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The outer regions of the Galactic halo seem to be quite “clumpy” (e.g. Vivas
& Zinn, 2002; Newberg et al., 2002) à supporting theories based on the 
hierarchical formation of structures in a Cold Dark Matter cosmological 
scenario. 

The most known examples of these phenomena are
• the observed merging of the Sagittarius dsph with the MW halo and

its associated stream
• the stellar over-density in the Canis Major region
• the presence of peculiar Galactic Globular Cluster with observed

tidal tails or suspected halos
• the discovery of several ultra-faint satellites of the MW

MW dSphs and a number of Galactic GCs appear distributed along planar 
alignments reflecting distinct orbital planes interpreted as the result of the 
disruption of larger galaxies (one of this is the Fornax Stream).

Similar evidences have been observed also in M31

Why STREGA?

Dal
l’Ora’s

talk



STREGA

Variable stars (RR Lyrae)

Time series at RR Lyrae magnitude level

Mapping large areas (at least up to 2-3 tidal radii), in the g, r and i bands, to 
trace signatures between selected stellar systems and the Galactic halo

Main-Sequence and Turn off stars

deep exposures 2-3 mag below the TO

Tools: 

Data Reduction

Preriduction performed with VST-TUBE, a specific imaging pipeline

PSF photometry with DAOPHOT/ALLSTAR

Calibration through deep and accurate UBVRI photometry transformed to the SDSS ugriz
photometric system by adopting the transformations by Jordi et al. (2006).
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ω Cen: cumulative CMD
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ω Cen: Data Analysis
Theoretical tools: Galactic simulations
(blue, cyan and grey dots, updated
Castellani et al. 2002) compared with the
synthetic CMD of ω Cen (red dots, SPOT
code: Teramo Stellar POpulation Tools,
Raimondo et al. 2005 ).

Observational tools: To detect extra-tidal
stars, we performed star counts on the
area observed around ω Cen in various
evolutionary phases……..
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Radial star counts. I
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Angular Star Counts



Angular Star Counts
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Radial Star Counts. II
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Isocontours

Our results are in agreement with existent measurements and predictions 
about the cluster ellipticity profile and orientation and recently confirmed by 

Calamida+17 mapping a region of 3°x3° around ω Cen with DECAM and ACS

Asymmetric, elongated 
shape



Pal 12

Black dots mark the stars within the half light radius 

Completeness tests for 

the area covered by the 

two fields and the 
external one
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ABSTRACT
In the framework of the STREGA (STRucture and Evolution of the GAlaxy) survey, two
fields around the globular cluster Pal 12 were observed with the aim of detecting the possible
presence of streams and/or an extended halo. The adopted stellar tracers are the main sequence,
turn-off and red giant branch stars. We discuss the luminosity function and the star counts in
the observed region covering about 2 tidal radii, confirming that Pal 12 appears to be embedded
in the Sagittarius Stream. Adopting an original approach to separate cluster and field stars, we
do not find any evidence of significant extra-tidal Pal 12 stellar populations. The presence of
the Sagittarius stream seems to have mimicked a larger tidal radius in previous studies. Indeed,
adopting a King model, a redetermination of this value gives rT = 0.22 ± 0.1 deg.

Key words: Hertzsprung–Russell and colour–magnitude diagrams – globular clusters: indi-
vidual: Palomar 12 – Galaxy: halo – Galaxy: structure.

1 IN T RO D U C T I O N

This paper is the second of a series devoted to the results of the
STRucture and Evolution of the GAlaxy (STREGA) survey (Mar-
coni et al. 2014). This is a guaranteed-time project that uses the
ESO Very Large Telescope Survey Telescope (VST) to observe ex-
tensive regions around a number of globular clusters (GCs) and
satellite galaxies of the Milky Way, in order to map the existence of
extended haloes and/or tidal streams with the final aim of constrain-
ing the formation and evolution of the Galactic halo. A detailed
description of this survey is reported in Marconi et al. (2014). In
this paper, we describe the results we obtain by exploring a region
of more than 1 square degree around the GC Pal 12. This target
is located at (l,b) = (30.51, −47.68 deg), it has an absolute visual
magnitude MV = −4.47 mag, a half-light radius of 1.72 arcmin (=

⋆ In memory of our beloved colleague and friend Geppina Coppola.
†E-mail: ilaria.musella@oacn.inaf.it (IM); marcella.marconi@oacn.inaf.it
(MM)

