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TABLE 6
Sample Statistics

Source Control Masers Mega-masers Disks

SDSS 1181 46 34 7
Palomar 183 26 11 4
Palomar & SDSSa 25 7 2 1
Otherb 0 27 22 5
Total 1339 92 65 15

a Galaxies with both Palomar and SDSS spectra; in these cases, we adopt the Palomar spectra and
measurements.
b Bennert et al. (2004); Dahari & De Robertis (1988); Kim et al. (1995); Whittle (1992); Neugebauer et al.
(1976); Adams & Weedman (1975); Phillips et al. (1983); Osterbrock & De Robertis (1985); Goodrich &
Osterbrock (1983); De Robertis & Osterbrock (1986); Moustakas & Kennicutt (2006); Buttiglione et al.
(2009)

TABLE 7
Maser sample information

Name RA Dec LH2O Vsys H2O Spectral �⇤ Ref
(J2000) (J2000) L� (km/s) Class Class SpecA/�⇤B

NGC 23 00:09:53.6 25:55:23 180 4565 ... T 139 c/4
NGC 17 00:11:06.5 -12:06:26 ... 5931 ... S ... c/...
J0011-0054 00:11:45.2 -00:54:31 527 14384 ... L 141 SDSS
IC 10 00:20:17.9 59:18:31 ... -350 SF HII ... Palomar
Mrk 348 00:48:47.1 31:57:25 400 4507 J ... 118 f/1
NGC 291 00:53:29.9 -08:46:04 74 5705 ... S 109 SDSS
Mrk 1 01:16:07.2 33:05:22 50 4780 D? ... 115 e/1
NGC 520 01:24:35.07 03:47:32.7 1 2281 SF? HII 41 Palomar
M 33 01:33:16.5 30:52:50 ... -180 SF HII: 20 Palomar
NGC 591 01:33:31.2 35:40:06 25 4547 D? ... 95 b/3
J0214-0016 02:14:05.9 -00:16:37 74 11205 ... S 56 SDSS
NGC 1052 02:41:04.8 -08:15:21 125 1470 J L 242 Palomar
NGC 1068 02:42:40.7 -00:00:48 160 1137 D+J S 162 Palomar C

J0253-0014 02:53:29.60 -00:14:05.6 4 8622 ... S 96 SDSS
Mrk 1066 02:59:58.6 36:49:14 32 3605 ... S 105 i/1
NGC 1194 03:03:49.11 -01:06:13.4 112 4076 D S 154 SDSS
NGC 1320 03:24:48.7 -03:02:32 43 2663 D? S 116 j/1
NGC 1386 03:36:46.4 -36:00:02 125 868 D+? S 120 g/1
IC 342 03:46:46.3 68:05:46 ... 40 SF HII ... Palomar
IRAS 04385-0828 04:40:54.97 -08:22:22.2 43 4527 ... ... ... b/...
UGCA 116 05:55:42.63 03:23:31.8 3 789 SF? HII ... k/...
Mrk 3 06:15:36.3 71:02:15 10 4050 ... ... 269 e/1
NGC 2146 06:18:36.6 78:21:28 1 900 SF HII 127 Palomar
NGC 2273 06:50:08.7 60:50:45 32 1840 D S 149 Palomar
NGC 2410 07:35:02.2 32:49:20 14 4681 ... S 166 SDSS
Mrk 78 07:42:41.7 65:10:37 32 11137 ... ... 172 f/1
IC 485 08:00:19.77 26:42:05.2 1060 8338 D? L/S: 187 SDSS
NGC 2639 08:43:38.1 50:12:20 25 3336 ... S/L: 179 Palomar
J0912+2304 09:12:46.38 23:04:27.3 143 10889 ... S 74 SDSS
NGC 2782 09:14:05.1 40:06:49 13 2562 ... T 183 Palomar
SBS0927+493 09:31:06.7 49:04:47 ... 10240 ... T 147 SDSS
UGC 5101 09:35:51.6 61:21:11 1900 11809 ... L: 189 SDSS
Mrk 1419 09:40:36.4 03:34:37 400 4932 D ... ... b/...
M 82 09:55:52.2 69:40:47 1 200 SF T ... Palomar C

