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5
Optical and H I properties of galaxies
detected in the WSRT CVn survey

We present broad-band photometry of galaxies detected in the WSRT CVn survey
with obvious optical counterparts (69 galaxies). For all galaxies we retrieved g, r
and i images from the Sloan Digital Sky Survey (York et al. 2000) Data Release 4
(Abazajian et al. 2005) archive. In addition, we obtained deeper B and R images
for 29 galaxies. The absolute magnitudes of the galaxies span a range from -11.3 to
-21.2 in the g-band. The median central surface brightness in the g-band is 22.4 mag
arcsec−2.
We combine the photometric and H I properties of galaxies to examine various scaling
relations. Faint galaxies generally have smaller H I masses and higher H I mass-to-
light ratios and their optical diameters are smaller than those of the brighter galaxies.
A possible interpretation may be that these small galaxies are less efficient in turning
gas into stars over their lifetime.
The Tully-Fisher (TF) relations constructed with the galaxies detected in the WSRT
CVn survey have substantially more scatter then the TF relations from the literature
as obtained for more massive and brighter galaxies, but the overall agreement between
the WSRT CVn and the literature TF estimates is very good. The scatter is also
large when constructing the Baryonic Tully-Fisher relation (BTF). Our data do not
indicate a break in the (B)TF relations established by more massive and brighter
galaxies. This may rule out the presence of strong feedback which is supposed to
expel the baryons from the dwarf galaxies (whose profile widths are larger than 15
km s−1).
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5.1 Introduction
When characterised by properties such as morphology, colours, total luminosity, stellar or
gas mass, galaxies follow a range of relationships. Amongst others, these include colour-
morphology (Holmberg 1958; Roberts & Haynes 1994) and colour-magnitude relations
(for early type galaxies Faber 1973 and Chester & Roberts 1964 for late-type galaxies).
Studies concerning relations which include the gas properties of galaxies, and its most
dominant component neutral hydrogen, reveal a correlation between H I and morpho-
logical type, with early type galaxies being generally H I poor (e.g. Roberts & Haynes
1994). The H I mass-to-light ratio shows a dependence on magnitude (luminosity), cen-
tral surface brightness and colour (e.g. Haynes & Giovanelli 1984; de Blok et al. 1996;
Geha et al. 2006).

The information obtained from various relations between a galaxy’s properties (which
are sometimes very simple) is indispensable in building a consistent picture of the evo-
lution of galaxies. Not to lessen the importance of establishing (and understanding)
relations between the various properties of galaxies, an important question to add is how
dwarf galaxies fit into these relations.

Dwarf galaxies are objects with low mass, low luminosity, low metallicity and small
size (Grebel 2001a). Depending on the author, dwarf galaxies are defined as objects
with an absolute magnitude greater than -16, -17, or even -18 (Skillman 1996). Galaxies
can be considered dwarf galaxies (or dwarf galaxy candidates) if their profile widths are
narrower than 130 km s−1 (Duc et al. 1999). Because of their extreme properties, the
smallest mass or the lowest luminosity galaxies are more difficult to detect, and they
are underrepresented in a number of studies. There is a possibility that they do not
follow the trends and relations established by samples of more luminous or more massive
galaxies.

Two main reasons can be listed to emphasise the importance of studying dwarf galax-
ies. First, these smallest systems have the shallowest potential wells, and therefore they
are most sensitive to the physical processes regulating the baryonic content, such as the
star formation feedback or ram pressure stripping. These processes are essential ingredi-
ents in the galaxy formation models and dwarf galaxies can very well test their effects.
Second, the number of dwarf galaxies proves to be a challenge for the standard cosmolog-
ical model. Based on the shape of the observed luminosity function, dwarf galaxies are
the most numerous type of galaxies in the Universe. Despite this fact, the known number
of such systems is at least ten times smaller than the number of small dark matter haloes
predicted to exist in the ΛCDM Universe (e.g. Klypin et al. 1999).

Dwarf galaxies come in a variety of types: dwarf irregular (dIrr) , blue compact
dwarf (BCD), dwarf elliptical (dE) and dwarf spheroidal (dSphs) galaxies (e.g. Ferrara
& Tolstoy 2000; Grebel 2001a define also type of dwarf spiral galaxies.) These four basic
types can be broadly divided in the class of late (dIrr and BCD) and early type (dE and
dSph) dwarf galaxies. The major difference between the two classes of dwarf galaxies
appears to be their star formation histories (Ferrara & Tolstoy 2000), which will leave
imprints in their H I content. Late-type dwarfs are gas-rich and star-forming galaxies,
with higher star-formation rates occurring in BCDs. Early-type dwarf galaxies usually
have no gas (down to the limits of the H I observations) and typically they are not forming
stars. It has been suggested that there might be a reservoir of gas outside of the central
parts of dSph galaxies, caused by supernova explosions and stellar outflows (Puche et al.
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1992; Bowen et al. 1997; Carignan et al. 1998).
In a dark matter dominated Universe, dwarf galaxies represent the type of galaxies

with the highest dark matter fractions (e.g. Persic & Salucci 1988; Pryor & Kormendy
1990; Mateo et al. 1993), with dynamic mass-to-light ratios as high as that of groups and
poor clusters (Carignan & Freeman 1988). The smallest galaxies known, such as Draco
and Ursa Minor, contain at least 99% of dark matter (Pryor & Kormendy 1990; Kleyna
et al. 2002).

Dwarf galaxies have been studied in great detail in the Local Group (Mateo 1998;
Grebel et al. 2003; Dolphin et al. 2005), where the faint end of the luminosity function is
constrained down to MR ∼ -9 (Trentham et al. 2005). Most of the observations of dwarf
galaxies were carried out in clusters (Binggeli et al. 1985; Ferguson & Sandage 1991).
These results indicate that the low luminosity galaxies in clusters tend to be red and to
have exponential light profiles (Barazza et al. 2003). Deady et al. (2002) report a new
population of dwarfs spectroscopically confirmed in the Fornax cluster - ultra compact
dwarfs (UCDs), which are very red and small for their (small) luminosities. In other
environments, the lowest luminosity galaxies are usually selected by selecting low surface
brightness (LSB) galaxies or galaxies which show some irregularities (Impey et al. 1996;
Schombert et al. 2001; Hunter & Elmegreen 2004). Karachentsev et al. (2004) released
a catalogue of nearby galaxies selected from the literature, which contains galaxies with
luminosities as low as MB ∼ -8. Unbiased samples of low luminosity galaxies are collected
from the wide field optical spectroscopic surveys, such as the still ongoing Sloan Digital
Sky Survey (SDSS, York et al. 2000).

The lowest luminosity galaxies which contain H I tend to have the highest gas mass-
to-light ratios when compared to more luminous objects (e.g. Warren et al. 2006). This
opens another window to search for the lowest luminosity (and mass) galaxies using
blind H I surveys. Many objects with low luminosities and low surface brightness have
been revealed by the H I Parkes All Sky Survey (HIPASS, Meyer et al. 2004) by cross-
correlating the HIPASS detections with the SDSS (West 2005).

Our blind H I survey of the nearby Universe (WSRT CVn survey, see Chapter 2) has
proven to be very sensitive to objects with low H I masses. From 70 objects detected in
the survey, a fraction of 53% has H I masses below 108 M� (based on the survey data)
and 86% have profile widths less than 130 km s−1, measured at 50% of the maximum in
the global profile obtained from the survey data. This makes the objects detected to be
good candidates for very low mass and low luminosity galaxies.

In this chapter, we present the photometric properties of objects detected in the
WSRT CVn survey and combine them with the H I properties. Special attention is given
to the question whether objects with the smallest H I masses or profile widths follow
the same relations established by more H I massive galaxies or galaxies with broader
profile widths. In Section 5.2 we describe the H I properties of the sample (used in this
chapter). In section 5.3 we present the optical data for the WSRT CVn galaxies. We de-
scribe the observations and literature data obtained, the data reduction and photometric
analysis, and we present the results relevant for the scientific goals in this chapter. In
Section 5.4 we combine the H I and optical data of the WSRT CVn galaxies and discuss
the relations obtained. In Section 5.5 we present the Tully-Fisher relations of the various
subsamples constructed from the WSRT CVn galaxies, while we present the Baryonic
Tully-Fisher relations in Section 5.6. We present our final conclusions in Section 5.7.
Throughout this chapter, we use value of Hubble constant H0 = 70 km s−1 Mpc−1,
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without implicit specification.

5.2 H I data
We have carried out a blind extragalactic 21-cm emission survey to make an inventory
of objects with small H I masses (smaller than 108 M�). The survey is targeted in the
region of the Canes Venatici (CVn) groups of galaxies, known to contain a large number
of dwarf and gas-rich galaxies (e.g. Binggeli et al. 1990; Kraan-Korteweg et al. 1999). The
observations were carried out with the Westerbork Synthesis Radio Telescope (WSRT)
during 2001, 2002 and 2004 with a total integration time of 60 × 12 hr. The survey covers
a region of approximately 86 deg2 on the sky and about -450 to 1330 km s−1in velocity.
In total, 70 detections have been found in the H I data. Only one of the detections,
WSRT-CVn-61, a few arcmin away from WSRT-CVn-62 (NGC4822), does not have an
optical counterpart. The survey and the resulting H IMF are presented in Chapter 2 and
Chapter 3, respectively.

We obtained H I follow-up data for 23 galaxies detected in the WSRT CVn survey.
The observations were carried out with WSRT during the spring of 2005 (10 × 12 hr).
These galaxies have H I masses in the range from 4.4 × 106 to 1.6 × 108 M�. The noise
per adopted channel width is similar to the noise achieved in the WSRT CVn survey.
The velocity resolution in the follow-up observations is, however, much higher than the
velocity resolution in the survey. After smoothing the data, the velocity resolution ranges
from 4.1 to 10.3 km s−1 in the follow-up observations, compared to the resolution of 33
km s−1 in the WSRT CVn survey. The follow-up observations and the H I parameters
obtained are presented in Chapter 4.

We will not use the WSRT-CVn-61 detection (no obvious optical counterpart), and
therefore in this chapter the WSRT CVn sample contains 69 galaxies. The H I proper-
ties of galaxies used in this chapter are from the combined H I sample. This sample is
constructed from combining the H I parameters obtained from the follow-up data for 23
galaxies (Chapter 4) and the H I parameters obtained from the WSRT CVn survey data
for the remaining 46 galaxies (Chapter 2). The same holds for the distances. If available
we use distances determined from primary or secondary distance indicators (excluding
Tully-Fisher relation). The choice for the distances adopted to the WSRT CVn detections
is justified in Subsection 3.3.1 in Chapter 3.

The profile widths observed in the survey and in the follow-up studies are corrected for
the finite resolution of the correlator. In both cases, we used the formalism of Bottinelli
et al. (1990) to carry out this correction, which is expressed as

W res
20 = W obs

20 − 0.55R (5.1)

W res
50 = W obs

50 − 0.13R (5.2)

for the widths at 20% and 50% of the maximum in the global profile, respectively. The
parameter R is the instrumental velocity resolution in km s−1.

To relate the observed profile width of a galaxy to its rotation properties, the res-
olution corrected profile widths have to be corrected for the broadening of the profile
caused by turbulent motions of the H I gas. The profile widths obtained in the WSRT
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CVn survey were corrected for this effect by applying the correction proposed by Tully
& Fouque (1985):

W 2
l = (W res

l )2 + W 2
t,l[1− 2e

−(
Wres

l
Wc,l

)2

]− 2W res
l Wt,l[1− e

−(
Wres

l
Wc,l

)2

], (5.3)
where the subscript l refers to the velocity widths at the levels l = 20% or l = 50% of
the maximum in the profile. We used values Wc,20 = 120 km s−1 and Wc,50 = 100 km
s−1 which are generally adopted in the literature. These values mark the occurrence of
the change in the profile shape from Gaussian (narrower profile widths) to boxy (broader
profile widths). There are no studies in the literature which provide specific values for
the Wt,20 parameters for narrow line systems. We adopted values of Wt,20 = 22 km s−1

and Wt,50 = 5 km s−1 which are directly related to the amount of turbulent motions.
These values are obtained by Verheĳen & Sancisi (2001) after applying the correction
for instrumental broadening by Bottinelli et al. (1990). For the instrumental broadening
method of Verheĳen & Sancisi (2001), the obtained Wt,l values are Wt,20 = 22 km s−1

and Wt,50 = 2 km s−1. In the case of the WSRT CVn galaxies, the majority of galaxies
have Gaussian-type profiles. For those galaxies, the maximum velocity which we measure
corresponds to a lower limit of the maximum rotation velocity in the case that galaxy
would have had an extended H I disk.

We apply the same procedure to the 20 detections from the follow-up sample to correct
the profile widths for broadening due to turbulent motions of the gas. For galaxies with
the WSRT-CVn indexes 9, 25 and 57 we adopt a different value for Wt,20. The main
reason is that using Wt,20=22 km s−1 gives a negative profile width for W res

20 WSRT-CVn-
25, while the W20 obtained for WSRT-CVn-9 and WSRT-CVn-57 is smaller than W50.
For these three objects, we use Wt,20 = 17 km s−1 and calculate their W20 widths using
equation 5.3. The chosen Wt,20 value corresponds to a gas velocity dispersion of 4.74
km s−1, as compared to 6.13 km s−1 for Wt,20=22 km s−1 as proposed by Verheĳen &
Sancisi (2001). This change in the velocity dispersion has physical justification, because
the velocity dispersion becomes smaller for the slowest rotators (but the relative influence
becomes larger).

In Chapter 4 we compared the profile widths measured from the survey and from the
follow-up data. We briefly mentioned that the systematic offset between the measured
profile widths reflects the insufficiency of the method of Bottinelli et al. (1990) which was
applied to correct for instrumental broadening. Verheĳen & Sancisi (2001) introduce an
other method to correct for the instrumental broadening. The correction is given by

W res
20 = W obs

20 − 35.8

√
1 +

(
R

23.5

)2

− 1

 (5.4)

W res
50 = W obs

50 − 23.5

√
1 +

(
R

23.5

)2

− 1

 . (5.5)

The meaning of parameters in the last equation is the same as discussed in the previous
text.

Here, we discuss the differences in the profile widths obtained by applying the two
different corrections for the instrumental broadening which we discussed above. We
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Figure 5.1: Comparison of the profile widths corrected for the instrumental broadening using
the method by Bottinelli et al. (1990) (open circles) and by Verheĳen & Sancisi (2001) (solid
triangles). Profile widths are measured at the 20% of the maximum in the profile and indexes “S”
and “F” refer to the measurements obtained from the survey and follow-up data, respectively.

present the relative differences between profile widths measured from the follow-up study
and the survey as a function of the follow-up and as a function of the survey values in the
left and right panel of Figure 5.1, respectively. The profile widths are corrected for the
instrumental broadening using the correction by Bottinelli et al. (1990) (open circles) and
by Verheĳen & Sancisi (2001) (solid triangles). When using the Bottinelli et al. (1990)
correction for the instrumental broadening, we observe a systematic relative difference
in the ratio of the difference between the follow-up and the survey measurements and
the follow-up W res

20 values, more pronounced for narrow profile widths. This effect is not
present when using the corresponding correction by Verheĳen & Sancisi (2001) instead,
suggesting a better performance of the correction method for instrumental broadening
given by Verheĳen & Sancisi (2001).

We also present here a comparison between the profile widths measured at 20% of
the maximum in the spectra corrected for both instrumental broadening and turbulent
motion, calculated by using the two methods to correct for the instrumental broadening
(Figure 5.2). We use Tully & Fouque (1985) method to correct for the turbulent motions
(equation 5.3). The values of Wt,20 parameters in the case when Bottinelli et al. (1990)
correction for instrumental broadening is applied are discussed above for all WSRT-CVn
objects. When applying correction for the instrumental broadening given by Verheĳen
& Sancisi (2001), we obtain Wt,20 values using the same reasoning as for the case of Bot-
tinelli et al. (1990) correction, described above. We used the correction for instrumental
broadening by (Verheĳen & Sancisi 2001) in combination with Wt,20 = 22 km s−1 and
Wt,50 = 2 km s−1 for the majority of objects, adopted from Verheĳen & Sancisi (2001).
For the objects with the WSRT-CVn id’s 25 and 43 we adopted Wt,20=17 km s−1. The
reason for this is that parameter Wt,20=22 km s−1 gives the negative value of the fi-
nal W20 for object WSRT-CVn-25, and it gives W20 much smaller than W50 for object
WSRT-CVn-43.

The profile widths corrected for the instrumental broadening using the correction by
Bottinelli et al. (1990) and using Wt,20 = 22 km s−1 in Tully & Fouque (1985) correction
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Figure 5.2: Comparison between W20

values calculated when using the cor-
rection for the instrumental broadening
by Bottinelli et al. (1990) and Verhei-
jen & Sancisi (2001). Galaxies for which
only survey data are available are pre-
sented with open circles. The values
of 23 galaxies for which the follow-up
data are obtained, are presented with
solid circles and crosses for the mea-
surements from the survey and follow-up
data, respectively.

for turbulent motion deviates systematically from the profile widths obtained using the
correction for the instrumental broadening by Verheĳen & Sancisi (2001) and using Wt,20

= 22 km s−1 value in Tully & Fouque (1985) correction for turbulent motion. The
profile widths obtained with the correction by Bottinelli et al. (1990) are larger for the
measurements from the data of lower velocity resolution (33 km s−1) and smaller for the
measurements from the data of higher velocity resolution (from from 4.2 to 12.4 km s−1),
than the profile widths obtained with the correction by Verheĳen & Sancisi (2001).

For the profiles measured at 20% of the maximum in the spectra in the follow-up
and survey data, the differences between the individual final profile widths are about 5
km s−1 (profile widths are smaller when using correction by Bottinelli et al. 1990) and
about 7.5 km s−1 (profiles are narrower when using correction by Verheĳen & Sancisi
2001), respectively. This is a major concern when studying individual objects. However,
we study only the statistical properties of the whole WSRT CVn sample of galaxies. We
will show later that the slope, zero-point and scatter of the TF relation constructed from
the WSRT CVn galaxies is not significantly different whether using either the Bottinelli
et al. (1990) or the Verheĳen & Sancisi (2001) correction for the instrumental broadening.
Also, the differences in the internal extinction corrections of the photometric quantities
(for which calculation we use the W20,i parameter) are negligible. Therefore, to be
consistent with our previous results, we will present our results in this chapter using the
correction by Bottinelli et al. (1990) to correct the profile widths for the instrumental
broadening. For a comparison with the literature results, however, we will use the same
corrections as the corrections applied to the literature samples.

We discussed the uncertainties in the H I parameters obtained from the data collected
as part of the survey and follow-up observations in Chapter 2 and Chapter 4, respectively.
We obtain the errors in MHI by assuming the uncertainties in the integrated flux only.
We use an error of 0.24 Jy km s−1 for the integrated fluxes measured from the survey
data (estimated in Subsection 2.4.1 in Chapter 2). For the remaining 23 detections of
the follow-up data, we use the errors in the integrated fluxes as listed in Column(7) of
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Table 4.4.
For the further calculations and discussion in this chapter, we will only use profile

widths measured at the 20% level of the maximum in the profile (so we will only discuss
errors in W20). For the profile widths measured from the survey data, we use an error
of 8.35 km s−1 for W20 (estimated in Subsection 2.4.1 in Chapter 2). This error is
approximately equal to half a channel width in the survey data. It is obtained from
Monte Carlo simulations, by using various objects and different positions of the objects
in the datacubes. The errors for the profile widths measured from the H I follow-up
data of the individual detections are listed in Column(5) of Table 4.4. These errors
reflect only the noise in the datacube around individual detections, and sometimes they
are very small. To take into account variations of the noise throughout a datacube, we
compare the values of errors given in Column(5) of Table 4.4 with the value of half of the
channel width for each of the detections with the follow-up measurement. Finally, we
adopt the larger of these two values to be the value of the error in W20 measured from
the follow-up data as more realistic.

