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A strategy to study the dense CGM: Lyman Limit Systems

Target absorbers with H I column densities of 	


16.1 ≤ log N(H I) < 19

These are “Lyman limit systems” (LLSs).

Pontzen+2008

These LLSs are associated with dense CGM 
streams empirically (Lanzetta+1995; Penton
+2002; Bowen+2002; Chen+2005; Rudie+2012) 
and theoretically (Fumagalli+2011; Faucher-
Giguère & Kereš 2011; van de Voort+2012). 



HI column density/metallicity map in simulations

Fumagalli+ (2011)
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Figure 3.Hydrogen column density for MW3 at z = 2.3. Top left:NH. Top right:NH I from the CIE model. Bottom left:NH I from the UVB model. Bottom
right: NH I from the STAR model. Most of the gas that resides in the streams is ionized by electron collisions and the UVB, while photons from newly born
stars affect the high column density inside the central and satellite galaxies and their immediate surroundings.

3.2 Results of the radiative transfer calculation

For each galaxy, we run three different RT models, gradually in-
cluding additional physical processes. In the first model (hereafter
CIE model), we derive the neutral fraction assuming CIE, without
any source of radiation. In the second calculation (UVB model),
we include the UVB together with dust and collisional ionization.
Finally, in our third model (STAR model) we add ionizing radia-
tion from local sources to the UVB model. Figure 3 presents an
output from these calculations. In the top left panel, we show the
projected NH column density for MW3 at z = 2.3. High column
density gas is accreting onto the central galaxy through large ra-
dial streams, with gas overdensities associated with satellites (two
incoming galaxies along the streams and two closer in, near the
central disk). In the other three panels, we display the NH I column
density from the different RT models.

This figure captures the basic differences that arise from the
different physical processes included in the RT calculation. Part of
the gas within the filaments has a temperature above ∼ 104 K, and
collisional ionization alone (top right panel) lowers the neutral col-
umn density by more than one order of magnitude. A comparison
of the H I map for the CIE and UVB models (bottom left) clearly
shows that the CIE approximation largely overestimates the neutral

fraction and that photoionization from the UV background affects
most of the low density gas in the streams. Indeed, the filaments
are highly ionized, with patches of self-shielded neutral gas that
surround the main galaxy and the satellites. Cold streams are not
entirely self-shielded. Finally, the inclusion of local sources mostly
affects the high column density gas (where stars form) and their im-
mediate surroundings, where the column density is caused to drop
belowNHI ∼ 1020 cm−2. The low escape fraction from the galaxy
disks (below 10% at the virial radius) implies a minor effect on
the gas in the streams beyond Rvir without any appreciable dif-
ference compared to the UVB model for column densities below
NHI ∼ 1018 cm−2.

A more quantitative comparison between the different models
is presented in Appendix A. There, we discuss the typical volume
density for self-shielding, and the effect of local sources on the
column density and mass of neutral hydrogen. We also provide a
crude fitting formula to the UVB model useful to improve the CIE
approximation.

H I column density

 Streams in the CGM predicted to have: 
• LLS-like column densities	


• Large ionization fractions 	



• Metallicity: ⟨Z⟩ ~ 10-2 Z⊙ to >1Z⊙ 	



z ~ 2

Metallicity

LLSs are HI-selected in order to not bias the selection in terms of metallicities. 

We use the metallicity of the cool gas probed LLSs as a “tracer” of the origins of the gas. 



HI-selection of strong HI absorbers

Ribaudo+ (2011)

LLSs and Infall 3

Fig. 2.— Plots of absorption lines as a function of velocity centered on the LLS at z =0.27395. The H I Lyman series is shown on the
left-hand side, while the right-hand side shows the metal ions. The dashed lines show the low ion integration limits adopted for the strong
([−105,+25] km s−1) and weak components ([+25,+135] km s−1). We do not detect C II, Si II, or Si IV in either component. The O VI
λ1031 is largely contaminated by another unrelated absorber and is not reproduced here. Gray portions of the spectra are absorption from
unrelated absorbers. Note the scale of the panels showing the Mg II lines are set to a different scale than the rest of the panels.

Lyman series lines provide a good estimate of the H I col-
umn density. We find logN(H I) = 16.30± 0.02 for the
weak component. The column density of the strong com-
ponent is the difference between the total and weak com-
ponent column densities, logN(H I) = 16.98±0.06. As a
consistency check, we have also fitted the H I absorption
profiles with a two component model, wherein a model
absorption profile is convolved with the COS instrumen-
tal spread function to determine the best fit values of the
central velocities, column densities, and Doppler param-
eters of the two assumed components. The columns de-
rived from such profile fitting models are consistent with
the integrated values, while the b-values for both compo-
nents are about 30 km s−1. We emphasize, however, that
the results from profile fitting depend upon the assumed
component structure of the gas. While we have assumed
a two component model, each is quite likely made up of
several blended absorbing components.
To determine the metallicity and physical conditions

