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ABSTRACT

We describe the goals and first results of a Program for Imaging of the PERseus
cluster of galaxies (PIPER). The first phase of the program builds on imaging
of fields obtained with the Hubble Space Telescope ACS/WFC and WFC3/UVIS
cameras. Our PIPER target fields with HST in total include major early-type
galaxies including the active central giant NGC 1275; known Ultra-Diffuse Galax-
ies; and the Intracluster Medium. The resulting photometry, in B and I, reaches
deep enough to resolve and measure the globular cluster (GC) populations in the
Perseus member galaxies. Here we present initial results for three pairs of fields
that confirm the presence of Intracluster GCs as distant as 740 kpc from the Perseus
center, or 40% of the virial radius of the cluster. The majority of these Intracluster
GCs are identifiably blue (metal-poor) but there is a trace of a red (metal-rich)
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component as well, even at these very remote distances.
Keywords: galaxies: formation — galaxies: star clusters — globular clusters: gen-

eral

1. INTRODUCTION

Perseus (Abell 426) at d = 75 Mpc offers a
rich and fascinating laboratory for galaxy evo-
lution, but it has not yet gained the level of
attention that has been given, for example, to
Virgo or Coma. Perseus has a velocity dis-
persion in the range σv ≃ 1000 − 1300 km
s−1, among the highest of clusters in the lo-
cal universe (Kent & Sargent 1983; Struble &
Rood 1991; Girardi et al. 1996; Weinmann et al.
2011); for comparison, the Coma cluster has
σv = 1100 km s−1 (Colless & Dunn 1996). The
total mass of Perseus is almost 1015M⊙ (Gi-
rardi et al. 1998; Simionescu et al. 2011). En-
veloping the cluster is a vast halo of X-ray gas
and dark matter with virial radius r200 = 1.8
Mpc (Simionescu et al. 2011), comparable to
the most gas-rich and populous galaxy clusters
(e.g. Zhao et al. 2013; Loewenstein 1994; Main
et al. 2017).

Like Virgo and Coma, Perseus contains many
large early-type galaxies, among which the
most notable is the central supergiant NGC
1275 (= 3C48 = Perseus A), which sits at
the center of the X-ray gas and the dynam-
ical center of the cluster. NGC 1275 is per-
haps the most extreme case in the local universe
where we see the ongoing growth of a Bright-
est Cluster Galaxy (BCG) complete with cool-
ing flows, feedback, and extreme star forma-
tion rate. Within NGC 1275 is a spectacular
web of Hα filaments extending to more than 30
kpc from galaxy center, which itself contains
∼ 1011M⊙ of molecular gas and extended re-
gions of star formation (e.g. Fabian et al. 2011;
Matsushita et al. 2013; Canning et al. 2014).

In this paper, we describe a Program for
Imaging of PERseus (called PIPER) currently
underway that is intended to attack four differ-
ent program goals through the use of globular
cluster (GC) populations.

(1) In recent years it has become clear that rich
clusters of galaxies are hosts for large numbers
of Ultra-Diffuse Galaxies (UDGs), currently
a focus of considerable interest (van Dokkum
et al. 2015a,b; Koda et al. 2015; Mart́ınez-
Delgado et al. 2016; Román & Trujillo 2017;
Papastergis et al. 2017; Amorisco et al. 2018).
Perseus is already known to hold many UDG
candidates (Wittmann et al. 2017), giving us
the chance to improve our understanding of
their demographics. Some UDGs in turn seem
to have remarkably populous systems of GCs
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relative to their low luminosities (Peng & Lim
2016; Beasley & Trujillo 2016; van Dokkum
et al. 2016, 2018), indicating that they have
massive dark halos and extremely high mass-to-
light ratios (Harris et al. 2017b), while others
are quite GC-poor (Lim et al. 2018; Amorisco
et al. 2018). No highly consistent pattern has
yet emerged, and at least some of these extreme
galaxies may violate the near-constant ratio of
GC system mass to halo (virial) mass obeyed
by more luminous galaxies (Hudson et al. 2014;
Durrell et al. 2014; Harris et al. 2017b) or sim-
ply show considerable scatter around that rela-
tion (Toloba et al. 2018; El-Badry et al. 2018;
Amorisco et al. 2018).

(2) As a rich and dynamically active cluster,
Perseus should also have stellar Intra-Cluster
Light (ICL) built from disrupted or stripped
member galaxies (e.g. Burke et al. 2012; Ramos
et al. 2015; Ramos-Almendares et al. 2018).
In such clusters the ICL can make up typi-
cally 10–30% of the total stellar mass. Because
the ICL is actively growing particularly since
z = 1, the sheer amount of ICL and its degree
of substructure (clumpiness and tidal streams)
probe the dynamical state of the entire clus-
ter. But the stellar ICL is extremely diffuse and
difficult to map out with conventional surface-
brightness photometry over a field as wide as
the ∼ 1◦ diameter of Perseus. For such a
low signal, a more effective tracer is one for
which the background ‘noise’ can be reduced
to near-zero levels. As will be shown below,
GCs fit this bill beautifully: they are individ-
ually luminous, easy to isolate, and can be
reached by HST for galaxies out to ∼ 250
Mpc or more (Harris et al. 2016). A pre-
liminary investigation of the GC populations
in MAST Archival fields within Perseus has
shown that an Intra-Cluster Globular Clus-
ter (ICGC) population exists (Harris & Mul-
holland 2017, hereafter referred to as HM17)
though the sheer amount of it is still quite un-
certain. Substantial ICGC numbers have been
detected in other large clusters including Virgo
(Durrell et al. 2014), Coma (Peng et al. 2011),
A1185 (West et al. 2011), and A1689 (Alamo-
Mart́ınez & Blakeslee 2017). Perhaps most
importantly, multiband photometry also auto-
matically yields their metallicity distribution
function (MDF) since GC color is a monotonic
function of [Fe/H] and is quite insensitive to age
(e.g. Peng et al. 2006). The extremely faint,
diffuse, integrated stellar light cannot provide
this level of insight.
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Figure 1. Image of the central region of the Perseus cluster (DSS image in blue), showing the locations of the HST

