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A B S T R A C T 

The abundance, temperature, and clustering of metals in the intergalactic medium are important parameters for understanding 

their cosmic evolution and quantifying their impact on cosmological analysis with the Ly α forest. The properties of these 
systems are typically measured from individual quasar spectra redward of the quasar’s Ly α emission line, yet that approach may 

provide biased results due to selection effects. We present an alternative approach to measure these properties in an unbiased 

manner with the two-point statistics commonly employed to quantify large-scale structure. Our model treats the observed flux 

of a large sample of quasar spectra as a continuous field and describes the one-dimensional, two-point statistics of this field 

with three parameters per ion: the abundance (column density distribution), temperature (Doppler parameter), and clustering 

(cloud–cloud correlation function). We demonstrate this approach on multiple ions (e.g. C IV , Si IV , and Mg II ) with early data 
from the Dark Energy Spectroscopic Instrument (DESI) and high-resolution spectra from the literature. Our initial results show 

some evidence that the C IV abundance is higher than previous measurements and evidence for abundance evolution o v er time. 
The first full year of DESI observations will hav e o v er an order of magnitude more quasar spectra than this study. In a future 
paper, we will use those data to measure the growth of clustering and its impact on the Ly α forest, as well as test other DESI 
analysis infrastructure such as the pipeline noise estimates and the resolution matrix. 

Key words: methods: data analysis – intergalactic medium – quasars: absorption lines. 
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 I N T RO D U C T I O N  

he metals in the Universe are produced by star formation within
alaxies and ejected into the circumgalactic medium (CGM) and
he intergalactic medium (IGM) through various feedback processes
see Tumlinson, Peeples & Werk 2017 , for a re vie w). The CGM is
 multiphase and complex medium with temperatures ranging from
0 4 to 10 6 K (Anderson, Bregman & Dai 2013 ), whereas the IGM
 E-mail: karacayli.1@osu.edu 

g  

f
m

Pub
s typically associated with temperatures of 10 4 K (McQuinn 2016 ).
he rise and decline of strong Mg II absorbers with redshift trace

he cosmic star formation history, which suggests links between
etals and the fuelling/feedback of star formation and galactic

uperwinds (Tumlinson et al. 2017 ). Similarly, the increase in C IV

bundance in the IGM from z ∼ 4.3 to 2.4 shows that some fraction
f heavy elements seen at z ∼ 2.4 must have been ejected from
alaxies by that time (Simcoe 2011 ). Different models that include
alactic winds and Population III stars have different implications
or metal enrichment and clustering in the inter- and circum-galactic 

edia. 
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Metal line systems in the IGM and CGM have been observed 
y their absorption profiles in quasar spectra since 1980s, and 
ave been studied extensively (Sargent et al. 1980 ; Sargent, Bok-
enberg & Steidel 1988 ; Steidel 1990 ; Cowie et al. 1995 ; Ellison
t al. 2000 ; Songaila 2001 ; Pichon et al. 2003 ; Schaye et al. 2003 ;
cannapieco et al. 2006 ; D’Odorico et al. 2010 ; Cooksey et al.
013 ; D’Odorico et al. 2013 ; Boksenber g & Sar gent 2015 ; Hasan
t al. 2020 ). Typically, these systems are individually identified 
y visual inspection and/or by automated search routines. Various 
uantities such as metallicity, column density or equi v alent width 
istributions, and cloud–cloud clustering are then measured from 

hese individual detections. These quantities tie metal systems to 
heir local environment and are rich in information. These studies 
sually focus on a small number of high-resolution, high-signal-to- 
oise ratio (SNR) spectra because they require long observations with 
arge telescopes. For example, Hasan et al. ( 2020 ) used 369 spectra to
tudy the distribution and evolution of C IV absorbers. Nevertheless, 
he field is not limited to small samples. An exceptionally large study
rom Cooksey et al. ( 2013 ) visually verified 16 000 C IV systems
rom approximately 100 000 quasars in the Sloan Digital Sky Survey 
SDSS; York et al. 2000 ) Data Release (DR) 7 (Abazajian et al. 2009 ;
chneider et al. 2010 ). 
A k ey complication f aced by line-identification studies is the 

dentifier completeness (human or machine). The completeness 
epends on SNR of the spectra and depth of the metal absorption,
here confidence and completeness increase with both. This bias is 

urther complicated by the requirement that metal lines exist in an 
bserved sightline in the first place. Long exposure times are typically 
ocused on objects that manifest interesting features, resulting in a 
omewhat biased archive for SNR-limited samples. In contrast, large 
pectroscopic surv e ys of quasars are largely free of bias with respect
o intergalactic and circumgalactic medium properties. 

Even though moderate-resolution spectra from SDSS cannot 
easure individual weak column density systems, it can study these 

ystems statistically. Two current methods that allow such statistical 
tudies of metals are the pixel optical depth (or pixel correlation 
earch) method and stacked/composite spectra. In the pixel optical 
epth method, the Ly α optical depth in each pixel is compared to the
ptical depth at the corresponding metal-line wavelength (Cowie & 

ongaila 1998 ; Aguirre, Schaye & Theuns 2002 ; Schaye et al. 2003 ).
he lack of homogeneity and cosmic variance challenges in small 
amples require modifications for pixel correlation searches to be 
uitable for SDSS spectra (Pieri et al. 2010a ). In the stacking method,
he whole spectrum is shifted to the Ly α absorber rest frame, stacked,
nd repeated for all Ly α absorber detections for each quasar (Pieri
t al. 2010b , 2014 ; Yang et al. 2022 ). The requirement for statistically
ignificant absorber detections can further be relaxed to probe weak 
etal populations (Frank et al. 2018 ). These works derive the column

ensities of various metal species as a function of Ly α absorber 
trength and redshift, which then can be used to study the chemical
nrichment of the CGM and IGM. These are promising methods 
hat can provide metallicities for populations of different column 
ensities while being statistically robust. 
A complication for pixel optical depth and stacked/composite 

pectra is determining the thresholds for the Ly α optical depth. 
uch uncertainties at the detection limit make pixel studies difficult 

o interpret without mocks (Pieri & Haehnelt 2004 ). These studies
urther require a significant signal (typically Ly α) with which to 
orrelate. Frank et al. ( 2018 ) address the impact of stacking low
robability noisy signal by attempting to measure the weak Ne VIII 

ignal with ‘agnostic stacking’, in which all pixels that show apparent 
bsorption regardless of their source transition are treated as Ne VIII . 
he resulting stacked signal is diluted by both pipeline noise and non-
e VIII absorbers, which then still requires an optimal selection for 

bsorbers to maximize, though are capable of probing weak systems 
one the less. 
We propose to mitigate these systematics by using 1D two- 

oint statistics similar to large-scale structure studies while trading 
ff the local environment information. Our proposed method to 
tudy the metal abundance and clustering treats the flux as a
ontinuous field and connects previous detection-based endea v ours 
o the large-scale structure framework. This method has the potential 
o measure the redshift evolution of cosmic metal abundance [e.g. 

C IV ( z)] using large numbers of quasar spectra in a different way.
t does not require measurement of associated Ly α absorption 
o measure the metal signal, which allows us to be sensitive to
eaker absorption systems and to exploit lower SNR data. Even 

hough agnostic stacking allows a more direct inference of metal 
opulation properties, our model is able to measure the metal 
ignal mixed more fully within the noise and to measure metal
lustering. The future 1-yr and 5-yr data from Dark Energy Spec-
roscopic Instrument (DESI; Levi et al. 2013 ; DESI Collaboration 
016a , 2022 ) will provide hundreds of thousands of medium-
esolution spectra and will be an excellent data set to apply this
ramework. 

