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ABSTRACT

We present deep Hubble Space Telescope (HST) photometry of the ultra-faint dwarf (UFD) galaxies
Pegasus III (Peg III) and Pisces II (Psc II), two of the most distant satellites in the halo of the Milky
Way (MW). We measure the structure of both galaxies, derive mass-to-light ratios with newly deter-
mined absolute magnitudes, and compare our findings to expectations from UFD-mass simulations.
For Peg III, we find an elliptical half-light radius of ah=1.′88+0.42

−0.33 (118+31
−30 pc) and MV =−4.17+0.19

−0.22; for

Psc II, we measure ah=1.′31+0.10
−0.09 (69± 8 pc) and MV =−4.28+0.19

−0.16. We do not find any morphological
features that indicate a significant interaction between the two has occurred, despite their close sepa-
ration of only ∼40 kpc. Using proper motions (PMs) from Gaia early Data Release 3, we investigate
the possibility of any past association by integrating orbits for the two UFDs in a MW-only and a
combined MW and Large Magellanic Cloud (LMC) potential. We find that including the gravitational
influence of the LMC is crucial, even for these outer-halo satellites, and that a possible orbital history
exists where Peg III and Psc II experienced a close (∼10–20 kpc) passage about each other just over
∼1 Gyr ago, followed by a collective passage around the LMC (∼30–60 kpc) just under ∼1 Gyr ago.
Considering the large uncertainties on the PMs and the restrictive priors imposed to derive them,
improved PM measurements for Peg III and Psc II will be necessary to clarify their relationship. This
would add to the rare findings of confirmed pairs of satellites within the Local Group.

Keywords: galaxies: dwarf; galaxies: stellar content; Local Group

1. INTRODUCTION

Ultra-faint dwarf (UFD) galaxies are the most dark-
matter-dominated systems discovered, and thus a pre-
ferred laboratory for studying how well cosmological
models predict behavior on small scales. The widely ac-
cepted Lambda Cold Dark Matter (ΛCDM) model uses
the hierarchical accretion of low-mass systems to explain
the growth of dark matter halos (e.g., Navarro et al.
1997). As UFDs occupy the least-massive dark matter
halos discovered, they could be considered remnants of
this hierarchical process while themselves having the sim-
plest assembly histories.

The dark matter halos in which UFDs reside have ex-
trapolated virial masses of approximately 109 M� (e.g.,
Strigari et al. 2008), about two orders of magnitude
smaller than where the ΛCDM theory predicts central
dark matter densities in apparent contrast with observa-
tions. For example, in the mid-1990s, the cusp-core issue
arose when observations of dwarf spiral galaxies showed
cored mass distributions rather than the cusps predicted
by dark-matter-only simulations (e.g., Flores & Primack
1994; Moore 1994). This was also found to be the case
for Local Group dwarf spheroidals such as Draco and
Fornax (e.g., Read & Gilmore 2005; Goerdt et al. 2006),
although other analyses have suggested that dSphs are
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consistent with the expected dark matter density profiles
(e.g., Jardel & Gebhardt 2013; Breddels & Helmi 2013;
Strigari et al. 2017; Read et al. 2018, 2019).

A limiting factor for observational constraints is that
we are often restricted to line-of-sight (LOS) velocity
data of the stars residing in dwarf galaxies, and with no
information on the tangential velocity components, we
suffer from the mass-anisotropy degeneracy. It will thus
take more information, such as the shape of the velocity
distribution or galactic internal proper motions (PMs),
in addition to radial velocities to be able to distinguish
a dark matter central core or cusp (e.g., Strigari et al.
2007; Read et al. 2021; Guerra et al. 2021). Once we have
full kinematic information, current virial mass estimators
can be extended to further constrain UFD dark matter
halo properties (Errani et al. 2018). In the meantime,
we can use more easily measured UFD properties such
as half-light radius and luminosity to explore the popu-
lation as a whole, as well as their simulated analogs.

Defined by having MV values fainter than −7.7 (e.g.,
Bullock & Boylan-Kolchin 2017; Simon 2019), UFDs
went undetected until the advent of large-scale digital
sky surveys, beginning with the Sloan Digital Sky Sur-
vey in 2005 (SDSS; York et al. 2000; Willman et al. 2005).
Currently, over 21 UFDs have been spectroscopically ver-
ified, and more than 20 other candidates have been iden-
tified (e.g., Simon 2019). These numbers are expected to
increase further with the beginning of data collection at
the Vera C. Rubin Observatory.

While there is much to learn from studying any of these
faint satellites, examining the relatively isolated UFDs
at larger Galactocentric distances is particularly useful,
as their current environments are more comparable to
those produced in most simulations that resolve down
to the UFD-mass level (Mvir ' 109 M� at z=0) (e.g.,
Jeon et al. 2017, 2021a,b; Wheeler et al. 2019). More
recently, Applebaum et al. (2021) and Grand et al. (2021)
were also able to resolve down to UFD-mass scale using
cosmological MW zoom-in simulations. Comparing the
properties of observed UFDs to both of these types of
simulations could help us to disentangle the effects that
host galaxies may have on their satellite UFDs.

Pegasus III (Peg III) is located at a heliocentric dis-
tance of approximately 215 kpc (RGC∼213 kpc; Kim
et al. 2016) and is thus one of the most distant MW UFDs
known. Peg III was reported in Kim et al. (2015), having
been discovered in Data Release 10 of SDSS (Ahn et al.
2014) and confirmed with the Dark Energy Camera (DE-
Cam). The discovery team noted the proximity (∼30 kpc
projected and ∼32 kpc line-of-sight separation) of Peg III
to Pisces II (Psc II; R�∼183 kpc, RGC∼182 kpc; Be-
lokurov et al. 2010; Sand et al. 2012) at the time and
suggested the possibility of an association. In a follow-
up paper using Magellan/IMACS for photometry and
Keck/DEIMOS for spectroscopy, Kim et al. (2016) de-
rived a radial velocity for Peg III that, in the Galactic
standard-of-rest (GSR), only differed from that of Psc II
by ∼10 km s−1 (−67.6 ± 2.6 and −79.9 ± 2.7 km s−1

(Kirby et al. 2015), respectively), and calculated a 3D-
separation of ∼43 kpc. Their team also found Peg III
to have an irregular shape elongated in the direction of
Psc II.

More recently, Garofalo et al. (2021) used the Large

Binocular Telescope (LBT) to study variable stars in
both UFDs. Using isodensity contour maps, they found
no support for a physical connection between Peg III
and Psc II, as neither UFD appeared to have an irreg-
ular shape. They suggested that the regular structures
of both UFDs eliminate the notion of a stellar stream or
another clear link between them. However, even if the
two UFDs themselves have not interacted, the possibility
of them infalling as a pair or as part of a group is not
precluded (e.g., Wetzel et al. 2015).

Here, we present new, deep Hubble Space Telescope
(HST ) imaging of Peg III and Psc II, allowing further
exploration of how these two UFDs may or may not be
associated. We produce photometric catalogs and derive
structural parameters, integrated V -band magnitudes,
and mass-to-light ratios. We also conduct an orbital
analysis of the two UFDs using proper motions (PMs)
from Gaia (Gaia Collaboration et al. 2016) early Data
Release 3 (Gaia Collaboration et al. 2021; eDR3). In Sec-
tion 2, we present our data and describe how they were
processed. We measure the structural parameters and
calculate mass-to-light ratios in Section 3. In Section 4,
we use Gaia eDR3 to examine whether Peg III and Psc II
could have had a past interaction. We discuss our results
and conclude in Sections 5 and 6, respectively.

2. HUBBLE SPACE TELESCOPE DATA

2.1. Observations

The observations of Peg III and Psc II were performed
using the F606W and F814W filters of the HST Ad-
vanced Camera for Surveys (ACS) Wide Field Chan-
nel (WFC) as part of Treasury program GO-14734 (PI:
Kallivayalil). Parallel, off-target fields were simultane-
ously taken with the Wide Field Camera 3 (WFC3) us-
ing the same filters on the UV/visible (UVIS) channel.
The Peg III observations were taken on 2017 April 26
and 2017 May 2 using two orbits for F606W and two or-
bits for F814W. Psc II was observed between 2017 June
19 and 2017 July 12 with two orbits dedicated to each
filter. Each pair of ACS exposures totaled 4744 s, while
each WFC3 pair totaled 5117 s. The long integration
times allowed us to reach a signal-to-noise ratio (S/N)
of 250 at mF606W=23. The observations for both galax-
ies covered a single ACS 202′′ × 202′′ field and a single
WFC3 162′′ × 162′′ off-field. The visits for each UFD
were performed within a restricted orientation range and
over a four-point dither pattern, optimized for the astro-
metric goals of this Treasury program, but suitable for
photometry as well.

