DRAFT VERSION APRIL 30, 2025
Typeset using I4TEX twocolumn style in AASTeX631
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ABSTRACT

We present the largest catalog to date of triply ionized carbon (C 1v) absorbers detected in quasar spectra
from the Dark Energy Spectroscopic Instrument. Using an automated matched-kernel convolution method with
adaptive signal-to-noise thresholds, we identify 101,487 C1v systems in the redshift range 1.4 < z < 4.8 from
300, 637 quasar spectra. Completeness is estimated via Monte Carlo simulations and catalog is 50% complete
at EWcry > 0.4 A. The differential equivalent width frequency distribution declines exponentially and shows
weak redshift evolution. The absorber incidence per unit comoving path increases by a factor of 2 — 5 from
z = 4.5 to z = 1.4, with stronger redshift evolution for strong systems. Using column densities derived from the
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apparent optical depth method, we constrain the cosmic mass density of C 1v, Qcry, which increases by a factor
of ~ 3.6 from (0.46 + 0.01) x 1078 at z ~ 4.5 to (1.65 + 0.04) x 1073 at z ~ 1.4. From Qcyy, we estimate
a lower limit on intergalactic medium metallicity log(Zigm/Zo) = —3.5 at z ~ 2.3, with a smooth decline at
higher redshifts. These trends trace the cosmic star formation history and He 11 photoheating rate, suggesting a
link between C1v enrichment, star formation, and UV background over ~ 3 Gyr. The catalog also provides a
critical resource for future studies connecting circumgalactic metals to galaxy evolution, especially near cosmic

noon.

Keywords: Quasar absorption line spectroscopy (1317); Intergalactic medium (813); Redshift surveys(1378),

Astronomy software(1855)

1. INTRODUCTION

The interplay between gas inflows and outflows—known
as the “cosmic baryon cycle”—within the galactic disc, halo,
and their interaction with the intergalactic medium (IGM) is
fundamental to galaxy formation and evolution. Metals syn-
thesized in stars are expelled into the interstellar medium
(ISM) or circumgalactic medium (CGM) through mecha-
nisms such as stellar winds, supernovae, and active galactic
nuclei (AGN) feedback (see Keres et al. 2005; Somerville &
Davé 2015; Péroux & Howk 2020; Fumagalli 2024, for re-
views). These metals enrich the CGM and IGM, forming a
reservoir from which galaxies can accrete cold gas over time
(Anglés-Alcédzar et al. 2017; Nelson et al. 2020). This cycli-
cal exchange of gas and metals plays a crucial role in galaxy
evolution (Oppenheimer & Davé 2008; Muratov et al. 2017),
making it essential to trace the distribution and evolution of
metals within the ISM, CGM, and IGM to fully understand
the metal and baryon cycles that shape the universe.

Due to the low density and diffuse nature of metal-enriched
gas in the CGM and IGM, detecting this gas in emission is
challenging, as the flux diminishes with distance. In contrast,
quasar absorption line spectroscopy provides a direct and
powerful method to study gas-phase metals in the CGM and
IGM across a broad range of redshifts. By observing metal
absorption against the bright light of background quasars, this
technique allows us to probe the properties of multiphase gas.
Since the strength of absorption lines is not influenced by
redshift, this method is particularly effective for constraining
the properties of gas over cosmic time.

Among the most extensively studied metal absorption lines
are the Mgl and C1v doublets, which trace different gas
phases in the CGM or IGM. The Mg 11 142796, 2803 doublet
is a tracer of low-ionization, cool gas (T ~ 10*~*> K ) in the
CGM, intracluster medium (ICM) and IGM (Zhu & Ménard
2013; Zhou et al. 2023; Anand et al. 2021, 2022; Zhou et al.
2023; Napolitano et al. 2023), while the C1v 111548, 1550
doublet traces warm ionized gas (T ~ 10°73°K ) in these
regions (Landoni et al. 2016; Tumlinson et al. 2017; Davies
et al. 2021; Schroetter et al. 2021).

Carbon, the fourth most abundant metal in the Universe,
plays a crucial role in the chemical evolution of galaxies
(Henning & Salama 1998), and the C1v doublet’s relatively
high oscillator strength makes it easily observable in the op-
tical/NIR at redshifts 1.4 < z < 4.8, both in absorption
(Sargent et al. 1988; Petitjean & Bergeron 1994; Songaila
2001; Cooksey et al. 2013; Hasan et al. 2020, 2022; Davies
et al. 2021) and emission (Arrigoni Battaia et al. 2015b,a;
Piacitelli et al. 2022). The distinctive doublet nature of both
C1v and Mgl also enables automated searches in quasar
spectra (Chen et al. 2018; Anand et al. 2021; Napolitano et al.
2023), facilitating large-scale studies of metal distribution in
the Universe.

Thanks to both low- and high-resolution spectroscopic sur-
veys, our understanding of the cosmic enrichment cycle has
improved by investigating CIv absorber properties detected
in the background quasars. Previous analyses using thou-
sands of C1V systems have revealed that the equivalent width
(or column density) frequency distributions typically follow
exponential or power-law shapes, with slopes ranging from
a ~ —1.8 to —2.7 (Songaila 2001; D’Odorico et al. 2010;
Simcoe et al. 2011; Boksenberg & Sargent 2015). Further-
more, the number of C1v absorbers per unit redshift, dN /dz,
increases smoothly from z = 6 to z = 0 for strong absorbers
(EWisss > 1A), suggesting a significant increase in the
abundance of carbon in the late universe compared to earlier
epochs (Péroux et al. 2004; Cooksey et al. 2013).

Using the intermediate strength C1v absorbers (EW{ss3 >
0.6 A) detected in low-resolution quasar spectra, previous
studies have revealed that CTv mass density, Q¢ 1y, increases
with decreasing redshift, rising from z = 5 to z = 0 (Songaila
2001; Simcoe et al. 2011; Cooksey et al. 2013). Similarly,
the comoving C1v line density, dN/dX, grows from z = 5.5
to z = 0, though Qc 1y increases more steeply than dN/dX
(Cooksey et al. 2013; Codoreanu et al. 2018). The ratio of
the doublet lines (EWs43/ EWs50) of CIV absorbers has also
been found to decrease over time, indicating a rise in the
mean C1V density as the universe evolves (Péroux et al. 2004;
Songaila 2005).
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Constraining the cosmic mass density of CIv absorbers
in the Universe across a wide range of redshifts using large
datasets from cosmological surveys is essential. In this paper,
we study the statistical evolution of different populations of
C1v absorbers using the latest dataset from the ongoing Dark
Energy Survey Instrument (DESI) experiment. Our analysis
represents the largest statistical study of quasars and C1v ab-
sorbers to date, providing significantly reduced measurement
errors and allowing us to explore properties in finer redshift
and equivalent width (EW) bins than in previous studies.

We organize this paper as follows: Section 2 summarizes
the DESI survey and quasar sample. We describe the quasar
continuum fitting and absorber detection algorithm in Sec-
tion 3. In Section 4, we present the catalog, analyze the
physical properties of individual absorbers, and discuss the
catalog completeness. Section 5 presents a statistical evo-
Iution of C1V absorbers as a function of redshift and equiv-
alent widths. Finally, we compare our findings with pre-
vious studies and discuss the implications of our results in
Section 6. Throughout this paper, we assume a Planck cos-
mology (Planck Collaboration et al. 2016) with Q,, = 0.307,
Hy=67.7 kms ' Mpc™!,and Qy = 1 — Q.

2. DESI SURVEY

DESI is a Stage-IV cosmological survey designed to col-
lect millions of spectra of galaxies, stars, and quasars. The
primary goal of the DESI mission is to study the large-scale
structure and matter clustering in the Universe and constrain
cosmological parameters with unprecedented accuracy (DESI
Collaboration et al. 2016a,b) by mapping the distribution of
quasars and galaxies over a wide range of redshifts.

The DESI instrument is a multi-object spectrograph in-
stalled on the Mayall 4-meter telescope at Kitt Peak National
Observatory (KPNO) in Arizona. The focal plane is de-
signed to simultaneously point at 5000 locations on the sky
using 5000 robotic positioners with optical fibers (Poppett
et al. 2024), which direct light from these objects to 10 spec-
trographs (DESI Collaboration et al. 2016b, 2022). Finally,
each spectrum is reduced on a uniform wavelength grid span-
ning 3600 A to 9800 A, with a pixel size of 0.8 A. Survey
targets are selected from imaging data obtained with the DESI
Legacy Imaging Survey (Dey et al. 2019). DESI will collect
over 5 million quasar spectra at 0.4 < z < 5 by the end of
2026 that are particularly suited for absorption line studies
and can provide large absorber catalogs. Quasars are key
tracers of large-scale structures at z > 1.6. Their detailed tar-
get selection process and redshift measurements are discussed
in Chaussidon et al. (2023). The first set of data, collected
during the survey validation and commissioning phase, was
released as part of the Early Data Release (EDR) in June 2023
(DESI Collaboration et al. 2023a,b).

