
Damped	  Lyman-‐α	  systems	  
on	  a	  moving	  mesh	  

Simeon	  Bird,	  IAS	  	  
(with	  Mar=n	  Haehnelt,	  Mark	  Vogelsberger,	  Lars	  

Hernquist,	  Volker	  Springel)	  



Simulated	  DLAs	  

DLAs:	  neutral	  hydrogen	  reservoirs	  at	  z=4-‐2	  

HI	   6 Ellison et al.

Figure 3. Voigt profile models to the Ly! line for the absorbers in our sample are shown as red curves. The dashed lines indicate the uncertainties given in the
panel captions.

data were obtained in TIME-TAGmode with at least two exposures
per target, each in a di!erent FP-POS position. Total exposure times
and central wavelength settings are given in Table 4.

The COS spectra were homogeneously reduced using CAL-
COS v2.15.4 and custom routines for background estimation
and co-addition of individual exposures in the Poisson limit
(e.g. Worseck et al. 2011). The data were flat-fielded, deadtime-
corrected, doppler-corrected and wavelength-calibrated using the
default CALCOS calibration files as of September 2011. For 1-d
extraction we adjusted the source extraction window to a rectangu-
lar box (height 17 pixels, corresponding to 5! the spatial FWHM)
to preserve integer extracted counts in the Poisson regime, and
to maximise the signal-to-noise ratio (S/N) for our well-centred
point sources. Likewise, the background extraction windows were
maximised (150 pixels each), and background smoothing by the
pipeline turned o! to investigate spectral variations of the back-
ground. After visual inspection, the smoothed background was de-
termined by a 51-pixel running average in wavelength. Individual
exposures were co-added by adding the integer source counts and
the non-integer mean background per pixel on the homogeneous
NUV wavelength grid, accounting for individual pixel exposure

times induced by o!sets in dispersion direction. The counts were
then flux-calibrated with the NUV flux calibration curve and the
pixel exposure times. The S/N ratios per pixel (in the continuum on
either side of the Ly! absorption) of the final combined spectra are
given in Table 4.

The Starlink package DIPSO was used to model a Voigt-
profile absorption to the normalised spectra. To normalise the spec-
tra, a cubic spline was fit through unabsorbed regions of the QSO
continuum and the data then divided by the polynomial fit. Despite
the relatively low S/N, the N(H i) could usually be determined to
within ± 0.1 dex, which is typical for moderate resolution spec-
tra of low S/N (e.g. Russell, Ellison & Benn 2006). The dominant
source of error in N(H i) is from uncertainty in the continuum place-
ment. This is a particular issue for the proximate DLA towards
B0105"008 where the Ly! absorption lies on top of the QSO’s
Ly! emission. Nonetheless, errors on N(H i) are less ! 0.15 dex for
all the bona-fide DLAs (log N(H i) " 20.3) in our sample. Table 4
lists the measured N(H i) column densities for both the COS and
STIS data and Figure 3 presents the Ly! fits to the absorbers in our
sample.

From Table 4 it can be seen that 4/6 absorbers in our sample

c# 0000 RAS, MNRAS 000, 000–000

NHI	  >	  2x1020	  	  cm-‐2	  

Prochaska	  2008	  



Simula=ons	  

•  Moving	  mesh	  using	  AREPO	  	  

•  5123	  par=cles	  
•  25	  Mpc/h	  box	  

•  Feedback	  using	  Illustris	  model	  



DLA	  Observa=ons	  

1.  Column	  density	  func=on	  

2.  DLA	  bias	  

3.  Velocity	  widths	  of	  metal	  lines	  

4.  (Metallicity)	  



Column	  Density	  Func=on	  

No	  feedback	  
Illustris	  
Cutoff	  

CD
DF

	  

Data:	  Noterdaeme	  12,	  O’Meara	  
07,	  Prochaska	  10	  

H2	  forma=on	  



Stellar	  Feedback	  

Three	  models:	  
1.  No	  feedback	  

2.  Illustris:	  Stellar	  feedback	  with	  velocity	  
propor=onal	  to	  halo	  circular	  velocity	  (high	  mass	  
loading	  to	  suppress	  star	  forma=on	  in	  dwarfs)	  

