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ABSTRACT

Stellar streams record the accretion history of their host galaxy. We present a set of simulated streams
from disrupted dwarf galaxies in 13 cosmological simulations of Milky Way (MW)-mass galaxies from
the FIRE-2 suite at z = 0, including 7 isolated Milky Way-mass systems and 6 hosts resembling the
MW-M31 pair (full dataset at: https://flathub.flatironinstitute.org/sapfire). In total, we identify 106
simulated stellar streams, with no significant differences in the number of streams and masses of their
progenitors between the isolated and paired environments. We resolve simulated streams with stellar
masses ranging from ~ 5 x 10% up to ~ 10° M, similar to the mass range between the Orphan and
Sagittarius streams in the MW. We confirm that present-day simulated satellite galaxies are good
proxies for stellar stream progenitors, with similar properties including their stellar mass function,
velocity dispersion, [Fe/H| and [a/H] evolution tracks, and orbital distribution with respect to the
galactic disk plane. Each progenitor’s lifetime is marked by several important timescales: its infall,
star-formation quenching, and stream-formation times. We show that the ordering of these timescales
is different between progenitors with stellar masses higher and lower than ~ 2 x 106M. Finally, we
show that the main factor controlling the rate of phase-mixing, and therefore fading, of tidal streams
from satellite galaxies in MW-mass hosts is non-adiabatic evolution of the host potential. Other factors
commonly used to predict phase-mixing timescales, such as progenitor mass and orbital circularity,
show virtually no correlation with the number of dynamical times required for a stream to become

phase-mixed.

Keywords: stellar stream, tidal stream, cosmological simulations

1. INTRODUCTION

Cosmological simulations predict that galaxies on the
scale similar to the Milky Way (MW) contain signifi-
cant number of gravitationally bound halos within their
vicinity. However, the mass profiles and distribution of
these halos are dependent on the detailed properties of
the underlying dark matter model, especially its tem-
perature. The scales where the primodial matter power
spectrum is suppressed set the lower limit on their mass.

In the cold dark matter (CDM) model, structures are
formed in a hierarchical fashion. Small halos that are
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bound under gravitational influence of more massive ha-
los, so called subhalos, merge to form smoother and
more massive halos through tidal disruptions. CDM
models, such as the weakly interacting massive parti-
cle (WIMP), suggest the halo lower mass limit as low as
10~ Mg (Bringmann 2009; Cornell et al. 2013). How-
ever, low-mass subhalos have little to no stellar con-
tent, rendering direct detections ineffective. Determin-
ing whether these dark subhalos exist, hence, serves as
an important test to the CDM. The non-existence of
these dark subhalos would favor alternative models of
dark matter where there is a suppression in the pri-
modial matter power spectrum at the scales of the classi-
cal dwarf galaxies, such as the warm dark matter, which
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predicts fewer low-mass subhalos (e.g. Knebe et al.
(2003))

Long cold stellar streams, which are tidally disrupted
dwarf galaxies or globular clusters, can be used to detect
subhalos in the MW. The stream is sensitive to heating
by repeated encounters with low-mass (~ 10°M) dark
subhalos (Ibata et al. 2002; Carlberg 2012, 2013; Erkal
et al. 2016). Simple simulations of the interaction of
such streams with a subhalo even of mass < 107 Mg
shows that it creates a discontinuity in the stream’s or-
bital energy distribution, which will later evolve into a
gap or fluctuation in surface density of stars along the
stream (Yoon et al. 2011). Numerous cold streams have
been observed in the Milky Way of which some, such as
GD-1 and Pal 5, exhibit features that could be due to in-
teractions with subhalos (Bonaca et al. 2014, 2019; Carl-
berg et al. 2012; Ibata et al. 2016; Bernard et al. 2016).
These gaps, if really produced by stream-subhalo inter-
action, can possibly be modeled to estimate individual
masses and mass profile of the interacting subhalo.

Formulating a robust stream-subhalo interaction
model requires understanding dynamics of individual
stars along the stream as well as dynamics of the entire
stream within the main galaxy. These properties are di-
rectly related to the progenitor of each stream such as
its initial mass, concentration, velocity dispersion and
orbit. Many of these either have been assumed (such
as inferring mass of the progenitor from velocity disper-
sion of the stream) or have only been studied in DM-only
simulations.

In this paper, we study the physical and dynami-
cal properties of stellar streams and their dwarf galaxy
progenitors in MW-like galaxies in a suite of fully
cosmological-hydrodynamical simulations. Section 2 de-
scribes this suite, the FIRE-2 hydrodynamical simula-
tions. Section 3 presents the criteria used to distinguish
stellar streams from bound satellites and phase-mixed
accreted structures in these simulations at the present
day. In Section 4 we present the properties of the pro-
genitor galaxies that form these streams. In Section 5
we examine the orbital characteristics of the progenitors
as they form streams. In Section 6 we look at the time-
evolution of the velocity dispersion in the streams and
evaluate its usefulness as an indicator of the progenitor
mass and/or the age of the stream. In Section 7 we
discuss how the stellar stream progenitors compare to
satellite galaxies in the simulations that are still bound
at the present day, and how they compare to observed
satellite galaxies in the MW and M31. Section 8 sum-
marizes our findings.

2. SIMULATIONS

For this work, we use cosmological zoom-in bary-
onic simulations of MW-mass galaxies from the Feed-

back In Realistic Environments (FIRE) project'. These
simulations are run with Gizmo (Hopkins 2015), which
uses an optimized TREE+PM gravity solver and a
Lagrangian mesh-free, finite-mass method for accu-
rate hydrodynamics. Star formation and stellar feed-
back are implemented using the state-of-the-art FIRE-
2 physics model (Hopkins et al. 2018), which adopts
a “bottom-up” approach for modeling the dense multi-
phase inter-stellar medium in galaxies and mono-age,
mono-abundance stellar populations, and takes stellar
feedback parameters directly from stellar evolution mod-
els like STARBURST99 (Leitherer et al. 1999).

The FIRE-2 simulations produce MW-mass galaxies
with many properties that are broadly consistent with
observations of the MW, including: MW-like thin stellar
disks with transient bars and spiral structure (Ma et al.
2017; Hopkins et al. 2018; Debattista et al. 2018; Sander-
son et al. 2018), a realistic distribution of massive GMCs
(Guszejnov et al. 2020; Benincasa et al. 2020), stellar
halos from disrupted satellite galaxies (Sanderson et al.
2017), and realistic populations of surviving satellite
dwarf galaxies that do not suffer from the “missing satel-
lites” or “too-big-to-fail” problems (Wetzel et al. 2016a,
Garrison-Kimmel et al. 2018a, Samuel et al. 2019). Part
of the reason why satellite dwarf galaxies in FIRE-2 sim-
ulations agree well with observations of the MW (and
M31) is that these simulations self-consistently form a
massive central MW-like galaxy, which efficiently de-
stroys satellite galaxies and low-mass subhalos that or-
bit within the inner ~ 30 kpc via gravitational tidal
forces (Garrison-Kimmel et al. 2017). The tidal de-
struction leads to satellite radial distributions that agree
with MW and M31, especially in the inner ~ 150 kpc of
the halo, as well as reasonably accurate planes of satel-
lite dwarf galaxies for some of the hosts (Samuel et al.
2020b,a). The consistency of the phase-space volumes
and orbits of the present-day satellites with observa-
tions, as well as the overall consistency of the stellar
halo masses with observations, together support our ex-
pectation that a realistic population of streams should
be created from tidally disrupted “building blocks” that
are sufficiently resolved by the simulations. However,
because of the particle resolution, stellar streams from
globular clusters do not natively form in our simulations.
In §4.5, we also explicitly compare these building blocks
with the present day simulated satellites to determine
whether this expectation is reasonable.

In this paper we study the tidal streams from
dwarf galaxy progenitors around 13 MW-mass halos:
7 individual MW-mass halos and 3 Local-Group-like
MW+M31 pairs. The isolated hosts are from the Latte
suite, first presented in Wetzel et al. (2016b), while the
paired hosts are from the ELVIS on FIRE suite, first pre-
sented in Garrison-Kimmel et al. (2019). All halos were

L See the project website at: http://fire.northwestern.edu
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simulated in ACDM cosmology at particle mass resolu-
tion of 3500-7100 M and spatial resolution of 1-4 pc for
star/gas particles; 18,000-35,000 Mg and 40 pc for DM
particles. Fach simulation stores 600 snapshots from
z = 99 to 0, providing post-processing time resolution
of ~ 20 Myr—about 20 snapshots per orbit at 10 kpc,
and more at larger galactocentric distances—allowing us
to carry out dynamical analysis of the streams by post-
processing.

The resolution of this suite of simulations allows both
luminous and dark subhalos to be resolved well even near
each MW-like galaxy, and follows the formation of tidal
streams from dwarf galaxies down to slightly below the
mass of the MW’s “classical“ dSphs: around 108 M,
in total mass or 10° Mg in stellar mass (at z = 0).
We will discuss the effects of resolution on our results
throughout the paper. For now we note that given the
steep mass function of stellar halo building blocks, this
lower limit in stellar mass for resolved building blocks
corresponds to more than 99% of the total accreted mass
in the stellar halo for a given simulation (Deason et al.
2015; Santistevan et al. 2020a).

The dark matter particles in each snapshot of
the finished simulations are processed with Rockstar
(Behroozi et al. 2013a) to produce halo catalogs.
These are connected in time using consistent-trees
(Behroozi et al. 2013b) to form a merger tree. Once
the merger tree is constructed, we make a preliminary
assignment of star particles to each halo and subhalo
identified by Rockstar in each snapshot, by selecting
star particles within the halo’s virial radius and within
twice the halo circular velocity relative to the halo’s cen-
ter. This is a conservative criterion that excludes nearly
all stream stars; we use it as a starting point for collect-
ing the full stellar distribution as described in §3.1. The
post-processing is done using gizmo_analysis (Wetzel
& Garrison-Kimmel 2020a) and halo_analysis (Wetzel
& Garrison-Kimmel 2020Db)

3. SELECTING STELLAR STREAMS IN THE
SIMULATIONS

We select stream-like objects in each cosmological sim-
ulation using a standardized set of criteria. This sec-
tion explains the steps that were taken to identify these
streams, and their progenitors, for further study.

