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ABSTRACT

Context. The distribution and the abundance of metals in the intergalactic medium (IGM) have strong implications for galaxy for-
mation and evolution models. The ionic transitions of heavy elements in quasar spectra can be used to probe both the mechanisms
and the sources of chemical pollution. However, the need for high-resolution and high signal-to-noise ratio (S/N) spectra makes it
challenging to characterize the process of IGM metal enrichment since the IGM absorbers are too weak for direct detection.

Aims. The aim of this work is to investigate the IGM metallicity, focusing on the detection of the weak absorption lines.

Methods. We exploited the cosmological tool of the two-point correlation function (TPCF) and applied it to the transmitted flux in
the C 1V forest region of the ultra-high S/N UVES spectrum of the quasar HE0940-1050 (z ~ 3). We also ‘deabsorbed’ the strongest
circum-galactic medium (CGM) systems in order to reveal the underlying IGM signal. For each of our tests, we created a catalogue
of 1000 mock spectra in which we shuffled the position of the absorption lines to derive an estimate for the TPCF noise level.
Results. The TPCF shows a clear peak at the characteristic velocity separation of the C1v doublet. However, when the CGM con-
tribution is removed (i.e. when all metal lines and CIV lines associated with log Ng; > 14.0 are deabsorbed), the peak is no longer
significant at 1 o, even though seven weak CIV systems are still detectable by eye. Even after including up to 135 additional weak
mock C1v systems (log Ny; < 14.0) in the spectrum, we are not able to detect a significant CIV peak. Eventually, when we create a
synthetic spectrum with gaussian distributed noise and the same S/N as the complete spectrum, we remove the signal caused by the
spectral intrinsic features and thus find a peak compatible with a metallicity of —3.80 < [C/H] < —3.50.

Conclusions. We conclude that the TPCF method is not sensitive to the presence of the weakest systems in the real spectrum, despite
the extremely high S/N and high resolution of the data. However, the results of this statistical technique could change when combining

more than one line of sight.
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1. Introduction

The presence and distribution of metals in the intergalactic
medium (IGM) are strongly related to the mechanisms and pro-
cesses of galaxy formation and evolution. On the one hand, the
material from the IGM fuels the birth and growth of galaxies; on
the other hand, chemically enriched gas is recycled back into the
circum-galactic medium (CGM) and IGM by means of feedback
processes, such as stellar winds, supernova (SN) explosions, and
winds from active galactic nuclei (AGNs). This cycle is known
as the ‘baryon cycle’. The gas that is continuously exchanged
within the IGM and CGM is also progressively enriched in met-
als as the stars synthesize heavy elements and eject them. Models
predict that, in particular in the early Universe, metal-enriched
gas can be distributed over large cosmological volumes, pollut-
ing the IGM to metallicities [Z/Z] ~ —3 (Madau et al. 2001).

* Corresponding author: simona.distefano@phd.units.it

A possible way to observationally investigate the IGM metal
enrichment through cosmic time is to use spectroscopy to search
for its signatures along the line of sight to background bright
quasars (see reviews by Beckeretal. 2015, Péroux & Howk
2020). Quasar absorption spectroscopy allows us to shed light
on the presence of metals in both high and low ionization
states and characterize the enrichment history of the IGM up
to high-redshift values. Among the different transitions that
one can find in a high-redshift quasar spectrum, the CIv dou-
blet (14 1548, 1550 A) is definitely one of the most commonly
detected, not only because carbon is one of the most abundant
chemical elements in the Universe, but also because this ionic
transition falls outside the HI Lyman-a (Lya, hereafter) forest,
where it is therefore generally free from line blending and easily
recognizable due to its doublet nature.

With the use of cosmological hydrodynamic simulations,
it is possible to trace the spatial distribution of metals in
galactic gaseous environments. Cen & Chisari (2011) show how
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effective the galactic superwind feedback from star formation is
in transporting metals into the IGM, reaching a distance of influ-
ence of <0.5 Mpc from the galaxy. They find that C1v absorbers
at z = 2.6 and log Nciv = 12-13 generally arise in regions of
overdensity' 1 + ¢ =~ 10. On the other hand, Shen et al. (2012,
2013) focus on the CGM of single massive galaxies at z ~ 3.
These authors show that the metal-enriched interstellar and cir-
cumgalactic material can extend up to 200 kpc from the centre
of the galaxy, with the fraction of metals decreasing with red-
shift in the cold T < 3 x 10* K phase of the gas (from 70% at
7 = 810 50% ad z = 3), increasing in the hot 7 > 3 x 10° K gas
(from 15% at z = 8 to 40% ad z = 3), and remaining constant
in the warm 3 x 10*K < T < 3 x 10°K phase (~10%). They
attribute the metal enrichment mostly to the galaxy itself (60 %),
but also to its satellite progenitors and nearby dwarfs. In addi-
tion, Shen et al. (2013) generated synthetic spectra by drawing
sightlines through the CGM at different values of galactocen-
tric impact parameters and observed the absorption lines of Lya
(1 1216 A), Si1r (1 1360 A), Si1v (1 1393 A), C11 (1 1334 A),
and C1v. According to their results, the covering factor of the
absorbing material declines less rapidly with the distance from
the galaxy for Lya and C1v compared to C11, SiII, and SiIV.

