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Abstract Accurate astronomical distance determination is crucial for all fields in astro-
physics, from Galactic to cosmological scales. Despite, or perhaps because of, significant
efforts to determine accurate distances, using a wide range of methods, tracers, and tech-
niques, an internally consistent astronomical distance framework has not yet been estab-
lished. We review current efforts to homogenize the Local Group’s distance framework, with
particular emphasis on the potential of RR Lyrae stars as distance indicators, and attempt to
extend this in an internally consistent manner to cosmological distances. Calibration based
on Type Ia supernovae and distance determinations based on gravitational lensing repre-
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sent particularly promising approaches. We provide a positive outlook to improvements to
the status quo expected from future surveys, missions, and facilities. Astronomical distance
determination has clearly reached maturity and near-consistency.

Keywords Gravitational lensing: strong · Stars: distances · Stars: variables: RR Lyrae ·
Galaxy: center · Galaxy: fundamental parameters · Galaxies: distances and redshifts · Local
Group · Magellanic Clouds · Distance scale

1 Introduction

Distance determination from the nearest stars to the edge of the observable Universe cru-
cially depends on accurate calibration of every successive rung of the so-called astronomi-
cal ‘distance ladder’ (for a modern version of the distance ladder, see de Grijs 2013). Local
benchmark objects often used to optimally constrain the uncertainties inherent to using a
stepwise calibration approach include the distances to the Galactic Center and a number of
well-studied galaxies in the Local Group.

R0, the distance from the solar circle to the Galactic Center is particularly instrumental
to achieve a basic calibration for a wide range of methods used for distance determination,
across an extensive range of distance scales. Among other key physical parameters, the dis-
tances, masses, and luminosities of Galactic objects, as well as the Milky Way’s total mass
and luminosity, depend directly on knowing R0 accurately. For instance, most luminosity
and a large number of mass estimators scale as R2

0 , whereas masses based on total densities
or orbital modeling scale as R3

0 .
This intrinsic dependence therefore often requires adoption of an integrated mass and/or

a rotation model for the Milky Way, which in turn would also require us to accurately know
the Sun’s circular velocity, �0. As R0 estimates are refined, so are the estimated distances,
masses, and luminosities of numerous Galactic and extragalactic objects, as well as our
best estimates of the rate of Galactic rotation and the size of the Milky Way. In addition,
a highly accurate direct Galactic Center distance determination is paramount for a reliable
recalibration of the zero points of numerous commonly used distance calibrators, including
of Cepheids, RR Lyrae (see below), and Mira variable stars.

Beyond Galactic distance tracers, distance measurements to the Large Magellanic Cloud
(LMC) have played an important role in constraining the value of the Hubble constant,
H0. The ‘Hubble Space Telescope (HST) Key Project (HSTKP) on the Extragalactic Dis-
tance Scale’ (Freedman et al. 2001) resulted in an H0 estimate of H0 = 72 ± 3 (statisti-
cal) ± 7 (systematic) km s−1 Mpc−1. The latter, systematic uncertainty was thought to be
dominated by the remaining systematic uncertainties in the assumed distance to the LMC
(Freedman et al. 2001; Schaefer 2008; Pietrzyński et al. 2013), which contributed of order
±3–4 km s−1 Mpc−1 to the tally.

On a number of occasions, the accuracy of LMC distance determinations has been called
into question by claims of ‘publication bias’ (e.g., Schaefer 2008, 2013; Rubele et al. 2012;
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Table 1 Internally consistent distance moduli (as a function of increasing distance) to selected Local Group
galaxies, comprising a robust local framework (adapted from de Grijs and Bono 2015)

Galaxy (m − M)best
0 (mag) Tracer(s) (m − M)TRGB

0 (mag)

LMC 18.49 ± 0.09 Cepheids, RR Lyrae, CMD 18.54–18.69

SMC 18.96 ± 0.02 EBs, Cepheids, RR Lyrae, TRGB, RC 19.00 ± 0.04

NGC 185 24.00 ± 0.12 TRGB, RR Lyrae 24.03 ± 0.33

NGC 147 24.11 ± 0.11 TRGB, RR Lyrae 24.16 ± 0.22

IC 1613 24.34 ± 0.05 Cepheids, RR Lyrae, TRGB 24.29 ± 0.12

IC 10 24.36 ± 0.45 TRGB 24.36 ± 0.45

M32 24.43 ± 0.07 SBF, TRGB, RR Lyrae 24.32 ± 0.20

M31 24.45 ± 0.10 Cepheids, RR Lyrae, TRGB 24.47 ± 0.01

NGC 205 24.56 ± 0.15 TRGB, RR Lyrae 24.45 ± 0.20

M33 24.67 ± 0.07 Cepheids, RR Lyrae, TRGB 24.70 ± 0.11

NGC 4258 29.29 ± 0.08 H2O masers 29.24–29.44

Notes: CMD: color–magnitude diagram; EBs: eclipsing binaries; RC: red clump; SBF: surface-brightness
fluctuations; TRGB: tip of the red giant branch

Walker 2012). Therefore, in de Grijs et al. (2014) we re-analyzed the full body of LMC
distance measurements published between 1990 and 2013, embarking on the most extensive
data-mining effort of this type done to date. Perhaps somewhat surprisingly, we concluded
that strong publication bias is unlikely to have been the main driver of the clustering of many
published LMC distance moduli. However, we found that many of the published values were
based on highly non-independent tracer samples and analysis methods. In turn, this interde-
pendence appears to have led to significant correlations among the body of LMC distances
we considered in de Grijs et al. (2014). Our final, recommended true distance modulus for
the LMC is (m − M)0 = 18.49 ± 0.09 mag (de Grijs et al. 2014, see also Crandall and
Ratra 2015). In an effort to provide a firm mean distance estimate to the Small Magellanic
Cloud (SMC), and thus place it within the internally consistent Local Group distance frame-
work (that is, a distance framework where all combinations of distances lead to the same
underlying scaling), de Grijs and Bono (2015) similarly performed extensive analysis of the
published literature to compile the largest database available to date containing SMC dis-
tance estimates. For the first time, we provided estimates of the mean SMC distance based
on large numbers of distance tracers, without imposing any a priori preferences. We derived
a true distance modulus of (m − M)SMC

0 = 18.96 ± 0.02 mag, corresponding to a distance
of 61.9+0.6

−0.5 kpc.
Indeed, the nearest galaxies in the Local Group contain numerous objects that can be

used to determine robust distances, that is, distances with well-defined uncertainties that are
mutually consistent among the different tracers. In de Grijs et al. (2014) and de Grijs and
Bono (2014, 2015, 2016), we aimed at establishing an internally consistent local distance
framework by reference to the subset of distances to the Galactic Center, the LMC and
SMC, M31, M32, and M33, as well as a number of well-known dwarf galaxies. We aimed
at reaching consensus on the best, most homogeneous, and internally most consistent set of
Local Group distance moduli.

At the present time, we are in a good position to make recommendations for the use of
robust distance measurements to a set of key Local Group galaxies: see Table 1 and Fig. 1.

In this review, we will first consider the distances to the Galactic Center as well as to a se-
lect number of Local Group galaxies resulting from large-scale data mining of the literature
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Fig. 1 Comparison of our set of benchmark distances to the sample of Local Group galaxies (indicated in
the individual panels) discussed in this article with those from a number of recent distance compilations.
‘Weighted mean’ and TRGB: de Grijs and Bono (2015), except where indicated in Table 1; M98: Mateo
(1998); F00: Ferrarese et al. (2000); T08: Tammann et al. (2008); Mc12: McConnachie (2012). From de Grijs
and Bono (2015)

(Sects. 1–3). Our aim is to establish an internally consistent distance framework in the Local
Group using multiple, independent methods. We will then proceed to review the distances to
Local Group galaxies based specifically on space-based data of variable stars, with emphasis
on the uniformity in distance measurement across the nearby galaxies afforded by RR Lyrae
stars (Sects. 4–6). Local Group RR Lyrae represent a powerful tool, because they are found
in old stellar populations that are present in galaxies of any Hubble type and luminosity
class (with the possible exception of the ultra-faint dwarf galaxies). We will discuss a large
number of case studies aimed at their internally consistent calibration as a single, homog-
enized distance indicator well beyond the Local Group. At greater distances, we focus on
efforts to obtain improved distances and particularly on a number of alternate techniques to
constraining the Hubble constant (Sect. 7), with particular emphasis on gravitational lensing
as a promising tool (Sect. 8). The resulting distances are not cross-calibrations of other dis-
tance indicators; instead, they encompass a derived quantity—the Hubble law—from which
distances are computed.



Toward an Internally Consistent Astronomical Distance Scale 1747

We emphasize that an internally consistent distance scale exists naturally, for a given
cosmology, in the Hubble flow owing to the relationship between distance and redshift.
On these cosmological scales, the key to consistency is therefore not distance as such, but
re-enforcing the cosmological parameters from which these distances are derived. At the
present time, these cosmological parameters are predominantly derived on the basis of ob-
servations of Type Ia supernovae (SNe Ia) and the cosmic microwave background. Our dis-
cussion in Sects. 7 and 8 focuses on alternative means of measuring the Hubble constant,
not necessarily on the objects’ specific distances. Therefore, gravitational lensing and galaxy
cluster-based techniques are not direct cross-checks on the SNe Ia-derived distances, but on
the Hubble constant measured from SNe Ia. The latter distance framework is currently cali-
brated on the basis of Cepheid distances, which are directly tied into the internally consistent
distance scales discussed in Sects. 1–3.

2 Distance to the Galactic Center

In recent years various authors have speculated that some degree of publication bias may
have affected Galactic Center distance determinations (e.g., Reid 1989, 1993; Nikiforov
2004; Foster and Cooper 2010; Malkin 2013a,b; Francis and Anderson 2014). Aiming at
deriving a statistically well-justified Galactic Center distance based on a large variety of
tracers and reducing any occurrence of publication bias, de Grijs and Bono (2016) therefore
undertook an extensive data-mining effort of the literature.

They separated the compilation of R0 determinations into direct and indirect distance
measurements. The former include distances such as those based on orbital modeling of the
‘S stars’ orbiting Sgr A*, the closest visual counterpart of the Milky Way’s central supermas-
sive black hole, as well as those relying on statistical parallaxes of Galactic Center tracers.
Careful assessment of the body of published R0 estimates based on these methods resulted
in a Galactic Center distance recommendation of R0 = 8.3 ± 0.2 (stat.) ± 0.4 (syst.) kpc.

A much larger body of Galactic Center distance determinations is based on indirect meth-
ods, either relying on determinations of the centroids defined by the three-dimensional dis-
tributions of a range of different tracer populations (e.g., globular clusters, Cepheid, RR
Lyrae, or Mira variables, or red clump stars) or measurements based on kinematic observa-
tions of objects at the solar circle. The latter approaches are affected by significantly larger
uncertainties than the former; the central, mean Galactic Center distances based on the kine-
matic methods are systematically smaller than those based on centroid determinations. Most
centroid-based distances are in good agreement with those resulting from the direct methods.
de Grijs and Bono (2016) did not find any conclusive evidence of the presence of publication
bias in the post-1990 R0 measurements.