3.1. Stream Candidate Identification

We select candidates with non-zero stellar mass that
were self-bound objects at some point in the past (and
may or may not be bound at present day). Since it
takes several dynamical times for a bound satellite to
turn into a stream, we select structures that are bound
at any time 2.7-6.5 Gyr ago (corresponding to z ~ 0.25—
0.75) and whose star particles are within the virial radius
of the main galaxy at present day. We keep track of
each selected object within this time range to eliminate
duplicates. Extending the time window to earlier times,

and increasing the tracking radius to larger than the
present-day virial radius of the main galaxy, does not
increase the total number of coherent streams. As we
will show in §4.4, most satellite galaxies the are phase-
mixed at present day become unbound before z ~ 0.75,
given that the underlying potential of the main galaxy
in most simulations is still changing non-adiabatically
up until this point (see also Santistevan et al. 2020b).
Moreover, at earlier times, there is not necessarily an
unambiguous single host galaxy, so whether an object is
accreted is not well-defined.

We track each substructure selected in this man-
ner back in time to its formation, and forward to the
point where it has merged with the main galaxy (or
to the present day for objects that remain partially
self-bound). We discard massive subhalos that con-
tain more star particles than our upper-limit thresh-
old stated in §3.2. A subhalo is considered “merged”
when consistent-trees no longer continuously tracks
its center. Since the code allows for individual subhalos
to be intermittently missed by the halo finder, assign-
ing a provisional placeholder or “phantom halo” to keep
track of its expected position, this effectively means that
Rockstar, a 6-D phase-space finder, must be unable to
find the subhalo in > 3 consecutive snapshots. This
is important for our study since halo finders often lose
track of subhalos for a snapshot or two at pericenter; by
bridging these gaps we can continue tracing the orbits of
stream progenitors until a fairly advanced stage of tidal
stripping.

To collect all the star particles that ever belonged
to a given building block, we first determine the time
in which the bound satellite obtains maximum stellar
mass. We collect all star particles that were assigned to
the same subhalo by our preliminary tracking (see §2)
in any snapshot in a 200-Myr window around this time.
This allows us to recover nearly all star particles associ-
ated with the subhalo, including those that may only be
marginally bound. These star particles are then tracked
up until present day to determine their current posi-
tions. We carry out this procedure for all the stream
candidates identified in each MW-mass host galaxy in
the 7 isolated and 3 paired systems in our suite for a
total of 13 hosts. This process governs ~ 15 — 75% of
the accreted stellar halo since the time when the mass
ratio of the main halo to the second most massive halo
is 3:1. This wide range corresponds to a diverse accre-
tion history among our simulations (Santistevan et al.

2020a).

3.2. Stream Candidate Classification

We use the following three criteria to determine
whether star particles assigned to each accreted satel-
lite galaxy in the previous section form a stellar stream
at present day:
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Figure 1. Local velocity dispersions of stream candidates that meet criteria (i) and (ii) of §3.2. The marker is the median

value and the error bar spans the 16" to 83™ percentiles of particles across the stream. The orange points are identified by eye

as phase-mixed, while the blue points are identified by eye as streams. The gray points are all of the stream candidates from

other simulations. Stream candidates above the local velocity dispersion threshold determined by the SVM (black dashed line)

are classified as phase-mixed. The green vertical line marks the transition between using 7 nearest neighbors (to the left) and

using 20 nearest neighbors (to the right) to estimate local velocity

dispersions.
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Figure 2. Example objects, showing satellite galaxy (left, m12i), phase-mixed (middle, m12b) and stream (right, m12b) structures

as determined by the criteria listed in §3.2. The satellite fails criterion (ii) (on the distance between star particles), while the

phase-mixed object fails criterion (iii) (on the local velocity dispersion). Note the that distance spread of this particular satellite

galaxy is ~ 96 kpc, which is less than the distance threshold of 120 kpc in criterion (ii).

1. Number of star particles. The minimum num-
ber of star particles is greater than 120 and the
maximum number of star particles is less than 10°.

. Distance between star particles. The maxi-
mum value of the pairwise separation between any
two star particles in the group is greater than 120
kpc.

. Local velocity dispersion. The median of the
local velocity dispersion of star particles, (o), and
the total stellar mass of the object, M,, satisfies
Equation 2.

We impose a lower bound on the number of star parti-
cles to ensure that all selected streams have enough star
particles to be at least marginally resolved in the simu-
lations. In the isolated simulations, since each evolved
star particle has typical mass of ~ 5000M g, the streams
and their progenitors have a lower mass limit of around
108Mg. This lower bound limits our study to simulated
streams from dwarf galaxies at slightly above the mass
of a classical dwarf satellite in the Milky Way. Stel-
lar streams from globular clusters do not natively form
in our simulations. An upper bound on the number
of star particles is imposed to rule out objects that are
even more massive than the Sagittarius stream, the most
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massive coherent stream known to exist in the real MW.
The star particle mass resolution is slightly better in the
paired simulation with each evolved star particle having
a mass of ~ 3000My. This essentially decreases the
lower mass limit that we can probe by half, compared
to the isolated simulations. The upper bound on the
number of star particles limits the stellar masses of the
objects to < 10°M, similar to the stellar mass of the
most massive streams such as Sagittarius. This is to
ensure that we limit to objects that are minor mergers.

Requiring a large maximum separation between star
particles serves to eliminate dwarf galaxies that are still
bound at present day. Bound satellite galaxies are com-
pact in both position and velocity, hence, their maxi-
mum pairwise distances are small. The distance separa-
tion threshold of 120 kpc is comparable to the size of the
main galaxy’s halo, which is much larger than character-
istic sizes of bound dwarf galaxies. This criterion selects
streams that have wrapped at least partway around the
host galaxy by the present day, and is especially robust
at eliminating dwarf galaxies that are slightly tidally de-
formed but without prominent tails. If we were to relax
the distance separation threshold to 90 kpc, we would
have let in 9 more objects across all simulations. We
have checked by eye that most of these additional ob-
jects are bound dwarf galaxies that are slightly tidally
deformed. Only one object looks like a coherent stream
with a relatively small orbital diameter of ~ 100 kpc,
hence, evading our original separation threshold. 1-2
additional streams with small orbital radii that we might
obtain from lowering the distance separation threshold
would not change any conclusions in this manuscript.

The purpose of the local velocity dispersion cut is
to eliminate candidate streams that are phase-mixed,
which happens at a later stage as a stream is fully ab-
sorbed by the main galaxy. Specifically, we refer to
structures for which the coarse-grained phase-space dis-
tribution defined by the star particles associated with
a particular stream is phase-mixed (i.e. approaches
the overall phase-space distribution in the host halo).
This criterion is thus resolution-dependent, as we dis-
cuss later in this section. Most known streams in the
Milky Way and other galaxies are not phase-mixed, since
phase-mixed objects are unlikely to be discovered and la-
beled outside of the local volume where 6 dimensional
data (positions and velocities) are available. A few ex-
ceptions discovered in the Solar neighborhood using such
data, such as the Helmi stream (Helmi et al. 1999) and
the Gaia Enceladus stream (Helmi et al. 2018; Belokurov
et al. 2018), are thought to be phase-mixed.

In our simulations, phase-mixed objects can be effec-
tively ruled out by considering the median of the local
velocity dispersion for all star particles along each candi-
date stream. The local velocity dispersion is computed
using nearest neighbors in phase space around each star
particle, not neighbors in real space where star parti-
cles in different orbital phases might be selected if the

stream has multiple wraps. When the nearest neigh-
bor star particles in phase space are no longer neighbors
in orbital phase, the velocity dispersion should increase
sharply and we can consider the stream phase-mixed for
our purposes. The phase space distance between the it
particle and the selected particle is defined to be the
Mahlanobis distance

7. — a2 7 — n )2
di=¢ GoTl GERE

where &; is the position of the i** particle, ¥; is the ve-
locity of the i*" particle, and o, and o, are the standard
deviations of positions and velocities of all star particles
in the stream. d; is thus a unitless quantity. The near-
est neighbors to a given star, used to calculate its local
velocity dispersion, are the stars with the 20 smallest d;
for stream candidates with more than 300 star particles,
and the 7 smallest d; otherwise. The local velocity dis-
persion is defined to be the velocity dispersion among
these nearest neighbors.

Among the candidates that pass the number of star
and the pairwise distance criterion, we identify phase-
mixed candidates by eye in 4 of our 7 isolated simu-
lations: m12i, m12f, m12m and m12c to calibrate this
criterion. We compute the local velocity dispersion for
all star particles in each candidate stream, estimating
the values at 16", 50" and 83"¢ percentile. Figure 1
shows these values for each candidate in all 4 simula-
tions with respect to their total stellar mass. The marker
represents the median value. The error bars represent
the 16" and 83"¢ percentile. Phase-mixed candidates
are shown in orange, while non-phase-mixed candidates
are shown in blue. The phase-mixed candidates have
systematically higher median local velocity dispersions
compared to the non-phase-mixed ones. We use a linear
kernel Support Vector Machine (SVM), implemented in
the scikit-learn package, to determine the best line
that separates the two groups (Cortes & Vapnik 1995;
Pedregosa et al. 2011). The algorithm finds that the hy-
perplane that maximizes the width of the gap between
the two groups is

M,
(o) = —5.281og < ) + 53.55, (2)
Mg

where (o) is the median of the local velocity dispersion
and M, is the total stellar mass. Candidates that lie
above this line are considered phase-mixed. The local
velocity dispersion cut is stellar mass dependent since
lower mass candidates have fewer star particles which
result in higher estimated local velocity dispersion. This
is shown by the negative slope of the cut, and is a re-
flection of the resolution dependence of this criterion.
However, the resolution dependence is quite weak, as
shown by the very shallow slope of the cutoff with stel-
lar mass. In particular, it can still be applied to the
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paired simulations we analyze, which have mass resolu-
tion about twice that of the isolated simulations (3500
versus 7100 Mg). We confirm by eye that the stream
candidates in the paired simulations that lie above the
threshold are phase-mixed or borderline phase-mixing.

