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ABSTRACT

We have obtained images in V and | of the newly discovered Local Group dwarf galaxies Pegasus dSph and
Cassiopeia dSph and their surrounding field using the Keck 10 m telescope and Low-Resolution Imaging Spec-
trograph. The first stellar luminosity functions and color-magnitude diagrams are presented for stars with
V < 25 and | < 24. The distances to the new dwarfs are estimated from the apparent | magnitude of the tip of
the red giant branch to be D,,,,(Peg dSph) = 830 #+ 80 kpc and D,,,(Cas dSph) = 760 + 70 kpc, which are
consistent with their belonging to the extended M 31 satellite system. Both galaxies are dwarf spheroidals (dSph's)
with red giant branch morphologies indicating predominantly old stellar populations and estimated mean metal -
licities, ([Fe/H]), of —1.3 + 0.3 for Peg dSph and —1.4 + 0.3 for Cas dSph. Their central surface brightness—
([Fe/H])—absolute magnitude relationship follows that of other Local Group dSph, dwarf elliptical, and dwarf
irregular galaxies. In contrast to four out of nine Milky Way dSph’s (the four that lie beyond D,,,, = 100 kpc),
none of the six known M31 dSph’s appear to have a dominant intermediate-age population.

Subject headings. galaxies: individual (Andromeda V, Pegasus dSph (Andromeda V1), Cassiopeia dSph
(Andromeda V1), M31) — galaxies: luminosity function, mass function —
galaxies: photometry — galaxies: stellar content — galaxies: structure— Local Group

1. INTRODUCTION

Recently, two groups have reported the independent discov-
ery of new Local Group dwarf galaxies, which are potential
companions of M31. Armandroff, Davies, & Jacoby (1998a)
used a digital filtering technique to survey digitized POSS-1I
plates covering a 1550 deg?® area surrounding M31 and found
several candidate dwarf galaxies. They demonstrated that their
first candidate, Andromeda V, is a dwarf spheroidal (dSph)
galaxy sufficiently closeto M31 to beits satellite. An additional
candidate, which was named Andromeda V1 following van den
Bergh's (1974) convention, was resolved into stars and found
not to contain H 1 regions (Armandroff, Davies, & Jacoby
1998b, 1998c). The second group, Karachentsev & Karach-
entseva (1998a, 1998b), visualy inspected film copies of
POSS-I plates and detected four potential new dwarf com-
panions of M31. The two brightest, granulated detections were
deemed to be the most promising candidates. These were in-
itially named Pegasus Dw and Cassiopeia Dw after their parent
constellations (Karachentsev & Karachentseva 19983, 1998b),
and later renamed Peg dSph and Cas dSph by Tikhonov &
Karachentsev (1998). Note that Peg dSph is equivalent to
And VI and was discovered independently by the two groups.
The galaxy Cas dSph islocated in an area for which no POSS-
Il plate scan was available to Armandroff et a. (1998a). We
will adopt the designations Peg dSph and Cas dSph throughout
this Letter.

These three newly discovered candidate M31 dSph's,
And V, Peg dSph, and Cas dSph, double the census of known
M31 dSph's. It is important to test whether the M31 dSph's
follow the same relations between absolute magnitude, surface
brightness, metalicity, M/L ratio, and galactocentric distance
as the Milky Way dSph satellites. Do environment and distance
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from M31 affect their formation histories as one might expect
from van den Bergh's (1994) ram pressure/tidal stripping
scenario?

This Letter presents results from Keck imaging of Peg dSph
and Cas dSph that address some of these questions; preliminary
results were presented by Grebel (1999). Our Keck results are
also compared with the results from three other recent/ongoing
studies of a similar nature targeting these galaxies (Tikhonov
& Karachentsev 1998; Hopp et a. 1998; Armandroff et al.
1998c, 1998d).

2. OBSERVATIONS AND DATA REDUCTION

In preparation for a stellar spectroscopy program of M31's
dSph companions, Peg dSph and Cas dSph were imaged with
the Keck 11 10 m telescope in 1998 August—September, using
the Low-Resolution Imaging Spectrograph (LRIS) (Oke et al.
1995) with a 2048> CCD and a scale of 07215 pixel*. Short
exposures were obtained in the V and | bands: 1 x 300 and
3 x 200 s, respectively, per galaxy. Observing conditionswere
photometric, and the seeing ranged from 0!7 to 10 (FWHM).
The overlapping field of view of the final, combined images
is 4.6 x 7.1. Resolved objects (galaxies) and regions around
bright, saturated stars are excluded from further anaysis
(cf. Reitzel, Guhathakurta, & Gould 1998). Stellar photometry
is carried out with the DAOPHOT/ALLFRAME programs
(Stetson 1994). The photometric transformation uses air-mass
coefficients from Krisciunas et a. (1987) and observations of
faint secondary standards (P. B. Stetson 1998, private com-
munication) in Landolt (1992) fields.

