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ABSTRACT

We study the H i K-band Tully-Fisher relation and the baryonic Tully-Fisher relation for a sample of 16 early-type galaxies, taken from
the ATLAS3D sample, which all have very regular H i disks extending well beyond the optical body (>
∼5 Reﬀ ). We use the kinematics
of these disks to estimate the circular velocity at large radii for these galaxies. We find that the Tully-Fisher relation for our early-type
galaxies is oﬀset by about 0.5−0.7 mag from the relation for spiral galaxies, in the sense that early-type galaxies are dimmer for a
given circular velocity. The residuals with respect to the spiral Tully-Fisher relation correlate with estimates of the stellar mass-tolight ratio, suggesting that the oﬀset between the relations is mainly driven by diﬀerences in stellar populations. We also observe
a small oﬀset between our Tully-Fisher relation with the relation derived for the ATLAS3D sample based on CO data representing
the galaxies’ inner regions (<
∼1 Reﬀ ). This indicates that the circular velocities at large radii are systematically 10% lower than those
near 0.5−1 Reﬀ , in line with recent determinations of the shape of the mass profile of early-type galaxies. The baryonic Tully-Fisher
relation of our sample is distinctly tighter than the standard one, in particular when using mass-to-light ratios based on dynamical
models of the stellar kinematics. We find that the early-type galaxies fall on the spiral baryonic Tully-Fisher relation if one assumes
M/LK = 0.54 M /L for the stellar populations of the spirals, a value similar to that found by recent studies of the dynamics of spiral
galaxies. Such a mass-to-light ratio for spiral galaxies would imply that their disks are 60−70% of maximal. Our analysis increases
the range of galaxy morphologies for which the baryonic Tully-Fisher relations holds, strengthening previous claims that it is a more
fundamental scaling relation than the classical Tully-Fisher relation.
Key words. galaxies: kinematics and dynamics – galaxies: elliptical and lenticular, cD

1. Introduction
The Tully-Fisher relation (hereafter, TFR; Tully & Fisher 1977)
is an established fundamental scaling relation for spiral galaxies.
It was originally discovered as a tight correlation between the
width of the integrated H i spectrum and the absolute magnitude,


Member of the International Max Planck Research School (IMPRS)
for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

but is primarily an empirical relation between circular velocity
and luminosity. Explaining the TFR is fundamental for understanding how galaxies form and evolve. Moreover, since luminosity is distance dependent, while circular velocity is not, a historically important application of the TFR is the determination
of distances in the local Universe.
Since its discovery, there has been significant debate about
how to interpret the TFR in terms of more fundamental galaxy
properties such as total stellar mass. For this reason, modern
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TFR studies tend to observe galaxies at infrared wavelengths,
where luminosity is a better tracer of stellar mass. An even
more fundamental relation might exist between the circular velocity and total baryonic mass, the baryonic TFR (Walker 1999;
McGaugh et al. 2000). For example, while the TFR becomes
less-well defined for smaller galaxies (circular velocities below
50 km s−1 ), McGaugh (2012) shows that these systems follow
the same baryonic TFR as brighter ones.
The study of the TFR as a function of galaxy morphological type can clarify to what extent the slope, intercept and scatter of the relation are determined by stellar M/L or shape of
the mass distribution. Earlier studies indicate that early-type spirals are fainter for a given circular velocity than late-type spirals
(Roberts 1978; Russell 2004; Shen et al. 2009). However, this
diﬀerence reduces when stellar population eﬀects are minimised
by considering near-infrared instead of optical photometry (e.g.,
Aaronson & Mould 1983; Noordermeer & Verheijen 2007). One
other important finding is that the shape of the TFR, in particular
whether the TFR exhibits a “kink” towards high circular velocities for more luminous galaxies, depends on how and at which
radius the circular velocities are measured, reflecting systematic
diﬀerences in the shape of the mass distribution and hence of the
rotation curve (Noordermeer & Verheijen 2007; Williams et al.
2010).
Recently, TFR studies have been extended to early-type
galaxies (E and S0, hereafter ETGs). These objects are important because by comparing their TFR to that of spirals we have a
larger “baseline” for investigating how the stellar mass-to-light
ratio and the shape of the total mass distribution influence the
TFR. Bedregal et al. (2006) studied the B- and K-band TFR of
lenticular (S0) galaxies and found that in both bands the TFR for
S0’s lies below the TFR for spiral galaxies (1.2 mag in K-band).
Hence, S0 galaxies rotate faster and/or are dimmer. Williams
et al. (2010) also found an oﬀset based on a study of 14 spirals and 14 S0s using various velocity tracers and estimate it
to be 0.53 mag in the KS -band. Cortesi et al. (2013) performed
a study of the S0 TFR using stellar kinematics from planetary
nebulae spectra and found the S0 TFR to be oﬀset from the spiral TFR by a full magnitude in K-band. Similarly, Rawle et al.
(2013) find an oﬀset in the Ks band between the TFR of spirals
and ETGs in the Coma cluster of about 0.8 mag. Recently, Jaﬀé
et al. (2014) used the ionised gas emission of 24 ETGs to construct a TFR and found that their ETGs are 1.7 mag fainter than
spirals in the B-band.
Until recently, studies of the ETG TFR have been challenging because such galaxies are typically gas-poor compared to
spirals and measuring their circular velocity is less straightforward, in particular at large radii. However, recent surveys, notably the SAURON (de Zeeuw et al. 2002) and the ATLAS3D
projects (Cappellari et al. 2011), have shown that a significant
fraction of ETGs host significant amounts of molecular and
atomic neutral gas, often in the form of a regularly rotating disk
or ring (Morganti et al. 2006; Oosterloo et al. 2010; Young et al.
2011; Serra et al. 2012; Davis et al. 2013; Alatalo et al. 2013).
As part of the ATLAS3D project, Davis et al. (2011) studied
the CO TFR and their most important findings are that in many
ETGs CO can be used as a tracer for the circular velocity of the
flat part of the rotation curve and that the CO TFR is oﬀset from
the TFR for spirals by about 1 mag in K-band. The CO disks
used by Davis et al. (2011) typically extend to about 1 Reﬀ and,
therefore, the TFR in their work reflects the situation for the inner regions of ETGs. As has been found by, e.g., Noordermeer
& Verheijen (2007), the shape of the observed TFR depends on
at which radius the circular velocities are measured, reflecting
A98, page 2 of 11

