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A B S T R A C T 

We present Hubble Space Telescope ACS/WFC and WFC3/UVIS imaging for a sample of 50 low-surface brightness (LSB) 
galaxies in the ∼ 10 

15 M � Perseus cluster, which were originally identified in ground-based imaging. We measure the structural
properties of these galaxies and estimate the total number of globular clusters (GCs) they host. Around half of our sample 
galaxies meet the strict definition of an ultra-diffuse galaxy (UDG), while the others are UDG-like but are either somewhat more 
compact or slightly brighter. A small number of galaxies reveal systems with many tens of GCs, ri v alling some of the richest 
GC systems known around UDGs in the Coma cluster. We find the sizes of rich GC systems, in terms of their half-number radii, 
extending to ∼1.2 times the half-light radii of their host galaxy on average. The mean colours of the GC systems are the same,
within the uncertainties, as those of their host galaxy stars. This suggests that GCs and galaxy field stars may have formed at 
the same epoch from the same enriched gas. It may also indicate a significant contribution from disrupted GCs to the stellar 
component of the host galaxy as might be expected in the ‘failed galaxy’ formation scenario for UDGs. 

Key w ords: galaxies: dw arf – galaxies: formation – galaxies: star clusters: general. 
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 INTRODUCTION  

ltra-diffuse galaxies (UDGs) are a class of extended low-surface 
rightness (LSB) galaxies. Their abundance in galaxy clusters was 
isco v ered with the Dragonfly Telephoto Array where a large 
opulation of galaxies with ef fecti ve radii R e � 1 . 5 kpc and central
urface brightnesses μ0 , g � 24 mag arcsec −2 were identified in the
oma cluster (van Dokkum et al. 2015 ). 
High resolution imaging of Coma cluster UDGs with the Hubble 

pace Telescope ( HST ) revealed some to have remarkably rich 
lobular cluster (GC) systems for galaxies with stellar masses of 
round 10 8 M � (van Dokkum et al. 2017 ; Amorisco et al. 2018 ; Lim
t al. 2018 ). This was further reinforced by Forbes et al. ( 2020 ) who
ombined the GC counts from these three studies. While some Coma 
DGs were consistent with hosting no GCs, others hosted up to a
undred GCs. For example, Dragonfly (DF) 44 was estimated by 
an Dokkum et al. ( 2017 ) to have 76 ± 18 GCs. Ho we ver, also using
ST imaging, Saifollahi et al. ( 2022 ) examined six Coma UDGs and

ound much lower counts than van Dokkum et al. ( 2017 ) or Lim
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t al. ( 2018 ). For DF44, Saifollahi et al. ( 2022 ) suggested a total GC
ystem of 20 + 6 

−5 . Forbes & Gannon ( 2024 ) have shown that the lower
C counts of Saifollahi et al. ( 2022 ) are driven by their measured
C system size (half-number radius) relative to the galaxy half-light 

adius. While Forbes & Gannon ( 2024 ) fa v oured the numbers found
y van Dokkum et al. ( 2017 ) and Lim et al. ( 2018 ), without spectra
f GC candidates, it is unlikely this matter will be fully settled in the
ear future. 

The GC systems of UDGs in a number of other clusters have
lso been studied. These include Fornax (Prole et al. 2019 ), Virgo
Lim et al. 2020b ), and Hydra I (La Marca et al. 2022 ), but few, if
ny, UDGs possess the rich GC systems found in the Coma cluster.
his, along with the claims of Saifollahi et al. ( 2022 ), have led
ome to question the reliability of the rich GC systems in Coma
DGs. Another possibility is that only the most massive clusters like
oma host a population of UDGs with rich GC systems. Clearly, an
qui v alent HST study of a cluster with a total mass similar to Coma
0 . 5 < M 200 < 1 . 25 × 10 15 M �; Ho et al. 2022 ) is required. 

As well as determining the ratio of GC system to galaxy size,
nother important measurement is the mean colour of the GC 

ystem and how it compares with the host galaxy light. If galaxy
tars formed independently of the GCs and o v er a longer period,
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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m  
hen we might expect the galaxy to be on average redder than
he GCs. Ho we ver, a similar colour would suggest a similar age
nd metallicity for GCs and galaxy stars, indicating that they may
ave formed from the same enriched gas at the same epoch. Such
tellar populations might be expected in the ‘failed galaxy’ formation
cenario whereby GCs form and, by some mechanism, the host
alaxy is quenched at early times (Danieli et al. 2022 ; Forbes &
annon 2024 ). Disruption of GCs o v er time will contribute field

tars to the host galaxy. If the stars from disrupted GCs dominate the
uminosity of the galaxy, then similar mean colours in the remaining
Cs and the galaxy stars would be measured. In a recent detailed

nalysis of the colours of GCs in two UDGs (DF2 and DF4 in the
GC 1052 group) by van Dokkum et al. ( 2022 ), they found that in
oth cases, the GCs are slightly redder on average than their host
alaxy. 

We present multiband HST imaging of the Perseus cluster obtained
s part of the Program for Imaging of the PERseus cluster of galaxies
PIPER) surv e y (Harris et al. 2020 , hereafter, Paper I ). The large
cale structure of GCs and their spatial associations on the sky have
een previously examined by Paper I and Li et al. ( 2022 ). Here,
e measure galaxy properties using HST for a sample of 50 LSB
alaxies originally identified in ground-based imaging. Measured
roperties include their magnitudes, mean colours, half-light radii,
nd ellipticities. We also identify their GC candidates and, after
orrecting for incompleteness and contamination, estimate their total
C numbers. We measure the half-number radii and mean colours
f the GC systems, and compare them to the host galaxy. We follow
aper I and adopt a distance d = 75 Mpc to the Perseus cluster,
hich corresponds to a distance modulus μ = 34 . 38. Perseus has
 virial radius R 200 = 1 . 79 ± 0 . 04 Mpc and a total mass M 200 =
 . 65 + 0 . 43 

−0 . 46 × 10 14 M � based on X-ray observations of the intracluster
edium (Simionescu et al. 2011 ). Aguerri et al. ( 2020 ) measured
 larger more massive cluster with R 200 = 2 . 2 Mpc and M 200 =
 . 2 × 10 15 M � from spectroscopic measurements of 403 galaxies in
erseus. Thus, the Perseus cluster has a mass similar to that of the
oma cluster (whose UDG population has been well studied). All
hotometry is in the VEGAmag system. Galactic extinction is quite
igh in the direction of the Perseus cluster with up to A V ∼ 0 . 5. This
eans the galaxies and GCs are ef fecti vely as faint as in the Coma

luster, but they are still slightly better resolved. Here, we apply
orrections from the Schlafly & Finkbeiner ( 2011 ) extinction maps
o all colours and magnitudes.. 1 

 DATA  AND  METHODS  

.1 HST obser v ations 

he programme for Imaging of the PERseus cluster of galaxies
PIPER) used ACS/WFC and WFC3/UVIS aboard HST in parallel to
bserve ten pairs of fields outside of the Perseus cluster core and five
ocused on NGC 1275 and other giant cluster galaxies in the core (see
g. 1 of Paper I for the arrangement of the fields). The field pairs, or
visits’, were chosen to contain 50 LSB galaxies. They were selected
rom the catalogue of Perseus LSB galaxies by Wittmann et al.
NRAS 534, 783–799 (2024) 

 Using the online calculator at https:// ned.ipac.caltech.edu/ forms/ calculator. 
tml . The maps have a resolution of a few arcmin, while deep imaging of 
erseus from Subaru Hyper Suprime-Cam (Gannon et al. 2022 ) shows strong 
irrus variations on scales of a few arcsec. This effect will introduce additional 
catter in our photometric measurements (particularly for galaxies R16, R23, 
79, W1, W5, W8, W22, W28, W29). 

t

2
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 2017 ) (33 targets, designated W) and supplemented by additional
SB targets found through visual inspection of archi v al G 

′ - and R 
′ -

and CFHT/MegaCam imaging 2 (17 targets, designated R), whose
DG-like nature was confirmed using GALFIT (Peng et al. 2002 ).
he target selection prioritized the largest UDG-like galaxies ( R e �
 kpc) while also including as many LSB galaxies as possible in
ach visit. The five core fields cover the inner ∼230 kpc ( ∼3 arcmin )
round NGC 1275. The outer fields range from a minimum distance
f ∼240 kpc ( ∼11 arcmin ) from NGC 1275 out to a maximum
f ∼780 kpc ( ∼36 arcmin ), with a mean distance of ∼475 kpc
 ∼22 arcmin ), though the sampling is fairly uniform and there is a
trong bias to the West side of the cluster. One target, W27, turned
ut to not exist at the given coordinates in the Wittmann et al. ( 2017 )
atalogue.

Each visit was observed for two orbits. For ACS, one orbit used the
814W filter and the other F475W. For WFC3, F814W, and F475X
ere the two filters used. The calibrated, flat fielded and charge

ransfer efficiency (CTE) corrected individual exposures ( flc files)
ere obtained from MAST. For each exposure, we ensured that

ither a GAIA DR2 or DR3 a posteriori WCS solution contained in
n extension headerlet was applied. These were combined using
STRODRIZZLE to a final pixel scale of 0 . 03 arcsec , and were
eighted with an inverse-variance weight map. Exposure time
aps were obtained by running ASTRODRIZZLE a second time, and
eighting by exposure time, with the other products being discarded.
e were notified of guiding issues potentially affecting the visits

o PERSEUS-UDG02, PERSEUS-UDG06, and NGC1275-F1 (see
able 1 of Paper I for details of all the visits). Ho we ver, only a single

FC3 F475X exposure for the PERSEUS-UDG02 visit exhibited
treaks indicative of a loss of guiding. The affected flc file was
emo v ed before combining with ASTRODRIZZLE . With only two
emaining exposures, this image is more contaminated by cosmic
ays compared to the others. 

