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ABSTRACT

In this Letter, we study a localized stellar overdensity in the constellation of Ursa Major, first identified in Sloan
Digital Sky Survey (SDSS) data and subsequently followed up with Subaru imaging. Its color-magnitude diagram
(CMD) shows a well-defined subgiant branch, main sequence, and turnoff, from which we estimate a dista@fce of
kpc and a projected size 8250 x 125pc®. The CMD suggests a composite population with some range in metallicity
and/or age. Based on its extent and stellar population, we argue that this is a previously unknown satellite galaxy of
the Milky Way, hereby named Ursa Major Il (UMa II) after its constellation. Using SDSS data, we find an absolute
magnitude oM, ~ —3.8 , which would make it the faintest known satellite galaxy. UMa II's isophotes are irregular
and distorted with evidence for multiple concentrations; this suggests that the satellite is in the process of disruption.

Subject headings: galaxies: dwarf — galaxies: individual (Ursa Major II) — Local Group

1. INTRODUCTION Data from the Sloan Digital Sky Survey (SDSS; York et al.

. . . . . . 2000) have revealed five new nearby dwarf spheroidals (dSphs)
Numerlcal S|mulat|on_s in the hlerarchlcgl cold dark matter par- in quick succession: Andromeda IX and X (Zucker et al. 2004
adigm of galaxy formation generally predict 1-2 orders of mag- 555y (jrsa Major (Willman et al. 2005a), Andromeda X
nitude more satellite halos'm the present day Local Group than(Zucker et al. 2006b), Canes Venatici (Zucker et al. 2006a), and
tr;e 1%%??% of dvxf[an; gggg'_e; thus fartokl)sze(r)\(/)ezd (Ne.g., Moore etgqtes (Belokurov et al. 2006b). All five galaxies were detected
al. , Kiypin et al. , Benson f’ al. ): _urr3erous SO0° 55 stellar overdensities. The purpose of this Letter is to study
lutions have been proposed for this “missing satellite” problem. another prominent stellar overdensity in SDSS Data Release 4

For example, star formation may be inhibited in low-mass systems( Ad G :
) ; ; elman-McCarthy et al. 2006). Grillmair (2006) independently
(e.9., Bullock etal. 2001; Somerville 2002), or the known satellites ... 10q attention to it, stating that it may be a “new globular cluster
may represent a higher mass regime of the satellite initial mass, qwarf spheroidal.” Here we provide evidence from SDSS and
function (e.g_., Stoehr et al._2002, Kravisov et al. 2004). subsequent deeper Subaru imaging for its interpretation as a
However, it has become mcreasmglly clgar 0\_/erthellast2yearsdWarf spheroidal galaxy, the 13th around the Milky Way, with
that the census of Local Group satellites is seriously mcomplete.the proposed name Ursa Major Il (UMa ).

* Based in part on data collected at Subaru Telescope, which is operated by
the National Astronomical Observatory of Japan. 2. OBSERVATIONS AND DATA ANALYSIS

2 Institute of Astronomy, University of Cambridge, Madingley Road, Cam-
bridge CB3 OHA, UK; zucker@ast.cam.ac.uk, vasily@ast.cam.ac.uk, nwe@ast  SDSS imaging data are taken in five photometric bands ¢,
.cam.ac.uk. i, andz Fukugita et al. 1996; Gunn et al. 1998, 2006; Hogg et al.

P N - .
Honmstitute for Asironomy, University of Hawail, 2680 Woodlawn Drive, - 5001; Adelman-McCarthy et al. 2006) and automatically processed
4 Rensselaer Polytechnic Institute, Troy, NY 12180. through photometric and astrometric pipelines (Lupton et al. 1999;
® Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510. Stoughton et al. 2002; Smith et al. 2002; Pier et al. 2003; waizic
® Los Alamos National Laboratory, ISR-4, MS D448, Los Alamos, NM 87545.  g|, 2004). As part of our systematic analysis of SDSS data around
" Department of Physics and Astronomy, Austin Peay State University, P.O. the north Galactic pole (see eg Belokurov et al 2006a) we iden-
Box 4608, Clarksville, TN 37044. e o I . ) N
8 Max Planck Institute for Astronomy, Kigstuhl 17, 69117 Heidelberg, Germany. t'f'e{j a stellar overdenS|ty in the Con_Ste"at'OH Ursa Major.
° Department of Astronomy, Ohio State University, 140 West 18th Avenue, ~ Figure 1 shows a set of panels derived from the SDSS data. Note
Columbus, OH 43210. that the photometric data in all figures have been corrected for
0 Johns Hopkins University, 3701 San Martin Drive, Baltimore, MD 21218. Galactic foreground extinction using Schlegel etal. (1998). A com-

