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Abstract

This study presents the black hole accretion history of obscured active galactic nuclei (AGNs) identified from the JWST CEERS survey
by Chien et al. (2024) using mid-infrared (MIR) SED fitting. We compute black hole accretion rates (BHARs) to estimate the black hole
accretion density (BHAD), pr . » across 0 < z < 4.25. MIR luminosity functions (LFs) are also constructed for these sources, modeled with
modified Schechter and double power law forms, and corresponding BHAD, prF, is derived by integrating the LFs and multiplying by the
luminosity. Both prg extend to luminosities as low as 107 L, two orders of magnitude fainter than pre-JWST studies. Our results show that
BHAD peaks between redshifts 1 and 3, with the peak varying by method and model, z>~ 1 - 2 for pr,,, and the double power law, and
z 222 - 3 for the modified Schechter function. A scenario where AGN activity peaks before cosmic star formation would challenge existing
black hole formation theories, but our present study, based on early JWST observations, provides an initial exploration of this possibility. At
z~ 3, pLr appears higher than X-ray estimates, suggesting that MIR observations are more effective in detecting obscured AGNs missed by
X-ray observations. However, given the overlapping error bars, this difference remains within the uncertainties and requires confirmation
with larger samples. These findings highlight the potential of JWST surveys to enhance the understanding of co-evolution between galaxies
and AGNs.
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1. Introduction contrast, Type II AGNs are obscured by dust, making detection
challenging in these bands e.g. Urry & Padovani (1995), Heckman
et al. (1997), Kauffmann et al. (2003). Type II AGNs can only be
observed in the infrared, and there is less data available in prior
studies than for Type I AGN.

The advanced sensitivity of JWST’s MIRI enables the detec-
tion of obscured AGNSs that are up to 8 times fainter than those
detectable by prior IR space telescopes such as AKARI (Goto
et al. 2010, 2015, 2019), Spitzer (Le Floc’h et al. 2005), and WISE
(Yang et al. 2021). This extended sensitivity afforded by JWST
enables the study of AGNs at higher redshifts, providing crit-
ical data on the evolution of the faint population of obscured
AGNs. The more comprehensive wavelength range covers
5-25 um, offering comprehensive coverage for detecting high
redshift objects.

To reduce selection bias, mid-infrared (MIR) observations are
especially useful for investigating obscured AGNs (Lacy et al.
2006). Studying Type II AGNs helps reduce selection bias, lead-
ing to more accurate assessments of black hole accretion history
(Yang et al. 2023). Previous studies also indicate a strong corre-
lation between MIR luminosity and X-ray luminosity (Hickox &

DA ) : ] ) i Alexander 2018), showing the importance of MIR observations in
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Active galactic nuclei (AGNs) are galaxies with bright cores pow-
ered by supermassive black holes (SMBHs). Understanding AGN
activities is crucial for several reasons: It provides insights into
star formation (Morganti 2017) and galaxy evolution (Kormendy
& Ho 2013), contributes to our knowledge of SMBH growth
(Marconi et al. 2004), and reveals the dynamic interaction between
black holes and their host galaxies (Croton et al. 2006).

By studying black hole accretion events and black hole accre-
tion history (BHAH), we gain a more complete understanding
of how obscured AGN activity impacts galaxy evolution and star
formation processes (Chen et al. 2013; Kormendy & Ho 2013).
This work focuses on the co-evolution of galaxies and their central
black holes.

The unified model of AGN (Antonucci 1993; Netzer 2015) out-
lines their structure and explains their observed differences based
on the orientation of the central black hole and surrounding dust.
It categorizes AGNs into Type I and Type II, where Type I AGNs
allow direct observations in optical, UV, or X-ray wavelengths. In
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Furthermore, by constructing the luminosity function (LF),
which describes the distribution of galaxy luminosities in a given
volume, we can uncover the evolution of dusty AGNs. Previous
studies(e.g. Saunders et al. 1990; Goto et al. 2010; Ling et al. 2024),
using sources identified with infrared space telescopes such as
IRAS (Neugebauer et al. 1984) and Spitzer (Werner et al. 2004),
have demonstrated the efficacy of measurements of the IR LE
which effectively trace the distribution of BH growth rates and
constrain the BHAH.

