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A B S T R A C T 

We present a new spectroscopic study of 175 stars in the vicinity of the dwarf galaxy Hercules ( d ∼ 132 kpc) with data from 

the Anglo-Australian Telescope and its AAOmega spectrograph together with the Two Degree Field multi-object system to 

solve the conundrum that whether Hercules is tidally disrupting. We combine broad-band photometry, proper motions from 

Gaia , and our Pristine narrow-band and metallicity-sensitive photometry to efficiently weed out the Milky Way contamination. 
Such cleaning is particularly critical in this kinematic regime, as both the transverse and heliocentric velocities of Milky Way 

populations o v erlap with Hercules. Thanks to this method, three new member stars are identified, including one at almost 10 r h 
of the satellite. All three hav e v elocities and metallicities consistent with that of the main body. Combining this new data set with 

the entire literature cleaned out from contamination shows that Hercules does not exhibit a velocity gradient (d 〈 v〉 /d χ = 0 . 1 

+ 0 . 4 
−0 . 2 

km s −1 arcmin 

−1 , 1.6 km s −1 arcmin 

−1 as a 3 σ upper limit) and, as such, does not show evidence to undergo tidal disruption. 

Key w ords: galaxies: dw arf – Local Group. 
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 I N T RO D U C T I O N  

ompanion galaxies orbiting the Milky Way (MW) have been
isco v ered at an incredible rate o v er the last few years, under the
mpulsion of various photometric surv e ys that are ideal to detect faint
urface brightness systems (Sloan Digital Sky Survey, SDSS, York
t al. 2000 ; the Panoramic Survey Telescope And Rapid Response
ystem, PS1, Chambers et al. 2016 ; the Dark Energy Surv e y, The
ark Energy Surv e y Collaboration 2005 ). The faintest of them are

ommonly referred to as ultra-faint dwarf galaxies (UFDs). 
Intensi ve spectroscopic observ ations of these very faint systems

ollowed, mainly focusing on their dynamical and metallicity prop-
rties (e.g., Simon & Geha 2007 ; Martin et al. 2007 ; Koposov et al.
011 ; Walker et al. 2016 ; Kirby et al. 2017 ; Fritz et al. 2019 ; Chiti
t al. 2022 ). Associated with photometric properties, these chemo-
ynamical observations are instrumental to our understanding of
oth the nature of dark matter and the physical processes go v erning
he evolution of baryons. These e xtensiv e observations unco v ered
iscrepancies with respect to hydro-dynamical simulations that are
et to be solved. A first example is the diversity of rotation curves that
 E-mail: nicolas.longeard@epfl.ch 
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how that the slope of the dark matter inner density density profile is
hallower than expected (Flores & Primack 1994 ; Moore 1994 ; Oman
t al. 2015 ). Furthermore, it is challenging for simulations to properly
eproduce the metallicity–luminosity relation (Simon & Geha 2007 ;
irby et al. 2013 ; Sanati et al. 2023 ) showing that the predicted

tar-formation histories and/or stellar yields for the UFDs are not
orrect, or that the observations are still incomplete and that specific
fforts should be put on that front. A final, well-known example is
he plane of satellites observed in several galaxy groups (Lynden-
ell 1976 ; Kunkel & Demers 1976 ; P a wlowski et al. 2022 ) stating

hat the existence of a rotationally supported, thin polar structure
round galaxies such as the MW is extremely improbable, therefore
uestioning the validity of the current standard cosmological model.
hese issues will only be solved through a careful analysis of the
roperties of the faintest satellite galaxies of the MW. 
Ho we ver, as more and more UFD member stars are studied, a new

ight has been recently shed on the faintest satellites, that focus on
heir potential stellar haloes. If this component is highly hypothetical
t such low mass, especially since their existence may relate to early
ergers (Chiti et al. 2021 ; Tarumi, Yoshida & Frebel 2021 ) that are

ess common as one goes down the mass scale of galaxies (Deason
t al. 2022 ). Of course, the observationability of these haloes, should
he y e xist in a given system that is already low surface brightness,
© The Author(s) 2023. 
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Table 1. Summary of Hercules’ property. The references number 
correspond to the following list: (1) Mu ̃ noz et al. ( 2018 ), (2) 
Simon & Geha ( 2007 ), (3) Ad ́en et al. ( 2009b ), (4) Deason et al. 
( 2012 ), and (5) Gregory et al. ( 2020 ). 

Property Inference Reference 

d GC (kpc) 132.0 ± 6.0 (1) 
r h (arcmin) 5.83 ± 0.65 (1) 
r h (pc) 216 ± 20 (1) 
〈 v〉 (km s −1 ) 45.0 ± 1.1 (2), (3), (4), (5) 
[Fe/H] −2.39 ± 0.04 (2), (3), (4), (5) 
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akes their detection extremely dif ficult, e ven if recent studies have
tarted to put them in evidence in several galaxies (Johnson et al.
020 ; Pace et al. 2020 ; Chiti et al. 2021 ; Longeard et al. 2022 ; Qi
t al. 2022 ). Jensen et al. (prep.) also report a few dwarf galaxies
f the MW, among the 60 that went under scrutiny, for which the
xistence of an extended stellar halo is credible. 

These efforts reveal additional layers of complexity in the kine- 
atics and metallicity properties of the f aintest galaxies. Tw o recent

xamples illustrate this complexity. The first one concerns the faint 
 ucana II (T uc II, d ∼ 58 kpc) satellite galaxy (Chiti et al. 2021 ).
heir seven member stars located at galactocentric distances between 
 and 9 times the Tuc II’s half-light radius ( r h ) tend to be more metal-
oor than those in the galaxy central region. Should this metallicity 
rend be found in other UFDs, it would mean that our current view
f the metallicity distribution functions (MDF) of these systems are 
iased, and might be lower. This would have strong implications on 
he galaxy formation simulations that are fine-tuned to reproduce the 
bserved metallicities (see Sanati et al. 2023 for further discussion). 
he second striking example of rising complexity in UFDs is the 
ase of Bo’otes I (Boo I, d ∼ 66 kpc). Longeard et al. ( 2022 )
dentified 17 members in the outskirts of the satellite, including one 
t ∼4.1 r h . They measured both ne gativ e metallicity and v elocity
radients in the system. These results show that our current view of
he mass functions of UFDs can also be significantly biased towards 
igher values, since the introduction of a velocity gradient in Boo I
ynamical modelling deflates its dynamical mass by ∼40 per cent 
ith respect to a simpler model with a constant systemic velocity, 

hat is, if the assumptions underlying its computation still hold (Wolf 
t al. 2010 ). These two recent examples perfectly illustrate the need
or more spectroscopic observations in the outskirts of UFDs. If the 
ope for studying dwarf galaxies’s halo as a whole component is
xtremely thin due to their predicted low surface brightness from 

imulations (Deason et al. 2022 ), it is still possible to detect a few
arge galactocentric distance stars (Yang et al. 2022 for Fornax; 
estito et al. 2023a , b for Sculptor and Ursa Minor; Waller et al. 2023
or Coma Berenices, Ursa Major I and Bo’otes I). In particular, the
ork of Waller et al. ( 2023 ) focused on high-resolution spectroscopy,

nd abundance deri v ation of the outskirts of these three galaxies
uggest that at least some of the stellar population of these haloes
an form in the inner region and migrate during the dwarf’s history,
hile confirming that minor mergers are viable pathways to form 

warf galaxy’s haloes in the case of Bo’otes I. 
In this work, we propose to follow-up on that effort to study

ercules, a dwarf galaxy that has been the subject of speculation 
egarding its potential tidal disruption status. Its main properties are 
ummarized in Table 1 . This question can only be answered through
he search for extra-tidal stars at large galactocentric distances that 
ffer the largest velocity contrast with the main body. The large 
llipticity and tentativ e v elocity gradient of Hercules (Ad ́en et al.
009a ; Martin & Jin 2010 ) have warranted speculation. So far the
ast majority of Hercules’ known members are located in the galaxy
entral re gion. P art of this spatial limitation is due to the fact that
heir identification is easier with such an observational strategy, but 
lso because its systemic heliocentric velocity and proper motion 
PM) are blended into the MW’s. Therefore, the identification of 
ew members is extremely challenging. Finding those with high 
onfidence at large distances from the kinematic information alone 
s almost an impossible task. 

