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Abstract

Modern Galactic surveys have revealed an ancient merger that dominates the stellar halo of our galaxy (Gaia—
Sausage—Enceladus, GSE). Using chemical abundances and kinematics from the H3 Survey, we identify 5559 halo
stars from this merger in the radial range rg, = 6-60kpc. We forward model the full selection function of H3 to
infer the density profile of this accreted component of the stellar halo. We consider a general ellipsoid with
principal axes allowed to rotate with respect to the galactocentric axes, coupled with a multiply broken power law.
The best-fit model is a triaxial ellipsoid (axes ratios 10:8:7) tilted 25° above the Galactic plane toward the Sun and
a doubly broken power law with breaking radii at 12 kpc and 28 kpc. The doubly broken power law resolves a
long-standing dichotomy in literature values of the halo breaking radius, being at either ~15 kpc or ~30 kpc
assuming a singly broken power law. N-body simulations suggest that the breaking radii are connected to apocenter
pile-ups of stellar orbits, and so the observed double-break provides new insight into the initial conditions and
evolution of the GSE merger. Furthermore, the tilt and triaxiality of the stellar halo could imply that a fraction of
the underlying dark matter halo is also tilted and triaxial. This has important implications for dynamical mass
modeling of the galaxy as well as direct dark matter detection experiments.
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1. Introduction

Accounting for ~1% of the total stellar mass, the stellar halo
plays an outsized role in our understanding of the Galaxy.
Since the foundational works of Eggen et al. (1962) and Searle
& Zinn (1978), it has been realized that the halo is teeming with
archeological “fossils” in the form of stellar overdensities,
streams, and clusters in integrals of motion (see reviews by,
e.g., Freeman & Bland-Hawthorn 2002; Belokurov 2013;
Bland-Hawthorn & Gerhard 2016; Johnston 2016, and
Helmi 2020). These fossils string together a story of how
hierarchical structure formation assembled our Galaxy, through
which we can learn about the physics of galaxy formation and
the nature of dark matter.

The field of galactic astronomy has been revolutionized with
the Gaia mission (Gaia Collaboration et al. 2016). The 6D
phase space of nearby stars revealed that the local halo
(distance d ~ 2 kpc) is composed of stars on highly radial orbits
and a kinematically heated disk component (e.g., Bonaca et al.
2017; Belokurov et al. 2018; Gaia Collaboration et al. 2018;
Haywood et al. 2018; Helmi et al. 2018; Belokurov et al.
2020). Subsequent studies expanded this result beyond the
local halo, revealing that the bulk of halo stars are indeed on
eccentric orbits and follow a well-defined sequence in the
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[Fe/H]—I[c/Fe] plane (e.g., Mackereth et al. 2019; Naidu et al.
2020, hereafter N20), clearly distinguishable from the thick
disk of the Galaxy. This [«/Fe]-poor eccentric population of
the halo, Gaia—Sausage—Enceladus (GSE; Belokurov et al.
2018; Helmi et al. 2018), is interpreted to be the debris of a
major merger of a dwarf galaxy with the Milky Way progenitor
at redshift z=1-2 (e.g., Grand et al. 2018; Mackereth et al.
2018; Gallart et al. 2019; Belokurov et al. 2020; Bonaca et al.
2020). The GSE merger likely gave rise to the bulk of the
accreted stellar halo and dynamically heated the existing disk
of the galaxy into the in situ halo (e.g., Bonaca et al. 2017;
Belokurov et al. 2020). The timeline of this scenario is well
supported by several lines of evidence, notably from the ages of
stars measured by various techniques (e.g., Gallart et al. 2019;
Belokurov et al. 2020; Bonaca et al. 2020; Chaplin et al. 2020;
Borre et al. 2022; Grunblatt et al. 2021; Montalban et al. 2021).
While the accreted origin of the Galactic halo has been studied
before (e.g., Bell et al. 2008), the new insight brought by GSE
is that the inner ~30 kpc halo was largely built from one
accretion event.

Parallel to efforts that have charted out substructures of the
stellar halo, studying the overall density profile of the halo has
also been an active area of research (e.g., Watkins et al. 2009;
Deason et al. 2011; Sesar et al. 2011, 2013; Deason et al. 2014;
Faccioli et al. 2014; Pila-Diez et al. 2015; Xue et al. 2015;
Hemitschek et al. 2018). The radial density profile reflects the
cumulative accretion history of the Galaxy, and is most often
approximated by a singly broken power law. The Sagittarius
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stream (Ibata et al. 2001; Newberg et al. 2002; Majewski et al.
2003; Belokurov et al. 2006) is often excluded or treated
separately from this measurement, as it contributes significant
mass in the outer halo in the form of a kinematically cold and
spatially coherent stream. The measured slope of the power-law
density profile can then be used to compare to stellar halos from
simulations (Bullock & Johnston 2005; Pillepich et al
2014, 2018). Various tracers have been used to measure the
radial density profile, including near-main-sequence turn-off,
blue horizontal branch (BHB), RR-Lyrae (RRL), and red giant
branch (RGB) stars. Each tracer is sensitive to different radial
ranges and stellar populations (e.g., RRL and BHB stars are
preferentially old and metal-poor, though see Bobrick et al. 2022
for metal-rich RRL). A census of previous measurements of the
radial density profile is presented in Bland-Hawthorn & Gerhard
(2016). Many of these studies share the same underlying model,
which is an oblate spheroid that is aligned with the Galactic disk
(i.e., flattened radius r, = \/Xz + (Y/p)? + (Z/q)*, where
p =1 is fixed) and a single-break power law. There is, however,
considerable spread in the best-fit profiles reported in the
literature. For example, the flattening parameter g ranges from
0.59 (Deason et al. 2011) to near-spherical (Hernitschek et al.
2018), the outer power-law slope from 2.7 (Sesar et al. 2013) to
5.8 (Sesar et al. 2010), and the breaking radius from 16 kpc
(Sesar et al. 2013) to 34.6 kpc (Sesar et al. 2010). Such a spread
in the measured density profile could suggest that the adopted
model of an oblate spheroid and a single-break power law does
not encapsulate the true underlying distribution, thus yielding
different shape parameters along different sight lines. Lowing
et al. (2015) show that this is the case for halos in the Aquarius
simulation, which are rich in both unrelaxed and fully phase-
mixed substructure. It is now known that the Milky Way halo is
also filled with substructure, and one of them dominates the
stellar mass: GSE.

