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Why investigating Pulsating Variable stars (I) 

•  “easily” recognized thanks to the light variation

•  periods and amplitudes are unaffected by distance and reddening 
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Pulsating stars in the instability strip

The various classes of pulsating stars 
map different evolutionary phases 
(and a wide range of periods)

They can trace stellar populations 
of different age in the same system

v   old (>10 Gyr):  RR Lyrae,  Pop II Cepheids,  SX Phoenicis

v   intermediate age (1-5 Gy): Anomalous Cepheids

v   young (t< 100 Myr): Classical Cepheids

Why investigating Pulsating Variable stars (II)



LMC	  variables	  from	  OGLE	  III	  

Soszynski	  et	  al.	  2009	  



Why investigating Pulsating Variable stars (III)

Trace stellar population of 
different age and chemical 
composition 

Set the astronomical distances 
and the distance  scale 

 
A theoretical and observational study of the pulsating stars properties 
 

Constraints on stellar intrinsic parameters (M, L,….) 

 map 3D structure, radial trends, haloes,  streams 



Trace	  stellar	  generaFon	  in	  different	  stellar	  systems	  

Di	  Criscienzo	  et	  al.	  2011	  

The Astronomical Journal, 141:81 (15pp), 2011 March Di Criscienzo et al.

Figure 2. V vs. V − I CMD of NGC 2419 from the Subaru data set, with the
cluster variables plotted according to their intensity-averaged magnitudes and
colors, and using different symbols for the various types of variables. Filled
circles: ab-type RR Lyrae stars (RRab); open circles: first-overtone (RRc)
RR Lyrae; pentagon: double-mode (RRd) star; open triangle: Population II
Cepheid; filled squares: SX Phoenicis stars; open squares: binary systems;
asterisks: long-period and semiregular variables; crosses: δ Scuti stars; filled
triangles: variable stars with non-reliable classification of type (NC).

V − I CMD of NGC 2419 obtained from the Subaru data set,
with the variable stars identified in our study plotted according
to their intensity-averaged magnitudes and colors, and using
different symbols for the various type of variables.

Identification and coordinates of the variable stars are pro-
vided in Table 2, along with type, period, time of maximum
light, intensity-averaged ⟨V ⟩, ⟨B⟩, and ⟨I ⟩ magnitudes, and am-
plitudes of the light variation (AV , AB, and AI). For the double-
mode star (V 39), in the table we list the period corresponding
to the first-overtone pulsation. Notes on individual stars are pro-
vided in Section 3.1.

Variables from V1 to V41 were already known from the PR
study, while stars from V42 to V101 are new discoveries identi-
fied in the present work. We assigned to the latter identification
numbers increasing with increasing the distance to the clus-
ter center. The complete atlas of light curves is presented in
Figures 3 and 4 for fundamental-mode and first-overtone RR
Lyrae stars separately, in Figure 5 for the SX Phe stars, and
in Figure 6, for the other types of variables (namely, Popu-
lation II Cepheids, LPVs, binaries, non-classified and δ Scuti
variables).

The good sampling of the V-band light curves allowed us to
obtain good best fits of the visual data and a reliable estimate
of the average V magnitude of the variable stars. On the other
hand, given the small number of B and I phase points and the
uneven distribution of the I-band observations, average B and
I magnitudes are available only for a subsample of objects and
are, in general, more uncertain than the V mean magnitudes. To
recover the average magnitudes in B and I of the RR Lyrae stars,
and thus be able to plot them on the cluster CMD, when the B and
I data sampling was too sparse we used the star’s V-band light

curve as a template and properly scaled it in amplitude to fit the B
and I light curves. To constrain the scaling factors, we computed
A(B)/A(V ), A(V )/A(I ) ratios using the literature B,V, I light
curves of 130 RR Lyrae stars with good light curve parameters
selected from the GCs M68, NGC 5466, NGC 5053, M3,
NGC 6362, NGC 6229, NGC 3201, M5, and IC 4499 (see
the Clement catalog available at http://www.astro.utoronto.ca/
∼cclement/ for references on individual clusters).12 The derived
ratios, computed as weighted averages, are A(B)/A(V ) = 1.29
± 0.02 and A(V )/A(I ) = 1.58 ± 0.03 independently of the
cluster metallicity and variable’s pulsation mode.

A direct check of our scaling procedure and a fine tuning
of the adopted amplitude ratios were possible for the B light
curves because the ∼20 epochs available for this filter were
evenly distributed and allowed us to directly fit the observed B
light curves of the vast majority of the RR Lyrae stars with
very low errors (<0.01 mag) adopting an A(B)/A(V ) ratio
varying in the range from about 1.25 to 1.30. No direct check
of the adopted A(I )/A(V ) ratio was possible since the I-band
light curves were, in general, too poorly sampled, with all data
points clustered around two separate epochs. Thus, for this
band we relied entirely upon the scaling value derived from
the literature data. Additional checks showed that varying the
A(V )/A(I ) ratio by 10% translates into an error of about 3% in
⟨I ⟩. Given the formal error of the A(V )/A(I ) values (∼2%),
we are thus confident that our procedure provides accurate
mean I magnitudes, in spite of the uneven sampling of the
light curves in this band. Indeed, once plotted on the cluster
V, V − I CMD using the ⟨V − I ⟩ colors derived with the above
procedure, the RR Lyrae stars appear to fall very well into the
instability strip (IS) thus giving support to the reliability of our
procedure. The A(V )/A(I ) ratio derived for the RR Lyrae stars
was also used to scale the light curves of the other types of
pulsating variables, since pulsation is caused basically by the
same physical mechanism in all pulsating variables. For the
binary systems we adopted instead a ratio A(V )/A(I ) = 1 since
variability in these stars is due to a geometrical effect, and hence
is achromatic.

