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ABSTRACT
We present a search and analysis of variable stars in the recently discovered Crater II dwarf
galaxy. Based on B, V, I data collected with the Isaac Newton Telescope (FoV�0.44 deg2),
we detected 37 variable stars, of which 34 are bone-�de RR Lyrae stars of Crater II (28 RRab,
4 RRc, 2 RRd). We applied the metal-independent (V, B � V) Period�Wesenheit relation
and derived a true distance modulus (µ = 20.30 – 0.08 mag (� = 0.16 mag). Individual
metallicities for RR Lyrae stars were derived by inversion of the predicted I-band Period�
Luminosity relation. We �nd a mean metallicity of [Fe/H] = �1.64 and a standard deviation
of �[Fe/H] = 0.21 dex, compatible with either negligible or vanishing intrinsic metallicity
dispersion. The analysis of the colour�magnitude diagram reveals a stark paucity of blue
horizontal branch stars, at odds with other Galactic dwarfs, and globular clusters with similar
metal abundances.

Key words: stars: general � stars: horizontal branch � stars: variables: RR Lyrae � galaxies:
evolution � Local Group.

1 IN T RO D U C T I O N

The last few years have revealed a completely new picture in our un-
derstanding of the Galactic neighborhood with the discovery of �20
dwarf galaxies surrounding the Milky Way, doubling the number of
satellites known in 2014 (Bechtol et al. 2015; Drlica-Wagner et al.
2015; Kim et al. 2015; Kim & Jerjen 2015a,b; Koposov et al. 2015;
Laevens et al. 2015a,b; Martin et al. 2015; Drlica-Wagner et al.
2016; Torrealba et al. 2016a,b, 2018; Koposov et al. 2018). Stand-
ing out among the new discoveries, the Crater II galaxy (Torrealba
et al. 2016a) is not an ultra-faint compact satellite, but it is instead the
fourth more extended galaxy around the Milky Way, following the
two Magellanic Clouds and the Sagittarius dwarf spheroidal (dSph)
galaxy. Crater II is, however, signi�cantly fainter than those large
galaxies, having an absolute magnitude of MV = �8.2 mag (Torre-

� E-mail: monelli@iac.es (MM); awalker@ctio.noao.edu (ARW)

alba et al. 2016a). With a surface brightness of only 31 mag arcsec�2,
Crater II is nearly invisible in a sea of �eld stars and lies close to the
limits of detectability of current dwarf satellite searches (Koposov
et al. 2008). No other Milky Way satellite has similar properties of
brightness and size as Crater II although the plot of absolute mag-
nitude versus radius given by Torrealba et al. (2016a, their �g. 6)
shows that Andromeda XIX (McConnachie et al. 2008; Cusano et al.
2013) has similar surface brightness with slightly greater brightness
and size.

The classical dSph galaxies surrounding the Milky Way have
proven to be complex objects with varied, and different, star forma-
tion histories (SFHs, e.g. Mateo 1998; Tolstoy, Hill & Tosi 2009).
No two dSph galaxies in our neighborhood are alike, and the rea-
son(s) why they present such a variety of chemical enrichment and
SFH is not well understood today. Study of the nature of these sys-
tems is fundamental for interpreting their role in the hierarchical
process of formation of large galaxies such as our own Milky Way.
Crater II presents then a unique opportunity to investigate the stellar

C� 2018 The Author(s)
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population and SFH in a galaxy unlike any other presently known
among the Milky Way satellite galaxies.

The colour�magnitude diagram (CMD) of Crater II in its discov-
ery paper (Torrealba et al. 2016a) shows a strong red giant branch
(RGB) and horizontal branch (HB). Comparison with isochrones
suggests that age of 10 Gyr and metallicity of [Fe/H] = �1.7 rep-
resent the data reasonably well. However, the depth of such CMD,
limited to �0.5 mag below the HB, is inadequate to answer the
critical question of the extent of the SFH of Crater II. The Carina
dSph galaxy, for example, also presents a narrow RGB but deep
CMDs clearly show a complex SFH with multiple main-sequence
turnoffs and sub-giant branches (Monelli et al. 2003).

