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ABSTRACT

The Fornax dwarf spheroidal galaxy has an anomalous number of globular clusters, five, for its

stellar mass. There is a longstanding debate about a potential sixth globular cluster (Fornax 6) that

has recently been ‘rediscovered’ in DECam imaging. We present new Magellan/M2FS spectroscopy

of the Fornax 6 cluster and Fornax dSph. Combined with literature data we identify ∼ 15 − 17

members of the Fornax 6 cluster that this overdensity is indeed a star cluster and associated with the

Fornax dSph. The cluster is significantly more metal-rich (mean metallicity of [Fe/H] = −0.71± 0.05)

than the other five Fornax globular clusters (−2.5 < [Fe/H] < −1.4) and more metal-rich than the

bulk of Fornax. We measure a velocity dispersion of 5.6+2.0
−1.6 km s−1 corresponding to anomalously

high mass-to-light of 15<M/L<258 at 90% confidence when calculated assuming equilibrium. Two

stars inflate this dispersion and may be either Fornax field stars or as yet unresolved binary stars.

Alternatively the Fornax 6 cluster may be undergoing tidal disruption. Based on its metal-rich nature,

the Fornax 6 cluster is likely younger than the other Fornax clusters, with an estimated age of ∼ 2

Gyr when compared to stellar isochrones. The chemodynamics and star formation history of Fornax

shows imprints of major events such as infall into the Milky Way, multiple pericenter passages, star

formation bursts, and/or potential mergers or interactions. Any of these events may have triggered

the formation of the Fornax 6 cluster.

Keywords: Dwarf spheroidal galaxies, Globular star clusters

1. INTRODUCTION

The Fornax dSph (hereafter, Fornax) is the fourth

most massive satellite galaxy of the Milky Way, in terms

of stellar mass. It has an extended star formation his-

tory, with major star formation at old ages (> 10 Gyr

ago), a subsequent burst at ∼ 4.6 Gyr, and recent inter-

mittent episodes (Rusakov et al. 2021). The chemody-

Corresponding author: Andrew B. Pace
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∗ This paper presents data gathered with the Magellan Telescopes
at Las Campanas Observatory, Chile.

namics of red-giant branch stars show that a relatively

metal-rich stellar population is centrally concentrated

and kinematically cold, and a metal-poor population is

more spatially extended and dynamically hot (Battaglia

et al. 2006; Walker & Peñarrubia 2011). There is evi-

dence for mergers in the kinematics and spatial distri-

bution (Amorisco & Evans 2012; del Pino et al. 2017).

Fornax is unusual in its large number of globular clus-

ters (GC) and mass in GCs compared to other galaxies

of similar stellar mass (M? ∼ 2×107 M�)(Huang & Ko-

posov 2021). In particular, the relation between number

of GCs and dwarf galaxy host mass becomes stochas-

tic for galaxies slightly larger than Fornax (e.g., Forbes
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et al. 2018). There are 5 “bright” GCs in Fornax that

have received significant study of their structural pro-

files (Mackey & Gilmore 2003a), chemistry and metal-

licity (Strader et al. 2003; Hendricks et al. 2016), and

ages (de Boer & Fraser 2016). A “sixth” Fornax GC

was first noted by Shapley (1939); however, subsequent

studies debated its nature and whether it was composed

of stars or background galaxies (Verner et al. 1981; De-

mers et al. 1994; Stetson et al. 1998) and it fell out of the

literature for some time. Recent DECam imaging and

Gaia astrometric data have shown that the Fornax 6

GC (F6) is clearly resolved into an overdensity of stars

(Wang et al. 2019a).

Besides the large number of GCs in Fornax, their sur-

vival and lack of sinking to the center of Fornax is an

open question that has implications for the dark matter

halo of Fornax. If the Fornax GCs formed at their cur-

rent positions they would sink to the center of Fornax

in several Gyr from dynamical fiction in a cuspy dark

matter halo (Goerdt et al. 2006). In contrast, if Fornax

has a cored dark matter halo, the sinking time increases

to ∼ 10 Gyr. There is other evidence from the chemo-

dynamics and multiple stellar populations that suggests

that Fornax contains a cored dark matter halo (Walker

& Peñarrubia 2011; Amorisco et al. 2013). However, the

unknown formation location of the GCs can relax con-

straints on the underlying dark matter halo and ‘cuspy‘

solutions are not excluded (Shao et al. 2020). The pecu-

liar radial distribution of the GCs may be evidence for

a dwarf-dwarf merger in Fornax (Leung et al. 2020).

Here we present Magellan/M2FS spectroscopy that

confirms that the F6 globular cluster is a coherent stel-

lar structure, distinct from the Fornax dSph, and whose

kinematics and chemistry we measure. In Section 2 we

present our observations and auxiliary data and also

present our velocity and metallicity measurements with

the Magellan/M2FS spectroscopy. In Section 3 we dis-

cuss Fornax membership, the membership, kinematics

and metallicity of F6, and discuss the nature of F6 and

compare it to other GCs. In section 4, we conclude and

summarize our results.

2. DATA

2.1. M2FS Spectroscopy

We present results from new spectroscopic observa-

tions of Fornax stars that we obtained using the Michi-

gan/Magellan Fiber System (M2FS; Mateo et al. 2012)

at the 6.5-m Magellan/Clay Telescope at Las Campanas

Observatory, Chile. M2FS is a dual-channel, multi-

object echelle spectrograph that offers various options

for spectral resolution and wavelength coverage, and is

fed by up to 256 fibers that can be deployed over a field

Figure 1. Legacy Survey Sky Viewer false color grz coadded
image of ∼80′′by 80′′centered on the Fornax 6 cluster. The
green circled stars are spectroscopic members of the Fornax 6
cluster identified in this work.

of diameter 0.5◦. We used a configuration that cov-

ered the approximate range 5130 - 5190 Å at resolution

R ∼ 24, 000.

2.1.1. Target Selection

We used photometry from the Dark Energy Survey

(Year 1; DES Collaboration et al. 2018), combined with

astrometry from Gaia (DR2; Gaia Collaboration et al.

2018a ) to select red giant branch (RGB) candidates

along the line of sight to Fornax. In Figure 1 we show a

80” by 80” false color grz coadded image centered on the

F6 cluster made with the Legacy Survey Sky Viewer1

(Dey et al. 2019). The F6 members identified in this

work are denoted with green circles (see Section 3.2).

We considered a given star to be an RGB candidate if its

r-band magnitude and g−r color (both corrected for ex-

tinction using the dust maps of Schlegel et al. 1998 with

extinction coefficients from DES Collaboration et al.

2018) placed it within ε magnitudes of an old (age =

12 Gyr), metal-poor ([Fe/H]=-1.5) theoretical isochrone

computed using the PARSEC package (Bressan et al.

2012). We adopted a tolerance of ε =
√

0.22 + σ2
g−r,

where σg−r is the color’s observational error. We then

filtered these RGB candidates according to the parallax

1 https://www.legacysurvey.org/viewer

https://www.legacysurvey.org/viewer
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measured by Gaia, discarding those with nonzero paral-

lax detected at ≥ 3σ significance.

For the remaining RGB candidates, we assigned tar-

geting priority based on proximity of the Gaia-observed

proper motion to the Fornax mean reported by the Gaia

Collaboration et al. (2018b): (µα, µδ) = (0.376,−0.413)

in units of mas yr−1. Specifically, we awarded ‘points’

to stars according to the following: 5 points for having

proper motion within 12 km s−1 (Fornax’s line-of-sight

velocity dispersion) of Fornax’s mean (assuming dis-

tance 150 kpc), plus three (two, one) additional points

if the proper motion is within one (three, five) times the

star’s proper motion uncertainty from Fornax’s mean

proper motion. When allocating fibers within a given

M2FS field, we randomly selected amongst the RGB

candidates having the largest available point total, up to

a maximum of 232 targets, leaving up to 24 fibers to ob-

serve regions of blank sky for the purpose of background

subtraction.

2.1.2. Observations and Data Reduction

Between the years 2018 and 2020, we observed 8 For-

nax fields with M2FS. Table 1 lists central coordinates

(which coincide with the location of a bright star used

for wavefront sensing) for each field, along with the date

of observation, total exposure time, number of targeted

stars and number of stars with successful measurements.

Four fields targeted the F6 cluster and surrounding For-

nax dSph and four targeted the outskirts of the galaxy.

We process all M2FS spectra using a custom-built

Python-based pipeline that, where applicable, incor-

porates modules that are publicly available as part of

the Astropy software package (Astropy Collaboration

et al. 2013, 2018). Complete details will be provided

by Walker et al. (in preparation). Briefly, we use

standard procedures to perform overscan, bias, dark

current and gain corrections. We identify and trace

the 2D aperture corresponding to each spectrum, and

then extract the one-dimensional spectra by taking the

weighted averages of pixel counts along the direction

approximately orthogonal to the dispersion axis. We

use spectra acquired during twilight to perform flat-field

and wavelength-dependent throughput corrections, and

we use spectra of a Thorium-Argon-Neon arc lamp, ac-

quired before and after each science exposure, to per-

form wavelength calibration. We propagate the variance

in each pixel through all processing steps.