The Ly α forest is formed by neutral hydrogen in the inter- and
ircum-galactic media, and is observed only below the Ly α transition 
ine in the quasar rest frame. Similarly, the C IV , Si IV , and other ions
reate forests below their transition lines, which leave signals in the
D power spectrum ( P 1D ). These regions are called ‘side bands’ (SB)
n Ly α P 1D studies, and are used to subtract the metal contamination
rom Ly α forest measurements (McDonald et al. 2006 ; Palanque- 
elabrouille et al. 2013 ; Chabanier et al. 2019 ; Kara c ¸aylı et al. 2022 ).
ig. 1 shows a quasar at z = 2.99 from DESI early data. The SBs are
umbered starting at the Ly α line, such that the Ly α–Si IV region is
alled SB 1 and the Si IV –C IV region is called SB 2. Much like there
s Si IV and C IV absorption in Ly α forest, there is Si IV and C IV

bsorption in SB 1, but no Si IV absorption in SB 2. Furthermore,
he measured 1D flux field correlation function (power spectrum) 
n these SBs shows clear peaks (oscillations) due to the doublet
ature of the most dominant metal transitions. As an illustration, 
ig. 2 clearly shows C IV doublet oscillations that peak at k =
.013 s km 

−1 in the SB P 1D from DESI early data (see Section 4 for
etails). 
The flux correlation function was theoretically studied by Hennawi 

t al. ( 2021 ) for Mg II and Tie et al. ( 2022 ) for C IV at high
edshifts in the context of reionization with numerical simulations. 
ere, we develop a theoretical model for the flux field that can
e extended to any regime given certain statistical properties are 
nown or can be calculated. We use a simplified version of the
bsorber model of Ir ̌si ̌c & McQuinn ( 2018 ) that is analogous to
he halo model of Cooray & Sheth ( 2002 ). We formulate the flux
eld two-point statistics in terms of the column density distribu- 

ion, an ef fecti ve Doppler parameter for temperature, and cloud–
loud clustering (analogous to halo–halo correlation function in 
alo model) of discrete systems. We then apply our model to 
ata. 
This paper is organized as follows: In Section 2 , we introduce a

oy model and then develop our full absorber model. We detail our
ethod and software used in Section 3 . This includes a description of

ow we estimate the power spectrum and infer the model parameters.
e describe the high-resolution spectra and DESI data in Section 4 .
e discuss our findings and some limitations of our model and data

n Section 5 and summarize our results in Section 6 . 
MNRAS 522, 5980–5995 (2023) 
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Figure 1. Quasar at z = 2.99 observed during DESI SV (TargetID 39633362754732929). The Ly α forest is typically studied between the Ly α and Ly β
emission lines. Absorption redward of Ly α in the quasar rest frame cannot be H I from the IGM, but may be intervening metal systems such as Si IV and C IV . 
The regions from Ly α–Si IV and from Si IV –C IV are called the ‘side bands’ (SB) in 1D power spectrum studies, and are used to estimate the metal contamination 
in the forest. We call the Ly α–Si IV region SB 1 and the Si IV –C IV region SB 2. 

Figure 2. Measured SB power spectra from DESI early data at a Ly α redshift 
of 3.3 (see Section 4 for details). Large scales are contaminated by continuum 

errors, whereas small scales are limited by the spectrograph resolution. The 
C IV doublet leaves a clear feature on the SB power spectrum as oscillations 
peaking at k = 0.013 s km 

−1 . 
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 ABSORBER  M O D E L  

e start this section with a toy model for a single doublet profile,
nd then mo v e on to developing the full model. 

.1 Toy model 

et us build our intuition with a simple model by approximating the
ransition profile of a single doublet with Gaussian functions g ( x )
n the optically thin limit. A doublet features two absorption lines,
ne of which is a factor of r weaker. For a doublet centred at v with
NRAS 522, 5980–5995 (2023) 
elocity separation μ between two lines, we can write the total profile
 and find its Fourier transform as follows: 

( v) = g( v − μ/ 2) + rg( v + μ/ 2) , (1) 

˜ 
 ( k) = ˜ g ( k) 

(
e −i kμ/ 2 + re i kμ/ 2 

)
. (2) 

he power spectrum will then be P ∝ 

∣∣ ˜ K 

∣∣2 
. 

 = | ˜ g | 2 (1 + r 2 + r 
(
e −i kμ + e i kμ

))
(3) 

= | ˜ g | 2 (1 + r 2 + 2 r cos ( kμ) 
)

(4) 

n this optically thin limit, the Doppler parameter b is responsible
or the line width, such that ˜ g ( k) = ˜ g (0)e −k 2 b 2 / 2 . Finally, ˜ g (0) =
 

d v g ( v ) = EW (equi v alent width). 

 ( k) ∝ EW 

2 
(
1 + r 2 + 2 r cos ( kμ) 

)
e −k 2 b 2 (5) 

This equation tells us that a single doublet feature produces
scillations in the power spectrum and the oscillation amplitude is
roportional to the system’s equi v alent width two times the relative
trength r of the weaker transition. Note that r is purely determined by
tomic physics when lines are unsaturated. The Doppler parameter
 broadens the lines due to thermal motion and therefore suppresses
he power on small scales. Equation ( 5 ) is a surprisingly good fitting
unction according to our preliminary tests; ho we ver, it is hard to
nterpret their results without building a sophisticated model. 

Naturally, there could be multiple doublets in a given line of sight
uch that K tot = 

∑ 

i K i . Then, the two-point function would be 

 K tot K tot 〉 = 

∑ 

i 

〈 K i K i 〉 + 

∑ 

i �= j 

〈 K i K j 〉 . (6) 

he second term vanishes when the doublets are uncorrelated, but
hey are in fact clustered as we discuss in the next section. 

art/stad1363_f1.eps
art/stad1363_f2.eps
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Table 1. Atomic data from NIST (Kramida et al. 2021 ) for the ions in this study. The columns provide the doublet 
transition wavelengths λ∗, their spontaneous emission coefficients A ∗, and their oscillator strengths f ∗. 

Ion λ1 ( Å) A 1 (s −1 ) f 1 λ2 ( Å) A 2 (s −1 ) f 2 

Si IV 1393.76 8.80 × 10 8 0.513 1402.77 8.63 × 10 8 0.255 
C IV 1548.20 2.65 × 10 8 0.190 1550.77 2.64 × 10 8 0.0952 
Mg II 2795.53 2.60 × 10 8 0.608 2802.70 2.57 × 10 8 0.303 
Fe II 2373.74 4.25 × 10 7 0.0359 2382.04 3.13 × 10 8 0.320 
Fe II -2 2585.88 8.94 × 10 7 0.0717 2599.40 2.35 × 10 8 0.239 
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.2 Full model 

he halo model approach assumes that all particles reside in discrete 
ark matter haloes. This model splits the statistics of the mass density
eld into two components. The small-scale statistics depends on the 
ensity distribution of individual haloes (i.e. halo profile), and it 
s called the one-halo term. The large-scale statistics depends on 
he spatial distribution of haloes (i.e. halo clustering), and this is
alled the two-halo term (Cooray & Sheth 2002 ). Similar to the halo
odel, the absorber model decomposes the two-point flux statistics 

nto contributions of absorption profiles from one or multiple ions, 
here the correlation function consists of one-absorber (1a) and 

wo-absorber (2a) terms (Ir ̌si ̌c & McQuinn 2018 ). The one-absorber
erm captures the doublet shape’s correlation with itself (first term in 
quation 6 ), whereas the two-absorber term captures the clustering of
wo different systems (second term in equation 6 ). The key difference
f absorber model is that it does not build on actual dark matter
aloes, but uses the formalism of discrete tracers. 
We start with expressions for the doublet absorption profile. The 

ptical depth of a transition line with wavelength λ∗, spontaneous 
mission coefficient A ∗, oscillator strength f ∗, and column density 
 is given by the Voigt profile, which we approximate using the
epper-Garc ́ıa function T ( x ; σ , γ ) (Tepper-Garc ́ıa 2006 ): 

∗ = 

1 √ 

π

(
λ∗
b 

km 

Å

) (
Na ∗
10 13 

)
T 

(
λ

λ∗
− 1; σG 

, γ

)
, (7) 

here the Doppler parameter b and the speed of light c are in
m s −1 , the wavelengths are in Å, and the column density N
s in cm 

−2 . The Gaussian spread is given by σ G = b / c ; the
orentzian parameter is given by γ = A ∗λ∗�/4 πc , where � ≡ 10 −13 

m Å−1 is the conversion coefficient between distance units; and 
 ∗ = πq 2 e f ∗/m e c = 0 . 026 54 f ∗ cm 

2 s −1 in cgs units. The Tepper-
arc ́ıa function is given by the following analytical expression: 

 ( x; σ, γ ) = e −u 2 − a 

u 2 
√ 

π
H ( u ) , (8) 

 ( u ) = e −2 u 2 
(
4 u 

4 + 7 u 

2 + 4 + 

3 
2 u 2 

) − 3 
2 u 2 

− 1 , (9) 

here u = x / σ and a = γ / σ . We obtain ion transition wavelengths
nd their respective oscillator strengths from the National Institute 
f Standards and Technology (NIST) Atomic Spectra Database 1 

Kramida et al. 2021 ). Our values are written in Table 1 . The
ormalized flux is given by F = e −τ . We also define K ≡ 1 −
 . 
The absorption profile is the doublet shape such that the optical 

epths of the two transition lines are added: τ = τ 1 + τ 2 . The final
rofile K only depends on the Doppler parameter b and the column
ensity N for a given ion: 

( λ; b, N ) = 1 − exp [ −τ1 ( λ; b, N ) − τ2 ( λ; b, N ) ] . (10) 
 ht tps://physics.nist .gov/PhysRef Data/ASD/lines f orm.html 
T  

w  
he rest are determined by atomic physics, which includes the 
elative strength r (note that r also depends on N , i.e. saturation). 

