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A B S T R A C T 

We investigate the abundance and distribution of metals in the high-redshift intergalactic medium and circum-galactic medium 

through the analysis of a sample of almost 600 Si IV absorption lines detected in high- and intermediate-resolution spectra of 
147 quasars. The evolution of the number density of Si IV lines, the column density distribution function, and the cosmic mass 
density are studied in the redshift interval 1.7 � z � 6.2 and for log N (Si IV ) ≥ 12.5. All quantities show a rapid increase between 

z ∼ 6 and z � 5 and then an almost constant behaviour to z ∼ 2 in very good agreement with what is already observed for C IV 

absorption lines. The present results are challenging for numerical simulations: When simulations reproduce our Si IV results, 
they tend to underpredict the properties of C IV , and when the properties of C IV are reproduced, the number of strong Si IV lines 
[log N (Si IV ) > 14] is o v erpredicted. 

Key w ords: (cosmolo gy:) dark ages, reionization, first stars – cosmology: observations – galaxies: high-redshift – (galaxies:) 
intergalactic medium – (galaxies:) quasars: absorption lines. 
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 I N T RO D U C T I O N  

alaxies evolve through continuous exchanges of gas with the sur- 
ounding circum-galactic medium (CGM) and intergalactic medium 

IGM). In the scenario suggested by state-of-the-art simulations, 
alaxies at the cosmic noon ( z ∼ 2–3) accrete a substantial fraction
f their gas through ‘cold flows’, dense filamentary accretion streams 
hat flow nearly unaffected through the galaxy halo and provide cold, 
 ∼ 10 4 K, gas accretion to the interstellar medium (e.g. Birnboim &
ekel 2003 ; Kere ̌s et al. 2005 ; Faucher-Gigu ̀ere, Kere ̌s & Ma 2011 ;
an de Voort et al. 2011 ; Nelson et al. 2013 ; Theuns 2021 ). At the
ame time, the vigorous star-formation activity going on in these 
igh- z galaxies fa v ours the dispersion in the CGM (and eventually,
GM) of the metal-enriched gas through feedback mechanisms driven 
y galactic winds, Super No va (SN) e xplosions, and accretion on to
lack holes (e.g. Madau, Ferrara & Rees 2001 ; Calura & Matteucci
006 ; Barai et al. 2013 ; Suresh et al. 2015 ; Turner et al. 2016 ;
uratov et al. 2017 ; Fossati et al. 2021 ). 
 E-mail: valentina.dodorico@inaf.it 
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While the observational evidence of inflowing cold flows is still 
entative (e.g. Rubin et al. 2012 ), the presence of metal-enriched gas
utside galaxies has been well established observationally for more 
han two decades (e.g. Cowie et al. 1995 ; Tytler et al. 1995 ; Ellison
t al. 2000 ; Schaye et al. 2003 ; D’Odorico et al. 2016 ). 

The physical properties and chemical composition of the diffuse 
as are probed by absorption-line spectroscopy of bright background 
ources. In particular, metal absorption lines associated with H I 

 yman α (L y α) clouds with column densities log N (H I ) � 17.3 are
hought to arise in gas located on the outskirts of galaxies and further
way, in the shallow IGM, as the H I column density decreases (van
e Voort et al. 2012 ). 
Several studies have investigated the properties of metals close to 

alaxies by considering the correlation between the metal absorptions 
bserved along a quasar line of sight and the galaxies present in the
eld at matching redshifts. All the studies carried out up to now both
t high (e.g. Adelberger et al. 2005 ; Steidel et al. 2010 ; Turner et al.
014 ; Rudie et al. 2019 ; Lofthouse et al. 2020 ) and low redshift (e.g.
rochaska et al 2011 ; Tumlinson et al. 2011 ; Bordoloi et al. 2014 ;
iang & Chen 2014 ; Werk et al. 2014 ; Johnson et al. 2017 ; Fossati
t al. 2019 ) agree on the significant presence of metals in high- and
ow-ionization state at impact parameters at least as large as ≈100–
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00 kpc. The standard way to carry out this kind of investigation has
een by considering samples of galaxy-absorber pairs and deducing
he metal distribution in the CGM from a statistical point of view.

ith the advent of the 30–40 m class telescopes [e.g. the European
outhern Observatory (ESO) Extremely Large Telescope], 1 it will
e possible to use much fainter sources as background targets for
pectroscopy (in particular, galaxies themselves) and pierce the gas
urrounding the same galaxy with multiple, close lines of sight
o carry out a tomographic study of the CGM. The few examples
v ailable today re veal the po wer of this technique to assess the gas
atchiness and its co v ering factor around individual systems (e.g.
 ́opez et al. 2018 , 2020 ). 
The distribution of metals and the enrichment mechanism at high

edshift can be investigated also with large samples of absorption
ines detected along many, independent lines of sight to bright
ources. The statistical properties derived from those samples can
hen be compared with model predictions to constrain in particular
he adopted feedback mechanisms (e.g. Tescari et al. 2011 ). The most
tudied ionic transition at high redshift is the triply ionized carbon
oublet (C IV λλ 1548, 1551 Å) mainly due to the fact that: (i) it is
ommonly observed; (ii) it falls outside the Ly α forest; (iii) it is easy
o identify thanks to its doublet nature; and (iv) it is observable with
round-based telescopes from z � 1.0 to the highest redshift at which
e can observe quasars to date. C IV traces ionized gas mostly in the
GM and IGM environment (see e.g. Oppenheimer & Dav ́e 2006 ;
en & Chisari 2011 ; Mongardi et al. 2018 ). The C IV number density,
olumn density distribution function (CDDF), and cosmic mass
ensity, �CIV , are the statistical indicators mostly used to assess the
volution of the abundance of this ion across the history of the Uni-
erse (e.g. Scannapieco et al. 2006 ; Ryan-Weber et al. 2009 ; Cooksey
t al. 2010 ; D’Odorico et al. 2010 ; Simcoe et al. 2011 ; Cooksey et al.
013 ; D’Odorico et al. 2013 ; Codoreanu et al. 2018 ; Cooper et al.
019 ; Meyer et al. 2019 ; Hasan et al. 2020 ). Cosmological hydro-
ynamical simulations by several groups have tried to reproduce
he measured observables (mainly the CDDF and the cosmic mass
ensity) all with poor results, in particular for z � 5 (e.g. Keating
t al. 2016 ; Rahmati et al. 2016 , hereafter R16 ). The introduction of
 fluctuating ultraviolet background (UVB) impro v es the agreement
ut does not solve the problem (Finlator et al. 2018 , and references
herein). On the other hand, Garc ̀ıa et al. ( 2017 , hereafter G17 ) are
ble to reproduce the CDDF of C IV at z ≥ 4.35, but at the price of an
 v erproduction of Si IV . This o v erabundance of high-column density
i IV absorbers is not present in R16 and Finlator et al. ( 2018 ). 
There are clear numerical limitations in the realization of the

ptimal C IV simulation: It should both reproduce enough strong
bsorbers (need of a large box) and a self-consistent, inhomogeneous
VB, implementing radiative transfer (computationally very expen-

ive). In addition to the uncertainties in stellar yields and feedback
echanisms, the amount of C IV is made even more difficult to deter-
ine by the fact that the ionization potentials to convert C III into C IV

nd C IV into C V are on the opposite sides of the UVB jump due to the
onization of He II , at 4 Ryd or 54.4 eV. The shape of the UVB at en-
rgies > 4 Ryd is very uncertain (see e.g. fig. 9 in Finlator et al. 2018 ).

