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We present the Damped Lya Toolkit for automated detection and characterization of damped Lya
absorbers (DLAs) in quasar spectra. Our method uses quasar spectral templates with and without
absorption from intervening DLAs to reconstruct observed quasar forest regions. The best-fitting model
determines whether a DLA is present while estimating the redshift and HI column density. With an
optimized quality cut on detection significance (Ay? > 0.03), the technique achieves an estimated 80%
purity and 79% completeness when evaluated on simulated spectra with S/N > 2 that are free of broad
absorption lines (BALs). We provide a catalog containing candidate DLAs from the DLA Toolkit detected
in DESI DR1 quasar spectra, of which 21 719 were found in S/N > 2 spectra with predicted log,y(Ny1) >
20.3 and detection significance AyZ > 0.03. We compare the Damped Lya Toolkit to two alternative DLA
finders based on a convolutional neural network and Gaussian process models. We present a strategy for
combining these three techniques to produce a high-fidelity DLA catalog from DESI DR2 for the Lya
forest baryon acoustic oscillation measurement. The combined catalog contains 41 152 candidate DLAs
with log;o(Ng:) > 20.3 from quasar spectra with S/N > 2. We estimate this sample to be approximately
85% pure and 79% complete when BAL quasars are excluded.
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I. INTRODUCTION

Damped Lya absorbers (DLAs) form a class of quasar
absorption systems caused by foreground neutral hydrogen
reservoirs with column densities Ny; > 2 x 10 cm™
[1,2]. This column density is sufficient to be almost entirely
neutral, creating a system that is self-shielded against the
ionizing background [3]. As the dominant source of neutral
hydrogen in the Universe, DLAs provide a valuable insight
into galaxy formation history and evolution [e.g. [4-7]].
They probe the physical conditions of their associated
galaxies, such as the star formation rate, metal content, and
halo mass (e.g., [8-15]).

DLAs also play a role in cosmological measurements.
They serve as tracers of the matter density field [9,16], from
which the baryon acoustic oscillation (BAO) scale can be
measured [17]. While valuable as tracers, they are con-
taminants for the more powerful density tracer: the Lya
forest. If not properly accounted for, the presence of a DLA
can impact the quasar mean continuum estimate and bias
the extracted neutral hydrogen density field. The broad
damping wings of their absorption profile introduce

“NASA Einstein Fellow.
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additional correlations and noise to the 3D Lya forest
correlation function, which can substantially impact the
inferred redshift-space distortion parameter and linear bias
parameter (e.g., [18-23]). Further, unidentified DLAs add
power on large scales to the 1D power spectrum, shifting
the value of the measured scalar spectral index (e.g.,
[24-26]). For these reasons, in addition to their value as
astrophysical probes, significant efforts have been made to
efficiently detect and characterize DLAs in high-redshift
quasar surveys over the past several decades.

Prochaska and Herbert-Fort [27] and Prochaska et al.
[28] led semiautomated searches for DLAS in the early
Sloan Digital Sky Survey (SDSS) [29]. They identified
DLA candidates by sliding a window over the Lya forest
to find regions with signal-to-noise ratios (S/N) signifi-
cantly lower than the characteristic S/N of the quasar.
Such regions were visually inspected to confirm detection
and Ny; was estimated with a by-eye Voigt profile fit to
the trough.

As the SDSS quasar sample rapidly grew, fully auto-
mated pipelines for surveying DLAs became necessary.
The technique by Noterdaeme et al. [6,30] correlated
observed quasar spectra with synthetic Voigt profiles over
the plausible (Ny;, z) surface, using a metal absorption
template to refine DLA redshift solutions. The authors
demonstrated performance comparable to that in [27]
without requiring a human intervention step.

Garnett et al. [31] proposed a DLA pipeline based on
Gaussian process (GP) models for the quasar emission

083510-3
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spectrum with and without intervening DLAs. This
method, later improved by Ho et al. [32,33], returns the
probability that a given quasar sightline contains up to three
DLAs using Bayesian model selection with a prior on the
column density distribution function informed by previous
DLA surveys. The choice to simultaneously model the
quasar flux and DLA profile aimed to reduce the false
detection rate from incomplete or insufficient quasar
emission functions. The runtime of this method also scaled
efficiently with sample size, an important asset in an era of
large galaxy surveys. Wang et al. [22] reported the GP
method achieved sample completeness and purity of more
than 88% for absorbers with log Ni;; > 20.0 when evalu-
ated on mock spectra of the first year of the Dark Energy
Spectroscopic Instrument (DESI) survey with a median
S/N >3 over 1420-1480 A that were free of broad
absorption lines (BALS).

Motivated by the human expert’s ability to identify the
DLA signatures in quasar forests, Parks ef al. [34] tasked a
convolutional neural network (CNN) with characterizing an
arbitrary number of DLAs on quasar sightlines. They
trained the CNN on artificial DLA profiles injected into
real DLA-free spectra and demonstrated it could recover
~80% of the DLAs reported by the DLA survey of
Noterdaeme et al. [6]. Chabanier et al. [35] independently
validated the CNN, finding excellent efficiency and purity
for bright sources but biased Ny estimates. The estimates
were particularly skewed high in the low-Ny; regime,
though this could be mitigated with cuts on the CNN’s
detection confidence output or removed with a post hoc
Voigt profile fit at the CNN predicted redshift. Wang et al.
[22] retrained the CNN on LyaCoLoRe mock spectra
representative of the DESI year one quasar sample [36].
They reported purity and completeness values mostly over
90% on a BAL-free mock spectra sample with S/N > 3 for
absorbers with log Ny > 20.0. They do not report a bias
on Ny from their work.

Both the GP and CNN DLA finders were used to
construct a concordance catalog with the first data release
(DR1) sample from the DESI survey [37]. DLAs in the
concordance catalog' are detected by both algorithms with
redshift solutions within 800 kms~'. There is no require-
ment that the column density estimates agree to account for
biases on Ny from the CNN, and the GP solution for Ny
and redshift was assumed for all detections. This catalog
informed contaminant masking in the DESI DR1 Lya
forest BAO measurement [38]. The BAO analysis required
a detection probability greater than 50% from both finders
and forest S/N > 3 to further boost the catalog’s purity.

In this paper, we present the Damped Lya Toolkit for
DLA detection and characterization. The DLA Toolkit is
based on spectral template fitting designed to simultane-
ously model the quasar flux and up to three DLA

lhttps://data.desi.lbl. gov/public/drl/vac/drl/dla-cnn-gp.

absorption profiles per sightline. The best fitting model
informs whether a DLA is present and, if so, its most likely
redshift and Ny;. We demonstrate that the DLA Toolkit
provides more than a 15% gain in completeness while
maintaining an estimated purity level above 80% when
included in the combined catalog approach for Lya BAO
measurements with DESI DR2. We also show that DLAs
can be reliably classified in DESI spectra down to S/N = 2
for the background quasar.

This paper supports the DESI DR2 Lya BAO measure-
ment [39] and the subsequent cosmological interpretation
when combined with BAO from galaxy samples [40]. The
DLA catalog presented in this work is a critical component
of the Lya BAO measurement, informing which spectral
regions should be masked to ensure a robust measurement.
In Sec. II, we review the simulated data used to validate the
DLA Toolkit and the DESI quasar samples for which we
produce DLA catalogs. We provide a complete description
of the technique behind the DLA Toolkit in Sec. III.
Section IV presents our validation study. We perform
identical tests with the CNN and GP DLA finders for
comparison. Section V describes the DLA catalog pro-
duced by the DLA Toolkit with DESI DR2 and the subset
catalog corresponding to DR1, the latter of which is made
available with this paper.2 We then discuss optimal combi-
nations of the GP, CNN, and DLA Toolkit catalogs from
DESI DR2 to produce a high-fidelity catalog for the Lya
forest BAO measurement in Sec. VI. Given the combined
catalog’s importance, we validate its purity in real data
using a stacking method here. We further compare the new
strategy for the combined DLA catalog to that adopted for
the DR1 BAO measurement. The impact of the DLA
catalog and masking strategy on BAO is explored in a
companion paper [41]. In Sec. VII, we discuss potential
improvements to the DLA Toolkit and the combined
catalog strategy with respect to other Lya forest analyses.
We conclude in Sec. VIIL

II. DATA SAMPLES

This section presents a brief overview of the DESI
instrument and survey. We then describe the quasar samples
from the DR1 and DR2 used in this work. Last, we
introduce the synthetic quasar spectra used to validate
the performance of the DLA Toolkit.

