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Near Far
local stellar kinematics 946 J. Holmberg et al.: The Geneva-Copenhagen survey of the solar neighbourhood. III.

Fig. 7. Velocity dispersions vs. age for the subsample with σAge < 25%. The 30 bins have equal numbers of stars (88 in each); the lines show fitted
power laws. The 3 youngest and oldest bins were excluded from the fit.

Fig. 8. a): observed AVR in W (Fig. 7) with the fitted power law. b-d):
simulated AVRs for three different disk heating scenarios (see text).
Open symbols: rederived ages and velocity dispersions for the synthetic
stars (sampling as in a); σAge < 25%).

In GCS II we used simulations to check if our age deter-
mination process might change the shape or slope of the AVR
(GCS II Fig. 34). We found this not to be the case when assum-
ing a smooth increase in velocity over the whole lifetime of the
disk, consistent with the observed AVR.

However, the coarse sampling of the AVR as shown in GCS I
(Fig. 31) has led to suggestions that the data might equally well

be described by an initial increase in velocity dispersion fol-
lowed by a plateau. We have explored some of these possibilities
through simulations following the recipe in GCS II. A “true”
AVR is assumed, after which we compute synthetic “observa-
tions” with realistic random errors for a synthetic sample with
similar astrophysical parameters as the real sample. The AVR is
then reconstructed from the synthetic “observations” in the same
manner as for the real data, focusing only on the W component
for the reasons discussed by Seabroke & Gilmore (2007). The
results of the simulations are compared to the observations in
Fig. 8, panel a repeating the observed σW from Fig. 7.
The following three cases were considered:

The first synthetic AVR (panel b) is a continuous rise in
velocity dispersion over the whole lifetime of the thin disk.
However, simulations (Hänninen & Flynn 2002) have shown that
if only known local heating agents are assumed (i.e. GMCs),
implausible amounts are needed to match the observed σW for
the oldest disk stars.

The second synthetic AVR (panel c) starts out cold until an
age of 2.0 Gyr, then saturates at constant σW = 18 km s−1.
This case is similar to the relation derived by Quillen & Garnett
(2001) from the sample of only 189 stars from Edvardsson et al.
(1993).

The third assumed AVR (panel d) has a σW increasing
smoothly to ∼15 km s−1 at an age of 3 Gyr when it rises abruptly
to ∼21 km s−1, then remains constant until the maximum age of
the thin disk at 10 Gyr. The scenario here is a late minor merger
causing a step increase in σW . After the merger, the local heating
processes cease to be effective for the stars formed prior to the
merger, and σW stays flat.

In all three simulations the thick disk appears at the age
11–12 Gyr, with a σW of 36 km s−1 (short horizontal line above
the last symbol in Panels b-d).

With the size and other properties of the sample we have
analysed, there is a clear qualitative difference between the
AVR corresponding to the three scenarios. However, a rigorous
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24 B. Epinat et al.: MASSIV: Mass Assembly Survey with SINFONI in VVDS

Appendix B: Kinematic maps

This appendix shows the kinematic maps for all detected galaxies. There are several sets of maps for galaxies with
detected companions: one for the whole system (without kinematics modeling) and one for each modeled component.

Fig. B.1. Maps for VVDS020106882. From left to right: (top) the I-band CFHT image (arbitrary scale), the H↵ flux
map (arbitrary scale) and the S/N map, (middle) the observed velocity field, the rotating-disk-modeled velocity field, the
residual velocity field, the uncertainty map on the velocity field, (bottom) the observed uncorrected velocity dispersion,
the velocity dispersion map deduced from the velocity field model (beam-smearing effect and spectral PSF), the beam-
smearing-corrected velocity dispersion map and the uncertainty on the velocity dispersion. The redshift is indicated in
the top-left. In each map, north is up and east is left. The center used for kinematics modeling is indicated as a double
black and white cross, the position angle is indicated by the black line. This line ends at the effective radius. The seeing
FWHM is indicated on the H↵ map as a circle.