NGC 3081 09:59:29.5 -22:49:35 17 2391 ... S 134 g/2
NGC 3079 10:01:57.8 55:40:47 500 1125 ... S: 182 Palomar
NGC 3160 10:13:55.07 38:50:34.2 46 6920 ... S 155 SDSS
UGC 5713 10:31:38.87 25:59:02.3 237 6312 ... S 168 SDSS
Mrk 34 10:34:08.6 60:01:52 1000 15140 ... ... 181 e/3
NGC 3359 10:46:36.8 63:13:25 ... 1014 ... HII 55 Palomar C

UGC 6093 11:00:47.96 10:43:41.3 770 10828 D S: 161 SDSS
J1103-0052 11:03:38.36 -00:52:08.5 26 8584 ... T 97 SDSS
J1109+2837 11:09:33.15 28:37:39.5 36 11422 ... S 149 SDSS
NGC 3556 11:11:31.0 55:40:27 1 699 ... HII 79 Palomar
CGCG 185-028 11:17:00.12 32:35:50.6 550 10455 ... L 204 SDSS
NGC 3614 11:18:21.32 45:44:53.6 3 2333 ... T 61 SDSS
Arp 299 11:28:31.9 58:33:45 125 3121 ... T 144 Palomar C

NGC 3735 11:35:57.3 70:32:09 20 2696 ... S 141 Palomar
CGCG 068-013 11:38:08.01 11:11:47.0 92 10707 ... S 111 SDSS
CGCG 268-089 11:49:45.7 50:31:37.0 149 7924 ... S 128 SDSS
J1202+3519 12:02:04.62 35:19:18.1 520 10201 ... S 105 SDSS
UGC 7016 12:02:23.98 14:50:37.1 22 7271 ... S 177 SDSS
NGC 4051 12:03:09.6 44:31:53 2 700 ... S 127 Palomar
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ABSTRACT
We have completed an optical spectroscopic survey of the nuclear regions pc) of a large(r [ 200

sample of nearby galaxies. Although the main objectives of the survey are to search for low-luminosity
active galactic nuclei and to quantify their luminosity function, the database can be used for a variety of
other purposes. This paper presents measurements of the spectroscopic parameters for the 418 emission-
line nuclei, along with a compilation of the global properties of all 486 galaxies in the survey. Stellar
absorption generally poses a serious obstacle to obtaining accurate measurement of emission lines in
nearby galactic nuclei. We describe a procedure for removing the starlight from the observed spectra in
an efficient and objective manner. The main parameters of the emission lines (intensity ratios, Ñuxes,
proÐle widths, and equivalent widths) are measured and tabulated, as are several stellar absorption-line
and continuum indices useful for studying the stellar population. Using standard nebular diagnostics, we
determine the probable ionization mechanisms of the emission-line objects. The resulting spectral classi-
Ðcations provide extensive information on the demographics of emission-line nuclei in the nearby regions
of the universe. This new catalog contains over 200 objects showing spectroscopic evidence for recent
star formation and an equally large number of active galactic nuclei, including 46 that show broad Ha
emission. These samples will serve as the basis of future studies of nuclear activity in nearby galaxies.
Subject headings : galaxies : active È galaxies : fundamental parameters È galaxies : ISM È

galaxies : nuclei È galaxies : Seyfert

1. INTRODUCTION

We have recently completed an extensive optical spectro-
scopic survey of the nuclei pc) of nearby galaxies.(r [ 200
The main goals of the survey are to systematically search
for and to investigate the physical properties of low-
luminosity, or ““ dwarf,ÏÏ active galactic nuclei (AGNs), but
the rich database can be used for a variety of other applica-
tions. In previous papers in this series, we have outlined the
scientiÐc objectives and observational parameters in greater
detail & Sargent hereafter(Filippenko 1985, Paper I ; Ho,
Filippenko, & Sargent hereafter and several1995, Paper II),
companion papers present various aspects of the analysis
(Ho, Filippenko, & Sargent 1997a, 1997b, 1997c, 1997d ; Ho
et al. In brief, high-quality, long-slit, optical spectra1997e).
of moderate resolution were obtained of the nucleus of
almost every bright galaxy in the northern (d [ 0¡) sky. The
chosen magnitude limit is mag, and the objectsB

