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ABSTRACT

Ultra-diffuse galaxies (UDGs) are very low-surface brightness galaxies with large effective radii.

Spectroscopic measurements of a few UDGs have revealed a low dark matter content, based on the

internal motion of stars or globular clusters (GCs). This is in contrast to the large number of GCs found

for these systems, from which it would be expected to correspond to a large dark matter halo mass.

Here we present HST+ACS observations for the UDG MATLAS-2019 in the NGC 5846 group. Using

the F606W and F814W filters, we trace the GC population two magnitudes below the peak of the GC

luminosity function (GCLF). Employing Bayesian considerations, we identify 26±6 GCs associated

with the dwarf, yielding a large specific frequency of SN = 58± 14. We use the turnover of the GCLF

to derive a distance of 21±2 Mpc, which is consistent with the NGC 5846 group of galaxies. Due to

the superior image quality of the HST, we are able to resolve the GCs and measure their sizes, which

are consistent with the sizes of GCs around Local Group galaxies. Using the linear relation between

the total mass of galaxies and of GCs, we derive a halo mass of 0.9± 0.2× 1011 M� (M�/L� > 1000).

The high abundance of GCs, together with the small uncertainties, make MATLAS-2019 one of the

most extreme UDGs, which likely sets an upper limit of the number of GCs for UDGs.

Keywords: editorials, notices — miscellaneous — catalogs — surveys

1. INTRODUCTION

Dwarf galaxies are by far the most numerous galaxies

in the Universe (Ferguson & Binggeli 1994) and exist in

all kinds of environments, from dense clusters to isolated

voids (e.g. Binggeli et al. 1990; Rekola et al. 2005; Kim

& Jerjen 2015; Müller et al. 2017; Makarov et al. 2017).

Corresponding author: Oliver Müller

oliver.muller@epfl.ch

They are thought to be the most dark matter dominated

objects, with the most extreme cases consisting of more

than 99% of this elusive material (Walker et al. 2007;

McGaugh & Wolf 2010; Collins et al. 2020). A sub-

sample of the dwarf galaxy population is called ultra-

diffuse galaxies (UDGs), a term coined by van Dokkum

et al. (2015). UDGs are characterized by their large ef-

fective radii and very low-surface brightnesses. While

their existence has been known since the 1980’s (e.g.,

Sandage & Binggeli 1984; McGaugh & Bothun 1994;

Dalcanton et al. 1997; Conselice et al. 2003; de Rijcke
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et al. 2009; Crnojević et al. 2014; Penny et al. 2014), re-

cently they have become the focus of enhanced attention

by the astronomical community, due to the discovery of

hundreds of these objects ranging from cluster to group

environments (e.g., Koda et al. 2015; Mihos et al. 2015;

Mart́ınez-Delgado et al. 2016; Mihos et al. 2017; van der

Burg et al. 2017; Venhola et al. 2017; Müller et al. 2018,

2021; Zaritsky et al. 2019; Lim et al. 2020; Habas et al.

2020; Iodice et al. 2020), and as a result unlocked the

potential to study these objects in unprecedented detail.

Due to their diffuse nature, UDGs are an excellent

probe of the underlying gravitational potential (e.g.,

Danieli et al. 2019; B́ılek et al. 2019; Mancera Piña

et al. 2019; Gannon et al. 2020). Such studies have been

conducted on some specific UDGs, like the two UDGs

[KKs2000] 04/NGC 1052-DF2 (Karachentsev et al. 2000;

van Dokkum et al. 2018a) and NGC 1052-DF4 (van

Dokkum et al. 2019a) in the NGC 1052 group of galaxies,

NGC 5846 UDG1/MATLAS-2019 (Forbes et al. 2019;

Habas et al. 2020) in the NGC 5831 group of galaxies,

VCC 1287 (Binggeli et al. 1985; Beasley et al. 2016) in

the Virgo cluster, and DF17 (Peng & Lim 2016) and

DF44 (van Dokkum et al. 2016) in the Coma cluster.

The extraction of the stellar velocity dispersion of the

body of the galaxy or the velocity dispersion of the glob-

ular cluster (GC) population associated to the UDGs

has enabled the study of the dark matter content of the

galaxies (e.g., van Dokkum et al. 2018a, 2019a; Chilin-

garian et al. 2019; Emsellem et al. 2019; Müller et al.

2020; Gannon et al. 2020). While the measurements

at face values can be interpreted as an absence of dark

matter in these galaxies, both the observational (Martin

et al. 2018) and systematic uncertainties (Laporte et al.

2019) are too large to yet be conclusive.

Two main mechanisms have been proposed for the

formation of UDGs: either they are failed Milky Way

like galaxies which couldn’t build up their baryonic con-

tent (e.g., van Dokkum et al. 2016; Peng & Lim 2016;

Toloba et al. 2018), or they are dwarf galaxies extended

to larger radii, which were puffed up through tidal effects

(e.g. tidal interactions or tidal heatings, Ogiya 2018;

Toloba et al. 2018; Carleton et al. 2021). These two sce-

narios result in quite different dark matter halo masses

for the galaxies. X-Ray observations of multiple UDGs

(Kovács et al. 2019), as well as their location in the

scaling relations (Habas et al. 2020), have revealed that

the majority of UDGs are consistent with being normal

dwarf galaxies, adding evidence that UDGs are simply

the extension of the dwarf galaxy population towards

larger radii. Still, this does not exclude the possibil-

ity that some UDGs could belong to the former group

of failed Milky Way galaxies. One archetypal UDG –

namely DF44 in the Coma cluster – has been studied

in detail with spectroscopy (van Dokkum et al. 2016,

2019b), deep imaging (van Dokkum et al. 2017), and

X-ray observations (Bogdan 2020). While initial claims

(van Dokkum et al. 2016) pointed it towards the group of

failed galaxies – based on a high count of GCs, as well

as an atypical mass for a dwarf galaxy – these claims

have been weakened by more recent studies (Amorisco

et al. 2018; van Dokkum et al. 2019b; Saifollahi et al.

2020; Bogdan 2020).

One way to indirectly infer the mass of a galaxy with-

out measuring the internal stellar dynamics is through

the number of GCs (Blakeslee et al. 1997; Spitler &

Forbes 2009; Georgiev et al. 2010; Hudson et al. 2014;

Beasley et al. 2016; Burkert & Forbes 2020). In a ΛCDM

framework, the dark matter halos of galaxies are directly

correlated with the abundance of GCs, i.e. a high num-

ber of GCs indicates a vast halo of dark matter. Several

studies based on deep imaging have estimated the num-

ber of GCs associated to UDGs (Lim et al. 2018; Amor-

isco et al. 2018; Prole et al. 2019). They again indicate

that UDGs are consistent with being from the dwarf

galaxy population, but due to the statistical nature of

these studies, the scatter and uncertainties are large.