Following the procedure of Walker et al. (2015b,a,

2016), we model each spectrum using a library of

synthetic templates that cover a grid with dimen-

sions of effective temperature Teff , surface gravity log g,

and [Fe/H] metallicity. In addition to these stellar-

atmospheric parameters, we also obtain estimates of

the line-of-sight velocity, vlos. After imposing a quality

control filter that requires median signal-to-noise ratio

S/N> 0 (sky over-subtraction can result in unphysically

negative S/N) and velocity error εv < 5 km s−1, the

M2FS sample includes 980 observations of 804 unique

Fornax stars. The resulting M2FS catalog for Fornax is

listed in Table 2.

2.2. Systematic errors

In order to determine systematic errors for the ve-

locities and metallicities determined from M2FS spec-

tra, we use repeat measurements of all stars observed

with M2FS (using the same instrument configuration as

for Fornax); Walker et al. (in preparation) will pro-

vide the complete catalog resulting from these obser-

vations. The targets are primarily dSphs but also in-

clude several globular clusters. Overall, there are 14437

pairs and 5646 pairs where both measurement passes

our quality cuts. We model the pair-wise velocity differ-

ences as a mixture of a Gaussian with an outlier model

(Section 4.1 of Li et al. 2019). The final uncertainty

is treated as a systematic error plus a scaling parame-

ter, σ2
v,calib = σ2

v, systematic + (kvσv,obs)
2, where σv,obs is

taken from the previous section. For the velocity and

metallicity systematic errors, we find kv = 0.95 ± 0.02,

σv, systematic = 0.59± 0.02 km s−1, k[Fe/H] = 1.08± 0.03,

and σ[Fe/H], systematic = 0.04 ± 0.01. We adopt the me-

dian values for our analysis.

We have compared the M2FS [Fe/H] metallicity to

several other large spectroscopic surveys (Battaglia et al.

2006; Kirby et al. 2010; Letarte et al. 2010; Lemasle et al.

2012; Hill et al. 2019; Hendricks et al. 2014; Theler et al.

2020). This comparison includes M2FS spectroscopy

for the Carina, Sculptor, and Sextans dSphs which will

be presented in future work (Walker et al. in prepa-

ration). We found overlaps of 40-200 stars between the

M2FS sample and literature data. In all cases, the M2FS

[Fe/H] was more metal-poor than the literature sample

by ∆[Fe/H ∼ −0.1−−0.3 dex. We used the sample with

the largest overlap (Kirby et al. 2010) to set the [Fe/H]

zero-point and we find ∆[Fe/H ∼ −0.2 dex. Our pre-

vious work with the same spectral modeling methodol-

ogy determined the [Fe/H] zero-point by fitting twilight

spectra (Walker et al. 2015b,a, 2016). The offset from

twilight spectra is ∆[Fe/H = −0.32 dex which is similar

in magnitude and sign to the offset we find comparing

to other spectroscopic metallicity measurements. Both

the systematic errors and [Fe/H] zeropoint are included

in Table 2.

2.3. Additional Data
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Table 1. M2FS fields observed in Fornax

α2000 (deg) δ2000 (deg) UT Date Exp. Time (s) Nobs Ngood

40.04 −34.59 2018 Nov 26 3 × 1800 232 149

38.86 −34.80 2018 Nov 27 3 × 2000 172 72

39.75 −34.38 2018 Nov 28 3 × 1800 232 188

39.39 −35.32 2018 Nov 29 3 × 2000 232 115

40.38 −35.12 2019 Aug 31 4 × 2700 232 104

41.06 −33.86 2019 Sep 2 2 × 2400 + 2100 + 1800 141 60

41.06 −33.86 2019 Sep 3 4 × 2400 141 41

40.32 −34.59 2019 Nov 24 2 × 3000 232 120

40.24 −34.29 2020 Jan 27 2 × 2400 + 1600 232 123

Table 2. M2FS Stellar Spectroscopy of Fornax

source ida α δ HJDb S/N c vlos [Fe/H] Teff log10

[
g/(cm s−2

]
deg deg day km s−1 dex K dex

5050175928509432448 40.13920 -35.01519 2458726.86 3.07 39.14 ± 0.89 −2.13 ± 0.23 4362.9 ± 163.9 0.66 ± 0.33

5050176173323899136 40.16357 -34.96161 2458726.86 1.89 52.76 ± 0.90 −1.20 ± 0.15 4060.4 ± 50.6 0.98 ± 0.23

5050175791070483200 40.18383 -35.00462 2458726.86 3.09 60.70 ± 0.79 −1.36 ± 0.17 4393.5 ± 130.4 0.75 ± 0.31

5050077522218863104 40.19364 -35.14245 2458726.86 1.19 57.77 ± 1.78 −1.26 ± 0.65 5084.1 ± 544.0 2.72 ± 0.91

5050081817186179840 40.16442 -35.04558 2458726.86 1.56 46.19 ± 1.70 −2.08 ± 0.68 4960.7 ± 587.3 0.93 ± 0.67

5050078759169459968 40.16948 -35.07501 2458726.86 3.05 55.45 ± 0.88 −1.23 ± 0.14 4208.4 ± 118.6 0.48 ± 0.31

Note—

aGaia EDR3 source id

bHeliocentric Julian date
cMedian signal-to-noise ratio per pixel (This table is available in its entirety in machine-readable form.)

We use photometric and astrometric data from the

Gaia EDR3 catalog (Gaia Collaboration et al. 2021).

We only utilize astrometric data that passed the fol-

lowing cuts: ruwe < 1.4 (Lindegren et al. 2021) and

|C∗| ≤ 3σC∗(G) (Riello et al. 2021). We include addi-

tional Magellan/MMFS spectroscopic data from Walker

et al. (2009a) which increases the number of Fornax

members by ∼ 2400 stars. This data is ideal improving

the Fornax dSph velocity distribution near F6 to assist

with the separation between the dSph and F6 stars.

2.4. Final Spectroscopic Sample

In order to combine the MMFS and M2FS samples

we must correct for zero point velocity shifts and verify

that the velocity errors of the two samples are not bi-

ased relative to one another. Finding a small velocity

offset between two different catalogs is not uncommon,

given different instruments and methodology for veloc-

ity measurements. Furthermore, previous analysis has

concluded that the errors in the Fornax MMFS data set

are underestimated (Minor 2013). There are 4113 ve-
locity measurements of 3304 stars with the combined

MMFS and M2FS samples and there are 200 pairs of

measurements between MMFS and M2FS. We compare

repeat velocities between MMFS and M2FS using the

normalized difference between two observations, ∆ =

(v1−v2)/
√
σ2
v,1 + σ2

v,2, and find that ∆v = −0.16 km s−1

and σ∆v
= 1.2 km s−1 between the repeat measure-

ments. After applying an offset of −0.4545 km s−1 and

scaling the errors by a factor of 1.355 to the MMFS data

we find ∆v = 0 and σ∆v = 1 km s−1. Out increase in

error of the MMFS Fornax velocities by a factor of 1.355

is similar to the correction applied by Minor (2013).

To determine the systemic velocity and error of stars

with multiple measurements, we fit the multi-epoch data

with a normal distribution with a free mean and disper-

sion parameter. The mean parameter and statistics on
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Table 3. Combined MMFS and M2FS catalog of Fornax

source ida α δ N(NM2FS) vlos [Fe/H] pdSph pF6

deg deg km s−1 dex

5062218123460339584 40.02271 -34.42244 1(1) 48.06 ± 1.24 −0.55 ± 0.27 1.00+0.00
−0.00 0.97+0.01

−0.02

5062218127750584320 40.02601 -34.42452 1(1) 45.49 ± 1.54 −0.78 ± 0.42 1.00+0.00
−0.00 0.98+0.01

−0.01

5062218157813975296 40.03333 -34.42791 3(1) 53.62 ± 0.70 −0.77 ± 0.10 1.00+0.00
−0.00 0.96+0.02

−0.03

5062218157813975424 40.03538 -34.42630 1(1) 56.91 ± 0.76 −0.62 ± 0.11 1.00+0.00
−0.00 0.91+0.04

−0.10

5062218157814038528 40.03194 -34.41655 1(1) 51.96 ± 1.22 −0.62 ± 0.20 1.00+0.00
−0.00 0.98+0.01

−0.01

5062218157814039040 40.03057 -34.41761 1(1) 49.95 ± 1.30 −1.09 ± 0.37 1.00+0.00
−0.00 0.96+0.01

−0.02

5062218162109182080 40.03356 -34.41757 1(0) 51.85 ± 0.68 1.00+0.00
−0.00 0.91+0.03

−0.04

5062218162109188096b 40.03088 -34.42204 1(1) 36.56 ± 1.12 −0.73 ± 0.25 1.00+0.00
−0.00 0.96+0.02