Another tracer of the ionized diffuse gas in the CGM is the triply
onized silicon (Si IV λλ 1394, 1403 Å, see e.g. Steidel et al. 2010 ;
urner et al. 2014 ; Mongardi et al. 2018 ), which is not as common
s C IV but it shares with the latter the advantage of being a doublet
hat is observable outside the Ly α forest. Si IV is probably tracing
lightly denser gas with respect to C IV , and thus possibly closer to
 alaxies (e.g. Mong ardi et al. 2018 ). Ho we ver, among the absorption
NRAS 512, 2389–2401 (2022) 
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ines routinely detected in quasar spectra (e.g. C IV , Si IV , O VI , Mg II ,
nd Fe II ) it is the one that arises from gas in a range of densities and
emperatures almost equi v alent to those of gas traced by C IV (see e.g.
g. 12 in Scannapieco et al. 2006 ). C IV and Si IV are the dominant

onization stages of carbon and silicon in the IGM, and furthermore
hey are tracers of Fe-coproduction and α-element processes, respec-
ively. Si IV can be observed from the ground for z � 1.15. A bonus
f Si IV with respect to C IV is that the ionization potentials to turn
i III into Si IV and Si IV into Si V fall in the energy range 2 < IP <

 Ryd, where the different UVB models behave very similarly. 
In her pioneering work, Songaila ( 2001 ) analysed both C IV

nd Si IV absorption lines for a sample of 32 quasars observed
ith the High Resolution Spectrograph (HIRES) and the Echellette
pectrograph and Imager (ESI) at the Keck telescope, co v ering the
edshift range 1.7 � z � 5.3. Considering Si IV lines with column
ensity 12.00 ≤ log N (Si IV ) ≤ 14.8, she found that the cosmic mass
ensity of this ion, �SiIV , keeps approximately constant at lower
edshift with a downturn at z > 4.5 (see Fig. 5 ). Subsequent works
hat investigated the properties of Si IV absorbers were all based on
maller samples and/or narrower redshift ranges (e.g. Scannapieco
t al. 2006 ; Cooksey et al. 2011 ; Shull, Danforth & Tilton 2014 ;
oksenber g & Sar gent 2015 , hereafter BS15 ; Codoreanu et al.
018 ). In general, they all confirmed the redshift behaviour of �SiIV 

bserved by Songaila ( 2001 ). Observationally, Si IV broadly matches
he behaviour of C IV in terms of redshift evolution of the cosmic mass
ensity and line number density (e.g. Songaila 2001 ; BS15 ). Also the
lustering properties of Si IV absorption lines along the line of sight
re in very good agreement with those of C IV suggesting similar
izes for the ion enriched bubbles (Scannapieco et al. 2006 ). 

For all the reasons explained above and because of the large
umber of available quasar lines of sight observed at intermediate to
igh resolution and good signal-to-noise ratio (SNR), we believe it is
imely to dedicate a paper to Si IV and its statistical properties. In this
ork, we present a sample of 519 Si IV absorption lines with column
ensity log N (Si IV ) ≥ 12.5 observed along 147 quasar lines of sight
nd co v ering a v ery broad redshift range, z � 1.75–6.24. Our aim
s to study in detail the evolution of this ion, contrasted it with C IV

nd the recently studied O I (Becker et al. 2019 ), and provide solid
bservational results to be compared with simulation predictions
o help figuring out the physics of the feedback mechanisms. The
etailed study of the Si IV and C IV absorptions arising in the same
ystems (e.g. the determination and analysis of the redshift evolution
f the Si IV /C IV ratio) will be deferred to a future work. 
The paper is organized as follows. Section 2 describes the three

pectroscopic samples that have been used in this work. In Section 3 ,
e report the results for the line number density and CDDF computed
ith our sample. Section 4 is devoted to the presentation of the

esults on the cosmic mass density and its evolution with redshift.
n section 5 , we compare our results with previous works appeared
n the literature. Finally, Section 6 is dedicated to the discussion and
onclusions. Throughout this paper, we assume �m 

= 0.3, �� 

= 0.7,
nd h ≡ H 0 / (100 km s −1 Mpc −1 ) = 0 . 70 if not stated otherwise. 

 DATA  SAMPLES  A N D  ANALYSI S  

his work is based on three samples of quasar spectra, for a total
f 147 lines of sight, which co v er different redshift ranges for Si IV
bsorptions. They are briefly described in the following sections. 

In all the considered spectra, Si IV doublets were looked for by
ye in the region outside the Ly α forest, redward of the quasar
y α emission. In case of doubtful detections (e.g. blending of one
f the two components of the doublet), we used the presence of
 C IV system at the same redshift and with a similar velocity

https://elt.eso.org
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Table 1. The high-resolution UVES/HIRES sample. The different columns 
report: the name of the object, the emission redshift, the minimum and 
maximum redshift considered for the Si IV absorption lines to be part of 
the sample, the SNR per resolution element computed at λrest ∼ 1380 Å, and 
the reference paper. 

Object z em 

z min z max SNR Ref. 

HE 1341 −1020 2.142 1.749 2.090 200 1 
QSO B0122 −379 2.200 1.801 2.147 114 1 
PKS 1448 −232 2.224 1.821 2.171 113 1 
PKS 0237 −230 2.233 1.829 2.179 283 1 
HE 0001 −2340 2.267 1.859 2.213 190 1 
QSO B1626 + 6426 2.320 1.905 2.265 128 5 
HE 1122 −1648 2.400 1.975 2.344 314 1 
QSO B0109 −3518 2.406 1.980 2.349 119 1 
HE 2217 −2818 2.414 1.988 2.357 246 1 
QSO B0329 −385 2.437 2.008 2.380 75 1 
HE 1158 −1843 2.448 2.017 2.391 97 1 
HE 1347 −2457 2.599 2.149 2.539 313 1 
QSO B1442 + 2931 2.660 2.203 2.599 107 5 
QSO B0453 −423 2.669 2.211 2.608 194 1 
PKS 0329 −255 2.696 2.234 2.635 97 1 
QSO J0103 + 1316 2.721 2.256 2.659 218 4 
HE 0151 −4326 2.763 2.293 2.701 182 1 
QSO B0002 −422 2.769 2.298 2.707 211 1 
HE 2347 −4342 2.880 2.395 2.816 164 1 
QSO B1107 + 4847 2.970 2.474 2.904 94 5 
QSO J0407 −4410 3.021 2.519 2.954 235 4 
HS 1946 + 7658 3.058 2.551 2.991 156 1 
HE 0940 −1050 3.093 2.582 3.025 333 1,2 
QSO B0420 −388 3.126 2.610 3.057 138 1 
QSO B0636 + 6801 3.180 2.658 3.111 107 5 
QSO B1425 + 6039 3.180 2.658 3.111 140 5 
QSO B1209 + 0919 3.291 2.755 3.220 30 3 
PKS 2126 −158 3.292 2.756 3.221 198 1 
QSO B1422 + 2309 3.623 3.046 3.546 90 1,5 
SDSS J1249 −0159 3.630 3.052 3.553 85 3 
QSO B0055 −269 3.660 3.078 3.583 142 1 
SDSS J1621 −0042 3.710 3.122 3.632 159 3,4 
QSO J1320 −0523 3.717 3.128 3.639 154 3 
PKS 1937 −101 3.787 3.189 3.708 138 1,4 
QSO J1646 + 5514 4.100 3.463 4.016 119 5 
QSO B1055 + 4611 4.15 3.507 4.065 47 5 
QSO B2237 −0608 4.56 3.866 4.468 42 5 

Notes . 1: D’Odorico et al. ( 2010 ); 2: D’Odorico et al. ( 2016 ); 3: Calura et al. 
( 2012 ); 4: This work; 5: BS15 . 
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rofile to confirm the identification. To a v oid contamination from
bsorption systems associated with the quasars, we considered only 
bsorbers with a maximum redshift, z max , at a separation �v =
5000 km s −1 from the quasar emission redshift. On the other 

and, the contamination from Ly α lines was prevented by taking 
 minimum redshift, z min , at a separation �v = + 1000 km s −1 from
he Ly α emission of the quasar. The considered redshift intervals are 
eported in Tables 1 , 2 , and 3 . 

All the detected Si IV absorption lines were fitted with Voigt 
rofiles mainly with the FITLYMAN context of the ESO MIDAS 

ackage (Fontana & Ballester 1995 ). Exceptions are discussed in 
he sections dedicated to the sample description. 

The number of spectra per redshift bin of �z = 0.2 for the three
amples, is shown in Fig. 1 . 

.1 The high-resolution UVES/HIRES sample 

his sample collects the high-resolution ( R � 50 000, �v �
.0 km s −1 ) spectra obtained with the UV and Visual Echelle
pectrograph (UVES) at the ESO Very Large Telescope (VLT) and 
ith HIRES at Keck, analysed in D’Odorico et al. ( 2010 ) and Calura

t al. ( 2012 ). For the quasar HE 0940 −1050, we used the higher
NR spectrum presented in D’Odorico et al. ( 2016 ). Details of the
ata reduction and analysis are reported in D’Odorico et al. ( 2010 ). 
Also, we used updated spectra (including new observations) of 

DSS J1621 −0042 and PKS 1937 −101 and added the new spectra
f QSO J0407 −4410 and QSO J0103 + 1316. The four new spectra
ere reduced by E. Pomante in the context of his PhD thesis work, 2 

ith a custom made pipeline able to ingest both UVES and HIRES
aw frames and treat them in the same way. This generalized pipeline
s an extension of the IDL code developed by S. Burles and J. X.
rochaska for the reduction of MIKE and HIRES data (Bernstein, 
urles & Prochaska 2015 ), with a modified approach to wavelength 
alibration, flat-fielding, and object extraction. 