T
\ 12.5

were selected from the Revised Shapley-Ames Catalog of
Bright Galaxies & Tammann The(RSA; Sandage 1981).
spectra were acquired using the Hale 5 m telescope at
Palomar Observatory and cover the regions D4230È5110

and D6210È6860 with spectral resolutions of approx-Ó Ó,
imately 4 and 2.5 respectively. presents a com-Ó, Paper II
plete spectral atlas of the 486 galaxies contained in the
Palomar survey.

The observational distinction between low-luminosity
and high-luminosity AGNs is largely arbitrary. Our survey

1 Present address : Harvard-Smithsonian Center for Astrophysics,
60 Garden Street, Cambridge, MA 02138.

contains mostly nearby galaxies and is designed to select
objects on the faint end of the luminosity function. Thus,
our study probes much lower luminosities than in other,
more conventional AGN samples. The Palomar AGNs
have a median (extinction-corrected) Ha luminosity of only
2 ] 1039 ergs s~1, and over 85% of the sources lie below
L (Ha) \ 1040 ergs s~1 et al. By contrast, the(Ho 1997a).
typical Seyfert nucleus in the widely-studied Markarian
catalog emits roughly 1041 ergs s~1 in Ha (estimated from
the compilations of & Balzano andMazzarella 1986

Operationally, we will henceforth deÐneWhittle 1992a).
““ low-luminosity ÏÏ or ““ dwarf ÏÏ AGNs to be those with
L (Ha) π 1040 ergs s~1.

This paper focuses on the quantiÐcation of spectroscopic
parameters from the Palomar survey. The measurements of
the emission lines are presented in where we also discuss° 2,
in depth our method of starlight subtraction. Section 3
describes our method of spectral classiÐcation and the
results of applying it to our survey, while presents the° 4
measurements of several stellar absorption-line and contin-
uum indices useful for studying the stellar population.
Finally, for easy reference and subsequent analysis, we sum-
marize in a number of global properties of the host° 5
galaxies.

2. EMISSION LINES

2.1. Starlight and Continuum Subtraction
The optical spectra of many emission-line nuclei, particu-

larly those residing in host galaxies of early to intermediate
Hubble types (Sbc and earlier), are contaminated heavily,
and often dominated, by the stellar component. As late-type
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The forbidden lines of the doublet [O I] λλ6300, 6364 arise from collisional excitation of O0 by hot
electrons. Because the ionization potential of O0 (13.6 eV) is nearly identical to that of hydrogen,
in an ionization-bounded nebula [O I] is produced predominantly in the “partially ionized zone,”
wherein both neutral oxygen and free electrons coexist. In addition to O0, the conditions of the
partially ionized zone are also favorable for S+ and N+, whose ionization potentials are 23.3 eV
and 29.6 eV, respectively. Hence, in the absence of abundance anomalies, [N II] λλ6548, 6583 and
[S II] λλ6716, 6731 are strong (relative to, say, Hα) whenever [O I] is strong, and vice versa.

In a nebula photoionized by young, massive stars, the partially ionized zone is very thin because
the ionizing spectrum of OB stars contains few photons with energies greater than 13.6 eV. Hence,
in the optical spectra of H II regions and starburst nuclei, hereinafter H II nuclei, the low-ionization
transitions [N II], [S II], and especially [O I] are very weak. [As originally defined by Weedman
et al. (1981), a starburst nucleus is one whose current star-formation rate is much higher than its
past average rate. Because in general we do not know the star-formation history of any individual
object, I adopt the more general designation of H II nucleus.] By contrast, a harder radiation
field, such as that of an AGN power-law continuum that extends into the extreme ultraviolet (UV)
and X-rays, penetrates much deeper into an optically thick cloud, creating an extensive partially
ionized zone and hence strong low-ionization forbidden lines. A hard AGN radiation field also
boosts the production of collisionally excited forbidden line emission because its high thermal
energy deposition rate enhances the gas temperature.

