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Galaxy formation depends
critically on the properties
of the gaseous environment
that surrounds them
(circumgalactic medium,
CGM). Indeed, the CGM is
affected by outflows from
supernovae (stellar
feedback) and/or jets
powered by the black hole
at the centre of the galaxy
(AGN feedback).
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Such physical processes are implemented in cosmological numerical simulations with physically
motivated prescriptions that vary from code to code. It is imperative to constrain the parameters
underlying feedback models with a wide range of observations to gain insight into the physics of the
CGM and hence galaxy formation. Investigating the Lyman-a (Lya) absorption properties of the CGM
surrounding z~2-3 quasars offers a great opportunity in this respect.



Atoms of neutral hydrogen (HI) in the
intervening intergalactic medium can scatter
Lya photons emitted by a background quasar
away from the line of sight.
Higher HI density more absorption

If the line of sight passes by a foreground galaxy
or quasar, we can study the properties of its CGM
via the associated Lya absorption features in the
spectrum of the background quasar. Indeed, the
HI density within the CGM depends on the
thermal state of the gas, which is sensitive to
feedback processes. Therefore, we can exploit
Lya absorption data to constrain feedback models
and understand the physics of the CGM.
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Figure 14. Mean composites of the QPQ6 sample centered on Lyα of the f/g
quasars in increasing, logarithmic intervals of impact parameter R⊥. The red
curves are Gaussian fits to the composites adopting a continuum fitted to the
average opacity (dominated by the IGM) at |δv| ≫ 0 km s−1. There is excess
H i absorption at all impact parameters which decreases with increasing R⊥.
(A color version of this figure is available in the online journal.)

description of the data, as follows from the central limit theorem.
The integrated equivalent widths of these Gaussians clearly
decrease with increasing R⊥, decreasing from W stack

Lyα = 2.8 Å
for R⊥ < 100 kpc to W stack

Lyα = 1.0 Å for R⊥ > 500 kpc.
We note that the values are approximately one half of the
average individual W line

Lyα values that we measured in Section 4
(Figure 8). We have estimated the error in the equivalent width
measurements by bootstrapping each composite 100 times and
measuring the RMS in the resultant W stack

Lyα values (Table 8). We
repeated the analysis on a series of median composite spectra.
Similar to the full composites (Figure 13), we detect enhanced
absorption at δv ≈ 0 km s−1 in each of these median composites
(Table 8).

Figure 15 presents the W stack
Lyα values for the mean composites

versus R⊥ for the four intervals, with uncertainties estimated
from the bootstrap analysis. There is an obvious, non-linear
trend of decreasing W stack

Lyα with increasing R⊥. We may describe
the observed trend with a simple power-law model: W stack

Lyα =
W0(R⊥/100 kpc)β . By fitting this two-parameter model to the
binned results and assuming Gaussian errors, we find that χ2

is minimized for W0 = 2.3 Å and β = −0.46, with significant
degeneracy between the two parameters. We emphasize that this
model, despite its relatively good description of the data, is not
physically motivated. In fact, we may expect that the observed
trend is the result of two competing and (presumably) unrelated
physical phenomena (Fumagalli et al. 2013a): the CGM of the
host galaxy on scales of ∼100 kpc and clustering of galaxies
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Figure 15. Equivalent width measurements W stack
Lyα for the mean composites

in Figure 14. There is a strong, non-linear decline in W stack
Lyα with increasing

R⊥. Each bin is plotted at the median R⊥ value of the pairs that contributed
to the stack (see Table 8). We have fitted a model of the form W stack

Lyα =
W0(R⊥/100 kpc)γ to the W stack

Lyα measurements and their errors (estimated from
bootstrap realizations). We find W0 = 2.2 Å and γ = −0.45 and note there is
significant degeneracy between the two parameters.
(A color version of this figure is available in the online journal.)

and other large-scale structures on Mpc scales. It is possible
that these combine to give this simple model which describes
the observations well.

There is one, somewhat subtle, feature in the compos-
ites for the lowest R⊥ intervals: excess absorption at δv ≈
−2000 km s−1 which gives the impression of greater IGM opac-
ity blueward of zfg. This excess opacity is dominated by Si iii
1206 absorption at z ≈ zfg which occurs at δv ≈ −2250 km s−1

blueward of Lyα. Figure 16(a) shows a series of composite spec-
tra stacked at the flux-weighted centroid of the individual Lyα
lines20 described in Section 4. We recover similar equivalent
widths but the Lyα profiles in these composites are, by design,
much more narrow than the lines in the composites stacked
at z = zfg. We also recognize significant excess absorption at
δv ≈ −2200 km s−1 which we associate to Si iii 1206 absorp-
tion. No other statistically significant absorption is apparent in
this velocity interval and none is expected. The presence of
strong Si iii 1206 absorption, especially for the R⊥ < 200 kpc
pairs, motivated our decision to fit the pseudo-continuum of the
composite spectra at δv < −3000 km s−1. We perform addi-
tional analysis on these composites with emphasis on the metal-
line absorption in QPQ7. Future work will also re-examine the
composite spectra for these quasar pairs when near-IR spec-
troscopy enables a more precise estimation of zfg.

