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ABSTRACT
In this paper we investigate the statistical properties of the Tully-Fisher relation for
a sample of 32 galaxies with measured distances from the Cepheid period–luminosity
relation and/or TRGB stars. We take advantage of panchromatic photometry in 12
bands (from FUV to 4.5 µm) and of spatially resolved Hi kinematics. We use these
data together with three kinematic measures (W i

50, Vmax and Vflat) extracted from
the global Hi profiles or Hi rotation curves, so as to construct 36 correlations allowing
us to select the one with the least scatter. We introduce a tightness parameter σ⊥ of
the TFr, in order to obtain a slope–independent measure of the goodness of fit. We
find that the tightest correlation occurs when we select the 3.6 µm photometric band
together with the Vflat parameter extracted from the Hi rotation curve.

Key words: galaxies: fundamental parameters – galaxies: kinematics, dynamics,
photometry

1 INTRODUCTION

The Tully-Fisher relation (TFr) is a power–law correlation
between the luminosity and the rotation velocity of late-
type galaxies (Tully & Fisher 1977). It was empirically es-
tablished as a powerful tool to measure distances to galaxies
independently from their redshift. Knowing only a galaxy’s
rotational velocity from the width of its neutral hydrogen
(Hi) line profile, one can recover the distance modulus to
this galaxy by inferring the total intrinsic luminosity from
a calibrator sample. Thus, to obtain accurate distances, a
number of studies of the statistical properties of the TFr
were done in the past, aiming to reduce as much as possible
the observed scatter in the relation, e.g. the Cosmic Flows
programme (Courtois et al. 2011; Courtois & Tully 2012;
Tully & Courtois 2012).

Understanding the origin of the TFr is one of the main
challenges for theories of galaxy formation and evolution.
From a theoretical point of view, a perfect correlation be-
tween the intrinsic luminosity and rotational velocity of a
galaxy is currently explained as a relation between the host-
ing dark matter halo and its baryonic content, assuming a

? E-mail: ponomareva@astro.rug.nl

direct link between luminosity and baryonic mass. The de-
tailed statistical properties of the TFr provide important
constraints to semi-analytical models and numerical sim-
ulations of galaxy formation (Navarro & Steinmetz 2000;
Vogelsberger et al. 2014; Schaye et al. 2015; Macciò et al.
2016). It is thus an important test for any theory of galaxy
formation and evolution to reproduce the slope, scatter and
the zero point of the TFr in different photometric bands
simultaneously. The TFr can also constrain theories about
the distribution of mass within galaxies, e.g. it was shown
by Courteau et al. (2003) that barred and unbarred galax-
ies follow the same TFr, even though barred galaxies could
be less dark matter dominated within their optical radius
(Weiner et al. 2001).

Over the past decades, the scatter in the observed TFr
has been decreased significantly by more accurate photomet-
ric measures. As first suggested by Aaronson et al. (1979),
the TFr can be tightened by moving from optical to NIR
bands, where the old stars peak in luminosity and provide
a good proxy for the stellar mass of the galaxies (Peletier &
Willner 1991). The advent of infra-red arrays shifted pho-
tometry to the JHK bands and then to space-based infrared
photometry, e.g. with the Spitzer Space Telescope (Werner
et al. 2004). However, despite the obvious advantages of deep
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Figure 1. The distribution of morphological types of the galaxies

in our sample.

near-infrared luminosities, it is still not clear at which NIR
wavelengths the smallest scatter in the TFr can be achieved.
For example, Bernstein et al. (1994), using 23 spirals in the
Coma cluster found that the H-band TFr does not have less
scatter than the I-band relation. Sorce et al. (2013) claim
that the 3.6 µm TFr has even larger scatter than the I-
band TFr (Tully & Courtois 2012, hereafter TC12). In fact,
accurate infrared photometry led to the point where the
measurement errors on the total luminosity can no longer
explain the observed scatter.

Yet, sofar, very little attention has been given to im-
proving the measurements of the rotation velocity which is,
as mentioned before, thought to be strongly related dynam-
ically to the dark matter halo. Notably, the width and shape
of the global Hi profile are determined by the detailed distri-
bution of the Hi gas in the disk, the shape of a galaxy’s rota-
tion curve, and the presence of non-circular motions and/or
a warp. It is impossible to take into account all these im-
portant aspects while inferring the rotational velocity of a
galaxy from the integrated global Hi profile. This notion
has motivated observational studies which took advantage
of optical rotation curves, using Hα long slit spectroscopy
(Rubin et al. 1980, 1985; Pizagno et al. 2007). However, the
rotational velocity at the optical radius does not probe the
dark matter halo potential properly, since the data do not
extend far enough in radius. Of course, for an axisymmet-
ric galaxy with a monotonically rising rotation curve that
reaches a constant flat part in a non-warped outer gas disk,
the rotational velocity is reasonably well-defined and can be
estimated from the corrected width of the global Hi profile.
Unfortunately, galaxies often are not that well-behaved and
the column–density distribution and kinematic structure of
their gas disks may significantly affect the shape and width
of the global Hi profiles, introducing errors on the derived
rotational velocity that can not be corrected for without
further information.

Detailed studies of galaxy rotation curves using 21-cm
aperture synthesis imaging (Bosma 1981; van Albada et al.
1985; Begeman 1989; Broeils & van Woerden 1994; Verheijen
2001; Swaters et al. 2002; Noordermeer 2006; de Blok et al.
2014), show that the shape of the rotation curve strongly
depends on the morphology and surface brightness of the
galaxy, introducing deviations from the classical flat rotation
curve. For instance, it is well–known that late type dwarf
galaxies have slowly rising rotation curves. In this case the
observed maximal rotational velocity (Vmax) will underesti-
mate the velocity of the halo, simply because the rotation
curve is not reaching the flat part (Vflat). The other extreme

Name Hubble type P.A. Incl. Distance
deg. deg. Mpc

NGC 0055 SB(s)m 110±3 78±7 1.98±0.05

NGC 0224 SA(s)b 37±1 78±1 0.76±0.02

NGC 0247 SAB(s)d 169±3 77±2 3.51±0.09
NGC 0253 SAB(s)c 230±2 77±1 3.56±0.13

NGC 0300 SA(s)d 290±3 46±6 1.97±0.05
NGC 0925 SAB(s)d 283±2 61±5 8.91±0.28

NGC 1365 SB(s)b 218±2 39±8 17.7±0.81

NGC 2366 IB(s)m 42±6 68±5 3.34±0.09
NGC 2403 SAB(s)cd 124±1 61±3 3.17±0.08

NGC 2541 SA(s)cd 170±3 64±4 11.5±0.47

NGC 2841 SA(r)b 150±3 70±2 14.5±0.47
NGC 2976 SAc pec 323±1 61±5 3.63±0.13

NGC 3031 SA(s)ab 330±4 59±5 3.61±0.09

NGC 3109 SB(s)m 92±3 80±4 1.37±0.03
NGC 3198 SB(rs)c 215±5 70±1 13.3±0.55

IC 2574 SAB(s)m 55±5 65±10 3.89±0.14

NGC 3319 SB(rs)cd 33±2 57±4 13.0±0.53
NGC 3351 SB(r)b 192±1 47±5 10.4±0.28

NGC 3370 SA(s)c 327±3 55±5 26.1±0.72
NGC 3621 SA(s)d 344±4 65±7 6.72±0.18

NGC 3627 SAB(s)b 172±1 58±5 9.03±0.29

NGC 4244 SA(s)cd 222±1 88±3 4.61±0.19
NGC 4258 SAB(s)bc 331±1 72±3 7.31±0.16

NGC 4414 SA(rs)c? 160±2 52±4 17.8±0.74

NGC 4535 SAB(s)c 180±1 41±5 16.1±0.66
NGC 4536 SAB(rs)bc 300±3 69±4 14.6±0.60

NGC 4605 SB(s)c pec 293±2 69±5 5.54±0.25

NGC 4639 SAB(rs)bc 311±1 42±2 22.0±0.71
NGC 4725 SAB(r)ab pec 30±3 50±5 12.5±0.46