In order to increase the statistical significance of our sample and the 
o v erage toward higher redshifts, we have considered also the sample
f nine objects analysed in BS15 , which have a similar resolution
lement of �v � 6.6 km s −1 . For the quasar spectrum of B1422 + 231,
hich is in common between our sample and BS15 , we considered
ur list of lines, which is consistent with the BS15 one. 
Note that the majority of the quasars in this sample belongs to the

VES Large Programme by Bergeron et al. ( 2004 ) which required
y α forests free from Damped Lyman α systems (DLAs). We have 

hus verified the presence of DLAs in the additional quasars and
xcised from the final sample the redshift ranges of the corresponding
i IV lines. In particular, there is a DLA per line of sight in the
S15 spectra of QSO B1425 + 6039, QSO B1055 + 4611, and QSO
2237 −0607. 
The final high-resolution sample is then formed by 37 objects 

nd co v ers the Si IV redshift range 1.75 � z � 4.47, with a total
canned absorption path of � X � 54. In Table 1 , we report for each
bject of the sample the redshift range available for Si IV detection
nd the SNR per resolution element of 6.6 km s −1 at λrest ∼ 1380
, to be compliant with the SNR reported by BS15 . The average
NR ∼156 corresponds to a 3 σ detection threshold for the Si IV
1393 Å line of log N (Si IV ) thr � 11.09 assuming a conserv ati ve b
 10 km s −1 Doppler parameter. The spectrum with the lowest SNR

as log N (Si IV ) thr � 11.95. 
BS15 fit absorption lines with the Voigt profile fitting code VPFIT

Carswell et al. 2014 ). As already shown in previous works (e.g.
’Odorico et al. 2016 ) there are no significant differences between

he results of FITLYMAN and VPFIT . Possible differences due to, for
 xample, an e xcess of low-column density components by VPFIT , are
urther mitigated by the fact that, as we already did in D’Odorico et al.
 2010 , 2013 ), in order to compare these high-resolution spectra with
hose from XSHOOTER, Si IV lines with velocity separation smaller 
han 50 km s −1 have been merged. The merging process has been
arried out in the following way: For each list of Si IV components
orresponding to a single quasar, the velocity separations among 
ll the lines have been computed and sorted in ascending order.
f the smallest separation is less than d v min = 50 km s −1 , the two
orresponding absorption lines are merged into a new line with 
olumn density equal to the sum of the column densities, and redshift
qual to the average of the redshifts, weighted by the column density
f the components. The velocity separations are then computed again 
nd the procedure is iterated until the smallest separation becomes 
arger than d v min . For consistency, the same merging process was
pplied to the XQ-100 sample and to the z ∼ 6 XSHOOTER sample
escribed in Sections 2.2 and 2.3 , respectively. 
MNRAS 512, 2389–2401 (2022) 
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M

Table 2. The XQ-100 quasar sample. The columns are the same as in Table 1 with the exception of the reference column, since all the spectra were presented 
in L ́opez et al. ( 2016 ) and the column R new which reports the adopted resolving power if different from the nominal one. 

Object z em 

z min z max R new Object z em 

z min z max R new 

J1332 + 0052 3.5082 2.9453 3.4336 – J0211 + 1107 3.9734 3.3524 3.8911 10 700 
J1018 + 0548 3.5154 2.9516 3.4407 10 400 J0214 −0518 3.9770 3.3556 3.8947 9400 
J1201 + 1206 3.5218 2.9572 3.4470 13 400 J1032 + 0927 3.9854 3.3629 3.9029 10 300 
J1024 + 1819 3.5243 2.9594 3.4495 9800 J1542 + 0955 3.9863 3.3637 3.9038 10 400 
J1442 + 0920 3.5319 2.9660 3.4569 9900 J2215 −1611 3.9946 3.3710 3.9120 15 000 
J0100 −2708 3.5459 2.9783 3.4707 9900 J0255 + 0048 4.0033 3.3786 3.9205 10 400 
J1517 + 0511 3.5549 2.9862 3.4796 – J0835 + 0650 4.0069 3.3817 3.9241 11 600 
J1445 + 0958 3.5623 2.9926 3.4868 10 300 J0311 −1722 4.0338 3.4053 3.9505 9700 
J1202 −0054 3.5924 3.0190 3.5164 – J1323 + 1405 4.0537 3.4227 3.9701 10 100 
J1416 + 1811 3.5928 3.0193 3.5168 – J0244 −0134 4.0546 3.4235 3.9710 12 000 
J1524 + 2123 3.6002 3.0258 3.5241 – J0415 −4357 4.0732 3.4397 3.9893 9900 
J1103 + 1004 3.6070 3.0318 3.5308 – J0048 −2442 4.0827 3.4481 3.9986 11 400 
J1117 + 1311 3.6218 3.0447 3.5453 – J0959 + 1312 4.0916 3.4558 4.0074 –
J1037 + 2135 3.6260 3.0484 3.5495 – J0121 + 0347 4.1252 3.4852 4.0404 –
J1249 −0159 a 3.6289 3.0509 3.5523 – J0003 −2603 4.1254 3.4854 4.0406 –
J1042 + 1957 3.6302 3.0521 3.5536 – J1037 + 0704 4.1271 3.4869 4.0423 –
J1126 −0126 3.6346 3.0559 3.5579 – J1057 + 1910 4.1284 3.4881 4.0436 11 800 
J0056 −2808 3.6347 3.0560 3.5580 – J0747 + 2739 4.1334 3.4924 4.0485 −
J1020 + 0922 3.6401 3.0607 3.5633 9900 J1110 + 0244 4.1456 3.5031 4.0605 9700 
J0920 + 0725 3.6465 3.0663 3.5696 10 100 J0132 + 1341 4.1523 3.5090 4.0671 9700 
J1304 + 0239 3.6481 3.0677 3.5712 – J2251 −1227 4.1575 3.5135 4.0722 15 000 
J0818 + 0958 3.6564 3.0750 3.5794 11 400 J0529 −3552 4.1717 3.5259 4.0862 10 700 
J0057 −2643 a 3.6608 3.0788 3.5837 9700 J0030 −5129 4.1729 3.5270 4.0873 −
J0755 + 1345 3.6629 3.0807 3.5858 – J0133 + 0400 4.1849 3.5375 4.0991 12 000 
J1053 + 0103 3.6634 3.0811 3.5863 – J0153 −0011 4.1948 3.5462 4.1089 –
J1108 + 1209 3.6789 3.0947 3.6015 9500 J2349 −3712 4.2192 3.5675 4.1329 9700 
J1421 −0643 3.6885 3.1031 3.6109 – J0403 −1703 4.2267 3.5741 4.1402 12 900 
J1503 + 0419 3.6919 3.1061 3.6143 – J0839 + 0318 4.2298 3.5768 4.1433 9500 
J0937 + 0828 3.7035 3.1162 3.6257 10 200 J0247 −0556 4.2335 3.5800 4.1469 –
J1352 + 1303 3.7065 3.1188 3.6286 – J0117 + 1552 4.2428 3.5882 4.1561 −
J1621 −0042 a 3.7112 3.1229 3.6333 – J2344 + 0342 4.2484 3.5931 4.1616 10 500 
J0833 + 0959 3.7162 3.1273 3.6382 9300 J1034 + 1102 4.2691 3.6112 4.1819 9100 
J1320 −0523 a 3.7172 3.1282 3.6392 9100 J0034 + 1639 4.2924 3.6316 4.2049 −
J1248 + 1304 3.7210 3.1315 3.6429 – J0234 −1806 4.3046 3.6423 4.2169 –
J1552 + 1005 3.7216 3.1320 3.6435 10 400 J0113 −2803 4.3145 3.6509 4.2266 11 500 
J1312 + 0841 3.7311 3.1404 3.6528 10 400 J0426 −2202 4.3289 3.6635 4.2408 –
J0935 + 0022 3.7473 3.1545 3.6688 – J1058 + 1245 4.3413 3.6744 4.2529 –
J1658 −0739 3.7496 3.1565 3.6710 – J1633 + 1411 4.3650 3.6951 4.2763 10 400 
J1126 −0124 3.7650 3.1700 3.6862 – J0525 −3343 4.3851 3.7127 4.2960 12 800 
J1336 + 0243 3.8009 3.2014 3.7215 11 400 J1401 + 0244 4.4078 3.7326 4.3183 12 200 
J1013 + 0650 3.8086 3.2082 3.7291 14 400 J0529 −3526 4.4183 3.7418 4.3287 9500 
J1135 + 0842 3.8342 3.2306 3.7542 – J0955 −0130 4.4185 3.7419 4.3289 10 150 
J0124 + 0044 3.8368 3.2329 3.7568 – J0248 + 1802 4.4390 3.7599 4.3490 12 000 
J1331 + 1015 3.8522 3.2463 3.7719 11 400 J0006 −6208 4.4400 3.7607 4.3500 –
J0042 −1020 3.8629 3.2557 3.7825 11 600 J0714 −6455 4.4645 3.7822 4.3741 15 000 
J1111 −0804 3.9225 3.3079 3.8411 13 400 J2216 −6714 4.4793 3.7951 4.3887 9700 
J0800 + 1920 3.9481 3.3303 3.8663 – J1723 + 2243 4.5310 3.8404 4.4395 –
J1330 −2522 3.9485 3.3306 3.8666 11 300 J1036 −0343 4.5311 3.8405 4.4396 10 300 
J0137 −4224 3.9709 3.3502 3.8887 – J2239 −0552 4.5566 3.8628 4.4647 –
J1054 + 0215 3.9709 3.3502 3.8887 11 300 J0307 −4945 4.78 4.0583 4.6844 10 300 
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.2 The XQ-100 sample 