5.3 Optical data
Three different types of optical data have been collected for the WSRT CVn galaxies. For
a sample of 29 galaxies detected in the WSRT CVn survey, we obtained broad band B
and R imaging data. For rest of the sample of galaxies detected in the WSRT CVn survey
we collected B magnitudes from the literature (available for an additional 29 galaxies).
The area of the WSRT CVn survey overlaps with the SDSS (York et al. 2000), first time
published in Data Release 4 (DR4, Abazajian et al. 2005). In the DR4 only imaging
data are available for the WSRT CVn area. In the following text we will indicate data
obtained from the SDSS database as SDSS data and data obtained from other sources
as literature data.

5.3.1 Data from the Isaac Newton Telescope
Observations and data reduction

During four nights in March and April 2005, we obtained broad band images in Harris
B and R filters for a sample of 22 pointings selected from the area covered by the WSRT
CVn survey. The primary goal was to obtain photometry for the 20 galaxies selected for
the H I follow-up observations (see Table 4.1 in Chapter 4), which could be observed using
18 pointings. In addition we used three pointings to observe WSRT-CVn-25, WSRT-CVn-
42 and WSRT-CVn-55 which have narrow profile widths and small H I masses. The last
pointing was on WSRT-CVn-61 and WSRT-CVn-62.

The data were obtained using the Wide Field Camera (WFC) on the Isaac Newton
Telescope (INT), La Palma, Canary Islands (from now on INT data). The WFC is a
mosaic with four thinned EEV 4K × 2K CCDs with a pixel size of 0.33 arcsec and a
total sky coverage of 0.29 deg2. All images were taken in B and R bands for 1800 s,
using three dithered exposures of 600 s each. Shorter dithered exposures of typically 300
s each, were taken for fields in which the targeted galaxy was in the vicinity of a very
bright star. For the photometric calibration, standard Landolt (1992) fields Sa101, Sa104
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and Sa107 have been observed several times during each night. Bias frames and evening
twilight flats have been taken every night.

The entire data reduction was carried out in the Astro-Wise system (www.astro-
wise.org), the Python-based software developed by OmegaCEN. The data reduction pro-
cess contained standard steps for the photometric data reduction. The data reduction
process has been carried out for each of the CCDs individually and separately for every
night. As a first step, the raw data were ingested into the database. From the biases
obtained, a master bias frame has been derived and subtracted from the images. After
that, images were flat-fielded using the twilight-flats. Images in the R pass-band were
corrected for fringing.

The observations were calibrated to Johnson B and Kron-Cousins R filters,
using stars in the standard Landolt fields (for the details in photometry see
www.astro.rug.nl/∼verdoes/blankenberge/verdoes1.pdf). Each of the standard frames
was astrometrically calibrated using the Leiden Data Analysis Center (LDAC) astrom-
etry solution (Deul 1998), enhanced in the Astro-Wise system. The solution is based
on pairing the input position catalogue (USNO-A2) with the catalogue of the objects
extracted from the standard frames. The extinction was derived from the two standard
field observations taken at two different airmasses during the night of 2 April 2005 for
each CCD individually and then averaged. Zero-point values are derived for an airmass
of 1.0, including the effect of extinction. For quality control we deduced the zero-point
values for 3-4 observations per night for each of the chips. By analysing these zero-points
over the whole observing run, we concluded that conditions were photometric and in-
strument was stable. We adopted a single representative zero-point and airmass unity
extinction for the whole run. The zero-points derived for the night of 2 April 2005 was
judged to be best representative and used for all data. The standard deviation of the
magnitudes of stars used for the photometric calibration is of the order 0.1 mag.

Science frames were astrometrically calibrated following the same procedure as the
frames containing the standard Landolt fields. The background in the individual ex-
posures has been subtracted using background map produced by SExtractor (Bertin &
Arnouts 1996), which is a bicubic-spline interpolation between the grid points. The val-
ues in grid points are locally estimated by combining σ clipping and mode estimation.
Final images are produced by combining all reduced exposures of one pointing from all
4 CCDs using SWarp (ftp://ftp.iap.fr/pub/from_users/bertin/swarp/).

Determination of magnitudes

One of the main goals of the optical follow-up observations of the galaxies detected in the
WSRT CVn survey is to compare the optical luminosities to the H I mass contained in
the H I detected galaxies. Therefore, it is important to measure the total light emitted in
the pass-band observed. From various studies, as well as from the inspection of our own
INT images, it is clear that galaxies with small H I masses have irregular morphologies
and low surface brightness in the optical. The magnitude measured within the 25th
mag arcsec−2 isophote, often used, is not a good measure of the total luminosity of LSB
galaxies, as in some cases only a few percent of the total light of a galaxy is emitted within
the 25 mag arcsec−2 isophote (de Blok et al. 1995). Integrating the profile of a galaxy,
obtained by fitting ellipses to the isophotes, is another way to estimate the magnitude
of a galaxy. Fitting ellipses to galaxies with irregular morphologies and/or low surface
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brightness is not always straightforward. These galaxies often show irregularities in
the light distribution, or the galaxy does not have a well defined centre. Nevertheless,
the magnitude obtained by extrapolating and integrating the profile of a faint galaxy
to infinity provides a better estimate of the total light than the magnitude determined
inside of a fixed isophote.

For the ellipse fitting, smaller images around the targeted galaxies were cut out. These
images were inspected and bright stars and galaxies close to the galaxy of interest were
masked manually. The masking was carried out using the images in the R band and the
same masks were applied to the corresponding images in the B band. In this way the
measured photometric quantities refer to the same regions observed in both filters.

The initial position of the centre of a galaxy was obtained using the SExtractor pack-
age (Bertin & Arnouts 1996). This process failed for galaxies with a lot of substructure.
The initial position of these galaxies was estimated by eye. The ellipse fitting was carried
out using the GALPHOT package (Franx et al. 1989; Jorgensen et al. 1992). The ellipse
parameters were determined with logarithmic steps in radii. We started fitting at the
innermost radius of 0.33 arcsec, growing the radius in each consecutive step by 1.1 times
the size of the previous radius. The radius r of each ellipse is defined as r =

√
ab, where

a and b are the major and minor axis of the ellipse, respectively.
The ellipse fitting was done in two steps. In the first step of the fitting process, the

centres, position angles and ellipticities of ellipses were allowed to vary. In the second
step, all three parameters were fixed, and their values were chosen from the values of the
outer isophotes. The outer isophote was chosen after visual inspection of the modelled
galaxy, such that typically the relative error in intensity averaged over an annulus was
less than 15%. The error corresponds to the standard deviation of the intensities in
each pixel within the annulus. The selected values of the centre, position angle and
ellipticity were used as fixed parameters for the second iteration of the ellipse fitting
process. The orientation parameters found in the R-band were then used to extract the
B-band azimuthally averaged profiles as well.

Most of the galaxies do not show a clear central concentration of light, so we did not
make any attempt to make a decomposition into a disk and a bulge components. The
surface luminosity profiles of late-type galaxies can be approximated by an exponential
disk of the form

I(r) = I0exp
(
− r

h

)
, (5.6)

where the parameter I is the central luminosity of the disk expressed in linear units (L�,λ

pc−2), and h is the exponential scale length of the disk (de Vaucouleurs 1959). When
expressed in magnitudes, this become a linear relation

µ(r) = µ0,extr + 1.086
( r

h

)
. (5.7)

Here, the central surface brightness µ0 of the disk is in logarithmic units (mag arcsec−2).
The total integrated magnitude of an exponential disk, extrapolated to infinity, can be
calculated using

mexp = µ0,extr − 2.5log(2πh2), (5.8)
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where h is obtained along r =
√

ab. The central surface brightness µ0 and the scale
length h of the galaxies observed with the INT were obtained by fitting a straight line
to the surface brightness profiles, excluding the innermost and outermost points. The
innermost points with r ≤ 2.5 arcsec were excluded from the fit. In the outer part, we
did not use points beyond radius at which the surface brightness in the annulus drops
below 1% of the sky brightness. We used values of 21.3 and 22.4 mag arcsec−2 as the
approximate values of the sky brightness in the R and B pass-bands, respectively. If the
corresponding radii were different in the R and B pass-bands, the smaller radius was
adopted to define the last reliable point in the galaxy profile in both of the pass-bands.

The central surface brightness µ0,extr used for the calculation of the total extrapolated
magnitude mexp is however, just the extrapolated value from the linear fit to the measured
reliable points. It will differ from the real central surface brightness if the profile has a
central peak or flattening. To take this into account, we used a more general method to
calculate the total magnitude, assuming that light falls exponentially only in the outer
part of a galaxy profile. We calculated the total magnitudes mtot in two steps. First, we
summed the average fluxes determined in each of the fitted ellipses multiplied with the
area of that annulus to a radius determined by the last reliable point in the profile. This
magnitude was corrected by adding the contribution of the light from the outer part of
the galaxy beyond the reliable points. This contribution was calculated by extending the
profile to infinity by fitting a linear function to the last 6 reliable points in the profiles
(see de Jong & van der Kruit 1994). (We used the same conditions to adopt the last
reliable point in the profile as for the mexp calculation.)

For comparison, we measured also the isophotal magnitudes at the surface brightness
of 25 mag arcsec−2, m25. Following Swaters & Balcells (2002), we also measured the
observed central surface brightness µ0,obs from a linear extrapolation of the points with
r ≤ 3 arcsec to r = 0 arcsec. In most cases, galaxies detected in the WSRT CVn survey
have an exponential inner profile, and this is a reasonable approximation to the real
central surface brightnesses.

Extinction and inclination corrections

The observed surface brightnesses and magnitudes are affected by extinction from the
presence of dust in both our Galaxy and in the galaxy itself. We corrected for Galactic
foreground extinction AG,λ using the values based on dust maps of our Galaxy provided
by Schlegel et al. (1998).

The correction for internal extinction Aint,λ is more uncertain. The well known cor-
rection from Tully & Fouque (1985) assumes the same relation between disk scale height
and optical depth for all galaxies. In the literature several extinction corrections have
been proposed: as a function of morphological type (Valentĳn 1990; Han & Mould 1992;
Giovanelli et al. 1994; Gavazzi & Boselli 1996), absolute magnitude or rotation velocity
(Tully et al. 1998). Here, we use the correction suggested by Tully et al. (1998) which is
expressed as

Aint,λ = γλlog(a/b) (5.9)

where (a/b) is the observed optical axis ratio and γλ is a function of line width depending
on the observed wavelengths λ as:
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γB = 1.57 + 2.75(logW20,i − 2.5) (5.10)

γR = 1.15 + 1.88(logW20,i − 2.5). (5.11)

for the inclination corrected profile width

W20,i =
W20

sini
, (5.12)

where we used the W20 parameter from the combined H I sample. The inclination i has
been calculated from the ellipticity ε adopted for that galaxy using

cos2i =
(b/a)2 − q2

0

1− q2
0

(5.13)

where q0, the edge-on axial ratio of the disk, is taken to be 0.2. In the case when W20,i

< 85 km s−1, we take γλ = 0.
The corrected apparent magnitudes then are

mc
λ = mmeas,λ −AG,λ −Aint,λ, (5.14)

where index meas stands instead of exp and tot. The surface brightnesses need an
additional correction for the inclination to get the face-on value:

µc,i
λ = µmeas,λ −AG,λ −Aint,λ − 2.5log(b/a) (5.15)

assuming a transparent stellar disk after applying the Galactic foreground and internal
extinction corrections. Index meas stands instead of extr and obs.

The sample of galaxies studied is in the nearby Universe, at distances less than 20
Mpc, so no k-correction is necessary.

Sample properties

This chapter mainly focuses on how the light relates to the H I properties of the H I
selected galaxies. Briefly, we present here the differences between the photometric quan-
tities measured using different techniques and the distribution of parameters derived
from the profile fitting analysis. We discuss these issues using the measurements in the
B-band only. Index “Gc” denotes that photometric quantities are corrected only for
Galactic extinction.

The left panel of Figure 5.3 shows the difference between mGc
tot and mGc

exp magnitudes,
while the right panel of Figure 5.3 shows comparison of µGc,i

0,extr and µGc,i
0,obs values. The

µGc,i
0,obs values are systematically smaller than the µGc,i

0,extr values, indicating that the major-
ity of galaxies from the INT sample shows a central flattening. We have not investigated
further how much of this effect is caused by seeing. However, there is no systematic
offset between the mGc

tot and mGc
exp magnitudes, indicating that the total light of galaxies

can be well retrieved when the distribution of light in galaxies is approximated with an
exponential function.

In Figure 5.4 we demonstrate the importance of calculating the total magnitude in-
stead of using the 25th isophotal magnitude in order to measure the total light emitted by
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Figure 5.3: Left: Comparison between the total and exponential disk magnitudes for the INT
B-band data. Magnitudes are corrected for Galactic foreground extinction. Right: Comparison
between the extrapolated and observed central surface brightnesses for the INT B-band data.
Central surface brightnesses are corrected for Galactic foreground extinction and inclination.

Figure 5.4: Comparison between the total magnitudes and magnitudes within the 25-th
isophote for the INT B-band data. The difference is presented as a function of the total mag-
nitude (left) and the extrapolated central surface brightness (right). Magnitudes are corrected
for Galactic foreground extinction. Central surface brightnesses are corrected for Galactic fore-
ground extinction and inclination.

a galaxy. Magnitudes measured within the 25th isophotes systematically underestimate
the amount of light present as measured by total magnitudes. The difference between
these two magnitudes becomes larger for fainter galaxies and galaxies with lower surface
brightness, and may reach up to more than 2 mag.

Some properties obtained from the ellipse and profile fitting are presented in Fig-
ure 5.5. The position angles PA are presented in the upper left panel. This distribution
is consistent with being flat, as expected for a sample of randomly oriented galaxies.
The distribution of ellipticities ε is presented in the lower left panel. The gap in the
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Figure 5.5: Properties of the INT B-band sample. Distributions of position angles, B-band
scalengths, ellipticities and B-band central surface brightnesses corrected for Galactic extinction
and inclination for 29 galaxies with the available INT photometry are presented in the top-left,
top-right, bottom-left and bottom-right panels, respectively.

distribution at low ε values indicates the shortage of galaxies with circular disks. The
gap at high ε values is due to the finite thickness of the disk. The distribution of disk
scale lengths h(B) recalculated here along the major axis a (by multiplying “h” from the
fit in equation 5.7 by

√
1/(1− ε)) is shown in the upper right panel. The galaxies in the

INT sample have generally small disk scale lengths, ranging from 0.1 to 1.1 kpc, with a
median value 0.41 kpc. The distribution of extrapolated surface brightnesses is shown
in the lower right panel. These values are corrected for Galactic foreground extinction,
internal extinction and inclination. The parameter µGc

0,extr,B ranges from 20.6 to 25.0 mag
arcsec−2, with a median value of 23.2 mag arcsec−2.

5.3.2 SDSS data
Total magnitudes and extinction corrections

The SDSS is surveying one quarter of the sky at optical wavelengths, using a dedicated
2.5 m telescope at Apache Point Observatory, New Mexico (York et al. 2000). The
SDSS data is taken in five photometric pass-bands: u, g, r, i and z, where the limiting
magnitude for a point source is 22, 22,2, 22,2, 21,3 and 20.5 at the 95% completeness
level, in the five given pass-bands respectively. The pixel scale is 0.396” per pixel and
the average seeing is 1.4”. The uncertainty in the overall photometric calibration are 2%,
3%, 2%, 2% and 3% for r, u − g, g − r, r − i and i − z, respectively (Abazajian et al.
2005).

Raw SDSS data is reduced using specialised automatic pipelines (Lupton et al. 2001;
Stoughton et al. 2002; Pier et al. 2003; Tucker et al. 2006) and the products are stored
in tables. The photometric parameters for all SDSS objects are stored in an on-line
database, but these data are unreliable for galaxies with large angular extents (West
2005). To be able to use the photometric data for the latter galaxies, collected as a part
of the SDSS, a new set of techniques optimised for reducing large galaxy photometry
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using the SDSS imaging data is developed by West (2005, see especially Chapter 3
and Appendix A of his thesis). Three major problems are identified in the SDSS data
reduction connected to the reduction of large galaxies. These are deblending, inclination
effects and sky subtraction.

The photometric parameters available through the SDSS on-line database at the
positions of the WSRT CVn galaxies cannot be used as they measure only a bright
(star-forming) region of a galaxy, or multiple bright regions spread throughout a galaxy.
To make use of the SDSS imaging data available for the WSRT CVn galaxies, A. West
applied his software tools on the SDSS imaging data containing galaxies detected in the
WSRT CVn survey and kindly provided the reduced images for our use. Sky subtraction
was performed on each individual SDSS field containing a sample galaxy. The SDSS
corrected frames (fpC files) were used for this procedure. All objects in a field were
masked out and a tilted plane was fit to the remaining sky pixels. Each field was then
converted to “nano-maggies” (“maggy” is the ratio of the flux density of the object to a
standard flux density) using the appropriate tsField file (a fits binary table which contains
parameters relevant for the entire field). For more details see West et al. (in prep). In
the case where a sample galaxy crossed multiple fields, the fields were sky subtracted
and then mosaicked. (For the explanation of the terms see http://www.sdss.org).

The “new” photometrically calibrated SDSS images are available for all 69 galaxies
detected in the WSRT CVn survey in five SDSS bands. After a visual inspection of the
images, we decided to use only data in g, r and i pass-bands, because of the very low
signal-to-noise ratio of the faint galaxies in u and z pass-bands. The SDSS data are much
less deep than the INT data, and we used the images obtained in the g pass-bands for
masking and selection of the orientation parameters, since they are the most sensitive
(the g filter is the broadest of the SDSS filters), although light in this pass-band is more
affected by dust than in the r or i pass-bands.

We carried out the surface photometry analysis of these images following the surface
photometry analysis of the INT data. Images in the g pass-band were inspected visually
and bright stars and other objects around the targeted galaxies were masked. The
GALPHOT package was used to carry out the ellipse fitting, following the same two-step
fitting process as for the INT data, starting the fitting at radius of 0.396 arcsec. The
masks and orientation parameters obtained from the images in the g pass-band were used
to carry out the ellipse fitting procedure in the r and i pass-bands.

In each of the three pass-bands, three magnitudes were measured for each of the 69
galaxies: mGc

exp, mGc
tot and mGc

25 and two central surface brightnesses: µGc
0,extr and µGc

0,obs.
For the profile fitting, the first reliable point was adopted at a radius r > 2.5 arcsec. The
last reliable point was adopted at a radius for which the estimated relative error in the
intensity averaged over an annulus is less or equal than 15% for most of the galaxies. For
galaxies with the WSRT-CVn id’s 2, 8, 28, 31, 43 and 68 the maximum error allowed was
taken to be 20% and for galaxies with the WSRT-Cvn id 30 the maximum error allowed
was 40%. The reason for the greater maximum error accepted in the average intensity is
the larger errors in some of the points near to the centre of a galaxy.