This study aims to build the first AGN LF for candidates
identified by JWST, providing insights into BHAH.

This study is organised as follows: Section 2 describes our data
and utilises the AGN candidates identified by Chien et al. (2024)
to estimate the black hole accretion density (BHAD). We com-
pare our results with previous studies that used different selection
methods for AGNs (Yang et al. 2023). Section 3 details the con-
struction of the infrared luminosity function. From this, we derive
the LD, which signifies the average infrared energy emitted by the
AGN within a specific volume. Through the relation between LD
and BHAD, we determine the BHAD, discuss the results using a
different method, and compare it to previous studies.

2. AGN selection and BHAD estimation

2.1 AGN selection

The JWST Cosmic Evolution Early Release Science (CEERS,
Finkelstein etal. 2017) Survey provides observational data in
the Extended Groth Strip (EGS) legacy field. It employs the
Near-Infrared Camera (NIRCam), the Mid-Infrared Instrument
(MIRI), and the Near-Infrared Spectrograph (NIRSpec) to cap-
ture light across a wavelength range from 0.8 to 21 pm. Ling et al.
(2024) utilized MIRI observations using six broad-band filters:
F770W, F1000W, F1280W, F1500W, F1800W, and F2100W, cov-
ering a continuous wavelength range of 7.7-21.0 pm. The dataset
consists of four pointings with different completeness and depth,
resulting in an effective sky coverage of approximately 9.2 arcmin?.

Chien et al. (2024) specifically focused on MIRI imaging data
from CEERS, cross-matching it with the CANDELS-EGS mul-
tiwavelength catalog (Stefanon et al. 2017). This process linked
MIRI-detected sources with photometric and spectroscopic data
from CANDELS-EGS, covering from UV to IR, using 15+6
photometric bands for 573 sources.

To derive the physical properties of faint AGNs, Chien et al.
(2024) performed spectral energy distribution (SED) fitting using
the Code Investigating GALaxy Emission (CIGALE) v2022.1
(Boquien et al. 2019). The SED fitting results provided insights
into the physical properties of faint, obscured AGNs, such as red-
shift, AGN luminosity, and AGN contribution, allowing for a
more detailed analysis.

Galaxy candidates from Chien et al. (2024) need detection in
at least three bands, unlike the criteria in Yang et al. (2023) which
require only two bands. A 10 pm 80 per cent completeness flux
limit (Ling et al. 2022; Wu et al. 2023) is applied to exclude faint
sources. Stars are also removed by checking the performance of
SED fittings. Through manual inspection, if the SED fitting shows
a significant drop in the mid-infrared, which is typical for stel-
lar sources, the object is excluded from our sample. Finally, 253
sources are categorised into three populations based on their AGN
contributions, defined by (fagn, 1r, Boquien et al. 2019):
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Figure 1. Luminosity histograms for each redshift bin. Composites and AGNs are
represented by cyan and red, respectively.

e Star-forming galaxies (SFGs): fagn, r < 0.2
e Composites: 0.2 < fagn, 1R < 0.5
° AGNS:fA(;N, R > 0.5

The AGN contribution is derived by infrared luminosity based
on the SED fitting:

Lacn
Ltr

e

fAGN, IR =

where Lygn denotes the AGN luminosity and Lyr is the total
infrared luminosity among 8-1 000 pm, as defined by Kennicutt
Jr (1998).

211 SFGs, 30 Composites, and 11 AGNs were identified, com-
pared to Yang et al. (2023) with 433 SFGs, 102 Composites, and 25
AGNs. The smaller sample size in this work is due to the stricter
selection criteria adopted.