−0.34

5062218162115470592 40.03426 -34.41948 2(1) 53.47 ± 0.94 −0.56 ± 0.15 1.00+0.00
−0.00 0.98+0.01

−0.01

5062218162115472000 40.03222 -34.42106 1(1) 52.90 ± 0.88 −0.95 ± 0.12 1.00+0.00
−0.00 0.96+0.02

−0.04

5062218162115473408 40.02973 -34.42245 1(1) 52.95 ± 1.10 −0.47 ± 0.17 1.00+0.00
−0.00 1.00+0.00

−0.00

5062218162115474560 40.02756 -34.42321 2(1) 51.76 ± 0.64 −0.87 ± 0.16 1.00+0.00
−0.00 0.99+0.00

−0.00

5062218333907887232 40.02148 -34.42256 1(1) 52.42 ± 1.62 0.37 ± 0.75 1.00+0.00
−0.00 0.91+0.03

−0.04

5062218368273902848c 40.02403 -34.41467 1(1) 41.51 ± 0.73 −0.72 ± 0.10 1.00+0.00
−0.00 0.92+0.04

−0.19

5062218368275184640 40.03239 -34.41112 1(0) 43.85 ± 4.06 1.00+0.00
−0.00 0.63+0.09

−0.12

Note—

aGaia EDR3 source id

b star1

c star2

(This table is available in its entirety in machine-readable form.)

its posterior distribution are used for combined velocity

measurement. We use the median and the 84, 16% con-

fidence intervals for the measurement and error, respec-

tively. This process will account for stars with evidence

of velocity variation as the mean will have a larger er-

ror than the individual measurements (representing our

ignorance of where it has been observed in its period, in

the case of binaries). We have compared this to other

common methods for combined velocity measurements,

such as computing the weighted mean velocity, and ei-

ther the variance of the weighted mean or standard de-

viation of the mean velocity for the measurement error.

The variance of the weighted mean (
(
Σi σ

−2
v,i

)−1/2
) un-

derestimates the measurement error if there is velocity

variability. In this manner our combined measurements

are more robust to velocity variation.

Many MW stars can be immediately identified with

Gaia EDR3 astrometry (e.g., Pace & Li 2019). In par-

ticular, stars with non-zero parallax, $ − 4σ$ > 0, and

large proper motion (relative to a star at the Fornax

dSph distance) are nearby dwarf stars in the Galac-

tic foreground. We identify stars with large velocities

by comparing the tangential velocity to the MW es-

cape velocity assuming the star is at the distance of

Fornax. The escape velocity computed with galpy us-

ing the potential MWPotential2014 with a larger halo

mass, Mvir = 1.6 × 1012 M� (Bovy 2015). We then

compute vtan from the proper motion, assuming all

stars are at the distance of Fornax and account for

the Sun’s reflex motion, assuming (U�, V�, W�) =

(11.1, 12.24, 7.25) km s−1, with a circular velocity of

220 km s−1 (Schönrich et al. 2010). We consider stars

to be MW foreground stars with a loose cut of vtan −
4.5σvtan < vescape. MW stars identified in this manner

are not excluded from the modeling but are fixed as MW

stars to help determine the MW velocity and metallic-

ity distribution (e.g., Pace et al. 2020). Overall, there

are 167 MW stars identified in this manner. We further

apply a loose color-magnitude selection in G − GRP vs

G based on candidate members selected by velocity and

proper motion. The combined M2FS and MMFS cata-

log is included in Table 3.

3. RESULTS AND DISCUSSION

With the combined MMFS and M2FS spectroscopic

data sets, there are 104 stars separated from the center
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Parameter Fornax dSph Fornax 6 citations

R.A. (J2000, deg) 39.9583 40.02875 W19a, W19b

Dec (J2000, deg) -34.4997 -34.422 W19a, W19b

ε 0.31 ± 0.002 0.41 ± 0.10 W19a, W19b

θ (deg) 42.2 ± 0.2 13.1+10.4
−7.3 W19a, W19b

rh (arcmin/arcsec) 19.9 ± 0.06a 16.8 ± 2.0b W19a, W19b

rh (parsec) 852 ± 3 11.3 ± 1.4 W19a, W19b

rc (arcmin) 20.3 ± 0.1 - W19a

rt (arcmin) 77.5 ± 0.4 - W19a

MV (mag) −13.46 ± 0.14 −4.8 ± 0.4 M18, W19

vlos ( km s−1) 54.7+0.2
−0.2 50.5+1.7

−1.7 This Work

σv ( km s−1) 12.1+0.2
−0.2 5.6+2.0

−1.6 This Work

[Fe/H] (dex) −1.22+0.02
−0.02 −0.71+0.05

−0.05 This Work

σ[Fe/H] (dex) 0.48+0.02
−0.02 0.03+0.06

−0.02
c This Work

N 2994.9 ± 0.9 17.3 ± 2.7 This Work

µα? ( mas yr−1) 0.382+0.002
−0.002 0.392 ± 0.026 This Work

µδ ( mas yr−1) −0.362+0.003
−0.003 −0.448 ± 0.042 This Work

a arcmin
b arcsec
c σ[Fe/H] < 0.17 at 95% confidence level.

Table 4. Literature and derived properties of the Fornax dSph and the Fornax 6 Globular cluster. The number of members
(N) for the dSph includes both dSph and cluster members. N=2989 with pdSph > 0.9 and N=14,15 with pF6 > 0.5, 0.9. The
citations are: W19a (Wang et al. 2019b), W19b (Wang et al. 2019a), M18 (Muñoz et al. 2018). rh is the half-light radius along
the major axis.
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Figure 2. Velocity distribution of stars near Fornax 6
(RF6 < 10×rh,F6). The distributions are created by smooth-
ing each star’s velocity by its measurement error. For-
nax dSph stars are shown in orange (3 × rh,F6 < RF6 <
10 × rh,F6), candidate Fornax 6 members are in blue line
(RF6 < 3 × rh,F6), and F6 members according to our mix-
ture model are shown in green.

of F6 by RF6 < 10 × rh,F6 of which 7 are likely MW

foreground stars2. The velocity distribution of stars

within RF6 < 3 × rh,F6 is more tightly clustered than

the stars with RF6 > 3 × rh,F6 as shown in Figure 2.

The nearby stars cluster around vlos ∼ 51 km s−1 which

is ∼ 4 km s−1 away from the Fornax dSph mean velocity.

To be more quantitative we explore two mixture mod-

els to identify foreground MW, Fornax dSph, and F6

stars. The first is a mixture model between the MW and

the Fornax system (Section 3.1). It is clear from Fig-

ure 2, that the F6 radial velocity does not have a large

offset relative to the Fornax dSph. The small number of

F6 stars in the sample will not influence the properties of

the dSph (there are only 23 stars withinRF6 < 3×rh,F6).

The second mixture model is then applied to the For-

nax system members and separates the F6 stars from

the dSph (Section 3.2).

3.1. Fornax System Membership

2 We will use the subscript F6 to refer to properties of the cluster
(e.g., rh,F6 is the half-light radius of F6) or measurements rela-
tive to the cluster (e.g., RF6 is the projected radial distance from
the center of F6).



Magellan/M2FS Spectroscopy of Fornax 6 7

−50 0 50

∆x (arcmin)

−80

−60

−40

−20

0

20

40

60

80
∆
y

(a
rc

m
in

)

F1-F5

F6

0 20 40 60 80

R (arcmin)

−20

0

20

40

60

80

100

120

v l
os

(k
m

s−
1
)

0.2 0.4 0.6 0.8 1.0

GBP −GRP

17.0

17.5

18.0

18.5

19.0

19.5

20.0

20.5

21.0

21.5

G

M2FS NM

MMFS NM

M2FS Mem

MMFS Mem

−10 −5 0 5 10

∆x (arcmin)

−10.0

−7.5

−5.0

−2.5

0.0

2.5

5.0

7.5

10.0

∆
y

(a
rc

m
in

)

0 20 40 60 80

R (arcmin)

−3.0

−2.5

−2.0

−1.5

−1.0

−0.5

0.0
[F

e/
H

]

−4 −2 0 2 4

µα? (mas yr−1)

−4

−2

0

2

4

µ
δ

(m
as

yr
−

1
)

Figure 3. Summary of the Magellan/M2FS and Magellan/MMFS Fornax sample. The points are: M2FS members (blue),
MMFS members (purple), M2FS non-member (black x), and MMFS non-member (grey x). Top panels: (left) the spatial
distribution of the entire sample. The coordinate system is rotated such that the major axis aligns with the x-axis. Two ellipses
at rh and 3 × rh are shown. The Fornax globular cluster system is overlaid, orange (F1-F5) and red (F6). (center) projected
radial distance versus radial velocity (km/s), (right) GBP − GRP , G color-magnitude diagram. Bottom panels: (left) radial
velocity (km/s) versus metallicity for the M2FS sample. (middle) projected radial distance versus metallicity for the M2FS
sample. (left) Gaia EDR3 proper motions (µα? vs µδ).

