
Evolution of massive galaxy disks  
across cosmic time 

Francesca Rizzo 
Kapteyn Astronomical Institute, University of Groningen, Netherlands

Credit: NASA/ESA



Evolution of galaxy disks across human (~30 years) time 
Morphology of galaxies

1996 –– 2009 (WFC3/HST) 
“None of the z ~ 2 galaxies appear to be normal Hubble-
sequence galaxies”. Papovich et al. 2005 

see also Abraham et al. 1996, Giovalisco et al. 1996, Daddi et al. 2004, Conselice et al. 2005 



Evolution of galaxy disks across human (~30 years) time 

2009 — 2021 (JWST launch) 
Small fraction of disks at z > 1 (~10 - 15%) 

e.g., Cameron et al. 2011, Conselice et al. 2011, Mortlock et al. 2013  

C
onselice et al. 2014 

Morphology of galaxies

1996 –– 2009 (WFC3/HST) 
“None of the z ~ 2 galaxies appear to be normal Hubble-
sequence galaxies”. Papovich et al. 2005 

see also Abraham et al. 1996, Giovalisco et al. 1996, Daddi et al. 2004, Conselice et al. 2005 



Evolution of galaxy disks across human (~30 years) time 

2009 — 2021 (JWST launch) 
Small fraction of disks at z > 1 (~10 - 15%) 

e.g., Cameron et al. 2011, Conselice et al. 2011, Mortlock et al. 2013  

Ferreira et al. 2023 

Morphology of galaxies

1996 –– 2009 (WFC3/HST) 
“None of the z ~ 2 galaxies appear to be normal Hubble-
sequence galaxies”. Papovich et al. 2005 

see also Abraham et al. 1996, Giovalisco et al. 1996, Daddi et al. 2004, Conselice et al. 2005 

2021 –– today 
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See also Lee et al. 2024, Kolesnikov et al. 2025 , Westcott et al. 2025 
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Morphology of galaxies

4. Summary and Conclusions

We present results on the rest-frame optical morphologies
and the structural evolution of JWST-observed galaxies at

z= 1.5–6 in a statistically significant sample of 3956 galaxies
for the first time, using both visual classifications and
quantitative morphology. We focus on galaxies observed by
the CEERS program that overlap with the CANDELS fields,

Figure 14. A comparison of HST vs. JWST. We show 13 galaxies in our sample that have observations in the four main CANDELS filters (left panel) and SW and
LW filters in JWST (right panel). Faint features in CANDELS are generally very clear in JWST. In some cases only the central core of the galaxy is visible with the
HST imaging. The classification label shown is derived from our JWST classifications.
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From irregular/interacting… 

To a spiral galaxy 
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2006 –– 2019 (IFS surveys, Hα) 
At z ~ 2: 50% of disks.  
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Figure 11. Medians (horizontal lines) of the disk stability diagnostic, vrot/σ ,
for IFS samples with boxes representing the central 50% of the sample and the
vertical lines representing the 90% distribution. The values are adjusted to an
average log(M∗) = 10.5. The upper and lower boundaries of the curve are the
predictions following Equation (8) where Qcrit = 0.67, 2.0 for a thick gas disk
and composite disk. Qcrit = 1, the value adopted in this analysis, is shown by
the solid line. The data are from the same surveys as described in Figure 8 and
Figure 10.

70% of the detected galaxies resolved. Detections cover ! 3 dex
in SFR and sSFR. Given the depth of the survey, we detect
[N ii] λ6584 in 77% of the Hα-detected galaxies.

First results from the survey reveal that the MS of star forma-
tion is dominated by rotating galaxies at both redshift regimes
demonstrating the buildup of size, central mass concentration,
and ordered rotation when moving to higher galaxy stellar
masses. We find 93% of galaxies at z ∼ 1 and 74% at z ∼ 2
are rotationally supported, as determined from a continuous ve-
locity gradient and vrot/σ0 > 1. We find a disk fraction of 58%
when applying the additional stricter criteria that the projected
velocity dispersion distribution peaks on or near the kinematic
center, the velocity gradient is measured along the photometric
major axis (for inclined systems), and the closeness of the kine-
matic centroid to the center of the galaxy continuum. Galaxies
well below the MS show rotational signatures while the few
galaxies observed so far above the MS are compact with un-
resolved internal motions. Galaxies that are resolved but not
rotating are found primarily at low M∗. We observe 11 galaxy
“close pairs” (within 500 km s−1 and ∼12 kpc) that have a vari-
ety of kinematic structure from rotating companions to chaotic
motions and are found in all populated regions of the SFR−M∗
plane.

