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Abstract

We present the Ly emission line luminosity function (LF) of the active galactic nuclei (AGN) in the first release
of the Hobby—-Eberly Telescope Dark Energy Experiment Survey (HETDEX) AGN catalog. The AGN are
selected either by emission line pairs characteristic of AGN or by a single broad emission line, free of any
photometric preselections (magnitude/color/ morpholo%y) The sample consists of 2346 AGN spanning
1.88 < 7 < 3.53, covering an effective area of 30.61 deg”. Approximately 2.6% of the HETDEX AGN are not
detected at >50 conﬁdence atr~ 26 in the deepest r-band images we have searched. The Ly« line luminosity
ranges from ~10%*2 to 10* ergs~'. Our Lya LF shows a turnover lummosny with opposite slopes on the
bright end and the faint end: The space density is highest at Ly, = 1044 ergs~'. We explore the evolution of
the AGN LF over a broader redshift range (0.8 < z < 3); constructing the rest-frame ultraviolet (UV) LF with the
1450 A monochromatic luminosity of the power-law component of the continuum (M450) from M50 ~ —18
to —27.5. We divide the sample into three redshift bins (z ~ 1.5, 2.1, and 2.6). In all three redshift bins, our UV
LFs indicate that the space density of AGN is highest at the turnover luminosity M;’s, with opposite slopes on
the bright end and the faint end. The M 450 LFs in the three redshift bins can be well fit with a luminosity
evolution and density evolution model: the turnover luminosity (M;%s,) increases, and the turnover density (®*)
decreases with increasing redshift.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Luminosity function (942)

1. Introduction characterize and help understand the strong evolution of the
SMBHs, but also help to better picture the evolution of
galaxies and the universe.

The AGN LF is usually modeled with a double power-law
profile with a steep bright-end slope and a shallow faint-end
slope, with the characteristic break luminosity L* and space

Active galactic nuclei (AGN) are actively growing super-
massive black holes (SMBHs) in the center of the galaxies.
The strong observed correlation between the mass of the
SMBHs and the velocity dispersion of their host galaxies

implies that their evolution is correlated (Gebhardt et al. 2000; - * . . ;
Tremaine et al. 2002; see Kormendy & Ho 2013 for a detailed dBi)rnSgiti}(])rqrjo aest S;ioggogy EI?)I:)EE:ES étl )aieég(')’ol;?clgirsis;t 211 ’ 38(1)2’

review). The AGN population is believed to be a significant Pal Delabrouille et al. 2016: Shen et al. 2020
contributor to the ultraviolet (UV) background and the alanque-Lelabroutfie et al. > onen et al )

reionization of the universe (e.g., Giallongo et al. 2015; "
Haardt & Salvaterra 2015; Puchwein et al. 2019). The AGN d(L) = oL _.
luminosity function (LF) describes the space density of AGN (L/L¥™ + (L/L%7
at a given luminosity. Accurate measurements of the AGN
LF, especially at intermediate redshifts (z~ 1-3) when
galaxies and SMBHs grow most rapidly, cannot only

ey

It can alternatively be rewritten with the number density of
AGN per unit magnitude as Equation (2),
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1.1. The Bright End

The bright end of the AGN LF at intermediate redshifts
(1 <z<3) is well constrained by many large quasar (QSO)
samples with consistent results. Most of these samples are pre-
selected via their continuum brightness. For example, Richards
et al. (2006) studied the AGN LF of 15,343 spectroscopically
confirmed broad-line QSOs over 1622 deg® within 0 <z <5
defined from the first and the second generation of the Sloan
Digital Sky Survey (SDSS-I/II) down to i = 19.1 (z < 3) and
i =20.1 (z2Z3). Ross et al. (2013) measured the AGN LF of
22,301 spectroscopically confirmed AGN over 2236 deg?
between 2.2<z<3.5 down to i<21.8 from the third
generation of SDSS Baryon Oscillation Spectroscopic Survey
(SDSS-III: BOSS) Data Release Nine (DR9). Palanque-
Delabrouille et al. (2016) studied the AGN LF of 13,876
AGN variability-selected from the fourth generation of SDSS
(SDSS-1V) extended Baryon Oscillation Spectroscopic Survey
(eBOSS) over 94.5 deg” in Stripe 82 at 0.68 < z < 4.0 down
to g <22.5.

1.2. Modeling the Faint End

Studies of the faint end of the AGN LF can help define the
trigger mechanism(s) and the duty cycle of AGN. Hydro-
dynamical simulations show that mergers of gas-rich galaxies
can lead to strong inflows of cold gas, feed central SMBHs, and
thereby power bright AGN with high accretion rates (e.g., Di
Matteo et al. 2005; Hopkins et al. 2008). The feedback of AGN
can in return expel enough gas and shut down the star
formation in the host and leave the galaxy passive, red, and
elliptical. The timescale of merger events is ~1 Gyr, but for the
majority of this time, AGN are heavily obscured by surround-
ing dust. They can only shine as optical AGN for ~100 Myr
after enough dust is expelled. Low-luminosity AGN are more
likely triggered by the secular evolution of galaxies with low
accretion rates (see Alexander & Hickox 2012, for a detailed
review of various triggering mechanisms of AGN). For
example, asymmetric structures, such as bars, can help remove
the angular momentum of gas and trigger AGN activity.
Whether massive SMBHs mainly consist of short-lived bright
QSOs under near Eddington accretion, or of long-lived low-
luminosity AGN with lower accretion rates remains uncertain.
The number density of low-luminosity AGN is a key piece of
information on the duty cycle of AGN triggered by the secular
evolution with low accretion rates.

The faint end of the AGN LF is also important in
understanding the evolution model of AGN, which is usually
described with the evolution of the break point (L* and ®*)
between the bright end and the faint end. The evolution of the
AGN LF has been modeled with different models in various
studies. Boyle et al. (2000) and Croom et al. (2004) found that
the QSO sample (b; < ?20.85, 0 <z<2.5) of the 2dF QSO
Redshift Survey (2QZ; Croom et al. 2004) can be well fit by a
pure luminosity evolution model (PLE; only L* evolves with
redshift while ®* is constant). When going to higher redshifts,
large QSO samples defined from SDSS show that the PLE
model can only describe the QSO LF up to z~ 2.2, above
which, besides the evolution of L*, ®* decreases significantly
with redshift (Richards et al. 2006; Ross et al. 2013; Palanque-
Delabrouille et al. 2016). They introduced the luminosity
evolution and density evolution model (LEDE; L*, and ®*
evolve with redshift independently) at z 2> 2.2 in addition to the
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PLE model at z 2.2 to fit the evolution of the QSO LF.
Bongiorno et al. (2007) combined a faint AGN sample of 130
AGN (Ixg <24; 0<z<5) selected from the VIMOS-VLT
Deep Survey (VVDS) (Gavignaud et al. 2006) with the LF of
bright QSOs of SDSS (Richards et al. 2006). They found that a
luminosity-dependent and density evolution (LDDE) model,
where @ evolves with redshift regulated by L*, can best
describe the evolution of AGN LF.

The faint end of the AGN LF at intermediate redshifts is still
poorly constrained, especially in the UV /optical bands. X-ray
observations are the most efficient method in identifying low-
luminosity AGN as the X-ray emissions have strong penetra-
tion and low dilution from the host galaxies (see Brandt &
Alexander 2015, for a recent review). Shen et al. (2020) studied
the evolution of the AGN LF down to about three orders of
ma%nitudes fainter than the break Iuminosity L* (Lo ~
10 ergs™" at z~2) from z=0 to z=7 with X-ray
observations compiled by Hopkins et al. (2007) and updated
by Shen et al. (2020). However, X-ray observations are usually
limited by small sky coverage (<1 or a few square degrees) and
limited sample sizes (§103). Infrared (IR) observations,
especially mid-IR, provide a special approach to finding
X-ray/optical obscured AGN and allow the study of the
AGN LF down to ~1-2 orders of magnitude fainter than L".
However, X-ray, IR, and UV /optical AGN may represent
different phases of AGN. Therefore, deep UV /optical surveys
of AGN are still a unique way of describing the evolution of
AGN despite the various studies of AGN LF in other bands.

1.3. Early Faint UV/Optical AGN Samples

In the UV /optical bands, the measurements of the AGN LF
fainter than the break magnitude (M™) are still limited: Deep
surveys of AGN usually have small sample sizes and small sky
coverage, and large samples are not deep enough to extend to
the low-luminosity region to constrain the faint end. Hunt et al.
(2004) made the first direct measurement of the faint end of the
AGN LF at z~ 3 down to M;450 = —21 mag (~5 mag fainter
than My’s,) using a sample of only 11 faint AGN discovered
over 0.43 deg” in a survey for Lyman-break galaxies (LBG;
Steidel et al. 2003). Their AGN are selected using multi-color
selection criteria (the Lyman-break technique) and spectro-
scopic follow-up. The 2dF-SDSS LRG and QSO survey
(2SLAQ; Croom et al. 2009b) provide measurements with a
significantly larger (10,637 AGN) but much shallower (~1
mag fainter than the break magnitude) AGN sample covering
191.9 deg2 (Croom et al. 2009a). Their AGN sample is also
pre-selected using a multi-color method which primarily selects
UV-excess objects. The AGN LF derived from the VVDS
survey used a sample of 130 AGN (spanning 1.75 deg?), which
is larger than the LBG survey and deeper than the 2SLAQ
survey (~2.5 mag fainter than the break magnitude) (Bon-
giorno et al. 2007). Their sample is free from color selection,
but is still a magnitude-limited sample which requires the
continuum to be brighter than /55 < 24 in their deep fields and
Iag < 22.5 in their wide fields.

