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Abstract

We present initial results from a large spectroscopic survey of stars throughout M33’s stellar disk. We analyze a
sample of 1667 red giant branch (RGB) stars extending to projected distances of ~11 kpc from M33’s center
(~18 kpc, or ~10 scale lengths, in the plane of the disk). The line-of-sight velocities of RGB stars show the
presence of two kinematical components. One component is consistent with rotation in the plane of M33’s HI disk
and has a velocity dispersion (~19 kms™'), consistent with that observed in a comparison sample of younger
stars, while the second component has a significantly higher velocity dispersion. A two-component fit to the RGB
velocity distribution finds that the high-dispersion component has a velocity dispersion of 59.373¢ kms™' and
rotates very slowly in the plane of the disk (consistent with no rotation at the <1.50 level), which favors
interpreting it as a stellar halo rather than a thick disk population. A spatial analysis indicates that the fraction of
RGB stars in the high-velocity-dispersion component decreases with increasing radius over the range covered by
the spectroscopic sample. Our spectroscopic sample establishes that a significant high-velocity-dispersion
component is present in M33’s RGB population from near M33’s center to at least the radius where M33’s H 1 disk
begins to warp at 30’ (~7.5 kpc) in the plane of the disk. This is the first detection and spatial characterization of a
kinematically hot stellar component throughout M33’s inner regions.
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1. Introduction

Extended, old stellar distributions are found nearly ubiqui-
tously in star-forming dwarf galaxies (e.g., Stinson et al. 2009,
and references therein). Multiple physical mechanisms have
been identified as potential contributors to stellar halos in low-
mass galaxies, including merging of lower-mass subhalos
(Helmi et al. 2012; Starkenburg & Helmi 2015; Starkenburg
et al. 2016) and purely internal heating mechanisms (Stinson
et al. 2009; Maxwell et al. 2012; El-Badry et al. 2016; Kado-
Fong et al. 2021). However, a definitive kinematical detection
of a stellar halo component around a relatively isolated low-
mass galaxy has remained elusive.

* The data presented herein were obtained at the W.M. Keck Observatory,
which is operated as a scientific partnership among the California Institute of
Technology, the University of California and the National Aeronautics and
Space Administration. The Observatory was made possible by the generous
financial support of the W.M. Keck Foundation.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

The Triangulum galaxy (M33) provides a unique opportu-
nity to study the resolved stellar dynamics of a low-mass
(M, ~ 4.8 x 10° M_,; Corbelli et al. 2014) disk galaxy, and to
identify and measure the kinematical properties of a low-mass
galaxy’s stellar halo. It is located ~230kpc from M31, and
proper motion measurements suggest M33 is on first infall into
the M31 system (Patel et al. 2017a, 2017b; van der Marel et al.
2019). M33 therefore should be relatively undisturbed,
although its extended HT disk suggests a minor kinematical
warp at 2 7kpc (e.g., Corbelli & Schneider 1997; Putman
et al. 2009; Corbelli et al. 2014; Kam et al. 2017), equivalent to
>4 disk scale lengths (as measured at 3.6 um; Verley et al.
2009; Kam et al. 2015).

Studies of M33 have led to mixed conclusions regarding the
presence of a stellar halo. The existence of metal-poor RR
Lyrae stars in M33’s disk, including at large deprojected disk
radii, has been interpreted as evidence of a stellar halo
(Sarajedini et al. 2006; Pritzl et al. 2011; Tanakul et al. 2017).
M33 also hosts a population of disk stellar clusters with a large
spread in line-of-sight velocities, which has been interpreted as
a halo cluster population (Schommer et al. 1991; Chandar et al.
2002). An outer break in the exponential surface density profile
of M33’s disk at ~36’ (8kpc; ~4.5 disk scale lengths
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Figure 1. Left: footprints of the 36 spectroscopic slitmasks obtained in our M33 survey (Section 2) in 2016 (turquoise), 2018 and 2019 (purple), and 2020 (coral); we
observed between one and three masks at each location. Also shown is the extent of the contiguous, 6-band UV to NIR HST imaging obtained by the PHATTER
survey (Williams et al. 2021, large yellow rectangles), other archival HST optical broadband imaging used for target selection (small yellow squares), and
spectroscopic masks with potential halo stars observed by McConnachie et al. (2006, solid white) and Hood (2012, dashed white). The inset shows the stellar density
at the edge of the PHATTER survey: M33-DISK2 is the HST/ACS field shown with a dashed yellow outline. Fields interior to this have higher stellar density,
necessitating HST-based target selection. Right: location on the sky of the RGB star sample (gray outlined points) and young star comparison sample (black outlined
points; Section 2). The RGB star sample extends from 37 to 45/7 (~0.9 to 11.4 kpc) in projected distance from M31’s center. The stellar points are color coded by
their measured line-of-sight velocity. The contours and underlying color map shows the M33 H I disk velocity as a function of position assuming the H I disk model of
Kam et al. (2017). The large star denotes M33’s center. In both panels, the ellipse denotes the approximate location of the break in the surface density profile of M33’s

disk, observed at 36’ (Ferguson et al. 2007).

Ferguson et al. 2007) has been interpreted as a transition to
either a stellar halo component (Barker et al. 2011; Cockcroft
et al. 2013) or a large extended disk (Grossi et al. 2011).

In contrast to the above evidence in favor of a halo, an analysis
of the final Pan-Andromeda Archaeological Survey (PAndAS)
data set (McConnachie et al. 2018) did not detect a stellar halo
component around M33. Employing a spatially varying contam-
ination model for the PAndAS data set (Martin et al. 2013) and a
statistical spatial analysis of the resolved stellar density distribu-
tion, McMonigal et al. (2016) determined an upper limit on the
maximum surface brightness of a smooth stellar halo of uy =
35.5 mag arcsec 2, and limited any halo luminosity to <10° L,
over a range of 078-3775 in radius; they extrapolated this to a total
halo luminosity upper limit of ~2 x 10°L.. A recent deep,
narrow-band imaging survey characterizing M33’s planetary
nebulae also found no evidence of an extended stellar halo
population (Galera-Rosillo et al. 2018).

The most definitive evidence for the presence of a stellar halo
would be identifying a population of old stars whose kinematics
are more consistent with an extended, kinematically hot
spheroidal distribution than with a rotating disk. To date, the
only measurements of individual velocities of red giant branch
(RGB) stars in the literature were presented by McConnachie
et al. (2006) and Hood (2012). The velocity distribution
measured by McConnachie et al. includes a tail of 12 stars with
large negative line-of-sight velocities, consistent with the
presence of a component in excess of the stellar disk, providing
the first tentative evidence of a halo in M33 from stellar
velocities. Hood identified 11 potential halo stars in the tail of
the M33 stellar velocity distribution. Both estimated a dispersion
of o, ~50kms ™" for their respective halo star samples.

We have expanded greatly on this earlier work, and present
here first results from a spectroscopic survey of stars throughout
M33’s disk. Section 2 briefly describes the TRiangulum
EXtended Survey (TREX), the spectroscopic data reduction,
and the sample selection. Section 3 presents the velocity
distribution of RGB stars and young red stars in M33’s disk,
and the results of fitting models to the velocity distribution of the
stellar populations. Section 4 compares photometric metallicity
estimates of stars in each of the two components in the RGB
stellar sample. Section 5 summarizes our results and places them
within the context of recent observations of M33 and simulations
of low-mass galaxies.

We assume a systemic velocity for M33 of vg=
—180+3kms ' (Kam et al. 2017), and a distance modulus of
m— M =24.67 (Sarajedini et al. 2006; de Grijs & Bono 2014),
corresponding to a distance of 859 kpc (resulting in a scale of
1" = 250 pc). For the purposes of this work, we define “inner
disk” as the region interior to both M33’s stellar disk break and
the beginning of the HT warp at 30’ in the plane of the disk (Kam
et al. 2017).

2. Spectroscopic Data Set

Full details of the TREX spectroscopic survey will be
presented in A. C. N. Quirk et al. (in preparation). We
summarize here the aspects most relevant for the present work.

Targets for spectroscopy were selected using a collection of
heterogeneous imaging data. Due to the high stellar density,
Hubble Space Telescope (HST) imaging was used in all
regions where it was available (Figure 1) to identify stars which
would remain isolated in typical ground-based observing
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conditions. The ten spectroscopic masks observed in 2016 were
designed to connect archival HST fields with moderately deep
imaging in two broadband optical filters (using photometric
reductions by Williams et al. 2009). We used contiguous HST
imaging from the Panchromatic Hubble Andromeda Treasury:
Triangulum Extended Region (PHATTER; Williams et al.
2021) as the basis of target selection for the majority of the area
covered by the 15 masks observed in 2018 and 2019. In areas
where HST imaging was not available targets were selected
from stellar catalogs derived from CHFT/MegaCam imaging
using the MegaPipe reduction pipeline (Gwyn 2008). In the 11
masks observed in 2020, the public release of the PAndAS
catalog (McConnachie et al. 2018) was used for all target
selection.

