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Abstract

We study the [O1I] profiles of emission-line galaxies (ELGs) from the Early Data Release of the Dark Energy
Spectroscopic Instrument (DESI). To this end, we decompose and classify the shape of [O IT] profiles with the first
two eigenspectra derived from principal component analysis. Our results show that DEST ELGs have dlverse line
profiles, which can be categorized into three main types: (1) narrow lines with a median width of ~50 kms™", (2)
broad lines with a median width of ~80 km s~ ', and (3) two redshift systems with a median velocity separation of
~150kms ™', i.e., double-peak galaxies. To investigate the connections between the line profiles and galaxy
properties, we utilize the information from the COSMOS data set and compare the properties of ELGs, including
star formation rate (SFR) and galaxy morphology, with the average properties of reference star-forming galaxies
with similar stellar mass, sizes, and redshifts. Our findings show that, on average, DESI ELGs have a higher SFR
and more asymmetrical /disturbed morphology than the reference galaxies. Moreover, we uncover a relationship
between the line profiles, the excess SFR, and the excess asymmetry parameter, showing that DEST ELGs with

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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broader [O1I] line profiles have more disturbed morphology and higher SFR than the reference star-forming
galaxies. Finally, we discuss possible physical mechanisms giving rise to the observed relationship and the
implications of our findings on the galaxy clustering measurements, including the halo occupation distribution
modeling of DESI ELGs and the observed excess velocity dispersion of the satellite ELGs.

Unified Astronomy Thesaurus concepts: Galaxy spectroscopy (2171); Emission line galaxies (459); Principal

component analysis (1944); Galaxy mergers (608)

1. Introduction

Galaxies that produce strong emission lines from the H II star-
forming regions, i.e., emission-line galaxies (ELGs), have
become one of the key observational targets for large
cosmological surveys. Via the strong emission-line features,
one can detect and measure the redshifts of ELGs across a wide
range of cosmic time with accessible observational resources and
use those galaxies as tracers of the 3D large-scale structure of the
Universe. Previous cosmological surveys, including the WiggleZ
Dark Energy Survey (M. J. Drinkwater et al. 2010) and the
Extended Baryon Oscillation Spectroscopic Survey in the Sloan
Digital Sky Survey-IV (SDSS-IV eBOSS; K. S. Dawson et al.
2016) projects, have demonstrated that cosmological parameters,
such as the expansion rate of the Universe and the dark energy
equation of state, can be constrained via the baryonic acoustic
oscillations (e.g., D. J. Eisenstein et al. 2005), signals detected
from the ELG clustering measurements (e.g., C. Blake et al.
2011; A. Raichoor et al. 2021). The success of these programs
has motivated the ongoing and upcoming surveys, including the
Dark Energy Spectroscopic Instrument (DESI; M. Levi et al.
2013; DESI Collaboration et al. 2016a, 2016b, 2022), the Prime-
Focus Spectrograph (PFS; M. Takada et al. 2014) and Euclid
(Euclid Collaboration et al. 2022) to select ELGs as one of the
main targets and collect tens of millions of spectroscopic
measurements of ELGs for their cosmological programs.

Among the emission lines produced by H I regions, the [O II]
AA3726, 3729 doublet has been considered as one of the key
transitions for ground-based spectroscopic measurements (e.g.,
J. Comparat et al. 2015) owing to its detectability in optical and
near-infrared wavelengths from the local Universe to redshift
~2, the cosmic epoch at the peak of the star formation rate
(SFR) density (see P. Madau & M. Dickinson 2014, for a
review). The [O I[]JAA3726, 3729 doublet can be used to not only
pinpoint the redshifts of galaxies but also obtain information on
galaxy physical properties, including SFR (line luminosity),
electron density (doublet line ratio), and gas kinematics (line
width; e.g., R. C. Kennicutt 1998; J. Moustakas et al. 2006;
D. E. Osterbrock & G. J. Ferland 2006; S. A. Kassin et al. 2012;
L. J. Kewley et al. 2019). However, extracting such information
from spectra requires a spectral resolution of R ~ 3300 to resolve
the [O II]AA3726, 3729 doublet feature (J. Comparat et al. 2013).
This limits the exploration and characterization of the [O II] line
properties of ELGs with the spectra from previous cosmological
surveys, such as WiggleZ (R~ 1300, M. J. Drinkwater et al.
2010) and SDSS-IV eBOSS (R ~ 2000, K. S. Dawson et al.
2016). On the other hand, the DESI survey has the required
spectral resolution (DESI Collaboration et al. 2022) and will
compile a large ELG catalog with resolved [O1I] lines from
redshift 0.6 to redshift 1.6, a redshift region rarely probed to
date. With this large spectroscopic data set, it is crucial to
understand the underlying galaxy population selected as ELGs in
the DESI survey and characterize their physical properties to

fully utilize this big data set and maximize the scientific returns
for cosmology and galaxy science.

In this work, we explore diversity in the DESI ELG galaxy
population based on their [O1I] emission-line profiles and
investigate the relationships between the line profiles and the
physical properties of the galaxies. To this end, we make use of
a principal component analysis (PCA; see 1. Jolliffe 2002, for a
review), a dimensional reduction technique, to obtain the key
eigenspectra, which carry physical information of the line
profiles. We use them to describe line profiles and classify
galaxies. We then obtain the physical properties, such as stellar
mass (M), SFR, and morphology parameters, of a subset of
ELGs in the COSMOS field (N. Scoville et al. 2007) and
examine the connections between the line profiles and galaxy
properties. This enables us to reveal possible underlying
mechanisms driving the [O 1I] line profiles.

The structure of this paper is as follows. The data sets used in
this analysis are described in Section 2. We present the PCA
results in Section 3 and explore the relations between the line
profiles and galaxy properties in Section 4. We discuss our results
and their implications in Section 5, and summarize in Section 6.
Throughout this paper, we adopt a flat ACDM cosmology with
h=0.694 and 2, =0.287 (WMAP9; G. Hinshaw et al. 2013).
We use AB magnitudes corrected with Galactic extinction
(D. J. Schlegel et al. 1998).

2. Data Sets
2.1. DESI ELG Spectra

The DESI survey (DESI Collaboration et al. 2022) is a Stage
IV project, primarily designed for probing the cosmological
parameters of the Universe (M. Levi et al. 2013; DESI
Collaboration et al. 2016a, 2024a). DESI consists of bright-
time and dark-time science targets (E. Chaussidon et al. 2023;
A. P. Cooper et al. 2023; C. Hahn et al. 2023; A. Raichoor et al.
2023; R. Zhou et al. 2023) with [O 11] ELGs (A. Raichoor et al.
2023) being one of the key targets in the program. In order to
obtain the desired redshift range of DESI ELGs, a specific
target selection scheme is developed for the sources detected in
the DESI Legacy Imaging Surveys (A. Dey et al. 2019), which
include the g, r, z bands and near-infrared images from
the Wide-field Infrared Survey Explorer (WISE) satellite
(E. L. Wright et al. 2010), via the Tractor algorithm
(D. Lang et al. 2016) with large galaxies masked (J. Moustakas
et al. 2023). To ensure the efficiency of DESI operations,
dedicated pipelines are developed for target selection
(A. D. Myers et al. 2023), survey operations (E. F. Schlafly
et al. 2023), and fiber assignment (A. Raichoor et al. 2024, in
preparation).

Spectroscopic data is collected by the DESI instrumentation
installed on the 4 m Mayall Telescope at Kitt Peak National
Observatory (DESI Collaboration et al. 2022; T. N. Miller et al.
2023; J. H. Silber et al. 2023). The instrument has a 3°2
diameter field of view covered with 5020 robotic fiber
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positioners. The wavelength coverage ranges from 3600 to
9800 A, with spectral resolution from ~2000 in the shortest
wavelength to ~5000 in the longest wavelength. The raw
spectra are processed, reduced, and calibrated by an automatic
pipeline (J. Guy et al. 2023). The redshifts of sources are then
obtained via an algorithm called Redrock (S. Bailey et al.
2024, in preparation; see also A. Brodzeller et al. 2023;
A. Anand et al. 2024), with the redshift accuracy and precision
for all types of extragalactic sources, including ELGs, being
tested and validated against redshifts obtained from spectra
with long exposure times and confirmed via visual inspection
(D. M. Alexander et al. 2023; T.-W. Lan et al. 2023).

In this analysis, we make use of the DESI spectra of ELGs
observed during the Survey Validation (SV) phase (DESI
Collaboration et al. 2024a) to explore the [O II[]AA3726, 3729
emission-line profiles. The DESI SV campaign consists of two
key phases: the SV1 and the One-Percent Survey. The SV1
observations include targets selected from a wider parameter
space in order to test and finalize the target selection scheme of
the DESI main survey. The One-Percent Survey then adopted
the finalized target selection scheme and obtained the
observations that cover a sky area ~of 140 deg”, about 1% of
the DESI final footprint (DESI Collaboration et al. 2024a).