As a final note, due to the worse seeing conditions and
the coarse pixel scale of the TNG data with respect to the
Subaru images, the B light curves of several RR Lyrae stars are
contaminated by companions and often have unreliable ⟨B − V ⟩
colors. For this reason, we decided to plot the variable stars on
the V, V − I (Subaru data set) CMD of NGC 2419 (Figure 2).

3.1. Notes on Individual Stars

V1, V8, V10, V20, V86: these stars located around the cluster
RGB tip are classified as LPVs. They are saturated in all the HST
frames and in the Subaru 180 s long exposures. Only the TNG
and Subaru frames with texp = 30 s were used to derive their
light curves and pulsation properties.

V2: this RRab is about 1 mag brighter than the HB, and
being at the center of the cluster it is likely contaminated by
companion stars which also may cause the bumpy light curves
from 0.2 to 0.6 in phase.

12 The sample includes both ab- and c-type RR Lyrae variables and we
verified that the derived ratio values are independent of type. The A(B)/A(V )
value is also in good agreement with the value defined for M15 (Corwin et al.
2008), whereas for A(V )/A(I ) we neglected a very small trend with amplitude
present in some clusters for the RRab stars.
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Musella	  et	  al.	  2012	  

The Astrophysical Journal, 756:121 (11pp), 2012 September 10 Musella et al.
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Figure 4. Left: V,B − V CMD of the Hercules UFD, drawn from all the stellar-like objects (see the text for details) within the galaxy half-light radius (rh ≃ 6.′27;
Sand et al. 2009). The dashed (black) line is the ridgeline of the GGC M68. Black and blue dots are stars, respectively, within ±0.05 mag in B − V and from ±0.05 to
±0.1 mag from the ridgelines of M68. Red dots are non-variable stars in the HB region. The RRab and RRc stars are marked by orange crosses and blue plus signs,
respectively, the Anomalous Cepheid by a magenta asterisk. Open violet circles mark member stars of the Hercules UFD identified spectroscopically by Kirby et al.
(2008) and spectrophotometrically by Adén et al. (2009; see the text for details). Right: V,B − V CMD of all the stellar-like objects outside the half-light radius
(symbols and color coding are as in the left panel).
(A color version of this figure is available in the online journal.)

B and V with the photometry reported in Table 2 of Sand et al.
(2009).

In Figure 4, the main branches of the Hercules CMD are
barely distinguishable due to the overwhelming contamination
by the MW field. To identify stars belonging to Hercules we
used the method that we have already successfully applied in
our previous papers (see, e.g., Musella et al. 2009; Moretti et al.
2009). Specifically, we used the mean ridgelines of the GGC
M68 (dashed black lines in Figure 4), obtained from Walker
(1994) B,V photometry to fit the HB and RGB of the Hercules
UFD, by letting the M68 ridgelines vary within the values of
the cluster reddening and distance modulus available in the
literature. The “by eye” best fit was obtained for a shift of
∆V = +5.68 mag in magnitude and ∆(B − V ) = +0.02 mag in
color. We adopted M68 for identifying members of the Hercules
UFD because, like Hercules, it is very metal-poor. Its metallicity,
[Fe/H]M68 = −2.27 ± 0.04 dex (Carretta et al. 2009), is in
very good agreement with the mean metallicity obtained in
Section 3.1 from the Hercules RR Lyrae stars. Furthermore,
the cluster has a well-defined and tight RGB, as well as an
extended HB including stars both redder and bluer than the RR
Lyrae instability strip (Walker 1994), thus resulting in it being
better suited to identify the galaxy’s HB than, for instance, M92,
which was used as a fiducial by Belokurov et al. (2007). With
this procedure we selected as most probable members of the
Hercules galaxy the sources lying within ±0.05 mag in B − V

from the ridgelines of M68 (black dots in the left panel of
Figure 4). To account for the larger photometric errors, below
V = 24.2 mag we extended this range within ±0.10 mag of
the ridgeline of M68 (blue dots). Adopting for M68 a reddening
value of E(B −V ) = 0.07±0.01 mag (Walker 1994), the color
shifts needed to match the HB and RGB of Hercules imply a
reddening of E(B − V ) = 0.09 ± 0.01 mag for the galaxy,
in excellent agreement with the value obtained from the RRab
stars (see Section 3.1). Similar results are obtained using the
ridgelines of the GGC M15 that is slightly more metal-poor
than M68 and matches equally well the main branches of the
Hercules CMD, whereas the ridgeline of the metal-intermediate
GC M3 (NGC 5272; Ferraro et al. 1997; Johnson & Bolte 1998)
is too red and would require a negative reddening to match the
galaxy RGB.

With the help of M68 ridgelines, it is possible to determine
the average luminosity of the Hercules HB in the region of the
so-called RR Lyrae gap (⟨VHB⟩ = 21.35 ± 0.03 mag), and to
locate the galaxy’s main-sequence turnoff at V ∼ 24.4 mag.

Our identification of Hercules members is supported by the
spectroscopic study of Kirby et al. (2008; 20 stars) and the
spectrophotometric analysis of Adén et al. (2009; 47 stars),
with membership of the Hercules UFD confirmed by radial
velocity measurements and, for Adén et al. (2009)’s sample,
also by Strömgren photometry (violet open circles in Figure 4).
The excellent agreement between these studies and our results
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The	  cosmic	  distance	  scale	  is	  largely	  based	  on	  the	  Classical	  Cepheids	  and	  
RR	  Lyrae	  stars.	  	  