Furthermore, these studies were mainly conducted in

dense cluster environments, and may not be representa-

tive of the full UDG population.

The low-mass environments of groups of galaxies are

still uncharted territory. This has started to change in

recent years (e.g., Chiboucas et al. 2009; Müller et al.

2015, 2017; Javanmardi et al. 2016; Park et al. 2017;

Danieli et al. 2018; Carlsten et al. 2020; Müller & Jerjen

2020). Among these campaigns is the Mass Assembly of

early Type gaLAxies with their fine Structures (MAT-

LAS, Duc et al. 2015; Duc 2020; B́ılek et al. 2020) sur-

vey, a MegaCam based survey of over 200 nearby early

type galaxies within 45 Mpc. The multi-color imaging

in the ugri-filters and good image quality made it pos-

sible to simultaneously detect dwarf galaxies and GCs.

Over 2000 dwarfs have been discovered (Habas et al.

2020), with ∼5% of them being UDGs (Marleau et al.,

accepted). The UDG with the highest number of GCs

in this systematic survey is MATLAS-2019 (Marleau

et al., accepted). This UDG has an effective surface

brightness of ≈ 25.1 mag arcsec−2 in the g band, an ef-

fective radius of 17.2′′ (= 2.2kpc, for the previously as-

sumed distance of d = 26 Mpc, corresponding to the

center of the NGC 5846 group), and a systemic veloc-

ity of 2156 ± 9 km s−1 (Müller et al. 2020), which is

consistent with the NGC 5846 group of galaxies (Eigen-

thaler & Zeilinger 2010, see also Fig. 1 in Müller et al.

2020). Spectroscopic follow-up observations with MUSE
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have confirmed that at least 11 GCs are associated with

MATLAS-2019 (Müller et al. 2020), which are all consis-

tent with being metal-poor and old. Intriguingly, at the

putative distance to the host group, the brightest GC

would be almost as bright as ω Cen, which is unexpect-

edly bright for such a low-surface brightness object. This

can also be interpreted as further evidence that ω Cen

is an accreted GC from a bright, now-disrupted dwarf

galaxy (Majewski et al. 2000). However, the data was

too shallow to trace the GC population to the faint end.

A similar case is NGC 1052-DF2, with the claim that

it has a population of too-luminous GCs (van Dokkum

et al. 2018b). Either these GCs are indeed too bright,

or they are just the tip of the iceberg, i.e. the bright tail

of a largely populated GC luminosity function (GCLF).

In this work, we present Hubble Space Telescope (HST)

imaging of MATLAS-2019 to study its GC population

by to tracing the full GCLF.

2. OBSERVATIONS AND DATA REDUCTION

Our HST images were obtained through a single orbit

in the Mid-Cycle 27 program GO-16082, (PI: Müller) to

observe the UDG MATLAS-2019. This galaxy was first

identified in Mahdavi et al. (2005) and named N5846-

156, and has been identified in the MATLAS survey

(Habas et al. 2020), as well as independently reported

in the VST Early-type GAlaxy Survey (VEGAS, Forbes

et al. 2019). We observed MATLAS-2019 with the HST

Advanced Camera for Surveys (ACS) in the F606W and

F814W filters. The galaxy itself was placed at the cen-

ter of one of the CCDs to maximize a suitable back-

ground/control sample. Two dithered images (separated

by 0.5′′) of 515 s each were taken in each filter. We

used the final, reduced CTE-corrected (Charge Transfer

Efficiency corrected) .drc.fits images produced by the

standard pipeline and used the VEGAmag zeropoints

provided by the ACS online documentation1.

We performed aperture photometry on each filter with

the python package photutils (Bradley et al. 2020). To

remove the smooth light profile of the galaxy, we have

modelled and subtracted it with galfit (Peng et al.

2002). The center of the galaxy is estimated to be at

15:05:20.34, +01:48:44.9. Then, we ran sep (Barbary

2016), the Source Extractor (Bertin & Arnouts 1996)

implementation in python, with a 3σ threshold and a

minimum of 5 adjacent pixels, to create a catalog of

objects. On this catalog we made a first cut, namely

we rejected all sources with a detected radius smaller

than 3 px or an ellipticity larger than 0.2. This removed

1 https://www.stsci.edu/hst/instrumentation/acs/data-
analysis/zeropoints.

noise peaks as well as elongated objects such as back-

ground galaxies. We performed photometry on the de-

tections in the catalog with a circular aperture with a

radius of 3 px. The median background value was es-

timated in an annulus with inner and outer radii of

8 px and 23 px, respectively, employing a 3σ clipping,

and was subtracted from the photometry of the object.

Aperture corrections were applied according to the ACS

documentation2. The F606W and F814W magnitudes

were corrected for extinction (AF606W = 0.131 mag and

AF814W = 0.081 mag) according to the extinction calcu-

lator tool on NED3 (using Schlafly & Finkbeiner 2011).

We then matched the catalogs in the two filters with

a 0.5 arcsec tolerance. Finally, we applied a magni-

tude cut in the F606W band of 22.0 < F606W <

26.2 mag, as well as a (F606W − F814W )0 color cut of

0.5 < (F606W −F814W )0 < 0.9 mag, motivated by the

range of expected magnitudes and colors of GCs. From

this we generated a catalog of 241 GC-like sources over

the entire ACS FOV. Of these, we extract a sample of

Ntot = 49 GC candidates located within 1.75 reff of the

galaxy center (this optimal aperture size is derived in

Section 3.3). The GC candidates are presented in Fig. 1

and Fig. 2. As a reference background field, we use an

area of 100 < x < 4090 and 100 < y < 2020 pixels on

the second chip, containing 74 sources in our catalog.

This area is well outside of 3 reff (see Fig. 1).

To assess our completeness and photometric errors we

have injected artificial point sources in the HST data

and re-run our detection and photometry pipeline. For

that we have created a PSF model using 14 bright, iso-

lated stars on the frame. Artificial stars were added

on a evenly-spaced grid with a separation of 70 pixels.

This gives ≈2500 injected objects. We have repeated

this for a magnitude range between 21 and 28.3 in both

filters. To obtain the completeness, we have compared

the number of injected vs. number of detected objects.

In order to not count real objects as successfully de-

tected artificial objects, we have provided Source Ex-

tractor with the original segmentation map of the im-

age as a mask. For the photometric error we have com-

pared the injected and extracted magnitudes. The com-

pleteness drops below 95% at F606W = 26.74 mag and

F814W = 25.82 mag. The results of our artificial star

experiments are shown in Fig. 3. To test whether the

light from MATLAS-2019 impacts the performance we

consider the detections within one effective radius of the

2 https://www.stsci.edu/hst/instrumentation/acs/data-
analysis/aperture-corrections.