Epinat+ (2012)



Kassin+ (2012)
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Young stars in disks dynamically settle from z~1 to now
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Fig. 1.— Top: The redshift evolution of the median integrated velocity dispersion σg and rotation velocity Vrot of warm and cold gas in
the simulated galaxies (red and blue points, respectively) is compared with that for an observational mass-limited sample of 270 galaxies
from Kassin et al. 2012 (grey points). The simulations follow the same disk settling trends as the observations: they increase in σg and
decrease in Vrot with redshift (i.e., decrease in σg and increase in Vrot with time). The differences in normalizations between the simulations
and observations can be attributed to differences in galaxy stellar masses for Vrot and temperatures/regions probed for σg (see text). Solid
lines show linear fits given in the text. Error bars are calculated differently for the simulations and the observations. Error bars on the
simulations show the rms scatter. As in Kassin et al. 2012, error bars on the observations are calculated by bootstrap re-sampling the
data in each redshift bin, since their distributions are non-Gaussian. Bottom: The evolution of the warm and cold gas (red and blue lines,
respectively) in the four individual simulated galaxies is shown: h285 (solid), h239 (dotted), h258 (short dashed), and h277 (long dashed).
Although the simulated galaxies show the same trends as the observations in the median, individually they show significant variation with
time, consistent with the large scatter of the observations.

radial bins and measure the line-of-sight velocity disper-
sion in each. The value of σg is taken as the mean value
of the line-of-sight dispersions among the bins. The rota-
tion velocity Vrot is taken as the maximum line-of-sight
rotation velocity of the gas. To measure Vrot, we step
across the galaxies in an edge-on position in 0.5 kpc ra-
dial bins and measure the line-of-sight rotation velocity
in each. We use the actual gas particle velocities rather
than circular velocities since this provides the most di-
rect comparison with observations. From these velocity
measurements, we create a rotation curve (rotation ve-
locity versus radius). The maximum value of the rota-
tion curve is adopted as Vrot, similar to the observations
which use the rotation velocity on the flat part of the
rotation curve.
Our measurements are of intrinsic quantities and there-

fore are different from the mock observations of e.g.,
Covington et al. (2010) which take into account myriad
observational effects. Our goal is to determine the intrin-
sic kinematic evolution in the simulations, not to inves-
tigate observational effects as in Covington et al. (2010).
Median values of σg and Vrot at discrete redshifts

for the warm and cold gas in our 4 simulated galax-
ies are shown in the top panels of Figure 1. Values
of these quantities for the individual simulated galax-
ies are shown in the bottom panels. In the top panels,
the median values are compared to those for an observed
mass-limited sample of 270 star-forming galaxies from
Kassin et al. (2012). Qualitatively, the simulated galax-
ies follow the same trends as the observations: they in-
crease in σg and decrease in Vrot with increasing redshift
over 0.1 < z < 1.2. In other words, both the simulations
and the observations decrease in σg and increase in Vrot

with time over the last ∼ 8 billion years, demonstrating
that the simulated galaxies undergo the disk settling found
in observations. Similarly, Bird et al. (2013) find that
the ratio of ordered to disordered motions (Vrot/σg) de-
creases with time for a similar mass galaxy from the Eris
simulation. Furthermore, the scatter in σg and Vrot for
the warm/cold gas in the individual simulated galaxies is
large, similar to the scatter in the observations (Figure
5 in Kassin et al. 2012).
As expected, the normalizations of the simulated and

observed relations differ. The median values of Vrot

4 Kassin et al.

Fig. 2.— Multi-color images of two of our four simulated galaxies are shown at discrete redshifts spanning the redshift range of Figure 1.
The morphologies become progressively less disturbed with time and the disk grows (from right to left), reflective of the kinematic evolution
which shows disk settling with time. The images are for galaxies h277 (top panels) and h239 (bottom panels) and are combinations of g, r,
and i-band images created with the Sunrise radiative transfer code. They are 50 kpc (physical) on a side and the central galaxy in each
image is viewed at an inclination of 45◦.