A connection between the density profile and GSE was made
by Deason et al. (2018). They find metal-rich, highly eccentric
halo stars (likely belonging to GSE) that have a common
apocenter at 20 kpc, roughly coinciding with the literature
values of the radial density breaking radius. From this they
argue that the break in the radial density profile is due to the
apocentric pile-up of a massive accretion event. Soon after,
Simion et al. (2019) showed that two major stellar over-
densities, the Hercules-Aquila Cloud (HAC; Belokurov et al.
2007) and the Virgo Overdensity (VOD; Vivas et al. 2001;
Jurié et al. 2008), are linked to GSE based on their similar
integrals of motion. Using Gaia Data Release 1 (DR1) cross-
matched with the Two Micron All Sky Survey (2ZMASS;
Skrutskie et al. 2006), Iorio et al. (2018) show that the inner
(rga < 28 kpc) stellar halo occupies a triaxial ellipsoid (axes
ratio 10:7.7:5.0) that is rotated with respect to the Sun—Galactic
center axis by 70°. Using this model, Iorio & Belokurov (2019)
show that the halo is bookended by HAC and VOC, bolstering
the argument made by Simion et al. (2019) that these
overdensities are components of GSE that have not been fully
phase-mixed in the galaxy. They also speculate on a possible
tilt with respect to the Galactic plane. Naidu et al. (2021a,
hereafter N21) ran a grid of ~500 N-body galaxy mergers to
identify a plausible configuration of GSE, based on the radial
density and angular momentum distribution of the present-day
halo. From the fiducial simulation, they find that GSE occupies
a strongly triaxial ellipsoid (axes ratios 10:7.9:4.5) with its
major axis misaligned with the Sun—Galactic center axis by 20°
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(consistent with Iorio & Belokurov 2019) and tilted away from
the Galactic plane by 35°. In addition, they find that the radial
profile has two breaking points, corresponding to two apocenter
passages of GSE before it fully merged with the galaxy. These
studies demonstrate two points. First, GSE has a profound
influence on the shape and density profile of the halo. Second,
an oblate spheroid model may be insufficient to describe GSE.

Despite these significant advancements in our understanding
of the halo, the shape and density profile of GSE have yet to be
well constrained. A major challenge is that adequate data have
been lacking. To identify GSE stars amid thick disk and in situ
halo stars, one needs to know the 6D phase space coordinates
and chemical abundances. In particular, the abundance of «
elements has been shown to be effective in distinguishing
accreted halo populations from the in situ population (e.g.,
Mackereth et al. 2019; Das et al. 2020; N20). Both the
kinematic and chemical data have been limited, as Gaia does
not deliver reliable radial velocities outside of the local halo
(d £5kpe). Even for the farther-reaching RRL stars to which
we have reliable distances, Gaia does not provide accurate
radial velocities or elemental abundances; thus, it is difficult to
distinguish between disk and halo stars and, for halo stars,
between in situ and accreted components. Furthermore,
Balbinot & Helmi (2021) raise a concern that the faint limit
of the Gaia RRL may be affected by Gaia’s scanning law,
which could affect the observed global distribution of RRL on
the scales of ~30 kpc.

For these reasons, extensive spectroscopic data is crucial to
supplement Gaia to enable chemo-dynamical analysis of the
stellar halo and GSE. For example, Mackereth & Bovy (2020)
cross-match Gaia Data Release 2 (DR2) with APOGEE Data
Release 14 (Majewski et al. 2017; Abolfathi et al. 2018) to
obtain mono-abundance samples in [Fe/H]—[Mg/Fe] space to
infer the stellar mass of GSE. However, with a few hundred
stars identified to be part of GSE (out of 835 total number of
giants), the data were not sufficient to constrain the full density
profile. Wu et al. (2022) cross-match Gaia Early Data Release 3
(EDR3; Gaia Collaboration et al. 2021) and K giants from
LAMOST Data Release 5 (Zhao et al. 2006; Liu et al. 2015) to
study the density profile of GSE, but they rely on [Fe/H] and
3D velocities to identify GSE stars, which makes it difficult to
distinguish between GSE and in situ halo stars. Furthermore,
they fit an oblate spheroid with a single power law in line with
previous studies of the stellar halo, which limits the invest-
igation of any spatial anisotropy in the data.

The H3 Survey (Conroy et al. 2019b) provides high-
resolution spectroscopy to complement Gaia. By combining the
two data sets, we can obtain full 6D phase space information,
[Fe/H], and [«/Fe] for a quarter million stars, and parse
through the various substructures of the halo in chemo-
dynamical space and identify which stars likely belong to GSE.

We thus set out to measure the shape and density profile of
GSE—the dominant component of the accreted stellar halo—
with the H3 Survey. Specifically, we aim to test two salient
features of the N21 model: an overall tilt of the halo with
respect to the disk, and a doubly broken power law along its
principal axes.

2. The H3 Survey

The H3 Survey (Conroy et al. 2019b) is collecting spectra of
300,000 stars in high-Galactic-latitude fields using the
MMT telescope with the medium-resolution Hectoschelle
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H3 Footprint

Figure 1. H3 Survey sky coverage as of 2022 May in Galactic coordinates.
Fields observed are shown in blue symbols (not drawn to scale). The white
region delineates 6 = —20° and |b| = 20° within 180° of the Galactic anticenter
(90° <1< 270°, and |b|=30° within 180° of the Galactic center
(—90° < 1< 90°). The following figures showing on-sky projections follow
the same coordinate conventions.

spectrograph at R = 32,000 (Szentgyorgyi et al. 2011) over the
wavelength range 5150 A—5300 A. Figure 1 shows the survey
footprint. As of 2022 May, H3 has observed 1242 tiles and
238,372 stars, covering 6 > —20° and |b| > 20° within 180° of
the Galactic anticenter (90° <1< 270°), and |b| > 30° within
180° of the Galactic center (—90° < [ < 90°). One of the most
notable features of the H3 Survey is its simple selection
function. H3 targets stars from Pan-STARRS (Chambers et al.
2016), primarily based on Gaia parallax and r-band magnitude.
Gaia DR2 was not available early on in the survey, so a subset
of the targets were selected on g — r < 1.0 instead. These stars
only comprise 10% of the sample, and the results in this study
do not change if the early data are excluded. A detailed
summary of the H3 selection function is presented in the
Appendix. Based on this selection function, we describe how
we model selection effects in Section 3.

From H3 spectra, stellar parameters are derived using the
MINESweeper program (Cargile et al. 2020) including radial
velocities, spectrophotometric distances, iron abundances [Fe/
H], and « element abundances [a/Fe]. MINESweeper also
infers initial chemical abundances, but for giants these two
values are nearly identical and for this study we use surface
chemical abundances. Combined with Gaia proper motions,
these quantities can then be converted to orbital quantities such
as angular momentum, eccentricity (e), and energy using gala
(Price-Whelan 2017; Price-Whelan et al. 2020) assuming the
default MWPotential (disk model from Bovy 2015).

The stellar halo as observed through the H3 Survey is rich in
substructure. A comprehensive cataloging of these structures is
carried out in N20. Here, we focus on identifying GSE, the
single most dominant contributor to the accreted stellar halo.

To obtain a pure halo sample, we first select giants
(logg < 3.5) that do not have any data quality flags. The
giant selection filters out the nearby dwarf stars, and the signal-
to-noise ratio (S/N) cut ensures that chemical abundances are
sufficiently precise to separate GSE from other populations. We
then remove any cold structures from this data set. The major
contaminant is the Sagittarius stream; H3 identifies stars that
belong to the Sagittarius stream based on angular momenta
(Johnson et al. 2020) and we can remove them from the
sample. Similarly, we remove dwarf galaxies, globular clusters,
and kinematically cold stellar streams from our sample
(Sextans, Ursa Minor, Palomar 13, Draco, M31, M33, M92,
and GD-1) based on their 6D phase space coordinates and
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chemistry. We define the remaining giants to be the parent
sample.

