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Abstract

We report on the discovery of a new Milky Way (MW) satellite in Boötes based on data from the

on-going Hyper Suprime-Cam (HSC) Subaru Strategic Program (SSP). This satellite, named

Boötes IV, is the third ultra-faint dwarf that we have discovered in the HSC-SSP. We have

identified a statistically significant (32.3σ) overdensity of stars having characteristics of a metal-

poor, old stellar population. The distance to this stellar system is D⊙ = 209
+20
−18 kpc with a

V -band absolute magnitude of MV = −4.53+0.23
−0.21 mag. Boötes IV has a half-light radius of

rh = 462
+98
−84 pc and an ellipticity of 0.64+0.05

−0.05, which clearly suggests that this is a dwarf satellite

galaxy. We also found another overdensity that appears to be a faint globular cluster with

MV = −0.20+0.59
−0.83 mag and rh = 5.9+1.5

−1.3 pc located at D⊙ = 46
+4
−4 kpc. Adopting the recent

prediction for the total population of satellites in a MW-sized halo by Newton et al. (2018), which

combined the characteristics of the observed satellites by the Sloan Digital Sky Survey and

the Dark Energy Survey with the subhalos obtained in ΛCDM models, we estimate that there

should be about two MW satellites at MV ≤ 0 in the ∼ 676 deg2 covered by HSC-SSP, whereas

that area includes six satellites (Sextans, Leo IV, Pegasus III, Cetus III, Virgo I and Boötes IV).

c© 2014. Astronomical Society of Japan.
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Thus, the observed number of satellites is larger than the theoretical prediction. On the face

of it, we have a problem of too many satellites, instead of the well-known missing satellites

problem whereby the ΛCDM theory overpredicts the number of satellites in a MW-sized halo.

This may imply that the models need more refinements for the assignment of subhalos to

satellites such as considering those found by the current deeper survey. Statistically more

robust constraints on this issue will be brought by further surveys of HSC-SSP over the planned

∼ 1,400 deg2 area.

Key words: galaxies: dwarf — galaxies: individual (Boötes IV) — globular clusters: individual (HSC 1)

— Local Group

1 Introduction

The Λ-dominated cold dark matter (ΛCDM) model has become

the standard cosmological model. A strong, immediate predic-

tion of the model is that objects in the Universe grow hierar-

chically; they become progressively more massive with time

through accretion and mergers. The ΛCDM model reproduces

the observed cosmic large-scale structure on scales >∼ 1 Mpc ex-

tremely well (e.g., Tegmark et al. 2004). However, the model

is not perfect, and there is extensive discussion in the litera-

ture of several persistent problems on smaller scales. These

problems include the core or cusp problem (e.g., Moore et al.

1994; Burkert 1995; de Blok et al. 2001; Gilmore et al. 2007; Oh

et al. 2011), the so-called too-big-to-fail problem (e.g., Boylan-

Kolchin et al. 2011; Boylan-Kolchin et al. 2012, the satellite

alignment problem (e.g., Kroupa et al. 2005; McConnachie &

Irwin 2006; Ibata et al. 2013; Pawlowski et al. 2012; Pawlowski

et al. 2013; Pawlowski et al. 2015), and the missing satellites

problem (Klypin et al. 1999; Moore et al. 1999). The missing

satellites problem, namely that a MW-sized halo is predicted

to have significantly more subhalos than the observed num-

ber of dwarf satellites, simply refers to the satellite abundance,

whereas the others are related to the internal density profiles of

satellite galaxies and their dynamics in a MW-sized halo. It is

thus important to fully understand the missing satellite problem

in order to address the higher order issues.

A few possible solutions to the missing satellites problem

have been proposed in the literature. One is to invoke baryon

physics to suppress star formation in low-mass subhalos, thus

making the majority of these low-mass halos starless (Sawala et

al. 2016a; Sawala et al. 2016b). Another is to suggest that our

catalogs of dwarf satellites is incomplete; we are not counting

all the satellites due to observational constraints such as lim-

ited survey area and depth. These constraints may result in a

significantly underestimated satellite abundance (Koposov et al.

2008; Tollerud et al. 2008). However, the observational situa-

tion has dramatically improved in recent years thanks largely

to modern massive imaging surveys. The Sloan Digital Sky

Survey (SDSS; York et al. 2000), the Dark Energy Survey

(DES; Abbott et al. 2016), and the Pan-STARRS 1 (PS1) 3π

survey (Chambers et al. 2016) have covered wide areas of sky

and discovered a large number of so-called ultra-faint dwarf

galaxies (UFDs), whose V -band absolute magnitudes (MV ) are

fainter than about −8 mag (e.g., Willman et al. 2005; Sakamoto

& Hasegawa 2006; Belokurov et al. 2006; Laevens et al.

2014; Kim et al. 2015; Kim & Jerjen 2015; Laevens et al.

2015a; Laevens et al. 2015b; Bechtol et al. 2015; Koposov et

al. 2015; Drlica-Wagner et al. 2015). Due to the relatively shal-

low depths of these surveys, however, UFDs at large distances

are undetectable and the total count of dwarf galaxies around

the Milky Way remains uncertain.

We are conducting an extensive search for UFDs using data

from the Hyper Suprime-Cam Subaru Strategic Program (HSC-

SSP) (Aihara et al. 2018a; Aihara et al. 2018b). HSC is a wide-

field imager installed at the prime focus of the Subaru Telescope

(Miyazaki et al. 2018), and a 300-night survey with this instru-

ment is being carried out (Aihara et al. 2018a). The combina-

tion of the superb image quality (∼ 0′′.6) and depth (i ∼ 26)

and the fact that it is a multi-band survey allows us to identify

UFDs at large distances, filling in the parameter space unex-

plored by previous surveys. We have discovered two UFDs thus

far, Virgo I and Cetus III, as reported in Homma et al. (2016)

and Homma et al. (2018). The current paper presents the dis-

covery of another UFD and a likely globular cluster from our

continuing search.

