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ABSTRACT

We present the first spectroscopic measurements of the ATLAS and Aliqa Uma streams from the

Southern Stellar Stream Spectroscopic Survey (S5), in combination with the photometric data from the

Dark Energy Survey and astrometric data from Gaia. From the coherence of spectroscopic members

in radial velocity and proper motion, we find out that these two systems are physically one stream

with discontinuity in morphology and density on the sky (the “kink” feature). We refer to this entire

stream as ATLAS-Aliqa Uma stream, or AAU stream. We perform a comprehensive exploration of the

effect of baryonic substructures and find that only an encounter with the Sagittarius dwarf ∼ 0.5 Gyr

ago can create a feature similar to the observed “kink”. In addition, we also identify two gaps in the

ATLAS component associated with the broadening in the stream width (the “broadening” feature).

These gaps have likely been created by small mass perturbers, such as dark matter halos, as AAU

stream is the most distant cold stream known with severe variations in both the stream surface density

and the stream track on the sky. With the stream track, stream distance and kinematic information,

we determine the orbit of the AAU stream and find that it has been affected by the Large Magellanic

Cloud, resulting in a misalignment between the proper motion and stream track. Together with the

Orphan-Chenab Stream, AAU is the second stream pair that has been found to be a single stream

separated into two segments by external perturbation.

Keywords: stars: kinematics and dynamics; stars: abundances; Galaxy: kinematics and dynamics
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1. INTRODUCTION

Testing the existence of low-mass (. 107 M�) dark

matter subhalos places strong constraints on the parti-

cle nature of dark matter (e.g., Buckley & Peter 2018).

In the currently preferred cosmological model of Lambda

cold dark matter (CDM), structure formation is hierar-

chical. Dark matter clumps to form first smallest halos

which then merge into massive ones (e.g., Springel et al.

2008). These dark matter halos are predicted to have

subhalos, with subhalos hosting their own sub-subhalos

down to the scale of the “minimum” mass set by the

particle nature of dark matter. For example, calcu-

lations of the matter power spectrum associated with

the popular CDM candidate “weakly interacting mas-

sive particle (WIMP) imply that the minimum mass of

self-bound structures could be as small as an earth mass

(Hofmann et al. 2001; Green et al. 2004; Diemand et al.

2005). Most alternative dark matter models behave like

CDM on large scales, but produce different minimum

dark matter halo masses. For example, warm dark mat-

ter (WDM) particle is less massive (m ∼ keV) than

the CDM particle (m & 10 GeV). The corresponding

free-streaming scale of WDM erases fluctuations at the

smallest scale and therefore the minimum halo mass be-

comes larger. The fuzzy dark matter model (e.g., Hu

et al. 2000) posits an ultra-light dark matter particle

(m ∼ 10−22 eV) that the wave nature of dark matter

particle becomes important, which prevents the forma-

tion of halos less massive than ∼ 4 × 107M�(Hui et al.

2017).

The lowest-mass dark matter halos are currently found

through observations of the lowest stellar mass galaxies,

which appear to live in 108−9 M� halos (e.g., Koposov

et al. 2009; Jethwa et al. 2018; Kim et al. 2018; New-

ton et al. 2018; Nadler et al. 2019, 2020). This matches

theoretical expectations that baryonic effects like super-

nova feedback and reionization prevent star formation in

halos below this scale (e.g., Bullock et al. 2001). Thus,

one of the possible ways to probe dark matter halos at

. 107 M� is to observe the effects of star-free dark sub-

halos on matter with which they interact (e.g., John-

ston et al. 2002). In a smooth gravitational potential,

stellar streams formed by tidal disruption of globular

clusters (e.g., Dehnen et al. 2004) would stretch into co-

herent mostly smooth bands on the sky (Küpper et al.

2010). However, a dark subhalo impacting the stream

disturbs the smooth stream, forming gaps and wiggles

∗ NHFP Einstein Fellow
† Hubble Fellow

(e.g., Siegal-Gaskins & Valluri 2008; Yoon et al. 2011;

Carlberg & Grillmair 2013; Erkal & Belokurov 2015a).

Dozens of thin, kinematically cold stellar streams have

been discovered in the Milky Way halo (Grillmair & Car-

lin 2016; Shipp et al. 2018; Malhan et al. 2018; Ibata

et al. 2019), and the most prominent ones have already

been examined for evidence of density variations. In-

deed, signatures consistent with 106M� dark halo en-

counters have already been claimed in the Palomar 5

stream (e.g., Carlberg 2012; Erkal et al. 2017) and the

GD-1 stream (e.g., Koposov et al. 2010; Carlberg &

Grillmair 2013; Price-Whelan & Bonaca 2018; Bonaca

et al. 2019b; de Boer et al. 2019). From these streams,

the inferred abundance of dark matter subhalos down

to ∼ 106 M� is consistent with the CDM predictions

(e.g., Carlberg 2012; Banik & Bovy 2019). However,

baryonic structures like giant molecular clouds (Amor-

isco et al. 2016; Banik & Bovy 2019), the Milky Way

bar (Pearson et al. 2017; Erkal et al. 2017), spiral arms

(Banik & Bovy 2019) and the disruption of the pro-

genitor (Webb & Bovy 2019) can also produce stream

perturbations that mimic the observational signature of

dark subhalos. It is crucial to find more kinematically

cold streams with perturbation signatures and better

orbital constraints, which will improve our understand-

ing of the baryonic effects on the streams as well as the

impact of the smallest dark matter halos.

In this paper, we show that two recently discovered

cold stellar streams – ATLAS and Aliqa Uma, which

were previously thought to be unrelated – are in fact

two components of a single system. The discontinuous

on-sky morphology is caused by possible perturbations

from either baryons or dark matter halos.

ATLAS was first discovered as a 12◦ long cold stellar

stream (Koposov et al. 2014) in the first data release

(DR1) of the VST ATLAS survey (Shanks et al. 2015).

The detected length of the stream was mainly limited

to the sky coverage of DR1. It was later analyzed by

Bernard et al. (2016) using Pan-STARRS 1 (PS1) data

(Chambers et al. 2016), which extended ATLAS to a

total length of 28◦. With the first three years of data

from the Dark Energy Survey (DES; DES Collaboration

2016), Shipp et al. (2018) recovered 22.6◦ of the ATLAS

stream within the DES footprint, at a heliocentric dis-

tance of 22.9 kpc.

Aliqa Uma was discovered in Shipp et al. (2018) in

DES at a heliocentric distance of 28.8 kpc, residing at

the southern end of the ATLAS stream. Despite the

close proximity to the ATLAS stream, the difference in

distance modulus and orientation on the sky led the au-
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thors to conclude that Aliqa Uma was a distinct stream,

rather than an extension of ATLAS.

Both streams were observed by the Southern Stellar

Stream Spectroscopic Survey (S5; Li et al. 2019, here-

after Paper I), which so far has provided 6D phase space

information for 12 streams in the Southern Hemisphere

with observations taken in 2018 and 2019, by combining

AAT/AAOmega spectra with proper motions from Gaia

DR2 (Gaia Collaboration et al. 2018a) and photometry

from DES DR1 (DES Collaboration et al. 2018). As

shown in Figure 12 of Paper I and reproduced in Figure

1 here, the high priority stream targets (proper motion

selected metal-poor candidate members) in S5 show a

clear connection in the line-of-sight velocities for these

two streams. Similarly, Shipp et al. (2019) show that

the proper motions of the two streams point in nearly

the same direction (see Figure 5 in that paper). The

kinematic information for the stream members suggests

that these two streams are essentially one stream. In

this paper, we confirm this hypothesis with kinematics,

distances, and metallicities of the stream members, and

further explore the physical origins of the discontinuity

of the stream track on the sky.

The structure of the paper is as follows. We present

the spectroscopic data from S5 in Section 2. We then

revisit the stream with Gaia DR2 and other deep photo-

metric data including DES DR1 in Section 3. We model

the orbital motion of the stream in Section 4. We then

discuss different properties of the streams in Section 5

and conclude in Section 6.

Throughout the paper, we use the rotation matrix for

the ATLAS stream defined in Shipp et al. (2019), also

shown in Appendix A, for converting celestial equatorial

coordinates (α, δ) to stream coordinates (φ1, φ2). We

use (U�, W�) = (11.1, 7.3) km s−1 (Schönrich et al.

2010) and V� = Ω�R� = 245 km s−1 (Reid & Brun-

thaler 2004; Gravity Collaboration et al. 2019) to con-

vert heliocentric velocity (vhel) to velocity in the Galac-

tic standard of rest (vGSR). Unless otherwise noted,

our gri magnitudes are reddening corrected photometry

from DES DR1, specifically, taking the WAVG MAG PSF

quantity corrected with E(B − V ) from Schlegel et al.

(1998) and the extinction coefficients from DES DR1.

All paper related materials including data, models

and code used in this paper are publically available via

GitHub repository.1

2. SPECTROSCOPIC DATA

2.1. S5 Observations

1 https://github.com/s5collab/ATLAS AliqaUma
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Figure 1. Heliocentric velocity as a function of stream lon-
gitude φ1 for the high-priority targets with log g < 4.1 and
[Fe/H] < −1 in the fields of Aliqa Uma (red) and ATLAS
(blue) streams. The grey bands show the fields that were ob-
served prior to S5 (Field 8 and 15 in Figure 2) and therefore
no high-priority targets were defined. These do not present
any true gap in the member star distribution. The clear
spectroscopic members of Aliqa Uma and ATLAS streams
follow a coherent velocity trend from vhel ∼ −20 km s−1 at
φ1 ∼ −20◦ to vhel ∼ −140 km s−1 at φ1 ∼ +10◦. We also
see additional kinematic substructure in the velocity distri-
bution around vhel ∼ +100 km s−1, mostly in the Aliqa Uma
stream field (also seen in the histogram in the right panel).
We discuss this distinct substructure in Section 5.5.

The ATLAS and Aliqa Uma streams were observed

in 2018 as part of the S5 program, which uses the

AAOmega spectrograph on the 3.9 m Anglo-Australian

Telescope (AAT), fed by the Two Degree Field (“2dF”)

fiber positioner facility, allowing the acquisition of up

to 392 simultaneous spectra of objects within a 2◦ field

in diameter on the sky. We refer readers to Paper I

for details on the survey strategy, target selection, ob-

servation and reduction of S5. We briefly describe the

observations and reductions for the two streams here.

A total of 5 AAT fields were observed in Aliqa Uma

and 12 fields in ATLAS, with a total covered length of

the stream of about 34◦ on the sky. Center of each field

was separated by ∼ 2◦. The top panel of Figure 2 shows

the 17 AAT fields in ATLAS stream coordinates, de-

noted as Field 1 to 17. The Aliqa Uma stream is located

at φ1 < −9◦ (Field 1-5). As discussed in Paper I, the

track of ATLAS is curved on the sky, and therefore we

adopted the polynomial stream track from Shipp et al.

(2018) for the ATLAS stream pointings. Two of the AT-

LAS fields (Field 8 and 15, encircled in red in the top

panel of Figure 2) were observed prior to S5 as a pilot

program, and therefore the target selection strategy, as

well as the pointing strategy described in Paper I does

https://github.com/s5collab/ATLAS_AliqaUma
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not apply to these two fields. In particular, the selec-

tion for those two fields was performed without parallax

and proper motion information from Gaia DR2. We

aligned the rest of ATLAS fields to Field 15, but Field 8

is slightly misaligned, causing a small observational gap

in φ1 coverage around φ1 = −8◦.
The stream targets are selected using photometry

from DES DR1 and astrometry from Gaia DR2. All

the targets have been assigned a priority from P9 to

P1, with P9 indicating the highest priority. While S5

included non-stream targets in the observation, stream

targets usually have the highest priority in fiber assign-

ment (P9-P7). The stream targets are selected as ei-

ther red giant branch stars (RGBs) or blue horizontal

branch stars (BHBs) based on their location on the

dereddened color-magnitude diagram from DES DR1

photometry. The stream candidates are also selected

to have proper motions consistent with measurements

in Shipp et al. (2019). In addition, we put the metal-

poor stream member candidates in the highest priority

category (P9) based on color-color selection in a g − r
vs. r − i diagram (see details in Paper I and Li et al.

