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ABSTRACT
The formation of "stellar halos" in dwarf galaxies have been discussed in terms of early mergers or Galactic tides,
although fluctuations in the gravitational potential due to stellar feedback is also a possible candidate mechanism.
A Bayesian algorithm is used to find new candidate members in the extreme outskirts of the Sculptor dwarf galaxy.
Precise metallicities and radial velocities for two distant stars are measured from their spectra taken with the Gemini
South GMOS spectrograph. The radial velocity, proper motion and metallicity of these targets are consistent with
Sculptor membership. As a result, the known boundary of the Sculptor dwarf extends now out to an elliptical distance
of ∼ 10 half-light radii, which corresponds to a projected physical distance of ∼ 3 kpc. As reported in earlier work, the
overall distribution of radial velocities and metallicities indicate the presence of a more spatially and kinematically
dispersed metal-poor population that surrounds the more concentrated and colder metal-rich stars. Sculptor’s density
profile shows a "kink" in its logarithmic slope at a projected distance of ∼ 25 arcmin (620 pc), which we interpret as
evidence that Galactic tides have helped to populate the distant outskirts of the dwarf. We discuss further ways to
test and validate this tidal interpretation for the origin of these distant stars.

Key words: stars: abundances – stars: Population II – galaxies : formation – galaxies: dwarf – galaxies: individual:
Sculptor – galaxies: evolution

1 INTRODUCTION

The dwarf satellites orbiting the Milky Way are among the
oldest and most metal-poor galaxies that are known to exist
(e.g., Tolstoy, Hill & Tosi 2009). These galaxies have a broad
range of masses, sizes, and luminosities. A luminosity thresh-
old of L= 105 L� was proposed by Simon (2019) to differen-
tiate between classical dwarf galaxies (such as Fornax, Sculp-
tor, and Ursa Minor) and the least massive ultra-faint dwarf
galaxies (UFDs, also see Bullock & Boylan-Kolchin 2017).
The UFDs are situated at the low-mass end of the hierarchi-
cal formation process, with just enough mass to produce very
metal-poor stars (VMP, with [Fe/H] ≤ −2.0, Simon 2019).
The dwarf satellites are a prime target to comprehend the
characteristics of dark matter and the early stages of our
galaxy’s formation (e.g., Bullock & Boylan-Kolchin 2017).
The presence of extended stellar halos around dSphs is

of particular interest. In the context of the hierarchical for-
mation of Λ−Cold Dark Matter (Λ−CDM) cosmology (e.g.,
White & Rees 1978; Frenk et al. 1988; Navarro, Frenk &
White 1997), stellar haloes are built primarily through the ac-
cretion and disruption of smaller systems. While this process
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is clearly at work in large galaxies like the Milky Way (MW),
the possible presence of stellar haloes around dSphs remains
inconclusive (e.g., Deason et al. 2022, and references therein).
In Λ−CDM, the fraction of stars accreted through mergers
is thought to become negligible in the regime of dwarfs, sug-
gesting, at face value, that dwarfs should generally lack stellar
halos (e.g., Genel et al. 2010; Moster, Naab & White 2013).
Faint dwarf galaxies have shallow gravitational potentials,

and are therefore extremely susceptible to a number of pro-
cesses that may act to influence their individual morphologies
and perhaps lead to the formation of an extended envelope of
stars (e.g., Higgs et al. 2021, and references therein). Inter-
nal processes include star formation and the subsequent stel-
lar feedback (e.g., El-Badry et al. 2018); external processes
include mergers (e.g., Deason, Wetzel & Garrison-Kimmel
2014), ram pressure stripping (e.g., Grebel, Gallagher & Har-
beck 2003) and stirring (e.g., Kazantzidis et al. 2011), tidal
interaction (e.g., Fattahi et al. 2018), and reionization (e.g.,
Wheeler et al. 2019). The outskirts of a dwarf satellite galaxy
is fertile ground to look for signatures of these internal and
external processes.
Very recently, new candidate member stars have been re-

ported in the extreme outskirts of several dwarf galaxies (e.g.,
McConnachie & Venn 2020a; Chiti et al. 2021; Filion & Wyse
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2021; Longeard et al. 2022; Yang et al. 2022; Jensen et al.
2023, in prep.; Sestito et al. 2023b; Waller et al. 2023). Chiti
et al. (2021) spectroscopically identified members as far out
as ∼9 half-light radii (rh), or physical distances up to 1 kpc,
away from the centre of Tucana II. Their chemo-dynamical
investigation showed that the outer envelope of Tucana II is
more metal-poor than the central regions, a result that sug-
gests that Tucana II was probably formed by an early merger
which dispersed the old stellar component and brought gas
to the inner regions to fuel the formation of subsequent gen-
erations of stars (Benítez-Llambay et al. 2016).
Recently, Jensen et al. (2023, in prep.) improved a Bayesian

