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ABSTRACT

We present B and V' time series photometry of the M31 satellite galaxy Andromeda XXVII
(And XXVII) that we observed with the Large Binocular Cameras of the Large Binocular Tele-
scope. In the field of And XXVII we have discovered a total of 90 variables: 89 RR Lyrae stars
and 1 Anomalous Cepheid. The average period of the fundamental mode RR Lyrae stars (RRab)
(Pap)=0.59 d (0=0.05 d) and the period-amplitude diagram place And XXVII in the class of
Oosterhoff I/Intermediate objects. Combining information from the color-magnitude diagram
(CMD) and the variable stars we find evidence for a single old and metal poor stellar population
with [Fe/H]~ —1.8 dex and t~13 Gyr in And XXVII. The spatial distribution of RR Lyrae and
red giant branch (RGB) stars gives clear indication that And XXVII is a completely disrupted
system. This is also supported by the spread observed along the line of sight in the distance to the
RR Lyrae stars. The highest concentration of RGB and RR Lyrae stars is found in a circular area
of 4 arcmin in radius, centered about 0.2 degrees in south-east direction from [Richardson et all
(IM) center coordinates of And XXVII. The CMD of this region is well defined with a prominent
RGB and 15 RR Lyrae stars (out of the 18 found in the region) tracing a very tight horizontal
branch at (V(RR)) = 25.24 mag o= 0.06 mag (average over 15 stars). We show that And
XXVII well proposes as a candidate building block of the M31 halo.

Subject headings: galaxies: dwarf, Local Group —galaxies: individual (Andromeda XXVII) —stars:
distances —stars: variables: other —techniques: photometric

1. INTRODUCTION

*Based on data collected with the Large Binocular Cam-
eras at the Large Binocular Telescope, PI: G. Clementini

In the A-cold dark matter (CDM) scenario,
galaxies are formed by hierarchical assembling of
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smaller structures (e.g. Bullock & Johnston |12005;
Annibali et all 2016d; [Stierwalt et all 2017). The
dwarf satellites of the Andromeda galaxy (M31)
can help to constrain the origin and the fate of
M31. Through the characterization of the resolved
stellar populations and the variable stars in these
systems it is possible to trace the global context of
merging and accretion episodes occurred and still
occurring in the M31 environment
2013).

This is the fourth paper in our series on the M31
satellites based on B and V' time-series photom-
etry obtained with the Large Binocular Cameras
(LBC) of the Large Binocular Telescope (LBT).
Details on the survey and results from the study
of Andromeda XIX (And XIX), Andromeda XXI
(And XXI) and Andromeda XXV (And XXV)
were presented in |Cusano et all dm, Paper I%,

1! (2015, Paper II) and
(Im Paper III), respectively. In this paper

we report results on the dwarf spheroidal galaxy
(dSph) Andromeda XXVII (And XXVII), that
was discovered by Richardson et all (2011) in the
context of the PAndAS survey. The galaxy is
located near a portion of Andromeda’s North-
West stream (NW; see Fig. 1 of Richardson et al!
M) These authors claimed that And XXVII is
in the process of being tidally disrupted by M31
and derived only a lower limit of > 757 + 45
kpc for its heliocentric distance due to the diffi-
culty in measuring the magnitude of the galaxy
horizontal branch (HB). [Ibata et all (2013) later
found that And XXVII is a member of the thin
plane of satellites identified in M31 (Great Plane
of Andromeda, GPoA, following the definition of
Mmsklﬂjﬂ [2_0_13) The heliocentric distance
of And XXVII was revised using tip of the Red
Giant Branch (RGB) stars by |ann_e¢tjl‘| (2012)
who estimated a value of 1255742, kpc that would
place the galaxy outside the M31 complex. The
RGB tip of And XXVII is very scarcely populated
likely due to the disrupting nature of the galaxy.
This may have significantly affected

(2012) determination of distance.
(2013) measured a metallicity for And XXVII of
[Fe/H]= —2.1 £ 0.5 dex estimated from the Cal-
cium triplet (Call) in eleven probable member
stars. The radial velocity of And XXVII measured
by the same authors is: v,= —539.6 km s~! with

o = 14.8 km s~ . [Collins et al! (2013) warned that

given the disrupting nature of the object, their es-
timate is very uncertain. They also identified a
significant kinematic substructure around ~ —500
km s~!. Very recently Martin et all (2016) from
a re-analysis of the PAndAS data stated that
And XXVII is likely a system that is in the fi-
nal phase of tidal disruption. The wide-field LBT
observations of And XXVII presented in this pa-
per lend further support to this evidence from the
analysis of both color magnitude diagram (CMD)
and spatial distribution of the variable stars.

The paper is organized as follows: Section 2
describes the data collection and processing, Sec-
tion 3 describes the identification of the variable
stars and their characterization. The galaxy CMD
is presented in Section 4. Distance and galaxy
structure are discussed in Sections 5 and 6. Con-
clusions are provided in Section 7.

2. OBSERVATIONS AND DATA RE-
DUCTION

Time series observations in the B and V bands
of the field around the center coordinates of
And XXVII (R.A.=00"37™27%, decl.=+45°23'13";
J2000, [Richardson et. alll2011)) were carried out in
October-November 2011 (see Table [ for the com-
plete log) at the LBT equipped with the LBC.
The total LBC’s field of view (FoV) covers an
area of ~ 23’ x 23’. Observations were obtained
under good sky and seeing conditions (see Ta-
ble[d). The blue camera (LBC-B) was used to ac-
quire the B images, while V' imaging was obtained
with the red camera (LBC-R). Bias, flat fielding
and distortion corrections of the raw frames were
performed with a dedicated pipeline developed
at INAF-OAR[. We performed PSF photometry
of the pre-processed images using the DAOPHOT
- ALLSTAR - ALLFRAME packages (Stetsorl [1987,
[1994) as described in Paper I. Photometric cal-
ibration was performed using the Landolt stan-
dard fields L92 and SA113, observed during the
same observing run. The calibration equation
are consistent with those derived in Paper I, once
differences in air-mass and exposure times are ac-
counted for.

Uhttp = //lbc.oa — roma.inaf.it/commissioning/index.html
2 B—b=27.696— 0.113 x (b — v) r.m.s=0.03,
V — v =27.542 — 0.060 X (b — v) r.m.s=0.03
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Table 1: Log of And XXVII observations

Dates Filter N  Exposure time Seeing (FWHM)
(s) (arcsec)
October 20-24, 2011 B 87 400 0.8-1
November 27-28, 2011 B 5 400 0.8-1
October 20-24, 2011 v 86 400 0.8-1
November 27-28, 2011 1% 4 400 0.8-1