The paper is structured as follows. Section 2 describes our

search method, followed by detailed analyses of the identified

stellar over-densities in Section 3. Section 4 discusses implica-

tions of our results for dark matter models, and Section 5 con-

cludes the paper. Unless otherwise stated, magnitudes are given

in the AB system.

2 Data and Method

We make use of the imaging survey data from the HSC-SSP

Wide layer, which plans to cover ∼ 1, 400 deg2 over the

northern sky in five, grizy photometric bands (Aihara et al.

2018a; Aihara et al. 2018b; Furusawa et al. 2018; Kawanomoto

et al. 2018; Komiyama et al. 2018; Miyazaki et al. 2018). The
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Fig. 1. Survey areas of the HSC-SSP for S18A (bounded by red curves). A red star denotes the location of the newly found satellite in this work, Boötes IV.

Filled squares and empty triangles denote, respectively, the known satellites and those found in the HSC-SSP reported earlier. We note that Pis II and Leo V

are just outside the HSC-SSP footprint.

target 5σ point-source limiting magnitudes in this Wide layer

are given as g = 26.5, r = 26.1, i = 25.9, z = 25.1 and

y = 24.4 mag. In this paper, we adopt the g, r, and i-band data

obtained before 2018 April (internal data release S18A), which

cover ∼ 676 deg2 in 6 separate fields along the celestial equa-

tor and one field around (α2000,δ2000)= (242◦,43◦) (Figure 1).

This is to be compared with ∼ 300 deg2 covered in our previous

searches of satellite galaxies from the data obtained before 2016

April (Homma et al. 2018). The HSC data have been processed

using hscPipe v6.5 (Bosch et al. 2018), which is a branch of the

Large Synoptic Survey Telescope (LSST) pipeline (see Ivezic

et al. 2008; Axelrod et al. 2010; Jurić et al. 2017) calibrated

against PS1 data of photometry and astrometry (e.g., Tonry et

al. 2012; Schlafly et al. 2012; Magnier et al. 2013). These pho-

tometry data in HSC-SSP are corrected for the mean foreground

extinction in the MW (Schlafly & Finkbeiner 2011).

2.1 Selection of stars

We use the same method to select target stars as in our previous

work. In brief, we first select point-like images to avoid galax-

ies, set the criterion g−r < 1 to remove M-type main-sequence

stars in the foreground, and then use the fiducial relation in the

g− r vs. r− i diagram anticipated for stars to eliminate other

contaminants.

In order to extract point sources from the data, we use the

extendedness parameter calculated by the pipeline (Homma et

al. 2018), which is defined on the basis of the ratio between

PSF and cmodel fluxes (Abazajian et al. 2004), fPSF/fcmodel.

A point source is defined to be an object with fPSF/fcmodel >

0.985. In what follows, we make use of this parameter mea-

sured in the i-band, where the typical seeing is the best of the

five filters giving a median of ∼ 0′′.6. Aihara et al. (2018b) pre-

sented, by combining the data in HSC COSMOS with those in

HST/ACS (Leauthaud et al. 2007), the definition for the com-

pleteness and contamination in the star/galaxy classification.

The completeness is defined as the fraction of stars obtained

by ACS which are classified as stars correctly by HSC. This

value is larger than 90% at i < 22.5, and decreases to ∼ 50% at

i=24.5. The contamination is defined as the fraction of stars in

the HSC classification which are actually galaxies in ACS. This

value is nearly zero at i<23 and increases to ∼50% at i=24.5.

Here, we select stars as point sources down to i= 24.5.

Next, we adopt the criteria for colors to remove the other ob-

jects such as disk stars, background quasars and distant galax-

ies. These contaminants remained even after the extendedness

cut. We use the g − r vs. r− i color-color diagram for stars

with extendedness= 0 and galaxies with extendedness= 1 in the

field called WIDE12H, where the bright limit of i < 21 mag is

satisfied so that the star/galaxy classification is robust. Unlike

galaxies, the distribution of stars in this color-color diagram fol-

lows a narrow sequence (see Figure 1 of Homma et al. (2018)).

Thus, following previous works (e.g., Willman et al. 2002), we

select stars located inside this sequence, after removing red stars

(dominated by M-type dwarfs in the disk component) having a

g−r color of g−r≥ 1. This star sequence is characterized by a

polygon bounded by (g− r, r− i) of (1.00, 0.27), (1.00, 0.57),

(−0.4, −0.55), and (−0.4, −0.25). This color cut has a width

of ∆(r− i) = 0.3 mag, which is wider than twice the typical

1σ photometric error of r− i at i = 24.5. Thus, this method is

optimal to select candidate halo stars in the MW.

2.2 Algorithm for the detection of the stellar

overdensities

Dwarf satellites in the MW are characterized as metal-poor, old

stellar systems, and they will present as statistically significant

overdensities of stars compared to the random distribution of

MW field stars and distant galaxies/quasars. We look for over-

densities using the color-magnitude (CMD) isochrone-based

matched filter summarized below (Homma et al. 2016; Homma

et al. 2018) following the approach of Koposov et al. (2008) and

Walsh et al. (2009).
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Fig. 2. CMD filters at a distance modulus of (m − M)0 = 20 mag de-

fined with an age of t = 13 Gyr and metallicity of [M/H]= −1.5 (blue area),

t = 13 Gyr and [M/H]= −2.2 (green area), t = 8 Gyr and [M/H]= −1.5

(red area), and t = 8 Gyr and [M/H]= −2.2 (yellow area). The error bars

correspond to the typical error in the measurement of color at each r-band

magnitude.

