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ABSTRACT

Aims. Star-forming dwarfs are studied to elucidate the physical underpinnings of their fundamental plane. Processes controlling dy-
namics are evaluated, connections between quiescent and bursting dwarfs are examined, and the viability of using structural properties
of dwarfs to determine distances is assessed.
Methods. Deep surface photometry in Ks is presented for 19 star-forming dwarfs. The data are amalgamated with previously pub-
lished observations to create a sample of 66 galaxies suitable for exploring how global properties and kinematics are connected.
Results. It is confirmed that residuals in the Tully-Fisher relation are correlated with surface brightness, but that even after accomo-
dating the surface brightness dependence through the dwarf fundamental plane, residuals in absolute magnitude are far larger than
expected from observational errors. Rather, a more fundamental plane is identified which connects the potential to HI line width and
surface brightness. Residuals correlate with the axis ratio in a way which can be accommodated by recognizing the galaxies to be
oblate spheroids viewed at varying angles. Correction of surface brightnesses to face-on leads to a correlation among the potential,
line width, and surface brightness for which residuals are entirely attributable to observational uncertainties. The mean mass-to-light
ratio of the diffuse component of the galaxies is constrained to be 0.88±0.20 in Ks. Blue compact dwarfs lie in the same plane as dwarf
irregulars. The dependence of the potential on line width is less strong than expected for virialized systems, but this may be because
surface brightness is acting as a proxy for variations in the mass-to-light ratio from galaxy to galaxy. Altogether, the observations
suggest that gas motions are predominantly disordered and isotropic, that they are a consequence of gravity, not turbulence, and that
the mass and scale of dark matter haloes scale with the amount and distribution of luminous matter. The tight relationship between the
potential and observables offers the promise of determining distances to unresolved star-forming dwarfs to an accuracy comparable
to that provided by the Tully-Fisher relation for spirals.

Key words. galaxies: dwarf – galaxies: fundamental parameters – galaxies: kinematics and dynamics – galaxies: structure –
infrared: galaxies – dark matter

1. Introduction

ΛCDM cosmology leads to dwarf galaxies with dark matter
haloes at the centre of which is a cusp in density. However,
dwarfs in which a significant portion of their internal energy
is ordered show rotation curves which rise less steeply outward
from their centres than expected. Thus, their core density profiles
must be quite flat (Moore 1994; Flores & Primack 1994; Simon
et al. 2005; de Blok et al. 2008; Oh et al. 2011, and references
therein). Dwarfs over a wide range of absolute magnitudes dis-
play surface brightness profiles which are flat in the cores, also
suggestive of a central dark matter framework whose density is
slowly varying (Vaduvescu et al. 2005). Hydrodynamic simu-
lations taking into account star formation and its consequences
suggest that a flat density profile is a response to the blowout of
baryonic matter with low angular momentum by supernova ex-
plosions (Governato et al. 2010). On the contrary, the chemical
properties of star-forming dwarfs in low-density environments

� Based on observations acquired from CFHT, CTIO, ESO, OAN-
SPM, and SAAO.

indicate that gas flows have not played a major role in their evo-
lution (Lee et al. 2003; Vaduvescu et al. 2007).

A clue as to whether or not the current state of dwarfs is
a consequence of gas flows may come from velocity disper-
sions. Galaxies whose evolution has been affected significantly
by flows may well display internal motions which are not en-
tirely explainable as a response to gravity. Recently, rotating disk
galaxies were discovered at low redshift in which the velocity
dispersion is large (Green et al. 2010). Because line widths cor-
relate with star formation rates but not masses or gas fractions,
the unusual motions were attributed to turbulence resulting from
star formation activity. This may be relevant to understanding the
Tully-Fisher relation for star-forming dwarfs, which is highly
scattered (Vaduvescu & McCall 2008). Although some of the
scatter can be explained through a connection to surface bright-
ness (the fundamental plane for dwarfs), there remains a sig-
nificant component which cannot be attributed to observational
errors (Vaduvescu & McCall 2008).

Within the context of evaluating the impact of star forma-
tion on dynamics, and by implication the evolution of both mass
and chemistry, it is important to examine in more detail how
closely the mass and distribution of visible matter in dwarfs are
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Table 1. Log of observations.

Galaxy RA (2000) Dec (2000) Observatory Date (UT) Exposure (s)

ESO 294-10 00:26:33.4 −41:51:19 NTT Aug. 16, 2008 2340
ESO 540-30 00:49:20.9 −18:04:32 NTT Aug. 16, 2008 2340
UGC 685 01:07:22.4 +16:41:04 NTT Aug. 16, 2008 2280
ESO 245-05 01:45:03.7 −43:35:53 BLANCO Aug. 12, 2008 2400
NGC 1311 03:20:06.9 −52:11:08 NTT Aug. 16, 2008 1920
UGC 2684 03:20:23.7 +17:17:45 NTT Aug. 16, 2008 2340
ESO 121-20 06:15:54.2 −57:43:32 BLANCO Mar. 13, 2008 1020
ESO 121-20 ... ... BLANCO Aug. 12, 2008 2640
ESO 059-01 07:31:18.2 −68:11:17 BLANCO Mar. 13, 2008 1020
NGC 2915 09:26:11.5 −76:37:35 BLANCO Mar. 13, 2008 1020
Antlia Dwarf 10:04:04.1 −27:19:52 BLANCO Mar. 14, 2008 1980
ESO 215-09 10:57:29.9 −48:10:43 BLANCO Mar. 13, 2008 1980
ESO 320-14 11:37:53.2 −39:13:13 BLANCO Mar. 13, 2008 2340
ESO 379-07 11:54:43.5 −33:33:36 BLANCO Mar. 13, 2008 1980
ESO 443-09 12:54:54.0 −28:20:27 BLANCO Mar. 13, 2008 1980
ESO 381-18 12:44:42.4 −35:58:00 BLANCO Mar. 14, 2008 1020
ESO 321-14 12:13:49.6 −38:13:53 BLANCO Mar. 13, 2008 2220
KK98 182 13:05:02.1 −40:04:58 BLANCO Mar. 14, 2008 1980
KK98 195 13:21:08.2 −31:31:45 NTT Aug. 16, 2008 1500
IC 4247 13:26:44.4 −30:21:45 BLANCO Mar. 14, 2008 1020
ESO 444-78 13:36:31.1 −29:14:06 BLANCO Mar. 13, 2008 1020
HIPASS J1337−39 13:37:25.3 −39:53:48 BLANCO Mar. 13, 2008 1020
HIPASS J1337−39 ... ... BLANCO Aug. 12, 2008 1260
IC 4316 13:40:18.4 −28:53:32 BLANCO Mar. 12, 2008 1020
HIPASS J1348−37 13:48:47.0 −37:58:29 BLANCO Mar. 14, 2008 1980
HIPASS J1351−47 13:51:12.0 −46:58:13 BLANCO Mar. 12, 2008 1020
HIPASS J1351−47 ... ... BLANCO Mar. 14, 2008 1980
NGC 5408 14:03:20.9 −41:22:40 BLANCO Aug. 11, 2008 1200
PGC 51659 14:28:03.7 −46:18:06 BLANCO Mar. 12, 2008 2580
ESO 137-18 16:20:58.4 −60:29:28 BLANCO Aug. 12, 2008 1260
Sag DIG 19:29:59.0 −17:40:41 BLANCO Aug. 12, 2008 2460
DDO 210 20:46:51.8 −12:50:53 BLANCO Aug. 12, 2008 1260
DDO 210 ... ... NTT Aug. 16, 2008 2340
ESO 468-020 22:40:43.9 −30:48:00 NTT Aug. 16, 2008 2280
ESO 149-03 23:52:02.8 −52:34:40 NTT Aug. 16, 2008 2040

linked to kinematics. This motivates, in particular, exploration
of the baryonic Tully-Fisher relation (McGaugh et al. 2000),
since a significant portion of the mass of star-forming dwarfs
is in gaseous form. From the standpoint of turbulence, it is of
interest to compare blue compact dwarfs, in which there is ev-
idence for a recent burst of star formation, with the more qui-
escent dwarf irregular galaxies (e.g., Vaduvescu et al. 2006). A
better understanding of the physics of star-forming dwarfs also
has the potential to open up new avenues for determining dis-
tances. At the moment, distances to unresolved systems are so
poorly constrained that it is not possible to map peculiar motions
on large scales independently from giants.

In this paper, star-forming dwarfs in the Local Volume
whose structural properties are defined by near-infrared sur-
face photometry are employed to study how the luminosity,
baryonic mass, and baryonic potential are linked to kinematics.
Simultaneously, the mass-to-light ratio is constrained by opti-
mizing linkages. Section 2 introduces new near-infrared obser-
vations of star-forming dwarfs, the surface photometry for which
is presented in Sect. 3. An expanded sample of galaxies suitable
for study is assembled in Sect. 4, and then subjected to detailed
analysis in Sect. 5. This leads to the identification of a more fun-
damental plane for dwarfs. Section 6 follows with a discussion
of results, especially examining how closely internal motions are
tied to gravity. As well, a new method for deriving distances to
dwarfs is presented. Finally, conclusions are presented in Sect. 7.

2. Observations

2.1. Blanco observations 2008

During 2008 Mar. 10–13 and Aug. 10–12, deep NIR images
of 23 galaxies were acquired using the 4.1 m Blanco telescope
at Cerro Tololo Inter-American Observatory, Chile (Run IDs:
2008A-0913 and 2008B-0909). All three nights of the first run
were photometric, but only the second night of the August run
was clear. During both runs, the ISPI camera was used at the
f /8 Cassegrain focus. The detector was a Hawaii array with
2048 × 2048 pixels. The scale was 0 .′′3 pix−1, yielding a field
of view 10.′25×10.′25. Targets were imaged exclusively through
the Ks filter. Table 1 summarizes the observations.

To sample the sky, small objects were cycled through four
quadrants of the array. For large targets, the telescope was jogged
to a sky field after every pair of dithered target images. Data were
reduced, calibrated, and analyzed in the manner described by
Vaduvescu et al. (2005). Typically, 10 to 15 2MASS stars were
employed to calibrate each field. Imaging and surface photome-
try for the 13 dwarfs clearly detected with the Blanco telescope
are presented in Fig. 1.