3 Internally Consistent Distances to the Magellanic Clouds

As the nearest, irregular galaxies to our Milky Way, the Magellanic Clouds represent the
first, important rung of the extragalactic distance ladder. They cover sizeable areas on the
sky, thus providing access to large samples of tracer objects. For instance, the VISTA Sur-
vey of the Magellanic Clouds (Cioni et al. 2011), which covers the LMC, the SMC, the
Magellanic Bridge, and a few fields in the Magellanic Stream, is in currently the process of
compiling a 184 deg2 mosaicked map of the entire system.
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Indeed, the LMC is the nearest extragalactic environment that hosts statistically signifi-
cant samples of the tracer populations for distance determination, such as Cepheid and RR
Lyrae variable stars, eclipsing binaries (EBs), and red-giant-branch (RGB) stars, as well as
supernova (SN) 1987A. These could thus potentially link the local (i.e., solar-neighborhood
and Galactic) tracers to their counterparts in more distant and more poorly resolved galaxies.
At a distance of approximately 50 kpc, the LMC represents the only well-studied environ-
ment linking Galactic distance tracers to those in other large spiral and elliptical galaxies at
greater distances. Its three-dimensional, thin disk-like morphology renders it an ideal target
galaxy where off-center distances can easily be projected onto the galaxy’s center through
simple projection.

Lingering systematic uncertainties remain in the distance to the LMC. This has obvi-
ous ramifications in the context of using the LMC distance as a calibrator, specifically to
reduce the uncertainties in the Hubble constant (cf. Freedman et al. 2001; Schaefer 2008;
Pietrzyński et al. 2013). Although this has also led to persistent claims of ‘publication bias’
affecting published distances to the galaxy (cf. Schaefer 2008, 2013; Rubele et al. 2012;
Walker 2012), de Grijs et al. (2014) made a case of highly correlated results rather than pub-
lication bias. Nevertheless, the LMC distance moduli in common use today are likely still
affected by poorly understood systematic uncertainties.

Fortunately, the LMC is sufficiently close that some geometric distance tracers are read-
ily available, including an increasing sample of EB systems. Highly promising, Pietrzyński
et al. (2013) determined the direct distances to eight late-type EB systems in the LMC, re-
sulting in an average distance modulus of (m − M)0 = 18.493 stat. ± 0.008 ± 0.047 (syst.)
mag. This value is accurate to 2.2% and confirms that the statistically justified distance
modulus of (m − M)0 = 18.49 ± 0.09 mag is indeed reasonable. Pietrzyński et al. (2013)
discovered giant stars in EB systems, which uniquely allowed them to use the very well cal-
ibrated surface-brightness–(V − K) color relation for such stars to determine their angular
sizes, so that their error estimates are more robust and reproducible, and less affected by
lingering systematic effects than competing results based on early-type EBs. Some of the
most recent analyses, e.g., Inno et al. (2016)’s study of the three-dimensional distribution of
classical Cepheids in the LMC’s disk, have derived true distance moduli that are in excel-
lent agreement with both the statistical average and the geometric distance determination of
Pietrzyński et al. (2013).

In this context it is important to note that Riess et al. (2016) recently used Cepheid dis-
tances to independently obtain an internally consistent distance framework including the
Milky Way, the LMC, M31, and the maser host galaxy NGC 4258. This underscores the
importance of the LMC as the lowest rung of the extragalactic distance ladder, and this also
links the local distance framework naturally to our discussion of derivations of the Hubble
constant in Sect. 7 and beyond, particularly those based on SNe Ia observations.

de Grijs and Bono (2015) performed a similar analysis for the SMC as they did for the
LMC. Obtaining a clear-cut distance to the SMC is not as straightforward as for the LMC,
however. First, given the SMC’s bar-like main body with hints of spiral arms and a very
extended ‘Wing’ to the East, defining the position of the galaxy’s center is troublesome.
Rubele et al. (2015) recently derived distances to different areas across the galaxy. They
report distances projected onto both the SMC’s kinematic and stellar density centers, (m −
M)kin

0 = 18.97 ± 0.01 mag and (m − M)stars
0 = 18.91 ± 0.02 mag, respectively. This implies

that the choice of SMC center could introduce systematic uncertainties of order 0.05–0.1
mag in the resulting distance modulus.

Second, the SMC is very extended along the line of sight. Its depth could range from
6–12 kpc (Crowl et al. 2001) up to 20 kpc (Groenewegen 2000, for recent discussions, see
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e.g., Kapakos and Hatzidimitriou 2012; Subramanian and Subramaniam 2012; Cignoni et al.
2013; Kalirai et al. 2013; Nidever et al. 2013; Scowcroft et al. 2016), although the Cepheid
population associated with the main body implies a shallower depth of 1.76 ± 0.6 kpc (Sub-
ramanian and Subramaniam 2015). Scowcroft et al. (2016) recently also used Cepheids to
study the SMC’s line-of-sight depth, but based on observations in nine photometric pass-
bands simultaneously, including four near- to mid-infrared Spitzer Space Telescope filters.
They confirmed that the Cepheid distribution is inconsistent with a significant depth, al-
though they pointed out that the southwestern side of the galaxy is up to 20 kpc more distant
than the SMC’s northeast.

Third, the SMC’s measured inclination appears to depend on the stellar tracer (and thus
the age of the stellar population) used (Caldwell and Coulson 1986; Laney and Stobie 1986;
Groenewegen 2000; Haschke et al. 2012; Subramanian and Subramaniam 2012; Rubele
et al. 2015). Careful geometric corrections of individual objects back to the galaxy’s center
will reduce the scatter in the calibration relations, but this is not always possible. A warped
disk (the presence of which is still debated) will introduce additional systematic uncertain-
ties, of order 0.1 mag in the distance modulus (de Grijs and Bono 2015).

de Grijs (2011, his Chap. 6.1.1) provides a detailed discussion of the systematic uncer-
tainties associated with the effects of extinction in the context of distance determinations.
These include uncertainties related to our knowledge of (i) the most likely extinction law,
(ii) the intrinsic photometric properties of one’s calibration objects, and (iii) the dust geom-
etry. The choice of extinction law is particularly important when comparing similar types of
objects drawn from Galactic and Magellanic Cloud samples, since ‘the’ Galactic extinction
law (which may vary along different lines of sight) differs systematically from that in the
Magellanic Clouds (for recent studies, see e.g., Dobashi et al. 2009; Bot et al. 2010, and
references therein). Nevertheless, the differences are generally � 0.05 mag at near-infrared
and longer wavelengths and shortward of λ = 0.8 µm.

4 RR Lyrae Variables in the Local Group

RR Lyrae stars are low-mass (∼ 0.6–0.8M�) core helium-burning stars in their horizontal-
branch (HB) evolutionary phase. They are radially pulsating variable stars with periods rang-
ing from 0.2 to 1.0 days and V -band amplitudes between 0.2 and � 2 mag. Their mean
absolute V -band magnitude is MV ∼ +0.6 mag, they are of moderate brightness (≈ 40L�),
and their effective mean temperatures range from 6000 to 7250 K (Catelan et al. 2004).
RR Lyrae stars are found in stellar systems hosting old old stellar populations (t > 10 Gyr;
Walker 1989; Smith 1995; Catelan and Smith 2015); they can currently be observed out to
distances of ∼ 2 Mpc (Da Costa et al. 2010; Yang et al. 2014). Additionally, RR Lyrae stars
are primary distance indicators, since they obey well-defined optical/near-infrared period–
luminosity relations (PLRs; see, e.g., Bono et al. 2001, 2003; Clementini et al. 2003; Catelan
et al. 2004; Marconi et al. 2015, see for more details also R. Beaton et al., in prep.).

The Local Group is home two ‘normal’ spiral galaxies, the Milky Way and the An-
dromeda galaxy, M31, shepherded by a number of dwarf galaxies. Thanks to large pho-
tometric surveys, the number of known satellites of both systems has been increas-
ing rapidly in the last few years (e.g. Willman et al. 2006; Martin et al. 2015, see
also http://www.astro.uvic.ca/~alan/Nearby_Dwarf_Database.html). From an observational
point of view, the properties of Local Group galaxies span the most diverse ranges (Mateo
1998; McConnachie 2012). In particular, observational approaches to characterize the pop-
ulation of RR Lyrae have to be adapted to the different systems. Faint nearby galaxies (often

http://www.astro.uvic.ca/~alan/Nearby_Dwarf_Database.html
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called ‘ultra-faint dwarfs,’ with −8 � MV � −1.5 mag) are characterized by extremely low
surface brightnesses. They typically represent concentrations of a few hundred stars in a rel-
atively small projected volume covering a few square arcminutes on the sky. These objects
typically have low mean metallicities ([Fe/H] ∼ −2 dex), exhibit blue HB morphology, and
host very few RR Lyrae stars (e.g. Vivas et al. 2016).

On the other hand, more massive ‘classical’ dwarf satellites (−13 � MV � −9 mag)
are very rich in RR Lyrae stars (Kinemuchi et al. 2008; Stetson et al. 2014; Coppola et al.
2015; Martínez-Vázquez et al. 2015), but they cover large areas on the sky, up to many
square degrees, and require wide-field facilities on medium-sized, ground-based telescopes
for follow-up studies. At present, a complete census and analysis of the population of vari-
able stars, and of RR Lyrae stars in particular, is not yet available for any bright Local Group
galaxy (with the possible exception of Leo I and the Carina dwarf spheroidal galaxy, Stetson
et al. 2014; Coppola et al. 2015). A case in point in this context is illustrated by the monitor-
ing of two of the most massive Milky Way satellites, the Magellanic Clouds, performed by
the Optical Gravitational Lensing Experiment, which collected ∼ 45000 RR Lyrae variables
in the Magellanic System in their latest release (Soszyński et al. 2016).

Another crucial point to bear in mind is that Local Group galaxies represent an enor-
mous variety of intrinsic properties, e.g., in terms of their sizes, morphologies, gas content,
chemical evolution, and stellar populations. As a consequence, they host a variety of fam-
ilies of variable stars, whose properties reflect the evolutionary history of the host system.
As an example, RR Lyrae stars carry direct information of the chemical properties of the
environment in which they formed during the first stages of a galaxy’s lifecycle. An intrinsic
spread in metallicity in the population of RR Lyrae stars in a dwarf galaxy implies chemical
enrichment which not only occurred at early times, but which was sufficiently rapid to be
imprinted in the stellar population that we observe today as RR Lyrae stars (Bernard et al.
2008; Martínez-Vázquez et al. 2015). Moreover, the number of RR Lyrae stars in a galaxy
depends on the level of star formation at early times. Leo A (MV = −12.1 mag), which has
very little early star-formation activity (Cole et al. 2007), hosts a handful of RR Lyrae stars
(Bernard et al. 2013), while Sculptor (MV = −11.1 mag), is a predominantly old system
(de Boer et al. 2012) with a population of RR Lyrae stars that outnumbers that of Leo A
by two orders of magnitude, despite the latter galaxy’s lower mass (Martínez-Vázquez et al.
2016).