2.2.1 Isochrone filters

The UFDs in the MW, that have been identified to date, show a

similar distribution in the CMD diagram to MW globular clus-

ters, i.e., a characteristic locus expected for metal-poor, old stel-

lar systems. Following our previous work, we thus select stars

located inside a CMD locus for a metal-poor, old stellar system

within a specified distance interval from the Sun. This is a so-

called isochrone filter, for which we use a PARSEC isochrone

(Bressan et al. 2012) to define four different models: (a) an age

of t= 13 Gyr and metallicity of [M/H]= −1.5, (b) t = 13 Gyr

and [M/H]= −2.2, (c) t = 8 Gyr and [M/H]= −1.5, and (d)

t= 8 Gyr and [M/H]=−2.2.

As a CMD, we use the g−r color and r-band absolute mag-

nitude, Mr. In order to work with the current HSC filter sys-

tem (Kawanomoto et al. 2018), the SDSS filter system, which

is available for the PARSEC isochrone, has been adopted and

converted, as given in the Homma et al. (2016) paper. The finite

selection width for the use of this isochrone filter is given as

a function of r-band magnitude. We adopt the quadrature sum

of a 1σ error in the measurement of the (g− r) color in HSC

imaging and a color dispersion being typically ∼ ±0.05 mag

expected for red giant-branch stars (RGBs) associated with a

metallicity dispersion of typically ∼ ±0.5 dex as seen in MW

dSphs. This isochrone filter is shifted over distance moduli

of (m −M)0 = 16.5 − 24.0 in steps of 0.5 mag, to search

for metal-poor, old stellar systems at heliocentric distances of

D⊙ = 20− 631 kpc. In Figure 2, we show our four isochrone

filters placed at (m−M)0 = 20.0.

2.2.2 Method to identify overdensities and estimate their

statistical significance

Based on the isochrone filters at each distance from the Sun,

we search for spatial overdensities and estimate their statisti-

cal significance. The stars selected in 0◦.05× 0◦.05 boxes in

right ascension and declination are counted, where an overlap

of 0◦.025 in each direction is adopted. We note that the grid

interval of 0◦.05 in this search is comparable to a half-light di-

ameter of ∼ 80 pc for a typical UFD at D⊙ = 90 kpc and that

dwarf satellites located at or beyond this characteristic distance,

which are our targets in HSC-SSP, can be identified within this

grid interval.

In this procedure, we estimate the number of stars in each

cell, ni,j . We ignore cells without any stars, ni,j =0, which are

for instance caused by masking near a bright-star image. Then,

for each of the separate Wide-layer fields, we obtain the mean

density (n̄) and its dispersion (σ) over all cells and examine

the normalized signal in each cell, Si,j , which is the number of

standard deviations relative to the local mean (Koposov et al.

2008; Walsh et al. 2009),

Si,j =
ni,j − n̄

σ
. (1)

The distribution of S is found to be almost Gaussian as obtained

in our previous papers.

For the selection of candidate overdensities that have statis-

tically high significance so that false detections are removed,

we set the detection threshold, Sth, for the value of S (Walsh

et al. 2009), following the result of a Monte Carlo analysis in

our previous work (Homma et al. 2018). The characteristic dis-

tribution of S expected for purely random fluctuations in stellar

densities is obtained and we estimate Sth from a maximum den-

sity contrast found as a function of n̄. We adopt a threshold in

the density contrast of 1.5×Sth to identify statistically signifi-

cant overdensities, while avoiding contamination from random

fluctuations.

3 Results

Using the algorithm above, we have detected two new over-

densities beyond the above detection threshold, in addi-

tion to the previously discovered UFDs in the survey foot-

print. The first high signal is found at (α2000, δ2000) =

(15h34m45s.36,+43◦43′33′′.6) in the direction of Boötes (S=

32.3 with n̄= 1.48, S/Sth = 4.09) and the second one is found

at (α2000, δ2000) = (22h17m14s.16,+03◦28′48′′.0) (S = 31.8

with n̄= 1.60, S/Sth = 4.20). As explained below, the former

is a dwarf galaxy candidate, hereafter called Boötes IV, and the

latter appears to be a compact globular cluster, hereafter called

HSC 1.
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3.1 HSC J1534+ 4343 - a new satellite, Boötes IV

This high-density stellar system is found through the isochrone

filter of t = 13 Gyr and [M/H]= −2.2 placed at (m−M)0 =

21.6 mag. The left panel of Figure 3 depicts this system, in

which stars are inside the isochrone filter at this distance modu-

lus. The right panel corresponds to galaxies, which do not show

any overdensity.

In Figure 4(a), we plot the spatial distribution of the ob-

jects classified as stars around the overdensity. There is a high-

density region of stars within an ellipse with a major axis of

r = 2rh (rh = 7′.6) and an ellipticity of 0.64, where these val-

ues are obtained in Section 3.1.1. Figure 4(b) shows the CMD

defined with (g− r, r) for the stars within the ellipse given in

panel (a). We identify a clear RGB locus, whereas this feature is

absent for the stars in the annulus with 25′.0< r < 26′.6 which

has the same solid angle, as shown in Figure 4(c). These are

probably field stars outside the overdensity.

