
Dwarf Galaxies  
as dark matter probes with CSST 

CSST暗物质粒子性质2025会议 | 盱眙 | Oct 24-26

袁珍   (南京大学) 

zhen.yuan@nju.edu.cn



CSST暗物质粒子性质2025会议 | Zhen Yuan | Nanjing University

Dwarf satellites as probes of dark matter

2
Newton et al. (2021)



CSST暗物质粒子性质2025会议 | Zhen Yuan | Nanjing University

Dwarf satellites as probes of dark matter

2
Newton et al. (2021)



CSST暗物质粒子性质2025会议 | Zhen Yuan | Nanjing University

Dwarf satellites as probes of dark matter

✦ Small structures (Mv >= -5, 
Ms <= 1e4 Msun) are 
sensitive probes of dark 
matter nature

2
Newton et al. (2021)
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CHAPTER I. CONSTRAINING COSMOLOGY AND GALAXY FORMATION & EVOLUTION WITH
THE MILKY WAY SATELLITE SYSTEM

Figure I.2: Top panel: Number of confirmed/candidate MW dwarf galaxies as a func-
tion of time. The sample size considerably increase with the advent of large, homogenous
photometric surveys going from 11 to ∼ 60 as of 2023. Bottom panel: Magnitude of the
confirmed/candidate MW dwarf galaxies as a function of time. The introduction of digital
surveys in the twenty one century has enabled the detection of fainter objects by delving
deeper into the noise.
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CCD surveys 
(SDSS, PS1, DECam,…)

Dwarf galaxies discovered in the Local Group
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760 MARTIN ET AL. Vol. 705

Figure 2. Left panel: spatial distribution of stellar sources around And XXI. Small dots represent all stars in the PAndAS survey whereas large dots correspond to
likely RGB stars of the dwarf galaxy, selected within the dashed box shown on the CMD of the middle panel. These stars are clearly clumped into an overdensity of
stars. MegaCam CCDs are shown as dashed rectangles and white regions correspond to holes in-between CCDs or holes in the survey. Open circles correspond to
regions that are lost to the survey due to the presence of saturated bright stars. The central dashed ellipse corresponds to the region within two half-light radii of the
dwarf galaxy, assuming the structural parameters listed in Table 1. Right panels: color–magnitude diagrams within two half-light radii of And XXI (middle panel)
and, for comparison, of a field region at a distance of ∼20′ covering the same area after correcting from gaps in the survey coverage (rightmost panel). The galaxy’s
RGB is clearly visible as an overdensity of stars with 0.8 ! g − i ! 1.5 and i " 21.2 that does not appear in the reference CMD.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 2 but for And XXII. Although this system is much fainter, it still appears as a spatial overdensity of stars (left panel) that are aligned along a
RGB in the CMD (middle panel), a feature that does not appear in the reference CMD (right panel).
(A color version of this figure is available in the online journal.)

Both systems appear as overdensities of stars on the sky, as is
visible in the left panels of Figures 2 and 3. These stars are also
aligned along a RGB that would be at, or close to, the distance
of M31 or M33. The color-magnitude diagrams (CMDs) within
2 half-light radii of the dwarfs (determined in Section 3.3) are
shown in the middle panels of these figures and, when compared
to the CMD of reference fields chosen in an annulus covering

the same area at a distance of ∼20′ from the dwarfs’ centers
(right panels), indeed reveal an alignment of stars that follow
the typical shape of a RGB. Isolating these stars enhances the
contrast of the overdensity of stars on the sky (large symbols in
the left panels).

And XXI is typical of the relatively bright dwarf galaxies
that we have found before (such as And XV or And XVI).
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Both systems appear as overdensities of stars on the sky, as is
visible in the left panels of Figures 2 and 3. These stars are also
aligned along a RGB that would be at, or close to, the distance
of M31 or M33. The color-magnitude diagrams (CMDs) within
2 half-light radii of the dwarfs (determined in Section 3.3) are
shown in the middle panels of these figures and, when compared
to the CMD of reference fields chosen in an annulus covering

the same area at a distance of ∼20′ from the dwarfs’ centers
(right panels), indeed reveal an alignment of stars that follow
the typical shape of a RGB. Isolating these stars enhances the
contrast of the overdensity of stars on the sky (large symbols in
the left panels).

And XXI is typical of the relatively bright dwarf galaxies
that we have found before (such as And XV or And XVI).

Martin et al. (2009)
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Local Group dwarf galaxy detection limit of CSST
Qu & Yuan et al. (2023, 2025)
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Local Group dwarf galaxy detection in simulated MWs
MagPie zoom-in MW simulation
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Luminosity function prediction with CSST
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Lacking resolved bright giants beyond 5 Mpc … 
Qu & Yuan et al. (2025 in prep)
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We can search dwarf galaxies in images
Dwarf galaxies

Contaminates from distant galaxies

Qu & Yuan et al. (2025 in prep)



Vision Transformer model
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Vision Transformer model
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positive 

negative 



✦ New surface brightness detection limit 
up to 5Mpc (classic) — fainter objects 

✦ New luminosity detection limit up to 
20Mpc (VIDA) — smaller & more distant 
objects

11

Dwarf galaxy search in the CSST images 
- Complementary searching methods up to 20Mpc

质量 

减小

面亮度 

变暗

VIDAM⋆ ≲ 104M⊙

Classic

Qu & Yuan et al. (2023, 2025)
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✦ New luminosity detection limit up to 
20Mpc (VIDA) — smaller & more distant 
objects

11

Dwarf galaxy search in the CSST images 
- Complementary searching methods up to 20Mpc

How to constrain the nature of dark matter? 

