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Fig. 3 Examples of line-of-sight stellar kinematic maps from the CALIFA V1200 grating dataset. (Top row) Color-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. Isophotes (black lines) are constructed from the V1200 CALIFA data cube.

ing the full library. A non-negative linear combination of those
stellar templates, convolved with a Gaussian LOSVD, was fitted
to the spectrum of each Voronoi bin. The best-fitting parame-
ters were determined by �2 minimization in pixel space. In the
wavelength region covered by CALIFA, there are several emis-
sion lines that needed to be masked during the fitting process,
for example, [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 galaxies. 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 be-
tween the galaxy spectra and the input library. An order 6 poly-
nomial was the minimum 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 standard deviations of a set of 100 Monte
Carlo realizations of the fitting. As expected, the distribution of
best-fitting parameters from the Monte Carlo iterations are well-
behaved and follow a Gaussian distribution. The bi-weight val-

ues measured from those distributions 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 also quantified how far, in terms of Re, our maps extend. This
is shown in Fig. 4, where we plot the maximum radius reached
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parameter space, so there is no obvious relationship between the
angular momentum content of a galaxy and its dispersion profile.

In principle, for this type of broken power-law fit, we would be
able to break the degeneracy between Rb and γ 2 by going farther
out in radius; however, it is also extremely likely that we would find
our choice of fitting function is not appropriate. It is precisely the
limited radial extent of our data that allows us to choose a fairly
arbitrary (i.e. not physically motivated) fitting function, while still
achieving fairly good fits to the data.

AP P ENDIX D: FU LL GA LAXY SAM PLE

Figs D1–D11 show kinematic results for all 41 MASSIVE galaxies
of this paper, also including NGC 7681 (UGC 12620) shown in
Fig. D11. For each galaxy, the top row shows the 2D maps of V and
σ (left two panels), as well as the fibre/bin map and galaxy image
(right two panels); all four panels show the same field of view. The
bottom row shows the radial profiles of V, σ , h3, and h4, including
the fits to σ and h4 profiles used in Sections 5.2 and 6.2.

Figure D1. Kinematics results for NGC 0057 and 0315. The top row for each galaxy shows 2D maps (V, σ , fibres/bins, and optical image), all oriented such
that north is up and west is to the right. The bottom row shows radial profiles (V, σ , h3, and h4). Ticks are always placed at intervals of 10 arcsec, and the dotted
line (in both maps and radial profiles) indicates effective radius Re. Images are taken from wikisky.org, using SDSS images where available and DSS2 images
otherwise. The σ versus radius panel also shows the best-fitting σ profile, colour-coded as in Fig. 8 (single or broken power law; see Appendix C). The h4
versus radius panel also shows the best-fitting h4 profile (linear in h4 versus log R space; see Section 6.2). The point colour in the radial profiles corresponds to
the angular location of the bin: black and white points correspond to 0◦ and 180◦ from the PA respectively, and grey points correspond to bins near the minor
axis.

MNRAS 464, 356–384 (2017)

convolved with the seeing, the gradient in flux and velocity go
down, whereas the velocity dispersion increases.

A.2.1. Simulated Uncertainty Estimates on lRe

For each simulated galaxy, we measure lRe as described in
Section 4.1. Figures 22(a) and (b) shows the results for lRe

under different simulated seeing conditions. We define ΔlRe as
lRe measured under different seeing conditions normalized by
lRe measured when the seeing is 0 1. At this point we do not
include measurement errors, in order to separate the effect of
seeing and measurement errors on lRe. Different colors show
different realizations of the seeing, from 0 1 in blue to 3 0 in
red. We note that typical seeing for the SAMI Galaxy Survey is
2 0, indicated by the beige data.

In Figure 22(a) we show ΔlRe versus lRe. We find that lRe

decreases with increasing FWHMPSF. Furthermore, galaxies
with higher lRe are more strongly impacted by seeing than
galaxies with lowlRe. Forl < 0.2Re we find that lD Re is small
(−0.025) even when the seeing reaches 3 0. When l > 0.2Re ,
the impact of the seeing is stronger, with a median ΔlRe=
0.08 when =FWHM 3. 0PSF . As expected, galaxies with small

angular sizes are on average more strongly impacted by seeing
than bigger galaxies (Figure 22(b)).
Next, we look at the impact of measurement errors on thelRe

measurements. For every galaxy, we add normal random
noise to the flux, velocity, and velocity dispersion as typically
measured for galaxies in the SAMI Galaxy Survey (see
Section 3.2.6). The noise is weighted by the S/N such that
spaxels in the center will have lower velocity and velocity
dispersion errors as compared to spaxels in a galaxy’s outskirts.
For every galaxy, we repeat the process of adding random noise
a 1000 times and remeasure lRe. Figure 22(c) shows the
median of the distributions with an FWHMPSF of 0 1 (blue)
and 2 0 (beige), normalized by the lRe 0 1 results without
measurement errors from Figures 22(a)–(b). The errors bars
show the 16th (lower) and the 84th (higher) percentile of the
distribution.
When measurement uncertainties are included, with minimal

seeing (FWHMPSF =0 1), we find a slight increase in lRe by
∼0.02–0.03 for galaxies with l < 0.2Re . With 2 0 seeing, we
find that the increase due to measurement errors and the
decrease due to seeing cancel out for these two galaxies. For