With the KMOS3D data we confirm a factor of two decrease
in ionized gas velocity dispersions from 50 km s−1 at z ∼ 2
and 25 km s−1 at z ∼ 1 using representative populations
measured with consistent methods. When these measurements
are considered in the context of disk velocity dispersions from
z = 0 to 4, we report an evolution of ionized gas velocity

Figure 12. HST images, kinematic maps and axis profiles for the high-S/N disk galaxies in KMOS3D first-year data. From left to right for an individual galaxy:
Observed-frame IJH color composite image from CANDELS HST imaging, Hα emission map from KMOS, corresponding velocity field, and velocity dispersion
field, followed by the velocity and velocity dispersion axis profiles. North is up and east is left for all galaxy images and maps. The axis profiles are extracted along
the kinematic PA as denoted by the light blue line over plotted on the velocity map. The photometric PA, as determined by F160W HST images, is shown by the
pink line. The blue arcs correspond to ±18◦, the average misalignment between photometric and kinematic PAs, while the pink arcs correspond to ±3σ error on the
photometric PA. The white circle in the Hα image represents the FWHM of the PSF. Exponential disk models fit to the axis profiles, black data points, are shown
by the red curves. The velocity fields are scaled by minimum and maximum v(r) from the corresponding axis profile and velocity dispersion fields are scaled by the
minimum pixel dispersion and the maximum dispersion from the dispersion axis profile.
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Figure 10. Same as Figure 8 but showing the medians (horizontal lines)
and means (circles) of samples that have high-resolution IFS data, their
50% distributions (boxes) and 90% distribution (vertical lines). The points
representing each sample are sized to the average relative half-light size of the
galaxies and adjusted using Equations (3)–(6) to an average log(M∗) = 10.5.
The gray band is described by σ0 = vrotQcritfgas(z)/a where fgas(z) is the gas
fraction as a function of redshift as determined by Equations (3)–(7), Qcrit = 1
and a =

√
2 for a log(M∗) = 10.5 disk with constant rotational velocity.

The upper and lower boundaries of the curves are defined by vobs = 250 and
100 km s−1, respectively.

rewriting the Toomre stability criterion (Toomre 1964) as

vrot

σ0
= a

fgas(z)Qcrit
, (7)

where a =
√

2 for a disk with constant rotational velocity and
Qcrit = 1.0 for a quasi-stable thin gas disk (Förster Schreiber
et al. 2006; Genzel et al. 2011). As a result, disk velocity
dispersion is expected to evolve directly with the gas fraction:

σ0(z) = 1√
2
vrotfgas(z). (8)

Figure 10 shows the average velocity dispersions for disk
galaxies only, taken from IFS surveys with good spatial and
spectral resolution. The prediction for the evolution of disper-
sion for log M∗ = 10.5 galaxies using the above assumptions is
shown by the gray band, bounded by vobs = 100–250 km s−1

corresponding to the approximate spread of the peak of vrot in
Figure 7. The spread in σ0 values for each survey, their 50%
distributions and 90% distributions, are shown by the boxes and
vertical lines, respectively.

The observed dispersions and predicted evolution are in
remarkably good agreement indicating that the evolution of
measured velocity dispersions can be described by the evo-
lution of key properties (fgas, tdep, sSFR) consistent with the
equilibrium model. While correlations between v/σ0, σ0, fgas,
and sSFR are uncertain due to a lack of dynamic range and large
errors on individual measurements in Figure 9, by expanding to
the wider redshift range and using the global scaling for fgas
(rather than inferring it for individual galaxies from other ob-
served parameters) the influence of a more active and gas-rich
environment on velocity dispersion is seen in Figure 10.

Some caveats arise from assumptions made in the derivation
for the adopted stellar mass, rotational velocity range, and

critical Toomre parameter. For instance, the sSFR is dependent
on stellar mass (e.g., Damen et al. 2009; Bouché et al. 2010;
Whitaker et al. 2014) and the samples included in the analysis
have average stellar masses ranging from log M∗ = 9.4–11.0.
For a comparison at the same stellar mass, we adjust the average
velocity dispersion for each sample to a reference stellar mass
of log M∗ = 10.5 using the ratio of Equation (3) solved at the
reference mass and the average mass of the sample. The average
absolute adjustment is 5 km s−1with the largest adjustment being
to the PHIBSS sample (25 km s−1), which has an average stellar
mass of log M∗ = 11.0.

The expected range of velocity dispersions at a given redshift
can be widened by increasing the range of rotational velocities
considered in Equation (8). The boundary values of 100 <
(vobs[kms−1]) < 250 are used in Figure 10 to encompasses the
peaks of the z ∼ 1 and z ∼ 2 histograms of rotational velocities
of the KMOS3D galaxies in Figure 7 and are consistent with the
other surveys considered with the exception of the sample of
Law et al., which has average vrot = 50 km s−1.

We have made the assumption that all disk galaxies consid-
ered for this analysis are quasi-stable disks with Qcrit = 1.0,
the value derived for a pure thin gas disk. However, the critical
Toomre parameter is 0.67 for a thick gas disk and increases
by factors 1–2 for a stellar-plus-gas disk (e.g., Kim & Ostriker
2007). There are indications from our data and the literature
that disk galaxies at z ∼ 1–2 are both thick (e.g., Elmegreen &
Elmegreen 2006; Genzel et al. 2011) and composite (e.g., Lang
et al. 2014); thus, we adopt Q = 1 as an acceptable average
value. Increasing Qcrit to Q = 2, as may be expected toward
lower redshifts where stellar disks could play a more signifi-
cant role in the stability of the system, would more than double
the predictions for measured velocity dispersion. The resulting
prediction would be consistent with the z ∼ 0 GHASP sample
(Figure 8), which lies above the prediction in Figure 10.