the fact that the shape of rotation curves varies systematically
with galaxy mass and morphology. Here we take advantage of
the large size of many of the H i discs found by Morganti et al.
(2006), Oosterloo et al. (2010) and Serra et al. (2012) around
ETGs, and study the TFR of these galaxies using circular velocities measured at very large radius (>
∼5Reﬀ ).
This paper is structured as follows. In Sect. 2 we describe
the sample and H i data. In Sect. 3 we discuss the methods used
to estimate the H i circular velocity. In Sect. 4 we present the
H i K-band TFR and a comparison with the CO TFR from Davis
et al. (2011) and with TFRs for spiral galaxies. In Sect. 5 we
present the H i baryonic TFR and in Sect. 6 we summarise our
findings and present the conclusions.

2. Sample and data
This work is based on the data from the ATLAS3D H i survey of ETGs carried out with the Westerbork Synthesis Radio
Telescope (WSRT) by Serra et al. (2012). This survey targeted a
volume-limited sample of 166 morphologically selected ETGs
with distance D < 42 Mpc and brighter than MK = −21.5.
This sample consists of those galaxies of the larger, volumelimited ATLAS3D sample which are observable with the WSRT
and includes the H i data of Morganti et al. (2006) and Oosterloo
et al. (2010). We refer to Cappellari et al. (2011) and Serra
et al. (2012) for more details on the sample selection and on
the H i observations.
Serra et al. (2012) report the detection of H i in 53 ETGs. In
particular, in 34 objects the H i is found to form a rotating disc or
ring with radii varying from a few to tens of kpc (classes d and D
in that paper). These systems exhibit relatively regular H i kinematics (see also Serra et al. 2014 for a discussion of the kinematics of these H i disks) and are therefore the starting point for our
TFR study as these H i disks oﬀer the possibility to derive accurate rotation velocities. A second step in the data selection has
been to perform a harmonic decomposition of the velocity field
of the outer regions of these 34 galaxies using the KINEMETRY
software of Krajnović et al. (2006). The velocity fields used are
those published by Serra et al. (2014). A harmonic decomposition of the velocity field gives information about to what extent
circular rotation dominates the observed kinematics compared
to other, non-circular motions. Our selection criterion was that
the amplitude of the non-circular motions must be less than 10%
of the circular rotation. This eliminates cases where the H i in
the outer regions is not suﬃciently settled in a disk, or galaxies where strong streaming motions due to a bar might aﬀect the
results. Moreover, since we aim to study the TFR using velocities obtained at large radius, we exclude galaxies in which the
H i component is not very extended compared to the optical size.
These criteria reduce the sample of 34 objects by excluding galaxies with signs of interaction (NGC 3619, NGC 5103,
NGC 5173), galaxies with complex H i kinematics (e.g.,
strong warps or non-circular motions; NGC 2594, NGC 2764,
NGC 4036, NGC 5631, UGC 03960, UGC 09519) and galaxies whose H i disc is smaller than or comparable to the stellar body (NGC 3032, NGC 3182, NGC 3414, NGC 3489,
NGC 3499, NGC 4150, NGC 4710, NGC 5422, NGC 5866,
UGC 05408). This leaves us with 15 galaxies. We add to this
sample NGC 2974, which is part of the ATLAS3D sample but
not of the H i survey of Serra et al. (2012) because of its low
declination.
Since we consider only relatively H i-rich galaxies with regular kinematics, we investigate whether this introduces any bias.
In Fig. 1 we show the mass-size relation of the galaxies from
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Fig. 1. Mass-size plane for the galaxies from the sample in this paper
(the red symbols) compared to the full sample from Serra et al. (2012).
Data are taken from Cappellari et al. (2013b) while the definition of the
H i classes is very similar to the one used by Serra et al. (2012): D: large
H i disk (larger than optical body), R large H i ring (larger than optical
body), d: small H i disk (confined within optical body), u: unsettled
(tails, streams), c: scattered H i clouds. The blue, dashed lines give loci
of constant velocity dispersion.

Serra et al. (2012) with the sub-sample selected by us for this
paper indicated (the data are taken from Cappellari et al. 2013b).
One can see that very massive and very small galaxies appear
to be missing from our sub-sample. The main consequence is
that the range of circular velocities over which we can study the
TFR is somewhat limited. Furthermore, Cappellari et al. (2013a)
showed that the bulge-to-disc ratio, which aﬀects the shape of
the rotation curve, changes systematically with velocity dispersion (represented by the blue, dashed lines in Fig. 1). The figure
shows that our TFR sample nearly covers the entire range of velocity dispersion of the full sample. Therefore, we conclude that
our selection has not introduced any major bias.
In order to construct a TFR, we need the H i circular velocities for these 16 galaxies. For NGC 2685 and NGC 2974 we
use the results of Józsa et al. (2009) and Weijmans et al. (2008),
respectively. For the remaining 14 galaxies we use the methods
described in Sect. 3. Since the finite spatial resolution of our observations gives rise to beam-smearing in the inner regions of the
velocity fields, we do not derive complete rotation curves for the
galaxies. Instead, we focus on measuring the circular velocity at
large radius since this is the relevant quantity for our TFR.
For the sample galaxies we adopt the absolute magnitudes
and distances listed in Cappellari et al. (2011). We refer to that
paper for details on the photometry and on the distance estimate
of all galaxies. We assume that the main uncertainties in the
K-band magnitudes, and of the stellar masses we derive from
these magnitudes, are caused by distance uncertainties. We estimate these from the average deviation of redshift distances from
the NED-D redshift-independent distances1 which we find to be
approximately 21 percent. This implies an uncertainty in the absolute magnitudes of 0.41 mag.

