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A B S T R A C T 

Accurate distances are key to obtaining intrinsic properties of astronomical objects such as luminosity or size. Globular clusters 
(GCs) follow a well-defined relation between their absolute magnitudes and internal stellar velocity dispersions ( σ ), offering 

an independent way to measure distances to their host galaxies via high-resolution spectroscopy. This is reminiscent of the 
‘Faber–Jackson’ for elliptical galaxies. Ho we ver, unlike galaxies, GCs have a very narrow range of mass-to-light ratios and 

simple star formation histories. Here, we show that the GC M V −log 10 ( σ ) relation is linear, whose slope is identical for the 
Milky Way and M31 GC systems. Based on this, we use 94 Milky Way GCs which have distances from GAIA parallaxes, 
or proper-motion dispersion profiles to derive a ‘GC velocity dispersion’ distance (GCVD) to M31, obtaining ( m − M ) 0 = 

24.51 ± 0.08 ( d = 798 ± 28 kpc), in excellent agreement with independent measurements. Combining data for these two 

galaxies to create a fiducial relation using 296 GCs with high-quality measurements, we obtain a zero-point uncertainty ( ±0.06 

mag) corresponding to a distance uncertainty of ∼ 3 per cent . We then use GCVD to obtain a distance to the giant elliptical 
galaxy NGC 5128 (Centaurus A), finding ( m − M ) 0 = 27.95 ± 0.09 ( d = 3.89 ± 0.16 Mpc). This is in excellent agreement with, 
and in some cases more precise than, literature estimates from the tip of the red giant branch or surface brightness fluctuations. 
We apply GCVD to Local Group galaxies with appropriate data and find good agreement with literature values even in cases 
with only one GC velocity dispersion measurement. 

Key words: globular clusters: general – galaxies: distances and redshifts – galaxies: fundamental parameters. 
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 I N T RO D U C T I O N  

he problem of measuring distances is a fundamental one in 
stronomy. Without precise distances, intrinsic properties such as 
hysical size and luminosity cannot be determined. As such, a 
lethora of distance measurement techniques have been developed. 
ost commonly, astronomical objects are identified which have 

nown intrinsic luminosities and therefore act as standard candles. 
hese include, but are not limited to, exploding stars in the case of
upernovae (SNe; Riess, Press & Kirshner 1996 ), variable stars such 
s Cepheids (Madore & Freedman 1991 ), the tip of the red giant
ranch (TRGB) in evolved stellar populations (Lee, Freedman & 

adore 1993 ), the turno v er of the globular cluster luminosity
unction (Harris & Racine 1979 ), surface brightness fluctuations 
SBFs; Tonry & Schneider 1988 ), late-type galaxies in the Tully–
isher relation (Tully & Fisher 1977 ), and early-type galaxies in the
aber–Jackson relation (Minkowski 1962 ; Faber & Jackson 1976 ). 
Aside from the important task of understanding the physical 

roperties of relatively nearby galaxies, some of the techniques 
entioned abo v e also act as ‘rungs’ of distance ladders used to
 E-mail: mike y.beasle y@gmail.com 
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easure the Hubble constant ( H 0 ). Indeed, the need for both accurate
nd precise distances has increasingly come into focus, especially 
iven the apparent discrepancy between measurements of H 0 locally, 
nd that predicted from fits to the cosmic microwave background 
coustic power spectrum (the so-called Hubble tension; e.g. Di 
alentino et al. 2021 ). 
In this context an interesting example is the widespread use of the

RGB to anchor distances to nearby SN Ia host galaxies. The TRGB
s often a distance measurement of choice due to its potentially
igh statistical precision and ubiquity in old stellar populations 
Lee, Freedman & Madore 1993 ). Ho we ver, the TRGB in individual
alaxies has been shown to vary by up to 0.2 mag, possibly due
o variations in the stellar populations probed in the host galaxy
e.g. Barker, Sarajedini & Harris 2004 ; McQuinn et al. 2019 – but
ee Madore et al. 2023 for a more optimistic view). Therefore, the
e velopment of alternati ve approaches to measuring distances is a
orthwhile pursuit. 
It has been known for some time that globular clusters (GCs) in

he Milky Way follow a relation between their absolute magnitudes 
nd internal stellar velocity dispersions ( σ ) (e.g. Dubath & Grillmair
997 ). This stems from the Virial theorem; the random motions of
tars in GCs increase with mass and, for a given mass-to-light ratio,
ore massive GCs are more luminous. Therefore, like the Faber–
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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ackson relation for early-type galaxies, the M x −σ relation (where
 x indicates absolute magnitude in an y giv en band) for GCs can

e used as a distance indicator. This possibility was first explored
y Paturel & Garnier ( 1992 ), who measured distances to the Large
agellanic Cloud (LMC) and M31 based on 18 Milky Way GCs. 
On deeper consideration, obtaining distances using GC stellar

elocity dispersions has a number of advantages over using galaxy
elocity dispersions. Unlike galaxies, GCs generally occupy a very
arrow range of mass-to-light ratios (e.g. Strader, Caldwell &
eth 2011 ; Baumgardt & Hilker 2018 ), fundamentally limiting the

ntrinsic scatter in M x −σ . In addition, GCs, unlike galaxies, are
enerally uniformly old and hav e relativ ely simple star formation
istories, reducing the potential for systematic deviations from the
elation. Finally, GCs are seen in nearly all galaxies irrespective
f mass and morphological type, and show very similar physical
roperties among these galaxies (Brodie & Strader 2006 ; Beasley
020 ). This suggests that distances obtained using GC M x − σ are
ot restricted to any given galaxy type, and GC velocity dispersions
otentially offer the promise of a distance measurement unbiased by
alaxy mass, morphological type or stellar population. 

