal. (2002) and Arnaboldi et al. (2002). Below that are the distances derived from asthe overluminous IPN found in front of M87 (Ciardullo et al. 1998). These upper limitdistances are compared to the PNLF distances of Virgo ellipticals (denoted by the opencircles; Jacoby, Ciardullo, & Ford 1990; Ciardullo et al. 1998), and Cepheid distancesto spiral galaxies (denoted by the �lled circles; Pierce et al. 1994; Saha et al. 1997;Freedman et al. 2001). The subcluster of Virgo that each intracluster �eld resides in isnoted. Note the great depth of IPN, compared to that of the elliptical galaxies.By comparing the numbers of IPN in a �eld surrounding a HSTWFPC2 �eld,with RGB and AGB star counts, [17] found a value of �2:5 = 23+10�12 � 10�9 PN-L�1� for Virgo's intracluster population. This observational measurement is bol-stered by the new theoretical work of Buzzoni & Arnaboldi (this conference),



8 John Feldmeierwhich show that the observational value for �2:5 is well within the range formodels of moderate luminosity galaxies.Second, as we have discussed previously, IPN surveys are not pristine: approx-imately 20% of Virgo IPN candidates, and 50% of Fornax IPN candidates, arelikely to be unrelated background sources. Although these objects are subtractedout statistically from all modern IPN surveys, the importance of �eld-to-�eldvariations in the background due to large-scale structure is still unknown.Finally, the IPN candidates of Virgo have a signi�cant line-of-sight depth.Since the conversion between number of PN and luminosity depends on the shapeof the luminosity function, this depth can change the amount of intracluster lightfound from the data. Models [21] indicate that the di�erence between a single-distance model (the most conservative) and assuming that the IPN are uniformlydistributed in a sphere of radius 3 Mpc (the least conservative), changes thederived intracluster star luminosity by up to a factor of three. Thus far, all IPNresearchers have adopted a single distance model in order to be conservative,but this e�ect is the least studied at this point.After applying all of these corrections, the intracluster stellar fractions forVirgo vary between 10 and 20% [2,47,3,25], with the errors being dominated bythe systematic e�ects. The IRG measurements [26,17] �nd somewhat less intra-cluster light (10{15%), but the various results agree within the errors. However,it is important to note that each of these studies makes di�erent assumptionsconcerning the calculation of intracluster luminosity, the amount of light boundto galaxies, and the contamination of background sources. For Fornax, there areonly two measurements of the intracluster star fraction thus far from IPN. [57]report a fraction of up to 40%, but this is before the detection of contaminatingsources, and is likely to be an overestimate. Ciardullo (2004, in prep), reports anapproximate fraction of 20%, with similar errors as the Virgo results. Regardlessof the uncertainties, it is clear that a signi�cant fraction of all stars in Virgo andFornax are in an intracluster component.How does the IPN luminosity density compare with well-known cluster prop-erties such as radius, or projected galaxy density? [25] has compared theseproperties in Virgo, and has found little or no correlation. This may be dueto Virgo's status as a dynamically young cluster, or due to a selection e�ect(IPN researchers must observe where the galaxies are not, to avoid confusionwith normal extragalactic PN). More data will be needed to con�rm this result.5 Intracluster H II RegionsA recent discovery stemming from IPN searches is the detection of H II regionsin the far halos of galaxies or in intracluster space. In the course of spectroscopicfollow-up of a Virgo IPN �eld, [29] found an emission-line source that has theproperties of a � 400 solar mass, 3 Myr compact H II region, over 17 kpcaway from the nearest Virgo galaxy (see also [35] for a similar, earlier, under-appreciated example). There are now a number of other examples of intergalacticstar formation in Virgo and in other galaxy clusters and groups [60,53,52,13,19].