For reference, Fig. 2 gives the reduced images of the fields of
the 10 unexaminable dwarfs. It is possible that galaxies imaged
in August (HIPASS J1337−39, Sag DIG, and DDO 210) were
obscured by thin clouds. HIPASS J1351−47 and Sag DIG ap-
pear to have been detected, but not well enough to permit surface
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M. L. McCall et al.: Fundamentals of the dwarf fundamental plane

Fig. 1. Images and surface photometry of dIs observed at CTIO (Blanco) and La Silla (NTT). Left panels: Ks images (North is up, East to the left).
The field of view is about 5′ × 5′ (Blanco) or 2.′5 × 2.′5 (NTT). Right panels: surface brightness profiles in Ks for the unresolved components. The
thick solid curves are fits of a sech function. In a few cases, a Gaussian burst was fitted simultaneously, and is marked by a dashed curve. In these
cases, the sum of the sech and Gaussian components is shown as a thin solid line (sometimes hard to see due to overlap with the observations).
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Fig. 1. continued.
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Fig. 1. continued.
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Fig. 1. continued.
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Fig. 1. continued.

photometry. The remaining galaxies were just too faint to detect
with the chosen exposures.

2.2. NTT observations 2008

During 2008 Aug. 13–17, deep NIR imaging of nine galaxies
was undertaken with the 3.5 m NTT telescope at ESO La Silla
Observatory, Chile (Run ID: 081.B-0386(A)). One night was
clear, and the rest were clouded out. The SOFI camera equipped
with a Hawaii HgCdTe array was employed at the f /11 Nasmyth
focus. The array was composed of 1024×1024 pixels. The scale
was 0 .′′288 pix−1, so the field of view was 4.′92×4.′92. All targets
were observed with the Ks filter only. Observations are summa-
rized in Table 1.

Data were reduced, calibrated, and analyzed in the same
manner as for the Blanco runs. Around five 2MASS stars were
employed to calibrate most of the fields. Imaging and surface
photometry for the six dIs solidly detected are included in Fig. 1.
Figure 2 includes the reduced images of the fields of the two un-
examinable dwarfs not observed with the Blanco telescope. In
fact, ESO 540-30 appears to have been detected, but not well
enough to carry out surface photometry.

2.3. Other observations 2002–2007

As part of separate studies, deep Ks images of 110 different
dwarf galaxies were obtained from 2002 to 2007 over observ-
ing runs conducted with the 2.1 m telescope of OAN-SPM in
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Fig. 2. Images in Ks of the fields of galaxies either marginally or not detected at CTIO (Blanco) and La Silla (NTT). North is up, and East is to the
left. The fields of view are about 5′ × 5′ (Blanco) and 2.′5 × 2.′5 (NTT).
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Table 2. Measurements for detected galaxies.

Galaxy μ0K r0K mS K mT K PA e
(mag arcsec−2) (arcsec) (mag) (mag) (deg)

(1) (2) (3) (4) (5) (6) (7)

ESO 294-10 20.53 12.2 12.66 12.87 0 0.2
UGC 685 19.74 14.8 11.59 11.72 −55 0.3
ESO 245-05 21.09 30.5 11.57 11.65 −60 0.4
NGC 1311 19.15 22.4 10.72 10.55 +40 0.6
UGC 2684 21.17 11.9 14.10 14.15 −65 0.6
ESO 121-20 20.48 13.4 12.58 12.66 +50 0.3
ESO 059-01 19.89 18.3 11.16 11.23 0 0.2
NGC 2915 17.59 17.6 9.46 9.26 −40 0.5
ESO 320-14 20.31 10.6 12.92 12.81 +90 0.3
ESO 381-18 20.17 8.9 13.16 13.15 +80 0.3
ESO 321-14 20.52 18.3 12.85 12.87 +30 0.7
KK98 182 20.76 8.7 13.81 14.06 +90 0.3
IC 4247 18.77 14.5 11.61 11.64 −30 0.7
ESO 444-78 20.14 13.3 12.61 12.52 +30 0.5
IC 4316 20.32 26.8 11.08 11.09 +45 0.4
NGC 5408 18.90 19.2 10.59 10.69 +75 0.5
ESO 137-18 18.31 24.3 9.48 9.40 +30 0.5
ESO 468-20 21.29 17.4 12.95 13.07 +40 0.4
ESO 149-03 20.07 11.3 13.11 13.22 −30 0.6

Notes. (1) Name of galaxy; (2) central surface brightness of sech model in Ks; (3) scale length of sech model in Ks; (4) apparent magnitude of
sech model in Ks; (5) apparent isophotal magnitude in Ks; (6) position angle of major axis (from N through E); (7) ellipticity of isophotes.

Mexico (2002 and 2005), the 1.4 m IRSF telescope of SAAO
in South Africa (2005 and 2006), the 3.6 m CFHT in Hawaii
(2002, 2004, 2005, 2006), and the Blanco Telescope at CTIO
(2006 and 2007). Images and surface photometry are presented
in Vaduvescu et al. (2005) (34 galaxies), Vaduvescu & McCall
(2008) (17 galaxies, plus eight from 2MASS), and Fingerhut
et al. (2010) (80 galaxies).

3. Surface photometry

Of the newly-observed dwarfs, 15 out of 19 have flat cores and
exponential wings. Vaduvescu et al. (2005) showed that a sech
function provides a good fit to such profiles. For this function,
the apparent surface brightness μapp in mag arcsec−2 at radius r
along the major axis is given by

μapp = μ
app
0 − 2.5 log

2
er/r0 + e−r/r0

(1)

where μapp
0 is the apparent surface brightness at the centre and r0

is the scale length. Solutions for the parameters of the best fitting
sech functions are given in Table 2. In the right panels of Fig. 1,
fits are shown as thick solid lines.

Some dwarfs show an excess of light in their centres. They
can be interpreted as being normal dIs hosting a central starburst,
i.e., blue compact dwarfs (Vaduvescu et al. 2006). NGC 1311
and ESO 137-18 are two such objects. Their surface brightness
profiles were modeled by simultaneously fitting a Gaussian on
top of the sech function describing the extended underlying light
distribution. In Fig. 1, the Gaussian component is displayed as a
dashed line, and the sum of the Gaussian and sech functions is
marked by a thin solid line.

The brightness of the main body of each dwarf was estimated
by integrating the sech function out to infinity. The apparent total
magnitude mapp

sech, referred to here as the sech magnitude, was
computed from

mapp
sech = −2.5 log

[
11.51036 r2

0 q Iapp
0

]
(2)

where Iapp
0 is the apparent central surface brightness in linear

units and q is the axis ratio (b/a) of the isophotes. The magni-
tude within the outermost detected isophote, referred to here as
the isophotal magnitude, was also estimated. Sech and isophotal
magnitudes for all 19 of the dwarfs detected at Blanco and the
NTT are given in Table 2.

4. Amalgamated sample and data

The observations presented above and in Fingerhut et al. (2010)
significantly expand the sample of dwarfs for which deep
Ks-band photometry is available. Thus, it is appropriate to re-
examine the scaling relations elucidated earlier, especially to
seek deeper insights into the why scatter is so much greater than
expected from observational errors.

A sample of star-forming dwarfs was compiled from galax-
ies with extant Ks-band surface photometry to which a sech pro-
file had been fitted. In order to minimize scatter due to distance
errors, the sample was restricted to objects for which the I mag-
nitude and V− I colour of the tip of the red giant branch (TRGB)
have been measured reliably. A total of 66 galaxies satisfied the
criteria for analysis, and are listed in Table 3. The galaxies IC 10
and ESO 245-05 were not included due to obvious problems
with their photometry. In particular, IC 10 is a very large galaxy
suffering from heavy extinction and severe crowding by fore-
ground stars. NGC 1560 was omitted because it is a late-type
spiral.

To establish homogeneous distances, the absolute magnitude
of the TRGB was estimated from

MI,TRGB = (−3.935 ± 0.028) (3)

+(0.217 ± 0.020) [(V − I)TRGB − 1.6]

where (V − I)TRGB is the mean colour of the stars at the tip cor-
rected for extinction and redshift (see Rizzi et al. 2007). The
zero-point was determined from a pairwise analysis of 127 dis-
tances to 34 nearby galaxies derived from Cepheids, planetary
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Table 3. Sample for analysis: extinctions and distances.