images used in this study. North is at top, East at left and the field shown is 60′ = 1300 kpc across. NGC 1275, at
the center of Perseus, is left of center. The pairs of pointings in our program are marked in blue or red (ACS are the
larger squares, WFC3 the smaller squares). The five black ACS fields near the center show previous imaging from
the MAST archive. The red fields and labels show the three pairs of fields discussed in the present paper (Visits
12, 13, 15). Finally, the known UDGs in Perseus that fall within our program fields are marked with the small red
circles, with radii equal to 3reff .

(3) The Perseus core has several large early-
type galaxies (ETGs), particularly NGC 1275,
NGC 1272, and NGC 1278. Since their pro-
jected separations are . 100 kpc, the total GC
population in the core region will be a mutually
overlapping combination of these three major
galaxies, plus some smaller Perseus members,
plus the ICGCs (which should follow to first
order the cluster potential well). Given deep
photometry with appropriate field coverage of
this central region, a simultaneous solution for
all these components can be performed. NGC

1275 is uniquely interesting because GC sys-
tems have never been explored in a galaxy with
such extreme, high-activity conditions. If, for
example, its GCS turns out to have high spe-
cific frequency (number of GCs per unit galaxy
luminosity) as is the usual case for BCGs (Har-
ris et al. 2017c), it would support the view that
the current spectacular AGN and star-forming
activity in its inner 20 kpc is only an add-on to
a dominant early formation epoch.

(4) At the opposite end of the dwarf-galaxy
structural scale from the UDGs are the Ultra-
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Table 1
Target Fields

MAST Field Label Visit RA Dec R′ AI EB−I Target Galaxies

NGC1275-F1 V1 03:19:49.6 +41:30:36.0 0.29 0.245 0.346 NGC 1275
NGC1275-F2 V2 03:20:03.5 +41:29:39.4 3.06 0.245 0.344 Perseus core
NGC1275-F3 V3 03:19:54.5 +41:33:54.5 3.42 0.247 0.349 Perseus core
NGC1275-F4 V4 03:19:23.1 +41:26:09.3 6.53 0.242 0.341 Perseus core
NGC1275-F5 V5 03:20:23.8 +41:32:43.1 6.97 0.249 0.351 NGC 1278
PERSEUS-UDG01 V6 03:17:16.0 +41:34:10.1 28.70 0.244 0.344 WUDG 5,8,13,14
PERSEUS-UDG02 V7 03:17:00.3 +41:42:58.9 33.74 0.227 0.320 RUDG 5,6,84
PERSEUS-DUG03 V8 03:18:30.2 +41:41:07.1 17.93 0.256 0.360 WUDG 28,29,33,35,36,40,41, RUDG 25
PERSEUS-UDG04 V9 03:19:54.1 +41:54:01.7 23.35 0.276 0.388 RUDG 23,60
PERSEUS-UDG05 V10 03:19:50.2 +41:43:19.3 12.63 0.252 0.355 WUDG 83,84, RUDG 21,27
PERSEUS-UDG06 V11 03:19:39.9 +41:13:07.6 17.64 0.228 0.321 WUDG 79,80,88,89
PERSEUS-UDG07 V12 03:17:09.0 +41:14:06.4 34.11 0.227 0.319 WUDG 1,2,7, RUDG 15
PERSEUS-UDG08 V13 03:17:44.1 +41:22:51.1 24.52 0.241 0.339 WUDG 12,16,17,22
PERSEUS-UDG09 V14 03:17:45.5 +41:19:30.2 25.55 0.238 0.334 WUDG 4,6,7,18,19
PERSEUS-UDG10 V15 03:18:31.1 +41:11:31.6 24.00 0.315 0.444 WUDG 56,59, RUDG 16

PERSEUSCLUSTER1 ACS1 03:19:47.9 +41:28:00.3 2.70 0.243 0.343 NGC 1275
PERSEUSCLUSTER3 ACS3 03:19:23.2 +41:29:59.1 4.73 0.242 0.341 NGC 1272
PERSEUSCLUSTER4 ACS4 03:19:04.7 +41:30:10.9 8.15 0.243 0.342 Perseus core
PERSEUSCLUSTER5 ACS5 03:19:34.6 +41:33:37.2 3.87 0.246 0.348 Perseus core
PERSEUSCLUSTER6 ACS6 03:19:09.1 +41:33:50.4 7.95 0.246 0.346 Perseus core

Notes: In the last column, WUDG identifiers are from Wittmann et al. (2017) while the RUDG identifiers are
additional UDGs from CFHT imaging (Romanowsky et al., in progress). The last five rows list Archival fields to be
used as supplementary material for the core region.

Figure 2. Illustration of the use of the daophot
SHARP index. The example shown is for the ACS V12
field. For starlike (unresolved) objects SHARP is ex-
pected to be ≃ 0.0. Exclusion boundaries are drawn in
as the dotted lines.

