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The Milky Way is surrounded by dozens of ultrafaint (<105 L☉) 
dwarf satellite galaxies1–3. They are the remnants of the ear-
liest galaxies4, as confirmed by their ancient5 and chemically 
primitive6,7 stars. Simulations8–10 suggest that these systems 
formed within extended dark matter halos and experienced 
early galaxy mergers and feedback. However, the signatures 
of these events would lie outside their core regions11, where 
spectroscopic studies are challenging12. Here we identify 
members of the Tucana II ultrafaint dwarf galaxy out to nine 
half-light radii, demonstrating the system to be markedly 
more spatially extended and chemically primitive than previ-
ously found. The distant stars in this galaxy are, on average, 
extremely metal poor (≲1/1000 of the solar iron abun-
dance), affirming Tucana II as the most metal-poor known 
galaxy. We observationally establish an extended dark mat-
ter halo surrounding an ultrafaint dwarf galaxy out to 1 kpc, 
with a total mass of >107 M☉, consistent with a generalized 
Navarro–Frenk–White density profile. The extended nature 
of Tucana II suggests that it may have undergone strong 
bursty feedback or been the product of an early galactic 
merger10,11. We demonstrate that spatially extended stellar 
populations in ultrafaint dwarf galaxies13,14 are observable, 
opening up the possibility for detailed studies of the stellar 
halos of relic galaxies.

Tucana II is a typical ultrafaint dwarf galaxy: it is extremely 
dark matter dominated (mass/luminosity, M/L ≈ 2,000; ref. 15), has 
a low metallicity (〈[Fe/H]〉 = −2.7; refs. 16,17) and has a low stellar 
mass (~3,000 M☉; ref. 18). As with similar systems3, spectroscopy of 
its member stars remains sparse due to its low stellar density18,19. 
Previous follow-up spectroscopic studies were largely limited to 
stars within two half-light radii15–17 and identified ten probable 
members of Tucana II.

To substantially extend the spectroscopic characterization 
of Tucana II, we obtained wide-field images (~2° × 2°) with the 
Australian National University (ANU) 1.3 m SkyMapper telescope20 
and used its unique filter-set to efficiently identify metal-poor red 
giant stars at large galactocentric distances21. This efficiency arises 
because the filter-set enables the derivation of stellar metallicity and 
surface gravity solely from photometry. By combining these derived 
stellar parameters with Gaia Data Release 2 (DR2) proper motions22, 
we identified new candidate member stars in Tucana II in a spatially 
unbiased manner (Extended Data Figs. 1 and 2). We then verified 
their membership and spectroscopically characterized nine of these 
stars, nearly doubling the previously known stellar population of 
this galaxy. These stars were detected out to about nine times the 
half-light radius18 (~1 kpc) of Tucana II, far beyond member stars in 
other ultrafaint dwarf galaxies, which have not been detected beyond 

about four half-light radii. A colour–magnitude diagram of our 
observed stars and sample spectra is shown in Extended Data Fig. 3.

Our follow-up spectroscopic observations of candidate members 
were performed with the Magellan Echellette (MagE) Spectrograph23 
and Inamori-Magellan Areal Camera and Spectrograph (IMACS)24 
instruments on the 6.5 m Magellan Baade telescope.

These spectra enable measurement of radial velocities with pre-
cisions of ~3 km s−1 and ~1 km s−1, respectively, and metallicities 
with precisions of ~0.2 to ~0.3 dex. Such precisions are sufficient 
to conclusively determine the membership status of all candidate 
stars from a joint velocity and metallicity analysis. The metallici-
ties of our confirmed Tucana II members observed with MagE are 
presented in Table 1. Detailed summaries of the MagE observations, 
velocities and metallicities are in Supplementary Tables 1, 2 and 3, 
respectively.

The metallicities of the spatially extended members decrease 
the Tucana II galactic metallicity to 〈[Fe/H]〉 = −2.77, affirming 
Tucana II as the most metal-poor galaxy known. Metallicities from 
previous work16,17 already showed Tucana II to have a low average 
metallicity of 〈[Fe/H]〉 = −2.71. However, we find that the stars 
beyond two half-light radii are preferentially more metal poor 
(〈[Fe/H]〉 = −3.02) than the already studied core population (Fig. 1),  
which has a mean metallicity of (〈[Fe/H]〉 = −2.62). Such metallic-
ity differentials have previously been seen in larger dwarf galaxies 
and are hypothesized to result from, for example, chemical evolu-
tion, feedback or mergers25. Our finding provides tentative evidence 
of such behaviour in a relic early galaxy, indicating that their forma-
tion may have also been shaped by the same processes.

The spatial configuration of Tucana II members—12 giants 
within two half-light radii and seven between two and nine 
half-light radii—suggests that this ultrafaint dwarf galaxy’s stel-
lar density profile may differ from one typically assumed for such 
systems. Under the common assumption of an exponential density 
profile, we would not statistically expect to see seven giant stars 
beyond about two half-light radii (~0.24 kpc; ref. 18) in a sample 
of 19 members. However, when assuming a Plummer profile, it is 
unlikely but still plausible in principle (at a 7% level) to identify 
seven giant stars beyond about two half-light radii in a sample of 
19 members. Conclusive results rest on a precise knowledge of the 
half-light radius, which is currently not well constrained (Methods). 
Deeper photometry and more precise structural parameters of 
Tucana II would thus enable a more robust determination of these 
potential density profile differences. Any such discrepancies might 
cause concern regarding the existence of these distant members in 
Tucana II, but with the possible exception of the most metal-rich 
star (Methods) every distant star is unambiguously a member. We 
expect no false positive classifications among our most metal-poor 
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distant stars because the systemic velocity (−129.1 km s−1) and low 
mean metallicity (〈[Fe/H]〉 ≈ −2.77) of Tucana II are well separated 
from those of foreground Milky Way stars (Methods and Extended 
Data Fig. 4).

