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Abstract: Ultra Long Period Cepheids are becoming a very interesting and important topic thanks to
the contribution that they can give to understanding the current tension existing between the early-
universe and local Hubble constant measurements. These bright pulsating variables are observable
up to cosmological distances (larger than 100 Mpc) allowing us, in principle, to measure the Hubble
constant without the need for secondary indicators, thus reducing the possible systematic errors in
the calibration of the extragalactic distance scale. The Ultra Long Period Cepheids also represent a
useful tool for obtaining information on the star formation history of the host galaxy and a challenge
for the evolutionary and pulsational models, particularly in the very metal poor regime. In this paper,
the largest known ULP sample, consisting of 72 objects, including 10 new candidates, is analyzed
to give an observational and theoretical overview of their role as distance indicators and of their
evolutionary properties.
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1. Introduction

One of the most debated topics in recent years, is related to the tension between the
Hubble constant (H0) measured in the early universe, as mainly based on the cosmic mi-
crowave background, and the one inferred from the extragalactic distance scale calibration
in the local universe. The local H0 determination is largely based on stellar standard can-
dles, such as classical Cepheids (CC), the tip of the Red Giant Branch and RR Lyrae. These
are adopted as primary distance indicators to calibrate the secondary ones (e.g., Type Ia
supernovae and Tully–Fisher relation) that can be used at cosmologically relevant distances,
where the motion of galaxies is only due to the uniform expansion of the Universe (the
so-called Hubble flow). On this basis, any systematic error affecting the distance ladder
reflects the H0 determination (see, for example [1–4]).

In recent years, great theoretical and observational efforts have been made to further
reduce the uncertainties on the calibration of the period–luminosity relation (PL) of the
CCs that is the most used and reliable primary distance indicator (see, for example [1,4–7],
and references therein), but systematic errors still remain, propagating on secondary indi-
cators (see, for example [2,8], and the references therein) and contributing to the final H0
error budget.

In this context, it would be very important to have the possibility of a primary distance
indicator directly observable at a cosmological distance that is at least as reliable as CCs.

Bird et al. [9] analyzed pulsating variables in some nearby forming galaxies (namely,
Magellanic Clouds, NGC 55, NGC 300, and NGC 6822), pointing out the existence of a small
number of variable stars with periods ranging from 80 to 210 days and light curves and
pulsation properties similar to the CCs but at higher luminosities and masses. In particular,
they seemed to be the extension at higher luminosities and longer period of the PL and
period–Wesenheit (PW) relations (see Figures 2, 4 and 5 in [9]), albeit obeying a VI PW
relation flatter than the short period CCs one. These pulsating stars, called Ultra Long
Period Cepheids (ULPs) by Bird et al. [9], are characterized by a mean visual magnitude of
about −7 mag. Thus, they promise to have a great potential to be used as standard candles
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in galaxies at distances up to 100 Mpc and even far beyond, with the next generation
space and ground telescopes such as the James Webb Space Telescope and the European
Extremely Large Telescope.

In addition, the ULPs, being pulsating stars, with the typical relations connecting their
intrinsic properties to the characteristics of the oscillation, can be also very useful as stellar
population tracers and, in turn, to obtain the constraint on the star formation history of
their host galaxies. Particularly interesting is the case of the ULPs in the blue compact
galaxy IZw18, characterized by a very low metallicity (Z = 0.0004) that also represents a
challenge for evolutionary and pulsational models.

Unfortunately, the number of known ULPs is very small due to the very long period
that is required to observe on extended time baselines in order to cover more than one
pulsation cycle. In this paper, a review of the more recent results about the ULP properties
is presented. Section 2 describes the sample of ULPs adopted. Their properties as distance
indicators and connected to their evolutionary phase, as compared with the CC ones, are
analyzed in Sections 3 and 4 and tested against evolutionary and pulsational models in
Section 5. In Section 6, a discussion on the results and future perspectives close the paper.

2. Literature Samples

After the first work by Bird et al. [9], Fiorentino et al. [6,10] analyzed a sample of
37 ULPs, also including the 2 M81 candidates by Gerke et al. [11] and those identified in the
Cepheid samples of the galaxies NGC 1309, NGC 3021, NGC 3370, NGC 4536, NGC 5584,
NGC 4038 and NGC 4258 observed by Riess et al. [5] within the SH0ES project (“Supernovae
and H0 for the Equation of State” to observe Cepheid variables in galaxies hosting SNe
Ia). This sample covered a very large metallicity range with 12 + log(O/H) varying from
∼7.2 to 9.2 dex, and Fiorentino et al. [6,10] did not confirm a flat behavior for the VI PW
relation, finding a relation similar to that of the LMC CCs without a significant dependence
on metallicity, in agreement with the theoretical pulsational model prediction for the VI CC
PW [12,13], but with a dispersion larger than expected. This unexpected spread could be
intrinsic but also due to the inhomogeneity of the sample (with magnitudes, color excesses
and metallicities taken from different sources), to the poor light curve sampling of some
ULPs, and/or to a wrong classification as ULP. A very peculiar case was represented by the
2 IZw18 ULPs, characterized by very long periods, namely 125 and 130 d. Indeed, the host
galaxy is a very metal poor blue compact dwarf galaxy with Z = 0.0004, and the most
updated evolutionary and pulsation models do not predict the existence of such a type of
extremely long period pulsators within the Classical Cepheid instability strip [14,15] (see
Section 5 for details).