Observationally, the low density gas outside galaxies is
traced by the low column density HTI lines in the Lya forest
(log Ng1 < 13.5-14.0). To study its metal content, one can
adopt a direct approach by detecting weak metal absorption
lines associated with low column density HT lines, or statisti-
cal approaches that combine the signal pixel-by-pixel to detect
the metals associated with the IGM. In both cases, spectra with
a high signal-to-noise ratio (S/N) and of high-resolution are nec-
essary.

An example of high S/N and high-resolution data is given
by Ellison et al. (2000), who study the spectrum of quasar
Q14224231 to investigate the CIV enrichment associated with
low HT column densities in the Lya forest. They do not recover
any CIV absorption signal in this regime by stacking the regions
of the spectrum where C IV absorptions associated with HT lines
would be expected. They also applied the so-called pixel opti-
cal depth method, which determines the HT optical depth pixel-
by-pixel and correlates it with the CIV pixel optical depth at
the corresponding redshifts. With this method, they find that
detected C1V absorption lines in the spectrum of Q1422+231
are not enough to explain the observed correlation between opti-
cal depths: additional C1V lines below the detection limit are
needed to match it, which supports the hypothesis that metals
are also present in low density gas.

Similarly, Schaye etal. (2003) applied the pixel optical
depth method to a sample of high-resolution and good S/N
spectra (including the one studied by Ellison et al. 2000) and,
using hydrodynamical simulations, transformed the correlation
between C 1V and HT optical depths into a relation between car-
bon abundance and overdensity as a function of redshift. The
relation is a log normal distribution with a mild dependence on
redshift. The median metallicity, expressed as [C/H], decreases
with the overdensity and has a log value of —3.47 at an overden-
sity of ~3 and redshift z = 3.

It took more than 15 years, after the work of Ellison et al.
(2000), to collect another exceptionally high S/N and high
resolution quasar spectrum to carry out this kind of study.
D’Odorico et al. (2016, D16 hereafter) analysed the spectrum of
the quasar HE0940-1050 (z ~ 3), obtained with the UVES spec-

' The overdensity is defined as (6 + 1) = p/p, where p is the mass
density and p the cosmic mean mass density.
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trograph at the ESO Very Large Telescope (VLT), to investigate
the presence of CIV absorptions associated with HI absorbers at
different column densities. At log Ny; > 14.8, all HI lines have
an associated CIV absorption; the considered column density
corresponds indicatively to an overdensity of 6 ~ 11 (applying
the formula in Schaye 2001, see D16 for details), which is usu-
ally assumed as the transition between the IGM and the CGM.
At 14.0 < log Nygp < 14.8, only 43% of HI lines show an asso-
ciated C 1V absorption and the estimated median metallicity falls
in the range -3 < [Z/Zs] < —2.5, in rough agreement with the
predictions of Schaye et al. (2003) for the corresponding over-
densities. Eventually, at log Ny < 14.0 (corresponding to § = 2)
the detection rate drops to 10%, partly because the possible asso-
ciated C1V lines would fall below the column density detection
threshold, log N¢ry = 11.4.

In contrast to the direct detection of discrete absorption
systems, another statistical technique to measure the chemi-
cal enrichment of the IGM was proposed by Hennawi et al.
(2021), who use the cosmological tool of the two-point corre-
lation function (TPCF) applied to the transmitted flux (see also
Karacayli et al. 2023). The signatures of the doublet transitions
present in the spectrum are peaks of the TPCF at the velocity
separation of the corresponding doublet (e.g. ~500km s~ for
C1v or ~770kms~! for Mg A1 2796, 2803 A). Hennawi et al.
(2021) also devise a technique to filter the CGM contribution to
the metal enrichment by using the probability distribution func-
tion (PDF) of 1 — F, where F is the normalized transmitted flux
(see their paper for details).