Tidal disruption is the most obvious process to displace stars 
to large radii, but that explanation is inconsistent with the orbital 
parameters of Tucana II (Methods). The location of any predicted 
Tucana II tidal debris, on the basis of its orbit, would be perpen-
dicular to the position of the most distant newly discovered Tucana 
II member stars (Fig. 1). Furthermore, tidally disrupted systems 
should display a velocity gradient26, which is not observed in 
Tucana II. For instance, the radial velocity of the farthest star, at 9.3 
half-light radii, is only ~1 ± 3 km s−1 away from the systemic velocity 
of Tucana II. Therefore, Tucana II is currently not tidally disrupting.

It follows that the farthest star in Tucana II must be gravitationally 
bound to the system, given that Tucana II is not tidally disrupting 
and that the probability of falsely identifying a member is negligible 
(Methods). To be bound, the farthest star must lie within the tidal 
radius of Tucana II. Thus, the tidal radius of Tucana II must extend 
beyond 1 kpc, which requires an enclosed total mass within 1 kpc of 
at least 1.3 × 107 M☉ (Methods). This mass is a factor of 4 larger than 
the mass within one half-light radius. Such extended, massive dark 
matter halos of relic galaxies were predicted27, but previous mass 
estimates of ultrafaint dwarf galaxies were limited to those within a 
few hundred parsecs. Our study confirms that the halo of a relic gal-
axy contains substantial mass out to a large distance (~1 kpc). The 
majority of this extended mass distribution of at least 1.3 × 107 M☉ 
must consist of dark matter, given the low stellar mass of Tucana II 
(~3,000 M☉; ref. 18).

We estimate the mass for this extended dark matter halo by 
attempting to directly model Tucana II with a generalized Navarro–
Frenk–White (NFW) dark matter density profile. This mass enclosed 
within about nine half-light radii comes to ð2:2

þ4:4

�1:3
Þ
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 × 107 M☉. At 
face value, this estimate is in excellent agreement with the mass 
deduced from assuming that the farthest member star is bound 
and thus adds further evidence that these distant stars are indeed 
bound to Tucana II. We note that adopting the highest and lowest 
plausible velocity anisotropy prescriptions only varies this mass at 
the ~1σ level (Methods). We show the corresponding enclosed mass 
and density profiles of Tucana II in Fig. 2. To test whether masses at 
large radii can be extrapolated from estimates within the half-light 
radius, we also calculated the NFW density profile solely from pre-
viously known members15 and extrapolated to about nine half-light 
radii. This extrapolation results in a consistent enclosed mass as 
inferred from all member stars, and supports the common prac-

tice of extrapolating the masses from within one half-light radius 
to larger radii to, for instance, compare with theoretical models27. 
We also note that our derived mass within 1 kpc of ~2 × 107 M☉ is 
consistent with an overall halo mass of ~108 M☉, roughly compatible 
with constraints on the minimum virial halo mass28.

As previously noted, our more distant member stars tend to have 
lower metallicities than those in the galaxy core (see Methods for a 
full discussion). If such behaviour were to exist in other ultrafaint 
dwarf galaxies, then the dwarf galaxy metallicities derived only 
from core populations may be biased high. This bias might affect 
previous studies that place ultrafaint dwarf galaxies on the dwarf 
galaxy mass–metallicity relation, a key prediction from galaxy for-
mation simulations that is sensitive to mechanisms including super-
nova yields, feedback and gas accretion29. For instance, lowering the 
mean metallicity of the most metal-poor ultrafaint dwarf galaxies 
may increase the number of plausible feedback prescriptions in 
simulating these systems29.

One way to form the extended stellar halo component of Tucana 
II is by heating the system via galaxy mergers or stellar feedback. 
This interpretation implies Tucana II to be the product of an early 
merger, probably that of two primitive galaxies at high redshift 
(z ≳ 2)8. Simulations do indeed suggest that a dwarf galaxy with the 
stellar mass of Tucana II (~3,000 M☉; ref. 18) should be assembled by 
no more than a handful of star-forming progenitors30. Otherwise, 
early supernova feedback may have heated the most metal-poor 
stars, which is plausible since ultrafaint dwarf galaxies may have a 
bursty star formation history10.

Our detection of a population of stars out to about nine half-light 
radii in Tucana II suggests that other ultrafaint dwarf galaxies could 
plausibly host member stars at large radii as well. Indeed, the ultra-
faint dwarf galaxies Segue 1 and Bootes I currently each have one 
known member star at about four half-light radii13,14. With targeted 
wide-field photometric searches, it should be feasible to rapidly 
uncover the distant members of Segue 1, Bootes I and additional 
dwarf galaxies to comprehensively establish the evolution of these 
early relic systems.

methods
Selection of candidate members. Targets were initially selected using deep 
narrow-band imaging of the Tucana II ultrafaint dwarf galaxy obtained using 
the 1.3 m SkyMapper telescope at Siding Springs Observatory20 between July and 
December 2015. The SkyMapper filter-set31 is unique in that the flux through the 
u, v, g and i filters can be related to stellar metallicity and surface gravity21,32,33. 
Therefore, SkyMapper photometry can directly identify metal-poor red giant stars. 
These stars are more likely to be members of the Tucana II ultrafaint dwarf galaxy, 
since the mean metallicity of Tucana II is very low (〈[Fe/H]〉 ≈ −2.7;  

Table 1 | tucana II member stars observed with magE

Name rA (h:min:s) Dec. (°:′:″) g g − i rVhel (km s−1) σrv (km s−1) [Fe/H] σ[Fe/H]