RR Lyrae stars are primary distance indicators, which can be detected beyond the lim-
its of the Local Group (Da Costa et al. 2010; Yang et al. 2014; McQuinn et al. 2015).
Different methods can be applied to derive distances based on the properties of RR Lyrae
stars, including (i) the luminosity–metallicity relation (LMR) in the V band, (ii) PLRs and
period–Wesenheit relations (PWRs), and (iii) the First Overtone Blue Edge (FOBE) method.
Nevertheless, compiling a homogeneous set of distances to nearby galaxies using the prop-
erties of their variable stellar populations is not an easy task. Below, we summarize the main
aspects which must be taken into account.

1. Photometric calibration: As regards data pertaining to nearby satellite galaxies, large
numbers of data sets are available in the literature, collected over decades by different ob-
servers with different telescopes, equipped with different filters and cameras. This poses
a fundamental problem to derive homogeneous photometry in a well-established system
(Stetson 2000). Photometric measurements based on HST observations are typically pro-
vided in the natural VEGAMAG photometric system, and they may be recalibrated to the
Johnson–Cousins system a posteriori. However, different conversion relations have been
proposed (Bedin et al. 2004; Sirianni et al. 2005; Bernard et al. 2009), many of which are
affected by significant color dependences.
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2. Data quality and derivation of the pulsation parameters: Deriving good pulsation prop-
erties for variable stars requires adequate sampling of their light curves. Especially for
existing HST data, this is not always the case: rarely more than 25 phase points are
available. The parameters derived from sparsely populated light curves may depend on
the approach used for the analysis, the fitting algorithm, and/or the template adopted.
Moreover, long-term and continuous monitoring of variable stars has revealed complex
behavior (including period doubling, the Blazhko effect, period changes, and non-radial
modes, among others) which is impossible to detect and characterize on the basis of
sparsely sampled observations.

3. The effects of metallicity: It is worth recalling that most relations used to derive distances
to RR Lyrae stars require one to assume the relevant metallicity. The only notable excep-
tions (Marconi et al. 2015; Martínez-Vázquez et al. 2015) are the PWR in (V , B −V ) and
(V , B − I ). Marconi et al. (2015, their Tables 7 and 8) performed an elaborate analysis of
optical, optical–near-infrared, and near-infrared PWRs. They found that the coefficient of
the metallicity term was less than ∼ 0.05 dex for the (V , B − V ) and (V , B − I ) PWRs,
indicating that the V -band metallicity effects are counteracted by the convolution of the
reddening vector and the (B − V ) or (B − I ) colors. Since high-resolution spectroscopy
for RR Lyrae stars in external galaxies is generally not available, other indicators or
methods must be established to estimate the chemical composition of RR Lyrae stars.
Typically, the metallicity distribution of bright red-giant-branch (RGB) stars is available
from spectroscopic studies, most commonly low-resolution calcium triplet spectra. Since
different authors may use different metallicity scales or calibrations, deriving homoge-
neous distances is hence not a trivial task.
Moreover, RGB stars cover an age range of �1.5 Gyr, and the mix of stellar populations
of different ages and metallicities is highly degenerate in color–magnitude space. The
metallicity distribution derived from RGB stars is a good approximation of a galaxy’s
global population, but it does not properly describe the RR Lyrae stars or the old pop-
ulations (> 10 Gyr). As a consequence, assuming a mean metallicity for the RR Lyrae
stars that is too high would introduce a systematic error in distance-modulus estimates,
at the level of ∼ 0.2 mag. Therefore, assumptions have to be made regarding the RR
Lyrae metallicity distribution, or alternatively this distribution must be determined based
on other methods (Martínez-Vázquez et al. 2016).

4. Calibration: Despite its extensive use in the literature and its simple form, the LMR rela-
tion cannot yet boast a solid calibration, neither of its zero point nor of its slope. A num-
ber of different calibrations exist (Chaboyer 1999; Bono et al. 2003; Clementini et al.
2003; Carretta et al. 2009), and using one rather than another can introduce a difference
on the order of 0.2 mag in the distance determination.

5. Reddening: Correction for interstellar extinction is a crucial step required to derive the
absolute magnitudes of one’s target stars—and in turn their distance moduli. Systems
with significant internal reddening may be not adequately corrected by employing any
of the widely used reddening maps (Schlegel et al. 1998; Schlafly and Finkbeiner 2011).
Moreover, differential reddening introduces significant scatter in the mean magnitudes
and colors of stars, which may strongly affect the analysis (e.g., see Sarajedini et al.
2006). To (at least partially) overcome this problem, one can use a Wesenheit pseudo-
magnitude (van den Bergh 1968), which is reddening-free by construction (under as-
sumption of a reddening law), or move to near-infrared wavelengths, where the effect of
extinction is strongly reduced.

RR Lyrae-based distance estimates in the literature are, therefore, not homogeneous for
a large number of reasons: use of different algorithms for the photometry or of different
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recipes for the photometric calibration, the existence of different calibrations for the same
method of distance determination, metallicities which may be defined on a different scale
and/or which may not be appropriate for the sample of RR Lyrae stars, and the assumed
reddening, among others. Revision of existing data in an effort to provide a homogeneous
distance framework is not a trivial task either. We will next revise the data and the distance
estimates available for galaxies in the M31 system, for isolated galaxies, and even to some
extent for galaxies outside the Local Group. We will subsequently proceed, using already
available data, to provide a homogeneous RR Lyrae-based distance framework. In particular,
we will rely on data for six M31 satellite galaxies, which we use as test cases to probe the
reliability of different methods, and we will also provide new distance estimates to 16 dwarf
galaxies based on HST data.

5 RR Lyrae in the Local Group and Beyond: Status

The search for RR Lyrae stars in the M31 system has long been limited because of (i) their
(relatively) faint apparent magnitudes (V ∼ 25 mag) and (ii) crowding effects. The first
successful attempt to identify RR Lyrae stars in the M31 halo was achieved by Pritchet
and van den Bergh (1987), using Canada–France–Hawaii Telescope data. A few years later,
Saha and Hoessel (1990) and Saha et al. (1990) detected candidate RR Lyrae stars in the
M31 dwarf elliptical (dE) satellites NGC 185 and NGC 147, respectively. Nevertheless, it
was only thanks to the HST and its spatial resolution that it was possible to reach well below
the HB and achieve the first solid determination of the properties of RR Lyrae stars in the
M31 field and its satellites (e.g., Clementini et al. 2001).

5.1 M31 Dwarf Spheroidals

Based on HST/Wide Field and Planetary Camera-2 (WFPC2) data, in a series of papers
devoted to the properties of the stellar populations in M31 dwarfs, discoveries of RR Lyrae
stars were reported in And I (Da Costa et al. 1996), And II (Da Costa et al. 2000), and
And III (Da Costa et al. 2002). The populations of variable stars detected in these three
galaxies were later analyzed in detail by Pritzl et al. (2004, And II) and Pritzl et al. (2005a,
And I and And III). Moreover, And VI was studied by Pritzl et al. (2002a) on the basis of
data of comparable quality. The distances and distance moduli were derived for the four
galaxies using the LMR relation of Lee (1990), assuming a mean metallicity derived from
the mean color of the RGB.

Interestingly, following these pioneering studies, the number of known satellites of M31
has dramatically increased in the last 10 years, mostly thanks to the PAndAS survey (Mc-
Connachie et al. 2009). However, few surveys specifically include studies of variable stars.
HST/WFCP2 data were used by Yang and Sarajedini (2012) to study two low-mass M31
satellites, And XI and And XIII, where they detected 17 and 9 bona fide RR Lyrae candi-
dates, respectively. Their distance moduli were derived using Chaboyer (1999)’s calibration
of the LMR relation. The RR Lyrae metallicity was derived using the Alcock et al. (2000)
relation, and the mean of the distribution was used to derive the distance modulus.

Other recently discovered satellites have been studied using wide-field, ground-based
Large Binocular Telescope data. The results have been presented in a series of papers which
discuss the RR Lyrae stellar populations in And XIX (Cusano et al. 2013), And XXI (Cusano
et al. 2015), and And XXV (Cusano et al. 2015). In these studies, the authors adopted a
consistent method to derive the distances to the three galaxies, based on the LMR relation
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calibrated by Clementini et al. (2003). In these three cases, the adopted metallicity was based
on low-resolution RGB spectroscopy (Collins et al. 2013), which is reasonable for the RR
Lyrae stars in these galaxies as well, given the low mass of the three galaxies.

5.2 RR Lyrae Stars in the M31 Field

The availability of the HST/Advanced Camera for Surveys (ACS) resulted in a new and
significant step forward. New HST/ACS data targeted two of the brightest M31 satellites,
M33 (Sarajedini et al. 2006) and M32 (Sarajedini et al. 2012). The metallicity of individ-
ual RR Lyrae stars was derived using a relation between [Fe/H] and the period (Sarajedini
et al. 2006) and a relation between [Fe/H], the period, and the amplitude (Alcock et al.
2000). Once the mean metallicity of the sample was known, the distance modulus was de-
rived assuming the LMR as calibrated by Chaboyer (1999). A similar approach was used
by Fiorentino et al. (2010) and Fiorentino et al. (2012a) for M32, who used the relation of
Alcock et al. (2000) to derive the metallicity distribution of their M32 sample RR Lyrae
stars. However, Fiorentino et al. (2010) used two different approaches to derive the distance
modulus to the galaxy. In addition to the LMR relation (Cacciari and Clementini 2003), they
also applied the FOBE method. Given the sizeable sample or RRc-type stars (first-overtone
pulsators), they derived an independent distance modulus, in agreement with the other LMR
method.

The most comprehensive analysis of RR Lyrae stars in M31 has been published by Jeffery
et al. (2011), who analyzed different ACS fields in the galaxy’s disk and inner halo, as well
as a region overlapping with the Giant Stellar Stream (GSS) that is being accreted onto M31
(Ibata et al. 2001). Jeffery et al. (2011) performed a detailed analysis of the metallicity de-
termination based on different methods, as well as their effect on the derived distance mod-
ulus. In particular, they compared the period–metallicity relation (Sarajedini et al. 2006),
the period–amplitude–metallicity relation (Alcock et al. 2000), Bono et al. (2007)’s method
based on theoretical period–amplitude–metallicity relations, and the period–metallicity re-
lation for RRc-type stars (Sandage 1993). A comparison of the metallicities derived photo-
metrically using the first three methods with respect of spectroscopic measurements reveals
good agreement between the Alcock et al. (2000) and Bono et al. (2007) methods, although
the latter exhibits a significantly smaller dispersion.

Overall, very little is known about the global properties of the RR Lyrae stars in M31.
The HST data available only cover a tiny fraction of its body, and they are all concentrated
in the inner halo (Ferguson and Mackey 2016). Moreover, since many satellite objects (such
as NGC 205, the GSS, or And I) are embedded in, or projected along the line of sight, it
is often difficult to unequivocally distinguish variables associated with either M31 or its
satellite galaxies.