NGC 5584 SAB(rs)cd 152±4 44±4 22.4±0.72

NGC 7331 SA(s)b 169±3 75±3 13.8±0.51
NGC 7793 SA(s)d 290±2 50±3 3.58±0.11

Table 1. The Tully-Fisher Calibrator Sample. Column (1):

galaxy name (as shown in NED); Column (2): Hubble type (as

shown in NED); Column (3): kinematic position angle (Paper I);
Column (4): kinematic inclination (Paper I); Column (5): Dis-

tance in Mpc provided by The Extragalactic Distance Database

(EDD), Tully et al. 2009.

case are massive early–type spirals, which usually show a
fast rise of the rotation curve until the maximum velocity
(Vmax) is reached, usually within the optical disk, beyond
which the rotation curve significantly declines, reaching the
flat part with much lower velocity (Bosma 1981; Casertano
& van Gorkom 1991; Verheijen 2001; Noordermeer 2006).
In this case, the mass of the halo, if derived using Vmax,
will be overestimated for the most massive galaxies, which
can cause a curvature in the TFr (Neill et al. 2014). It was
shown by Verheijen (2001) with a study of spiral galaxies in
the Ursa Major cluster, that the statistical properties of the
TFr depend on the shape of the rotation curves, and that
the observed scatter is reduced significantly when extended
Hi rotation curves are available to substitute the corrected
width of the global Hi profile with Vflat from the rotation
curve as a kinematic measure.

It is very important to realise that the literature con-
tains many observational results on the TFr which are often
inconsistent with each other. This is largely due to different
corrections applied to the observables, e.g. for extinction or
inclination, due to different photometric systems, due to dif-
ferent observing techniques or due to different samples. This
makes it very complicated to compare the various studies in
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a simple manner. In this paper we establish TFrs based on a
homogeneous analysis of imaging data obtained in 12 pho-
tometric bands from UV to IR (the detailed photometric
analysis will be presented in a companion paper), while tak-
ing advantage of spatially resolved Hi kinematics as reported
in Ponomareva et al. (2016), hereafter Paper I. We study the
statistical properties of the TFr to investigate the link be-
tween the host dark matter DM halo and the various stellar
populations of galaxies, which peak in different bands. Such
a homogeneous analysis allows us to obtain a better under-
standing of the physical phenomenon of the TFr, especially
as a tool to study the internal structure of galaxies.

This paper is organised as follows: Section 2 describes
the sample of calibrator galaxies. Section 3 describes the
collected photometric data. Section 4 describes the Hi data.
Section 5 summarises the corrections which were applied to
the observables. Section 6 discusses the statistical properties
of the constructed TFrs. Section 7 presents the summary and
concluding remarks.

2 THE SAMPLE

In our study we are interested in the slope and intrinsic
tightness of the TFr. We are not aiming to maximise the
number of galaxies in the sample, but rather to increase
the quality of the kinematic measures for a representative
sample of galaxies with independent distance measurements.
Thus, we analysed aperture synthesis imaging Hi data to de-
rive high–quality rotation curves (Paper I). The independent
distances to our galaxies were measured from the Cepheid
period–luminosity relation (Freedman et al. 2001) or/and
from the tip of the red giant branch (Rizzi et al. 2007)
and are provided by The Extragalactic Distance Database
(EDD) (Tully et al. 2009). Independently measured dis-
tances reduce the error in the absolute magnitude of a galaxy
and therefore reduce the impact of distance uncertainties on
the observed scatter of the TFr. For example, in our case,
distance uncertainties contribute only σdist = 0.07 mag to
the total observed scatter of the TFr, which is much lower
in comparison with σdist = 0.41 mag if the Hubble–flow dis-
tances are adopted. We adopt a sample of 32 large, relatively
nearby galaxies from the zero point (ZP) calibrator sample
described in TC12. Their selection criteria for galaxies in-
cluded in the sample completely satisfy our requirements: 1)
morphological types Sab and later (Figure 1), 2) inclinations
no less than 45◦, 3) Hi profiles with adequate S/N, 4) global
Hi profiles without evidence of distortion or blending. Their
selection criteria give us confidence that the adopted galax-
ies are kinematically well-behaved with regularly rotating,
extended Hi disks. In Paper I it was found that this confi-
dence was largely justified, but that the corrected width of
the global Hi profile is not always an accurate representa-
tion of Vflat. Global parameters of the sample galaxies are
summarised in Table 1.

3 PHOTOMETRIC DATA

To study the wavelength dependence of the statistical prop-
erties of the TFr requires not only a representative sam-
ple, but a systematic, homogeneous approach in deriving the
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Figure 2. Surface brightness profiles of NGC 3351 for 12 pho-
tometric bands. The region within which the exponential disk fit

was done is indicated with arrows. Black lines show the exponen-

tial disk fit to the profile. Profiles are terminated at their Rlim.

main photometric properties of galaxies. We use 12 bands
per galaxy (FUV, NUV, u, g, r, i, z, J, H, Ks, 3.6, 4.5 µm)
for 21 galaxies, and 7 bands for the remaining 11 galaxies in
our sample due to the absence of SDSS imaging data. This
broad wavelength coverage allows us to measure the relative
luminosity of old and young stars within a galaxy and to
perform SED fits in a forthcoming paper to estimate their
stellar masses.

The FUV and NUV images were collected from the
various Galaxy Evolution Explorer (GALEX, Martin et al.
2005) space telescope data archives. Since young, stars which
peak in UV, have a very low contribution to the total mass
of a galaxy, a very large scatter in the UV–based TFrs might
be expected. Nevertheless, we consider these bands in our
study as well.

To obtain optical photometry, we use the SDSS Data
Release 9 (DR9, Ahn et al. 2012), but note that SDSS
photometry is only available for 21 galaxies in our sample.
Therefore we consider TFrs in the SDSS bands for a smaller
number of galaxies. However, we point out that the SDSS–
subsample still spans a wide luminosity range.

We collected a wide range of NIR images: J , H, Ks

bands from the Two-Micron All Sky Survey (2MASS, Skrut-
skie et al. 2006) and 3.6 µm and 4.5 µm from the Spitzer
Survey for Stellar Structure in Galaxies (S4G, Sheth et al.
2010). All data were gathered from the IRSA archive.

3.1 Total Magnitudes

All data were homogeneously analysed and the total mag-
nitudes were derived for every galaxy in each band.

First, the aperture magnitudes (map) were calculated
by integrating the surface brightness profile (SBP) in each
band within a fixed radius (Rlim). Rlim was chosen after
a visual inspection of every profile, as the largest radius at

MNRAS 000, 1–?? (2017)
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4 Ponomareva et al.

which the surface brightness (µlim) is still reliable. Given
the varying quality of the data, Rlim may differ for various
bands. In Figure 2 the SBPs are shown for NGC 3351 in all
bands within their Rlim.

Then, linear fits were made to the outer part of each
SBP (except for the 2MASS data1), which characterises the
exponential drop of surface brightness of a galaxy due to
the disk component. The radial range within which the fit
was made was identified through visual inspection and is
shown in Figure 2 with vertical arrows. This procedure is in
essence the “mark the disk” procedure described by de Jong
(1996). We assume that beyond Rlim the SBP continues to
drop exponentially without any truncations and/or breaks.
Under this assumption Tully et al. (1996) showed that the
extended magnitude does not depend on the scale length of
the disk or on the ellipticity of the galaxy, but only on the
number ∆n of disk scale lengths within Rlim. Hence it can
be calculated as :

∆mext = 2.5 log[1− (1 + ∆n)e−∆n], (1)

with

∆n = (µlim − µ0)/1.086. (2)

Then, the total magnitudes follow from mtot = map +mext.
Note that the detailed photometric analysis and final

data products will be presented in a companion paper.

4 HI DATA

We are interested in studying the statistical properties of the
TFr at various wavelengths based on rotational velocities
derived from global Hi profiles and high–quality rotation
curves. The ideal data for this work are Hi radio aperture
synthesis imaging data which provide the global Hi profiles,
as well as the spatially resolved rotation curves.

We collected the Hi radio synthesis–imaging data for
29 galaxies from the literature. Most of these galaxies
were observed previously as part of larger Hi surveys
(THINGS, WHISP, HALOGAS, etc). We observed the re-
maining three galaxies with the Giant Radio Metrewave
Telescope (GMRT) in March 2014. All data cubes were anal-
ysed homogeneously and the following data products were
delivered for all 32 galaxies in our sample: global Hi profiles,
integrated Hi column–density maps, Hi surface–density pro-
files and high–quality rotation curves derived from highly–
resolved, two–dimensional velocity fields.