In the framework of the SH0ES project [5], the number of the observed galaxies hosting
CC samples was further enlarged to a total number of 14, finding a total of 40 ULPs. The CC
samples were analyzed by Riess et al. [16] and Hoffmann et al. [17], performing a new
procedure to identify and characterize the properties of the variable stars and a new and
homogeneous photometric calibration. This procedure, applied to the Riess et al. [5] data,
provided different periods for all the 19 candidate ULPs included in the Fiorentino et al. [10]
sample and confirmed only 16 pulsators as ULPs.

Three other candidate ULPs were identified in the M31 galaxy using the Palomar Tran-
sient Factory (PTF) by Ngeow et al. [18] and Taneva et al. [19]. Two of these candidates were
identified by Ngeow et al. [18], namely 8-0326 and 8-1498, with periods of 74.427 ± 0.120 d
and 83.181 ± 0.178 d, respectively. They were both classified as ULPs, even if the first had a
period shorter than 80 d, and used to derive the M31 distance as a test of their reliability as
standard candles (hereinafter M31_N ULPs). The third candidate, namely H42, identified
by Taneva et al. [19], has a period of 177.32 d (hereinafter M31_T ULP).

Musella et al. [20] collected all the above mentioned ULPs to compare their properties
in the color–magnitude diagram (CMD) and PW plane with the CC ones. Their sample
included 63 objects, with a metallicity 12 + log(O/H) ranging from ∼7.2 to 9.2 dex and
they found WVI = −2.15 log P − 4.89 with σ = 0.38, also in this case not confirming the
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flat slope by Bird et al. [9]. Musella et al. [20] analyzed also the possible effects due to the
adoption of a not photometrically homogeneous sample, and, adopting only the SH0ES
sample, they obtained a Wesenheit relation (WVI = −2.89 log P − 3.42 with σ = 0.36) that
in the ULP period range differs less than 0.05 mag from that for the LMC CCs [21]. Both
the results obtained for the Wesenheit relation and for the location of the ULPs in the CMD
seem to confirm the ULPs as an extension at higher mass and luminosity of CCs, even
showing a larger spread. They point out the necessity to have a larger sample with an
accurate and homogeneous photometry together with their theoretical instability strip
(extend the pulsational models up to 20M�) to better understand the origin of the observed
spread that could be due to crowding, blending, but could also be intrinsic.

A new search of possible ULPs not classified as ULPs, but present in CC samples was car-
ried out. Ten new candidates were found: two ULPs in M33, Pellerin and Macri [22], five new
ULPs in M31 Kodric et al. [23], one ULP in Yuan et al. [24] and one in Bentz et al. [25] (gP1,
rP1 and iP1 ULP mean magnitudes obtained by Kodric et al. [23] and WFC3 magnitudes
by Yuan et al. [24] and Bentz et al. [25] were converted in the Johnson V and I magnitudes
adopting transformation by Tonry et al. [26] and Harris [27], respectively). In particular,
the five new ULPs in M31 were identified in the framework of the Pandromeda survey [23],
with a minimum period of 79.35 d. In the Kodric et al. [23] sample are also included the
bf two M31 variables by Ngeow et al. [18], but 8-1498 (with period longer than 80 days)
is listed as unclassified. For this reason, for this variable, we adopt only the photometry
by Ngeow et al. [18] based on a specific photometric follow up. On the other hand, vari-
able 8-0326 is present with a slightly longer period, but taking into account that in the
Kodric et al. [23] catalog there are other two variables with period of about 75–76 d and
that, generally, only variables with period longer than 80 days are classified as ULPs, in the
following, 8-0326 is excluded from the analysis.

The final list of the 72 collected ULPs is reported in Table 1 together with infor-
mation on the host galaxy, period, V and I magnitudes, Wesenheit in the V and I bands
(WVI = I − 1.55(V − I)), distance modulus, color excess (of the host galaxy), 12+ log(O/H)
metallicity (abbreviated as O/H in the table) and the corresponding computed Z ([O/H] =
log(O/H) − log(O/H)� with log(O/H)� = −3.10. Assuming [O/H] = [Fe/H], we
derive [O/H] = log Z − log Z� that implies Z = 10[O/H]+log Z� , with Z� = 0.02).