Spectra of the target stars were obtained with the DEIMOS
Spectrograph (Faber et al. 2003) on the Keck IT 10 m telescope.
The 36 multi-object spectroscopic slitmasks analyzed here were
observed with either the 600 line mm ! grating (R ~ 2000) and a
central wavelength setting of 7200 A, resulting in a wavelength
range of A\~ 4600-9800 A (22 masks), or the 1200 line mm '
grating (R ~ 6000) and a central wavelength setting of 7800 A,
resulting in a wavelength range of A\~ 6300-9800A (14
masks). The choice of grating depended on whether the mask
targeted young blue stars in addition to older red stars
(600 linemm ' grating, 2016 and 2018 masks), or heavily
prioritized RGB stars (1200 linemm ™' grating, 2019 and 2020
masks).

The locations of the masks are shown in Figure 1. The density
of stars in M33’s disk allowed for multiple slitmasks with
nonoverlapping target sets to be designed with the same mask
center. The spectroscopic targets extend to projected distances
from M33’s center of Ryj =457 (11.4kpc) in the northeastern
half of the disk, and Ry,; =43/2 (10.8 kpc) in the southwestern
half. This translates to deprojected distances from M33’s center in
the plane of the disk (computed using the Kam et al. 2017 disk
model, Section 3) of Ry = 72'5 (18.1kpc) in the northeastern
half, and Ry = 63!7 (15.9 kpc) in the southwestern half.

Spectra were reduced using the spec2d and specld
software (Cooper et al. 2012; Newman et al. 2013). These
routines perform flat-fielding, night-sky emission line removal,
extraction of one-dimensional spectra, and redshift measurement.
Line-of-sight velocities were measured by cross-correlating the
spectra against stellar templates (Simon & Geha 2007), and
transformed to the heliocentric frame. A correction for imperfect
centering of the star within the slit was applied, using the observed
position of the atmospheric A-band absorption feature relative to
night-sky emission lines (Simon & Geha 2007; Sohn et al. 2007).
Since the individual A-band correction measurements for this data
set were found in some cases to have unreasonably high values,
we calculated and applied a median A-band correction as a
function of the position of the target’s slit on the mask. This
method corrects for any errors in alignment of the slitmask, as
well as any differential relative astrometry errors between guide
and alignment stars and target stars in the cases where the mask
included a mix of targets from ground- and HST-based stellar
catalogs. The mean of the absolute magnitudes of the A-band
corrections for the RGB sample defined below was 7.3 kms ™',
with a standard deviation of 6.5 kms™'. Measurement uncertain-
ties for each star were estimated by combining the random
uncertainty estimated by the velocity measurement cross-correla-
tion routine with systematic uncertainties of 5.6 kms ' and
2.2 kms~' for stars observed with the 600linemm ' and
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1200 linemm ' gratings, respectively (Simon & Geha 2007;
Collins et al. 2011).

We used selection boxes in color-magnitude space, defined
using Padova isochrones'® (10 Gyr, [«/Fe] = 0; Marigo et al.
2017), to ensure consistent selection of an RGB star sample
across the multiple filter sets from which the spectroscopic
targets were drawn (Figure 2). Stars falling below the tip of the
RGB, and redder than the [Fe/H]= —2.32 isochrone, were
included in the RGB sample. We remove foreground Milky
Way (MW) stars by excluding stars with signs of the surface-
gravity-sensitive Nal doublet absorption feature in their
spectrum; we estimate that MW contaminants comprise <1%
of the final RGB sample (Appendix A). We also removed stars
with possible spectral characteristics of “weak CN” or carbon
stars, and a small number of spectra whose signal-to-noise ratio
(S/N) indicates the automated reduction misidentified another,
significantly brighter star in the slit for the target star.

We isolated a comparison sample of younger red stars,
selected on the basis of spectroscopic characteristics. The
young star sample consists of stars whose spectra are consistent
with those of weak CN stars.!! As shown in Figure 2, the weak
CN stars are found in the red helium-burning sequence. Unlike
the blue massive (and also young) stars in the data set, the weak
CN stars have an abundance of absorption features in the red
region of the spectrum, where the majority of the features that
drive the velocity determination for RGB stars reside. These
young red stars sample the kinematics of M33’s disk with
similar velocity measurement systematics as the RGB sample.
However, since they are on average brighter than the RGB
stars, they have higher average spectral S/N and correspond-
ingly lower average velocity uncertainties than the RGB
sample.

In total, 1667 and 286 stars pass the sample selection criteria
for RGB and young stars, respectively. The median velocity
measurement uncertainty for the RGB and young star samples
are 82kms ' and 6.3kms ', respectively. The spatial
distributions of both samples are shown in the right panel of
Figure 1. Due to a combination of target selection strategies
and intrinsic spatial variation in the age of the stellar
populations, the young star sample is more centrally concen-
trated than the RGB sample.

3. The Velocity Distribution of M33’s Stellar Disk

We performed an initial analysis and characterization of the
kinematical distribution of stars in M33’s stellar disk using the
simplifying assumption that the stars are rotating in the same thin
plane as the HI disk. In this section, we present the observed
kinematics of the young star and RGB star spectroscopic samples
with the results of a single-component fit to both samples
(Section 3.1), and the results of a two-component fit to the full
RGB sample (Section 3.2). We then divide the RGB sample into
radial and spatial subsamples and compare the results of fitting our
two-component model to these subsamples (Section 3.3). Finally,
we discuss the limitations of the current model and prospects for
improvement (Section 3.4).

10 http://stev.oapd.inaf.it/cgi-bin/cmd_3.2

' These stars have a much weaker CN spectral absorption feature at ~7900 A
than is typically seen in carbon stars. They also have spectral absorption
features such as TiO and the Ca triplet that are generally not detectable in
carbon star spectra but are typically seen in stars with oxygen-rich atmospheres.
Comparisons to stellar models indicate weak CN stars are massive (5-10 M)
stars in a core helium-burning phase (Guhathakurta et al. 2017).
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Figure 2. Color-magnitude diagrams for all spectroscopic targets (beige circles), as well as those with measured velocities (gray circles), and those selected for the RGB
sample (larger red circles) and young red star comparison sample (blue diamonds; Section 2). Average photometric uncertainties as a function of magnitude are shown on
the left-hand side of each panel. A consistent RGB sample selection region was identified across the various filter combinations using 10 Gyr, [a/Fe] =0 Padova
isochrones (Marigo et al. 2017); the RGB selection box as well as select isochrone tracks are shown in each panel. The metal-rich extent of the RGB selection box shown
here was selected to fully encompass the final RGB sample, and was used in estimating the MW contamination within the RGB sample region (Appendix A).

3.1. Velocity Distributions of the Young and RGB Star Samples
Compared to a One-component Model

Figure 3 shows the distributions of the velocities of the RGB
and young star samples, relative to the velocity of M33’s HI
disk. For each star j, we computed the difference between the
line-of-sight velocity of the star and the line-of-sight velocity of
the HI, computed at the sky location of star j using the tilted

ring model by Kam et al. (2017):
Voffset,j = VH1j — Vlos,j- (D

The line-of-sight velocity of the H I disk model is computed via

VHLj = Vsys T VHIroty * COS(Hj)Sin(ij) )
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Figure 3. Distributions of the offset of the line-of-sight stellar velocities from the model H 1 disk velocities (Section 3, Vo) for (a) the young star comparison sample and
(b) RGB stars. Significant tails to large absolute values of v are seen in the RGB sample, but not in the young star comparison sample. The best-fit stellar disk model
to each population is shown as a thick curve, with 50 random draws from the MCMC chains shown as thin curves. A population rotating with the H I disk will be well
represented by a single Gaussian in voge, centered at ~0 km s~'. A one-component disk model provides a poor fit to the RGB sample but a reasonable fit to the young star
comparison sample. (c) The line-of-sight velocities of the RGB and young stars as a function of distance along the semimajor axis, compared to the line-of-sight velocities
of the HI model computed at the location of every star. M33’s systemic velocity is shown as a dashed line. The tail of the RGB velocity distribution extends
asymmetrically to less negative velocities than the disk on the approaching (northeast) side of M33 (d), and to more negative velocities on the receding (southwest) side
(e). This is a natural consequence of a component that rotates more slowly than the H I disk or does not rotate with the H I disk. A comparison of the RGB velocity
distribution in the northeast and southwest halves of M33’s disk with the model fit to the v distribution of the young stars, scaled to match the peak of the RGB star
probability distribution, shows that the RGB sample contains a population consistent with rotating with the young stars and H I disk in addition to the asymmetric tails.

where vy is the systemic velocity of M33 (180 km sfl), VH I rotj
is the rotation speed of the HI disk at the deprojected angular
distance of star j from M33’s center in the plane of the disk (Ry;s),
0; is the azimuthal angle of star j computed in the plane of the HI
disk, and 7; is the inclination of the HI disk at the Rgg of star j.