A. The DESI survey

DESI is a multiobject, fiber-fed spectrograph installed
on the Mayall 4-m telescope at Kitt Peak National
Observatory [42-44]. DESI consists of a new 3.2-degree
diameter prime focus corrector and a focal plane hosting
5000 robotic positioners with optical fibers that direct
light from survey targets to ten spectrographs [45-47].

2https://data.desi.lbl.gov/public/drl/vac/drl/dla-toolkit.
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The target selection is based on imaging from the DESI
Legacy Imaging Survey [48] and was extensively vali-
dated in the early survey [49]. Particularly relevant to this
paper is the quasar target selection discussed by
Chaussidon et al. [50]. A complete overview of the
DESI instrumentation was provided in [51], while the
survey operations and strategy were reviewed in [52].

We use DESI DR1 and DR?2 in this work. DR1 consists
of the spectroscopic data collected from approximately
14.5 million extragalactic objects and 4 million stars during
the first year of main survey operations. This unprec-
edented data set, which includes reprocessing of the
previous “Early Data Release” [53], enabled a range of
key science papers presenting large-scale structure catalogs
[54], BAO measurements [38,55], full-shape clustering
analyses [56], and the cosmological implication of these
measurements [57,58]. DR2 is a superset of DRI, consist-
ing of the spectroscopic data collected from approximately
33 million extragalactic objects and 12 million stars during
the first 3 years of main survey operations. The data was
reprocessed with the latest version of DESI’s spectroscopic
pipeline [59] that features improved calibration procedures
relative to DR1.

B. DESI quasar samples

This work uses the same quasar redshift catalogs as
DESTI’s Lya forest BAO analyses [38,39]. These catalogs
are constructed following the logic presented in [50],
combining the results from several spectral classifiers to
achieve a highly complete and pure quasar sample [60—-64].
The DRI quasar redshifts are refined” from the standard
quasar-classification pipeline redshifts to correct for a bias
reported at z > 2 [65,66]. This bias has since been
mitigated in the main pipeline and thus the correction is
unnecessary in DR2. The quasar catalogs also include BAL
attributes associated with C 1v and Si 1v features (see
Ref. [67] for information on BAL detection in DESI).

C. Simulated quasar spectra

We validate the DLA Toolkit on synthetic realizations of
the DESI DR2 Lya quasar sample. The process for
generating the synthetic data set closely follows that
outlined in [68] with specifics regarding the DR2 realiza-
tions discussed in [41]. In particular, our validation study
uses one realization of LiyaCoLoRe mocks [36,69] and
one realization of the Saclay mocks® [70]. The Saclay and
Lya CoLoRe mocks are generated following similar
processes with key differences in how quasars populate
the simulated density field and the prescription for adding
redshift-space distortions to the forest. We observe

The refined redshifts are available in the zlya value-added
catalog: https://data.desi.Ibl.gov/public/drl/vac/drl/zlya.

“The Saclay mock spectra are generated using SACLAYMOCKS
package available at https:/github.com/igmhub/SaclayMocks.

comparable performance on both mock data samples, so
we only present the LyaCoLoRe results for brevity.

The LyaCoLoRe mocks use a matter density distribu-
tion simulated from Gaussian random fields. Quasar
positions are drawn from Poisson sampling of this density
distribution with an overdensity threshold criterion
imposed. Transmitted flux skewers for each quasar sight-
line are then created from a fluctuating Gunn-Peterson
approximation of a log-normal transformation of the
density field and a velocity field determined by its
Newtonian potential. These skewers are processed into
realistic Lya transmitted flux skewers by adding to each
sightline redshift-space distortions based on the velocity
field and a one-dimensional Gaussian random field to
account for small-scale fluctuations. Then, the quick-
quasars script from the desisim repository’ to gen-
erate a sample of realistic synthetic quasar spectra that
mimics the DESI DR2 footprint, redshift distribution, and
magnitude distribution. At this stage, quickquasars
postprocesses the skewers by adding a quasar continuum
template [71], instrumental noise [72], and absorption
features due to intergalactic medium metal lines, BALs,
and DLAs. BALs are randomly added to 16% of the
population following precomputed templates [73]. DLA
positions and column densities are drawn from the same
initial density field as the quasar positions and introduced
into the spectra following a Voigt profile model.® We use
the z and Ny truth values of the input DLAS to evaluate the
ability of the DLA Toolkit to recover DLAs accurately.

III. THE DLA TOOLKIT
A. Detection method

Our technique fundamentally relies on the fact that a
quasar’s spectrum and the absorption profile from an
intervening DLA are unrelated and therefore separable.
Assuming the quasar redshift is known, we can model an
observed spectrum f, as a product of the quasar flux F,
and the Lyman series transmission vectors T'p4 je (0.5 for
n intervening DLASs with redshifts z; and column densities
Ny j following Eq. (1):

n=0, Fq(lobs)
I’l>0, H;l:l TDLA,j(/lobstijHI,j)XFq(j'obs)'
(1)

M) = {

5https://github.corn/desihub/desisim.

®More specifically, an absorption feature is added at Ay, =
Mya(Zuep + 1) with Fycp = exp(—zycp) transmission. Here
Trep = Nur6(Aopss 4, f» b, T') follows a Voigt-profile cross-sec-
tion model parametrized by A4py, = 1215.67 A wavelength,
firye = 0.4164 oscillator strength, b = 30 km/s Doppler width,
and I' = 6.265 x 10 s~! spontaneous emission coefficient.
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We assume a Voigt profile for Tpp, that includes
absorption from the Lya and Lyp transitions. For F,,
we use version 1.1 of the HIZ quasar templates [62] from
the redshift fitting software REDROCK.”® These templates
consist of four eigenspectra derived using approximately
140 000 SDSS zgso > 1.3 quasar spectra. The eigenspectra
incorporate the Lya effective optical depth model z.; from
[74]. F, is thus defined in Eq. (2), where v; is the ith
eigenspectrum and a; is the coefficient on that eigenspec-
trum that provides the optimal reconstruction:

N=4
F‘I(/Iobs) = e_re“(low Z aivi(/lobs) (2)

The procedure for detecting DLAs on a given quasar
sightline is as follows. First, we define the redshift
boundaries of the DLA search window using Eqgs. (3)
and (4), following [32]. The minimum DLA redshift avoids
wavelengths blueward of the Lyman limit with a buffer for
potential error on quasar redshift zog0. The maximum DLA
redshift mitigates the risk that the absorption profile will be
used to compensate the quasar flux model for peculiarities
in the Lya emission line, such as asymmetry or strong
intrinsic absorption. The allowed HI column density range
is 20.1 < log;((Ny1) < 22.6. The minimum column den-
sity is lower than the canonical log;o(Ny;) = 20.3 defi-
nition for DLAs to avoid false positives from sub-DLAs.
Detections with a column density below the DLA threshold
can be removed in postprocessing if desired:

912 (1 4 Z0s0) = 1 + 3000 ks~

. ALya c
Zmin = Max mindgp, 1 (3)
)'Ly(z ’
3000 kms™!
Zmax T ZQsO T T (4)

If there are known C 1v BALs in the observed spectrum,
we optionally mask the impacted regions. The velocity
profile of C v BALs is extrapolated to mask for potential
BALs from Si 1v, N 1v, and Lya which regularly are co-
occurring. The BAL masking strategy from [75] is then
applied to the forest region to help mitigate BAL/DLA
confusion. We do not proceed with DLA detection if BAL
masking results in a loss of more than 80% of the DLA
search window. For the present work, BAL masking is
always applied when BAL information is available.

Next, we shift the quasar templates to the observer
frame using the provided zgso and resample it to
match the AA binning of the observed spectrum. A null
model, n =0 in Eq. (1), is fit to the spectrum at

7https ://github.com/desihub/redrock.
*https://github.com/desihub/redrock-templates.

Aobs > max(min(Aeps ), (1 + zgso) x 912 A) by minimiz-
ing the reduced y statistic defined in Eq. (5). There is no
upper wavelength bound, as we wish to exploit the
correlations between spectral features at Aggso < Arya

and Arr qso > Arya (€.8., [76]):

s L RN (o) - M)
Xrn = N =2n zi:o-[z)ipe(ﬂl) + (M(ﬂ,’)GLSS(Ai))z .