Spectroscopy by Caldwell et al. (2017) of 62 stars nominated as
members selected from a sample close to the RGB in the CMD
show that Crater II has extremely cold dynamics, even though it is
still dark matter dominated with mass-light ratio 53+15

�11 M�/LV, �.
For these stars, they also determine a mean metallicity [Fe/H] =
�2.0 – 0.1 dex, with a resolved dispersion of �[Fe/H] = 0.22+0.04

�0.03
dex. The photometric metallicity found from isochrone �tting by
Torrealba et al. (2016a) is some 0.3 dex more metal rich.

Variable stars can also be used for studying the content and struc-
ture of stellar systems. The presence of RR Lyrae (RRL) stars,
for example, is an unequivocal sign of an old stellar population
(>10 Gyr; Walker 1989) and, in addition, allows an independent
determination of distance (Marconi et al. 2015; de Grijs et al. 2017).
Their period and mean magnitude distributions can shed light on
the metallicity distribution and even provide hints on the SFH of
the oldest populations (Mart·�nez-V·azquez et al. 2016a). anoma-
lous Cepheids (AC), which are common (but not very numerous)
in dSph galaxies but not in Galactic globular clusters (GCs), are
usually interpreted as belonging to an intermediate-age population
(Fiorentino & Monelli 2012), although this interpretation needs
care because of primordial binaries being an alternate production
channel (Bono et al. 1997).

In this paper, we present a search for variable stars in the �eld
of Crater II, independent from the very recent work by Joo et al.
(2018). Section 2 presents a summary of the data and the data
reduction strategy. Section 3 presents the CMD and discusses the
stellar populations in Crater II. Section 4 discusses the search for
variable stars and the properties of RRL stars. In Section 5, we
discuss the distance to Crater II, based on the Period�Wesenheit
relation, while in Section 6, we derive the RRL stars metallicity
distribution. Section 7 provides a discussion of the results and �nal
remarks.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Observations were collected with the Isaac Newton Telescope
(INT) located in the Observatorio Roque de los Muchachos
(ORM) in La Palma (Spain) using the Wide Field Camera (WFC;
FoV = 33.8 × 33.8 arcmin2), under two programmes approved
by the Spanish Time Allocation Committee: the Large Programme
C143 and the service program SST2017-380 (P.I.: Monelli). The
observations have been realized in three different runs, of four, two,
and three nights, respectively (see Table 1 for more details). The
area covered by these data is 37 × 62 arcmin2, approximately cen-
tred on the galaxy, but only the central 0.44 deg2 have a robust
calibration. Therefore, this data set covers much less than half the
entire body of Crater II (rh = 31.2�, Torrealba et al. 2016a).

The data have been collected over a 311-d baseline. Given its
declination (Dec. � �18.�5), Crater II is visible with airmass <1.7
for only about 4 h per night at the ORM, which implies that long

Table 1. Log of observations.

Run dates Telescope Detector B V I

2016 May 29�31 INT WFC 13 9 10
2017 January 27�28 INT WFC 21 39 20
2017 April 03 INT WFC 41 � 38

-1 0 1 2 3
B-I

24

22

20

18

V

Crater II
INT data

 0 1 2 3
B-I

 

 

 

 

Crater II
0 = 20.30 mag

E(B-V) = 0.031mag

µ

Z = 0.0003 13 Gyr

Z = 0.001 11 Gyr

Z = 0.001

Figure 1. (V, B � I) colour�magnitude of the central region of Crater II.
The bright portion of the RGB and the red HB are the most prominent
features, together with a heavy contamination of �eld stars. The right-hand
panels present the same CMD with superimposed old (13 Gyr and 10 Gyr)
and metal-poor (Z = 0.0003, 0.001) isochrones from the BaSTI library. A
ZAHB for Z = 0.001 is also plotted, shifted by 0.05 mag (Cassisi et al. 2007).
These theoretical lines were shifted according with a distance modulus of
20.30 mag (see Section 5 for details) and a reddening of E(B � V) = 0.027
mag (Schla�y & Finkbeiner 2011).

time-series in a single night could not be obtained. Nevertheless,
the median (maximum) number of phase points per star is of 49
(75), 25 (48), and 62 (68) for the B, V, and I bands, respectively.
Therefore, despite the time sampling being not optimal, for most of
the stars identi�ed as possible variables we have been able to derive
light-curve parameters adequate for our purpose here, though we
do not discard that some periods estimated in this work may be
affected by aliasing problems.

