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• Lyman-α forest:  N(HI) < 1017.2 cm-2. 

• Lyman Limit systems: 1017.2 cm-2 < N(HI) < 1019 cm-2 . 

  
• Sub-damped Ly-α systems (sub-DLAs):  
   1019 cm-2 < N(HI) < 1020.3 cm-2 . 

  
• Damped Ly-α systems (DLAs):  N(HI) > 1020.3 cm-2 .

Different QSO absorbers:
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• Lyman α absorbers around galaxies are blended on SDSS resolution scales 
(Rakic et al. 2012, Turner et al 2014) ...

The Astrophysical Journal, 750:67 (32pp), 2012 May 1 Rudie et al.
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Figure 9. Log column densities of the strongest NH i absorbers as a function of transverse distance. On the left we consider the max(NH i) statistic, log(NH i) of the
single strongest absorber per galaxy with |∆v| < 700 km s−1. On the right is the sum(NH i) statistic, the log of the sum of the NH i of all the absorbers within |∆v| <
700 km s−1. Asterisks represent the median value of the considered statistic in a given bin of Dtran. Dark vertical bars are their dispersions. The horizontal position of
the asterisks represents the median Dtran of the galaxies in that bin. The number of galaxies in each bin is indicated at the bottom of the plot. The dark horizontal line
is the median value drawn from the random distribution. The light shaded boxes are the bootstrapped symmetric 1σ dispersion in the median values of the samples
drawn from the random distribution. The bin size is 100 pkpc for absorbers with Dtran < 1 pMpc and 200 pkpc for those with Dtran > 1 pMpc. We increase in binning
to reduce the shot noise in the bins at Dtran > 2 pMpc, which have fewer galaxies due to the limited field of view of LRIS.
(A color version of this figure is available in the online journal.)

to simulated data and can instead be compared to a simulation
“collapsed” along the line of sight.

Figure 9 clearly demonstrates that both max(NH i) and
sum(NH i) increase rapidly as one approaches a galaxy. In the
bin corresponding to the smallest impact parameters, Dtran <
100 pkpc, the median value of max(NH i) is more than two
orders of magnitude higher than that of a random location.
Moving outward, the median value decreases with increas-
ing Dtran to 300 pkpc, at which point the statistic “plateaus”
and remains significantly higher than the random sample out
to 2 pMpc. The plateau value in the galaxy-centric sample is
max(NH i) ≃ 1014.5 cm−2, while that of the random distribution
is max(NH i) ≃ 1014.1 cm−2. As we will discuss in Section 4.2.1,
max(NH i) begins to decline for Dtran > 2 pMpc.

A relevant question concerns the dependence of these statis-
tics on the size of the velocity window considered. In Figure 9,
we considered the maximum column density absorber within
±700 km s−1 of the systemic velocity of each galaxy. This cor-
responds to the full width of the velocity distribution shown
in Figure 6. However, it is clear from Figures 6 and 7 that
the majority of the excess strength of absorption falls within
±300 km s−1, especially for those systems with small impact
parameters. Figure 10 shows max(NH i, 300 km s−1); the trends
are similar, though in the more restricted velocity window the
peak on small scales is higher relative to random IGM loca-
tions—the median value in the first bin is 3 dex higher than the
random-redshift sample, and the extended floor of absorption
is increased to at least .5 dex above the median of the random-
redshift distribution. The more significant excess over random
of the 300 km s−1 version is primarily due to the exclusion of un-
related absorbers at large velocity separation; however, we note
that at Dtran > 1200 pkpc, the differential Hubble velocity asso-
ciated with this distance along the line of sight is >300 km s−1,
meaning that for large Dtran, it may be more appropriate to adopt
max(NH i, 700 km s−1) as the relevant statistic. Regarding the
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Figure 10. Same as Figure 9 but for the maximum column density absorber
within ±300 km s−1. Changing the velocity interval considered with the
max(NH i) statistic has little effect on the observed trends.
(A color version of this figure is available in the online journal.)

sum statistic for the smaller velocity window (not shown), the
value of the plateau and that of the random sample is ∼0.3 dex
higher for sum(NH i, 300 km s−1) than for max(NH i, 300 km s−1),
similar to the variation in the statistics shown in Figure 9.

As we will argue in Sections 5 and 8.1, the velocity and
spatial scales of 300 km s−1 and 300 kpc capture the most
significant excess in both the column density and the number of
absorbers near galaxies. In Figure 11, we provide the individual
measurements max(NH i, 300 km s−1) for all galaxies in the
sample with Dtran < 300 pkpc. Note the large intrinsic scatter in
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...  have 1014.5<NHI<1016.5 100-300 kpc scales (Rudie et al. 2012) ...

