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ABSTRACT

We describe a Fourier-based method of separating bars from spirals in near-infrared images. The method
takes advantage of the fact that a bar is typically a feature with a relatively fixed position angle and uses the
simple assumption that the relative Fourier amplitudes due to the bar decline with radius past a maximum in
the same or a similar manner as they rose to that maximum. With such an assumption, the bar can be
extrapolated into the spiral region and removed from an image, leaving just the spiral and the axisymmetric
background disk light. We refer to such a bar-subtracted image as the ““spiral plus disk’ image. The
axisymmetric background (Fourier index m = 0 image) can then be added back to the bar image to give the
“bar plus disk ”” image. The procedure allows us to estimate the maximum gravitational torque per unit mass
per unit square of the circular speed for the bar and spiral forcing separately, parameters that quantitatively
define the bar strength Q, and the spiral strength Q, following the recent study of Buta & Block. For the first
time, we are able to measure the torques generated by spiral arms alone, and we can now define spiral torque
classes, in the same manner as bar torque classes are delineated. We outline the complete procedure here
using a 2.1 gm image of NGC 6951, a prototypical SAB(rs)bc spiral having an absolute blue magnitude of
—21 and a maximum rotation velocity of 230 km s~!. Comparison between a rotation curve predicted from
the m = 0 near-infrared light distribution and an observed rotation curve suggests that NGC 6951 is maxi-
mum disk in its bar and main spiral region, implying that our assumption of a constant mass-to-light ratio in
our analysis is probably reliable. We justify our assumption on how to make the bar extrapolation using an
analysis of NGC 4394, a barred spiral with only weak near-infrared spiral structure, and we justify the
number of needed Fourier terms using NGC 1530, one of the most strongly barred galaxies (bar class 7)
known. We also evaluate the main uncertainties in the technique. Allowing for uncertainties in vertical scale
height, bar extrapolation, sky subtraction, orientation parameters, and the asymmetry in the spiral arms

themselves, we estimate O, = 0.28 + 0.04 and Q, = 0.21 + 0.06 for NGC 6951.
Key words. galaxies: individual (NGC 6951) — galaxies: kinematics and dynamics — galaxies: spiral —

galaxies: structure

1. INTRODUCTION

In two previous papers (Buta & Block 2001, hereafter
BBO1; Block et al. 2001), we outlined a new approach to
quantifying the observed bar strengths of galaxies. Instead
of relying on deprojected bar ellipticities, we used a theoreti-
cal equation (Combes & Sanders 1981) based on the forcing
of the bar implied by the near-infrared light distribution.
This method, called the relative bar torque, or Q,, method,
was applied to 36 galaxies in BBO1 and later to nearly 40
more galaxies in Block et al. (2001). The method has also
been applied to more than 100 Two Micron All Sky Survey
(2MASS) galaxies by Laurikainen, Salo, & Rautiainen
(2002) and by Laurikainen & Salo (2002), who also refined
the method. Most recently, Block et al. (2002) applied the
Q) method to more than 150 galaxies in the Ohio State
University Bright Galaxy Survey (Eskridge et al. 2002) and
used the results to show that normal galaxies may double
their mass by accretion in 1010 years.

A difficulty with the Q) method as applied in these pre-
vious studies is that the bar strengths based on the method
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could be affected by spiral arm torques. The quantity Q,
represents the maximum ratio of the tangential force to the
mean axisymmetric radial force. If the bar is a typical SB-
type bar (rather than an oval), then this maximum will usu-
ally be a good approximation to the bar strength and the
force-ratio map will show a characteristic butterfly pattern
(BBO1). However, many barred spirals have pronounced
spiral arms that break directly from the ends of the bar, and
these arms can affect the bar butterfly pattern and increase
the apparent bar strength.

The original intent of BBO1 was that Q) should measure
bar strength, not a combination of bar and spiral arm
strength. There are good reasons for trying to find a way to
separate the effects of the spiral from the bar. First, if we
want to investigate scenarios of bar formation in disk gal-
axies (e.g., Sellwood 2000), then we should have measures
of bar torques, not spiral plus bar torques. Second, with a
separation analysis, we can check theoretical predictions
that bars with larger torques drive spirals with higher ampli-
tudes (Elmegreen & Elmegreen 1985 and references therein;
see also Yuan & Kuo 1997 and references therein).

