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ABSTRACT

This study helps increase awareness of the pernicious effects of photometric contamination (crowding/blending), since it can propagate
an undesirable systematic offset into the cosmic distance scale. The latest Galactic Cepheid Wesenheit (V1) and Spitzer calibrations
were employed to establish distances for classical Cepheids in IC 1613 and NGC 6822, thus enabling the impact of photometric
contamination to be assessed in concert with metallicity. Distances (Wy,, [3.6]) for Cepheids in IC 1613 exhibit a galactocentric de-
pendence, whereby Cepheids near the core appear (spuriously) too bright (r, < 2’). That effect is attributed to photometric contamina-
tion from neighboring (unresolved) stars, since the stellar density and surface brightness may increase with decreasing galactocentric
distance. The impact is relatively indiscernible for a comparison sample of Cepheids occupying NGC 6822, a result that is partly
attributable to that sample being nearer than the metal-poor galaxy IC 1613. Wy, and [3.6] distances for relatively uncontaminated
Cepheids in each galaxy are comparable, thus confirming that period-magnitude relations (Leavitt Law) in those bands are relatively

insensitive to metallicity (A[Fe/H] =~ 1).
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1. Introduction

The galaxy IC 1613 is crucial for benchmarking standard can-
dles used to establish the cosmic distance scale, namely ow-
ing to the metal-poor nature of its classical Cepheids relative to
the Galactic population. The two samples span a sizable abun-
dance baseline (A[Fe/H] =~ 1, Luck et al. 1998; Bresolin et al.
2007; Genovali et al. 2013), which may be exploited to con-
strain the metallicity dependence associated with Cepheid pa-
rameters. Specifically, a distance established for IC 1613 via a
calibration tied to Galactic Cepheids may be compared to dis-
tances inferred from different methods (e.g., RR Lyrae variables,
red clump stars) and passbands (e.g., Johnson-Cousins VI, and
Spitzer 3.6 um). However, efforts aimed at determining the im-
pact of metallicity may be compromised if the Cepheid dis-
tances exhibit a galactocentric dependence, whereby stars near
the crowded core of a galaxy appear too bright because of
photometric contamination (Macri et al. 2001; Majaess et al.
2009). Attributing the brightening to a sizable Cepheid metal-
licity (Wy,,) effect implies nonsensical results for the distance
to the Magellanic Clouds (Majaess et al. 2011, see also Udalski
et al. 2001; Pietrzynski et al. 2004).

A systematic distance offset introduced by blending is cer-
tainly pertinent in this reputed era of precision cosmology, and
may hinder efforts to establish accurate parameters (e.g., Hp).
Indeed, certain photometry for stars in globular clusters are
contaminated', and RR Lyrae variables occupying the cluster
core may be spuriously brighter than their counterparts near the

' A mere 0™05 distance shift for globular clusters can introduce a ~5%

systematic age offset, and bias lower-limit estimates for the age of the
Universe.

Article published by EDP Sciences

periphery (Majaess et al. 2012a,b, see also Lee et al. 2014).
High-resolution HST data® imply that numerous stars lie in close
proximity to variables near the core as the stellar density and sur-
face brightness increase (Majaess et al. 2012b, their Fig. 1), and
such neighboring stars may be unresolved in ground-based im-
ages. The latter can exhibit suboptimal resolution owing to the
atmosphere. In sum, the Cepheid, RR Lyrae, and globular clus-
ter distance scales may be systematically biased (i.e., too near).
Photometric contamination is insidious and readily overlooked,
and it can introduce a 0”1 skew toward nearer distances (e.g.,
Mochejska et al. 2004; Majaess 2010).

In this study, the principal aim is to evaluate whether the Wy,
and Spitzer distances for Cepheids in the benchmark galaxy IC
1613 (and a comparison sample in NGC 6822) are contaminated
or affected by metallicity. Distances are evaluated for Cepheids
in IC 1613 and NGC 6822 using an updated Galactic calibration
tied to cluster Cepheids (e.g., Turner 2010; Majaess et al. 2013c),
and nearby Cepheids exhibiting HST parallaxes (Benedict et al.
2007). The distances are computed using a reddening-free
(VI.) Wesenheit function and nonlinear mid-infrared relations
(Neilson et al. 2009; Majaess et al. 2013a), whereby the latter
rely partly on new multi-epoch Spitzer photometry for Galactic
Cepheids (Monson et al. 2012).