3.1.1 Structural parameters

Using a likelihood analysis, we calculate the heliocentric dis-

tance to this stellar system, for which we use RGB and blue

horizontal-branch (BHB) stars inside the isochrone filter shown

in Figure 4(b) obtained at at the best-fit distance modulus of

(m−M)0 =21.6 when we search for the overdensity. If we as-

sume a Gaussian distribution for the probability of the photome-

try of these member stars relative to the best-fit CMD isochrone,

we estimate a best distance modulus of (m−M)0 = 21.6+0.2
−0.2 ,

corresponding to a heliocentric distance of D⊙ = 209+20
−18 kpc.

As an alternative distance estimate, we identify the five blue

horizontal-branch (BHB) stars in the range of 22.0 < r < 22.5

and −0.3< g− r < 0 (red circles in Figure 4(b)) and use these

BHBs to determine the distance following the formula for their

absolute magnitude calibrated by Deason et al. (2011). The

detailed description for this method is given in Fukushima et

al. (2019). We find that this procedure provides (m−M)0 =

21.59+0.14
−0.14 , taking into account the typical photometric error in

g − r (0.02 mag) for the r magnitude of these BHBs. Since

this estimate is consistent with the above distance estimate us-

ing the isochrone filter, we adopt (m−M)0 =21.6+0.2
−0.2 in what

follows.

Following Martin et al. (2008) and Martin et al. (2016), we

obtain the structural properties of this overdensity. We define

six parameters (α0, δ0, θ, ǫ,rh,N∗), where each of the parame-

ters denotes the following meaning. (α0, δ0) denote the celes-

tial coordinates for the center of the overdensity, θ is its posi-

tion angle from North to East, ǫ is the ellipticity, rh is the half-

light radius measured on the major axis, and N∗ is the number

of stars within the isochrone and brighter than our magnitude

limit, which belong to the overdensity. We then perform the

maximum likelihood analysis given in Martin et al. (2008) for

the stars within a circle of radius 30′, corresponding to ∼ 3.9

Table 1. Properties of Boötes IV

Parametera Value

Coordinates (J2000) 233◦.689, 43◦.726

Galactic Coordinates (l, b) 70◦.682, 53◦.305

Position angle +3+4
−4 deg

Ellipticity 0.64+0.05
−0.05

Number of stars, N∗ 124+10
−10

Extinction, AV 0.067 mag

(m−M)0 21.6+0.2
−0.2 mag

Heliocentric distance 209+20
−18 kpc

Half light radius, rh 7′.6+0′.8
−0′.8

or 462+98
−84 pc

Mtot,V −4.53+0.23
−0.21 mag

aIntegrated magnitudes are corrected for the mean Galactic

foreground extinction, AV (Schlafly & Finkbeiner 2011).

times the derived rh, which pass the above isochrone filter. We

summarize the results in Table 1.

We show, in Figure 5, the radial distribution of the stars

passing the isochrone filter depicted in Figure 4(b), which is

obtained from the count of the average density within elliptical

annuli. The red line in the figure denotes the best-fit exponential

profile having rh =7′.6 or 462 pc. We note that this spatial size

is quite large compared with the typical scale of MW globular

clusters, but is in agreement with that of MW dwarf galaxies, as

we describe in Section 4.3.

3.1.2 V -band absolute magnitude

Here we estimate MV of Boötes IV in the following manner.

We first transform (g, r) to V using the formula given in Jordi

et al. (2006). which are calibrated for metal-poor, Population

II stars. We then perform a Monte Carlo procedure similar to

Martin et al. (2008) for the estimation of the most likely value

of MV and its uncertainty. Using the values of N∗ = 124+10
−10

at i < 24.5 mag and (m−M)0 = 21.6+0.2
−0.2 mag as obtained

in the procedure of Section 3.1.1 as well as a model for the

stellar population having an age of 13 Gyr and metallicity of

[M/H]= −2.2, the 104 realizations of CMDs are generated

for the initial mass function (IMF) given by Kroupa (2002).

The luminosity of the stars at i < 24.5 mag is then derived,

also considering the completeness of the stars observed with

HSC. We obtain the median value and the 68% confidence in-

terval of MV as MV = −4.53+0.23
−0.21 mag. These values are

very insensitive to whether we choose the Salpeter (Salpeter

1955) or Chabrier IMF (Chabrier 2001). The total mass of

stars in Boötes IV is also estimated for different IMFs, as

M∗ = 14430+3350
−3939M⊙ (Kroupa), 13779+3161

−3693M⊙ (Chabrier),

and 27730+6477
−7732M⊙ (Salpeter).
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Fig. 3. Left panel: the stellar overdensity found in Boötes passing the isochrone filter of t = 13 Gyr and [M/H]= −2.2 at (m−M)0 = 21.6 for the point

sources satisfying i < 24.5, g− r < 1.0, and the color-color cuts expected for stars in the g− r vs. r− i diagram (see subsection 2.1) The plot is shown over

1 deg2 centered on this UFD candidate. Right panel: the spatial distribution of the galaxies which pass the same isochrone filter and constraints as for the

stars. No overdensity is found in this plot.

Fig. 4. (a) The spatial distribution of the objects classified as stars around the overdensity in Boötes. The green circles and black dots denote, respectively.

the stars inside and outside the isochrone filter at the distance modulus of (m−M)0 = 21.6. A solid red curve shows an ellipse with a major axis of r = 2rh

(rh = 7′.6) and an ellipticity of 0.64, whereas dashed red circles show annuli with radii 25′.0 and 26′.6 from the center of the overdensity. (b) The CMD of

the stars defined as the g− r vs. r relation, which are located within the solid red ellipse in panel (a). Red circles denote the five BHB stars for the use of the

additional distance estimate as decribed in the text. (c) The same as (b) but for field stars at 25′.0<r< 26′.6 having the same solid angle. A red giant-branch

feature is absent in this plot.