The photometric analysis was carried out by PBS using software,
procedures, and standard stars that have been extensively described
in the literature (e.g. Stetson 2000, 2005).

3 C O L O U R � M AG N I T U D E D I AG R A M

Fig. 1 (left-hand panel) presents the (V, B � I) CMD of the region
around the center of Crater II. The photometry reaches V �23.8 mag,
and the plot shows a prominent contamination by the Galactic �eld,
at color redder than B � I �1.0 mag. Nevertheless, the RGB and pre-
dominantly red HB are clearly visible in the CMD. To guide the eye
(right-hand panel), we superimposed two �-enhanched isochrones
from the BaSTI (Pietrinferni et al. 2004, 2006) database. We as-
sumed the distance estimated in Section 5, and the red and blue
lines show the expected location of a population of (Z, age in Gyr)
= (0.0003, 13) and (0.001, 11), respectively. The black line shows
the zero-age HB for Z = 0.001, which provides a nice lower enve-
lope for the distribution of stars in the red part of the HB and for
the RRL stars.
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The comparison with isochrones clearly shows that these data
are too shallow to detect stars at the turn-off (TO). Nevertheless,
a sequence of blue objects (B � I < 1, V > 22 mag) is well de-
�ned between the HB and the TO. Most likely, it is populated by
Blue Stragglers, as commonly found in all dSph galaxies (Mapelli
et al. 2007, 2009; Monelli et al. 2012b; Santana et al. 2013). How-
ever, based on the present data, we cannot robustly constrain the
youngest age at the TO, so we cannot exclude the presence of a
small intermediate age component. Interestingly, the HB of Crater
II is mostly red, with very few, if any, stars bluer than the instability
strip.

4 VARIA BLE STARS IN CRATER II

4.1 Search and classi�cation

The search for candidate variable stars has been realized using the
method introduced by Welch & Stetson (1993) and as further devel-
oped by Stetson (1996). The pulsational properties were estimated
following Bernard et al. (2009). In particular, a �rst guess of the pe-
riod is derived through Fourier analysis of the time series (Horne &
Baliunas 1986), and then re�ned by simultaneous visual inspection
of the light curves in all the available �lters. Amplitudes are then
estimated by �tting to a set of light-curve templates (Layden et al.
1999).

4.2 RRL stars

We identi�ed 58 candidate variable stars, of which 37 are con-
�rmed pulsators. Out of those 37 stars, 34 of them are RRL stars.
Table 2 presents the full catalogue, including name,1 coordinates
(right ascension and declination), period, classi�cation, followed by
intensity-weighted mean magnitude and amplitude in the B, V, and
I pass-bands, respectively. The last two columns show the period
estimate by Joo et al. (2018) and notes on individual stars. One
variable, V098, was not reported in Joo et al. (2018). We note that
two of the stars (V023 and V056) had already been reported in the
�rst release of PANSTARR (#204928 and #204866), though they
were not associated to Crater II (Sesar et al. 2017). Time series
photometry for the variable stars detected in this work is listed in
the Appendix. Fig. 2 presents the B (blue), V (green), and I (red)
light curves of all the discovered RRL variable stars.

After the submission of this work, Joo et al. (2018) published
an independent investigation on the variable stars content of Crater
II, based on KMTNet data covering 3� × 3� in B and V. All vari-
able stars in the overlapping area are in common between the two
photometries except two: Based on our data, we cannot con�rm the
variability of V093, while we identify a new variable not listed in
the Joo et al. (2018) catalogue (V098). The comparison of period es-
timates discloses a good agreement for most of the stars: the period
difference is smaller than 0.05 d for 32 out of 36 stars (88 per cent).
Four stars presents larger period differences, between 0.05 and 0.29
d, which is likely due to aliasing. We detected a small shift in the
mean magnitude. The derived mean magnitudes for our full sample
are �B � = 21.30 – 0.09 (� = 0.09) mag, �V� = 20.92 – 0.07
(� = 0.05) mag, and �I� = 20.34 – 0.06 (�= 0.05) mag, while both
the �B� and �V� of the stars from Joo et al. (2018) in common with
ours are �0.03 mag fainter.

