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ABSTRACT

We report the discovery of a third very large, gas-rich low surface brightness (LSB) disk galaxy, which we
designate 1226+0105. Its equatorial coordinates are a = 12"26™3952 and § = 1°05'38” (1950), and it is at a
redshift of 23,660 km s~ ! It exhibits a number of similarities to the previous described examples of this class,
Malin 1 (Bothun et al. 1987; Impey & Bothun 1989) and F568-6 (Bothun et al. 1990), in that it has a large
total H 1 mass of ~2 x 10'° M, a long disk scale length of ~14 kpc, a high total luminosity of My =
—21.6, and it harbors an active nucleus. It also shows some striking differences from the previous two. In
particular, the newest member of the class shows evidence of pronounced color variations in the disk that are
not present in Malin 1 or F568-6. The discovery of this galaxy shows that surveys for LSB galaxies can
succeed in finding these giant LSB disks, and the common properties of the three galaxies indicate that they

may form a unique class among spirals.

Subject headings: galaxies: individual (1226 + 0105) — galaxies: peculiar

1. INTRODUCTION

Over the last five years, the study of low surface brightness
(LSB) galaxies has revealed a number of surprises. Because
LSB galaxies are intrinsically difficult to find, early studies
focused on LSB dwarfs in rich cluster environments, such as
Virgo (Sandage & Binggeli 1984; Impey, Bothun, & Malin
1988) and Fornax (Davies et al. 1988; Irwin et al. 1990;
Bothun, Impey, & Malin 1991). These studies found that the
relationship between surface brightness and luminosity
becomes weaker at low surface brightness levels, and that the
LSB galaxies are significantly bluer than their high surface
brightness (HSB) counterparts. Moreover, the Virgo study of
Impey et al. was notable for the serendipitous discovery of a
LSB background galaxy at 24,750 km s~!. This very low
density galaxy, the largest spiral known, was christened Malin
1 (Bothun et al. 1987; Impey & Bothun 1989). Malin 1 has a
relatively normal bulge and an unusually large LSB disk. Since
then, one other similar galaxy, known as F568-6, has been
reported by Bothun et al. (1990). This galaxy was found during
a search of LSB objects on the Second Epoch Palomar Sky
Survey plates by Schombert et al. (1992; Schombert & Bothun
1988). Their search uncovered a number of interesting LSB

! The optical observations reported here were obtained with the Multiple
Mirror Telescope, a facility jointly operated by the Smithsonian Institution
and the University of Arizona, and the William Herschel Telescope operated
on the island of La Palma by the Royal Greenwich Observatory in the Spanish
Observatorio del Roque de los Muchachos of the Instituto de Astrophysica de
Canarias.

2 Radio observations were obtained with the 305 m telescope at Arecibo.
The Arecibo Observatory is part of the National Astronomy and Ionsphere
Center, which is operated by Cornell University under a cooperative agree-
ment with the National Science Foundation.
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galaxies, and they designated 20 galaxies having radial veloc-
ities 10,000 km s~! as possible “ Malin cousins,” although
photometric and spectroscopic data have not yet been col-
lected for most of these objects.

Surface photometry shows that both Malin 1 and F568-6
have extremely large disk scale lengths and therefore large
total luminosities, despite their low disk surface brightnesses.
Both also have large total H 1 masses. Finally, both galaxies
have large but isolated H 1 regions, indicating that there are
some areas of active star formation embedded in disks that are
otherwise smooth and quiescent. The smoothness of the under-
lying disk and the apparently slow rate of overall star forma-
tion stimulated a theoretical description by Hoffman, Silk, &
Wyse (1992) of how such disks could form from isolated 3 ¢
fluctuations in the density background. Their model predicts
that such galaxies should have normal spiral bulges, with large,
low-density, gas-rich disks which show little evidence of evolu-
tion.

In this paper we report the discovery of a third giant LSB
disk galaxy, 1226 + 0105, and present a preliminary description
of the properties of this galaxy. The total H 1 mass and total B
luminosity of 1226+ 0105 are virtually identical to those of
F568-6, and within a factor of 2 of those of Malin 1. We find
122640105 also has several H 11 regions in its outer disk,
indicating active but localized star formation at the current
epoch. The bulge metallicity of 1226 +0105 is very similar to
that of both Malin 1 and F568-6, and like both of them it also
shows evidence of an active galactic nucleus. Unlike them,
however, 1226 +0105 has an active nucleus with both broad
and narrow line components, suggesting a more complex
nuclear structure. It is also distinguished by photometric evi-
dence of localized red and blue stellar populations in its disk,
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suggesting a more varied star formation history. These differ-
ences expand the galaxy parameter space occupied by giant
LSB disks and so illuminate further the extent of our ignorance
of the true range of galaxy properties.

In the next section we briefly describe how 122640105 was
found. Section 3 details the surface photometry results and
compares them to Malin 1 and F568-6. Section 4 presents the
optical and radio spectroscopy of the new galaxy in compari-
son to its two predecessors. Section 5 contains the discussion of
the findings and their implications for the star formation
history of 1226 + 0105, and the impact on the current theory of
LSB disk formation.

