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Abstract

We analyze stellar proper motions in the COSMOS field to assess the presence of bulk motions. At bright
magnitudes (G-band 18.5–20.76 AB), we use the proper motions of 1010 stars in the Gaia DR2 catalog. At the
faint end, we compute proper motions of 11,519 pointlike objects at i-band magnitudes 19–25 AB using Hubble
ACS and Subaru HSC data, which span two epochs about 11 yr apart. In order to measure these proper motions
with unprecedented accuracy at faint magnitudes, we developed a foundational set of astrometric tools that will be
required for joint survey processing of data from the next generation of optical/infrared surveys. The astrometric
grids of Hubble ACS and Subaru HSC mosaics were corrected at the catalog level using proper motion–propagated
and parallax-corrected Gaia DR2 sources. These astrometric corrections were verified using compact extragalactic
sources. Upon comparison of our measured proper motions with Gaia DR2, we estimate the uncertainties in our
measurements to be ∼2–3 mas yr−1 axis−1, down to 25.5 AB mag. We correct proper motions for the mean motion
of the Sun, and we find that late-type main-sequence stars predominantly in the thin disk in the COSMOS field
have space velocities mainly toward the Galactic center. We detect candidate high-velocity (�220 km s−1) stars,
six of them at ∼0.4–6 kpc, from the Gaia sample, and five of them at ∼20 kpc, from the faint star HSC and ACS
sample. The sources from the faint star sample may be candidate halo members of the Sangarius stream.

Unified Astronomy Thesaurus concepts: Galaxy structure (622); Galaxy stellar halos (598); Proper motions (1295);
Astrometry (80); Catalogs (205); Stellar streams (2166)

1. Introduction

The combined analysis of multiwavelength, multimission
data sets with different spatial resolutions and time baselines at
the pixel level can be a powerful way to uncover phenomen-
ology not discernible with a single data set. It requires
astrometry and photometry to be made concordant with high
precision, which is sometimes a challenge given the role of
source confusion at faint magnitudes, varying point spread
functions (PSFs), and different pixel scales. The joint survey
processing (JSP) effort will, as its name implies, undertake
joint pixel-level processing of data from Euclid, the Nancy
Grace Roman Space Telescope (formerly known as the Wide-
Field Infrared Space Telescope, or WFIRST), and the Vera C.
Rubin Observatory (formerly known as the Large Synoptic
Survey Telescope, or LSST, an acronym now reserved for the
Rubin Observatoryʼs Legacy Survey of Space and Time; Ivezić
et al. 2019). The spatial resolution of the space-platform
surveys and their near-infrared bandpasses will enable one to
distinguish stars from galaxies while alleviating both source
confusion and the role of dust extinction. In comparison, the
multivisit cadence of LSST and its >10 yr time baseline, as
well as its differential time baseline with the single-visit space
surveys, will allow one to study the proper motions of these
stars. Measuring stellar motions is a powerful way to measure
the properties of tidal streams (e.g., Koposov et al. 2019) and
bulk motions within the Galaxy.

In order to develop the capability to measure stellar proper
motions, especially at brightnesses up to 5 mag fainter than
Gaia (Gaia Collaboration et al. 2016), and better understand the
systematics floor that arises, we have undertaken joint
processing on prototype data sets in the 1.64 deg2 Cosmolo-
gical Evolution Survey (COSMOS)3 field (Scoville et al. 2007).
In particular, the COSMOS field has data over a decade in time,
first from the Hubble Space Telescope (HST) Advanced
Camera for Surveys (ACS; Koekemoer et al. 2007)4 and,
more recently, from the Subaru Telescope Hyper Suprime-Cam
(HSC; Aihara et al. 2018; Miyazaki et al. 2018)5 with a spatial
resolution of ∼0 1 and 0 7, respectively (Koekemoer et al.
2007; Aihara et al. 2018).
In this paper, we measure and analyze stellar proper motions

in the COSMOS field. We do this by first bringing the ACS/
F814W and HSC i-band data, which have an epoch differential
of about 11 yr, into astrometric concordance. We use Gaia Data
Release 2 (DR2; Gaia Collaboration et al. 2018) sources within
COSMOS as a benchmark comparison of our measured proper
motions at bright magnitudes. The greater sensitivity of ACS
and HSC photometry affords the potential to increase the
number of proper-motion sources in the field and extend the
volume covered by them.
Our aim for these studies is to understand the spatial

distribution and velocities of a large sample of faint stars in the
line of sight toward the COSMOS field. The proper motions,
coupled with optical colors and information on extinction,
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allow us to estimate distances to and absolute magnitudes of
these faint stars using extrapolations from the known parallaxes
of brighter Gaia DR2 sources. Therefore, we can study the
velocities of many faint stars as a function of spectral type and
luminosity class. Grillmair (2017) discovered ancillary Galactic
streams within the Orphan stream complex in the Sagittarius
South arm using Sloan Digital Sky Survey (SDSS; York et al.
2000) data. In particular, the Sangarius stream within this
complex partially crosses the COSMOS field. Grillmair (2017)
did not detect sources in Gaia Data Release 1, in the Sangarius
stream, because of insufficient sensitivity. One of our goals is
to search for members of this stream in both Gaia DR2 and JSP
by leveraging the more numerous and fainter sources, which
have astrometry measured through the latter. Qiu et al. (2021)
analyzed stellar proper motions at distances up to ∼100 kpc in
an area of ∼100 deg2, including part of the Sagittarius stream,
by cross-correlating HSC and SDSS astrometry. Qiu et al.
(2021) found that within ∼1 kpc, red stars show proper
motions consistent with Galactic rotation. Further out, up to ∼5
kpc, proper motions decrease with increasing distance. At halo
distances of ∼10–40 kpc, the Sagittarius stream affects proper
motions. Beyond ∼40 kpc, halo blue stars exhibit isotropic
velocities. Our goals in this paper are analogous to the above
study.

Section 2 describes the JSP prototype data set from ACS,
HSC, and Gaia DR2 in COSMOS. Section 3 describes how we
spatially matched stellar sources between these data sets.
Section 4 presents the astrometrically corrected JSP data using
the grids of either Gaia DR2 stars or empirically selected
compact galaxies as references and the resulting JSP proper
motions of sources matched to Gaia DR2 stars. Section 5
presents the proper motions of all JSP sources, of which Gaia
DR2 matches are a subset, in the astrometric grid of Gaia DR2.
Section 6 discusses the uncertainties in our derived JSP proper
motions. Section 7 presents our derivation of stellar space
velocities after correcting proper motions for the motion of the
Sun relative to the local standard of rest (LSR). Section 8
discusses our results, and Section 9 contains our conclusions.

2. Observational Data from Hubble and Subaru

The COSMOS field covers an area between approximately
R.A. 149°.12 and 151°.12 and decl. 1°.2 and 3°.2 (Scoville et al.
2007). The Subaru/HSC First Data Release of this field
consists of images in 133 12′× 12′ so-called “patches” (Aihara
et al. 2018). We utilized the coadded calexp images and
catalogs of HSC, where each calexp coadd was obtained from
104 individual exposures (of 300 s each) typically taken within
the same night. Each calexp coadd corresponds to a patch. The
epochs of each coadd of HSC are in 2015.

The Hubble/ACS observations were taken from HST Cycles
12 and 13 only and span the epoch ranges 2003 October
15–2004 May 21 and 2004 October 15–2005 May 21. For
these, we considered the coadded exposures as described in
Koekemoer et al. (2007). Each coadded exposure and its
catalog correspond to an ACS patch where its location and
dimensions have an identical counterpart in HSC. The region of
the COSMOS field covered by HSC and ACS common patches
is ∼1.64 deg2.

We measured the equatorial coordinates and magnitudes in
the HSC i-band calexp coadd and ACS F814W-band coadd
with SExtractor (Bertin & Arnouts 1996). Magnitudes in this
paper are in the AB system (Oke 1974) unless otherwise noted.

The chosen bandpasses are the most sensitive to point sources
in these two instruments. The output coordinates from
SExtractor were unweighted center-of-light measurements with
both aperture photometry and isophotal photometry available.
The SExtractor HSC positions were recentered via two-
dimensional Gaussian fits because we found, upon visual
examination of HSC point sources, that the PSFs exhibited
elliptical shapes that were not always centered at the center of
light of the respective source. The ACS point-source images
did not exhibit such ellipticity or asymmetry. This visual
examination of HSC and ACS sources revealed that saturation
ensues at magnitudes of ∼18.5. The reduced χ2 of the two-
dimensional Gaussian fits increases rapidly with increasing
source brightness starting at ∼18.5 mag, thus confirming the
onset of saturation.
The SExtractor astrometry and photometry of unsaturated

sources in ACS and HSC were used in our subsequent analysis,
and astrometric corrections were further applied, as described
in Section 4.

3. Astrometric Matching between ACS, HSC, and Gaia
DR2 in the COSMOS Field

In order to assess the astrometry of HSC and ACS that we
obtained with SExtractor, we need to cross-correlate it with an
independent “standard of truth.” We regard Gaia as one such
standard and describe it here and in Section 4.1, while in
Section 4.2, we consider an alternative, relative standard
consisting of a sample of empirically selected compact
galaxies. The COSMOS field was searched in the Gaia DR2
catalog for single and nonvariable sources (using the Gaia
DR2 flag conditions duplicated_source= 0 and phot_
variable_flag=NOT_AVAILABLE). Only sources with a
Gaia parallax >0 were selected, meaning they had a valid
solution for proper motion and parallax. Luri et al. (2018)
discussed the biases induced when removing Gaia parallaxes
<0 in Gaia sample selections. The effect is to favor the
selection of stellar sources at closer distances, to the detriment
of those at larger distances from us. Luri et al. (2018) plotted
the histogram of the Gaia DR2 parallaxes of 556,849 quasars
from the AllWISE survey and showed that their mean was, as
expected for these distant sources, close to zero, namely,
∼−10 μas. When removing negative parallaxes, the mean was
unrealistically large, namely, ∼0.8 mas. Our sample of
sources is much larger than Gaia stars, as will be discussed in
Section 5, but we repeated all of our calculations that involved
Gaia stars, for comparison, by including all Gaia DR2
parallaxes, even those <0. The effects of using all Gaia
DR2 parallaxes on our analysis are presented in Sections 4,
6.2, and 7.
In the 133 HSC calexp coadds, 2434 unique sources were

spatially matched to Gaia DR2 stars using a 0 2 radius circle.
This search radius was chosen because it resulted in successful
matches without source confusion and because the Gaia proper
motions of unsaturated sources were =200mas yr−1. Duplicate
HSC sources in the areas of overlap of adjacent calexp coadds
(e.g., Faisst et al. 2022) were already removed. Among the
above 133 HSC coadds, 63 were measured in common with
ACS. In these 63 HSC coadds, 1514 sources were matched to
Gaia DR2 stars as described above. Similarly, 1135 sources in
the 63 ACS coadds were matched to Gaia DR2 stars. In each
case, the Gaia star positions were propagated to the epoch of
each HSC patch, and to the mean epoch of the various individual
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exposures that covered each detected ACS source, using their
Gaia-measured proper motions, before the above spatial match.
Corrections for parallaxes obtained from the Gaia DR2 catalog
were also applied during this process.

In Appendix A, we describe the various samples of stars that
we have used in our analysis throughout this paper.

For each HSC–Gaia matched pair with separations in R.A.
and decl. of, respectively, ΔR.A. (HSC, Gaia), Δdecl.
(HSC, Gaia) (in mas) between the two components, the medians
〈ΔR.A. (HSC, Gaia)〉15 and 〈Δdecl. (HSC, Gaia)〉15 of this
matched pair and up to 14 neighboring ones within 4′ were
computed. That is, the subscript 15 indicates that up to 15 offset
vectors such asΔR.A. (HSC, Gaia) went into the computation of
the median 〈ΔR.A. (HSC, Gaia)〉15. The HSC source was at the
center of the 4′ radius circle containing its (HSC, Gaia) matched
pair and up to 14 neighboring matched pairs. The number of
neighbors and the size of the area searched for them were chosen
so as to have a sufficient number of sources to calculate statistics
and a small enough area so that the median offsets 〈ΔR.
A. (HSC, Gaia)〉15 and 〈Δdecl. (HSC, Gaia)〉15 were representa-
tive of each particular sky position without cross-contamination
from other areas. The smallest spatial scale of variations of
median offset vectors is ∼2′–3′, as found by visual inspection in
both HSC and ACS coadds. The purpose of obtaining median
offsets was to assess the astrometric difference between HSC
and Gaia DR2 as a function of sky position and subsequently
correct the HSC calexp coadd astrometry for any residuals not
accounted for during the generation of these coadds. In order to
illustrate the variations in median offsets and their dispersion in
the COSMOS field, we superposed all 63 HSC patches (that
were common to ACS) after transforming the coordinates within
each patch to relative coordinates with respect to the patch
center. The resulting “stacked patch” had a much higher signal-
to-noise ratio (S/N) in the median offset vectors than individual
patches and was divided into 5× 5 “cells” of 2.4× 2.4 arcmin2

each. Figure 1(a) shows the median, within a cell in the stacked
HSC patch, of the median offset vectors 〈ΔR.A. (HSC, Gaia)〉15
and 〈Δdecl. (HSC, Gaia)〉15 between HSC and Gaia DR2.
Similarly, Figure 1(b) shows the median, within a cell in the
stacked ACS patch, of the median offset vectors 〈ΔR.A. (ACS,
Gaia)〉15 and 〈Δdecl. (ACS, Gaia)〉15 between ACS and Gaia
DR2. Figures 1(a) and (b) show that the median offset vector
between HSC and Gaia DR2 has a magnitude of ∼65 mas and
points to approximately the NE direction, while that between
ACS and Gaia DR2 has a magnitude of ∼80 mas and points to
approximately the ESE direction. The astrometric offset between
each of the HSC and ACS data sets and Gaia DR2 is thus to first
order a systematic translation. However, these figures also
indicate variations from 2.4× 2.4 arcmin2 cell to cell. The offset
vector of HSC in the upper left corner of Figure 1(a) is
significantly steeper relative to the W–E direction than in most of
the area of an HSC patch, while Figure 1(b) shows that the ACS
offset vector in the lower right corner of an ACS patch is
practically horizontal (pointing to the E). These variations are
due to residuals in the astrometric grids of HSC and ACS
coadds, although they are not distortion corrections per se
because HSC and ACS patches are not uniquely associated with
detectors. Figures 1(a) and (b) illustrate the corrections that can
be applied to the astrometric grids of HSC and ACS to bring
them into alignment with the Gaia DR2 astrometric grid.