Liu et al. (2022) (Paper I) selected 5322 AGN at
025 <z<4.2 over 30.61 deg” from the Hobby—Eberly
Telescope Dark Energy Experiment survey (HETDEX; Hill
et al. 2008; Gebhardt et al. 2021). This AGN sample is purely
emission line selected, free of any photometric preselection
(broadband magnitude/color/morphology). Our AGN selec-
tion is more effective in finding continuum faint AGN
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compared to the traditional photometric preselection with
spectroscopic follow-ups. Cross-matching with various ima-
ging surveys shows that 2.6% of the HETDEX AGN already
reached the 50 detection limit at » ~ 26 of HSC, which is the
deepest imaging survey we searched. The median r-band
magnitude of our AGN catalog is 21.6 mag, with 34% having
r>22.5. Our AGN sample goes down to M 450 ~—18 mag.
Both the sample size and the sky coverage of the HETDEX
AGN are hundreds of times larger than those of the faint optical
AGN samples of LBG and VVDS.

1.4. The Lyo LF

The two faint UV /optical AGN samples of the VVDS
survey and the HETDEX survey introduced in Section 1.3 are
both identified by their emission line features. Besides the
continuum LF, a more direct way to evaluate the number
density of AGN is the emission line LF. The Ly« emission is a
well-studied emission feature that characterizes the young
(<50 Myr), low-mass (<10'°Mg) galaxies with high star
formation rates (SFR) of 1-100 My yr~' (e.g., Gawiser et al.
20006; Finkelstein et al. 2007, 2009). It is believed that the
bright end (Lyyq > 10¥7 erg s~ ") of the Lya LF is exclusively
comprised of AGN (e.g., Spinoso et al. 2020). Studying the
Lya LF of AGN can help us better understand the contribution
of AGN to each Ly« luminosity. It is also interesting to search
for the possible connection between the emission line LF and
the continuum LF.

In this paper, we present our measurements of the AGN LF
based on the 5 K emission line selected AGN from the
HETDEX survey. We briefly summarize the HETDEX survey
and the AGN catalog in Section 2. Section 3 describes the
estimation of the completeness corrections. We introduce
the Vinax method for the LF calculation in Section 4. We show
the Lya LF of the AGN sample in Section 5. We explore the
evolution of the AGN UV LF in Section 6. In Section 7, we
present the bolometric LF of our HETDEX AGN sample and
compare it with the AGN LFs of other bands. We discuss the
potential incompleteness of our AGN sample in the faint end
and our efforts in correcting such selection effects in Section 8.
We summarize this paper in Section 9. We use a flat A CDM
cosmology with Hy=70kms 'Mpc™', Q),=0.3, Q4 =0.7
throughout this paper.

2. The HETDEX AGN Catalog

HETDEX (Hill et al. 2008; Gebhardt et al. 2021) is an
ongoing spectroscopic survey (3500-5500 A) without target
preselection on the upgraded 10 m Hobby—Eberly Telescope
(HET, Ramsey et al. 1998; Hill et al. 2021). It uses the Visible
Integral field Replicable Unit Spectrograph (VIRUS; Hill et al.
2021) to record spectra of every object falling within its field of
view. A typical exposure contains 34,944 spectra, most of
which capture the sky or the background. The primary goal of
this survey is to measure the cosmology at z~ 3 using Lya
emitters (LAEs) as tracers of large-scale structures. The
HETDEX survey is expected to be active from 2017 to 2024,
and eventually will cover 540 deg”.

In this paper, we analyze the LF of 5322 AGN
(0.25 < z<4.2) identified from HETDEX observations from
2017 January 1 to 2020 June 26, covering an effective area of
30.61 deg”® (see Paper I for details of the HETDEX AGN
sample). The AGN used for this analysis are identified solely
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based on their spectroscopic properties, free of any preselection
based on imaging (magnitude, morphology, and color).
Measurements with the Hyper Suprime-Cam (HSC) imager
of the Subaru telescope from the HSC-HETDEX joint survey
(HSC-DEX; S15A, S17A, S18A, PI: A. Schulze, and S19B, PI:
S. Mukae) and the HSC Subaru Strategic Program (HSC-SSP;
Aihara et al. 2018, 2019), show that 2.6% of the HETDEX
AGN already reach their 50 detection limit at r~ 26. The
median r-band magnitude of our AGN catalog is 21.6 mag,
with 34% having r > 22.5.

There are two main steps in the sample selection: first, the
HETDEX detection pipeline (Gebhardt et al. 2021) consists of
two detection algorithms, one for the identification of emission
lines and the other for the detection of continuum sources. The
1.5 million S/N > 4.5 emission line candidates in the database
were identified using a three-dimensional grid search (two
dimensions in the spatial direction and one dimension in the
wavelength dimension); the 80,000 continuum candidates were
selected via a detection threshold of 50 electron counts
(roughly corresponds to g~ 22.5) in either a blue window
(3700-3900 A) or a red window (5100-5300 A). The union of
these two data sets served as the basis of our AGN search.

The second step in our sample selection, AGN identification,
is detailed in Paper I. To summarize: AGN are found using two
different methods: 2em selection, which identifies emission line
pairs characteristic of AGN, and the sBL selection that searches
for single broad (FWHM > 1000 km s~ ') emission lines within
the HETDEX wavelength range. There are 3733 AGN with
secure redshifts, either confirmed by emission line pairs or by
matched spectral redshifts from the literature and flagged with
zflag = 1. The remaining 1589 AGN are sBL-selected broad-
line AGN candidates provided with our best estimated redshifts
and flagged with zflag = 0. Our line identifications for the
single broad emission lines are based on a combination of their
line profiles, observed equivalent widths (EW), the enhanced
noise level at other expected lines, etc. (see Paper I for more
details).

3. Completeness Correction

The complexity of our AGN detection algorithm (see
Paper I) means that there are two separate contributors to the
completeness of the AGN sample: the completeness of the
HETDEX detection algorithm (Cygrpgx detailed in Section 3.1
and D. Farrow et al. 2022, in preparation), and the complete-
ness of the AGN selection algorithm, (Cagn, described in
Section 3.2). In other words,

C = Cuerpex * Cagn. 3)

3.1. Completeness of HETDEX Detection

As stated in Section 2, the HETDEX detection algorithm
identifies emission line candidates and the continuum candi-
dates separately. Therefore, the completeness of sources in the
two candidate catalogs must be evaluated separately
(Equation (4)):

CuerDEX line  €Mission line candidates

“

continuum candidates

CHETDEX =
CHETDEX, cont

For the continuum candidates, we make a simple assumption
that all continuum candidates would be automatically picked up
by the pipeline, meaning Cyerpex.cont = 1-
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For the emission line candidates, the completeness simula-
tions were first presented in Gebhardt et al. (2021), but we
review the methodology here. We employ a set of simulations
to carefully evaluate the completeness of the HETDEX
detection algorithm by inputting simulated emission lines with
known observed wavelengths (A\yps), fluxes (flux,ys), and line
widths (o4,s) into each observed data cube. We then run the
detection code and check how many of these artificial emission
lines are recovered by the HETDEX detection algorithm. The
detection rate is then the fraction of artificial sources recovered
in the data cube. This experiment demonstrates that the
completeness of the HETDEX algorithm for an emission line
is a function of observed wavelength, flux, and line width. It
also varies with location on the sky via dependencies related to
an object’s placement on an IFU (edge fibers have lower
completeness compared to fibers near the IFU center) and the
observational conditions at the time of the exposure. The
completeness of each detection from the HETDEX detection
algorithm is then a function of six parameters, as shown in
Equation (5):

CHETDEX,line = C(Aobs, fluXebs, Tobs, R.A ., decl ., S/Nth), 4)

where o, 1S the line width of the emission fitted with a single
Gaussian profile and S/Ny, is the signal-to-noise ratio (S/N)
threshold for detections. We make use of flux limit routines in
the HETDEX API'* to evaluate Equation (5); details and tests
of the implementation will be presented in D. Farrow et al.
(2022, in preparation).