These data products, along with a detailed description
of the observations, data reduction and analyses, are pre-
sented in Paper I. Here, we summarize the relevant kine-
matic information, obtained from these Hi data.

1 2MASS survey images are too shallow and the SBPs do not
extend enough to apply the method of recovering the total light

as described above. Therefore, for J,H,K and 3.6 µm bands we

constructed the growth curves and measured the colours J− [3.6],
H − [3.6] and K − [3.6] at the last reliable measured point of the

growth curves of the 2MASS bands within the same radius. We

fixed these colours and calculated 2MASS total magnitudes as

MJHK
tot = M

[3.6]
tot + (JHKRlmp

− [3.6]Rlmp
), where Rlmp is the

radius at which the last measure point of the 2MASS band was

measured.
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Figure 3. Compilation of extended Hi rotation curves of our sam-

ple galaxies plotted on the same linear scale. Blue curves belong
to galaxies with Rrc (Vmax < Vflat) and red curves are declining

rotation curves (Vmax > Vflat).
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Figure 4. Rotation curves morphology distribution within the
sample. The light hatched region shows galaxies with declining

rotation curves. The dark shaded area corresponds to galaxies

with rising rotation curves.

4.1 Rotational velocities

There are several methods to measure the rotational veloc-
ities of spiral galaxies using Hi data. First, from the width
of the Hi 21cm line profile, where the corrected width of the
profile relates to the rotational velocity as W i = 2Vrot. Sec-
ond, from the spatially resolved Hi velocity fields which allow
the derivation of the high–quality rotation curves. While the
former is much faster to obtain observationally with single–
dish telescopes and can therefore be used for a large number
of galaxies, the latter provides valuable extra information.

Amongst others, Verheijen (2001) showed that rota-
tion curves of spiral galaxies have different shapes, which
mostly depend on the morphological type and luminosity
of a galaxy. The advantage of our sample is that it covers
all types of rotation curves: rising (Rrc) for dwarf galax-
ies (Vmax < Vflat), classical flat (Frc) for the intermediate
types (Vmax = Vflat), and declining (Drc) for the early–type
spirals (Vmax > Vflat). The “family” of rotation curves of
our sample is shown in Figure 3. Moreover, Figure 4 demon-
strates that declining rotation curves tend to belong mainly

MNRAS 000, 1–?? (2017)
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Figure 5. Slopes of the outer part of rotation curves and their
correlation with galaxy parameters. Our sample is shown with

black dots. Absolute magnitude and disk central surface bright-
ness are measured in the 3.6 µm band. A compilation of various

observational samples (Casertano & van Gorkom 1991; Verhei-

jen & Sancisi 2001; Spekkens & Giovanelli 2006; Noordermeer
et al. 2007; Swaters et al. 2009) is shown with grey symbols.

For the reference samples, the absolute magnitude and disk cen-

tral surface brightness are measured in the R band and then
matched to our sample using the colour term (R − [3.6] = 2.95

and µ0(R) − µ0[3.6] = 3.16).

to massive early–type spirals, while rising rotation curves are
common for late type galaxies (Casertano & van Gorkom
1991; Verheijen 2001; Noordermeer et al. 2007; Oh et al.
2008; Swaters et al. 2009; de Blok et al. 2014).

To quantitatively describe the shape of a rotation curve,
we measure the slope of the outer part of a rotation curve
between the radius at 2.2 disk scale lengths, measured from
the 3.6.µm surface brightness profile (SBP), and the outer-
most point:

S2.2h,lmp =
Log(V2.2h/Vlmp)

Log(R2.2h/Rlmp)
(3)

where V2.2h and Vlmp are the rotational velocities at the ra-
dius equal to 2.2h (R2.2h) and at the radius of the last mea-
sured point (Rlmp). Thus, a slope equal to zero belongs to a
flat rotation curve, a positive slope to a rising rotation curve
and a negative slope to a declining rotation curve. Figure 5
demonstrates S2.2h,lmp as a function of global galactic prop-
erties. There are prominent correlations with Hubble type,
as was suggested earlier (Figure 4), and with the absolute
magnitude. In grey we show a compilation of various sam-
ples from previous studies (Casertano & van Gorkom 1991;
Verheijen & Sancisi 2001; Spekkens & Giovanelli 2006; No-
ordermeer et al. 2007; Swaters et al. 2009), to point out that
our sample is not in any way peculiar and follows the same
trends found in previous studies.

The shape of the global Hi profile may hint at the shape

Name Vsys W i
50 Vmax Vflat Slope

kms−1 km s−1 kms−1 kms−1

NGC 0055 130±5 185±4 85±1 85±2 0.135

NGC 0224 -300±3 517±5 261±2 230±7 -0.02

NGC 0247 160±10 200±3 110±5 110±5 0.332
NGC 0253 240±5 410±3 200±4 200±4 -0.01

NGC 0300 135±10 160±5 103±3 85±7 0.100
NGC 0925 550±5 200±8 115±4 115±4 0.277

NGC 1365 1640±3 380±10 322±6 215±4 -0.352

NGC 2366 107±10 100±10 45±5 45±5 -0.068
NGC 2403 135±1 225±1 128±1 128±1 0.017

NGC 2541 560±5 200±6 100±4 100±4 0.384

NGC 2841 640±20 590±3 325±2 290±6 -0.069
NGC 2976 5±5 130±7 78±4 78±4 0.206

NGC 3031 -40±10 415±6 249±3 215±9 -0.070

NGC 3109 404±5 110±1 57±2 – 0.517
NGC 3198 660±10 315±4 161±2 154±4 0.026

IC 2574 51±3 105±2 75±5 – 0.639

NGC 3319 730±4 195±6 112±10 112±10 0.197
NGC 3351 780±5 260±6 190±5 176±8 -0.022

NGC 3370 1280±15 275±4 152±4 152±4 -0.026
NGC 3621 730±13 275±7 145± 145±5 0.080

NGC 3627 715±10 340±7 183±7 183±7 -0.032

NGC 4244 245±3 195±6 110±6 110±6 -0.002
NGC 4258 445±15 420±6 242±5 200±5 -0.113

NGC 4414 715±7 375±6 237±10 185±10 -0.125

NGC 4535 1965±5 270±6 195±4 195±4 0.050
NGC 4536 1800±6 320±6 161±10 161±10 -0.007

NGC 4605 160±15 150±15 87±4 – 0.232

NGC 4639 978±20 275±6 188±1 188±1 -0.034
NGC 4725 1220±14 400±4 215± 215±5 -0.111

NGC 5584 1640±6 190±10 132±2 132±2 0.085

NGC 7331 815±5 500±10 275±5 275±5 0.098
NGC 7793 228±70 174±10 118±8 95±8 0.049

Table 2. Results from the Hi kinematics analysis. Column (1):
galaxy name; Column (2): systemic velocity; Column (3): width

of the global Hi profile at 50% level; Column (4): maximal rota-
tional velocity; Column (5): rotational velocity of the flat part of

rotation curve. Column (6): slope of the outer part of the rotation

curve.

of the rotation curve in several cases. First, a boxy or Gaus-
sian shape profile is an indication for a rising rotation curve
for which the velocity of the dark matter halo is underesti-
mated from the profile width. In these profiles, the classical
double peak is missing because the constant, flat part of the
rotation curve is not sampled by an extended Hi disk. In
its turn, the classical double peak profile gives an indication
that the rotation curve of a galaxy will reach its flat part.
Figure 6 demonstrates the difference in the velocity obtained
usingW i

50 (corrected for inclination), compared to Vmax (up-
per panel) and Vflat (bottom panel) as derived from the
rotation curves. It is clear that the main outliers are the
galaxies with either rising (blue) or declining (red) rotation
curves. Thus, the rotational velocity measured from W i

50

will be underestimated in comparison with Vmax, and over-
estimated in comparison with Vflat. Therefore, one should
take into account that the rotational velocity derived from
the width of the global profile may differ from the velocity
measured from the spatially resolved rotation curve.
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Figure 6. Comparison of the global profile widths at the 50% level, corrected for inclination, instrumental broadening and random
motions W i,R,t

50 with 2Vmax (upper panels) and 2Vflat (bottom panels). Blue symbols indicate galaxies with Rrc (Vmax < Vflat) and

red symbols indicate galaxies with declining rotation curves (Vmax > Vflat). Green symbols show flat rotation curves (Vmax = Vflat).

