
The residual standard error is equal to 0.114 (41.3 % per galaxy) and an adjusted 
R2  = 0.228. This fit  is plotted as a solid red line above. 
 
     The formula describing the fundamental plane for spiral galaxies from the 
included data sample of 24 galaxies is (yellow translucent plane in Figure 2): 
 
 
 
The residual standard error is equal to 0.797 MSun pc-2 (16.5 % per galaxy on 
average, compare this to the fundamental plane for elliptical galaxies, which has 
a residual scatter of �§20 % per galaxy on average), with an adjusted R2 = 0.603, 
and a p-value equal to 2.36 �î 10-5. It is interesting to note that the addition of the 
extra dimension cuts the residual scatter approximately in half.  The Monte Carlo 
sampling results of the fit  are (blue translucent plane in Figure 2):  
 
 
 
The residual standard error is equal to 1.03 MSun pc-2 (22.5 % per galaxy on 
average), with an adjusted R2 = 0.423. The panes of Figure 2 provide different 
viewpoints of the same three-dimensional figure with galaxies depicted as red 
spheres. 

Results 

     We find a best fit for Equation (1) from the included data sample of 24 
galaxies (see Table 1) with a linear fit of 
 
 
 
 
The residual standard error (intrinsic dispersion or scatter) is equal to 0.0945 
(31.7 % per galaxy on average), with an adjusted R2 = 0.321, and a p-value 
equal to 0.00232. A plot of this linear best fit  is depicted along with the 
included data sample and can be seen in the above Figure 1 with the fit  plotted 
as a dashed blue line. Alternatively, when taking into account the individual 
errors on measurements with a Monte Carlo sampling by creating multivariate 
normal distributions with the mean and variance of each variable for all 24 
galaxies with 105 cases for each variable, we find 
 

      Spiral structure is the most distinctive feature of disk galaxies and yet 
debate persists about which theory of spiral structure is the correct one. The 
best known theory holds density waves propagating through the disk of the 
galaxy as the responsible agent, either via a standing wave pattern, or a more 
transient succession of waves crossing the disk. Other theories pose completely 
different agents, such as the manifold theory, which argues that the spiral arms 
arise because of stars moving in chaotic orbits. The standing (or modal) density 
wave theory demands that the pitch angle be uniquely determined by the 
distribution of mass in the bulge and disk of the galaxy. We present evidence 
that the tangent of the pitch angle of logarithmic spiral arms in disk galaxies 
correlates strongly with the density in neutral atomic hydrogen in the disk of the 
galaxy and with the central stellar bulge mass of the galaxy. These three 
quantities, when plotted against each other, form a planar relationship which, 
we argue, should be fundamental to our understanding of spiral structure in disk 
galaxies. We further argue that any successful theory of spiral structure must be 
able to explain this relationship. The low scatter in the relationship, if  replicated 
in larger samples, may suggest that the standing wave picture is the correct one, 
at least for most disk galaxies.  
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     Spiral structure is a commonplace and visually obvious feature of many 
galaxies (which were at one time referred to as �³�V�S�L�U�D�O �Q�H�E�X�O�D�H�´�� and yet there is 
still debate as to the correct theory which explains its origin. The density wave 
theory has been studied for several decades now and still has many sup- porters, 
divided broadly into two camps: those who contend that the spiral pattern is a 
long-lasting one created by standing waves (the modal theory) and others who 
regard the pattern as transient (compared to the lifetime of a galaxy), though 
perpetually recreated as new density wave patterns emerge (the swing 
amplification theory). Other theories have also been proposed, with one in 
particular, the Manifold theory, rejecting the density wave concept altogether, in 
favor of an explanation involving stars in chaotic highly eccentric orbits.  
      The density wave theory has had one outstanding success since its creation, 
not as applied to galaxies, but in the context of patterns observed in �6�D�W�X�U�Q�¶�V 
rings. In the limit  of a very large central mass and a thin disk, the pitch angle of 
these density waves, as shown by Shu (1975), depends on the ratio of the disk 
mass density to the central mass. Specifically,  
 
                               (1) 
 
where P is the logarithmic spiral arm pitch angle, ����R) is the disk surface 
density measured at a given radius of R, and M(R) is the mass of the central 
planet. Galaxies are generally more complex than �6�D�W�X�U�Q�¶�V rings, for instance 
only very bulge- dominated galaxies are even close to the Saturn-like situation 
of a small dense core with negligible mass in the disk. Studies based on the 
modal density wave theory suggest that the pitch angle of the spiral arms in 
galaxies should still depend on a ratio (of half-mass radius to co-rotation radius) 
which, in limit  of a thin disk and massive central bulge, approximates to the 
Shu (1975) result (Equation (1)). This is not surprising, since we would expect 
a standing wave pattern to depend on the ratio of a restoring force or tension (in 
this case the central mass, or at least the mass inside a given radius R) to the 
density of the medium (in this case the density of gas in the disk at radius R). 
Although the precise nature of the relation between these three quantities can be 
expected to vary between galaxies of different types (bulge-dominated versus 
disk-dominated, for instance) nevertheless we show in this letter that the three 
quantities, spiral arm pitch angle, central bulge mass, and gas density in the disk 
do strongly correlate to form a fundamental plane which may play a similar role 
in tying together gross features of disk galaxies to that played by the 
fundamental plane of elliptical galaxies (Djorgovski & Davis 1987; Dressler et 
al. 1987). 
      We studied a sample of disk galaxies from the Disk Mass Survey (DMS) 
which was ideal for our purposes, since it dealt with the disk densities of a 
sample of face-on galaxies. The DMS had already measured the gas density of 
atomic hydrogen in these galaxies, as well as the central bulge mass. Using our 
established technique (Davis et al. 2012) we measured the pitch angle for these 
galaxies for this paper. We find that the sample of 24 galaxies from the DMS, 
when plotted in a volume defined by these three quantities, delineate a plane 
which they stay close to with very low scatter. There is only a 0.002% chance 
that this plane could have been formed by statistical accident.  
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