algorithm, developed by McConnachie & Venn (2020a), to es-
timate the probability that a star in the vicinity of a dwarf
galaxy is a member of the dwarf. Their method combines the
full astrometric and photometric data from Gaia Early Data
Release 3 (EDR3, Gaia Collaboration et al. 2021). The algo-
rithm is able to identify as members the distant stars found
by Chiti et al. (2021) around Tucana II (Jensen et al. 2023, in
prep.), and it has been used to hunt for an extended stellar
halo in Coma Berenices, Ursa Major I, Boötes I (∼ 6 rh,
Waller et al. 2023), and Ursa Minor (∼ 12 rh, Sestito et al.
2023b). Both Waller et al. (2023) and Sestito et al. (2023b)
discussed that the outermost stars in these systems may have
formed in the central regions, then moved out through tidal
stripping and/or supernova feedback.
Other algorithms have also been applied to search for ex-

tended stellar haloes in faint systems. Yang et al. (2022) re-
port a new halo component in Fornax, representing about 10
percent of the total stellar mass; Longeard et al. (2022) com-
bined Gaia EDR3 data with photometric metallicites from
the Pristine survey (Starkenburg et al. 2017) to discover 27
new members in the outskirt of Boötes I. In the same system,
Filion & Wyse (2021) found several blue horizontal branch
stars beyond its tidal radius.
In this work, candidates identified by this extremely effi-

cient Bayesian algorithm (Jensen et al. 2023, in prep.) are
used to confirm the presence of stars in the outermost re-
gion of the Sculptor dwarf galaxy (Scl). The two outermost
candidate member stars at ∼ 10 half-light radii are observed
with low-resolution spectroscopy. Their radial velocities and
metallicities confirm their membership to Sculptor.
Sculptor is the first faint MW satellite discovered (Shapley

1938) after the Magellanic Clouds. Since then, the number of
known faint dwarf galaxies has grown tremendously thanks to
new observational techniques and survey, e.g., the Sloan Dig-
ital Sky Survey (SDSS, York et al. 2000), the Panoramic Sur-
vey Telescope And Rapid Response System (Pan-STARRS,
Chambers et al. 2016), the Dark Energy Survey (DES, The
Dark Energy Survey Collaboration 2005), the DESI Legacy
Imaging Surveys (Dey et al. 2019), the Pan-Andromeda Ar-
chaeological Survey (PAndAS, e.g., Martin et al. 2009; Mc-
Connachie et al. 2009), and the DECam Local Volume Ex-
ploration Survey (DELVE, Drlica-Wagner et al. 2021). Many
spectroscopic campaigns have targeted stars in Sculptor. In
particular, the Dwarf Abundance and Radial velocity Team
(DART, Tolstoy et al. 2006; Battaglia et al. 2008) observed
more than 600 members measuring precise metallicities and
radial velocities, showing that the system spans 3 dex in
metallicity.
High-resolution spectroscopic observations probing the

chemical properties of Sculptor are more scarce. There are

only 12 stars with [Fe/H] < −2.5 observed so far (Frebel,
Kirby & Simon 2010; Tafelmeyer et al. 2010; Starkenburg
et al. 2013; Jablonka et al. 2015; Simon et al. 2015; Skúladót-
tir et al. 2021). The first ultra-metal-poor star (UMP,
[Fe/H] ≤ −4.0) observed at high-resolution in a dwarf galaxy
is a Sculptor member, as recently discovered by Skúladóttir
et al. (2021) (vs. 42 detected UMPs in the Milky Way, Ses-
tito et al. 2019). The authors discuss that the atmosphere of
this ancient star carries the imprints of a hypernova gener-
ated from a metal-free star, also known as First star or Pop-
ulation III. This finding is in agreement with Ishigaki et al.
(2018), in which they discuss that the the majority of the pri-
mordial supernovae would have masses < 40 M�. However,
Hartwig et al. (2023) showed that only ∼ 40 percent of the
stars at that metallicity ([Fe/H] = −4.11, Skúladóttir et al.
2021) would be mono-enriched by primordial supernovae. The
chemical evolution of Sculptor is similar to other dwarf galax-
ies. At very low-metallicities, Sculptor is dominated by con-
tributions from supernovae type II (e.g., Jablonka et al. 2015;
Skúladóttir et al. 2021), while at [Fe/H] ≥ −1.9 indications
of supernovae type Ia are observable in the distribution of
chemical abundances (e.g., Venn et al. 2004; Tolstoy, Hill
& Tosi 2009; Hill et al. 2019). Star formation in Sculptor
has been modelled to have lasted between 6 to 8 Gyr (e.g.,
Fenner et al. 2006; Revaz & Jablonka 2018).
This paper is divided as follow. Section 2 reports the tar-

get selection, the observational setup, and the spectra reduc-
tion of the two targets. Section 3 describes the inference of
the stellar parameters. Section 4 outlines the measurement
of the radial velocity and the metallicity from the near in-
frared Ca Triplet lines. The discussion on the membership of
the targets and the presence of tidal perturbations in Sculp-
tor are reported in Section 5. Conclusions are summarised in
Section 6.