1 =2 1 DR2 QSOs
DR2 QSOs with CIV

o
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Figure 1. Average signal-to-noise vs. redshift of DR2 quasar sample
used for CIV absorber search in this work. The blue curve is for
the parent quasar sample, while the orange represents the quasars
with CIV absorbers. The sharp increase in number density around
z ~ 2.1 is due to repeated observations of quasars targeting the Ly«
forest. The black contour lines indicate the 5th, 25th, 50th, 75th,
and 95th percentiles of the distribution.

Here, we use data from DESI Data Release 1 (DESI Col-
laboration et al. 2025a) and 2 (DR1 & DR2)!. DRI is the
first major DESI data release?, superseding the EDR. It in-
cludes approximately 14.5 million extragalactic spectra and
4 million stellar spectra collected during the survey’s first
year (DESI Collaboration et al. 2025a). DR?2 is a superset
of DRI, containing over 33 million extragalactic and 12 mil-
lion stellar spectra from the first three years of observations.
All data products were processed using the latest version of
desispec, which incorporates improved calibrations, sky
subtraction, and spectral modeling (Guy et al. 2023).

2.1. Quasar Data

In this work, we use quasars from both DR2 (DRI is a
subset of DR2) to search for C1v absorbers. However, we
present results (in section 5) only for absorbers identified in
DR2 quasars, as the sample size is significantly larger than
in DR1. DESI quasar targets are selected using a random
forest algorithm applied to the g — r vs. grz — W1 color
space (Chaussidon et al. 2023). Quasar redshifts are fitted
using a combination of a PCA-template-based method and a
convolutional neural network (Busca & Balland 2018; Anand
et al. 2024; Bailey et al. 2025).

We start with the parent cumulative quasar catalog (N ~ 2.4
million) and apply the redshift (z > 1.4) and effective expo-

! DR1 was publicly released on March 19, 2025 (DESI Collaboration et al.

2025a), while DR2 will be publicly released the following year.
2 https://data.desi.lbl.gov/doc/releases/dr1/
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sure time (T, > 1500s, corresponding to TSNR? > 130)3
cuts to select the first sample. The redshift cut ensures that C
Iv absorbers fall within the DESI spectrograph’s wavelength
range, while the effective time cut is applied to ensure that we
select targets observed at least once with the survey’s nomi-
nal exposure time. We then estimate the continuum using a
simple mean transmission flux model and a color-slope-based
approach, as described in the following section. We summa-
rize the sample statistics for both DR1 and DR2 in Table 1
and compare them with previous statistics from SDSS.

Table 1. Sample Statistics for different catalogs. Refs: DESI
(Current), SDSS: Cooksey et al. (2013).

Object DESI DESI SDSS
(DR2) (DR1) (DR7)

Total Quasars 787,166% 241,862 48,260b

Selected Quasars® 300,637 94,986 26,030
C1V absorbers? 101,487 32,321 14,772
CIV (EWjsqg > 0.4A) 73,010 23,385 13,514

Selection cuts: 130 < TSNR? < 400 and z > 1.4.

for SDSS, z > 1.7.

for DESI: (SNR) > 3pix~! and for SDSS: (SNR) > 4pix~!.
In selected quasars.

[S )

o

3. METHODS
3.1. Quasar Continuum Fitting

Before detecting any absorber in the quasar spectrum, it
is crucial to estimate a robust continuum. The most com-
monly used empirical method is principal component analysis
(PCA). While PCA is mathematically simple and powerful,
its eigenvectors do not correspond to any physical properties
of the underlying data and can sometimes produce unphysi-
cal models, such as negative fluxes (see Anand et al. 2024,
for more details). A more recent approach for quasar con-
tinuum modeling is nonnegative matrix factorization (NMF)
(Allen et al. 2011; Zhu & Ménard 2013; Anand et al. 2021;
Napolitano et al. 2023), which factorizes the quasar flux ma-
trix into two smaller nonnegative matrices, ensuring that the
modeled flux remains nonnegative by construction. However,
this method does not guarantee convergence to a global min-
imum (see Zhu 2016, for more details) and can give slightly
different models depending on the random initial conditions.

In the current study, we exploit another simple approach for
modeling the quasar continuum, which has been developed

in recent years for cosmological 1D and 3D power spec-
trum analyses (du Mas des Bourboux et al. 2020; Karacayl
et al. 2024). The algorithm is publicly available* as part
of the Package for IGM Cosmological-Correlations Analyses
(picca) and has been used for BAO analysis with DESI data.
It models the quasar continuum as the product of the mean
transmission, (1), of the IGM and the unabsorbed quasar
continuum, C,, intrinsic to the quasar, where A is the ob-
served wavelength (du Mas des Bourboux et al. 2020). This
product serves as the ‘average quasar spectrum’ in the rest-
frame wavelength, C(Aeq), corrected by an amplitude (ag)
and a slope term (b,) in log A space. Mathematically, the
fitted continuum, F. 4 (A), is expressed as:

Fc,q (/l) = F(/l)cq (/l) = é(/lresl) (aq + quOg/l) (D

The rest-frame average quasar spectrum, C(Awes), can be
constructed by stacking multiple quasar spectra in their cor-
responding rest frames (Vanden Berk et al. 2001). The linear
fitting parameters a, and b, are found by maximizing the log-
likelihood function. These two linear coefficients basically
correct for the variation of brightness and color of the quasar
in the wavelength region of interest (CIV forest in our case, see
du Mas des Bourboux et al. 2020, for details). picca allows
quasar continuum measurements in a user-defined rest-frame
wavelength region. However, fitting this simple combination
of the average quasar spectrum and slope correction does not
produce an adequate continuum across the entire spectrum,
as the method lacks the flexibility to account for intrinsic
quasar spectral variations over a broad wavelength region.
Therefore, we restrict our continuum estimation to the quasar
rest-frame wavelength range: 1310 A < At < 1520 A. This
wavelength range is selected such that C1v absorbers lie be-
tween the quasar’s intrinsic Si 11 and C 1v emission lines. The
upper limit is set to ensure that the absorber is blueshifted
from the background quasar by at least Av = —5000km/s
(Cooksey et al. 2013) 5. After computing the quasar contin-
uum, we define the ‘residual’ spectrum, R(1), as the ratio of
the observed flux to the measured continuum:

Flux 3 fq ()
" Feg(d)

R(A) = 2

Continuum
where f,, is the observed-frame quasar flux and A = (1+z450) X
Arest 18 the observed wavelength. The final error estimate on
the residual includes both the pipeline error estimate and a
large-scale structure variance term.

We further smooth the residual using a median filtering
approach with a kernel size of 71 pixels (taken to be ~ 5 — 8

4 https://github.com/igmhub/picca

3Ty = 12.15 x TSN R?, where TSNR? is the squared template signal-to-
noise ratio for the LRG target class. The normalization is set so that it equals
the exposure time under ideal observing conditions. For more details, see
Guy et al. (2023).

5 Although we use this limit, previous studies (Bowler et al. 2014) have
suggested that absorbers with velocities as high as §v = —10000km/s
could still be associated with quasar outflows.
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Figure 2. Example DESI spectrum of a quasar with two detected CIV absorbers at z = 2.023 and z = 2.320. Top: Observed DESI flux spectrum
(blue) and our continuum estimate (orange). Middle: Continuum-normalized residual spectrum with the corresponding error. Bottom: Zoom-
in on the absorption features, where the solid red line shows the best-fit double Gaussian used to measure the doublet properties. The residual
spectrum remains mostly flat around R ~ 1, indicating a fairly well continuum normalization.

larger than the typical line widths of CIV systems) to re-
move intermediate fluctuations. The final residual is obtained
by dividing the original residual by the smoothed residual.
For consistency, the errors are also normalized by the same
smoothed residual. Furthermore, we perform a median stack-
ing of quasar residuals in the rest frame of quasars for our
parent sample to assess the quality of the continuum esti-
mation. The composite spectrum is shown in Appendix A
(Figure 10). We find that the residual remains mostly flat
(R ~ 1), with variations of < 1% near the Cu and Si1v
emission features of quasars. This further confirms that our
continuum modeling performs pretty well in general.

