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Figure 4: The stellar components of clumpy disks at z ∼ 2. HST images that mimic CANDELS
compared to simulations “observed” with a similar color and PSF. In brown: two UDF galaxies versus
two simulated disks, edge-on and face-on. In b&w: two I-band images of face-on simulated clumpy
disks, and an H-band image of the adjacent “ring” galaxy, where the clumps have disappeared.

4b. Two-component Instability of Cosmological Disks

The analytic study of DSC09 was crudely valid at high z, when the disk was gas rich and the stars had
a comparable velocity dispersion, σ! ∼ σg. We assumed input by accretion and draining by migration,
while in Bouche et al. (10) we assumed draining of gas into stars. In reality, the disk is a two-component
system that gradually becomes star dominated as the accretion rate decays. The stellar dispersion, which
remains high as the gas cools, now acts to stabilize the disk. •We will perform an analytic study of
two-component disk instability including mass exchange between gas and stars, to capture the transition
from a violently unstable disk to a more stable one at low z. The formalism (Rafikov 01) is based on a
generalized Toomre Q2 parameter derived from those of gas and stars and the ratio σ!/σgas, and we seek a
solution where marginal instability is regulated at Q2 ∼ 1. We require mass conservation, where the
disk gas mass reacts to the accretion, migration, and SF (including feedback), Ṁg = Ṁacc − Ṁmig − Ṁ∗.
The SFR Ṁ∗ = εsfrMg/tff , with an efficiency εsfr ∼ 0.01, reflects the Kennicutt law (Krumholz et al. 09).
The bulge growth is by migration from the disk and by merging of galaxies. The cosmological Ṁacc

is known (§2), and Ṁmig is computed as in DSC09. Energy conservation constrains the growth of
velocity dispersions by gravitational “heating” due to the inflow in the potential well, into the disk and
within the disk, as the gas turbulence dissipates (Krumholz & Burkert 10). A failure to obtain a solution
where the gas pressure is larger than just its thermal component is interpreted as transition to stability.
•We will explore the relevant parameter space to learn about the evolution of two-component disks in a
cosmological context from instability to stability and vice versa. •We will investigate potential drivers
for the disk turbulence that maintains marginal instability with giant clumps and rapid migration,
gravitational heating vs stellar feedback (with postdocs M. Cacciato and S. Genel).

4c. Giant-Clump Support: Rotation and Turbulence

In our effort to understand the disk giant clumps, we explore the clump support against free-fall collapse.
If a clump is an axisymmetric rotator with an isotropic velocity dispersion in equilibrium, it obeys the
Jeans equation V 2

circ = V 2
rot + 2σ2 (isothermal sphere), where V 2

circ = GM/R. The fractional rotation
support is χ≡V 2

rot/V 2
circ, and the rest is pressure. We assume that the clump has contracted by a factor

c from its initial radius, leading to a surface-density contrast (Σc/Σd) = c2. For a Toomre clump in a
Q∼1 disk, we derive V 2

circ =(π/2)cσ2
d, with σd the disk dispersion. The disk rotation induces a prograde

rotation in the proto-clump frame, Vrot $ 0.5σd. If the clump AM is preserved during collapse, we get
Vrot$0.55cσd. Then χ$0.2 c, i.e. rotation support dominates for c>2.5. •We will test these predictions
in cosmological simulations, where the clump spin may be tilted relative to the disk. This will tell the
degree of AM conservation in the clump, and the rate of buildup and dissipation of internal turbulence.
Preliminary results indicate partial rotation support, χ∼0.6−1.0, and tilts, cos(tilt)∼0−1. Tests using
isolated galaxies (with F. Bournaud) indicate only a ∼20% reduction in χ when the clump substructure
is resolved. •We will also investigate the rate of energy pumped into a clump by gravity. A simple
estimate indicates that the gravitational power associated with clump migration is comparable to the
dissipation rate in the clump, so that intra-clump turbulence can be maintained by gravity through
the mutual interactions in the perturbed disk (N. Mandelker, D. Ceverino, A. Burkert).

If the clumps are subject to massive outflows (§5), or if internal clump turbulence is driven by an external
source, then c and χ could be smaller. •We will study the driving of turbulence and outflows by SN
feedback in our current simulations, and then in simulations with enhanced momentum-driven outflows.
•We will “observe” the disk and clump kinematics in the different simulations and confront them with
Hα observations at z ∼ 2 by Genzel’s group using SINFONI on VLT with AO (Genzel et al. 06,08,11).
With the current beam-smearing of ∼ 0.2”, even in the largest hi-z disks, the clump rotation signal is
expected to be only ∼30 km s−1 kpc−1, with an unnoticeable dispersion signal, consistent with the first
observed clumps (Genzel et al. 11). •We will pursue a quantitative study and make predictions for
observed kinematics for the different feedback scenarios (student S. Ginzburg).