To further test the validity of the assumption of Q = 1, we use
the observed (vrot/σ ) for disk galaxies, which is expected to be
nearly constant over cosmic time in balance with a/(fgasQcrit)
from Equation (7) as shown in Figure 11. Here Qcrit is varied
between 0.67 and 2 to account for the difference between
thin and thick gas disks and composite gas plus stellar disks.
All z ! 1 samples are consistent with Q = 1, although in
most cases the full distribution of the sample encompasses a
range of Q values. The z = 0 surveys are in better agreement
with Q = 2. To extract more conclusive Qcrit values, and/or
a possible evolution in Qcrit, observations with gas fractions
measured on a galaxy-by-galaxy basis directly from molecular
tracers are needed.

6. CONCLUSIONS

This paper presents the design and first results of KMOS3D,
a deep integral field spectroscopic survey targeting >600 z =
0.7–2.7 galaxies, being carried out over the next ∼5 yr with
KMOS on the VLT. KMOS3D is designed to be a representative
survey with a simple coherent selection from a comprehensive
mass-selected parent catalog with redshifts from the near-
infrared 3D-HST grism survey. The survey pushes well below
the MS of star formation to characterize the internal dynamics
and star formation of galaxies transiting from star forming
to passive.

To date 246 galaxies have been observed for the KMOS3D

survey with observing times ranging from 2 to 20 hr. A total of
191 galaxies with M∗ > 4 × 109 M⊙ are detected in Hα with
KMOS: 90 galaxies at z ∼ 1 and 101 galaxies at z ∼ 2 with
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Wisnioski et al. 2015 
See also Förster-Schreiber et al. 2006, 2009; Epinat et al. 2009; Stott et al. 2016; Turner et al. 2017; Johnson et al. 2018 
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2006 –– 2019 (IFS surveys, Hα) 
At z ~ 2: 50% of disks, but galaxies more turbulent and less rotationally supported than galaxies at z ~ 0. 

Evolution due to gravitational instabilities driven by gas accretion, mergers.

Bulge formation

Disk evolution

Star formation regulation

Metallicity gradient

Turbulence within the ISM

Bar formation
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At z ~ 2: 50% of disks, but galaxies more turbulent and less rotationally supported than galaxies at z ~ 0. 

❖ Warm and cold gas: same σ.  
σ from Hα traces turbulence 

Cold gas (atomic, molecular): T < 104 K 
HI, CO, [CII]

Warm gas (ionised): T ~ 104 K 
Hα ([OII], [OIII])

Evolution due to gravitational instabilities driven by gas accretion, mergers. Based on 2 assumptions:
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Not a good disk instability diagnostic!!! 
see Romeo et al. 2010, 2014, 2018 
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2

Cecilia Bacchini’s talk! 
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2006 –– 2019 (IFS surveys, Hα) 
At z ~ 2, galaxies more turbulent and less rotationally supported than galaxies at z ~ 0.  

2020 –– today (ALMA, cold gas) 
…. 
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High angular resolution observations of galaxies at z > 4 with [CII]

Rizzo et al. 2020 
Rizzo et al. 2021
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Figure 4. Kinematic best-fit models of our galaxy sample obtained with 3DBAROLO. First and second rows: Velocity fields of the data and velocity fields extracted
from the best-fit 3D tilted-ring model, respectively. In the second row we show the disc geometry obtained from the total intensity map (in orange, same as
in Figure 2) and the one used in the kinematic modelling (in black). Third and fourth rows: position-velocity (p-v) diagrams over the major and minor axis,
respectively. The data is shown in grayscale with blue and gray contours following positive and negative emission, respectively. The best-fit kinematic model is
shown in red contours. The contours follow levels of -2f[CII] in gray and 2f[CII] , 4f[CII] , 8f[CII] and 16f[CII] .

4.3.4 SGP38326-1

The velocity field and major axis p-v of SGP38326-1 show a very
clear velocity gradient with the highest line-of-sight velocity of the
sample reaching 380 km s�1. It has a rising velocity that flattens in
the external regions. The kinematic model reproduces most of the
bright emission of the galaxy except for a few interesting features.
In the upper left quadrant there is a fainter high receding velocity
region that is partially interpreted as high velocity dispersion by
the best-fit model, but could be due to a widespread outflow, alike
the galactic fountain gas or extraplanar gas seen in local galaxies
(Fraternali & Binney 2006; Boomsma et al. 2008). In the lower right
quadrant there is another similar structure that forms a southeast tail
in the velocity field that is in the direction of the companion galaxy
SGP38326-2 and could be evidence of a tidal interaction between
the two galaxies. Both these features can be seen as residuals in the
channel maps in Figure C4. Another interesting feature is that the
iso-velocity contours in the velocity field are distorted in the central
regions as seen in Figure 4. This could indicate the presence of a warp
that we modelled by leaving the PA free in 3DBAROLO. Such warped
disc has a very similar kinematics than the model with constant PA,
but given the lower residuals, we consider it as our fiducial model. We
note that such distortions could also be due to the presence of radial

motions but distinguishing between these two scenarios is di�cult
(Di Teodoro & Peek 2021). In the minor axis we see a bright feature
in the bottom left at approaching velocity that can also be clearly
seen in the velocity field in Figure 2, this large region of gas can be
produced by the interaction with the companion SGP38326-2, or due
to an inflow event.