We use a conditional likelihood based mixture model

(e.g., Martinez et al. 2011; Horigome et al. 2020),

L(α|R) = f(R)LdSph(α|R) + (1− f(R))LMW(α|R) (1)

where α is the data vector (α = {vlos , µα?, µδ, [Fe/H]

}) and f(R) is the local membership probability and is

given by:

f(R) = ΣdSph(R)/(ΣdSph(R) + ΣMW(R)). (2)

Here Σ(R) is the projected stellar density distribution.

We model the conditional likelihood instead of the full

likelihood due to the difficulty in modeling the spectro-

scopic selection function.

For both components, we model the velocity and

metallicity distributions as normal distributions and the

proper motion distribution as multi-variate normal dis-

tribution. For the dSph proper motion distribution we

fix the dispersion to 12 km s−1 as Gaia EDR3 proper mo-

tions are not precise enough to measure internal motions

(∼ 0.017 mas yr−1). For the dSph spatial distribution,

we model it with a King radial profile (King 1962):

Σ?(Re) ∝
[(

1 +
R2
e

r2
c

)−1/2

−
(

1 +
r2
t

r2
c

)−1/2
]2

(3)

Where R2
e = x2 + y2/(1− ε)2 is the elliptical radius, rc

is the core radius, rt is the tidal radius, and ε = 1− b/a
is the ellipticity. Here x and y are along the major and

minor axis respectively, which are rotated with respect

to the on-sky plane by the position angle, θ. For the

spatial parameters, we assume the following Gaussian

priors based on deep photometric measurements from

Wang et al. (2019b): ε = 0.31±0.002, θ = 42.2±0.2 deg,

rc = 22.3 ± 0.1′, and rt = 77.5 ± 0.4′. For brighter
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dSphs, two parameter radial density profiles are found

to be better fits (Muñoz et al. 2018) and the outer re-

gions of the Fornax dSph are found to fall off more

steeply than a Plummer radial distribution (Moskowitz

& Walker 2020). We assume the MW foreground stars

are uniformly distributed within the Fornax region.

Overall, the 10 free parameters for the dSph distribu-

tion are: v and σv (velocity), [Fe/H] and σ[Fe/H] (metal-

licity) and µα?, µδ (proper motion), and ε, θ, rc, and

rt (spatial). The dispersion terms (σv and σ[Fe/H]) are

modeled with Jeffreys (log-uniform) priors, the mean

parameters with uniform priors and the spatial param-

eters with Gaussian priors. The 8 parameters for the

MW model are: vMW and σv,MW (velocity), [Fe/H]MW,

σ[Fe/H],MW, µα?,MW , µδ,MW ,σµα?,MW , σµδ,MW . Similar

to the dSph parameters, the dispersion parameters are

modeled with Jeffreys priors and the mean parameters

with uniform priors. There is one additional parameter,

NdSph/NMW , which is relative normalization parameter

in the fraction term. To determine membership, p, we

compute the ratio of the dSph likelihood to total likeli-

hood (Pace et al. 2020).

The properties we find for the Fornax dSph

are: v = 54.7+0.2
−0.2 km s−1, σv = 12.1+0.2

−0.2 km s−1,

[Fe/H] = −1.22+0.02
−0.02, σ[Fe/H] = 0.48+0.02

−0.02, µα? =

0.382+0.002
−0.002 mas yr−1, and µδ = −0.362+0.003

−0.003 mas yr−1.

In total we find 2989 stars with a membership proba-

bility pdSph > 0.9 which we consider our membership

threshold. We include the membership probabilities

(pdSph) in Table 3. In Figure 3, we show the spatial,

velocity, metallicity, and proper motion distributions of

our Fornax sample.

The values for v and σv are similar to previous re-

sults with the MMFS sample (Walker et al. 2009b) and

other Fornax kinematic studies (e.g., Battaglia et al.

2006). The new M2FS observations increase the num-

ber of members known at large radius. We identify 165

members between 2 < R/rh < 3.4. We find Fornax to be

more metal-poor than previous Keck/DEIMOS data by

∆[Fe/H] ∼ −0.2 (Kirby et al. 2013). The classical satel-

lites are known to contain metallicity gradients (Kirby

et al. 2011) and the mean metallicity difference is likely

due to our more extended sample, tracing the outer re-

gions. The median elliptical radius is Rell/rh ∼ 0.4 and

Rell/rh ∼ 1 for the Keck/DEIMOS and Magellan/M2FS

data sets, respectively. When we add a metallicity gra-

dient option to the model ([Fe/H](R) = [Fe/H]0 +mR),

we find that the radial gradient is quite large, m =

−0.28 ± 0.02 dex R−1
h or m = −0.84 ± 0.07 dex deg−1.

This is larger than the (unresolved) value reported by

Kirby et al. (2011) and is again due to our extended

spatial sample.
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Figure 4. Corner plot of properties of Fornax 6 based on
the model 1 mixture model. The parameters from left to
right are: mean velocity (v, km s−1), velocity dispersion (σv,
km s−1), mean metallicity ([Fe/H]), and metallicity disper-
sion (σ[Fe/H]). Both dispersions are modeled with Jeffreys
priors and the metallicity dispersion is constrained to be
σ[Fe/H] < 0.16 at 95% confidence interval.

The radius versus metallicity and velocity versus

metallicity panel of Figure 3 show evidence for chemo-

dynamical sub-populations in Fornax. The metal-rich

component is more centrally concentrated and kinemat-

ically colder whereas the metal-poor component is more

extended and kinematically hot. This has been pre-

viously observed in Fornax (e.g. Battaglia et al. 2006;

Walker & Peñarrubia 2011) and will be explored further

in furture works.

Our proper motion measurements agrees with other

Gaia EDR3 measurements (McConnachie & Venn 2020;

Vitral 2021). Our results differ within the statistical

errors to previous Gaia DR2 measurements (Gaia Col-

laboration et al. 2018b; Fritz et al. 2018), with the offset

likely due to proper motion zero-point systematic errors

in the DR2 catalog. These systematic errors have de-

creased by at least a factor of two in the EDR3 catalog.

3.2. Membership and Properties of Fornax 6

To determine the properties and membership of F6, we

utilize a mixture model composed of the Fornax dSph

and F6 with all stars identified as Fornax members in the

previous model (pdSph > 0.9). We do not include proper

motion measurements as Gaia EDR3 measurements are

not precise enough to differentiate between the cluster
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Figure 5. Properties of Fornax 6 members compared to nearby Fornax dSph members (only stars with rF6 < 10 × rh,F6 are
included). The color bar shows stars with membership probabilities between 0.01 < pF6 < 1 and stars with smaller membership
probability are Fornax dSph and shown with an x. (left) The spatial distribution of stars relative to the center of F6 (in arcmin).
The x-axis is aligned with the F6 major axis and ellipses are shown at rh,F6 and 3 × rh,F6. (middle-left) Radial distance from
F6 center (arcmin) versus radial velocity (km/s). The vertical lines are multiples of 1 to 4 of rh,F6. (middle-right) Radial
velocity (km/s) versus metallicity. (right) GBP − GRP vs G color-magnitude diagram (Gaia EDR3 photometry). Two stars
with more questionable membership are identified with a black square (star1) and circle (star2). Both are outliers in radial
velocity compared to the other F6 members.

and dSph due to the large distance of the system. The

F6 spatial distribution is modeled as a Plummer dis-

tribution (Plummer 1911). Similar to the dSph model,

the spatial parameters are varied with Gaussian priors

based on the parameters from Wang et al. (2019a) and

are listed in Table 4. The velocity and metallicity distri-

butions of F6 are modeled with Gaussian distributions.

The properties of the F6 cluster we find are: vF6 =

50.5+1.7
−1.7 km s−1, σv,F6 = 5.6+2.0

−1.6 km s−1, [Fe/H]F6 =

−0.71+0.05
−0.05, and σ[Fe/H],F6 = 0.03+0.06

−0.02. The proper-

ties of the Fornax dSph are unchanged compared to the

previous model. The corner plot of these parameters

is shown in Figure 4. We find a total membership of

ΣpF6 = 17.3 ± 2.7 in the cluster, with 15 and 14 stars

having membership larger than 0.5 and 0.9, respectively.

The F6 parameters are summarized in Table 4. From the

members we identify, we measure the systemic proper

motion of F6 to be µα?F6 = 0.392 ± 0.026 mas yr−1

and µδF6 = −0.448 ± 0.042 mas yr−1 . The F6 sys-

temic proper motion is consistent with the Fornax dSph

after considering the large errors. We note that the For-

nax dSph systemic proper motions errors are ∼ 1 km s−1

whereas the F6 errors are ∼ 25 km s−1.