We interpolated within the Kam et al. tilted ring model (their
Table 4), assuming a series of infinitesimally thin rings, each
with its own inclination, position angle, and rotation speed. We
calculated 0; and assigned an HTI disk inclination i; and HI
rotation speed Vi |,or; based on star j’s Rgisk. The azimuthal
angle 0; is computed from the position angle (PA;) and HI disk
inclination (i;) at star j’s location:

_ b
b= a cos(i;) 3)
a = ncos(PAj) + £sin(PA j) (@Y)
B = £cos(PA)) — nsin(PA ) 5)

where ¢ and 7 are the M33-centered sky coordinates of star j.

We computed an initial estimate of Ry for each star based
on global values for M33’s disk inclination and PA, and then
revised the Ry estimate using the inclination and PA values

from Kam et al.’s Table 4 for the star’s initial Ry; estimate. For
a small fraction of stars, further iteration was required: we
iterated until the change in inclination and PA from the previous
and current estimates of Ry converged, with convergence
defined as a change in i of less than 0701, and a change in PA of
less than 0°35 (each corresponding to 0.1 times the typical
resolution of changes in i and PA in Kam et al.’s Table 4). The
converged Rg;sc estimate, and corresponding HT model values
for i; and PA;, were used to compute vy, and subsequently
Vofset, 10T €ach star j. The above formalism assumes circular
orbits.

A stellar population that rotates with the gas disk will have a
Vorser distribution centered at the velocity of the gas disk (Vogser =0
kms ). Both the young stars and the RGB stars show a relatively
narrow distribution centered near voge =0 kms ™! (Figure 3). In
contrast with the v distribution of young stars, the RGB
distribution also shows significant tails to large positive and
negative values of Vogger.

We first evaluated the hypothesis that the stellar velocities
can be modeled with a single rotating disk. We fit a simple
single-component disk model to each sample, assuming a
Gaussian distribution in vygpe, centered at voge =0 kms ',
with a velocity dispersion of o, offser.
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In other words, the stars are assumed to rotate in the plane of
the H 1 disk with the same rotation speed as the H1 disk, with
no mean offset from the HI line-of-sight disk velocity at any
given location within the disk ((Vofrer) =0 km s~ 1. The
likelihood of the one-component model for an individual star is
thus given by

,,% = J‘/(voffsel,jlo’ Uv,offset) (6)

where A" (vj|u1, o) denotes a normalized Gaussian with mean g
and dispersion o, evaluated at the velocity of star j (v;) in the
specified frame of reference (e.g., Vofrser in Equation (6)).

We used a Markov Chain Monte Carlo (MCMC) imple-
mentation (emcee version 3.0.2; Foreman-Mackey et al.
2013a, 2013b) to converge on the best-fit velocity dispersion,
assuming a scale-free prior (1/0) for o, e All model
parameter values quoted in this work are the 50th percentile of
the marginalized one-dimensional posterior probability dis-
tribution function, derived from the MCMC chains, and the
quoted uncertainties are the 16th and 84th percentiles. The
details of the MCMC implementation are included in
Appendix B.1.

The vogrse; distribution of young stars in M33’s disk appears
to be well characterized by a single-disk component, with a
velocity dispersion of 0, =16.07)/ kms™', resulting in an
estimated intrinsic velocity dispersion of ~15kms™', as shown
in Figure 3(a).

In contrast, the distribution of RGB stars is not well
characterized by a single component. A single Gaussian fit to
the RGB population results in an estimated dispersion of og;sx =
43.9708 which simultaneously considerably overestimates the
observed spread in velocities about the HT disk velocity for the
majority of the stars, while underestimating the spread in vy
of the tails of the distribution (Figure 3(b)). When split into the
receding (southwestern) and approaching (northeastern) halves
of M33’s disk, the RGB sample shows strong asymmetry in the
Vofiser distributions of the high-dispersion component (Figure 3,
panels (c)—~(e))."* This asymmetry demonstrates that the high-
dispersion component is likely due to a population that rotates
either significantly more slowly than, or does not rotate with,
the H I disk, since a component rotating with the H I disk would
have a velocity distribution symmetric about the HI model
velocity regardless of whether it was observed on the receding
or approaching side of the disk. Figure 3 also shows that the
majority of the RGB stars are well described by a low-
dispersion component rotating with a speed comparable to that
of the H1 disk, although a slight asymmetry in the peak of the
Voffser distribution is also apparent in the lower dispersion
component (Figure 3, panels (d) and (e)).

3.2. Results of Fitting a Two-component Model to the RGB
Sample

Given the obvious failure of a single-disk model, we
explored the nature of the RGB distribution using a two-
component model. We retained the simplifying assumption that

12 The sign convention used for v, has been adopted for consistency with
the typical convention used when measuring the asymmetric drift of stars as
their lag in rotation speed relative to v, the circular velocity of the dark
matter halo, or va,,, Where the rotation speed of the gas is being used as a proxy
for v¢ir.. We note that the impact of using this convention in M33 is that a lag in
the rotation velocities of the stars relative to the H1 model will result in a
negative line-of-sight velocity offset (vofrser) in the northeastern, approaching
side of M33’s disk, and a positive vy in the southwestern, receding side of
M33’s disk.
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any stellar components of M33 remain tightly coupled to the
HT disk, assuming the same kinematic center, as well as the
same position angle and inclination of the stellar components
with deprojected disk radius, as derived from the observed HI
velocity measurements (Kam et al. 2017). However, we relaxed
the assumption that the stellar components had to be rotating at
the same speed as the H disk ((vogreec) =0 kms™ '), which we
enforced for the one-component model. This choice was
motivated by the proposed internal disk-heating mechanisms
that may contribute to a kinematically hot component in low-
mass galaxies (Stinson et al. 2009; Maxwell et al. 2012; EI-
Badry et al. 2016), combined with the observed asymmetry in
the vygrser distributions between the two halves of M33’s disk
(Figure 3, panels (c)-(e)). We thus modeled both stellar
components as rotating in the plane of the HI disk, each with a
rotation speed characterized as a fraction of the rotation speed
of the HI disk model (f,o,)."”

For a star j, we compute a modified line-of-sight model disk
velocity for each of the two model components, by adding the
parameter f,, to Equation (2):

Vmodel los,j = Vsys +f;0t * VHIrotj * COS(Gj)Sin(ij)~ (7)

From this, we define a modified Ve, as
!
Voffset,j — Vmodel los,j — Vlos,j (8)

for each of the two model components.

We assume that at any given location in M33’s disk, the
stellar line-of-sight velocities of each model component are
distributed as a Gaussian centered at the computed model
component’s line-of-sight velocity (v(fffset, ;= 0) with width o.
This is analogous to the one-component model, which
assumed a Gaussian distribution centered at the velocity of
the H disk model, vy =0 kms~'. We fit for the model
parameters f,o, and o for each of the two components, as well
as the fraction of stars in the second, asymmetric, high-
dispersion component.

Thus, the individual likelihoods for the two-component
model, with each component rotating at some fraction of the
speed of the HI disk, with velocity dispersion o, are given by

L5 = (L.=fra0) N Wisk oftsetj fror, aisk )10+ Taisk)
+ ﬁlalo JV,(Vl:alo offset,j (frol, halo) 10, ohato) ©))

where fi,.1, denotes the fraction of the population present in the
second, high-dispersion component, and the computed velocity
offsets for star j are functions of the model parameters for disk
and frothalo» the sky location of star j, and the Kam et al. (2017)
H 1 disk model, per Equations (7) and (8). While this likelihood
is formulated in a manner very similar to that of a Gaussian
mixture model (GMM), where f;,, would be the mixing
fraction (McLachlan & Peel 2000; Bouveyron et al. 2019;
Friihwirth-Schnatter et al. 2019), it is critical to note the
difference between Equation (9) and a standard GMM. Because
each component has its own f;,, model parameter, this means
that the two Gaussian components in the likelihood function for

13 we approximated the rotation speed of the two RGB components as a
fractional speed of the H I disk, rather than employing a single asymmetric drift
value for each component, to account for the fact that our RGB sample spans a
large range of radii, from Rgig = 3/7 to Rgix = 72!5. Over this radial range the
rotation curve of M33’s H I disk increases from ~58 to 125 km s~ (Kam et al.
2017).
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Figure 4. Statistical visualization of the results of the two-component model fit to the full RGB sample (Section 3, Appendix B), compared to the observed line-of-
sight velocities (left panel) and the velocity offset of each RGB star from the H I disk model (right panel). Results from the MCMC chains are shown as in Figure 3
(details of the computation of the model visualization are provided in Appendix B.2). The second model component has a large velocity dispersion
(o, = 59.3f§_‘2 km s~ 1) and rotates very slowly in the plane of the disk ( Jrothalo = 0.11t8_-‘1’§), which favors interpreting it as a stellar halo rather than a classical thick

0.02

disk population. The high-velocity-dispersion component comprises a significant fraction of the RGB sample (fhao = 0.2270:03) over deprojected disk radii of 3/7 to

72!5 (~0.9 to 18.1 kpc).

the two-component model are each evaluated in different

velocity reference frames. For a given star j, unless the model
. . /

parameters froqqisk and frohato happen to be identical, Vg offser, ;

is not equal to vﬁzﬂo offset,j- Equivalently, at a given star j’s sky
position, the line-of-sight velocity that corresponds to an offset
from the model velocity of v(fffset’j = Vmodel los,j — Vlos,j = 0
kms~' will be different for the disk and halo components.
Thus, we do not implement standard GMM techniques, but
instead implement an MCMC algorithm to determine the model
parameters and their uncertainties (Appendix B.1).