While the measurement of a single velocity dispersion for a GC
an, in principle, yield a distance to the GC (and therefore its host
alaxy), perhaps the true power of using GCs comes from the fact
hat in many galaxies they constitute populous systems. Even low-

ass dwarfs can hav e relativ ely rich of systems of GCs, while most
assive giant ellipticals may have tens of thousands (e.g. Harris,
arris & Alessi 2013 ). As we will show, using an ensemble of
C velocity dispersions in an M x −σ relation can reduce statistical
ncertainties on the distance to levels competitive with ‘primary’
istance indicators such as the TRGB and SBF. 
In the following, we explore in some detail the potential of ‘GC

elocity dispersion’ (GCVD) distances. In Section 2 , we introduce
nd discuss the principal data we use for our analysis. In Section 3 , we
onstruct GC samples for the Milky Way and M31 to show that their
 V −σ relations are statistically identical. We use the M V −σ relation

or the Milky Way to measure an independent distance to M31, and
hen combine these samples to make a fiducial relation. We apply
his fiducial relation to determine the distance to the nearby massive
lliptical galaxy Centaurus A (NGC 5128) in addition to a number
f Local Group galaxies which have available data. In Section 4 , we
iscuss some of the possible systematic uncertainties of GCVD, and
lso look at areas for potential impro v ements in the method. Finally,
n Section 5 , we summarize our work and look at some potential
pplications of GCVD. 

 DATA  

.1 Milky Way GC sample 

ue to their relative proximity, the stellar velocity dispersions of
ilky Way GCs are generally obtained from velocity measurements

f individual stars. This presents a number of observational chal-
enges and has led to a situation where different studies are not al w ays
irectly comparable. Given this situation, we decided to draw our
ntire Milky Way GC sample from Baumgardt & Hilker ( 2018 ) who
easured mass-weighted central velocity dispersions and dispersion

rofiles for 112 GCs in a homogeneous manner. Central velocity
ispersions were determined based on N -body fits to individual stellar
elocities and surface brightness profiles of the GCs. The stellar
elocities were obtained from a variety of instruments including
LAMES, UVES, X-Shooter and FORS2 on VLT, and DEIMOS,
NRAS 527, 5767–5775 (2024) 
IRES and NIRSPEC on Keck. Please refer to Baumgardt & Hilker
 2018 ) for the original sources of these data. 

From this sample, we remo v ed GCs with v ery low v elocity
ispersions ( σ < 1.5 km s −1 ) which have little leverage on overall
istance estimates but add to the scatter in the relation (see Sec-
ion 3.1 ). This cut left us with 94 Milky Way GCs. In addition to
he velocity dispersion data, we use extinction-corrected absolute V -
and magnitudes and M / L V ratios, derived in a homogeneous manner,
ased on either distances from Gaia DR2/DR3 parallaxes, or proper
otion kinematics (Baumgardt & Vasiliev 2021 ), or the literature

Baumgardt, Sollima & Hilker 2020 ). The final sample of Milky
ay GCs has 1.35 ≤ M / L V ≤ 3.15 with a mean M / L V = 1.87. 

.2 M31 GC sample 

e base our M31 sample on the catalogue of Strader, Caldwell &
eth ( 2011 ) who measured central and global dispersions for 200
31 GCs using high-resolution, integrated light spectroscopy with
MT/Hectoechelle. Of this sample, we use 194 GCs that have M / L V 

easurements. We have included an additional 7 outer halo GCs
rom Sakari et al. ( 2015 ), as well as the massive, metal-poor M31
C Ext 8 (Larsen et al. 2022 ). This leaves us with a total of 202 M31
Cs. The original V -band magnitudes and extinction values used in
trader, Caldwell & Seth ( 2011 ) were taken from the catalogues of
aldwell et al. ( 2009 , 2011 ), which are themselves revisions of the
atalogues from the ‘Bologna Group’ (Galleti et al. 2006 ). We note
hat the minimum velocity dispersion for GCs in the M31 sample is
.1 km s −1 , which is slightly abo v e our cuts for the Milky Way GCs
see Section 2.1 ). The M31 GCs considered here have 0.27 ≤ M / L V 

4.05 with a mean M / L V = 1.62. 

