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Fig. 1 Distribution of the Sgr stream members. Left panels: The spatial distribution of
Sgr leading arm and trailing arm in the Galactocentric coordinate system. Milky Way disc plane is
shown by blue line, and its center by a blue dot. The grey dot represents the position of Sgr core
and the grey arrow indicates the direction of its movement. Arrows represent the Sgr stars’ moving
directions and velocity amplitudes, and every star is color-coded according to its metallicity. Right
panel: [Fe/H] — Ly correlation. The red contour and the blue contour represent the distribution of
the leading arm and the trailing arm, respectively. We can see Ly and [Fe/H]| have a correlation in
both the leading arm and the trailing arm.
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Fig. 2 Our simulations revealed the progenitor of Sgr stream. Left panel: The red and
black contours represent the observation data and the mock data of the leading arm. Right panel:
The blue and black contours represent the observation data and the mock data of the trailing arm.
We discuss the distinctions of different models. Only the A-disk model can generate the [Fe/H] — Ly
correlation similar to the observation.
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Fig. 3 Comparison between observation and the fiducial model. Top left: Initial metallicity
profile of Sgr disk in the simulation. The gray dots represent the distance of the stellar particles from
the center of Sgr and their metallicity in the initial condition. The dotted line represents the average
metallicity at each radius. The dashed line and the solid line represent the metallicity gradients of
the progenitor, with their slopes being -0.113 dex/kpc and 0.24 dex/kpc. Top right: Red and blue
points respectively represent the leading and trailing arms in the mock data, with arrows indicating
particle motion directions. The Rsg» encodes the distance between particles and the progenitor’s
center in initial conditions, where a deeper blue or red coloration corresponds to a larger radial
distance. Bottom left: The Red contour and red dots represent the observation data and the black
contour indicates the [F'e/H] — L, correlation of the leading arm in the simulation. Bottom right:
The Blue contour and blue dots represent the observation data, and the black contour indicates the
[Fe/H] — Ly correlation of the trailing arm in the simulation. We can see that the mock data and
the observation data have similar slopes for both the leading arm and the trailing arm.
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Fig. 4 A few dwarf galaxies with clearly A-like radial metallicity distribution from
MaNGA survey. The radial bin values represent the light-weighted average of Z, 1, in concentric
elliptical annuli spaced at 0.2 Re intervals centered on the galaxy’s optical center. The error bars of
radial bins are contributed by the error propagation of each spaxel and the standard deviation within
the elliptical annuli.



1 Method
1.1 Data

In our Sgr samples, we eliminate some stars with relatively large observational errors
and retain the stars satisfying the following conditions: de,r/d < 0.2, Vjpserr <
15 km/s, [Fe/H]err < 0.25 dex. Among the selected samples, 1443 stars are classified
as leading arm and 1187 stars as trailing arm.

Considering that observational data contains errors, we are unable to make a direct
comparison between the observational data and the simulation results. The errors
associated with the [F'e/H|— L, correlations primarily stem from the uncertainties in
line-of-sight velocity(v;,s), distance modulus, and metallicity. In our simulations, the
distance modulus error of stellar particles is approximately 10%, which is comparable
to that in the observational data[l]. The errors in metallicity and vj,s are established
at 0.12 dex and 5 km/s, respectively. Subsequently, we will select the stellar particles
that closely match the position and velocity of the observation data to serve as mock
data from the snapshot. Figure 5 shows the mock data of the fiducial model, and we
can discover a vertical metallicity gradient analogous to the observation.

In Figure 3, we can observe that the mock data of the leading arm and the trailing
arm exhibit slight deviations from the observation in the L, — [Fe/H| space. Using a
static gravitational potential and supposing that Sgr does not ingress into the Milky
Way from a remote position(e.g. virial radius) would cause Sgr not to undergo adequate
dynamical friction in the simulation. Consequently, the distribution range of L, in the
mock data would be smaller than that in the observed data. However, in Figure 3, we
can see that the overall tendency of the mock data is consistent with the observational
data, which suffices to demonstrate that the progenitor galaxy of Sgr is a disk galaxy.

1.2 Simulation details

In this simulation, we use a static Milky Way potential that includes both dark mat-
ter and stellar components. The dark matter halo of the Milky Way is described as
a spherically symmetric Navarro-Frenk-White (NFW) potential[2] with virial mass
Myir = 1 x 102M¢, and scale length ry = 19 kpc. The stellar component comprises
a Miyamoto-Nagai disk (6.8 x 101°M,)) exhibiting scale length R, = 3 kpc and scale
height Ry = 0.28 kpc[3], coupled with an exponentially truncated power-law bulge
characterized by a power-law exponent of —1.8 and a cut-off radius of 1.9 kpc[4].