3. MORPHOLOGICAL APPEARANCE

Peg dSph and Cas dSph have the appearance of typical low
surface brightness spheroidal galaxies without recognizable
concentrations of bright stars, H 11 regions, or obvious globular
clusters (Fig. 1). Peg dSph is not detected in He, indicating
the absence of currently star-forming regions (Armandroff et
al. 1998a). An dllipticity of 0.3 is estimated for both galaxies,
along with position angles of 160° = 20° and 55° + 20° for
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Fic. 1.—A negative gray-scale representation of V-band images of Peg dSph and Cas dSph (1 x 300 s for each galaxy) obtained with the LRIS on the 10 m
Keck |1 telescope in 1998 August. The FWHM seeing for these observations was 0”7-1"0.

Peg dSph and Cas dSph, respectively. Hopp et al.’s (1998)
measurement of the Peg dSph structural parametersisin agree-
ment with these estimates. The ellipticities of Peg dSph and
Cas dSph are similar to those of Galactic dSph satellites at
larger distances from the Milky Way (see, e.g., Caldwell et .
1992), suggesting little or no distortion through tidal effects.
A detailed analysis of the galaxies structural parameters will
be presented in a later paper (Guhathakurta & Grebel 1998).

4. STELLAR LUMINOSITY FUNCTIONS AND DISTANCES

The cumulative stellar I-band luminosity function (LF) for
both galaxies is shown in Figure 2. The LF of Cas dSph rises
at | = 20.7 £ 0.1, and this is interpreted as the tip of the red
giant branch (TRGB). The LF upturn is more gradual for
Peg dSph, with Iz = 20.7 = 0.1. The Galactic line-of-sight
reddening is estimated from DIRBE/IRAS maps (Schlegel,
Finkbeiner, & Davis 1998) to be E;_, = 0.04 = 0.01 and
0.17 = 0.03, or A, = 0.09 = 0.01 and 0.35 * 0.06, for Peg
dSph and Cas dSph, respectively. An absolute magnitude of
M, = —4 for the TRGB (Lee, Freedman, & Madore 1993)
implies true distance moduli of (m— M), = 24.6 = 0.2 and
24.4 + 0.2 for Peg dSph and Cas dSph, respectively, where
the errors include uncertainties in the exact location of the
TRGB (Poisson error, possible presence of intermediate-age
stars brighter than the TRGB), reddening, and photometric
calibration.

Tikhonov & Karachentsev (1998) find apparent distance
moduli for Peg dSph and Cas dSph that trandate into true
distance moduli of (m— M), = 24.52 and 24.36, respectively,
when the above foreground extinction correction is applied.

Corrected in the same manner, Hopp et a.’s (1998) finding
corresponds to (m— M), = 24.43 + 0.2 for Peg dSph. These
results are in excellent agreement with the results of this study,
when the uncertainties in the measurements are taken into
account.

5. COLOR-MAGNITUDE DIAGRAMS AND
METALLICITY ESTIMATES

The color-magnitude diagrams (CMDs) of Peg dSph and
Cas dSph show prominent red giant branches (RGBs) and no
evidence of young blue stars (Fig. 3). The surrounding R>
3 “field” CMDs in Figure 3 are drawn from a region whose
area is about 45% that of the R< 3’ galaxy area. The field
CMDs are dlightly contaminated by stars on the outskirts of
the dSph galaxies (<10% of the number of stars in the corre-
sponding R < 3’ galaxy CMD), but this is unimportant for the
purposes of this study since no significant radial gradient ap-
pears to be present in the galaxies' properties. The Cas dSph
RGB is more densely populated than that of Peg dSph, a re-
flection of Cas dSph's higher stellar surface density. A small
metal-rich ([Fe/H] < —1) population appears to be indicated
by stars with V — | > 2 near the TRGB in Cas dSph (Fig. 3).
The density and color distribution of stars above the Cas dSph
TRGB are similar to that in the corresponding field CMD, but
the presence of a small intermediate-age asymptotic giant
branch (AGB) population cannot be ruled out. The Peg dSph
CMD displays an excess of stars above the TRGB relative to
the field CMD; this is also seen as a tail in the LF brighter
than the TRGB. These super-TRGB stars may indicate the
presence of a significant intermediate-age AGB population in
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Fic. 2—Cumulative I-band LFs of the centra R< 3 regions of Peg dSph 0 1 2 3 0 1 2 3
and Cas dSph (solid line) and of the surrounding R> 3' field regions (dotted V-I V-I

line) (scaled to match the area of the inner R< 3 region). The arrows mark
the adopted position of the TRGB in the field-star—subtracted L F (dashed line).
The bright end of the field-star—subtracted LF appears to extend to dightly
brighter magnitudes than the adopted TRGB |ocation, especially for Peg dSph;
this may indicate the presence of luminous AGB stars.