2. DISCOVERY

122640105 was discovered as part of a new equatorial
survey of LSB galaxies around the § = 0° strip. Full details of
this survey will be reported elsewhere, but a brief description
will illustrate the problems involved in finding such objects.

Target LSB galaxies were identified by using a combination
of both automated and eyeball searches of glass copies of UK
Schmidt telescope (UKST) IIlaJ survey plates. To date, more
than 30 equatorial fields, covering ~ 1000 square degrees of
sky, have been surveyed and the candidate LSB galaxies
weeded out from a total of well over 107 images in the strip.

The Automated Plate Measuring (APM) facility at
Cambridge® was used to locate all objects on a plate meeting
two criteria: first, they must have a size of 0.2 mm < D, < 3.0
mm (or about 13” < D, < 200"), where D, is the diameter at
an effective surface brightness of 25 mag arcsec™2; and second,
they must have an average surface brightness of up = 23. The
objects revealed by the scan are then reviewed by eye to elimi-
nate as many previously cataloged galaxies, plate flaws, Galac-
tic cirrus clouds, and other interlopers as possible. A descrip-
tion of the APM facility can be found in Kibblewhite et al.
(1984).

The eyeball search was carried out independently of the
automatic scan using a combination of low-power ( x 5) bin-
ocular microscope and direct eye search. Each plate was
searched in lanes ~5 cm wide and any LSB feature or galaxy
with unusual extended morphology noted. Straightforward use
of a 40 cm graduated rule sufficed to locate the candidates to
within 0.5 mm with respect to the plate edges. Then simple
application of the known plate center, scale, and orientation
enabled these “ x-y” coordinates to be translated into celestial
coordinates with an accuracy of better than 1'. These celestial
coordinates were sufficiently accurate that the images could
then be routinely measured (in the form of two-dimensional
pixel maps) using the APM and at the same time accurate
(~1") coordinates found. It is worth pointing out that in doing
an eyeball search for LSB galaxies, use of glass copies greatly
facilities matter because (1) the background density is adjusted
during copying to be roughly 0.5 D, typically half the original
plate background density; (2) a modest amount of contrast
enhancement around sky background is also folded in, which
in conjunction with (1) makes LSB features easier to see; and
(3) the plates are readily available.

Objects selected by eye are then combined with the machine-
selected sample in a master list of candidates for followup CCD
photometry, optical spectroscopy, and 21 c¢m radio observa-
tion. The eyeball search is a necessary adjunct to the automa-

3 The APM is a National Astronomy Facility, at the Institute of
Astronomy, operated by the Royal Greenwich Observatory.

ted scanning because the global parametric requirements of the
automatic search cannot be guaranteed to pick out all galaxies
of manifestly unusual morphology. An excellent illustration of
this problem is provided by 1226+0105. The prominent
nuclear component of the galaxy outweighs the contribution of
the LSB disk detected at the analysis isophote (25 mag
arcsec '), causing the apparent “mean” surface brightness to
fall on the wrong side of the surface brightness selection
boundary. Although given the benefit of hindsight it is possible
to try to generalize the automatic selection criteria to cope
with cases like this, and presumably others, eventually it
becomes self-defeating. The selection criteria become too com-
plicated to readily interpret in terms of easily measurable
galactic properties, and there is never a guarantee of picking all
interesting types. It is more logical to use the eyeball search as
the primary candidate selection and use the machine-selected
sample to guarantee that one is complete to some simple well-
defined selection boundaries.

As noted before 1226 +0105 was picked out by eye as a
likely Malin 1-type candidate. It lies in UKST field 860 at
o = 12263952 and & = 1°05'38” (1950), in a region of sky
occupied by the southern extension of the Virgo cluster. Its
apparent diameter at the detection limit of the APM scan (~ 25
mag arcsec” %) is 0/56 (0.5 mm at the UKST plate scale of 67712
mm ~!). A gray-scale reproduction of the V-band CCD image
is shown in Figure 1. The gray-scale limits in Figure 1 were set
to provide the best contrast in the spiral arms and to enhance
the LSB features in the disk; the scale limits cause the slightly
elongated bulge to appear completely saturated. Apart from
the fairly bright but marginally resolved nucleus and the inner
portions of the spiral arms, the outer disk of the galaxy, which
extends to a radius of 245" (§ 3), is almost invisible against the
sky background.

It was clearly the combination of the LSB disk and the small,
bright bulge component that led to 1226 + 0105 being selected
by eye. It is outside the scope of this paper to discuss issues
regarding completeness of surveys for this type of object
(including both Malin 1 and F568-30), but it is worth noting
that even surveys specifically aimed at finding LSB disks will
almost certainly miss a large proportion of such objects (see
Bothun et al. 1987), in part due to the strong selection bias in
favor of face-on LSB disk showing some evidence of recent,
albeit modest, star formation.