Finally, for our parent sample used to search for CIv ab-
sorbers, we select only quasars with an average signal-to-
noise ratio 3, i.e., (SNR) > 3 pix~!. This selection reduces
the sample size by a factor of ~ 2.5. The final sample consists
of 300, 637 quasars out of 787,166 in DR2, with a similar
reduction observed for the DR1 sample (see Table 1). The
redshift vs. mean signal-to-noise (SNR) distributions of par-
ent DR2 quasars used for C1v search are shown in Figure 1.
The sharp rise at z ~ 2.1 is due to a higher number of quasar
targets that were observed to study the Lya forest, which is
used for Baryon Acoustic Oscillation (BAO) analysis (DESI
Collaboration et al. 2024, 2025b,c). They were observed
more than once to achieve higher effective exposure times
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Figure 3. Redshift histogram of CIV absorbers detected in DR1
(orange) and DR2 (blue) quasars. The mean redshifts are (z) ~
2.269 and (z) ~ 2.264, respectively.

than the typical value (Teg ~ 10005s). Most of the quasars
have mean (SNR) < 20 in our sample, with a median value
of (SNR) ~ 5.9, while the median value of quasars with at
least one absorber is (SNR) ~ 8.7. We see that the majority
of the quasars have average (SNR) < 10.

3.2. Absorber Detection Algorithm

The C1v absorber is a doublet with rest-frame wavelengths
AA1548, 1550 A, and can, therefore, be detected in the optical
at z > 1.35. This doublet nature allows the development of
an automated algorithm for their detection in quasar spec-
tra. Also, given the millions of quasar spectra collected by
DESI, visual identification is impractical. We use an au-
tomated doublet finder, gsoabsfind®, a Python module,
originally developed by Anand et al. (2021) to search for Mg
11 absorbers in SDSS DR16 quasars. Due to the similarity in
instrument properties, resolution’, wavelength coverage, and
typical SNR, we extend this method to DESI quasars. The
module employs Python’s multiprocessing parallelization
and can process 1000 spectra in ~ 90 seconds on a single
NERSC? node with 256 CPU cores. For a detailed descrip-
tion of the algorithm, we refer readers to Anand et al. (2021),
and here, we provide only a brief summary of the method.

First, we define the absorber search window, the wave-
length range within which we search for C1v absorbers. The
minimum and maximum wavelengths are selected using the
following criteria:

6 https://github.com/abhi0395/qsoabsfind/releases/tag/v1.0.3

7The instrumental FWHM resolution of DESI spectrographs varies between

60-150kms~! , with the blue arm (B-camera) having the lowest resolution
and the near-IR arm (Z-camera) having the highest (DESI Collaboration

Astart = max{/lobs,mim 1310 (1 + quo)} +0a

. (3)
Aend = mln{/lobs,mam 1520 - (1 + quo)} —0a

where 6, = 12 A, corresponding to 15 DESI pixels. This
slight offset is applied to avoid spectral edges, where pixels
can be noisy, and to ensure that both lines fall within the
spectrum. Apin = 3600 A and Apax = 9824 A are the observed
wavelength edges of the DESI spectra. While defining our
search window, we also mask the Cair 143934, 3969 lines
(due to confusion with C1v absorbers at z ~ 1.54) and other
skylines (such as 45577 and 16300 and OH lines).

The automatic absorber detection method employs a
matched Gaussian kernel convolution approach and user-
defined thresholds on adaptive signal-to-noise to detect C
Iv doublets. The continuum-normalized spectrum is first
convolved at each wavelength pixel using a double Gaus-
sian kernel mimicking the C1v absorber profile. An adaptive
average SNR threshold (20), defined as the standard devi-
ation of the convolved flux within +200 pixels around each
pixel, is then applied to the convolved spectrum to identify
potential absorber pixels. Next, we fit a double Gaussian
profile with varying amplitudes, line widths, and line centers
using standard Levenberg-Marquardt minimization to deter-
mine the absorber redshifts and equivalent widths. During the
fitting process, we incorporate uncertainties from the residual
spectrum to estimate errors on redshift and equivalent width.

To select the best-fit absorbers, we retain only systems
where the line separation is within 1 A of the true value® and
the doublet ratio (DR) is within 1 — opgr < DR < 2+ 0pR,
where uncertainty on doublet ratio (opr) is estimated by
propagating equivalent widths errors, which were previously
calculated from fit uncertainty. We additionally require that
equivalent widths satisfy EW /ogw > 1 for both lines, and the
instrumental-resolution-corrected!© intrinsic line width must
also be non-negative. Finally, we compute the local SNR for
each line in the doublet ! and then apply the C1V doublet SNR
criteria to finalize our absorber selection.

S/N(11548) > 3 and S/N(11550) > 2

The final candidate in our catalog is selected if it satisfies the
C1v doublet SNR criteria. This selection process, based on

92 = 1548.20 A, 2, = 1550.77 A, A1 =2.5T A f1 =0.192, f> = 0.096,

where f] and f, are oscillator strengths of the transition.

10 We subtract the instrumental resolution from the fitted line widths in quadra-

ture to estimate the intrinsic broadening.

=3 (1) (3 7)”

i=j] !

where F and F¢ are the flux and

et al. 2022; Guy et al. 2023).

8 National Energy Research Scientific Computing Center, www.nersc.gov/

continuum, respectively, and o is the corresponding error. The indices j;
and j, define the range of pixels from the line centers where the best-fit
residual approaches unity.
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physical properties, effectively rejects false positives and has
been successfully applied in previous studies (Zhu & Ménard
2013; Anand et al. 2021).

4. CIV ABSORBER CATALOGUE

We ran our absorber detection pipeline on DESI DR1 and
DR2 quasars. The pipeline identified 32,321 and 101,487
unique C1V absorber systems from 94, 986 DR1 and 300, 637
DR2 quasars, respectively, a ~ 33% detection rate, within our
wavelength search window. The sample statistics are sum-
marized in Table 1, along with a comparison to the previous
catalog from SDSS. Our sample sizes are 2 — 7 times larger
than the SDSS DR?7 catalog. In the following sections, we
present results using only DR2 data to achieve better accuracy
on our measurements. Figure 2 shows an example spectrum
where the pipeline detects two CIV absorbing systems in a
high-SNR quasar spectrum. The top panel shows the observed
spectrum (blue) and the measured continuum (orange), while
the next two panels display the residual spectrum. The con-
tinuum appears well-fitted and models the intrinsic quasar
features reasonably accurately. The quasar residual is fairly
flat around R ~ 1, indicating a fairly good continuum nor-
malization. In the zoomed-in version, we also display the
best-fit double Gaussian used to measure the properties of
these systems.

4.1. Properties of Individual CIv Systems

Figure 3 shows the overall redshift distribution of detected
C1v absorbers in DR1 (orange) and DR2 (blue) quasars. The
distribution appears to follow an asymmetric distribution be-
tween 1.3 < z < 4.8, with fewer detections near the edges
(noise is large near the spectral edges, and also we have very
few quasars at high redshifts), making absorber identification
more challenging. The distribution peaks around z ~ 2.2,
similar to UV background emission (more discussion in sec-
tion 6).

Next, in Figure 4, we present the properties of detected C
1v systems. The top left panel shows the observed distribution
(blue) of the rest-frame equivalent widths (EWs4g ) of the C
Iv doublet. In the top right panel, we compare the rest-
frame equivalent widths of both lines. A positive correlation
between the equivalent widths is evident, as expected. Strong
absorber systems exhibit higher equivalent widths for both
lines, indicating more flux loss in the spectrum. The dashed
black lines show the y = x and y = x/2 lines derived from the
oscillator strength ratio and indicate that the majority of the
systems lie within that region. In the bottom left panel, we
show the measured doublet ratio (D R) of CIV absorbers as a
function of EW¢ry. We find that most systems (~ 87.5%) fall
within the theoretical limits of 1 < DR < 2, expected because
of the selection criteria. The strong absorbers (EWjssg >

1.2 A) tend to be saturated’? (DR ~ 1). In contrast, weak
absorbers (EWss3 < 0.5A) are mostly unsaturated (DR ~
2). This also indicates that the majority of our absorbers are
genuine systems. The solid contours represent the Sth, 25th,
50th, 75th, and 95th percentiles, and clearly indicate that most
of our data lies within the expected theoretical limits.

