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DAMPED LYMAN ALPHA SYSTEMS

Damped Lyman Alpha 
Systems (DLAS) are 
the highest column 
density hydrogen 
absorption systems, 
NHI > 2×1020 cm-2.

These are column 
densities that locally 
are associated with the 
cold gas disks of 
galaxies. (Wolfe et al. 1986)



COLD GAS IN GALAXIES

Damped Lyman Alpha Systems give us a direct measure of cold gas in 
dark matter halos that can used to high redshift.  For this reason 
they have presented challenges to cosmology and galaxy formation 
for many years.

H+CDM was ruled out because there are not enough halos at higher 
redshift to account for the observed number of DLAS (Ma et al. 1997) .

Early cosmological hydrodynamical simulations also did not produce 
the observed number of DLAS and required a large number of DLAS 
to come from unresolved halos, as low as vvir = 30 km/s. (Gardner et al. 
1997, 2001)



DLAS  KINEMATICS 

In a series of papers Wolfe and Prochaska (1997, 1999, 2001) studied 
the kinematics of DLAS.  They found that these systems had large 
velocity widths (~100 km/s) and evidence for multiple 
components. They proposed a model of large, thick disks as the 
source of DLAS.

This proposal is hard to reconcile with CDM in which halos 
should be smaller at high redshift.  As an alternative it was 
suggested that DLAS were often made multiple systems instead 
of single gas disks. (Haehnelt et al. 1998, Maller et al. 2001, 2003) 



Maller et al. 2001We used the semi-analytic 
model of Somerville and Primack 

1999, Somerville et al. 2001 to 
model DLAS. We found 
that we could match the 
observed kinematics, but 

only if the gas disks where 
much larger than 

commonly assumed.  Then 
intersecting multiple 

galaxies in a halo become 
common giving the larger 

velocity widths.



Maller et al. 2001

One important aspect of making this work is that DLAS come 
from moderate to large mass systems. In our model mostly 
from halos with velocities between 80 km/s and 300 km/s.  

Low mass halos much contribute very little to the DLAS cross 
section in order to get velocities as big as observed.



Maller et al. 2003

In our follow up paper we 
explored the ability of 

our model to match the 
high ionization state gas 
kinematics, by modeling 
that gas as the hot gas in 
the SAM. (Maller et al. 2003) 
Our model produced 
reasonable results. I 

mention this because it 
hasn’t really been looked 
at since and to point out 

that DLAS tell us not 
only about cold gas, but 

also how cold gas and hot 
gas relate to one another.



THE LAST 15 YEARS

Over the last 15 years improvements to cosmological 
hydrodynamical simulations have been able to produce DLAS that 
are larger in agreement with the observations at z=2 - 4.

This success combines moving to the ΛCDM model with producing 
larger gas disks in simulations, both from better resolution and 
improvements in the implementation of feedback. (Pontzen et al. 2008, 
Tescari et al. 2009, Fumagalli et al. 2011, Cen 2012, Dave et al 2013, Bird et al. 2013, 2015)

We have also revisited this issue with more up to date semi-
analytic model. (Berry et al. 2014, 2016)



NEW MODELS

Our new models use the updated SAM of Somerville et al. 2012 with 
the addition of gas partitioning used in Popping et al. 2104 and Somerville 

et al. 2015.

Gas partitioning refers to a model for diving hydrogen into 
atomic, ionized and molecular states. This is particular relevant 
for DLAS since we believe that at very high column density 
hydrogen is mostly converted into molecular gas and this 
explains why these systems are not seen as DLAS.



Berry et al. 2014

f(N) is the distribution of column 
densities found in absorption 

systems.  As you can see in the plot, 
the models with gas partitioning 
(colors) shows good agreement 

with the data (black).  This 
agreement had been hard to reach 
before with models producing too 

many very high column density 
systems.  Converting those high 
density systems into molecular 

hydrogen solves that.



Berry et al. 2014

If we look at the number of systems per absorption distance we find 
a familiar problem.  Models with the gas disk having the normal size in 
the SAM produce too few systems.  We need to increase the size of 
gas disks by 2.5  times to get models that work for z < 3.  None of 

our models work for z > 3. 



Berry et al. 2014

With this change our semi-analytic model produces excellent 
agreement with the number, column density distribution, velocity 

width distribution and metallicities of DLAS.    

Of course this is only below z 
of 3, at higher redshift we fall 

far short of producing the 
observed number of systems.  
I’ll return to this issue later, 
but for now lets look at the 
theory of galaxy disk sizes. 