3. SURFACE PHOTOMETRY

CCD images of 1226+ 0105 were obtained at the Steward
Observatory 2.3 m telescope on 1992 May 2, using the Loral
2048 x 2048 CCD in direct imaging mode and Johnson B and
V and Kron-Cousins R colored glass filters. The CCD was
binned 2 x 2 on-chip, giving a pixel scale of 0”3 pixel ! and a
field of view 5 on a side. Standard IRAF tasks were used for
data reduction and photometric calibration, and standard
stars from the lists of Christian et al. (1985), which also use the
Johnson B and V and Kron-Cousins R system, were used for
the photometric reference points.

The one-dimensional radial intensity profile of 1226 +0105
(in intensity per pixel) was measured by fitting elliptical iso-
photes to the reduced and sky-subtracted images using the
algorithm described by Jedrzejewski (1987). This algorithm
yields the average intensity around each elliptical isophote,
allowing a one-dimensional radial profile to be plotted simply
as average intensity versus semimajor axis. Standard trans-
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Arcsec

F1G. 1.—Central portion of V-band CCD image of 1226+ 0105. North is up and East is to the left. The scale is 0”3 pixel " . Gray-scale limits were set to provide
maximum contrast in the spiral arms, causing the slightly elongated bulge to appear saturated. The bright regions enclosed in circles are the probable giant
star-forming regions referred to in the text. The area depicted here is ~1.34 mm square on the UK Schmidt plate. The scale bar shows the physical scale of the

photograph, assuming H, = 100 km s~ ! Mpc™1.

formation equations (Hardie 1962) were used to calibrate the
intensity profiles to surface brightness in mag arcsec ™ 2. The
radial surface brightness profile are shown in Figure 2a. The
transformation equations also provide colors at each isophote,
and the resulting color profiles appear in Figure 2b. The
surface brightness and surface colors in Figure 2 are corrected
by a factor of (1 + z)* to account for the effects of cosmic
expansion on surface brightness. The method outlined by
Burstein & Heiles (1978) was used to correct for local Galactic
reddening. K-corrections of Sbc galaxies from the tabulations
of Coleman, Wu, & Weedman (1980) were also applied. Use of
the K-corrections of Scd galaxies from the same tabulations
would yield identical colors at this redshift, while the K-
corrections of E/SO galaxies would yield colors that are bluer
by 0.15 mag in B—V and 0.05 mag in ¥ —R. Because these
K-corrections are applied uniformly to the entire galaxy, use of
a different morphological type for determining the K-
correction would not affect the discussion below of color varia-
tions within the disk of 1226 + 0105.

Accurate estimation of the sky value is critical when trying
to measure surface brightnesses that are themselves a tiny frac-
tion of the sky brightness. We estimated the sky intensity in
these images by finding the modes of the pixel intensity dis-
tributions in the four corners, discarding the highest and
lowest of these four values, and then adopting the average of
the remaining two values as the sky intensity. The profiles in
Figure 2 are marked to show the effects of both statistical
uncertainties and systematic errors in the sky estimate. The
inner errors bars indicate the internal uncertainties, which
include the statistical uncertainty in our best estimate of the

sky intensity. The outer tick marks indicate the systematic
effect on the profile of changing the sky level estimate by the
maximum likely error, as determined by the difference between
the adopted sky intensity and the most extreme outlier among
the four corner values.

The one-dimensional radial surface brightness profiles
resulting from the isophote fitting routine were decomposed
into bulge and disk components in a three-step process. First, a
least-squares routine was used to fit a radial exponential lumi-
nosity profile, over the range from 14” to 42” in semimajor axis.
The exponential model was then subtracted from the measured
intensity distribution and a least-squares fit to a de Vaucou-
leurs profile (surface brightness versus r'/#) over the range from
1” to 6” in semimajor axis was made. The profile point at 0” in
Figure 2a represents the surface brightness of the central pixel.
The seeing disk of ~ 1725 spreads out the central intensity
peak of the bulge and causes this “isophote ” to be systemati-
cally too faint. For this reason, it was not used in fitting the de
Vaucouleurs model. This procedure was applied to the images
in all three filters. The results of the fits are shown in Figure 2a
and reported in Table 1, along with comparable information,
where available, for Malin 1 and F568-6. In Table 1, and
throughout this paper, all distance dependent calculations use
Hy =100 km s~ ' Mpc~*. The disk parameters are projected
central surface brightness and exponential scale length. The
bulge parameters are the “effective radius,” defined as the
semimajor axis enclosing half the total bulge luminosity, and
the surface brightness at the effective radius. The disk and
bulge absolute magnitudes were obtained by integrating the
fitted models to infinity. The disk fitting region of 14"—42” in
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F1G. 2.—(a) Radial surface brightness profiles of 1226+0105. B is at the top, V is in the middle, and R is at the bottom. The dashed line shows the best-fit
exponential disk model, and the dotted line shows the best-fit de Vaucouleurs bulge model. The inner error bars (which in most cases are smaller than the size of the
plotted points) show the internal uncertainties in the isophotal surface brightnesses. The outer tick marks at each semimajor axis show the systematic effect of over-
or undersubtraction of sky flux. (b) Radial surface color profiles of 1226 +0105. B— V is at the top, ¥ — R is in the middle, and B— R is at the bottom. B— R is simply
the sum of the other two profiles. As with Fig. 5a, the inner error bars show the internal uncertainties for each point, and the outer tick marks show the systematic

effect of over- or undersubtraction of sky flux.