In Tie et al. (2022), they apply the method of Hennawi et al.
(2021) to mock spectra with C IV absorptions at z ~ 4.5 obtained
from simulations with a simplified model of inhomogeneous
metal enrichment. The authors show that by adopting a mock
sample of 20 UVES-like spectra and then filtering out the CGM
metal absorptions, the proposed technique can constrain the IGM
metallicity, [C/H], with a precision of 0.2 dex.

In this paper, we used the UVES deep spectrum from D16,
which is also part of the UVES Spectral Quasar Absorption
Database (SQUAD) Data Release 1 (Murphy et al. 2019), and
for which very weak C1V systems associated with the IGM were
directly detected, to perform the first observational test of the sta-
tistical method presented in Tie et al. (2022), namely the TPCF
of the transmitted spectral flux in the C1v forest. The goal of
this work is to test the sensitivity of this technique in identifying
the cumulative signature of very weak absorbers that trace the
metals in the IGM, which could be mainly below the detection
threshold of the data.

The paper is organized as follows. In Section 2, we briefly
describe the quasar spectrum to demonstrate why it is the best
candidate on which to carry out our study. In Section 3, we
present the steps of the analysis, from the identification of the
absorption lines to the computation of the TPCF. Furthermore,
we present our technique of deabsorption to filter out the CGM
absorptions and how we determine the uncertainties on the mea-
sured correlation function. In Section 4, we present our results.
Eventually, the final discussion and some conclusions are drawn
in Section 5.

2. Dataset

This study is based on the UVES spectrum of the quasar
HE0940-1050 (2MASSi J0942534-110425, zem = 3.0932). The
spectrum of this quasar was presented in D16, which includes
data from different observing programmes (166.A-0106, 079.B-
0469, 185.A-074, 092.A-0170) at the ESO VLT, for a total of
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~64 hours of observation on source, and in Murphy et al. (2019)
as part of the SQUAD Data Release 1, which also includes
data from observing programmes 65.0-0474 and 092.A-0770,
for a total integration time of ~73 hours. In this work, we used
the SQUAD spectrum for our analysis and adopted the C1v
fitting parameters from D16. Murphy et al. (2019) reduced the
data with a custom-written code, UVES_HEADSORT, based on
the ESO Common Pipeline Library (details of the data reduc-
tion are reported in Murphy 2016a). Exposures were then com-
bined using a code designed by Murphy 2016b, UVES_POPLER,
to produce a final spectrum, where the continuum was first fitted
automatically with an iterative polynomial fit on selected spec-
tral ‘chunks’ and eventually adjusted manually around problem-
atic regions, such as the Ly« forest. The final spectrum (dubbed
‘deep’ spectrum in D16) is characterized by a high resolution
(R ~ 45000) and an extremely high S/N (~320-500 per resolu-
tion element in the C1V forest) and, therefore, it was chosen as
the best candidate to test the sensitivity of the TPCF technique.

3. Data analysis
3.1. Line identification and fit

The first step in the data analysis consists in identifying the spec-
tral absorption lines, after careful visual inspection. In particular,
we focused our analysis on the region of the spectrum outside
the Ly« forest, redwards of the Lya emission of the target. We
analysed the CIV systems in the wavelength window between
540 nm and 623 nm, which corresponds to redshifts in the range
251 < z < 3.02, where we excluded a proximity region of
5000 km s~! from the quasar emission redshift.

Line fitting was performed with the Astrocook software,
developed by Cupani et al. (2020), which provides the follow-
ing parameters: the redshift of the absorbing cloud, zus, the
logarithm of the column density, log N, and the Doppler param-
eter, b, with their associated errors o, ojoen, and 0. The soft-
ware uses these parameters to create the line models, by fitting
the absorption lines with Voigt profiles. In this work, we take
the parameters for the C1V systems from D16 (see Table 1,
available in electronic form at the CDS) and verify that they
are consistent with the line fit performed with Astrocook. In
addition, we provide the identification and fitting parameters for
all remaining metal lines. In particular, we started by identi-
fying the most common doublets and multiplets besides C1V,
such as: MgTI (114 2796, 2803 A), Si1v (14 1393, 1402 A), Fent
(A1 2344,2382,2586,2600A), and Alur (11 1854,1862 A).
Then, we looked for other transitions at the redshifts of Ehe dou-
blets that are due, for example, to Sill, C1I (1 1334 A), Alll
(11670 A), and MgI (4 2852 A). All detected lines are reported
in Table 2 (available in electronic form at the CDS).