Compact Dwarfs (UCDs). Their characteris-
tic luminosities & 107L⊙ and radii rh & 10 pc
distinguish them from all but the largest and
most luminous GCs. These dense stellar sys-
tems may be a mixed population, either rem-

nant nuclei of stripped dwarfs, or very massive
star clusters (see Mieske et al. 2012; Wittmann
et al. 2016; Voggel et al. 2018, for recent dis-
cussion). At the Perseus distance, UCD candi-
dates will be found as an automatic byproduct
of our HST imaging data. From the observed
scaling relation between numbers of UCDs with
M > 107M⊙ and host cluster mass (e.g. Pfeffer
et al. 2014; Janssens et al. 2017) Perseus should
contain of order 200 UCDs. Some dozens of
these are already known (Penny et al. 2011,
2012) and the results of our program are ex-
pected to yield enough UCDs in total to study
the systematics of their spatial distributions
and mean metallicities.

Lastly, we can expect to carry out an inven-
tory of the M32-like compact ellipticals (cEs), a
rare class of galaxy now also emerging as a topic
of systematic study (Janz et al. 2016; Marti-
nović & Micic 2017; Zhang & Bell 2017; Ferré-
Mateu et al. 2018).

For the following discussion, we adopt a dis-
tance d = 75 Mpc for Perseus, obtained from
the redshift 5207 km s−1 corrected to the CBR
frame (NED), and a Hubble constant H0 =
69.7 km s−1 Mpc−1 (Hinshaw et al. 2013).
From NED we also adopt mean foreground ex-
tinctions of AI ≃ 0.246 and EB−I ≃ 0.346
for an apparent distance modulus (m−M)I =
34.62.
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The outline of this paper is as follows: Sec-
tion 2 describes the characteristics of our imag-
ing database and the photometric measurement
techniques directed towards isolating the GC
candidates. Section 3 presents in turn the
color-magnitude distribution of the GCs in each
target field, their effective radii, their luminos-
ity distribution, and their color distribution.
Section 4 concludes with a brief summary.

2. DATABASE AND OBSERVATIONAL
STRATEGY

Our new HST imaging data for PIPER is
from Cycle 25 program 15235 (PI Harris). The
ACS/WFC and WFC3/UVIS cameras are used
in parallel to obtain exposures of 15 pairs of
fields scattered across the cluster; these point-
ings are shown in Figure 1 and listed in Ta-
ble 1. In the Table, successive columns list the
MAST Archive field identifier; the Visit num-
ber; the field coordinates (J2000) for the Pri-
mary camera pointing in each pair; their pro-
jected distance R in arcminutes from NGC 1275
(the Perseus center); foreground extinction AI

and reddening EB−I calculated from NED; and
the galaxies included in each pointing.

In Table 1, for Visits 1-5, the ACS camera is
the Primary and WFC3 the Parallel, while for
Visits 6-15, WFC3 is the Primary and ACS the
Parallel.

The core of Perseus, at center-left in the fig-
ure, is covered nearly completely out to R ≃

5′ (100 kpc) when supplemented by the ad-
ditional five MAST Archive ACS/WFC fields
also shown in the figure. The pointings tar-
getting the UDGs are in most cases far away
from any of the major Perseus galaxies. The
final five rows of Table 1 give the locations of
Archival ACS fields from program 10201 (PI
Conselice) that will also be used to fill in our
coverage of the Perseus core regions (see also
HM17). As can be seen in Table 1, the field-
to-field differences in foreground reddening are
modest (typically ∆(B − I) . 0.03 mag) with
the exception of the more heavily reddened
V15.

The fields will be referred to below by their
spacecraft Visit number V1–V15. The first five
Visits are the ones covering the Perseus core,
while the remaining 10 are the outer fields se-
lected to cover the UDGs. Spacecraft orien-
tations were chosen to maximize the numbers
of UDGs we could capture. These 10 outlying
fields will also be used to reveal ICGCs, UCDs,
and any other types of dwarf-galaxy members.

The schedule of spacecraft visits is spread out
over nearly a two-year period from 2017 Oct to
2019 March. At time of writing, the first three
image pairs have been obtained, for V12, V13,
and V15. These target three of the most re-
mote locations from cluster center. At a scale

of 22 kpc/arcmin for a Perseus distance of 75
Mpc, V12 (for example) lies at a projected dis-
tance of 740 kpc from Perseus center (cf. Table
1), equivalent to 40% of the Perseus virial ra-
dius (Simionescu et al. 2011). In the present
paper, we use the data from these three image
pairs to define a consistent set of measurement
procedures, and to gain an initial look at the
features of the ICGC population.

For most of our program goals we need to
detect and characterize GCs within Perseus,
either in the target galaxies or distributed
throughout the diffuse ICM. Typical GCs have
half-light diameters 2rh ≃ 5 pc (Harris 1996,
2010 edition), which at d = 75 Mpc translates
to 0.014′′, almost an order of magnitude smaller
than the natural 0.1′′ resolution of HST. This
means that most GCs belonging to the Perseus
galaxies will be near-starlike (that is, unre-
solved) objects, which is a major advantage
for carrying out photometry and for isolating
them from the field contaminants that are dom-
inated by faint, small background galaxies (see
below). In addition, GCs fall in a relatively
narrow range of color index, permitting fur-
ther rejection of very blue or very red contami-
nants. This combination of object morphology
and color gives us a very effective filtering pro-
cedure to isolate the GC population with a low
level of residual contamination.

In all cases our program employs exposures
in filters that maximize signal-to-noise but can
also be transformed to standard (B, I) for
easy comparison with previous GC data in the
literature. The adopted filters are (F475W,
F814W) for ACS/WFC; and (F475X, F814W)
for WFC3/UVIS. Though WFC3 F475X has
rarely been used, it is significantly broader than
F475W and still transforms well to standard B.
For Visits V6-V15, the Primary field is WFC3
with total exposure times of 2533 sec in F475X
and 2653 sec in F814W. Four dithered sub-
exposures are taken in each case to give a final
image effectively free of cosmic rays and other
artifacts. The Parallel field is ACS with total
t = 2424 sec (F475W) and 2271 sec (F814W).
In what follows, we will refer to the exposure
pairs as the B and I images.