Additionally, we check the AGN inclination (i) from CIGALE
results, categorising those with angles near 0, 10, 20, or 30 degrees
as Type I, and those around 70, 80, or 90 degrees as Type IL

To infer BHAD, we take composites and AGNs (i.e. galaxies
with fagn, 1r > 0.2) as our galaxy sample. Figure 1 shows the lumi-
nosity distribution of our sample at each redshift bin. We divide
our candidates into four redshift bins ([0, 1], [1, 2], [2, 3], [3, 4.25])
to obtain a sufficient sample size in each bin and highlight evo-
lution features, especially at z>~1 —2 and 2 — 3. At the lowest
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Figure 2. Redshift evolution of BHAD. Green squares (labeled as p,,, ) are derived from
the Ly of the composite and AGN candidates, as explained in Section 2.2. Their ver-
tical error bars include bootstrap and SED-fitting uncertainties. Red, yellow, and blue
circles (labeled as p(r) represent values inferred from the AGN LF (Section 3.2). These
are derived using the modified Schechter function with « =1.2 and « = 1.5 and the
double power law(dpl), respectively. The x-axis value is the median redshift in the bins,
PrFo, @and pye,,, , shifted by 0.05 to display the error bar. Their vertial error bars indicate
the 1 o uncertainty from MCMC. The result from Yang et al. (2023) is shown in purple
triangles. The horizontal error bars indicate the width of redshift bins. The black and
brown lines denote the two X-ray and one MIR BHAD as reported in previous studies.
Aird et al. (2015), Ananna et al. (2019), Kim et al. (2024), respectively. The blue line rep-
resents the star formation rate density (SFRD) from Madau & Dickinson (2014), scaled

down by 1075,

redshift, the luminosities of the faintest AGNs are around 107-
108 Ly, 1-2 orders of magnitude fainter than candidates from the

literature for z < 2 (e.g. Traina et al. 2024).

2.2 BHAD estimation

First, for comparison, we follow Yang et al. (2023) to obtain the
black hole accretion density (BHAD) of our galaxy sample. Their
BHAD is simply derived from the total black hole accretion rate

(BHAR):

Lgig(1 — &)

BHAR =
ec?

where Lgis is the AGN accretion disk luminosity averaged by the
viewing angle, directly taken from the CIGALE parameter ‘accre-
tion power” (Yang et al. 2018). ¢ is the radiative efficiency (set to

0.1), and c is the speed of light.

Subsequently, sum the redshift binned BHAR and divide it by

the corresponding comoving volume covered by the MIRI.

9.2 arcmin®

Vmax = (Vc,i(z) - VCJ(Z)) X 47

where j=i+1, Vi is calculated by ASTROPY.COSMOLOGY
(Astropy Collaboration et al. 2022). Hereafter, we use py,,, to rep-
resent the BHAD associated with the accretion disk luminosity.
Figure 2 presents the redshift evolution of p,, , in comparison to

the result from Yang et al. (2023).
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We note that the p,, is similar to Yang et al. (2023) but reveals
a more significant decreasing trend at z 2 2. This could be due to
our stricter criteria for identifying AGNs.

At z <1, the value of py,, is greater than Yang’s work with
no overlapping error bars. However, our sample is comparatively
smaller, which should result in a lower BHAD. This discrepancy
could be due to differences in the redshift binning. Yang et al.
(2023) excluded low-redshift sources at z < 0.03 and defined their
first redshift bin as z < 1.2. When adopting their redshift binning,
our results are slightly higher, but the error bars overlap. Another
possible source of discrepancy is the SED fitting process. While
Chien et al. (2024) follows the configuration of Yang et al. (2023),
differences in the SED model such as the number of AGN frac-
tions, the dust attenuation model, and redshift determination may
affect the derived Lg;q values.

Regarding py ., , the overall declining trend aligns well with pre-
vious studies. Although the peak position differs, the magnitude of
PLy, Temains consistent with the findings of Yang et al. (2023).

