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Abstract

Dark Energy (DE) accounts for 74% of the mass of the universe, dominates its present expansion
and ultimate fate, and retards the formation of lemggde structure. Understanding DE may be the
most important problem in all of physics today.

Complementinghe exquisite cosmic microwave background radiation (CMBR) data from redshift
z= 1100, when DE wasegigible, an independenmeasurement of the Hhle constant, atz= 0

to within 3% would provideéhe best single constraint on the nature of DE (Hu 2005). An accurate
Ho would also constrain other critical cosmological parameters, including the geometry (open,
closed, or flat) of the universe areetfraction !, of the critical density contributed by matter.

TheHubble Space Telescopd$T) Key Project measurementidj is indirect, based on Cepheid
variables within 25 Mpc used as standard camdi a distance laddimited by systematic errors

at the 10% levelBaryon Acoustic OscillationdBAOs) measure the Hubble paraméi€r)

directly but statistically and only at= 0.3, whereH is less sensitive to DE by factors of two to

four. The best prospect for measuring the Hubble constant 8twith 3% or better accuracy
involves direct, angular diameter distance measurements to circumnuglearddamasers in
galaxies at distances 8200 Mpc. Measuring such maser distances requires both Very Long
Baseline Interferometry (VLBI) ansingledishobservations, using the technique pioneered on the
nearby galaxy NGC 4258 (Herrnstein et al. 1999).

The Megamaser Cosmology Proj@aCP) is a large project to develtipe maser distance
technique and measurk using thebest telescopes available forshask the Green Bank
Telescope@BT), Very Long Baseline ArrayMLBA), and Effelsberg 100 mProgress is
encouraging but clearlymited by sensitivity, especially in the VLBI observations. rieasuréHy
within 3%, we should double the VLBI sensitivigt 22 GHz For the next decade, wadorse
continued support for the GBVLBA, Effelsberg 100 mand Expanded Very Large Array
(EVLA). We recommend equippirtge 50 mLarge Millimeter TelescopdMT) for VLBI at

22 GHz, thereby addingensitivity and tical N-S baselinesWe also endorse increasing the
collecting area at VLBA sites through a program such as the North American Array
(http://www.nrao.edu/nio/nda These upgrades would double VLBI sensiiat 22 GHz. The
ultimateapplication of the maser distance technique, achieving@aceturacy, would require a
Square Kilometer ArraySKA) telescope capable of observing at 22 GHz. We endorse
development of the SKAigh for this longterm goal.

Scientific Background: Dark Energy, Concordance Cosmology, and Ho

Olt is difficult for physicists to attack this problem [the nature of dark energy] without
knowing just what it is that needs to be explained, a cosmological constant or a dark energy
that changse with time as the universe evolves; and for this they must rely on new
observations by astronomers. Until it is solved, the problem of the dark energy will be a
roadblock on our path to a comprehensive fundamental physical tHé@igen Weinberg

Dark Energy is calleds called OdarkO because it does not interact with photons and OenergyO
because its pressupas comparable with its energy densgity Matter, by contrashasp <<p.



Pressure and energy density are the only properties of the constitiir@ universe that enter into
the Friedmann equations for the expansion of the universal scale derdthz)™:
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The superscript dots denote time derivati¥ess the gravitational constarttjs the speed of light,
andk is the curvature parameter (O for & flaiverse). Botlp andp are soures of gravity Energy
density is always positive, so matter (definegby0) only producesdeceleration Radiation has
positive pressurp = p/3 andalso decelerates tlexpansion of theniverse. However, an energy
source having negative pressure may cause gravitational accelefidt®nbserved acceleration
requires an energy component whegeatiorof-state parametev = p/p is <-1/3. A cosmabgical
constantA whose energy density is independerd bfisw = -1 and hence may accelerate the
expansion. A leading candidate for the cosmological constaéime iquantum vacuum, bpitysical
estimates of its energy density are many orders of magnitwdhigh (Weinbey 1989). DE might
also be avariable OquintessenceO (Wetterick 1988, Ratra and Peebles 1988)lhawirg-1/3.

The OconcordanceO cosmological masimes flat(k = 0) ACDM universe composed of
baryonscold dark matte(CDM), ard DE in the form of a cosmological constan(Spergel et al.
2003). Theabsolutesize (that is, the size independent of the Hubble condtmif the density
fluctuations that produce the first peak in the angular pepectrum of the CMBRt the

decouwling redshiftz= 1100may be calculated from basic physics, so the observed angular size of
the first spectral peak determines the absolute angizardistance to the surface of last scattering.