.2 Photometry 

EXTRACTOR (Bertin & Arnouts 1996 ) was run in dual-image mode
n each image pair (F475W/F814W for ACS, F475X/F814W for
FC3) using the F814W image as the detection image. Magnitudes
ere measured in 5 pixel diameter apertures. Since the purpose of

his catalogue is to detect unresolved or marginally resolved GCs and
ot galaxies, a very small background cell size of BACK SIZE = 24
ixels was used. This both aids in the detection of GCs by subtracting
ff large scale structure, including the stellar bodies of galaxies,
s well as provides a more accurate background measurement. As
 final aid in ensuring our GC detection is complete around our
arget galaxies, we subtracted off the best-fitting IMFIT (Erwin 2015 )

odel (described in Section 2.6 ) before running SEXTRACTOR . All
agnitudes were placed on the VEGAmag system 

3 . ACSTOOLS (Lim
t al. 2020a ) was used to retrieve the VEGAmag zeropoints for the
CS images, and STSYNPHOT (STScI Development Team 2020 ) was
sed to calculate them for the WFC3 images. Galactic extinction
alues (Schlafly & Finkbeiner 2011 ) vary by several tenths of a
agnitude from field to field. Here, we used the extinction value for

he centre of each field and applied that to all sources within. 
 The MegaPipe (Gwyn 2008 ) processed images are available from 

he Canadian Astronomy Data Centre with observationID- 
egaPipe.075.263 . 
 VEGAmag was chosen o v er AB as the Paper I F475X WFC3 to F475W ACS 

ransformation is defined in the Vega system. 

https://ned.ipac.caltech.edu/forms/calculator.html
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Aperture corrections were then applied. For the ACS images, we 
rst corrected from a 5 pixel diameter aperture to a 1 arcsec diameter
perture by computing the encircled energy using a D AOPHO T 

odel point spread function (PSF; see Section 2.3 ) for each image.
e then corrected from the 1 arcsec diameter aperture to infinity 

sing table 5 in Sirianni et al. ( 2005 ). 4 We performed the same
rocedure for the WFC3/UVIS magnitudes, but instead used the 
VIS2 encircled energy fractions 5 to correct from a 1 arcsec diameter 

perture to infinity. For ACS, the total 5 pixel to infinity diameter
perture correction values range from 0.79 to 0.94 mag for F814W 

nd 0.67–0.88 mag for F475W, with the range due to the PSF
ariation between HST visits. For WFC3, the total aperture correction 
alues are 0.67–0.80 mag for F814W and 0.59–0.87 mag for F475X. 

We placed all photometry on the ACS system. Deustua & Mack 
 2018 ) found F814W WFC3 � F814W ACS . For the WFC3 fields, the 
lue filter is F475X. F ollowing P aper I , we transformed F475X to
475W ACS using 

475W ACS = F475X WFC3 + (0 . 16 ± 0 . 02)( F475X − F814W ) WFC3 . 

(1) 

here is a small region of overlap between the ACS and WFC3
maging on the outskirts of NGC 1275 yielding 133 point sources
ith both ACS and WFC3 photometry, the vast majority of which 
ave colours and magnitudes consistent with GCs. The distribution 
f WFC3 derived ( F475W − F814W ) ACS colours agrees well with 
he native ACS colours for these objects; the mean colour difference 
s 0.00 with a standard deviation of 0.27. 

.3 Artificial star tests and completeness limits 

 AOPHO T (Stetson 1987 ) was used to construct a model PSF
or each HST ACS and WFC3 image in each filter. The exposure
imes in the headers were used to convert the images from units of
lectrons per second to electrons, which is necessary for D AOPHO T
o understand the noise. We followed the standard D AOPHO T 

rocedure of running the FIND , PHOT , and PICK commands to
elect suitable PSF stars in each image. These were run without any
ser intervention. We then culled the list of PSF stars created by PICK 

y cross matching it to a list of suitable bright stars selected a priori
rom the SEXTRACTOR catalog. Suitable PSF stars have FLAGS = 0 
i.e. no photometry issues with this object), 18 < MAG AUTO < 

3 . 5, 1 . 25 pixels < FLUX RADIUS < 3 . 25 pixels , no bad or empty
ixels within the D AOPHO T fitting radius ( r = 10 pixels ) and no
eighbours within the D AOPHO T PSF radius ( r = 51 pixels ). The
umber of PSF stars varies from 25 stars in the NGC1275-F5 WFC3
475X image to o v er 200 in the NGC1275-F1 ACS F814W image.
e adopt D AOPHO T defaults in defining the PSF model, namely

 Gaussian analytic profile along with an empirical lookup table of
orrections. Given the small expected variation of the PSF across a 
iven field, no spatial variation of the PSF was applied. We then used
he ADDSTAR routine in DAOPHOT to create an image of the PSF
odel to use for all subsequent tasks. 
Artificial star tests were then performed by scaling the PSF images 

o the desired total magnitude and adding them to our images. We
elected 5000 random positions in each F814W and F475W/F475X 
 The difference between the Sirianni et al. ( 2005 ) and the more recent Bohlin 
 2016 ) ACS aperture corrections are negligible, at 0.006 mag and 0.01 mag 
or F475W and F814W, respectively, and have no impact on the results. 
 https:// www.stsci.edu/ hst/ instrumentation/ wfc3/ data-analysis/ photometric- 
alibration/uvis- encircled- energy 
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mage pair. The SEXTRACTOR segmentation maps were used to 
nsure a selected location was empty. Note that, due to the small
EXTRACTOR background cell size used, most of the pixels belonging 

o UDGs and other galaxies are empty in the segmentation maps
nd thus are valid regions to inject artificial stars. The F814W total
agnitudes of the artificial stars were drawn uniformly between 

2 . 5 < F814W < 29 . 5. An F475W –F814W colour was then drawn
rom a skewnormal distribution with mean μ = 0 . 7, standard devi-
tion σ = 1 . 6 and skewness parameter α = 10 in order to roughly
atch the observed colour range and distribution, with most sources 

and GCs) having F475W –F814W � 2 ( Paper I ). When injecting
ources into a WFC3 image, the F475W magnitude was transformed 
o F475X by inverting equation ( 1 ). Finally, Galactic extinction was
dded back on to the injected magnitudes. 

The injected images were then processed in an identical manner to
he real images. The artificial sources were reco v ered by matching the 
earest detection within a maximum distance of 3 pixels (0 . 09 arcsec )
rom the expected position, with no other restrictions on a match.
ig. A1 shows the reco v ered fraction of artificial stars in F814W
ith bins of 0.25 magnitudes. The completeness curves were fitted 
sing 

 ( m ) = 

1 

1 + e α( m −m 50 ) 
, (2) 

here m 50 is the magnitude at which the reco v ered fraction has
ropped to 50 per cent and α controls how steeply the completeness
rops off (Harris et al. 2016 ). The observed depths between visits for
ach camera are very similar, with the observed variation simply 
eflecting the extinction variations in this part of the sky. The
otted lines show the completeness level at the expected GCLF 

urno v er magnitude m TO , F814W = 26 . 3, corresponding to M TO , I =
8 . 1 (Miller & Lotz 2007 ) at a distance of 75 Mpc. The data

re between 71 per cent and 97 per cent complete at the turno v er
agnitude in every field, and at least 80 per cent complete in all UDG
elds, with an average completeness at m TO , F814W of 87 per cent.

.4 Point source selection 

ig. 1 shows our selection of point sources based on their concen-
ration C 5 −12 , the difference in F814W magnitude measured in 5
nd 12 pixel diameter apertures. Sources from all fields are shown.
n black are all our artificial stars, and in gold are a representative
ubset of real sources from the images. Since the PSF is slightly
ifferent between the two cameras, a slightly different selection 
as to be made for each camera. The dashed vertical red curves
re our adopted magnitude dependent point source selection that 
ncompasses most of our artificial stars. The selection broadens from 

 minimum of ±0 . 13 from the mean concentration value for ACS
 ±0 . 11 for WFC3) to a maximum of ±0 . 40 for both cameras. These
xtremes were estimated from the brightest and faintest artificial 
tars, with the value at the faint end chosen as a compromise between
ncompassing as many artificial stars as possible and minimizing 
he number of contaminants. Between these extremes, we fitted the 
bserved standard deviation of C 5 −12 of artificial stars as a function
f magnitude with an exponential function and selected all detections 
ithin ±2 σ . 
To check that GCs at 75 Mpc would pass these concentration

uts, we used GALFIT (Peng et al. 2002 ) to create King ( 1962 )
rofiles convolved with our PSFs and measured the resulting C 5 −12 .
e simulated objects with core radii between 0.5 and 10 pc and
 . 5 < log ( r t /r c ) < 2 . 5, where r t and r c are the tidal and core radii,
espectively, thus spanning GCs to ultra-compact dwarfs (UCDs; 
MNRAS 534, 783–799 (2024) 

https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/photometric-calibration/uvis-encircled-energy
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M

Figure 1. Concentration based selection of point sources. C 5 −12 is the difference in F814W magnitude between 5 and 12 pixel diameter apertures. Since the 
PSF differs slightly between the ACS/WFC and WFC3/UVIS cameras, a selection for each is made based on the observed locus of artificial stars. The black 
points are our artificial stars and the gold points show a representative subset of our real sources. The dashed red curves are our point source selection boundaries, 
which encompass the bulk of our artificial stars. See the text for details. 
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6 https:// www.mpe.mpg.de/ ∼erwin/ code/ imfit/ 
vstignee v a et al. 2008 ). Half-light radii r h were measured on a
eparate high-resolution model without PSF convolution. Objects
ith r h � 5 pc pass our point source cuts, which matches the expected

esolution limit of HST at 75 Mpc (we refer the reader to section 4.1
f Paper I for a discussion on the size distribution of intracluster
C candidates in a handful of the outer fields). A clean point source

election with fewer background galaxy contaminants comes at the
ost of possibly missing a fraction of GCs with larger radii that
re partially resolved. Ho we ver, we belie ve this fraction to be low
s inspection of sources around our sample galaxies reveals only a
andful of compact sources that fail this point source cut but have
he magnitudes and colours of GCs (see Sectyion 2.5 ). 