™ Center for Cosmology and Particle Physics, Department of Physics, New , . - : .
York University, 4 Washington Place. New York, NY 10003. bined g,r,i gray-scale image centered on the stellar overdensity

12 Astronomical Institute of the University of Basel, Department of Physics (P@nela) reveals no obvious object. However, by selecting only the

and Astronomy, Venusstrasse 7, CH-4102 Binningen, Switzerland. objects classified by the SDSS pipeline as blue stprsi(< 0.5 )
_** Department of Astronomy and Astrophysics, Pennsylvania State Univer- g flattened stellar overdensity is readily visible in the photometric
sity, 525 Davey Laboratory, University Park, PA 16802, N data (panel$ andc). A color-magnitude diagram (CMD) of all
Department of Physics and Astronomy, Michigan State University, East : . :
Lansing, Ml 48824. stars in the central region reveals a clear main-sequence turnoff and
15 South African Astronomical Observatory, P.O. Box 9, Observatory 7935, Subgiant branch, as well as what appear to be a red clump and
Cape Town, South Africa. sparse horizontal and red giant branches (pareetsif). The CMD
1 H . . .« .
Apache Point Observatory, P.O. Box 59, Sunspot, NM 88349. bears some resemblance to those of intermediate-metallicity globular

* Subaru Telescope, 650 North A‘ohoku Place, Hilo, HI 96720.

8 Mount Suhora Observatory, Cracow Pedagogical University, ul. Pod- Cl,us_ters' but the satellite’s seeming!y irregylar morphology with
chorazych 2, 30-084 Cracow, Poland. distinct blobs and subclumps leaves its precise nature open to ques-
19 Gemini Observatory, 670 North A‘ohoku Place, Hilo, HI 96720. tion. It is not even clear that it is a single object.
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_,.;j:"' a1l ] Fic. 2.—UMa |l dwarf as seen by Subarwa) (CMD of the central region of
041 c f UMa Il (Fig. 1c, dashed box), constructed with Subarg,i  data. The solid gray
a7 L ‘ \ 22r } - = 7 line indicates the color-magnitude selection criteria used to construct the contour
04 02 00 -02 04 0.0 0.5 1.0 plots in the bottom panels. The error bars on the left show the typical photometric
Ao g-i errors at thaé-band magnitude indicatedo)(Hess diagram showing the CMD of

. o the box minus a control-field CMD, normalized to the number of stars in each

Fig. 1.—UMa Il dwarf as seen by SDS&)(Combined SDS§r,i imagesof  cMD. (c) Isodensity contours of the stars selected from the Subaru data by the
a1%2 x 1°2 field centered on the overdensity TB'3C, +63°07'48' [J2000.0]). gray box in 6). The plotted contour levels are 1, 2, 3, 5, 7, and &bove the
Aa andAs are the relative offsets in right ascension and declination, measured inpackground leveha: antls  are measured in degrees offatsoflensity contours
degrees of arc. The dashed lines indicate the two pointings observed with Subarysing SDSS data for comparison, with levels of 2, 3, 5, 7, andaove the

(see § 2).1§) Spatial distribution of all blue objectg (- <0.5 ) classified as stars  packground plotted. Note that the three blobs appear in both panels.
in the same areac)Binned spatial density of all blue stellar objects, together with

a dotted box that covers most of the object and a dotted annulus used to define the . .

background. d) CMD of all stellar objects within the dotted box; note the clear USed to select members; the density contours derived from the
main-sequence turnoff and subgiant branch, along with hints of horizontal and redspatial distribution of these stars are shown in FigureThe

giant branches, even without removal of field contaminatignCentrol CMD of central parts of the object break up into three distinct clumps,

field stars from the dotted annuluf).Golor-magnitude density plot (Hess diagram), : ‘i : - -

showing the CMD of the box minus a control CMD, normalized to the number of which are also visible in the .denSI.ty qontours derived from .SDSS
stars in each CMD. data using the same selection criteria, and thus are not likely to

be mere data artifacts.