Aside from the identification of new member stars, one element 
as been the centre of discussion: does Hercules possess a velocity
radient that would be the telltale sign of an undergoing tidal
isruption? Ad ́en et al. ( 2009b ) were the first one to detect such
 gradient with their significant spectroscopic sample of 28 red giant
ranch (RGB) member stars, with d 〈 v 〉 /d χ= 16 ± 3 km s −1 kpc −1 .
hey immediately associated this detection with tidal disturbances 

n the outskirts of the UFD. Martin & Jin ( 2010 )’s results were
n line with this initial study. Ho we ver, Deason et al. ( 2012 ) did
ot detect any gradient, though they make it clear that their low
elocity precision, due to the poor resolution of the spectrograph 
sed ( R ∼ 2000), may be the reason behind this non-detection.
he sections 3.1.2 and 3.1.3 of Gregory et al. ( 2020 ) offer detailed
nalyses on Hercules’ velocity gradient under different assumptions. 
irst, using only their own new nine members and with a uniform
rior on the galaxy position angle, they did not detect any dependence
f the velocity with distance. Ho we ver, assuming that Hercules’
elocity gradient runs along its major axis at a position angle of
78 deg, as detailed by Martin & Jin ( 2010 ), they did find a

radient of 9 . 4 + 6 . 0 
−6 . 3 km s −1 kpc −1 . Combining these results with the

pectroscopic sample of Simon & Geha ( 2007 ) yielded a similar
esult. Finally, K ̈upper et al. ( 2017 ) and Fu, Simon & Alarc ́on
ara ( 2019 ) pointed out that their predicted velocity gradients for
ercules, based on N -body simulations of the UFD, are inconsistent
ith the one found by Ad ́en et al. ( 2009b ), and should be much lower,
f 4.9 and 0.6 km s −1 kpc −1 , respectively. 
Furthermore, Garling et al. ( 2018 ) recently identified three new RR

yrae stars in Hercules outside the estimated tidal radius of Hercules,
dding to the previously nine RR Lyrae identified prior to their study
Musella et al. 2012 ). They interpreted their results as proof that
ome Hercules stellar material have been stripped from the system. 
nterestingly enough, one of their three new finding is not aligned
ith the major axis of the system, but with its minor axis. 
More recently, Errani et al. ( 2022 ) shows that Hercules’s velocity

ispersion and size should have been affected by tides, according 
o their set of N -body simulations, actually lying very close to their
idal track limit (i.e. the maximum size reachable by a dwarf galaxy
iven its circular velocity). 
The following list: Ad ́en et al. ( 2009b ), Martin & Jin ( 2010 ),

imon & Geha ( 2007 ), Deason et al. ( 2012 ), Fu et al. ( 2019 ), and
regory et al. ( 2020 ) are the papers that will be referred to as ‘the

iterature’ in the rest of this work. 
The case of Hercules therefore remains open, as even the existence

f a velocity gradient is still not clear, nor is its expected value
hould it exist. We therefore try to solve this conundrum with a re-
nalysis of the kinematic and metallicity properties of Hercules, using 
ew spectroscopic observations at large galactocentric distances 
ombined with the entire literature that include spectroscopic data. 

 SPECTROSCOPIC  O B S E RVAT I O N S  

his section provide details on the target selection, observations and 
ata reduction. It also introduces our pipeline to derive heliocentric 
elocities and equi v alent widths from the spectra. 
MNRAS 525, 3086–3103 (2023) 



3088 N. Longeard et al. 

M

2

A  

u  

p  

a  

t  

s  

L  

s  

u  

3  

r  

t  

c  

b  

s  

fi  

o  

o  

n  

c  

t  

F
 

i  

a  

H  

(  

o  

C  

T  

m  

(  

i  

(  

b

 

i
2

 

s  

p

 

d  

t

 

H  

m  

w
 

−
 

m  

3  

c  

m  

s  

−  

o

 

a  

fi  

i  

<

2

T  

r  

R  

o  

e  

t  

p
 

(  

b  

c  

C  

e  

h  

s  

s  

s  

b  

e  

s  

a  

o  

n  

5  

p  

o  

t  

H
 

m  

c  

w  

p  

b  

E  

p  

s  

t  

b  

a  

w  

u
f  

3  

o

3

W  

b  

1 https:// aat.anu.edu.au/science/software/ 2dfdr

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/2/3086/7242558 by guest on 05 January 2024
.1 Data selection and acquisition 

n o v ervie w of all our ne w targets is sho wn in Fig. 1 . The coordinates
sed throughout this work are found from our photometric reduction
ipeline of the Pristine field, which is calibrated according to the Gaia
strometry. We also show the colour–magnitude diagram (CMD) in
he right-hand panel, using SDSS magnitudes. This spectroscopic
ample was obtained on the Anglo-Australian Telescope (AAT;
ewis et al. 2002 ) and its Two Degree Field (2dF) multi-object
ystem (Cannon 1997 ) through the OPTICON program. The gratings
sed were 580 V for low-resolution spectra in the optical ( R ∼ 1300,
700–5500 Å), and 1700D for calcium triplet spectra with a spectral
esolution R of ∼11 000. Only the red part of the spectra (from 8400
o 8800 Å) is used for the rest of this work. The observations were
arried out on 2022 May 02 and 03. One more night was scheduled
ut lost due to bad weather. The 2dF spectrograph possesses ∼360
cience and ∼40 sky and guiding fibers. During the first night, both
elds benefitted from four sub-exposures of 2400 s each. Ho we ver,
n the second night, only two out of the four sub-exposures were
bserved for Field 2. As a consequence, Field 2 spectra for the second
ight are non-exploitable, and only the ones from the first night are
onsidered. For Field 1, the final spectra are obtained by coadding
he first and second nights. The total exposure time is 19 200s for
ield 1 and 9600s for Field 2. Spectra were gathered for 295 stars. 
The two fields were placed at each extremity of the UFD along

ts major axis in order to find potential tidal tails. These two fields
re shown in Fig. 1 and extend as far as ∼13 half-light radii ( r h ) of
ercules. All targets were selected based on the Pristine surv e y data

Starkenburg et al. 2017 ). Pristine is a photometric surv e y relying
n a narro w-band, metallicity-sensiti ve photometry centred on the
alcium H&K doublet lines taken on the Canadian France Hawaii
elescope (CFHT; Boulade et al. 2003 ). It is successful at finding
etal-poor stars against the more metal-rich MW contamination