One	  or	  more	  secondary	  distance	  indicators	  are	  needed	  to	  get	  to	  
cosmologically	  significant	  distances	  and	  esFmates	  H0	  	  	  

Cosmic distance ladders



Cepheids as distance indicators

For	  Classical	  Cepheid,	  we	  ha	  a	  Period-‐
Luminosity	  relaEon	  in	  all	  the	  bands	  and	  
the	  dispersion	  decrease	  moving	  from	  
opEcal	  to	  NIR	  bands	  	  

Slopes	  and	  zero-‐points	  are	  dependent	  
on	  the	  host	  galaxy	  chemical	  composiEon	  



RR Lyrae as distance indicator (I)
The visual magnitude versus metallicity relation 

For LMC RR Lyrae (Gratton et al. 2004) 

Mv(RR)	  =	  a	  [Fe/H]	  +	  b	  

0.13	  <	  a	  <	  0.30	  	  	  	  	  	  	  	  	  	  	  	  0.5	  <	  b	  <	  1.0	  



RR Lyrae as distance indicator (I)
The visual magnitude versus metallicity relation 

Distances to Globular Clusters and nearby galaxies containing RR Lyrae 
if the metal abundance is known or measurable. 

For LMC RR Lyrae (Gratton et al. 2004) 

Mv(RR)	  =	  a	  [Fe/H]	  +	  b	  

0.13	  <	  a	  <	  0.30	  	  	  	  	  	  	  	  	  	  	  	  0.5	  <	  b	  <	  1.0	  



RR Lyrae as distance indicator (I)
The visual magnitude versus metallicity relation 

Distances to Globular Clusters and nearby galaxies containing RR Lyrae 
if the metal abundance is known or measurable. 

The slope and the zero point of the relation MV = a + b [Fe/H]  can give  
information on the relative and absolute ages of globular clusters  
respectively. 

For LMC RR Lyrae (Gratton et al. 2004) 

Mv(RR)	  =	  a	  [Fe/H]	  +	  b	  

0.13	  <	  a	  <	  0.30	  	  	  	  	  	  	  	  	  	  	  	  0.5	  <	  b	  <	  1.0	  



RR Lyrae as distance indicator (II)
The Period-Luminosity relation in the K  (2.2µm) band 

(since Longmore 1986, 1990)  NIR RR Lyrae distance to M5 1063

Figure 4. Empirical log P–⟨K⟩ relation of the M5 RRLs. Filled circles show
the fundamentalized RRc stars. Open circles are RRab stars, and the solid
blue line represents the empirical fit to the data.

5 TH E P L K A N D T H E PL J R E L AT I O N S

In the following we compare our data with the available PLK cali-
brations, which can be divided into three broad groups: pulsational
(Bono et al. 2001, 2003), synthetic (Cassisi et al. 2004; Catelan
et al. 2004) and empirical (Sollima et al. 2006) PLK relations. We
also compare our data with the PLJ calibration provided by Catelan
et al. (2004).

Fig. 4 shows the observed mean K-band magnitudes of the de-
tected variables as a function of the period (observed PLK relation);
the empirical fit (rms = 0.05) to the data (blue line) is

⟨K⟩ = −2.33(±0.08) log P + 13.28(±0.02), (1)

obtained fundamentalizing the first overtone pulsators (filled circles)
by applying the relation log PF = 0.127 + log PFO (Di Criscienzo
et al. 2004), to use the same PLK relation for fundamental (open
circles) and first overtone pulsators. We remark that this offset is
consistent with that implied by the difference in log P at constant
⟨K⟩ in Fig. 4. The slope in equation (1) is consistent within 1σ

with the empirical values found for this cluster (−2.42 ± 0.23,
Longmore et al. 1990; −2.27, Sollima et al. 2006; unfortunately
without uncertainty). Observed mean K-band magnitudes of Rab

and RRc are shown separately as a function of the period in Fig. 5.
Symbols are the same as in Fig. 4. Solid blue and red lines show
the empirical fits to the RRab and RRc variables, respectively; in
particular for the RRab variables

⟨K⟩ = −2.50(±0.14) log P + 13.24(±0.04) (2)

and for RRc

⟨K⟩ = −2.66(±0.23) log P + 12.8(±0.1). (3)

By adopting the theoretical calibration of Bono et al. (2001)
(their equation 2) and a metallicity of [Fe/H] = −1.26 (Kraft &
Ivans 2003), we can determine the individual distance moduli of the
RRLs. The observations were transformed into the Bessell & Brett
(1988) homogenized Johnson–Cousins–Glass photometric system
according to the relation KBB = K2M + 0.044 mag provided by

Figure 5. Observed log P–⟨K⟩ relation of the M5 RRLs. Filled circles show
the RRc stars, while open circles are RRab stars. Solid blue and red lines
represent the empirical fit to the data.

Carpenter (2001). The weighted average of these estimates gives an
apparent distance modulus DMK = (14.42 ± 0.06) mag, where the
adopted uncertainty is the standard deviation (rms). The adopted
reddening towards M5 is E(B − V) = 0.03 mag, as taken from the
Harris (2010) catalogue. We combine this value with the redden-
ing law from Cardelli, Clayton & Mathis (1989) of AK = 0.114 ×
3.1 × E(B − V) which gives an absorption in the K band of AK =
0.011 mag. Correcting the distance modulus for the reddening, we
find that the true value is DM0 = (14.41 ± 0.06) mag. These re-
sults indicate that the current distance estimate to M5 is minimally
affected by reddening uncertainties and by uncertainties in the ex-
tinction law (McCall 2004; Bono et al. 2010).