Tuc2-301 22:50:45.097 −58:56:20.483 18.87 0.57 −128.0 3.3 −3.31 0.18

Tuc2-303 22:53:05.194 −57:54:27.032 18.44 0.54 −130.0 3.5 −2.76 0.25

Tuc2-305 22:57:46.859 −57:43:39.299 18.47 0.60 −124.5 3.1 −3.50 0.17

Tuc2-306 22:51:37.019 −58:53:37.579 18.38 0.67 −120.2 3.1 −3.12 0.17

Tuc2-309 22:49:24.690 −58:20:47.429 18.73 0.63 −133.8 3.1 −1.96 0.18

Tuc2-310 22:52:47.376 −58:46:04.102 19.12 0.44 −124.6 3.5 −2.73 0.20

Tuc2-318 22:51:08.309 −58:33:08.129 18.47 0.60 −129.1 3.1 −2.62 0.20

Tuc2-319 22:52:32.722 −58:36:30.488 19.33 0.58 −123.0 3.3 −2.24 0.21

Tuc2-320 22:51:00.921 −58:32:14.118 19.28 0.49 −115.6 3.2 −2.70 0.18

Tuc2-321 22:52:21.380 −58:31:07.356 19.42 0.47 −123.3 3.3 −2.67 0.21

MagE metallicities and velocities of Tucana II member stars. The right ascension (RA) and declination (dec.) columns indicate the coordinates. g are SkyMapper magnitudes and g − i are 

extinction-corrected SkyMapper colours. RVhel lists the heliocentric radial velocity and [Fe/H] the metallicity of each star, together with their associated uncertainties.
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refs. 16,17) compared with most Milky Way halo stars, and on the basis of the 
distance of Tucana II all members brighter than g ≈ 22 should be red giant stars or 
blue horizontal branch stars18,19.

In previous work21, we have shown that stellar metallicities and surface gravities 
can be quantitatively determined from SkyMapper photometry by generating 
synthetic photometry34,35 over a range of stellar parameters and relating observed 
magnitudes to theoretical magnitudes from this synthetic grid. We applied this 
method to derive surface gravities and metallicities for every star brighter than 
g ≈ 19.5 in the field of view of the SkyMapper telescope (~2° × ~2°). We thereby 
identified many metal-poor ([Fe/H] < −1.0) giant (log g < 3.0) stars as candidate 
members of Tucana II.

We further refined this sample of likely member stars by making use of Gaia 
DR2 proper motion data22,36. Since ultrafaint dwarf galaxies are gravitationally 
bound, their member stars should have proper motions clustered around the 
systemic proper motion of the galaxy. We narrowed down our sample of candidates 
by only including stars with proper motions close to the systemic proper motion 
of Tucana II ( μα cos δ

I

 = 0.936 mas yr−1, μδ
I

 = −1.23 mas yr−1; ref. 37). Specifically, 
we selected stars with proper motions and proper motion uncertainties that are 
consistent within 2σ of the following bounds:

0.4 mas yr−1 < μα cos δ
I

 < 1.2 mas yr–1,
−1.4 mas yr−1 < μδ

I

 < −1.0 mas yr−1 (Extended Data Fig. 1).

These proper motion ranges were chosen to roughly correspond to the  
proper motions of stars that were previously confirmed to be members  
of Tucana II15,17. Note that we slightly relaxed this proper motion criterion  
for one candidate member—it was subsequently found to be a non-member.  
We then selected a sample of 22 metal-poor red giant stars with proper motions 
similar to that of Tucana II to observe with the MagE spectrograph. Observing 
priority was given to stars with photometric [Fe/H] < −1.5, as more metal-poor 
stars have increased likelihood of being members. Full observational details are 
given in Supplementary Table 1, and the SkyMapper colour–colour plots  
from which stars were identified as metal-poor giants are shown in Extended  
Data Fig. 2.

Before the Gaia DR2 data release or any of our Tucana II SkyMapper 
photometry studies, we had already taken spectra of 43 stars with the IMACS 
spectrograph24 (more details given below). This early target selection was solely 
based on choosing stars with g − r colours within 0.1 mag of a 12 Gyr, [Fe/H] = −2.5 
isochrone38 overlaid at the distance modulus of Tucana II18,19 on a g, r colour–
magnitude diagram of stars within 20′ of the centre of the system, along with a few 
horizontal branch candidates. This colour–magnitude diagram had been generated 
by running the SExtractor software39 with default parameters on Dark Energy 
Survey (DES) images of Tucana II obtained from the National Optical Astronomy 
Observatory public data archive40,41.
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Fig. 1 | Spatial, radial velocity and metallicity distributions of tucana II stars. a, Spatial distribution of all confirmed member stars of the Tucana II ultrafaint 

dwarf galaxy, coloured by metallicity. The dashed ellipses correspond to one, three and five half-light radii18. Metallicities from Magellan Inamori Kyocera 

Echelle (MIKE) high-resolution spectra are shown as stars17, those from Michigan/Magellan Fiber Spectrograph (M2FS) spectra are squares15 and those from 

MagE and IMACS spectra presented in this work are circles and diamonds, respectively. For Tucana II stars with no high-resolution MIKE results, we plot all 

our available medium-resolution measurements. Metallicities from M2FS spectra are reduced by 0.32 dex for agreement with high-resolution metallicities 

(Methods). Arrows indicate the direction of predicted Tucana II tidal debris (Methods). b, Metallicities of Tucana II member stars as a function of their 

geometric radius R from the centre of the system. rh, half-light radius. As for a, metallicities from M2FS spectra are reduced by 0.32 dex. The error bars 

correspond to 1σ uncertainties on the metallicity, as derived in the Methods. c, Heliocentric radial velocities and metallicities of our IMACS and MagE Tucana 