0.03 deg), a tidal radius rT and a core radius rC, obtained on the
basis of a King model with a central concentration c = log(rT/rC)
(Harris 1996; McLaughlin & van der Marel 2005), of 17.42 arcmin
(= 0.29 deg) and 0.02 arcmin (= 0.0003 deg, with c = 2.98), re-
spectively. It is worth noting that van den Bergh (2011) pointed
out that the small stellar sample contained in the cluster and the
presence of substructures might cause errors in the measured cen-
tral concentration and in the determination of the structural radii.
This GC is probably younger and more metal rich than the major-
ity of the Galactic GCs (GGCs, Gratton & Ortolani 1988; Stetson
et al. 1989; Rosenberg et al. 1998). On this basis, many authors
have suggested the possibility that this GC was accreted from a sur-
rounding galaxy such as, for example, the Magellanic Clouds (e.g.
Lin & Richer 1992; Zinn 1993, and references therein). Conversely,
Irwin (1999) pointed out that distance and radial velocity of Pal 12
are consistent with the hypothesis that it has been captured by our
Galaxy in a tidal interaction with the Sagittarius dwarf Spheroidal
(Sgr dSph) galaxy. The latter hypothesis was supported by Dinescu
et al. (2000) through the determination of the proper motions and the
3D orbit of Pal 12. The presence of an additional stellar population
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Why Pal 12
This GC is probably younger and more metal rich than the majority of the
Galactic GCs (Gratton & Ortolani 1988; Stetson+1989; Rosenberg1998)

à accreted from a surrounding galaxy such as, for example, the Magellanic
Clouds (Lin & Richer 1992; Zinn 1993).

Irwin (1999) pointed out that distance and radial velocity of Pal 12 are
consistent with the hypothesis that it has been captured by our Galaxy in a tidal
interaction with the Sagittarius dwarf Spheroidal galaxy. This hypothesis was
supported by Dinescu et al. (2000) through the determination of the proper
motions and the three-dimensional orbit of Pal 12.

àThe presence of an additional stellar population in the direction of this
GC was detected by Martìnez-Delgado+2002 analysing a large field around
Pal 12 and by Bellazzini+2003 using data from the 2-Micron All-Sky Survey.



Pal 12 overdensity = Sgr stream

Martinez-Delgado+ 2002
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TABLE 1
Positions and Integration Times

Field
R.A.

(J2000.0)
Decl.

(J2000.0)
l

(deg)
b

(deg)
tB
(s)

tR
(s)

Field 1 . . . . . . 21 46 38.9 !21 25 00 30.3 !47.7 3600 1800
Field 2 . . . . . . 21 49 21.7 !19 20 10 33.5 !47.7 3900 3600
Control . . . . . . 16 11 04.0 "14 57 29 28.7 42.2 9200 9000

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

Fig. 1.—(a) CMD for the WFC field centered on Pal 12 (field 1). The
narrow MS of the cluster is clearly delineated. Notice that it is surrounded by
a sparser and wider MS-like feature at bluer color. (b) CMD for an extratidal
field of , half of which is from field 1 but outside of the cluster’s′ ′35 # 35
tidal radius ( ) and half of which is from field 2, situated ∼2! north of′r 1 17
Pal 12. The MS feature is most clearly observed at B! andR ∼ 0.8 21 !

. (c) CMD of our control field, which is the same size as the field shownV ! 23
in (b).

3. THE LOW SURFACE BRIGHTNESS SYSTEM

Figure 1a shows the color-magnitude diagram (CMD) for
the WFC field centered on Pal 12 (field 1). In addition to the
main sequence (MS) of the cluster, an MS-like feature is ob-
served at bluer color, overlapping the MS of the cluster at
B! and “V” 1 21.0. This feature is also clearly seen inR ∼ 0.8
the CMD of the field situated ∼2! north of the center of Pal
12 (field 2).
This unexpected feature of the Pal 12 diagram is more ev-