Initial fits were run with priors on f;, that only allowed
values from O to 1. These fits resulted in marginalized one-
dimensional posterior probability distributions that were highly
skewed to 1 for the first component (f;orqisk) and to O for the
second component (fioqnhalo). For the fits presented here, we
relaxed the priors on f;, allowing the model to explore
whether, in the plane of the HI disk, the kinematically hot
component is favored to rotate at speeds comparable to that of
the HI disk, to rotate slowly or not at all, or even to
counterrotate (by allowing negative values of f;,). The model
parameter fionaio therefore has the potential to differentiate
whether the high-dispersion component looks more like a
classical stellar halo (nonrotating or slowly rotating in the disk
plane) or thick disk (rotating slower than the thin stellar disk,
but still with significant rotation in the disk plane). Full details
of the priors implemented in the MCMC algorithm are
provided in Appendix B.1.

The results of fitting the two-component model to the full
RGB spectroscopic sample are shown in Figure 4 (details of
how we produce visualizations of the model in vi,s and Vogpeer
space are provided in Appendix B.2). The model appears to
reasonably describe the aggregate properties of M33’s RGB
population. The primary disk component has a velocity
dispersion similar to that of the young star sample (ogisx =
21.1707 kms™!, with an estimated intrinsic dispersion of
~19 kms™"), and rotates at a high fraction of the speed of

the HI disk ( frm,disk:O.Sﬁg;g}).M In contrast, the second
component has a significantly larger velocity dispersion
(Chalo = 59.33'(5’ kms ™', with an estimated intrinsic dispersion
of ~59 kms™") and rotates very slowly compared to the HI
disk  (fiot.halo :0.11j8;‘1’8, consistent with no rotation at
the <1.50 level). The high-velocity-dispersion component
comprises O.22J_r8j8§ of the spectroscopic RGB sample.

Using simple scaling relations and assuming a stellar mass
ratio of 10:1 between M31 and M33 and a halo dispersion of
145kms~! for M31, McConnachie et al. (2006) argued that
~50 kms~' would be the expected stellar halo velocity
dispersion for a galaxy of M33’s mass. Using the scaling
relations for dispersion-supported systems found by Zahid et al.
(2018) in the Illustris cosmological hydrodynamical simula-
tions, and assuming recent literature estimates for the virial
mass of M31 (~1.4 x 1012; Watkins et al. 2010; Patel et al.
2017a) and M33 (1.3-2.1 x 10'' M_.; Patel et al. 2017b), the
predicted line-of-sight stellar velocity dispersion within the
half-light radius of the M31 and M33 halos are ~100 kms ™'
(consistent with the results of Gilbert et al. 2018) and
~50 kms™', respectively. The lack of significant rotation of
the high-velocity-dispersion component in the plane of the disk
makes it unlikely to be reasonably classified as a classical thick
disk. Furthermore, this second component is seen only in the
older RGB sample and not in the young red star comparison
sample. We therefore refer to this second component as M33’s
halo throughout the remainder of the paper, following both
observational and theoretical precedent (Section 1). However,

!4 For stars with the smallest values of Rgisk in our spectroscopic sample, this
Jroraisk translates to a rotation speed only ~5 km s~ slower than the H1 disk,
increasing to a difference in rotation speed of ~15 kms ' for stars with
Rgisk ~40’. These differences in rotation speed translate to a smaller difference in
the line-of-sight velocity (or equivalently, v due to geometric effects: we
observe only a fraction of the rotation velocity vector for a given star, set by
the inclination of M33’s disk at the location of the star and the position angle of the
star in the plane of the disk (Appendix B). Therefore, the location of the resulting
apparent mean peak in the data and the model representation shown in Figure 4 (as
well as later figures depicting subsamples of the data) depends strongly on the
distribution on the sky of the stellar sample.
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Figure 5. Line-of-sight velocity histograms centered at the systemic velocity of M33 (v = vjo—Vyys), With fits to the observed velocities overlaid (left and right panels;
fits displayed as in Figure 4), for subsets of the RGB sample (shown in center). The sample has been divided into three bins of projected radius in the plane of the disk,
each of which is also split into two bins according to whether the star is in the approaching (northeastern) or receding (southwestern) halves of M33’s disk, defined
using the H I model as described in Section 3.3. The H I model is shown in the center panel, as in Figure 1, with contour lines shown every 10 km s~'. The mean and
standard deviation of model H I velocities, computed at the locations of the stars included in each subsample (e.g., Figure 3, panel (c)), are denoted in each velocity
distribution panel by a solid gray line and shaded gray region, respectively. The analysis of these six spatial bins reveals that the relative fraction of disk and halo
changes with radius, with the halo component fraction greatest in the innermost bins and declining with radius. A halo component is independently detected at
significant fractions in all spatial bins interior to Ry = 30’. We discuss additional complexities in the data set made evident by this spatial analysis in Section 3.3.

as discussed below, the origin of the high-velocity-dispersion
component remains undetermined. If the origin of this
component is (primarily) internal heating, rather than satellite
accretion, any empirical distinction between a “halo” and
“thick disk” is likely to be ill defined (e.g., Dorman et al. 2013).

Finally, we note that we performed a Bayesian model
comparison analysis on the full RGB sample in order to assess the
evidence for more than one component in the RGB velocity
distribution. We found that while a one-component model is
strongly disfavored by the data, our data and present model do not
provide strong evidence for favoring three components over two
components. Details of these statistical tests are provided in
Appendix B.3.

3.3. Radial and Spatial Trends

We performed an initial investigation into the presence of
trends with radius in the M33 RGB populations by splitting the
RGB sample into three radial bins: Rgg < 15/, 15’ <Rgig <
30/, and Rg;s =30’ (Figure 5). The choice of these bins was
motivated in part by the properties of M33’s disk, and in
part by the spatial sampling of our spectroscopic survey. The
warp in the HI model (see contours in Figure 1) begins at
Ry = 30", This is slightly interior to the radius where the
break in the disk surface brightness profile is observed

(~36’; Ferguson et al. 2007). Thus, Ry = 30’ provides a
fairly natural break point for discussions of the outer versus
inner disk of M33, while also denoting the radius at which one
might reasonably expect larger deviations between the H1 and
the stellar disk. Dividing the inner disk sample at Ry = 15’
divides this region into half (by radius), and approximately
identifies the stars interior and exterior to the maximum
deprojected disk radius covered by the PHATTER survey,
enabling the kinematical analysis presented here to provide
future context for interpreting results from the PHATTER
survey. These divisions result in comparable numbers of RGB
stars in each radial bin (513, 631 and 523 in the inner, middle,
and outer radial bins, respectively).

In addition, to test for consistency of the data and robustness of
the model, we further subdivided the radial bins, fitting the
approaching (northeastern) and receding (southwestern) halves of
M33’s disk separately. Given that our data extend beyond the disk
warp (Figure 1), we do not simply use the location of M33’s
minor axis to subdivide the radial bin samples. The subsamples
are instead defined using the HT disk model, with M33’s systemic
velocity as the boundary: if vy <vgy at the star’s location, the
star is placed in the approaching (northeastern) subsample, and if
VHT 2 Vsys it is placed in the receding (southwestern) subsample.
In practice, this definition impacts the spatial bin of only nine stars
located at large minor axis distances (Figure 5).
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We performed independent fits to the subsamples of stars in
each spatial bin (all stars within a radial bin, as well as stars in
the approaching and receding halves of that radial bin
separately) using the two-parameter model described above.
The results indicate that there is variation in the properties of
the halo component over the range of radii covered by the
spectroscopic data (Figures 5 and 6).

Some general overall radial trends are apparent in the fits to
the samples of all stars within each of the three radial bins (red
points, Figure 6). The disk component dispersion (ogis)s
fractional disk rotation (fiorqisk), and halo component fraction
(fhato) all decrease with radius, while the halo dispersion (o,410)
increases with radius. These trends are also reflected in the
majority of the fits to the approaching and receding halves of
M33’s disk. There is no apparent trend in the fractional rotation
of the halo component (fiotnaio), and the parameter values for
the majority (two-thirds) of the subsample fits are consistent
with no rotation of the halo component in the plane of the disk.

The model fits to the three subsamples in the middle radial
bin (15" <Rgi < 30’) return fully consistent sets of best-fit
parameter values (Figure 6) and produce model probability
distribution functions that reproduce well the general shape of
the velocity distribution of each subsample (Figure 5, also see
Figure 11 in Appendix B).