(5)

M (4;) is defined by Eq. (1), with the quasar eigenspectra
coefficients being free parameters. The y2 denominator
consists of the flux variance estimated by the spectral
reduction pipeline agipe and the intrinsic variance of the
Lyman series flux transmission field o7 (¢ scaled by the
squared estimate for observed flux. The o7 ¢ function in
this work is set by the continuum fitting analysis described
in [39] applied to an early version of the DESI DR2 sample
(internally referred to as jura).9 This term only impacts
ARF.Qs0 < ALyq and is set to zero elsewhere.

We save the reduced y? over the DLA search window of
the best null fit. Next, we fit the spectrum with a one-DLA
model (n = 1) over a coarse grid of the allowed Ny and z
ranges defined by steps of Alog;oNyr = 0.05 and
Az = 0.01. The eigenspectra coefficients are reoptimized
at each grid point via Eq. (5), and the y2 over the DLA
search window is recorded. Resolving for the quasar
eigenspectra coefficients at each step is crucial because
if a DLA is indeed present it will have biased the null
model towards underestimated flux. We then identify the
best-fitting (Nyy, z) pair and refit in finer steps spanning
+0.02 in z and £0.15 in log;o(Nyz) about the minimum.
We solve for the final column density and redshift
estimates via a parabola fit to the refined y? surface. A
parabola is iteratively fit in each dimension until con-
vergence. Poor parabola fits, such as boundary relaxa-
tions, are flagged. A sparse visual inspection reveals most
failed parabola fits originate from apparently DLA-free
spectra for which we do not expect the y2 surface to be
well defined by parabola. Flagged “detections” are main-
tained in the code’s raw output; however, we choose to
discard them from our final catalogs.

A DLA detection is defined using the threshold param-
eter Ay2 in Eq. (6). This term quantifies how much the fit
improves (or degrades) from including a DLA absorption
profile. It is always computed using the reduced y? to
account for the extra parameters in an n-DLA model
relative to a (n — 1)-DLA model. To be maximally inclu-
sive, the DLA Toolkit sets a weak threshold of AyZ > 0.01

°The DR1 equivalent, internally referred to as iron, for the
o7 s function is available with the code. o7 ¢; from jura will be
available no earlier than the publication of DESI DR2. The
difference between o7 ¢ versions is minimal for the wavelength
region concerned in this work.
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TABLE I. DLA catalog columns.

Column Type Description

TARGETID int64 Unique DESI target identifier for quasar

RA double Right ascension in decimal degrees (J2000)

DEC double Declination in decimal degrees (J2000)

Z_QSO double Quasar redshift

SNR_FOREST double Mean pixel S/N over 1040-1205 A in 7Z._QSO rest frame
SNR_REDSIDE double Mean pixel S/N over 1420-1480 A in Z._QSO rest frame
DLAID char [20] Unique identifier for DLA

Z_DLA double DLA redshift

7Z_DLA_ERR double Error on Z_DLA estimated with parabola fit to y> minimum
NHI double log10 HI column density of DLA

NHI_ERR double Error on NHI estimated with parabola fit to )(2 minimum
COEFF double [4] Coefficients on quasar eigenspectra for DLA solution
DELTACHI2 double Improvement in reduced y? from including DLA
DLAFLAG" int64 Mask bit indicating potentially problematic fit

*This column is absent from the DR1 DLA catalog since nonzero entries are discarded.

to constitute a detection. In Sec. IVA, we investigate  absorbers but with Ny below the search limit of the DLA

alternative choices for the Ay? detection threshold: Toolkit. The first false detection in the last panel of Fig. 1
aligns with the position of a true absorber with input z =
Ayt =yt =X (6)  2.33 and log;((Nyr) = 19.75. As discussed in Sec. IVA,

the false positive rate can be mitigated with cuts on either
If the Ay? for the one-DLA model meets the detection ~ S/N or Ny.
threshold, we repeat the above procedure for a two-DLA
model and similarly for a three-DLA model if merited. The 1. S/N metrics
solutions for any previously identified DLAs are fixed
when solving subsequent models. The Ay? threshold for

detection is uniform across all n. The DLA Toolkit stores : o
the relevant information for each detection in an output defined by the average S/N per pixel over 1420 A <

catalog summarized in Table | Arroso < 1480 A. The second is SNR_FOREST which is

Figure 1 shows three simulated spectra in which the  defined by the average S/N per pixel over 1040 A <
DLA Toolkit detected a candidate DLA. The first two  Agpgso < 1205 A. A value of —1 reflects insufficient
panels show true positive detections while the last panelis ~ wavelength coverage and is typically limited to
an example false positive. Many false positives originate SNR_FOREST for lower-redshift quasars. The S/N distri-
in low-S/N spectra and from true high column density  butions for the DESI DR2 quasar sample and the

The DLAToolkit computes two S/N metrics that are saved
in the code’s output. The first is SNR_REDSIDE which is

Z_QSO = 3.27; S/N = 3.62 Z_QSO = 2.67; S/IN = 4.76 Z_QSO = 2.81; S/N = 1.05
- 1E v =

8 — Null Model & — Null Model — Null Model
w .+ 1-DLA; z = 2.89, logioNy = 21.14, Ax? = 0.12 Lol +* 1DLA; Z=2.64, logio Ny = 21.29, Ax? = 0.68 | 4.+ 1-DLA; z = 2.33, logyo Ny = 202, A2 = 0.02 7
= L= 2:DLA; z= 254, logio Ny = 21.32, 8 = 0.1 | — 2:DLA; Z = 221, logso Ny = 2075, 2% = 0.01
= B B 1
E\ \
©
g ,L
2
—
s
2 2p
e |
9] (a8, WY T
g oL, 3

o= wi < -
x oHIf|8 -
et : lllogmNHu = 21.39 1 -1 -

H logio Nui = 2[1.21 gl ! logi1o N = 21.02
-2k =l
1 1 1 1 1 1 1 1 1 1 1 1 1 1 e 1 1 1 1 1 1 1
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FIG. 1. Three LyaCoLoRe quasar spectra (gray lines) and their simulated error spectra (orange lines) with the best-fitting null model
and n-DLA models that triggered a detection. The first DLA detection model is represented by the red, dotted spectrum while the second
DLA detection model, if applicable, is represented by the purple, dashdot spectrum. The estimated z and Ny; of each detection is
provided in the legends along with the Ay? of the fit. The solid vertical lines mark the location of true DLA troughs with the input Ny
annotated. The dashed vertical lines indicate the corresponding true Lyf troughs, if visible.
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FIG. 2. Histogram illustrating the SNR_REDSIDE (red) and
SNR_FOREST (blue) distributions for the DESI DR2 quasar
(solid lines) sample and the LyaCoLoRe mock sample (dotted
lines). The vertical dashed line indicates S/N > 2.

LyaCoLoRe mock data sample are shown in Fig. 2. As
evidenced in the figure, SNR_REDSIDE nearly always
exceeds that computed in the forest by a factor of 1.5-2,
on average. This trend is exaggerated when a DLA is present
[27,28]. We exclusively use SNR_REDSIDE for any S/N
value reported throughout this paper to avoid biasing against
sightlines with DLAs.

IV. PERFORMANCE

We evaluate the DLA Toolkit on the sample of simulated
spectra described in Sec. II C restricted to 2.0 < zggo <
4.25. The lower limit ensures the Ly« forest is redshifted to
the wavelength coverage of the DESI spectrographs while
the upper limit comes from the maximum quasar redshift
used in the Lya forest BAO measurement [38,39]. Using
the truth values for DLAs input into the mock spectra, we
measure the column density and redshift accuracy of true
positives. We then report on the purity and completeness of
the resulting DLA sample and the dependence of these
metrics on various parameters such as S/N. We perform
identical tests with the GP and CNN DLA detection
methods for comparison.

A persistent issue with DLA detection is BAL/DLA
confusion. Since BAL contamination is removed before
extracting Lya flux transmission fields for BAO measure-
ment (see the DESI BAL masking strategy presented in
[73]), we focus our validation on the BAL-free subset of the
mock spectra sample. We include some discussion of
performance on the full mock data sample, but all reported
metrics and figures correspond to the BAL-free subsample
unless explicitly stated otherwise.