2. Analysis

2.1.1C 1613

Johnson-Cousins VI, and Spitzer 3.6/4.5 pym photometry for
Cepheids in the Galaxy, Large and Small Magellanic Clouds

2 Advanced Camera for Surveys (ACS, Sarajedini et al. 2007).
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Fig. 1. Wy, (W/M13) and Spitzer (M13) distances for Cepheids in IC 1613 and NGC 6822. Cepheids near the crowded core of IC 1613 appear
brighter owing to photometric contamination from neighboring (unresolved) stars. Colors associated with the Cepheids are likewise shown, and
the overlaid piecewise fits are provided as a guide. For clarity purposes photometric uncertainties (probably underestimated) are provided for the

IC 1613 Spitzer distances only.

Table 1. Mean Cepheid distance as a function of the galactocentric radius.

Galaxy A Ho(r <2') Ho(r > 0") Ho(r >2")

IC 1613 Wy 24.10+0.140;: £ 0400 24.32+0.040; £ 02300 24.38 £ 0.0207; £ 0.130 (n = 32)
[3.6] 23.99+0.100; +0.230c 24.24 + 0.060; = 0.3000 24.31 £0.070; + 0.270 (n = 16)

NGC 6822 Wy, 23.23+0.040;+0.130c 2328 £0.030; £0.160 23.30 £ 0.030x + 0.170 (n = 27)
[3.6] 23.27+0.070; £0.150 23.30+0.040; =0.150 23.32 £ 0.050 + 0.160 (n = 10)

Notes. F/T tests indicate that two samples of IC 1613 Cepheids separated near r ~ 2’ adhere to different means, whereas the offset is insignificant

for NGC 6822.

(LMC and SMC) imply a metallicity dependence of |y| < 0.1
mag/dex (Majaess et al. 2013a, see also Ngeow & Kanbur 2010).
Firmer constraints were restricted by the abundance baseline
spanned by Galactic and SMC Cepheids (A[Fe/H] =~ 0.75), as
Spitzer data were only readily available for several Cepheids in
IC 1613 (i.e., unsatisfactory statistics). Pertinent observations
for additional Cepheids in IC 1613 were published (Scowcroft
etal. 2013) subsequent to the aforementioned analyses. Johnson-
Cousins VI, data for Cepheids in IC 1613 were obtained by the
OGLE survey (Udalski et al. 2001). Fundamental mode clas-
sical Cepheids featuring VI. photometry and pulsation periods
greater than approximately 4 days were examined. The popu-
lation IT Cepheids were omitted (Udalski et al. 2001; Majaess
etal. 2009). Cepheid distances were evaluated using the Galactic
Wy, relation compiled by Majaess et al. (2013c), which is an-
chored to the HST parallaxes of Benedict et al. (2007) and
an updated version of the Turner (2010) cluster Cepheid list
Wy, = -3.31logPy — 2.56). For example, new parame-
ters were adopted for the cluster Cepheids SU Cas, V340 Nor,
QZ Nor, CF Cas, TW Nor, etc. (e.g., Majaess et al. 2013c). Note
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that the Wesenheit function cited above is linear (see Ngeow &
Kanbur 2005, for a broader discussion).

Distances computed for Cepheids in IC 1613 were exam-
ined as a function of the galactocentric distance (i.e., projected
location relative to the center of IC 1613), and the ensuing re-
sults are shown in Fig. 1 and Table 1. The findings indicate
that Cepheids occupying the crowded core exhibit nearer dis-
tances. Brightness estimates for those Cepheids contain extra-
neous flux from neighboring (typically unresolved) stars. The
distance inferred for IC 1613 from the Wy;, Galactic function is
Ho = 24.32 + 0.040; + 0.2303, as deduced from the complete
sample. That distance increases to yy = 24.38 £ 0.020; = 0.130
after excluding stars near the core (r; > 2’), a result consis-
tent with a corresponding reduction in contamination. F/T-tests
indicate that the broader trend is significant for two samples sep-
arated at r ~ 2’ (p < 0.1)*. The selection of r =~ 2’ ensures

* o and o are the standard error and deviation, respectively.

4 The analysis pertains to the IC 1613 r < 2’ (core) and the r >
2’ samples.
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that there are sufficient stars from which to draw a mean, and
that the dividing radius is not too large to dilute the impact of
contaminated stars near the core. The (in)significance of the re-
sults vary as the radius is changed, owing partly to a lack of
statistics. The analysis was likewise performed using a dividing
radius of 3.3” (Mateo 1998), and the results remain unchanged.
The shifting mean distance for stars in IC 1613 (Table 1) is prob-
lematic, although it is the systematic penalty that is most discon-
certing (i.e., contamination introduces a systematic uncertainty
into the cosmic distance scale). Even a small effect is deleterious
in this reputed era of precision cosmology.

