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One-sentence summary: We find a large scale structure @iclngter globular clusters,

using the map for the globular clusters in the Virgo clustegadaxies.

Globular clustersarefound usually in galaxiesand they are an excellent tracer
of dark matter. Long ago it was suggested that there may exist intracluster
globular clusters (IGCs) bound to a galaxy cluster rather than to any single
galaxy. Herewe present a map showing the large scale distribution of globular
clusters over the entire Virgo cluster. It showsthat 1GCs are found out to 5
million light years from the Virgo center, and that they are concentrated in
several substructures much larger than galaxies. These objects might have

been mostly stripped off from low-mass dwarf galaxies.

Almost six decades ago it was suggested that there may éxistaad interstellar medium
between galaxies in clusters of galaxi@sd). To date there is accumulating evidence for the

existence of diffuse optical stellar light, planetary nialey resolved red giant stars, and diffuse


http://arxiv.org/abs/1003.2499v1

hot X-ray emitting gas between galaxies in nearby galaxgtehs [8,/4/5[6, ). Some of these
objects are not bound to any single galaxy, but are grawitatly controlled by the potential of
the galaxy cluster itself. These are called intraclustgzaib.

Later it was suggested that globular clusters should bgpstd off from galaxies in a galaxy
cluster and that there should be a cluster-wide populaftioriracluster globular clusters (IGCs)
in galaxy clustersg,[9/1(). However, so far there has been no indication for IGCs irGbma
cluster, and only a small number of IGCs were found in sinstadies of other galaxy clusters
because of their relatively shallow photometric limits oradl area coveragd {[12[ 13, 14 It
is not yet known whether this cluster-wide population of E>Xists in any galaxy cluster or
not.

The Virgo cluster is the best target to search for a clusidewopulation of IGCs, because
it is the nearest massive galaxy cluster. However, becdutelargest angular extent (over ten
degrees in the skylLlE) and the faintness of its globular clusters it has been diffto find and
study IGCs over the entire Virgo cluster.

We present the results of a search for the globular clustenstbe entire Virgo cluster using
data from the Sloan Digital Sky Survey (SDS8E(17). The SDSS data are deep enough to
study the bright globular clusters in Virgo and its survegeais wide enough to cover the entire
Virgo cluster.

The Virgo cluster is located at a distance of 54 million ligkars (16.5 mega parsec); one
degree in the sky corresponds to 940,000 light years (2&8gddlsec) at this distance. The
globular clusters at the distance of Virgo appear as pountcsgs in the SDSS images thus they
cannot be distinguished from faint foreground stars in cala®y in the images. To overcome
this problem and create a map of the globular clusters inoyinge used the photometry of the
point sources in the SDSS Sixth Data Releds®. (

We selected bright globular cluster candidates in a circligdd with radius of 9 deg in-



cluding the Virgo cluster, using the criteria for color anégnitude (reddening corrected):
0.6 < (g —1) < 1.3and19.5 < iy < 21.7 mag, as marked by the box in Fig. 1. This color
range is similar to that used for selecting globular clusterM87 (19), and corresponds to a
metallicity range of-2.05 [Fe/H]|S + 0.4 (20/2]). The lower magnitude limit, < 21.7 mag is

~ 1.5 mag brighter than the peak magnitude in the luminosity fiomabf globular clustersl).

By using globular clusters brighter than= 21.7 mag, we covered- 13 % of the entire glob-
ular cluster population, assuming that their luminositgdiion is represented by a Gaussian
function with peaki, = 23.17 mag (9).

We created a surface number density map for the globulateckim Virgo after subtracting
the contribution of foreground stars [including the Virgeeodensity 22)] using the color-
magnitude diagram method (details are described in theostipg online material) (Fig. 2A).
The surface number density map for the globular clustersalevthe existence of a diffuse
large scale distribution of globular clusters (in cyan arekeg colors), extending out to about 6
degrees (5 million light years) from the Virgo center, cltséhe boundary of the Virgo cluster.

It also shows the presence of several strong concentratibgéobular clusters. Their
locations correspond to the positions of bright elliptigalaxies such as M87, M49, M60,
M86/M84, and NGC 4636. However, the sizes of these substrestare much larger than in-
dividual galaxies. This population must include not onlglgilar clusters in galaxies but also
IGCs.