In order to improve the theoretical calibration of the PLZK re-
lation, Bono et al. (2003) devised a new pulsation approach that
relies on mean K-band magnitudes and (V − K) colours. In par-
ticular, they derived new period–luminosity–colour–metallicity re-
lations for RRab and RRc variables (see their relations 7 and 8)
that include the luminosity term. According to these relations, one
finds that accurate V , K photometric measurements of both RRab

and RRc variables provide excellent proxies for the effective tem-
perature, and can in turn be adopted to estimate the luminosity
level. We therefore adopted accurate V-band magnitudes extracted
by optical light curves of the PBS unpublished archive (shown
in the last column of Table 2) and we compared our empirical
slopes in equations (2) and (3) with the theoretical predictions,
being −2.102 and −2.265 for RRab and RRc stars, respectively.
Once we transform the observations into the Bessell & Brett (1988)
system and after correcting for the reddening, we find a value of
DM0 = (14.46 ± 0.09 rms) mag using the RRab stars, while using
the RRc stars we find DM0 = (14.46 ± 0.05 rms) mag. Note that
the dispersion of the distance estimates based on RRc stars is al-
most a factor of 2 smaller than the distance based on RRab stars,
because the width in temperature of the region of the instability strip
in which the FOs are pulsationally stable is typically a factor of 2
narrower than for the Fs. This means that the intrinsic dispersion in
the infrared luminosity of FOs is systematically smaller than for Fs.

C⃝ 2011 The Authors, MNRAS 416, 1056–1066
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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RR Lyrae as distance indicator (II)
The Period-Luminosity relation in the K  (2.2µm) band 

(since Longmore 1986, 1990)  

The reddening effect on the NIR bands is much smaller than in V 

NIR RR Lyrae distance to M5 1063

Figure 4. Empirical log P–⟨K⟩ relation of the M5 RRLs. Filled circles show
the fundamentalized RRc stars. Open circles are RRab stars, and the solid
blue line represents the empirical fit to the data.

5 TH E P L K A N D T H E PL J R E L AT I O N S

In the following we compare our data with the available PLK cali-
brations, which can be divided into three broad groups: pulsational
(Bono et al. 2001, 2003), synthetic (Cassisi et al. 2004; Catelan
et al. 2004) and empirical (Sollima et al. 2006) PLK relations. We
also compare our data with the PLJ calibration provided by Catelan
et al. (2004).

Fig. 4 shows the observed mean K-band magnitudes of the de-
tected variables as a function of the period (observed PLK relation);
the empirical fit (rms = 0.05) to the data (blue line) is

⟨K⟩ = −2.33(±0.08) log P + 13.28(±0.02), (1)

obtained fundamentalizing the first overtone pulsators (filled circles)
by applying the relation log PF = 0.127 + log PFO (Di Criscienzo
et al. 2004), to use the same PLK relation for fundamental (open
circles) and first overtone pulsators. We remark that this offset is
consistent with that implied by the difference in log P at constant
⟨K⟩ in Fig. 4. The slope in equation (1) is consistent within 1σ

with the empirical values found for this cluster (−2.42 ± 0.23,
Longmore et al. 1990; −2.27, Sollima et al. 2006; unfortunately
without uncertainty). Observed mean K-band magnitudes of Rab

and RRc are shown separately as a function of the period in Fig. 5.
Symbols are the same as in Fig. 4. Solid blue and red lines show
the empirical fits to the RRab and RRc variables, respectively; in
particular for the RRab variables

⟨K⟩ = −2.50(±0.14) log P + 13.24(±0.04) (2)
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⟨K⟩ = −2.66(±0.23) log P + 12.8(±0.1). (3)

By adopting the theoretical calibration of Bono et al. (2001)
(their equation 2) and a metallicity of [Fe/H] = −1.26 (Kraft &
Ivans 2003), we can determine the individual distance moduli of the
RRLs. The observations were transformed into the Bessell & Brett
(1988) homogenized Johnson–Cousins–Glass photometric system
according to the relation KBB = K2M + 0.044 mag provided by
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Carpenter (2001). The weighted average of these estimates gives an
apparent distance modulus DMK = (14.42 ± 0.06) mag, where the
adopted uncertainty is the standard deviation (rms). The adopted
reddening towards M5 is E(B − V) = 0.03 mag, as taken from the
Harris (2010) catalogue. We combine this value with the redden-
ing law from Cardelli, Clayton & Mathis (1989) of AK = 0.114 ×
3.1 × E(B − V) which gives an absorption in the K band of AK =
0.011 mag. Correcting the distance modulus for the reddening, we
find that the true value is DM0 = (14.41 ± 0.06) mag. These re-
sults indicate that the current distance estimate to M5 is minimally
affected by reddening uncertainties and by uncertainties in the ex-
tinction law (McCall 2004; Bono et al. 2010).

In order to improve the theoretical calibration of the PLZK re-
lation, Bono et al. (2003) devised a new pulsation approach that
relies on mean K-band magnitudes and (V − K) colours. In par-
ticular, they derived new period–luminosity–colour–metallicity re-
lations for RRab and RRc variables (see their relations 7 and 8)
that include the luminosity term. According to these relations, one
finds that accurate V , K photometric measurements of both RRab

and RRc variables provide excellent proxies for the effective tem-
perature, and can in turn be adopted to estimate the luminosity
level. We therefore adopted accurate V-band magnitudes extracted
by optical light curves of the PBS unpublished archive (shown
in the last column of Table 2) and we compared our empirical
slopes in equations (2) and (3) with the theoretical predictions,
being −2.102 and −2.265 for RRab and RRc stars, respectively.
Once we transform the observations into the Bessell & Brett (1988)
system and after correcting for the reddening, we find a value of
DM0 = (14.46 ± 0.09 rms) mag using the RRab stars, while using
the RRc stars we find DM0 = (14.46 ± 0.05 rms) mag. Note that
the dispersion of the distance estimates based on RRc stars is al-
most a factor of 2 smaller than the distance based on RRab stars,
because the width in temperature of the region of the instability strip
in which the FOs are pulsationally stable is typically a factor of 2
narrower than for the Fs. This means that the intrinsic dispersion in
the infrared luminosity of FOs is systematically smaller than for Fs.
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RR Lyrae as distance indicator (II)
The Period-Luminosity relation in the K  (2.2µm) band 