The references for magnitudes, distance moduli and metallicities for the Bird sample
are reported in Fiorentino et al. [10] and for the M81 and M33 ULPs are in Gerke et al. [11]
and Pellerin and Macri [22], respectively. The V and I for the M31_N ULP are taken by
Ngeow et al. [18]. For the M31_T ULP by Taneva et al. [19], we do not have the I mean
magnitude, but only the B, V and R mean magnitudes, and for this reason, it was separately
discussed in Musella et al. [20]. In this work, also the I mean magnitude is derived by
adopting the well-defined relation between R and (V + I)/2 based on the Landolt standards
used to calibrate the Johnson–Kron–Cousins photometric system [28–30]. (The adopted
relation has an rms = 0.04, and it is valid for the whole range of magnitudes and colors
covered by Landolt’s stars. Applying this relationship to mean magnitude instead of single
phase points can result in an error of a very few hundredths of magnitude.) The Andromeda
distance modulus adopted is that by de Grijs and Bono [31]. The metal abundances of the
all M31 ULPs are obtained from their position [19,23,32], taking into account the metallicity
gradient of this galaxy derived in the framework of the PHAT survey [33]. Distances
for NGC 4151 and NGC 6814 are those derived by Yuan et al. [24] and Bentz et al. [25],
respectively. For NGC 4151, in the literature, there is no reliable metallicity determination,
whereas NGC 6814 has approximately a solar average abundance [34]. For the SH0ES
sample, the V and I magnitudes tabulated are those computed by Musella et al. [20] from
the F555W and F814W magnitudes by Hoffmann et al. [17] and the adopted distance moduli
and individual metal abundances are the same as those adopted by Riess et al. [16] and
Hoffmann et al. [17].

Generally there are no estimates for the specific reddening suffered by the ULPs, and
the color excesses in Table 1 are those obtained for the host galaxy adopting the Galactic dust
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reddening maps by Schlafly and Finkbeiner [35]. An exception is represented by H42, whose
color excess was specifically obtained by Taneva et al. [19] as E(B − V) = 0.57 ± 0.05 mag,
much higher than the tabulated value by Schlafly and Finkbeiner [35] for M31.

Table 1. List of all known candidate ULPs.

Galaxy Period V I WV I µ0 E(B − V) O/H Z(d) (mag) (mag) (mag) (mag) (mag) (dex)
Bird Sample

LMC 118.7 11.99 10.87 9.13 18.50 0.07 8.396 ∼0.008
LMC 109.2 12.41 11.34 9.68 18.50 0.07 8.396 ∼0.008
LMC 98.6 11.92 10.81 9.09 18.50 0.07 8.396 ∼0.008
LMC 133.6 12.12 11.03 9.34 18.50 0.07 8.396 ∼0.008
SMC 210.4 12.28 11.45 10.16 18.93 0.03 7.982 ∼0.002
SMC 127.5 11.92 10.89 9.29 18.93 0.03 7.982 ∼0.002
SMC 84.4 11.97 11.06 9.65 18.93 0.03 7.982 ∼0.002

NGC55 175.9 19.25 18.41 17.11 26.43 0.01 8.053 ∼0.003
NGC55 152.1 19.56 18.61 17.14 26.43 0.01 8.053 ∼0.003
NGC55 112.7 20.18 19.13 17.50 26.43 0.01 8.053 ∼0.003
NGC55 97.7 20.54 19.29 17.35 26.43 0.01 8.053 ∼0.003
NGC55 85.1 20.84 19.46 17.32 26.43 0.01 8.053 ∼0.003
NGC300 115.8 20.13 19.16 17.66 26.37 0.01 8.255 ∼0.004
NGC300 89.1 19.71 18.69 17.11 26.37 0.01 8.255 ∼0.004
NGC300 83.0 19.26 18.49 17.30 26.37 0.01 8.255 ∼0.004

NGC6822 123.9 17.86 16.46 14.29 23.31 0.21 8.114 ∼0.003
IZw18 130.3 23.96 23.00 21.51 31.3 0.03 7.211 ∼0.0004
IZw18 125.0 23.65 22.68 21.18 31.3 0.03 7.211 ∼0.0004

M81 ULPs

M81 96.8 21.52 20.12 17.95 27.69 0.07 8.77 ∼0.013
M81 98.98 21.69 20.27 18.07 27.69 0.07 8.77 ∼0.013

M31_N ULP

M31 83.18 18.86 17.78 16.12 24.46 0.05 9.03 ∼0.02

M31_T ULP

M31 177.32 18.16 16.33 13.49 24.46 0.05 8.81 ∼0.01

M31_K ULPs

M31 79.35 18.79 1.398 15.22 24.46 0.05 8.84 ∼0.01
M31 81.35 19.08 1.483 15.30 24.46 0.05 9.09 ∼0.02
M31 82.74 19.07 1.591 15.01 24.46 0.05 8.98 ∼0.02
M31 88.45 19.01 1.352 15.56 24.46 0.05 9.05 ∼0.02
M31 95.377 19.13 1.681 14.84 24.46 0.05 8.97 ∼0.02