2 DATA

2.1 Target selection

Candidate member stars for spectroscopic follow-up are
firstly selected using the algorithm described in Jensen et
al. (2023, in prep., hereafter J23). The algorithm, much like
its predecessor described in McConnachie & Venn (2020a,
hereafter MV20), is designed to search for member stars in a
given dwarf galaxy by determining the probability of mem-
bership to the satellite. The probability of being a satellite
member, Psat, is determined using three likelihoods based on
the dwarf’s (1) colour-magnitude diagram (CMD), (2) sys-
temic proper motion, and (3) the radial distance from the
center of the satellite, using relevant data from Gaia EDR3
(Gaia Collaboration et al. 2021). The stellar density of a
dwarf can often sufficiently be summarized by a single ex-
ponential profile (see MV20). However, motivated to search
for dwarfs which may have evidence of tidal features or ex-
tended stellar haloes, the spatial likelihood in J23 assumes
that each dwarf may host a secondary, extended, and lower
density, outer profile. Only a handful of systems are found to
host a secondary outer profile (see J23), a few of which are al-
ready known to be actively tidally disrupting (e.g., Bootes III
and Tucana III). Sculptor is a system for which a secondary
outer profile is observed, indicating either an extended stellar
halo or tidal features.

MNRAS 000, 1–10 (2023)
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The most radially distant (9.7 and 10.1 rh), relatively
bright (G ∼ 17.6 − 17.9 mag) candidates of Sculptor are se-
lected. J23 demonstrated that the purity of candidate mem-
bers is extremely high for Psat > 0.40 and the majority of
foreground stars has Psat < 0.10. Therefore, the algorithm is
excellent at removing foreground contaminants even at such
low probabilities. As a matter of fact, these stars are also
listed as likely Scl members by Qi et al. (2022), with a proba-
bility > 98 percent. Thus far, this algorithm has been proved
to be very efficient in finding new members in the extreme
outskirts of Coma Berenices, Ursa Major 1, Bootes 1 (Waller
et al. 2023), and in Ursa Minor (Sestito et al. 2023b).
For the most distant candidate, Target 2, a measurement of

its radial velocity is already present in the literature. Westfall
et al. (2006) measured radial velocities of stars in the direc-
tion of Scl. They found a radial velocity (RV) compatible with
Scl (∼ 119 km s−1). Given its large distance from Scl centre,
the authors had no reason to suspect Target 2 was a member,
therefore, no metallicity was estimated. The main properties
of Sculptor and our two targets are reported in Tables 1 and
2.
Figure 1 shows the position of our two targets (black dia-

mond and star markers), ∼ 7000 candidate members selected
from J23 (olive diamonds), and other known Sculptor mem-
bers (lime green and hot pink markers) in projected sky coor-
dinates, on colour-magnitude diagram, and in proper motion
space. The selection algorithm is also applied to stars within
the Dwarf Abundance and Radial velocity Team (DART, Tol-
stoy et al. 2006; Battaglia et al. 2008) and to the APOGEE
data release 17 (DR17, Abdurro’uf et al. 2022). From the
initial sample of DART (656 stars), stars with low proba-
bility membership (< 40 percent, 118 stars) have been re-
moved. Then, for the cleaned DART sample in common with
APOGEE DR17, radial velocities and metallicities from the
former are used, since the metallicity grid in APOGEE stops
at [Fe/H]= −2.4 and several stars have metallicity below
that threshold according to DART. We also note that RV
in APOGEE DR17 are in agreement with DART even at
[Fe/H] < −2.4. The total sample with reliable radial ve-
locities and metallicities is composed of 617 stars, 538 from
DART and 79 from APOGEE DR17.

2.2 GMOS observations and reduction

Targets are observed with the Gemini Multi-Object Spectro-
graph (GMOS, Hook et al. 2004; Gimeno et al. 2016) at the
Gemini South with a Fast Turnaround program, GS-2022B-
FT-205 (P.I. F. Sestito). The R831 grating centred at the
855 nm Ca ii Triplet line, with a slit width of 1.0 arcsec, is
used for these observations. Each target is observed with 4
exposures of 900s each to obtain a signal-to-noise ratio per
spectral pixel of ∼50 in the Ca ii Triplet region, in order to
measure the RV with an uncertainty around ∼ 10 km s−1

and the equivalent width (EW) of the Ca ii Triplet with a
sufficient precision for reaching an uncertainty of ∼ 0.3 dex in
the metallicity estimate. The latter is inferred through vari-
ous Ca ii T EW - [Fe/H] relations, as described in Section 4.
Spectra have been reduced with the standard routines for