3 http://ned.ipac.caltech.edu/extinction calculator.
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Figure 1. The full ACS field of view of our HST observations. In red we indicate the detected GC candidates, in blue the
confirmed GCs from MUSE observations, and in yellow we show the selected field GC candidates. The gray cirles are multiples
of the effective radius, starting with 1 reff . The white box indicates the reference field.

galaxy separately. Within this radius, ≈70 objects are

injected per iteration. From these we can again con-

struct a completeness curve. Apart from the the curve

being more noisy – due to having less objects to work

with – we find no difference in the shape and the reached

completeness limit.

To convert the HST F606W and F814W magnitudes

into the standard BV I system, we employed the trans-

formations provided by Harris (2018) and assumed a

(V − I)0 = 0.9 mag color for the GCs.

V = F606W + 0.15(V − I)0 (1)

I = F814W − 0.13 + 0.108(V − I)0 (2)

Due to the superior image quality of the HST the GCs

in our data are partially resolved. To measure their half

light sizes (rh) , core sizes (rc) and tidal radiis (rt),

we have employed galfit using a Sérsic profile and a

King profile, respectively, which were convolved with the

PSF model. For the fitting, we let the Sérsic index be

a free parameter smaller than five, which helped reduce

crashes. All photometric properties are compiled in Ta-

ble 3.

3. PROPERTIES OF THE GLOBULAR CLUSTER

POPULATION

3.1. Globular Cluster Luminosity Function
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Figure 2. The zoom in view of our HST observations. The dashed white line corresponds to the radius where the GC candidate
count drops to a background level (i.e. at 1.75 reff ), corresponding to our selection radius. The white cross indicates the galaxy
center. In red we indicate the detected GC candidates, in blue the confirmed GCs from MUSE observations, and in yellow we
show the selected field GC candidates. One side is ≈80′′.

In the following we will model the GCLF using

Bayesian considerations. For the GCLF we assume a

log-normal distribution GV in luminosity:

GV,j(mV , δV,err) =
1√
2π

1

σobs
exp
−(mV,j − µV )2

2σ2
obs

, (3)

with

σobs = σ2
V,j + δ2V,err. (4)

The magnitude of the GC candidate j is given by mV,j .

The total width σobs is the combination of the intrin-

sic width of the GCLF σV and the mean error δV,err
of all the GCs. To model the background contamina-

tion BV we use all GC-like objects outside 1.75 reff
to create a histogram with a bin size of 0.5 mag. We

then interpolate the midpoints of the bins to create BV .

Similarly, we model the color of the GC distribution

with a normal distribution G(V−I)0 and derive the back-

ground contamination B(V−I)0 from all the GC-like ob-

jects outside 1.75 reff . We assume a normal distribu-

tion for the colors of the GCs of MATLAS-2019 because

when we inspected the color magnitude diagram (CMD,

see Sec 3.2), we found that the color distribution is strik-

ingly unimodal. In general, this doesn’t need to be the

case.

We use a Plummer profile P to model the spatial dis-

tribution of the GCs:

P(r)j =
1

π

1

r2GC(1 + r2j/r
2
GC)2

, (5)
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Figure 3. Results of the artificial star experiments. The top
panel shows the detection rate, the bottom panel the mean
uncertainty of the recovered artificial stars.

where rj is the galactocentric distance of the GC can-

didate j and rGC is the half number radius of the GC

system, which is a free parameter. To be consistent in

the dimensions, we multiply this density with the num-

ber of GCs NGC associated with the galaxy:

Σ(r)j = NGC · P(r)j (6)

The contamination c out to the outermost GC candi-

date (having the radius Rout) is given by:

c =
N −NGC

πR2
out

. (7)

Finally, the likelihood for a source j in our catalog is

given by:

Lj =
Σj · GV,jG(V−I)0,j + c · BV,jB(V−I)0,j

Σj + c
. (8)

The parameters we are marginalizing over are µV and

σV , i.e. the peak and the width of the GCLF; the num-

ber of true GCs NGC associated with MATLAS-2019;

the half number radius rGC of the GC system; and

µ(V−I)0 and σ(V−I)0 , i.e. the peak and the width of the

color distribution. As priors we use flat priors, namely

for σV we allow values between 0 and 2 mag, which are

well motivated by observations (Rejkuba 2012); for µ we

Table 1. Priors for our Markov Chain Monte Carlo.

Parameter Prior

σV 0 < σV < 2

µV 22 < µV < 26.8

NGC 0 < NGC < 49

Rout 0 < Rout < 30

(V − I)0 0.6 < (V − I)0 < 1.1

σ(V−I)0 0.0 < σ(V−I)0

impose the condition that it must be within our mag-

nitude range (i.e being between 22 and 26.8 mag); for

NGC we impose that the number must be between 0

and the number of detected sources within our aperture

(N = 49); for rGC we set them to be between 0 and

Rout (i.e. 30′′); and for the colors we demand that they

must be between 0.6 < (V − I)0 < 1.1 mag and that

σ(V−I)0 must be larger than 0. A summary of the prior

constraints is given in Table 1.

To estimate the posterior distributions for these six

parameters (µV , σV , NGC , rGC , µ(V−I)0 , and σ(V−I)0)

we employ a Markov Chain Monte Carlo (MCMC) algo-

rithm (Goodman & Weare 2010) implemented through

the python package emcee (Foreman-Mackey et al.

2013). As a first guess for the parameters, we use a

maximum likelihood method implemented in scipy (i.e.

minimize from the scipy.optimize module), which yields

µV = 23.99 mag, σV = 0.81 mag, NGC = 24.2, and

rGC = 13.7 ′′, µ(V−I)0 = 0.87 mag, and µ(V−I)0 =

0.03 mag. For the MCMC we use 100 walkers with

10 000 steps along the chains, with a burn-in of 1000

steps. For the peak of the GCLF we derive µV =

23.99 ± 0.24 mag, for the width of the GCLF σV =

0.88±0.16 mag, for the number of GCsNGC = 26.0±6.0,

for the half number radius rGC = 13.4+7.5
−5.8

′′, and for the

color a mean of (V −I)0 = 0.87±0.01 mag with a spread

of σ(V−I)0 = 0.03 ± 0.01 mag. The posteriors are well-

behaved and presented in Fig 4.

The histogram of the GC candidates within 1.75 reff
and the best-fitting model are presented in Fig. 5. The

peak of the GCLF puts the galaxy at 20.6+2.3
−2.1 Mpc (as-

suming the peak of the GCLF is at −7.6±0.1 mag, Re-

jkuba 2012). This is consistent with the distance of the

NGC 5846 group (having a mean of 26 Mpc, Cappellari

et al. 2011, but having giant galaxies within a spread of

≈ ±5 Mpc). Our MCMC modelling reveals a large num-

ber of GCs for such a low-luminosity dwarf. The bright-

est GCs are consistent with the normal bright end of the

GCLF at the distance of the NGC 5846 group, indicting

there are no over-luminous GCs present in this galaxy,

as has been suggested (Müller et al. 2020). Rather, the
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Figure 4. The posterior distributions from our MCMC modelling with its six free parameters (µV , σV , NGC , rGC , µ(V−I)0 ,
and σ(V−I)0).