Galaxy E(B − V) Agal
V Agal

I Agal
Ks ITRGB (V − I)TRGB MI,TRGB Dmod Source

(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Cam B 0.219 0.695 0.394 0.082 23.60 1.65 −3.92 27.52 1
CGCG 087-33 0.032 0.102 0.058 0.012 25.47 1.15 −4.03 29.50 2
DDO 006 0.017 0.054 0.031 0.006 23.57 1.48 −3.96 27.53 3
DDO 047 0.033 0.105 0.059 0.012 25.48 1.13 −4.04 29.52 2
DDO 099 0.026 0.083 0.047 0.010 23.11 1.29 −4.00 27.11 4
DDO 167 0.010 0.032 0.018 0.004 24.06 1.49 −3.96 28.02 5
DDO 168 0.015 0.048 0.027 0.006 24.13 1.40 −3.98 28.11 5
DDO 181 0.006 0.019 0.011 0.002 23.46 1.35 −3.99 27.45 4
DDO 187 0.023 0.073 0.041 0.009 22.69 1.34 −3.99 26.68 4
DDO 190 0.012 0.039 0.022 0.005 23.19 1.38 −3.98 27.17 4
DDO 226 0.015 0.049 0.028 0.006 24.41 1.47 −3.96 28.37 3
ESO 059-01 0.147 0.467 0.265 0.055 24.26 1.54 −3.95 28.21 6
ESO 121-20 0.042 0.132 0.075 0.016 24.86 1.33 −3.99 28.86 6
ESO 137-18 0.245 0.777 0.441 0.092 25.01 1.55 −3.95 28.95 7
ESO 215-09 0.221 0.700 0.397 0.083 24.58 1.43 −3.97 28.55 7
ESO 223-09 0.260 0.824 0.467 0.097 25.04 1.59 −3.94 28.98 7
ESO 269-58 0.109 0.345 0.196 0.041 23.86 1.61 −3.93 27.80 8
ESO 320-14 0.143 0.454 0.257 0.053 24.89 1.45 −3.97 28.86 7
ESO 321-14 0.094 0.299 0.170 0.035 23.51 1.34 −3.99 27.50 4
ESO 324-24 0.113 0.358 0.203 0.042 23.81 1.43 −3.97 27.79 9
ESO 325-11 0.088 0.279 0.158 0.033 23.62 1.36 −3.99 27.61 9
ESO 349-31 0.012 0.038 0.022 0.004 23.48 1.43 −3.97 27.45 6
ESO 379-07 0.074 0.236 0.134 0.028 24.54 1.59 −3.94 28.48 9
ESO 381-18 0.063 0.199 0.113 0.023 24.58 1.46 −3.97 28.55 7
ESO 381-20 0.066 0.208 0.118 0.024 24.64 1.42 −3.98 28.61 7
ESO 384-16 0.074 0.235 0.133 0.028 24.23 1.55 −3.95 28.18 7
ESO 444-78 0.053 0.167 0.095 0.020 24.55 1.42 −3.97 28.53 7
ESO 444-84 0.069 0.218 0.123 0.026 24.27 1.29 −4.00 28.28 9
ESO 461-36 0.303 0.962 0.546 0.114 25.45 1.32 −4.00 29.45 6
GR 8 0.026 0.082 0.046 0.010 22.63 2.21 −3.80 26.43 2
Ho II 0.032 0.101 0.057 0.012 23.61 1.41 −3.98 27.59 4
IC 3104 0.410 1.301 0.739 0.154 22.75 1.29 −4.00 26.75 10
IC 4247 0.065 0.205 0.116 0.024 24.43 1.39 −3.98 28.41 7
IC 4316 0.055 0.173 0.098 0.020 24.10 1.72 −3.91 28.01 9
IC 4662 0.070 0.222 0.126 0.026 22.89 1.64 −3.93 26.82 6
IC 5152 0.025 0.079 0.045 0.009 22.42 1.58 −3.94 26.36 2
KK98 17 0.055 0.173 0.098 0.020 24.41 1.07 −4.05 28.46 2
KK98 182 0.102 0.325 0.184 0.038 24.77 1.29 −4.00 28.77 7
KK98 200 0.069 0.219 0.124 0.026 24.20 1.60 −3.93 28.14 9
KK98 230 0.014 0.045 0.025 0.005 22.47 1.31 −4.00 26.47 4
KKH 086 0.027 0.085 0.048 0.010 23.09 1.32 −4.00 27.08 4
KKH 098 0.123 0.389 0.221 0.046 22.92 1.49 −3.96 26.88 10
Mrk 178 0.019 0.060 0.034 0.007 23.90 1.49 −3.96 27.86 5
NGC 1311 0.022 0.068 0.039 0.008 24.63 1.15 −4.03 28.66 2
NGC 1569 0.694 2.206 1.254 0.262 23.12 1.36 −3.99 27.10 11
NGC 2915 0.275 0.872 0.495 0.103 23.87 1.76 −3.90 27.77 12
NGC 3077 0.067 0.212 0.120 0.025 23.93 1.77 −3.90 27.82 4
NGC 3738 0.010 0.033 0.019 0.004 24.40 1.75 −3.90 28.30 5
NGC 4163 0.020 0.063 0.036 0.007 23.27 1.44 −3.97 27.24 4
NGC 4214 0.022 0.069 0.039 0.008 23.43 1.47 −3.96 27.39 4
NGC 5408 0.068 0.216 0.123 0.025 24.36 0.90 −4.09 28.45 9
NGC 6822 0.231 0.732 0.415 0.086 19.39 1.58 −3.94 23.32 13
Peg DIG 0.068 0.216 0.122 0.025 20.75 1.52 −3.95 24.70 14
Sex A 0.045 0.141 0.080 0.017 21.76 1.23 −4.02 25.77 4
Sex B 0.031 0.099 0.056 0.012 21.77 1.35 −3.99 25.76 4
UGC 0685 0.057 0.182 0.103 0.021 24.32 1.12 −4.04 28.36 2
UGC 3755 0.088 0.280 0.159 0.033 25.31 1.08 −4.05 29.36 2
UGC 4115 0.028 0.090 0.051 0.011 25.39 1.04 −4.06 29.44 2
UGC 4483 0.034 0.108 0.061 0.013 23.72 1.23 −4.02 27.74 4
UGC 6456 0.037 0.119 0.067 0.014 24.20 1.38 −3.98 28.19 15
UGC 7605 0.015 0.046 0.026 0.005 24.18 1.34 −3.99 28.17 5
UGC 8508 0.015 0.048 0.027 0.006 22.99 1.38 −3.98 26.98 10
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Table 3. continued.

Galaxy E(B − V) Agal
V Agal

I Agal
Ks ITRGB (V − I)TRGB MI,TRGB Dmod Source

(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
UGC 8833 0.012 0.037 0.021 0.004 23.41 1.36 −3.99 27.40 4
UGCA 092 0.785 2.496 1.420 0.296 23.46 1.18 −4.03 27.49 6
UGCA 438 0.015 0.046 0.026 0.005 22.69 1.37 −3.98 26.67 4
WLM 0.038 0.120 0.068 0.014 20.85 1.47 −3.96 24.82 16

Notes. (1) Name of galaxy; (2) galactic colour excess from Schlegel et al. (1998); (3) galactic extinction of M0 III star in V; (4) galactic extinction
of M0 III star in I; (5) galactic extinction of dwarf irregular galaxy in Ks; (6) I magnitude of stars at tip of red giant branch, corrected for extinction
and redshift; (7) (V − I) colour of stars at tip of red giant branch, corrected for extinction and redshift; (8) absolute magnitude of TRGB stars in I;
(9) distance modulus; (10) Source of colour–magnitude diagram.
References. (1) Karachentsev et al. (2003d); (2) Tully et al. (2006); (3) Karachentsev et al. (2003c); (4) Dalcanton et al. (2009); (5) Karachentsev
et al. (2003a); (6) Karachentsev et al. (2006); (7) Karachentsev et al. (2007); (8) Davidge (2007); (9) Karachentsev et al. (2002a); (10) Karachentsev
et al. (2002b); (11) Grocholski et al. (2008); (12) Karachentsev et al. (2003b); (13) Gallart et al. (1996); (14) McConnachie et al. (2005);
(15) Méndez et al. (2002); (16) Rizzi et al. (2007).

nebulae, surface brightness fluctuations, and the TRGB (McCall,
in prep.), and is anchored to the maser distance to NGC 4258 (a
distance modulus of 29.29: Herrnstein et al. 1999; Gibson et al.
2000; Macri et al. 2006). The uncertainty is that due to random
errors only; it does not include the uncertainty in the distance to
NGC 4258. The rate of change of the absolute magnitude of the
TRGB with colour was adopted from Rizzi et al. (2007).

Apparent magnitudes and colours of TRGB stars were ex-
tracted from the literature. In instances where colours were not
recorded, they were estimated through inspection of colour-
magnitude diagrams. Where necessary, conversion of HST pho-
tometry to the Johnson-Cousins system was accomplished using
the transformation equations of Sirianni et al. (2005). Apparent
magnitudes and colours were corrected for extinction and red-
shift (i.e., K-corrections) using the York Extinction Solver
(McCall 2004). Optical depths were computed from B−V colour
excesses tabulated by Schlegel et al. (1998), and these were con-
verted into extinctions and V − I colour excesses assuming the
spectral energy distribution of an M0 giant. The adopted redden-
ing law was that of Fitzpatrick (1999), tuned to deliver a ratio of
total-to-selective extinction of 3.07 for Vega (see McCall 2004).
Colour excesses, extinctions, corrected TRGB magnitudes and
colours, and the resulting distance moduli for the 66 sample
galaxies are recorded in Table 3. Adopted heliocentric velocities
are given in Table 4. All K-corrections were less than 0.01 mag.
Uncertainties in distance moduli are estimated to be 0.10 mag
typically.

This paper extends work on absolute magnitudes of dwarfs
into the realm of masses, motivated by the fact that dIs and BCDs
retain a large fraction of their mass in gaseous form. It is reason-
able to expect that any correlation of absolute magnitude with
dynamics will have scatter enhanced by variations in gas frac-
tions, because the stellar component is often a minority of the
visible mass (see Sect. 6.1). The determination of a baryonic
mass requires that both the stellar and gaseous masses be con-
strained.

The mass of stars in each galaxy was judged to be most re-
liably signified by the luminosity in Ks, because the light from
young stars is suppressed and the mass-to-light ratio is less sen-
sitive to the star formation history than in bluer passbands (Joy
& Lester 1988; Portinari et al. 2004; Vaduvescu et al. 2005). The
absolute magnitude of the diffuse stellar component was deter-
mined from the integrated magnitude of the sech function mod-
eling the two-dimensional surface brightness profile. The lumi-
nosity of any co-existing starburst was estimated by integrating

the flux under the fitted Gaussian. Corrections for extinction
and redshift (i.e., K-corrections) were accomplished as for the
TRGB, but using the Im spectral energy distribution of McCall
(2004). In computing luminosities from absolute magnitudes,
the absolute magnitude of the Sun was adopted to be 3.315 in
Ks (Holmberg et al. 2006; Flynn et al. 2006). Note that no cor-
rections for redshift dimming were applied. All galaxies in the
sample are at low redshift, and the entire range spanned by dim-
ming corrections is only 0.01 mag.

Parameters describing the light distributions of the 66 sample
galaxies are given in Table 4. Listed are the corrected value μ0
of the central surface brightness in mag arcsec−2, the sech scale
length r0 converted to parsecs, the axis ratio q, the limiting ra-
dius of the surface photometry in units of r0, and the source of
the photometry. The derived absolute magnitude MKs of the sech
component and the ratio of the luminosity of any burst relative to
the luminosity of the sech component are given in Table 5. The
adopted value of the extinction is included in Table 3. Generally,
for galaxies observed on more than one occasion, parameters de-
scribing the fit to the deepest profile are presented. However, pa-
rameters listed for ESO 381-18 and IC 4247 come from averages
of fits to two independent observations.