2.2. Sample Spectra
The spectra shown in Figure 1 illustrate the empirical distinction between AGNs and H II nuclei.
In NGC 7714, which has a well-known starburst nucleus (Weedman et al. 1981), [O I], [N II],
and [S II] are weak relative to Hα. The [O III] λλ4959, 5007 doublet is quite strong compared to
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Figure 1
Sample optical spectra of the various classes of emission-line nuclei. Prominent emission lines are identified.
(Based on Ho, Filippenko & Sargent 1993 and unpublished data.)
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FIG. 2 (a) Simulated data of (xA, yA) for camera A. The
signal and noise variances σ2

signal and σ2
noise are graphically

represented by the two lines subtending the cloud of data. (b)
Rotating these axes finds an optimal p∗ where the variance
and SNR are maximized. The SNR is defined as the ratio of
the variance along p∗ and the variance in the perpindicular
direction.

Pretend we plotted all data from camera A from the
spring in Figure 2a. Remembering that the spring travels
in a straight line, every individual camera should record
motion in a straight line as well. Therefore, any spread
deviating from straight-line motion must be noise. The
variance due to the signal and noise are indicated by each
line in the diagram. The ratio of the two lengths, the
SNR, thus measures how “fat” the cloud is - a range of
possiblities include a thin line (SNR ≫ 1), a perfect circle
(SNR = 1) or even worse. By positing reasonably good
measurements, quantitatively we assume that directions
with largest variances in our measurement vector space
contain the dynamics of interest. In Figure 2 the di-
rection with the largest variance is not x̂A = (1, 0) nor
ŷA = (0, 1), but the direction along the long axis of the
cloud. Thus, by assumption the dynamics of interest ex-
ist along directions with largest variance and presumably
highest SNR .

Our assumption suggests that the basis for which we
are searching is not the naive basis (x̂A, ŷA) because these
directions do not correspond to the directions of largest
variance. Maximizing the variance (and by assumption
the SNR ) corresponds to finding the appropriate rota-
tion of the naive basis. This intuition corresponds to
finding the direction p∗ in Figure 2b. How do we find
p∗? In the 2-dimensional case of Figure 2a, p∗ falls along
the direction of the best-fit line for the data cloud. Thus,
rotating the naive basis to lie parallel to p∗ would reveal
the direction of motion of the spring for the 2-D case.
How do we generalize this notion to an arbitrary number
of dimensions? Before we approach this question we need
to examine this issue from a second perspective.

B. Redundancy

Figure 2 hints at an additional confounding factor in
our data - redundancy. This issue is particularly evident
in the example of the spring. In this case multiple sensors

FIG. 3 A spectrum of possible redundancies in data from the
two separate recordings r1 and r2 (e.g. xA, yB). The best-fit
line r2 = kr1 is indicated by the dashed line.

record the same dynamic information. Reconsider Fig-
ure 2 and ask whether it was really necessary to record
2 variables? Figure 3 might reflect a range of possibile
plots between two arbitrary measurement types r1 and
r2. Panel (a) depicts two recordings with no apparent
relationship. In other words, r1 is entirely uncorrelated
with r2. Because one can not predict r1 from r2, one
says that r1 and r2 are statistcally independent. This
situation could occur by plotting two variables such as
(xA, humidity).

On the other extreme, Figure 3c depicts highly corre-
lated recordings. This extremity might be achieved by
several means:

• A plot of (xA, xB) if cameras A and B are very
nearby.

• A plot of (xA, x̃A) where xA is in meters and x̃A is
in inches.

Clearly in panel (c) it would be more meaningful to just
have recorded a single variable, not both. Why? Because
one can calculate r1 from r2 (or vice versa) using the best-
fit line. Recording solely one response would express the
data more concisely and reduce the number of sensor
recordings (2 → 1 variables). Indeed, this is the very
idea behind dimensional reduction.