VARIABLE STARS

Variable stars were identified in our photomet-
ric catalogs using the same procedure as described
in Paper I. We used the variability index com-
puted in DAOMASTER (Stetsorl @) to search
for variable sources. We selected as candidate
variables, stars with a variability index (VI) >
1.4, based on our previous experience with other
M31 satellites (And XIX, And XXI, And XXV)
and LBT photometry. The average value for non
variable stellar objects placed on the horizontal
branch (HB) and satisfying the quality parame-
ters, x < 1.5, —0.35 < Sharpness < 0.35 (see Sec-
tion @), is (VI) = 1.03, 0 = 0.12. The value of VI
used to select candidate variable stars is thus 3 o
above the average value for HB non variable stars.
The selection of variable stars was performed on
the photometric catalog for objects satisfying to
the quality parameters (x and Sharpness) men-
tioned above. The total number of candidate vari-
ables that passed our selection criteria is 754. The
B and V light curves of the candidate variables
were then analyzed using the Graphical Analyzer
of Time Series package (GRaTIS), custom soft-
ware developed at the Bologna Observatory by
P. Montegriffo (see, e.g., (Clementini et al! 2000).
From this analysis, 90 sources were confirmed to
vary. Of them 89 are classified as RR Lyrae stars
and one as Anomalous Cepheid (AC), based on the
pulsation properties and the position in the CMD.
The lowest value of VI for a bona fide RR Lyrae
stars identified in this work is VI=1.52, hence the
VI limit we chose to select candidate variable stars
is loose enough to ensure we did not miss candi-
date variable. Therefore, the completeness of our
RR Lyrae stars catalog is mostly driven by the
photometric completeness at the HB level. This
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Fig. 1.— Completeness of the photometric cat-
alogs in the four CCDs (hereinafter C1, C2, C3
and C4) of the LBC mosaic. The blue line is C3,
the yellow line is C1, the magenta line is C4 and
the black line is C2. The vertical solid line marks
the average B magnitude of the RR Lyrae stars,
dashed lines are the 1 ¢ boundaries.

was estimated using artificial star test and at the
level of HB is ~ 83% as shown in Figure[[l The
Figure shows the trend of the completeness in the
B-band magnitude for each of the four CCDs of
the LBC mosaic, clearly there is no significant dif-
ference among the four CCDs especially at the
average magnitude of the RR Lyrae stars (solid
vertical line). Finally the incompleteness of our
RR Lyrae stars catalog is of ~ 17% hence we are
probably missing from 10 to 20 RR Lyrae stars in
And XXVII field.



Coordinates and properties of the confirmed
variable stars are listed in Table 2] where column
1 gives the star identifier; columns 2 and 3 are,
respectively, the right ascension and declination
(J2000.0 epoch) obtained from our astrometrized
catalogs; column 4 provides the type of variabil-
ity with a question mark identifying stars whose
classification is uncertain; columns 5 and 6 give,
respectively, the period and the Heliocentric Ju-
lian Day (HJD) of maximum light; columns 7 and
9 are the intensity-averaged mean B and V mag-
nitudes; columns 8 and 10 list the corresponding
amplitudes of light variation. Examples of light
curves, in both filters, are shown in Figure 2l Ob-
servations have been performed in five consecutive
nights in October and two consecutive nights in
November. The data are mostly biased by the one
day alias due to the alternation of night-day ob-
servations and are thus marginally affecting the
period determination of the RR Lyrae stars that
in all cases is < 1 day. The full catalog of light
curves is available in the electronic version of the

paper.
3.1. RR LYRAE STARS

In the field of And XXVII we have discovered
a total of 89 RR Lyrae stars, of which 58 are fun-
damental mode (RRab) and 31 are first-overtone
(RRe) pulsators according to period and ampli-
tude of light variation. RR Lyrae stars are ex-
cellent tracers of an old stellar ulation (
Clementini 2010; Marconi et all % and refer—
ences therein). Their presence in And XXVII
shows that this galaxy started forming stars >
10 Gyr ago. The spatial distribution of the vari-
able stars discovered in the FoV of And XXVII
is shown if Figure The highest concentration
of RR Lyrae stars occurs in CCD3 (labeled C3 in
the figure) where there are 32 RR Lyrae to com-
pare with 28 in C2, 21 in C1 and 7 in C4. Fur-
thermore, the very sparse spatial distribution of
these variable stars suggests that And XXVII is
in the phase of tidal disruption, as the RR Lyrae
stars are spread all over the LBC FoV. However,
given the proximity to M31 we cannot rule out
that some of these RR Lyrae stars might belong
to Andromeda’s halo. To estimate how many M31
halo RR Lyrae stars we can expect in the LBC
FoV centered on And XXVII we considered a num-
ber of different arguments. First of all we as-

sumed the surface density profile from [Ibata et all
(2013). Despite the complexity of the M31 halo,
Ibata et all (2013) found that the azimuthally-
averaged projected star-count-profile for stars in
the metallicity range —2.5 < [Fe/H| < —1.7 does
not have particular features and posses a power-
law of I' = —2.3 + 0.02. Then we considered that
Jeffery et all (2011)) found five and no RR Lyrae
stars in two HST/ACS field at a distance of 35
kpc from the M31 center. If we apply Ibata et
al. power law to the sample of RR Lyrae stars
found by Jeffery et all (2011) after rescaling for
the different area surveyed by our LBC images
(~ 0.15 deg?) and the HST/ACS (~ 0.008 deg?)
and the different distance to the center of M31
(the projected distance to And XXVII is 60 kpc),
we find a possible contamination of ~ 14 RR
Lyrae stars from the M31 halo in And XXVII’s
LBC field. However, we note that the number of
contaminant RR Lyrae stars can be larger than
this estimate as And XXVII lies in a region of
the M31 halo where stars in the metallicity range
—2.5 < [Fe/H] < —1.7 form streams and are
all around And XXVII, as shown in Figure 9
of [Ibata et all (2014). Thus decontamination of
And XXVII stars from field objects is a difficult
task.

The period distribution of the RR Lyrae stars
identified in the field of And XXVII is shown by
the histogram in Figuredl The average period of
the 58 RRab stars is (P,p)=0.59 d (0=0.05 d),
while for the 31 RRe’s is (P)=0.35 d (¢=0.04 d).
Considering that ~ 14 RR Lyrae stars could be-
long to the M31 halo we performed a bootstrap
re-sampling of the data, removing a total of 14 RR
Lyrae stars. Among the 14 we removed randomly
9 RRab and 5 RRc, consistently to the fraction of
RRc over total RR Lyrae stars found. Both aver-
age period and related o of RRab and RRc stars,
separately, do not change significantly, giving us
confidence that the RR Lyrae stars of And XXVII
have the same properties of those belonging to the
surrounding M31 halo.

Based on the average period of the fundamental-
mode pulsators, And XXVII would be classified
as an Oosterhoff-Intermediate (Oo Int)/Ool sys-
tem (Qosterhoff 1939; ), however,
we note that And XXVII has the lowest value
of (P,p) among the four M31 satellites we have
investigated so far based on LBT data. The frac-
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Fig. 2.— Examples of B- (left panels) and V-band (right panels) light curves for different types of variable
stars identified in And XXVII (from top to bottom: fundamental-mode RR Lyrae star, anomalous Cepheid,
first overtone RR Lyrae star, V67 the only fundamental-mode RR, Lyrae star with D,,, < 3 and V9 the RRab
with the highest D,, value). Typical internal errors of the single-epoch data range from 0.01 at B ~ 22.8
mag (corresponding to the maximum light of the AC) to 0.30 mag at B ~ 26.8 mag (corresponding to the
minimum light of a fundamental mode RR Lyrae), and similarly, from 0.01 mag at V' ~ 22.6 mag to 0.30
mag at V' ~ 26.8 mag.



Table 2: Identification and properties of the variable stars detected in And XXVII.