4.3.5 SGP38326-2

The velocity field and major axis p-v of SGP38326-2 shows the
velocity rising and flattening, like the other galaxies. The kinematic
model reproduces most of the emission and no major external features
can be seen. Although the major axis p-v seems like a very well
behaved rotating disc, it is important to note that this galaxy might
be undergoing a tidal interaction with SGP38326-1 which makes the
kinematic fit more challenging.In the minor axis, the data contours
di�er significantly from the model. There are two bright regions in
the upper left quadrant that are not reproduced by the rotating disc
model and located somewhat in the direction of SGP38326-1, further
indicating the interaction between the two galaxies.

MNRAS 000, 1–15 (2022)

Lensed (6 galaxies)

Neeleman et al. 2020, Lelli et al. 2021, 
 Tsukui et al. 2021, Pope et al. 2023, Rowlands et al. 2024

Roman-Oliveira et al. 2023

Non-Lensed (10 galaxies)

ALMA: a revolution in the study of high-z galaxy dynamics  

Most of the constraints 
from Hα
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[CII]

❖ Why surprising? 

‣Most of the galaxies with [CII] observations: 
SFR: 300 - 1000 M /yr. Disks: expected to 
be transient! 

‣σ ~ 35 km/s (close to the spectral 
resolution) 

‣V/σ ~ 10. Expected: < 2 

⊙

High angular resolution observations of galaxies at z > 4 with [CII]

ALMA: a revolution in the study of high-z galaxy dynamics  
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Galaxy population? 
Gas tracers?

Most of the constraints 
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Cold gas kinematics at z = 0.5 - 3
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Cold gas kinematics at z = 0.5 - 3

CO observations at z = 0.5 - 3 more challenging than [CII] 
observations at z > 4!

Line-intensity maps are connected to the emission from stars in different ways.
Stellar emission ionizes and heats the ISM, which absorbs part of the UV radiation
and re-emits it in the infrared (Madau and Dickinson 2014). Thus, as we discuss in
Sect. 3, the relation between the UVand infrared luminosities is empirically related to
the stellar mass or the UV-continuum spectral index (Bouwens et al. 2020). The
stellar emission and infrared re-emission determine the ionization and photo-
dissociation structure of the galaxy, triggering (directly or through cascades of
events) the luminosity of the lines that LIM experiments target, as we detail below.

In this section, we briefly introduce the main target lines for LIM following an
increasing order in frequency, starting in the sub-millimeter range. In Fig. 4 we show
examples of galactic spectra from the sub-millimeter to the near-UV.

2.1 Carbon monoxide (CO)

CO is the most common molecule in the Universe besides diatomic molecular
hydrogen (H2) and is the most widely-used tracer of molecular gas (Carilli and
Walter 2013). Its rotational line emissions, at a ladder of frequencies mJ!J!1 ¼
J # 115:27GHz (or wavelengths k ¼ 2:6=J mm) for ðJ ! J ! 1Þ transitions, are
among the brightest in galactic spectra and can be efficiently observed by terrestrial
telescopes targeting the sub-mm wavelength range (including the higher rotational
lines that originate from high-redshift sources).

In principle, the CO(1-0) luminosity from virialized molecular clouds is linearly
related to the cloud H2 mass (Bolatto et al. 2013) (provided the volume covered by
molecular clouds is small enough so that the emission from one cloud is not absorbed
by another), which can be used to estimate the amount of stellar mass and the star-
formation rate in galaxies (Tacconi et al. 2020). However, the CO emission is very
sensitive to the environment, depending on various factors such as metallicity
(Genzel et al. 2012), gas temperature and density (Krumholz et al. 2011), the
existence of a starburst phase (Narayanan et al. 2005), and the destruction of CO by
cosmic rays (Bisbas et al. 2015).

Fig. 4 Left: M82 emission spectrum, at rest-frame wavelengths. Adapted from Wilson and Elbaz (2006).
Right: A model spectral energy distribution from the BEAGLE simulation (Chevallard and Charlot 2016),
at the observed wavelengths, of a star-forming galaxy at redshift z ¼ 6:6. Adapted from Harikane et al.
(2018). We highlight some of the main lines targeted by LIM experiments, from CO(1-0) to Lya
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Selection criteria from the ALMA Archive: 

CO or [CI] observations of galaxies at z = 0.5 - 4 

Angular resolution: < 0.4”  

Spectral resolution: < 40 km/s 

Signal-to-noise ratio > 10 

Archival Large program to Advance the Kinematic Analysis

A L P A K A

28 star-forming galaxies 



- UV-selected and sub-mm galaxies in well-characterized fields (e.g., COSMOS, GOOD-S) 

- 60%: in overdense regions (clusters, protoclusters, groups) 

- 50%: main sequence galaxies 
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A L P A K A Kinematic classification
Beyond the classical classification based on the 

velocity gradient
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Why is there a difference between  
cold and warm gas kinematics?
1. σ  from Hα overestimated: spectral (and angular) resolution of Hα observations worse than ALMA 

2. σ from Hα: contamination from non-circular motions (e.g., see results from zoom-in simulations) 
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Fig. 3: Multi-wavelength kinematics of “Hibiscus” at I = 4.5. In the top (last) two rows we display FIR [C II] 158`m (nebular HU)
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ing to both tracers. Considering the comparable stellar masses of
these galaxies, differences in their star formation histories, feed-
back effects, or other global properties may be responsible for
the different behaviour of the tracers.