2018). After all the stream targets are allocated, we

use the spare fibers for additional targets in the field,

such as RR Lyrae stars, hot stars, extremely metal-poor

candidates, and low-redshift galaxy candidates.

The observed data were first reduced and extracted

using the 2dfdr pipeline provided by AAO Data Cen-

tral2. The radial velocity and stellar parameters for

each star were then derived by fitting the interpolated

synthetic templates from the PHOENIX spectral grid

(Husser et al. 2013) modified by a polynomial contin-

uum using the RVSpecFit code (Koposov et al. 2011;

Koposov 2019). The means and uncertainties of the ra-

dial velocity and stellar parameters are derived from the

posterior distribution samples obtained from a Markov

Chain Monte Carlo (MCMC) sampler. For stars with

multiple observations, the measurements with highest

S/N are used.

2.2. Spectroscopic Member Identification

We use the radial velocities (RVs) from S5 and proper

motions (PMs) from Gaia DR2 to determine the spec-

troscopic members in these two streams. Meanwhile, we

find the best track in RV and PM space as a function

of the stream longitude, φ1, that defines the selection

criteria of the spectroscopic members.

We first select stars with good star = 1 (see definition

in Paper I) to ensure the quality of spectral template fit

2 https://www.aao.gov.au/science/software/2dfdr

and the derived radial velocities. In addition, we only

consider stars with parallax (ω)

ω < max(3σω, 0.1)

to exclude any nearby disk stars. We then selected the

spectroscopic members through an iterative process fol-

lowing three steps:

1. We fit a 2nd-order polynomial function to vGSR,

µα cos δ and µδ for the spectroscopic members to define

the kinematic track of the stream. To start the first

round polynomial fit, we selected an initial sample from

the high priority targets with −140 < vGSR/ km s−1 <

−120. We also ignore all the RR Lyrae member stars

in fitting vGSR as their line-of-sight velocities vary from

their true systemic velocity due to pulsation.

2. We select spectroscopic members that are within

±0.55 mas yr−1 in µα cos δ and µδ and ±25 km s−1 in

vGSR from the best-fit track.

3. We visually inspect the spectra and the best-fit

templates for these selected spectroscopic members, and

we discard any members with unreliable radial velocity

measurements. We note that the cut on good star = 1

discarded most spectra with bad template fits, and we

found that < 5% of the selected stars did not pass our

visual inspection.

We then repeat the above procedures iteratively until

there are no changes in the final spectroscopic sample.

A total of 96 spectroscopic members are identified kine-

matically (71 in ATLAS and 25 in Aliqa Uma, presented

in Table 1), along with the best fit track in radial veloc-

ity and in proper motion defined as:

Trackrv( km s−1) : vGSR = −131.33 + 0.07x+ 5.68x2

Trackµ,α( mas yr−1) : µα cos δ = −0.10− 0.34x− 0.09x2

Trackµ,δ( mas yr−1) : µδ = −0.96− 0.07x+ 0.07x2

(1)

where x = φ1/10◦, with φ1 measured in degrees.

Figure 2 shows the spectroscopic members selected

with the best-fit track. In the top panel, red filled circles

indicate the final spectroscopic members selected with

all three components (radial velocity and two proper

motions). In each of the bottom three panels, the black

dots show the candidate members selected with only the

other two components, i.e. black points in the bottom

(µδ) panel were selected using the track in radial veloc-

ity and µα cos δ only. The panels clearly show a group

of likely stream members predominantly occupying the

region next to the best fit track enclosed in solid blue

lines.

In Figure 3, we show the distance to the best-fit track

for each star in RV and PM space. We note that our se-

https://www.aao.gov.au/science/software/2dfdr


ATLAS-Aliqa Uma Stream 5

−2

0

2

4

φ
2

[d
eg

]
1 2 3 4 5

6 7 8 9 10 11 12 13 14 15 16 17

−200

−100

0

100

200

v G
S

R
[k

m
/s

]

−4

−2

0

2

4

µ
α

co
s
δ

[m
as

/y
r]

−20 −15 −10 −5 0 5 10
φ1 [deg]

−4

−2

0

2

4

µ
δ
[m

as
/y

r]

Figure 2. Selection of spectroscopic members based on radial velocity (vGSR) and proper motions (µα cos δ and µδ) of the
observed stars. In all panels, grey points show all stars observed by S5. The top panel shows the location of 17 AAT fields
in stream-aligned coordinates observed in 2018; two of them (encircled in dashed red) were observed prior to S5 as part of a
pilot program. The red filled circles show the 96 spectroscopic members selected with the best fit track in RV and PM (blue
solid lines in other three panels). The bottom three panels show the kinematic distribution of the spectroscopic sample. In all
three panels, black dots show the spectroscopic sample passing the selection criteria in other two components (i.e. in between
the blue lines in the other two panels). The blue lines are defined as the best fit track (see text for details) plus the width (i.e.
±25 km s−1 in vGSR and ±0.55 mas yr−1 in both µα cos δ and µδ). See Figure 5 for a zoomed in version of this plot for member
stars only.
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Figure 3. (left) The distance to the best fit track in RV
and PM. For PM, the larger distance in either µα cos δ or
µδ is shown. The red dashed lines show the selection width
of the spectroscopic members, and stars in the red box are
considered as spectroscopic members in this paper. (right)
Zoomed-in version of the left panel with uncertainties shown.

lection window is quite narrow with respect to the uncer-

tainties, especially in proper motion (±0.55 mas yr−1).

This is to ensure a clean sample for further investigation

in the rest of this paper. Our selection will inevitably

miss some members with large proper motion uncer-

tainties at fainter magnitude. However, these missed

member stars likely have larger measurement uncertain-

ties, so their absence does not significantly affect the

measurements of the radial velocity and proper motion

tracks.

A color-magnitude diagram (CMD) of the 96 kinemat-

ically identified spectroscopic members is shown in the

left panel of Figure 4. With the kinematic selection de-

scribed above, we found a total of 13 blue horizontal

branch (BHB) member stars at −0.3 < (g − r)0 < 0.0.

In addition, five members are classified as RR Lyrae

stars (RRLs) in Gaia DR2. The majority of members

are red-giant branch (RGB) stars. We note that most
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Figure 4. (left) Color-magnitude diagram of the spectroscopic stream members. While the member stars are selected kine-
matically (i.e. Figure 2), most of them can be well described by a stellar isochrone at distance modulus m −M = 16.8. The
BHB isochrone is taken from the globular cluster M92 (Clem 2006; Belokurov et al. 2007) and the RGB isochrone is taken from
the Dartmouth Stellar Evolution Database (Dotter et al. 2008) with parameters detailed in Section 3.1. Grey dots show all
the stars observed in the 17 AAT fields and different symbols show member stars in different stellar populations, including red
giant branch (RGB) stars, blue horizontal branch (BHB) stars, and RR Lyraes (RRL). We also note one CMD non-member
(CMDNon), which has kinematic properties consistent with being a member star. (right) HR diagram of the same spectroscopic
members corrected for the φ1 dependent distance as measured in Section 2.3. With distance correction, both the horizontal
branch sequence and red giant branch sequence become significantly tighter. A group of Asymptotic Giant Branch (AGB) stars
also become visible at Mr ∼ −0.75.

of the kinematically selected members are well aligned

with the stellar isochrone shown as the black curves.

The only exception is a blue star at (g − r)0 ∼ −0.35

and r0 ∼ 16.6. This star deviates from the other BHBs

in CMD and is marked by a green diamond. It is a CMD

non-member star; however, it is kinematically consistent

with other stream members (see Figure 5; φ1 ∼ 12◦).
We now have a closer look at the spectroscopic mem-

bers in Figure 5. These 96 members are coded with

different symbols by their stellar populations defined

in Figure 4. We highlight that although a ∆vGSR of

25 km s−1 is used for the spectroscopic member selection

(dashed line in the second panel), most of the mem-

bers are very close to the RV track (black line), fur-

ther confirming our robust identification of the spec-

troscopic members. Despite the spatial discontinuity

around φ1 ∼ −12◦ (Field 5 and 6), the line-of-sight ve-

locities and proper motions of the two streams are seam-

lessly connected, strongly confirming that these two are

indeed one single stream. For the remainder of the pa-

per, we will refer the entire stream as the ATLAS-Aliqa

Uma stream, or the AAU stream. We refer to the dis-

continuity feature as a “kink” in the rest of the paper.

Furthermore, when looking at top panel of Figure 5, we

found that the stream also displays a broader width at

−2◦ < φ1 < 2◦ (Field 11 and 12). Such broadening in

stream width might be associated with a density vari-

ation in the stream and we investigate this further via

deeper photometry in Section 3. We refer to this feature

as a “broadening” hereafter.

2.3. Distance Gradient from BHB and RRL

In addition to the discontinuity of the two streams

on the stellar density map, Shipp et al. (2018) did not

associate these two streams because their distance mod-
uli are different by 0.5 magnitude (i.e. m −M = 16.8

for ATLAS and 17.3 for Aliqa Uma). Therefore, the

kinematic connection between these two streams sug-

gests there should also be a distance gradient along these

two streams. Luckily, both spectroscopically confirmed

BHBs and RRLs are good distance indicators for such

a study. As shown in Figure 6, BHB and RRL mem-

bers are well populated along the stream. We first de-

rive the distance modulus of each BHB member star

m−M = g −Mg using the Mg vs (g − r) relation from

Belokurov & Koposov (2016). Assuming the uncertainty

on distance modulus for each BHB is 0.1 mag (Deason

et al. 2011), we fit the distance modulus with a second

order polynomial:

Trackdm : (m−M) = 16.66− 0.28x+ 0.045x2 (2)
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Figure 5. Zoom-in of Figure 2 with spectroscopic members with the same symbols as in Figure 4. The vertical bar in each
symbol shows the uncertainties of the RV or PM measurements (many stars have RV uncertainties smaller than the size of the
symbol). In the bottom three panels, the solid line shows the best-fit tracks (Eqn. 1-3) and the dashed lines show the width of
the spectroscopic member selection (i.e. red dashed lines in Figure 3.)

where x = φ1/10◦. We emphasize that this relation is

derived using BHBs between φ1 ∼ −17◦ and φ1 ∼ 7◦.
Extrapolation on the distance beyond these two points

should be done with caution. In both panels, one BHB

star around φ1 ∼ −11.5◦ that is circled in cyan has a

distance modulus that is 0.3 magnitudes larger than the

other two BHB stars at similar φ1. This may be an

indication that at the location of the “kink” there is a

distance spread, and that the Aliqa Uma component of

the stream is further than the ATLAS component. This

also matches with the line-of-sight velocity variation in

this area as discussed later in Section 2.4 and Figure 7.

We derived the distance using the RRL members as an

independent check. To do that, we take the MG− [Fe/H]

relation from Muraveva et al. (2018), assuming a stel-

lar metallicity of [Fe/H] = −2.2 (see Section 2.5),

and G−band magnitude from Gaia DR2 with color-

dependent extinction corrections from Gaia Collabora-

tion et al. (2018b) and the Schlegel et al. (1998) values

of E(B−V ). The derived distance modulus for the con-

firmed RRL members are shown as magenta circles in

Figure 6. Four of the five spectroscopic RRL members

have distances consistent with those of BHB members,

and the one exception is the RRL at φ1 ∼ 6.5◦. We no-

tice that this star only has 11 transits selected for vari-

ability analysis from Gaia DR2 (num selected g fov

=11), while the other RRL members that have over

30 transits; this might lead to an imprecise distance

estimation. In addition to the spectroscopically con-

firmed RRL members, we checked all RRLs at |φ2| < 2

and 16 < m −M < 18 in Gaia DR2, shown as open

green circles in Figure 6. While some of these RRLs are

likely non-members of the streams, it is possible that two

RRLs at φ1 ∼ −6◦ are members of ATLAS stream, as

they are at the right distance3. Spectroscopic follow-up

on these RRLs is necessary to confirm their membership.