4.2. Column Densities

To measure the total column densities (N) of our ab-
sorbers, we make use of the apparent optical depth method
(AODM; Savage & Sembach 1991). This method converts
C1v absorption-line profiles into profiles of apparent optical
depth (7) and integrates over a velocity range (in this study, we
use 6v = £300km/s) to estimate apparent column densities.
AODM is known to provide only lower limits for saturated
absorbers (DR = 1; Cooksey et al. 2010) and may systemati-
cally overestimate true column densities in low-SNR spectra
(Fox et al. 2005). However, it remains a reliable approach for
estimating column densities in low-resolution spectra and has
been widely used in previous studies (Cooksey et al. 2010,
2013; Mathes et al. 2017).

With C1v doublets, we have two separate measurements for
each system and follow a similar approach as implemented
in Cooksey et al. (2010). For unsaturated absorbers, i.e.,
DR > 2 — opr, we measure the total column density as
the inverse-variance weighted mean of both measurements.
We label the column densities as the lower limits for cases
where absorption is partially saturated, i.e., where DR <
2 — opr and the column density is measured using the first
line only. Most absorbers (~ 88.7%) are partially saturated in
our sample by this criterion; this is expected as weak systems
are very difficult to detect in low-resolution, low-SNR spectra.
This is also quantitatively described in section 4.4. We show
the column density as a function of EW,s4gin the bottom
right panel of Figure 4. The column density varies from
13 < logN < 15 for our catalog, with the typical errors of
TlogN ~ 0.04.

4.3. Properties of C1v Systems in Composite Spectum

Stacking is a powerful tool for detecting weak systems that
are otherwise difficult to find due to the low SNR of individual
spectra. We perform a pixel-wise median stacking of quasar
residual spectra in the rest frame of detected C1V systems to
reveal features that become visible in the stacked spectrum.
We chose the median method because it is more stable than
the mean to outlier residuals. In Figure 5, we present the
composite median spectrum of parent quasars stacked on all

12 This follows from the fact that in optically thin regions (7 < 1), the rest-
frame equivalent width (EW) is proportional to the oscillator strength. In
optically thick regions (7 > 1), absorption reaches a maximum for both
lines, making it independent of oscillator strength. As a result, both lines
exhibit the same EW, leading to DR = 1 (Draine 2011).
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Figure 4. CIV absorber physical properties. Top left: The observed (blue) and completeness-corrected (orange) distribution of EWys4g . The
turnover at ~ 0.5 A in the observed distribution, is not real and is due to low completeness, as seen in the corrected distribution. Top right:
Rest-frame equivalent width comparison for both lines of CIV doublets. The black dashed lines show the y = x and y = x/2 curves, derived
from the oscillator strengths of the lines. Bottom left: Doublet ratio vs EWs4g for detected systems. The horizontal black dashed lines show
the theoretical limits of the doublet ratio. The black contour lines indicate the 5th, 25th, 50th, 75th, and 95th percentiles of the distribution.
Bottom right: Column density (as measured using the apparent optical depth method) vs EWys4g . The solid circles indicate the mean column
density and its standard deviation in redshift bins.
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Figure 5. Median composite spectrum of quasars in the rest-frame of detected CIV absorbers. The other weak metal lines, such as Si i and
Si 1v, are visible. The spectrum is very flat, indicating good continuum modeling and normalization.
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C1v absorbers in our catalog. Several weak absorption tran-
sitions, such as Si 1 and Si 1v, are evident in the composite
spectrum. The presence of multiple transitions in the stacked
spectrum indicates that most absorbers detected by our algo-
rithm are real systems. As previously described, since our
continuum fitting was limited to a narrow wavelength range
outside the MgTI region, we do not detect MgII absorbers
in the composite spectrum (see Anand et al. 2021, for a full
composite spectrum).

One key observation is that our composite spectrum re-
mains nearly flat (albeit, ~ 1 — 3% variation from R = 1 in
regions near the C 1V absorption features) almost everywhere,
further confirming that picca continua combined with ad-
ditional median filtering perform well on our quasar sample.
However, the continuum underestimation near the CIv region
may introduce a systematic bias of < 3% in the measured
equivalent widths. Given that the typical statistical uncer-
tainties on our EWs are 5 — 10% of the total equivalent width,
this systematic effect does not dominate our measurements.
We also find that absorption features in the stacked spectrum
can be well-modeled by single or double Gaussian profiles.
This is expected because stacking thousands of systems av-
erages out individual noise fluctuations, resulting in a well-
defined spectral shape. However, the Gaussian nature of the
absorption features primarily arises from physical broadening
mechanisms.

The composite spectrum should reflect the average prop-
erties of absorbers if they were genuine. Any discrepancy
between the composite and individual measurements can in-
dicate the presence of false positives in the catalog. This con-
cept provides a rough estimate of the catalog’s purity (Pieri
etal. 2010; Pieri 2014). It is important to note that this simple
approach could provide an upper limit on the purity and may
not account for all potential sources of error or bias in the
catalog. To assess the purity of our catalog, we first measure
the equivalent widths of C1V lines in the composite spectrum
and compare them with the mean equivalent width in our cat-
alog. The ratio of these two quantities serves as a rough upper
estimate of the catalog’s purity. Using this approach, we find
a purity of ~ 95% for our catalog for EWs43 > 0.2 A sys-
tems. However, the actual purity also depends on the strength
and redshift of absorbers, similar to completeness (see Anand
et al. 2021, for more details). Additionally, since our detec-
tion method incorporates the physical properties and SNR
of C1v doublets, we expect the catalog to be highly pure.
As previously shown in Figure 4, the distribution of equiv-
alent measurements and doublet ratio also indicates that the
majority of the systems in our catalog are genuine.

4.4. Completeness of CIV Absorbers

Detecting absorber systems in noisy data, such as DESI
and SDSS, is challenging, making it essential to accurately

characterize the efficiency and reliability of any detection al-
gorithm. We follow the Monte Carlo simulation approach
described in Anand et al. 2021. Our goal is to generate dou-
ble Gaussian profiles that mimic the C1v absorber profile and
insert them into real residual spectra at random pixels. To
construct a simulated doublet, we randomly select EW ¢y
from a uniform distribution within 0.1 < EWjs4s < 3 A,
and the doublet ratio (D R) from a uniform distribution in the
range DR € U[1,2]. Furthermore, we choose the amplitude
for the 41548 line from the range Ajs4g € U(0, 1), ensur-
ing that the rest-frame, instrumental-resolution-corrected line
width satisfies o543 > 0. We adopt the same line width (o)
for both components of the doublet. Using these sampled
parameters, we generate synthetic doublet Gaussian profiles
and insert them into the real residual spectra. Additionally,
the associated error arrays from the original residual spectra
are used during this process. While inserting these absorbers,
we ensure proper wavelength masking so that the simulated
absorbers are consistent with the real detection pipeline wave-
length range.

We then apply our detection method, including SNR cuts
(C1v doublet SNR criteria), to the modified residual spectra.
A mock absorber is considered detected if it satisfies the C
IV doublet SNR criteria, the velocity difference between the
measured and inserted redshift satisfies’® |Av| < 500kms™",
and the fractional change in equivalent width meets the condi-
tion |EWinserted — E Wineasured| < E Winserted. In total, we simu-
lated approximately ~ 3 million mock absorbers in ~ 300, 637
residual spectra. This large sample size ensures that uncer-
tainties in the completeness analysis are negligible and that
the completeness function exhibits a smooth trend as a func-
tion of redshift and EWjsug .

Finally, we estimate the two-dimensional completeness
function, C(EW, z) = % in fine bins of EWjs4g and z, where
ndet 18 the number of detected C1v absorbers and nj,g is the
number of inserted absorbers. Using this C(EW, z), we cal-
culate the completeness-corrected number of i absorber,
falling in (EW, z) bin, as Neor,i = m This corrected
number represents an estimate of the absorber counts that
would have been detected if our detection method were per-
fect. The left panel of Figure 6 shows the two-dimensional
completeness function C(EW,z). We find that our mea-
sured completeness is a strong function of both EW ¢y and z.
Strong absorbers are easier to detect, except near the higher
end of redshift, where they are diluted by noise. In con-
trast, weak absorbers remain difficult to identify across the
entire spectrum. We also observe low completeness in re-
gions masked by our search method. The lower completeness
near the masked calcium lines (1 ~ 4000 A) and other sky-

13 This corresponds to 3-8 times the DESI spectral resolution and allows for

a reasonable measurement of absorber redshifts.
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Figure 6. Completeness across different parameters. Left: 2D C(EW, z) completeness heatmap as a function EW|s4g and z. The low
completeness in the masked wavelength and sky line regions are clearly visible. Right: Completeness trends with CIV redshift and equivalent
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lines (A ~ 5600, 6300 A) are clearly visible. Since there are
very few quasars in our sample at z > 4.1, the number of
mock absorbers in this redshift range is also relatively low,
matching the distribution of real absorbers. As a result, our
completeness estimates are noisier in this region.

