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CALIFA primer 

• IFS: 900 independent spectra per galaxy, good S/N  
• Full optical wavelength coverage, from [OII] to [SII]  
• 600 galaxies of all Hubble types out to 3 effective radii 
• Diameter selected sample ➜ distribution functions 

http://califa.caha.es/

Data Release 3: Apr 2016 
>600 objects (all)

A survey to provide a benchmark of the local galaxy population

Sanchez, et al. (2016)
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CALIFA as a project

3.5m telescope at CAHA (MPIA/CSIC) 
Observing time: ~2 Million Euro

80 scientists from 20 
institutions in 7 countries 
(mostly Spain, Germany)

  

  D. Mast, A. Guijarro, L. Montoya
G. Bergond, C. Sengupta, R. Hedrosa

Observed: 237 
clear equivalent 
dark/grey nights

http://califa.caha.es/ A&A 538, A8 (2012)
DOI: 10.1051/0004-6361/201117353
c⃝ ESO 2012
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CALIFA, the Calar Alto Legacy Integral Field Area survey
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ABSTRACT

The final product of galaxy evolution through cosmic time is the population of galaxies in the local universe. These galaxies are also those
that can be studied in most detail, thus providing a stringent benchmark for our understanding of galaxy evolution. Through the huge success
of spectroscopic single-fiber, statistical surveys of the Local Universe in the last decade, it has become clear, however, that an authoritative
observational description of galaxies will involve measuring their spatially resolved properties over their full optical extent for a statistically
significant sample. We present here the Calar Alto Legacy Integral Field Area (CALIFA) survey, which has been designed to provide a first step
in this direction. We summarize the survey goals and design, including sample selection and observational strategy. We also showcase the data
taken during the first observing runs (June/July 2010) and outline the reduction pipeline, quality control schemes and general characteristics of the
reduced data.
This survey is obtaining spatially resolved spectroscopic information of a diameter selected sample of ∼600 galaxies in the Local Universe
(0.005 < z < 0.03). CALIFA has been designed to allow the building of two-dimensional maps of the following quantities: (a) stellar populations:
ages and metallicities; (b) ionized gas: distribution, excitation mechanism and chemical abundances; and (c) kinematic properties: both from stellar
and ionized gas components. CALIFA uses the PPAK integral field unit (IFU), with a hexagonal field-of-view of ∼1.3⊓$′, with a 100% covering
factor by adopting a three-pointing dithering scheme. The optical wavelength range is covered from 3700 to 7000 Å, using two overlapping setups
(V500 and V1200), with different resolutions: R ∼ 850 and R ∼ 1650, respectively. CALIFA is a legacy survey, intended for the community. The
reduced data will be released, once the quality has been guaranteed.
The analyzed data fulfill the expectations of the original observing proposal, on the basis of a set of quality checks and exploratory analysis: (i)
the final datacubes reach a 3σ limiting surface brightness depth of ∼23.0 mag/arcsec2 for the V500 grating data (∼22.8 mag/arcsec2 for V1200);
(ii) about ∼70% of the covered field-of-view is above this 3σ limit; (iii) the data have a blue-to-red relative flux calibration within a few percent in
most of the wavelength range; (iv) the absolute flux calibration is accurate within ∼8% with respect to SDSS; (v) the measured spectral resolution
is ∼85 km s−1 for V1200 (∼150 km s−1 for V500); (vi) the estimated accuracy of the wavelength calibration is ∼5 km s−1 for the V1200 data
(∼10 km s−1 for the V500 data); (vii) the aperture matched CALIFA and SDSS spectra are qualitatively and quantitatively similar. Finally, we
show that we are able to carry out all measurements indicated above, recovering the properties of the stellar populations, the ionized gas and the
kinematics of both components. The associated maps illustrate the spatial variation of these parameters across the field, reemphasizing the redshift
dependence of single aperture spectroscopic measurements. We conclude from this first look at the data that CALIFA will be an important resource
for archaeological studies of galaxies in the Local Universe.

Key words. techniques: spectroscopic – galaxies: active – galaxies: evolution – surveys – galaxies: ISM – galaxies: stellar content

1. Introduction

Our understanding of the Universe and its constituents comes
from large surveys such as the 2dFGRS (Folkes et al. 1999),

⋆ Based on observations collected at the Centro Astronómico
Hispano Alemán (CAHA) at Calar Alto, operated jointly by the Max-
Planck-Institut für Astronomie and the Instituto de Astrofísica de
Andalucía (CSIC).

SDSS (York et al. 2000), GEMS (Rix et al. 2004), VVDS
(Le Fèvre et al. 2004), and COSMOS (Scoville et al. 2007), to
name but a few. Such surveys have not only constrained the evo-
lution of global quantities such as the cosmic star formation rate,
but also enabled us to link these with the properties of individ-
ual galaxies – morphological types, stellar masses, metallicities,
etc. Compared to previous approaches, the major advantages of
this recent generation of surveys are: (1) the large number of
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B. Husemann et al.: The CALIFA survey. II.

Fig. 16. Stack of 100 DR1 central-region spectra in the rest-frame, sorted by redshift. Shown are the residuals after subtraction of the best-fitting
stellar population model with Starlight. Systematic deviations from a idealized model can be seen as vertical stripes (rest-frame mismatches, e.g.
imperfect stellar model or emission lines), slanted stripes (observed-frame mismatches, e.g. imperfect sky model) or general blue-to-red features
(imperfect relative flux calibration with respect to SDSS).

Fig. 17. Left panel: sky weight factor of the sky
spectrum as inferred with pPXF across the PPak
field for the second pointing of UGC 03944.
Right panel: distribution of sky weight factors
for that particular pointing.

Fig. 18. Left panel: distribution of the 3000 aperture photometry scale factor between the SDSS DR8 images and re-calibrated CALIFA data. We
compare the photometry only for the g and r bands, which are both entirely covered by the V500 wavelength range. Right panel: distribution of
the corresponding color o↵set between the SDSS DR8 images and the synthetic CALIFA broad-band images.

improvements in the SDSS sky subtraction accuracy around the
low-redshift galaxies with size of >4000 selected for CALIFA.
However, there are also several objects with photometric scale
factors below 0.8 and above 1.2 for which we identify bright field
stars as being the most likely cause of a bias in the background
estimates either for the SDSS or CALIFA data. For DR1 we ac-
tually drew a line at values of 0.5 and 2.0 for the scale factors

and removed a few objects that showed values beyond these
limits. In the right panel of Fig. 18 we show the distribution
in �(g�r) color di↵erence between the SDSS and CALIFA data.
We find a systematic o↵set of �(g � r) = �0.06 mag (median)
with a scatter of only 0.05 mag. Thus, the spectrophotometric
accuracy across most of the covered wavelength range is 6% for
the CALIFA data.

A87, page 17 of 25

Automatic data reduction 
pipeline (Husemann, Sanchez)

   PMAS            PPaK  
(Roth, Kelz, Verheijen)

PI: S. Sanchez (UNAM) 
PS: C.J. Walcher (AIP)
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CALIFA sample is NOT biased! 

Walcher, et al., 2014

SDSS

CALIFA 
denscorr

CALIFA raw

Completeness range 

Diameter selected  
(Trager, Wisotzki)

-19                                        -23.1

Luminosity function
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CALIFA uniqueness:  
               total signal per galaxy

MANGA 
10k

CALIFA 
600

Coverage + spatial resolution +  S/N!

Hα flux Hα velocity Hα dispersion



Kinematic classification
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Kinematics and morphology
Ellipse Spiral Late Spiral IrregularA&A proofs: manuscript no. califa_Skin_Paper0_submitted

Fig. 3 Examples of line-of-sight stellar kinematic maps from the CALIFA V1200 grating dataset. (Top row) Colour-composite
SDSS image of each galaxy. (Middle row) Stellar velocity maps. (Bottom row) Stellar velocity dispersion maps. From left to right:
NGC 6125, a slow-rotator elliptical in our sample (i.e., low velocity amplitude and overall large velocity dispersion); NGC 1167, an
early-type spiral galaxy with large velocity and central velocity dispersion amplitudes; NGC 4210, a disk-dominated galaxy (i.e.,
high velocity amplitude and overall small velocity dispersion); ARP 220, an interacting system (i.e., with complex stellar velocity
and velocity dispersions maps). All maps share the same velocity and velocity dispersion scale and are in units of km s�1 as indicated
in the colorbars.

to the spectrum of each Voronoi bin. The best-fitting parameters
were determined by �2 minimization in pixel space. In the wave-
length region covered by CALIFA, there are several emission
lines that needed to be masked during the fitting process, e.g.,
[O ii], [Ne iii], H⇣, H✏, [S ii], H�, [Fe ii], H�, [O iii], He ii, [Ar iv],
H�, [N i], He i, [O i], [N ii], and H↵. We used a generous band
width of 500 km s�1 around those lines during the fitting process.
This window was enough to mask the emission in all our galax-
ies. We also masked the regions a↵ected by sky line residuals
and the sodium doublet at ⇠5890 Å. Additionally, a low-order
additive Legendre polynomial was included in the fit to account
for small di↵erences in the continuum shape between the galaxy
spectra and the input library. An order 6 polynomial was the min-
imum that ensured no large-scale wiggles in the residual spectra.
In the end, the best-fitting values (V and �), and their associated
uncertainties, were determined as the bi-weight mean and stan-
dard deviations of a set of 100 Monte Carlo realisations of the fit-
ting. As expected, the distribution of best-fitting parameters from
the MonteCarlo iterations are well-behaved and follow a Gaus-
sian distribution. The bi-weight values measured from those dis-
tributions agree very well with those obtained from the direct
fitting of the original spectra.

In Fig. 3 we show a few representative stellar velocity and
velocity dispersion maps obtained with the V1200 grating. The
remaining maps are presented in Appendix A of the Online Ma-
terial. The four examples shown in the figure illustrate the di-
versity in the kinematics observed in the survey. NGC 6125, is
a slow-rotator (e.g., low velocity amplitude and overall large
velocity dispersion). NGC 1167 is an early-type spiral galaxy
with large velocity and central velocity dispersion amplitudes.
NGC 4210 is a disk-dominated galaxy (e.g., high velocity am-
plitude and overall small velocity dispersion). ARP 220 is an in-
teracting system (e.g., with complex stellar velocity and velocity
dispersions maps).

4.1. Stellar kinematics coverage

The CALIFA data presented in this paper allow us to produce
stellar kinematic maps up to a typical surface brightness level of
⇠ 19 mag arcsec�2 (and as faint as 20 mag arcsec�2) in g�band.
We have also quantified how far, in terms of Re, our maps ex-
tend. This is shown in Fig. 4, where we plot the maximum ra-
dius reached by the measurements in our V1200 maps over Re.
More than 90% of the sample covers at least up to 1 Re and

Article number, page 4 of 48

Falcon-Barroso 
et al., subm.

AYKALI
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Kinematics and morphologyARE LENTICULARS FADED SPIRALS? 

• Increasing trend in λRe for different morph. types 
BUT important to note a few caveats….. 
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Morphological Falcon-Barroso et al., in prep.

Morphology 
and angular 
momentum: 
no one to one 
relation!

A&A proofs: manuscript no. tfr_draft

ing classical ADC models and axisymmetric Jeans anisotropic
Multi-Gaussian (JAM) models applied to stellar mean velocity
and velocity dispersion fields of 18 late type galaxies observed
with SAURON IFS instrument. We use the relation derived from
Table 4 of Kalinova & Lyubenova (2015) and calculate the cir-
cular velocities by multiplying the measured velocity by the
square root of the factors provided, based on the local measured
v2.2/LOS �2.2 of a galaxy. The uncertainty of the calculated cir-
cular velocity was calculated by adding in quadrature 10 km/s
multiplied by 1 + �V (where �V is the square root of the un-
certainty factor from Kalinova & Lyubenova (2015)) to the vcirc
uncertainty budget. The magnitude of the correction is shown in
Fig. 12.

Fig. 12. Magnitude of circular velocity correction is shown as arrows.
The points are the final circular velocity values, color-coded for the
v2.2/� factor. The galaxy with the lowest log(vcirc) value, a slow rota-
tor, is not shown for clarity. This galaxy, NGC 6515 (log(vcirc) = 1.14),
was excluded from further analysis during the outlier rejection proce-
dure described in Sec. 5.2.

We have compared the gas rotation velocities of 44 suit-
able galaxies obtained from CALIFA DR1 data (García-Lorenzo
et al. 2015) with the stellar circular velocity values, shown in
Fig.13 below. Ionised gas rotation curves were obtained from
the envelope of the position-velocity diagram and corrected for
inclination using photometric axis ratio b/a, then gas v2.2 values
were evaluated at 2.2 horizontal scale lengths.