Table 1 shows the number of streams that pass all
three criteria for phase-coherent tidal streams in each
simulation, along with the main halo’s total mass, stel-
lar mass, and virial radius. There are more streams in
the paired simulations because of their better particle
resolution. The number of streams in both sets of simu-
lations are comparable if we only consider streams in the
paired simulations that are more massive than the lower
mass limit of the unpaired simulations at ~ 10°M,.
Example of objects that are classified by our criteria as
satellite, stream, and phase-mixed are shown in Figure
2. To summarize our classification process: all objects
that we consider pass criterion (i) (on the number of star
particles). Satellites fail criterion (ii) (on the distance
between star particles). Phase-mixed objects pass cri-
terion (ii), but fail criterion (iii) (on the local velocity
dispersion). Streams pass all the criteria. These impor-
tant definitions are also summarized in Table 2.

3.3. Selecting Recent/First Infall Satellites

Since we only search for self-bound objects within the
host halo’s virial radius between 2.7-6.5 Gyr ago when
we look for present-day coherent streams, our sample of
satellite dwarf galaxies are incomplete, potentially miss-
ing some satellites that fell in more recently. To include
these recent infall satellites, we first identify self-bound
objects with star particles within the each host’s virial
radius at z=0. These luminous bound objects are then
compared to our set of previously identified satellites
and streams (with still visible bound part at z = 0). All
phase-mixed objects no longer have identifiable bound
parts. We select out extra, non-overlapping objects as
recent infall satellites. We follow steps in §3.1 to collect
most star particles that once belong to these additional
satellites. 34 additional recent infall satellites are iden-
tified across all of the simulations.

4. PROPERTIES OF STELLAR STREAM
PROGENITORS

Here we summarize the properties and statistics of
the progenitors of all the streams that were selected as
described in Section 3. These dwarf-galaxy progenitors
of present-day (z = 0) tidal streams are characterized at
the time when they have maximum stellar mass, unless
otherwise stated.

4.1. Mass Function

The total and stellar mass functions of stream pro-
genitors and satellites are alike, which show that there

sim name magom[Me]  7200m [kpC] N
m12i 1.18 x 10*2 336 9
m12f 1.71 x 10'2 380 8
m12m 1.58 x 10'2 371 8
ml2¢c 1.35 x 102 351 7
m12b 1.43 x 10*2 358 8
m12r 1.10 x 10*2 321 3
ml2w 1.08 x 10*2 319 3
Romeo 1.32 x 10'2 341 13[10]
Juliet 1.10 x 10'2 321 12[6)
Romulus  2.08 x 10'2 406 9[6)
Remus 1.22 x 10'2 339 8[5]
Thelma ~ 1.43 x 10'2 358 10[9]
Louise 1.15 x 10'2 333 8[8]

Table 1. Total mass (m200m, DM—i—star—i—gas),
virial radius (r20om) and number of stellar
streams that pass all the criteria for phase-
coherent tidal stream for each simulated Milky
Way-like galaxies. The numbers in the square
brackets are the effective numbers of stellar
streams in the paired galaxy simulations that
have mass greater than the lower bound mass we
set for the unpaired simulations. Here, the to-
tal mass refers to the total mass enclosed within
7200m, & radius containing 200 times the mean
background matter density.

stream progenitor

401 satellite
5 307
=)
=
3 207

10+

04— — 71—

7 9 10 11
lOg (Mt()t/MQ)

Figure 3. Total mass functions for satellite dwarf galaxies
(green) and for stellar stream progenitors (blue), cumulative
across all simulations. The total mass is evaluated at the
peak stellar mass timescale of each satellite and progenitor.

is essentially no preferred range in total mass or stellar
mass for which satellite galaxies are more likely to turn
into stellar streams. Figure 3 compares the total mass
(stars, gas, and DM) distribution of the stream progen-
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Table 2. Important Definitions

Stream Candidate Identification (refer to §3.1)

Stream candidate

An object that is bound between 2.7-6.5 Gyr ago and is within present day’s

virial radius of the host.

Candidate Classification (refer to §3.2)

Satellite

Phase-mixed object

A candidate that has between 120-10° star particles at present day, but has maximum
pairwise distances between star particles less than 120 kpc.
A candidate that has between 120-10° star particles at present day, has maximum

pairwise distances between star particles greater than 120 kpc, and has median local

velocity dispersion greater than Equation 2.

Stream A candidate that has between 120-10° star particles at present day, has maximum

pairwise distances between star particles greater than 120 kpc, and has median local

velocity dispersion less than Equation 2.

Timescales
Tfnfau First infall look-back time, measured at the first virial radius crossing.
Tij;l fall Last infall look-back time, measured at the last virial radius crossing.
Tstream Stream-formation look-back time, measured when the stellar part of the progenitor starts to
become unbound (refer to §4.2). This is also the age of each stream/phase-mixed object.
Tpeak Peak stellar mass look-back time, measured when the bound part of the progenitor contains

peak stellar mass throughout its evolution.

NoTE—For objects that only cross the virial radius once, Tiinfall =

2.0 r3.0
stream progenitor |
satellite r2.5

1.5
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Figure 4. Stellar mass functions for satellite dwarf galaxies
(green) and for stellar stream progenitors (blue). These are
cumulative across all simulations, normalized by the total
number of hosts; hence, (count) represents the average num-
ber of objects per host in any given stellar mass bin. The
stellar mass is evaluated at the peak stellar mass timescale
of each satellite and progenitor. The ratio of the progenitor
to satellite galaxy is shown by the dashed line (red).

itors (blue) with the total mass distribution for satel-
lite galaxies (green), both of which are evaluated at the
peak stellar mass timescale of each object. These dis-
tributions are cumulative across all simulations. Both

f
Tinfall’

distributions show similar features. The majority of
the stream progenitors and satellites have total mass
of ~ 10° — 10'°M,. However, note that these total
mass distributions are localized and do not span the en-
tire mass spectrum. This is primarily due to the lower
bound and upper bound we set on the number of star
particles in the object that we track.

Figure 4 is similar to Figure 3, but shows the distribu-
tion of stellar mass, evaluated at the peak stellar mass
timescale of each object, instead of total mass and is only
plotted over the span of stellar mass range that we have
completed sample which corresponds to our criterion (ii)
for the number of star particles. The stellar mass func-
tion of the stream progenitors is shown in blue, while
the stellar mass function of satellites is shown in green.
Both distributions have the most objects at low stellar
mass, and the number decreases at higher stellar masses.
The ratio of the number of stream progenitor to satel-
lite at each stellar mass bin is shown by the dashed line
(red). At stellar mass ~ 107> M, there are comparable
number of stream progenitors and satellites. There are
more satellite galaxies at higher stellar mass (ratio < 1),
while there are more stream progenitors at lower stellar
mass (ratio > 1). The decrease in the relative numbers
of stream progenitors to satellites at high stellar mass
can be attributed to the shorter dynamical lifetimes for
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massive streams due to experiencing higher dynamical
friction.

4.2. Infall and Stream-formation Timescales

The infall and formation times of stellar streams are
crucial in modeling and understanding the origin of real
observed streams. In this work, we define the infall
time, Tinfan, as the time before present day that each
progenitor crosses the virial radius of the main galaxy.
The virial radius of the main galaxy is determined in-
dependently for each snapshot in each simulation, and
increases monotonically with time. We find that about
half of stream progenitors cross the virial radius multi-
ple times before complete disruption. In these cases, we
distinguish between i ..., first infall, and Ti{lfan, final
infall. For systems with a single virial radius crossing,
Tinfall = Tintal = Tinfall

The stream-formation time, Tstream, refers to the time
when the stellar part of the dwarf galaxy progenitor
starts to become unbound, and star particles that once
belonged to the progenitor start to stretch out along the
orbit. In this paper, we use the terms “stream-formation
time” and “formation time” interchangeably. We deter-
mine Tggream Dy computing the moment-of-inertia tensor
for the progenitor, I;;:

N
Ly = — Z MpTinTjn, (3)
n=1
for ¢ # j and,
N
L, = Z mpy, (mgn + x%n) ) (4)
n=1
N
Iz = Z My (xin + x%,n) ’ (5)
n=1
N
I3z = Z My ("I"%,n + x%,n) ) (6)
n=1

for ¢« = j, where ¢,7 = 1,2,3 and N is the total number
of star particles in each progenitor. x; , is the position
of the n" star particle along the i*" direction, and m,,
is the mass of the n*" star particle.

We compute the three eigenvalues A of I;; and deter-
mine the maximum (\,4,) and minimum (An,;,) val-
ues. The ratio A\paz/Amin generally starts near 1 (while
the object is self-bound), dips slightly during tidal com-
pression, increases sharply as tidal disruption begins
and eventually approaches 1 again as the stream wraps
around the galaxy. A typical evolution of the eigenvalue
ratio for an example stream progenitor is shown in Fig-
ure 5. The local minimum just before the maximum of
Amaz/Amin 18 defined as Tggream. We limit the search
for Tstream tO times after the first crossing of the virial

radius of the main galaxy, in order to ensure that the
elongation is due to interaction with the main galaxy
and not early assembly of the progenitor.