semimajor axis was chosen to avoid the pronounced flattening
of the B and V profiles between 7” and 14”. The flattened
region represents the inability of the isophote fitting routine to
follow the rapid changes in intensity between the bright, inner
portions of the spiral arms and the much fainter interarm
regions (see Fig. 1). Figure 3 shows the isophotal ellipticities
(Fig. 3a) and position angle (Fig. 3b) as functions of semimajor
axis. Both parameters change abruptly and have large uncer-
tainties over the range of 7"-14”, indicating that elliptical iso-
photes are a poor model for the brightness distribution there.
Fits were also performed using the entire region from 7” to 42"
semimajor axis for comparison, but the results were still within
the upper and lower limits obtained by fitting only the region
for 14" to 42".

Three large, bright regions are enclosed within circles in
Figure 1. Aperture photometry (using aperture sizes roughly
equal to the sizes of the circles drawn in Fig. 1) of these regions
shows that their total luminosities are quite large; the absolute
V-magnitudes are M, = —16.34, M, = —16.37, and M, =

—17.30 for regions 1, 2, and 3, respectively, assuming that they
lie at the same distance as 1226+ 0105. The apparent magni-
tudes and colors for these regions are summarized in Table 1.
Absent spectroscopic confirmation of their redshifts, these
regions can only tentatively be considered as part of
1226 +0105. Indeed, it is likely that Region 1 is not associated
with this galaxy, as it is redder than the other two and has a red
core (see Fig. 4a) suggestive of the galactic bulge, and it lies
outside the outermost isophote. Also, Region 3 is somewhat
elongated, and the elongation is almost perpendicular to the
local direction of the nearest spiral arm, suggesting that it may
be an inclined spiral galaxy behind 1226 +0105. If these regins
are part of 1226 + 0105, then each region has broad-band lumi-
nosities comparable tc those of Local Group irregular galaxies
such as NGC 205 and the Small Magellanic Cloud, yet they are
embedded within a huge, LSB, gas-rich galactic disk. Despite
their large luminosities, however, Regions 1 and 2 contribute
<1% of the total luminosity of 1226+0105, and Region 3
contributes ~2% of the total. Bothun et al. (1990) noted that a
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TABLE 1
PHOTOMETRIC PROPERTIES
Component Filter Parameter Malin 1 F568-6 1226 +0105
Disk .........o...l B o 55.0 16.0 140+ 1
Ho 26.5 235 232402
M —20.8 -21.1 —-21.0+0.3
vV o ~55.0 11.9 + 0.6
Ho 257+ 0.1 221+0.1
M —-21.5+02
R o 109 + 0.4
Ho 21.6 + 0.1
M —219+0.1
(B—V) 0.8 +£0.1 0.55 £ 0.05 0.5+0.3
(V—-R) 03+02
Bulge ............. B Test 39 1.8 25+01
Hoer 22202
M —-19.7 —-19.7 —200+0.2
14 T ~40 . 1801
Hore 222402 204 + 0.1
M —209 +0.1
R Tert 1.6 +0.1
Hegt 19.6 + 0.1
M —21.5+0.1
(B—V) 0.95 + 0.02 09+0.3
(V=R) 0.6 + 0.2
Regionl.......... 14 m 20.53 + 0.06
(B—V) 0.9 + 0.1
(V—R) 0.58 + 0.04
Region2.......... vV m 20.50 + 0.05
(B—V) 0.39 + 0.08
(V=R) 0.26 + 0.04
Region3.......... vV m 19.57 + 0.05
(B—V) 0.48 + 0.08
(V—-R) 042 + 0.03
NoTes.—a and r,; are in kpc. g, and p are in mag arcsec™2. M, (B—V), and (V —R) are in
magnitudes.
g e T e T similarly striking complex of H 1 regions existed within the
0.4 % il @ - disk of F568-6. Such large but isolated region of apparent star
E (a) ] formation thus seem to be a characteristic of this class of giant
> 03 (@ B % = LSB disk galaxies.
vt O B Lo . . .
3) = @ e % @ The inclination of the disk was estimated by refitting the
ﬁ 02 E 5 ] % . isophotes after manually setting the pixel values to zero at the
= E @ il 3 locations of the apparent H 1 regions, which are enclosed
& 0.1 & i e within circles in Figure 1. The isophote fitting routine ignores
C i ] pixels with a value of exactly zero, so these isophotes exclu-
0 E = sively reflect the smooth component of the disk. The average of
N | P B B the ellipticities of the “smooth component ” isophotes from 20”
ARREREE | L L L to 45” semimajor axis is 0.27 + 0.08. Assuming that this ellip-
- Jo . . . . g- p
__ 150 r 1 (b) ] ticity is due entirely to inclination of a circular disk leads to the
@ [ a ] estimated inclination of 43° 4+ 6°. However, the optical disk of
0 Ca ] this galaxy is manifestly not a uniform circle, and the elliptical
ap 100 — 4 ] isophotes trace the actual spiral arm structure imperfectly.
g - Baa s 1 Thus, the true uncertainty in the inclination must be larger
~ C L3 Ll R i X than the scatter in the isophotal ellipticities.
< 50 - & 3 A x| Despite the similarity in the global properties of 1226 + 0105,
A, C A & ] F568-6, and Malin 1, there is a striking difference between
ok i = 1226+ 0105 and F568-6 in their color profiles. The color pro-
i PP P B B B files for 1226 + 0105 (Fig. 2b) show the following: an extremely
0 10 20 30 40 red nucleus, B—V > 1.5; a bulge of relatively normal color,