In the right two panels of Fig 6, we present the averaged
completeness as a function of CIv absorber properties. The
upper panel shows the completeness as a function of EWcyy,
averaged over all redshifts. The increasing completeness
with EWc¢py is clearly visible, as strong absorbers are eas-
ier to detect. Our method is approximately 50% complete
at EWisags ~ 0.4 A and reaches > 95% completeness for
EW,sag = 1.5 A. In the bottom panel, we present complete-
ness as a function of C1v redshift, averaged over all EW¢yy.
The dips at specific redshifts correspond to wavelength re-
gions masked during the search. Finally, in Figure 11 (see,
Appendix A), we examine the dependence of completeness
on the quasar rest-frame wavelength. We observe that com-
pleteness remains relatively stable at ~ 70 — 80% across most
wavelengths, except at the edges. This indicates that our con-
tinuum estimates are fairly accurate, as the variation remains
nearly flat, consistent with expectations for robust continuum
modeling.

Finally, we present the observed and completeness-
corrected EWcyy distributions in Figure 4 (top left) for all C
v absorbers detected with our algorithm. The completeness-
corrected distribution (orange) appears to follow a smooth
exponential profile, suggesting that the apparent turnover at
EW,ss3 ~ 0.5 A in the observed distribution (blue) is not
real but rather a consequence of missing many weak systems
in our search. This result is consistent with the Mg and C

1V absorber distributions observed in several previous stud-
ies (Nestor et al. 2005; Cooksey et al. 2010; Zhu & Ménard
2013; Anand et al. 2021). This is expected, as weak systems
are naturally lost in low-resolution, low-SNR spectra due to
signal loss in noisy regions. In the results section, we apply
completeness correction to perform all subsequent analyses.

4.5. Comoving Redshift Path of the Survey

The absorber sensitivity function, g(EW;, z), estimates the
total number of quasar spectra in the survey where a C1V ab-
sorber with rest-frame EW, or greater could be detected at
redshift z. We follow the mathematical definition of g(EW, z)
as proposed in the literature (Nestor et al. 2005; Cooksey et al.
2010; Hasan et al. 2020), where this function is computed as
a sum over all N, quasars in the sample as follows:

Ng
g(EWr, Z) = Z H(Z - Zi,min)H(Zi,max - Z) 4)

i=1
where H(x) is the Heaviside function, and z; min and z; max
denote the minimum and maximum C1V redshifts that could
be detected in the ith quasar residual and N, is the total
number of quasars in the sample. These limits are determined
based on the search window defined in the previous section.
In this formulation, we assume absorbers with any strength
(a very conservative condition) can be detected in a given

residual at unmasked pixels within our method.

Using g(EW,, z), we can now define the comoving path
density*, AX, which quantifies the total path length covered

4 In the literature, this is sometimes referred to as absorption distance.
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by the survey within a finite redshift interval z; and z,. Math-
ematically, it is defined as:

22 dX
AX = / §(EW,, ) dz 5)

21

where, assuming flat Universe, dX /dz is given by (Bahcall &
Peebles 1969)15

dX (1+2)°

dz \JQu(T+2)7+Qr ©)
= X(z) = LVQM(I +Z)3 +Qp

3Qu

with Qp and Q, representing the matter and dark energy
densities, respectively. More details can be found in Bahcall
& Peebles (1969).

5. RESULTS

The key results that we present in this paper include the dif-
ferential C1v equivalent width frequency distribution, comov-
ing path density, and cosmic mass density of CIV absorbers
in the Universe within the redshift range 1.4 < z < 4.8
for absorbers with EWcry > 0.4 A, using the latest DESI
quasar data. We chose this threshold because we are > 50%
complete above ~ 0.4A. Moreover, we use quasars with
Zgso = 1.7 (~ 96% of the sample) for the AX calculation, as
used in Cooksey et al. (2013). Consequently, we also remove
absorbers (< 1.5%) associated with quasars at zgso < 1.7
for consistency. Finally, we compare our results with exist-
ing literature. This work is the largest statistical analysis of
C1v absorbers to date based on one of the most extensive
spectroscopic datasets in astronomy.

5.1. CIV Equivalent Width Incidence Rates

The rest-frame equivalent width incidence rate or the fre-
quency is defined as the true number of absorbers (i.e., com-
pleteness corrected) per unit comoving redshift path (esti-
mated in a redshift bin Az using Eqn 5) per unit equivalent
width (AW,). Mathematically, it is described by the proba-

15The probability of finding an absorber (with number density n(z) and
cross-section o) along a line of sight in a cylindrical volume is given

by dP = nR%*n(z)(1 +z)2f,‘(12z) = H%)n(z)a‘fi—fdz; where H(z) =

Vs (1+2)3 +Qp, assuming a flat Universe.

bility density function f(W,):

d*N Neorr
wW.) = =
FW) dw,dX — AW,AX
Nabs 1
Neorr = - Wi, Wi = a
- @)

2
O—Ncorr O-AWr
Tf(Wy) =f(Wr)\/( Noor +(AW,) ,

3 AW,
O Neorr = Z Wi ’ ow, = T
i

where the second equality (in the first equation) follows from
the fact that, in practice, we compute this probability density
in discrete bins of W, and z, given the finite sample size
(see also Storrie-Lombardi et al. 1996). The term C; < 1
represents the completeness factor for the jM absorber, AW, =
W;.ix1 — W, ; denotes the bin size of equivalent widths, and
AX is given by Eqn 5 and Ny, is number of absorbers in that
fine 2D equivalent width and reshift bin. The uncertainties on
Ncorr are estimated using a Poisson distribution approximation
(Cooksey et al. 2010; Hasan et al. 2020).

We present the differential C Iv equivalent width frequency
distribution in Figure 7 as a function of rest-frame equiva-
lent width and redshifts. The redshift bins are chosen such
that each bin contains at least ~ 4500 absorber systems. The
vertical and horizontal error bars represent the uncertainties
on f(W,) and W,, respectively, as estimated from Eqn 7.
We find that the equivalent width incidence rate exhibits a
steep decline with increasing absorber strength in all redshift
bins, indicating that weak CIV systems are more common
in the Universe than their strong counterparts. This trend is
consistent with previous C1V studies (Cooksey et al. 2010,
2013; Hasan et al. 2020). We fit the incidence rate using a
maximum likelihood method with an exponential profile (de-
fined below), following the approach used in previous studies
(Nestor et al. 2005; Cooksey et al. 2013):

f(W,) = Noe®Wr (8)

where the fitting parameters N, and a are simultaneously
fitted to obtain the best-fit values. These values and their
associated uncertainties are shown in each panel of Figure 7.
The best-fit amplitudes (N,) and slopes (@) do not evolve
much with redshift, indicating that the differential incidence
rate of CIV absorbers follows a global smooth trend across
cosmic epochs. The slopes vary between —2.13 to —2.74,
while the amplitudes change between 0.77 and 1.71. We also
fitted the same exponential model to the incidence rate for the
entire sample and recovered the similar best-fitted parameters
(@ =-2.35+0.25and N, = 1.32 + 0.29).
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Figure 7. The differential CIV equivalent width frequency distribution (Eqn 7, also called intrinsic incidence rates) is shown as a function
of redshift and EWcyy. The redshift bins are chosen such that each bin contains at least ~ 4500 absorber systems. The maximum likelihood
best-fit exponential models (Eqn 8) are shown as dashed lines, with +10 uncertainties represented by dotted lines. The observations have been
corrected for their completeness. The frequency distribution shows a little evolution with redshift.

Comparing our fitting results with Cooksey et al. (2010),
we find that our best-fit normalization amplitudes and slopes©
are slightly smaller but consistent within 20~ uncertainty. This
difference is not significant and could be attributed to varia-
tions in sample selection, mean signal-to-noise of absorbers,
median redshifts, and completeness corrections compared to

16 The slopes lie between —2.49 to —2.82 and amplitudes are well within 1.82
and 5.1, though the error bars are quite large in Cooksey et al. (2013).

their catalog. However, our results remain qualitatively con-
sistent with their results.