Figure 2 shows the parent sample in [«/Fe]—[Fe/H] space.
In the left panel we show the whole parent sample, revealing
three conspicuous clumps. These clumps are GSE (low [Fe/H]
and low [«/Fe]), the in situ disk and halo (high [Fe/H] and
high [«/Fe]), and Aleph (high [Fe/H] and low [a/Fe], likely
of in situ origin). Owing to the prominence of these clumps, we
can simply draw lines in the [«/Fe]—[Fe/H] plane to cleanly
select on each structure (dashed lines). In the right panel, we
show giants that are on eccentric (e > 0.7) orbits. The two
prominent clumps are GSE (overplotted in red) and the in situ
halo (overplotted in blue). GSE accounts for more than 90% of
the e > 0.7 sample, demonstrating the dominance of GSE in the
stellar halo. A small fraction of the high-« spur at low [Fe/H]
can be attributed to an in situ population, but this structure
accounts for less than <5% of the inner halo (Belokurov &
Kravtsov 2022; Conroy et al. 2022), and does not affect the
density profile of the accreted halo in any significant way.

Figure 3 shows the parent sample in [Fe/H]—eccentricity
space. The prominent clump at high eccentricities (e > 0.7) is
GSE, and the [Fe/H] ~ —0.5 strip that extends from low to
high eccentricities includes the in situ halo, thick disk, and
Aleph. We see that the eccentricity distribution of GSE tapers
off around e ~ (0.7 and extends down to e ~0.5.

Combining information from Figures 2 and 3, we define
GSE as the following:

e>0.7; and [a/Fe]<0.27—0.5([Fe/H]+0.7); and
[a/Fe] < 0.27 — 0.1([Fe/H] + 0.7).

As a result, we obtain 5559 stars with a high probability of
belonging to GSE. This selection criterion is intended to
maximize the purity of the GSE sample rather than its
completeness, because our goal is to measure the shape of
the accreted halo against the background of the in situ halo and
the thick disk. We discuss variations to the fiducial sample in
Section 4. We note that the choice of e > (0.7 is common in the
literature (e.g., Mackereth & Bovy 2020; N20; Wu et al. 2022).

3. Methods

In this section we outline how we infer the stellar density
profile of GSE based on H3 data.

3.1. Likelihood Function

We model each star as drawn from an inhomogeneous
Poisson point process. This likelihood-based method to
constrain density profiles was pioneered by studies such as
Bovy et al. (2012), Rix & Bovy (2013), and Xue et al. (2015).
We define the fundamental variables that determine the Poisson
state of a star to be the 3D location r, initial mass m, and
metallicity [Fe/H]. We express r in either galactocentric
coordinates (Xga1, Yoal» Zgar) Or heliocentric coordinates (I, b, d).
For the galactocentric coordinates, we adopt a right-hand
coordinate system with the solar location at (—8.122 kpc, 0 kpc,
0.02 kpc) and the Galactic center at the origin. While stellar age
is another fundamental variable, most GSE stars are within a
stellar age range of 8—10 Gyr (e.g., Gallart et al. 2019; Bonaca
et al. 2020). Hence, stellar ages do not significantly affect the
observable parameters, and we assume a uniform stellar age of
10 Gyr for this study. The intrinsic distribution of the state
variables, the rate function )\, is assumed to be separable with
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Figure 2. H3 giants in [Fe/H]-[c/Fe] space. Kinematically cold structures such as the Sagittarius stream and dwarf galaxies have been removed. In the left panel, the
three most prominent clumps are the in situ (“high-a’") disk/halo, GSE, and Aleph. On the right panel, we plot stars that are on eccentric (¢ > 0.7) orbits from the
parent sample. We can easily identify GSE (overplotted in red) and the in situ halo (overplotted in blue). GSE accounts for 90% of the ¢ > 0.7 sample.
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the initial mass function (IMF) and the metallicity distribution
function (MDF) as follows:

A = p(r) - IMF(m) - MDF([Fe/H]). 1)

The assumption of separability is equivalent to assuming that
the MDF and IMF do not depend on Galactic location. Because
we select a chemically homogeneous population, the MDF to
first order does not depend on location. In detail, an imprint of
the intrinsic metallicity gradient of the GSE progenitor could be

left behind from different stripping episodes (i.e., the outermost
stars that are likely more metal-poor are stripped first), but
Conroy et al. (2019a) and N21 show that this gradient over the
range 6 < rgy < 60 kpc is essentially zero. Thus, the assump-
tion of a separable MDF is a good approximation. We adopt a
global IMF (Kroupa 2001) and an empirical MDF derived from
a fitted accretion model (see Conroy et al. 2019a for details).
Folding in the H3 selection function, the observed rate can be
written as

Aobs = A(r, m, Fe/H) - S(tile), 2)

where S is a tile-dependent selection function on the observed
stellar photometry and Gaia parallax 7. To transform the
fundamental variables m and [Fe/H] into photometry, we use
MIST vl1.2 isochrones (Dotter 2016; Choi et al. 2016) at 10
Gyr and place them at a heliocentric distance d derived from r.
As discussed earlier, the stars in the GSE sample show stellar
ages between 8—10 Gyr: at those ages the changes in stellar
isochrones are minute, and the specific choice of isochrone age
between §—10 Gyr does not introduce significant systematics
in either the selection function or the rate function. The H3
target selection involves a cut on r-band magnitude, and the
limiting magnitude of our giant selection for a given tile further
depends on factors such as sky brightness and weather. A
histogram of limiting magnitude for S/N = 5 is presented in
Figure 14 in the Appendix, and we take this into account in our
selection function. While S should intuitively be a binary
function (a star is either observable or not observable), it is
actually a continuous function from 0 to 1. First, Gaia
parallaxes have a statistical uncertainty that causes stars at
the edge of detectability to have nonnegligible scatter. We
account for this effect by marginalizing the rate function over
the Gaia parallax uncertainty, which is a function of the ecliptic
angle, G-band magnitude, and V — I color. Second, we can
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only place a maximum of 200 fibers within any given field,
sometimes even fewer than 200 to avoid fiber collisions among
the robotic positioners. If there are more targets than fibers
available, we must include the sampling fraction (defined as
Nreceived fiber/Niarget) 10 the observed rate function. This
sampling fraction is calculated based on the parent Pan-
STARRS catalog, and we include it in the rate function as a
constant multiplicative factor for each tile. Finally, H3
implements a ranked targeting scheme, where rank 1 stars
(BHB, RRL, photometrically selected luminous K giants) are
given priority over rank 2 stars (selected on parallax and r
magnitude). Thus, the sampling fraction is also a function of
the rank of the target. We note that rank 1 stars only comprise
6% of the sample. Accounting for the ranks, the observed rate
function can be written as

Aobs = A, m, [Fe/H]) - [B - f, + B -f.1, 3)

where B is a Boolean function on the state variables that
determine if the star is rank 1, rank 2, or nonobservable; frl and
/., are sampling fractions of the respective target ranks. The
definition of rank has evolved over the duration of the survey,
and we report these changes in the Appendix. We note that
there also exist rank 3 (faint filler targets) and rank 4 (nearby
filler targets), but these targets comprise less than 1% of the
giants with S/N > 5 and we exclude them from our analysis.

