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ABSTRACT

The Sagittarius dwarf galaxy (Sgr) is a satellite that is currently being consumed by the Milky

Way’s gravity. Its disruption has created the most prominent and widely studied tidal stream in our

halo which wraps around our Galaxy with its leading arm in the northern Galactic hemisphere and

its trailing arm in the southern hemisphere. By studying this stream, we can learn about how the

dwarf galaxy formed as well as how its stripping has affected both its and the Milky Way’s evolution.

Using optical spectra collected by the Large Sky Area Multi-Object Fiber Spectroscopic Telescope

(LAMOST) survey in combination with stellar proper motions measured by the GAIA satellite, we

identify stars that belong to the Sagittarius tidal stream based on their positions, distances, velocities,

and stellar parameters. We trace the velocity, distance, and metallicity of the Sagittarius stream as

a function of its position over 200 degrees of its extent on the sky with a particular focus on the

information we can obtain from the metallicity properties. Knowing how metallicity relates to other

properties allows us to slightly unravel the star formation and orbital histories of Sgr. We find that for

the parts of the stream we analyzed, the leading stream has a constant [Fe/H] of ≈ -1.3 as a function

of position along it, while the [Fe/H] of the trailing stream increases as a function of position in the

direction of the Sgr core. When analyzing the [α/Fe] ratio for Sgr, we found that the median ratios

for the leading stream were close together while those for the trailing stream were spread out. Finally,

we fit 3 gaussian components to the [Fe/H] distribution of our entire Sgr sample, with means of -0.79,

-1.33, and -1.9. We believe that the constant metallicity we observe in the leading arm is due to those

stars having been stripped at around the same time, and the gradient in the trailing stream is observed

because it is comprised of stars that were stripped at different orbits of Sgr around the Milky Way.

The observed metallicity gradient is also due to the star formation episodes of the pre-tidally stripped

Sgr system itself, where the fitting of 3 different gaussians to the [Fe/H] distribution of the Sgr stream

reveals the presence of 3 different stellar populations of the original Sgr system.

Keywords: Milky Way, Satellite Galaxy, Dwarf Galaxies, Tidal Stripping/Disruption

1. INTRODUCTION

Many galaxies like our own have multiple smaller

galaxies gravitationally bound to them. The Sagittar-

ius dwarf spheroidal galaxy (Sgr dSph) is one of those

satellite galaxies in orbit around our Milky Way (MW).

Similar to some of our other dwarf galaxies, Sgr is cur-

rently experiencing tidal disruption. This occurs when

a satellite galaxy comes so close to its host galaxy that

tidal forces, which are due to the host’s incredibly strong
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gravitational potential, pull streams of stars from the

satellite which then orbit the host in its halo. These are

known as tidal streams. The ones due to the tidal dis-

ruption of the Sagittarius dwarf galaxy are not only the

most prominent tidal streams that envelope our Galaxy,

but their progenitor (i.e. the core of the dSph) is still vis-

ible. This makes Sgr an advantageous system to study

and learn about the tidal stripping process from the be-

ginning to current disruption.

Studying these streams allows us to better under-

stand the formation and evolution of our own galaxy, the

dwarf galaxies themselves, and put constraints on cur-

rent dark matter theories. For studying the Sagittarius
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Figure 1. A plot of metallicity [M/H] vs. Age (in Gyr)
from Siegel et al.(2007) of various stellar populations with a
greyscale colorbar of the star formation rates (SFR). From
top to bottom, each population is distinguished as the follow-
ing: the very young Sgr population (SVyng), the young Sgr
population (SYng), the intermediate Sgr population (SInt),
which is made of multiple star formation bursts, the Sgr
metal-poor population (Sgr MPP), and the M54 metal-poor
population (M54 MPP).

tidal stream in particular, it is important to know some

Sgr-specific terminology. Since the streams roughly fol-

low a great circle in the sky, a heliocentric (rotated)

spherical coordinate system can be used. One that is

stream-based and defined by the orbit of Sgr. Λ̃� is

the stream-aligned longitude-like coordinate which cor-

responds to the angular separation (measured in de-

grees) between a part of the stream and the core in Sgr’s

orbit. β̃� is the latitude-like angle (measured in degrees)

above or below the line of Sgr’s orbit. The Sgr stream is

made up a leading and a trailing arm, where the lead-

ing arm is the debris that leads the Sgr core in its orbit

around the Milky Way and the trailing arm is the debris

that follows after the Sgr core in its orbit.

Currently, we know that Sgr has complex star forma-

tion histories. As evinced in Figure 1, Siegel et al.(2007)

used the Hubble Space Telescope to perform photometry

on M54 and Sgr core, showing multiple stellar popula-

tions in Sgr. We also know that the Sgr tidal stream has

multiple wraps around the Milky Way, with the lead-

ing stream in the northern Galactic hemisphere and the

trailing stream in the southern Galactic hemisphere.