质量 

减小

面亮度 

变暗

VIDAM⋆ ≲ 104M⊙

Classic

Qu & Yuan et al. (2023, 2025)
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Gamma-ray signal flux from dwarf galaxies

12

∝ ρ2
DMD−2

Jeans equation 
(spherical assumptions) 

σ2
v ∝ ∫

MDM(r)
r2

ρ*(r)dr

Stellar profile Velocity dispersion
Astronomy

mass-anisotropy degeneracy problem 

1.radial orbits & low mass galaxy -> core (low ) 

2.tangential orbits & massive galaxy-> cuspy (large )

ρDM

ρDM
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∝ ρ2
DMD−2

Jeans equation 
(spherical assumptions) 

σ2
v ∝ ∫

MDM(r)
r2

ρ*(r)dr

Stellar profile Velocity dispersion
Astronomy

mass-anisotropy (M- ) degeneracy solution 
1. proper motion (maybe possible for nearby DG) 
2. multi-population decomposition (ref. GravSphere) 
3. higher-order velocity moments(ref. GravSphere2) 

4. extend the data to the tidal radius (  observed!) 

β

β

Gamma-ray signal flux from dwarf galaxies
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Figure 2. Footprints of all HST observations used in this work (blue filled patches) overlaid on DSS2 imaging cutouts. Open
black ellipses show the galaxy profiles at one half-light radius.

the later analysis that are restricted to a high-quality
subsample.

Our full set of new and archival observations are sum-
marized in Table 1, and footprints of all pointings over-
laid with galaxy profiles are shown in Figure 2. The new
data comprises two pointings in Hydrus I (GO-16293,
PI Choi),17 and the bulk of the archival data comes

17 GO-16293 also observed three fields in Carina II, but the cen-
tral pointing experienced a guide star failure and was not re-
observed. We elected not to include the remaining two fields
in this work, as we found they were too sparse to be of use for
the goals of this paper.

from programs GO-14734 (PI Kallivayalil, 26 galaxies)
and GO-12549 (PI Brown, 6 galaxies). Other archival
programs include GO-13449 (PI Geha), GO-14224 (PI
Gallart), GO-14234 (PI Simon), GO-14236 (PI Sohn),
GO-14766 (PI Simon), GO-14770 (PI Sohn), GO-15182
(PI Sand), GO-15317 (PI Platais), and GO-15332 (PI
Crnojevic).

Following A. Savino et al. (2025) we quantify the frac-
tion of a galaxy’s total light expected to fall within the
HST pointing(s) as fω, which we estimate using sur-
face brightness profiles. From this and MV we calcu-
late MV e! , the e!ective magnitude of the HST obser-
vations, MV → 2.5 log10(fω). We adopt structural pa-

14

25 arcmin

HST 
fields

Durbin et al 2025 Colman et al 2007

25
 a

rc
m

in

Dwarf galaxy observations with the CSST

2rh

rh
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the later analysis that are restricted to a high-quality
subsample.

Our full set of new and archival observations are sum-
marized in Table 1, and footprints of all pointings over-
laid with galaxy profiles are shown in Figure 2. The new
data comprises two pointings in Hydrus I (GO-16293,
PI Choi),17 and the bulk of the archival data comes

17 GO-16293 also observed three fields in Carina II, but the cen-
tral pointing experienced a guide star failure and was not re-
observed. We elected not to include the remaining two fields
in this work, as we found they were too sparse to be of use for
the goals of this paper.

from programs GO-14734 (PI Kallivayalil, 26 galaxies)
and GO-12549 (PI Brown, 6 galaxies). Other archival
programs include GO-13449 (PI Geha), GO-14224 (PI
Gallart), GO-14234 (PI Simon), GO-14236 (PI Sohn),
GO-14766 (PI Simon), GO-14770 (PI Sohn), GO-15182
(PI Sand), GO-15317 (PI Platais), and GO-15332 (PI
Crnojevic).

Following A. Savino et al. (2025) we quantify the frac-
tion of a galaxy’s total light expected to fall within the
HST pointing(s) as fω, which we estimate using sur-
face brightness profiles. From this and MV we calcu-
late MV e! , the e!ective magnitude of the HST obser-
vations, MV → 2.5 log10(fω). We adopt structural pa-
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Half-light radius Half-light radius

MW dwarf galaxies seen by HST/ACS

Sohn et al 2017
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Figure 2. Footprints of all HST observations used in this work (blue filled patches) overlaid on DSS2 imaging cutouts. Open
black ellipses show the galaxy profiles at one half-light radius.

the later analysis that are restricted to a high-quality
subsample.

Our full set of new and archival observations are sum-
marized in Table 1, and footprints of all pointings over-
laid with galaxy profiles are shown in Figure 2. The new
data comprises two pointings in Hydrus I (GO-16293,
PI Choi),17 and the bulk of the archival data comes

17 GO-16293 also observed three fields in Carina II, but the cen-
tral pointing experienced a guide star failure and was not re-
observed. We elected not to include the remaining two fields
in this work, as we found they were too sparse to be of use for
the goals of this paper.

from programs GO-14734 (PI Kallivayalil, 26 galaxies)
and GO-12549 (PI Brown, 6 galaxies). Other archival
programs include GO-13449 (PI Geha), GO-14224 (PI
Gallart), GO-14234 (PI Simon), GO-14236 (PI Sohn),
GO-14766 (PI Simon), GO-14770 (PI Sohn), GO-15182
(PI Sand), GO-15317 (PI Platais), and GO-15332 (PI
Crnojevic).

Following A. Savino et al. (2025) we quantify the frac-
tion of a galaxy’s total light expected to fall within the
HST pointing(s) as fω, which we estimate using sur-
face brightness profiles. From this and MV we calcu-
late MV e! , the e!ective magnitude of the HST obser-
vations, MV → 2.5 log10(fω). We adopt structural pa-

16
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Figure 2. Footprints of all HST observations used in this work (blue filled patches) overlaid on DSS2 imaging cutouts. Open
black ellipses show the galaxy profiles at one half-light radius.

the later analysis that are restricted to a high-quality
subsample.

Our full set of new and archival observations are sum-
marized in Table 1, and footprints of all pointings over-
laid with galaxy profiles are shown in Figure 2. The new
data comprises two pointings in Hydrus I (GO-16293,
PI Choi),17 and the bulk of the archival data comes

17 GO-16293 also observed three fields in Carina II, but the cen-
tral pointing experienced a guide star failure and was not re-
observed. We elected not to include the remaining two fields
in this work, as we found they were too sparse to be of use for
the goals of this paper.

from programs GO-14734 (PI Kallivayalil, 26 galaxies)
and GO-12549 (PI Brown, 6 galaxies). Other archival
programs include GO-13449 (PI Geha), GO-14224 (PI
Gallart), GO-14234 (PI Simon), GO-14236 (PI Sohn),
GO-14766 (PI Simon), GO-14770 (PI Sohn), GO-15182
(PI Sand), GO-15317 (PI Platais), and GO-15332 (PI
Crnojevic).

