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The tidal remnant of an unusually 
metal-poor globular cluster

Zhen Wan1, Geraint F. Lewis1 ✉, Ting S. Li2,3,4,5, Jeffrey D. Simpson6, Sarah L. Martell6,7,  

Daniel B. Zucker8,9, Jeremy R. Mould10, Denis Erkal11, Andrew B. Pace12, Dougal Mackey13, 

Alexander P. Ji2, Sergey E. Koposov12,14, Kyler Kuehn15,16, Nora Shipp4,5,17, Eduardo Balbinot18, 

Joss Bland-Hawthorn1,7, Andrew R. Casey19, Gary S. Da Costa13, Prajwal Kafle20, Sanjib Sharma1,7  

& Gayandhi M. De Silva7,16

Globular clusters are some of the oldest bound stellar structures observed in the 

Universe1. They are ubiquitous in large galaxies and are believed to trace intense 

star-formation events and the hierarchical build-up of structure2,3. Observations of 

globular clusters in the Milky Way, and a wide variety of other galaxies, have found 

evidence for a ‘metallicity �oor’, whereby no globular clusters are found with 

chemical (metal) abundances below approximately 0.3 to 0.4 per cent of that of the 

Sun4–6. The existence of this metallicity �oor may re�ect a minimum mass and a 

maximum redshift for surviving globular clusters to form—both critical components 

for understanding the build-up of mass in the Universe7. Here we report measurements  

from the Southern Stellar Streams Spectroscopic Survey of the spatially thin, 

dynamically cold Phoenix stellar stream in the halo of the Milky Way. The properties  

of the Phoenix stream are consistent with it being the tidally disrupted remains of a 

globular cluster. However, its metal abundance ([Fe/H] = −2.7) is substantially below 

the empirical metallicity �oor. The Phoenix stream thus represents the debris of the 

most metal-poor globular clusters discovered so far, and its progenitor is distinct 

from the present-day globular cluster population in the local Universe. Its existence 

implies that globular clusters below the metallicity �oor have probably existed, but 

were destroyed during Galactic evolution.

The Phoenix stellar stream is a thin over-density of stars in the Milky 

Way halo. It spans approximately 8° lengthwise on the sky and was 

originally identified in the Dark Energy Survey (DES)8. Comparison 

of the DES photometry with theoretical isochrones shows that the 

stream is located at a heliocentric distance of about 19 kpc, and that its 

constituent stars are old and metal-poor, although the isochrone fits 

do not allow precise determination of these quantities9. The narrow 

width of the stream in the plane of the sky (about 50 pc) suggests that 

the progenitor was a low-mass Milky Way satellite (mass M ≈ 3 × 104M☼, 

where M☼ is the mass of the Sun)9,10, which has now been completely 

disrupted. Dynamical modelling has revealed that Phoenix is probably 

part of a much more extensive debris structure that also includes the 

Hermus stellar stream located around 180° away on the sky11,12.

We observed the Phoenix stream as part of the Southern Stel-

lar Streams Spectroscopic Survey (S5) programme13 to acquire 

kinematic and chemical abundance measurements along its length. 

Candidate Phoenix stars were selected by applying broad cuts in 

both colour–magnitude space (using DES DR114 photometry) and 

proper-motion space (using Gaia DR215,16). They were observed across 

seven fields with the 2dF+AAOmega fibre-fed spectrograph on the 

Anglo-Australian Telescope (AAT). Stellar metallicities and radial 

velocities were determined by fitting synthetic stellar templates in 

the region of the Ca II triplet at around 8,600 Å. Full details of the 

candidate selection, observations and data reduction are provided 

in Methods.

In Fig. 1 (orange histogram) we present the distribution of metallici-

ties for red giant stars in the Phoenix stream that have spectra with a 

signal-to-noise ratio of more than 10. With one exception, the meas-

ured metallicities are substantially below [Fe/H] = −2.5. This is more 

metal-poor than any known globular cluster in the Milky Way; the 
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metallicity distribution of the Galactic globular cluster population4 

is shown with a blue histogram in Fig. 1.