In Section 3, we use our galaxy sample to construct the lumi-
nosity function, allowing for a more complete consideration of the
unobserved AGNs in the luminosity range from 107 to 10" L,
improving the accuracy of the overall AGN contribution to the
BHAD estimation.

3. Infrared luminosity function

This section uses the AGN luminosity function (AGN LF) to deter-
mine the BHAD. The AGN LF statistically represents the number
density ¢(L) of AGNs as a function of their intrinsic luminos-
ity L within a given volume V., allowing us to account for
sources across the full luminosity range. By integrating the AGN
LFs multiplied by luminosity, we can more completely capture
the contribution of unobserved AGNss to the overall BHAD across
cosmic time.

To correct for our flux-limited sample, we use the 1/Viy
method (Schmidt 1968):

1 1
$0= 1T Z T (5)

max,i

where AlogL=1.0 is the luminosity bin width. The maxi-
mum observable volume V,,,, is computed for each source using
Equation (4).

The Vi method estimates the AGN luminosity function
by considering the maximum co-moving volume in which each
source remains detectable within the survey’s flux limits. For each
AGN, the maximum redshift (z,,y) is determined by the survey’s
sensitivity, defining its observable range. By correcting for selec-
tion biases, this method provides a robust measurement of AGN
number density across luminosities and redshifts. To ensure com-
pleteness, we impose a limiting luminosity when computing the
LFs to prevent biases in the lowest luminosity bin. The limit are
derived from an AGN SED template at the detection threshold for
each redshift bin (Ling et al. 2024). For redshift bin 0.0 < z < 1.0,
the luminosity limit of Lyjg = 10° Ly, the other redshift bins are
10" L. AGNs below this luminosity threshold are excluded from
our LF analysis (see the dashed line in figures 3-6).

Next, we adopt the modified Schechter function (Saunders et al.
1990) to model the LF:

L\'"™ L
O(L) =" (E) exp <—$ logfo <1 + E)) (6)
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Figure 3. Above: The rest-frame TIR AGN LF in the redshift range z=0 — 1. The black line represents the median of the MCMC fit using the modified Schechter function with
a = 1.5, while the gray lines show the 1o uncertainty within the fit. We also present the LFs derived from the modified Schechter function with o = 1.2 (dashed line) and the
double power law (dot-dashed line). A luminosity limit of Ly = 10° Ly, is applied for this redshift bin. Data points that are not included in the fitting process are shown by grey
open circles. Galaxy IR LFs (Gruppioni et al. 2020; Ling et al. 2024; Traina et al. 2024) and AGN IR LF (Lacy et al. 2015) from previous studies are shown for comparison. Below: Corner
plot that displays the probability distributions of the parameters obtained from the MCMC analysis. The median values are marked with a blue solid lines, and the 16th and 84th

percentiles of the fit parameters are also show in the figure.

which behaves as a power law for L < L* and as a Gaussian for
L > L*, where o and o represent the slopes at the faint and bright
ends, respectively, ¢* is the normalization parameter, and L* is the
characteristic luminosity at the knee.

We also adopt a double power law of the form:

SONE))

where y; and y, are the slopes at the faint and bright ends,
respectively.

L
L

L
L

¢(L) 7)
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These additional fits allow us to assess systematic uncertainties
in the LF modeling and the resulting BHAD estimates.

3.1 MCMC analysis

We applied the Markov Chain Monte Carlo (MCMC) method to
fit the LF models (Equations 6, 7). We used the emcee package
(Foreman-Mackey et al. 2013) with 100 walkers and 1 200 iter-
ations. The fitting prior ranges were set to log(L*/Ly) = [8, 13]
and log(cb"‘/Mpc’3 dex™) = [—6, —2]. For the modified Schechter
function (Equation 6) with we fixed « = 1.5 and ¢ = 0.5, following
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Figure 4. Same as figure 3, but for z=1 — 2. A luminosity limit of Lyjr = 10 L, is applied for this redshift bin and beyond.