Name o 5 Type P Epoch (max) (B) Ap (V) Ay

(2000) (2000) (days)  HJD (—2455000)  (mag)  (mag)  (mag)  (mag)
V1 00:37:31.893  445:23:54.12  RRab 0.6171 53.792 25.38 0.62 24.94 0.49
v2 00:37:32.950  445:22:58.27  AC 1.2502 53.085 23.79 1.73 23.48 1.43
v3 00:37:33.655  +45:24:40.61  RRc 0.3091 53.633 25.19 0.74 24.91 0.53
va 00:37:19.667  +45:24:27.33  RRc 0.3857 53.272 25.38 0.82 25.08 0.59
V5 00:37:36.643  +45:22:58.03  RRab 0.6048 54.080 25.72 1.05 25.37 0.82
V6 00:37:19.271  +45:21:17.88  RRc 0.3642 53.600 25.61 0.59 25.32 0.46
V7 00:37:28.721  +45:26:12.74  RRab 0.5798 53.762 25.78 1.04 25.25 0.55
V8 00:37:25.769  +45:19:50.86  RRab 0.5999 53.421 25.55 0.94 25.14 0.62
Vo 00:37:22.045  +45:26:39.96  RRab 0.6910 53.292 25.56 0.66 25.19 0.66
V10 00:37:23.724  445:19:30.90  RRab 0.6226 53.817 25.74 0.52 25.33 0.37
Vi1 00:37:16.889  445:26:08.05  RRc 0.3552 53.428 25.41 0.69 25.06 0.42
V12 00:37:19.295  +45:19:31.97  RRc 0.2432 53.856 25.30 0.69 25.05 0.57
V13 00:37:37.243  445:27:03.68  RRc 0.3635 53.735 25.38 0.72 24.99 0.53
Vid 00:37:38.799  445:26:48.76  RRab 0.6710 53.271 25.22 0.94 24.76 0.70
Vis 00:37:44.006  +45:21:10.15  RRab 0.5645 53.783 25.78 0.97 25.53 0.85
V16 00:37:21.577  +45:18:40.74  RRab 0.5881 53.459 25.72 1.16 25.35 0.78
V17 00:37:46.582  +45:23:51.84  RRab 0.6586 53.390 25.64 0.67 25.30 0.59
V18 00:37:29.435  445:28:15.86  RRab 0.5793 53.425 25.57 1.09 25.21 0.89
V19 00:37:30.249  +45:18:03.82  RRab 0.6181 53.987 25.33 1.30 25.05 1.18
V20 00:37:07.677  +45:26:04.87  RRab 0.5612 53.679 25.30 1.49 24.92 0.99
V21 00:37:40.518  +45:27:58.79  RRc 0.4357 53.691 25.42 0.46 24.99 0.31
V22 00:37:12.966  +45:18:22.55  RRc 0.2925 53.985 25.33 0.67 25.12 0.57
V23 00:37:38.962  +45:28:28.95  RRab 0.5570 53.857 25.11 1.14 24.70 0.96
V24 00:37:06.459  +45:19:45.37  RRab 0.5746 53.559 25.41 1.19 25.10 0.96
V25 00:37:45.060  +45:18:43.87  RRab 0.7150 53.391 25.52 0.71 25.11 0.70
V26 00:37:01.535  445:24:21.95  RRab 0.5535 53.588 25.66 1.00 25.26 1.03
V27 00:37:45.003  +45:28:36.34  RRc 0.3938 53.147 25.52 0.56 25.10 0.35
Va8 00:37:52.395  445:19:57.61  RRab 0.5870 53.910 25.58 0.95 25.13 0.87
V29 00:37:17.317  +45:30:03.48  RRc 0.3601 54.076 25.34 0.44 24.88 0.38
V30 00:36:59.737  +45:25:39.13  RRab 0.5541 53.887 25.50 1.04 25.14 0.69
V31 00:37:56.368  +45:25:06.03  RRab 0.5408 53.803 25.56 1.05 25.25 0.98
V32 00:37:57.393  445:21:23.21  RRc? 0.2793 53.931 25.44 0.47 25.27 0.47
V33 00:37:56.332  +45:20:25.79  RRab 0.5492 53.824 25.50 0.82 25.23 0.50
V34 00:37:00.936  +45:18:26.79  RRab 0.5579 53.875 25.54 1.46 25.18 1.00
V35 00:37:58.868  +45:20:16.64  RRc 0.3579 53.544 25.67 0.58 25.30 0.43
V36 00:38:00.070  +45:21:13.33  RRc 0.3641 53.781 25.60 0.66 25.21 0.67
V37 00:38:00.481  445:24:46.02  RRab 0.5996 53.525 25.35 1.31 24.99 0.96
V38 00:37:52.645  +45:17:32.73  RRc 0.3987 53.928 25.27 0.63 24.92 0.45
V39 00:36:55.883  +45:27:09.36  RRc 0.3534 53.504 25.51 0.82 25.14 0.56
V40 00:38:02.723  445:24:46.06  RRc 0.3395 53.616 25.50 0.72 25.28 0.59
Va1 00:37:13.142  445:14:50.52  RRab 0.5888 53.486 25.50 1.05 25.20 1.02
V42 00:36:51.394  +45:25:50.83  RRc 0.3550 53.660 25.55 0.57 25.27 0.56
V43 00:37:56.003  +45:29:09.95  RRab 0.6087 53.686 25.66 0.97 25.24 0.72
V44 00:37:25.859  445:32:50.55  RRab?  0.6312 53.322 25.37 0.45 25.12 0.53
V45 00:36:49.108  +45:20:47.83  RRab 0.5315 53.758 25.37 1.28 25.03 1.18
V46 00:37:24.064  +45:13:16.69  RRab 0.5855 54.116 25.78 0.82 25.46 0.90
Va7 00:38:02.920  +45:18:20.73  RRab 0.5293 53.342 25.67 1.14 25.29 0.70
vas 00:38:06.624  +45:20:36.47  RRc 0.3501 53.816 25.58 0.54 25.26 0.45
V49 00:38:05.333  445:19:20.00  RRc 0.3541 53.015 25.54 0.50 25.21 0.31
V50 00:36:48.952  445:19:02.07  RRab 0.6451 53.359 25.56 1.17 25.14 0.76
V51 00:37:13.308  +45:13:20.85  RRc 0.3558 53.410 25.53 0.61 25.28 0.51
V52 00:36:47.422  445:27:31.80  RRab 0.5627 53.761 25.20 1.21 24.84 0.85
V53 00:36:52.857  +45:30:18.98  RRab 0.5980 53.706 25.42 0.78 25.06 0.69
V54 00:38:11.223  445:21:26.58  RRab 0.5754 54.079 25.41 1.10 25.12 1.02
V55 00:37:09.934  445:12:53.19  RRab 0.6226 53.920 25.53 0.79 25.24 0.57
V56 00:38:02.164  445:30:14.28  RRab 0.5794 53.853 25.60 0.95 25.26 0.84
V57 00:36:42.634  +45:21:18.38  RRab 0.5357 53.638 25.49 1.18 25.29 0.96
V58 00:38:10.002  +45:18:59.73  RRab 0.5395 53.369 25.62 1.00 25.25 0.79
V59 00:37:43.102  +45:34:14.31  RRab 0.6000 53.707 25.42 1.19 25.04 0.92
V60 00:36:39.192  445:23:25.77  RRab 0.5788 53.866 25.47 0.94 25.09 0.94
V61 00:38:16.025  +45:24:01.56  RRc? 0.3830 53.841 25.43 0.75 25.20 0.76
V62 00:36:37.523  +45:23:46.74  RRc 0.4281 53.797 25.41 0.58 24.95 0.22
V63 00:38:15.170  +45:19:44.42  RRab 0.6023 53.829 25.10 0.87 24.73 0.71
V64 00:36:42.559  445:17:17.99  RRab 0.5537 53.877 25.41 1.19 25.10 0.96
V65 00:38:07.107  +45:31:17.21  RRab 0.6035 53.411 25.57 0.87 25.16 0.53
V66 00:38:17.987  445:21:20.02  RRab 0.7383 53.309 25.34 0.52 24.77 0.35
V6T 00:38:14.697  +45:17:42.86  RRab 0.5621 53.544 25.76 0.90 25.45 0.68
V68 00:36:45.329  445:14:56.17  RRc 0.3682 53.304 25.49 0.67 25.21 0.50
V69 00:38:13.766  +45:16:28.40  RRab 0.5715 53.933 25.70 0.90 25.33 0.98
V70 00:36:33.155  +45:24:24.17  RRc 0.3547 53.748 25.54 0.58 25.15 0.37
VTl 00:38:20.719  +45:20:47.63  RRc 0.3594 53.929 25.45 0.66 25.15 0.58
V72 00:38:18.355  +45:27:54.69  RRab 0.6236 53.679 25.64 0.84 25.25 0.71
V73 00:38:06.155  +45:32:45.88  RRab 0.6524 53.969 25.57 1.22 25.27 1.16
V74 00:38:12.060  +45:15:24.61  RRab 0.5616 53.699 25.56 0.96 25.12 0.56
V75 00:38:05.872  +45:13:29.96  RRc 0.3487 53.877 25.50 0.64 25.20 0.56
V76 00:36:35.681  +45:28:17.18  RRc 0.3642 53.833 25.53 0.65 25.20 0.48
V77 00:38:23.292  445:22:27.00  RRab 0.5306 53.267 25.65 1.15 25.30 0.96
V78 00:38:14.075  +45:15:18.82  RRc 0.3333 53.837 25.50 0.68 25.24 0.65
V79 00:36:20.952  445:23:43.59  RRc? 0.2924 53.494 25.37 0.70 25.19 0.48
V80 00:38:23.752  445:20:48.11  RRc 0.3648 53.352 25.61 0.74 25.31 0.64
V81 00:36:30.046  +45:25:46.60  RRab 0.5595 53.968 25.26 1.01 24.89 0.82
V82 00:38:09.009  +45:12:59.08  RRc 0.2547 53.786 25.49 0.69 25.24 0.38
V83 00:38:27.464  +45:23:03.51  RRab 0.5628 53.780 25.50 1.15 25.16 0.92
V84 00:36:31.312  445:28:59.64  RRab 0.6628 53.385 25.33 1.00 24.83 0.71
V85 00:38:20.435  445:15:59.67  RRab 0.5575 53.929 25.87 1.38 25.48 1.11
V86 00:38:28.400  445:20:51.17  RRab 0.5453 54.120 25.73 1.10 25.29 0.99
V87 00:36:28.323  445:15:54.01  RRab 0.7117 53.641 25.45 0.77 25.10 0.56
v8s 00:38:32.760  +45:26:30.92  RRab 0.6063 53.786 25.47 0.73 25.07 0.56
V89 00:36:19.903  +45:21:49.53  RRab 0.5905 53.809 25.29 1.68 25.01 1.47
V90 00:36:21.505  445:18:27.19 _ RRab 0.5959 53.657 25.41 1.03 25.15 0.64
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RA (deg.)