M33 ULPs

M33 105.800 18.255 1.168 15.28 24.76 0.11 8.396 ∼0.008
M33 111.975 17.826 1.294 14.53 24.76 0.11 8.396 ∼0.008

NGC 4151 ULP

NGC4151 82.608 24.619 1.072 21.89 30.99 0.074 −−− −−−

NGC6814 ULPs

NGC6814 83.57 25.83 1.25 22.64 31.68 0.074 8.98 ∼0.02
NGC6814 82.47 26.32 1.58 22.29 31.68 0.074 8.98 ∼0.02

SH0ES sample

M101 81.52 22.70 21.66 20.05 29.14 0.008 9.150 0.028
NGC1015 87.33 25.90 24.86 23.25 32.50 0.029 8.704 0.010
NGC1015 97.49 26.09 24.94 23.16 32.50 0.029 9.033 0.022
NGC1309 80.89 25.87 24.77 23.06 32.52 0.035 9.115 0.026
NGC1309 84.54 26.89 25.86 24.26 32.52 0.035 8.885 0.015



Universe 2022, 8, 335 5 of 15

Table 1. Cont.

Galaxy Period V I WV I µ0 E(B − V) O/H Z(d) (mag) (mag) (mag) (mag) (mag) (dex)

NGC1309 84.89 26.00 24.77 22.86 32.52 0.035 9.007 0.020
NGC1309 90.59 26.54 25.27 23.30 32.52 0.035 8.781 0.012
NGC1309 90.71 26.37 25.14 23.23 32.52 0.035 8.838 0.014
NGC1309 90.91 26.51 25.49 23.91 32.52 0.035 9.061 0.023
NGC1448 93.35 25.08 23.93 22.15 31.31 0.012 8.852 0.014
NGC1448 97.20 25.32 23.95 21.83 31.31 0.012 8.849 0.014
NGC2442 81.84 27.90 26.07 23.23 31.51 0.179 9.076 0.024
NGC2442 91.57 26.64 25.08 22.66 31.51 0.179 8.878 0.015
NGC3370 84.92 26.03 24.98 23.35 32.07 0.028 9.029 0.021
NGC3370 88.16 25.51 24.58 23.14 32.07 0.028 8.756 0.011
NGC3370 96.10 25.84 24.68 22.88 32.07 0.028 8.798 0.013
NGC3972 85.62 25.06 24.06 22.51 31.59 0.013 8.878 0.015
NGC3982 83.30 24.94 24.14 22.90 31.74 0.012 9.074 0.024
NGC4038 80.26 24.03 22.95 21.28 31.29 0.041 9.046 0.022
NGC4038 80.27 25.99 24.75 22.83 31.29 0.041 9.065 0.023
NGC4038 83.75 24.42 23.54 22.18 31.29 0.041 9.105 0.025
NGC4038 93.07 25.42 24.21 22.33 31.29 0.041 9.055 0.023
NGC4038 93.35 24.53 23.63 22.24 31.29 0.041 9.010 0.020
NGC4038 93.57 25.68 24.23 21.98 31.29 0.041 8.937 0.017
NGC4038 94.40 25.38 24.39 22.86 31.29 0.041 9.026 0.021
NGC4038 95.64 24.06 23.24 21.97 31.29 0.041 9.071 0.024
NGC4038 97.11 24.35 23.65 22.57 31.29 0.041 9.094 0.025
NGC4258 83.26 23.20 22.13 20.47 29.39 0.014 8.743 0.011
NGC4258 84.62 23.60 22.18 19.98 29.39 0.014 8.770 0.012
NGC4536 93.62 24.15 23.18 21.68 30.91 0.016 8.905 0.016
NGC4536 98.77 24.29 23.05 21.13 30.91 0.016 8.887 0.015
NGC4639 81.01 26.35 24.96 22.81 31.53 0.023 9.055 0.023
NGC5584 81.20 25.73 24.58 22.80 31.79 0.035 8.950 0.018
NGC5584 81.36 25.58 24.48 22.77 31.79 0.035 8.743 0.011
NGC5584 85.11 25.18 24.20 22.68 31.79 0.035 8.836 0.014
NGC5584 85.71 25.70 24.67 23.07 31.79 0.035 8.891 0.016
NGC5584 88.51 25.95 24.76 22.92 31.79 0.035 8.804 0.013
NGC5584 97.75 26.18 24.76 22.56 31.79 0.035 8.811 0.013
NGC7250 83.10 25.96 24.67 22.67 31.50 0.136 8.605 0.008
UGC9391 82.99 27.20 25.94 23.99 32.92 0.009 8.946 0.018