Youakim et al. 2017 ; Aguado et al. 2019 ; Arentsen et al. 2020 ) and
s therefore particularly suited for the UFDs metal-poor population
Longeard et al. 2020 ; 2021 ; 2022 ). For Hercules, this photometry is
ased on two components: 

(i) A mosaic of deep Pristine images centred on Hercules, shown
n Fig. 1 , yielding reliable photometric metallicities down to g SDSS 

0 ∼
2 . 5. 
(ii) Shallower photometry corresponding to the Pristine main

urv e y co v ering the far outskirts of the satellite, yielding reliable
hotometric metallicities down to g SDSS 

0 ∼ 21 . 5 

As illustrated in Fig. 1 , most of our targets were selected from the
eep photometry region. Three main criteria were applied to select
hem: 

(i) Stars located further than 0.3 mag from the best-matching
ercules isochrone ( A = 12 Gyr, [Fe/H] = −2.0, [ α/Fe] = 0.0,
 − M = 20.68) from the Darmouth library (Dotter et al. 2008 )
ere discarded. 
(ii) The photometric metallicity of all targets should be lower than
0.5. 
(iii) The proper motion membership probability of all targets
ust be of at least 1 per cent, based on the Gaia Data Release
 (Gaia Collaboration 2022 ). These membership probabilities are
omputed assuming two multi v ariate Gaussian populations in proper
otion space, for Hercules and the MW, respectively. Our final

ystemic proper motion ( 〈 μ∗
α〉 = −0 . 037 ± 0 . 029 mas yr −1 , 〈 μδ〉 =

0.365 ± 0.043 mas yr −1 ) for the UFD is compatible with the ones
f Battaglia et al. ( 2022 ) and McConnachie & Venn ( 2020 ). 
NRAS 525, 3086–3103 (2023) 
These constraints are loose because of the large number of fibers
vailable in the spectrograph. Even then, a significant fraction of
bers were still unassigned and therefore filled even lower prior-

ty stars and interesting, potentially extremely metal-poor ([Fe/H]
 −3.0) MW halo stars according to Pristine. 

.2 Data reduction 

he AAT 2DFDR 

1 package and the standard settings were used to
educe the spectra, with two small exceptions detailed in the ‘Data
eduction’ section of Arentsen et al. ( 2020 ) regarding the coadding
f multiple spectra. The first one is that the weight attributed to
ach exposure is now determined by object and not by frame, while
he second exception is to turn off the ADJUST CONTINUUM
arameter that can produce unphysical CaT line shapes. 
Three examples of spectra for low (6.7), mid (14.4), and high

30.7) signal-to-noise (S/N) ratios are shown in Fig. 2 . As shown
y this plot, the observing run suffered from an extremely large sky
ontribution in each spectrum, especially in the vicinity of the third
aT line, which causes the fitting of this line to be challenging,
ven for high S/N, although not impossible as a minority of spectra
ave a prominent enough third line. Extensive testing of different
ky subtraction methods, internal and external to the AAT 2DFDR

oftware, led to the conclusion that the issue does not lie with the
ky subtraction itself, which is conducted properly by the software,
ut by the fact that the sky contributions can be so large that
ven small residuals remain significant with respect to the stellar
pectra. Each spectrum was therefore carefully visually inspected
nd discarded if its quality was too poor to obtain a proper fit
f any of the three CaT lines, i.e. that the code is actually fitting
oise. This step led to the rejection of 145 spectra, i.e. almost
0 per cent of our sample. Among those, ∼23 stars were high-
robability member candidates. A histogram of the g 0 magnitude
f good versus rejected spectra is shown in Fig. 3 , illustrating that
his quality cut is made at the expense of going deeper into the RGB of
ercules. 
The spectra are normalized by finding the continuum following the
ethod of Battaglia et al. ( 2008b ), i.e. through an iterative k-sigma

lipping non-linear filter. The heliocentric velocities and equi v alent
idths (EWs) of each spectrum is then obtained using our in-house
ipeline described in detail in Longeard et al. ( 2022 ), that has already
een e xtensiv ely tested against known metallicities and v elocities.
ach CaT line is modelled with a Gaussian and Voigt profile and their
osition are found by minimizing the squared difference between a
ynthetic spectrum composed of three Gaussian/Voigt profiles and
he observed spectrum. The EWs are calculated by integrating the
est fit around each line in a 15 Å window. This is performed with
 Monte Carlo Markov Chain (MCMC; Hastings 1970 ) algorithm
ith a million iterations per spectrum. The median of the velocity
ncertainty is 7.5 km s −1 for the new AAT sample, 4.0 km s −1 

or entire sample (literature + AAT, details in Section 3.2 ), and
.3 km s −1 when the sample is restricted to Hercules member stars
nly. 

 RESULTS  

e present in this section the results of our spectroscopic analysis,
oth dynamical and in terms of metallicity. We start with the

https://aat.anu.edu.au/science/software/2dfdr
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Figure 1. Left-hand panel: spatial distribution of the AAT spectroscopic sample. Newly disco v ered members are shown as red circles, while uncertain candidates 
are shown as orange diamonds. Non-members from the AAT sample are shown as red crosses. Previously known members from the literature are represented 
as smaller blue diamonds. Misidentified literature members are shown as small pink squares. The two half-light radii of Hercules as inferred by Mu ̃ noz et al. 
( 2018 , M18) are shown as a purple ellipse. Right-hand panel: CMD of our spectroscopic sample superimposed with a metal-poor Darmouth isochrone at the 
distance of Hercules. The g and i magnitudes are from SDSS. 

Figure 2. Example spectra of three stars in our AAT data set centred on 
the calcium triplet lines. Due to the low number of new members identified, 
only one spectrum displayed here is a Hercules members, i.e. the second one. 
This spectrum is ho we ver representati ve of the quality of the Her’ members. 
Each star represents respectively the low, mid, and high S/N regimes. The 
normalized spectra are shown with solid blue lines while the fits derived from 

our pipeline for Gaussian profiles are shown with solid red lines. Residuals in 
the Gaussian cases are shown for each case below the spectra as green dashed 
lines. While the two first lines are properly fitted, the large sky residuals are 
often too large to fit the third CaT line, even for the high signal-to-noise 
ratio (SNR) regime. These stars have a heliocentric velocity of 31.9 ± 3.2, 
45.5 ± 1.4, and −39.9 ± 1.1 km s −1 from top to bottom. 

m
H

Figure 3. Histogram of the dust-corrected, SDSS g magnitude for all stars 
with an SNR > = 3 with good (blue) and poor (orange) quality spectra. Our 
final sample is composed of the 175 stars in the blue sample, while the rest is 
rejected. 