ANGULAR MOMENTUM CONSERVATION

The standard model of disk sizes was presented by Fall and Efstathiou 

(1982) and says that the specific angular momentum of gas is 
originally the same as the halo and that when gas cools it keeps 
its angular momentum stopping its collapse when it becomes 
angular momentum supported. (Mestel 1963)

This model has been updated to account for more realistic halos 
(Dalcanton et al. 1997, Mo et al. 1999), but the basic idea is still used today in 
all semi-analytic models because it results in a good match to 
observed disk sizes.



BUT  WHAT ABOUT FEEDBACK?

We now know most of the available gas does 
end up in a galaxy, only 1/3  or less does. Is it 
reasonable to assume the gas that does make 
the galaxy samples the angular momentum in 
an unbiased fashion?

We proposed a simple toy model which 
suggest that it doesn’t (Maller and Dekel 2002).  If 
small mass halos are more likely to have their 
gas removed by feedback, then larger 
mergers contribute most of the gas to a 
galaxy.  Large mergers contribute more 
angular momentum, so gas will actually have 
higher angular momentum than dark matter.

Maller and Dekel 2002
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Figure 11. Left Panel: The background is a density map of all gas in the simulated galaxy at z = 0.5, where the disc is oriented edge
on. We have taken a 200x200 kpc box. The dashed line marks the virial radius. The arrows are velocity vectors, indicating the direction
of outflows, with the size of the arrows related magnitudes of velocities as indicated above the panel. Middle Panel: The gas which is
feeding star formation, i.e. we include only gas at z = 0.5 which will subsequently form stars by z = 0. We use the same scale and again
indicate the virial radius. The gas feeding the star formation is accreted largely from low angles from the plane of the disc. Right Panel:
Here we plot outflowing gas, again with velocity vectors demonstrating that outflows are strongly directed perpendicular to the disc.

and has jzmean = 145 kpc kms−1. Gas which gains energy
directly from supernovae thus has relatively low angular mo-
mentum, so simply modelling this gas which is within the
star forming regions as being blown out will preferentially
remove low angular momentum gas.

4.3 Outflows perpendicular to the disc.

Our simulations, as well as observations of outflows, indi-
cate that as gas is expelled, it can also entrain gas which
is in outer regions of the galaxy, and sweep it out with
the outflows (Stewart et al. 2000; Schwartz & Martin 2004;
Veilleux et al. 2005). The relative importance of these two
modes of outflow are not well constrained. Direct expul-
sion from inner regions appears to be the dominant mode
(Bland-Hawthorn et al. 2007), and is also the main mech-
anism of gas removal in our simulations. Here we show
that that, consistent with observations (Heckman et al.
1987; Bland & Tully 1988; Shopbell & Bland-Hawthorn
1998; Veilleux & Rupke 2002; Bland-Hawthorn et al. 2007)
and other theoretical models (Mac Low & Ferrara 1999;
Pieri et al. 2007), the outflows from the central regions are
preferentially perpendicular to the plane of the disc.

Figure 11 shows the direction of gas flows from our
galaxy at z ∼ 0.5, when a minor starburst occurs. The color
gas density map shows the edge on view of the galaxy, with
velocity vectors overplotted showing the direction and mag-
nitude of the gas velocity. The virial radius is marked by
a dashed white line. The right hand panel shows the out-
flows, and reveals that they follow the path of least resis-
tance perpendicular to the disc. These outflows thus prefer-
entially entrain material in regions which are perpendicular
to the disc. The highest angular momentum material, which
is in the extended gas disc surrounding the star forming
regions, is the least affected by the outflows. We measure
a low value for the mean angular momentum in the plane

of the disc of this material which is identified as outflows,
with jzmean(outflows) = 20kpc kms−1, while total angu-
lar momentum is high, jmean(outflows) = 193kpc kms−1,
as the material is getting driven to large radii, perpendic-
ular to the plane, at high velocities. Here, we have used

jmean ≡
√

jx2
mean + jy2

mean + jz2mean.
By contrast, gas which feeds star formation falls on

the galaxy from a direction which is in the plane of the
disc, and away from the outflows. The central panel of Fig-
ure 11 shows the edge on galaxy, again at z = 0.5, but this
time only gas which will form stars by z = 0 is plotted,
again with vectors indicating the velocity of the gas. The
gas which feeds star formation is clearly shown to flow pri-
marily from the plane of the disc. This gas has a relatively
high planar angular momentum, jzmean(starfeed) = 79kpc
kms−1, which is a large fraction of this material’s total an-
gular momentum jmean(starfeed) = 81kpc kms−1. This
contrasts to the outflowing material, but also to gas which
is in the galaxy at this time and which remains in the
galaxy as gas at z = 0, i.e. material which is neither be-
ing ejected nor feeding star formation. Such “retained” gas
has jzmean(retain) = 67kpc kms−1, with total angular mo-
mentum, jmean(retain) = 127kpc kms−1.