C. Covariance Matrix

In a 2 variable case it is simple to identify redundant
cases by finding the slope of the best-fit line and judging
the quality of the fit. How do we quantify and generalize
these notions to arbitrariliy higher dimensions? Consider
two sets of measurements with zero means 3

A = {a1, a2, . . . , an} , B = {b1, b2, . . . , bn}

3 These data sets are in mean deviation form because the means
have been subtracted off or are zero.

hJp://www.cs.cmu.edu/~elaw/papers/pca.pdf	
  

•  A	
  transforma&on	
  of	
  the	
  
variables	
  into	
  new	
  linearly	
  
uncorrelated	
  variables	
  
called	
  principal	
  components	
  
(PCs).	
  

•  Each	
  PC	
  aJempts	
  to	
  
account	
  for	
  as	
  much	
  of	
  the	
  
variance	
  as	
  possible	
  

•  Reduces	
  dimensionality	
  and	
  
informa&on	
  redundancy	
  

hJps://onlinecourses.science.psu.edu/stat857/book/export/html/11	
  



PCA	
  Results	
  

PC-­‐1	
  –>	
  Correla&on	
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Table 1. Predictions of the Discriminant Analysis

Type Maser Mega-Maser Disk

Masers Control % of Total Masers Masers Control % of Total Masers Masers Control % of Total Masers

Total 1735 298851 100% 1191 299395 100% 888 299698 100%

HII 1088 210881 63% 573 211396 48% 612 211357 69%

Transition 126 52848 7% 113 52861 9% 16 52958 2%

Seyfert 389 12142 22% 383 12148 32% 238 12293 27%

LINER 129 22978 7% 119 22988 10% 21 23086 2%

Classified	
  as	
  
maser	
  

Classified	
  as	
  
non-­‐maser	
  

Total	
  

Actual	
  maser	
   17	
   51	
   68	
  

Actual	
  non-­‐
maser	
  

11	
   1297	
   1308	
  

Classifica&on	
  
Accuracy	
  

25%	
   99.2%	
  

Op)mal	
  maser	
  detec)on	
  rate:	
  60.7%	
  
Maser	
  misclassifica)on	
  rate:	
  75%	
  



Conclusions	
  

ü Clear	
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  of	
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  and	
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  be	
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  to	
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  or	
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  rate	
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  DA	
  
ü 	
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  into	
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  wavelengths	
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Tables 2–4 list the accelerations measured for each line. The
uncertainties listed in these tables are formal values from the
global fit and may underestimate the true uncertainties.

4. MODELING SYSTEMIC MASER EMISSION
IN A THIN RING

In this section, we discuss the “megamaser disk method” for
measuring the angular-diameter distance to a galaxy based on
a straightforward model of the maser emission arising from an
edge-on Keplerian disk. This model gives a good approximation
to the maser emission from NGC 4258. To measure the distance
to UGC 3789, we make a simple extension of this model, as
presented in Section 5.

First, we consider a model in which maser emission originates
in a thin, flat, edge-on disk and the dynamics are dominated by a
central massive object, with all maser clouds in circular orbits. In
this model, high-velocity masers trace gas near the disk midline.
Systemic masers occupy part of a ring orbiting at a single radius
and covering a small range of azimuthal angles on the near
side of the disk. When plotted on a position–velocity (P–V)
diagram, the high-velocity masers trace a Keplerian rotation
curve and the systemic masers fall on a line segment. If the line
segment is extended to the rotation curve traced by the high-
velocity features (as in the dotted lines shown in Figure 3 of
Paper I), the intersecting points (θ1, v1) and (θ2, v2) determine
both the angular radius (θ ) and magnitude of the rotation velocity
(vr) of the narrow ring traced by systemic masers, according
to θ = |θ1 − θ2| /2 and vr = |v1 − v2| /2. In this model, the
angular-diameter distance to the galaxy is

Da = r/θ = v2
r /(aθ ), (1)

where r is the radius of the ring traced by the systemic maser
components (r = v2

r /a) and a is the centripetal acceleration
of systemic components, measured from the change in Doppler
velocity with time.

