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ABSTRACT

We examine the morphology and luminosity distribution of a strongly warped spiral galaxy PGC
20348 by conducting a detailed BV I CCD surface photometry using BOAO 1.8m telescope. The radial
surface brightness shows a break at warp radius (rw) with a shallow gradient in the inner disk and a
steeper gradient in the outer disk. The luminosity of east side of the disk is ∼ 0.5 mag fainter than
the west side at r > rw. The reason for the asymmetric luminosity distribution is thought to be the
asymmetric flarings that result in the formation of a large diffuse region at the edge of the east disk and
a smaller diffuse region at the west disk. The vertical luminosity profiles show a thick disk component
whose scale heights increase with increasing galactocentric distances. The warp of PGC 20348 seems to
be made by the tidal interactions with the two massive companion galaxies since the flarings and radial
increase of disk scale heights are thought to be general properties of tidally perturbed disks. According
to the colors of the two clumps inside the diffuse region at the edge of the east disk, they seem to be
sites of active star formation triggered by tidal forces from the companion galaxies.
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I. INTRODUCTION

More than half of the spiral galaxies have warped
disks (Sanchez-Saavedra et al. 1990; Reshetnikov &
Combes 1998; Ann & Park 2006). Radio warps are
usually more conspicuous than optical warps (Sancisi
1976; Bosma 1981) but some of stellar disks are also
highly warped. The warp of PGC 20348 whose mor-
phology resembles an integral sign is one of the best
examples of strong optical warps. The morphology
of the warp of PGC 20348 is a characteristics of S-
shaped warps which are more frequently observed than
U-shaped warps (Reshetnikov & Combes 1998; Ann &
Park 2006).

Many mechanisms have been proposed to explain the
origin of warps (see review by Binney 1992). Among
the proposed mechanisms, tidal disturbances by nearby
galaxies and gravitational torques from misaligned ha-
los (Debattista & Sellwood 1999; Ideta et al. 2000) are
thought to be dominant mechanisms for interacting
galaxies and isolated galaxies, respectively. However,
accretion of the intergalactic medium (Ostriker & Bin-
ney 1989; Jiang & Binney 1999; Lopez-corredoria et al.
2002) and bending instability of self-gravitating disks
(Sparke 1995; Revaz & Pfenniger 2004) may also play
significant role for driving and maintenance of warps.

Owing to recent warp statistics in spiral galaxies by
Ann & Park (2006), it is quite apparent that warps are
ubiquitous in spiral galaxies with variety of strength
and morphology. However, detailed investigations of
warped disks for individual galaxies are quite rare.
Since strong warps are thought to be caused by the
tidal forces from the companion galaxies (Reshetnikov

& Combes 1998; Garcia-Ruiz, Sancisi, & Kuijken 2002;
Ann & Park 2006), it seems quite plausible that the
vertical structure of the strongly warped disks is much
different from that of the weakly warped or non-warped
disks due to the different external tidal heating. In ex-
treme cases, the strong tidal force may detach some
disk stars from the outer disks.

The behavior of disk scale height along the galac-
tocentric distance is closely related to the formation
and evolution of the galactic disks. Earlier investiga-
tions of the vertical profiles of edge-on galaxies showed
that they are constant over the whole disk (van der
Kruit & Searle 1981a, b; Waincoat, Freeman & Hy-
land 1989; Shaw & Gilmore 1990; Barnaby & Thronson
1992). The constant disk scale height over the galactic
disk is consistent with the theoretical picture of secu-
lar disk heating by massive molecular clouds (Spitzer
& Schwarzschild 1951; Binney 1981). However, there
are a number of galaxies that display significant vari-
ations of disk scale heights (de Grijs & van der Kruit
1966; Reshetnikov & Combes 1996, 1997). In particu-
lar, interacting/merging galaxies tend to have increas-
ing disk scale height with increasing galactocentric dis-
tance (Schwarzkopf & Dettmar 2001). Moreover, there
are some galaxies showing similar behavior of disk scale
height in non-interacting galaxies (de Grijs & Peletier
1997). Thus, it seems likely that there are many mech-
anisms that control the behavior of disk scale heights.
The accretion of small companions (Töth & Ostriker
1992; Quinn et al 1993; Walker et al. 1996) is a vi-
able scenario for the systematic variation of disk scale
heights in galaxies with and without interactions.
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PGC 20348 is a late type spiral galaxy (Sd) which
has two companions of comparable masses (PGC 20362
and PGC 20398). One interesting feature displayed by
deep photographic plates is the diffuse region near the
south-east edge of the warped disk. Since it is too faint
to be analyzed in detail, Ann & Park (2006) neglected
it in their analysis of the warp properties. However, it
seems plausible that it is a flared disk material caused
by the tidal forces of the two massive companions or
a tidal debris of recently merged satellite. Because the
diffuse region is likely to be made by the same mech-
anism that drives the strong warp of PGC 20348, a
detailed analysis of the warped disk including the dif-
fuse regions may provide some clues to understand the
mechanism that generate strong warps.