Figure 1 shows the simulated completeness of the HETDEX
detection algorithm for the observation taken by the 13th
exposure on the night of 2020 June 23 as a typical example. The
completeness increases as a function of the observed emission
line flux from O to about 1. The completeness of blue
wavelengths is overall worse than that of the red wavelengths
due to low throughput. The red line shows the simulation for a
set of “broad” emission lines with o, =8 A; the black line
shows the completeness for unresolved emission with oo = 2.2
A.In all cases, the curve giving the completeness versus line flux
for broad emission line objects increases more slowly than that
for narrow emission lines. This is because the HETDEX line-
detection algorithm is tuned to select Lya emitting galaxies
(LAEs), whose emission lines are unresolved (or barely
resolved) at HETDEX resolution (o, = 2.2 A). The detection
of broad emission lines is therefore less efficient, and that leads
to a shallow slope to the completeness curve. Based on
simulations with different ogps, Aobhs, and S/Ny,, we find that
the difference between the completeness curve of ‘“broad”
emission lines with o, and that of the unresolved emission
lines is only related to ogps and S/Ny,. Cuerpex.iine Of @ broad
emission line candidate with oy, can be estimated with that
of the unresolved emission line with oy,s=2.2 A by

dividing its observed flux (fluxgy) by /oops/2.2 *
(15.09 — S/Ng) * (0.098 — 0.00040,,s + 0.00040§bs).

3.2. Completeness of AGN Selection

The AGN selection also has two cases: one for objects
selected via the presence of two AGN emission lines (2em;
Section 3.2.1) and the other for sources found via a single,
broad emission line (sBL; Section 3.2.2). The completeness

14 https://github.com/HETDEX /hetdex_api
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function for each must be evaluated separately as Equation (6),
as is introduced in Section 2 (see Paper I for more details):

C 2em selected AGN
CacN = { Jem (6)

Cqr sBL selected AGN®

3.2.1. Completeness of the 2em Selection

The 2em selection algorithm searched the HETDEX
detection catalog for all emission line pairs characteristic of
AGN. Such pairs include Lya+CIvV A1549, CIv A1549 +
C ] A1909, C 1] A1909 + Mg1l 2799, etc. The algorithm
requires that the S/N of the strongest emission line be greater
than 5 (S/Nem.1s > 5) and that of the second most significant
emission feature have an S/N greater than 4 (S/Nemong > 4).
Thus, the probability of an AGN detection is related to both
S/Nem.1se and S/Nep ong- To simplify the parameter space, we
introduce the S/N over the full 3500~ 5500 A range (S/Ngpec)
to take both S/Nep 15 and S/Nep 2ng into consideration with a
single parameter. Since S /NSpec Con51ders all emission lines
and the continuum across 3500-5500 A as the signal, it can be
as large as ~100-300 for strong AGN.

The redshift is another key factor for calculating the
completeness for the 2em selected AGN, as it regulates the
observed wavelengths of the emission line pairs. At some
redshifts, only one AGN emission line falls within the
35005500 A wavelength range of the HETDEX survey,
making it impossible to identify line pairs at these redshifts.
Consequently, the completeness function for 2em selected
AGN is a function of two variables: S/Npe. and the redshift.

To calculate this function, we simulate a series of AGN
spectra. We first add various redshifts to the rest-frame
composite spectrum obtained from the HETDEX AGN catalog
in Paper I and cut the composite spectra in the observed frames
with the HETDEX wavelength coverage (3500-5500 A)
Noises are then added to the simulated observed AGN spectra
with controlled S/Ng,... We then run the 2em selection code
and count how many of the simulated AGN would be identified
as AGN in different (S/Ngpec, 2) bins, i.e.,

Coem = C(S/Nspeo 2). @)

Since our simulated AGN spectra are based on the composite
spectrum of the HETDEX AGN sample, they can reproduce the
continuum and the relative line strength of different emission
lines.

Figure 2 shows the completeness function for the 2em
selected AGN in the S/Ngp.—redshift space. The high
completeness fractions near z~ 3.3, 2.3, 1.6, 0.9, and 0.25
shows the preference for identifying the line pairs (O VI A1034
+ Lya), (Lya + CIV A1549), (CIV A1549 + C1] A1909),
(C] A1909 + Mg 11 A2799), and Mg 11 A\2799 + O I A3727).
Different line pairs require different levels of S/Ngpe. to be
identified due to their different line strengths. For example, the
(Lyar + C1IV A1549) line pair is stronger than the (CIV A1549
+ C1] A1909) line pair, so the high completeness region at
7~ 2.3 starts from S/Ngpe. ~ 25, while the high completeness
region at z~ 1.6 starts from a higher S/Ng,.. level at ~75.
AGN at redshifts where the completeness is zero can only be
identified by the single broad-line selection method
(Section 3.2.2).
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Figure 1. The simulated completeness fraction of S/N > 4.8 emission line detections (Cyerpex_iine) for the 13th exposure on the night of 2020 June 23 as a function
of the observed emission line flux in different wavelength intervals. The red circles are for the broad emission lines, which have line widths of o5 = 8 A, and the red
curve is the spline interpolation to the red circles. The black squares show the reference completeness function for unresolved emission lines (oops = 2.2 ;\), and the
black curve is the spline interpolation of the black squares.
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Figure 2. The completeness of the 2em selection method in the S/Ngp. -
redshift space, where the S/Ng,.. is the S/N across the full wavelength
coverage 3500-5500 A of the HETDEX spectra. All emission lines and
continuum are considered as the signal in the calculation of S/Ngpe., s0 it can
be as large as ~200 for strong AGN.

3.2.2. Completeness of the sBL Selection

The sBL selection identifies AGN with a single broad
emission line (FWHM > 1000 km s~ ') within the wavelength
range of the HETDEX survey as Type I AGN candidates. The
single Gaussian fit for the emission lines of the HETDEX
pipeline is primarily designed to search for the normal narrow
emission line candidates and is usually not suitable for the
broad emission lines for AGN. We then fit the broad emission
line candidates independently with multi-Gaussian profiles for
our sBL search to get more accurate measurements of FWHMs
(see Paper I for more details). The sBL selection requires the S/
N of the emission line from our multi-Gaussian fits (S/Np,) to
be greater than 3.8. The completeness of the sBL selection is a
function of the line widths and the emission line S/Ney
(Equation (8)):

Cr = C(FWHM, S/Nem). ®)

We again make simulate emission lines with known S /N, and
FWHM, run them through the sBL selection code, and plot the
completeness fraction in the S/N., - FWHM space, as is
shown in Figure 3. As expected, the broader emission lines
require a higher S/N.,, to be identified. The region with
intermediate line widths, 1000 kms ' <FWHM < 1500
km ™!, also has lower completeness, as features of this width
have a higher chance of being fit with FWHM < 1000 kms ™'
templates and therefore misidentified as narrow emission line
objects.

3.3. Total Completeness

We can combine the completeness curve of the HETDEX
detection algorithm derived from simulations as described in
Section 3.1, with the AGN completeness functions of
Section 3.2 to compute the completeness applicable to every
AGN in our catalog (i.e., Equation (3)). Figure 4 shows the
distribution of the total completeness fraction in the upper left
panel and the distributions of various components of the
completeness in the other three panels. Note that in the upper
left panel, there is a significant population of objects where
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Figure 3. The completeness of the sBL selection as a function of the S/Ney,
and FWHM of simulated emission lines.
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Figure 4. Upper left: the distribution of the completeness of all HETDEX
AGN. Upper right: completeness distribution due to the HETDEX detection
algorithm for all HETDEX AGN. Bottom left: completeness distribution from
the sBL algorithm for the sBL identified AGN. Bottom right: completeness
distribution contributed from the 2em selection for the 2em identified AGN.

completeness is smaller than 0.05. These are of lower
confidence (larger completeness corrections) to be included in
the statistics. Therefore, we require C > 0.05 in all LFs in the
rest of this paper.

4. The V,,,x Method

All LFs in this paper are calculated with the 1/V,,,, estimator
(e.g., Schmidt 1968; Blanc et al. 2011). The space density in
any luminosity bin can be calculated as:

1 1
d(log, L) = s 9
(logip L) AloglOLEi: Vinax.i ©)

where Alog,, L is the size of the bin, and V. ; is the maximum
comoving volume within which the ith object would still be
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Figure 5. The observed Lya LF for various AGN samples. Red circles:
HETDEX AGN that have Ly« emission within the wavelength range of the
HETDEX survey (1.88 <z < 3.53). Magenta stars: HETDEX AGN with
secure redshifts only (zflag = 1) that have Ly« emission within the
experiment’s wavelength range. The magenta stars are moved leftward by
0.05 dex for presentation purposes. The open red circles and the open magenta
stars are the bins within which the completeness is lower than 0.15 (see Table 1
for the completeness of each luminosity bin). Cyan squares: the Lya LF of the
broad-line AGN selected from the overlap region between the HSC survey and
the HETDEX survey in Zhang et al. (2021). Black solid triangles: the Lya LF
of the AGN in the J-PLUS survey at z = 2.37 (Spinoso et al. 2020). Black open
pentagons: the Lya LF of the SDSS DR14 QSOs (Paris et al. 2018) at z ~ 2.37
estimated by Spinoso et al. (2020).

detected by the survey.