2.2. Reduction and Photometry

The images were processed and corrected for charge-
transfer inefficiency (CTI) using the current ACS and
WFC3 pipelines. In each filter, the four dithered images
were combined using the DRIZZLE package (Fruchter &
Hook 2002) to create drc fits files. Jackknife resampling
was performed on the separate dither images to create
four three-dither-combined images for deriving empirical
errors. We used the photutils (Bradley et al. 2020)
routines DAOStarFinder and aperture photometry to
detect sources and calculate the flux inside four- and six-
pixel radii circular apertures.

We used the four- and six-pixel instrumental magni-
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Figure 1. Color-magnitude diagrams of Pegasus III (left) and Pisces II (right) in VEGAMAG. The typical color and magnitude errors are
shown to the left. Confirmed spectroscopic members in our catalog are shown in circles for Peg III, along with a star that has ambiguous
membership in a square (Kim et al. 2016). There is one Peg III spectroscopic member that is not included in our catalog due to it falling
within the ACS chip gap. The Psc II spectroscopic members with matches in our catalog are shown in circles (Kirby et al. 2015). Only
3 of the 7 member stars fall within the ACS field-of-view (FOV). The spectroscopic member with a Gaia proper motion (PM) is in the
diamond. The other stars used in the Psc II PM measurement were either too bright or not in the ACS FOV. Only sources flagged as stars
are shown.

Figure 2. Density contour maps of Peg III (left) and Psc II (right). Each map shows 10 levels defined by the color bar and in units of stars
per 4.′′5× 4.′′5 bin. Note that the two color bars have different ranges and are not integer values as they are from kernel density estimates.
The white lines show the borders of the ACS FOV, and the white arrows represent µtot over a timespan of 0.5 Myr from McConnachie &
Venn (2020). In this and all subsequent plots, the galaxies are oriented such that North is in the direction of the increasing y-axis and East
is in the direction of the decreasing x-axis.

tudes (minst) to create a flag differentiating stars from
galaxies. First, we calculated the median magnitude dif-
ference between the four- and six-pixel radius values and
then determined the uncertainty on the difference be-
tween the four- and six-pixel binned minst values as a
function of the four-pixel minst. After accounting for an
error floor, we fit a linear relation to these uncertain-
ties as a function of flux. We considered a source to be
a star if its magnitude difference from the median was
within two sigma of the fitted functional value. This cri-
terion excluded galaxies, which showed larger magnitude
differences as well as deviation from the fitted relation
between the four- and six-pixel minst. After applying the
flags, we accounted for the encircled energy corrections
on the four-pixel radius flux values, converted the flux to
STMAG, and matched sources between the F606W and
F814W images. If a source was flagged as a star in either

filter, it was used in the analysis for this paper.
Sources in the three-dither combined images went

through the same aperture photometry pipeline and were
matched across the four combinations in each filter using
a 6-parameter linear transformation. To derive empirical
errors, we took the standard deviation of the magnitudes
of the sources found across all of the combined images.
The sources were matched in the F606W and F814W fil-
ters, then matched to the drc source list using the same
6-parameter transformation.

The observed magnitudes were corrected for dust
extinction and reddening using the dustmaps module
(Green 2018) with the Schlegel et al. (1998) maps and
Schlafly & Finkbeiner (2011) recalibration. We con-
verted the ACS photometry from STMAG filters to
VEGAMAG V and I using the conversions and zero-
points given in Sirianni et al. (2005). To convert the
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WFC3 photometry, we employed synphot (STScI De-
velopment Team 2018) to generate representative black-
bodies of field stars (5200 K and 5100 K for the Peg III
and Psc II off-fields). Finally, we used stsynphot (STScI
Development Team 2020) to calculate the filter conver-
sion terms for these blackbodies and the WFC3 VEGA-
MAG zero-points for the observation dates. The result-
ing color-magnitude diagrams (CMDs) and typical errors
are shown in Figure 1, where cuts have been made based
on the “star-galaxy” flag.

To present the data and to explore the existence of
the elongation in Peg III measured by Kim et al. (2016),
we created a contour map of stellar number density by
performing a kernel density estimate on the data using 67
4.′′5 by 4.′′5 bins. The left panel of Figure 2 shows the 10
levels as filled contours for Peg III. The contour map for
Psc II is illustrated in the right panel of Figure 2, created
using the same process as for the Peg III map. This
is consistent with density contour maps from Belokurov
et al. (2010), Sand et al. (2012), Muñoz et al. (2018),
and Garofalo et al. (2021), as all show Psc II with more
regular levels. Comparing Psc II to Peg III, we see that
Psc II is more compact and has a higher peak smoothed
surface density.

3. STRUCTURAL ANALYSIS

3.1. Fitting 2D-Profiles

To model the spatial structure of Peg III and Psc II,
we followed the technique described in Drlica-Wagner
et al. (2020) and Simon et al. (2021), largely based on
the method shown in Martin et al. (2008). We modeled
each UFD with exponential and Plummer (1911) profiles
and performed binned Poisson maximum likelihood fits
to the probability density functions with the following
free parameters: center position (x0, y0), richness (num-
ber of stars), 2D, projected semimajor axis of the ellipse
that contains half of the total integrated surface density
of the galaxy (elliptical half-light radius; ah), ellipticity
(ε), position angle of the semimajor axis measured East
through North (θ), and background surface density (Σb).
In past literature on these UFDs, the elliptical half-light
radius ah has often been referred to as rh, but here we
have chosen to make the explicit distinction between ah
and the azimuthally-averaged half-light radius rh (equal
to ah

√
1− ε) for clarity and the purpose of our compar-

ison to simulations.
The normalized functional forms of the exponential

and Plummer profiles are as follows:

Σexp(ri) =
1

2πr2
e(1− ε)

exp

(
− ri
re

)
(1)

Σp(ri) =
r2
p

2π(1− ε)
(r2
i + r2

p)
−2. (2)

Here, re and rp are the scale lengths for each respective
model, with re=1.68ah and rp=ah, and the first term in
each equation is the normalization term, set to integrate
to unity over all space. The ri term is the elliptical radius
of source i, defined as

ri =

{[
1

1− ε
(Xicosθ−Yisinθ)

]2

+(Xisinθ+Yicosθ)2

}1/2

.

(3)

Xi and Yi are the spatial offsets from the centroid, where
Xi = xi − x0 and Yi = yi − y0.

To calculate the best-fitting parameters, we used the
Markov chain Monte Carlo (MCMC) ensemble sampler
emcee (Foreman-Mackey et al. 2013). After adding the
background surface density term, we fit the following two
functions:

Σexp,tot(ri) = Σexp(ri) + Σb (4)

Σp,tot(ri) = Σp(ri) + Σb. (5)

We created 4.′′5 by 4.′′5 bins across the ACS field-of-view
(FOV), masking the area of the chip gap and outside the
FOV, and counted the number of stars in each bin. The
corner plots (Foreman-Mackey 2016) and posterior dis-
tributions for the exponential fits are shown in Figures
3 and 4 for Peg III and Psc II, respectively. For these
and many subsequent figures, we choose to show plots
using the exponential fit values as there are not consid-
erable differences between the two profiles, and it allows
easy comparison to what has already been presented in
the literature. The values from this work and past works
that measured structural parameters are shown in Tables
1 and 2, with the center position transformed from pixel
space to coordinates in right ascension (RA) and decli-
nation (DEC). The spatially-binned, smoothed data, the
smoothed best-fit exponential model, and the residuals
are shown in Figures 5 and 6.

The parameters of elliptical half-light radius and back-
ground surface density appear both correlated with the
richness (number of stars) and with each other. The el-
liptical half-light radius has a positive correlation with
the number of stars, while the background density has a
negative correlation with the richness parameter. The el-
liptical half-light radius and background density param-
eters also have a negative correlation. One would expect
the richness to increase with the elliptical half-light ra-
dius for a galaxy with the same central surface density.
If the elliptical half-light radius is smaller, however, then
a greater percentage of stars within the FOV would be
expected to belong to the background. Similarly, for a
given number of stars within a FOV, if a higher percent-
age of stars belongs to the galaxy, then a lower number
will be attributed to the background.