This is not a direct and accurate comparison, for many rea-
sons. First of all, even though ionised gas is typically less dy-
namically hot than the stars, the measured gas rotation velocity
is not tracing the gravitational potential directly and the gas dis-
persion needs to be taken into account. This presents additional
di�culties because the gas dispersion cannot be measured di-
rectly with CALIFA spectral resolution. Furthermore, thermal
motion and gas turbulence also contribute to the total gas ve-
locity dispersion and cannot be distinguished from gravitation-
ally induced velocity dispersion without additional data (Weij-
mans et al. 2008). In addition, the gas v2.2 were estimated di↵er-
ently than the stellar rotation velocity. Photometric inclination
estimates were used instead of kinematic ones, also no rotation
curve modelling was performed, therefore any warps or distor-
tions present in ionised gas were not accounted for. The most
noticeable outliers in Fig.13 are o↵set due to the latter reasons.
Despite this, for the majority of galaxies the two quantities are

close to each other, with the stellar vcirc being typically larger as
expected from the arguments above. A similar comparison for
several CALIFA galaxies, using a di↵erent asymmetric drift cor-
rection method, is shown in Aguerri et al. (2015).

Fig. 13. Comparison between ionised gas rotation velocity at 2.2 scale
lengths and the stellar circular rotation velocity for 44 CALIFA DR1
galaxies.

We shall use the calculated circular velocity values in all fur-
ther analysis, unless noted otherwise.

5. Separation of different populations of galaxies in

the Mr - ucirc plane

5.1. Specific angular momentum

The specific angular momentum j and the total mass are key
properties of galaxies that strongly influence their morphology,
luminosity and secular evolution. A directly measurable quantity
in IFS observations, related to j, is the �R parameter, defined in
Emsellem et al. (2007) as

�R ⌘
hR |V |i

hR
p

V2 + �2i
(4)

In practice �R is calculated in the following way (Emsellem
et al. 2007):

�R =

PNp

i=1 FiRi |Vi|
PNp

i=1 FiRi

q
V2

i + �
2
i

, (5)

where Fi, Ri, Vi and � j are the fluxes, semi-major axis values,
velocities and velocity dispersion values of a spatial Voronoi bin
i.

Measurements of �R parameter values are available for the
galaxies in our sample from work done within the CALIFA team.
For CALIFA galaxies, the �Re parameter (�R within 1 e↵ective
radius Re) was calculated as described by Eq. 5 and corrected
for inclination as described in Falcón-Barroso et al. (in prep.),
also see Falcón-Barroso et al. (2015) and Querejeta et al. (2015).
Briefly, ellipticities ✏ were obtained from IRAF ellipse fit models

Article number, page 10 of 37

➜ Cortese et al. 2016
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Kinematic classification

• Early- and Late-type galaxies display a significantly  
different λRe distributions 

CALIFA ANGULAR MOMENTUM 
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Galaxy shape (ellipticity) Falcon-Barroso et al., in prep.

Following up on 
Emsellem et al., 
SAURON & 
ATLAS3D 
➜ Fogarty et al. 2016
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Stellar velocity fields ➜ vcirc

Tully-Fisher relation fromCALIFAsurvey stellar kinematics
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Motivation

Using two-dimensional velocity fields instead of rotation curves from long
slit spectroscopy is a promising approach, because it avoids systematic un-
derestimation of rotation velocities due to slit alignment errors. Kinematic
maps can also provide more accurate position angles and inclination values
than photometry.
In addition, it is possible to improve internal extinction measurements by
using detailed stellar extinction maps. To our knowledge, Tully-Fisher rela-
tion has not to date been evaluated using stellar kinematics measurements
from integral field spectroscopy.

CALIFA survey

The Calar Alto Legacy Integral Field survey [1], [2] is an ongoing IFS
survey of nearby galaxies with PMAS/PPak instruments mounted on the
3.5 m telescope at the Calar Alto observatory. The survey is primarily
diameter-limited, using the detector area e�ciently. The CALIFA sample
was selected from the SDSS photometric catalogue. The diameter cut
(45” < D < 80”) employed isoA

r

, the SDSS equivalent of isophotal radius
D25, as the diameter measure.

CALIFA wavelength coverage in both resolution setups.

CALIFA spectra cover the range 3700-7000Å in two overlapping setups,
one in the red (4300-7000Å) at a spectral resolution of R=850 and one in
the blue (3700-5000Å) at R⇡1650 Å.

Spatial coverage distribution of our 45 galaxies sample.

CALIFA is exceptional because of its unprecedented large, diverse and sta-
tistically well-defined sample, large field of view (⇡1’) and wide wavelength
coverage.
More than 270 galaxies out of the 600 planned have already been observed
and the first data release on Nov. 2012 made the datacubes of 100 galaxies
publicly available at http://caha.es/CALIFA.

Growth curve photometry of SDSS images

We performed custom growth curve photometry analysis for 939 galaxies
in our primary sample.
The SDSS Petrosian radii, which are generally used for extended objects,
are designed to include a fixed ratio of the total flux. This ratio depends
on the galaxy concentration, leading to di↵erent magnitudes for galaxies
with equal fluxes. In addition, the fluxes of bright, large galaxies were
often underestimated because the pipeline sky values were too high.

Growth curve photometry, a
non-parametric procedure, was
performed on SDSS DR7 ugriz
images. Foreground objects and
image defects were masked, then
the missing pixels were iteratively
replaced with inverse-distance-
weighted Gaussian average of
neighbouring pixels. Our growth
curve magnitudes were smaller

than SDSS Petrosian magnitudes by 0.34 mag on average. The di↵erence
is especially pronounced among the brightest galaxies.

Velocity fields extraction

We selected isolated disk galaxies that were already observed with CALIFA, had axis ratios b/a between 0.3 and 0.9
and reliable growth curve photometry measurements. Galaxies with clearly wrong PA values or center coordinates
or very disordered rotation patterns were discarded, however, we intend to include them later after a more thorough
analysis. The final sample consists of 45 spiral and S0 galaxies.
The stellar kinematics maps were spatially binned to a minimum S/N = 20, then velocity and � maps were extracted
using MILES ([3], http://miles.iac.es/) spectral templates and pPXF fitting procedure [4].
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We deprojected and rotated the velocity maps, correcting for inclination e↵ects on velocity and luminosity. The
luminosity correction, parameterised as in [5], was performed to account for internal extinction change with incli-
nation.
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After performing the corrections, a simple hyperbolic tangent model ([6]) was fit to the folded rotation curves. Here
v
rot

is the circular rotation velocity at a given distance, R50 – half-light radius, k and v
c

– free parameters. We
adopted v

rot

at 2.2 exponential scale lengths as the v
max

value.

Tully-Fisher relation from stellar kinematics

Left: Tully-Fisher relation for di↵erent morphological galaxy types. Right: Tully-Fisher relation for barred and unbarred galaxies.

The measured stellar kinematics Tully-Fisher relation shows a significant o↵set from gas kinematics ([6], [7]). We
did not perform any asymmetric drift corrections yet, as, e.g. [8]. [6] also assumed 70� inclination as the basis for
the extinction correction, whereas we corrected to face-on inclination.
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analysis. The final sample consists of 45 spiral and S0 galaxies.
The stellar kinematics maps were spatially binned to a minimum S/N = 20, then velocity and � maps were extracted
using MILES ([3], http://miles.iac.es/) spectral templates and pPXF fitting procedure [4].
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We deprojected and rotated the velocity maps, correcting for inclination e↵ects on velocity and luminosity. The
luminosity correction, parameterised as in [5], was performed to account for internal extinction change with incli-
nation.
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After performing the corrections, a simple hyperbolic tangent model ([6]) was fit to the folded rotation curves. Here
v
rot

is the circular rotation velocity at a given distance, R50 – half-light radius, k and v
c

– free parameters. We
adopted v

rot

at 2.2 exponential scale lengths as the v
max

value.

Tully-Fisher relation from stellar kinematics

Left: Tully-Fisher relation for di↵erent morphological galaxy types. Right: Tully-Fisher relation for barred and unbarred galaxies.

The measured stellar kinematics Tully-Fisher relation shows a significant o↵set from gas kinematics ([6], [7]). We
did not perform any asymmetric drift corrections yet, as, e.g. [8]. [6] also assumed 70� inclination as the basis for
the extinction correction, whereas we corrected to face-on inclination.
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For early type galaxies correction for dispersion support is applied 
We use velocity at radius with 80% of light - ropt and vcirc 

Bekeraité, Walcher, et al. (2016a)



27.9.2016 Muti-spin galaxies / SAO 12

Dispersion support correction16 Kalinova et al.

Figure 5. Mass ratios MJAM/MADC. Left: The ordered-over-random motion v�/� (from the deprojected rotation and line-of-sight velocity dispersion
profiles) as measured at different radii versus the mass ratio MJAM/MADC at the same radii. The black filled squares show the median value of the
distribution of the mass ratio per bin with size of 0.2 in v�/� with error bars corresponding to the uncertainties at the 25th and 75th percentiles of the data.
The discrepancy between the ADC and JAM inferred enclosed masses becomes gradually larger for decreasing v�/� . 1.5, consistent with the presence of a
dynamically hot bulge in the inner parts and/or a dynamically hot(ter) and thick(er) disc in the latest-type spiral galaxies, which maybe invalidates the thin-disc
approximation of ADC. Right: The ratio �

2
R/v�

2 (from the radial velocity dispersion profiles and deprojected rotation) as measured at different radii versus
the mass ratio MJAM/MADC at the same radii. The black filled squares show the median value of the distribution of the mass ratio per bin with size of 0.5
in �

2
R/v�

2 with error bars corresponding to the uncertainties at the 25th and 75th percentiles of the data.The discrepancy between the ADC and JAM inferred
enclosed masses becomes gradually larger for increasing �

2
R/v�

2 & 1, consistent with the expectations for the uncertainty of the epicycle approximation used
in ADC.

Additionally, Kregel & van der Kruit (2005) investigate the
effects of realistic radially varying mass-to-light ratios and find the
overall effect to only be ⇠ 10% variations on the derived kinematic
properties within Re/2.

Constant anisotropy in the meridional plane (JAM): Whereas
the velocity anisotropy ��/�R in the equatorial plane is inherent in
the solution of the axisymmetric Jeans equations (Section 3.1), the
velocity anisotropy �z/�R in the meridional plane is a free para-
meter, given as �z = 1 � �2

z/�
2
R. We could, in principle, allow

for a radially varying anisotropy by having different �z values for
the MGE components. However, the posterior distributions of the
constant �z are relatively poorly constrained (Table 3), so the ad-
ditional complexity of a varying anisotropy would be unlikely to
improve the model. Given similar data, there is little evidence for
strong variation of �z . For example, Bottema (1993) already ar-
gued that for spirals the �z/�R is constant at approximately 0.6,
close to the measured value of 0.53± 0.07 in the solar neighbour-
hood (Dehnen & Binney 1998; Mignard 2000). This ratio of the
anisotropy is measured in a few spirals of type Sa to Sbc (Gerssen,
Kuijken & Merrifield 1997, 2000; Shapiro, Gerssen & van der
Marel 2003), yielding slightly larger constant values between 0.6
and 0.8. Based on long-slit spectra for a sample of 17 edge-on Sb–
Scd spirals, Kregel & van der Kruit (2005) also adopt constant val-
ues, although slightly lower: 0.5 to 0.7. While radial variation of
the anisotropy is not excluded, a constant value of �z should be
sufficient for our analysis.

Shape of the velocity ellipsoid (JAM, ADC): The ADC and
JAM models in our study assume that the velocity ellipsoid in the

meridional plane is aligned with the cylindrical coordinate system
so that vRvz = 0. Additionally, the ADC approach may allow for
a tilt of the velocity ellipsoid through the parameter  having inter-
mediate values between  = 0 and  = 1 (corresponding to the
cylindrical and spherical coordinate system, respectively). How-
ever, we expect that the resulting circular velocity curve is only
weakly dependent on this tilt, because most of the stellar mass is
concentrated toward the equatorial plane, particularly for late-type
spiral galaxies. In that case, the assumption of axisymmetry gives
vRvz = 0.