5.3 Isolated Dwarfs

At present, few Local Group galaxies are really isolated and located outside the virial radii
of either the Milky Way or M31 (McConnachie 2012). Nevertheless, a handful (DDO 210,
VV 124, Sagittarius dwarf irregular galaxy) are truly isolated systems in the sense that they
are currently on their first approach of the innermost region of the Local Group, and they
never experienced any strong interactions with either the Milky Way or M31. For some other
galaxies, the situation is not as clear, because they are currently located outside the tidal ra-
dius of either major spiral galaxy, but we cannot exclude the possibility of past interactions
(Fraternali et al. 2009). Detailed color–magnitude analysis reaching the old main-sequence
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turn-off of relatively and truly isolated Local Group dwarf galaxies requires use of the HST.
The first systematic investigation of a representative sample of such galaxies has been per-
formed by the LCID (Local Cosmology from Isolated Dwarfs) team (Gallart et al. 2015).
Recently, more data have been acquired for DDO 210 (Cole et al. 2014), WLM, and Pegasus
dwarf irregular (dIrr) galaxy (as yet unpublished). Studies of variable stars have been pub-
lished by Bernard et al. (2009, Cetus and Tucana), Bernard et al. (2010, IC 1613), Bernard
et al. (2013, Leo A), Clementini et al. (2012, Leo T), Ordoñez et al. (2014, Phoenix), and
Ordoñez and Sarajedini (2016, DDO 210).

5.3.1 Purely Old Systems: Cetus and Tucana

Cetus and Tucana represent remarkable examples of isolated dwarf spheroidal (dSph) galax-
ies, since they are the only two gas-poor, purely old systems that do not follow the so-called
density–morphology relation. In fact, the general tendency is that dSph systems are more
clustered around large spirals, while dIrr galaxies are usually found in more isolated envi-
ronments. However, Cetus and Tucana are the only two known purely old dwarf galaxies
located at many hundreds of kpc from both the Milky Way and M31 (Monelli et al. 2010b).
Nevertheless, their recessional velocities suggest that they may have been involved in an
interaction a few Gyr ago (Sales et al. 2007; D’Onghia et al. 2009). Bernard et al. (2009)
analyzed the detailed properties of RR Lyrae stars in both systems. Distance moduli were
homogeneously derived by means of the LMR relation based on the Clementini et al. (2003)
calibration and the FOBE method.

Despite many similarities among the general properties of their stellar populations, their
star-formation histories (SFHs) were different during the oldest epochs. In particular, al-
though the initial epoch of star formation was the same, the peak of the star-formation
activity occurred at an earlier epoch in Tucana than in Cetus (Monelli et al. 2010a). This
apparently subtle difference clearly emerges from the properties of their RR Lyrae stars. On
the one hand, Monelli et al. (2012) presented a sample of more than 600 RR Lyrae stars
in Cetus using wide-field Very Large Telescope (VLT)/VIMOS data and concluded that the
properties of the RR Lyrae stars in Cetus are homogeneous over the entire galaxy body. The
mean period, magnitude, and amplitude of the RR Lyrae stars do not significantly change as
a function of radius, and overall, RR Lyrae stars seem to originate from a stellar population
with similar chemical properties.

On the other hand, Tucana represents a much more complex case. Bernard et al. (2008)
discussed the complex properties of a few hundred RR Lyrae stars, showing that the sam-
ples of bright and faint RR Lyrae stars have different pulsation properties and spatial dis-
tributions: faint stars are more centrally concentrated and their periods are shorter, at fixed
amplitude. These results can be explained naturally if RR Lyrae stars exhibit an intrinsic
spread in their metallicity distribution: faint RR Lyrae stars belong to a slightly more metal-
rich population, consistent with them being preferentially formed in the innermost region of
the galaxy, as commonly found in most nearby dSph galaxies.

These two examples strongly suggest that the detailed properties of RR Lyrae stars must
be well-known in order to safely use them as distance indicators. If the population of RR
Lyrae stars presents an intrinsic spread in metallicity (e.g., IC 1613, Bernard et al. 2010;
Sculptor, Martínez-Vázquez et al. 2015; NGC 185, Monelli et al. submitted), it is risky to
blindly adopt a mean luminosity and a mean metallicity for the entire sample. Bernard et al.
(2009) derived the distance modulus of Tucana using the bright and the faint samples of RR
Lyrae stars separately, assuming an appropriate metallicity constraint resulting from their
SFH calculation, and they obtained consistent distance moduli, within the uncertainties.
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5.3.2 Galaxies with Extended SFHs

1. IC 1613 and Leo A: Whenever the SFH of a galaxy covers the full cosmic time, it is
possible to use both old RR Lyrae stars and young classical Cepheids (CCs) to simulta-
neously obtain distance estimates. Examples of such analyses have been presented for IC
1613 (Bernard et al. 2010) and Leo A (Bernard et al. 2013). These authors used consistent
assumptions and five different relations to derive their distance moduli, including period–
luminosity and period–luminosity–color relations for CCs, combined with the LMR and
FOBE methods for the RR Lyrae stars. Interestingly, while good agreement was found
for IC 1613, the distance derived based on CCs was somewhat longer than that derived
from RR Lyrae stars.
In addition, a number of issues should be taken into account in assessing similar anal-
yses. The periods of Cepheids can span from a few to hundreds of days. Therefore, it
is very difficult, from an observational point of view, to collect a data set which allows
for a good characterization of the light curves over the full period range, especially us-
ing HST. Nevertheless, coupling extensive ground-based data sets with dedicated and
optimized space-borne observations has provided an excellent basis for such investiga-
tions. Scowcroft et al. (2013) provided a multiwavelength view of Cepheids in IC 1613,
combining optical results from the OGLE survey (Udalski et al. 2001) with multi-epoch
observations in JHKs, obtained with the Magellan telescope, and at longer wavelengths
using the Spitzer Space Telescope. The well-characterized optical light curves allowed
them to detect and constrain the infrared properties of a Cepheid sample in IC 1613 and
derive PLRs. The inclusion of deep HST/WFC3 near-infrared data allowed Hatt et al.
(2017) to extend the comparison to RR Lyrae stars. These latter authors obtained very
good agreement between Population I and Population II distance indicators. The same
approach was used by Rich et al. (2014) to study the Cepheid population of NGC 6822.
Combining optical OGLE detections with ground-based near-infrared and Spitzer mid-
infrared data, Rich et al. (2014) derived six PLRs, as well as self-consistent distance and
reddening estimates.

2. DDO 210 and Phoenix: DDO 210 is a low-mass, isolated galaxy with properties similar
to those of Leo A (Cole et al. 2014). Its variable-star content has been studied by Ordoñez
and Sarajedini (2016), who derived a distance modulus using the period–luminosity–
metallicity relation in the I band of Catelan et al. (2004), once they had derived individual
metallicities using the Alcock et al. (2000) relation.
Gallart et al. (2004) presented a large number of candidate RR Lyrae stars in Phoenix,
but the data were not good enough for a detailed analysis. Such an analysis was, however,
performed using HST/WFPC2 images by Ordoñez et al. (2014), who used RR Lyrae stars
to study the early chemical evolution of Phoenix. Unfortunately, neither paper used RR
Lyrae stars to derive distances.
Cepheids have been identified in both galaxies. However, the identification of CCs, es-
pecially in the short-period tail of the distribution, can be complicated by the presence of
anomalous Cepheids (ACs). ACs and CCs both cross the instability strip during the cen-
tral helium-burning phase of their evolution. The key difference with CCs is that ACs ig-
nite helium in a degenerate core, while CCs are sufficiently massive that this occurs under
non-degenerate conditions. Therefore, ACs have masses � 2.3M� and low metallicities
([Fe/H] � −1.5 dex; Fiorentino et al. 2006), since in this mass range, stars with higher
metallicity evolve on the red side of the instability strip. Phoenix was the first system
where CCs and ACs were found to coexist (Gallart et al. 2004). The coexistence of the
two types of Cepheids has since been confirmed in other low-metallicity systems, includ-
ing IC 1613 (Bernard et al. 2010), Leo A (Bernard et al. 2013), Leo I (Fiorentino et al.



1756 R. de Grijs et al.

2012b), and DDO 210 (Ordoñez and Sarajedini 2016). Also, both Magellanic Clouds
contain a small sample of ACs (Soszyński et al. 2008, 2016).

5.3.3 Leo T

Leo T is an intriguing low-mass, star-forming, relatively isolated dwarf galaxy. Using
HST/WFPC2 data, Clementini et al. (2012) detected one RR Lyrae star and 12 ACs. This
is because of the combination of its small total baryonic mass and its SFH, which is char-
acterized by a dominant episode at intermediate ages and a low rate at early epochs. Nev-
ertheless, the properties of the only RR Lyrae star discovered allowed an estimate of the
distance modulus, based on the Clementini et al. (2003) LMR, adopting a proxy metallicity,
spectroscopically derived for the galaxy’s RGB stars.

5.4 RR Lyrae Beyond the Local Group

The HST has allowed the discovery of RR Lyrae stars in a handful of dwarf galaxies outside
the Local Group. Da Costa et al. (2010) first reported detections of RR Lyrae in two dwarf
galaxies in the Sculptor group. Variables were later analyzed in detail by Yang et al. (2014).
Individual metallicities were derived using the Alcock et al. (2000) method, and the mean
metallicity of the distribution was used with the Chaboyer (1999) LMR relation. The derived
distances, close to 2 Mpc, are in agreement, within the uncertainties, with other estimates
based on the TRGB.

The only other galaxy external to the Local Group where RR Lyrae have been discovered
is Leo P (McQuinn et al. 2015). This is a very interesting low-mass, gas-rich galaxy with an
extended SFH, similar to Leo T. A distance modulus based on the 10 RR Lyrae discovered
was obtained using the Carretta et al. (2000) LMR relation. The metallicity pertaining to the
RR Lyrae stars was estimated by comparing the distribution of stars in the color–magnitude
diagram with theoretical isochrones.

6 Toward Homogeneous RR Lyrae-Based Distance Determinations

6.1 The ISLAndS Project

ISLAndS is an ongoing project targeting six M31 satellites with as main aim to compare
the SFHs in the Milky Way and the M31 systems (Weisz et al. 2014; Monelli et al. 2016;
Skillman et al. 2017). Full analysis of the variable stars will be presented in a series of forth-
coming papers (Martínez-Vázquez et al., in prep). Key results regarding distance estimates
are summarized here. The sample of galaxies includes And I, And II, And III, And XV,
And XVI, and And XXVIII, thus spanning a wide range in mass, luminosity, and distance
from M31. Next, we will use the ISLAndS galaxies as test cases to compare the performance
of four different methods to derive their distance moduli. Three of the methods are based on
the properties of the RR Lyrae stars, including (i) the reddening-free PWR (Marconi et al.
2015), (ii) the LMR (Bono et al. 2003; Clementini et al. 2003), and (iii) the FOBE relation
(Caputo et al. 2000); these are supplemented by (iv) the TRGB method.

As a first step, the metallicity values were homogenized to Carretta et al. (2009) scale. For
those galaxies with metallicity estimates based on theoretical spectra, we applied a correc-
tion to take into account the updated solar iron abundance, rescaling to log εFe = 7.54 dex.
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The second step is meant to ensure homogeneous assumptions for the metallicity. The
metallicity estimates available in the literature were derived using calcium-triplet spec-
troscopy of bright RGB stars. The mean metallicity of the RGB stars in And III (Kalirai
et al. 2010), And XV (Letarte et al. 2009), And XVI (Collins et al. 2015), and And XXVIII
(Slater et al. 2015), is close to [Fe/H] ∼ −1.8 dex (or less). In agreement with the limited
age and metallicity spreads characteristic of the dominant population, derived from the SFHs
(Skillman et al. 2017), we assume that the spectroscopic mean metallicity is representative
of the old population as well.