2.4. Line-of-sight Velocity Dispersion

3 These two RRLs are not included in the spectroscopic observa-
tions as Field 8 was observed prior to S5, so RRL candidates
were not part of the target selection.
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Figure 6. On sky distribution (top) and heliocentric dis-
tances (bottom) of BHBs and RRLs in the area of the
streams. A 2nd order polynomial fit on distance modu-
lus (m − M) of the BHBs is shown as black curve. In
all panels, we also show all RRLs in the stream area with
16 < m−M < 18 from Gaia DR2 as open circles. We note
that likely not all of them are stream members. In both pan-
els, a BHB star at φ1 ∼ −11.5◦ is encircled in cyan. This
BHB shows a slightly greater distance (∆(m − M) ∼ 0.3)
than the other two BHB stars in the ATLAS stream at a
similar φ1. The difference is significantly larger than the dis-
tance uncertainty of BHB stars (at 0.1–0.2 mag) and may
indicate a distance spread in this area.

A stream’s velocity dispersion is a useful indicator of

the stream’s progenitor type and orbital interaction his-

tory. For example, the velocity dispersion of the Sagit-

tarius dwarf galaxy stream is ∼ 10 − 20 km s−1 (Ko-

posov et al. 2013; Gibbons et al. 2017) in contrast to

the Palomar 5 globular cluster stream, which has a ve-

locity dispersion of 2.1±0.4 km s−1 (Kuzma et al. 2015).

However, streams are not in dynamical equilibrium, so

the dispersion cannot be directly translated to a dynam-

ical mass for the stream progenitor.

We study the velocity dispersion along the AAU

stream using ∆vGSR, which is defined as the difference

between vGSR and the RV track.4 We model the ∆vGSR

with a Gaussian distribution while taking into account

velocity uncertainties of individual stars. The posterior

on the velocity dispersion was obtained by MCMC sam-

pling, similar to what has been done in kinematic studies

of ultra-faint dwarf galaxies (e.g. Walker et al. 2006; Li

et al. 2017). We use a flat prior for mean velocity and

logarithmic prior (i.e. flat prior in log-space) for the ve-

locity dispersion. The velocity dispersion is measured

to be 4.8± 0.4 km s−1 for the entire stream.

We study the variation of the velocity dispersion along

the stream in the left panel of Figure 7. In particu-

4 RRL members are excluded in this analysis as the velocities of
RRL stars varies with phase.

lar, we are interested in the velocity dispersion at the

“kink” (φ1 ∼ −12◦) and at the “broadening” (φ1 ∼ 0◦).
We therefore divided the stream into four portions and

calculated the velocity dispersion of each portion. We

found that, even with the velocity uncertainty taken into

account, the dispersions around those features are in-

deed larger than the rest of the stream. While the in-

crease of the dispersion at the “broadening” is not sig-

nificant, the dispersion for Aliqa Uma is significantly

larger, suggesting a severe perturbation in the past.

From the top panel of Figure 7, it also seems that there

is a correlation between the position of the star relative

the stream track on the sky and the velocity offset w.r.t.

the track, i.e., ∆vGSR. This is especially obvious for

stars at −12◦ . φ1 . −11◦, where the streams connect.

The right panel of Figure 7 shows a strong correlation

between ∆vGSR and φ2 based on the six members in

this area, which might be an imprint from an earlier

perturbation. More RV measurements for stars in the

connecting region between the two streams are required

to understand the origin of the perturbation.

2.5. Metallicities and Metallicity dispersion

As discussed in Paper I, although rvspecfit returns

the stellar atmospheric parameters including metallic-

ity of stars in S5, metallicities derived from equivalent

width of Calcium triplet (CaT) lines using the relation

from Carrera et al. (2013) show better precision when

comparing with the metallicities derived from high-

resolution spectroscopy, for stars with known distances

such as stream members. This empirical metallicity cal-

ibration relation only applies to RGB stars with known

distance, because the absolute magnitudes of the stars

are required for the empirical calibration. We therefore

derived the CaT metallicities for the RGB member stars

using the distance relation defined in Eqn 2.

The equivalent widths of the CaT lines are derived by

fitting a Gaussian plus a Lorentzian function on three

lines. For spectra with very low signal-to-noise ratio, the

fit sometimes fails. We therefore select the RGB mem-

bers with spectral S/N > 8 per pixel and visually inspect

the fitting quality on the equivalent widths for each in-

dividual spectrum. This results in 50 RGB members

with reliable metallicity measurements which are pre-

sented in Table 1. The metallicities of these 50 RGBs

are shown in the left panel of Figure 8. The metallicities

of the two stream components appear quite similar. As

stars in Aliqa Uma are slightly further away and there-

fore fainter, the stellar metallicities show larger scatter

in smaller φ1 with larger metallicity uncertainties.

We then derive the mean metallicity and metallicity

dispersion of the AAU stream. In order to take into ac-
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Figure 7. (Left) Velocity dispersion along the AAU stream. Top and middle panels show the spatial distribution and velocity
distribution of the member stars, color-coded in ∆vGSR, which is derived from the difference between vGSR and the best-fit RV
track (blue solid line in the middle panel). Bottom panel shows the velocity dispersion of each of four portions of the stream
defined based on the stream width seen in top panel, with 1-σ uncertainties shown as the shaded regions. (Right) ∆vGSR vs. φ2

for stars between φ1 = −12◦ and φ1 = −11◦. The RVs span over 20 km s−1 for these six members and show a strong correlation
between the position on the sky and the RVs.

count the individual metallicity uncertainties in deriv-

ing the intrinsic metallicity dispersion of the system, we

again applied the same method as the one used in deriv-

ing the velocity dispersion. We found a mean metallic-

ity of [Fe/H] = −2.24±0.02 for the entire AAU stream.

The metallicity dispersion is not resolved, with an up-

per limit of σ [Fe/H] < 0.07 at 95% confidence level. We

also derive the mean metallicity and dispersion for the

two components separately (with [Fe/H] = −2.22±0.03

for ATLAS and [Fe/H] = −2.30± 0.06 for Aliqa Uma.)

Aliqa Uma shows a slightly lower mean metallicity but

is consistent with ATLAS within 1.5-σ uncertainty. The

posterior distribution of the mean metallicity and metal-

licity dispersion is shown in the right panel of Figure 8.

The low metallicity dispersion suggests that the pro-

genitor of the AAU stream was likely a globular clus-

ter. This conclusion is consistent with the thinness of

the RGB of the stream members, low velocity disper-

sion found in the previous section, as well as the narrow

width of the stream (. 100 pc).

2.6. Detailed Chemical Abundances

In additional to the AAT observations, S5 has also

been collecting high-resolution R ∼ 30, 000 spectroscopy

on the brightest RGB stream member stars using larger

aperture telescopes. Details on the observations and

abundance analysis will be discussed in a forthcoming

paper (Ji et al., submitted). Here we focus on a few

elements that support our claim that the ATLAS and

Aliqa Uma streams share a common origin. Seven stars

in ATLAS and five stars in Aliqa Uma were observed

with Magellan/MIKE (Bernstein et al. 2003), produc-

ing spectra with a typical S/N of 20 per pixel in the

blue and 40 per pixel in the red. In Figure 9 we show

the abundance distributions for several elements. One

Aliqa Uma star has especially low S/N and is thus miss-

ing from many panels. Each individual star is plotted

as a thin Gaussian with its own mean and standard de-

viation. ATLAS and Aliqa Uma stars are shown in blue

and red, respectively. The total distribution, found by

summing the individual distributions, is plotted using

thick blue and red lines. It is clear that both the iron

abundance, and the [X/Fe] ratios for the other elements,

are essentially identical between ATLAS and Aliqa Uma.

Similar convergence is seen for ∼10 additional elements

not shown here (Ji et al., submitted). In general the

abundance scatter is smaller than expected from halo

stars of similar metallicity (thick grey lines), which is

most clear from the neutron-capture elements (Y, Ba,

Eu).

Globular clusters exhibit characteristic element anti-

correlations between stars, which we do not expect to de-

tect in the AAU stream given our abundance uncertain-

ties. Given the available elements and precisions, the

strongest anticorrelation we expect is between [Na/Fe]

and [Mg/Fe], shown in the top-right panel of Figure 9.

In some globular clusters, a 0.1 dex decrease in [Mg/Fe]

corresponds to a 0.4 dex increase in [Na/Fe], though

the extent of Mg depletion varies from cluster to cluster

(e.g., Bastian & Lardo 2018). Given the uncertainties
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in both [Mg/Fe] and [Na/Fe], we would not expect to

clearly detect this signature.

Combining the ATLAS and Aliqa Uma stars, the

mean metallicity is −2.38±0.03 dex with 95% confidence

upper limit on the dispersion of 0.12 dex. The mean

metallicity is lower than the CaT values, but within the

Carrera et al. (2013) calibration systematic uncertainty

of 0.16 dex.

3. STREAM PROPERTIES FROM GAIA DR2 AND

DES DR1

In order to expand our study of the ATLAS and Aliqa

Uma stream beyond the spectroscopic observations, we

proceed to an analysis of the photometric and astromet-

ric only datasets from DES DR1, PS1 DR1 and Gaia

DR2, which allows us to probe the stream beyond the

footprint coverage and depth of S5.

3.1. Isochrone Model

As a first step, we proceed to determining the DES

color-magnitude diagram distribution of stream mem-

bers. In Section 2.2 we have shown that the spectro-

scopic members line up extremely well on the RGB.

In order to map the stream fully we need an isochrone

model that suits both the main-sequence and RGB stars

in the stream.

To find that model, we take an approximate stream

track from the spectroscopic stream members

Trackφ2(φ1) = ∆− 0.5((φ1 − 3)/10)2 degrees (3)

where φ1 is measured in degrees and where ∆ = 0.75

for φ1 > −11.5◦and ∆ = 1.5 otherwise. Then we con-

struct the background subtracted Hess diagram for the

region |φ2 − Trackφ2(φ1)| < 0.25◦ around the track,

using the two bands outside the stream region 1◦ <

|φ2−Trackφ2
(φ1)| < 2◦ as a background. We also correct

the magnitudes for the distance modulus changes along

the stream as measured in Section 2.3. The resulting

Hess diagram is shown in Figure 10, with the absolute r

magnitude and (g − r) color for spectroscopic members

overplotted. The figure clearly shows a main sequence

turn-off (MSTO) that smoothly transitions into the red

giant branch that is well traced by the spectroscopic

members.

We attempted to identify the best isochrone describ-

ing the stellar population of the stream using various

isochrone sets, such as PARSEC (Bressan et al. 2012),

Dartmouth (Dotter et al. 2008) and MIST (Dotter 2016;

Choi et al. 2016). However, we were not able to find

one that could well fit the extremely precise measure-

ment shown on Figure 10. We therefore systematically

searched for an isochrone that could match the data with

the help of shifts in color and magnitude (g − r, r).

The best match was found to be a Dartmouth isochrone
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Figure 9. Top right: Elemental abundance of ATLAS stars
(blue squares) and Aliqa Uma stars (red pentagons). The
error bars and shaded ovals indicate 1-σ errors propagating
all stellar parameter uncertainties, including correlations in
[Na/Fe] and [Mg/Fe]. Other panels: distribution of abun-
dance ratios in ATLAS (blue) vs Aliqa Uma (red). Each in-
dividual star’s abundance measurement and error are treated
as a Gaussian and shown as a thin colored line. The sum
of these PDFs is indicated as a thick line. The thick grey
line is a comparison sample of Milky Way halo stars with
−2.55 < [Fe/H] < −2.3 (Abohalima & Frebel 2018), a range
chosen to match the MDF of ATLAS and Aliqa Uma. 0.1
dex errors have been assumed for the halo sample.

with parameters [Fe/H]=−1.99 , [α/Fe]=0.4, Y = 0.4,

Age=11.5 Gyr5 that needed to be shifted by 0.143, 0.188

in g, r, respectively. We remark that this shift is mostly

in absolute magnitude, as the color shift is only ∼0.04.