ident in Figure 1b, which shows the CMD of the extratidal
field of Pal 12. This includes the part of field 1 beyond the
tidal radius of the cluster (i.e., for ) and one-half of the′r 1 17
area of field 2. These regions have almost indistinguishable
CMDs, with the only difference that the density of stars in the
MS feature is larger in the cluster’s field (field 1). The CMD
of the control field situated at in the north(l, b) p (28!.7, 42!.2)
is shown in Figure 1c. The total area of this field is the same
as that plotted in Figure 1b. The absence of the MS feature in
the control field is the most striking difference between these
northern and southern hemisphere regions. The control field
has slightly smaller l and than the fields in the directiond b d
to Pal 12. If the halo is symmetric about the galactic plane and
has smooth density contours, either spherical or flattened to-
ward the plane, the control field and not the fields in the di-
rection to Pal 12 should have a higher density of halo stars.
This is clearly not the case (compare the regions bordered by
22 1 “V” 1 18 and ! in Figs. 1b and 1c).0.6 ! B R ! 2.0
To check the significance of this detection, we constructed

luminosity functions of the stars in the “V” range 18.0–22.4,
where the photometric errors are ≤0.05 and ≤0.03 for the field
near Pal 12 and the control field, respectively. The color range
was restricted to ! , which should encompass0.6 ≤ B R ≤ 1.1
the MS and the subgiant branch of an old stellar system. Its
large width ensures that this comparison is insensitive to red-
dening differences, which are expected to be very small
[ ! ; Schlegel, Finkbeiner, & Davis 1998, hereafterDE(B V ) ! 0
SFD]. Figure 2 shows that for “V” ! 20.6 there is little difference
between the field near Pal 12 and the control field. However, for
20.8 ≤ “V” ≤ 22.4, there is an excess of stars in the field near
Pal 12 over the control field, and for every 0.2 mag bin in this
interval, this excess corresponds to several standard deviations.
Figure 2 also compares the luminosity functions with that of

a model stellar population, which was constructed from the iso-
chrone calculations of Girardi et al. (2000) for a metal abundance
of ( ) and an age of 12.6 Gyr. WeZ p 0.001 [Fe/H]p !1.3
imposed the same color boundaries as above and transformed
to apparent “V” magnitude by adopting the same distance mod-
ulus and interstellar extinction as Pal 12. To model the field stars,
we fit a quadratic equation to the luminosity function of the stars
in the control field. The solid line in Figure 2 is the sum of this
function plus the one for the 12.6 Gyr stellar population. It is
normalized so that it matches the observed number of stars in
the field near Pal 12 for “V” ! 19.0. The number of stars in the
12.6 Gyr system was varied until a rough match was obtained

between the model function and the observed points for “V” 1
21.5. The similarity between this model luminosity function and
the observed one over the whole range of “V” suggests that the
excess of stars over the control field is caused by a real stellar
system at approximately the same distance as Pal 12. Unfortu-
nately, the number of stars is too small to tightly constrain the
luminosity function, and firm conclusions about the age or com-
position of the system cannot be drawn from this match.
To estimate the surface brightness of this system, we used the

Field centered on Pal12

Field outside tidal radius

Control field

Overdensity
V>21 mag

This population appears to be diffuse
on the field and at the same distance
(within the uncertainties), but more
metal poor than Pal 12, even if with a
significant spread in metallicity and/or
age, as expected for a dSph galaxy.



Our Pal 12 CMD
Martinez-Delgado+ 2002
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we fit a quadratic equation to the luminosity function of the stars
in the control field. The solid line in Figure 2 is the sum of this
function plus the one for the 12.6 Gyr stellar population. It is
normalized so that it matches the observed number of stars in
the field near Pal 12 for “V” ! 19.0. The number of stars in the
12.6 Gyr system was varied until a rough match was obtained

between the model function and the observed points for “V” 1
21.5. The similarity between this model luminosity function and
the observed one over the whole range of “V” suggests that the
excess of stars over the control field is caused by a real stellar
system at approximately the same distance as Pal 12. Unfortu-
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Synthetic populations for Pal 12
SPOT code: Teramo
Stellar POpulation Tools,
Raimondo+ 2005 ).

The STREGA survey 5

Figure 6. Three simple stellar populations (red open circles) aged
8 (top), 9 (middle) and 10 Gyr (low) with [Fe/H] = �0.96 dex
(left) and [Fe/H] = �0.66 dex (right) are superimposed on the
CMD of stars within the half-light radius of Pal 12 (black filled cir-
cles). Each simulation accounts for a total V magnitude of ⇠ �3.7
mag, corresponding to the magnitude at the half-light radius as
derived from Harris’s catalogue. Some photometric uncertainty is
also included. The fitting values for distance modulus and inter-
stellar reddening are labeled in figure. The extinction law adopted
is that by Cardelli, Clayton, & Mathis (1989).