The spectra are reported in wavelength units, but we prefer to
ap the wavelength to velocity by v = c ln ( λ/ λpivot ). This mapping

riginates from P 1D measurements of logarithmically spaced SDSS 

pectra, but note that it does not correspond to a physical velocity
n space. The exceptional feature of these velocity units is that the
oublet separations do not depend on the pivot or absorber redshifts.
 or e xample, all C IV doublets at all redshifts occur at a separation
f �v ≈ 500 km s −1 . 
The flux correlation function is defined as ξ ( v) ≡ 〈 δF ( v ′ ) δF ( v ′ +

) 〉 , where δF ≡ F / F − 1. Ho we ver, the metals in the SB are mostly
eak and sparse, so that we assume F = 1 in the SBs. The mean
ux can be calculated and added to this model, but the deviations
rom one are small, such that mean flux errors can be marginalized
ut like large-scale continuum errors. Therefore, our flux correlation 
unction definition is equi v alent to ξ ( v) = 〈 K ( v ′ ) K ( v ′ + v) 〉 . Then,
he absorber model correlation function is given by integrations over 
he column density distribution f ( N ). 

1 a ( v) = 

∫ 
d N i f ( N i ) 

∫ 
d v ′ K i ( v ′ ) K i ( v ′ + v) , (11) 

2 a ( v) = 

∫ 

d N i d N j f ( N i ) f ( N j ) 

×
∫ 

d xd v ′ K i ( v 
′ ) K j ( v 

′ + x + v) ξcc ( x; N i , N j ) , (12) 

here K i = K i ( v; b eff , N i ) as given in equation ( 10 ) and ξ cc is
he two-point cross-correlation function between systems of column 
ensity N i and N j . As we stated previously, the one-absorber term ξ 1 a 

nd two-absorber term ξ 2 a correspond to the first and second terms 
n equation ( 6 ), respectiv ely. F or simplicity, we assume a single
f fecti ve Doppler parameter b eff . Ho we ver, it is easy to extend this
odel for some b distribution by replacing 

∫ 
d Nf ( N ) → 

∫ 
d N d bf ( N ,

 ). Since the physically additive quantity is the optical depth instead
f K , there are higher order contributions to the two-point function
Ir ̌si ̌c & McQuinn 2018 ). We ignore those terms here. Note that the
 elocity inte grations can be implemented by fast Fourier transforms
FFTs) on a fine, equally spaced grid. 

We perform an empirical study based on previous line identifi- 
ation studies for column density distribution f ( N ) and cloud–cloud
lustering ξ cc , but our long-term goal is to independently constrain all
arameters of the model. As a forewarning to Section 3 , we will keep
cc fixed and limit free parameters to an ef fecti ve Doppler parameter
 eff and an amplitude scaling of f ( N ) for each ion. 
For column density distribution f ( N ), we will use the best-fitting

arameters from Scannapieco et al. ( 2006 ) for the functional form: 

 ( N ) = 10 f 0 
(

N 

10 13 cm 

−2 

)−α

. (13) 

he numerical values of f 0 and α are in Table 2 . In our analysis,
e are keeping α fixed, and fit for deviations from f 0 for each ion.
MNRAS 522, 5980–5995 (2023) 
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Table 2. Fiducial parameter values for the column density distribution and 
small-scale clustering. These values rely on Scannapieco et al. ( 2006 ), where 
C IV and Si IV systems are in the 1.5 < z < 3.1 redshift range, whereas Mg II 
and Fe II systems are in the 0.4 < z < 1.9 redshift range. The f 0 and α
values are the best fits by Scannapieco et al. for our fiducial column density 
distribution and ξ0 , r 0 , and γ are our best-fitting values to equation ( 15 ) using 
measurements in Scannapieco et al. The mean redshifts of C IV and Si IV are 
z ≈ 2.3, and are z = 1.15 for Mg II and Fe II . We ignore the redshift evolution 
of this function for simplicity. 

Ion f 0 α ξ0 r 0 (km s −1 ) γ

C IV −12.7 1.8 57 ± 8 90 ± 16 1.8 ± 0.2 
Si IV −13.5 1.7 130 ± 55 45 ± 22 1.6 ± 0.2 
Mg II −13.2 1.6 170 ± 20 125 ± 15 2.6 ± 0.2 
Fe II −13.4 1.7 270 ± 55 100 ± 15 3.1 ± 0.3 

Figure 3. Small-scale clustering of ions ( filled points ) measured by Scanna- 
pieco et al. ( 2006 ). The solid lines are calculated with equation ( 15 ) and the 
best-fitting parameter values listed in Table 2 for each ion. 
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Figure 4. Two-point functions calculated from purely fiducial values for 
b eff = 15 km s −1 and C IV redshift z C IV = 2 . 5. Other ions are at different 
redshifts according to their transition wavelengths: z Si IV = 2 . 9, z Fe II = 1 . 3, 
z Fe II −2 = 1 . 1, and z Mg II = 0 . 9. (Top) Correlation function. Note that the 2a 
term broadens the peaks and contributes approximately 50 per cent of the 
signal. (Bottom) Power spectrum. Localized peaks in the correlation function 
become modulated in the power spectrum with many overlapping oscillations. 
Even though some features remain, the maxima points (dashed lines, defined 
as 2 π / μ) get significantly blurred. These features will be further blended 
when the power spectrum is measured in bins that are av erages o v er certain 
k ranges. 
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ince both the 1a and 2a terms directly scale with the amplitude of
 ( N ), this makes the fitting simple. We first calculate templates for
he fiducial values, and then scale each template by 10 A ion , where
 ion is the fitting parameter (not to be confused with the spontaneous
mission coefficient A ∗). Therefore, A ion = 0 means agreement with
cannapieco et al. Furthermore, the column density distribution is
sually given per column density per redshift path X (Songaila 2001 ;
cannapieco et al. 2006 ). We need the column density distribution
er velocity for our model, so we apply the following transformation
o the measurements in literature. 

 v ( N ) = f X ( N ) 
d X 

d z 

d z 

d v 
= f X ( N ) 

(1 + z) 2 

E( z) 

1 + z 

c 
, (14) 

here E 

2 ( z) ≡ �� 

+ �m 

(1 + z) 3 . We assume a flat Lambda cold
ark matter cosmology with �m 

= 0.315 (Planck Collaboration VI
020 ). 
For our fiducial small-scale cloud–cloud clustering, we again use

he measurements of Scannapieco et al. ( 2006 ), and fit the following
unction for each ion: 

cc ( v) = 

ξ0 

1 + ( v/r 0 ) γ
, (15) 

here ξ 0 is the clustering amplitude, r 0 is the correlation length,
nd γ is the slope. All three are fitting parameters. Fig. 3 shows the
cannapieco et al. measurements and our best fit. 
NRAS 522, 5980–5995 (2023) 
Scannapieco et al. find some evidence for ξC IV redshift evolution,
ut for this preliminary analysis we ignore the redshift evolution
f this clustering. D’Odorico et al. ( 2010 ) further indicate that ξ cc 

s in fact N dependent, where higher column density systems are
ore clustered, but we again ignore the N dependence for simplicity.
he best-fitting parameters are listed in Table 2 . Fig. 3 shows the
est-fitting curve as solid lines. 

.3 Illustration of the model 

n illustration of the final model is shown in Fig. 4 . We use the
urely fiducial values outlined earlier, and pick a pivot C IV redshift
f z C IV = 2 . 5. Other ions are at different redshifts according to
heir transition wavelengths: z Si IV = 2 . 9, z Fe II = 1 . 3, z Fe II −2 = 1 . 1,
nd z Mg II = 0 . 9. They all follow the correct scaling with respect to
quation ( 14 ). The top panel shows the correlation function for b =
5 km s −1 , which would be expected from purely thermal broad-
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Figure 5. Relative contributions of the 2a terms to the power spectrum for 
each ion individually. The pivot C IV redshift is z C IV = 2 . 5 as in Fig. 4 . 
Surprisingly, most of the signal comes from the 2a term for all ions for scales 
k � 0.01 s km 

−1 . Ho we ver, these results heavily rely on ξ cc , which carry 
uncertainties as large as 40 per cent. 
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large scales than the higher b = 60 km s −1 v alue; ho we ver, higher b has less 
power at small scales as expected. 