We focus on the ELGs observed in the One-Percent Survey
to inform the properties of ELGs of the DESI main survey. The
ELGs are selected within a color—magnitude space defined with
g—r, r—z colors, g-band magnitude, and g-band fiber
magnitude for preferentially including star-forming galaxies
at 1.1 < z<1.63 (A. Raichoor et al. 2023).

We first make use of the data from the Early Data Release
(DESI Collaboration et al. 2024b) which includes ~280,000
spectra of ELGs with robust redshift measurements that pass
the redshift quality selection for ELGs, log, SNR(Foy) >
0.9 — 0.2 x log;, Ax?, where SNR(Fq y) is the signal-to-noise
ratio of the [O II] emission lines measured via a double-Gaussian
fitting (A. Raichoor et al. 2023) and Ax? is the difference
between the \* values from the second best-fit model and the
first best-fit model provided by Redrock (S. Bailey et al. 2024,
in preparation). This selection yields an ELG sample with
redshift purity (the fraction of ELGs with Redrock redshifts
and visually inspected redshift differences smaller than
~1000 km sfl) greater than 99% (T.-W. Lan et al. 2023). We
further select ELGs with 0.6 < z < 1.63 and with spectral types
identified by Redrock as galaxies. This selection yields a
sample of ~260,000 ELGs. In addition, using line information
available at different redshifts, we remove possible active galactic
nuclei (AGN) contamination. The selections remove approxi-
mately 4% of DESI ELGs. The detailed selections are described
in Appendix A. Approximately 250,000 ELGs pass the above
selection criteria. We note that this sample includes ELGs with
LOw Priority (LOP) and Very-LOw priority (VLO) selections
(see A. Raichoor et al. 2023, for details) for the main DESI
survey. Approximately 78% of the sample are LOP ELGs, the
fiducial ELG sample for DESI clustering measurements.

2.2. The COSMOS Data Sets

To explore the physical properties of DESI ELGs in the
context of the whole star-forming galaxy population across
redshifts, we utilize the COSMOS2020 catalog (J. R. Weaver
et al. 2022), which includes approximately 1.7 million sources
with photometric redshifts (zno0) and physical properties of
galaxies estimated based on multiwavelength broadband deep

Lan et al.

imaging data sets. The COSMOS field was covered by the
DESI One-Percent Survey. Therefore, we can compile a sample
with a few thousand DESI ELGs with properties derived from
deep COSMOS data sets.

Catalog Selection. In the COSMOS2020 data release, there
are two source catalogs, the CLASSIC catalog and the FARMER
catalog, which are constructed based on the SExtractor (E. Bertin
& S. Arnouts 1996) and the Tractor (D. Lang et al. 2016)
algorithms, respectively for source detection and flux measure-
ments. The primary difference between the two methods is that
in the CLASSIC catalog, the fluxes of sources are measured with
the aperture photometry method, while in the FARMER catalog,
the fluxes of sources are measured with the forced photometric
best-fit models of source light distribution. As shown in
J. R. Weaver et al. (2022), for sources brighter than 24 mag in
the Hyper Suprime-Cam z band, these two methods yield
consistent measurements with magnitude deviation lower than
0.05 magnitude. However, the FARMER catalog only includes
sources within the UltraVISTA footprint (H. J. McCracken et al.
2012), which consists of about half the amount of sources in the
CLASSIC catalog with the full COSMOS field coverage. To
maximize the number of the matched DESI ELGs within the
COSMOS catalog, we use the measurements provided by the
CLASSIC catalog.

Photometric Redshifts and Physical Properties. The COS-
MOS2020 catalog also includes photometric redshifts and the
estimated physical properties of galaxies, including the stellar
mass (M,) and SFR, based on the LePhare (O. Ilbert et al.
2006) and EAZY (G. B. Brammer et al. 2008) codes. These two
algorithms adopt different sets of galaxy spectral energy
distribution templates and different star formation histories.
For the details, we refer the reader to J. R. Weaver et al. (2022)
and K. M. L. Gould et al. (2023).

In this work, we adopt the photometric redshifts and galaxy
properties from the EAZY algorithm. This choice is motivated
by the fact that for the DESI ELGs in the COSMOS2020
footprint and with |zpgsi — Zphoto| < 0.1, the SFR based on
the Ha emission-line luminosity (R. C. Kennicutt 1998;
R. C. Kennicutt et al. 2009) from the EAZY algorithm has a
higher Spearman’s correlation coefficient (ps~0.72), with
[O11] emission-line luminosity, directly measured from the
DESI spectra, than the estimated SFR provided by the EAZY
(ps = 0.68) and LePhare (p, =~ 0.66) codes. More specifically,
we use the best-fit z,po10, the stellar mass, and the SFR-based
Ha emission-line luminosity from the EAZY algorithm applied
to the CLASSIC catalog. We note that the COSMOS2020
catalog provides dust-reddened Ha luminosity. We correct the
dust effect by using Ay, =0.814y M. Kriek & C. Conroy
2013) and adopt the He intrinsic luminosity and SFR relation
from R. C. Kennicutt et al. (2009) for the Chabrier initial mass
function (G. Chabrier 2003). All the stellar mass and the SFR
of galaxies used in the work are based on the above method.
We emphasize that the goal of this research is to explore the
relationship between the [O1I] line profiles and the physical
properties of galaxies and to compare the physical properties of
DESI ELGs with the properties of the overall star-forming
galaxy population at similar redshifts. Identifying the most
accurate estimates of the physical properties of DESI ELGs is
beyond the scope of this paper.

Morphological Parameters. Besides the photometric red-
shifts and physical properties, we make use of the nonpara-
metric diagnostics of galaxy morphology provided by the
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Zurich Estimator of Structural Type catalog (ZEST; COSMOS
Team 2007; C. Scarlata et al. 2007). The catalog includes

1. Asymmetry (A), which quantifies the rotational symmetry
of galaxy light distribution;

2. Concentration (C), which quantifies the concentration of
galaxy light distribution;

3. Gini coefficient (G), which quantifies the uniformity of
the light distribution,

4. M20, which is the second-order moment of the brightest
20% pixels, and

5. R80, which is the length of the best-fit ellipse including
80% of total light along the semimajor axis in units of
arcsec ("), reflecting the observed size of the galaxy

(e.g., R. G. Abraham et al. 2003; J. M. Lotz et al. 2004;
C. J. Conselice 2014, for a review). These parameters are
derived from Hubble Space Telescope (HST) Advanced
Camera for Surveys (ACS) F814W images (A. M. Koekemoer
et al. 2007; A. Leauthaud et al. 2007; N. Scoville et al. 2007)
for galaxies with Iog < 24, a depth sufficient to include all the
DESI ELGs (A. Raichoor et al. 2023). The F814W filter covers
the rest-frame near-ultraviolet to optical wavelengths of DESI
ELGs. At z ~ 0.6, the filter covers the range of 4400 to 59OOA
and at z~ 1.6, it covers the range of 2700 to 3600 A. The
average width of the point-spread function for the HST ACS
images is ~0”1 (A. M. Koekemoer et al. 2007), which
corresponds to ~0.67 kpc at z=0.6 and ~0.86 kpc at z=1.6.

Combining the information from these three catalogs,”’ we
produce two samples of DESI ELGs with |zpgsi — Zphoto| < 0.1:

1. DESI-COSMOS. The first one, DESI-COSMOS, is the
combination of the DESI ELGs and COSMOS2020
CLASSIC catalog, which is done by crossmatching
sources with a 0”75 radius. This yields a sample with
~4500 sources having photo-z, stellar mass, and SFR
measurements.

2. DESI-ZEST. The second sample, DESI-ZEST, includes
the morphological information from the ZEST catalog by
matching the DESI-COSMOS sources with the ZEST
sources with a 0.”75 radius. This DESI-ZEST sample is a
subset of the DESI-COSMOS sample, consisting of about
2200 galaxies.

We note that there are rare cases (~0.3%) that one ELG has
two or more galaxies within a 0.”75 radius from the
COSMOS2020 or the ZEST catalogs. For such cases, we
adopt the properties of the most massive and brightest (in
F814W filter) galaxy.