This implies a possible mismatch in the BHB distance

and MSTO distance at 0.1 mag level. This isochrone is

shown by a red curve on the Figure. We note that the

5 Filename for the best match is DECam/fehm20afep4y40
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Figure 10. The color-absolute magnitude diagram of the
ATLAS and Aliqa Uma streams from the combination of
photometric and spectroscopic datasets. The greyscale im-
age shows the background subtracted Hess diagram of the
ATLAS stream for the area −11.5 < φ1 < 10 and within
0.25 deg of the approximate stream track on the sky (Eq. 3).
The photometric only Hess diagram is complemented by the
spectroscopic members of ATLAS and Aliqa Uma shown in
blue circles. The red curve is the best isochrone that matches
both the main sequence stars from the deep photometric data
as well as the giants from the spectroscopic sample (see main
text for details). The magnitudes in this plot have been cor-
rected by the distance modulus as a function of φ1 deter-
mined in Section 2.3.

isochrone match is performed to get an isochrone track

for the density map construction in next Section; the

isochrone parameters such as metallicity, α-abundance

and age may not be best estimates of the properties the

AAU stream, since shifts in magnitude and color are

applied to get the best matching isochrone.

3.2. Probable stream members with Gaia

We start by constructing a map of the stellar streams

using the Gaia astrometric data combined with accurate

ground-based photometry. For this we will rely on the

results from Section 2, where we determined the track of

the stream in proper motion and distance space, as well

as on the stream isochrone, established in the previous

section.

Our primary astrometric selection based on proper

motions and parallax is:

|µα − Trackµ,α(φ1)| < 0.2 + 2σµ,α
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Figure 11. The distribution of stars on the sky in the region near the AAU stream, selected using astrometry from Gaia DR2
and photometry from PS1 and DES DR1 (identical for both left and right panels). As comparison, on the right panel we also
show in grey the location of the S5 fields and mark in red the stars among the selected ones that are spectroscopic members
identified in Section 2.2. The dashed line at φ1 = 10 shows the boundary of the DES footprint. To the left of the line we use
the photometry from DES, and to the right of the region we use the PS1 photometry. We remark that the stream is clearly
extending well beyond our spectroscopic coverage to φ1 ∼ 20◦, and potentially to φ1 < −20◦.

|µδ − Trackµ,δ(φ1)| < 0.2 + 2σµ,δ

ω < 0.05 + 2.5σω

where the proper motion is in mas yr−1. We then com-

bine it with the color-magnitude selection based on pho-

tometric data from different ground-based imaging sur-

veys. As the DES DR1 data is only available for the

region of the stream with φ1 < 10◦, we were required

to use photometric measurements from other surveys in
the region φ1 > 10. We decided to rely on the PS1 pho-

tometry provided in the MeanObject table. The DES

and PS1 color-magnitude selection is Mr(φ1) < 2 and

|g − r − Ig−r(r −Trackdm(φ1))| < 0.02 where Ig−r(Mr)

is the best isochrone predicted color for a given Mr as

described in the previous section. Furthermore, we used

simple linear corrections determined from a DES/PS1

overlap to convert the DES isochrone into the PS1 pho-

tometric system (gPS1 = gDES − 0.05(gDES − rDES),

rPS1 = rDES + 0.08(gDES − rDES)).

Figure 11 shows the density of likely AAU stream

members according to the combined astrometric and

color-magnitude selection. We also mark the stars that

are identified as spectroscopic members in red (right

panel). We see that the Gaia selected stars clearly show

both the ATLAS and Aliqa Uma streams. We also see

that the spectroscopic members trace the streams well,

without missing significant parts. However, there is a

somewhat overdense area at −25◦ < φ1 < −10◦ be-

low the Aliqa Uma stream, where there could be more

unidentified members. Also the Gaia selected stars seem

to show a possible “spur” — stars offset from the main

stream track — at φ1 = −10◦, φ2 ∼ 2◦ coming out of the

continuation of the Aliqa Uma stream, and for which we

could be possibly missing some members. Furthermore,

the data suggests that the stream extends significantly

further than indicated by the DES data, by > 10 degrees

up to φ1 ∼ 20◦, supporting what was seen in PS1 data

by Bernard et al. (2016).

3.3. Spatial density map with DES

Having used the Gaia data to map the brightest mem-

bers in the AAU stream, we now proceed to use the deep

DES data alone (which extends below the MSTO of the

stream) to extract the stream track and density varia-

tions. To select only point sources from DES we apply

the following two selections.

∣∣∣∣ SGSE2
G

+
SR
SE2

R

∣∣∣∣× ( 1

SE2
G

+
1

SE2
R

)−1

< 0.003 (4)

|r − i− 0.04− 0.4 (g − r − 0.25)| < 0.1 (5)
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where SG, SR, SEG, SER are the SPREAD MODEL quanti-

ties in g and r filters and their uncertainties respectively.

The first selection is a morphological selection (Desai

et al. 2012; Koposov et al. 2015), while the latter is a

stellar locus selection.

To proceed with the mapping we use several ingre-

dients that we have determined in previous sections,

such as the isochrone model of the stream determined

in Section 3.1 and the distance track determined in Sec-

tion 2.3. With this we can construct the probability dis-

tribution of stream members in CMD space as a function

of φ1, P(g − r, r|φ1, stream). We can also construct the

color-magnitude distribution model of the background

P(g− r, r|background) (we assume that the background

color-magnitude distribution does not depend on φ1).

With these two probability distributions we can use the

matched filter approach from Rockosi et al. (2002) where

we weight each star by the ratio of P(g−r, r|φ1, stream)

and P(g−r, r|φ1,background). We however adopted in-

stead the binary matched filter method from Erkal et al.

(2017), in which a weight of one is assigned to stars with

P(g−r, r|φ1, stream)/P(g−r, r|background) > T where

T is the threshold chosen to maximize the signal to noise

of the map, and zero otherwise. The advantage of the

latter approach is that it produces a map with Poisson

distributed values.

When applying the matched filter to the data we split

the considered φ1 range into 100 intervals, and for each

interval of φ1 we compute an optimal matched filter

mask. The φ1 range needs to be split because the best

CMD mask will change as the stream distance changes.

This should produce the optimal map of the stream,

with the only caveat being that any large scale density

variations along φ1 will be somewhat modulated by the

changing color-magnitude filter along φ1.

Figure 12 shows the matched filter map of the streams.

The image has also been smoothed with a rectangular

Epanechnikov kernel with a width of 3 pixels and nor-

malized along columns to have the same mean to correct

for variable stellar density along the field. Both pan-

els show the same data, but on the right panel we also

overplot the location of spectroscopic members, identi-

fied in Section 2.2. The left panel clearly shows two

streams that look unconnected. However, we see that

the spectroscopic members show a bridge connecting

the streams. This suggests that in fact the area near

φ1 ∼ −12◦ between two streams likely has some low-

surface brightness stellar spray that is only detectable

with spectroscopy. Another major feature visible on the

map is density variations. We notice multiple such fea-

tures. The bright part of the ATLAS stream in the

range −12◦ < φ1 < −5◦ shows small-scale (∼ 1◦) den-

sity oscillations, and there is an extreme density drop

near φ1 ∼ 3◦. We will discuss this feature later, but

we remark that this density drop is accompanied by the

significant broadening of spectroscopic members in φ2.

It may also be noticed that the stream to the right of

the gap at φ1 ∼ 3◦ is shifted down in φ2 with respect to

the stream on the left (we confirm this shift with stream

track measurements at the end of this Section).

To fully characterize multiple observed features in the

stream we need to construct a stream model. We fol-

low the generative stream model approach presented

in Erkal et al. (2017) and Koposov et al. (2019) based

on using natural cubic splines with different numbers

of knots to describe various stream properties, such as

stream density, width, track and background. Specif-

ically, we use a model implemented in the STAN pro-

gramming language (Carpenter et al. 2017) that is al-

most identical to the one published in Koposov et al.

(2019). This implementation allows us to perform the

sampling of the posterior using a technique that is highly

efficient in high-dimensional spaces, Hamiltonian Monte

Carlo (Neal 2012; Betancourt 2017), and specifically its

adaptive version called No-U-Turn Sampler (Hoffman &

Gelman 2011).

Our model fits for the B(φ1), B1(φ1) B2(φ1), I(φ1),

S(φ1), Φ2(φ1) which are the splines for the logarithm

of the background density, the slope of log-background

across the stream, the quadratic term for the log-

background, the logarithm of stream’s central stellar

density, the logarithm of the stream width, and stream

track on the sky, respectively. The parameters of

the model are the values of the spline at the spline

nodes/knots. The profile of the stream is assumed to be

Gaussian along φ2. More details of the implementations

are described in Koposov et al. (2019). The data that

we model is the binned stellar density maps of matched

filter selected stars (as described above). The bin-size

is 0.2◦ in φ1 and 0.05◦ in the φ2 direction. We assume

that the number counts in each pixel is a Poisson vari-

ate with the rate parameter determined by our density

model. We decided to model the ATLAS and Aliqa

Uma streams separately by focusing on the range of

−21◦ < φ1 < −10◦ for Aliqa Uma and −13◦ < φ1 < 10◦

range for the ATLAS stream. As opposed to Erkal et al.

(2017), but similarly to Koposov et al. (2019) we use

equidistant spline knots. We determine the best num-

ber of knots kΦ,2, kI , kB, kB,1, kB,2 for each spline by run-

ning Bayesian optimization (Gonzalez et al. 2016; The

GPyOpt authors 2016) of the cross-validated (K=3) log-

likelihood function with respect to the vector of number

of knots. The cross-validation was performed by ran-

domly assigning pixels on the sky to one of the 3 groups.
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Figure 12. The stellar density of stars in DES DR1, selected using a φ1-dependent matched filter, that relies on the distance
track as determined in Section 2.3 (left). The density has been computed in square bins of 0.2◦ × 0.2◦ and convolved with
Epanechnikov kernel with the width of 3 pixels. Each column of the image was normalized by the mean background value at a
given φ1 to correct for the background density variation along φ1. The greyscale is linear with black corresponding to value of
4 and white to value of 0.2. The right panel shows the same stellar density map with the spectroscopic members overplotted on
the stellar stream. The prominent overdensities visible on the map at φ1, φ2 = (0◦, 7◦) and (−19◦, 2◦) are Sculptor and Fornax
dwarf spheroidals respectively, that are located at distances significantly further than the streams.

We only manually fix the number of knots for the

stream width spline to 3 for Aliqa Uma and 15 for AT-

LAS. The optimization leads to kΦ,2, kI , kB, kB,1, kB,2 =

(10, 17, 28, 11, 3) nodes for the stream track, stream sur-

face brightness, log-background, background slope and

background quadratic slope for the ATLAS stream and

(5, 5, 3, 6, 3) for the Aliqa Uma stream respectively. The

spline models are then fitted to the data, with posterior

samples computed using 12 independent chains running

for 2000 iterations with the first half discarded. All the

chains that we use show the satisfactory value of the

Gelman-Rubin convergence diagnostic (Gelman & Ru-

bin 1992; Gelman et al. 2013) of R̂ < 1.1.

The results of the model are shown in Figures 13 and

14. Figure 13 shows the best-fit model (second panel

from the top) as it compares to the data (top panel)

and the spectroscopic member distribution (third panel

from the top). We also show that the model residuals are

negligible (bottom panel). The key feature that we want

to highlight is that at φ1 ∼ 3◦, and possibly φ1 ∼ −2◦,
the model noticeably broadens, and simultaneously the

spectroscopic members also show significantly broader

distribution. We emphasize that the spectroscopic mem-

bers are sampling much shallower data than what was

used in the modeling, and therefore provide an inde-

pendent assessment on these features. We also notice

that our model does not detect an apparent connection

between two streams, but the presence of spectroscopic

members in between the two streams at φ1 ∼ −12◦ sug-

gests that there is a low surface brightness spray of stars

between the streams.