II members (yellow stars), compared with non-members in those samples with metallicity measurements, and non-members with signal-to-noise ratio 

(S/N) > 5 observed with M2FS15 (black circles). d, Heliocentric radial velocities from MagE and IMACS measurements of Tucana II members as a function of 

distance (dec.) from the centre of the system. The error bars correspond to 1σ uncertainties on the velocity measurements, as derived in the Methods.
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Metallicity analysis. From the MagE spectra, we derived metallicities using the 
magnesium b absorption feature (~515 nm) and the calcium triplet lines (849.8 nm, 
854.2 nm and 866.2 nm). From the IMACS spectra, we solely used the calcium 
triplet lines. We used an empirical calibration to derive metallicities from the 
calcium triplet lines57, and employed standard spectral synthesis techniques to 
derive metallicities from the magnesium b region. Our particular implementation 
of these techniques is comprehensively described in previous work with MagE 
spectra of dwarf galaxy stars58, which we summarize here.

Stellar metallicities can be derived from the equivalent widths of the calcium 
triplet lines in combination with the absolute V magnitude of the star57. For our 
MagE spectra, we measured the equivalent widths of the calcium triplet lines 
by fitting the Voigt1D model in the astropy.modeling package to each line. The 
spectra were continuum normalized by iteratively fitting a third-order spline 
after masking absorption features. For fits requiring additional attention due 
to, for example, poor estimates of the stellar continuum, equivalent widths were 
measured using the splot task in IRAF59,60. The absolute V magnitude was derived 
for each star using colour transformations from the DES photometric system18 
and the distance modulus of Tucana II18,19. Random uncertainties were derived 
by remeasuring the equivalent widths after varying the continuum level by 1σ 
according to the S/N of each spectrum, and adopting a systematic uncertainty 
of 0.17 dex (ref. 57) for the calcium triplet metallicity calibration. For our IMACS 
spectra, we fitted the calcium triplet lines and derived uncertainties following 
previous studies of dwarf galaxies with IMACS44. We find that our IMACS 
metallicities agree within 1σ with literature metallicities for the two stars that have 
metallicities from previous spectroscopic work of Tucana II17.

We measured metallicities from the magnesium b region by fitting synthetic 
spectra of varying abundances to the observed spectrum. The syntheses and fitting 
were performed with the Spectroscopy Made Hard software61 using a 2017 version 
of the MOOG radiative transfer code62 that has an updated treatment of scattering63 
and the ATLAS9 model atmospheres64. The line list was compiled from various 
sources65–68 using software provided by C. Sneden (personal communication). The 
effective temperature and surface gravity of each star are required as inputs for 
the spectral synthesis. Initial stellar parameters were derived by matching the g − r 
colours of the Tucana II stars69 to those on an [Fe/H] = −2.5, 12 Gyr isochrone38.

To test this method we also derived stellar parameters in this manner for stars 
with known stellar parameters17. We find on average higher effective temperatures 
by 120 K and higher log g by 0.33 dex compared with the literature results. We 
therefore correct our stellar parameter measurements by these values in our 
analysis. We obtain random uncertainties by noting the variation in [Fe/H] 
required to encompass most of the noise in the absorption feature. Systematic 
uncertainties were derived by remeasuring [Fe/H] after varying the effective 
temperature by 150 K and the surface gravity by 0.3 dex. We note that all of our 
Tucana II members that were observed with MagE have metallicity measurements 
dominated by the systematic uncertainty, due to the relatively high signal-to-noise 
ratio (>25) of their spectra. Using these methods, we derive metallicities that agree 
with literature values for the standard stars CD 38-245 ([Fe/H] = −3.97; literature 
[Fe/H] = −4.06; ref. 70), CS 22897-052 ([Fe/H] = −3.11; literature [Fe/H] = −3.08; 
ref. 70) and HD 122563 ([Fe/H] = −2.57; literature [Fe/H] = −2.64; ref. 50) that were 
also observed by the MagE spectrograph.

We find that our metallicities from the magnesium b synthesis generally 
agree well with metallicities from the calcium triplet method. The metallicity 
differences have a mean value of 0.01 dex and an s.d. of 0.26 dex, suggesting no 
systematic offset. We note that one distant star (Tuc2-309) has notably different 
calcium triplet ([Fe/H] = −1.77) and magnesium b ([Fe/H] = −2.47) metallicities. 
Upon inspection of its spectrum, this star appears to be genuinely deficient in 
magnesium, or unusually enhanced in calcium, rendering its overall metallicity 
somewhat ambiguous. For consistency with our other measurements, we still 
report its metallicity as the weighted average of the calcium triplet and magnesium 
b metallicities. Further investigation of systematic offsets from the few stars in 
common between our MagE, IMACS and MIKE datasets shows that they have 
metallicities consistent within uncertainties. The stars in common between the 
samples are indicated in Supplementary Table 2.

The final metallicity measurements were derived by taking the weighted 
average of the metallicities from the calcium triplet lines and the magnesium b 
region (for the MagE spectra), or simply from the calcium triplet lines (for the 
IMACS spectra). Due to reduction issues (for example, bad sky subtraction), 
we estimate the equivalent width of the reddest calcium triplet line for two stars 
(Tuc2-303 and Tuc2-319) by taking it to be 0.62 times the sum of the equivalent 
widths of the other two calcium triplet lines. The value of 0.62 is the mean of the 
corresponding ratio of equivalent widths for the other Tucana II members. As an 
additional quality criterion, we only report metallicities from IMACS spectra with 
S/N greater than or equal to 10. All the metallicities and uncertainties of Tucana II 
members are presented in Supplementary Table 3.