In order to compare the properties of DESI ELGs and that of
the overall star-forming galaxies at the similar redshifts, we
construct reference samples by selecting star-forming galaxies
from the COSMOS2020 catalog that satisfy

log,y SFR > —0.65 + 0.65
x (logjg My — 10) 4+ 1.07 x (z — 0.1). (1)

This functional form is adopted from J. Moustakas et al. (2013)
for separating star-forming and quiescent galaxies with a
modification on the zero-point to better include star-forming
galaxies based on the adopted SFR. We refer to this star-forming

37 Except for ~0.4% of DESI ELGs within the locations of the stellar masks of
the COSMOS2020 catalog, the rest of the DESI ELGs in the COSMOS field
have matched counterparts within the 0.”75 radius.
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galaxy sample from the full COSMOS2020 catalog as
COSMOS-SFG. We also crossmatch this COSMOS-SFG
sample with the ZEST catalog with a 0.”75 radius to obtain a
sample of approximately 100,000 star-forming galaxies with
morphological parameters based on HST ACS images. This
sample is referred to as COSMOS-ZEST. These samples will be
used in Section 4.

3. PCA Decomposition and Classification

The basis of the PCA (I. Jolliffe 2002, for a review) is to
calculate the eigenvalues of the correlation matrix for a given
data set and the corresponding eigenvectors. By doing so, one
can identify key eigenvectors that carry the bulk of the variance
of the data set. Via PCA, each original data vector can be
described by the sum of the mean vector and a linear
combination of the eigenvectors.

In this analysis, our data matrix consists of DESI ELG spectra
around the [O IT] emission-line region (3722 < A < 3735 A). Via
the PCA decomposition, each ELG spectrum can be described as

fri = () + Y Coeffy x |€)), 2

J=1

where f), ; is the ith ELG spectrum, () is the mean spectrum of
the whole ELG spectra, |¢;) is the jth eigenvector (eigenspec-
trum), and Coeff;; is the coefficient for the ith ELG spectrum
and the jth eigenspectrum. In this manner, one describes each
spectrum with only a few coefficients and may explore and
classify [O II] profiles based on their values. This approach has
been adopted in previous studies for exploring various types of
astronomical data sets, such as quasar spectra, galaxy spectra,
and galaxy physical properties (e.g., C. W. Yip et al. 2004;
N. Suzuki 2006; M. Taghizadeh-Popp et al. 2012). In this
work, we use the weighted PCA algorithm, which takes into
account the measurement uncertainty and missing data,
developed by L. Delchambre (2015). *®

3.1. Spectral Processing

In order to perform PCA, we shift all the ELG spectra to
their rest frame based on their Redrock redshifts and project
the spectra onto a common wavelength grid with a pixel size of
0.5 A (~40km s "). This pixel size corresponds to the original
pixel size of DESI spectra (0.8 A) in the rest frame of a source
at redshift 0.6, the lower bound of the redshift in our analysis.
We estimate the continuum of each spectrum using the median
value of pixels around the [O M AN3726, 3729 emission lines
(B715 < A< 3722 A and 3735 < A\ < 3742 A) and subtract the
estimated continuum from the spectrum. We then normalize
each spectrum by the maximum value of the pixels with an
SNR > 3 between 3726 and 3731 A of the spectrum. By doing
so, the results of the PCA are more sensitive to the shape
variation of the [O IIJAA3726, 3729 emission lines, the focus of
this study, than the flux difference between spectra. Finally, we
remove spectra with any bad pixels and with the median SNR
of the [O 1] regions between 3726 and 3731 A lower than 2.
The final sample includes 229,996 ELGs.

38 We use the package at https: //github.com/jakevdp/wpca developed by
Jake VanderPlas.
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Figure 1. Mean spectrum and PCA eigenspectra of DESI ELGs. The top panel
shows the mean spectrum, and the second to fifth panels show the eigenspectra
ordered by their explained variance listed in each panel. The two vertical
dashed lines indicate the wavelengths of the [O 1I] doublet.

3.2. Eigenspectra

The mean spectrum and the eigenspectra obtained by PCA
are shown in Figure 1. The top panel shows the mean spectrum
of the ELGs with clear [O IIJAA3726, 3729 emission lines. The
lower four panels show the first four eigenspectra, respectively.

1. First eigenspectrum. The first eigenspectrum explains
43% of the variance of the [O IT] line region. It has three
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peaks at 3726 A, 3728.5 A, and 3731 A, which do not
coincide with the [OI]AN3726, 3729 lines. The [O11]
AA3726, 3729 lines in the first eigenspectrum are nearly
zero. By modulating flux off the line center, this
eigenspectrum broadens the line width of the emission
with positive coefficients and reduces the line width with
negative coefficients.

2. Second eigenspectrum. The second eigenspectrum
explains 11% of the variance. It has two peaks that
coincide with the wavelengths of [OI]AA3726, 3729.
With a positive value coefficient, this component
increases the [O IJAA3726, 3729 line strength, and with
a negative coefficient, it decreases the strength. There-
fore, the second eigenspectrum modulates the amplitude
and peakedness of the [O IIJAA3726, 3729 emission lines.

3. Third and fourth eigenspectra. The third and fourth
eigenspectra both explain only ~5% of the variance. They
both have positive values around the [O11] 3730 line and
negative values around the [O 1] 3727 line. Therefore,
these two components can account for the asymmetry of
the line profiles induced by both physical and nonphysical
signals, such as the variation of the line ratio between [O II]
A3726 and [O I]A3729 (e.g., M. Kaasinen et al. 2017) and
the residuals of the sky lines.

The first two eigenspectra explain ~54% (43%, 11%) of the
total variances of the ELG spectra. In the following, we focus
on the first two eigenspectra and their application in
characterizing the DESI ELG [O II]JAA3726, 3729 line profiles,
while we plan to investigate the application of the third and
fourth eigenspectra in future studies.

3.3. Coefficients

Using only the first two eigenspectra, the [O II]JAA3726, 3729
line profile of each ELG can be described by two coefficients.
Figure 2 shows the distribution of Coefficient 1 (Coeff)) (x-axis)
and Coefficient 2 (Coeff,) (y-axis). We find that the [O1I]
AA3726, 3729 line profiles of DESI ELGs cover the parameter
space with both Coeff; and Coeff,, ranging from positive to
negative values. Based on the (Coeff;, Coeff,) values, we
classify ELGs into four regions using two empirical selection
boundaries, Coeff, =0.15 x Coeff; — 0.25 and Coeff; =0, and
show example spectra in Figure 3:

1. Narrow region (N). Coeff; <0 and Coeff, >0.15 x
Coeff; —0.25. In this region, the doublet of [OII]
AA3726, 3729 is narrow and is clearly separated.

2. Broad region (B). Coeff; >0 and Coeff, >0.15 x
Coeff; — 0.25. With the increase of Coeff; values, the
[O T]AA3726, 3729 line width becomes broader, and the
two [O11] lines gradually blend together with increasing
C()effl.

3. Double—pea/’c3 o region (D). Coeff; >0 and Coeff, <
0.15 x Coeff; — 0.25. The combination of a positive
value of Coeff; and a negative value of Coeff, yields
[O 1] line profiles with three emission-line peaks with the
central peak at ~3728.5 A, as shown in the lower-right
panels of Figure 3. These profiles are consistent with the

39 We note that the [O II] profiles have three peaks, which, in fact, consist of
two components with an overlapping [O 1I] emission-line doublet. For
transition with a single line, the emission-line profiles are double peak.
Following the literature, we use “double-peak” galaxies to describe these
systems.
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Figure 2. Distribution of ELGs in the PCA Coeff; (x-axis) and Coeff, (y-axis) space. ELGs are separated into four regions, narrow (N), broad (B), double-peak (D),
and outlier (O), by the two dashed lines (Coeff, = 0.15 x Coeff; — 0.25 and Coeff; = 0) and with background colors being blue, green, orange, and pink respectively.
The value shown in each region indicates the fraction of total sources in the region, and the top and right panels show the number distributions of the four types as a
function of Coeff; and Coeff,, respectively. The median values of the uncertainties of Coeff; and Coeff, are 0.17 and 0.16, respectively, as shown in the lower-left
corner. The uncertainties of the PCA coefficients of each spectrum are estimated by perturbing the spectrum with the observed spectral noise 1000 times and obtaining

the corresponding coefficients and the standard deviations.

[O 1] lines from two components with velocity offsets.
The two velocity component spectral features are also
observed in other emission lines, such as H@3 and [O II1],
for low-z ELGs with double-peak emission lines. Within
the selection, there are ~30,000 double-peak galaxies
identified from the DESI EDR data set, which is currently
the largest double-peak galaxy catalog at z > 0.6.

4. Outlier region (0). Coeff; <0 and Coeff, <0.15 x
Coeff; — 0.25. In this region, the [O 1] line profiles are
affected by residuals of strong sky emission lines, as
shown in the lower-left panels of Figure 3.

