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ABSTRACT

UBYV surface photometry of the shell galaxies Arp 230, NGC 7010, and Arp 223 is presented. We find
all to be the result of mergers. In Arp 230, the merger of two spirals induced a burst of star formation
which has declined in strength since the collision. The remnant seems likely to become elliptical. NGC
7010 has very red shells, perhaps redder than the galaxy itself. Evolution of the stellar content of these
shells may be important. Arp 223 has shell colors which are slightly bluer than the main body of the
galaxy, consistent with an origin in an Sb. Our data indicate that the timescale since the interaction is
typically = 1 Gyr. Moreover, those ellipticals that have been formed by mergers should have complex
stellar populations with a component formed in the collision. This extra component might be detectable
by the methods of empirical population synthesis, at least to some age limit, making it possible to
investigate the relative numbers of ellipticals formed in this manner by methods other than morphology.

I. INTRODUCTION

Distinguishing between the various mechanisms pro-
posed for the occurrence of extended shells around early-
type galaxies (e.g., Arp 1966, Schweizer 1980) is essential to
the interpretation of both their statistical frequency and for-
mative process (Malin and Carter 1983; Schweizer and
Seitzer 1988). This is especially important in light of argu-
ments that imply a rather high merger rate leading to the
suggestion that many or all ellipticals and bulges were
formed by mergers between disk galaxies (Barnes 1989 and
references therein). Despite what they may tell us about
some aspects of galaxy formation, shells remain poorly un-
derstood in terms of the stellar population of which they are
composed. Understanding this is crucial in distinguishing
between different formation mechanisms.

Theoretical work on shells generally falls into two catego-
ries: the merger hypothesis, whereby material accreted from
a companion forms the shells (e.g., Quinn 1984; Huang and
Stewart 1985; Dupraz and Combes 1986; Hernquist and
Quinn 1988, 1989), and gas dynamical theories, which in-
voke star formation in gas intrinsic to the galaxy (e.g., Fabi-
an, Nulsen, and Stewart 1980; Williams and Christiansen
1985; Umemura and Ikeuchi 1987; Loewenstein, Fabian,
and Nulsen 1987). As a corollary to the merger scenario,
Wallin and Struck-Marcell (1988) have developed models
in which shell-like structure is formed in the disks of SOs by
collisional encounters during the evolution towards a merg-
er. Nulsen (1989) has shown analytically that shell features
can form as a result of shearing in any population which is
initially confined to a small volume of phase space.

These theories make specific predictions that are testable.
In merger scenarios a population external to the primary
galaxy forms the shells; this should result in a color differ-
ence between the shells and the rest of the galaxy. Shell gal-
axies are usually giant ellipticals or SOs while the cannibal-
ized galaxies are less massive, being either late-type galaxies
or former physical companions. Hence merger models anti-
cipate shells which are bluer than the main body of the gal-
axy to the extent that low mass galaxies are intrinsically
bluer than those of high mass. Projecting the results of merg-
er simulations onto the plane of the sky results in a plateau
shaped luminosity profile (Hernquist and Quinn 1988). In
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contrast, the features predicted by Wallin and Struck-Mar-
cell (1988) to occur in the disks of SOs should have more
symmetric profiles and colors identical to the surrounding
disk. Thus, such features should be distinguishable from
shells of external origin, even in systems where both might be
present.

Gas dynamical theories invoke recent star formation, and
such shells should be considerably bluer than the rest of the
galaxy (assuming a normal IMF). Umemura and Ikeuchi
(1987) suggest that since outer shells are the more recently
formed, they should be bluer than inner shells. This is also
implicit in the blast wave theory of Williams and Christian-
sen (1985). Furthermore, Williams and Christiansen com-
pute the radial-luminosity profile they expect for shells
formed by their mechanism. This profile has a sharp outer
edge but varies smoothly inward. Other gas dynamical theo-
ries predict shell profiles which are likely indistinguishable
from merger predictions. This makes shell geometry a less
useful discriminator than color.