The mean metallicity of Tucana II was calculated as the average of the 
metallicities of its member stars, weighted by the squared inverse of their 
metallicity uncertainty. If available, metallicities from high-resolution MIKE 
spectra were assumed as the stellar metallicities. Otherwise, metallicities from 
medium-resolution MagE and IMACS spectra were used. We used metallicities 
from M2FS spectra15 for the two stars in that study listed as likely members 

(membership probability > 0.90) but not later reobserved. We reduced these 
M2FS metallicities by 0.32 dex, which is necessary to undo an artificial offset and 
bring the metallicities of the entire M2FS sample into agreement with those from 
high-resolution spectra17.

We find evidence that the most distant stars in Tucana II tend to be more metal 
poor than the central population (Fig. 1b). At face value, the weighted average 
of the metallicities of stars within two half-light radii18 (〈[Fe/H]〉 = −2.62 ± 0.05) 
is notably higher than the metallicities of stars outside two half-light radii 
(〈[Fe/H]〉 = −3.02 ± 0.07). To test the robustness of this difference, we first 
constructed a Gaussian Metallicity Distribution Function (MDF) of the inner 
region in which the mean and σ of the metallicities of the inner stars set the mean 
and σ parameters of the Gaussian. We then drew seven members from this MDF 
for 104 instances and calculated the sample’s mean metallicity in each instance. 
We find that the resulting distribution of these mean metallicities is centred on 
[Fe/H] = −2.66 and has an s.d. of 0.11 dex, still returning a statistically significant 
difference from the mean metallicity of the outer stars. Consequently, the 
differential in metallicities between the inner and outer stars is robust.

To test whether a linear model could describe the dependence of the 
metallicities on spatial distance, we performed a linear fit to the stellar metallicities 
as a function of their distance from the centre of Tucana II. This returned a 
statistically significant slope of −0.87 ± 0.30 dex kpc−1. We note that this result 
rests on the existence of the farthest star in Tucana II; however, given its low 
metallicity of [Fe/H] = −3.50 there is little doubt that this star is not a member. 
For reference, if we were to exclude it, the resulting slope of −0.75 ± 0.68 dex kpc−1 
would no longer be statistically significant. However, excluding the distant 
star that has the highest probability of being a foreground star, Tuc2-309 (see 
‘Membership confirmation’), results again in a more statistically significant slope 
of −0.99 ± 0.25 dex kpc−1. This highlights the need for a larger sample of distant 
members to further validate the existence of any such gradient.

As an additional consideration, we also implemented a maximum-likelihood 
approach following ref. 71, in which the likelihood function contains a linear 
metallicity gradient term in addition to a metallicity dispersion term and a mean 
metallicity term. We implemented this likelihood estimator using the emcee 
Python package55. This analysis returns a slope of 0.69 ± 0.38 dex kpc−1, which 
suggests a linear gradient, but is still inconclusive. At face value, our derived 
metallicity gradient for Tucana II is −0.08 dex rh

−1, assuming the Tucana II 
half-light radius in ref. 18. This is comparable to other metallicity gradients seen in 
larger dwarf spheroidal galaxies72.

Membership confirmation. Members of ultrafaint dwarf galaxies are generally 
identified through a joint analysis of their metallicities and radial velocities, since 
ultrafaint dwarf galaxy stars tend to be far more metal poor than foreground 
Milky Way stars and have clustered radial velocities. We identified members as 
stars with radial velocities within three times the velocity dispersion of Tucana II 
around the mean radial velocity of Tucana II (−141 km s−1 to −110 km s−1) and with 
metallicities [Fe/H] ≲ −2.0. It is unlikely that we excluded members on the basis 
of the velocity threshold—no stars had radial velocities just beyond these cutoffs. 
However, one distant star (Tuc2-309) has a metallicity just above this threshold 
([Fe/H] = −1.95), but a radial velocity and proper motion still consistent with 
membership. We therefore regard it as a likely member. Both the mean metallicity 
(~−2.8) and systemic radial velocity (~–126 km s−1) of Tucana II are well separated 
from the corresponding values of the foreground stellar population, granting 
confidence to this particular scheme of confirming membership status. However, 
given the distant nature of our newly identified members, we performed an 
additional check on their membership likelihood.

In Extended Data Fig. 4, we show the predicted halo distribution of radial 
velocities and metallicities for stars in the vicinity of Tucana II from the Besancon 
stellar population model73, after replicating our isochrone, [Fe/H], and log g target 
selection cuts. We find that 0.4% of these stars satisfy our velocity and metallicity 
criteria for Tucana II membership. By replicating our isochrone, [Fe/H], and log g 
cuts but relaxing the proper motion cut on our SkyMapper catalogue, we estimate 
that there are 260 foreground metal-poor giant stars within about nine half-light 
radii of Tucana II. If 0.4% of these stars satisfy our membership criteria, this would 
result in about one false positive in our sample of Tucana II members. However, 
we note that the false positive rate drops off rapidly at lower metallicities. 
Restricting the range of membership metallicities to [Fe/H] < −2.5 results in a 
rate of 0%. Thus, while one of our more metal-rich Tucana II members could 
conceivably be a foreground star, there is a negligible chance that the farthest 
member is falsely classified, given its very low metallicity of [Fe/H] = −3.50. It is 
also extremely unlikely that any members beyond two half-light radii are falsely 
classified, given that their metallicities are all below [Fe/H] = −2.5, except for 
Tuc2-309.

