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ABSTRACT

We present a new spectroscopic study of the dwarf galaxy Bootes I (Boo I) with data from the Anglo-Australian Telescope and
its AAOmega spectrograph together with the Two Degree Field multi-object system. We observed 36 high-probability Boo 1
stars selected using Gaia Early Data Release 3 proper motions and photometric metallicities from the Pristine survey. Out of
those, 27 are found to be Boo I stars, resulting in an excellent success rate of 75 per cent at finding new members. Our analysis
uses a new pipeline developed to estimate radial velocities and equivalent widths of the calcium triplet lines from Gaussian and
Voigt line profile fits. The metallicities of 16 members are derived, including 3 extremely metal-poor stars ([Fe/H] < —3.0),
which translates into a success rate of 25 per cent at finding them with the combination of Pristine and Gaia. Using the large
spatial extent of our new members that spans up to 4.1 half-light radii and spectroscopy from the literature, we find a systemic
velocity gradient of 0.40 £ 0.10 km s~! arcmin~! and a small but resolved metallicity gradient of —0.008 4= 0.003 dex arcmin~!.
Finally, we show that Boo I is more elongated than previously thought with an ellipticity of € = 0.68 % 0.15. Its velocity and
metallicity gradients as well as its elongation suggest that Boo I may have been affected by tides, a result supported by direct
dynamical modelling.

Key words: galaxies: dwarf — galaxies: individual: Bootes I —Local Group.

and Fornax, Shapley 1938) are bright and massive objects. Together
with six other discoveries that followed over the decades, they
constitute the so-called classical dwarf spheroidal (dSph) satellites
of the MW.

1 INTRODUCTION

The Lambda cold dark matter cosmological model predicts the exis-
tence of low-mass, low-luminosity galaxies orbiting around massive

host galaxies such as our Milky Way (MW) (Bullock, Kravtsov &
Weinberg 2001; Benson, Ellis & Menanteau 2002; Wechsler 2008;
Bullock & Boylan-Kolchin 2017). These satellites are also supposed
to be the most dark matter (DM) dominated structures in the Universe.
The first dwarf galaxies discovered almost a century ago (Sculptor

* E-mail: nicolas.longeard @epfl.ch (NL); pascale.jablonka@epfl.ch (PJ)

More recently, large photometric surveys such as the Sloan Digital
Sky Survey (SDSS; York et al. 2000), the Panoramic Survey Tele-
scope and Rapid Response System 31T (PanSTARRS 3IT; Chambers
et al. 2016), and the Dark Energy Survey (DES; The Dark Energy
Survey Collaboration 2005) have enabled the discovery of dozens of
smaller and smaller systems that are now commonly referred to as
ultra-faint galaxies (UFDs). These discoveries were accompanied
by efforts to spectroscopically follow up all systems that were
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discovered (e.g. Kleyna et al. 2005; Muiioz et al. 2006; Martin et al.
2007, 2016a; Simon & Geha 2007; Koposov et al. 2011; Kirby et al.
2013; Longeard et al. 2018, 2020). These spectroscopic observations
have two main focus points, namely to derive their kinematics and
their metallicity properties. In particular, the kinematics of UFD
candidates are crucial as their velocity dispersion can be directly
linked to their DM halo mass, should they have one (W10; Wolf
et al. 2010). The DM content of all these UFDs enables direct
comparison with cosmological simulations (Springel et al. 2008;
Vogelsberger et al. 2014; Fattahi et al. 2016; Sawala et al. 2016;
Read & Erkal 2019). However, two major assumptions are necessary
to link kinematics and DM mass in the model of W10 that is widely
used for UFDs: (1) the system must be in dynamical equilibrium and
(2) its velocity dispersion profile must be flat, i.e. independent of the
distance to the centre of the UFD.

Classical dSphs are extended with a size of several hundreds of
pc (McConnachie 2012; Simon 2019) and are densely populated
systems, but UFDs are much fainter and their contrast on the sky
with respect to MW halo stars can be even lower. As a result,
it is challenging to find members in UFDs with spectroscopy. In
addition, UFDs have a typical size of tens of pc, which is larger
than the field of view (FoV) of most spectrographs at their distances.
As a result, the vast majority of spectroscopic campaigns targeting
UFDs have been focused on their inner region (roughly within one
half-light radius). These observations have been very successful at
identifying a large number of member stars in these elusive systems,
providing radial velocities and metallicities. They also have led to
the detection of 54 extremely metal-poor (EMP) stars ([Fe/H] <
—3.0) in UFDs according to the Stellar Abundances for Galactic
Archaeology Database (SAGA) data base (Suda et al. 2017)". Such
stars provide valuable information about their early formation and
evolution (Tolstoy, Hill & Tosi 2009; Frebel & Norris 2015).

On the other hand, because these observations have largely targeted
the inner regions of UFDs, they provide very little information on the
properties of these satellites in their outer regions where departures
from dynamical equilibrium and the effects of tides would be more
clearly noticeable. Although such ventures into the outer regions have
been attempted before (e.g. Koposov et al. 2011; Fritz et al. 2019;
Chiti et al. 2021; Longeard et al. 2021), they are still limited by the
observational constrains mentioned above and generally have a very
low success rate in confirming members. It is therefore currently
challenging to assess the reliability of the overall DM mass of UFDs
known. Are all of them reliable, and if not, how many deviate from
dynamical equilibrium and have more complex dynamics and/or
metallicity properties?