Figure 7. Contribution of each ion to the total power spectrum, which is the 
sum of the 1a and 2a terms. The majority of the signal comes from C IV and 
Mg II on most scales. 
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ning. The 2a term broadens the peaks as expected and contributes 
pproximately 50 per cent of the signal. The corresponding power 
pectrum is plotted in the bottom panel. Here, the 1a and 2a terms
re summed for each ion. Localized peaks manifest as oscillations 
n the power spectrum, similar to baryon acoustic oscillations. Since 
he final power is the sum of multiple sources, the total power is
lurred. These features will be further blended as we measure the 
ower spectrum in bins that are av erages o v er certain k ranges. For
isual guidance, we mark maxima points (2 π / μ) as dashed lines. 
Fig. 5 shows the relative contribution of the 2a terms to the total

ower spectrum at the same redshifts as before. We find that most of
he signal comes from the 2a term for all ions on scales of k � 0.01 s
m 

−1 . These results heavily rely on ξ cc , which carries uncertainties 
s large as 40 per cent. We do not consider these errors here, and
ence the dominance of the 2a term is most convincing for C IV and
g II . One could introduce a separate fitting parameter for the ξ cc 

mplitude 10 D ion . Such a fitting function for an ion would be 

= 10 A ion ξ1 a + 10 2 A ion + D ion ξ2 a , (16) 

here D ion is responsible for quantifying the uncertainties in the 
mplitude of ξ cc as well as its redshift e volution; ho we ver, this
dditional parameter could be degenerate with A ion . 

Fig. 6 shows the power spectrum for low and high b values for
 IV at z = 2.5. Higher b values bring the suppression to smaller k
alues, but also increase the amplitude at large scales. The result is
hat the impact of the Doppler parameter is not tri vial e ven for the 1a
erm. 

Finally, Fig. 7 shows the relative contribution of each ion to the
ower spectrum. The 1a and 2a terms are summed up as in the bottom
anel of Fig. 4 and the majority of the signal comes from C IV and
g II on most scales. Other ions also exceed 20 per cent of the total

ower threshold at their distinctive scales. 

.4 Dependence on column density cuts 

e calculate the integrals over the column density distributions in 
quations ( 11 ) and ( 12 ) within the measurement range of Scanna-
ieco et al. ( 2006 ) for f ( N ) and ξ cc , which is between 10 11 and
0 16 . Ho we v er, as Cookse y et al. ( 2013 ) note, a simple power law
or f ( N ) is divergent for quantities such as �C IV . We address this
n Section 5 . F ortunately, div ergence is not an issue for our model.
ig. 8 sho ws ho w much each logarithmic column density bin size
f 0.1 contributes to the total power for each ion. We integrate each
ower spectrum from k = 0.001 to 0.1 s km 

−1 for the same pivot
 IV redshift z C IV = 2 . 5 and b = 15 km s −1 and show the ratios. The
 xcluded re gions (shaded gre y) contribute � 10 per cent to the total
ignal. 

We can intuitively understand this dependence considering only 
he one-absorber term. In the optically thin limit where τ ∝ N and 〈
K 〉 ∝ N 

2 , the contribution of each column density to the two-point
tatistics from equation ( 11 ) reads as 

�ξ1 a 

� log N 

∝ N 

3 −α. (17) 

ccording to this equation, the power contribution per log N climbs
ith column density N for α < 3 and declines for α > 3. All metals
e consider in this work have α ∼ 1.7, so their contribution to the
MNRAS 522, 5980–5995 (2023) 
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M

Figure 8. Contributions from each log N bin to the total power. We integrate 
each power spectrum from k = 0.001 to 0.1 s km 

−1 and show the ratios. 
Approximately more than 90 per cent of the power comes from our nominal 
range 11–16 (unshaded region). 
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ower spectrum increases with column density. This contribution
ill eventually turn over as saturation fixes the power in 〈 KK 〉 =

onst and the power contribution becomes �ξ 1 a / � log N ∝ N 

1 − α for
> 1. Note that the integration does not converge at high N for α <

. 
Individual detection studies (e.g. Cooksey et al. 2010 ; Hasan

t al. 2020 ) on high-resolution spectra report only 50 per cent
ompleteness at log N > 13, whereas Fig. 8 shows that log N ≈
2–13 systems primarily contribute to the total power in our model.
igh-resolution data sets (e.g. O’Meara et al. 2017 ; Murphy et al.
019 ) have SNR larger than five per pixel of 2.5 km s −1 for most of
heir spectra calculated at 1450 Å in the quasar’s rest frame. They
lso possess incredibly high-quality quasar spectra with SNR o v er
00 per pixel. In contrast, DESI is a medium-resolution instrument
ith a median SNR of two per pixel of 0.8 Å, which is approximately
0 km s −1 at 1450 Å in the rest frame for a quasar at z = 3. Scaling
his median SNR ratio to 2.5 km s −1 pixel size gives an SNR of
.5, which is significantly smaller than the mean SNR of the high-
esolution data sets. Yet this difference is offset by the substantially
arger number of DESI spectra. The early DESI data we present in
ection 4.2 have over 40 000 quasars, and the final sample will have
 v er a million at sufficiently high redshift for this work. Even though
he individual DESI spectra are well below the SNR threshold for
ndividual detection limit of low column density systems, our model
elies on the collective signal of these smaller systems in the power
pectrum. 

 M E T H O D  

.1 Power spectrum estimation 

e measure P 1D using the quadratic maximum likelihood estimator
QMLE). QMLE works in real space (instead of Fourier space)
o estimate the power spectrum, and therefore is not biased by
aps in the spectra, allows weighting by the pipeline noise, and
ccounts for the intrinsic Ly α large-scale structure correlations.
e refer the reader to Kara c ¸aylı, Font-Ribera & Padmanabhan

 2020 ) and Kara c ¸aylı et al. ( 2022 ) for our development process
nd application to high-resolution spectra. DESI-related updates are
NRAS 522, 5980–5995 (2023) 
etailed in a companion paper that measures the 1D Ly α forest flux
ower spectrum from early DESI observations (Kara c ¸aylı et al., in
reparation). We present a short summary of the rele v ant features in
his section. 

An important feature of our QMLE implementation is estimating
eviations from a fiducial power spectrum such that P ( k , z) = P fid ( k ,
) + 

∑ 

m , n w ( mn ) ( k , z) θ ( mn ) , where we adopt top-hat k bands with k n as
in edges and linear interpolation for z bins with z m as bin centres. We
se the following fitting function to characterize the fiducial power
pectrum: 

k P ( k , z) 

π
= A 

( k/k 0 ) 3 + n + α ln k/k 0 

1 + ( k/k 1 ) 2 

(
1 + z 

1 + z 0 

)B+ β ln k/k 0 

, (18) 

here k 0 = 0.009 s km 

−1 and z 0 = 3.0 (Palanque-Delabrouille et al.
013 ; Kara c ¸aylı et al. 2020 , 2022 ). This fitting function is sufficient
or a baseline estimate as P fid , which in turn can be used to weight
ixels, but does not capture all scientific information in P 1D . 
Given a collection of pixels representing normalized flux fluctua-

ions δF , the quadratic estimator is formulated as follows: 

ˆ ( X+ 1) 
α = 

∑ 

α′ 

1 

2 
F 

−1 
αα′ ( d α′ − b α′ − t α′ ) , (19) 

here X is the iteration number and 

 α = δT 
F C 

−1 Q αC 

−1 δF , (20) 

 α = Tr ( C 

−1 Q αC 

−1 N ) , (21) 

 α = Tr ( C 

−1 Q αC 

−1 S fid ) , (22) 

here the covariance matrix C ≡ 〈 δF δ
T 
F 〉 is the sum of the signal and

oise as usual, C = S fid + 

∑ 

αQ αθα + N , Q α = ∂ C / ∂ θα , and the
stimated Fisher matrix is 

 αα′ = 

1 

2 
Tr ( C 

−1 Q αC 

−1 Q α′ ) . (23) 

he covariance matrices on the right-hand side of equation ( 19 )
re computed using parameters from the previous iteration θ ( X) 

α .
ssuming different quasar spectra are uncorrelated, the Fisher matrix
 αα′ and the expression in parentheses in equation ( 19 ) can be
omputed for each quasar, and then accumulated, i.e. F = 

∑ 

q F q ,
tc. 