3.  Cutoff:	  As	  2.	  with	  minimum	  velocity	  600	  km/s	  to	  
impose	  cutoff	  (gives	  too	  many	  stars)	  



Column	  Density	  Distribu=on	  

No	  feedback	  
Illustris	  
Cutoff	  

N
	  	  C
DD

F	  



DLA	  Bias	  

b2D =
PDLA(k)

PM(k)

Dominated	  by	  	  
smallest	  halos:	  
cutoff	  

Data:	  Font-‐Ribera	  2013	  



SiII	  Velocity	  Width	  

Width	  in	  velocity	  space	  containing	  
	  90%	  of	  op=cal	  depth	  along	  spectra	  
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Fig. 9.— These panels show one weak line (top), one strong line (middle) and one fine-structure transition (bottom) for four GRB-DLAs
observed at high spectral resolution: (a) GRB-DLA/050922C; (b) GRB-DLA/060418; (c) GRB-DLA/051111; and (d) GRB-DLA/050820.
In all four GRB-DLAs, the fine-structure optical depth profile closely matches that of the weak transition. Because this gas must lie within
! 1 kpc of the GRB afterglow, these observations indicate the !v90 statistic is determined by the velocity field of the ISM surrounding
the GRB. In contrast, there are clouds in the wings of the strong transitions which do not show significant fine-structure absorption and
must therefore lie at distance ! 1 kpc from the GRB afterglow. Because the fine-structure absorption defines the systemic velocity of the
ISM, the unique geometry of the GRB-DLA sightlines allows one to investigate gas with velocities indicate of outflow (negative) or infall
(positive). This experiment o"ers an unprecedented view into the nature of gas kinematics in high z galaxies.
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•  Neutral	  frac=on:	  
Rahma=	  2013	  

•  Randomly	  place	  spectra	  
un=l	  5000	  DLAs	  

•  Metal	  ionisa=on	  using	  
CLOUDY	  

Simulated	  Spectra	  



Velocity	  Widths	  

Not	  enough	  large	  velocity	  width	  systems	  

Damped Lyman Alpha Systems 11

Figure 8. The simulations’ DLA column density distribution (solid line)
compared to the observed values from SDSS DR5 (points with error
bars, based on Prochaska et al. 2005; see main text for explanation). The
dashed, dashed-dotted and dotted lines show the contribution fromMvir <
109.5M!, 109.5M! < Mvir < 1011.0M! and Mvir > 1011.0M!

haloes respectively (these are not directly observable distributions, but give
guidance as to how our cross-section is composed).

ier than hydrogen and Nmax is an upper limit for the integration,
which is discussed in the next paragraph. !DLA(z) gives the frac-
tion of the redshift zero critical density provided by the comoving
density of DLA associated gas measured at redshift z. (This is dif-
ferent from the more natural definition of time-dependent !s which
express a density at any given redshift in terms of the critical den-
sity at that redshift. Only in the Einstein-deSitter universe will these
definitions coincide.)

Although the calculation should take Nmax = !, this is
not possible for the observational sample owing to the rapidly
decreasing number of systems at the high column density limit.
Prochaska et al. (2005) discussed how different assumptions for the
functional form of the column density distribution can lead to dif-
ferent values of!DLA. The discrepancies are small for the two best
functional fits to the observational data (a double power law or a
Schechter function with exponential roll-off at high column densi-
ties). However, these extrapolations are actually only constrained
by a few points at high column densities; a more robust approach
– albeit less physically transparent – is to calculate !DLA directly
from summing the total neutral hydrogen in the observed sample
of DLAs, which for the SDSS DR5 sample is roughly equivalent to
using the upper limitNmax = 1021.75 cm"2.

Using this limit, we obtain !DLA,sim = 1.0 " 10"3, which
can be compared with the result from SDSS DR5 in the combined
bin 2.8 < z < 3.5,!DLA,obs = (0.84±0.06)"10"3 . As expected
from Figure 8, the results are in fair agreement; the slight mismatch
is driven by the overestimation of our high column density points
(1021.5 < NHI/ cm"2 < 1021.75).