To shed light on these two important questions, one needs to probe
the outskirts of UFDs. Their stars tend to be very difficult to identify,
as they are drowned by stars in the MW halo. Such studies must
therefore adopt additional tools that exploit the kinematic and metal-
licity features that distinguish UFD stars from the MW stellar halo.
Proper motions (PMs) from the Gaia mission (Gaia Collaboration
2018, 2021) are one of those tools, helping to identify UFD members
using the systematic motion of the satellite. In addition to Gaia, our
team benefits from the photometric metallicities of the Pristine survey
(Starkenburg et al. 2010). The Pristine metallicities are reliable down
to very low metallicities, and are particularly well suited to detect the
metal-poor population typical of UFDs. Longeard et al. (2021) show
that using Pristine alone can improve the success rate of finding new
member stars by a factor of 3, from 20 per cent using only broad-band

Thttp://sagadatabase.jp
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photometric constraints to 60 per cent by adding Pristine. Together,
these data sets allow us to hunt for UFD member stars at large
distances and to more efficiently detect EMP stars (Youakim et al.
2017; Aguado et al. 2019).

In this context, we present here a new set of spectroscopic
observations of the faint UFD Bodétes I (Boo I). This exceptionally
large FoV combined with the Gaia Data Release 3 and the Pristine
survey enables us to probe the outskirts of Boo I up to a distance
of 4.1 half-light radii (r,). Boo I was discovered by Belokurov et al.
(2006) and is the most extensively spectroscopically studied UFD
(see Martin et al. 2007; Norris et al. 2008, 2010a; Koposov et al. 2011;
Jenkins et al. 2021 for studies identifying new Boo I members and
not reanalysing known Boo [ stars at high resolution). These studies
have focused on the central region of the system, with ~80 per cent
of the known members enclosed within 17, and 94 per cent within 2y,
to maximize the chance of finding member stars, since there should
be 50 per cent of stars within 1, and 85 per cent within 2r, when an
exponential radial profile is considered. Metallicity measurements
for the stars beyond 17, only represent about 17 per cent of all Boo I
members with a known [Fe/H]. Therefore, Boo I is a good target
for such a study, even more so since the spectroscopy presented by
Koposov et al. (2011) suggests that the kinematics of the system
might be more complex that what is commonly assumed for UFDs
with the possible existence of two dynamically different populations
in the satellite. However, since the kinematics of Boo I can also be
reasonably well described by a single population, these results are
not definitive.

This work first details the new spectroscopic observations (Sec-
tion 2.1), as well as the new pipeline developed by our team
to derive radial velocities and metallicities from stellar spectra
around the calcium triplet (CaT) region (Section 2.2). We study
the kinematics and metallicity properties of Boo I in its outskirts and
discuss whether its dynamics (Section 3.1) and metallicity properties
(Section 3.2) exhibit spatial gradients that may reflect departure from
equilibrium or the possibility that Boo I may have been affected by
tidal interactions with the MW (Section 3.3). We conclude with a
discussion in Section 4.

2 SPECTROSCOPIC OBSERVATIONS

This section details the selection, observations, and reduction of the
data as well as our pipeline to derive radial velocities and equivalent
widths from the spectra.

2.1 Data selection and acquisition

Our target selection relies on data from the Pristine survey (Starken-
burg et al. 2017). Pristine is a photometric survey based on a narrow-
band, metallicity-sensitive photometry centred on the calcium H&K
doublet and has proven to be efficient at identifying metal-poor stars
such as those characteristic of the UFDs stellar population (Youakim
et al. 2017; Aguado et al. 2019; Arentsen et al. 2020; Longeard et al.
2021). Therefore, we have reliable photometric metallicity estimates
for Boo I down to g5P55 ~ 21.5. To build our spectroscopic target

list, the following criteria are used:

(i) Using the photometry from the SDSS and the Darmouth
isochrone (Dotter et al. 2008) fitted to the Boo I stellar population
(A = 13 Gyr, [Fe/H] = —2.3, [a/Fe] = 0.0, m — M = 19.11), we
remove any star located further than 0.15 mag from the isochrone in
the [(g — ©)o, ip] colour—magnitude diagram (CMD).

MNRAS 516, 2348-2362 (2022)
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Figure 1. Left-hand panel: Spatial overview of the AAT spectroscopic sample. Newly discovered members are shown as red squares and their opacity depends
on their dynamical membership probability. In particular, the AAT member represented with a significantly transparent symbol is the only one with a membership
probability below 80 per cent, with Ppem ~ 60 per cent. Non-members from the AAT sample are shown as red crosses. Previously known members from the
literature are represented as smaller blue circles. Members from the literature that are not members according to this work are shown as transparent blue
diamonds. The two half-light radii of Boo I as inferred by Muifioz et al. (2018, hereafter M18) are shown as a red ellipse. Right-hand panel: CMD of our
spectroscopic sample superimposed with a metal-poor Darmouth isochrone at the distance of Boo I.

(i) Any star with a Pristine photometric metallicity above —1.0
dex is also discarded.

(iii) When available, the PMs from the Gaia Early DR3 (eDR3;
Gaia Collaboration 2021) is also used to keep only stars with a
PM compatible within 20 from that of Boo I (McConnachie &
Venn 2020; Battaglia et al. 2022; (u%) = —0.39 & 0.01 mas yr~!
and (us) = —1.06 & 0.01 mas yr™').

These seemingly generous constraints, especially the photomet-
ric metallicity one given the systemic metallicity of the system
([Fe/H]goor ~ —2.35 dex), are enabled by the large number of fibres
available, which far exceeds our number of promising targets and
allows us to cast a wide net. Finally, no stars previously observed in
the literature at the time were targeted by these observations. In total,
the final target list was composed of 92 stars including 36 probable
Boo I red giant branch (RGB) members, 18 potential horizontal
branch (HB) stars, and 12 potentially very metal-poor halo stars. The
rest are low probability potential Boo I members that do not satisfy
CMD or PM criteria of the 36 high probability stars but that were
observed because of the large number of fibres. An overview of the
spatial and CMD locations of these stars can be found in Fig. 1.