Althoughthe absolute angulaize distance to the gace of last scattering is known, this distance

does not determinidy by itself. It depends on three parameters: the amandtnaturef DE, the

geometry of the universe (flat, open, or closed), and the current expansidg. r&@aly whentwo
parametes ae eliminated by assuming that (hg

' ' I ' ' IHo ' universe is flat and (Z)E isa cosmological
xm=-pey | CONStant caMBR data yield an estimate .
30 | Thus Spergel et al. (2007) stress that WMAP data
jlf? are consistent with a wide rangettf (Figure 1,
i | so anindependenimeasurement dflp is needed to
justify these assumptions.
100
| Figure 1: Each poinhaiks a model anéio
' '%{? consistent with WMARlJata wthout the flatness
N assumption. fie WMAP data are consistent with a
| l 1 l N e wide range oHo (Spergel et al. 2007).
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In his analysioof DE probesHu (2005) concluded that the single most important complement to
CMBR data for constraining DE is an accurate (< 3%) measuremelgt dhe long lever arm
betweerz= 0 andz= 1100 means that determiniflg to 3% locally constrains the DIjeationof-
state parametav more effectively than a 1% measurementiait redshiftz > 0.3 (Hu 2005).In
addition, an accuratdy is essential for converting between relative (dependintdgpand absolute
cosmological quantities. For example, theidagpower spectrum of the CMBR constrains the



absolute density of matter,, which is proportional t&nHo?, whereQ,, is the fraction of the
closure density contvuted by matter. Howevat,is the density paramete€l,, thataffect the
expansion of theniverse, sahe uncertainty 82, is still dominated by the uncertainty k.

There are other probes constraining DE in different ways: improving the madinédsleift

relation of SNe la and extending its redshift range, measuring baryon acoustatiossitht

moderate redshifts, and weak lensing. Each has its own strengths, weaknesses, and systematic
errors. The DE problem is so impamt that major efforts should loeveloped to exploit all of

them simultaneously.

The State of Hg

The most widelyaccepted valuef the Hubble constant, independenaabsmological modeis

still Ho = 72 + 3+ 7 km s' Mpc™ (random and systematic uncertainties listed separately) from the
HST Key Project (Freedman et al. 2001) and is based on the Oextragataiiwe ladderO using

the Large Magellanic CloudVIC) to calibrate Cepheid varialsi¢reated as Ostandard candles.O
The 10% total uncertainty is dominated by systematic errors. The Cepheid metallicity correction is
controvergal, as highlighted byanage et al. (2006), who usetnilar method but a different
metallicity correction to obtaikly = 62 + 1.3+ 5. km s* Mpc™. Note thato= 72 km & Mpc*

is consistent with the flatness assumption wHie 62 km § Mpc™ challenges it. Figure 2
demonstrates howeducing the uncertainty i, improves constraints on the cosmologicaldal.

The value ofv can be determined with uncertainty < 0.1 by reducinddthencertainty to 3%. T
bottom right panel of Figure ¢hows that measuringd, = 62 + 3% would eliminate the

cosmological constani(=-1) as the explanation of DE with a confidence level > 96%. A
measurement dfly = 72+ 3% would eliminate many quintessence models.
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Figure 2 WMAP 1o and &
likelihood surfaces fow vs. Q
given twopriors onHy. The dotted
lines representhe Owcdm + no
perturbationsO model from Spergel
et al. (2007) while the solid lines
show the improvements given by
P ST vE— e independent values of
omese onesen Ho= 72 km $' Mpc* (top) and
' ey Ho= 62 km $' Mpc* (bottom) with

10% (left) and 3% (right) errors.

_0.4} HO =62 +/- 10% _04| HO =62 +/- 3%

Measuring geometric distances to
galaxies in the Hubble flow
eliminates the systematic errors
assocated with standard candles.
o2 o3 o o5 o2 o3 o o Severalmethods pI‘O‘de important,
o e independent tests, for example




gravitatioral lens time delays and the SunyamlOdovich (SZ) effect. However, boftthese
methods are complex in their own right. Lens measurements typically givé® 25% (e.g.
Treu & Koopmans, 2002; Cardone et al. 2002). A recent, large SZ surveyideterm

Ho =77 = 4, + 10s (Bonamente et al. 2006 Another important method involvebservations of the
Baryon Acoustic OscillationsThe SDSSII BOSS experiment, for example, anm the next
decade to measure the Hubble parameter to 1% uncertaity0a8 and beyond. However, to
gain the longest Olever armO from the CMB observations, and to measure DE where its effect is
greatest, requires measuring the Hubble parameter @&t A measurement ofghbased on
distances to individual galaxies als@ypides an essential test of the cosmological model using
independent and straightforward methods. achieve a 3% or better measurement fthe most
promising technique involves observations gdHnegamasers in AGN accretion disks.