To better assess the behavior of the streams captured

by our model it is also informative to look at the ex-

tracted stream parameters shown in Figure 14. Here we

show the stream surface brightness, on-sky track, stream

width and linear density for both streams. This plot

confirms several features that we have remarked on pre-

viously. The first one is we see the strong stream surface

brightness variations in ATLAS. The surface brightness

changes by a factor of almost 10 from one position within

the main part of the stream to another. Unsurprisingly,

as clearly seen in Figure 12, the surface brightness of

the Aliqa Uma stream is also significantly lower than

that of ATLAS. The tracks of two streams show that the

Aliqa Uma stream is offset and somewhat tilted with re-

spect to the ATLAS stream. The extracted tracks also

confirm that the ATLAS stream shows a clear shift in

the track at φ1 ∼ 3◦ of ∼ 0.2◦, which we refer to as

a “wiggle”. This shift also coincides with the observed

stream broadening which is clearly visible in the stream

width track in the third panel of Figure 14 as well as

in Figure 13. We also notice that there is possibly an-

other broadening at φ1 ∼ −2◦, followed by narrowing

near φ1 ∼ 0◦. The distribution of spectroscopic mem-

bers seems to support this picture, but deeper data are

needed to confirm the observed behavior. There is also
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a well defined overdensity in the stream at φ1 ∼ 6◦−7◦.
This overdensity is apparent in both surface brightness

and linear density and also seems to correspond to a

very compact group of spectroscopic members seen in

Figure 2 at (φ1, φ2) = (7, 0)◦. Another feature seen in

Figure 14 is that the stream seems to narrow to ∼ 0.1◦

at its narrowest point at φ1 ∼ −6◦. At this location

the stream has the highest surface brightness and linear

density. The Aliqa Uma stream seems to be significantly

broader than the ATLAS stream. Finally, we also com-

ment on the linear density profile. We notice that the

linear density in ATLAS seems less variable than the sur-

face brightness, suggesting that the main type of stream

perturbation is stream broadening that does not affect

the linear density significantly.

4. DYNAMICAL MODELING

Equipped with measurements of the radial velocity,

proper motions, distance modulus, and stream track we

now fit a dynamical model to the data. In this analysis,

we choose to only fit the ATLAS stream and ignore data

from Aliqa Uma. This is because stream models in a

smooth, time-independent Milky Way potential are not

capable of reproducing the observed kink between AT-

LAS and Aliqa Uma. We do not attempt to separately

fit Aliqa Uma since we consider this to be a perturbed

part of the AAU stream. In Section 5.2 below we con-

sider perturbations to our stream model from the Milky

Way bar and giant molecular clouds which are known

to perturb streams in the inner Galaxy (e.g. Amorisco

et al. 2016; Erkal et al. 2017; Pearson et al. 2017).

For this fit, we use the modified Lagrange Cloud strip-

ping code (mLCs Gibbons et al. 2014) which has been

adapted to include the effect of the Large Magellanic

Cloud (LMC) (Erkal et al. 2019). We take the param-

eters for the Milky Way model from McMillan (2017);

specifically, instead of using the best-fit parameters from

that work, we perform our fits on 10 posterior samples of

the Milky Way potential from McMillan (2017). galpot

(Dehnen & Binney 1998) is used to evaluate the force

from this potential but we perform the stream disrup-

tion and orbit integration using the mLCs code. We

model the progenitor of ATLAS as a 2×104M� Plummer

sphere (Plummer 1911) with a scale radius of 10 pc, and

this produces a stream with a similar width to ATLAS.

For the LMC, motivated by the LMC mass measured in

Erkal et al. (2019), we use a Hernquist profile (Hernquist

1990) with a mass of 1.5 × 1011M� and a scale radius

of 17.13 kpc. This LMC model matches the observed

rotation curve of the LMC at 8.7 kpc (van der Marel

& Kallivayalil 2014). We compute the present-day po-

sition and velocity of the LMC using its radial velocity
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Figure 13. The results from modeling the density of the
streams with DES DR1 photometry data. Top panel: The
density of stream stars selected using the matched-filter
mask. The panel relies on the same data as used in Figure 12,
but shows only the modeled region with the same binning as
used for the model fitting. Second panel: The maximum-a-
posteriori (MAP) model of the data shown in the top panel.
The model is a combination of two separate models, one
for Aliqa Uma and another for the ATLAS stream. Third
panel: The model with the spectroscopic members overplot-
ted. Bottom panel: The residual density map showing the
observed density minus the MAP model of the density. Two
circle-shaped gaps seen in the data and models in all panels
at (φ1, φ2) = (−19◦, 2◦) and (φ1, φ2) = (5◦,−2.5◦) show the
masked regions around Fornax dwarf spheroidal and NGC
288 globular cluster, respectively.

(van der Marel et al. 2002), proper motions (Kallivayalil

et al. 2013), and distance (Pietrzyński et al. 2013).

For the data, we use the radial velocity and proper

motion of the spectroscopically confirmed members from

Section 2.2. For the on-sky position, we use the stream

track measured in Section 3.3, which is more precise

than using the location of the spectroscopically con-
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Figure 14. Measurement of stellar stream parameters as
function of the position along the stream from modeling the
density maps based on DES DR1 photometry. From top to
bottom are stream surface brightness, stream track, stream
width, and linear density, respectively. The shaded area
shows the 1-sigma uncertainty from the posterior distribu-
tion. We remark that the stream densities shown here are
for the optimal matched filter selection from DES data that
is smoothly changing as a function of φ1, since the stream
distance changes. Because of that, large scale density trends
(tens of degrees) are not representative of the overall stream
surface brightness changes, while small scales robustly show
over- and under-densities.

firmed members. For the distance we use the polynomial

for the distance measurement of Eqn. 2 with its associ-

ated covariance matrix for polynomial coefficients.

We compute the likelihood of each model stream by

making mock observations and comparing this with the

data. The log likelihood for each data point is

logLi=−1

2
log
(

2π(σ2
i, obs + σ2

i, sim)
)

−1

2

(mi, obs −mi, sim)2

σ2
i, obs + σ2

i, sim

, (6)

where mi, obs is the observed value (e.g. the radial veloc-

ity of a star), σi, obs is the uncertainty on the observed

value, mi, sim is the value of the mock observation in the

simulation, and σi, obs is the uncertainty on the mock

observation.

For the track on the sky, the data we use is the spline

fit to the stream track from Section 3.3. We fit a line us-

ing least squares to the simulated stream particles within

1.28◦ in φ1 of each node of the stream track to determine

the sky position of the simulated stream and its associ-

ated uncertainty on the mean. The observed value at

the node and its uncertainty are then compared with

simulated value and its uncertainty using Eqn. 6.

For the proper motions and radial velocities, we use

the measurements for each star. We fit a line to mock ob-

servations of the simulated stream within 1.26◦ of each

star. This linear fit gives the mean and standard devia-

tion of the mock observable at the location of the star.

To compute the likelihood we then compare the observed

radial velocity (proper motion) and its associated uncer-

tainty with the velocity (proper motion) of the simulated

stream at that location. We use the width of the mock

observable as σi, sim. Finally, for the distance modu-

lus we make a mock observation of the distance and fit

a quadratic over the same φ1 range as the BHBs and

RRLs in ATLAS (see Figure 6). We then compare this

with the observed fit, accounting for the covariance in

both the model and the data.

We explore the likelihood space using the MCMC

code emcee (Foreman-Mackey et al. 2013). We stress

that for each MCMC we performed, we used a fixed

Milky Way potential so we are not fitting the poten-

tial but instead finding the best stream in that poten-

tial. We choose to place the progenitor of the stream

at φ1,prog = 0◦ and thus our free parameters are the

progenitor’s other coordinate on the sky (φ2,prog), ra-

dial velocity (vr,prog), proper motions (µ∗α,prog, µδ,prog),
and distance (dprog). We take a normally distributed

prior on the distance of (22.9 ± 1 kpc) from the mea-

surement in Shipp et al. (2018). For the proper mo-

tions and radial velocity we use uniform priors which

are broad, |µ∗α| < 10 mas yr−1,|µδ| < 10 mas yr−1, and

|vr| < 500 km s−1. We give a uniform prior on φ2,prog

with −2◦ < φ2,prog < 2◦. We use 100 walkers for 2000

steps with a burn-in of 1000 steps. We note that for

all of the subsequent analysis in this work, we only use

the Milky Way realization from McMillan (2017) which

gave the best-fit to AAU.

Figure 15 shows the best-fit stream model compared

to the data. In each panel we show mock observations

of the simulated stream against the observations. For

the radial velocity component, the difference between

the observed data and the model is shown for better

presentation. The model fits the data along the entire

ATLAS portion of the stream well. It also matches the

observed properties of Aliqa Uma apart from the track

on the sky, showing that these two streams are one and

the same.

This model highlights the peculiar features observed in

the ATLAS stream discussed in Sections 2 and 3. First,
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the model does not capture the increased width or the

wiggle in the stream track at φ1 ∼ 3◦. Furthermore,

near the connection between ATLAS and Aliqa Uma

(φ1 ∼ −12◦) the observed radial velocity is more nega-

tive than the simulated velocity, supporting the interpre-

tation in Figure 7 that the radial velocity shows signs

of a perturbation. Finally, this model passes through

the possible continuation of AAU to φ1 ∼ 20◦ shown in

Figure 11.

We can also use the results of the MCMC to measure

the orbital properties of the AAU stream. We find a

pericenter of 13.3+0.1
−0.2 kpc, an apocenter of 41.0+0.4

−0.5 kpc,

an eccentricity of 0.511±0.001, and an orbital period of

0.62± 0.01 Gyr. The stream is on a prograde orbit with

respect to the Milky Way disk. The present-day an-

gular momentum of the progenitor has an orientation of

(φ, ψ)=(−11.2+0.4
−0.3,−24.3+0.2

−0.3)◦ where φ, ψ are the lon-

gitude and latitude as viewed from the Galactic center.

As a consistency check, we also fit a plane to the best-

fit stream particles in the observed range (−20◦ < φ1 <

10◦) through the Galactic center and found a normal ori-

entation of (−5.2◦,−24.9◦). This slight misalignment of

the stream plane and its angular momentum is due to

the effect of the LMC. We note that the orientation of

AAU is broadly similar to the plane found in Shipp et al.

(2018) for ATLAS, who found (−22.7◦,−21.5◦) using

photometric data from DES and to Pawlowski & Kroupa

(2014) who found (−21.9◦,−24.8◦) using the endpoints

of the stream. Given this similar orientation, it is likely

that ATLAS is still consistent with being a member of

the vast plane of satellites (Pawlowski & Kroupa 2014;

Riley & Strigari 2020).

5. DISCUSSION

5.1. Alignment of the AAU Stream

Using the 6D view of the AAU stream from this paper,

we can look at the alignment of the stream and whether

the velocity is aligned with the shape of the stream. In

particular, we follow the approach of Erkal et al. (2019)

and de Boer et al. (2019) who showed that the align-

ment can be compared on the sky and along the line of

sight. For the on-sky alignment, we compare the slope

of the stream on the sky (dφ2

dφ1
) with the ratio of reflex

corrected proper motions (µ2

µ1
). We stress that µ1 does

not contain the typical cos(φ2) term. We make this com-

parison in the top panel of Figure 16 which shows that

the on-sky velocity (solid blue lines) is misaligned with

the stream track (red points). For the ATLAS portion

of the stream (φ1 >∼ −13◦), this misalignment matches

the misalignment in the simulation on average.

In order to compare the alignment along the line of

sight, in the bottom panel of Figure 16 we show the
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Figure 15. Best-fit stream model to the ATLAS stream. In
each panel, the blue points show the best-fit stream model,
the red-points show the data that were used in the fit, and
the black points show data that was not used in the fit. Top
panel shows the stream on the sky. Second panel shows the
radial velocity difference between the observations and the
model for clearer presentation, because the radial velocity
spans a wide range. Third panel and fourth panel shows the
proper motion in right ascension and declination respectively.
Bottom panel shows the distance modulus to the stream. The
red shaded region shows the 1-σ uncertainty on the distance
modulus. Note that the continuation of the ATLAS stream
model is a good match to most of the observed properties of
the Aliqa Uma stream apart from the track on the sky (top
panel).

distance gradient of the stream ( dr
dφ1

)(in blue) with the

ratio of the Solar reflex corrected velocity and proper

motion ( vrµ1
) (in red). This shows that the velocity is

aligned with the stream along the line of sight, as is ex-

pected from the simulation. However, since the uncer-

tainties are large, improving the distance gradient will

make this comparison more meaningful. We note that

the misalignment in the simulation at φ1 ∼ 0◦ is due to

the progenitor.