Q-100 is a collection of 100 XSHOOTER spectra of quasars with
 em 

� 3.5–4.5 observed in the context of the ESO Large Programme
Quasars and their absorption lines: a le gac y surv e y of the high-
edshift Universe with VLT/X-shooter’ (P.I. S. L ́opez). The list of
bjects is reported in Table 2 . The sample spans the Si IV redshift
nterval 2.94 ≤ z ≤ 4.70. 

Spectra were obtained with a binning × 2 along the dispersion
irection and a slit of 0.9 arcsec in the visible arm (VIS, where all
he Si IV lines fall) corresponding to a nominal resolving power of R
NRAS 512, 2389–2401 (2022) 
8900. Data reduction was carried out with a custom pipeline, while
he manually placed continuum was determined by selecting points
long the quasar continuum free of absorption (by eye) as knots for
 cubic spline. A total of 90 per cent of the spectra has SNR ≥20 per
ixel of 11 km s −1 at 1700 Å rest frame. All the details can be found
n L ́opez et al. ( 2016 ). 

Our Si IV line sample was built based on Perrotta et al. ( 2016 )
nd Berg et al. ( 2021 ). We revised those detections and fitted them
ith Voigt profiles, using the FITLYMAN context of the ESO MIDAS

ackage (Fontana & Ballester 1995 ). During the line-fitting process,



The evolution of Si IV in the Universe 2393 

Table 3. The XSHOOTER z ∼ 6 sample. The columns are the same as in 
Table 1 . 

Object z em 

z min z max R new Ref. 

SDSS J0836 + 0054 5.810 4.960 5.697 13 100 1 
ULAS J0148 + 0600 5.98 5.108 5.864 13 300 2, 3 
SDSS J1306 + 0356 6.0337 5.155 5.917 12 000 1 
SDSS J0818 + 1722 6.02 5.143 5.904 11 000 1 
CFHQS J1509 −1749 6.1225 5.233 6.005 11 800 1 
ULAS J1319 + 0950 6.1330 5.242 6.015 13 700 1 
SDSS J1030 + 0524 6.308 5.395 6.187 12 300 1 
ATLAS J025 −33 6.3379 5.422 6.216 11 200 3 
VDES J0224 −4711 6.526 5.586 6.401 11 200 3 
PSO J036 + 03 6.5412 5.599 6.416 10 700 3 

Notes . 1: D’Odorico et al. ( 2013 ); 2: Codoreanu et al. ( 2018 ); 3: This work. 

Figure 1. Number of spectra used in this work per redshift bin of �z = 0.2. 
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Table 4. Log of observations for the three new quasars at z > 6.3 observed 
with XSHOOTER. Columns 2 and 4 report the cumulative exposure time per 
target, per run. While columns 3 and 5 report the adopted slit width. They 
correspond to nominal resolving powers of R � 8900 for 0.9 arcsec in the 
VIS, and R � 5600 (8100) for 0.9 arcsec (0.6 arcsec) in the Near Infra-Red 
(NIR) arm. 

Programme Exp. T VIS slit VIS Exp. T NIR slit NIR 

(s) (arcsec) (s) (arcsec) 

ATLAS J025.6821 −33.4627 
P096.A −0418 a 5580 0.9 5760 0.9JH 

P0102.A −0154 b 14160 0.9 14400 0.6 

VDES J0224 −4711 
P0100.A −0625 b 4640 0.9 4800 0.9 
P0102.A −0154 b 4720 0.9 4800 0.6 
P1103.A −0817 b 24000 0.9 24000 0.6 

PSO J036.5078 + 03.0498 
P0100.A −0625 b 4640 0.9 4800 0.9 
P0102.A −0154 b 18880 0.9 19200 0.6 

Notes. a P.I. T. Shanks. b P.I. V. D’Odorico. 
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e realized that many spectra had a resolving power significantly 
arger than the nominal one. As a consequence, we recomputed the 
alue of R for each spectrum based on the average value of the seeing
uring the observations (reported in the ESO archive as DIMM ) and
ssuming a linear relation between resolving power and slit width 
equi v alent in this case to the seeing average value). If 〈 DIMM 〉 < 0.9
rcsec, the new resolving power is obtained as R new ∼ (0.9/ 〈 DIMM 〉 )

8800. The new resolving powers adopted in the fit are reported in
able 2 . The resolution element varies between ∼20 and 34 km s −1 . 
F or consistenc y with the high-resolution sample, we excluded 

rom the XQ-100 Si IV collection those systems which are associated 
ith the known DLAs studied in Berg et al. ( 2016 ). Our fiducial

ample co v ers an absorption path of � X � 221.8 for a total of
85 detected Si IV absorption lines with log N (Si IV ) ≥12.5. In the
ollowing, this sample will be called ‘XQ-100-noDLA’. We verified 
hat the results are not significantly affected by the inclusion or
xclusion of the Si IV lines associated with the DLAs. 

.3 The z ∼ 6 XSHOOTER sample 

his is a collection of 10 XSHOOTER quasar spectra of which: 
ix were already analysed in D’Odorico et al. ( 2013 ). ULAS
0148 + 0600 was analysed in Codoreanu et al. ( 2018 ) but we re-
nalysed the XSHOOTER spectrum in the ESO archive, and the last
hree spectra are published in this paper for the first time. The sample
s reported in Table 3 and the log of observation for the new objects
s in Table 4 . In this sample, the Si IV is observable in the redshift
ange 4.96 ≤ z ≤ 6.40. As for the XQ-100 sample, we have revised
he resolution of the spectra based on the atmospheric conditions in
hich they were observed. The new resolving powers are reported 

n Table 3 . 
The three new quasars were reduced with the custom pipeline 

sed for the XQ-100 spectra and analysed with the python-based 
oftware ASTROCOOK 

3 (Cupani et al. 2020 ). We carried out line
etection, continuum determination, and then line identification and 
oigt profile fitting in the context of ASTROCOOK . For consistency,
e used ASTROCOOK also to repeat the fit of the absorption lines in

he other quasars of the sample. The line parameters obtained with
STROCOOK are consistent within the measurement errors with those 
eported in D’Odorico et al. ( 2013 ) that were obtained within the
ITLYMAN context of the ESO MIDAS package (Fontana & Ballester 
995 ). The 10 spectra allow to probe Si IV absorption lines with
og N (Si IV ) ≥12.5 along an absorption path � X � 32.7, in which a
otal of 22 lines have been detected. 

In the following, we give a brief description of the new quasars
nd of the detected Si IV absorption systems, whose parameters are
iven in Table 5 . The complete analysis of the absorption systems
n the new spectra will be described in a forthcoming paper (Davies
t al. in preparation). 

ATLAS J025.6821 −33.4627 (J0142 −3327) 
This object was disco v ered in the context of the VLT Survey

elescope (VST) ATLAS surv e y (Carnall et al. 2015 ). It has a
edshift z em 

= 6.3379 measured from the [C II ] emission line (Decarli
t al. 2018 ). It was observed with XSHOOTER at the VLT in 2015
ctober/No v ember and in 2018 No v ember. We detect in the spectrum

everal C IV absorption systems of which two, at z = 5.64573 and z
 5.76781, have also an associated Si IV absorption. 
VDES J0224 −4711 
This quasar, at z = 6.526, was disco v ered recently (Reed et al.