The procedure for detection and photometry
of the GC candidates is similar to the steps out-
lined in, e.g., Harris (2009); Harris et al. (2016)
or HM17. We start with the CTE-corrected,
drizzled *.drc images provided by MAST. First,
both B and I exposures are registered and com-
bined to create a master image. Source Extrac-
tor (SE) (Bertin & Arnouts 1996) is used to
measure this master image and to construct a
finding list, keeping only objects within the SE
parameter range 1.0 . r1/2 . 1.5 px (cf. Harris
2009). This first culling step eliminates obvi-
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Figure 3. Photometric measurement uncertainties from daophot/allstar fits. Uncertainties e(B) are plotted versus
B (upper panels) and e(I) versus I (lower panels). Data from field V12 are in black symbols, V13 in magenta, and
V15 in cyan.

ous nonstellar objects, detector artifacts, and
(very) occasional severely crowded objects, al-
though crowding is not a significant problem
for these extremely sparse fields.

This master finding list was then fed into
pyraf/daophot, through the regular sequence of
phot (through a r = 2 px aperture), psf, and
allstar. A point-spread function (PSF) was de-
fined empirically on each B and I image in-
dividually from a combination of typically 50
or more moderately bright, uncrowded stars.
Tests were made to compare results adopting
either a uniform PSF or one depending on
position (x, y) in the image, but with unde-
tectably different results. The allstar magni-
tudes were then corrected to equivalent large-
aperture magnitudes. The appropriate photo-
metric zeropoints for each filter and for the
exact dates of the exposures, as taken from
the STScI webpage zeropoint calculators, were
then added to put the data onto the VEGA-
MAG system.

Final rejection of distinguishably nonstellar
objects was done with the daophot/sharp pa-
rameter, as illustrated in Figure 2. Sharp is
defined such that starlike objects (ones closely
matching the PSF) will appear near ≃ 0, and
exclusion regions can then be defined to re-
ject much smaller or more extended sources as
shown in the Figure. The I image has the
higher SNR of the two filters for all but the
bluest objects, and as expected the stellar se-
quence is noticeably narrower for it. Objects
falling outside the sharp boundaries (Fig. 2) in
either filter were rejected.

The cleaned measurements in each filter were
matched to within ∆r = 2 px in position, fur-
ther rejecting any objects not appearing in both
filters. The entire combination of steps de-
scribed above is effective not just at culling

clearly nonstellar objects, but also spurious de-
tections near the CCD chip edges or within the
bright cores of any Perseus member galaxies
falling within the fields.

The last step in the photometry was to con-
vert the magnitudes in the native VEGAMAG
filter systems (F475W, F814W for ACS, and
F475X, F814W for WFC3) into B and I. For
ACS these transformations are

B = F475W + 0.182(B − I)

I = F814W − 0.010(B − I) + 0.006(B − I)2

where B is from Harris (2018, submitted) and
I from Sirianni et al. (2005).

For WFC3/UVIS, we use the empirical trans-
formations derived by Harris (2018),

B = F475X + 0.295

I =

{

F814W forB − I < 1.6

F814W − 0.059 + 0.037(B − I) forB − I > 1.6 .

In both cameras, F814W is very closely equal
to I; F475X is slightly redder than F475W, but
the difference between them is fortunately mi-
nor (see also Deustua & Mack 2018, for a com-
parison of the filters between the cameras).

In Figure 3 the photometric measurement
uncertainties returned by the allstar fits are
shown versus magnitude, for the final culled list
of objects.

Lastly, photometric completeness was eval-
uated by adding populations of artificial
stars (scaled PSFs) into the images through
daophot/addstar. The completeness ratio f(m)
is the number of detected stars at a given mag-
nitude m divided by the number of artificial
stars inserted at m. All of these target fields are
very sparsely populated and the sky intensity
level is low and quite uniform, as we illustrate
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1 23 44 66 87 109 131 152 174 195 217

Figure 4. A section of the V15 field from the ACS camera, in F814W. The segment shown is 100′′ across. The faint
objects marked with the colored circles are the GC candidates, which are starlike objects with I < 26 and colors in
the range 1.6 < (B − I) < 2.7.

Figure 5. Photometric completeness tests for the ACS
and WFC3 data. The ratio f is the fraction of starlike
objects at a given B or I magnitude that were detected,
plotted versus magnitude. Black points show the results
for ACS and red triangles for WFC3. The completeness
drops steeply from 100% to near-zero over an interval
of less than a magnitude.

in Figure 4. Although many small, faint back-
ground galaxies can be seen scattered across

the frame, the numbers of similarly faint un-
resolved objects are quite small, and crowding
is not an issue for any part of the data. Un-
der these almost ideal circumstances, the com-
pleteness of detection will drop quite steeply
from near-100% to near-zero over a short mag-
nitude range. We model f(m) with the simple
two-parameter function (Harris et al. 2016)

f = (1 + exp(α(m −m0))−1

where m0 is the magnitude at which 50% of
the objects are detected and α measures the
steepness of falloff of the completeness curve.
For the ACS data we find α = 5.00 and m0 =
28.60(B), 26.65(I), while for WFC3 α = 7.00
and m0 = 28.45(B), 26.50(I). As is also seen in
Figure 5, the exposures from the two cameras
are nearly matched, with ACS reaching 0.15
mag fainter.