The mass of gas was determined from the integrated flux of
HI at 21 cm. Given the flux FHI in K km s−1, the mass Mgas in
solar units was computed from

Mgas = k21D2
MpcFHI/X (4)

where DMpc is the distance in Mpc, X is the mass fraction of
hydrogen, and k21 = 2.356 × 105 M� K−1 km−1 s. The value of
X was adopted to be 0.735 on the basis of measurements of the
rate of change of the helium and metal fractions with the oxygen
abundance in dwarfs (Izotov & Thuan 2010), presuming a mean
oxygen abundance of 8.25 for the current sample and a primor-
dial helium mass fraction of 0.257 (Izotov & Thuan 2010). For
galaxies for which multiple measurements of FHI were available,
the single-dish measurement with the highest signal-to-noise ra-
tio was normally adopted, unless there was evidence for con-
fusion or peculiarities in the spectrum. The adopted fluxes and
sources are listed in Table 4, and corresponding gas masses are
given in Table 5.

The width of the 21 cm line at 20% of the peak, W20, was
used to quantify internal motions. The choice of W20 over the
width at 50% of the peak was motivated by a desire to measure
kinematics representative of the broadest possible body of gas.
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Table 4. Sample for analysis: radio and optical parameters.

Galaxy V� FHI Wapp
20 R log W20 HI μ0 r0,pc q rlim/r0 Photometry

(km s−1) (Jy km s−1) (km s−1) (km s−1) (km s−1) Source (mag arcsec−2) (pc) source
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
Cam B 78 5.0 32.6 1.65 1.512 H1, H2, H3 21.87 407 0.44 2.40 P1
CGCG 087-33 279 2.6 55.8 1.4 1.746 H1 19.74 532 0.41 4.13 P2
DDO 006 295 3.4 32.9 1.4 1.516 H1 22.04 570 0.29 2.53 P3
DDO 047 272 61.4 111.0 2.06 2.045 H4 21.78 555 1.00 4.20 P4
DDO 099 243 46.0 91.0 2.06 1.958 H4 21.30 393 0.71 2.67 P1
DDO 167 163 4.6 40.2 1.4 1.604 H1 21.65 337 0.60 3.47 P4
DDO 168 191 74.4 88.0 8.24 1.940 H5, H6 20.36 733 0.38 3.96 P1
DDO 181 202 11.4 56.8 1.4 1.754 H1 20.77 356 0.70 2.87 P1
DDO 187 153 12.0 51.4 1.4 1.710 H1 21.71 287 0.60 3.68 P4
DDO 190 151 27.1 64.0 8.24 1.797 H5, H6 19.62 257 0.89 4.21 P1
DDO 226 359 6.1 56.4 1.65 1.750 H7, H3 20.58 982 0.15 3.05 P3
ESO 059-01 530 17.7 104.0 18 2.001 H8 19.84 389 0.80 4.92 P5
ESO 121-20 577 14.1 96.0 18 1.963 H8 20.47 384 0.70 4.48 P5
ESO 137-18 605 37.4 155.0 18 2.183 H8 18.22 727 0.50 6.17 P5
ESO 215-09 597 122.0 93.0 4 1.967 H9 20.90 430 0.83 3.49 P6
ESO 223-09 593 96.2 103.0 8.2 2.009 H10 19.21 1044 0.70 4.35 P7
ESO 269-58 400 7.2 84.0 18 1.899 H11 19.10 636 0.63 4.72 P3
ESO 320-14 654 2.5 61.3 18 1.738 H7 20.26 304 0.70 4.25 P7
ESO 321-14 609 6.4 29.0 1.65 1.459 H8, H3 21.18 522 0.27 2.59 P6
ESO 324-24 526 52.1 113.0 8.2 2.050 H10 20.43 630 0.93 3.13 P6
ESO 325-11 550 25.4 77.0 8.2 1.880 H10 20.93 775 0.35 3.13 P3
ESO 349-31 229 2.7 31.0 8.2 1.453 H10 21.51 323 0.58 3.21 P3
ESO 379-07 644 5.2 40.0 1.65 1.600 H8, H3 22.10 443 0.85 2.81 P6
ESO 381-18 625 3.3 61.6 18 1.741 H7 20.29 224 0.70 4.77 P6, P5
ESO 381-20 596 31.9 103.0 8.2 2.009 H10 20.99 891 0.32 2.89 P8
ESO 384-16 504 1.5 41.0 1.2 1.612 H12 19.45 214 0.92 3.00 P6
ESO 444-78 573 4.0 52.1 1.4 1.716 H1 20.46 475 0.41 3.00 P1
ESO 444-84 583 21.1 75.0 4 1.873 H8, H13 20.60 318 0.89 2.46 P1
ESO 461-36 427 7.5 84.0 10.2 1.916 H7, H14 20.51 492 0.50 4.58 P7
GR 8 214 7.8 39.2 1.4 1.592 H1 21.36 152 0.80 3.70 P4
Ho II 156 267.0 72.0 5.2 1.854 H15 19.66 1348 1.00 2.25 P9
IC 3104 429 10.3 63.0 18 1.753 H8 18.85 468 0.45 3.42 P3
IC 4247 419 3.4 49.0 18 1.608 H16 18.77 370 0.33 5.30 P2, P5
IC 4316 576 2.1 32.8 1.65 1.513 H16, H3 20.31 520 0.60 4.47 P5
IC 4662 302 130.0 133.0 18 2.114 H8 17.40 242 0.73 5.69 P3
IC 5152 122 97.2 100.0 18 1.983 H8 18.08 345 0.66 5.22 P3
KK98 17 156 1.0 53.0 10.2 1.705 H14 21.67 470 0.31 2.98 P10
KK98 182 613 2.1 24.0 7.9 1.316 H14 21.28 400 0.68 3.07 P3
KK98 200 494 1.7 26.5 1.65 1.421 H1, H3 20.51 179 0.70 5.17 P7
KK98 230 63 2.6 25.9 1.65 1.411 H1, H17 22.57 140 0.95 1.76 P11
KKH 086 287 0.5 20.6 1.4 1.310 H1 21.56 181 0.61 1.98 P3
KKH 098 −132 4.1 31.5 1.65 1.498 H1, H3 21.39 184 0.59 2.68 P10
Mrk 178 250 3.0 44.8 1.4 1.650 H1 19.15 228 0.50 5.56 P4
NGC 1311 568 14.6 105.0 18 2.005 H8 19.15 586 0.40 5.36 P12
NGC 1569 −86 84.0 123.8 5.2 2.092 H18 16.83 271 0.55 6.13 P4
NGC 2915 468 145.0 163.0 6.6 2.211 H19 17.49 306 0.50 7.67 P5
NGC 3077 −20 256.0 157.3 5.2 2.196 H18 17.28 593 0.70 4.50 P9
NGC 3738 225 22.0 122.0 8.24 2.084 H6 18.41 437 0.70 5.08 P4
NGC 4163 164 9.6 38.0 4.1 1.574 H5, H20 19.29 223 0.70 5.18 P4
NGC 4214 293 319.8 89.8 2.6 1.952 H5, H18 17.63 491 0.50 4.46 P9
NGC 5408 506 65.5 123.0 8.2 2.087 H10 18.88 456 0.50 7.03 P5
NGC 6822 −55 2266.0 115.0 1.9 2.061 H21, H22 19.55 239 0.80 1.87 P9
Peg DIG −183 28.1 38.6 5.3 1.577 H23 20.93 333 0.55 2.08 P10
Sex A 324 168.0 64.0 1.12 1.806 H24 21.09 362 0.95 3.03 P3
Sex B 301 72.9 56.0 1.4 1.747 H1 20.57 255 0.87 3.53 P6
UGC 0685 156 13.4 83.0 1.65 1.919 H25, H3 19.72 336 0.70 5.07 P12
UGC 3755 315 6.8 50.6 1.4 1.703 H1 19.81 808 0.50 3.72 P2
UGC 4115 343 21.0 106.0 1.65 2.025 H5, H3 20.24 803 0.40 3.74 P4
UGC 4483 156 13.6 50.6 1.4 1.703 H1 20.70 306 0.55 2.81 P1
UGC 6456 −94 10.1 52.0 1.65 1.716 H3 20.16 248 0.70 5.08 P4
UGC 7605 310 5.7 43.7 1.4 1.640 H1 20.75 402 0.67 3.91 P11
UGC 8508 56 18.3 65.0 1.65 1.813 H3 19.95 234 0.55 4.64 P13
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Table 4. continued.

Galaxy V� FHI Wapp
20 R log W20 HI μ0 r0,pc q rlim/r0 Photometry

(km s−1) (Jy km s−1) (km s−1) (km s−1) (km s−1) Source (mag arcsec−2) (pc) source
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
UGC 8833 227 6.0 42.8 1.4 1.631 H1 20.94 274 0.77 4.05 P2
UGCA 092 −95 104.7 73.0 1.65 1.863 H5, H3 20.53 635 0.50 2.40 P4
UGCA 438 62 15.0 35.0 8.2 1.514 H26 20.48 283 0.90 3.97 P3
WLM −122 292.0 81.0 1.12 1.909 H24 21.28 437 0.40 3.06 P7

Notes. (1) Name of galaxy; (2) heliocentric radial velocity defined by HI; (3) integrated HI flux; (4) apparent full width of 21 cm line at 20% of
peak; (5) FWHM of instrumental profile; (6) logarithm of the 21 cm line width at 20% of peak, corrected for instrumental broadening and redshift;
(7) source of HI data; (8) central surface brightness of sech model, corrected for extinction and redshift; (9) scale length of sech model in parsecs;
(10) adopted ratio of minor to major axes of isophotes; (11) ratio of radius of limiting isophote to scale length of sech; (12) source of surface
photometry.
References. (H1) Huchtmeier et al. (2003); (H2) Begum et al. (2003); (H3) Begum et al. (2008); (H4) Springob et al. (2005); (H5) Huchtmeier
& Richter (1986); (H6) Stil & Israel (2002); (H7) Meyer et al. (2004); (H8) Koribalski et al. (2004); (H9) Warren et al. (2004); (H10) Cote et al.
(1997); (H11) Banks et al. (1999); (H12) Beaulieu et al. (2006); (H13) de Blok et al. (2002); (H14) Huchtmeier et al. (2000); (H15) Bureau &
Carignan (2002); (H16) Minchin et al. (2003); (H17) Begum et al. (2006); (H18) Walter et al. (2008); (H19) Meurer et al. (1996); (H20) Swaters
et al. (2002); (H21) de Blok & Walter (2006); (H22) Weldrake et al. (2003); (H23) Kniazev et al. (2009); (H24) Barnes & de Blok (2004); (H25)
Giovanelli & Haynes (1993); (H26) Longmore et al. (1978); (P1) CFHT 2004: Fingerhut et al. (2010); (P2) SPM 2005: Fingerhut et al. (2010);
(P3) IRSF 2006: Fingerhut et al. (2010); (P4) CFHT 2002: Vaduvescu et al. (2005); (P5) CTIO 2008: this paper; (P6) IRSF 2005: Fingerhut et al.
(2010); (P7) CTIO 2007: Vaduvescu & McCall (2008); (P8) CTIO 2006: Fingerhut et al. (2010); (P9) 2MASS: Vaduvescu & McCall (2008);
(P10) CFHT 2005: Fingerhut et al. (2010); (P11) CFHT 2006: Fingerhut et al. (2010); (P12) ESO 2008: this paper; (P13) SPM 2002: Vaduvescu
et al. (2005).