for the simulated galaxies are greater since they are
more massive on average than the observed galaxies,
and Vrot generally scales with stellar mass for disk
galaxies. The masses of the simulated galaxies range
4.2 − 4.5 × 1010 M⊙ versus 6.3 − 50.1× 109 M⊙ for the
observations. (The simulations and observations adopt
Kroupa, Tout, & Gilmore 1993 and Chabrier 2003 IMFs,
respectively, which result in consistent stellar masses.)
The normalization of the σg versus z relations for the
warm and cold gas are higher and lower than the obser-
vations, respectively. In the simulations the warm gas
is affected by feedback from supernovae, which results
in higher σg and leads to hotter temperatures compared
to observed H II regions. By definition, the cold gas
is cooler than observed H II regions, which results in
lower σg. In addition, we note that the median stellar
mass of the mass-limited observational sample decreases
with decreasing redshift (Figure 4 in Kassin et al. 2012).
Since the observed evolution is to increasing Vrot and de-
creasing σg with decreasing redshift, this changing me-
dian mass makes these trends lower limits to the intrinsic
evolution. The magnitude of this effect is unclear and we
defer a more detailed analysis of it to future comparisons
with significantly larger samples of simulated galaxies.

3.1. Quantitative Trends of σg and Vrot with Redshift

Linear relations are fit to the median points in Figure 1
by performing least-squares fits which take into account
the errors in σg and Vrot (errors in redshift are negligi-
ble). When fitting, to avoid covariances, we zero-point
the medians near the middle of the samples such that
they vary around ∼zero. We obtain the following fits for

σg for the warm gas, cold gas, and observations, respec-
tively:

σg − 50 = (21.5± 6.2)(z − 0.6)− (4.0± 1.8), (1)

σg − 20 = (11.7± 7.4)(z − 0.6)− (2.1± 1.8), (2)

σg − 35 = (26.0± 5.7)(z − 0.6)− (3.1± 1.4). (3)

These fits have χ2 values of 0.8, 1.3, and 4.7, respectively.
As for the observations, the median σg of both the warm
and cold gas grows with increasing redshift to z = 1.2
(i.e., decreases with time), although the relation for the
cold gas is consistent with no evolution. The slopes of
the relations for the warm gas and observations are con-
sistent within uncertainties. As mentioned above, the
normalization of the relations for the warm and cold gas
are higher and lower than the observations, respectively.
We obtain the following fits for Vrot for the warm gas,

cold gas, and observations, respectively:

Vrot − 175 = (−56.9± 22.0)(z − 0.6)− (7.9± 6.2), (4)

Vrot − 200 = (−20.7± 15.1)(z − 0.6)− (4.9± 4.3), (5)

Vrot − 100 = (−48± 11.5)(z − 0.6)− (7.8± 3.0). (6)

These fits have χ2 values of 2.7, 1.5, and 9.2, respec-
tively. As for the observations, the median Vrot of both
the warm and cold gas decreases with increasing redshift
to z = 1.2 (i.e., increases with time). The simulated
galaxies have a higher normalization (i.e., have faster
median rotation velocities) than the real galaxies, as ex-
pected because they are on average more massive than
the observed galaxy sample, as discussed above.

New simulated galaxies also show disk settling
Kinematics of Simulated Galaxies 3

Fig. 1.— Top: The redshift evolution of the median integrated velocity dispersion σg and rotation velocity Vrot of warm and cold gas in
the simulated galaxies (red and blue points, respectively) is compared with that for an observational mass-limited sample of 270 galaxies
from Kassin et al. 2012 (grey points). The simulations follow the same disk settling trends as the observations: they increase in σg and
decrease in Vrot with redshift (i.e., decrease in σg and increase in Vrot with time). The differences in normalizations between the simulations
and observations can be attributed to differences in galaxy stellar masses for Vrot and temperatures/regions probed for σg (see text). Solid
lines show linear fits given in the text. Error bars are calculated differently for the simulations and the observations. Error bars on the
simulations show the rms scatter. As in Kassin et al. 2012, error bars on the observations are calculated by bootstrap re-sampling the
data in each redshift bin, since their distributions are non-Gaussian. Bottom: The evolution of the warm and cold gas (red and blue lines,
respectively) in the four individual simulated galaxies is shown: h285 (solid), h239 (dotted), h258 (short dashed), and h277 (long dashed).
Although the simulated galaxies show the same trends as the observations in the median, individually they show significant variation with
time, consistent with the large scatter of the observations.