4. Astrometric Corrections of HSC and ACS and Resulting
JSP Proper Motions of Gaia DR2 Sources

In this section, we correct the astrometry of HSC and ACS
detected sources to the grids of either Gaia DR2 stars or
empirically selected compact galaxies.

4.1. Astrometric Correction to the Gaia DR2 Grid

We applied astrometric corrections of ACS and HSC to the
Gaia DR2 grid by subtracting, from SExtractor R.A. and decl.
coordinates of each source, median offsets 〈ΔR.A. (HSC,
Gaia)〉15, 〈Δdecl. (HSC, Gaia)〉15 (in the case of HSC) and
〈ΔR.A. (ACS, Gaia)〉15, 〈Δdecl. (ACS, Gaia)〉15 (in the case of
ACS), described in Section 3.
Figure 2 shows offsets ΔR.A. (HSC, Gaia) and Δdecl. (HSC,

Gaia) between HSC recentered (Section 2) and astrometrically
corrected (to the Gaia DR2 grid) SExtractor sources and Gaia
DR2 matched stars, as a function of Gaia G magnitude (hereafter
also referred to as G). Owing to the proximity of the epochs of the
Gaia and HSC observations, the application of proper motion has
a modest but definite effect in reducing the standard deviations of
the offsets from ∼15–20mas in the case of no application of
proper motion to ∼5–10mas after applying proper motion. The
offsets have a mean of zero after applying proper motion, as
opposed to a mean of up to ∼+7 mas (at the brightest
magnitudes) if not applying it. When comparing Figures 1(a)
and 2, it can be seen that the application of astrometric correction
to the Gaia DR2 grid leads to residual offsets of ∼±5 mas in
either R.A. or decl. versus the original offsets of∼+50mas in
either coordinate axis.
As an illustration of the effect of including all Gaia parallaxes,

positive and negative, in the above astrometric corrections of HSC
to the Gaia DR2 grid, we found a larger dispersion in the ΔR.
A. (HSC, Gaia) and Δdecl. (HSC, Gaia) offsets at bright G
magnitudes, of ∼10–15mas, as opposed to only ∼5 mas when
only using positive parallaxes. The dispersion in the offsets was
comparable at 19<G< 20 for either positive or all Gaia
parallaxes, at ∼5–10mas. At a G of 20.7, the dispersion in decl.
was larger when using all Gaia parallaxes (∼10 mas) than when
using only positive ones (∼5–6 mas).
Figure 3 shows offsets ΔR.A. (ACS, Gaia) and Δdecl. (ACS,

Gaia) between ACS astrometrically corrected (to the Gaia DR2
grid) SExtractor sources and Gaia DR2 matched stars as a
function of G. In this case, owing to the ∼11 yr difference in the
epochs of ACS and Gaia matched stars, the application of proper
motion to Gaia stars has a significant effect in reducing the
standard deviation of the offsets from ∼100 mas in the case of no
application of proper motion to ∼30 mas after applying proper
motion. The offsets have a mean of zero after applying proper
motion, just as in the case of HSC, as opposed to a mean of up to
∼+70 mas if not applying it. When comparing Figures 1(b) and
3, it can be seen that the application of astrometric correction to
the Gaia DR2 grid leads to residual offsets of ∼±30mas in either
R.A. or decl. versus the original offsets of ∼+70–85mas in R.A.
and 0 to ∼−37 mas in decl.
Both the HSC–Gaia DR2 and ACS–Gaia DR2 residual

offsets remain nearly constant with G. These residual offsets
are most likely dominated by systematic effects of the
astrometric grid of HSC and ACS, rather than by Poisson
statistics of individual sources, as is further discussed in
Section 6.
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Figure 1. (a) The 63 HSC patches common to ACS were superposed or stacked after transforming the equatorial coordinates of all HSC sources to relative coordinates
with respect to the center of their respective patch. The red arrows are the median in each 2.4 × 2.4 arcmin2 cell within an HSC patch of median offset vectors 〈ΔR.
A. (HSC, Gaia)〉15 and 〈Δdecl. (HSC, Gaia)〉15 between HSC and Gaia DR2 matched pairs. The 〈ΔR.A. (HSC, Gaia)〉15 and 〈Δdecl. (HSC, Gaia)〉15 were each
computed from up to 15 matched pairs within 4′ of the source, including the pair of the source itself and its Gaia DR2 match, as described in the text. Sets of three
numbers above each vector list its magnitude (mas), one standard deviation of the mean (mas), and the number of median offset vectors in the cell. (b) Similar to panel
(a), the 63 ACS patches were superposed, and the red arrows are the median offset vectors in each cell within a patch of median offset vectors 〈ΔR.A. (ACS, Gaia)〉15
and 〈Δdecl. (ACS, Gaia)〉15 between ACS and Gaia DR2 matched pairs. The sets of three numbers above each vector are also as described in panel (a).
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In turn, the HSC–Gaia matched sources and the ACS–Gaia
matched sources were cross-correlated to identify 1010 HSC–
ACS matched sources (that is, HSC and ACS sources matched
to a common Gaia DR2 star) of G between 18.5 (that is,
unsaturated; see Section 2) and 20.76. The proper motions of
these sources were estimated using the SExtractor coordinates
of HSC (recentered via two-dimensional Gaussian fits) and
ACS, both astrometrically corrected to the Gaia DR2 grid. The
epoch of each HSC source was as listed in the FITS header of
its calexp coadd. The epoch of each ACS source is the mean of
the epochs of single exposures of Cycles 12 and 13 that
covered this source. The resulting proper motions are referred
to as JSP or HSC–ACS in what follows, to distinguish them
from Gaia DR2. The JSP proper motions are not affected by the
effect of differential chromatic refraction (Filippenko 1982).
The HSC is equipped with an atmospheric dispersion corrector,
which partially corrects for the effect, while ACS space-based
data are not affected by the Earth’s atmosphere.

We compared the JSP proper motions of the 1010 HSC–
ACS–Gaia DR2 matches fainter than G = 18.5 with their Gaia
DR2 catalog proper motions. Figures 4(a) and (b) show the
correlation between R.A. and decl. proper motions in JSP
against Gaia DR2. A dashed line shows a one-to-one
correlation, and a solid line shows a least-squares linear fit. It
can be seen that JSP and Gaia DR2 proper motions are
reasonably correlated; the fit has a slope within ∼3% of a one-
to-one correlation with an uncertainty of ∼1%, and the y-
intercept is ∼0.16–0.18 mas yr−1. In Section 6, we analyze
what these statistics suggest for R.A. and decl. JSP proper

motions. We also explain in Section 6 why the majority but not
all of the 1010 sources were plotted in Figure 4.
The use of all Gaia parallaxes, regardless of whether they

were positive or negative, yielded the same conclusions on the
correlation of JSP and Gaia proper motions as above when
using only positive parallaxes.

4.2. Astrometric Correction from Empirically Selected
Compact Galaxies

An alternative for astrometrically correcting JSP data is to
use extragalactic point sources. Quasars, which would be
optimal because they are stationary point sources, are very
sparse, with only ∼one to three expected in the COSMOS field.
There are 297 unobscured broad-line active galactic nucleus
(BLAGN) compact sources in the catalog of optical/IR
counterparts (Marchesi et al. 2016) to the 4016 sources in the
COSMOS-Chandra Legacy Survey (Civano et al. 2016). Thus,
there are significantly fewer sources than Gaia stars. We
generated a much larger sample by empirically selecting
compact galaxies in the ACS coadds, where the source image
ratio of semiminor to semimajor axes is >0.9, the SExtractor
half-light radius is in the range of 3–5 pixels (to exclude stars
whose images are significantly smaller), the SExtractor
photometric S/N in the F814W filter is >25, and the
SExtractor magnitude in this bandpass is >20 (again to
exclude bright stars and avoid saturation). Faisst et al. (2022)
described the resulting ACS sample of 4844 empirically
selected compact galaxies.

Figure 2. Offsets in R.A., denoted as ΔR.A. (HSC, Gaia) (top panel), or in decl., denoted as Δdecl. (HSC, Gaia) (bottom panel), between HSC SExtractor (recentered
via two-dimensional Gaussian fits) and Gaia DR2 catalog coordinates as a function of G for 2434 sources. Astrometric corrections to the Gaia DR2 grid have been
applied as explained in the text. The small red symbols are the offsets (in the sense of HSC–Gaia) after propagating the positions of Gaia DR2 stars to the epochs of
HSC coadds and applying Gaia DR2 catalog parallax corrections. The solid red line is the magnitude-binned 3σ-clipped mean of the offsets (using a 1 mag boxcar)
smoothed with a fourth-order polynomial. The red dashed lines are the upper and lower one standard deviations of these offsets, also magnitude binned and smoothed
as above, and the red hatched region represents the ±1 standard deviation of these offsets. The small blue symbols, lines, and hatched region are similar offsets and
their statistics but without applying proper motion or parallax to Gaia stars.
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This sample was spatially matched to SExtractor HSC
sources, using a 0 2 radius circle, to find 4236 matches fainter
than AB mag 18.5. As we do not expect a measurable mean
motion for these extragalactic objects, the offsets between HSC
and ACS should ideally be zero. In reality, owing to residuals
not accounted for in the generation of the coadds, nonzero
offsets were found.

We denote by ΔR.A. (HSC, ACS) and Δdecl. (HSC, ACS)
the separations in R.A. and decl. (in mas), respectively,
between the two components of an HSC–ACS compact galaxy
matched pair. For each matched pair, we then compute
the median of ΔR.A. (HSC, ACS) and those of up to 14
neighboring matched pairs within 4′ and denote it by
〈ΔR.A. (HSC, ACS)〉15 (and a similar median in decl. denoted
by 〈Δdecl. (HSC, ACS)〉15). The purpose of obtaining
these median offset vectors 〈ΔR.A. (HSC, ACS)〉15 and
〈Δdecl. (HSC, ACS)〉15 was, in analogy to Section 3, to assess
the astrometric difference between HSC and ACS as a function
of sky position and, in particular, variations across the region
covered by a 12× 12 arcmin2 patch. These median offsets
allow us to correct the HSC calexp coadd astrometry for any
residuals not accounted for during the generation of the calexp
coadds. That is, just as in Section 3, where Gaia DR2 stars were
considered the standard of truth, in this case, ACS compact
galaxies were considered a relative standard (of HSC with
respect to ACS). We superposed all 63 HSC patches common
to ACS (Section 2) and divided the resulting stacked patch
into 5× 5 cells. Figure 5 shows the median within each cell
of the median offset vectors 〈ΔR.A. (HSC, ACS)〉15 and
〈Δdecl. (HSC, ACS)〉15 for HSC–ACS compact galaxy
matches (blue arrows). For comparison, Figure 5 also shows,

as red arrows, the median within each cell of the difference
(separately in R.A. and decl.) between median offset vectors
〈ΔR.A. (HSC, Gaia)〉15, 〈Δdecl. (HSC, Gaia)〉15 and median
offset vectors 〈ΔR.A. (ACS, Gaia)〉15, 〈Δdecl. (ACS, Gaia)〉15.
Figures 1(a) and (b) separately showed the medians within each
cell of the two quantities that were subtracted above. Ideally, if
the astrometric corrections of HSC and ACS to the Gaia
DR2 grid and the astrometric correction of HSC to the ACS
compact galaxies grid were equivalent, then the relation ΔR.
A. (HSC, Gaia)−ΔR.A. (ACS, Gaia)=ΔR.A. (HSC, ACS)
(and separately in decl. also) would be exact, and the blue and
red arrows in Figure 5 would be identical.
Figure 5 shows that the blue and red arrows agree to within

10% in magnitude but with excursions as high as 70% and
within 15° in position angle but with excursions as high as 50°.
Therefore, the astrometric corrections to the Gaia DR2 grid and
the grid of ACS compact galaxies are in reasonable agreement,
but the above differences are used in Section 6 to quantify the
contribution of the astrometric grid correction uncertainty to
that of JSP proper motions.
The median offset vector between HSC and ACS compact

galaxies has a magnitude of ∼50 mas and points to
approximately the NNW direction and is therefore, to first
order, a systematic translation. However, there are variations
across the region of patches. Four of the cells exhibit median
per-source offset vectors pointing to the NNE direction. These
variations are due to residuals in the astrometric grid of HSC
relative to ACS, and Figure 5 suggests corrections that can be
applied to the HSC astrometric grid to bring it into relative
alignment with the ACS astrometric grid. In this approach, the
ACS grid would remain uncorrected.