To illustrate that this offset is not due to systematic differences 

between our measurements and those used for the overall compila-

tion, in Fig. 2 we present a direct comparison between the summed 

equivalent widths of the Ca II spectral lines for our Phoenix targets and 

for 2,050 red giants in 18 Galactic globular clusters spanning a broad 

metallicity range. Critically, the cluster reference stars were observed 

using the same facility and instrumental set-up as our Phoenix sample. 

It is evident that, at a given stellar luminosity, a decreasing equivalent 

width corresponds to a lower metallicity. The Phoenix members (black 

circles in Fig. 2) have equivalent widths that are substantially smaller 

than the most metal-poor cluster in the reference sample, NGC 7099 

with [Fe/H] ≈ −2.4, which is among the most metal-poor globular clus-

ters observed in the Milky Way17.

Figure 1 suggests that the metallicity spread among our Phoenix 

sample is comparable to the measurement uncertainties. To quantify 

this, we used a Markov chain Monte Carlo (MCMC) approach to explore 

the joint likelihood space for mean metallicity and intrinsic dispersion, 

for the 11 Phoenix stars with a signal-to-noise ratio greater than 10, 

given their individual abundance measurements and uncertainties. 

Representing the intrinsic metallicity as a Gaussian, our analysis yields 

a mean [Fe/H] = −2.70 ± 0.06, and a most likely intrinsic metallicity 

dispersion of zero: σ[Fe/H] < 0.2 at 95% confidence (or σ = 0.07[Fe/H] −0.05
+0.07;  

Extended Data Fig. 2). This strongly suggests that the Phoenix pro-

genitor comprised a simple stellar population with no self-enrichment 

in heavy elements.

To further explore the nature of the Phoenix progenitor, we combine 

our kinematic measurements with dynamical models. After subtract-

ing a polynomial fit for the gradient of the line-of-sight velocity along 

the stream, we infer a low intrinsic velocity dispersion of 

σ = 2.66 km sRV −0.57
+0.72 −1

 (Extended Data Fig. 3). This is consistent with the 

idea that the progenitor was a low-luminosity satellite of the Milky Way. 

To determine its most likely orbit, we integrate numerical models over 

3 billion years in a Milky Way potential, including the effect of the Large 

Magellanic Cloud (LMC), and attempt to reproduce the observed posi-

tions on the sky, radial velocities and proper motions for all the 

high-likelihood Phoenix members in our sample. As shown in Extended 

Data Fig. 4, our best-fit model can reproduce these key data, and indi-

cates a prograde orbit with an inclination of about 60° relative to the 

Milky Way disk, a pericentre of approximately 13 kpc, an apocentre of 

approximately 18 kpc and an eccentricity of approximately 0.2. The 

continuation of our stream model passes through the location of the 

Hermus stream, reinforcing previous suggestions that these two struc-

tures are connected11,12.

The narrow on-sky width and small velocity dispersion of the Phoenix 

stream could have been produced only by a low-luminosity globular 

cluster or an ultrafaint dwarf galaxy (that is, a dwarf galaxy with total 

luminosity less than 105 times that of the Sun18). No other type of system 

with the requisite small size and stellar mass is known. A key distinguish-

ing property for these two classes of object is the internal metallicity 

spread, which is zero for all except the very brightest globular clusters, 

but typically larger than about 0.2–0.3 dex for dwarf galaxies18,19; figure 1 

of ref. 19 shows that the metallicity spread is 0.3–0.7 dex for 16 dwarf 

galaxies. Our observation that σ[Fe/H] ≈ 0 for Phoenix strongly indicates 

that the progenitor was a globular cluster. Additional support for this 

assertion comes from the inferred orbital properties of the stream. It 

has recently been shown that the ultrafaint dwarfs within 100 kpc of the 

Milky Way have highly eccentric (median 0.8) and almost exclusively 

retrograde orbits; the median pericentre distance is around 40 kpc 

(ref. 20). This is in stark contrast to our preferred trajectory for Phoenix, 

which is much more typical of the orbits inferred for many Galactic 

globular clusters21,22 (Extended Data Fig. 5).