Once we have specified the observed rate function, we can
evaluate the likelihood function for an inhomogeneous Poisson
process:

log £ = =Ny + Y _log Aops(D), 4

where D; = (r;, m;, [Fe/H];), and
N, = f Auys dr dm d[Fe/H]. (5)

Intuitively, N, represents the expected number of events (stars)
observed through the selection function given a set of model
parameters. While this integral would be computationally
formidable to perform over the full 5D space (three spatial
dimensions, m, and metallicity), it is tractable if we
approximate all of the stars in one tile to lie along one line
of sight at the center of the tile, and thus collapse three spatial
dimensions to one. Since the size of each tile (0°5 radius) is
much smaller than the total footprint (~15,000 square degrees),
we confidently make this approximation.

We now discuss the functional form of p(r). Assuming that
the halo can be approximated by an ellipsoid (which includes
spherical and flattened spherical shapes), there are two parts to
consider in parameterizing p(r). The first is the radial profile,
representing the density along the principal axes of the
ellipsoid. Previous studies have fit a singly broken power law
or a Sérsic profile to stellar halo tracers. Here, we consider a
multiply broken power law that encompasses a no-break to
doubly broken power law.

The second component of p(r) is the angular profile,
representing the overall orientation of the ellipsoid. This profile
has historically not been explored as in depth as the radial
profile. However, there is no a priori reason to assume that a
merger remnant would occupy an azimuthally symmetric
distribution in the Galaxy; indeed, there is increasing evidence
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to consider a halo that is allowed to be rotated with respect to
the Galactic plane (Iorio & Belokurov 2019; Naidu et al.
2021b; Han et al. 2022). In this study, we consider the simplest
form of the angular profile, which is to assume the ellipsoid as a
solid body that has been rotated. More flexible models could
consider the rotation angles changing as a function of radius,
and we leave this to future work. Combining the radial and
angular profiles, we write the 3D density profile as follows:

pr) =fM, ay, v, a3, 11, Tp2, P, g, Pitch, yaw).  (6)

Here, f'is a multiply broken power law that is described by 10
parameters: total stellar mass enclosed in Galactic radius
1-100 kpc, M, first power-law slope «;, second power-law slope
Qp, third power-law slope «s, first breaking radius r,;, second
breaking radius r,, intermediate axis flattening p, minor axis
flattening ¢, pitch angle, and yaw angle (all angles measured
clockwise). The power law is a function of the flattened radius
r,= \/Xz + (Y/p)* + (Z/q)*, where p and ¢ are values
between 0 and 1. The X, Y, and Z axes are, respectively, defined
to the major, intermediate, and minor axes. The power-law slopes
and breaking radii are allowed to overlap such that f can describe
a single power law to a triple power law (i.e., doubly broken).
The pitch angle represents the angle of the major axis of the
ellipsoid with respect to the Galactic plane (colloquially referred
to as tilf), and the yaw angle represents the azimuthal angle of the
major axis with respect to the Galactic Z-axis. As we discuss in
Section 4, the best-fit ellipsoid model is near-prolate, and thus has
approximate internal azimuthal symmetry. Hence, we do not
report the rotation of the ellipsoid about the long axis, i.e., roll
angle. When we apply a fit of all three Euler angles, the shape
and flattening parameters show an insignificant change, and the
pitch and yaw angles change within the statistical uncertainties of
the model.

Finally, to write the density function in terms of observed
coordinates (I, b, d), we must account for the change in the
volume element as a function of observed coordinates. This is
the absolute value of the Jacobian determinant, and can be
derived as ||J||(, b, d|r) = d? cos(b).

The task at hand of computing the likelihood function can
naturally be parallelized over tiles. We use OpenMPI (Gabriel
et al. 2004) to distribute the likelihood function over 1000
CPUs, enabling on-the-fly calculations of the likelihood instead
of having to rely on precomputed grids. We assume a uniform
prior for all parameters, and use emcee (Foreman-Mackey
et al. 2013) to sample from the posterior. We employ 200
walkers and a nominal burn-in phase of 200 steps. The number
of final steps vary across models, but are typically on the order
of a few hundred.

3.2. Mock Tests

The forward model framework described above is also a
generative model with which we can create mock data sets.
Given true model parameters, we can sample stars from the
spatial density, IMF, and MDF. We can then pass these stars
through the full H3 selection function to create a mock data set.
Such mock data sets are useful for several purposes. First, we
can fit the mock data set through our full fitting pipeline to
validate our inference framework. An example of such a fit is
displayed in Figure 4. The diagonal panels show the posterior
of each parameter as sampled with emcee, while the other
panels show the covariance among different parameters. The
blue lines indicate the sample mode (also written as text on top
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Figure 4. Posterior distribution from fitting a mock data set constructed to resemble the H3 Survey. Blue lines indicate the sample mode, and red lines are the true
value. The true parameters are all within the statistical uncertainty of the fit. We adopt a uniform prior for all fits. Breaking radii are in units of kiloparsec.

of the diagonal panels), and the red lines indicate the true
parameters that were inputs to the mock data. All of the true
parameters are well within the statistical uncertainties of the
inferred parameters, demonstrating the robustness of our
inference framework.

Second, we use the mock catalog to understand how model
assumptions can affect our interpretation of the data. For
example, we create a tilted, triaxial, doubly broken mock data

set (from the same parameters as Figure 4), and then fit it with a
nontilted, spheroidal (one flattening parameter ¢), singly
broken power law. This finding is analogous to previous
measurements of the stellar halo. Figure 5 shows the posterior
distribution of such a fit. We see that the model has been
strongly constrained to an oblate spheroid (¢ = 0.84) with a
single breaking radius in between the two true breaking radii.
This result is a cautionary tale: despite the posterior being
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when projected onto data space.

strongly constrained to be an oblate spheroid with a single
break, the underlying true density can be triaxial and tilted.
Thus, there is strong motivation to project the best-fit models
back onto data space, where clear systematics (such as
misinterpreting a triaxial tilted ellipsoid as an oblate spheroid)
would be visible as residuals between the data and the model.
This lesson forms the basis of how we examine and present our
results in the following section.

4. Results

Here we present the results of measuring the shape and
density profile of GSE. We first present results based on our
fiducial model. We decompose the density profile into its
angular and radial components, and compare the best-fit model
and the data in each projection. Finally, we discuss variations
to the fiducial model and sample, and how that affects our fits.