Fig. 3.— Spatial distribution of the variable stars
discovered in the whole LBT FoV. The 4 CCDs
of the LBC mosaic are labeled. Red filled circles
mark the RR Lyrae stars, the green filled triangle
is the AC. Gray points are non variable sources,
selected as to have DAOPHOT quality image pa-
rameters: —0.35 < Sharpness <0.35 and x <1.5.
Their size is inversely proportional to the source
V-magnitude. Contamination by MW sources and
background galaxies has not been removed (see
SectionH]). There are 32 RR Lyrae stars displayed
in C3, 28 in C2, 21 in C1 and 7 in C4. The blue
arrow points to the direction of M31. North is up,
east to the left.

tion of RRec to total number of RR Lyrae stars is
fo= N¢/Naptc = 0.35 + 0.07. This is much closer
to the value expected for Oosterhoff II (Oo II;
fo ~ 0.44) than Oosterhoff I (Oo I; f. ~ 0.17)
systems mM) Even in the extreme case
that 5 RRc variables belong to the M31 halo and
all the RRab stars to And XXVII the fraction
would become f,.=0.30 that is still rather high for
an Qo I system. Hence, while the average period
of the RRab stars suggests a classification as Oo-
Int/Oo T type, the RRc fraction would suggest
a classification more similar to Oo II type. The
left panel of Figure [ shows the period-amplitude
diagram (also known as Bailey diagram,
@) of the RR Lyrae stars in And XXVII. Solid
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Fig. 4.— Period distribution of the RR Lyrae stars
identified in the field of And XXVII. The bin size
is 0.025 days.

lines are the loci defined by RR Lyrae stars in the
Oo T Galactic globular cluster M3 (lower line) and
the Oo II globular cluster w Cen (upper line), ac-
cording to (Clement. & Rowe (2000). The majority
of the RR Lyrae stars in And XXVII are placed
near the locus of the Oo I systems and there are
no differences among RR Lyrae stars located in
different parts of the LBC FoV (see Sections M
and Table [B). We conclude that the (P,p) value
and the Bailey diagram suggest a classification as
Ool/Int system for And XXVII.

3.2. Metallicity

Metallicities for the RRab stars in And XXVII
were derived using the relation of Alcock et al.
(2000; see their Equation 1). The resulting metal-
licity distribution is shown in Figure[@l A gaussian
fit of this distribution peaks at [Fe/H]= —1.62 dex
(0=0.23 dex). This value is consistent with the
photometric estimate of [Fe/H]=—1.7 &+ 0.2 dex
obtained in the discovery paper (Ri

2011) by isochrone fitting of the galaxy CMD, and

is within 1 ¢ from the spectroscopic estimate of
[Fe/H]=—2.1+0.5 dex by [Collins et al! (2013). A

photometric estimate of the RR Lyrae metallic-
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Fig. 5.— Left: Period-amplitude diagram of the RR Lyrae stars in the field of And XXVII (orange open
circles), highlighted with filled orange circles are those located in the SE region (see Section Hl). The two
solid lines show the loci defined by Oo I and Oo II RR Lyrae stars according to Clement & Rowe (2000).
Right: Period-amplitude diagram of the RR Lyrae stars in the field of And XXVII (orange filled circles)
compared with the RR Lyrae stars in And XIX (blue asterisks, from Paper I), And XXI (cyan squares, from
Paper II)), And XXV (magenta pentagons, from Paper III)) and in three HST fields in the M31 halo from
Sarajedini et al. (2009; gray dots) and Brown et al. (2004, dark-gray dots), respectively.

ity can also be derived from the ¢3; parameter of
the Fourier decomposition of the light curve (see,
e.g.,|Simon & Teayd|1982, Jurcsik & Kovacs 1996,
Cacciari et all[2005). We performed a sine Fourier
decomposition of the V-band light curves of the
RRab stars in our sample deriving the normal-
ized Fourier parameter ¢3; and the deviation pa-
rameter D,,, which measures the regularity of the

light curve (Jurcsik & Kovacs|1996). According to
Jurcsik & Kovacs (1996) a reliable metallicity can
be estimated from the ¢3; parameter only if the
light curve satisfies the condition D,,, < 3.

Among the RRab stars in our sample only V67
satisfies this condition] The light curve of V67
is shown in Figure We applied Equation 3 in

Jurcsik & Kovacs (1996) and derived the metal-
3 According to [Cacciari et all M) variables satisfying the

relaxed condition D,, < 5 could also be used. There are
three RR Lyrae stars with 3 < D,, < 5. They provide
very scattered and unreliable metallicity values hence we
did not consider them.

licity [Fe/H]jko6 = —1.75 £ 0.49 dex on the Ju-
resik & Kovacs metallicity scale, which becomes
[Fe/H]cog = —1.86+0.50 dex once transformed to
the [Carretta et all (2009) metallicity scale using
Equation 3 from [Kapakos et all (2011). All these
values are consistent within their errors with the
peak value of the distribution obtained applying
Alcock et al.’s method (see Figure []).