GMOS data in the Gemini IRAF package1 (Tody 1986,

1 http://www.gemini.edu/observing/phase-iii/

Table 1. Galactic parameters of Sculptor. The coordinates α, δ,
the mean metallicity, the mean radial velocity, the dispersion in
velocity, the heliocentric distance D�, the distance modulus, the
ellipticity, the position angle φ, and the half-light radius rh in ar-
cmin and pc, the Gaia EDR3 mean proper motion, and the dynam-
ical mass are reported with the respective references. (a) refers to
McConnachie (2012), (b) to McConnachie & Venn (2020a), and
(c) to McConnachie & Venn (2020b).

Property Value Reference

α 15.03917 deg (b)
δ −33.70917 deg (b)
[Fe/H] −1.68 ± 0.01 (b)
RV 111.4 km s−1 (a)
σv 9.2 ± 1.4 km s−1 (b)
D� 86 ± 6 kpc (a)
Dmod 19.67 ± 0.14 mag (a)
ellipticity 0.37 ± 0.01 (b)
φ 94 ± 1 deg (b)
rh 12.33 ± 0.05 arcmin (b)
rh 308 ± 20 pc (b)
µαcosδ 0.099 ± 0.002 mas yr−1 (c)
µδ −0.160 ± 0.002 mas yr−1 (c)
Mdyn(≤rh) 14 × 106 M� (a)

1993). Spectra have been corrected for bias and flat-fields,
and the wavelength has been calibrated using the CuAr emis-
sion lamp. Heliocentric motion has been corrected in the ob-
servations. The 4 exposures have been stacked using Gem-
Combine. The flux of the combined spectra have been nor-
malised to one. The log of the observations is reported in
Table 3.
Figure 2 displays the the Ca ii region of the combined and

normalised GMOS spectra of Target 1 and 2.

3 STELLAR PARAMETERS

To estimate the effective temperatures, the Mucciarelli, Bel-
lazzini & Massari (2021) colour-temperature relationship for
giants is used in this work. This is based on the Infrared flux
method from González Hernández & Bonifacio (2009) and
adapted to Gaia EDR3 photometry. The input parameters
are the Gaia EDR3 (BP-RP) de-reddened colour and a metal-
licity estimate. The 2D Schlafly & Finkbeiner (2011) map2

has been used to correct the photometry for extinction3. A
value of [Fe/H] = −2.0± 0.5 is adopted as input metallicity,
compatible with the distribution of [Fe/H] in Sculptor.
Surface gravities were inferred from the Stefan-Boltzmann

equation4. This calculation requires the effective tempera-
ture, the distance of the object (see Table 1), the Gaia EDR3

understanding-and-processing-data/
data-processing-software/gemini-iraf-general
2 https://irsa.ipac.caltech.edu/applications/DUST/
3 To convert from the E(B-V) map to Gaia extinction coeffi-
cients, the AV/E(B − V) = 3.1 (Schultz & Wiemer 1975) and
the AG/AV = 0.85926, ABP/AV = 1.06794, ARP/AV = 0.65199

relations (Marigo et al. 2008; Evans et al. 2018) are used.
4 L? = 4πR2

?σT
4
? ; the radius of the star can be calculated from
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Figure 1. Sculptor as seen in Gaia EDR3. All panels: Targets 1 and 2 are marked with a diamond and a star marker, respectively. Olive
diamonds are candidate members from Jensen et al. (2023, in prep.). Lime green circles and hot pink squares are Sculptor stars from the
cleaned DART sample and APOGEE DR17, respectively. MW foreground stars are shown with small grey dots. These are selected from
Gaia EDR3 in the direction of Sculptor and within the field of view of the η−ξ panel. Left panel: Projected sky coordinates and projected
distance from Sculptor’s centre. The orange ellipses denote elliptical distances of 3, 5, 7, and 9 rh. The arrow points in the direction of
Sculptor’s proper motion. Central panel: Colour-magnitude diagram. Dark green dashed line is a Padova isochrone at [Fe/H] = −2.0 and
age of 12 Gyr (Bressan et al. 2012). Right panel: Proper motion space.

Table 2. The Gaia EDR3 source ID, the coordinates (α, δ), the projected coordinates (ξ, η), the elliptical radius distance rell in rh unit,
the probability to be a member from Jensen et al. (2023, in prep.), the Gaia EDR3 photometry G and BP−RP, and the reddening AV

from Schlafly & Finkbeiner (2011) are reported for each target.