3

T
t  

c
d
t  

t  

W

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/2/3086/7242558 by guest on 05 January 2024
etallicity results since it is the most discriminative property between 
ercules’s stellar population and the MW’s. 
.1 Metallicity properties 

he stellar velocity distribution of Hercules overlaps with that of 
he MW (see Section 3.2 for more details). Therefore, MW stars
an easily be misidentified as Hercules members from a purely 
ynamical standpoint. An additional selection is needed. Fig. 4 shows 
he MDFs of the MW in the direction of Hercules as predicted by
he Gaia Universe Model Snapshot (GUMS; Robin et al. 2012 ).

e superimpose the spectroscopically confirmed Hercules members 
MNRAS 525, 3086–3103 (2023) 
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M

Figure 4. MDFs of the MW contamination as predicted by GUMS (dotted 
black), the full AAT sample (plain orange), and the literature (dashed 
blue). The AAT MDF is calculated with both spectroscopic and photometric 
metallicities from the Pristine surv e y. The mean metallicity of the AAT sample 
is naturally lower than the one of GUMS as a Pristine pre-selection on the 
metallicity was applied prior to observation. 
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Figure 5. Comparison between metallicities obtained from the calibration 
of Carrera et al. ( 2013 ) using the second and third CaT lines ( x -axis) and ours 
based on the first two lines ( y -axis) for DART (blue). The 1:1 line is shown 
with the black dashed line. 
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rom the literature. While all Hercules’ stars have a spectroscopic
etallicity below −1.5, the MW population is mostly more metal-

ich, with only the tail of the [Fe/H] distribution intersecting with
hat of the MW. Therefore, the metallicity is an appropriate way of
iscriminating the two populations. 
Ho we ver, spectroscopic metallicities derived from the CaT lines

equire clean spectra with an S/N of 10 at the very least. As mentioned
n Section 2.2 , this is not the case for most of our spectra, that not
nly have a lower S/N, but also are polluted with sky residuals.
oreo v er, the classical CaT calibrations rely on the second and third

ines, since the first one typically has a lower S/N than the other two
Starkenburg et al. 2010 ; Carrera et al. 2013 ). 

A total of 29 stars have spectra with SNR > 10. We can properly
t the third line of the CaT for eight of them. For these, we can

herefore use the empirical calibration of Carrera et al. ( 2013 ). Their
ncertainties are derived by performing a 10 000 iterations Monte
arlo sampling on all the parameters involved in the calibration,

.e. the V absolute magnitude, the distance modulus of Hercules, the
Ws, and the calibration coefficients. 
In order to derive the CaT metallicities of the 21 remaining high

NR AAT stars, we derive a new empirical calibration based only on
he two first lines based on a sample of 220 RGB stars with S/N of
0 or higher from the dwarf galaxy abundances and radial-velocities
eam (DART; Tolstoy et al. 2004 ; Battaglia et al. 2006 ; Tolstoy et al.
006 ; Battaglia et al. 2008a , 2011 ) belonging to the F ornax, Se xtans,
nd Sculptor Dwarf Spheroidals. The same formalism as Starkenburg
t al. ( 2010 ) and Carrera et al. ( 2013 ) is used, i.e.: 

Fe / H] 1 + 2 = a + b × V + c × EW 1 + 2 

+ d × EW 

−1 . 5 
1 + 2 + e × EW 1 + 2 × V (1) 

with a , b , c , d , and e the ne w calibration coef ficients, EW 1 + 2 the
um of the first and second CaT lines equi v alent widths assuming
 Voigt profile, and V the V absolute magnitude of the star. Our
ipeline is used to derive the EWs of the first two lines of the DART
tars. The coefficients are then found by a least square minimization
NRAS 525, 3086–3103 (2023) 
ith respect to the ‘true’ metallicities given by the DART papers,
hrough an MCMC algorithm. The resulting coefficients are reported
n Table 1 . Note that these coefficients are highly correlated and
annot, as face value, be used to determine a metallicity unless one
ses the full MCMC chains to draw the coefficients from. Fig. 5
hows that the two calibrations are in excellent agreement. Similarly,
or the eight stars for which the EW of the third line can be properly
easured, both calibrations are also compatible with each other.
or homogeneity purposes, even for these eight stars, we use the
etallicity obtained from our new calibration. 
At this stage, all 29 AAT stars with an S/N > 10 have a potential

pectroscopic metallicity measurement. Ho we ver, these CaT calibra-
ions hold only if a star is a Hercules member, since their distance is
onsidered when computing the spectroscopic metallicities. In order
o have a metallicity estimate, irrespective of the SNR of their spectra
r membership status, we also assign a Pristine metallicity estimate to
he full sample. The final AAT MDF, composed of both spectroscopic

etallicities (when possible) and photometric metallicities otherwise
s shown in orange in Fig. 4 . The next step is to use the discriminative
ower of Hercules’ metallicity to accurately derive its kinematic
roperties. 

.2 Dynamical analysis 

he velocities of the new AAT sample are obtained using the pipeline
escribed in Section 2.2 . For our observational set-up, Li et al. ( 2019 )
how that both a velocity offset and a velocity uncertainty corrections
re needed. The offset is of the order of 1.1 km s −1 , while the
ncertainties are corrected using the following relation: 

v = 

√ 

(1 . 28 δfit 
v ) 

2 + 0 . 66 2 , 

ith δfit 
v the intrinsic velocity uncertainty derived by the CaT lines

t. The velocity measurements reported in Table 2 include these
orrections. 

The heliocentric velocity distributions of the new AAT sample
lone and combined with the literature values are shown in Fig. 6 .
s shown by the top panel, the case of Hercules is challenging
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Figure 6. Top panel: velocity histogram for the new AAT sample. The 
blue dashed histogram corresponds to the GUMS velocities in the region of 
Hercules. The red transparent rectangle shows the 3 σ interval of Hercules’ 
dynamical population. Middle panel: velocity histogram of the AAT sample 
combined with the literature. Bottom panel: Final velocity distribution, when 
the AAT + literature sample is cleaned based on the photometric and Gaia 
criteria detailed in Section 3.2 . 
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the colour goes darker. The 1, 2, and 3 σ contours are shown as white dotted 
lines. Literature members and non-members are shown as blue diamonds and 
crosses, respectively and are only the ones with a spectroscopic metallicity 
and a proper motion measurement to ensure their membership status. Our 
new AAT members as shown as red circles, while uncertain candidates 
are represented as orange diamonds. Misidentified literature members are 
represented by small pink squares. 
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s its velocity distribution is enclosed in the predicted MW stars’
ine-of-sight velocity in that region of the sky, according to GUMS. 
aken alone, our AAT sample does not exhibit any velocity peak. 
e therefore combine the AAT data set with previous spectroscopic 

tudies o v er the years: Ad ́en et al. ( 2009a ), Martin & Jin ( 2010 ),
eason et al. ( 2012 ), Fu et al. ( 2019 ), and Gregory et al. ( 2020 ). The

esulting sample is shown in the middle panel of Fig. 6 . 
From this sample composed of the new AAT spectroscopy and 

he literature combined (368 stars in total), we reduce the potential 
ontamination of the MW which could bias our result. To this end, we
ake into account the photometric (broad-band and CaHK ) and Gaia 
see L 

Her 
PM 

, equation 2 ) information of each star. All these properties
re combined in the final likelihood equation (see equation 3 ) to
erive the dynamical properties. For clarity, we first derive each 
f these likelihoods and photometric criteria separately, before 
ombining them all to produce the final sample. 