The model fits to the innermost radial bin (Ryg < 15') display
significant divergence in several of the model parameters among
the three subsample fits (Figure 6).'> Most notably, the fit to the
northeastern half of the inner radial bin favors strong counter-
rotation of the halo component in the plane of the disk, while
the fit to the southwestern half is consistent with no rotation.
The counterrotation favored by the model in the fit to the
northeastern inner subsample appears consistent with the
velocity distribution of the data in this subsample, which
shows a broad tail to less negative line-of-sight velocities,
consistent with a large velocity dispersion component peaked at
a value significantly greater than M33’s systemic velocity of
Vsys = —180 £ 3 km s—' (upper-left panel, Figure 5). In con-
trast, the model returns a best-fit f;o, naio fully consistent with no
rotation for the southwestern half of the inner radial bin.
However, we note that there are significant uncertainties on
several of the model parameters for the southwestern, inner
subsample: future work will increase the size and spatial
distribution of the RGB sample in this region, improving
constraints on the kinematics and enabling a determination as
to whether the discrepancies noted above are due to the current
limited sample size in the southwest or whether the distribution
of stars in the southwest is not well described by the model.
While the possibility of strong counterrotation of a high-
dispersion component in M33’s innermost regions is intriguing,
given the limitations of the current model (Section 3.4), as well
as the current discrepancies between the model parameters
returned by the separate fits to the northeastern and south-
western halves, further analysis will be required to determine
the robustness of this result.

The model fits to the three subsamples in the outermost
radial bin (Rgq > 30") also show significant divergence in
several of the model parameters, including in ogis and fior disks
as well as the halo parameters. While statistically significant,

15 We note that in the innermost radial bin there are only 126 RGB stars in our
spectroscopic sample in the southwestern (receding) half of the disk (compared
to 387 RGB stars in the northeastern (approaching) half), so the model fit to the
full inner radial bin is dominated by stars in the northeast.
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Figure 6. Results of the independent two-component model fits to the subsamples
shown in Figure 5. Points denote the 50th percentile of the marginalized one-
dimensional posterior probability distributions, with the 16th and 84th percentiles
denoted by the error bars. The dashed line (shading) in each panel shows the 50th
percentile (16th/84th percentile) of each parameter for the fit to the full RGB star
sample (Figure 4). In each radial bin, points have been arbitrarily positioned in the
abscissa. The fits to all stars in each radial bin (red circles) indicate trends with Ry;g
in many of the model parameters, most notably a decreasing halo fraction with
increasing radius (bottom panel). Statistically significant differences in model
parameters derived from the separate fits to the northeastern (approaching) and
southwestern (receding) halves of M33’s disk indicate the presence of additional
complexities within the M33 stellar populations in the innermost and outermost
radial bins (Section 3.3). While this may indicate true differences in the stellar
populations between the northeast and southwest halves, several limitations of the
current model will need to be addressed (Section 3.4) before the physical nature of
these differences can be meaningfully explored.

the difference in the halo component parameters between the
receding and approaching sides should be interpreted with
caution. The halo component fractions are quite low in the fits
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Table 1
Two-component Model Fits to M33 RGB Stars

Disk Parameters

Halo Parameters

Nstars 5»*“ Odisk f;nl,disk Ohalo f;‘nt,haln fhaln
(kms™ ) (kms™h (kms™h

Full Radial Range

All Stars 1667 8.2 211797 0.87*091 59.312¢ 0.11+99% 0.2219%
Raisx < 30/

All Stars 1144 9.7 23.114 0.90+39! 544438 —0.07+943 0.24+003
Ryisk < 15/

All Stars 513 8.9 263717 0.96+9% 432439 —0.48+012 0.289%;
Northeast 387 7.8 265113 0.939%3 35.574% —0.71%912 0.2355%3
Southwest 126 12.3 18.4133 1.10+99 515438 0.097030 0.56311
15" < Rgigk < 30/

All Stars 631 11.0 21.011 0.88+591 55.8+39 0.117913 0.17+394
Northeast 229 6.8 19.7414 0.90+4:92 552188 0.07+932 0.162003
Southwest 402 14.0 223714 0.867003 55.376% 0.057939 0.16309%
Raigx > 30/

All Stars 523 5.6 18.8708 0.84+39! 67.2183 0.17:518 0.1050:93
Northeast 302 52 16.7598 0.81500! 79.351%8 0.0159%4 0.07+0%3
Southwest 221 6.4 23.0113 091798 259134 —0.42%913 0.0970%

Notes. The 50th percentile values (uncertainties are the 16th and 84th percentile values) from the marginalized one-dimensional posterior probability distribution
functions for each parameter in the two-component model (Section 3, Appendix B): disk and halo velocity dispersions (0gisk, Thato), the fraction of the H I rotation
velocity at which the disk and halo are rotating (fior.disk» frothalo; N€gative values of f,,, correspond to counterrotation in the plane of the H I disk), and the fraction of the
population in the halo component (f;,1,)- Spatial divisions of the sample are made as shown in Figure 5 and described in Section 3, and are based on deprojected radius
in the plane of M33’s disk (Rg4;sx). The median velocity uncertainty, 6,, of the different subsamples of stars differs primarily due to the varying proportions of stars
observed with the 600 and 1200 1 mm ™' gratings in each subsample, as well as variations in the observing conditions and target selection.

4 The median velocity uncertainty of the stars included in the fit (Section 2).

to the subsamples in the outermost bin (fj,a, < 0.1), meaning
that the halo component parameters are being determined based
on (statistically) ~20 stars each in the northeast and southwestern
halves of the disk. There is clearly a small population of stars in
both the northeastern and southwestern halves of the disk that are
well removed from the bulk of the stellar velocity distribution as
well as the expected HI disk velocity, with a significant velocity
dispersion (Figure 3). However, in the velocity distributions, there
are also apparent clusters, each containing a small number of stars,
which are well removed from the disk velocity and with similar
line-of-sight velocities or Vo (Figures 5 and 11). A robust
determination of whether the high-dispersion component identi-
fied by the model in the outer radial bin actually represents a true
continuation of the halo population detected at Rgig < 30/, or is
attempting to fit other substructures, will require additional data.
Given these considerations, it is reasonable to consider the fi,
determined for the outer bin subsamples as an approximate upper
limit on the potential halo component at Ry;g > 30'.

Given the small halo fractions found in the fits to the
outermost radial bin and its northeastern and southwestern
subsamples, we performed a final additional fit to the full RGB
spectroscopic sample interior to Rgg < 30’ (1144 stars). We
find results comparable to the fit to the entire RGB sample: a
similar halo fraction (fyuo=0.247003), a similarly large halo
dispersion (Opa0 = 54.4f%'ff kms™') and a fractional halo

rotation fully consistent with no rotation (fioqhalo = —0.07f8;%).

10

The best-fit parameter results for all two-component model
fits discussed above are summarized in Table 1. Additional
velocity distributions, with model results overlaid, for the radial
and spatial subsamples, as well as one- and two-dimensional
marginalized posterior probability distribution functions for the
model parameters, are shown in Appendix B in Figures 8 to 12.
The two-dimensional marginalized posterior probability dis-
tribution functions demonstrate that while the model para-
meters are generally well constrained by the fits, there are
nontrivial correlations between some model parameters, as well
as significant non-Gaussianities in some of the posterior
distribution functions.

3.4. Limitations of the Current Model

Our model makes a number of simplifying assumptions, all of
which may affect the best-fit values of the halo component
parameters. The tight coupling to the HI disk assumed in the
model, requiring that the RGB disk component has a velocity
that is tied to the H I model velocity, means we have assumed the
HT and RGB stars have the same position angle and inclination
with radius (including the same disk warp at large radii). By
tying our stellar models to the H I model, we have also assumed
the HI and RGB stars have the same kinematical center and that
the HI and RGB rotation curves simultaneously rise and flatten
with each other, i.e., that they have the same break radius, and
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the same behavior at large radii.'® In addition, M33’s disk
population may be more complex than the simple one-
component model assumed here. Furthermore, while the model
allows for a halo component that does not rotate, counter-
rotates, or rotates with the disk at a fraction of the disk rotation
speed, the stellar halo could rotate completely independently
from the rotation of the disk.

While our simplified model provides a reasonable first
approximation of the overall stellar distribution in M33’s disk
(Figure 4), as discussed above there are indications in the
spatially resolved fits (Figures 5 and 6; Section 3.3) of
complexities in the RGB population that may not be fully
captured by the current model. A. C. N. Quirk et al. (2021, in
preparation) will measure and analyze the asymmetric drift of
the M33 disk as a function of deprojected disk radius and of
stellar age, including for the RGB stars analyzed here. Future
work will explore relaxing the simplifying assumptions we
have made here in studying the disk and halo populations of
M33, including modeling the RGB population (disk and halo)
independently of the gas disk, implementing more complex
disk models (e.g., allowing multiple disk components), and
testing the halo population for signs of rotation unconnected to
the rotation of the disk.

