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Abstract. Bayesian statistical calculations and linear-bisector calculations for obtaining
Cepheid distances and radii by the infrared surface brightness method have been compared
for a set of 38 Cepheids. The distances obtained by the two techniques agree to 1.5% +0.6%
and the radii agree to 1.1% +0.7%. Thus the two methods yield the same distances and radii
at the 20 level. This implies that the short distance to the LMC found in recent linear-
bisector studies of Cepheids is not a result of simplifications in the mathematical approach.
The computed uncertainties in distance and radius are larger in the Bayesian calculation
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typically by a factor of three.
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1. Motivation

The infrared surface brightness technique (ISB
method) is a powerful method for determin-
ing distances to Cepheid variables. It is inde-
pendent of other astrophysical distance scales,
nearly independent of errors in reddening, and
may be applied to arbitrarily-chosen, individ-
ual Cepheids at great distances. Importantly
the surface brightness relation has recently
been put on a solid foundation by means of
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interferometric angular diameters of Cepheids
(Kervella et al. 2004, Nordgren et al. 2002).

However, solutions to the surface bright-
ness equations have been criticized as not
mathematically rigorous (Laney & Stobie
1995, Barnes & Jefferys 1999). The specific is-
sues that arise concern handling the errors-in-
variables problem, non-objective model selec-
tion, and deficiencies in the error propagation
through the radial velocity integral. These is-
sues lead to the possibility that the distances,
radii, and their uncertainties may be systemat-
ically in error.
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Investigating the possibility of systematic
errors in ISB distances is timely as Storm et
al. (2005) have found a short distance to the
LMC based on a linear-bisector analysis of
six Cepheids in the LMC cluster NGC1866.
They also found a slope to the LMC Cepheid
period-luminosity relation that is substantially
different than found in the OGLE-II magni-
tudes (Udalski et al. 1999). It is important to
determine if their results are affected by the
mathematical method used in their analysis.

Barnes et al. (2003) developed a Bayesian
Markov Chain Monte Carlo (MCMC) solu-
tion to the surface brightness equations that
is mathematically rigorous. Here we do a di-
rect comparison between the Bayesian MCMC
solutions and the linear-bisector calculations
for 38 Cepheids to discover any differences.
The two calculations are based on identical
data, identical surface brightness equations and
identical physical constants to ensure that only
the mathematical approaches are compared.

2. Data

Storm et al. (2004) studied 34 Galactic
Cepheids for distances and radii using the
Vo, (V = K)o ISB method. Gieren et al. (2005)
enlarged the sample with four more stars. We
have used the combined set of 38 Cepheids.
The stellar data provided by these studies are
the photometric measures V, (V — K), radial ve-
locities V,, pulsation period P, and pulsation
phases 6.

We adopted E(B — V) from Fernie’s (1990)
tabulation for Cepheids. We used a different
reddening law than used in the linear-bisector
studies: Ay = 3.26E(B — V) and E(V - K) =
2.88E(B — V). The linear-bisector calculations
were repeated with the new reddening law for
all 38 Cepheids.

3. The Linear-bisector Computation

The ISB relation adopted in the linear-bisector
analysis and here is the one determined by
Fouqué & Gieren (1997):

Fy =3.947 - 0.131(V - K)o (1)
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Fig. 1. Points represent the photometrically deter-
mined angular diameters for AQ Pup. Crosses rep-
resent values that were eliminated from the fit. The
line in the upper panel shows the bisector fit. The
curve in the lower panel shows the angular diam-
eters obtained from integrating the radial velocity
curve at the derived distance.

In the linear-bisector analysis equation (2)
is solved for the angular diameter ¢(¢):

4.2207 - 0.1V(¢) — 0.5 log ¢(¥)
=A+B(V-K)o0) 2

where A, B are taken from equation (1).