.5 Globular cluster selection 

t a distance of 75 Mpc, GCs in the Perseus cluster are essentially
oint sources when imaged by the HST . From point sources, GCs
ere selected on the basis of magnitude and colour. Fig. 2 shows

he colour–magnitude diagram of all point sources in the F475W and
814W filters. WFC3 sources have been transformed to the ACS filter
ystem and are plotted in gold. The dashed red box shows our GC
election which comprises all point sources 21.5 < F814W < 26.3,
nd within the colour range 0 . 8 < F475W − F814W < 2 . 4. The
aint limit corresponds to the predicted GCLF turno v er magnitude.
he bright magnitude cutoff corresponds to a generous stellar mass

or a GC of ∼10 7 M � and so would accommodate objects classified
s UCDs. Ho we v er, e xamination of Fig. 2 shows there are v ery few
ources brighter than F814W ∼ 22 – though such UCDs may have
ailed the concentration cuts. The red error bars on the left-hand side
how characteristic colour errors from the artificial star tests in bins
f 0.5 mag, restricted to artificial stars with a colour inside the GC
election box. The red and blue ticks along the bottom show the
redicted colours for a large possible range of properties spanned
y GCs using FSPS (Conroy, Gunn & White 2009 ; Conroy & Gunn
010 ). The blue tick has an age of 5 Gyr and is metal poor with
 Fe / H] = −2 . 2. The red tick is 13 Gyr old and is metal rich with
NRAS 534, 783–799 (2024) 
 Fe / H] = 0 . 6. While it is unlikely an individual GC would possess
hese properties, this e x ercise is merely to ascertain the colour range
n which we expect GCs to fall. Our GC colour selection was
 xpanded be yond this range to account for the large photometric
catter at faint magnitudes. 

.6 Galaxy fitting 

e used IMFIT 6 (Erwin 2015 ) to fit a single component S ́ersic model
lus a sky pedestal to the F814W and F475W/F475X image of each
f the 50 known UDGs targeted as part of this program. IMFIT was
un on 150 arcsec × 150 arcsec cutouts centred on each galaxy in

CMC mode. Since the cutouts are in units of electrons s −1 and
ere sky subtracted by ASTRODRIZZLE , the total exposure time and
riginal sky value (computed from the MDRIZSKY values in the
lc headers) were passed to imfit-mcmc . Other sources in the
utouts were excluded by first masking all pixels belonging to other
bjects in the SEXTRACTOR segmentation map. Note that, the mask
ncludes any GCs or nuclei, preventing them – particularly central
uclei – from impacting the fit. We then expanded the masks around
ources by masking all pixels within a Kron ellipse of a source
ith semi-major axis equal to 3 × A IMAGE × KRON RADIUS . The

emi-major axis of the mask ellipse was not permitted to be less than
0 pixels (0 . 6 arcsec ). Note that, the mask expansion was not done
or sources within 10 arcsec of the centre of the galaxy. Bad and
mpty pixels were masked by masking pixels with 0 values in the
xposure time maps. The masks were then manually tweaked to mask
cattered light and ghosts from bright stars, or inadequate automatic
asking of neighbours. As the galaxies are all brighter in the red,

he position of the F475W/F475X fit was fixed to the fitted F814W
osition. We also adopt the F814W values when reporting results. 
The best-fitting parameters are the 50 per cent percentile from the

osterior distributions, with 16 per cent and 84 per cent uncertainties.

https://www.mpe.mpg.de/~erwin/code/imfit/
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Figure 2. Combined ACS and WFC3 F475W/F814W colour–magnitude diagrams of point sources showing our selection of GCs. Sources from the cluster core 
NGC 1275 fields are shown in the left panel, while the right panel shows sources from the outer fields. WFC3 photometry (gold points) has been transformed to 
the ACS system (see the main text for details). The dashed red boxes show our GC selection of 0 . 8 < F475W –F814W < 2 . 4 and 21 . 5 < F814W < 26 . 3, the 
faint end of which is the predicted turno v er magnitude of the GCLF. The blue and red ticks along the bottom show the predicted colours of SSPs with the most 
extreme possible GC properties. The blue tick is a 5 Gyr old GC with [ Fe / H] = −2 . 2. The red tick is 13 Gyr old and has [ Fe / H] = 0 . 6. The red error bars on 
the left are characteristic errors from the artificial star tests. 
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odel images were created by passing the best-fitting parameters 
o IMFIT ’s makeimage e x ecutable. The model image was then
ubtracted off to create a residual image. Fig. 3 shows the F814W
MFIT results for 5 UDGs. In each row, from left to right, is shown
he original F814W image, the residual after subtraction of the best-
tting model, the model itself, the original image after masking 
ad pixels and pixels belonging to other sources and finally the 
asked residual image. Each cutout is 13 kpc on a side ( ∼36 arcsec )

t the adopted distance of 75 Mpc to the cluster. The colour is then
easured on the model images using a fixed circular aperture 1 kpc

n diameter, with F475X transformed to F475W using equation ( 1 ).
uch an aperture provides a reliable colour, albeit for the more 
entral regions. The colour uncertainties are estimated from the 
osterior distribution of total magnitudes, computed using equation 2 
n Graham & Driver ( 2005 ). 

 RESULTS  AND  DISCUSSION  

.1 Galaxy structural properties 

able 1 lists the structural properties of the 50 sample galaxies, 
ncluding coordinates, total magnitudes, surface brightnesses (mean 
nd central), colours within 1 kpc, and S ́ersic profile parameters (i.e.
alf-light radii, S ́ersic index and axis ratios b/a). All parameters 
ere measured in F814W, with adopted values being the 50 per cent
ercentiles from the IMFIT posterior distributions, with 16 per cent 
nd 84 per cent percentile uncertainties. The MCMC mode of 
MFIT was chosen as it provides slightly larger and more realistic 
ncertainties than χ2 minimization. While the uncertainties may 
till be underestimated, we note that the more important quantity of
nterest is the ratio of the size of the GC system ( R GC ) to the galaxy,
or which the uncertainty will be dominated by R GC (see Section 
.3 ). 
Five galaxies (R79, W14, W29, W36, and W80) could not be
odelled successfully with IMFIT . This was due to bright stars or

trong artefacts that resulted in too little galaxy light after masking,
r the galaxy was simply too faint to model. An additional four
alaxies were not fitted in the F475W filter. Thus, structural and
olour information is only available for 41 of the 50 galaxies in the
ample. 

van Dokkum et al. ( 2015 ) originally defined UDGs as those
ith R e � 1 . 5 kpc and μ0 , g � 24 AB mag arcsec −2 , where R e is

he half-light radius measured along the major axis and μg, 0 is 
he central surface brightness in the g-band in AB magnitudes. In
ig. 4 , we plot the F814W half-light radius along the major-axis and

he central surface brightness in F475W, which is similar to SDSS
 band. The F475W central surface brightness is estimated from 

he F814W central surface brightness and the model colour with 
0 , F475W = μ0 , F814W + ( F475W –F814W ). The dashed line shows the 
DG selection criteria. Here, we are using Vega magnitudes instead 
f AB, which amounts to a difference of � F475W AB −VEGA = −0 . 1 .
o in Vega magnitudes, the bright surface brightness limit is 
F475W , 0 ≈ 24 . 1 mag arcsec −2 . Of the 50 LSB galaxies listed in
able 1 , we plot the 41 that have both measured structural parameters
nd a colour. Black circles denote the 23 LSB galaxies which strictly
ass the UDG criteria, whereas blue squares include 2 UDG-like 
bjects (W4 and R27) that are somewhat brighter and 16 that are more 
ompact than UDGs. These symbol definitions will be preserved in 
ubsequent figures. Galaxies that do not meet the strict UDG defini-
ion (i.e. those with R e < 1 . 5 kpc or μ0 , F475W < 24 . 1 mag arcsec −2 ,
r missing the information to make the determination) are listed at
he end of the table. 

Since the UDG definition is rather arbitrary, it is perhaps no
urprise that it does not identify a distinct population of galaxies but
ather a continuous distribution in both size and surface brightness. 
ome of the UDG-like galaxies, outside of the UDG selection box,

n Fig. 4 could be referred to as NUDGEs (Forbes & Gannon
MNRAS 534, 783–799 (2024) 
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Figure 3. IMFIT results for five example galaxies (among the most luminous in the sample): R15, R16, R21, R27, and R84. The cutouts are 13 kpc on a side 
( ∼36 arcsec ) with North oriented up and East to the left. For each galaxy, from left to right, is shown the HST /ACS F814W image, the residual image after model
subtraction, the IMFIT model image, the image with mask applied, and the residual image with mask applied. The mask includes any central nuclei (e.g. R21).
NRAS 534, 783–799 (2024) 
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Table 1. Structural properties of PIPER LSBs. M F814W is the F814W absolute magnitude, adopting d = 75 Mpc . 〈 μ〉 e , F814W and μ0 , F814W are the mean 
surface brightness within R e and central surface brightness, respectively. The F475W –F814W colour is measured inside a 1 kpc diameter aperture on the 
models. R e is the model ef fecti ve radius measured along the major-axis, n is the S ́ersic index and b/a is the axis ratio (with these parameters measured on 
the F814W images). LSB galaxies that meet the UDG definition are listed at the top, followed by those that are UDG-like but either more compact with 
R e < 1 . 5 kpc , too bright in F475W surface brightness, or missing the information needed to make this determination. Galaxies whose IDs are marked with † 
reside in the NGC 1275 core fields (R33, W74, and W87). 