D16 checked the presence of C IV absorption associated with
Lye lines of decreasing column density and traced the presence
of metal enrichment in the IGM. For this reason, they fitted the
HI lines in the redshift range 2.49 < z < 3.02, where at least
the Ly« and the Lyg transitions were available. Then, for each of
them they found the associated C IV absorption (within a velocity
window of 50 km s‘l) or, if the C 1V transition was not detected,
they determined a 3 o upper limit on its column density at the
redshift of the HI line. Column density upper limits were deter-
mined with equations 2 and 3 in D16, assuming the linear regime
of the curve of growth and a Doppler parameter b = 7 kms™.
The information regarding the fit of the HI lines and of the cor-
responding C1IV lines are all reported in Table 1. In Fig. 1 we
report the C IV column density versus the corresponding HT col-
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Fig. 1. C1v column density, log Ncyy, versus the associated column
density of neutral hydrogen, log Ny;. The vertical dotted lines mark
the values of log Ny = 13.0,13.5,14.0, and 14.8. Blue data points
represent the detected CIvV systems identified by D16; white trian-
gles indicate the upper limits on log Ncpy, which we used to derive
the mock measurements (see Sect. 4.3). The red triangles represent the
upper limits in the range between log Ny; = 14.0 and log Ny = 14.8,
not included in our tests. The dashed green line indicates the relation
log Ncry = log Nyp — 2.5 which is used, in the range 13 < log Ny, < 14,
to create the mock systems for one of our tests, see Sect. 4.3.

umn density, of both measurements (circles) and upper limits
(white and red triangles).

3.2. Computation of the TPCF

The TPCF of the transmitted flux is computed, following
Tie et al. (2022), as a function of the velocity separation between
different pixels. Given two pixels with observed wavelengths
A1 and A, their wavelength separation can be converted into a
velocity separation Av using the following relation, derived from
the Doppler effect (Eq. 3 in Perrotta et al. 2016), where c is the
speed of light:

2 2
/11 _/12

Av =
2 2
/11 +/12

c. (1

Following Eq. 9 by Tie et al. (2022), the TPCF £ can be writ-
ten as

@

where w; is the weight associated with pixel i, computed as the
inverse of the square of the error associated with the flux value
of pixel i. The TPCF is computed at the velocity separation Av
of pixels i and j. On the other hand, the flux overdensity 6" of
pixel i is defined as

5F=FifF

F

3

where F; is the normalized flux of pixel i and F is the mean flux
of the spectrum.

We computed the TPCF of the UVES deep spectrum of
quasar HE0940-1050 considering the flux in the C1v forest,
which corresponds to the wavelength range 540—623 nm. This
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interval corresponds to a velocity range of ~42600kms™!:

since our velocity grid is set at much smaller scales (up to
3500kms™"), we do not miss out substantial information when
computing the TPCF. With the goal of isolating the signal due
to the weak CIV lines in mind, we also computed the TPCF by
applying a process of ‘deabsorption’ of the metal lines to the
spectrum of HE0940-1050. Lines were deabsorbed by subtract-
ing the line model, obtained from the Voigt fitting in the context
of Astrocook, from the sum of the spectral flux and the spectral
continuum?. Uncertainties in the deabsorbed flux are the same as
the original ones, as no error is associated with the line model.
By deabsorbing the lines, we removed their contribution to the
final TPCF result. All the TPCFs described in this paper are com-
puted on a velocity grid ranging from Okms™' to 3500 kms™',
with a bin size of 40 kms™'.

3.3. Computation of the uncertainties

Since we computed the TPCF for a single spectrum, we could
not use the variance of the measurements (as in Tie et al. 2024)
or bootstrapping techniques to estimate the error bars on the
correlation function. Therefore, we determined the errors of
the TPCF values by creating a set of N = 1000 mock spec-
tra for each version of the spectrum that we considered, and
we computed the TPCF on these mock spectra in order to
obtain a distribution of the TPCF values for each velocity bin.
Here we describe the procedure we used to create the mock
spectra.