In Supplementary Table 2, we list the membership status of every star in our 
sample. We identify stars that meet the above radial velocity and metallicity criteria 
as members. Some stars in our sample have radial velocity measurements that 
satisfy the velocity criterion, but do not have metallicities as their spectra have 
S/N < 10. We identify these stars as likely members. We note that all members 
have proper motions consistent with the bounds defining the Tucana II stellar 
membership as listed in Selection of candidate members.
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In total, we count 19 members of Tucana II: eight stars that were listed in the 
M2FS sample as having membership probability of >0.9 (ref. 15), two additional 
members identified with the MIKE spectrograph17, one additional member 
identified in our IMACS sample and eight additional members identified in 
our MagE sample. In total, seven members were observed with the MIKE 
spectrograph17, five members were observed with IMACS and ten members were 
observed with MagE. There were an additional three stars in the IMACS dataset 
(two of which were also observed with M2FS) with velocities consistent with 
membership of Tucana II, but no metallicity value due to low S/N. Full details are 
presented in Supplementary Table 2.

Comparison with canonical stellar density profiles. We tested whether the spatial 
distribution of Tucana II member stars is compatible with either an exponential 
or a Plummer stellar density profile. Specifically, we drew samples of 19 members 
10,000 times from each distribution to test the likelihood of observing 12 stars 
within two half-light radii and seven stars beyond that distance. We find that 
this happens in 7% of cases under a Plummer profile and in 2% of cases under 
an exponential profile. Excluding our distant member that is most likely to be a 
foreground star, Tuc2-309, leads to 15% of cases under a Plummer profile fulfilling 
our criterion. However, we caution that these numbers are very sensitive to the 
choice of structural parameters for Tucana II.

We assume a half-light radius of 7.2′ for Tucana II18 in this analysis. We opt for 
this value over other studies19,74 after performing several tests. First, we compared 
the half-light radii reported in each study with those determined from deeper 
follow-up photometry for seven systems75–80. These seven systems were chosen 
as they were the only systems in ref. 18 that have published deeper photometric 
studies. We find that the half-light radii reported in ref. 8 agree within 2σ of all 
of the deeper studies. Additionally, we calculated residuals by subtracting the 
reported half-light radii in refs. 18,19,74 from the half-light radii determined from the 
deeper imaging studies. We find that ref. 18 has residuals with a marginally lower 
standard deviation (~0.5′) when compared with residuals from other work (~1.0′). 
Moreover, we note that the reported position angle and ellipticity for Tucana II 
in refs. 19,74 would be discrepant with the location of our most distant Tucana II 
members. For these reasons, we assume the structural parameters from ref. 18.

For completeness, we note that, if we were to assume the elliptical half-light 
radii in refs. 19,74, the distances of the farthest two stars would be 5.1 and 8.1 
elliptical half-light radii, and 4.5 and 6.6 half-light radii, respectively. These radii 
would lead to more agreement with a Plummer profile. As a consequence, we 
cannot claim a discrepancy with these canonical profiles until deeper photometry 
of Tucana II is obtained.

From Extended Data Fig. 1 of candidate members, spectroscopic observations 
of stars can be regarded as complete down to g ≈ 19.5 within the inner region of the 
galaxy, but probably incomplete in the outer regions (beyond three half-light radii). 
This implies that additional distant members of the galaxy may be discovered in 
the future. If more stars were known in the extended halo, the underlying stellar 
density distribution would stray even further from any canonical density profile.

Finally, we note that there are multiple distance measurements of Tucana II in 
the literature, with all measurements being consistent within 2 kpc (refs. 18,19,81). For 
consistency with our choice of structural parameters, we adopt a distance of 58 kpc 
from ref. 18 throughout our analysis.

Systemic proper motion of Tucana II. We derive the systemic proper motion 
of Tucana II by taking the weighted average of the Gaia DR2 proper motions22,36 
of members brighter than g = 20 in Supplementary Table 2. Each weight was 
taken as the inverse square of the measurement uncertainty. We derive a systemic 
μα cos δ

I

 = 0.955 ± 0.047 mas yr−1 and a systemic μδ
I

 = −1.212 ± 0.058 mas yr−1.

Modelling of tidal disruption. To determine the expected location of tidal debris 
from Tucana II, we simulate its tidal disruption and subsequent stream formation 
using the modified Lagrange Cloud stripping technique82, which has been updated 
to include the influence of the Large Magellanic Cloud (LMC)83. Including the 
LMC is crucial since it can deflect tidal debris, leading to a notable misalignment 
between the progenitor’s orbit and tidal debris83,84. We use a realistic Milky Way 
model85 and the machinery of GalPot86 to evaluate accelerations in this potential. 
Motivated by recent fits to the LMC mass83, we treat the LMC as a Hernquist 
profile87 with a mass of 1.5 × 1011 M☉ and a scale radius of 17.13 kpc. We integrate 
Tucana II backwards for 5 Gyr starting from its present-day distance19, proper 
motions88 and radial velocity from this work. The LMC is similarly integrated 
backwards starting with its present-day observables89–91. We model the progenitor 
of Tucana II as a Plummer sphere with a conservative mass estimate of 2 × 106 M☉ 
(ref. 15) and a scale radius of 100 pc. This produces tidal debris that is well aligned 
with the orbit. This shows that the debris should be aligned with the track shown 
in Fig. 1 with a small offset of −2 ± 4° on the sky. We find that this alignment is not 
sensitive to the precise choice of the total mass of Tucana II.

We derived the tidal radius of Tucana II using the galpy92 Python library. 
Specifically, we instantiated an orbit using the orbital parameters of Tucana II37 
and derived a tidal radius using the rtide function93 under the Milky Way potential 
MWPotential14. We then derived tidal radii for various masses of Tucana II to 
determine at what mass the tidal radius encompasses the distance to the farthest 

member (1.11 kpc). This occurred for a mass of 1.3 × 107 M☉, which we take as the 
lower limit on the Tucana II mass. We note that our choice of MWPotential14 is 
consistent with reporting a lower bound on the Tucana II mass. MWPotential14 
is a low estimate for the Milky Way mass, and adopting a higher Milky Way mass 
would only increase the Tucana II mass required to bound its farthest member.