A semi-independent F/T analysis (by C. Ngeow) supports
the aforementioned conclusions. Yet the evidence (e.g., means,
F/T-test, inspection of the figure) should be evaluated together
when establishing a conclusion. Applying functions is inadvis-
able until the underlying form is known in order to mitigate mis-
leading reduced y? values.

HST photometry® indicates that several short-period
Cepheids tabulated in the OGLE survey display unresolved com-
panions (Majaess et al. 2013b). HST features superior resolu-
tion relative to ground-based surveys (e.g., OGLE, Prsa et al.
2008, their Fig. 2). Longer-period OGLE Cepheids (logP > 1)
do not exhibit a significant galactocentric trend (Majaess et al.
2013a), owing partly to poor statistics and their distribution be-
yond the core (Fig. 2). Longer-period Cepheids are more lumi-
nous than their short-period counterparts, and are less affected
by faint stars (Macri et al. 2006, for an alternate interpretation
see Chavez et al. 2012). However, longer-period Cepheids are
more massive and the rate of binarity reputedly increases with
mass, although it is unclear whether the low-mass weighted ini-
tial mass function characterizes the companions (see Lada 2006;
Remage Evans et al. 2013, for a broader discussion).

Freedman et al. (2009) noted that photometric contamina-
tion may be a concern for Spitzer observations of IC 1613 (see
also Scowcroft et al. 2013, and discussion therein), and thus
the Wesenheit results were compared to those deduced from
Spitzer observations. The Spitzer distances were computed us-
ing nonlinear functions and the Scowcroft et al. (2013) photom-
etry, whereby the coefficients and zero-points were inferred from
Magellanic Cloud and Galactic Cepheids, respectively (Monson
et al. 2012; Majaess et al. 2013a, [3.6]p = —0.121log P(z) -
3.07log Py — 2.55). SAGE data for Magellanic Cloud Cepheids
(Meixner et al. 2006; Gordon et al. 2011) imply the two popula-
tions adhere to similar period-magnitude functions to within the
uncertainties (Majaess et al. 2013a, see also Ngeow & Kanbur
2010), despite exhibiting different abundances (e.g., Luck et al.
1998). Spitzer 3.6/4.5 um relations (nearly mean-magnitude)
can be characterized by polynomials over an extended base-
line (0.4 < log Py < 2), and the period-color relation is par-
ticularly nonlinear. To first order the latter follows constant
(3.6—4.5) color for shorter-period Cepheids and transitions into
a bluer convex trough at longer periods (Majaess et al. 2013a,
their Fig. 1). That period-color behavior is partly attributable to
the temperature dependence of CO absorption and dissociation
(Hackwell & Gehrz 1974; Scowcroft et al. 2011), and the re-
lation appears nearly constant when sampled at the hottest pul-
sation phase (Monson et al. 2012, their Fig. 9). The approach
adopted by Majaess et al. (2013a) aimed to link the underlying
period-color and period-magnitude functional forms.

The Spitzer distances were examined as a function of the
galactocentric distance, and the trend displayed is similar to

5> The LCID project (Local Cosmology from Isolated Dwarfs, Bernard
et al. 2010).
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Fig. 2. Shorter period Cepheids (P < 10%) sampled by Spitzer in
IC 1613 are distributed nearly evenly across the galaxy. The dis-
tance trend shown in Fig. 1 is therefore probably tied to photometric
contamination.

that exhibited by the Wesenheit distances (Fig. 1). Specifically,
Cepheids near the core of IC 1613 appear brighter than vari-
ables occupying the galaxy’s periphery. The 3.6 um distance®
for the entire IC 1613 sample is yy = 24.24 + 0.060; + 0.300,
and pug = 24.31 + 0.0703 = 0.270 when inferring a mean from
stars beyond r, > 2’. The difference is attributed to photomet-
ric contamination, as the former mean includes Cepheids near
the crowded core. F/T-tests likewise indicate that two means ex-
ist for populations separated at » ~ 2’ (p < 0.1), and a semi-
independent analysis (C. Ngeow) supports that conclusion.