In Figure 5, we summarize the properties of stars near

F6 (RF6 < 10 × rh,F6) and show their spatial distribu-

tion, velocity distribution, metallicity distribution, and

location on color-magnitude diagrams colored by their

membership identified in the model. The F6 members

are tightly clustered within RF6 < 3× rh,F6 and around

[Fe/H] ∼ −0.7 and v ∼ 50 km s−1. We have included the

F6 members (pF6 > 0.5) in the false color grz image cen-

tered on F6 in Figure 1. The distribution of Fornax 6

members is similar to the Fornax dSph in the color-

magnitude diagram( GBP − GRP , G). There are two

stars within 2× rh,F6 considered F6 non-members. The

first is considered a non-member due to its large velocity

offset to F6 (v ∼ 82 km s−1) and the second is due to its

metallicity relative to the F6 mean ([Fe/H] ∼ −1.2).

The velocity distribution of F6 (Figure 2) is non-

Gaussian. The majority of the stars are peaked

at v ∼ 52 km s−1 and there are ∼ 5 stars with

32 . v . 50 km s−1. All stars with smaller ve-

locity that contain metallicity measurements match

the metallicty of the cluster. We explore the

two most extreme outliers in more detail. We

will refer to these two stars as star1 (Gaia EDR3

source id=5062218162109188096, Rfor6/rh,F6 = 0.4,

v = 36.6± 1.1, [Fe/H] = −0.73± 0.25) and star2 (Gaia

EDR3 source id=5062218368273902848, RF6/rh,F6 =

1.8, v = 41.5 ± 0.7, [Fe/H] = −0.72 ± 0.10). Both are

close to the cluster and have a metallicity that matches

with the cluster but are 2.6σ and 1.5σ outliers in veloc-

ity. If we exclude star1 and recompute the kinematics we

find vF6 = 50.9+1.1
−1.2 km s−1 and σv,F6 = 4.0+1.1

−0.8 km s−1

and if we exclude both we find vF6 = 51.7+0.8
−0.9 km s−1,

σv,F6 = 2.7+0.9
−0.6 km s−1. The exclusion of these two stars

then changes the kinematics by ∆vF6 ∼ 0.3−2.0 km s−1

and ∆σv,F6 ∼ 1.7− 3.0 km s−1. When star1 is excluded,

it is a 3.2σ outlier (4.4σ when both star1 and star2 are

excluded) from Fornax 6 and sigma-clipping algorithms

typically exclude stars at greater than 2.58− 3σ. When

both star1 and star2 are excluded, star2 is a 2.9σ out-

lier, right on the boundary for inclusion/exclusion from

the kinematics. For both stars their spatial position

and metallicity favor their membership in F6 however

their velocities are either inconsistent (star1) or only

marginally consistent (star2). While we did not use the

Teff or log g in our membership model we have veri-
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fied that all F6 members, including star1 and star2, are

consistent with being on the red-giant branch.

Due to the non-uniform spatial sampling of the spec-

troscopy, we explore an additional mixture model. In-

stead of modeling the entirety of the Fornax dSph mem-

ber, we limit our modeling to a localized sample of stars

near the Fornax 6 cluster (specifically R < 10×rh,F6). In

this mixture model we consider the spatial distribution

of the Fornax members to be approximately constant

within this small region.

With this model, we find the properties of F6 to be:

vF6 = 52.1+0.9
−2.7, σv,F6 = 2.3+3.9

−2.2, [Fe/H]F6 = −0.71+0.08
−0.09,

and σ[Fe/H],F6 = 0.07+0.16
−0.05. In this case, the velocity dis-

persion is not fully resolved and contains a tail in the

posterior that extends to zero. We find a total member-

ship of ∼ 10.2 in the cluster, with 10 and 4 stars having

membership larger than 0.5 and 0.9, respectively. In this

model, both star1 and star2 are considered Fornax dSph

members instead of F6 members. With both models we

find [Fe/H] ∼ −0.7 and an upper limit on the metal-

licity dispersion. The velocity dispersions disagree due

to the membership of the outlier stars. Including or ex-

cluding these stars changes the velocity dispersion and

inferred mass-to-light ratio but the not the mean metal-

licity. If these stars are members it is possible that they

are binary stars and have inflated the velocity disper-

sion. Similar cases of inflated velocity dispersion have

been seen in the Boötes II and Triangulum II ultra-faint

dwarf galaxies (Koch et al. 2009; Ji et al. 2016; Kirby

et al. 2015, 2017). In both cases, small sample sizes

and single epoch data led to inflated results. Unfortu-

nately, we only have one epoch for both star1 and star2.

One of the main differences between the two F6 mixture

models is how the Fornax spatial density is modeled;

this difference results in ∼ 5 − 7 fewer stars considered

members. This change in model/prior is effectively a dif-

ferent manner to account for the spectroscopic selection

function which is difficult to model and characterize.

We estimate the dynamical mass of F6 using the mass

estimator: M(< 1.8Rh) ≈ 3.5× 1.8Rhσ
2
losG

−1 from Er-

rani et al. (2018). With σv,F6 = 5.6+2.0
−1.6 km s−1 this

gives M(< 1.8Rh) = 5.2+4.2
−2.6 × 105 M�, and dynamical

mass-to-light ratio Υ(1.8Rh) = M(1.8rh)/LV (1.8Rh) =

96+78
−48 (LV (1.8Rh) ≈ 0.76LV,ToT for a Plummer pro-

file). In the cases of removing the outlier stars, we find

Υ(1.8Rh) ∼ 49 and Υ(1.8Rh) ∼ 22 when removing star1

and both stars, respectively.

Based on the F6 projected position relative to Fornax

(∆R ∼ 270 pc) and its radial velocity (∆v ∼ 4 km s−1)

it is clear that F6 is associated with the Fornax dSph.

While the majority of its derived properties (size, lu-

minosity, metallicity, and metallicity spread) are con-
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Figure 6. Velocity dispersion and metallicity dispersion
distribution of the 1000 permutation tests. Each test has
12 random Fornax members with metallicity measurements
and 3 additional members only with velocity measurements,
mirroring the F6 sample. Kinematic and metallicity proper-
ties similar to a globular cluster (i.e., F6) are highly unlikely
to arise from a chance alignment.

sistent with a globular cluster type system its velocity

dispersion is larger than expected. If F6 is a globular

cluster (i.e., dark matter free), the predicted velocity

dispersion is σv ∼ 0.8 − 1.2 km s−1 for stellar mass-to-

light ratio between 1 to 2. This is a factor of ∼ 5 less

than the value we measure in our mixture model. σv
is typical for ultra-faint dwarf galaxies, however, their

mass-to-light ratios tend to be larger, Υ1/2 > 100 (e.g.,

Simon 2019). The other properties of F6 are not char-

acteristic of ultra-faint dwarf galaxies. In particular, all

ultra-faint dwarf galaxies are much more metal-poor; all

have [Fe/H]. −2 (Simon 2019). This suggests that the

large velocity dispersion and mass-to-light ratio may be

due to Fornax dSph interlopers, tidal disruption, and/or

unresolved binaries. Based on these properties we clas-

sify F6 as a globular cluster and it is the sixth globular

cluster of the Fornax dSph. This confirmation increases

the globular cluster specific frequency of Fornax, which

was already large for its luminosity. The globular cluster

specific frequency is defined as SN = NGC×100.4(MV +15)

(Harris & van den Bergh 1981). We find SN = 24.8 for

Fornax (without F6 it is SN = 20.7).

3.3. Permutation Tests

To assess the significance of the detection of the F6

cluster and its properties relative to the Fornax dSph,

we performed a number of data permutation tests. We

concentrate on whether we can match the low velocity

and metallicity dispersions of F6 which are properties

that are characteristic of globular clusters. For these

tests we randomly drew, without replacement, a subset

of stars from the Fornax dSph sample (excluding all stars
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within 10 × rh,F6 of F6) and computed the kinematics

and metallicity of this subset. To match the properties

of the F6 sample, we selected 12 stars with metallic-

ity measurements (we additionally excluded stars with

ε[Fe/H] > 0.5 to match the quality of the Fornax 6

members) and then 3 stars without metallicity measure-

ments. We additionally limited the Fornax sample to the

central pointings. We then computed the kinematic and

metallicity properties of this subset and repeated this

1000 times.

In Figure 6, we examine the velocity dispersion and

metallicity dispersion distributions from the permuta-

tions results and compare them to the best fit F6 prop-

erties (orange point). While there are a number of sam-

ples that are consistent within 1-sigma of the metallicity

dispersion (9.1%) or velocity dispersion (1%) of F6, only

1 permutation (0.1%) is consistent with both a low ve-

locity and metallicity dispersion similar to F6. In sum-

mary, in the Fornax dSph, it is extremely unlikely to

find by chance a clustering of stars with properties sim-

ilar to F6. In addition, the F6 members are spatially

concentrated (R . 1′) in contrast to the permutation

tests explored.