ID α δ M F814W 〈 μ〉 e , F814W μ0 , F814W F475W − F814W R e n b/a

(J2000.0) (J2000.0) (mag) ( mag / � 
′′ ) ( mag / � 

′′ ) (mag) (kpc) 

R5 03:17:34.6 41:45:21.6 −15 . 94 + 0 . 12
−0 . 12 24 . 56 + 0 . 05

−0 . 05 23 . 79 + 0 . 09
−0 . 09 1 . 59 + 0 . 35

−0 . 36 2 . 72 + 0 . 07
−0 . 06 0 . 78 + 0 . 03

−0 . 03 0 . 80 + 0 . 01
−0 . 01

R6 03:16:58.9 41:42:10.1 −15 . 91 + 0 . 07
−0 . 07 23 . 76 + 0 . 03

−0 . 03 23 . 10 + 0 . 05
−0 . 05 1 . 57 + 0 . 19

−0 . 19 1 . 78 + 0 . 02
−0 . 02 0 . 71 + 0 . 02

−0 . 02 0 . 87 + 0 . 01
−0 . 01

R14 03:17:06.1 41:13:03.2 −14 . 45 + 0 . 20
−0 . 20 24 . 76 + 0 . 09

−0 . 08 24 . 23 + 0 . 14
−0 . 14 1 . 34 + 0 . 43

−0 . 42 1 . 54 + 0 . 05
−0 . 05 0 . 62 + 0 . 04

−0 . 04 0 . 76 + 0 . 03
−0 . 03

R15 03:17:03.8 41:14:55.0 −16 . 63 + 0 . 07
−0 . 07 23 . 73 + 0 . 03

−0 . 03 22 . 67 + 0 . 06
−0 . 06 1 . 55 + 0 . 18

−0 . 18 2 . 31 + 0 . 03
−0 . 03 0 . 97 + 0 . 02

−0 . 02 0 . 98 + 0 . 01
−0 . 01

R16 03:18:36.5 41:11:32.1 −17 . 23 + 0 . 09
−0 . 09 24 . 26 + 0 . 04

−0 . 04 23 . 31 + 0 . 07
−0 . 07 1 . 68 + 0 . 32

−0 . 33 4 . 57 + 0 . 10
−0 . 09 0 . 90 + 0 . 02

−0 . 02 0 . 71 + 0 . 01
−0 . 01

R20 03:20:24.6 41:43:28.6 −14 . 95 + 0 . 16
−0 . 16 24 . 51 + 0 . 07

−0 . 06 24 . 01 + 0 . 11
−0 . 11 1 . 02 + 0 . 37

−0 . 37 1 . 72 + 0 . 05
−0 . 05 0 . 60 + 0 . 03

−0 . 03 0 . 77 + 0 . 02
−0 . 02

R21 03:20:29.5 41:44:51.0 −16 . 46 + 0 . 07
−0 . 07 23 . 61 + 0 . 03

−0 . 03 22 . 54 + 0 . 06
−0 . 06 1 . 63 + 0 . 25

−0 . 24 2 . 16 + 0 . 03
−0 . 03 0 . 97 + 0 . 02

−0 . 02 0 . 85 + 0 . 01
−0 . 01

R23 03:19:51.5 41:54:35.6 −16 . 44 + 0 . 09
−0 . 10 24 . 06 + 0 . 04

−0 . 04 23 . 33 + 0 . 07
−0 . 07 1 . 70 + 0 . 22

−0 . 22 2 . 58 + 0 . 05
−0 . 05 0 . 76 + 0 . 02

−0 . 02 0 . 89 + 0 . 01
−0 . 01

R25 03:18:26.3 41:41:52.2 −15 . 52 + 0 . 14
−0 . 14 24 . 75 + 0 . 06

−0 . 06 24 . 19 + 0 . 11
−0 . 10 1 . 11 + 0 . 26

−0 . 25 2 . 69 + 0 . 06
−0 . 06 0 . 65 + 0 . 03

−0 . 03 0 . 66 + 0 . 02
−0 . 02

R33 † 03:20:25.8 41:31:11.9 −16 . 61 + 0 . 10
−0 . 10 23 . 76 + 0 . 04

−0 . 04 22 . 91 + 0 . 07
−0 . 07 1 . 60 + 0 . 28

−0 . 27 2 . 58 + 0 . 06
−0 . 05 0 . 83 + 0 . 02

−0 . 02 0 . 78 + 0 . 01
−0 . 01

R84 03:17:24.9 41:44:21.5 −16 . 31 + 0 . 06
−0 . 06 23 . 68 + 0 . 02

−0 . 02 22 . 91 + 0 . 05
−0 . 04 1 . 53 + 0 . 18

−0 . 18 1 . 99 + 0 . 02
−0 . 02 0 . 78 + 0 . 01

−0 . 01 0 . 94 + 0 . 01
−0 . 01

W1 03:17:00.4 41:19:20.6 −15 . 98 + 0 . 07
−0 . 07 23 . 65 + 0 . 03

−0 . 03 22 . 70 + 0 . 05
−0 . 05 1 . 43 + 0 . 38

−0 . 38 1 . 80 + 0 . 02
−0 . 02 0 . 90 + 0 . 02

−0 . 02 0 . 83 + 0 . 01
−0 . 01

W5 03:17:10.9 41:34:03.6 −15 . 33 + 0 . 15
−0 . 15 24 . 36 + 0 . 06

−0 . 06 23 . 78 + 0 . 11
−0 . 11 1 . 55 + 0 . 35

−0 . 35 1 . 99 + 0 . 05
−0 . 05 0 . 66 + 0 . 03

−0 . 03 0 . 71 + 0 . 02
−0 . 02

W8 03:17:19.6 41:34:32.0 −13 . 68 + 0 . 25
−0 . 25 25 . 57 + 0 . 10

−0 . 10 25 . 54 + 0 . 11
−0 . 13 1 . 46 + 0 . 66

−0 . 67 1 . 82 + 0 . 07
−0 . 07 0 . 20 + 0 . 05

−0 . 04 0 . 56 + 0 . 04
−0 . 04

W12 03:17:36.7 41:23:00.9 −15 . 33 + 0 . 16
−0 . 16 23 . 94 + 0 . 07

−0 . 07 22 . 83 + 0 . 14
−0 . 15 1 . 75 + 0 . 32

−0 . 30 1 . 59 + 0 . 05
−0 . 04 0 . 99 + 0 . 05

−0 . 04 0 . 75 + 0 . 02
−0 . 02

W17 03:17:44.1 41:21:18.7 −15 . 48 + 0 . 10
−0 . 10 23 . 93 + 0 . 04

−0 . 04 23 . 16 + 0 . 07
−0 . 07 1 . 59 + 0 . 21

−0 . 21 1 . 92 + 0 . 04
−0 . 04 0 . 79 + 0 . 02

−0 . 02 0 . 59 + 0 . 01
−0 . 01

W18 03:17:48.4 41:18:39.3 −15 . 28 + 0 . 44
−0 . 43 25 . 07 + 0 . 16

−0 . 15 24 . 17 + 0 . 29
−0 . 28 1 . 65 + 0 . 70

−0 . 70 3 . 13 + 0 . 32
−0 . 29 0 . 86 + 0 . 08

−0 . 08 0 . 52 + 0 . 04
−0 . 03

W19 03:17:53.1 41:19:31.9 −15 . 25 + 0 . 25
−0 . 25 24 . 44 + 0 . 10

−0 . 10 23 . 23 + 0 . 20
−0 . 20 1 . 62 + 0 . 46

−0 . 46 1 . 84 + 0 . 10
−0 . 09 1 . 05 + 0 . 06

−0 . 06 0 . 83 + 0 . 03
−0 . 03

W33 03:18:25.9 41:41:07.3 −15 . 04 + 0 . 17
−0 . 18 24 . 51 + 0 . 07

−0 . 07 23 . 75 + 0 . 13
−0 . 13 1 . 36 + 0 . 36

−0 . 34 1 . 70 + 0 . 06
−0 . 05 0 . 78 + 0 . 04

−0 . 04 0 . 85 + 0 . 02
−0 . 02

W74 † 03:19:22.0 41:27:23.0 −15 . 71 + 0 . 10
−0 . 10 23 . 93 + 0 . 04

−0 . 04 23 . 34 + 0 . 07
−0 . 07 1 . 64 + 0 . 30

−0 . 29 1 . 70 + 0 . 03
−0 . 03 0 . 67 + 0 . 02

−0 . 02 0 . 93 + 0 . 02
−0 . 02

W79 03:19:39.2 41:12:05.6 −15 . 47 + 0 . 13
−0 . 12 24 . 36 + 0 . 05

−0 . 05 23 . 42 + 0 . 10
−0 . 10 1 . 46 + 0 . 26

−0 . 27 2 . 22 + 0 . 05
−0 . 05 0 . 89 + 0 . 03

−0 . 03 0 . 65 + 0 . 02
−0 . 02

W88 03:19:59.1 41:18:32.4 −17 . 42 + 0 . 13
−0 . 13 24 . 30 + 0 . 04

−0 . 04 23 . 01 + 0 . 08
−0 . 09 1 . 49 + 0 . 31

−0 . 32 5 . 44 + 0 . 17
−0 . 17 1 . 10 + 0 . 02

−0 . 02 0 . 61 + 0 . 01
−0 . 01

W89 03:20:00.1 41:17:05.4 −14 . 81 + 0 . 15
−0 . 15 24 . 70 + 0 . 06

−0 . 06 24 . 17 + 0 . 11
−0 . 11 1 . 20 + 0 . 44

−0 . 44 1 . 83 + 0 . 05
−0 . 05 0 . 63 + 0 . 03

−0 . 03 0 . 71 + 0 . 02
−0 . 02

R27 03:19:43.6 41:42:46.8 −17 . 12 + 0 . 04
−0 . 04 23 . 05 + 0 . 02

−0 . 01 22 . 23 + 0 . 03
−0 . 03 1 . 61 + 0 . 09

−0 . 09 2 . 23 + 0 . 02
−0 . 02 0 . 82 + 0 . 01

−0 . 01 0 . 88 + 0 . 01
−0 . 01

R60 03:19:36.2 41:57:26.2 −15 . 60 + 0 . 08
−0 . 08 23 . 67 + 0 . 03

−0 . 03 22 . 96 + 0 . 06
−0 . 06 1 . 46 + 0 . 33

−0 . 33 1 . 42 + 0 . 02
−0 . 02 0 . 75 + 0 . 02

−0 . 02 0 . 95 + 0 . 01
−0 . 01

R79 03:18:21.2 41:46:15.3 – – – – – – –
R89 03:20:12.8 41:44:57.7 −14 . 03 + 0 . 11

−0 . 11 23 . 47 + 0 . 05
−0 . 04 22 . 84 + 0 . 09

−0 . 09 1 . 05 + 0 . 25
−0 . 24 0 . 64 + 0 . 01

−0 . 01 0 . 69 + 0 . 03
−0 . 03 0 . 91 + 0 . 02

−0 . 02

R116 03:17:46.0 41:30:11.6 −14 . 55 + 0 . 13
−0 . 13 23 . 85 + 0 . 05

−0 . 05 23 . 31 + 0 . 09
−0 . 09 1 . 46 + 0 . 35

−0 . 37 0 . 96 + 0 . 02
−0 . 02 0 . 63 + 0 . 03

−0 . 03 0 . 92 + 0 . 03
−0 . 02

R117 03:18:03.8 41:27:08.8 −14 . 47 + 0 . 13
−0 . 13 23 . 41 + 0 . 05

−0 . 05 22 . 78 + 0 . 09
−0 . 10 1 . 42 + 0 . 34