In this paper, we outline a straightforward method of sep-
arating the bars from the spirals using 2.1 gm near-infrared
images. The method uses Fourier techniques in conjunction
with a simple assumption about how to extrapolate the bar
into the spiral-dominated regions. The method works effec-
tively even for the strongest bars with the strongest spirals.
For the first time, we can investigate spiral arm torques in
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galaxies and even define spiral torque classes in the same
manner as BBO1 defined bar torque classes.

We illustrate the method using a representative example,
the SAB(rs)bc spiral NGC 6951. The image we use is a K-
short, or K, image obtained during a run with the 4.2 m
William Herschel Telescope (WHT) in 2001. The image
scale is 0”724 pixel~! and the field of view is 4/1 square. A
total of 15 spiral galaxies were observed for investigating
bar and spiral torques. Full details of these observations,
and analysis of the remaining galaxies, will be provided in
Block et al. (2003, hereafter Paper 1), where the techniques
described in this paper will be applied to examine the
relations between bars and spirals.

2. ESTIMATION OF GRAVITATIONAL TORQUES

The Q, method was fully described in BBO1. The dimen-
sionless parameter Q) can be interpreted as the maximum
gravitational bar torque per unit mass per unit square of the
circular speed. To derive it, we process a near-infrared
image by removing all foreground stars and then deproject
the image using available orientation parameters. For NGC
6951, we used a mean position angle (¢) and axis ratio (g)
based on isophotal ellipse fits on the 2.1 gm image itself. The
values used were (¢) = 0.773 and (¢) = 143°1. These are in
good agreement with optical photometric estimates of the
same parameters from Marquez & Moles (1993). The IRAF
routine IMLINTRAN was used for the deprojection. To
facilitate our analysis, we have rotated the deprojected
image such that the bar axis is horizontal. The bar position
angle in the raw deprojected image was measured using
ellipse fits, and the IRAF routine ROTATE was used for
the final rotation.

The deprojected image was then centered within an array
of dimension 2", where n = 10 for the WHT image, and run
through a program that transforms the near-infrared image
into a two-dimensional potential (Quillen, Frogel, &
Gonzalez 1994, hereafter QFG). From the two-dimensional
potential, planar forces are calculated and then decomposed
into radial and tangential components. Our main analysis is
based on maps of the ratio of the tangential force to the
mean axisymmetric radial force, the latter derived from the
m = 0 component of the potential. We assume a constant
mass-to-light ratio, but in addition to the force ratios, we
also compute a predicted axisymmetric rotation curve in
order to evaluate the correctness of this assumption,
especially in the spiral arm regions. We have also made a
refinement to our use of the QFG potential method, based
on a study by Laurikainen & Salo (2002), who noted that
the QFG convolution integral for the vertical dimension
included some gravity softening. We use a revised lookup
table from H. Salo (2002, private communication) for
an exponential vertical density profile without softening.
Laurikainen & Salo (2002) showed that the relative bar
torques of BBOI are too low by about 1 bar class because of
this softening.

The computation of a potential from a near-infrared
image requires a value for the vertical scale height, which
cannot be directly measured for NGC 6951. In BBOI and
Block et al. (2001), it was assumed that all galaxies had the
same vertical exponential scale height as our Galaxy,
h. = 325 pc. However, this approach required knowledge of
the distance to each galaxy, which had to be based on radial
velocities. Here we derive /. by scaling a value from the

radial scale length /1z. As shown by de Grijs (1998), the ratio
hg/h. (based on mostly /-band and some K-band surface
photometry) depends on Hubble type, being larger for later
types compared with earlier types. For NGC 6951, we esti-
mated a radial exponential scale length using an azimuthally
averaged K surface brightness profile. The slope of the
outer light profile provides an approximation to a radial
scale length, which we obtained to be i = 33”. From a
bulge-disk decomposition of an /-band luminosity profile,
Marquez & Moles (1993) obtained a disk effective radius of
42176 for NGC 6951, which corresponds to a radial expo-
nential scale length of 25”5. This is in reasonable agreement
with our estimate. For an Sbc spiral, de Grijs’s analysis
shows that iz = (6 &+ 2)h. on average. For a redshift dis-
tance of 24.1 Mpc (Tully 1988) for NGC 6951, this gives
h. = 640 pc, about twice the Galactic value. The average
value of /. in de Grijs’s sample is 600 + 400 pc.