These four regions are highlighted in blue, green, orange,
and pink for narrow, broad, double-peak, and outlier emission
lines, respectively, in Figure 2. The histograms on the top and
right panels show the number distributions of Coeff; and
Coeft,, respectively. We find that ~47% of ELGs are in the
narrow region, ~38% of ELGs are in the broad region, ~13%
are in the double-peak region, and ~2% are in the outlier
region. We classify the ELGs into four regions, and emphasize
that while based on the coefficients, their distribution is smooth
and continuous.

3.4. Coefficients versus Galaxy Observed Properties

We now explore and describe the relationships between the
observed properties of ELGs and (Coeff;, Coeff,) values. In the
upper panels of Figure 4, we first show the median values of
galaxy observables in each Coeff; and Coeff; bin, including the
number of ELGs, their redshifts, the observed WISE 1 band
magnitude, and the observed g-band magnitude from left to
right, respectively.

Number. The first upper panel from the left shows the
number distribution of DESI ELGs as a function of Coeff; and
Coeff,. As shown in Figure 2, most of the ELGs are in the
narrow and broad regions, with a small fraction of ELGs in the
double-peak region.

Redshifts. The second upper panel shows the median redshifts
as a function of Coeff;—Coeff,. As can be seen, there is a redshift
dependence between the median redshifts and Coeff;. ELGs
with narrow [OI[JAN3726, 3729 systems (Coeff; <0) have
lower median redshifts than [OIIJAN3726, 3729 with
Coeff; > 0. Additionally, ELGs with Coeff; and Coeff, values
near the edge of the entire distribution tend to have median
redshifts z ~ 1.5. This is due to the fact that the line profiles of
those galaxies are affected by sky emission-line residuals and
therefore have relatively extreme Coeff; and Coeff, values.

Observed WISE 1 Band Magnitude. The third upper panel of
Figure 4 shows the median observed WISE 1 band magnitude
of ELGs. There is a trend indicating that ELGs with larger
Coeff; values and lower Coeff, values are, on average, brighter
in the WISE 1 band. This trend is not driven by the redshift
correlation shown in the second panel. It shows an opposite
correlation where high-z ELGs with Coeff; > 0 tend to have a
brighter observed magnitude than ELGs at low redshifts with
Coeff; <0. The WISE 1 band (3.4 um) corresponds to
~1.7 pm in the rest frame of ELGs at z~ 1, being sensitive
to the stellar mass of galaxies. Therefore, the relationship
between the coefficients and WISE 1 mag links the relationship
between the coefficients and stellar mass.

Observed g-band Magnitude. The last upper panel of Figure 4
shows the median g-band observed magnitude. A trend can be
observed, showing the brightness of ELGs in the g band increases



THE ASTROPHYSICAL JOURNAL, 977:225 (19pp), 2024 December 20

Lan et al.

(—0.61,0.12)

[ (~029,0.16)

1.0r

| (0.18,0.18) | (0.58,0.36)

o
=0.5
0.0

1.0

0.5

s

3725 3730 3725

3730

3725 3730 3725

Wavelength [A]

Figure 3. Example spectra of DESI ELGs as a function of Coeff; and Coeff,. The values shown on the top left corner in each panel are (Coeff|, Coeff,) values of the
ELG. The gray spectrum is the observed spectrum, the black curve is the PCA reconstructed spectrum based on the first two eigenspectra, and the uncertainty array is
in brown. The background colors of the panels indicate the locations of the ELGs in the Coeff, and Coeff, space, as shown in Figure 2.

with the Coeff; values. ELGs with Coeff; ~ 1, on average, are
brighter than the rest of the ELGs. Similarly to the WISE 1 band
distribution, this trend is not driven by the redshift correlation
shown in the second panel. We also find that the relationship
between the coefficients and g-band magnitude differs from the
relationship between the coefficients and WISE 1 band magnitude.
DESI ELGs tend to have a bright median g-band magnitude
around Coeff; > 0.5 and Coeff, ~ 0, while DESI ELGs tend to
have a bright median WISE 1 band magnitude around Coeff; > 0.5
but extends to Coeff, ~ —1. Considering the g band covers the
ultraviolet wavelength in the rest frame of ELGs, this difference
suggests that the relationship between the coefficients and SFR is
not entirely driven by the relationship between the coefficients and
stellar mass.

In addition to the photometric properties of DESI ELGs, we
extract the [O I1] line information by performing spectral fitting
analysis with two models. The first one, Fj, is a single redshift
model describing [O IIJAA3726, 3729 lines with two Gaussian
profiles with a single redshift,

—(—pp?

F(x; Ay, s o) = Ay X e 23

—(r—pp—2.783)2

+ 1334, xe 22, 3)

where x is the wavelength (10%), A, is the amplitude of the [O II]
A3726 line, p; is the center wavelength (3727.092 A) of the
[OTM]A3726 line, o, is the line width (A) of the Gaussian

profile. The [O TJA3729 line is fitted by the second term where
we adopt a fixed line ratio [0 11]3729/[0 11]3726 = 1.33, the
ratio between the two lines from the mean spectrum. The
second model, F, is a two redshift model describing the [O II]
AN3726, 3729 lines with two sets of two Gaussian profiles, F,
with a wavelength offset A\,

Fy(x; Ad]v Hys Oays R, A), Udz) =K Adl’ Hy Udl)
+ K@ R X Agy, py + AN, 04y),
“)

where R describes the amplitude difference in terms of ratio
between the [O11]A3726 lines from two redshifts. With these
two models, we obtain the best-fit parameters and the x2 of the
two models for all the ELG [O II]JAA3726, 3729 profiles. The
lower panels of Figure 4 summarize the fitting results.

p-value. We first quantify the performance of the two models
for describing the [OMAN3726, 3729 profiles with an F-test
by following D. Maschmann et al. (2020). We estimate f,, =
% where X and 2 ; are the x* values of the best fits
from the single and two redshift models and N; and N, are the
corresponding degree of freedoms. We convert the fi, values into
p-values for this hypothesis test, with the null hypothesis being that
the F,; model does not provide a better fit than the F; model. In
other words, lower p-values indicate a higher probability of
rejecting the null hypothesis.
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Figure 4. Distributions of observed properties (upper panels) and spectral properties (lower panels) of ELGs as a function of Coeff; (x-axis) and Coeff, (y-axis). In the
upper panels, the left panel shows the number of sources in each Coeff; and Coeff, bin. The second to the fourth panels show the median values of the redshifts, WISE
1 mag, and g-band magnitude, respectively. The lower panels from left to right show the median values of the p-value, with the null hypothesis being that the F,; model
does not provide a better fit than the F model, velocity dispersion oy, velocity offset (Av), and [O 1I] luminosity respectively. We note that for clarity, pixels with a
number of sources lower than 10, which occupy ~0.7% of the total number of sources, are not displayed.

The first lower panel of Figure 4 from the left shows the
median p-values, indicating that the p-values depend on Coeff;
and Coeff,. For systems with negative Coeff; values, the
p-values are around 0.5, suggesting that the single redshift
model is sufficient to describe the two [O1I] lines. The median
p-values decrease with the Coeff; values. This indicates that
broader line profiles tend to require two components for
describing the line profiles, especially the line profiles with
three emission-line peaks in the double-peak region, which
have median p-values lower than 0.05 (a commonly adopted
threshold for rejecting the null hypothesis).

Line Velocity Properties. The second and the third lower
panels of Figure 4 show the median velocity dispersion of the
emission lines estimated from the line width parameter o, of the
single redshift model and the median velocity separation
estimated from the A\ parameter of the two redshift models,
respectively. We report the velocity dispersion with the spectral
resolution effect being corrected. Both parameters increase
from the top left corner (Coeff; < 0and Coeff, > 0) to the
bottom right corner (Coeff; > 0 and Coeff, < 0). The median
velocity dispersion for DESI ELGs in the narrow region, broad
region, and double-peak region are ~50kms ', ~80kms ',
and ~100kms ™', respectively. For the systems that require
two redshifts, velocity dispersion from the single redshift
model partially reflects the velocity offset of the redshift
difference shown in the third panel. The median velocity
offsets for DESI ELGs in the broad and double-peak regions
are ~100kms™" and ~150kms™".

[O 1] Luminosity. Finally, the last lower panel of Figure 4
shows the median total luminosity (erg s~ 1) of the two [O11]
lines estimated with the best fit of the two redshift models.
There is a correlation between [O II] luminosity and Coeft;,
indicating that ELGs with broader line profiles have, on
average, higher [O II] luminosity, a trend similar to the g-band

magnitude. This trend is detected across the entire redshift range
probed in this work. Considering [O II] luminosity as a tracer of
the SFR of galaxies (e.g., R. C. Kennicutt 1998), this result
indicates that the SFR of ELGs correlates with the emission-line
profiles—the broader the line, the higher the SFR.