5.2. Comoving Path Densities

Next, we examine the properties of absorbers in terms
of comoving path densities’, i.e., the number of true ab-
sorbers (i.e., completeness corrected) per unit comoving path

71n the literature, this is sometimes referred to as “absorber line density” or
“path density.”
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Figure 8. Differential (top) and cumulative (bottom) comoving path
density of CIV absorbers as a function of redshift and EWjs4g .
The number of CIV absorbers per unit comoving path length in-
creases smoothly from z ~ 4.5 — 1.4 by a factor of ~ 2 — 3 for
all EW|s4g bins. Strong absorbers have lower densities than weak
systems.

(dN/dX) that satisfy a given EW¢ry threshold. Mathemati-
cally, this quantity is defined as (Cooksey et al. 2010; Hasan
et al. 2020):

dN 1
d—X(X) = AX00 Zwi;

1
2 _ 2
Tanjax T Ay () Z Wi ©)

where, x = EWis48 > Wiin
or, x = Wiin < EWjs48 < Winax

where w; = 1/C; is the completeness correction for each
absorber, and the uncertainties on dN/dX are estimated as-
suming a Poisson distribution and AX is defined in Eqn 5.
In Figure 8, we present the results for differential (top panel)
and cumulative (bottom panel) dN/dX for different EWcry
thresholds as a function of absorber redshift from z ~ 1.4 to

z = 4.5. The comoving path density of absorbers shows a
smooth increasing trend with decreasing redshift. We find that
dN /dX is atleast ~ 2—3 times smallerat z ~ 4 thanatz ~ 1.5
for all EW¢py thresholds. For EW¢py > 0.6 A, cumulative
bin, we find dN/dX ~ 0.18 + 0.003 at z ~ 1.5, compared to
dN/dX =~ 0.05 +0.001 at z ~ 4. A significant decreasing
trend is also observed with increasing EW vy, consistent with
the absorber incidence rates shown in Figure 7.

For the same redshift bin at z ~ 4, we find dN/dX =~
0.09 + 0.001 for EWcry > 0.4 A, dN/dX ~ 0.017 + 0.0005
for EWcry > 0.9 A, whereas for EWepy > 1.2 A, the value
drops sharply to dN /dX =~ 0.005+0.0003, a decline by nearly
two order of magnitudes. These trends are in good agreement
with those observed in the SDSS-DR7 C1v absorber sample
from Cooksey et al. (2013), highlighting the robustness of our
analysis.

5.3. CIV Mass Densities

The cosmic mass density or fraction of an element or
ion, Qion, is defined as the ratio of the absorber mass per
unit comoving path to the critical density of the Universe
(pcrit)®. For our sample of intermediate-strength CIv ab-
sorbers (EWjsag > 0.4 A), we define the CIv mass density,
Qcrv?, as:

Homcry Niot(2)
CPcrit AX
Nabs
where, Ni(z) = Z wiN;, w; =1/C;

i=1

Qcrv(z) =

(10)

2.2
2 Wi ON; 2i W%
N2 + (Z .)2
tot iWi

where Hj is the present-day Hubble constant, mcry =
1.99 x 10723 g is the mass of a carbon atom, p. = 8.59 x
1073 gecm™3 is the present-day critical density of the Uni-
verse, assuming Planck Collaboration et al. (2016) cosmol-
ogy and c is the speed of light in km s~!. The terms N; and w;
represent the column density and completeness factor for the
i™ absorber, respectively and Ny, total number of absorbers
in Az bin. The first and second error terms are related to
uncertainty in column densities and number counts, respec-
tively. The errors on number counts are measured assuming
Poisson statistics. Note that the total error budget may still
be higher than our estimates because the AODM method is
known to underestimate column density errors (D’Odorico
et al. 2010).

and, ooy = QCIVJ

3H; -30 -3
Bpcit = g = 8-59 X 107" gmem™, where Hy = 67.66km/s/Mpc
(Planck Collaboration et al. 2016).

19 As described earlier, dN /dX o« n(z) o (z), from which the mass density

- - i . dN
(p) can be obtained using column densities (N) as: p o« N5 .
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Figure 9. Cosmic mass density of CIV absorbers as a function of redshift for systems with log/ N > 13. Densities measured from SDSS DR7
(Cooksey et al. 2013) (blue) and our catalog (black) are based on column densities estimated using the apparent optical depth method. Since
most systems are saturated, these measurements represent lower limits. We complement our latest measurements with results from previous
studies (Cooksey et al. 2010; D’Odorico et al. 2010; Simcoe et al. 2011; Davies et al. 2021). Due to our large sample size, our measurement
uncertainties are extremely small. The CIV cosmic mass density increases smoothly by a factor of ~ 2 — 3 from z * 4 — 1.4, indicating an
overall increase in C IV abundance as the Universe evolved. We do not adjust for different cosmologies.

We present our measurements of Qcry as a function of red-
shift for systems with Ncry > 103 cm™2 in Figure 9. The C
IV cosmic mass density shows a strong declining trend with
redshift, suggesting that the amount of carbon in the Uni-
verse has increased as it has evolved. At z ~ 4, we find
Qcrv = (0.46 £0.01) x 10~8, while at z ~ 1.5, it increases to
Qcrv = (1.65+0.04)x 1078, representing more than threefold
(~ 3.6) increase over ~ 3 Gyrs. We also compare our results
with previous studies across different epochs, which are con-
sistent with the searched redshift range. Our large sample
size allows us to tightly constrain (lower limits) the CTV mass
density with such high signal-to-noise. These measurements
are complementary to previous studies that have focused on
lower or higher redshifts using high or medium-resolution
small surveys of CIv absorbers. Also, given the increased
statistics, our measurement errors are extremely small, and
we push to slightly higher redshifts with finer bins.

It is important to note that our DESI measurements provide
lower limits, as many of our absorber systems are saturated.
A direct comparison should be made with SDSS-DR7-based
results from Cooksey et al. (2013), as they were obtained
using a similar instrumental resolution and column density

estimation method. On the other hand, the quasar selection
functions differ significantly (see Chaussidon et al. 2023, for
more details) between SDSS and DESI, and there are many
more faint quasars observed with DESI.

We find that our DESI measurements are in qualitative
agreement with previous results, though our values are
slightly lower than those from SDSS DR7. Several factors
could contribute to this discrepancy: 1) The quasar selec-
tion functions differ significantly. In DESI, most quasars lie
at z > 2.1, as they have been targeted to detect Lya forest
and have systematically lower spectral signal-to-noise than
SDSS DR7 quasars used for CIv detection in Cooksey et al.
(2013). 2) The completeness factors vary due to differences in
wavelength coverage, mean SNR, and redshift distributions,
all of which influence these measurements. The combina-
tion of these effects impacts the detection rate in our method
(~ 33%), which is lower than Cooksey et al. (2013), which
was around ~ 50%.

Finally, we also re-measured Qcry from the C1v catalog of
Cooksey et al. (2013) using Planck cosmology. The revised
values are systematically higher by 10 — 15% (see Figure 12,
red points) compared to those derived using WMAP cosmol-
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ogy. The reason is that the baryon fraction is higher and
the Hubble constant is lower in Planck cosmology, which re-
duces the absorber path length, AX, therefore increasing the
mass densities. Overall, our trends are in good qualitative
agreement with the SDSS-based results. However, a detailed
comparison of these differences and their impact on some of
these measured quantities would be interesting in the future.

Next, we also measure the metallicities using our Qcrv
estimates using carbon as a metallicity tracer in the IGM.
As pointed out in Ryan-Weber et al. (2009) and adapted in
Manuwal et al. (2021), Qcrv can be used to estimate lower
limits on IGM metallicities (Zigm) traced by carbon using the
relation o

CIV

“am QpAc fev (an
where Ac is the mass fraction of carbon in total metals, fcrv
is the fraction of C1V to total carbon, and €, = 0.049 is the
baryon density in the Universe (Planck Collaboration et al.
2016). We adopt a constant value of Ac = 0.178 over our red-
shift range, following Ryan-Weber et al. (2009), and assume
fcrv < 0.35 (see Fig. 10 of Oppenheimer & Davé 2006),
corresponding the peak fraction of CIv absorbers. For solar
metallicity, we adopt a value of Zy = 0.0122 (Asplund et al.
2005).

Since our cosmic mass density measurements provide only
lower limits, we derive conservative lower limits on the IGM
metallicity, finding log(Zigm/Zo) 2 —3.5 at z ~ 2.3 and
log(Zigm/Zo) = —4 at z 2 4, which are consistent with pre-
vious studies (Schaye et al. 2003; Ryan-Weber et al. 2009;
Simcoe et al. 2011; Madau & Dickinson 2014; Ahvazi et al.
2024), and further indicates that overall the mean IGM metal-
licity has increased by a factor ~ 3 in this redshift range.