Following A. Savino et al. (2025) we quantify the frac-
tion of a galaxy’s total light expected to fall within the
HST pointing(s) as fω, which we estimate using sur-
face brightness profiles. From this and MV we calcu-
late MV e! , the e!ective magnitude of the HST obser-
vations, MV → 2.5 log10(fω). We adopt structural pa-
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Figure 2. Footprints of all HST observations used in this work (blue filled patches) overlaid on DSS2 imaging cutouts. Open
black ellipses show the galaxy profiles at one half-light radius.

the later analysis that are restricted to a high-quality
subsample.

Our full set of new and archival observations are sum-
marized in Table 1, and footprints of all pointings over-
laid with galaxy profiles are shown in Figure 2. The new
data comprises two pointings in Hydrus I (GO-16293,
PI Choi),17 and the bulk of the archival data comes

17 GO-16293 also observed three fields in Carina II, but the cen-
tral pointing experienced a guide star failure and was not re-
observed. We elected not to include the remaining two fields
in this work, as we found they were too sparse to be of use for
the goals of this paper.

from programs GO-14734 (PI Kallivayalil, 26 galaxies)
and GO-12549 (PI Brown, 6 galaxies). Other archival
programs include GO-13449 (PI Geha), GO-14224 (PI
Gallart), GO-14234 (PI Simon), GO-14236 (PI Sohn),
GO-14766 (PI Simon), GO-14770 (PI Sohn), GO-15182
(PI Sand), GO-15317 (PI Platais), and GO-15332 (PI
Crnojevic).

Following A. Savino et al. (2025) we quantify the frac-
tion of a galaxy’s total light expected to fall within the
HST pointing(s) as fω, which we estimate using sur-
face brightness profiles. From this and MV we calcu-
late MV e! , the e!ective magnitude of the HST obser-
vations, MV → 2.5 log10(fω). We adopt structural pa-
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Figure 2. Footprints of all HST observations used in this work (blue filled patches) overlaid on DSS2 imaging cutouts. Open
black ellipses show the galaxy profiles at one half-light radius.

the later analysis that are restricted to a high-quality
subsample.

Our full set of new and archival observations are sum-
marized in Table 1, and footprints of all pointings over-
laid with galaxy profiles are shown in Figure 2. The new
data comprises two pointings in Hydrus I (GO-16293,
PI Choi),17 and the bulk of the archival data comes

17 GO-16293 also observed three fields in Carina II, but the cen-
tral pointing experienced a guide star failure and was not re-
observed. We elected not to include the remaining two fields
in this work, as we found they were too sparse to be of use for
the goals of this paper.

from programs GO-14734 (PI Kallivayalil, 26 galaxies)
and GO-12549 (PI Brown, 6 galaxies). Other archival
programs include GO-13449 (PI Geha), GO-14224 (PI
Gallart), GO-14234 (PI Simon), GO-14236 (PI Sohn),
GO-14766 (PI Simon), GO-14770 (PI Sohn), GO-15182
(PI Sand), GO-15317 (PI Platais), and GO-15332 (PI
Crnojevic).

Following A. Savino et al. (2025) we quantify the frac-
tion of a galaxy’s total light expected to fall within the
HST pointing(s) as fω, which we estimate using sur-
face brightness profiles. From this and MV we calcu-
late MV e! , the e!ective magnitude of the HST obser-
vations, MV → 2.5 log10(fω). We adopt structural pa-

16

HST only covers only a 
fraction of half-light radius
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Figure 2. Footprints of all HST observations used in this work (blue filled patches) overlaid on DSS2 imaging cutouts. Open
black ellipses show the galaxy profiles at one half-light radius.

the later analysis that are restricted to a high-quality
subsample.

Our full set of new and archival observations are sum-
marized in Table 1, and footprints of all pointings over-
laid with galaxy profiles are shown in Figure 2. The new
data comprises two pointings in Hydrus I (GO-16293,
PI Choi),17 and the bulk of the archival data comes

17 GO-16293 also observed three fields in Carina II, but the cen-
tral pointing experienced a guide star failure and was not re-
observed. We elected not to include the remaining two fields
in this work, as we found they were too sparse to be of use for
the goals of this paper.

from programs GO-14734 (PI Kallivayalil, 26 galaxies)
and GO-12549 (PI Brown, 6 galaxies). Other archival
programs include GO-13449 (PI Geha), GO-14224 (PI
Gallart), GO-14234 (PI Simon), GO-14236 (PI Sohn),
GO-14766 (PI Simon), GO-14770 (PI Sohn), GO-15182
(PI Sand), GO-15317 (PI Platais), and GO-15332 (PI
Crnojevic).

Following A. Savino et al. (2025) we quantify the frac-
tion of a galaxy’s total light expected to fall within the
HST pointing(s) as fω, which we estimate using sur-
face brightness profiles. From this and MV we calcu-
late MV e! , the e!ective magnitude of the HST obser-
vations, MV → 2.5 log10(fω). We adopt structural pa-
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Figure 2. Footprints of all HST observations used in this work (blue filled patches) overlaid on DSS2 imaging cutouts. Open
black ellipses show the galaxy profiles at one half-light radius.

the later analysis that are restricted to a high-quality
subsample.