.3 Centaurus A (NGC 5128) 

tellar velocity dispersion data exists for a good number of GCs
n NGC 5128 from the works of Taylor et al. ( 2015 ) (115 GCs)
nd Dumont et al. ( 2022 ) (57 GCs). Dumont et al. ( 2022 ) present
lobal v elocity dispersions, fore ground e xtinction-corrected V -band
bsolute magnitudes and M / L V for 57 luminous GCs in NGC 5128.
ince absolute magnitudes are given, we converted back to GC V -
and apparent magnitudes using the distance assumed in the paper
( m − M ) 0 = 27.91). In the Dumont et al. ( 2022 ) study, one object
VH81-01) – the most massive in their sample – was identified with
/L V = 7 . 16 + 1 . 16 

−1 . 0 . By comparison, the rest of the sample has mean
 / L V = 2.1 ± 0.3. Therefore, to create a data set comparable to our

ducial sample in terms of M / L V , we exclude this cluster leaving us
ith 56 GCs. We note, ho we ver, that including or excluding VH81-01
as a negligible impact on our analysis. 

In contrast, Taylor et al. ( 2015 ) find a significant number of
GC 5128 GCs which appear to have ele v ated M / L V ratios. For

he combined Milky Way + M31 sample, there are no GCs with
 / L V > 4.05, whereas there are 37 GCs with M / L V larger than this

alue in the Taylor et al. ( 2015 ) sample. While the most massive
C-like objects are sometimes seen to have slightly ele v ated M / L V 

perhaps indicating that they are in fact stripped nuclei of dwarf
alaxies which harbour massive black holes (e.g. Ahn et al. 2018 )
those in Taylor et al. ( 2015 ) are not necessarily the most massive

nd, in some cases, have M / L V � 10. It is presently not clear what
hese objects are, although we note that several papers (e.g. Voggel
t al. 2018 ; Dumont et al. 2022 ) have questioned the reliability of
he M/L from some of the lower S/N data from Taylor et al. 2015 . In
iew of the abo v e, we hav e selected to only use the data of Dumont
t al. ( 2022 ). 
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Figure 1. Relation between M V and velocity dispersion for Milky Way GCs 
(dark grey) and M31 GCs (orange), the latter converted to absolute magnitudes 
via GCVD (see the text). The lines represent the linear relations for the 
GCs as determined from MCMC. The shaded bands indicate the 16th, 84th 
percentile confidence intervals from MCMC. Milky Way GCs excluded from 

the analysis are shown as faint grey symbols (see Section 2.1 ). Note that the 
uncertainties on M V are in many cases smaller than the symbol size. 
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 ANALYSIS  

.1 A fiducial relation 

ur first goal is to create a fiducial relation between absolute 
agnitude and velocity dispersion based on the Milky Way and M31

ata. The inclusion of the M31 GCs is desirable since it extends the
elation to both higher σ , and also higher metallicity. Both these 
ualities are useful when applying our methodology to massive 
alaxies in particular. 

To be able to combine the two data sets into a single fiducial
elation, we need to demonstrate that both systems obey similar 
caling relations. In addition, to be of maximum utility as an 
xtragalactic distance measurement, we wish to use global velocity 
ispersion measurements (i.e. the dispersion averaged over the entire 
luster) rather than central measurements, since the former is what 
s observable in unresolved GCs. Moreover, the M31 data need to 
e corrected to absolute magnitudes in such a way that they are
ndependent of other distance measurements. 

To obtain global velocity dispersions ( σ gl ) for the Milky Way data,
e have applied the virial theorem (e.g. Dubath & Grillmair 1997 ): 

2 
gl = 

M vir G 

7 . 5 r hm 

, (1) 

where M vir is the virial mass – which we equate to the total mass
iven in Baumgardt & Hilker ( 2018 ) – and r hm 

is the half-mass
adius, again taken from Baumgardt & Hilker ( 2018 ). The correction
rom central to global velocity dispersion goes in the sense that σ gl 

s al w ays lower than the central v elocity dispersion by an av erage of
23 per cent . For subsequent corrections, we derive a convenience 

unction in the form of a linear model σ gl = a + b σ cen , where σ cen is
he central velocity dispersion. An unweighted, linear least-squares 
t yields a = 0.085 ± 0.064 and b = 0.752 ± 0.009. We apply this
orrection to the Milky Way data and any subsequent data which 
onsists of central velocity dispersions in the absence of aperture 
ffects. The uncertainties in the correction are propagated into the 
otal uncertainty for the corrected velocity dispersions and are of 
rder ∼0.1 km s −1 . 
The corrected Milky Way GC data are shown in Fig. 1 . Inspection

f the figure indicates that the data can be well-approximated by a
inear model: 

 V = β0 + β1 log 10 ( σgl ) , (2) 

here β0 is the zero-point and β1 the slope of the relation. 
After some experimentation, we elected to use an MCMC en- 

emble sampler ( EMCEE ; F oreman-Macke y et al. 2013 ) to determine
he most likely values and uncertainties for β0 and β1 . We adopt a
aussian likelihood function and include uncertainties in both σ gl 

nd M V . Our initial guess for the starting parameters and priors
or MCMC were determined from ordinary linear least-squares. We 
hose uniform priors in the range −10 < β0 < 31, and −10 < β1 <