GCLF is best explained by a large population of GCs

for a galaxy of this luminosity. For reference, in Fig. 5

we further show the histogram of the detected GC can-

didates within and outside of the galactic aperture.

As a check, we estimate the numbers of GCs expected

in our aperture of the size 1.75 reff , when consider-

ing the contamination estimated on our reference back-

ground field. With an area of 5.3 arcmin and 74 GC-

like sources in this reference background area, we expect

≈13 GC candidates in our aperture to be interlopers. In

other words, there should be an over-density 36± 6 de-

tection within our aperture assuming Poisonnian noise

for the estimation of the uncertainty. This number is

larger than the number of GCs (NGC = 26 ± 6) esti-

mated by our MCMC scheme. This can be explained by

Poisson noise: the mode or median value of a Poisson

distribution is lower than its expectation value, mean-

ing that when we estimate the contamination from our

background field we will likely underestimate the num-

ber of contaminants (i.e. overestimate the number of

GCs associated with the dwarf). However, within the

uncertainties, these numbers are still consistent.

To test that this difference between our MCMC ap-

proach and the overdensity estimate of the number of

GCs is not due to our model, we produced a synthetic

data set where we had the control over the number of

GCs and the other parameters of interest. For this pur-

pose, we used the same number of detections as for
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our analysis. To create the background, we used our

background luminosity and color model together with

a random position to draw the data points. For our

synthetic GCs, we drew their luminosities from a gaus-

sian with the peak and standard deviation as our es-

timated values (µ = 24 mag and σ = 0.9 mag), with

a color of (V − I) = 0.9 mag, and a positions drawn

from the Plummer profile with the estimated value of

rGC = 12.6 arcsec. All the remaining inputs were kept

the same. With this setup, we were able to recover all in-

put parameters within their uncertainties, with slightly

overestimating the number of GCs (on average getting

28.9± 2.2 GCs instead of 26).

3.2. Luminosities, colors, and sizes

In Fig. 6 we present the CMDs of our observations. We

considered three cases: all detected point sources within

i) one effective radius (reff ), ii) between 1 and 2 reff ,

and iii) outside of 2 reff . Remarkably, within 1 reff the

GCs follow an extremely tight sequence. All confirmed

GCs from our MUSE observations (Müller et al. 2020)

within 1 reff are located within this sequence. For the

other two CMDs, the color scatter of the GCs increases,

which is due to an increase of the background contami-

nation. This indicates that the GC population contribu-

tion drops after one effective radius and the contamina-

tion by background/foreground sources increases. This

is a similar trend as seen the GC population of DF44,

where the GC population drops significantly after one

effective radius (Saifollahi et al. 2020). We will quantify

this further in the next subsection.

For most GC candidates, the core radius is system-

atically smaller than the half-light radius, as has been

found for Cen A GCs (Harris et al. 2002). As a san-

ity check, the fraction between the tidal radius and the

core radius under a logarithm with the base of 10 should

roughly be between 1 and 2 for confirmed GCs (Harris

et al. 2002). This is the case for most of the GC can-

didates here, especially within the given large errors of

these difficult observations. The sizes are not used in the

selection for the GC candidacy though, making them an

independent property. This suggests that most of the

GC candidates selected by their magnitudes and colors

are also GC-like in their morphology and are therefore

reasonable GC candidates.

In Fig. 7 (left panel) we plot the sizes (rh) of the GCs

as functions of luminosity and color. Most of the GC

candidates are smaller than 10 pc, which is well expected

from studies of the sizes of Milky Way GCs (Harris

2010). All of our spectroscopically confirmed GCs are in

this range. Some of the faint GC candidates, however,

have larger sizes than the brighter GCs. This could have

a few explanations. The fainter GC candidates have

a lower S/N, which could systematically increase their

sizes due to modelling uncertainties (which are not well

captured by galfit). Alternatively, and more likely, they

are the background objects contaminating our selection.

We expect Ntot−NGC = 23 objects in our catalog to be

background interlopers. It is also possible a few of these

objects could be faint, diffuse GCs, much like those seen

in M31 (Huxor et al. 2014) with rh values up to 30-35

pc. Up to five GC candidates (including their uncer-

tainties) could have half light radii larger than the one

of Crater-I (i.e. reff = 20 pc, Torrealba et al. 2016) –

which is one of the most extreme GCs in terms of size as-

sociated with the Milky Way (Voggel et al. 2016) – and

could therefore be such extreme GCs. However, until

spectroscopically confirmed, it is more likely that those

are the expected interlopers.

In Fig. 7 (right panel) we also plot the GC candidates

of MATLAS-2019 compared to other known GCs from

the Local Group (Peacock et al. 2010; Harris 2010), as

well as ultra-compact dwarfs (UCDs, Hilker et al. 1999)

in the Virgo cluster (Liu et al. 2015, 2020). The par-

ticular cases of Crater-I and Pal 14, the largest Milky

Way GC, are highlighted in the figure. For the UCD

FCC 47-UCD1 (Fahrion et al. 2019) in the Fornax clus-

ter, Fahrion et al. (2019) (among others) have suggested

that it could originate from the brightest star cluster in

the progenitor galaxy and was accreted through a mi-

nor merger, and it could be interesting to see if we would

have such a compact stellar object in our sample. While

most of the GC candidates associated with MATLAS-

2019 follow the distribution of the Local Group GCs,

one GC in particular – the brightest GC in our sample

dubbed GC6 in Müller et al. (2020) – is approaching the

UCD regime, with a size of reff = 6.7 ± 0.2 pc and an

absolute magnitude of −9.2 mag in the V band. In Ta-

ble 3, GC6 is number 29. We note that the GCLF peak

distance prefers a value of 21 Mpc, while the velocity of

the galaxy rather puts it at 25 to 30 Mpc. If the dwarf

is at a larger distance, the sizes and luminosities of the

GCs would increase, and GC6 would be closer to the

UCD regime (reff ≈ 10 pc and MV ≈ −10 mag). How-

ever, GC6 would fall out of the selection of UCDs in

the Virgo cluster – independent of whether the dwarf

is at 21 or 30 Mpc –, with the GC being too small to

be considered a UCD. So with their selection criteria,

GC6 is not a UCD. Forbes et al. 2019 suggested that

this GC is a nuclear star cluster, based on its brightness

and central placement within the galaxy. Its velocity is

similar to that of the stellar body (Müller et al. 2020;

Forbes et al. 2021), further supporting this assessment.
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3.3. Radial profile

In the following, we quantify the radial extent of

the GC distribution. For this, we counted the num-

ber of GCs per area in increasing annuli of multiples of

0.25 reff . The results are presented in Fig. 8. At 1 reff ,

the GC density is at roughly 10% compared to the inner-

most circle, and after 1.75 reff , the GC count drops to

the background level (being calculated from the density

of GC candidates on the reference field on the second

chip). While most of the GCs reside within one effec-

tive radius, the GC population extends to roughly two

effective radii, or ≈3 kpc.