The top panel of Figure 6 shows histograms of the first
infall look-back time 77 ..\, (solid red), stream-formation
look-back time Tgtream (dashed black) and peak stellar
mass look-back time (dotted blue) of stellar stream pro-
genitors, while the bottom panel shows the virial radius
of each main galaxy over the same timescale. Many
stream progenitors fall into the main galaxy relatively
early on: over 6 Gyr ago, when the virial radii of the
main galaxies are approximately half of their present
day values. However, most streams do not form as soon
as their progenitors fall into the main galaxy, as shown
by the significant shift between the two distributions.
In some cases, it can take several Gyr before the pro-
genitor is tidally disrupted, depending on its orbit. The
stellar streams that have formed most recently are all ei-
ther in very radial orbits or still have visible self-bound
parts. Lastly, the distribution for the peak stellar mass
timescale is also slightly shifted from both the infall and
stream-formation timescales.

Our method of estimating the stream-formation time
for each progenitor is purely geometrical; it does not
use any dynamical information for each star particle.
This strategy is intended to mimic observational iden-
tification of streams in large surveys, which generally
uses only positional information. However, one draw-
back of our method is that it cannot reliably determine
Tstream for members of an infalling group whose con-
stituent objects are not fully merged after the first in-
fall. Stream-formation times for such objects, which can
tidally disrupt each other prior to infall into the host
galaxy, are somewhat ambiguous. Out of the total of
106 streams, there are 13 objects that we mask as group
infalls (roughly one per host). Table 2 contains defini-
tions of these important timescales.

4.3. Ordering of infall, quenching, and stream
formation timescales

Figure 7 shows the assembly history of present day
dwarf galaxies, stellar streams and phase-mixed objects,
identified by the selection criteria in §3.2, into the stel-
lar halo of the isolated simulation m12i. This history
is typical of our simulated systems without a relatively
recent major merger. Phase-mixed components (orange
lines) exclusively fall in very early and are all completely
disrupted by 5 Gyr ago, while present-day dwarf satel-
lite galaxies all have their last crossing of the virial ra-
dius after this time. The streams, meanwhile, probe
basically the entire lifetime of the galaxy. Many of the
more recently disrupted streams, as well as several of
the satellite galaxies, have experienced multiple virial
radius crossings, suggesting that their orbits could po-
tentially be influenced by the local environment beyond
the virial radius, especially in the paired environment.
The transfer of an object from one host to the other does
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Figure 5. A typical evolution of the ratio of the maximum to minimum eigenvalue (Amaaz/Amin) of a stream progenitor’s

moment-of-inertia tensor as a function of look-back time. The graph shown is for an example stream progenitor from m12i. The

red vertical line marks the global peak of the entire evolution. The blue vertical line marks the first local minimum just before

the global peak and is the timescale that characterizes the stream-formation look-back time (Tgtream) for this example stream

progenitor. The two panels show 2-D projections of the progenitor at these two timescales.

happen in the paired simulations, although they are not
common (~1-2 objects per simulation). The dynamical
properties of stream progenitors in the paired simula-
tions are largely only confined within each host, similar
to the isolated simulations.

The standard picture of hierarchical assembly in galac-
tic stellar halos includes an implicit ordering of several
important timescales in the life of each progenitor of
a stellar stream. In this picture, each satellite galaxy
crosses the virial radius of the host at 7ian, has its
star formation quenched (if it was not already) by the
environment in the halo at 7peak, and then is tidally
disrupted to form a stream at Tgiream. From this pic-
ture, we would generally expect Tinfall > Tpeak > Tstream
for more massive satellites with sustained star forma-
tion, and Tpeak = Tinfall > Tstream O less massive satel-
lites quenched prior to infall by reionization or stellar
feedback, with all ages measured back in time from
the present day. Following this reasoning, the mea-
sured ages of stars in streams (which are > Tpeax)
are sometimes used as an upper bound on the stream
age Tstream. Figure 6 shows that statistically speak-
ing, Tpeak ~ Tiinfall > Ti];fan 2 Tstream When the entire
sample is considered. However, the spread of all three
timescales is extremely broad, and the size of the shift
between Tpeak and Tinfa nearly vanishes if we consider
7i ¢y Tather than TiJ;faH.

On closer examination, we find that this picture is
not universally applicable to the progenitors of streams
in our simulations. Figure 8 shows the relative times of
these different events for all stream progenitors in our

sample, arranged by stellar mass. We bin the sample
in increasing stellar mass bins such that each bin con-
tains 7 progenitors. The median value in each bin are
represented by lines and the shaded regions encapsulate
minimum and maximum spreads. The infall time, Tnga1,
is shown in red. The stream-formation time Tgtream and
peak stellar mass time Tcak are shown as black and blue,
respectively. The median stellar mass of the entire sam-
ple ~ 2.25 x 108 M, is shown by the dashed vertical line.
The median stellar mass is used to divide the sample
into two subgroups: the high-mass and low-mass pro-
genitors. This stellar mass cut is supported by the star
formation histories of the Local Group dwarf galaxies:
the dwarf satellite Sculptor is the most massive satellite
known for which models suggest early quenching of star
formation (Weisz et al. 2014). Sculptor is estimated to
have M, ~ 2.3x10%Mg (McConnachie 2012), consistent
with our separation between high- and low-mass progen-
itors. Additionally, Figure 9 shows relative values of all
the pairs between the three timescales. The three dis-
tributions are plotted: Ti .1 — Tstream, Tingall — Tpeak and
Tpeak — Tstream- 1he top row is the low-mass group and
the bottom row is the high-mass group. Note that the
bi-modalities in the distributions of Tiinfall — Tstream 1S real
and can be attributed to the fact that if the progenitor
does not form a stream during the first pericenter, it is
unlikely to form a stream until subsequent pericenters.

For these two groups in mass, we examine three dif-
ferent orderings of significant events:

1. Tii fall > Tpeak > Tstream- Lhe progenitor first falls

n

into the main halo, then has its star formation
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Figure 6. Top: first infall look-back time 7z, (solid red),
stream-formation look-back time 7Tytream (dashed black) and
peak stellar mass look-back time Tpearx (dotted blue) of stel-
lar stream progenitors across all 13 simulations. These are
shown in look-back time 7. The three distributions are not
entirely identical, as these timescales do not happen at fixed
ordering as discussed in section §4.3. Bottom: time evolution
of the virial radii r200m of the host galaxies in isolated sim-
ulations (solid lines) and paired simulations (dashed lines).

quenched, then forms a stream. This is the stan-
dard picture for high-mass progenitors.

2. Tpeak > Tiinfan > Tgtream- 1 he progenitor first stops
forming stars, then falls into the main halo, then
forms a stream. This is the standard picture for
low-mass progenitors.

3. ’Tiinfau > Tstream > Tpeak- 1he progenitor first falls
into the main halo, then begins to form a stream
while still forming stars at a higher rate than they
are stripped by tides, then reaches maximum stellar
mass before being completely tidally disrupted.

In this subsection, we use 7., as the infall time, since
this marks the time when the progenitor first enters the
main halo environment, which is presumed to quench its
star formation.

For the high-mass group, out of 47 objects, 26 are
in the first scenario, which is expected for this group,
(~ 55%), 9 are in the second scenario (~ 19%) and 10
are in the third scenario (~ 21%). Two objects have
equal Tgtream and Tpeak, hence, are excluded. For the
low-mass group, out of 46 objects, 20 are in the first
scenario (~ 43%), 24 are in the second scenario, which
is expected for this group, (~ 52%) and 2 are in the
third scenario (~ 4%).

Our intuition for the ordering of timescales for high-
mass and low-mass progenitors is thus approximately
correct: around half of the members of each group fol-
low our expected picture. However, there are large dis-
crepancies within each group. A few progenitors in the
high-mass group have their star formation quenched be-
fore their first infall. In the low-mass group, almost half
of the progenitors still form star particles after their first
infall. A significant fraction of the high-mass progeni-
tors still have a high star formation rate even after un-
dergoing tidal stripping, while this situation very rarely
occurs for low-mass progenitors. In future work, Samuel
et al. in prep. will examine the timescales and physical
processes involved in satellite quenching in detail.

In Figure 10, we study the correlation between the
pericenter distance of each progenitor and the timescale
ordering that it experiences. Dividing the low-mass
(light blue) and high-mass (dark blue) groups, the left
plot shows the distribution of the pericenter distances.
To remain coherent at present day, progenitors in the
low-mass group overall have smaller pericenter distance
with the peak at ~ 15 — 20 kpc, while the high-mass
group peaks at ~ 30 — 35 kpc. This suggests that high-
mass progenitors become phase-mixed with the host
galaxy faster. Thus, high-mass progenitors with low
pericenter distance are less likely to remain coherent
at z = 0. The middle and right panels show the dis-
tribution of the pericenter distance and infall time of
progenitors in three scenarios of the timescales order-
ing, combining both low-mass and high-mass groups.
The first ordering scenario (7, > Tpeak > Tstream)
is shown in red. The second ordering scenario (Tpeax >
Tﬁlfau > Tgtream) 18 shown in blue. The third ordering
scenario (Tiinfau > Tstream > Tpeak) 1S shown in black.
The median value of each distribution is illustrated by
a dashed vertical line. The pericenter distributions are
not clearly separable, with all three having similar me-
dian pericenter distance. However, they appear more
distinct in the 7 . projection. Progenitors in the sec-
ond ordering fall in the earliest, followed by progenitors
in the first ordering and the third ordering, respectively.
This trend can be explained by the connection between
7! .m and stellar mass of the progenitor. A small nega-
tive trend in Figure 8 shows a weak correlation between
all the timescales and the stellar mass of the progenitor.
This correlation can be explained by the hierarchical
growth of structures: statistically, massive objects col-
lapse at later times than lower mass objects. More mas-
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Figure 8. Ordering of different timescales in the life of stream progenitors. Each timescale is binned in increasing stellar mass
bins such that there are 7 progenitors in each bin. The lines represent the median value and shaded region encapsulate minimum
and maximum values witin a given bin. The red represents the first infall look-back time 7i ;. The blue represents the peak
stellar mass time, Tpeak. The black represents the stream-formation look-back time, Tstream, described in §4.2. The black dashed
vertical line is the median stellar mass of all progenitors (~ 2.25 x 10°My).
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Figure 9. Relative values of different look-back timescales in the life of low-mass (top row; light blue) and high-mass (bottom
row; dark blue) stream progenitors. The columns represent different pairs of timescales. Left is the infall look-back time relative
to the stream-formation look-back time (it — Tstream). Middle is the infall look-back time relative to the peak stellar mass
look-back time (7i,¢a — Tpeak)- Right is the peak stellar mass look-back time relative to the stream-formation look-back time
(Tpeak — Tstream ). The positive values translate to the first timescale occurring before the second timescale. The vertical dashed
lines divide the positive and negative relative values.
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Figure 10. Left: Distribution of the pericenter distances for the low-mass progenitors (light blue) and high-mass progenitors
(dark blue). Present day high-mass coherent streams are more likely to have larger pericentric distances compared to low-mass
coherent streams. Middle: Distribution of the pericenter distances for progenitors (low-mass and high-mass combined) with
three different ordering of timescales that they experience in their lifetime (see §4.3). The dashed vertical lines are the median
of the distributions. Right: Distribution of the infall time (7)) for progenitors with three different ordering of timescales.