The large-scale distributions of globular clusters sunthnog M87, M49, and M60 are sim-
ilar in general to that of large scale X-ray emission seet@&ROSAT X-ray map (Fig. 2B).
However, one diffuse component of globular clusters in teetwf M87 is not seen in the X-ray
map, while one diffuse X-ray component in the north of M87asfound in the map of globular
clusters.

There are tidal features around some bright galaxies: argated structure in the outer part



of M87, and bridge-like features between M87 and M86 (aldavben M87 and M89). These
features are similar to the distribution of diffuse stelight found in the deep optical image of
the inner 1.5 deg 1.5 deg region).

It is known that the color distribution for the globular dess in giant elliptical galaxies
is bimodal, showing that there are two populations: blueraadglobular clusters (i.e., metal-
poor and metal-rich globular clusters, respectivéR3/@4. The large-scale distribution of the
blue globular clusters in the Virgo cluster is much more eata than that of the red globular
clusters (Fig. 3); a similar trend is seen around bright)gata(most dramatically around M49
and M87). Therefore the IGCs are probably dominated by the globular clusters.

We derived the radial number density profiles for the globcilasters § [number per square
arcmin]) as a function of radius from the center of the Virgister (R) (25) (Fig. 4). The radial
number density profiles of the globular clusters show a ceamghe slope ak ~ 40 arcmin,
beyond which the slope gets flatter. This break position issistent with the value for the
edge of the stellar halo of M8R = 34 arcmin, derived from the kinematic study of planetary
nebulae in Virgo[27). Therefore the globular clusters & < 40 arcmin are considered to
mostly belong to M87, while those & > 40 arcmin may be mostly IGCs. Double linear fits
for all the globular clusters yielthg(o) = —1.49(%0.09) log R + 1.05(40.03) for the outer
region (40 arcmin< R < 6 deg), and-2.07(40.01) log R 4+ 1.99(+£0.002) for the inner region
(R < 40 arcmin). The slope for all the globular clusters at the ovdgion is similar to that
for the dwarf elliptical galaxies, and is consistent witk twer limit predicted from numerical
simulations, —1.5 to —2.%26). This result suggests that the IGCs may follow the dark enatt
distribution of the Virgo galaxy cluster. If the globulauskers in the core of Virgo undergo a
transition from M87-dominated to Virgo-dominated, it ioexted that their velocity dispersion
profile for R > 40 arcmin is relatively flat with a value that is a few hundred knmsigher than

that for the inner region2Q).



The number density of the blue globular clusters is, on @erabout twice as large as that
of the red globular clusters for the range 40 arcrii® < 6 deg (Figs. 4B and 4C), indicating
again that the IGCs may be dominated by the blue globulatesisisFor the range 40 arcmin
< R < 6 deg, we measured/ = 1,500 + 300 IGCs with19.5 < iqg < 21.7 mag. This
implies the total number of entire IGCs in that regiomigtotal) ~ 11,900, assuming that the
luminosity function for IGCs is similar to that for globulalusters in galaxies.

There are several models to explain the origin of globulastelrs in giant elliptical galaxies,
but their origin is still controversial30). Our finding that there is a wide distribution of IGCs
and that they are mostly blue (i.e., metal-poor) indicaled the major origin of these IGCs
is low-mass dwarf galaxie81,[32/33. This supports the mixture scenario for the origin of
globular clusters in giant elliptical galaxie30). According to this scenario, metal-poor glob-
ular clusters were formed mostly in low-mass dwarf galaxied metal-rich globular clusters
were formed later with stars in massive galaxies or in degypal merging galaxies. Elliptical
galaxies grow via dissipational or dissipationless maygihgalaxies and via accretion of many
dwarf galaxies. The IGCs in Virgo might have been strippédrom low-mass dwarf galaxies
and are now being accreted locally to nearby massive galaaied globally to the center of

Virgo.
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Figure 1: iy — (g — 7)o color-magnitude diagrams for the point sources in Virgo. Afsample
galaxy field composed of ten circular fields (radius 20 ar¢ro@ntered on the brightest galax-
ies. The contribution of the foreground stars was subtdadtéost of the sources are globular
clusters. (B) A sample control field located at 6 to 9 deg frowm Yirgo center, covering the
same area as (A). Most of the sources are foreground stayedied to our Galaxy. Darker
colors represent the higher number density. The box repte#ee region used for selecting the
bright globular cluster candidates in Virgo in this study.
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Figure 2. Surface number density maps for the globularetash comparison with the spatial

distribution of galaxies and X-ray emission in the Virgostker region. (A) Globular clusters.