4.4 What about mergers?

One of the characteristic features of CDM cosmologies is the
merger of galaxies. This process is ubiquitous, and essen-
tially scale free (e.g. Cole et al. 2000; Fakhouri et al. 2010),
meaning that low mass field galaxies which preferentially be-
come discs dominated will have in general similar merging
histories as high mass galaxies, which have bulges and may
be dominated by spheroidal star systems. Mergers are widely
expected to result in bulges. In earlier simulations of galaxy
formation which suffered from overcooling, proto-galaxies
rapidly formed central baryonic concentrations through dy-

In hydrodynamical simulations with effective feedback the gas 
that eventually makes a galaxy is not uniformly in the halo, but 

preferentially aligned with the disk and has higher angular 
momentum.  Gas aligned with the poles is preferentially 
expelled and has lower angular momentum. (Brook et al 2011)



More recently we looked at how angular momentum grows in a halo 
(Stewart et al. 2013, see also Pichon et al. 2011) and what we found is that gas does 

not come in with the same angular momentum as dark matter.

Stewart et al. 2013



Stewart et al. 2013

This occurs 
because gas that 
comes in without 

shock heating 
preferentially 

comes in along 
filaments. Hot gas 
and dark matter 
comes in from 
every direction.  
So the warm gas 
that forms the 

galaxy has higher 
specific angular 

momentum then 
the dark matter  



SCYLLA MULTI-CODE COMPARISON

One might worry that these results depend on the type of 
cosmological hydrodynamical code used.

In order to address this we have been running a simulation 
comparison project running five codes using the same initial 
conditions.

Our five codes are Enzo (AMR), Ramses (AMR),  ART (AMR), 
AREPO (moving mesh), Gizmo-PSPH (SPH)



Stewart et al. in prep

All 5 of our codes show 
the same results for 

angular momentum.  The 
angular momentum of 

warm gas is 3 to 5 times 
higher than the angular 

momentum of dark matter.   
This naturally will result in 

larger gas disks than 
assumed using angular 

momentum conservation 
in agreement with what we 

need to explain DLAS.



DLAS AT Z=5

Previously we saw that our semi-
analytic model produced too few 
DLAS at high z.

This is also the case in hydrodynamical 
simulations. The plot shows the mass 
density of HI in the simulation (purple 
line) and the data (circles).  The 
simulations is far below the 
observations. 

One must extrapolate below the 
simulations resolution to try and get 
the same amount of HI gas as 
observed.

Dave et al. 2013



We can try 
our usual plan 
of increasing 

the size of the 
gas disks.  But 

doing so 
doesn't 

increase the 
number of 
DLAS and 

increasing the 
size enough 

actually lowers 
it number.



The reason for this 
it that the gas disks 

have central 
surface densities 

far above the DLAS 
threshold. 

Increasing their size 
lowers the central 
surface density so 

that the DLAS 
cross section 

remains almost the 
same size.  To 

increase the cross 
section one has to 
change the profile.



Changing the 
profile produces 
more DLAS, but 
not enough to 
match the z=5 

observations.  The 
only way to match 
observations is if 

there is more 
neutral hydrogen in 

these systems.



If we convert the 
ionized and 
molecular 

hydrogen back to 
atomic hydrogen 
that raises the 

number of DLAS 
by about 50%.  If 

we convert all stars 
into hydrogen gas, 
that has almost no 
effect since there 
has been little star 
formation at these 

high redshifts.



If we assume that 
feedback is much 

less efficient and half 
the baryons stay in 
the halo as atomic 

gas that only doubles 
the number of DLAS 
if we keep the same 
profile.  We have to 
use half the possible 
baryons and change 
the profile to match 

the z=5 
observations, but 

keeping things that 
way over vastly over 

produces the 
number of systems 

at z=4.



CONCLUSIONS
It is possible to match the number of DLAS seen at z=5, but doing so 
requires radically changing the amount of HI in galaxy formation models.  
There are a number of possible ways this could happen, but all of them 
can’t continue to z=3.

Feedback could be much less efficient at z=5 and gas disks more extended.

Lower mass halos could contribute a large fraction of the DLAS cross 
section at z=5, but then that gas must disappear at lower redshift.

Either scenario suggests large changes to galaxy formation physics at these 
high redshifts.  Both can also be tested with future observations of the 
column density distribution and velocity width distribution at these 
redshifts.


