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ABSTRACT

It has been suggested that the peanut-shaped bulges seen in some edge-on disk galaxies are due to the
presence of a central bar. Although bars cannot be detected photometrically in edge-on galaxies, we show that
barred potentials produce a strong kinematic signature in the form of double-peaked line-of-sight velocity dis-
tributions with a characteristic “figure-of-eight” variation with radius. We have obtained spectroscopic
observations of two edge-on galaxies with peanut-shaped bulges NGC 5746 and NGC 5965), and they reveal
exactly such line-of-sight velocity distributions in both their gaseous (emission line) and their stellar
(absorption line) components. These observations provide strong observational evidence that peanut-shaped

bulges are a by-product of bar formation.

Subject headings: galaxies: individual (NGC 5746, NGC 5965) — galaxies: kinematics and dynamics —
galaxies: spiral — galaxies: structure

1. INTRODUCTION

Around 30% of disk galaxies are observed to be barred
(Sellwood & Wilkinson 1993). Normal mode analysis (e.g.,
Hunter 1992) and N-body simulations (e.g., Sparke & Sell-
wood 1987) show that a global instability in self-gravitating
disks provides a natural explanation for the formation of such
structures. Full three-dimensional numerical simulations also
show that the formation of a bar is accompanied by a buckling
instability, which means that barred systems can take on a
peanut shape when viewed from the side (Combes & Sanders
1981; Combes et al. 1990; Raha et al. 1991). By comparison, at
least 20% of edge-on disk galaxies have boxy or peanut-shaped
bulge isophotes (Shaw 1987). These percentages are sufficiently
similar for it to be very tempting to conclude that all the
peanut-shaped bulges are the product of central bars.

Unfortunately, the link between these two phenomena has
proved difficult to establish observationally: the boxy iso-
photes in a galaxy’s bulge are only observable photometrically
if the system is close to edge on, but the presence of a bar is
only generally apparent if the galaxy is viewed in a more
face-on orientation. In the case of the Milky Way, where the
bulge has a slight peanut shape (Weiland et al. 1994), per-
spective effects provide a convincing demonstration that the
Galaxy also contains a bar (Blitz & Spergel 1991), but these
effects are far too small to be seen in external galaxies. The only
galaxy with clear photometric evidence for both a boxy bulge
and a bar is NGC 4442 (Bettoni & Galletta 1994): in this case
the boxy distortions are sufficiently strong that they are still
apparent at an inclination of 72°. More circumstantial evi-
dence for a link is provided by NGC 1381 (de Carvalho & da
Costa 1987), an edge-on SO galaxy with a box-shaped bulge
and a central plateau in its radial distribution of light which is
suggestive of a central bar. Similarly, for a large sample of
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edge-on galaxies Dettmar & Barteldrees (1990) find an associ-
ation between box- or peanut-shaped bulges and a thin central
component in the light distribution, which they interpret as
possible edge-on bars. Finally, some nearly edge-on systems
with peanut-shaped bulge isophotes such as NGC 5746 and
NGC 5965 appear to have bulges which are slightly tipped
with respect to the disk plane: one possible interpretation for
this effect is a bar seen not quite end-on. However, none of
these data establish a strong link between boxy-bulge galaxies
and barred ones. .
Kinematic data have also failed to provide the definitive
answer to date: the only case of an edge-on, box/peanut-bulge
galaxy for which there has been convincing evidence for non-
axisymmetric central dynamics is, once again, the Milky Way,
where the CO and H 1 kinematics show the characteristics of a
bar (Binney et al. 1991). In external galaxies, it has been shown
that peanut-shaped bulges tend to rotate cylindrically (i.e., with
azimuthal velocities which *are constant with height; Jarvis
1987, 1990) whereas the rotational velocity of round bulges
declines with distance from their galaxies’ planes (e.g., Kor-
mendy & Illingworth 1982). The cylindrical rotation is consis-
tent with the predictions of N-body simulations of bars, but the
evidence is still circumstantial: there also exist simple two-
integral axisymmetric models for boxy bulges which exhibit
cylindrical rotation much like the observations (Rowley 1988).
In this Letter we illustrate how the presence of a central bar
produces characteristic structure in the line-of-sight velocity
distribution (LOSVD) of an edge-on galaxy (§ 2). This signa-
ture would not occur in an axisymmetric potential, and so it
provides unequivocal evidence for the existence of a bar. In § 3,
we present spectra of two galaxies with peanut-shaped bulges
which show exactly the predicted LOSVDs. We can therefore
conclude that these galaxies do, indeed, contain hidden bars.