The Maser Distance to NGC 4258

VLBA observations of the ¥0 megamaser in the nearly € 7.2 + 0.5 Mpc) Seyfeft galaxy

NGC 4258determine its distance geometrically, thereby bypassing the problems of standard
candles (Herrnstein et al. 1999). ThgHmasers reside inthin, edgeon, gaseous annulus

(Figure 3 at distances " 0.1480.28 pc from the central black hole. Emission near the systemic
velocity comes from the near side of the disk, and Osatellite linesO with velbtitid400 km &
come from the two tangent points. The Keplerian rotation curve of the sdileigemply a central
mass of 3.% 10’ M, . The recessiovelocities of individuasystenic features are increasing by
~9km s* yr! (Haschick, Baan, & Peng 1994; Greenhill et al. 1995a), the centripetal acceleration
a= V4R of clouds moving across pline of sight (Watson & Wallin 1994; Haschick, Baan, &

Peng 1994; Greenhill et al. 1995a,b). The dist@hte NGC 4258 can be measured in two
independent ways: (1) from proper motioHwia the relationv =D" or (2) from accelerations via

the relationa=v?/r=v?/(D"), whereV,, a, ¢, andd are measured from either monitoring or

VLBI observations. Herrnstein et al. (1999) give a detailed explanation. The seethat, not
depending on measured proper motions, can be applied in principle to galaxies at distances much
greater than 7 Mpc provided the disk can

0.15 pc
P e ——— be mapped with sufficient precision.
Figure 3 For the simplest disk model, the
TR maser distance is detemed by three
® ol 2v D=1r/6 parametersp=v?/ a". The diskOs
%‘4 A=V 2r angular size ahe radius of the systemic
2 \ I features is given by , and it is measured
g D=V,'/a8 from the rotation curve as shown. The
$ velocity that corresponds to that radius is
20 p V:, and the acceleration of systemic
— featuresa, is measured by the secular
Distance Alona Maior Axla (mas) velocity drift of the systemic masers, as

determined by monitoring the spectrum. Note that the posmdtotity distribution of systemic
features defines a line that intersectsrthtation curve at two loci and determingsando.



Measuring the Hubble Constant using Maser Distances

NGC 4258 is so close that its peculiar motion may be large compared to its recession velocity, so it
cannot constraifly directly. However, asononers haveused the sensitive GBT and Effelsberg
radio telescopes to discoves®Imasers in galaxies well into the Hubble flovat 5200 Mpc

(e.g. Braatz et al. 2004, Kondratko et al. 2006, Br&aBugliucci 2008). Measuring the distance

to eachgalaxyrequires a sensitive VLBI map and a seriesmlstdish spectraver a couple of
yearsto measure centripetal acceleratiofi$ie maser disk in each galaxy must then be modeled to
account for any warp and radial structure in the maser distribution.adétuate data, systematic
errors in disk modeling are expected to be ~ 5% and not likely to be correlated among different
galaxies, so the uncertaintylfy determined from observationsdfgalaxies spread around the sky
should fall nearly as/N. Measuring multiple galaxies with a wide sky distribution is important to
reduce the impact of peculiar velocities and lesgale flows, even after corrections from models of
the cosmic velocity field (e.g. Branchini et al. 1999). Theeetormeasurél, with a total

uncertainty ~ 3%, for example, one could aim to measure ~ 10% distances (including systematic
and random errors) to eachM& 10 galaxies (cf. Greenhill 2004); by measuring additional
galaxies or more accurate distances utheertainty inHp could befurther reduced