−0 . 35 0 . 91 + 0 . 02
−0 . 02 0 . 69 + 0 . 03

−0 . 03 0 . 64 + 0 . 02
−0 . 02

W2 03:17:03.3 41:20:28.7 −15 . 05 + 0 . 67
−0 . 74 26 . 06 + 0 . 30

−0 . 28 22 . 95 + 0 . 64
−0 . 64 – 3 . 70 + 0 . 76

−0 . 51 2 . 09 + 0 . 19
−0 . 18 0 . 76 + 0 . 04

−0 . 04

W4 03:17:07.1 41:22:52.4 −15 . 55 + 0 . 14
−0 . 14 24 . 00 + 0 . 06

−0 . 06 22 . 57 + 0 . 12
−0 . 12 1 . 48 + 0 . 61

−0 . 63 1 . 67 + 0 . 05
−0 . 05 1 . 18 + 0 . 03

−0 . 03 0 . 88 + 0 . 02
−0 . 02

W6 03:17:13.3 41:22:07.5 −13 . 64 + 0 . 20
−0 . 21 24 . 15 + 0 . 08

−0 . 08 23 . 70 + 0 . 14
−0 . 14 1 . 60 + 0 . 63

−0 . 61 0 . 83 + 0 . 03
−0 . 03 0 . 57 + 0 . 04

−0 . 04 0 . 71 + 0 . 03
−0 . 03

W7 03:17:16.0 41:20:11.7 −14 . 99 + 0 . 08
−0 . 08 23 . 69 + 0 . 03

−0 . 03 23 . 21 + 0 . 05
−0 . 05 1 . 49 + 0 . 23

−0 . 24 1 . 17 + 0 . 02
−0 . 02 0 . 59 + 0 . 02

−0 . 02 0 . 81 + 0 . 01
−0 . 01

W13 03:17:38.2 41:31:56.6 −14 . 71 + 0 . 19
−0 . 19 24 . 32 + 0 . 08

−0 . 08 23 . 20 + 0 . 15
−0 . 16 1 . 41 + 0 . 47

−0 . 46 1 . 31 + 0 . 05
−0 . 04 1 . 00 + 0 . 05

−0 . 05 0 . 89 + 0 . 03
−0 . 03

W14 03:17:39.2 41:31:03.5 – – – – – – –
W16 03:17:41.8 41:24:02.0 −13 . 91 + 0 . 23

−0 . 22 24 . 70 + 0 . 09
−0 . 09 24 . 27 + 0 . 15

−0 . 16 1 . 59 + 0 . 52
−0 . 54 1 . 31 + 0 . 05

−0 . 05 0 . 56 + 0 . 05
−0 . 04 0 . 61 + 0 . 03

−0 . 03

W22 03:18:05.4 41:27:42.1 −15 . 42 + 0 . 12
−0 . 12 24 . 45 + 0 . 05

−0 . 05 23 . 81 + 0 . 10
−0 . 10 – 2 . 11 + 0 . 05

−0 . 04 0 . 70 + 0 . 03
−0 . 03 0 . 74 + 0 . 02

−0 . 02

W25 03:18:15.5 41:28:35.3 −14 . 80 + 0 . 13
−0 . 13 23 . 77 + 0 . 06

−0 . 05 23 . 16 + 0 . 10
−0 . 09 1 . 51 + 0 . 36

−0 . 38 1 . 31 + 0 . 03
−0 . 03 0 . 68 + 0 . 03

−0 . 03 0 . 59 + 0 . 02
−0 . 02

W28 03:18:21.7 41:45:27.5 −13 . 30 + 0 . 21
−0 . 21 24 . 13 + 0 . 08

−0 . 08 23 . 87 + 0 . 13
−0 . 13 1 . 36 + 0 . 71

−0 . 69 0 . 63 + 0 . 02
−0 . 02 0 . 42 + 0 . 04

−0 . 04 0 . 89 + 0 . 04
−0 . 04

W29 03:18:23.3 41:45:00.6 – – – – – – –
W35 03:18:28.3 41:39:48.5 −14 . 60 + 0 . 31

−0 . 31 25 . 13 + 0 . 11
−0 . 11 24 . 29 + 0 . 21

−0 . 20 – 1 . 83 + 0 . 11
−0 . 11 0 . 83 + 0 . 06

−0 . 06 0 . 87 + 0 . 06
−0 . 05

W36 03:18:29.2 41:41:38.9 – – – – – – –
W40 03:18:33.3 41:40:55.9 −15 . 00 + 0 . 13

−0 . 13 23 . 93 + 0 . 05
−0 . 05 23 . 38 + 0 . 09

−0 . 09 1 . 36 + 0 . 28
−0 . 29 1 . 39 + 0 . 04

−0 . 03 0 . 64 + 0 . 03
−0 . 03 0 . 72 + 0 . 02

−0 . 02

W41 03:18:33.6 41:41:58.3 −14 . 97 + 0 . 32
−0 . 31 24 . 50 + 0 . 13

−0 . 13 22 . 05 + 0 . 30
−0 . 30 – 1 . 57 + 0 . 11

−0 . 10 1 . 74 + 0 . 09
−0 . 09 0 . 94 + 0 . 03

−0 . 03

W56 03:18:48.1 41:14:02.2 −13 . 83 + 0 . 19
−0 . 19 24 . 71 + 0 . 08

−0 . 08 24 . 39 + 0 . 12
−0 . 12 1 . 52 + 0 . 67

−0 . 68 1 . 15 + 0 . 04
−0 . 03 0 . 48 + 0 . 04

−0 . 03 0 . 74 + 0 . 03
−0 . 03

W59 03:18:54.3 41:15:28.9 −14 . 71 + 0 . 09
−0 . 09 23 . 65 + 0 . 04

−0 . 04 23 . 07 + 0 . 07
−0 . 07 1 . 31 + 0 . 29

−0 . 29 0 . 97 + 0 . 02
−0 . 02 0 . 66 + 0 . 02

−0 . 02 0 . 88 + 0 . 02
−0 . 02

W80 03:19:39.2 41:13:43.5 – – – – – – –
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Table 1 – continued 

ID α δ M F814W 〈 μ〉 e , F814W μ0 , F814W F475W − F814W R e n b/a

(J2000.0) (J2000.0) (mag) ( mag / � 
′′ ) ( mag / � 

′′ ) (mag) (kpc) 

W83 03:19:47.4 41:44:08.8 −13 . 37 + 0 . 31
−0 . 31 24 . 89 + 0 . 13

−0 . 12 24 . 36 + 0 . 22
−0 . 23 1 . 24 + 0 . 59

−0 . 58 1 . 00 + 0 . 05
−0 . 05 0 . 63 + 0 . 07

−0 . 07 0 . 75 + 0 . 05
−0 . 05

W84 03:19:49.7 41:43:42.4 −13 . 97 + 0 . 20
−0 . 21 23 . 82 + 0 . 09

−0 . 09 22 . 64 + 0 . 19
−0 . 18 1 . 29 + 0 . 39

−0 . 38 0 . 81 + 0 . 03
−0 . 03 1 . 03 + 0 . 06

−0 . 06 0 . 74 + 0 . 03
−0 . 02

W87 † 03:19:57.4 41:29:31.4 −12 . 98 + 0 . 16
−0 . 16 23 . 67 + 0 . 06

−0 . 06 23 . 48 + 0 . 08
−0 . 09 1 . 32 + 0 . 46

−0 . 45 0 . 44 + 0 . 01
−0 . 01 0 . 37 + 0 . 03

−0 . 02 0 . 88 + 0 . 03
−0 . 03

Figure 4. Half-light radii and central surface brightnesses for 41 Perseus 
cluster galaxies with both structural information and colours. R e is the half- 
light radius along the major-axis from the F814W IMFIT model, and μ0 , F475W 

is the central surface brightness in F475W, roughly equi v alent to SDSS g. 
The dashed lines show the canonical UDG criteria of R e > 1 . 5 kpc and 
μ0 , F475W > 24 . 1 mag arcsec −2 . The 23 objects which pass the UDG criteria 
are plotted as black circles, while blue squares show the 18 that do not. 
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Figure 5. Normalized F814W luminosity functions of all GC candidates. The 
red histogram shows the GC candidates from the five NGC 1275 field pairs 
while the blue histogram are those from the outer fields. The dashed black 
line is the predicted turno v er magnitude at M F814W ≈ −8 . 1 (Miller & Lotz 
2007 ). The GC catalogue is reasonably complete to the turno v er magnitude 
as shown by the dotted grey lines which are the 50 per cent completeness 
limits of the most and least extincted fields. 
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024 ) since they nudge up against the standard UDG criteria. Other
alaxies in our sample are in the size–luminosity regime of classical
warf spheroidals. Below, we will refer to the non-UDGs simply as
dwarfs’. All galaxies in our Perseus sample can be considered as
SB galaxies. 
Galaxy colours are measured on the model images within a 1 kpc

iameter aperture. Our sample has an average F475W –F814W colour
f ∼1 . 5, indicative of an old passive stellar population, though a
mall number of galaxies have bluer colours, e.g. R20 and R89 with
475W –F814W ∼ 1 . 0. For a more detailed discussion of the stellar
opulations of Perseus UDGs from spectroscopy, we refer the reader
o Ferr ́e-Mateu et al. ( 2023 ). Four of the five UDGs studied were
ound to be relatively old, metal-poor, and alpha-element enhanced. 