, with a burn-in of 100. The large range in β0 encompasses distances
rom the Milky Way out to approximately 100 Mpc. We ran 10 000
hains and the uncertainties on the parameters are given as the 16th
nd 84th percentiles of the resulting distributions. 1 We tested that the 
CMC had converged in several ways. We examined output plots of

hains to ensure the absence of any obvious drifts or trends. We also
ested for a stable output posterior distribution by starting the chains 
rom different initial conditions and different chain lengths. 
 Python code for GCVD is available at https:// github.com/ mike ybeasle y/ 
CVD 

f
t
n
c

The results for the Milky Way and M31 are given in Table 1 .
e find that, within the (1 σ ) uncertainties on the parameters, the

lopes for the Milky Way and M31 relations are identical. This is
o be expected since the GCs in both galaxies have very similar
 / L V ratios (see Section 2 ). While cannot claim that statistically

he two samples are drawn from the same parent population, the
 V −log 10 ( σ ) relations of the Milky Way and M31 samples do appear

o be indistinguishable given the present uncertainties. 
In principle, we can use the zero-point returned from MCMC

or M31 to obtain a distance to this galaxy. Ho we ver, precision is
mpro v ed significantly if we fix the slope of the relation to that of
he Milky Way, and re-run MCMC. This new zero-point for M31
s given in Table 2 , where we see that the precision is impro v ed
y a factor of ∼3. By fixing the slope, the intercept ( β0 ) of M31
n conjunction with the zero-point of the Milky Way relation then
ields the distance to the galaxy. We fix the slope of the M31 GCs 2 

o β1 = −4.72, the value from the Milky Way relation, and obtain a
ero-point of β0 = 20 . 019 + 0 . 029 

−0 . 028 (see Table 2 ). 
Since the M31 V -band magnitudes are already corrected for 

oreground reddening, we then convert to a distance modulus via 

 m − M) 0 = β0 (galaxy) − β0 (fiducial) , (3) 

here in this case β0 ( galaxy ) corresponds to the zero-point of M31
nd β0 ( fiducial ) corresponds to the zero-point of the Milky Way
Cs. Here, we find, ( m − M ) 0 (M31) = 24.51 ± 0.08 mag, or d =
98 ± 28 kpc. This value is in excellent agreement with literature
stimates (Table 2 ). The M31 GCs, shifted by this distance modulus,
re compared to the Milky Way GCs in Fig. 1 . 

The figure indicates very similar relations for the Milky Way and
31, the principal difference being that the M31 GCs extend to

igher values of σ gl . Given the similarities of the two relations,
MNRAS 527, 5767–5775 (2024) 

unction. In principle, we could have also done this by setting the prior on β1 

o a very narrow range about the fiducial value, but in practice, this pro v ed 
umerically awkward—in particular when it came to producing the likelihood 
ontours and confidence intervals. 

https://github.com/mikeybeasley/GCVD
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M

Table 1. Results for MCMC parameters for Milky Way and M31. 

GC Sample N. GCs β0 β1 

Milky Way 94 −4 . 49 + 0 . 05 
−0 . 05 −4 . 72 + 0 . 06 

−0 . 06 

M31 202 20 . 011 + 0 . 09 
−0 . 10 −4 . 77 + 0 . 10 

−0 . 09 

Milky Way + M31 metal poor 151 −4 . 60 + 0 . 08 
−0 . 08 −4 . 66 + 0 . 09 

−0 . 08 

Milky Way + M31 metal rich 135 −4 . 37 + 0 . 12 
−0 . 13 −4 . 79 + 0 . 14 

−0 . 13 

Fiducial (Milky Way + M31) 296 −4 . 49 + 0 . 04 
−0 . 04 −4 . 73 + 0 . 05 

−0 . 05 

Table 2. Results for MCMC parameters and distances for M31, Centaurus A and Local Group dwarfs. 

Galaxy N. GCs β0 ( m − M ) 0 d NED median (std. dev.) m − M 

(mag) (mag) (Mpc) (mag) 

M31 202 20.019 ± 0.029 24.509 ± 0.076 0.798 ± 0.028 24.45 (0.23) 
Centaurus A 56 23.458 ± 0.062 27.948 ± 0.089 3.887 ± 0.163 27.82 (0.36) 
LMC 8 14.072 ± 0.185 18.562 ± 0.196 0.053 ± 0.005 18.48 (0.16) 
M33 4 19.991 ± 0.170 24.481 ± 0.182 0.787 ± 0.069 24.67 (0.35) 
NGC 147 4 20.001 ± 0.253 24.491 ± 0.261 0.791 ± 0.101 24.29 (0.36) 
Fornax dSph 3 16.242 ± 0.187 20.732 ± 0.198 0.140 ± 0.013 20.76 (0.41) 
NGC 6822 2 19.347 ± 0.373 23.837 ± 0.370 0.585 ± 0.110 23.40 (0.60) 
SMC 1 14.148 ± 0.232 18.638 ± 0.241 0.053 ± 0.006 18.93 (0.27) 
WLM 1 20.353 ± 0.270 24.843 ± 0.279 0.930 ± 0.127 24.92 (0.46) 
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Figure 2. Relation between M V and velocity dispersion for the metal-poor 
(blue) and metal-rich (red) combined Milky Way and M31 samples. The 
lines represent the linear relations and confidence intervals for each of the 
populations as determined from MCMC. Uncertainties on individual data 
points are omitted for clarity. 