Figure 7. Left panel: CMD of stars in the extra-tidal region of
F1 field (grey circles). The selection box is shown in orange. Right
panel: Synthetic stellar populations (squares) with t=13 Gyr and
[Fe/H] = �1.27 dex (sky blue), [Fe/H] = �0.96 dex (red), and
[Fe/H] = �0.66 dex (green), representative of the old compo-
nents in the Sgr dSph galaxy, are overplotted. A distance mod-
ulus of 16.30 mag and E(B � V ) = 0.03 mag are adopted. In
each panel the arrow indicates the feature at <V >= 20.6mag,
see text.

visual band on the basis of the g, r, and i limit magni-

tudes obtained in Section 2. These choices allow us not
only to avoid objects with large photometric uncertainties
and serious field contamination, but also to take into consid-
eration the possible presence of multiple stellar populations,
and/or a distance spread. The left panel of Fig. 7 illustrates
the CMD of all extra-tidal stars in F1 (grey circles) and the
color-magnitude box (orange rectangle) considered in our
analysis.

In each panel of Fig. 8 we show the LF of stars in the
selection box (black solid line), compared to that of all stars
in the extra-tidal field (black dotted line). The former LF
likely includes stars belonging to the Sgr stream, with a con-
tamination of Galactic field and possibly of extra-tidal Pal
12 stars. As stated above, it has been proved with many
di↵erent tracers that the disruption of the Sgr dSph galaxy
produces huge tidal tails extending for many tens of kilo-
parsecs from the parent galaxy, with tidally stripped stars
wrapping a full 360� around the celestial sphere (see, e.g.
Newberg et al. 2002; Majewski et al. 2003; Mart́ınez-Delgado
et al. 2004; Belokurov et al. 2014). Recent simulations also
predict the existence of several arms extending to hundreds
of kiloparsecs (see e.g. Dierickx & Loeb 2017). Since we did
not observe a reference field far away from the stream, to
investigate the star overdensity we considered the contribu-
tion of Galactic field stars using the LF in the control field,
observed by Mart́ınez-Delgado et al. (2002, see their Fig. 2)
and rescaled to the area covered by our extra-tidal region
(blue solid line in Fig. 8). From Fig. 8 one may note that
in the magnitude range from < V >⇠ 18 to ⇠ 19.9mag
the control-field and the extra-tidal star LFs are compa-
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Figure 7. Left panel: CMD of stars in the extra-tidal region of
F1 field (grey circles). The selection box is shown in orange. Right
panel: Synthetic stellar populations (squares) with t=13 Gyr and
[Fe/H] = �1.27 dex (sky blue), [Fe/H] = �0.96 dex (red), and
[Fe/H] = �0.66 dex (green), representative of the old compo-
nents in the Sgr dSph galaxy, are overplotted. A distance mod-
ulus of 16.30 mag and E(B � V ) = 0.03 mag are adopted. In
each panel the arrow indicates the feature at <V >= 20.6mag,
see text.

visual band on the basis of the g, r, and i limit magni-

tudes obtained in Section 2. These choices allow us not
only to avoid objects with large photometric uncertainties
and serious field contamination, but also to take into consid-
eration the possible presence of multiple stellar populations,
and/or a distance spread. The left panel of Fig. 7 illustrates
the CMD of all extra-tidal stars in F1 (grey circles) and the
color-magnitude box (orange rectangle) considered in our
analysis.

In each panel of Fig. 8 we show the LF of stars in the
selection box (black solid line), compared to that of all stars
in the extra-tidal field (black dotted line). The former LF
likely includes stars belonging to the Sgr stream, with a con-
tamination of Galactic field and possibly of extra-tidal Pal
12 stars. As stated above, it has been proved with many
di↵erent tracers that the disruption of the Sgr dSph galaxy
produces huge tidal tails extending for many tens of kilo-
parsecs from the parent galaxy, with tidally stripped stars
wrapping a full 360� around the celestial sphere (see, e.g.
Newberg et al. 2002; Majewski et al. 2003; Mart́ınez-Delgado
et al. 2004; Belokurov et al. 2014). Recent simulations also
predict the existence of several arms extending to hundreds
of kiloparsecs (see e.g. Dierickx & Loeb 2017). Since we did
not observe a reference field far away from the stream, to
investigate the star overdensity we considered the contribu-
tion of Galactic field stars using the LF in the control field,
observed by Mart́ınez-Delgado et al. (2002, see their Fig. 2)
and rescaled to the area covered by our extra-tidal region
(blue solid line in Fig. 8). From Fig. 8 one may note that
in the magnitude range from < V >⇠ 18 to ⇠ 19.9mag
the control-field and the extra-tidal star LFs are compa-
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● Fitting values for distance and reddening depend on age and metallicity but the mean value 
for the distance is µ=16.3 ± 0.1 mag in agreement with previous values in literature  and E(B-V) 
of about 0.03 mag in agreement with Schlegel et al. values