The data were obtained as a filler programme for the Pristine
Inner Galaxy Survey (Arentsen et al. 2020), at the beginnings of the
nights on 2020 June 16, 2020 June 17, and 2020 June 19 with two
sub-exposures taken each night, on the Anglo-Australian Telescope
(AAT; Saunders et al. 2004) and its AAOmega spectrograph (Lewis
et al. 2002; Sharp et al. 2006) together with the Two Degree Field
(2dF) multi-object system (Cannon 1997). This set-up benefits from
~360 science fibres and ~40 fibres for sky spectra and guiding. Only
one two-degree field was needed to observe all our targets. The total
exposures were divided into six sub-exposures of 2700 seconds each
for a total of 4.5 h. The gratings used were 580 V for low-resolution

MNRAS 516, 2348-2362 (2022)

spectra in the optical (R ~ 1300, 3700-5500 A), and 1700D for
calcium triplet spectra with a spectral resolution R of ~11 000. Only
the red part of the spectra (from 840 to 880 nm) is used for the rest
of this work.

2.2 Reduction and pipeline

The resulting spectra were reduced using the AAT 2DFDR? package
and the standard settings, with two small exceptions. Details on
the data reduction can be found in the ‘Data reduction’ section of
Arentsen et al. (2020). Three examples of spectra for low (8.1), mid
(29.0), and high (78.4) signal-to-noise (S/N) ratios are shown in
Fig. 2. The S/N is computed in the CaT region.

2.2.1 Technical description of the analysis pipeline

To derive the radial velocities and equivalent widths (EWs) for the
CaT lines, we developed a new pipeline that finds the continuum,
performs sky-subtraction, removal of telluric lines, and fits the
calcium triplet lines with both Gaussian and Voigt profiles. First, we
use the method of Battaglia et al. (2008) to find the best continuum
and normalize the spectra through an iterative k-sigma clipping,
non-linear filter. We get rid of potential cosmic rays by discarding
any emitted flux value 60 above the continuum, with o being the
flux uncertainty of a given spectrum. The value of ¢ is obtained by
computing the standard deviation of the continuum around the CaT
lines excluding all spectral features. Sky-subtraction and removal of
telluric lines are performed by minimizing the difference between

Zhttps://aat.anu.edu.au/science/software/2dfdr
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Figure 2. Spectra of three member stars in our AAT data set centred on the
calcium triplet lines. 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 and Voigt line profiles, detailed
in Section 2.2, are shown with dashed red and yellow lines, respectively. For
clarity, only the residuals in the Gaussian cases are shown (green). These
stars have a radial velocity of 102.2 £ 2.8, 103.0 £ 1.0 and 102.2 £ 0.7 km
s~ ! from top to bottom.

a stellar spectrum and all the sky spectra available at the CaT lines
region. Since the sky and stellar spectra can have very different
fluxes, the minimization is performed by scaling the sky spectrum
with a multiplying factor varying between 0.1 and 10. The best sky
spectrum is then subtracted from the stellar one and this operation
is repeated a second time to account for the fact that no unique sky
spectrum will perfectly match the sky features present in a given
stellar spectrum.

At this stage, we have normalized, cosmic rays-cleaned, sky-
subtracted, and telluric-corrected spectra. Once these steps are
finished, the pipeline derives the relevant scientific quantities, i.e.
the radial velocity and EWs. The first step is to have a first initial
guess of the radial velocity of the star. The pipeline first derives a
smoothed spectrum for each star with a Gaussian kernel of width
corresponding to 4 elements of resolution in order to highlight the
CaT lines. We then compute the cross-correlation of these smoothed
spectra with a simulated spectrum containing only the CaT lines
modelled with fixed Gaussian profiles. Each Gaussian profile is
defined as the following:

g]ine =

_ 2
,0.5M) D

1

————eX
Ulinem P < Ulizne
with oy, being the standard deviation, A the theoretical location
of each line at rest, and AX(v) the Doppler shift directly linked
to the radial velocity v. The Voigt profiles are defined with the
approximation described by McLean, Mitchell & Swanston (1994)
that takes three parameters into account: the amplitude of the
Lorentzian component of the Voigt profile and the standard deviations
of both the Lorentzian and Gaussian components.

In this step, only the radial velocity varies. The maximum of this
correlation yields the initial radial velocity guess. The derivation of
the final scientific parameters will be performed around the initial
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guess. Using the simulated spectrum with only the CaT lines as
spectral features shifted at the initial radial velocity guess, we proceed
to derive the radial velocity and EWs by fitting the spectra with
a Monte Carlo Markov chain algorithm (MCMC; Hastings 1970).
The central wavelengths (and therefore the radial velocities, v), the
normalized fluxes of each line a;, a,, and a3 as well as their standard
deviations are fitted by minimizing the following likelihood:

)
exp (_05 (yobs,k . ys,k) ) i

Ok

Ly

1
= .
where o stands for the flux uncertainty for the k-th star, yops x is the
observed stellar spectrum, and y; is the simulated one. The three
lines are fitted simultaneously and their shapes are constrained with
respect to those of the two others. The second line is constrained
to be deeper than the third one which is set to be deeper than the
first one. The first line also cannot be narrower than the other two.
Similarly, the third line is set to be narrower than the second one.
For each star, the MCMC is ran for a million iterations and the
results are chosen to be the parameters that maximize the likelihood
L. To obtain the EWs, each calcium triplet line from the best
simulated spectrum is integrated within a 15 A window. Finally,
in the Gaussian profiles case, the EWs are divided by a factor of
1.1 to account for the poor modelling of the wings of the lines by
Gaussian line profiles (Battaglia et al. 2008).

2.2.2 Testing the pipeline’s performance

The pipeline is then thoroughly tested against previous spectroscopic
studies to ensure that both the kinematics and the EWs (and therefore
metallicities) are properly derived.