Target source id α δ ξ η rell Psat G BP−RP AV

(deg) (deg) (deg) (deg) (rh) (mag) (mag) (mag)

Target 1 5006419626331394048 12.67539 −33.46838 −1.97246 0.21835 9.67 0.46 17.62 1.31 0.0419
Target 2 5026130884816022016 16.84351 −34.66460 1.48453 −0.96882 10.06 0.45 17.86 1.29 0.0439

Table 3. Total exposure time, number of exposures, signal-to-noise
ratio (SNR) measured at the Ca ii T region, and the observation
dates are reported for each target. The SNR is calculated as the
ratio between the median flux and its standard deviation in the
region [8550,8650] Å.

Target texp Nexp SNR Obs. date
(s) @Ca ii T YY/MM/DD

Target 1 3600 4 66 22/11/15
Target 2 3600 4 78 22/10/30

G de-reddened photometry, and the bolometric corrections on
the flux (Andrae et al. 2018). A Monte Carlo algorithm has
been applied to the input parameters with their uncertainties
to estimate the uncertainties on the stellar parameters. The
input quantities were drawn from a Gaussian distribution,
except for the stellar mass. The latter is treated with a flat
prior from 0.5 to 0.8 M�, which is consistent with the mass
of very metal-poor stars. The mean uncertainty on the effec-

this equation, then the surface gravity is inferred assuming the
mass.

Table 4. Effective temperatures and surface gravities of the tar-
gets.

Target Teff log g
(K)

Target 1 4535 ± 75 1.11 ± 0.07

Target 2 4583 ± 70 1.24 ± 0.08

tive temperature is ∼ 72 K, while on the surface gravity is
∼ 0.08 dex, both mainly driven by the distance’s uncertainty.
Stellar parameters from these methods have been shown

to be in agreement with spectroscopic methods applied to
very metal-poor stars (e.g., Kielty et al. 2021; Lardo et al.
2021; Sestito et al. 2023a; Waller et al. 2023). The stellar
parameters are reported in Table 4.

4 METALLICITY AND RADIAL VELOCITY
ESTIMATION

4.1 Radial velocity measurement

The radial velocity has been calculated by cross-correlating
the combined normalised spectra with a synthetic spectrum
using the fxcor routine in IRAF. The synthetic spectrum

MNRAS 000, 1–10 (2023)
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Figure 2. Normalised GMOS spectra in the Ca T region.

has been created from synth MOOG (Sneden 1973) us-
ing a spectral line list from linemake5 (Placco et al. 2021).
MARCS model atmospheres (Gustafsson et al. 2008; Plez
2012) are adopted with the same stellar parameters as the
observed stars. The synthetic spectrum has been created at
the same resolution of the GMOS R831 grating.
To test for possible RV offsets due to problems in the wave-

length solution, telluric absorption lines have been extracted
from the spectra of our targets and cross-correlated. There is
no RV offset between the spectra of the two targets within
the dispersion of GMOS spectrograph (∼ 13 km s−1).

4.2 Metallicities from Ca ii Triplet

Multiple calibrations to measure [Fe/H] from the near-
infrared Ca ii Triplet lines (λλ8498, 8542, 8662 Å) are avail-
able in the literature. In this work, calibrations from Starken-
burg et al. (2010, hereafter S10), Carrera et al. (2013, here-
after C13), and Longeard et al. (2023, hereafter L23) are se-
lected. All of them are in the form:

[Fe/H] = a+ b ·MV + c ·ΣCa + d ·ΣCa−1.5 + e ·ΣCa ·MV, (1)

where a, b, c, d are coefficients, MV is the absolute V magni-
tude of the giant star, ΣCa is a linear function of the EWs of
the components of the Ca ii T lines. In the case of the calibra-
tion from S10, ΣCa is the sum of the EWs of the second and
third components of the Triplet, ΣCa = EW2 + EW3. The
calibration from C13 uses ΣCa as the weighted sum of the
three components, ΣCa = 0.19·EW1+0.47·EW2+0.34·EW3.

5 https://github.com/vmplacco/linemake

L23 use the first and the second lines of the triplet, ΣCa =
EW1 + EW2.

MV is derived converting the Gaia EDR3 magnitudes to
the Johnson-Cousin filter following Riello et al. (2021) and
adopting a distance modulus of 19.67±0.14 mag (see Table 1).
The EW is measured using the splot routine in IRAF, fit-
ting the spectral lines with multiple profiles. The median and
the standard deviation of the multiple measurements have
been adopted as values for the EW and its uncertainty. A
Monte Carlo with 106 randomisations is performed on the
input variables of Equation 1 and on the coefficients drawing
them from a Gaussian distribution. In case of the coefficients
from L23, the randomisations have been done taking into ac-
count their strong correlations (see L23). While the relative
uncertainty on the coefficients from S10 and C13 is set to 10
percent. The [Fe/H] and its uncertainty are the median and
the standard deviation of the draws, respectively. Metallici-
ties and radial velocities are reported in Table 5. The mean of
the three metallicity estimates is reported as well. We note
that the metallicities from S10 and C13 differ by ∼ 1.35σ,
while the ones from S10 and L23 by only ∼ 0.33σ. One source
of discrepancy might be the different weight in ΣCa given to
the Ca ii T lines by the different calibrations. While they
have the same weights in S10 and L23, the first component
of the triplet has a less impact in C13 (first : second is 1 : 2.47
and first : third is 1 : 1.79). As discussed below, the small dis-
crepancy in the metallicities does not affect the membership
of the two candidates.
Figure 3 displays the metallicities and radial velocities of