Dust (JAM, ADC): The surface brightness distribution of the
spiral galaxies that is used in both JAM and ADC modelling ap-
proaches can be strongly affected by extinction due to dust. We
have tried to minimise the effects of dust in various ways (G09): (i)
selecting galaxies with intermediate inclinations so that they are not
edge-on (where dust extinction is strongest) or face-on (where the
stellar velocity dispersion would be significantly below the spectral
resolution), (ii) inferring the surface brightness distribution from
images in the near-infrared where the extinction is significantly
smaller than in the optical, and (iii) fitting smooth, analytical MGE
profiles to the radial surface brightness profile after azimuthally av-
eraging over annuli to suppress deviations caused by bars, spiral
arms, and regions obscured by dust. The stellar kinematics are ob-
tained from integral-field spectroscopy in the optical and thus could
also be affected if the (giant) stars that contribute along the line-
of-sight with different motions are affected by the dust in differ-
ent ways. For example, if dynamically colder stars closer to the
disc plane are relatively more obscured than dynamically hotter

c� 2015 RAS, MNRAS 000, 1–19
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Fig. 11. Magnitude of circular velocity correction is shown as arrows.
The points are the final circular velocity values, color-coded for the
vopt/� factor. The galaxy with the lowest log(vcirc) value, a slow rota-
tor, is not shown for clarity. This galaxy, NGC 6515 (log(vcirc) = 1.05),
was excluded from further analysis during the outlier rejection proce-
dure described in Sec. 5.2.

rectly with CALIFA spectral resolution. Furthermore, thermal
motion and gas turbulence also contribute to the total gas ve-
locity dispersion and cannot be distinguished from gravitation-
ally induced velocity dispersion without additional data (Weij-
mans et al. 2008). In addition, the gas vopt was estimated di↵er-
ently than the stellar rotation velocity. Photometric inclination
estimates were used instead of kinematic ones, also no rotation
curve modelling was performed, therefore any warps or distor-
tions present in ionised gas were not accounted for. The most
noticeable outliers in Fig.12 are o↵set due to the latter reasons.
Despite this, for the majority of galaxies the two quantities are
close to each other, with the stellar vcirc being typically larger as
expected from the arguments above. A similar comparison for
several CALIFA galaxies, using a di↵erent asymmetric drift cor-
rection method, is shown in Aguerri et al. (2015).

We shall use the calculated circular velocity values in all fur-
ther analysis, unless noted otherwise.

5. Separation of different populations of galaxies in

the Mr - ucirc plane

5.1. Specific angular momentum

The specific angular momentum j and the total mass are key
properties of galaxies that strongly influence their morphology,
luminosity and secular evolution. A directly measurable quantity
in IFS observations, related to j, is the �R parameter, defined in
Emsellem et al. (2007) as

�R ⌘
hR |V |i

hR
p

V2 + �2i
(4)

In practice �R is calculated in the following way (Emsellem
et al. 2007):

�R =

PNp

i=1 FiRi |Vi|
PNp

i=1 FiRi

q
V2

i + �
2
i

, (5)

Fig. 12. Comparison between ionised gas rotation velocity at the optical
radius and the stellar circular rotation velocity for 44 CALIFA DR1
galaxies.

where Fi, Ri, Vi and � j are the fluxes, semi-major axis values,
velocities and velocity dispersion values of a spatial Voronoi bin
i.

Measurements of �R parameter values are available for the
galaxies in our sample from work done within the CALIFA team.
For CALIFA galaxies, the �Re parameter (�R within 1 e↵ective
radius Re) was calculated as described by Eq. 5 and corrected
for inclination as described in Falcón-Barroso et al. (in prep.),
also see Falcón-Barroso et al. (2015) and Querejeta et al. (2015).
Briefly, ellipticities ✏ were obtained from IRAF ellipse fit models
of the SDSS r-band images and the probability of observing a
galaxy with an inclination i, given its ellipticity ✏, was calculated
as

f (i|✏) = f (q)(1 � ✏)
p

sin2i � ✏(2 � ✏)
(6)

where f (q) is the intrinsic shape distribution of galaxies. The
�Re values were available for 206 out of 226 galaxies, because
the authors rejected the galaxies with a low number of bins (typ-
icaly  10) and interacting galaxies showing obvious kinematic
irregularities from their calculation.

Although minor inconsistencies arise due to the use of
slightly di↵erent parameters (such as inclinations) in this analy-
sis, we emphasize that the lambda parameter is used in this study
only as a qualitative illustration of the degree of rotation support
in our sample galaxies. These minor inconsistencies and lack of
�Re values for some of the galaxies thus have no influence on any
quantitative result in the paper.

Fig. 13 shows that the galaxies on the circular velocity-
luminosity plane are drawn from at least two parent distributions
– galaxies that exhibit significant ordered rotation and belong
on the TFR, and the rest, including pressure-supported galaxies
and some ongoing mergers. As a consequence, some of the data,
even though they are of reasonable quality, are simply outside of
the scope of the simple model of the TFR, which is a linear re-
lation with small intrinsic scatter. Since linear regression is very
sensitive to outliers and, more importantly, some of the galax-
ies in our sample do not belong on the Tully-Fisher relation by
definition, some sort of outlier rejection must be performed.
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Outlier rejection

Bekeraitė et al.: The CALIFA Tully-Fisher relation

Fig. 13. Galaxies on the vcirc � Mc
r plane, colour-coded for inclination-

corrected �Re parameter. The 20 galaxies without �Re values available
(see text) are shown as smaller white circles.

5.2. Modelling the TFR as a mixture of Gaussians

We did not apply any additional selection criteria to our galaxy
sample (see Sec. 2), except for those that are implicit in the CAL-
IFA mother sample selection and properties of the SDSS survey.
As a result, it contains di↵erent galaxy populations, not all of
which are well described by a thin rotating disk model assumed
in Sec. 4 (mergers and slow rotators are two examples).

We did not want to simply reject the outliers using an arbi-
trary procedure such as hand-pruning the data, sigma clipping or
straightforward rejection of slow rotators and visually classified
mergers. Instead, we modelled the distribution as a mixture of
data obtained from two di↵erent generative models: a narrow,
linear relation with Gaussian noise and small intrinsic scatter
(corresponding to the subset of galaxies to which the TFR ap-
plies) and a two-dimensional Gaussian distribution that includes
the galaxies that lie further away from the linear relation.

The probability density function of a linear TFR with a small
intrinsic Gaussian scatter �i is

P(v|M,m, b,�) =
1

q
2⇡(�2

y + m2�2
x + �

2
i )

exp
2
666664�

(M � mv � b)2

2(�2
y + m2�2

x + �
2
i )

3
777775

(7)

where v is the logarithm of circular velocity, M is the absolute
magnitude, m and b are the slope and the o↵set of the linear
relation.

The non-TF distribution is quite sparse, so we chose a non-
restrictive two-dimensional Gaussian model described by its
mean in two dimensions (µx, µy) and a covariance matrix

⌃ =

������
�2

badx
⇢�badx�bady

⇢�badx�bady �2
bady

������ (8)

Here �badx,y are the standard deviations of the non-TF points
population, whose shape is allowed to vary, and ⇢ is its correla-
tion term.

If we combine both models, we can obtain a probabil-
ity of belonging to the Tully-Fisher relation for each data-
point and reject the outliers based on this probability. We end
up having 7 free parameters describing the two distributions
(m, b,�i, µx, µy,�badx ,�bady ) which we infer and marginalise
over the nuisance parameters Pb (the probability of any point
belonging to the non-TF distribution) by finding their posterior
distributions using MCMC. The log-likelihood of the mixture of
the two distributions described above is

ln L /

/ �0.5⌃
0
BBBBB@(1 � Pb) ·

2
666664ln(�2

y + m2�2
x + �

2
i ) +

(y � mx � b)2

(�2
y + m2�2

x + �
2
i )

3
777775

+Pb ·
2
6666664

(x � µx)2

(�2
x + �

2
badx

)
+

(y � µy)2

(�2
y + �

2
bady

)

3
7777775

1
CCCCCCA

(9)
Modelling involves setting priors on several of the parame-

ters. Due to the sparsity of the population o↵set from the TFR
and the fact that we are working with the logarithm of veloc-
ity, which skews the error distribution, we apply Gaussian pri-
ors on its mean and variance, based on the estimated moments
of the slow rotators population. We also apply a wide Gaussian
prior, based on a simple linear fit to the fast rotators only, on the
slope m, and, naturally, limit the Pb to be between 0 and 1 and
�i,�bad > 0.

The results of the mixture modelling are shown in Fig. 14.
We reject the datapoints with likelihoods lower than 1 � Pgood =
0.5, i.e. the ones more likely to belong to the non-TFR distri-
bution. This results in the rejection of 27 galaxies that are not
compatible with being on a linear relation. The remaining 199
galaxies were used in further analysis and named the TF sample.

Fig. 14. Distribution of non-TF points (white) and the TF population
(red), together with their underlying estimated generative functions (a
2D Gaussian and a linear relation with small intrinsic scatter), as de-
scribed in the text. Error bars at the upper left corner show the mean
uncertainties in Mc

r and log(vcirc).

5.3. Properties of the outlier galaxies

A significant fraction, 15 out of 27 rejected galaxies, are slow
rotators with �Re < 0.2 (Fig. 15). Two galaxies are classified as
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Bi-variate distribution function in 
Tully-Fisher space (Mr vs. Vcirc)

Bekeraitė et al.: The CALIFA Tully-Fisher relation

Fig. 20. The left plot shows the joint probability density of Mr-vcirc. The right plot shows the joint space densities distribution, estimated by
weighting the KDE kernels by the 1/Vmax weights. Grey lines denote the 1, 2, and 3 standard deviation contours. The black line shows the Tully-
Fisher relation discussed in the previous section. A 1-� contour of the Gaussian kernel used for density estimation is shown at the upper left
corners.
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SAMI: it’s all S0.5

The Astrophysical Journal Letters, 795:L37 (6pp), 2014 November 10 Cortese et al.

(a) (b) (c)

(d) (e) (f)

Figure 2. M∗ vs. Vrot (left), σ (center) and S0.5 (right) relations for our sample. Circles and triangles indicate stellar and gas kinematics, respectively. In the bottom row,
symbols are color coded according to morphological type: E-S0/Sa (magenta), Sa-Sb/Sc (dark green), Sc or later types (black). The stellar mass Tully–Fisher (Bell
& de Jong 2001, long-short dashed line) and Faber–Jackson (Gallazzi et al. 2006, dashed line) relations for nearby galaxies are shown for comparison. In the right
panels, the black solid line indicates the best inverse linear fit for the whole sample. The brown solid line is the best fit for M∗ >1010 M⊙ only, with its extrapolation
to lower masses shown as dotted line. The dashed-dotted line is the M∗ vs. S0.5 relation of Kassin et al. (2007).
(A color version of this figure is available in the online journal.)

(a) (b) (c)

Figure 3. Comparison between rotation (Vrot, left), dispersion velocities (σ , center) and S0.5 (right) of gas and stars, for the 62 galaxies in our sample with both
measurements available. Empty circles highlight galaxies where gas and stars have a misaligned rotation axis. In each panel, the dotted line shows the one-to-one relation.
(A color version of this figure is available in the online journal.)

rotational velocity only in massive systems (see also Figure 2 in
Yegorova & Salucci 2007).

3.2. The Stellar Mass Faber–Jackson Relation

As for the M∗ versus Vrot relation, the scatter of our M∗ versus
σ relation is larger (∼0.16 dex) than the one typically obtained
for early-type galaxies only (∼0.07 dex, Gallazzi et al. 2006).
As Catinella et al. (2012), we find that the offset from the M∗
versus σ (stars) relation for early-type galaxies (Gallazzi et al.
2006; dashed line) correlates with the concentration index. This
confirms that, at fixed M∗, disks are more rotationally supported
than bulge-dominated systems.

The scaling relations of stars and gas are offset, with σ (gas)
on average 0.19 dex (SD ∼ 0.13 dex) lower than σ (stars)
(Figure 3(b); see also Ho 2009). In addition, the M∗ versus σ
relation for the gas is not linear, as galaxies with M∗ < 1010 M⊙
have roughly the same velocity dispersion (∼30 km s−1),
i.e., the typical value observed in pure disk galaxies (Epinat
et al. 2008).

3.3. The M∗ Versus S0.5 Relation

The large scatter and the difference between stars and gas
observed for the M∗ versus σ and M∗ versus Vrot relations
disappear when Vrot and σ are combined in the S0.5 parameter

4
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(a) (b) (c)

Figure 1. Stellar mass (a), redshift (b), and morphological type (c) distributions for our sample (solid histograms). Blue, red, and filled histograms indicate galaxies
with gas, stellar, and both gas and stellar kinematics, respectively. The dotted histogram in panels (a) and (b) shows the distribution (scaled to the size of our sample)
of the SAMI primary sample (see Bryant et al. 2014b).
(A color version of this figure is available in the online journal.)

spaxel (without any correction for inclination). We preferred
linear to luminosity-weighted averages to be consistent with
our velocity width measurements (which are not luminosity-
weighted) and because these are less affected by beam smearing
(Davies et al. 2011). Our conclusions, however, are unchanged if
we use luminosity-weighted quantities. Excluding the effect of
inclination, we assume an uncertainty of 0.1 dex in the estimate
of both Vrot and σ .