5.2. Perturbation by baryonic substructures

In order to check whether the perturbations in AAU

could be due to baryonic substructure in the Milky Way,

we consider a variety of perturbers which can affect

streams. In particular, we consider the effect of the bar

(e.g. Hattori et al. 2016; Price-Whelan et al. 2016; Erkal
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Figure 16. Alignment of the AAU stream’s velocity and
shape. Top panel compares the stream velocity and shape
on the sky which shows that the stream is increasingly mis-
aligned for smaller φ1. The solid and dashed blue lines show
the slope of the stream on the sky ( dφ2

dφ1
) in the data and

best-fit simulation respectively. For the data we show 500
realizations of the slope drawn from the spline fit in Section
3.3. The red error bars and red points show the ratio of the
reflex corrected proper motions (µ2

µ1
) in the data and best-fit

simulation respectively. Bottom panel compares the stream
velocity and shape along the line of sight which shows that
the stream is broadly aligned in this direction. However, we
note that there is a large uncertainty in the distance gradi-
ent. The solid and dashed blue lines show the distance gra-
dient of the stream on the sky ( dr

dφ1
) in the data and best-fit

simulation. For data, we show 500 realizations of the dis-
tance gradient drawn from the polynomial fit in Eq. 2 and
its associated covariance. The red error bars and red points
show the ratio of the reflex corrected radial velocity to the
proper motion along the stream ( vr

µ1
) in the data and best-fit

simulation. For the best-fit simulation, there is a slight mis-
alignment near φ1 ∼ 0◦ due to the location of the progenitor.
Note that in both panels we have only included stars with
g < 19.

et al. 2017; Pearson et al. 2017), spiral arms (Banik &

Bovy 2019), giant molecular clouds (GMCs, Amorisco

et al. 2016), classical satellites, and globular clusters.

Interestingly, while a number of these mechanisms can

create subtle features in the stream, we find that of the

mechanisms considered, only the Sagittarius dwarf is ca-

pable of creating the kink feature.

5.2.1. Milky Way bar

For the bar we consider the analytic bar potential from

Long & Murali (1992). Following Hattori et al. (2016);

Erkal et al. (2017) we use a semi-major axis of a = 3 kpc

and a semi-minor axis of b = 1 kpc for the bar. For the

mass, we use the recent results of Portail et al. (2017)

and take a bar mass of 1010M�. For the pattern speed,

we use Ω = 41 ± 3 km s−1 kpc−1 from Sanders et al.

(2019) which is consistent with other recent measure-

ments (e.g. Portail et al. 2017; Bovy et al. 2019). We

take the bar’s present-day orientation to be 30◦ (Wegg

et al. 2015). When including the bar, we set the bulge

mass to zero.

In order to account for the uncertainty in AAU’s or-

bit, we sample the MCMC chains from Section 4 100

times. For each of these samples, we also sample the

bar’s pattern speed from its observed value and uncer-

tainty. Since the bar slightly changes the mass distri-

bution of the Milky Way potential, we compare these

streams with those disrupted in the presence of a rapidly

rotating bar (Ω = 1000 km s−1 kpc−1).

For each of the 100 realizations, we compute the

change in the stream track measured at the φ1 locations

of the nodes from the fit in Figure 14. The maximum

change amongst all realizations is 0.1◦ and the median of

the maximum change for each realization is 0.03◦. This

shows that the bar is not capable of creating the kink

between ATLAS and Aliqa Uma. Similarly, we com-

pare the stream density in 1 degree bins and find that

the median of the maximum change in the density is

∼ 25%. Thus, while the bar should not have a signif-

icant effect on the stream track of AAU, it can create

modest density variations.

5.2.2. Giant Molecular Clouds (GMCs)

For the GMCs we take a similar approach to Banik

& Bovy (2019). In particular, we take the catalog of

observed GMCs from Miville-Deschênes et al. (2017).

Since AAU has a pericenter of ∼ 13 kpc, we only con-

sider the GMCs with galactocentric radii beyond 10 kpc.

We only consider GMCs with mass greater than 105M�
since perturbers below this mass will not create signif-

icant features in the stream (Erkal et al. 2016; Bovy

et al. 2017). As in Banik & Bovy (2019) we consider

the GMC population within the same quadrant as the

Sun which is the most complete. However, instead of

replicating this quadrant, for each GMC in this patch

we create 4 copies by randomly sampling its azimuthal

angle. This gives 624 GMCs beyond 10 kpc with a mass

larger than 105M�. We model each GMC as a Plummer

sphere with the observed mass and a scale radius which

is one-third that of the observed size. This reduced size

means that 90% of each GMC’s mass is within the ob-
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served size (Banik & Bovy 2019). Each GMC is then

placed on a circular orbit in the plane of the disk. The

influence of all GMCs is included during the rewinding

procedure and subsequent stream generation.

As with the bar in Section 5.2.1, we consider the same

100 realizations of the AAU stream in order to account

for the variation in the stream orbit. The addition of

these GMCs slightly changes the mass distribution of the

Milky Way potential so we once again consider a rapidly

rotating population of GMCs as our fiducial setup to ac-

count for the smooth change in the potential. To do this,

we keep the GMCs on their original circular orbits but

increase the angular velocity by a factor of 100. As with

the bar, we compare the change in the stream track and

the stream density. For the stream track, we get a max-

imum difference of 0.04◦ and a median of the maximum

change for each realization of 0.008◦. Thus the present

day distribution of GMCs do not appear to be capable

of creating the kink. This is due to a combination of the

modest mass of the GMCs as well as the assumption

that the GMCs are confined to the Milky Way plane

while AAU is on a highly inclined orbit. As a result,

there will always be a significant relative velocity be-

tween AAU and the GMCs at closest approach which

will limit the size of the perturbation (e.g. Erkal & Be-

lokurov 2015b). The median of the maximum density

change is ∼ 20%, indicating that GMCs can also make

modest density features in the stream.

5.2.3. Spiral arms

In order to assess the impact of spiral arms, we fol-

low largely the same procedure as Banik & Bovy (2019).

Namely, we use the analytical spiral arm potential from

Cox & Gómez (2002) and implement it following a sinu-

soidal density distribution. As in Monari et al. (2016),

we use tightly wound spirals with a constant pitch angle

of 9.9◦ and fix their amplitude such that the maximum

force from the spirals at a distance of 8 kpc from the

Galactic center is 1% of the disk force at that distance.

This amplitude is determined using spirals arms with

scale lengths and heights of 3 kpc and 0.3 kpc respec-

tively, as used by Banik & Bovy (2019). We randomly

sample the pattern speed 100 times from a Gaussian

with Ωspiral = 22±2.5 km s−1 kpc−1. As with the Milky

Way bar in Section 5.2.1, we consider a fiducial setup

with a pattern speed of Ωspiral = 1000 km s−1 kpc−1 to

account for any smooth change to the potential due to

the spirals. For the stream track, we find a maximum

change of 0.02◦ and for the density there is a median

maximum change of 7%. This shows that spiral arms

cannot significantly affect the AAU stream.

5.2.4. Classical satellites

In order to assess the impact of the 10 classical satel-

lites (excluding the LMC), we include each satellite as an

additional perturber. Motivated by the results of Law &

Majewski (2010), each satellite is modeled as a 109M�
Plummer sphere with a scale radius of 1 kpc. This is not

meant to perfectly represent each satellite, but rather

to check whether they can create a feature qualitatively

like the kink. We note this neglects the effect of the

tidal debris from the dwarf on AAU (Bovy 2016) which

may be important in the event of a close flyby. For the

proper motions, we use the results of Gaia Collaboration

et al. (2018c) except for Leo I, Leo II, and the SMC for

which we use proper motions from Sohn et al. (2013);

Piatek et al. (2016); Kallivayalil et al. (2013), respec-

tively. The other properties come from McConnachie

(2012) and references therein. For simplicity, we do not

consider ultra-faint dwarfs.

We use the same 100 realizations of AAU’s orbit from

Section 5.2.1. For each realization, we sample the ob-

served properties of each dwarf (i.e. distance, radial ve-

locity, and proper motions). The effect of the dwarf on

the progenitor, Milky Way, and LMC is included during

the rewinding procedure and on the stream during the

disruption. Note that we consider the effect of each of

the 10 dwarfs separately so this results in 1000 stream

disruptions. For each stream, we compute the change in

the stream track and the stream density. We find that

only Sagittarius can have a large effect on the stream

track with a maximum track deviation of ∼ 1◦ while the

other dwarfs have a maximum deviation of 0.06◦. Inter-

estingly, 6 of these realizations of Sagittarius produce

kink-like features in AAU, although not at the observed

location of φ1 ∼ −12◦.
In order to study the effect of Sagittarius more closely,

we take the phase-space coordinates (i.e. proper mo-

tions, distance, and radial velocity) of one of the original

realizations which produces a kink and resample about

these values 1000 times with 10% of the observed uncer-

tainties. We then make mock observations of these in

each observable (e.g. as in Figure 15) and select those

with a kink at φ1 ∼ −12◦ based on visual inspection.

Figure 17 shows the mock observations for one of

these realizations that qualitatively matches the ob-

served properties of AAU with a kink in the stream

track, a ∼ 10 km/s change in the radial velocity, and

a kink in the distance modulus all at φ1 ∼ −12◦.6 We

note that the model does not match the radial veloc-

ity to the left of φ1 ∼ −12◦. This kink is the result of

6 A movie of this simulation is available at https://youtu.be/
GjZJYEQQZXU

https://youtu.be/GjZJYEQQZXU
https://youtu.be/GjZJYEQQZXU
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a close approach between Sagittarius and AAU ∼ 0.51

Gyr ago at a distance of ∼ 0.9 kpc with a relative ve-

locity of ∼ 400 km/s. The closest approach changes the

orbital period of particles in the stream and creates a

gap with particles piling up at the edge of the gap (e.g.

Erkal & Belokurov 2015b). One of these pile-ups occurs

at φ1 ∼ −13◦ and creates the kink and overdensity. The

other pile-up is located at φ1 ∼ 25◦ which is beyond the

currently observed range of AAU.

We note that given the current uncertainties on the

present-day phase-space position of Sagittarius, we can-

not definitively determine whether or not it has inter-

acted with AAU in the past. In order to explore this,

we computed where the past orbit of Sagittarius (us-

ing the realizations above) passed through the stream

plane of AAU given the uncertainty in the proper mo-

tion, radial velocity, and distance of Sagittarius. These

crossings occur 0.4 ± 0.1 Gyr ago with an uncertainty

of 3.0 kpc in where they cross the AAU stream plane.

This is mostly driven by the distance uncertainty; im-

proving the distance errors by a factor of 2 lowers this

uncertainty to 1.5 kpc. Interestingly, this uncertainty

in crossing the AAU stream plane does not seem to be

heavily affected by the uncertainty in the Milky Way

potential. We explored this by also sampling from the

posterior samples from McMillan (2017) and found the

same uncertainty of 3.0 kpc. Thus, improved measure-

ments of the phase-space location of Sagittarius will help

us determine whether it created the kink in AAU.

Finally, we note that de Boer et al. (2019) have also

shown that the Sagittarius dwarf could have perturbed

the GD-1 stream (Grillmair & Dionatos 2006). If it

can be shown that Sagittarius perturbed both GD-1 and

AAU, this would place very tight constraints on the orbit

of Sagittarius as well as the potential of the Milky Way.