3.3. THE ANOMALOUS CEPHEID

One of the variable stars identified in And XXVII
(V2) falls in the instability strip about one mag-
nitude brighter than the galaxy HB level (see Fig-
ure [@). Following the same procedure adopted in
Paper I we have compared V2 with the period-
Weseneheit (PW) relations of Large Magellanic

Cloud (LMC) ACs from [Ripepiet all (2014

and the PW relations of LMC classical Cepheids

(@)’s relations were derived for the V' and
I bands, and we have converted them to B and V using

equation 12 of Marconi et all (2004).
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Fig. 6.— Metallicity distribution of And XXVII
RRab stars obtained using Alcock et al.(2000)
method. The distribution peaks at [Fe/H]~ —1.62
with o ~ 0.23 dex.

(CCs) from Jacyszyn-Dobrzeniecka et al. (2016).
These comparisons are shown in the left and right
panels of Figure [1 respectively, that were drawn
assuming for And XXVII the distance inferred
from the RR Lyrae stars (see Section[Bl). We have
also plotted in the two panels of Figure[] the ACs
we have identified in And XIX, And XXI, and
And XXV.

Figure [0 shows that V2 well follows the PW
relation for fundamental mode ACs, while it can
be definitely ruled out that the star is a short pe-
riod CC (see right panel of Figure [7). The AC
in And XXVII can be interpreted as the result of
a merging in a binary system as old as the RR
Lyrae stars in which mass transfer acted in the
last 1-2 Gyr. The single young star scenario can
be excluded considering that in the CMD there
is no evidence of a young stellar component (see
Section H).

As in previous papers of this series, we com-
puted the specific frequency of ACs in And XXVII
assuming that V2 is the only AC in the galaxy
and compared it with results for other galaxies.
This is shown in Figure 8] where the AC specific
frequencies of other Milky Way (MW; blue filled
circles) and M31 (green and red filled squares)

/T *And XIX A
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T *And XXV

o

—3 [*And XIX
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[ *And XXV

— ACs in LMC | ~ CCs in LMC |

0 P S T T I RS |
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Fig. 7.— Position on the PW plane of star V2
(orange filled circle). Solid lines represent the
PW relations for ACs (left panel; Ripepi et al.
2014) and CCs in the LMC (right panel; Jacyszyn-
Dobrzeniecka et al. 2016), respectively. Blue,
green and magenta symbols are ACs we have iden-
tified in And XIX (Paper I), And XXI (Paper II),
and And XXV (Paper III). The dotted lines show
the £10 deviations. For the CCs the errors of the
fits are very small and the confidence contours are
very close to the fits.

satellites are taken from Paper III. The blue ridge
line shows the relation obtained from all the dwarf
satellites in the plot. The M31 satellites that are
off the GPoA (red squares) seem to follow a dif-
ferent trend shown by the red dashed line. The
sample is still statistically too poor to conclude
that off- and on-plane satellites obey to different
correlations between ACs specific frequency and
luminosity or metallicity, but the satellites stud-
ied so far seem to suggest that this may be the
case.

4. CMD AND PROJECTED SPATIAL
DISTRIBUTIONS

The CMD of the sources in the whole LBC
FoV is presented in Figure Only sources with
DAOPHOT quality image parameters: —0.35 <
Sharpness <0.35 and x <1.5 are displayed. The
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Fig. 8.— Specific frequency of ACs in dwarf satel-
lite galaxies of M31 and the MW vs. luminos-
ity (left panel) and metallicity (right panel) of the
host systems. Blue filled circles are MW dwarfs.
Red and green filled square are M31 satellites off
and on the GPoA, respectively.

CMD appears to be heavily contaminated by MW
foreground stars in the red part (1.4 < B—V < 1.9
mag) and by background unresolved galaxies in
the blue part (—0.1 < B —V < 0.1 mag, see
Section 9 in Paper I and e.g. Bellini et all 2010;
Bellazzini et _all ). In the right panel plot, red

filled circles are RRab stars (58 sources), blue open
circles are RRc stars (31 sources) and the green
triangle is the AC. The RR Lyrae stars trace the
HB, their distribution in apparent V' mean mag-
nitude is very broad ranging from 24.70 to 25.55
mag (see Figure [[0). A most significant peak is
observed at (V(RR)) ~ 25.25 mag, followed by a
second peak at (V(RR)) ~ 25.10 mag.

The four panels in Figure [[I] show the CMDs
of sources in the 4 individual CCDs of the LBC
mosaic (labeled C1, C2, C3 and C4). Similarly
Figure 2 shows the distributions in apparent V'
mean magnitude of the RR Lyrae stars in C1, C2,
C3 and C4, separately. Although contamination
by foreground MW stars/background unresolved
galaxies (see left panel of Figure @) and broaden-
ing of both RGB and HB is present in each of the
four individual CMDs, C3 shows a more promi-
nent RGB extending as bright as V' ~ 22.5 mag,
whereas the RGB in the other 3 CCDs seems to
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be truncated around V' ~ 23.5 mag. Furthermore,
as shown by Figure the peak at (V(RR)) ~
25.25 mag is mainly due to the RR Lyrae stars
located in C3.

To investigate the spatial distribution of And XXVII
stars we selected objects in the RGB region of
the CMD obtained in the total LBC FoV (see
left panel of Figure [@) with magnitude and color
in the ranges of 225 < V < 25.3 mag and
0.8 < B —V < 1.3 mag, respectively. We built
isodensity maps by binning these RGB stars in
1.2" x 1.2" boxes and smoothing with a Gaussian
kernel of 1.2/(0.02°) FWHM. The left panel of
Figure [I3] shows the RGB isodensity maps where
the outermost contour levels are 30 above the
sky background. Interesting features are revealed
by the isodensities contours of this selection. A
high-counts isodensity contour shows up around
Richardson et all (2011)’s center coordinates of
And XXVII. This region, named C in the fig-
ure, has been marked with a dotted circle of 4
arcmin in radius that is entirely contained into
C2. The second isodensity has a very elongated
structure that extends in south-east direction and
reaches a second high-counts isodensity displaced
by about 0.2 degrees in south-east direction from
the center of the C region. This second region has
been named SE and is marked by a dotted cir-
cle of 4 arcmin in radius with center coordinates:
R.A.=00"38™10.4%, decl.=+45°21'34" that is en-
tirely contained into C3. In both regions, SE and
C, we adopted a radius of 4 arcmin that defines
an area twice the high-counts isodensity contours.
In the SE region there is a concentration of stars
as high as in the C region and a higher number of
RR Lyrae stars.