We also tested whether the spatially extended members of Tucana II display a 
velocity gradient, which is a signature of tidally disrupting systems26. To do this, 
we searched for a velocity gradient by implementing the velocity-relevant terms 
of the likelihood estimator in ref. 71. This likelihood estimator includes a term for 
the slope of a velocity gradient and a term for the position angle corresponding to 
the axis of the gradient, in addition to typical terms corresponding to the velocity 
dispersion and mean velocity. We implemented this likelihood estimator using the 
emcee Python package55 and performed this analysis on the 17 Tucana II members 
from the M2FS, IMACS and MagE samples. The analysis returned no detected 
velocity gradient 0:13

þ0:17

�0:14

I

 km s−1 ′−1. Our 2σ upper limit on the velocity gradient 
would therefore be 0.45 km s−1 ′−1. The 2σ upper limit is 0.43 km s−1 ′−1 if Tuc2-309, 
the distant star most likely to be a non-member, is excluded. We note that fixing 
the axis of the gradient to span the direction of our most distant star results in a 
slope of 0.0 ± 0.07 km s−1 ′−1.

Modelling of dark matter density profile. We model the density profile of 
the dark matter halo of Tucana II using a Jeans modelling procedure94–96. For 
completeness, we briefly outline the most important steps here but more details are 
reported in ref. 97.

The three-dimensional distribution of the stars is modelled by a Plummer 
profile,

νðrÞ ¼
3L

4πa3
1þ

r
2

a2

� ��5

2

where L is the total luminosity and a is the scale length of the distribution. Given 
that the system is observed in projection, we use the surface brightness profile

IðRÞ ¼
L

πa2
1þ

R
2

a2

� ��2

where R is the projected radius, while r is the three-dimensional radius from the 
centre of the dwarf. Because the stars contribute negligibly to the gravitational 
potential, the value of L does not carry physical influence.

We model the density profile of dark matter by a generalized NFW profile98,

ρ
DM

ðrÞ ¼ ρ
0

r

rs

� ��γ

1þ
r

rs

� ��ð3�γÞ

where the free parameters that we fit for are the overall density normalization (ρ0), 
the scale radius (rs) and the slope of the inner profile (γ). We assume that the system 
is spherical and in equilibrium, and solve the projected Jeans equation

σ2pðRÞIðRÞ ¼ 2

Z

1

R
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r
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where σp is the projected velocity dispersion along the line of sight, σr is the 
radial velocity dispersion in three dimensions and β(r) = 1 − (σθ

2 + σϕ
2)/(2σr

2) is 
the velocity anisotropy of the stars. The variables σr, σϕ and σθ are the velocity 
dispersions in spherical coordinates. The radial velocity dispersion is the solution to
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where G is the gravitational constant, and M(<r) is calculated from the density 
profile of dark matter.

We use an unbinned likelihood function99 to take into account the individual 
velocity uncertainties of each star, first assuming that the system is isotropic 
(β(r) = 0). The likelihood is defined as

L ¼
Q

Nstars

i¼1

ð2πÞ�1=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ
2
pðRiÞþΔ

2
vi

p exp � 1
2

ðvi�vÞ2

σ
2
pðRiÞþΔ

2
vi

  

IWe use a Markov chain Monte Carlo procedure to find the best fit parameters, 
assuming uniform priors on log10[ρ0 (M☉ kpc−3)] of [2.2, 13.0], log10[rs (kpc−1)] 
of [−3.0, 2.0], γ of [−1, 3] and average velocity �v (km s−1) of [−200, 200]. We fix 
a = 120 pc following the reported half-light radius in ref. 18. Varying a by ±30 pc 
(the uncertainty in the half-light radius in ref. 18) changes our final density and 
mass profiles at the ~5% level—far below our 1σ uncertainties on these quantities.

Given the large swaths of literature on the mass anisotropy degeneracy (see ref. 
93 and references therein), we also rerun the mass modelling assuming the standard 
Osipkov–Merritt anisotropy100,101, defined as

βðrÞ ¼
r
2

ðr2 þ r
2

a
Þ
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where ra is the anisotropy parameter for which we fit, which describes the 
transition of the anisotropy from β = 0 at small radii to β = 1 at large radii. We 
assume a prior on ln[ra (kpc)] of [−5, 0] to ensure that the transition radius occurs 
before the location of the farthest star. We find that the mass of the system with 
this anisotropy model increases to (4:6

þ7:7

�3:1

I

) × 107 M☉ within 1 kpc, which is within 
a 1σ variation of the mass in the isotropic case of (2:2

þ4:4

�1:3

I

) × 107 M☉. Furthermore, 
adopting the most extreme cases of constant velocity anisotropy still only varies our 
results at the ~1σ level relative to the mass derived assuming isotropy. Assuming 
constant radial anisotropy (β = 1) increases our mass estimate to (7:8

þ9:3

�4:7

I

) × 107 M☉, 
while assuming extreme constant tangential anisotropy (β = −9) still results in a 
large mass of (0:9

þ1:5

�0:5

I

) × 107 M☉ within 1 kpc.
As presented in Fig. 2, we performed the above analysis on two samples to 

investigate the effect of adding our newly discovered members using IMACS and 
MagE to the body of known members in the literature. The first sample is simply 
the previously known red giant members in the literature with precise velocity 
measurements15. The second sample is composed of previously known members 
and our newly discovered members. We note that the sample of eight red giant 
members in ref. 15 has a systemic velocity (~−127.3 km s−1) similar to the systemic 
velocity of just our newly discovered members (~−126.3 km s−1), suggesting no 
statistically meaningful velocity systematics across the two samples. We note that 
our new addition of distant members meaningfully affects the mass measurement 
out to large distances. As seen in Fig. 2, the uncertainty on the inferred enclosed 
mass drops by a factor of at least ~3 from our additional members. Since this is a 
much larger drop than would be expected from doubling the sample of members, it 
is likely that the extended spatial distribution of new members meaningfully affects 
the mass determination.