Our full set of new and archival observations are sum-
marized in Table 1, and footprints of all pointings over-
laid with galaxy profiles are shown in Figure 2. The new
data comprises two pointings in Hydrus I (GO-16293,
PI Choi),17 and the bulk of the archival data comes

17 GO-16293 also observed three fields in Carina II, but the cen-
tral pointing experienced a guide star failure and was not re-
observed. We elected not to include the remaining two fields
in this work, as we found they were too sparse to be of use for
the goals of this paper.

from programs GO-14734 (PI Kallivayalil, 26 galaxies)
and GO-12549 (PI Brown, 6 galaxies). Other archival
programs include GO-13449 (PI Geha), GO-14224 (PI
Gallart), GO-14234 (PI Simon), GO-14236 (PI Sohn),
GO-14766 (PI Simon), GO-14770 (PI Sohn), GO-15182
(PI Sand), GO-15317 (PI Platais), and GO-15332 (PI
Crnojevic).

Following A. Savino et al. (2025) we quantify the frac-
tion of a galaxy’s total light expected to fall within the
HST pointing(s) as fω, which we estimate using sur-
face brightness profiles. From this and MV we calcu-
late MV e! , the e!ective magnitude of the HST obser-
vations, MV → 2.5 log10(fω). We adopt structural pa-
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I08 also showed that the photometric metallicity measure-
ment allowed in turn for the photometric distance to be refined.
They set their absolute magnitude calibration Mr to depend on

color g i x( )- º and metallicity Fe H[ ], so that

M x M x M, Fe H Fe H , 1r r r
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where the color term was fitted to be
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and the metallicity correction term is

M Fe H 4.50 1.11 Fe H 0.18 Fe H . 3r
2([ ]) [ ] [ ] ( )D = - -

From Equation (3) it can be appreciated that the absolute
magnitude is highly sensitive to metallicity. This is especially
important when dealing with Galactic halo populations: if we
were to assume a disk-like metallicity of Fe H 0.5[ ] = - for a
halo star with true metallicity Fe H 1.5[ ] = - , we would incur
a 0.75mag error in Mr (i.e., a 41% distance error), rendering
any tomographic analysis invalid.
Here we use u-band data from the new Canada–France

Imaging Survey (CFIS, which we present in detail in Ibata et al.
2017; hereafter Paper I) to greatly improve on the SDSS u-band
photometry and thereby probe the MS populations of the Milky
Way out to much larger distances than was possible with the
SDSS. CFIS is a large community program at the Canada–
France–Hawaii Telescope that was organized to obtain u- and
r-band photometry needed to measure photometric redshifts for
the Euclid mission (Laureijs et al. 2011; Racca et al. 2016). As
we show in PaperI, at a limiting uncertainty of 0.03mag for
point sources, CFIS-u reaches approximately three magnitudes
deeper than the SDSS u-band data. Although the final CFIS-u
survey area will be 10,000 deg2, covering most of the northern
hemisphere at b 25∣ ∣ > , here we present our first metallicity
analysis, based on ∼2900 deg2, mostly contained in the
declination range of 18 45d < <  (see Figure 1 of Paper I).
The outline of this paper is as follows. In Section 2, we

describe the methods that we use to measure photometric
metallicity, while the effect of contamination from giants and
subgiants is examined in Section 3, and the survey complete-
ness in Section 4. In Section 5, we explore the distributions in
metallicity and distance throughout the Milky Way, and present
a new algorithm to deconvolve the survey into sub-populations
in Section 6. We conclude with a discussion of our findings in
Section 7.

2. Derivation of Metallicity

In this section, we will lay out the procedure by which
photometric metallicities are measured. In our first attempts,
this was achieved by combining CFIS-u with SDSS g r, , and i,
but we found that the accuracy of the SDSS measurements in
these bands limited the depth we could attain. Since the release
of the Pan-STARRS1 catalog (PS1, Chambers et al. 2016) in
2016 December, we now have access to more accurate g r, ,
and i measurements, which significantly improve the depth and
the size of the sample of stars for which we are able to measure
good metallicities. Nevertheless, after extensive experimenta-
tion, we realized that by combining the SDSS and PS1
measures, we could obtain still deeper and more reliable
photometry. We found, in particular, that metallicity outliers
were often stars that had inconsistent SDSS and PS1 values
(this will be detailed further below). To combine the SDSS and
PS1 magnitudes, we first shifted the PS1 magnitudes onto the
SDSS system using the simple linear transformations derived

Figure 2. Spectroscopic metallicity as a function of u gSDSS 0( )- and
g rSDSS SDSS 0( )- colors. In panel (a), the stars have been explicitly selected
not to be variables according to PS1 measurements, and are classified as dwarfs
( g3 log 5< < ) according to their spectra. We further require u-band
uncertainties u 0.03d < , and we have performed an iterative sigma-clipping
procedure to remove objects that differ by more than 5s from the photometric
metallicity model. The model (b) is a two-dimensional Legendre polynomial fit
to these data, with up to cubic terms in x and y (10 parameters). It is this model
that is used to derive the photometric metallicities for “Method 1.” The purple
line polygon is a visually selected region, chosen to be a generous outer
boundary of the region where main-sequence stars (that are bluer than
u g 1.350( )- = ) are located in this color–color plane (the vertices of this
polygon are listed in the note to Table 1).
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CSST观测矮星系的三大优势
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Figure 3. Application of successive culling criteria to CMDs of Hercules, with the fourth panel showing the final version of the
catalog used in the remainder of this work. The stellar population signal of the galaxy remains constant throughout, whereas
noise, artifacts, and contaminant populations are dramatically reduced.

still show residual populations of unrejected background
galaxies at faint magnitudes bluewards of the main se-
quence; the prominence of this feature generally corre-
lates with the total area observed, and is accounted for
in our CMD modeling procedure as described in the next
section.

We reject likely foreground stars based on the mem-
bership determinations of G. Battaglia et al. (2022),
which combine Gaia eDR3 proper motions with spatial
and color-magnitude information. We keep only stars
with Pmemb → 0.75 for stars with membership probabil-
ities. We also restrict the input catalogs to stars within
two half-light radii of each target using the structural
parameters compiled in their Table B.1. For Pic I and
Peg III we extend the selection to 2.5Rh, and for Eri III
to 3Rh, as we see significant stellar population signal out
to these radii in these galaxies. We additionally reject
stars within 2Rh of the globular cluster in Eri II based
on the structural parameters reported by J. D. Simon
et al. (2021).