A. Validation on simulated spectra

We run the DLA Toolkit on the sample of approximately
930 000 simulated spectra that satisfy the quasar redshift
restriction, of which 778 043 are free of BALs. We trim the
DLA Toolkit output catalog on predicted logo(Nyr) >

---- CNN
—— GP
15000 7 —— This work
I
5 10000 -
Q
O
5000 +
0 : S—— - . - : :
-0.008 —0.004 0.000 0.004 0.008
Zp—Z¢
1+2z
-
o
3
5]
[&]
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Predicted - True logio(Ny/)
FIG. 3. Histograms illustrating the parameter accuracy of the

DLA Toolkit, GP DLA finder, and CNN DLA finder for the true
positive log;o(Nyr) > 20.3 detections. The top panel shows the
offset of the predicted z from truth. All methods have an average
offset consistent with zero. The bottom panel shows the differ-
ence between predicted and true log;o(Ny; ) values. The average
offset is 0.100 for the DLA Toolkit, 0.073 for the GP DLA finder,
and —0.222 for the CNN DLA finder.

20.3 and remove flagged detections (see Sec. Il A).
Approximately 13% of quasar sightlines have a DLA
detection after applying these cuts, with ~1% having
multiple DLA detections.

The DLA truth catalog is defined as input DLAs with
log;o(Nyr) > 20.3 and redshifts within the wavelength
search window defined by Egs. (3) and (4). A detection
by the DLA Toolkit is considered a true positive if Eq. (7) is
uniquely satisfied for any DLA in the truth catalog. This is
equivalent to the predicted DLA being within 3000 kms™!
of a true DLA:

Zpredicted — Ztrue

< 0.01 7
1 + Ztrue ( )

As shown in Fig. 3, the majority of redshift estimates
are accurate well within the boundary set by Eq. (7), with
an average offset consistent with zero. Figure 3 also
indicates that the DLA Toolkit slightly overpredicts column
density on average by Alog;q(Ny:) = 0.100(c = 0.286).
However, the Ny; accuracy is S/N dependent, and the
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FIG. 4. The average offset of predicted Ny; from truth as a
function of S/N for the DLA Toolkit, GP DLA finder, and CNN
DLA finder for the true positive log;o(Ny1) > 20.3 detections.
The shaded regions are the standard deviation within each S/N
bin. The vertical dashed line indicates S/N > 2.

average offset improves with increasing S/N as shown
in Fig. 4. When restricting to S/N > 2, the average offset
of column density from the truth value improves to
Alogo(Nyr) = 0.039(c = 0.207).

The purity of the DLA sample is defined as the number
of true positives divided by the number of all detections.
The completeness is the number of true positives divided by
the total number of DLAs in the truth catalog. We first
assess how purity and completeness depend on the Ay?
threshold for detection [see Eq. (5)]. We compute these
metrics after cutting the catalog on Ay? > Ay? .- for
several values of A;(fymin spanning 0.01-0.25. We only
consider sightlines with a quasar S/N > 2 since perfor-
mance rapidly degrades below this. The S/N dependence is
discussed in greater detail later in this section. As expected,
the sample becomes more pure and less complete as the
threshold Ay? increases, shown in Fig. 5. We elect a
detection threshold Ay? > 0.03, indicated by the star, in all
further analyses to balance the purity and completeness
tradeoff. This choice yields a sample that is 80% pure and
79% complete.

We next evaluate the dependence of purity and com-
pleteness on S/N with the detection threshold of
Ay? > 0.03. As evidenced in Fig. 6, the purity increases
rapidly up to S/N =~ 2. The purity stabilizes beyond this
point, increasing moderately from ~75% to ~90%. We
observe a similar rapid increase in completeness at
S/N < 2. In contrast to purity, completeness does not
stabilize and actually begins to decrease around S/N =~ 5,
particularly for S/N > 10. Approximately 22% of the truth
DLA sample are in S/N > 5 quasar spectra, where the
average completeness of the DLA Toolkit is 77%. Roughly
8% of the truth DLAs are in quasar spectra with S/N > 10,
where the DLA Toolkit has an estimated purity of 65%. As
such, the actual number of missed high-S/N DLAs is
relatively small compared to the full sample size.
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FIG. 5. The purity and completeness of DLA samples for

different cuts in detection confidence. The circle points corre-
spond to the DLA catalog from the DLA Toolkit and are colored
by the minimum Ay? to constitute a detection. The triangle
(square) points correspond to the GP (CNN) DLA finder and are
likewise colored by minimum P_DLA (DLA CONFIDENCE) for
detection. All DLA samples are limited to S/N > 2 and predicted
logo(Nyr) > 20.3. The stars are the thresholds for the DESI
DR2 BAO measurement.
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FIG. 6. The purity and completeness of DLA samples as a
function of S/N from the DLA Toolkit, GP DLA Finder, and CNN
DLA finder. The samples are cut on confidence and predicted
log;o(Nyr) > 20.3, except the alternative CNN line as annotated.
The vertical dashed line indicates S/N > 2.
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FIG. 7. Purity (left) and completeness (right) values with the DLA Toolkit for different S/N and log;y(Nyz) bins. The logg(Ny1) >
22.0 bins contain < 35 objects each, with the 4 < S/N < 5 and 5 < S/N < 6 bins containing only 11 and 7 DLAs, respectively.

An analysis of the missed S/N > 10 DLAs reveals an
excess of flagged fits. In high-S/N spectra, the DLA Toolkit
often finds better solutions (in a ¥ sense) from fitting two
lower column density DLA profiles to a single true DLA
trough instead of one DLA profile with a larger, more
accurate column density. These fits are flagged owing to
their poor parabola fits and thus discarded by our cuts.
These dual solutions to single DLA troughs are driven by
local minima, indicating the y? relaxation process is less
robust at the highest S/N. We discuss this failure mode, its
impact on Lya clustering measurements, and steps for
remediation in Sec. VIL

Our final test checks the dependence of purity and
completeness on DLA column density, shown in Fig. 7.
Since N7 accuracy is S/N dependent, we check the purity
and completeness in bins on both parameters. For S/N > 2
and log;o(Nyr) > 20.5, purity nearly ubiquitously exceeds
80% and completeness is generally above 85%. As
expected, we observe degraded performance at the lowest
S/N and Ny values. The purity (completeness) is relatively
low in the 20.3 < log;o(Nyr) < 20.5 bins owing to scatter
in the predicted log;o(Ny;) values causing sub-DLAs
(DLAs) to fall above (below) the 20.3 minimum
requirement.

There is an apparent excess of false-positive detections
for high column densities [log;o(Ny:) > 22]. We visually
inspected the model fit from the DLA Toolkit to several
spectra in these bins. A large fraction of the false positives

TABLE II.

arises from the DLA Toolkit placing a DLA solution on the
blue wing of the Lya emission line to compensate for
emission line diversity. This type of false positive could be
removed by requiring the predicted DLA redshift to have a
larger offset from zggo than is currently imposed by the
DLA Toolkit (see the definition of z,,, in Sec. Il A);
however, doing so would lower the completeness at long
wavelengths in the Lya forest thus increasing contamina-
tion from unmasked DLAs in the BAO analysis. For this
reason, we maintain the current z,,,, limit. A more robust
solution would be a physicality check of DLA solutions at
these wavelengths, such as confirming the observed flux is
approximately zero inside the trough. Improvements to
DLA detection accuracy in this regime will be explored in
future work.

Last, when including BAL quasars in the test sample the
DLA Toolkit achieves approximately the same complete-
ness, but the purity decreases to 59.4% for Ay? > 0.03 and
S/N > 2. The trends for purity and completeness with S/N
are relatively unchanged from the BAL-free sample, but the
purity curve is shifted to lower values. The Ny and z
accuracy are comparable to the BAL-free sample. Table II
summarizes the purity and completeness metrics for both
the full sample and the BAL-free sample.

The reduced purity compared with the nominal
BAL-free test sample is likely due to imperfect masking.
The BAL masking procedure (see Sec. III A) assumes all
BAL quasars exhibit broad absorption from C 1v and that

The purity and completeness (denoted as “Comp.”) of DLA samples from the DLA Toolkit, GP DLA

Finder, CNN DLA Finder, and the combination of the three methods (as outlined in Sec. VI) for the LyaCoLoRe
mock spectra sample. All DLA samples are from quasar spectra with S/N > 2 and have predicted

loglo(NHI) > 20.3.