Semi—Major Axis (arcsec)

FiG. 3.—Ellipticity (a) and position angle (b) as a function of semimajor
axis. The region between 7” and 15” where the parameters are poorly deter-
mined corresponds to the flattened portion of the B and V profiles in Fig. 2a.

B—V ~ 1, albeit with some contamination from the nuclear
reddening (see § 4.1 for a detailed discussion of the nuclear
reddening) and small seeing differences between frames; and a
blue disk with B—V ~ 0.5. There are also significant fluctua-
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asymmetric broad Hu line is directly below the three narrow lines.

Malin 1 nor F568-6 showed a broad Hax component compara-
ble to the one present in 1226 +0105. The He FWZI of ~ 9000
km s~! places 1226+ 0105 in the lowest 10% of the distribu-
tion of widths observed by Osterbrock (1977) for Seyfert I
galaxies. In contrast, the FWZI for Malin 1 and F568-6 are
both below the cutoff at ~6000 km s~ ! noted by Osterbrock.
There is convincing evidence of reddening of the active
nucleus. First, the continuum visible in Figure 6 is very red
with F, oc v=2 Second, despite the strong Ha line mentioned

above, there is no clear detection of HB. There is what seems to
be a weak broad emission line at about 5214 A, but if it is Hg,
then its redshift differs by about 1800 km s~ ! from that of all
the other emission lines. The intensity ratio Ho/HS would be
expected to be <3 if purely recombination conditions exist
(Osterbrock 1989), or as high as 5 or 6 if the electron densities
are sufficient (~ 108 cm~3) to make collisional excitation and
Balmer self-absorption significant (Osterbrock, Koski, & Phil-
lips 1976). Using the rms of the spectrum centered on 5246 A
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FiG. 6.—Low-resolution nuclear spectrum of 1226+ 0105. Resolution is ~29 A (6.3 A pixel ~!). Spectral features discussed in the text are identified. The identifier
“Hp?” indicates where the Hf emission should be to match the redshift of the Ha emission.
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TABLE 2
EMisSION-LINE PROPERTIES

Line EW
A) Malin 1 F568-6 1226+ 0105

[OU]A3727 oot 219 .. 74
[Om]A4959 ..o 22 4.8
[Om]AS007 ..o 1.7 7.8*
Ho 4 [N oo 15.4 6.4 63.2°
[NIJA6548 ..o . .. 1.33®
Hot (NATTOW) ..o, 221°
[N A6588 oo 2.73b
Ho(broad) ....c.oeuveniniiniiniiiinnenenne. ... 59.36°
[Su]AA6717,6731 ..oooeviiiiiiiiiiiinnt 7.1 22 6.1*
FWZIHe + [N1](kms ™) cvvvrennnn. 5800 5300 8970°

Line Flux (ergs cm ™2 s~ 1) Malin 1 F568-6 1226 +0105
[OM]A3727 i 2.5x 10716 84 x 10716
[OMITA4959 ... 9.5 x 1077 12 x 10713
[OmM]AS007 ..o 7.0 x 10747 20 x 10713
Hot A+ [NTT e 6.0 x 1071 1.7 x 10~
[Su] AA6717,6731 ..ocevvviiiiiinne. 32 x 10716 1.7 x 10713

a Measured from MMT spectrum, ~20A resolution.
® Measured from WHT spectrum, ~ 2 A reslution. Total does not exactly match correspond-
ing unresolved lines from MMT spectrum due to resolution difference.

¢ Measured from WHT spectrum.

4 All fluxes for 1226 40105 measured from MMT spectrum.

(where Hp should be) and assuming Hf would have the same
velocity width (FWZI) as Ha (N110 A), the 2 ¢ upper limit on
Hp flux is ~1.7 x 10715 ergs cm~2 s~ ! which gives a lower
limit on Ho/HB of ~10. Reddening therefore reduces the
nuclear flux by a factor of 2 or more between 4861 A (in the rest
frame of the galaxy) and 6563 A. Because the slit covers both
the AGN and a substantial fraction of the galactic bulge, it is
impossible to say whether the reddening effects only the AGN
emission or whether the bulge starlight is also reddened. The
reddening of the nuclear spectrum is severe enough that no
firm conclusions aboni the conditions within the AGN line-
emitting regions can be drawn from the emission-line ratios.