radial bins and measure the line-of-sight velocity disper-
sion in each. The value of σg is taken as the mean value
of the line-of-sight dispersions among the bins. The rota-
tion velocity Vrot is taken as the maximum line-of-sight
rotation velocity of the gas. To measure Vrot, we step
across the galaxies in an edge-on position in 0.5 kpc ra-
dial bins and measure the line-of-sight rotation velocity
in each. We use the actual gas particle velocities rather
than circular velocities since this provides the most di-
rect comparison with observations. From these velocity
measurements, we create a rotation curve (rotation ve-
locity versus radius). The maximum value of the rota-
tion curve is adopted as Vrot, similar to the observations
which use the rotation velocity on the flat part of the
rotation curve.
Our measurements are of intrinsic quantities and there-

fore are different from the mock observations of e.g.,
Covington et al. (2010) which take into account myriad
observational effects. Our goal is to determine the intrin-
sic kinematic evolution in the simulations, not to inves-
tigate observational effects as in Covington et al. (2010).
Median values of σg and Vrot at discrete redshifts

for the warm and cold gas in our 4 simulated galax-
ies are shown in the top panels of Figure 1. Values
of these quantities for the individual simulated galax-
ies are shown in the bottom panels. In the top panels,
the median values are compared to those for an observed
mass-limited sample of 270 star-forming galaxies from
Kassin et al. (2012). Qualitatively, the simulated galax-
ies follow the same trends as the observations: they in-
crease in σg and decrease in Vrot with increasing redshift
over 0.1 < z < 1.2. In other words, both the simulations
and the observations decrease in σg and increase in Vrot

with time over the last ∼ 8 billion years, demonstrating
that the simulated galaxies undergo the disk settling found
in observations. Similarly, Bird et al. (2013) find that
the ratio of ordered to disordered motions (Vrot/σg) de-
creases with time for a similar mass galaxy from the Eris
simulation. Furthermore, the scatter in σg and Vrot for
the warm/cold gas in the individual simulated galaxies is
large, similar to the scatter in the observations (Figure
5 in Kassin et al. 2012).
As expected, the normalizations of the simulated and

observed relations differ. The median values of Vrot

Kassin+ (2014)

Munshi, Brooks, Christensen+ (2012)



Gas disk height decreases !
as rotation dominates

kinematics and 
structure  

of star-forming gas 
in h277

Bird+ (2014, in prep.)



Stars follow gas:!
disk constructed ‘Upside Down’



Younger stars are born progressively colder!
matching observations



Solar neighborhood AVR at z=0 is similar to MW



Upside-Down construction !
determines an initial AVR



Heating requirement reduced !
for intermediate ages



Average heating declines with age



Compare with Power Law Heating



Vertical Isothermality !
of stellar populations



Upside Down disks naturally exhibit 
vertically Isothermal populations



Twitter for JBH

To match kinematic observations at 
high z and AVR at z=0: disk must 
form upside down from collapsing 

gas disk #FlagstaffDisks



• Disk settling naturally reproduces z=0 AVR and high redshift kinematic 
constraints (old, in-situ, hot stars also seen by Brook+2004, House+2011, 
Stinson+2013) 

• Dynamical burden on Mono-age stellar populations is reduced: much more 
conducive for vertical isothermality 

• Possible change in slope in the heating rate, tests? 

• Old, thin disk is crucial! 

• Bird+ (2013) : evolution of global kinematics and structure broken down by 
age in Upside-Down formation scenario 

• Nidever, Bovy, Bird+ (2014): APOGEE stellar abundance distributions from 4 
< R < 13 kpc. High alpha sequence constant across disk.   

!
To match kinematic observations at high z and AVR at z=0: disk must form upside 

down from collapsing gas disk #FlagstaffDisks

Conclusion, Questions too!

twitter: @galaxyhistorian ; jonathan.bird@vanderbilt.edu
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