our targets and known Sculptor members (from DART and
APOGEE DR17) as a function of their elliptical distances
(left panels); the [Fe/H] vs. RV space and their histograms
(central and right panels). The three calibrations provide
[Fe/H] for both Target 1 and 2 in agreement with the Sculp-
tor’s range. As regards Target 1, we note that our RV deter-
mination places this star at the edge of the distribution for
this system. Its RV is compatible with the value from a few
known members observed by the DART survey and located
in the inner region (. 6rh) of the system (see top left panel
of Figure 3). The RV of Target 2 is in agreement with the
Sculptor distribution and also with the previous determina-
tion from Westfall et al. (2006).

4.3 Comparison with the Besançon model

Figure 3 also shows the Besançon simulation6 (Robin et al.
2003, 2017) of the Milky Way halo towards Sculptor, with
the same cut on sky position as in the left panel of Figure 1.
Nearby foreground stellar particles are removed selecting a
heliocentric distance greater than 5 kpc. Of the initial 230
stellar particles, only 55 inhabit the same RV−[Fe/H] re-
gion as Sculptor. Of the 55 stellar particles, only one has a
proper motion compatible with Sculptor members. However,
its photometry in the G band differs more than a dex from
the Sculptor stars at the same (BP − RP) colour. None of
the simulated stellar particles can reproduce all the Sculptor
properties simultaneously. We confirm Target 1 and 2 as new
Sculptor members.

6 https://model.obs-besancon.fr
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Figure 3. Distributions of the Sculptor stars. Left panels: Radial velocities (top) and metallicities (bottom) as a function of the elliptical
distance. Central panel: distribution of Sculptor stars in the [Fe/H] vs. RV space. Corner plots: histograms of the RV (top) and metallicity
(right) distributions. Targets 1 and 2 are marked with a diamond and a star marker, respectively. The metallicities from three calibration
are denoted by dark blue (Starkenburg et al. 2010), grey (Carrera et al. 2013), and magenta (Longeard et al. 2023) markers. RV of Target 2
from Westfall et al. (2006) is denoted by a dark orange star, which is in agreement with our measurement. Lime green dots are the cleaned
sample from DART, while hot pink squares are Sculptor members from APOGEE DR17. Stellar particles from the Besançon simulation
are marked with black in the RV vs. [Fe/H] and the histograms panels.

Table 5. Radial velocities, equivalent widths, and metallicities of the targets. The metallicities from the three calibrations are reported,
S10 (Starkenburg et al. 2010), C13 (Carrera et al. 2013) and L23 (Longeard et al. 2023), and the mean from the three inferences.

Target RV EW1 EW2 EW3 [Fe/H] [Fe/H] [Fe/H] [Fe/H]
(km s−1) (mÅ) (mÅ) (mÅ) S10 C13 L23

Target 1 148.6 ± 2.1 ± 13.3 940 ± 41 1900 ± 105 1640 ± 31 −1.95 ± 0.33 −2.66 ± 0.37 −2.08 ± 0.11 −2.23 ± 0.38
Target 2 112.4 ± 2.5 ± 13.3 912 ± 46 1999 ± 86 1462 ± 35 −1.93 ± 0.33 −2.59 ± 0.37 −2.03 ± 0.09 −2.18 ± 0.36

5 DISCUSSION

5.1 New Sculptor members

The two candidate members have positions, photometry,
proper motions, radial velocities, and metallicities compati-
ble with known stars in Sculptor (see Figures 1 and 3). These
properties cannot be reproduced at the same time by the Be-
sançon simulations. We conclude that the two targets anal-
ysed in this work are new members of Sculptor. Therefore,
Sculptor extends at least out to a projected elliptical dis-
tance of 10 rh, which is a physical distance of ∼ 3 kpc from
its centre.