4.1.2. Absorption Line Indices

The Mg,, CN, and G 4300 indices defined by Burstein et al.
(1984) are reported in Table 3, and they indicate that
1226 +0105 lies in the range of intermediate metallicity
between the Galactic globular clusters studied by Burstein et
al. and the elliptical galaxies Burstein et al. used as a baseline.
1226+ 0105 thus has a somewhat lower bulge metallicity than
does Malin 1, which Impey & Bothun (1989) found to lie at the
high end of Burstein’s metallicity range for ellipticals.

TABLE 3
ABSORPTION LINE INDICES

Line Malin 1 F568-6 1226 +0105
EW CanK 13933 (A)............ 9.7 44
EW G band 14304 (A) ........... 8.0 .. 4.7
EW Mg145180(A) .............. 50 47 5.8
EW Na145895(A) .......ovenn.. 5.8 6.0
Mg,*(mag) ........coooviiiiini. 0.29 ... 0.18
CNP(Mag) «.vvvvveeeeininennnns .. .. 0.03
CN39°(Mag) .....oovvvnrvnnnnnn. 0.54 . 0.28

® As defined by Burstein et al. 1984; identical to Mgb as defined by Boroson
1980.

b As defined by Burstein et al. 1984.

¢ As defined by Boroson 1980.

Boroson (1980) has studied the stellar populations in spiral
bulges using two line indices. One, CN39, measures the
strength of the broad trough due to CN around 3860 A; the
index is reported in Table 3. The other, which he called Mg, is
virtually identical to the Mg, index of Burstein et al. The
indices for 1226+ 0105 are plotted in Figure 7, along with
Boroson’s data for spiral bulges and the corresponding data
for Malin 1. 1226 + 0105, like the other spiral bulges, shows too
weak a CN39 index for its metallicity (which the Mgb index
presumably tracks), in comparison to the average values for
elliptical galaxies (plotted as the dashed line in Fig. 7). The
relative weakness of CN39 in comparison to Mgb indicates the
presence of some sort of blue continuum light which dilutes the
CN39 index more severely than the Mgb index. The presence
of this blue continuum is the clearest lesson to be learned from
Figure 7; what Figure 7 does not make clear is the source of
that blue continuum. Boroson proposed that this continuum
came from a population of younger, hotter stars and suggested
a method of moving a galaxy upwards along an addition
vector (parallel to the solid line in Fig. 7) to determine how
much of the continuum at 4500 A would be due to stars of type
earlier than GO. If the method of Boroson is applicable, the
fraction of light at 4500 A due to these younger stars would be
~40%, slightly higher than the ~30% estimated for Malin 1
by Impey & Bothun (1989). However, Boroson’s method may
not be truly applicable in this case: the relative weakness of the
CN39 index could be due to a power-law continuum if one is
present. A power law that contributed 40% of the flux at 4500
A would contribute 67% (for a power-law index of — lxor 60%
(for a power-law index of —2) of the flux at 4000 A, and it
would still contribute 29% (index = — 1) or 36% (index = —2)
of the flux at 5600 A. Thus, a reasonable power-law component
could at least partly account for the relative strengths of the
Mgb and the CN39 indices, without invoking any separate
population of young stars. Impey & Bothun (1989) reached a
similar conclusion about Malin 1. The metallicity difference, as
indicated by the Mgb index, between Malin 1 and 1226 +0105
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F1G. 7—CN39 and Mgb indices plotted for 24 spiral bulges from Boroson (1980), along with Malin 1 and 1226+ 0105. The dashed line indicates the mean
relationship found by Boroson for elliptical galaxies, and the solid line is the vector for addition of a hot star component.

is ~1 o before correction for any contaminating blue contin-
uum. Of course, if the power-law continuum has a different
slope from that of Boroson’s proposed population of younger
stars, the vector for addition or subtraction of this continuum
would have a different slope from that of the solid line in
Figure 7. If any power-law continuum had a steeper slope in
1226 + 0105 than in Malin 1, then the true metallicity difference
between the two would be less. As noted by Impey & Bothun
(1989), separating the spectral contributions of the active
nucleus and the starlight is impossible without some indepen-
dent estimate of the continuum due to the active nucleus. Fur-
thermore, as noted in § 4.1.1, the active nucleus of 1226 + 0102
is almost certainly heavily reddened, which further complicates
any attempt to separate the spectral contribution of the AGN
from that of the stars.

