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Figure 7. Two-dimensional probability density functions for a (constant)
equation of state of dark energy (w) and H0. Gray-scale contours come from
WMAP 7.2 results. Red dashed contours combine the WMAP probability density
function and the constraint that H0 = 68.9 ± 7.1 km s−1 Mpc−1 from the
results of UGC 3789 presented in this paper. Blue dotted contours anticipate
an improved constraint of H0 = 68.9 ± 2.1 km s−1 Mpc−1 from the results of
≈10 galaxies like UGC 3789, the goal of the Megamaser Cosmology Project.
Contours enclose 68% and 95% probabilities.

(A color version of this figure is available in the online journal.)

4.1. Sensitivity of H0 to Data Weighting

We tested the sensitivity of our estimate of H0 to significant
(>30%) changes in the error floors applied to the data set
of Table 1. Changing the positional error floors from 0.010
to 0.005 or 0.015 mas changed estimates of H0 by less than
1 km s−1 Mpc−1. Varying the acceleration error floor from 0.57
to 0.27 or 0.87 km s−1 yr−1 produced similarly small changes
in H0. Decreasing the velocity error floors for the systemic
and high-velocity maser features from 1.0 and 0.3 km s−1,
respectively, to 0.7 and 0.2 km s−1 also yielded insignificant
changes in H0.

In our tests, the only sensitivity of H0 to changes in er-
ror floors occurred when increasing the velocity error floors
for systemic and high-velocity maser features from 1.0 and
0.3 km s−1, respectively, by 30% to 1.3 and 0.4 km s−1. This
resulted in estimates of H0 reduced by 4 km s−1 Mpc−1. This
small sensitivity likely comes from downweighting the veloc-
ity information in the high-velocity masers. This information is
critical to the method as it provides direct and strong constraints
for the location (x0, y0) and velocity (V0) of the central black
hole. Downweighting this data, by increasing its uncertainty,
requires the program to use weaker, indirect information in the
position–acceleration data to determine these parameters.

4.2. Secondary χ2 Minima

In preliminary attempts to fit the data, we used a prior
constraint for H0 of 72 ± 12 km s−1 Mpc−1, probably at least
double the current uncertainty in the Hubble constant. However,
we ultimately dropped this constraint in favor of a flat prior on
H0, allowing us to arrive at an estimate of H0 from UGC 3789
data alone that is independent of prior knowledge. We then tested

the sensitivity of the estimates of H0 to the initial values. Starting
with H0 values as high as 80 km s−1 Mpc−1, we found fitted
values returning close to our base result near 70 km s−1 Mpc−1.
However, starting H0 below 60 km s−1 Mpc−1, we found a stable
fit with H0 = 59 km s−1 Mpc−1.

The H0 = 59 km s−1 Mpc−1 result likely comes from a
secondary minimum in χ2 space. For the fit returning H0 = 59,
χ2 = 370.9 for 227 degrees of freedom. This can be compared
with the better χ2 = 360.0 (for the same 227 degrees of
freedom) for our basic fit with H0 = 68.9 km s−1 Mpc−1.
Because the H0 = 59 km s−1 Mpc−1 fit produces a significantly
larger χ2, we exclude this trial.

4.3. Eccentric Gas Orbits

In order to assess the sensitivity of H0 estimates to the
assumption of circular gas orbits used in our basic model, we
re-fit the data with a more general model with three additional
parameters (e, ω, and ∂ω/∂r) that allow eccentric gas orbits
with pericentric angle changing linearly with radius in the
accretion disk. Best-fit values for eccentricity were very small,
0.025 ± 0.008, with pericenter at −60◦ ± 20◦ disk azimuth.
Such a small eccentricity has a negligible effect on the other
parameter estimates.

5. DARK ENERGY CONSTRAINTS

Direct measurements of H0, such as from UGC 3789, are
especially important for constraining the equation of state of
dark energy, w, since the effects of dark energy are greatest
at the present epoch. Our estimate of H0 can be combined
with results from the Wilkinson Microwave Anisotropy Probe
(WMAP) mission to tighten constraints on the dark energy
equation of state, w, independent of other methods such as
using SN Ia or baryon acoustic oscillations (Eisenstein et al.
2005).

Figure 7 shows two-dimensional PDFs for w and H0 with 95%
and 68% confidence contours. The gray-scale contours were
generated by binning the parameter values from Markov chains
(wmap_wcdm_sz_lens_wmap7.2_chains_norm_v4p1.tar.gz)
from the WMAP seven-year data (processed with WMAP ver-
sion 4.1, RECFAST version 1.5, and modeled with a constant-w,
ΛCDM model that incorporates the effects of the SZ effect and
gravitational lensing). Fitting a Gaussian to the marginalized
one-dimensional PDF for w yields w = −1.09 ± 0.37 (±68%
confidence).

Our new constraint that H0 = 68.9±7.1 km s−1 Mpc−1, when
added to the WMAP PDF, is shown in Figure 7 with dashed
red contours. This information for H0, which is independent
of w, improves the w-constraint by nearly a factor of two:
w = −0.98 ± 0.20. This is probably about as accurate a
result as one can obtain from measurements of the water
maser emission from UGC 3789 with current equipment and
a reasonable amount of observing time. Significantly improved
measurements of this galaxy will likely await the completion of
the Square Kilometre Array’s high-frequency component.

Progress in the near future will come from measurements
of other megamaser galaxies. The goal of the MCP is to
determine H0 with ±3% accuracy via ≈10 megamaser galaxy
measurements. For example, were such measurements to yield
H0 = 68.9 ± 2.1 km s−1 Mpc−1, this would further tighten the
constraint on the equation of state of dark energy (blue dotted
contours in Figure 7) to w = −0.97 ± 0.10, independent of
other methods.
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