3. Methods
An important aspect of the TFR is what quantity should be used
as velocity. Historically, the TFR has been constructed using
1

http://nedwww.ipac.caltech.edu/Library/Distances/

the width of the integrated H i spectrum. However, more recent studies tend to use directly the circular velocity, which can
be estimated using a variety of methods including H i, CO and
Hα resolved rotation curves (e.g., Verheijen 2001; Davis et al.
2011; McGaugh et al. 2001), planetary nebulae (Cortesi et al.
2013) or dynamical modelling (Williams et al. 2009). These different methods may result in estimates of the circular velocity
at diﬀerent points along the rotation curve, and it is important
to check that independent methods deliver consistent results.
Recent analyses have indeed highlighted the importance of the
rotation curve shape for TFR studies (Noordermeer & Verheijen
2007). We reiterate that in this paper we focus on circular velocities for radii much larger than the optical size of the galaxies.
To estimate the H i circular velocity, we start by analysing
the moment-1 velocity fields produced by the WSRT data reduction pipeline described in Serra et al. (2012) and that are shown
in Serra et al. (2014). However, these velocity fields do not always represent the H i kinematics accurately, in particular for
objects with a projected size small enough to suﬀer from beamsmearing or for galaxies where the outer disk is significantly
warped. For these objects we attempt to take beam-smearing effects into account by analysing the H i data cube directly. Which
technique we have used for which galaxy is indicated in Table 1.
We discuss the analysis procedure applied to velocity fields and
to H i cubes in Sects. 3.1 and 3.2, respectively. Table 1 lists the
resulting circular velocity of all galaxies in our sample. As mentioned in Sect. 2, given the size of the H i beam relative to the
extent of the galaxies, we do not attempt to derive complete rotation curves covering all radii. To construct the TFR, we focus on
deriving a single circular velocity for the outermost point of the
rotation curve. The radius at which we were able to determine
this velocity diﬀers from galaxy to galaxy and ranges from 8 to
28 kpc (15 kpc on average) or R/Reﬀ from 3.4 to 13.7 (7.3 on
average).
3.1. Velocity field analysis

For galaxies for which the H i is well resolved, we derive the
H i circular velocity at large radius by fitting tilted-ring models to
the velocity field (Begeman 1987) using the rotcur task in the
GIPSY package (van der Hulst et al. 1992). This task performs a
least-square fit to the velocity field by modelling the galaxy as
a set of rings with increasing radius while varying the following
parameters of each ring: centre, systemic velocity, inclination,
position angle and circular velocity. We adopt a spacing between
the rings equal to the H i beam size. As starting parameters for
the fitting, the inclination is based on the axis ratio of the H i column density map, while the initial position angle, circular- and
systemic velocities are estimated by using position-velocity diagrams. In the fitting we used the following strategy. Firstly, we
vary only the coordinates of the centre for all rings together and
then fix them for the rest of the fitting procedure. Secondly, we
fit all parameters and fix the systemic velocity of subsequent fits
to one value for all rings based on this fit. Finally, we solve for
the inclination, position angle and circular velocity (vcirc ) for the
outer rings.
The uncertainty in the circular velocity is largely determined
by the error in the inclination. It is therefore important to estimate the latter. To be able to assess the accuracy of the bestfitting parameters we follow a two-step strategy. First, we fit, for
each ring, higher order harmonic terms to the velocity field:

v(R, θ) = vsys +
ck (R) cos kθ + sk (R) sin kθ,
(1)
k
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Table 1. Data relevant for the TFRs discussed in this paper.
ID
(1)
NGC 2685
NGC 2824
NGC 2859
NGC 2974
NGC 3522
NGC 3626
NGC 3838
NGC 3941
NGC 3945
NGC 3998
NGC 4203
NGC 4262
NGC 4278
NGC 5582
NGC 6798
UGC 6176

D
(Mpc)
(2)
16.7
40.7
27
20.9
25.5
19.5
23.5
11.9
23.2
13.7
14.7
15.4
15.6
27.7
37.5
40.1

Method
(3)
c
c
v
v
v
v
c
v
v
v
c
v
v
v
v
v

i
(deg)
(4)
65
65
35
60
41
54
66
57
57
66
30
67
45
50
52
47

Δi
(deg)
(5)
4
8
5
2
2
1
8
1
–5, +1
2
3
–8, +1
–2, +5
2
2
–2, +6

vcirc
(km s−1 )
(6)
144
162
215
310
121
169
159
148
237
246
197
198
256
258
190
144

Δvcirc
(km s−1 )
(7)
10
10
41
10
8
8
14
8
13
20
35
10
26
10
8
14

log MHI
(M )
(8)
9.33
7.59
8.46
8.74
8.47
8.94
8.38
8.73
8.85
8.45
9.15
8.69
8.80
9.65
9.38
9.02

log Lr
L
(9)
9.857
9.889
10.404
10.152
9.600
10.102
9.772
9.940
10.394
9.967
10.067
9.726
10.247
10.140
10.028
9.751

log M/LJAM
r
M /Lr
(10)
0.455
0.628
0.568
0.981
0.705
0.437
0.589
0.400
0.628
0.971
0.537
0.753
0.829
0.722
0.660
0.685

log M/LSFH
r
M /Lr
(11)
0.620
0.343
0.732
0.787
0.648
0.261
0.694
0.693
0.760
0.818
0.827
0.782
0.846
0.752
0.684
0.328

Notes. List of the galaxies where the circular velocities at large radii are derived from the H i kinematics. Column (1): the name is the galaxy
designation. Column (2): galaxy distance as listed in Cappellari et al. (2011). Column (3): c indicates that the circular velocity is based on an
analysis of the full data cube, whereas v indicates a velocity-field based circular velocity. Columns (4) and (5): inclination angle and uncertainty.
Columns (6) and (7): circular velocity and uncertainty. Column (8): H i-mass (from Serra et al. 2012). Columns (9): r-band luminosity (from
Cappellari et al. 2013b). Column (10): r-band mass-to-light ratios from stellar dynamics (from Cappellari et al. 2013b) and Col. (11): r-band
mass-to-light ratios from star formation histories (from Cappellari et al. 2013a).