Ling et al. (2024). We also fix « = 1.2 while keeping ¢ = 0.5, fol-
lowing Gruppioni et al. (2013). This approach allows us to explore
the impact of the faint-end slope on the derived BHAD, as «

cannot be reliably constrained with the current data.

For double power law (Equation 7), we fit L* and ¢*, while y;
and y, remain fixed, based on the parameters of type 2 AGN LF
(Lacy et al. 2015). The prior and range match those of the modified

Schechter function.

The likelihood function in logarithmic space includes asym-
metric Gaussian errors for the observed number density estimates,

using data points log y; with uncertainties o, ; and oy;.

1 log y; — 10g Ymodeli \
I"EZ_EZ<T —Xi:loga,- (8)

i
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where o; is determined from the asymmetric errors based on
whether ymodeli > ¥i OF Ymodeli < Yi-

We use a binned log-likelihood fit to accurately handle uncer-
tainties in small-number statistics, especially for low-luminosity
scenarios where sample size causes significant variations. We
also computed the posterior distribution by combining the
log-likelihood with priors. To evaluate fit reliability, we used
corner plots (Figures 3-6) to examine parameter degeneracies and
correlations.

The results of the MCMC analysis for each redshift bin are
shown in figures 3-6. The best-fit LF parameters, defined by the
median and 16th/84th percentile uncertainties, are summarised in
Table 1.

LFs from the literature are compared to verify whether our
results were consistent with expectations for AGN LFs. Since SFGs
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are excluded, our AGN LFs should generally be lower than the
overall galaxy LFs. We also relate our work to the previous AGN
LFs that employ double power laws (Lacy et al. 2015), with which
the majority of the AGN LFs in this study intersect.

When comparing the modified Schechter function, we find that
the normalization factor ¢* for a =1.2 is higher than that for
a = 1.5, resulting in a larger integrated region below the LFs. For
some modified Schechter function LFs intersect with the galaxy
LFs (Gruppioni et al. 2020) within the luminosity range of 10'° —
10" Ly, in figure 3 and 10! — 10'? Ly, in figure 6. The results
may suggest that the expected number density of faint AGNs is
higher than previously assumed, or that the number density of
faint galaxies should be revised upward. For the double power
law, the faint-end intersects with the galaxy LFs from Ling et al.
(2024) across all redshift bins. These LFs used JWST data to found
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=== Gruppioni+20 (z =2.0-2.5)
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==== Traina+24 (z=2.0-2.5) === Ling+24 (z=2.0-3.0)
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a higher number density for faint galaxies, with only the double
power law LF intersecting their results, this suggests that the faint-
end slope of the double power law from Lacy et al. (2015) should
be expected to be lower, In Section 4, we will have more discussion
about faint AGN Population.

Except for the range 1.0 < z < 2.0, small sample sizes may cause
Poisson noise, but MCMC analysis finds an optimal fit within the
boundaries, allowing us to infer the LD and BHAD. However,
parameter degeneracy may lead to uncertainties that impact their
accuracy and reliability.

3.2 BHAD evolution

The AGN luminosity function (LF) specifies the average infrared
(IR) energy radiated by AGNs within a specific volume.
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Figure 6. Same as figure 4, but for z =3 — 4.25.

By integrating the LFs along the luminosity axis over each redshift
bin, we can precisely derive BHAD across cosmic time:

Joo(1—g)-Lo(L)dlog L
ec?

&)

To measure the 1o uncertainty (the 16th and 84th percentiles) of
pLr, we use MCMC results presented in figures 3—-6. The horizontal
error bars illustrate the redshift interval of each bin.

The evolution of prr is shown in figure 2, where the results
derived from the LF are represented as red dots. ‘The data indi-
cate that the peak of p;r occurs within the redshift rangez >~ 2 — 3,
highlighting the dominant phase of black hole accretion, when the
most rapid growth of supermassive black holes occurred.