4.1. Fiducial Model: Tilted and Doubly Broken

Our fiducial model for the stellar halo is a triaxial, doubly
broken power law with an orientation not constrained to lie in
the Galactic plane. There are three key features to our best-fit
model: (1) we find two breaking radii at 12 kpc and 28 kpc; (2)
the principal axes ratios are 1:p:g = 10:8:7, which is nearly
prolate; (3) we find that the ellipsoid is tilted by 25° off of the
Galactic plane and 24° away from the Sun—Galactic center axis.
Figure 6 shows the full posterior of each parameter of the
fiducial model. That the covariance among parameters is
mostly small indicates that our model parameters are not
degenerate with one another. This is consistent with our
expectation that each parameter should affect distinct spatial
features of the ellipsoid. In Figure 7 we plot the isodensity
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surface of the fiducial model in galactocentric coordinates,
evaluated at r, = 20 kpc. The solar location is marked as a red
star, and an artist’s impression of the Galactic disk (NASA/
JPL-Caltech/R. Hurt 2008) is overplotted to orient the reader.

In Figure 8 we show the on-sky stellar density of the data
and of the models projected onto data space. The top panel
shows the density of GSE, and the middle left (right) shows the
density of a nontilted (fiducial) model. Densities are normalized
by the mean density in each panel. The bottom-left (right) panel
shows the residuals of the data subtracted by the nontilted
(fiducial) model, normalized by the mean density of the data.
The fiducial model is a tilted, triaxial ellipsoid, and the
nontilted model is created by fitting a model with rotation
angles (both pitch and yaw) fixed to zero. All panels are
smoothed with a 20° Gaussian kernel. The faint white dots
mark H3 tiles. The top and middle panels reflect the H3
selection function to first order. However, since the data and the
models are subject to the same selection function, the
difference in bottom-panel model residuals are insensitive to
the selection function. In this context, we observe a striking
dipolar over-underdensity pair in (—I, +b) and (+I, —b) for the
nontilted model residual plot. This dipole is bookended by the
Virgo Overdensity in the north and the Hercules-Aquila Cloud
in the south. The dipole residual is greatly reduced in the tilted
(fiducial) model, demonstrating that an overall rotation to the
ellipsoid can explain the observed dipole in the nontilted
residual. However, the residuals of the fiducial model is still
imperfect, which we discuss in Section 5.

In Figure 9 (top panel) we plot a log-bin histogram of observed
flattened radii of GSE (black dots) and compare to the fiducial
model (red line) as well as best-fit singly broken (green line) and
no-break (blue line) power-law models. In the bottom panel we
plot the residuals of each model to the data, and indicate the
Poisson uncertainty of the data in red shading, evaluated from
100 mock catalogs. While the single-break power law fits the
14> 15kpc halo well, it overpredicts the stellar density at inner
radii. To model both the inner and outer halo, the data requires a
minimum of two breaking radii. Using the Akaike information
criterion (AIC; Akaike 1974), we can use the likelihood values to
determine which model better describes the data. AIC is defined
as 2k — 21n L, where k is the number of free parameters and L is
the maximum likelihood value for the model. Based on this
criterion, the probability that the singly broken power law
minimizes the information loss compared to the doubly broken
power law is e 2*"**, essentially zero. We thus confidently rule
out the singly broken power law as the preferred model.

It is worth nothing that the r < 10 kpc halo strongly overlaps
with in situ stars (both the disk and in situ halo), and many prior
studies of the stellar halo therefore exclude this region from their
sample. Indeed, the inner breaking radius would be difficult to
observe if we were not able to separate GSE from the in situ stars.
For example, the RRL sample used by Iorio et al. (2018) that
spans the inner halo down to r= 1.5 kpc would include many
in situ halo and disk stars, which could be a reason why they did
not measure a significant tilt in the RRL data. Owing to the clean
chemistry and kinematic selection enabled by H3, we are able to
probe the density profile to relatively small galactocentric radii.
Furthermore, if our sample were significantly contaminated by
disk stars, the innermost power-law slope would likely be steeper
and the difference between «; and o, would be smaller than what
we measure. Hence, our measurement of the innermost breaking
radius is likely not a product of disk contamination. Lastly, o
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Figure 6. Posterior distribution of the fiducial model applied to the GSE sample. Blue lines indicate the sample mode, and dashed lines indicate 16th and 84th
percentiles. The covariances among various parameters are mostly small, suggesting that our model parameters are nondegenerate with one another. To the upper
right, we plot the radial density profile based on the best-fit parameters, highlighting the double-break feature of the power law.

and a, are ~8¢ apart from each other and o, and a3 are ~15¢0
apart, demonstrating the statistical significance of the doubly
broken power law.

4.2. Variations to the Fiducial Model and Sample

In this paper we have explored a flexible model (triaxial
ellipsoid that is allowed to rotate) and new data (a high-purity

GSE sample obtained from chemo-dynamical selection) to
measure the density profile of the most dominant contributor to
the stellar halo. It is important to understand how our results
depend on each component.

From Figure 5, we have learned that an intrinsically triaxial
and tilted ellipsoid can be incorrectly constrained to be an oblate
spheroid if the model is restricted to be aligned with the Galactic
plane. Thus, if we fit our fiducial GSE sample with a model that
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Figure 7. Isodensity surface contours of the fiducial ellipsoid model evaluated at flattened radius r, = 20 kpc. The major, intermediate, and minor axes of the ellipsoid
are, respectively, drawn in blue, red, and green. The solar location is marked with a red star, displaced 8 kpc away from the Galactic center. An artist impression of the
Galactic disk (NASA /JPL-Caltech/R. Hurt 2008) is overplotted to orient the reader. The principal axes ratios are 10:8:7, which is closer to prolate than oblate. The
major axis (blue) is tilted 25° with respect to the Galactic plane, and also 24° with respect to the Sun—Galactic center axis.

is restricted to be aligned with the plane, we would obtain an
oblate spheroid as our best-fit model. However, we know from
Figures 8 and 9 that this oblate spheroid model does not
reproduce either the radial or angular distribution of the data.
Thus, this exercise once again reveals the limitations of fitting a
restricted model to the data, and the value of a generative
framework that allows one to evaluate the model in data space.

To connect our data to previous studies, we fit a restricted
model to a sample (an oblate spheroid with a singly broken
power law) to a halo sample selected only on |Z| > 4 kpc, with no
chemical or kinematic selection. Such a geometric selection of
halo stars being above some Galactic height is characteristic of
pre-Gaia halo samples (e.g., Xue et al. 2015). Our sample is, of
course, still specific to the H3 footprint, so it is not identical to
prior studies. Figure 10 shows the posterior of this restricted fit.
Similar to previous work, we find that the data can be strongly
constrained to an oblate spheroid (¢ ~ 0.9) with one breaking
radius at ~20 kpc. The inner power-law slope, a;; = 3.3, is on the
steeper end of literature values, and the outer power-law slope,
ap =4.6, is near the average of literature values. We note that
when we fit the fiducial model to the |Z| >4 kpc sample, the
pitch (1876 +,182) and yaw (—12°5+15°4) angles are
consistent with zero and the triaxiality is reduced (p=
0.84 £0.7 and g = 0.88 &= 0.04). We further elaborate on placing
our results in the context of the literature in Section 5.