1We assumed the naming convention by Joo et al. (2018).

Fig. 3 shows a zoom-in view of the CMD in the region of the HB.
The RRL stars are shown as large symbols, with different colours
indicating different pulsation modes: blue, green, and orange cor-
respond, respectively, to the 4 �rst-overtone (RRc), 2 double-mode
(RRd), and the 28 fundamental-mode (RRab) RRL stars discovered
in this work. Three stars are well separated in magnitude from the
bulk of the RRL stars. V097 and V098 are, respectively, 0.4 and
0.3 mag fainter than the HB. V098 has a period near 0.5 d and an
RRc-like light curve, with a large phase gap. Additionally, inspect-
ing its image shows it may be superimposed on a faint background
spiral galaxy. V097 has a typical RRc period. V001 is 0.5 mag
brighter than the HB, with periods and colours typical for an RRL
star. It looks too faint to be an AC, which are typically at least 1
mag brighter than the HB, and its period is too short (P = 0.763306
d) to be a BL Her star (Di Criscienzo et al. 2007). Stars in this
position of the HB are known in other systems (Carina: Coppola
et al. 2015; Sculptor: Mart·�nez-V·azquez et al. 2016b) and may be
stars in the �nal stage of core helium-burning evolution evolving
rapidly towards the AGB. Following the nomenclature introduced
in Mart·�nez-V·azquez et al. (2016b) for stars with similar behaviour
as this one, we classi�ed V001 as �peculiar� variable star. We will
not include these three stars in the subsequent analysis.

Fig. 4 presents the spatial distribution of RRL stars. The colour
code is the same as in Fig. 1. The red cross marks the position
of the center of Crater II according to Torrealba et al. (2016a).
Interestingly, RRL stars seem to be spread over the full sur-
veyed �eld, with no obvious concentration towards the central
regions.

Fig. 5 shows the period�amplitude (Bailey) diagram (top panel)
and the period distribution (bottom) for the full sample of RRL
stars. Lines in the top panel present a comparison with the Ooster-
hoff I (Oo-I, solid) and II (Oo-II, dashed) loci, as de�ned for RRab
type stars in GCs (Cacciari et al. 2005), and for RRc type (dotted,
Kunder et al. 2013). The mean period �PRRab� = 0.617 d, which
would suggest that Crater II is somewhat more similar to an Oo-II
system, though it is at the edge of the so-called Oosterhoff gap typ-
ically populated by dSph galaxies. Nevertheless, the top panel of
Fig. 5 clearly shows that RRab are distributed closer to the Oo-I line,
though they seem to follow a steeper relation. This translates into
a period distribution (bottom panel) that is quite narrow around the
peak. Therefore, the lack of RRab with shortest period and largest
amplitude mimics an Oo-II type if only the mean period is consid-
ered, but clearly the location of stars in the period�amplitude plane
is closer to that of a Oo-I system. Many other low-mass, metal-poor
systems are characterized by similar period distributions, lacking
the short-period tail (e.g. Bootes: Siegel 2006; And XI and And
XIII: Yang & Sarajedini 2012; And XIX: Cusano et al. 2013; And
III: Mart·�nez-V·azquez et al. 2017).

Fig. 5 suggests that the distribution of Crater II stars in the period�
amplitude plane follows a distribution steeper than the Oo-I line.
This is similar to what is observed in other systems such as Carina
(Coppola et al. 2015), And III (Mart·�nez-V·azquez et al. 2017), and
Cetus (Monelli et al. 2012a). This is illustrated in Fig. 6, which
compares the Baily diagram (top) of these three galaxies (orange
points) with that of Crater II (black dots). Blue dots show RRL stars
in Tucana (Bernard et al. 2009) and Sculptor (Mart·�nez-V·azquez
et al. 2016b, their clean sample). The plot shows that for amplitude
close to 1 mag the orange points tend to split from the clusters�Oo-I
line. The normalized period distribution (bottom panel) of Crater II
RRab stars is remarkably similar to that of Carina+Cetus+And III,
while Sculptor and Tucana present a more extended tail, especially
at short-period end.
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Table 2. Variable stars properties.