We found it necessary to remove some of the very strong
star-forming regions from the near-infrared image of
NGC 6951 before the potential was calculated. These
objects can cause local maxima or minima in the force-ratio
maps that may be unreliable if the mass-to-light ratios of
these regions differ from the dominant old stellar back-
ground. It is well known that H 11 regions and luminous red
supergiants impact the 2.2 um spectral region (e.g., Knapen
et al. 1995) and can be locally important at the 33% level
(Rhoads 1998).

3. BAR-SPIRAL SEPARATION:
A FOURIER APPROACH

The basic idea of our approach is that the bar is a feature
dominated mostly by even Fourier terms in a relatively fixed
position angle. We compute the relative Fourier intensity
amplitudes 7,,/I,, where m is an integer index, as a function
of radius and make the assumption, when necessary, that
the relative bar intensity declines past a maximum in the
same or a similar manner as it rises to that maximum. That
is, the Fourier amplitudes relative to the axisymmetric back-
ground have a single maximum at radius r,, and decline
smoothly and roughly symmetrically to either side of this
radius. The bar extrapolation involves scaling the sine and
cosine amplitudes of the even Fourier terms according to
the ratio, Io(r,, + Ar)/Iy(r,, — Ar), of the m = 0 amplitudes
at symmetric radii r,, £ Ar. This is essential because the
average intensity of the background starlight decreases with
increasing radius and because we extrapolate 1/, not I,
alone. As long as the Fourier phases are relatively constant,
this scaling is reasonable.

Our assumption about how to make the extrapolations is
based on data from mostly pure bar-plus-disk systems, and
on cases in which the bar and spiral are well enough sepa-
rated that we can differentiate their distinct contributions in
plots of I,,/Iy and the m = 2 phase, ¢,. Ohta, Hamabe, &
Wakamatsu (1990) presented relative Fourier amplitudes
for six early-type barred systems that showed three charac-
teristics of the relative Fourier amplitudes of bars: (1) strong
bars have significant higher order terms, such that even
m = 10 can be important; (2) relative amplitudes rise and
then decline past a maximum that lies roughly in the middle
of the apparent bar; (3) the radii of the maxima for higher
order terms (m =4, 6, §, etc.) can shift to slightly larger
values compared with m = 2. Correct treatment requires
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that we examine plots of the relative amplitudes of all even
Fourier terms used, especially to evaluate effects 2 and 3.

To illustrate these points, we use the galaxy NGC 4394
from the Ohio State University Bright Galaxy Survey
(OSUBGS; Eskridge et al. 2002). Even in blue light, the
spiral structure of this galaxy is weak, and in the OSUBGS
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H-band image, it is quite subdued. Thus, NGC 4394 can
serve as our model case of mostly a bar embedded in a disk
and we can examine how the relative Fourier amplitudes
behave with radius. Figure 1 shows the even relative Fourier
amplitudes to m = 20 for NGC 4394 versus radius based on
a deprojected version of the OSUBGS H-band image in

T T[T T T[T T T [TTT[TTT]T]
(b) m=4 r,=31.3

TTT T[T T T[T TTT
T
llllllllllllll

lllll‘ll'- Ll

[TTT T T T[T T T [TTT[TT
(d) m=8 rg=32.8

111

llll!-': \llll L.V

l{llll‘llll[llll{llll

l|||| |

II\IIIII

lll‘ L.l

o

T T TTT
(h) m=16

IIINIIIINIIII

?"15:32.

11 lllll

W WAl |\|||||

o

INIIII‘IIIINIIIINIIII

lllllllll 1

5o
e v/ AR AT I

60 80 100 120
r(arcsec)