Zmax

Vmax,i =w

Ci(z)d—vdz, (10)
Zmin dz
where C;(z) is the completeness of the ith AGN estimated as
Section 3, w is the total angular coverage of the sample, which
is 30.61 deg” for this paper, % is the differential comoving
volume element, and zp,;, and zy.x are the minimum redshift
and the maximum redshift. The statistical uncertainty of
®(log,, L) is estimated with the 2nd derivative of the Poisson
likelihood as follows:

1 1
o(®(og,,L)) =
S0 Alogy L Zz: VI%lax,i

QY

(e.g., Johnston 2011; Herenz et al. 2019).

5. The Emission Line LF of AGN

In this section, we explore the observed LF of the Ly«
emission line associated with HETDEX AGN. This line is the
most abundant emission line at z~2-3. It is visible at
1.88 <z<3.53 within the survey’s wavelength range (i.e.,
3500-5500 A). The median redshift of this AGN sample
is 2.39.

Figure 5 shows the observed Lya LF of the HETDEX AGN
(red circles) and that of the subsample with secure redshifts
only (magenta stars) as well as those in other studies. Details of
the Ly« LF for HETDEX AGN in Figure 5, the space density,
the number of AGN, and the completeness correction of each
luminosity bin, are listed in Table 1. The completeness does not
decrease with the observed Ly« luminosity monotonically, as it
is a combination of CHETDEX and CAGN- CHETDEX is not
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necessarily high for higher Ly« luminosities as it not only
increases with the emission line flux, but also decreases with
the line widths (Figure 1, more details can be found in
Section 3.1). Lines with higher fluxes usually have larger line
widths. Cagn is also not necessarily high for AGN with higher
Lya luminosity. For the sBL-selected AGN, similar to
Cuerpexs CspL 1 higher for narrower emission lines, as shown
in Figure 3. For 2em selected AGN, the situation is more
complicated as an AGN with low observed Ly« luminosity can
have high S/Ngpe. because the Lya emission line is heavily
contaminated by foreground absorption while S/Ngp.. catches
the other strong emission lines and the strong continuum as the
signal across 3500-5500 A. Figure 6 shows a typical example:
agnid = 2780 has the observed Lya luminosity measured as
log,, LLya/(erg s™1) = 42.59, while its S/Ngpec is 143.4, which
is high enough to locate it in the C,,,, = 1 region in Figure 2. It
is hard to reliably recover the intrinsic Lya luminosity for such
AGN. We decided to use their observed Lya luminosity in our
Lya LF study.

Figure 5 shows that our Lya LF of the HETDEX AGN (red
circles) agrees well with that of the AGN in the Javalambre
Photometric Local Universe Survey (J-PLUS; Cenarro et al.
2019) (black solid triangles) at the bright end (Lya > 10** erg
sfl). Spinoso et al. (2020) extended the Lya LF at
2.2 <7<3.3 above Lya ~ 10* erg s~ for the first time with
J-PLUS. Spinoso et al. (2020) also estimated the Ly« LF of the
SDSS DR14 QSOs (Paris et al. 2018) (black open pentagons)
by performing synthetic photometry of SDSS QSOs in J-PLUS
footprint with J-PLUS filters for comparison. The LF of the
SDSS QSOs shows a strong decline of the densities for fainter
QSOs at Lya ~ 10*°-10**" erg s!, while the space density
of the HETDEX AGN continues to increase for AGN within
this luminosity range. This might be caused by the over-
estimated completeness of the SDSS QSOs in this luminosity
range (see Kulkarni et al. 2019, for related discussions).

Zhang et al. (2021) combined the HETDEX spectra with the
HSC r-band imaging and identified broad-line AGN indepen-
dently. The overlap region between the two surveys is only
11.4 deg® (less than 40% of the present study). Moreover,
Zhang et al. (2021) extracted spectra from the HETDEX
database at the positions of HSC r-band sources detected at
more than 5o significance; the emission line signals were then
identified with S/N >35.5 and characterized as narrow-line
emitters or broad-line AGN. Our AGN selection is purely
based on blind spectroscopic observations, with no require-
ments for the continuum strengths based on photometric
surveys, so our catalog is more complete for the AGN with
faint continuum levels. In addition, there are no cut-on-the-line
widths in our 2em selection, so our AGN catalog additionally
contains a number of narrow-line AGN.

There is a strong discrepancy between the AGN LF of this
work (red circles) and that of Zhang et al. (2021) (cyan squares)
at intermediate luminosities (Lya ~ 10%-10** erg s™') in
Figure 5: the Lya LF from Zhang et al. (2021) has a dip
compared to that of ours. This discrepancy can be explained by
our improved modeling of the completeness, which includes
the effects of the AGN selection. When we remove the
completeness correction from our AGN selection and only use
the completeness from the HETDEX pipeline, our Lya LF
agrees well with that of Zhang et al. (2021) in this intermediate
luminosity region.
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Table 1
Binned Ly« LF for HETDEX AGN and the Subsample with Secure Redshifts Only (zflag = 1) in Figure 5

HETDEX AGN HETDEX AGN zflag =1
log,g Liya/(erg s™h) N a(®) N(AGN)* c® Currpex”  Cacy’ o o(®) N(AGN)* ct Cuerpex’ Cacn'
42.30 4.75e-07 2.42e-07 6 0.18 0.65 0.27 3.53e-07 2.25e-07 4 0.16 0.67 0.23
42.45 4.86e-08 3.44¢-08 2 0.60 0.74 0.81 2.45e-08 2.45e-08 1 0.59 0.66 0.90
42.60 3.83e-07 1.47e-07 9 0.26 0.26 1.00 6.15e-08 3.61e-08 3 0.53 0.54 0.99
42.75 1.37e-06 3.16e-07 38 0.32 0.39 0.82 2.46e-07 9.38¢-08 9 0.47 0.51 0.91
42.90 2.94e-06 5.13e-07 92 0.35 0.48 0.72 8.21e-07 3.98¢e-07 10 0.15 0.49 0.30
43.05 6.89¢-06 9.70e-07 145 0.24 0.57 0.41 1.40e-06 4.29¢-07 24 0.21 0.48 0.44
43.20 1.41e-05 1.53e-06 196 0.15 0.68 0.23 2.83e-06 6.84e-07 31 0.13 0.69 0.18
43.35 1.52e-05 1.47e-06 201 0.15 0.75 0.20 3.77e-06 7.08¢-07 54 0.17 0.68 0.25
43.50 1.70e-05 1.62e-06 231 0.15 0.60 0.25 7.38e-06 1.13e-06 90 0.14 0.48 0.30
43.65 1.64¢-05 1.86e-06 229 0.16 0.62 0.25 1.05e-05 1.69¢-06 129 0.14 0.58 0.24
43.80 1.19¢-05 1.67e-06 210 0.20 0.63 0.33 8.60e-06 1.58e-06 141 0.19 0.59 0.33
43.95 9.57e-06 9.44e-07 235 0.29 0.59 0.49 8.09e-06 8.71e-07 198 0.29 0.57 0.50
44.10 8.36e-06 1.47e-06 211 0.30 0.67 0.45 7.49e-06 1.46e-06 187 0.30 0.67 0.45
44.25 5.86e-06 1.02e-06 158 0.33 0.54 0.60 5.71e-06 1.02¢-06 152 0.33 0.54 0.60
44.40 5.16e-06 6.71e-07 154 0.36 0.53 0.68 5.07e-06 6.70e-07 150 0.36 0.53 0.69
44.55 3.13e-06 4.55e-07 97 0.37 0.44 0.84 3.12e-06 4.54¢-07 96 0.37 0.44 0.84
44.70 2.16e-06 4.02e-07 53 0.29 0.34 0.87 2.16e-06 4.02e-07 53 0.29 0.34 0.87
44.85 1.61e-06 3.47e-07 39 0.28 0.30 0.93 1.61e-06 3.47e-07 39 0.28 0.30 0.93
45.00 7.14e-07 2.30e-07 20 0.33 0.35 0.95 7.14e-07 2.30e-07 20 0.33 0.35 0.95
45.15 3.46e-07 1.76e-07 12 0.39 0.65 0.60 3.46e-07 1.76e-07 12 0.39 0.65 0.60
45.30 1.99¢-07 1.09e-07 5 0.31 0.32 0.97 1.99¢-07 1.09e-07 5 0.31 0.32 0.97
45.45 3.75e-08 3.75e-08 1 0.43 0.43 1.00 3.75e-08 3.75e-08 1 0.43 0.43 1.00
45.60 0 0
45.75 0 0
45.90 1.49¢-08 1.49¢-08 1 0.85 0.89 0.96 1.49¢-08 1.49¢-08 1 0.85 0.89 0.96
Notes.

% N(AGN) is the number of AGN in each luminosity bin.
b Cis the overall completeness in each luminosity bin: C = W

correction, respectively.

, where 1/Viyax.i and 1/Viax i.uncor are the Vi of the ith AGN with and without completeness

¢ Cuerpex is the completeness in each luminosity bin contributed by the HETDEX pipeline (Section 3.1).
Cacn is the completeness in each luminosity bin contributed by the AGN selection (Section 3.2).