017 ) and is the second most luminous quasar known at z ≥ 6.5. It
as observed with XSHOOTER at the VLT in 2017 No v ember, 2018

anuary, and 2019 January/December. Several C IV systems have 
een detected in this spectrum with that at z = 6.030 82 showing an
ssociated Si IV absorption. We detect also a possible Si IV absorption
MNRAS 512, 2389–2401 (2022) 

art/stac545_f1.eps
http://github.com/DAS-OATs/astrocook


2394 V. D’Odorico et al. 

M

Table 5. Results of the Si IV lines identification and fitting for the 
XSHOOTER spectra of J0148 and the three new quasars at z > 6.3. 

z abs b (km s −1 ) log N (Si IV ) 

ULAS J0148 + 0600 
5.12517 ± 0.00002 27. ± 2 12.77 ± 0.02 
5.48778 ± 0.00003 24. ± 2 12.77 ± 0.03 

ATLAS J025.6821 −33.4627 
5.64574 ± 0.00004 a 5.0 12.23 ± 0.10 
5.76786 ± 0.00004 12 ± 4 12.72 ± 0.04 

VDES J0224 −4711 
5.55276 ± 0.00004 a 26 ± 3 12.72 ± 0.03 
6.03082 ± 0.00006 18 ± 5 12.95 ± 0.08 

PSO J036.5078 + 03.0498 
5.89873 ± 0.00006 6.0 12.67 ± 0.09 
5.90223 ± 0.00001 33 ± 8 12.86 ± 0.09 

Notes. a This line has not been considered in the analysis because its column 
density or redshift fall outside the considered ranges. 
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Figure 2. Comparison between the column densities obtained for the Si IV 

systems in the four quasars which are in common between the UVES/HIRES 
sample and the XQ-100 one. The vertical dotted line marks the minimum Si IV 

column density we adopt for our computations and the dashed line indicates 
the 1:1 relation. 

Figure 3. CDDF for the Si IV absorptions in the UVES/HIRES (pink and 
magenta diamonds), XQ-100 (green squares), and z ∼ 6 XSHOOTER 

(blue circles) samples. The dotted line indicates the CDDF of the original 
UVES/HIRES sample (before merging the lines closer than 50 km s −1 ). 
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t z = 5.552 76, the corresponding C IV transitions are not detected
ecause they would fall in a very noisy region of the spectrum. 
PSO J036.5078 + 03.0498 (J0226 + 0302) 
Venemans et al. ( 2015 ) disco v ered this v ery bright quasar based

n the imaging obtained by the Pan-STARRS1 Survey. The systemic
edshift, z = 6.5412, was determined from the [C II ] emission line
Decarli et al. 2018 ). Observations with XSHOOTER at the VLT
ere carried out in 2017 December, 2018 January/No v ember, and
019 January. In this spectrum, two systems have both C IV and Si IV
ines at z = 5.898 69 and z = 5.902 399. 

.4 Comparison between XSHOOTER and UVES spectra 

n general, Si IV absorptions are relatively weak, so even if the
esolution of XSHOOTER does not allow resolving most of the metal
ines, our measured column densities should not be significantly
ffected by unresolved saturation. To prove this statement, we have
onsidered the Si IV absorption lines identified and fitted in the four
uasars that are in common between the high-resolution sample and
he XQ-100 sample: J1249 −0159, Q0055 −269 (or J0057 −2643),
1621 −0042, and J1320 −0523. In order to compare the measured
olumn densities, due to the different resolutions of the two samples,
e have computed the total column density of each absorption

system’ obtained after the merging process described in Section 2.1 .
esults are reported in Fig. 2 . All systems with column density

og N (Si IV ) � 12.5 have UVES and XSHOOTER measurements
hich are consistent within observational errors. As we will see in

he following sections, our analysis will be based only on systems
ith log N (Si IV ) ≥ 12.5 for which we are substantially complete
iven the minimum SNR of the analysed spectra; as a consequence
e will assume that XSHOOTER column densities are reliable even

hough lines are probably not resolved in XSHOOTER spectra. 

 STATISTICS  O F  T H E  SI  I V ABSORPTION  

INES  

.1 Column density distribution function 

he CDDF, f ( N ), is defined as the number of lines per unit column
ensity and per unit redshift absorption path, d X (Tytler 1987 ). The
edshift absorption path is used to remo v e the redshift dependence
n the sample and put everything on a comoving coordinate scale. In
NRAS 512, 2389–2401 (2022) 
he assumed cosmology it is defined as 

 X ≡ (1 + z) 2 [ �m 

(1 + z) 3 + �� 

] −1 / 2 d z. (1) 

With the adopted definition, f ( N ) does not evolve at any redshifts
or a population whose physical size and comoving space density are
onstant. 

The CDDF is a fundamental statistical property of absorption
ines, similar for many aspects to the luminosity function for stars
nd galaxies. 

The results of the computation of the CDDF for our three
amples are shown in Fig. 3 . In the figure, the CDDF of the
riginal UVES/HIRES sample (before merging the lines closer than
0 km s −1 ) is shown as a dotted line. The ‘full resolution’ sample
hows an increasing CDDF, suggesting a good completeness down
o the log N (Si IV ) = [11.5–12.0] column density bin, and then it
attens out. These values are in agreement with the column density

hresholds derived from the SNR of the spectra in Section 2.1 . 

art/stac545_f2.eps
art/stac545_f3.eps


The evolution of Si IV in the Universe 2395 

U
t  

≤  

1  

l  

l
l  

n
 

w  

C  

a  

v  

i  

≥  

o

o  

d
s
o
[  

a  

0  

t  

c  

a

3

W  

w  

a
S

 

(  

p  

c  

r  

U
a  

h
T  

l
w
i  

f  

w  

t

v
t  

z  

a  

d

4
M

F  

i  

Figure 4. Number density for the Si IV absorptions detected in our three 
samples. Lines have been selected to have column densities log N (Si IV ) ≥12.5 
and redshifts in the range 1.75 ≤ z ≤ 6.24. The light grey crosses are the 
results from Codoreanu et al. ( 2018 ). 

Table 6. Si IV number density and cosmic mass density results considering 
log N (Si IV ) ≥ 12.5. 

z range � X N lin d n /d X �(Si IV ) 
( × 10 −8 ) 

UVES/HIRES 
1.75–2.40 15.83 30 1.9 ± 0.3 1.9 ± 0.6 
2.40–2.95 17.00 40 2.3 ± 0.4 2.3 ± 0.6 
2.95–4.40 21.02 43 2.0 ± 0.3 1.1 ± 0.2 

XQ-100 noDLA 

2.95–3.47 74.96 110 1.5 ± 0.1 1.2 ± 0.2 
3.47–3.80 73.42 134 1.8 ± 0.2 1.9 ± 0.5 
3.80–4.45 73.43 141 1.9 ± 0.2 1.2 ± 0.2 

XSHOOTER z ∼ 6 
4.95–5.65 16.91 15 0.9 ± 0.2 0.4 ± 0.1 
5.65–6.24 15.77 7 0.4 ± 0.2 0.18 ± 0.08 
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We observe that the number density of lines for the two 
VES/HIRES redshift bins and for XQ-100-noDLA are consistent in 

he column density range 12.5 ≤ log N (Si IV ) ≤ 14.5; at log N (Si IV )
12.5 the different behaviour is driven by the fact that the XQ-

00-noDLA sample is not complete (e.g. Ellison et al. 2000 ); at
og N (Si IV ) ≥ 14.5 only the XQ-100-noDLA sample shows detected
ines, attesting that these high-column density lines are rare and a 
arge number of lines of sight are needed to detect a significant
umber of them. 
Comparing the CDDF at z < 4.8 with that at z ≥ 4.8 computed

ith the z ∼ 6 XSHOOTER sample, we remark that at high z the
DDF is systematically lower than at lower z by ∼0.3–0.5 dex for
ll the column density bins between 12.0 and 14.0. The very low
alue at 12.0 ≤ log N (Si IV ) ≤ 12.5 can still be explained with the
ncompleteness of the sample, while the lack of lines at log N (Si IV )

14.5 is consistent with the rarity of these lines and the low number
f the inspected lines of sight. 
In more detail, from the XQ-100-noDLA CDDF, a number density 

f 0.05 ± 0.01 (0.009 ± 0.006, based on two lines) in the column
ensity bin [14.0,14.5] ([14.5,15.0]) can be derived. Based on the 
urv e yed absorption paths, these number densities imply a number 
f absorption lines consistent with zero in the column density bin 
14.5,15.0] for both the z ∼ 6 XSHOOTER sample ( n = 0.3 ± 0.2)
nd the two inspected redshift bins of the UVES/HIRES sample ( n =
.3 ± 0.2 and 0.2 ± 0.1). In the lower column density bin [14.0,14.5],
he number of expected lines is consistent with ∼0–2 and only in the
ase of the UVES/HIRES lower redshift bin, z = [1.75, 2.95], we
ctually detect one Si IV absorption line. 