0 EL
20 40

Fic. 1.—Relative Fourier intensity amplitudes as a function of radius for NGC 4394, for even terms to m = 20. Solid curves show the observed relative
amplitudes for each term, while the small crosses show how well reflecting the rising amplitudes for r < r,, matches the observed declines for r > r,,, where r,,,
(in arcseconds) is indicated in each panel. The different behavior of the m = 2 term is discussed in the text.
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which the bulge has been properly treated with a two-
dimensional decomposition (Laurikainen et al. 2003). Each
Fourier term shows a well-defined maximum in the bar
region. When the relative Fourier intensities are extrap-
olated past this maximum in the same manner as they rose
to that maximum, the extrapolations are seen to be in fairly
good agreement with the observed relative intensities. There
is weak spiral structure near and outside the ends of the bar,
but it contributes little to the higher order terms. Detailed
examination of the radius, r,,, of the peak in each plot shows
that it increases to slightly larger values with increasing m,
as expected from point 3 above. The idea, according to Ohta
et al. (1990), is that the narrow ends of the bar occur at the
largest radii and will be most evident as a result in the higher
order terms at those larger radii. Finally, the phases of the
terms (not shown) are relatively constant throughout the
bar. Thus, NGC 4394 demonstrates that our assumption of
approximate symmetry for the even Fourier terms as a
function of radius for a bar is a fair one.

The symmetry assumption is less evidently correct for the
m = 2 term in NGC 4394. Instead, this term shows a strong
asymmetric decline past its maximum. The reason for this
difference is that the main bar in NGC 4394 is embedded in
a weak extended oval that has no terms of higher order than
m = 2. There is also some weak spiral structure at the ends
of the bar. For these reasons, the m = 2 term in NGC 4394
would have to be extrapolated as shown in Figure 1 to
isolate the main bar.

The m = 10 term in NGC 4394 has a maximum about
13% of the maximum of the m = 2 term. Thus, it is not
really negligible compared with m = 2, verifying point 2
above. For a very strong bar, such as that in NGC 1530, the
m = 10 term is 19% of the maximum relative amplitude of
the m = 2 term. One should never think naively of a bar as
an m = 2 structure; only a broad oval is likely to be a pure
m = 2 structure.

Once the Fourier mappings of the bar are determined, the
next step in the procedure is to sum the even (m > 2) terms
of the light distribution out to a specified radius, where we
assume the bar goes to zero; there is also usually an inner
radius where the bar is assumed to go to zero. Both of these
effects are seen clearly for NGC 4394 in Figure 1, where
terms m = 4 and m = 6 approach zero near r = 10” and
r=2>55". Terms m =238, 10, and 12 approach zero near
r = 20". For most of the even terms in NGC 4394, there
appears to be some amplitude inside 10” due in part in the
finite pixel size (1”5). Each Fourier term is treated on an
individual basis to allow the radius of the maximum, r,,, to
occur at a different position.

The maximum number of Fourier terms we use is
based on analysis of NGC 1530, the most strongly barred
galaxy in the WHT sample. Using the BBO1 approach,
NGC 1530 would have been bar class 7. To deduce how
many Fourier terms might be needed for a bar-spiral sep-
aration analysis in this kind of case, we analyzed NGC
1530 by comparing gravitational torques derived from a
full-resolution image with those derived from Fourier-
smoothed images that cut the terms at m =10 and
m = 20. We found that except for the effects of noise, the
Fourier-smoothed image with terms to m =20
adequately represented the bar and that including higher
order terms is not essential. Cutting the analysis at
m = 10 was not sufficient in that case. However, for
many galaxies only the lower order terms would be
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needed for a separation analysis, and we allow for the
option of cutting the number of terms when appropriate.

4. ILLUSTRATION OF THE TECHNIQUE

The method is illustrated for NGC 6951 in Figures 2-5.
NGC 6951 is an ideal test case because it has a well-defined
bar, and its spiral structure breaks directly from the ends of
this bar. It is a very typical example. In Figure 2a, we show
the relative K Fourier intensity amplitudes for the m = 2, 4,
6, 8, and 10 components. (Fig. 3 shows the relative ampli-
tudes to m =20 on a larger scale, as for NGC 4394.)
Between radii of 6” and 32”, the bar dominates these ampli-
tudes and we see a smooth rise in most of the terms. Beyond
32", the relative m = 2 amplitude rises to a higher maxi-
mum, and the m = 2 phase decreases slightly and then rises
(see Fig. 2b). We assume the bar does not end abruptly, but
that in the absence of the spiral, the even relative Fourier
amplitudes due to the bar decline in the same manner as
they rose to the bar maximum, which we took to occur at
ry = 32”5, This was chosen because I/, shows a plateau
near this radius, and the higher order terms all show a maxi-
mum near or just outside this radius as well. It corresponds
to a position approximately in the apparent middle of the
bar. We require that the bar still be significant in m = 2 at
its apparent edge and allow it to drop in relative m = 2
amplitude sharply thereafter. This extrapolates the bar into
the spiral zone (as indicated in Fig. 2a). The impact of the
choice of 1, is examined in the next section.

