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2a. Statistics of Cosmic-web Streams and Pancakes

Fig. 1 shows how massive hi-z galaxy are each fed by ∼ 3 streams along filaments embedded in an
extended Zel’dovich pancake (D09). •Using simulations, we will develop algorithms to identify coherent
pancakes and streams, in gas, stars and DM. •We will study the pancakes, the preheating by the planar
shocks, and the flows into the filaments. •We will study the statistics of stream properties, number
and co-planarity, as a function of halo mass in units of Mps (the typical nonlinear mass scale at that
epoch). •We will attempt to derive the statistical properties of the pancakes and filaments by analytic
means, appealing to (a) the origin of the cosmic web from linear Gaussian fluctuations (BBKS), and
(b) its nonlinear evolution, involving pancake fragmentation and filament mergers - a new phenomenon
detected in our simulations (with Y. Birnboim and O. Hahn, following Hahn et al. 07ab,09).

Figure 1: Pancakes and streams into massive halos at z∼2.5 in our cosmological AMR simulations
(by HU postdocs D. Ceverino and D. Tweed). Left: Entropy in a shell at 1.5Rv of a HART simulated
galaxy, showing for the first time a low-entropy pancake (coherent blue line) surrounded by planar
shocks (green-yellow). Three inflowing streams are embedded in the pancake. Middle: Cold gas
density in a RAMSES simulation (box 400 kpc, res. 70 pc) showing 3 narrow cold streams, including
small merging galaxies. Right: Same in a HART simulation (CDB10; box 160 kpc, res. 70 pc), where
large-scale streams feed a 10 kpc disk (white) through a 30 kpc interphase region.

2b. Mergers and Smoother Flows

The simulations show that almost all the mass feeding a massive hi-z galaxy comes along a few narrow
streams, including all mergers!!! The bigger clumps represent gas-rich galaxies with stars and DM
halos. The gas input is via a broad range of clump masses, hitting the galaxy as major mergers, minor
mergers, or smoother flows. In MN we could measure the rate of mergers with mass ratio ≥1:10, those
that are likely to perturb the disk and build a spheroid. Smaller, “mini-minor” mergers are expected
to join the rotating disk with the smooth component, though they could be more efficient in driving
disk turbulence (DSC09, §5); such clumps will be resolved in the phase-2 simulations. •We will measure
the clump mass function in the streams, and deduce the galaxy merger rate as a function of mass
ratio, z, Mv, and environment, for the gas, stellar and DM components – a major improvement over the
controversial current estimates. Using EPS theory and simulation, we derived a useful approximation
for the average total baryonic accretion rate into halos, 〈Ṁb〉 % 5.7 M! yr−1 (Mv/1012M

!
)1.15 (1+z)2.4

(Neistein, van den Bosch & Dekel 06; DB06). In D09, we learned that the hi-z cold streams penetrate
into the inner halo even in galaxies more massive than the shock-heating scale ∼1012M

!
(DB06), and

they maintain a roughly constant Ṁ(r) through shells of radius r. •Using MN2, we will quantify the
distribution of cold-gas influx into the inner galaxy, as a function of z, Mv, and environment. It
seems to be a log-normal distribution (±0.3dex) with a high-flux tail due to mergers (with T. Goerdt).