In this paper we will be focusing on the information we

can obtain from studying the metallicity (the iron to hy-

drogen ratio [Fe/H]) as a function of position along the

Sagittarius stream. To do this we used a combination

of data from surveys. One survey we use is a collection

of optical spectra of millions of Milky Way stars from

LAMOST-LEGUE. LAMOST is the Large Sky Area

Table 1. Default cuts made to select halo giants near the
Sgr stream (modified from cuts used by Gibbons et al. 2017).
Where β̃� is the angle above or below the plane of the stream,
log g is the surface gravity, Teff is the effective temperature
in Kelvin, SNR is the signal to noise ratio, and µra and µdec

are proper motions of the stars in RA and DEC respectively.

| β̃� | ≤ 12◦ log g ≤ 3

Distance > 15 (kpc) 4000 K < Teff < 6000 K

SNR > 15 | µra | ≤ 10 ≥ | µdec |

Multi-Object Fiber Spectroscopic Telescope in China

and LEGUE (LAMOST Experiment for Galactic Under-

standing and Exploration) is the aspect of the LAMOST

survey focused on stars in the Milky Way. We use the

measurements (such as distances, velocities, metallici-

ties, surface gravity, temperature, etc.) obtained from

spectra from this survey in combination with proper mo-

tions measured by GAIA, the stellar astrometry satel-

lite, to identify candidate stars that belong to the Sgr

tidal stream based on their distances, velocities, posi-

tions, stellar parameters, and proper motions. Thus, we

trace the stream over 200 degrees across the sky and

use the correlation between [Fe/H] and position along

the stream to draw conclusions on the star formation

and orbital histories of Sgr.

2. THE SELECTION PROCESS

In order to obtain the metallicity properties of just

the Sagittarius stream, we first had to select a sample of

stars that we are strongly certain belong to the stream

and minimize the amount of Milky Way disk star con-

tamination within that sample. Since Sgr is so widely

studied, we can use its well known properties to make

data cuts to our homogenous dataset of over 4 million

stars. Thus we used modified cuts from Gibbons et al.

(2017) as shown in Table 1, distances to RR Lyrae stars

in the stream measured by Hernitschek et al. (2017),

and velocities measured by Belokurov et al. (2013) to

narrow down our sample as much as possible to mostly

consist of members of the leading and trailing streams.

After using the initial cuts from Table 1 (which

brought our dataset down to 4082 stars), we began

the process of data whittling by creating histograms in

10◦ bins of Λ̃� within the ranges of 60-170◦Λ̃�for the

leading stream and 100-280◦Λ̃� for the trailing stream.

For each 10◦ bin of Λ̃�, we first created distance his-

tograms. Then we selected the stars within 3σ of the

average distance to that part of the stream measured by

Hernitschek et al. (2017). We then took those selected

stars and made a histogram of their velocities and made

a selection of the ones within 3σ of the velocity mea-
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sured at that part of the stream by Belokurov et al.

(2013). These selections were often quite visible as a

peak around a particular velocity that stood out from

all of the other velocities. After taking this final data

cut, we obtained a set of 1257 Sgr stream candidates

total with little contamination from the MW disk and

created histograms of their metallicities. This process

is demonstrated in Figure 2 with an example Λ̃� bin.

There were a few issues with finding a significant num-

ber of stars in certain bins, especially of the trailing

stream. These arose mostly when looking at parts of

the stream that are the farthest away and/or intersect

with the plane of the disk. Implying that there could

have been a small amount of Sgr candidates that were

accidentally left out during the data selection process,

or in some cases there simply are not that many Sgr

stars in a particular region of the sky. Nevertheless, we

are confident in the overall quantity and quality of the

Sgr candidates chosen.

3. PLOTTING [FE/H]

Once we obtained our final dataset, we created his-

tograms of [Fe/H] for every Λ̃� bin, found the median

metallicity, and plotted it as a function of position for

both the leading and trailing streams as shown in Fig-

ures 3 and 4. We chose to focus on the medians rather

than the mean metallicities to avoid possible skewness

in the averages.

Figure 3 shows the distance, velocity, and metallicity

medians along the leading arm. We find that the median

metallicity of the leading arm is consistently constant

around ∼ -1.3 between 60◦ < Λ̃� < 170◦. Figure 4 shows

the same information as Figure 3, but for the trailing

arm. We find that the trailing arm has a gradient in

which the metallicity increases in the direction of the

Sgr progenitor. This likely arises due to a metallicity

gradient in the Sgr dwarf itself, where younger, more

metal-rich stars are located closer to the center than

older, more metal-poor stars. Stars are tidally stripped

preferentially from the outer regions of the Sgr dwarf, so

that older tidal debris (i.e., stars that became unbound

from Sgr longer ago) will be more metal-poor on average.