The presence of two high density contours in the
map of Figure[[3 points out that And XXVII has a
very complex physical structure. We have to stress
that the contamination of background and fore-
ground sources can hamper the RGB stellar counts
even if the selection was performed in the spe-
cific region of the CMD containing RGB stars at
the distance of And XXVII (see left panel of Fig-
ure @). Moreover, a complex physical structure of
And XXVII is also corroborated by the wide RGB
and the large spread in mean apparent magnitude
of the RR Lyrae stars ((V(RR))) that can be at-
tributed a distance spread. Three possible alter-
native scenarios to explain And XXVII’s structure
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Fig. 10.— Distribution in apparent V' mean mag-
nitude of the 89 RR Lyrae stars identified in the
field of And XXVII. The bin size is 0.025 mag.

and its two stellar concentrations are presented in
Section[7l Isodensity contours were also computed
selecting stars in the HB region (25.6 <V < 24.6
mag, 0.17 < B —V < 0.64 mag) of And XXVII
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CMD, as shown in the right panel of Figure
The HB region of the CMD is contaminated by un-
resolved background galaxies (blue box, left panel
of Figure[)), but still the HB stars well follow the
structure traced by the RGB stars. We tried to se-
lect And XXVII’'s HB stars choosing objects clos-
est to the CMD region defined by the RR Lyrae
stars, but given the presence in this region of the
CMD of unresolved background galaxies, the ex-
act shape of the HB isodensities depends on the
selection performed. For the RGB selection the
contamination is not as crucial as for HB stars,
indeed if we make multiple selections of the RGB
region the shape of the isodensity contours does
not change significantly. In order to characterize
the stellar populations in the two isodensities with
the highest stellar counts we drew the CMDs of the
sources in the C and SE regions separately. The
result is shown in Figure[I4l The CMD of the SE
region is similar to the CMD of C3 and shows a



III|IIII II.I..I. I'I.I‘IJ‘I.III

V 28 _III|IIII|IIII|IIII|IIII
—IIIIIIII- II.I! .I'I..I'I..:J'I |||— _III|II|I.| ||_|..|..;]-‘I.I.I-‘I.,1-JJII_ —I IIIIIII |!r| |
| Cc3 T ' " K!
22 -
2z
26 |-
28'_III|IIII|IIII|IIII|IIII _II.I|IIII|IIII|IIII|IIII '_III|IIII|IIII|IIII|IIII
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
B-V B-V B-V

Fig. 11.— CMDs of sources in the 4 CCDs of the LBC mosaic. Only objects with —0.35 < Sharpness <0.35
and y <1.5 are displayed. Red filled circles are the RR Lyrae stars: 32 in C3, 29 in C2, 21 in C1 and 7 in

C4. The green triangle is the AC which is located in C2.

well extended, better defined and narrower RGB
especially around the tip, than the CMD of the
C region which RGB appears instead truncated
around V ~ 23.5 mag as also is the CMD of C2.
The HB of SE is also better defined than that in
region C. The lower panel of Figure [[3] shows the
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distribution in apparent V' mean magnitude of the
11 RR Lyrae stars in region C, while the upper
panel shows the mean magnitude distribution of
the 18 RR Lyrae stars in region SE. Fifteen of the
18 RR Lyrae stars contained in SE trace a rather
tight HB with (V(RR)) = 25.24 mag and o= 0.06



mag (average on 15 stars). On the contrary, the
11 RR Lyrae stars of region C are rather spread
in magnitude (see left panel of Figure [[4 and bot-
tom panel of Figure [H) with (V(RR)) = 25.15
mag and o= 0.15 mag. This makes us wonder
whether the actual center of And XXVII might be
in the SE region rather than in C, as found by
Richardson et all (2011).

We have superimposed on the SE CMD an
isochrone of 13 Gyr with [Fe/H|=-1.8 as de-
rived from the web interface CMD 2.93 based
on the Marigo et all (2017) evolutionary tracks.
The isochrone was corrected for the distance and
reddening derived in Section [l for the SE re-
gion. This isochrone well fits the position of RR
Lyrae and RGB stars. The comparison between
isochrone and observed CMD suggests a higher
metallicity value for And XXVII than measured
by [Collins et all (2013). The isochrone fit result is
consistent (within the errors) with the metallicity
estimated using the RR Lyrae stars in Section [3.2
A similar conclusion is also reached by compari-
son with the RGB and HB ridge lines of galactic
Globular Clusters (GCs) with different metallici-
ties, the best result is obtained for NGC 4147 with
[Fe/H]=-1.8 dex (Harris 1996, 2010 edition). In
the following we adopt [Fe/H|=—1.8 dex for the
metallicity of And XXVII.

5. DISTANCE AND STRUCTURE

The mean luminosity of the RR Lyrae stars can
be used to estimate the distance to And XXVII.
We are aware that some of the RR Lyrae stars
in the field of And XXVII can belong to the
M31 halo, but since it is not possible to distin-
guish them, in deriving the distance we used all
the sample of 89 RR Lyrae stars found in this
work. The average V' apparent magnitude of the
89 RR Lyrae stars in the field of And XXVII is
(V(RR))=25.15 mag (0=0.17 mag average on 89
stars). As in previous papers of this series we
derived the reddening from the RR Lyrae stars
adopting the method of [Piersimoni et all (IZO_OQ,
equation at page 1538). The reddening estimated
in this way, (E(B —V)) = 0.04+0.05 mag (where
the error is the standard deviation of the mean),
is slightly smaller but still consistent within 1 o

with the value inferred by Schlegel et all (LL%H,

Shttp : //stev.oapd.inaf.it/cgi — bin/cmd
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E(B —-V) = 0.08 £ 0.06 mag). The visual ab-
sorption Ay was derived using the extinction law
Ay = 3.1 x E(B —V) from |Cardelli et al! (1989).
We then adopt My = 0.54 + 0.09 mag for the ab-
solute visual magnitude of RR Lyrae stars with
metallicity [Fe/H] = —1.5 dex i

2009) and AMe = = —0.214 + 0.047 mag/dex

(Clementini et al! 12003; |Gratton et all 2004) for
the slope of the RR Lyrae luminosity-metallicity
relation. For the metallicity of And XXVII we
adopt [Fe/H|=—1.8 + 0.3 dex as derived from
isochrone fitting and consistent with the estimate
from the RR Lyrae stars. The resulting distance
modulus is (m-M)p=24.55 + 0.26 mag. This is
0.16 mag fainter but still consistent, within the
large error, with [Richardson et all (2011) lower
limit of > 757 + 45 kpc (corresponding to (m-
M)p=24.39 £ 0.13 mag) and placing And XXVII
within the M31 complex The faintest estimate by
Conn et all (2012): (m-M)y=25.49T957 mag has a
very large asymmetric error likely due to the dif-
ficulty in identifying the tip of RGB which is very
scarcely populated in And XXVII. In any case,
our estimate is consistent within the errors with
the lower limit of/Conn et al! (2012) estimate. The
large error in our distance estimate is due in a good
fraction to the significant dispersion of the average
magnitude of the whole RR Lyrae star sample. As
anticipated in Section[d] And XXVII appears to be
in the process of tidal disruption, this may have
resulted in the RR Lyrae stars to be located at
different distances from us, thus causing the large
dispersion in (V(RR)). To further investigate the
galaxy structure we have compared number and
properties of the RR Lyrae stars located in differ-
ent parts of the LBC FoV starting from the two
regions with highest stellar counts, namely, regions
C and SE in Figure

There are 18 RR Lyrae stars in the SE region
and only 11 in the C region. This difference re-
mains even if we reduce the radius of the two re-
gions: in a circular portion of SE of 3 arcmin in ra-
dius there are 8 RR Lyrae stars to compare with 6
RR Lyrae contained in a same portion of region C.
Average V magnitude, reddening and other char-
acteristics (total number of RR Lyrae stars, aver-
age RRab period, distance modulus and fraction
of RRc pulsators) for the RR Lyrae stars in re-
gion C and SE separately are provided in Table[3]
Two sets of values are listed for region SE, the first
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Fig. 12.— Distribution in apparent V' mean magnitude of the RR Lyrae stars in the 4 CCDs of the LBC

mosaic. The bin size is 0.025 mag.

one corresponding to the whole set of 18 variables,
and the second one (labeled SE1 in the table) con-
sidering only the 15 RR Lyrae stars whose mean
magnitude peaks around (V) ~ 25.24 mag. Dis-
tance moduli of C and SE differ by 0.08 mag in the
first case, this difference is still within 1 o given
the large dispersion of the estimates. The differ-
ence is of 0.21 mag in the second case (SE1) and
may be due to a real radial distance effect. How-
ever, considering the large errors we are dealing
with, this conclusion has to be taken with cau-
tion. The spread in magnitude can be due to a
real three-dimensional (3D) effect, but not as big
as 0.21 mag. The centers of regions C and SE are
~ 0.2 degree a part in the sky, that at the distance
of And XXVII corresponds to a physical projected
separation of ~ 3 kpc. Is this an indication that
the galaxy is disrupted and the SE component is
3 kpc away from the galaxy center? Or, since SE
has the cleanest CMD and the largest concentra-
tion of RR Lyrae stars most of which are located
approximately at the same distance from us, could

14

SE be the remaining nucleus of the now disrupted
And XXVII?