4. Relationship between the Line Profiles and Galaxy
Physical Properties

4.1. SFR and Stellar Mass

With the observed and spectral properties of DESI ELGs
being explored, in order to better understand the underlying
relationship, we now explore the physical properties of DESI
ELGs and their connections to the [OIIJAA3726, 3729 line
profiles, using the DESI-COSMOS sample as described in
Section 2. Figure 5 shows the median values of ELG stellar
mass (left panel) and SFR (right panel) in the Coeff; —Coeff,
parameter space. The colors reflect the values of stellar mass
and SFR. Being consistent with the trend observed in the
median values of WISE 1 band magnitude and g-band
magnitude shown in Figure 4, the stellar mass and SFR
increase with Coeff], demonstrating the overall relationship
between the line profiles, stellar mass, and SFR.

Given that the stellar mass and SFR of star-forming galaxies
correlate with each other, we further investigate the correlation
between Coeff; and SFR with a fixed range of stellar mass of
ELGs. The results are shown in Figure 6 for three redshift bins
from 0.6 < z < 1 (left), 1 <z < 1.25 (middle), and 1.25 < 7 < 1.63
(right). The upper panels show the stellar mass distributions of
ELGs with different Coeff; ranges. The vertical color dashed
line shows the median stellar mass for each Coeff; bin, indicating
that ELGs with higher Coeff; values, on average, have higher
stellar mass.



THE ASTROPHYSICAL JOURNAL, 977:225 (19pp), 2024 December 20

Lan et al.

1.0 : :
0.5 L
. 0.0}
=
()
o
O F— —
_0.5: <
! !
—10} = | L Co—
10.0 10.5 E 1.0 1.5 E
O (log1oM+/Mo) ! (log10 SFR/Meyr1) |
1 1

10 —05 00 05 1.0

10 —05 00 05 1.0
Coeff;
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Figure 6. Correlations between stellar mass, SFR, and Coeff|. The upper panels show the number distributions of ELGs with different Coeff; values indicated by blue
(—1 < Coeff; < —0.5), cyan (—0.5 < Coeff; < 0), green (0 < Coeff; < 0.5), and orange (0.5 < Coeff; < 1). The vertical color dashed lines reflect the median stellar
mass of the ELGs within the corresponding Coeff; bin. The three panels from left to right show the results for ELGs at three redshift bins from z = 0.6 to z = 1.63.
The lower panels show the SFR as a function of stellar mass with colors indicating Coeff;. The small data points are individual ELGs and the large data points with
uncertainty are the median SFR as a function of stellar mass for each Coeff; bin. The uncertainties are estimated based on bootstrapping the sample 1000 times. The
gray dashed lines in the lower panels are the median relationship based on galaxies in the COSMOS-SFG sample within the same redshift regions.

The lower panels of Figure 6 show the SFR of ELGs as a
function of stellar mass with colors indicating their Coeff; values.
The data points with uncertainties are the median values of
log;, SFR for the four Coeff; bins. The uncertainties are estimated
by bootstrapping the sample 1000 times. We find that with a fixed
stellar mass, the SFR increases with Coeff;. This trend is observed
across the stellar mass and redshift ranges of the DESI ELG
sample. We also calculate the median SFR of the overall star-
forming galaxy population at the same redshift range from the
COSMOS-SFG sample defined in Section 2.2. The gray dashed
line in each panel shows the corresponding median trend. As can

be seen, the majority of DESI ELGs have an SFR higher than the
median SFR of the overall star-forming galaxy population. This
result indicates that DESI preferentially selects star-forming
galaxies with an SFR higher than the main-sequence galaxies, a
conclusion also reached by S. Yuan et al. (2023) using DESI
ELGs with 0.8 <z < 1.1 based on a similar analysis.

To summarize, Figure 6 demonstrates that while there is a
general trend between the line profiles and the stellar mass and
SFR, which are coupled together due to the overall stellar mass
and SFR correlation, there is an additional correlation between
the SFR and line profiles when considering ELGs with similar
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stellar mass. This trend is consistent with the correlation
between gas velocity dispersion and SFR of star-forming
galaxies observed at different redshifts from the local Universe
(e.g., D. R. Law et al. 2022), z~ 1 (e.g., Y. Mai et al. 2024) to
z~2 (e.g., H. Ubler et al. 2019). In the following, we explore
the relationship between this excess SFR with respect to the
overall star-forming galaxy population and line profiles and
investigate possible mechanisms behind this relationship.

4.2. Excess SFR, Galaxy Morphology, and Line Profiles

To explore how the excess SFR of ELGs correlates with the
line profiles and inform the underlying mechanisms, in addition
to the stellar mass and SFR, we use the DESI-ZEST sample,
which includes five morphological properties derived from HST
ACS F814W images from the ZEST catalog (C. Scarlata et al.
2007) in the analysis: asymmetry (A), Gini coefficient (G),
concentration (C), and the second-order moment of the brightest
20% pixels (M20), and R80 parameter reflecting the galaxy size
of ELGs. In Appendix B, we summarize the average relation-
ships between the line profiles and the morphological properties.

We calculate the differences between the physical and
morphological parameters of DESI ELGs and that of overall
star-forming galaxies from the COSMOS-ZEST sample at similar
redshifts, stellar mass, and sizes. This analysis allows us to remove
the correlations driven by these three parameters. More specifically,
for each DESI ELG, we use at least 10 COSMOS-ZEST
galaxies as references with redshift difference |Az| < 0.025, stellar
mass difference |Alog, Myx/Mg| < 0.05, and size difference
|ARS0| < 07025. If less than 10 COSMOS-ZEST galaxies are
found, we increase the conditions until there are at least 10 galaxies
within the selection. Finally, for each ELG, we calculate the
difference between the ELG parameter values, SFR, A, G, M20,
and C, and the median values of their references as A log,, SFR,
AA, AG, AM20, and AC, respectively.

Figure 7 shows the normalized probability density distribu-
tions of the excess values of the parameters. The top three
parameters are the controlled parameters, stellar mass, redshift,
and size (R80). By construction, the distributions are narrow
and center around 0. The lower five parameters are the
morphological parameters, G, M20, C, A, and the SFR values.
We find that while there are mild positive excesses of G and
M20 parameters, and on average, lower C parameters in
comparison to the reference galaxies, the most significant
difference is the asymmetric parameter A. The majority
(~85%) of ELGs have asymmetric parameter A values higher
than the reference galaxies with AA > 0, a trend similar to the
trend of the SFR with ~86% ELGs with Alog,, SFR > 0.

To first explore the correlations between parameters, Table 1
shows the Spearman’s correlation coefficients (p,) between
Alog,, SFR and the spectral PCA Coeff; and Coeff, and the
excess values of morphological parameters with the uncertain-
ties estimated by bootstrapping the sample 1000 times. We
order the parameters according to their values of Spearman’s
correlation coefficients. The results show that

1. the Alog,, SFR correlates with AA with the highest
absolute ps >~ 0.31 £ 0.02 value among the parameters;

2. the second parameter with high p; >~ 0.16 £ 0.02 value is
the line profile coefficient, Coeff;. We note that p
between M, and Alog,SFR is —0.1310.02. This
demonstrates that the correlation between Coeff; and
Alog,, SFR is not driven by stellar mass.
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3. AM,, Coeff,, AG, and AC parameters also have some
correlations with Alog,, SFR.

These results demonstrate that Alog, SFR of DESI ELGs
correlates with both the morphological structures and the
spectral profiles of galaxies.