● we confirm an age of 8 − 10 Gyr for Pal 12, and a rather high metallicity ([F e/H ] from − 0.96 
to −0.66 dex) for a GC in the Galaxy’s outer halo. 

● Stars within Pal 12 tidal radius
● Synthetic stellar population

● Ages and metallicities are based on previous works in literature
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Figure 6. Three simple stellar populations (red open circles) aged
8 (top), 9 (middle) and 10 Gyr (low) with [Fe/H] = �0.96 dex
(left) and [Fe/H] = �0.66 dex (right) are superimposed on the
CMD of stars within the half-light radius of Pal 12 (black filled cir-
cles). Each simulation accounts for a total V magnitude of ⇠ �3.7
mag, corresponding to the magnitude at the half-light radius as
derived from Harris’s catalogue. Some photometric uncertainty is
also included. The fitting values for distance modulus and inter-
stellar reddening are labeled in figure. The extinction law adopted
is that by Cardelli, Clayton, & Mathis (1989).

Figure 7. Left panel: CMD of stars in the extra-tidal region of
F1 field (grey circles). The selection box is shown in orange. Right
panel: Synthetic stellar populations (squares) with t=13 Gyr and
[Fe/H] = �1.27 dex (sky blue), [Fe/H] = �0.96 dex (red), and
[Fe/H] = �0.66 dex (green), representative of the old compo-
nents in the Sgr dSph galaxy, are overplotted. A distance mod-
ulus of 16.30 mag and E(B � V ) = 0.03 mag are adopted. In
each panel the arrow indicates the feature at <V >= 20.6mag,
see text.
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tudes obtained in Section 2. These choices allow us not
only to avoid objects with large photometric uncertainties
and serious field contamination, but also to take into consid-
eration the possible presence of multiple stellar populations,
and/or a distance spread. The left panel of Fig. 7 illustrates
the CMD of all extra-tidal stars in F1 (grey circles) and the
color-magnitude box (orange rectangle) considered in our
analysis.

In each panel of Fig. 8 we show the LF of stars in the
selection box (black solid line), compared to that of all stars
in the extra-tidal field (black dotted line). The former LF
likely includes stars belonging to the Sgr stream, with a con-
tamination of Galactic field and possibly of extra-tidal Pal
12 stars. As stated above, it has been proved with many
di↵erent tracers that the disruption of the Sgr dSph galaxy
produces huge tidal tails extending for many tens of kilo-
parsecs from the parent galaxy, with tidally stripped stars
wrapping a full 360� around the celestial sphere (see, e.g.
Newberg et al. 2002; Majewski et al. 2003; Mart́ınez-Delgado
et al. 2004; Belokurov et al. 2014). Recent simulations also
predict the existence of several arms extending to hundreds
of kiloparsecs (see e.g. Dierickx & Loeb 2017). Since we did
not observe a reference field far away from the stream, to
investigate the star overdensity we considered the contribu-
tion of Galactic field stars using the LF in the control field,
observed by Mart́ınez-Delgado et al. (2002, see their Fig. 2)
and rescaled to the area covered by our extra-tidal region
(blue solid line in Fig. 8). From Fig. 8 one may note that
in the magnitude range from < V >⇠ 18 to ⇠ 19.9mag
the control-field and the extra-tidal star LFs are compa-
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● Extra-tidal stars

Synthetic stellar pupulations
with Age=13Gyr and

● [Fe/H]=-1.27 dex
● [Fe/H]=-0.96 dex
● [Fe/H]=-0.66 dex

representative of the old 
stellar component of Sgr dSph.