To date, observations are most consistent with the merger
hypothesis. Merger simulations account very well for the
observed morphology of shell systems (Malin, Quinn, and
Graham 1983; Quinn 1984), though dynamical friction
must be invoked to explain the presence in some galaxies of
shells at very small radii (Pence 1986; Prieur 1988a).
McGaugh (1985) argued that the sharp inner as well as
outer edges of the shells were inconsistent with the blast
wave scenario. Fort et al. (1986) modeled the observed radi-
al profiles of the shells and found them to be consistent with
the predictions of merger simulations. As for the colors of
the shells, Carter, Allen, and Malin (1982) found that one
shell of NGC 1344 was bluer than the rest of the galaxy in
B — J, though their data indicate that it might be redder in
B — V.Fortetal. (1986) found the shells of NGC 5018 and
NGC 2865 to be bluer than the main bodies of those galaxies,
but found no color difference in NGC 3923. Pence (1986)
reached the same conclusion for that galaxy and also for
NGC 3051. In the well-studied case of Arp 227 (NGC 474),
McGaugh (1985) found marginal evidence for a color dif-
ference, Schombert and Wallin (1987) found no difference,
and Prieur (1988b) found significant differences. We at-
tribute these results to differences in the analysis methods
used. In particular, Schombert and Wallin made no attempt
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to subtract out the background galaxy light. In those studies
where a color difference in the shells was detected, they were
found to be slightly bluer, consistent with a merged popula-
tion but not with recent star formation. However, a number
of studies find no color difference.

It is important to understand this in terms of the stellar
population that compose the shells. Some merger remnants
may have come from red galaxies. Dupraz and Combes
(1986) and Hernquist and Quinn (1988) note that compact
spheroidal galaxies can form shells as well as dynamically
cold disks. However, dEs are bluer on average than their
giant brethren, having a mean (B — V') = 0.72 (Caldwell
and Bothun 1987). Furthermore, their colors are less subject
to fading (due to a reduced population of upper main-se-
quence stars) than are those of disks. Thus the stellar popu-
lation of some shell systems remains a mystery, and it is
possible that these structures are intrinsic to the galaxies. To
investigate the origin and stellar population of the shells, we
have extended the observational baseline into the ground-
based ultraviolet where the color differences between shells
and the host galaxy should be most pronounced. Our obser-
vations are discussed in Sec. II and the analysis is described
in Sec. III. Results are presented in Sec. IV and their signifi-
cance is discussed in Sec. V.

II. OBSERVATIONS AND REDUCTION

Observations were made with the McGraw Hill 1.3 m tele-
scope on six nights (of which three were photometric) in
August 1988. A Thomson CCD was used in direct mode,
giving an image scale of 0.48" per 23 um pixel. This CCD is a
quiet (7e” rms read noise), frontside illuminated device
which derives its ultraviolet sensitivity from a metachrome-2
coating. Photometric transformations were derived from ob-
servations of Landolt (1983) standard stars covering a wide
range of color. The solutions have very small color terms,
implying that the U filter suffers no serious red leak.

Objects were chosen from Table II of Malin and Carter
(1983). We sought to cover a wide range of morphological
types, and so selected Arp 230 (peculiar), Arp 223 = NGC
7585 (80), and NGC 7010 (E). The primary limitation we
faced was the small field of view (3.2’ X4.6’) of the direct
mode, and so the above galaxies were also chosen because
they fit within this small field with room left for sky deter-
mination. Available reducing optics do not transmit below
4000 A so it was necessary to use the direct mode in order to
obtain U data. Each galaxy was observed for 3600 s in U,
18005 in B, and 900 s in ¥ on each of the three useful nights.

Standard CCD reduction procedures were employed;
these include bias and dark subtraction and flatfielding.
These were accomplished using the software packages BARF
and IRAF. Twilight flats were compared to flats derived from
the median of all image frames from a given filter. No signifi-
cant differences were found. Determination of sky levels
show that all frames are flat to 0.1% or better. This, plus the
darkness of the sky in U and B, make this project possible.
After sky subtraction, the images for each galaxy in each
filter were registered and combined to increase signal to
noise and remove cosmic rays. The program PROF in the
GASP package was used to fit elliptical isophotes to the lumi-
nosity profile of the galaxies. PROF is an iterative ellipse fit-
ting routine which treats the center, position angle, and ellip-
ticity of each ellipse as free parameters. These ellipses were
also used to determine the differential color profiles of the
galaxies. A useful check on the zero points determined from

the standard stars was made by comparing the luminosity
and color profiles determined for each galaxy with data from
different nights. Excellent agreement was found among all
independent datasets. Also, our data for Arp 223 is in agree-
ment with the published photometry of Schombert ef al.
(1990).