5. Conclusions
In this Letter, we investigate the possible existence of dynamically
cold disks (with significant rotation support) in the early Universe
using a sample of 3218 Lyman Break Galaxies (LBG) from
the ����� zoom-in cosmological simulations. We analyze the
kinematic of both [C II] and HU in the redshift range of 4  I  9
for LBGs with 8  log "¢/"�  10.3 and 0 < SFR  128. Our
main conclusions are the following.

• A strong (mild) correlation is present between stellar mass
and gas velocity dispersion when HU ([C II]) synthetic ob-
servations are considered. The difference arises mostly for
"¢ > 109

"� galaxies where fHU > 2f[CII] .
• Irrespective of galaxy mass and the chosen kinematic tracer,

our analysis reveals no significant redshift dependence in the
ratio +rot/f.

• Massive ("¢ � 1010
"�) galaxies in ����� settle into dy-

namically Super Cold disks with +rot/f > 10 at I > 4. Such
cold disks are not transient features as they last for more than
10 galaxy orbital times (⇠ 200 Myr).

We have shown that in ����� galaxies, [C II] effectively
traces the thin gaseous disks within galaxies, while HU emission
can trace a more extended distribution, thus providing insights
into the ionized extraplanar gas dynamics. The differences in the
kinematics of [C II] and HU may be attributed to galactic out-
flows, although further exploration is necessary to substantiate
and statistically quantify this point. We foresee that more high-I
dynamically cold disks will be found with the increasing avail-
ability of deep ALMA observations targeting [C II] 158, `m in
galaxies with stellar masses exceeding 109

"� .
Lastly, in view of the essential role of multiple tracers in gain-

ing a comprehensive understanding of early galaxy kinematics,
we emphasize that the ALMA-JWST/NIRspec synergy will be
essential.
Acknowledgements. MK and AF acknowledge support from the ERC Advanced
Grant INTERSTELLAR H2020/740120 (PI: Ferrara). Any dissemination of re-
sults must indicate that it reflects only the author’s view and that the Commission
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Why is there a difference between  
cold and warm gas kinematics?
1. σ  from Hα overestimated: spectral (and angular) resolution of Hα observations worse than ALMA 

2. σ from Hα: contamination from non-circular motions (e.g., see results from zoom-in simulations) 
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Figure 2. Moment-0, -1, and -2 maps, respectively depicting integrated spectral intensity, line-of-sight velocities, and velocity dispersion for Opuntia (top three
rows) and Narcissus (bottom three rows) inclined at 60°. The [C��] and HU emission maps in the first and second columns are obtained directly from the
simulations. See Table 1 for the intrinsic kinematic measurements. The third and fourth columns show the emission line cubes that have been processed to
represent an idealised warm gas observation and a realistic mock NIRSpec/IFU observation as described in Section 3, for which the moment-1 and -2 maps are
masked at 25f (in the idealised case) and 5f (in the mock NIRSpec case).
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Figure 4. Position-Velocity diagrams for the idealised observations (left) and mock NIRSpec observations (right), where the major axis diagrams are extracted
along the axes shown in Figure 3. Contour levels are at 3=f, where n=[1, 2, 3, 4, 5] and the f value used to define the contours is the RMS value of
noise-dominated regions in the diagrams. Black contours trace the data, and red contours represent the disk model. Arrows indicate regions of the PV diagrams
that deviate from the expected profile for a disk.

The complementarity of data and model in the mock NIRSpec PV
diagrams is poorer still for Narcissus than for Opuntia. Despite Nar-
cissus being less influenced by non-circular motions, the asymmetry
of the HU distribution and the presence of bright clumps lead to a
significant discrepancy between data and disk model along both the
major and minor axis. From the mock NIRSpec observations, both
galaxies would be identified as disks, Opuntia with E/f = 2.1, and
Narcissus with E/f = 3 (Table 2). However, neither would be classi-
fied as cold disks, despite Narcissus being a cold disk, and Opuntia
being a stable disk (i.e. v/f > 5) in simulated HU.

It is evident that the presence of non-circular gas motion in Opun-
tia, and of irregular disk structure in Narcissus, affects the shapes of
their PV diagrams. We therefore examine the ensuing consequences
for their disk classification according to the PVSplit method, a dy-
namical classification technique introduced in Rizzo et al. (2022).
PVSplit analysis is based on three empirical parameters that quantify
the symmetric and morphological properties of the major and minor
PV diagrams. These are Pmajor, a measure of the asymmetry of the
major axis PV diagram with respect to the axis defining systemic ve-
locity, PV, which quantifies the distribution of emission peaks along
the velocity axis, and PR which is similarly defined along the radial
axis. The accuracy of PVSplit in separating mergers and disks is
demonstrated in Rizzo et al. (2022) for mock ALMA observations
at S/N � 10 where at least 3 independent resolution elements can be
laid along the galactic major axis. Figure 5 shows where Narcissus
and Opuntia fall on the PVSplit parameter space in relation to the
plane of best division between disk and non-disk systems, as defined
by Roman-Oliveira et al. (2023) using the support-vector machine
method to maximize the distance separating the disk and non-disk
galaxy samples pre-classified by Rizzo et al. (2022), which are also
plotted on the PVSplit diagram. Opuntia is classified as a disk, while
Narcissus is classified as non-disk.