The extinction correction was applied using the same formalism as for the INT data.
Schlegel et al. (1998) provide the Galactic foreground extinction values also for the SDSS
filters. That is not the case for the γλ parameter used in the internal extinction cor-
rection model from Tully et al. (1998). To estimate the γλ values in the g, r and i
pass-bands, we first obtain the Galactic extinction values in these pass-bands relative to



174 chapter 5: Properties of the WSRT CVn detections

the I pass-band using the results from Schlegel et al. (1998). The internal correction
found by Tully et al. (1998) is “redder than the Galactic reddening law”. We obtain
the additional amount of reddening with respect to the Galactic extinction in g, r and
i pass-bands by interpolating the amount of reddening in the pass-bands given in Tully
et al. (1998). First, we calculate the difference between the ratios of the coefficients for
the internal and Galactic absorption in the I and B pass-bands, ∆Aint/G,I−B. For the
g-band, we obtain the additional reddening by scaling the difference ∆Aint/G,I−B with
a ratio of the differences in the effective wavelengths of the filters λeff,I - λeff,B and
λeff,I - λeff,g. Using the effective wavelengths of the r and i pass-bands, we obtain the
additional reddening by calculating corresponding fractions of ∆Aint/G,I−B. By adding
this additional correction to the ratios between Galactic extinction in the I and in the
g, r and i pass-bands, we calculate the internal extinction values for g, r and i relative
to the I pass-band to be γg/γI = 1.57, γr/γI = 1.28 and γi/γI = 1.05, respectively. For
the I pass-band, Tully et al. (1998) provide

γI = 0.92 + 1.63(logW20,i − 2.5). (5.16)

The profile widths W20 are from the combined H I sample, corrected for inclinations
obtained from the optical images. For galaxies for which the INT photometry is avail-
able, we used the inclination from these data. For the rest of the galaxies, we used the
inclination derived from the SDSS images.

Sample properties

The comparison between the magnitudes and central surface brightnesses calculated using
two methods for each quantity is presented in Figure 5.6. The photometric quantities
used here are corrected only for Galactic extinction. In the left panel a comparison
between mGc

tot and mGc
exp in the g-band is presented. There is no obvious systematic offset

between those two quantities, what suggests that profiles of galaxies from the WSRT CVn
sample can be reasonably well modelled assuming an exponential distribution of light in
the disk, for the purpose of obtaining the total light emitted by a galaxy. The image
in the right panel suggests that µGc

0,extr
i overestimates the real central surface brightness

approximated with µGc
0,obs

i for most of the galaxies from the WSRT CVn sample. As
mentioned earlier, this effect may be caused by seeing. Even though the differences in
the observed and extrapolated central surface brightnesses can reach up 3 mag arcsec−2,
the general consistency between the mGc

tot and mGc
exp magnitudes reflects the fact that

central part of galaxies in the observed sample does not constitute a significant fraction
of the total light emitted. This may also correspond to the case that these galaxies do not
have well defined centres (but still their light distributions is reasonably well described
with the exponential profiles).

The sample of all WSRT CVn galaxies includes also galaxies which are more bright
than only galaxies in the INT sample. Still, the magnitudes measured within the 25th
mag arcsec−2 g-band isophote systematically underestimate the light emitted as mea-
sured by the total magnitudes for almost all galaxies. The difference between the total
and isophotal magnitude (measured within the 25th mag arcsec−2 g-band isophote) is
presented in Figure 5.7 as a function of total magnitude (left) and extrapolated central
surface brightness (right). The difference becomes larger for fainter galaxies and galaxies
with lower surface brightnesses and reaches a maximum value of -3.12 magnitudes.
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Figure 5.6: Left: Comparison between the total and exponential disk magnitudes for the SDSS
g-band data. Magnitudes are corrected for Galactic foreground extinction. Right: Comparison
between the extrapolated and observed central surface brightnesses for the SDSS g-band data.
Central surface brightnesses are corrected for Galactic foreground extinction and inclination.

Figure 5.8 shows four distributions of parameters obtained from the ellipse and pro-
file fitting procedures. The open histograms represent the distribution of all 69 galaxies
from the WSRT CVn survey. Shaded histograms mark the distributions of parameters
obtained from the SDSS data for galaxies for which INT data are also available. The
upper left panel shows the distribution of PA angles. This distribution appears almost
flat. The distribution of ellipticities ε, presented in the lower left panel, shows an absence
of circular disks at low ellipticities and an absence of infinitely thin disks at high elliptici-
ties. The scale length distribution h(g) along major axis a is presented in the upper right
panel. The values of h(g) range from 0.1 to 6.3 kpc, with a median value 0.64 kpc. For
the subsample of galaxies with the INT data, h(g) lies in the interval from 0.1 to 5 kpc,
with the median value of 0.53 kpc. The extrapolated central surface brightness µGc,i

0,extr(g)
is presented in the lower right panel. The distribution spans a range from 19.1 or 20.3 to
25.2 mag arcsec−2 for all galaxies and for galaxies with the INT data, respectively. The
median µGc,i

0,extr is 22.4 and 22.6 for the same two samples, respectively.

5.3.3 Total optical sample
Absolute magnitudes of galaxies in all pass-bands are calculated using the distances
to the galaxies from the combined H I sample. To obtain luminosities, solar absolute
magnitudes of 5.47 and 4.46 in Johnson B and Kron-Cousins R pass-bands, respectively,
have been adopted (Cox 2000; Bessell 1979). For the SDSS pass-bands, we assumed
solar absolute magnitudes of 5.15, 4.67 and 4.56 in g, r and i respectively, following
Bell et al. (2003). For 29 galaxies with available INT data, we adopt the ellipticities
and inclinations from those measurements. For the remaining 40 detections we used the
ellipticities and inclinations obtained from the SDSS data.

For 43 galaxies from the WSRT CVn sample (29 galaxies additional to the B-band
INT sample), HYPERLEDA provides B-band total apparent magnitudes. We collect
the magnitudes already corrected for Galactic extinction. We correct these magnitudes
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Figure 5.7: Comparison between the total magnitudes and magnitudes at the 25-th isophote
for the SDSS g-band data. The difference is presented as a function of the total magnitude
(left) and the extrapolated central surface brightness (right). Magnitudes are corrected for
the Galactic foreground extinction. Central surface brightnesses are corrected for the Galactic
foreground extinction and inclination.

Figure 5.8: Properties of the SDSS g-band sample. Distributions of position angles, g-band
scalengths, ellipticities and g-band central surface brightnesses corrected for Galactic extinction
and inclination for 69 galaxies with the available SDSS photometry are presented in the top-
left, top-right, bottom-left and bottom-right panels, respectively. The smaller dashed histograms
corresponds to the same distributions obtained by including only galaxies for which the INT
data are available.

for internal extinction following the same prescription as for the INT B-band data. The
inclinations, profile widths and distances for these galaxies are taken from our sample.

In Figure 5.9 we present a comparison between the photometric quantities measured
from the INT and SDSS data sets for 29 galaxies: total apparent magnitudes, ellipticities,
position angles and scalelengths. We compare the total apparent magnitudes obtained
from the INT data in R and the from the SDSS data in r. There is an overall good
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Figure 5.9: Comparison of photometric quantities derived from the INT and SDSS data
sets. Comparison between the R and r-band apparent magnitudes, ellipticities, position
angles and scale lengths measured from the INT and SDSS data for 29 WSRT CVn
galaxies are presented in the upper-left, upper-right, lower-left and lower-right panels,
respectively.

agreement between these red magnitudes. However, for two galaxies, WSRT-CVn-40
and WSRT-CVn-47, the differences in magnitudes are larger than 1 mag, reflecting the
poor fit to the SDSS data of these two galaxies. In addition the ellipticities, position
angles and scale lengths obtained from the two data sets are generally consistent with
each other. The ellipticities measured from the INT data tend to be higher than the
ellipticities obtained from the SDSS data. There is a substantial difference in the scale
lengths measured in the R and r pass-bands for WSRT-CVn-40 again. Due to the poor
fit, we exclude objects WSRT-CVn-40 and WSRT-CVn-47 from any further consideration
when using the SDSS data (except when using the optical diameters, which are measured
directly from the data).

Errors in magnitudes were derived by propagating the formal errors in the average
intensities obtained during the ellipse fitting process. For the INT data, the mean error
in magnitude is 0.04 in both B and R pass-bands. For the SDSS data, mean errors in
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the magnitudes are 0.05, 0.05 and 0.06 in the g, r and i pass-bands, respectively. For
43 galaxies with the literature B-band magnitudes, the mean value of the errors in the
magnitudes is 0.35. We neglect the uncertainties in distances in calculating the errors
in absolute magnitude, as we have neglected them in the calculation of the errors in the
H I mass. The errors in magnitude do not include the uncertainty in the photometric
calibration (in the zero-point value).

The errors in inclination are estimated as the standard deviation of the inclinations
measured at the last six reliable ellipses, obtained in the ellipse fitting process, with
respect to the inclination adopted for each galaxy. In this way, errors in inclinations for
galaxies for which there is no change in the ellipticity in outer ellipses are consistent with
null error. Even in the case of small errors, fitted models (produced by GALPHOT) do
not necessary match the true properties of galaxies. We described in Subsection 5.3.1 and
Subsection 5.3.2, while describing the ellipse fitting method, which points in the surface
brightness profiles of the individual galaxies are considered to be reliable for the INT
and SDSS data, respectively. The mean errors in those inclinations that are considered
reliable are 5 and 7 degrees in the INT and SDSS data, respectively (see Table 5.B2 and
Table 5.B3).

We estimate the stellar masses of the galaxies using their colour, following the method
described in Bell et al. (2003). We use only photometric parameters obtained from the
SDSS data for all 69 WSRT CVn galaxies. Specifically, we estimate the stellar masses
using

log(M∗/Li) = −0.222 + (0.864× (g − r)). (5.17)
To assign an error to the stellar mass, we only use the errors in the photometric

parameters and we do not include any uncertainties from the Bell et al. (2003) model.

5.4 Comparing the optical and H I properties of de-
tected galaxies

The neutral hydrogen in galaxies can be used as an indicator of the reservoir of material
for potential star formation, while on the other hand, the luminous matter in a galaxy
is a measure of all star formation which has occurred in the past. Combination of these
two quantities may give us some clues about the evolutionary state of galaxies. Simple
relations have been found from comparing the H I and luminous properties of galaxies,
such as H I mass-to-light ratio or baryonic mass-to-light ratio as a function of various
photometric quantities (e.g. magnitude, surface brightness).

The sample we investigate contains 67 galaxies. Given the small size of the dataset,
one should bear in mind that we can only look for trends. There have been only 4
detections in the whole sample which have not been catalogued previously to the WSRT
CVn survey in at least one optical pass-band [ignoring the fact that due to the deblending
problems of the SDSS photometric pipeline West (e.g. 2005), (bright) parts of these 4
detections have been included in the SDSS DS4 release and various databases as separate
galaxies). The population of H I selected galaxies detected in the WSRT CVn survey does
not include objects which are left undetected in optical observations. What makes this
sample unique is the large fraction of detections with small H I masses: 34 out of 69
galaxies have MHI ≤ 108 M�.
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Figure 5.10: Correlation between H I
mass and optical diameter. The continu-
ous line is the least-square fit to isophotal
diameters measured at the 25th isophote
in g for the WSRT CVn galaxies (pre-
sented with circles). The dotted, short-
dashed and long-dashed lines are MHI −
Dc

25,B relations obtained by Broeils &
Rhee (1997), Noordermeer et al. (2005)
and Verheĳen et al. (2001), respectively.

H I masses versus optical diameters

A correlation has been seen earlier between H I mass and optical diameter measured
at the 25th isophote (Broeils & Rhee 1997; Verheĳen & Sancisi 2001). In Figure 5.10
we present the relation between H I mass and the optical diameter measured at the 25th
isophote in the g pass-band . We use the optical diameter, Dc

25,g, corrected for absorption
and projection effects following Tully & Fouque (1985), who specify this correction only
for diameters measured in the B-band. Given that the term dealing with the pass-band
is proportional to 0.094×AG,B , we use the ratio between the coefficients of the Galactic
extinction in different pass-bands provided by Schlegel et al. (1998) and multiply this
term by 1.14, to apply this correction in g. For the relation between the optical diameters
and H I masses of the WSRT CVn galaxies we find:

log(MHI/M�) = 1.80log(Dc
25,g) + 7.16. (5.18)

For completeness, minding the uncertainty in the correction applied to the optical diam-
eters, we calculate the relation between optical diameters measured at the 25th isophote
corrected for the galactic foreground in the g-band (neglecting the internal extinction
and projection effects) and the H I masses of the WSRT CVn galaxies. The least-square
fit of this relation yields a slope of 1.72 and a zero-point of 7.08.

For comparison, in Figure 5.10 we present similar relations obtained by Broeils &
Rhee (1997), Noordermeer et al. (2005) and Verheĳen & Sancisi (2001). The optical
radii used in these studies are obtained at the absorption corrected 25th mag arcsec−2

B-band isophote, and the overall agreement is good, except for the relation obtained
by Verheĳen & Sancisi (2001). According to the relation found by Verheĳen & Sancisi
(2001), galaxies with the same optical radii as measured in the WSRT CVn survey should
be on average about a factor three more massive.

Swaters et al. (2002) argue that the isophotal diameter is not a suitable parameter to
compare the optical size of galaxies with different surface brightnesses. Therefore they
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Figure 5.11: Correlation between H I
mass and 6.4h-diameter. The continuous
line is the least-square fit to diameters
defined at 6.4h in g for the WSRT CVn
galaxies (presented with circles). The
dotted line is the relation obtained by
Swaters et al. (2002).

use an optical diameter defined as 6.4h (for h measured along the major axis) for a sample
of late-type dwarf galaxies. Such diameter is defined with respect to the central surface
brightness and for bright galaxies with a central surface brightness of 21.65 mag arcsec−2,
D6.4 in a given pass-band it is approximately equal to the diameter measured at the 25th
isophote. We investigated the relation between MHI and optical diameters defined as 6.4h
in g (where h is measured along major axis) for the WSRT CVn galaxies (excluding here
WSRT-CVn-40 and WSRT-CVn-47). Results are presented in Figure 5.11. The relation
established by the WSRT CVn galaxies is placed systematically below the relation found
by Swaters et al. (2002). At the moment, from the comparison of the samples of galaxies
and methods used to obtain their H I and optical properties, we do not find any obvious
explanation for this discrepancy. The MHI − D6.4h relation which we obtained differs
only a little from relation 5.18 (the new slope is 1.75 and the zero-point is 6.98).

H I mass versus luminosity

The most obvious relation, linking the H I and optical (or infrared) properties of galaxies,
is a relation between the H I mass and the absolute magnitude or luminosity of a galaxy.
There clearly is a correlation between the gaseous and stellar content of a galaxy (Fig-
ure 5.12): fainter galaxies have smaller H I masses while brighter galaxies have higher
H I masses. Or vice-versa, galaxies less massive in H I are also less luminous. There is
a change of the slope of this relation from the B to r or i pass-band (the slopes of the
least-squares fits to all available points are -0.35 in B and -0.3 in r and i), implicating
that galaxies with small H I masses are bluer.

The MHI/Lλ ratio is a classical measure to express the gas-richness of a galaxy. When
plotted as a function of absolute magnitude in the corresponding band, a trend is visible:
fainter galaxies generally have higher MHI/Lλ ratios than brighter galaxies (Figure 5.13).
The relation becomes steeper when going from the B towards i band (the slopes of the
least-square fits to the all data points available in each of the pass-bands are 0.05 in B,
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Figure 5.12: H I mass versus absolute
magnitude. Results are shown in three pass-
bands: B (top), r (middle) and i (bottom).
Galaxies with H I masses below 108 M� are
presented with crosses. Galaxies with H I
masses equal or larger than 108 M� are pre-
sented with open circles. The dotted line is
the least-square fit to galaxies observed with
the INT. The dashed line is the least-square
fit to 67 galaxies with the SDSS data.

Figure 5.13: MHI/Lλ ratio versus abso-
lute magnitude in the same pass-band. Re-
sults are shown in three pass-bands: B (top),
r (middle) and i (bottom). Galaxies with
H I masses below 108 M� are presented with
crosses. Galaxies with H I masses equal or
larger than 108 M� are presented with open
circles. The dotted line is the least-square
fit to galaxies observed with the WFC INT.
The dashed line is the least-square fit to 67
galaxies with the SDSS data.

and 0.10 in r and i). Considering the general trends of the previous relations (H I-mass
- optical diameter and H I mass - absolute magnitude) the MHI/Lλ trend implies that
the smaller galaxies are more gas-rich. One of the possible explanations of the relation
seen is that small galaxies are less efficient in converting gas into stars.

Using an optically selected H I sample of galaxies, Roberts & Haynes (1994) found
that the median value of MHI/LB increases with Hubble type. For a roughly flux-limited
sample of galaxies selected from the UGC and RC3 catalogues, Roberts & Haynes (1994)
obtained an average of MHI/LB = 0.29, or MHI/LB = 0.31, after excluding E and S0
types of galaxies. The subsample of Scd-Sd galaxies has an average MHI/LB of 0.36
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and the subsample of Sm-Im galaxies an average MHI/LB of 0.66. Slightly higher values
have been obtained for a roughly volume-limited sample of galaxies selected from the
RC3 with cz < 3000 (Roberts & Haynes 1994). This sample has an average MHI/LB

of 0.39 for all galaxies, or 0.44 after excluding E and S0 galaxies. Average MHI/LB of
0.53 and 0.85 were found for subsamples of Scd-Sd and Sm-Im galaxies, respectively.
The median MHI/LB from the blind 21-cm Arecibo Slice Survey (AHISS) is MHI/LB =
0.790.78

0.46 (Zwaan 2000). The median MHI/LB obtained by Minchin (2001) from the other
blind 21-cm survey (the DEEP survey) is MHI/LR = 0.75+1.83

−0.44. Using an average colour
of B−R ≈ 1.07 for late-type galaxies from de Jong (1996), Minchin (2001) translates the
median value of the H I selected galaxies from the DEEP survey into MHI/LB = 0.80.
Using B − R = 0.8, Swaters et al. (2002) obtained an average MHI/LB ratio of 1.5 for
their sample of late-type dwarf galaxies.

The median value of MHI/LB for 29 galaxies detected in the blind 21-cm WSRT
CVn survey which have B-band INT data available is 0.91, with values of MHI/LB

ranging from 0.38 to 2.74. The median MHI/LB ratio of the WSRT CVn subsample of
galaxies with INT data is larger than that from the two blind surveys mentioned above,
but smaller than the MHI/LB ratio obtained from the sample of optically selected late-
type dwarf galaxies of Swaters et al. (2002). The median value of gas-richness of 67
galaxies from the WSRT-CVn sample with the SDSS data is 0.89 and 0.81 in the r and i
pass-bands, respectively. Galaxies detected in the WSRT CVn survey are more gas-rich
than the optically selected late-type galaxies, but they do not represent a (new) class
of extremely gas-rich galaxies. From the studies of galaxies selected by their apparent
high H I mass-to-light ratio from HIPASS Bright Galaxy Catalog (Koribalski et al. 2004),
Warren et al. (2006) conclude that those type of galaxies (MHI/LB > 5 M�/L�,B) are
rare in the Local Universe. They further speculate that these galaxies are underluminous
for the amount of baryons which they contain, and that the high H I mass-to-light ratios
reflect the minimum quantity of stars which galaxy produces in order to keep the H I
disk stable.

There is no clear correlation between gas richness and central surface brightness of
galaxies in our sample, except in the B-band (Figure 5.14). This result is not in agreement
with previous studies, given that a tight correlation between the gas-richness and surface
brightness has been found in samples of galaxies obtained in two blind H I surveys,
AHISS (Zwaan 2000) and DEEP (Minchin 2001). One of the possible explanations
for the scatter is that the majority of the galaxies in the WSRT CVn sample have an
irregular appearance in the optical. For these galaxies, the central surface brightness
obtained by extrapolating the azimuthally averaged profile to the centre of the galaxy
may not have a real physical meaning, while the total magnitude still would give a good
estimate of the total light emitted by a galaxy (see also Zwaan 2000). The chosen centre
of a galaxy may not be the real centre, or the profile can have various features (such as
kinks). In this case selection of different points in the fitting process may significantly
change the extrapolated central surface brightness. We have already shown in the right
panels in Figure 5.3 and Figure 5.6 that there is a difference between the central surface
brightness extrapolated using all “good” points and using only the few innermost points.
The “observed” central surface brightness may provide a better description of the inner
galaxy.