We demonstrate the application of all quality and
membership criteria in Hercules in Figure 3, and show
color-magnitude diagrams of the final culled photome-
try for all galaxies in Figure 4 and Figure 5. Figure 4
shows nearly the full dynamic range of the photometry
for all galaxies in apparent magnitudes, and Figure 5 is
restricted to ±2 magnitudes around the MSTO in abso-
lute magnitudes. We provide the full set of photometric
catalogs (e.g., inclusive of all stars regardless of quality,
but with columns indicating whether quality criteria are
met) as part of our data release.

2.4. Artificial star tests

We assess photometric completeness, bias, and scat-
ter for each galaxy using artificial star tests (ASTs),
with 100,000 artificial stars per exposure depth per tar-
get. The ASTs are distributed uniformly in color and
magnitude, and their locations on the field of view fol-
low the spatial distributions of observed stars. Arti-
ficial stars are injected into the images one at a time
and measured identically to the photometry described
in the previous subsection, with the exception of the pa-
rameter ACSUseCTE. Although we used CTE-corrected
* flc images throughout, for the artificial stars we set
ACSUseCTE=1 to ensure realistic evaluation of the pho-
tometric noise induced by CTE correction, which is not
otherwise accounted for in DOLPHOT’s AST routine.
All the same photometric quality metrics and spatial
culling used on the real catalogs are applied to the arti-
ficial star photometry outputs.

3. STAR-FORMATION HISTORIES

In this section we present SFHs of all 36 galaxies.
We first measure distance and foreground extinction val-
ues for each galaxy via main sequence fitting (detailed
in subsection 3.1), and then discuss their SFH fitting
process and results (subsection 3.3). We perform all
SFH fitting with MATCH (A. E. Dolphin 2002), a well-
tested software package frequently used in resolved stel-
lar populations studies (e.g., E. D. Skillman et al. 2003;
B. F. Williams et al. 2009; K. B. W. McQuinn et al.
2010; M. Monelli et al. 2010; D. R. Weisz et al. 2011b,
2014b; A. R. Lewis et al. 2015; K. B. W. McQuinn et al.
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catalogs (e.g., inclusive of all stars regardless of quality,
but with columns indicating whether quality criteria are
met) as part of our data release.
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We assess photometric completeness, bias, and scat-
ter for each galaxy using artificial star tests (ASTs),
with 100,000 artificial stars per exposure depth per tar-
get. The ASTs are distributed uniformly in color and
magnitude, and their locations on the field of view fol-
low the spatial distributions of observed stars. Arti-
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and measured identically to the photometry described
in the previous subsection, with the exception of the pa-
rameter ACSUseCTE. Although we used CTE-corrected
* flc images throughout, for the artificial stars we set
ACSUseCTE=1 to ensure realistic evaluation of the pho-
tometric noise induced by CTE correction, which is not
otherwise accounted for in DOLPHOT’s AST routine.
All the same photometric quality metrics and spatial
culling used on the real catalogs are applied to the arti-
ficial star photometry outputs.

3. STAR-FORMATION HISTORIES

In this section we present SFHs of all 36 galaxies.
We first measure distance and foreground extinction val-
ues for each galaxy via main sequence fitting (detailed
in subsection 3.1), and then discuss their SFH fitting
process and results (subsection 3.3). We perform all
SFH fitting with MATCH (A. E. Dolphin 2002), a well-
tested software package frequently used in resolved stel-
lar populations studies (e.g., E. D. Skillman et al. 2003;
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Figure 4. Color-magnitude diagrams of all galaxies, with all photometric quality and membership cuts applied. The integrated
magnitudes in each panel reflect the e!ective luminosity, i.e., the luminosity within HST ’s field of view for each galaxy.
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I08 also showed that the photometric metallicity measure-
ment allowed in turn for the photometric distance to be refined.
They set their absolute magnitude calibration Mr to depend on

color g i x( )- º and metallicity Fe H[ ], so that

M x M x M, Fe H Fe H , 1r r r
0( [ ]) ( ) ([ ]) ( )= + D

where the color term was fitted to be

M x x x x

x x x

5.06 14.32 14.32 12.97
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( )
( )
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and the metallicity correction term is

M Fe H 4.50 1.11 Fe H 0.18 Fe H . 3r
2([ ]) [ ] [ ] ( )D = - -

From Equation (3) it can be appreciated that the absolute
magnitude is highly sensitive to metallicity. This is especially
important when dealing with Galactic halo populations: if we
were to assume a disk-like metallicity of Fe H 0.5[ ] = - for a
halo star with true metallicity Fe H 1.5[ ] = - , we would incur
a 0.75mag error in Mr (i.e., a 41% distance error), rendering
any tomographic analysis invalid.
Here we use u-band data from the new Canada–France

Imaging Survey (CFIS, which we present in detail in Ibata et al.
2017; hereafter Paper I) to greatly improve on the SDSS u-band
photometry and thereby probe the MS populations of the Milky
Way out to much larger distances than was possible with the
SDSS. CFIS is a large community program at the Canada–
France–Hawaii Telescope that was organized to obtain u- and
r-band photometry needed to measure photometric redshifts for
the Euclid mission (Laureijs et al. 2011; Racca et al. 2016). As
we show in PaperI, at a limiting uncertainty of 0.03mag for
point sources, CFIS-u reaches approximately three magnitudes
deeper than the SDSS u-band data. Although the final CFIS-u
survey area will be 10,000 deg2, covering most of the northern
hemisphere at b 25∣ ∣ > , here we present our first metallicity
analysis, based on ∼2900 deg2, mostly contained in the
declination range of 18 45d < <  (see Figure 1 of Paper I).
The outline of this paper is as follows. In Section 2, we

describe the methods that we use to measure photometric
metallicity, while the effect of contamination from giants and
subgiants is examined in Section 3, and the survey complete-
ness in Section 4. In Section 5, we explore the distributions in
metallicity and distance throughout the Milky Way, and present
a new algorithm to deconvolve the survey into sub-populations
in Section 6. We conclude with a discussion of our findings in
Section 7.