For the higher order terms, Figure 3 shows clear maxima
between 33” and 42" that are attributable mainly to the bar.
These maxima do appear to shift outward a little with
increasing m (especially for m > 6), as expected from point
3 above. For these terms, we simply reflect the even ampli-
tudes around the apparent radius r,, where the maxima
occur and scale them according to the mean intensity at each
radius outside r,,. For NGC 6951, these extrapolations are
shown by the crosses in Figure 3.

Figure 3 also shows that Fourier terms to m = 18 are still
detectable in the bar of NGC 6951. Including such terms
provides a very good approximation to the total galaxy
image. To verify this, we computed potentials from both the
full image at maximum resolution and a Fourier-smoothed
image based on the sum of all even and odd terms up to
m = 20. We found that the Fourier-smoothed m = 0-20
image gives virtually the same potential as the full image,
with differences being mainly attributable to noise and the
occasional bright star-forming region.

Interestingly, Figure 3 shows that the m = 10 term goes
to zero at r = 45", while our extrapolations make the other
terms go to zero at 55”-60". This shows the limitations of
our approach in the sense that the bar relative intensity pro-
files may not be as symmetric as we assume. None of the
terms in NGC 4394 shows a similar disagreement with the
other terms, so m = 10 may be unusual in NGC 6951. Our
procedure in general is that if any term shows a significant
portion of its decline past the maximum, we will use the
decline as measured and extrapolate as little as possible.
This is what is done for m = 10 in Figure 3. However, we
have tested that our maximum relative torque results for
NGC 6951 would be the same even if the m = 10 term were
extrapolated as for the other terms. The impact of cutting
all the even-order m > 2 terms at r = 45" is considered in
the next section.
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With extrapolations defined for each Fourier term, we
computed the images shown in Figure 4. The “ full ” image
is the original deprojected and rotated image, with the bar
horizontal. This is the full-resolution image and includes all
noise. The “m = 0-20 sum ™ is the Fourier-smoothed ver-
sion of the full image. It is based on 21 Fourier terms,
including all even and odd terms. The ““bar” image is the
one that uses the extrapolations shown in Figure 3. It was
computed by summing the m > 2 Fourier terms within the
limits set for the bar and has no net flux.* The fourth image
is the m = 0 Fourier image, which shows the axisymmetric
part of the K| light distribution.

The remaining images in Figure 4 show the separated bar
and spiral images. The image ““ bar + disk ” is the sum of the

4 All m > 0 terms in a Fourier series, when integrated over all azimuths,
have no net flux. The net flux in the bar would be the sum of all of its higher
order terms plus its m = 0 term. The net flux in the bar is brought back
when we add the m = 0 image to the ““ bar ” image.

“bar” and m = 0 images. The image ““ spiral + disk " is the
“m = 0-20 sum ”’ minus the ““bar”” image. With this proce-
dure, we place most of the noise and all of the odd Fourier
terms into the “ spiral + disk ” image.

Figure 5 shows the force-ratio maps QO(i, j) = F1(i, j)/
Fy r(i, j), where Fr is the tangential force and Fyx is the
mean axisymmetric radial force, for the full, Fourier-
smoothed, bar-plus-disk, and spiral-plus-disk images of
NGC 6951. In the full image, one clearly sees the effects of
both the spiral and the bar. A dominant * butterfly ” pattern
is present with extra structure due to the spiral. The
Fourier-smoothed image looks very much the same, only
with less noise. In the bar-plus-disk ratio map, we see four
symmetrically placed “maximum points” that lie near the
ends of the bar, as noted in BBOIl. The spiral-plus-disk
image shows a less symmetric, rough butterfly pattern as
well. Thus, our approach appears to have separated the bar
and spiral, and we can see how each component contributes
to the total ratio map.
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by the small crosses, and the radius r,, (in arcseconds) is indicated in each panel. For m = 10, the amplitudes are used as observed for the decline past r,, and

are extrapolated to zero for r > 45" (see text).