We may explore the dependence of H i absorption on other
aspects of the quasars and/or their environment. In Figure 17(a)
we present composite spectra for two sub-samples: (1) pairs
with zfg = [1.6, 2.4] and an average ⟨zfg⟩ = 2.22; (2) pairs
with zfg = [2.4, 3.5] and ⟨zfg⟩ = 2.69. Each subsample has
an average impact parameter ⟨R⊥⟩ ≈ 700 kpc. Both show
significant IGM opacity, with a larger value for the higher zfg

20 This analysis was limited to spectra with S/NLyα > 9.5, therefore these
composites do not include all of the data shown in Figure 15.
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Figure 14. Mean composites of the QPQ6 sample centered on Lyα of the f/g
quasars in increasing, logarithmic intervals of impact parameter R⊥. The red
curves are Gaussian fits to the composites adopting a continuum fitted to the
average opacity (dominated by the IGM) at |δv| ≫ 0 km s−1. There is excess
H i absorption at all impact parameters which decreases with increasing R⊥.
(A color version of this figure is available in the online journal.)

description of the data, as follows from the central limit theorem.
The integrated equivalent widths of these Gaussians clearly
decrease with increasing R⊥, decreasing from W stack

Lyα = 2.8 Å
for R⊥ < 100 kpc to W stack

Lyα = 1.0 Å for R⊥ > 500 kpc.
We note that the values are approximately one half of the
average individual W line

Lyα values that we measured in Section 4
(Figure 8). We have estimated the error in the equivalent width
measurements by bootstrapping each composite 100 times and
measuring the RMS in the resultant W stack

Lyα values (Table 8). We
repeated the analysis on a series of median composite spectra.
Similar to the full composites (Figure 13), we detect enhanced
absorption at δv ≈ 0 km s−1 in each of these median composites
(Table 8).

Figure 15 presents the W stack
Lyα values for the mean composites

versus R⊥ for the four intervals, with uncertainties estimated
from the bootstrap analysis. There is an obvious, non-linear
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Lyα with increasing R⊥. We may describe
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binned results and assuming Gaussian errors, we find that χ2
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degeneracy between the two parameters. We emphasize that this
model, despite its relatively good description of the data, is not
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and other large-scale structures on Mpc scales. It is possible
that these combine to give this simple model which describes
the observations well.

There is one, somewhat subtle, feature in the compos-
ites for the lowest R⊥ intervals: excess absorption at δv ≈
−2000 km s−1 which gives the impression of greater IGM opac-
ity blueward of zfg. This excess opacity is dominated by Si iii
1206 absorption at z ≈ zfg which occurs at δv ≈ −2250 km s−1

blueward of Lyα. Figure 16(a) shows a series of composite spec-
tra stacked at the flux-weighted centroid of the individual Lyα
lines20 described in Section 4. We recover similar equivalent
widths but the Lyα profiles in these composites are, by design,
much more narrow than the lines in the composites stacked
at z = zfg. We also recognize significant excess absorption at
δv ≈ −2200 km s−1 which we associate to Si iii 1206 absorp-
tion. No other statistically significant absorption is apparent in
this velocity interval and none is expected. The presence of
strong Si iii 1206 absorption, especially for the R⊥ < 200 kpc
pairs, motivated our decision to fit the pseudo-continuum of the
composite spectra at δv < −3000 km s−1. We perform addi-
tional analysis on these composites with emphasis on the metal-
line absorption in QPQ7. Future work will also re-examine the
composite spectra for these quasar pairs when near-IR spec-
troscopy enables a more precise estimation of zfg.

We may explore the dependence of H i absorption on other
aspects of the quasars and/or their environment. In Figure 17(a)
we present composite spectra for two sub-samples: (1) pairs
with zfg = [1.6, 2.4] and an average ⟨zfg⟩ = 2.22; (2) pairs
with zfg = [2.4, 3.5] and ⟨zfg⟩ = 2.69. Each subsample has
an average impact parameter ⟨R⊥⟩ ≈ 700 kpc. Both show
significant IGM opacity, with a larger value for the higher zfg

20 This analysis was limited to spectra with S/NLyα > 9.5, therefore these
composites do not include all of the data shown in Figure 15.
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From a sample of quasar (QSO) pairs, observers
can stack the spectra of the background quasars
in bins of impact parameter b, and then measure
the mean Lya flux <F>Dv within a certain velocity
window Dv around the foreground quasar. If the
mean Lya flux in the intergalactic medium <F>IGM
(i.e., far from the foreground quasars) at the same
redshift of the observations is known, it is
possible to obtain the mean Lya flux contrast as a
function of b. This is defined as

b
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𝐹 $%&

b
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What do observers 
measure?

FLUX CONTRAST
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Mean flux contrast vs Impact parameter

What can simulations tell us?
We considered 5 runs of the Simba*
cosmological hydrodynamic simulation: one
with no feedback, one with stellar feedback
only, and three others with stellar feedback
and different AGN feedback prescriptions
(winds, jets, and X-rays). We used them to
reproduce the mean Lya flux contrast profile
around QSOs and compared it with the
observations described earlier. We find that:

§ All runs exhibit good overall match with 
data @ b > 100 kpc

§ @ b <100 kpc the run without any 
feedback prescription yields much less 
absorption than the other runs, which 
give similar predictions

The average properties of the CGM of
z~2-3 quasars are primarily
determined by STELLAR FEEDBACK
rather than AGN FEEDBACK

More details in
arXiv:2005:08971*http://simba.roe.ac.uk Davé et al. (2019)

z = 2.4
Dv = 2000 km/s