This work Ay? > 0.03 GP P_DLA > 0.99 CNN DLA CONF > 0.6 Combined
Purity 80.1% 79.7% 84.9% 84.8%
Purity (BAL) 59.4% 53.6% 66.0% 66.4%
Comp. 79.0% 83.4% 56.9% 79.0%
Comp. (BAL) 77.3% 83.4% 55.9% 77.6%
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the C v BAL velocity profile is identical to the
absorption profiles imprinted by other ions. The former
is reasonable, as the presence of broad C 1v absorption
typically defines the BAL quasar subtype (e.g., [77]) in
addition to being relatively easy to detect compared
with other common BAL transitions. The latter
assumption, however, perhaps oversimplifies complex
dynamics of the BAL-producing structures (e.g., [78,79]).
Furthermore, we use the C 1v BAL profile to generate
masks only for the following transitions: C 1v, Si 1v, N V,
Lya -0, C 1 (977,1175), P v, S1v, O vi, O 1, and N 111
These lines are selected from spectral stacking analyses of
C voutflows (e.g., [80]) and follow the convention of the
Lya forest BAO analysis. Other transitions (e.g., Si It and
Al 11) may be present but are unmasked, increasing the
false-positive potential and reducing the quality of the null
fit. While the BAL masking evidently does not eliminate
DLA/BAL confusion, the DLA Toolkit appears more
robust against this type of contamination when compared
with the GP DLA finder, which also relies on eigenspectra
to construct a null model but does not mask for BALs
(reflected in Table II).

B. Comparison with other DLA algorithms

The GP DLA finder from Ho et al. [33] and the CNN
DLA finder from Wang et al. [22] were used in conjunction
to identify DLLA contamination in the DESI DR1 Ly« forest
BAO measurement [38]. The current version of the GP
model was trained on quasar spectra from the extended
Baryon Acoustic Oscillation Survey (eBOSS) [81]." The
current CNN version was trained on simulated quasar
spectra mimicking the first year of observations with the
DESI survey. We run these DLA finders on the same
simulated quasar sample that was used to evaluate the DLA
Toolkit in Sec. IVA and compare their performances. We
refer the reader to [22,33] for complete details on these two
methods.

To ensure analogous results from each technique, we
perform a series of cuts on the output DLA catalogs from
the GP and CNN DLA finders on the LyaCoLoRe mocks.
We remove detections with predicted log;y(Nyr) < 20.3
and restrict the DLA redshift range to that defined by
Egs. (3) and (4). We then remove any detections flagged as
problematic by the GP. The CNN does not maintain any
flags, so we retain all detections from this algorithm that
pass the redshift and column density cuts. As with the DLA
Toolkit, we consider a GP or CNN DLA detection a true
positive if the predicted redshift uniquely satisfies Eq. (7)
for any DLA in the log;o(Ny:) > 20.3 truth catalog.

"“The GP model used in this work is a PYTHON-translated
version of the original MATLAB GP code, with optimizations to
improve speed. The software is available at https://github.com/
jibanCat/desi_gpy_dla_detection.

Figure 3 illustrates that, on average, the GP and CNN
methods achieve equally precise redshift estimates as the
DLA Toolkit. The average offset of the predicted GP and
CNN redshifts from truth is consistent with zero, similar to
what was reported in [22]. The GP, however, produces a
tighter distribution for the offset of predicted Ny; values
from truth than either the CNN or the DLA Toolkit. The
average offset of GP predicted column density from truth is
Alogy(Nyr) = 0.073(c = 0.198). The CNN, in contrast,
provides the least reliable column density predictions
of the three methods, on average, with a mean offset of
Alogy(Nyr) = —0.222(c = 0.475) ([34,35] previously
reported a bias on column density).

We next compare the dependence of Ny accuracy on
S/N for the three methods in Fig. 4. The DLA Toolkit and GP
tend to overestimate Ny in a relatively similar fashion that
improves with increasing S/N. This may be a consequence of
the difficulty in modeling intrinsic quasar continua at lower
S/N, which both approaches rely on when estimating
column density. Meanwhile, the CNN tends to under-
estimate Ny; by a consistent average magnitude of
Alog o Nyr ~0.08 at S/N > 3 and Alog;g Ny ~0.205
at S/N < 2. It is clear that Ny accuracy is degraded for all
methods at low S/N. Applying a lower limit S/N > 2, the
average offset of column density from the truth value
improves to Alog;o(Ny:) = 0.057(c = 0.188) for the GP
and Alog;o(Nyr) = —0.164(c = 0.232) for the CNN.
Figure 4 also makes it apparent that the improved average
Ny accuracy of the GP over the DLA Toolkit arises in the S/
N extremes (S/N < 1.5 and S/N = 18).

The GP and CNN DLA finders both have an output
variable that quantifies detection significance for candidate
DLAs, similar to the DLA Toolkit’s Ay?. The GP reports a
P DLA value, and the CNN reports a DLA CONFIDENCE
value for each detection. Both parameters are on a scale of
zero to one where larger values correspond to higher
confidence. P_DLA exhibits a rather bimodal distribution,
returning values greater than 0.9 or equal to zero. The latter
is equivalent to a nondetection. For the CNN, the distri-
bution of detections generally decreases with increasing
DLA CONFIDENCE value, aside from a spike of detec-
tions with DLA CONFIDENCE = 1.0.

Figure 5 demonstrates how the purity and completeness
of the GP and CNN DLA samples depend on their
respective detection thresholds. The behavior of the
CNN as the threshold DLA CONFIDENCE increases sug-
gests that DLA CONFIDENCE is not necessarily a good
indicator of DLA probability. We define a DLA detection
by P_DLA > 0.99 for the GP and DLA CONFIDENCE >
0.6 for the CNN. Using these thresholds, the GP provides a
DLA sample that is 79.7% pure and 83.4% complete, and
the CNN provides a DLA sample that is 84.9% pure and
56.9% complete.

The top panel of Fig. 6 shows how the purity of these
samples depends on S/N with the chosen detection
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thresholds. The GP purity is fairly consistent at ~80% for
S/N > 2, but reports no detections below S/N < 0.5. The
lack of low-S/N detections may be driven by inadequate
training of the GP model on noisy data. Since the GP relies
on a Bayesian framework, its predictions become prior-
driven when the model lacks sensitivity to certain data
regimes, i.e., favoring non-DLA detection by default. The
CNN exhibits a similar trend in purity to the DLA Toolkit
but is up to ~10% more pure at the S/N < 1 and roughly
5% more pure between 3 < S/N < 10. DLA samples from
the CNN are also about 5% more pure than the GP samples
for S/N > 2.

The trends of completeness with S/N are shown in the
bottom panel of Fig. 6. The GP achieves roughly uniform
completeness of ~90% for S/N > 4. The completeness of
the CNN levels out earlier at S/N ~ 2, hovering around
55%. The DLA Toolkit outperforms the GP and CNN at
S/N < 3, after which the GP provides the most complete
DLA sample. A summary of the purity and completeness
metrics for the GP and CNN DLA finders is given Table II.

Table II also includes the performance of the GP and
CNN DLA finders on the quasar sample that includes BAL
sightlines. As with the DLA Toolkit, the completeness with
the GP and CNN DLA finders is relatively unaffected by
BAL sightlines. However, as evidenced by the purity
values, all algorithms suffer from DLA/BAL confusion.
The CNN is the most robust of the three against false
positives caused by BALs. This is likely because it does not
rely on eigenspectra to construct an intrinsic model of the
quasars, unlike the GP and DLA Toolkit. These models
cannot capture the spectral variation caused by BALs and,
without masking or with insufficient masking, tend to
produce poor reconstructions.

The low completeness of the CNN reported in this work
is likely driven by its systematic underestimation of Ny.
We show in Fig. 6 that relaxing the column density
threshold to the predicted log;o(Nyr) > 20.1 can boost
the CNN’s completeness but at the cost of lower purity.
With this lower Ny; minimum, the purity (completeness)
decreases (increases) ~20% above S/N > 2. Since the
focus of this work is identifying DLA contamination for
BAO, we choose to keep the log;o(Nyr) > 20.3 cutoff to
minimize the loss of uncontaminated forest regions.
Further, we expect the GP and DLA Toolkit will compen-
sate for CNN in this regime (see Sec. VI). We refer the
reader to [34,35] for discussions on debiasing Ny; from the
CNN, but caution that debiasing procedures should be
updated to reflect the new training [22]. We leave more
sophisticated work on debiasing the CNN Ny; and sub-
sequent effects on DLA detections to future works.