The primary aim of the present study is to analyze
the vertical structure of the disk of PGC 20348 which
is believed to be affected by the warping forces that
generate the strong S-shaped warp. Since the vertical
structure of the disk is closely related to the warp prop-
erties, a close examination of vertical structure, based
on a detailed surface photometry, will lead to better
understanding of the warped disk. To do this, we con-
ducted a deep BV I CCD surface photometry of PGC
20348. In §2, we describe the observations and the data
reduction and the results are presented in §3. Summary
and discussion are given in the final section.

II. OBSERVATIONS

(a) Observations and Basic Reduction

We obtained deep CCD images of PGC 20348 using
SITe 2048× 2048 CCD with Johnson-Cousins BV I fil-
ters attached to the F/8 cassegrain focus of the BOAO
1.8m telescope. The pixel size of the CCD is 24 µm,
which yields the field of view of 11.7′× 11.7′. The gain
and readout noise of the CCD are 1.8 electrons/ADU
and 7 electrons, respectively. We observed several Lan-
dolt (1992) stars for calibration of the photometry. Ta-
ble 1 presents the log of observations.

We followed the standard procedure of CCD reduc-
tions using IRAF/CCDRED to obtain flat-fielded im-
ages. This includes the subtraction of bias, overscan
correction, trimming, and flat-fielding. The correction
of dark current was not applied because it is negligi-
ble. For stellar photometry of standard stars we used
the IRAF/APPHOT to derive the instrumental mag-
nitudes.

(b) Surface Photometry

We conducted a surface photometry of PGC 20348
using SPIRAL (Ichikawa et al. 1987) which allows the
subtraction of sky background, smoothing, and clean-
ing of the forground stars. Since warps are usually
found in the faint outer disks, it is essential to subtract
the sky background as accurate as possible. To do this,

Table 1.
Journal of observations

Filter Texp Seeing Date
B 900s× 2 1.′′8 Jan. 24, 2004
V 900s× 3 2.′′0 Jan. 24, 2004
I 300s× 3 1.′′6 Jan. 24, 2004

we applied a two-dimensional polynomial of

S(x, y) = a0 + a1x + a2y

to the regions surrounding the target galaxies where
S is sky intensity. The sky subtracted images were
smoothed by Gaussian filters to reduce noises that
make the isophotes of the outer disk too irregular. The
smoothed images were used for the analysis of the ver-
tical structure of disk as well as the warp parameters.

The calibration of the present photometry was made
by determining the sky surface brightness because the
surface brightness of galaxy is expressed as

µ(x, y) = µsky(x, y)− 2.5logG(x, y)

where G(x,y) is expressed in unit of sky intensity
S(x,y). We determined the zero point and extinction
coefficients from the aperture photometry of the stan-
dard stars observed during the observing night. How-
ever, we used the mean color coefficients derived from
the standard stars observed during the observing run to
transform the instrumental magnitudes to the standard
system.

III. RESULTS

(a) Morphology

Fig. 1 shows the B-band grey-scale images of PGC
20348 demonstrating the S-shaped warp resembling an
integral-sign. As shown in the top image which better
displays the bright part of the galaxy, the warped disk
of PGC 20348 is highly asymmetric, i.e., larger warp
amplitude in the west side of the disk. However, if we
consider the diffuse flarings as parts of the warps (see
the bottom image of Fig. 1), the warp asymmetry is
much reduced because the flaring in the east-side disk is
more extended than that of the west-side disk. There is
no significant morphological differences among images
observed in different pass-bands (Fig. 2). However, the
dust extinction is much reduced in the I-band image.