Note that there are 5 progenitors with pericenter distance > 100 kpc, which are not shown in the left and middle figures.
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sive galaxies are thus expected to accrete onto the main
halo slightly later than less massive ones (e.g. Wetzel
et al. 2015). Additionally, note that there are 5 progen-
itors with pericenter distance > 100 kpc, which are not
shown in the left and middle figures of Figure 10. The
origin of these streams with large pericenter distances
is expected to be due to interactions with other sub-
structures within the hosts and will be studied in future
work.

4.4. Validating the Local Velocity Dispersion Criterion

The stream formation time for each object can also
be reinterpreted as the stream’s age: specifically, how
long ago each object began being tidally disrupted. This
allows us to validate our classification of phase-mixed
objects using their local velocity dispersions: since the
phase-mixed objects were once stellar streams, we ex-
pect these objects to be older, as a population, than
phase-coherent stellar streams.

Figure 11 plots each object’s present-day local ve-
locity dispersion, with uncertainties corresponding to
the 16 and 83 percentile for all particles in the ob-
ject, as a function of its stream-formation look-back
time Tgtream. Each simulation is represented by a unique
marker shape; the color of the marker signifies the stel-
lar mass of the object. Objects that are considered
phase-mixed by the local velocity dispersion criterion are
shown with orange error bars, while streams that pass
the local velocity dispersion criterion are shown with
blue error bars. The shaded region corresponds to the
span in the end of the star formation bursty phase/onset
of the steady phase in all the hosts, determined in Yu
et al. (2021), with the median value represented by the
black vertical line. In the FIRE simulations, MW-mass
galaxies generically have highly time-variable star for-
mation histories at early times but eventually transition
to more steady star formation rates after the disk settles
(e.g. Muratov et al. 2015; Sparre et al. 2017; Faucher-
Giguere 2018). This transition may be due to the virial-
ization of the inner circumgalactic medium, which may
stabilize the disk against disruption by stellar feedback
(Stern et al. 2020, Gurvich et al. in prep.).

Phase-mixed objects that are ruled out by the local
velocity dispersion criterion are indeed generally older
than those that pass the criterion and are classified as
streams. The former has a median age of ~ 9.98 Gyr,
while the latter has a median age of ~ 6.45 Gyr. This
validates our use of the local velocity dispersion crite-
rion to separate phase-mixed objects from streams. An
additional interesting feature of Figure 11 is the abrupt
transition in the number of phase-mixed objects: nearly
all began disruption more than 5 Gyr ago. This is par-
tially a reflection of the time required for an object to
phase-mix (further discussion in §5) but also reflects the
transition between the early epoch of galaxy assembly,
which is most chaotic, and the later establishment of a
large, stable disk. In this suite of simulations this tran-

sition usually occurs at z ~ 1 (Garrison-Kimmel et al.
2018b), or about 6.5 Gyr ago. Another contributing fac-
tor is the end of the star formation bursty phase, which
on average occurs after the disk orientation settlement,
at ~ 5 Gyr ago (see Yu et al. 2021). Progenitors that fall
in and disrupt before this time evolve in a potential with
far less symmetry, changing on non-adiabatic timescales,
which accelerates the process of phase-mixing substan-
tially relative to the environment after the disk is estab-
lished.

4.5. Progenitors

Here we compare properties of stellar stream progen-
itors with present-day simulated dwarf satellites, and
with observational data for satellite galaxies and streams
around the MW and M31. We consider three standard
relationships: the stellar mass—velocity dispersion rela-
tion, the stellar mass—metallicity relation, and tracks in
[a/Fe]-[Fe/H] chemical abundance space. In all cases
we find that the present-day dwarf satellites in our sim-
ulations mostly resemble the progenitors of the simu-
lated streams, suggesting that present-day dwarf satel-
lites are useful proxies for stream searches in any of these
spaces. We also find that the stellar mass—velocity dis-
persion relation of our simulated satellites and stream
progenitors—and therefore the initial phase-space vol-
ume of each simulated stream—is consistent with ob-
servations of real dwarf satellites in the MW and M31.
This agreement in velocity dispersion relation has been
shown for a smaller sample (only satellites in m121i) in
Wetzel et al. (2016b). Moreover, Garrison-Kimmel et al.
(2019) shows that there is also an agreement between the
circular velocity curves of surviving satellites.

4.5.1. Stellar mass—velocity dispersion relation

The 3-dimensional total velocity dispersions of stel-
lar stream progenitors, simulated satellites and observed
satellites are shown in Figure 12. For both stream
progenitors and simulated satellites, their total veloc-
ity dispersion, ooy, agree well with the mass—velocity
dispersion relation of observed satellite galaxies from
McConnachie (2012, Table 4; black stars), with val-
ues between 10 — 30 km/s for lower mass progenitors
(M, < 10"Myg), and as high as 50 km/s for higher mass
progenitors. Wetzel et al. (2016b) and Garrison-Kimmel
et al. (2019) present this comparison for surviving satel-
lites and conclude that our simulations do not suffer
from too-big-to-fail problem. Our analysis additionally
extends this mass—velocity dispersion relation agreement
to stream progenitors as well (disrupted satellites).

Compared to stellar stream progenitors, the observed
satellite galaxies have slightly lower velocity dispersion
for lower mass galaxies (< 107 M), with the values be-
tween 5 — 25 km/s. This might be due to a selection
effect in our sample, as the velocity dispersion is overes-
timated for objects with fewer number of star particles.
However, all observed satellites with velocity dispersion
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vertical line at 7 = 4.90 Gyr is the median of the span. These end of star formation bursty phase times are determined in Yu

et al. (2021).

< 10 km/s also have stellar mass < 10Mg. This is
very close to the minimum possible stellar mass set by
our particle number criterion, which shows our simu-
lations overestimate dynamical masses of systems that
have stellar mass < 10°My. In contrast, the velocity
dispersions of objects that are > 107 M, agree well with
observations.

4.5.2. Stellar mass vs metallicity

Figure 13 compares the mass-metallicity ([Fe/H]) re-
lations for stellar stream progenitors (dots), present day
simulated satellite galaxies (gray diamonds), observed
satellite galaxies (black stars) and observed streams (red
rectangles). Different colored dots represent streams
from different simulations. Observational data is from
Kirby et al. (2013). For the simulated systems, we evalu-
ate [Fe/H] for stream progenitors at Tpeax, and for satel-
lites at the present day. The solar abundance is adopted
from Asplund et al. (2009).

For all groups except observed streams, there is a lin-
ear relationship between [Fe/H| and M,, with the more
massive objects being more iron-rich. There is no signif-
icant difference between stellar stream progenitors from
different simulations or between paired and isolated sys-
tems. However, there is a significant discrepancy in iron
abundance between objects in the simulations and in
observations (also noted in Escala et al. (2018)). At the

same stellar mass, observed satellite galaxies have higher
metallicity compared to both stellar stream progenitors
and present day simulated satellite galaxies. For the
present day simulated satellite galaxies, a linear least-
square fit yields

[Fe/H]g;,,, = 0.55 x log M, — 5.93, (7)
where M, is the stellar mass. For stream progenitors,
the fit is given by

sim

[Fe/H]gtream = 0.52 x log M, — 5.76. (8)
The corresponding relationship from Kirby et al. (2013,
Equation 4) for observed satellites is

[Fe/H] 1, = 0.3 x log M, — 7.69, (9)
or roughly half the log-slope of the simulated relation;
discrepancies are larger for lower mass objects. There
are several contributions to the underproduction of met-
als in these simulations. About 0.3-0.5 dex of the dis-
crepancy appears to be resolution related, as illustrated
by the additional points (blue and red crosses) from
higher-resolution simulations of isolated dwarf galaxies
(Wheeler et al. 2019). The rest of the discrepancy is
probably attributable to the supernova delay-time dis-
tribution used in the simulations (Escala et al. (2018),
Gandhi et al. in prep.), in which the delay before the

obs
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Figure 12. Comparison between velocity dispersion of stellar stream progenitors estimated at the peak stellar mass time (dots)

and observed MW and M31 satellite galaxies (black stars) as a function of stellar mass. Data for simulated satellite galaxies are

also shown (gray diamond). The colors represent individual simulations. Observational data are from McConnachie (2012).

onset of type Ia supernovae is likely too long and by the
metallicity convergence tests in Hopkins et al. (2018).
However, these properties are the same across all our
simulations, so we can still draw some conclusions by
comparing the relative metallicities of different groups
of simulated objects. The discrepancies between simu-
lations and observations only impact the metallicity nor-
malization, but not the overall shape, spread and intrin-
sic scatter in the stellar metallicity distribution function
(Escala et al. 2018). Relative to the present-day simu-
lated satellites, the stream progenitors have very slightly
lower [Fe/H], especially at the upper end of the mass
range where the discrepancies are more evident, but are
roughly consistent at lower masses. The trend can be
explained by the fact that massive satellite galaxies are
likely to form star particles long after their infalls (§4.3)
and are likely to still be forming star particles at z = 0.
We see the same trend in Figure 14. The small discrep-
ancies as a function of stellar mass can be quantified by
the differences between Equation 7 and 8. This suggests
that present-day satellite galaxies are decent proxies to

use to estimate [Fe/H)] of progenitors of coherent streams
in MW-mass galaxies within ~ 0.10 dex for high-mass
progenitors (M, ~ 10°My) or within ~ 0.02 dex for
low-mass progenitors (M, ~ 10°Mg).