Finally, we note that the models considered here are
formulated to constrain the major components of the velocity
distribution in M33’s disk, and are not sensitive to or designed
for identifying or characterizing any minor substructures that
may be present. Future work, incorporating additional
observations, will explore the evidence for or against the
presence of substructure within the TREX spectroscopic
survey.

4. Photometric Metallicity Distribution of M33’s Disk
and Halo

We investigated differences between the color-magnitude
distributions (CMDs) of RGB stars likely to belong to the disk
and halo components by translating their CMD positions to
photometric estimates of [Fe/H] using interpolation within a
grid of theoretical stellar isochrones. The resulting [Fe/H] o
distributions are shown in Figure 7. We used Padova
isochrones (Marigo et al. 2017) with an age of 10 Gyr and
solar a-enhancement ([or/Fe] =0.0) to calculate [Fe/H]yhor
Stars were assigned as members of the disk (halo) component if
their probability of membership in the disk component was
Pisk > 0.8 (Pgisk < 0.1). The probability a given star belongs to
the disk component was computed from the MCMC chains for
the fit to the spatial subsample in which the star falls (Figure 5,
Section 3.3). The distribution of disk probabilities for the RGB
spectroscopic sample is highly peaked at values Pgiq > 0.8
and <0.1, so this conservative assignment includes 90% of the
RGB sample.

The full RGB sample, as well as the inner radial bin, shows a
remarkable similarity between the [Fe/H]p}10t distributions of
stars likely to belong to the disk and halo components. The
difference between the [Fe/ H]phot distributions of stars likely to
belong the disk and halo components increases with radius.
This appears due to a slightly greater variation with radius of
the halo distribution than the disk distribution. The differences
between the halo and disk distributions are relatively small: the

16 The spatially resolved fits provide some sensitivity to potential failures of
this assumption by fitting f;., independently in each spatial bin.
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Figure 7. Photometric [Fe/H] distributions in normal (left panels) and
cumulative (right panels) form, for RGB stars with high probabilities of
belonging to the disk (Pg;s > 0.8) and halo (Py;q < 0.1) components, for stars
in each of the three radial bins as well as the full sample. [Fe/H],noc Was
computed by comparing a star’s position in the CMD with theoretical stellar
isochrones, using the Padova isochrone models (Marigo et al. 2017) as shown
in Figure 2, assuming an age of 10 Gyr and [«/Fe] = 0. As a whole the [Fe/
Hlpno distributions of the halo and disk are remarkably similar. However, the
data indicate that the difference between the distributions increases with
increasing radius.

differences in the median [Fe/H]phm of the disk and halo
component are 0.09, 0.24, and 0.28 in the inner, middle, and
outer radial bins, respectively. A two-sided Kolmogorov—
Smirnov test returns an increasing probability that the two
distributions are drawn from a different parent distribution with
radius: while the null hypothesis cannot be rejected for the
inner radial bin, the p-values for the middle and outer radial
bins are 0.01 and 0.0002, respectively.

There are several limitations to this approach which should
be kept in mind when interpreting the [Fe/ H]phot distributions.
First, only the average foreground (MW) extinction is applied
to the observed photometry (Schlegel et al. 1998; Schlafly &
Finkbeiner 2011). The amount of internal M33 extinction is
likely to vary over the distances covered by our spectroscopic
survey. Internal extinction along the line of sight not accounted
for will result in an overestimate of a star’s [Fe/H]. Second,
this does not account for changes in the mean age of the RGB
population with distance from M33’s center (Williams et al.
2009; Barker et al. 2011), or any potential differences between
the mean ages (or a-enhancements) of the disk and halo
component populations; differences in age and [a/Fe] can
impact the estimated [Fe/ H]phot by up to several tenths of a dex
(e.g., Gilbert et al. 2014). Finally, different radial bins contain
targets selected from a differing mix of photometric sources
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(Section 2), drawn from different observatories and instru-
ments, utilizing different measurement methodologies, and
hence with different photometric random uncertainties and
systematic biases. Since the impact of many of these limitations
are expected to be a function of radius, comparisons of the disk
(or halo) component’s [Fe/ Hlpho distributions with radius must
be interpreted with caution. However, these effects should be
minimized for comparisons between the disk and halo
components within any given radial bin, as shown in
Figure 7, since it is reasonable to expect that stars highly
probable to be in the disk or halo components within a given
spatial region will be affected in approximately the same way
for many of the above limitations.

Given the above limitations, the comparison of the
[Fe/H]phor distributions of M33’s disk and halo components
within a given radial region is the most likely to be robust.
Namely, while in the innermost regions there is no statistical
difference between the [Fe/H],no distributions of stars with
disk-like kinematics and halo-like kinematics, the difference in
the [Fe/H],ho distributions of these two components becomes
larger with increasing radius, with statistically distinct
[Fe/H]pho distributions between the halo and disk components
in the outermost bin. Future work will use spectral synthesis
techniques to alleviate the impact of many of the limitations
noted above.

5. Discussion and Conclusions

We have established the presence throughout M33’s inner disk
(Raisk < 30") of at least two distinct RGB populations, including a
significant, kinematically hot component. The asymmetric tails of
the velocity distributions of RGB stars in the northeastern and
southwestern halves of M33’s disk indicate it is unlikely the high-
velocity-dispersion component is rotating with the H T disk at any
appreciable fraction of the rotation speed of the H1.

The RGB disk component, which is rotating at a significant
fraction of the speed of the HI disk (for.disk = O.87f8j8%), has an
intrinsic velocity dispersion of ogi~19 km s~ !. The second
RGB population, which we interpret as a stellar halo, has a
significantly higher velocity dispersion (oha0 = 59.33:2

km sfl, estimated intrinsic dispersion of ~59 km sfl) and
rotates very slowly in the plane of the HI disk (fiothao =
0.11709% kms™', consistent with no rotation at the <1.5¢
level). This second component has a dispersion consistent with
that expected for a stellar halo in a galaxy of M33’s mass.

The stellar halo component comprises a significant fraction

(faalo = 0.2270:03) of the full RGB spectroscopic sample, and a

greater fraction (fiuo=0.287003) when only stars within

Raisk < 15" are modeled. The percentage of stars in the
dynamically hot component within Rgg < 15" is of an order
~2-3 times higher than theoretical expectations from the
Evolution and Assembly of GaLaxies and their Environments
(EAGLE) simulations for the fraction of stellar mass formed
ex situ and residing within the stellar half-mass—radius for a
galaxy of M33’s stellar mass (Davison et al. 2020). However,
we note that this should be viewed as an upper limit on the
fraction of ex situ stars in M33’s central regions, as we do not
know whether stars in the halo component were primarily
accreted or formed in situ, and furthermore we have measured
only the fraction of stars in our RGB sample which belong to
this component. The f;,,;, estimates resulting from dividing the
sample into three radial bins indicate that the high-velocity-
dispersion component comprises a decreasing fraction of
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M33’s RGB star population as radius increases, over the radial
range covered by our spectroscopic sample. This is also at odds
with expectations for an accreted stellar halo from cosmolo-
gical simulations, which show the fraction of stellar mass that is
formed ex situ (accreted) is expected to increase with radius
(e.g., Rodriguez-Gomez et al. 2016; Davison et al. 2020, for
recent Illustris and EAGLE results, respectively).

The similarity in [Fe/Hl,n, distributions between stars
likely to belong to the disk and halo components, especially in
the inner regions of M33’s disk, may favor an in situ origin for
these stars, as stars from a significantly less massive satellite
would be expected to have a significantly lower metallicity
(Kirby et al. 2013). This is consistent with the interpretation by
Beasley et al. (2015) that the globular clusters (GCs) they
observe in M33’s inner regions are most likely to have a disk
origin: their GC sample has metallicities ranging from
[M/H]~ —1.75 to ~—0.5 and a large velocity dispersion
(98.2 +25.0 kms~ ') about the H1 disk velocity. Interestingly,
recent simulations of M33’s stellar and gaseous disk imply that
strong stellar feedback is needed to match the observed disk
properties (Dobbs et al. 2018), and stellar feedback is one
avenue by which in situ stellar halos in low-mass galaxies are
thought to form (Stinson et al. 2009; El-Badry et al. 2016). Of
course, the high-velocity-dispersion RGB population may
represent a mix of stars formed in situ and ex situ, the relative
fractions of which may change with radius. Future abundance
measurements using our spectroscopic RGB sample may shed
further light on this question.