Accordingly, we obtained deeper follow-up observations on
2006 May 26 (UT) with the SuprimeCam mosaic imager (Mi-
yazaki et al. 2002) on the Subaru telescope (lye et al. 2004), using Figure & shows a composite CMD of the central parts of the
two pointings to cover the stellar overdensity (Fig).1Each object with bright starsi & 18 ) taken from SDSS and faint ones
pointing was observed iff amd bands iB & 240 s exposure (i > 18) from Subaru. The width in the upper main sequence
dither to cover the gaps between CCDs, for 12 minutes of inte- exceeds the observational errors (Fig) 8nd the expected range
gration time per band. Unfortunately, several exposures of thein foreground extinctionAE(g — i) ~ 0.1 ; Schlegel et al. 1998],
western pointing were affected by problems with vignetting and and may be caused by a number of factors. First, there is nebulosity
tracking, so that only singlg’ and exposures of this area werein the field of ourg’ -band Subaru images, suggesting that there
usable. The data were processed using a general purpose pipelimaay be patchy reddening unresolved on the scale of the maps of
modified for Subaru reductions. Images were debiased andSchlegel et al. (1998). Second, the spread could be caused by
trimmed, and then flat-fielded and gain-corrected to a commondepth along the line of sight, although the main sequence is nearly
internal system using clipped median stacks of nightly twilight vertical near the turnoff and thus a distance spread alone would
flats. Aperture photometry from these processed images was themot reproduce its observed width. Finally, it could be caused by
bootstrap calibrated onto the SDSS photometric system. a mix of stellar populations of different metallicities and ages, as

Figure & shows a deep CMD derived from our Subaruimaging. shown in Figure 8 with overplotted isochrones from Girardi et
A densely populated upper main sequence and subgiant branchl. (2004). The stellar population is not well-described by a single
are now clearly discernible, although with a truncated red giant isochrone, but the data are consistent with a single distance, and
branch and possible horizontal branch because of saturation in th@n age/metallicity range. Judging from the isochrones, a reasonable
Subaru data far < 18 . Figurebzhows a background-subtracted conclusion is that the object is of intermediate metallicity and at
Hess diagram of the object. The solid gray line that wraps aroundleast 10 Gyr old. A Subarg’ -band image of what appears to be
the object’'s main sequence and subgiant branch in Figuie 2  a central cluster is shown in Figure.3he image is dominated

3. PROPERTIES OF UMa Il
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- TABLE 1
- 40 PROPERTIES OF THE URSA MAJOR II DWARF
18} i Contral Parameter Value
+ 30+ F= Outer N ;
Coordinates (J2000.0)..... 0851"3C°, +63°07'48
- 20f 1= T Fwhm Coordinates (Galactic)..... | = 1525,b = 374
. 201 Position angle............... 95
2ol Ellipticity .................... 0.5
1ol ] Central extinctionA, ....... 0.29 mag
= | a b Vigt «vvrenneennnennennaennn. 14.3 0.5 mag
24} 3 . T A S hng (M= M)y e, 17.5¢ 0.3 mag
05 00 05 10 15 05 00 05 10 15 OtV + s —3.8 £ 0.6 mag
-1 g-! 2 Integrated magnitudes are corrected for the Galactic
3 16 T foreground reddening reported by Schlegel et al. (1998).
18} / . . S
. . be alarge globular cluster with gross tidal distortions. In a globular
a 2ol cluster undergoing tidal disruption, the transverse size of the tail
5 - does not increase appreciably (Dehnen et al. 2004). Thus the di-
| ameter of the globular cluster would have to425 pc, larger
2r than almost all known globulars. In addition, the CMD does not
= resemble that of a single stellar population, as in a typical globular
o . . . cluster. If UMa Il were a disrupted cluster, the progenitor would
50 -50 -05 0.0 0.5. 1.¢ 15