DESI spectral extraction is built on an impro v ed spectro-
erfectionism algorithm (Bolton & Schlegel 2010 ; Guy et al. 2022 ).
pectro-perfectionism produces a resolution matrix R associated
ith each spectrum that is based on the spectrograph resolution

s well as the noise properties of each spectrum, and captures the
avelength-dependent resolution on the same discrete wavelength
ins as the spectrum. The observed signal becomes a matrix–vector
ultiplication. 

R = R δ (24) 

ur quadratic estimator naturally incorporates this matrix and de-
onvolves it from power spectrum measurements. The signal S and
eri v ati ve matrices Q are given by the following expressions: 

 R = 〈 δR δ
T 
R 〉 = RSR 

T (25) 

 

α
R = RQ 

αR 

T , (26) 

here the subscript R denotes smoothed matrices, and matrices
ithout a subscript are given by 

 

fid 
ij = 

∫ ∞ 

0 

d k 

π
cos ( k v ij ) P fid ( k , z ij ) , (27) 
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Table 3. Fitting parameters for three combinations we test in this work. We 
fit each redshift bin independently. 

Label Fitting parameters 

Baseline A C IV , b C IV , A Si IV , b Si IV 

Baseline + smooth A C IV , b C IV , A Si IV , b Si IV , P 1 , P 2 

Baseline + Mg II A C IV , b C IV , A Si IV , b Si IV , A Mg II , b Mg II 
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here v ij ≡ v i − v j and 1 + z ij ≡
√ 

(1 + z i )(1 + z j ) , and the 
eri v ati ve matrix for redshift bin m and wavenumber bin n is 

 

( mn ) 
ij = I m 

( z ij ) 
∫ k n + 1 

k n 

d k 

π
cos ( kv ij ) , (28) 

here I m ( z) is the interpolation kernel, which is one when z = z m 
nd zero when z = z m ± 1 . We compute these matrices for as many
edshift bins as necessary for a given spectrum. 

.2 Parameter inference 

e limit our parameter inference tests to three possible cases. All 
hree cases include parameters for C IV and Si IV at minimum. We 
egin our tests with this minimum combination (referred as our 
aseline from now on). We then introduce Mg II to observe its effect 
n these estimations. Note that the Mg II doublet separation is close 
o the C IV separation and therefore it is difficult to constrain using
nly the current two SBs. Thus, we treat it as a systematic to be
arginalized o v er. Furthermore, our model does not account for

arge-scale clustering nor any error in the noise power subtraction. 
o marginalize o v er these unmodelled effects, we introduce a simple
dditive smooth power P smooth ( k ) = P sb , where P sb can be ne gativ e. 2 

 ne gativ e amplitude would mean that the noise is o v ersubtracted.
e model each SB with different amplitudes. The parameters for 

ach case are listed in Table 3 . Note that C IV , Si IV , Mg II , and P 1 

arameters model the power in SB 1 ( P SB1 ), whereas C IV , Mg II , and
 2 parameters model P SB2 . As an e xplicit e xample, P SB1 and P SB2 

or baseline + smooth case are given by 

 SB1 ( k) = P 1 + 

∑ 

i∈{ C IV , Si IV } 
10 A i P 1 a ( k; b i ) + 10 2 A i P 2 a ( k; b i ) , 

(29) 

 SB2 ( k) = P 2 + 

∑ 

i∈{ C IV } 
10 A i P 1 a ( k; b i ) + 10 2 A i P 2 a ( k; b i ) . (30) 

To infer the cosmological parameters, we use the ULTRANEST 3 

Buchner 2021 ) software, which is especially easy to set up and use.
ore importantly, the underlying nested sampler algorithm is able 

o handle many difficult problems. Nested sampling has become 
 common tool in many fields since its inception (Skilling 2004 ,
006 ). We refer the reader to Ashton et al. ( 2022 ) for a nice re vie w
hat focused on the physical sciences. 

To speed up calculations, we cache interpolation points for the 
oppler parameter b . The lowest and highest values of b also

onstitute a hard prior for each ion. We calculate the template power
pectra on a fine grid with velocity spacing d v = 1 km s −1 and
 

16 points using FFTs. The inte grations o v er column densities are
 To elaborate, we initially tried a scale dependence with a power law in our 
reliminary analysis. Ho we v er, we observ ed a strong de generac y between 
mplitude and scale-dependence power, so we decided to remo v e the scale 
ependence. We leave this to future work. 
 https:// johannesbuchner.github.io/ UltraNest

h

4

5

6

.

alculated as discrete rectangles of dlog 10 N = 0.1 size ranging from
og 10 N 1 = 11 to log 10 N 2 = 16. We fit each redshift bin independently
nd all SBs simultaneously (note again that Si IV will not add power
o SB 2). 

The power spectrum is measured in discrete k bins of a certain
idth and this binned measurement is the inte gral av erage of a
odel within that bin. Furthermore, our quadratic estimator actually 
easures the power spectrum as deviations from a fiducial power 

s discussed in the previous section, which alleviates the averaging 
ffect in bins. In our χ2 and likelihood calculations, we take this
ffect into account by summing model power minus fiducial at n sub 

iscrete points linearly spaced within a bin. 
Various challenges along the way pointed us towards a nested 

ampler. Due to a combination of data and modelling difficulties, the
iggest challenge has been the instability. For example, the signal 
s small such that any contamination in the data will have relatively
arge impact. These contaminants could come from continuum errors 
t large scales, resolution errors at small scales, calibration errors, 
ky subtraction errors, etc. Fitting the power spectrum is not ideal
ither, as the model in Fig. 4 shows the blending of many features.
urthermore, any unmodelled ions or clustering will affect all scales. 
herefore, our work requires a method and software that is robust
gainst this multifaceted numerical challenge. We initially used the 
inimizer IMINUIT 4 (Dembinski et al. 2022 ), and then sampled 

round the minimum using the EMCEE 5 sampler (F oreman-Macke y 
t al. 2013 ). Ho we ver, neither were robust against these problems.
he minimizer often failed to produce a valid fit and the sampler
ot stuck around local minima, and did not converge. Our most
uccessful tool is the nested sampler. 

 DATA  A N D  ANALYSI S  

o assess the descriptiveness of our model and challenges regarding 
arameter inference and systematics in data, we apply our model 
o real SB power spectrum measurements. In the first subsection, 
e analyse publicly available, high-resolution quasar spectra and in 

he second subsection we analyse early data from DESI. This data
nalysis and parameter inference are mainly exploratory, and we 
ocus on C IV while marginalizing o v er Si IV and Mg II . 

.1 High-resolution spectra 

e use the 1D SB power spectra from Kara c ¸aylı et al. ( 2022 ). That
ork used three publicly available data sets with high-resolution 
uasar spectra to measure the Ly α power spectrum. They find clear
oublet features in both the power spectrum and correlation function 
n the SBs. Of the three data sets, only two were used for the SB
ower spectrum estimation and are therefore analysed here: 

(i) K eck Observ atory Database of Ionized Absorption towards 
uasars DR 2 6 (Lehner et al. 2014 ; O’Meara et al. 2015 , 2017 ) from
bservations with The High-Resolution Echelle Spectrograph (Vogt 
t al. 1994 , HIRES) on the Keck I telescope. This data set has 300
educed, continuum-fitted, high-resolution quasar spectra at 0 < z 

 5.3 with resolving power R � 36 000. The continuum is fitted by
and one Echelle order at a time using Legendre polynomials. 
MNRAS 522, 5980–5995 (2023) 

 https://iminuit.readthedocs.io 
 https://emcee.readthedocs.io 
 https://koa.ipac.caltech.edu/workspace/TMP 939bFW 53591/kodiaq53591 
html 

https://johannesbuchner.github.io/UltraNest
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(ii) The Spectral Quasar Absorption Database DR1 7 (Murphy
t al. 2019 ) from observations with UVES (Dekker et al. 2000 ) on the
uropean Southern Observatory’s Very Large Telescope. This data
et consists of 467 fully reduced, continuum-fitted, high-resolution
uasar spectra at redshifts 0 < z < 5 with resolving power R �
0 000. Its continuum fitting consists of an automatic phase and then
 manual phase to eliminate the remaining artefacts. 