2c. Stream-Disk Interphase

The evolution of the streams as they plow their way in through the hot halo, their possible breakup into
clumps prior to joining the disk, and their interaction with other streams and with the central disk, are
all key issues for disk evolution and halo gas. They are relevant for the dual role of streams, which can
either build disks and form stars (e.g. at high z, §4,5) or dissipate their energy in the halo gas and quench
SF (e.g. in clusters, BD08; §6). Fig. 1c, showing coherent streams in the outer halo (∼100 kpc) and the
central disk (∼10 kpc), reveals a “messy” region of ∼30 kpc surrounding the disk. It involves a complex
pattern of shocks, as well as gravitational, hydrodynamical and thermal instabilities. The kinematics in
this region is a key to understanding the dissipation of stream energy into turbulence and heat, and
the transfer of AM on the way to a rotating disk. •We will explore the structure and kinematics of
the interaction zone utilizing advanced interactive visualization tools (with D. Ceverino).
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satellites, and streams. Our preliminary results (Fig. 2d; Fumagalli et al. 11) reveal a patchy structure,
with neutral pockets of DLA embedded in extended finger-like ionized components of SLLS+LLS.
Within 2Rv, the covering factor of optically thick gas is < 10% for LLS and 1% for DLA, but massive
galaxies and their streams account for > 30% of the observed absorbers (the rest coming from smaller
galaxies or the IGM). •We will pursue a statistical comparison with the observed systems, including
predictions of detection rates for future all-sky surveys, (ALMA, Tarenghi 08; SKA). •We will address
the cold-stream signatures on the kinematics and metallicity of absorption systems, and study the relation
between absorption and emission, e.g. LLSs and Lα emitters (Rahmani et al. 10). In particular, Steidel
et al. 10 measured massive outflows in stacked spectra of z∼3 LBGs, which overwhelm the signal from
inflows. An intense inflow should be there if it supplies the gas for the high SFR plus the massive
outflows, but it is expected to be hidden in the stacked spectra because of the small sky coverage by
the streams and their low metallicity. •We will use the simulations to make quantitative predictions for
metal absorption in the cold streams (postdoc T. Goerdt, O. Gnat and A. Sternberg).

4. Stream-Driven Violent Disk Instability
The intense gas streaming into hi-z disks induces violent gravitational instability, with transient features
and giant clumps forming stars (Genzel 06; Elmegreen et al. 09). Inward migration on an orbital
timescale grows a bulge (Bournaud et al. 07; Elmegreen et al. 08). Instability analysis in a cosmological
setting (DSC09) predicts that a significant fraction of the z∼2 galaxies are clumpy disks with massive
bulges in a steady state. Our first zoom-in simulations (CDB10) indeed revealed clumpy disks (Fig. 3;
Agertz et al. 09). •We will generalize our analytic treatment, and study a suite of simulated galaxies
(HART, RAMSES) spanning a range of masses to z=0, with higher resolution and improved physics for
a systematic comparison with theory and observations.

Figure 3: Violently unstable disks of 1011M
!

with 109M
!

clumps at z∼2.3. Left: First appearance
in our cosmological simulation (HART, 70-pc resolution, CDB10). Right: An isolated disk with 2-pc
resolution (RAMSES, with F. Bournaud), resolving clump substructure to 105M
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single clump and its subclumps), as desired in our phase-2 cosmological simulations.

4a. Galaxy Morphology at high redshift
The simulations predict that a large fraction of the SFGs are wildly unstable disks with giant clumps.
HST CANDELS (where Dekel is co-I) will provide multi-color images of the stellar components of 250,000
hi-z galaxies, to be confronted with the predicted morphologies. Fig. 4 shows a sample of HST images
of clumpy z ∼ 1.5 − 3 galaxies vs simulated disks “observed” with similar colors and PSFs, indicating
a striking similarity. A naive classification might have tagged these as ongoing mergers, but we know
that the simulated galaxies are dominated by clumpy disks. In some cases, the disk structure is obvious
(e.g. the face-on “ring” 2nd from right), or can be deduced from the “chain” morphology (left pair), but in
many cases the disk geometry is not easy to identify from the few dominant clumps (3rd from right, which
is the same face-on disk to its left). This demonstrates the need for a new theory-motivated classification
scheme for hi-z galaxies. The H image of the face-on “ring” (right) demonstrates how the clumpy features
could disappear in the red bands, arguing that the blue images are better for identifying disk instability
features. •Based on the simulations, we will develop a classification scheme that highlights the clumps,
including their spatial distribution (concentration, eccentricity, asymmetry), color and SFR, and will
distinguish between mergers and unstable disks. •The simulated galaxies will be “observed” at the
different HST bands, including dust extinction (via SUNRISE, Jonsson et al. 06,09), background noise,
and PSFs. •We will study the simulated evolution of the clumpy disks, the onset and termination of the
instability phase, in comparison with CANDELS (with student M. Mozena and collaborators S. Faber
and J. Primack) •We will study in detail (a) disk size and thickness, (b) bulge-to-disk ratio, (c) density
profile of stars, gas and SFR in the bulge and the disk, (d) disk kinematics and kinematic signatures of
the clumps, (e) baryonic fraction, (f) spatial distribution of metallicity.
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hi-z galaxies, though it can be accompanied by other sources. •Our zoom-in hydro simulations enable a
computation of the Lα emission and absorption from these sources, providing ways for detecting the cold
streams and models for the origin of the observed systems. In GD10, the emissivity due to collisional
excitation has been computed from the simulated gas temperature, density and approximate neutral
fraction, assuming self-shielding against UV within the dense streams. The predicted LABs resemble the
observed ones, with a luminosity function in the right ball park; halos of 1012−13M