Intracluster PN 9These discoveries have two important implications. First, star formation canoccur at large distances from galaxies, and environments quite di�erent than thatnormally studied. This has implications for a number of �elds of astrophysics,including the origin of metallicity in the intergalactic and intracluster medium,and the possible in situ origin of B stars in the Galactic halo. At this time, itdoes appear that intracluster star formation is only a small fraction of the totalintracluster star production, but the exact amount is uncertain. Second, theseobjects are another form of contamination to pure IPN surveys. Discouragingly,the only way to separate these objects from IPN is through deep spectroscopy.Luminous PN have [O III] / H� ratios of two or greater [12], where luminous H IIregions do not. From the surveys thus far, these objects appear to be relativelyrare component of IPN surveys (� 3%), but more study is needed in this area.6 Intra-group StarlightAlthough the presence of intracluster starlight in clusters such as Virgo andFornax is now well established, the amount of 'intra-group' starlight is still un-certain. Theoretical studies predict that if most intracluster stars are removed bygalaxy collisions [51,42], the fraction of intra-group stars, to �rst order, shouldbe a smooth function of galaxy number density (LICL � N2Gal). To test this hy-pothesis, two di�erent groups have surveyed the nearby M 81 and Leo groups ofgalaxies [7,19], using similar detection methods as the cluster searches. In bothcases, no genuine intra-group PN were found. These non-detections strongly im-plies there is substantially less (4{15 times) less intergalactic stars in groupsthan there are in clusters.When compared with other measurements of intracluster star fractions throughmodern deep imaging [4,30,22,24], or through the detection of intracluster su-pernovae [28], an interesting pattern emerges, plotted in Figure 4. For galaxyclusters, the data is consistent with an approximate fraction of 20%, albeit withlarge error bars or intrinsic scatter. When we move to the group environment,the fraction abruptly drops, with no sign of any smooth decline. This impliesthat there is something special about the cluster environment that promotes in-tracluster star production. More data will be needed to con�rm and strengthenthis result, especially IPN searches of additional galaxy groups.7 IPN in the Coma Cluster?At this conference, Gerhard et al. announced the possible detection of at leastone IPN candidate in the Coma Cluster. If this candidate is con�rmed, it willbe the most distant individual PN ever detected, at a distance of over 100 Mpc.This object was found using a technique of �lling the entire focal plane of the8-m Subaru telescope with a slit mask through the appropriate [O III] � 5007�lter, and looking for narrow-line emission sources. Deep broad-band imaging hasimplied that the Coma Cluster may have a very high intracluster star fraction, upto 50% [4], so it is plausible that a few IPN could be detected, despite the small
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Fig. 4. A comparison of detected intracluster star fractions from modern measure-ments, as a function of the velocity dispersion. Note the abrupt change from the clusterenvironment to the group environment.area surveyed. The most exciting aspect of this observation is that it opens up away to observe PN at much greater distances than previously thought possible,and makes it possible to place IPN density limits in more distant galaxy clusters.8 The FutureStudies of IPN are not even a decade old, and much more work still needs tobe done. The most crucial observations needed in the near term are spectro-scopic follow-up of a large number of IPN candidates. This would allow us tobetter determine the contamination rate from background galaxies, avoid anyother intracluster H II regions, and most importantly, gain information on thekinematics of intracluster stars. More IPN imaging is needed in Virgo and For-nax at di�ering radii and densities, in order to con�rm the lack of correlationsfound thus far. IPN surveys of additional galaxy groups are needed to determinethe lack of intra-group stars in these systems, and to better characterize thesteepness of the intracluster production \cli�."However, the future of IPN research will involve close comparisons of IPNproperties to other observations of extragalactic PN and galaxy clusters andclose comparison to the modern numerical simulations now being undertaken.Some examples are given below, but it is almost certain that many more will beadded in the next few years.Villaver (this conference), presented the �rst numerical hydrodynamical sim-ulations of IPN within a hot intracluster gaseous medium. The results imply



Intracluster PN 11that IPN do survive in the intracluster medium, but the nebula may be spatiallydistorted.[40] has just completed the �rst phase of a deep CCD imaging survey ofthe Virgo cluster core using the techniques of ultra-deep surface photometry.These new observations reach extremely faint surface brightnesses (�V � 29:6)over large angular areas (� 2 square degrees). Comparing these deep imagingmaps with the IPN observations should be revealing, and allow us to betterdetermine the reality of tidal features in both data sets, and to give clear targetsfor follow-up IPN observations.HST+ACS broad-band observations are planned of an intracluster �eld inVirgo by Summer 2005, with the goal of obtaining the �rst color-magnitudediagram of the intracluster stars. By placing tighter constraints on the age andluminosity of the intracluster population, we should be able to better constrainthe �2:5 parameter, and improve the accuracy of the total amount of intraclusterstarlight.Finally, with the advent of advanced numerical simulations of galaxy clusters,we will be able to compare the IPN data to models of intracluster star production.Due to the large angular size of nearby clusters, it will be many years beforethe majority of the clusters will be surveyed for IPN. Numerical simulationswill hopefully allow us to survey more eÆciently, and to obtain better qualityinformation on the properties of intracluster starlight.I would like to thank the conference organizers for allowing me to give thisreview, and for running an excellent conference. I would also like to thank mycollaborators for their years of e�ort on the science presented here. This work wassupported in part by NSF grant AST 03-02030 and NASA grant NAG 5-9377.References1. Arnaboldi, M., et al. 1996, Ap. J., 472, 1452. Arnaboldi, M., et al. 2002, A. J., 123, 7603. Arnaboldi, M., et al. 2003, A. J., 125, 5144. Bernstein, G. M., et al. 1995, A. J., 110, 15075. Burkhead, M. S. 1978, Ap. J. Suppl., 38, 1476. Calc�aneo-Rold�an, C., et al. 2000, M.N.R.A.S., 314, 3247. Castro-Rodr��guez, N., et al. 2003, Astr. Ap. 405, 8038. Ciardullo, R. 1995, in IAU Highlights of Astronomy, 10, ed. I. Appenzeller (Dor-drecht: Kluwer), p. 5079. Ciardullo, R., et al. 1989, Ap. J., 339, 5310. Ciardullo, R., et al. 1998, Ap. J., 492, 6211. Ciardullo, R., et al. 2002a, Ap. J., 566, 78412. Ciardullo, R., et al. 2002b, Ap. J., 577, 3113. Cortese, L., et al. 2004, A.& A., 416, 11914. Dressler, A. 1984, A.R.A.& A., 22, 18515. Dubinski, J. 1998, Ap. J., 502, 14116. Dubinski, J., Murali, C.,& Ouyed, R. 2000, unpublished preprint
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