It is difficult to identify the nucleus of PGC 20348
due to the negligible bulge. There are a number of
clumps along the disk major axis. The majority of the
clumps are HII region complexes obscured by dust but
the largest clump located near r ∼ 25′′ east (indicated
as C in Fig. 1) is thought to be a remnant of merged
satellite since it is much larger, brighter, and bluer than



WARPED DISK OF PGC 20348 11

Fig. 1.— The B-band gray scale images of PGC 20348.
Display level was adjusted to show the bright parts of the
disk in the top image and the outer disk in the bottom im-
age, respectively. The symbols ’A’ and ’B’ denote the blue
clumps in the diffuse region and ’C’ indicates the largest
clump at r ≈ 25′′ east in the top image. North is in the top
and east is to the left.

any other clumps. It is even brighter than the nucleus.
The colors of the largest clumps are B − V = 0.54 and
V − I = 0.78 whereas the three clumps in the nuclear
regions of which the central one is the nucleus have
redder colors of B − V = 0.83 ∼ 0.90 and V − I =
1.11 ∼ 1.28.

The morphology and locations of the diffuse regions
imply that they are consisted of disk material detached
from the warped disk. However, there is a possibility
that some parts of the diffuse regions, especially some
regions far from the disk, are tidal debriz of disrupted
satellite. There are some clumps inside the diffuse re-
gions. The bright round source close to the east edge
of the disk seems to be a forground star but the two
clumps denoted as A and B in Fig. 1, are thought to
be sites of active star formation since they are bluer
than the surrounding regions. The clump A and clump
B have the colors of B − V = 0.60, V − I = 0.67 and
B − V = 0.61, V − I = 0.48, respectively.

(b) Warp Parameters

The properties of warps can be characterized by
three warp parameters, warp radius, warp amplitude,
and warp asymmetry. Warp radius rw is defined by
the radius where the disk begins to bend away from
the middle plane of the disk. Warp amplitude, which
is closely related to the strength of warping force, is
usually defined by warp angles. Most commonly used

Table 2.
Warp parameters

rw αe αw βe βw Aα

13.3kpc 21.◦8 16.◦7 35◦ 31◦ 5.◦1

warp angle is the warp angle α which is defined by the
angle between the mean major axis of the inner disk
and the line connecting the center of the galaxy and
the tips of the outermost isophotes. The warp angle
measured in the east side of the disk is αe and that of
the west side of the disk is αw. There is another warp
angle β which is defined by the line connecting the posi-
tion of r = rw and the tips of the outermost isophotes.
The warp angle β seems to better represent the cur-
vature of the warped disk (Ann & Park 2006). There
are different definitions of warp asymmetry in the lit-
erature (Reshetnikov & Combes 1998; Garcia-Ruzi et
al. 2002; Castro-Rodriguez et al. 2002) but we used the
following definition of Aα = | αe − αw |.

We determined the warp angles (α and β) and the
warp radius using the B-band isophotal maps shown in
Fig. 2. The warp parameters derived from the V and
I-band isophotal maps are nearly the same as those
from B-band. We considered the flarings in either side
of the disk as parts of warps in measuring the warp
parameters. We listed the warp parameters in Table
2. We used the distance of PGC 20348 as 41.8 Mpc
that is derived from its radial velocity in NED using
H = 75km/s/Mpc. The present estimate of αe is about
two times larger than that of Ann & Park (2006) while
αw is almost the same. Thus, there is no significant
asymmetry in warp amplitude. The reason for the dis-
crepancy between the present measure of αe and that
of Ann & Park (2006) is due to the different level of
the surface brightness of the outermost isophotes. The
present photometry reveals the faint outer disk∼ 5 mag
below the sky surface brightness, which allows an easy
identification of the flarings, while the images from the
photographic plates (Ann & Park 2006) hardly display
the flarings.

(c) Radial Profiles

In Fig. 3, we present three luminosity profiles along
the major axis in B-band. The short-dashed line and
dotted line represent the luminosity profiles extracted
along the major axis of the east and west side of the
disk, respectively, while the solid line indicates the ma-
jor axis profile derived from an ellipse fitting. The lumi-
nosity profiles along the major axis that are measured
by an aperture photometry reflect the clumpiness of the
luminosity distribution along the disk major axis, es-
pecially in the west side of the disk. The noisy pattern
of the luminosity profiles at r ∼< 20′′ is due to the pres-
ence of bright clumps and dust lanes. The large bump
near r ≈ 25′′ in the elliptically averaged profile and the
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Fig. 2.— The BV I isophotal maps of PGC 20348. The outermost isophotes are 4 mag, 4.5 mag and 5 mag below sky
brightness for B, V , and I bands, respectively.



