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ABSTRACT

Dwarf galaxies are key objects for small-scale cosmological tests like the abundance problems or the planes-of-satellites problem. A
crucial task is therefore to get accurate information for as many nearby dwarf galaxies as possible. Using extremely deep, ground-
based V and i-band Subaru Suprime Cam photometry with a completeness of i = 27 mag, we measure the distance of the dwarf galaxy
[TT2009] 25 using the tip of the red giant branch as a standard candle. This dwarf resides in the field around the Milky Way-analog
NGC 891. Using a Bayesian approach, we measure a distance of IO.ZSfH; Mpc, which is consistent with the distance of NGC 8§91,
and thus confirm it as a member of NGC 891. The dwarf galaxy follows the scaling relations defined by the Local Group dwarfs. We
do not find an extended stellar halo around [TT2009] 25. In the small field of view of 100 kpc covered by the survey, only one bright
dwarf galaxy and the giant stream are apparent. This is comparable to the Milky Way, where one bright dwarf resides in the same
volume, as well as the Sagittarius stream — excluding satellites which are farther away but would be projected in the line-of-sight. It is
thus imperative to survey for additional dwarf galaxies in a larger area around NGC 891 to test the abundance of dwarf galaxies and

compare this to the number of satellites around the Milky Way.
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1. Introduction

In the ACDM universe, structure is built up through hierarchi-
cal merging in a bottom-up scenario (e.g., the review by Frenk &
White 2012). The smallest building blocks are the dwarf galax-
ies, which are also the most abundant and the most dark-matter-
dominated galaxies in the Universe. In recent years, using the
dwarf galaxies, several tests of cosmological models have been
proposed and conducted, scrutinizing the abundance, the distribu-
tion, the motions, and the internal dynamics of the dwarfs (e.g.,
Moore et al. 1999; Kroupa et al. 2010, 2018a; Boylan-Kolchin
et al. 2011; Ibata et al. 2014; L6pez-Corredoira & Kroupa 2016;
Read et al. 2018; Miiller et al. 2018a, 2019a; van Dokkum et al.
2018;Javanmardi et al. 2019; Haghi etal. 2019). For some of these
tests, the models have successfully found a solution (e.g., Simon
& Geha 2007; Sawala et al. 2016; Kroupa et al. 2018b; Read et al.
2019), while others are still actively discussed in the literature
(e.g., Pawlowski et al. 2015; Libeskind et al. 2015; Pawlowski
2018; Miiller et al. 2019c; Monelli & Trujillo 2019). To further
improve and extend these tests, it is crucial to measure the above
properties for as many dwarf galaxies, and in as many different
environments, as possible (Javanmardi et al. 2016; Geha et al.
2017).

In the nearby universe, one of the most effective ways to
estimate the distance of a galaxy is via the tip of the red giant

* Photometry is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg. fr/viz-bin/qcat?J/A+A/629/L2

branch (TRGB, Da Costa & Armandroff 1990; Lee et al. 1993).
This method exploits the maximal brightness a low-mass star
can reach along its evolutionary path in the RGB phase when
observed in appropriate optical or near-infrared (NIR) filters.
The observed sharp increase in the (/-band) luminosity function,
or cut-off in the color-magnitude diagram (CMD), which is theo-
retically understood (Serenelli et al. 2017) as well as empirically
calibrated (Bellazzini 2008), can be successfully used as a stan-
dard candle, yielding distance measurements accurate to about 5
to 10% (Tully et al. 2015; Miiller et al. 2018b; Cohen et al. 2018;
Anand et al. 2019; Bennet et al. 2019). In /-band the observed
TRGB depends only weakly on age and metallicity, and is typ-
ically not affected by the presence of variable stars provided a
sufficiently well-sampled stellar population.

In this work, we present a TRGB distance measurement
for the dwarf galaxy [TT2009] 25, discovered by Trentham &
Tully (2009) in a wide-field MegaCam-based survey of the
region around NGC 1023, and more specifically close to the
Milky Way analog NGC 891. This latter galaxy has been tar-
geted to resolve its stellar halo and search for streams through
detection of individual RGB stars (Mouhcine et al. 2010)
with ground-based Subaru data, accompanied by data from the
Hubble space telescope (Rejkuba et al. 2009). While this latter
study focused on the stellar halo, which has revealed interac-
tion history with a smaller companion that left streams and loops
around NGC 891, in the following we measure the distance to the
dwarf galaxy [TT2009] 25, which resides within the deep Subaru
field.
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[TT2009] 25

Fig. 1. Field around NGC 891 from our deep, stacked i-band Subaru Suprime Cam image. The box highlighting the dwarf galaxy [TT2009] 25 has

a side of 1 arcmin. The scale indicates 10 kpc at 10 Mpc.