To test the reliability of the ULPs as standard candles also in comparison with CCs,
Musella et al. [20] analyzed the properties of these long period pulsators using the redden-
ing free Wesenheit relation in the V an I bands, WV I, adopting as reference CC samples
those of the Large Magellanic Cloud (LMC) and of NGC 4258, which are the two most
used anchor galaxies for the extragalactic distance scale. LMC has the great advance of
hosting a large number of known CCs with high-precision photometry by the Optical
Gravitational Lensing Experiment [21] and having several distance estimates obtained
through different and independent methods. On the other hand, due to the large number
of galaxies observed with the Hubble Space Telescope (HST), with a chemical composition
very different from the LMC one, it was claimed the need for an anchor galaxy observed on
the same HST photometric system and with a similar metallicity. NGC 4258 was the ideal
target. This galaxy has the additional advantage of having an independent geometrical
water maser high-precision distance modulus.

Figure 1 and the upper panel of Figure 2 show the VI PW plane of the ULPs in
Table 1. In Figure 1, the ULP VI PW is compared with those of the CC sample of NGC
4258 ((slope = −3.38 ± 0.02 mag for P > 10 d obtained with a global fit), see [16,17], for
details) in the upper panels and of LMC OGLE CC ([21], slope = −3.314 ± 0.008) in the
bottom panel. In the lower panel of Figure 2 the residuals between the ULP observational
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Wesenheit (WVI) and the LMC OGLE CC (WLMC) one are shown, pointing out a very good
consistency, even if with a significant spread. In particular, the VI PW of the ULPs has a
spread much larger than the LMC OGLE CC, but very similar to that of the NGC 4258
CC sample. As pointed out by Fiorentino et al. [6,10] and Musella et al. [20], this spread
can be due to several causes. Probably, the most important one is the blending effect
(being CCs observed in dense environments) that represents the major error source in the
calibration of the extragalactic distance scale and becomes more and more significant as
the distance of the observed galaxies increases ([7], and references therein). Other possible
causes are the adoption of different sources for the individual reddening and distance
values, the assumption of a fixed extinction law (as recently pointed out also by [36]) and a
possible dependence on the metallicity.

Figure 1. WVI of the ULPs in Table 1 compared with NGC 4258 (grey dots in the upper panel; [16,17])
and LMC OGLE (grey dots in the bottom panel; [21]) CC samples, respectively. The black dashed line
and the black solid in the bottom one represent the VI Wesenheit obtained by the SH0ES project [16]
and by Soszyński et al. [21] for the LMC OGLE CC sample, respectively. The red line represents the
theoretical metal dependent WT

VI for the CCs obtained by Fiorentino et al. [12], adopting Z = 0.01
(see Section 5 for details). The symbols adopted for the ULPs are labeled in the figure.

Recently, Mortsell et al. [36] and Perivolaropoulos and Skara [37], using Cepheid data
by Riess et al. [16], analyzed the effects on the calibration of the extragalactic distance
scale when neglecting the differences in the properties of Cepheids belonging to different
environments. In particular, Mortsell et al. [36] discussed the adoption of a fixed universal
color-luminosity relation to correct the Cepheid magnitudes, and Perivolaropoulos and
Skara [37] analyzed the possible dependence of the color coefficient of the Wesenheit
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relation (based on the adopted extinction law) on the properties and the distance modulus
of the host galaxy. Due to the small number of ULPs we have in each galaxy, we cannot
perform such a statistical analysis. In any case, to search for possible evident dependencies,
in Figure 3, the differences WVI − WLMC are also plotted as a function of the host galaxy
distance modulus (upper panel) and metallicity (lower panel), respectively. A qualitative
analysis of these plots does not seem to indicate any clear trend, even considering sub-
samples, including only the ULPs belonging to the same galaxy.

Figure 2. Upper panel: VI Wesenheit of the ULPs in Table 1 placed at the LMC distance. The black
solid and dashed lines are the WVI relations by OGLE [21] and Bird et al. [9], respectively. The dashed
and solid red lines and the blue line are the relations obtained by using all the ULPs, those with
logP < 2.15 and only the SH0ES sample, respectively (see text for details). Lower panel: The
differences between the observational Wesenheit of the ULPs, WVI , and that obtained adopting the
OGLE relation [21], WLMC, are plotted as a function of the logP. In both panels, the adopted symbols
for the ULPs are the same as in Figure 1.

Figure 3. Cont.
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Figure 3. The differences between the observational Wesenheit of the ULPs, WVI , and that obtained
adopting the OGLE relation [21], WLMC, are plotted as a function of the host galaxy distance modulus
(upper panel) and metallicity (lower panel), respectively. The adopted symbols for the ULPs are the
same as in Figure 1.