We take as reference 86 stars from Sextans and analysed by
the Dwarf galaxy Abundances and Radial-velocities Team (DART;
Tolstoy et al. 2006; Battaglia et al. 2011). Choosing DART is ideal
as their results use the same method as our new pipeline to derive
metallicities (see Section 3.2), i.e. fitting the spectra with Gaussian
profiles and using the empirical calibration of Starkenburg et al.
(2010) to translate the CaT EWs into [Fe/H]. Battaglia et al. (2011)
also use a set-up with a resolution not too far from the one in this work
(Rpart ~ 8000). Since this subsample only contains stars with S/N
> 10, we supplement the reference sample with stars from Longeard
et al. (2021) and the Sagittarius 2 globular cluster containing metal-
poor stars down to a S/N of 3 to compare radial velocities in the
low S/N regime. The results of this comparison are shown in Figs 3
and 4 for velocities and Fig. 5 for metallicities. They both show
that our pipeline provides excellent radial velocities and metallicity
measurements for all S/N regimes. By assuming that the difference
between our new pipeline and DART results are normally distributed
for velocities and metallicities, we find a negligible velocity bias of
0.02 4 0.4 km s~! and a scatter below 1.0 km s~! at the 95 per cent
confidence limit. For the metallicity, the bias, also negligible, is
0.03 £ 0.04 and the scatter below 0.09 at the 95 per cent confidence
limit. Fig. 6 also shows that metallicities derived with Gaussian and
Voigt line profiles are in agreement for this sample of Sextans stars
with a mean difference of 0.02 + 0.03 and a scatter below 0.08 at
the 95 per cent confidence limit. These comparisons show that there
is no statistically significant bias in metallicity or velocity.

3 RESULTS

We present in this section the results of our spectroscopic analysis,
both dynamical and in terms of metallicity.

MNRAS 516, 2348-2362 (2022)
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Figure 3. Difference between the radial velocities obtained with our new
pipeline and the ones from L21 on the x-axis with respect the L21 velocities
on the y-axis. The data are colour-coded according to their S/N ratios and the
black dashed line shows the 0 km s~ offset line.
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Figure 4. Difference between the radial velocities obtained with our new
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velocities on the y-axis for a sample of 86 Sextans stars. The data are colour-
coded according to their S/N ratios and the black dashed line shows the 0 km
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3.1 Dynamical analysis

Using the pipeline described in Section 2.2, the velocities of all
stars in our sample are derived. Spectra with an S/N ratio of 3 or
lower are discarded from our analysis as their resulting velocities
are not reliable, leaving our spectroscopic sample with 81 stars with
a median S/N of ~9.1. To derive reliable velocity uncertainties and
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according to their S/N ratios and the black dashed line shows the 1:1 line.

uncertainty floor, we apply the following relation of Li et al. (2019):

8y = 1/(1.2858f)2 + 0.662,

with 83 the velocity uncertainty measured by the MCMC alone,
and §, the final uncertainty considered in the rest of this work.
The main properties of the data set can be found in Table 1. The
velocity distribution of the AAT sample is shown in Fig. 7 while the
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Figure 7. Radial velocity histogram of known Boo I stars from the literature
(blue) and from this work (red).
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Figure 8. Radial velocities of stars from the literature (blue) and our AAT
sample (red) with respect to their distance to Boo I centroid. Non-members
of both the literature and the AAT sample are shown as crosses.

velocities as a function of distance are shown in Fig. 8. To assign
dynamical membership probability, we derive the radial velocity and
velocity dispersion of our sample, through a MCMC algorithm, by
maximizing the following likelihood:

L((vBoor), le» (vmw), GVMW|Ur,ks Sy i) =
Hk(nBooIg (Ur,kv 8v,k|(vl)s le) -
(1 - nBooI)g (Vr‘k, 6v,k|<UMW>7 UJVIW) ’ (3)

with 7o the fraction of Boo I stars and o] = | /((0B*1)2 + 82 )

where §, is the individual velocity uncertainty of the k-th star and

The Pristine dwarf galaxy survey — IV~ 2355

O Bool 18 the intrinsic velocity dispersion of Boo I (respectively for
omw and the MW stars). (vgoor) and (vmw) stand for the systemic ra-
dial velocity of the system and the MW stars, respectively. From this
sample alone, we find a systemic radial velocity of 104.7 £ 1.6 km
s~! and a velocity dispersion of 9.4 & 2.0 km s~!. To identify the
final number of new member stars found, both the AAT sample and
the data sets from the literature are used. The literature data sets
are mainly constituted of Martin et al. (2007), Norris et al. (2008,
2010a), Koposov et al. (2011), and Jenkins et al. (2021). Some of
the stars in these data sets have been reobserved at higher resolution
through the years (Feltzing et al. 2009; Norris et al. 2010b; Lai
et al. 2011; Gilmore et al. 2013; Ishigaki et al. 2014; Frebel et al.
2016). In that case, the metallicity considered in this work (and
velocity when it is also provided) is the one from higher resolution
observations.

However, most of the past spectroscopic studies were conducted
without the PM provided by the Gaia mission. Therefore, some
stars identified as members by previous studies are in fact not Boo I
members and are not considered so in the rest of this work. To fold
in the Gaia information, the PM membership probability of each star
is computed in the same fashion as Longeard et al. (2020): we fit
a 2D Gaussian mixture model modelling the Boo I population and
the contamination to obtain the systemic PM of the satellite and the
local contamination. In order to highlight Boo I’s population among
field stars, this procedure is performed on a photometric sample of 1
square degree centred on the satellite for which all stars with a CMD
membership probability below 1 per cent and a Pristine metallicity
above —1.0 are discarded. The systemic PM obtained is similar to
those of Battaglia et al. (2022) and McConnachie & Venn (2020)
with () = —0.39 + 0.02 mas yr~'and (us) = —1.07 & 0.01 mas
yr~!. The resulting PM membership probabilities are folded in Eq. 3
by scaling the Gaussian distribution representing each population
(Boo I and MW stars) with these probabilities. This reanalysis of
the literature shows that 21 stars identified as members by previous
studies have too low PM or dynamical probability membership to
be considered members of the satellite. Their properties can be
found in Table 2. From the entire sample, we find a systemic
velocity of 103.0 & 0.6 km s~! and a velocity dispersion of
5.8 £ 0.5 km s~!, consistent with the reanalysis of Boo I by Jenkins
et al. (2021).