Consequently, we conclude that the Phoenix stream comprises the 

tidally disrupted remains of a globular cluster. Our measured mean 
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Fig. 1 | Metallicity versus spectroscopic signal-to-noise ratio for Phoenix 

stream members. A histogram of the metallicities of Phoenix member stars 

with signal-to-noise ratios greater than 10 is presented in orange (right axis); 

the metallicity distribution for individual globular clusters in the Milky Way is 

shown in blue4 (right axis). The signal-to-noise ratios of individual Phoenix 

members are also shown as black points (left axis) with error bars (1σ; see ref. 13 

for a detailed discussion). The dashed line indicates the empirical ‘metallicity 

floor’ at [Fe/H] = −2.5, above which are all globular clusters in the Milky Way, the 

Local Group and other nearby galaxies.
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Fig. 2 | Comparison of the summed equivalent widths of the Ca ii triplet. 

Phoenix members are shown by large circles; the small circles correspond to 

the 2,050 red-giant-branch stars in 18 other globular clusters observed by the 

AAOmega spectrograph30. For giant-branch stars of a given luminosity (that is, 

absolute magnitude), a smaller equivalent width of the Ca II triplet means that 

the star has a lower metallicity. The stars are colour-coded by the metallicity of 

their parent globular cluster17. The lowest-metallicity clusters (those with the 

weakest Ca II triplet lines for a given absolute magnitude) include M15 

(NGC 7099, [Fe/H] = −2.44), M30 (NGC 7078, [Fe/H] = −2.34), NGC 5053 

([Fe/H] = −2.27) and M68 (NGC 4590, [Fe/H] = −2.23). It is clear that the Phoenix 

members have weaker Ca II triplet lines, and therefore lower metallicities, than 

all of these clusters.
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metallicity, [Fe/H] = −2.70 ± 0.06, is thus very notable. Within the Milky 

Way, no globular cluster has been observed to have a metallicity below 

[Fe/H] ≈ −2.5 (refs. 4,23,24). This empirical metallicity floor extends not 

only to all other Local Group galaxies6,25, but even further, spanning 

roughly 6 dex in galaxy stellar mass and a wide variety of morphologies 

and assembly histories5–7. The Phoenix progenitor therefore appar-

ently occupies a special position, which is distinctly different from the 

present-day globular cluster population observed in the local Universe.

Theoretical models7,26 point to the galactic mass–metallicity rela-

tion at high redshift as the source of the metallicity floor for globular 

clusters. Galaxies grow through the accretion of gas and other galax-

ies, and they undergo self-enrichment, creating a correlation between 

mass and metallicity. At redshift greater than 2, galaxies forming stars 

with [Fe/H] ≈ −2.5 are predicted to have total stellar masses of roughly 

105M☼–106M☼. Lower-mass (and hence lower-metallicity) galaxies are 

unable to form clusters capable of surviving for a Hubble time, result-

ing in the observed metallicity floor.

It is well established that the Galactic halo has an underlying smooth, 

metal-poor component (see, for example, ref. 27), embellished with 

non-equilibrium components resulting from more recent infall events. 

A clear goal is to identify and describe the most likely collection of 

building blocks for the Milky Way halo, which has been built up over the 

age of the Galaxy through accretion and continues to evolve through 

the same process.

We have established a low metallicity for the diffuse Phoenix stream, 

which will continue to dissolve and be absorbed into the ancient smooth 

halo. It remains unclear whether its metallicity is so low because its pro-

genitor formed in a host galaxy with very low stellar mass (<105M☼), or 

whether its original host galaxy had a relatively high mass for its metal-

licity, shielding the Phoenix stream from tidal disruption by the Milky 

Way until fairly recently. The picture is complicated because the mass 

of the host galaxy can grow substantially through accretion after the 

birth of the globular cluster and before it is accreted into the Milky Way.

This result presents two exciting possibilities: first, that additional 

remnants of metal-poor globular clusters ([Fe/H] < −2.5) in the Galactic 

halo may come to light in future large-scale surveys; and second, that 

we might associate streams and star clusters brought into the halo in 

the same accretion event using present-day kinematics and stellar 

properties. Given our result that the globular cluster with the lowest 

known metallicity is in the form of a stellar stream rather than an intact 

self-gravitating system, it is clear that some fraction of the Milky Way 

halo stars with [Fe/H] < −2.5 formed in globular clusters.