Name RA Dec. Period mB AB mV AV mI AI Type PJoo Notes
h m s � � �� (d) (mag) (mag) (mag) (mag) (mag) (mag) (d)

V001 11:48:46.94 �18:37:28.8 0.7633058 20.925 0.984 20.553 0.820 19.950 0.503 Peculiar 0.7633
V002 11:48:59.49 �18:10: 9.8 0.6043024 21.432 0.913 20.966 0.759 20.406 0.546 RRab 0.6053
V003 11:48:38.77 �18:31:40.2 0.6009024 21.217 1.019 20.920 0.834 20.349 0.515 RRab 0.6009
V004 11:48:51.17 �18:16:34.1 0.4091809 21.260 0.477 20.906 0.470 20.403 0.218 RRc 0.4189
V005 11:48:51.89 �18:31:56.7 0.5989511 21.227 1.229 20.904 0.966 20.335 0.575 RRab 0.5989
V008 11:48:47.01 �18:31:30.5 0.6497012 21.217 0.679 20.907 0.504 20.305 0.372 RRab 0.6496 a
V010 11:47:51.72 �18:11:12.1 0.6113311 21.228 1.068 20.850 0.851 20.213 0.745 RRab 0.6212 b
V012 11:48:41.01 �18:31:45.4 0.6404212 21.375 0.766 20.968 0.687 20.340 0.492 RRab 0.6415 c
V013 11:48:51.59 �18:41:34.0 0.6486312 21.314 0.851 20.884 0.665 20.301 0.430 RRab 0.6474
V014 11:48:39.64 �18:09:24.1 0.6090211 21.310 0.735 20.906 0.816 20.329 0.390 RRab 0.6081 c
V015 11:47:57.04 �18:08:39.6 0.5912911 21.289 0.917 20.904 0.624 20.280 0.424 RRab 0.6378 b; d ; e
V020 11:48:35.41 �18:30:54.6 0.6170524 21.370 0.673 20.956 0.491 20.301 0.315 RRab 0.6201 f; a
V021 11:49:05.76 �18:32:02.9 0.5960023 21.432 0.581 21.053 0.645 20.416 0.562 RRab 0.641
V022 11:48:14.91 �18:15:09.1 0.6362525 21.096 1.603 20.816 1.133 20.361 0.435 RRab 0.6001 b; e
V023 11:48:10.63 �18:17:42.7 0.6122524 21.323 1.055 20.944 0.808 20.448 0.071 RRab 0.6147 b; e
V025 11:49:05.83 �18:40:46.9 0.6093524 21.310 1.080 20.909 0.826 20.366 0.516 RRab 0.6083 a
V029 11:49:23.49 �18:20:08.5 0.3997510 21.204 0.320 20.827 0.382 20.279 0.172 RRd 0.4212
V033 11:49:45.65 �18:32:56.2 0.4284515 21.219 0.603 20.949 0.335 20.345 0.264 RRd 0.4174
V035 11:49:56.30 �18:37:43.0 0.6309025 21.260 0.714 20.879 0.600 20.255 0.444 RRab 0.6309
V046 11:49:36.81 �18:35:26.6 0.5931521 21.258 1.153 20.906 0.815 20.413 0.537 RRab 0.6155 g; a
V050 11:49:46.72 �18:32:12.9 0.5839523 21.070 1.466 20.875 0.745 20.336 0.625 RRab 0.5877 g
V052 11:49:40.58 �18:19:04.4 0.6290411 21.319 0.996 20.937 0.864 20.357 0.543 RRab 0.6280
V056 11:49:44.85 �18:35:02.3 0.5666522 21.184 1.264 20.876 1.008 20.394 0.746 RRab 0.5658
V057 11:49:53.68 �18:16:39.4 0.6324525 21.460 0.726 21.021 0.602 20.383 0.411 RRab 0.6314 g
V065 11:47:45.07 �18:23:27.0 0.6500526 21.296 0.748 20.891 0.590 20.293 0.454 RRab 0.6513 g
V066 11:49:47.00 �18:27:20.8 0.6203024 21.304 0.875 20.925 0.689 20.333 0.374 RRab 0.6268
V068 11:49:12.51 �18:19:36.5 0.6525526 21.379 0.486 20.967 0.382 20.330 0.317 RRab 0.6478
V070 11:49:12.03 �18:15:50.3 0.6222525 21.342 0.904 20.912 0.751 20.311 0.514 RRab 0.6245 h
V072 11:48:49.98 �18:28:27.5 0.3913809 21.347 0.379 20.980 0.240 20.372 0.143 RRc 0.6553 d
V073 11:49:30.21 �18:41:32.3 0.6457655 21.357 0.720 20.910 0.472 20.335 0.343 RRab 0.6493
V076 11:49:04.08 �18:09:07.6 0.4063514 21.406 0.413 21.028 0.266 20.401 0.231 RRc 0.6516 d; e
V077 11:49:17.36 �18:38:55.8 0.6132524 21.266 0.941 20.911 0.781 20.336 0.470 RRab 0.6132
V078 11:49:16.90 �18:33:54.2 0.6190025 21.403 0.865 21.007 0.507 20.437 0.447 RRab 0.6029 c
V083 11:48:45.47 �18:09:58.5 0.6208012 21.382 1.197 20.916 0.818 20.350 0.518 RRab 0.6229
V092 11:48:58.03 �18:22:07.7 0.4149109 21.247 0.372 20.850 0.223 20.263 0.173 RRc 0.7084 f
V097 11:49:16.15 �18:18:35.4 0.3067604 21.625 0.649 21.322 0.406 20.867 0.364 uncertain 0.2347 d
V098 11:48:38.19 �18:35:39.7 0.5095519 21.664 0.454 21.212 0.300 20.725 0.261 uncertain � d