Figure 3. Offsets in R.A., denoted asΔR.A. (ACS, Gaia) (top panel), or decl., denoted asΔdecl. (ACS, Gaia) (bottom panel), between ACS SExtractor and Gaia DR2
catalog coordinates as a function of G for 1135 sources. The small red symbols are the offsets (in the sense of ACS–Gaia) after propagating the positions of Gaia DR2
stars to the mean epoch of all ACS single exposures that covered a given matched ACS source. The solid red line is the magnitude-binned 3σ-clipped mean of the
offsets after applying proper motion (using a 1 mag boxcar), smoothed with a fourth-order polynomial. The red dashed lines are the upper and lower one standard
deviations of these offsets, also magnitude binned and smoothed as above, and the red hatched region represents the ±1 standard deviation of these offsets. The small
blue symbols, lines, and hatched region are similar offsets and their statistics but without propagating the positions of Gaia stars.
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We applied the astrometric correction of the HSC grid to the
ACS grid of compact galaxies suggested by Figure 5 by
subtracting the median offsets 〈ΔR.A. (HSC, ACS)〉15 and
〈Δdecl. (HSC, ACS)〉15 from the SExtractor coordinates of
each HSC source. The JSP proper motions of 1010 Gaia DR2
stars were obtained as in Section 4.1. We then cross-correlated
these JSP proper motions to the Gaia DR2 catalog proper
motions. Figures 6(a) and (b) show these correlations in R.A.
and decl., respectively. We can see that the correlations are
very comparable to those using astrometry corrected to the grid
of Gaia DR2 stars (Figures 4(a) and (b)). In particular, the
slopes of the correlations to the Gaia DR2 catalog proper
motions are within 1% of each other in the two astrometric
grids. The errors of the slope and y-intercepts agree to within
10%. The y-intercepts are within ±0.3 mas yr−1, although
smaller in absolute value for the Gaia DR2 astrometric grid
(∼0.16–0.18 mas yr−1) than the ACS compact galaxies grid
(∼−0.31 to +0.14 mas yr−1).

5. Proper Motions of All JSP Sources, Astrometrically
Corrected to the Gaia DR2 Grid

The astrometric potential of JSP is realized by measuring the
proper motions of a vast number of stellar sources fainter than
Gaia. To predict the number of expected sources, we ran the
Wainscoat et al. (1998) star count model for the COSMOS field
(Figure 7, black line). This model has been scaled to the
common area covered by HSC and ACS (Section 2). We find
that the total number of stars expected from the model brighter

than 25 AB mag is 1.7× 104 and that between 19 and 25 AB
mag is 1.3× 104.
In order to build a large sample of stars in the COSMOS

field, we first identified 13,009 sources in the ACS coadds that
were empirically determined to be stars (Figure 7, red line).
These sources have SExtractor magnitudes in the F814W filter
between 19 and 26, they have a “round” morphology (i.e., the
ratio of semiminor to semimajor axes is >0.9), their SExtractor
flag CLASS_STAR is >0.9, and they satisfy SExtractor S/
N > 30. In addition, these sources were required to be located
in a plot of SExtractor half-light radius of the source image in
the ACS coadds as a function of SExtractor magnitude
(Figure 8), below the 84th percentile of the distribution that
was fit in the range 19–22.5 AB.
To the sample of ACS empirically selected stars, we added

3937 ACS stars matched to Gaia DR2 stars, unconstrained in
apparent magnitude or parallax. From this sample, we then
removed 453 sources that were already included in the
empirically selected stars. Otherwise, the remaining ACS stars
matched to Gaia DR2 stars were not among the ACS
empirically selected stars mainly because they are brighter
than 19 AB magnitude. Thus, our starting large sample of ACS
stars consists of 16,493 sources (Figure 7, red line). The
number of these stars brighter than 25 AB mag is 1.6× 104 and
that between 19 and 25 AB mag is 1.3× 104. These numbers
are in very good agreement (10% or better) with the above
predictions from the Wainscoat model. The histogram of our
large sample of ACS stars is shown as a red line in Figure 7,
where the agreement with the Wainscoat model is 10% or

Figure 4. Correlation of proper motions from JSP (estimated from HSC and ACS in this work) and the Gaia DR2 catalog for sources fainter than 18.5 Gaia DR2
magnitude. The red symbols are proper motions in R.A., and the blue symbols are proper motions in decl. The HSC and ACS astrometry was corrected to the grid of
Gaia DR2 stars whose positions were propagated to the epochs of HSC and ACS, as explained in the text. The solid lines are least-squares linear fits, with parameters
(slope, y-intercept, and standard deviations) listed in the figure. The dashed lines have unity slopes and represent perfect correlations. Panel (a) shows the correlation of
R.A. proper motion from JSP as a function of R.A. proper motion from Gaia DR2 for 972 sources with Gaia R.A. proper motion in the range −30 to +20 mas yr−1.
Panel (b) shows the correlation of decl. proper motion from JSP as a function of decl. proper motion from Gaia DR2 for 925 sources with Gaia decl. proper motion in
the range −20 to +10 mas yr−1.
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better up to AB mag 25. Stars fainter than 25 in our sample
precipitously drop in numbers because of our S/N SExtractor
threshold.

In the HSC SExtractor catalog, we spatially matched 11,783
sources to the 13,009 ACS empirically selected faint stars using
a 0 2 radius circle. The HSC and ACS positions were
previously astrometrically corrected to the Gaia DR2 reference,
as explained for Gaia matches in Section 4.1. We then
computed their JSP proper motions and added them to the
sample of 1010 JSP proper motions of Gaia stars with positive
parallaxes (Section 4.1). Excluding 264 JSP proper motions of
Gaia stars common to the above samples, we finally have a
sample of 12,529 sources fainter than AB 18.5 mag with well-
determined JSP proper motions.

Of the 1010 Gaia–ACS stars with well-determined proper
motions in the above sample, 746 were not detected in our
empirical selection of faint stars. The reason is that ∼80% of
the 1010 Gaia–ACS sources had an SExtractor AB mag
brighter than 19 and were thus excluded by definition from the
empirically selected faint stars. Of the remaining ∼20%, half of
them had anomalously high noise values, and the remaining
half did not satisfy the “roundness” criterion described above.

In Sections 6 and 7, we analyze the uncertainties of our
derived JSP proper motions for the above large sample of stars
and our derivation of velocities and distances to these stars,
respectively.

An alternative to the astrometric correction to the Gaia DR2
grid is to correct to the grid of 4844 empirically selected
compact galaxies, as described in Faisst et al. (2022); see

Section 4.2. Section 4.2 shows that this correction, when
applied to Gaia stars, yields comparable results to a correction
to the Gaia DR2 grid. We also applied such a correction to our
set of 11,519 empirically selected faint stars and derived JSP
proper motions very similar to those when corrected to the grid
of Gaia DR2.
Owing to the similarity of JSP proper motions using either

the grid of Gaia DR2 stars or that of compact galaxies, we
confine our remaining analysis to the former. However, we still
utilize the latter (correction to the grid of ACS compact
galaxies) to estimate the systematic uncertainties of the
astrometric grid correction, as explained in Section 6.

6. Uncertainties in JSP Proper Motions

In this section, we analyze the uncertainties in JSP proper
motions using several approaches: (i) taking the comparison of
JSP and Gaia DR2 proper motions described in Section 4.1, (ii)
combining Monte Carlo simulations of centroiding uncertain-
ties and differences in astrometric corrections to the grids of
Gaia DR2 and empirically selected compact galaxies
(Sections 4.1 and 4.2), and (iii) computing the residuals of
JSP “null motions” of stationary extragalactic sources.

6.1. Monte Carlo Simulations of JSP versus Gaia Proper
Motions

In Section 4.1, we compare JSP and Gaia DR2 catalog
proper motions, and the results are shown in Figure 4. We
carried out Monte Carlo simulations of Figures 4(a) and (b)

Figure 5. The 63 HSC patches common to ACS were superposed or stacked after transforming the equatorial coordinates of all HSC sources to relative coordinates
with respect to the center of their respective patch (see Section 3). The blue arrows are the median in each 2.4 × 2.4 arcmin2 cell within the stacked HSC patch of
median offset vectors 〈ΔR.A. (HSC, ACS)〉15 and 〈Δdecl. (HSC, ACS)〉15 between HSC and ACS compact galaxy matched pairs. The median offset vectors were
computed from up to 15 matched pairs within 4′ of the source, including the pair of the HSC source itself and its ACS match, as described in the text. Sets of three
numbers (in blue) above each vector list its magnitude (mas), one standard deviation of the mean (mas), and the number of median offset vectors in the cell. For
comparison, the red arrows are the median of the difference (separately in R.A. and decl.) within each cell between median offset vectors 〈ΔR.A. (HSC, Gaia)〉15,
〈Δdecl. (HSC, Gaia)〉15 and median offset vectors 〈ΔR.A. (ACS, Gaia)〉15, 〈Δdecl. (ACS, Gaia)〉15. The sets of two numbers (in red) above each vector list its
magnitude (mas) and one standard deviation of the mean (mas).
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separately by generating 50 Gaussian-distributed random
proper-motion deviants relative to a perfect correlation of JSP
and Gaia DR2 proper motions. Our free parameter was the
standard deviation of JSP proper-motion distributions. The

standard deviations of Gaia proper motions were those from the
Gaia DR2 catalog. For each JSP standard deviation, least-
squares linear fits were estimated to the resulting Monte Carlo
simulated JSP versus Gaia proper-motion correlation. Our goal

Figure 6. Correlation of proper motions from JSP (estimated from HSC and ACS in this work) and the Gaia DR2 catalog for sources fainter than 18.5 Gaia DR2
magnitude. The red symbols are proper motions in R.A., and the blue symbols are proper motions in decl. The HSC astrometry was corrected to the grid of ACS
compact galaxies described in the text and Faisst et al. (2022). The solid lines are least-squares linear fits with parameters (slope, y-intercept, and standard deviations)
listed in the figure. The dashed lines have unity slopes and represent perfect correlations. Panel (a) shows the correlation of R.A. proper motion from JSP as a function
of R.A. proper motion from Gaia DR2 for 971 sources with Gaia R.A. proper motion in the range −30 to +20 mas yr−1. Panel (b) shows the correlation of decl.
proper motion from JSP as a function of decl. proper motion from Gaia DR2 for 925 sources with Gaia decl. proper motion in the range −20 to +10 mas yr−1.

Figure 7. The black line is the histogram of expected stellar source count as a function of AB mag in the COSMOS field, computed from the model by Wainscoat
et al. (1998). The red line is the number of empirically determined stars in this field detected by ACS, as described in the text, and a separate sample detected by ACS
and matched to Gaia DR2.
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was to match the simulation linear fit parameters to those in
Figures 4(a) and (b). Among the various simulations we tried,
standard deviations in R.A. and decl. JSP proper motion of
2.0 mas yr−1 each yield the closest match to the actual proper-
motion linear fits. These uncertainties are per axis (either R.A.
or decl.) and apply to all sources; therefore, they are an
approximation.

6.2. Combination of Centroiding and Astrometric Grid
Correction Uncertainties

An estimate of the uncertainty in the proper motion by
combining the uncertainty of centroiding and that from
systematics in the correction to the grid of Gaia DR2 may be
more accurate than that from the linear correlation of JSP and
Gaia described above.

The centroiding uncertainty of HSC was estimated by
running Monte Carlo simulations on one patch, namely, (5, 4)
(see Aihara et al. 2018 for an explanation of patch
nomenclature). Detected objects from SExtractor were masked,
and 10,000 random positions were generated, falling outside
the masked positions. The PSFs in the magnitude range
19–26.5 were generated and placed at the above random
positions, and SExtractor was run on these artificial sources.
The difference between the input random position and the
SExtractor position for each artificial source was computed.
The magnitude-binned standard deviations of these differences
are shown as error bars in Figure 9. We regard these
uncertainties as representing the centroiding uncertainty of
HSC. The corresponding centroiding uncertainty of ACS is
∼one-sixth that of HSC because this is the ratio of pixel sizes
in HSC and ACS (0 168 and 0 030, respectively).