.2 Number density 

e have also computed the number density of Si IV absorption lines
ith column densities log N (Si IV ) ≥ 12.5 for which all samples have
 high completeness rate. For all samples we have considered the 
i IV systems defined as described in Section 2.1 . 
The number density has been computed as the number of lines

 N lin ) in the considered redshift bin divided by the redshift absorption
ath ( � X ) obtained integrating equation ( 1 ) in the redshift intervals
ontributed by each line of sight to the specific redshift bin. The
esults are shown in Fig. 4 and in Table 6 . The high-resolution
VES-HIRES sample shows in the redshift range 1.75 ≤ z ≤ 4.45 
 behaviour which is consistent with a flat evolution with a possible
int of slightly decreasing number density toward lower redshifts. 
he XQ-100 sample which is characterized by the largest number of

ines of sight and, accordingly, of absorption lines, is in agreement 
ith the previous sample within observational errors. The lower value 

n the z = [2.95, 3.47] redshift bin could be marginally affected by the
act that it co v ers the first order of the XSHOOTER VIS spectrum,
hich in general has a slightly lower SNR with respect to the rest of

he investigated spectrum. 
Considering now the z ∼ 6 sample, the measured number density 

alues in the two analysed redshift bins are consistent between 
hemselves within measured errors. On the other hand, d n /d X at
 = [4.95, 5.65] is a factor of ∼2 lower than the XQ-100 d n /d X value
t z = [3.90, 4.70] significant at 4 . 5 σ , confirming that d n /d X evolved
ramatically at z > 4. 

 T H E  REDSHIFT  E VO L U T I O N  O F  T H E  SI  I V 

ASS  DENSITY  

inally, the CDDF can be integrated in order to obtain the cosmolog-
cal mass density of Si IV in QSO absorption systems as a fraction of
he critical density today, or the contribution of Si IV to the closure
ensity: 

SiIV = 

H 0 m SiIV 

c ρcrit 

∫ 

Nf ( N )d N , (2) 

here H 0 = 100 h km s −1 Mpc −1 is the Hubble constant, m SiIV is the
ass of a Si IV ion, c is the speed of light, ρcrit = 1.88 × 10 −29 

 

2 g cm 

−3 , and f ( N ) is the CDDF. The abo v e inte gral can be approx-
mated by the sum 

SiIV = 

H 0 m SiIV 

c ρcrit 

∑ 

i N i ( Si IV ) 

�X 

(3) 

ith an associated fractional variance (
δ�SiIV 

�SiIV 

)2 

= 

∑ 

i [ N i ( Si IV )] 2 [∑ 

i N i ( Si IV ) 
]2 (4) 

s proposed by Storrie-Lombardi, McMahon & Irwin ( 1996 ). Note
hat the errors determined with this formula could be underestimated, 
n particular in the case of small line samples. In D’Odorico et al.
 2010 ), we found that errors on �CIV computed with a bootstrap
echnique were, at maximum, a factor of ∼1.5 larger than those
stimated with equation ( 4 ). For a fair comparison with previous
MNRAS 512, 2389–2401 (2022) 
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M

Figure 5. Cosmic mass density for the Si IV absorptions detected in our three 
samples. Lines have been selected to have column densities log N (Si IV ) ≥12.5 
and redshifts in the range 1.75 ≤ z ≤ 6.24. Also shown are results by Shull 
et al. ( 2014 ) and Cooksey et al. ( 2011 ) for z ≤ 1 and, for z ≥ 1.8, the results 
by Songaila ( 2001 ), Scannapieco et al. ( 2006 ), BS15 , and Codoreanu et al. 
( 2018 ). See the main text for further details. 
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Figure 6. Comparison of the cosmic mass density parameters, �, for Si IV 

and C IV (D’Odorico et al. 2010 , 2013 , this work) among themselves and with 
the predictions of the simulations by F20 . 
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esults, ho we ver, we report in Table 6 the errors computed with
quation ( 4 ). 

It is interesting to point out the complementarity of the information
onv e yed by the number density, d n /d X , which is heavily weighted
oward abundant low-column density systems, and by the cosmolog-
cal mass density, �SiIV , whose value depends mainly on the rare
igh-column density absorption lines. 
As already observed for the CDDF and the number density of

ines, Fig. 5 shows that the mass density parameter of Si IV increases
y a factor ∼4–6 moving from the redshift bin z = [4.95, 5.65] to z
 [3.90, 4.70]. In the redshift interval 2.94 ≤ z ≤ 4.70 the evolution

f �SiIV is consistent with a flat behaviour, with a possible further
ncrease toward z ∼ 1 and the local Universe. 

The low- z measurements were carried out by: Cooksey et al.
 2011 ) using HST /STIS, HST /GHRS, and FUSE data with Si IV lines
n the redshift range z ∼ 0.0–1.15 and log N (Si IV ) ≥ 13, and by Shull
t al. ( 2014 ) using HST /COS spectra for Si IV lines in the redshift
ange z ∼ 0.0–0.29 with log N (Si IV ) ≥ 12.53. The reported values
orrespond to two Si IV samples obtained with HST /STIS ( �SiIV =
 . 5 + 3 . 0 

−1 . 2 × 10 −8 ) and with HST /COS ( �SiIV = 2 . 1 + 1 . 0 
−0 . 5 × 10 −8 ). 

 O U R  RESULTS  I N TO  C O N T E X T  

.1 Comparison with previous Si IV results 

he statistical quantity which is more safely comparable between
ifferent samples of absorption lines is the cosmic mass density, since
t depends less on the resolution and the adopted fitting technique. 

In Fig. 5 , we report our measurements and previous determinations
f �SiIV at lower and comparable redshifts. Our results are in good
greement with the Songaila ( 2001 ) data, corrected for the different
osmology (see also Songaila 2005 , based on the pixel optical depth
echnique). 

Scannapieco et al. ( 2006 ) analysed a sample of 19 UVES spectra
hich are included in our high-resolution sample and give in their
aper a value of �SiIV = (0.6 ± 0.12) × 10 −8 at 〈 z〉 = 2.4, which
s alarmingly lower than our result. A careful revision of their paper
NRAS 512, 2389–2401 (2022) 
evealed a mistake in the computation of the normalization factor of
SiIV whose correction determines the new value 1.17 ± 0.23 × 10 −8 ,

onsistent with our points. 
The cosmic mass density for Si IV computed by BS15 is based

n a sample of nine high-resolution Keck /HIRES quasar spectra. We
ave included the quasars lines of sight of BS15 in our sample, with
he aim of extending the high-redshift coverage. This is reflected in
ig. 5 by the optimal consistency between our points and those of
S15 . 
Codoreanu et al. ( 2018 ) computed the statistical properties of Si IV

bsorption lines approaching z ∼ 6. They considered a sample of four
uasars all observed with XSHOOTER: ULAS J0148 + 0600, SDSS
1306 + 0356, ULAS J1319 + 0950 which are also part of our sample,
nd SDSS J0927 + 2001 ( z em 

= 5.79). They found seven Si IV systems
ith column density log N (Si IV ) ≥ 12.5 in the redshift range 4.92 ≤ z

6.13, of which five have z ≥ 5.19. As we can see from Figs 4 and 5
ur results are consistent with their findings within the observational
rrors. 

.2 Comparison with C IV and O I statistics 

he statistical properties of C IV lines were the first to be studied
hanks to the large available samples. In D’Odorico et al. ( 2013 ),
e investigated the evolution with redshift of the C IV CDDF and

osmic mass density parameter up to z ∼ 6. Both quantities increase
ignificantly between z ∼ 6 and 5 and then stay approximately
onstant in the range 2.0 � z � 5.0. More recent studies (Codoreanu
t al. 2018 ; Meyer et al. 2019 ) confirm these results. 