In summary, the comparison between the data and disk model
reveals that the two galaxies might not be identified as regular
rotating disks from realistic NIRSpec/IFU observations. This result
indicates that despite the limited angular and spectral resolution,
the mock observational data is not accurately reproduced by an
axisymmetric disk model, and rather we see that the presence of
non-circular motions in Opuntia and of asymmetries in Narcissus
are identifiable through discrepancies with respect to the disk model.

We tested the effect on our recovered rotational velocity and velocity
dispersion of changing the S/N from ⇠ 5 to S/N⇠ 1 and ⇠ 50. The
measured velocities are robust for Narcissus across the entire S/N
range. For Opuntia, increasing S/N has no significant effect on the
measured E and f, whereas decreasing the S/N results in a lower f
value due to the stronger application of masking by 3DB�����.

5.2 Quantifying Biases in Measured Turbulence and
Rotational Support

From the 3DB����� fitting described in Sections 4.2 and 5.1, we
extracted the rotation velocity and velocity dispersion profiles. We
thus obtained the radial average values of f and E/f, which we
computed as the ratio between the maximum rotation velocity and
the average velocity dispersion across the individually fitted rings.
Considering each of these in comparison to their [C��] counterpart
gives insight into the extent to which the presence of non-circular
motions under the conditions of lower spectral and angular resolution
amplifies the disparity between the turbulence and rotational support
measured from warm and cold gas. Figure 6 shows the comparison
between these values and their analogues calculated directly from
the simulations in both [C��] and HU, as described in Section 2.1.
The values are tabulated for both the idealised and realistic mock
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Figure 4. Position-Velocity diagrams for the idealised observations (left) and mock NIRSpec observations (right), where the major axis diagrams are extracted
along the axes shown in Figure 3. Contour levels are at 3=f, where n=[1, 2, 3, 4, 5] and the f value used to define the contours is the RMS value of
noise-dominated regions in the diagrams. Black contours trace the data, and red contours represent the disk model. Arrows indicate regions of the PV diagrams
that deviate from the expected profile for a disk.

The complementarity of data and model in the mock NIRSpec PV
diagrams is poorer still for Narcissus than for Opuntia. Despite Nar-
cissus being less influenced by non-circular motions, the asymmetry
of the HU distribution and the presence of bright clumps lead to a
significant discrepancy between data and disk model along both the
major and minor axis. From the mock NIRSpec observations, both
galaxies would be identified as disks, Opuntia with E/f = 2.1, and
Narcissus with E/f = 3 (Table 2). However, neither would be classi-
fied as cold disks, despite Narcissus being a cold disk, and Opuntia
being a stable disk (i.e. v/f > 5) in simulated HU.

It is evident that the presence of non-circular gas motion in Opun-
tia, and of irregular disk structure in Narcissus, affects the shapes of
their PV diagrams. We therefore examine the ensuing consequences
for their disk classification according to the PVSplit method, a dy-
namical classification technique introduced in Rizzo et al. (2022).
PVSplit analysis is based on three empirical parameters that quantify
the symmetric and morphological properties of the major and minor
PV diagrams. These are Pmajor, a measure of the asymmetry of the
major axis PV diagram with respect to the axis defining systemic ve-
locity, PV, which quantifies the distribution of emission peaks along
the velocity axis, and PR which is similarly defined along the radial
axis. The accuracy of PVSplit in separating mergers and disks is
demonstrated in Rizzo et al. (2022) for mock ALMA observations
at S/N � 10 where at least 3 independent resolution elements can be
laid along the galactic major axis. Figure 5 shows where Narcissus
and Opuntia fall on the PVSplit parameter space in relation to the
plane of best division between disk and non-disk systems, as defined
by Roman-Oliveira et al. (2023) using the support-vector machine
method to maximize the distance separating the disk and non-disk
galaxy samples pre-classified by Rizzo et al. (2022), which are also
plotted on the PVSplit diagram. Opuntia is classified as a disk, while
Narcissus is classified as non-disk.

In summary, the comparison between the data and disk model
reveals that the two galaxies might not be identified as regular
rotating disks from realistic NIRSpec/IFU observations. This result
indicates that despite the limited angular and spectral resolution,
the mock observational data is not accurately reproduced by an
axisymmetric disk model, and rather we see that the presence of
non-circular motions in Opuntia and of asymmetries in Narcissus
are identifiable through discrepancies with respect to the disk model.

We tested the effect on our recovered rotational velocity and velocity
dispersion of changing the S/N from ⇠ 5 to S/N⇠ 1 and ⇠ 50. The
measured velocities are robust for Narcissus across the entire S/N
range. For Opuntia, increasing S/N has no significant effect on the
measured E and f, whereas decreasing the S/N results in a lower f
value due to the stronger application of masking by 3DB�����.

