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The CGM of galaxies: next frontier for models

Simulations consistently predict the presence of strong HI 
absorption in the surroundings of galaxies 

Observations at low redshift also show that absorbers with 
log NHI>15 are typically found in the CGM of galaxies, while 
lower N(HI) absorbers are not (at least at low redshift). 



Fumagalli+ (2011)

Metallicity is a key property of the CGM gas
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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

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

✦ We can use the strength of the HI absorption as a direct probe of the galaxies and their 
environment.  

✦  We can directly test simulations using [X/H] vs NHI plots at different redshifts. 
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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.
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Metallicity - HI Column Density Plot

Fumagalli+ (2011)

A map of the gas-metallicity of the universe 



A shot in the dark using absorbers 
known to probe the denser regions of 
the universe at the IGM/galaxy interface 
(i.e., the CGM).

• SLFSs:15 < log NHI <16.2 
• pLLSs:16.2 < log NHI <17.2 
• LLSs: 17.2 ≤ log NHI <19 
• SLLSs: 19 ≤ log NHI < 20.3 

• DLAs: 20.3 ≤ log NHI

The COS CGM Compendium 

Goal: Determining the metallicity of HI-selected absorbers with 15<log NHI<19 at z<1

Metallicity is a key property:  
- How metal-enriched is the CGM gas?  
- Is there pristine CGM gas at z<1? 
- Critical if you want to estimate the baryon budget  

COS G130M and G160M survey complemented 
with Keck HIRES (KODIAQ and new) and VLT 
UVES (archival + new) observations (MgII, FeII).  
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6 pLLS/LLS  metallicities determined in pre-COS era  
Zonak+04, Jenkins+05, Prochaska+04,05, Cooksey+08, Lehner+09

Metallicity distribution in the pre-COS era

Goal: Determining the metallicity of HI-selected absorbers with 15<log NHI<19 at z<1



• SLFSs:15 < log NHI <16.2: 152 
• pLLSs:16.2 < log NHI <17.2: 82 
• LLSs: 17.2 ≤ log NHI <19: 29

The CCC sample: 263 absorbers

Lehner+18a, submitted

• COS G130M/G160M  
• Literature (COS, STIS)



• SLFSs:15 < log NHI <16.2: 152 
• pLLSs:16.2 < log NHI <17.2: 82 
• LLSs: 17.2 ≤ log NHI <19: 29

CCC empirical results: MgII  vs. HI

Lehner+18a, submitted



An example: from data to a metallicity PDF

Wotta+18, in prep

• SLFSs, pLLSs, and LLSs are 
all strongly ionized and 
therefore an ionization 
correction is needed to 
determine the metallicity.  

• Use only low (CII, SiII, MgII) 
and intermediate ions (e.g., 
CIII, OII) to model the 
phototionization.  

• C/⍺ is allowed to vary. 
• Adopt EUVB HM05 

Galaxies+QSOs (HM12) 
•  Use Bayesian MCMC 

formalism (from 
Fumagalli+16) to model the 
ionization. 

• Output: posterior PDFs.



Effects of the EUVB on the metallicity 

Wotta+18, in prep (see also Wotta+16)

On average, <[X/H]HM12>=<[X/H]HM05>+0.37



Effect of the EUVB: CCC vs. COS-Halos

Lehner+18b, in prep

Note: 
COS-
Halos 
redshifts 
often 
outside 
our search 
range.

COS-Halos: Remodeled from Prochaska+17



Lehner+18b, in prep

Effect of the EUVB: CCC vs. COS-Halos



Some of the key science results from CCC 



Results: Metallicity PDFs of the pLLSs and LLSs at z<1

Wotta+18
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Result: Metallicity PDFs of the SLFSs at z<1

Wotta+18, Lehner+18b, in prep



Result: Metallicity PDFs of the SLFSs and pLLSs at z<1

Wotta+18, Lehner+18b, in prep



Result: Evolution of the metallicity with NHI

Wotta+18a, Lehner+18, in prep

DLAs: new compilation from 3 papers: Rafelski+12, Lehner+13, Quiret+16 
SLLSs: only HI-selected SLLSs from literature (Tripp+05; Battisti+12; Crighton+13; Quiret+16)



Summary I

• There is a an evolution of the metallicity with NHI.  
• There is a large reservoir of metal-poor cool gas in the dense ionized medium of 

the universe probed by SLFSs, pLLSs, and LLSs. 
• No strong evidence of pristine gas at z<1, but some gas hasn’t been enriched much 

since z~2-3 (see Lehner+16, Fumagalli+16, Simcoe+04). 
• Some redshift dependence for the metallicities.  



Observations meet with simulations



FIRE Simulations vs. CCC

MNRAS, 2017



FIRE Simulations vs. CCC

MNRAS, 2017

Lehner+18b, Wotta+18 in prep



FIRE Simulations vs. CCC

MNRAS, 2017

Lehner+18b, Wotta+18 in prep



EAGLE Simulations vs. CCC

MNRAS, 2017

EAGLE simulations do better in having low metallicity gas. However, the redshift 
there is no evidence in the observations for the redshift evolution seen in the EAGLE 
simulations. 

MNRAS, 2018



EAGLE Simulations vs. CCC

MNRAS, 2017

EAGLE simulations do better in having low metallicity gas. However, the redshift 
there is no evidence in the observations for the redshift evolution seen in the EAGLE 
simulations. 



EAGLE vs. FIRE

MNRAS, 2017

EAGLE simulations do better in having low metallicity gas. However, the redshift 
there is no evidence in the observations for the redshift evolution seen in the EAGLE 
simulations. 



Summary II

• The FIRE simulations under-predict the amount of low-metallicity gas probed by the 
15<log NHI<19 absorbers.  

• The EAGLE simulations produce a similar fraction of low-metallicity SLFSs, pLLSs, 
and LLSs. This is driven by a strong evolution of the metallicities of these absorbers 
between z~0 and 1, which  is not observed in the CCC survey. 

• The metallicity PDFs of the 15<log NHI<22 absorbers are nearly identical in the FIRE 
and EAGLE simulations.



Evolution of the metallicity with redshift 

0

1.0

0.5

z < 1.0
Wotta+ (2016)

N
or

m
al

iz
ed

 F
re

qu
en

cy
2.3 < z < 3.3
Lehner+ (2016)

-4 -3 -2 -1 0 +1
[X/H]

•  Our Large KODIAQ survey is underway.  
• We will study the evolution of the metallicity of the absorbers with 15<log NHI<19 

over cosmic time. 



Coming soon: Galaxies!

• How do the properties (metallicity, but also N(OVI), etc.) of the LLSs correlate 
with properties  of the galaxies? 

QSO

LLS host

J1435+3604
KCWI [O II] narrow-band image for z=0.373

ρ ~ 170 kpc

HST/ACS image

QSO

MUSE+ ACS



Summary

• Metal-enriched inflows  and outflows are quite common at low redshift. 

• There is a large reservoir of metal-poor cool gas in the dense ionized medium of 
the universe probed by pLLSs and LLSs at all z that may eventually accrete onto 
galaxies.

• Strength in numbers: large archives are changing the game! Thanks to COS, we 
went from samples that had less than handful of LLSs to samples of 30–60 at z<1.  
We have now a sample of nearly 300 absorbers at z<1 and will reach similar size 
sample z>2 in the near future with our KODIAQ database.

• With large surveys of CGM absorbers combined with MUSE & KCWI observations 
of their environments, we will have the 2nd CGM revolution.  