To better understand the interplay between the shape of
galaxies and the line profiles, Table 2 shows the p, between
Coeff] and Coeff, and the excess values of morphological
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Table 1
Spearman’s Correlation Coefficients between ALog,,SFR/M;, yr—! and Other Parameters
AA Coeff, AM>, Coeff, AG AC M,
Alog,os\FiR 0.31 +0.02 0.16 £+ 0.02 0.12 +£0.02 0.05 +0.02 0.05 £+ 0.02 —0.09 + 0.02 —0.13 £ 0.02

M: yr’1

Finally, we quantify the median Alog,;, SFR as a function of
Table 2 . . . .
Spearman’s Correlation Coefficients between PCA Coefficients and AA and line profiles Wlth the results shown in Figure 9. The
Morphological Parameters blue and green data points are measurements from ELGs with
v ™ ~C INE quffl < —0.35 and Coeff; > 0.35., respectively. The gray data
points show the measurements in between. Here, we only
Coef 0.08 +0.02 0.02 +0.02 0.01 £0.02 0.00 +0.02 include ELGs within the narrow and broad regions with
Coeff, > 0.15 x Coeff; — 0.25. The measurements indicate
that there is a general correlation between Alog,, SFR and
AA, which has the same slope but different offsets for galaxies
with different Coeff,. With similar AA values, DESI ELGs
with broader [O1I] lines have, on average, 0.1 dex higher

Coeft, 0.07 £ 0.02 0.01 £0.02 0.05 £ 0.02 0.05 £0.02

parameters with the uncertainties estimated by bootstrapping

the sample 1000 times. As :can be seen, C.Oeffl and Coeffz Alog,,SFR than those with narrow [O1I] lines. This again
correlate the m"?‘ with the (>30 deFeCtlon),. and p; with illustrates the connection between the [O1I] line profiles, AA,
other morphological parameters are consistent with no detec- and Alog, SFR of DESI ELGs

10 :

tion (<30). In other words, based on the p values of different
parameter pairs, we find that there is a relationship between
AlOglOSFR, AA, Coeffl, and Coeffz. 5. Discussion

We estimate the median AA and Alog,,SFR as a function of
Coeff; and Coeff, to quantify the relationship. The results are
shown in the upper panels of Figure 8, indicating that both

5.1. The Physical Mechanisms Driving the Relationship
between SFR, Asymmetry, and Line Profiles

median AA (left panel) and median Alog,SFR (right panel) Utilizing data from the DESI spectroscopic observations and
increase from negative Coeff; to positive Coeff; and from the COSMOS multiwavelength deep images, we find a
negative Coeff, to positive Coeff,. relationship between three parameters of DESI ELGs, excess
We also separate the Coeff;—Coeff, parameter space into SFR (Alog,,SFR), the asymmetry of galaxy shape (AA), and
nine regions based on the general classification shown in the [O1] line profiles. In the following, we discuss two

Figure 2: scenarios that can possibly explain the observed relationship.
1. Narrow region. N1 (Coeff, < —0.65), N2 (—0.65 < M?rger Scenario. The merging of galaxies has been
Coeff; < —0.35), and N3 (—0.35 < Coeff, < 0); conmdergd one of the crucm} processes that.can transform
2. Broad region. B1 (0 < Coeff; <0.35), B2 (0.35< star-forming galaxies into passive ones. Theoretical works have
Coeff, < 0.65), B3 (Coeff; > 0.65); shown that when two ggs—nch ga}ax1es merge, gas flows into

1
3. Double-peak  region. D1 (0 < Coeff; <0.35), D2 the. centers of the galax1e§ and triggers excess star formation
(0.35 < Coeff, < 0.65), D3 (Coeff, > 0.65). activities (e.g., P. F. Hopkins et al. 2008; J. M. Lotz et al. 2008;
D. R. Patton et al. 2020; C. Bottrell et al. 2023). These merger-
We calculate the fraction of ELGs with high AA and Alog,,SFR induced star formation activities have also been supported by
in each region. The lower panels of Figure 8 summarize the observational studies. Various observational approaches have
results. The lower-left panel shows the fractions for AA > 0.1. been used to identify merging galaxies. For example, making
We find that the fractions of ELGs with high AA increase from use of data from the SDSS surveys, one can identify galaxy
the narrow region (Coeff; < 0) to the broad region (Coeff; > 0). pairs with a range of impact parameters and use such a sample to
The fractions can increase by a factor of 3 from ~0.1 to ~0.3. explore the difference of the SFR compared with the SFR of
Moreover, for ELGs with Coeff; > 0, the fraction is higher for controlled isolated galaxies with similar mass (e.g., S. L. Ellison
ELGs in the broad region (Coeff; ~ 0) than in the double-peak et al. 2008, 2010; P. S. Behroozi et al. 2015). Another approach
region (Coeff; < —0.4). The lower-right panel shows the same is to use the morphological parameters of galaxies derived from
measurements with Alog,,SFR > 0.35. The overall trends of imaging data sets to identify possible shape features induced by
Alog,,SFR are consistent with AA, showing that ELGs with merging events, such as tidal structures and/or asymmetry
line profiles in the broad region (B) have relatively higher (e.g., J. M. Lotz et al. 2008; H. M. Yesuf et al. 2021). Both
asymmetry morphology and higher SFR than their reference simulations and observations have shown that merging events at
star-forming galaxies with similar stellar mass, sizes, and at the the closest separation enhances the SFR by approximately a
same redshifts. In addition, we perform the same analysis for a factor of 2 with a fixed stellar mass.

control sample, which consists of star-forming galaxies from the Our results can be explained by this galaxy merger scenario.
COSMOS-ZEST sample selected to have similar stellar mass, The excess asymmetry value AA indicates that a sizable
redshifts, and sizes as the properties of DESI ELGs with fraction of DESI ELGs are disturbed galaxies, e.g., there are
|Alog, My /M| < 0.05, |Az] <0.025, and |ARS80| < 0.025, approximately 25% of DESI ELGs with AA > 0.1, while there
respectively. The color boxes in the lower panels of Figure 8 are only 7% of the controlled sample with AA > 0.1 (lower
show the results, indicating that the DESI ELGs have panels of Figure 8). Figure 10 shows the HST ACS F814W
preferentially higher AA and Alog,SFR than typical star- images of randomly selected DESI ELGs as a function of AA.
forming galaxies. For most of the galaxies with AA > 0.05, two or multi-clumpy
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structures can be observed at small scales (<1”) with disturbed
and possibly tidal features. The correlation between Coeff; and
AA values provides further support for this merger scenario—
when two interacting galaxies are at a close distance, the
emission lines of the two galaxies are included in a single DESI
fiber (12 kpc in diameter at z ~ 1) with a moderate line-of-sight
velocity difference Av which will produce a [O II]JAA3726,
3729 line profile broader than a typical isolated star-forming
galaxy with similar stellar mass. The three observational
properties of DESI ELGs, the line profile, the asymmetry of
galaxy shape, and the excess SFR, can all be fit within the
merger scenario simultaneously.

Disk Instability Scenario. Another possibility is that the
multi-clumpy structures shown in Figure 10 are star-forming
regions formed due to disk instability (e.g., A. Dekel et al.
2009; N. Mandelker et al. 2014) in a single galaxy. Previous
studies (e.g., K. L. Murata et al. 2014; Y. Guo et al. 2015;
A. Martin et al. 2023; Z. Sattari et al. 2023) have shown that the
clumpy fraction, the ratio between the number of star-forming
galaxies with at least one off-center clump and the total number
of star-forming galaxies, roughly peaks between z~ 1 and
z~ 2, overlapping the redshift region of the DESI ELGs,
and correlates with SFR with a fixed stellar mass. Bright star-
forming clumpy structures can lead to asymmetric light
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Figure 10. Example images (3" x 3”) of DESI ELGs with different AA values. Each column shows the HST ACS F814W images of four randomly selected DESI
ELGs within the AA selection, as shown at the top of the column. The AA values increase from left to right, respectively. The values listed on the lower-left corner of
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ELGs, with blue, green, and orange for narrow, broad, and double-peak regions, respectively. The gray circle indicates the size of the DESI fiber (1”5 in diameter).

distribution with possible associated emission lines (e.g., mergers at high redshifts is similar to the observed appearance
D. B. Fisher et al. 2017; P. Oliva-Altamirano et al. 2018) that of clumpy isolated disk galaxies. These studies indicate the
contribute to the emission-line profiles. Moreover, the disk complexity of distinguishing clumps formed by disk instability
instability is expected to drive turbulence, which in turn enhances and galaxy mergers. In the DEST ELG sample, while there are
gas velocity dispersion in galaxies (e.g., N. J. Goldbaum et al. galaxies having only two major clumps, some galaxies have
2016). Therefore, this scenario can also produce correlations more than two clumps, as can be seen in Figure 10. Therefore,
between ASFR, AA, and line profiles as observed for DESI ELGs. it is possible that DESI ELGs include both types of systems.
The origins of clumpy structures observed in high-redshift While estimating the contributions of these two scenarios in

the overall DESI ELG population is beyond the scope of this
work, one can combine multiwavelength deep images with
radio observations for spatially resolved gas properties to
identify tidal features, characterize the properties of the clumpy
structures and resolve the nature of these galaxies.

galaxies are still under active investigation. Some studies have
shown that the clump size and gas kinematics relationship of
some clumpy galaxies is consistent with the prediction of the
disk instability scenario (e.g., D. B. Fisher et al. 2017).
However, B. Ribeiro et al. (2017) have shown that galaxies
with only two major clumps tend to have clump mass being

inconsistent with the expected mass based on disk instability. 5.2. The Origins of Double-peak Galaxies

The 2.111th01‘S argue that galaxies V.Vi.th two major clumps can be Our results show that while ELGs in the double-peak region
ongoing galaxy mergers. In addition, D. M. Elmegreen et al. tend to have higher velocity offsets between two velocity
(2021) have shown that the observed appearance of major components than ELGs in the broad region, ELGs in the

13



THE ASTROPHYSICAL JOURNAL, 977:225 (19pp), 2024 December 20

double-peak region, especially in the D1 and D2 regions, have
on average lower AA and Alog,;, SFR than ELGs located in the
broad (B) region with Coeff; > 0 and Coeff, ~ 0, as shown in
Figure 8.