Kara c ¸aylı et al. ( 2022 ) further resample all these high-resolution
pectra on to a common 3 km s −1 grid. To measure the power
pectrum, they apply the optimal quadratic estimator, which is robust
gainst spectral masking and gaps, and deconvolve the spectrograph
indow function from the results. They use the following fiducial
ower spectrum parameters in equation ( 18 ): A = 2.71 × 10 −3 ,
 = −2.92, α = −0.174, B = 2.36, and β = −0.014. Note that the
orentzian term is zero for SB po wer. They de vise a regularized boot-
trap method to obtain the statistical covariance matrix. In this work,
e use the full covariance matrix. We add the resolution systematic

rrors by rescaling the reported budget with respect to the fiducial
ower used in the SB estimation. Continuum errors and their system-
tics budget can be ignored in the SBs, since this region of the quasar
pectrum is absorption free and the continuum can be extracted
aithfully. 

We create and cache 21 interpolation points of Doppler parameter
 between [1, 101] km s −1 . We assume a hard prior of [ −3, 3] for
 ion [deviation of log 10 f ( N ) amplitude] for all ions. 
Fig. 9 shows data points and the model power spectrum when
g II is taken into account. We calculate all model power spectra

sing all equally weighted posterior samples. The line corresponds
o the mean of this power, while shaded regions are the standard
eviations. 
The C IV peak is the most visible feature in data. Ho we ver, other

on features could be present and introduce uncertainties to the
easurement. Fig. 10 shows the amplitude and Doppler parameter

or C IV (top panel) and Si IV (bottom panel) for the baseline
odel, and the baseline model with the addition of Mg II , and the

aseline model with the addition of a smooth component P SB . In
his figure, redshift is with respect to the absorber line and the
ata points are obtained from the mean and standard deviation.
ne important caveat is that strong metal lines from high-column
ensity systems are not masked in the SB power estimation. This
eans that our abundance and Doppler parameter measurements

o not only represent IGM metals. Adding contaminants to C IV

owers the measured amplitude and increases the Doppler parameter.
ven though the Si IV results do not seem to be affected by the
ontaminants, the measured b values are too large to be physical.
oreo v er, the results seem most unstable below z C IV � 2 . 0, which
anifests as strong jumps and increased error bars on the Doppler

arameters, and some redshifts yield bimodal results. We adopt
hysically moti v ated v alues with Mg II contamination as our main
esult. 

We checked the amplitude and Doppler parameter for Mg II for
he baseline model plus Mg II and show the results in Fig. 11 . Even
hough the signal is most likely dominated by high-column density
ystems, such as Mg II systems that reside in damped Ly α absorbers,
he results appear broadly consistent with our fiducial value of A =
NRAS 522, 5980–5995 (2023) 
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.2 DESI early data 

 major strength of our model is its capability to exploit large
umbers of noisy spectra. DESI can observe nearly 5000 objects
imultaneously in a single exposure (DESI Collaboration 2016b ;
ilber et al. 2023 ), and is currently conducting a 5-yr surv e y to
bserve millions of quasars with moderate SNR and improved
esolution o v er SDSS (DESI Collaboration 2016a ). Therefore, DESI
as access to higher k modes in the power spectrum, which are needed
o better constrain the b parameter in our model. 

DESI has conducted a Surv e y Validation (SV) period to test various
arget selection methods before it began the 5-yr main surv e y in May
021. The first phase of SV collected deep observations that were
sed to optimize the selection algorithms with a visually inspected
ample (Alexander et al. 2022 ; Chaussidon et al. 2022 ). Another
hase was aimed at studying the clustering programme and co v ered
bout 1 per cent of the DESI main surv e y. We use these two surv e ys
hat are part of early data release (EDR), and further include 2 months
f main surv e y to increase the statistical precision in our analysis.
e limit ourselves to objects that are targeted as quasars in the

fterburner catalogue (Dey et al. 2019 ; Y ̀eche et al. 2020 ; Alexander
t al. 2022 ; Chaussidon et al. 2022 ). 

The continuum fitting algorithm we use has been developed
 v er the last few years and applied to many Ly α forest baryon
coustic oscillation (BAO) analyses (Bautista et al. 2017 ; du Mas
es Bourboux et al. 2019 , 2020 ). We model every quasar continuum
 C q ( λRF ) with a global mean continuum C ( λRF ) and two quasar

diversity’ parameters, an amplitude a q and slope b q : 

 C q ( λRF ) = C ( λRF ) 
(
a q + b q � 

)
, (31) 

 = 

log λRF − log λ(1) 
RF 

log λ(2) 
RF − log λ(1) 

RF 

, (32) 

here λRF is the wavelength in the quasar rest frame. Note that our
uasar continuum definition absorbs the IGM mean flux F ( z) into
 q and b q . The software Package for Igm Cosmological-Correlations
nalyses ( PICCA ) is publicly available. 8 It fits every quasar for a q 

nd b q , and stacks the residuals in the rest frame to update the global
ean continuum C ( λRF ). To ef fecti vely study the ef fects of damped
y α absorbers (DLAs), we demand all of Ly α forest region to be
resent in spectra. The minimum wavelength DESI can observe is
600 Å; and taking the forest lower end to be 1040 Å in the rest frame
esults in a quasar redshift cut of z qso > 2.43. We define SB 1 ( Si IV
orest) to be between 1268 and 1380 Å and SB 2 ( C IV forest) to be
etween 1409 and 1523 Å in the rest frame. Given our quasar redshift
ut, SB 1 starts at 4350 Å and SB 2 starts at 4830 Å in the observed
rame. We further demand all spectra to observe SB 2. We use PICCA

o calculate the continuum multiplied by the mean flux F C q ( λRF ) in
830–6500 Å in the observed wavelength range and in �λRF = 2.5 Å
oarse rest-frame binning pixels. Here, we require SNR greater than
.25 to weed out possible contaminants. We mask broad absorption
ine (BAL) features in the spectrum using both the absorptivity and
alnicity index criteria (e.g. see Guo & Martini 2019 ; Ennesser et al.
022 ). We also mask major sky lines 9 and do not consider spectra
ith less than 50 of the 2.5 Å-wide pixels. 
After all these masks and cuts, we are left with 41 341 quasars

ith data for SB 1 and 48 497 quasars in SB 2. Removing sightlines
hat have DLAs and sub-DLAs (i.e. log N H I > 19) reduces these
 https:// github.com/igmhub/ picca 
 https://github.com/cor entinr avoux/p1desi/blob/main/etc/skylines/list mas 
 p1d DESI EDR.t xt 

https://doi.org/10.5281/zenodo.1345974
https://github.com/igmhub/picca
https://github.com/corentinravoux/p1desi/blob/main/etc/skylines/list_mask_p1d_DESI_EDR.txt
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Figure 9. Data points (blue circles and orange squares) versus our model (crosses with shaded regions) for high-resolution spectra. Here, three ions C IV , 
Si IV , and Mg II are modelled and the smooth power is not included. The mean power (solid lines with crosses) and its standard deviation (shaded regions) are 
calculated using all equally weighted posterior samples. We fit up to k max = 0.1 s km 

−1 (shaded grey region). 
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umbers to 11 395 and 15 346 (Wang et al. 2022 ). These numbers
re listed in Table 4 . For brevity, we present results on non-DLA and
on-sub-DLA quasars unless explicitly stated. 
The quadratic estimator splits the spectra into two if they have 
ore than 500 pixels. We are using the resolution matrix produced by

he spectroscopic pipeline based on tests on pix el-lev el simulations
Kara c ¸aylı et al., in preparation). We smooth the noise estimates in 
he covariance matrix by a hybrid Gaussian box-car window function. 
he box size is 50 pixels with a Gaussian sigma of 20 pixels. We
arginalize out three modes of continuum errors: constant, ln λ, 

nd (ln λ) 2 polynomials. The fiducial power spectrum has A = 

.084 × 10 −3 , n = −3.075, α = −0.074 23, B = 1.599, and β =
0.2384. Finally, we measure the power spectrum in 20 linear and 
0 log-linear k bins with � k lin = 0.0005 s km 

−1 and � k log = 0.05 bin
izes in 7 redshift bins from 3.1 to 4.3 with respect to Ly α transition
ine. We perform only one iteration. Subsequent iterations mostly 
efine Fisher matrix estimates, which we replace with bootstrap 
nalysis (Kara c ¸aylı et al. 2020 ). 