Triggered by these two different possibilities we
divided the RR Lyrae stars in two samples, corre-
sponding, respectively, to the south and north por-
tions of And XXVII according to[Richardson et. all

) center coordinates. Characteristics of the
RR Lyrae stars in the north and south samples
are also summarized in Table Bl North and south
distance moduli differ by ~ 0.2 mag, that al-
though still consistent within the respective errors
could indicate a 3D effect where the north part of
And XXVII is closer to us than the south part.

We also tested whether possible zero point dif-
ferences among the four CCDs of the LBC might
cause the observed differences, by comparing the
median apparent B and V magnitudes of ob-
jects in the blue part (-0.1 < B—-V < 0.1
mag, 24 < V < 26 mag) and in the red part
(1.6 < B—V <19 mag, 23 < V < 25 mag)
of the CMD.
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Fig. 13.— Left: Isodensity contours of RGB stars in And XXVII. X and Y axes are, respectively, RA and
decl. differential coordinates computed from the center of the galaxy given by Richardson et al. (2011). Red
filled circles are RR Lyrae stars, the green filled triangle is the AC. We have labeled the RR Lyrae star V67
for which we have estimated a metallicity of [Fe/H]=—1.86 ~ 0.50 dex (on the [Carretta et all 2009 scale)

from the Fourier parameter ¢s;.

The green circles mark areas of 4 arcmin in radius around regions C and

SE, respectively. Right: Same as in the left panel but for And XXVII HB stars.

Differences among the 4 CCDs range from 0.001
to 0.03 mag both in the B and V' bands, hence can-
not explain the difference observed between aver-
age apparent magnitudes of the north and south
RR Lyrae subsamples. Similarly, these differ-
ences cannot be explained by differential redden-
ing, as reddening is generally small and very sim-
ilar among the various RR Lyrae subsamples. We
computed also the average reddening derived from
the RR Lyrae stars in the four CCDs obtaining:
(E(B—V))c1 = 0.0340.06 mag, (E(B—V))ca =
0.03 4+ 0.06 mag, (E(B —V))c3 = 0.0540.05 mag
and (E(B—V))c4 = 0.01+0.06 mag. Therefore we
conclude that the magnitude differences are real
and likely due to a 3D effect. Figure[If] shows the
spatial distribution of the 89 RR Lyrae stars in the
field of And XXVII, where each source is color-
coded according to its mean apparent magnitude
((V)). If we assume that differences in (V) val-
ues are totally due to a projection/distance effect,
which is sensible given the similarity of pulsation
properties of the 89 RR Lyrae stars and the low
and homogeneous reddening in the area, the distri-
bution in Figure [0 suggests that And XXVII cen-
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ter likely is in the SE overdensity and the galaxy
is tilted with the north-west portion closer to us
than the south-east part.

We recall that among the three other M31 satel-
lites we observed with the LBT, we did not find
evidence of a particular smearing in mean mag-
nitude of the RR Lyrae stars in And XIX and
And XXV, whereas the magnitude spread ob-
served in And XXI was found to be fully jus-
tified by the presence of two RR Lyrae popula-
tions with different metallicities as also suggested
by the bi-modal period distribution of the RRab
stars (see Figure 2 in Paper II). However, the scat-
ter of the RR Lyrae star mean magnitude in the
field of And XXVII is over twice than observed in
And XXI, while there is no evidence of bi-modality
in period of the RRab stars. This along with the
large spread in the spatial distribution of the RR
Lyrae population make us to conclude that either
we are resolving the 3D structure of a galaxy in
the final stage of disruption or we are sampling
the RR Lyrae stars in And XXVII together with
those in a background/foreground structure like



Table 3: Properties of selected samples of RR Lyrae stars in And XXVII.

id N (RRab+RRc) (V(RR)) (Pab) (Pe) E(B-V) (m-M)o fe
ALL 58+31 25.15+0.17 0.59 £+ 0.05 0.35 £+ 0.04 0.04 £+ 0.05 24.55 + 0.26 0.35
SE 9+9 25.17+0.17 0.58 + 0.05 0.35 +0.03 0.05 £+ 0.05 24.54 + 0.26 0.50
SE1 6+9 25.24 + 0.06 0.55 £ 0.01 0.35 £+ 0.03 0.03 £ 0.05 24.67 +0.20 0.60
C 6+5 25.15 +0.15 0.62 £+ 0.03 0.33 £ 0.05 0.07 £ 0.05 24.46 + 0.25 0.45
NORTH 29+15 25.09 + 0.16 0.60 £+ 0.04 0.36 + 0.04 0.05 +0.03 24.46 + 0.22 0.35
SOUTH 29+16 25.20 + 0.15 0.59 + 0.05 0.34 + 0.04 0.03 £+ 0.06 24.63 + 0.27 0.35
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Fig. 14.— Left: CMD of sources in the C over-
density region. Center: Same as in the left panel,
but for the SE region. Right: CMD of the SE
region with superimposed an isochrone of 13 Gyr
with [Fe/H]=—1.8 dex (blue dotted line; see text
for details).

the M31 NW stream or the M31 halo.

5.1. Different old stellar populations?

If the differences in magnitudes of the RR
Lyrae star subsamples are not due to distance
effects a possible alternative explanation is the
presence in And XXVII of different old stellar
generations. To test this hypothesis the posi-
tions on the CMD of the different samples of RR
Lyrae stars listed in Table [3] were compared to

the model of Marconi et all (2015) and the 13 Gyr
isochrones of Marigo et all (2017) after correction

for the reddening and the distance modulus de-
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Fig. 15.— Lower panel: Distribution in apparent
V' mean magnitude of the 11 RR Lyrae stars in
the C region. Upper panel: Same as in the lower
panel, but for the 18 RR Lyrae stars in the SE
region.

rived using our whole RR Lyrae stars sample [(m-
M)y=24.55+ 0.26 mag, (E(B —V)) =0.04+0.05
mag]. To further constrain the observations we
compared also the observed period distribution
of the RRab pulsators to the models. Starting
from the C sample the position on the CMD and
the period distribution of the RRab can be re-
produced by the models with metallicity from
[Fe/H] = —2.3 to —1.5 dex, M=0.67-0.8 Mg,
T ff=5900-6900 K and LogL.=1.69-1.79 L. The
[Fe/H] = —1.5 models are at the limit of the red-
der RR Lyrae stars.

The SE sample appears on average bluer and

fainter that the best matching models with metal-
licity from [Fe/H| = —2.3 to —1.7 dex, M=0.716-
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Fig. 16.— Spatial distribution of the RR Lyrae
stars in the field of And XXVII. Stars are color-
coded according to their mean V' magnitude.