Finally, even though the scatter in the gas-richness - central surface brightness relation
of the galaxies from the WSRT CVn sample is large, the trend seen here is consistent



5.4: Comparing the optical and H I properties of detected galaxies 183

Figure 5.14: MHI/Lλ ratio versus extrap-
olated central surface brightness in the same
pass-band. Results are shown in three pass-
bands: B (top), r (middle) and i (bottom).
Galaxies with H I masses below 108 M� are
presented with crosses. Galaxies with H I
masses equal or larger than 108 M� are pre-
sented with open circles. The dotted line is
the least-square fit to galaxies observed with
the WFC INT. The dashed line is the least-
square fit to 67 galaxies with the SDSS data.

Figure 5.15: Mbar/Lλ ratio versus abso-
lute magnitude in the same pass-band. Re-
sults are shown in three pass-bands: B (top),
r (middle) and i (bottom). Galaxies with
H I masses below 108 M� are presented with
crosses. Galaxies with H I masses equal or
larger than 108 M� are presented with open
circles. The dotted line is the least-square
fit to galaxies observed with the WFC INT.
The dashed line is the least-square fit to 67
galaxies with the SDSS data.

with previous findings that galaxies with lower surface brightness tend to be more gas
rich.

In addition to examining the H I gas mass to luminosity ratio one can also consider
the total baryonic mass to luminosity ratio. Normally the baryonic mass is dominated by
stars, but in low mass galaxies the gas contributes significantly. We therefore must add
this contribution to the stellar mass. The total baryonic mass of a galaxy, Mbar, is then
obtained by adding the H I mass, corrected for the presence of helium by multiplying MHI

with 1.4, to the estimated stellar mass. We do not correct for the molecular hydrogen (H2)
or for the ionised gas masses, since their values are generally unknown. We do not expect
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Figure 5.16: Gas fraction as a function of galaxy colour (left) and absolute magnitude
(right). Galaxies with the H I masses above 108 M�are presented with open circles.
Galaxies with the H I masses below 108 M�are presented with crosses.

a large amount of H2 in dwarf galaxies (which constitute the majority of the WSRT CVn
sample), given that the value of the H2/ H I ratio is much lower in dwarf galaxies than in
luminous spirals (Leroy et al. 2005; Taylor et al. 1998). A correlation emerges between
Mbar/Lλ and absolute magnitude in each of the pass-bands (Figure 5.15). The slopes of
the logarithm of Mbar/Lλ versus Mλ ratios are 0.06 in B and 0.03 in r and i pass-bands.
A relation between Mbar/Lλ and Mλ has the smallest change over the studied range
of quantities, when compared to the changes in any of the three correlations discussed
previously. This correlation spans a range of 10 magnitudes in Mi, over which Mbar/Lλ

of bright galaxies increases by a factor 2.5 towards the faint galaxies. Over the same
interval MHI/Lλ increases by a factor 12.5 when going from bright to faint galaxies.

In recent work (e.g. West 2005; Geha et al. 2006) another parameter has been used to
describe the gas-richness, a gas fraction, defined as Mgas/Mbar, where Mgas is a cold gas
mass calculated as 1.4 MHI. In Figure 5.16 we present the relation between Mgas/Mbar

and Mi, and the relation between gas-richness and g − r colour. Galaxies which we
study have gas fractions as high as 90%, while on the other hand, gas fractions of some
WSRT CVn galaxies are as low as 3%. The mean value of gas fractions of the WSRT
CVn galaxies is 50%. A clear trend is visible between the gas fraction and g − r colour:
bluer galaxies are more gas rich. This can be related either to internal (star formation
rate, outflows) or external processes (environment). Geha et al. (2006) found that gas
fractions of blue galaxies (with gas fractions higher than 40%) do not depend on distance
to the nearest neighbour, while red galaxies (with gas fractions below 40%) only exist
near other luminous galaxies. Similar conclusion is obtained by Grebel et al. (2003) from
studies of dwarf galaxies in the Local Group, who found that isolated dSph galaxies
should not exist outside of groups or clusters of galaxies.

When described as a function of absolute magnitude, gas fractions are more spread for
the given magnitude. Faint galaxies generally have higher gas fractions than the brighter
ones. Geha et al. (2006) constructed a gas fraction - Mr relation by combining dwarf
galaxies (−13.5 > Mr − 5logh70 > −16) from their optically selected sample of galaxies
and brighter galaxies from the literature (up to Mr = −24). They conclude that faint
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galaxies (Mr ∼ −16) may have all possible gas fractions, while for the brighter galaxies
an upper limit, dependent on absolute magnitude, exists. This has already been noted
by several authors (McGaugh & de Blok 1997; Schombert et al. 2001; Lee et al. 2002).
Gas fractions of the faint WSRT CVn galaxies are not evenly spread in the range of all
possible fractions. This reflects the H I selection of galaxies in our sample, biased against
detecting faint, gas-poor dEs or dSphs galaxies which would fill the left part of Mgas/Mbar

- Mi relation towards lower gas fractions. To summarise, the two relations containing
the gas fractions provide more direct evidence of the conclusions already presented using
the classical MHI/Lλ ratio (gas-rich galaxies are bluer and less efficient in the turning
gas into stars over their lifetimes).

5.5 Tully-Fisher relation
Tully & Fisher (1977) noted that there is a well defined relation between luminosity and
profile width, corrected for a galaxy’s inclination. Since then, this empirical relation,
now widely known as the Tully-Fisher (TF) relation, became the most common and most
widely used method to independently estimate the distances to galaxies. The TF relation
has been used to address a number of important astronomical problems, amongst others
the derivation of peculiar velocities with respect to the Hubble flow (as H I measurements
provide both the systemic velocity and the profile width of a galaxy) in order to probe
the large scale distribution of (dark) matter and as a tool to test theories of the formation
of disk galaxies (Mo et al. 1998; Cole et al. 2000; Navarro & Steinmetz 2000; van den
Bosch 2000).

It is believed that the TF relation reflects a physical relation between a galaxy’s total
mass and its rotation velocity (e.g. Freeman 1999). Line width is a good measure of the
rotation velocity of a spiral galaxy, but this is not necessarily the case for dwarf galaxies.
We use the sample of galaxies revealed by the WSRT CVn blind 21-cm survey to construct
the TF relation. The WSRT CVn sample consists of 69 galaxies. We have measured
total magnitudes for all the galaxies in the g, r and i pass-bands using SDSS data. For
29 of them we have INT photometry in B and R at our disposal. For an additional
29 galaxies HYPERLEDA provides B-band total apparent magnitudes. We combine
the INT data and literature data to produce a larger B-band sample. To construct
the TF relation, we use W20 profile widths at 20% of the maximum in the integrated
spectrum from the combined sample (Chapter 2 and Chapter 4). These values have been
corrected for the velocity resolution of the final datacubes and for turbulent motions. The
additional correction which has to be applied is a correction for the inclination, following
equation 5.12. Inclinations have been obtained from the combined optical sample.

We then can determine the TF relation of the WSRT CVn galaxies in B, g, r and i,
enlarging the B-band sample with the INT and literature data. We only use galaxies for
which the adopted inclination is between 400 and 850 (we address them as the inclination
selected sample). From the SDSS data, we exclude galaxies with WSRT-CVn id’s 40 and
47, for which linear fits to the profiles are unreliable. This reduces the total number of
galaxies to 44 and 51 in the B and SDSS pass-bands, respectively. The TF relations of
the inclination selected WSRT CVn galaxies are presented in Figure 5.17. The relation
presented covers a range of approximately 1.5 decades in profile width and about 10
magnitudes in luminosity. The fit to the data points has been performed using the bi-
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Figure 5.17: TF relations of the galaxies detected in the WSRT CVn survey. The B-band
TF relation (top-left) is constructed from the unified sample of the B-band INT data, shown
with the empty circles, and the additional HYPERLEDA B-band data, shown with the solid
circles. The TF relations are also fitted to the subsamples of the WSRT CVn galaxies in the
g (top-right), r (bottom-left) and i (bottom-right) pass-bands. In all subsamples, only galaxies
with inclinations in the range 450 < i < 850 are considered. The continuous line is the bi-sector
fit to the data points in each of the subsamples. The adopted errors in the data points are
presented in the lower right corners in each of the panels.

sector fit (Akritas & Bershady 1996), weighting each point with the standard deviation
of the errors of the W20,i and the standard deviation of the errors in absolute magnitude.

There obviously is a relation between W20,i and the absolute magnitude in all four
pass-bands studied. However, the scatter of the data points with respect to the best-fit
TF relation is large: 1.43, 1.41, 1.44 and 1.50 in B, g, r and i, respectively. The scatter
has been obtained by calculating

σ2 =
1

N − 1
ΣN

i=1[Mi − (a + blogWi)]2. (5.19)
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Figure 5.18: The errors of the parameters in B (left) and i (right) pass-bands are overplotted
for reference.

Parameters a and b are the zero-point and the slope of the TF fit obtained. Their values
are given in Table 5.1.

For reference, the errors of the individual points used to construct the TF relation
have been overplotted in Figure 5.18.

Influence of the instrumental and internal corrections

In Section 5.2 we discussed two different corrections available in the literature used to
correct observed profile widths for instrumental broadening, given by Bottinelli et al.
(1990, equation 5.1) and Verheĳen & Sancisi (2001, equation 5.4). Even though there
is a systematic offset between the profile widths when using one or the other correction,
depending on the resolution of the observations, the overall effect on the TF relation
fitted to the data is negligible. The slopes and and zero-points of the TF relation fitted
to the data points correcting the profiles widths for instrumental resolution following the
procedure outlined by Bottinelli et al. (1990) and Verheĳen & Sancisi (2001) agree within
the 1σ error within each other. The resulting data points and the TF relation fitted to
the data are presented in Figure 5.19. Slopes, zero-points and scatter in the TF relations
are given in Table 5.1.

Given the large uncertainty when correcting for the internal extinction, we recalcu-
lated the TF relation in the i band, using total magnitudes corrected only for the Galactic
foreground extinction. This TF estimate has been done using the sample of inclination
selected galaxies. The resulting fit and data points are shown in Figure 5.20, while slopes,
zero-points and scatter in the TF relation are given in Table 5.1. The effect on the re-
sulting TF relations when using or ignoring the internal correction is negligible. From
now on in this chapter, we will always use magnitudes corrected both for the Galactic
foreground and internal extinction.
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Figure 5.19: The B (left) and i-band (right) TF relations of the galaxies detected in the
WSRT CVn survey obtained using two procedures to correct observed profile widths for the
instrumental broadening. Data points corrected using the Bottinelli et al. (1990) correction
are presented with open circles and the bi-sector fit to these data points is presented with
the continuous line. Data points corrected using the Verheĳen & Sancisi (2001) correction are
presented with crosses and the bi-sector fit to these data points is presented with the dotted
line. Samples contain inclination selected galaxies. The sample in B include both the INT and
HYPERLEDA data.

Understanding the scatter: measurement errors

To produce the TF relation presented above, all galaxies with inclinations in the selected
interval were used. One possible explanation of the large scatter in the TF relations is that
we included galaxies with large measurement errors. In order to check this we constructed
subsamples of galaxies by omitting those that have the largest measurement errors. We
use i-band data only. From the sample of inclination selected galaxies, we construct four
subsamples including only galaxies which satisfy the following criteria: ∆W20/W20 ≤
15% (EW subsample), ∆sini/sini ≤ 15% (EI subsample), ∆W20,i/W20,i ≤ 25% (EWI
subsample). The fourth subsample contains only galaxies with magnitudes which deviate
less than 1σMi (σMi is the standard deviation of errors in Mi of all 69 galaxies) from the
mean photometric error of all WSRT CVn galaxies, σmean,Mi = 0.059 (EM subsample).
The EW , EI, EWI and EM subsamples contain 41, 43, 37 and 46 galaxies, respectively.
We fit a TF relation to each of them.

The resulting relations are presented in Figure 5.21. The bi-sector fit to the data
points in the individual subsamples is shown as a continuous line. The bi-sector fit to
all data points from the inclination limited WSRT CVn sample in the i pass-band is
presented as a dotted line. The difference in slope of the TF relation based on the incli-
nation selected WSRT CVn sample of galaxies and any of the four subsamples produced
by excluding the galaxies with large errors is very small. For the WSRT CVn galaxies,
we do not find evidence that galaxies with large measurement errors are the cause of the
large scatter in the TF relation.
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Figure 5.20: TF relation constructed
from the inclination selected WSRT CVn
galaxies in the i band, neglecting the
internal correction. The corresponding
data are presented with open circles.
The continuous line is the bi-sector fit
to all data points presented. The doted
line is the TF relation obtained for the
same sample of galaxies, but correcting
the magnitudes for the internal extinc-
tion. The adopted errors in the data
points are presented in the lower right
corner.

Understanding the scatter: intrinsic properties

Since the scatter in the TF relation appears not to be dominated by the galaxies with
large measurement errors, we investigated whether there is a correlation between the TF
residuals and the intrinsic properties of the galaxies. We investigate the TF residuals in
the two most different pass-bands, B and i. We use the B-band sample of 44 (INT and
HYPERLEDA data) and i-band sample of 51 (SDSS data) inclination selected WSRT
CVn galaxies and the corresponding TF fit (shown in the top-left and bottom-right
panels in figure 5.17, respectively). The difference of the absolute magnitude from the
value implied by the fitted TF relation is examined as a function of distance d to the
object, cos(i), µi

0,extr,λ, g − r, MHI/Lλ and MHI/Mbar. The results are presented in
Figure 5.22. The error in each of the residuals includes the errors in Mλ and W20,i.

The TF residuals show a similar behaviour in both pass-bands investigated. There
only appears to be a weak correlation between the TF residuals and the MHI/Lλ and
MHI/Mbar ratios. According to these trends, gas-rich galaxies and galaxies with high H I
fractions in the total baryonic mass lie below the TF relation. Verheĳen (2001) has seen a
similar trend between the TF residuals in the B-band and MHI/LK′ ratios for the sample
of UMa galaxies. In the UMa sample all but one galaxy have MHI/LK′ ratios smaller
than 1. On the other hand, UMa galaxies do not show any trend when examining TF
residuals in the K ′ pass-band as a function of MHI/LK′ . Verheĳen (2001) interprets the
different behaviour of residuals in the different pass-bands as a consequence of different
stellar populations of early and late type spiral galaxies of the same luminosity, and not
as a result of different rotation velocities of these galaxies.

Understanding the scatter: kinematic properties

In a physical sense, the TF relation links the luminous properties of a galaxy to its ro-
tation, where the velocity is approximated by twice the profile width. Verheĳen (2001)
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Figure 5.21: TF relations of the galaxies detected in the WSRT CVn survey, excluding the
galaxies with large (formal) measurements errors from the WSRT CVn sample. All galaxies
have inclinations in the range 450 < i < 850. In addition to this, only galaxies which satisfy
∆W20/W20 ≤ 15% (EW subsample), ∆sini/sini ≤ 15% (EI subsample), ∆W20,i/W20,i ≤ 25%
(EWI subsample) are presented in the top-left, top-right and bottom-left panels, respectively.
In the bottom-right, only galaxies which deviate less than 1σMi from the mean photometric
error are presented. In all panels, continuous line is the bi-sector fit to the data points from the
given subsample. The dotted line is the bi-sector fit to the subsample of 51 galaxies inclination
selected. All data points and fits are given in the i-band. Weights of the data points are
represented in the lower right corner in each of the panels.

made an extensive study of the influence of the different tracers of the rotation velocity
of a galaxy when constructing the TF relation. The study is based on a complete and
volume limited sample of galaxies with optical (B, R, I), infrared (K ′) and 21-cm syn-
thesis imaging data (the same data set as mentioned above). Verheĳen (2001) identified
three types of rotation curves: flat, rising and declining, from which the velocity at which
the rotation curve becomes flat (Vflat) and/or at which it reaches the maximum (Vmax)
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were measured. The TF relation between the luminosity and the W20,i of the subsample
of galaxies with flat rotation curves (RC/FD sample) has a steeper and tighter correla-
tion, than the TF relations obtained using all galaxies with measurable rotation curves
(RC/FD sample) or galaxies with good synthesis imaging data (SI sample). When using
2Vmax instead of W20,i to construct the TF relation, either for a sample of galaxies with
measurable rotation curves or for the sample of galaxies whose rotation curves show flat-
tening, the scatter in the TF relation increases while the slope remains the same within
the errors. For the sample of galaxies with flat rotation curves, the TF relation is the
steepest and has the smallest scatter when compared to the slope and the scatter of the
TF relation obtained using W20,i or 2Vmax instead of 2Vflat.

We discussed the rotation properties of the 23 galaxies with H I follow-up data in
Chapter 4 and we classified the type of rotation of the galaxies by inspecting their global
profiles, XV diagrams and velocity fields. Using the global profiles and XV diagrams from
the WSRT CVn survey data presented in the last section in Chapter 2, we characterise the
rotation curve of the remaining 46 galaxies for which only the survey data are available.
The majority of our galaxies is not sufficiently resolved to properly characterise the
rotation curve.

From this analysis we conclude that 51 galaxies from the WSRT CVn sample show
a clear sign of rotation, of which 41 galaxies fall within the adopted inclination limits.
From the latter, 26 galaxies have rising rotation curves, 15 galaxies have rotation curves
which show a (tentative) sign of flattening at least on one side of the XV diagram, and/or
have a double horned shape of the global profile. We do not measure the velocity widths
from the XV diagrams. We use W20,i measured from the integrated profile of a galaxy
and corrected for the velocity resolution used and for turbulent motions. The random
velocities may contribute significantly to the kinematics of small galaxies, so that the
latter correction has the largest uncertainty. Tully & Fouque (1985) proposed to use
a dynamical profile of a galaxy to avoid the uncertainty in interpreting W20,i for small
galaxies. They defined a dynamical profile width WD,i as

WD,i =
√

W 2
l,i + 4σ2 (5.20)

which should account for the large amount of random motions in the small galaxies
and secure the link to the dynamical properties of galaxies (total mass). In the last
equation, Wl,i is the classical profile width, corrected for the resolution limitations and
turbulent motions, measured at the l-percent level of the integrated profile maximum.
The symbol i in the index of these two profiles denotes that profiles are corrected for the
inclination. The parameter σ is the velocity dispersion of random motions. Dynamical
profile widths of large galaxies will be practically the same as the profile widths measured
at the l-percent level of the integrated profile maximum.

We define three subsamples of the WSRT CVn galaxies in the inclination range
400 < i < 850 to study the influence of the kinematic properties of galaxies on the TF
relation. One subsample contains only galaxies which show a sign of rotation (R sample),
the second subsample contains galaxies with rising rotation curves (RR sample) and the
third subsample is made up of galaxies whose rotation curve shows a sign of flattening
(RF sample). We also investigate the TF relation using the dynamical profile widths
instead of the classical profile widths. All relations are studied in the i-band.