2. THE KINEMATIC SIGNATURE OF A BAR

The kinematics of a galaxy can be understood qualitatively
from study of the closed orbits allowed by the potential. The
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collisional nature of interstellar gas means that these orbits are
a good approximation to the motions of this component.
Stellar motions are somewhat more complicated, since stars
have the additional degree of freedom that they can follow
orbits which oscillate about the closed orbits, and there may
also be significant populations of stars on irregular, chaotic
orbits (e.g., Sellwood & Wilkinson 1993). Nevertheless, in a
potential with a reasonable density of nonchaotic orbits, we
would expect features which show up in the distribution of
closed orbits to also appear in the stellar motions, perhaps
somewhat broadened by the stars’ oscillations about these
orbits and diluted by their superposition on any irregular com-
ponent.

Figure la shows the observable kinematic properties—
LOSVD as a function of projected radius—for the closed
orbits out to a finite radius in an axisymmetric potential. As
long as the density of material is falling with radius, then pro-
jection along the line of sight at a radius R produces a high
observed density of material moving at the local circular speed,
vy = U:(R), together with a tail of material moving with lower
line-of-sight velocities.

The orbits in a barred galaxy have been discussed exten-
sively in the literature: examples include the articles by Conto-
poulos & Papayanopoulos (1980) and Athanassoula (1993).
Inside the inner Lindblad resonance (ILR) in a barred poten-
tial, the closed orbits are aligned perpendicular to the bar.
Between the ILR and the corotation radius (the radius at
which stars orbit the galaxy at the same speed at which the
bar’s pattern rotates), the orbits are distorted with their major
axes aligned along the bar. In a broad region around corota-
tion there are no closed, non—self-intersecting orbits available,
and at larger radii still the orbits are only slightly elongated
and aligned perpendicular to the bar. Because gas orbits
cannot intersect each other or themselves, the gas is naturally
forced onto the closed nonoverlapping orbits allowed by the
potential. Figure 1b shows these orbits projected onto the
{R, v} plane for a particular bar model, viewed at an angle
intermediate between the bar axes. Unlike the LOSVD dis-
played in Figure la, this diagram is rich in features. The tran-
sitions between the different orbit families result in gaps in the
diagram; the prominent gaps which give the distribution its
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“figure-of-eight ” appearance reflect the lack of available orbits
near the corotation radius.

3. OBSERVATIONS OF NGC 5746 AND NGC 5965

I-band CCD images of two edge-on galaxies with peanut-
shaped bulges, NGC 5746 and NGC 5965, were obtained using
the FLWO 48 inch telescope. These images, presented in
Figure 2a (Plate L3) and Figure 3a (Plate L4), clearly show
the distorted isophotes of the bulges in these systems.

In order to look for the kinematic signature of the bars
which may lie hidden in these two galaxies, we obtained long
slit spectra along their major axes. The data were obtained
using the ISIS two-armed spectrograph on the 4.2 m William
Herschel Telescope on the nights of 1993 June 11-12 through a
slit of width 1.25 arcseconds. Tektronix CCD detectors and
1200 lines mm™~! gratings were used in both arms of the
spectrograph, producing spectra at a resolution of 0.41 A
pixel !, with 2.3 pixels FWHM. In order to reduce readout
noise, the data were binned on the CCDs in the spatial direc-
tion to produce a spatial resolution of 1.05 arcseconds pixel ~ 1.
The red arm of the spectrograph was used to obtain spectra
centered on either the Ha line (6563 A) or the triplet of Ca 11
lines at ~8600 A. Spectra from the blue arm were centered on
the Mg b feature (5190 A). Total exposure times on these
objects were 3600 s on NGC 5746 and 4800 s on NGC 5965.

The spectra from both arms were initially reduced using
standard IRAF long-slit procedures: bias subtraction, flat-
fielding, two-dimensional rebinning to a logarithmic wave-
length scale based on calibration from bracketing Ne-Ar lamp
exposures, and co-addition of multiple observations. Signifi-
cant fringing in the spectra of the calcium triplet was also
flat-fielded out using continuum lamp exposures obtained
during the course of the night. Both arms of the ISIS spectro-
graph have remarkably linear spectral dispersions, and low-
order polynomial fits produced typical rms residuals in the
wavelength solution of ~0.015 A.