AtLya <10* erg s, our LF is slightly lower compared to
that of Zhang et al. (2021). This could result from the different
ways of measuring the FHWMs of emission lines. Zhang et al.
(2021) measure the FWHM using a single Gaussian model
while we measure the FWHM with our best-fitting multi-
Gaussian model (Paper I). We find that the FWHM of Ly« can
be easily over-estimated with a single Gaussian model as the
Lya emission region is usually complicated due to strong
foreground narrow absorption lines, asymmetric profiles,
blends with the nearby NV A1241 emission, etc. Our multi-
Gaussian fit can better handle these effects. In addition, there is
a significant fraction of low-luminosity AGN identified by
Zhang et al. (2021) that have FWHMSs lower than 1000 km s !
in our multi-Gaussian fits. Since Zhang et al. (2021) focused on
bridging between normal LAEs and bright AGNSs, as long as
there is a strong emission line in the spectrum, it did not matter
whether the object was called a broad-line AGN or a normal
LAE. These low line width objects are rejected in our AGN
selection. Finally, the Zhang et al. (2021) analysis assumes all
broad, single-line detections in the HETDEX survey to be Lya.
Their LF may therefore suffer contamination from lower-
redshift CIv A1549, C11] A1909 emitters or MgIl A\2799
emitters.

We additionally fit the Lya LF of our HETDEX AGN
sample at z ~ 2 with a triple power-law model. There are two
turnover points in the triple power fit: the break point between
the bright end and the intermediate luminosities (Lg, ®} ) and

the turnover point between the intermediate luminosities and
the faint end (Lg, ®} ;). We list our best-fit turnover points in
Table 2. In both LFs, the space density of AGN is highest at L
with opposite slopes on both sides. We will further discuss the
potential underestimated incompleteness of the decreased space
density for the faintest AGN (L < L{) in Section 8.

In Figure 7 we show the evolution of the Lya LF of the
HETDEX AGN at z ~ 2.25 (blue), 2.37 (orange), 2.54 (green),
and 3.24 (red) and compare our results with those of the
J-PLUS and SDSS QSOs surveys (Spinoso et al. 2020). The
four redshifts have been chosen to facilitate comparison with
the four bluest narrow bands of the J-PLUS survey. There are
232, 388, 443, and 294 HETDEX AGN in the redshift bins of
[2.20, 2.29), [2.29-2.46), [2.46-2.70), and [2.95-4.25). The
J-PLUS AGN LFs only have data brighter than Lya ~ 10*
ergs™ ', and in this range, our HETDEX AGN LFs agree well
with their LFs at all four redshift bins (within 1o confidence
regions of their LFs, see Figure 14 in Spinoso et al. (2020) for
their confidence regions). At fainter luminosities (Lya < 10*33
ergs™'), there is a strong discrepancy between the HETDEX
and J-PLUS LFs. This is not surprising since, for these
luminosities, the J-PLUS LFs are only an extrapolation to their
best-fit model and contain no actual observations. Therefore,
the J-PLUS survey may not properly reflect the faint end of the
AGN LF. Similarly, the SDSS QSOs also display positive
faint-end slopes at all four redshifts, but a brighter inflection



THE ASTROPHYSICAL JOURNAL, 935:132 (16pp), 2022 August 20 Liu et al.
agnid=2780
z=2.068

. 12 5 | LyA SilV+0IV] CIv Hell
< .
(o]

€ 10.01

O

@

W 7.51

o

()

~ 5.0

o L

= 25 LAy

ey

0.0
3500 3750 4000 4250 4500 4750 5000 5250 5500

)\obs (A)

Figure 6. An example of a 2em selected AGN (agnid = 2780) with low observed Lyc luminosity log;,Lia/(erg s™!) = 42.59, but high completeness from our
AGN selection (Coem = 1) due to its high S /N at 143.4. The low observed Lya luminosity is caused by heavy foreground absorption. The black data points with
error bars are the observed flux and the associated error. The red solid line shows our best-fit model to the observed spectrum. The green shaded areas are the
continuum windows used to fit the continuum. The cyan dashed line is our best-fit continuum model.

Table 2
The Best-fit Turnover Points of the Triple Power-law Profile for the
HETDEX AGN
Sample Lk o ¢ Ly i
all AGN 2.37E+43 2.14E-5 3.06E+44 4.57E-6
zflag =1 3.86E+43 1.23E-5 4.32E+44 3.26E-6

point (L¥). This could easily be caused by an overestimate of
the completeness for the lower luminosity SDSS QSOs.

The three lower redshifts (z ~ 2.25, 2.37, 2.54) span only
~0.2 Gyr of cosmic time, so the lack of strong evolution
among the bins does not necessarily mean a lack of evolution in
the LF. In fact, in the highest redshift (z ~ 3.24) bin, the space
density of AGN is significantly lower than that at the other
three redshifts, especially at the faint end. A similar trend can
also be found with the SDSS QSOs. This might indicate that
the AGN density is lower at higher redshifts. The possible
evolution of the LFs of the AGN should be better explored with
more separated redshifts in a wider redshift range.

6. UV LF as a Function of Redshift

Ly« is only visible within a relatively small redshift range
(1.88 <7< 3.53), as the wavelength coverage of HETDEX
only extends from 3500 to 5500 A. However, the full HETDEX
AGN catalog covers 0.25 < z < 4.2 via the detection of other
emission lines. For these objects, we can measure the LF of the
AGN UV continuum. In this paper, we choose the monochro-
matic luminosity of the power-law continuum at 1450 A
(M1450) to study the evolution of the AGN LF. For AGN with
the rest frame 1450 A out of the wavelength range of the
HETDEX survey, we extrapolate the best-fit power-law
continuum and get an estimation of M 4s.

The UV continuum of an AGN contains power-law emission
from the AGN itself, starlight from the AGN’s host galaxy, and
broad Fell emission from the AGN’s broad-line region. In
most studies, the continuum of bright QSOs is dominated by

—— J-PLUS z=2.25 - SDSS z=2.25 W HETDEX z~2.25, N=232

J-PLUS z=2.37 SDSS z=2.37 HETDEX z~2.37, N=388
—— J-PLUS z=2.54 - SDSS z=2.54 ® HETDEX z~2.54, N=443
—— J-PLUS z=3.24 - SDSS z=3.24 ¢ HETDEX z~3.24, N=294

43.0 435 440 445 450 455
logioLiya/(erg s71)

Figure 7. The Ly« LF at z ~ 2.25 (blue), 2.37 (orange), 2.54 (green), and 3.24
(red). Data points shown as blue squares, orange stars, green circles, and red
pentagons are for the HETDEX AGN at z ~ 2.25, 2.37, 2.54, and 3.24,
respectively. Open data points are again for the luminosity bins within which
the completeness is lower than 0.15. The solid lines are the best-fit model for
the AGN in the J-PLUS survey (Spinoso et al. 2020). The dotted lines are for
QSOs in the SDSS survey. The LFs of the SDSS QSOs are also taken from the
estimation in Spinoso et al. (2020).

the AGN component, so the broadband magnitude can be
directly adopted to represent the AGN luminosity without
decomposition. However, the AGN in our study are emission
line selected, and their continua may be much fainter than those
of continuum-selected objects. For these low-luminosity AGN,
the contribution from the host galaxy cannot be ignored. To
determine the host galaxy contribution, we fit each AGN'’s
spectrum with the publicly available code PyQSOFit (Guo
et al. 2018). This program fits the continuum from the host
galaxy using the stellar library of Bruzual & Charlot (2003),
and Fe Il emission is modeled using a series of templates for
different rest-frame wavelengths: Vestergaard & Wilkes (2001)
for 1000- 2200A Salviander et al. (2007) for 2200— 309OA
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Figure 8. An example of the decomposition of the continuum using
PyQSOFit. The black spectrum is the HETDEX spectrum of agnid = 3546.
The continuum (blue dotted line) has three components: the power-law
continuum contributed by AGN (green dashed line), the continuum of the host
galaxy (magenta solid line), and the Fe II emission (cyan solid line). The final
fitted spectrum by PyQSOFit is shown by the red solid spectrum including
both emission lines and the continuum.

Tsuzuki et al. (2006) for 3090-3500 10%, and Boroson & Green
(1992) for the longer optical wavelengths. Figure 8 shows one
example of a PyQSOFit modeled spectrum at z = 1.754.

For reliable measurement of the AGN UV continuum, we
require the AGN sample used in this study to be between
0.83 < z < 3.04. At redshifts higher than z = 3.04, there are not
enough data points within the continuum window redward of
Ly« emission, and the windows blueward of Ly« emission are
usually heavily contaminated by foreground absorptions. Our
low redshift cut of z = 0.83 is set by the visibility of the C 1]
A1909 emission line within the wavelength coverage of the
HETDEX survey. Below this redshift, AGN are identified in
Paper I by a single broad Mg II feature that may be broadened
by strong stellar winds from star formation rather than AGN
activities. In our 0.83 < z < 3.04 redshift range, there are 3124
AGN that satisfy our C > 0.05 criterion. To guarantee that there
are enough AGN (N ~ 1000) within each redshift interval, we
define three bins: 0.83 <z<1.80, 1.80<z<233, and
233 <z<3.04.