However, And I and And II exhibit higher mean metallicities and larger metallicity
spreads (Ho et al. 2012, 2015). Nevertheless, the small number of high-amplitude, short-
period (fundamental-mode) RRab-type stars in these galaxies (Fiorentino et al. 2015) sug-
gests that, even if the tail of the RR Lyrae metallicity distribution reaches such relatively high
values, the bulk of the RR Lyrae stars must have a lower metallicity ([Fe/H] < −1.5 dex;
Fiorentino et al. 2015). Therefore, we adopted [Fe/H] = −1.8 dex as representative of the
mean metallicity of the RR Lyrae stars in And I and And II.

Once the metallicity had been fixed, we estimated the distance moduli to the ISLAndS
galaxies as outlined below. The results are summarized in Fig. 2 and Table 2.

1. Period–Wesenheit relations: Since the data were originally calibrated according to the
VEGAMAG system, individual phase points were recalibrated to the Johnson system
using the transformation provided by Bernard et al. (2009) and optimized for the RR
Lyrae color range. Since the F475W filter is characterized by a wide passband, similar
to the g band, measurements were calibrated in both the B and the V filters, while the
F814W band was transformed to the Johnson–Cousins I filter. This allowed us to use
two PWRs from Marconi et al. (2015), the (I , B − I ) and (I , V − I ) relations, but not
the metallicity-independent (V , B − V ) PWR, because the B and V measurements are
not independent. For the adopted relations, a metallicity dependence is present, but it
is weak: a change of 0.3 dex translates into a change in the distance modulus of order
0.03 mag.
We applied both relations to the samples of RRab- and RRc-type variables, as well as to
the total sample (RRab + fundamentalized RRc: logPfund = logPRRc +0.127; Bono et al.
2001). The comparison shows very good agreement among the different determinations,
on average within ±0.04 mag. Since the number of stars in the full sample is the largest,
we selected as final adopted distance modulus the mean value of the distance moduli
calculated using both PWRs and that for the full sample. Table 2 presents for the six
galaxies (Col. 1) the range of distance moduli available in the literature (Col. 2), and our
final estimate based on the PWR of the full sample of RR Lyrae stars (Col. 3).

2. Luminosity–metallicity relation: We adopted two different relations, i.e., those proposed
by Clementini et al. (2003) and Bono et al. (2003). The zero-point of the former was
modified such that the distance modulus to the LMC is in agreement with the distance
modulus obtained by Pietrzyński et al. (2013), assuming [Fe/H] = −1.5 dex for the RR
Lyrae stars (Gratton et al. 2004). The resulting equation is therefore

MV,C03 = 0.892 ± 0.052 + (0.214 ± 0.047) [Fe/H]. (1)

The second calibration adopted was a double-linear relation with a break in the slope at
[Fe/H] = −1.6 dex. We adopted the lower metallicity, appropriate for the six ISLAndS
galaxies ([Fe/H] = −1.8 or less).
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Fig. 2 Summary of our distance modulus estimates (solid symbols) and comparison with literature values
(open symbols). Estimates based on the TRGB are provided only for the most massive galaxies, for which the
TRGB could be estimated reliably. The solid circles and dotted lines show the measurements based on the
PWR relations. Other symbols show values taken from the literature, for comparison. In particular, we report
values based on RR Lyrae stars (asterisks: Pritzl et al. 2004), the HB luminosity (open squares: Da Costa
et al. 1996, 2000; Slater et al. 2015), and the TRGB (open diamonds: Mould and Kristian 1990; Koenig et al.
1993; McConnachie et al. 2004, 2005; Conn et al. 2012)

3. The FOBE method: This method is based on the predicted period–luminosity–metallicity
relation for pulsators located along the FOBE of the instability strip (see Caputo et al.
2000):

MV,FOBE = −0.685 − 2.255 log(PFOBE) − 1.259 log(M/M�) + 0.058 log(Z). (2)

This is a well-defined technique for stellar systems with a large number of RRc-type
stars, in particular if the blue side of the first-overtone instability strip is well-populated.
For this reason, we applied it only to five of our six galaxies, since the small number
of RRc stars in And XVI may yield inconsistent results (Monelli et al. 2016). To derive
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Table 2 True distance moduli
for the six M31 satellite dSphs
observed as part of the ISLAndS
project

Galaxy True distance moduli

Literature value (mag) PWR (mag)

And I 24.31–24.55 24.51 ± 0.08

And II 23.87–24.17 24.17 ± 0.07

And III 24.30–24.37 24.38 ± 0.06

And XV 23.98–24.4 24.43 ± 0.07

And XVI 23.39–23.6 23.71 ± 0.07

And XXVIII 24.55 ± 0.13 24.45 ± 0.05

the stellar masses, we adopted the BaSTI evolutionary models (Pietrinferni et al. 2004).
For the selected metallicity, for a star with an effective temperature typical of RRc stars
(logTeff ≈ 3.86 [K]), we derived values of M ∼ 0.7M�. Distance moduli obtained for
each galaxy using this method are included in Fig. 2.

4. Tip of the RGB: The TRGB is a well-studied, work-horse standard candle by virtue of
its weak dependence on both age (Salaris and Weiss 2002) and, particularly in the I

band, metallicity (at least for relatively metal-poor systems; Da Costa and Armandroff
1990; Lee et al. 1993). The TRGB is frequently used to obtain distance estimates to
galaxies of all morphological types (e.g., Rizzi et al. 2007; Bellazzini et al. 2011; Wu
et al. 2014). However, determining the cut-off in the luminosity function at the bright
end of the RGB is not straightforward in low-mass systems because of the inherently
small number of bright RGB stars (Madore and Freedman 1995; Bellazzini et al. 2001,
2008). A total of more than about 100 stars in the top magnitude range of the RGB
is considered a safe threshold for reliable estimates. In our galaxies, this condition is
met only by And I (N > 200), And II (N > 150), and nearly in And III (N ∼ 90). The
small numbers of such stars in the other three galaxies prevent us from deriving reliable
measurements of the apparent magnitudes of their TRGBs. We adopted the calibrations
of Rizzi et al. (2007), Bellazzini et al. (2011), and Cassisi and Salaris (2013) to compile
Fig. 2.

Figure 2 summarizes the distance modulus determinations derived in this paper. In par-
ticular, the solid circles and the dotted line show the adopted final distance moduli based on
averaging the values from the two PWRs. Filled diamonds show the results from the other
methods. This figure shows that the agreement among the different methods employed here
is remarkably good, since most of the derived distance moduli agree within 1σ . Taking as
reference the PWR distance, some general trends can be discerned. The distance derived
using the LMR based on the Bono et al. (2003) calibration is marginally longer with respect
to that resulting from the Clementini et al. (2003) calibration. The FOBE distance is longer
than the PWR distance in three cases (And III, And XV, and And XVI) and shorter for
And II. Nevertheless, this method is most sensitive to the sampling of the instability strip,
and in particular the lack of RR Lyrae close to the blue edge of the instability strip introduces
a bias toward greater distances.

Asterisks and open symbols in Fig. 2 represent distance modulus estimates available in
the literature, derived using different techniques, including those based on RR Lyrae stars
(asterisks: Pritzl et al. 2004), the HB luminosity (open squares: Da Costa et al. 1996, 2000;
Slater et al. 2015), and the TRGB (open diamonds: Mould and Kristian 1990; Koenig et al.
1993; McConnachie et al. 2004, 2005; Conn et al. 2012). Figure 2 shows generally good
agreement with our estimates, within the uncertainties. Note that the TRGB tends to yield
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Table 3 True distance moduli for 10 Local Group dwarf galaxies observed with the HST

Galaxy Distance moduli

Literature (mag) PWR (mag) LMR (mag)

Cetus 24.46 ± 0.12a 24.47 ± 0.02 ± 0.04 24.43 ± 0.08

DDO 210 25.07 ± 0.12b 25.07 ± 0.03 ± 0.05 –

IC 1613 24.44 ± 0.09c 24.47 ± 0.02 ± 0.04 23.41 ± 0.08

Leo A 24.57 ± 0.13d 24.46 ± 0.07 ± 0.10 24.41 ± 0.08

Tucana 24.74 ± 0.12e 24.78 ± 0.01 ± 0.05 24.72 ± 0.08

And XI 24.33 ± 0.05f 24.47 ± 0.05 ± 0.16 24.55 ± 0.08

And XIII 24.62 ± 0.05g 24.52 ± 0.07 ± 0.14 24.72 ± 0.08

ESO410-G005 26.33 ± 0.07h 26.36 ± 0.01 ± 0.23 26.36 ± 0.08

ESO294-G010 26.40 ± 0.07i 26.45 ± 0.01 ± 0.20 26.42 ± 0.08

Phoenix 23.09 ± 0.10j 23.14 ± 0.02 ± 0.15 23.17 ± 0.08

aBernard et al. (2009), bOrdoñez and Sarajedini (2015), cBernard et al. (2013), dBernard et al. (2013),
eBernard et al. (2009), fYang and Sarajedini (2012), gYang and Sarajedini (2012), hYang et al. (2014),
iYang et al. (2014), jHidalgo et al. (2009)

shorter distances than the RR Lyrae and the HB luminosity-based methods, although they
are still compatible within 1.5σ . A number of discrepant cases (And XV and And XVI; see
Conn et al. 2012) can be ascribed to the sparsely populated bright part of the RGB in these
galaxies.

6.2 Revising the Distances to Local Group Galaxies

Using existing data to construct a homogeneous distance framework for a large number
of Local Group galaxies is still far from having been achieved. Ideally, one would want
to derive homogeneous pulsation properties and metallicities, and then uniformly use RR
Lyrae stars to derive distances. However, the highly inhomogeneous data set available (in
terms of data quality, filter passbands used, and completeness) renders this a complicated
task. Moreover, different authors often use different methods of data analysis and, critical in
this case, different approaches and assumptions as regards the metallicity.

In an incomplete attempt to resolve this situation, based on a similar approach as that
adopted for the ISLAndS sample, we re-analyzed the available data for a sample of Lo-
cal Group galaxies for which high-quality HST data are available. This includes galaxies
characterized by different levels of isolation and extends to systems in the Sculptor group.
We selected those galaxies for which photometry in the Johnson V and I or in the B and
I bands is available in the literature.1 We assumed a metallicity of [Fe/H] = −1.8 dex as
representative of the RR Lyrae stars in all galaxies.

New distances were derived using the (I , V − I ) PWR, with the exception of DDO 210,
for which only B and I catalogs are available. A second estimate was obtained using the
LMR, based on the Clementini et al. (2003) calibration and updated as described in the previ-
ous section. Table 3 summarizes the results. Column 2 presents the original literature values;

1We emphasize that we did not attempt to use the original photometry in the VEGAMAG system and transform
it, since the original data are often not provided. Therefore, the photometric conversion to the Johnson system
may have been performed using different methods by different authors. Although we do not expect this to
introduce significant systematics in the distance determination, this issue must be taken into account for future
investigations.
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Fig. 3 Differences between
distance-modulus estimates
obtained based on RR Lyrae stars
and literature values for a number
of galaxies. These updated values
represent homogenized
metallicities, employing the
Marconi et al. (2015) PWR

we included only estimates based on RR Lyrae stars, with the exception of Phoenix (Hidalgo
et al. 2009; Ordoñez et al. 2014). Columns 3 and 4 present the same distance estimates re-
calculated using the PWR and the updated LMR (Eq. (1)). Both methods show excellent
agreement in most cases. Figure 3 shows the differences between the literature values and
our updated values based on the PWR. Note that, overall, the literature values are based
on slightly higher mean metallicities than adopted for our recalibration ([Fe/H] = −1.5 dex
for Leo A, values between [Fe/H] = −1.6 and −1.8 dex for the other galaxies). This can
account for up to a few hundredths of a magnitude in distance differences. Nevertheless, the
change is small, at the level of at most ∼ 1σ , where the error bars reflect realistic estimates
of systematic and random uncertainties associated with the method.