There is no significant change in the slope and zero-point of the TF relation when
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Figure 5.23: TF relations of the galaxies detected in the WSRT CVn survey - selection on
the rotation velocity. All data and relations are in the i-band. In all panels, galaxies from
the given subsample are presented with circles. Left panel: The TF relation obtained when
using the dynamical profile widths instead of the classical profile widths. The continuous line
is the bi-sector fit to all data points in the sample, the dotted line is the bi-sector fit of the
classical TF relation for the inclination limited sample, the dashed line is the bi-sector fit to
the subsample of galaxies with a sign of rotation. Solid circles correspond to galaxies which
show a sign of rotation. Error is given for the whole sample. Middle panel: The TF relation
for the subsample of galaxies which show a sign of rotation. The continuous line is the bi-sector
fit to galaxies from the R sample, the dotted line is the bi-sector fit for the inclination only
selected galaxies. Error is given for the sample of all galaxies which show a sign of rotation.
Right panel: The continuous line is the bi-sector fit to the R sample of galaxies, the dotted
line is the bi-sector fit to galaxies from the RR sample, the dashed line is the bi-sector fit to
galaxies from the RF sample. The circles are solid for galaxies from the RF sample. Error-left
and error-right correspond to standard deviation of all errors of galaxies from the RR and RF
samples, respectively.

using the dynamical profile widths instead of the classical profile widths for both, the
sample of all inclination selected galaxies or only galaxies with a sign of rotation. The
slope of the TF relation constructed from galaxies whose rotation curves show flattening
is steeper and the scatter in the relation observed is smaller when compared to the slope
and the scatter of the TF relation obtained for the sample of galaxies which show a sign
of a rotation. The latter TF relation has a slope and a scatter smaller than the TF
relation fitted to the sample of galaxies which have rising rotation curves. The difference
between the slopes of TF relations of the galaxies with rising and flat rotation curves is
more than 5σ. The slopes and the zero-points, as well as the scatter in the individual
relations, are provided in Table 5.1.

Resolution effects

We used the H I combined sample of the WSRT CVn galaxies to derive the TF relation.
The slope of the relation is consistent (within the 1σ errors) for the TF relations obtained
from the various subsamples of the WSRT CVn galaxies. It proves to be difficult to
identify the reason for the typical scatter of about 1.3-1.4 magnitudes in these relations.
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Figure 5.24: Comparison between the i-band TF relations where the kinematic data are
obtained from the H I combined sample and from the WSRT CVn survey. Each data point from
the inclination limited sample is presented with a circled symbol: solid symbols correspond to
detections for which we obtained the H I follow-up data. Galaxies which are only observed in
the survey are presented with open symbols. The bi-sector fit to the sample of galaxies with
the profile width measured from the combined H I sample is presented with the continuous line.
The bi-sector fit to the points when using the profile widths from the WSRT CVn survey is
presented with the dotted line. The values of profile widths from the combined H I sample and
only from the survey data for the individual data points are used in the left and right panel,
respectively. In the lower right corner in each of the panels standard deviation of errors in the
data points is presented.

Removing the galaxies which did not satisfy certain criteria from the fitting process did
not (substantially) reduce the scatter. Now, we will test the influence of the velocity
resolution of the observed data on the TF relation.

In the inclination selected sample of galaxies, 20 galaxies have profile widths measured
from the follow-up H I data and the scatter of only these points around the i-band TF
relation is 1.70 magnitudes. The remaining 31 galaxies have profile widths measured
from the survey data and their scatter around the i-band TF relation is 1.39 magnitudes.
Data from both the follow-up and survey observations are distributed with a large scatter
around the best-fit TF relation. Using only one type of data will not produce a (much)
tighter TF relation.

If we use the profile widths measured from the survey data for all 51 galaxies from
the inclination limited subsample, the increase in the scatter is negligible (1.53 compared
to 1.50 in the i-band TF relation of the H I combined sample). What does change when
using the profile width measured from the survey data is the slope of the TF relation,
which steepens to the value of -9.0 (see Figure 5.24). At the same time, this is the steepest
relation of the all TF relations fitted to the various subsamples selected from the WSRT
CVn galaxies. We identify this steepening as a consequence of using the correction for
the instrumental broadening of Bottinelli et al. (1990). The majority of galaxies with
Mi < −14 and W20,i measured from the survey (8 from 11) appears to be under-luminous
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with respect to the i-band TF relation of galaxies obtained when using their kinematic
properties from the combined H I sample. Details on the fitted parameters of the TF
relation are presented in Table 5.1.

Comparison with the literature TF relations

The TF relation, obtained from an inclination limited sample of galaxies taken from the
21-cm WSRT CVn survey, has a slope of -7.9 in the B pass-band and a slope of -7.8 in the
i pass-bands. It is straightforward to compare the slope (and the zero-point) obtained
in the B-band with other TF slopes from the literature. The situation is different for
the slopes in the Sloan pass-bands - only a few studies exist which can be used. We do
not make any attempt to transform the observed magnitudes in the Sloan pass-bands to
the Johnson-Cousins pass-bands. From the three SDSS pass-bands used in our analysis,
we only choose the TF relation in the i-band for direct comparison to the TF relation
obtained in the I-band.

Three studies of the TF relation have been selected from the literature for a compar-
ison of results. The selected literature results are based on the sample of UMa galaxies
from Verheĳen (2001), the sample of early-type disk galaxies from Noordermeer (2006)
combined with Verheĳen’s (2001) UMa sample of galaxies and finally the sample of late-
type galaxies from Sakai et al. (2000), whose distances are obtained using Cepheids.

To be able to carry out a proper comparison of the TF relations, the data on which
the TF relations are based need to be corrected following the same procedures. The
photometric data in all four samples (three literature samples and the inclination selected
subsample of the WSRT CVn galaxies) have been corrected for Galactic and internal
extinction. The internal correction is based on the Tully et al. (1998) recipe using a
correction dependent on W20,i in all works. However, the final profile widths used to
determine the TF relation are a result of the different corrections applied to the observed
profile widths. Verheĳen (2001) and Noordermeer (2006) corrected the profile widths for
the finite resolution of the instrument and turbulent motions of gas. Both authors used
the correction for instrumental broadening introduced by Verheĳen & Sancisi (2001),
given by equation 5.4 and the correction for turbulent motions given by equation 5.3.
On the other hand, Sakai et al. (2000) do not correct the profile widths for the turbulent
motions, arguing that no physical evidence exists for such a correction. Their statement
is strengthened by one of the arguments used to introduce a correction for the turbulent
motions - minimisation of the scatter in the TF relation. In the sample of Sakai et al.
(2000) the profile widths of all galaxies used to determine the TF relation exceeds log
W res

20,i = 2.37 (the smallest one), and in this regime a correction for the turbulent motions
is not substantial in any case. Profile widths used in Sakai et al. (2000) are corrected
for instrumental broadening using the correction by Bottinelli et al. (1990), here by
equation 5.1 (H I data of Sakai et al. 2000 are described in Macri et al. 2000).

A comparison of the TF relations in the B and i pass-bands constructed from the
WSRT CVn galaxies with the results obtained by Verheĳen (2001) and Noordermeer
(2006) is presented in Figure 5.25. Generally, the values of the WSRT CVn galaxies are
scattered around the various literature relations, without severe systematic offset. While
there may be a trend of narrow line galaxies with B-band magnitudes fainter than -14 to
lie below the B-band TF relations by Verheĳen (2001) and Noordermeer (2006), a similar
offset is not visible in the i-band. There is an excellent agreement in the i/I-band TF
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Figure 5.25: TF relations of the galaxies detected in the WSRT CVn survey compared to
the TF relations from literature (using the Verheĳen & Sancisi 2001 correction for instrumental
broadening). The continuous line represents the bi-sector fit to the data points in each of the
panels. In the first three panels (top-left, top-right and bottom-left), the data are obtained
from the inclination limited subsamples. In the bottom-right panel only galaxies with a with
sign of rotation are presented. Top-left: The dotted line represents the B-band TF relation for
the SI sample from Verheĳen (2001). The dashed line represents the B-band TF relation from
Noordermeer (2006). WSRT CVn galaxies with the B-band magnitudes from the INT data
are presented with open circles. Galaxies with the B-band magnitudes from the HYPERLEDA
are presented with solid pentagons. Top-right: The dotted and dashed lines correspond to the
RC/FDR and RC/FD samples of galaxies from Verheĳen (2001). The circled symbols represent
the WSRT CVn galaxies from the inclination limited subsample which shows a sign of rotation.
Circles are solid for the case that the rotation curve of a galaxy is flat. Crosses represent galaxies
from the inclination selected subsample of galaxies without a clear sign of rotation. Bottom-
left: The dotted and dashed lines represent the TF fit to the SI sample from Verheĳen (2001)
and a sample from Noordermeer (2006) in I, respectively. Bottom-right: The WSRT CVn TF
relation in the i band of the R subsample (continuous line) and of the RF subsample (long-
dashed line) from the WSRT CVn galaxies, the TF relation of the RC/FDR sample (dotted
line) from Verheĳen (2001) and the TF relation of the RC/FD sample of galaxies (dashed line)
from Verheĳen (2001) are presented. Only galaxies which show a sign of rotation are presented
with circles; circles are filled if rotation curve shows a sign of flattening.
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relations constructed from all three samples. It is interesting to note that the scatter in
the TF relation of the WSRT CVn galaxies is larger than the scatter of galaxies in the
comparison samples. For example, Verheĳen (2001) measures a scatter of 0.48 and 0.49
magnitudes in the B and I pass-bands, respectively, when using all galaxies with synthesis
imaging data available. We measure a scatter of 1.43 and 1.50 magnitudes in the B and i
pass-bands, respectively. When splitting the sample of WSRT CVn galaxies into a subset
of rotating galaxies (R sample) and a subset of galaxies whose rotation curves show a
sign of flattening (RF sample), a good agreement in the i-band remains between our
data and TF relation constructed from the RC/FDR sample of UMa galaxies (Verheĳen
2001). The i-band TF relation constructed from the RC/FD sample of Verheĳen (2001)
would underestimate the luminosities of narrow-line galaxies. The majority of galaxies
in our sample has rising rotation curves, and the profile widths may be a poor tracers
of rotation of a galaxy, what would explain this effect. The agreement in the B-band
between the WSRT CVn galaxies and TF relation constructed from the RC/FD sample
of Verheĳen (2001) is only artificial, having in mind the offset seen between our sample
and the literature TF relations in B (visible in the top-left panel in Figure 5.25).

Similar trends are visible when comparing the TF data of the WSRT CVn galaxies
and the TF relations from Sakai et al. (2000), presented in Figure 5.26. While the
WSRT CVn galaxies of MB < −14 mag show a tendency to lie below the B-band TF
relation constructed from galaxies presented in Sakai et al. (2000), an excellent agreement
between our i-band TF data (and the fit) and I-band TF relation from Sakai et al. (2000)
is noticeable.

Putting the both comparisons together, we conclude that there is an overall good
agreement between our data (and our TF fits) and the TF relations fitted to the brighter
and faster rotating galaxies as obtained from the three literature samples discussed above.
There is an indication that WSRT CVn galaxies are under-luminous for the B-band TF
relations from the presented literature samples. The agreement between the TF relation
of the WSRT CVn galaxies and the three literature samples used is remarkable in the i-
band. In previous studies a steepening of the slope of the TF relation has been measured
when moving from blue to red and infrared pass-bands. The TF relations from our data
do not follow this trend, explaining the observed change in relative agreement between
the WSRT CVn data (and slope) and the TF relations from the literature. It is difficult
to judge how significant this is, given that the difference of the slopes of the TF relation
in the most extreme pass-bands (B and i, respectively) is about four times smaller than
the typical error in the slope obtained from fitting. Physically, an explanation could be
that the literature samples do not include such blue and narrow-line galaxies as we have
in our sample, but more bright and faster rotating galaxies whose magnitudes change
by a larger amount when going from one to the other band (or simply they are redder),
causing steepening of the slope from blue to red pass-bands. Verheĳen (2001) has already
noted that in the B-band bluer galaxies (using B − I colour) and galaxies of types later
than Sc have positive residuals of the TF relations fitted to all galaxies. Therefore the
observed trend can be caused by different stellar populations of galaxies in the different
samples.
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Figure 5.26: TF relations of the galaxies detected in the WSRT CVn survey compared
to the TF relations from literature (using Bottinelli et al. 1990 correction for instrumental
broadening). The continuous line is the bi-sector fit to the inclination selected sample of the
WSRT CVn galaxies in the B and i pass-bands in left and right panels, respectively. The
dashed line represents the B and I-band TF relations from Sakai et al. (2000) in the left and
right panel, respectively. Profile widths are corrected for the instrumental resolution only, using
the correction for instrumental broadening as given by Bottinelli et al. (1990) and inclination.
In the left panel, INT data are marked with open circles, the HYPERLEDA data are marked
with solid pentagons.

5.6 Baryonic Tully-Fisher relation
The classical TF relation was obtained for bright spirals, whose baryonic content is
dominated by stars. Romanishin et al. (1982) were one of the first to speculate that
LSB galaxies lie below the extrapolated TF relation constructed from bright galaxies.
According to some studies (e.g. McGaugh 2005), when using a stellar mass-rotation ve-
locity relation instead of luminosity-rotation velocity relation, a break around a rotation
velocity of about 90 km s−1 becomes visible. The linear relation can be restored when
using the baryonic mass instead of only stellar mass.

The baryonic TF relation (BTF) then is the relation between the sum of stellar and
gas mass and the corrected profile width (rotation velocity). It can be expressed as

Mbar = AV x
rot (5.21)

where A is a normalisation and x the slope. When one compares x to the traditionally
used slopes b expressed in magnitude units, they are related as b = −2.5x.

If the TF relation reflects a correlation between the maximum rotation velocity of a
dark matter halo, which could be traced by the measured rotation velocity of a galaxy,
and the total baryonic mass inside of that halo (e.g. Verheĳen 2001), the BTF relation
then is a more fundamental relation than the classical TF relation.

We construct first the stellar mass-profile width relation, using the stellar masses from
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Sample Pass-band Number zero-point slope scatter
mag mag

incl B 44 -0.18 ± 1.74 -7.86 ± 0.89 1.43
incl g 51 -0.86 ± 1.56 -7.70 ± 0.80 1.41
incl r 51 -0.81 ± 1.58 -7.89 ± 0.82 1.44
incl i 51 -1.19 ± 1.63 -7.80 ± 0.84 1.50
incl, no Aint i 51 -1.46 ± 1.61 -7.64 ± 0.83 1.49
EW i 41 -0.58 ± 1.72 -8.07 ± 0.86 1.51
EI i 43 -2.43 ± 1.51 -7.12 ± 0.78 1.45
EWI i 37 -1.73 ± 1.58 -7.42 ± 0.80 1.41
EM i 46 -1.52 ± 1.75 -7.61 ± 0.89 1.47
R i 41 -1.75 ± 1.54 -7.61 ± 0.78 1.32
RR i 26 -0.67 ± 2.28 -8.27 ± 1.20 1.41
RF i 15 -2.17 ± 2.20 -7.31 ± 1.06 1.25
D i 51 -0.61 ± 1.52 -8.06 ± 0.78 1.47
DR i 41 -1.12 ± 1.55 -7.90 ± 0.79 1.31
survey i 51 1.37 ± 1.45 -9.00 ± 0.75 1.53
W-V&S2001 B 44 0.40 ± 1.62 -8.23 ± 0.84 1.47
W-V&S2001 i 51 -1.07 ± 1.46 -7.95 ± 0.76 1.54
W-V&S2001+R i 41 -1.56 ± 1.60 -7.78 ± 0.82 1.42
W-V&S2001+RF i 15 -2.32 ± 2.28 -7.30 ± 1.09 1.34
W-Res B 44 2.13 ± 1.59 -8.77 ± 0.80 1.36
W-Res i 51 1.15 ± 1.53 -8.72 ± 0.77 1.45

Table 5.1: Results of the bi-sector fits to the TF relations of various subsamples selected
from the WSRT CVn galaxies. Galaxies in all subsamples satisfy the inclination criteria 450 <
i < 850 (incl). In addition, EW , EI, EWI and EM subsamples exclude galaxies with large
measurements errors in profile widths, inclinations, inclination corrected profile widths and
magnitudes, respectively. Subsample R contains only galaxies which show a sign of rotation,
limited additionally to contain only galaxies with the rising rotation curves (RR) or only galaxies
with the flat rotation curves (RF ). Galaxies in the subsample D have kinematic information
expressed using the dynamical profile widths, where only part of them which show a sign of
rotation make sample DR. Galaxies in the “survey” subsample have profile widths measured
using the survey data. For “W-VS2001” subsample of galaxies, profile widths have been corrected
for the instrumental resolution following the method of (Verheĳen & Sancisi 2001). For “W-Res”
subsample, profile widths have been corrected only for the instrumental broadening.

the scaling relations of Bell et al. (2003), based on stellar population models. We use
the same line widths W20,i as used for the classical TF relation (using the correction for
instrumental broadening by Bottinelli et al. 1990). The resulting relation is presented
in Figure 5.27. Our data are scattered around bi-sector linear fit with slope 3.31±0.36
(3.10±0.44 when using only galaxies with flat rotation curves), but the data by themselves
do not indicate any break from the linear fit (within the scatter). There are not many
stellar TF relations in the literature that are suitable for comparison. For example, West
(2005) estimates a stellar TF relation using galaxies detected in HIPASS. The obtained
slope is 3.43±0.19, in excellent agreement with our result. West (2005), however, does
not provide a zero-point, and we can not make a direct comparison. Therefore we use
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Figure 5.27: Stellar TF relation con-
structed from the inclination selected
WSRT CVn galaxies. The circles rep-
resent the WSRT CVn galaxies from the
inclination limited subsample of galax-
ies which show a sign of rotation. Cir-
cles are solid for galaxies with flat rota-
tion curves. Crosses represent galaxies
from the inclination selected subsample
of galaxies without a clear sign of ro-
tation. The continuous line is the bi-
sector fit to all data points presented.
The dashed line is the stellar TF rela-
tion obtained by Bell & de Jong (2001).

the stellar TF relation obtained by Bell & de Jong (2001), constructed using the sample
of galaxies from Verheĳen (1997) and using new distance estimate (slope of this stellar
TF is 4.49). Bell & de Jong (2001) use the rotation velocities measured directly from
the flat part in the rotation curve (Vflat). It is therefore not surprising that our data
points lie to the left of this relation, suggesting that for the smaller galaxies the profile
widths do not measure the full rotation curve. There is no evidence that our data points
should fall systematically below the presented stellar TF relation, contrary to the claim
by McGaugh (2005, see left panel of Figure 6 in his paper).

We proceed with constructing the BTF relation using the baryonic masses Mbar for
the WSRT CVn galaxies as calculated in Section 5.4: Mbar = 1.4MHI + M∗ and the
line widths W20,i corrected for instrumental broadening using the procedure of Bottinelli
et al. (1990). The BTF relation is fitted to the data points using a bi-sector fit, weighting
each point with the standard deviation of the individual errors in Mbar and W20,i for the
galaxies used to construct the specific BTF relation.

We define four subsamples of the WSRT CVn galaxies to which to fit the BTF. Exclud-
ing galaxies with inclinations smaller than 450 and larger than 850, the sample reduces
to 51 galaxies (standard inclination limited subsample). In addition, we obtain the BTF
relation by using only galaxies from the inclination limited sample with ∆W20,i/W20,i ≤
25% (EWI subsample), ∆Mbar/Mbar ≤ 10% (EMB subsample) and galaxies which
show a sign of rotation (R subsample). Results are presented in Figure 5.28. There is no
significant reduction in the scatter in the individual BTF relations, neither a big change
in the fitted slopes in the different subsamples. The maximum change in the slopes fit-
ted is 0.4 (difference between the slopes of the BTF relation fitted to the EMB and R
subsamples), still less than the 1σ error in the individual slopes. Results obtained in the
fitting process are summarised in Table 5.2.