The findings are alarming given that blending/crowding in-
troduces a systematic offset, although the impact can be miti-
gated (e.g., Mager et al. 2013). General agreement of the Wy,
and [3.6] distances imply, in concert with existing evidence, that
the functions are comparatively insensitive to metallicity. The
conclusions are not tied to an uneven distribution of shorter-
period Cepheids (Figs. 1, 2).

A link appears to exist between the (/. — 4.5) color and
galactocentric distance, whereby Cepheids appear redder with
decreasing galactocentric distance. That behavior is not readily
apparent when analyzing the (V — I.) color. The mid-infrared
period-color diagrams were subsequently examined to directly
evaluate model predictions concerning that relation’s zero-point
metallicity dependence (e.g., Ngeow et al. 2012; Monson et al.
2012, the latter’s Fig. 10). However, Spitzer colors for Cepheids
in IC 1613 (& NGC 6822) are too imprecise (Fig. 3) to fo-
ment a solid conclusion. Photometric reduction and standard-
ization inhomogeneities may likewise exacerbate the uncertain-
ties (e.g., warm and cryogenic Spitzer data). Admittedly, such
problems pervade Johnson UBYV photometry (e.g., Stetson et al.
2004, their Table 3)7, although the restricted color baseline de-
lineated in the mid-infrared can magnify the relative impact of

% The distance inferred from the 4.5um data matches the 3.6 um solu-
tion, thus supporting assertions that the latter passband offers an invalu-
able first-order check despite the impact of CO (Majaess et al. 2013a).
7 The spread in UBV photometry for targets in the Magellanic Clouds
is particularly disconcerting (Majaess et al., in prep.).
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Fig. 3. Mid-infrared period-color data for Cepheids in the Galaxy (open
triangles), LMC (open circles), NGC 6822 (blue dots), and IC 1613
(red squares). Photometry for the remote galaxies are too imprecise
to directly assess model predictions concerning the metallicity depen-
dence (zero-point) of the period-color relation (e.g., Ngeow et al. 2012;
Monson et al. 2012, the latter’s Fig. 10). For clarity purposes photomet-
ric uncertainties (probably underestimated) are provided for IC 1613
only, and the Galactic observations were shifted (ordinate) to match the
LMC observations.

such uncertainties. The Scowcroft et al. (2011) and Monson et al.
(2012) results for LMC and Galactic Cepheids are shown in
Fig. 3 to convey precise measurements. The period-color di-
agram highlights that improvement vis a vis Spitzer data for
Cepheids in remote and crowded regions is desirable, and cau-
tion is warranted.

2.2. NGC 6822

Cepheids in NGC 6822 could exhibit a mean abundance be-
tween SMC and LMC Cepheids (Venn et al. 2001; Majaess et al.
2013b, and references therein), and may thus bolster efforts to
constrain the impact of metallicity on the distance scale. The for-
mer assertion is supported by observations indicating that long-
period Cepheids in NGC 6822 exhibit larger V-band amplitudes
than metal-poor SMC Cepheids, and marginally smaller ampli-
tudes than LMC Cepheids (Majaess et al. 2013b). The trend
agrees with certain models that produce 109—30¢ metal-poor
Cepheids which feature smaller amplitudes than their metal-rich
counterparts (Bono et al. 2000, for an alternate interpretation see
Szabados & Klagyivik 2012). Yet ultimately, it is desirable to
obtain direct spectroscopic metallicity estimates for individual
Cepheids and blue supergiants in NGC 6822 (e.g., Romaniello
et al. 2008; Kudritzki et al. 2012, 2013, for estimates tied to an
older population see Kirby et al. 2013).

However, a metallicity-magnitude analysis may be in vain if
sizable photometric contamination is present. Moreover, Madore
et al. (2009) cautioned that a sizable 072 offset existed between
Cepheid distances inferred from Araucaria® and Spitzer infrared
data (Gieren et al. 2006; Madore et al. 2009), thus complicating
matters. Follow-up near-infrared photometry appeared to miti-
gate the discrepancy by yielding an intermediate distance (Feast
et al. 2012). A concurrent interpretation concerning the matter

8 The Araucaria and Carnegie Hubble projects are described in Gieren
et al. (2005) and Freedman et al. (2011), respectively.
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is outlined here, and relies partly on the latest Spitzer and Wy,
Galactic Cepheid calibrations (Majaess et al. 2013a,c, and refer-
ences therein).