Currentlythere are 120 galaxies detected a® Irhaser sourcesFive have circumnucle&t,O
masers appropriate for distance measurements with current telescopes, and theasg atedied
in detail with the GB', VLBA and Effelsberg While progresss encouragingit is clear that the
effort is limited bysensitivity and would be greatly helped by doubling the VLBI sensitivity.
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Figure 4 The left panel shows the number of = pr s
extragalactianaser discoveries eagkar, LS elecly (/) OFTIEAL

color-coded by telescope, and demonstrates the significagitga®of surveys recentlylhe
exquisite sensitivity of the GBT makes it thesbtelescope for detecting these rare ma3érs.
right panels show GBT spectra of the maser disks in N&3 Gop) and UGC 3789 (bottom),
which are ideal for measuring distances. Each spectrum shows the charactetespeaked
profile. VLBI imagesof these masel@eshown in Figures &nd 6
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The Maser Distances to UGC 3789 and NGC 6323

Observations ofvater masers in the Seyfert 2 galaxy UGC 3789 clearly identify a perabs;
edgeon maser disk with a Keplerian rotatiorofile (Reid et al. 2009; Fig.)5 Accelerations
measuredvith the GBT, combined with the VLBI map, provide the necessary aatadasure a
distance to this galaxy. A preliminary analysis gives a distance of 51 Mpc, corresponding to



Ho ~ 65 km &' Mpc™ (Braatz et al., in preparation):hese observations provide the first maser
distance to a galaxy in the Hubble flowvith future refinements in the acceleration modeling, and
by applying 3D disk fitting (see Humphreys et al. 2008)should be possible to measar&0%or
betterdistance to this galaxy.

While the masers in UGC 3789 are bright enough forcadibration and higtiidelity imaging

using the existing suite of GBT+VLBA+EB telescopes, the nsasenthergalaxies are weaker and
present a greater challenge. The masBIGC 6323 (D= 100 Mpc)pushes the limit of what can

be observed with todayOs telescopes, butrtispect of measuring its angular diameter distance
warrants the effar The VLBI map shown in Fig. 6 demonstrates thatsubiskscan be imaged
with high fidelity even at these considerable distan€&#sk substructure in the form of warping is
evidentin the map, and the rotation curve is consistent with Keplerian rotation. Nevertheless, a
robust maser distance to this galaxy requires a significantly more sensitive map to measure the
positiontvelocity gradient among systemic features; only a hintapgtears in the current best map.
Observations of Mrk 1419, NGC 1194, and NGC 6aflalso being maddn each of these cases,
sensitivity is a challenge, as NGC 6323.
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Figure 5 The left panel shows the distribution of maser spots in UGC 3788edglig the thin,
edgeon disk. Colors represerdtation velocitywith reds indicating motion away from the
observer, blues toward the observer, and yefoeen representing the systemic lines. The middle
panel shows the positierelocity diagram, idetifying the Keplerian rotation profile and gradient in
systemic features. Thight panelshows velocities of systemic maser components measured with
monthly GBT monitoring The upward trend indicates the redward drift of these features, which
have a man acceleration of 4 km s' yr’,

VLBI Sensitivity Requirements There is an criticasensitivity tlresholdfor mappingmaser disks
becauselhte best maps reqe that the atmospheric phase be calibrated directly on the brightest
lines of the maser itHg(i.e. selfcalibration), rather than using an external phase calibiEter.

peak line flux density needed to calibrate on a single, ndimewvith the current suitef

telescopes is about 100 mJy. Improving the sensitivity of the array by adaet@rwould reduce

this threshold commensurately, and enablecsliration of masers such as N@&323 and

Mrk 1419without relying on fortuitous and sparse maser flares. An improvement in sensitivity by
a factor of ~2 is thuan essential step in measg 10% distanceto these galaxies.
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Figure 8 The left panel shows the distribution of masers in NGC 6323, and the middle panel shows
its P-V diagram with a Kepleriafit to the high velocity lines The right panel shows results of our
GBT monitoring The angular radius of the disk is ~ 0.5 mas.

The Future of Cosmology with H ,0 Megamasers

The current effort to measuky using water megamaserssensitivity limited. To advance this
effort it is essential t¢1) maintain support of the VLBA, (2)oninue support and development of
the GBT,Effelsbeg 100 m, and EVLA, and (3) instrumahe LMT for 22 GHz VLB, which

would bothadd to tle sensitivity of the global VLBI array and add critical\baselines. It would
be possible to double the sensitmitf the VLBA by adding collecting area at VLBA sites, as is
proposed in the North American Array, for example. To reach the ultpo#tatial of the
megamaser distance technique and eventually measure a fpevethb in later decadewill
require deelopment of SKAhigh, operational at 22 GHz.
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