First, all absorption lines (CTIV and other metal lines) are
deabsorbed and a totally deabsorbed spectrum is created. Then,
the absorption lines considered for the computation of the TPCF
(see Section 4) are added to the deabsorbed spectrum with shuf-
fled positions, which means that the same log N and b of the
original systems are kept and only z is changed. In particular,
lines that originally belonged to a doublet are no longer inserted
as a doublet (e.g. CIV 1548 A is considered as independent of
C1v 1550 A and assigned to a different position in the spectrum).
In this way, we preserve the original flux but destroy all possible
correlations between the systems, so that when computing the
TPCF on the set of mock spectra, the plot will just show some
random fluctuations around the zero level (i.e. noise), which we
use to give an estimate of the errors. It is still possible to observe
some spikes due to random correlations that originate after the
shuffling, but these spikes are limited in number and do not affect
the final distribution in a relevant way since the number of mock
spectra is sufficiently high.

The creation of mock spectra was also performed with
Astrocook, which allows mock Voigt profiles (based on a list
of given parameters log N, b, and z) to be created and sub-
sequently superimposes them on the spectrum. Once we com-
puted the TPCF on all these samples of mock spectra, we took
as error the region between the 16th and the 84th percentile
of the distribution of the mock TPCFs in each velocity bin,
which corresponds to an uncertainty of 1 0. The 3 o uncertainty
was also computed from the distribution and considered in our
analysis.

2 Another possibility to deabsorb the spectral lines would be to divide
the flux by the line model, but we prefer to subtract it in order to avoid
spikes when the flux and the model go to zero.
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Fig. 2. TPCF computed on the complete spectrum, in black. The dashed
vertical lines mark the velocity separation of the most common dou-
blets: C1V (~500km s~!), which is the one we are interested in, but also
Mg (~770kms™!) and Si1v (~1933 kms™'). The dark-grey and light-
grey shaded regions indicate the uncertainties of 10 and 3 o, respec-
tively.

4. Results
4.1. TPCF of the complete spectrum

The TPCF computed with the complete spectrum is shown in
Fig. 2. The two peaks that correspond to the velocity separation
of the CIv doublet (at ~500 kms™!) and of the Mg 11 doublet (at
~770kms~") can be clearly seen in the plot, in addition to the
peak at small velocity separations due to the structure of single
lines or multi-component systems. Other peaks from other tran-
sitions (e.g. SiIv, which is also marked in the plot) are not evi-
dent. We also observe a significant anti-correlation in the large-
scale regime, which is explained by the presence of very strong
absorption systems in our spectrum, characterized by large, neg-
ative 67 values, which anti-correlate with pixels at the continuum
level.

We created a set of N = 1000 mock spectra by shuffling the
position of both CIv and other metal transitions. In Fig. 2 we
show the resulting 1 o uncertainty as a shaded region, with a
lighter shaded region indicating an uncertainty of 3 0.

4.2. TPCF of the deabsorbed spectra

To isolate the contribution of the C IV associated with the IGM,
we compared two versions of the spectrum in which we per-
formed a partial C1vV deabsorption. In the first case, we deab-
sorbed all the metal lines except for the 31 C1V lines associ-
ated with HT lines with log Ng; < 14.8 (see Fig. 1). Then, we
computed the TPCF on the resulting spectrum. According to the
relation by Schaye (2001, see D16 for the details), a column den-
sity of log Ny = 14.8 corresponds at z ~ 2.8 to an overden-
sity (0 + 1) = 11.8, which is generally assumed as the interface
between CGM and IGM. However, as shown in Section 4.5, by
applying this cut to CIV systems, the contribution from CGM
absorbers is not entirely removed.

In the second case, we deabsorbed all the metal lines and
only left the weakest C IV systems, namely those associated with
HT lines with log Nyg; < 14.0, which are seven systems in total.
The TPCF was then also computed on this version of the spec-
trum. A column density of log Nyg; = 14.0 at z = 2.8 is translated
into an overdensity of (§ + 1) ~ 3.0, typical of the intergalac-
tic environment, as we confirm in Section 4.5. In both cases, we
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log Ny < 14.0 (right) Ly lines, plotted together with the 1 o~ and 3 o shaded regions obtained from the corresponding set of mock spectra.
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Fig. 4. Left: TPCF computed on the spectrum in which we included the mock measurements derived from the upper limits in addition to the CIv
systems associated with log Ny; < 14.0. Right: TPCF for the case in which we set the column density value of the mock C IV measurements such
that log Nerv = log Ngp — 2.5 in the range 13 < log Ny < 14. The shaded coloured regions indicate the 1 0 and 3 o regions obtained from the
distributions of the TPCF values computed on the corresponding sets of mock spectra.

determined the uncertainties on the TPCF as described in Sec-
tions 3.3 and 4.1, and we only distributed the C1V lines used for
the computation of the respective TPCF over the totally deab-
sorbed spectra.