of the strong component, we model its ionization using
Cloudy (v08.01, Ferland et al. 1998). We assume the gas
is photoionized, modeling it as a uniform slab in thermal
and ionization equilibrium. We illuminate the slab with
the Haardt & Madau (2011) background radiation field
from quasars and galaxies. We vary the ionization pa-
rameter, U = nγ/nH , and metallicity of the gas (assum-

ing solar relative abundances from Asplund et al. (2009))
to match the observed column density constraints (Ta-
ble 1).
We summarize the results of the Cloudy simulations

for the strong component in Figure 4. The ionization
parameter is very well constrained by the adjacent ion-
ization states of Si and C, while the metallicity of the
gas is fixed mostly by Mg II. The observed column den-
sities are reproduced for models with an ionization pa-
rameter logU = −2.80 ± 0.30, which is represented by
the green shaded region in the upper panel. This logU
gives a metallicity of [Mg/H] = −1.71 ± 0.06. For this
range of logU the gas is almost completely ionized, with
a neutral hydrogen fraction, X(H I) = N(HI)/N(H) ∼
0.001 − 0.004. The particle density in these models
is nH ∼ 0.001 − 0.003 cm−3, the total H column is
logN(H) ∼ 19.6, the physical size of the absorbing cloud
is L = NH/nH ∼2–25 kpc, and the temperature of the
gas is predicted to be T ∼ (2 − 4) × 104 K. This tem-
perature is consistent with the component fitting where
b(HI) ∼ 30 km s−1 which implies a temperature of
∼ 3×104 K. We note that the ionization state of this gas
is unusually well constrained by the lack of either Si II
or Si IV absorption and the presence of strong Si III.
The intermediate and low ions in the weak compo-

nent can be described by similar photoionization mod-
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Cloudy (v08.01, Ferland et al. 1998). We assume the gas
is photoionized, modeling it as a uniform slab in thermal
and ionization equilibrium. We illuminate the slab with
the Haardt & Madau (2011) background radiation field
from quasars and galaxies. We vary the ionization pa-
rameter, U = nγ/nH , and metallicity of the gas (assum-
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for the strong component in Figure 4. The ionization
parameter is very well constrained by the adjacent ion-
ization states of Si and C, while the metallicity of the
gas is fixed mostly by Mg II. The observed column den-
sities are reproduced for models with an ionization pa-
rameter logU = −2.80 ± 0.30, which is represented by
the green shaded region in the upper panel. This logU
gives a metallicity of [Mg/H] = −1.71 ± 0.06. For this
range of logU the gas is almost completely ionized, with
a neutral hydrogen fraction, X(H I) = N(HI)/N(H) ∼
0.001 − 0.004. The particle density in these models
is nH ∼ 0.001 − 0.003 cm−3, the total H column is
logN(H) ∼ 19.6, the physical size of the absorbing cloud
is L = NH/nH ∼2–25 kpc, and the temperature of the
gas is predicted to be T ∼ (2 − 4) × 104 K. This tem-
perature is consistent with the component fitting where
b(HI) ∼ 30 km s−1 which implies a temperature of
∼ 3×104 K. We note that the ionization state of this gas
is unusually well constrained by the lack of either Si II
or Si IV absorption and the presence of strong Si III.
The intermediate and low ions in the weak compo-

nent can be described by similar photoionization mod-

Weak Mg II!



Key goal: Determining evolution of the CGM over 12 billion years of cosmic time

What is the metallicity distribution function (MDF) of the dense CGM? 
How does the MDF change as a function of NHI? 

How does the MDF evolve with redshift? 

296_9
Keck/LRIS
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HST/COS H I Lyman series (z=0.274)
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Metallicity



The MDF of the LLSs/CGM at z<1
Sample of 28 HI selected LLSs at z<1!
!
- Data: HST COS G130M/G160M data!
- Full UV wavelength coverage !
- [X/H]: X = Mg, Si, O (α-elements)!
- MgII, SiII, SiIII, CII, CIII (SiIV), OI, OII, (OIII)!
- Large ionization correction to derive [X/H] 
(uncertainty on [X/H] ~0.3-0.4 dex)!
- dust depletion typically negligible. 
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Upper limits

Sample size: 28
Lehner+ (2013)



Super Lyman Limits (a.k.a. sub-DLAs) at z<1

Lehner+ (2013)

Upper limits	


(ZnII)

Sample size: 29

Original metallicity estimates: 
Meiring+09, Peroux+06, 
Nestor+08,… 



Super Lyman Limits (a.k.a. sub-DLAs) at z<1

Lehner+ (2013)

Upper limits	


(ZnII)

Sample size: 29

Original metallicity estimates: 
Meiring+09, Peroux+06, 
Nestor+08,… 

Lower limits !
(FeII)



Damped Lyα absorbers at z<1

Sample size: 26

Original metallicity estimates: 
Battisti+12, Peroux+06, 
Nestor+08,… Lehner+ (2013)
X= ZnII (or SiII, OI)



Lyman limit systems: follow-up survey

• More uniform distribution of N(HI) in the LLS regime	


• The sample size has now doubled

COS G140L survey of LLSs (PI: Howk)

Wotta+2015



MDF of the combined sample of LLSs at z<1

Wotta+2015

The MDF of the LLSs is bimodal 
and unique to the LLSs.