Galaxy axis ratios hold potentially important clues to the intrinsic
istribution of galaxy shapes. In Pfeffer et al. ( 2024 ), we investigate
ow GC richness varies with b/a for this sample of galaxies, as well
s for UDGs in other environments. 

.2 GC system numbers 

ur GC catalogue is reasonably complete in magnitude to the
 xpected turno v er of the GCLF of M F814W ≈ −8 . 1 (Miller & Lotz
007 ). Fig. 5 shows the magnitude distribution of all GC candidates
rom all HST pointings, split between the core NGC 1275 fields
nd the outer fields. The black dashed line shows the predicted
urno v er magnitude. The two-dotted grey lines are the 50 per cent
ompleteness limits of the least and most extincted fields from the
NRAS 534, 783–799 (2024) 
ntire surv e y. We are thus mostly complete in magnitude at the
urno v er magnitude (i.e. completeness is between 71 per cent and
7 per cent, with a mean completeness of 87 per cent). The apparent
righter turno v er of the NGC 1275 fields compared to the outer fields
s e xpected giv en that the GC host galaxies tend to be giants in the
ore and dwarfs in the outer regions (Harris, Harris & Alessi 2013 ).
o we v er, e xtinction variation between fields also contributes. 
Fig. 6 shows 12 × 12 kpc 2 (33 arcsec × 33 arcsec ) F814W cutouts

or all 50 sample galaxies. GC candidates are marked in red. The ID
s shown in the upper right of each panel and the total number of
Cs, including both the background and magnitude incompleteness

orrections, is shown in the bottom right. Background-corrected
alues less than zero are shown as zero. The ID is bolded if the galaxy
eets the strict definition of a UDG. Galaxies with IDs marked with
 reside in the NGC 1275 core fields (R33, W74, and W87). 

The cutouts reveal a variety of galaxy morphologies and GC
ystem spatial distributions. For example, R25 is very faint but
ppears distorted, R89 has an S-shape which may indicate an
nteraction or it is perhaps a background spiral galaxy, as might
e W84. W4 may have a bar. Both R21 and R84 hav e man y GC
andidates but the GC system of R84 appears to be more compact
patially. W6 appears to have a central nucleus but no corresponding
C system. Galaxies R79, W14, W29, W36, and W80 are all quite

aint and a galaxy model could not be obtained. 
A GC count for each galaxy was made by first counting the number

f GC candidates in a fixed 15 kpc diameter circular aperture. Based
n the GC system sizes (discussed later), such an aperture is expected
o contain at least 90 per cent of a galaxy’s GCs, and the use of a large
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Figure 6. F814W postage stamps of all 50 LSB galaxies and their GC candidates. The cutouts are 12 × 12 kpc 2 (33 arcsec × 33 arcsec ) at the adopted distance 
to the cluster. GC candidates are marked in red. Bold IDs denote galaxies that satisfy the strict UDG definition. The total number of GCs, after background and 
magnitude corrections, is shown in the bottom right. No GC number is shown for the three galaxies in the Perseus core fields near NGC 1275 (R33, W74, and 
W87) as the more detailed background modelling required for a GC assessment is saved for future work; the IDs for these galaxies are marked with † . 

fi
s  

b
d  

5
r
T

7

h
w

a
T
n  

t  

G  

t  

D  
xed-size aperture decouples the measure of GC numbers from the 
tructural parameters of the galaxies 7 . We then make a correction for
ackground contamination. The background density, and standard 
eviation, are estimated by counting sources that pass our GC cut in
00 similarly sized apertures placed randomly around each galaxy’s 
espective image (but outside each galaxy’s GC detection aperture). 
he expected number of background contaminants in the galaxy GC 
 We repeated this procedure using an aperture three times the host galaxy 
alf-light radius instead and found similar total GC counts for all galaxies, 
ith the values agreeing within their uncertainties. 

a
s  

c
w
d  
perture, along with 1 σ upper and lower numbers, are computed. 
he total number of GCs is then twice the background-corrected 
umber of GCs, since our GCs only include those brighter than
he GCLF turno v er magnitude. We assume a symmetric univ ersal
CLF that has a turno v er magnitude of M TO , F814W = −8 . 1, noting

hat the GCLF of UDGs is still somewhat uncertain (e.g. Shen, van
okkum & Danieli 2021 ; Janssens et al. 2022 ; Saifollahi et al. 2022 ),

nd that only NGC 5846 UDG1 has a near-complete GCLF measured 
o far (Danieli et al. 2022 ). The total GC number uncertainties are
omputed using the 1 sigma limits of background contaminants, 
here for simplicity we assume the uncertainty in the background 
ominates the error budget. Table 2 lists the total number of GCs for
MNRAS 534, 783–799 (2024) 
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Figure 6. ( continued ) 
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he 42 galaxies that we were able to measure. Due to the complex
nd o v erwhelming density of GCs near NGC 1275, this analysis was
ot done for three galaxies in the NGC 1275 fields: R33, W74, and
87. These galaxies do not have N GC values listed in Table 2 nor

hown in Fig. 6 . The more detailed background modelling necessary
ill be left for future work. 
The mass of a GC system can be estimated using the total

umber of GCs and the typical GC mass, estimated using the GCLF
urno v er luminosity and a mass-to-light ratio. Using the FSPS code
Conro y et al. 2009 ; Conro y & Gunn 2010 ), adopting a simple
tellar population (SSP), Chabrier ( 2003 ) initial mass function,
og ( Z/Z �) = −1 . 5 and an age of 8 Gyr we find a mass-to-light
atio of M � /L F814W = 1 . 3. For M TO , F814W = −8 . 1, the typical GC
ass is then ∼1 × 10 5 M �. Using this mass-to-light ratio for both

he GC system and host galaxy, we calculate the ratio of the GC
NRAS 534, 783–799 (2024) 
ystem mass to galaxy stellar mass and include it as a percentage in
able 2 . 
Fig. 7 shows the number of GCs as a function of galaxy F814W

uminosity, and directly compares them to UDGs in the Coma
luster. As before, black circles are Perseus galaxies from our
ample that meet the UDG criteria, and blue squares are UDG-
ike galaxies that we designate as dwarfs. GC counts for Coma
DGs (grey symbols) are from Forbes et al. ( 2020 ), who combined

iterature values from van Dokkum et al. ( 2017 ), Lim et al. ( 2018 ),
nd Amorisco et al. ( 2018 ). The Coma cluster UDGs have been
onverted from V -band luminosities to F814W assuming V − I = 1.
he dotted lines show the GC system mass to host galaxy stellar
ass with both assuming M � /L F814W = 1 . 3. From bottom to top

re plotted GC mass fractions of 0.4 per cent, 1 per cent, and
 per cent. 
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Table 2. Globular cluster properties of PIPER LSBs. M GC /M � is the ratio of GC system mass to galaxy stellar mass. R GC is the half-number radius of the 
GC system. R GC /R e , c is the ratio of GC system to host galaxy (circularized) size. 〈 F475W –F814W 〉 is the mean colour of the GCs. The last column shows the 
results of a visual determination of the presence of a stellar nucleus. R33, W74, and W87 reside in the NGC 1275 core fields where no GC assessment was 
performed, and are marked with a † . 

ID N GC M GC /M � R GC R GC /R e , c 〈 F475W − F814W 〉 Nucleated 
(kpc) (mag) 

R5 13 ± 6 1 . 0% 
+ 0 . 6
−0 . 5 2 . 9 + 1 . 0−0 . 7 1 . 2 + 0 . 4−0 . 3 1 . 68 ± 0 . 07 No 

R6 7 ± 1 0 . 5% 
+ 0 . 1
−0 . 1 – – – No 

R14 −1 ± 5 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

R15 13 ± 5 0 . 5% 
+ 0 . 2
−0 . 2 2 . 6 + 1 . 0−0 . 7 1 . 2 + 0 . 5−0 . 3 1 . 35 ± 0 . 03 Yes 

R16 23 ± 7 0 . 5% 
+ 0 . 2
−0 . 2 3 . 7 + 0 . 9−0 . 7 1 . 0 + 0 . 3−0 . 2 1 . 61 ± 0 . 04 No 

R20 −2 ± 8 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

R21 36 ± 8 1 . 7% 
+ 0 . 5
−0 . 4 3 . 1 + 0 . 6−0 . 5 1 . 5 + 0 . 3−0 . 3 1 . 51 ± 0 . 03 Yes 

R23 9 ± 6 0 . 4% 
+ 0 . 3
−0 . 3 2 . 5 + 1 . 1−0 . 7 1 . 0 + 0 . 5−0 . 3 1 . 56 ± 0 . 05 No 

R25 −8 ± 11 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

R33 † – – – – – No 

R84 43 ± 6 2 . 2% 
+ 0 . 5
−0 . 4 2 . 2 + 0 . 4−0 . 3 1 . 2 + 0 . 2−0 . 2 1 . 45 ± 0 . 03 No 

W1 8 ± 10 0 . 6% 
+ 0 . 8
−0 . 6 3 . 9 + 1 . 9−1 . 2 2 . 4 + 1 . 2−0 . 8 1 . 57 ± 0 . 09 No 

W5 9 ± 7 1 . 2% 
+ 1 . 2
−0 . 9 3 . 4 + 1 . 4−0 . 9 2 . 0 + 0 . 9−0 . 6 1 . 36 ± 0 . 07 No 