We now assess the specific choice of eccentricity used to define
GSE. To this end, we return to Figure 3, where we show the
distribution of eccentricity against metallicity of the parent sample.
While GSE dominates the high-e sample, it does extend down to

lower eccentricities. It is thus worthwhile to explore how our
result changes if we relax the eccentricity selection of GSE to be
e > 0.5. This increases our GSE sample size to 7886. The result is
summarized in Table 1. Other than the total stellar mass, which
increases proportionally to the sample size as expected, none of
the density parameters change in any appreciable way. This also
demonstrates that our kinematic cut does not induce large
selection effects in the radial range that we explore in this study.

Finally, we explore how our result changes in the complete
absence of a chemo-dynamical selection by fitting the whole
parent sample with the fiducial model. This sample includes the
thick disk and in situ halo, and reflects the total sum of distant
(d > 1 kpe) giants in H3 that are not part of a kinematically cold
structure (i.e., Sagittarius stream, Sextans, Ursa Minor, Palomar
13, Draco, M31, M33, M92, and GD-1). The result is
summarized in Table 1. The tilt angle, while still nonzero, is
notably smaller (~10°) and the shape is closer to oblate
(10:9:8), which is what we expect since the thick disk and
in situ halo occupy a distribution that is different from GSE and
is aligned with the Galactic plane. Additionally, the inner
power-law slope is steeper (a; ~ 2.1) than the fiducial model,
again likely due to the thick disk and in situ halo as their
distributions are steeper than GSE and occupy the inner 10 kpc.

5. Discussion
5.1. Caveats and Limitations

In this study, we have explored a triaxial ellipsoid model to
measure the shape and density profile of the most dominant
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tiles. The top and middle panels include the significant effect of the H3 selection function. However, the model residuals in the bottom panels are insensitive to the

selection function.

component of the accreted stellar halo of the Galaxy. This
model reproduces key features of the data in both radial and
angular projections, corresponding to the overall tilt of the halo
and the double-break in the power law. We thus believe the
fiducial model to be representative of the underlying data.
However, the true stellar halo is surely not a perfect ellipsoid as
we have drawn in Figure 7. While the on-sky density residuals
of the fiducial model is clearly better than that of the nontilted
model in Figure 8, we still observe a spatially correlated offset
from the data. This is likely due to a more complex shape of the
halo, such as its overall orientation changing as a function of
radius (e.g., Prada et al. 2019; Emami et al. 2021; Shao et al.
2021 show this in simulations) and/or having different radial
density distributions on either side of the Galactic center due to
dynamical friction as the progenitor sinks into the Galaxy
(Naidu et al. 2021b). While our work allows for a more general
shape than in previous work, there are clear motivations to
consider even more flexible models. Factoring in the in situ
disk and halo, the combined halo is likely a superposition of at
least two distinct shapes: a triaxial ellipsoid accreted halo, and
an oblate in situ halo. Furthermore, some studies have
measured a radially varying flattening parameter (Xue et al.
2015; Das & Binney 2016; Iorio et al. 2018; Iorio &
Belokurov 2019), which could partially be due to contamina-
tion from the in situ halo and other substructures. Future studies
that can employ more data points should be able to
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simultaneously constrain radially varying rotation angles and
shape parameters.

Another limitation of this study is that H3 does not contain
data below § < —20°, so we cannot measure features to the
halo profile contained in those regions. Future spectroscopic
surveys in the southern hemisphere such as 4MOST and the
Sloan Digital Sky Survey (SDSS)-V will provide important
constraints on the behavior of the stellar halo. Furthermore, the
distances estimated by MINESWeeper have ~10% statistical
uncertainties that we do not directly factor into the inference
framework. Instead, we verify that these uncertainties do not
significantly affect our results by fitting mock catalogs that
include distance uncertainties. All parameters are inferred to be
well within statistical uncertainty from their true values, as we
show in Figure 4. We have also removed very distant stars
beyond r>60kpc that are most affected by distance
uncertainties and have poor astrometric quality. To properly
model the outer halo, where tracers are rare and distance
uncertainties can sway the results, one should marginalize the
likelihood function over the distance posterior. The constituents
of the distant » > 60 kpc halo are largely uncharted, and will be
an important direction for future work. Our work also does not
attempt to model the spatial-dependent kinematics of GSE,
which could introduce systematic errors (e.g., orbits becoming
more circular in the outer halo, where unrelaxed tidal debris
may still exist). Lastly, while the fiducial e > 0.7 sample should
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allow for only one breaking radius. The resulting parameters we derive are
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mark the 16th and 84th percentiles. The radial density profile resulting from the
restricted fit is plotted in the upper-right corner in blue, and the fiducial fit is
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largely be comprised of GSE, the e > 0.5 sample may contain
other mildly eccentric, accreted substructures such as Sequoia
(Matsuno et al. 2019; Myeong et al. 2019), Arjuna, and I’itoi
(N20). However, these structures are subdominant (Sequoia,
for example, is estimated to be ~40 times less massive than
GSE). Thus, their contribution to the density profile is very
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small compared to GSE. Nonetheless, understanding the spatial
distribution of these structures is important to completing our
knowledge of the accreted stellar halo.

5.2. Comparison to Previous Work

Due to our novel sample comprising high-probability GSE
stars, it is not a straightforward task to directly compare our
results to previous studies. Instead, here we place our fiducial
density model in the context of previous studies of the
stellar halo.

We first highlight the double-break feature of our density
profile. Figure 11 shows the distribution of breaking radii r, in
the literature compared to this work. Previous results report a
single breaking radius, and we visualize these radii as Gaussian
distributions based on the reported uncertainties. The breaking
radii are in flattened units, so the physical radii can change by a
factor determined by the flattening parameter. However, this
change is not larger than a few kiloparsecs for the most
flattened models, and does not affect the evident dichotomy in
the literature values of 7,. Specifically, there exists a cluster of
r, ~ 15-20 kpc and a cluster of r;, ~ 25-30 kpc. If we interpret
the double-break power law that we measure to be the outer
and inner apocentric pile-ups of GSE, we can understand the
dichotomy as an artifact of the survey footprint and radial range
probed by previous studies. Depending on the specific sight
line, the outer (inner) apocentric pile-up can be more prominent
than the inner (outer) pile-up due to the tilt and orientation of
GSE. It is therefore likely not coincidence that the two breaking
radii we measure coincides with the two clusters of results in
the literature.