The contribution of centroiding uncertainty to JSP proper-
motion uncertainty is estimated from Figure 9. Since there are
∼11 yr separating the epochs of ACS and HSC, for a given
HSC centroiding uncertainty sHSC,centr, as in the error bars in
Figure 9, the corresponding uncertainty in JSP proper motion,

which includes the ACS centroiding uncertainty, is

s
s

s= + =
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These uncertainties in proper motion arising from centroid-
ing are shown in Figure 10 as symbols connected with dotted
lines. They generally increase with increasing magnitude, from
∼0.9 to ∼6.2 mas yr−1 in total JSP proper motion.
We estimated the uncertainty of the JSP proper motions

arising out of systematics in astrometric grid correction by
finding the JSP proper-motion difference for each source after
correcting to both the Gaia DR2 grid (Sections 4.1 and 5) and
the grid of empirical compact galaxies (Section 4.2). These
differences were binned by SExtractor ACS magnitude (in the
F814W bandpass), and their standard deviations as a function
of magnitude are shown in Figure 10 as symbols connected by
dashed lines. These standard deviations represent the portion of
uncertainty of JSP proper motions arising out of the uncertainty
of astrometric correction of HSC and ACS (i.e., when
comparing the astrometric corrections with respect to both
Gaia DR2, Section 5, and empirical compact galaxies,
Section 4.2). Possible sources of these systematic uncertainties
are uncertainties in the Gaia DR2 proper motions and
contamination of the sample of compact galaxies with some
stellar objects. The systematic uncertainties in astrometric grid
correction are ∼2.0–3.05 mas yr−1 in R.A. and nearly constant
with magnitude or ∼1.9–2.1 mas yr−1 in decl. The larger
variation in R.A. proper-motion uncertainty, increasing toward
brighter sources, is due to the systematic uncertainty in two-
dimensional Gaussian fitting of sources close to saturation and
the fact that the absolute value of the astrometric corrections in
R.A. relative to Gaia DR2 are larger than in decl. (Figures 1(a)
and (b)). The total contribution to the JSP proper-motion
uncertainty (quadrature combination of R.A. and decl.
components) from astrometric grid correction is in the range
of ∼3.0–3.9 mas yr−1.
We believe that the total uncertainties in JSP proper motions,

from both centroiding and astrometric grid corrections and

Figure 8. The plot shows the technique used for empirical selection of faint stars. The y-axis shows the SExtractor half-light source radius (in pixels). A linear fit (blue
line) was obtained to the magnitude-binned median half-light source radius (in pixels) as a function of SExtractor F814W ACS AB magnitude. The error bars are the
magnitude-binned 1st and 84th percentiles of the distribution. The orange line is a linear fit to the 84th percentiles, and sources below it are considered to be stars.
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Figure 9. Monte Carlo simulation of centroiding uncertainty in HSC. Plotted are the magnitude-binned positional differences between randomly generated point
sources and their SExtractor recovered positions, separately in R.A. (blue symbols) and decl. (orange symbols), as a function of SExtractor HSC i magnitude. The
error bars are one standard deviations of these differences in each magnitude bin.

Figure 10. Uncertainties in JSP proper motions. The top panel shows uncertainties in each axis (red symbols connected with red lines are for R.A., and blue symbols
connected with blue lines are for decl.). For comparison, the Gaia DR2 catalog proper-motion uncertainties are shown as aquamarine symbols connected with
aquamarine lines for R.A. and green symbols connected with green lines for decl. These uncertainties were computed in 0.5 mag wide bins, where the photometry is
from SExtractor in the ACS F814W bandpass. The JSP uncertainties from centroiding are shown as symbols connected with dotted lines, and the uncertainties from
astrometric grid correction of HSC and ACS patches, as explained in the text, are shown as symbols connected with dashed lines. The JSP uncertainties from both of
these contributions are shown as symbols connected with solid lines. The bottom panel shows uncertainties in total (R.A. and decl. combined in quadrature), JSP
(black symbols), and Gaia DR2 catalog (green symbols) proper motions. The bottom panel also shows, for comparison, uncertainties in the total JSP (light blue
symbols connected with a dotted line) and Gaia DR2 catalog (green dotted line) proper motions when using all Gaia stars, regardless of whether their parallaxes were
positive or negative.
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applying to the quadrature combination of R.A. and decl.
proper motions, are as shown by symbols connected with solid
lines in the bottom panel of Figure 10. They generally increase
with increasing magnitude and range from ∼3 to ∼4 mas yr−1

in the magnitude range 18.5–25. The portion of uncertainty
from centroiding starts to dominate over astrometric grid
correction at ∼25 mag, and the total uncertainty is as high as
∼6.5 mas yr−1 at 26 mag. We therefore confined our analysis
to stars as faint as 25 mag.

The bottom panel of Figure 10 also shows, for comparison,
the total uncertainties in JSP proper motions, shown as light
blue symbols connected with a light blue dotted line, when
including all Gaia DR2 stars, irrespective of whether their
parallaxes were positive or negative. The total uncertainties are
almost indistinguishable when including all Gaia parallaxes
during the astrometric grid correction relative to when
including only positive parallaxes. The bottom panel of
Figure 10 also shows the Gaia DR2 catalog proper-motion
uncertainties (green dotted line) for all Gaia parallaxes,
including negative ones. These uncertainties are smaller than
when including only positive Gaia parallaxes, particularly for
the faintest Gaia stars.

6.3. Measuring Null Motions of Extragalactic Point Sources

A third method to estimate the uncertainties of JSP proper
motions is to astrometrically correct the HSC and ACS
positions of unobscured BLAGNs and compute “pseudo–
proper motions” by subtracting the HSC and ACS positions
and dividing by their epoch difference, just as we did for stellar
sources. The sample of 296 BLAGNs (Civano et al. 2016;
Marchesi et al. 2016) is as described in the beginning of
Section 4.2. Figure 11(a) shows a histogram of the JSP
pseudo–proper motions of BLAGNs. The R.A. pseudo–proper
motion distribution peaks at 0 mas yr−1, while the decl. one
peaks at ∼1–2 mas yr−1. Both distributions have FWHM ∼
3–4 mas yr−1, comparable to our other estimates of
uncertainties.

For comparison, Figure 11(b) shows a histogram of the JSP
proper motions of 12,529 stars (both Gaia DR2 sources,
Section 4.1, and empirically selected faint stars, Section 5). The
R.A. proper-motion distribution peaks at ∼−1 mas yr−1 with a
FWHM of ∼10 mas yr−1, while the decl. one peaks at ∼−4
mas yr−1 with a FWHM of ∼12 mas yr−1. Both the R.A. and
decl. distributions are asymmetrical, and their FWHMs are a
factor of 3σ of the null pseudo–proper motions of BLAGNs.

We conclude that the recovery of the null proper motions of
BLAGNs (whose distribution peaks at zero within the
uncertainties) and the fact that these uncertainties are compar-
able to those from our other methods (Sections 6.1 and 6.2)
show the robustness of our method of JSP proper-motion
estimation.

7. Obtaining Stellar Space Velocities in the Galaxy from
JSP Proper Motions and Empirically Derived Distances

In order to derive space velocities of the stars in our sample,
also using estimates of their distances to the Earth, their proper
motions need to be corrected for the effects caused by the
motion of the solar system relative to the LSR. This motion is
in the apparent “apex” direction, R.A.apex= 277.0°, decl.apex=
30.0°, at a speed S☉∼ 16 km s−1. The effect of the solar
motion on measured proper motions is to impart a component

of motion that is maximal at sources located in a direction
perpendicular to the above apex. This spurious component is in
a direction away from the apex, along a “meridian” in a
fictitious celestial coordinate system where the “north pole” is
at the apex. Mihalas & Binney (1981) explained that the
spurious component of motion has a speed of p gS sin 4.74( )☉ ,
where γ is the great-circle angular distance between the north
pole or apex and the source, and π is its parallax in arcseconds.
The parallax of sources was obtained from the Gaia DR2

catalog or an empirical relation between parallax and total
proper motion derived from Gaia DR2 matched sources.
Figure 12 shows the Gaia DR2 parallax of 3367 sources with
positive values (indicating valid Gaia DR2 solutions), out of
the 3937 Gaia matches to ACS sources, as a function of total
Gaia DR2 proper motion (quadrature combination of the R.A.
and decl. components).
From Figure 12, we derived the following provisional

empirical relation:

p m
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A drawback of Equation (2) is that it is based on a mixture of
luminosity classes and spectral types in the sample of 3367
stars. In order to improve it, we first obtained the colors of stars
in the r and i+ Subaru Suprime-Cam bandpasses (centered at
wavelengths of 6288 and 7683.9Å, respectively) from the
COSMOS 2015 catalog (Laigle et al. 2016). These bandpasses
were chosen because they were obtained in a homogeneous
survey, and their depths are comparable (26.5 and 26.2 mag,
respectively). The color excess E(B− V ) for all stars that we
considered in the COSMOS field was obtained from Laigle
et al. (2016) and was in the range 0.0158–0.0243 mag. The
extinction law was taken as 2.660E(B− V ) in the r filter and
1.991E(B− V ) in the i+ filter (Laigle et al. 2016, and
references therein) and applied to deredden all of the stars in
our sample. We generated synthetic r− i+ colors of main-
sequence, giant, and supergiant stars by convolving either
empirical templates of main-sequence and giant stellar spectra
(Kesseli et al. 2017) or Kurucz–Lejeune model spectra of
supergiants (Lejeune et al. 1997), with the transmission
functions of the r and i+ filters from Taniguchi et al.
(2007, 2015) and Laigle et al. (2016). We then compared the
observed r− i+ colors of the stars with the above synthetic
colors to assign a spectral type to each.
We established relations between Gaia DR2 parallax and

total proper motion analogous to Equation (2) but restricting
stars in the sample within narrow ranges of spectral type and
luminosity class. The reason for selecting these narrow ranges
was to minimize the effects of varying intrinsic brightness on
inferred parallaxes when later applying these relations to non-
Gaia stars. Early-type, young stars are expected to be located at
smaller Galactic scale heights than late-type, older stars.
However, excursions in the Galactic space velocities of stars,
and therefore on their proper motions, are expected because of
variations in the progenitor initial velocities even among stars
formed at common locations, and later on during the life cycles
of stars because of stellar encounters. These effects introduce
large errors when applying these relations to individual sources.
Caution is a must if trying to obtain individual source empirical
parallaxes when applying the relations to non-Gaia stars. The
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relations are instead meant to obtain mean proper motions of
ensembles of stars, as described in this section.

We selected Gaia DR2 stars within the color intervals shown
in Figure 13, which is a histogram of Gaia–ACS matches in
these intervals. The photometric uncertainty in each of the r
and i+ bands was required to be <20% in the COSMOS 2015
survey (Laigle et al. 2016).

For each Gaia–ACS match with a positive Gaia DR2
parallax, we first computed its absolute I-band magnitude
assuming each of the luminosity classes (main sequence, giant,
or supergiant) via the distance modulus obtained from its Gaia
parallax and SExtractor ACS F814W magnitude. The absolute
magnitudes MI as a function of spectral type were obtained

from the online tabular compilation6 (referred to by Pecaut &
Mamajek 2013) for main-sequence stars, Mikami & Heck
(1982) for giant stars, and Keenan & Pitts (1985) and Martins
et al. (2005) for supergiant stars. Solar metallicity was assumed
in the calculation of MI. The luminosity class that yielded the
closest match to the apparent magnitude in the F814W ACS
bandpass was selected as the luminosity class for the star. Then,
stars were grouped by r− i+ color and main-sequence, giant,
and supergiant luminosity class in order to plot and fit a linear
relation (or a slow-varying quadratic in a few cases) to the Gaia
parallax versus total proper motion relation for constant

Figure 11. (a) Histogram of JSP pseudo–proper motions of 296 BLAGNs, explained in the text. The red line is for R.A. pseudo–proper motions, and the blue line is
for decl. ones, both of which expected to be statistically null. The vertical dashed line denotes zero proper motions. (b) Histogram of the JSP proper motions of 12,529
stars, drawn from Gaia DR2 (Section 4.1) or empirically selected faint stars (Section 5). The lines are the same as in panel (a).

6 See http://www.pas.rochester.edu/~emamajek.
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luminosity class and within a narrow range of spectral types.
Figure 14 shows the Gaia DR2 parallax versus total proper
motion relation for main-sequence stars of color 0.8
mag< r− i+ < 1.2 mag or, per Table 1, spectral type M2–
M3. Similar relations of parallax as a function of total proper
motion were established for main-sequence and giant stars in
groups of r− i+ colors or approximate spectral types listed in
Table 1 (whenever there were sufficient stars). This table also

lists the linear or, in a few cases, quadratic fit parameters for the
above relations. There were not sufficient supergiant stars to
establish a relation.
For comparison, we also obtained relations between Gaia

DR2 parallax and total proper motion analogous to those in
Table 1 but for all Gaia DR2 parallaxes, regardless of whether
they were positive or negative. We find that the y-intercept a0
of the relations is typically ∼20%–65% of those in Table 1, the

Figure 12. Gaia DR2 catalog parallax (π) as a function of total proper motion (μtotal) for 3367 stars matched to ACS and with parallaxes >0, indicating valid Gaia
DR2 solutions. The small black symbols correspond to individual stars. The large symbols with error bars are the proper motion–binned means and standard
deviations of parallax. The solid line is a smoothed fourth-order polynomial, described in the text (Equation (2)) and fitted to the average parallax values, and the
dashed lines are similar fits to the ±1 standard deviation values, which bound the shaded region.