5 CORRECTIONS TO OBSERVABLES

5.1 Photometry

As a photometric measure for the TFr we use the corrected
absolute total magnitudes Mb,i

T (λ) :

Mb,i
T (λ) = mT (λ)−Aiλ −Abλ −DM, (4)

where mT (λ) is the apparent total magnitude (Section 3.1),
Aλi is the internal extinction correction, Aλb is the Galac-
tic extinction correction and DM is the distance modulus,
based on the distance given in Table 1. It is important to
note, that we not only measure the total magnitudes for all
galaxies in each band in the same manner, we also use the
same methods to apply corrections due to the Galactic and
internal extinction, therefore we can perform a fair com-
parisons between the TFrs in various bands. The detailed
analysis of the photometrical corrections can be found in a
forthcoming companion paper.

5.2 Hi kinematics

In this section we summarize the main corrections that were
applied to the kinematic measures.

The global Hi linewidths were corrected for:

(i) Instrumental broadening, which depends on the in-
strumental velocity resolution and on the steepness of the
wings of the velocity profile, following Verheijen & Sancisi
(2001).

(ii) Turbulent motions, which depend on the level at
which the width of the profile was measured (20% or 50% of
the peak flux, Verheijen & Sancisi 2001). Figure 6 demon-
strates the difference between the corrected (right panels)
and non-corrected (left panels) widths of the integrated Hi
profile and the velocity derived from the rotation curve.

(iii) Inclination, according to the formula W i
50,20 =

W50,20/sin(ikin), where ikin is the kinematic inclination an-
gle derived from the Hi velocity fields (Paper I), in order
to represent the rotational velocity as W i

50,20 = 2Vrot (see
Section 4.1).

Prior to the rotation curve derivation, the Hi velocity
fields were censored for skewed velocity profiles (high h3). A
skewness of the velocity profiles might be present mostly due
to beam–smearing and non–circular motions. Thus, censor-
ing for high values of h3 allowed us to derive high–quality
rotation curves, representing the actual rotational velocity
of a galaxy as a function of radius, not affected by the effects
mentioned above. Further details can be found in Paper I.

6 THE TULLY-FISHER RELATIONS

In this section we present the statistical properties of the
multi-wavelength TFrs using the different kinematic mea-
sures W i

50, Vmax and Vflat. We first discuss the fitting
method. We then discuss the slope and vertical scatter (σ)
of the TFrs and introduce the slope independent tightness
(σ⊥) of the TFrs. We conclude with a search for a 2nd pa-
rameter that may correlate with the residuals.

6.1 Fitting method

The study of the statistical properties of the TFr requires
establishing the slope and zero point of the relation. How-
ever, there is no general agreement which fitting method is
best suited. For example, it was shown that the slope of
the TFr is affected by a Malmquist bias (TC12) which can
be resolved by applying an inverse least squares regression
(Willick 1994). Moreover, it is important to note that the
vertical scatter of the TFr, which is crucial for the distance
measure, is highly dependent on the slope. Thus, an intrinsi-
cally tight TFr may introduce a larger vertical scatter due to
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Band Slope (Mag) Slope (dex)

W i
50 Vmax Vflat W i

50 Vmax Vflat
FUV -7.12±0.86 -7.04±0.98 -7.87±1.27 2.36±0.38 2.32±0.37 2.59±0.47

NUV -6.45±0.76 -6.36±0.86 -6.91±0.94 1.93±0.40 1.91±0.40 2.06±0.41

u -6.06±0.64 -6.30±0.60 -6.95±0.67 1.69±0.44 1.75±0.46 1.91±0.52
g -6.11±0.33 -6.43±0.57 -7.12±0.6 1.9 ±0.33 1.97±0.4 2.17±0.44

r -6.76±0.25 -7.09±0.51 -7.87±0.56 2.26±0.23 2.36±0.3 2.61±0.33

i -7.02±0.32 -7.29±0.49 -8.14±0.57 2.12±0.38 2.19±0.44 2.42±0.49
z -7.89±0.40 -8.17±0.52 -9.12±0.61 2.82±0.16 2.91±0.22 3.25±0.24

J -8.73±0.52 -8.55±0.39 -9.22±0.4 3.23±0.26 3.16±0.20 3.41±0.19

H -8.99±0.52 -8.83±0.42 -9.47±0.38 3.43±0.24 3.36±0.18 3.61±0.15
Ks -9.26±0.50 -9.08±0.41 -9.77±0.41 3.51±0.23 3.44±0.18 3.81±0.19

3.6 µm -9.05±0.45 -8.86±0.37 -9.52±0.32 3.61±0.19 3.53±0.15 3.8 ±0.11
4.5µm -9.04±0.46 -8.81±0.38 -9.51±0.33 3.52±0.19 3.45±0.16 3.7 ±0.12

Band Zero Point (Mag) Zero point (log(L(L�)))

W i
50 Vmax Vflat W i

50 Vmax Vflat
FUV 0.18±2.17 -0.09±2.44 1.77±3.12 7.53±0.95 7.66±0.93 7.05±1.16
NUV -1.78±1.92 -2.07±2.15 -0.88±2.32 6.36±1.03 6.47±1 6.11±1.04

u -2.45±1.62 -1.91±1.53 -0.41±1.71 4.71±1.13 4.59±1.2 4.21±1.32

g -4.27±0.83 -3.55±1.42 -1.94±1.51 4.96±0.86 4.79±1.03 4.33±1.13
r -3.24±0.63 -2.49±1.28 -0.67±1.39 4.28±0.59 4.07±0.78 3.49±0.84

i -2.94±0.81 -2.32±1.25 -0.35±1.44 4.74±0.99 4.58±1.12 4.04±1.25

z -0.87±1.01 -0.24±1.31 1.97±1.52 3.07±0.41 2.85±0.56 2.08±0.62
J 0.1 ±1.28 -0.44±0.99 1 ±0.99 1.92±0.67 2.13±0.52 1.59±0.49

H 0.08±1.29 -0.42±1.06 0.92±0.94 1.70±0.61 1.90±0.45 1.38±0.37

Ks 0.52±1.24 0.00±1.04 1.44±0.038 1.58±0.6 1.78±0.46 1.22±0.44
3.6 µm 2.4±1.1 1.91±1.41 3.31±1.73 1.44±0.49 1.66±0.37 1.1±0.29

4.5µm 2.92±1.13 2.36±0.97 3.73±0.83 1.66±0.50 1.88±0.39 1.33±0.31

Table 3. The results of the orthogonal fits of the TFrs. Upper panel. Column (1): photometric band; Column (2)-Column(4): slopes of

the TFrs based on W i
50, Vmax and Vflat, measured in magnitudes; Column (5)-Column(7): slope of the TFrs based on W i

50, Vmax and
Vflat, measured in dex. Lower panel. Column (1): photometric band; Column (2)-Column(4): zero points of the TFrs based on W i

50,

Vmax and Vflat, measured in magnitudes; Column (5)-Column(7): zero points of the TFrs based on W i
50, Vmax and Vflat, measured in

dex.