.2.1 The broad-band and CaHK photometry information 

he initial sample is composed of 368 stars. From those, 162 have
 SNR abo v e 3 and a velocity uncertainty below 15 km s −1 .The
roperties of these stars are shown in Table 3 . 
From the initial 368 stars, the ones with a membership probability
ased on their location on the Hercules CMD lower than 10 per cent
these probabilities are computed following the same method detailed 
y Longeard et al. 2018 ) are discarded. This leads to the exclusion
f 122 stars. 
Then, a photometric metallicity cut using the CaHK photometry 

s applied. Ho we ver, rather than using a single metallicity v alue as a
hreshold to determine the final sample, this criterion is built in the
ristine colour–colour space shown in Fig. 7 . In order to estimate

he stellar density of the MW, we bin all stars with distances from
he centre of Hercules larger than 5 r h . The resulting grid is then
onvolved with a 0.1 mag 2D Gaussian kernel on each axis. We then
uperimpose the literature spectroscopic and PM confirmed members 
nd non-members. In this colour–colour space that is metallicity- 
ensitive (with metallicity decreasing as one goes upwards in the 
iagram), there is a clear dichotomy between the Hercules members 
nd non-members, the former being more metal-poor than the MW 

tars. We therefore trace a line separating the two populations shown
s the dashed white one in Fig. 7 . The final sample, on which the
ynamical properties will be derived, is composed solely of stars 
ocated in the re gion abo v e that line. In doing so, we take the risk of

issing some metal-rich Hercules members located in the discarded 
rea. Ho we ver, this risk should be extremely low as most of our
argets are located in the outskirts of the galaxy which are expected
o have a lower metallicity than that of the main body. This is true
ven for UFDs, as demonstrated recently by Chiti et al. ( 2021 ) for
ucana II and by Longeard et al. ( 2022 ) for Bootes I. This cut further
xcludes 157 stars. 
MNRAS 525, 3086–3103 (2023) 
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M

Figure 8. PM space showing the confirmed literature members as blue 
diamonds, literature non-members as blue crosses, and all new AAT members 
as red circles. Uncertain candidates are represented by orange diamonds. 
Misidentified literature members are represented by small pink squares. The 
large purple square shows the systemic PM of Hercules as derived in this work, 
compatible with the ones of Battaglia et al. ( 2022 ) and McConnachie & Venn 
( 2020 ). The underlying distribution represents the MW population in that 
region of the sky, assuming it can be modelled as a multi v ariate Gaussian. 
The dashed black line corresponds to the 1 σ contour of this MW population. 
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Table 2. New calibration coefficients. 

Coefficient Inference 

a −1.380 ± 0.720 
b 0.290 ± 0.280 
c 0.024 ± 0.200 
d −3.890 ± 0.980 
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.2.2 The Gaia information 

e now have a sample composed of 89 stars. We now apply an
f fecti ve temperature and parallax cut: every star with T eff > 5800 K
nd Plx / e plx > 2 . 0 are discarded, with T eff the ef fecti ve temperature
easured by Gaia DR3, Plx the parallax, and e plx its corresponding

ncertainty. These criteria discard 13 stars. 
The PM information is then folded in by estimating the local MW

ontamination in PM space assuming a 2D Gaussian mixture models
o the PM distribution shown in Fig. 8 . This step corresponds to the
ikelihood: 

 

Her 
PM 

( μ∗
α,k , μδ,k , dμ∗

α,k , dμδ,k |〈 μ∗
α〉 , 〈 μδ〉 , σα, σδ, c) 

= G 2 D 

( μ∗
α,k , μδ,k , dμ∗

α,k , dμδ,k |〈 μ∗
α〉 , 〈 μδ〉 , σα, σδ, c)) (2) 

ith 〈 μ∗〉 and σ the systemic proper motion and proper motion
ispersion, c the correlation and μ∗

k the individual PM measurement.
he ‘ G 2 D 

’ notation stands for a 2D Gaussian function. This equa-
ion is only shown as a functional form and can also be applied to
he MW. This step is then folded in the final likelihood detailed in
quation ( 3 ). It is not a dichotomic cut, i.e. stars are not discarded of
he sample altogether based on their PM measurements, but their PM

embership probability following equation ( 2 ) will intervene in the
inematic properties deri v ation, through equation ( 3 ) detailed later.
or stars without a PM measurement, we set their PM to be 0 mas
r −1 and their PM uncertainty to be 10 6 mas yr −1 . 
From the photometric cuts and the PM information, a total of 11

iterature members are found not to be members of Hercules. Their
roperties are detailed in Table 4 , with the last column indicating
he main information used to make the decision. In particular, it is
nteresting to note that the two most metal-rich literature members
elong to this misidentified member sample, since their PM is largely
iscrepant from that of Hercules. 
NRAS 525, 3086–3103 (2023) 
.2.3 The kinematic analysis 

t this stage, the remaining sample is composed of 76 stars, both
rom the literature and the new AAT spectroscopic sample. 

The final step before inferring Hercules’ new dynamical properties
s to properly handle the potential velocity offsets between the
ifferent spectroscopic data sets. They are indeed observed at
ifferent times with different set-ups, which can introduce velocity
f fsets between dif ferent data sets that need to be corrected for.
deally, using the formalism of Minor et al. ( 2019 ) that proposes to
dd as many unknown offset parameters to infer as there are different
pectroscopic set-ups to find the systematic differences between them
ould be suf ficient. Ho we ver, this method fails for small data sets

nd/or when the UFD’s population is blended with that of the MW.
or Ad ́en et al. ( 2009a ) and Gregory et al. ( 2020 ), a cross-match

s therefore performed between each data set and the reference one
f Simon & Geha ( 2007 ). The offset is then derived through an
CMC procedure, and, during the dynamical analysis, we randomly

raw into the posterior probability distribution function (PDF) to
ccount for the uncertainty of each offset. The resulting offsets are
espectively of −0.8 ± 3.5 and 3.0 ± 5.0 km s −1 . 

Finally, for Deason et al. ( 2012 ), the same method is applied but
n two steps: the offset between this catalogue and the one of Ad ́en
t al. ( 2009a ) is found. Then, we apply a second offset between the
atter and the Simon & Geha ( 2007 ) data set. The reason for this
ntermediate step is that the cross-match between the data sets of
eason et al. ( 2012 ) and Ad ́en et al. ( 2009a ) yields more stars in

ommon than directly cross-matching with Simon & Geha ( 2007 ),
herefore constraining better the offset. The resulting offset is of

10.2 km s −1 . 
Finally, for our AAT sample, the offset is also found in two steps.

irst, the one from Longeard et al. ( 2022 ) between the set-up used in
his work and the Keck/DEIMOS set-up in the red, of 7.2 ± 1.6 km
 

−1 , used by Martin et al. ( 2007 ), is considered. This DEIMOS set-
p is the same as the one used by the reference sample of Simon &
eha ( 2007 ), and should therefore apply in our case. Then, using the

ross-match of the data sets of Simon & Geha ( 2007 ) and Martin
t al. ( 2007 ) for three other dwarf galaxies, we find a systematic of
.7 ± 1.8 km s −1 , which is added to the one of Longeard et al. ( 2022 )
o give the final offset between these two set-ups. To summarize,
e combine the velocity offset between Longeard et al. ( 2022 ) and
artin et al. ( 2007 ) and the one between Martin et al. ( 2007 ) and

imon & Geha ( 2007 ), to obtain the final offset between this work and
imon & Geha ( 2007 ). The velocity difference of the star in common
etween the reference data set and the AAT sample, of ∼8 km s −1 ,
upports this choice. Fig. 9 presents the velocity differences between
he different spectroscopic samples. 