(since Longmore 1986, 1990)  

The reddening effect on the NIR bands is much smaller than in V 

Period is a very solid parameter: if apparent magnitudes are measured  
and the metallicity effect is small, the application of a PL(K) gives the  
distance of the investigated stellar system 

NIR RR Lyrae distance to M5 1063

Figure 4. Empirical log P–⟨K⟩ relation of the M5 RRLs. Filled circles show
the fundamentalized RRc stars. Open circles are RRab stars, and the solid
blue line represents the empirical fit to the data.
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In the following we compare our data with the available PLK cali-
brations, which can be divided into three broad groups: pulsational
(Bono et al. 2001, 2003), synthetic (Cassisi et al. 2004; Catelan
et al. 2004) and empirical (Sollima et al. 2006) PLK relations. We
also compare our data with the PLJ calibration provided by Catelan
et al. (2004).

Fig. 4 shows the observed mean K-band magnitudes of the de-
tected variables as a function of the period (observed PLK relation);
the empirical fit (rms = 0.05) to the data (blue line) is

⟨K⟩ = −2.33(±0.08) log P + 13.28(±0.02), (1)

obtained fundamentalizing the first overtone pulsators (filled circles)
by applying the relation log PF = 0.127 + log PFO (Di Criscienzo
et al. 2004), to use the same PLK relation for fundamental (open
circles) and first overtone pulsators. We remark that this offset is
consistent with that implied by the difference in log P at constant
⟨K⟩ in Fig. 4. The slope in equation (1) is consistent within 1σ

with the empirical values found for this cluster (−2.42 ± 0.23,
Longmore et al. 1990; −2.27, Sollima et al. 2006; unfortunately
without uncertainty). Observed mean K-band magnitudes of Rab

and RRc are shown separately as a function of the period in Fig. 5.
Symbols are the same as in Fig. 4. Solid blue and red lines show
the empirical fits to the RRab and RRc variables, respectively; in
particular for the RRab variables

⟨K⟩ = −2.50(±0.14) log P + 13.24(±0.04) (2)

and for RRc

⟨K⟩ = −2.66(±0.23) log P + 12.8(±0.1). (3)

By adopting the theoretical calibration of Bono et al. (2001)
(their equation 2) and a metallicity of [Fe/H] = −1.26 (Kraft &
Ivans 2003), we can determine the individual distance moduli of the
RRLs. The observations were transformed into the Bessell & Brett
(1988) homogenized Johnson–Cousins–Glass photometric system
according to the relation KBB = K2M + 0.044 mag provided by

Figure 5. Observed log P–⟨K⟩ relation of the M5 RRLs. Filled circles show
the RRc stars, while open circles are RRab stars. Solid blue and red lines
represent the empirical fit to the data.

Carpenter (2001). The weighted average of these estimates gives an
apparent distance modulus DMK = (14.42 ± 0.06) mag, where the
adopted uncertainty is the standard deviation (rms). The adopted
reddening towards M5 is E(B − V) = 0.03 mag, as taken from the
Harris (2010) catalogue. We combine this value with the redden-
ing law from Cardelli, Clayton & Mathis (1989) of AK = 0.114 ×
3.1 × E(B − V) which gives an absorption in the K band of AK =
0.011 mag. Correcting the distance modulus for the reddening, we
find that the true value is DM0 = (14.41 ± 0.06) mag. These re-
sults indicate that the current distance estimate to M5 is minimally
affected by reddening uncertainties and by uncertainties in the ex-
tinction law (McCall 2004; Bono et al. 2010).

In order to improve the theoretical calibration of the PLZK re-
lation, Bono et al. (2003) devised a new pulsation approach that
relies on mean K-band magnitudes and (V − K) colours. In par-
ticular, they derived new period–luminosity–colour–metallicity re-
lations for RRab and RRc variables (see their relations 7 and 8)
that include the luminosity term. According to these relations, one
finds that accurate V , K photometric measurements of both RRab

and RRc variables provide excellent proxies for the effective tem-
perature, and can in turn be adopted to estimate the luminosity
level. We therefore adopted accurate V-band magnitudes extracted
by optical light curves of the PBS unpublished archive (shown
in the last column of Table 2) and we compared our empirical
slopes in equations (2) and (3) with the theoretical predictions,
being −2.102 and −2.265 for RRab and RRc stars, respectively.
Once we transform the observations into the Bessell & Brett (1988)
system and after correcting for the reddening, we find a value of
DM0 = (14.46 ± 0.09 rms) mag using the RRab stars, while using
the RRc stars we find DM0 = (14.46 ± 0.05 rms) mag. Note that
the dispersion of the distance estimates based on RRc stars is al-
most a factor of 2 smaller than the distance based on RRab stars,
because the width in temperature of the region of the instability strip
in which the FOs are pulsationally stable is typically a factor of 2
narrower than for the Fs. This means that the intrinsic dispersion in
the infrared luminosity of FOs is systematically smaller than for Fs.

C⃝ 2011 The Authors, MNRAS 416, 1056–1066
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Tight PLZK relation (σ~0.05 mag) but…..

MK=-2.101 logP+0.231[Fe/H] – 0.77  (Bono et al. 2003)

MK=-2.353 logP+0.175logZ – 0.597   (Catelan et al. 2004)

MK=-2.38  logP+0.08[Fe/H] – 1.07     (Sollima et al. 2008)


       Derivations of the PLKZ relation

è Significant	  uncertainty	  on	  the	  coefficients	  	  and	  in	  
	  	  	  	  	  	  	  	  	  parEcular	  	  on	  the	  metallicity	  term	  (!)	  