3. RESULTS: DETECTING AND
CHARACTERIZING ICGCS

Any GCs found in our (3+3) target fields
will be associated either with dwarf galaxies
in those fields, or the IntraCluster Medium.
Decades of previous work on GC populations
in other galaxies have established a remark-
ably consistent set of properties of GC systems,
including their luminosity distributions, color
(metallicity) distributions, and GC scale sizes.
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Figure 6. Color-magnitude data for starlike (unre-
solved) objects in the three fields. The raw measure-
ments have been transformed to standard B, I as de-
scribed in the text.

We look very briefly at each of these properties
in turn, and in doing so build up the case that
the Perseus GC population is clearly detected.

From analysis of a set of HST Archival fields
(some of which are marked in Fig. 1), HM17
found evidence for the presence of ICGCs in
Perseus. This preliminary finding relied on
ACS and WFPC2 fields with shorter exposures
than the ones in our program, and the ACS
fields in particular were located in the core re-
gion near the giants NGC 1272 and 1275, mak-
ing it difficult to isolate a clean sample free of
contamination from Perseus galaxies. The data
in our program are more optimally designed
to find the intergalactic component, however
much of it there is.

3.1. Color-Magnitude Data

After the image matching and rejection of
nonstellar objects as described above, the re-
sulting color-magnitude diagrams (CMDs) for
our three pairs of fields are shown in Figure 6.
A distinct population can be seen at interme-
diate color (B − I) ≃ 2.1 and magnitude range
I & 23, near the expected values for GCs. Tak-
ing into account the rapidly increasing scatter
in color for I > 26, we isolate a “GC candidate”
region defined by the box 22.5 < I < 26.0,
1.7 < (B − I) < 2.6. Within this box the pho-
tometry is also highly complete (>90%) . The
boundaries of this region correspond to abso-

Figure 7. Locations of objects in each field that fall
within the color and magnitude range for normal glob-
ular clusters (1.6 < (B − I) < 2.7, 22.5 < I < 26.0).
Figures on the left show the ACS camera, and on the
right the WFC3 camera. Black circles indicate the po-
sitions of small galaxies that have detectable GC pop-
ulations of their own; objects inside these circles are
excluded from the composite CMD shown below. Ma-
genta circles show the locations of known UDGs, where
the radius of each circle is equal to 2reff .

lute magnitudes and intrinsic colors −12.1 <
MI < −8.6, 1.35 < (B − I)0 < 2.25. For com-
parison, the GCs in a sample of Brightest Clus-
ter Galaxies (Harris 2009) populate the range
MI > −12 and 1.4 . (B − I)0 . 2.3, further
indicating that we are seeing a population of
GCs. (Our last piece of evidence, the GC scale
sizes, is presented in the next section.)

The locations (x, y) of the GC candidates
on each of the fields are shown in Figure 7.
Though extremely sparsely scattered across the
images, nevertheless a few small concentra-
tions of points show up, around identifiable
dwarf galaxies and also some UDGs in our sur-
vey. Although there is no evidence that these
dwarf-associated candidates fall in any differ-
ent ranges of color or magnitude than the rest
of the sample, for the purpose of isolating the
ICGCs more clearly, the objects falling within
the small black circles in Fig. 7 are excluded
from the present analysis, though we keep ones
located near the UDGs (magenta circles). The
composite CMD for the dwarf-excluded sample
is shown in Figure 8.

Although GC candidates are sparsely present
in all six fields shown, some field-to-field varia-
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tions are noticeable. Even after exclusion of the
regions around the obvious dwarfs, the mean
number densities seem clearly larger in some of
the fields even though all are remote from the
Perseus center. If the variations are not due
strictly to simple stochastic differences in an
already-low mean density, part of the explana-
tion may lie in the particular locations of these
fields: as can be seen in Fig. 1, V12 (ACS)
and V13 (both ACS and WFC3) fall along a
prominent chain of galaxies running from the
Perseus core region (East side) through to IC
310 (the giant ETG on the West side, at lower
right in Fig. 1) and beyond. This connection
raises the possibility that ICGCs may also lie
preferentially along the same axis. On a scale
an order of magnitude larger, the distribution
of Perseus galaxies connects with the Perseus-
Pisces supercluster (Haynes & Giovanelli 1986;
Wegner et al. 1993). By contrast, field V15
(ACS and WFC3) lies far off this ridgeline and
there are fewer GCs. In addition, the V12 ACS
field in particular falls near the giant IC 310 (at
a mean separation of 90 kpc). The outskirts of
the IC 310 halo may then also be contributing
to the counts in V12/ACS. We will defer fur-
ther discussion of these interesting possibilities
until the data are in hand from our complete
set of program fields.

3.2. Background Contamination

The fraction of this GC candidate sample
that consists of actual Perseus GCs depends on
the residual level of field contamination in the
photometry – foreground stars and very faint,
small background galaxies that managed to
pass through the culling steps described above.
Ideally we would like to assess the contami-
nation level from a background control field
near but outside Perseus. However, we have
found no suitable material in the MAST archive
with ACS or WFC3 filters in B, I and exposure
times similar to our data. Instead, as a pre-
liminary measure we use data from the Hubble
Frontier Fields (Lotz et al. 2017). The Par-
allel exposures in the HFF program are with
the ACS/WFC, fall on ‘blank’ fields free of any
major galaxies or clusters of galaxies, and have
long exposures in F435, F814W that can be
readily transformed to B, I. We have taken ex-
posure pairs from the three HFF fields with the
lowest Galactic latitudes, and measured them
with exactly the same procedures as for our
Perseus targets. These three HFF fields are
listed in Table 2, giving the Primary target
name, the coordinates of the Parallel fields,
their foreground extinction, and the exposure
times in B and I. (In the Table the exposure
times are given for the specific image pair se-
lected from the much longer list of HFF expo-

sures. In order to match the Perseus data bet-
ter, we use these shorter-exposure pairs rather
than the ultra-deep combined stacks of all ex-
posures.) The same quantities are listed for
comparison for our Perseus data.