Any star with a CMD and dynamical membership probability of
respectively at least 10 per cent and 50 per cent is considered a new
member of Boo 1. The choice for a low CMD probability threshold
of 10 per cent is motivated by the fairly broad distribution of Boo I
stars on its RGB (Fig. 1). We find 27 spectroscopic members. Only
two of these members have a dynamical membership probability
below 80 per cent (with a minimum of 60 per cent). Their velocities
are shown in Fig. 7. With 36 targets being promising Boo I stars
in the AAT sample, this yields a member identification success rate
of 75 percent. Among those, five were identified by Jenkins et al.
(2021) shortly after our AAT data were taken and analysed.

One important aspect of this new sample is that we identified 17
stars beyond 1.0r, of Boo I thanks to the 1 degree FoV of the AAT,
therefore almost doubling the number of members known this far
from the centre of the dwarf. Our furthest member is at a distance
of 4.1r,. The dynamics in the outskirts of Boo I can therefore be
studied. We reperform the dynamical analysis with equation (3)
using subsamples from both the AAT sample and data sets from
the literature. Stars are grouped by spatial bins from 0 to 3.5r, with
two different bin sizes: 0.75 and 1 arcmin. The results are presented
in Fig. 9 and suggest the existence of spatial gradients. To measure
it, we use the formalism of Jin & Martin (2010) and add a Gaussian

MNRAS 516, 2348-2362 (2022)
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Table 2. List of previous literature members that are found not to be Boo I members in this work.

RA (deg) Dec. (deg)  v,(km s7h "y (mas.yr’l) /L5 (mas yr’l) [Fe/Hlspectro
209.9615 14.52061 852 £ 5.7 — — —24+£0.2
209.91404 14.4440 97.6 £ 7.2 0.19 £ 047 —195 +£ 037 —-2240.1
209.92579 14.49508 86.6 £ 1.8 —031 £027 —147 £022 -23+£0.1
210.01388 14.48097 1159 +£30 —-097 £0.79 —2.19 + 064 25402
209.88962 14.47267 844 £ 6.6 — — —
209.89325 14.50478 86.0 + 14.8 — — —
210.02942 14.34083  105.0 = 10.0 —6.67 £ 038 —5.61 + 0.33 —
209.94308 14.41994 91.0 + 10.0 0.63 £ 048 —2.03 + 0.38 —
209.87479 14.24908 126.0 £ 10.0 —1.30 £ 0.58 —1.04 £ 0.51 —
209.78792 14.55314  113.0 + 10.0 —7.83 £ 0.63 —3.21 &+ 0.60 —
210.96696 14.24264 123.0 £ 100 —6.71 £ 0.18 —8.76 = 0.15 —
210.76388 13.95244  118.0 = 10.0 —20.14 £ 0.28 —4.07 + 0.22 —
210.43917 14.69853 85.0 £ 10.0 —4.10 &£ 041 —-3.29 £ 0.29 —
210.36396 14.41219  125.0 &£ 10.0 —10.31 + 0.49 293 £ 0.35 —
209.64854 15.08467 108.0 &+ 10.0 —12.33 £ 0.69 —1.68 £ 0.54 —
209.36458 1428411 103.0 &£ 10.0 —1.17 £ 0.62 —2.26 £+ 0.44 —
209.931 14.57731 100.5 + 1.8 093 £ 0.77 —238 £ 066 —23=£0.2
209.93775 14.39092  102.6 = 2.8 —0.73 £ 2.30 201 £ 176 —-2.0+0.3
209.9405 14.37525 90.3 + 4.1 — — —20=£04
209.98325 14.57378 1147 £ 0.8 —1.06 £ 031 —223 £ 026 —12+£0.1
210.19812 14.40333  114.0 + 2.1 1.30 £ 098 —044 £ 077 -2.6+£03
@ 0.75 arcmin bins -~ No gradient from one end of the galaxy to the other. Finally, since the velocity
@ 1.0 arcmin bins —— Favoured model /Q\ . .
120 = 70 measurements are taken from different spectroscopic data sets, such
_ ﬂ* (020 § a model could be biased by systematic offsets between different
Tm 110 + * [0.08 = |lgp spectrographs and observational set-ups. To take this into account,
c ** ++ 5 ¢ 0 o L 0.06 E we follow the formalism of Minor et al. (2019) that add an offset
X 199 looa ~ |Fso0 parameter for each data set. Since they are unknown, these parameters
= o] % are free and will also be derived by the MCMC algorithm.
%23 i 20 v The resulting velocity offsets between the different spectroscopic
80 0.00 j_ ’3 data sets are shown in Table 3 and show consistent results: data sets
—~ 151 30 with the exact same set-ups (Norris et al. 2008/Norris et al. 2010a
H‘m and Koposov et al. 2011/Jenkins et al. 2021) have similar offsets.
£ 10 H % 20 Furthermore, the velocity offset between our AAT sample and Martin
S + etal. (2007) of 7.2 & 1.6 km s~! is compatible with the one measured
5 51 +¢'¢ g% & + 1 between our data set and the one of Norris et al. (2008) (2.8 £ 1.5 km
+ s~!) being added to the one between Norris et al. (2008) and Martin