In support of this hypothesis, we note that two stars in the recently 

discovered Sylgr stream were found to have [Fe/H] = −2.92 ± 0.06  

(ref. 28). The nature of the Sylgr progenitor is still unclear. However, 

combining these observations with our discovery, and with future 

surveys targeting low-surface-brightness substructures in the Milky 

Way halo, may yield a new and fuller understanding of the earliest stages 

of galaxy formation. A test of this scenario is at hand: the James Webb 

Space Telescope may reveal the association of globular clusters forming 

along with proto-galaxies in the high-redshift Universe29.

We note that Phoenix is relatively close to the Palomar 5 stream, the 

Helmi stream and the metal-poor globular cluster NGC 5053 in the 

orbital energy–azimuthal action space, and that Phoenix is spatially 

well aligned with the Hermus stream. These similarities are discussed 

further in Methods; although they are intriguing, they are not sufficient 

to claim a common origin for these systems. Identifying the major 

components of Galactic halo assembly requires a holistic approach 

that brings together several observations with detailed modelling and 

probabilistic analysis. Associating a set of globular clusters and streams 

to a single progenitor galaxy accreted at a particular redshift requires 

coherence across a range of properties. Present-day kinematics and the 

age–metallicity relation of globular clusters and streams must behave 

consistently with field stars accreted from the progenitor galaxy.  

A simultaneous solution for the major progenitors of the Milky Way 

halo will include progenitor galaxies that are compatible, assembling 

into a single evolving structure that reproduces the observed halo.
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Methods

The Southern Stellar Stream Spectroscopic Survey (S5) collaboration 

was established to measure the kinematics and chemistry of prominent 

tidal stellar streams detected in the DES9. The details of S5 are presented 

elsewhere13; here we provide a summary.

Data reduction

The streams in S5, including Phoenix, are identified from DES pho-

tometry9. Candidates were chosen for spectroscopic follow-up using 

several selections13 that isolate the stream properties in the colour–

magnitude, colour–colour and proper-motion spaces. The observa-

tions were undertaken using the 2dF+AAOmega spectrograph on the 

3.9-m AAT at Siding Spring Observatory in New South Wales, Australia. 

The 2dF field of view complements that of DECam, and its multiplex-

ing allows for the observation of up to 392 sources across a circular, 

two-degree-diameter field in a single exposure.

AAOmega is a dual-arm spectrograph. For these observations, 

the light was split into the red and blue arms by a dichroic centred at 

5,800 Å. Light in the blue arm was dispersed by the 580V grating; in 

the red arm, the 1700D grating was used. These gratings correspond 

to spectral resolutions of around 1,300 and 10,000, respectively. The 

respective wavelength ranges are 3,800–5,800 Å in the blue arm and 

8,400–8,820 Å in the red arm, providing sufficient spectral cover-

age to determine kinematics and metallicity measurements from the 

prominent lines of the Ca II triplet at about 8,600 Å. To attain sufficient 

signal-to-noise ratios for our faintest targets, fields were observed 

with a total integration time of about 7,200 s, typically split into three 

equal exposures to mitigate cosmic-ray contamination. This expo-

sure time produces a signal-to-noise ratio of roughly 5 for targets with 

r ≈ 18.5–19.0, permitting us to obtain a velocity precision of roughly 

1 km s−1. Seven 2dF+AAOmega fields were observed along the length 

of the Phoenix stream (Extended Data Fig. 1a). Additional calibration 

exposures, consisting of arc spectra and a quartz fibre flat field, were 

obtained with the telescope pointing at each target field, while a series 

of bias exposures were obtained each afternoon before observing.

The data were reduced with the 2DFDR31 pipeline provided by the 

AAT, which automatically corrects for bias, applies a flat-field correc-

tion, calibrates the wavelength from the arc lamp exposures, traces the 

spectra using the flat-field exposures and extracts the spectra. For each 

target, the radial velocity and stellar parameters were then estimated 

with a dedicated pipeline32 by fitting synthetic templates from the 

PHOENIX catalogue grid33, where the uncertainties and the means are 

determined using an MCMC sampling of the posterior distribution. 