Infall

Recycling

Winds

“Thick/thin Disks”

A map of the CGM metallicities about galaxies at z<1

solar metallicity

DLAssub-DLAsLLSs
0-20 kpc10-50 kpc25-150 kpc

Typical impact
parameters:
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Lyman limit systems as probes of infall and outflows

Outflow with Z ≥ Z⊙ Infall? with Z ~ 0.02 Z⊙
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Mg II: Wr (2796) ~ 1 Å

QSO PG1206+459
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QSO PG1630+377
A Galactic superwind caught in the act at z = 0.92 Cold accretion feeding a star-forming galaxy at z = 0.27 

Mg II: Wr (2796) ~ 0.06 Å

Observed Wavelength
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Ribaudo et al. (2011)Tripp et al. (2011)
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Host Galaxy



Lyman limit systems as probes of infall and outflows

ACS

Z > Z⊙

Host Galaxy

Lyman limit systems with the fields imaged with HST and spectroscopically 
identified galaxies

Outflow predictions
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Predictions

See Bouche+, Bordoloi+, Kacprzack+ for that technique with MgII-selected absorbers

Prelim
inary 
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How does the MDF of the LLSs/CGM evolve with z?

Madau & Dickinson 2014

Connecting the global star formation properties to 
those of the CGM

If the CGM and SF 
are intimately coupled, 
we should see changes 
in the MDF of the 
dense CGM, with the 
weighting of the 
infalling and expelled 
gas changing.
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KODIAQ Z: Metallicity of the CGM at z>2

KODIAQ Z pilot study: 26 HI-selected LLSs (16.1<log NHI<19) at 
2.4<z<3.2

Lehner, O’Meara, Howk 2015
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UV selection

incomplete

~300 LLSs+LYAFs
from 110 QSOs.

KODIAQ DR1:

This is NOT a complete search of the entire KODIAQ database (>400 
QSOs).



How does the MDF of the LLSs/CGM evolve with z?

Madau & Dickinson 2014

?



KODIAQ Z pilot: MDFs of the LLSs at 2.4<z<3.2

5 from the literature 
(Lehner+14, Crighton
+13,15); 26 new LLSs. 

Lehner+2015, in prep

For the ionization correction, we use same techniques, UV 
background, and ions (except MgII) as for the z<1 LLSs. !
- [X/H]: X = Si!
- SiII, SiIII, SiIV CII, CIII, CIV



KODIAQ Z pilot: MDF of the LLSs at 2.4<z<3.2

Prelim
inary 

Lehner+2015, in prep



KODIAQ Z pilot: MDF of the LLSs at 2.4<z<3.2
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Lehner+2015, in prep

It is not bimodal anymore!
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Prelim
inary 

finfall ~ 0.5 finfall ~ 1



How does the MDF of the LLSs/CGM evolve with z?

Madau & Dickinson 2014

Prelim
inary 

finfall ~ 0.5 finfall ~ 1

But remember, these 
same LLSs have also 
strong OVI absorbers 
(Chris Howk KODIAQ talk, 
Lehner+14), implying 
there is evidence of both 
strong outflows and infall 
in these LLSs in different 
gas phases. 



MDF as a function of N(HI) at 2.4<z<3.2

Prelim
inary 

Lehner+2015, in prep

DLA: Rafelski+2012!
LYAF: Simcoe+2006, Crighton+2013, 2015



MDFs of the LLSs at 2.4<z<3.2

Prelim
inary 

Lehner+2015, in prep

Metallicities of the LLSs are similar to LYAF but lower on average by ~0.5 dex 
compared to the DLAs. !
There are LLSs at lower metallicities than plateau seen in the DLAS and the LYAF. 



MDFs of the LLSs at 2.4<z<3.2
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Lehner+2015, in prep



Fraction of pristine LLSs at 2.4<z<3.2

Prelim
inary 

Lehner+2015, in prep

The sample is selected with no a priori on the metal content  (low or high), 
so we can estimate, the amount of pristine LLSs (see Fumagalli+2011).

log N [X/H]<-3 [X/H]<-4

16–19 3–24% <16%

16–17 <25% <25%

17–19 7–47% <22%

95% confidence interval

With the entire KODIAQ Z sample, we will 
nail down the fraction of pristine gas in the 
universe at z>2. 



Summary

z<1
Prelim

inary 
 “Maps” of the CGM and 
galaxies over cosmic times