We combine dispersion and rotation through the SK
parameter:

SK =
√

KV 2
rot + σ 2. (3)

As discussed in Weiner et al. (2006) and Kassin et al. (2007),
this quantity includes the dynamical support from both ordered
and disordered motions and, thus, should be a better proxy for
the global velocity of the galactic halo. Moreover, it is almost
unaffected by beam smearing, as the artificial increase of σ and
decrease of Vrot compensate each other once they are combined
into SK (Covington et al. 2010).

Although the value of K varies with the properties of the
system, in this Letter we follow the simple approach of Kassin
et al. (2007) and Zaritsky et al. (2008), and fix K = 0.5. Our
conclusions do not change for 0.3 < K < 1.

2.3. Ancillary Data

The SAMI data are combined with multiwavelength obser-
vations obtained as part of the GAMA survey. Briefly, r-band
effective radii, position angles and ellipticities are taken from the
one-component Sersic fits presented in Kelvin et al. (2012).13

Stellar masses (M∗) are estimated from g−i colors and i-band
magnitudes following Taylor et al. (2011; see also Bryant et al.
2014b).

Visual morphological classification has been performed on
the SDSS color images, following the scheme used by Kelvin
et al. (2014). Galaxies are first divided into late- and early-types
according to their shape, presence of spiral arms and/or signs of
star formation. Then, early-types with just a bulge are classified
as ellipticals (E), whereas those with disks as S0s. Similarly,
late-type galaxies with a bulge component are Sa-Sb, whereas
bulge-less late-type galaxies are Sc or later.

13 We re-computed the ellipticity and position angle for seven galaxies with
bright bars or other issues (GAMA 250277, 279818, 296685, 383259, 419632,
536625, 618152) as the published values do not match the orientation of the
velocity field.

3. DYNAMICAL SCALING RELATIONS

Figure 2 shows M∗ versus Vrot (left panel), σ (middle) and S0.5
(right) for all 235 galaxies in our sample. Circles and triangles
indicate galaxies with kinematical parameters from stellar and
gas components, respectively. Thus, the 62 galaxies for which
both gas and stellar kinematics are available appear twice in
each plot. In the bottom row, galaxies are color coded according
to their morphology.

3.1. The Stellar Mass Tully–Fisher Relation

Our M∗ versus Vrot relation has a larger scatter (∼ 0.26 dex in
Vrot from the inverse fit)14 than classical Tully–Fisher relation
(∼0.08 dex). This is not surprising as our sample includes early-
types and face-on systems that would normally be excluded
from Tully–Fisher studies (e.g., Catinella et al. 2012). Indeed,
a significant fraction of the scatter is due to spirals with bulges,
and early types (see Figure 2(d)).

The M∗ versus Vrot relation for the stars (circles) is signif-
icantly offset from the one of the gas (triangles): i.e., at fixed
M∗, stars rotate slower than gas. This is clearer in Figure 3(a),
where we compare Vrot of gas and stars for the 62 galaxies
with both measurements available. Once galaxies with clear
misalignments between gas and stellar rotation axis are ex-
cluded (empty circles), we find that Vrot(gas) is, on average,
∼0.14 dex (with standard deviation SD ∼ 0.11 dex) higher than
Vrot(stars). This is a consequence of asymmetric drift: while
gas and stars experience the same galactic potential, a larger
part of the stellar dynamical support comes from dispersion.
The average ratio Vrot(stars)/Vrot(gas) is 0.75 (SD ∼ 0.20),
roughly ∼20% lower than the value obtained by Martinsson
et al. (2013) by comparing the maximum rotational veloci-
ties of pure disk galaxies (Vrot(stars)/Vrot(gas) ∼ 0.89). This
is likely due to the fact that our sample is mainly composed
by early-type spirals (see Figure 1(c)) and that we probe only
the central parts of galaxies, where asymmetric drift is more
prominent.

For comparison, in Figures 2(a) and (d), we show the local
stellar mass Tully–Fisher relation (Bell & de Jong 2001).15 Our
relation is flatter, showing a good match only at high M∗. This
is because our rotational velocities are measured within re. As
the rotation curves of giant galaxies rise more quickly than in
dwarfs (Catinella et al. 2006), our Vrot are close to the maximum

14 All scatters in this Letter are estimated from the inverse linear fit along the
x-axis: i.e., we consider M∗ as independent variable.
15 Stellar masses have been converted to a Chabrier initial mass function
following Gallazzi et al. (2008).
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The marginal distributions of TF
Bekeraitė et al.: The CALIFA Tully-Fisher relation

Fig. 20. The left plot shows the joint probability density of Mr-vcirc. The right plot shows the joint space densities distribution, estimated by
weighting the KDE kernels by the 1/Vmax weights. Grey lines denote the 1, 2, and 3 standard deviation contours. The black line shows the Tully-
Fisher relation discussed in the previous section. A 1-� contour of the Gaussian kernel used for density estimation is shown at the upper left
corners.

IM acknowledges financial support from the Spanish Ministry of Economy and
Competetiveness through the grant A&A2013-0422277.
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Figure 1. CALIFA velocity function, compared with the Z10, Gonzalez et al. (2000); Klypin et al. (2015); Abramson et al.
(2014) and P11 measurements. The left panel shows the comparison with the observed VFs of rotation-dominated gas-rich
galaxies. The right panel displays the comparison with indirectly estimated VFs. The shaded areas and dotted vertical lines
show an approximate region where incompleteness in the CALIFA sample becomes important, estimated from the LF via the
SDSS r-band Tully-Fisher relation.

completeness limit) due to the steepness of the VF in
this range. A broader discussion of uncertainties in the
circular velocity measurements and volume correction
weights is contained in B16 and W14.
In order to check the impact of velocity measurement

uncertainties we employ a resampling method similar
to P11. We generate 200 mock CALIFA VF samples
(shown in Fig. 2) in which the volume weights are not
changed, but the velocities v

circ

are replaced with ran-
domly drawn values such that vtest

circ

= v
circ

+ N (0,�v),
where �v are the individual velocity uncertainties of each
point.
Overall, the e↵ect is a smoothing of the VF as the

datapoints are ’smeared’ into the neighbouring bins. As
the 1/V

max

weights are higher at the lower velocities,
this leads to an artificial boost at the highest velocity
end. Undoubtedly, this e↵ect should be present in our
VF as well, making the location of the highest veloc-
ity CALIFA datapoint even more uncertain. Given that
this bin only includes 3 galaxies and is outside our esti-
mated completeness range, we exclude it from all further
analysis.

3.3. Combined CALIFA-HIPASS circular velocity
function

In order to extend the VF to a larger velocity range
we merge the HIPASS VF between 60-160 km s�1 and
CALIFA circular velocities between 160-320 km s�1, ef-
fectively choosing the more complete VF in each bin.
Merging the two VFs in this way is justified as HI-rich
late-type galaxies dominate the counts below 200 km
s�1, where they are observed by HIPASS. In the high
mass limit, early-type massive rotators contribute sig-

Figure 2. Top panel shows the volume density fraction of
slow rotators (SR), for which the measured rotation velocities
and circular velocity corrections are the most uncertain. This
fraction does not reach 30% of the volume densities at any
measured velocity. Bottom panel shows the e↵ect of velocity
measurement uncertainties on the velocity function. Thin
grey lines are the mock realisations of the VF. The green
points and line are the CALIFA VF. The blue line shows the
HIPASS VF.

nificantly to the high velocity end, where the CALIFA
sample is expected to be complete at least up to v

circ

=
320 km s�1, as described above.
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Outlier inclusion

Bekeraitė et al.: The CALIFA Tully-Fisher relation

Fig. 13. Galaxies on the vcirc � Mc
r plane, colour-coded for inclination-

corrected �Re parameter. The 20 galaxies without �Re values available
(see text) are shown as smaller white circles.

5.2. Modelling the TFR as a mixture of Gaussians

We did not apply any additional selection criteria to our galaxy
sample (see Sec. 2), except for those that are implicit in the CAL-
IFA mother sample selection and properties of the SDSS survey.
As a result, it contains di↵erent galaxy populations, not all of
which are well described by a thin rotating disk model assumed
in Sec. 4 (mergers and slow rotators are two examples).

We did not want to simply reject the outliers using an arbi-
trary procedure such as hand-pruning the data, sigma clipping or
straightforward rejection of slow rotators and visually classified
mergers. Instead, we modelled the distribution as a mixture of
data obtained from two di↵erent generative models: a narrow,
linear relation with Gaussian noise and small intrinsic scatter
(corresponding to the subset of galaxies to which the TFR ap-
plies) and a two-dimensional Gaussian distribution that includes
the galaxies that lie further away from the linear relation.

The probability density function of a linear TFR with a small
intrinsic Gaussian scatter �i is

P(v|M,m, b,�) =
1

q
2⇡(�2

y + m2�2
x + �

2
i )

exp
2
666664�

(M � mv � b)2

2(�2
y + m2�2

x + �
2
i )

3
777775

(7)

where v is the logarithm of circular velocity, M is the absolute
magnitude, m and b are the slope and the o↵set of the linear
relation.

The non-TF distribution is quite sparse, so we chose a non-
restrictive two-dimensional Gaussian model described by its
mean in two dimensions (µx, µy) and a covariance matrix

⌃ =

������
�2

badx
⇢�badx�bady

⇢�badx�bady �2
bady

������ (8)

Here �badx,y are the standard deviations of the non-TF points
population, whose shape is allowed to vary, and ⇢ is its correla-
tion term.

If we combine both models, we can obtain a probabil-
ity of belonging to the Tully-Fisher relation for each data-
point and reject the outliers based on this probability. We end
up having 7 free parameters describing the two distributions
(m, b,�i, µx, µy,�badx ,�bady ) which we infer and marginalise
over the nuisance parameters Pb (the probability of any point
belonging to the non-TF distribution) by finding their posterior
distributions using MCMC. The log-likelihood of the mixture of
the two distributions described above is

ln L /

/ �0.5⌃
0
BBBBB@(1 � Pb) ·

2
666664ln(�2

y + m2�2
x + �

2
i ) +

(y � mx � b)2

(�2
y + m2�2

x + �
2
i )

3
777775

+Pb ·
2
6666664

(x � µx)2

(�2
x + �

2
badx

)
+

(y � µy)2

(�2
y + �

2
bady

)

3
7777775

1
CCCCCCA

(9)
Modelling involves setting priors on several of the parame-

ters. Due to the sparsity of the population o↵set from the TFR
and the fact that we are working with the logarithm of veloc-
ity, which skews the error distribution, we apply Gaussian pri-
ors on its mean and variance, based on the estimated moments
of the slow rotators population. We also apply a wide Gaussian
prior, based on a simple linear fit to the fast rotators only, on the
slope m, and, naturally, limit the Pb to be between 0 and 1 and
�i,�bad > 0.

The results of the mixture modelling are shown in Fig. 14.
We reject the datapoints with likelihoods lower than 1 � Pgood =
0.5, i.e. the ones more likely to belong to the non-TFR distri-
bution. This results in the rejection of 27 galaxies that are not
compatible with being on a linear relation. The remaining 199
galaxies were used in further analysis and named the TF sample.

Fig. 14. Distribution of non-TF points (white) and the TF population
(red), together with their underlying estimated generative functions (a
2D Gaussian and a linear relation with small intrinsic scatter), as de-
scribed in the text. Error bars at the upper left corner show the mean
uncertainties in Mc

r and log(vcirc).

5.3. Properties of the outlier galaxies

A significant fraction, 15 out of 27 rejected galaxies, are slow
rotators with �Re < 0.2 (Fig. 15). Two galaxies are classified as
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For the velocity 
function we 
added the 
outliers back in!

Bekeraité, Walcher, et al. (2016a)
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The CALIFA velocity function

CALIFA is good for 
high mass, low gas 
galaxies, validity 
range in km/s:  
150 < vcirc < 320 
!
HIPASS (Zwaan et 
al., 2010) is good 
for low mass, gas 
rich galaxies  
Combined: 
60 < vcirc < 320 
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Figure 1. CALIFA velocity function, compared with the Z10, Gonzalez et al. (2000); Klypin et al. (2015); Abramson et al.
(2014) and P11 measurements. The left panel shows the comparison with the observed VFs of rotation-dominated gas-rich
galaxies. The right panel displays the comparison with indirectly estimated VFs. The shaded areas and dotted vertical lines
show an approximate region where incompleteness in the CALIFA sample becomes important, estimated from the LF via the
SDSS r-band Tully-Fisher relation.

completeness limit) due to the steepness of the VF in
this range. A broader discussion of uncertainties in the
circular velocity measurements and volume correction
weights is contained in B16 and W14.
In order to check the impact of velocity measurement

uncertainties we employ a resampling method similar
to P11. We generate 200 mock CALIFA VF samples
(shown in Fig. 2) in which the volume weights are not
changed, but the velocities v

circ

are replaced with ran-
domly drawn values such that vtest

circ

= v
circ

+ N (0,�v),
where �v are the individual velocity uncertainties of each
point.
Overall, the e↵ect is a smoothing of the VF as the

datapoints are ’smeared’ into the neighbouring bins. As
the 1/V

max

weights are higher at the lower velocities,
this leads to an artificial boost at the highest velocity
end. Undoubtedly, this e↵ect should be present in our
VF as well, making the location of the highest veloc-
ity CALIFA datapoint even more uncertain. Given that
this bin only includes 3 galaxies and is outside our esti-
mated completeness range, we exclude it from all further
analysis.