We generate 5000 bootstrap realizations o v er 320 subsamples 
or each SB. Even though our implementation of QMLE generates 
orrelations between redshift bins, we ignore all correlations between 
ower spectrum bins, and assume that the covariance matrix is 
iagonal. We replace Gaussian errors only if they are smaller than
ootstrap estimates. 
Fig. 12 shows our power spectrum measurement in these two SBs,

here the error bars are from bootstrap realizations. We report the
MNRAS 522, 5980–5995 (2023) 
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M

Figure 10. Amplitude and Doppler parameter from high-resolution analysis 
for C IV (top panel) and Si IV (bottom panel) as a function of redshift. The 
three sets of points and lines correspond to our baseline model (blue squares 
and lines), the baseline model plus a smooth component (orange circles and 
lines), and the baseline model plus Mg II . Redshift is with respect to the 
absorber transition. 
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Figure 11. Amplitude and Doppler parameter from high-resolution analysis 
for Mg II as a function of redshift. The signal most likely comes from high- 
column density systems, i.e. nearly saturated lines. The results are broadly 
consistent with our fiducial value of A = 0. 

Table 4. SB rest-frame wavelength ranges and number of quasars in DESI 
early data. For our default analysis, we also remo v e sightlines that have DLAs 
and sub-DLAs (non-DLA quasars). 

Wavelength range ( Å) # All quasars # Non-DLA quasars 

SB 1 1268–1380 41 341 11 395 
SB 2 1409–1523 48 497 15 346 
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edshift according to the Ly α transition line. Each ion will be at
 different redshift. The oscillations produced by C IV are clearly
isible at all redshifts. 
We perform nested sampling with same settings as high-resolution

nalysis. Fig. 13 shows the A and b parameters for C IV in the top
anel and Si IV in the bottom panel. The most stable results come
rom C IV as expected. The abundance A seems to be higher compared
o our fiducial measurement from Scannapieco et al. ( 2006 ), and
ho ws a do wnward trend o v er redshift (note that ev en though our
esolution impro v es at higher redshifts (wavelengths), our statistics
ecline). The Doppler parameter b mostly remains under 20 km s −1 ,
nd any seemingly non-physical values and jumps are only present
ith error bars. Marginalizing o v er a smooth power component
NRAS 522, 5980–5995 (2023) 
dds sudden jumps in the results, which could mean it is a highly
egenerate nuisance parameter. Introducing Mg II (a more physically
oti v ated nuisance model) lowers the amplitude A C IV and increases

he uncertainties in a more stable fashion. As previously, we take
he results with Mg II as our main results. Ho we ver, the Mg II results
hemselves are not trustworthy as the b value consistently hits the
pper boundary of its prior of 100 km s −1 . 

.3 Comparison between DESI and high resolution 

ig. 14 compares our A and b measurements for C IV for the high-
esolution data to the DESI data both with and without DLAs.
he effects of Si IV and Mg II are marginalized o v er. Interestingly
nough, high-resolution P 1D (with DLA sightlines) agrees well with
he DESI non-DLA measurement. All three measurements show a
lear downward trend with redshift similar to Yang et al. ( 2022 ),
ndicating a gradual increase in the abundance of these metals at z
 3.0. Ho we ver, as we discuss in Section 5 , our findings could be

artially attributed to the growth of cloud–cloud clustering. 

 DI SCUSSI ON  

.1 Correlation function versus power spectrum 

he reader may already suspect that this analysis would have
een more robust if it were performed on the correlation function
nstead. After all, the features are localized as peaks in correlation

art/stad1363_f10.eps
art/stad1363_f11.eps


Fr ame work to measure metal properties 5991 

Figure 12. Data points versus model fits for DESI analysis. DLA and sub-DLA sightlines hav e been remo v ed. Error bars on data points are from 5000 bootstrap 
realizations of 320 subsamples. Gaussian values are replaced only if they are smaller than bootstrap estimates. We model three ions ( C IV , Si IV , and Mg II ), 
and leave out smooth power. The mean power (solid lines with crosses) and its standard deviation (shaded regions) are calculated using all equally weighted 
posterior samples. Our confidence regions are 0.5 × 10 −3 < k < 1.2/ R kms . 
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unction, whereas they are modulated and superposed in the power 
pectrum. The challenge for correlation function comes in two major 
oints. First, the spectrograph resolution smooths the correlation 
unction at all scales. Without a quadratic estimator for ξF , we 
ould have had to convolve the model power spectrum with an 

verage window function, similar to 3D analyses. We are spared 
rom this complication because our quadratic estimator deconvolves 
he individual, wavelength-dependent spectrograph resolution from 

ach spectrum based on spectro-perfectionist extraction (Bolton & 

chlegel 2010 ). Secondly, the continuum errors distort the correlation 
unction at all scales. Again, without a quadratic estimator for ξF , 
 distortion matrix has to be introduced into the model similar to
hat is done for 3D studies. These distortions are localized to 

arge-scale modes (low k ) in power spectrum, and are marginal- 
zed out by our quadratic estimator. Therefore, the correlation 
unction analysis would be more robust only with a quadratic 
stimator. 

.2 Metal contamination in the Ly α forest 

hese same metals are also present in the Ly α forest, and are
onsidered contaminants in the Ly α P 1D analyses. Because of strong 
 I absorption, metal lines cannot be identified even in high-SNR 

pectra in the Ly α forest, and therefore must be remo v ed statistically
rom the Ly α power spectrum. This is achieved by subtracting the 
stimated SB 1 power from the Ly α forest estimates (McDonald 
t al. 2006 ; Palanque-Delabrouille et al. 2013 ; Chabanier et al. 2019 ;
ara c ¸aylı et al. 2022 ). Ho we v er, this only remo v es power due to
etals with λRF � 1400 Å, and hence leaves behind some metal
ontamination such as Si III , which produces oscillatory features due 
o the Si III –Ly α cross-correlation (McDonald et al. 2006 ; Palanque- 
elabrouille et al. 2013 ). Our model can potentially better remo v e

hese λRF � 1400 Å metals from the Ly α P 1D . Such an application
equires also including singlets into the model, which unfa v ourably
o not manifest any characteristic features in the two-point 
tatistics. 

.3 Growth of cloud–cloud clustering 

e assume that cloud–cloud clustering ξ cc is constant with respect 
o redshift. Ho we ver, there are hints for structure gro wth in ξ cc 

Scannapieco et al. 2006 ). Even though this term only is important
or the 2a term, we showed that the 2a term is usually larger
han the 1a term. Therefore, some or even all of the redshift
rend for the A (abundance) parameter could be due to enhanced 
lustering of metals. A more proper analysis would reformulate 
quation ( 16 ): 

 ion ( z) = A 0 + A 1 log 
(

1 + z 
1 + z 0 

)
(33) 

 ion ( z) = D 0 + D 1 log 
(

1 + z 
1 + z 0 

)
, (34) 

nd then fit for all redshifts simultaneously. This could potentially 
roduce tighter constraints on modelled parameters, but requires 
etter understanding of the wavelength dependence of systematics 
nd related correlations between redshift bins. We leave this to a
uture study. 
MNRAS 522, 5980–5995 (2023) 
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Figure 13. Amplitude and Doppler parameter from DESI analysis when 
DLA sightlines are remo v ed against these two contaminants for C IV (top 
panel) and Si IV (bottom panel). Redshift is with respect to the absorber 
transition. 
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Figure 14. Comparison of A and b values of C IV measurements between 
DESI and high-resolution spectra. The No DLA case excludes both DLAs and 
sub-DLAs. All three data sets show a clear downward trend with increasing 
redshift. 
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.4 Large-scale cloud–cloud clustering 

n this work, we empirically quantify cloud–cloud clustering using
irect observations. The data and our formulation work better on
mall scales, and cannot properly capture large-scale correlations,
hich may become important for the 2a term at low k . One might try

he standard tracer-biased power spectrum: 

 ion ( k ) = b 2 ion (1 + βion μ
2 ) 2 P L ( k) F ( k ) , (35) 

here b ion is the bias, β ion is the redshift space distortion parameter,
 L is the linear power spectrum, and F ( k ) accounts for non-linear
ffects (du Mas des Bourboux et al. 2020 ). Ho we ver, since these metal
ystems are heavily go v erned by small-scale physics, it is unclear
hether this modelling would be advantageous o v er an empirical

ormulation. 
NRAS 522, 5980–5995 (2023) 
.5 Thermal broadening of C IV 

t the expected IGM temperature of 15 000 K, the carbon atom has
 C IV = 4 . 5 km s −1 from pure thermal broadening. We find somewhat
igher but consistent results. Higher temperatures and/or turbulent
otion can physically explain our b C IV findings. For example, these

ystems may not reside in the IGM despite our efforts to eliminate
uch sources through the exclusion of sightlines with DLAs and
ub-DLAs. A possible candidate is the strong and blended Ly α
orest systems where the column densities are not high enough to
elf-shield and show different metal properties (P ́erez-R ̀afols et al.
022 ). Ho we ver, systematic errors including resolution effects and
odel fitting deficiencies are more likely explanations. Therefore,
e reserve our temperature conclusions for a future study. 