0 T T T T T T
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
r/r,

Figure 9. Systemic velocity (fop left panel) and velocity dispersion (bottom
left panel) as a function of the distance along the semimajor axis of Boo I,
scaled by the half-light radius. Negative distances are defined as pointing
towards negative declinations. Diamonds and squares respectively represent
the 0.75 and 1.0 arcmin bins cases. Each point is colour-coded according to
the sum of the membership probability of all stars in a given bin. The top
right panel shows the systemic velocity gradient PDF. The red dashed line
indicates the null gradient and the blue solid line the favoured model.

distribution to account for the contamination from the MW stars:

L ((UBool)s (UMW>» UBOOI O_i\/IW, dv/dX, elvr.k’ 6u,k) =

v 5

1 1
Tk MBoor (ﬁ) X exp (EAV/U2) +
(1 = MBool) G (Vrks Sver (vaaw), o3 ) )

We define A, suchas Ay = v, —y x dv/dy + (Vpoor) with dv/dy the
systemic radial velocity gradient. y is the angular distance computed
such that y; = Xjcos@ + Y;sin6€ and 6 the position angle of the
velocity gradient. We also define o = /(o2 + §2). We emphasize
that this model defines the velocity gradient as a ‘linear’ change
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et al. (2007) as measured by the former (4.6 km s~!). We detect a
systemic velocity gradient of dv/dy = 0.40 & 0.10 km s~! arcmin~".
This translates into a ~4.0 km s~! shift per r,. To investigate whether
the introduction of a gradient in the dynamical properties of the
satellite impacts the velocity dispersion of Boo I and therefore its
dynamical mass, they are derived without any gradient for all stars
from both our sample and the previous spectroscopic studies from
the literature. When no gradient is included in the dynamical model,
the velocity dispersion is 5.8 & 0.5 km s~ and is larger than when
it is allowed to vary with distance (4.5 & 0.3 km s™!). This result is
expected since allowing the systemic velocity to vary will naturally
explain part of the dispersion of individual velocities found in a
system. However, it has an impact on the mass of the satellite (108 M,
Lg! versus 190 Mg, L' without any gradient).

The bottom left panel of Fig. 9 also shows an increase of the
velocity dispersion at the edges of Boo I that is a behaviour that has
already been observed in UDFs (e.g. Martin et al. 2016b).

3.2 Metallicity properties

Spectroscopic metallicities are derived for the 16 member stars in
our sample with an S/N ratio greater than 10 to ensure reliable
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Table 3. Velocity offsets of the literature spectroscopic data sets used in this work

compared to our AAT sample.

Paper Set-up used Velocity offset
Martin + 07 Keck/DEIMOS 72+ 1.6kms™!
Norris + 08 AAT/AAOmega (blue spectra) 28+ 1.5kms™!
Norris 4 10 AAT/AAOmega (blue spectra) 26+20kms™!
Koposov + 11 VLT/FLAMES 03+28kms™!
Jenkins + 21 VLT/FLAMES 03+ 13kms™!
—2.2
124
—2.4+
104
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d L 261
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Figure 10. Spectroscopic metallicity histogram of known Boo I stars from
the literature (blue) and from this work (red).

EWSs measurements. Two different calibrations are used: the one of
Starkenburg et al. (2010, hereafter S10) that applies for Gaussian
profiles fit and the one of Carrera et al. (2013, hereafter C13) for
Voigt profiles fit. Both translate the calcium triplet lines EWs into a
metallicity measurement reliably down to a metallicity of —4.0.

To derive their uncertainties, we perform a Monte Carlo procedure.
We randomly draw values of the EWs from their probability distri-
bution functions (PDFs) for 10000 iterations. At each iteration, we
compute the spectroscopic metallicity. The individual photometric
and Boo I distance uncertainties are also folded in in the same way.
Finally, to account for the uncertainty on the calibration relation itself,
we use an uncertainty of 8 per cent on each of its coefficient as spec-
ified by S10 and the proposed uncertainties on the coefficients stated
by C13. For both, these uncertainties are also folded in the Monte
Carlo. This process enables us to build a PDF for the metallicity of
each star that takes into account the uncertainties on all the parameters
involved in the derivation of the spectroscopic metallicities. The
8 per cent uncertainty of the S10 calibration naturally dominates over
all other uncertainty sources, which explains the large uncertainties
for the S10 calibration compared to C13.

Fig. 10 shows the resulting Voigt metallicity distribution of our
sample for newly found Boo I members superimposed with the
one in the literature. Fig. 11 illustrates the comparison between
the metallicities obtained with Gaussian and Voigt line profiles
and shows that they are perfectly compatible with a negligible
bias of —0.04 £ 0.07 dex. Using the equivalent of equation (3)

Figure 11. Comparison between the spectroscopic metallicities obtained
with Gaussian line profiles and the S10 calibration on the x-axis and Voigt line
profiles and the C13 calibration on the y-axis. The circles’ opacity represent
the dynamical membership probability of each star.

for the metallicities, we find a mean metallicity of —2.7 £ 0.2
and a metallicity dispersion of 0.26 £ 0.05 from the AAT sample
alone. Using the whole literature yields a systemic metallicity of
—2.60 =+ 0.03 and a metallicity dispersion of 0.34 4= 0.03. We find a
total of 3 extremely metal-poor stars (EMPs; [Fe/H] < —3.0), which
accounts for almost half of the total number of EMPs known in the
system according to the SAGA data base.