The levels are 0.012, 0.025, 0.06, and 0.12 per argmaspectively, for cyan, green, yellow,

and red boundaries. The positions of several bright etigbjalaxies are labeled. (B) Galaxies
and X-ray emission. The pseudo color map represents a l@ityaeeighted surface number
density map of the early-type (red color) and late-typexjata(blue color) that are members of
Virgo. The yellow contours represent the contours of X-rapge for the Virgo cluster region

in ROSAT all-sky survey (in the hard energy band 0.4-2.4 kgY) North is up and east to the

left.
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Figure 3: Surface number density maps of the blue globulstets (.6 < (g—i)o < 0.95)(A)
and the red globular cluster8.95 < (¢ — i)y < 1.3)(B). The color for the boundary between
the blue and red cluster§; — i), = 0.95, corresponds to the metallicity [Fe/l —0.82. The
levels are the same as in Figure 2(A).
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Figure 4: Radial number density profiles for the globulastdus in Virgo, obtained after mask-
ing out a circular region (radius 5R,5) for each galaxy in the Virgo galaxy catalog except for
M87 to remove globular clusters in galaxies. (A) All the giddr clusters (circles). Dot-dashed
lines and solid lines represent the linear fits for the inegran atR < 40 arcmin, and the outer
region atR > 40 arcmin, respectively. Diamonds represent the radial nuidesity profile for
the dwarf elliptical (dE) galaxies that are members of Vir@urved dashed lines represent a
projected NFW profiled4) for the Virgo mass distribution given by McLaughlig€). (B) The
blue globular clusters (squares), and (C) the red globllsters (triangles). Crosses represent
the data including the faintef & 23.0) globular clusters ak < 30 arcmin from M87 in given
by Harris (L9), arbitrarily shifted to match the data fo@ < R < 20 arcmin. Note that they are
in a good agreement with our data for the inner region.
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SUPPORTING ONLINE MATERIAL: Detection of a Large
Scale Structure of Intracluster Globular Clustersin the Virgo
Cluster

M ethods

Here we briefly describe the methods used to derive the surfamber density maps for
globular clusters in the Virgo cluster, using the SDSS psmirce catalog. We used the pho-
tometry of the point sources in the SDSS Sixth Data Rele&4et¢ select globular cluster
candidates in Virgo.

The SDSS catalog of point sources in the Virgo directionudek not only the Virgo glob-
ular clusters but also the objects that do not belong to tihgo\Eluster. There are two types
of point sources that are not members of Virgo, which aretéata the direction of Virgo: 1)
foreground stars belonging to our Galaxy, and 2) unresdbaettground galaxies. Since we are
dealing with relatively bright point sources, the conttiba due to the latter is negligibl&Q).

So we consider only foreground stars.

We need to remove foreground stars and keep only Virgo giolmllisters for making a sur-
face number density map for globular clusters. The foreggaiars in Virgo are contributed by
two types of objects. One is the disk and halo of our Galaxg,tha other is the Virgo overden-
sity discovered recently in the SDSS3J. The Virgo overdensity is a large scale substructure
covering over 1000 dégof sky toward Virgo, and is estimated to be located at a destaof
6-20 kilo parsec. It may be a tidal stream or a low-surfacghirniess dwarf galaxy merging
with the Milky Way (S3. Because of the existence of the Virgo overdensity overtapwith
our field of interest, the conventional method of using theasate control field at the similar
galactic latitude does not work well for subtracting the tednution of these foreground stars.

Therefore we adopted a method of using the color magnitualgraim (CMD) for foreground

14



subtraction as follows.