III. ANALYSIS

The technique of two-color mapping (Bothun 1986) was
initially employed to search for color differences in each gal-
axy. This revealed only the general color gradient already
seen in the differential color profiles—the shells did not
stand out as being very different in color from the surround-
ing galaxy. This could be due either to the shells being the
same color as the host galaxy, or to the background galaxy
light dominating the shell light. Since shells are typically
very low surface brightness features (up~25 mag arc-
sec™?), the latter is likely to be true except at large radii.
Thus it is necessary to remove the galaxy background to get
the true shell colors (e.g., Fort ez al. 1986).

Two kinds of subtraction methods were employed here.
The first involved empirical models built from the ellipses
generated by PROF. The shells were masked and not included
in the ellipse fitting. Masking out the shells also meant mask-
ing out a significant amount of galaxy light, and profiles fit to
these data lacked sufficient signal to constrain all three el-
lipse parameters simultaneously. The best subtractions (of
the many we tried) were made by fixing the ellipse center
and the position angle at that of the last ellipse fit to high
signal, unmasked galaxy light. The second subtraction
method smoothed the data over scales larger than the shell
features after first editing out stars with IMEDIT in IRAF.
Boxcars and median filters of 1040 arcsec were tried. The
best results came for those of 20-30 arcsec. This method
obviously does a poor job near the centers of the galaxies, but
is quite good at intermediate to large radii where most of the
shells are found. Some over-subtraction results, but this
should not affect the measured colors as each filter is treated
in the same manner. Overall, the median filter was found to
produce the most robust results.

Colors and surface brightnesses for features in all galaxies
are listed in Table I. The various features are identified in the

TABLE I. Shell data.

Galaxy Feature B-V U-B w(B)
Arp 230 A 0.67 + 0.03 0.31 +0.10 25.5
B 0.53 £ 0.02 0.25 £ 0.15 249

C 0.52 £ 0.06 0.01 £ 0.10 248

D 0.48 £ 0.06 -0.11 £ 0.07 244

E 0.54 £ 0.05 -0.35 £ 0.20 24.5

F 0.47 £ 0.04 242

Center 0.89 £ 0.01 0.03 £ 0.02 20.5

East plume 0.35 £ 0.01 -0.29 £+ 0.02 21.0

West plume 0.48 £ 0.01 -0.50 £ 0.02 21.1

Southern extension 0.66 £ 0.07 0.02 £ 0.10 25.8

NGC 7010 A 1.44 £ 0.11 0.29 £ 0.25 26.4
B 1.34 £ 0.03 0.19 + 0.30 25.8

C 1.11 £ 0.04 0.36 + 0.20 249

D 1.03 £ 0.25 25.5

Arp 223 A 0.76 + 0.03 0.13 £ 0.07 24.7
B 0.99 + 0.03 0.26 + 0.10 25.0

C 0.89 + 0.08 0.17 £ 0.13 24.8

D 0.84 + 0.07 0.00 £ 0.12 24.7

E 0.63 £ 0.07 25.4

F 0.76 + 0.10 26.1

G 0.81 £ 0.06 0.09 + 0.15 26.4

H 0.80 + 0.10 25.9
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background subtracted images [Figs. 1(d), 4(b), and
6(b)]. The listed values were determined in contiguous 5
pixel (=~ 2.5") square apertures placed to cover as much of
each feature as possible while avoiding regions where stars
had been edited out. The different galaxy subtraction meth-
ods yield consistent colors for most features. Errors are esti-
mated by comparing the results of the various schemes. Un-
certainty in the background subtraction is the dominant
source of error, but we found no indication of systematic
errors such as color trends with smoothing scale. Surface
brightnesses are more sensitive to the subtraction method
than are colors; these values should be treated as estimates
only.