W8 −0 ± 7 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

W12 2 ± 7 0 . 2% 
+ 1 . 1
−0 . 2 – – – No 

W17 7 ± 6 0 . 8% 
+ 0 . 9
−0 . 7 3 . 8 + 1 . 8−1 . 1 2 . 5 + 1 . 3−0 . 8 1 . 72 ± 0 . 14 No 

W18 −4 ± 9 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

W19 −5 ± 6 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

W33 28 ± 12 4 . 7% 
+ 3 . 1
−2 . 4 2 . 4 + 0 . 5−0 . 4 1 . 5 + 0 . 4−0 . 3 1 . 30 ± 0 . 03 No 

W74 † – – – – – No 

W79 6 ± 8 0 . 6% 
+ 1 . 0
−0 . 6 – – – No 

W88 24 ± 13 0 . 4% 
+ 0 . 3
−0 . 3 3 . 5 + 0 . 8−0 . 6 0 . 8 + 0 . 2−0 . 2 1 . 64 ± 0 . 07 No 

W89 17 ± 14 3 . 4% 
+ 3 . 8
−2 . 9 4 . 0 + 1 . 2−0 . 9 2 . 6 + 0 . 9−0 . 7 1 . 42 ± 0 . 08 No 

R27 52 ± 8 1 . 3% 
+ 0 . 2
−0 . 2 2 . 4 + 0 . 4−0 . 3 1 . 1 + 0 . 2−0 . 2 1 . 44 ± 0 . 02 No 

R60 20 ± 6 2 . 0% 
+ 0 . 8
−0 . 7 2 . 6 + 0 . 7−0 . 5 1 . 9 + 0 . 5−0 . 4 1 . 37 ± 0 . 05 Yes 

R79 −4 ± 9 – – – – Yes 

R89 −1 ± 7 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

R116 4 ± 8 1 . 2% 
+ 2 . 4
−1 . 2 – – – No 

R117 1 ± 8 0 . 3% 
+ 2 . 4
−0 . 3 – – – Yes 

W2 1 ± 10 0 . 1% 
+ 3 . 0
−0 . 1 – – – Yes 

W4 3 ± 12 0 . 3% 
+ 1 . 5
−0 . 3 – – – No 

W6 −2 ± 10 0 . 0% 
+ 0 . 0
−0 . 0 – – – Yes 

W7 0 ± 10 0 . 0% 
+ 1 . 8
−0 . 0 – – – No 

W13 1 ± 7 0 . 2% 
+ 2 . 0
−0 . 2 – – – Yes 

W14 −1 ± 7 – – – – No 

W16 −2 ± 7 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

W22 −2 ± 8 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

W25 4 ± 6 0 . 8% 
+ 1 . 6
−0 . 8 – – – No 

W28 2 ± 9 1 . 9% 
+ 9 . 3
−1 . 9 – – – No 

W29 9 ± 9 – 4 . 4 + 1 . 8−1 . 2 – 1 . 83 ± 0 . 13 Yes 

W35 2 ± 11 0 . 6% 
+ 3 . 8
−0 . 6 – – – No 

W36 −6 ± 12 – – – – No 

W40 13 ± 10 2 . 2% 
+ 2 . 3
−1 . 8 3 . 9 + 1 . 4−1 . 0 3 . 3 + 1 . 3−0 . 9 1 . 94 ± 0 . 12 No 

W41 −1 ± 12 0 . 0% 
+ 0 . 0
−0 . 0 – – – No 

W56 4 ± 8 1 . 9% 
+ 5 . 2
−1 . 9 – – – No 

W59 0 ± 9 0 . 1% 
+ 2 . 3
−0 . 1 – – – Yes 

W80 7 ± 8 – 4 . 3 + 2 . 0−1 . 3 – 1 . 29 ± 0 . 10 No 
MNRAS 534, 783–799 (2024) 
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Table 2 – continued 

ID N GC M GC /M � R GC R GC /R e , c 〈 F475W − F814W 〉 Nucleated 
(kpc) (mag) 

W83 6 ± 7 4 . 5% 
+ 8 . 7
−4 . 5 – – – No 

W84 1 ± 7 0 . 3% 
+ 3 . 8
−0 . 3 – – – No 

W87 † – – – – – No 

Figure 7. Total number of GCs ( N GC ) as a function of galaxy absolute 
magnitude. Black circles are galaxies which satisfy the UDG criteria, blue 
squares are other LSB dwarfs. The dotted curves show GC system mass to 
stellar mass fractions assuming a mass-to-light ratio of M � /L F814W = 1 . 3 for 
both. From bottom to top, the curves show mass fractions of 0.4 per cent, 1 
per cent, and 5 per cent. For comparison, we also show N GC for Coma UDGs 
from Forbes et al. 2020 in grey. The Perseus cluster reveals some UDGs with 
rich GC systems ( N GC > 20). 
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8 Fig. 8 provides a sanity check on the N GC values in Table 2 . Twice the 
number of black points (as only the bright half of the GCLF is selected and 
plotted) agree with the total numbers for each galaxy. 
The plot shows that a few Perseus UDGs are GC rich, hosting
any tens of GCs, as is found in the Coma cluster. Given the general

ack of rich GC systems in other clusters (Fornax, Virgo, Hydra
) this may suggest that only the most massive ( M 200 ∼ 10 15 M �)
lusters host GC rich UDGs. We note R21 with 36 ± 8 and R84 with
3 ± 6 GCs. The richest GC system belongs to R27, which is slightly
righter than the standard UDG definition, with 52 ± 8 GCs. The GC
ystem mass fractions for Perseus cluster LSB galaxies are generally
onsistent with a 0.4 per cent mass fraction, with the highest being
he UDG W33 with a 4.7 per cent mass fraction. Coma cluster LSB
warfs reveal a similar range in GC to galaxy mass fractions up to
 maximum of 5 per cent (with a couple of exceptions). These ratios
an be compared to the Milky Way halo which has a ratio of 1–2
er cent (Harris, Blakeslee & Harris 2017 ; Deason, Belokurov &
anders 2019 ). Although our Perseus UDG sample and the Coma
DGs reveal similar GC to galaxy mass fractions (and possibly
igher on average for Coma), the Perseus galaxies are on average
ore luminous (higher mass) than the Coma UDG sample from
orbes et al. ( 2020 ) and there may be other selection effects that
hould be considered. For example, a weak correlation for GC-rich
DGs to lie at smaller clustercentric distances is expected (Buzzo

t al. 2024 ). Ho we ver, this is hard to probe with our data set as all
ur UDGs lie at relatively small projected clustercentric distances,
ith the most distant galaxy at ∼750 kpc or ∼0 . 4 × R 200 . Moreo v er,
any bright galaxies in the core of Perseus are arranged in a near-

inear feature to the southwest of NGC 1275, and it is possible that
NRAS 534, 783–799 (2024) 
he distance to this filament is the driver of any local environmental
ffects. 

If we separate our Perseus sample into UDGs and dwarfs, we find
hat the mean number of GCs hosted by UDGs is 11 ± 3 whereas
he dwarfs host an average of only 4 ± 2 GCs. Ho we ver, in terms of
C system mass to galaxy stellar mass, this dif ference v anishes with
oth the UDGs and dwarfs hosting a similar mean mass fraction.
e-examining Fig. 4 provides a possible explanation: due to the
e generac y between ef fecti ve radius, luminosity, and S ́ersic index,
 size cut (i.e. the UDG R e > 1 . 5 kpc definition) in a population of
alaxies with similar surface brightnesses and S ́ersic indices ( n ∼ 1)
s equi v alent to a luminosity cut, and to a stellar mass cut assuming
imilar mass-to-light ratios. This is reflected in Fig. 7 where most
erseus galaxies brighter than M F814W = −15 are UDGs, whereas

hose fainter are dwarfs. 

.3 GC system sizes 

n order to measure the sizes of GC systems, we employ an alternative
rocess for removing background contaminants. We start with all
he GC candidates within a radius r = 7 . 5 kpc of each galaxy. For
ach galaxy, the number of expected background contaminants was
stimated in the same way as described abo v e. A background sample
f sources that meet the GC criteria is then randomly drawn from
lsewhere in each galaxy’s image. For each background source, we
hen remo v ed the galaxy GC candidate nearest in Euclidean distance
n the colour–magnitude diagram. The result of this process is shown
n Fig. 8 . Each CMD shows all the GC candidates within r < 7 . 5 kpc .
lue × symbols are candidates that were remo v ed as background
bjects, and black points are those that survived this process. 8 For
omparison, the red dotted line shows the mean colour of the host
alaxy, though it is absent in the cases where IMFIT did not converge
n at least one of the bands. 

A S ́ersic model was then fitted to the one dimensional radial
istribution of GC candidates after background removal using the
MCEE package (F oreman-Macke y et al. 2013 ). The only free
arameter is the ‘ef fecti ve’ radius – which for GCs we will refer
o as the half-number radius R GC . The ellipticity of the GC system is
xed to zero. The S ́ersic index n was initially allowed to vary. For the
ichest six GC systems with N GC > 20 (i.e. at least 10 candidates),
e found a mean n of 1 . 1 ± 0 . 1, and subsequently we fixed it to
 = 1. The best-fitting R GC is the 50 per cent percentile from the
osterior distribution, with 16 per cent and 84 per cent uncertainties.
he 16 per cent, 50 per cent, and 84 per cent percentiles from the R GC 

osterior distribution is recorded. 
The background removal and EMCEE fitting was then repeated

5 times for each galaxy (Fig. 8 is showing one realization). We
dopt the mean 50 per cent R GC percentile from the 25 fits as the
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Figure 8. Colour–magnitude diagrams of point sources around target galaxies with GC counts abo v e the expected background contribution. A statistical 
background correction was made, removing GC candidates nearest in colour and magnitude (see the text for details). GC candidates that survived the correction 
are shown in black and those that were remo v ed are the blue crosses. Bold IDs denote galaxies that satisfy the strict UDG definition. LSBs in the core of the 
Perseus cluster are also not shown. The host galaxy colour is shown as the dotted red vertical line and the shaded band is the colour uncertainty; it is absent if 
the IMFIT result is unreliable. Characteristic error bars derived from the artificial star tests are shown on the right side of a subset of panels. Many of the GC 

systems have colours similar to the colour of the host galaxy. 
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nal R GC value, with the mean 16 per cent and 84 per cent percentiles
s uncertainties. Table 2 lists the resulting half-number radii ( R GC )
n kpc and the ratio of GC system size to galaxy half-light radius
 R GC /R e , c ). The R GC posterior distributions will not all o v erlap when
here are fewer than 4 GC candidates (after background removal), 
nd so R GC and R GC /R e , c values are not reported in such cases. 