Band σ (Mag) σ (dex)

W i
50 Vmax Vflat W i

50 Vmax Vflat
FUV 0.87±0.14 0.89±0.15 0.97±0.17 0.30±0.09 0.31±0.09 0.33±0.1

NUV 0.74±0.13 0.76±0.14 0.77±0.15 0.25±0.09 0.26±0.09 0.26±0.09
u 0.44±0.15 0.47±0.14 0.44±0.15 0.19±0.11 0.19±0.12 0.19±0.12

g 0.27±0.11 0.34±0.14 0.32±0.14 0.14±0.1 0.15±0.11 0.15±0.11

r 0.22±0.09 0.31±0.13 0.29±0.13 0.12±0.08 0.14±0.1 0.13±0.1
i 0.25±0.1 0.3 ±0.12 0.31±0.13 0.11±0.06 0.12±0.08 0.12±0.08

z 0.29±0.11 0.32±0.13 0.33±0.14 0.12±0.07 0.13±0.08 0.13±0.09

J 0.39±0.11 0.4 ±0.09 0.39±0.09 0.15±0.08 0.16±0.07 0.15±0.06
H 0.41±0.11 0.44±0.1 0.38±0.09 0.16±0.07 0.17±0.06 0.15±0.06

K 0.41±0.1 0.44±0.1 0.40±0.09 0.16±0.07 0.17±0.06 0.16±0.06
3.6 0.39±0.1 0.41±0.09 0.33±0.08 0.15±0.06 0.16±0.05 0.13±0.05
4.5 0.40±0.1 0.42±0.09 0.34±0.08 0.16±0.06 0.16±0.05 0.13±0.05

Table 4. Vertical scatter of the TFrs in different photometrical bands measured in magnitudes and in dex. Column (1): photometric

band; Column (2)-Column(4): scatters of the TFrs based on W i
50, Vmax and Vflat, measured in magnitudes; Column (5)-Column(7):

tightnesses of the TFrs based on W i
50, Vmax and Vflat, measured in dex.

a steeper slope (Verheijen 2001). As we are interested in the
tightness of the TFr, while the Malmquist bias is minimal
for our sample, we apply an orthogonal regression where the
best-fit model minimises the orthogonal distances from the
points to the line. We apply a fitting method allowing for
bivariate correlated errors and an intrinsic scatter (BCES,
Akritas & Bershady 1996), using the python implementation
developed by Nemmen et al. (2012). The main advantages
of this method are that it takes errors in both directions into
account, it permits the measurement errors of both variables
to be dependent (for example uncertainties due to the incli-

nation) and it assigns less weight to outliers and data points
with large errors.

In order to accurately calculate the (intrinsic) scatter
and tightness of the relations, the following measurement
uncertainties were taken into account:

(i) the errors in total magnitudes Mb
T , i(λ) due to the sky

background, distance uncertainties and the uncertainty in
the photometric zero–point.

(ii) the errors on the rotational velocity measures Vmax,
Vflat and W i

50, see Table 2.

(iii) the error on the kinematic inclination which affects
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Band σ⊥ (dex)

W i
50 Vmax Vflat

FUV 0.12±0.045 0.124±0.022 0.122±0.022

NUV 0.12±0.048 0.123±0.024 0.117±0.024

u 0.099±0.062 0.099±0.031 0.091±0.031
g 0.068±0.044 0.071±0.022 0.066±0.022

r 0.05±0.03 0.055±0.015 0.05±0.015

i 0.042±0.018 0.044±0.009 0.041±0.009
z 0.043±0.02 0.045±0.01 0.042±0.01

J 0.047±0.016 0.049±0.013 0.045±0.013

H 0.047±0.015 0.050±0.012 0.042±0.012
K 0.046±0.022 0.049±0.011 0.042±0.011

3.6 0.043±0.019 0.046±0.01 0.036±0.01
4.5 0.044±0.02 0.047±0.01 0.036±0.01

Table 5. Tightness of the TFrs in different photometric bands

measured in dex. Column (1): photometric band; Column (2)-
Column(4): tightness of the TFrs based on W i

50, Vmax and Vflat,

measured in dex;
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Band

−10

−9

−8

−7

−6

−5

Sl
op

e
(M

λ
)

N=32
N=21 (SDSS)

W50

Vmax

Vflat

Figure 7. Slope of the TFr as a function of wavelength, cal-
culated using different rotation measures. With black points in-

dicated slopes measured for the TFr based on W i
50, with green

based on Vmax and with red based on Vflat. Independently of
band, the Tfr based on Vflat demonstrates the steepest slope.

both the internal extinction correction and the kinematic
measure, introducing covariance in the errors.

6.2 Slope, scatter and tightness

We measure the slope, scatter and tightness of the TFrs in
12 different bands with different kinematic measures, using
the weighted orthogonal regression fit and taking correlated
errors in both directions into account. It is important to
point out that the comparisons are made for the samples
with different numbers of galaxies: 32 for the UV and IR
bands and 21 for the SDSS bands (see Section 3). However,
we present the comparisons for the SDSS subsample of 21
galaxies for all bands in Appendix A.

It has been suggested for some time that the slope of
the TFr steepens from blue to red wavelengths (Aaronson
et al. 1979; Tully et al. 1982; Verheijen 2001). We confirm
this result by our study, which covers a much broader wave-
length range. The variation of the slope with passband is
presented in Figure 7. Our result suggests that the slope as
a function of wavelength in the mid–infrared bands stays
more or less constant. Moreover, the TFr based on Vflat is
always showing the steepest slope in every passband (Fig-
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Figure 8. The vertical scatter of the TFr as a function of wave-
length, calculated using different rotation measures. With black

points indicating the scatter measured for the TFr based on W i
50,

with green based on Vmax and with red based on Vflat.

ure 7). The steepest slope is found in the K -band and is
consistent with −10 mag or 4 dex.

The vertical scatter (σ) in every passband was measured
using each of the three velocity measures W i

50, Vmax and
Vflat. The total observed scatter was calculated according
to the following equation:

σ =

√
χ2

N − 1
, (5)

where χ2 is ∑
(Mb,i

T − (a× log(Vcirc) + b))2,

and where Vcirc stands for one of the three velocity measures
W i

50, 2Vmax or 2Vflat, a and b are the fitted slope and zero
point of the relation respectively, and N − 1 is the number
of degrees of freedom. Errors on the scatter were estimated
following a full error propagation calculation. The vertical
scatter in magnitudes, which is relevant for distance mea-
surements, is shown in Figure 8 as a function of wavelength.
It is clear from Figure 8 that the vertical scatter is roughly
constant in the mid–IR bands, suggesting that there might
be no preference for which mid–IR band to use as a distance
indicator. Therefore, preference should be given to the one
which suffers least from dust extinction and non–stellar con-
tamination. However, one can argue that the r–band TFr
based on W i

50 should be used as a distance estimation tool,
since it demonstrates the smallest vertical scatter. Interest-
ingly, Verheijen (2001) had found a very similar result. Yet,
it is important to keep in mind that the vertical scatter is
a slope–dependent measure, and an intrinsically tight TFr
will demonstrate a large vertical scatter if the slope of the
relation is steep. Moreover, it is remarkable that for the UV
and optical bands (FUV to z) the vertical scatter may be
smaller when the relation is based on W i

50, with the smallest
scatter of σ = 0.23 mag in the r band. However, for the red-
der bands (J to 4.5µm) the smallest vertical scatter σ = 0.33
mag is found in the 3.6 µm band TFr based on 2Vflat. This
is due to the fact that when the relation is based on 2Vflat,
the slope steepens more significantly for the UV and optical
bands than for the infrared.

The tightness (σ⊥) of the TFr is the perpendicular scat-
ter between the data points and the linear model, which pro-
vides information on how “tight” the data are spread around
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Figure 9. Orthogonal tightness of the TFr as a function of wavelength, calculated using different rotation measures. With black points
indicated the scatter measured for the TFr based on W i

50, with green based on Vmax and with red based on Vflat. Independently of
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Figure 10. The 3.6 µm TFrs based on the different kinematic measures W i
50 – left, Vmax – middle and Vflat – right. Green symbols

show flat rotation curves (Vmax = Vflat), and red symbols indicate galaxies with declining rotation curves (Vmax > Vflat). Blue symbols
indicate galaxies with rising rotation curves (Vmax < Vflat). These galaxies were not included when fitting the model.

the regression line. It is slope independent and has been re-
cently used for testing galaxy formation and evolution mod-
els (Papastergis et al. 2016). Therefore, the tightness pro-
vides important information on the intrinsic properties of
the TFr. We calculate tightness using the following formula:

σ⊥ =

√ ∑
d2
i

N − 2
, (6)

where N − 2 is the amount of degrees of freedom and di is
the perpendicular distance of each point to a model line:

di =

√(
xi + ayi − ab

a2 + 1
− xi

)2

+

(
a× xi + ayi − ab

a2 + 1
+ b− yi

)2

,

here xi and yi are the coordinates of each measured point,
in our case log(Lλ/L�) and log(Vcirc) respectively, while a
and b are the slope and the zero point of a model line. Errors
on the tightness were estimated following a full error propa-
gation calculation. The tightness of the TFr as a function of
wavelength is shown in Figure 9. It is also roughly constant
in the mid–IR bands with the tightest correlation at 3.6 µm
equal to σ⊥ = 0.036 dex. Moreover, independently of the
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Figure 11. Histogram of the perpendicular distances from the

data points to the line (d⊥,i) in the LT,b,i
[3.6]

(L�)–Vflat relation,

normalised by the perpendicular errors ε⊥,i. The standard nor-
mal distribution, which would be expected for a zero intrinsic

tightness is shown with a black line. The best–fit to the data,

weighted by the Poisson errors, is shown with the dashed line
with a standard deviation of 1.87 ± 0.13.

photometric band, the TFrs tend to be somewhat tighter
when based on 2Vflat (Figure 9). The values of the statis-
tical properties of the TFrs (slope, zero point, scatter and
tightness) can be found in Tables 3, 4 and 5.