Our weighting approach predicts the form of the distribution
for much rarer, higher column density systems than the sample
limited observations allow. Significant contributions to !DLA are

Figure 9. The simulations’ DLA velocity distribution (solid line) compared
to the observed values based on the sample described by Prochaska et al.
(2003) (see text for details; shown by points with error bars). The dashed,
dashed-dotted and dotted lines are as described in the caption of Figure 8.

made by these rare systems unless ! # d ln f(N, X)/d ln N $
%2. In fact, directly measuring the slope ! for our simulations
shows that it slowly decreases from ! & %1.0 for NHI =
1020.3 cm"2 to a constant value of ! & %2.5 for NHI !

1021.5 cm"2. Thus a correction to !DLA,sim is expected if we al-
low Nmax to extend to arbitrarily high values. Performing the cal-
culation with Nmax = ! gives !DLA,sim = 1.4 " 10"3. This
value is not directly comparable to observational estimates, but
shows that an observer living in our simulations would underes-
timate !DLA by about 30% due to missing contributions from the
rare high column density systems. A further discussion of this issue
is given in Section 6.4.

4.2.2 Velocity Width Distribution

We have already discussed some qualitative features of the low-
ion velocity profiles generated in our simulations (Section 3.2, Fig-
ure 3). These are important because they provide a direct observa-
tional measure of the kinematics of the DLAs, and therefore have
the ability to substantially constrain the nature of the host haloes.
We now turn to the comparison of our characteristic velocities with
the observed quantitative distribution.

We assign a velocity width to each generated profile using the
fiducial v90% technique (Prochaska & Wolfe 1997). This inspects
the “integrated optical depth” T (") =

R !

0
d"## ("#) and assigns the

velocity width v90% = c("b %"a)/"0 where T ("b) = 0.95T (!)
and T ("a) = 0.05T (!). The result is a representative velocity
width for the sightline, produced without any of the difficulties as-
sociated with fitting multiple Voigt profiles.

To a good approximation, the only dependence on the partic-
ular low-ion transition chosen is in the overall normalization of the
optical depths from the relative abundances and oscillator strengths.
The v90% measure of the velocity width is invariant under such
rescalings, so that only for display purposes (i.e. Figure 3) do we

c! 2008 RAS, MNRAS 000, 000–000

Pontzen	  2008	  
Data:	  Prochaska	  2008	  
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Velocity	  Widths	  
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Data	  (Neeleman,	  2013)	  

No	  feedback	  
Illustris	  
Cutoff	  



Velocity	  Widths	  
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Virial	  velocity	  

Aligned	  Absorbers	  



Aligned	  Absorbers	  
Sightlines	  intersec=ng	  two	  systems	  



Why?	  

a.  More	  disc-‐like	  gas	  distribu=on	  
b.  SPH	  simula=ons	  suppressed	  metal	  

mixing	  and	  diffusion	  

Metals	  mix,	  advect	  from	  
	  star	  par=cles	  



Conclusions	  

1.  Stellar	  feedback	  suppresses	  star-‐forming	  gas,	  
matches	  CDDF	  for	  N	  >	  1021	  

2.  Matching	  the	  bias	  needs	  a	  suppression	  of	  
DLAs	  in	  small	  halos	  

3.  The	  number	  of	  high	  velocity	  width	  systems	  
matches	  even	  without	  any	  feedback	  



Making	  DLAs	  

Rahma=	  2013	  

On the evolution of the HI CDDF 11

Figure 3. The hydrogen neutral fraction (left) and the photoionization rate (right) as a function of hydrogen number density do not
change by varying the simulation box size or mass resolution. This is shown for di!erent simulations at z = 3 in the presence of the UVB
and recombination radiation. Purple solid, blue dashed and red dot-dashed lines show, respectively, the results for L12N256, L06N128

and L06N256. The green dotted line indicates the results for the L06N128 simulation if the gas is assumed to be optically thin to
the UVB radiation (i.e., no RT calculation is performed). The deviation between the optically thin hydrogen neutral fractions and RT
results at n

H
! 10!2 cm!3 shows the impact of self-shielding. The lines show the medians and the shaded areas indicate the 15%! 85%

percentiles. At the top of each panel we show HI column densities corresponding to each density.