6. DISCUSSION

The analysis of hydrogen and metal absorbers detected in
quasar spectra provides crucial insights into the baryon cy-
cle, the cosmological evolution of matter and its connection
to large-scale structure, and the ionization history of the Uni-
verse across a broad range of redshifts (Reddy & Steidel 2009;
Madau & Dickinson 2014; Bouwens et al. 2015).

In general, one of the key goals of the field is to compare
the cosmic evolution of different metal species and their ion-
ization conditions to better understand the chemical evolution
of the Universe. Neutral hydrogen is among the most exten-
sively studied absorbers, with its cosmic mass density evo-
lution characterized over a wide range of redshifts (Songaila
2005; Ho et al. 2021). Similarly, the cosmic mass density
of metal absorbers such as Mg 11 (Mathes et al. 2017; Codor-
eanu et al. 2017; Davies et al. 2021; Abbas et al. 2024), C
Iv (Péroux et al. 2004; Songaila 2005; Cooksey et al. 2013),
and Sitv (Songaila 2001; Cooksey et al. 2011; Shull et al.
2014) has been explored in previous studies.

In this paper, we present the evolution of the CIV mass
density (Qcrv) and IGM metallicities (traced by carbon) using
the largest dataset to date, obtained from an ongoing Stage-IV
spectroscopic mission. The large sample size enables us to
trace C1V path densities, incidence rates, and mass densities
over a broader redshift and equivalent width range with higher
SNR measurements and improved cosmological parameters.

6.1. Cosmic Evolution of CIV absorbers at 1.4 < 7z < 4.8

Since the first survey of CIv absorbers detected in back-
ground quasars (Sargent et al. 1988), several studies have
revealed that the absorber path density, dN /dz, increases by
a factor of ~ 3 — 4 from z ~ 4.5 to z ~ 1.4 (see also Steidel
1990; Misawa et al. 2002; Péroux et al. 2004) for interme-
diate strength absorbers (EW¢cpy > 0.3 A). Recent studies
have quantified the incidence of C1v absorbers in terms of
comoving path density (dN/dX), which represents the true
number of systems expected along the absorber path covered
in a given survey. Itis also directly proportional to the product
of the underlying cosmic number density, n(z), and absorber
cross-section, o (z), at any given epoch.

For a non-evolving absorber population, this product re-
mains constant??; therefore, dN /dX should not change with
redshift. However, the redshift path density dN/dz could still
change (Nestor et al. 2005; Hasan et al. 2020, 2022). There-
fore, if dN/dX evolves with redshift, this implies that either
of them or both must change over cosmic time.

As shown in Figure 8, we find that dN/dX has increased
by a factor of 2 — 5 from z = 4.5 — 1.5, across all ab-
sorber strengths from weak (EWjsss < 0.6 A) to strong
(EWysas > 1.2 A, see differential values in the top panel and
cumulative in the bottom panel). These trends are in good
agreement with previous studies and suggest that either the
absorber physical cross-section or the cosmic number density
(n(z)), or both, or their combination, have increased over this
redshift range. Hasan et al. (2022) estimated the radius of C
1v-absorbing clouds by assuming that the C 1V cosmic number
density is the same as that of galaxies with L > 0.01L,. Their
findings indicate that the gas radius increases by a factor of
~ 2 from z ~ 4 to z ~ 1.5 for absorbers EWs4g > 0.3 A.
Consequently, the absorber cross-section increases by a fac-
tor of ~ 4, leading to a corresponding increase in dN/dX by
nearly the same amount. This result aligns quite well with
our observational analysis.

Moreover, Péroux et al. (2004) found that the C1v doublet
ratio declines as the Universe grew, indicating an overall in-
crease in the mean C1V column density ((N)) and carbon

20 Although the universe expands, the comoving volume remains constant
because comoving distances account for cosmic expansion. This is also
related to the probability of finding an absorber in a given infinitesimal
comoving volume.
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abundance from z = 4.5 — 1.4, also contributing to the
increasing trend of Qcry, as cosmic density is also directly
proportional to (N) (see Eqn 10). This evolution is likely
also connected to the overall star formation history, which
has increased by a factor of ~ 3 from z ~ 4 — 2 (Madau
& Dickinson 2014). As stars evolve, they synthesize carbon,
which is then expelled into the IGM through powerful winds
or supernova-driven outflows (Rauch et al. 2001; Becker et al.
2009).

It is also important to recognize that Qcry and dN /dX are
complementary measurements, each influenced by different
absorber populations. Since Qcyy is derived from total col-
umn densities, it is primarily dominated by strongly saturated
absorbers in low-resolution surveys. In contrast, dN/dX is
sensitive to weak absorbers (EWsss < 0.6 A), which are far
more prevalent, as indicated by their low completeness factor
(see Figure 6). As described above, since o (z) increases by
a factor of ~ 4 in this redshift range, and the total column
density can also be estimated from the first moment of the
column density frequency function, f(N) = % (Abbas
et al. 2024), it follows that Qcyy should exhibit a similar trend.
This is consistent with our observations in Figure 9, where
the cosmic mass density smoothly increases by a factor of
~ 3.6.

Simultaneously, the UV ionization background has also
evolved significantly with redshift (Haardt & Madau 2012),
contributing to the ionization of neutral carbon to C
IV (Songaila 2001). The energy required for the transi-
tion C** — C3* is AE ~ 47.9¢€V, which is very close to
AE(Het — He?*) ~ 54.1eV. As described in Haardt &
Madau (2012), the optically thin photoheating rates per ion
for Hen (see Figure 8 in Haardt & Madau 2012) have in-
creased by two orders of magnitude from z ~ 5 — 1.7.
In addition, the mean IGM metallicity generally increases
smoothly over these epochs, as shown in the previous section.
The metallicity measurements do depend on the dN /dX and
Qcrv, suggesting a possible connection between the cosmic
mass density of C1v , IGM metallicity and the UV back-
ground evolution at these redshifts. Additionally, previous
studies have found that lower-ionization carbon (C 1) is less
abundant than higher-ionization C1v from z =4.5to z ~ 2.3
(Simcoe et al. 2011), which qualitatively aligns with the in-
crease in dN /dX observed at similar redshifts in our study.

6.2. Possible Origin of CIv absorbers

The physical origin of these weak (EW;s;3 < 0.6A) and
strong (EWyssg > 1A) CIv absorber systems remains an
open question. Cross-correlation studies of metal absorbers
with foreground galaxies suggest that strong C1v absorbers
are typically associated with galactic winds, with their evo-
lution linked to feedback processes (Fox et al. 2005). As
shown in Hasan et al. (2020), AGN-driven winds may not be

the primary driver of the redshift evolution of weak C1V sys-
tems (EWcry > 0.05 A). Unlike AGN activity, which peaks
around z ~ 2 (Kulkarni et al. 2019), the comoving path den-
sity (dN/dX) of weak C1v absorbers does not exhibit similar
behavior and instead peaks around z ~ 1.4. This suggests
that AGNs may not be solely responsible for C1v enrichment
in the IGM. On the other hand, as shown by Segers et al.
(2017) using EAGLE simulations, fluctuating AGNs can cre-
ate ‘AGN proximity zone fossils’ in the CGM of galaxies,
where CIV can remain ionized for several million years af-
ter the AGN has turned off, resulting in a non-zero covering
factor within 2Ry;;.

The C1v redshift evolution model developed first in Hasan
et al. (2020) and then adapted in Hasan et al. (2022), predicts
that the weakest C1v systems (EWjs4g ~ 0.05 A) should be
present as early as z ~ 8 (i.e., just ~ 600 Myr after the Big
Bang). In contrast, strong absorbers (EWjs4g ~ 0.6 A) do not
appear until z ~ 4, when the Universe was approximately 1.8
Gyr old. This suggests a connection between the production
of strong C1v systems and the epoch of H1 reionization.