3.2 HSC J2217+ 0328 - a compact star cluster

candidate, HSC 1

We have detected this overdensity having S/Sth =4.20 and n̄=

1.60 (31.8σ) is found with the isochrone filter of t=13 Gyr and

[M/H]= −2.2 placed at (α2000, δ2000) = (334◦.309, 3◦.480)

and (m−M)0 =18.3 mag. We show, in Figure 6, this overden-

sity passing the isochrone filter at this distance for the objects

classified as stars (left) and galaxies (right). While there is a

clear overdensity signal in stars, we also identify an overdensity

in galaxies at the same position. We suggest that this is caused

by the misclassification of faint stars within a cluster as galax-

ies in hscPipe. To get insights into this overdensity feature, we

plot the gri color map of the HSC image around its location

in Figure 7. One can see the concentration of point sources di-

rectly by eye. This overdensity is a candidate star cluster, which

is hereafter called HSC 1 because it is the first new cluster found

with HSC.

As mentioned above, hscPipe has misclassified some stars as

galaxies within the cluster, which may be due to the deblender

failure of this crowded region and the resultant failure of the

star/galaxy separation. To mitigate this effect, we use the un-

deblended flux of the HSC image with a seeing-matched aper-

ture magnitude to select likely member objects belonging to this

overdensity. In Figure 8(a), we plot the spatial distribution of all

objects after color cuts around this overdensity, both those clas-

sified as stars and galaxies. There is a localized concentration

of objects within an ellipse with a semi-major axis of rh =0′.44

and an ellipticity of 0.46. Figure 8(b) shows the CMD defined

with (g − r, r) for objects within the solid red ellipse shown

in panel (a). We have found a clear signature of a main se-

quence (MS), whereas there is no such feature for the objects at

2′.0< r < 2′.1 having the same solid angle, as shown in Figure
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Fig. 5. The density distribution of the stars in Boötes IV passing the

isochrone filter given in Figure 4(b), in elliptical annuli as a function of mean

radius. The uncertainties are based on Poisson statistics. The red line de-

notes the best-fit exponential profile with rh = 7′.6, plus a constant repre-

senting the background.

8(c). These are probably field stars outside the overdensity.

In the same way as for Boötes IV, we estimate heliocentric

distance, structural parameters and V-band absolute magnitude

for this stellar system as follows. We adopt PSF magnitudes for

these estimates.

Based on a likelihood analysis, we estimate the D⊙ to this

stellar system, for which we use MS stars inside the isochrone

filter shown in Figure 8(b) obtained at the best-fit distance mod-

ulus of (m−M)0 = 18.3 when we search for the overdensity.

We obtain a best distance of (m−M)0 =18.3+0.2
−0.2 , correspond-

ing to a heliocentric distance of D⊙ = 46+4
−4 kpc.

The structural properties of this stellar system are derived by

applying the maximum likelihood method to the objects (Martin

et al. 2008) located within a circle of radius 3′.0 passing the

isochrone filter, which corresponds to ∼ 6.8 times the antici-

pated rh. We note that this method models the contribution for

the background uniformly distributed objects like galaxies, and

therefore is applicable to the structural analysis of the star clus-

ter even though we have not filtered out the galaxies. The results

are summarized in Table 2.

Figure 9 shows the radial density distribution of the stars

passing the isochrone filter, which is obtained from the count of

the average density within elliptical annuli. The red line denotes

the best-fit exponential profile having rh = 0′.44 or 5.9 pc.

The MV of this stellar system is estimated in the same way

as for Boötes IV and we obtain MV = −0.20+0.59
−0.83 mag. We

also calculate the total mass of stars in HSC 1 for different

IMFs as M∗ = 254+58
−51M⊙ (Kroupa), 255+55

−51M⊙ (Chabrier),

and 487+111
−99 M⊙ (Salpeter). The combination of the absolute

magnitude and small half-light radius suggests that HSC 1 is a

compact star cluster as will be discussed in Section 4.1. That

Table 2. Properties of a star cluster candidate, HSC 1

Parametera Value

Coordinates (J2000) 334◦.309, 3◦.480

Galactic Coordinates (l, b) 66◦.319, −41◦.841

Position angle −12+11
−11 deg

Ellipticity 0.46+0.08
−0.10

Number of stars, N∗ 47+6
−6

Extinction, AV 0.222 mag

(m−M)0 18.3+0.2
−0.2 mag

Heliocentric distance 46+4
−4 kpc

Half light radius, rh 0′.44+0′.07
−0′.06

or 5.9+1.5
−1.3 pc

Mtot,V −0.20+0.59
−0.83 mag

aIntegrated magnitudes are corrected for the mean Galactic

foreground extinction, AV (Schlafly & Finkbeiner 2011).

is, this is a MW globular cluster as judged from its location far

beyond the MW disk. However, to really distinguish between

star clusters and galaxies, we need to determine if this object is

embedded in a dark matter halo, which will require measuring

accurate stellar radial velocities.

4 Discussion

4.1 Comparison with MW globular clusters and

dwarf galaxies

We first compare the structural properties of Boötes IV and

HSC 1 with those of previously known MW globular clusters

and dwarf satellites. Globular clusters are characterized by their

compact size and round shape without having a surrounding

dark halo, suggesting a self-gravitating stellar system. On the

other hand, dwarf satellites have an extended spatial distribu-

tion of stars, and their velocity distribution strongly suggests

the presence of a surrounding dark halo.