5.2 Metallicity gradients

Figure 3 shows that the metal-rich population ([Fe/H] &
−1.5) is more centrally concentrated and kinematically colder
than the metal-poor stars ([Fe/H] . −1.5). As a matter of
fact, 90 percent of the metal-rich population lies within 2.0rh,
while the same fraction of the more metal-poor stars is con-
tained within 3.7rh. This result is in agreement with previ-
ous work (e.g., Tolstoy et al. 2004; Battaglia et al. 2008;
Walker & Peñarrubia 2011; Tolstoy et al. 2023), in which
the metal-rich and centrally concentrated population has a
smaller velocity dispersion (∼ 6 − 7 km s−1) than the more
metal-poor and diffuse population (∼ 10 − 12 km s−1). This
gradient in metallicity can be explained by an outside-in star
formation history or could be the result of an early merger
which dispersed the metal poor component before the subse-
quent formation of the metal-rich stars. (e.g., Zhang et al.
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2012; Benítez-Llambay et al. 2016; Revaz & Jablonka 2018).
While the presence of a gradient in Sculptor can be an effect
of mechanisms in play at early times, the presence of stars
in the extreme outskirts might be a signature of recent tidal
perturbations, as discussed in the following section.

5.3 Sculptor is affected by tides

At face value, the identification of member stars as far out
as 10 half-light radii from the centre of Sculptor is rather
surprising (see also Qi et al. 2022). For an exponential profile,
the surface number density of stars at that radius is expected
to drop by 6 orders of magnitude from its central value and,
therefore, the chance of detecting member stars that far from
the centre should be negligible. Indeed, as shown in the top-
left panel of Figure 4, the stars presented in our study are,
at ∼ 100 arcmin, part of a clear excess over an exponential
profile (solid red line) fit to the inner regions of Sculptor’s
surface number density profile. Because of this excess, the
surface number density at 10 half light radii is roughly 100
times higher than expected from an exponential profile.
What is the origin of this excess? Is it innate to Sculp-

tor, or is it the result of internal processes that have driven
stars out, such as gravitational fluctuations driven by the gas
inflows and outflows (e.g., El-Badry et al. 2018), or of ex-
ternal processes, such as early accretion or mergers (Benítez-
Llambay et al. 2016)? Or is it perhaps driven by the effects
of Galactic tides? Although it is difficult to make a definitive
case for either scenario without further data or detailed simu-
lation, we believe that the data favours a tidal interpretation,
as detailed below.
Scl is a satellite of the Milky Way, currently at ∼ 86 kpc

from its centre (e.g., McConnachie 2012), and moving out on
an orbit with pericentric and apocentric distance of ∼ 55 kpc
and & 145 kpc, respectively (Li et al. 2022; Battaglia et al.
2022; Pace, Erkal & Li 2022). Despite the relatively large
inferred pericentre, Sculptor shows sign of internal velocity
gradients, which have been interpreted as a consequence of
Galactic tides (see, e.g., Martínez-García, del Pino & Apari-
cio 2023). Tides are expected also to leave their imprint on
the surface number density profile (Σ) of a dwarf. This im-
print is best identified by considering the logarithmic slope of
the profile, Γ = d log Σ/d log r, which is shown, as a function
of radius, in the bottom left panel of Figure 4. For an ex-
ponential profile, Γ decreases linearly with radius, as shown
by the solid red line, with a slope equal to the inverse of the
exponential scale length.
As a result of a tidal perturbation, some stars may gain en-

ergy and move to orbits with larger apocentric radii, creating
an outer "excess" of stars that resemble that of Sculptor. A
signature of this perturbation is a sudden departure of Γ from
a linear dependence on radius; i.e., a "kink" in the Γ pro-
file like the one clearly seen for Sculptor at rell ∼ 25 arcmin
from the centre. Beyond the kink, the tidal excess should ap-
proach a power-law of slope Γ = −4, as expected if stars have
been moved to very loosely bound orbits, in effect populating
phase space all the way to zero energy, E ∼ 0 (White et al.
1987; Jaffe 1987; Peñarrubia et al. 2009).
This behaviour is illustrated in Figure 4 by the dashed and

dot-dashed black curves, which are taken from the tidally-
perturbed models of Peñarrubia, Navarro & McConnachie
(2008, see the top-left panel of their Figure 4). After scaling to

the same half-light radius, the tidally perturbed (dot-dashed)
profile fits remarkably well the outer excess seen in Sculptor,
including the predicted R−4 behaviour in the outer regions,
even though this simulation was not intended in any way to
reproduce Sculptor.
In the simulations, the R−4 region ends at a “break” radius

where the Σ profile flattens and Γ increases sharply (this
occurs at rell ∼ 80 arcmin in the simulated profile). The loca-
tion of this "break" corresponds roughly to where the aver-
age motion of stars transitions from equilibrium (〈vr〉 ≈ 0) to
becoming dominated by outward motion (〈vr〉 > 0), and cor-
responds to the radius where the local crossing time equals
the time elapsed since pericenter (see Aguilar & White 1986;
Navarro 1990; Peñarrubia et al. 2009). Outside the break,
stars are still moving to their new apocentres and have not
yet reached equilibrium.
In the case of Sculptor, assuming that the system last