3.3. Combined CALIFA-HIPASS circular velocity
function

In order to extend the VF to a larger velocity range
we merge the HIPASS VF between 60-160 km s�1 and
CALIFA circular velocities between 160-320 km s�1, ef-
fectively choosing the more complete VF in each bin.
Merging the two VFs in this way is justified as HI-rich
late-type galaxies dominate the counts below 200 km
s�1, where they are observed by HIPASS. In the high
mass limit, early-type massive rotators contribute sig-

Figure 2. Top panel shows the volume density fraction of
slow rotators (SR), for which the measured rotation velocities
and circular velocity corrections are the most uncertain. This
fraction does not reach 30% of the volume densities at any
measured velocity. Bottom panel shows the e↵ect of velocity
measurement uncertainties on the velocity function. Thin
grey lines are the mock realisations of the VF. The green
points and line are the CALIFA VF. The blue line shows the
HIPASS VF.

nificantly to the high velocity end, where the CALIFA
sample is expected to be complete at least up to v

circ

=
320 km s�1, as described above.

Bekeraité, Walcher, et al. (2016b)
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How do galaxies acquire their 
angular momentum?

• Torque theory: torques by other galaxies and 
large scale structure set initial angular momentum 
➜ this would predict alignment with LSS. 

• Mergers: growth of spin in galaxies is a random 
walk, triggered by minor and major mergers        
➜ this conference. 

• Additionally, Vmax influenced by total mass, shape 
of potential and rotation vs. dispersion support.

Unlikely that an analytical model can capture all these constraints. 
➜ Compare to simulations.
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Velocity function:  
observations vs. simulations

The CALIFA and HIPASS circular velocity function 5

Table 1. Schechter function fit parameters for CAL-
IFA+HIPASS VF (Eq.1).

 ⇤ [⇥10�3 Mpc�3] v⇤ [km s�1] ↵

130.0±35.8 89.3±32.8 0.2±0.6

We fit a Schechter function

 (v
circ

) =  ⇤

✓
v
circ

v⇤

◆↵

exp


�
✓
v
circ

v⇤

◆�
(1)

to the combined VF, which is shown in Fig. 3. The
datapoints are listed in Table 2 and the fit parameters
are provided in Table 1. Similarly to Z10, we find that
the model parameters are highly covariant. Due to
the smaller CALIFA sample size which leads to larger
Poissonian errors, the fit of the slope is more sensitive
to the HIPASS datapoints. Nevertheless, the joint VF
fit agrees well with CALIFA-only measurements within
the uncertainties.

Figure 3. Zoomed-in view showing the combined CAL-
IFA+HIPASS VF and the best Schechter fit, shown as thick
solid teal line. In the top panel, dark matter-only halo VFs
from Millenium and Bolshoi simulations are shown as purple
and pink dashed and dotted lines. v

max

VF from Illustris-
1 dark-matter only simulation is shown by a thin dark blue
line. Full-physics Illustris-1 simulation VFs, calculated using
the subhalo v

max

and potential-induced circular velocity at
80% stellar mass radius (v

80

) are displayed as orange and yel-
low solid lines respectively. The lower panel shows the ratio
between the baryonic simulated VFs, the combined CAL-
IFA+HIPASS fit and the DM-only Illustris VF. See Sec. 3.5
for a description, discussion, and references.

3.4. Discussion

Despite the care with which we have undertaken our
analysis, combining the HI rotation velocities and stellar

Table 2. CALIFA-HIPASS velocity function values. Uncer-
tainties for the HIPASS values were taken from Obreschkow
et al. (2013), where they supplement direct measurement and
shot noise with other uncertainties such as distance errors,
cosmology uncertainties and cosmic variance.

Survey v
circ

[km s�1]  (log
10

v
circ

) [⇥10�3 Mpc�3]

63.0 56.1 ± 12.2

75.3 68.2 ± 19.1

HIPASS 89.5 62.7 ± 10.1

106.2 36.6 ± 4.1

125.9 36.7 ± 5.1

147.9 24.9 ± 5.0

172.4 22.5 ± 6.1

197.1 24.7 ± 5.5

CALIFA 225.4 13.7 ± 3.3

257.7 10.9 ± 3.0

294.6 5.2 ± 1.6

circular rotation velocities as we have done has some
caveats.
First of all, the actual methods used to construct the

HIPASS and CALIFA VFs are di↵erent. The CALIFA
volume correction procedure uses a more straightfor-
ward 1/V

max

method (Schmidt 1968). In addition, as
discussed in W14, the CALIFA volume weights are ad-
justed to account for the radial density variations.
Meanwhile, Z10 employ a bivariate step-wise maxi-

mum likelihood (2DSWML) technique to obtain their
space densities. Zwaan et al. (2003) verify that the
method is insensitive to even large radial density vari-
ations, although they do find that small survey volume
does a↵ect the resulting distribution at the low mass
end. However, the HIPASS linewidth function (WF)
matches the WF obtained from the deeper ALFALFA
survey down to 60 km s�1 (P11), confirming that the
e↵ect of large scale structure on the HIPASS VF is neg-
ligible, at least in the range of our analysis. As shown in
Zwaan et al. (2003), the 1/V

max

and 2DSWML meth-
ods yield practically indistinguishable results, confirm-
ing that the two VFs derived using both methods are
compatible.
The HIPASS sample consists of late-type galaxies

only, since visually classified early-type galaxies, com-
prising 11% of the sample, have been removed. However,
the fraction of early-type and S0 galaxies is reported to
only have a noticeable e↵ect on the VF only for galax-
ies with rotation velocities above 200 km s�1, where we
use CALIFA VF values already. The non-rotational gas
motions, also relatively more significant at the lower ve-
locity, were found not to have a significant e↵ect on the
HIPASS VF.
HIPASS linewidths have been corrected for inclina-

tion using SuperCOSMOS imaging b-band photometric

Tension between 
observations and 
simulations robust to 
velocity definition 
!
Influence of baryons 
on mass distribution 
important!

Bekeraité, Walcher, et al. (2016b)



Kinematic disturbances and  
“multi-spin”
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Kinematic disturbance

B. García-Lorenzo et al.: Ionized gas kinematics of CALIFA galaxies
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Measuring position angles

IGK team: Approach to CALIFA Ionized gas kinematics

Fig. 3. (a) The ionized gas velocity field (from Hα+[NII] following the procedure in §3) in the inner region of NGC 2410. Contours from the stellar
continuum are overlapped. The black plus sign marks the location of the optical nucleus (peak of the stellar continuum). (b) Map of the average
derivative of the Hα+[NII] velocity field in (a). Contours corresponds to the isovelocity lines from the ionized gas velocity field (relative to its
Vsys=4681 km/s from NED) extending from -250 to 250 km/s in steps of 50 km/s. The black plus sign and the filled-circle indicate the location of
the optical nucleus (ON) and the kinematic center (KC), respectively.

Fig. 4. (a) Distance to the KC (in arcsec) versus the observed velocity for each spatial element of the CALIFA data cube for NGC 2410. The blue
line indicate those spaxels with the largest difference in velocity respect to the radial velocity of the KC at each radius, tracing a pseudo-rotation
curve. (b) The ionized gas velocity field (from Hα+[NII] following the procedure in §3) of NGC 2410. The plus sign marks the location of the
KC Open and filled circles mark the spaxels with the largest absolute velocity difference with the KC velocity at each radius (the same than those
marked in purple in (a)). These spaxels trace the largest velocity gradient in the velocity field providing a direct estimation of the major kinematic
position angle.

these positions and then the agreement (or not) of the derived
PAkin with the classical idea of a major kinematic axis.

3.1.4. Estimation of the inclination

For the estimation of the inclination it is necessary to assume
a model of rotating disk

In order to obtain the inclinations of the galaxies we have
plotted the measured radial velocities on a position angle-

5

Garcia-Lorenzo et al. (2015)
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The systematics of kinematic 
disturbances

  

II. Stellar and Ionized gas kinematics across the 
evolutionary sequence

Stellar vs Ionized gas kinematic PA misalignment

74% of interacting 

sample shows 

clear 

misalignments!!!

Barreras-Ballesteros et al. (2015)

gas

stars
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Merger stages

Barreras-Ballesteros et al. (2015)

vgas

vstars

image

Fig. 1. Example of the scheme for the merger described in Sec.2.1. Top: SDSS r-band images of galaxies included in the CALIFA survey, from
left to right: Stage 1, well-defined separation of the galaxy main bodies; no evident interaction signatures (IC 0944 and KUG 1349+143); Stage
2, galaxies overlap, but no strong morphological interaction features such as bridges are present (VV 488NED01 and VV 488NED02); Stage 3:
pre-merger phase, two defined nucleus with evident interaction features (NGC 169 and NGC 169A ); Stage 4, single extended nucleus in optical
with prominent tidal features (NGC 2623) and Stage 5, merger remnant, possible tidal debris (NGC 5739). Contours represent the continum
obtained from the data cubes. Note that for these objects the velocity field distributions are extracted from a single IFU data cube, except for the
pairs of galaxies in stage 1, where each galaxy has its own IFU data cube. Size of each box is 2 arcmin. Top is north and left is east. Middle:
stellar velocity fields. Bottom: H↵+[NII] velocity field for each galaxy example.

early type galaxies (e.g., NGC 5953 included in the SAURON
project Falcón-Barroso et al. 2006) or ionised gas kinematics for
spiral or irregular galaxies (GHASP, Epinat et al. 2008). Re-
cently, Bellocchi et al. (2013) showed that a large fraction of
the ionised gas velocity fields of a sample of (U)LIRGs that
show pre- and post-merger morphological signatures are dom-
inated by rotation. Despite these e↵orts, usually they lack of the
comparison between the stellar and ionised gas components at
di↵erent stages of the merging event. Since these components
could react di↵erent along the merger, it is crucial to understand
how the kinematic of these components evolve during a galactic
encounter. To di↵erentiate the possible distortions or imprints
due to secular processes from those related to the merger, an
homogeneous control sample is also required. The aim of this
work is to analyse the stellar and ionised gas velocity distribu-
tions as the merger event evolves by studying several galaxies at
di↵erent stages of this event, also we want to compare kinematic
properties of these galaxies with those derived from a set of non-
interacting galaxies. An observational study requires both an
homogeneous method and analysis. Moreover, it has to be able
to depict kinematics from stellar and ionised gas components
not for a single merging stage but across the entire merging se-
quence. The CALIFA survey (Sánchez et al. 2012) allows to
carry out this kind of study. All the interacting/merging galax-
ies, as well as the non-interacting objects, are observed with the
same observational setup. Due to its generous wavelength range,
we can extract 2D velocity maps from the stellar and ionised gas
components. It also includes a large variety of non-interacting
objects allowing us to use them as a control sample. In a com-
panion paper (Barrera-Ballesteros et al. 2014, hereafter Paper I),

we characterise and study the kinematic properties of a sample
of 80 isolated galaxies drawn from the CALIFA survey. We ap-
plied the same methods to characterize the velocity fields in both
samples.

Layout of this article is as follows: In Sect. 2 we describe
the morphological classification used to estimate the interac-
tion stage, the interacting and control samples, the IFS data as
well as the analysis tools to determine kinematic properties di-
rectly from the velocities distributions. In Sect. 3 we compare
the di↵erent kinematic parameters derived from the interacting
galaxies with those from the control sample as well as study
these properties at di↵erent interaction stages. In Sect. 4 we
discuss our results while in Sect. 5 we summarizes our results
and present the conclusions from this study. In Appendix A we
present the tables with the kinematic properties, while in Ap-
pendix B we present the kinematic velocity distributions for the
ionised gas and the stars.