6.3 A closer look at the 3.6 µm TFr

Figure 10 shows the TFr in the 3.6 µm band based on W i
50,

Vmax and Vflat. According to our fit, the MT,b,i
[3.6] –Vflat cor-

relation can be described as :

MT,b,i
[3.6] = (−9.52± 0.32)× log(2Vflat) + 3.3± 0.8 (7)

and the LT,b,i[3.6] (L�)–Vflat correlation as

log(LT,b,i[3.6] ) = (3.7± 0.11)× log(2Vflat) + 1.3± 0.3, (8)

based on M�(3.6µm) = 3.24 mag (Oh et al. 2008). Here
MT,b,i

[3.6] is the total magnitude, corrected for Galactic and in-

ternal extinction, LT,b,i[3.6] is the luminosity, presented in solar
luminosities, and Vflat is the rotational velocity of the flat
part of the extended Hi rotation curve in km/s.

Eqn. 7 and Eqn. 8 describe the tightest of the TFrs,
with an observed tightness equal to σ⊥,obs = 0.036 ± 0.010
dex. Without considering the observational errors, σ⊥,obs
presents an upper limit on the intrinsic tightness of the
TFr[3.6]−Vflat

of σ⊥,int < σ⊥,obs = 0.036 dex. This is 0.02
dex smaller than the observed tightness of the Baryonic TFr
for gas–rich galaxies, found by Papastergis et al. (2016), us-
ing W i

50 as a rotational velocity measure.
Further, we can estimate the intrinsic tightness of the

TFr[3.6],Vflat
by comparing the perpendicular distance from

each data point to the model line d⊥,i taking into account
the measurement error ε⊥,i, where ε⊥,i is based on the ob-
servational errors on the luminosity (εL[3.6],i

) and on the
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Figure 12. Left panel: The MT,b,i
[3.6]

–Vflat relation is shown with

blue points. The relation using total magnitudes corrected for

non–stellar contamination is shown with red points. Right panel:
The correction for non–stellar contamination as a function of ro-

tational velocity 2Vflat.

rotational velocity (εVflat,i) of each data point, projected
onto the direction perpendicular to the model line:

ε2i = (εlog(L[3.6]),i
× 1√

1 + a2
)2 + (εlog(2Vflat),i ×

a√
1 + a2

)2,

(9)
where a is the slope of the line. The uncertainty on to the
distance measurement is included in the error on the to-
tal luminosity. For more details on the derivation of Eqn.
9 see Papastergis et al. 2016 (Appendix B). If the observed
tightness of the relation would be only due to the measure-
ment errors, the histogram of d⊥,i/ε⊥,i would then follow
a standard normal distribution. Yet, it is clear from Figure
11 that the spread of d⊥,i/ε⊥,i is larger than expected from
a standard normal distribution, with a measured standard
deviation of 1.87 ± 0.13 (dashed curve). Therefore, a small
but non–zero intrinsic perpendicular scatter (σ⊥) is present
in the TFr[3.6]−Vflat

.
To obtain the best estimate for the intrinsic tightness,

we present it as follows :

σ⊥,int =
√
σ2
⊥,obs − σ2

⊥,err, (10)

where σ⊥,err = 0.025 dex is the perpendicular scatter due to
the measurement errors only. Thus, we obtain an estimate
for the intrinsic perpendicular scatter σ⊥,int ∼ 0.026 dex.
It is important to keep in mind that this result depends on
how accurately the observational errors can be determined.
Therefore, any underestimate of the observational errors will
lead to a decrease of the intrinsic tightness and vice versa.

As was already mentioned before, previous studies
(Meidt et al. 2012; Querejeta et al. 2015) concluded that
Spitzer 3.6 µm luminosities represent not only the old stel-
lar population. Up to 30% of the 3.6 µm light might be
coming from warm dust which is heated by young stars and
re–emitted at longer wavelengths. Moreover, asymptotic gi-
ant branch (AGB) stars appear to peak at 3.6 µm as well. To
test the effect of contamination by dust and/or AGB stars
on the tightness of the TFr, we constructed a subsample of
18 galaxies which were studied as part of the S4G analysis by
Querejeta et al. (2015). In this study, the 3.6 µm images were
decomposed into stellar and non-stellar contributions us-
ing an Independent Component Analysis described in Meidt
et al. (2012). We compared the statistical properties of the
TFrs in the observed 3.6 µm band and in the 3.6 µm band
corrected for non–stellar contamination, as demonstrated in
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Figure 13. Residuals of the Mλ − Vflat TFrs in the NUV and 3.6 µm bands as a function of global galactic properties.

Figure 12 (left panel). The results of the comparison can be
found in Table 6. It is clear that the scatter and tightness of
the TFr at 3.6 µm can be slightly reduced if the non–stellar
contamination is corrected for, especially when the TFr is
based on Vflat as a rotational velocity measure. The very
weak correlation between the correction for non–stellar con-
tamination and rotational velocity (Figure 12, right panel)
results in a slight steepening of the TFr slope. However, the
difference in the scatter (∆σ = 0.03 mag) and tightness
(∆σ⊥ = 0.004 dex) is too small (∼ 10%) to draw definite
conclusions. Hence, a more detailed study of this subject
should be done with a larger sample of galaxies for which a
decomposition into stellar and non–stellar emission has been
performed.

6.4 Need for a 2nd parameter?

For many decades it was suggested that the scatter in the
TFr can be reduced by adding a second parameter such
as colour, morphological type or velocity dispersion (Rubin
et al. 1985; Tully & Pierce 2000; Cortese et al. 2014). This
parameter is usually derived from the correlations of the

N=19 Observed Corrected

W i
50 Vmax Vflat W i

50 Vmax Vflat
slope (mag) -8.52 -8.56 -9.20 -8.77 -8.77 -9.47
σ (mag) 0.40 0.45 0.32 0.38 0.41 0.29

σ⊥ (dex) 0.043 0.046 0.036 0.043 0.046 0.031

Table 6. Slope, scatter and tightness of the TFrs, constructed for
19 galaxies in the observed 3.6 µm band and in the 3.6 µm band,

corrected for the non–stellar contamination. Column(1): name of

the parameter; Column (2-4): slope, scatter and tightness of the
TFrs in the observed 3.6 µm band (based on different velocity

measures); Column (5-7): slope, scatter and tightness of the TFrs
in the 3.6 µm band, corrected for non–stellar emission (based on

different velocity measures);

residuals of the TFr with global galactic properties. It has
been shown that the residuals of the TFr based on W i

50 cor-
relate well with the colour or morphological type of galaxies
(Aaronson & Mould 1983; Rubin et al. 1985; Russell 2004).
The correlations are usually found in the blue bands which
tend to have much larger scatter, and found to be com-
pletely absent in the red bands where the scatter is already
very small (Tully & Pierce 2000; Verheijen 2001). However,
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log(2Vflat) and global galactic properties as a function of wave-

length.

Sorce et al. (2012) found a colour term present in the resid-
uals of the 3.6 µm TFr, which allowed them to reduce the
observed scatter by 0.05 mag.