WARPED DISK OF PGC 20348 13

0 20 40 60 80 100 120

25

24

23

22

21

r(arcsec)

Fig. 3.— Radial profiles of PGC 20348. The solid line
represents the elliptically averaged profile, while the short-
dashed and dotted lines indicate the major axis profile ex-
tracted at the east and west side of the disk, respectively.

east-side profile is caused by the largest clump which
is thought to be a remnant of merged satellite. As is
clearly seen in the luminosity profile of the east side of
the disk (short-dashed line in Fig. 3), the luminosity
of this clump is brighter than that of the nucleus. The
large bump at r ≈ 90′′ in the west-side profile, which
shows two peaks, is caused by forground stars.

There are two interesting features in the radial pro-
files. Firstly, there is an abrupt change of luminosity
gradient at r = rw where the disk of PGC 20348 be-
gins to bend away from the middle plane of the disk.
The luminosity distribution at r < rw shows a shal-
low gradient that resembles the luminosity distribution
of the strongly barred galaxies in the barred regions,
while the luminosity distribution at r > rw shows a
very steep gradient. Secondly, the luminosity of the
east disk is nearly the same as that of the west disk at
r < rw, i.e., r < 50′′, where as the luminosity of the
east disk is somewhat fainter than that of the west disk
at r > rw, if we take into account the effects of clumps
and dust lanes. The fainter luminosity of the east disk
is due to its steeper gradient than that of the west disk.
The reason for the asymmetric luminosity distribution
is not apparent but it seems to be related to the asym-
metric diffuse regions at the edges of the either side of
the disk, if the diffuse regions are disk materials teared
off during the tidal interactions that make the unusu-
ally strong warp of PGC 20348. It seems likely that
more disk material is teared off in the east side of the
disk to make its luminosity fainter than the west disk.
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Fig. 4.— Vertical profiles extracted at 10 positions along
the major axis of the disk. The solid lines represent the
vertical profiles in the upper parts of the disk, while the
dotted lines indicate those of the lower part of the disk.

(d) Vertical Profiles

Fig. 4 shows B-band vertical profiles which are ex-
tracted along the lines perpendicular to the disk major
axis at 10 positions. The solid lines represent the verti-
cal luminosity distribution of the upper part of the disk
(upper profiles) and the dotted lines indicate those of
the lower part of the disk (lower profiles). In central
regions (r ∼< 20′′), the upper and lower vertical pro-
files extracted at the same radii are very similar and
well represented by a single exponential function. The
large discrepancy between the upper profile and the
lower profile in the west side of the disk at r = 20′′ is
caused by a bright forground star. In the outer parts
of the disk (r > 50′′), lower profiles have shallower gra-
dient than the upper profiles in the east side of disk,
while the lower profiles have steeper gradient than the
upper ones in the west side. The shallow gradients in
the vertical profiles of the outer disk are due to the dif-
fuse regions in the concave sides of the warp (see Fig.
2). Thus, the disk scale heights can be better derived
from the vertical profiles in the convex sides of warp
because they are less affected by the warp.

There seems to be a thick disk component in PGC
20348. The signature of the thick disk is the slight
changes of luminosity gradient at z ≈ 6′′ in the vertical
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Fig. 5.— Disk scale heights as a function of galactocentric
distance. The scale heights derived from the east side of
the disk are plotted as circles, while those of the west side
of the disk are plotted as triangles. The solid symbols are
from the upper vertical profiles and the open symbols are
from the lower vertical profiles, respectively

profiles extracted at r = 20′′ and r = 50′′. Moreover, if
we consider the diffuse regions that make the shallow
gradients in the vertical profiles are made of disk ma-
terials detached by tidal interactions, PGC 20348 has
an extremely large thick disk.