4.2. Radio

We obtained a 21 cm spectrum of 1226 + 0105 at the 305 m
Arecibo radio telescope in 1992 May. Three pairs of scans were
taken in succession, using the 22 cm circular feed tuned to a
central frequency of 1316 MHz to accommodate the redshift
previously determined from optical spectroscopy. Each pair
was taken by tracking and integrating on the source for 5
minutes, then slewing the telescope beam to the altitude and
azimuth where the on-source integration began, and tracking
and integrating on this off-source position for 5 minutes to
obtain a background sky measurement. Data reduction and
calibration were performed on-site using the National
Astronomy and Ionosphere Center’s standard GALPAC soft-
ware. This spectrum appears in Figure 8.

The H 1 spectrum of 1226+0105 shows a double-peaked
profile, indicating a rotating spiral disk. As with F568-6, the
peaks are not even. As with F568-6 and Malin 1, the corrected
line width is high, indicating rapid rotation. The H 1 mass is
also very close to that of F568-6. The H 1 properties of
1226+ 0105, Malin 1 and F568-6 are summarized in Table 4.

The line widths are the rest widths at 20% of the mean flux
value, corrected for inclination. The 1 ¢ error reported on the
corrected line width for 1226 + 0105 is largely due to the uncer-
tainty in the inclination. The H 1 mass for 122640105 is a
lower limit, due to the possibility of partial resolution of the
galaxy by the 3!3 Arecibo beam. Using the uz =27 mag
arcsec” 2 isophote to define the optical edge of the galaxy, the
optical diameter is 1:3. In many spirals, including Malin 1 (van
Gorkom, Bothun, & Impey 1993) and F568-6 (Bothun et al.
1990), the H 1 extends far beyond the optical diameter, and if
the gas in 122640105 extends further than ~2.5 times the
optical radius (which appears to be the case for Malin 1 and
F568-6), then the Arecibo beam would miss some of the H 1
signal. Table 4 also includes an estimate of the total dynamical
mass of 1226+0105. This rough estimate assumes a Brandt
rotation law with a flat index (n = 1.3), in the manner described
by Haynes & Giovanelli (1984).

5. DISCUSSION

It is instructive to compare the disk of 1226+ 0105 to that of
an I* galaxy. Following Bothun et al. (1990) we define an L*
galaxy as having a disk scale length of 3.5 kpc and a disk
central surface brightness in B of 21.65 mag arcsec ™ 2. These
parameters yield a disk My = —19.7, which is the value of an
I* galaxy disk derived by Efstathiou, Ellis, & Peterson (1983)
for our adopted distance scale. A typical disk therefore has an

TABLE 4
H 1 PROPERTIES

Parameter Malin 1 F568-6 1226+ 0105
Velocity (kms™) ...vveeenn.... 24750 13830 23660
AV, o) (kms™ ) vvrorn. 455 674 405 + 55
HiMass(Mg)...ocovvvnnnnen 1.1 x 10" 2-3 x 10'° 1.9 x 10*°
Dynamical mass (Mg) ........ 22 x 102 09 x 102 1.8 x 10*2
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FiG. 8.—21 cm spectrum of 1226 + 0105, after smoothing and baseline subtraction

average B luminosity density within one scale length, of 75 L,
pc~ 2. In contrast, the disk of 1226 + 0105 has an average disk B
luminosity density of ~10 L, pc~? within one scale length. If
the disk (M/L)g of 1226+010S is similar to that of an I*
galaxy, then its disk evolution should be very slow at such a
low-mass density level. (Talbot & Arnett 1975; Kennicutt
1989).

Comparison of 1226 + 0105 to other spiral galaxies reported
in the literature underscores the uniqueness of these giant LSB
disks. As can be seen from Figure 9, 1226+ 0105 and F568-6

have central surface brightnesses as faint, and scale lengths as
large, as any other spirals previously reported except for Malin
1. It is noteworthy that, except for Malin 1, the other galaxies
with low central surface brightnesses have relatively short scale
lengths, and those with long scale lengths have relatively high
central surface brightnesses. Thus 1226 + 0105, F568-6, and
Malin 1 seem to constitute a new class of truly giant, truly LSB
disk galaxies, although Malin 1 remains the most extreme
example of this class. Another characteristic of the class is a
large total H 1 mass. Figure 10 shows that all three galaxies are
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F1G. 9.—Comparison of the disk scale lengths and central surface brightnesses of Malin 1, F568-6, and 1226 +0105 with previously studied spiral galaxy disks

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...417..114S

No. 1, 1993 DISCOVERY OF DISK GALAXY 125
. T T T
L o R
[ Malin 1 ]
A
0.5 . . ° |
r . LY ‘e ° ]
- - o -1
o A ae o o0 "% + ° 4
[ a - + : ° N
. . - .
oF - . .-, . DY e Cae . - ]
L - A La a :,: o ;:ui.:.ﬁ‘ ) gs:}u‘:o ° :A 4
—_ L . . Y WLV O o PR S o F566-6 h
K i . T ‘?y:n-:&f_;“ $hde A ‘Tzzsroros -
S i O LS P g R R J
F_ 05 S URIRRITI AN i X0 . |
208 FRSO N -C A ]
o C . PR IR AN T R O g ]
b2y ° e ‘\,- L .Y ’..‘ L4
~ + o * v oum g lon b h
L -~ o e g
-1 . L} °y ' ®g0 -
L ° . B o o Haynes and Giovanelli (1684) T < 7 1
o
r . + Haynes and Giovanelli (1984) T > 6
L o ]
| ° te® a + Bothun et al (1885) Spirals 1
-15 - ° 4 Romanishin et al (19682) LSB spirals |
L . . ]
L o . o Heckman et al (1976) Seyferts, E
[ Bothun et al (1982, 1984) QSOs ]
—_o L a
N ] A 1 J I |
8 9 10 11

log My (Mo)