Figure 10(a) shows the relation between the half-light

radii and absolute magnitudes of globular clusters in the MW

(dots) (Harris 1996) and those of dwarf satellites (squares)

(McConnachie 2012; Laevens et al. 2014; Bechtol et al. 2015;

Koposov et al. 2015; Drlica-Wagner et al. 2015; Kim et al.

2015; Kim & Jerjen 2015; Laevens et al. 2015a; Laevens et al.

2015b; Torrealba et al. 2016; Torrealba et al. 2018). Red and

blue stars with error bars, respectively, denote Boötes IV and

HSC 1. It is clear that Boötes IV is significantly large com-

pared with MW globular clusters having similar MV and that

it follows the locus of MW dwarf satellites. This suggests that

Boötes IV is a typical UFD, whose shape is flattened with an el-

lipticity of ǫ = 0.64+0.05
−0.05 . Globular clusters have much smaller

ellipticities at its brightness (Harris 1996; Marchi-Lasch et al.

2019), while some dwarf galaxies have even larger ellipticities,

e.g., UMa I having ǫ = 0.80 (Martin et al. 2008), supporting

this conclusion. On the other hand, the size of HSC 1 is com-

parable to MW globular clusters. This suggests that HSC 1 is a

globular cluster, although it is still possible that it is a compact
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Fig. 6. Left panel: the stellar overdensity found in the vicinity of a star cluster candidate, HSC 1, passing the isochrone filter of t = 13 Gyr and [M/H]= −2.2

at (m−M)0 = 18.3 for the point sources satisfying i < 24.5, g − r < 1.0, and the color-color cuts expected for stars in the g − r vs. r− i diagram (see

subsection 2.1). The plot is shown over 1 deg2 centered on this star cluster candidate. Right panel: the spatial distribution of the galaxies which pass the

same isochrone filter and constraints as for the stars. An overdensity at the center of this plot is seen, possibly because of misclassification of faint stars within

a cluster as galaxies in hscPipe.

Fig. 7. The gri color map of the HSC image within a 2’ x 2’ box around the

overdensity, HSC 1.

dwarf galaxy because HSC 1 lies on the MV vs. rh relation for

dwarf galaxies and its ellipticity, ǫ= 0.46, at MV =−0.20 mag

is typical for both dwarf galaxies and globular clusters at such

faint magnitudes (Marchi-Lasch et al. 2019).

4.2 Detectability of Boötes IV and HSC 1 in other

surveys

The footprint of HSC-SSP overlaps that of SDSS, so we inves-

tigate the detectability of Boötes IV and HSC 1 in both sur-

veys. For this purpose, we evaluate the completeness distance,

RSDSS
comp , derived for SDSS, above which a satellite with a partic-

ular luminosity is undetectable, and the corresponding distance

for HSC-SSP, RHSC
comp. Following Koposov et al. (2008), the for-

mer is given as,

RSDSS
comp = 10(−a∗MV −b∗) Mpc , (2)

where (a∗,b∗)= (0.205,1.72). RHSC
comp is then given as (Tollerud

et al. 2008),

RHSC
comp/R

SDSS
comp = 10(Mr,HSC−Mr,SDSS)/5 , (3)

where Mr,HSC and Mr,SDSS are, respectively, the limiting

point-source magnitudes in r-band for HSC and SDSS. In this

paper, we adopt Mr,SDSS = 22.2 mag at ∼ 100% complete-

ness and Mr,HSC = 24.7 mag at ∼ 50% completeness, be-

cause the cut-off i-band magnitude adopted in this work is set

as i = 24.5 mag and the stars in MW satellites typically have

r− i= 0.2.

Figure 10(b) presents the MV vs. D⊙ relation for MW

globular clusters and dwarf galaxies including Boötes IV and

HSC 1. Red and blue lines show, respectively, the detection

limits of SDSS and HSC evaluated from equations (2) and (3).

As is clear, both Boötes IV and HSC 1 are beyond the reach of

SDSS but (not surprisingly) within the limit of HSC.

4.3 Implication for dark matter models

We have discovered one new dwarf satellite, Boötes IV, from

the HSC-SSP data released internally in the outer halo of

the MW, in addition to two satellites, Virgo I and Cetus III,

which we discovered in the previous data release (Homma et

al. 2016; Homma et al. 2018). To compare this discovery rate

with the prediction of ΛCDM models, we adopt the recent study

of Newton et al. (2018) for the number of visible satellites ex-

pected in ΛCDM models.

Newton et al. (2018) combined the data from SDSS and DES

to infer the full complement of MW satellite galaxies. For

this purpose, they adopted the subhalo populations for MW-

sized halos performed by the simulation project, AQUARIUS

(Springel et al. 2008), to obtain a prior for the radial distribu-

tion of satellites. They made use of dark-matter-only simula-

tions for six MW-sized halos and considered two effects that
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Fig. 8. (a) The spatial distribution of the objects around the overdensity, HSC 1. The green circles and black dots denote, respectively, the objects inside and

outside the isochrone filter at (m−M)0 = 18.3. In this plot, all of the objects without taking into account the extendedness parameter are shown to avoid the

effect of the deblender failure in the star/galaxy separation. A solid red curve shows an ellipse with a major axis of r = 2rh (rh = 0′.44) and an ellipticity of

0.46, whereas dashed red circles mark an annulus with radii 2′.0 and 2′.1 from the center. (b) The CMD of the objects defined in the g−r vs. r CMD relation,

which are located within the solid red ellipse in panel (a), where we use the undeblended flux of the HSC image with a seeing-matched aperture magnitude to

avoid the effect of the deblender failure in this crowded region. (c) The same as (b) but for the objects at 2′.0 < r < 2′.1 having the same solid angle, i.e., the

field objects outside the overdensity. Note the absence of a main sequence feature seen in (b).