We propose that this difference might be due to the fact that
instead of tracing two galaxies during the merging process or
galaxies with violent disk instability, there is a higher fraction of
ELGs in the double-peak region, with the velocity components
reflecting the rotating disks of the galaxies without undergoing
SFR enhancement events. One possible way to explore these two
scenarios is to investigate the galaxy inclination and AA relation
of ELGs. The expectation for the rotating disk scenario is that
those galaxies tend to be more edge-on with low AA. On the
other hand, the morphology of two merging galaxies with close
separation or galaxies with two major clumps can resemble the
morphology of edge-on galaxies. Therefore, merging/clumpy
galaxies also tend to look like edge-on galaxies but with higher
AA than the rotating disks.

In Figure 11, we examine the distribution of AA and galaxy
inclination, using the elongation parameter, the ratio between
the lengths of semimajor and semiminor axes of galaxies, from
HST images as a proxy (A. Leauthaud et al. 2007). We only
select ELGs with 10 < log,, Mx/Mg < 10.5 to reduce possible
effects associated with galaxy mass. The top panel shows the
normalized number distributions of the elongation parameter of
DESI ELGs in the B1 and B2 regions and D1 and D2 regions,
indicated by green and orange, respectively. The middle panel
shows the distribution of AA as a function of the elongation
parameter, and the bottom panel shows the fraction of ELGs
with AA > 0.1 as a function of the elongation parameter for the
two types of ELGs. We find that ELGs in the B1 and B2
regions and D1 and D2 regions both have a broad range of
elongation parameters. The middle and bottom panels show
that for ELGs in the D1 and D2 regions, the fraction of sources
with  AA > 0.1 is consistently ~0.1 across all elongation
parameter values. In contrast, the fraction of ELGs in the
B1 and B2 regions with AA > 0.1 increases with the elongation
parameter from 0.2 to 0.4. These observed trends are consistent
with the above-proposed scenario that mergers/clumpy
galaxies tend to have high elongation and high AA, while
rotating disks tend to have high elongation but with low AA.
However, we note that the above results are suggestive, and
spatially resolved kinematics information is needed to
conclusively identify the origins of the double-peak emission
lines observed in DESI ELGs.

Previous studies have also suggested that double-peak
emission lines observed in galaxies are associated with rotating
disks in the local Universe. For example, D. Maschmann et al.
(2020) found ~5000 double-peak ELGs from the SDSS
spectroscopic data set. Based on simulations, D. Maschmann
et al. (2023) concluded that the double-peak emission lines can
originate from the central rotating bars of galaxies or minor
mergers. Y.-M. Chen et al. (2016) also found that rotating
galaxy disks can explain the double-peak emission lines
observed in SDSS disk star-forming galaxies.

5.3. DESI ELG Selection for Galaxy Properties

We now explore the key selection criteria for DESI ELGs,
which preferentially include galaxies with high SFR and
asymmetric morphology. The DESI ELG selections for the
main survey are summarized in Table 2 of A. Raichoor et al.
(2023), which includes
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1. g > 20,
2. g band fiber magnitude (gfib) < 24.1, and
3. g — r and r — z color boundaries.

To investigate how these selection conditions affect the galaxy
properties, we use the COSMOS-ZEST galaxy sample and
crossmatch the sample with the photometric catalog4° from the
DESI Legacy Imaging Surveys (A. Dey et al. 2019) to obtain the
photometric information used in the DESI target selections.
We then select star-forming galaxies with log,,Myx/Me > 9,
1.1 < Zppoto < 1.63 (the parameter space that covers the main DESI
ELGs), and g > 20. For each star-forming galaxy, we follow the

40 DR10 https: //www.legacysurvey.org /dr10/catalogs/.
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Figure 12. Median AA values and Alog,, SFR of star-forming galaxies as a function of g — r, r — z, and g-band fiber magnitude (gfib). Galaxies are selected with
log oMy /Me, > 9, 1.1 < Zphoto < 1.63, and g > 20 from the COSMOS2020 catalog with HST ACS morphology measurements. The upper panels are median AA
values as a function of galaxy colors with gfib < 23.6 (left), 23.6 < gfib < 24.1 (middle), and 24.1 < gfib < 24.6 (right). The lower panels are median Alog,;, SFR as
a function of galaxy colors with gfib < 23.6 (left), 23.6 < gfib < 24.1 (middle), and 24.1 < gfib < 24.6 (right).

same procedure for estimating AA and Alog,,SFR as the DESI
ELG sample by searching for at least 10 galaxies as references
with redshift difference |Az] <0.025, stellar mass difference
|Alog,, My/M:| < 0.05, and size difference |ARS0| < 0”025
and increasing the conditions if less than 10 galaxies are found.
The AA and Alog,,SFR are the differences between the values of
the galaxies and the median values of the reference galaxies.

With AA and Alog,SFR information, we calculate the
median AA and Alog,,SFR as a function of g — r, r — z colors,
and gfib. The upper panels of Figure 12 show the median AA
values across the g—r and r—z color space with gfib
< 23.6 (left panel), 23.6 < gfib <24.1 (middle panel), and
24.1 < gfib < 24.6 (right panel). The black dashed lines are the
boundaries for the DESI ELG LOP sample and the gray dashed
lines are the extended region for the VLO sample. As can be
seen, galaxies that are brighter in gfib preferentially have higher
AA values. A similar trend is observed for Alog,SFR as
shown in the lower panels of Figure 12, indicating the median
Alog,,SFR values of galaxies. We note that while there is no
strong correlation between AA and galaxy colors, a correlation
between Alog;,SFR and galaxy colors can be observed in the
middle and right panels. Therefore, we conclude that the
g-band fiber magnitude selection is the primary factor for
selecting galaxies with more disturbed morphology and higher
SFR than the overall star-forming galaxy population at the
same redshifts, and the (g — r, r — z) color selections are an
additional factor modulating the SFR. Note that while
gfib ~24.1 reaches the limiting magnitude of the Legacy
Surveys (A. Dey et al. 2019) with larger uncertainties, we have
performed the same analysis with g-, -, z-band images with
depths of ~27-28 mag from Hyper Suprime-Cam (H. Aihara
et al. 2018, 2019) in the COSMOS2020 catalog, which yields
consistent results.
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5.4. Implications for DESI ELG Clustering Measurements

Recent studies have shown in order to reproduce the DESI
ELG clustering properties, especially the small-scale signals
(<0.2Mpch™"), and obtain physically motivated ELG-halo
connection models, additional parameters are required in the
halo occupation distribution modeling (e.g., H. Gao et al. 2023;
A. Rocher et al. 2023; S. Yuan et al. 2023; H. Gao et al. 2024).
These results indicate that the abundance of satellite ELGs in
the halos depends on the properties of the central ELGs—a
phenomenon called “conformity” (see R. H. Wechsler &
J. L. Tinker 2018, for a review).

By exploring the properties of ELGs at 0.8 <z < 1.1 and
their morphology with the COSMOS data set, S. Yuan et al.
(2023) postulate that such conformity signals are driven by
galaxy-merging-induced star formation in both central and
satellite galaxies. Our findings of the relationship between SFR,
galaxy morphology, and the line profiles are consistent with
this scenario. In addition, the small-scale enhancement of the
clustering amplitude of DESI ELGs is aligned with the results
of simulations focusing on galaxy mergers (e.g., A. R. Wetzel
et al. 2009).

In addition to the behavior of spatial clustering properties of
DESI ELGs, A. Rocher et al. (2023) find that DESI ELGs have
an unexpected clustering property in velocity space. They find
that, on average, the velocity dispersion of the satellite DESI
ELGs is larger than the velocity dispersion of dark matter
particles by ~30%. We argue that this observed property is
likely associated with spectral profiles of DESI ELGs having
two velocity components along the sightlines. As shown in
Figure 4, for two redshift systems, the median value of the line-
of-sight velocity offsets is ~150 kms™'. However, the current
Redrock pipeline typically determines the redshift in the
middle of the two velocity components. In this case, this can
possibly introduce a ~75km s~ velocity offset of the central
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galaxy redshifts systematically and adds additional velocity
dispersion in the relative velocities between centrals and
satellites.