!
at z ∼ 3 shine as

LABs of 1042−44 erg s−1 that extend to 50 − 100 kpc with a characteristic irregular morphology.

Figure 2: Preliminary results from our RT analysis (SENODA). Left: Extended Lα emission from a
simulated massive galaxy (HART, Mv∼1012M

!
, z =4.5, box 150 kpc). a: CIE, no photo-ionization,

with Lα multi-scattering. b: With UV background ionizing the unshielded regions. c: Including UV
from stars and fluorescence. The total luminosity remains ∼1043 erg s−1. Right: Neutral gas column
density in a 1012M

!
halo at z=1.9 out to 2Rv. Neutral (red, DLA), neutral-ionized transition (green,

SLLS), ionized optically thick (blue, LLS), and optically thin (yellow, MFP).

3a. Lyman-alpha emission

We now compute the Lα emission using full radiative transport (RT) in post-processing, justified by
the short radiation-diffusion timescale. The RT is applied to the UV continuum from background and
galactic sources and to the resonant line scattering. Local dust absorption is computed from density and
metallicity. The RT calculation is pursued with team-members D. Kasen and S. Cantalupo (see annexed
letters), utilizing the 3D Monte-Carlo RT codes SEDONA (Kasen et al. 06) and RADAMESH (Cantalupo
& Porciani 10). In the RT of ionizing radiation, we consider UV from the cosmic background (Haardt
& Madau 96) and from local stars, include the scattering and absorption by HI and dust, and iteratively
converge to ionization equilibrium. In the RT of LαLαLα photons, the emissivity due to thermal excitation
is computed similarly to GD10, and the Lα due to fluorescence is computed from the photoionization
rate determined by the UV transport routine. The RT code treats the multiple scattering and diffusion
of the Lα photons from the line center to the wings before escaping. The density of Dust, which absorbs
and scatters both Lα and UV photons, is constructed from the simulated metallicity due to SNs, and
its properties are read from Li and Draine (01, Table 6). Fig. 2 shows a preliminary example from our
analysis (Kasen et al. 11). The total Lα luminosity is ∼ 1043 erg s−1, only slightly affected by the line
scattering, which spreads out the emission region. Dust reduces the Lα luminosity outside the inner 10
kpc by only a few percent. The UV background shuts down unshielded regions. The UV from stars
does not make a drastic change to the overall luminosity and morphology, but now the luminosity from
fluorescence, largely reduced by dust near the stars, is comparable to the gravity-driven CIE luminosity.
•The RT codes will be developed and passed through further cosmological tests (Iliev et al. 06). •The
RT will be applied to our suite of simulations for accurate predictions of LAB properties including 2D
spectroscopic maps of the double-peaked Lα line profiles, to be compared with current observations
(Matsuda et al. 10) and for stimulating new observations (see Cuby et al. 07). •This comparison aims
at features that may distinguish between the models of cold streams and outflows — we expect the line
profile to be dominated by the coherent streaming in halos > 1012M

!
at z ≥ 3. •We will also compute

emission in other H lines and X-ray emission from the hot gas.