Differences in our reported performance metrics com-
pared with Wang et al. [22], who evaluated both the GP and
CNN methods on DESI DR1 mock spectra, are likely due
to a combination of factors. First, the DESI DR2 mocks
used in this study feature improved realism relative to the

mock spectra used in their analysis (see Ref. [41] for details
on the mock improvements). We also do not consider sub-
DLA column densities (log;oNy; < 20.3) in our assess-
ment, whereas the DLA samples in [22] were defined by
logig Nyt > 20.0. The lower column density threshold
results in a substantially larger sample size than with the
canonical DLA column density cutoff used in this work.
We additionally find larger offsets of predicted Ny; from
truth than was reported in [22], particularly for the CNN
method, even when restricting to S/N > 3. Finally, we use
a lower S/N cutoff and higher detection significance
thresholds for both methods for our final catalog, informed
by the results of our analyses.

Figure 8 explores the overlap between the DLA
catalogs produced by the DLA Toolkit, GP, and CNN
methods for log;o(Ny7) > 20.3 detections. Motivated by
the previous tests, we require Ay> > 0.03, P_DLA > 0.99,
DLA CONFIDENCE > 0.6, and S/N > 2. We associate
detections between catalogs if they have predicted z values
within 800 kms~!, following the convention of [38].11

The distribution of candidate DL.As found by at least one
of the DLA Toolkit, GP, or CNN methods is shown on the
left in Fig. 8 while the right shows the subset which are true
DLAs. The largest subset of candidate DLAs shown in
Fig. 8 corresponds to those detected by all three methods.
This subset has a high purity of 93.8%, demonstrating how
combining techniques helps to filter out contamination
from the individual catalogs. The next largest subset is
candidate DLLAs detected by the DLA Toolkit and the GP
method with a purity of 74.5%. After this, the next largest
subset is candidate DLAs detected by only the GP method
with a purity of 27.0%. The two subsets corresponding to
shared GP and CNN candidate DLAs or shared DLA
Toolkit and CNN candidate DL As are relatively smaller but
have 68.1% and 64.1% purity, respectively. These results
suggest that while detections made by all three methods are
the most pure, each method contributes unique identifica-
tions. Furthermore, the catalogs can be used as cross-
checks for each other to remove a large number of false
positives. This highlights the importance of using multiple
approaches for a more comprehensive DLA catalog.

V. DLA CATALOGS FROM THE DLA TOOLKIT

We run the DLA Toolkit on the quasar samples from
DESI DR1 and DR2 described in Sec. II B, restricting both
samples to 2.0 < zgso < 4.25. Flagged detections are
removed from the output catalogs and therefore not
considered in the statistics reported in the following
subsections. We refer the reader to the performance metrics
reported in Sec. IVA as a guideline for selecting and using

"This Az tolerance works well for most column densities;
however, at the highest column densities, we show that a relaxed
tolerance for associating detections between catalogs provides
better performance in Appendix A.

083510-12



CONSTRUCTION OF THE DAMPED Lya ABSORBER ...

PHYS. REV. D 112, 083510 (2025)

All Detections
This work

GP

FIG. 8.

True Positives
This work

1380

GP

Venn diagram of all detections (left) and the true positive detections (right) by the DLA Toolkit, GP, and CNN methods where

S/N > 2 and BAL sightlines are excluded. These detections are required to meet Ay? > 0.03, P_DLA > 0.99, and/or DLA_CONFI -
DENCE > 0.6 depending on method. We also require log;((Ny7) > 20.3. The green shaded region represents the detections selected by

Eq. (11).

DLA samples from these catalogs. Since simulated spectra
cannot capture the full diversity observed in real quasar
spectra, the purity and completeness measurements should
be treated as approximate upper bounds. Candidate DLAs
can be matched via TARGETID to the corresponding
quasar catalog to remove BAL sightlines and enhance
the sample purity.

A. The DR1 catalog

After applying the quasar redshift cut, the DR1 sample
consists of 520 745 sightlines. The DLA Toolkit records 74
918 detections for this sample, of which 60565 have
predicted log;o Ny > 20.3. Approximately 1% of quasar
sightlines contain more than one candidate DLA.

The best performance is expected for S/N > 2, as
evidenced throughout Sec. IVA. Using this S/N limit
and a Ay? > 0.03 threshold, 26651 DLA candidates
remain in the catalog with 21173 having predicted
log;o Ngr > 20.3 (from 235856 S/N > 2 sightlines).
Figure 9 shows the distribution of predicted column density
and redshift for the full sample and the sample optimized
with S/N and Ay? cuts.

The DR1 DLA catalog from the DLA Toolkit, along with
the corresponding quasar catalog, is available concurrently
with the full DESI DR1 [37]. The DLA catalog contains the
information summarized in Table I. The catalog comple-
ments the concordance DLA catalog, which includes DLAs
found with the CNN and GP methods.
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FIG. 9. The predicted redshift and log;o(Ny;) distribution of
the DLA Toolkit catalog for DESI DR1. The vertical line is the
DLA column density definition.
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B. The DR2 catalog

The DESI DR2 sample contains 942 946 quasar sight-
lines that satisfy 2.0 < zgso < 4.25. The DLA Toolkit
returns 137222 candidate DLAs with predicted
log,o(Nyr) > 20.3. Restricting to the S/N > 2 (455 360
quasar sightlines) leaves 66955 candidate DLAs with
predicted log;o(Nyr) > 20.3 remaining in the sample.
Further requiring Ay? > 0.03 results in an optimized
sample of 52575 candidate DLAs. Similar to the DRI1
catalog, roughly 1% of sightlines have more than one
candidate DLA.

VI. THE DR2 COMBINED CATALOG FOR
LYMAN-ALPHA FOREST BAO

This section presents the construction of the DLA
catalog for the DR2 Lya forest BAO measurement [39].
The wings of DLA absorption profiles, which can extend
for thousands of km s™!, not only compromise the ability to
extract the neutral hydrogen density field but also increase
noise in the correlation function and alter its broadband
shape (e.g., [19]). DLAs also cluster more strongly than the
Lya forest (e.g., [9,16,17]), increasing the bias of the
correlation function. It is essential to efficiently identify
DLAs for the BAO analysis, so they may be masked and
their impact on the correlation function mitigated. We
combine output DLA catalogs from the GP, CNN, and
DLA Toolkit on the DESI DR2 quasar sample to construct a
highly complete and pure catalog. We aim to optimally
balance these two metrics to reduce contamination without
erroneous loss of forest pixels.

We combine output catalogs from the CNN and GP DLA
finders on the DR2 quasar sample with the DLA Toolkit
catalog from Sec. VB as follows. To begin, we match
candidate DLAs between catalogs within 800 kms~!. We
then remove detections from each method that do not meet
the log;o(Nyr) > 20.3 or confidence minimums. The
chosen confidence minimums per method are informed
by the results presented in Sec. IV. We also require S/N >
2 since we expect degraded performance from all three
algorithms at low S/N. In summary, detections (det;) from
each algorithm are defined following Eqgs. (8), (9), and (10).
The number of candidate DLAs satisfying the detection
criterion for each method is given in Table III:

detrooixic = (10€10(Nurroo1xic) > 20.3)
N (Ay? >0.03) N (S/N>2), (8)

detgy = (logyo(Nur.gp) > 20.3)
N (P_DLA > 0.99) N (S/N > 2), (9)

deteny = (log o (Nyr-cay) > 20.3)
N (DLA CONFIDENCE > 0.6)N (S/N>2). (10)

TABLE III. Number of candidate DLAs found in the DESI
DR2 quasar sample by each method following the definitions
in Egs. (8)—(11).

Total Candidate DLAs  Non-BAL sightlines

DLA Toolkit 52575 35939
GP 69 995 32100
CNN 52072 25457
Combined 41152 25568

Based on the catalog overlap discussion in Sec. IV B, the
final combined catalog requires a detection by both the GP
and either the DLA Toolkit or the CNN. This decision aims
to maximize completeness without sacrificing purity. The
GP detection then sets the final predicted redshift and
column density so that all candidate DL As use a common z
and Ny estimator. Equation (11) summarizes the logic for
constructing the combined catalog. The final catalog has
41 152 candidate DL As. We note that this catalog does not
remove BAL sightlines:

detCombined = detGP N (detToolkit U detCNN)' (11)

To assess the expected purity and completeness of the
combined catalog, we apply Eq. (11) to the mock DLA
catalogs presented in Sec. IV from the DLA Toolkit, GP,
and CNN methods. For this analysis, we exclude BAL
sightlines since that type of contamination was removed
separately in [39] in the BAO measurement. DLA detec-
tions satisfying Eq. (11) are shown as the green shaded area
in Fig. 8. It has a purity of 84.8% and a completeness of
79.0%. These metrics are included in Table II for com-
parison with the catalogs from the individual methods. We
validate our mock estimated purity with data stacks in
Sec. VIA.