We show the best-fitting exponential and Plummer
profiles for each galaxy (left: Peg III, right: Psc II) in
Figure 7. Surface density measurements taken at 0.1
increments of the elliptical half-light radius are plotted
against the elliptical radius Re of each annular bin.

While the structural parameters we measured for Psc II
are consistent with previous literature values, the ah
value of Peg III (1.′88+0.42

−0.33) is much larger (∼2.2×) than
the most recent literature value from Kim et al. (2016)
(0.′85 ± 0.22, referred to as rh in their paper). This can
be seen in the leftmost panel of Figure 8. Here, we illus-
trate the best-fit 2D-exponential models projected onto
the sources in our FOV. The best-fit Plummer model
from this work is shown as the dashed ellipse. The same
comparisons are shown for Psc II, with the exponential
fits shown in the middle panel and the Plummer fits in
the right panel.

As discussed in Muñoz et al. (2012), the FOV should
be at least 3× the half-light radius (assuming circular
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Figure 3. Corner plot for the Pegasus III structural parameters from the exponential fit. Positive correlations exist between the richness
(number of stars) and elliptical half-light radius as well as the elliptical half-light radius and ellipticity. There is a negative correlation
between the richness and background density.

Pegasus III
Parameter Kim et al. (2015) Kim et al. (2016) This Work

MV −4.1± 0.5 −3.4± 0.4 −4.17 +0.19
−0.22

Exponential
RA (h:m:s) 22:24:22.6 ±15′′ 22:24:24.48 22:24:25.82 ±5′′

DEC (d:m:s) +05:25:12 ±14′′ +05:24:18.0 +05:24:54.01 ±3′′

θexp (deg) 133± 17 114+19
−17 85± 8

εexp 0.46+0.18
−0.27 0.38+0.22

−0.38 0.36+0.09
−0.10

ah,exp (arcmin) 1.3+0.5
−0.4 0.85± 0.22 1.88+0.42

−0.33

ah,exp (pc) 78+30
−24 53± 14 118+31

−30

Plummer
RA (h:m:s) - - 22:24:25.78 ±5′′

DEC (d:m:s) - - +05:24:54.17 ±3′′

θp (deg) - - 83+8
−7

εp - - 0.37+0.08
−0.09

ah,p (arcmin) - - 1.67+0.26
−0.21

ah,exp (pc) - - 104+20
−23

Table 1
Absolute magnitude and structural properties for Pegasus III, with the top six lines reporting the absolute V -band magnitude and best-fit

exponential values and the bottom five listing the best-fit Plummer values. The uncertainties reported for RA, DEC, θ, ε, and ah in
arcminutes are the 16th and 84th percentiles from the MCMCs. The uncertainties on MV and ah in parsecs are the 16th and 84th

percentiles from Monte Carlo simulations that took into account the errors on the distance modulus. Kim et al. (2015) and Kim et al.
(2016) did not fit Plummer profiles to their data, and Kim et al. (2016) did not provide uncertainties on their central positions.
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Figure 4. Same as Fig. 3, for Pisces II.

Pisces II
Parameter Belokurov et al. (2010) Sand et al. (2012) Muñoz et al. (2018) This Work

MV −5.0± 0.5 −4.1± 0.4 −4.22± 0.38 −4.28+0.19
−0.16

Exponential
RA (h:m:s) - 22:58:32.33 ±5′′ 22:58:32.28 ±9.′′15 22:58:32.76 ±2′′

DEC (d:m:s) - +05:57:17.7 ±4′′ +05:57:09.36 ±5.′′7 +05:57:20.36 ±1′′

θexp (deg) - 107 98± 13 97± 3
εexp - <0.28 0.39± 0.10 0.37± 0.04
ah,exp (arcmin) - 1.09± 0.19 1.18± 0.20 1.31+0.10

−0.09

ah,exp (pc) - 58± 10 62.5± 10.6 69± 8

Plummer
RA (h:m:s) 22:58:31 ±6′′ 22:58:32.20 ±5′′ 22:58:32.28 ±9.′′15 22:58:32.75 ±2′′

DEC (d:m:s) +05:57:09 ±4′′ +05:57:16.3 ±4′′ +05:57:09.36 ±5.′′7 +05:57:19.96 ±1′′

θp (deg) 77± 12 110± 11 78± 20 98± 3
εp 0.4± 0.1 0.33± 0.13 0.34± 0.10 0.37+0.03

−0.04

ah,p (arcmin) 1.1± 0.1 1.12± 0.18 1.12± 0.16 1.34+0.08
−0.07

ah,p (pc) 58± 5* 60± 10 59.3± 8.5 71± 8

Table 2
Same as Table 1, for Pisces II. Belokurov et al. (2010) did not fit an exponential model to their data. Sand et al. (2012) had

unconstrained uncertainties for the position angle in their exponential model and their reported ellipticity is the 68% upper confidence
limit. *The uncertainty on the ah in parsecs was derived for this work from a Monte Carlo simulation using the uncertainty on the ah in

arcminutes and the distance modulus of 21.3 reported in Belokurov et al. (2010).
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Figure 5. Left: Peg III data, smoothed using a Gaussian kernel with a FWHM of 0.′′5. Middle: Best-fitting exponential model, smoothed
with a 0.′′5 FWHM Gaussian kernel. Right: The residuals between the smoothed data and the model.

Figure 6. Left: Psc II data, smoothed using a Gaussian kernel with a FWHM of 0.′′5. Middle: Best-fitting exponential model, smoothed
with a 0.′′5 FWHM Gaussian kernel. Right: The residuals between the smoothed data and the model.

symmetry) in order to measure the morphology to 10%
accuracy. With the ACS FOV width of 202′′, or 3.′36, we
cover approximately 3.96× the 0.′85 value for the ellipti-
cal half-light radius that we expected based on Kim et al.
(2016). However, when compared to our measured val-
ues for Peg III, the ACS FOV is ∼1.8× our exponential
ah and ∼2× our Plummer ah. For Psc II, the ratios are
∼2.6× and ∼2.5× for the exponential and Plummer ah
values, respectively. We explore trends in the structural
parameters as a function of ah to FOV ratio in the next
subsection.

3.2. Mock Galaxy Tests

To test how well our fitting procedure could recover
the elliptical half-light radius for a galaxy given a limited
FOV, we created simulated galaxies in Cartesian space
based on the best-fit values for Peg III. After generating
distributions based on the probability density functions
of the Plummer and exponential models, we randomly
drew stars to match the length of the final Peg III catalog
and added a set number of background stars matching
the best-fit background density value. These simulated
data were then masked with the ACS FOV and chip gap

and run through the MCMC. The results of these tests
are shown in Figure 9.

From this, we see that the code can recover ah up
to ∼1.′4 before it begins to return larger than the in-
put ah values. Even up to 1.′8 however, the expected ah
values do fall within the uncertainties for both models,
and remain close up through 2.′5. Our measured ah val-
ues for Peg III of 1.′88 and 1.′67 for the exponential and
Plummer profiles, respectively, could therefore be taken
as upper limits on the true value. The the maximum
well-recovered value of ∼1.′4 extending beyond the pre-
viously reported ah = 0.′85 (Kim et al. 2016) suggests
that our modeling would have been able to capture if
Peg III was indeed so compact.

3.3. Apparent and Absolute V-Band Magnitude
Calculations

To derive the integrated magnitudes of each UFD, we
opted for a probabilistic model approach as opposed to
using discrete stars. To begin, we selected a box in
color-magnitude space from 0 ≤ (V − I) ≤ 1.2 and
20 ≤ mV ≤ 29. For both the on-field and off-field, we cre-
ated a Gaussian kernel using scikit-learn (Pedregosa
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Figure 7. Best-fitting models for the surface density profiles of Pegasus III (left) and Pisces II (right) plotted against the elliptical radius.
The curves show the best-fit one dimensional exponential (solid) and Plummer (dashed) profiles, which are fit to the full stellar distribution,
not the annularly binned data shown here. The gray dashed line marks the approximate point where the elliptical annuli used for the
surface density measurements begin to cover area outside the FOV in pixel space without source information in our catalogs. This was
corrected for by dividing the number of stars in each elliptical annulus by only the area overlapping the FOV. The diamonds (squares)
represent the surface density measurements in bins using the exponential (Plummer) model, with elliptical radii in increments of 0.1ah.
The errors come from a Poisson distribution. The ah marks the data points corresponding to the best-fit elliptical half-light radius.