SPOT code: Teramo
Stellar POpulation Tools,
Raimondo+ 2005 ).

We analyze the extra-tidal stars in the orange box containing the 
stellar overdensity
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Figure 8. Luminosity functions of all extra-tidal-field stars in
F1 (black dotted line) and of stars in the selection box (black
solid line) are plotted together with the LF of stars in the control
field (blue line, see text for details). From upper to lower panel:
the observed LFs are compared with the synthetic ones obtained
for stellar populations with the indicated age and metallicity, for
which a distance modulus of 16.3 mag and E(B�V ) = 0.03 mag
have been adopted. The arrow is drawn at magnitude <V >=
20.6mag (see text and Fig. 7).

rable. Hence, in this magnitude range, we do expect stars
likely belonging to the Galaxy only, while for magnitudes
fainter than 20.6 mag (this value is marked with an arrow
in Fig. 7) the observed LF displays an overabundance which
increases with the magnitude, and likely includes stars of
the Sgr stream.

To tentatively analyse the stellar content of such a stel-
lar overdensity, we consider the limiting case of a negli-
gible amount of extra-tidal Pal 12 stars (i.e., none). Ac-
cording to Bellazzini et al. (2006), the bulk of the stellar

Figure 9. The LF of the extra-tidal stars in the selection box
(black) is compared to the LF of a synthetic population with age
13Gyr and [Fe/H] = �0.96 dex located at a minimum distance of
(m�M)0 = 16.15 mag (red) and at the distance of Sgr galaxy, for
which we consider a minimum (maximum) value of (m�M)0 =
16.9 mag (17.2 mag), green and orange line, respectively.

population in the Sgr galaxy is mainly composed of stars
older than ⇠8Gyr with metallicity Z.0.004, with the age
limit decreasing if the metallicity increases to Z = 0.008.
Among the population older than 1–2 Gyr, Monaco et al.
(2003) established from the analysis of a sample of horizon-
tal Branch stars that a fraction around ⇠10% have an age
& 10 Gyr and metallicity [Fe/H] . �1.3 dex. Additional
populations composed of very metal-rich stars with an age
of 1Gyr or younger have been detected, e.g., by Bonifacio
et al. (2004). Moreover, high-resolution spectroscopic stud-
ies showed that some abundance anomalies are present also
in stars of the Sgr dwarf spheroidal galaxy (e.g. Carretta
et al. 2010; McWilliam, Wallerstein, & Mottini 2013). Any-
way, taking into account the photometric and other uncer-
tainties, the assumption of solar-scaled models to predict
theoretical LFs for the stream stars does not introduce bi-
ases into our analysis. Assuming that the overdensity is lo-
cated at nearly the same average distance adopted for Pal 12
[(m � M)0 = 16.3 mag with an uncertainty of ⇠0.1 mag],
with an interstellar reddening of E(B � V ) = 0.03 mag,
we perform a comparison with several synthetic populations
with di↵erent ages and metallicities. From this analysis, the
feature at 20.6 mag (showed in the right panel of Fig. 7) ap-
pears to be consistent with old (t & 10 Gyr) populations
with the best-fit synthetic population model correspond-
ing to t ⇠13 Gyr and mean metallicity Z.0.004 with the
more metal-poor stars at bluer colors and the more metal-
rich stars at redder colors. This result is shown in the right
panel of Fig. 7 in which we plot the synthetic populations
with t = 13 Gyr and metallicities Z =0.001, 0.002, 0.004
(corresponding to [Fe/H] = �1.27, �0.96, and �0.66 dex).

In the three panels of Fig. 8, we also show the theoreti-
cal LFs resulting from the sum of the control-field stars and
of the synthetic stars with t=10 and 13 Gyr and Z =0.001,
0.002, 0.004, always assuming a Pal 12 distance of 16.3 mag.
In detail, for each assumed age and metallicity, the synthetic
LF is derived by averaging the number of stars in each mag-
nitude bin over 100 CMD simulations, with uncertainty due
to statistical e↵ects. A variation of the Pal 12 distance mod-
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Figure 6. Three simple stellar populations (red open circles) aged
8 (top), 9 (middle) and 10 Gyr (low) with [Fe/H] = �0.96 dex
(left) and [Fe/H] = �0.66 dex (right) are superimposed on the
CMD of stars within the half-light radius of Pal 12 (black filled cir-
cles). Each simulation accounts for a total V magnitude of ⇠ �3.7
mag, corresponding to the magnitude at the half-light radius as
derived from Harris’s catalogue. Some photometric uncertainty is
also included. The fitting values for distance modulus and inter-
stellar reddening are labeled in figure. The extinction law adopted
is that by Cardelli, Clayton, & Mathis (1989).