0.8 Mg, T.ff=6000-6900 K and LogL=1.72-1.76
Lo Moreover the observed distribution in periods
of the SE RRab sample is shorter that the one de-
rived from the latter models. Indeed models more
metal rich than [Fe/H] = —1.8 are too red to
reproduce the color of the RRab stars. The obser-
vations are only matched if we correct the mod-
els for the distance modulus and reddening found
for the SE1 sample [(m-M)y=24.67 + 0.26 mag,
(E(B —V)) = 0.03 + 0.05 mag]. We concluded
that the scenario for which the RR Lyrae stars
have same metallicities, but different distances is
best matched by the models as shown in the right
panel of Figure [7 1In this case both the RR
Lyrae stars and the RGB stars are well reproduced
by the 13 Gyr isochrones with a [Fe/H] = —1.8
corrected for the distance moduli (m—M)e=24.46
mag and (m—M),=24.67 mag, that represent the
extreme values reported in Table Bl The twofold
RR Lyrae population can thus not be explained by
the presence of two generations of stars with differ-
ent metallicity at the same distance. The simple
old stellar generation placed at different distances
has to be preferred over the double stellar popula-
tion (see right panel of Figure [[T7)). We are maybe
sampling two different regions in the M31 halo, one
belonging to And XXVII and the other to the NW
stream that is in the back/front of And XXVII (see
Section [@]).
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6. Association with the North-West stream

The NW stream is a stellar structure extending
up to 120 kpc from the center of M31, that in its
arc-path intersects And XXVII. This stream was
first detected by [Richardson et all (2011), in the
PandAS map of metal poor ([Fe/H]< —1.4 dex)
RGB stars. The mean surface brightness of the
NW stream is 28-29 mag arcsec”2? and the esti-
mated total mass is ~ 107 Mg
M) In the literature a mass of M=8.3728
x10" M was estimated for And XXVII by
Collins et all (2013) using the velocity dispersion,
under the assumption that the galaxy is in dy-
namical equilibrium and is spherically symmet-
ric. However both assumptions are very uncertain
given the clearly disrupted nature of this galaxy.
A very rough mass estimate inferred from the total
number of RR Lyrae stars would place And XXVII
in the class of 10 My dwarf galaxies, like And I
or And VI (see Table @ for the number of RR
Lyrae stars in these galaxies and the masses in
Collins et all [2014).

Projected along the NW stream are also seven
GCs. j i ) measured their ra-
dial velocity (RV) finding that six of them show
a clear trend with the projected distance from
the M31 center, velocities being more negative as
the GCs approach the M31 center. Monte Carlo
simulations performed by [Veljanoski et all (IZDJAI)
showed that these six GCs are physically associ-
ated among them (with an average RV of —430+30
km s71) and with the NW stellar stream. Given its
position along the stream, And XXVII has a RV
compatible with that found for the GCs assuming
a quasi-circular inclined orbit where the direction
of rotation goes from west to east for the objects in
the NW stream. And XXVII maybe be the satel-
lite galaxy that generated the NW stream. The
galaxy is perhaps completing a full orbit around
M31 and after a near pericenter passage started
losing stars. However, with the current data set we
can not definitively prove this hypothesis. More
kinematic and photometric data are needed to in-
vestigate the likely connection between the NW
stream and And XXVII.
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Fig. 17— Left: Same as Figure @ with superimposed the 13 Gyr isochrones from Marigo et al. (2017) with
[Fe/H] = —1.8 dex (cyan line) and [Fe/H] = —1.5 dex (blue line). Right: Same as in the left panel, but
with the same isochrone of 13 Gyr and [Fe/H] = —1.8 corrected for distance moduli of (m-M)=24.46 mag
(upper line) and (m-M)=24.67 mag (lower line), respectively.

7. COMPARISON WITH OTHER M31
SATELLITES AND CONCLUSIONS

Following the procedure in Paper III we com-
pared the pulsation properties of the RR Lyrae
populations in the M31 dSph satellites on and
off the GPoA. Table @l summarizes the character-
istics of the pulsating variable stars in the M31
dSphs that have been studied so far for variabil-
ity, 11 in total. Six of them are on and five
are off the GPoA.We computed the average pe-
riod of the RRab stars for galaxies on and off
the plane separately, finding (P,,)=0.6040.07 d
and (P,p)=0.60 £ 0.06 d. The fraction of RRe
to total number of RR Lyrae stars is {.=0.27 and
f.=0.23 for on and off plane satellites, respectively.
Hence, both samples are compatible with an Oo-
Int classification and show a slight tendency to
Oo I type as the galaxies get closer to M31 (see
also right panel of Figure ). The cumulative pe-
riod distribution of the RR Lyrae stars in the two
samples is shown in Figure A two sample
Kolmogorov-Smirnov (K-S) test to check whether
there are any differences between the two popu-
lations returns a p-value of p= 0.03209, meaning
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that the two RR Lyrae populations differ signif-
icantly. The two samples differ especially in the
short period regime (P< 0.4 d, see Figure [I8).
This is mainly due to the large number of short
period RR Lyrae stars in And XXVII (indeed the
p value in Paper IIT was p=0.36, that is without
the RR Lyrae stars of And XXVII). The fraction
of RRe stars in And XXVII is oddly high. A
similar result was found by Brown et al! (2004)
in some fields of the M31 halo. These authors
measured a fraction f,=0.46, an average period
for RRab of (Pa,)=0.594 d and an average period
for RRc of (P.)=0.316 d. Between

) results and ours in And XXVII (see Ta-
ble B) there are some similarities like the aver-
age period of RRab and the high fraction of RRc.
Furthermore, the right panel of Figure Bl shows a
similar trend of the period-amplitude diagram of
M31 halo and And XXVII RR Lyrae stars. These
analogies can be translated in three possible sce-
narios: 1) a number of the RR Lyrae stars in
the field of And XXVII do in fact belong to the
M31 halo (the projected distance of And XXVII
from the M31 center is d;, ~ 60 kpc) and in par-




ticular to the NW stream. This would explain
the spread in distance we observe from the RR
Lyrae stars; 2) And XXVII is not a dwarf galaxy
but rather an overdensity in the NW stream (as
claimed by|Maﬁinﬂ_aL|lZQlﬂ) that is largely com-
posed by M31 halo stars; 3) And XXVII is the
progenitor of the NW stream and part of the M31
halo. The high concentration of RR Lyrae stars
and the CMD of And XXVII SE region, along
with the possible connection with the GCs in the
NW stream seem to support this latter possibil-
ity. However, as shown in Figure 9 ofm
(@) the M31 halo in And XXVII neighborhood
is very complex and the stars into the metallicity
range —2.5 < [Fe/H] < —1.7 dex are placed in
streams located all around And XXVII. Investi-
gation of the variable stars and CMD of the area
beyond the SE region in the south-east direction,
as well as in different regions of the M31 halo and
NW stream is essential in order to discern among
the above different scenarios.

Concerning the frequency of ACs in the M31
satellites, with the discovery of only one AC in
And XXVII we confirm the finding of Paper III
that on-plane satellites seem to host only a few
or none ACs. There are 4 ACs in total in the 6
on-plane satellites in Table [] to compare with 21
ACs in the 5 off-plane systems. This would sug-
gests that only off-plane satellites were able to re-
tain enough gas to give rise to an intermediate-age
stellar population and produce ACs. In this re-
gard, the recent detection of an irregularly shaped
HI cloud close to but offset from the stellar body
of And XIX (Kerp et all 2016) and of some HI
emission displaced by half a degree from And XXI
(Kerp private communication), gives support to
the possible presence of a 1-2 Gyr old stellar gen-
eration in And XIX and And XXI, and being both
these systems off the GPoA, maybe in the off-plane
Ma31 satellites in general.
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