Table 5. Sample for analysis: derived global properties.

Galaxy Weight MKs Lburst/Lsech log Mgas log Mstars log Mbary Gas fraction log P M/L (virial)
(mag) (M�) (M�) (M�) (M� pc−1) (M�/L�)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Cam B 0 −14.51 0.010 7.213 7.077 7.451 0.578 4.842 2.95
CGCG 087-33 1 −17.15 0.000 7.722 8.131 8.274 0.281 5.548 0.88
DDO 006 1 −14.62 0.000 7.049 7.122 7.388 0.458 4.632 5.28
DDO 047 0 −16.17 0.000 9.100 7.738 9.119 0.958 6.374 5.65
DDO 099 1 −15.52 0.017 8.012 7.481 8.124 0.772 5.530 3.98
DDO 167 1 −14.66 0.000 7.377 7.137 7.575 0.635 5.047 2.30
DDO 168 0 −17.14 0.000 8.622 8.130 8.743 0.756 5.878 2.95
DDO 181 1 −15.82 0.003 7.544 7.602 7.875 0.467 5.324 1.36
DDO 187 1 −14.24 0.000 7.259 6.969 7.439 0.661 4.982 3.33
DDO 190 1 −16.53 0.000 7.807 7.884 8.148 0.456 5.738 0.42
DDO 226 1 −16.55 0.000 7.641 7.891 8.085 0.360 5.093 5.27
ESO 059-01 1 −17.09 0.000 8.038 8.109 8.376 0.459 5.786 1.04
ESO 121-20 1 −16.29 0.000 8.198 7.787 8.340 0.720 5.756 1.90
ESO 137-18 1 −19.56 0.059 8.660 9.095 9.231 0.269 6.369 0.64
ESO 215-09 0 −16.29 0.000 9.013 7.788 9.038 0.944 6.404 2.42
ESO 223-09 0 −19.72 0.000 9.080 9.162 9.424 0.453 6.405 0.68
ESO 269-58 1 −18.64 0.258 7.482 8.727 8.751 0.054 5.948 0.50
ESO 320-14 1 −15.99 0.000 7.447 7.667 7.872 0.376 5.389 0.81
ESO 321-14 1 −15.21 0.012 7.311 7.357 7.636 0.474 4.918 2.18
ESO 324-24 1 −17.71 0.000 8.337 8.356 8.648 0.489 5.849 1.78
ESO 325-11 1 −16.60 0.000 7.954 7.912 8.234 0.524 5.345 4.57
ESO 349-31 1 −14.68 0.000 6.917 7.142 7.345 0.373 4.835 1.35
ESO 379-07 1 −15.18 0.014 7.614 7.345 7.801 0.650 5.155 2.44
ESO 381-18 1 −15.29 0.000 7.444 7.390 7.719 0.531 5.369 0.84
ESO 381-20 1 −16.75 0.000 8.455 7.971 8.579 0.753 5.629 7.68
ESO 384-16 1 −16.34 0.045 6.962 7.807 7.865 0.125 5.535 0.20
ESO 444-78 1 −16.18 0.000 7.518 7.745 7.948 0.372 5.271 1.56
ESO 444-84 0 −16.01 0.000 8.140 7.676 8.269 0.745 5.767 1.30
ESO 461-36 1 −16.42 0.000 8.160 7.842 8.330 0.675 5.638 2.41
GR 8 1 −13.53 0.000 6.972 6.684 7.153 0.660 4.970 1.28
Ho II 0 −20.21 0.000 8.969 9.358 9.507 0.290 6.377 0.46
IC 3104 1 −17.86 0.000 7.219 8.416 8.442 0.060 5.772 0.36
IC 4247 1 −17.06 0.000 7.403 8.097 8.177 0.168 5.608 0.30
IC 4316 1 −16.94 0.109 7.031 8.050 8.089 0.087 5.374 0.51
IC 4662 1 −18.41 0.000 8.347 8.634 8.815 0.341 6.431 0.17
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Table 5. continued.

Galaxy Weight MKs Lburst/Lsech log Mgas log Mstars log Mbary Gas fraction log P M/L (virial)
(mag) (M�) (M�) (M�) (M� pc−1) (M�/L�)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
IC 5152 1 −18.38 0.077 8.039 8.625 8.725 0.206 6.187 0.24
KK98 17 0 −14.64 0.005 6.868 7.129 7.319 0.354 4.647 6.11
KK98 182 0 −15.54 0.000 7.342 7.487 7.722 0.417 5.120 0.62
KK98 200 1 −14.59 0.000 6.992 7.109 7.356 0.433 5.103 0.41
KK98 230 0 −12.34 0.015 6.508 6.207 6.684 0.667 4.537 1.93
KKH 086 0 −13.42 0.000 6.039 6.638 6.736 0.201 4.478 0.89
KKH 098 1 −13.59 0.000 6.870 6.706 7.097 0.593 4.832 1.36
Mrk 178 1 −16.12 0.000 7.128 7.720 7.819 0.204 5.461 0.32
NGC 1311 1 −17.92 0.194 8.135 8.442 8.616 0.330 5.848 1.11
NGC 1569 1 −18.91 0.348 8.272 8.837 8.941 0.214 6.509 0.12
NGC 2915 0 −18.41 0.000 8.777 8.636 9.013 0.580 6.527 0.35
NGC 3077 0 −20.43 0.107 9.044 9.443 9.589 0.285 6.816 0.20
NGC 3738 1 −18.63 0.204 8.169 8.725 8.831 0.218 6.191 0.40
NGC 4163 1 −16.28 0.000 7.383 7.785 7.930 0.284 5.582 0.21
NGC 4214 0 −19.29 0.016 8.969 8.989 9.280 0.488 6.589 0.19
NGC 5408 1 −17.89 0.000 8.703 8.428 8.888 0.653 6.229 0.88
NGC 6822 0 −16.32 0.000 8.191 7.802 8.339 0.710 5.960 0.95
Peg DIG 0 −15.25 0.000 6.835 7.374 7.484 0.224 4.962 1.20
Sex A 1 −15.87 0.000 8.040 7.622 8.180 0.723 5.622 1.56
Sex B 1 −15.53 0.000 7.673 7.485 7.890 0.606 5.484 0.90
UGC 0685 1 −16.75 0.000 7.975 7.973 8.275 0.501 5.748 0.84
UGC 3755 0 −18.20 0.000 8.082 8.552 8.679 0.253 5.771 0.68
UGC 4115 1 −17.51 0.000 8.606 8.277 8.773 0.681 5.868 3.23
UGC 4483 1 −15.31 0.000 7.734 7.395 7.898 0.686 5.412 1.40
UGC 6456 1 −15.66 0.000 7.785 7.535 7.979 0.640 5.584 0.69
UGC 7605 1 −16.06 0.000 7.532 7.697 7.923 0.406 5.319 1.00
UGC 8508 1 −15.46 0.000 7.559 7.457 7.812 0.558 5.443 0.97
UGC 8833 1 −15.19 0.000 7.244 7.349 7.601 0.440 5.163 1.01
UGCA 092 0 −16.95 0.000 8.520 8.054 8.648 0.745 5.845 2.11
UGCA 438 1 −15.89 0.000 7.350 7.629 7.812 0.345 5.361 0.40
WLM 1 −15.15 0.000 7.898 7.331 8.002 0.787 5.361 6.02

Notes. (1) Name of galaxy; (2) weight during fitting; (3) absolute magnitude of sech model in Ks; (4) luminosity of burst relative to luminosity
of sech model; (5) logarithm of the gas mass; (6) logarithm of the mass of stars in the sech model, computed assuming a fixed mass-to-light ratio
of 0.883 in Ks; (7) logarithm of the baryonic mass (sum of gaseous and stellar masses); (8) gas fraction (for a fixed mass-to-light ratio of 0.883
in Ks); (9) logarithm of the potential defined by the ratio of the baryonic mass to the scale length of the sech model; (10) mass-to-light ratio of the
stars in Ks as indicated by the deviation of the surface brightness from the norm for a virialized system.

Earlier studies of the fundamental plane for dIs relied upon
line widths with generally poor velocity resolution. Most were
taken from the Third Reference Catalogue of Bright Galaxies
(de Vaucouleurs et al. 1991). For this paper, a comprehensive
survey of the literature was made to pinpoint 21 cm line pro-
files with the highest resolution and least noise. Where 20% line
widths were not recorded, they were measured from the plotted
profiles or, if justifiable, established mathematically from a fit
used to determine the tabulated 50% line width. Because line
profiles for the galaxies in this sample were very close to be-
ing Gaussian in shape, the apparent line width Wapp

20 was cor-
rected for instrumental broadening by subtracting in quadrature
the width of a Gaussian instrumental profile as defined by the
full-width at half-maximum R (see Verheijen & Sancisi 2001):

W20 =
Wapp

20

(1 + z)

√√
1 − ln5

ln2

⎛⎜⎜⎜⎜⎝ R

Wapp
20

⎞⎟⎟⎟⎟⎠2. (5)

Here, R, Wapp
20 , and W20 are in km s−1. The factor of 1 + z cor-

rects the width for redshift broadening. The adopted values of
the heliocentric velocity, Wapp

20 , R, and log W20, as well as the
sources of the data, are given in Table 4.