Ao (arcsec)

g-i

Fic. 3.—(@) Composite CMD of the central region of UMa Il (Figc,ashed
box), with photometry of both SDSS and Subaru stars plottgmn( circles,
i < 18, gray dots, i > 18). Padova isochrones (Girardi et al. 2004) are overplotted
for (left to right) [Fe/H] = —2.3/12 Gyr, [Fe/H]= —1.3/12 Gyr, and [Fe/HE
—0.7/10 Gyr, all shifted to a distance modulus of 17.5. The error bars show the
typical photometric errors for each data set atitiiand magnitude indicated.
(b) Color histogram of Subaru stars from the central region satisfying21.5
i < 22.5(between the dotted lines iglj, with an area-normalized color histogram
of outer Subaru star§ 4« | > 0.£) in the same magnitude range overplotted in
gray. The dotted line shows a fit to the central color histogram comprising a
Gaussian plus a polynomial. The error bars show the typical photometric errors
for stars from the central region{0.04 mag) and outer area-(0.06 mag), as
well as the HWHM of the Gaussian fit{0.08 mag). ¢) Subarug-band image
(3 x 3) of the apparent central cluster of UMa Il. The curved shadow to the
left is scattered light from a nearby bright stal) Composite CMD of the central
cluster region shown incf, with SDSS and Subaru photometry and three iso-
chrones plotted as ira); the middle isochrone ([Fe/HF —1.3/12 Gyr) appears

likely have had properties more extreme than the most luminous
Milky Way globular, w Centauri, itself widely believed to be the
nucleus of a dSph (e.g., Majewski et al. 2000).

Yet, in its physical properties UMa Il does resemble Willman
1—a peculiar object also found with SDSS—which may be a
tidally disrupted globular cluster (Willman et al. 2005b, 2006).
Willman 1's absolute magnitude and half-light rading, ~
—2.5andr,,, ~ 20 pc (Willman et al. 2006), are at least a factor
of ~3 fainter and smaller than the corresponding quantities for
UMa I, M, ~ —3.8andr,,, ~ 50 pc or~120 pc (based on the
minor axis or azimuthally averaged). Inthg ~ versys  plane,
UMa Il would lie between Willman 1 and the recently dis-
covered low-luminosity Milky Way dSph satellites Ursa Major
I, Bootes, and Canes Venatici. With digital surveys such as
SDSS we are thus probing a new regime of ultralow surface
brightness stellar structures, where—in the absence of kine-

to be a I’easonably gOOd fit to the data, although even in this small region the matic data—the distinction between globular clusters and dwarf

main sequence is broader than might be expected from simple photometric error
(error bars).

by turnoff and subgiant stars (Figd)3 Even in the small area of
the central cluster, the main sequence appears to be broader th
that of a single population.

Given the breadth of the main sequence and turnoff, it is difficult

to determine a precise distance to the object. From the overlaid

isochrones, we estimate a distance modulusrof-(M), ~ 17.5

+ 0.3, corresponding t&30 = 5 kpc and in reasonable agree-
ment with the distance of 37 kpc obtained by Grillmair (2006).
At ~30 kpc, the angular extent of the objeef{5 x 0°25) trans-
lates to a size 0f250 x 125 pc. Using the same method de-
scribed in Belokurov et al. (2006b) we estimate its absolute mag-
nitude asM,, ~ —3.8 = 0.6, a value consistent with the paucity

of giant stars. Based on its size (which exceeds typical values for,

faint globular clusters), its broad CMD morphology (which argues

against a single stellar population), and its extremely low surface
brightness, we conclude that this is most likely a hitherto unknown
dSph galaxy. As it is the second Milky Way dSph satellite to be

discovered in this constellation, we follow convention in naming

it Ursa Major Il (UMa l1); its properties are listed in Table 1.

4. DISCUSSION

At M, ~ —3.8 UMa Il would be the faintest dSph yet discov-
ered. One might therefore wonder whether UMa Il could instead

‘alaxies is no longer obvious.

If the thickness of the main sequence is indicative of episodic
or extended star formation, then UMa Il may once have been

‘,much more massive and subsequently suffered disruption. The

iIsophotes of UMa Il are even more distorted and irregular than
those of the Ursa Minor (Palma et al. 2003) or Bootes dSphs
(Belokurov et al. 2006b). In addition to the central cluster, there
appear to be two density peaks A(~ 02 A§~0°0 ) and at
(Aa ~ —0°2, A6 ~ —0°05). These may perhaps be just fragments
of what was once a regular galaxy. If UMa Il were unbound, the
fragments would probably have been completely disrupted by now
and would not be detected as a significant stellar overdensity.
But is UMa Il gravitationally bound? We can estimate what
mass-to-light ratioNI/L ) would be required for it to be bound
using the criterion for tidal disruption of a cluster of particles
in a circular orbit3Myw /Diw > Myyan /R3van » Wherdd,,, and
Muwan are the enclosed masses of the Milky Way and UMa
Il, Dy is the distance of UMa Il from the center of the Milky
Way, andR,,,,, is the radius of UMa II. Assuming,,, ~
4 x 10" My, Dy ~ 36 kpc (from a heliocentric distance of
~30 kpc), Rypan ~ 100 pc, and- ., ~3 x 10° L, (based
on M, ypan ~ —3.8 andM,,  ~ 4.85), UMa Il would require
M/L ~ 8 to be marginally bound. The uncertainties in this es-
timate are substantial—the approximations inherent in the for-
mula could introduce errors of a factor e4—but it does
suggest that, if UMa Il is gravitationally bound, /L  may
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be higher than that of a typical stellar population. In other 50T
words, the existence of UMa Il as a presumably long-lived, [~
distinct object could imply a highe¥l/L  than would be ex- 45F
pected in a system without dark matter.