In practice, we do not measure θ and vr directly. Instead
we measure the Keplerian rotation constant k, which we de-
termine by fitting the high-velocity lines to the rotation curve
v = k(θ − θ0)−1/2 + vsys. In addition, we measure a curvature
parameter Ω, which is the slope of the line traced by systemic
features on the P–V diagram (Ω ≃ dv/dθ for the systemic
features). With this parameterization, we can write the angular-
diameter distance to the galaxy as

Da = a−1k2/3Ω4/3. (2)

The fractional uncertainty in Da is

σDa

Da

≃
√(σa

a

)2
+

4
9

(σk

k

)2
+

16
9

(σΩ

Ω

)2
. (3)

Here, we use a notation in which the uncertainty in a measured
or derived value, x, is represented as σx , so the fractional
uncertainty in x is σx

x
.

The straightforward method for measuring the angular-
diameter distance described above works well for NGC 4258,
where systemic accelerations fall in the range
7.7–8.9 km s−1 yr−1 (Humphreys et al. 2008), indicating that
they are seen within a narrow range of radii, r, from the cen-
tral black hole (r ∝ 1/

√
a). The tightly confined range of radii

in NGC 4258 is a consequence of the masers forming in the
bottom of a bowl-shaped region of the warped accretion disk

Table 2
Results from the Global Fitting Program for “Blue” High-velocity

Features in UGC 3789

vLSR σv Width σwidth Acceleration σaccel
(km s−1) (km s−1) (km s−1) (km s−1) (km s−1 yr−1) (km s−1 yr−1)

2468.05 0.08 2.66 0.48 −0.69 0.06
2472.17 0.03 2.34 0.37 −0.48 0.05
2474.67 0.05 2.38 0.39 −0.36 0.05
2477.91 0.07 2.91 0.44 −0.26 0.06
2544.05 0.04 3.57 0.38 −0.04 0.04
2550.06 0.05 3.17 0.39 0.33 0.05
2565.69 0.05 3.96 0.25 −0.49 0.02
2568.75 0.06 2.83 0.36 0.04 0.03
2572.66 0.03 2.74 0.39 0.06 0.03
2577.69 0.04 2.88 0.41 −0.16 0.04
2585.18 0.06 2.36 0.35 0.06 0.05
2588.53 0.02 2.53 0.21 −0.21 0.03
2591.47 0.04 2.55 0.28 −0.51 0.03
2594.75 0.03 2.78 0.27 −0.27 0.02
2604.26 0.02 3.39 0.38 0.40 0.04
2608.58 0.04 3.08 0.33 0.37 0.03
2612.02 0.03 2.96 0.24 −0.47 0.03
2615.66 0.03 3.24 0.24 −0.73 0.03
2629.70 0.05 3.41 0.33 0.12 0.05
2633.39 0.04 3.22 0.29 −0.32 0.03
2637.35 0.05 2.97 0.39 −0.29 0.05
2644.94 0.16 2.28 0.44 0.29 0.09
2649.86 0.06 2.34 0.41 0.52 0.05
2655.45 0.10 2.20 0.40 −0.02 0.08
2659.43 0.06 2.33 0.40 −0.51 0.05
2667.76 0.05 3.55 0.45 0.05 0.04
2672.00 0.09 2.93 0.55 0.04 0.08
2676.38 0.05 2.40 0.31 −0.05 0.04
2678.72 0.07 2.22 0.32 0.10 0.04
2680.98 0.04 2.39 0.22 −0.01 0.02
2683.75 0.04 2.72 0.18 −0.18 0.03
2686.15 0.04 2.60 0.18 −0.13 0.04
2688.51 0.03 2.68 0.14 −0.29 0.02
2691.23 0.03 3.00 0.16 −0.53 0.03
2694.07 0.03 3.16 0.25 −0.31 0.03
2697.66 0.03 4.50 0.29 −0.19 0.03
2701.07 0.06 2.68 0.38 −0.00 0.06
2703.39 0.07 2.23 0.42 −0.26 0.05
2705.55 0.06 2.65 0.41 −0.44 0.05
2708.68 0.06 2.90 0.51 −0.40 0.05
2709.49 0.03 3.44 0.34 0.04 0.03
2713.66 0.04 3.08 0.34 0.04 0.04
2717.58 0.05 2.79 0.33 −0.31 0.04
2720.75 0.03 2.70 0.26 −0.25 0.03
2723.95 0.05 2.57 0.35 −0.48 0.05
2727.92 0.05 2.66 0.38 −0.53 0.03
2729.07 0.05 2.16 0.30 −0.30 0.04
2732.37 0.03 2.35 0.27 −0.49 0.03
2735.34 0.01 2.18 0.23 −0.36 0.02
2737.18 0.03 2.05 0.22 −0.22 0.01
2739.66 0.04 2.19 0.23 −0.27 0.02
2741.63 0.03 2.23 0.22 −0.11 0.02
2744.07 0.03 2.35 0.20 0.08 0.02
2746.56 0.05 2.33 0.28 0.24 0.03
2759.16 0.04 2.62 0.47 0.10 0.04
2762.64 0.07 2.52 0.53 0.24 0.07
2823.26 0.04 2.05 0.28 0.11 0.03
2829.84 0.04 2.05 0.33 −0.75 0.04