5.2 Quantifying Biases in Measured Turbulence and
Rotational Support

From the 3DB����� fitting described in Sections 4.2 and 5.1, we
extracted the rotation velocity and velocity dispersion profiles. We
thus obtained the radial average values of f and E/f, which we
computed as the ratio between the maximum rotation velocity and
the average velocity dispersion across the individually fitted rings.
Considering each of these in comparison to their [C��] counterpart
gives insight into the extent to which the presence of non-circular
motions under the conditions of lower spectral and angular resolution
amplifies the disparity between the turbulence and rotational support
measured from warm and cold gas. Figure 6 shows the comparison
between these values and their analogues calculated directly from
the simulations in both [C��] and HU, as described in Section 2.1.
The values are tabulated for both the idealised and realistic mock
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Figure 2. Moment-0, -1, and -2 maps, respectively depicting integrated spectral intensity, line-of-sight velocities, and velocity dispersion for Opuntia (top three
rows) and Narcissus (bottom three rows) inclined at 60°. The [C��] and HU emission maps in the first and second columns are obtained directly from the
simulations. See Table 1 for the intrinsic kinematic measurements. The third and fourth columns show the emission line cubes that have been processed to
represent an idealised warm gas observation and a realistic mock NIRSpec/IFU observation as described in Section 3, for which the moment-1 and -2 maps are
masked at 25f (in the idealised case) and 5f (in the mock NIRSpec case).
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Figure 4. Position-Velocity diagrams for the idealised observations (left) and mock NIRSpec observations (right), where the major axis diagrams are extracted
along the axes shown in Figure 3. Contour levels are at 3=f, where n=[1, 2, 3, 4, 5] and the f value used to define the contours is the RMS value of
noise-dominated regions in the diagrams. Black contours trace the data, and red contours represent the disk model. Arrows indicate regions of the PV diagrams
that deviate from the expected profile for a disk.

The complementarity of data and model in the mock NIRSpec PV
diagrams is poorer still for Narcissus than for Opuntia. Despite Nar-
cissus being less influenced by non-circular motions, the asymmetry
of the HU distribution and the presence of bright clumps lead to a
significant discrepancy between data and disk model along both the
major and minor axis. From the mock NIRSpec observations, both
galaxies would be identified as disks, Opuntia with E/f = 2.1, and
Narcissus with E/f = 3 (Table 2). However, neither would be classi-
fied as cold disks, despite Narcissus being a cold disk, and Opuntia
being a stable disk (i.e. v/f > 5) in simulated HU.

It is evident that the presence of non-circular gas motion in Opun-
tia, and of irregular disk structure in Narcissus, affects the shapes of
their PV diagrams. We therefore examine the ensuing consequences
for their disk classification according to the PVSplit method, a dy-
namical classification technique introduced in Rizzo et al. (2022).
PVSplit analysis is based on three empirical parameters that quantify
the symmetric and morphological properties of the major and minor
PV diagrams. These are Pmajor, a measure of the asymmetry of the
major axis PV diagram with respect to the axis defining systemic ve-
locity, PV, which quantifies the distribution of emission peaks along
the velocity axis, and PR which is similarly defined along the radial
axis. The accuracy of PVSplit in separating mergers and disks is
demonstrated in Rizzo et al. (2022) for mock ALMA observations
at S/N � 10 where at least 3 independent resolution elements can be
laid along the galactic major axis. Figure 5 shows where Narcissus
and Opuntia fall on the PVSplit parameter space in relation to the
plane of best division between disk and non-disk systems, as defined
by Roman-Oliveira et al. (2023) using the support-vector machine
method to maximize the distance separating the disk and non-disk
galaxy samples pre-classified by Rizzo et al. (2022), which are also
plotted on the PVSplit diagram. Opuntia is classified as a disk, while
Narcissus is classified as non-disk.

In summary, the comparison between the data and disk model
reveals that the two galaxies might not be identified as regular
rotating disks from realistic NIRSpec/IFU observations. This result
indicates that despite the limited angular and spectral resolution,
the mock observational data is not accurately reproduced by an
axisymmetric disk model, and rather we see that the presence of
non-circular motions in Opuntia and of asymmetries in Narcissus
are identifiable through discrepancies with respect to the disk model.

We tested the effect on our recovered rotational velocity and velocity
dispersion of changing the S/N from ⇠ 5 to S/N⇠ 1 and ⇠ 50. The
measured velocities are robust for Narcissus across the entire S/N
range. For Opuntia, increasing S/N has no significant effect on the
measured E and f, whereas decreasing the S/N results in a lower f
value due to the stronger application of masking by 3DB�����.