Fig. 5 shows the distributions of disk scale heights,
zo as a function of galactocentric distance. We fitted a
single exponential functions to the vertical profiles at
z = 3′′ ∼ 14′′ to derive zo although some of the vertical
profiles have multiple slopes due to thick disk compo-
nent. The fitting range was selected by considering the
extent of the vertical structure inferred from Fig. 3. As
shown in Fig. 5, the disk scale heights derived from the
less perturbed parts of the disk, i.e., the upper profiles
in the east disk and the lower profiles in the west disk
increase very slowly with galactocentric distance, while
those derived from the heavily perturbed disk, i.e., the
lower profiles in the east disk increase rapidly after
r ≈ 40′′. The scale heights of the perturbed disk in
the west side also increase with galactocentric distance
even though there are large scatters due to forground
objects. The solid line in Fig.5 represents the mean re-
lation between the disk scale height zo and galactocen-
tric distance, derived from the less perturbed parts of

the disk. As shown in Fig.5, the radial gradient of disk
scale height dzo/dr is very small, dzo/dr = 0.02± 0.01.
The positive radial gradient is consistent with the gen-
eral behavior of disk scale heights for warped disks
(Schwarzkopf & Dettmar 2001).

IV. SUMMARY AND DISCUSSION

We have analyzed the luminosity distribution and
warp parameters by conducting a detailed BV I CCD
surface photometry. Our photometry was deep enough
to reveal the detailed morphology of the outer disk of
PGC 20348 which is ∼ 5 mag fainter than the local sky
brightness. The present estimates of the warp parame-
ters are essentially the same as those of Ann & Park
(2006) but the warp angles of the east side of the disk,
αe and βe are larger than those of Ann & Park (2006)
due to the diffuse region that is thought to be disk ma-
terial detached by tidal forces of companion galaxies.
We considered it as a part of warped disk while Ann
& Park (2006) neglected it because their photographic
images did not show the diffuse region as apparent as
in the present CCD images. There are diffuse regions
around the north-west edge of the disk too, but they do
not significantly affect the warp angles since they are
much smaller than the diffuse region near the south-
east edge of the disk.

The luminosity distribution along the major axis of
the disk shows an abrupt break in the luminosity gra-
dient near the warp radius (rw) where the disk begins
to bend away from the disk middle plane. The surface
brightness of the inner disk (r < rw) shows a shal-
low gradient while that of the outer disk shows a steep
gradient with steeper gradient in the east disk. The lu-
minosity of the east disk is ∼ 0.5 mag fainter than that
of the west disk at r > rw due to more rapid decline of
the surface brightness in the east disk. The fainter east
disk beyond the warp radius is thought to be caused by
the flarings during strong tidal interactions that make
the diffuse region near the east edge of the disk.

The vertical profiles extracted at various positions
along the major axis of the disk reveal a thick disk
component which has shallower vertical luminosity gra-
dient than the thin disk (Burstein 1979; van de Kruit
& Searle 1981a, b). The existence of a thick disk is
more apparent in the concave sides of the warped disk
than the convex sides. This means that the vertical
profiles are asymmetric with respect to the disk mid-
dle plane, especially in the outer disk (r > rw) due to
the diffuse regions in the concave sides of the warped
disk. Since the extremely strong warp of PGC 20348 is
caused by the tidal forces of massive companions, the
diffuse regions in the concave sides of the warped disk
are thought to be the results of flarings driven by the
tidal interactions.

There is a radial increase of disk scale height (i.e.,
dz0/dr > 0) in PGC 20348. The extremely large disk
scale height near the edge of the east disk is due to
the large diffuse region that is almost detached from
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the main disk. Similar flarings and radial increase of
disk scale heights were observed in VV 490 that has a
close companion (Reshetnikov & Combes 1996, 1997).
Such a radial increase of disk scale heights is a gen-
eral property of tidally perturbed disks (Schwarzkopf
& Dettmar 2001) which can be explained by the tidal
heating by companions or merged satellites (Töth &
Ostriker 1992; Mihos et al. 1995).

There seem to be young stellar populations in the
diffuse region near the east edge of the disk. The colors
of the two clumps, indicated as A and B in Fig. 1, are
much bluer than the surrounding regions. Since young
stellar populations are frequently observed in the outer
regions of strongly warped disks (Ann & Lee 2007),
they are thought to be sites of active star formation
triggered by the tidal forces from companion galaxies.
However, the largest clump (C in Fig. 1) that also
has blue colors is thought to be a remnant of merged
satellite since it is too large and bright to be considered
as HII regions in the disk of PGC 20348.
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