The cosmic mass densities of Si IV absorbers with log N ≥ 12.5
stimated in this work and of C IV systems with log N (C IV ) ≥ 13.0 are
ompared in Fig. 6 . The choice of the C IV column density threshold
epends on the Si IV column density threshold and on the observation
hat, in particular at z � 5, the average ratio of Si IV /C IV column
ensities in log is ∼−0.5 (D’Odorico et al. 2013 ). �CIV has been
omputed in the same redshift bins adopted for �SiIV and it is based
n the UVES/HIRES sample from D’Odorico et al. ( 2010 ) and on
he z ∼ 6 XSHOOTER sample from D’Odorico et al. ( 2013 ). The
 ∼ 6 XSHOOTER sample has been updated with the addition of
he C IV lines of ULAS J0148 + 0600 (Codoreanu et al. 2018 ) and of
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Figure 7. Number densities, d n /d X , of O I (green crosses, Becker et al. 
2019 ), Si IV , and C IV (D’Odorico et al. 2010 , 2013 , this work) as a function 
of redshift, compared with the predictions for Si IV and C IV by F20 . Symbols 
and lines are the same of Fig. 6 . 
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Table 7. C IV number density and cosmic mass density results for the high- 
resolution sample (D’Odorico et al. 2010 ) and for the XSHOOTER z ∼
6 sample (D’Odorico et al. 2013 , this work) considering column densities 
log N (C IV ) ≥ 13.0 and adopting the same redshift bins used for Si IV with 
the exception of the bin z = [4.50, 4.95] which is only covered for C IV 

absorptions. 

z range � X N lin d n /d X �(C IV ) 
( × 10 −8 ) 

UVES/HIRES 
1.75–2.40 32.43 127 3.9 ± 0.3 14 ± 3 
2.40–2.95 21.32 90 4.2 ± 0.4 14 ± 3 
2.95–4.45 23.98 102 4.2 ± 0.4 6.1 ± 0.8 

XSHOOTER z ∼ 6 
4.50–4.95 12.21 53 4.3 ± 0.6 2.9 ± 0.5 
4.95–5.65 23.73 41 1.7 ± 0.3 2.0 ± 0.8 
5.65–6.24 16.28 14 0.9 ± 0.2 0.7 ± 0.3 

Table 8. Our comparison simulations. The different columns report: the 
simulation reference (see text), the box size, the number of gas resolution 
elements when the simulation starts, the model for the ultraviolet ionizing 
background, the mass-loading factor, the wind velocity for a M b = 10 9 M 

galaxy at z = 5, and the cosmological power-spectrum normalization. 

Ref. Box N gas UVB η10 v wind σ 8 

( h −1 Mpc) (km s −1 ) ( h −1 Mpc) 

1 16 512 3 5 3.96 82.3 0.83 
2 18 512 3 6 11.3 110.9 0.816 
3 100 1504 3 5 – – 0.8288 
4 15 640 3 – 6.47 104 0.8159 

Notes . 1: Oppenheimer, Dav ́e & Finlator ( 2009 , hereafter O09 ); 2: G17 ; 3: 
R16 ; 4: Finlator et al. ( 2020 , hereafter F20 ); 5: Haardt & Madau ( 2001 , 
hereafter HM01 ); 6: Haardt & Madau ( 2012 ). 
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hose of the three new quasars analysed in this work. 4 The values
f the computed number density and cosmic mass density for C IV

re reported in Table 7 . The two cosmic mass densities evolve with
edshift in a very similar way, with an approximately constant ratio 
n the whole redshift range. 

In Fig. 7 , we compare d n /d X for Si IV absorbers with log N ≥ 12.5,
stimated in this work, with the number densities of O I systems
ith log N (O I ) ≥ 13.8 (Becker et al. 2019 ) and C IV absorbers with

og N (C IV ) ≥ 13.0. Si IV traces the C IV behaviour quite closely at all
edshifts, with on average a factor ∼2 less lines in each redshift bin.
he increase of d n /d X with decreasing redshift for C IV is generally
scribed to the combination of the increase of the ionization status
nd the increase of the average metallicity of the gas, as we approach
he peak of star formation (e.g. Finlator et al. 2015 ; Maiolino &

annucci 2019 ). On the other hand, O I shows a decrease at z < 5.7,
hen a constant behaviour to z = 4, and a possible increase for z < 4.
he decrease of O I number density at z < 5.7 can only be explained
y a variation in the physical properties of the gas that is transitioning
rom a relatively neutral state to higher ionization states (Doughty & 

inlator 2019 ). 
The fact that Si IV and O I number densities coincide in the highest

edshift bin does not imply that they trace the same absorbers, this
s seen when inspecting absorption systems in our sample and also 
n other works (e.g. Becker et al. 2019 ). A detailed analysis of the
olumn density ratios of different ions in the same absorption systems 
ill be carried out in a further work. It is interesting to see the sudden

ncrease of the C IV number density in the redshift bin z = [4.5,
.95], which unfortunately cannot be co v ered by the present Si IV 

ample. 

.3 Comparison with simulation predictions 

e now compare our results on the evolving Si IV and C IV

bundances against the predictions from the four cosmological 
ydrodynamic simulations in the literature which computed the Si IV 
 The corresponding lists of C IV absorbers are reported in Table A1 . 

5

e

bservables we have measured. For reference, we have summarized 
he simulations’ rele v ant physical and numerical parameters in 
able 8 . 
Large box sizes account more completely for the rare, high- 

olumn density systems that dominate �SiIV and �CIV , while high 
ass resolution accounts more completely for the weak systems that 

ominate d n /d X (Keating et al. 2016 ; F20 ). Note that an increase of
he mass-loading factor 5 suppresses the star-formation efficiency and 
he CGM metallicity, decreasing the abundance of high-ionization 
etal absorbers ( R16 ). On the other hand, the wind speed regulates

he ability of galactic outflows to heat the CGM as well as the
raction of ejecta that travels to the virial radius. The predicted CGM
etallicity is proportional to the metal yield, which is uncertain by

oughly a factor of two (Wiersma et al. 2009 ). 
O09 extract absorber catalogues using a homogeneous 

VB ( HM01 ) and a ‘bubble’ model in which the UVB is determined
y the nearest galaxy. Comparing with their fig. 11, both models
 v erpredict �SiIV at z ∼ 5 and 6 by 2–3 σ . By contrast, they are in
ood agreement with �CIV at the same redshifts. These results could 
ndicate that the assumed silicon yield is too high. Alternativ ely, the y
ould indicate that the o v erall CGM metallicity is too high owing
o O09 ’s low mass-loading factor. In this case, the agreement with

CIV would indicate that the adopted HM01 UVB is weak at the
MNRAS 512, 2389–2401 (2022) 

 The mass-loading factor, η10 , quantifies the ratio of the rate at which a galaxy 
jects its interstellar medium to its star-formation rate. 
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igh energies that regulate C IV , cancelling the effect of the high
etallicity. 
The reference simulation of R16 incorporates a lower mass

esolution and a larger cosmological volume than the other three
odels, making it less complete for weak systems and more complete

or strong ones. Its feedback model enables galactic outflows to form
elf-consistently, hence the mass-loading factor and wind velocities
re not parametrized (Dalla Vecchia & Schaye 2012 ). The predicted
edshift evolution of both the Si IV CDDF and �SiIV are in qualitative
greement with our observations. By contrast, both quantities are
nderpredicted for C IV , particularly at z > 3.5. Our results confirm
hat this C IV underprediction, previously noted by R16 , does not
eflect observational sample size limitations. In analogy with our
onclusions from O09 , we find that either the assumed carbon yield
s too low (at z > 3.5), or the predicted o v erall CGM metallicity is
ealistic while the HM01 UVB is, as in the case of O09 , too weak at
igh energies. 
In the fiducial model of G17 , the high mass-loading factor

uppresses star formation and hence the CGM metallicity. On the
ther hand, the high wind speeds heat the CGM efficiently. We
herefore expect a partial cancellation between the impacts of low
etallicity and high temperature on high-ionization CGM absorbers.
odoreanu et al. ( 2018 ) find that the Si IV CDDF predicted by this
odel agrees with their observations in the redshift bin z = [4.92,

.13] up to column densities of log N (Si IV ) = 13.5, while possibly
 v erproducing stronger systems. The higher column densities probed
y our study enable us to confirm that the G17 Si IV CDDF is
oo flat, o v erpredicting observations at column densities e xceeding
og N (Si IV ) ∼ 14. �SiIV is consequently o v erpredicted by roughly an
rder of magnitude when integrating over columns up to log N (Si IV )
 15. The predicted redshift evolution of �SiIV may also be more

radual than observed: G17 predict that it drops by ≈2 × from z =
 → 6 (fig. 8 of Codoreanu et al. 2018 ), whereas our observations
ndicate a factor ∼2.5–5 decline o v er the same interval. Much of
his decline occurs at z > 5, where observations remain the most
hallenging. 