5.2 Quantifying Biases in Measured Turbulence and
Rotational Support

From the 3DB����� fitting described in Sections 4.2 and 5.1, we
extracted the rotation velocity and velocity dispersion profiles. We
thus obtained the radial average values of f and E/f, which we
computed as the ratio between the maximum rotation velocity and
the average velocity dispersion across the individually fitted rings.
Considering each of these in comparison to their [C��] counterpart
gives insight into the extent to which the presence of non-circular
motions under the conditions of lower spectral and angular resolution
amplifies the disparity between the turbulence and rotational support
measured from warm and cold gas. Figure 6 shows the comparison
between these values and their analogues calculated directly from
the simulations in both [C��] and HU, as described in Section 2.1.
The values are tabulated for both the idealised and realistic mock
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Position-velocity 
Major axis 

Position-velocity 
Major axis 

Measured σHα :  2 x  intrinsic σHα 

Measured σHα :  5 x  intrinsic σCII

Phillips, Rizzo et al. submitted to MNRAS



Why is there a difference between  
cold and warm gas kinematics?
1. σ  from Hα overestimated: spectral (and angular) resolution of Hα observations worse than ALMA 

2. σ from Hα: contamination from non-circular motions (e.g., see results from zoom-in simulations) 

3. Intrinsic difference (e.g., z =0 galaxies) 



Evolution of galaxy disks across human (~30 years) time 
Kinematics of galaxies

2006 –– 2019 (IFS surveys, Hα) 
At z ~ 2, galaxies more turbulent and less rotationally supported than galaxies at z ~ 0.  

❖ Warm and cold gas: same σ.  
σ from Hα trace turbulence 

Cold gas (atomic, molecular): T < 104 K 
HI, CO, [CII]

Warm gas (ionised): T ~ 104 K 
Hα ([OII], [OIII])

Evolution due to gravitational instabilities driven by gas accretion, mergers. Based on 2 assumptions:

❖ Disks are marginally stable (Q ~ 1)

Q =
κσ

πGΣgas
Qapprox =

2σ
Vfgas

σ(z) =
Vfgas(z)
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Injection of turbulence from supernova (SN) 

explosions is sufficient to explain the (global) 

values of turbulence. 

The impact of stellar feedback on the ISM

Rizzo et al., 2024
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What about main-sequence galaxies?
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Studying typical star-forming galaxies at z = 1 – 2.5

Cycle 11 ALMA Large Program: 230 hours for ~1 kpc resolution CO(3-2) + dust continuum (Band 7)

Massive, main-sequence galaxies ( > 1010 M )⊙ Key objectives: 

Dynamical properties of typical massive 
disks 

Star-formation regulation and local 
gravitational instability (gas surface 
brightness, gas thickness, etc.) 

Scaling relations (e.g., specific angular 
momentum vs Mass)

PIs: Rizzo, Kaasinen, Aravena, Neeleman



Studying typical star-forming galaxies at z = 1 – 2.5

Cycle 11 ALMA Large Program: 230 hours for ~1 kpc resolution CO(3-2) + dust continuum (Band 7)

Massive, main-sequence galaxies ( > 1010 M )⊙

“Coming astronomical facilities such as 
Atacama Large Millimeter/submillimeter 
Array (ALMA)4 will be able to resolve the 
scaling properties of galactic turbulence 
up to very high redshifts. Such data [..] will 
reveal the interplay between gravitational 
instability and turbulence”. 

A. Romeo et al. 2010PIs: Rizzo, Kaasinen, Aravena, Neeleman



Future prospects 

Short-term: CONDOR, cold gas kinematics in massive main-sequence galaxies 

Long-term: major upgrade of mm-facilities needed for exploring new parameter 
spaces: 

❖ “Normal” star-forming galaxies at z > 4 

❖ Low-mass galaxies (Milky-Way progenitors) at z > 1 
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Fig. 2. Redshift distribution of velocity dispersion (�, left panels) and rotational support (V/�, right panel) for our extended sample (colored
markers) consisting of massive galaxies. The � and V/� values are derived using emission lines tracing cold gas (i.e., CO, [CI], [CII]). The pink
solid lines show the best-fit empirical relations, with the 1-� uncertainties (dark pink area) and the intrinsic scatter (pink area).

Fig. 3. Comparison between cold and warm gas dynamical evolution. The gray points and pink lines show our extended sample and the best-fit
relations presented in Fig. 2. The two green boxes indicate the redshift coverages and the 16th and 84th percentiles for samples with galaxy
dynamics derived from H↵ (Varidel et al. 2020; Girard et al. 2021; Hogan et al. 2021; Birkin et al. 2023). The dashed and dash-dotted black
lines show the expected relations for samples of main-sequence massive galaxies and for the galaxies in our extended sample, respectively. These
relations are derived using the disk-instability model proposed by Wisnioski et al. (2015), which is used to reproduce the redshift evolution of �
and V/� derived from warm gas tracers (see Sect. 3.2).

Due to the data quality of current H↵ observations (see de-
tails in Sect. 6), we cannot determine what is causing the dis-
crepancy between warm and cold gas kinematics. As a result, we
cannot discriminate whether this di↵erence is mainly due to: (i)
di↵erences in the disk thickness of the two gas phases; (ii) out-
flow contaminating the measurements of turbulence from warm

gas; (iii) insu�cient angular and/or spectral resolution which are
biasing the measurements of warm gas �.
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What is driving the turbulence?



Injection of turbulence from supernova (SN) explosions

σ ∝ SFR1/3

The impact of stellar feedback on the ISM

Rizzo et al., 2024

Ekin =
3
2

Mgasσ2

ESF = ϵSN SFR ηSN ESN
2h
σ

σ = SFR1/3 ( 4 ϵSN ηSN ESN h
3 Mgas )

1/3