2. Data and photometry

In this work we use data from the study of NGC891 by
Mouhcine et al. (2010) based on deep Subaru Suprime Cam
(Miyazaki et al. 2002) imaging. Observations were conducted
in the Johnson V-band and the Gunn i-band. A total of 10h
of good-quality data in the V-band and 11 h in the i-band were
obtained. The seeing was better than 0.6arcsec. This strategy
resolved the RGB down to 2 mag below the tip at a distance of
10 Mpc (Mouhcine et al. 2007), corresponding to NGC 891.
The photometry was performed with DAOPHOT (Stetson
1987). For the detailed description of the photometric pipeline
we refer to Mouhcine et al. (2010). We calibrated the photome-
try with the Pan-STARRS DR?2 catalog (Chambers et al. 2016).
While calibrating our i-band was a straight forward task, we
had to convert Pan-STARRS gr to our V using Lupton (2005).
The photometric errors in the i-band range from i ~ 0.05 mag
at i ~ 25.8-26.0mag, that is, the bright end of the RGB, to
i ~ 0.15mag at i = 26.8—27.0mag (Mouhcine et al. 2010),
i.e., approximately a magnitude below the TRGB of NGC 891.
This is sufficient to accurately measure the distance at the 5 to
10% level. To cull bona-fide stars from background compact
galaxies we applied quality cuts using the PSF fitting sharpness
and y? parameters, and rejected objects deviating from the mean
photometric errors (see e.g., Fig. 2 of Miiller et al. 2019b).

3. Distance measurements for the TRGB

Figure 1 presents a cut-out of the field around NGC 891, includ-
ing the dwarf. The galaxy is clearly visible and its outskirts are
well resolved in stars, while in the center the crowding becomes
too high for accurate photometry. Figure 2 shows the star map
of putative RGB stars. To create a color magnitude diagram
(CMD), we select all stars within an elliptical annulus, avoiding
the innermost stars. This was necessary as blending of individ-
ual stars was evident, that is, their magnitudes were ~0.4 mag
higher than in the outskirts of the galaxy. We refer to Trujillo
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Fig. 2. Star map around [TT2009] 25. Indicated are objects fainter than
i = 25.5 mag. The large red dots correspond to the stars selected for the
CMD. The inner part of the galaxy is obfuscated due to the crowding of
stars. One side is 100 arcsec.

et al. (2019) for a recent discussion about the effect of crowding
in dwarf galaxies.

We measure the TRGB magnitude using a Bayesian Markov
chain Monte Carlo (MCMC) approach developed by Conn et al.
(2011, 2012) and described in detail in Miiller et al. (2019b).
In this scheme, we approximate the location of RGB stars
on the CMD with a power law and model the contamination
of foreground and background objects using a large reference
field. The reference field consists of several patches avoiding
the stellar loop and the inner halo of NGC 891, with roughly
the same distance to NGC 891 as [TT2009] 25, with an area of
~100 square arcmin. A most likely set of mrrgs, @, and ¢ are
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Table 1. Properties of [TT2009] 25.
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Fig. 3. The CMD of NGC 891 (left) and [TT2009] 25 (right). The gray
lines denote the best estimated TRGB magnitude and the corresponding
uncertainties.

evaluated, where mrgp is the TRGB magnitude, a the slope of
the power law, and ¢ the contamination factor.