The current position of Sgr and its line-of-sight velocity in the International Celes-
tial Reference System(ICRS) frame are (ra,dec, D) = (283.76°, —30.48°, 26.0 kpc)
and 7, = 142 km s~ !, and its mean proper motion is po, = —2.7 mas yr— ', us =
—1.35 mas yr—1[5, 6]. Adopting Solar parameters from[7] (X = (8, 0, 0) kpe, V =
(=117, 241.63, 7.67) km s~!), we derive the Galactocentric position and
velocity of the Sgr core as Xg, = (—17.1, 2.46, —6.33) kpc, Vggr =
(—234.53, —22.92, 205.04) km s~!. In our simulation, Sgr will pass through the peri-
center four times. We apply the Gauss-Newton iteration method to find the initial
coordinate of Sgr ~ 3.4 years ago[8, 9].



The disk progenitor is modeled as a composite system containing an exponential
stellar disk and a Hernquist-profile dark matter halo[10], generated using the GalIC
code[11]. Given the [Fe/H|— L, correlation’s primary dependence on progenitor rota-
tion, the bulge component is intentionally omitted. The simulations are conducted
using the Gadget-2 code with 4 x 10° particles[12]. Detailed parameters of the fiducial
model can be found in the Table 1.

Table 1 Parameters of Fiducial Model (3.4

Gyrs ago)

Component Parameter value
DM halo mass,M200(1010°Mg) 2
(Hernquist) concentration 10
Disk mass(108 M) 8
(Exponential)  scale length(kpc) 2.5

scale height(kpc) 0.75

In order to investigate how the various characteristics of the progenitor galaxy
are reflected in the stellar stream, we also simulate with the other models—spheroidal
galaxy and rotating elliptical galaxy, which have the same dark matter halo as the
fiducial model. The detailed parameters of the models’ stellar components are pre-
sented in Table 2. a/c is the stretch factor, and a = b and ¢ are the axes of some
isodensity ellipsoid. A prolate galaxy has a/c < 1, while an oblate galaxy has a/c > 1.
The parameter k,

(v6)? = K[(v3) — o)
, is used to delineate oi. If we assume k to be 0, then this galaxy is a non-rotating
system.

Table 2 Parameters of Spheroidal Model and Rotating Elliptical Model

Galaxy Stellar Mass  Scale length(a)  Stretch(a/c) k
Spheroidal 8 x 108 Mg 1.53 kpc 1
Rotating elliptical 8 x 108 M, 2.29 kpc 2 1

1.3 Disk model

In the disk model, through extensive parameter space exploration, we identify mul-
tiple factors influencing the Sgr stream, including MW potential, LMC, and the Sgr
progenitor. Given the prohibitive computational cost required for exhaustive param-
eter space exploration, we focus on the following key parameters exhibiting dominant
control over [F'e/H]|— L, correlation:(1) spin angular momentum vector, (2) mass and
scale length of the disk, (3) initial metallicity profile.



1.3.1 Spin angular momentum vector(Lpir)

In the Galactocentric rest frame, we generate an initial disk whose Lgpn 0 is in the
positive direction of the z-axis, and then we use the following matrices to rotate it.

10 0 7
Rx(i) = |0 cos(i) —sin(i) (1)
10 sin(i) cos(i) |
[cos(i) —sin(i) 0]

R.(i) = [sin(i) cos(i) O (2)

0 0 1]

For example, if we rotate Lgpin o around the x-axis by an angle of ¢ ~ —80° to
get Lgpin, the orbital angular momentum(Lyp) of Sgr and Lgp:, will be in the same
direction. Our study holds that the included angle between L,., and the positive
direction of the z-axis is & = 80°. We define the angle subtended by Lgpin and Ly, as
0 = arccos[Lorp - Lspin] with a range of 0 to 180 degrees and a free angle as ¢ with a
range of 0 to 360 degrees[13, 14]. L, can be depicted using the following formula:

Lspin = Rx(_a)Rz(¢)Rm (Q)Lspin,o (3)