We examine the residuals ∆Mλ of the TFrs in each band
based on Vflat, and investigate possible correlations with
global galactic properties such as star formation rate (SFR),
central surface brightness, and the outer slope of the rotation
curve. First, we consider in detail two extremes ∆MNUV and
∆M[3.6] based on Vflat. From Figure 13 it is clear that while
NUV residuals show hints for correlations with all galactic
parameters, these hints completely disappear for the 3.6 µm
residuals.

To quantitatively describe the strengths of the correla-
tions between TFr residuals and global galactic properties,
we calculate Pearson’s coefficients r, a measure of the lin-
ear correlation between two variables. Figure 14 shows the
Pearson’s coefficients r as a function of wavelength for the
correlations between ∆Mλ and various galactic properties
such as i− [3.6] colour, the outer slope of the rotation curve
(see Section 5.2), central surface brightness at 3.6 µm, star
formation rate and morphological type. It is clear from Fig-
ure 14 that the Pearson’s coefficients do not suggest any
strong correlations between residuals of the TFrs and various
galactic properties in any band, except for the FUV where a
prominent correlation with the i− [3.6] colour is found. This
result is in agreement with previous studies for blue bands.
However, there is no evidence for a significant correlation be-
tween ∆M[3.6] and the i − [3.6] colour (r = −0.29), despite
the previous suggestions by Sorce et al. (2012). Nonetheless,
the strength for the correlation between ∆M[3.6] and the
i− [3.6] colour was not presented in the Sorce et al. (2012)
study, therefore we can not perform a quantitative compar-
ison. In conclusion, we do not find any second parameter,
which would help to reduce the scatter in the near–infrared
TFr.

7 SUMMARY AND CONCLUSIONS

In this paper, we present an empirical study of the multi–
wavelength Tully–Fisher relation, taking advantage of spa-
tially resolved Hi kinematics. This study aims to investi-

gate the statistical properties of the TFrs in 12 photomet-
ric bands, using three rotational velocity measures: W i

50

from the global Hi profile, and Vmax and Vflat from high–
quality, spatially–resolved Hi rotation curves. The galaxies
in our sample were selected to have independently measured
Cepheid or/and TRGB distances. This allowed us to cal-
ibrate the TFr with minor distance uncertainties (σdist =
0.07 mag, instead of σdist = 0.41 mag when using Hubble
flow distances).

First, we present a slope–independent perpendicular
scatter (σ⊥) of the TFr, which describes how tight the data
points are spread around the model line. We study the tight-
ness as a function of wavelength for TFrs based on different
rotational velocity measures (Section 6.2). We find that the
tightness σ⊥ of the TFr improves significantly from the blue
to the infrared bands, but it levels off for the near–infrared
bands, with the largest σ⊥ = 0.043 dex in the H–band and
the smallest σ⊥ = 0.036 dex in the 3.6 µm band, using Vflat
as a rotational velocity measure. We find that the latter is
not consistent with a zero intrinsic perpendicular scatter in-
dicating that the measured σ⊥,obs can not be completely
explained by the measurement errors (see Section 6.3). Nev-
ertheless, the TFr based on the 3.6 µm luminosities and
Vflat provides the tightest constraint on theories of galaxy
formation and evolution. Indeed, such a tight correlation be-
tween the 3.6 µm luminosity of a galaxy with the velocity of
the outer most point of the rotation curve suggests an ex-
tremely tight correlation between the mass of the dark mat-
ter halo and its baryonic content. Certainly, 3.6 µm light has
been considered as the best tracer of the total stellar mass
of galaxies which dominates the baryonic mass. However,
many observational studies have shown that not only old
stars, but also hot dust and AGB stars might contribute to
this light, up to 30% in some cases. We have shown that the
observed tightness and scatter of the TFr can be somewhat
reduced if the 3.6 µm light is corrected for non–stellar con-
tamination (see Section 6.3). More studies should be done
to further investigate this effect, using a larger sample of
galaxies for which the decomposition of the light into old
stars and contamination can be performed.

An obvious next step in studying the tightness of the
TFr is to measure the slope, scatter and tightness of the
baryonic TFr (BTFr) and compare this with measurements
derived for the 3.6 µm band. This approach introduces more
uncertainties related to estimating the stellar mass. For in-
stance, Papastergis et al. (2016) found a larger perpendicular
scatter of the BTFr, even though they considered a sample
of heavily gas–dominated galaxies for which uncertainties in
stellar mass are less significant. That study was done using
only W i

50 as a rotational velocity measure. A forthcoming
paper will discuss the statistical properties of the BTFr with
resolved Hi kinematics.

Next, we study the slope of the TFr as a function of
wavelength, using W i

50, Vmax and Vflat (see Section 6.2).
We confirm the results of previous studies (Aaronson et al.
1979; Tully et al. 1982; Verheijen 2001), that the slope of
the TFr steepens toward longer wavelengths by broadening
the study over a wider wavelength range. The steepening of
the slope results from the fact that redder galaxies are much
brighter than bluer galaxies at longer wavelengths. Galaxies
that are bright in the infrared tend to rotate more rapidly.
Therefore, at longer wavelengths the high–mass end of the
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TFr will rise faster than the low–mass end. In addition, we
find that the TFr based on Vflat as a rotational velocity
measure has the steepest slope in every photometric band.
Massive galaxies tend to have declining rotation curves with
Vmax > Vflat (see Section 4.1, Figure 6). If Vflat is used as a
rotation velocity measure, bright galaxies have lower veloci-
ties than when measured with W i

50 and/or Vmax. This differ-
ence reduces the velocity range over which the galaxies are
distributed. This effect steepens the slope of the TFr as well.
Similar results were found by Verheijen (2001) and Noorder-
meer et al. (2007). Moreover, the use of Vflat “straightens”
the TFr and removes a possible curvature in the TFr at the
high–mass end (Neill et al. 2014; Noordermeer & Verheijen
2007).

Subsequently, we discussed the vertical scatter (σ) of
the TFr as a function of wavelength, using three rotational
velocity measures (see Section 6.2). It is well known, that
the vertical scatter of the TFr is strongly dependent on the
slope. Thus, even an intrinsically tight correlation can be
found to have a large vertical scatter if the slope is steep. The
vertical scatter of the TFr is mostly discussed in the context
of determining distances to galaxies. We find the smallest
vertical scatter in the r–band, using W i

50 as a rotational
velocity measure, confirming the result found by Verheijen
(2001). Moreover, we find that the vertical scatter in the
3.6 µm band (σ = 0.39mag) to be lower than previously
reported by Sorce et al. (2012) for the 3.6 µm band (σ =
0.44mag), and by Neill et al. (2014) for the 3.4 µm band
(σ = 0.54 mag). These comparisons are done using W i

50

as a rotational velocity measure. Besides, we find σ to be
smaller when using W i

50 as a velocity measure for the FUV
and optical bands (FUV − z). For the infrared bands (J to
4.5µm), σ is smaller when the TFr is based on Vflat. This
result suggests that σ in the infrared bands is less sensitive
to the slope steepening with Vflat.

We searched for a second parameter that can possibly
help to reduce the vertical scatter of the TFr. We consid-
ered the residuals of the TFrs (∆Mλ–Vflat ) in every band
(see Section 6.4) and find no significant correlations between
the residuals of the TFrs and main galactic properties (SFR,
central surface brightness, outer slope of the rotation curve,
morphological type and i− [3.6] colour, see Figure 14). Even
though the UV bands show hints for correlations between
the residuals and some of the global properties such as SFR
(see Figure 13), no correlations are found in the red bands.
This suggests that these correlations are triggered by differ-
ent stellar populations in early–type and late–type galaxies
of the same UV luminosity and not by the difference in Vflat
governed by the dark matter halo. Lastly, it is important to
mention that we do not find any correlation between the TFr
residuals ∆M[3.6]–W

i
50 and the colour term i − [3.6] (Pear-

son’s coefficient r = 0.1), contrary to the result reported
previously by Sorce et al. (2012).