The data point with the highest signal-to-noise ratio was adopted if any 

particular target had multiple observations. We applied two quality 

criteria—good_star = 1 (see ref. 13 for a definition) and signal-to-noise 

ratio > 3—to the data to exclude obvious bad fits to the templates.

The metallicities of the targets were derived from the equivalent 

widths of the Ca II triplet lines, using a calibration relation34 between 

the equivalent widths, the absolute magnitude in the V band and the 

metallicity [Fe/H]. The distance9 to the stream is used to calculate the 

absolute magnitude, so the inferred metallicity is valid only for genuine 

stream members. Furthermore, the assumed calibration is applicable 

only to red giant branch (RGB) stars. The uncertainties on the derived 

metallicities are calculated from the uncertainties in the calibration 

relation34 and in the equivalent-width measurements13. Finally, the tar-

gets were cross-matched with Gaia DR2 to obtain their proper motions.

Member selection

Phoenix members were selected in dynamical space, on the basis of 

the proper motions and radial velocities of the targets: −0.6 mas yr−1  

< μϕ1 – μϕ1,0 < 0.6 mas yr−1, −0.6 mas yr−1 < μϕ2 − μϕ2,0 < 0.6 mas yr−1 and 

(1.02ϕ1 – 60.7) km s−1 < RVGSR < (1.02ϕ1 – 42.7) km s−1. Here ϕ1 and ϕ2 

are the longitude and latitude, respectively, of the stream in degrees; 

the transformation from equatorial coordinates (right ascension, 

declination) to stream coordinates (ϕ1, ϕ2) uses a rotation matrix35. 

The proper motion in stream coordinates is (μϕ1, μϕ2) and RVGSR is the 

line-of-sight velocity in the Galactic standard of rest. The solar reflex 

motion (11.1, 240, 7.3) km s−1 (refs. 36,37) was subtracted from all proper 

motions and radial velocities of the targets. We assumed a distance 

to the Phoenix stream of 19.05 kpc (ref. 9) and a proper motion of the 

stream of (μϕ1,0, μϕ2,0) = (−1.94, −0.36) mas yr−1 (solar reflex motion 

subtracted)35. Proper motion gradients along the stream coordinates 

have previously been measured35 to be very low: (dμϕ1/dϕ1, dμϕ2/dϕ2) =  

(−0.01 ± 0.01, 0.01 ± 0.01) mas yr−1. Therefore, our adopted cuts in 

proper motion are sufficiently large to reliably include all stream mem-

bers. We implemented the observed line-of-sight velocity as a third 

membership criterion by taking a linear cut along the stream longitude 

ϕ1, which is derived from a linear fit to the proper-motion-selected stars 

(Extended Data Fig. 1b).

As a cross-check, we used a probabilistic mixture model to separate 

the Phoenix stream from a contaminating Milky Way foreground popu-

lation35,38. This serves as an objective membership selection and checks 

the robustness of the parameter inferences in the presence of a Milky 

Way foreground model. The mixture model likelihood is defined as 

� = f�stream + (1 − f)�MW, where f is the fraction of stream stars and �stream 

and �MW are the foreground components of the stream and Milky Way. 

We consider the velocity (RVGSR), proper motions (μϕ1, μϕ2) and spatial 

position perpendicular to the stream track (ϕ2) of each star in our likeli-

hood model, but exclude the spectroscopic metallicities as the Ca II 

triplet is distance dependent. Hence, the mixture model depends on 

only positional and dynamical information. For velocity and proper 

motion likelihoods we use Gaussian distributions and include linear 

gradients in both velocity and proper-motion space for the stream 

component. We assume that the stream has no dispersion in proper 

motion (owing to its large distance), leaving the Milky Way proper 

motion dispersion as a free parameter, and include a proper-motion 

selection function based on the S5 targeting13. For the spatial likelihood, 

we assume a Gaussian distribution for stream stars in the ϕ2 direction 

with best-fit parameters9 and that the Milky Way foreground is constant 

within the stream, which weights stars closer to the stream more highly. 