3.1. Emission Line Spectra

The spectra of the [N 1] line at 6583 A from the two galaxies
are presented in Figures 2b and 3b. We show this line from the
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F1G. 1.—Orbits projected into the observable {R, v,,;} plane for an edge-on galaxy with potential (R, 0) = 0.51n(0.2? + r?) — [1 + r)(1 + € cos 26)] " ** at an

| intermediate position angle. Orbits are randomly sampled, and plotted with symbols of sizes which mimic a radial exponential density law of unit scale length. (a)

Axisymmetric potential, € = 0, and (b) barred potential, € = 0.2. The pattern speed is such that the corotation radius of the barred potential occurs at a radius of
unity.
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F1G. 2—Photometry and kinematics of NGC 5746. (a) I-band photometry of the galaxy, with contours spaced by 0.3 magnitudes: the thick line indicates the
position of the slit for the spectral observations. Line-of-sight velocity distribution, normalized to unit velocity integral, as a function of projected radius for: (b) the
gaseous component as traced by the [N 11] line at 6583 A; (c) the stellar component as derived from absorption lines around the Mg b feature at 5170 A; and
(d) the stellar component as derived from absorption lines around the Ca triplet at 8600 A. The gray-scale bar indicates the relative phase space density scale in both

(c) and (d).
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F1G. 3—Photometry and kinematics of NGC 5965. (a) I-band photometry of the galaxy, with contours spaced by 0.3 magnitudes: the thick line indicates the
position of the slit for the spectral observations; the diagonal feature is due to a bad column in the CCD. Line-of-sight velocity distribution, normalized to unit
velocity integral, as a function of projected radius for: (b) the gaseous component as traced by the [N 1] line at 6583 i; (c) the stellar component as derived from
absorption lines around the Mg b feature at 5170 A ; and (d) the stellar component as derived from absorption lines around the Ha line at 6563 A. The gray-scale bar
indicates the relative phase space density scale in both (c) and (d). The absence of strong absorption features and contamination by emission lines limit the signal-to-
noise ratio in (d).
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spectral region around Ha because it does not lie on top of any
stellar absorption features (such as Heu itself), and so the stellar
continuum has been effectively removed from each spectrum
by simply subtracting the mean galaxy luminosity profile. It is
apparent that the emission lines are split into two components
forming the distorted “figure-of-eight ” shape predicted by the
barred galaxy model (see Fig. 1b). Axisymmetric gas orbits,
which project as straight lines in this plane [Fig. 1(a)] could
not combine to produce these plots.

Figures 2b and 3b also show the circular rotation speeds of
these galaxies obtained from the CCD images using Merri-
field’s (1991) quadrature which assumes that the galaxies are
axisymmetric. This method also assumes that the galaxies have
a constant mass-to-light ratio, which has been shown to be a
valid assumption in the central parts of other disk galaxies
(e.g., Kent 1986). In each case, the value of the mass-to-light
ratio was chosen to match the observed rotational velocity at
large radii. At small radii, neither emission line component
matches the shape of this rotation curve (as they would in an
axisymmetric galaxy), but they bracket the curve as predicted
by the bar model.

The photometry in Figs. 2a and 3a also shows that the
peanut-shaped distortions in NGC 5764 and NGC 5965
extend to ~35 and ~ 15 arcseconds, respectively. If these dis-
tortions are due to bars, then we can associate these distances
with the ends of the bars and hence, presumably, the bars’
corotation radii. These numbers fit nicely with the LOSVDs
presented in Figures 2b and 3b, as the split LOSVDs extend to
approximately twice the corotation radius in a barred poten-
tial (see Fig. 1b).

3.2. Absorption Line Spectra

The reduced absorption line spectra were analyzed using
the unresolved Gaussian decomposition (UGD) algorithm
described by Kuijken & Merrifield (1993). This method
extracts the stellar LOSVD from the Doppler broadening and
shift in spectral lines by modeling the velocity distribution as
the sum of a set of unresolved Gaussian distributions with
fixed means and dispersions. The best-fit LOSVD is then found
by convolving this model with spectra of standard stars
(obtained on the same observing run with the same spectral
set-up) and varying the amplitudes of the Gaussian com-
ponents until the galaxy spectrum is best reproduced in a least-
squares sense. For the current analysis, we co-added data
along the longslit spectrum until we obtained a signal-to-noise
ratio of at least 20 per wavelength pixel in each spatial bin.
Each LOSVD was then modeled as the sum of 21 Gaussian
components with means separated by 75 km s~ !, and disper-
sions of 50 km s~ 1.