2. Derivation of Metallicity

In this section, we will lay out the procedure by which
photometric metallicities are measured. In our first attempts,
this was achieved by combining CFIS-u with SDSS g r, , and i,
but we found that the accuracy of the SDSS measurements in
these bands limited the depth we could attain. Since the release
of the Pan-STARRS1 catalog (PS1, Chambers et al. 2016) in
2016 December, we now have access to more accurate g r, ,
and i measurements, which significantly improve the depth and
the size of the sample of stars for which we are able to measure
good metallicities. Nevertheless, after extensive experimenta-
tion, we realized that by combining the SDSS and PS1
measures, we could obtain still deeper and more reliable
photometry. We found, in particular, that metallicity outliers
were often stars that had inconsistent SDSS and PS1 values
(this will be detailed further below). To combine the SDSS and
PS1 magnitudes, we first shifted the PS1 magnitudes onto the
SDSS system using the simple linear transformations derived

Figure 2. Spectroscopic metallicity as a function of u gSDSS 0( )- and
g rSDSS SDSS 0( )- colors. In panel (a), the stars have been explicitly selected
not to be variables according to PS1 measurements, and are classified as dwarfs
( g3 log 5< < ) according to their spectra. We further require u-band
uncertainties u 0.03d < , and we have performed an iterative sigma-clipping
procedure to remove objects that differ by more than 5s from the photometric
metallicity model. The model (b) is a two-dimensional Legendre polynomial fit
to these data, with up to cubic terms in x and y (10 parameters). It is this model
that is used to derive the photometric metallicities for “Method 1.” The purple
line polygon is a visually selected region, chosen to be a generous outer
boundary of the region where main-sequence stars (that are bluer than
u g 1.350( )- = ) are located in this color–color plane (the vertices of this
polygon are listed in the note to Table 1).
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Figure 3. Application of successive culling criteria to CMDs of Hercules, with the fourth panel showing the final version of the
catalog used in the remainder of this work. The stellar population signal of the galaxy remains constant throughout, whereas
noise, artifacts, and contaminant populations are dramatically reduced.

still show residual populations of unrejected background
galaxies at faint magnitudes bluewards of the main se-
quence; the prominence of this feature generally corre-
lates with the total area observed, and is accounted for
in our CMD modeling procedure as described in the next
section.

We reject likely foreground stars based on the mem-
bership determinations of G. Battaglia et al. (2022),
which combine Gaia eDR3 proper motions with spatial
and color-magnitude information. We keep only stars
with Pmemb → 0.75 for stars with membership probabil-
ities. We also restrict the input catalogs to stars within
two half-light radii of each target using the structural
parameters compiled in their Table B.1. For Pic I and
Peg III we extend the selection to 2.5Rh, and for Eri III
to 3Rh, as we see significant stellar population signal out
to these radii in these galaxies. We additionally reject
stars within 2Rh of the globular cluster in Eri II based
on the structural parameters reported by J. D. Simon
et al. (2021).

We demonstrate the application of all quality and
membership criteria in Hercules in Figure 3, and show
color-magnitude diagrams of the final culled photome-
try for all galaxies in Figure 4 and Figure 5. Figure 4
shows nearly the full dynamic range of the photometry
for all galaxies in apparent magnitudes, and Figure 5 is
restricted to ±2 magnitudes around the MSTO in abso-
lute magnitudes. We provide the full set of photometric
catalogs (e.g., inclusive of all stars regardless of quality,
but with columns indicating whether quality criteria are
met) as part of our data release.

2.4. Artificial star tests

We assess photometric completeness, bias, and scat-
ter for each galaxy using artificial star tests (ASTs),
with 100,000 artificial stars per exposure depth per tar-
get. The ASTs are distributed uniformly in color and
magnitude, and their locations on the field of view fol-
low the spatial distributions of observed stars. Arti-
ficial stars are injected into the images one at a time
and measured identically to the photometry described
in the previous subsection, with the exception of the pa-
rameter ACSUseCTE. Although we used CTE-corrected
* flc images throughout, for the artificial stars we set
ACSUseCTE=1 to ensure realistic evaluation of the pho-
tometric noise induced by CTE correction, which is not
otherwise accounted for in DOLPHOT’s AST routine.
All the same photometric quality metrics and spatial
culling used on the real catalogs are applied to the arti-
ficial star photometry outputs.

3. STAR-FORMATION HISTORIES

In this section we present SFHs of all 36 galaxies.
We first measure distance and foreground extinction val-
ues for each galaxy via main sequence fitting (detailed
in subsection 3.1), and then discuss their SFH fitting
process and results (subsection 3.3). We perform all
SFH fitting with MATCH (A. E. Dolphin 2002), a well-
tested software package frequently used in resolved stel-
lar populations studies (e.g., E. D. Skillman et al. 2003;
B. F. Williams et al. 2009; K. B. W. McQuinn et al.
2010; M. Monelli et al. 2010; D. R. Weisz et al. 2011b,
2014b; A. R. Lewis et al. 2015; K. B. W. McQuinn et al.
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Figure 4. Color-magnitude diagrams of all galaxies, with all photometric quality and membership cuts applied. The integrated
magnitudes in each panel reflect the e!ective luminosity, i.e., the luminosity within HST ’s field of view for each galaxy.
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I08 also showed that the photometric metallicity measure-
ment allowed in turn for the photometric distance to be refined.
They set their absolute magnitude calibration Mr to depend on

color g i x( )- º and metallicity Fe H[ ], so that

M x M x M, Fe H Fe H , 1r r r
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and the metallicity correction term is

M Fe H 4.50 1.11 Fe H 0.18 Fe H . 3r
2([ ]) [ ] [ ] ( )D = - -

From Equation (3) it can be appreciated that the absolute
magnitude is highly sensitive to metallicity. This is especially
important when dealing with Galactic halo populations: if we
were to assume a disk-like metallicity of Fe H 0.5[ ] = - for a
halo star with true metallicity Fe H 1.5[ ] = - , we would incur
a 0.75mag error in Mr (i.e., a 41% distance error), rendering
any tomographic analysis invalid.
Here we use u-band data from the new Canada–France