Our next step is to use the ratio maps to derive single
numbers that characterize the bar strength and the spiral
strength. For this purpose, we derive the maximum value,
Or, of the ratio of the tangential force to the mean radial
force as a function of radius. These curves are interpo-
lated bilinearly from the force-ratio maps. Figure 5 shows

that the structure in the force-ratio maps alternates by
quadrants, with two maximum positive values and two
maximum negative values at each radius. BBO1 derived
|O7(max)| in each quadrant and then averaged these four
values to get a single number, Oy, called the ““ bar strength ™
in the galaxy. Here we use a similar procedure, but as a
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F1G. 4—Various images used for the bar-spiral separation analysis of NGC 6951. Each frame indicates the type of image shown. The full image is the
original deprojected, rotated image. The m = 0-20 sum is the Fourier-smoothed image based on 21 Fourier terms (including 7 = 0 and both even and odd
terms). The bar image is based on the extrapolations shown in Fig. 3 and includes all even terms from m = 2 to m = 20. The m = 0 image is the mean
axisymmetric background. The bar-plus-disk and spiral-plus-disk images show the separated components against the mean axisymmetric background. The
three circles superposed on the full image correspond, in increasing radius, to r(Qp), the Q7(bar) = Q(spiral) crossover radius, and r(Qy).

function of radius. In Figure 5, the dotted curves show the found. Because the spiral is more complicated than the bar,
maxima (minima) for each quadrant. For the bar plus disk, we divided the ratio map into two 180° sections around a
a symmetric pattern for these maxima (minima) is mapped, vertical line and searched for the maxima and minima in

as expected, while for the spiral a more complex mapping is each section. The sharp breaks in the spiral mapping are
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FiG. 5.—Color-coded ratio maps of the tangential force to the mean axisymmetric radial force for four of the images of NGC 6951 in Fig. 4. These maps are
equivalent to the gravitational torque per unit mass per unit square of the circular speed. The reddish-white zones are areas where this force ratio is positive,
while the bluish-purple zones are areas where this force ratio is negative. The dark curves show mappings of |Q7(max)| in each quadrant relative to the bar or

the spiral.

discontinuities in azimuth but not in radius and are
attributable to structure in the arms. At each radius, we
averaged the values of |Q7(max)| to get the plots shown
in Figure 2¢. The short-dashed curve shows that the bar
has a maximum force ratio at r(Qp) = 31”5 (3.7 kpc),
similar to the value chosen from the relative intensity
amplitudes (smallest circle superposed on the full image
in Fig. 4). The spiral maximum in the dotted curve
occurs at r(Qy) = 57”5 (6.7 kpc; largest circle superposed
on the full image). For comparison, the solid curve in
Figure 2¢ shows the maxima from the total Fourier-
smoothed image, while the long-dashed curve shows the
maxima from the full image. These curves agree well and
show again that 21 Fourier terms are adequate for the
analysis of NGC 6951.

Figure 2¢ shows that Q7 (bar) = Qs (spiral) at r ~ 46”5.
This corresponds to the middle circle superposed on the full
image in Figure 4. The circle lies just outside the ends of the
bar and passes through the bright spiral arc on the right side
of the bar.

From these curves we derive Q, = 0.284 + 0.001 and
0, =0.212 4+ 0.035, where the uncertainties include only
the internal scatter in maximum values. The small internal
uncertainty in Qp is due to the fact that only even Fourier
terms were used to define the bar. The larger internal uncer-
tainty in Q, is due to the fact that all Fourier terms, even and
odd, were used for the spiral. Additional uncertainties are
discussed in the next section.

The maximum total relative gravitational torque is
Q, = 0.340. Thus, our analysis shows that in this case,
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ignoring the effects of the spiral would lead us to over-
estimate the bar strength by about 20%. Nevertheless, the
BBO1 ““ bar class ”” remains at 3 in either case.

Figure 2d shows the predicted, normalized rotation curve
for NGC 6951, based on the m = 0 term of the derived grav-
itational potential. The apparent flatness of the predicted
curve for radii beyond r = 10” is consistent with observed
rotation profiles along the photometric major axis obtained
by Marquez & Moles (1993) and Pérez et al. (2000) and sup-
ports our assumption of a constant mass-to-light ratio, at
least for this galaxy. The maximum rotation velocity in
NGC 6951 is V,, = 230 km s~! (Marquez & Moles 1993),
favoring a maximal disk according to Kranz, Slyz, & Rix
(2003).