3b. Absorption systems

The cold streams also leave absorption imprints on the spectra of quasars and galaxies. We study
how the simulated galaxies give rise to observed systems, classified by column density NHI into DLA
(> 20.3 cm−2), SLLS (19.0−20.3), LLS (17.2−19.0), and MFP (15.5 −17.2). • In work by student
M. Fumagalli (with X. Prochaska and J. Primack), utilizing our RT analysis, we compute the HI fraction,
and study the cross section of neutral and ionized gas as a function of redshift, mass, and location in disk,
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satellites, and streams. Our preliminary results (Fig. 2d; Fumagalli et al. 11) reveal a patchy structure,
with neutral pockets of DLA embedded in extended finger-like ionized components of SLLS+LLS.
Within 2Rv, the covering factor of optically thick gas is < 10% for LLS and 1% for DLA, but massive
galaxies and their streams account for > 30% of the observed absorbers (the rest coming from smaller
galaxies or the IGM). •We will pursue a statistical comparison with the observed systems, including
predictions of detection rates for future all-sky surveys, (ALMA, Tarenghi 08; SKA). •We will address
the cold-stream signatures on the kinematics and metallicity of absorption systems, and study the relation
between absorption and emission, e.g. LLSs and Lα emitters (Rahmani et al. 10). In particular, Steidel
et al. 10 measured massive outflows in stacked spectra of z∼3 LBGs, which overwhelm the signal from
inflows. An intense inflow should be there if it supplies the gas for the high SFR plus the massive
outflows, but it is expected to be hidden in the stacked spectra because of the small sky coverage by
the streams and their low metallicity. •We will use the simulations to make quantitative predictions for
metal absorption in the cold streams (postdoc T. Goerdt, O. Gnat and A. Sternberg).

4. Stream-Driven Violent Disk Instability
The intense gas streaming into hi-z disks induces violent gravitational instability, with transient features
and giant clumps forming stars (Genzel 06; Elmegreen et al. 09). Inward migration on an orbital
timescale grows a bulge (Bournaud et al. 07; Elmegreen et al. 08). Instability analysis in a cosmological
setting (DSC09) predicts that a significant fraction of the z∼2 galaxies are clumpy disks with massive
bulges in a steady state. Our first zoom-in simulations (CDB10) indeed revealed clumpy disks (Fig. 3;
Agertz et al. 09). •We will generalize our analytic treatment, and study a suite of simulated galaxies
(HART, RAMSES) spanning a range of masses to z=0, with higher resolution and improved physics for
a systematic comparison with theory and observations.

Figure 3: Violently unstable disks of 1011M
!

with 109M
!

clumps at z∼2.3. Left: First appearance
in our cosmological simulation (HART, 70-pc resolution, CDB10). Right: An isolated disk with 2-pc
resolution (RAMSES, with F. Bournaud), resolving clump substructure to 105M
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single clump and its subclumps), as desired in our phase-2 cosmological simulations.

4a. Galaxy Morphology at high redshift
The simulations predict that a large fraction of the SFGs are wildly unstable disks with giant clumps.
HST CANDELS (where Dekel is co-I) will provide multi-color images of the stellar components of 250,000
hi-z galaxies, to be confronted with the predicted morphologies. Fig. 4 shows a sample of HST images
of clumpy z ∼ 1.5 − 3 galaxies vs simulated disks “observed” with similar colors and PSFs, indicating
a striking similarity. A naive classification might have tagged these as ongoing mergers, but we know
that the simulated galaxies are dominated by clumpy disks. In some cases, the disk structure is obvious
(e.g. the face-on “ring” 2nd from right), or can be deduced from the “chain” morphology (left pair), but in
many cases the disk geometry is not easy to identify from the few dominant clumps (3rd from right, which
is the same face-on disk to its left). This demonstrates the need for a new theory-motivated classification
scheme for hi-z galaxies. The H image of the face-on “ring” (right) demonstrates how the clumpy features
could disappear in the red bands, arguing that the blue images are better for identifying disk instability
features. •Based on the simulations, we will develop a classification scheme that highlights the clumps,
including their spatial distribution (concentration, eccentricity, asymmetry), color and SFR, and will
distinguish between mergers and unstable disks. •The simulated galaxies will be “observed” at the
different HST bands, including dust extinction (via SUNRISE, Jonsson et al. 06,09), background noise,
and PSFs. •We will study the simulated evolution of the clumpy disks, the onset and termination of the
instability phase, in comparison with CANDELS (with student M. Mozena and collaborators S. Faber
and J. Primack) •We will study in detail (a) disk size and thickness, (b) bulge-to-disk ratio, (c) density
profile of stars, gas and SFR in the bulge and the disk, (d) disk kinematics and kinematic signatures of
the clumps, (e) baryonic fraction, (f) spatial distribution of metallicity.
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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).