Imaging Survey (CFIS, which we present in detail in Ibata et al.
2017; hereafter Paper I) to greatly improve on the SDSS u-band
photometry and thereby probe the MS populations of the Milky
Way out to much larger distances than was possible with the
SDSS. CFIS is a large community program at the Canada–
France–Hawaii Telescope that was organized to obtain u- and
r-band photometry needed to measure photometric redshifts for
the Euclid mission (Laureijs et al. 2011; Racca et al. 2016). As
we show in PaperI, at a limiting uncertainty of 0.03mag for
point sources, CFIS-u reaches approximately three magnitudes
deeper than the SDSS u-band data. Although the final CFIS-u
survey area will be 10,000 deg2, covering most of the northern
hemisphere at b 25∣ ∣ > , here we present our first metallicity
analysis, based on ∼2900 deg2, mostly contained in the
declination range of 18 45d < <  (see Figure 1 of Paper I).
The outline of this paper is as follows. In Section 2, we

describe the methods that we use to measure photometric
metallicity, while the effect of contamination from giants and
subgiants is examined in Section 3, and the survey complete-
ness in Section 4. In Section 5, we explore the distributions in
metallicity and distance throughout the Milky Way, and present
a new algorithm to deconvolve the survey into sub-populations
in Section 6. We conclude with a discussion of our findings in
Section 7.

2. Derivation of Metallicity

In this section, we will lay out the procedure by which
photometric metallicities are measured. In our first attempts,
this was achieved by combining CFIS-u with SDSS g r, , and i,
but we found that the accuracy of the SDSS measurements in
these bands limited the depth we could attain. Since the release
of the Pan-STARRS1 catalog (PS1, Chambers et al. 2016) in
2016 December, we now have access to more accurate g r, ,
and i measurements, which significantly improve the depth and
the size of the sample of stars for which we are able to measure
good metallicities. Nevertheless, after extensive experimenta-
tion, we realized that by combining the SDSS and PS1
measures, we could obtain still deeper and more reliable
photometry. We found, in particular, that metallicity outliers
were often stars that had inconsistent SDSS and PS1 values
(this will be detailed further below). To combine the SDSS and
PS1 magnitudes, we first shifted the PS1 magnitudes onto the
SDSS system using the simple linear transformations derived

Figure 2. Spectroscopic metallicity as a function of u gSDSS 0( )- and
g rSDSS SDSS 0( )- colors. In panel (a), the stars have been explicitly selected
not to be variables according to PS1 measurements, and are classified as dwarfs
( g3 log 5< < ) according to their spectra. We further require u-band
uncertainties u 0.03d < , and we have performed an iterative sigma-clipping
procedure to remove objects that differ by more than 5s from the photometric
metallicity model. The model (b) is a two-dimensional Legendre polynomial fit
to these data, with up to cubic terms in x and y (10 parameters). It is this model
that is used to derive the photometric metallicities for “Method 1.” The purple
line polygon is a visually selected region, chosen to be a generous outer
boundary of the region where main-sequence stars (that are bluer than
u g 1.350( )- = ) are located in this color–color plane (the vertices of this
polygon are listed in the note to Table 1).
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halo star with true metallicity Fe H 1.5[ ] = - , we would incur
a 0.75mag error in Mr (i.e., a 41% distance error), rendering
any tomographic analysis invalid.
Here we use u-band data from the new Canada–France

Imaging Survey (CFIS, which we present in detail in Ibata et al.
2017; hereafter Paper I) to greatly improve on the SDSS u-band
photometry and thereby probe the MS populations of the Milky
Way out to much larger distances than was possible with the
SDSS. CFIS is a large community program at the Canada–
France–Hawaii Telescope that was organized to obtain u- and
r-band photometry needed to measure photometric redshifts for
the Euclid mission (Laureijs et al. 2011; Racca et al. 2016). As
we show in PaperI, at a limiting uncertainty of 0.03mag for
point sources, CFIS-u reaches approximately three magnitudes
deeper than the SDSS u-band data. Although the final CFIS-u
survey area will be 10,000 deg2, covering most of the northern
hemisphere at b 25∣ ∣ > , here we present our first metallicity
analysis, based on ∼2900 deg2, mostly contained in the
declination range of 18 45d < <  (see Figure 1 of Paper I).
The outline of this paper is as follows. In Section 2, we

describe the methods that we use to measure photometric
metallicity, while the effect of contamination from giants and
subgiants is examined in Section 3, and the survey complete-
ness in Section 4. In Section 5, we explore the distributions in
metallicity and distance throughout the Milky Way, and present
a new algorithm to deconvolve the survey into sub-populations
in Section 6. We conclude with a discussion of our findings in
Section 7.

2. Derivation of Metallicity

In this section, we will lay out the procedure by which
photometric metallicities are measured. In our first attempts,
this was achieved by combining CFIS-u with SDSS g r, , and i,
but we found that the accuracy of the SDSS measurements in
these bands limited the depth we could attain. Since the release
of the Pan-STARRS1 catalog (PS1, Chambers et al. 2016) in
2016 December, we now have access to more accurate g r, ,
and i measurements, which significantly improve the depth and
the size of the sample of stars for which we are able to measure
good metallicities. Nevertheless, after extensive experimenta-
tion, we realized that by combining the SDSS and PS1
measures, we could obtain still deeper and more reliable
photometry. We found, in particular, that metallicity outliers
were often stars that had inconsistent SDSS and PS1 values
(this will be detailed further below). To combine the SDSS and
PS1 magnitudes, we first shifted the PS1 magnitudes onto the
SDSS system using the simple linear transformations derived

Figure 2. Spectroscopic metallicity as a function of u gSDSS 0( )- and
g rSDSS SDSS 0( )- colors. In panel (a), the stars have been explicitly selected
not to be variables according to PS1 measurements, and are classified as dwarfs
( g3 log 5< < ) according to their spectra. We further require u-band
uncertainties u 0.03d < , and we have performed an iterative sigma-clipping
procedure to remove objects that differ by more than 5s from the photometric
metallicity model. The model (b) is a two-dimensional Legendre polynomial fit
to these data, with up to cubic terms in x and y (10 parameters). It is this model
that is used to derive the photometric metallicities for “Method 1.” The purple
line polygon is a visually selected region, chosen to be a generous outer
boundary of the region where main-sequence stars (that are bluer than
u g 1.350( )- = ) are located in this color–color plane (the vertices of this
polygon are listed in the note to Table 1).
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Figure 3. Application of successive culling criteria to CMDs of Hercules, with the fourth panel showing the final version of the
catalog used in the remainder of this work. The stellar population signal of the galaxy remains constant throughout, whereas
noise, artifacts, and contaminant populations are dramatically reduced.

still show residual populations of unrejected background
galaxies at faint magnitudes bluewards of the main se-
quence; the prominence of this feature generally corre-
lates with the total area observed, and is accounted for
in our CMD modeling procedure as described in the next
section.