Figure 9 shows the M50 LF of the HETDEX AGN in three
redshift bins in the upper left panel. Table 3 lists details of each
data point. Similar to our explanations for Table 1 in Section 5,
the completeness does not necessarily decrease monotonically
with the emission line luminosity. And continuum faint AGN
are not always emission line weak (see some examples in
Figure 12 of Paper I). Therefore, the completeness does not
decrease monotonically for continuum faint AGN in Table 3.

Points containing fewer than 20 AGN or the binned
completeness lower than 0.15 are shown as open dots in
Figure 9. In all three redshift bins, our AGN sample is not
sensitive to the traditional break point between the bright end
and the intermediate luminosities at M5y ~ —26 for z~2
AGN because we do not have enough reliable solid LF data
points brighter than M5, ~ —26. Thus, we decide to only fit a
simple double power-law profile as described in Equation (2):
M" and ®* fit the turnover point where the space density is
highest, with « and 3 fitting the slope of the faint end and that
of intermediate luminosities.

A strong evolution can be seen: as the redshift increases from
z~ 1.5 to z~ 2.6, the turnover luminosity increases while the
turnover space density decreases. We fit this evolution with a
simple LEDE model, using second-order polynomials for both
M* and ®*, as shown in Equations (12) and (13). Besides the
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evolution of the turnover point, the faint-end slope also changes
significantly as a function of the redshift and we fit the
evolution with a simple linear form (Equation (14)):

M*(z) = My — 2.5 (ki - 2 + ko - 22) (12)
O¥(2) = Bl - 108w Hhe? (13)
a(z) = a..o+ A4 -z (14)

The best-fit LEDE model is shown by the solid lines in the
upper left panel of Figure 9. Only solid data points are used in
the fit. The best-fit parameters are listed in Table 4.

The remaining three panels of Figure 9 compare our LEDE
model with the models of the VVDS survey (Bongiorno et al.
2007) and the SDSS survey (Ross et al. 2013; Palanque-
Delabrouille et al. 2016). At the bright end (Mi4s50 S —25
mag), our best-fit solution for all three redshift bins agree well
with the results of the VVDS and SDSS surveys. Our LFs do
show a decrease in the space density of faint AGN (M > M™),
while the LFs in the VVDS survey and the SDSS survey both
show continuous no such turnover. We note that the SDSS
AGN LFs mainly cover the bright end and the brightest
magnitudes of the faint end. The faint end shown by the thin
dotted lines and the thin dashed lines are only extrapolations to
their models based on the bright luminosity bins. Both Ross
et al. (2013) and Palanque-Delabrouille et al. (2016) use the
QSOs in the SDSS survey, but Palanque-Delabrouille et al.
(2016) used variability-selected QSOs, which can go fainter
compared to the color-selected QSOs. The VVDS survey only
covers the faint end, and their bright end LF is also fitted with
the QSO LF based on the SDSS survey, but with an earlier
QSO catalog (Richards et al. 2006). The VVDS survey covers a
very wide redshift range of 0 <z < 5. Bongiorno et al. (2007)
broke their 130 AGN sample into seven redshift bins, and
further into detailed luminosity bins. For most of their
luminosity bins, the number of AGN is less than 10 or even
5. We note that the original AGN LFs of Bongiorno et al.
(2007), Ross et al. (2013), and Palanque-Delabrouille et al.
(2016) are reported with Mg, M(z=2), and M, (z=2),
respectively. We adopt the K-corrections in Ross et al.
(2013) to convert these magnitudes into M 450. The evolution
models in both Ross et al. (2013) and Palanque-Delabrouille
et al. (2016) have two models separated at z = 2.2. Below this
redshift, the evolution is PLE. Above this redshift the evolution
is LEDE.

Figure 10 compares our AGN Mi4s50 LF to those of the
previous studies. Kulkarni et al. (2019), hereafter K19,
compiled large optical AGN catalogs and presented the LFs
spanning over 0 < z <7 with the largest optical AGN catalog.
At 0<z<2.1, the K19 AGN sample exclusively consists of
the SDSS DR7 QSOs (Schneider et al. 2010) and the AGNs of
the 2SLAQ survey (Croom et al. 2009a). At 2.1 <z< 3.5,
the K19 sample only contains the BOSS DR9 color-selected
QSOs (Ross et al. 2013). They provide the Mi459 LF in fine
redshift intervals with a bin size of 0.2 ~ 0.4. For the redshift
bins lower than z = 1.5, the faint ends of the K19 AGN LFs
consist exclusively of the AGNs of the 2SLAQ survey. For the
redshift interval of 3.7 <z < 4.1 (the cyan dashed line), the
faint end of the K19 AGN LF only consists of the AGN sample
of Glikman et al. (2011). We plot the data points of their LFs in
different redshift bins in Figure 10 with dashed lines of
different colors. We do not compare with their model because
they exclude all data points at the faint end that shows
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Figure 9. The UV LF of AGN as measured from the power-law component of the continuum at 1450 A (M 450)- Upper left: the data from the HETDEX AGN in three
redshift bins: 0.8 < z < 1.8 (blue), 1.8 < z < 2.3 (orange), and 2.3 < z < 3.0 (green). There are 1087, 1018, and 1019 AGN in each redshift interval, with median
redshifts of z = 1.5, 2.1, and 2.6, respectively. Points containing fewer than 20 AGN or the binned completeness lower than 0.15 are shown as open dots and are not
included in our fit. The three lines show our best-fit LEDE model. Upper right: blue data points and the blue solid line are the same as those in the upper left panel. The
dotted line is the best-fit evolution model for the color-selected z = 1.5 QSOs in SDSS DRY (Ross et al. 2013). The lines are drawn thicker in regions covered by their
data, and the lines are drawn thin for the extrapolations of the best-fit model. The dashed line is similar to the dotted line, but for the variability-selected AGN from
SDSS DR (Palanque-Delabrouille et al. 2016). The dashed—dotted line is also similar to the dotted line, but for the AGN of the VVDS survey (Bongiorno et al. 2007).
The bottom left and the bottom right panels are similar to the upper right panel, but at z = 2.1 and 2.6, respectively. We note that both Ross et al. (2013) and Palanque-
Delabrouille et al. (2016) fitted the evolution of the AGN LF with the PLE model at z < 2.2 and switched to the LEDE model at z > 2.2.

decreased space density for fainter AGN during their fitting, as
they believe these trends are suspicious and could be caused by
over-estimated completeness. These data points are excluded
by eye, not based on cuts such as the number of AGN per bin
or the completeness. Our HETDEX AGN LFs have more solid
data points in the faint end and are therefore more reliable in
the faint end than the bright end (see the upper left panel of
Figure 9 and the related caption, and Table 3). Similar to
the K19 AGN LFs in all other redshift intervals, our HETDEX
AGN LFs at z~ 1.5, 2.1, and 2.6 also show decreased space
density for fainter AGN at the faint ends. This might again
suggest that this trend is real, and there is probably a turnover
luminosity (L") that is favored by the AGN at different
redshifts, below which it is more difficult for the AGN activity
to be triggered.

7. Ly LF

There are many studies that compile AGN selected by
different bands over a wide redshift range and explore the
evolution of the bolometric LF of AGN, such as Hopkins et al.
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(2007), Shankar et al. (2009), Shen et al. (2020), etc. The faint
end, especially at Lyo < 10* erg s, consists exclusively of
the X-ray identified AGN and the mid-IR identified AGN in
these studies. We show their bolometric LF of AGN at z = 2.0
and compare it with that of the HETDEX AGN (red circles) in
Figure 11. The bolometric luminosity of the HETDEX AGN
are estimated with their 1450 A monochromatic luminosity
following the correction in Shen et al. (2020). Both the
HETDEX AGN and the evolution models are plotted at
z = 2.0, so that they can be compared with the LFs of the AGN
of the Deep Extragalactic VIsible Legacy Survey (DEVILS;
Davies et al. 2018) (gray squares). Thorne et al. (2022)
identified AGN from the DEVILS survey with the spectral
energy distribution (SED) fitting to 22 broad bands spanning
from far-ultraviolet to far-infrared (1500 A-500 pm). There are
strong differences between our LF and the LFs in Hopkins
et al. (2007) and Shen et al. (2020) at the faint end, where our
LF shows a strong decline of the space density while their LFs
show moderate increment of the space density for fainter AGN.
This might suggest that AGN selected by different bands
represent different phases of the AGN activity. X-ray, mid-IR,
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Table 3
Binned M 450 LF for HETDEX AGN in Figure 9