Figure 13. The blue line is the histogram of Subaru Suprime-Cam r − i+ colors of 3386 Gaia DR2–ACS matches in the color interval –1.25 < r − i+ < 3.75, which
encompasses normal stars. The vertical red lines denote the boundaries of the r − i+ color groups we used in Section 7 as a proxy for narrow ranges of spectral types
(listed in Table 1).
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slope is ∼10%–48% steeper, and the uncertainties in the
parameters a0, a1, and a2 are ∼10%–20% larger than in
Table 1. Later in this section, we quantify the effect of applying
these relations to the statistics of proper motions of non-Gaia
stars.

We attempted to derive parallaxes among the 11,519
empirically selected faint stars (matched in ACS and HSC).
Of these, 10,818 had COSMOS 2015 Subaru Suprime-Cam
colors in the interval −1.25 mag< r− i+< 3.75 mag and

photometric uncertainties <20% in the r and i+ bandpasses.
The relations of Table 1 were separately applied for main-
sequence, giant, and supergiant stars, since we did not know
a priori the luminosity class of these sources. The distance
modulus and absolute magnitudes in the I band were computed
for each of these three luminosity classes from the corresp-
onding empirical parallax. The luminosity class was identified
by finding the closest match of apparent magnitude in the HSC
i band and from the distance modulus. Among these sources,

Figure 14. Gaia DR2 catalog parallax as a function of total proper motion for early M-type main-sequence Gaia DR2–ACS matched stars (whose luminosity class and
spectral type were determined as described in the text, with colors in the interval 0.8 < r − i+ < 1.2) and with parallaxes >0. The small black symbols correspond to
individual stars. The large symbols with error bars are the proper motion–binned means and standard deviations of parallax. The solid red line is a fit to the proper
motion–binned means.

Table 1
Polynomial Fits to the Relation of Gaia DR2 Parallax as a Function of Total Proper Motion, Color, and Luminosity Classa

Color Spectral Type a0 a1 a2
r − i+

Main-sequence Stars
−1.25 to −0.25 O4 to B6 0.446 ± 0.032 0.0418 ± 0.0028 L
−0.25 to 0.10 B7 to G0 0.708 ± 0.042 0.0325 ± 0.0034 L
0.10 to 0.30 G1 to K3 0.640 ± 0.047 0.0406 ± 0.0040 L
0.30 to 0.50 K4 to K7 1.012 ± 0.139 0.0273 ± 0.0052 L
0.50 to 0.80 K8 to M1 0.481 ± 0.143 0.0585 ± 0.0054 L
0.80 to 1.20 M2 to M3 0.474 ± 0.048 0.0619 ± 0.0034 L
1.20 to 1.80 M4 to M5 0.502 ± 0.151 0.0541 ± 0.0058 L
1.80 to 2.75 M6 to M8 0.891 ± 0.182 −0.00645 ± 0.0157 0.00184 ± 0.00023
2.75 to 3 .75 M8 to L0 1.064 ± 0.206 −0.0053 ± 0.0236 0.00062 ± 0.00048
Giant Stars
0.50 to 0.80 K8 to M1 0.0102 ± 0.391 0.00699 ± 0.00531 L
0.80 to 1.20 M2 to M3 0.0209 ± 0.0958 0.0051 ± 0.0102 L
1.20 to 1.80 M4 to M5 0.0559 ± 0.0154 0.0027 ± 0.0030 L
1.80 to 2.75 Mid-to-late M 0.150 ± 0.099 0.0194 ± 0.0097 L
2.75 to 3.75 Late M 0.180 ± 0.026 0.0040 ± 0.0039 L

Note.
a Polynomial fits to the relation of Gaia DR2 parallax as a function of total proper motion, as well as a function of Subaru Suprime-Cam color r − i+ and luminosity
class (main-sequence or giant stars). These relations were established from 2703 stars with positive Gaia DR2 parallax, colors in the interval −1.25
mag < r − i+ < 3.75 mag, and photometric uncertainties <20% in the r and i+ bandpasses. The relations are π = a0 + a1μtotal if only a0 and a1 are listed and
p m m= + +a a a0 1 total 2 total

2 if a0, a1, and a2 are listed. The quoted errors in the linear or quadratic fit coefficients are ±1 standard deviation.
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we determined that 10,816 are main-sequence stars, and two
are giant stars. No supergiants were identified in the sample.
With the identified luminosity class and corresponding parallax
for each of these sources, we obtained and subtracted the
spurious component of proper motion due to the solar motion
relative to the LSR.

After applying the correction of proper motions for the effect
of the intrinsic motion of the solar system, described above, we
obtained the proper motions of 10,818 empirically selected
faint stars and 1010 Gaia–ACS stars exclusive of the
empirically selected ones. In Figure 15, we show histograms
of the proper motions of 8506 late-type main-sequence stars,
comprised of 8358 empirically selected faint stars and 148
Gaia–ACS stars with r− i+ colors in the range 2.75–3.75 mag
and an apparent AB mag between 19 and 25. The empirically
derived parallaxes of these sources are in the range
1.05–2.37 mas with a mean of 1.09 mas or a range of distances
421–950 pc with a mean of 915 pc. The median proper motion
of these sources is predominantly in the ESE direction, or at a
so-called “position angle” of −30°, as shown in Figure 15, and
defined as 0° due E and 90° due N. Figure 15 also shows, as
dotted blue lines, similar histograms of the position angle and
vector magnitude of proper motion of the same sources but
after using all Gaia DR2 sources for astrometric correction and
empirical parallax estimation, regardless of whether their
parallaxes were positive or negative. The histograms are very
similar to those using only positive Gaia parallaxes; the mean
position angle is −50° and does not alter our conclusions. The
mean vector magnitude of proper motion is essentially
unchanged. Table 2 lists the mean and standard deviation of
proper motions for the 10,818 empirically selected faint main-
sequence and giant stars in bins of r− i+ color and SExtractor
ACS F814W magnitude. The bins listed in Table 2 were meant

to contain stars of narrow ranges in not only spectral type and
constant luminosity class but also apparent brightness. These
bins do not necessarily translate into bins of constant parallax
or distance to the Earth due to dispersion in individual stellar
velocities, as explained earlier in this section. However, the
mean distance to Earth was expected to follow an increasing
trend for fainter bins within each spectral type and luminosity
class bin. Our objective was to probe any pattern in mean
proper motions in the COSMOS field as a function of distance
to the Earth. Table 2 lets us identify bins with statistically
significant median proper motions, such as those of late-type
main-sequence stars plotted in Figure 15. Figure 15 shows that
the mean proper motion varies from ∼5.8 mas yr−1 at the
farthest distance of ∼950 pc to ∼9 mas yr−1 at the closest
distance of ∼421 pc. Equivalently, Figure 15 also shows that
the fraction of stars with proper motions >10 mas yr−1 out of
the total number of stars in each bin varies from 16% at the
farthest distance to 37% at the closest distance.
At the mean Galactic coordinates of the COSMOS field

(236°.6, +42°.1), the galactocentric Cartesian coordinates (x, y,
z) (each in kiloparsecs) are, as a function of distance D
(kiloparsecs) to the Sun,

= - -x D0.406 8.2, 3( )
= -y D0.621 , 4( )
= +z D0.670 , 5( )

where x points from the Sun and is positive toward the Galactic
center, y is parallel to the Galactic plane and positive in the
Galactic rotation direction, and z is the vertical distance to the
Galactic plane and positive toward the north Galactic pole, as
described by, e.g., Yan et al. (2020). In this coordinate system,
the Sun is located at (−8.2, 0, 0.015) (kpc).

Figure 15. The solid black lines are histograms of proper-motion vectors of 8506 late-type (M8–9) main-sequence stars with Subaru Suprime-Cam r − i+ colors in the
range 2.75–3.75 mag and SExtractor AB 19–25 mag. The left panels are histograms of position angle, defined here as 0° due E, 90° due N, and −90° due S. The right
panels are histograms of magnitude (quadrature combination of R.A. and decl. components). Each row corresponds to a bin of SExtractor AB mag. The red solid
vertical line in each bin is the 3σ-clipped mean, and the red dashed vertical lines denote the ±3σ-clipped standard deviation. For comparison with the above, using an
astrometric grid of all Gaia stars, regardless of whether their parallaxes were positive or negative, the blue dotted lines are analogous histograms, and the blue vertical
dotted and dashed lines denote the analogous 3σ-clipped mean and ±3σ-clipped standard deviation, respectively.
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Given proper motions μα (R.A.) and μδ (decl.) in
milliarcseconds per year, radial velocity vrad in kilometers per
second (along the line of sight by definition), and distance D in
kiloparsecs, Galactic space velocities (U, V, W) relative to the
LSR were calculated using the procedure by Johnson &
Soderblom (1987), except that the velocity component U,
parallel to the Galactic plane and pointing away from the
Galactic center, is positive in this last sense. The velocity
component V is also parallel to the Galactic plane and points in
the direction of Galactic rotation, while W is perpendicular to
the Galactic plane and is positive toward the north Galac-
tic pole.

The faintest late-type main-sequence stars in Figure 15 (1540
stars with AB mag in the range 24–25) have mean proper
motions 〈μα〉∼ 5.02 and 〈μδ〉∼ −2.9 mas yr−1, as derived
from the bottom panels in Figure 15, and a mean parallax of
∼1.07 mas. For this group of stars, we calculated the U, V, and
W velocity components from their individual proper motions
and parallaxes, assuming at first zero radial velocities, to get a
range of components from −99 to +81 km s−1. We then used
this range to estimate that vrad can be, at most, in the range from
∼−80 to +80 km s−1. We then computed the U, V, and W
velocity components corresponding to the mean proper motion
and parallax of these stars and assuming radial velocities in the
above range. Figure 16 shows the resulting possible velocities
corresponding to the mean proper motions and parallax and
radial velocities from −80 to +80 km s−1.

From Figure 16, it can be seen that the rotational (V ) and
vertical (W) velocities are very nearly equal in magnitude and
of opposite sign for any given radial velocity. They are ∼0 km
s−1 for a radial velocity of∼−12 km s−1. The velocity

component V does not dominate over the other components U
and W for any radial velocity. Thus, the mean motion of these
faint late-type main-sequence stars is not predominantly along
the Galactic rotation. It is unlikely that the vertical velocityW is
large, which would place limits on the extreme radial velocity.
If −10 km s−1<W< +10 km s−1, then −30 km
s−1< vrad< 0 km s−1. The U velocity is<0 for most radial
velocities. That is, the mean or predominant motion of late-type
main-sequence stars at ∼934 pc is toward the Galactic center.
In the range of radial velocities −30 km s−1< vrad< 0 km s−1,
U dominates over both V and W by a factor of at least ∼2.
In order to estimate the membership of the 8358 empirically

selected faint stars and 148 Gaia–ACS matched stars of late-
type main-sequence classification in the thin and thick disks of
the galaxy, we calculated lower limits (because of the absence
of radial velocity information) to (U, V, W) space velocities
relative to the LSR for each of them. We then plotted a Toomre
diagram, consisting of +U W2 2 as a function of V
(Toomre 1964; Yan et al. 2020). We distinguished stars in
the thin disk, thick disk, and halo based on whether the total
velocity = + +v U V Wtot

2 2 2 is, respectively, vtot< 85 km
s−1, 85 km s−1< vtot< 220 km s−1, or vtot> 220 km s−1

(Nissen 2004; Venn et al. 2004; Yan et al. 2020). The Toomre
diagram of these stars is shown in Figure 17(a), where it can be
seen that the majority of these stars are in the thin disk. The
delimited “fanlike” appearance of the locus of these stars is due
to the fact that the radial velocity vrad has been assumed to be
zero. The inclusion of nonzero vrad would not alter our
conclusion that most stars have vtot< 85 km s−1 for most
values of vrad, as suggested by the dashed line in Figure 16, and

Table 2
Proper Motions in R.A. and decl. as a Function of Luminosity Class, Color, and SExtractor AB Magnitudea

Color SExtractor AB Magnitude

r − i+ 19–20 20–21 21–22 22–23 23–24 24–25

Main-sequence Stars
−1.25 to −0.25 0.77 ± 1.41 −0.96 ± 1.07 −1.57 ± 0.71 0.95 ± 0.63 0.74 ± 0.67 1.68 ± 0.70

−3.33 ± 1.57 −1.02 ± 0.56 −1.02 ± 0.55 −1.98 ± 0.56 −1.82 ± 0.76 −1.22 ± 0.81
−0.25 to +0.10 2.00 ± 2.60 −1.96 ± 1.91 0.41 ± 0.86 0.99 ± 0.66 1.06 ± 0.67 2.11 ± 0.66