Notes. The columns show (1) the LSR velocity of the maser component at the
reference epoch (2006 December 10) determined from the Gaussian fit, (2) the
uncertainty in the fit velocity, (3) the FWHM of the Gaussian fit at the reference
epoch, (4) the uncertainty in the width, (5) the fit acceleration, and (6) the
uncertainty in the acceleration. Velocities use the optical convention.
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Table 3
Sample Data for NGC 6264

Vop
a R.A.b δR.A.b Decl.b δDecl.b Fν

c σF
c

(km s−1) (mas) (mas) (mas) (mas) (mJy B−1) (mJy B−1)

10918.33 0.399 0.008 −0.021 0.018 6.0 0.3
10914.71 0.407 0.010 −0.001 0.021 4.8 0.3
10911.09 0.401 0.005 0.000 0.011 10.2 0.4
10907.47 0.397 0.013 0.041 0.029 3.7 0.3
10903.85 0.395 0.011 −0.050 0.027 3.8 0.4
10900.23 0.388 0.009 0.044 0.022 4.6 0.3
10885.74 0.369 0.019 0.053 0.038 2.6 0.4
10871.26 0.400 0.018 0.061 0.037 2.9 0.3
10856.77 0.467 0.011 −0.038 0.029 3.8 0.3
10853.15 0.484 0.005 −0.038 0.011 9.7 0.4
10849.53 0.490 0.005 −0.006 0.011 9.4 0.3
10845.91 0.492 0.002 −0.016 0.006 18.3 0.4
10842.29 0.494 0.002 −0.005 0.005 24.4 0.4
10838.67 0.505 0.004 −0.010 0.009 11.7 0.4
10835.05 0.543 0.012 −0.094 0.032 3.5 0.4
10831.43 0.542 0.017 −0.039 0.031 3.1 0.3
10827.81 0.518 0.012 −0.101 0.027 3.9 0.3
10824.19 0.533 0.007 −0.040 0.016 6.9 0.4
10820.56 0.493 0.012 −0.041 0.026 3.8 0.3

Notes. Sample of data for NGC 6264.
a Velocity referenced to the LSR and using the optical definition (no relativistic
corrections).
b East–west and north–south position offsets and uncertainties measured
relative to the average position of the systemic masers in the VLBI map
(Figure 2). Position uncertainties reflect fitted random errors only. In NGC 1194
and NGC 2960, there may be additional uncertainties caused by the poorer
tropospheric delay calibrations due to their low declinations (low elevations
during the observations).
c Fitted peak intensity and its uncertainty in mJy beam−1.

(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

Equation (5) to convert the corrected frequency to its rela-
tivistically correct radial velocity v = βc. For the megamaser
disks, typically βm < 0.003. So, for galaxies in the Hubble
flow (z > 0.01), the general relativistic corrections are smaller
than the special relativistic corrections. For example, for masers
in UGC 3789, which has an optical-LSR recession velocity of
3262 km s−1, the special relativistic corrections range from 10
to 26 km s−1 whereas the general relativistic corrections range
from 0 to ∼2 km s−1.