We also show data from a few MW streams with mea-
sured iron abundances. These data are not so well con-
strained, since for most streams we have only a rough
estimate of the mass of their progenitor before tidal dis-
ruption. Interestingly, these measurements appear to
be all over the place compared to the orderly mass-
metallicity relation for satellite galaxies.

4.5.3. [a/Fe]-[Fe/H] evolutionary tracks

Chemical abundances of different elements give com-
plementary information on a galaxy’s evolution, espe-
cially if they are produced by different channels. Fe
is mostly produced by Type Ia supernovae, on long
timescales compared to a-elements produced by type
IT (core-collapse) SNe from massive stars. Hence, a
galaxy’s relative abundance of these two types of ele-
ments evolves with time, with [« /Fe] starting above the
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for the simulated satellites and stream progenitors, respectively. High-resolution simulations of isolated dwarf galaxies from

Wheeler et al. (2019) are also shown to approximate the size of resolution effects. These are the red and blue crosses, which

are simulations with particle mass resolution of 250 Mg and 30Mg), respectively. For real streams (red rectangles), the data are
from Mucciarelli et al. (2017); Gibbons et al. (2017) (Sagittarius), Helmi et al. (2018); Das et al. (2020) (Gaia-Enceladus), Sesar
et al. (2013); Newberg et al. (2010) (Orphan) and Koppelman et al. (2019) (Helmi).

Solar value and decreasing over time (e.g. Tolstoy et al.
2009). This standard track in abundance space, and its
variation with galaxy mass and duration of star forma-
tion, has been proposed as a basis for chemical decom-
position of the stellar halo (Lee et al. 2015).

We study average abundance tracks for the three
groups of objects (phase-mixed, streams, and dwarf
galaxies) classified using our criteria in §3.2. The 2D
[a/Fe] vs. [Fe/H] tracks and their respective 1D projec-
tions, stacked for all objects in each panel, are shown
in Figure 14, for objects in different stellar mass ranges.
Each 2D histogram is normalized such that the color
in each bin represents the number of star particles in
the bin normalized by the total number of star parti-
cles in that specific class and stellar mass range. For
the 1D projections, each class of objects has a distinct

color, with lower mass objects using lighter shades of
the same color. For phase-mixed objects, the low-mass,
intermediate-mass and high-mass groups have the me-
dian values of [Fe/H] of -2.36, -1.86 and -1.53, respec-
tively. For streams, the median values of [Fe/H] are
-2.49, -2.00 and -1.27. For satellites, the median val-
ues of [Fe/H] are -2.32, -1.80 and -1.16. Similarly, for
phase-mixed objects, the low-mass, intermediate-mass
and high-mass groups have the median values of [«/Fe]
of 0.27, 0.27 and 0.23, respectively. For satellites, the
median values of [a/Fe| are 0.27, 0.27 and 0.25. Lastly,
for satellites, the median values of [«/Fe] are 0.27, 0.24
and 0.22.

Within the same class of object, the highest stellar
mass group is the most iron-enhanced, while the low-
est stellar mass group is poor in iron. The [«/Fe] dis-
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tributions are very similar across all stellar mass bins,
with the highest stellar mass group having slightly lower
[a/Fe]. Across different types of objects, the abundance
distributions do not depend on mass, except for the
high-mass group, in which surviving satellite galaxies
have systematically higher [Fe/H] than the disrupted
systems. This is in part, because high-mass dwarf galax-
ies likely have the longest duration of star formation,
since they are least likely to be quenched by the present
day relative to the progenitors of streams and phase-
mixed components (see §4.3), unlike the smallest dark
matter subhalos that can have their star-formation sup-
pressed by a global outside influence, such as the reion-
ization of the universe (Brown et al. 2014).

In addition to our abundance space analysis, Patel et
al. in prep. will examine the origin of the visible features
in this abundance space in FIRE dwarf galaxies.

5. ORBITS AND ALIGNMENT WITH THE
GALACTIC DISK

In this section, we study the orbits of stream progen-
itors and their alignment with the disks of their host
galaxies. The orbital plane of each progenitor is char-
acterized by the direction of its total orbital angular
momentum at the start of stream formation, while the
disk plane is characterized as described in §5.1. We find
a slight preference for streams to occupy orbits in the
plane of the disk.

5.1. Disk Angular Momentum Evolution

The direction of the total angular momentum of the
disk in each simulation is approximated by the direction
of the principal axis vector of the moment-of-inertia ten-
sor with the lowest eigenvalue. The principal axes are
pre-computed for each snapshot using the youngest 25%
of star particles within the distance that encloses 90%
of the total stellar mass from the center of the host. We
compute the disk’s total angular momentum explicitly
in three of the simulations (m12i, m12f, m12m) to con-
firm that the principal axes vectors are a good proxy for
the disk angular momentum from ~ 4.6 Gyr ago onward,
where the disks in those simulations are well-established
and the direction of their angular momentum is rela-
tively stable.

5.2. Alignment of stream orbits with the disk plane

We examine the alignment of the total orbital angular
momentum of each stream’s progenitor with the angular
momentum of the disk, both evaluated at Tgtream tO ap-
proximate the initial orbits of tidally stripped stars. For
this analysis we only include streams whose formation
time is less than ~ 4.6 Gyr ago in the simulations, for
three reasons. First, the principal axis vector with the
smallest eigenvalue is a good proxy for the disk’s total
angular momentum only at later times (see §5.1). Sec-
ond, the stream-formation time is generally later than
both the infall time and the time where the progenitor

has peak stellar mass (see Figure 11 and §4.3). Between
infall and stream-formation, there is often enough time
for the direction of the disk to settle and the disk to be-
come more stable. Finally, many orbital and dynamical
properties of stellar streams, which will be studied later,
are determined by the properties of their progenitors
at stream-formation time rather than at infall or peak
stellar mass time, since the orbit can undergo significant
evolution, from dynamical friction and interactions with
the disk, in the intervening period.

We compare orbits of bound subhalos (whether lumi-
nous or dark) at present day with those of satellites and
stream progenitors across all simulations. We select all
the bound subhalos at z = 0 within the virial radius of
the main galaxy. For each bound object, we compute
its total orbital angular momentum per unit mass with
respect to the center of the main galaxy, and then com-
pute the angle 6 between this orbital angular momentum
and the disk’s angular momentum. Thus, subhalos that
orbit in the disk plane have cosf® = 41, while subhalos
that have orbits perpendicular to the disk plane have
cosf = 0.

The left panel of Figure 15 shows the normalized dis-
tribution of cos @ for all bound subhalos within the virial
radius across all of the simulations (110,094 objects to-
tal). The presence of the stellar disk indeed has an im-
pact on the overall orbital distribution of the subhalos:
there is a peak in the otherwise almost flat distribution
at cosd ~ +£1. However, this distribution is cumulative
across all simulations. The underlying distribution for
each individual simulation varies quite significantly from
this average profile, which is likely caused by variations
in the assembly history of each host galaxy. In some
individual cases the majority of subhalos are on retro-
grade orbits with respect to the galactic disk. To test
its similarity with a uniform distribution, we randomly
draw 1001 objects (~10%) from the distribution in the
left panel of Figure 15 for 10,000 trials. In 55% of the
draws, the majority of the objects have |cos@| > 0.5.
The quantity should be 50% if we draw from a perfectly
uniform distribution, indicating a slight preference for
subhalos to orbit closer to the disk plane.

Present day satellite galaxies with 105Mgy < M, <
10°M and stream progenitors with formation time
later than ~ 4.6 Gyr (middle and right panel of Fig-
ure 15, respectively) are also slightly more likely to or-
bit on or close to the disk plane (these are evaluated at
present-day for satellites, and at stream-formation time
for stream progenitors). However, for satellite galaxies,
this is only true for prograde orbits (cosd = +1), but
not for retrograde orbits (cosf = —1). For stream pro-
genitors, there are identifiable peaks in the orbital dis-
tribution at cosf ~ =41, similar to the overall subhalo
orbital distribution. Interestingly, the prograde peak is
not exactly at cosf = 1. For each distribution, we per-
form random draws of 11 objects (~ 20% of the sam-
ple) 10,000 times. The majority of the objects have
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| cos @] > 0.5 in 68% and 77% of the draws for the satel-
lite galaxies and stream progenitors, respectively. The
orbital distributions of these two groups of objects are
thus non-uniform, and more skewed towards orbits in
the disk plane than for the general subhalo population
(see Samuel et al. (2020a) for a detailed analysis of satel-
lite planarity in these simulations).

This finding has several implications. First, streams
that orbit near the plane of the disk are more challeng-
ing to detect, and this “selection function” is likely to
limit significantly our count of identified streams de-
tected as overdensities. Streams in prograde orbits are
also more likely to be affected by interactions with disk
structures like bars, spiral arms, and molecular clouds
which can mimic the effects of interactions with subha-

los (e.g. Pearson et al. 2017; Banik & Bovy 2018). Next,
it implies that resonant interactions with the disk are
slightly preferred, supporting interpretations of struc-
tures such as the “phase-space spiral” and related disk
asymmetries (Widrow et al. 2012; Williams et al. 2013;
Carlin et al. 2013; Antoja et al. 2018) as products of such
interactions (Antoja et al. 2018; Laporte et al. 2018a,b,
2019a,b). Finally, the fact that the majority of the satel-
lites are in prograde orbits underlines fluctuations in the
orientation of the disk. In our simulations, big mergers
can spark the formation of and/or shape the orientation
of the stellar disk (Santistevan et al. 2021). D’Onghia
et al. (2009) argues that resonant interactions on or-
bits prograde to the disk are most efficient at disrupting
these satellites. If the orientation of the disk were fixed,
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we would expect suppression in the number of prograde
satellites, opposite from what we see.