The metallicities as a function of distance to Boo I are shown in
Fig. 12 and shows that our sample more than doubles the number
of members with known spectroscopic metallicities located further
than 1r, of the satellite. If the most metal-poor stars of Boo I
are present at all distances, Fig. 12 hints that the more metal-rich
population is more centrally concentrated as it almost disappears
at a distance above 1.5r,. Such a distribution is expected in higher
mass dwarf galaxies in which gas tends to concentrate in the centre
of the system with time, therefore giving birth to a more centrally
concentrated, metal-rich population (Leaman et al. 2013; Kacharov
et al. 2017; Revaz & Jablonka 2018, and references therein). To
study in more details the potential spatial dependence of Boo I's
metallicity properties, we perform the same analysis as in section 3.1
but for the metallicity. The results are shown in Fig. 13. We detect a
small but resolved systemic metallicity gradient of —0.008 £ 0.003
dex arcmin™!, translating into a ~0.08 dex shift per r,. Our systemic
metallicity is discrepant from the one of Jenkins et al. (2021), who
finds a value of —2.35+8283, at 2.90. Two main reasons can be
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Figure 12. Spectroscopic metallicities of stars from the literature (blue) and
our AAT sample (red) with respect to their distance to Boo I centroid. Blue
transparent diamonds show literature members that are not compatible with
the dynamical properties of Boo I found in this work. Crosses shows literature
non-members.
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Figure 13. Similar plot as Fig. 9 for the metallicity and metallicity dispersion.

advanced to explain this discrepancy. First, this work re-analyses the
entire literature with updated metallicities from subsequent higher-
resolution analyses over the years, contrarily to Jenkins et al. (2021)
who analyse their Very Large Telescope (VLT) sample. The second
reason is that our sample is constituted of a large number of stars in
the outer regions of Boo I that are more metal-poor than the rest of
Boo I stars because of the existence of a negative metallicity gradient,
driving the overall metallicity of our sample lower.

The bottom left panel shows no sign of a metallicity dispersion
gradient. Furthermore, similarly to the case of the velocity dispersion,
we find that taking a potential gradient into account deflates the
metallicity dispersion to 0.26 4 0.03 in the gradient case (versus
0.34 £ 0.03 when no gradient is being measured).
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3.3 A system influenced by tides?

The detection of a systemic velocity gradient in Boo I and the spatial
distribution of the new members shown in Fig. 1 begs the question of
the shape of Boo I and its possible breaking of dynamical equilibrium.
Even though the FoV is a two degrees diameter circle, the members
appear to be distributed according to a more elongated structure
aligned towards the north/south direction. Such a shape is not found
by M18, who used deep photometry with a one degree square FoV
and concluded that Boo I's ellipticity is low (ep3 = 0.26 £ 0.02)
assuming an exponential profile.

To investigate whether the elongated shape of Boo I detected in
our data is significant, we derive the spatial profile of the system for
four different cases:

(i) an SDSS purely photometric sample for which the stars are
selected only based on their proximity to Boo I's RGB with any star
with a (g — 7)o further than 0.15 of the RGB being discarded.

(i1) a combination of the sample (i) with the Gaia eDR3. Using
the PMs of all stars in the sample and knowing the systemic PM of
Boo I (McConnachie & Venn 2020), all stars not compatible within
20 of the system’s PM are discarded.

(iii) a combination of the sample (ii) with the Pristine survey. Us-
ing the Pristine photometric metallicities, all stars with a [Fe/H]pristine
> —1.0 are discarded.

(iv) a combination of the sample (ii) with the Pristine survey, this
time limiting ourselves only to very metal-poor stars ([Fe/H]pyistine <
—2.0), much more representative the systemic metallicity of Boo I
({[Fe/H]poor) ~ —2.35).

To do so, the method of Martin et al. (2007) is used. It derives
spatial parameters assuming an exponential density profile for the
satellite and a constant density for field stars. This exponential spatial
profile can be written as

1.682 r
r) = ——— —1.68— ). 5
pdwart(r) 271’1‘5(] _ e)exp ( rh> ( )
In equation (5), € is the ellipticity and r the elliptical radius defined
as

1
r= (i((x — Xo)cosd — (Y — Yo)sin)*)+

12

(X — Xo)sinf — (Y — Yo)cos6)?)] (6)

with X, and Y) the system’s centroid and 6 the position angle.

Since we use a shallower photometric sample than that of M18,
the results for the sample (i) will not be exactly the same nor as
precise. The goal of this analysis is to assess whether the elongated
shape of the members found in this work comes from the addition,
with respect to M18, of the Gaia PMs and/or Pristine metallicities,
especially at higher distances.

The spatial distribution of the four samples is shown in Fig. 14,
which shows that the elongation of Boo I is not clear with sample
(i) using only photometry but becomes obvious as soon as PMs are
introduced with the second sample. The shape is conserved when
restricting to only very metal-poor stars according to the Pristine
survey. To have a more quantitative view, the spatial properties of
each sample are derived in the same way as in Martin, de Jong &
Rix (2008). The resulting PDFs for the ellipticity and position angle
are shown in Fig. 15. For the sample (i), i.e. photometry only, the
ellipticity is not resolved. This result is compatible with the deeper
data of M18. However, introducing the PMs instantly shows that
Boo I is more elongated that anticipated with a position angle aligned
towards the north/south direction (¢; = 0.68 £ 0.15, 6; = 6 £ 24°).
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Figure 14. Spatial distributions of stars in the Boo I field for the four samples detailed in Section 3: only photometry (top left), photometry + Gaia (top right),
photometry + Gaia + [Fe/H]prisine < —1.0 (bottom left) and photometry + Gaia + [Fe/H]pyisine < —2.0 (bottom right). The two half-light radii of Boo I as
derived by M18 are shown as the red ellipses.
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the fourth sample which takes sample (ii) and discards all stars with a Pristine metallicity above —2.0 is represented by the dash—dotted line. The 1o interval of
M18 are shown as the red area.
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Figure 16. Spatial distribution of test particles in the hypothesis that Boo I
is tidal disrupting (green diamonds) obtained with our toy model described
in Section 3.3. The spectroscopic sample presented in this work is shown in
red crosses (non-members) and squares (members). The two half-light radii
of Boo I as derived by M 18 are shown with the red ellipse.