The two resulting TPCFs are shown in Fig. 3. In the former
case, the CIV peak is visible and significant (i.e. out of the 3 o
level), while in the latter case the TPCF does not show a signifi-
cant peak at the velocity separation of the CIv doublet.

4.3. TPCF of the deabsorbed spectra with mock weak
systems

In Fig. 3 we show that when we deabsorb all metal lines and only
leave the C1V associated with HT systems with log Ny < 14.0,
there is no significant signal of IGM enrichment in the TPCF
of the flux. Since there are seven weak CIV systems left in the
spectrum after the deabsorption, this result suggests that the sen-
sitivity of the TPCF technique, when applied to a real spectrum,
is limited.

To further test the sensitivity threshold of the method, we
considered as detections the 3 o~ upper limits on the CIV col-
umn density determined by D16 at the redshift of the HI lines
with 13.5 < log Ny < 14.0 (see Table 1 and the white triangles
in Fig. 1). Using Astrocook, we created 46 mock CIv Voigt

profiles from the upper limits assuming a Doppler parameter
b = 7Tkms~! and we added them to the version of the spectrum
with the weak C1V systems associated with log Ny < 14.0. The
TPCF determined from this spectrum with the associated uncer-
tainties is shown in Fig. 4 (left). In this case as well, the peak at
500kms~! is not significant.

As a final test, we adopted the procedure described in
Ellison et al. (2000) to account for the metal enrichment also
associated with Ly lines with column densities of 13 <
log N1 < 13.5 (89 lines in total), for which D16 did not com-
pute the CIV upper limits. We assumed the following relation
between column densities:

log NCIV = 10g NHI -2.5 (4)
and applied it to all Ly lines with 13.0 < log Ng; < 14.0 (135
lines, see Fig. 1), except those with a detected C IV absorption.
Mock C1V lines were generated assuming » = 7kms~! and dis-
tributed on the spectrum with deabsorption at log Ny > 14.0.
Finally, we computed the TPCF on the resulting spectrum and
created the related set of N = 1000 mock spectra, shuffling the
lines as usual. The resulting TPCF and associated uncertainty
region is shown in Fig. 4 (right). The peak is still within the
shaded region, and therefore is not significant.
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Fig. 5. Left: TPCF computed on the synthetic spectrum (with same S/N as the original one) in which we included the C1V systems associated
with log Ny; < 14.0. Right: TPCF for the case in which we also added the 135 mock measurements derived from Eq. (4) in addition to the weak
systems. The shaded coloured regions indicate the 1 o~ and 3 o uncertainty regions obtained from the distributions of TPCF values computed on

the corresponding sets of mock spectra.

4.4. TPCF of the synthetic spectra with weak systems

Another test we did to determine the sensitivity of the TPCF
technique was to create synthetic spectra in which we inserted
the extremely weak systems. This test is similar to the one
described in the previous section, with the difference that we did
not use the original spectrum: we created a synthetic spectrum
that has the same S/N of the original totally deabsorbed one, but
with gaussian distributed noise added to each pixel (this step was
also performed with Astrocook). Then, we added the C1V sys-
tems associated with log Ng; < 14.0 in one case, and added the
135 mock systems (with column densities following Eq. (4)) in
another case. In a sense, these two tests are analogous to Fig. 3,
right, and Fig. 4, right, but with the use of a synthetic spectrum,
which allows us to remove the spurious signal that remains in
the original flux in order to highlight the strength of the C1v
peak that originates from the weak systems. This test is useful
in order to understand how relevant the spectral features are in
shaping the correlation function and see how the results change
when we remove these features by mocking an ‘ideal deabsorp-
tion’. On the other hand, we also remove the possible signature
of IGM enrichment present below the detection limit.

The resulting TPCFs are shown in Fig. 5. Results show a
non-significant CIV peak in the former case (Fig. 5, left), but a
significant one (at a 3 o level) when we add the 135 mock mea-
surements (Fig. 5, right). This suggests that the spectral features
can considerably contaminate the TPCF signal and prevent the
detection of the weak systems, since this peak is not recorded by
the previous test in Fig. 4, right. We also observe a significant
peak at Av ~ 3180kms™!, which we verified is due to the pres-
ence of the four weak C1v doublets at z ~ 2.85796, 2.89872,
2.940455, and 2.98251 with relative separations: Av =~ 3150,
3192 and 3182 kms~!, respectively.