As few as 4 GC candidates will still provide a reliable R GC 

stimate. This was tested on R27 (the galaxy with the richest GC
ystem in our sample) by re-performing the EMCEE fit 25 times with
 randomly selected subset of 4 of its 26 candidates. A majority of
he fits agree within uncertainties with the 2 . 4 + 0 . 4 

−0 . 3 kpc estimate, and
he mean percentiles o v erlap. 

As noted in the Introduction, the number of GCs around UDGs
n the Coma cluster has been the subject of recent debate with
uch lower GC numbers claimed by Saifollahi et al. ( 2022 ) for

ix Coma UDGs. A key factor in the different GC numbers found
ith previous studies is the smaller half-number radii for GC systems

ound by Saifollahi et al. ( 2022 ). F or e xample, for DF44 and DFX1,
MNRAS 534, 783–799 (2024) 
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Figure 9. Left : GC system half-number radius as a function of number of GCs. Right : Ratio of GC half number radius to circularized galaxy half light radius 
plotted against number of GCs. Galaxies with the richest GC systems ( N GC > 20) have R GC /R e ratios of ∼1 . 2. In both panels, only galaxies with at least three 
GC candidates are included. Black circles are galaxies which satisfy the UDG criteria, blue squares are dwarfs. 
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Figure 10. Colour difference between host galaxy and the mean colour of 
its GC system plotted against GC number. Black circles are galaxies which 
satisfy the UDG criteria, blue squares are dwarfs. Positi ve v alues indicate 
galaxies that are redder than their GCs. The dotted red line and shaded 
area are the weighted mean colour difference and the weighted error of 
the mean, respectively, equal to � ( F475W –F814W ) UDG −GCS = 0 . 07 ± 0 . 08 
mag. Within the uncertainty, galaxies and GC systems have the same mean 
colour indicating the same age and metallicity for their stars. 
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an Dokkum et al. ( 2017 ) found R GC /R e = 1 . 5 whereas Saifollahi
t al. ( 2022 ) found R GC /R e ∼ 0 . 8 for both. 

In Fig. 9 , we show both R GC and R GC /R e versus the number of
Cs for systems with more than 3 GCs. In both panels, we find a
road scatter, particularly for galaxies with low numbers of GCs. For
hose with rich GC systems ( N GC > 20) the average half-number
adius is ∼3 kpc and R GC /R e ratios is ∼1 . 2. Many galaxies have a
imilar size ratio to that found by van Dokkum et al. ( 2017 ) for DF44
nd DFX1 in the Coma cluster. See Forbes & Gannon ( 2024 ) for a
ore detailed discussion of Coma cluster UDGs and the role of the
C system size in determining the total number of GCs. 

.4 GC system colours 

e computed mean GC colours after background contaminants were
tatistically remo v ed using the same background remo val process
escribed abo v e to measure GC system sizes. Here, too the process
as repeated 25 times for each galaxy, and we require a minimum
f 4 GC candidates (after background removal) to measure a mean
olour. The adopted mean GC colour is the average value of the 25
ample means, with the uncertainty being the standard deviation of
he means. The mean GC colours are listed in the sixth column of
able 2 . 
In Fig. 10 , we show the difference between the colour of each

alaxy and the mean colour of its GC system. A positive colour
if ferential v alue signifies that the galaxy is redder than its GCs
as found for DF2 and DF4 in the NGC 1052 group by van
okkum et al. 2022 ), indicating a more extended star formation
istory with metal enrichment. The dotted red line and red shaded
rea show the weighted mean colour difference and the weighted
rror of the mean, respectively. We find a mean colour difference
f � ( F475W –F814W ) UDG −GCS = 0 . 07 ± 0 . 08 mag. Thus we find a
light positi ve dif ference but statistically they have the same colour in
he mean. Furthermore, each individual galaxy, except for one outlier,
as GC colours consistent with their host galaxy. In a detailed study
f the field UDG DGSAT I, Janssens et al. ( 2022 ) found identical
olours for the GCs and underlying galaxy light. Saifollahi et al.
 2022 ) also compared the F475W –F814W colours of six Coma
NRAS 534, 783–799 (2024) 
luster UDGs with their GC systems finding similar colours. These
bservations are compatible with a scenario whereby the galaxies
re composed of the same stellar populations (a combination of age
nd metallicity) as their GCs. 

Very few UDGs have spectroscopic age and metallicity measures
or both the galaxy stars and the GCs. One such case is NGC
846 UDG1 (which is discussed in detail by Forbes & Gannon
024 ). Using MUSE on the VLT, M ̈uller et al. ( 2020 ) found the
ame ages and metallicities, within the uncertainties, for the galaxy
tars and a dozen of the brightest GCs. Another is NGC 1052-DF2,
here Fensch et al. ( 2019 ) found the same ages, but GCs with lower
etallicity than the galaxy stars. As noted in the Introduction, UDGs
ade up of stars that have the same mean ages and metallicities as
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heir GCs are good candidates for ‘failed galaxies’. In this scenario, 
arly quenching of the galaxy stars prevents extended star formation. 
ver time, GCs are disrupted and their stars contribute, and perhaps 
ominate o v er, the original galaxy stars. 

.5 Nucleation 

 quick assessment for the presence of stellar nuclei was performed 
y eye and the results from this are listed in the last column of Table 2 .
n some cases, the same central object is classified as a GC candidate
n our automated detection process as well as a stellar nucleus in our
isual inspection. This highlights the arbitrary nature of determining 
hether a near-centrally located object is a bona fide GC or a true
ucleus (which itself may have been formed by the merger of GCs).
e find 10 of our sample galaxies possess a clear stellar nucleus, a

requency of about 20 per cent. This fraction is similar to that found
y Lim et al. ( 2018 ) for UDGs in the outer regions of the Coma
luster, and about half the frequency of UDGs located in the Coma
luster core. Selection effects need to be taken into account for a
etailed comparison. 
We have previously postulated (Janssens et al. 2019 ) that the 

estruction of nucleated UDGs in clusters may be an important 
athw ay tow ards the formation of ultra-compact dw arfs (UCDs).
CDs have sizes and luminosities similar to those of stellar nuclei 

which may themselves be the merged product of several GCs). The 
isruption of the surrounding galaxy by tidal forces is expected to 
eave only the dense nucleus, which is then identified as a UCD
Pfeffer & Baumgardt 2013 ). This process has recently received 
onfirmation by observation of some transition objects between 
DGs and UCDs in the Virgo cluster (Wang et al. 2023 ). 

 SUMMARY  AND  CONCLUSIONS  

s part of the PIPER surv e y of the Perseus cluster, we have conducted
n analysis of an initial sample of 50 low-surface brightness (LSB)
alaxies identified in ground-based imaging. Our new data from the 
ubble Space Telescope consists of F475W and F814W images with 

he ACS camera, along with F475X and F814W images with the 
FC3 camera co v ering all 50 galaxies. We were able to measure

he structural parameters and colours for 41 galaxies, finding that 23 
eet the traditional criteria for a UDG. The remaining 18 galaxies 

a ve UDG-like properties, ha ving either a slightly brighter surface 
rightness and/or a more compact size than the standard definition. 
s well as measuring surface brightnesses and half-light radii, we 
easure total magnitudes, ellipticities, S ́ersic indices and mean 

olours for the galaxies. 
We identify globular cluster (GC) candidates associated with 

ach galaxy. After corrections for background contamination and 
agnitude incompleteness, we estimate the total number of GCs 

osted by each galaxy. We also measure their mean colour and their
patial extent as quantified by the radius enclosing half of the total
umber. 
Although most galaxies have few, if any, GCs we find some to

eveal GC systems with tens of GCs. These GC-rich UDGs ri v al
hose seen in the Coma cluster. Given the general lack of rich GC
ystems in other clusters (Fornax, Virgo, Hydra I) this may suggest
hat only the most massive ( M 200 ∼ 10 15 M �) clusters host GC-rich
DGs. We also find that the GC system mass to galaxy stellar mass

atio is similar for Perseus cluster LSB galaxies compared to those 
n the Coma cluster. 

We find that the GC systems of our Perseus LSB galaxies with
ich GC systems ( N GC > 20) have an extent that is typically around
.2 times that of their host galaxy half-light radius. This is similar
o that found for well-studied GC rich UDGs in the Coma cluster by
an Dokkum et al. ( 2017 ). 

The mean colour of our GC systems is the same as that of the host
alaxies within our measurement uncertainty, i.e. 0 . 07 ± 0 . 08 mag.
his suggests that GCs and galaxy stars may have formed at the same
poch from the same enriched gas. This would be expected in the
failed galaxy’ formation scenario for UDGs where star formation is 
uenched early and subsequent disruption of GCs makes a significant 
ontribution to the stellar component of the host UDG. 
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Figure A1. F814W completeness curves for all 30 fields (15 visits with parallel ACS and WFC3 pointings) as a function of input artificial star magnitude. The 
points are the fraction of artificial stars reco v ered in bins of size 0.25 mag. The solid line is the best-fitting function following equation ( 2 ). Inset text in each 
panel lists the visit name, camera, 50 per cent completeness limit m 50 and α. The dotted line marks the completeness level at the predicted turno v er magnitude 
of the GCLF ( m TO , F814W = 26.3). 

This paper has been typeset from a T E 
X/L A T E 

X file prepared by the author. 

© 2024 The Author(s).
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 DATA AND METHODS
	3 RESULTS AND DISCUSSION
	4 SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: COMPLETENESS CURVES