Figure 8. Comparison of past literature fits. Individual sources are colored based on the binned surface densities of the best-fitting
exponential models in the left and center panels and the best-fitting Plummer model in the right panel. Left: Pegasus III. Exponential
profile fits from Kim et al. (2015) and Kim et al. (2016) are shown in green and orange, respectively. The exponential profile fit from this
work is shown in solid blue. The Plummer fit from this work is shown as the dashed blue ellipse. The central position is shown with error
bars for Kim et al. (2015) in green and for this work’s exponential fit in blue. The central position from this work’s Plummer fit is not
shown as it almost completely overlaps with the exponential value. The central position from Kim et al. (2016) is marked with an orange
star, as no errors were reported. Middle: Exponential profile fits and central positions with error bars for Pisces II. Belokurov et al. (2010)
is shown in fuchsia, Sand et al. (2012) in green, Muñoz et al. (2018) in orange, and this work in blue. Right: Plummer profile fits, with
the same assigned colors as in the middle panel.

et al. 2011) Kernel Density and fit the kernel to the
stars inside the color-magnitude box (CMD box). We
gridded this space into 100 bins along each dimension,
resulting in color bins ∼0.01 dex and magnitude bins
∼0.1 dex in width. We then generated random samples
from the on- and off-field kernels and computed the log-
likelihood of each sample under the model. The off-field
was used to create a probabilistic background model from
which we estimated the excess flux. Integrating in both
color and magnitude space, we calculated the stellar den-

sity in the CMD box by multiplying the log-likelihoods
by the area of the CMD box and subtracting the off-field
model from the on-field. The integral returned the flux
of the stars inside the CMD box. We multiplied this flux
by a correction factor derived from the exponential mod-
els to account for the flux outside the FOV. Converting
this flux back to magnitude space yielded the integrated
apparent magnitude.

This calculation was performed within a Monte Carlo
simulation (MC) that included the individual source
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Figure 9. Average difference of the MCMC-fit output ah and set
input ah for 100 mock galaxies. The exponential fit differences are
shown in cyan and the Plummer in orange. The black horizontal
line at 0 represents the ideal case, where the fit ah matches the
input ah. The error bars represent the 16th and 84th percentiles
from the 100 fits. The analysis for each mock galaxy is performed
over a FOV equivalent to that of the HST ACS FOV, with the
gray dashed vertical line marking where the input ah begins to be
greater than one-half of the ACS FOV.

Parameter Peg III Psc II

(m−M)0 21.66± 0.12 21.31± 0.17
vGSR (km s−1) −67.6± 2.6 −79.9± 2.7
σv (km s−1) 5.4+3.0

−2.5 5.4+3.6
−2.4

µαcosδ (mas yr−1) 0.06± 0.1 0.11± 0.11
µδ (mas yr−1) −0.2± 0.1 −0.24+0.12

−0.11

rh (arcmin) 1.51+0.35
−0.29 1.04± 0.08

rh (pc) 94+25
−24 55± 6

mV 17.50+0.15
−0.21 17.03± 0.04

M1/2 (106 M�) 3.2+4.3
−2.1 1.9+3.3

−1.3

(M/LV )1/2 (M�/L�) 1600+480
−580 850+570

−260

Table 3
Adopted and derived values for Peg III and Psc II. The Peg III
distance modulus is from Kim et al. (2016), and the distance

modulus for Psc II is from Sand et al. (2012). The σv values are
from Kim et al. (2016) and Kirby et al. (2015) for Peg III and

Psc II, respectively, while the PMs are both taken from
McConnachie & Venn (2020). The azimuthally-averaged

half-light radius rh is calculated using the relation rh=ah
√

1− ε.
(M/LV )1/2 is the mass-to-light ratio within the elliptical

half-light radius. The processes for the derivation of mV , M1/2,

and (M/LV )1/2 are described in Sections 3.3 and 3.4. The
uncertainties on all derived quantities are the 16th and 84th

percentiles of Monte Carlo simulations including the full-error
space of all the relevant terms.

magnitude errors and FOV corrections calculated from
different sets of model parameters. We report the me-
dian integrated mV values of 17.50+0.15

−0.21 and 17.03±0.04
for Peg III and Psc II, respectively, with the uncertainties
representing the 16th and 84th percentiles. For the inte-
grated MV , we performed the same MC, this time also
including errors on the distance modulus. We used the
Kim et al. (2016) value of 21.66±0.12 for Peg III and the
Sand et al. (2012) 21.31±0.17 value for Psc II. The most
recent distance estimates (Garofalo et al. 2021) indicate

that the two UFDs have more similar heliocentric dis-
tances (Peg III∼174 kpc; Psc II∼175 kpc), however, our
CMDs in Figure 1 suggest that Peg III is farther away
than Psc II, as the horizontal branch and main-sequence
turnoff for Peg III are both >0.5 magnitudes less bright
than those of Psc II. As such, we chose to move forward
with the previously reported literature values in our MC,
which gave the median MV =− 4.17+0.19

−0.22 for Peg III and

−4.28+0.19
−0.16 for Psc II, with the 16th and 84th percentiles

quoted as the uncertainties.

3.4. Mass-to-Light Ratios

Using the newly derived elliptical half-light radii val-
ues, we calculate updated mass values using velocity dis-
persion values from Kirby et al. (2015) and Kim et al.
(2016). We use Equation 6 derived by Wolf et al. (2010),
which was also employed by Kim et al. (2016) to estimate
the mass within the elliptical half-light radius of Peg III.
Re is defined as the 2D-projected half-light radius from
elliptical fits of surface brightness profiles and aligns with
our ah values.

M1/2 '
4

G
σ2
vRe (6)

The Kim et al. (2016) σv=5.4+3.0
−2.5 km s−1, deter-

mined using seven member stars, and our elliptical
half-light radius measurement of 118 parsecs at 215
kpc gives a M1/2=3.2+4.3

−2.1 × 106 M� for Peg III. Con-
verting our MV value to luminosity, we obtain the
mass-to-light ratio within the elliptical half-light radius
(M/LV )1/2=1600+480

−580 M�/L�. This is within one sigma

of the previously derived 1470+5660
−1240 M�/L� from Kim

et al. (2016). Using the Kirby et al. (2015) σv=5.4+3.6
−2.4

km s−1, which was also calculated using seven member
stars, and our elliptical half-light radius of 69 parsecs at
183 kpc, we calculate a M1/2=1.9+3.3

−1.3×106 M� for Psc II.

The (M/LV )1/2 is then 850+570
−260 M�/L�. This agrees

within two sigma with the value of 370+310
−240 M�/L� that

Kirby et al. (2015) derived.

4. ORBITAL ANALYSIS

4.1. Previous Literature

Kim et al. (2015) and Kim et al. (2016) hypothesized
a connection between Peg III and Psc II immediately
upon the discovery of the former, due at first to their
small on-sky separation (8.5◦), line-of-sight separation
of ∼32 kpc, and similar heliocentric distances, and later
from their similar radial velocities and calculated physi-
cal separation of ∼36 kpc. Kim et al. (2016) also noted
the presence of an irregularity in the isodensity lines for
Peg III in the direction of Psc II, but included the caveat
of small number statistics.

Focusing on the ellipticity of Peg III, which we find to
be 0.36+0.09

−0.10, Kim et al. (2016) considered that, if not
caused by the formation process, this could be the result
of tidal interactions with the MW, a more likely scenario
if Peg III is not in dynamic equilibrium or if unresolved
binaries are inflating the velocity dispersion. In such a
case, they suggested that Peg III might be a tidally dis-
rupted dwarf galaxy remnant but would need to have had
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a highly eccentric orbit to achieve close enough Galac-
tocentric distances to experience tidal effects. Alterna-
tively, the ellipticity of Peg III could have been caused
by a tidal interaction with Psc II, though at the time,
there was not enough orbital information for Kim et al.
(2016) to further investigate this possibility.

4.2. Proper Motion Measurements

Recently, several authors have measured the proper
motions (PMs) of Peg III and Psc II using data from
Gaia eDR3 (McConnachie & Venn 2020; Li et al. 2021;
Battaglia et al. 2021), now making it possible to explic-
itly calculate the orbital histories of both galaxies simul-
taneously to assess whether or not they could be or have
been a bound pair.