−0.64 ± 2.92 −4.30 ± 1.35 −3.05 ± 0.86 −1.74 ± 0.78 −0.65 ± 0.70 −1.34 ± 0.50
+0.10 to +0.30 2.11 ± 2.57 −1.56 ± 1.19 −0.65 ± 0.97 1.25 ± 1.01 0.97 ± 0.71 1.33 ± 0.79

−5.59 ± 1.58 −2.52 ± 1.11 −2.45 ± 0.76 −1.52 ± 0.78 −1.52 ± 0.77 −1.64 ± 0.82
+0.30 to +0.50 −0.15 ± 1.32 1.42 ± 1.25 2.20 ± 1.22 0.93 ± 1.06 1.47 ± 0.74 3.89 ± 0.63

−3.67 ± 1.47 −1.06 ± 0.94 −0.46 ± 1.09 −1.21 ± 0.81 −1.50 ± 0.64 −1.64 ± 0.88
+0.50 to +0.80 −0.12 ± 1.78 −1.12 ± 1.30 1.09 ± 0.82 0.87 ± 0.94 0.77 ± 0.63 2.34 ± 0.69

−2.42 ± 1.86 −3.52 ± 0.98 −2.17 ± 0.77 −1.16 ± 0.83 −2.11 ± 0.46 −1.26 ± 0.61
+0.80 to +1.20 1.30 ± 1.94 1.29 ± 1.61 1.79 ± 0.69 −0.05 ± 0.98 0.41 ± 0.57 2.24 ± 0.59

−0.17 ± 1.64 −1.05 ± 1.25 −0.55 ± 0.87 −2.02 ± 0.97 −2.62 ± 0.63 −0.63 ± 0.74
+1.20 to +1.80 −4.01 ± 0.88 −0.11 ± 1.01 −0.40 ± 0.61 1.97 ± 1.07 1.53 ± 0.60 2.02 ± 0.54

−2.59 ± 1.29 −0.17 ± 0.99 −1.69 ± 0.67 −3.48 ± 0.94 −1.93 ± 0.40 −2.06 ± 0.54
+1.80 to +2.75 −3.27 ± 2.96 2.81 ± 1.43 3.39 ± 1.13 2.22 ± 0.74 2.37 ± 0.71 1.82 ± 0.61

−0.04 ± 2.09 −3.19 ± 1.39 −0.44 ± 0.69 −1.46 ± 1.06 −0.82 ± 0.52 −0.66 ± 0.66
+2.75 to +3.75 0.87 ± 0.33 1.32 ± 0.22 1.64 ± 0.17 1.55 ± 0.16 2.13 ± 0.14 2.25 ± 0.13

−1.93 ± 0.30 −0.92 ± 0.21 −1.57 ± 0.17 −1.36 ± 0.16 −1.50 ± 0.13 −1.34 ± 0.12
Giant Stars

+0.50 to +0.80 L L 0.39 ± 2.55 L L −0.28 ± 1.67
L L 0.07 ± 1.60 L L −0.48 ± 1.97

Note.
a Each table entry corresponds to a given r − i+ color range and SExtractor AB mag range separately for main-sequence and giant stars. In the case of main-sequence
stars, each table entry lists the median ±3σ-clipped standard deviation of the mean of proper motion in R.A. (upper row of table entry) and decl. (lower row of table
entry). In the case of giant stars, only two objects were identified in our sample of faint stars, and each belongs in a separate SExtractor AB magnitude range; thus,
their proper motions are for individual objects, and their uncertainties are as calculated in Section 6.
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the fact that there are many fewer stars with vtot at or near the
thin disk limit of 85 km s−1 in Figure 17(a).

We next searched for any candidate high-velocity stars
belonging to the halo in the whole sample of stars with JSP
proper motions in the COSMOS field. The sample of late-type
main-sequence stars plotted in Figure 17(a) does not include any
such halo members. Figure 17(b) is the Toomre diagram of all
11,828 stars, of which 10,818 are from our empirically selected
faint star sample, and 1010 are from Gaia–ACS matches
with Subaru Suprime-Cam colors −1.25< r− i+< 3.75 and
SExtractor AB mag in the F814W ACS filter between 19 and 25
for which empirical parallaxes, spectral types, and luminosity
classes could be derived. Figure 17(b) shows that two sources,
shown as large black filled circles, are candidate high-velocity
stars in the Galactic halo. The first two rows of Table 3 list these
two sources. It should be recalled that the derivation of the
empirical parallaxes needed to derive the space velocities in
Figures 17(a) and (b) assumed solar metallicity, as described
earlier in this section. We rederived the empirical parallaxes and
distances to these two sources by assuming metal-poor giant star
absolute magnitudes at the Galactic halo. For this purpose, we
used the Dartmouth Stellar Evolution Program (DSEP) database7

(Dotter et al. 2008) and selected an isochrone for an age of
13 Gyr, metallicity of [Fe/H]=−2.0 dex and [α/Fe]=−0.2
dex, and bandpasses in the SDSS ugirz photometric system.
The Subaru Suprime-Cam r− i+ and SDSS r − i colors are
very similar, as we confirmed by comparing our synthetic
colors of main-sequence and giant stellar spectra by Kesseli
et al. (2017) and corresponding SDSS colors for the same
spectra (op cit). By comparing the above metal-poor isochrone
with the corresponding solar metallicity one, it is seen that
metal-poor giants are more luminous than solar metallicity
ones. In particular, K8- and M0-type metal-poor giants would

be factors of ∼6.6 and 6.1, respectively, farther away than solar
metallicity ones for a constant apparent i magnitude. We also
rederived the empirical parallaxes or distances to these two
stars by performing Monte Carlo simulations of distance, as
explained in Appendix B. The errors in parallax of these distant
stars and the Gaia DR2 stars used to derive the relations in
Table 1 for giants are very large, as described in Appendix B.
Therefore, a straightforward application of the relations for
giants in Table 1, as carried out to generate the space velocities
shown as large black filled circles in Figure 17(b), was deemed
inexact. Instead, the application of the Monte Carlo simulations
of distance resulted in the median distance and asymmetric
upper and lower uncertainties listed in the first two rows of
Table 3. Corresponding rederived Galactic space velocities for
these two sources are shown in Figure 17 as blue solid lines
representing the ranges of distances per the upper and lower
uncertainties in Table 3. The uncertainties of the space
velocities of these two giant stars are large, but candidate halo
membership is possible.
We computed distances from Gaia DR2 parallaxes for the five

K8–M1 giant stars that were used to generate the relation between
Gaia parallax and total proper motion listed in Table 1 and whose
data are plotted in the upper left panel of Figure 21. That is, we
attempted to find out if these sources were themselves candidate
high-velocity and/or candidate members of the Sangarius stream.
These stars were drawn from among the 3937 Gaia–ACS matched
sources, which are unconstrained in apparent magnitude and
therefore were not previously analyzed because they were brighter
than SExtractor F814W 18.5 mag. The relative uncertainties of the
Gaia parallax for these sources are large; therefore, we performed
Monte Carlo simulations of the parallax using 500 Gaussian
deviates to estimate median distances and upper and lower
asymmetric uncertainties, in analogy to Appendix B; see Luri
et al. (2018). Of these five K8–M1 giant stars, three had distances
smaller than 4 kpc and were discarded from our sample. The

Figure 16. Galactic space velocity components U, V, and W for late-type main-sequence stars with Subaru Suprime-Cam colors 2.75 < r − i+ < 3.75 and SExtractor
F814W AB magnitude in the range 24–25. The (U, V, W) velocities were computed from a mean proper motion of 5.8 mas yr−1 directed −30° (clockwise) from E, as
obtained from 1540 stars whose histograms of proper motions are shown in the bottom panel of Figure 15. The mean parallax for these stars of 1.07 mas was also
assumed, and radial velocities were varied from −80 to +80 km s−1. The red symbols are the U velocities, the blue symbols are the V velocities, the green symbols are
the W velocities, and the black dashed line denotes the total velocities.

7 http://stellar.dartmouth.edu/models/grid.html
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remaining two sources are listed in the last two rows of Table 3,
and their space velocities are shown as statistical ranges in
Figure 17(b) as blue dashed lines.

Figure 17(b) shows that six stars from the sample of 1010
Gaia–ACS matches exclusive of empirically selected faint stars
are candidate high-velocity objects. The relative uncertainties
of the Gaia DR2 parallax were >0.2 for these objects.
Therefore, to estimate their distances, we performed Monte
Carlo simulations analogous to that shown in Appendix B, for
consistency with Luri et al. (2018). Table 6 in Appendix C lists

the coordinates, median distances, and upper and lower
asymmetric uncertainties of the distances of these six stars. It
can be seen that their distances range from ∼480 to ∼6170 pc
and therefore that they are relatively nearby. These candidate
high-velocity stars are not further analyzed here, but the reader
is referred to Table 6 for follow-up.

8. Discussion

To investigate whether the two giant stars in the first two
rows of Table 3 are candidate members of the Sangarius

Figure 17. (a) Toomre diagram of 8506 late-type main-sequence stars comprised of 8358 empirically selected stars and 148 Gaia–ACS matches with Subaru Suprime-
Cam colors 2.75 < r − i+ < 3.75 and SExtractor F814W AB magnitude in the range 19–25. The dashed line denotes total velocity vtot = 85 km s−1 separating the
thin and thick disk components of the galaxy. Dots denote the velocity components of each source. (b) Toomre diagram of 11,830 stars, comprised of 10,818 from our
sample of empirically selected stars; 1010 from Gaia DR2–ACS matches with Subaru Suprime-Cam colors −1.25 < r − i+ < 3.75 and SExtractor F814W AB
magnitude in the range 19–25, of which the sources in panel (a) are a subset; and two Gaia DR2–ACS matches as above but with SExtractor F814W AB mag < 18.5.
The black dashed lines represent vtot of 220 and 85 km s−1 to delimit the loci of the halo and of the thick and thin disks, respectively. The large filled circles denote
initial estimates of the space velocities of two stars listed in the first two rows of Table 3, assuming solar metallicity giant star absolute magnitudes, that we estimate to
be candidate members of the halo. The blue solid lines are rederived space velocities of these two stars assuming metal-poor giant star absolute magnitudes for
consistency with the halo, as explained in the text, and also using Monte Carlo simulations in view of large parallax uncertainties, described in Appendix B, yielding
distance and corresponding velocity ranges for each star. The small red filled circles are rederived space velocities of three metal-poor giant stars assumed to be at a
distance of 20 kpc and listed in the third through fifth rows of Table 3. The blue and green dashed lines are ranges of space velocities for Gaia–ACS matched sources
consisting, respectively, of two bright (SExtractor F814W AB mag < 18.5) giant stars from the sample in the upper left panel of Figure 21 and six Gaia stars not in the
sample of empirically selected faint stars. The two bright giant stars are at distances possibly consistent with 20 kpc at the Sangarius stream, but they are inconsistent
with the metal-poor environment in this stream. They are listed in the sixth and seventh rows of Table 3. The six Gaia stars not in the empirical faint star sample are
candidate high-velocity stars but at relatively near distances, as explained in the text. The parallaxes of the above eight sources from Gaia DR2 had large relative
uncertainties; therefore, we derived ranges of distance and corresponding velocity using Monte Carlo simulations analogous to those in Appendix B (see also Luri
et al. 2018).
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Table 3
Candidate High-velocity Stars in the JSP Proper-motion Sample

R.A. (J2000.0) Decl. (J2000) JSP Proper Motionsa ACS F814W Color r − i+b Spectral Typec Luminosity Classc Distanced

μα μδ

h, m, s d, m, s mas yr–1 mas yr–1 mag [AB] mag [AB] kpc

09 58 09.73415 +02 17 57.0692 +0.39 ± 2.55 +0.07 ± 1.60 21.738 0.6110 ± 0.0051 M0 III -
+54 30

129

10 02 30.70664 +01 54 41.5045 −0.28 ± 1.67 −0.48 ± 1.97 24.735 0.529 ± 0.018 K8 III -
+59 35

156

Candidates from Color–Magnitude Diagrame

09 57 58.90735 +02 03 48.5148 +0.88 ± 1.93 −1.48 ± 1.72 19.418 0.108 ± 0.016 F9 III L
09 58 10.82833 +02 02 21.8468 −0.79 ± 0.87 −2.95 ± 0.92 19.056 0.1162 ± 0.0036 F9 III L
09 58 18.41377 +02 31 42.3111 +0.38 ± 0.73 −2.89 ± 2.31 20.025 0.1004 ± 0.0036 F9 III L

Questionable Sources from Bright Gaia DR2 Solar Metallicity Starsf

09 58 11.57578 +01 58 31.6744 −1.857 ± 0.067g −0.950 ± 0.068g 15.780 0.7224 ± 0.0078 M1 III -
+21.2 10.4

22.5f

10 01 20.02097 +02 01 05.3836 −1.68 ± 0.54g −2.68 ± 0.99g 17.087 0.6945 ± 0.0061 M1 III -
+8.6 4.7