We reject likely foreground stars based on the mem-
bership determinations of G. Battaglia et al. (2022),
which combine Gaia eDR3 proper motions with spatial
and color-magnitude information. We keep only stars
with Pmemb → 0.75 for stars with membership probabil-
ities. We also restrict the input catalogs to stars within
two half-light radii of each target using the structural
parameters compiled in their Table B.1. For Pic I and
Peg III we extend the selection to 2.5Rh, and for Eri III
to 3Rh, as we see significant stellar population signal out
to these radii in these galaxies. We additionally reject
stars within 2Rh of the globular cluster in Eri II based
on the structural parameters reported by J. D. Simon
et al. (2021).

We demonstrate the application of all quality and
membership criteria in Hercules in Figure 3, and show
color-magnitude diagrams of the final culled photome-
try for all galaxies in Figure 4 and Figure 5. Figure 4
shows nearly the full dynamic range of the photometry
for all galaxies in apparent magnitudes, and Figure 5 is
restricted to ±2 magnitudes around the MSTO in abso-
lute magnitudes. We provide the full set of photometric
catalogs (e.g., inclusive of all stars regardless of quality,
but with columns indicating whether quality criteria are
met) as part of our data release.

2.4. Artificial star tests

We assess photometric completeness, bias, and scat-
ter for each galaxy using artificial star tests (ASTs),
with 100,000 artificial stars per exposure depth per tar-
get. The ASTs are distributed uniformly in color and
magnitude, and their locations on the field of view fol-
low the spatial distributions of observed stars. Arti-
ficial stars are injected into the images one at a time
and measured identically to the photometry described
in the previous subsection, with the exception of the pa-
rameter ACSUseCTE. Although we used CTE-corrected
* flc images throughout, for the artificial stars we set
ACSUseCTE=1 to ensure realistic evaluation of the pho-
tometric noise induced by CTE correction, which is not
otherwise accounted for in DOLPHOT’s AST routine.
All the same photometric quality metrics and spatial
culling used on the real catalogs are applied to the arti-
ficial star photometry outputs.

3. STAR-FORMATION HISTORIES

In this section we present SFHs of all 36 galaxies.
We first measure distance and foreground extinction val-
ues for each galaxy via main sequence fitting (detailed
in subsection 3.1), and then discuss their SFH fitting
process and results (subsection 3.3). We perform all
SFH fitting with MATCH (A. E. Dolphin 2002), a well-
tested software package frequently used in resolved stel-
lar populations studies (e.g., E. D. Skillman et al. 2003;
B. F. Williams et al. 2009; K. B. W. McQuinn et al.
2010; M. Monelli et al. 2010; D. R. Weisz et al. 2011b,
2014b; A. R. Lewis et al. 2015; K. B. W. McQuinn et al.
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color-magnitude diagrams of the final culled photome-
try for all galaxies in Figure 4 and Figure 5. Figure 4
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for all galaxies in apparent magnitudes, and Figure 5 is
restricted to ±2 magnitudes around the MSTO in abso-
lute magnitudes. We provide the full set of photometric
catalogs (e.g., inclusive of all stars regardless of quality,
but with columns indicating whether quality criteria are
met) as part of our data release.

2.4. Artificial star tests

We assess photometric completeness, bias, and scat-
ter for each galaxy using artificial star tests (ASTs),
with 100,000 artificial stars per exposure depth per tar-
get. The ASTs are distributed uniformly in color and
magnitude, and their locations on the field of view fol-
low the spatial distributions of observed stars. Arti-
ficial stars are injected into the images one at a time
and measured identically to the photometry described
in the previous subsection, with the exception of the pa-
rameter ACSUseCTE. Although we used CTE-corrected
* flc images throughout, for the artificial stars we set
ACSUseCTE=1 to ensure realistic evaluation of the pho-
tometric noise induced by CTE correction, which is not
otherwise accounted for in DOLPHOT’s AST routine.
All the same photometric quality metrics and spatial
culling used on the real catalogs are applied to the arti-
ficial star photometry outputs.

3. STAR-FORMATION HISTORIES

In this section we present SFHs of all 36 galaxies.
We first measure distance and foreground extinction val-
ues for each galaxy via main sequence fitting (detailed
in subsection 3.1), and then discuss their SFH fitting
process and results (subsection 3.3). We perform all
SFH fitting with MATCH (A. E. Dolphin 2002), a well-
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Figure 4. Color-magnitude diagrams of all galaxies, with all photometric quality and membership cuts applied. The integrated
magnitudes in each panel reflect the e!ective luminosity, i.e., the luminosity within HST ’s field of view for each galaxy.
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Figure 4. Color-magnitude diagrams of all galaxies, with all photometric quality and membership cuts applied. The integrated
magnitudes in each panel reflect the e!ective luminosity, i.e., the luminosity within HST ’s field of view for each galaxy.
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光学波段更易分辨贫金属星族 
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总结&预期成果

✦ 系统搜寻20+矮星系矮潮汐半径结构，获得不同半径处 

✦ 金属丰度&恒星形成历史 

✦ 构建化学演化历史 

✦ 获得首个epoch位置坐标 

✦ 结合HST, 获得10年间隔的自行测量(~20 /yr) 

✦ 计算Gaia, HST offset 

✦ 结合主巡天, 将获得独立自行测量 

✦ RRL变星的epoch观测（~20次/per）

μas