passed pericentre ∼ 0.41 Gyr ago (Battaglia et al. 2022),
the break radius is expected7 to be at ∼ 2.1 kpc (∼ 85 ar-
cmin or ∼ 6.9 rh), very close to the two outermost points of
the Σ profile8. This is a robust prediction of the tidal inter-
pretation that could, in principle, be verified in future work.
The "kink" in the Γ profile and the Γ = −4 are not expected
in models where the excess stars in the outskirts are a result
of mergers or potential fluctuations (e.g., Peñarrubia et al.
2009; Benítez-Llambay et al. 2016), and clearly favour a tidal
interpretation.
Could the outer excess be instead just an innate feature

of Sculptor’s density profile rather than a result of a tidal
perturbation? If the outer excess is actually tidal in origin,
then it should be absent in dwarf spheroidals that have not
been affected by tides. This is the case of Fornax, whose large
Galactocentric distance, together with its large orbital peri-
centre, indicate that tides have played at best a minor role in
perturbing its structure (e.g., Borukhovetskaya et al. 2022;
Yang et al. 2022, and references therein). As shown in the
right-hand panels of Figure 4, Fornax shows a profile with
little evidence for any excess over the whole radial range plot-
ted here, which spans more than 5 decades in surface number
density.
We conclude that the outer excess in the density profile of

Sculptor has been driven by tides. In addition, the orbital mo-
tion of Target 1 and 2 can be perturbed by the tidal effects.
Further work designed to confirm that the tidal signatures de-
scribed above are consistent with Sculptor’s relatively large
pericentre, and search for corroborating evidence for this con-
clusion, such as the presence of a "break radius" in its outer
profile, or even the presence of faint tidal tails even further
out, is clearly needed.

7 The relation from Peñarrubia et al. (2009) is used,
rb = C · σv · tperi, where C is a coefficient (= 0.55), σv is
the velocity dispersion of the system (9.2 km s−1, see Table 1),
and tperi is the time since the last pericentric passage. For the
latter, the value derived by Battaglia et al. (2022) using the MW
potential perturbed by the Large Magellanic Cloud is adopted.
8 It is quite difficult to estimate robustly the logarithmic slope of
the profile at that radius given current data. A finer binning of the
J23 data would show a hint of a plateau in the Σ profile around
the inferred break radius. However, a finer grid leads to a much
higher noise in the Γ profile. We defer a more detailed analysis to
a future contribution.
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Figure 4. Surface number density distribution Σ and its spatial logarithmic derivative Γ. Left panels: Sculptor. Right panels: Fornax. Top
and bottom panels: Sculptor candidate members from J23 and MV20 are marked with blue and empty red circles, respectively. Fornax
candidate members (magenta circles) are from J23. P08 models are marked with a dashed line (no tide) and with a dash-dotted line (after
first apocentric passage model), which are reported only for Sculptor. Red line is the exponential fit to J23 data. Grey arrow marks the
position of the two outermost members analysed in this work. Pink and orange ticks denotes the core and the half-light radius of the
systems. Central panels: difference between J23 data and the exponential fit. For Sculptor, the exponential fit is able to reproduce the
inner surface number density distribution of the MV20 data as well.

6 CONCLUSIONS

The two outermost candidate members of Sculptor dwarf
galaxy have been selected from the Bayesian algorithm of
Jensen et al. (2023, in prep.) and observed with GMOS spec-
trograph at Gemini South. All the candidate members (J23,
MV20) and known Scl members from DART and APOGEE
DR17 have been gathered. We find that:

(i) the two candidates are actually new members given
their radial velocity and metallicity. Therefore, Scl is now
known to extend out to a projected elliptical distance of ∼ 10
rh, or ∼ 3 kpc, from its centre (see Figures 1 and 3);

(ii) as noted in earlier work, the radial velocity and metal-
licity distributions of Sculptor indicate that the most metal-
poor stars are more dispersed spatially and kinematically
than the more metal-rich population (see Figure 3). This
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could be explained by an outside-in star formation scenario
or an early merger;
(iii) the surface number density distribution and its loga-

rithmic derivative (see Figure 4) suggest that Sculptor has
been influenced by tidal effects, starting from a distance of
∼ 25 arcmin, or ∼ 2 rh, or ∼ 620 pc from its centre;
(iv) tides are likely responsible for the presence of Tar-

get 1 and 2 in the extreme outskirts of Sculptor.

Recent work on the outskirts of ultra faint and dwarf galax-
ies (Chiti et al. 2021; Filion & Wyse 2021; Longeard et al.
2022; Yang et al. 2022; Waller et al. 2023; Sestito et al. 2023b;
Longeard et al. 2023; Jensen et al. 2023, in prep., this work)
has uncovered a new population of stars that would have
been undiscoverable without the powerful synergy between
the exquisite Gaia data, efficient algorithms to remove fore-
ground stars, and large aperture telescopes.
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