The radial velocity data V,(7) are linearly
interpolated in phase and equation (3) inte-
grated to obtain the linear radius variation,
AR(1):

AR(1) = - f p (Vi) - V)t 3)

We adopted a relation between p and period
developed by Gieren et al. (1989). Note that the
choice of p is irrelevant as it will cancel out in
our comparison between the methods.
Equation (4) was then solved for the dis-
tance r and the mean angular diameter ¢g:

AR(1) = r(¢o + ¢(1))/2000 “)

As illustrated in Figure 1, for many of the
stars the angular diameter variation was a very
poor match to the displacement curve in the
phase interval 0.8 — 1.0, Therefore this phase
interval was ignored for all stars.

Some Cepheids showed a small phase shift
between the photometry and the radial veloci-
ties. This shift was measured and removed.
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4. The Bayesian Markov Chain Monte
Carlo Computation

The Bayesian MCMC method that we applied
is described in detail by Barnes et al. (2003).
The model for the infrared surface brightness
calculation is developed by rearranging equa-
tion (2) as follows:

(V= K)o(t) = é (4.2207 — 0.1V(1) — A)
- é (0.51og (¢ + 2000AR(H)7)) (5)

where we have replaced 1/r with x, the paral-
lax in arcseconds. Within this model the like-
lihood function is specified in a straightfor-
ward way (in eq. [12] of Barnes et al. 2003).
Priors are adopted for all parameters in the
problem. We modeled the photometry and the
radial velocity data as drawn from normal dis-
tributions with variances given by the observa-
tional uncertainties. The time variations of the
photometry and radial velocities are modeled
by Fourier series on the pulsation phase with
orders to be determined. We ignored the pul-
sation phase interval 0.8 — 1.0. We also fixed
the phase shift at the value determined in the
linear-bisector calculation. We ran 10,000 sam-
ples in the MCMC calculation after a burn-in
of 1,000 samples.

To ensure that we used identical data in
both calculations, the Bayesian analysis used
the same input data files as used in the linear-
bisector analysis.

Posterior probability distributions were de-
termined for all the model parameters of inter-
est. We converted the parallax and mean an-
gular diameter results into distance and mean
linear diameter. The distance result for U Sgr
is shown in Fig. 2.

5. Comparison of the Results

Figure 3 shows the Bayesian distances plotted
against the linear-bisector distances. (The ra-
dius plot is similar.) There is no obvious differ-
ence between the values from the two calcula-
tions. To look for subtle differences, we com-
puted the ratio of the Bayesian distance to the
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Fig. 2. The posterior probability distribution for the
distance to U Sgr is shown as a histogram. A normal
distribution of the same mean distance, sigma and
area is over-plotted.

linear-bisector distance and looked for correla-
tions with log(P), distance, radius, ... No corre-
lations were found. In a weighted comparison,
the distance calculations differ by 1.5%+0.6 %,
and the radius calculations differ by 1.1%+0.7
%, both with the Bayesian values being larger.

On the other hand, the uncertainties in the
distances and radii disagree substantially be-
tween the two calculations. As shown in Fig.
4 the Bayesian uncertainty is typically three
times the linear-bisector uncertainty, although
with much variation from star to star. Because
the linear-bisector calculation is known to
have mathematical deficiencies that can affect
the uncertainties, and the Bayesian MCMC
does not have these deficiencies, we attribute
the substantial differences in the uncertainties
to underestimation of those quantities in the
linear-bisector method.

6. Conclusions

We set out to determine whether ISB estimates
of Cepheid distances and radii by the linear-
bisector calculation are affected by the known
mathematical shortcomings of that calculation.
Based on comparison of Bayesian MCMC and
linear-bisector calculations, we find that the
distances and radii are not adversely affected
at the 20 level but that the uncertainties in
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Fig. 3. The Bayesian distances are plotted against
the linear-bisector distances, each with its 1o er-
ror bar. For nearby Cepheids the uncertainties are
smaller than the symbols. The identity line is shown
for reference.
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Fig. 4. The ratio of the Bayesian distance uncer-
tainty to the bisector distance uncertainty for the
same Cepheid is plotted against logP.
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these quantities are seriously underestimated
in the linear-bisector calculation by a typical
factor of three. That the uncertainties of the
linear-bisector method are underestimated has
also been found by Storm et al. (2005). In
their work on six Cepheids in the LMC cluster
NGC1866, they find the scatter in the distances
to be twice the formal uncertainty, in line with
the results here.
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