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1. Introduction 

The presence of two quasars symmetrically displaced from the nucleus of the 
galaxy NGC 4258 (Pietsch et al. 1994) has given rise to some speculation that 
they might have some dynamical connection with the high-velocity maser emis­
sion seen in the nucleus (Burbidge 1996; Ozernoy 1996). The case that the 
masers define a simple Keplerian disk is very compelling; nonetheless, it is in­
structive to investigate whether any other dynamical models could fit the avail­
able data. 

The evidence that the masers define a thin Keplerian disk can be found in 
Miyoshi et al. (1995) and Moran et al. (1995). Some of the relevant data are 
shown elsewhere in this volume (Fig. 2 of Greenhill's paper). The basic analysis 
is as follows. The features near the systemic velocity of 470km s_ 1 show a linear 
dependence of line-of-sight velocity versus distance along the major axis, while 
the redshifted and blueshifted high-velocity features show a nearly Keplerian 
dependence with distance. For a Keplerian disk viewed edge on, the line-of-sight 
velocity with respect to the systemic velocity (for the case where the central mass 
is much greater than the disk mass) is given by 

GM • A m 
— sin<£, (1) 

where M is the central mass, G is the gravitational constant, R is the radius 
from the center of mass, and cf> is angle formed by the lines from the central 
mass to the observer and from the central mass to any maser spot. For small 
angles, <j> = x/R, where x is the transverse offset from the central mass, so that 

GM 
vz (systemic) = y - p T ^ - (2) 

Hence, the slope of vz versus x defines the enclosed mass density, 4x 109 M§ pc - 1 

in the case of NGC 4258, but does not allow for M and R to be determined inde­
pendently. The Keplerian wings imply that sin <j> is constant for the high-velocity 
features. Since the high-velocity features show no (< 0.2kms- 1) centripetal ac­
celeration (Greenhill et al. 1995; Herrnstein et al. 1996), <f> must be close to 90°. 
Hence, 

vz (high velocity) = \ . (3) 
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Figure 1. Three models that are consistent with the measurements 
of the positions, velocities, velocity drifts, and proper motions of the 
masers in NGC 4258. Left: The standard model of an edge-on disk 
in Keplerian motion. The circle denotes the inner boundary of maser 
emission with radius R = 0.13 pc. Center: Free infall of high-velocity 
masers. Right: Ballistic outflow of high-velocity masers with a terminal 
velocity of zero. In the infall and outflow models, the systemic masers 
still define a circumnuclear disk, but with slightly larger size and central 
mass than for the simple Keplerian model. 

The fit to the Keplerian portion of the velocity curve is very good, with a 
fractional velocity deviation Avz/vz < 0.003. The disk is also very thin, with a 
thickness-to-radius ratio of < 0.0025, although it is slightly warped (Herrnstein, 
Greenhill, & Moran 1996). The well-defined linear relation between systemic 
velocity and position means that the fractional annular thickness of the systemic 
group of masers is only about 0.1. The systemic features drift at a rate of 
about 9kms _ 1 yr - 1 , which is consistent with the model for a distance of about 
6.4 Mpc. For this distance the central mass is 3.6 X 107 MQ and the radius of 
the systemic features is 0.13 pc. Preliminary analysis of proper-motion data 
(Herrnstein 1996) show that the blueshifted high-velocity features have proper 
motions of less than 15/xarcsecyr-1, but the systemic features move at about 
30 /jarcsec yr - 1 , both with respect to the redshifted high-velocity features. These 
data all argue persuasively for a simple model of Keplerian motion. The model 
is sketched in Fig. 1 (left). 
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2. T h e High-Veloc i ty Features as Ballistic Outflow 

The question arises as to whether the high-velocity features could be tracing 
outflowing material. For ballistic motion, the outflow velocity would be 

2GM* 
— ^ — + v°o, (4) 

where «oo is the terminal velocity, which, from the data for NGC 4258, is zero. 
Hence, the line-of-sight velocity versus projected distance would be 

vl 

2GM* „ , . , 
(5) 

The line-of-sight component of the acceleration is dvz/dt = (dvz/dx)(dx/dt) or 

.-„ - tan (̂ . (6) 

Since the accelerations of the high-velocity features are less than 0.2 km s _ 1 y r - 1 , 
<j> < 7°. The required central mass in terms of the Keplerian mass (compare eqs. 
5 and 3) is 

M*= 9
M . ±. (7) 

2 cos"* 4> sin </> 

For <f> = 7°, M* = 1.5 X 1O 8 M 0 . This changes the value of R for the systemic 
features by a factor of (cos2 ^ s i n ^ ) 1 ' 3 = 1.6 to 0.21 pc, but not the estimate of 
the enclosed central mass density (see eq. 2). The relative transverse velocity 
of the high-velocity features is vx = v2tan</> or about 200 km s - 1 , which corre­
sponds to about 7/zarcsecyr - 1 , which is below the 15/xarcsec noise threshold 
(set by the weak blueshifted features). 

The small value of <j>, the angle to the line of sight, allows for a rapid 
change in velocity with respect to transverse distance, while keeping the line-
of-sight accelerations and proper motions small. This model cannot be ruled 
out on the basis of measurements available now. The main argument against 
this model is that the material would have to be ejected at exactly the escape 
velocity, which seems highly unlikely. The required geometry seems implausible 
since the outflow would have to be nearly along the line of sight and in the plane 
of the disk defined by the systemic features. 

3 . T h e High-Veloc i ty Features as Free-Fail M o t i o n 

The constraints are exactly the same for the infall case as for the outflow case 
except for a sign change. The geometry is depicted in Fig. 1 (center). The mass 
accretion rate is pvQ,R2, where p is the density and ft is the solid angle of the 
infalling streamer. The accuracy of the apparent Keplerian dependence (eq. 5) 
means that the angular size of the streamer, A<f>, is less than 1°. Even with A<p 
= 1°, and a standard maser density of 1010 molecules cm" 3 or 3 x 10~14 g e m - 3 , 
the accretion rate would be 102 AfQyr - 1 , which is unreasonably high. 
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4. Conclusion 

Since the Keplerian disk model fits the available data so beautifully, I hesitated 
to bring up alternate possibilities. However, it is interesting to note that the 
infall/outflow model can be ruled out on plausibility arguments, but not, strictly 
speaking, on the basis of the available measurements. Note that for the infall 
and outflow models, there is only a limit on the angle <f> (i.e., <p < 7°), which 
may grow more stringent as limits on the proper motions and accelerations of 
the high-velocity features are more tightly constrained. 

I thank Lincoln Greenhill for help in preparing the figure. 
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