Li et al. (2021) reported a PM for Psc II using three
stars and found a highly eccentric orbital history such
that Psc II only reaches its closest distance relative to
the MW at its current distance. By integrating both
forward and back for 10 Gyr, they also concluded that
Psc II shows a high probability of being unbound from
the MW’s halo (95.85%).

Battaglia et al. (2021) independently measured the PM
of Psc II using two member stars from Gaia eDR3, and
though they measured a different PM for Psc II and
included the infall of a massive LMC in their models,
their measurements still implied that Psc II is not and
has never been bound to the MW. Both Battaglia et al.
(2021) and Li et al. (2021) tested a similar range of MW
mass models to arrive at these conclusions.

McConnachie & Venn (2020) reported the first PM
value for Peg III measured using only one member star,
in addition to their own estimate for the PM of Psc II
using four spectroscopic member stars, three of which
had radial velocities more than 3σ away from the mean
velocity of the system. The reported uncertainties were
smaller than those of Li et al. (2021) and Battaglia et al.
(2021) by a factor of two or more. However, unlike Li
et al. (2021) and Battaglia et al. (2021), McConnachie
& Venn (2020) imposed a prior on their proper motion
determinations such that the galaxies are assumed to be
bound to the MW (in direct contrast to the orbital his-
tories suggested by the Battaglia et al. (2021) and Li
et al. (2021) PMs). Given that Peg III and Psc II are
outer MW dwarfs, such a restrictive prior biases the mea-
sured PMs towards zero. In this work, we calculated
orbital histories using the McConnachie & Venn (2020)
PMs (see Table 3) for both galaxies given the uniform
methodology that yields PMs with the lowest reported
uncertainties for both dwarfs, keeping in mind that the
prior could affect the resulting orbital histories and sub-
sequent interpretations.

4.3. Orbital Model and Results

Here, we explore whether the two UFDs could have
interacted with each other, with the MW, or with
the LMC. Radial velocities are adopted from Kim
et al. (2016; Peg III) and Kirby et al. (2015; Psc II)
and distance moduli1 are adopted from Kim et al. (2016;

1 During the course of the analysis for this paper, new distance
measurements were published by Garofalo et al. (2021), derived
using RR Lyrae. The range of errors we considered in the distance

Peg III) and Sand et al. (2012; Psc II), respectively. Di-
rect orbital histories are calculated using initial phase
space coordinates that equal the direct transformation
of PMs, LOS velocity, and distance converted to Galac-
tocentric phase-space coordinates.

Following the methodology of Patel et al. (2020),
we integrate orbits for Peg III and Psc II in a three-
component (Hernquist bulge + Miyamoto-Nagai disk +
NFW halo) MW-only potential and a combined three-
component MW and two-component (Miyamoto-Nagai
disk + NFW halo) LMC potential using a fixed LMC
mass of 1.8×1011 M�. Here, the MW is allowed to move
in response to the LMC’s gravitational influence. Two
MW masses are considered: MW1 has a virial mass of
1012 M�, while MW2 has a virial mass of 1.5×1012 M�.
Peg III and Psc II are modeled as Plummer spheres with
a total mass of 109 M� and a Plummer scale radius of
1 kpc (Jeon et al. 2017). Dynamical friction owing to
the MW and the LMC is also included, as in Patel et al.
(2020). See Patel et al. (2020) Tables 3 and 4 for all MW
and LMC model parameters.

One important difference with respect to the method-
ology of Patel et al. (2020) is that we have explicitly
accounted for the gravitational forces that Peg III and
Psc II exert on each other since it has been speculated
that they may be a bound pair. Thus, we calculate the
joint, 4-body orbital history of the MW, LMC (when
applicable), Peg III, and Psc II. We have also checked
whether including the additional gravitational influence
of the SMC is significant and find that the SMC negligi-
bly affects the orbits of Peg III and Psc II, thus we do
not incorporate it in the rest of this analysis.

The direct orbital histories of Peg III (cyan) and Psc II
(magenta) using the McConnachie & Venn (2020) PM
values are shown in Figure 10. These orbits do not rep-
resent the uncertainties on the measured quantities (i.e.,
distance, proper motion, LOS velocity). Uncertainties
on the orbital parameters that do account for such are
provided in Tables 4 and 5.

Orbital histories with respect to the MW (top panel,
Figure 10) in the MW-only potential (dashed lines) in-
dicate that both Peg III and Psc II complete a very
close (≤20 kpc), pericentric approach around the MW
at ∼2.5 Gyr (MW1) or ∼2 Gyr ago (MW2). However,
when the influence of the LMC is included, the satel-
lites complete a pericentric approach around the MW at
∼1.5 Gyr ago in both MW mass models at distances of
∼50–90 kpc. Thus, the influence of the LMC significantly
increases the distance at pericenter about the MW and
changes the timing at which the pericenter occurs. This
effect is two-fold as it is caused by the gravitational in-
fluence of the LMC itself in addition to the LMC causing
the MW’s center of mass to move in response to the pas-
sage of the LMC. We also test LMC masses in the range
8–25× 1010 M� and find no significant differences in the
resulting orbital histories.

These results are in contrast to the role the LMC plays
on the orbit of Crater 2, for example, where including the
LMC plunges Crater 2 further into the halo of the MW,

moduli for the orbital analysis spans a large portion of their values
of 174 ± 18 kpc for Peg III and 175 ± 11 kpc for Psc II, thus we
did not perform separate calculations here because the PM error
space is by far the dominant source of measurement uncertainties.
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Figure 10. Top: Direct orbital histories of Peg III (cyan) and Psc II (magenta) relative to the MW, the LMC, and to each other are
shown in the top, middle, and bottom panels, respectively. Gaia eDR3 proper motions from McConnachie & Venn (2020) are used for
both Peg III and Psc II. MW1 (left) has a virial mass of 1012 M� while MW2 (right) has a virial mass of 1.5 × 1012 M�. Dashed lines
represent orbits computed in a MW-only potential and solid lines indicate a MW+LMC potential with an LMC mass of 1.8 × 1011 M�.
The presence of the LMC decreases the distance at pericenter relative to the MW-only model by ∼40–80 kpc. Middle: The orbital history
of each UFD relative to the LMC. For both MW1 and MW2, the satellites complete a percentric passage about the LMC at ∼1 Gyr ago.
Bottom: The orbit of Peg III and Psc II relative to one another. In both MW potentials, when the LMC is included, the two UFDs
remain within ∼60 kpc of each other in the last 4 Gyr, indicating that the satellites may be an interacting pair that could have originated
in a similar environment.
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MW only potential

Orbit fperi tperi [Gyr] rperi [kpc] fapo tapo [Gyr] rapo [kpc]

MW1

PegIII-MW 0.53 2.56 [2.61,4.53] 20 [24,115] 0.67 0.58 [0.64,2.61] 217 [205,279]
PscII-MW 0.58 2.56 [2.54,4.65] 9 [22,103] 0.70 0.71 [0.71,2.42] 203 [196,270]
PegIII-PscII 0.75 1.8 [0.06,3.65] 12 [20,113] 0.61 2.4 [2.21,4.63] 17 [159,572]

MW2

PegIII-MW 0.7 2.07 [2.14,4.12] 15 [26,130] 0.82 0.42 [0.46,2.24] 213 [201,278]
PscII-MW 0.73 2.06 [2.05,3.85] 11 [22,112] 0.84 0.5 [0.51,2.23] 197 [189,269]
PegIII-PscII 0.84 2.1 [0.07,3.47] 7 [22,128] 0.82 5.31 [1.8,4.05] 256 [146,523]

Table 4
Orbital parameters for Peg III and Psc II using the McConnachie & Venn (2020) proper motions for both galaxies. The orbital

parameters listed here are for the representative cases shown in Figure 10, rather than the median orbital history. The listed uncertainties
correspond to the 16th and 84th percentiles around the median of the distributions calculated using 1,000 Monte Carlo samples in the

MW-only potential to illustrate the range of orbital uncertainty. fperi (fapo) is the fraction of 1,000 orbits where a pericenter (apocenter)
is recovered, tperi (tapo) is the time at which the pericenter (apocenter) occurs on average, and rperi (rapo) is the distance of the most

recent pericenter (apocenter). Pericenter and apocenter are defined as the critical minima and maxima along orbital trajectories in
Galactocentric distance.