3. ULPs as Distance Indicators

A linear fit of the Wesenheit function versus the period, taking into account all the ULPs
in Table 1, provides WVI = −1.84(±0.58) log P − 5.42(±1.15) with σ = 0.42 (red dashed
line in the upper panel of Figure 2), very different from the fit obtained by Musella et al. [20]
(WVI = −0.93(±0.58) log P − 7.28(±1.15) with σ = 0.38). This difference is mainly due to
the inclusion of the M31 ULP H42 in the total sample. Indeed, excluding this star from the fit,
we obtain a slope of −1.08 ± 0.58 and a zero point of −7.01 ± 1.14, in very good agreement
with the results by Musella et al. [20]. This star, as said above, seems to have a peculiar
behavior. In any case, this result confirms the hypothesis by Musella et al. [20] that the range
log P > 2.15 is too poorly sampled, and this can determine a false trend for the Wesenheit
relation. The relation for ULPs with log P ≤ 2.15 is WVI = −2.50 log P − 4.23 with σ = 0.38
(slightly different, but within the errors, from that obtained by Musella et al. [20] with a
smaller sample) and, taking into account only the SH0Es sample, WVI = −2.89 log P − 3.42
with an intrinsic dispersion σ = 0.36 (red and blue solid lines in the upper panel of Figure 2,
respectively). As pointed out in Musella et al. [20], the use of an homogeneous sample,
such as the SH0ES one, allows us to exclude possible systematic errors due to different
photometric systems and/or analysis methods. Nevertheless, the SH0ES sample shows a
large dispersion too, thus confirming the blending effect as the most important uncertainty
source. The obtained Wesenheit relations for the ULPs with log P ≤ 2.15 and for the SH0ES
sample (very different from the almost flat slope of −0.05 by Bird et al. [9], dashed black
line in the upper panel of Figure 2), in the range covered by the adopted ULPs, are very
similar to each other and to the LMC OGLE CC relation [21].

A global fit, including both the ULPs and the LMC OGLE CCs, obtained a slope
of −3.31 ± 0.01 (σ = 0.15 mag), perfectly in agreement with the slope −3.314 ± 0.008
by Soszyński et al. [21]. This holds for both adopting all the ULPs with log P ≤ 2.15
and including only the SH0ES sample. Due to the large number of CC in the OGLE
sample (2455), the obtained fit has a very small error of 0.01 mag. This result supports
the hypothesis that the ULPs are the extension at higher mass and luminosity of CCs.
In addition, a comparison of the global fit slope with that obtained adopting only the
SH0ES ULPs, supports the great reliability of the latter homogeneous sample.
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4. ULP Evolutionary Phase

In Figure 4, the position in the V0 versus (V − I)0 color-magnitude diagram (CMD)
of the ULPs in Table 1 (symbols as in Figure 1) is compared, in the left panel, with the CC
LMC OGLE sample [21] (as in Figure 4 by [20]) and, in the right panel, with the NGC 4258
one [16,17]. The M31 ULP H42 is significantly redder than the rest of the sample. The red
arrow in the figure indicates the position of this variable, adopting the specific color excess
derived by Taneva et al. [19]. We notice that, even with this assumption, the position of
H42 is anomalous. As pointed out by Musella et al. [20], in the CMD, ULPs seems to be the
extension of the CCs at higher masses and luminosities (as found in the PW plane), but they
appear to have a larger dispersion in color with respect to the LMC CC sample, with the
brightest ULPs appearing to be bluer than expected. This trend is much less evident in the
comparison with the NGC 4258 CC sample. In order to investigate if this color dispersion
can represent an intrinsic property of the ULPs, Musella et al. [20] analyzed the dependence
of log P, V0 and (V − I)0 on metallicity in their Figure 5. The updated plots, with the 10 new
ULPs included in this work are shown in Figure 5. Additionally, in this case, the red open
square is the position of H42 using the M31 reddening, whereas the red arrow indicates the
position of this ULP adopting the specific reddening obtained by Taneva et al. [19]. In any
case, this peculiar variable shows an anomalous behavior for the dependence of log P and
(V − I)0 on the metal abundance. As already pointed out by Musella et al. [20], the more
metal-poor ULPs show longer periods and appear to be slightly bluer and brighter than
the other ones, and this could partially justify the position in the CMD of some of the ULPs
hosted in the SMC, NGC 55, NGC 300 and IZw18. However, no particular trend is shown
if we take into account only the SH0ES ULPs that appear to cover a large range in colors
and magnitudes. Due to its homogeneity, the SH0ES sample is more reliable than the others,
but, unfortunately, it has a too narrow distribution in period and metallicity to obtain firm
conclusions. It is also worth noting that, among the brightest ULPs, there are 5 NGC 4038
ULPs and that Lardo et al. [38] confirmed as solar the metallicity of this galaxy.