Figure 7. Left panel: CMD of stars in the extra-tidal region of
F1 field (grey circles). The selection box is shown in orange. Right
panel: Synthetic stellar populations (squares) with t=13 Gyr and
[Fe/H] = �1.27 dex (sky blue), [Fe/H] = �0.96 dex (red), and
[Fe/H] = �0.66 dex (green), representative of the old compo-
nents in the Sgr dSph galaxy, are overplotted. A distance mod-
ulus of 16.30 mag and E(B � V ) = 0.03 mag are adopted. In
each panel the arrow indicates the feature at <V >= 20.6mag,
see text.

visual band on the basis of the g, r, and i limit magni-

tudes obtained in Section 2. These choices allow us not
only to avoid objects with large photometric uncertainties
and serious field contamination, but also to take into consid-
eration the possible presence of multiple stellar populations,
and/or a distance spread. The left panel of Fig. 7 illustrates
the CMD of all extra-tidal stars in F1 (grey circles) and the
color-magnitude box (orange rectangle) considered in our
analysis.

In each panel of Fig. 8 we show the LF of stars in the
selection box (black solid line), compared to that of all stars
in the extra-tidal field (black dotted line). The former LF
likely includes stars belonging to the Sgr stream, with a con-
tamination of Galactic field and possibly of extra-tidal Pal
12 stars. As stated above, it has been proved with many
di↵erent tracers that the disruption of the Sgr dSph galaxy
produces huge tidal tails extending for many tens of kilo-
parsecs from the parent galaxy, with tidally stripped stars
wrapping a full 360� around the celestial sphere (see, e.g.
Newberg et al. 2002; Majewski et al. 2003; Mart́ınez-Delgado
et al. 2004; Belokurov et al. 2014). Recent simulations also
predict the existence of several arms extending to hundreds
of kiloparsecs (see e.g. Dierickx & Loeb 2017). Since we did
not observe a reference field far away from the stream, to
investigate the star overdensity we considered the contribu-
tion of Galactic field stars using the LF in the control field,
observed by Mart́ınez-Delgado et al. (2002, see their Fig. 2)
and rescaled to the area covered by our extra-tidal region
(blue solid line in Fig. 8). From Fig. 8 one may note that
in the magnitude range from < V >⇠ 18 to ⇠ 19.9mag
the control-field and the extra-tidal star LFs are compa-
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Figure 8. Luminosity functions of all extra-tidal-field stars in
F1 (black dotted line) and of stars in the selection box (black
solid line) are plotted together with the LF of stars in the control
field (blue line, see text for details). From upper to lower panel:
the observed LFs are compared with the synthetic ones obtained
for stellar populations with the indicated age and metallicity, for
which a distance modulus of 16.3 mag and E(B�V ) = 0.03 mag
have been adopted. The arrow is drawn at magnitude <V >=
20.6mag (see text and Fig. 7).

rable. Hence, in this magnitude range, we do expect stars
likely belonging to the Galaxy only, while for magnitudes
fainter than 20.6 mag (this value is marked with an arrow
in Fig. 7) the observed LF displays an overabundance which
increases with the magnitude, and likely includes stars of
the Sgr stream.

To tentatively analyse the stellar content of such a stel-
lar overdensity, we consider the limiting case of a negli-
gible amount of extra-tidal Pal 12 stars (i.e., none). Ac-
cording to Bellazzini et al. (2006), the bulk of the stellar

Figure 9. The LF of the extra-tidal stars in the selection box
(black) is compared to the LF of a synthetic population with age
13Gyr and [Fe/H] = �0.96 dex located at a minimum distance of
(m�M)0 = 16.15 mag (red) and at the distance of Sgr galaxy, for
which we consider a minimum (maximum) value of (m�M)0 =
16.9 mag (17.2 mag), green and orange line, respectively.