We considered an alternative combination strategy that
requires detection by any two of the methods. This choice
slightly increases (decreases) the completeness (purity) of
the sample, as illustrated in Fig. 8; However, requiring a
common method across all candidate DLAs in the com-
bined catalog allows us to standardize the parameter
predictions. The GP is the best choice for the common
method owing to its greater Ny accuracy relative to the
other two methods and its high completeness.

We also evaluate the DR1 BAO strategy which requires
CNN_CONFIDENCE > 0.5 and P_DLA > 0.5 for building a
combined DLA catalog for DR2. With these thresholds, we
get 90.8% purity and 61.0% completeness at S/N > 2. The
accuracy of this catalog’s redshift and column density is
identical to our presented strategy, as both utilize the GP
solutions for the final predictions. Thus, this new DR2
strategy increases completeness by roughly 18% while only
losing about 5% in purity.

As a final analysis of the combined catalog using mock
spectra, we evaluate purity and completeness in the same
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FIG. 10. The purity (left) and completeness (right) of the combined DLA catalog for the DESI DR2 Lya forest BAO measurement
constructed following Eq. (11) with the individual catalogs from the DLA Toolkit, GP, and CNN methods from Sec. IV. An alternative
strategy that improves completeness for large Ny; values is presented in Appendix A, which may be more optimal for non-BAO

use cases.

S/N and log;(Ny:) bins as in Fig. 7 for the DLA Toolkit.
These results are shown in Fig. 10. The relatively low
completeness at high Ny; is due to a combination of
factors: a known issue where the DLA Toolkit (and GP
method) can fit two lower-Ny; DLA profiles instead of one
higher-Ny; DLA profile to a single trough (discussed in
Secs. IV A and VII), and the strict requirement that matched
DLAs between catalogs must fall within 800 kms™!.
Relaxing this criterion to 3000 km s~!, as done for deter-
mining true positives with Eq. (6), substantially improves
completeness at high N;. Appendix A presents the impact
of this alternative matching criterion in more detail.

A. Purity validation with spectral stacking

Spectroscopic stacking is a common tool for the study
of well-understood absorber samples. Pieri [§2] and Frank
et al. [83] also showed that one can stack mixed samples
of apparent absorption and, using the basic rules of atomic
physics and spectroscopy, learn the mix of ionization
species and noise that gave rise to the sample. In those
articles lines were stacked to determine whether they were
caused by metal doublets via the deviation from the
normal 2:1 line ratio. In effect, one can test the purity
with which the apparent lines found are any desired metal
doublet.

Here we use the Lyman series in place of metal doublets.
We use the fact that all DLAs with a column density
logo(Nyr) > 20.3 should show no transmission at the line
center for at least the first ten Lyman series lines [84,85],
even at DESI resolution. By construction, any Lyman series
lines included in a DLA identification process will show no
(or nearly no) transmission, but any Lyman series lines not
included are available for this test of purity. However, a
subtlety remains that must be accounted for: the typical
contaminants of DLA samples are large complexes of

strong Lya forest absorption (along with noise). The
Lyman series absorption associated with these complexes
depends on the mix of column densities for each interloper.
These complexes may show strong absorption at Lya but as
one moves up the Lyman series they converge to an
expectation value of 100% transmission. In a stack with
a mix of real DLAs and these interlopers, the mean
transmission at line center must increase as one moves
up the Lyman series to asymptote to a constant value
corresponding to a mixture of DLAs with 0% expected
transmission and interlopers with 100% expected trans-
mission. This procedure has been tested with mock spectra
and appears to be unaffected by DLA redshift errors for all
classifiers discussed here.

In the work that follows, this asymptote appears to
occur at Lyman-8, such that Lyman-9 and Lyman-10
generate consistent results within the limits of the signal-
to-noise of the stacked spectrum. Hence the purity of the
stacked DLA sample is given by the measured flux
decrement (1 — F) divided by the expected flux decrement
at Lyman-8 (unity).

The stacking procedure goes as follows. First, we choose
which DLAs to stack. In this case, we chose absorbers in
the DR2 combined catalog defined by Eq. (11), removing
quasar sightlines flagged for BAL features. We require the
DLA to lie between 911 and 1205 A in the quasar’s rest
frame. The Lyman-8 absorption line redshifts into the DESI
spectrograph wavelength coverage (A, = 3600 A) for
candidate DLAs with predicted z 2 2.9. As such, we only
measure the purity of the subset with predicted z = 2.9,
corresponding to ~22% of the combined catalog after BAL
sightlines are excluded. As a result, our test includes
relatively few DLAs in the Lyp forest and is a somewhat
conservative estimation of DLA purity in the entire sample
(since the forest opacity is higher at higher redshift and so
DLA interlopers are more common).
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FIG. 11. Composite spectrum of DLAs in the DR2 combined catalog, according to the properties defined in Sec. VI A. Lyman series

lines are marked with vertical cyan lines. The percentage close to the Lyman-8 line represents the purity in the selected DLA sample for

predicted z = 2.9.

After defining our sample for stacking, we choose a grid
upon which to interpolate the data. In this case, we chose a
grid spanning 910 to 1350 A (to capture the Lyman limit),
with a periodicity of 0.25 A. This interval approximately
matches the 0.8 A spacing of the DESI spectrographs
redshifted to the DLA rest frame.

Next comes the stacking itself. For each DLA, we shift
the wavelength solution of its corresponding spectrum to
the absorber rest frame, which is set by the predicted
redshift from the GP for the combined catalog. The
spectrum is then continuum normalized, and the flux
and inverse variance are interpolated onto the stacking
grid we defined beforehand. The mean value of the flux and
inverse variance are calculated, giving rise to the stack. We
perform a pseudocontinuum fit on the stack, allowing us to
correct for systematic errors in the continuum fits as well as
remove undesirable features from uncorrelated absorption
[86]. To get this pseudocontinuum, we perform a simple
spline fit of the stack.

The final composite spectrum is shown in Fig. 11. The
purity estimate we obtain from the Lyman-8 flux decrement
is 76.3%. We repeat this analysis on the DLA sample from
the DLA Toolkit only (Sec. V B), which can be seen in
Appendix B.

VII. FUTURE OUTLOOK

The impact of DLA masking on BAO using the various
DLA catalogs presented in this work was explored by
Casas et al. [41]. The authors demonstrated that BAO
parameters remain highly robust against minor variations in
the Ny threshold, purity, and completeness. For example,
they showed that the individual catalogs from the DLA
Toolkit, GP, and CNN methods as well as the final

combined catalog produce consistent BAO results with
similar uncertainties (see their Figs. 12 and 13).

While BAO is robust to variation in the DLA catalog,
other Lya forest analyses may benefit from adopting
alternative catalog strategies than that presented in
Sec. VI to improve performance in the Ny; and S/N
extremes. In particular, the Lya forest full shape, one-
dimensional power spectrum, and three-dimensional power
spectrum analyses are more sensitive to DLA incomplete-
ness than BAO (e.g., [21,24]). For example, the convention
for the Lya one-dimensional power spectrum accounts for
incompleteness with a systematic error budget on the
measurement. In the optimal estimator measurement from
DESI DR1 [87], DLA incompleteness comprises over 50%
of the total error budget at large scales and at z < 3.2 with
an estimated DLA completeness of 85%.

In Appendix A, we show that relaxing the redshift
matching criterion between catalogs can boost complete-
ness at log;y Ny > 22.0 by 30%. Meanwhile, the perfor-
mance outside of this regime is relatively stable against
this change. While DLAs of this high column density are
rare, they do compromise a significant fraction of the
forest when present. The completeness at lower Ny could
also be improved by applying the minimum column
density cut at a later point in the combined catalog’s
construction. Since the predicted Ny; from the CNN is
negatively biased, we considered cutting the combined
catalog on predicted log;((Ny1) > 20.3 from the GP only.
This is similar to the approach used for the DR1 Lya BAO
concordance DLA catalog and provides a catalog that is
83.8% complete (4.8% higher); however, the purity
decreases to 77.8% (7% lower). The change in these
metrics relative to Sec. VI is driven by detections
with 20.3 < log;((Nyr) < 20.5.

083510-16



CONSTRUCTION OF THE DAMPED Lya ABSORBER ...

PHYS. REV. D 112, 083510 (2025)

Our purity and completeness analysis for the DLA
Toolkit, GP, and CNN illustrates some of the strengths
and weaknesses of each algorithm. As it is a major focus of
this paper, we discuss specific modifications to the DLA
Toolkit that could improve performance.