The dynamical properties of Hercules are derived following the
ormalism of Martin & Jin ( 2010 ) combined with the likelihoods
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M

Figure 9. Upper panel: heliocentric velocity differences between the sample 
of Simon & Geha ( 2007 ) and the ones of Ad ́en et al. 2009a (A09, blue circles), 
Deason et al. 2012 (D12, red squares), and Gregory et al. 2020 (G20, orange 
triangles). Lower panel: heliocentric velocity difference of a star in common 
between the new AAT sample and the one of Fu et al. ( 2019 ). The central 
dashed black line shows the identity. Coloured dotted lines show the final 
offset found for each sample. Differences larger than 20 km s −1 have been 
excluded as they most likely reflect poor fitting on one or both side(s). 
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escribed in equations ( 2 ) and ( 3 ): 

 (v r,k , δv ,k |〈 v Her 〉 , 〈 v MW 

〉 , σ Her 
v , σ MW 

v , d v /d χ, θ, ηHer ) 

= 

∏ 

k 

[
ηHer ( 

1 √ 

2 πσ
) × exp ( 

1 

2 

 v /σ

2 ) L 

Her 
PM 

+ (1 − ηHer ) G(v r,k , δv ,k , 〈 v MW 

〉 , σ MW 

v ) L 

MW 

PM 

]
, (3) 

e define 
 v such that 
 v = v r, k − y × d v /d χ + 〈 v Her 〉 with
 v /d χ the systemic heliocentric velocity gradient, and χ the galacto-
entric distance along the position angle θ . y is the angular distance
omputed such that y k = X k sin θ + Y k cos θ and θ the direction of
he velocity gradient. We also define σ = 

√ 

( σ Her 
v + δ2 

v ) . Finally,
Her is the Hercules member fraction of the spectroscopic sample.
he velocity gradient defined in such a model corresponds to a

inear, monotonic velocity change along the dwarf. We adopt the
ame convention as previous dynamical analyses of Hercules, i.e.
hat a positive velocity gradient corresponds to an increase of the
elocity towards decreasing RA. A 2000 000 iterations MCMC is
erformed . Aside from the rejection of unphysical values (ne gativ e
ispersions are forbidden, and ηHer cannot be below 0 or abo v e 1),
nly uniform priors are adopted. Based on this analysis, a kinematic
embership probability can be computed for all stars. Combined
ith their metallicity properties, they lead to the disco v ery of three
ew Hercules members, including one at ∼9.5 R h ( ∼2.1 kpc) of the
atellite, computed as the elliptical distance to Hercules’ centroid
ccording to the structural parameters of Mu ̃ noz et al. ( 2018 ). The
thers lie at ∼1.6 R h ( ∼335 pc) and ∼0.5 R h ( ∼97 pc). We also
eport three ‘uncertain candidates’, i.e. stars marginally compatible
ith Hercules’ dynamical properties, but with an unconvincing
embership status discussed in Section 4 . The locations of these

ix stars are shown in Figs 1 , 7 , 8 , and 10 . The PDFs resulting from
he MCMC are shown in Fig. 11 . 
NRAS 525, 3086–3103 (2023) 
We find a systemic velocity of 〈 v 〉 = 45 . 7 + 2 . 3 
−3 . 7 km s −1 , an intrinsic

elocity dispersion of 8 . 0 + 1 . 4 
−2 . 0 km s −1 , at odds with measurements

rom the literature (5.1 ± 0.9 km s −1 ). Finally, no significant velocity
radient is detected with an inference of 0 . 1 + 0 . 4 

−0 . 2 km s −1 arcmin −1 ,
.e. 1 . 6 + 10 . 0 

−3 . 8 km s −1 kpc −1 (26.1 km s −1 at the 3 σ confidence limit).
he posterior PDF for the velocity gradient is shown as the dotted
lue line in Fig. 11 . 

 MEMBERSHI P  ASSESSMENT  

ig. 10 shows the distribution of our AAT sample superimposed
ith literature members. Two different groups can be identified in

he new spectroscopy, those being the new members including all
riteria detailed in Section 3.2 , and the uncertain candidates. The
embership of each star will be discussed individually in what

ollows. 

.1 The new members Her 3, Her 5, and Her 180 

heir properties strongly fa v our them to be bona-fide members of
ercules. First of all, they lie on the RGB of the UFD (Fig. 1 ). Their
M and heliocentric velocity membership are also extremely high,

.e. more than 90 per cent in all cases. Ho we v er, as detailed abo v e,
hese properties are entangled with the MW. The most compelling
vidence of their membership lie in the Pristine photometry presented
n Fig. 7 , where they lie in a very metal-poor region of the diagram. 

Ideally, this would be confirmed by a spectroscopic deri v ation of
heir metallicities. While the S/N of Her 5 and Her 180 spectra are
lightly too low to yield a reliable metallicity estimate, it is possible
or Her 3 (S/N ∼12.7) using the calibration presented in this work
ased on the first two CaT lines. Its spectroscopic metallicity of
Fe/H] = −3.0 ± 0.5 places it well within the MDF of Hercules and
n the tail of the MW’s (Fig. 4 ). 

The only element of caution regarding Her 5 is its spatial location,
s Fig. 1 shows that the star is not located along the major axis of
he very elongated UFD while still located at a very large distance
 ∼9.5 r h ). This fact is ho we ver mitigated by the finding of Garling
t al. ( 2018 ) and one of their new RR lyrae located well beyond
ercules’ tidal radius while also being far off its major axis. Her 3

nd Her 180 positions are aligned with the major axis of Hercules. 

.2 The uncertain candidates 

e also find three uncertain candidates shown as the orange dia-
onds in Fig. 10 . These stars have a proper motion compatible with

hat of Hercules but lie at the edge of the CaHK selection detailed in
ection 3.2.1 , where contamination from the MW is still not unlikely.
Based on their CaHK colour–colour diagram locations, which

lace them at the edge of the members/non-members region defined
n Fig. 7 , Her 464 and Her 10 should be significantly more metal-
ich than our three ne w members. Ho we ver, this is absolutely
ot reflected in their locations in the CMD of Hercules. Only
er 6 has a coherent CMD location since it is redder than the

a v oured Hercules isochrone. One of these also have a spectroscopic
etallicity measurement (which is only valid if it is considered to be

t Hercules’ distance) placing it at the metal-rich rail of Hercules’
DF. Such a metallicity would be unlikely for distant members

ince the metal-rich population is supposed to be more centrally
oncentrated even in UFDs (Chiti et al. 2021 , Longeard et al. 2022 ).
urthermore, while Her 464’s PM uncertainties allow for it to be
erfectly compatible with the systemic proper motion of Hercules,
he other two stars PMs are slightly less convincing. 
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Figure 10. Top panel: phase-space distribution of the AAT + literature non-members (grey), literature members (blue diamonds), AAT uncertain candidates 
(orange diamonds), and AAT new confirmed members (red circles). χ is defined as a distance respective to a given position angle (see Section 3.2.3 ). Bottom 

panel: position versus metallicity. When both photometric and spectroscopic metallicities are available for the same star, they are linked by a vertical dashed 
black line, with the black-contoured symbols indicating the spectroscopic one. 

Figure 11. PDFs of the velocity gradient of Hercules in the three cases 
detailed in Section 5 . 
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Finally, Fig. 10 shows a suspicious spatial gap between −20 and 
60 arcmin, i.e. between our confirmed members and the uncertain 

andidates. The finding of a member in this gap would have brought
redit to at least one of the candidates to be members, but even
ushing down our kinematic membership probability down to a 
hreshold of 1 per cent (while keeping the CaHK selection) yields 
o potential members in that area. 
For all these reasons, we fa v our these three stars to not be Hercules
embers. This decision has an impact of the resulting velocity 

radient as shown in the next section. 