z~ 15
M145() ] (7(@) N(AGN) C CHETDEX CAGN
—27.0 1.13e-08 1.13e-08 1 1.00 1.00 1.00
—26.5 4.40e-08 2.20e-08 4 1.00 1.00 1.00
—26.0 3.34e-07 1.26e-07 12 0.37 0.38 0.98
—25.5 2.78e-07 8.43e-08 18 0.62 0.66 0.94
—25.0 5.28e-07 8.34e-08 46 0.83 0.88 0.94
—24.5 1.09e-06 1.64e-07 76 0.76 0.83 0.92
—24.0 2.58e-06 3.20e-07 137 0.52 0.66 0.79
—235 8.32e-06 2.85e-06 173 0.19 0.62 0.32
—23.0 7.22e-06 9.70e-07 172 0.24 0.59 0.41
—22.5 7.51e-06 9.70e-07 129 0.21 0.59 0.36
-22.0 6.23e-06 9.46e-07 96 0.19 0.54 0.34
—-21.5 5.56e-06 8.66e-07 81 0.15 0.54 0.28
—-21.0 3.23e-06 7.20e-07 47 0.17 0.50 0.35
-20.5 2.51e-06 6.22e-07 34 0.16 0.45 0.35
—20.0 2.76e-06 1.13e-06 30 0.15 0.47 0.33
—19.5 8.44¢-07 3.21e-07 12 0.20 0.56 0.36
—19.0 3.93e-07 1.52e-07 10 0.25 0.58 0.43
—18.5 1.22e-07 5.16e-08 6 0.49 0.59 0.83
—18.0 2.05e-07 1.63e-07 3 0.15 0.67 0.23

z~21
—27.0 9.86e-09 9.86e-09 1 1.00 1.00 1.00
—26.5 6.42¢-08 3.01e-08 0.83 0.83 1.00
—26.0 1.63e-07 4.79e-08 13 0.86 0.86 0.99
—25.5 5.80e-07 1.66e-07 25 0.47 0.56 0.84
-25.0 5.42e-07 8.97¢-08 42 0.83 0.83 1.00
—24.5 1.48e-06 3.43e-07 69 0.52 0.63 0.83
—24.0 2.20e-06 3.07e-07 104 0.50 0.66 0.76
—235 2.93e-06 3.85e-07 121 0.44 0.65 0.67
—23.0 6.01e-06 9.51e-07 128 0.24 0.57 0.42
—22.5 4.70e-06 7.11e-07 86 0.21 0.60 0.34
-22.0 4.70e-06 9.17e-07 74 0.17 0.62 0.28
—-21.5 4.74e-06 8.44e-07 64 0.15 0.56 0.27
—-21.0 4.55e-06 8.90e-07 71 0.17 0.59 0.29
-20.5 3.64e-06 6.40e-07 68 0.21 0.64 0.33
—20.0 3.64¢-06 7.05e-07 56 0.17 0.56 0.31
—19.5 1.81e-06 4.21e-07 41 0.26 0.57 0.45
—19.0 1.61e-06 4.13e-07 25 0.18 0.45 0.39
—18.5 9.35e-07 3.35e-07 17 0.21 0.61 0.34
—18.0 2.39e-07 1.21e-07 8 0.38 0.75 0.51

z~26
—27.0 3.07e-08 1.54e-08 4 0.96 1.00 0.96
—26.5 1.59¢-07 6.63e-08 10 0.49 0.51 0.96
-26.0 2.01e-07 6.54e-08 15 0.62 0.66 0.93
—25.5 4.98e-07 1.23e-07 29 0.50 0.55 091
-25.0 1.15e-06 2.30e-07 51 0.37 0.51 0.73
—24.5 1.98e-06 3.20e-07 80 0.37 0.49 0.75
—24.0 2.71e-06 4.61e-07 102 0.36 0.60 0.60
—23.5 2.99e-06 4.59%-07 88 0.28 0.56 0.50
—23.0 3.57e-06 5.11e-07 109 0.26 0.68 0.38
—22.5 3.24¢-06 4.91e-07 90 0.21 0.75 0.29
—22.0 3.19e-06 6.17e-07 83 0.21 0.77 0.27
—21.5 3.17¢e-06 4.36e-07 94 0.23 0.71 0.33
—-21.0 2.33e-06 4.03e-07 71 0.24 0.77 0.31
-20.5 2.25e-06 4.80e-07 61 0.21 0.68 0.31
—20.0 1.46e-06 3.44e-07 45 0.23 0.68 0.33
—19.5 1.53e-06 5.05e-07 26 0.16 0.72 0.21
—-19.0 8.64e-07 2.15e-07 30 0.26 0.64 0.40
—18.5 5.79¢-07 1.69¢-07 24 0.31 0.67 0.46
—18.0 4.38e-07 2.22e-07 6 0.10 0.74 0.14

Note. N(AGN), C, Cygrpex. and Cagn are calculated in the same way as in
Table 1.

and optical AGN can have very different space density. The
optical phase may have a shorter timescale compared to the
X-ray phase and the mid-IR phase, especially for the fainter
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AGN, which are not powerful enough to expel the surrounding
dust quickly and allow the AGN observed in optical.

Similar to our LF based on emission line identified AGN
from HETDEX, the LF of the SED-identified AGN from the
DEVILS survey also shows decreased space density for fainter
AGN at the faint end (Lyo < 10% erg s 1. fagn is the fraction
of the mid-IR luminosity contributed by AGN. Our LF agrees
well with their LF for the fagn > 0.9 AGN, while it shows a
lower space density compared to their LF for the fagn > 0.1
AGN at the faint end. This might suggest that objects with low
AGN fraction can only be observed by mid-IR or X-ray
observations, and are hard to observe as optical AGN.

8. Discussion

In Sections 5 and 6, we show that there is a turnover
luminosity (L") where the space density is highest for our pure
emission line identified AGN from the HETDEX survey in
both the emission line LF and the continuum LF. At the faint
end, L < L*, the space density decreases for fainter AGN. One
major concern about the observed low space density at the faint
end is that fainter AGN are more heavily influenced by
selection effects. In this section, we discuss the potential
selection effects of our AGN identification and explain our
efforts in correcting such selection effects with the complete-
ness corrections in terms of EW (Section 8.1), line width
(Section 8.2), and host galaxy contamination (Section 8.3).

8.1. Equivalent Width

For the emission line identified sample, there is a general
concern that the low-EW population whose emission line is not
strong enough to make it into the sample can be missed by the
selection, as an emission line identified sample is similar to the
narrow-band drop-out selected sample. The missing low-EW
population problem of the narrow-band drop-out selection can
make the space density of the faint end underestimated
compared to the continuum-selected sample (see Figure 8 of
Gronwall et al. 2007 for an example). However, the emission
line identified sample and the narrow-band drop-out selected
sample are not identical: the emission line identification relies
more on the S/N of emission lines, while the narrow-band
drop-out method relies more on the equivalent widths. We will
discuss whether our emission line identified sample is biased
against low-EW sources in this subsection using the Ly«
emission line as an example. After similar analysis of other
emission lines, we found that the following results are general
and can also be applied to other lines.

We check whether our HETDEX AGN sample is biased
against low-EW sources by comparing the distribution of the
rest-frame EW of the Lya emission of our HETDEX AGN and
that of the latest SDSS QSOs (Paris et al. 2018; Rakshit et al.
2020) in Figure 14 of Paper 1. The median EWpyq res Of Our
HETDEX AGN sample (124 A) is higher than that of the SDSS
QSO sample (106 A), but there is no systematic bias toward
higher EW[ g, req. In fact, our HETDEX AGN sample contains
more low-EW AGN (see Figure 6 for one example). The higher
median EWy 1o Of our HETDEX AGN sample is the result
of our higher sensitivity to the extremely high EW AGN, which
have strong emission lines and weak continua (see Figure 12 of
Paper I for some examples) instead of missing low-EW AGN.

Our pure emission line-based AGN selection is directly
regulated by the various S/Ns of the emission lines as detailed
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Table 4
The Parameters of the LEDE Model
Q=0 A 8 M*z:() klm k2m (p*z:O klp k2p
—0.45 —0.078 —3.00 —22.95 0.000 0.062 2.72E-05 —0.266 0.000
----------- HO5 z=(0,0.15) K19 z=[1.2,1.4) 1001 -

K19 z=[0.1,0.4)
K19 z=[0.4,0.6)
K19 z=[0.6,0.8)
K19 z=[0.8,1.0)

HETDEX z~1.5 (0.8,1.8]
HETDEX z~2.1 (1.8,2.3]
HETDEX z~2.6 (2.3,3.0]
K19 z=[3.7,4.1)

---- K19 z=[1.0,1.2)

22 =24
Mi450 (Mag)

Figure 10. The M459 LF of AGN from z ~ 0 to z ~ 4. The solid lines are the

LEDE model in our HETDEX AGN catalog. The dashed lines are taken from

Kulkarni et al. (2019) (K19). The black dotted line is from Hao et al.
(2005) (HOS).