Fig. 9. The density distribution of the stars in HSC 1 passing the isochrone

filter given in Figure 8(b), in elliptical annuli as a function of mean radius.

The uncertainties are based on Poisson statistics. The red line denotes the

best-fit exponential profile with rh = 0′.44.

affect the radial distribution of subhalos at redshift z = 0. The

first is due to the finite resolution of the simulation, which leads

to a number of spatially unresolved subhalos. They made use of

a semi-analytical galaxy formation model to account for these

otherwise unresolved subhalos (or ’orphan galaxies’). Second,

they considered the effect of subhalo depletion due to tidal in-

teraction with a central baryonic disk (an effect which is not

included in this pure DM simulation). These two effects work

in opposite senses, and they found that the normalized radial

distribution of these fiducial subhalos is well fit to a so-called

Einasto profile (Einasto 1965; Navarro et al. 2004) and is sim-

ilar to that of luminous satellites obtained from high-resolution

hydrodynamic simulations from the project called APOSTLE

(Fattahi et al. 2016; Sawala et al. 2016b). For an assumed MW

halo mass of 1.0× 1012 M⊙, they find that the total number

of satellites with MV ≤ 0 within 300 kpc of the Sun is 124+40
−27

(see their Table E1); this number is only weakly dependent on

halo mass. This cumulative luminosity function is denoted as

N(MV ) in what follows.

Given this predicted number of visible satellites, we evaluate

the HSC-SSP survey area and depth to obtain the actual number

of satellites it should be able to detect. First, HSC-SSP in its

Wide layer has surveyed over ∼676 deg2, which corresponds to

a fraction of the sky, fΩ,HSC = 0.016. The number of expected

satellites over this solid angle is given by fΩ,HSCN(MV ).

Second, we evaluate the completeness correction associated

with the detection limit of HSC, fr,HSC, which depends on MV .

Following Newton et al. (2018), we assume that the radial dis-

tribution of satellites in this case follows an Einasto profile and

is independent of their luminosities. With this, fr,HSC is given

by

fr,HSC =
N(<RHSC

comp)

N(< 300 kpc)
=

γ
(

3
α
, 2
α

[

c200
RHSC

comp

R200

]α)

γ
(

3
α
, 2
α

[

c200
300 kpc
R200

]α) , (4)

where γ is the lower incomplete Gamma function, defined as

γ(s,x) =

∫ x

0

ts−1 exp(−t)dt . (5)

The Einasto profile, lnN(r)/N−2 = −(2/α)[(r/r−2)
α
− 1], is

parameterized by a shape parameter α and the concentration,

c200 = R200/r−2, where r−2 denotes the radius at which the

logarithmic slope of the profile is −2 and the density there is
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Fig. 10. (a) The relation between MV and rh for MW globular clusters (dots)

taken from Harris (1996) and MW dSphs (filled squares) from McConnachie

(2012); Laevens et al. (2014); Bechtol et al. (2015); Koposov et al. (2015);

Drlica-Wagner et al. (2015); Kim et al. (2015); Kim & Jerjen (2015); Laevens

et al. (2015a); Laevens et al. (2015b); Torrealba et al. (2016); Torrealba et

al. (2018). The empty triangles denote those found from the previous data

release of the HSC-SSP (Homma et al. 2016; Homma et al. 2018). The red

and blue stars with error bars, respectively, denote Boötes IV and HSC 1.

The dotted lines denote the loci of constant surface brightness, µV = 26,

31, and 32 mag arcsec−2 . (b) The relation between MV and heliocentric

distance, D⊙. The red and blue lines denote, respectively, the detection

limits of SDSS and HSC.

N−2. We adopt α= 0.24, c200 = 4.9 and R200 = 200 kpc for a

1.0× 1012 M⊙ MW-sized halo (Newton et al. 2018). The total

number of satellites predicted for the current HSC-SSP data,

after the combined correction for both of the above effects, is

now given as fr,HSCfΩ,HSCN(MV ).

In Figure 11, the black solid line shows the predicted cumu-

lative luminosity function of all the visible satellites from the

study of Newton et al. (2018), namely 124+40
−27 for MV ≤ 0. The

blue solid line denotes the luminosity function considering the

correction for the sky coverage only, fΩ,HSC, whereas the red

solid line includes the full correction, fr,HSCfΩ,HSC, i.e., the

expected number of visible satellites in the HSC-SSP survey of

S18A, given as 1.5+0.4
−0.3 for MV ≤ 0. We note that this number

is very weakly dependent on the values for (a∗, b∗) in equation

(2); varying these over a reasonable range changes this number

by only ∼ 0.1. In addition, Newton et al. (2018) find that the

total number of satellites is insensitive to the assumed MW halo

mass; varying that mass from 0.5 to 2.0×1012 M⊙ changes the

cumulative number, N , by no more than the 68% uncertainty

range indicated above.

The green solid line in Figure 11 corresponds to the cumu-

lative luminosity distribution of the identified satellites within

the HSC-SSP footprint of ∼ 676 deg2. This sample includes

six satellites of Sextans (MV = −9.3: classical dwarf), Leo IV

(MV = −5.8: SDSS DR9), Pegasus III (MV = −3.4: SDSS

DR9), Cetus III (MV = −2.4: HSC), Virgo I (MV = −0.3:

HSC) and Boötes IV. That is, we find six dwarf galaxies,

whereas the model predicted only 1.5+0.4
−0.3. Thus, we appar-

ently have a problem of too many satellites, instead of a missing

satellites problem. We note that the Newton et al. (2018) pre-

diction is normalized with the sample of visible satellites found

in SDSS and DES, so it is not sensitive to the information of

satellites at much larger distances as those found by the current

deeper survey. Also, the larger number of observed satellites

may be due to the effect of a massive dwarf galaxy with 109

to 1010 M⊙ as one of main progenitors for the formation of the

stellar halo, which merged with the MW around 6 to 10 Gyr ago,

as suggested from the kinematics analysis of nearby stars from

Gaia (e.g., Fattahi et al. 2018; Belokurov et al. 2018; Helmi et

al. 2018). If that is the case, then this progenitor would bring ad-

ditional subhalos and thus visible satellites with it, as suggested

from the discovery of UFDs associated with the Magellanic

Clouds in the DES survey (Jethwa et al. 2016; Dooley et al.