0.5 1 1.5

-2

-4

-6

0.5 1 1.5

Figure 4. CMD V0 versus (V − I)0 for the ULPs in Table 1 compared on the left panel with the
LMC OGLE CCs (grey dots) and on the right with the NGC 4258 ones (grey dots). The symbols
for the ULPs are the same as those adopted in Figure 1. The red arrow indicates the position of
H42 adopting the specific color excess derived by Taneva et al. [19] instead of the M31 one by
Schlafly and Finkbeiner [35] reported in Table 1 (see text for details).
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Figure 5. Dependence on the metal abundance of period (upper panel), absolute color (middle panel)
and magnitude (bottom panel) of the ULPs in Table 1. The adopted symbols for the ULPs are the
same in Figure 1, whereas the red arrow is explained in Figure 4.

5. Comparison with Theoretical Models

A comparison with theoretical evolutionary and pulsational models can help to better
understand and/or explain some behaviors.

In Figure 6 (as in Figure 6 in [20]), the location of all the ULPs is compared with
the evolutionary tracks by Bressan et al. [39] (transformed to the Johnson filters through
the web tool http://stev.oapd.inaf.it/YBC/index.html, accessed on 14 June 2022 [40]).
In particular, we adopt as masses 14 (solid lines) and 20 M� (dashed lines) that are the
expected ULP mass range boundaries [9,10], and four Z values (0.005, 0.01, 0.02 and 0.03)
representative of the metallicities in Table 1.

At these higher masses, unlike what happens for the CCs, the evolutionary models do
not predict the blue loop crossing the instability strip. This finding represents a challenge for
models. In this context, Bird et al. [9] hypothesized that the SMC ULP HV829 (P = 84.4 d)
was a “second crossing” Cepheid.

It is also worth noting that, taking into account the instability strip derived by recent
and updated pulsational models by De Somma et al. [4], at these masses, the evolutionary
times are much shorter than in CCs. In particular, the expected crossing times for a 14 and
20 M� are about 2 and 1.2 Myr, respectively, and those for 6 and 11 M� are 105 and 104

years, respectively; this implies that the probability to observe the ULPs is much lower than
for the CCs.

http://stev.oapd.inaf.it/YBC/index.html
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0 1 2

-6

-7

-8 Z=0.0005
Z=0.01
Z=0.02
Z=0.03

Figure 6. CMD V0 versus (V − I)0 for our ULP sample (the symbols for the ULPs are the same as
adopted in Figure 1, whereas the red arrow is explained in Figure 4). The stellar tracks for 14 (solid
line) and 20 (dashed line) M� and for different metallicities ranging between Z = 0.0005 and 0.03
are plotted (see labels in figure).

In Figure 1, in addition to the observational Wesenheit relation, as in Musella et al. [20],
it is also reported the theoretical metal-dependent Wesenheit relation WT

VI = −2.67 −
3.1 log P + 0.08 log(Z) with a σ = 0.11 mag, derived by Fiorentino et al. [12] for Z = 0.01
(for this theoretical Wesenheit, the variation due to the assumption of a different metallicity
in the range between 0.01 and 0.03 is not larger than 0.04 mag and hence negligible), to show
that this relation is in very good agreement with the observational ones and that can be
also adopted for the ULPs. The theoretical relation by Fiorentino et al. [12] was derived in
the framework of a theoretical scenario based on the predictions of nonlinear convective
pulsation models (see for example [12,15,41,42], and references therein) covering a large
range of masses (3 ≤ M ≤ 13 M�) and chemical composition (0.0004 ≤ Z ≤ 0.04 and
0.25 ≤ Y ≤ 0.33, refs [15,42,43], and references therein). The main peculiarity of these
models is the possibility to predict all the pulsational observables of the variable stars,
namely the period, the amplitude and the morphology of light curves and their dependence
on the input parameters (see, for example [44,45], and references therein). On this basis,
the model fitting of the observational light curve can allow us to derive individual distances,
but also constrains the intrinsic stellar properties of the studied pulsating stars (see, for
example [44,46,47], and references therein).
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Marconi et al. [15] and Musella et al. [20] tried to apply this method to some ULPs
with time-series data: the two IZw18 ULPs and the three M31 variables (8-0326 and 8-1498
and H42), respectively.

The two ULPs in IZw18 are the most metal poor of the sample and, as shown by
Marconi et al. [15] and Fiorentino et al. [14], pulsational models do not predict the existence
of such long period pulsators at these low metallicities (even if their light curve morphology
is that typical of CCs). This model limitation prevented the application of the light curve
fitting to these ULPs. According to Marconi et al. [15], these ULPs could represent a
challenge for the most updated pulsational models, but additional data are needed in order
to improve the accuracy of their periods and magnitudes and check their nature as ULPs.
It is also worth noting that Fiorentino et al. [14] identified in IZw18 only three variable
stars as possible CCs. One with a period of only 8.71 d and the 2 ULPs analyzed in this
paper. They argued that the absence of CCs in the period range between 10 and 100 d,
corresponding to a mass range from 6 to 20 M�, could be just the signature of the lack of
a star formation activity in the corresponding epochs [48]. This occurrence confirms the
importance of variable stars and, in particular, of the ULPs as stellar population and star
formation history tracers.