where vsys is the systemic velocity, ck (R) and sk (R) are the harmonic amplitudes of order k and θ is the azimuthal angle in the
plane of the galaxy and vcirc = c1 /sin i. We use the first four orders of this expansion. This fit is performed using the routine
reswri from the GIPSY package (Schoenmakers et al. 1997).
Following Franx et al. (1994), we use the fact that an error in
the inclination angle can be directly related to the c3 -term. We
make use of this by estimating the error in the inclination by
constructing velocity fields for the outer rings for a range of inclinations around the value obtained from the tilted-ring fit and
see for which inclinations we detect a non-zero c3 term in the
diﬀerence between the observed and model velocity field.
Summarising our method, we first fit a regular tilted-ring
model to estimate the rings’ centre, systemic velocity, position
angle and inclination as described above. We then use these
values as input for the harmonic decomposition, which we run
multiple times on the residual velocity fields that we derive by
varying each time the inclination of the corresponding model
velocity field in steps of 1 deg. From these harmonic decompositions, we derive the function c3 (i) to determine the uncertainty
on inclination.
We illustrate this technique showing its application to the velocity field of NGC 3941. This galaxy hosts an H i ring which is
well resolved, as shown in Fig. 2. The best-fitting parameters resulting from a tilted-ring fit of the outer rings are i = 57 deg and
vrot = 148 km s−1 . Figure 3 shows the value of c3 as a function
of inclination oﬀset from the best fitting inclination of 57 deg
and has, of course, its minimum at the best-fitting inclination.
The task reswri returns an error bar σ3 on c3 . We define the
uncertainty on i as the interval Δi within which c3 is equal to
its minimum value within one σ3 . The horizontal line in Fig. 3
represents this definition and, in this case, returns an error on i
of ±1 deg.
We can now use this result to estimate the uncertainty on
the circular velocity. In this case, running rotcur again at fixed
inclinations 56 deg and 58 deg respectively, and solving for the
A98, page 4 of 11

circular velocity, yields a change of ±3 km s−1 on the latter. In
fact, in cases like this we prefer to assign a conservative estimate
of ±8 km s−1 to the vcirc uncertainty, corresponding to about half
the velocity resolution.
3.2. Model data cubes

For poorly-resolved galaxies, or galaxies with a significantly
warped disk, beam-smearing persists even in the outer regions
and we model the full H i data cube instead of the velocity field
(NGC 2824, NGC 3838, NGC 4203). In these cases we therefore
perform a tilted-ring analysis using the TiRiFiC software (Józsa
et al. 2007)2 which is specifically designed to take beam smearing eﬀects into account. Our goal is not to construct a perfectly
matching kinematical model of the entire galaxy, but rather to
construct simple models to constrain the inclination and circular
velocity of the galaxy for the outermost points of the rotation
curve. Since the TiRiFiC opitimiser is sensitive to local χ2 minima, accurate initial guess values are required for the parameters.
The starting values for the fit are chosen analogous to Sect. 3.1.
After setting the initial parameters, we fix some parameters and
fitting only a few parameters at a time. This procedure is done
iteratively until a stable solution emerges. For simplicity, and
considering the limited scope of our fitting (i.e., focus on the
outermost point of the rotation curve), we fit position angle and
inclination as being constant with radius if no strong warp is
present. In the case of NGC 4203, however, a warp is present
and this warp is modelled as a linear function in inclination and
position angle.
Although the velocity fields do not allow for a direct derivation of the tilted-ring parameters for poorly resolved galaxies,
we can still use them to estimate the uncertainties on the inclination angle derived from the data cube and therefore the uncertainty on the circular velocity. In practice, the uncertainty on vcirc
2

http://gigjozsa.github.io/tirific/
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Fig. 2. Left: NGC 3941 column density map. The contours are 0.5, 1, 2, 4 × 1020 cm−2 . The ellipse on the bottom-left describes the beam shape.
Right: first-moment velocity field. The contours range from 780 to 1080 km s−1 with 30 km s−1 steps. The overlaid ellipse describes the model
geometry (kinematic centre, position angle, inclination and radius). The ellipse on the bottom-left describes the beam shape.

harmonic decomposition of the velocity field will not yield any
reliable results. Using fits to the data cube, we find a best fitting inclination and circular velocity of 66 deg and 159 km s−1 ,
respectively. We derive the uncertainty on the latter value by
building a number of H i velocity fields for a range of inclination values around the best-fitting one (changing inclination in
steps of 1 deg). We estimate by eye the acceptable range of inclination, which in this case is ±8 deg. Finally, we again generate
a model data cube having fixed the inclination at the boundaries
of this interval and obtain an uncertainty on the circular velocity of ±16 km s−1 . Figure 5 shows a comparison of the observed
position-velocity diagram with the one based on the model.

4. The H I K-band Tully-Fisher relation of early-type
galaxies

Fig. 3. NGC 3941 inclination angle oﬀset versus c3 -amplitude. The horizontal line describes the c3 (bestfit) + Δc3 (bestfit), where Δc3 is the
1σ uncertainty of the c3 -term. Since the minimum occurs at the bestfitting inclination angle, and any oﬀset from the best-fitting inclination gives rise to a c3 amplitude, the inclination can be confidently
constrained.

is constrained by deriving a set of model velocity fields using
the GIPSY-task velfi with inclinations oﬀset from the bestfitting inclination angle. By inspecting the iso-velocity contours
of these velocity fields, we estimate a confidence interval for the
inclination and from this we estimate the uncertainty on vcirc .
We illustrate this method showing its application to
NGC 3838. The H i in NGC 3838 is faint and not well resolved
by the WSRT beam, causing a large uncertainty in the intensityweighted velocity. Figure 4 shows the column density map. The
ring as reported by Serra et al. (2012) is not resolved along the
minor axis and therefore a basic rotcur tilted-ring fit and a

In this section we discuss the K-band TFR of ETGs, compare it
to the one derived using CO kinematics by Davis et al. (2011)
and compare our results to the TFR of spiral galaxies. The relevant data used are summarised in Table 1.
Figure 6 shows the H i TFR as found from our data. For
comparison, the figure includes the early-type galaxies whose
circular velocity is estimated using planetary nebulae by Cortesi
et al. (2013). Although we do not use these galaxies in the formal TFR fits below, the figure shows that the two samples are
fully consistent.
We determine the parameters of the TFR by fitting a relation
of the form


MK = a log W − 2.6 + b
(2)
to our data. We perform such fits a number of times with different constraints using a weighted least-square fit of the inverse
relation using the MPFITEXY package of Williams et al. (2010),
which depends on the MPFIT-package (Markwardt 2009). We
list the results in Table 2. Table 2 shows that the scatter around
the unconstrained fit is only slightly larger than expected from
A98, page 5 of 11
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Fig. 4. Left: NGC 3838 column density map. The contours are 5, 10 × 1019 cm−2 . The ellipse on the bottom-right describes the beam shape. Right:
first-moment velocity field. The contours range from 1100 to 1450 km s−1 with 20 km s−1 steps. The ellipse on the bottom-left describes the beam
shape.