MW-LMC potential

Orbit fperi tperi [Gyr] rperi [kpc] fapo tapo [Gyr] rapo [kpc]

MW1

PegIII-MW 0.71 1.88 [1.81,3.12] 95 [29,145] 0.76 0.3 [0.3,0.74] 211 [194,239]
PegIII-LMC 0.71 0.85 [1.81,3.12] 32 [29,145] 0.76 5.92 [0.3,0.74] 817 [194,239]
PscII-MW 0.72 2.08 [1.75,3.3] 99 [31,125] 0.81 0.35 [0.33,1.05] 193 [182,225]
PscII-LMC 0.72 0.81 [1.75,3.3] 31 [31,125] 0.81 4.8 [0.33,1.05] 685 [182,225]
PegIII-PscII 0.8 1.16 [0.06,2.7] 10 [21,97] 0.75 2.18 [1.4,4.05] 42 [106,441]

MW2

PegIII-MW 0.8 1.64 [1.59,2.64] 55 [31,150] 0.89 0.25 [0.25,0.82] 210 [193,248]
PegIII-LMC 0.8 0.85 [1.59,2.64] 56 [31,150] 0.89 3.35 [0.25,0.82] 476 [193,248]
PscII-MW 0.82 1.64 [1.5,2.79] 66 [32,136] 0.91 0.29 [0.28,1.22] 191 [180,227]
PscII-LMC 0.82 0.81 [1.5,2.79] 49 [32,136] 0.91 3.38 [0.28,1.22] 464 [180,227]
PegIII-PscII 0.88 1.16 [0.07,2.84] 18 [21,113] 0.9 1.7 [1.28,3.49] 21 [109,440]

Table 5
Same as Table 4 but for the MW-LMC potential. Here, the orbital parameters of Peg III and Psc II calculated relative to the LMC’s

orbit are also included.
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providing a possible explanation for its puffed up mor-
phology (Torrealba et al. 2016; Caldwell et al. 2017; Fritz
et al. 2018; Fu et al. 2019; Ji et al. 2021). Peg III and
Psc II are much more compact than Crater 2, however,
and are thus much less vulnerable to tidal effects. In up-
coming work, we will further disentangle which physical
effects associated with the passage of the LMC (i.e., the
formation of the DM wake, the large-scale density per-
turbations introduced to the MW DM halo, or LMC tidal
debris) are most significant for altering the orbital histo-
ries of low mass satellite companions in the MW’s halo
(Garavito-Carmargo et al, in prep.). Indeed, in our den-
sity contour maps (Figure 2) and in the recent Garofalo
et al. (2021) paper, there appear to be no signs of tidal
effects, and while our Peg III elliptical half-light radius
is larger than previous literature values, it is still an or-
der of magnitude smaller than that of Crater 2 (∼118 pc
compared to ∼1100 pc; Torrealba et al. 2016).

The middle panels of Figure 10 show the orbits of
Peg III and Psc II with respect to the LMC as the LMC
also falls into the halo of the MW. The orbits of the two
UFDs are very similar to each other and exhibit a peri-
centric passage about the LMC at about 0.8 Gyr ago at
∼30 kpc for MW1 and ∼60 kpc for MW2. This yields
further evidence that the dynamics of the UFDs have
been strongly impacted by the gravitational influence of
the LMC, even if they are not in close proximity to the
LMC at present (Peg III is 219 kpc from the LMC and
Psc II is 195 kpc from the LMC). It is unclear whether
the satellites were ever bound to the LMC based on the
calculations presented here. Note that for MW1, the
LMC’s median infall time is approximately 1.4 Gyr ago
and about 7 Gyr ago for MW2 (Patel et al. 2017). De-
spite this large variation in infall time for the LMC, the
UFDs behave fairly similarly over the last ∼3 Gyr in
both MW mass potentials.

In addition to computing the direct orbital histories,
we also assess how much the measurement uncertain-
ties in PM, LOS velocity, and distance affect the cor-
responding orbital histories for Peg III and Psc II. To
this end, we calculate 1,000 orbits for each orbital model:
light MW-only, heavy MW-only, light MW+LMC, heavy
MW+LMC. These 1,000 orbits use initial conditions
drawn in a Monte Carlo fashion from the 1σ uncertainty
on PM, LOS velocity, and distance for each dwarf galaxy
(plus the LMC when included), thus the phase space un-
certainties for both galaxies are jointly sampled in the
3-body and 4-body calculations.

In Tables 4 and 5 we list the distance and timing of
pericenter and apocenter for the representative direct or-
bital histories in Figure 10. We use the direct values
because the mean and median obtained from the Monte
Carlo distribution can be biased towards larger values,
especially for the apocenter (see Fritz et al. 2018). The
uncertainties provided correspond to the 16th and 84th
percentiles around the median of the distributions re-
sulting from 1,000 orbit calculations spanning the un-
certainty in phase space coordinates. We report orbital
parameters for each satellite with respect to the MW,
LMC, and each other for both MW mass models. Note
that orbital parameters are only listed for the fraction
of orbits where a pericenter2 (or apocenter) is recovered

2 Note that some studies will adopt the minimum relative dis-

along the orbital trajectory. Therefore, the uncertainties
do not encompass the orbital histories where no such crit-
ical minima and maxima are recovered in the last 6 Gyr.

As we do not account for the evolving MW potential or
large scale structure, we only integrate orbits for the last
6 Gyr. Furthermore, it has been shown that the LMC
significantly perturbs the shape and density of the MW’s
dark matter halo, loses a significant portion of its own
mass, and creates a trailing wake of dark matter over
the last ∼2 Gyr (Garavito-Camargo et al. 2019, 2021).
Thus, the most physically accurate model of Peg III and
Psc II’s orbital histories would be calculated in a time-
evolving MW+LMC potential accounting for such fea-
tures (Garavito-Carmargo et al., in prep.). Given the
significant PM uncertainties and the complex dynamics
of the MW-LMC system, we note that the orbits pre-
sented here are only an approximation of the most plau-
sible orbital histories within the measured phase space
of these dwarf galaxies, assuming they are indeed bound
to the MW (as imposed by the prior in McConnachie &
Venn 2020).

5. DISCUSSION

5.1. Comparison to Simulations and Other UFDs

Peg III and Psc II are among the few known UFDs in
the outer halo of the MW, at Galactocentric distances
of ∼213 and ∼182 kpc, respectively. To see how our
measured Peg III and Psc II azimuthally-averaged half-
light radius (rh) and MV values compare with those of
other faint MW satellites, we place them in the size-
luminosity plane (Figure 11). In addition to observed
MW satellites (with ah converted to rh where necessary;
McConnachie 2012; Muñoz et al. 2018), we have also in-
cluded values from five sets of simulated UFDs: Jeon
et al. (2017, 2021a,b), Wheeler et al. (2019), and Apple-
baum et al. (2021). The observed satellites are split be-
tween two panels to explore the difference between those
closer (left; <100 kpc) and farther (right; >100 kpc) from
the Galactic Center. The simulated galaxies are shown
in both panels, except for the Applebaum et al. (2021)
values, which are split between the two according to the
Galactocentric distances determined within their frame-
work.

To derive MV values for the Jeon et al. and Wheeler
et al. (2019) simulations, we used Starburst99 (Lei-
therer et al. 1999) to convert from stellar mass, based
on the Padova evolutionary tracks (Bressan et al. 1993;
Fagotto et al. 1994a,b; Girardi et al. 2000), and the given
half-stellar-mass radii as (circular) half-light radii. The
half-light radii that Applebaum et al. (2021) report are
circular and derived from the summation of particle lu-
minosities.