 O N  T H E  VELOCITY  G R A D I E N T  O F  

E R C U L E S  

ur measurement is only marginally compatible with the observed 
radient of Ad ́en et al. ( 2009a ) (16 ± 3 km s −1 kpc −1 ) at 1.4 σ , but
oes not discard the theoretical ones of Fu et al. ( 2019 ) (0.6 km
 

−1 kpc −1 ) or K ̈upper et al. ( 2017 ) (4.9 km s −1 kpc −1 ). This result is
riven by the rejection of 3 stars classified as uncertain candidates. To
etter understand the impact of this choice, the dynamical modelling 
nalysis detailed in the last section is performed in three different
ases: 

(i) Only spectroscopy from the literature, cleaned with the Gaia 
election (when available, Section 3.2.1 ) but without the CaHK 

election (Section 3.2.2 ) (dashed red line, see Fig. 11 ) 
(ii) The final spectroscopic sample detailed in Section 3.2 includ- 

ng the three uncertain candidates (solid green line). 
(iii) The final spectroscopic sample detailed in Section 3.2 without 

he three uncertain candidates (dotted blue line). 

The results are shown in Fig. 11 . It confirms that our analysis
s consistent with previous studies as using only the literature 
pectroscopy combined Gaia yields a similar gradient as the ones 
ound by Ad ́en et al. ( 2009a ) and Martin & Jin ( 2010 ). Ho we ver,
nce the AAT data and the metallicity-sensitive, CaHK photometry 
re introduced, two cases are possible. If the three uncertain stars at
arge distances are considered as members, then a significant velocity 
radient is found (45 . 9 + 2 . 7 

−2 . 6 km s −1 kpc −1 ). Ho we v er, if the y are
onsidered as MW contaminants, no statistically significant gradient 
s found. Given the large doubt casted on their membership as detailed
n Section 4 , this hypothesis is fa v oured. 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

e present in this work new medium resolution spectroscopy of 
he faint and extremely elongated UFD Hercules with the AAT and
ts 2dF spectrograph. A total of 175 spectra with SNR ≥3 of high
nd low-probability potential members were analysed as far as ∼13 
 h of the UFD. This new sample is then combined with all available
iterature data sets. The CMD location, PM, and metallicity-sensitive, 
aHK magnitude of each star are used to clean the spectroscopy from
bvious contaminants. While the velocities and PMs of Hercules’ 
tellar population are useful but do not give enough discriminating 
ower with respect to MW halo stars, the Pristine photometry is
n ideal tool to separate the two populations (Fig. 7). This leads
MNRAS 525, 3086–3103 (2023) 
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o the rejection of 11 literature stars previously misclassified as
ercules members. Among those are the two most metal-rich stars

n Hercules according to the literature, at [Fe/H] ∼−1.5 and [Fe/H]
−1.3, respectively (see Table 3 ), rejected because of their proper
otion. This shows that Hercules’ star-formation history is most

ikely shorter than previously thought. 
Furthermore, we report the disco v ery of three new member stars,

ncluding one located at 9.5 r h of the system, as well as three uncertain
andidates likely to be MW contaminants. With this new sample,
e find an inflated velocity dispersion (8 . 0 + 1 . 4 

−2 . 0 km s −1 km s −1 )
nd no statistically significant velocity gradient (1 . 6 + 10 . 0 

−3 . 8 km s −1 

pc −1 ). In the unlikely event where at least one of the three uncertain
tars is a member, the velocity gradient would be larger than any
bserved measurement or theoretical predictions for Hercules until
ow (45 . 9 + 2 . 7 

−2 . 6 km s −1 kpc −1 ), which would point towards significant
idal interactions with the MW. 

We simulated the CMD of a system with a similar luminosity
s that of Hercules based on its best-fitting isochrone. To do so,
tars following the best-fitting isochrone and luminosity function
LF) of Hercules were simulated, one by one with the typical SDSS
hotometric uncertainties and completeness taken into account.
imilarly to Longeard et al. ( 2018 ), a star was simulated along

he isochrone based on its probability computed from the relative
umber of stars at each luminosity given by the LF. Its luminosity
s cumulated with the one of all the other stars. When the total
uminosity reached the one of Hercules according to Mu ̃ noz et al.
 2018 ), the process was stopped. Comparing the number of simulated
GB stars with the bona-fide, observed RGB members of Hercules

hows that they should all have been identified. Therefore, if a
ignificant amount of new RGB stars are disco v ered in the future,
t would indeed mean that Hercules used to be more luminous, and
herefore more massive. 

Hercules has been o v er the years the subject of speculations as
o its degree of tidal disruption, triggered first by its extremely
longated shape. The detection of an actual velocity gradient has
een debated (Deason et al. 2012 , Gregory et al. 2020 ), and N -body
ynamical simulations of its orbit show that the satellite, if tidally
isrupting, should exhibit a positive velocity gradient along its major
xis, although its theoretical expected magnitude is also not clear
K ̈upper et al. 2017 , Fu et al. 2019 ). Considering only the new AAT
onvincing Hercules members, this work does not show any evidence
f a significant velocity gradient in Hercules, nor that it is part of a
idal stream. Finally, we also confirm the existence of an extremely
arge galactocentric star in the system, and more generally detected
n some UFDs. 
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Table A1. All membership probabilities for Field 1 of the AAT 

sample. P CMD is for the CMD probability, P v for the probability from 

radial velocity alone, and P PM 

from the proper motion alone. Finally, 
P Dyn is the membership probability obtained from equation ( 3 ). 

Name P CMD P v P PM 

P Dyn 

Her 1005 0.00 0.00 0.00 0.00 
Her 1017 0.07 0.00 0.00 0.00 
Her 1023 0.74 0.00 0.00 0.00 
Her 1074 0.01 0.00 1.00 0.00 
Her 1 0.00 0.00 0.99 0.00 
Her 250 0.77 0.02 0.00 0.00 
Her 360 0.47 0.00 0.00 0.00 
Her 395 0.02 0.00 0.00 0.00 
Her 3 0.00 0.00 0.98 0.00 
Her 409 0.09 0.00 0.00 0.00 
Her 414 0.82 0.00 0.00 0.00 
Her 442 0.01 0.13 0.00 0.00 
Her 443 0.67 0.00 0.00 0.00 
Her 452 0.61 0.00 0.00 0.00 
Her 476 0.08 0.00 0.00 0.00 
Her 508 0.00 0.00 0.00 0.00 
Her 556 0.00 0.00 0.00 0.00 
Her 599 0.76 0.00 0.00 0.00 
Her 633 0.62 0.00 0.00 0.00 
Her 658 0.65 0.00 0.00 0.00 
Her 660 0.62 0.00 0.00 0.00 
Her 662 0.79 0.00 0.00 0.00 
Her 674 0.12 0.00 0.00 0.00 
Her 675 0.68 0.00 0.00 0.00 
Her 680 0.87 0.00 0.00 0.00 
Her 684 0.91 0.00 0.00 0.00 
Her 686 0.84 0.00 0.00 0.00 
Her 693 0.10 0.00 0.00 0.00 
Her 6 0.40 0.00 0.99 0.00 
Her 707 0.68 0.00 0.70 0.00 
Her 711 0.00 0.00 0.00 0.00 
Her 712 0.01 0.00 0.00 0.00 
Her 713 0.84 0.00 0.00 0.00 
Her 719 0.58 0.00 0.00 0.00 
Her 766 0.02 0.00 0.00 0.00 
Her 770 0.83 0.00 0.93 0.00 
Her 786 0.16 0.02 0.00 0.00 
Her 787 0.91 0.00 0.00 0.00 
Her 791 0.60 0.00 0.02 0.00 
Her 793 0.63 0.00 0.00 0.00 
Her 794 0.82 0.00 0.00 0.00 
Her 795 0.78 0.00 0.00 0.00 
Her 806 0.82 0.00 0.89 0.00 
Her 807 0.67 0.00 0.00 0.00 
Her 819 0.00 0.00 0.00 0.00 
Her 829 0.70 0.00 0.00 0.00 
Her 830 0.18 0.00 0.00 0.00 
Her 831 0.79 0.00 0.00 0.00 
Her 833 0.14 0.00 0.00 0.00 
Her 835 0.80 0.00 0.00 0.00 
Her 864 0.00 0.00 0.00 0.00 
Her 865 0.56 0.00 0.00 0.00 
Her 882 0.62 0.00 0.00 0.00 
Her 897 0.34 0.00 0.00 0.00 
Her 8 0.01 0.00 0.82 0.00 
Her 928 0.34 0.00 0.00 0.00 
Her 946 0.55 0.00 0.00 0.00 
Her 951 0.87 0.00 0.00 0.00 
Her 955 0.67 0.00 0.00 0.00 
Her 962 0.59 0.00 0.00 0.00 
Her 998 0.69 0.00 0.00 0.00 