IV. RESULTS FOR INDIVIDUAL GALAXIES
a) Arp 230

Arp 230 s classified only as a peculiar galaxy (Arp 1966).
It has the prototypical shell morphology, appearing ellipti-
calin deep photographs with interleaved shells aligned along
the major axis [Fig. 1(a)]. However, it is not elliptical, as
can be seen in Fig. 1(b), which is scaled to reveal the interior
structure. There is a strong dust lane aligned along the puta-
tive minor axis, and two plumes extend out from the center
roughly parallel to this. Several small loops appear beyond
the tips of the plumes. The center of the galaxy is heavily
reddened, as can be seen in Fig. 1(c). This is a gray-scale
image of the B — ¥ color produced by dividing the B frame
by the V' frame. It also shows that the plumes are much bluer
than the rest of the galaxy. Figure 1(d) is the background
subtracted image. A 50 pixel median filter has been used to
create a smoothed image which was subtracted from the
original. The sharp-edged shells remain as does the interior
structure. The shells are labeled from outer to inner, in the
order merger simulations imply they would form (which is
opposite to the formation order implied by gas dynamical
theories).

The morphology of this galaxy strongly suggests that it is
the result of a collision between two spirals. Schweizer
(1983) classifies it as such. The overall colors are those of a
late-type spiral, ruling out the possible involvement of an
elliptical in this merger. The luminosity profile (Fig. 2) is
not well fit by any standard law, though it is consistent with a
de Vaucoulers profile. Figure 3(a) is a color—color diagram.
The differential color profile of this galaxy (determined with
the ellipses fit by PROF) is shown without error bars. The
errors of these points are quite small, being limited only by
the zero points and the intrinsic signal-to-noise. Therefore
the scatter in these points is real. This is not surprising con-
sidering Fig. 1(c): many ellipses include both the blue
plumes and the dust lane. Points redward of B — V= 0.7
probably suffer some reddening from the dust lane (see the
reddening vector). At large radii there is a general red to
blue color gradient. The center of the galaxy is the reddest
point on the graph, consistent with the heavy reddening seen
in Fig. 1(c). The two plumes are very blue. The shells are
bluerin B — V¥ than the main body of the galaxy, and cover a
wide range in U — B.

If this system is indeed the result of the merger of two
spirals, as color and morphology imply, it is possible that
some star formation could have been induced by the colli-
sion. Thronson, Bally, and Hacking (1989) have searched
the IRAS database for shell galaxies to see if these merged
systems show any indications of such an effect. Their results
are negative: shell galaxies have infrared colors and far-in-

frared-to-blue flux ratios similar to those of normal galaxies
of the same Hubble type. In the particular case of Arp 230,
the infrared colors are again those of a late-type spiral, con-
sistent with the optical colors. Using our measured B magni-
tude with the infrared flux reported for this object by Thron-
son et al. we derive a flux ratio log(F g /Fg) =2.7+0.1.
This is high (average Sc = 2.2), which we attribute in large
part to the unusual geometry of the dust lane which sup-
presses much of the blue light that would normally be re-
ceived from the center of the galaxy. The measured 60/100 u
flux ratio for Arp230is0.41 + 0.01, a value which is consis-
tent with dust heating by older A, F, and G stars (see
Bothun, Lonsdale, and Rice 1989).

With this in mind, the interpretation of the positions of the
shells in the color—color diagram becomes very clear. Larson
and Tinsley (1978) modeled the effect of a burst of star for-
mation on the U — B, B — V colors of a galaxy, and showed
that it would first become much bluer in both colors, then
fadein U — B faster thanin B — Vafter the burst had ceased.
Figure 3(b) is the color—color diagram of Arp 230 with the
tracks of Larson and Tinsley [from their Fig. 2(a)] super-
imposed. These tracks show the outer envelope of colors
reached by very strong bursts of star formation. The shells
appear to be material which participated (though were not
wholly formed) in a burst of star formation which has now
ceased. Their colors have faded more rapidly in U — B than
in B — ¥, consistent with the evolutionary tracks of Larson
and Tinsley. Indeed, the dynamically oldest outermost shell
has faded the most, and each subsequent shell has faded less.
This implies that the dynamical processes which form the
shell may terminate star formation in the shell, either be-
cause the gas does not follow the stars or because the gas
density in the shells quickly drops below the threshold for
star formation (Kennicutt 1989).