The Wheeler et al. (2019) simulations were unable to
produce UFDs with half-light radii lower than 200 pc,
which the authors suggested could be in tension with
current observations because telescopes might only be
sensitive to the “bright” cores of diffuse and relatively
massive objects. Similarly, the Applebaum et al. (2021)
simulations did not produce any galaxies in the UFD
magnitude range with smaller rh than ∼300 pc, which

tance when no critical minimum is recovered (e.g., Battaglia et al.
2021) however, we do not follow this methodology as the minimum
distance does not always correspond to a true pericentric passage.
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Figure 11. Comparison of simulated UFDs to observed MW satellites. The simulated UFDs (Jeon et al. 2017, blue diamonds; Jeon et al.
2021a, pink diamonds; Jeon et al. 2021b, purple diamonds; Wheeler et al. 2019, orange inverted triangles) are the same in both panels,
except for the Applebaum et al. (2021) (green triangles), which are split between the two panels based on their simulated Galactocentric
distances. Simulated UFDs can be distinguished from observed satellites as the latter all have error bars. The observed data are also split
based on their Galactocentric distance, with satellites within 100 kpc shown in the left panel and satellites beyond 100 kpc in the right.
Confirmed MW UFDs are shown as filled squares, candidate MW UFDs as open squares, MW globular clusters (GCs) as open circles, and
ambiguous MW satellites as x’s. The purple symbols use data from the updated McConnachie (2012) table, while the gray symbols (and
Leo T, in orange) are from Muñoz et al. (2018). The dashed line represents a constant surface brightness of 32 mag arsec−2, approximately
the current observational limit. Our measured Peg III (cyan star) and Psc II (magenta star) half-light radius and MV values lie in the
right panel, within the rh and MV range of other MW UFDs as well as the Jeon et al. (2021a,b) simulated field UFDs. Some inner-halo
satellites from the left panel also fall within the Jeon et al. (2021a,b) range.

may have been due to their force softening. Among
the simulations included in our comparison, the Wheeler
et al. (2019) and Jeon et al. (2021a,b) have the high-
est resolution, with Wheeler et al. using mgas=30 and
mgas=250 M� in their high- and median-resolution sim-
ulations, respectively, and Jeon et al. using mgas∼60 M�.
As simulation techniques improve and are able to resolve
a broader diversity of UFDs in a MW-environment, it
will be interesting to see whether they more closely re-
produce the scatter shown by McConnachie (2012) and
Muñoz et al. (2018).

For Figure 11, we have imposed an upper magnitude
limit of MV =−7.7 to only include simulated galaxies in
the UFD range, as Jeon et al. (2017), Wheeler et al.
(2019), and Applebaum et al. (2021) produced galax-
ies in the dSph regime as well. As seen in Figure 11,
Peg III and Psc II are well within the observed MV and
rh ranges for other MW UFDs. They also fall in the
range covered by the Jeon et al. (2021a,b) simulated field
UFDs. Some closer MW UFDs and MW UFD candidates
also fall within the simulated field UFD area, suggesting
against this agreement being unique to outer-halo UFDs.
Additionally, there is a higher number of observed satel-
lites with smaller rh and fainter Mv within 100 kpc, likely
due to observational constraints.

As new observatories come online with deeper detec-
tion limits, smaller and fainter satellites beyond 100 kpc
could be discovered that have no analogs in current sim-

ulations. One might expect outer-halo satellites that
have never been within 100 kpc of the MW to be more
compact than UFDs with similar masses that have been
closer and possibly subjected to strong tidal forces. If
there are no or very few distant UFDs found in this
smaller and fainter regime, the impact of the LMC and
how it might have drawn UFDs closer (∼50 kpc) at some
point in their orbital history could be considered. While
our orbital histories for Peg III and Psc II show the
LMC increasing the pericenter distance, it is possible
that other MW satellites (e.g., Crater 2, Ji et al. 2021)
could have experienced very different effects.

5.2. A Bound Pair?

Several proposed pairs of galaxies have been reported
within the Local Group (Pawlowski 2021). Speculation
that Peg III and Psc II are associated began in the Peg III
discovery paper (Kim et al. 2015), due to their on-sky
proximity and spatial separation of ∼30 kpc. The sup-
port for this association increased with the Kim et al.
(2016) measurement of a radial velocity for Peg III within
∼10 km s−1 of that of Psc II. Additionally, they found
the same irregularity in structure in their deeper imaging
as in the discovery paper.

The next work to investigate the possible connection
between Peg III and Psc II was Garofalo et al. (2021).
Using LBT data, they found no irregular shape and con-
cluded that there were no signs of past tidal interactions.
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In our density contour maps (Figure 2), we find no signs
of an irregular shape for Peg III either. While previously
limited to only looking at the morphologies for hints of
past interactions, Gaia eDR3 has provided us with the
opportunity to use kinematics to study the UFDs’ possi-
ble shared history. With proper motions in hand, Peg III
and Psc II are amongst the first pairs of UFDs to be in-
vestigated further in this context.

To calculate a rough estimate of the likelihood that two
satellite galaxies at similarly large distances and with ra-
dial velocities comparable to Peg III and Psc II would
appear together by chance (i.e., not associated with each
other prior to entering the MW halo) with a similar rela-
tive distance and radial velocity difference between them,
we drew 1 million UFDs from a Gaussian velocity distri-
bution centered around 0 km s−1 with σ=100 km s−1 and
a distance distribution of r3−1−γ from 30 to 300 kpc,
with γ=2.11 taken from Fritz et al. (2020). We com-
pared the drawn distance and velocity values to those
of Psc II, calculating the percentage of these UFDs with
∆v ≤ 15 km s−1 and ∆r ≤ 40 kpc with respect to the
properties of Psc II (∼−80 km s−1; ∼183 kpc). Of the
1 million draws, 2.5% met the criteria, suggesting a low
probability that two galaxies with such similar properties
to each other as Peg III and Psc II share would exist in
the MW halo by chance.

Furthermore, we can use the orbital histories computed
using the McConnachie & Venn (2020) PMs to specu-
late about whether Peg III and Psc II have a shared
orbital history or one that indicates that they have been
bound in the recent past. The bottom panel of Figure
10 shows the orbits of Peg III and Psc II with respect
to one another in the MW-only (dashed lines) and MW-
LMC potential (solid lines). In the MW-only potential,
the satellites reach as close 20 kpc to each other in the
last 2–3 Gyr. For the heavy MW-only potential, Peg III
and Psc II remain significantly far from each other until
∼2 Gyr ago, when they make a close (<20 kpc), pericen-
tric passage about both the MW and then subsequently
each other. However, for the light MW-only potential,
the UFDs have remained within 80 kpc of each other for
at least the last few billion years.

When the influence of the LMC is included, an op-
posite trend is observed. For the light MW model, the
UFDs first interact with one another about 3 Gyr ago
(prior to the infall of the LMC) and then pass about
each other again 1 Gyr ago (after the infall of the LMC).
They are otherwise significantly separated. In the heavy
MW+LMC model, the UFDs are within about 80 kpc
of each other for the last 6 Gyr. They pass around each
other twice at a distance of ∼20 kpc at ∼1 and ∼2 Gyr
ago. These results, summarized in Tables 4 and 5, illus-
trate that Peg III and Psc II may have had an intricate
orbital history that includes close interactions with the
MW, LMC, and each other when the McConnachie &
Venn (2020) values are considered. These conclusions
are based on the direct orbital histories, yet the results
in Table 4 and 5 illustrate that there is significant statis-
tical uncertainty on the properties of this system due to
large measurement uncertainties on distance and proper
motion.

We also calculate a simple metric to test whether
Peg III and Psc II are currently bound to each other as
was done in Geha et al. (2015) and Sohn et al. (2020) for

NGC 147 and NGC 185, two dwarf elliptical galaxies lo-
cated about 1◦ from each other. It is known that for two
point masses to be gravitationally bound, the potential
energy of the system must be greater than the kinetic
energy. This yields the criterion b ≡ 2GMsys/∆r∆v

2.
Thus, when b > 1, the system is considered bound.

Assuming a relative Galactocentric distance of
∆r=36.4 kpc between the dwarfs, a relative Galactocen-
tric velocity of ∆v=20.6 km s−1 at present day, and a
mass of 109 M� for each dwarf, we find b=1.11 ± 0.31.
This b corresponds to the initial conditions used to cal-
culate the direct orbital histories and the uncertainty
represents the standard deviation across b calculated
for 1,000 initial conditions encompassing the measured
phase space of these two dwarf galaxies. Thus, Peg III
and Psc II are consistent with being bound to each other,
as illustrated by the orbital histories in the bottom pan-
els of Figure 10. However, the uncertainty on b indi-
cates that some unbound orbits are possible within the
measured phase space. This, in combination with the
non-zero transverse motions of these dwarfs, indicates
that improved distances and PMs, in addition to a more
precise understanding of the MW’s mass, are therefore
necessary to definitively conclude whether Peg III and
Psc II have experienced a shared orbital history over the
last few billion years.