Notes. a � lack of maximum in I band.
b � only few points/phase in I band.
c � candidate Blazhko.
d � noisy light curves.
e � many possible periods.
f � noisy light curve in I band.
g � lack of maximum in V band.
h � lack of maximum.

5 D I STA N C E TO CRATER II

RRL stars are primary, fundamental distance indicators (Car-
retta et al. 2000; Cacciari & Clementini 2003). The well-known
metallicity�luminosity relation (Sandage, Katem & Sandage 1981)
has been extensively used in the literature, applied to GCs (Arel-
lano Ferro et al. 2008; Di Criscienzo et al. 2011; di Criscienzo et al.
2011; McNamara 2011) and nearby dwarf galaxies (e.g. Stetson
et al. 2014; Yang et al. 2014; Cusano et al. 2016, 2017; Mart·�nez-
V·azquez et al. 2016a). Nevertheless, this relation is subject to many
sources of uncertainties (linearity, evolutionary effects, and redden-
ing; Bono 2003), though the most important one comes from the
fact that neither the zero point nor the slope has been de�nitively
calibrated (de Grijs et al. 2017). This translates into a difference

of up to �0.2 mag according to the adopted calibration (Chaboyer
1999; Bono et al. 2003; Clementini et al. 2003).

Alternatively, period�luminosity relations (Longmore, Fernley
& Jameson 1986; Bono et al. 2001) in the near infrared present
important advantages, such as the signi�cantly milder dependency
on the reddening and evolutionary effects. The exhaustive theo-
retical work by Marconi et al. (2015) discusses in detail the use
of period�luminosity�metallicity (PLZ) relations of RRL stars to
derive the distance of the host stellar system. In particular, the We-
senheit functions (Madore 1982) are particularly useful because, by
construction, they are reddening independent, given the assumption
of a reddening law. Moreover, Marconi et al. (2015) showed that
the (V, B � V) Wesenheit relation presents the remarkable prop-
erty of also being independent of metallicity, over a wide range.
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Figure 2. B (blue), V (green), and I (red) light curves for variable stars in Crater II. Star names (upper left-hand corner) are sorted for increasing right
ascension. Periods (lower right-hand corner) are given in days. Open symbols (not used in the estimation of the pulsation properties) show the data for which
the uncertainties are larger than 3� above the mean error of a given star. Note that B and I light curves were shifted by +0.4 and �0.4 mag, respectively, to
facilitate the visual inspection of all three together.
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