F1G. 10.—Comparison of the H 1 masses and blue luminosities of Malin 1, F568-6, and 1226 +0105 with those of previously studied spiral galaxies. The blue
luminosities plotted for Malin 1, F568-6, and 1226 40105 are for the disks only to avoid biasing the ratio by inclusion of the AGN. The luminosities for the Seyfert

galaxies and QSOs also exclude the nuclear luminosity wherever possible.

at the high-mass end of the distribution of spiral galaxies in
total H 1 mass, and that Malin 1 contains several times more H
I than the next most gas-rich galaxies. Malin 1 also has a very
high ratio of H 1 mass to blue luminosity. However,
1226+ 0105 and F568-6 have My /Ly ~ 0.6, which is only
about 20% that of Malin 1 and is well within the range of
reported spiral galaxies. Therefore, while large total H 1 mass is
a characteristic of giant LSB disk galaxies, an unusually high
My /Lgratio is not.

The formation of giant LSB disks was the subject of a recent
theoretical paper by Hoffman, Silk, & Wyse (1992). They pro-
posed that LSB disks originate as rare (3 o) density peaks
located within low-density regions. For the highest density
peaks in the lowest density backgrounds, they found that the
resulting galactic disks should resemble the disk of Malin 1. In
particular, they predicted that such galaxies should have
normal bulges but unevolved disks. They also predicted that
these galaxies should have rotation curves that rise steeply
over tl'lne inner radii and then flatten out at velocities of ~ 300
kms™1.

These predictions are consistent with the present data on
LSB disks. Malin 1, F568-6, and 1226+ 0105 all have bright
(compared to their disks) bulges that exhibit classic !/ pro-
files. The bulges of Malin 1 and 1226+ 0105 are also redder
(B—V ~ 1) than their disks. Thus their bulges can be described
as normal. Also, all three galaxies show peak rotational veloc-
ities of <300 km s~ ! from their H 1 line widths, where we take
V, = W,/2. However, it is not possible to say from the present
evidence whether their disks are “unevolved.” The clearest
gauges of disk evolution would be spectral measures of metal-
licity, but spectra at suitable resolution and signal-to-noise
ratio of a disk with pg = 25 mag arcsec 2 are probably beyond
the capability of current instruments. All three have large
masses of H 1 available to fuel star formation, but F568-6 and
1226 + 0105 have disk ratios of My ,/Lg < 1, suggesting that

they have already processed a significant fraction of their pri-
mordial gas into stars.

Hoffman et al. predicted that these attributes should be most
pronounced for galaxies located in very underdense regions.
Impey & Bothun (1989) noted that Malin 1 appeared to be in a
low-density region, based on their estimated empty volume
around Malin 1 of 9200 Mpc? before a nearest bright neighbor
was reached, or about 13 Mpc away. Unfortunately, the
volume of space at high velocities is sampled only for the most
luminous galaxies, even in the well-studied direction of the
Virgo cluster (where Malin 1 was found). For example, the
1990 October release of the Center for Astrophysics Redshift
Survey has an average density (after subtraction of one cluster)
of one galaxy 33,300 Mpc~* within the declination range
—4°<6< +4° and the redshift range 20,000 km
s 1 <2z<30,000 km s~ !. Present redshift catalogs cannot
answer the specific question of whether 1226 + 0105 lies in a
low-density region. Recent work by Bothun et al. (1993) con-
firms that LSB galaxies are statistically less likely to have com-
panions than are high surface brightness galaxies, and Zaritsky
& Lorrimer (1993) find an average number of companions to
LSB galaxies that is not significantly different from zero. It
therefore seems likely that, as Hoffman et al. predict, the
environment of these LSB disks is primarily responsible for
their appearance.

6. CONCLUSION

Like the two previously described giant LSB disk galaxies,
1226 + 0105 is both large and luminous. The total H 1 mass and
Ly are typical of the largest spirals, but its long scale length and
low central surface brightness in optical wavelengths make it
difficult to detect behind the obscuring foreground haze of the
night sky. Unlike its cousins Malin 1 and F568-6, 1226 + 0105
has some evidence of complex color variations within its disk
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suggesting a more complex star formation history in the disk.
Furthermore, 1226 4+ 0105 appears to harbor an active nucleus
similar to Malin 1 and F568-6, but at the same time closer in
characteristics to a Seyfert I nucleus.
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