Peg dSph; they are not likely to be artifacts of blending (cf.
Grillmair et al. 1996; Martinez-Delgado & Aparicio 1997).

The mean metalicity is computed from the median
reddening-corrected color, (V — I),, & M, = —3.5 (Armandroff
et al. 1993; Cadwell et al. 1998), computed over the range
1< (V—1),<2. Outside this color range, the surface density
of objects is identical for the inner R< 3’ and surrounding
R > 3’ regions, indicating that the majority of these objects are
foreground or background sources. For Peg dSph,
(V—1)o 35 =146 = 0.02 for 21.1 < | £21.3, which yields
([Fe/H]) = —1.35 = 0.07. For Cas dSph, (V—1), 35=
143 = 0.01 for 21.1<1<21.3, which yidlds ([Fe/H]) =
—1.42 + 0.04. These errors are the formal errors of the mean;
the overall uncertainty in the mean metallicities is conserva-
tively estimated to be +0.3 dex because of systematic errors
in the photometry/calibration. These metallicity estimates are
in good agreement with those derived from the standard glob-
ular cluster RGB fiducials (Da Costa & Armandroff 1990)
shown in Figure 3.

The observed width of the RGB in the Peg dSph and
Cas dsph CMDs, 6(V — I) = 0.4, corresponds to a metallicity
spread of roughly 1 dex. The forma uncertainty in the color
measurement (see Fig. 3) is significantly smaller than the ob-
served spread in bright RGB color. The effect of systematic
errors (e.g., crowding, flat-fielding), however, may be as large
as o(V — 1) ~ 0.1, judging from a comparative analysis of a
subset of the data that was obtained in poorer seeing and at a
different CCD orientation with respect to the primary data set.
The fact that the RGB widths are similar for Peg dSph and

Fic. 3—CMDs of the inner R< 3 region of Peg dSph and Cas dSph, with
their corresponding surrounding R> 3 field regions (each field region has
roughly 45% the area of the inner R< 3 region). The error bands in the right
panels represent the formal (DAOPHQOT) + 1 ¢ errorinV — | color; the overall
errors are likely to be somewhat larger. Note that the “field” CMD is dlightly
contaminated by red giant stars in the outer regions (>60 pc) of the dSph's.
The solid gray lines in the left panels are globular cluster fiducials from Da
Costa & Armandroff (1990), which are appropriately reddened and shifted to
the distance moduli of the galaxies, for arange of [Fe/H] values (l€ft to right):
M15 (—2.2), NGC 6752 (—1.5), NGC 1851 (—1.2), and 47 Tuc (—0.7).

Cas dSph, despite the substantial difference in their stellar
surface density, argues against the widths being caused by
crowding-related photometric error. Finally, the apparent flaring
of the Cas dSph RGB near its bright tip is strongly suggestive
of a spread in [Fe/H].

Measurements of the mean metallicity in three radial bins
R<?l, <R<?2, and 22<R< 3'), based on a wider I-
magnitude range (Al = 0.5 mag), place a robust upper limit
on the radial metallicity gradient in the galaxies. The variation
in median (V — 1), color over the inner 3’ region is found to
be less than 0.03 mag, corresponding to a variation in mean
metallicity of less than 0.05 dex and comparable to the formal
error in ([Fe/H]) quoted above. Thus, Peg dSph and Cas dSph
show no evidence of a radial metallicity gradient, in contrast
with what is seen in some dSph’ s with substantial intermediate-
age populations (see Grebel 1997 for a summary).

6. CENTRAL SURFACE BRIGHTNESS

The central surface brightness in the V band, measured in a
40" diameter aperture after subtraction of bright foreground
stars and corrected for line-of-sight extinction (same procedure
as in Armandroff et al. 1998a), is u, .~ 245 and 23.6
mag arcsec ? for Peg dSph and Cas dSph, respectively; these
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FiG. 4—Top panel: mean metallicity, ([Fe/H]), plotted vs. central surface
brightness in the V band, ., o, for nearby dwarf galaxies. The data are from
Grebel (1997), Armandroff et al. (1998a), and the present study. Peg dSph
and Cas dSph (the two encircled dots) follow the mean ([Fe/H]) vs. p,, , relation
within the errors. Bottom panel: absolute B-band magnitude, M, vs. central
surface brightness for the same galaxies that are plotted in the top panel. The
Mg values are uncertain at the level of +0.5 mag (I. D. Karachentsev 1998,
private communication). The data are from Mateo (1998) and the present study;
the Mg value for And V is estimated following Armandroff et a. (1998a).