Here, we consider a simple case to quantify possible signals.
Assuming that the dark matter halo mass of ELGs is ~10"* M,
(e.g., A. Rocher et al. 2023) with the corresponding velocity
dispersion of dark matter particles being ~100 kms ™', adding
a systematic 75 km s~ ' offset in the velocity measurements will
increase the estimated velocity dispersion by 25%, which is
similar to the results in A. Rocher et al. (2023). This
demonstrates that this redshift determination effect can be
responsible for at least part of the apparent excess velocity
dispersion of the satellite galaxies and it needs to be taken into
account for the clustering measurements in velocity space.

6. Conclusions

By performing PCA on ~230,000 spectra of ELGs at
0.6 <z<1.63 from the DESI Early Data Release, we
decomposed [O1I] profiles based on the derived PCA
eigenspectra and explored the diversity of [O1I] line profiles
in low-dimensional coefficient space. We further utilized
the physical and morphological properties of galaxies in the
COSMOS field and investigated the relationship between the
[O 1] line profiles and the properties of the galaxies. Our main
findings are summarized as follows:

1. We find that the first two eigenspectra, which correspond
to the line width (first) and the peakedness (second) of the
[O1] doublet lines, can explain ~54% of the total
variance of the [OII] line profiles. Using the coefficients
of these two eigenspectra, we show that DESI ELGs can
be classified into at least three types with narrow [O1II]
lines, broad [OII] lines, and two redshift systems,
demonstrating the diversity of the [O1I] line profiles.

2. Combining PCA results with the galaxy's physical
properties from the COSMOS2020 catalog, we find that
ELGs with broader line profiles tend to have higher
stellar mass and SFR. Moreover, by fixing stellar mass,
we find that ELGs with broader line profiles have higher
median SFR. We also find that DESI ELGs preferentially
have higher SFR than the average SFR of the star-
forming galaxies at similar redshifts. These trends are
observed across the entire redshift range of DESI ELGs
from z~ 0.6 to 1.63.

3. We include the morphological properties of DESI ELGs
derived from HST ACS images and quantify the
enhancement of various properties, including SFR and
shape properties, of DESI ELGs with respect to the
reference star-forming galaxies with similar stellar mass,
sizes, and redshifts. We find that Alog,,SFR correlates
the most with AA and Coeff; with Spearman’s correla-
tion coefficients of 0.31 and 0.16, respectively. Moreover,
Coeff; has the highest correlation coefficient with AA
(ps = 0.08 with ~4¢ detection) than with other morpho-
logical parameters.

4. The median AA and Alog,, SFR and the fraction of high
AA and high Alog, SFR as a function of Coeff; and
Coeff, both show that ELGs with broad line profiles have
higher AA and Alog,, SFR than ELGs with narrow or
double-peak line profiles. This result reveals an under-
lying relationship between AA, Alog, SFR, and line
profiles.
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5. We show that ELGs with high AA have on average
~0.2 dex enhancement of the SFR than ELGs with low
AA and the Coeff, can further contribute to the
enhancement of SFR by ~0.1 dex.

Finally, we argue that this inter-relationship between the line
profiles, and physical and morphological properties of DESI
ELGs can be naturally explained by both the galaxy merger and
disk instability star-forming clumps scenarios.

The results of this work show that the large DESI
spectroscopic data set opens a new window for statistically
investigating the galaxy's physical properties and how the
mechanism drives galaxy evolution at 1<z<1.6. The
combination of the DESI data and upcoming imaging data
sets provided by space telescopes, such as Euclid (Euclid
Collaboration et al. 2022) and the Roman Space Telescope
(R. Akeson et al. 2019), will further offer a large galaxy sample
with both kinematics and morphological information of
galaxies for galaxy evolution science.

Understanding how the physical properties of galaxies link
to the properties of dark matter halos and the large-scale
environments is crucial for obtaining precise cosmological
measurements. Recent galaxy clustering results of DESI ELGs
indicate that the standard galaxy—halo connection models are
insufficient to describe small-scale clustering measurements in
both spatial and velocity space. As demonstrated in this work,
this is possibly due to the nature of DESI ELGs and the redshift
determination effect due to their diverse line profiles. It will be
informative to perform clustering measurements as a function
of emission-line profiles and obtain a better understanding of
small-scale clustering properties of the DESI ELG population.
This approach can be used to utilize the hidden spectral
information from the ongoing and upcoming cosmological
spectroscopic surveys, including PFS (M. Takada et al. 2014),
Euclid (Euclid Collaboration et al. 2022), the Roman Space
Telescope (R. Akeson et al. 2019), and the next-generation
surveys, e.g., the DESI-II and Spec-5 experiments (D. J. Schle-
gel et al. 2022), which use ELGs as primary tracers for the
large-scale structure of the Universe.
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Appendix A
Removing AGN

It is possible that a fraction of DESI ELGs have actively
accreting supermassive black holes (AGN), which can produce
[O1] lines. To eliminate the complexity due to the AGN
contributions, we utilize available line information obtained via
the FastSpecFit*' algorithm developed by J. Moustakas
et al. (2024, in preparation). We identify DESI ELGs that
satisfy any of the following conditions and remove them from
our analysis:

10g10 F[O "I])\5007/FH‘5 > 0.2 and line Wid[h[o 1] A5007 FWHM > 300 km Sil,

(Al)
S/N(Fwmg r2796) > 2, (A2)
S/N(Fine virzaze) > 2. (A3)

The first condition (A1) follows the condition used in
N. L. Zakamska et al. (2003) and R. Reyes et al. (2008) for
selecting Type II quasars at 0.4 <z < 0.9 where only [OIII]
A5007 and Hg lines are accessible in the optical wavelength
coverage. In N. L. Zakamska et al. (2003), the selections are
logIO F[O 111 /\5007/FHsJ > 0.3 and line Width[o 115007 FWHM >
400kms™ . In our condition, we reduce the line ratio by
0.1 dex and the line width by 100 km s~ so that our selection
is conservative.

The second condition, the signal-to-noise cut of the MgII
emission line flux (Equation (A2)), is used to remove ELG
spectra with possible broad MgII emission lines originating
from quasars, e.g., the missing quasar population in
D. M. Alexander et al. (2023).

The third condition, the signal-to-noise cut of the [Ne V]
A3426 emission line flux (A3), is motivated by the fact that the
existence of the [Ne V]A\3426 line requires relatively energetic
radiation, and AGN has been considered as the main source for
producing the required radiation (e.g., N. Maddox 2018;
N. J. Cleri et al. 2023).

Approximately 4.3% of the total sources in the original DESI
ELG sample meet the above conditions. Individually,
Equations (A1), (A2), and (A3) contribute ~0.7%, ~0.9%,
and ~3.0% respectively. The final 4.3% includes sources in
common.

Appendix B
Morphology Parameters as a Function of Line Profiles

Here, we summarize the relationships between the morpho-
logical parameters and the line profiles. Figure 13 shows the
median values of the morphological parameters, galaxy size
(R80), Gini coefficient (G), the second-order moment of the
brightest 20% pixels (M20), concentration (C), and asymmetry
(A) from left to right respectively, as a function of Coeff; and
Coeff,. These results are based on the DESI-ZEST sample.

Trends can be observed from Figure 13. First, DESI ELGs in
the double-peak region tend to have larger sizes than DESI
ELGs in other regions, as shown in the first panel. This is

4 https: //fastspecfit.readthedocs.io /en/latest /index.html
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Figure 13. Morphological parameters as a function of Coeff; and Coeff,. Median values of galaxy size (R80 in units of arcsecs), Gini coefficient (G), second-order
moment of the brightest 20% pixels (M20), concentration (C), and asymmetry (A) are shown from left to right, respectively.

consistent with the fact that DESI ELGs in the double-peak
region also have higher stellar mass. Correlating with R80, the
M20 values also tend to be larger in the double-peak region.
We note that the DESI ELGs with Coeff; ~ —1 have, on
average, lower redshifts and therefore have larger observed
sizes. Second, the Gini coefficient (G) and asymmetry
parameter (A) behave similarly with higher median values in
the broad region, indicating that DESI ELGs in the broad
region tend to have relatively disturbed morphology. Finally,
the concentration C anticorrelates with M20, having the highest
median values for DESI ELGs with high Coeff,. These internal
correlations between parameters are consistent with the results
summarized in C. Scarlata et al. (2007). We note that while
these morphological parameters all have some dependencies on
the line profiles, we focus on the asymmetry parameter in this
work given that the excess asymmetry parameter AA yields the
highest Spearman’s correlation coefficients with Alog,, SFR
and Coeff; and Coeff, as shown in Section 4.
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