For 6 and ¢, we conduct 162 simulations with 20-degree increments and determine
the optimal parameters of our fiducial model to be § = 150° and ¢ = 40°. Figure 6
and Figure 7 show the correlation between [Fe/H] and L, with different 6, and we
set ¢ at 0° in these two figures. We establish that 6 exerts significant control over the
emergence of the [Fe/H] — L, correlation. This causal relationship originates from
6 which critically governs the tidal interaction strength during galactic mergers. At
@ — 0°, enhanced tidal stripping produces extended, filamentary streams through
violent disk shocking; Conversely, § — 180° configurations yield thicker streams due to
moderated interaction strength[15]. Our simulations show that a thick and metallicity-
stratified stellar stream aligns more with the current observational data and 6 can be
restricted within the range of 130° to 170°. Although 6 can be constrained relatively
well, we cannot determine the range of ¢ through the [Fe/H]— L,, correlation, as their
relationship in our simulations shows no clear systematic pattern.

1.3.2 Initial metallicity profile

In this section, we test the influence of initial metallicity profile on the [Fe/H| — L,
correlation. Before carrying out the simulation, we take the parameters of the fiducial
model as the initial condition and set the metallicity for each particle of the disk within
a coordinate system where the z-axis is in the same direction as Ly, and the center
is at the center of Sgr progenitor. The metallicity of individual particles conforms to



the subsequent distribution.

Ni(p1,01) comp.1, p1 =max{l —1,/a,0}
Na(p2,02) comp.2, ps =min{l./a,1}

[Fe/H] ~ {

where,

oy — {kl(lz b)—06 (I <b) )
*kQ(lz - b) —0.6 (Zz > b)

Regarding other parameters, we take 3 = —1.3 dex, 01 = 0.12 dex, 02 = 0.1 dex,a =
1.8 [10% km? s !,and b = 2 [10% km? s71]. k; and ko are free parameters. p; and
po represent the probabilities that a stellar particle with an angular momentum of
I, in the progenitor coordinate system follows the Gaussian distribution N; with a
probability of p; and the Gaussian distribution Ny with a probability of ps. From
the simulation results, we discover that ki predominantly influences the trailing arm,
whereas ko mainly affects the leading arm. Figure 8 presents the initial metallicity
profiles and the [Fe/H] — L, correlations in the simulations under different k;. It can
be observed that the trailing arm has two high-density regions. The metal-poor high-
density region is mainly contributed by comp.1l of equation 4. Another high-density
region comes from the stellar particles with high metallicity within a radius of 5 kpc.
Therefore, a small k; would result in an indistinct [Fe/H] — L, correlation. And in
Figure 9, we only vary the value of ko. We find that if kg is too small, the leading
arm in the simulation will lack metal-poor stellar particles. Based on the observation
and simulation data, we constrain that k; must be greater than 0.15, and ke must be
bigger than 0.15 and less than 0.25.

1.3.3 Mass and scale length of Sgr disk

In order to impose better constraints on the disk of Sgr, we examine the influence of
scale length and mass on the [F'e/H]— L, correlation. When we test the impact of the
scale length, the disk models are initialized with scale lengths of 1.5 kpc, 2 kpc, 2.5
kpe, 3 kpe, and 3.5 kpc. In diverse models, a and b determine whether the [Fe/H]— L,
correlation emerges. Therefore, a rational parameter a and b will be selected for each
model, while the other parameters are identical to those in the fiducial model, and
we set k1 = 0.36 and ky = 0.22. Figure 10 indicates that the trailing arm will lack
metal-poor components caused by the smaller disc. Under the same mass, a smaller
disk would lead to a deeper gravitational potential in the central region, making it
more difficult for the central metal-poor particles to escape. Consequently, there will
also be a deficiency of metal-poor stellar particles in its trailing arm.

In the subsequent test, we exclusively adjust the stellar mass, whereas all other
parameters are held constant. From Figure 11, it can be inferred that a greater stellar
mass would also give rise to a deficiency of metal-poor components in the trailing
arm. According to our simulation results, either a significantly short scale length or
an excessively large stellar mass is insufficient to produce a [Fe/H] — L, correlation.
Consequently, we contend that in our simulation, the scale length of the Sgr disk
should exceed 2kpc, and the proportion of stellar mass to total mass should remain
below 0.08.



1.4 Comparison of disk model, spheroidal model and rotating
elliptical model

In this section, we compare the stellar streams generated by the fiducial model and
the other two galaxies. For the spheroidal model and rotating elliptical model, it
is not a preferable option to mark the metallicity of each particle according to [,
like the equation 4. We employ r to substitute for [, in the spheroidal model and,
7= +/R?+ (a/c)?Z? in the rotating elliptical model. These three models all have the
A-like metallicity profile.