We estimate the distance to [TT2009]25 by measuring
the difference in the distance modulus between NGC 891 and
[TT2009]25. This carries the advantage that we can anchor our
estimate to the distance of NGC 891 coming from the Hubble
space telescope, yielding more accurate distances than what
is possible from ground-based telescopes due to the superior
image quality. For NGC 891, we use an elliptical annulus placed
such that it only covers the outskirts of the galaxy. Using our
MCMC scheme, we measure iTrRgg = 26'32i8:83 mag. The error
bounds are given by the 68% interval of the MCMC chain and
already include the photometric uncertainty. This gives a dis-
tance of D = &. 97*0 36 < Mpc for NGC 891 using the calibra-
tion of the TRGB magmtude of —3.44 + 0.1 (Bellazzini 2008,
transformed into AB magnitudes), which indeed differs slightly
from the HST distance of D = 9. 73+O o4 < Mpc (Mouhcine et al.
2007; Rejkuba et al. 2009) For [TT2009] 25 we measure the
TRGB to be at itpgp = 26.45%03; mag. Figure 3 presents the
CMD for NGC 891 and the dwarf galaxy [TT2009] 25, as well
as the estimated TRGBs. The difference in the distance modulus
between NGC 891 and [TT2009] 25 is 0.12 mag, however within
the uncertainties the two values are consistent. Using a distance
of D = 9.73 Mpc for NGC 891 (Mouhcine et al. 2007; Rejkuba
et al. 2009) this yields the final extinction corrected distance esti-

mate of D = 10. 28*} % Mpc for [TT2009]25, with a distance
modulus of (m — M) = 30. 06*8 ig mag. The uncertainties come

from the joint errors of the TRGB detection in the Subaru data
*0-13 mag) and the uncertainty in the TRGB detection in the HST
data (0.2 mag).

4. Discussion

In the following we discuss the structural properties of
[TT2009]25 and the abundance of dwarf galaxy members
around NGC 891.

4.1. Characterizing [TT2009] 25

The distance estimate of [TT2009] 25 is consistent with it being
a satellite of NGC 891. This is not surprising, as the velocity

[TT2009]25
RA (J2000) 02:21:12.2
Dec (J2000) +42:21:50
(m — M)y (mag) 30.060:23
Distance (Mpc) 10.28*1)7
A; (mag) 0.09
m, (mag) 16.88 + 0.06
M, (mag) —13. 18*8 4213
L, (10° M) 16. 0+7 1
Teft» (arcsec) 13.02 + O 04
Teff,r (PC) 64‘9tZ?1
Uesr, (Magarcsec™)  24.45 +0.06
PA (north to east) 116.9 £ 0.1
e(l->b/a) 0.52 +0.01
Sérsic index n 1.01 £ 0.01

v = 692.0 £ 58kms™! of [TT2009]25 (Karachentsev et al.
2015b) is also consistent with that of NGC891 (v = 526 %
7kms™!, Staveley-Smith & Davies 1987). Nonetheless, with the
distance estimation we confirm beyond doubt that [TT2009] 25
is a dwarf galaxy associated with NGC 891.

Having the distance information for [TT2009] 25, we can
derive its structural parameters. For this task we use Galfit (Peng
et al. 2002) — a standard program to measure galaxy profiles.
Due to the dwarf being resolved, we used MegaCam data from
the CFHT archive, where the dwarf is unresolved. We down-
loaded the reduced r-band data, calibrated the image using Pan-
STARRS DR2 (Magnier et al. 2016), and performed aperture
photometry with DAOPHOT to measure the zero point of the
image. The dwarf galaxy was then fit with a Sérsic model (Sersic
1968) using Galfit. The derived parameters are shown in Table 1.

The structural parameters follow the relation defined by the
dwarfs in the Local Group (Martin et al. 2008; McConnachie
2012) and beyond (e.g., Venhola et al. 2017; Miiller et al. 2017,
2018c), and are reminiscent of the dwarf spheroidal galaxy For-
nax (Irwin & Hatzidimitriou 1995) in absolute magnitude, effec-
tive radius, and ellipticity. The analogy to Fornax goes only so
far as [TT2009] 25 has emission in the FUV in GALEX (Martin
et al. 2005), indicating star formation. Therefore, [TT2009] 25 is
rather a transition-type dwarf than a dwarf spheroidal. Further-
more, no atomic hydrogen is clearly detected with deep radio
interferometry at the position of this dwarf galaxy (Oosterloo
et al. 2007), which is expected for bound dwarf galaxies around
giants (Spekkens et al. 2014).