Figure 24. Effect of the optimal template on the measured stellar kinematics for galaxy 504713. First four panels, top row: stellar kinematic parameters ( sv h, , 3, and
h4) measured using a single optimal template constructed from the mean spectrum from the 2″ central region. Middle row: stellar kinematic parameters when using
optimal templates constructed from annuli as described in Appendix A.3. Bottom row: difference between the central and annuli derived stellar kinematics. We also
show the SAMI flux map (top-right) with the 2″ aperture, the annular bins (middle-right), and the color image of the galaxy reconstructed from the SAMI spectra. Next
to the color image we show the size of the point-spread function (PSF) as the black circle. The stellar kinematic maps derived with the central optimal template
overestimate h4 and σ in the disk. In the velocity dispersion map, the bulge and disk are not distinguishable for a single template, whereas they are clearly present in
the velocity dispersion map for the stellar kinematics derived with annuli templates.

29

The Astrophysical Journal, 835:104 (35pp), 2017 January 20 van de Sande et al.

SAMI 
Ngal = 1558 

Croom+12
Bryant+15
van de Sande+ 17a,b
Scott+17

CALIFA
Ngal = 257

Sanchez+12 
Walcher+14
Gonzalez Delgado+15
Falcon-Barroso+17

ATLAS3D

Ngal = 240

Cappellari+11; 13a,b
Emsellem+11
Krajnovic+11
McDermid+15

MASSIVE
Ngal = 85

Ma+14
Veale+17a,b,18 



Jesse van de Sande    Sydney Institute for Astronomy 5

EAGLE & Hydrangea 
(100 Mpc)3 co-moving 
+ 24 Cluster Zoom-In

Schaye+2015
Crain+2015
McAlpine+2016 
Barnes+17
Bahe+17
Lagos+18

Horizon-AGN
(142 Mpc)3 co-moving 

Dubois+14, 16
Chisari+15
Welker+19 in prep

Magneticum 
Pathfinder 
(59 Mpc)3 co-moving 

Dolag+ in prep 
Hirschmann+14
Schulze+18 

Huge thanks to: Claudia Lagos, Charlotte Welker, Felix Schulze & Rhea-Silvia Remus

Comparing 3D spectroscopic observations with 
cosmological hydrodynamical simulations



• It’s crucial to do the measurements in (nearly) identical ways
• Use luminosity-weighted measurements rather than mass-weighted
• Extract mass-matched sample from simulations to avoid biases due to trends with M*

Jesse van de Sande    Sydney Institute for Astronomy 6

Comparing 3D spectroscopic observations with 
cosmological hydrodynamical simulations

Observations

SimulationsM*
Re
Ellipticity
(!)"
(#/!)"
Mean stellar Age
Intrinsic Shape



Biases with M* require mass-matching of simulations with obs.
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Shape of size-mass relation well recovered, 
but median size of simulated galaxies too large
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Velocity dispersion-mass relation well recovered, 
but median of sigma values too low
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!
" #

− ϵ diagram not well sampled by simulations;
dearth of flattened, fast-rotating  galaxies
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Figure 6. Comparison of simulated and observational data in the dynamical-stellar mass diagram. Symbols are the same as in Figure 3. The combination of
size and velocity dispersion largely reconciles the discrepancy between observations and simulations that were seen in Fig. 3 and Fig. 5.

population (for a recent review on this topic see Cappellari 2016,
but also Robotham et al. 2014).

The combination of size and velocity dispersion also largely
reconciles the discrepancy between observations and simulations.
This is important to note, as we will continue to compare both the
rotational and random motions of stars in the next section. �����+
and �������-��� are in good agreement with the observations,
both in terms of the median and the spread of the Mdyn � M?

distribution (Fig. 6a,c), whereas ���������� is o�set to the lower-
right. The distribution of dynamical masses in Fig. 6b,d is lower
by approximately �0.08 dex in the simulations as compared to
observations, but larger (�0.24 dex) for ���������� in 6f. While
the exact cause for this o�set is unclear, as mentioned above, there
are many factors that could contribute to this relatively minor o�set.