5. UNCERTAINTIES IN THE METHOD

BBO1 discussed in detail the uncertainties in estimating
gravitational torques from near-infrared images. One of the
principal uncertainties is in the vertical scale height /.. Since
this parameter can be measured directly only for edge-on
galaxies, it has to be assumed. As shown by de Grijs (1998),
hr/h. (=2hg/zy, where z; is the isothermal scale height)
depends on Hubble type, but within any type there is a sig-
nificant scatter. At stage Sbc, individual values of this ratio
range from 4 to 8. This range must include a cosmic scatter
component as well as fitting and observational uncertain-
ties. In our estimated value of Q, for NGC 6951, the scatter
in the ratio leads to an uncertainty of +£0.022, while for Q it
leads to an uncertainty of +0.020. Thus, the uncertainty due
to vertical scale height is at the 8%-9% level for both Q; and
Q,. This excludes the uncertainty in our derived value of /iz
for NGC 6951, which is sensitive to the sky subtraction.
This is discussed further below, but note again that some of
the uncertainty in this parameter due to observational
errors and decomposition uncertainties must be included in
the spread in /iz/h. at each type.

Related to the issue of scale heights is the possibility that
the bar in NGC 6951 might be thicker than its disk, an effect
thought to cause a boxy or peanut-shaped bulge structure
in some edge-on disk galaxies (Bureau & Freeman 1999).
However, Laurikainen & Salo (2002) showed that such a
nonconstant vertical scale height is unimportant in the eval-
uation of relative bar torques, finding that it affects Q) by
less than 5%. Since we cannot be sure what the vertical
structure of the bar in NGC 6951 is like compared with its
disk, we assume this could contribute an uncertainty of
0.05Qy, for our estimate of Q.

For bar-spiral separation, another possible major
uncertainty will be the extrapolations of the bar Fourier
amplitudes. The largest Fourier term in any bar will be the
m = 2 term. We first investigate how the choice of the radius
of the m = 2 maximum impacts our results. For our analysis
of NGC 6951 in the previous section, we used 32”5 for this
radius and obtained, as already noted, Q, = 0.284 4+ 0.001
and Q, = 0.212 + 0.035. If we use 35”5 instead (Figs. 6a
and 6¢) we obtain Q, = 0.293 and Q, = 0.190, while if we
use 29”5 (Figs. 6b and 6d) we obtain Q, = 0.272 and
O, = 0.234. Thus, the uncertainties in Q; and Q, due to the
extrapolation will be correlated in the sense that if Q, is too
high, then Q; will be too low, and vice versa. The choice of
the radius of the m = 2 maximum appears to affect Q; more
than Q) for NGC 6951. A £10% uncertainty in the radius
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of the bar maximum leads to £4% uncertainty in Q, and
+10% uncertainty in Q,. Note that the greatly different
m = 2 extrapolations have little or no impact on the radii of
the bar and spiral maxima. Both extrapolations still give
1(Qp) =~ 31" and r(Q,) ~ 57”. However, the radius of the
crossover point, where Q7(bar) = Q(spiral), is sensitive to
the m = 2 extrapolation, ranging from 52” in Figure 6¢ to
43" in Figure 6d.

The second issue connected with the bar extrapolation is
the symmetry assumption of the relative amplitudes. We
have noted that the m = 10 term in NGC 6951 seems to vio-
late this assumption and goes to zero at r = 45", while our
assumed extrapolations for the other terms go to zero at
larger radii. To test the impact of the symmetry assumption,
we use the same extrapolations as before for all even m # 10
but cut all m > 2 at r = 45", This approximates the asym-
metry of the m = 10 term for all even m > 2. Cutting the
m = 2 term at the same radius appears to be too drastic,
however, because it leaves a sharp edge in the separated bar
and spiral images. Thus, we have left the extrapolation for
m = 2 the same as before for this test. The cutoff for the
higher order terms changes the derived relative maximum
torques to Qp, = 0.281 and Q, = 0.220, amounting to 1% for
0y and 4% for Q,. This shows that even if the terms actually
do cut off at a radius smaller than implied by our extrapola-
tions, we do not commit a serious error in Qp, and Qy if we
ignore it.