Finally, when fitting the rotation curves, we used the rela-
tivistic formula for the addition of velocities to decompose the
observed β value of each maser spot into a common βg asso-
ciated with the radial velocity of the center of each megamaser
disk and an individual βm associated with orbital motion of a
specific maser spot. The redshifted maser spots have βm > 0
and blueshifted maser spots have βm < 0.

β =
βg + βm

1 + βgβm
. (6)

3. RESULTS

3.1. VLBI Images, Rotation Curves, and BH Masses

Figure 1 shows the GBT single-dish spectra for all megamaser
galaxies presented here except for UGC 3789, which can be
found in Reid et al. (2009a). Figures 2, 3, and 4 show the
VLBI maps and the position–velocity (P –V ) diagrams along
with the fitted rotation curves of the maser spectral components

(spots) in UGC 3789, NGC 1194, NGC 2273, NGC 2960 (Mrk
1419), NGC 4388, NGC 6264, and NGC 6323. Reid et al.
(2009a) published the UGC 3789 VLBI map and the rotation
curve, and we performed a new analysis of the BH mass for
this galaxy based on those data. We show the VLBI map and
rotation curve for this galaxy again for direct comparison with
the other six megamaser disks. The data points in the VLBI
maps and rotation curves are color-coded to indicate redshifted,
blueshifted, and systemic masers, where the “systemic” masers
refer to the maser spectral components having velocities close
to the systemic velocity of the galaxy. Except for NGC 4388,
the maser spot distributions are plotted relative to the average
position of the systemic masers. Systemic masers are not
detected in NGC 4388, so we plotted its maser distribution
relative to the dynamical center determined from fitting the data
in the P –V diagram with a Keplerian rotation curve.

To estimate the inclination and dynamical center (i.e., the
position of the BH) of each disk, we rotated the coordinate
system to make the disk horizontal and used the fitted horizontal
line that passes through the high-velocity masers as the zero
point of the y-coordinate of the dynamical center (see Figures 3
and 4). The zero point of the x-coordinate is defined to be the
unweighted average θx of the systemic masers.

We assumed that the systemic masers have about the same
orbital radii as the high-velocity masers to estimate the maser
disk inclination cos−1(⟨θ (sys)

y ⟩/θr), where ⟨θ (sys)
y ⟩ is the average θy

position of the systemic masers and θr is the orbital radius of the
systemic masers. In principle, one can determine θr exactly only
when good rotation curves for both systemic and high-velocity
masers can be obtained, and precise acceleration measurements
for the systemic masers are available. Among our data we only
have such information for UGC 3789 at this point (Braatz et al.
2010), and so we use ⟨θx⟩ of high-velocity masers as an estimate
of θr. We note that all our megamaser disks with systemic masers
detected have inclinations larger than 80◦, so assuming the disk
is exactly edge-on will only cause errors less than 1% in the
derived BH masses. In NGC 4388 we could not measure a disk
inclination, but even if the disk were 20◦ from edge-on, the
contribution to the error in the BH mass would be only 12%.

We determined the rotation curve for each megamaser disk
as a function of the “impact parameter” defined as the projected
radial offset θ = (θ2

x + θ2
y )1/2 of the maser spots so that we can

account for the warped structures in some megamaser disks.
We then performed a nonlinear least-squares fit of a Keplerian
rotation curve to the P –V diagram with the assumption that the
high-velocity masers lie exactly on the mid-line of the disk. In
addition, the systemic velocity of each galaxy was fitted as a free
parameter, and we report the best fits of the systemic velocities
of our megamaser galaxies in Table 1.

The fitted Keplerian rotation curves can be expressed with
the following form:

|vK| = v1

(
θ

1mas

)−1/2

, (7)

where |vK| is the orbital velocity (after relativistic corrections)
of the high-velocity masers and v1 is the orbital velocity at a
radius 1 mas from the dynamical center. The BH mass is

M• =
( |vK|2θ

G

)
DA =

(
πv2

1

6.48 × 108 G

)
DA, (8)

where DA is the angular diameter distance to the galaxy. We
show all the measured BH masses in Table 4.
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