2. Sample and Observations

2.1. Evolutionary scheme of galactic merging

We are interested in describing how the kinematics of the stel-
lar and the ionised gas components evolve along the merging
event. Therefore, we need to set an evolutionary scheme for the
merger. For this study we used a morphological classification
scheme introduced by Veilleux et al. (2002). This morphologi-
cal classification is based on n-body simulations of the merger of
two spiral disk galaxies (Surace 1998, and references therein). It
was introduced to analyse a sample of (U)LIRGs and it is still
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Fig. 11. Kinematic misalignment between the stellar and the ionised gas component ( stars�gas) against the stellar mass (left) and the interacting
stage (right). In all the panels the red simbols represent early-type galaxies (i.e., E, S0 and Sa) and late-type are shown by blue simbols (i.e., Sb,
Sc, Sd). Gray dots represent the control sample. Error bars are dominated by the uncertainty in the kinematic orientations, which are derived from
Monte Carlo simulations. Dashed lines represent the largest misalignement for 90% of the control sample. In right panel the squares represent the
median values for each interaction stage. Tagged objects present misalignment larger than 30�
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Fig. 10. Distribution of the kinematic misalignment between the stel-
lar and ionised gas components ( PAgas�stars). Line-filled histograms
represent the distribution of  PAgas�stars for the control sample. Solid
line represents the largest deviation for 90% measured in the control
sample. Dashed line represents the same value for the interacting galax-
ies.

teraction stage 3). However when we compare the kinematic
alignment between the receding and approaching sides, most of
the interacting galaxies in both components, have similar align-
ments as those found for isolated galaxies. This suggests that
kinematic of interacting galaxies may share similar range of or-
dered motions as isolated galaxies, where it is expected to find
both kinematic sides aligned.

Further evidence of the similarity between the interacting
and the control sample comes from the stellar kinematic PA de-
viations (see left, panels of Fig.8). However, the same parameter
for the ionised gas reveals that more than half of the interact-
ing sample have kinematic PA deviations that cannot be found
in 90% of the control sample. In fact, in both samples we find
a broad range (and a large median) of �PAkin in the stellar com-
ponent (see Table 2), while for the ionised gas in the isolated
galaxies these deviations are significantly smaller. These results
suggest that the mechanisms responsible to produce the large
kinematic PA deviations in the stellar component are very simi-
lar in both samples. Such mechanisms could include radial mo-
tions or dynamical heating. Moreover, the comparison between
stellar and ionised gas kinematic PA deviations points out to a
scenario where the time scales for the ionised gas to settle down
after a merger in the form of a rotating disc is shorter than for the
stellar component. In other words, a galaxy with a large ionised
gas kinematic PA deviation is likely to be or has been under a
recent merger event. Note that despite the di↵erences found in
the ionised gas kinematic PA deviation between the two sam-
ples, we did not find any significant di↵erence between the me-
dian values in each interaction stage and the values found in the
control sample. This suggests that although departures from or-
dered motions can be found at di↵erent interaction stages, the
dominant kinematic PA deviations in the ionised gas is similar
to the ones found in isolated galaxies.

Although studies of large samples of velocity fields of in-
teracting galaxies and mergers in the local universe are rather
scarce, Bellocchi et al. (2013) found that a significant portion
of ULIRGs are dominated by rotation (76%). Their sample also
covers di↵erent stages of interaction from interacting galaxies to
mergers. Even though, we cannot confirm with the kinematic
properties presented here that our sample of interacting galaxies
are supported by rotation, by comparing with a control sample

Article number, page 12 of 53

Barreras-Ballesteros et al. (2015)



27.9.2016 Muti-spin galaxies / SAO 28

Misalignments morph vs. kin
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Fig. 5. Morpho-kinematic misalignment ( morph�kin) for the stellar (top) and ionised gas (bottom) component against the stellar mass (left) and
the interacting stage (right). In all the panels the red simbols represent early-type galaxies (i.e., E, S0 and Sa) and late-type are shown by blue
simbols (i.e., Sb, Sc, Sd). Gray dots represent the control sample. For the left panels, the green squares and pink circles represent the median of
 morph�kin in mass bins of 0.5 in units of log (Mstellar/M� for the control and interacting samples, respectively. The bars for each value represent the
16th and 84th percentiles. Dashed lines represent the largest misalignement for 90% of the control sample. For the right panels, the pink circles
represent the median of  morph�kin in each interaction stage bin. The bars for each value represent the 16th and 84th percentiles. Gray regions
shows the median morpho-kinematic misalignment obtained from the control sample, while light-gray regions represent the 90 % misalignments
obtained from the control sample.

tion for both sides is close to 45 �. At this distance the photomet-
ric PA is clearly biased by the halo involving the triplet system
rather than intrinsic orientation of this galaxy (PA ⇠ 50 �). For
the ionised gas component, the galaxy with the largest morpho-
kinematic misalignment in both sides is the early-type galaxy
NGC 5623. This galaxy does not present any close companion,
or any other readily observable signature of interaction from the
images (we classified this object in late merging stage 5), how-
ever its stellar velocity distribution reveals a clear kinematically
decoupled core (KDC). This KDC is aligned with the morpho-
logical PA of the galaxy. However, the ionised gas kinematic
PA (which extends ⇠ 10 arcsec), is nearly perpendicular to the
KDC orientation. Note that this is not the only case of a KDC in
our sample (e.g., NGC 5953 Falcón-Barroso et al. 2006, 2007).
These cases are only an example of how di↵erent the kinematic
structure of a galaxy can be as expected only from its morphol-
ogy.

3.2. Dependence of the morpho-kinematic misalignments

with respect to stellar mass and interaction stage

In Fig. 5 we plot for both the control and the interacting sam-
ples the stellar and ionised gas morpho-kinematic misalignments
with respect to their stellar masses as well as their interaction
stage. As we already pointed out in Paper I, the control morpho-
kinematic misalignments (in any component) do not seem to
vary strongly at di↵erent stellar mass ranges. However, this is
not the case for the interacting sample, we find in both compo-
nents an average increment in the morpho-kinematic misalign-
ment at the mass range of 10< log (Mstellar/M�) < 10.5. The
interacting and control sample in this mass range do not seem to
be drawn from the same parent distribution (p

KS

< 0.02). The
explanation of this increment in the misalignment at this mass
range is non-trivial. It can be due to the distribution of stellar
masses of interacting galaxies. Most of the galaxies in this mass
bin are pairs of galaxies. According to cosmological simulations
, the stellar mass distribution function of galaxy pairs peaks in
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Figure 4. The fraction of kinematically misaligned galaxies as a function of M∗ (left), SFR (middle) and sSFR (right). The black triangle is defined as
N (!PA > 30◦)/N(EML) and the red open circle is defined as N (!PA > 30◦)/N(ALL). N (!PA > 30◦) is number of kinematically decoupled galaxies in each
parameter bin. N(EML) is number of galaxies with nebular emission lines. N(ALL) is total number of galaxies in a certain parameter bin (including galaxies
with and without nebular emission). The x-axis error indicates the size of each parameter bin and y-axis error is estimated from bootstrap method.

Figure 5. The sérsic index (n) distributions for star-forming (blue), green valley (green) and quiescent (red) misaligned galaxies. The peak of each distribution
is set to 1. The vertical dashed line marks n = 2, which is the often used proxy for bulge versus disc dominated galaxies.

surface brightness profile of galaxies can be fit by the Sérsic
profile:

I (R) = I0exp

[
−βn

(
R

Re

)1/n
]

(1)

where I0 is the central surface brightness and Re is the effective ra-
dius that encloses half of the total light. The parameter n is the well-
known Sérsic index. Fig. 5 shows the distribution of the Sérsic index
taken from NASA-Sloan Atlas (Abazajian et al. 2009, Blanton et al.
2011)1 for star-forming (blue), green valley (green) and quiescent
(red) kinematically misaligned galaxies. The vertical dashed line
marks the position of n = 2, which is the often used proxy for bulge
versus disc dominated galaxies. Misaligned star-forming galaxies

1 http://www.nsatlas.org/

are indeed more disc like, while most green valley and quiescent
misaligned galaxies seem to be spheroid dominated. However, this
should be confirmed dynamically, e.g. via an objective assessment
of the stellar angular momentum.

Sixty percent of the star-forming, 92 per cent green val-
ley and all the quiescent misaligned galaxies have Sérsic in-
dices > 2. While the fraction of the overall galaxy population
for each category is 27, 68 and 96 per cent, respectively. The
Sérsic index distribution of star-forming and green valley mis-
aligned galaxies are significantly different from their general galaxy
population.

In Fig. 6, we show the SDSS false-colour images and the Hα

equivalent width (EQWHα) maps of eight kinematically misaligned
galaxies. All the spaxels shown in the EQWHα maps have reliable
emission line detections with S/N > 3. We divide the 66 kinemat-
ically misaligned galaxies into the following four classes based on
the substructures revealed in EQWHα maps.
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Multi-spin???

• Multi-spin galaxies seem rare in CALIFA! (and 1/79 for 
SAMI, Fogarty+16) 

• Still no one has systematically searched for them in the 
CALIFA sample.  

• One could start from the maps in Falcon-Barroso et al. 
(subm.) and Garcia-Lorenzo et al. (2015). 

• But much higher spatial resolution maps for the stars 
are possible if one accepts less quality for the velocity 
dispersion. 
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Multi-spin???

• Multi-spin galaxies seem rare in CALIFA! (and 1/79 for 
SAMI, Fogarty+16) 

• Still no one has systematically searched for them in the 
CALIFA sample.  

• One could start from the maps in Falcon-Barroso et al. 
(subm.) and Garcia-Lorenzo et al. (2015). 

• But much higher spatial resolution maps for the stars 
are possible if one accepts less quality for the velocity 
dispersion.  

• And I wanted to show some MUSE data as well …
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NGC5102

• A MUSE-based multi-
spin galaxy: NGC5102. 

• Young nucleus, large 
HI content, central 
shock with line 
emission.  

• Galaxy relatively old, 
with weak SF burst in 
the last 100 Myr. 

• 5-10*109 Msun
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A classical 2σ-peak galaxy
MUSE view of NGC 5102 5
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Figure 2. From top left to bottom right: Velocity, velocity dispersion �, h3 and h4 fields of the 4 moment kinematic fit to the 4760–7400 Å
wavelength region. From the h3 map the median value of �0.019 has been subtracted. The asymmetry of the h3 field is indicative for
residual template mismatch. To exclude that this is caused by the single template spectrum used to extract this kinematics we checked
the h3 map of from the full MILES spectrum fit for structure in the h3 map. This map has an even stronger structure, especially the H�
emission is traced by this h3 map. Black lines are the isophotes of the galaxy integrated light.

major axis, we name the solution that has positive rotation
velocities for positive x values component 1, component 2
has accordingly rotation velocities with opposite sign than
the x coordinate. We found that this method gives the sep-
aration with the lowest scatter, the only caveat with this
selection criterion is that it might also find rotation pat-
terns in completely random data sets. To verify that we are
not biased by this sorting method, we also tried to sort on
the absolute value of the velocity relative to the systemic
velocity |V �Vsys |. This works when the two components ro-
tate with di↵erent amplitudes. A similar approach is to sort
on the velocity dispersion. These two alternative methods
should actually be equal as the two components rotate in
the same potential and the component with the smaller ro-
tation velocity should have a higher velocity dispersion and

vice versa. We find that all three criteria give similar results,
but sorting on sign reduces the noise most e�ciently.

In Fig. 4 we shows the velocity fields, based on the sign
sorting. These plots show the clear separation of the two
components and thus prove the existence of two counter ro-
tating populations. Component 1 rotates with an amplitude
of roughly 75 km s�1 faster than component 2 with an am-
plitude of roughly 25 km s�1.

4 POPULATION FITTING

We extract the stellar population from the MUSE data using
pPXF to perform full-spectrum fitting including regulariza-
tion of the weights solution. To make use of the full wave-

MNRAS 000, 1–17 (2016)

Mitzkus, Cappellari, Walcher (2016)
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Kinematic separation of two 
components

6 M. Mitzkus, M. Cappellari and C.J. Walcher

Table 1. Paramaters from the kinematic fits

Vsys Vampl �Vsampling PA �� �� S/N
[km s�1] [km s�1] [km s�1] [�] [km s�1] – –

blue 2 moment 473.3 17.5 50.6 45.5 – – 113
blue 4 moment 474.5 20.6 50.6 47.0 1.2 1.04 113

Ca ii triplet 2 moment 472.7 16.9 42.5 44.5 7.3 1.05 109
Ca ii triplet 4 moment 472.5 21.4 42.5 44.5 6.8 1.04 110

Vsys is the systemic velocity of NGC 5102, determined with the fit_kinematic_pa routine, a Python implementation of the method
Krajnović et al. (2006) describe in Appendix C to measure the global kinematic position angle.
Vampl is the amplitude of the rotation velocity, determined as 1/2 of the sum of absolute values of the minimum and maximum values of
the by symmetrized velocity field (using the Python routine cap_symmetrize_velfield).
PA is the kinematic position angle, also determined with the aforementioned fit_kinematic_pa routine.
�� is the mean of the di↵erence blue 2 moment extraction dispersion and the dispersion from the kinematic extraction under consideration.
� scaling is the factor the velocity dispersion field under consideration is scaled to minimize the absolute di↵erence to the blue 2 moment
dispersion.
� scaling is the factor the velocity dispersion field under consideration is scaled to minimize the absolute di↵erence to the blue 2 moment
dispersion.