In Figure 12 we plot the density profiles from the literature
over their respective radial range of the study. In Figure 13 we
make a similar comparison for the power-law index, where the
transition regions between inner and outer power-law indices
correspond to reported uncertainties of the breaking radius. We
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Table 1
Summary of Best-fit Parameters
Sample log(M /M) o e a3 rp1 (kpe) rp2 (kpe) p q Pitch (°) Yaw (°)
Fiducial Model
Fiducial GSE 8.7619% 1704348 3.097919  458+010  11.85%097 2833118 08109 073709 —2539134)  —24.337%Y
e>0.5 GSE 8.887002 1705093 3107098 46540597 1061504 2926100 0.82%092 074139 251373 —23.8873%0
Parent 9.13+0%4 2081938 345708 445701 9.48+080 27.68°12 0881092 07873 —1040§3®  —11.067432
Restricted Model: single break, p = 1, pitch = 0, yaw = 0
|Z| > 4 kpc 9.10%09¢ 3301088 45970 2151729 1 (fixed)  0.87%0% 0 (fixed) 0 (fixed)

see that the density profile presented in this study approximately
traces the average literature profile in the inner (r < 15 kpc), mid
(15 kpe < r < 25 kpe), and outer (r > 25 kpc) halo.

A noteworthy feature is that our inner breaking radius is
smaller than literature estimates. Several factors could lead to
this result. First, our halo sample includes stars at smaller
galactocentric radius than most studies owing to our ability to
effectively remove in situ stars. Second, from the mock test
shown in Figure 5 we have seen that by approximating a singly
broken power law to an intrinsically doubly broken power law,
we estimate a breaking radius that is greater than the inner
breaking radius. From this we can infer that even in a study that
surveys sight lines dominated by the inner breaking radius,
stars from the outer breaking radius will shift the measured
breaking radius outwards. On the contrary, previous samples
dominated by stars at greater distances are not sensitive to the
inner breaking radius.

We now discuss the shape and orientation of our model. The
vast majority of previous studies report an oblate spheroid that
is aligned with the disk, which has principal axes ratios of
1:1:0.6-0.8 (Bland-Hawthorn & Gerhard 2016, and references
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therein). Among the few studies that have fit a triaxial ellipsoid,
Torio et al. (2018) report axes ratios of 1:0.8:0.5—0.6 from Gaia
DR1 RRL cross-matched with 2MASS out to rga < 28 kpc.
This axis ratio is comparable to what we find, which is
1:0.8:0.7, as shown in Figure 7. In terms of orientation, most
studies assume a fixed orientation of the halo that is aligned
with the disk. However, lorio & Belokurov (2019) report a
misalignment (yaw) angle of the major axis with the Galactic
X-axis by 70° based on DR2 RRL. The yaw angle reported by
Iorio & Belokurov (2019) and our study both point toward the
same quadrants in the Galactic X-Y plane, although the precise
value of the angle is different (24° from the X-axis in our
study). Given that the sample used in this study is significantly
different from the Gaia RRL due to our chemo-dynamical
selection, this difference in yaw angle may not be significant.
Future work should clarify this issue. Furthermore, Iorio &
Belokurov (2019) speculate the existence of a tilt of the halo
with respect to the Galactic plane based on the X-Z projection
of RRL, and the direction of the tilt is consistent with what we
report in this paper. In both studies, the ellipsoid is tilted above
the plane in the direction of the Sun.
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Figure 12. Radial density distributions of the stellar halo, comparing the result
from this work to the literature. Densities are plotted over the radial range
within which they were measured. Our double-break model is plotted in red,
along with 500 draws from the posterior in thinner red lines to demarcate the
statistical uncertainties. This model roughly traces the average literature profile
in the inner (r < 15 kpc), mid (15 kpe < r < 25 kpc), and outer (r > 25 kpc)
halo, thus resolving the tension in density profiles measured for the inner and
outer halo.

Finally, we discuss our estimate of the total stellar mass of
GSE. As summarized in Table 1, we infer a total GSE stellar
mass of 5.8—7.6 x 10® M., depending on if we define GSE to be
e > 0.7 or e > 0.5. We note again that we calculate the total mass
to be enclosed in 1-100 kpc. As we do not have data within
rGa < 5 kpc, the mass enclosed in this region is extrapolated from
the inferred density profile, accounting for ~10% of the total
mass. The inferred mass range of GSE comfortably brackets the
literature values of the GSE mass such as Helmi et al.’s (2018)
6 x 10® M..,, Vincenzo et al.’s (2019) 5 x 10® M., Feuillet et al.’s
(2020) 7 x 10® M., and N20’s 4—7 x 10® M.. There exist
exceptions, such as Mackereth et al. (2018), who find a lower
accreted stellar halo mass of 3 x 10° M, ate>0.7. We note that
the restricted fit we present in Figure 10 yields a significantly
higher mass estimate of 1.3 x 10° M, than the fiducial fit, which
shows that the triaxiality and the existence of an inner break (thus
allowing for a shallower innermost power-law slope) can
significantly affect the total stellar mass estimate. This higher
mass estimate is remarkably similar to what Deason et al. (2019)
find for the total stellar halo mass based on RGB stellar counts,
1.4 x 10° M.,

5.3. Implications

A tilted, doubly broken density profile of the stellar halo has
a number of implications for the galaxy. First, the overall tilt of
the stellar halo with respect to the Galactic disk serves as
independent evidence for the accreted origin of the halo, as it is
difficult to achieve such a configuration through purely in situ
processes. The two density breaks corroborate the scenario in
which GSE goes through two apocentric passages before
merging with the galaxy, as predicted by Naidu et al. (2021b).
The second apocenter occurs at smaller galactocentric radius
than the first due to dynamical friction, and the distance

13

Han et al.

between them is an observable quantity, which we have
measured in this work, that can be used to constrain properties
of the merger. For example, the total mass ratio and the
concentration of the progenitor should strongly affect how
many apocentric passages the progenitor can go through before
fully merging, and how deeply the progenitor plunges at each
passage. Future work will address such questions.

Second, the association of the tilted stellar halo with an
ancient (¢, ~ 10 Gyr) merger holds a clue to the shape of the
dark matter halo. Han et al. (2022) show that a present-day
spatial asymmetry of GSE, coupled with its estimated old age,
implies that at least some fraction of the underlying dark matter
halo is also tilted (hence necessarily aspherical) and oriented in
a similar direction as GSE. Understanding the dark matter
distribution in the galaxy is important for both Galactic
archeology and local direct detection experiments, as the nature
of the dark matter halo affects the local DM density and
velocity distributions (e.g., Evans et al. 2019; Necib et al.
2019). Furthermore, while the evolution of the stellar disk
induced by the dark matter halo has been studied before (e.g.,
Debattista et al. 2013; Yurin & Springel 2015; Dillamore et al.
2022), the stability and growth of the disk specifically in a
tilted, triaxial dark matter halo is an open question, and will be
investigated in future studies.

Lastly, it has been recognized that the Large Magellanic
Cloud (LMC) likely has a significant influence on the global
shape of the halo (e.g., Garavito-Camargo et al. 2019; Erkal
et al. 2020; Conroy et al. 2021; Petersen & Pefiarrubia 2021).
While this effect is most prominent at larger distances
(rGa > 50kpc) than what we consider here (see Lucchini
et al. 2021 for an alternative scenario), the direction of
overdensities due to the LMC and GSE have similar on-sky
orientations. Whether this curious alignment is due to
coincidence or a manifestation of the large-scale environment
that our Galaxy resides in will be addressed by future studies.