.6 Line blending 

ur model 2a term breaks down when lines get saturated at
igh column densities such that they cannot be superposed. This
 v erlapping happens at scales of b ∼ 10 km s −1 or the corresponding
pectrograph resolution, whichever is higher, and it is more important
or ions with smaller correlation lengths r 0 (see Table 2). This effect
s noted as the absorber exclusion in Ir ̌si ̌c & McQuinn ( 2018 ), which
s again analogous to the halo exclusion in the halo model (Cooray &
heth 2002 ). Ho we ver, the absorption profiles are spread out due to

emperature broadening or the spectrograph resolution, and are free
o o v erlap in flux. The problem occurs when the system is saturated
uch that K = 1 − e −τ ≈ τ is no longer valid. This exclusion effect
ight be a bigger problem for H I , but should be less concerning for
eak metal lines. 

.7 Addition of other side bands 

ur model is also capable of constraining Mg II values, but results
rom this analysis are not particularly reliable. Ideally, we would
solate the Mg II signal in a ‘third’ SB. A common choice is 1600–
800 Å in the rest frame (du Mas des Bourboux et al. 2019 ). In
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rinciple, one can consider as many SBs as one desires, but pipeline
oise systematics will eventually become dominant. This might be 
rue even with just SB 3 of the current data set since the Mg II signal
s weak. Generally, systematics will make analyses for weak signals 
ncluding Mg II especially difficult. 

.8 Correlations between different species 

ne might be tempted to include correlations between different ions 
e.g. C IV –Si IV ). Ho we ver, we must be aware of the SB lengths before
odelling such correlations. SB 1 is about 11 000 km s −1 and SB 2 is

0 000 km s −1 in length, whereas the velocity separation between the
 IV and Si IV transitions is 14 000 km s −1 . Similarly, many transition

ines between different species occur at large separations. Therefore, 
he cross-correlations between the most conspicuous ions will not be 
resent in data at all. The study of possible combinations is out of
he scope of our work. 

.9 Fe II specific complication 

ll three ions we considered in this work show only one doublet
eature, and therefore their contributions to one Ly α redshift bin 
ome from single (separate) sources. In contrast, Fe II shows two main 
oublet features. This means that two Fe II sources at different red- 
hifts contribute to the same Ly α redshift bin. This interconnection 
f multiple redshifts is better handled in an analysis using equations 
 33 ) and ( 34 ). 

.10 Reco v ering DLA sightlines 

 or simplicity, we remo v ed all spectra that show high-column density
ystems. This conserv ati ve choice significantly reduces the SNR and 
onstraining power of the data set. In a future study, we plan to only
ask regions that correspond to all possible metal transition lines, 
hich should add more quasar spectra to the analysis. 

.11 Studying metals in CGM or high-column density systems 

ur model can also be extended to studying metals in the CGM or
igh-column density systems instead of removing them. For example, 
e can simply introduce another population into the column density 
istribution f ( N ): 

 ( N ) = f IGM 

( N ) + f CGM 

( N ) . (36) 

deally, cross-correlations between the two populations would be 
nconsequential. 

.12 High-column density cut-off 

s Cooksey et al. ( 2013 ) note, a power law for f ( N ) ∝ N 

−α formally
orresponds to infinite �C IV for α < 2. 

C IV = 

H 0 m C 

cρc, 0 

∫ 

f ( N ) N d N ∝ N 

2 −α (37) 

tudies such as Scannapieco et al. ( 2006 ) and ours usually limit the
ntegration ranges. As we have shown in Section 2.4 , divergence is
ot a problem for our model since log N > 16 systems contribute
ittle P 1D . Ho we ver, a po wer law f ( N ) is not physical either, so we
xpect a high-column density cut-off N cut in f ( N ). Furthermore, if
og N cut ≈ 16, our method can constrain this value with better data. 
 SUMMARY  

he metal abundance in the universe and its evolution with redshift
as implications for the enrichment and clustering of the CGM 

nd IGM. There is a rich literature that individually detects metals
ines in quasar spectra to study the properties of that sample.
hese studies connect local environments to the metal systems, but 
ome with possible selection biases from SNR-limited samples and 
ncompleteness issues due to identifier efficiency for a cosmological 

easurement. 
In this work, we treat the observed flux as a continuous field and

evelop an analytical model for 1D two-point flux statistics of metal
ons in quasar spectra. Our model makes use of three quantities
o describe the two-point statistics: the column density distribution 
 ( N ), an ef fecti ve Doppler parameter b eff , and cloud–cloud clustering
cc . We decompose the correlation function contributions into one- 
bsorber (1a) and two-absorber (2a) terms, where the 1a term 

aptures the correlation of the doublet’s shape with itself and the
a term captures the clustering of two different systems. The most
mportant difference with the halo model is that the 1a term does
ot correspond to metal (matter) clustering, but to a tightly bound
ingle system that manifests Doppler broadening in its absorption 
rofile. Since prominent features are due to doublet transitions, the 
D flux field correlation function (power spectrum) shows a peak 
oscillations) at the doublet separation scale even at the one-absorber 
evel. 

We apply our model to power spectrum measurements from 

igh-resolution spectra and DESI early data. For this exploratory 
pplication, we focus on C IV values and marginalize o v er Si IV
nd Mg II . We use high-resolution P 1D as is, and decompose the
ESI data into two samples: with and without DLA and sub-DLA

ightlines. All three data sets show a clear increase in the amplitude
f C IV with decreasing redshift, although this trend could partially be 
ue to the growth of cloud–cloud clustering. The results from high-
esolution spectra and non-DLA DESI sightlines agree well between 
.0 < z < 3.0. Ho we ver, the abundance results using all DESI
pectra are noticeably larger. Significant difficulties for our model 
rise from fitting superposed oscillations in the power spectrum, the 
ensitivity to contaminants, and unmodelled large-scale power. For 
xample, it is unclear how well we can constrain the b parameter
therefore temperature), so we refrain from making cosmological 
tatements about the temperature of these systems. Making robust 
laims also requires a careful study of systematics in the data and
elated numerical artefacts, as well as impro v ed modelling of the
arge-scale correlations. We plan to impro v e our model and numerical 
pproach to apply for the next set of DESI spectra. 
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MNRAS 522, 5980–5995 (2023) 

https://www.gnu.org/software/gsl
https://fftw.org


5994 N. G. Kara c ¸aylı et al. 

M

s  

s  

c  

2  

n
a  

N  

a  

a  

(
a  

v
 

O  

u  

E  

S  

D  

o  

N  

t  

K  

S  

E  

T  

I  

h
 

r  

s

D

A  

o  

S  

2  

T  

Y

R

A
A
A
A
A
A
A
A
B
B

1

1

1

1

1

1

1

1

2

B
B
C
C
C  

C  

C
C
C
D
D
D
D  

 

D
D
D
D
D
d
d
E
E  

F  

F  

F
G  

G
G
H
H
H
H
I
K
K  

K  

 

 

L  

L
M
M
M  

O
O  

P

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/4/5980/7153333 by guest on 16 O
ctober 2025
tandard 12 , 13 , 14 to parallelize tasks. We use the following staple
oftware in PYTHON analysis: ASTROPY, 15 a community-developed
ore PYTHON package for astronomy (Astropy Collaboration 2013 ,
018 , 2022 ); NUMPY, 16 an open-source project aiming to enable
umerical computing with PYTHON (Harris et al. 2020 ); SCIPY, 17 

n open-source project with algorithms for scientific computing;
UMBA, 18 an open-source just-in-time (JIT) compiler that translates
 subset of PYTHON and NUMPY codes into a fast machine code;
nd MPI4PY 

19 that provides PYTHON bindings for the MPI standard
Dalcin & Fang 2021 ). Finally, we make plots using MATPLOTLIB , 20 

 comprehensive library for creating static, animated, and interactive
isualizations in PYTHON (Hunter 2007 ). 
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SF’s National Optical-Infrared Astronomy Research Laboratory;
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