The colors of the shells can be used to gauge the time since
the star burst and hence the age of the merged system, pro-
viding a quantitative observational measure of the timescale
for shell formation. The outermost shell (shell A) has a col-
or that would result from a strong burst and an age of 1-2
Gyr. The color of shell B implies an age of 0.5-0.7 Gyr. The
colors of the inner shells lie closer to tracks of weaker bursts
at younger (<0.3 Gyr) ages, implying that the strength of
the burst decreased with time.

To the accuracy that they are determined, these ages are
not particularly sensitive to metallicity. The primary effect
of metallicity would be in the U band via the blueward ex-
tent of the horizontal branch and line blanketing. Shifting
the U — B colors of the shells does not alter the interpreta-
tion. Though the majority of the shell material is expected to
be old stars, the vigorous young population dominates at the
observed wavelengths. Indeed, Carter et al. (1988) found
that substantial numbers of A stars were present in the nu-
clear spectra of 20% of a large sample of shell galaxies,
which they interpret as the result of star formation associat-
ed with the shell-forming merger event. Note that this sam-
ple is a subset of the Thronson et al. sample previously dis-
cussed. That no indication of star formation is present in the
infrared implies that this type of activity (dust heating by
massive stars) has died out by the time the shells become
visible. If such star formation episodes are common, they
may contribute to the population of very metal-rich stars in
elliptical galaxies, relaxing the requirement that these be
formed during the epoch of galaxy formation.

The shell ages are somewhat more consistent with the dy-
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F1G. 1. Arp 230: (a) North is up, east is to
the left. Area displayed is approximately
3.2"X2.8". (b) Logarithmically scaled to
reveal inner structure. Also note faint ex-
tension to the south. (c) Color gray scale.
Bluer regions are darker. Note strong cen-
tral dust lane and blue plumes. (d) Image
produced by subtracting median filtered
replica. Shells are labeled from outer to in-
ner. Bulges along the minor axis are the
plumes; holes near the center are due to
the dust lane.
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namical models of Hernquist and Quinn (1988) than with
those of Dupraz and Combes (1986). In the simulations of
Hernquist and Quinn, shells form on timescales of =~ 10°® yr
and endure for a few Gyr. Shell formation proceeds more
slowly in the simulations of Dupraz and Combes, with shell
systems lasting as long as a Hubble time. Since the observ-
able endurance of a shell system is difficult to quantify, and
since the present data give no indication of the number of
shells which the Arp 230 system might produce in the future,
the distinction between these models is marginal.

The bulk of the evidence strongly suggests that Arp 230 is
a recently merged pair of spirals. Its shells were formed as a
result of this merger. Had these shells been formed by gas
dynamical processes within the galaxy, the outermost shell
would be the youngest and bluest, opposite the observed
trend. The appearance and profile of Arp 230 suggest that it
may become elliptical, as in the case of NGC 7252. Notably
lacking are the long tails seen in this galaxy. In 1-2 Gyr, such
tails may have had time to disperse. Or, it may be that the
plumes of Arp 230 are beginning to form these structures. If
so, this process occurs in reverse order to that suggested by
Dupraz and Combes. It might be that the plumes [or inner
ring, as Schweizer and Ford (1985) callit] are the remnants
of the spirals’ disks. Detailed velocity maps are required to
sort this out. It could also be that the low surface-brightness
extension to the south of the Arp 230 is a tidal tail, as
Schweizer and Ford suggest, though its morphology is far
from typical for such features (i.e., it is much too wide).
Another possibility is that the precursor galaxies may have
lacked sufficiently massive dark halos to form narrow tidal
tails (Barnes 1988).