If Peg III and Psc II are indeed bound to each other,
as suggested by the most common orbits recovered from
the McConnachie & Venn (2020) PMs, this would add
to the rare findings of confirmed pairs of satellites within
the Local Group. It has also been shown that pairs and
groups of satellites that fall into the halo of their hosts
together tend to merge with one another, sometimes only
1–3 Gyr after infall (e.g., Deason et al. 2014; Wetzel et al.
2015). Peg III and Psc II could thus be in the process of
or on the way to the early phases of merging. Conversely,
another possibility would be for the two UFDs to disperse
in phase space soon after falling into the MW, depending
on how strongly the two were bound during infall (e.g.,
Deason et al. 2015). Improved PMs will continue to shed
light on the potential future trajectories of these UFDs.

5.3. Current and Future Precision

To formally investigate the precision needed for deter-
mining an association, we perform a Monte Carlo simu-
lation, drawing the transverse velocities in both dimen-
sions (X and Y) for two galaxies in both an unassociated
and associated case. To do this, we must consider the
dispersion of the halo (∼100 km s−1; Correa Magnus &
Vasiliev 2021) as well as the proper motion uncertainties.
Gaia’s current measurement errors for the two UFDs are
clearly larger than the halo dispersion: without using a
prior (which artificially constrains the error), the best
measurement determined for Psc II using Gaia eDR3
has a precision of about 230 km s−1 (Li et al. 2021),
while a proper motion uncertainty cannot even be ob-
tained for Peg III. Nonetheless, to calculate an estimate
of the necessary precision for determining the presence of
an association, we optimistically scale the Li et al. (2021)
proper motion error by the Kim et al. (2016) distance to
obtain 270 km s−1 for Peg III.

In the unassociated case, transverse velocities for two
galaxies are drawn from a Gaussian distribution centered
on 0 km s−1, with 1σ equal to the halo dispersion of
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100 km s−1 plus the measurement errors of each galaxy,
as described in the previous paragraph.

In the associated case, we again center the Gaussian
distribution on 0 km s−1, but instead set 1σ equal to only
the current Gaia eDR3 measurement errors of Peg III
and Psc II (i.e., without including the halo dispersion).
We then calculate the velocity difference for each realiza-
tion:

Vdiff=
√

(VPsc II,X − VPeg III,X)2 + (VPsc II,Y − VPeg III,Y)2.

(7)
We take the median Vdiff from the associated case and

compare it to the Vdiff values calculated in the unasso-
ciated case and determine how often the unassociated
case produces a velocity difference less than or equal
to the median associated Vdiff . We obtain a median
Vdiff=418 km s−1 from the associated realizations. A
velocity difference of this size or smaller occurs with a
45% probability in the unassociated case. Thus, it is not
expected that Gaia eDR3 measurements without a prior
could give any constraints on whether or not Peg III and
Psc II are associated.

Now we investigate how future measurements could
improve upon current information to constrain an as-
sociation between Peg III and Psc II. Gaia will operate
much longer, optimistically achieving a baseline of 11
years. Since proper motion errors of continuously observ-
ing telescopes scale with time to the power of −1.5 (e.g.,
Lindegren et al. 2021), the precision achievable with the
final Gaia data release would be approximately 36 and
30 km s−1 for Peg III and Psc II, respectively. This preci-
sion could already be met and surpassed using HST now.
We estimate the achievable precision using the data de-
scribed here as a first epoch and with a second epoch
taken as outlined in Kallivayalil et al. (2015). A new
measurement with HST imaging taken in 2023 (a six-
year baseline) would measure the transverse velocity to
a precision in both dimensions of 30.3 km s−1 for Peg III
and 24.5 km s−1 for Psc II.

Repeating the Monte Carlo simulation with the esti-
mated HST errors, we obtain a median Vdiff=46 km s−1

from the associated cases. A velocity difference of this
size or smaller occurs with a 4.7% probability in the
unassociated case. If a velocity difference less than
∼50 km s−1 was observed, the small probability from
the unassociated Monte Carlo cases, combined with the
already small probability of similar line-of-sight veloci-
ties and distances (2.5%, see Section 5.2), would almost
completely rule out a chance association.

Given a longer baseline, HST (-like) observations taken
with HST, JWST, or the Roman Space Telescope could
measure the velocity well enough to prove that the two
systems are associated with each other. For example,
observations taken in 2034 would give a full transverse
velocity error of 19.4 km s−1, smaller than the current
Galactocentric velocity difference (∼20.6 km s−1).

6. CONCLUSIONS

Based on deep HST imaging and Gaia eDR3 PMs,
we have measured the structural parameters and per-
formed an orbital analyses for two distant MW UFD
satellites, Peg III and Psc II. For the structural anal-
ysis, we used a 2D-maximum likelihood MCMC to fit

exponential and Plummer profiles, finding central posi-
tions, elliptical half-light radii, ellipticities, position an-
gles, number of stars, and surface background densities.

For Peg III, we measured an elliptical half-light radius
of 1.88+0.42

−0.33 arcminutes, a position angle of 85±8 degrees,

and an ellipticity of 0.36+0.09
−0.10. The best-fit exponential

model for Psc II gave an elliptical half-light radius of
1.31+0.10

−0.09 arcminutes, a position angle of 97± 3 degrees,
and an ellipticity of 0.37±0.04. Our Psc II measurements
are within 1σ agreement when compared to previous lit-
erature values, while we find a larger elliptical half-light
radius value for Peg III. See Tables 1 and 2 for full com-
parisons. Future imaging of similar depth to ours paired
with a larger FOV would help clarify the true size of
Peg III.

We compared the measured sizes and magnitudes of
Peg III and Psc II to both those of other observed faint
MW satellites and simulations of isolated field UFDs and
satellite UFDs in a MW-like environment. While Peg III
and Psc II are more distant MW UFDs with rh and
MV values that correspond well to simulations of isolated
field UFDs, they are not significantly distinct in struc-
ture from other observed UFDs in the inner MW halo.
This could point to Peg III and Psc II (and other outer-
halo UFDs) having been subject to tidal forces from the
MW and/or the LMC throughout their lifetimes.

The first orbital analysis, using solely the McConnachie
& Venn (2020) PM values, demonstrated the importance
of including the LMC in such calculations, as it affects
the timing and pericenter of the orbits of both UFDs.
In this analysis, a statistically significant fraction of the
computed orbital histories in the measured phase space
show Peg III and Psc II are consistent with being a grav-
itationally bound pair today.

Comparing the vastly different results from the Li et al.
(2021) study versus our analysis using the McConnachie
& Venn (2020) Psc II PM values and considering that
the Peg III PM measurement came from a single star, it
is also clear that improved measurements based on more
member stars and a clearer knowledge of the MW’s mass
are necessary to narrow down the possible orbital his-
tories and allow a more definitive statement on whether
Peg III and Psc II are indeed a bound pair. These im-
proved measurements could be taken from imaging by
HST now or measured from the final Gaia data release
in years to come. With the precision achievable from
these baselines, measuring a velocity difference between
Peg III and Psc II of less than ∼50 km s−1 would suggest
with about 95% confidence that these UFDs are bound.
This would finally resolve the question and confirm if
these two fascinating galaxies are indeed bound, thereby
providing a critical data point for understanding dwarf
galaxy evolution.
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Positioning and Power in Academic Publishing: Players, Agents
and Agendas, ed. F. Loizides & B. Scmidt (IOS Press), 87–90.
https://eprints.soton.ac.uk/403913/

Leitherer, C., Schaerer, D., Goldader, J. D., et al. 1999, ApJS,
123, 3, doi: 10.1086/313233

Li, H., Hammer, F., Babusiaux, C., et al. 2021, ApJ, 916, 8,
doi: 10.3847/1538-4357/ac0436

Lindegren, L., Klioner, S. A., Hernández, J., et al. 2021, A&A,
649, A2, doi: 10.1051/0004-6361/202039709

Martin, N. F., de Jong, J. T. A., & Rix, H.-W. 2008, ApJ, 684,
1075, doi: 10.1086/590336

McConnachie, A. W. 2012, AJ, 144, 4,
doi: 10.1088/0004-6256/144/1/4

McConnachie, A. W., & Venn, K. A. 2020, Research Notes of the
American Astronomical Society, 4, 229,
doi: 10.3847/2515-5172/abd18b

Moore, B. 1994, Nature, 370, 629, doi: 10.1038/370629a0
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