Other uncertainties discussed in BBOI included the flat-
tening of the bulge, bulge deprojection stretch, uncertainties
in the orientation parameters, sky subtraction uncertainties,
and the constant-M/L assumption. NGC 6951 has a low
enough inclination that bulge deprojection stretch has a
negligible effect on the derived maximum torques, which
occur for both the bar and spiral far outside the bulge-domi-
nated area. Uncertainties due to orientation parameters can
be significant (see Table 3 of BBO1). Buta, Laurikainen, Salo
(2003) show that, for a galaxy inclined about 40°, the typical
uncertainties in relative maximum torques are =+0.030
for £5° uncertainty in inclination and +4° uncertainty in
major-axis position angle.

The favorable agreement between the observed and
predicted rotation curves of NGC 6951 suggests that dark
matter is not important in the inner parts of the galaxy, and
that our assumption of a constant M/L is probably correct
in this case. In general, the best way to evaluate the effects
of dark matter on relative maximum torque calculations
will be to compare predicted near-infrared rotation curves
with observed ones, and model the dark halo (e.g., Persic,
Salucci, & Stel 1996).

Sky subtraction errors could impact our torque calcula-
tions, because the field of view of near-infrared images is
usually limited and the sky level cannot always be precisely
determined. For NGC 6951, we estimate a sky-level uncer-
tainty of £0.2 ADU in the intensity scale of the K, image.
Such an uncertainty in the sky level will naturally affect our
estimate of /i and hence also /.. We derive an uncertainty
of +4” in hy for £0.2 ADU uncertainty in the sky, corre-
sponding to an uncertainty in the vertical scale height of
+78 pcif h, = %h r- This combined sky subtraction/vertical
scale height uncertainty leads to an uncertainty of £0.010 in
QOp and £0.011 in Q,. As might have been expected, the sky
subtraction error impacts Q, more than Q) because the arms
lie at larger radii, although the effect is only slight. The
change is 3.5% for Q; and 5% for Q.
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F1G. 6.—Analysis plots of NGC 6951 for different extrapolations of the m = 2 component: (a, ¢) for r, = 35”5; (b, d) for r, = 29”5. In (¢) and (d), the
dashed curve is for the bar and the dotted curve is for the spiral. See Fig. 1 legend for further explanation.

Thus, allowing for the uncertainties in vertical scale
height, bar extrapolation, sky subtraction, orientation
parameter uncertainties, and the asymmetry in the spiral
arms themselves, we derive Q= 0.284 4+ 0.040 and
0, = 0.212 £+ 0.056 for NGC 6951.

Finally, there will always be individual cases that require
special treatment, particularly if the bar has considerable
asymmetry. In such cases, allowance for odd Fourier terms
in the bar is needed, and we will describe in Paper II an
approach to dealing with them.

6. CONCLUSIONS

We have shown that straightforward Fourier techniques
can be used to make a reasonable separation of a bar from a
spiral. With such a separation, we can extend the BBO1 gravi-
tational bar torque method to spirals and define a spiral
strength, as well as a bar strength. In the case of NGC 6951,
the maximum relative total gravitational torque is 0.34, while
the individual bar and spiral strengths are 0.28 4+ 0.04 and
0.21 £ 0.06, respectively. Thus, NGC 6951 is bar class 3 and
spiral class 2, following Table 1 of BBO1.

The general applicability of our separation method has
not been fully evaluated, since it has only been used for our

sample of 15 WHT galaxies and two additional galaxies
from other sources. However, as we will show in Paper 11, a
reasonable separation was possible in each of those cases.
We anticipate that the method will be applicable to most
spirals, but that some galaxies will require special treatment.
Objects having multiple bars, very weak bars in strong
ovals, or very asymmetric bars are examples of such cases.
We consider some of these cases in Paper II.

We rename the maximum relative total gravitational
torque parameter as Q,, to remove any ambiguity about
what it represents. In cases with strong bars and weaker
spirals, the actual bar strength Q, ~ Q,, while in cases with
strong spirals and weaker bars, O, ~ Q,. In general, a sepa-
ration analysis will be needed to investigate real bar torques.
However, the derivation of Q, alone is useful for some
studies (e.g., investigations of the impact of gas accretion in
galaxy disks; Block et al. 2002) and is the most straightfor-
ward parameter to derive. More details on the practical
aspects of deriving Q, for a large number of galaxies is pro-
vided by Laurikainen et al. (2003).
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