7 Internally Consistent Distance Determination Beyond the Nearest
Galaxies

Internally consistent determinations of the Hubble constant well beyond the Local Group,
based on cross-correlation of a variety of independent techniques, are crucially important
for establishing the three-dimensional morphology of the Universe on the largest scales. By
association, such measurements provide indirect tests of the consistency of the cosmological
framework implied by SNe Ia measurements. Distance measurements at these distances are
particularly important in the context of reducing the effects of galaxies’ peculiar velocities
as well as regarding the inhomogeneity of the matter distribution, which is the root cause
of the difference between the locally measured and the true, global values of the Hubble
constant (e.g., Turner et al. 1992).

SNe Ia are bright standard candles and, hence, in principle they enable distance mea-
surements out to cosmological scales (z ∼ 1). However, to use SNe Ia as absolute distance
indicators, their absolute magnitudes must be calibrated using carefully selected primary
distance indicators such as Cepheid variables (e.g., Riess et al. 2016). To check for the
possible effects of unknown systematics, those distances should be compared with a set of
independent distance measurements that do not rely on mutually dependent calibrations of
the distance ladder. Megamasers can be used to directly measure distances to galaxies out to
∼ 50 Mpc, which is sufficiently distant to reduce the effects of peculiar velocities (Reid et al.
2009). Here, we review several other independent techniques that may potentially serve as
important tests of the absolute distance scale beyond the nearest galaxies.
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7.1 Clusters of Galaxies

Combined with X-ray data, observations of the Sunyaev–Zel’dovich effect (SZE) affecting
massive clusters of galaxies can be used to infer the Hubble constant (Silk and White 1978).
This is because the X-ray surface brightness depends on SX ∝ ∫

n2
e�d�, where � is the

X-ray cooling function determined from the gas temperature Te , and the SZE depends on
y ∝ ∫

neTed�. Assuming spherically shaped galaxy clusters, line-of-sight distances can be
expressed as d� ∼ DAdθ , where DA is the angular diameter distance and θ the cluster’s
angular size. By eliminating the electron density, ne, the angular diameter distance can be
expressed in terms of X-ray and SZ observables as DA ∝ y2/SX , assuming spherical sym-
metry. The effects of non-spherical cluster morphologies can be reduced by averaging H0

measurements for many clusters.
Reese et al. (2002) determined distances to 18 clusters at z = 0.14–0.78 to constrain the

Hubble constant to H0 = 60+4
−3(statistical)+13

−18(systematic) km s−1 Mpc−1. Bonamente et al.
(2006) obtained an updated result, H0 = 76.9+3.9

−3.4(stat.)+10.0
−8.0 (syst.) km s−1 Mpc−1 using 38

clusters at z = 0.14 − 0.89. These analyses suggest that the dominant uncertainty affecting
this method is already determined by various systematic errors, such as inhomogeneities
in the intracluster medium (e.g., Kawahara et al. 2008). This may imply that a better un-
derstanding of the physical state of the intracluster medium (e.g., Aharonian et al. 2016) is
crucial to obtain more accurate distance measurements based on this approach.

7.2 Relative Ages of Old Galaxies

Jimenez and Loeb (2002) proposed to use relative ages of passively evolving galaxies at
a range of redshifts to directly constrain the Hubble parameter, H(z). Spectra of passively
evolving galaxies are dominated by main-sequence stars of M ∼ 1M�, for which the rele-
vant stellar evolution processes are well-understood. In addition, relative ages can be deter-
mined more easily and with higher accuracy than absolute ages, because several systematic
effects are factored out. Once the relative ages at different redshifts have been determined,
one can derive the Hubble parameter by employing the relation H(z) = −(dz/dt)/(1 + z).
Jimenez et al. (2003) applied this technique to Sloan Digital Sky Survey (SDSS) galaxies at
z < 0.17 to obtain H0 = 69 ± 12 km s−1 Mpc−1, which is consistent with other H0 measure-
ments. Further theoretical and observational studies aimed at improving our understanding
of galaxy spectra have the potential to reduce the remaining uncertainties in the current-best
values of H0.

7.3 Gravitational Waves as Standard Sirens

Gravitational waves from inspiraling compact binaries are well placed to become useful as
absolute distance indicators (Schutz 1986; Holz and Hughes 2005). They are sometimes
referred to as ‘standard sirens.’ This is because masses of inspiraling and merging objects,
such as neutron stars and black holes, can be inferred from the shape of the waveform (e.g.,
from the frequency and its time evolution), which also determines the absolute strain ampli-
tude (a dimensionless parameter that depends on the strength of the tidal gravitational field
between both binary components). We can then directly measure the luminosity distance
to a gravitational-wave source, because the observed strain is inversely proportional to the
luminosity distance.

We can measure luminosity distances using gravitational-wave standard sirens, but not
the associated redshifts. Therefore, independent observations of the objects’ electromagnetic
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counterparts are usually required to locate the host galaxy of a gravitational-wave event and
measure its redshift to constrain the Hubble constant. For instance, Dalal et al. (2006) dis-
cussed the possibility of simultaneous observations of short gamma-ray bursts and gravi-
tational waves from merging neutron-star binaries. They argued that several tens of such
observations can constrain the Hubble constant to the ∼ 2% level.

A major advantage of this method is its ‘clean’ physics. Assuming that general relativity
is valid, the waveforms of such merging events can be computed easily from first princi-
ples. On the other hand, obtaining observations of gravitational waves has been a significant
challenge for decades. Recently, the first observation of gravitational waves, referred to as
GW150914, from a pair of black holes has been reported (Abbott et al. 2016). This has
now finally opened up the possibility of using gravitational waves as a tool to benchmark
the cosmic distance scale. Whereas it is not yet clear whether binary black hole mergers
produce any detectable electromagnetic counterparts for redshift measurements, it may also
be possible to use the spatial cross-correlation of gravitational-wave sources and galaxies
with known redshifts to constrain the Hubble constant without any observations of electro-
magnetic counterparts (Oguri 2016). For this cross-correlation technique to become viable,
we need observations of large numbers of gravitational waves over the entire sky, as well
as decent localizations of gravitational-wave sources, with an accuracy of ∼ 1◦. This will
become possible with the next-generation of gravitational-wave detectors.

8 Gravitational Lensing as a Promising Tool

Time delays of strongly lensed quasars provide a one-step measurement of a cosmological
distance, namely the time-delay distance to the lens system (e.g., Refsdal 1964; Suyu et al.
2010). With additional information from the stellar velocity dispersion of the lens, we can
further constrain the associated angular diameter distance (Paraficz and Hjorth 2009; Jee
et al. 2015). In a companion review, we have described the recent cosmological constraints
based on this approach, particularly those based on the COSMOGRAIL (Courbin et al. 2005,
2011; Eigenbrod et al. 2005; Tewes et al. 2013) and H0LiCOW (Sluse et al. 2016; Bonvin
et al. 2017; Rusu et al. 2017; Suyu et al. 2017; Wong et al. 2017) projects. Here, we describe
the future prospects for this approach, focusing in particular on (i) expanding the time-delay
lens sample and (ii) follow-up observations, in light of upcoming missions and surveys.

8.1 Where Are the Time-Delay Lenses?

Quadruply lensed quasars (‘quads’) with ancillary data can each provide a time-delay dis-
tance measurement of ∼ 5–8%. However, currently only a handful of quads are known. For
example, there are only four quads in the H0LiCOW sample of lenses for cosmography
(Suyu et al. 2017). There are several times more doubly lensed quasars (‘doubles’), but ac-
curate and precise2 distance measurements from these systems would be more challenging
compared to the equivalent determinations based on quads, since doubles have fewer obser-
vational constraints compared with quads. For example, quad systems can yield four image
positions and flux measurements of quasars as constraints, whereas double systems have
half of that number as constraints. In addition, quads can have three time-delay measure-
ments between the multiple images, which is substantially better for cosmographic studies

2Accuracy is a measure of how close the values are to the target or standard value; precision reflects their
spread around the mean.
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than the single time-delay measurement available in doubles. Unless we can find more time-
delay lenses, especially quads, the statistical power of this approach will be limited.

Fortunately, discoveries of hundreds if not thousands of time-delay lenses are expected
in current and future surveys and missions, with ∼ 13% of them being quads (Oguri and
Marshall 2010; Liao et al. 2015). Below, we describe three ongoing imaging surveys that
will likely expand the current sample of quads by an order of magnitude:

1. Dark Energy Survey (DES): The DES (Abbott et al. 2016) uses the 4 meter Mayall tele-
scope at Cerro Tololo observatory in Chile. Its large-format CCD array of 74 detectors
covers, in one single snapshot, an area of 2.2 degrees on a side (Flaugher et al. 2015).
After five years of operation the full survey will cover ∼ 5000 deg2 in the g, r, i, z, and
Y bands down to r = 24.3 mag (10σ ). DES has already discovered lensed quasars. Two
were reported in Agnello et al. (2015b) in the context of the SRIDES program (Agnello
and Treu 2015). In addition, a doubly imaged quasar (Ostrovski et al. 2017) was found
in the data taken during the first year of the survey. Many more are found at the time of
writing this review, as the data obtained during the second year are analyzed. Given the
area and depth of the survey, Oguri and Marshall (2010) predicted that a total of ∼ 1000
new lensed quasars should be found upon completion of the survey.

2. Hyper Suprime-Cam (HSC) Survey: The HSC survey is a Subaru Strategic Program,
using the newly installed HSC (Miyazaki et al. 2012) on the Subaru 8.2 meter telescope,
which is capable of imaging a large area of the sky in a single pointing.3 The survey
started in 2014 and is divided into three layers characterized by different areas and depths,
i.e., wide, deep, and ultra-deep. In particular, we expect to find most of the new lenses
in the wide survey, which will cover ∼ 1400 deg2, mostly in equatorial regions, to i ∼
26 mag in grizy broad bands with excellent seeing (∼ 0.6′′ in the i band). The first-year
HSC survey data covering over 100 deg2 in the five broad bands have recently been
released to the public (Aihara et al. 2017). The expected number of lensed quasars in the
HSC survey is ∼ 600 (Oguri and Marshall 2010).