We note that the theoretically derived mass estimate from this method, and any 
larger mass estimates, are supported by our observationally derived lower bound 
of 1.3 × 107 M☉ that is required to ensure that the most distant Tucana II member is 
gravitationally bound to the system.

We also derive the enclosed mass within 1 kpc of a 108 M☉ NFW halo to 
compare our results with recent bounds on the minimum halo mass28. We begin 
this calculation by using the Python package Halotools v0.7102 to initialize a 108 M☉ 
halo with a concentration parameter of 26 (ref. 103). We then use the enclosed_mass 
method to calculate that a mass of 2.5 × 107 M☉ exists within 1 kpc of such an NFW 
halo, which is comparable to the mass we derive within 1 kpc of Tucana II.

Data availability
The velocity and metallicity measurements that support the findings of this study 
are presented in Supplementary Tables 1, 2 and 3. The individual stellar spectra 
from which these measurements were derived and any supplementary material (for 
example line lists) are available from the corresponding author upon reasonable 
request. The proper motions of the stars analysed in this paper are publicly 
available from the Gaia DR2 archive (http://gea.esac.esa.int/archive/). Source data 
are provided with this paper.

Code availability
The stellar synthesis code MOOG can be retrieved from https://github.com/alexji/
moog17scat. The other codes used in this analysis are the authors’ implementations 
of published techniques (for example, calcium ii K and calcium triplet calibrations), 
and are available from the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Identification of candidate members of tucana II. a. Locations of candidate members (blue data points) with g < 19.5. Candidates 

were selected by identifying metal-poor giants with SkyMapper photometry (photometric [Fe/H] < − 1.0 and photometric log g < 3.0 ref. 21), and then only 

including stars with proper motions around the systemic proper motion of Tucana II (0.2 mas/yr < μα cos δ
I

< 1.4 mas/yr and −1.7 mas/yr < μδ
I

 < −0.5 

mas/yr). All stars confirmed as members of Tucana II in this work or prior work15,17 are highlighted in orange. Confirmed non-members of Tucana II that 

were observed in this work are marked in magenta. b. Proper motions of candidate members with g < 19.5. The notation of the data points is equivalent 

to that in panel a. The majority of stars with proper motions near the systemic proper motion of Tucana II are members. This results from our exclusion of 

stars that are not metal-poor giants using log g to cut out foreground stars. Milky Way foreground stars outside our proper motion selection criteria are 

shown as small black points. The error bars on the proper motions correspond to 1sigma uncertainties in the Gaia DR2 catalog.
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Extended Data Fig. 2 | Skymapper photometry of tucana II members observed with magE. a. A metallicity-sensitive SkyMapper color-color plot of every 

star within a degree of Tucana II. The Tucana II members observed with MagE in this study are shown as red stars, and all have photometric [Fe/H] < -1.0. 

Photometric metallicities were derived following ref. 21, and are indicated by the color scale. The magnitudes are in the AB magnitude system. b. A surface 

gravity-sensitive SkyMapper color-color plot of every star within a degree of Tucana II. Similarly to the metallicity-sensitive plot, the Tucana II members 

observed with MagE separate from the foreground population due to their low surface gravities. The surface gravities are indicated by the color scale. 

Magnitudes are in the AB magnitude system.
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Extended Data Fig. 3 | Color-magnitude diagram of tucana II and sample spectra. a. Color-magnitude diagram of the MagE and IMACS Tucana II 

members with DES photometry. A 10 Gyr, [Fe/H] = -2.2 MIST isochrone104–108 at the distance modulus of Tucana II18 is overplotted for reference. The 

horizontal branch from a PARSEC isochrone109–114 with the same parameters is also shown. Members and non-members are indicated in blue and orange, 

respectively. The two most distant members are outlined in pink. Magnitudes are in the AB magnitude system. b–d. MagE spectra of the magnesium 

region Tuc2-319, Tuc2-318, and Tuc2-305. The absorption lines in the region become noticeably weaker at lower metallicities. A dashed horizontal line is 

drawn at the continuum level to guide the eye.
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Extended Data Fig. 4 | Comparison of tucana II radial velocities and metallicities to simulated radial velocities and metallicities of foreground stars. 

a. A histogram of MagE and IMACS radial velocities of stars determined to be non-members of Tucana II is shown in orange. In blue, we plot a scaled 

histogram of radial velocities of stars in the field of Tucana II, as generated from the Besancon model of stellar populations in the galaxy72 after replicating 

our target selection cuts (blue). The vertical red line marks the systemic velocity of Tucana II15 and the green shaded region corresponds to our Tucana II 

velocity membership criteria (−141 km/s < HRV < − 110 km/s; [Fe/H] < − 2.0), which is well separated from the foreground velocity distribution. b. Scaled 

histogram of metallicities of stars generated from the Besancon model following those in panel a. The green shaded region ([Fe/H] < − 2.0) corresponds 

to the metallicities of the newly detected Tucana II members. Only 0.4% of simulated foreground stars satisfy our Tucana II velocity and metallicity 

membership criteria (−141 km/s < HRV < − 110 km/s; [Fe/H] < − 2.0).
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