Our kinematical analysis of M33’s RGB population as a
function of radius provides further insights into several unresolved
discussions in the literature. The stellar age gradient in M33’s disk
is observed to reverse at large radii, changing from decreasing
mean stellar age with radius interior to Rgigx ~ 9 kpc, to increasing
mean stellar age with radius exterior to ~9 kpc (Williams et al.
2009; Barker et al. 2011). Using a simulated M33 analog,
Mostoghiu et al. (2018) hypothesized that the age gradient
reversal at large radii is due primarily to stellar accretion of
smaller, ancient satellite galaxies, rather than radial migration of
stars formed in situ. Mostoghiu et al. predicted that this will be
observable as a population of old stars with a large velocity
dispersion, which should comprise a rapidly increasing fraction of
the total stellar population beyond the radius of the disk break and
age reversal; their simulations predict this fraction would start at
215% and increase to ~30% over an equivalent radial range,
which encompasses the 16th to 84th percentile of stars (by radius)
in our outermost radial bin (Rgg > 30/, which has stars ranging
from Ry =7.5 to 18 kpc). The simulated M33 analog has the
accreted stellar fraction increasing from ~30% to ~75% in the
equivalent radial range of the most distant stars in our sample. In
stark contrast, in the outermost radial bin the best-fit halo fraction
is only fiao = 0.1075:97 of the RGB stars, with the vast majority of
the stars appearing to be consistent with a kinematically cold,
rotating, disk-like component (Figures 5, 9, and 11). Moreover,
the evidence for a stellar halo component beyond the warp in the
H1 disk should currently be viewed as inconclusive (Section 3.3).
The current data set thus favors the interpretation that the outer
disk break marks a transition to a large extended disk (Grossi et al.
2011), rather than to an accreted stellar halo component. The
observed decrease in fi,, Wwith radius also suggests a possible
explanation for the lack of detection of an extended stellar halo in
M33 (McMonigal et al. 2016; Galera-Rosillo et al. 2018): if the
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halo density profile is sufficiently steep, then it may be essentially
undetectable beyond the stellar disk with current data sets.

A weak, short bar has been observed in the innermost regions
of M33’s disk. Previous measurements based on unresolved
stellar light measured a bar with semimajor axis of ~200 pc
(Regan & Vogel 1994; Corbelli & Walterbos 2007). In the
PHATTER survey, the bar is clearly visible in the resolved old
(RGB star) and intermediate-age (AGB star) populations
(Williams et al. 2021), with an effective radius <500 pc
(M. Lazzarini et al. 2021, in preparation). Future papers on
M33’s recent star formation history (M. Lazzarini et al. 2021, in
preparation) and M33’s structure in resolved stellar populations
(A. Smercina et al. 2021, in preparation) will further quantify its
properties. The innermost stars in our RGB sample are at a disk
radius approximately twice that, so we do not directly observe the
region of M33’s bar in the current data set. However, we note that
the development of a strong, more extensive bar, with semimajor
axis of ~2-3kpc, has proven difficult to avoid in simulations
which try to recreate the properties of M33’s disk (Sellwood et al.
2019). Sellwood et al.note that while increasing the random
motion of stars in the simulated disk or having a population of
counterrotating stars are two ways to increase stability against the
formation of a bar, the existing observational kinematical studies
(based on measurements of the width of the Call Triplet in
unresolved spectra of M33’s inner regions; Kormendy &
McClure 1993; Corbelli & Walterbos 2007) did not support
either. The significant fraction of the RGB sample in the inner
regions of M33’s disk found to be in the high-velocity-dispersion
component, as well as the potential counterrotation of this
population, may help to resolve the question of why M33’s disk
appears to be stable against the formation of a significant bar.

Our identification of a high-velocity-dispersion component
throughout M33’s inner stellar disk provides the first
unambiguous kinematical detection and spatial characterization
of a stellar halo in a relatively isolated galaxy of significantly
lower mass than the MW or M31. As discussed in Section 1,
there are multiple proposed mechanisms for forming a stellar
halo in galaxies of M33’s mass, ranging from accretion of
smaller stellar systems to various internal and external heating
mechanisms, each of which is expected to imprint clues of the
halo’s origin into the kinematical properties of the halo. The
M33 data set presented here provides the first opportunity to
make concrete comparisons between the theoretical predictions
and observations of a low-mass, relatively isolated disk galaxy.

The presence or absence of rotation is likely to be a key
observational constraint for determining the origins of M33’s
halo. While rotation of the halo component in the plane of the
disk appears to be minimal for stars within the range
15" <R4e < 30/, the model favors counterrotation in the halo
component for stars with Ry < 15’. While this may indicate
true physical complexity in the kinematics of the stars in M33’s
innermost regions, it could also be driven by limitations in the
current model. Moreover, a stellar halo component could rotate
in a different plane than the HT or stellar disk.

In addition to future model improvements (Section 3.4), we also
plan to increase our spectroscopic coverage in both the innermost
and outermost regions of the current survey. These combined
model and data improvements will enable a detailed investigation
into both the robustness and the origin of the intriguing kinematics
observed in M33’s innermost disk. Additional data in the outskirts
of M33’s stellar disk will enable a rigorous evaluation of whether a
stellar halo component is present at distances that are beyond the
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warp in the HT disk and the break in the stellar density profile.
These measurements will provide vital observational constraints on
models of disk evolution and stellar halo formation in low-mass
disk galaxies.
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Appendix A
Milky Way Contamination of the RGB Sample

We removed clear Milky Way (MW) contaminants from the
RGB sample by removing stars with visually identified Nal
absorption, which is a surface-gravity-sensitive feature
observed in MW dwarf stars along the line of sight to the
M31 system. We expect minimal MW contaminants based on
the both the high density of M33 stars in these fields and on our
visual inspection of the data, which identified only a small
fraction (~4%) of stars in the total spectroscopic sample with
strong NaT absorption.

We quantified this expectation using the Besancon MW model
(Robin et al. 2003, 2014, 2017; Amores et al. 2017); the version
utilized for this analysis was the 2019 August 12 update. Within
our RGB selection region, the MW line-of-sight velocity
distribution is expected to peak at vi,s ~ —30kms ™', with
~47% of the MW model distribution at v, > —50 km s ! (the
fraction of MW model stars with v, > —50kms ™' increases
slightly for masks with a brighter limiting magnitude). In our
RGB selection region, 50 stars (3%) were removed due to
identified Nal absorption; 31 of these had vy, > —50kms ..
These numbers are dominated by the masks at large projected
radii observed in 2020: in masks observed before 2020, 16 stars
(1%) were removed due to identified NaI absorption. In our final
RGB sample, only four stars have v;,s > —50 km s~ !. Conserva-
tively assuming these are all MW stars, we estimate an upper limit
of residual MW contamination in our RGB sample of ~8 stars,
equivalent to ~0.5% of the sample.

While selecting on the presence of Nal absorption is
effective in removing dwarf stars in the MW disk, it does not

17 http: //www.astropy.org
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remove distant main sequence turn-off stars in the MW halo
along the line of sight to M33. MW halo stars are expected to
span a large range of velocities (hundreds of kms™'), centered
relatively near the systemic velocity of M33, although most of
these stars are expected to be bluer than the M33 RGB (see
Gilbert et al. 2012 for a discussion of the expected velocity
distribution of MW halo stars along the line of sight to M31).
Again using the Besancon model, we have estimated that only
~10% (~17%) of the stars in the MW model which fall within
our RGB selection box will have distances greater than 8 kpc
(6 kpc). If we assume the 50 stars in our RGB selection region
with Nal absorption represent 90% (83%) of the MW
contaminants along the line of sight, then we would expect
on order ~6 (~10) MW halo stars in total in our RGB sample.

Appendix B
Velocity Models

This appendix provides details on several technical aspects
related to the velocity models discussed in Section 3, including our
MCMC implementation and choice of priors (Appendix B.1), how
we calculate the visualizations of the two-component model fits in
Vios and Voer Space (Appendix B.2), and a Bayesian-evidence-
based analysis of the number of components favored by the RGB
spectroscopic sample within the current model framework
(Appendix B.3).

B.1. Details of the MCMC Implementation

As discussed in Section 3.1, we used the software package
emcee (version 3.0.2; Foreman-Mackey et al. 2013a, 2013b)
to determine the posterior probability distributions for the one-
and two-component model parameters, given the individual
likelihoods for each model (Equations (6) and (9)) and our
assumed priors.

The total likelihood of the observed data set given a set of
model parameters 6 (T isks frot.disks Thalos Jrot.halos a0 frato fOr the
two-component model; o, e fOr the one-component model)
is the product of the individual likelihoods:

]\’SlHIS
Ly= 1] Zos (B1)
j=1
where the individual likelihoods for the one- and two-

component models are given by Equations (6) and (9),
respectively. For a set of model parameters ©, we compute

p@®Iy; L. D) o p(y L 10, Dp(OID) (B2)

where v; ;i is the set of observed line-of-sight velocities, /

1
represents our prior knowledge, and p(\{ij]i 10, 1) is the
likelihood term (Equation (B1)).