Fig. 5. NGC 3838 position-velocity diagram. The blue contour corresponds to the observation and the red contour to the model. In both
cases, the countour level is at 0.8 mJy beam−1 , which is approximately
the 2σ noise level of the data cube.

errors in the data (mainly distance errors). We also find that the
slope a and intercept b are not well constrained by such a fit. This
is because the correlation ρ between the points is only modest –
the un-weighted correlation coeﬃcient is 0.74. Therefore, to be
able to make a better comparison with other published TFRs, we
have also performed fits where we have constrained the slope to
that of other published TFRs.
A98, page 6 of 11

Fig. 6. H i Tully-Fisher relation for our 16 galaxies (red circles; W =
2vcirc ). The black symbols give the data based on planetary nebulae from
Cortesi et al. (2013) for comparison. The CO TFR of Davis et al. (2011)
is given by the drawn line. The dashed line gives the Tully & Pierce
(2000) K-band TFR for spiral galaxies.

4.1. Comparison to the CO K-band TFR

We start by comparing the H i K-band TFR of ETGs to the analogous CO relation from Davis et al. (2011). This may be interesting because, since the typical CO disk extends only to about
1 Reﬀ while our H i data extends much further, it allows to compare the TFR valid for the inner regions of ETGs with the one of
the entire galaxy. This, in turn, may tell us something about the
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Table 2. Parameters of the H i K-band and baryonic TFR.
TFR
K-band
unconstrained
slope fixed
slope fixed
slope fixed
slope fixed
Baryonic
unconstrained (JAM)
unconstrained (SFH)
slope fixed (JAM)
slope fixed (SFH)
slope fixed (JAM)

Slope a

Intercept b

σ

ρ

−4.67 ± 0.99
−8.38 (CO)
−8.78 (TP00)
−9.13 (WBC10)
−9.64 (NV07)

−23.25 ± 0.12
−23.31 ± 0.17
−23.32 ± 0.18
−23.32 ± 0.19
−23.33 ± 0.20

0.43
0.67
0.69
0.72
0.77

0.74

2.38 ± 0.25
2.51 ± 0.42
3.36 (NV07)
3.36 (NV07)
3.84 (McG12)

10.71 ± 0.03
10.71 ± 0.05
10.72 ± 0.04
10.72 ± 0.06
10.73 ± 0.05

0.24
0.47
0.39
0.57
0.50

0.94
0.80

Notes. The rows in the table present the best-fitting parameters for the K-band TFR (all inverse fits) and the JAM baryonic TFR for the 16 galaxies
in Table 1. The slopes without uncertainties correspond to the cases where the slope has been fixed to a reference TFR: CO: Davis et al. (2011),
TP00: Tully & Pierce (2000), WBC10: Williams et al. (2010), NV07: Noordermeer & Verheijen (2007) and McG: McGaugh (2012). The scatter σ
in mass of the baryonic TFR has been converted into magnitudes by multiplying by 2.5. The last column gives the correlation coeﬃcient of the
data.

CO, to the outer regions, where it is traced by H i. Cappellari
et al. (2015) recently found that the mass profiles of a sample
of 14 ETGs can be well described by a nearly isothermal power
law ρtot ∝ r−γ with an average logarithmic slope γ = 2.19 with
remarkable small scatter in γ. The small decrease in circular velocity we observe is consistent with such mass profiles. We will
explore the mass profiles of our sample galaxies, combining the
ATLAS3D data on the stellar kinematics with our H i data, in
more detail in a future paper (Serra et al., in prep.).
4.2. Comparison to the K-band TFR for spirals

Fig. 7. Our data (red symbols) compared with the TFR derived by
Noordermeer & Verheijen (2007) using the asymptotic circular velocities (black symbols).

shape of the mass distribution. In Davis et al. (2011), a number
of TFR relations are derived using diﬀerent samples and methods. Here we compare our data to their “hybrid” TFR, which is
based on the largest sample of galaxies for which either singledish or interferometric CO data suggest that the molecular gas
has reached the flat part of the rotation curve.
We investigate a potential oﬀset between H i and CO TFR
by keeping the slope a fixed to the CO value of −8.38. The resulting intercept is b = −23.31 ± 0.17 (Table 2), to be compared
with the CO value of −23.12 ± 0.09. Therefore, the diﬀerence
between CO- and H i TFR intercept is constrained to be between
+0.45 and −0.07. At fixed MK , this corresponds to a ratio of
H i to CO circular velocity between 0.88 and 1.02. Therefore,
the circular velocity of a typical ETG decreases between 0 and
10 percent when going from 0.5−1 Reﬀ , where it is traced by

Another interesting exercise is to compare our data with the TFR
found for later-type galaxies. Davis et al. (2011) reported an oﬀset between their CO TFR for ETGs of the ATLAS3D sample
with the one for spiral galaxies in the sense that for a given circular velocity, ETGs are fainter. Our data also indicate such an
oﬀset (Fig. 6). However, since our H i TFR for early-type galaxies is slightly oﬀset from the one based on CO data in the other
direction, the oﬀset from the spiral relation is somewhat smaller.
If we fit a relation with the slope fixed to that of the TFR found
for spiral galaxies by Tully & Pierce (2000), we find an oﬀset
from their relation of 0.70 mag, compared to 0.93 mag found
found by Davis et al. (2011). We therefore find a shift between
the relations of about 0.2 mag.
We can also compare our results with those of Williams et al.
(2010), who studied an ensemble of 14 S0 and 14 spiral galaxies
and found their S0 TFR to be 0.5 mag below their spiral TFR.
A fit to our data fixing the slope to that found by Williams et al.
(2010) gives a 0.25 mag oﬀset from their sample of spirals.
Finally, Noordermeer & Verheijen (2007) study the K-band
TFR of massive spirals. Noordermeer & Verheijen find a K-band
TFR of the form MK = (−9.64 ± 0.25)(log W − 2.6) + (−23.95 ±
0.04). A fit to our data with the slope fixed to the slope found by
Noordermeer & Verheijen (2007; see Table 2) shows an oﬀset of
0.62 mag.
Our analysis appears to confirm a zero-point oﬀset of the
K-band ETG TFR with respect to the TFR for spirals of about
0.5−0.7 mag. Davis et al. (2011) suggested that a simple fading
mechanism (see e.g. Dressler 1980) combined with low levels of
residual star formation (as implied by the presence of molecular
gas) would explain such an oﬀset. Williams et al. (2010) remark
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Fig. 8. Residual (in magnitude) of our galaxies from the TFR published by Noordermeer & Verheijen (2007) as function of mass-to-light
ratio (r band) derived by Cappellari et al. (2013b) using dynamical
modelling.