Notably, there is a mass segregation apparent in the

GC population of MATLAS-2019. This is qualitatively

evident in Fig. 2, where we present the zoom-in of the

HST observation within two effective radii. All the



10 Müller et al.

0.6 0.7 0.8 0.9 1.0 1.1
(V-I)0 [mag]

0

5

10

15

20

25

30

35

40

r h
 [p

c]

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

V 0
 [m

ag
]

141210864
Mg [mag]

100

101

102

r h
 [p

c]

Virgo UCDs (Liu et al. 2020)
M87 UCDs (Liu et al. 2015)
M31 GCs (Peacock et al. 2010)
MW GCs (Harris et al. 2010)
MW GC Crater-I (Torrealba et al. 2016)
MW GC Pal 14 (Harris et al. 2010)
MATLAS-2019 GCs (Müller et al. 2021)
MATLAS-2019 GCs MUSE (Müller et al. 2020)

Figure 7. Left: The size of the GCs as a function of their (V −I)0 color. The points are further shaded based on their luminosity.
The spectroscopically confirmed GCs (Müller et al. 2020) are represented with the squares. The dashed line indicates the size
of Crater-I (Torrealba et al. 2016), an extreme example of an extended GC in the Milky Way. Right: The size of the GCs as a
function of their luminosity and compared to Local Group GCs (Peacock et al. 2010; Harris 2010) and Virgo cluster UCDs (Liu
et al. 2015, 2020). The red filled circles indicate the GCs associated with MATLAS-2019 and the gold filled squares are those
spectroscopically confirmed with MUSE.

bright GCs are clustered towards the center of the dwarf.

Quantitatively, this is shown in Fig. 8, where we split

the density profiles into faint and bright GCs (with a

magnitude cut at 23.1 mag, which corresponds to the

1σ of the GCLF at the bright end). The density pro-

file of the bright GCs is centrally peaked and quickly

drops to zero within 0.75 reff , while the density profile

of the faint GCs is more extended (up to 1.75 reff ) and

less peaked. However, the contamination of background

galaxies will increase at the faint end, so this could bias

the signal. Another caveat might be a drop in complete-

ness towards the center of the galaxy. As discussed pre-

viously, the photometric incompleteness near the cen-

ter of the galaxy does not appear to have a significant
impact on source detection. Ultimately, spectroscopic

follow-up observations are needed to confirm this mass

segregation.

4. SPECIFIC FREQUENCY

Is the abundance of GCs associated to MATLAS-2019

consistent with other UDGs and dwarf galaxies? One

way to assess the number of GCs as a function of the

brightness of the host galaxy is with the specific fre-

quency SN (Harris & van den Bergh 1981). It is calcu-

lated as:

SN = NGC · 100.4(MV +15) (9)

The peak of the GCLF yields a distance modulus of

m −M = 31.57 mag. The apparent and absolute mag-

nitudes of MATLAS-2019 are mV = 17.69 mag and

MV = −14.1 ± 0.2 mag, respectively (Poulain et al.

0 10 20 30 40 50
radius [arcsec]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07
GC

 p
er

 a
re

a 
[1

/a
rc

se
c2 ]

GCs, all
GCs, bright
GCs, faint

Figure 8. The GC density (red line) in increasing annuli
of radii of 0.25 reff . The densities of bright GCs and fainter
GCs are marked with the violet dashed line and cyan dash-
dotted line, respectively. The vertical lines indicate one and
two effective radii, respectively. The horizontal straight and
dashed black lines represents to the background GC density
on chip two of the ACS field.

2021). This gives a specific frequency of SN = 58± 14,

where the error is a combination from the uncertainty

in the absolute magnitude (±0.23 mag) and the number

of GCs (±6).

How does the specific frequency of MATLAS-2019

compare to other low-luminosity galaxies? In Fig. 9 we

show the specific frequency as a function of the luminos-

ity and surface brightness of the galaxies. Several sta-

tistical studies of dwarf galaxies and UDGs (Lim et al.

2018; Prole et al. 2019) have revealed a large scatter

in the specific frequency at the faint end. Lim et al.

(2018) noted that for the same luminosity, UDGs have
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Figure 9. The specific frequency of nearby galaxies (Harris et al. 2013), Coma cluster dwarfs (Lim et al. 2018), Fornax cluster
dwarfs (Prole et al. 2019), and the UDGs MATLAS-2019 (this work), DF44 (Saifollahi et al. 2020), DF17 (Peng & Lim 2016),
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a lower surface brightness and higher specific frequency

than typical dwarf galaxies. MATLAS-2019 follows this

trend. It has a high specific frequency for its luminosity

and has one of the largest counts of GCs in such sys-

tems. While MATLAS-2019 doesn’t stand out as hav-

ing the highest specific frequency at first sight (some of

the Lim et al. 2018 UDGs have a higher SN value), a

direct comparison between the literature UDG sample

and MATLAS-2019 is tricky, mainly due to the high un-

certainty of the number of GCs in the literature, as well

as different approaches in counting the number of GCs.

We discuss the caveats of comparing the number of GCs

in the following.

For UDGs with a high specific frequency in the Lim

et al. (2018) UDG sample (i.e. UDGs with SN > 30),

the median uncertainty is 33, where in the Prole et al.

(2019) sample the median uncertainty is 11. Based on

the large uncertainties of those two surveys, it is ex-

pected to find some UDGs with a high number of GCs

due to stochasticity. The larger error of the specific fre-

quency estimation in these works can be explained by

the fact that the dwarf galaxies studied there are ei-

ther farther in the background or have been observed

with ground-based facilities, where the image quality be-

comes an issue. In comparison to the Lim et al. (2018)

sample, with our observations we achieve an uncertainty

of 14, i.e. at a ≈25% level.

There are also different selection functions used in the

literature. Lim et al. (2018) had to correct for their in-

completeness of the GC population – the Coma dwarfs

are four times farther away than MATLAS-2019, mean-

ing that the full GCLF could not be traced. They se-

lected the GCs within 1.5 reff , multiplied by a factor

2 to correct for the full extent of the GC population

(i.e. assuming that the half of the GC population will

be within 1.5 reff ), and an additional factor 2 for the

incompleteness of the GCLF (i.e. assuming that half

the GCLF is sampled). If we estimate the number of
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GCs for MATLAS-2019 in the same way as Lim et al.

(2018) we get 12 GCs within 1.5 reff and brighter than

the peak of the GCLF, i.e. a total number of 48 GCs

and a specific frequency of 111 for MATLAS-2019.