The stellar profile of [TT2009]25 seems to have a rather
sharp cut-off (visible in Fig. 2). This argues against an extended
stellar halo around this dwarf. The existence or absence of such
extended stellar halos has been discussed in the literature (e.g.,
Minniti & Zijlstra 1996; Rejkuba et al. 2000; Minniti et al. 2003;
Gallart et al. 2004; Hidalgo et al. 2009; Greggio et al. 2018), with
growing evidence that even low-mass galaxies may have experi-
enced hierarchical growth (e.g., Annibali et al. 2016) and could
therefore host extended stellar envelopes. However, the super-
position of the outer halo population of NGC 891 in front of
[TT2009] 25 would require deeper data to detect any such low-
surface-brightness envelope around the dwarf galaxy (if present).

As a final note, [TT2009] 25 does not seem to be associated
with the giant stream around NGC 891. This is evident when
studying Fig. 1 of Mouhcine et al. (2010), where the RGB stars
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in the full field are displayed and [TT2009] 25 is well visible as a
separated overdensity of stars. The dwarf galaxy seems to be far
away from the stream and ~500 kpc behind the halo of NGC 891.

4.2. Abundance of dwarf galaxies around NGC 891

Apart from the giant stream surrounding NGC 891, [TT2009] 25
is the only resolved object in our field. This is not unexpected,
as the field of view only covers ~100kpc at the distance of
NGC 891. The spiral galaxy NGC 891 is thought to be a Milky
Way analog in size and mass. When we take the dwarf galaxy
satellites around the Milky Way within a sphere of 50kpc
and brighter than —10mag (McConnachie 2012; Pawlowski
et al. 2013), we find only the Sagittarius dSph and the Large
Magellanic Cloud, that is, two satellites. This is quite com-
parable to what we find for NGC 891: a stream that is rem-
iniscent of Sagittarius and a moderately bright dwarf galaxy.
At fainter magnitudes though, the Milky Way hosts at least
ten dwarf galaxies (McConnachie 2012), with the numbers still
increasing. It is therefore to be expected that many low-mass
and low-surface-brightness satellites await discovery within the
observed field around NGC 891. Indeed, Ibata et al. (2009) iden-
tified six overdensities within the much smaller HST/ACS area
imaged close to the main galaxy disk, which could be either
candidate satellites or satellite debris. In a wider field of view,
Karachentsev et al. (2015a) found no new dwarf galaxy candi-
dates based on a 12 h exposure with an amateur telescope, apart
from [TT2009]25 and [TT2009]30. This does not mean that
NGC 891 is sparsely populated. Within 300 kpc, the Local Vol-
ume catalog (Karachentsev et al. 2004, 2013) yields four more
suspected irregular-type dwarf galaxies based on their radial
velocities: DDO 22, DDO 24, UGC 1807, and UGC 2172.

5. Summary and conclusion

Using extremely deep V and i band images taken with the Sub-
aru Suprime Cam we resolved the upper part of the RGB of the
dwarf galaxy [TT2009]25. We measured the brightness of the
TRGB using a MCMC method and derived an accurate distance
for this dwarf galaxy, which is consistent with the distance of
NGC 891, thus confirming its membership.

Using data from the CFHT archive, we measured the struc-
tural parameters of [TT2009] 25, which are compatible in abso-
lute magnitude, effective radius, and ellipticity with other known
dwarf galaxies. Most notably, it is reminiscent of the Local
Group dwarf spheroidal galaxy Fornax in morphology, even
though the detection of FUV emission makes [TT2009] 25 rather
a transitional-type dwarf. Nevertheless, this makes the dwarf
galaxy an interesting target for follow-up studies. For exam-
ple, the globular cluster distribution around Fornax yields strong
constraints about the shape of its dark matter halo, favoring a
core-like profile over a cusp (Cole et al. 2012; Boldrini et al.
2019; Orkney et al. 2019). Identifying globular clusters around
[TT2009] 25 could therefore bring new insight into the cusp/core
problem (de Blok 2010), as well as directly measuring the veloc-
ity dispersion profile, which should be possible with future facil-
ities like the Thirty Meter Telescope.

Due to the limited field of view, we only cover a region of
50 kpc around NGC 891. In this field, we find one resolved dwarf
galaxy. This is comparable to what is expected from the satellite
distribution around the Milky Way, where two bright/classical
dwarf galaxies reside within a radius of 50 kpc. However, this
does not include dwarf galaxies which can be farther away from
the host, but projected along our line-of-sight, which would
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increase the number of expected satellites observed around
NGC 891. It is therefore imperative to search for dwarf galaxies
in a larger area around NGC 891 to test the abundance of dwarf
galaxies and compare this to the Milky Way.
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