Fig. 9. Residual magnitudes with respect to the CO TFR from Davis
et al. (2011) as function of M/LJAM . The dashed line indicates how a
20% distance error moves an object in the plot. Such an error corresponds to an error in absolute magnitude of about 0.4 mag and of 0.07
in log M/LJAM .

that a diﬀerence in size between ETGs and spirals could provide
an alternative explanations for the oﬀset. Their work showed that
an oﬀset between their S0 TFR and spiral TFR is also present
in the dynamical mass TFR. Dynamical mass scales as rv2circ ,
where r is some characteristic radius. Therefore, if ETGs were
more concentrated than spirals, an oﬀset would occur between
the relations for these two types of galaxies. Below we show that
no significant oﬀset is present in the baryonic TFR, suggesting
that the diﬀerences in mass distribution do not play an important
role.
In interpreting these numbers, one should take into account
that the various studies use velocities measured in diﬀerent
ways and for diﬀerent regions of the galaxies. For example, the
Williams et al. (2010) analysis refers to the central regions while
that of Noordermeer & Verheijen (2007) uses H i circular velocities at large radius and is more similar to ours. In this respect, it is
interesting to note that Noordermeer & Verheijen (2007) found
that, depending on which velocity measure they used, there is a
subset of massive spiral galaxies rotating “too fast” (or equivalently, that are “too dim”), causing a “kink” or a change of slope
in the relation. This eﬀect is smallest for their sample if they use
the circular velocity derived for large radius as opposed to one
based on the maximum velocity more representative for the inner regions. They interpret this as an indication that the shape
of the rotation curve changes systematically with mass in the
sense that more massive galaxies tend to have a rotation curve
that is slightly declining while it is more flat for less massive
spirals. Above we found evidence that the rotation curves of our
early-type galaxies are behaving similarly to the massive spiral
galaxies of Noordermeer & Verheijen (2007).
Figure 7 shows the Noordermeer & Verheijen (2007) data
for spiral galaxies, based on the asymptotic velocity, compared
to our data for the ATLAS3D galaxies. Our galaxies still show
an oﬀset to fainter magnitudes despite the fact that we also use
the circular velocity at large radius so the eﬀects of decreasing

circular velocities should be largely taken out. This suggests that
diﬀerences in stellar population are the main cause for the observed oﬀsets.
To further investigate this, we note that Fig. 7, as well as the
results given in Table 2, show that the slope of the TFR for ETGs
is flatter than that of later-type galaxies, pointing to some systematic eﬀect. Figure 8 shows the oﬀset of our galaxies from the
TFR of Noordermeer & Verheijen (2007) as a function of the rband mass-to-light ratio derived by Cappellari et al. (2013b) using dynamical modelling of the observed stellar kinematics (see
below). There is a clear trend visible in this figure, which underlines that diﬀerences in stellar populations play a major role
when comparing the TFRs of early-type and late-type galaxies
and that a more accurate scaling relation, based on mass instead
of light, exists.
This is also suggested by Fig. 9 where we plot the residual
(in magnitude) of our galaxies from the CO TFR as function of
the M/L as in Fig. 9. It is clear that also here a systematic trend
is present, albeit with a diﬀerent slope than in Fig. 8 due to the
fact that the CO TFR of Davis et al. (2011) has a flatter slope
than the TFR given by Noordermeer & Verheijen (2007). The
fact that a correlation exists between the oﬀset from the TFR
and the M/L of the stellar population suggests that the scaling
relation between baryonic mass and circular velocity will have
smaller scatter than the one involving light and circular velocity.
Before we investigate this, one should note, however, that
both the absolute magnitude as well as M/LJAM are distant dependent quantities and therefore both suﬀer from distance errors
which could, in principle, cause a correlation of the kind seen
in Fig. 9. In fact, the absolute magnitude depends on D2 while
M/LJAM depends on D−1 . In Fig. 9 is indicated, with the dashed
line, how distance errors would move data points through the
figure. Figure 9 shows that the data points follow a similar slope
as would be expected from distance errors, but that the observed
spread is much larger than expected from the errors in distance
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Fig. 10. Baryonic TFR derived using dynamically determined M/L’s (left) and M/L’s derived from modelling the star formation history (right).

for our sample galaxies. If the observed spread would be entirely
due to distance errors, it would imply that the distances are uncertain up to a factor 2 which is much larger than the typical
∼20% distance error estimated in Sect. 2 (see also Cappellari
et al. 2011).