We compute posterior distributions using the MultiNest algorithm39,40. 

To determine stream membership, we compute the ratio of the stream 

to total likelihood from the posterior distribution, and take the median 

posterior value for each star.

We apply the mixture model to all stream targets, excluding one RR 

Lyrae star, and find a total membership of 31.3 stars. The exception is 

one of the BHB stars, which is considered a non-member (P = 0.001) 

owing to its offset from the stream track and it is several-σ difference 

from the mean Phoenix proper motion. This star has large phot_bp_

rp_excess_factor and astrometric_excess_noise_sig in Gaia, and there 

may be some unknown systematics with its proper motion. Additional 

fainter targets with larger errors are identified mostly with larger proper 

motions outside the selection box. The inclusion or exclusion of these 

stars do not change our conclusions as they do not have spectroscopic 

metallicities. There are three stars that are consistent with our dynami-

cal selection but have different positions in the colour–magnitude 

diagram from the other Phoenix members. Two of them are excluded 

because their offset in proper motion and large distance to the stream 

track on the sky. The third star falls into the selection, but its proper 

motion is located at the edge of the selection box with large uncertainty 

and is offset from the stream track. The equivalent-width measurement 

for the Ca II triplet for this star, assuming it is a member of Phoenix, 

yields a much higher [Fe/H] = −0.48 ± 0.24, which deviates significantly 

from the metallicity of the stream. Hence, we do not consider any of 

these stars as members of the Phoenix stream.

In summary, we identified 25 member stars in the Phoenix stream 

with robust RV measurements, including three BHB stars and one RR 

Lyrae star. Among them, 11 RGB members have signal-to-noise ratios 
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greater than 10; their Ca II triplet metallicities are used for the our 

analysis. Extended Data Fig. 1a shows the on-sky distribution of these 

stars, colour-coded by their metallicity, demonstrating the physical 

narrowness of the Phoenix stream. Also shown are the other stars 

targeted within each of the 2dF fields. Extended Data Fig. 1c shows 

the resultant colour–magnitude diagram of the Phoenix members in 

(gDECam − rDECam, gDECam), as well as 10 PADOVA isochrones41 with an age of 

11.2 Gyr and metallicities spanning [Fe/H] = −2.0 to [Fe/H] = −2.9. The 

isochrones reproduce the stellar sequence well, including the main 

sequence turnoff, the RGB and the horizontal branch. We excluded 

the BHB and RR Lyrae stars (marked with orange squares in Extended 

Data Fig. 1) from our metallicity analysis, as the Ca II triplet metallicity 

calibration applies only to RGB stars.

Metallicity and radial velocity of the stream

To determine the mean and intrinsic width of the metallicity distribu-

tion of the Phoenix stream, we focus upon the 11 RGB stars identified 

as members and with spectroscopic signal-to-noise ratios greater than 

10 (as shown in Fig. 1). We represent the metallicity [Fe/H] distribution 

as a Gaussian of the form
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where [Fe/H] is the mean metallicity and σ[Fe/H] is the intrinsic width. 

We use an MCMC approach to explore the likelihood space, which was 

calculated by convolving the above distribution with the individual 

metallicity uncertainties. The resultant posterior distributions are 

shown in Extended Data Fig. 2. From the marginalized posterior dis-

tributions, we infer [Fe/H] = −2.70 ± 0.06 and an intrinsic dispersion 

σ[Fe/H] < 0.2 at 95% confidence. We aim to present further analyses on the 

spread of other individual elements, such as sodium, with follow-up 

observations of the Phoenix stream.

Extended Data Fig. 1b also shows the radial velocity in the Galactic 

standard of rest RVGSR for all stars selected using our proper motion 

cuts. Members of the Phoenix stream are shown as circles between 

the dashed lines. It is clear that RVGSR peaks at around −50 km s−1. We 

represent the velocity v distribution as a Gaussian of the form
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where σRV is the velocity dispersion of the stream and RVGSR(ϕ1) =  

p0 + p1ϕ1 + p2ϕ1
2 is a second-order polynomial fitted to the stream veloc-

ity as a function of stream longitude (ϕ1). We again use an MCMC 

approach to explore the joint likelihood space for the polynomial coef-

ficients and the velocity dispersion σRV, with the likelihood formed by 

convolving the above distribution with the individual velocity errors. 