We selected four fields in the sky to choose appropriate nsgiothe CMDs for selecting
foreground stars and globular clusters in our analysis.Tke) Virgo cluster field: a circular
region with radiuskR = 6 deg, centered on M87. This field covers approximately theeent
area of the Virgo cluster. (b) The Control field: an annulgioa with radiuss < R < 9 deg,
surrounding the Virgo cluster field. This field representsaekiground field close to the Virgo
cluster. Itis used for subtracting the contribution of ldoaeground stars from the Virgo cluster
field. (c) Two Reference fields: One circular region (for theg¥ cluster field) and one annular
region (for the Control field), both of which are centeredgatléctic longitudé = 80.32 deg,
galactic latitudé = 74.46 deg). They are at the same galactic latitude as the Virgosfiait
~ 200 deg distant in galactic longitude from the Virgo fields. Theye the same areas as (a)
and (b), respectively. These reference fields are used &wkahy the contribution of general
foreground stars in (a) and (b).

Then we constructed raw — (¢ — i)o CMDs for the Virgo cluster field and its reference
field, and the Control field and its reference field, as showfign S1(A), (B), (D), and (E). We
subtracted the CMD for the corresponding reference fielohfiloe CMDs for the Virgo cluster
field and the Control field, displaying the resulting CMDs ig.FS1(C) and (F).

We used Fig. S1(C) and (F) for choosing the CMD regions to niateground star maps.
Fig. S1(C) includes the contribution of the foreground sf@ne Virgo overdensity stars and
the remaining disk and halo stars) and the globular clugtevggo, while Fig. S1(F) includes
the contribution of the foreground stars only. These figwtesw that the stars in the Virgo
overdensity are mostly bluer than the globular clusterg Vlingo overdensity stars contaminate
somewhat the bluer side of the blue globular cluster regiunle it affects little the red globular
cluster region.

We marked the regions for selecting foreground stars (alsasgjlobular clusters) by boxes
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in Fig. S1. We chose a bright blue star region (BBS) with thes&olor range as the blue
globular cluster region, and a faint blue star region (FBE) the same magnitude range as the
globular cluster region as in Fig. S1(C) and (F), and usedtidues in these regions for creating
a blue foreground map to be used for the blue globular clsistéren we chose a bright red star
region (BRS) with the same color range as the red globulatetuegion, and a faint red region
(FRS) with the similar magnitude range to that of the globalaster region, and used the stars
in these regions for creating a red foreground map to be wsdtié red globular clusters.

We made the raw surface number density maps for globulateclaandidates (Fig. 2S(A),
(D), and (G)) and foreground stars (Fig. 2S(B), (E), and {¢$jhg the objects inside the above
regions in the CMDs. The foreground map was made with a coatibim of contributions of
faint stars and bright stars:(foreground stars)d — a)o(bright stars}-ao(faint stars), where
o represents the surface number density. The coefficienas determined by minimizing
the fluctuation in the difference map for the Control fieldndly we subtracted each of the
foreground maps (Fig. 2S(B) and (E)) from each of the raw ni{gs 2S(A) and (D)), after
scaling the foreground map so that the mean difference ®iCibntrol field is zero. Finally
we combined the maps for the blue and red globular clustersate a map for all the globular
clusters. The resulting maps are shown in Fig. S2. The fifil@rdnce maps (Fig. 2S(C), (F),

and (1)) show the spatial distribution of all, blue, and réabglar clusters in Virgo, respectively.
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Figure S1: iy — (g — i) CMDs for (A) the Virgo cluster field R < 6 deg), (B) the reference

field with the same area as the Virgo cluster field (VCF), andlt€ difference between (A) and
(B). (D), (E) and (F): similarly for the Control field (CF) (< R < 9 deg). The boxes represent
the boundaries selecting blue globular clusters (BGC)gteldular clusters (RGC), bright blue
foreground stars (BBS), faint blue foreground stars (FB8yht red foreground stars (BRS),
and faint red foreground stars (FRS). Blue stars in the gtv@ntical structures in (C) and (F)

are mostly Virgo overdensity stars. Darker or redder capresents higher number density.
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Figure S2: Surface number density maps for (A) all the pantses with blue globular cluster
color, (B) the blue foreground stars, and (C) the differeat¢éhese two. (D), (E), and (F):
similarly for the red globular clusters. (G), (H), and (limdarly for all the globular clusters.
Large circles represent the boundaries for the Virgo ciugttl (R < 6 deg) and the Control
field (6 < R < 9 deg). North is up and east to the left. Redder color repredggher number

density.
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