Figure 5 shows the same results as Figures 3 and

4, with the addition of the distances and velocities of

the Sagittarius tidal evolution model color-coded by the

time the debris was unbound from the Sgr dSph cre-

ated by Law and Majewski (2010) as well as trend lines

to denote the metallicity behaviors for both arms of the

stream. The diamond data points along the leading arm

match up with the model quite well for both distance

and velocity. We can also make sense of the constant

metallicity along the leading arm because each of the

Figure 2. An example of distance and velocity selections
for Sgr candidates in the 230◦ ≤ Λ̃� ≤ 240◦ bin. From top
to bottom, each row shows the stars selected based on their
distances, then again based on their velocities, and finallyin
an [Fe/H] diagram based on both of those cuts. As each
cut reduces contamination from the Milky Way, a subset of
mostly Sgr candidates remains with a prominent [Fe/H] me-
dian observed.
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Figure 3. Distance, velocity, and metallicity medians for the
leading arm as a function of Λ̃�. The uncertainties in the
[Fe/H] medians were calculated using the median absolute
deviation. The metallicity is constant along the whole range
of Λ̃� we considered for the leading stream.

Figure 4. Distance, velocity, and metallicity medians for
the trailing arm as a function of Λ̃�. The uncertainties in
the [Fe/H] medians were calculated using the median abso-
lute deviation. The metallicity is relatively constant, then in-
creases in the direction of the Sgr core for the trailing stream.

diamond points corresponds to a magenta portion of

the model, meaning that these stars were stripped at

around the same time and therefore will have similar

metallicities.

Although the trailing points do not quite line up with

the model as well as the leading points do, one can still

see that all of the dots seem to correspond to different

colors of the model along the arm. This means that these

stars were stripped at different times, meaning that we

should see a metallicity gradient where the lowest metal-

licity stars correspond to the oldest tidal debris (cyan)

and the highest metallicity stars correspond to the de-

bris from the most recent (gold) orbits of Sgr around the

MW.

Figure 5. Velocity, distance, and metallicity medians for
our selected Sgr stream stars as a function of position. The
diamond points denote medians for the leading arm, reg-
ular dots denote medians for the trailing arm. Gray dots
are where there were less than 10 stars in the Λ̃� bin. For
comparison, we overplot them on the model from Law and
Majewski (2010) which is color-coded by time the particles
became unbound from the satellite. The gold color corre-
sponds to stars from the two most recent orbits, the magenta
corresponds to stars from the two previous orbits, and cyan
corresponds to the oldest debris. The stars that fall into the
magenta and cyan regions are observed to have lower metal-
licities than those in the gold regions.

Figure 6 shows our metallicity results plotted on top

of the Sgr tidal debris metallicity model from Law and

Majewski (2010). Unlike the model, we do not observe a

gradient in [Fe/H] for the leading arm between 60◦ < Λ̃�
< 170◦. However, we do see a metallicity gradient in the

trailing stream at approximately the same place which

follows the prediction in the model. These observations

coinciding with the model make sense because the older

debris from previous times Sgr has orbited is more metal

poor than that of the more recent orbit.
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Figure 6. Median metallicity in Λ bins, separated into the
leading sample in the top panel and trailing tail sample in
the bottom panel. For comparison, we also plot the median
[Fe/H] values in bins of the same size from the model of Law
and Majewski (2010). Our findings are generally consistent
to the behaviors exhibited in the model.

4. FURTHER ANALYSIS

As previously mentioned, the leading arm has a con-

stant metallicity over the entire range in which we traced

it, while the trailing arm portrays a metallicity gradient

increasing in the direction of the Sgr core. In addition

to using the Law and Majewski (2010) models to make

inferences on when debris was unbound, we also investi-

gated the presence of Sgr’s multiple stellar populations

and what we can learn about its star formation histories.

Figure 7 shows the ratio of α elements to iron [α/Fe]

for all of the Sagittarius candidates individually with

the medians for the leading and trailing tails plotted on

top. This type of plot is made to show the star forma-

tion timescale of a system. In particular, it is sensitive

to the metal enrichment contributions from type 2 su-

pernovae (SNII) which occur from the core-collapse of

massive stars, and type 1a supernovae (SN1a) which oc-

cur from the mass transfer onto a white dwarf in a binary

system. Going from left to right, we see that the rela-

tionship between α and Fe is roughly flat until it reaches

a transition point, called the ”knee”, and then the α

abundance decreases as stars get more metal-rich. The

observed ”knee” in the plot occurs where SN1a super-

novae begin to contribute to the metallicity properties

of the stars (Matteucci and Brocato E 1990, Matteucci

2003). As mentioned in Tolstoy et al. 2009, the ”knee”