Open problems
•  Dependence of the Cepheid Period-Luminosity  relations and of the 

RR Lyrae Period-Luminosity in the K band on the chemical 
composition of the host galaxy

•  Systematic effects on secondary distance indicators 

•  Consistency between Cepheids and RR Lyrae distance scales 



Open problems
•  Dependence of the Cepheid Period-Luminosity  relations and of the 

RR Lyrae Period-Luminosity in the K band on the chemical 
composition of the host galaxy

•  Systematic effects on secondary distance indicators 

•  Consistency between Cepheids and RR Lyrae distance scales 

and in turn on the Ho determination 



Open problems
•  Dependence of the Cepheid Period-Luminosity  relations and of the 

RR Lyrae Period-Luminosity in the K band on the chemical 
composition of the host galaxy

•  Systematic effects on secondary distance indicators 

•  Consistency between Cepheids and RR Lyrae distance scales 

To address these issues is fundamental to have a theoretical scenario 
we	  need	  accurate	  pulsaEon	  models	  to	  reproduce	  and	  interpret	  the	  

observaEonal	  properEes	  (and	  to	  calibrate	  the	  Cosmic	  distance	  scale	  problem)

and in turn on the Ho determination 



Theoretical constraints to the Cepheid and RR 
Lyrae based estimates of the Hubble constant

Extensive sets of nonlinear convective pulsation models for variables (Cepheids, 
RR Lyrae, Anomalous Cepheids…) at varying chemical composition (Z and Y).
(see e.g.Bono, Marconi, Stellingwerf 1999, Fiorentino et al. 2002, Marconi et al. 2003, Di Criscienzo et al. 
2004, Marconi, Musella, Fiorentino 2005,  Marconi et al. 2010 )

Interpretation of the observed pulsation properties, theoretical calibration of the 
extragalactic distance scale and of its dependence on chemical composition.
(see e.g. Caputo, Marconi, Musella 2000, Fiorentino et al. 2007, Bono et al. 2008, 2010,
 Marconi et al. 2010, Marconi et al. 2011, Fiorentino, Musella, Marconi 2013, Marconi et al. 2015)



NON linear convective approach (Gehmeyr et al. 1990, Bono & Stelingwerf 1994, 
Bono, Marconi Stellingwerf 1999, Szabo et al. 2000, 2004)  allow to have 

⇒ Periods, amplitudes, lightcurves, blue and red edges                                     

	  No	  puls	  puls	  

Red	  edge	  

 Theoretical approach to the study of 
pulsating stars



Cepheid PL relations

Caputo,	  Marconi,	  	  Musella	  2000,	  A&A	  

As Z increases the PL gets flatter !!

Marconi,	  Musella	  et	  
al.	  2010	  ApJ	  



Cepheid PL relations

Caputo,	  Marconi,	  	  Musella	  2000,	  A&A	  

As Z increases the PL gets flatter !! At very low metallicity 
the effect saturates

Marconi,	  Musella	  et	  
al.	  2010	  ApJ	  

Recent	  observaEons	  confirm	  this	  result	  
(Pietrzynski	  et	  al.	  2006,	  2007)	  



MIDinfrared Cepheid PL relations    
The	  mid-‐infrared	  Cepheid	  PL	  relaEon	  will	  be	  important	  in	  the	  JWST	  (James	  Webb	  Space	  
Telescope)	  era,	  as	  it	  holds	  the	  promise	  of	  deriving	  the	  Hubble	  constant	  at	  the	  2%	  level	  
(Freedman	  &	  Madore	  2010).	  	  

→	  the	  Spitzer’s	  IRAC	  band	  (3.6µm,	  
4.5µm,	  5.8µm	  &	  8.0µm)	  P-‐L	  
relaEons	  were	  derived	  for	  Cepheids	  
in	  our	  Galaxy	  (Marengo	  et	  al.	  2010),	  
in	  the	  LMC	  (Freedman	  et	  al.	  2008;	  
Ngeow	  &	  Kanbur	  2008;	  Madore	  et	  
al.	  2009;	  Ngeow	  et	  al.	  2009)	  and	  in	  
the	  SMC	  (Ngeow	  &	  Kanbur	  2010).	  



Theoretical MIDinfrared PL relations    

Ngeow	  et	  al,	  2012,	  ApJ	  	  

The	  dispersions	  of	  the	  PLs	  in	  these	  
bands	  are	  negligible	  



ULPs identified in nearby star forming galaxies (Bird et al. 2009) with P>80 d  

they should represent “best standard candles” to extend the cosmic 
distance ladder to the 100 Mpc and beyond and GAIA will give direct 

calibration of LMC ULPs with  parallaxes at µarcsec accuracy

Ultra long Period variables 



★  much brighter (MI  from -7 to -9 mag) than 
‘short period’ Cepheids

★  HST is able to observe them up to 100 Mpc

★  Metal poor: NGC 6822(Pietrzynski et al. 2004), 
NGC 55 (Pietrzynski et al. 2006), NGC 300 
(Gieren et al. 2004), IZw18 (Fiorentino et al. 2010)

★  Metal rich: NGC 1309- NGC 3370- NG3021 
(Riess et al. 2009), M81 (Gerke et al. 2011), 
NGC4852 (7), Antenna (11), N5584 (8) (Riess et 
al. 2011)



ULPs identified in nearby star forming galaxies (Bird et al. 2009) with P>80 d  

they should represent “best standard candles” to extend the cosmic 
distance ladder to the 100 Mpc and beyond and GAIA will give direct 

calibration of LMC ULPs with  parallaxes at µarcsec accuracy

Ultra long Period variables 



★  much brighter (MI  from -7 to -9 mag) than 
‘short period’ Cepheids

★  HST is able to observe them up to 100 Mpc

★  Metal poor: NGC 6822(Pietrzynski et al. 2004), 
NGC 55 (Pietrzynski et al. 2006), NGC 300 
(Gieren et al. 2004), IZw18 (Fiorentino et al. 2010)

★  Metal rich: NGC 1309- NGC 3370- NG3021 
(Riess et al. 2009), M81 (Gerke et al. 2011), 
NGC4852 (7), Antenna (11), N5584 (8) (Riess et 
al. 2011)

We need to understand the 
nature of these pulsators	  



Erice	  InternaEonal	  PhD	  school	  –	  October	  14-‐15,	  2015	  

The new metal-dependent WESENHEIT relations for RR Lyrae:  
model predictions and applications to observations  

Wesenheit	  relaFons	  

B,B-V Wesenheit  
is not sensitive to 
 metallicity !!! 