population in the Sgr galaxy is mainly composed of stars
older than ⇠8Gyr with metallicity Z.0.004, with the age
limit decreasing if the metallicity increases to Z = 0.008.
Among the population older than 1–2 Gyr, Monaco et al.
(2003) established from the analysis of a sample of horizon-
tal Branch stars that a fraction around ⇠10% have an age
& 10 Gyr and metallicity [Fe/H] . �1.3 dex. Additional
populations composed of very metal-rich stars with an age
of 1Gyr or younger have been detected, e.g., by Bonifacio
et al. (2004). Moreover, high-resolution spectroscopic stud-
ies showed that some abundance anomalies are present also
in stars of the Sgr dwarf spheroidal galaxy (e.g. Carretta
et al. 2010; McWilliam, Wallerstein, & Mottini 2013). Any-
way, taking into account the photometric and other uncer-
tainties, the assumption of solar-scaled models to predict
theoretical LFs for the stream stars does not introduce bi-
ases into our analysis. Assuming that the overdensity is lo-
cated at nearly the same average distance adopted for Pal 12
[(m � M)0 = 16.3 mag with an uncertainty of ⇠0.1 mag],
with an interstellar reddening of E(B � V ) = 0.03 mag,
we perform a comparison with several synthetic populations
with di↵erent ages and metallicities. From this analysis, the
feature at 20.6 mag (showed in the right panel of Fig. 7) ap-
pears to be consistent with old (t & 10 Gyr) populations
with the best-fit synthetic population model correspond-
ing to t ⇠13 Gyr and mean metallicity Z.0.004 with the
more metal-poor stars at bluer colors and the more metal-
rich stars at redder colors. This result is shown in the right
panel of Fig. 7 in which we plot the synthetic populations
with t = 13 Gyr and metallicities Z =0.001, 0.002, 0.004
(corresponding to [Fe/H] = �1.27, �0.96, and �0.66 dex).

In the three panels of Fig. 8, we also show the theoreti-
cal LFs resulting from the sum of the control-field stars and
of the synthetic stars with t=10 and 13 Gyr and Z =0.001,
0.002, 0.004, always assuming a Pal 12 distance of 16.3 mag.
In detail, for each assumed age and metallicity, the synthetic
LF is derived by averaging the number of stars in each mag-
nitude bin over 100 CMD simulations, with uncertainty due
to statistical e↵ects. A variation of the Pal 12 distance mod-
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• Also about the distance, this overdensity appear to be at the same
distance of Pal 12 (~16.3 mag) but we cannot exclude the presence
of a fraction of stars with longer or slightly shorter distances.

Results
• These comparisons with synthetic populations and theoretical LFs

suggests the presence of a dominant stellar population older than
10 Gyr and with a mean metallicity [Fe/H] ∼ −1 dex, consistent with
the old stellar components in the Sgr dwarf galaxy

• Taking into account the uncertainties due to photometrical errors,
reddening and distance, we cannot obtain firm constraints on the
age and chemical composition of the overdensity, likely populated
by a mixture of old and metal-poor/intermediate-metallicity
populations (in agreement with Bellazzini+2006) à

à old and metal-poor populations appear to be preferentially
stripped from the Sgr galaxy during the past peri-Galactic
passages with respect to the intermediate-age intermediate-
metallicity population that presently dominates its bound core.



Field-cluster star selection
Due to the presence of the overdensity, the separation between
cluster and field stars is very difficult and this can influence the star
counts.

We have used an innovative multi-band method (Di Cecco+ 2015,
Calamida+ 2017) based on 3D ridge line (magnitude-color-color)
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Radial star counts

King profile with parameters by 
Harris (1996)

Tidal radius by Harris (1996)

New tidal radius (this work)

Using this 3D method we do not have in the 
CMD of the field the typical gap around the 
ridge line



Radial star counts

King profile with parameters by 
Harris (1996)

Tidal radius by Harris (1996)

New tidal radius (this work)

Using this 3D method we do not have in the 
CMD of the field the typical gap around the 
ridge line

We do not find evidence of significant extra-tidal Pal 12 stellar population. On 
the contrary, the presence of the Sgr stream might have mimicked a larger tidal 
radius in previous studies. 



Strega future

• Reduction for NGC 6752, 
Fornax and Sculptor is in 
progress. It will be possible to 
trace the possible presence of 
interaction between Fornax 
and Sculptor.  

• Analysis of time-series for Pal3 
is in advanced progress and we 
aim to trace over-densities 
finding RR Lyrae in the region 
out of tidal radius (as showed 
by Marcella Marconi) 
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