A related question is how likely is it to find a For-

nax star with F6-like velocity and metallicity properties

near F6. The probability to find a F6-like star drawn

from a Fornax dSph-like distribution is 2-4%. A F6-like

star is defined as −0.79 < [Fe/H] < −0.63 and either

46.8 < vlos < 54.2 km s−1 or 43.2 < vlos < 57.8 km s−1

where the difference in percentage accounts for the po-

tential non-zero velocity dispersion. In the current sam-

ple there are 5 Fornax members within 3 half-light radii

of F6. If the outlier stars (star1 and star2) are consid-

ered Fornax stars and not F6 stars this would increase

to 7. If 5 stars are drawn from a Fornax-like distribution

the probability that no stars have F6-like properties is

82-90% and for 7 stars the probability is 76-86%. It is

unlikely to have a Fornax star that has the F6-like prop-

erties located near the cluster but it is not excluded. As

there are two outlier F6 stars it is possible that this has

occurred.

3.4. Tidal Disruption of Fornax 6

Depending on the line-of-sight distance to the F6 clus-

ter relative to the Fornax dSph, there may be strong

tidal forces on the cluster. One potential signature of

tidal disruption is the presence of a velocity gradient.

The disrupting MW satellite Tucana III contains a large

velocity gradient (∼ 8 km s−1deg−1) along its short tidal

tails (Li et al. 2018). To search for a velocity gradient we

modify the mean parameter of the velocity component

of the likelihood: v → v+vgχ(θg). Here, vg is the veloc-

ity gradient magnitude and χ(θg) is the distance along

the velocity gradient axis which is rotated by an angle

θg. This adds two additional velocity parameters (vg,

θg). We apply this model to stars identified as F6 mem-

bers and weight each star by its membership probability.

For simplicity we only model the velocity distribution.

We use the MCMC code emcee to sample the posterior

(Foreman-Mackey et al. 2013).

With the F6 stars identified above we find a gra-

dient that is consistent with zero (vg = 2.7 ±
4.4 km s−1arcmin−1). If we remove the two out-

lier stars the significance increases (vg = 2.6 ±
2.7 km s−1arcmin−1) but is still consistent with no gra-

dient. If we use the members identified with the second

F6 mixture model, we find vg = 4.5+2.1
−2.2 km s−1arcmin−1

with θg = −36 ± 20◦. We do not find any strong ev-

idence for the presence of a velocity gradient. If there

is a velocity gradient a larger spectroscopic sample is

required to identify it.

To estimate the tidal force of Fornax on F6 we com-

pute the Jacobi radius, rj = (MF6/MdSph(rF6)/3)1/3rF6

(Binney & Tremaine 2008). Assuming an NFW halo for

Fornax with a scale radius of 3 kpc and a scale density

of 0.044 M�pc−3, we find rj ∼ 17 − 29 pc if F6 is a

purely stellar system with Υ = 2, and rj ∼ 60− 100 pc

if instead the measured velocity dispersion is representa-

tive of the mass profile of F6 (Υ ∼ 100). In both cases,

the range denotes a line-of-sight distance between 0-1

kpc and a projected distance of 270 pc. For a purely

stellar F6, the Jacobi radius is smaller than the size

of the system, suggesting that F6 should be undergoing

tidal disruption, which may explain its larger elongation

compared to the other Fornax GCs. If the larger veloc-

ity dispersion is representative of F6, than the cluster

should be bound as the Jacobi radius is larger than the

cluster. Any conclusions drawn about the Jacobi radii

and potential tidal disruption depend on the member-

ship of the two outlier candidates (star1 and star2). We

note that rJ will be larger if Fornax has a cored profile

(Wang et al. 2019a). If the true velocity dispersion is

on the low end or there is some inflation of the velocity

dispersion due to a velocity gradient then F6 could be

disrupting but if the high velocity dispersion is repre-

sentative then the cluster members would be bound.

It has been found that in the Fornax system, a large

fraction of the metal-poor stars belong to the 4 metal-

poor globular clusters, up to 20-25% (Larsen et al.

2012b). It is therefore interesting to determine the frac-

tion of the metal-rich stars ([Fe/H]> −1) located in F6

compared to the number of metal-rich stars in the For-

nax dSph. To account for the sampling bias we compare

the stellar mass in F6 to the fraction of stellar mass in
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Fornax that is metal-rich. In our M2FS sample, we find

57% of the Fornax stars have [Fe/H]> −1. Using the

MV values in Table 4 and assuming that both F6 and

Fornax have the same stellar M/L, we find that ∼ 0.6%

of the metal-rich stars in the Fornax system are located

within the F6 cluster. This estimation may be biased

if the M2FS metallicity distribution is not representa-

tive of the Fornax metallicity distribution due to spatial

sampling. In summary, we find that just ∼ 0.6% of

the metal-rich stars belong to the F6 cluster, which is

a much lower than the fraction of metal-poor stars that

belong to the metal-poor globular clusters.

One possible reason for the difference in globular clus-

ter stellar fraction between F6 and the metal-poor clus-

ters is that more F6 stars have been tidally stripped.

We have examined the spatial distribution of stars with

metallicity similar to F6 (−0.9 < [Fe/H] < −0.5) in

the M2FS sample to search for direct evidence of mass

loss. We see no obvious concentration of metal-rich stars

around the F6 cluster nor tidal tail like features origi-

nating from the cluster. The F6-like stars are more cen-

trally concentrated than the bulk of the Fornax sample

but this subset of stars follows the general trend of ob-

serving more metal-rich stars in the central regions of

Fornax (i.e., a negative metallicity gradient). If there

are disrupted F6 stars in the bulk of Fornax, a larger

sample of stars with more precise metallicities or light

element abundance measurements are required to iden-

tify them. For example, a tidally stripped M54 star has

been identified in the Sagittarius dSph based on its ni-

trogen and aluminum abundances (Fernández-Trincado

et al. 2021).

3.5. Age

One of the last remaining pieces of the F6 properties

is the age of the system. In Figure 7, we compare the

colors and magnitudes of F6 members in GBP − GRP
vs G to several theoretical isochrones from the MESA

Isochrones and Stellar Tracks (MIST; Dotter 2016; Choi

et al. 2016). All isochrones are fixed to [Fe/H]=-0.7, the

best-fit metallicity measured from the F6 members, and

we vary the age of the isochrone (1, 2, 4, 6, and 10

Gyr). For comparison the top panel includes all Fornax

members and the bottom panel includes nearby Fornax

members within RF6 < 5′. We note that the Fornax

dSph members span a range in both metallicity and age.

The isochrone with an age of 2 Gyr provides the best

approximate fit for the F6 stars. If we use G − GRP
instead of GBP −GRP we reach a similar conclusion.

Work on the star formation history of the Fornax dSph

measured with deep HST photometry found a major star

formation episode at old ages (> 10 Gyr), with a second

1.0 1.2 1.4 1.6 1.8 2.0

GBP −GRP

18.0

18.5

19.0

19.5

20.0

G

1.0 1.2 1.4 1.6 1.8 2.0
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18.5

19.0

19.5

20.0

G

F6 members

Fornax dSph

[Fe/H]= -0.7, age=1 Gyr

[Fe/H]= -0.7, age=2 Gyr

[Fe/H]= -0.7, age=4 Gyr

[Fe/H]= -0.7, age=6 Gyr

[Fe/H]= -0.7, age=10 Gyr

Figure 7. Color-magnitude diagram of F6 members (black
points) and Fornax dSph members (blue x). The top panel
shows all Fornax dSph members and the lower panel shows
only Fornax dSph members within RF6 < 5′. Overlaid are
MIST isochrones with a fixed metallicity based on the F6
members ([Fe/H]=-0.7) and ages at 1, 2, 4, 6, and 10 Gyr.

recent burst at ∼ 4.6 Gyr, and intermittent star for-

mation in recent times ∼ 0.2 − 2 Gyr (Rusakov et al.

2021). The age estimation based on the comparison
to the isochrones matches the more recent intermittent

star formation. In addition, the photometric metallic-

ity from the star formation histories of Rusakov et al.

(2021) roughly matches [Fe/H] ∼ −0.7 at 2 Gyr. The

Fornax dSph star formation episode at ∼ 2 Gyr may

have triggered the conditions necessary to form the F6

cluster. The most recent pericenter of Fornax based on

Gaia DR2 proper motions is tp = 1.7+1.7
−0.3 Gyr which

corresponds to the most recent star formation (Rusakov

et al. 2021). The previous pericenter time corresponds

roughly to the 4− 6 Gyr burst.

There is evidence of past mergers in the kinematics

and chemistry of the Fornax stars. For example, the

red-giant branch split is split into 2-3 chemo-dynamic

populations (Battaglia et al. 2006; Walker & Peñarrubia

2011; Amorisco & Evans 2012). These three groups have
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[Fe/H] ∼ −1.8,−1,−0.65. which may correspond to the

inital old star formation episode (> 10 Gyr), the second

burst (∼ 4.6 Gyr), and the most recent burst (∼ 0.2− 2

Gyr) (Rusakov et al. 2021). Amorisco & Evans (2012)

found that the intermediate population and the metal-

rich population have a misalignment between their an-

gular momentum vectors suggesting that Fornax is a

merger of a bound pair. del Pino et al. (2017) find ro-

tating sub-populations in the Fornax chemo-dynamics

and a change in direction for stars of ∼ 8 Gyr suggests

that a dwarf galaxy merger occurred around this time.