=20

® HETDEX (This work), z=[1.75, 2.20], N=894
DEVILS (Throne+2022) z=(1.75,2.2) fagn > 0.1
DEVILS (Throne+2022) z=(1.75,2.2) fagn > 0.9
Shankar+2009
—— Hopkins+2007 z=2.0
Shen+2020 z=2.0
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Figure 11. The bolometric LF of AGN at z ~ 2. The red circles are the optical
spectroscopically identified HETDEX AGN in Paper 1. The gray squares are
the SED-identified AGN from the DEVILS survey (Thorne et al. 2022). fagn is
the fraction of the mid-IR luminosity contributed by AGN. The open squares
are for the AGN with fygn > 0.1, and the solid squares are for the AGN with
fagn > 0.9. The solid gray squares are moved leftward by 0.05 dex for
presentation purpose. The open orange triangles are taken from Shankar et al.
(2009), which compiled AGN selected from multi-bands and studied the
evolution of the AGN LF. The black solid line shows the AGN LF based on the
evolution model of Hopkins et al. (2007). The blue dashed lines show the
evolution model of Shen et al. (2020).
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Figure 12. S/N ratio vs. the EW of the Ly« emission line of the HETDEX
AGN sample. The red star is a random example AGN (agnid = 3118) with
not high EWpy ret = 16.6 A and high S/Npy, = 68.4. The blue triangle
is another random example of AGN (agnid = 849) with high
EWLyarest = 173 A and not very high S/Np,, = 17.1. We show their spectra
in Figure 13.

in Section 3 rather than EW. Figure 12 shows that there is no
direct correlation between the S/N and the EW, using the Ly«
emission line as a typical example. In Figure 13, we show
agnid = 3118 as a random example with not high
EWiyaress =16.6 A and high S/NLya:68.4, the red star in
Figure 12. The EWy q req is low because the flux of Lya is
heavily absorbed, and the continuum at the line is very strong.
agnid = 849 is an opposite example with high
EWiyamest =173 A and not very high S/Np,,=17.1. The
very high EWy g e =173 A mainly resulted from its low
continuum level. Moreover, our LFs are carefully completeness
corrected for their S/N based on the simulations detailed in
Section 3. Thus, our completeness corrected LFs with our
emission line selected HETDEX AGN sample in Sections 5
and 6 should not be biased by the underestimated incomplete-
ness of the low-EW AGN.

Another concern is that the 2em selection could be biased by
detecting more stronger emission lines compared to the weaker
emission lines. For example, the Lya emission line is stronger
than all other emission lines, such as C 1V A1549, C111] A1909,
Mgl 2799, etc. The completeness of AGN identified by
different emission lines should be different. Our completeness
estimations for the 2em selected AGN properly correct this
selection effect by using the composite spectrum of AGN as the
template to make simulated spectra, as detailed in
Section 3.2.1. Stronger line pairs are of higher completeness
(smaller completeness correction) in Figure 2. For example, the
(Lya + C1v A1549) line pair, shown as the high completeness
region at z~ 2.3, is stronger than the (CIV A1549 + C1i]
A1909) line pair, shown as the high completeness region at
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Figure 13. Upper: the spectrum of the red star (agnid = 3118) in Figure 12.
Bottom: the spectrum of the blue triangle (agnid = 849) in Figure 12.

7~ 1.6. Therefore, the completeness of the (Lya + CIV
A1549) identified AGN is higher than that of the (C IV \1549 +
Cm] A1909) identified AGN at low S/Ng.. level
(S/NspeCSSO). Therefore, our completeness correction for
the 2em selected AGN (C».,,) has already properly taken care
of the selection effects caused by the different strengths of
different emission lines.

8.2. Line Width

For the sBL-selected AGN, one potential problem is that
broader emission lines are less likely to be identified by the
selection code than narrower emission lines at the same S /N,
level. This selection effect is properly modeled and complete-
ness corrected based on our careful simulations for the sBL-
selected AGN, as shown in Figure 3. However, there is one
AGN population, the single narrow-line AGN, that our
completeness corrections do miss out. It would be hard to
separate these from normal star-forming galaxies without
detecting another emission line. Both the 2em selection method
and the sBL selection method are unable to identify the single
narrow-line AGN. Their completeness estimations are therefore
not modeled with any simulations in Section 3.2. Narrow-line
AGN are the ones whose broad-line region is obscured by the
dusty torus. Their continuum can also be significantly obscured
by the torus, making them continuum faint AGN in the UV LF.
Missing single narrow-line AGN can result in the under-
estimation of the space density of the faint AGN in the UV LF.
Our study of the type-II AGN fraction in Section 7.4 of Paper I
shows that the type-II AGN fraction is strongly correlated with
the bolometric luminosity. In the faintest luminosity bins
(Lpot < 10" L), this fraction is ~50% while the type-Il AGN
fraction is only ~5% for bright AGN (Lo > 10'? Lg) as shown
by Figure 17 of Paper I. Even if the space density of the faintest
luminosity bins in the UV LFs is doubled, the turnover
luminosity and the declined space density trend for fainter
AGN would still be there, just the faint-end slope would
change.
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8.3. Host Galaxy Contamination

There are many ways that the host galaxy contamination can
affect the LF of AGN. In this section, we briefly discuss the
possible effects of the AGN host decomposition in
Section 8.3.1, the potential contamination from star-forming
galaxies in Section 8.3.2, and Seyferts dominated by host
galaxies in Section 8.3.3.

8.3.1. AGN Host Decomposition

Proper AGN host decomposition is important in evaluating
the AGN contribution to the observed luminosity and
calculating the intrinsic AGN LF.

For the Lya LF study, we do not perform AGN host
decomposition as the decomposition can introduce more
problems than correcting the contribution from host galaxies.
Therefore, the observed emission line luminosity is a
combination of the contribution from the star formation of
the host galaxies and the emission of AGN. This can cause an
overestimate of the completeness of AGN hosted by galaxies
with a high star formation rate. The space density of the low-
luminosity bins can be underestimated due to the lack of the
AGN host decomposition of emission lines.

For the continuum LF study, we carry out the AGN host
decomposition for the continuum of the spectrum with the
publicly available code PyQSOFit. However, such decom-
position with HETDEX spectra of a short wavelength coverage
of 3500-5500 A can fail for sources with a faint continuum and
the spectrum is then fit with a pure power-law continuum. The
AGN contribution is then over-estimated in this way, causing
over-estimated completeness and underestimated space density
at the faint end.

8.3.2. Potential Contamination from Star-forming Galaxies

In this subsection, we discuss the potential contamination
from the star-forming galaxies to our AGN sample. We have
two approaches to identify AGN from HETDEX—the 2em
method that identifies the emission line pair characteristic of
AGN and the sBL method that identifies the single broad
emission line as broad-line AGN candidates. If the sBL
identified AGN are matched with previous catalog(s), they
are flagged with zflag = 1; otherwise, they are only broad-
line AGN candidates with our best redshift estimates (details of
the redshift estimates can be found in Paper I). Therefore, there
could be some star-forming galaxies whose emission lines
are broadened by strong stellar winds misidentified as broad-
line AGN for the zflag = 0 sBL identified AGN candidates.
The difference between the red circles and the magenta stars in
Figure 5 shows the contribution of the zf1ag = 0 AGN to the
Lya LF. There is no difference between the bright end and the
intermediate luminosities. The contamination from the mis-
identified star-forming galaxies, if there is, can cause an over-
estimated space density of the faint end of the LF.

8.3.3. Seyferts Dominated by Host Galaxies

We have discussed that our emission line identified AGN
catalog is not biased against low-EW sources in Section 8.1.
However, the catalog could possibly be biased against Seyferts
dominated by host galaxies, because the broad line of Seyferts
with low AGN contribution can hardly be resolved from the
observed emission line and identified by our sBL selection.
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This can cause an underestimate of the space density of AGN at
the faint end.

9. Summary

In this paper, we present our study of the AGN LF of the
HETDEX AGN sample, which is purely spectroscopically
selected from the 3500-5500 A spectra, and free of photometric
preselections, such as broadband magnitude cuts, color
selections, and/or point-like morphology. We explored the
emission line LF with the Ly« emission (Section 5), the UV LF
with the 1450 A monochromatic luminosity of the power-law
component of the continuum (Section 6), and the bolometric
LF (Section 7). In all three kinds of LFs, we find significant
decl. of the space density for fainter AGN at the faint end for
our AGN sample. This suggests that there is a turnover
luminosity (L") favored by the UV /optical AGN: Above L, the
AGN would soon fade away and the number density of the
bright AGN decreases at high luminosities at the bright end;
Below L, the timescale of the UV /optical phase of AGN is
shorter for fainter AGN. The very faint AGN can only be
identified as X-ray AGN or mid-IR AGN. We studied the
evolution of the turnover luminosity (L") and the turnover space
density (®) of the double power-law fitted M 450 LF of AGN
in Section 6. We find that the evolution from z~ 1.5 to z~2.6
can be well fitted with a simple LEDE model, where L™ and ®*
evolves with redshift independently. At lower redshifts, the
number density of AGN peaks at lower luminosity.
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