It appears that sharp-edged shell features can form even in
the merger of two nearly equal-mass disk systems. Merger
simulations always assume large mass ratios so that the pri-
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mary potential can be treated as unperturbed and that of the
companion can be ignored. This computational convenience
now seems unnecessary to shell formation. Nulsen (1989)
has shown analytically that shell-like features can form in
any integrable potential. From this example, it seems unlike-
ly that the integrability of the potential is any more of a
requirement for shell formation than is a large mass ratio.
This means that shell features may be formed as a result of
encounters from a larger volume of parameter space than
has previously been assumed.

b) NGC 7010

NGC 7010 is a true elliptical with prototypic shell mor-
phology [Fig. 4(a)]. Its shells are broad, plateau shaped,
and quite low in surface brightness (see Table I). Figure
4(b) shows the galaxy after subtraction of a smoothed (50
pixel median filter) replica. Figure 5 is the color—color dia-
gram for this galaxy. The differential color profile trends
from red in the center to blue further out, consistent with a
metallicity gradient in the galaxy. Again, the scatter in these
points is real. In this case, the isochromes are unlikely to
vary significantly from the isophotes, as this is a very subtle
effect in true ellipticals (Boroson and Thompson 1987).
Rather, we believe that this scatter results from the material
of a merged companion which is spread unevenly through-
out the galaxy. As has been discussed, theories of shell for-
mation predict blue shells. It is surprising, then, that these
shells are as red or redder than the rest of the galaxy. While
the faintness of these shells and the rapidly changing galaxy
background (and hence uncertain background subtraction)
make for large uncertainties, there is no indication of system-
atic error which would result in very red shells in this one
case. Indeed, that our method reveals both red and blue
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F1G. 3. Arp 230 color—color diagram. (a)
Open squares are the differential color pro-
file of the galaxy. Open circles are the shells
labeled as in Fig. 1(d). Filled squares are the
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center and inner plumes of the galaxy. The
solid line shows the slope of the reddening
vector; its length corresponds to a reddening
E(B— V) =0.1. (b) The evolutionary
tracks of Larson and Tinsley (1978) super-
imposed on the Arp 230 data [from their

T
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_ Fig. 2(a)]. The heavy solid line is the stan-
dard galaxy track. The upper solid line is the
locus of different burst strengths. The
dashed line is the evolutionary track after
the cessation of a strong burst. See Sec. IVa.
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shells indicates that there is no systematic bias. Since this
galaxy is a third of our sample, and other galaxies are also
observed to have red shells, it is important to understand
how this can occur.

It is possible that the merged companion was originally
red. Some SOs this red are known, but are very rare and
therefore cannot explain the incidence of red shells in the
limited sample of shell galaxies with good color measure-
ments. It is highly unlikely that the merger of two giant ellip-
ticals could form shells. It may be possible that some shells
are features intrinsic to these galaxies. If so, they cannot be

the result of recent star formation unless an unusual IMF is
invoked, as has been suggested for cooling flows (Fabian et
al. 1982). Instead, they must be formed of a population simi-
lar to the rest of the galaxy. If this is the case, a new theory is
required that uses this population to form shells. The work of
Nulsen (1989) provides a mechanism whereby this might
happen, but provides no clue as to how the necessary initial
conditions (that the shell material occupy a restricted vol-
ume of phase space) could be met by the intrinsic popula-
tion.

There is yet another possibility to be considered. Merger
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F1G. 4. NGC7010. (a) North is up, east is to the
left. Area displayed is approximately 2.5' X 2.6'.
(b) Image produced by subtracting median-fil-
tered replica. Shells are labeled from outer to
inner.
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simulations form shells by phase wrapping dynamically cold
material (Quinn 1984). Published simulations use perfectly
cold sheets (Quinn, Hernquist, and Quinn) or introduce a
minimal velocity dispersion which is uniform throughout
the disk (Dupraz and Combes). But real disks have a range
of velocity dispersions. We suggest that the phase wrapping
process may preferentially select the dynamically colder
components for inclusion in the shells. This means that pref-
erentially younger material will be selected, effectively
weighting the mass function towards higher mass stars. This
is yet another reason to expect blue shells, at least initially.
But as the population evolves, the shells could become very
red, due to the evolution of these massive stars toward the
AGB, especially if further star formation is suppressed. Stars
of >2 # , will evolve on the relevant timescale of a few
times 10® yr. The AGB branch is expected to dominate such
an intermediate age population (Renzini and Buzzoni
1986). Barbaro and Olivi (1986) calculate that the inclusion
of this AGB branch can redden a population by roughly 0.20
in B— Vand 0.05 in U — B for a normal IMF. This effect
would be even more pronounced if the shell-forming mecha-
nism initially weights the mass function towards higher mass
stars.