15.3f

Notes.
a Corrected for the effect of solar motion, as explained in Section 7.
b Colors are from the Subaru Suprime-Cam COSMOS2015 survey (Laigle et al. 2016).
c Spectral types were derived from synthetic colors of main-sequence and giant stars using models from Kesseli et al. (2017), as explained in Section 7. Luminosity class was inferred from the observed SExtractor
F814W AB magnitude and absolute magnitudes of main-sequence and giant stars (see references in Section 7).
d Starting from relations between Gaia proper motions and parallaxes, as explained in Section 7, Monte Carlo simulations of variations in these proper motions and parallaxes and in the JSP proper motion of the source
itself were carried out to derive asymmetric distributions of simulated distance, as explained in Appendix B. In addition, the distance moduli used to compute empirical distances to these sources used metal-poor giant
star absolute magnitudes, as explained in the text. For candidate sources from a color–magnitude diagram, where no data are shown, distances were assumed to be 20 kpc.
e Derived from a color–magnitude diagram for metal-poor giant stars at the distance to the Sangarius stream, as explained in Section 8.
f Sources are from the sample of K8–M1 giant stars from which a Gaia parallax versus total proper motion relation was established and applied to other sources (see the upper left panel of Figure 21 in Appendix B). In
view of the large relative uncertainties of the Gaia parallaxes, Monte Carlo simulations of the parallax were carried out to derive asymmetric distributions of the simulated distance, analogous to the simulations in
Appendix B; see also Luri et al. (2018). The classification of these sources as giants is based on solar metallicity models, explained in Section 7.
g Proper motions from the Gaia DR2 catalog, corrected for the effect of solar motion.
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stream, which is a dynamically “cold” structure located at a
distance of ∼20 kpc and extends for tens of degrees with a
width of ∼1° (Grillmair 2017), we note that the stream passes
∼0°.5 W of the COSMOS field as covered by ACS
observations (Figure 18). It is possible that the eastern edge
of the stream passes through the western edge of the COSMOS
field. The positions of these two giant stars identified from
proper motions and colors r− i+ are shown as red filled circles
in Figure 18. Of these two stars, the M0 giant is located near
the eastern edge of the Sangarius stream, and the K8 giant is
located near the eastern edge of the COSMOS field. The lower
limits of the distances to these two sources are ∼24 kpc
(Table 3) and therefore suggest that membership in the
Sangarius stream is possible.

Figure 18 also shows the positions of 19 stars from our
sample, shown as blue and green filled circles, which were
identified through the use of a color–magnitude diagram for
metal-poor stars at the distance to the stream. In order to
identify these 19 stars, we first used the DSEP (Dotter et al.
2008) metal-poor isochrone described above. We then assumed
that all 10,818 empirical faint stars in our sample were at a
distance of 20 kpc and computed their absolute AB mag in the
SExtractor F814W bandpass from the corresponding distance
modulus. In the resulting r− i+ color-SExtractor F814W
absolute mag diagram of these sources, there were 19 stars
whose absolute magnitude was within 1 mag of the above
DSEP (Dotter et al. 2008) isochrone for giant stars. The relative
uncertainty in r− i+ color was constrained to be less than 50%
before selecting the above sources. Figure 18 shows that the 19
sources from the Sangarius-like metal-poor color–magnitude
diagram and the above two giant stars (shown as red filled
circles) fall in narrow bands in the COSMOS field along its
western and eastern edges. It is possible that the band along the
western edge of the COSMOS field consists of candidate
members along the eastern edge of the Sangarius stream. The
sources along the eastern boundary of the COSMOS field are

interesting; Grillmair (2017) found several more or less parallel
N–S streams in the region he termed the Orphanage. However,
the streams Scamander and PS1-D in this region are offset
by∼ 8° from Sangarius, far beyond the limits of the COSMOS
field. It may be that the streams in the Orphanage are
considerably more substructured than could be discerned from
the limited resolution afforded by the much brighter magnitude
limits of the SDSS and Pan-STARRS data. The band of sources
at the eastern end of the COSMOS field is possibly a parallel
splinter of the Sangarius stream and would add to the growing
list of streams showing fibrous or banded structure, including
the Anticenter stream and the Eastern Banded Structure
(Grillmair 2006).
Of the 21 candidates shown in Figure 18 as filled circles,

only three had counterparts in Gaia DR2 with Gaia
parallaxes<0. We visually inspected cutouts of the 21 sources
in the HSC and ACS coadds to see if any of them were
resolved galaxies or AGNs and if there were any edge effects
that might have compromised their photometry or astrometry.
All of the sources were pointlike, and they had no contamina-
tion or truncated edges within 10″. In addition, we searched for
X-ray counterparts for these 21 sources in the Chandra-
COSMOS Legacy Survey Point Source Catalog (Civano et al.
2016; Marchesi et al. 2016) but found none within 7″.
Therefore, we believe none of these sources are unre-
solved AGNs.
Figure 18 also shows as red open diamonds the positions of

two giant stars from the Gaia–ACS sample of 3939 stars that were
unconstrained in SExtractor F814W AB mag. The two stars are
brighter than AB 18.5 mag and thus not part of the sample of JSP
sources because they are saturated in HSC and ACS. Their Gaia
parallaxes suggest that they are at distances similar to the
Sangarius stream. However, their classification as giant stars was
based on solar metallicity models, which is inconsistent with the
stellar population of the Sangarius stream. If the stars were metal-
poor instead, they would be ∼36 times less luminous than giant

Figure 18. The dots are the coordinates of the sample of 10,818 stars with JSP proper motions, Subaru Suprime-Cam colors −1.25 < r − i+ < 3.75, and SExtractor
F814W AB magnitude in the range 19–25. The solid line delineates the center of the Sangarius stream (Grillmair 2017). The colored filled circles are the coordinates
of 21 candidate Sangarius stream stars in our sample, of which the red circles are the two candidate high-velocity stars in the Toomre diagram in Figure 17(b), listed in
the first two rows of Table 3, and the blue and green circles are the coordinates of 19 sources obtained from a color–magnitude diagram of metal-poor giant stars at the
distance to the Sangarius stream. Of these 19 stars, the three stars whose coordinates are shown as green filled circles have proper motions consistent with the expected
motions in the Sangarius stream, as further discussed in this section and Figure 19. The red open diamonds are the positions of two bright giant stars at distances
similar to the Sangarius stream but of solar metallicity, which is inconsistent with the stellar population of this stream. These two stars are listed in the last two rows of
Table 3 as questionable sources as regards candidate membership in Sangarius.
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stars. In view of these caveats, these two stars are very
questionable as candidates of Sangarius.

The proper motions of the candidates in the Sangarius stream
and the possible substructure or stream E of it can be compared
with the expected motions in the Sangarius stream. In
Figures 19(a) and (b), we plot, respectively, the R.A. and decl.
proper motions of all 10,818 empirical faint stars in our sample as
a function of decl. Overplotted as red filled circles with error bars
are the proper motions of the candidates listed in the first two rows
of Table 3. Overplotted as blue and green filled circles are the
proper motions of the candidates from the metal-poor color–
magnitude diagram described above. The nearly horizontal lines
are the expected proper motions in the Sangarius stream

(Grillmair 2017) for either prograde (solid line) or retrograde
(dashed line) orbits.
It can be seen from Figure 19 that the two candidate sources

that were selected from their high space velocities in the
Toomre diagram of Figure 17 have motions consistent with
those expected for prograde orbits in the Sangarius stream
within one standard deviation. It can also be seen that, among
the 19 sources selected from the metal-poor color–magnitude
diagram for the Sangarius stream, three sources shown as green
filled circles and listed in Table 3 under “Candidates from
Color–Magnitude Diagram” have motions consistent within
two standard deviations with those in this stream. Of these
three sources, the first and third, as listed in Table 3, have R.A.

Figure 19. (a) The dots are the JSP proper motions in R.A. as a function of decl. for the 10,818 stars with Subaru Suprime-Cam colors −1.25 < r − i+ < 3.75 and
SExtractor F814W AB magnitude in the range 19–25. The nearly horizontal lines are the R.A. proper motions as a function of decl. expected in the Sangarius stream
for either prograde (solid) or retrograde (dashed) orbits (Grillmair 2017). The red filled circles with error bars are the proper motions of two candidate Sangarius stream
sources selected from their high space velocities in the Toomre diagram in Figure 17(b), listed in the first two rows of Table 3. The blue and green filled circles are the
proper motions of 19 sources obtained from a color–magnitude diagram of metal-poor giant stars at the distance to the Sangarius stream. Of these, the green filled
circles are three sources whose proper motions in both R.A. (panel (a)) and decl. (panel (b)) are consistent within two standard deviations with the expected motions in
the Sangarius stream for either prograde or retrograde orbits (Grillmair 2017). (b) Same as panel (a) but for JSP proper motions in decl., also as a function of decl.
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and decl. proper motions consistent with both prograde and
retrograde orbits, while the second source has proper motions
consistent with a retrograde orbit. The Galactic space velocities
of these three stars at the distance of 20 kpc of the Sangarius
stream are shown in Figure 17(b) as small red filled circles. It
can be seen that these stars have high velocities, with two of
them being candidate members of the halo and one of them
being a candidate of the thick disk.

9. Conclusions

Astrometry obtained by jointly processing the HSC and ACS
data sets has allowed us to measure proper motions of nearly
six times more sources than Gaia DR2. We have been able to
derive empirical parallaxes for these sources using ancillary
Subaru Suprime-Cam photometry. The proper motions of late-
type main-sequence stars at ∼1 kpc in the COSMOS field
exhibit preferential motions (relative to the LSR) directed
toward the Galactic center. We have identified candidate high-
velocity stars, of which six are at relatively near distances to us,
∼0.5–6 kpc, and five are candidate members of the ∼20 kpc
distant Sangarius stream in the Galactic halo. The proper
motions of the five Sangarius stream candidates are consistent
with the motions previously observed in the stream, and it is
possible that they are metal-poor objects that would be
consistent with the halo environment. Spectroscopy of these
sources is needed to confirm the above membership. We have
also possibly identified a substructure or an additional stream
parallel to Sangarius, ∼ 1°.8 to the E of it.
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Appendix A
Description of Stellar Samples Used throughout This Paper

Various samples of stars, such as from Gaia, HSC, and ACS,
are used throughout this paper. In order to clarify these
samples, Table 4 briefly describes them and lists the number of
stars contained in them and the initial section where they are
mentioned.
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Appendix B
Parallax and Total Proper Motion Relations for High-
latitude Gaia DR2 Sources Distributed at Various

Longitudes

Section 7 presented polynomial fits to the relations between
Gaia DR2 parallax and total proper motion in samples of
constrained r− i+ color and luminosity class. A limitation of
the relations in Table 1 is that the total motion consists of only
total proper motion or tangential velocity and does not include
radial velocity. In order to assess the validity of our relations,
we obtained the total proper motions and parallaxes of all Gaia
DR2 stars with Galactic latitude b> 40° and distributed at all
Galactic longitudes. In this way, unknown radial velocities
could be assumed to randomly span most possible values, and
the extinction could be taken as low as that in the COSMOS
field. As in Section 3, only single, nonvariable Gaia DR2
sources fainter than G = 18.5 mag and with parallax>0 were
considered. The spectral type of the sources was estimated from
the Gaia color GBP−GRP in the Vega system after first
generating synthetic GBP−GRP colors of main-sequence and
giant stars by convolving empirical templates of stellar spectra
(Kesseli et al. 2017) with the transmission functions of the GBP

and GRP filters (Gaia Collaboration et al. 2016, 2018). The
luminosity class (main sequence or giant) of each Gaia DR2
source was discriminated by comparing G with the apparent
magnitude derived from the distance modulus for either main-
sequence or giant stars, similar to Section 7.