The most notable DLA Toolkit failure mode is the
reduced completeness at high S/N (Fig. 6). This is primarily
driven by poor y? relaxation on the (N, z) surface owing
to local minima within true DLA troughs. As such, the
DLA Toolkit often returns two DLA solutions correspond-
ing to a single true DLA, each with low predicted Ny:.
Future code releases will particularly target the high-S/N
regime for improvement. Potential solutions are altering the
procedure for y? surface relaxation such that local minima
traps are disfavored. For example, the step size of Ny and z
can decrease with increasing SNR to retain an efficient
runtime while allowing for a more detailed search at high
SNR. Alternatively (or additionally), a minimum Az
restriction can be imposed between DLAs on the same
sightline to discourage multiple solutions for the same DLA
or it can be used as a trigger to refit the parabola with a
wider refined search window.

Another path to enhance performance is replacing the
quasar flux model with one trained on DESI quasar spectra.
The current quasar model, introduced in Sec. IIT A, was
trained on SDSS quasars. The bluest wavelengths of SDSS
spectra suffer from poor calibration [88]; therefore, we may
expect degraded modeling performance in exactly the
wavelength region in which we are looking for DLAs.
Ongoing work related to upgrading the quasar model shows
promising results, specifically regarding improved Ny
accuracy.

As for the GP and CNN DLA finders, there is ongoing
work to retrain both methods on the higher-quality spectra
that are now available with DESI. The CNN model is being
reconstructed and retrained on the new generation of DESI
mocks that feature improved realism. As for the GP, DESI
DR?2 data is being used to upgrade the null model with the
specific intent of improving its ability to distinguish
between DLA and non-DLA sightlines in the low-S/N
regime.

VIII. SUMMARY

In this work, we presented the DLA Toolkit software for
automated DLA detection. The technique uses a spectral
template fitting approach that identifies DLLA positions and
estimates their column densities via sliding Voigt profiles
while accommodating variance in the quasar’s flux. We
explored the performance of the DLA Toolkit with respect
to S/N, Ny, and detection confidence as defined by the y?
parameter in Eq. (5) on a sample of simulated mock spectra.
The best performance is achieved for S/N > 2, and we
recommend applying a Ay?> > 0.03 cut to enhance purity.
With these cuts, the mock DLA sample from the DLA
Toolkit is approximately 80% pure and complete for non-

BAL sightlines, and the predicted redshifts are highly
accurate. The DLA Toolkit tends to overestimate column
densities with an accuracy that generally improves with S/
N. We make available a catalog of candidate DLAs found
with this technique on DESI DRI1.

We combined the DLA catalog from the DLA Toolkit
with catalogs from the GP DLA finder by Ho ef al. [33] and
the CNN DLA finder by Wang et al. [22] on the DESI DR2
quasar sample from the Lya forest BAO analysis presented
in [39]. Our goal was to construct a DLA catalog for the
Lya BAO analysis that optimally balances purity and
completeness, thereby minimizing DLA impact on BAO
parameter uncertainty. The combined catalog prescription
was presented in Sec. VI, summarized by Egs. (8)—(11).
Given the performance of all three methods degrades at low
S/N, we restricted our combined catalog to S/N > 2 to
avoid unnecessary loss of Lya signal. We additionally
required the predicted log;y Ny > 20.3 owing to the
difficulty of accurately identifying high column density
absorbers below this. The DLA parameters of the combined
catalog were determined by the GP DLA finder, which
provided the highest accuracy predicted Ny (Fig. 3) of the
three algorithms.

An analysis of the combined catalog strategy on mocks
suggests the combined DLA catalog for DR2 Lya BAO is
84.8% pure and 79.0% complete when BAL sightlines are
excluded. Compared with the DLA catalog strategy used
for DR1 Lya BAO, this constitutes an improvement of
roughly 18% in completeness while losing only 5% in
purity. When BAL sightlines are included, the purity
estimate drops to 66.4% with a relatively unaffected
completeness of 77.6%. Last, we obtained an estimate
for the purity of 76.8% on real data through spectral
stacking of the combined catalog for DR2 Lya BAO.
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APPENDIX A: RELAXED REDSHIFT MATCHING
BETWEEN CATALOGS

As discussed in Sec. VI, the strategy for combining the
DLA catalogs from the DLA Toolkit, GP, and CNN
methods results in relatively low completeness for DLAs
with Ny; > 22.0 (see Fig. 10). One contributing factor is
the decision to associate DLA detections from different
methods only if they fall within 800 kms~! of each other,
following [38].

To explore an alternative approach, we created a com-
bined catalog in which DLA detections from different
methods are associated if they fall within 3000 kms™!,
similar to the threshold used to define true detections in
Eq. (6). We then applied the same combined catalog

Combined Catalog, cAz <3000 km/s

0.77 0.85 0.75 0.89 0.79 0.93 0.91 1.00
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20.5 07

20.3 0.0
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S/N

definition from Eq. (11) to assess the impact of this higher
tolerance on purity and completeness.

The resulting purity and completeness, evaluated in the
same S/N and Ny bins as in Sec. IV, are shown in Fig. 12.
With the increased association tolerance, completeness in all
the log;o(Ny7) > 22.0 bins improves by approximately
30% when S/N > 2, while purity decreases by less than
10% and actually increases for the highest S/N. Since
high-Ny; systems are rare, the overall impact on catalog
purity and completeness is minimal. The total purity and
completeness are now 83.9% and 80.0%, respectively—
changing by roughly 1% compared with the original catalog
—while significantly improving completeness at high Ny,
which is particularly relevant because these systems com-
promise a significant fraction of the forest when present.

APPENDIX B: DLA TOOLKIT DR2 CATALOG
COMPOSITE SPECTRUM

Calculating purity from a composite spectrum is a tool
we can use not only for the combined catalog (see
Sec. VIA), but also for all the DLA finding methods.
Here we tackle the DLAs found by the DLA Toolkit
exclusively to understand what data tells us about the
purity with this method. We select candidate DLAs with
Ay? > 0.03, S/N > 2, and predicted log;o(Ny;) > 20.3
from the DESI DR2 DLA Toolkit catalog, while removing
BAL sightlines. We follow the same procedure outlined in
Sec. VI A to construct a composite spectrum from the
selected sample and obtain a purity estimate.

As noted in Sec. VI A, since only true DLAs will exhibit
0% transmission at higher-order Lyman series wavelengths,
the flux decrement at these wavelengths acts as a proxy for
sample purity. In this work, we choose the Lyman-8 line for
this measurement. Thus, candidate DLLAs must have a
minimum predicted redshift z 2 2.9 to contribute to the
stack owing to the wavelength coverage of the DESI

Combined Catalog, cAz <3000 km/s

0.71 0.93 0.91 0.86 1.00 0.95
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FIG. 12. The purity (top) and completeness (bottom) of the combined catalog when relaxing redshift matching criteria to within
3000 kms~! as functions of S/N and log;o(Ng1). The 6 < S/N < 7, log;o(Ny:) > 22.0 bin with 100% completeness contains only

six DLAs.
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FIG. 13. Composite spectrum of DLAs in the DR2 catalog from DLA Toolkit, according to the properties defined in Appendix B.

Lyman series lines are marked with vertical cyan lines. The percentage close to the Lyman-8 line represents the purity of the selected

DLA sample for DLAs with predicted z 2 2.9.

spectrographs. This corresponds to ~15% (5498 candidate
DLAs) of the DR2 DLA Toolkit catalog after applying the
aforementioned quality cuts.

The resulting DLA composite spectrum is shown in
Fig. 13. The Lyman-8 flux deficit provides a purity estimate
of roughly 61%. As a reminder, the purity measured here
can be considered a conservative estimate for the entire
sample, owing to the higher forest opacity increasing the
frequency of DLA interlopers with higher DLA redshifts.
For comparison, we measure a purity of 82% from the
mock DLA sample with predicted z > 2.9.

An intriguing feature seen in the stack is the nonzero Lya
trough (offset by ~0.025), hinting at where the DL A Toolkit
may underperform. Perhaps there are interlopers with
similar absorption profiles as DLAs for which the Voigt
profile addition in the model reduces the y? sufficiently to
constitute a detection. Fortunately, the final combined
catalog strategy appears robust against this type of con-
tamination, as even with the lower purity seen here, the
combination of GP, CNN, and DLA Toolkit produces
significantly high purity.
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