As was shown by Sorce & Guo (2016), the size of the
sample may have a significant impact on the scatter of the
TFr. Therefore, it is necessary to point out that the limited
size of our sample might contribute to the uncertainties in
the slope, scatter and zero point of the TFrs. However, it is
very expensive to establish a large sample of spiral galaxies
which have both independently measured distances and re-
solved Hi kinematics. Nonetheless, this challenge will be pos-
sible to meet with the Hi imaging surveys that are planned

for new observational facilities, such as Apertif (Verheijen
et al. 2008), MeerKAT (de Blok et al. 2009) and ASKAP
(Johnston et al. 2007), providing resolved Hi kinematics for
many thousands of galaxies.
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APPENDIX A: TFRS FOR THE SDSS
SUBSAMPLE

In this Appendix we present the results for the smaller SDSS
sample. In this subsample we consider only 21 galaxies which
have photometry from all 12 bands. This allows us to com-
pare the slope, scatter and tightness of the TFrs at various
wavelengths for the same number of galaxies. We recall that
the lack of SDSS data for our full sample resulted in this
smaller SDSS subsample. Figure A1 demonstrates the slope,
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Figure A1. Slope, scatter and tightness of the TFr of the SDSS
subsample as a function of wavelength, calculated using different

rotation measures. With black points indicated values measured

for the TFr based on W i
50, with green based on Vmax and with

red based on Vflat.

scatter and tightness of the TFrs for this subsample. Even
though the number of galaxies is smaller, there is no signif-
icant difference in trends compared to results based on the
full sample. Table A1 summarises the measurements for the
reduced TFr sample.

APPENDIX B: TFRS, USING 2.2H
MAGNITUDES

In this Appendix we briefly present the results of the TFrs,
based on magnitudes measured within 2.2 disk scale lengths.
Figure B1 demonstrates the slope, scatter and tightness of
these TFrs. It is clear from the figures, that even though the
trends remain the same, the errors on the scatter and tight-
ness significantly increase. Moreover, usage of magnitudes
measured within 2.2 disk scale lengths did not decrease the
scatter or improve the tightness of the TFrs in comparison
with total magnitudes. Table B1 summarises the measure-
ments for the TFrs, based on 2.2h magnitudes.
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Band Slope (Mag) Scatter (Mag) Tightness σ⊥ (dex)

W i
50 Vmax Vflat W i

50 Vmax Vflat W i
50 Vmax Vflat

FUV -7.65±1.11 -8.73±1.20 -9.89±1.94 0.96±0.38 1.13±0.40 1.17±0.34 0.132±0.091 0.135±0.045 0.125±0.045

NUV -6.44±1.02 -7.39±1.20 -7.82±1.12 0.78±0.47 0.94±0.48 0.86±0.40 0.138±0.097 0.141±0.049 0.129±0.049

u -6.19±0.65 -6.45±0.61 -7.09±0.69 0.43±0.30 0.45±0.29 0.43±0.31 0.094±0.124 0.093±0.062 0.085±0.061
g -6.19±0.33 -6.54±0.59 -7.21±0.63 0.27±0.22 0.34±0.28 0.32±0.29 0.069±0.089 0.072±0.045 0.067±0.047

r -6.74±0.26 -7.11±0.54 -7.83±0.58 0.23±0.19 0.32±0.27 0.30±0.27 0.052±0.060 0.058±0.030 0.053±0.033
i -7.19±0.29 -7.52±0.49 -8.32±0.56 0.25±0.20 0.31±0.25 0.30±0.27 0.042±0.036 0.046±0.018 0.042±0.020

z -7.85±0.42 -8.18±0.55 -9.06±0.63 0.30±0.23 0.33±0.27 0.33±0.29 0.045±0.041 0.046±0.021 0.043±0.020

J -8.14±0.45 -8.51±0.59 -9.44±0.72 0.33±0.32 0.38±0.29 0.39±0.29 0.047±0.043 0.050±0.037 0.047±0.040
H -8.44±0.53 -8.85±0.65 -9.80±0.77 0.36±0.32 0.42±0.30 0.42±0.29 0.044±0.040 0.049±0.035 0.044±0.037

K -8.61±0.54 -9.01±0.66 -10.0±0.81 0.36±0.31 0.42±0.30 0.42±0.29 0.042±0.054 0.047±0.032 0.043±0.034

3.6 -8.32±0.48 -8.67±0.57 -9.62±0.52 0.33±0.30 0.37±0.28 0.37±0.27 0.041±0.049 0.043±0.030 0.040±0.030
4.5 -8.31±0.51 -8.67±0.59 -9.61±0.72 0.34±0.30 0.38±0.29 0.39±0.27 0.042±0.050 0.045±0.030 0.041±0.030

Table A1. The slope, scatter an tightness for the reduced sample. Column (1): band; Column (2)-Column (4): slopes of the TFrs based
on W i

50, Vmax and Vflat, measured in magnitudes; Column (5)-Column(7): scatter of the TFrs based on W i
50, Vmax and Vflat, measured

in magnitudes; Column (8)-Column (10): tightness of the TFrs based on W i
50, Vmax and Vflat, measured in dex;

Band Slope (Mag) Scatter (Mag) Tightness σ⊥ (dex)

W i
50 Vmax Vflat W i

50 Vmax Vflat W i
50 Vmax Vflat

FUV -7.63±1.73 -7.33±1.74 -8.39±2.20 1.13±0.40 1.10±0.40 1.21±0.44 0.143 ± 0.122 0.144 ± 0.061 0.140 ± 0.061

NUV -6.95±1.04 -6.69±1.10 -7.46±1.38 0.90±0.31 0.87±0.32 0.93±0.35 0.125 ± 0.079 0.125 ± 0.039 0.121 ± 0.039

u -7.82±1.38 -7.95±1.11 -8.76±1.27 0.69±0.43 0.65±0.39 0.62±0.41 0.087 ± 0.138 0.082 ± 0.069 0.071 ± 0.069
g -7.17±0.55 -7.38±0.47 -8.21±0.54 0.32±0.27 0.32±0.25 0.31±0.27 0.044 ± 0.055 0.043 ± 0.027 0.038 ± 0.027

r -7.76±0.46 -8.01±0.42 -8.92±0.51 0.28±0.25 0.29±0.24 0.28±0.26 0.046 ± 0.046 0.046 ± 0.023 0.042 ± 0.023

i -8.15±0.54 -8.38±0.47 -9.36±0.59 0.31±0.27 0.30±0.25 0.30±0.28 0.048 ± 0.055 0.046 ± 0.027 0.039 ± 0.027
z -8.58±0.69 -8.81±0.60 -9.85±0.74 0.37±0.31 0.34±0.28 0.36±0.32 0.045 ± 0.086 0.043 ± 0.043 0.042 ± 0.043

J -8.93±0.51 -9.12±0.57 -9.97±0.67 0.38±0.22 0.43±0.23 0.43±0.25 0.048 ± 0.042 0.047 ± 0.021 0.044 ± 0.021
H -8.99±0.56 -9.22±0.67 -9.99±0.61 0.39±0.23 0.46±0.26 0.41±0.24 0.046 ± 0.071 0.051 ± 0.035 0.044 ± 0.035

K -9.38±0.54 -9.61±0.63 -10.46±0.68 0.41±0.22 0.47±0.25 0.45±0.25 0.044 ± 0.045 0.049 ± 0.023 0.043 ± 0.023

3.6 -9.56±0.46 -9.37±0.42 -10.08±0.40 0.42±0.20 0.44±0.19 0.38±0.19 0.043 ± 0.038 0.046 ± 0.019 0.037 ± 0.019
4.5 -9.65±0.53 -9.44±0.43 -10.16±0.41 0.45±0.21 0.46±0.20 0.40±0.19 0.047 ± 0.044 0.048 ± 0.022 0.040 ± 0.022

Table B1. The slope, scatter an tightness for the TFrs, based on 2.2h magnitudes Column (1): band; Column (2)-Column (4): slopes
of the TFrs based on W i

50, Vmax and Vflat, measured in magnitudes; Column (5)-Column(7): scatter of the TFrs based on W i
50, Vmax

and Vflat, measured in magnitudes; Column (8)-Column (10): tightness of the TFrs based on W i
50, Vmax and Vflat, measured in dex;
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Figure B1. Slope, scatter and tightness of the TFr based on mag-
nitudes measured at 2.2h, as a function of wavelength, calculated

using different rotation measures. With black points indicated

values measured for the TFr based on W i
50, with green based on

Vmax and with red based on Vflat.
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