Marconi et al. 2015 ApJ 

RR Lyrae Wesenheit relation



The	  case	  of	  M4	  

Braga et al. 2015 ApJ 

à distances to globulars hosting RRLs with a precision better than 2%-3%. 

RR Lyrae Wesenheit relation



The	  case	  of	  Carina	  

Coppola et al. 2015 ApJ  

RR Lyrae Wesenheit relation



ΔY/Δ Z=2.5 

μ0(KP)	  =	  KP	  	  distance	  modulus	  adopEng	  LMC	  slope	  	  
	  
μ0(Z)	  =	  distance	  modulus	  adopEng	  the	  theoreEcal	  slope	  corresponding	  to	  the	  host	  galaxy	  	  
	  

Distance	  modulus	  
correcEon	  	  when	  the	  
true	  metallicity	  is	  
taken	  into	  account	  

Marconi,	  Musella	  &	  FiorenEno,	  2005	  

Metallicity effects on the  Cepheid 
extragalactic distance scale



Marconi,	  Musella,	  FiorenFno	  2005,	  ApJ	  

Simultaneous	  effect	  of	  Z	  and	  Y	  
variaEons	  on	  the	  instability	  strip	  
topology	  and	  PL	  relaEon	  

Dependence	  on	  ∆Y/∆Z	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Metallicity effects on the  Cepheid 
extragalactic distance scale



Romaniello	  et	  al.	  (2005,2008)	  

TheoreEcal	  correcEon	  

QualitaFvely	  in	  agreement	  with	  the	  results	  based	  on	  spectroscopic	  [Fe/H]	  
measurements	  of	  GalacFc	  Cepheids	  

Metallicity effects on the  Cepheid 
extragalactic distance scale



•  ACS and WFC3-IR camera 
(Riess 2011) on board HST 
Cepheid in 8 SNIa hosting 
galaxies.

•  The zero point anchored to 
NGC4258 (Z=0.02, 
d=7.2±0.5 Mpc, Maser 
geometrical distance) 





Macri et al. 2006, Riess et al. 2009a,b, Riess et al. 2011
Riess Cepheid sample 



Predicted	  strip	  in	  agreement	  with	  observaEons	  
for	  NGC4258	  but	  systemaEcally	  redder	  than	  
Cepheids	  in	  further	  galaxies.	  

TheoreEcal	  correcEon	  to	  extragalacEc	  distances	  

Fioren<no,	  Musella,	  Marconi	  2013	  MNRAS	  



(Natale,	  Marconi,	  Bono	  2008	  ApJL)	  	  	  

δ Cephei 

the shape and the amplitude in the 
optical bands depend on surface 
temperature and radius variation,  

 
 the dependence on temperature is 
significantly reduced in the K band 
 

Vrad independent of reddening, but 
dependent on p factor 

Independent of reddening and p-
factor   

Model fitting of light, radial, velocity curves



Pietrzyński	  et	  al.	  (2010)	  è	  first	  accurate	  determinaEon	  of	  the	  dynamical	  mass	  of	  a	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  classical	  Cepheid	  in	  a	  well-‐detached,	  double-‐lined,	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  eclipsing	  binary	  in	  the	  LMC	  (OGLE-‐LMC-‐CEP0227).	  
	  
	  High-‐quality	  photometric	  data	  set	  +	  spectroscopic	  follow-‐up	  +	  near-‐perfect	  system	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
	  	  	  	  	  	  	  	  Cepheid	  mass	  of	  the	  pulsator	  to	  an	  unprecedented	  1%	  precision.	  	  	  	  	  	  	  

Physical	  Parameter	  	  	  	  	  	  	  	  Primary	  (A) 	  	  	  	  	  	  	  	  	  	  	  	  Secondary	  (B)	  
Mass	  (M/M☉)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.14	  ±	  0.05 	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.14	  ±	  0.07	  
Radius	  (R/R☉) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  32.4	  ±	  1.5 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  44.9	  ±	  1.5	  
Teff(K) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5900	  ±	  250 	  	  	  	  	  	  	  	  	  	  	  	  	  	  5080	  ±	  270	  

The model fitting of OGLE-LMC-CEP0227 



Model	  
fi[ng	  

Dynamical	  
esFmate	  

M/M⊙	   4.14	   4.14±0.05	  

R/R⊙	   34.3	   33.7±1.5	  

Te(K)	   6100	   5900±250	  

Μ0(LMC)=18.50	  mag	  	  	  	  	  	  	  	  	  E(B-‐V)	  =	  0.1	  mag	  

The model fitting of OGLE-LMC-CEP0227 



Model	  
fi[ng	  

Dynamical	  
esFmate	  

M/M⊙	   4.14	   4.14±0.05	  

R/R⊙	   34.3	   33.7±1.5	  

Te(K)	   6100	   5900±250	  

Μ0(LMC)=18.50	  mag	  	  	  	  	  	  	  	  	  E(B-‐V)	  =	  0.1	  mag	  

The model fitting of OGLE-LMC-CEP0227 

Interesting application for GAIA



Reaching COMA in one step:
E-ELT CAM (MICADO) à even in crowded fields, opportunity to observe 
Classical Cepheids in the Coma Cluster, and in  turn the opportunity to 
estimate the Hubble constant only using primary  distance 
indicators!!