In the literature, the BTF relation has been derived for a number of galaxy samples.
The slopes found span a range of values, from 2.2 (Gurovich et al. 2004), 2.52 (West 2005),
3.5 (Bell & de Jong 2001), 3.7 (Geha et al. 2006) to 4 (McGaugh 2005). The range in



5.6: Baryonic Tully-Fisher relation 201

Figure 5.28: The BTF relations of the galaxies detected in the WSRT CVn survey. The
bi-sector fit to the inclination limited sample of galaxies is presented in the top-left panel with
the continuous line. For comparison, the same fit is presented in the rest of the panels with
the dotted line. The EWI and EMB subsamples of galaxies and the corresponding bi-sector
fits are presented with the continuous line in the top-right and bottom-left panel, respectively.
The BTF relation obtained using the WSRT CVn galaxies which show sign of rotation, the R
subsample, is presented in the bottom-right panel with a continuous line. Here, galaxies whose
rotation curves show flattening are marked with solid symbols. The adopted errors in the data
points are presented in the lower right corners in each of the panels.

BTF slopes obtained from the subsamples of the WSRT CVn galaxies, from 2.80 to
3.17, fall in the range of the BTF slopes previously measured. However, this comparison
of slopes derived from the various literature samples and our sample is only tentative,
given that in the studies mentioned different methods have been used to estimate stellar
masses and/or rotation velocities. For his BTF, West (2005) uses SDSS data, as we do,
and the same formalism (equation 5.3.3), to obtain stellar masses for the subsample
of galaxies detected in HIPASS (although he uses different initial mass function). He
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Figure 5.29: BTF relations of
the galaxies detected in the WSRT
CVn survey. Measured errors in
the points have been overplotted for
reference.

obtains a scatter in the BTF of 0.37 (logM�)−1, slightly smaller than the scatter in the
BTF measured by us, which ranges from 0.47 to 0.55 (logM�)−1.

Figure 5.30: Comparison of the BTF
relation defined by the WSRT CVn
galaxies with the literature BTF rela-
tions. The circles represent the WSRT
CVn galaxies from the inclination lim-
ited subsample which show a sign of rota-
tion. Circles are solid for cases in which
the rotation curve of a galaxy is flat.
Crosses represent galaxies from the in-
clination selected subsample of galaxies
without a clear sign of rotation. The con-
tinuous line is the BTF of the combined
sample of galaxies in Geha et al. (2006).
The dotted line is the BTF relation to
the sample of dwarf galaxies presented
in Geha et al. (2006). The dashed line is
the BTF relation derived by McGaugh
(2005). In the right corner the adopted
error in the data points is shown.

Geha et al. (2006) derived the BTF relation from a sample of galaxies spanning a
range in baryonic masses from approximately 108 to 1011 M�. The sample used by Geha
et al. (2006) is constructed by combining their new sample of dwarf galaxies with four
literature samples for which H I and optical measurements are available: Haynes et al.
(1999), Verheĳen (2001), Matthews et al. (1998) and McGaugh et al. (2000). We note
that Geha et al. (2006) do not discuss the different corrections applied to the data from
the various literature samples. It is not clear if they recalculated data to one uniform
system. Given the limited number of studies of the BTF relation, we will simply use these
results for a comparison, noting that some change in the slopes can arise from different
procedures used to correct the photometric and kinematic data. Galaxies from the WSRT
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Sample Number zero-point slope scatter
(logM�)−1 (logM�)−1

stellar 51 1.97 ± 0.69 3.31 ± 0.36 0.64
incl 51 2.80 ± 0.58 3.05 ± 0.30 0.55
EWI 37 3.16 ± 0.56 2.82 ± 0.28 0.49
EMB 41 2.77 ± 0.61 3.10 ± 0.31 0.48
R 41 3.17 ± 0.55 2.90 ± 0.28 0.47

Table 5.2: Results of the bi-sector fits to subsamples of the WSRT CVn galaxies from which
the stellar TF and four BTF relations are constructed. Galaxies in all subsamples satisfy the
inclination criteria 450 < i < 850 (incl). For the BTF, EWI and EMB subsamples exclude
galaxies with large measurements errors in the inclination corrected profile widths and baryonic
masses, respectively. Subsample R contains only galaxies which show a sign of rotation.

CVn sample are scattered around the BTF relation obtained from the combined sample
by Geha et al. (2006), but the WSRT CVn systems with baryonic masses below 109 M�
tend to have more baryonic mass than this BTF relation would predict (see Figure 5.30).
However, if we consider the BTF relation of Geha et al. (2006), derived using only their
sample of dwarf galaxies with the baryonic mass in the range from 108 to 109 M�, the
offset of the WSRT CVn galaxies disappears - our galaxies show the same trend as galaxies
with the smallest baryonic masses in the sample of Geha et al. (2006). This new sample
in Geha et al. (2006) spans a range in absolute magnitude of −13.5 > Mr−5logh70 > −16
and a range of profile widths from 20 to 80 km s−1, measured from single dish H I data
(dotted line in Figure 5.30). By including the WSRT CVn galaxies, the BTF relation
of the combined sample of galaxies in Geha et al. (2006) can be extended to baryonic
masses as low as 107 M�. An important point to emphasise here is that the BTF does
not appear to have any break within four decades of baryonic mass.

McGaugh (2005) derived a BTF relation including only those galaxies in the sample
whose rotation curve shows flattening, and measured the rotation velocities from the
rotation curves. The majority of our galaxies lie to the left of this relation. We basically
see the same effect as noted when comparing the WSRT CVn stellar TF relation to the
literature TF relation obtained using 2Vflat: we are tracing only the inner part of a galaxy
when measuring the profile width.

5.7 Summary and conclusions
Comparison of the gaseous and stellar properties of galaxies allows a better understanding
of the evolutionary state of a galaxy. In this Chapter we compared the H I properties of
galaxies detected in the blind 21-cm WSRT CVn survey with their properties obtained
from broad-band photometry.

For 29 galaxies selected from the WSRT CVn survey we obtained B and R images
using the WFC on the INT. For 69 galaxies (all galaxies detected in H I in the WSRT
CVn survey with an obvious optical counterpart) we obtained SDSS images, reduced in
a way suited to galaxies of large angular extent. To measure the photometric properties,
we applied an ellipse fitting procedure to derive surface brightness profiles of all galaxies
in the g, r and i pass-bands, and B and R pass-bands whenever possible.
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We showed that for these galaxies, taken from the blind H I survey, it is of essential
importance to extrapolate the light (or surface brightness) profiles to infinity to account
for the total light: isophotal magnitudes measured within the 25th mag arcsec−2 isophote
are systematically smaller than the total magnitude calculated by extrapolating the pro-
file to infinity. This difference becomes larger for galaxies with fainter magnitudes and
lower central surface brightnesses.

While a substantial fraction of galaxies detected in the older blind H I surveys was
uncatalogued prior to the H I survey, this is not case any more. For example, (Zwaan
2000) detected 66 galaxies in AHISS, from which 34 galaxies had not been catalogued
prior to this H I survey. The optical counterparts of 69 H I detections from the WSRT
CVn survey have already been catalogued, even though the properties for four of them
have not been properly measured. The question of whether they represent a special class
of galaxies remains still open. Zwaan et al. (2005b) summarise that the population of
objects detected in blind H I surveys follow the properties of galaxies detected in optical
surveys, weighted towards late-type galaxies. The H I population tends to follow the
spatial distribution outlined by the cosmic web of the objects detected in the optical.

An ideal test to examine whether the H I detected sample of objects is somehow
extraordinary would be to have a complete sample of all optical detections in the same
volume. Unfortunately, we do not have such a sample. West (2005) studied the optical
properties of galaxies detected in HIPASS which have an optical counterpart in the area
covered by the SDSS. A comparison of the properties between the H I selected galaxies
and the galaxies selected from the SDSS showed that the H I selected galaxies may
be significantly different than a complete sample of galaxies with similar morphologies.
While the gas content in a galaxy can be used as a good indicator of the optical properties
of the same galaxy, the reverse does not necessarily hold. West (2005) advises caution
when using the various scaling relations to infer the gas properties of galaxies using only
their optical properties.

We presented various scaling relations combining the properties of gas and stars of the
WSRT CVn galaxies. A correlation has been seen between the H I mass and the optical
radius (in g-band), and between the H I masses, (MHI/Lλ) or (Mbar/Lλ on one side
and absolute magnitudes on the other. These correlations indicate that (optically) faint
galaxies generally have lower H I masses, and their gas and baryonic fractions in units
of luminosities are higher than the values of the corresponding parameters for brighter
galaxies. Galaxies with lower H I masses have smaller optical diameters than galaxies
with larger H I masses. More scattered relations have been seen between the mass-to-
light ration and extrapolated central surface brightnesses and between gas fractions and
g − r colours, indicating that galaxies with lower central surface brightnesses and bluer
colours have higher mass-to-light ratios and higher gas fractions. These relations suggest
that fainter and smaller galaxies are less efficient in turning gas into stars.

We constructed TF relations for the WSRT CVn galaxies using their total magnitudes
and profile widths corrected for the instrumental broadening and turbulent motions.
The TF relations obtained for the various subsamples of the WSRT CVn galaxies show
substantial scatter when compared to the TF estimates from the literature. We showed
that excluding galaxies with the largest measurement errors does not reduce the scatter
in the TF relations. The usage of dynamical profile widths or including only galaxies
whose detailed kinematics data indicate that they rotate, does not reduce the scatter
significantly either. The smallest scatter is obtained when constructing the TF relations
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for a subsample of 15 galaxies for which an indication exists that their rotation curves
reach the flat part (with the additional inclinations selection).

We find a good agreement when comparing the TF relations obtained from the WSRT
CVn sample and the literature TF relations. The data points used to construct the TF
relation in the B and i pass-bands are scattered around the various TF relations from
the literature. Our data may indicate a trend that galaxies with narrow profile widths
and faint B-band magnitudes (fainter than -14 mag) fall below the B-band TF relations
from literature. On the other hand, there is a remarkable agreement of the i-band WSRT
CVn sample of galaxies (and the fitted-slope) with the I-band literature TF relations.
The different position of the WSRT CVn galaxies with respect to the TF relations from
the literature in the B and I pass-bands, just reflects the fact that we do not see the
steepening of the slopes when moving from blue to red pass-bands, as this has been seen
in some of the previous work (e.g. Pierce & Tully 1992; Tully & Pierce 2000; Verheĳen
2001; Noordermeer 2006) (keeping in mind that almost all slopes derived from the various
subsamples of the WSRT CVn galaxies are consistent within 1σ errors with each other).
Physically, this may reflect different stellar populations of galaxies in our sample and
samples from the literature.

We do not find any evidence for a break in slope of the TF or stellar TF relation
in the range of narrow profile widths (below 100 km s−1) and faint magnitudes (below
-14) or small stellar masses. A similar conclusion holds when constructing the BTF
relations: detections with the narrowest profile widths do not contain relatively less
baryonic material than detections with larger profile widths. Moreover, detections with
the narrowest profile widths tend to rotate too slow for their luminosity. This probably
reflects the fact that their rotation curves do not reach the flat part, therefore profile
widths measured are only lower limits of the true rotation velocities.

One may argue that strong feedback in dwarf galaxies may remove a large fraction
of the gas. If gas is preferentially removed from the outer parts where the potential
is shallower, a result may be that the flat part of the H I rotation curve can no longer
be measured. Then dwarf galaxies will not only move below the BTF established by
more massive galaxies, but they will also move towards lower W20,i values. However,
there are no studies in the literature which explore the effect of the feedback on the H I
profile specifically. Still, at least galaxies, which kept their H I gas up to the radius where
the rotation curve flattens, should then fall below the BTF relation established by more
massive galaxies. The BTF relation of McGaugh (2005), which was constructed using
only galaxies whose rotation curves reach the flat part and then using these velocities to
construct the BTF, agrees very well with the BTF established by more massive galaxies.
This makes us fairly confident that galaxies detected in the WSRT CVn survey, which
generally lay above the BTF relation of McGaugh (2005), do not show any break in the
BTF relation. This implies that (the majority of) galaxies with narrow profile widths did
not loose significantly larger relative amounts of baryons than the more massive galaxies.
For a more specific statement it would be necessary to carry out detailed modelling of
the change in H I profile caused by the feedback.

This brings us back to the issue of the discrepancy at the faint end of the luminosity
and H I mass functions, which are much flatter than the low-mass end of the mass function
of the dark matter haloes (see Subsection 1.3.1 in Chapter 1). As discussed before, the
majority of solutions that address this discrepancy rely on the strong feedback needed
to give rise to a mass dependent mass-to-light ratio, higher for the lowest-mass galaxies
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(e.g. Mayer & Moore 2004). Strong feedback will practically remove most of the gas in
the dwarf galaxies, placing them below the BTF relation. That is clearly not what we
observed. Moreover, the slope of the BTF relation which we measure is about 3, which is
in excellent agreement with the slope obtained from the virial theorem (equal to 3), and
slightly lower than the slope of 3.5 predicted from the cosmological simulations (Bullock
et al. 2001; Kravtsov et al. 2004). Keeping in mind that we probably only measure
velocities in the inner parts of dwarf galaxies, the similarity of the BTF slope measured
and predicted argues against a strongly mass dependent baryonic mass-loss rate.
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Appendix 5.A Photometric data - figure examples
We present here examples of the data and derived profiles used to obtain photometric
quantities in this chapter. For two objects, we show four-panel figures. In the top-left
and bottom-left we present the INT B-band and SDSS g-band images, respectively. In
the top-right and bottom-right, we present profiles obtained from the ellipse fitting using
the B and R images, and using the g, r and i images, respectively.

Figure 5.A1: WSRT-CVn-11.
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Figure 5.A2: WSRT-CVn-50.

Appendix 5.B Large tables

Table 5.B1 contains H I quantities used in this chapter. The data are taken from
Chapter 2 and Chapter 4, and the combined H I sample is described in Section 5.2.

Column(1) WSRT CVn index.
Column(2) Name of the galaxy associated with the H I detection, taken from NED.
Column(3) Adopted distance to the object, in Mpc.
Column(4) Logarithm of H I mass in M� units.
Column(5) Logarithm of the error in H I mass (where H I mass is in M� units).
Column(6) Profile width measured at the 20% level W20 in km s−1 corrected for the
instrumental broadening (following Bottinelli et al. 1990) and the turbulent motions.
Column(7) Uncertainty in W20 in km s−1.
Column(8) Value of the Wt,20 parameter in km s−1, used to correct the profile width
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for the turbulent motions.
Column(9) Flag indicating a type of rotation: “F” indicates that a rotation curve
reaches the flat part; “R” indicates rising rotation curve; “0” stands for no visible sign
of rotation.

What follows is a description of the tables with photometric quantities, measured
from the INT data (Table 5.B2) and SDSS data (Table 5.B3). The quantities are
corrected for Galactic absorption, where applicable. This is marked with the index Gc.
The quantities in Column(2) to Column(6) are derived from R-band photometry for the
INT data, and from g-band photometry for the SDSS data. Column(7) to Column(16)
are measured for each individual pass-band.

Column(1) WSRT CVn id of the object.
Column(2) Observed pass-band.
Column(3) Position angle (PA) in degrees.
Column(4) Ellipticity (ε).
Column(5) Inclination in degrees, derived assuming disk thickness q = 0.2. For galaxies
with (b/a)2 ≤ q2

0 we adopted i = 900.
Column(6) Error in inclination in degrees, reflecting the quality of the ellipse fitting.
The errors in inclination are estimated as the standard deviation of the inclinations
measured at the last six reliable ellipses, obtained in the ellipse fitting process, with
respect to the inclination adopted for each galaxy. For galaxies with (b/a)2 ≤ q2

0 we can
not estimate the error and use the value 9999 (which does not have any meaning).
Column(7) Scale length h in arcsec (along major axis).
Column(8) Diameter measured at the 25th isophote in arcsec, D25 (along major axis).
Column(9) Extrapolated central surface brightness in mag arcsec−2, µGc

0,extr (from the
linear fit to the surface brightness profile, using all reliable points).
Column(10) “Observed” central surface brightness in mag arcsec−2, µGc

0,obs (from the
linear fit to the surface brightness profile, using the reliable points on the distance from
the adopted centre less than 3 arcsec).
Column(11) Apparent magnitude measured within the 25th isophote expressed in
mag, mGc

25 .
Column(12) Extrapolated magnitude in mag, mGc

exp. The derivation of this magnitude
is described in Subsection 5.3.1 for the INT data and in Subsection 5.3.2 for the SDSS
data.
Column(13) Total magnitude in mag, mGc

tot. The derivation of this magnitude is
described in Subsection 5.3.1 for the INT data and in Subsection 5.3.2 for the SDSS
data.
Column(14) Absolute magnitude derived from the total magnitude expressed in mag,
MGc

tot , derived using distances given in Column(3) in Table 5.B1.
Column(15) Error in the total magnitude expressed in magnitudes, ∆mtot. The errors
are obtained by propagating the errors in the surface brightness profile.
Column(16) Galactic foreground extinction in mag, AG, calculated following Schlegel
et al. (1998).
Column(17) Internal extinction in mag, Aint, calculated following Tully et al. (1998).
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Table 5.B1: H I sample.

WSRT NED name D log(MHI/M�) log(∆MHI/M�) W20 ∆W20 Wt,20 Rotation
CVn ID - Mpc - - km s−1 km s−1 km s−1 -

1 NGC4359 17.4 9.15 7.24 185.2 8.3 22 F
2 UGC07698 6.1 8.50 6.32 59.6 8.3 22 F
3 UGC07428 15.9 8.76 7.15 67.7 8.3 22 F
4 NGC4509 13.1 8.37 6.99 72.7 8.3 22 R
5 MCG +06-28-022 12.6 7.57 6.96 40.1 8.3 22 0
6 KDG178 10.8 8.07 6.82 70.1 8.3 22 R
7 FGC1497 7.1 7.32 5.81 88.2 4.1 22 F
8 UGCA292 3.1 7.52 5.74 38.5 8.3 22 R
9 CG1042 9.7 7.25 6.56 22.9 1.8 17 R
10 MAPS-NGP O_267_0609178 14.8 7.43 7.09 59.8 8.3 22 0
11 KUG1230+334A 11.4 7.59 6.35 27.9 2.1 22 R
12 KUG1230+336 11.8 8.03 6.49 47.7 2.1 22 R
13 MAPS-NGP O_268_1525572 7.5 7.19 5.91 54.4 3.0 22 R
14 NGC4395 4.6 9.14 6.08 110.1 8.3 22 F
15 MAPS-NGP O_267_0529325 8.0 6.90 6.56 31.0 8.3 22 0
16 UGC07916 8.7 8.59 6.63 64.8 8.3 22 F
17 KUG1216+353 10.7 7.59 5.90 64.6 3.1 22 R
18 UGC07427 10.3 7.95 6.78 47.5 8.3 22 R
19 MAPS-NGP O_268_1082578 12.6 7.20 6.95 71.6 8.3 22 0
20 NGC4534 11.5 9.32 6.87 116.4 8.3 22 F
21 UGC07605 4.4 7.45 6.05 46.8 8.3 22 0
22 KUG1230+360 11.7 7.51 6.89 91.7 8.3 22 0
23 UGC07949 10.4 8.62 6.79 34.0 8.3 22 R
24 UGC07559 4.9 8.20 5.78 66.4 2.1 22 F
25 - 12.6 6.84 6.23 10.3 6.9 17 0
26 UGC07599 6.9 8.12 6.28 69.2 2.1 22 F
27 UGC07699 7.2 8.55 6.47 180.9 8.3 22 F

Continued on next page
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Table 5.B1: H I sample.