The resultant posterior distributions are shown in Extended Data Fig. 3; 

we infer the intrinsic velocity dispersion to be σ = 2.66 km sRV −0.57
+0.71 −1  

from its marginalized posterior distribution. We note that the intrinsic 

velocity dispersion of the progenitor globular cluster could have been 

larger than the stream velocity dispersion owing to the specific details 

of how stars are tidally stripped.

Dynamical modelling

We modelled the dynamics of the Phoenix stream using established 

numerical techniques42,43, considering the Milky Way and the gravi-

tational influence of its largest satellite, the LMC. For the Milky Way, 

we used a best-fit potential44, in particular, the implementation of the 

potential from galpot45. The LMC is modelled as an Hernquist profile46 

with a mass of 1.5 × 1011M☼ and a scale radius of 17.14 kpc, consistent with 

the recent measurement of the LMC mass42. During the fit, we keep the 

potential fixed and vary only the present-day proper motions, radial 

velocity, distance and on-sky location of Phoenix’s progenitor. For 

simplicity, we place the progenitor at a location of ϕ1 = 0°. We fit all 

of the high-likelihood members from this work, taking into account 

their position on the sky, proper motions and radial velocities. For 

the distance, we use a prior9 of 19.1 ± 1.0 kpc. The stream is evolved for 

3 Gyr, which is more than sufficient to cover the observed portion of 

Phoenix. The progenitor is modelled as a Plummer sphere with a mass of 

2 × 104M☼ and a scale radius of 10 pc. Because the progenitor of Phoenix 

has not been located within the observed part of the stream, the mass 

of the progenitor is linearly interpolated from its initial value to zero 

at the present-day. We use an MCMC implementation47 to explore the 

posterior space, with 100 walkers for 1,000 steps and a burn-in of 500 

steps. To account for our uncertainty in the potential, we repeat this 

procedure nine additional times using potential parameters drawn 

from the posterior distribution of the fits44.

Our best-fit orbit reproduces the key data for Phoenix (Extended 

Data Fig. 4). We find that the stream orbits in a prograde direction with 

an inclination of roughly 60° relative to the Milky Way disk. Because 

of this, Phoenix will be sensitive to baryonic substructure in the Milky 

Way disk48–51. The inferred orbit has a pericentre of 12.9 kpc−0.5
+0.3 , an 

apocentre of 18.4 kpc−0.2
+0.3  and an eccentricity of 0.18 ± 0.01. The best-fit 

model places the stream at a distance of approximately 17.5 kpc, slightly 

closer than estimated from isochrone fitting. If the stream were located 

at this closer distance, the metallicity [Fe/H] would increase by only 

about 0.04, which does not affect our conclusions. We find that it takes 

around 2 Gyr of tidal disruption to produce the observed length of the 

Phoenix stream.

To compare the dynamical properties of Phoenix to those for the 

population of Milky Way globular clusters, in particular, the integral 

of motion commonly referred to as ‘action’, we use AGAMA52. For 

Phoenix, we use the posterior chains of the MCMC fits (done in the 

best-fit potential from44) to compute its mean actions and energy. For 

the globular clusters, we Monte Carlo sample each globular cluster’s 

present-day phase-space position 50 times to get the uncertainty in 

the actions22. The results are shown in Extended Data Fig. 5. Note that 

we have updated the distance to Pal 553. Interestingly, this cluster, fol-

lowed by NGC 5053, is the closest to Phoenix in energy and action space. 

However, the orbital plane has a very different azimuthal orientation 

(about 80°) from Pal 5, so these streams are not directly connected, 

but may have been accreted together. We also explore the potential 

connection between the Phoenix and Hermus streams11. We find that 

the continuation of our stream model passes through the location of 

Hermus on the sky. Furthermore, our best-fit Phoenix model matches 

the orbital inclination of Hermus11. We find that it requires around 8 Gyr 

of disruption to produce a stream long enough to connect Phoenix and 

Hermus, which indicates that they are not directly connected, but may 

have been accreted with the same dwarf galaxy progenitor. We also 

perform fits without the LMC. We find that Phoenix can be accurately 

fitted in either case. Thus, Phoenix is not as sensitive to the LMC as is 

the Orphan stream42,54.