a  

s  

w  

w  

b
 

fi  

o  

β  

z  

e  

m  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/5767/7424997 by R
adboud U

niversiteit N
ijm

egen user on 08 January 2024
e combine the Milky Way and M31 samples (with M31 shifted
y our distance determination) into a single ‘fiducial relation’
otalling 296 GCs. Our MCMC determinations for β0 and β1 

or this fiducial relation are listed in Table 1 . We find a zero-
oint, β0 = −4 . 49 + 0 . 04 

−0 . 04 , which corresponds to a statistical distance
ncertainty of ∼ 3 per cent . We note that the fiducial relation is
early identical to the Milky Way relation alone, with the advantages
f marginally higher precision and a larger co v erage in σ gl . Corner
lots showing our MCMC results for the Milky Way, M31 and the
ducial sample are shown in the Appendix. 
In principle, the relation is valid for 1.5 < σ gl < 27.2 km s −1 ,

hich is the range of the fiducial data. Ho we ver, in practice we note
hat for σ gl < 4 km s −1 the scatter increases significantly. This arises
ue to the fact that the M V −σ gl relation (i.e. σ gl on a linear scale)
attens out in such a way that discriminating power for M V is lost.
n addition, we see indications that the GCs with σ gl < 1.5 km s −1 

iverge from the fiducial relation. This could be a real effect, or it
ould be a result of measurement uncertainties of the individual GC
tars affecting the velocity dispersion measurement. In view of this,
nd since GCVD loses predicti ve po wer at low velocity dispersions,
e recommend that only GCs with σ gl ≥ 4 km s −1 be used for
istance estimations. 

.2 The effect of metallicity 

ne aspect to characterize for GCVD is its possible dependence on
etallicity. This is important since GCs in external galaxies show a
ide range of metallicities, roughly bracketing −2.5 < [Fe/H] < 0.0

e.g. Beasley et al. 2019 ). To explore this issue, we split the fiducial
ample at [Fe/H] = −1.0, creating two subsamples of metallicity,
ne metal-poor (151 GCs) and one metal-rich (135 GCs)(note that
he total GCs in the combined subsamples (286 GCs) is slightly less
hat the combined original samples (296 GCs) since not all M31
Cs have good metallicities). The metal-poor subsample has a mean
etallicity of [Fe/H] = −1.54, the metal-rich subsample has a mean

Fe/H] = −0.54. We then ran MCMC on the sub-samples using the
ame priors as those we used for the fiducial sample, and the results
NRAS 527, 5767–5775 (2024) 
re given in Table 1 and shown graphically in Fig. 2 . We find that the
lopes of the metal-rich and metal-poor subsamples are in agreement
ithin the measurement uncertainties on the parameters. Ho we ver,
e do see that the metal-poor sub-sample seems to have a slightly a
righter zero-point (the difference is ∼1 σ ). 
In order to isolate the impact of metallicity on the zero-point, we

x the slopes of the metal-poor and metal-rich subsamples to that
f the full fiducial sample and re-ran MCMC. We find (metal-poor)
0 = −4 . 55 + 0 . 06 

−0 . 04 and (metal-rich) β0 = −4 . 45 + 0 . 05 
−0 . 04 . That is, these

ero-points are consistent within the uncertainties. If we repeat this
 x ercise for GCs with σ gl > 4 km s −1 – the GCs which have the
ost leverage for distances in GCVD – we again find no significant

ifference in the zeropoints (metal-poor: β0 = −4 . 46 + 0 . 04 
−0 . 04 , metal-
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Figure 3. Relation between M V and velocity dispersion for the fiducial 
(Milky Way + M31) GC sample (grey), and the NGC 5128 sample (green). 
The NGC 5128 data have been shifted by our distance determination of ( m −
M ) 0 = 27.94. 
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Figure 4. Relation between M V and velocity dispersion for GCs in Local 
Group galaxies with data available. The Local Group data have been shifted 
by the distance moduli obtained from GCVD. 
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ich: β0 = −4 . 41 + 0 . 05 
−0 . 05 ). Therefore, we find no compelling evidence

or a significant dependence of the GCVD zero-point on metallicity. 

.3 A GC velocity dispersion distance to NGC 5128 
Centaurus A) 

e now proceed to use GCVD to obtain a distance to NGC 5128
Centaurus A). NGC 5128 is a nearby massive elliptical galaxy 
ith an estimated 1450 ± 160 GCs (Hughes et al. 2021 ). Its

luster system has been studied e xtensiv ely both photometrically 
nd spectroscopically (e.g. Peng, Ford & Freeman 2004 ; Woodley 
t al. 2007 ; Beasley et al. 2008 ; Hughes et al. 2023 ). 