WSRT NED name D log(MHI/M�) log(∆MHI/M�) W20 ∆W20 Wt,20 Rotation
CVn ID - Mpc - - km s−1 km s−1 km s−1 -

28 KDG105 8.3 7.46 6.16 47.0 1.5 22 R
29 BTS133 9.3 7.62 6.69 53.0 8.3 22 R
30 BTS142 10.3 7.11 6.78 66.8 8.3 22 0
31 BTS146 6.5 6.78 5.34 35.0 8.1 22 0
32 KUG1218+387 8.3 7.79 6.59 47.7 8.3 22 0
33 IC3687 4.6 7.99 6.07 55.7 8.3 22 R
34 UGCA290 6.7 7.20 6.24 49.0 2.5 22 0
35 UGC07719 10.0 8.41 6.75 76.4 8.3 22 R
36 NGC4369 15.0 8.37 7.10 103.4 8.3 22 R
37 MCG+07-26-024 9.7 8.10 6.72 51.5 8.3 22 R
38 UGC07678 10.0 8.19 6.76 60.1 8.3 22 R
39 UGC07774 7.9 8.58 6.55 191.3 8.3 22 F
40 - 14.8 7.80 7.09 73.5 8.3 22 R
41 UGC07751 9.1 7.72 6.42 45.9 1.5 22 R
42 - 6.2 7.00 5.61 17.4 1.4 22 R
43 MAPS-NGP O_218_0298413 8.5 6.48 6.62 21.7 8.3 22 0
44 MCG +07-26-011 6.3 7.50 5.59 66.6 2.6 22 R
45 MCG +07-26-012 6.8 7.48 5.82 44.4 1.5 22 R
46 UGC07690 8.2 8.53 6.58 84.6 8.3 22 F
47 [KK98]133 8.4 6.89 5.94 43.9 5.6 22 R
48 UGC07608 8.3 8.65 6.59 60.9 8.3 22 R
49 UGC07577 2.5 7.57 4.74 37.1 1.5 22 F
50 LEDA166142 4.9 6.64 5.38 29.1 4.1 22 R
51 MAPS-NGP O_172_0310506 7.9 7.14 5.58 43.1 4.5 22 R
52 UGC07320 8.3 7.53 5.79 70.0 2.6 22 F
53 NGC4460 9.6 7.93 6.72 120.0 8.3 22 R
54 UGC07827 8.6 8.10 6.62 49.2 8.3 22 R

Continued on next page
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Table 5.B1: H I sample.

WSRT NED name D log(MHI/M�) log(∆MHI/M�) W20 ∆W20 Wt,20 Rotation
CVn ID - Mpc - - km s−1 km s−1 km s−1 -

55 - 17.3 8.15 7.23 64.9 8.3 22 R
56 NGC4242 8.1 8.65 6.57 117.2 8.3 22 F
57 UGC07391 11.1 7.90 6.20 67.7 2.6 17 F
58 UGC07408 7.3 8.03 5.82 34.3 1.5 22 R
59 NGC4389 11.0 8.20 6.84 148.6 8.3 22 F
60 UGC07301 10.8 8.13 6.82 127.9 8.3 22 F
62 NGC4288 8.4 8.73 6.60 169.5 8.3 22 F
63 NGC4656 8.9 9.75 6.65 162.7 8.3 22 F
64 NGC4631 8.2 9.89 6.58 286.7 8.3 22 F
65 NGC4618 8.1 8.97 6.57 108.1 8.3 22 R
66 NGC4625 9.1 8.88 6.67 69.0 8.3 22 F

67A NGC4490 8.7 9.75 6.63 214.5 8.3 22 F
67B NGC4485 7.5 8.59 6.50 153.9 8.3 22 F
68 NGC4449 4.2 9.00 6.00 129.0 8.3 22 R
69 NGC4244 4.5 9.23 6.06 176.6 8.3 22 F
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Table 5.B2: Photometric quantities measured from the INT data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

6 B 89 0.50 62 2 11.2 32 22.16 22.31 15.80 15.46 15.59 -13.78 0.03 0.06 0.03
R 89 0.50 62 2 12.4 60 22.16 22.31 15.80 15.59 15.59 -14.58 0.02 0.04 0.00

7 B 161 0.84 90 999 10.2 55 21.25 21.69 16.26 16.09 16.15 -12.20 0.03 0.06 0.03
R 161 0.84 90 999 10.8 71 21.25 21.69 16.26 16.15 16.15 -13.10 0.03 0.04 0.09

9 B 82 0.35 50 2 8.7 27 21.92 22.55 15.64 15.41 15.50 -13.70 0.04 0.08 0.04
R 82 0.35 50 2 9.9 54 21.92 22.55 15.64 15.50 15.50 -14.44 0.04 0.05 0.00

11 B 120 0.49 61 1 5.9 29 20.67 21.12 15.38 15.35 15.26 -14.21 0.03 0.07 0.03
R 120 0.49 61 1 6.5 50 20.67 21.12 15.38 15.26 15.26 -15.02 0.03 0.04 0.00

12 B 156 0.57 67 1 12.4 34 21.96 22.29 15.46 15.26 15.32 -14.23 0.04 0.08 0.04
R 156 0.57 67 1 13.3 69 21.96 22.29 15.46 15.32 15.32 -15.03 0.03 0.05 0.00

17 B 6 0.55 65 2 4.5 31 20.83 21.96 16.40 16.28 16.27 -13.17 0.06 0.06 0.06
R 6 0.55 65 2 4.8 35 20.83 21.96 16.40 16.27 16.27 -13.87 0.05 0.03 0.00

24 B 52 0.57 67 4 39.8 35 22.71 23.28 14.20 13.80 13.92 -13.92 0.07 0.06 0.07
R 52 0.57 67 4 36.8 146 22.71 23.28 14.20 13.92 13.92 -14.52 0.05 0.04 0.00

25 B 98 0.43 56 2 2.4 28 21.61 22.49 18.09 17.87 17.87 -11.91 0.06 0.05 0.06
R 98 0.43 56 2 3.0 18 21.61 22.49 18.09 17.87 17.87 -12.63 0.04 0.03 0.00

26 B 35 0.51 62 1 19.1 32 21.81 22.24 14.46 14.23 14.35 -14.08 0.04 0.07 0.04
R 35 0.51 62 1 18.7 100 21.81 22.24 14.46 14.35 14.35 -14.84 0.04 0.05 0.00

28 B 12 0.46 59 6 16.0 33 23.99 24.36 18.24 16.77 17.15 -12.48 0.04 0.08 0.04
R 12 0.46 59 6 15.1 29 23.99 24.36 18.24 17.15 17.15 -12.44 0.04 0.05 0.00

31 B 23 0.47 59 2 6.8 32 22.94 23.61 17.80 17.20 17.30 -10.99 0.04 0.07 0.04
R 23 0.47 59 2 7.7 29 22.94 23.61 17.80 17.30 17.30 -11.77 0.04 0.05 0.00

32 B 138 0.37 52 3 7.9 26 20.97 21.59 14.88 14.81 14.73 -14.61 0.03 0.08 0.03
R 138 0.37 52 3 8.6 62 20.97 21.59 14.88 14.73 14.73 -14.87 0.03 0.05 0.00

34 B 134 0.48 60 22 7.6 29 21.61 21.72 15.58 15.53 15.47 -13.50 0.07 0.06 0.07
R 134 0.48 60 22 9.1 53 21.61 21.72 15.58 15.47 15.47 -13.66 0.06 0.04 0.00

40 B 2 0.68 75 10 10.0 40 22.35 22.20 17.08 16.66 16.08 -14.16 0.05 0.12 0.05
R 2 0.68 75 10 9.7 45 22.35 22.20 17.08 16.08 16.08 -14.76 0.05 0.07 0.00

Continued on next page
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Table 5.B2: Photometric quantities measured from the INT data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

41 B 88 0.57 67 3 9.3 33 21.23 21.95 15.32 15.23 15.25 -13.94 0.04 0.12 0.04
R 88 0.57 67 3 9.6 61 21.23 21.95 15.32 15.25 15.25 -14.56 0.03 0.07 0.00

42 B 174 0.52 63 3 13.0 34 23.25 23.44 16.54 15.72 15.94 -11.72 0.04 0.08 0.04
R 174 0.52 63 3 18.4 56 23.25 23.44 16.54 15.94 15.94 -13.04 0.03 0.05 0.00

44 B 57 0.33 49 0 7.8 26 20.80 21.42 14.74 14.67 14.61 -13.82 0.03 0.10 0.03
R 57 0.33 49 0 8.2 60 20.80 21.42 14.74 14.61 14.61 -14.37 0.02 0.06 0.02

45 B 25 0.58 67 1 9.3 32 20.82 21.04 14.79 14.69 14.67 -13.89 0.04 0.09 0.04
R 25 0.58 67 1 10.4 80 20.82 21.04 14.79 14.67 14.67 -14.48 0.02 0.05 0.00

46 B 118 0.17 34 14 13.9 22 19.93 20.39 12.44 12.46 12.41 -16.62 0.05 0.13 0.05
R 118 0.17 34 14 13.7 123 19.93 20.39 12.44 12.41 12.41 -17.16 0.05 0.08 0.04

47 B 115 0.20 37 8 6.4 26 23.05 23.84 17.79 17.21 17.41 -11.67 0.05 0.06 0.05
R 115 0.20 37 8 6.6 24 23.05 23.84 17.79 17.41 17.41 -12.22 0.04 0.04 0.00

48 B 133 0.27 44 8 28.0 27 22.47 22.95 14.28 13.83 13.70 -15.71 0.09 0.07 0.09
R 133 0.27 44 8 25.0 99 22.47 22.95 14.28 13.70 13.70 -15.89 0.08 0.04 0.01

49 B 34 0.65 72 2 62.2 38 22.27 22.73 13.05 12.30 12.94 -13.60 0.04 0.09 0.04
R 34 0.65 72 2 66.5 224 22.27 22.73 13.05 12.94 12.94 -14.09 0.04 0.05 0.00

50 B 54 0.34 50 2 8.1 28 22.44 23.16 16.49 16.06 16.12 -11.38 0.03 0.11 0.03
R 54 0.34 50 2 9.2 41 22.44 23.16 16.49 16.12 16.12 -12.32 0.03 0.07 0.00

51 B 126 0.38 53 4 3.6 27 20.97 21.85 16.56 16.47 16.48 -12.24 0.04 0.07 0.04
R 126 0.38 53 4 4.0 28 20.97 21.85 16.56 16.48 16.48 -13.00 0.03 0.04 0.00

52 B 159 0.58 67 2 11.8 34 21.80 22.05 15.66 15.36 15.44 -13.66 0.02 0.05 0.02
R 159 0.58 67 2 12.0 65 21.80 22.05 15.66 15.44 15.44 -14.16 0.02 0.03 0.00

55 B 84 0.46 59 6 9.5 32 22.76 22.61 17.14 16.54 16.42 -13.82 0.05 0.09 0.05
R 84 0.46 59 6 9.5 39 22.76 22.61 17.14 16.42 16.42 -14.77 0.04 0.06 0.00

57 B 85 0.79 86 3 10.9 46 20.66 21.09 15.05 14.99 14.93 -14.62 0.03 0.05 0.03
R 85 0.79 86 3 11.9 97 20.66 21.09 15.05 14.93 14.93 -15.30 0.03 0.03 0.00

58 B 5 0.43 56 2 20.6 28 21.34 21.05 13.29 13.13 13.17 -15.47 0.04 0.05 0.04
R 5 0.43 56 2 23.2 146 21.34 21.05 13.29 13.17 13.17 -16.16 0.03 0.03 0.00

Continued on next page
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Table 5.B2: Photometric quantities measured from the INT data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

62 B 34 0.31 47 9 15.0 24 20.03 19.59 12.70 12.61 12.65 -16.44 0.07 0.06 0.07
R 34 0.31 47 9 14.6 134 20.03 19.59 12.70 12.65 12.65 -16.97 0.06 0.04 0.14
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

1 g 15 0.54 64 3 24.4 170 20.52 20.38 12.58 12.35 12.41 -18.29 0.06 0.09 0.32
r 15 0.54 64 3 25.3 203 20.52 20.38 12.58 12.41 12.41 -18.80 0.04 0.07 0.26
i 15 0.54 64 3 24.8 179 20.25 20.00 12.45 12.13 12.16 -19.05 0.04 0.05 0.22

2 g 82 0.29 45 7 56.6 144 23.21 23.26 13.79 12.91 12.86 -15.68 0.05 0.06 0.00
r 82 0.29 45 7 54.5 158 23.21 23.26 13.79 12.86 12.86 -16.07 0.05 0.04 0.00
i 82 0.29 45 7 50.0 144 23.01 23.24 13.96 12.89 12.86 -16.07 0.05 0.03 0.00

3 g 99 0.49 61 17 15.7 115 20.73 20.65 13.51 13.35 13.24 -17.32 0.06 0.06 0.00
r 99 0.49 61 17 16.7 132 20.73 20.65 13.51 13.24 13.24 -17.76 0.06 0.04 0.00
i 99 0.49 61 17 17.3 121 20.60 20.51 13.40 13.14 13.00 -18.01 0.06 0.03 0.00

4 g 41 0.35 50 3 6.1 58 19.62 20.50 13.99 13.95 13.90 -16.44 0.07 0.04 0.02
r 41 0.35 50 3 6.7 65 19.62 20.50 13.99 13.90 13.90 -16.69 0.06 0.03 0.01
i 41 0.35 50 3 7.1 58 19.63 20.58 13.99 13.85 13.80 -16.78 0.05 0.03 0.01

5 g 120 0.07 22 14 11.0 61 21.18 20.71 14.22 14.12 14.02 -16.04 0.05 0.06 0.01
r 120 0.07 22 14 10.7 75 21.18 20.71 14.22 14.02 14.02 -16.49 0.05 0.05 0.01
i 120 0.07 22 14 11.0 71 20.69 20.42 13.84 13.57 13.51 -17.00 0.06 0.04 0.01

6 g 85 0.54 64 1 12.7 55 22.43 22.77 16.05 15.62 15.71 -14.21 0.05 0.06 0.00
r 85 0.54 64 1 13.5 62 22.43 22.77 16.05 15.71 15.71 -14.46 0.05 0.04 0.00
i 85 0.54 64 1 14.6 57 22.37 23.24 16.12 15.40 15.53 -14.64 0.06 0.03 0.00

7 g 163 0.78 84 0 9.7 56 21.59 22.00 16.44 16.26 16.26 -12.65 0.05 0.05 0.02
r 163 0.78 84 0 9.9 63 21.59 22.00 16.44 16.26 16.26 -12.99 0.04 0.04 0.02
i 163 0.78 84 0 11.1 58 21.57 21.62 16.33 15.98 15.91 -13.34 0.05 0.03 0.01

8 g 143 0.14 31 0 16.3 29 23.52 23.98 16.93 15.56 15.41 -11.76 0.09 0.06 0.00
r 143 0.14 31 0 16.8 33 23.52 23.98 16.93 15.41 15.41 -12.05 0.10 0.04 0.00
i 143 0.14 31 0 25.5 30 24.02 26.22 17.53 15.15 15.32 -12.13 0.11 0.03 0.00

9 g 74 0.23 40 9 8.5 43 22.10 22.92 15.76 15.44 15.51 -14.10 0.04 0.07 0.00
r 74 0.23 40 9 9.8 50 22.10 22.92 15.76 15.51 15.51 -14.42 0.04 0.05 0.00
i 74 0.23 40 9 11.4 45 22.13 23.13 15.77 15.13 15.26 -14.67 0.05 0.04 0.00

10 g 81 0.49 61 15 3.2 20 21.66 21.60 17.44 17.39 17.24 -13.35 0.07 0.06 0.00
Continued on next page
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

r 81 0.49 61 15 4.0 26 21.66 21.60 17.44 17.24 17.24 -13.61 0.06 0.04 0.00
i 81 0.49 61 15 3.7 21 21.32 22.23 17.73 17.21 17.03 -13.82 0.07 0.03 0.00

11 g 120 0.29 45 14 6.2 38 21.08 21.42 15.58 15.38 15.27 -14.69 0.06 0.06 0.00
r 120 0.29 45 14 6.5 44 21.08 21.42 15.58 15.27 15.27 -15.01 0.05 0.04 0.00
i 120 0.29 45 14 6.8 33 20.98 21.20 15.70 15.18 15.03 -15.25 0.06 0.03 0.00

12 g 156 0.67 74 3 14.1 69 22.00 22.28 15.55 15.20 15.15 -14.79 0.04 0.07 0.00
r 156 0.67 74 3 15.9 84 22.00 22.28 15.55 15.15 15.15 -15.20 0.04 0.05 0.00
i 156 0.67 74 3 16.3 70 21.93 21.94 15.69 15.08 15.00 -15.35 0.05 0.04 0.00

13 g 169 0.65 72 0 31.6 65 22.82 22.23 16.23 14.46 14.47 -14.69 0.07 0.06 0.00
r 169 0.65 72 0 31.6 72 22.82 22.23 16.23 14.47 14.47 -14.89 0.09 0.04 0.00
i 169 0.65 72 0 36.4 65 22.48 22.01 15.89 13.82 13.91 -15.45 0.10 0.03 0.00

14 g 63 0.20 37 23 119.8 411 22.32 22.36 10.89 10.40 10.30 -17.73 0.06 0.07 0.08
r 63 0.20 37 23 107.7 430 22.32 22.36 10.89 10.30 10.30 -18.02 0.06 0.05 0.06
i 63 0.20 37 23 99.8 411 22.11 21.86 10.84 10.37 10.28 -18.04 0.06 0.04 0.05

15 g 40 0.24 41 9 3.9 25 21.60 22.48 17.02 16.64 16.76 -12.60 0.06 0.05 0.00
r 40 0.24 41 9 4.5 28 21.60 22.48 17.02 16.76 16.76 -12.76 0.06 0.03 0.00
i 40 0.24 41 9 4.8 26 21.69 22.89 17.12 16.59 16.71 -12.81 0.07 0.03 0.00

16 g 87 0.72 78 1 70.5 166 23.50 23.96 14.57 13.50 13.49 -16.11 0.07 0.07 0.00
r 87 0.72 78 1 75.5 185 23.50 23.96 14.57 13.49 13.49 -16.20 0.07 0.05 0.00
i 87 0.72 78 1 97.0 135 23.35 24.45 16.95 12.81 12.97 -16.72 0.09 0.04 0.00

17 g 4 0.50 62 3 3.6 31 20.32 22.28 16.55 16.12 16.46 -13.46 0.07 0.05 0.00
r 4 0.50 62 3 3.9 33 20.32 22.28 16.55 16.46 16.46 -13.68 0.07 0.04 0.00
i 4 0.50 62 3 4.1 27 20.37 22.13 16.66 16.08 16.37 -13.77 0.07 0.03 0.00

18 g 130 0.27 44 12 8.7 53 21.39 21.79 14.98 14.78 14.82 -14.84 0.05 0.06 0.00
r 130 0.27 44 12 9.8 65 21.39 21.79 14.98 14.82 14.82 -15.25 0.05 0.04 0.00
i 130 0.27 44 12 10.3 60 21.32 21.90 14.96 14.61 14.65 -15.42 0.05 0.03 0.00

19 g 167 0.47 59 6 3.2 18 21.61 22.56 18.06 17.70 17.78 -12.49 0.07 0.06 0.00
r 167 0.47 59 6 3.3 18 21.61 22.56 18.06 17.78 17.78 -12.71 0.07 0.04 0.00
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

i 167 0.47 59 6 3.7 18 21.80 22.42 18.17 17.64 17.67 -12.82 0.08 0.03 0.00
20 g 20 0.41 55 4 23.8 184 20.46 20.55 12.40 12.20 12.26 -17.74 0.04 0.04 0.13

r 20 0.41 55 4 23.4 195 20.46 20.55 12.40 12.26 12.26 -18.04 0.04 0.03 0.10
i 20 0.41 55 4 22.1 184 20.23 20.40 12.29 12.09 12.13 -18.17 0.04 0.03 0.08

21 g 109 0.39 53 5 17.6 89 22.04 22.39 14.47 14.12 13.98 -13.93 0.05 0.06 0.00
r 109 0.39 53 5 19.6 102 22.04 22.39 14.47 13.98 13.98 -14.26 0.05 0.04 0.00
i 109 0.39 53 5 20.8 95 22.03 22.38 14.53 13.98 13.82 -14.41 0.05 0.03 0.00