Finally, the simulation by F20 combines a feedback model in
hich the adopted wind speeds and mass-loading factor are interme-
iate between G17 and O09 with a treatment for a self-consistent,
patially inhomogeneous UVB that yields a realistic reionization
istory and post-reionization UVB amplitude. 
Comparisons with D’Odorico et al. ( 2013 ) showed that under the

ssumption of ionization-bounded escape (see e.g. Zackrisson, Inoue
 Jensen 2013 ; F20 ), the predictions by F20 underproduce strong
 IV absorbers while roughly reproducing strong Si IV absorbers. The

mpro v ed Si IV sample presented in this work confirms the result of
20 . The missing C IV and Si IV gas is found in lower ionization
tates. Indeed, F20 show that increasing ionization (density-bounded
odel) impro v es the agreement with the observed C IV and Si IV
DDF but worsens the agreement with the C II absorber statistics

their fig. 7). 
Fig. 6 shows that, at all redshifts, the F20 simulation accounts

or the o v erall Si IV mass density. The predicted �SiIV normalization
s slightly high, but this offset falls within the range of uncertainty
ssociated with the unknown metal yields. By contrast, the predicted
CIV evolution is steeper than observed, suggesting that the model

annot account for the observed early assembly of strong C IV

ystems. 
Fig. 8 reveals that the predicted Si IV CDDF is somewhat too steep,

 v erproducing faint absorbers to a degree that increases with time
also seen in Fig. 7 ). Further work will be required to determine what
ortion of this discrepancy reflects observational incompleteness,
NRAS 512, 2389–2401 (2022) 
hich manifests as a clear flattening in the observed Si IV CDDF
or log N (Si IV ) < 12.5. The C IV CDDF is likewise too steep. At z
 4, this problem is compensated by its low normalization, leading

o tolerable agreement with the observed d n /d X (see Fig. 7 ). At z
 4, the o v erabundance of weak C IV systems causes the model to
 v erproduce d n /d X , in agreement with results from a complementary
tudy that focused on the observed C IV equi v alent width distribution
Hasan et al. 2020 ). 

 SUMMARY  

n this paper, we have computed the statistical properties of a sample
omprising almost 600 Si IV absorption lines with column densities
og N (Si IV ) ≥ 12.5, detected in the spectra of 147 quasars at redshifts
etween 2.1 � z em 

� 6.5. 
The main results of this work are the following: 

(i) The CDDF of Si IV absorption lines does not show significant
ariations in the redshift range 1.7 � z � 4.7, while for the highest
edshift bin 4.95 ≤ z ≤ 6.24 it is systematically lower at all
olumn densities (Fig. 3 ). The same behaviour was observed for
 IV absorption lines (e.g. D’Odorico et al. 2013 ). 
(ii) The number density of lines per unit redshift absorption path,

 n /d X , shows a small increase with redshift between z ∼ 6 and z ∼
.3 and then a jump of a factor ∼2.5 at z < 4.7. Then, the number
ensity remains approximately constant to z ∼ 2. 
(iii) The comparison of the number densities of Si IV , C IV , and
 I shows that Si IV lines with log N (Si IV ) ≥ 12.5 and C IV lines with

og N (C IV ) ≥ 13.0 have a very similar evolution with redshift, while
 I shows a mild decrease for z < 5.7 as reported in Becker et al.

 2019 ). 
(iv) The Si IV cosmic mass density shows a smooth increase from

edshift ∼6 to 3.5 (of a factor ∼5) and then it stays constant to z ∼
. 
(v) The comparison of �SiIV with �CIV shows a similar evolution

n redshift with an almost constant ratio. 
(vi) Finally, the examination of the predictions from cosmological,

ydro-dynamical simulations indicates that the observed CDDF and
osmic mass density of Si IV are well reproduced when the same
uantities for C IV are underpredicted. In those cases in which
eedback (or other properties) are boosted to reproduce C IV , the
i IV mass density is generally o v erproduced. The C IV line incidence
redicted by F20 is generally consistent with observations while the
i IV line incidence is roughly consistent with observations at z = 6
ut then grows too rapidly down to at least z = 3. Meanwhile, the
redicted C IV CDDF of the F20 model is too steep, particularly at
arly times, while the Si IV CDDF has roughly the correct shape. 

The results presented in this work probe new observational ground
o constrain future models and advance our understanding of the
istribution of metals and the enrichment mechanism of CGM and
GM. 

At z � 5, we are still dealing with low number statistics and
he results are relatively uncertain. This problem should soon be
olved by the XQR-30 survey that will provide a sample of 30
ew QSO spectra in the redshift range z em 

= 5.8–6.6 obtained with
SHOOTER at the VLT in the context of an ESO Large Programme

1103.A-0817, P.I. V. D’Odorico) whose observations are almost
omplete. 

In the longer run, when high-resolution spectrographs will be
vailable at 30–40 m class telescopes (e.g. Marconi et al. 2021 )
t will be possible to carry out more detailed studies on z ∼ 6
etal absorption lines with the resolution and column density ranges
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Figure 8. Predictions by F20 for the CDDF of absorbers at three different redshifts, z = 4.0, 5.37, and 6, compared with: (Left-hand panel) the CDDF of the 
Si IV absorbers in the UVES/HIRES sample (green squares) and in the high-z sample (light blue circles) and (Right-hand panel) the CDDF of the C IV absorbers 
in the high-resolution sample from D’Odorico et al. ( 2010 , green squares) and in the high-z sample (D’Odorico et al. 2013 , this work, light blue circles). 
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eachable today with 8–10 m class telescope at z ∼ 2–4. Doughty 
t al. ( 2018 ) have shown that larger ranges in column densities for
 IV and Si IV will allow to better distinguish between different UVB
odels at z ∼ 6. 
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Table A1. New C IV absorbers added to the high- z sample. 

z abs b (km s −1 ) log N (Si IV ) 

ATLAS J025.6821 −33.4627 
4.78570 ± 0.00006 45 ± 6 13.26 ± 0.03 
4.86459 ± 0.00002 23 ± 1 13.15 ± 0.02 
4.89616 ± 0.00007 a – 13.39 ± 0.02 
4.93643 ± 0.00002 a – 13.17 ± 0.02 
5.18942 ± 0.00004 a – 13.43 ± 0.02 
5.20948 ± 0.00004 5.0 13.05 ± 0.08 
5.21745 ± 0.00007 16 ± 6 13.05 ± 0.07 
5.31593 ± 0.00006 46 ± 4 13.67 ± 0.03 
5.31795 ± 0.00003 5.0 13.1 ± 0.1 
5.31906 ± 0.00007 62 ± 4 13.88 ± 0.03 
5.64574 ± 0.00003 6.5 13.2 ± 0.2 
5.7354 ± 0.0002 36 ± 13 13.2 ± 0.1 
5.76781 ± 0.00009 36 ± 6 13.31 ± 0.05 
6.0996 ± 0.0001 39 ± 8 13.34 ± 0.06 

VDES J0224 −4711 
4.91166 ± 0.00003 28 ± 4 13.35 ± 0.05 
4.9136 ± 0.0001 56 ± 20 13.1 ± 0.1 
4.91529 ± 0.00003 19 ± 3 13.25 ± 0.04 
4.99276 ± 0.00005 49 ± 5 13.37 ± 0.03 
5.00508 ± 0.00003 32 ± 4 14.2 ± 0.1 
5.0061 ± 0.0007 58 ± 21 13.7 ± 0.3 
5.10894 ± 0.00003 58 ± 2 15.02 ± 0.04 
5.11325 ± 0.00003 22 ± 2 14.23 ± 0.05 
6.03082 ± 0.00005 16 ± 4 13.62 ± 0.07 
6.17255 ± 0.00006 35 ± 4 13.98 ± 0.04 

PSO J036.5078 + 03.0498 
4.99126 ± 0.00002 51 ± 1 14.39 ± 0.01 
5.1488 ± 0.0001 61 ± 7 13.72 ± 0.05 
5.2428 ± 0.0001 60 ± 7 13.95 ± 0.04 
5.24474 ± 0.00006 22 ± 5 13.58 ± 0.07 
5.6885 ± 0.0002 21 ± 13 13.2 ± 0.1 
5.8121 ± 0.0001 43 ± 9 13.26 ± 0.07 
5.8262 ± 0.0001 50 ± 8. 13.44 ± 0.05 
5.89869 ± 0.00004 9 ± 4 13.7 ± 0.1 
5.90223 ± 0.00001 32 ± 8 13.2 ± 0.1 

Notes. a Combination of two lines closer than �v = 50 km s −1 . See 
Section 2.1 . 
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