Having shown that the Milky Way and M31 relations have the 
ame slope within the uncertainties, it is not unreasonable to assume 
he same slope of the relation for the NGC 5128 GCs. Therefore, we
x the slope of the NGC 5128 GCs to β1 = −4.73, the value from

he fiducial relation, and obtain a zero-point of β0 = 23 . 458 + 0 . 062 
−0 . 061 

see Table 2 ). Note that for convenience, we quote symmetrical 
ncertainties from hereon and in the following distance determi- 
ations, conserv ati vely adopting the larger of the two uncertainties 
rom MCMC. 

Since the NGC 5128 GC V -band magnitudes are already corrected 
or foreground reddening, we then convert to a distance modulus via 
quation ( 3 ), giving ( m − M ) 0 (NGC 5128) = 27.95 ± 0.09 mag, or
 = 3.89 ± 0.16 Mpc. The NGC 5128 GCs, shifted by this distance
odulus, are compared to the Milky Way and M31 GCs in Fig. 3 . 
We derive a total uncertainty on the distance modu- 

us for NGC 5128 as 
√ 

δβ2 
0 (fiducial) + δβ2 

0 (NGC 5128) , where 
β0 (fiducial) and δβ0 (NGC 5128) are the uncertainties in the fiducial 
nd NGC 5128 zero-points, respectively. 

We find that there are 54 distances (dated 2023 June 7) listed
or NGC 5128 in the NASA extragalactic database (NED), obtained 
sing a variety of techniques including TRGB, Cepheids, the GC 

uminosity function, SBF, Mira variables and SNe Ia. However, it 
s not obvious which one(s) should be chosen for comparison with 
ur determination. While there may be good reasons to prefer some 
ethodologies o v er others, we run the risk of implicit confirmation

iases. In addition, there is considerable v ariance e ven amongst the
ame distance indicator; to take the example of Cepheid distances 
lone, the standard deviation of the 4 NED entries is 0.13 mag.
or SBF, the standard deviation of the 9 entries is 0.38 mag (after
emoving one repeat entry). Therefore, we have simply taken all 
he distances given in NED and determined the median and standard
eviation of the distribution. From NED we obtain a median distance
odulus, ˜ m − M = 27 . 82, with a standard deviation of 0.36. This is

n excellent agreement with our determination. 
We also explored the possibility of including the NGC 5128 data to

urther augment the fiducial GCVD relation. Ho we ver, the precision
f the relation did not impro v e with this inclusion, and we therefore
eave this issue for when larger samples become available for this
alaxy. 

.4 Local group galaxies 

ncouraged by the results for M31 and NGC 5128, we performed
 similar analysis for Local Group galaxies that hav e v elocity
ispersion data available for some of their GCs. We consider WLM,
GC 147, M33, NGC 6822, the Fornax dwarf spheroidal, the Small
agellanic Cloud (SMC) and the LMC. As discussed in Section 3.1 ,
e only select clusters with σ gl ≥ 4 km s −1 . The data for these
alaxies is compared to the fiducial relation – shifted by our GCVD
istances – in Fig. 4 . 
The results of our fits, and the corresponding NED medians and

tandard deviations on the distance moduli of individual galaxies 
re listed in Table 2 and are shown graphically in Fig. 5 . We find,
n all cases, good agreement between the GCVD distances and the
nsemble of literature values. This is perhaps surprising, given the 
mall number of GCs in some of the galaxies. Ho we ver, it does
uggest that GCVD provides a robust distance measure across many 
alaxy types, and that even measurements of σ gl for single GCs 
rovide useful constraints on the distance. Further details for the 
ndividual galaxies are given below. 

.4.1 WLM 

he WLM dwarf galaxy is presently only known to host one GC. Its
elocity dispersion w as tak en from Larsen et al. ( 2014 ) and V -band
agnitude ( V = 16.06) from Sandage & Carlson ( 1985 ). We adopted

n extinction of A V = 0.104 (Schlafly & Finkbeiner 2011 ). The σ
uoted by Larsen et al. ( 2014 ) is neither a central nor global value
ut is somewhere between the two, modified by aperture effects. We
MNRAS 527, 5767–5775 (2024) 
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M

Figure 5. Distance moduli from GCVD (large purple circles with errorbars which are in some cases smaller than the symbol size) compared to those taken 
from the NED (small pink points). The small black dashed lines indicate the median of the NED values. In all cases, the values of m − M from GCVD agree 
well with that found from NED. 
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stimate a correction of order ∼ 10 per cent downwards based on
he corrections listed in Larsen et al. ( 2002 ) and our corrections for
he Milky Way data. Larsen et al. ( 2014 ) do not quote an uncertainty
n their σ measurement, and we adopt a conserv ati ve uncertainty of
 km s −1 . This gives σ gl = 8.6 ± 2.0 km s −1 . 

.4.2 M33 

lobal velocity dispersions and V -band magnitudes for four GCs
H38, M9, R12, U49) were taken from Larsen et al. ( 2002 ). The
xtinction-corrected V -band magnitudes were taken from Sarajedini
t al. ( 2000 ). 