6. Summary

In this paper we have used the H3 Survey to infer the shape
and density profile of GSE, the most dominant component of
the accreted stellar halo. We employed both chemical and
kinematic selection to obtain a high-purity sample of halo stars
belonging to GSE, to which we fit a general ellipsoid with two
rotation angles and a multiply broken power law along its
flattened radius. Table 1 outlines the best-fit parameter values
for the various combinations of models and samples that we
describe in Section 4. The key findings from this work can be
summarized as follows.

1. The shape of GSE can be well fit by a tilted, triaxial
ellipsoid. The principal axes ratios are 10:8:7, and the
major axis of the ellipsoid points 25° above the Galactic
plane toward the Sun. The overall tilt of the halo is
evident in the data, shown in Figure 8.

2. The radial density profile of GSE is well described by a
doubly broken power law, as shown in Figure 9. The two
breaking radii are at 12kpc and 28 kpc. We interpret
these breaking radii as representing two apocenters of the
decaying orbit of GSE before it fully merged with the
galaxy. We rule out a singly broken power law with high
confidence.
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Figure 13. Power-law indices as function of Galactic radius, comparing the result of this work (red line) to the literature. Each result is represented as a line with
shaded regions demarcating the statistical uncertainty. Along each line, the transition region between power-law indices corresponds to the uncertainty in breaking

radius.

3. Integrating the density profile over the entire halo, we find
the stellar mass of GSE is 5.8—7.6 x 10® M., depending
on the precise eccentricity selection used to define GSE.

Ongoing and upcoming surveys such as DESI, SDSS-V,
WEAVE, and 4MOST will collect considerably more data in
the coming years. These data will enable stronger constraints
on the shape and orientation of the stellar halo. Future
directions include probing the halo beyond 60kpc and
constraining variation of its shape and orientation as a function
of radius. Such measurements will provide even sharper
constraints on the assembly history of our Galaxy.

Appendix

In Table 2 we outline the target selection criteria for H3
(more details will be presented in a future data release). The
mgiant selection is based on WISE colors, as described in
Conroy et al. (2018); in spite of the name, the selection is
mostly sensitive to luminous K giants. The bhb selection is
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based on color cuts presented in Deason et al. (2012), and the
rrl sample is taken directly from Sesar et al. (2017). We note
that there also exist rank 3 and rank 4 targets; however, they
comprise less than 1% of the relevant sample, so we exclude
those targets in this study. Color-based tiles (cal, cbl, ccl)
were used pre-Gaia, and the only change among the c-tiles are
subtle changes to the definition of rank 1 stars (~6% of the
data), while rank 2 stars (~93% of the data) are defined the
same. The Gaia-based tiles (gal, gbl, gcl, gfl) use Gaia
parallax as the main selection. Between gal and gbl the only
change is in the magnitude range of rank 1 stars. From gbl to
gcl and gfl, the parallax limit is changing to more efficiently
target stars that are further away and likely in the halo. From
gcl to gfl, we update the parallax selection based on Gaia
EDR3 (Gaia Collaboration et al. 2021) which has more precise
astrometry. Note that we skip “gdl” and “gel” to avoid
confusion with the GD-1 stellar stream (Grillmair & Dionatos
2006) and GSE (Belokurov et al. 2018; Helmi et al. 2018). The
typical number of giants in each tile is ~5-15.
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Table 2
H3 Target Selection

Selection ID  Rank 1 Rank 2 # of Tiles (% of Data)
cal mgiant and (g —r< 1) and (14 <r) (not rankl) and (g —r < 1) and (15 < r < 18) 27 (2%)
cbl (mgiant or bhb) and (14 < r) (not rankl) and (g — r < 1) and (15 < r < 18) 2 (0.2%)
ccl (mgiant or bhb or rrl) and (14 < r) (not rankl) and (g — r < 1) and (15 < r < 18) 75 (5%)
gal (mgiant or bhb or rrl) and (14 < r < 18) and (7 < 0.5) (not rankl) and (7 — 20, < 0.5) and (15 < r < 18) 158 (12%)
gbl (mgiant or bhb or rrl) and (13.5 < r < 17.5) and (7 < 0.5) (not rankl) and (7 — 20, < 0.5) and (15 < r < 18) 95 (8%)
gcl (mgiant or bhb or rrl) and (13.5 <r<17.5) and (# < 0.3) (not rankl) and (7 < 0.4) and (15 < r < 18) 438 (34%)
efl (mgiant or bhb or rrl) and (13.5 < r < 17.5) and (7 < 0.3) (not rankl) and (7 < 0.3) and (15 < r < 18) 464 (37%)
Limiting Magnitude at SNR=5 Belokurov, V., Erkal, D., Evans, N. W., Koposov, S. E., & Deason, A. J. 2018,
MNRAS, 478, 611
Belokurov, V., & Kravtsov, A. 2022, MNRAS, 514, 689
250 Belokurov, V., Sanders, J. L., Fattahi, A., et al. 2020, MNRAS, 494, 3880
Belokurov, V., Zucker, D. B., Evans, N. W., et al. 2006, ApJL, 642, L137
Belokurov, V., Evans, N. W, Bell, E. F., et al. 2007, ApJL, 657, L89
Bland-Hawthorn, J., & Gerhard, O. 2016, ARA&A, 54, 529
200 Bobrick, A., Torio, G., Belokurov, V., et al. 2022, arXiv:2208.04332
Bonaca, A., Conroy, C., Wetzel, A., Hopkins, P. F., & Keres, D. 2017, ApJ,
845, 101
Bonaca, A., Conroy, C., Cargile, P. A., et al. 2020, ApJL, 897, L18
3 150 A Borre, C. C., Aguirre Bgrsen-Koch, V., Helmi, A., et al. 2022, MNRAS,
g=| 514, 2527
s Bovy, J. 2015, ApJS, 216, 29
- Bovy, J., Rix, H.-W., Liu, C., et al. 2012, ApJ, 753, 148
100 4 Bullock, J. S., & Johnston, K. V. 2005, ApJ, 635, 931
Cargile, P. A., Conroy, C., Johnson, B. D., et al. 2020, ApJ, 900, 28
Chambers, K. C., Magnier, E. A., Metcalfe, N., et al. 2016, arXiv:1612.05560
Chaplin, W. J., Serenelli, A. M., Miglio, A., et al. 2020, NatAs, 4, 382
= Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102
30 Conroy, C., Bonaca, A., Naidu, R. P., et al. 2018, ApJL, 861, L16
Conroy, C., Naidu, R. P., Garavito-Camargo, N., et al. 2021, Natur,
592, 534
0 Conroy, C., Naidu, R. P., Zaritsky, D., et al. 2019a, ApJ, 887, 237
T T T T T T

14 15 16 17 18 19

T

Figure 14. Limiting magnitude of the H3 Survey at a threshold of S/N = 5.
The main sample selection is 15 < r < 18. Good observing conditions yield
fainter limiting magnitudes, and bad weather can lead to brighter limiting
magnitudes.
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