We used uniform priors for fiordisks frothalo» @04 fhato, and a
scale-free prior (1/0) for ogix and opae. The minimum and
maximum bounds on the range of oy and oy, were
generous: 1-100 for oy, and 5-200 for oy, We also
included a prior enforcing that the second component has a
larger velocity dispersion than the first component:
Ohalo > Odisk- Lhe fraction of stars in the halo component,
Jhato» Was allowed to vary from O to 1. The parameters
governing the rotation speed of the disk and halo components,
Jrotdisk and fiornalo, Were allowed to vary from O to 1.5 for
Jrot.disk» allowing the model to explore rotation speeds equal to
or slightly faster than that of the HI disk model and ensure no
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bias was introduced around fio aisk = 1 by the priors; and from
—1.0 to 1.0 for fiorhao» allowing the model to explore
counterrotation of the halo component with respect to the HI
disk, and to ensure no bias was introduced around f;o( patlo =0
by the priors.

The two-dimensional and one-dimensional marginalized
posterior probability distributions for the two-component
model fit to the full RGB data set is shown in Figure 8. The
length of the MCMC chains were set by the number of steps
required to obtain an estimate of the autocorrelation time; they
were run for a length of at least 50 times the longest
parameter’s estimated autocorrelation time for each fit, as
estimated by emcee, or for 2000 steps, whichever was longer.
All MCMC runs used 300 walkers. We discarded the first 500
steps of the chains, which results in using a burn-in length
which is a factor of 5 greater than the single longest
autocorrelation time estimate in all of the fits presented here.
We confirmed that even for the longest autocorrelation times
encountered in our fits, our choices for burn in, chain length,
and number of walkers result in a total number of MCMC steps
which exceeds the minimum number of steps needed to obtain
the values of the (e.g.,) 18th/64th percentiles of the distribution
to a precision of 1%.

B.2. Visualization of the Velocity Models

In the two-component model there is no single velocity
reference frame in which the data can be visualized against
analytical descriptions of the model. Therefore, we provide
visualizations of the data against the two-component model in the
two velocity frames that we believe are the most intuitive and
useful: line-of-sight velocity, and the offset of the observed stellar
velocities from the line-of-sight velocities of the HT disk model,
Voffset- FOT Visualizations of the model components in the line-of-
sight velocity frame (vios), we computed a sum of Gaussians, one
for each star j in the sample, with means 1, = Vimogel 10s,; fOr €ach
component of the two-component model (computed using f;, for
that component) and dispersion equal to the o of the component,
weighted according to the fraction of the population in that
component in the model. A similar procedure was used to provide
visualizations of the two-component model in vygge: We computed
a sum of Gaussians with means (i; = Vi 1; — Vmodel los,» (-€., the
offset of the model component’s mean line-of-sight velocity from
the H1 disk model line-of-sight velocity at the location of star j),
and dispersion equal to the o of the component, again weighted
according to the fraction of the population in that component in
the model.

Figure 9 shows the velocity distributions in vi,s and Vogrser,
along with the model fits, for all stars in the inner, middle, and
outer radial bins discussed in Section 3.3. Figure 10 shows the
marginalized one- and two-dimensional posterior probability
distributions for each of these fits. Figure 11 shows the velocity
distributions and model fits in vy corresponding to the
spatial bins with vy distributions shown in Figure 5; the
corresponding posterior probability distributions are shown in
Figure 12.

B.3. Justification for the Number of Model Components

In Section 3.1, we argued that a single component was a
poor fit to the RGB line-of-sight velocity distribution, and
presented the results of a physically motivated two-component
model. As discussed in Section 3.4, the true velocity
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Figure 8. Marginalized one- and two-dimensional posterior probability distribution functions for each of the fit parameters in the two-component model (Section 3 and
Appendix B), fit to the full spectroscopic RGB sample. The fit parameters include the disk and halo velocity dispersions (d4isk, Thalo), the fraction of the H I rotation
velocity at which the disk and halo are rotating (fror,disks frot,nalo; N€gative values of fi,, correspond to counterrotation in the plane of the H I disk), and the fraction of the
population in the halo component ( f;,4,). Dashed lines and column headings show the 16th, 50th, and 84th percentiles of the marginalized one-dimensional posterior
probability distribution functions for each model parameter. While the parameter values are well constrained by the model, the two-dimensional posterior probability
distribution functions show clear correlations between several of the model parameters.

distribution of M33’s disk regions may be more complex than
captured by our two-component model.

To quantify this trade off between model complexity and the
richness of our RGB data set, we perform a Bayesian model
comparison analysis on the full RGB spectroscopic sample. We
compare four different models. The simplest is a single-
component model (Neomp=1). This is straightforward to
compare to the nominal model presented and discussed above,
a two-component model (Ngomp = 2), which we have inter-
preted as a disk and halo component. We also compare these to
models which have three and four components, where the
additional components could account for additional complexity
in the stellar disk and/or halo kinematics. Since the observed
line-of-sight velocities indicate that the RGB stars in the disk
rotate more slowly than the HI model rotation velocity, we
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compared a one-component model that includes an fo
parameter to the nominal two-component model described
above (e.g., the Neomp = 1 model follows the same formalism
as the Neomp =2 model for this test). Similarly, the three- and
four-component models also follow this formalism, with the
same model definitions as the nominal two-component model.
For each of these models we employ broad priors on all model
parameters (including allowing the f;,, of each component to
vary between —1 and 1), and we estimate the marginal
likelihood Z, often called the evidence:
POM) = Z = [L©)7(©)de. (B3)
We estimate the log-evidence from our data (log 2) using
nested sampling (Skilling 2006) as implemented in the Dynesty
Python package (Speagle 2020). We then compare this estimate
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Figure 9. Distributions in v, (left panels) and v (right panels) of all RGB stars in each radial bin shown in Figure 5 (Section 3.3), along with the results of the
model fits to each subsample (shown as described in Figure 4). The top row shows fits to the innermost radial bin (Ry;s < 15'); the middle row to the middle radial bin
(15" < Ryis < 307); and the bottom row to the outer radial bin (Rgig > 30”). The asymmetry in the strength of the peaks in v, (driven by the disk component), and in
the tails of the distribution in v, (driven by the halo component) is due to the unequal sample distribution between the northeastern and southwestern halves of the
disk: we have obtained spectra for greater numbers of RGB stars in the northeast in the inner and outer radial bins, and in the southwest in the middle radial bin

(Table 1).
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Figure 10. Same as Figure 8 for independent two-component fits to the innermost (Rgisx < 15”) of the three radial bins shown in Figure 5 and discussed in Section 3.3.
The complete figure set (three images, one for each radial bin) is available in the online journal.

(The complete figure set (three images) is available.)

of logz for each of the four models. We find that the one-
component model is disfavored over any of the Ngmp > 1
models by Alog Z >> 5, the conventional “decisive” threshold
(Jeffreys 1939), clearly demonstrating the need for an
additional component. Among the Ngomp >1 models, the
Neomp = 3 model is most favored, although less strongly than
the comparison of the Neomp > 1 models versus the Neomp = 1
model. The Neomp = 2 (disk plus halo) model and the Negmp = 3
model are only distinguished by A log Z~04 (“barely worth
mentioning”). The Nomp =3 model is slightly more favored
over the Ngomp =4 model at AlogZ ~ 1.3 (“strong”).

All Neomp > 1 models favor at least one component with a
significantly lower rotation and larger dispersion, fitting the
generally understood concept of “halo”. In the Negmp > =3
models, there is some degeneracy between the model
components, for example between the highest dispersion,
lowest f,o, halo-like component and intermediate (in dispersion

17

and f,, €.g., potentially representing a thicker disk) compo-
nents. Hence, we conclude that a halo is clearly detected, and
four (or more) major kinematical components are disfavored.
However, our data, combined with the present modeling
assumptions, do not clearly distinguish between an Ncomp = 2
or Neomp = 3 model.

The goal of this first contribution is to demonstrate that the
dynamics of M33’s stellar disk are more complicated than a
single kinematically cold disk component and to present
evidence for and an initial characterization of a significant,
kinematically hot component present throughout M33’s inner
stellar disk. Given these goals, combined with the potential
limitations of the current model for fully describing M33’s
stellar kinematics (Section 3.4), we present the Neomp =2
model here, which, based on the model comparison described
above, fits the data about as well as an Noomp =3 model. As
discussed in Section 3.4, in future work we will relax some of
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Figure 11. Distributions in v, Space of the data in the subsamples shown in Figure 5 (Section 3.3), along with the results of the model fits to each subsample
(shown as described in Figure 4). The left panels show the fits to the RGB sample in the approaching (northeast) half of M33’s disk; the right panels show the receding
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Figure 12. Same as Figure 8 for independent two-component fits to each of the six spatial bins shown in Figure 5 and discussed in Section 3.3. Shown here are the
model parameter posterior probability distributions for the fit to the northeast half of the innermost radial bin (Rgisx < 15’). The complete figure set (six images) is
available in the online journal, and includes a figure for each spatial subsample: the approaching (northeast) and receding (southwest) halves of M33’s disk in each of

the three radial bins.

(The complete figure set (six images) is available.)

the assumptions that have been made in this initial analysis and
which may impact our ability to identify and measure more
complex disk and/or halo kinematics in a physically mean-
ingful way. As part of that analysis, we will also revisit the
evidence for the number of disk-like and halo-like components
in our spectroscopic sample.
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