3. Kilo-Degree Survey (KiDS): The KiDS program is running at the European Southern
Observatory’s Paranal observatory in Chile (Kuijken et al. 2015). It uses the 2.6 meter
VLT Survey Telescope (VST) in the ugri optical bands and covers 10-degree wide strips,
including an equatorial one between 10h20m < RA < 15h50m and a southern strip going
through the Galactic South Pole, 12h00m < RA < 03h30m. The total area covered is ∼
1500 deg2, i.e., similar to the HSC survey. The observing strategy is designed to ensure
the best seeing in the r band, which has a median seeing of ∼ 0.7′′. The depth in this
band is r = 24.9 mag (AB, 5σ ). Overall, KiDS should be as efficient as HSC in finding
bright, strongly lensed quasars.

Various new algorithms have been developed for finding galaxy-scale lenses, many of
which have been applied to these imaging surveys. Here we focus on automated algorithms
that are aimed at finding lensed quasars, although there are also methods to find lensed
galaxies without quasars (e.g., Bolton et al. 2006; Gavazzi et al. 2014; Joseph et al. 2014;
Napolitano et al. 2016; Paraficz et al. 2016; Shu et al. 2016; Sonnenfeld et al. 2017) or lens
systems in general through visual inspection by citizen scientists (e.g., Marshall et al. 2016;
More et al. 2016b). While most of the first lensed quasars were found at radio wavelengths
through the Cosmic Lens All-Sky Survey (Myers et al. 2003), the SDSS has yielded dozens
of lensed quasars through the SDSS Quasar Lens Search (e.g., Oguri et al. 2006; Kayo et al.
2010; Inada et al. 2012; Oguri et al. 2012) and, more recently, another 13 two-image lensed

3http://hsc.mtk.nao.ac.jp/ssp/.

http://hsc.mtk.nao.ac.jp/ssp/
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quasars (More et al. 2016a). The advantage of using SDSS is the availability of a spectro-
scopic quasar sample from which one could search for lensed objects. Consequently, lenses
obtained from such a search will guaranteed be lensed quasars, rather than lensed galaxies
(without quasars), which are more numerous than lensed quasars but not time-varying. Cur-
rent imaging surveys such as HSC, DES, and KiDS do not include a spectroscopic compo-
nent as part of the surveys. Therefore, recent searches necessarily rely on color information
by selecting objects with colors and morphologies compatible with lensed active galactic
nuclei (e.g., Jackson et al. 2012; Agnello et al. 2015a,b; Ostrovski et al. 2017; Schechter
et al. 2017). In addition, as advocated by Marshall et al. (2009), for an object to qualify
as a lens, it must have a physical lens mass model. This is the basis of the model-based
search algorithms such as CHITAH (Chan et al. 2015) and LensTractor (Marshall et al., in
prep.). Moreover, Kochanek et al. (2006) have proposed to use quasar variability to find lens
systems by looking for clustered (possibly blended) variable sources corresponding to the
multiple quasar images. Our expectation is that these surveys will each contain hundreds
to about a thousand lensed quasars (Oguri and Marshall 2010), and efforts are underway to
find these.

Two surveys planned for execution the 2020s should yield yet another order-of-
magnitude increase in the number of lenses compared with current surveys:

1. Euclid: The first space-based, wide-field cosmological survey will be the ESA/NASA
Euclid 1.2 meter telescope (Laureijs et al. 2011). Once placed at the L2 Sun–Earth La-
grange point in 2020, this satellite will be equipped with a 0.5 × 0.5 deg2 optical imager,
which uses a single broad filter covering the R + I + Z bands, as well as a near-infrared
imager covering the same field of view to perform imaging in the Y , J , and H bands.
In total, Euclid will cover ∼ 15000 deg2 of extragalactic sky down to a 10σ optical AB
magnitude of 24.5 mag and down to a 5σ AB magnitude of 24.0 mag in each of the three
near-infrared bands. An additional deep survey will include 40 deg2 of sky two magni-
tudes deeper than the wide survey. Euclid will image a total of 12 billion sources (3σ )
and it will obtain near-infrared slitless spectra of 35 million of these. With its excellent
image quality and point-spread-function (PSF) stability, Euclid is optimized for weak-
lensing tomography and it will also implementation of other cosmological probes such
as baryon acoustic oscillations, the integrated Sachs–Wolfe effect, galaxy cluster counts,
and redshift space distortions. With its sharp PSF (0.18′′ FWHM), Euclid will also be a
superb machine to discover gravitationally lensed quasars with an image quality that, on
its own, already allows one to constrain lens models.

2. Large Synoptic Survey Telescope (LSST):4 The LSST is an ambitious new survey tele-
scope that is under construction in Chile. The telescope has a primary mirror diameter of
8.4 meters, with an effective aperture of 6.7 meters (because of the tertiary mirror area in
the middle of the primary–tertiary mirror and some obscuration). It will rapidly survey
the entire visible southern sky of ∼ 20000 deg2 twice each week, for 10 years. Each patch
of sky it will be visited 1000 times during the survey, in six filters, ugrizy. The survey
will reach 24.5 mag depth in a single visit (30 seconds) and 27.5 mag co-added depth.
The four primary science objectives of the LSST that drive the survey design are (i) con-
straining dark energy and dark matter, (ii) taking an inventory of the solar system, (iii)
exploring the transient optical sky, and (iv) mapping the Milky Way. LSST will be revolu-
tionary in the area of gravitational lensing. Thousands of lensed quasars will be found by
LSST (Oguri and Marshall 2010), and at least hundreds of them will have well-defined
time delays measurable directly from the survey data alone (Liao et al. 2015).

4https://www.lsst.org/.

https://www.lsst.org/
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8.2 Observational Follow-up Requirements and Analysis

8.2.1 Confirmation

Both high angular-resolution images and spectroscopy would help reveal whether the lens
candidates, found in ground-based imaging surveys, are gravitational lenses or other astro-
physical systems.

With high-resolution images, one can check whether the multiple image features are
consistent with lensing morphology. While Euclid images are of high-resolution by de-
fault, space-based or adaptive-optics ground-based images could be used to confirm candi-
dates from ground-based imaging surveys. Nonetheless, some systems observed with high-
resolution imaging could still be difficult to decipher, for example, a doubly-imaged quasar
and a star–quasar–galaxy chance alignment could look similar in high-resolution images, in
which case spectroscopy is needed for confirmation.

Identical spectra of multiple components/features of an object would confirm the object
to be a strongly lensed system, with the multiple components originating from the same
source. Spectroscopic confirmation could further yield spectroscopic redshift measurements
of the lens and/or the source, which are crucial pieces of information to convert the angular
quantities which we measure to physical quantities.

8.2.2 Follow-up Observations

With ground-based and upcoming space-based wide-field surveys, not only does finding
lensed quasars become a fairly easy task, but also some of the follow-up observations re-
quired to confirm (or not) the candidates come for free. KiDS, DES, LSST, and all deep,
multi-band ground-based surveys have at least one of their bands optimized for weak-lensing
measurements. As a consequence, measuring the colors of the individual quasar images can
be done directly from the survey data. In many cases, detecting the lensing galaxy or galax-
ies among the quasar images is possible from the weak-lensing quality images. However,
additional ingredients are necessary to use the confirmed lensed quasars for cosmological
purposes.

1. The lens redshift and velocity dispersion: In the era of modern wide-field surveys, the
survey data on their own offer the required material to deblend the lensed images of the
quasar and fit a crude lens model. More difficult are measurements of the lens redshifts,
since they are often hidden in the glare of the quasar images, so that this requires long
exposure times on 10 meter class telescopes. In COSMOGRAIL, Eigenbrod et al. (2006,
2007) measured 15 lens redshifts based on 2 hour exposure times and slit spectroscopy
with the VLT. To separate the spectra of the quasar images from that of the lens galaxy,
the data are spatially deconvolved (Courbin et al. 2000) using the spatial information
contained in the spectra of PSF stars, obtained in multi-slit mode. The same technique
can be used to measure the velocity dispersion of the lensing galaxy. This requires, how-
ever, longer exposure times and an instrumental setup with higher spectral resolution.
With the advent of integral-field spectrographs, in combination with adaptive optics, or
mounted on the James Webb Space Telescope (JWST), it will become possible to map the
full velocity fields and the velocity-dispersion fields of lens galaxies, hence providing a
new wealth of observational constraints useful in breaking the degeneracies inherent to
lens models. Figure 4 illustrates what is possible already with the near-infrared two-
dimensional SINFONI spectrograph mounted on the VLT.
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Fig. 4 (Left) Reconstructed image of the Einstein Cross, Q2237+080, seen with the near-infrared SINFONI
integral-field spectrograph mounted on the VLT. The field of view is 3′′ on a side. North is up and East to
the left. No adaptive optics was used to obtain this 6 hour integration with 0.5′′ seeing. (Middle) Radial-ve-
locity field showing a small rotation signal. The maximum velocity in this 1′′ field is 60 km s−1. (Right)
Line-of-sight velocity-dispersion field, which is relatively flat with a mean value of σr = 160 ± 20 km s−1

(from Eigenbrod 2009, PhD Thesis)

2. High-resolution imaging of the lensed quasar host: Quasar time delays depend on the
slope of the lens mass at the position of the quasar images, which is the quantity we need
to constrain with observations. One route to such a mass-slope measurement is use of
the Einstein ring formed by the quasar host galaxy. If the latter is radially extended, the
leverage on the mass slope of the lens is sufficiently good to fit simple lens models such
as power-laws or more physically justified models involving stellar and dark matter com-
ponents (Suyu et al. 2014, their Fig. 2). Fortunately, such rings are visible in most lensed
quasars with time delays, provided that deep and high-resolution images can be taken, as
in the H0LiCOW project (e.g. Suyu et al. 2017). Notably, the cosmological constraints
derived using HST imaging can be further improved with Keck adaptive optics (Chen
et al. 2016). JWST and the new generation of ground-based 30–40 meter-class telescopes
have the potential to revolutionize the field thanks to the levels of detail achievable in the
images of Einstein rings (Meng et al. 2015).

3. Line-of-sight effect: While the multiple images of lensed quasars are formed by indi-
vidual galaxies, the details of the image configuration and the precise slope of the total
potential well at the image positions depend on the contributions from all massive ob-
jects up to the quasar redshift. Lens galaxies are often found in groups, i.e., they may
share the dark matter halo of the group they belong to, in addition to their own halo. The
contribution of the group to the total deflection field must be evaluated. If it is massive
enough, deriving a mass map is possible from a weak-lensing analysis (e.g. Kneib et al.
2000). However, one must also account for the contribution of all other masses along
the line of sight. Currently, this is done by comparing galaxy counts measured in the
field of view of strongly lensed quasars (e.g. Fassnacht et al. 2011) with galaxy counts
in cosmological simulations (Hilbert et al. 2007, 2009). Lines of sight are chosen in the
simulations with the same relative galaxy density as in the observations and used to de-
rive a probability distribution function for the mass density toward a given lensed quasar
(Suyu et al. 2010; Greene et al. 2013; Suyu et al. 2013; Rusu et al. 2016). Other, more
sophisticated methods (Collett et al. 2013; McCully et al. 2017) have the potential to
reduce the uncertainty along the line of sight to that dominated by statistical errors only.
All the above methods require multiband imaging to measure photometric redshifts and
stellar masses. Ideally, multi-object spectroscopy is desirable to infer in detail the mass
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contributions from all galaxies in the immediate vicinity of the lens (< 15′′), as done
recently for HE 0435–1223 (Sluse et al. 2016).