5.2.5. Globular clusters

Similar to the classical dwarf galaxies in Section 5.2.4,

we also consider the population of globular clusters in

the Milky Way as potential stream perturbers. For this

we use the globular cluster catalog of Vasiliev (2019a)

which gives the 6D phase-space positions of 147 globular

clusters. For each of the 100 realizations of AAU’s orbit

from Section 5.2.1, we sample the observed properties of

each globular cluster and include the cluster during the

rewinding and stream disruption process. As with the

dwarfs in Section 5.2.4, we include the globular clusters

one at a time so this results in 14700 stream disruptions.

To be conservative, we model each cluster as a Plummer

sphere with a mass of 106M� and a scale radius of 10

pc.
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Figure 17. Example of perturbation from the Sagittarius
dwarf on the ATLAS stream. This realization was chosen to
have a kink at φ1 ∼ −12◦ (see text for details). The pan-
els show the same mock observables as in Figure 15 apart
from the radial velocity where we show the difference from
a quadratic function fit to the simulated stream between
−10◦ < φ1 < 13◦. In addition, we show the distance mod-
ulus of individual BHBs from Figure 6 in the bottom panel.
Interestingly, this perturbation also produces a kink in the
radial velocity and distance modulus similar to the observa-
tions although we note that the radial velocity in the model
to the left of φ1 < −15◦ does not match the observed trend.

For each simulation, we measure the simulated stream

track and density, as well as how close the cluster comes

to each stream particle. Four globular clusters have a
median closest approach within 2 kpc: Pal 12 (1.9 kpc),

NGC 5904 (1.5 kpc), NGC 6229 (1.4 kpc), and NGC

7492 (0.6 kpc).

Furthermore, we find that 16 globular clusters have

closest approaches (amongst their 100 realizations)

within 100 pc of the stream. For most of these glob-

ular clusters, only 1 out of 100 of the realizations pass

within 100 pc, indicating that this is due to significant

uncertainty in the past trajectory. However, NGC 7492

and NGC 6229 stand out, having a 17% and 7% chance

of passing within 100 pc of the stream respectively.

In terms of the stream track, 8 globular clusters pro-

duce deviations which are larger than 0.1◦ with a max-

imum deviation of 0.24◦. Of these, one (NGC 7492)

produces a feature like a kink in the stream track with a

deviation of 0.19◦. We show this in the top panel of Fig-

ure 21 in Appendix C, while the other panels show other
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perturbations from NGC 7492. Interestingly, some of

these realizations also exhibit a broadening of the stream

track similar to the one observed at φ1 ∼ 3◦ (see Fig-

ure 13). We note, however, that in the January 2020

version of the Baumgardt et al. (2019) catalogue of fun-

damental parameters of Galactic globular clusters7, the

mass of NGC 7492 is listed as 2.8± 0.8× 104M� which

is significantly smaller than the mass we have assumed.

Thus, while globular clusters may be able to create a

subtle feature in AAU, like the broadening, they cannot

create the large kink at φ1 ∼ −12◦.

5.2.6. Progenitor

Using the best-fit stream from Section 4, we can assess

whether any of the features in the data are consistent

with the progenitor. At the location of the progenitor,

the stream will connect on at the inner and outer La-

grange points (e.g. Combes et al. 1999), which can cause

a visible kink in the stream (e.g. Pal 5, Odenkirchen

et al. 2001) depending on the orientation of the stream

relative to the observer. For AAU, the angle between the

line of sight and the radial direction from the Galactic

center is 49.0◦ at φ1 = 0◦ suggesting that if a progen-

itor was present, we would be able to see the stream

connecting onto the progenitor which would appear as

a wiggle near the progenitor. In order to explore this,

we re-simulate the best-fit AAU model from Section 4

with progenitor masses of 2, 20, 200 × 104M� and force

the progenitor mass to remain constant throughout the

simulation. These give significant wiggles in the stream

track with sizes of 0.26◦, 0.56◦, and 1.2◦ respectively. In

order to match the ∼ 2◦ size of the kink between ATLAS

and Aliqa Uma, we would need a present-day progenitor

mass of ∼ 8 × 106M�, over 3× more massive than the

most massive known globular cluster and thus certainly

ruled out (Harris 2010).

5.3. Connection to other globular clusters

In order to assess the relation between the AAU

stream and globular clusters in the Milky Way, we com-

pute the actions of our best-fit stream and each globular

cluster. For each globular cluster, we sample the ob-

served proper motions, distances, and radial velocities

100 times given their uncertainties to get the spread in

actions. For the observed properties we use the globular

cluster catalog from Vasiliev (2019a), which contains 147

globular clusters. Note that we have replaced the dis-

tance to Palomar 5 with an updated distance of 20.6±0.2

kpc from Price-Whelan et al. (2019). We compute the

actions using AGAMA (Vasiliev 2019b).

7 https://people.smp.uq.edu.au/HolgerBaumgardt/globular/

In Figure 18 we show these actions along with that

of the AAU stream. We compute the distance between

AAU and each globular cluster in action space using the

combined action modulus,

∆J =
√

∆J2
φ + ∆J2

R + ∆J2
z (7)

We have highlighted the three globular clusters closest

in action space: Whiting 1, NGC 5824, and Pal 12. In-

terestingly, these have previously been associated with

the Sagittarius dwarf (e.g. Irwin 1999; Bellazzini et al.

2003; Carraro et al. 2007; Massari et al. 2019). Further-

more, the eccentricity and apocenter of AAU stream is

very similar to the Sagittarius GCs discussed in Krui-

jssen et al. (2020), suggesting that the progenitor of the

AAU stream may have been originally been bound to

the Sagittarius dwarf. In further support of this, we

note that the mean metallicity of AAU is similar to that

of one of the GCs associated with Sagittarius, Terzan

8 (e.g. Massari et al. 2019), which has a metallicity of

[Fe/H] ∼ −2.27 (Carretta et al. 2014).

5.4. Complex stream morphologies

Recent works have shown that almost every stream

studied in detail has signs of a significant perturbation.

Pal 5 shows clear gaps which are inconsistent with evolu-

tion in a smooth, time-independent potential (e.g. Erkal

et al. 2017; Bonaca et al. 2020). GD-1 has a spur of

stars that run parallel to the stream and a blob of co-

moving stars below the stream, as well as wiggles and

density variations (e.g. de Boer et al. 2018; Price-Whelan

& Bonaca 2018; Malhan et al. 2019; de Boer et al. 2019).

The Ophiuchus stream also exhibits a spur-like feature

parallel to the main track (Caldwell et al. 2020). This

appears to support the models of Carlberg (2020), which

predict that globular cluster streams have a rich mor-

phology due to their initial disruption in their host dwarf

galaxy before being accreted into the Milky Way.

Similarly, streams from dwarf galaxies also show rich

structures. The Sagittarius stream exhibits a promi-

nent bifurcation (Belokurov et al. 2006) and the Jhelum

stream appears to have multiple components (Bonaca

et al. 2019a; Shipp et al. 2019). In addition, the Or-

phan stream has a substantial velocity perpendicular to

the stream (Fardal et al. 2019; Koposov et al. 2019) due

to the perturbation from the LMC (Erkal et al. 2019).

Similarly, many of the streams discovered in DES exhibit

substantial misalignment between the stream track and

the on-sky velocity, likely due to the LMC (Shipp et al.

2019), including the AAU stream, as we discussed in

Section 5.1.

5.5. Palca stream in the Aliqa Uma stream field
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As discussed at the beginning of this paper, in Figure

1, when selecting high priority candidate members in

AAU, we also see substructure in velocity around vhel ∼
100 km s−1, especially in the fields of the Aliqa Uma

stream. These stars are also clustered in proper motion

space around

µαcosδ = 0.85 mas yr−1

µδ = −0.37 mas yr−1

The proper motion is very close to the AAU stream and

therefore some were selected as high priority candidates.

Figure 19 shows the stars with the following selection

criteria

80 < vhel < 130 km s−1

|µαcosδ − 0.85| < max(0.3, 2σµ,α)

|µδ + 0.37| < max(0.3, 2σµ,δ)

and

−20◦ < φ1 < −10◦

We found a very clear stellar association at a distance

modulus of m −M ∼ 17.8 in the CMD (right panel of

the Figure), further confirming that this is a real struc-

ture rather than just a random clustering in line-of-sight

velocities.

Given the distance and the location on the sky, this

structure is very likely to be the Palca stream, which

was also discovered in DES (Shipp et al. 2018). Recent

studies by Chang et al. (2020) show that Palca is possi-

bly the extension of Cetus Polar stream found in SDSS

(Newberg et al. 2009; Koposov et al. 2012). The kine-

matic data will help confirm or refute this connection.

If it is indeed one stream, this long stream with 6D in-

formation will be another critical tool for constraining

the Milky Way potential.
We found a total of 25 Palca member stars using the

selection criteria defined above, which gives a velocity

dispersion of σv = 9.5 ± 1.8 km s−1 and a systemic ve-

locity of vhel = 98 ± 2 km s−1 at (α, δ) = (34◦,−34◦).
Based on the large velocity dispersion, the progenitor

is very likely to be a dwarf galaxy, which matches with

the large stream width observed on the sky. We de-

rived the metallicity of the 11 brightest RGB members

of Palca assuming a distance modulus of m−M = 17.8.

These stars have metallicities spanning from [Fe/H] =

−1.5 to [Fe/H] = −2.2, with a mean metallicity of

[Fe/H] = −2.0. However, we were not able to resolve

a metallicity dispersion (σ[Fe/H] < 0.16 dex at 95% con-

fidence). The low metallicity dispersion is likely due

to a combination of small sample size and the faintness

(and therefore large metallicity uncertainty) of the RGB

stars. Although S5 did not specifically target the Palca

stream, many S5 fields overlapped with it due to its

large width on the sky. We will leave a more thorough

analysis of Palca for a future S5 paper.

6. SUMMARY

We present the first spectroscopic measurements on

the ATLAS stream and Aliqa Uma stream from S5 ob-

servations, with a total of 96 spectroscopic member stars

identified in these two streams (Figure 4 and 5). In com-

bining our spectroscopy with the photometry from DES

DR1 and PS1 DR1, and astrometry from Gaia DR2, we

conclude that the two streams are essentially one stream,

despite the discontinuity in the on-sky morphology. We

refer to this entire stream as ATLAS-Aliqa Uma stream,

or AAU stream. We summarize our main findings here:

• We confirm that in radial velocity, proper motion

and heliocentric distance (see Figures 2, 5 and 6)

the two streams are seamlessly connected to each

other, with a ∼ 1◦ shift in the stream track on

the sky at the connection point at φ1 ∼ −12◦; a

feature we call a “kink”. The physical size of the

kink feature is ∼0.5 kpc.

• In addition to the “kink”, we notice a significantly

larger stream width on the sky around φ1 ∼ 0◦ in

the spectroscopic sample (Figure 2 and 5). We

call this feature “broadening”. This feature is

well detected in a deep photometric map of the

stream based on DES DR1 (without spectroscopic

or proper motion information). The modeling of

the feature reveals that although the linear density

of the stream members stays unchanged in this

area, the surface brightness of the stream drops

by about a factor of two while the stream width

gets larger, resulting in two (surface) density gaps

at φ1 ∼ −2◦ and φ1 ∼ +3◦ (Figure 13, 14). This

feature is also accompanied by a detectable shift

in the stream track (or referred to as “wiggle”)

by 0.2◦. The constant linear density combined

with the shift in the stream track strongly sup-

ports a perturbation hypothesis as opposed to den-

sity variation caused by the epicyclic motion of the

stripped stars (Ibata et al. 2020).

• We find that the line-of-sight velocity dispersion

varies along the stream. In the Aliqa Uma part

(including the “kink”), the velocity dispersion is as

large as ∼ 6 km s−1, while in the ATLAS part of

stream the dispersion is around ∼ 2 km s−1. Fur-

thermore, we also see an indication of the velocity

gradient at the ”kink”, where the line-of-sight ve-

locities show a difference of > 20 km s−1 from the
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Aliqa Uma part of the stream to the ATLAS part

of stream at φ1 ∼ −11◦ (Figure 7). This suggests

that the Aliqa Uma component was heavily per-

turbed in the past, confirming the picture painted

based on the discontinuity of the stream on the

sky.