This scenario makes some obvious predictions about the
infrared colors of the shells and luminosity indicators like
the calcium triplet. Pence (1986) found no differences in the
absorption features of the shells and galaxy in NGC 3923
(which also has red shells), but the signal to noise is low and
the calcium triplet in particular is contaminated by a strong
night sky line. Considering the difficulty of this project, the
brightness of the night sky and poor sensitivity of currently
available detectors at infrared wavelengths make such obser-
vations technically impossible.

There is marginal evidence in the NGC 7010 data to sup-
port this scenario. The AGB branch will affect B — ¥ more
strongly than U — B; the observed shell colors vary widely in
B — V at nearly constant U — B. There is a weak trend in

1081 S.S. McGAUGH AND G. D. BOTHUN: MALIN SHELL GALAXIES 1081
NGC 7010
LA T T T T 1 T T
o
o
o
ot 4
a
o2 o
B
N ———
d ~ 1
o gu a A Fi1G. 5. NGC 7010 color—color diagram.
1 o 1 Squares are the differential color profile of
"o ¢ the galaxy. Circles are the shells labeled as in
< ﬁu—t i Fig. 4(b). The solid line is parallel to the
o L] . .. .
a0 vector of changing metallicity (Tinsley
o 1980).
o0 a
©L a o o i,
© o
o
o o
1 1 1 1 1 1 L ]
1 1.1 1.2 1.3 1.4 1.5 1.6
B-V

B — V with shell position: the older, outer shells are redder,
consistent with the above scenario. However, even if this is
the case for NGC 7010, it is the result of a rather specific
evolutionary history and we do not suggest that this is the
cause of all red shell systems. Rather, we stress that the stel-
lar evolution and star-formation history of the shell material
can have an important effect on shell colors.

c)Arp 223

Arp 223 (NGC 7585) is an SO galaxy with a bulge-to-disk
ratio of 2:1 (in the ¥"band). The disk is present and distinct
from the shells. Thus the shells did not cause this galaxy to be
classified as an SO, though they may have affected its detailed
classification as an S0,(3)/Sa (Sandage and Tammann
1981). Schweizer and Seitzer (1988) have pointed out that
shells are not uncommon in SOs. Unlike Arp 230 and NGC
7010, which are isolated, Arp 223 has two companions:
NGC 7576 and NGC 7592. These are 10.7" = 1094 ~' and
15.7' = 160k ~' kpc projected distance from Arp 223 re-
spectively. NGC 7576 has a radial velocity of 3723 km s,
similar to that of Arp 223 (3502 km s~') (de Vaucouleurs,
de Vaucouleurs, and Corwin 1976). Thus it is close enough
to have had a recent encounter with Arp 223, but is itself a
normal spiral with no hint of the effects of a recent interac-
tion visible on the POSS-I prints. NGC 7592 is a disturbed
and lopsided spiral, having one heavy arm and a faint outer
arm that points towards Arp 223. However, this galaxy hasa
velocity of 7440 km s~ '. Thus it seems unlikely that either of
these galaxies were involved in the event which formed the
shell system around Arp 223.

This shell system is not regular (Fig. 6). Features are la-
beled in Fig. 6(b), which is the result of subtracting a replica
made with a 50 pixel median filter. Figure 6(c) is the result
of passing Fig. 6(b) through a 3 pixel median filter to en-
hance the appearance of faint features. In addition to shells,
Arp 223 possesses a number of radial spokes and loops, and a
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(a)

(b)

FIG. 6. Arp 223 (NGC7585) (a) North s
up, east is to the left. Area displayed is ap-
proximately 3.2'<2.9". (b) Image pro-
duced by subtracting median-filtered re-
plica. Features are labeled clockwise from
the brightest shell. (c) Median filter of
(b) to better display faint structure.
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FIG. 6. (continued)

(c)

faint outer “arm” (feature G). Figure 7 is the color—color ~ Most features are distinctly bluer than the galaxy (A, D, E,
plot for Arp 223. The differential color profile of the galaxy ~ F, G, and H). These features are not so blue as to be the

runs from red in the center to blue further out, again consis-  result of recent star formation. Instead, an external popula-
tent with a metallicity gradient. Most of the scatter in the tion is clearly indicated for this material, as anticipated by
profile seems to come where the spokes become important. merger simulations. The mean color of the shells is roughly
Arp 223
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that of an Sb galaxy. If a later type than this is responsible for
the shells, a few Gyr must be allowed for evolution to reach
these colors. However, the chaotic morphology seems con-
sistent with the infall of a relatively warm disk.