6. MASS, ORBITAL CIRCULARITY, AND
PHASE-MIXING TIME

Orbital circularity (the fraction of maximum allowed
orbital angular momentum at a given energy) is one
of the factors correlated with a stream’s mixing time
ATmix, over which its initially gravitationally-bound
stars become mixed with the equilibrium population of
stars in the host galaxy. For constant orbital energy, a
progenitor galaxy in a radial orbit (low circularity) ex-
periences a steeper potential gradient along its motion;
hence, positions of its stars in phase-space evolve more
quickly compared to a progenitor in a more circular or-
bit. The increase in stream angular length per orbit can
be approximated as (Yoon et al. 2011),

2m dT. w]
L=L¢;r ,

AU = [ (10)

Ty dE
where L.;- is the angular momentum of a circular orbit
of energy F and azimuthal time-period Ty (E) at radius
reir(E). The prefactor € ~ AF is the spread in energy
of the member star particles, which is approximately

1/3
€= <m> GMy (11)
M, Tp

where m is the mass of the dwarf galaxy with radius at
the pericenter, r,, and the mass of a host halo enclosed
by the pericenter, M.

We consider objects in circular and radial orbits with
the same mass m and energy FE, assuming comparable
Ty and %. These assumptions are true for the lowest
order approximation of orbits around a point-like mass,
where the energy determines the semi-major axis, which
is then proportional to the azimuthal period of the orbit.
The stream growth rate is

AV M (log(ry/rs))¥/®

—_— 12
Ty Tp Tp ’ (12)

assuming the standard Navarro-Frenk-White (NFW)
profile with r, ~ ry, the scale radius. Since a circu-
lar orbit has the largest rp, stellar streams that are in
circular orbits should remain coherent longer than those
in radial orbits with the same energy, which should lead
to a bias toward circular orbits among older coherent
streams. For phase-mixed objects, we thus expect a di-
rect positive correlation between orbital circularity and
mixing time. Since the energy spread is also a func-
tion of progenitor mass, we also expect more massive
progenitors to mix faster.

6.1. Determining Orbital Circularity

Because the underlying global potential is time-
dependent and not perfectly axisymmetric, orbits are
not closed and evolve over cosmic time. Measuring the
orbital circularity at different times will thus result in
different outcomes. We determine orbital circularity of
each object at stream-formation time, since tidal strip-
ping “freezes” the orbital properties of stars in a pro-
genitor galaxy with respect to their host. At any given
point along the orbit, the orbital circularity 7 is defined
as

_ _L(E)
= Lcir(E ) ’

where L(E) and E are the angular momentum per
mass and the total energy per mass, respectively, of the
progenitor (streams or phase-mixed objects) at tstroam-
L (E) is the angular momentum per mass of a circular
orbit with the same energy E. Thus n = 1 corresponds
to a perfectly circular orbit at the time of measurement,
while 7 = 0 corresponds to a perfectly radial orbit.
The total energy per mass, F, of the orbit is the mean
kinetic and potential energy over all particles that be-
long to the object at stream-formation time. The kinetic
energy per mass is the mean of the kinetic energy per
mass of all star particles belonging to the progenitor.
To estimate the potential energy due to the host galaxy
without perturbations from large satellites, we use the
AGAMA package (Vasiliev 2019) to model the smooth

(13)
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Figure 16. Orbital trajectories of stream progenitors

and phase-mixed object progenitors in m12i, m12f, m12m,
m12b and m12r , spanning ~ 0.5 Gyr around their stream-
formation time, grouped by orbital circularity L/Lc;». The
trajectories represent motion of the center of the bound part
of these objects. The x-y plane here are in the coordinates of
the simulations and hence are arbitrary with respect to the
host or stream orbit.

component. The potential due to dark matter (within
500 kpc of the host) and gas (within 50 kpc of the host)
is represented by an symmetric expansion in spherical
harmonics up to £ = 4, while the potential of the stars
and cold gas within 50 kpc is approximated by an az-
imuthal harmonic expansion up to m = 4. The same
radial cut offs are used in the paired simulations—since
the paired galaxies are separated by ~ 800 kpc, the ap-
proximated potential around each host galaxy is only
computed using particles within the same host. In all
cases the potential is set to zero at infinity, so that par-
ticles with £ > 0 can be considered unbound. We add
the AGAMA potential at stream-formation time at the
location (z,y, z) of the progenitor to the kinetic energy
to get the total energy per mass, F.

For the circular orbit, the velocity of the object can
be approximated as v2, (7cir) = GM (< Teir ) /Teir, While
the potential energy per mass is from AGAMA evalu-
ated at * = re-, y = 2 = 0. To estimate the radius of
the circular orbit 7.;-(E), we compute the total energy of
circular orbits every 2-kpc-interval within the virial ra-
dius of the host. The radius that yields the closest value
to E is appointed as r.;-(E). The angular momentum
per mass of the progenitor is given by L(E) = |F x 9],
while Lcir(E) = ‘Tcir X 'Ucir(rcir)‘-

For isolated simulations, 19% have L/L.; > 1 (indi-
cating a problem), 29% have 1 > L/L, > 0.5 (rela-
tively circular) and 52% have L/L.; < 0.5 (relatively
radial). For paired simulations, over 60% of the objects

have L/L., > 1. If the global potential is static and
spherically symmetric, the orbital shape, L(E)/Leir(E),
should yield a value between 0 and 1 since the circular
orbit has maximum angular momentum across all family
of orbits with energy E. However, the potential in the
simulation is time-dependent and not spherically sym-
metric, especially at earlier times, where the main halo
accretes other substructures. The stream-formation
time, especially for phase-mixed objects, tends to hap-
pen very early on in the simulations. Half of the phase-
mixed objects start to form streams over 8.8 Gyr ago
(see §4.4). The early stages of evolution in the paired
simulations are also much more chaotic, compared to the
isolated simulations, and the most-massive and second-
most-massive hosts are not well-determined. Thus, the
paired simulations and objects with L/L.;,. > 1 are ex-
cluded in the analysis for the rest of this section. The
large number of objects that must be excluded for hav-
ing nonsensical circularities underlines the limitations
of this simple model for the orbital evolution of streams
in realistic cosmological potentials.

In figure 16, we show the orbital trajectories of streams
and phase-mixed objects in m12i, m12f, m12m, m12b
and m12r , spanning ~ 0.5 Gyr around their stream-
formation time. These objects are grouped based on
the circularity, L/L.;,, of their orbits, and we only con-
sider objects with L/L.;- < 1. The orbital trajectories
of the objects visibly become more radial as the com-
puted circularity L/L¢;, goes from higher to lower val-
ues, confirming that the circularity is at least somewhat
correlated with orbital shape.

6.2. Calculating Mizing Time and Dynamical Time

In our analysis, the mixing time A7yix is defined to
be the difference between the stream formation time and
the time when the object is first considered phase-mixed
according to Equation 2. The evolution of the velocity
dispersion within each object is not a monotonically in-
creasing function. The period of fluctuations in the local
velocity dispersion is equal to the radial orbital period,
with maximum at pericenter. Hence, the velocity dis-
persion for some objects crosses the phase mixing crite-
rion threshold multiple times. Our definition of A7nyix
refers specifically to the difference between the stream
formation time and the first up-crossing of the phase
mixing criterion threshold. We verified by eye that a
subset of objects indeed look phase-mixed after the first
up-crossing.

The dynamical time A7qyy, relevant for phase-mixing
corresponds to the azimuthal period, Ty, of the progen-
itor around stream formation time (see Equation 12).
Rather than computing A7qy, from the approximate
potential model, we do so directly from the simulation.
We transform the position of a randomly chosen star
particle from the simulation Cartesian coordinates into
galactrocentric spherical coordinates (r, 0, ¢) in every
snapshot using the instantaneous principal-axis frame
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Figure 17. Orbital circularity of phase-mixed objects in
isolated simulations as a function of the ratio between mix-
ing time and dynamical time, ATmix/ATdyn. The stellar
mass of each object is represented by the size, while the
stream-formation time 7stream 1S represented by the color
of each marker. There is no apparent correlation between
the quantities, although no streams on very circular orbits
(L/Leire 2 0.5) mix in less than about 1 dynamical time.
Streams that mix the fastest tend to be of higher mass, con-
sistent with Equation 12.

determined as described in §5.1, consistent with the as-
sumption of approximate spherical symmetry that un-
derlies the derivation of Equation 12. We begin track-
ing the particle around 0.5 Gyr before stream formation
time and follow the particle until ¢ comes back to its
starting value.

6.3. What determines how fast streams phase-mix?

Figure 17 shows the orbital circularity of phase-mixed
objects in isolated simulations as a function of the
ratio between their mixing time and dynamical time,
ATmix/ATdyn, described in §6.2. The color of each point
represents the stream-formation time, while the size rep-
resents the stellar mass of the object. Contrary to the
standard picture described in §6, we do not see a corre-
lation between the orbital circularity with A7y /ATgyn.
We argue that this lack of correlation is physical, and not
caused by the resolution limitation of our simulations.
If the resolution were too low, we would underestimate
the mixing time of the objects, especially the low-mass
objects with fewer number of star particles. As a re-
sult, there would be a trend with stellar mass such that
low-mass objects would have the lowest ATyix/ATdyn.
Instead, we see that high mass objects, for which we
can most confidently estimate Amyic, have the lowest
ATmix/ATdyn-

The assumption that the global potential is smooth,
static and axisymmetric is clearly not good enough to
model the time-evolution of a stream from formation to
mixing, especially for objects with very early stream-
formation times, when the halo’s potential is lumpy and
its time-evolution is non-adiabatic. During the early

stages of galaxy formation, this chaotic environment ac-
celerates the phase-mixing of accreted satellite galaxies,
as illustrated in Figure 11. Since the typical time for a
galazy to become a satellite, begin tidally disrupting, and
spread out into a stream is long compared to the age of
the host galaxy, the non-adiabatic evolution of the galac-
tic potential at early times is potentially one of the main
contributors to phase-mizing in the stellar halo.