5. The baryonic TFR of early-type galaxies
The TFR is an empirical relation between circular velocity and
luminosity which may result from a more fundamental relation
between galaxy properties. In this context, a number of authors
have investigated the existence of a baryonic TFR, where total baryonic mass replaces luminosity (see e.g. McGaugh et al.
2000; McGaugh 2012). It has been suggested that the baryonic
TFR is a more fundamental relation since it appears to have less
scatter than the classical TFR (see e.g. Gurovich et al. 2004;
Begum et al. 2008; Noordermeer & Verheijen 2007; Zaritsky
et al. 2014). Almost all earlier studies of the baryonic TFR have
focussed on spiral galaxies. If, as we concluded in the previous
Section, systematic diﬀerences in stellar population are important for explaining systematic trends in the residuals of ETGs
from the standard TFR, it is interesting to include early-type
galaxies when considering the baryonic TFR.
We compute the baryonic mass of a galaxy as the sum of
the cold-gas mass and the stellar mass, although for our sample
galaxies, the stellar mass is the dominant contribution; e.g., the
H i-to-stellar mass ratio ranges between 0.1 to 8% (2.2% on average). The atomic gas mass is computed as the H i mass given
in Serra et al. (2012), multiplied by a factor of 1.4 to take into
account the presence of helium and metals. Moreover we add
the mass of the molecular component from Young et al. (2011),
which is also only a very small contribution.
Stellar masses are calculated using the r-band luminosities
from Cappellari et al. (2013b) and multiplying them with a massto-light ratio M/Lr . We consider two diﬀerent estimates of this
ratio: firstly, the mass-to-light ratios resulting from JAM modelling of the stellar kinematics, derived for the full ATLAS3D
sample by Cappellari et al. (2013b) where we use their results from the self-consistent JAM models (their model A).

The second set of mass-to-light ratios we use are based on the
star-formation histories (SFHs) derived using a Salpeter IMF
(Cappellari et al. 2013a). Note that Cappellari et al. (2012),
based on a comparison of these sets of mass-to-light ratios,
found that there are systematic variations in the IMF among
early-type galaxies and that assuming a Saltpeter IMF for all
galaxies will lead to systematic eﬀects in the estimates of the
galaxy masses.
Figure 10 shows the baryonic TFRs derived for the two
diﬀerent sets of mass-to-light ratios, and Table 2 shows the parameters of the best-fitting relations for 3 diﬀerent sets of assumptions. The baryonic relation derived using the dynamically
determined M/LJAM shows less scatter than the one based on the
M/L derived from modelling the star formation histories of the
galaxies. In addition, the scatter in the SFH based baryonic TFR
is very similar (when converted to optical magnitudes) to that
of the standard TFR while the scatter in the JAM-based TFR is
significantly smaller. Both these features are exactly what is expected if the underlying baryonic TFR is tight while the main
sources of scatter are the uncertainties in the distances to the
galaxies. Given that M/LSFH is distance independent, whereas
M/LJAM has a D−1 distance dependence, the errors on the masses
using M/LSFH vary as D2 whereas those on the masses using
M/LJAM vary only linearly with D. Therefore a 20% distance
error implies a typical uncertainty of ∼0.17 dex on log Mbar,SFH
(or of 0.43 when converted to magnitudes, as in Table 2) and
of ∼0.09 dex on log Mbar,JAM (or 0.23 when converted to magnitudes). The observed scatter of the baryonic TFRs of our sample
is only slightly larger than these estimates. Given that the galaxy
masses based on M/LJAM suﬀer less from distance errors, and
also that they suﬀer less from systematic errors than masses derived using M/LSFH , in the following we only further consider
the baryonic masses using M/LJAM .
Table 2 gives the results of fits, of the form
log Mbar = a (log W − 2.6) + b,
to our data for a number of cases. This table shows that, if both
the slope a and the intercept b both are free parameters, the slope
is flatter than that of the baryonic TFR for spiral galaxies derived
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Fig. 11. Baryonic TFR where the galaxy masses for our sample galaxies are estimated using M/LJAM . The red symbols represent our ATLAS3D
sample, the black symbols are the data from Noordermeer & Verheijen (2007), while the open symbols show the data from McGaugh (2012) for
gas-dominated galaxies. For the data from Noordermeer & Verheijen (2007) in the left-hand panel M/LK = 0.8 M /L was used, as in the original
Noordermeer & Verheijen (2007) paper, while in the right-hand panel M/LK = 0.54 M /L was used. The scaling of the lefthand figure is the
same as that of Fig. 7 to facilitate easy comparison.

by Noordermeer & Verheijen (2007) and McGaugh (2012), although, given the small sample size and the limited range in
log W covered by our sample, this result is somewhat uncertain.
In Fig. 11 we compare the baryonic TFR with that derived
by Noordermeer & Verheijen (2007) for their sample of massive spiral galaxies. In deriving baryonic masses, they assumed,
in a quite diﬀerent approach to what we have chosen, a fixed
M/LK = 0.8 M /L for all galaxies in their sample, a value
motivated by the maximum-disk scenario. Despite the diﬀerent
approaches, a comparison of Fig. 11 with Fig. 7 shows that our
early-type galaxies lie much closer to the spiral baryonic TFR
of Noordermeer & Verheijen (2007) than they do to the standard TFR of Noordermeer & Verheijen (2007). When we fit our
baryonic TFRs with the same slope as found by Noordermeer
& Verheijen (2007) for their relation, we find an intercept of
10.71 ± 0.03 compared to 10.88 ± 0.02 for Noordermeer &
Verheijen (2007) sample. This implies an oﬀset between the
baryonic TFR of spirals and of ETGs of about 0.17 ± 0.04 dex
in mass, or when expressed as magnitudes, it is 0.43 mag (compared to 0.62 mag for the standard TFR). Recent work has suggested that the disks of spiral galaxies are not maximal (e.g.,
Bershady et al. 2010; Martinsson et al. 2013; McGaugh &
Schombert 2015) so this oﬀset may simply reflect that using
M/LK = 0.8 M /L overestimates the stellar masses of spiral
galaxies. Transforming the oﬀset between our baryonic TFR and
the one of Noordermeer & Verheijen (2007) into a reduction of
M/LK suggests that one should lower this quantity with a factor 0.67 so that M/LK = 0.54 M /L would be a more appropriate value for spiral galaxies, in line with the results of some
recent work (e.g. Bershady et al. 2010; Martinsson et al. 2013;
McGaugh & Schombert 2015).
In the right-hand panel of Fig. 11 we explore how our results compare to the baryonic TFR for low-mass, gas-rich galaxies. We compare our data with the baryonic TFR presented
by McGaugh (2012). This latter sample consists of particularly gas-rich galaxies (Mgas > Mstar ) to minimise the influence
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of errors in the assumed the stellar mass-to-light ratios which
have been estimated by McGaugh (2012) using a Kroupa initial mass function. In the right-hand panel of Fig. 11 we also
include the data from Noordermeer & Verheijen (2007) where
we now assumed a fixed M/LK = 0.54 M /L for all their
galaxies. Figure 11 shows that, despite the diﬀerent methods
used for computing stellar masses, the combined dataset produces a well-defined baryonic TFR that seems to be valid for
small gas-rich galaxies, massive spiral galaxies as well as earlytype galaxies. McGaugh (2012) fitted a relation of the form
log Mbar = 3.82 (log W − 2.6) + 10.79. When we fit a baryonic TFR with the same slope to our data (Table 2) we find a
small, but not very significant oﬀset, of 0.06 ± 0.06 dex for our
galaxies. This is quite diﬀerent from the situation for the standard TFR where the early-type galaxies lie clearly oﬀset from
the spiral TFR. The well-defined baryonic TFR shows that the
oﬀsets from the standard TFR are due to diﬀerent stellar populations between the two classes of galaxies and that the fundamental relation is more likely to be the baryonic TFR.