~

4.5. Flux probability distribution function

In addition, we computed the flux decrement probability distri-
bution function (PDF) in log;,-unit, following the equation by
Tie et al. (2022):

frac( b)—fb ap dlog, (1 — F) 5)
CU ), dlog(— ) RO T
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where frac(a, b) is the fraction of pixels with log,,(1 — F) values
between a and b.

Hennawi et al. (2021) and Tie et al. (2022) use this distribu-
tion to identify the pixels in the C 1V forest associated with the
CGM and mask them. Indeed, the CGM is expected to be asso-
ciated with the strongest C IV absorptions and therefore with the
tail of the PDF at large 1 — F values.

We checked the effects of our deabsorptions at different HT
column density thresholds on the PDF of the flux decrement.
Figure 6 shows in black the PDF of the flux for the original spec-
trum with a clear tail extending to high values of 1 — F. We then
computed the PDF for the spectrum with only CIV associated
with log Ny < 14.8 (red line) and with log Ny < 14.0 (orange
line). In blue, we also show the PDF corresponding to the syn-
thetic spectrum in Fig. 5, left. We notice that when we deab-
sorb at log Ny = 14.8 (red line), the CGM contamination is still
present; on the other hand, the deabsorption at log Ny = 14.0
(orange and blue lines) removes the CGM absorbers effectively.

We specify that the exact shape and normalization of the flux
decrement PDF, and the value of 1 — F at which there is the
transition between IGM and CGM, may depend on the specific
enrichment model adopted by Tie et al. (2022). However, since
the shape and values of our PDF are qualitatively consistent with
the theoretical predictions, we consider it as a further empirical
tool to identify the IGM-CGM transition.

5. Summary and discussion

In this paper, we analysed the ultra-high S/N and high-resolution
spectrum of the quasar HE0940-1050 (z,,, = 3.0932), obtained
with the VLT-UVES spectrograph, with the goal of detecting the
IGM metal enrichment by computing the TPCF between the flux
overdensities associated with the pixels, with a specific focus
on the C1v forest region at 2.51 < z < 3.02 (corresponding to
the wavelength interval 540 - 623 nm). First, we identified and
fitted Voigt profiles to the C1v doublets and all the other metal
absorption lines in the region of the spectrum redward of the
Lya emission of the quasar. Then, we computed the TPCF in the
window 540-623 nm, for the following cases:
i. Original spectrum;
ii. Spectrum deabsorbed of all metal lines except for the 31 C1v
lines associated with Lye lines with log Ny < 14.8;
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Fig. 6. Flux PDF of four different versions of the spectrum: the original
one (with no deabsorption, in black); the version with only CIV systems
associated with log Ny < 14.8 (red); the one with only C IV systems
associated with log Ny < 14.0 (orange); the synthetic spectrum with
weak CIV systems (log Ny; < 14.0) and the same S/N as the original
one (blue).

iii. Spectrum deabsorbed of all metal lines except for the seven
weak C1V lines associated with Lya lines with log Ny <
14.0;

iv. Same as iii., but with the addition of 46 mock measurements
derived from the upper limits on log N¢yy derived by D16;

v. Same as iii., but also including 135 mock measurements

associated with the Ly-« lines with 13.0 < log Ny < 14.0

and such that log Ncy = log Nyr — 2.5 and b = 7kms™';

vi. Same as iii. but with a synthetic spectrum with the same
S/N (gaussian distributed) as the totally deabsorbed complete
spectrum;

vii. Same as v. but using a synthetic spectrum with the same
S/N (gaussian distributed) as the totally deabsorbed complete
spectrum.

For each of these cases, to estimate the errors associated with the
TPCF values, we created a set of 1000 mock spectra by shuffling
the position of the absorption lines that are left after the deab-
sorption procedure. In case i. (Fig. 2), the CIV and MgII peaks
are clearly visible. We also observe the expected enhanced cor-
relation on small separations due to the velocity structure of the
single absorption systems (Tie et al. 2024), and its flattening at
large velocity separations.

In Fig. 6, we show that by applying the two different cuts
(case ii. and iii.) on the associated log Ny, we gradually remove
from the PDF the contribution from the strong CGM absorbers,
which are responsible for the flatness of the function at large
1 — F values, until we only keep the weak IGM absorbers, which
do not produce large flux decrements and therefore make the
PDF drop at large 1 — F values (Hennawi et al. 2021; Tie et al.
2022). In particular, the PDF shows that only deabsorbing the
C1v systems associated with log Ny > 14.8 (red line, corre-
sponding to Fig. 3, left) is not sufficient to remove the CGM
contribution, which still creates the flatness. We need to deab-
sorb more systems (orange line, corresponding to Fig. 3, right)
in order to isolate the IGM signal. In other words, in case ii.,
where the C IV peak is significant at 3 o, we are still affected by
the systems associated with the CGM. On the other hand, when
we deabsorb even more C 1V systems (case iii.) and are left with
the IGM contribution only, the C 1V peak is found to be consis-
tent with the noise level (Fig. 3, right).