In Fig. 10 we directly compare the Lim et al. (2018)

sample with our estimation of MATLAS-2019 adopted

for their method. MATLAS-2019 stands out as the most

extreme UDG. However, the assumption that half the

GCs of MATLAS-2019 are outside of 1.5 reff is not valid,

as we demonstrated in Fig. 8. While e.g. Amorisco et al.

(2018) found that the majority of the Coma dwarfs have

RGC/Reff ≈ 2 (i.e., the GC system is twice as extended

as the stellar light component of the galaxy), we find

RGC/Reff = 0.7. This does not mean that in general

this correction is wrong, but for our particular case of

MATLAS-2019 it is not appropriate, which is in line

with Amorisco et al. (2018) finding that 4 out of their

55 dwarf galaxies have RGC/Reff < 1. For the dwarf

galaxies in the Fornax cluster (Prole et al. 2019), the

approach to estimate the number of GCs is similar to

ours, employing Bayesian consideration by taking the

background contamination into account. Therefore, the

selection function should be comparable.
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Figure 10. The specific frequency of the Coma cluster
dwarfs (Lim et al. 2018) and the UDG MATLAS-2019 (this
work). The specific frequency of MATLAS-2019 in this plot
is estimated with the same corrections as applied in Lim et al.
(2018) to make a direct comparison possible. The color bar
indicates the effective surface brightness of the galaxies. The
dashed lines correspond to specific frequencies with a con-
stant number of GCs, starting with one GC and then steps
of 10 GCs, until 100 GCs is reached.

Other well studied UDGs with a high specific fre-

quency are VCC 1287, NGC 1052-DF2, and DF44. Com-

pared to those, MATLAS-2019 has the highest num-

ber of GCs and the highest specific frequency. With

the low uncertainty of our measurement we can claim

that MATLAS-2019 is extraordinary when it comes to

the abundance of GCs and possibly represents an upper

limit of the number of GCs in UDGs – at least within

our current knowledge. MATLAS-2019 was initially se-

lected for follow-up studies as having the highest number

of GC candidates in the MATLAS survey. This in prin-

ciple suggests that we should not expect many UDGs

in that sample having a higher abundance of GCs. The

fact that MATLAS-2019 has such a high abundance is

thus not very surprising. It also suggests that UDGs of

the failed Milky Way type may be rare (at least based on

environments probed by MATLAS), as we would expect

them to harbour about 100 GCs or more (van Dokkum

et al. 2016).

5. THE DARK MATTER MASS

The number of GCs in a system offers a means to esti-

mate the virial mass of UDGs (Beasley et al. 2016). The

virial mass of a galaxy scales linearly with the number

of GCs over 6 orders of magnitude (Harris et al. 2013;

Burkert & Forbes 2020), the relation only flattens for

halos smaller than 1010 M�. According to Harris et al.

(2017), the virial mass Mhalo of a galaxy is connected to

the total mass of the GC system MGC with:

MGC/Mhalo = 2.9× 10−5 (10)

Assuming a mean mass of a GC to be 1 × 105 M� for

dwarf galaxies (Harris et al. 2017), this yields a GC sys-

tem mass of MGC = 2.6 ± 0.6 × 106 M� and a halo

mass of Mhalo = 9 ± 2 × 1010 M� for MATLAS-2019.

This is above the expected range of bright dwarf galax-

ies (Mhalo = [1.5, 5.0] × 1010 M�, Behroozi et al. 2013;

Read et al. 2017; Bullock & Boylan-Kolchin 2017) but

also below the mass of the LMC with 2.5 × 1011 M�
(Peñarrubia et al. 2016; Erkal & Belokurov 2020) by a

factor of three, i.e. it’s somewhere between the brightest

dwarfs and LMC-like galaxies. With an absolute mag-

nitude of −14.1 ± 0.2 mag in the V band4, this gives

a mass-to-light ratio of Mhalo/LV = 1260+868
−555 M�/L�.

The high number of GCs suggests a rather massive halo

of dark matter for the galaxy’s stellar mass, but not that

of a failed Milky Way – in comparison, the Milky Way

is more than ten times more massive with a virial mass

of 1.3± 0.3× 1012 M� estimated through its GCs (Posti

& Helmi 2019).

4 The apparent magnitude provided in Müller et al. (2020) was off
due to an error in the photometric calibration of the zero point.
This explains the discrepancy in the photometry between Müller
et al. (2020) and Forbes et al. (2021). The correct apparent V
band magnitude measured on the MATLAS data is 17.44 mag,
which is consistent with the value of 17.48 mag from Forbes et al.
(2021).
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Finally, we present all relevant properties of

MATLAS-2019 in Table 2.

Table 2. The photometric and the derived properties of
MATLAS-2019.

MATLAS-2019 Reference

RA (J2000.0) 15:05:20.34 (1)

Dec (J2000.0) +01:48:44.9 (1)

mV (mag) 17.44 (2)

µeff,V (mag/arcsec2) 25.6 (2)

reff (arcsec) 17.2 (2)

Sérsic n 0.73 (2)

g − r (mag) 0.59 (2)

g − i (mag) 0.85 (2)

ellipticity e 0.10 (2)

vsys 2156.0±9.4 (3)

D (Mpc) 20.7+2.3
−2.1 (1)

MV (mag) −14.1±0.2 (1)

reff (kpc) 1.7±0.2 (1)

σGCs (km/s) 9.4+7.0
−5.4 (3)

σstellar (km/s) 17±2 (4)

[Fe/H] −1.33+0.19
−0.01 (3)

age 11.2+1.8
−0.8 (3)

NGC 26±6 (1)

SN 58±14 (1)

Mhalo/LV (M�/L�) 1260+868
−555 (1)

Note—The references are: (1) this work; (2) Poulain et al.
(2021); (3) (Müller et al. 2020); and (4) (Forbes et al. 2021).

6. DISCUSSION AND CONCLUSIONS

The discovery of the ultra-diffuse galaxy MATLAS-

2019 in the MATLAS deep imaging survey was followed-

up with MUSE spectroscopy. While the metallicity and

age estimation of the stellar body is consistent with that

of other dwarf galaxies, the number of luminous GCs

seemed to be too high and the measured velocity dis-

persion suggested a low dark matter content within this

galaxy. To assess these two issues, we have observed

MATLAS-2019 with the HST using two band imaging.