UMa Il is found in a busy area of sky, as shown in Figure 4.
UMa Il lies on the great circle of the “Orphan StreamX
stellar stream discovered in SDSS data (Belokurov et al. 2006a;
Grillmair 2006). The distance to the Orphan Stream~80
kpc, comparable to UMa Il. The great circle of the Orphan
Stream includes a number of anomalous, young halo globular
clusters, particularly Palomar 1 and Ruprecht 106. UMa Il also 25
lies close to the association ofHhigh-velocity clouds known : ‘ : -
as Complex A (see, e.g., Wakker 2001). Complex A has a 170 160 150 140 130
distance bracket of 4.0-10.1 kpc (Wakker et al. 1996); although Goloctic longitude
this is much closer than UMa Il, they may nonetheless be g, 4.—Locations of UMa Il and Complex A, together with the great circle
associated if Complex A lies on a different orbital wrap of a of the Orphan Stream. The distance estimate to the Orphan Stream is com-

mutual progenitor (Belokurov et al. 2006¢). UMa Il could thus Pparable to that of UMa II, but Complex A is believed to lie much closer. The

i ; gray scale shows the density of SDSS stars satisfgirgr < 0.4 2nhd
be a surviving fragment ofa Iarger progenitor. r <22.5 The inset image is a blow-up of the area immediately around UMa

I, showing its long axis almost aligned with constant Galactic longitude. The
5. CONCLUSIONS column density contours for Complex A are taken from Wakker (2001), while
the great circle of the Orphan Stream is from Belokurov et al. (2006c).
We have identified a new companion to the Milky Way gal-

axy in the constellation Ursa Major. Based on its size, structure,

and stellar population, we argue that it is a new dwarf sphe- the US Department of Energy, the National Aeronautics and
roidal galaxy and name it UMa Il. It has a distance-@0 kpc  space Administration, the Japanese Monbukagakusho, the Max
and an absolute magnitude i, ~ —3.8 . Its color-magnitude pjanck Society, and the Higher Education Funding Council for
diagram shows an upper main sequence, turnoff, and subgiantngland. The SDSS Web site is http://www.sdss.org.
branch, as well as hints of red giant and horizontal br_anches. The SDSS is managed by the Astrophysical Research Con-
UMa Il has a bright central concentration, together with two sortium for the Participating Institutions. The Participating In-
further clumps. The irregular nature of the object suggests thatstjtutions are the American Museum of Natural History, As-
it may have undergone disruption. ~ trophysical Institute Potsdam, University of Basel, Cambridge
This is the fourth Milky Way dSph discovered by SDSSinlittle  ynijversity, Case Western Reserve University, University of
over a year. To_g_ether with the ea_rller discoveries of Ursa Major Chicago, Drexel University, Fermilab, the Institute for Ad-
I, Canes Venatici, and Bootes, this underscores how incomplete,ganced Study, the Japan Participation Group, the Johns Hopkins
our current census actually is. As SDSS covers only aboutafourthumversity, the Joint Institute for Nuclear Astrophysics, the
of the celestial sphere, crude scaling arguments would suggest thakavli Institute for Particle Astrophysics and Cosmology, the
there are tens of missing Milky Way dSphs. If true, this would Korean Scientist Group, the Chinese Academy of Sciences
go some way toward resolving the missing satellite issue. (LAMOST), Los Alamos National Laboratory, the Max Planck
Institute for Astronomy (MPIA), the Max Planck Institute for
D.B.Z,V.B, M. I.W, M. F.,, and D. M. B. acknowledge  Astrophysics (MPA), New Mexico State University, Ohio State
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