• In addition to finding continuity between ATLAS

and Aliqa Uma in kinematic space, we observe

that they are indistinguishable in metallicity and

chemical abundance patterns, further supporting

the hypothesis that they are one stream. The

mean metallicity of the stream is at [Fe/H] =

−2.2, with an unresolved metallicity dispersion

(< 0.07 dex at 95% confidence level). The low

metallicity dispersion together with the narrow

stream width and low velocity dispersion confirm

the hypothesis that the progenitor of the stream

was likely a globular cluster.

• In the list of high probable member stars identified

with help of Gaia and DES we notice a possible

extension of the Aliqa Uma stream that protrudes

out of the stream track around φ1 ∼ −10◦ and

φ2 ∼ +2◦ (Figure 11). We call that feature a

“spur” as its shape is broadly similar to the fea-

ture seen in the GD-1 stream (Price-Whelan &

Bonaca 2018). As the S5 observations did not

cover this feature, further spectroscopic observa-

tions in this area are needed to confirm or disprove

its existence. If this spur feature is real, it extends

from the ATLAS stream by ∼ 2◦ on the sky, or

∼ 0.9 kpc which is about a factor of 6 times larger

than the separation between the spur and the main

stream for GD-1 (Price-Whelan & Bonaca 2018).

• By mapping the probable member stars with

proper motion from Gaia and photometry from

DES DR1 and PS1 DR1, we find that the entire

stream covers at least 40 degrees on the sky (Fig-

ure 11). As the stream also spans from 20 kpc to

30 kpc in heliocentric distance (Figure 6), the to-

tal visible portion of the stream is more than 20

kpc long.

• Using the stream track and spectroscopic sample,

we fit a dynamical model to the ATLAS compo-

nent of the stream in the presence of the LMC

and determined that the orbit of the AAU stream

has a pericenter of 13.3+0.1
−0.2 kpc, an apocenter of

41.0+0.4
−0.5 kpc, an eccentricity of 0.511± 0.001, and

an orbital period of 0.62 ± 0.01 Gyr. Using these

orbit fits, we also compared the actions of AAU

stream with the Milky Way globular clusters and

found that the stream has actions similar to globu-

lar clusters that were accreted with the Sagittarius

dwarf (Whiting 1, NGC 5824, Pal 12).

• We examine a wide range of baryonic effects on the

AAU stream: the Milky Way bar, spiral arms, gi-

ant molecular clouds, globular clusters, and dwarf

galaxies. Of these, we find that only a nearby

passage with the Sagittarius dwarf can create fea-

tures similar to the observed “kink” between AT-

LAS and Aliqa Uma. In order to confirm this,

a more detailed analysis is needed to fit the per-

turbed models of the AAU stream to the data

and constrain the perturbation (e.g. Erkal & Be-

lokurov 2015a). We also find that the globular

cluster NGC 7492 likely has a close passage with

AAU and may be able to create features like the

“broadening”.

• In addition to the AAU stream, we found another

group of stars in the observed fields at a helio-

centric velocity of ∼ 100 km s−1 and a distance

of ∼ 35 kpc. This structure is unconnected to

the AAU stream, and is very likely to be associ-

ated with the Palca stream (Figure 1, 19), another

stream found in DES and possibly a southern ex-

tension of the Cetus Polar Stream.

We want to highlight that the ATLAS and Aliqa Uma

streams are the second pair of streams that have been

found to be a single, gravitationally perturbed stream.

The first example of such a case was the Orphan/Chenab

pair found in Koposov et al. (2019). This significant re-

sult suggests that 1) many streams that are currently

thought to be distinct could in fact have the same pro-

genitor; 2) perturbations at small (for AAU) and large

scales (for Orphan/Chenab) play a critical role in the

evolution of stellar streams.

The detection of the “kink” and “broadening” fea-

tures show the power of spectroscopy as part of density

variation studies for distant streams. Unlike the GD-

1 stream, at a heliocentric distance of 7 − 10 kpc, the

AAU stream is three times further away, and therefore

Gaia proper motion measurements are not available for

stream members along the main sequence. Fortunately,

the radial velocities provided by the spectroscopic mea-

surements allow us to reliably remove the foreground

contamination and present a clean sample of member

stars in the streams, making it possible to detect ex-

tremely low surface brightness features created by per-

turbations.

With S5 we have obtained spectroscopic data on over

ten stellar streams (Paper I), some of which present



ATLAS-Aliqa Uma Stream 25

relatively narrow stream widths, whose progenitors are

likely to be globular clusters like the AAU stream. The

combination of photometric, astrometric and spectro-

scopic data will enable crucial new studies of the possible

perturbation signatures in these streams.
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Amorisco, N. C., Gómez, F. A., Vegetti, S., & White, S.

D. M. 2016, MNRAS, 463, L17

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J.,

et al. 2013, A&A, 558, A33

Banik, N., & Bovy, J. 2019, MNRAS, 484, 2009

Bastian, N., & Lardo, C. 2018, ARA&A, 56, 83

Baumgardt, H., Hilker, M., Sollima, A., & Bellini, A. 2019,

MNRAS, 482, 5138

Bellazzini, M., Ferraro, F. R., & Ibata, R. 2003, AJ, 125,

188

Belokurov, V., & Koposov, S. E. 2016, MNRAS, 456, 602

Belokurov, V., Zucker, D. B., Evans, N. W., et al. 2006,

ApJ, 642, L137

—. 2007, ApJ, 654, 897

Bernard, E. J., Ferguson, A. M. N., Schlafly, E. F., et al.

2016, MNRAS, 463, 1759

Bernstein, R., Shectman, S. A., Gunnels, S. M., Mochnacki,

S., & Athey, A. E. 2003, in Society of Photo-Optical

Instrumentation Engineers (SPIE) Conference Series,

Vol. 4841, Instrument Design and Performance for

Optical/Infrared Ground-based Telescopes, ed. M. Iye &

A. F. M. Moorwood, 1694–1704

Betancourt, M. 2017, arXiv e-prints, arXiv:1701.02434

Bonaca, A., Conroy, C., Price-Whelan, A. M., & Hogg,

D. W. 2019a, ApJ, 881, L37

Bonaca, A., Hogg, D. W., Price-Whelan, A. M., & Conroy,

C. 2019b, ApJ, 880, 38

Bonaca, A., Pearson, S., Price-Whelan, A. M., et al. 2020,

ApJ, 889, 70

Bovy, J. 2016, Phys. Rev. Lett., 116, 121301

Bovy, J., Erkal, D., & Sanders, J. L. 2017, MNRAS, 466,

628

Bovy, J., Leung, H. W., Hunt, J. A. S., et al. 2019,

MNRAS, 490, 4740

Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS,

427, 127

Buckley, M. R., & Peter, A. H. G. 2018, Phys. Rep., 761, 1

Bullock, J. S., Kravtsov, A. V., & Weinberg, D. H. 2001,

ApJ, 548, 33

Caldwell, N., Bonaca, A., Price-Whelan, A., Sesar, B., &

Walker, M. 2020, arXiv e-prints, arXiv:2004.14350

Carlberg, R. G. 2012, ApJ, 748, 20

—. 2020, ApJ, 889, 107

Carlberg, R. G., & Grillmair, C. J. 2013, ApJ, 768, 171

Carpenter, B., Gelman, A., Hoffman, M., et al. 2017,

Journal of Statistical Software, Articles, 76, 1.

https://www.jstatsoft.org/v076/i01

Carraro, G., Zinn, R., & Moni Bidin, C. 2007, A&A, 466,

181

Carrera, R., Pancino, E., Gallart, C., & del Pino, A. 2013,

MNRAS, 434, 1681

Carretta, E., Bragaglia, A., Gratton, R. G., et al. 2014,

A&A, 561, A87

Casey, A. R. 2014, PhD thesis, Australian National

University

Chambers, K. C., Magnier, E. A., Metcalfe, N., et al. 2016,

ArXiv e-prints, arXiv:1612.05560

Chang, J., Yuan, Z., Xue, X.-X., et al. 2020, arXiv e-prints,

arXiv:2003.02378

Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102

Clem, J. L. 2006, PhD thesis, University of Victoria,

Canada

Combes, F., Leon, S., & Meylan, G. 1999, A&A, 352, 149
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Figure 20. Example of perturbations from bar (left) and spiral arms (right) which produce the largest change in the stream
track. Left panels show the effect of the Milky Way bar. The top panel shows the fiducial bar simulation with a pattern speed
of Ω = 1000 km s−1 kpc−1 and the bottom panel shows the perturbed stream evolved in the presence of a bar with pattern
speed Ω = 42.3 km s−1 kpc−1. The maximum deviation is 0.1◦. Right panels show the effect of spiral arms on ATLAS. The top
panel shows the fiducial spiral arm simulation with a pattern speed of Ω = 1000 km s−1 kpc−1 while the bottom panel shows
the simulation with the largest track deviation with a pattern speed of Ω = 26.6 km s−1 kpc−1. The largest deviation in the
track is 0.02◦ showing that the spiral cannot create any appreciable features in ATLAS.

APPENDIX

A. COORDINATE TRANSFORMATION MATRIX

The transformation from celestial coordinates (α, δ) to the stream coordinates (φ1, φ2) is given by (Shipp et al. 2019):

cos(φ1) cos(φ2)

sin(φ1) cos(φ2)

sin(φ2)

=

0.83697865 0.29481904 −0.4610298

0.51616778−0.70514011 0.4861566

0.18176238 0.64487142 0.74236331

×
cos(α) cos(δ)

sin(α) cos(δ)

sin(δ)


B. EXAMPLE OF BAR AND SPIRAL ARM PERTURBATIONS

In Section 5.2.1, 5.2.3 we considered the effect of the Milky Way bar and spiral arm respectively. Both of these can

create only modest perturbations in the stream. In Figure 20 we show the stream realizations with the largest changes

in the stream track (0.1◦ for the bar and 0.02◦ for the spiral arms).

C. EXAMPLE OF GLOBULAR CLUSTER PERTURBATIONS

In Section 5.2.5 we explored the effect of globular clusters on the AAU stream. Of these, NGC 7492 has the closest

approach to AAU with a median approach distance of 0.55 kpc. In Figure 21 we show five examples perturbations

from NGC 7492. While none of these create kinks as large as the one between ATLAS and Aliqa Uma, several

perturbations create smaller wiggles in the stream as well as broadening of the stream width qualitatively consistent

with the observed wiggle and broadening at φ1 ∼ 3◦.
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Figure 21. Example of perturbations from NGC 7492 to the AAU stream. We show five perturbations out of the 100 sampled
in Section 5.2.5. These were chosen due to the change in the stream track as well as the broadening in the stream width. The
top panel shows the perturbation with the largest change in the stream track, producing a kink with a size of 0.19◦ at φ1 ∼ −5◦

and an associated broadening of the stream. This is qualitatively similar to the wiggle and broadening observed at φ1 ∼ 3◦.

Table 1. Spectroscopic Members in ATLAS Stream and Aliqa Uma Stream. Only first few lines are shown here. Full table is
available in the online version in machine readable format.

Gaia DR2 Source ID RA Decl. SNR G vhel σv [Fe/H] σ [Fe/H]

(deg) (deg) (mag) ( km s−1) ( km s−1)

2362404846580059648 9.109642 -20.418631 21.2 16.48 -148.16 2.91

2362395599515154816 9.387846 -20.461972 3.7 19.56 -142.35 7.34

2350314513642106624 9.890383 -20.839192 17.9 17.72 -148.30 1.28 -2.28 0.26

2350310424833246592 9.974475 -20.892894 32.5 16.83 -156.83 0.90

2350245137034340864 10.193825 -21.129194 7.2 18.26 -147.61 3.77

2350348972163836160 11.151796 -21.480250 36.5 16.55 -144.90 0.80 -2.17 0.15

2349548630777593344 11.609142 -22.164725 8.8 18.50 -141.97 2.20 -2.35 0.53

2349572579516107264 11.654787 -21.817247 4.9 18.99 -142.44 5.29

2349268564550587904 12.229042 -22.749461 22.9 16.38 -134.19 1.02 -2.58 0.19
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