2017), as first suggested by Lynden-Bell (1976). Also, there

may exist some diversity in the luminosity function of satel-

lites in MW-sized host galaxies, as suggested from the recent

study of nearby galaxies outside the Local Group (Tanaka et al.

2018), implying that the total population of subhalos is actu-

ally sensitive to the characteristics of each MW-sized host halo,

including their total mass and merging history. Indeed, if we

adopt the abundance matching model by Dooley et al. (2017) as

adopted in our previous papers, the predicted number of satel-

lites in the HSC-SSP survey area is estimated as N = 4+8
−2, i.e.,

in agreement with the current discovery rate of satellites within

a 1σ uncertainty. This may suggest that the models need more

refinements for the assignment of dark subhalos to visible satel-

lites.

The answer to this issue is beyond the scope of this work,

but will be available as further UFDs are found in the on-going

HSC-SSP and the LSST (Abell et al. 2009).

5 Conclusions

From the HSC-SSP data obtained through 2018 April, we have

found a highly compelling UFD candidate, Boötes IV, and a

globular cluster candidate, HSC 1. These objects were identi-
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Fig. 11. The black solid line shows the cumulative luminosity distribution of

all visible satellites obtained from the study of Newton et al. (2018), namely

124+40

−27
for MV ≤ 0. The blue solid line accounts for the correction related

to the sky coverage only, fΩ,HSC, of the HSC-SSP survey and the red solid

line accounts for all the corrections associated with the HSC-SSP survey.

Dotted lines above and below each of the black, blue and red solid lines cor-

respond to the 68 % confidence range associated with these estimates. The

green solid line corresponds to the observed cumulative luminosity distribu-

tion of satellites identified within the HSC-SSP footprint of ∼676 deg2 , which

consists of Sextans, Leo IV, Pegasus III, Cetus III, Virgo I and Boötes IV.

fied as statistically high overdensities of 32.3σ and 31.8σ, re-

spectively, in the relevant isochrone filter with age of 13 Gyr

and metallicity of [M/H]= −2.2. Based on a maximum likeli-

hood analysis, the half-light radius of Boötes IV is obtained as

rh = 462+98
−84 pc and its V-band absolute magnitude is MV =

−4.53+0.23
−0.21 mag. This follows the size-brightness relation for

other MW dwarf satellites, suggesting that it is a dwarf galaxy.

For HSC 1, we have obtained rh = 5.9+1.5
−1.3 pc and MV =

−0.20+0.59
−0.83 mag, thus suggesting that it is a globular cluster be-

cause its size is comparable with MW globular clusters having

the same luminosity, although spectroscopic studies are needed

to determine if there is evidence for associated dark matter.

In the ∼ 676 deg2 covered to date in gri in the HSC-SSP

footprint, we have identified three new UFDs from the HSC

data (Virgo I, Cetus III and Boötes IV) and there exist three

previously known satellites. To investigate what this number of

satellites implies in view of ΛCDM models, we adopt the recent

theoretical estimate of satellite populations in a MW-sized halo

by Newton et al. (2018), in which the sample of luminous satel-

lites found in SDSS and DES are considered and a prior for

their radial distribution is inferred from the AQUARIUS suite

of high-resolution dark-matter only simulations, taking into ac-

count both the effects of the unresolved population of subhalos

due to finite numerical resolution and their depletion due to tidal

forces from the central disk galaxy. This model predicts that

HSC should have seen 1.5+0.4
−0.3 satellites with MV ≤0 within the

HSC detection limit, to be compared with the observed number

of six. The Newton et al. (2018) prediction is insensitive to the

mass of the MW halo and the adopted values for the parame-

ters relevant for identifying satellites. However, the fact that we

observe more satellites than predicted may be due to the pres-

ence of diversity in the total satellite population depending on

the characteristics of each MW-sized host halo including their

total mass and merging history. For instance, analysis of the

Gaia sample of nearby stars (Belokurov et al. 2018; Helmi et

al. 2018) indicates that a 109 − 1010 M⊙ galaxy fell into the

MW stellar halo as suggested from their possible debris present

in the sample; this Large Magellanic Cloud-class satellite may

be associated with additional subhalos as suggested by analy-

ses of the DES survey (Jethwa et al. 2016; Dooley et al. 2017).

Another possibility is that the Newton et al. (2018) model is not

sensitive to the information of more distant satellites as found

by the current deeper survey than SDSS and DES. This sug-

gests that the theoretical models need more refinements for the

assignment of dark subhalos to luminous satellites.

Before concluding this, we require spectroscopic follow-up

studies of UFDs discovered from the HSC imaging data to con-

strain their luminosities based on the identification of member

stars, as well as their dynamical masses deduced from the ve-

locity distribution of stars. We have already obtained spectra of

several of these candidates. The completion of the HSC-SSP

survey program will provide a more robust constraint on the

observed number of satellites, which will eventually shed light

on the nature of dark matter on small scales, i.e. the scales of

galaxies and satellites.
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