These high-latitude Gaia DR2 stars were binned in representa-
tive groups for comparison of their parallax versus total proper
motion relation to those groups in Table 1 of approximately
similar spectral type and luminosity class ranges. The data sets
from which the groups were drawn consisted of 729,514 stars
with 2.75<GBP−GRP< 3.75 or spectral type M5–M8,
3,810,892 stars with 0.8<GBP−GRP< 1.2 or spectral type
G4–K3, and 2,470,402 stars with 1.2<GBP−GRP< 1.5 or
spectral type K4–K7. Table 5 lists the representative bins of main-
sequence and giant stars drawn from the above three data sets.
These representative bins are each approximate supersets of the
respective bins listed in Table 1.
Upon comparing Tables 1 and 5, it can be seen that the Gaia

DR2 parallax versus proper motion relations of all high-latitude
stars are “shallower” (have a smaller slope) than those of the
COSMOS field. Figure 20 shows this relation for K4–K7 Gaia
stars at all high latitudes for comparison with Figure 14 (M2–
M3 Gaia stars in COSMOS). Figures 14 and 20 and Tables 1
and 5 show that the relation for all high-latitude stars is a factor
of ∼2 shallower than that for the COSMOS field. The “zero-
intercept” or zeroth-order coefficient of the fits is comparable to
within ∼20%, which represents the most distant stars in these
relations. We believe that the above comparison gives an idea
of the uncertainty of these relations in the absence of radial
velocity information.
We also compared the relations of parallax versus proper

motion for some of the most distant stars, namely, giants of
spectral types K8–M1 in either the COSMOS field or eight

Table 4
Description of Samples of Stars in the COSMOS Field Used throughout This Paper

Number of
Sourcesa Description of Sample Section in Paper

2434 L HSC–Gaia matches in all 133 HSC patches 3
L 1514 HSC–Gaia matches in the 63 HSC coadds common to ACS; subset of the above sample 3
1135 L ACS–Gaia matches in the 63 ACS coadds 3
3937 L Gaia–ACS matches unconstrained in apparent magnitude or parallax; 453 stars common to sample of 13,009 empirically

selected stars
5

L 3386 Subset of the above; Subaru Suprime r − i+ color in the range −1.25 to 3.75 mag 7
L 3367 Gaia–ACS matches; positive Gaia parallax; subset of the above sample 7
L 2703 Gaia–ACS matches; positive Gaia parallaxes; Subaru Suprime r − i+ color in the range −1.25 to 3.75 mag; relative phot.

uncertainties in r and i+ <0.2; subset of the above
7

L 1010 HSC–ACS–Gaia matches fainter than G of 18.5; Gaia parallax >0; subset of the above sample of 3367 sources 4.1
L 972 HSC–ACS–Gaia matches fainter than G of 18.5; Gaia parallax>0; Gaia R.A. proper motions in the range −30 to+20 mas yr−1;

subset of the above sample
4.1

L 925 HSC–ACS–Gaia matches fainter than G of 18.5; Gaia parallax>0; Gaia decl. proper motions in the range −20 to +10 mas yr−1;
subset of the above sample of 1010 stars

4.1

L 148 Subset of the above sample of 1010 Gaia stars; Subaru Suprime r − i+ colors in the range 2.75–3.75 for late-type main-
sequence luminosity class

7

13,009 L Empirically selected stars in ACS coadds of SExtractor F814W AB mag 19–26; includes 453 Gaia stars in the above sample
of 3937 sources

5

L 11,519 Empirically selected stars HSC matched to ACS; SExtractor F814W AB mag in the range 19–25; excludes 264 Gaia stars
that were common to the above sample of 1010 stars; subset of the above

7

L 10,818 Subset of the above; Subaru Suprime r − i+ colors in the range −1.25 to 3.75 mag relative phot. uncertainties in r and i + <0.2 7
L 10,816 Subset of the above; empirically derived main-sequence luminosity class 7
L 8358 Subset of the above; late-type main-sequence stars with Subaru Suprime r − i+ colors in the range 2.75–3.75 mag 7
L 1540 Subset of the above; late-type main-sequence stars with SExtractor F814W AB mag in the range 24–25 7
12,529 L Combination of the above samples of 11,519 empirically selected stars and 1010 Gaia stars 6.3

Note.
a The number of sources is listed in the second column of the table if the sample is a subset of another sample.
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high-latitude fields. The latter were chosen to be 1.64 deg2 in
size, analogous to the size of the COSMOS field covered by
ACS, at Galactic latitudes b> 40° (with one field at b< −40°)
and equally distributed in Galactic longitude. Figure 21 shows
the parallax versus total proper motion relations for these fields.
The fit parameters of these fields are indicated in each panel in
Figure 21, including for the COSMOS field giant stars in the
upper left panel, and in Table 1 for the latter.

Figure 21 shows that the Gaia DR2 parallax uncertainties are
very large for these distant sources. The linear fits are mostly
flat for total proper motions up to 15 mas yr−1 in most cases,
and there are generally few available sources in each field,
although the fields at (l, b) of (357, 42) and (57, 42) have 32
and 20 sources, respectively. If radial velocities were available,

the slopes of the linear fits would be smaller in absolute value
because all abscissae would be incremented. Thus, the slightly
negative slopes in the fields at (297, 42), (117, 42), (357, 60),
and (117, 60) are most likely due to the lack of radial velocities.
The resulting fits of the relations of Gaia parallax versus

total proper motion for distant stars have very large
uncertainties. For example, the linear fit parameters for the
COSMOS field giants of K8–M1 type listed in Table 1 have
relative uncertainties of ∼380% and 33% in the zero-
intercept (a0) and slope (a1), respectively. In view of the
large uncertainties of parallax, the model of distance as a
reciprocal of a single value of parallax fails, and distance
must be assessed statistically instead. For this purpose, we
reevaluated the distance of the two giant stars listed in the

Figure 20. Gaia DR2 catalog parallax as a function of total proper motion for late K-type main-sequence Gaia DR2 stars (whose luminosity class and spectral type
were determined as described in the text) with Gaia colors in the interval 1.2 < GBP − GRP < 1.5 and parallaxes >0 indicating valid Gaia DR2 solutions. These
sources were drawn from 2,470,402 stars at Galactic latitude b > 40° and distributed at all Galactic longitudes. The small black symbols correspond to individual stars.
The large blue symbols with error bars are the proper motion–binned means and standard deviations of parallax. The solid red line is a second-order polynomial fit to
the proper motion–binned means.

Table 5
Polynomial Fits to the Relation of Gaia DR2 Parallax as a Function of Total Proper Motion, Color, and Luminosity Class for Representative Groups Drawn from All

Gaia DR2 Stars at High Galactic Latitudea

Color Spectral Type a0 a1 a2 a3
GBP − GRP

Main-sequence Stars
0.80–1.20 G4–K3 0.52 ± 0.11 −0.017 ± 0.018 6.7 × 10−4 ± 6.5 × 10−4 1.03 × 10−5 ± 5.9 × 10−6

1.20–1.50 K4–K7 0.592 ± 0.016 0.0046 ± 0.0014 1.16 × 10−4 ± 2.0 × 10−5 L
2.75–3.75 M5–M8 1.997 ± 0.016 0.0225 ± 0.0014 2.9 × 10−4 ± 2.0 × 10−5 L
Giant Stars
0.80–1.20 G4–K3 0.01813 ± 0.00021 − 1.39 × 10−4 ± 4.5 × 10−5 6.2 × 10−6 ± 1.9 × 10−6 L
1.20–1.50 K4–K7 0.014929 ± 0.00053 2.8 × 10−5 ± 2.4 × 10−5 L L
2.75–3.75 M5–M8 0.02198 ± 0.00038 8.68 × 10−5 ± 3.72 × 10−5 L L

Note.
a Polynomial fits to the relation of Gaia DR2 parallax as a function of total proper motion, also as a function of Gaia DR2 color GBP − GRP and luminosity class
(main-sequence or giant stars). These relations were established from 729,514 stars with 2.75 < GBP − GRP < 3.75, 3,810,892 stars with 0.8 < GBP − GRP < 1.2, and
2,470,402 stars with 1.2 < GBP − GRP < 1.5, all with a positive Gaia DR2 parallax. The polynomial fits are of the form p m m m= + + +a a a a0 1 total 2 total

2
3 total

3 ,
where it is implied that a2 and a3 are zero if not listed. The quoted errors in the polynomial fit coefficients are ±1 standard deviation.
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first two rows of Table 3. Given the uncertainties of Gaia
DR2 proper motion and parallax and the uncertainties of JSP
proper motion of these two sources listed in Table 3, we
generated Gaussian deviations for these three parameters and
calculated linear fits similar to that for K8–M1 giants in
Table 1 and the upper left panel of Figure 21. Gaussian
deviations that yielded a JSP parallax<0 were discarded, and
the Monte Carlo simulations were continued until 500

successful simulations were achieved. Figure 22 shows the
histogram of the distances that were computed for the M0 III
star. The median distance of the 500 simulations was taken as
the distance to the source. The asymmetric lower and upper
standard deviations were found at the distance values where
the histogram contained 67% of the points below and above
the median, respectively. These values are listed in the last
column of Table 3 for these two stars.

Figure 21. Gaia DR2 catalog parallax as a function of total proper motion for giant stars of type K8–M1 (whose luminosity class and spectral type were determined as
described in the text) and with parallaxes >0 indicating valid Gaia DR2 solutions. The upper left panel is for the five ACS–HSC–Gaia DR2 giant stars in the
COSMOS field identified from the sample of stars with Subaru Suprime-Cam colors in the interval 0.5 < r − i+ < 0.8. The remaining panels are for Gaia DR2 stars in
fields of 1.64 deg2 each, analogous to the COSMOS field but distributed at various locations at Galactic latitude b > 40°. These stars were identified from a sample of
sources with Gaia DR2 colors in the interval 1.6 < GBP − GRP < 2.0. The blue filled circles with error bars correspond to individual stars, where the error bars are the
Gaia DR2 catalog uncertainties. The solid red lines are linear fits to the data of the stars in each field. The panels, starting from the middle top and running from left to
right and top to bottom, are for fields at Galactic longitude, latitude (l, b) of (297, 42), (357, 42), (57, 42), (117, 42), (357, 60), (117, 60), and (57, −42) in degrees. A
field at (237, 60) had fewer than three giant stars and is omitted.
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Appendix C
High-velocity Stars Drawn from the Sample of Gaia–ACS

Matches Distinct from Empirically Selected Stars

Section 5 indicated that our sample of stars with well-
determined JSP proper motions, Subaru Suprime r− i+ colors in
the range –1.25 to 3.75 mag, and SExtractor F814W AB mag
fainter than 18.5 consisted of 1010 Gaia DR2 sources matched to
ACS and 10,818 empirically selected stars. The color range was
established to exclude any abnormal stars, and the magnitude
limit was meant to exclude saturated sources. In the sample of
Gaia stars, which is distinct from the above sample of

empirically selected stars, and using the techniques described in
Section 7, six stars were identified as having high Galactic space
velocities (shown as statistical ranges of velocities by the dashed
green lines in Figure 17). In Table 6, we list the observational
data of these sources. These sources are inconsistent with
membership in the Sangarius stream, which is 20 kpc from us.
However, we list the sources as reference for any further
observations. These stars are high-velocity candidates for which
halo membership determination requires further follow-up, such
as measurements of their metallicity. Alternatively, their high
velocities might instead be due to gravitational encounters.

Figure 22. Monte Carlo simulation of distances for the giant star of spectral type M0 listed in the first row of Table 3. These distances are the result of generating 500
random Gaussian deviations to the Gaia proper motions and parallaxes of K8–M1 giant stars plotted in Figure 21 and the JSP proper motions of this star (Table 3).
Linear fits were generated for each set of Gaia parallaxes and proper motions of the form listed in Table 1, and the JSP proper motions were applied in the linear fit to
generate a parallax and, in turn, a distance. The solid red vertical line is the median distance, and the vertical dashed lines represent the ±66.67% points of the
distribution, corresponding to asymmetrical ±1σ (one standard deviation).
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Table 6
Candidate High-velocity Stars in the Gaia DR2 Proper-motion Sample

R.A. (J2000.0) Decl. (J2000) Gaia DR2 Proper Motionsa ACS F814W Color r − i+b Spectral Typec Luminosity Classc Distanced

μα μδ
h, m, s d, m, s mas yr–1 mas yr–1 mag [AB] mag [AB] kpc

09 57 59.04502 +02 42 39.6025 −20.70 ± 0.53 −1.54 ± 0.38 18.800 +2.827 ± 0.013 Mid-to-late M III -
+2.43 1.3

3.7

10 02 31.98050 +02 44 41.15652 +22.59 ± 0.81 −45.58 ± 0.81 18.855 −0.3918 ± 0.0042 O8 V -
+1.27 0.57

1.58

10 01 11.28869 +02 47 42.95436 −91.72 ± 0.71 −23.44 ± 0.75 18.856 −0.0542 ± 0.0038 A8 V -
+0.93 0.30

0.65

10 00 24.46502 +01 52 48.3867 −16.81 ± 0.52 −37.665 ± 0.56 18.874 −0.4052 ± 0.0036 O4 V -
+1.96 0.92

3.2

09 59 11.15546 +02 00 46.6052 +14.86 ± 0.83 −36.17 ± 0.72 19.040 +0.4832 ± 0.0037 K7 V -
+2.0 1.1

3.9

09 58 15.76378 +02 05 17.0138 −62.86 ± 1.02 −28.17 ± 1.02 19.236 +0.1366 ± 0.0052 G3 V -
+0.76 0.28

1.25

Notes.
a Proper motions are from the Gaia DR2 catalog, corrected for the effect of solar motion, as explained in Section 7.
b Colors are from the Subaru Suprime-Cam COSMOS2015 survey (Laigle et al. 2016).
c Spectral types were derived from the synthetic colors of main-sequence and giant stars using models from Kesseli et al. (2017), as explained in Section 7. Luminosity class was inferred from the observed SExtractor
F814W AB magnitude and absolute magnitudes of main-sequence and giant stars (see references in Section 7).
d Sources are from the sample of 1010 Gaia–ACS matched stars with Subaru Suprime r − i+ colors in the range −1.25 to 3.75, SExtractor F814W AB mag > 18.5, and positive Gaia parallaxes. In view of the large
relative uncertainties of Gaia DR2 parallaxes for these sources, Monte Carlo simulations of parallax were carried out to derive asymmetric distributions of simulated distance, analogous to the simulations in Appendix B;
see also Luri et al. (2018).
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