7. GRAVITATIONAL COOLING OF STREAMS

This section studies the evolution of the local velocity
dispersion as dwarf galaxies evolve into stellar streams.
Under an adiabatic potential of the host halo, the con-
servation of phase-space volume in collisionless systems
predicts that streams should grow kinematically colder
as they grow in length, albeit in a phase-dependent way
(Helmi & White 1999). The evolution of the local ve-
locity dispersion is thus an important test of whether
we are sufficiently resolving our simulated streams. We
can also determine to what extent the local velocity dis-
persion in a stream is a good proxy for the mass of its
progenitor.

7.1. Comparison of Progenitors’ and Streams’ Velocity
Dispersions

Figure 18 compares the global velocity dispersions of
the stellar stream progenitors (standard deviation over
all star particles; orange) with the local velocity dis-
persion when those progenitors become streams (blue).
The local velocity dispersions are computed as shown in
§3.2, where we use 20 nearest neighbors for streams with
more than 300 star particles and 7 nearest neighbors
otherwise. The median local velocity dispersions along
the streams are ~ 4 — 20 km/s, while the global veloc-
ity dispersion of the stream progenitors are ~ 15 — 50
km/s. The global velocity dispersion o increases as a
function of the total progenitor mass M as predicted for
a dispersion-supported system: o oc M1/3.

The wide range of the local velocity dispersion along a
single stream suggests that we should refer to a median
value of the local velocity dispersion when we discuss
the velocity dispersion of a stellar stream. Our stellar
streams indeed get colder as a function of time, as pre-
dicted by the conservation of phase-space volume.

7.2. Ewvolution of local velocity dispersion

We select a sample stellar stream from m12i to study
how its local velocity dispersion evolves with time. This
sample stream has about 2000 particles in total, which
is roughly the median number of particles for our sample
of streams. We track the local velocity dispersion of one
randomly-chosen star particle in this stream from the
time when the progenitor is still bound until the stream
forms. This is shown in Figure 19 where the blue line
represents the local velocity dispersion of this star par-
ticle as a function of the simulation time ¢. The start
of the simulation corresponds to t = 0 Gyr, while the
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Figure 18. Comparison between local velocity dispersions oiocal along stellar streams (blue error bars) and total velocity

dispersion oiotal Of their progenitors (orange), evaluated at the time when they have maximum stellar mass. The error bars for

streams span the 16" to 83"¢ percentile of oloca1, with the median values shown by the markers. Their colors represent their

ages, which are defined to be the stream-formation times 7Tstream (look-back) described in §4.2.

present day corresponds to t ~ 13.7 Gyr. The orange
line represents the distance between this star particle
and the center of the main host galaxy. The time elapsed
between adjacent pericentric passages, or the radial pe-
riod T;., is ~ 1 Gyr.

The object has Tgtream =~ 8 Gyr, but this particular
star particle leaves the bound part at ¢ ~ 11 Gyr (3
Gyr after tidal disruption commences). The local ve-
locity dispersion of this star particle is roughly time-
independent before the star particle is stripped from the
bound part, even after tgiream. After the star particle
leaves the bound part (¢ > 11 Gyr), its local velocity
dispersion fluctuates between ~ 5 and 20 km/s after
the progenitor is tidally disrupted, and is anti-correlated
with the star particle’s distance to the center of the main
galaxy. The orbital phase of the stream governs the
velocity dispersion, as the value peaks when the star
particle approaches the pericenter of the orbit. This be-
havior, pointed out in Helmi & White (1999), indicates
that we are successfully approximating the phase-space
evolution of our simulated stellar streams.

It is common to infer the mass of a stellar stream’s pro-
genitor by using the velocity dispersion of stars along the
stream as a proxy for the dispersion in the progenitor,
corrected by a “gravitational cooling factor” that scales
with the stream age. This example illustrates that this
method is complicated by the phase-dependent nature
of the velocity dispersion, especially in real observations
where we can only observe the brightest fraction of the
stellar streams. Fortunately, these brightest parts likely
include the remnant of the bound part of the progenitor,
which is likely to have a higher stellar density than the
stream itself. Using the local velocity dispersion of stars

607

central distance [kpc

local velocity dispersion [km/s|

look-back time (1) [Gyr]

Figure 19. Evolution of local velocity dispersion (blue; left
y-axis label) and distance to the center of the main galaxy
(orange; right y-axis label) as a function of look-back time
for one random star particle in a stellar stream selected from
mi2i.

in the bound remnant, in which the fluctuation with or-
bital phase is small, we can possibly model the mass
of the progenitor with higher accuracy. Otherwise, the
fluctuation with orbital phase will likely be the domi-
nant source of uncertainty in any mass estimate based
on stellar velocity dispersions in streams.

8. SUMMARY

In this paper, we present a set of stellar streams, dwarf
satellite galaxies and phase-mixed objects selected from
the FIRE-2 cosmological hydrodynamical simulations,
including 7 isolated MW-mass systems and 3 paired
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MW-Andromeda-like systems?. Objects are classified
using a set of phase-space criteria (§3.2): satellite galax-
ies have a small size in both position and velocity,
streams have a large extent in position and small local
extent in velocity, and phase-mixed structures have a
large range in both position and velocity. We show
that these stellar streams are dynamically cold, and
that the median value of the local velocity dispersion
within an object, (), can be used to separate phase-
mixed objects from stellar streams, with only a weak
dependence on stellar mass. Applying these criteria, we
find a total of 106 simulated coherent stellar streams
with stellar masses 10° < M, < 10°M, across all 13
MW-mass hosts (§1). We use this sample to study the
origin, chemistry, and dynamical properties of simu-
lated stream progenitors. The important findings are
the following:

1. Present-day satellite galaxies are good prox-
ies for stellar stream progenitors (§4). They have
similar stellar mass and total mass functions (§4.1), im-
plying that satellite galaxies are equally likely to turn
into stellar streams independent of mass. The stellar
mass—velocity dispersion relation for stream progeni-
tors, evaluated at tpeax, resembles that for real dwarf
satellites (§4.5). The velocity dispersions of stellar
stream progenitors range from 10 km/s for low-mass
objects (M, =~ 10°Mg) to 40 km/s for high-mass ob-
jects (M, ~ 10°Mg). The [Fe/H]-[a/Fe] evolution
tracks for simulated stream progenitors, dwarf galaxies
and phase-mixed objects are similar for objects with
M, < 7 x 10"Mg, while the high-mass dwarf satellites
are slightly more iron-rich compared to stream pro-
genitors and phase-mixed objects with similar masses
(§4.5.3).

2. The order in which infall, quenching, and
tidal disruption occur for progenitors of stellar
streams varies with stellar mass (§4.3). Low-mass
progenitors (M, < 2.25 x 10°M) are likely to have
their star formation quenched before their first infall,
while most high-mass progenitors (M, > 2.25 x 10°M)
have their star formation quenched by the host environ-
ment, with many continuing to form star particles and
reaching peak stellar mass after stream-formation time.

3. The orientation of the galactic disk affects
the orbital distributions of all surviving subhalos
(luminious or dark), dwarf galaxies and stream
progenitors (§5). All substructures slightly prefer or-
bits that align with the galactic disk plane; the degree
of bias is higher for dwarf satellites than subhalos in
general, and higher for streams than for dwarf satellites.
Subhalos and stream progenitors appear to equally pre-

2 full dataset at: https://flathub.flatironinstitute.org/sapfire.

fer prograde and retrograde orbits, while dwarf satellites
are apparently biased towards prograde orbits.

4. For streams that form more than 6-8 Gyr
ago, the non-adiabatic evolution of the global
potential during the early, chaotic phase of the
formation of the host galaxy determines how
quickly streams become phase-mixed with the
host, regardless of their orbital circularity or mass (§6).
For more than half of the streams in our simulations,
a smooth, static, and axisymmetric potential is insuffi-
cient to model their time evolution after tidal disruption.

5. Orbital-phase-dependent fluctuations com-
plicate using the velocity dispersion to estimate
the mass of a stream progenitor (§7). Most stream
progenitors have a total velocity dispersion > 20 km/s,
with a strong mass-dependence consistent with obser-
vations and the theory of dispersion-supported systems.
Most of the streams have a median local velocity dis-
persion (o) < 10 km/s, but this fluctuates by up to
a factor 4 with orbital phase (highest at pericenter),
which translates to more than a factor 50 in mass.

The use of cosmological-hydrodynamical simulations
allows us to study streams and their progenitors in a re-
alistic system without relying on simplifying theoretical
assumptions, and avoiding the strong biases in observa-
tional measurements (findings 1, 2 and 3). Simulated
streams also serve as a tool to test our theoretical mod-
els of streams in realistic MW-mass host environment
where many of these assumptions no longer hold exactly
(findings 4 and 5). The non-adiabatic time-evolution of
the host galaxy (especially in its early stages), the non-
smoothness in the global potential and the resolution-
dependence in the simulations (see Figures 1 and 13) all
contribute to the divergence from theoretical predictions
and semi-analytic models. However, we have shown that
the resolution limit alone is not the major source or at-
tribute to all of differences (see Figures 12, 13, 14 and
17). These discrepancies are thus mainly physical in na-
ture, and call for more realistic models in the post- Gaia
era.


https://flathub.flatironinstitute.org/sapfire
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