Figure 1 suggests that Cepheids in NGC 6822 do not ex-
hibit prominent galactocentric trends relative to Cepheids in
IC 1613 (Fig. 1). NGC 6822 is nearer than IC 1613, which in
part explains the reduced contamination (the optical cameras
and IR period distributions likewise differ). The data examined
for NGC 6822 stem from Araucaria and Spifzer observations
(Gieren et al. 2006; Madore et al. 2009). The resulting mean
distances inferred from the Wy;, and nonlinear Spitzer functions
are: o = 23.28 = 0.030x + 0.160 and yp = 23.30 £ 0.0405 +
0.150, respectively (entire sample, Table 1). The results for stars
beyond the core are py = 23.30 £ 0.030; = 0.170 and yy =
23.32+0.050:+0.150, accordingly. The estimates and their un-
certainties should be considered lower limits (Table 1). F/T-tests
imply that the data (separated near r ~ 2’) can be described by
one mean, and an independent assessment (C. Ngeow) yielded a
similar finding. The means cited should be used in concert with
the F/T-test and an inspection of Fig. 1 to arrive at a conclusion,
rather than adhering to a single piece of potentially misleading
evidence.

The galactocentric dependence of the (V — I.) color (partly
from differential reddening) may help explain the spread among
certain distance estimates cited for NGC 6822 in the literature”’.
Yet the results, in concert with the other evidence presented,
strengthen claims that infrared and Wy;, Cepheid distances are
comparatively insensitive to abundance variations. In conclu-
sion, the functions can be used in concert to determine Cepheid
distances and to identify significant offsets.

Conclusion

A galactocentric dependence tied to Wy, and Spitzer-based dis-
tances for Cepheids in IC 1613 likely stems from photomet-
ric contamination (Table 1, Fig. 1). Cepheids near the core
of IC 1613 appear brighter than their counterparts occupying
the periphery, where the stellar density and surface brightness
can decrease. A similar effect is comparatively indiscernible for
Cepheids in NGC 6822 (Fig. 1), a result stemming partly from
the fact that NGC 6822 is nearer than IC 1613.

Distances for IC 1613 are consistent to within the mutual un-
certainties, thus supporting assertions that Wy;, and 3.6 um func-
tions are comparatively insensitive to metallicity (e.g., Ngeow
& Kanbur 2010; Bono et al. 2010; Inno et al. 2013). The new
Scowcroft et al. (2013) Spitzer data for Cepheids in IC 1613
were crucial owing to the large abundance baseline established
relative to Galactic Cepheids (A[Fe/H] ~ 1). However, the mid-
infrared period-color diagram compiled for Cepheids in IC 1613
and NGC 6822 underscores the imprecision of the available data,
which partly hinders a direct evaluation of model predictions
(Fig. 3). Additional research to reduce those uncertainties is de-
sirable. In addition, the latest Wy, and nonlinear Spirzer rela-
tions mitigate the 072 distance ambiguity highlighted previously
concerning Cepheids in NGC 6822. Admittedly, the distances
tabulated (Table 1) are smaller than estimates determined for
IC 1613 and NGC 6822 by Bernard et al. (2010) and Fusco et al.
(2012), respectively.

It is inadvisable to evaluate multiband distance solutions that
rely on shorter-wavelength (e.g., U, B) data, in part because it
could help bury any pernicious galactocentric trends. Moreover,

° NED-D:
http://ned.ipac.caltech.edu/Library/Distances/


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424444&pdf_id=3
http://ned.ipac.caltech.edu/Library/Distances/

D. Majaess et al.: The impact of contaminated Cepheids in IC 1613

conclusions stemming from theoretical and empirical analyses
indicate that Cepheid distances tied to B-observations are acutely
sensitive to metallicity (Caldwell & Coulson 1985; Chiosi et al.
1993; Tammann et al. 2003; Bono et al. 2008; Majaess et al.
2008, 2009, and references therein). Distances computed for
SMC Cepheids using a Galactic Wy function feature a nonlin-
ear period-dependence (e.g., Majaess et al. 2008, 2009, the lat-
ter’s Fig. 3). A similar effect is comparatively absent from Wy,
investigations. The Wy;, function is tied to a specific extinction
law, but is independent of color-excess. Mid-infrared observa-
tions are pertinent owing to their relative insensitivity'? to ex-
tinction law variations and the reddening adopted (Sects. 2 in
Freedman et al. 2011; and see also Majaess et al. 2013a), hence
the advantage of pairing Spitzer and Wy;, photometry.

Ultimately, further characterization of the effects reiterated
here could facilitate efforts to ease the putative tension between
the Planck and Cepheid-based suite of cosmological parame-
ters'! (Neilson et al. 2014, and discussion therein).
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