5. Analysis

5.1. Overview

Investigations below concentrate on elucidating how observed
kinematics of dwarfs are tied to their scale and structure. In the
process, they lead to insights on what is driving gas motions,
constraints on the mass-to-light ratio of stars, an evaluation of
how close the galaxies are to being virialized, and the estab-
lishment of a method for determining reliable distances to un-
resolved objects.

The most important correlations between intrinsic galaxy
properties (absolute magnitude, mass, and potential) and
distance-independent observables (HI line width, central surface
brightness, and axis ratio) are displayed along with their fits in
Fig. 3. The ordinates of the panels have been configured to span
identical ranges in magnitude units, so that the apparent vertical
dispersions about the fits are inter-comparable. The displayed
correlations are founded upon the properties of the sech com-
ponent of the light profiles alone. Derived global properties of
the galaxies are summarized in Table 5. The relevance of the
burst component and the distribution of the properties of burst-
ing galaxies are discussed in Sect. 5.5.
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Fig. 3. Correlations among intrinsic and observed properties of star-forming dwarfs. In all panels, line widths have been corrected for resolution
but not for tilt. In magnitude units, the range of ordinates is the same for all panels, so vertical dispersions are directly comparable. Typical
uncertainties in abscissae and ordinates are depicted by an error cross in the upper left corner of each panel. Top left: absolute magnitude in Ks

versus the HI line width (the Tully-Fisher relation); top right: absolute magnitude in Ks versus the HI line width and the observed central surface
brightness (the dI fundamental plane of Vaduvescu et al. 2005, with an updated fit). Correcting the surface brightnesses for tilt worsens the fit;
middle left: baryonic mass versus the HI line width, based upon a mass-to-light ratio in Ks derived from the fit to the potential plane; Middle
right: baryonic mass versus the HI line width and the observed central surface brightness, based upon a mass-to-light ratio in Ks derived from the
fit to the potential plane. Correcting the surface brightnesses for tilt does not improve the fit; bottom left: baryonic potential versus the HI line
width, based upon a mass-to-light ratio in Ks derived from the fit to the potential plane; bottom right: baryonic potential versus the HI line width
and tilt-corrected central surface brightness (the potential plane), based upon a mass-to-light ratio in Ks derived during the fitting. In all panels,
every galaxy in the sample is plotted, but only galaxies marked with large circles were fitted. Excluded from the fits were four galaxies observed
exclusively by 2MASS (crosses), six galaxies in addition to two 2MASS galaxies for which photometry did not extend beyond 2.5 sech scale
lengths (solid circles), one galaxy with an unusual morphology (small open circle), and seven extreme outliers identified while fitting the potential
(small open circles).
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The correlations were defined without correcting line widths
for projection. Even though it is known that some of the more
massive dwarfs are rotating (e.g., Epinat et al. 2008; Swaters
et al. 2009), there is considerable evidence that the kinetic energy
of the gas in most of the galaxies in the sample is predominantly
disordered (Vaduvescu et al. 2005, and this work). For example,
line profiles tend to be Gaussian in shape, and the sensitivity of
line widths to the ellipticity of isophotes is weak at best, imply-
ing that motions are close to isotropic (see Sect. 5.4).

All galaxies in the sample are displayed in Fig. 3, but only
the 48 galaxies marked by large open circles were included in
fitting. Photometry originating from 2MASS becomes suspect
for galaxies whose surface brightnesses are as low as is typical of
sample members (Kirby et al. 2008), and galaxies whose surface
brightness profiles do not extend beyond 2.5 sech scale lengths
tend to display deviant properties. Consequently, the following
galaxies were excluded from the fits:

– four dwarfs observed by 2MASS only (Ho II, NGC 3077,
NGC 4214, and NGC 6822, marked by crosses);

– in addition to two of the 2MASS galaxies (Ho II and
NGC 6822), six dwarfs for which photometry did not extend
beyond 2.5r0 (Cam B, ESO444-84, KK98 230, KKH 86,
Peg DIG, and UGCA 92, marked by solid circles);

– one object which displays a spiral-like morphology in HI
and whose surface brightness profile is convex in the core
(NGC 2915);

– seven extreme deviants identified during the course of analy-
sis (DDO 47, DDO 168, ESO215-09, ESO223-09, KK98 17,
KK98 182, and UGC 3755), all of which are signified by
small open circles.

The last seven galaxies were revealed by a large gap in the his-
togram of residuals for the fit to the potential versus line width
and surface brightness. They lie 3.1σ or more away from the
fit, whereas the most extreme of the retained galaxies lie within
1.8σ of that fit.

For maximum flexibility, fits were determined using the
downhill simplex algorithm (Nelder & Mead 1965; Press et al.
1986). For certain fits involving the stellar mass, it was postu-
lated that any fundamental relationship is one for which there ex-
ists a mass-to-light ratio which minimizes the dispersion. Stable
solutions to the mass-to-light ratio proved to be possible by com-
bining the simplex algorithm with a golden section search.

Uncertainties in derived parameters were ascertained
through Monte Carlo simulations. The starting point for these
simulations were estimates for typical errors in the observables.
The adopted uncertainties were 0.1 mag for distance moduli,
0.15 mag for μ0, 5% for r0, 10% for q, 0.23 mag for msech, 5% for
W20, and 10% for FHI. In each analysis, 1000 random deviates of
these observational quantities were computed, from which devi-
ates for the derived quantities were computed and fitted. Below,
any quoted uncertainty in a fitted parameter is the average of the
standard deviations of the resulting solutions on either side of
the solution obtained from the reference fit.

5.2. Absolute magnitude

The upper left panel of Fig. 3 displays the Tully-Fisher relation
for the dwarfs, albeit with no correction of line widths for tilt (as
discussed above). As expected, the dispersion is large. The fitted
relation is

MKs,sech = (−16.424± 0.040) (6)

−(5.066 ± 0.207)(log W20 − 1.8)

with the standard deviation being 0.95 mag. By comparison, the
expected vertical scatter due to observational errors alone is only
0.27 mag (the quadrature sum of the uncertainties in the abscissa
and ordinate). Even if all motions were rotational, the dispersion
in axis ratios is such that only about 0.5 mag of the scatter would
be attributable to projection.

The upper right panel of Fig. 3 displays the fundamental
plane of Vaduvescu et al. (2005), with the fit updated. For the
sample here,

MKs,sech = (−16.490± 0.041) (7)

−(2.789 ± 0.243)(log W20 − 1.8)

+(0.721 ± 0.043)(μ0 − 20)

where μ0 is the observed central surface brightness in
mag arcsec−2 (i.e., without any correction for projection). The
standard deviation is 0.63 mag. The dispersion worsened when
surface brightnesses were corrected for tilt (assuming an oblate
spheroidal geometry: see Sect. 5.4). Efforts to improve the fit
by attributing some of the motions to rotation, and correcting
for tilt accordingly, met with failure. The scatter is larger than
suggested by Vaduvescu & McCall (2008), probably because
of changes to rejection criteria. Most importantly, as noted by
Vaduvescu & McCall (2008), it is much larger than the disper-
sion to be expected on the basis of observational errors alone,
which is 0.28 mag.

5.3. Mass

The unexplained scatter in absolute magnitudes motivated the
development of a corresponding plane for the baryonic mass
Mbary which would accommodate the often significant but
highly variable proportion of matter in gaseous form. There
was reason to be optimistic that a well-defined relationship
might be found because the baryonic Tully-Fisher relation for
rotationally-supported systems is so tight (McGaugh et al. 2000;
McGaugh 2005, 2011). Most of the galaxies in the sample ap-
pear to be pressure-supported, with random motions being close
to isotropic (see Sect. 5.4), so on energy grounds it is reasonable
to construct the baryonic Tully-Fisher relation by substituting ra-
dial velocity dispersions for circular velocities (McGaugh et al.
2010; Wolf et al. 2010).

The computation of baryonic masses required the adoption
of a mass-to-light ratio for the stars, since

Mbary = ΥLKs + Mgas. (8)

Here, LKs is the luminosity in Ks and Υ = Mstars/LKs is the mass-
to-light ratio of the stars in Ks. Attention was restricted to the
sech component of the light distribution. The contribution of a
burst component to the mass was assumed to be negligible. This
approximation is justified in Sect. 5.5, where the consequences
of accommodating the light of a burst are discussed.

The best estimate of Υ was gained from analysis of the grav-
itational potential (see Sect. 5.4), which yielded a solution of
0.88 ± 0.20. To establish the most credible relationship between
the baryonic mass and observables, then, the mass-to-light ratio
was fixed at 0.88. The corresponding stellar and baryonic masses
are summarized in Table 5.

Surprisingly, the baryonic Tully-Fisher relation proved to be
as highly dispersed as the fundamental plane. It is displayed in
the middle left panel of Fig. 3. The fitted relation is given by

log Mbary = (8.138 ± 0.012) (9)

+(2.140 ± 0.064)(log W20 − 1.8).

A49, page 16 of 22



M. L. McCall et al.: Fundamentals of the dwarf fundamental plane

The dispersion is 0.24 dex (0.61 mag), versus the expected value
of 0.08 dex based upon observational uncertainties alone.

An improvement to the baryonic Tully-Fisher relation was
realized by introducing surface brightness as a second parameter.
The resulting baryonic plane, which is displayed in the middle
right panel of Fig. 3, is described by

log Mbary = (8.152 ± 0.012) (10)

+(1.671 ± 0.074)(log W20 − 1.8)

+(−0.148 ± 0.013)(μ0 − 20)

(for Υ = 0.88). The standard deviation is 0.20 dex (0.49 mag).
Although lower than found for the Tully-Fisher relation, it is still
much higher than the expected value of 0.08 dex based upon ob-
servational uncertainties. The fit did not improve when the sur-
face brightnesses were corrected for projection (see Sect. 5.4).
Allowing Υ to be free, the dispersion dropped somewhat to
0.17 dex. However, the solution for Υ was 0.15 ± 0.05, which
is unreasonably low compared to expectations from population
syntheses (Portinari et al. 2004).