In Figure 9, the resulting photometry for the
three HFF fields combined (with total area 39
arcmin2) is shown after the same process of ob-
ject selection and culling of nonstellar objects.
Data from each field are corrected to the fore-
ground reddening and extinction of Perseus. In
total, just 19 objects fall clearly within the GC-
candidate region defined above, and just 13 in
the range I > 24 where most of the GC candi-
dates lie. (Of these 13, there are 0, 8, 5 objects
each from HFF fields 2, 3, 6 respectively. In
the presence of small-number random variance
it is unclear whether a systematic dependence
on latitude is present.) Since the Perseus fields
V12,13,15 cover 57.3 arcmin2 in total, multiply-
ing the HFF counts by the area ratio suggests
that for I & 24 field contaminants make up
≃ 20 − 25 objects out of the observed total of
297 objects in our GC candidate region, or a
contamination fraction less than 10%.

As an additional check, we use the TRILE-
GAL population model of the Milky Way (Gi-
rardi et al. 2005) to estimate the numbers of
foreground stars. These results are also shown
in Figure 9 for a projected area on the sky of
57.3 arcmin2, equal to the total area of our
six program fields. The GC candidate box
includes just 10 stars, again suggesting that
the contamination level in our sample is small
though not entirely negligible. (If the TRILE-
GAL counts are to be believed, this comparison
also suggests that perhaps half or more of the
HFF counts are from faint background galax-
ies small enough to pass through our selection
filters.) As suggested by HM17, we conclude
that sparsely spread as they are, nevertheless
ICGCs are present and clearly measurable in
these outlying Perseus fields, dominating over
any contaminants.

3.3. Effective Radii

A bit more insight can be gained from the
linear sizes of the GCs (their effective radii or
diameters). Although by definition all the ob-
jects in the GC candidate list are reasonably
well matched to the PSF shape, estimates of
intrinsic radii can be obtained by a more de-
tailed fit of the PSF to each object. We employ
the code ishape (Larsen 1999) for this purpose,
following many previous instances of its use in
the literature for GCs in remote galaxies (e.g.
Larsen 1999; Larsen et al. 2001; Georgiev et al.
2008; Harris 2009, among others).

To run ishape we assume an intrinsic GC pro-
file with central concentration c = rt/rc = 30
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Figure 8. Composite CMD for all three visits discussed in the present paper. Black points are the three ACS
images combined, red crosses are the three WFC3 images. Objects falling within any of the circles shown in the
previous Figure are excluded to remove any GCs belonging to the dwarf galaxies in the fields. The 50% completeness
threshold established from the completeness tests is shown as the dashed line. The box outlined in the short-dashed
line marks the GC-candidate region defined in the text.

Table 2
Control Fields

Field Identifier RA Dec ℓ b AI tB(sec) tI (sec)

HFF2 MACSJ0416.1-2403 04:16:33.1 -24:06:48.7 327.3 +34.3 0.063 5083 5040
HFF3 MACSJ0717.5+3745 07:17:17.0 +37:49:47.3 180.5 +21.6 0.115 5044 5046
HFF6 Abell 370 02:40:13.4 -01:37:32.8 173.7 -52.9 0.046 5083 5041
Perseus 03:19:47.2 +41:30:47.0 150.6 -13.3 0.246 ∼ 2500 ∼ 2500

or log c = 1.5 (KING30 in the code notation),
which is an average value for GCs (Harris 1996,
2010 edition). This assumed profile is then con-
volved with the individual PSF for each field
and matched to each object, varying the as-
sumed fwhm until a best fit is achieved. We
run ishape only on the I-band images. The
resulting SNR values returned by ishape and
the best-fit intrinsic widths fwhm for all the
GC candidates are shown in Figure 10, plotted
against I magnitude. The WFC3 fwhm values
(with 0.04′′ per px) have been multiplied by 0.8
to normalize to the ACS scale of 0.05′′ per px.
The measured SNR is fairly well described by
the trend

log(SNR) ≃ 9.95 − 0.35I .

In the lower panel, the horizontal line shows
fwhm = 0.005′′ (0.1 px), below which the
estimated GC sizes become extremely uncer-
tain (cf. Larsen et al. 2001; Harris 2009).
These graphs, the CMDs, and the completeness
curves in Fig. 5 together show that for magni-
tudes I & 26, the photometry and the object
profiles become unreliable.

As a direct consistency test, ishape was also
applied to the artificial stars used in the com-
pleteness tests described above; in principle, for
these the fitted fwhm estimates should all be
zero with some stochastically generated scat-
ter. As the lower panel of Fig. 10 shows, these
artificial stars almost all lie in the range fwhm
. 0.1 px = 0.005′′, which is equivalent to a lin-
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Figure 9. CMD for expected field contamination. Black crosses are from the three Hubble Frontier Fields described
in the text, while magenta dots are a sample of the predicted population of Milky Way foreground stars from the
TRILEGAL model. The box marked out by the dashed line indicates the GC-candidate region for Perseus; compare
with Figure 8. The 50% photometric completeness limit is marked out by the long-dashed line.

ear size of ≃ 2 pc. This level is a reasonable
indicator of the resolution limit for the profile
fits.