Similar evidence is found by the misalignment between

the youngest stars in Fornax and the old stellar popula-

tion (Wang et al. 2019b).

The history of the Fornax dSph is complex, with mul-

tiple episodes of star formation, some evidence of merg-

ers, and pericenter passages that may correspond to the

formation time of F6. While we have provided a simple

estimate of the age, future more accurate age measure-

ments are required to conclusively identify any of these

events with F6.

3.6. Comparison to Other Globular Clusters

The main peculiarity of F6 compared to other Fornax

GCs is that it is much more metal-rich than the other

five Fornax clusters. In Figure 8, we compare the lumi-

nosity, metallicity, and half-light radius of F6 to other

GCs in the Local Group. This includes: the other five

Fornax GCs (Mackey & Gilmore 2003a; Letarte et al.

2006; Larsen et al. 2012a), the Sagittarius (Sgr) dSph3

(Arp 2, NGC 2419, NGC 5824, NGC 6715, Palomar 12,

Terzan 7, Terzan 8, and Whiting 1), the MW (Harris

1996, 2010 edition), the Large Magellanic Cloud (LMC;

Mackey & Gilmore 2003b; Pessev et al. 2006, 2008; Song

et al. 2021), Small Magellanic Cloud (SMC; Mackey &

Gilmore 2003c; Pessev et al. 2006, 2008; Song et al. 2021)

, and other dwarf galaxy hosts (WLM (Hodge et al. 1999;

Stephens et al. 2006), Eridanus II (Simon et al. 2021),

And I (Caldwell et al. 2017), And XXV (Cusano et al.

2016), Sextans A (Beasley et al. 2019), Pegasus dIrr

(Cole et al. 2017; Leaman et al. 2020), and NGC 6822

(Hwang et al. 2011, 2014)). F6 has a large size com-

3 The Sgr dwarf is undergoing strong tidal disruption from the
MW and has prominent tidal tails (e.g., Majewski et al. 2003;
Ramos et al. 2020). There are four Sgr GCs associated with the
core of the galaxy (Arp 2, NGC 6715, Terzan 7, Terzan 8) (Da
Costa & Armandroff 1995) and four associated with the tidal tails
(NGC 2419, NGC 5824, Palomar 12, and Whiting 1) (e.g., Law &
Majewski 2010; Massari et al. 2019; Kruijssen et al. 2020). There
are other GCs suggested to be members of Sgr system associated
with the tidal tails but the membership of these GCs is more
tentative (NGC 4147, Pal 2, NGC 6284) (e.g., Law & Majewski
2010; Bellazzini et al. 2020).

pared to other GCs at a similar metallicity Almost all

GCs with [Fe/H]> −1.25 have small sizes (rh < 5 pc).

The GC in the ultra-faint dwarf galaxy Eridanus II is

analogous in size and luminosity as F6 but the Eri II

GC metallicity is more metal-poor ([Fe/H] ≈ −2; Zou-

tendijk et al. 2020; Simon et al. 2021). The closest direct

analog to F6 is the Palomar 12 GC, which is a Sgr GC

located in the trailing arm of the Sgr stream. The Sgr

dSph has three more metal-rich clusters, Palomar 12,

Whiting 1, and Terzan 7, similar to F6. The LMC and

SMC both have younger and more metal-rich clusters

compared to the dwarf galaxy hosts and their sizes are

similar to MW GC population. The large size of F6

relative to the LMC/SMC clusters could be due to the

recent formation and smaller tidal field from the Fornax

dSph versus the massive LMC. Excluding the Sgr GCs,

the other dwarf galaxy GCs are generally more metal-

poor than the MW distribution in contrast to F6.

In Figure 9, we show the age-metallicity distribution of

globular clusters in the Fornax dSph, Sagittarius dSph,

LMC, SMC, and MW (age measurements are from de

Boer & Fraser 2016; Kruijssen et al. 2019; Song et al.

2021). We include shaded bands showing the past two

pericenter passages (Rusakov et al. 2021) and the infall

time of the Fornax dSph into the MW, tinfall = 10.7+0.8
−3.1

(Fillingham et al. 2019). Both pericenter passages cor-

respond to increased star formation in the Fornax dSph

(Rusakov et al. 2021). The MW GCs form two tracks,

an old- metal-rich clump (in-situ) (upper right) and an

accreted track where the GCs are correlated in their

age and metallicity. If we assume F6 follows the same

age-metallicity accreted relation as the MW, we would

expect an age similar to the young Sgr GCs, in the range

of ∼ 6 − 10 Gyr. In particular, Palomar 12 has an age

∼ 9 Gyr (Kruijssen et al. 2019). We note that all three

metal-rich Sgr GCs have ages ∼ 9 Gyr or younger. This

age range overlaps with the infall time of the Fornax

dSph (Fillingham et al. 2019), and suggests there could

be a relation between the formation of F6 and the infall

of the dSph. However, there is better agreement be-

tween the age estimated from the Gaia color-magnitude

diagram and the most recent pericenter passage of For-

nax. Ultimately, accurate photometry of the sub-giant

and main-sequence turn-off is required for a more accu-

rate age measurement of F6 and to determine whether

the formation of F6 is related to the orbital history of

the Fornax dSph.

4. CONCLUSION

We present Magellan/M2FS spectroscopy of the For-

nax dSph and the Fornax 6 (F6) globular cluster. We

measure 980 new radial velocities and metallicities of
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.

stars which we combined with previous MMFS spec-

troscopy (Walker et al. 2009a) and Gaia EDR3 astrome-

try. With this spectroscopic sample we are able to iden-

tify members of the F6 cluster and Fornax dSph. Our

main findings are as follows:

• We identify 2989 members of the Fornax dSph

and measure a velocity dispersion of 12.1 km s−1,

a mean metallicity of −1.22, a metallicity dis-

persion of 0.48 and a metallicity gradient of

−0.28 dex R−1
h . With an efficient Gaia DR2 tar-

get selection, a number of these stars (165) are at

large radii (R/rh > 2). This is one of the largest

Fornax samples and will be useful for future kine-

matic analyses.

• We identify 15-17 members of the F6 cluster and

confirm that F6 is distinct in velocity and metal-

licity from Fornax dSph stars (see Figure 5).

We measure vF6 = 50.5+1.7
−1.7 km s−1 and σv,F6 =

5.6+2.0
−1.6 km s−1. The small offset in radial velocity

between F6 and the Fornax dSph combined with

its spatial location confirms that the F6 is associ-

ated with the Fornax dSph. There are two velocity

outlier stars that may be inflating σv,F6. If they

are excluded from the Fornax 6 sample, the veloc-

ity dispersion is consistent with zero. We measure
[Fe/H]F6 = −0.71+0.05

−0.05 and σ[Fe/H],F6 = 0.03+0.06
−0.02

which is more metal-rich than the bulk of the For-

nax dSph stars and the other five Fornax GCs.

We estimate that 0.6% of the metal-rich stars

are located within the F6 cluster whereas a much

larger percentage of the metal-poor stars in the

Fornax system are located within the other GCs

(20-25% are located within F1,F2,F3,F5; Larsen

et al. 2012b). Excluding the velocity dispersion,

the metallicity, size (rh,F6 ∼ 11.3 pc), and lumi-

nosity (MV ∼ −4.8) of F6 suggest that it is a GC.

• We have compared F6 to other GCs in the MW

and other dwarf galaxy systems (see Figure 8).

When compared to other metal-rich GCs, F6 has

the largest physical size. However, its size and

luminosity is similar to other metal-poor GCs in

the MW and dwarf galaxy GCs. F6 has proper-

ties similar to the metal-rich GCs of Sagittarius.

In particular, Palomar 12 is an excellent analog

based on [Fe/H], Rh, and MV .
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• Given the metal-rich nature of the F6 cluster

([Fe/H]∼ −0.7), it is almost certainly younger

than the other Fornax GCs (age< 10 Gyr) which

places the formation after infall into the MW

(tif ∼ 10.7 Gyr; Fillingham et al. 2019). From

Gaia photometry and MIST isochrones we es-

timated an age of 2 Gyr. Fornax has an ex-

tended star formation history (Rusakov et al.

2021) and potential dwarf galaxy mergers (Amor-

isco & Evans 2012; del Pino et al. 2017). There

are star bursts at ∼ 2, 4 Gyr that correspond to

the two most recent pericenter passages (Rusakov

et al. 2021; Fritz et al. 2018). Any of these events

could have triggered the necessary conditions for

the formation of the F6 cluster. More precise pho-

tometry is required to improve the measurement

of the age and identify the origin of the cluster.