4. Time-delay measurements: Large-scale sky surveys and discoveries of thousands of new
lensed quasars potentially allow a drastic reduction in the random uncertainties affecting
distance estimates using time delays. However, current time-delay measurements, e.g.,
based on COSMOGRAIL, need years of photometric monitoring. The reason for this is
that the time-delay precision is limited by microlensing by stars in the lensing galaxy,
which act as secondary lenses in each quasar image. As stars move along the line of sight
to the quasar images, they affect the quasar images’ apparent brightnesses. This results
in a flickering of the lensed images on time-scales similar to those of the intrinsic quasar
variations and with similar (or sometimes larger) amplitudes. Our ability to measure time
delays therefore depends on our effectiveness in disentangling microlensing (different in
each quasar image) from intrinsic quasar variations (identical in each quasar image). Ob-
viously, it would be much easier to separate the microlensing variations from the intrinsic
quasar variations if they were acting on different temporal time-scales. This is, in fact,
possible! Quasars show variations on very short time-scales, much shorter than those
typical of microlensing. The Kepler light curves of active galactic nuclei reveal that es-
sentially all quasars exhibit variations on time-scales of a week or two (Mushotzky et al.
2011). Since microlensing is present on scales of a few years, the microlensing versus
quasar variations can be separated in frequency, provided that the low-amplitude and fast
intrinsic quasar variations can be detected and measured. Typical slow quasar variations
over time-scales of months have amplitudes on the order of 0.5 mag, whereas faster,
week-long variations usually only span a few mmag (r.m.s.). For this reason, the future
of lens monitoring may reside in high signal-to-noise and high-cadence monitoring, e.g.,
with daily observations of lenses with a 2–4 meter-class telescope. Such observations al-
low one to catch the quasar variations, almost insensitive to long time-scale microlensing.
Time-delay measurements become possible in 1 or 2 years per object instead of 10–15
years, as is currently the case for smaller telescopes and a coarser temporal sampling
of one or two epochs per week. However, given the signal-to-noise ratio needed (1000
per quasar image and per epoch), it will be difficult to monitor more than 20 lenses per
night at any given telescope. In addition, measuring time delays longer than 90 days is
not possible with this high-cadence mode over 1 or 2 years, since the time delay becomes
comparable to the object’s visibility period. Long-term monitoring with large telescopes
capable of following hundreds of lenses per night, like the LSST, is therefore the other
complementary route to enable large numbers of precise and accurate time-delay mea-
surements.

8.2.3 Analysis and Lens Modeling

Modeling the lens-mass distribution and accounting for the mass structure along the line of
sight to the quasar source are crucial to convert time delays into distance measurements.
Deep imaging which reveals the Einstein ring is important to precisely constrain the lens-
mass distribution near the location of multiple images, where it matters for cosmography.
While this has been done mostly in the optical/infrared with thousands of intensity pixels
(e.g., Kochanek et al. 2001; Koopmans et al. 2003; Dye and Warren 2005; Suyu et al. 2009,
2013; Fadely et al. 2010; Birrer et al. 2016; Wong et al. 2017), interferometric radio data
have also been employed (e.g., Kochanek and Narayan 1992; Ellithorpe et al. 1996; Wuck-
nitz et al. 2004). The recent completion of the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA), which provides high-sensitivity and high angular-resolution imaging, opens
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up a new avenue for modeling the Einstein rings (e.g., Hezaveh et al. 2013; Bussmann et al.
2015; Rybak et al. 2015; Hezaveh et al. 2016).

To model the observed images, simultaneous determination of the source surface bright-
ness and the lens-mass distributions is needed. Numerous modeling approaches have been
developed over the past decade (e.g., Warren and Dye 2003; Suyu et al. 2006, 2009; Barn-
abè and Koopmans 2007; Jullo et al. 2007; Jullo and Kneib 2009; Vegetti and Koopmans
2009; Suyu and Halkola 2010; Oguri 2010; Collett and Auger 2014; Tagore and Keeton
2014; Birrer et al. 2015; Nightingale and Dye 2015; Rybak et al. 2015; Hezaveh et al. 2016;
Tagore and Jackson 2016), some of which have been used recently to measure distances to
lensed quasars (e.g., Suyu et al. 2010, 2013, 2014; Birrer et al. 2016; Wong et al. 2017).
In order to avoid confirmation bias, the cosmographic analysis of the H0LiCOW collabora-
tion (Suyu et al. 2017) is blinded (Suyu et al. 2013; Bonvin et al. 2017; Wong et al. 2017).
For cosmographic inference, each lens takes an expert modeler weeks of analysis owing
to the high computational load caused by the large numbers of data points (image pixels)
and parameters (dozens) involved. While parallel computing can reduce the computational
time, frequent manual input from the expert modeler is often required. Automating the full
modeling procedure is challenging given the complexity of lens modeling, but it is worth
pursuing in the era of hundreds/thousands of lenses.

To break lens-modeling degeneracies caused by the mass-sheet degeneracy and source-
position transformation (Falco et al. 1985; Gorenstein et al. 1988; Schneider and Sluse
2013, 2014; Xu et al. 2016), additional information such as the stellar kinematics of the
lens galaxy is needed. However, most of the lens modeling software suites tend to make
use of only the lensing information and incorporate the kinematic information separately.
Barnabè and Koopmans (2007) and Barnabè et al. (2011) provide self-consistent model-
ing of three-dimensional axisymmetric lens-mass distributions, although the cosmologi-
cal implications of such a modeling strategy are yet to be explored. We expect that two-
dimensional kinematic maps of lens galaxies would provide complementary information to
break lens-parameter degeneracies, especially for two-image systems. Future lens model-
ing would benefit from including such kinematic information. As a demonstration, Suyu
et al. (2014) found a ∼ 4% discrepancy in the time-delay distance measurements between
different lens mass models of a strong lens system owing to lensing degeneracies. Incor-
porating an aperture-averaged velocity dispersion measurement partially breaks the lensing
degeneracy and reduces the discrepancy to ∼ 1%. In addition, kinematic data are the key
ingredient for measuring the angular diameter distance to the lens (Jee et al. 2015). This
distance measurement substantially improves the cosmographic constraints from time-delay
distances alone, making time-delay lenses an even more competitive cosmographic probe
(Jee et al. 2016).

In terms of quantifying line-of-sight structures, current approaches for cosmography are
based on relative galaxy counts around a strong lens compared with those of simulations.
With sufficient photometric and spectroscopic information of the structures along the line
of sight, one could (in principle) attempt a full light-cone reconstruction of the mass. Steps
into this direction have been carried out by, e.g., Collett et al. (2013), McCully et al. (2014),
and McCully et al. (2017). This has the potential of achieving more precise and accurate
inferences about the external convergence.

9 Future Outlook

The detailed narrative provided in this review should have impressed upon the reader that
efforts to establish an internally consistent distance framework from the nearest galaxies
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to the highest redshifts are indeed coming together on all scales. Analysis, theoretical, and
observational developments are indeed very promising, with significant improvements in
both accuracy and precision anticipated in the next few years.

We are at the dawn of a new era for variability studies. Current and future surveys are
about to yield an unprecedented amount of information on the variable stars populating the
Local Group. The European Space Agency’s Gaia mission will result in the discovery of
thousands of new RR Lyrae stars in the Milky Way halo, and it will nail down the thorny
systematics affecting the calibration of the luminosity–metallicity relation.

Going to near-infrared and longer wavelengths may also enable us to reduce the uncer-
tainties in the distances to Local Group galaxies. At present, 2–3% distance accuracy is al-
ready achievable for distance estimates to the LMC, which may soon be improved to ∼ 1%.
For instance, the Carnegie Hubble Program, using data from the warm Spitzer mission,
derived (m − M)LMC

0 = 18.477 ± 0.034 mag (Freedman et al. 2012). Ripepi et al. (2012)
used near-infrared VISTA observations to derive (m − M)LMC

0 = 18.46 ± 0.03 mag, while
Inno et al. (2013) found (m − M)LMC

0 = 18.45 ± 0.02 (stat.) ±0.10 (syst.) mag based on
optical/near-infrared PLR analysis of a large sample of fundamental-mode LMC Cepheids.
These distances are within the mutual uncertainties of the direct, geometric distance deter-
mination based on eclipsing binaries obtained by Pietrzyński et al. (2013). The most recent
SMC distance determination, which is based on mid-infrared analysis of fundamental-mode
Cepheids, yields (m − M)mid−IR

0 = 18.96 ± 0.01 (stat.) ± 0.03 (syst.) mag (Scowcroft et al.
2016, see also Graczyk et al. 2014). Extant and upcoming data will soon allow a systematic
characterization of variable stars, thus reducing error bars and fixing the first rungs of the
distance ladder.

Water maser measurements, first applied to obtain a geometric distance to NGC 4258
(Herrnstein et al. 1999, see also Table 1), have since been extended to other nearby systems.
Preliminary efforts to determine a water-maser-based distance to M33 have thus far resulted
in DM33 = 750 ± 140 ± 50 kpc—(m − M)M33

0 = 24.38+0.49
−0.64 mag (total uncertainty)—where

the first uncertainty in the linear distance determination is related to uncertainties in the
HI rotation model adopted and the second uncertainty comes from proper-motion measure-
ments (cf. de Grijs 2013).

The LSST will produce a flood of data that will allow us to discover a close-to-complete
sample of RR Lyrae stars out to hundreds of kpc, mapping the Milky Way’s halo and its
substructures. Moreover, the next generation of extremely large telescopes will push the
discovery of RR Lyrae stars to few Mpc, and of classical Cepheids out to ∼ 100 Mpc.

Very Long Baseline Interferometry will enable geometric distance determination out to
more than 100 Mpc, including to NGC 4258, M33, UGC 3789, and NGC 6264. Combined
with a priori information on a galaxy’s rotation curve and its inclination with respect to our
line of sight, we can construct a slightly warped ‘tilted-ring’ model of the galaxy’s dynam-
ical structure. This, in turn, allows correlation of the angular proper motion measurements
with the rotational velocity information obtained in linear units and, thus, provides an inde-
pendent distance measurement.

Simultaneously, the Megamaser Cosmology Project (e.g., Reid et al. 2009, 2013; Braatz
et al. 2010) aims at using extragalactic maser sources to directly measure H0 in the Hubble
flow, which is clearly very challenging at distances beyond 100 Mpc. The project team’s
preliminary results look promising, however: using NGC 6264 (D = 144 ± 19 Mpc) as a
benchmark, they find H0 = 68 ± 9 km s−1 Mpc−1 (Kuo et al. 2013), which is indeed very
close to the current best determinations of H0 based on a variety of independent measures.
This looks like a promising way forward to eventually construct an internally consistent
distance ladder with well-defined uncertainties out to the Hubble flow (see also Thévenin
et al. 2017).
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With the newly discovered lenses expected from upcoming surveys, the anticipated ob-
servational follow-up, and analysis developments, we expect that measuring distances to a
sample of ∼ 50 lenses should be feasible within the next few years. Jee et al. (2016) showed
that with a sample of 55 bright lenses from current and future imaging surveys, the resulting
cosmological constraints will be highly complementary and competitive to other cosmolog-
ical probes, including the cosmic microwave background, baryon acoustic oscillations, and
SNe.
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