Figure 3. Left: ��2 as function of the input velocities for the two
kinematic components. Right: Weights for one kinematic compo-
nent as function of the input velocities for the two kinematic
components. A true two component solution is fitted in those re-
gions where both components have a non zero weight, i.e. brighter
regions in right image and the ��2 is lowest, i.e. brighter regions
in the left image.
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Figure 4. Left: Velocity filed of component 1 [km s�1]. Right: Ve-
locity field of component 2 [km s�1]. Black lines are the isophotes
of the galaxy integrated light.

length range provided by the MUSE spectrograph (4750–
9340 Å) we used the MIUSCAT (Vazdekis et al. 2012) popu-
lation models. These models combine the observational stel-
lar libraries MILES (Sánchez-Blázquez et al. 2006; Falcón-
Barroso et al. 2011), Indo-U.S. (Valdes et al. 2004) and CaT
(Cenarro et al. 2001) to predict stellar populations over the
wavelength range from 3465 to 9469 Å. In the wavelength
ranges covered by either MILES or CaT these spectra are
used, in the gaps and at the blue and red extensions the
Indo-U.S. spectra are used (Vazdekis et al. 2012).

We use stellar populations based on the Padova
isochrones (Girardi et al. 2000) and use as a reference a
Salpeter initial mass function (IMF). We restrict to the safe
parameter range (Vazdekis et al. 2012) and obtained a set
of population models covering the age range from 0.1 to
17.7828 Gyr spaced into 46 logarithmically equidistant steps
and six metallicites ([M/H] = �1.71, �1.31, �0.71, �0.4, 0.0,
+0.22).

The whole MUSE wavelength range is used for the pop-
ulation fitting, no masking is applied. We fit simultaneously
the stellar kinematics and population and the gas emission
lines of H↵, H�, [O i] �� 6300,6364, [O iii] �� 4959,5007,
[N ii] �� 6548,6583, [S ii] � 6716 and [S ii] � 6731. The flux
ratios of the doublets are fixed to the ratio 1/3 predicted
by atomic physics. All gas emission lines have a common
kinematic (V and �) solution, the fluxes of the seven gas
components (three doublets and four lines) are freely scaled.
We assume the errors on the spectrum to be constant with
wavelength. We use the �2 per degree of freedom (�2/DOF)
provided by the best fit to renormalise the error to give a
�2/DOF = 1:

"norm = " ⇥
q
�2/DOF (1)

Following the unregularised fit we perform a regularised fit,
with the pPXF regularisation parameter ”REGUL=100”.

Two examples of the regularised fit are shown in Fig. 5
for a central and a bin at a major axis radius of r = 30.008,
slightly more than one Re . In the centre bin two distinct
populations show up: a metal poor [M/H] < �1.0 old and
a roughly solar metallicity ([M/H] > �0.5) ⇠ 0.3 Gyr old
population. In the outer bin the separation is less promi-
nent, even though there is an indication for a separation in
metallicity.

For each Voronoi bin the average age and metallicity
are calculated as the weighted sums of the individual simple
stellar population values To Michele: I always used the sum
of log age in my code, and wrote the wrong equation. Now
it should be right. This means also the log age plot in Fig.

MNRAS 000, 1–17 (2016)

Mitzkus, Cappellari, Walcher (2016)

Relative ages are hard to get but may be 0.8 Gyr vs. 2 Gyr.
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Mass models: require DM-
dominated potentialMUSE view of NGC 5102 11

Figure 11. Self-consistent JAM model (a) second velocity mo-
ment (right hand model) is compared to the measured Vrms (left
hand panel).

the finding that, even when the dark halo is allowed to be
quite general, the total density profiles of ETGs is well ap-
proximated by a single power-law out to about 4 Re (Cap-
pellari et al. 2015). This model has four free parameters: the
anisotropy �z , the inclination i, the inner total mass density
slope � and the total mass density at 1 kpc ⇢(r = 1 kpc).

In all models the central region with a radius of r = 200

is masked. In this region a sharp � peak is observed, that
influences the derived model parameters in a non physi-
cal way. The necessary detailed modelling of the central
black hole is beyond the scope of this paper. For all five
models a) to e) the JAM model parameters are inferred
using a Markov chain Monte Carlo (MCMC) sampling.
The MCMC sampling is done using Foreman-Mackey et al.
(2013) emcee Python code, an implementation of Goodman
& Weare (2010) a�ne invariant Markov chain Monte Carlo
ensemble sampler. There are basically two inputs to em-

cee: the prior function P(model) and the likelihood function
P(data|model). We use an uninformative prior function, i.e.
within the bounds the likelihood is 1, outside it is zero. As-
suming Gaussian errors the likelihood function is:

P(data|model) / exp
 
� �

2

2

!
(10)

�2 =
X *

,
Vrms � hv2

losi
1/2

"
Vrms

+
-

2

. (11)

where hv2
losi is the second moment of the JAM model velocity

distribution. The posterior distribution is then:

P(model|data) / P(data|model) ⇥ P(model) (12)

We use 100 walkers, each performing 500 steps to sample
the posterior distribution.

6.2 JAM models of NGC 5102

The best fitting self-consistent JAM model (a) is compared
to the observed Vrms in Fig. 11, the median values of the
posterior distribution are given in table 4. It is obvious
that the model does not at all represent the observed Vrms.
This result is in contrast to the results obtained by Cappel-
lari et al. (2013a) applying the same approach to the 260
ATLAS3D galaxies (see their Fig. 1) where all galaxies with
good kinematic data are well described by the self-consistent
model. This qualitatively indicates that NGC 5102, unlike
the ATLAS3D ETGs, is dominated by dark matter. It also

Figure 12. JAM model b): the stars-only model second velocity
moment (right hand model) is compared to the measured Vrms
(left hand panel).

shows that the dark matter must be more shallow than the
stars, otherwise the self-consistent model would still be able
to produce an acceptable fit. These qualitative results will
be quantified in the following.

The stars-only JAM model (b) shown in Fig. 12 di↵ers
noticeably from model a) and represents a clear improve-
ment but still at a poor overall level. Using the MGE stellar

mass prediction instead of the simple mass follows light as-
sumption moves the model into the right direction, but does
not solve a more fundamental di↵erence between data and
model prediction. The median values of the posterior distri-
bution are given in table 4. Even though the �2/DOF of this
model indicates a fair improvement over model a), the qual-
ity of the JAM model is poor compared to the self-consistent
models for the ATLAS3D galaxies (Cappellari et al. 2013a).
It is obvious that the shallower mass profile used for this
model can only reduce the dark matter needed to explain
the kinematics of this galaxy, because the mass profile is
shallower than the light profile and the DM halo has an
even shallower slope than the mass profile.

Fitting the model c) with a NFW dark matter halo to
the observed Vrms dramatically improves the quality of the
JAM model. Fig. 13 compares the bestfit JAM model with
NFW dark matter halo. Now the two peaks along the major
axis and the flat Vrms along the minor axis are reproduced by
the model. The median model parameters from the posterior
distribution are again summarised in table 4. The mass M (r)
of an axisymmetric MGE enclosed within a sphere of radius
r can be obtained as

M (r) = 4⇡
Z r

0
r2⇢tot(r)dr, (13)

where the density ⇢tot(r) was given in footnote 11 of Cap-
pellari et al. (2015). We obtain:

qj =

q
q02
j
� cos(i)2

sin i
(14)

e j ⌘
q

1 � q2
j

(15)

h j ⌘
r

� jqj
p

2
(16)

M (r) =
X

j

Mj

"
erf

⇣
h j

⌘
� 1

e j
exp

⇣
�h2

jq
2
j

⌘
erf

⇣
h j e j

⌘#
(17)

To Michele: I checked the formula using Wolfram alpha
and end up with the same result The dark matter fraction
MDM(r)/Mtot(r) inside a sphere of radius r = Re is 0.37±0.04.

MNRAS 000, 1–17 (2016)
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Table 4. JAM model parameters

Model �z i log(M/L) log(↵)1 log(M200) � fDM log(⇢(r = 1 kpc)) �2/DOF
– [�] [log(M�/L� )] – [log(M�]) – – [log(M� pc�3)] –

bounds [0.0, 0.5] [70., 90.] [-0.6, 0.3] [-0.6, 0.3] [0,16.] [-2.0, 0.0] [0, 1] [-4.0, 1.0]

a) 0.09 ± 0.04 87 ± 3 0.05 ± 0.01 – – – – – 0.303
b) 0.08 ± 0.03 87 ± 3 – 0.14 ± 0.01 – – – – 0.111
c) 0.18 ± 0.04 86 ± 3 – �0.05 ± 0.03 12.7 ± 0.2 – – – 0.023
d) 0.21 ± 0.05 86 ± 4 – �0.17 ± 0.17 – �1.4 ± 0.3 0.54 ± 0.15 – 0.021
e) 0.27 ± 0.04 86 ± 4 – – – �1.75 ± 0.04 – �0.75 ± 0.03 0.021

1 For models c) and d) ↵⇤ = (M⇤/L)dyn/(M⇤/L)Salp, with (M⇤/L)dyn ratio of dynamical stellar mass to light ratio. For model b) ↵ =
(M/L)dyn/(M⇤/L)Salp with (M/L)dyn the total mass in the dynamical JAM model.

Figure 13. JAM model c (NFW halo and MGE stellar mass)
second velocity moment (right hand model) is compared to the
measured Vrms (left hand panel).

Figure 14. JAM model e (total mass is parametrized by a spher-
ical power law) second velocity moment (right panel) is compared
to the measured Vrms (left hand panel).

For model d) the posterior distribution from the MCMC
sampling is shown in Fig. 15, median values are summarised
in table 4. This plot shows the expected degeneracy between
the IMF normalisation, the dark matter halo slope � and
the dark matter fraction. Due to the degeneracy a range
of parameter combinations gives nearly equally acceptable
fits: from mostly dark matter dominated (see also model e,
as this is the limiting case of log(↵⇤) going to -infinity and
fDM to 1.) to models with reasonable IMF normalisations.
A Salpeter IMF with inner halo slope � = �1 (i.e. model c)
seems to be less likely. A model with a Chabrier IMF (i.e.
a typical IMF for a low mass galaxy) is in the range of high
likelihood and requires a dark matter fraction of fDM ⇡ 60%.

In model e) we assume the total matter distribution can
be described by a power law. Figure 14 shows this model ac-
tually gives the best description of the observed Vrms, even

Figure 15. The posterior distribution of the model d) with MGE
mass model and a gNFW dark halo (i.e. a power law halo with free
inner slope and outer slope fixed to -3). The green lines correspond
to a Salpeter IMF (log(↵⇤) = 0.) and a Chabrier IMF (log(↵⇤) =
�0.236).

though the improvement over the NFW model d) is very mi-
nor (see table 4). This underlines that the simple assumption
of a power law matter distribution with spherical symmetry
actually describes the observed Vrms very well. The slope for
the total mass density is a very robust result, in contrast
to the slope of the dark halo that is degenerate with the
IMF normalisation. The slope we find for NGC 5102 is with
� = �1.75 ± 0.04 shallower than the slope of an isothermal
halo (�iso = �2). Cappellari et al. (2015) measure an average
slope of h�i = �2.19 ± 0.03 for the 14 fast rotating galaxies
out to large radii of 4Re. The authors do not find a strong de-
pendence of the slope on the radius and report a marginally
smaller slope when limiting the radial range to r  Re. The
smaller slope we find for the low mass galaxy NGC 5102
agrees qualitatively with the decreasing total mass slope re-
ported in Fig. 22c of Cappellari (2016).
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Footnote: We attempted a MOND model, which is possibly disfavoured. 
But: how does one make a 2-D MOND dynamical model?

Mass follows light,  
stellar mass based

Stellar mass and NFW 
dark matter halo.

Mitzkus, Cappellari, Walcher (2016)
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Mass models: require DM-
dominated potentialMUSE view of NGC 5102 11

Figure 11. Self-consistent JAM model (a) second velocity mo-
ment (right hand model) is compared to the measured Vrms (left
hand panel).

the finding that, even when the dark halo is allowed to be
quite general, the total density profiles of ETGs is well ap-
proximated by a single power-law out to about 4 Re (Cap-
pellari et al. 2015). This model has four free parameters: the
anisotropy �z , the inclination i, the inner total mass density
slope � and the total mass density at 1 kpc ⇢(r = 1 kpc).