Data availability

The data used in this paper is from the S5 internal data release version 

1.5; see https://s5collab.github.io. The first public data release is sched-

uled for the end of 2020, which will contain the observations taken in 

2018 and 2019. Data requests and enquiries about the S5 collaboration 

should be directed to T.S.L. (tingli@carnegiescience.edu). Source data 

are provided with this paper.

Code availability

The 2DFDR for the raw data reduction is available at https://www.aao.

gov.au/science/software/2dfdr. The RVSPECFIT32 used for the determi-

nation of stellar parameters is available at https://github.com/segasai/

https://s5collab.github.io/
https://www.aao.gov.au/science/software/2dfdr
https://www.aao.gov.au/science/software/2dfdr
https://github.com/segasai/rvspecfit


rvspecfit. Documents for the publication of the mixture model and the 

dynamical model code are under preparation. Results from the mixture 

model are available on request.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | The observational properties of the Phoenix member 

stars. a, The on-sky distribution of all stars observed in the 2dF fields targeting 

the Phoenix stream. The overall footprint is a series of circular 2dF pointings. 

R.A., right ascension; Dec., declination. b, Radial velocity in the Galactic 

standard of rest (RVGSR) versus stream longitude (ϕ1) for Phoenix stars selected 

on the basis of proper motion, photometry and the mixture model. On the  

basis of the approximately linear correlation between RVGSR and ϕ1, we select 

Phoenix stream members from the region between the dashed lines 

((1.02ϕ1 – 60.7) km s−1 < RVGSR < (1.02ϕ1 – 42.7) km s−1), which effectively excludes 

non-members (shown as small pink circles). c, The colour–magnitude diagram 

of stars selected as members of the Phoenix stream. Over-plotted are PADOVA 

isochrones41 with [Fe/H] = −2.9 to [Fe/H] = −2.0 (from blue to red), m − M = 16.4 

(ref. 9, where m − M is the distance modulus, m is the apparent magnitude and M 

is the absolute magnitude) and log10[age (Gyr)] = 10.05. In all panels, the stars we 

identify as members of the Phoenix stream are represented by larger circles; 

those with high signal-to-noise ratio are colour-coded by their metallicity, 

others are grey. The four orange squares indicate the BHB and RR Lyrae stars, 

metallicities of which cannot be measured using the method used here.
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Extended Data Fig. 2 | The posterior sampling results of the metallicity 

distribution of the 11 Phoenix member stars with signal-to-noise ratios 

greater than 10. The mean and dispersion of the metallicity are noted. The 

dispersion is consistent with being zero, with σ[Fe/H] < 0.2 being the 95% 

confidence interval. This figure is made using the corner package55.



Extended Data Fig. 3 | The posterior sampling results of the RVGSR 

distribution. The parameters p0, p1 and p2 are the best-fitting polynomial 

parameters for RVGSR(ϕ1) = p0 + p1ϕ1 + p2ϕ1
2; σrv is the intrinsic dispersion. Here 

the best-fitting parameters are calculated with ϕ1 in radians. This figure is made 

using the corner package55.
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Extended Data Fig. 4 | Best-fit model to the Phoenix stream. a–e, The stream on 

the sky (a), the proper motions in right ascension (μα
*; b) and declination (μδ; c),  

the residuals of the radial velocity (∆vr; d) and the distance to the stream (r; e). 

The blue points show the best-fit model and the red points (a) or error bars (b–

d; 1σ uncertainty) show the observed values.



Extended Data Fig. 5 | Comparison of energy E and actions Jϕ,R,z for the 

Phoenix stream and all Milky Way globular clusters. a–c, The actions are 

computed with AGAMA52 in the best-fit Milky Way potential44. Pal 5 (red circles) 

is the closest in energy and actions to the Phoenix stream (green star), 

suggesting a possible association. There is also a potential relation in this space 

to NGC 5053 (blue circles), another globular cluster. All other global clusters 

are shown in black.
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