22 g 145 0.50 62 7 4.2 29 20.94 21.84 16.54 16.33 16.35 -13.68 0.05 0.04 0.06
r 145 0.50 62 7 4.7 34 20.94 21.84 16.54 16.35 16.35 -13.99 0.05 0.03 0.05
i 145 0.50 62 7 4.7 31 20.81 21.75 16.50 16.19 16.28 -14.07 0.06 0.02 0.04

23 g 154 0.31 47 3 28.9 85 23.30 23.70 15.13 14.24 14.36 -15.49 0.04 0.07 0.00
r 154 0.31 47 3 31.2 90 23.30 23.70 15.13 14.36 14.36 -15.72 0.05 0.05 0.00
i 154 0.31 47 3 52.3 103 23.36 23.78 14.96 13.18 13.46 -16.63 0.10 0.04 0.00

24 g 49 0.53 64 1 34.1 152 22.37 22.61 13.92 13.55 13.60 -14.67 0.04 0.06 0.00
r 49 0.53 64 1 33.8 166 22.37 22.61 13.92 13.60 13.60 -14.84 0.04 0.04 0.00
i 49 0.53 64 1 34.8 153 22.34 22.70 14.00 13.45 13.53 -14.90 0.04 0.03 0.00

25 g 83 0.39 53 16 1.5 15 18.59 22.60 18.32 16.60 18.16 -12.28 0.06 0.04 0.00
r 83 0.39 53 16 1.3 16 18.59 22.60 18.32 18.16 18.16 -12.34 0.06 0.03 0.00
i 83 0.39 53 16 27.3 15 23.88 23.11 18.37 15.24 17.57 -12.93 0.08 0.02 0.00

26 g 35 0.39 53 8 16.0 87 21.78 22.56 14.60 14.36 14.47 -14.50 0.04 0.07 0.00
r 35 0.39 53 8 15.6 90 21.78 22.56 14.60 14.47 14.47 -14.73 0.04 0.05 0.00
i 35 0.39 53 8 16.6 88 21.71 22.27 14.52 14.15 14.28 -14.92 0.04 0.04 0.00

27 g 125 0.69 76 2 27.6 216 20.52 21.16 12.59 12.55 12.52 -16.42 0.04 0.05 0.42
r 125 0.69 76 2 28.1 229 20.52 21.16 12.59 12.52 12.52 -16.78 0.04 0.03 0.34
i 125 0.69 76 2 28.7 217 20.36 20.84 12.46 12.35 12.34 -16.96 0.04 0.03 0.28

28 g 17 0.43 56 5 15.4 29 23.55 23.85 17.27 16.23 16.45 -12.91 0.06 0.07 0.00
r 17 0.43 56 5 15.4 40 23.55 23.85 17.27 16.45 16.45 -13.14 0.06 0.05 0.00
i 17 0.43 56 5 13.6 35 23.33 22.66 17.64 16.28 16.52 -13.06 0.11 0.04 0.00
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

29 g 35 0.13 30 14 6.3 27 22.58 23.29 17.28 16.72 16.80 -12.92 0.05 0.04 0.01
r 35 0.13 30 14 6.4 28 22.58 23.29 17.28 16.80 16.80 -13.04 0.06 0.03 0.01
i 35 0.13 30 14 7.0 27 22.78 24.30 17.35 16.71 16.79 -13.05 0.12 0.02 0.01

30 g 5 0.06 20 18 6.0 14 23.55 25.39 18.46 17.47 17.70 -11.99 0.09 0.04 0.02
r 5 0.06 20 18 6.8 19 23.55 25.39 18.46 17.70 17.70 -12.35 0.10 0.03 0.02
i 5 0.06 20 18 7.2 7 23.70 22.92 20.26 17.48 17.70 -12.36 0.19 0.02 0.02

31 g 28 0.37 52 5 6.0 21 23.06 24.94 18.16 17.44 17.61 -11.29 0.06 0.07 0.00
r 28 0.37 52 5 6.7 23 23.06 24.94 18.16 17.61 17.61 -11.45 0.08 0.05 0.00
i 28 0.37 52 5 7.1 23 22.84 23.13 18.09 17.09 17.15 -11.92 0.12 0.04 0.00

32 g 139 0.37 52 2 7.7 60 20.48 21.10 14.54 14.40 14.40 -14.92 0.03 0.07 0.00
r 139 0.37 52 2 8.3 69 20.48 21.10 14.54 14.40 14.40 -15.20 0.03 0.05 0.00
i 139 0.37 52 2 8.6 60 20.41 21.00 14.49 14.23 14.20 -15.40 0.03 0.04 0.00

33 g 90 0.18 35 3 27.4 136 22.09 21.75 13.44 13.17 13.19 -14.88 0.04 0.07 0.01
r 90 0.18 35 3 26.8 145 22.09 21.75 13.44 13.19 13.19 -15.11 0.04 0.06 0.01
i 90 0.18 35 3 26.4 140 21.95 21.48 13.40 13.06 13.10 -15.20 0.04 0.04 0.01

34 g 135 0.56 66 7 9.5 56 21.68 22.20 15.64 15.46 15.48 -13.52 0.07 0.05 0.00
r 135 0.56 66 7 10.6 59 21.68 22.20 15.64 15.48 15.48 -13.65 0.06 0.04 0.00
i 135 0.56 66 7 10.9 56 21.66 22.17 15.65 15.38 15.44 -13.69 0.07 0.03 0.00

35 g 72 0.71 77 1 21.4 124 21.50 22.23 14.26 14.06 14.01 -15.71 0.04 0.06 0.00
r 72 0.71 77 1 22.8 139 21.50 22.23 14.26 14.01 14.01 -15.99 0.03 0.04 0.00
i 72 0.71 77 1 24.5 125 21.45 22.18 14.28 13.85 13.84 -16.15 0.04 0.03 0.00

36 g 95 0.07 22 11 15.7 142 19.48 18.41 11.40 11.57 11.37 -18.94 0.05 0.10 0.04
r 95 0.07 22 11 15.8 160 19.48 18.41 11.40 11.37 11.37 -19.51 0.04 0.07 0.03
i 95 0.07 22 11 16.0 148 19.14 18.17 11.12 11.20 11.03 -19.84 0.04 0.05 0.03

37 g 124 0.41 55 5 8.7 54 21.41 22.07 15.29 15.04 15.10 -14.54 0.06 0.06 0.00
r 124 0.41 55 5 9.7 64 21.41 22.07 15.29 15.10 15.10 -14.83 0.05 0.04 0.00
i 124 0.41 55 5 10.5 55 21.45 22.06 15.42 14.91 14.93 -15.00 0.05 0.03 0.00

38 g 179 0.39 53 3 11.3 91 20.24 20.72 13.53 13.42 13.40 -16.32 0.04 0.06 0.00
Continued on next page



5.B
:

Large
tables

223
Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

r 179 0.39 53 3 11.8 102 20.24 20.72 13.53 13.40 13.40 -16.61 0.04 0.04 0.00
i 179 0.39 53 3 12.1 93 20.17 20.77 13.48 13.29 13.26 -16.75 0.04 0.03 0.00

39 g 10 0.85 90 999 27.7 183 20.63 20.88 13.70 13.54 13.60 -15.46 0.02 0.07 0.73
r 10 0.85 90 999 27.0 196 20.63 20.88 13.70 13.60 13.60 -15.89 0.02 0.05 0.59
i 10 0.85 90 999 26.7 181 20.40 20.87 13.54 13.33 13.40 -16.08 0.02 0.04 0.49

40 g 3 0.67 74 9 70.3 63 23.75 22.29 15.95 13.63 13.46 -17.08 0.07 0.11 0.00
r 3 0.67 74 9 73.2 113 23.75 22.29 15.95 13.46 13.46 -17.38 0.07 0.08 0.00
i 3 0.67 74 9 85.5 63 23.64 22.01 17.42 13.19 12.82 -18.02 0.09 0.06 0.00

41 g 86 0.58 67 3 8.2 57 21.15 22.11 15.48 15.27 15.38 -14.22 0.04 0.10 0.00
r 86 0.58 67 3 9.2 61 21.15 22.11 15.48 15.38 15.38 -14.42 0.04 0.07 0.00
i 86 0.58 67 3 10.0 57 21.14 21.67 15.42 15.08 15.20 -14.60 0.04 0.06 0.00

42 g 173 0.54 64 1 17.8 43 23.39 24.19 16.74 15.82 16.01 -12.62 0.06 0.07 0.00
r 173 0.54 64 1 19.2 55 23.39 24.19 16.74 16.01 16.01 -12.97 0.06 0.05 0.00
i 173 0.54 64 1 19.8 20 23.27 23.19 -0.04 15.63 15.83 -13.14 0.08 0.04 0.00

43 g 112 0.44 57 6 5.1 24 22.30 23.41 17.52 17.03 17.10 -12.21 0.09 0.07 0.00
r 112 0.44 57 6 6.0 28 22.30 23.41 17.52 17.10 17.10 -12.56 0.09 0.05 0.00
i 112 0.44 57 6 6.6 27 22.30 22.75 17.52 16.84 16.66 -13.00 0.11 0.04 0.00

44 g 59 0.36 51 3 8.0 53 20.92 21.39 14.94 14.78 14.77 -13.86 0.04 0.09 0.00
r 59 0.36 51 3 8.5 59 20.92 21.39 14.94 14.77 14.77 -14.21 0.04 0.07 0.00
i 59 0.36 51 3 9.2 57 20.89 21.33 14.86 14.56 14.54 -14.45 0.04 0.05 0.00

45 g 26 0.43 56 15 9.4 56 21.18 21.37 15.08 14.91 14.85 -14.22 0.04 0.07 0.00
r 26 0.43 56 15 9.5 65 21.18 21.37 15.08 14.85 14.85 -14.30 0.04 0.06 0.00
i 26 0.43 56 15 10.0 37 21.12 21.44 15.58 14.73 14.67 -14.48 0.04 0.04 0.00

46 g 117 0.17 34 3 14.3 117 20.16 20.72 12.64 12.54 12.58 -16.65 0.04 0.11 0.05
r 117 0.17 34 3 14.7 128 20.16 20.72 12.64 12.58 12.58 -16.99 0.03 0.08 0.04
i 117 0.17 34 3 15.0 118 20.06 20.71 12.54 12.39 12.42 -17.15 0.03 0.06 0.03

47 g 144 0.70 76 23 39.6 30 23.32 24.57 18.22 16.87 16.05 -13.09 0.07 0.05 0.00
r 144 0.70 76 23 14.2 32 23.32 24.57 18.22 16.05 16.05 -13.57 0.08 0.04 0.00
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

i 144 0.70 76 23 240.8 28 24.25 23.29 18.47 11.65 13.45 -16.18 0.12 0.03 0.00
48 g 132 0.10 26 10 29.0 104 22.59 22.58 13.92 13.50 13.53 -15.82 0.04 0.07 0.00

r 132 0.10 26 10 27.7 130 22.59 22.58 13.92 13.53 13.53 -16.05 0.05 0.05 0.00
i 132 0.10 26 10 27.1 114 22.43 22.53 14.10 13.39 13.41 -16.17 0.05 0.04 0.00

49 g 35 0.44 57 3 45.3 220 21.99 22.40 12.49 12.21 12.33 -14.38 0.02 0.08 0.00
r 35 0.44 57 3 48.1 241 21.99 22.40 12.49 12.33 12.33 -14.69 0.02 0.06 0.00
i 35 0.44 57 3 49.9 221 21.85 22.27 12.42 12.00 12.22 -14.81 0.03 0.04 0.00

50 g 64 0.37 52 1 8.5 32 22.80 23.71 16.97 16.37 16.38 -11.74 0.07 0.10 0.00
r 64 0.37 52 1 9.7 38 22.80 23.71 16.97 16.38 16.38 -12.06 0.06 0.07 0.00
i 64 0.37 52 1 9.4 32 22.62 22.86 17.10 16.26 16.15 -12.29 0.07 0.06 0.00

51 g 119 0.37 52 6 3.7 26 20.94 21.78 16.73 16.47 16.65 -12.58 0.05 0.06 0.00
r 119 0.37 52 6 3.9 28 20.94 21.78 16.73 16.65 16.65 -12.83 0.04 0.04 0.00
i 119 0.37 52 6 4.3 26 21.02 22.58 16.70 16.35 16.49 -12.99 0.05 0.03 0.00

52 g 158 0.56 66 1 10.5 62 21.41 21.92 15.30 15.08 15.13 -14.03 0.03 0.05 0.00
r 158 0.56 66 1 11.1 71 21.41 21.92 15.30 15.13 15.13 -14.47 0.03 0.03 0.00
i 158 0.56 66 1 11.4 62 21.29 22.22 15.29 14.90 14.92 -14.68 0.04 0.03 0.00

53 g 128 0.68 75 3 22.9 233 18.95 18.30 11.42 11.37 11.38 -17.95 0.02 0.07 0.18
r 128 0.68 75 3 23.2 267 18.95 18.30 11.42 11.38 11.38 -18.53 0.02 0.05 0.15
i 128 0.68 75 3 22.9 241 18.67 18.23 11.17 11.11 11.12 -18.79 0.02 0.04 0.12

54 g 23 0.44 57 9 15.3 73 22.01 22.33 14.90 14.56 14.28 -15.05 0.04 0.07 0.00
r 23 0.44 57 9 16.5 81 22.01 22.33 14.90 14.28 14.28 -15.40 0.04 0.05 0.00
i 23 0.44 57 9 18.3 71 22.01 21.98 14.99 14.33 13.76 -15.92 0.04 0.04 0.00

55 g 78 0.46 59 5 11.2 28 23.23 22.95 17.56 16.50 16.39 -14.51 0.06 0.08 0.00
r 78 0.46 59 5 12.0 30 23.23 22.95 17.56 16.39 16.39 -14.80 0.07 0.06 0.00
i 78 0.46 59 5 14.7 31 23.27 23.45 17.78 16.11 15.54 -15.65 0.08 0.04 0.00

56 g 109 0.29 45 1 47.0 296 20.93 20.80 11.03 10.90 10.88 -18.14 0.02 0.05 0.11
r 109 0.29 45 1 48.0 339 20.93 20.80 11.03 10.88 10.88 -18.67 0.02 0.03 0.09
i 109 0.29 45 1 48.4 288 20.69 20.68 10.91 10.64 10.64 -18.91 0.02 0.03 0.07
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

57 g 86 0.78 84 2 11.8 75 21.27 22.00 15.67 15.48 15.47 -14.45 0.04 0.04 0.00
r 86 0.78 84 2 12.2 84 21.27 22.00 15.67 15.47 15.47 -14.76 0.04 0.03 0.00
i 86 0.78 84 2 12.6 76 21.20 21.77 15.72 15.36 15.37 -14.86 0.05 0.03 0.00

58 g 2 0.32 48 5 26.0 135 21.83 22.12 13.37 13.13 13.06 -16.06 0.03 0.04 0.00
r 2 0.32 48 5 26.6 150 21.83 22.12 13.37 13.06 13.06 -16.27 0.03 0.03 0.00
i 2 0.32 48 5 27.5 134 21.70 22.21 13.39 12.93 12.88 -16.45 0.03 0.03 0.00

59 g 8 0.21 38 5 18.3 153 19.75 19.75 11.62 11.63 11.54 -18.07 0.06 0.06 0.12
r 8 0.21 38 5 18.9 177 19.75 19.75 11.62 11.54 11.54 -18.67 0.05 0.04 0.09
i 8 0.21 38 5 18.7 158 19.41 19.40 11.35 11.31 11.24 -18.97 0.05 0.03 0.08

60 g 171 0.87 90 999 22.9 140 21.17 21.14 14.72 14.54 14.45 -15.25 0.03 0.04 0.39
r 171 0.87 90 999 23.4 156 21.17 21.14 14.72 14.45 14.45 -15.73 0.03 0.03 0.32
i 171 0.87 90 999 23.6 141 20.99 20.85 14.64 14.35 14.23 -15.95 0.04 0.02 0.26

62 g 44 0.44 57 3 20.4 148 20.55 20.14 12.76 12.64 12.62 -16.67 0.06 0.05 0.18
r 44 0.44 57 3 20.3 157 20.55 20.14 12.76 12.62 12.62 -17.00 0.05 0.04 0.14
i 44 0.44 57 3 20.4 146 20.36 19.96 12.66 12.44 12.40 -17.21 0.05 0.03 0.12

63 g 124 0.84 90 999 85.6 714 20.36 20.69 10.89 10.77 10.75 -18.93 0.07 0.05 0.56
r 124 0.84 90 999 82.2 719 20.36 20.69 10.89 10.75 10.75 -19.00 0.06 0.04 0.46
i 124 0.84 90 999 79.0 714 20.25 20.61 10.86 10.76 10.74 -19.02 0.06 0.03 0.38

64 g 175 0.85 90 999 161.2 1086 19.84 20.11 9.08 9.02 9.05 -20.14 0.04 0.07 1.10
r 175 0.85 90 999 150.6 1152 19.84 20.11 9.08 9.05 9.05 -20.51 0.04 0.05 0.90
i 175 0.85 90 999 138.0 1087 19.48 19.71 8.90 8.85 8.84 -20.72 0.04 0.04 0.74

65 g 106 0.35 50 16 47.7 279 20.63 21.02 10.59 10.73 10.52 -18.63 0.05 0.08 0.10
r 106 0.35 50 16 47.1 301 20.63 21.02 10.59 10.52 10.52 -19.04 0.05 0.06 0.08
i 106 0.35 50 16 47.6 275 20.41 20.84 10.43 10.49 10.28 -19.27 0.05 0.04 0.07

66 g 14 0.25 42 10 17.8 117 20.02 20.01 12.20 12.12 11.65 -17.52 0.05 0.07 0.02
r 14 0.25 42 10 17.5 132 20.02 20.01 12.20 11.65 11.65 -18.15 0.05 0.05 0.02
i 14 0.25 42 10 16.4 88 19.63 19.74 12.19 11.87 11.27 -18.53 0.05 0.04 0.02

67 g 25 0.40 54 7 32.4 376 18.53 18.28 9.52 9.53 9.49 -19.89 0.04 0.08 0.27
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

r 25 0.40 54 7 32.5 399 18.53 18.28 9.52 9.49 9.49 -20.21 0.04 0.06 0.22
i 25 0.40 54 7 32.0 376 18.34 18.17 9.37 9.38 9.34 -20.36 0.03 0.04 0.18

68 g 156 0.34 50 8 35.5 410 18.65 17.45 9.40 9.26 9.38 -18.42 0.05 0.07 0.13
r 156 0.34 50 8 37.1 448 18.65 17.45 9.40 9.38 9.38 -18.74 0.04 0.05 0.11
i 156 0.34 50 8 37.8 418 18.56 17.36 9.29 9.13 9.24 -18.89 0.04 0.04 0.09

69 g 136 0.88 90 999 132.3 965 20.02 20.28 9.92 9.86 9.88 -17.99 0.03 0.08 0.73
r 136 0.88 90 999 123.7 1036 20.02 20.28 9.92 9.88 9.88 -18.39 0.03 0.06 0.60
i 136 0.88 90 999 120.0 974 19.73 19.96 9.71 9.63 9.64 -18.62 0.03 0.04 0.49

70 g 87 0.34 50 5 18.6 177 19.66 19.71 11.75 11.66 11.66 -17.44 0.04 0.08 0.17
r 87 0.34 50 5 19.5 201 19.66 19.71 11.75 11.66 11.66 -17.72 0.04 0.06 0.14
i 87 0.34 50 5 19.7 177 19.54 19.55 11.66 11.51 11.51 -17.87 0.04 0.04 0.11