The color of feature C is consistent with such an origin,
but is also consistent with an internal origin. The collisional
model of Wallin and Struck-Marcell (1988) can produce
such structures in route to a merger. These authors expect
symmetric profiles, but this feature is plateau-shaped indi-
cating that it too has an external origin. Feature B is quite
red. It too is plateau- shaped, indicating that it is not likely to
be of internal origin. Since compact spheroids can form
shells, it may be that this particular shell had its origin in the
bulge of the accreted galaxy. Published simulations do not
include a bulge component, so the fate of this population is
unclear.

V. CONCLUSIONS

Our observations strongly support the merger hypothesis
of shell formation. Gas dynamical processes which invoke
star formation to make shells are not present in the galaxies
studied. The color progression found among the shells is
opposite that predicted by gas dynamical theories, but is well
matched by the merger model when stellar evolution is taken
into account.

In the case of Arp 230, we have found clear evidence for
the formation of shells as a result of a merger between two
disk galaxies, releasing the constraint of large mass ratios
usually imposed in merger simulations. The collision led to a
burst of star formation which is now fading or over. The shell
material participated in this star-forming event, but star for-
mation had ceased by the time of complete shell formation.
This allows an approximate color age of 1-2 Gyr to be deter-
mined. The remnant seems likely to become an elliptical gal-
axy. Ellipticals formed in this manner should have compli-
cated stellar populations with a component formed in the
collision. This might be detectable by the methods of empiri-
cal population synthesis, at least to some age limit, making it
possible to investigate the relative numbers of ellipticals
formed in this manner by methods other than morphology.

The NGC 7010 system morphology and shell profiles are
consistent with the shells consisting of externally accreted
phase wrapped material. However, the shells are very red.
This is interpreted to be the combined result of stellar evolu-
tion and phase wrapping which leads to the preferential ex-

clusion of low mass stars from the shell features. Modeling
involving realistic disks with multiple velocity dispersion
components and a bulge component is needed to further in-
vestigate this situation. Such models should also track the
evolution of the resultant shell population, and test how shell
profiles evolve to see if shells become thinner with time (as
expected for phase space conservation of sheetlike material)
or if they spread out as material with a finite, differential
velocity dispersion diffuses away from the sheet. If possible,
the dynamical fate of gas and dust should also be investigat-
ed. We have suggested that gas, if present at all in the shells,
is at too low a surface density to form stars. While not impor-
tant to the interpretation of colors here, it is conceivable that
projection effects within shells could make dust reddening
significant, or it may be that, due to collisions, dust does not
follow the stars into shell structures at all.

The shells of the Arp 223 system are distinctly bluer than
the main body of that galaxy, as anticipated by the merger
model. Roughly an Sb galaxy is indicated as the source of the
shell material. Though the statistics of shell colors is poor,
relatively few systems have such a simple interpretation, and
even in this case there are complications. This reinforces the
need for models which make quantitative predictions about
observables like color as well as morphology.

Finally, we caution that we need to improve our under-
standing of the formation of shells before the statistics of
their occurrence can be used to draw conclusions about
merger rates. In particular, the timescales over which shells
form and disperse need to be better quantified. Our work
provides marginal evidence in favor of shorter (=10’ yr)
timescales typical of the models of Hernquist and Quinn, but
by no means excludes the longer timescales of Dupraz and
Combes. Also, the full range of events that can lead to shell
formation need to be considered. If a significant number of
galaxies have been formed as the result of collisions, there is
a pressing need to identify a quantitative, nonmorphological
observable signature for distinguishing these galaxies from
the normal galaxy population. Our color analysis techniques
may offer such a scheme and we encourage their extension to
other shell systems.

We thank Jim Schombert for many useful conversations,
and Joel Bregman and the referee for helpful comments on
the manuscript. S.S.M. would also like to thank George W.
Clark for arousing his interest in this subject.
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