5.4. Potential

Thirty-two galaxies in the sample have line profiles which have
been observed with a resolution of 2 km s−1 or less. Profiles are
close to being Gaussian in shape, which suggests that the dynam-
ics of dIs may be simple. As a starting point, it is reasonable to
posit that the systems are close to being virialized. Virialization
requires that

2T + Ω = 0 (11)

where T is the kinetic energy and Ω is the potential energy. If
the line width is predominantly controlled by gravity, and if the
potential defined by the baryonic mass scales with the potential
setting the line width (which in large part must be controlled by
the amount of dark matter), then one might surmise that

P ≡ Mbary/r0 ∝ (W20)2 . (12)

Henceforth, P will be referred to as the “baryonic potential”.
The baryonic potential (the stellar component of which be-

ing defined by the mass of the sech component) is plotted as a
function of line width in the lower left panel of Fig. 3. The rela-
tionship is given by

log P = (5.559 ± 0.011) (13)

+(1.760 ± 0.058)(log W20 − 1.8).

The standard deviation of the fit is 0.24 dex (0.59 mag), which,
surprisingly, is comparable to that for the fits to the baryonic
mass. However, the introduction of surface brightness as a sec-
ond parameter reduced the dispersion drastically. With the mass-
to-light ratio fixed at 0.88 (see below), the following relationship
was found:

log P = (5.578 ± 0.011) (14)

+(1.101 ± 0.065)(log W20 − 1.8)

+(−0.208 ± 0.012)(μ0 − 20).

The standard deviation is only 0.12 dex (0.29 mag). The disper-
sion did not change significantly when the mass-to-light ratio
was allowed to vary.

Figure 4 shows the residuals in the fit to the potential as a
function of the logarithm of the axis ratio q. Residuals become
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Fig. 4. Residuals in the potential as a function of the axis ratio q =
b/a. The dashed line displays the slope of the expected relationship for
oblate spheroids (the y-intercept having been fixed at zero).

more negative as galaxies flatten. To a significant extent, this is
likely to be a consequence of the effect of projection on sur-
face brightnesses. For an oblate spheroid, the surface brightness
varies with q as

μ0 = μ
i=0
0 + 2.5 log q (15)

where μi=0
0 is the surface brightness that would be measured if

the view were face-on (inclination i equal to zero). The dashed
line in Fig. 4 displays the rate at which residuals in the potential
should vary with q if surface brightnesses are affected by pro-
jection in the way expected for oblate spheroids. The observed
trend is very close to that predicted. Thus, a further refinement to
the fit to the potential was possible by correcting surface bright-
nesses to a common viewing angle (face-on).

It was unclear how line widths dominated by random mo-
tions might vary with tilt. For the purpose of investigation, any
sensitivity to tilt was approximated as a power law in q. Then, to
convert measurements to face-on,

Wi=0
20 = qγW20 (16)

where γ is a constant. It was expected that a relationship between
the potential, line width, and surface brightness which is free of
projection effects would have the form

log P = a + b log qγW20 + c(μ0 − 2.5 log q) (17)

= a + b log W20 + cμ0 + (γb − 2.5c) log q (18)

where a, b, and c are constants. By introducing log q as a third
variable, it was possible to constrain γ.

With Υ fixed at 0.88, and with the geometry approximated
to be oblate spheroidal, the solution for γ was −0.10. The sign
is opposite to what would be expected if flattening is a conse-
quence of anisotropic motions, be they ordered or disordered.
Also, |γ| is small, suggesting that motions are close to being
isotropic. It was concluded that the trend in the residuals of
the potential with the axis ratio should be attributed primarily
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Fig. 5. Two renditions of the potential for dwarfs. Left: Mstars/LKs fixed. Right: Mstars/LKs variable. Individualized mass-to-light ratios for the plot
on the right were estimated from the amount by which the central surface brightness of the sech component deviated from the mean for a given line
width under the condition that the galaxies are virialized (see Fig. 6). In both panels, dwarf irregulars (dIs) are marked with open circles, and blue
compact dwarfs (BCDs) are flagged by solid circles. No matter how the mass-to-light ratios are computed, BCDs and dIs populate the diagrams
in the same way.

to variations in surface brightness expected for oblate spheroids
viewed at different angles.

In the end, given how weakly line widths appeared to de-
pend on tilt and uncertainty about precisely how they did, only
surface brightnesses were corrected for projection. The relation-
ship between the potential, apparent line width, and the surface
brightness corrected to face-on (via Eq. (15)) is displayed in the
lower right panel of Fig. 3. With the mass-to-light ratio free to
vary, the fit was given by

log P = (5.697 ± 0.065) (19)

+(1.134 ± 0.080)(log W20 − 1.8)

+(−0.198 ± 0.018)(μi=0
0 − 20).

The corresponding solution for Υ was 0.883 ± 0.199. Resulting
values of log Mstars, log Mbary, and log P are listed in Table 5.
Uncertainties in the coefficients are higher than for Eq. (14) be-
cause of the freedom in the mass-to-light ratio. The standard
deviation is only 0.096 dex (0.24 mag). The vertical dispersion
expected from random observational errors is 0.08 dex. Thus, a
structural relationship has been identified for dwarfs for which
observational errors overwhelm the cosmic dispersion. This rela-
tionship can be regarded as a more fundamental plane for dwarfs,
and henceforth will be referred to as the potential plane.

Although the solution for the mass-to-light ratio is twice as
high as measured for the disk of the Milky Way from vertical
kinematics of stars (Portinari et al. 2009), it is nevertheless com-
patible with syntheses of exponential disks spanning a range of
possible star formation histories (Portinari et al. 2004). It should
be noted, though, that the estimate for Υ is in part a dynamical
estimate of the mass-to-light ratio, since it is tied to line widths.
The tightness of the correlation lends credence to the postulate
that the mass and size of dark matter haloes scale straightfor-
wardly with the mass and distribution of luminous matter.

To check the sensitivity of the fit to the selection of galaxies,
random subsets of the original galaxy sample were formed by
removing 10% of the objects (5 galaxies). A total of 100 subsets
were constructed and fitted. The mean values of the free parame-
ters agreed extremely well with those determined from the entire
sample. Most important, the mean value of Υ was 0.895±0.095,
which is almost identical to the value derived by fitting the whole
sample. Because observational errors are predominant in setting
the dispersion, it is not believed that the solution for the mass-
to-light ratio suffers from biases which plague fits to less funda-
mental relations.

5.5. Blue compact dwarfs and turbulence

Despite much research, the relationship between dIs and BCDs
is not clear yet. Structurally, they appear to be similar, because
the near-infrared light profile of a BCD can be modeled well
by superimposing a Gaussian starburst upon a sech function
(Vaduvescu et al. 2006). Thus, it is reasonable to consider any
star-forming dwarf to be a blue compact dwarf if its light profile
in Ks displays an excess of light in the core over what is expected
for a pure sech law. That is the definition adopted here.

The left panel of Fig. 5 re-displays the correlation of the
potential with line width and face-on central surface brightness
(Eq. (19)). Those galaxies with an excess of light in the core,
i.e., the BCDs, are marked with solid circles, and normal dIs
are marked with open circles. Starbursts span the entire range of
galaxies in the sample. Fits to the pure sech dwarfs and the BCDs
separately were consistent within errors, proving that there is no
segregation. It appears that gravity, not turbulence, is the pre-
dominant determinant of gas kinematics in most of the star-
forming dwarfs in the sample. The mere existence of strong cor-
relations of the baryonic mass and the potential with line width
lends support to this conclusion. Also, the dependence of the
potential on surface brightness is opposite to what would be
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expected if line widths were inflated by gas flows stemming from
recent star formation. For a gas-dominated system at least, any
concomitant enhancement in surface brightness would be ex-
pected to be incorporated in such a way as to oppose the change
in line width and thereby preserve the potential. Instead, the sign
of the coefficient of μi=0

0 in Eq. (19) is such that brightening and
broadening change the potential in the same way.

To examine the influence of the Gaussian component on the
fit to the potential, the mass-to-light ratio of stars in the burst rel-
ative to the mass-to-light ratio of stars in the sech was introduced
as a free parameter. Then, luminosities of both the burst and sech
components were employed to compute baryonic masses. The
solution for the ratio of mass-to-light ratios was zero, meaning
that the inclusion of a non-negligible burst mass degrades the
correlation. However, forcing the ratio of mass-to-light ratios to
unity led to a fit which was still reasonable. A larger sample of
BCDs in which the burst light is a significant fraction of the total
light will be required to constrain more reliably the appropriate
mass-to-light ratio to use to accommodate the burst mass in the
definition of the potential.

6. Discussion

6.1. Variable mass-to-light ratios and virialization

Equation (19) reveals that

P ∝ [W20]1.13
[
Ii=0
0

]0.49
(20)

where Ii=0
0 is the face-on central surface brightness of the sech

model in linear units. Although the virial theorem motivated the
quest for this relation, the exponent of W20 is half what it should
be. The dependence on the surface brightness is puzzling, too.
Possibly, it is a reaction to variations in the mass-to-light ratio.
A dwarf which has undergone star formation more recently than
is typical for galaxies of its kind in the sample may show en-
hancements in both surface brightness and luminosity relative to
the norm for its potential. If so, the mass-to-light ratio ought to
be reduced by a factor which preserves the value of the potential.
In effect, such a reduction is happening through the dependence
of P on Ii=0

0 , although it is complicated by the presence of gas. It
is even possible that, in not accounting for variability in Υ, the
true dependence of the potential on the line width is obscured.

To individualize mass-to-light ratios, and thereby assess the
impact on the relationship between the potential and internal mo-
tions, the premise was made that any deviation of the surface
brightness from the mean at a given line width is a consequence
of a different star formation history, and that the deviation is si-
multaneously incorporated in the luminosity of stars associated
with the sech component. Then, the mass-to-light ratio Υ rela-
tive to some reference value Υref could be estimated from the
face-on central surface brightness μi=0

0 relative to an appropriate
norm μi=0

0,ref as follows:

log(Υ/Υref) = 0.4(μi=0
0 − μi=0

0,ref). (21)

In principle, the mean surface brightness μi=0
0,ref could be tied

to global properties. Figure 6 reveals the correlation of μi=0
0

with log W20. There is a tendency for surface brightnesses to
brighten with the line width, although the scatter is large. The
correlation must in part be responsible for weakening the W20-
dependence of the potential relative to what is expected for viri-
alized systems.
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Fig. 6. Tilt-corrected central surface brightness of the sech component
as a function of the HI line width. Dwarf irregulars (dIs) are marked
with open circles, and blue compact dwarfs (BCDs) are flagged by solid
circles. The dashed line is the required relationship if the galaxies are
virialized, based upon a reference mass-to-light ratio of 0.883.