4.7 V/�-Mass

In the following section we will look at the (V/�)e measurements.
V/� describes the average ratio of the velocity and velocity disper-
sion within one e�ective radius. We adopt the following definition
by Cappellari et al. (2007):

✓
V

�

◆2
⌘ hV2i

h�2i
=

ÕNspx

i=0 FiV
2
iÕNspx

i=0 Fi�
2
i

. (5)

Here, the subscript i refers to the position of a spaxel within the
ellipse, Fi the flux of the i

th spaxel, Vi is the stellar velocity in
km s�1, �i the velocity dispersion in km s�1. For the SAMI Galaxy
Survey data, we use the unbinned flux, velocity, and velocity dis-
persion maps as described in Section 2.1.2. We take the sum over
all spaxels Nspx that meet the quality cut Q1 and Q2 (Section 2.1.2)
within an ellipse with semi-major axis Re and axis ratio b/a. For
the ATLAS3D data, the unbinned flux maps are combined with the
Voronoi binned stellar kinematic data as described in Section 2.2.
The V and � bins are replaced by spaxels with the V and � values
belonging to that bin. The approach for CALIFA data is similar to
ATLAS3D with the exception of the flux maps that are also Voronoi
binned. The kinematic maps for the MASSIVE survey are not pub-
licly available. Instead we convert the spin-proxy measurements
�Re to V/� values using Eq. B1 from Emsellem et al. (2007) as-
suming  = 1.06. Note that these measurement are obtained within
circularised apertures, but as most MASSIVE galaxies are round
with little rotation, the impact of this choice is relatively small. For

the simulated �����+, �������-���, and ���������� data, the
approach for measuring (V/�)e is identical to that of the SAMI
Galaxy Survey data.

Not all SAMI and ATLAS3D measurements have coverage out
to one e�ective radius. For all galaxies where the fill factor of good
spaxels within one e�ective radius is less than 95 percent, we apply
an aperture correction as outlined in van de Sande et al. (2017a).
Note that there is a small number of galaxies with non-regular
rotation profiles, for example due to kinematically decoupled cores
(e.g., KrajnoviÊ et al. 2011), where the aperture corrections are less
applicable. As these galaxies tend to have low (V/�)e values, the
aperture corrections on (V/�)e are typically less than 0.2, and thus
do not have a significant impact on our results. A total of 266 SAMI
galaxies are aperture corrected (17 percent), 136 for ATLAS3D (56
percent), 21 for CALIFA (8 percent), but none for MASSIVE.

We present all (V/�)e measurements in Fig. 7. First, we com-
ment on the variation in (V/�)e between the di�erent observational
surveys. While the ATLAS3D and SAMI distribution show an excel-
lent agreement, with slightly more high (V/�)e late-type galaxies
in SAMI, the clear outlier towards high (V/�)e is CALIFA. As
mentioned in Section 2.3, the isophotal diameter selection of CAL-
IFA creates a bias towards edge-on galaxies, an e�ect which is also
clearly visible in (V/�)e. Due to it’s high stellar mass, the MAS-
SIVE sample contains the largest amount of slow-rotating galaxies
with low (V/�)e.

There is an excellent match between the observed (V/�)e
measurements and the �����+ simulations (Fig. 7a-b), whereas
�������-��� galaxies on average have too low (V/�)e values
(Fig. 7c-d). In particular there are almost no galaxies that have
(V/�)e > 0.7. Note that pure disks typically have (V/�)e > 0.8,
and thus appear not be produced in the �������-��� simulations.
The median (V/�)e values of ���������� galaxies are lower as
compared to observations, but in between the range covered by
�����+ and �������-���.

All simulations reproduce the observed trend with stellar
mass, albeit with small di�erences. �����+ and �������-���
show a moderate increase in (V/�)e from log(M?/M�) = 9.5
to log(M?/M�) = 10.75, with a strong decline in (V/�)e at
log(M?/M�) > 10.75, whereas ���������� galaxies have lower
(V/�)e with increasing stellar mass across the entire mass range. At
the highest stellar masses (log(M?/M�) > 11.5), we find that the
majority of MASSIVE galaxies are slow rotators with (V/�)e < 0.2
(median (V/�)e=0.07). In comparison, �����+ galaxies at the
same stellar mass have a considerably higher spin with a median
(V/�)e=0.20, and there are several galaxies with (V/�)e > 0.5.

MNRAS 000, 1–21 (2018)



Mild trend between age and intrinsic ellipticity found in simulations, 
but trend is offsets, and young flattened galaxies absent.
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Take Home Message

• Comparison between simulations and observational data has 
highlighted several areas for improvement (van de Sande et al. 2019)

• EAGLE+Hydrangea: Re (+), ε (−), σe (−), and mean stellar age (+) 

• Horizon-AGN: Re (+), ε (−), σe (−) and (V/σ)e (−) 

• Magneticum: σe (−), (V/σ)e (−), and mean stellar age (+) 

• Our results demonstrate the vast improvement of 
cosmological simulations in recent years. 
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