Analyzing the three M31 ULPs, Musella et al. [20] found that 8-1498 and H42 have
a position in the CMD inconsistent with their measured period (even adopting for H42
its own color excess) and need, also in this case, additional observations to confirm their
nature as ULPs. On the other hand, it was possible to apply the model fitting method to
the variable 8-0326 (see [20], for details), simultaneously constraining the intrinsic stellar
parameters and the individual distance modulus and absorption. The distance modulus
obtained through this model fitting was found to be in agreement with that derived by the
application of the VI Wesenheit but smaller than those obtained for M31 by de Grijs and
Bono [31] and Wagner-Kaiser et al. [49]. In any case, we have to point out that, as already
explained above, the variable 8-0326, having a period smaller than 80 d, cannot be properly
considered as an ULP, but it has a long period CC.

6. Discussion

In this paper, a review of the ULP properties is presented to check their reliability as
stellar standard candles and to understand if they represent the extension at higher mass
and luminosity of the CCs, which are the most important distance indicators within the
Local Group. Thanks to their high luminosity, the ULPs might allow us to reach the Hubble
flow in one step, without using intermediate calibrators.

In particular, the ULP properties were analyzed in comparison with the CC ones in the
PW plane and in the CMD and with the evolutionary and pulsational theoretical models.

The analyzed sample includes all the known variable classified by the authors as
ULPs collected by Musella et al. [20] (only excluding the M31 variable 8-0326 classified
as ULP by [18], but having a period smaller than 80 d) and 10 new candidates that
in literature are not classified as ULPs, but as CCs. The total sample is composed by
72 objects observed in different galaxies and by different authors, including 18 ULPs
collected by Bird et al. [9], 2 ULPs identified in M81 [11], 7 ULPs in M31 classified
by [18], Taneva et al. [19] and Kodric et al. [23], 2 ULPs in M33 [22], 1 ULP in NGC 4151
Yuan et al. [24], 2 in NGC 6814 Bentz et al. [25] and 40 ULPs identified in 14 galaxies by
Riess et al. [16] and Hoffmann et al. [17], in the framework of the SH0ES project [5]. This
last sample is particularly important due to the homogeneity of the photometry and of the
adopted analysis method. The metallicity 12+ log(O/H) range covered by all the collected
ULPs is from ∼7.2 to 9.2 dex.

The ULP VI PW relation is compared with the CC ones in the two galaxies generally
adopted as anchor of the extragalactic distance scale, namely LMC (OGLE, [21]) and NGC
4258 [16,17]. The results of this comparison show that the ULP and CC relations are very
similar, even if the dispersion of the ULP PW is larger than the LMC and NGC 4258 ones.
The observed spread does not appear to depend on the distance and metallicity of the
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host galaxy. It can be due to the use of different non-homogeneous samples, but also to
a blending effect. Indeed, this dispersion is present also using the homogeneous SH0ES
sample. On the other hand, the analysis shows that the use of an homogeneous sample
gives a more robust and reliable result for the PW relation that, in the ULP period range,
deviates at most by 0.05 mag from the LMC CC one, obtained by Soszyński et al. [21] (see
blue and black lines in the upper panel of Figure 2).

The ULPs are located in the region of the CMD corresponding to the extension of
the CC instability strip to higher luminosities, even if the ULPs show a distribution in
color larger than CC ones, also taking into account only the photometrically homogeneous
SH0ES sample. To understand if this large dispersion in the PW plane and in the CMD
is intrinsic or due to some systematics, we need a larger and homogeneous sample of
ULPs with a wide range in metallicity and, in the next future, an increase in the number
of known ULPs is expected, thanks to the forthcoming Rubin-LSST survey (the 10-year
Rubin Observatory Legacy Survey of Space and Time (LSST) of the southern sky will image
billions of objects in six filters (ugrizy), collecting about 800 images of each location in the
sky, providing data of unprecedented quality, fully covering the spatial and the temporal
domains) [50] that will begin in the 2024.

Additionally, the comparison with evolutionary and pulsational models raises a
number of questions. Indeed, the evolutionary models do not predict the blue loop typical
of the CCs in the region occupied by the ULPs, and the pulsational models do not predict
the existence of such long pulsators at such high masses and luminosities, particularly in
the very low metallicity regime, as for the 2 IZw18 ULPs. These results, therefore, might
also pose a challenge to the evolutionary and pulsational theories that need to interpret the
observed behaviors, taking into account all the constraints imposed by these pulsators.
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