To investigate the causes of the [F'e/H|— L, correlation, we analyze all the particles
of three models within the observation area and do not add errors to the simulated
data. Figure 12 presents the distributions of leading arms and trailing arms in the
[Fe/H) — L, space produced by various models, and the color of each point represents
the average stripped time of the particles in this bin.

From the disk model in Figure 12, we can discover that the [Fe/H]|— L, correlation
is composed of stellar particles that were stripped from different periods, and stellar
particles characterized by distinct stripped times have different angular momenta and
metallicity. However, in the spheroidal model, this distinction of angular momentum
and metallicity is not obvious, attributed to low rotating velocity and large velocity
dispersion of progenitor. From the spheroidal model to the rotating elliptical model
and then to the disk model, the [Fe/H] — L, correlation becomes progressively more
pronounced, suggesting that the Sgr progenitor might have been a galaxy mainly
supported by rotation.

1.5 Searching dwarf galaxies with A-like metallicity profile
from MalNGA survey

The Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) is one of the
state-of-art widely used galaxy surveys[16], which provides spatially resolved spectra
that includes both the kinematics and chemical information of galaxies. The pipe3D
pipeline perform a continuum segmentation binning method to produce higher-S/N
average spectra[17], which have been used to analyze stellar population for more than
10,000 galaxies in the MaNGA survey[18]. We made use of the spatially resolved stellar
population information from pipe3D value added catalogues to search dwarf galaxies
with A-like metallicity distribution. The dwarf galaxies here refer to galaxies with
logarithmic stellar mass log(M/Mg) less than 9.5. Based on this, we utilised dwarf
galaxies from MaNGA survey with stellar mass less than or equal to 9.5 —log(2) within
the petrosian r-band effective radius R,, simply assuming that the mass-to-light ratios
of these galaxies are constant from the inside to the outside. In addition, to ensure the
observed field of view (FoV) can cover most area of galaxies, we only utilised dwarf
galaxies with the diagonal radius of the integral field unit (IFU) cube larger than or
equal to 2R, (FoV > 2R.). Moreover, we only used the observation of 91 and 127
fibers to ensure sufficient data points for the sample. After these steps, we finally got
a sample of 217 dwarf galaxies.



Among this sample, we used the spatial resolved light-weighted Z, 1, map of each
dwarf galaxy to calculate the radial metallicity distribution. We only select galax-
ies with A-like distribution peaks between 0.5R. and 1.5R.. In addition, we tend to
exclude edge-on dwarf galaxies, because they have less IFU spaxels at the same stel-
lar mass, and their A-like metallicity distributions are more difficult to confirm. We
excluded some plausible samples, and finally selected three dwarf galaxies with clearly
A-like metallicity distribution by visual inspection and as shown in Figure 4.

Data availability

Most of the Sagittarius members used in this paper are publicly available
from https://cdsarc.cds.unistra.fr/viz-bin/cat/J/ApJ/886/154. The catalogue used
in this paper is hosted at https://zenodo.org/uploads/15493288. The data of
pipe3D value-added catalogues of MaNGA survey used for this study are publicly
available at https://data.sdss.org/datamodel/files/ MANGA _PIPE3D/MANGADRP_
VER/PIPE3D_VER/SDSS17Pipe3D.html

Code availability

The GADGET code for N-body simulation is available at https://wwwmpa.
mpa-garching.mpg.de/galform/gadget/. The GALIC code for the construction of N-
body galaxy models in collisionless equilibrium is available at https://wwwmpa.
mpa-garching.mpg.de/~volker/galic/.
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Fig. 11 The influence of mass on stellar stream. M. denotes the stellar mass of the Sgr model.
The first row presents how the leading arm in the simulation varies with the initial mass of the disk
within the space of [Fe/H] and L, and the second row shows how the mock data of the trailing arm
varies with the initial mass.
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Fig. 12 Comparison of disk model, spheroidal model and rotating elliptical model. Top
row: distribution of the leading arm generated by three models in the [Fe/H]-L, space. The disk
model adopts our fiducial model. Bottom row: the [Fe/H]| — L, correlation of the traling arms.
Each hexagonal bin represents the mean value of all data points within its corresponding region, and
color represents the stripped time when the stellar particle left its progenitor. A larger stripped time

indicates that the star is stripped earlier.
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