These observations revealed a large population of 26±6

GC candidates associated with MATLAS-2019 with V

band magnitudes that follow a normal distribution, as

expected from a well-populated GCLF. This would solve

the question about the luminous GCs – they are sim-

ply the bright end of the GCLF. We derive a specific

frequency of SN = 58 ± 14, which is at the high end

of the measurements of other dwarf galaxies and may

therefore be one of the UDGs with the largest num-

ber of GCs. This is expected, since MATLAS-2019 was

selected for follow-up observations because it had the

highest number of possible GCs based on ground-based

observations of over 2000 dwarf galaxies in the MAT-

LAS survey. This, however, also suggests that failed

Milky Way type galaxies, which were proposed as one

of the origins for UDGs, may be relatively rare in the

environments we have probed with MATLAS, because

we would expect them to have over 100 GCs. If the

UDG with the highest number of potential GCs in the

MATLAS survey has only a fraction of the number of

GCs to be considered a failed Milky Way type galaxy,

it is unlikely that other UDGs in this survey are of this

type.

Because the GCs are partially resolved with the su-

perior image quality of space-based telescopes like the

HST, we were able to measure their sizes. All GCs are

consistent with the sizes expected from the GCs of the

Local Group.

What can we learn about the history of MATLAS-

2019 from the abundance of GCs? This low-surface

brightness galaxy must have had high-density star for-

mation and a high star formation rate to form such mas-

sive GCs as we observe today. And while much of the

mass was locked up in GCs, the remaining stars must

have spread out to form such a diffuse galaxy. Carleton

et al. (2021) suggested based on simulations of cluster

UDGs that they may have an excess of GCs due a combi-

nation of a) a higher star formation rate density at high

redshift, when most of their star formation occurred,

and b) earlier cluster infall times, shutting down the

star formation. Because they would fall in earlier, they

will experience more tidal effects enlarging the galaxies.

While MATLAS-2019 is not in a cluster, the NGC 5846

group of galaxies is a dense galactic environment, so this
model may provide an avenue to understand the forma-

tion history of MATLAS-2019.

The number of GCs correlates linearly with the virial

mass of a galaxy. This idea has its origins in the forma-

tion of galaxies through minor mergers: the more merg-

ers a halo experienced, the more mass and the more

GCs it accreted. Following such a trend, MATLAS-

2019 with its 26 most likely GC candidates would host a

vastly dark matter dominated halo with a mass-to-light

ratio of over 1000. This provides grounds to state that

MATLAS-2019 is not lacking dark matter, on the con-

trary, it possesses a massive dark matter halo compared

to other dwarf galaxies.
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Lim, S., Peng, E. W., Côté, P., et al. 2018, ApJ, 862, 82,

doi: 10.3847/1538-4357/aacb81
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Mart́ınez-Delgado, D., Läsker, R., Sharina, M., et al. 2016,

AJ, 151, 96, doi: 10.3847/0004-6256/151/4/96

McGaugh, S. S., & Bothun, G. D. 1994, AJ, 107, 530,

doi: 10.1086/116874

McGaugh, S. S., & Wolf, J. 2010, ApJ, 722, 248,

doi: 10.1088/0004-637X/722/1/248

Mihos, J. C., Harding, P., Feldmeier, J. J., et al. 2017, ApJ,

834, 16, doi: 10.3847/1538-4357/834/1/16

Mihos, J. C., Durrell, P. R., Ferrarese, L., et al. 2015,

ApJL, 809, L21, doi: 10.1088/2041-8205/809/2/L21

Müller, O., & Jerjen, H. 2020, A&A, 644, A91,

doi: 10.1051/0004-6361/202038862

Müller, O., Jerjen, H., & Binggeli, B. 2015, A&A, 583, A79,

doi: 10.1051/0004-6361/201526748

—. 2017, A&A, 597, A7, doi: 10.1051/0004-6361/201628921

—. 2018, A&A, 615, A105,

doi: 10.1051/0004-6361/201832897

Müller, O., Marleau, F. R., Duc, P.-A., et al. 2020, A&A,

640, A106, doi: 10.1051/0004-6361/202038351

Müller, O., Fahrion, K., Rejkuba, M., et al. 2021, A&A,

645, A92, doi: 10.1051/0004-6361/202039359

Ogiya, G. 2018, MNRAS, 480, L106,

doi: 10.1093/mnrasl/sly138

Park, H. S., Moon, D.-S., Zaritsky, D., et al. 2017, ApJ,

848, 19, doi: 10.3847/1538-4357/aa88ab
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Table 3. All detected GC-like sources within 1.75 effective radius of MATLAS-2019, of which we estimate that 37 are real GC
associated with MATLAS-2019. For the calculation of rh in parsec we used a distance modulus of 31.56 derived from the peak
of the GCLF. The asterics denotes whether the GC was listed in Müller et al. (2020). The magnitudes are extinction corrected.
The errors for the absolute V band magnitudes are a combination of the photometric error and the uncertainty in the distance
modulus, which dominates the error.

# RA Dec F606W F606W - F814W MV rh rh rc rt dcenter

(J2000.0) (J2000.0) (mag) (mag) (mag) (arcsec) (pc) (arcsec) (arcsec) (arcsec)

1 226.328690 1.811024 24.557±0.041 0.739±0.050 -6.87±0.47 0.058±0.004 5.8±0.3 0.025±0.004 0.438±0.086 22.5

2 226.329288 1.816956 25.800±0.142 0.686±0.196 -5.63±0.49 0.291±0.032 29.0±3.1 0.148±0.019 1.093±0.311 25.5

3 226.329752 1.811939 25.147±0.073 0.675±0.107 -6.28±0.48 0.082±0.011 8.2±1.1 0.019±0.004 1.111±0.584 18.1

4∗ 226.329915 1.811463 23.674±0.017 0.699±0.024 -7.75±0.47 0.038±0.002 3.8±0.2 0.003±0.001 2.209±0.925 17.8

5 226.330024 1.814198 24.089±0.023 0.717±0.029 -7.34±0.47 0.021±0.003 2.1±0.2 0.008±0.003 0.275±0.058 18.1

6 226.330036 1.810074 24.123±0.019 0.669±0.030 -7.30±0.47 0.045±0.003 4.5±0.2 0.014±0.003 0.342±0.058 19.1

7 226.330482 1.812385 24.475±0.038 0.678±0.047 -6.95±0.47 0.006±0.900 0.6±89.7 0.009±0.156 0.034±0.385 15.4

8 226.330594 1.812373 24.449±0.036 0.653±0.045 -6.98±0.47 0.004±0.009 0.4±0.8 0.016±0.043 0.088±0.116 15.0

9∗ 226.331081 1.810577 24.128±0.019 0.650±0.030 -7.30±0.47 0.062±0.004 6.2±0.3 0.015±0.002 0.783±0.140 14.9

10 226.331100 1.813403 24.361±0.033 0.774±0.041 -7.07±0.47 0.035±0.003 3.5±0.3 0.014±0.004 0.305±0.066 13.6

11 226.331323 1.812492 25.081±0.071 0.689±0.107 -6.35±0.48 0.070±0.006 7.0±0.6 0.023±0.005 0.573±0.195 12.4

12∗ 226.331332 1.815083 23.382±0.009 0.715±0.021 -8.05±0.47 0.042±0.002 4.1±0.1 0.003±0.000 49.999±0.000 15.5