6. Conclusions
We study the H i K-band TFR and the baryonic TFR of a sample of 16 ETGs taken from the ATLAS3D sample which all have
very regular H i disks that extend well beyond the optical body
(>
∼5 Reﬀ ). We use the kinematics of these disks to estimate the
circular velocity at large radius for these galaxies. For galaxies
that are suﬃciently well resolved spatially, we use the velocity
fields, including a harmonic analysis, to find the best-fitting vrot
for the outermost point of the rotation curve. In three other cases,
we model the full data cube in order to derive the kinematical information of the galaxy, and in two additional cases, we use kinematical data from the literature. We use these circular velocities
to construct the traditional K-band TFR as well as the baryonic
TFR. In the case of the baryonic TFR, we use both mass-to-light
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ratios derived from stellar kinematics and from star formation
histories. We find the following:
1. Comparison with published TFRs derived for samples of spiral galaxies suggests that the TFR for ETGs is oﬀset by about
0.5−0.7 mag in the sense that early-type galaxies are dimmer
for a given circular velocity. The residuals from the standard
TFR correlate with estimates of the M/L of the stellar populations, suggesting that the oﬀset is mainly driven by diﬀerences in stellar populations.
2. There is a small oﬀset between the TFR derived from circular
velocities at large radius from our H i data with the relation
derived for the ATLAS3D sample using CO data covering the
galaxies’ inner regions (<
∼1 Reﬀ ). This oﬀset suggests that
the circular velocities at large radius are about 10% lower
than the CO circular velocities near 1 Reﬀ . Such a decrease
is consistent with recent determinations of the shape of the
mass profiles of ETGs (Cappellari et al. 2015).
3. The baryonic TFR is distinctly tighter than the standard TFR,
in particular when using the mass-to-light ratios based on dynamical models. In both cases the scatter is mainly due to
distance uncertainties. From the oﬀset we find between our
baryonic TFR with that of Noordermeer & Verheijen (2007)
derived for spiral galaxies, we find that the ETGs fall on the
spiral baryonic TFR if one assumes M/LK = 0.54 M /L
for the stellar populations of the spirals. Such a value would
imply that the disks of spiral galaxies are about 60−70%
of maximal, as is also found by other recent studies of
the dynamics of spiral galaxies (e.g. Bershady et al. 2010;
Martinsson et al. 2013; McGaugh & Schombert 2015). The
galaxies of our sample also fall on the baryonic TFR derived for gas-dominated, late-type, lower-mass galaxies. The
fact that there is no significant oﬀset between the baryonic
TFRs of spirals and ETGs suggests that the diﬀerences in
concentration of the mass distributions of these two types
of galaxies have little eﬀect on the baryonic TFR. Our analysis increases the range of galaxy morphologies for which
the baryonic TFR holds, strengthening previous claims that
this is a more fundamental scaling relation than the classical
relation.
Acknowledgements. Milan den Heijer was supported for this research through
a stipend from the International Max Planck Research School (IMPRS) for
Astronomy and Astrophysics at the Universities of Bonn and Cologne. Jürgen
Kerp and Milan den Heijer thank the Deutsche Forschungsgemeinschaft (DFG)
for support on the grants KE 757/7-2 and KE 757/9-1. M.C. acknowledges
support from a Royal Society University Research Fellowship. This work was
supported by the rolling grants “Astrophysics at Oxford” PP/E001114/1 and
ST/H002456/1 and visitors grants PPA/V/S/2002/00553, PP/E001564/1 and
ST/H504862/1 from the UK Research Councils. T.A.D. acknowledges the support provided by an ESO fellowship. T.N. acknowledges support from the
DFG Cluster of Excellence “Origin and Structure of the Universe”. A.W. acknowledges support of a Leverhulme Trust Early Career Fellowship. The
research leading to these results has received funding from the European
Community’s Seventh Framework Programme (/FP7/2007-2013/) under grant
agreement No. 229517. The authors acknowledge financial support from ESO.

References
Aaronson, M., & Mould, J. 1983, ApJ, 265, 1
Alatalo, K., Davis, T. A., Bureau, M., et al. 2013, MNRAS, 432, 1796
Bedregal, A. G., Aragón-Salamanca, A., Merrifield, M. R. 2006, MNRAS, 373,
1125
Begeman, K. G. 1987, Ph.D. Thesis, Kapteyn Institute
Begum, A., Chengalur, J. N., Karachentsev, I. D., & Sharina, M. E. 2008,
MNRAS, 386, 138
Bershady, M. A., Verheijen, M. A. W., Swaters, R. A., et al. 2010, ApJ, 716,
198
Cappellari, M., Emsellem, E., Krajnović, D., et al. 2011, MNRAS, 413, 813
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Weijmans, A.-M., Krajnović, D., van de Ven, G., et al. 2008, MNRAS, 383,
1343
Williams, M. J., Bureau, M., & Cappellari, M. 2009, MNRAS, 400, 1665
Williams, M. J., Bureau, M., & Cappellari, M. 2010, MNRAS, 409, 1330
Young, L. M., Bureau, M., Davis, T. A., et al. 2011, MNRAS, 414, 940
Zaritsky, D., Courtois, H., Muñoz-Mateos, J.-C., et al. 2014, AJ, 147, 134

A98, page 11 of 11