.4.3 NGC 147 

arsen et al. ( 2018 ) obtained velocity dispersions for five GCs in this
warf elliptical satellite of M31. We excluded the GC H II since it
as σ gl < 4.0 km s −1 . To the four remaining GCs (H III , PA-1, PA-2,
D7), we apply an aperture correction to their velocity dispersions
s mentioned abo v e. We also use the V -band magnitudes listed in
able 1 of Larsen et al. ( 2018 ), which originate from Veljanoski et al.
 2013 ). We assume a foreground extinction A V = 0.473 for the GCs
Schlafly & Finkbeiner 2011 ). 

.4.4 NGC 6822 

arsen et al. ( 2018 ) obtained velocity dispersions for two GCs (SC6,
C7) in this dwarf irregular galaxy. We corrected these dispersions

o global values. We used these in conjunction with the V -band
agnitudes listed in table 1 of Larsen et al. ( 2018 ), which originate

rom Veljanoski et al. ( 2015 ). We assume a foreground extinction
 V = 0.646 for both of the GCs (Schlafly & Finkbeiner 2011 ). 

.4.5 Fornax dSph 

e took central velocity dispersions, V -band magnitudes and extinc-
ion corrections for 3 GCs (Fornax 3, 4, and 5) from Larsen, Brodie &
NRAS 527, 5767–5775 (2024) 
trader ( 2012 ). The central dispersions were corrected for aperture
ffects as explained in Section 3.1 . 

.4.6 SMC 

e took central velocity dispersion data for the single old GC NGC
21 from Dubath, Meylan & Mayor ( 1997 ). We correct this value to a
lobal dispersion as explained in Section 3.1 . The V -band magnitude
f the cluster w as tak en from Alcaino ( 1978 ), and we used extinction
alues from Crowl et al. ( 2001 ). 

.4.7 LMC 

e took central velocity dispersion data for 8-old LMC GCs from
ubath, Meylan & Mayor ( 1997 ), corrected to global dispersions

s explained in Section 3.1 . V -band magnitudes were taken from
he catalogue of Bica et al. ( 1996 ) and we adopted reddenings
rom Zaritsky et al. ( 2004 ). We note that the NED extinctions for
hese clusters are some 0.15 mag smaller than those of Zaritsky
t al. ( 2004 ). If we were to adopt the NED values, the LMC
odulus would be some 0.15 mag more distant. We did not use

dditional data from Song et al. ( 2021 ) since the two old clusters
isted there have very low velocity dispersions which fall below our
riteria. 

 SYSTEMATIC  EFFECTS  A N D  

MPROV EMENTS  

iv en the e xcellent agreement between GCVD distances and those
rom the literature, we have reason to believe that GCVD provides
oth accurate and precise distances. Ho we ver, this is not to say that
CVD is free from potential systematic problems that may affect its
istances. 
The most obvious GC property that might influence GCVD is

he M / L V of the GCs observed. A global increase of a factor of
 in M / L V will leave the slope of M V − log 10 ( σ ) unaffected, but
ould potentially shift the zero-point by 0.75 mag. Reassuringly,
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uch large differences in M / L V are not seen in entire GC systems.
he Milky Way GC system shows a very narrow range of M / L V 

hich is constant with metallicity (Baumgardt, Sollima & Hilker 
020 ). The M31 GCs do show some indication of a mild decrease
f M / L V with metallicity (Strader, Caldwell & Seth 2011 ); ho we ver,
he similarities between the Milky Way and M31 GCVD relations, 
nd the lack of a dependence of the GCVD zero-point on metallicity
uggests that this variation is not particularly important for GCVD. 

In individual cases, the most luminous GCs ( M V � − 11, σ� 24 km
 

−1 ) in populous GC systems do sometimes exhibit high M / L V 

atios, higher than expected for baryonic, old stellar populations 
e.g. Dumont et al. 2022 ). This may indicate that they are remnant
uclear star clusters, ultra compact dwarf galaxies (UCDs) with 
ark matter and/or harbour central massive black holes. Application 
f our fiducial calibration to such an individual object will sys-
ematically o v erestimate their luminosities, thereby o v erestimating 
heir distances. In order to address this problem, ideally the target 
Cs should have their M / L V determined beforehand. Of course, to
etermine the GC mass knowledge of the cluster radius is necessary 
a distance dependant quantity. This is also true for the cluster 

uminosity. In these cases, an iterative approach using independent 
istance measurements to filter suitable GCs for GCVD might be 
ecessary . Alternatively , if a reasonable number of GC velocity 
ispersions are obtained for a galaxy, any extreme outliers with 
igh σ may be considered for exclusion from the sample; only 
bserving clusters with σ < 20 km s −1 should help mitigate this
roblem. 
A variation in GC ages will also affect M / L V ; younger GC ages

ead to lower M / L V for a fixed mass and if systematic – say in terms
f an age metallicity relation (AMR) – the slope and zero-point of
 V −log 10 ( σ ) may be affected depending upon the magnitude and

orm of the age variation. For example, at old ages, going from a GC
ge of 13–11 Gyr yields an expected variation of ∼ 0 . 3 M �/ L � (see
.g. Baumgardt, Sollima & Hilker 2020 for a detailed discussion). A 

ystematic age difference of this magnitude for an entire GC system
ould be expected to affect the GCVD zero-point by ∼0.1 mag. 
o we ver, detecting systematic age differences of a few Gyr at old

ges is presently very challenging in extragalactic GC systems (e.g. 
abrera-Ziri & Conroy 2022 ). 
Observationally, there are a few ways that we can imagine which 
ay impro v e the precision of GCVD. Shifting to infrared passbands

or the GC magnitudes would help ameliorate the effects of dust,
omething which is readily apparent in the extinction corrections 
or some of the Local Group galaxies we consider (see e.g. Section
.4.7 ). Indeed some GCs – such as NGC 2016 in the LMC – show
trong differential reddening across the cluster (Olsen et al. 1998 ) 
nd it is not immediately obvious how to best correct an integrated
ight spectrum taken from such a system. 