This result is confirmed when the photometric metallicities are used
to further discriminate Boo I stellar population. Furthermore, a recent
study of Blue Horizontal Branch (BHB) stars in the vicinity of Boo I
also finds an elongated structure in the same direction as this work
(Filion & Wyse 2021).

To investigate whether this elongation could be caused by tidal
interactions with the MW, we design a toy model that aims to study
the spatial distribution that a tidally-disrupting Boo I should have.
The model has been constructed using the particle-spraying method
implemented in the GALA package (Price-Whelan et al. 2020), with
a potential of the MW modelled with the MWPOTENTIAL14 of Bovy
(2015) and the adopted distribution function for the stream model
of Fardal, Huang & Weinberg (2015). The autogravity is taking
into account where the Boo I is modelled by a Plummer sphere of
mass 4.9 x 10° Mg and with a scale radius of 0.19 kpc. In that
configuration, two particles are sprayed each 0.005 Myr (1 at each
Lagrange point). The resulting simulation is shown in Fig. 16 and
shows that if Boo I has been tidally affected by the MW, it should
be so in the North/South direction, similar to the direction found in
this work using samples (ii), (iii), and (iv). The pericentre of our toy
model is quite low (~34 kpc) and similar to the pericentre in the
heavy MW model of Battaglia et al. (2022) that find a pericentre
of 33.70f§f§ kpc. This toy model is not quantitatively perfect but
shows that there is indeed an alignment between our spectroscopic
members and potential tidal tails in Boo L.

Finally, our spectroscopic data do not show any trend for the PMs
of members with respect to their spatial locations. However, such a
trend is not necessarily expected in this case since our furthermost
member is located at 4.1ry,.

4 CONCLUSION

We observed the Boo I UFD with new mid-resolution spectroscopy
using the AAT and the 2dF multi-object spectrograph to study
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the outskirts of the satellite. 92 stars were observed including 36
likely Boo I members based on a PM and Pristine photometric
metallicity pre-selection. This pre-selection allows a significantly
more successful targeting of members in the outskirts of the
system with a success rate of 75 percent at finding new Boo I
stars.

We devised a new pipeline to extract the radial velocities and EWs
of stellar spectra around the CaT region. This pipeline is able to
fit the CaT lines with Gaussian and Voigt line profiles that allows
to derive metallicities with two independent empirical calibrations,
i.e. the ones of S10 and C13, respectively. It has proven to perform
very well in terms of both radial velocity and metallicities at all S/N
regimes when compared with the sample of L21 and 86 Sextan stars
from the DART survey.

By analysing the dynamical properties of this new sample, 27
spectroscopically confirmed Boo I stars are found. Thanks to the
wide FoV of 2dF, 17 members were identified at a distance larger
than 1r, of Boo I with the furthermost member at 4.1r,, doubling
the number of stars known above 1r,. Among those, 12 are located
further than 2ry, (versus 5 in the literature). The spatial extent of the
spectroscopic sample allows us to detect a systemic velocity gradient
of 0.40 &+ 0.10 km s~ arcmin~'. Furthermore, the metallicities of
16 of the new members are derived using our new pipeline and
the calibrations of S10 and C13. We detect a metallicity gradient
in Boo I of —0.008 # 0.003 dex arcmin~!. Such a detection is
not surprising in dwarf galaxies but has mostly been measured
in brighter classical dSph and irregular galaxies, such as Phoenix
(Kacharov et al. 2017) or WLM (Leaman et al. 2013). These
metallicity gradients also appear in simulations (Benitez-Llambay
et al. 2016; Revaz & Jablonka 2018; Mercado et al. 2021). Such
a phenomenon is caused by the fact that the gas from which the
stars were formed is more centrally concentrated over time, leading
to metal-rich stars being preferentially found in the inner region of
the galaxy, while older, more metal-poor stars will be distributed
more homogeneously across the system. This has been shown in
several classical dwarfs such as Sculptor (de Boer et al. 2012a)
and Fornax (de Boer et al. 2012b). However, it is only the second
time that a significant metallicity gradient is measured in a UFD
after Tucana II (Chiti et al. 2021). Furthermore, the high-resolution
spectroscopic analysis of Mashonkina et al. (2017) shows that its
knee in « element abundance, if confirmed, implies that Boo I was
able to reprocess supernova la ejecta, which would bring the satellite
closer to massive UFDs and classical dwarf galaxies rather than to
very low-mass UFDs.

Finally, despite our circular field of view and no a priori shape
criterion to identify targets, the spatial distribution of member stars is
noticeably elongated. This is in contrast with M 18, who report a fairly
spherical shape of Boo I (ep13 = 0.26 = 0.02). We have investigated
this by studying the shape of the satellite in four cases: (i) using only
photometry; (ii) adding PMs; (iii) discarding all stars of (ii) with
a Pristine photometric metallicity above —1.0; and (iv) discarding
all stars of (ii) with a Pristine photometric metallicity above —2.0.
When using only photometry, the analysis yields a shape compatible
with previous findings with ¢; < 0.3 at the 1o level; adding PMs to
discriminate between Boo I and field stars yields a very elongated
shape with €; = 0.68 &+ 0.13 following the position angle 6; =
6 £ 24 towards the north/east direction. This result is confirmed
when restricting the sample by using photometric metallicities. We
investigate whether tidal interactions are a plausible origin to explain
this shape and the spatial dependence of the satellite’s dynamical
properties. To do so, a toy model of a tidally disrupting Boo I under
a realistic MW potential is performed and shows that, should Boo |
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be sufficiently affected by tides, the latter would be oriented in the
same direction as that found for Boo I in samples (ii), (iii), and (iv).
Combining the elongation of the satellite, the detection of both a
systemic velocity and metallicity gradient, the « element abundance
from previous studies, and the low pericentre of the satellite as
derived by Battaglia et al. (2022) suggests that Boo I could have
been more massive than it is today and that the satellite is currently
significantly affected by tidal interactions with the MW.
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