In Figure 11 the same data are displayed
in histogram form, now converted to half-light
radii in parsec units. For a standard KING30
model, rh = 1.48fwhm. Only the high-quality
GC candidates as defined above, with 22.5 <
I < 26 and with 1.7 < (B − I) < 2.6, are in-
cluded here. The distribution of Perseus GCs
is clearly more extended than the (shaded)
histogram for completely unresolved objects
(i.e. simulated stars). For comparison the rh
distribution is shown for Milky Way clusters
(Harris 1996, 2010 edition). To the extent al-
lowed by the resolution limits of our imaging
and the small sample sizes, the histograms for
the Milky Way and Perseus GCs agree quite
well.

3.4. Luminosity Function

Old GC populations consistently follow a
Gaussian-like luminosity function (LF) in num-
ber per unit magnitude (e.g. Jordán et al. 2007;
Villegas et al. 2010; Harris et al. 2014), so an
additional test of the nature of the Perseus can-
didates is the shape of their LF. This is shown
in Figure 12 for the combined candidate sam-
ple. At present, only a very rough test can be
made again because of sample size. The pre-

vious work of HM17 shows similar results with
a much bigger statistical sample, though their
data include a higher fraction of GCs from the
Perseus core galaxies.

The turnover (peak) absolute magnitude of
the GCLF, and its dispersion σ have typical
values M0

I ≃ −8.3 and σ ≃ 1.3 for large galax-
ies. However, both the turnover and disper-
sion depend systematically on host galaxy lu-
minosity (cf. Villegas et al. 2010) such that
larger galaxies have progressively more lumi-
nous turnovers (at the rate of ≃ 0.04 mag
per galaxy absolute magnitude) and broader
GCLFs (at the rate of ≃ 0.1 mag per galaxy
absolute magnitude). Recent modelling in-
dicates that the biggest contributions to the
ICL are stars stripped from dwarf-sized to
intermediate-sized galaxies (Harris et al. 2017a;
Ramos-Almendares et al. 2018). Such galax-
ies are 3 mag or more fainter than the gi-
ants that much of the previous GCLF litera-
ture has concentrated on. Thus in principle,
accurate determination of the GCLF parame-
ters for the ICGC component would provide
an additional observational test of its origin.
With this in mind, we may expect very roughly
σ ∼ 1.0 and M0

I ∼ −8.2 or a turnover appar-
ent magnitude I0 ≃ 26.4, almost half a mag-
nitude fainter than the limit of our GC can-
didate data. Under these circumstances, both
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Figure 10. Results of ISHAPE measurement tests. Upper panel: Signal-to-noise ratio returned by ishape. Data
from ACS are in black, WFC3 in magenta. Lower panel: The fwhm returned by the ISHAPE fits is plotted versus
I magnitude. Simulated stars from daophot/addstar are green open circles. The WFC3 values have been multiplied
by 0.04′′/0.05′′ = 0.8 to normalize to the ACS image scale of 0.05′′/px. The dashed line at fwhm = 0.1 px shows a
threshold below which objects are difficult to resolve unambiguously, as described in the text.

Figure 11. Histogram of intrinsic half-light radius (rh or reff ) as deduced from the ISHAPE fitting; rh is now
shown in parsec units. The Perseus objects in the GC candidate list are shown as the red solid line; simulated starlike
objects in the same magnitude range as the cyan shaded histogram; and Milky Way GCs as the dashed histogram.
The vertical dashed line at rh ≃ 2 pc indicates the effective resolution limit (see text).

I0 and σ cannot be solved simultaneously very
accurately (e.g. Hanes & Whittaker 1987), so
instead we simply assume different I0 values
in the range 26.0 − 26.4 and solve for σ as a
consistency test of the Gaussian form. Least-
squares fits yield σ = (1.23, 1.18, 1.35)±0.06 for
I0 = (26.0, 26.2, 26.4). Given the small sample
and perhaps some effect from residual field con-
tamination, these fits are consistent with the

basic assumption of the standard LF shape.

3.5. Color Distribution: Blue and Red
Fractions

In most luminous galaxies the color-index
distribution function (CDF) for GCs is roughly
bimodal, with “blue” and “red” sequences sep-
arated by ∼ 1 dex in metallicity [Fe/H] (e.g.
Larsen et al. 2001; Brodie & Strader 2006; Peng
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Figure 12. Luminosity distribution of the GC candi-
dates plotted as number per unit I magnitude. Gaus-
sian curves are shown for (I0, σ) = (6.0, 1.23) (dashed
red line), (26.2, 1.18) (solid black line), and (26.4, 1.35)
(cyan line).

Figure 13. Left panel: CM diagram for all GC can-
didates with measured ishape parameters as described
in the text, including both ACS and WFC3 data. Here
each of the three fields is individually dereddened with
the AI , EB−I values given in Table 1. Candidates with
rh > 2 pc are shown as larger magenta points, smaller
ones as small black points. The bright-end cutoff at
I0 = 23.5 is shown as the dashed line. Right panel: Dis-
tribution in (B − I)0 for the GC candidates, including
data from both ACS and WFC3 and in the magnitude
range 23.5 < I0 < 26.0. Gaussian fits to the color dis-
tribution are shown as the solid line (heteroscedastic)
and dashed red line (homoscedastic).

et al. 2006; Harris 2009; Harris et al. 2017c).
This is not a universal phenomenon, however,

and for the most luminous giants in particu-
lar, the CDF becomes more uniformly popu-
lated with a more continous range in metallici-
ties (Harris et al. 2016, 2017c). Models for the
generation of the ICL and ICGCs (cf. the ref-
erences cited above) further demonstrate that
the higher-metallicity GCs should follow a spa-
tial distribution more centrally concentrated
to the cluster core, like the member galaxies,
whereas the low-metallicity GCs stripped pri-
marily from the dwarfs and outer halos of the
member galaxies should follow a more extended
distribution closer to the dark-matter potential
well. The ICGC data from across the Virgo
cluster (Durrell et al. 2014) and the inner part
of Coma (Peng et al. 2011) are consistent with
this prediction.