Perspective for Cepheids with E-ELT

Fix the metallicity issue
ELT high resolution MOS à 
spectroscopic characterization 
(abundances) of large 
extragalactic Cepheid samples à 
metallicity effect on the PL  
outside the MW





E-ELT CAM: MICADO 

Plus SCAO + MAO+MCAO 



To measure the brightness of HB stars with accuracy ~10% within 31-32 mag in 
the V band, and 28-29 mag in the K band in spiral galaxies and ~36/33 mag (V/
K band) in elliptical Galaxies 

Perspective for RR Lyrae with E-ELT



To measure the brightness of HB stars with accuracy ~10% within 31-32 mag in 
the V band, and 28-29 mag in the K band in spiral galaxies and ~36/33 mag (V/
K band) in elliptical Galaxies 

èdetection of HB stars and RR Lyrae variables in several giant spiral and 
elliptical galaxies in the Virgo cluster 

Perspective for RR Lyrae with E-ELT



To measure the brightness of HB stars with accuracy ~10% within 31-32 mag in 
the V band, and 28-29 mag in the K band in spiral galaxies and ~36/33 mag (V/
K band) in elliptical Galaxies 

èdetection of HB stars and RR Lyrae variables in several giant spiral and 
elliptical galaxies in the Virgo cluster 

Presence of RR Lyrae stars in both elliptical & spiral galaxies  
 
èunique opportunity to check of the accuracy of type Ia Supernovae as 
secondary distance indicators and to constrain quantitatively the dependence 
of the peak luminosity of SN Ia on the host galaxy  

Perspective for RR Lyrae with E-ELT



Need for specific techniques to use empirical 
and or theoretical templates, to reconstruct the 
light curves for both Cepheids and RR Lyrae 

But E-ELT will not perform time-series 
observations



GAIA
We will have distances (and 
metallicity also from complementary 
survey)



GAIA
We will have distances (and 
metallicity also from complementary 
survey)

GAIA  IMAGE OF THE WEEK
(May 28, 2015)

SHORT PERIOD/FAINT CEPHEIDS 
IN THE LMC OBSERVED BY GAIA



GAIA
We will have distances (and 
metallicity also from complementary 
survey)

GAIA  IMAGE OF THE WEEK
(March 5, 2015)

RR LYRAE IN THE LMC 
OBSERVED BY GAIA 



GAIA


«  Opportunity to perform theory versus observations for all variable classes

«  To set slope and zero point of the Cepheid PL in the MW

«  To set the dependence on the metallicty of the RR Lyrae PLK and Mv – [Fe/H] 
relation

«  LMC ULPs parallaxes allow us to calibrate the first step of the extragalactic 
distance scale

«  From the fitting of the light curves, known distance and metallicity, we derive an 
accurate and independent stellar mass estimate à ML à test of the evolutionary 
models.

We will have distances (and 
metallicity also from complementary 
survey)



•  Time	  coverage,	  5	  mag	  deeper	  than	  GAIA	  à	  
observaEon	  of	  variable	  stars	  also	  in	  Local	  Group	  
and	  external	  galaxies	  

LSST



GRAZIE





30	  Dor	  and	  Gaia	  fields:	  Cepheid	  analysis	  comparison	  

Gaia	  field	  appears	  to	  be	  ~2Kpc	  closer	  
to	  the	  Sun	  than	  the	  30	  Dor	  Field.	  
In	  agreement	  with	  results	  from	  SFH	  
recovery.	  	  

Wesenheit	  appear	  to	  work	  
very	  well	  to	  determine	  the	  
distance	  of	  the	  two	  region	  

Ideal	  to	  do	  a	  3D	  map	  of	  the	  MCs	  

VMC	  survey:	  Ripepi	  et	  al.	  2012	  	  

Working	  in	  progress	  to	  use	  RR	  Lyrae	  and	  their	  PLK	  



Classical Cepheids
Classical Cepheids ha a relevant role for the 

extragalactic distance scale and stellar evolution 

They obey to a PL relation                

Important to construct an 
accurate extragalactic distance 
scale

Calibration of the extragalactic 
distance scale (up to 30 Mpc 
with HST)

H0 estimate 
(e.g. Freedman et al. 2001, Riess et al. 2012)

ML	  relaFons	  predicted	  by	  
evoluFonary	  calculaFons	  

Input	  to	  pulsaFon	  models	  

Theory	  versus	  observaFons	  

Insight	  into	  evoluFonary	  and	  
pulsaFonal	  physics	  



Wesenheit	  relaFons	  

Marconi et al. 2015 ApJ 

RR Lyrae Wesenheit relation



★  Cepheids + TRGB: 63.7±2.3ran±3.6sys Km s-1Mpc-1 (Tammann et al. 
2013)

★  TRGB: 73 ± 5 Km s-1 Mpc-1 (Mould & Sakai 2008)

★  WMAP+SDSS+SNIa(5 years): 65.6± 2.5 Km s-1 Mpc-1 (Reid et al.2010)
★  WMAP(5/7years): 70.4±1.4 Km s-1 Mpc-1  (Komatsu et al. 2010) 

★  Cepheids + SNIa: 73.8 ± 2.4 Km s-1 Mpc-1 (Riess et al. 2011)

★  Cepheids + secondary indicators: 74.3 ± 2.1 Km s-1 Mpc-1 (Freedman 
et al. 2012)

★  Cepheids + models: 76.0 ± 2.0ran ±1.0sys Km s-1 Mpc-1 

Recent evaluation of Ho