In all models the central region with a radius of r = 200

is masked. In this region a sharp � peak is observed, that
influences the derived model parameters in a non physi-
cal way. The necessary detailed modelling of the central
black hole is beyond the scope of this paper. For all five
models a) to e) the JAM model parameters are inferred
using a Markov chain Monte Carlo (MCMC) sampling.
The MCMC sampling is done using Foreman-Mackey et al.
(2013) emcee Python code, an implementation of Goodman
& Weare (2010) a�ne invariant Markov chain Monte Carlo
ensemble sampler. There are basically two inputs to em-

cee: the prior function P(model) and the likelihood function
P(data|model). We use an uninformative prior function, i.e.
within the bounds the likelihood is 1, outside it is zero. As-
suming Gaussian errors the likelihood function is:

P(data|model) / exp
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where hv2
losi is the second moment of the JAM model velocity

distribution. The posterior distribution is then:

P(model|data) / P(data|model) ⇥ P(model) (12)

We use 100 walkers, each performing 500 steps to sample
the posterior distribution.

6.2 JAM models of NGC 5102

The best fitting self-consistent JAM model (a) is compared
to the observed Vrms in Fig. 11, the median values of the
posterior distribution are given in table 4. It is obvious
that the model does not at all represent the observed Vrms.
This result is in contrast to the results obtained by Cappel-
lari et al. (2013a) applying the same approach to the 260
ATLAS3D galaxies (see their Fig. 1) where all galaxies with
good kinematic data are well described by the self-consistent
model. This qualitatively indicates that NGC 5102, unlike
the ATLAS3D ETGs, is dominated by dark matter. It also

Figure 12. JAM model b): the stars-only model second velocity
moment (right hand model) is compared to the measured Vrms
(left hand panel).

shows that the dark matter must be more shallow than the
stars, otherwise the self-consistent model would still be able
to produce an acceptable fit. These qualitative results will
be quantified in the following.

The stars-only JAM model (b) shown in Fig. 12 di↵ers
noticeably from model a) and represents a clear improve-
ment but still at a poor overall level. Using the MGE stellar

mass prediction instead of the simple mass follows light as-
sumption moves the model into the right direction, but does
not solve a more fundamental di↵erence between data and
model prediction. The median values of the posterior distri-
bution are given in table 4. Even though the �2/DOF of this
model indicates a fair improvement over model a), the qual-
ity of the JAM model is poor compared to the self-consistent
models for the ATLAS3D galaxies (Cappellari et al. 2013a).
It is obvious that the shallower mass profile used for this
model can only reduce the dark matter needed to explain
the kinematics of this galaxy, because the mass profile is
shallower than the light profile and the DM halo has an
even shallower slope than the mass profile.

Fitting the model c) with a NFW dark matter halo to
the observed Vrms dramatically improves the quality of the
JAM model. Fig. 13 compares the bestfit JAM model with
NFW dark matter halo. Now the two peaks along the major
axis and the flat Vrms along the minor axis are reproduced by
the model. The median model parameters from the posterior
distribution are again summarised in table 4. The mass M (r)
of an axisymmetric MGE enclosed within a sphere of radius
r can be obtained as

M (r) = 4⇡
Z r

0
r2⇢tot(r)dr, (13)

where the density ⇢tot(r) was given in footnote 11 of Cap-
pellari et al. (2015). We obtain:
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To Michele: I checked the formula using Wolfram alpha
and end up with the same result The dark matter fraction
MDM(r)/Mtot(r) inside a sphere of radius r = Re is 0.37±0.04.
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Table 4. JAM model parameters

Model �z i log(M/L) log(↵)1 log(M200) � fDM log(⇢(r = 1 kpc)) �2/DOF
– [�] [log(M�/L� )] – [log(M�]) – – [log(M� pc�3)] –

bounds [0.0, 0.5] [70., 90.] [-0.6, 0.3] [-0.6, 0.3] [0,16.] [-2.0, 0.0] [0, 1] [-4.0, 1.0]

a) 0.09 ± 0.04 87 ± 3 0.05 ± 0.01 – – – – – 0.303
b) 0.08 ± 0.03 87 ± 3 – 0.14 ± 0.01 – – – – 0.111
c) 0.18 ± 0.04 86 ± 3 – �0.05 ± 0.03 12.7 ± 0.2 – – – 0.023
d) 0.21 ± 0.05 86 ± 4 – �0.17 ± 0.17 – �1.4 ± 0.3 0.54 ± 0.15 – 0.021
e) 0.27 ± 0.04 86 ± 4 – – – �1.75 ± 0.04 – �0.75 ± 0.03 0.021

1 For models c) and d) ↵⇤ = (M⇤/L)dyn/(M⇤/L)Salp, with (M⇤/L)dyn ratio of dynamical stellar mass to light ratio. For model b) ↵ =
(M/L)dyn/(M⇤/L)Salp with (M/L)dyn the total mass in the dynamical JAM model.

Figure 13. JAM model c (NFW halo and MGE stellar mass)
second velocity moment (right hand model) is compared to the
measured Vrms (left hand panel).

Figure 14. JAM model e (total mass is parametrized by a spher-
ical power law) second velocity moment (right panel) is compared
to the measured Vrms (left hand panel).

For model d) the posterior distribution from the MCMC
sampling is shown in Fig. 15, median values are summarised
in table 4. This plot shows the expected degeneracy between
the IMF normalisation, the dark matter halo slope � and
the dark matter fraction. Due to the degeneracy a range
of parameter combinations gives nearly equally acceptable
fits: from mostly dark matter dominated (see also model e,
as this is the limiting case of log(↵⇤) going to -infinity and
fDM to 1.) to models with reasonable IMF normalisations.
A Salpeter IMF with inner halo slope � = �1 (i.e. model c)
seems to be less likely. A model with a Chabrier IMF (i.e.
a typical IMF for a low mass galaxy) is in the range of high
likelihood and requires a dark matter fraction of fDM ⇡ 60%.

In model e) we assume the total matter distribution can
be described by a power law. Figure 14 shows this model ac-
tually gives the best description of the observed Vrms, even

Figure 15. The posterior distribution of the model d) with MGE
mass model and a gNFW dark halo (i.e. a power law halo with free
inner slope and outer slope fixed to -3). The green lines correspond
to a Salpeter IMF (log(↵⇤) = 0.) and a Chabrier IMF (log(↵⇤) =
�0.236).

though the improvement over the NFW model d) is very mi-
nor (see table 4). This underlines that the simple assumption
of a power law matter distribution with spherical symmetry
actually describes the observed Vrms very well. The slope for
the total mass density is a very robust result, in contrast
to the slope of the dark halo that is degenerate with the
IMF normalisation. The slope we find for NGC 5102 is with
� = �1.75 ± 0.04 shallower than the slope of an isothermal
halo (�iso = �2). Cappellari et al. (2015) measure an average
slope of h�i = �2.19 ± 0.03 for the 14 fast rotating galaxies
out to large radii of 4Re. The authors do not find a strong de-
pendence of the slope on the radius and report a marginally
smaller slope when limiting the radial range to r  Re. The
smaller slope we find for the low mass galaxy NGC 5102
agrees qualitatively with the decreasing total mass slope re-
ported in Fig. 22c of Cappellari (2016).
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But: how does one make a 2-D MOND dynamical model?
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Conclusions

• There is no direct correspondence between morphology 
and kinematics. 

• We provide the bi-variate distribution function in luminosity 
- circular velocity space.  

• Cosmological simulations cannot reproduce the CALIFA + 
HIPASS combined velocity function. 

• Misalignment of stellar and ionized gas kinematics are tied 
to merger events, but are generally minor.  

• Low mass early type galaxies likely require larger amounts 
of dark matter than do late types.  

• Overall, multi-spin galaxies may be quite rare!

http://califa.caha.es/
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Stellar velocity fields ➜ Mdyn

• Low mass spirals are heavily Dark 
Matter dominated inside 1 Reff

CALIFA: a statistical view of 
the interplay between baryons 
and dark matter of galaxies
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Constraining the stellar  
Initial Mass FunctionL4 M. Lyubenova et al.
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Figure 2. Dynamical versus stellar mass-to-light ratios of our sample of galaxies with the two chosen IMF shapes with varying slopes: single power law (left
panel) and double power law (right panel). The shaded area represents the "forbidden" region where the requirement of⌥dyn �⌥⇤ is violated. The lilac (Salpeter
IMF assumed) and yellow (Kroupa IMF assumed) diamonds represent the ⌥⇤ when the stellar population parameters are derived using the classical diagnostic
diagram H�O — [MgFe]0. The blue and red circles denote the galaxies when ⌥⇤ was determined including the stellar gravity-sensitive feature TiO2CALIFA and
varying slopes of the IMFs. The grey horizontal dashed lines connect the various stellar mass-to-light ratios for the same objects for clarity.

age and chemical composition. Indeed, Smith (2014) has compared
literature studies of 34 early-type galaxies and showed that their ⌥⇤
correlate with ⌥dyn. However, when he considered the underlying
stellar population properties, he found no further correlation on a
galaxy-by-galaxy basis.

We used our sample to test whether stellar populations and dy-
namics give consistent results about a systematically varying IMF.
We first removed the e�ect on⌥ of the underlying stellar population
properties, other than the IMF, by normalising the mass-to-light
ratios to a reference ⌥ref . This reference is the ⌥ of a stellar pop-
ulation with the same age and metallicity as the one derived when
we allowed the IMF slope to vary but with a fixed IMF shape and
normalisation. Our chosen ⌥ref is that based on a Kroupa IMF (i.e.
double power law). This ratio then is often called “the IMF mismatch
factor”, ↵. ↵⇤=⌥⇤/⌥ref= 1 implies that the galaxy has a mass-to-
light ratio with the chosen reference IMF (e.g. Milky Way like in
our case). ↵⇤> 1 indicates departures from this IMF normalisation
towards both lower or higher F0.5 (i.e. top- or bottom-heavier IMF)
due to the higher fraction of stellar remnants or low mass stars,
respectively. ↵dyn=⌥dyn/⌥ref= 1 indicates that the galaxy has the
chosen reference IMF and no dark matter content. Thus, ↵dyn> 1 is
indicative of either IMF variation or presence of dark matter inside
the probed aperture, or both.

In Fig. 3 we plotted our derived dynamical and stellar IMF
mismatch factors. For ↵⇤ we used the mass-to-light ratios coming
from the fits with a double power law shape IMF with a varying
high-mass end slope. The mean values of ↵⇤ and ↵dyn and their
standard deviations are indicated in Fig. 3 with orange bars. They
lie on top of the one-to-one relation and show that for our sample,
similarly to that studied by Smith (2014), the spectroscopic and
dynamic claims of a variable IMF agree on average.

Further, we used the Spearman rank correlation test to probe
the correlation between the stellar and the dynamical ↵, taking into
account their uncertainties. The corresponding correlation coe�-

cient is r = 0.56. This correlation is much stronger than the one
found by Smith (2014). Moreover, the probability that a correlation
between ↵⇤ and ↵dyn does not exist is only 4%. This is in stark con-
trast with the conclusion of Smith (2014) that there is no agreement
on a case-by-case basis. There are several reasons which might ex-
plain these di�erences. Smith (2014) compares ↵⇤ and ↵dyn derived
on the same objects but using two very di�erent data sets that cover
di�erent extents of the galaxies. ⌥dyn is derived from integral field
data covering up to 1 Re from the Atlas3D survey (Cappellari et al.
2013). On the other hand, ⌥⇤ is derived after fitting the galaxies’
spectra integrated over 1/8 Re , covering a di�erent and more ex-
tensive range of features (Conroy & van Dokkum 2012). However,
these apertures di�erences are unlikely to be the dominant source
of scatter. Actually, approximately half of the compared galaxies
lie in the forbidden by dynamics area (see Fig. 1 of Smith 2014).
Therefore, the lack of correlation might in part be caused by
unphysical stellar mass-to-light ratios as a result of the adopted
IMF shape by Conroy & van Dokkum (2012), but could also be
due to non-optimal correction of the dynamical mass-to-light
ratios for dark matter by (Cappellari et al. 2013).

Almost all of the galaxies in our sample have ↵⇤ and ↵dyn
values consistently above unity. These variations of the ↵ values
are larger than the measurement errors and imply inconsistency
with a single universal IMF. For a better illustration of this, we
colour-coded the galaxies in Fig. 3 according to their fraction of
stars below 0.5 M� (F0.5) as derived from the stellar population
analysis. For guidance, we also indicated with a colour bar the
inferred high-mass end slope �b of the double power law IMF. The
variation in ↵⇤ directly follows the change in F0.5 as we use the
F0.5 to determine ⌥⇤ from the stellar population analysis. However,
↵dyn is independent of the F0.5. Thus the observed correlation
between these two – in other words, galaxies with a higher dynamical
IMF mismatch factor have also a higher content of low-mass stars
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Dynamics and stellar populations give consistent results.  
Single power law IMF ruled out ➜ star formation at high z