Figure 7. Alpha vs. [Fe/H] graph for all selected Sgr can-
didates. Transparent blue points are individual stars and
the orange and purple points are the medians of the Trailing
and Leading arms respectively. Sgr has a relatively metal-
rich knee compared to the other dSph galaxies around the
Milky Way.

typically occurs ∼ 108 to 109 yrs after the first star for-

mation episode. For Sgr, the knee occurs at [Fe/H] ≈
-1.2, which is higher than those for some of the other

measured dwarf spheroidal satellites around the Milky

Way (see Figure 11 of Tolstoy et al. 2009). A feature

that is worth noting is that the [α/Fe] medians of the

leading stream are quite close to each other in the dia-

gram, suggesting that these stars are coeval (i.e. they

formed around the same time). On the other hand, the

medians for the trailing stream are spread throughout

the diagram and reach into the iron-poor region of the

diagram, suggesting that the stars along this part of the

stream formed at different times.

In order to investigate what stellar populations we

were seeing in the stream, we created a histogram of

the metallicities for all of the Sgr stream candidates

and fit it with multiple Gaussians as illustrated in Fig-

ure 8. We fit it with 3 components with the following

[Fe/H] means:-0.79, -1.33, and -1.96. With the infor-

mation given in Figure 1, we see these components seem

to correspond to the intermediate Sgr population (SInt),

the metal-poor Sgr population (Sgr MPP), and the M54

metal-poor population (M54 MPP) regions in the dia-

gram. This tells us that we are in fact seeing members

of these various populations identified in the Sgr core in

our stream sample.

5. CONCLUSIONS AND FUTURE WORK

The Sagittarius dwarf spheroidal galaxy is a Milky

Way satellite that is currently being tidally disrupted.
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Figure 8. Histogram of the metallicity probabilities of all
Sgr candidates with a Gaussian Mixture Model (GMM) plot-
ted on top. The GMM is made up of 3 gaussian components
which we believe correspond to the SInt, Sgr MPP, and (pos-
sibly) M54 MPP populations shown in Figure 1.

Through the study of this disrupted system, we are able

to learn more about the effects that tidal stripping has

had on the evolution of both the disruptor (host galaxy)

and the disruptee (satellite galaxy). We explored the im-

plications of trends observed in the metallicity [Fe/H] as

a function of position Λ̃� along the stream for both the

leading and trailing arms of Sgr. Analysis of these trends

allows for conclusions to be drawn about the orbital and

star formation histories of Sgr, such as when certain de-

bris became unbound from the satellite and the exis-

tence multiple stellar populations within the dSph and

the streams.

For the regions of the leading and trailing streams ex-

amined, we observed a constant [Fe/H] ∼ -1.3 along the

leading stream and a gradient along the trailing stream

which increases in the direction of the progenitor (Sgr

core). After comparison with models of the Sgr tidal
debris, we believe that the gradient is observed because

there is a metallicity gradient within the Sgr dwarf itself

and the fact that tidally disrupted satellites are stripped

from the outside in. The older, more metal-poor stars

are stripped first while the younger, more metal-rich

stars are stripped more recently.

We compared the α abundance of all Sgr candidates

as a function of metallicity [Fe/H] and found that the

”knee” occurs at [Fe/H] ∼ -1.2, which is higher than

that observed in other dSph satellites in orbit around the

Milky Way. We also found that most of the [α/Fe] me-

dians for the leading stream are bunched together while

those for the trailing stream are spread out on the dia-

gram. This leads us to believe that those leading stream

members are coeval and belong to the same stellar pop-

ulation, it is also observed that the members of the lead-

ing stream seem to have been stripped around the same

time according to the Law and Majewski (2010) model

which also supports the notion that they are a part of the

same stellar population given how stars in the dwarf at

similar radii are stripped at the same time. We are also

lead to believe that the trailing stream is comprised of

different stellar populations, this also coincides with the

trailing stream being made up of stars that were stripped

at different times according to the LM10 model.

The gradient observed in the Sgr dwarf is due to the

presence of multiple stellar populations. We see evi-

dence of this by fitting multiple gaussian curves to the

metallicity distribution of all of the selected Sgr stream

candidates which have peaks at different [Fe/H] values.

We find that these values correspond to the SInt, Sgr

MPP, and M54 MPP populations present in the Sgr core

as measured by Siegel et al.(2007), thus confirming that

we selected a stellar sample that once belonged to Sgr.

In the future, we hope to fit the Milky Way halo con-

tribution to each bin of Sgr members in order to further

remove its contamination. We also plan to use high-

resolution spectra for chemical tagging, i.e. identify-

ing Sagittarius stream members based on their chemical

make up, to refine our Sgr sample for use in the process

of recreating the formation history of the Sagittarius

dwarf galaxy.
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