Figure 4 shows that the TPCF is not responsive to the pres-
ence of additional 135 weak mock C1V systems with which we
further enriched the spectrum. This suggests a lack of sensitivity
related to systems associated with typical IGM column densities,
log Ny < 14.0.

The TPCFs in Fig. 3 and Fig. 4 show a signal on scales
smaller than ~800km s~!, which we ascribe to the presence of
residual flux after deabsorption and weak correlations in the
noise structure. Indeed, when we use a synthetic spectrum in
cases vi. and vii. (Fig. 5), the spurious signal disappears and
the C1v peaks due to the weak absorptions become visible. It is
not clear whether applying the method to a larger sample would
average out this spurious signal, which is always expected on
small scales.

Finally, we can derive qualitative constraints on the IGM
metal enrichment from the comparison of our results based on
the synthetic spectrum with those obtained by Tie et al. (2022)
with noiseless spectra from simulations. Contrasting our Fig. 5
with their Fig. 5, which shows the predictions they obtain for a
resolution comparable to the UVES one (full width at half max-
imum = 10kms™!), we can state the following:

— Assuming a minimum mass for the haloes of log My, =
9.50 My, and a radius of the enriched bubble (enrichment
radius) of R = 0.50 cMpc, our result is consistent with a
metallicity [C/H] ~ —3.80;

— On the other hand, considering R = 0.50 cMpc and assuming
[C/H] = —3.50, we can estimate the minimum mass of the
halo to be between log My, = 10 and 11 M;

— Finally, in the case of a minimum mass of log My, =
9.50 My and a metallicity [C/H] ~ —3.50, our result indi-
cates bubbles with a radius R < 0.50 cMpc.

The overall qualitative picture that emerges from this compar-
ison is that if we assume a metallicity of [C/H] ~ —3.50, the
volume filling factor of the enriched regions predicted by the
simple model by Tie et al. (2022) to reproduce our TPCF is on
the order of 5 percent or less. This is somewhat in contradiction
with the result obtained by D16 (who also adopt simple assump-
tions) where the volume filling factor of IGM gas enriched to
a metallicity logZ/Z > —3.0 is derived to be ~10—13 percent.
More detailed hydrodynamical simulations of the early chemi-
cal enrichment should be used to compare with observations and
derive constraints on the metal enrichment of the IGM.

In conclusion, with our study of a single line of sight at
high resolution and very high S/N, we show that, although very
weak C1V systems (log Ncry ~ 11.5) are present and detected
by eye, their presence is not recorded by the TPCF technique.
However, systems with column densities lower than log Ncry ~
11.7 were not successfully recorded with the stacking method
in Ellison et al. (2000) either, which confirms the fact that the
search for weak systems is a challenging task to pursue with even
a very high S/N spectrum. We expect the results to improve when
applying the same method to a larger sample of bright quasar
spectra. However, residual correlations due to imperfections in
the data reduction and analysis could affect the region of the C1v
peak and wash out the result even when multiple lines of sight
are considered. We plan to extend the same procedure applied in
this work to a larger sample of quasar spectra in a forthcoming

paper.

Data availability

Tables 1 and 2 are available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/705/A16.
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Appendix A: Additional figures
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Fig. A.1. The UVES deep spectrum (original version, no deabsorption), normalized to the continuum. Coloured lines show an example of 50 mock
spectra taken from the related set of 1000 mock spectra used to estimate the uncertainties on the TPCF.
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Fig. A.2. The version of the UVES deep spectrum in which we deabsorbed all metal absorption lines and C IV doublets associated with log Ny >
14.8, in black, with coloured lines showing an example of 50 out of the 1000 mock spectra created for this version of the spectrum.
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Fig. A.3. Similar to Fig. A.2 and Fig. A.1, but showing the case in which we left only C1V associated with log Ny < 14.0, in black, with an
example of 50 mock spectra taken from the related set of mock spectra (coloured lines).
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Fig. A.4. An example of a CIV system and a Mg1I system found in the complete spectrum and fitted with the use of Astrocook. The green line
indicates the line models (Voigt fitting), the vertical dashed lines are used to mark the different components.
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