If it is hypothesized that star-forming dwarfs really are viri-
alized, it is possible to predict how rapidly μi=0

0,ref must vary with
log W20, and thereby test compatibility with the observations.
To this end, it was approximated that μi=0

0,ref varies linearly with
log W20. Based upon the earlier fit to the potential with Υ held
fixed, it was reasonable to approximate Υref to be 0.883. Noting
that Υ for each dwarf is defined by Eq. (21), it was possible
to solve for the coefficients of the relation between μi=0

0,ref and
log W20 by minimizing the dispersion in the relationship between
the potential and log W20.

The dashed line in Fig. 6 displays the solution for the corre-
lation between μi=0

0,ref and log W20 which arose when the galaxies
were required to be virialized. It is defined by

μi=0
0,ref = (20.778 ± 0.214) (22)

+(−4.371 ± 0.296)(log W20 − 1.8).

The data admit the possibility of such a trend. The right panel of
Fig. 5 shows the simultaneous fit to the potential, with baryonic
masses now determined using individualized mass-to-light ratios
computed from Eqs. (21) and (22) (with Υref set to 0.883). It is
described by

log P = (5.526± 0.041) + 2(log W20 − 1.8). (23)

Of course, the coefficient in front of log W20 was forced by the
requirement that the systems be virialized. The standard devia-
tion about the fit is 0.105 dex (0.26 mag), which is only a little
worse than that for the potential plane (Eq. (19)).

Resulting mass-to-light ratios are listed in Table 5 and dis-
played as a function of log W20 in Fig. 7. The range of variation
is fairly large, in many cases beyond what is reasonable to expect
in Ks for typical star formation histories (Portinari et al. 2004).
Observational errors are in part to blame, since mass-to-light ra-
tios vary to compensate for errors in surface brightness.
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Fig. 7. Mass-to-light ratio of the sech component as a function of line
width. Dwarf irregulars (dIs) are marked with open circles, and blue
compact dwarfs (BCDs) are flagged by solid circles. Individualized
mass-to-light ratios were determined from the deviations in surface
brightness from the norms expected for virialized systems. The hor-
izontal dashed line is the value of the mass-to-light ratio which was
computed for the entire sample in establishing the potential plane of
Fig. 3.

Figure 8 compares the gas fractions computed from a fixed
value of the mass-to-light ratio (Υ = 0.88) with the gas frac-
tions derived when the mass-to-light ratio is allowed to vary
as above. The spread in gas fractions at large W20 is reduced
when variable mass-to-light ratios are employed. For many star-
bursting dwarfs, the gas fraction rises. This is because surface
brightnesses for these galaxies are unusually high, leading to
downward adjustments to mass-to-light ratios and consequent
reductions in the stellar masses. Gas fractions for many dwarf
irregulars also change significantly, rising for the least massive
galaxies and declining for the most massive.

6.2. Distances

The discovery of tight correlations between the gravitational po-
tential and distance-independent observables opens up a way
of mapping the spatial distribution of dwarf galaxies on large
scales. Locally, dwarfs are more dispersed than giants, so the re-
lationship offers an avenue for exploring the distribution of mat-
ter in mass-poor regions of the universe. A huge advantage over
the Tully-Fisher relation for spirals is that no restriction need be
placed on tilt. In fact, the method for correcting surface bright-
ness for the viewing angle does not even require that the tilt be
evaluated (a complicated problem owing to the possible variabil-
ity of the intrinsic axis ratio).

For any galaxy, the value of P ≡ Mbary/r0 in M� pc−1 can be
estimated from observations of the 21 cm line width log W20, the
central surface brightness μ0, and the axis ratio q using Eq. (19)
or (23). This provides an avenue to determining the distance.
Define msech to be the apparent magnitude of the sech compo-
nent of the light distribution corrected for extinction and red-
shift, r0,arcsec the sech scale length in arc seconds, Υ the mass-
to-light ratio in solar units for the stars constituting the sech

component (for the passband defining msech), F21 the 21 cm line
flux in K km s−1, X the fraction of the gas mass which is hydro-
gen, and k21 the factor required to convert the HI line flux to
hydrogen mass. The distance modulus Dmod is given by

Dmod/5 = log P + log r0,arcsec (24)

− log
[
Υ10−0.4(msech−M�−12.5) + 10−5k21F21/X

]
− log(0.648/π)

where M� is the absolute magnitude of the Sun (3.315 in Ks) and
k21 has the value specified for Eq. (4). For Ks, the mass-to-light
ratio is either fixed at 0.883 if Eq. (19) is used to estimate P,
or computed from Eqs. (21) and (22) if Eq. (23) is employed to
get P (with Υref set to 0.883).

Figure 9 shows for the galaxies defining the potential plane
how the distances derived from Eq. (24) compare with those
derived from the TRGB. Typical uncertainties in observational
quantities were given in Sect. 5.1. Because observational errors
are responsible for the bulk of the dispersion in the potential, it is
reasonable to examine the accuracy with which a distance can be
determined considering observational errors alone. Based upon
the uncertainties in W20, μ0, and q, log P can be estimated to an
accuracy of about 0.04 dex (Eq. (19)) if the cosmic dispersion is
smaller. Accounting for the errors in msech, r0,arcsec and F21, then
the uncertainty in the derived distance modulus comes out to be
0.38 mag for Υ = 0.88.

The most important contributors to the uncertainty are the
errors in msech and μ0. In the sample studied here, these errors
were quite large due to limitations in the field of view, which
restricted the number of 2MASS stars available to calibrate the
photometry. Significant improvements are possible using more
modern detectors with wider fields of view. If the uncertainty
in msech can be reduced to 0.10 mag and the uncertainty in μ0
to 0.05 mag, then the error in the distance modulus will come
down to 0.26 mag. A further reduction is possible with deeper
photometry, which would enable improvement in the accuracy
with which r0 and q are measured. Overall, it appears that the
potential plane for dwarfs offers a means to determine distances
to dwarfs as good as the Tully-Fisher relation yields for spirals.

7. Conclusions

Deep imaging in Ks has been presented for 19 star-forming
dwarf galaxies. Structural properties were measured by fitting
a sech function to surface brightness profiles, and additionally a
Gaussian for those objects displaying evidence for a central star-
burst (interpreted thereby as being blue compact dwarfs). Results
for these galaxies were combined with photometry for others
published previously to examine how kinematics, as conveyed
by HI line widths, are connected to global properties.

Most dwarfs in the sample displayed HI line profiles close
to Gaussian in shape. Also, in optimizing relationships among
global properties and kinematics, no strong tie between apparent
line widths and isophotal axis ratios was evident. Thus, in the
majority of sample galaxies, most of the kinetic energy of the
gas appeared to be disordered, and internal motions appeared to
be close to isotropic. Consequently, it proved to be possible to
establish relationships without correcting line widths for tilt.

It was confirmed that much of the scatter in the Tully-Fisher
relation for dwarfs is correlated with surface brightness. The
“fundamental plane” defined by the correlation of absolute mag-
nitude with line width and surface brightness still displayed a
dispersion which exceeded what was expected from observa-
tional errors alone. Conjecturing that some of the scatter might
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be a consequence of not accommodating the highly variable
gaseous component, the baryonic Tully-Fisher relation was con-
structed. It proved to be as dispersed as the fundamental plane,
although some improvement was possible by adding surface
brightness as a second parameter.

Motivated by the possibility that the galaxies may be viri-
alized, the correlation between the potential and the line width
was examined. The potential defined by the ratio of the baryonic
mass to the sech scale length was hypothesized to be propor-
tional to the potential setting internal motions, but the mass-to-
light ratio required to compute the stellar component of the mass
was left as a free parameter. The derived relationship between
the potential and the line width displayed large residuals cor-
related with surface brightness. When surface brightness vari-
ations were accommodated, an extremely tight relationship be-
tween the potential, line width, and surface brightness resulted.
Remaining residuals were found to correlate with tilt, with the
bulk of the trend explainable by variations in surface brightness
arising from viewing oblate spheroids at different angles. Once
surface brightnesses were corrected for tilt, the remaining dis-
persion of this more fundamental plane, referred to as the po-
tential plane, could be almost entirely attributable to observa-
tional errors. The solution for the mean mass-to-light ratio for
the stars (i.e., the sech component of the light distribution) was
0.88 ± 0.20. BCDs lay precisely in the plane described by dIs.
The placement of BCDs, the strength of the correlation, and the
direction of the sensitivity to surface brightness all point to grav-
ity, not turbulence, being primarily responsible for determining
gas motions in star-forming dwarfs. The potential plane suggests
a strong linkage between the mass and distribution of luminous
matter and the mass and scale of dark matter haloes. It also of-
fers a new avenue for determining the distances to unresolvable
star-forming dwarfs which may be as good as the Tully-Fisher
relation for spirals.

The potential plane described a potential varying as W1.13
20 ,

i.e., less steeply than expected for virialized systems (for which
the exponent should be 2). However, the dependence of the po-
tential on surface brightness was such that surface brightness
might be considered to be acting as a proxy for variations in the
mass-to-light ratio of stars. To explore this possibility, it was hy-
pothesized that star-forming dwarfs are in fact virialized, and the
required dependence of mean surface brightness on line width
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was derived. Deviations in surface brightness from the norm for
a particular line width were used to adjust mass-to-light ratios
to compensate for differing star formation histories (and obser-
vational errors). Residuals in the correlation of the modified po-
tential with line width were only slightly degraded with respect
to those for the potential plane. Computed mass-to-light ratios
covered a range greater than expected from theoretical expec-
tations, but some of the variation was attributable to the uncer-
tainties in surface brightnesses. Further studies of star formation
rates would be productive in evaluating whether the predicted
range of mass-to-light ratios is justified. Work is in progress to
evaluate implications for chemical evolution.
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