In addition, larger samples of velocity dispersions for GCs with 
ood ages and M / L V would help impro v e the fiducial calibration,
ince the GCs could then be tightly filtered by these quantities 
hile still leaving a sufficient sample size for precise constraints on 
 V −log 10 ( σ ). F or e xample, in the future one could imagine using

arger samples of NGC 5128 GCs as part of a fiducial calibration
sing an order of magnitude more GCs than that presented here. 

 SUMMARY  A N D  C O N C L U S I O N S  

e hav e inv estigated the use of the GC absolute magnitude –
nternal stellar velocity dispersion relation (GCVD) in order to 
btain independent distances to galaxies. We first show that the 
 V −log 10 ( σ ) relation is linear, with a slope which is identical within
he uncertainties for the Milky Way and M31 GC systems. We then
etermine the distance to M31 based on Milky Way GCVD, finding
 m − M ) 0 = 24.51 ± 0.08 mag or d = 798 ± 28 kpc. This value
s in excellent agreement with literature estimates. We then proceed 
o construct a fiducial relation using both the Milky Way and M31
Cs. Via MCMC fitting we find a total uncertainty on the zero-point
f this fiducial relation of ±0.06 magnitudes, which corresponds to 
 distance uncertainty of ∼ 3 per cent . 

As a further example of GCVD, we go on to determine a distance
o the giant elliptical galaxy NGC 5128, and obtain ( m − M ) 0 =
7.95 ± 0.09, or d = 3.89 ± 0.16 Mpc. This is in excellent agreement
ith, and also competitive with, distances derived from Cepheids 

e.g. Ferrarese et al. 2007 ; Majaess, Turner & Lane 2008 ), TRGB
e.g. Tully et al. 2015 ), or SBF (e.g. Tonry et al. 2001 ; Ferrarese et al.
007 ). 
Encouraged by these results we then apply the approach to Local

roup galaxies which have velocity dispersion measurements for at 
east one of their GCs. We find in all cases good agreement between
ur distances and the ensemble literature determinations from NED. 
hile the uncertainties on our distances are dependent upon the 

umber and precise velocity dispersion distribution of the GCs, we 
ypically obtain distances good to 10 per cent for these numerically
C-poor systems. For example, for the LMC we obtain ( m − M ) 0 =
8.56 ± 0.20, while a proposed ‘consensus distance modulus’ for 
he LMC is ( m − M ) 0 = 18.50 (e.g. Alves 2004 ). We note that the
ncertainties for the Local Group systems can be impro v ed with
ore and higher quality velocity dispersion measurements for their 
Cs. 
Given that there exist a number of ‘primary’ distance indicators, 

t is worth asking in what situations GCVD may be applicable and
seful. First, we note in passing that GCVD distances lack fidelity
n terms of measuring distances to regions in any single galaxy, this
s unlike the situation for , say, TRGB distances. Rather , in principle
CVD gives mean distances to the centre of mass of the system. This

ould potentially be exploited to give interesting insights into aspects 
f the dynamical state of galaxies or galaxy clusters for example. 
More generally, accurate distances are not only required to obtain 
any physical properties of galaxies and their components, but 

istance measurements are also fundamental for cosmology. For 
xample, measurements of the expansion of the Universe hinge 
n the cosmic distance ladder that requires high-quality distance 
easurement methods that can be applied in a variety of differ-

nt galaxies (see Freedman 2021 and references therein). Being 
alibrated with GCs in the Milky Way that have direct distance
easurements available from Gaia , the GCVD can potentially be 

sed alongside other powerful methods such as TRGB, Cepheids or 
Ne to measure distances of a large galaxy sample. In particular, as
early all galaxies with stellar masses > 10 6 M � have GCs, the GCVD
ould be used as an unbiased method of measuring distances inde-
endent of galaxy type, requiring only ground-based, high-resolution 
pectroscopy of relatively bright point sources. With a turnover 
agnitude of V = −7.5 mag, measuring the velocity dispersions 

f individual, bright GCs can be currently achieved within a few
ours on 10m-class telescopes out to several tens of megaparsecs 
nd upcoming 30m-class telescopes and their high-resolution spec- 
rographs will be able to push the applicability of this method even
urther. 
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iscussions about the Local Group GC velocity dispersion data.
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Figure A1. Corner plots for the Milky Way sample (left), the M31 sample (middle – uncorrected for distance) and the combined Milky Way + M31 (fiducial) 
sample (right). In these cases, the slope has been left as a free parameter. 
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