In HM17, (V − I) photometry from five ACS
fields and six WFPC2 fields was used for a
preliminary assessment of the ICGC. In four
of the ACS fields the GC population is dom-
inated by the giant central galaxies, but the
fifth located R ≃ 180 kpc from cluster center
may have a significant ICGC component. The
CDF there is predominantly blue (blue frac-
tion fb = 0.64 ± 0.11) along with tentative ev-
idence for a smaller red component and thus
bimodality. The more remote WFC2 fields, lo-
cated 250− 450 kpc from the center, are free of
major galaxies but their limiting magnitudes
are too bright to permit accurate assessment
of the CDF. Nevertheless, for these more re-
mote fields the blue GC fraction was found to
be fb = 0.90± 0.07. The limited evidence from
these fields is thus consistent with increasing
dominance of the blue metal-poor component
with increasing distance from cluster center.

The three pairs of fields from V12/13/15 are
even more remote and the photometry is deep
enough to estimate blue/red fractions. In Fig-
ure 13 (left panel) the CMD is shown for all
the GC candidates with measured radii from
ishape. The data are now dereddened with
the AI , EB−I values for each individual field
as listed in Table 1. In the CMD, there is no
apparent difference in the distributions for the
candidates that are marginally resolved (rh > 2
pc, as discussed above) or unresolved (rh < 2
pc). We therefore use all the candidates to con-
struct the CDF.

The GMM (Gaussian Mixture Model) code
(Muratov & Gnedin 2010) is used to carry
out bimodal Gaussian fits to the CDF, with
the results as shown in the right panel of
Fig. 13. Here, we exclude only the data near the
brighter dwarf galaxies (black circles in Fig. 7)
but do not make any attempt at present to ac-
count for the UDGs in the fields. We also ex-
clude objects with I0 < 23.5 (see left panel of
Fig. 13) to avoid confusion with possible UCDs.
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With just n = 298 remaining datapoints a
full heteroscedastic fit (unequal variances) is
a bit risky, but making the assumption of un-
equal variances we obtain a mean and standard
deviation µ1 = 1.743±0.017, σ1 = 0.178±0.011
for the blue component and µ2 = 2.149 ±

0.027, σ2 = 0.062 ± 0.015 for the red compo-
nent, with the blue GCs making up a fraction
fb = 0.892 ± 0.043 of the total. These results
are similar to the WFPC2 fields from HM17.
Since ∆(B−I)/∆[Fe/H] = 0.39 (Barmby et al.
2000; Harris et al. 2006), the color difference
(µ2 − µ1) = 0.406 ± 0.032 between the red and
blue modes corresponds to a metallicity differ-
ence ∆[Fe/H] ≃ 1.0 dex, a normal value found
in most galaxies.

If we simplify the solution to a homosce-
datic (equal variances) case, we obtain µ1 =
1.682, µ2 = 2.007 with σ1 = σ2 = 0.146 and
fb = 0.68. Requiring equal σ’s has the effect of
increasing the red-mode variance and drawing
it in to somewhat bluer color in order to match
the CDF. Both of the solutions are shown in
Fig. 13. There is little to choose between them,
but in both cases a unimodal CDF is rejected
with > 99% confidence. At present, we con-
clude only that the ICGCs in these quite re-
mote fields show a CDF consistent with a rela-
tively normal bimodal distribution; it is domi-
nated by the metal-poor component but a small
metal-richer component appears to be present
as well. More definite conclusions will have to
await samples from the other fields in our sur-
vey.

4. SUMMARY

We describe the outline of our imaging pro-
gram (PIPER) for the giant Perseus cluster of
galaxies, with the HST ACS and WFC3 cam-
eras. Exposures are designed to be deep enough
to reach almost to the LF turnover point of the
globular cluster systems in the Perseus galax-
ies. Upon completion, the program will include
photometry in 35 different ACS or WFC3 fields
extending from the cluster center (NGC 1275)
out to projected radial distances more than 700
kpc from center. The main goals for this pro-
gram are to survey the globular cluster popula-
tions around the giant galaxies in the Perseus
core, in 40 UDG candidates, and in the Intra-
Cluster Medium, in addition to building a more

comprehensive sample of the UCDs and cEs in
Perseus.

Data from the first three pointings of the pro-
gram are presented here, along with an out-
line of the photometric reduction methods used
to rigorously isolate GCs down to an effec-
tive limiting magnitude I = 26 (MI = −8.6).
These first results show that even at distances
R > 700 kpc, a sparse intergalactic popula-
tion of GCs is clearly detectable, and even
dominant over sources of field contamination.
These ICGCs have magnitudes, color indices,
linear sizes, and a luminosity distribution that
comfortably match conventional GCs in nearby
galaxies. Stronger conclusions about all these
properties await the completion of the obser-
vational program. Once all the fields are in
hand, an exciting prospect will be to gauge the
spatial distribution of the ICGC and the radial
change in its metallicity distribution, leading to
a stronger link with models for the origin of the
ICL.

In future papers of this series, analyses will
concentrate on the UDGs and their own GC
populations, the central giant galaxies, and the
UCDs and compact ellipticals to be discovered
in our target fields.
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M. A., Wang, J., Guhathakurta, P., Kaisin, S., &
Ho, N. 2016, AJ, 151, 96
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