!Phot is the total photoionization rate. Moreover, the self-
shielding density threshold, nH,SSh, is given by equation (13)
and is thus a function of !UVB and !̄!HI

which vary with
redshift. As explained in more detail in Appendix A1, the
numerical parameters representing the shape of the pro-
file are chosen to provide a redshift independent best fit
to our RT results. In addition, the parametrization is based
on the main RT related quantities, namely the intensity of
UVB radiation and its spectral shape. It can therefore be
used for UVB models similar to the Haardt & Madau (2001)
model we used in this work (e.g., Faucher-Giguère et al.
2009; Haardt & Madau 2012). For a given UVB model, one
only needs to know !UVB and !̄!HI

in order to determine the
corresponding nH,SSh from (13) (see also Table 2). Then, af-
ter using equation (14) to calculate the photoionization rate
as a function of density, the equilibrium hydrogen neutral
fraction for di"erent densities, temperatures and redshifts
can be readily calculated as explained in Appendix A1.

We note that the parameters used in equation (14)
are only accurate for photoionization dominated cases. As
we show in §3.5, at z ! 0 the collisional ionization rate
is greater than the total photoionization rate around the
self-shielding density threshold. Consequently, equation (13)
does not provide an accurate estimate of the self-shielding
density threshold at low redshifts. In Appendix A1 we there-
fore report the parameters that best reproduce our RT re-
sults at z = 0. Our tests show that simulations that use
equation (14) reproduce the f(NHI, z) accurately to within
10% for z ! 1 where photoionization is dominant (see Ap-
pendix A1).

Although using the relation between the median pho-
toionization rate and the gas density is a computationally
e#cient way of calculating equilibrium neutral fractions in
big simulations, it comes at the expense of the informa-
tion encoded in the scatter around the median photoioniza-
tion rate at a given density. However, our experiments show

that the error in f(NHI, z) that results from neglecting the
scatter in the photoionization rate profile is negligible for
NHI ! 1018 cm!3 and less than " 0.1 dex at lower column
densities (see Appendix A1).

3.4 The roles of di!use recombination radiation

and collisional ionization at z = 3

To study the interplay between di"erent ionizing processes
and their e"ects on the distribution of HI, we compare their
ionization rates at di"erent densities. We start the analysis
by presenting the results at z = 3 and extend it to other
redshifts in §3.5.

The total photoionization rate profiles shown in the
right panel of Figure 3 are almost flat at low densities
and decrease with increasing density, starting at densities
n

H
! 10!4 cm!3. Just below n

H
= 10!2 cm!3 self-shielding

causes a sharp drop, but the fall-o" becomes shallower for
n

H
> 10!2 cm!3 and the photoionization rate starts to in-

crease at n
H
> 10 cm!3. As shown in Figure 4, the shallower

fall-o" in the total photoionization rate with increasing den-
sity is caused by RR. The increase in the photoionization
rate with density at the highest densities on the other hand,
is an artifact of the imposed temperature for ISM particles
(i.e., T = 104 K) which produces a rising collisional ioniza-
tion rate with increasing density. As the comparison between
the UVB and RR photoionization profiles shows (see Figure
4), RR only starts to dominate the total photoionization
rate at n

H
> 10!2 cm!3, where the UVB photoionization

rate has dropped by more than one order of magnitude and
the gas is no longer highly ionized. RR reduces the total
HI content of high-density gas by " 20%. Although ion-
ization rates remain non-negligible at higher densities, they
cannot keep the hydrogen highly ionized. For instance at

c" 0000 RAS, MNRAS 000, 000–000

Ionisa=on	  frac=on	  from	  radia=ve	  transfer	  
results	  of	  Rahma=	  2013	  

High	  density	  gas	  is	  self-‐
shielded	  and	  neutral	  	  



Metal	  Enrichment	  

•  Stars	  enrich	  gas	  element-‐by-‐element	  
•  Metals	  advect	  and	  mix	  with	  fluid	  



Effect	  of	  metal	  loading	  

•  From	  Paul’s	  simula=ons:	  change	  the	  
wind	  metal	  loading	  normalisa=on	  

•  Resolu=on	  of	  the	  256	  simula=ons	  

All	  metals	  carried	   No	  metals	  carried	  



Effect	  of	  metal	  loading	  

•  Once	  metal	  enriched	  beyond	  neutral	  
region,	  no	  further	  effect	  

•  Which	  regime	  are	  the	  dwarfs	  in?	  

All	  metals	  carried	   No	  metals	  carried	  



Effect	  of	  metal	  loading	  

•  Does	  not	  affect	  velocity	  width:	  independent	  
of	  metallicity	  