brightnesses are higher than the p,, , values for the other M31
dSph's (Caldwell et al. 1992; Armandroff et al. 1998a): 24.9
(And 1), 248 (And 11), 253 (And Ill), and 25.2 mag
arcsec? (And V). Peg dSph and Cas dSph, along with the
newly discovered And V dSph (Armandroff et al. 19984), fol-
low the general ([Fe/H]) versus p, , relationship defined by
Local Group dwarf elliptical (dE), dwarf irregular, and dSph
galaxies (Fig. 4, top panel). Absolute B-band magnitudes,
Mg, are computed from the total apparent magnitudes, B;, es-
timated by Karachentsev & Karachentseva (1998a). Taking the
M estimates at face value, Peg dSph lies on the mean M,
VErsus u,, o relation defined by other Local Group dwarf gal-
axies (Fig. 4, bottom panel), while Cas dSph is somewhat less
luminous than other dwarfs of comparable p, ,.

7. DISCUSSION

A summary of the properties of the two new dSph's,
Peg dSph and Cas dSph, derived from Keck imaging is given
in Table 1. Their mean metallicities resemble those of the M31
globular cluster system ([Fe/H] = —1.2; Huchra, Kent, & Bro-
die 1991) and the intermediate-age/old field populations in
M31's dE companions, but they are higher than the ([Fe/H])
of the other four M31 dSph’s (cf. Grebel 1997; Armandroff et
al. 19984). Peg dSph and Cas dSph also have the highest central
surface brightnesses of the known M31 dSph'’s. Their detection
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TABLE 1
PROPERTIES OF PEG dSph AND Cas dSph

Parameter Peg dSph Cas dSph

o (J2000) ..ocvvviiiiinnn 2351 39 2326 31

6 (J2000) ....evevininennns 24 35 42 50 41 31
b (deg) .ccvvvvaeannnn. 106.0, —36.3 1095, —9.9
Position angle (deg) ...... 160 = 20 55 + 20
Ellipticity ................. 03 + 0.1 03+ 01
B e 004 =+ 001 0.17 + 0.03
(M=M)goeeeieeiinnn. 246 + 02 244 + 02
Dyw (KPC) v, 830 + 80 760 + 70
Dy (KPC) eeevveees. 280 + 85 215 + 75
DY (o) R 340 = 90 430 + 80
......................... 145 = 0.5% 16.0 = 0.5%

Vo e 14.1 + 0.2°

By (Mag arcsec™) ....... 245+ 0.2 236 + 0.2
(FeHD) e, -13+03 -14+03

Note.—Units of right ascension are hours, minutes, and
seconds, and units of declination are degrees, arcminutes, and
arcseconds.

2 From Karachentsev & Karachentseva 1998a.

° From Hopp et al. 1998, corrected using Schlegel et a.’s
1998 extinction estimate.

may have been hampered by the presence of nearby, bright
foreground stars (Fig. 1).

Heliocentric distances of 830 + 80 kpc for Peg dSph and
760 = 70 kpc for Cas dSph trandate into distances of
280 + 85 and 215 + 75 kpc from M 31, respectively, adopting
the Cepheid-based distance of 770 = 30 kpcto M31 (cf. Freed-
man & Madore 1990; Holland 1998). Thus, Peg dSph and
Cas dSph are the most distant of the currently known M31
dSph satellites. TheLeo | and Leo Il dSph’s are at comparable
distances from the Milky Way, lending credence to Karach-
entsev & Karachentseva's (1998a) suggestion that Peg dSph
and Cas dSph belong to an extended subsystem of M31 com-
panions together with And V and LGS 3.

The fraction of stars belonging to an intermediate-age pop-
ulation shows a bimodal distribution among the Milky Way
dSph's, with small intermediate-age fractions at small Galac-
tocentric distances and dominant fractions at large distances
(van den Bergh 1994). By contrast, all the M31 dSph com-
panions appear to have small intermediate-age populations
(with the possible exception of And I1; Da Costa 1998), even
though they arelocated at comparable distancesfrom their more
massive parent galaxy. The possibility of highly eccentric orbits
in the M31/M 33 system cannot be ruled out. Our planned spec-
troscopic observations will help constrain the orbits of the M31
dSph's through radial velocity measurements and should lead
to more accurate metallicity and abundance spread
determinations.
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