Table A2. Same table as the previous one for Field 2. 

Name P CMD P v P PM 

P Dyn 

Her 1 0.60 0.00 1.00 0.03 
Her 10 0.09 0.79 0.79 0.88 
Her 1028 0.54 0.91 0.00 0.00 
Her 12 0.02 0.03 0.96 0.02 
Her 128 0.11 0.00 0.97 0.00 
Her 13 0.00 0.00 0.26 0.00 
Her 159 0.76 0.00 0.98 0.00 
Her 16 0.01 0.89 0.97 0.99 
Her 17 0.04 0.77 0.65 0.74 
Her 180 0.39 0.83 0.99 1.00 
Her 193 0.62 0.00 — 0.00 
Her 2 0.54 0.88 0.85 0.91 
Her 20 0.01 0.88 0.94 0.94 
Her 201 0.76 0.00 0.02 0.00 
Her 202 0.86 0.01 0.00 0.00 
Her 205 0.16 0.00 0.00 0.00 
Her 218 0.00 0.20 0.00 0.00 
Her 23 0.61 0.86 0.09 0.38 
Her 235 0.76 0.00 0.01 0.00 
Her 240 0.59 0.00 0.00 0.00 
Her 255 0.21 0.00 0.00 0.00 
Her 297 0.00 0.83 0.00 0.00 
Her 298 0.83 0.88 0.00 0.00 
Her 2 0.00 0.00 0.80 0.00 
Her 3 0.74 0.94 0.99 1.00 
Her 305 0.70 0.84 0.00 0.00 
Her 309 0.00 0.86 0.00 0.00 
Her 313 0.00 0.91 0.00 0.00 
Her 321 0.88 0.22 0.08 0.02 
Her 324 0.31 0.71 0.00 0.00 
Her 325 0.74 0.00 0.00 0.00 
Her 327 0.04 0.04 0.00 0.00 
Her 328 0.23 0.00 0.00 0.00 
Her 341 0.82 0.92 0.00 0.00 
Her 397 0.19 0.84 0.00 0.00 
Her 4 0.11 0.13 0.99 0.26 
Her 401 0.66 0.00 0.00 0.00 
Her 403 0.63 0.78 0.00 0.00 
Her 405 0.83 0.00 0.00 0.00 
Her 406 0.57 0.92 0.00 0.00 
Her 410 0.84 0.90 0.00 0.00 
Her 422 0.34 0.68 0.00 0.00 
Her 432 0.82 0.91 0.00 0.00 
Her 433 0.72 0.00 0.00 0.00 
Her 434 0.90 0.00 0.00 0.00 
Her 436 0.63 0.01 0.00 0.00 
Her 446 0.01 0.75 0.00 0.00 
Her 455 0.92 0.00 0.00 0.00 
Her 464 0.64 0.82 0.96 0.98 
Her 467 0.86 0.00 0.00 0.00 
Her 468 0.11 0.05 0.00 0.00 
Her 481 0.01 0.00 0.00 0.00 
Her 483 0.79 0.00 0.00 0.00 
Her 485 0.55 0.00 0.00 0.00 
Her 487 0.68 0.00 0.00 0.00 
Her 496 0.74 0.87 0.00 0.00 
Her 497 0.53 0.74 0.91 0.82 
Her 5 0.60 0.93 1.00 1.00 
Her 513 0.44 0.00 0.00 0.00 
Her 515 0.34 0.00 0.00 0.00 
Her 525 0.75 0.68 0.00 0.00 
Her 530 0.71 0.66 0.00 0.00 
Her 561 0.00 0.57 0.00 0.00 
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Table A2 – continued 

Name P CMD P v P PM 

P Dyn 

Her 57 0.22 0.00 0.46 0.00 
Her 570 0.01 0.85 0.00 0.00 
Her 577 0.48 0.89 0.00 0.00 
Her 578 0.42 0.85 0.00 0.00 
Her 580 0.49 0.00 0.00 0.00 
Her 596 0.06 0.00 0.00 0.00 
Her 6 0.18 0.69 0.99 0.88 
Her 603 0.81 0.52 0.00 0.00 
Her 607 0.15 0.90 0.00 0.00 
Her 614 0.80 0.00 0.00 0.00 
Her 625 0.00 0.00 0.00 0.00 
Her 626 0.81 0.84 0.00 0.00 
Her 630 0.60 0.00 0.00 0.00 
Her 631 0.01 0.00 0.00 0.00 
Her 634 0.74 0.00 0.00 0.00 
Her 636 0.62 0.78 0.00 0.00 
Her 638 0.70 0.86 0.00 0.00 
Her 639 0.17 0.01 0.68 0.01 
Her 647 0.49 0.00 0.00 0.00 
Her 671 0.18 0.06 0.73 0.07 
Her 694 0.69 0.89 0.99 1.00 
Her 698 0.25 0.06 0.00 0.00 
Her 7 0.00 0.35 0.42 0.11 
Her 719 0.83 0.05 0.00 0.00 
Her 722 0.66 0.34 0.00 0.00 
Her 733 0.31 0.00 0.00 0.00 
Her 762 0.71 0.89 0.00 0.00 
Her 786 0.00 0.92 0.00 0.00 
Her 8 0.02 0.27 0.99 0.22 
Her 861 0.68 0.29 0.00 0.00 
Her 869 0.77 0.00 0.00 0.00 
Her 890 0.70 0.00 0.00 0.00 
Her 891 0.40 0.00 0.00 0.00 
Her 893 0.36 0.00 0.00 0.00 
Her 912 0.78 0.90 0.00 0.00 
Her 92 0.41 0.00 0.98 0.00 
Her 922 0.00 0.79 0.00 0.00 
Her 925 0.71 0.00 0.00 0.00 
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