The survival of the Fornax globular cluster system is

arguably at odds with dynamical fictions arguments and

has been used as evidence for a cored dark matter halo

of the Fornax dSph. Future analysis of this problem

should include F6, as the inner clusters (F3, F4, F6) are

the most impacted by different dark matter halos. While

the systemic proper motion of F6 relative to Fornax is

currently not well constrained, in future Gaia data re-

leases the proper motions will be more informative and

assist with addressing the ‘Fornax timing problem.’
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Hill, V., Skúladóttir, Á., Tolstoy, E., et al. 2019, A&A, 626,

A15, doi: 10.1051/0004-6361/201833950

Hodge, P. W., Dolphin, A. E., Smith, T. R., & Mateo, M.

1999, ApJ, 521, 577, doi: 10.1086/307595

Horigome, S.-i., Hayashi, K., Ibe, M., et al. 2020, MNRAS,

499, 3320, doi: 10.1093/mnras/staa2909

Huang, K.-W., & Koposov, S. E. 2021, MNRAS, 500, 986,

doi: 10.1093/mnras/staa3297

Hunter, J. D. 2007, Computing In Science & Engineering,

9, 90

Hwang, N., Lee, M. G., Lee, J. C., et al. 2011, ApJ, 738, 58,

doi: 10.1088/0004-637X/738/1/58

http://doi.org/10.1093/mnrasl/sls031
http://doi.org/10.1088/2041-8205/756/1/L2
http://doi.org/10.1051/0004-6361/201322068
http://doi.org/10.3847/1538-3881/aabc4f
http://doi.org/10.1051/0004-6361:20065720
http://doi.org/10.1093/mnras/stz1349
http://doi.org/10.1051/0004-6361/202037621
http://doi.org/10.1088/0067-0049/216/2/29
http://doi.org/10.1111/j.1365-2966.2012.21948.x
http://doi.org/10.1017/pasa.2017.35
http://doi.org/10.3847/0004-637X/823/2/102
http://doi.org/10.3847/1538-4357/aa5df6
http://doi.org/10.3847/0004-637X/829/1/26
http://doi.org/10.1086/117469
http://doi.org/10.1051/0004-6361/201527580
http://doi.org/10.1093/mnras/stw3016
http://doi.org/10.1086/117186
http://doi.org/10.3847/1538-4365/aae9f0
http://doi.org/10.3847/1538-3881/ab089d
http://doi.org/10.3847/0067-0049/222/1/8
http://doi.org/10.1093/mnras/sty2505
http://doi.org/10.1051/0004-6361/202140306
https://arxiv.org/abs/1906.04180
http://doi.org/10.1093/mnras/sty2584
http://doi.org/10.21105/joss.00024
http://doi.org/10.1086/670067
http://doi.org/10.1051/0004-6361/201833343
http://doi.org/10.1051/0004-6361/201833051
http://doi.org/10.1051/0004-6361/201832698
http://doi.org/10.1051/0004-6361/202039657
http://doi.org/10.1111/j.1365-2966.2006.10182.x
http://doi.org/10.1086/118116
http://doi.org/10.1086/113047
http://doi.org/10.1051/0004-6361/201526996
http://doi.org/10.1051/0004-6361/201424645
http://doi.org/10.1051/0004-6361/201833950
http://doi.org/10.1086/307595
http://doi.org/10.1093/mnras/staa2909
http://doi.org/10.1093/mnras/staa3297
http://doi.org/10.1088/0004-637X/738/1/58


Magellan/M2FS Spectroscopy of Fornax 6 17

Hwang, N., Park, H. S., Lee, M. G., et al. 2014, ApJ, 783,

49, doi: 10.1088/0004-637X/783/1/49

Ji, A. P., Frebel, A., Simon, J. D., & Geha, M. 2016, ApJ,

817, 41, doi: 10.3847/0004-637X/817/1/41

Jones, E., Oliphant, T., Peterson, P., et al. 2001, SciPy:

Open source scientific tools for Python.

http://www.scipy.org/

King, I. 1962, AJ, 67, 471, doi: 10.1086/108756

Kirby, E. N., Cohen, J. G., Guhathakurta, P., et al. 2013,

ApJ, 779, 102, doi: 10.1088/0004-637X/779/2/102

Kirby, E. N., Cohen, J. G., Simon, J. D., & Guhathakurta,

P. 2015, ApJL, 814, L7,

doi: 10.1088/2041-8205/814/1/L7

Kirby, E. N., Cohen, J. G., Simon, J. D., et al. 2017, ApJ,

838, 83, doi: 10.3847/1538-4357/aa6570

Kirby, E. N., Lanfranchi, G. A., Simon, J. D., Cohen, J. G.,

& Guhathakurta, P. 2011, ApJ, 727, 78,

doi: 10.1088/0004-637X/727/2/78

Kirby, E. N., Guhathakurta, P., Simon, J. D., et al. 2010,

ApJS, 191, 352, doi: 10.1088/0067-0049/191/2/352

Koch, A., Wilkinson, M. I., Kleyna, J. T., et al. 2009, ApJ,

690, 453, doi: 10.1088/0004-637X/690/1/453

Koposov, S., & Bartunov, O. 2006, in Astronomical Society

of the Pacific Conference Series, Vol. 351, Astronomical

Data Analysis Software and Systems XV, ed. C. Gabriel,

C. Arviset, D. Ponz, & S. Enrique, 735

Kruijssen, J. M. D., Pfeffer, J. L., Reina-Campos, M.,

Crain, R. A., & Bastian, N. 2019, MNRAS, 486, 3180,

doi: 10.1093/mnras/sty1609

Kruijssen, J. M. D., Pfeffer, J. L., Chevance, M., et al.

2020, MNRAS, 498, 2472, doi: 10.1093/mnras/staa2452

Larsen, S. S., Brodie, J. P., & Strader, J. 2012a, A&A, 546,

A53, doi: 10.1051/0004-6361/201219895

Larsen, S. S., Strader, J., & Brodie, J. P. 2012b, A&A, 544,

L14, doi: 10.1051/0004-6361/201219897

Law, D. R., & Majewski, S. R. 2010, ApJ, 718, 1128,

doi: 10.1088/0004-637X/718/2/1128

Leaman, R., Ruiz-Lara, T., Cole, A. A., et al. 2020,

MNRAS, 492, 5102, doi: 10.1093/mnras/staa004

Lemasle, B., Hill, V., Tolstoy, E., et al. 2012, A&A, 538,

A100, doi: 10.1051/0004-6361/201118132

Letarte, B., Hill, V., Jablonka, P., et al. 2006, A&A, 453,

547, doi: 10.1051/0004-6361:20054439

Letarte, B., Hill, V., Tolstoy, E., et al. 2010, A&A, 523,

A17, doi: 10.1051/0004-6361/200913413

Leung, G. Y. C., Leaman, R., van de Ven, G., & Battaglia,

G. 2020, MNRAS, 493, 320, doi: 10.1093/mnras/stz3017

Li, T. S., Simon, J. D., Kuehn, K., et al. 2018, ApJ, 866,

22, doi: 10.3847/1538-4357/aadf91

Li, T. S., Koposov, S. E., Zucker, D. B., et al. 2019,

MNRAS, 490, 3508, doi: 10.1093/mnras/stz2731

Lindegren, L., Klioner, S. A., Hernández, J., et al. 2021,

A&A, 649, A2, doi: 10.1051/0004-6361/202039709

Mackey, A. D., & Gilmore, G. F. 2003a, MNRAS, 340, 175,

doi: 10.1046/j.1365-8711.2003.06275.x

—. 2003b, MNRAS, 338, 85,

doi: 10.1046/j.1365-8711.2003.06021.x

—. 2003c, MNRAS, 338, 120,

doi: 10.1046/j.1365-8711.2003.06022.x

Majewski, S. R., Skrutskie, M. F., Weinberg, M. D., &

Ostheimer, J. C. 2003, ApJ, 599, 1082,

doi: 10.1086/379504

Martinez, G. D., Minor, Q. E., Bullock, J., et al. 2011, ApJ,

738, 55, doi: 10.1088/0004-637X/738/1/55

Massari, D., Koppelman, H. H., & Helmi, A. 2019, A&A,

630, L4, doi: 10.1051/0004-6361/201936135

Mateo, M., Bailey, J. I., Crane, J., et al. 2012, Society of

Photo-Optical Instrumentation Engineers (SPIE)

Conference Series, Vol. 8446, M2FS: the

Michigan/Magellan Fiber System, 84464Y,

doi: 10.1117/12.926448

McConnachie, A. W., & Venn, K. A. 2020, Research Notes

of the American Astronomical Society, 4, 229,

doi: 10.3847/2515-5172/abd18b

Minor, Q. E. 2013, ApJ, 779, 116,

doi: 10.1088/0004-637X/779/2/116

Moskowitz, A. G., & Walker, M. G. 2020, ApJ, 892, 27,

doi: 10.3847/1538-4357/ab7459
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