BLENDED HI AS A PROXY FOR CGM
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Perfect data

BOSS no noise

BOSS with noise

• Pieri+2014

‘strong’=‘blended’
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“near galaxies” = CGM

300 pkpc 

 ±300 km/s 

Rudie et al. (2012) working 
definition

• Pieri+2014

Galaxies (identified) in Absorption

LBGs near bright quasar sightlines: VLT LBGs (Crighton et al 2011), subset of 
KBSS (Rudie et al 2012) 

Compare by matching BOSS resolution and binning
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“near galaxies” = CGM

300 pkpc 

 ±300 km/s 

Rudie et al. (2012) working 
definition

• Pieri+2014

Galaxies (identified) in Absorption

Cross-correlating the strong Lyman-α sample with SDSS DR14 (eBOSS) 
Lyman-α forest indicates bias ~ 2 (more in the talk by Michael Blomqvist)
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1 of 4 in SDSS-III 2009-2014 
10k deg2 
Goal:1.6M galaxies and 
~160k forest quasars 
Resolution R = 2000

2<z<3.4 forest 

z<0.7 galaxies 

Baryon Oscillation Spectroscopic Survey

DR12 with 158k QSOs
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The entire spectrum shifted to the rest-frame of the Lyman α forest 
absorber of interest and stacked to see any metals available  

(Pieri+ 2010b; SDSS II data) 

Composite spectrum of Lyman α forest absorbers

Stacking Lyman α Forest Absorbers
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Lyα absorbers @ 
2.4<z<3.1

Complete DR12 Sample

Multiple lines/ 
elements/ions - 
breaking 
degeneracies: 

physical 
conditions of gas 

abundance 
patterns 

UV background 
shape, intensity

Composite Spectrum of Lyman α Forest Absorbers 
using BOSS Quasars

• Som, Pieri et al., in prep.
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What do we get?
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Measuring the Lyman-series lines
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• Measured equivalent widths compared with single-component models 

• log NHI grid in [13.0,21.0] 
resolution: 0.01 cm-2 

• beff grid in [5,50] 
resolution: 0.1 km/s

Complications due to the presence of unsaturated non-dominant 
absorption along with saturated dominant absorption in lower order 
Lyman-series lines. 

This effect should disappear in higher order Lyman-series lines

Measuring the Lyman-series lines

D. Som - img-inter@Marseille - 10/07/2018
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Log NHI = 15.99 ± 0.05 cm-2 
beff=16.8 ± 0.7 km/s
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Metal Column densities
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Compared with Simple Models

Lower ionization potential
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Each model constrained by measured N(H I), solar abundance, UV background @ z ~ 2.7
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Compared with Simple Models

Lower ionization potential
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[X/H] ~ -0.5 
~100 pc 

scale 
clumping

Each model constrained by measured N(H I), solar abundance, UV background @ z ~ 2.7
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Compared with a Simple Multi-phase Model

Lower ionization potential
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• Populations are forward modelled 

• Neighbouring pixels used as null sample 

• Mean composite treated as metal target

Si II sample well-modelled by 20% population with absorption 5 x mean (with a 
Gaussian scatter) and nothing elsewhere. 

Going beyond the composite: Si II absorber populations

• Som, Pieri et al., in prep.
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Si III sample matched by 20% population 3.4 x stronger than mean. The 
remaining 80% also enriched.

Going beyond the composite: Si III absorber populations

• Populations are forward modelled 

• Neighbouring pixels used as null sample 

• Mean composite treated as metal target

• Som, Pieri et al., in prep.
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Si IV sample well matched by 20% population 3.2 x stronger than mean. The 
remaining 80% also enriched.

• Populations are forward modelled 

• Neighbouring pixels used as null sample 

• Mean composite treated as metal target

Going beyond the composite: Si IV absorber populations

• Som, Pieri et al., in prep.
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Population corrected Silicon

Lower ionization potential

Multi population analysis      clumping scale must be even smaller and multiphase 
will make them smaller still
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• Som, Pieri et al., in prep.
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Summary

• Strong Lyman α forest lines arising in CGM regions show clustering 

• Clustered strong Lyman α  forest lines are blended in BOSS spectra: 
appropriate selection of flux decrement in BOSS spectra picks out CGM 
tracers (more in talks by Michael Blomqvist and Mat Pieri) 

• Stacking CGM tracers retrieve the metal signal associated with the CGM 
regions: power of large numbers 

• The picture emerging is of a clumpy, multi-phase CGM: dense, metal-rich 
clumps <100pc + gas at higher ionisation 

D. Som - img-inter@Marseille - 10/07/2018
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Thanks!
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