Figures 2c¢, 2d, 3¢, and 3d show the stellar LOSVDs derived
from this analysis. Deconvolution of a galaxy spectrum to
extract the LOSVD is an intrinsically noise-amplifying process.
We therefore expect the derived LOSVDs to be somewhat
noisy, even with the high signal-to-noise ratio spectra obtained
from these observations. A good measure of the reliability of
the results can be obtained by comparing the LOSVDs
obtained from the Mg b spectra taken with the blue arm of the
spectrograph with those obtained from absorption line spectra
taken with its red arm. In the case of NGC 5746, these red arm
spectra were centered on the calcium triplet; for NGC 5965,
the spectra used were all centered on the Hu line (with the
emission lines automatically rejected from the UGD fitting
process; Kuijken & Merrifield 1993). The two arms of the
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spectrograph are essentially independent instruments which |
obtain spectra with different CCD responses, different velocity
resolutions, different contamination from night sky lines, etc.
There are therefore not likely to be any strong common sys-
tematic problems, and so differences between the derived
LOSVDs can be attributed to the uncertainty due to the finite
signal-to-noise ratio of the data. By comparing parts (c) and (d)
of Figures 2 and 3, it is apparent that even quite subtle struc-
ture in the LOSVDs is reproduced in these independent data
sets. In particular, the clear split into two components, one
faster than the circular speed and one slower than the circular
speed, mirrors the behavior of the mission line spectra.

The similarity between the LOSVDs derived from different
parts of the spectrum also allows us to address any concerns
about the effects of extinction in these galaxies. Inspection of
the photometry in Figures 2a and 3a reveals that, although
these disk galaxies are of early Hubble types, they do show
some obscuration by dust lanes. The galaxies’ inclinations
mean that the lines of sight of our spectral observations will
intersect the dust lanes midway through each galaxy. The
observed structure in the LOSVDs might therefore be the
result of selective dust extinction along these lines of sight
through intrinsically axisymmetric galaxies. However, the close
agreement between the LOSVDs derived from the red and blue
spectral data belies this explanation. In the case of NGC 5746,
for example, the sizes of the high-velocity components (which
would come from material at the smallest radii in an axisym-
metric galaxy) are identical to within the observational errors
of ~30%. From the standard interstellar extinction curve (e.g.,
Mihalas & Binney 1981), the difference between the extinction
of 5200 A and that at 8600 A can only be less than 30% if the
extinction at 8600 A is less than 0.4 magnitudes. No matter
how such a modest amount of extinction is distributed along
the line of sight, it is nowhere near enough to explain the gap
between the slow and fast components in the LOSVD, where
the projected phase density is depressed by at least a factor -
of 5.

4. DISCUSSION

An edge-on barred galaxy displays a characteristic kine-
matic signature in that its LOSVD has two high density peaks.
One of these peaks travels faster than the local circular speed,
the other more slowly, and the variation in their velocities with
projected radius along thé major axis forms a distorted
“figure-of-eight ” in the {R, v,,,} plane. This signature allows
edge-on barred galaxies to be identified. We have used this
indicator in optical spectra to show that the two galaxies with
peanut-shaped bulges which we have studied—NGC 5746 and
NGC 5965—also harbor bars. This discovery provides strong
observational support for the hypothesis that peanut-shaped
and boxy bulges are a by-product of bar formation.

Binney et al. (1991) have demonstrated that CO and H 1
observations reveal the presence of a bar at the center of the
Milky Way. We might therefore expect that data in these
wavebands from external galaxies should also show the sort of
signature that we have found in optical observations. Indeed,
CO observations of the edge-on boxy-bulged SO galaxy NGC
4710 (Wrobel & Kenney 1992) show exactly the same two-
component velocity distribution, and we would suggest this
observation implies that NGC 4710 also contains a bar.

With the current generation of 4 m telescopes and efficient
spectrographs, it is possible to obtain spectra of the central
parts of external galaxies at high signal-to-noise ratios. As we
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have shown, such spectra are of sufficient quality to study quite
fine kinematic structure in both the gaseous and stellar com-
ponents of these systems. Further comparison of kinematic
data from peanut-shaped bulges with detailed dynamical
models of bars will enable us to explore the connection
between these two phenomena in much greater depth.
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