13 226.331693 1.819393 25.653±0.119 0.795±0.166 -5.77±0.48 0.130±0.028 12.9±2.7 0.043±0.013 0.612±0.327 27.3

14 226.331837 1.811076 24.157±0.020 0.703±0.030 -7.27±0.47 0.024±0.002 2.4±0.2 0.013±0.004 0.242±0.051 11.7

15 226.332161 1.810717 25.613±0.117 0.665±0.169 -5.81±0.48 0.056±0.007 5.6±0.7 0.033±0.021 0.240±0.124 11.3

16 226.332456 1.808513 24.655±0.038 0.569±0.067 -6.77±0.47 0.001±0.000 0.0±0.0 0.005±0.248 0.025±0.477 16.5

17 226.332657 1.813898 25.014±0.059 0.586±0.100 -6.41±0.47 0.026±0.005 2.6±0.5 0.015±0.016 0.176±0.112 9.2

18 226.332700 1.809457 25.032±0.062 0.853±0.095 -6.40±0.47 0.056±0.009 5.6±0.8 0.011±0.003 0.732±0.353 13.1

19 226.332765 1.815702 25.654±0.119 0.776±0.166 -5.77±0.48 0.155±0.087 15.5±8.7 0.021±0.006 1.010±0.802 13.7

20 226.332857 1.812632 24.438±0.035 0.684±0.043 -6.99±0.47 0.018±0.003 1.8±0.2 0.008±0.006 0.190±0.080 6.9

21 226.333213 1.817496 25.073±0.070 0.639±0.107 -6.35±0.48 0.024±0.004 2.4±0.4 0.018±0.024 0.148±0.108 18.9

22∗ 226.333478 1.811035 23.159±0.008 0.663±0.013 -8.27±0.47 0.017±0.001 1.7±0.1 0.004±0.001 0.503±0.052 6.9

23 226.333592 1.815197 25.063±0.068 0.793±0.099 -6.36±0.47 0.031±0.004 3.1±0.4 0.024±0.024 0.156±0.093 10.7

24 226.333624 1.815683 24.758±0.048 0.543±0.082 -6.67±0.47 0.022±0.005 2.2±0.5 0.005±0.003 0.431±0.166 12.3

25∗ 226.333800 1.810589 23.217±0.016 0.723±0.019 -8.21±0.47 0.013±0.001 1.2±0.0 0.006±0.003 0.151±0.034 7.6

26∗ 226.333895 1.812363 22.510±0.014 0.688±0.017 -8.92±0.47 0.035±0.001 3.5±0.0 0.003±0.000 2.233±0.328 3.1

27 226.333997 1.810966 25.012±0.059 0.719±0.094 -6.42±0.47 0.042±0.004 4.1±0.4 0.009±0.004 0.568±0.254 6.1

28 226.334056 1.810118 23.834±0.016 0.675±0.024 -7.59±0.47 0.024±0.002 2.4±0.2 0.007±0.002 0.298±0.050 8.8

29∗ 226.334511 1.812922 22.237±0.003 0.695±0.006 -9.19±0.47 0.060±0.001 6.0±0.1 0.005±0.000 2.748±0.322 1.9

30 226.334833 1.809974 25.643±0.118 0.526±0.180 -5.78±0.48 0.026±0.010 2.6±1.0 0.019±0.040 0.152±0.181 9.0

31 226.335019 1.810862 24.548±0.040 0.711±0.053 -6.88±0.47 0.017±0.004 1.7±0.4 0.019±0.015 0.134±0.059 5.9

32∗ 226.335134 1.813640 23.105±0.009 0.729±0.018 -8.32±0.47 0.028±0.001 2.8±0.1 0.003±0.001 0.779±0.094 4.4

33 226.335388 1.818917 26.168±0.165 0.807±0.226 -5.26±0.50 0.001±0.422 0.0±42.1 0.006±0.928 0.036±3.564 23.3

34∗ 226.335522 1.812527 23.761±0.015 0.747±0.020 -7.67±0.47 0.007±0.002 0.7±0.2 0.017±0.018 0.096±0.050 2.7

35 226.335539 1.816354 25.390±0.107 0.822±0.141 -6.04±0.48 0.160±0.021 15.9±2.0 0.058±0.007 1.264±0.512 14.3

36∗ 226.335632 1.811585 22.953±0.006 0.689±0.011 -8.47±0.47 0.038±0.001 3.8±0.1 0.003±0.000 2.184±0.414 4.5

37∗ 226.335770 1.813566 23.734±0.015 0.717±0.020 -7.69±0.47 0.001±0.220 0.0±21.9 0.010±0.065 0.048±0.166 5.4

38 226.336036 1.812193 25.473±0.107 0.574±0.158 -5.95±0.48 0.118±0.014 11.8±1.4 0.034±0.006 1.176±0.618 4.7

39∗ 226.336431 1.815219 23.318±0.009 0.760±0.012 -8.11±0.47 0.013±0.002 1.3±0.2 0.017±0.008 0.117±0.029 11.6

40∗ 226.336516 1.817465 22.940±0.006 0.688±0.011 -8.49±0.47 0.023±0.001 2.3±0.1 0.003±0.001 0.717±0.076 19.1

41 226.336918 1.811995 25.928±0.147 0.653±0.210 -5.50±0.49 0.210±0.149 20.9±14.9 0.026±0.007 4.631±14.363 7.9

42 226.336924 1.818362 26.095±0.155 0.494±0.223 -5.33±0.49 0.126±0.013 12.5±1.3 0.361±0.918 0.275±0.092 22.6

43 226.337516 1.817296 24.386±0.034 0.616±0.043 -7.04±0.47 0.028±0.003 2.8±0.3 0.005±0.002 0.528±0.142 20.0

44 226.338322 1.818318 24.729±0.045 0.652±0.070 -6.70±0.47 0.049±0.005 4.8±0.5 0.008±0.002 0.721±0.266 24.6

45 226.340142 1.817091 24.735±0.046 0.514±0.081 -6.69±0.47 0.001±0.317 0.0±31.5 0.008±0.269 0.036±0.816 25.5

46 226.340199 1.810136 25.933±0.147 0.767±0.202 -5.49±0.49 0.120±0.014 12.0±1.4 0.054±0.010 1.423±0.990 21.3

47 226.340572 1.809045 24.764±0.049 0.743±0.069 -6.66±0.47 0.075±0.005 7.5±0.5 0.017±0.003 0.772±0.229 24.3

48 226.340587 1.814754 25.803±0.143 0.817±0.188 -5.62±0.49 0.001±0.000 0.0±0.0 0.002±0.000 49.999±0.000 22.5

49 226.341214 1.811742 25.313±0.098 0.713±0.138 -6.12±0.48 0.114±0.008 11.3±0.8 0.043±0.007 0.600±0.173 23.4
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