Since the cosmic reionization epoch is still not well con-
strained, determining when the first C1v systems formed re-
mains a challenging question. Recent studies have shown
that galaxy formation and evolution simulations underpro-
duce the column density distribution of C1v systems at 7 > 5,
despite successfully reproducing the observed history of Ly«
absorption and Sirv (Finlator et al. 2020). Simulations have
revealed that C1v bubbles may have sizes of several Mpc
(Oppenheimer & Davé 2008; Finlator et al. 2020) at z ~ 10,
encompassing large comoving volumes. Given the sensitiv-
ity of JWST, it is predicted to identify > 10 galaxies (Bunker
et al. 2023) per C1V system at these epochs within these co-
moving volumes. Recent observations of four high-redshift
quasar sightlines (z > 6.5) have revealed that the incidence
rate of high-ionization metal species such as C1v and Si1v
decreases at z ~ 6, while low-ionization species continue to
increase (Christensen et al. 2023).

Conversely, emission-line studies have detected several
galaxies and AGNs at z ~ 9 — 11 with JWST, showing unre-
solved C1v doublet emission peaks (Napolitano et al. 2025).
Thus, the redshift range accessible with optical data provides
only a partial view of the overall evolution of CIV systems. A
comprehensive multi-wavelength study is necessary to con-
struct a complete picture of C1v absorbers across a wide range
of redshifts.

At the same time, studying the evolution of C1V in large-
box simulations provides a complementary approach. Hasan
et al. (2020) compared their Keck results with the Techni-
color Dawn (TD) simulation (Finlator et al. 2020) and found
that it best reproduces the equivalent width frequency distri-
bution for weak to intermediate-strength absorbers (0.4 A <
EWisss < 0.8A). At the weaker end, TD overproduces the
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incidence rates by a factor of ~ 2, while at the stronger end, it
underproduces them by a factor of ~ 4. Similarly, the ILLus-
TRIS simulation (Nelson et al. 2015) also fails to reproduce
observations (Bird et al. 2016) accurately. TD simulations
show a better match at z < 5 than at z > 5. One possible
explanation is the size and resolution limitations of the sim-
ulation, which may exclude some massive galaxies. Another
factor could be the modeling of the UV background, stellar
feedback, and quasar number density, all of which contribute
to the abundance of C1V absorbers at these epochs.

Furthermore, Oppenheimer & Davé (2006) used hydrody-
namical simulations to investigate the origin of CIV systems
in the IGM. They found that momentum-driven wind models
best match the observed global C 1V mass densities at z ~ 2—35.
Their detailed ionization modeling also revealed that the ra-
tio of CIV to total carbon remains relatively independent of
metallicity at these redshifts and that C1v absorbers are pri-
marily found in the diffuse medium.

Additionally, the connection between absorbers and halos
has revealed non-zero covering factors—the probability of
detecting C1v absorbers along a line of sight—in the outskirts
of galaxies, linking them to galactic outflows (Tumlinson et al.
2017; Schroetter et al. 2021). This is consistent with the
model proposed by Hasan et al. (2022), which suggests that
C1v systems in the outer halos of galaxies are predominantly
produced by outflows.

Overall, fully disentangling the dominant physical pro-
cesses driving the evolution of C1v absorbers remains a com-
plex challenge, and a combination of high and low-resolution
data would provide a holistic picture of CIV evolution at a
broad range of redshifts.

7. SUMMARY

In this paper, we have compiled the largest sample of C
IV absorber systems detected in low-resolution quasar spectra
using an automated doublet-finder method. This is the first C
v catalog based on DESI quasar data from DR 1 and DR2 and
is ~ 3 — 6 times larger than the previous SDSS DR7/DR12
quasar-based catalogs (Cooksey etal. 2010, 2013). The detec-
tion algorithm and the associated Python script are publicly
available to the community. Below is a summary of our main
findings:

* We compile the largest and most up-to-date C1v ab-
sorber catalog based on DESI quasars. We detect
101,487 systems with EWcry > 0.1 A in the red-
shift range 1.3 < z < 4.8 (with a mean redshift of
(z) = 2.26) 300,637 quasar sightlines in the DESI
Data Release 2, a ~ 33% detection rate. The C1v dou-
blet properties are well within the theoretical limits,
indicating high purity.

 Using a Monte Carlo approach, we measure complete-
ness as a function of absorber and quasar properties by
simulating millions of mock absorbers. Our catalog
is ~ 50% complete at EWjs43 ~ 0.4 A and reaches
> 95% completeness at EW;s4g ~ 1.4 A.

* We also construct a high signal-to-noise composite
spectrum that shows several weak absorption lines. By
comparing the average equivalent width of detected ab-
sorbers with those measured in the stacked spectrum,
we estimate a catalog purity of ~ 95%.

e The number of absorbers per unit rest-frame equiva-
lent width per unit redshift path density, d‘(;,% (.e.,
the absorber incidence rate), declines smoothly with
equivalent width at all redshifts, indicating that weak
absorbers are more prevalent than strong ones across
all epochs. The behavior is well described by a simple
exponential function at all redshifts.

* Our analysis also reveals that the redshift path density
(dN | dX) follows a similar smooth trend, increasing by
afactorof ~ 2—-5fromz ~ 4.5 — 1.4. Weak absorbers
exhibit less evolution compared to strong absorbers.

* Using the apparent optical depth method (AODM), we
measure the column densities of our absorber systems
and estimate the CIV cosmic mass density (Qcry) as
a function of redshift from z ~ 4.5to z = 1.4. Qcrv
exhibits a steep increase (~ 3.6 times) as the Universe
evolves. We shed light on the origin and evolution of C
IV absorbers in the context of UV background, cosmic
star formation history, and He 11 photoheating rate.

* Using a simple linear relation between Qcry and the
metallicity traced by carbon, we constrain the IGM
metallicity to log(Z/Zy) 2z —3.5 at z ~ 2.3. We also
find that it increases smoothly as the Universe evolves
over time.

* Finally, we also discuss the future avenues where the
catalog could shed light on the multiphase nature of the
circumgalactic medium using absorber-galaxy correla-
tion using large spectroscopic surveys.

DATA AVAILABILITY

The C1v catalog based on DESI DR1 quasars will be pub-
licly available at https://github.com/abhi0395/desi-dr1-civ,
while the DR2 catalog (used for analysis in this paper)
will be released in the near future. The data associated
with the plots in the results section are available at https:
//doi.org/10.5281/zenodo.15061748.
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Figure 10. Median composite spectrum of residuals in the rest-frame of parent quasars. The continuum normalization yields a very flat residual
with < 1 — 1.5% variation. The wiggly features found near C 11 and Si 1v emission regions of the quasars clearly indicate that our continuum
modeling does not work very well around them.
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Figure 11. Average completeness of CIV detection as a function of the rest-frame wavelength of parent quasars. As expected, completeness is
lower at the edges due to increased noise. Overall, it remains fairly constant between 70 — 80% within the absorber search window.

APPENDIX

A. COMPOSITE RESIDUAL IN QUASAR-FRAME

To assess the robustness of our continuum modeling, we constructed a composite median residual spectrum in the rest frame
of the parent quasars. The composite spectrum is shown in Figure 10 as a function of the quasar rest-frame wavelength. We find
that the residual remains mostly flat around R ~ 1, with small variations (< 1%) near the C 11 and Si 1v emission features of
quasars. This could be attributed to our continuum model, which combines mean transmission and a quasar color term, potentially
underestimating the mean flux around emission features (du Mas des Bourboux et al. 2020).

As described in Section 4.4, we also measured completeness as a function of quasar rest-frame wavelength. The results are
shown in Figure 11. We observe that completeness varies between ~ 70 — 80% within the absorber search window, with slightly
lower values at the edges, because we slightly offset from the edges in our absorber search window. This behavior indicates that
our continuum estimation is generally reliable and does not significantly impact the completeness analysis. Ideally, completeness
would be flat if the continuum models were near-perfect.
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Figure 12. Remeasured the C IV cosmic mass density using the absorber catalog of Cooksey et al. (2013) for different cosmologies. Our method
successfully reproduces their results, further validating the accuracy of our approach.

B. METHOD VALIDATION ON PREVIOUS CATALOG

We validated our method for measuring path densities and the cosmic mass density of CIV absorbers using the publicly available
catalog from Cooksey et al. (2013). Using their C1v redshifts, quasar catalog, equivalent widths, and completeness tables, we
measured the cosmic mass density of CIv absorbers for systems with EW;s43 > 0.6 A detected in SDSS DR7. We estimated
mass density for both Planck (Planck Collaboration et al. 2016) and WMAPS (Komatsu et al. 2009) cosmologies and compared
our results with their published results. The CIV mass density as a function of redshift is shown in Figure 12. We recover
the densities pretty well for both cosmologies, though our values are slightly higher (but within error bars), while the overall
trend remains consistent. This further confirms the reliability of our method and demonstrates that it can successfully reproduce
previous results.
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