PLE =
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=== Gruppioni+20 (z =3.0-3.5)
Gruppioni+20 (z = 3.5-4.5)

su=s Traina+24 (z=3.0-3.5) === Ling+24 (z = 3.0-4.0)
===+ Traina+24 (z=3.5-4.5)

4. Discussion

We have presented four estimations of the BHAD, pp,,
(Section 2.2) and three types of prr: prr,,» PrLr,, and PLE
(Section 3.2), based on AGN accretion disk luminosity (Lgg) and
LFs, respectively. The LF method provides a more complete analy-
sis of potentially unobserved sources, making p,r better represent
the overall contribution of AGNs for BHAD, even though one to
two order of magnitude uncertainties remain, likely due to Poisson
noise. In figures 3 and 4, some luminosity bins contain only a
single source, which may affect the fitting results. Despite these
uncertainties, the LFs provide useful insights into the population
of AGNs across the luminosity range from 107 to 10" L.
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Table 1. MCMC-fit parameters for the AGN LF using the modified
Schechter function with @ = 1.2, « = 1.5, and the double power
law. The values of L* and ¢* are derived from MCMC fitting, with
uncertainties representing the 16th and 84th percentiles.

z L*(Lo) ¢*(Mpc—3dex1)
Modified schechter function (o = 1.2)

0.0-1.0 11261177 -37119%
1.0-2.0 11544098 —3.914393
2.0-3.0 11951072 —3.941032
3.0-4.25 11947073 —4.1710%
Modified schechter function (o = 1.5)
0.0-1.0 11461105 4251083
1.0-2.0 11667053 —4.031%
2.0-3.0 12.0679%0 —4.3110%
3.0-4.25 12.0010%8 4461037
Double power law

0.0-1.0 11.831088 -5.321070
1.0-2.0 1251103 —4.951018
2.0-3.0 1223108 -5.051012

+0.55 +0.89
3.0-4.25 12.091035 —4.94108

Due to JWST data limitations, we fixed the faint-end slope « of
modified Schechter function and y; of double power law, poten-
tially affecting L*. Compared to the AGN LFs of Lacy et al. (2015),
our L* is higher, indicating the discrepency may be due to the dif-
ferences in LF form. We explore this discrepancy by comparing
BHAD evolution trends below.

Next, we discuss the trends of pr,, and prr. These esti-
mates exhibit a similar increasing trend, peaking before declining.
Previous studies also report different peak at different redshifts.
The X-ray studies (Aird et al. 2015) finds a peak at z > 1.5, while
Ananna et al. (2019) reports z 2 2, consistent with oy, and prr,,
peaking at 1 <z < 2. The IR study (Kim et al. 2024) identifies a
peak at z~~2.3, consisting with prr,, and prr,,, which peak at
2<z<3.

The discrepancy between peak redshifts and BHAD from Lg;g
can be attributed to p; , derived by integrating LFs, which includes
contributions from fainter AGNs possibly missed in direct L
measurements. This suggests accretion disk luminosity might not
fully represent the accretion process at the period, But the pr,
indicate the lower limits of the BHAD.

The discrepancy in prr may due to the choice of the LF form.
Since we adopt a fixed slope from previous studies (Gruppioni
et al. 2013; Lacy et al. 2015; Ling et al. 2024), most of our sources
have luminosities below 10'? Ly, unlike pre-JWST studies. This
suggests that the assumed faint-end slope may differ from the
actual number density distribution of AGNs, potentially leading
to discrepancies in the derived BHAD. The results indicate that
AGN LF models require further consideration of the faint popula-
tion, as the choice of LF model can influence the inferred BHAD
evolution. This contrasts with the conclusion of Slaus et al. (2023),
found that modified Schechter function and double power law
have consistent results for the LDDE model.

Therefore, we focus on the faint population JWST observed.
We fit only the faint-end slope y; of the double power law, fol-
lowing the other parameters fixed following the type 2 AGN LF
from Lacy et al. (2015). Figure 7 is the AGN LFs, the parame-
ter are summarised in Table 2. To compare our work with Lacy
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Table 2. The faint-end slope
for LFs determined from the
median of the MCMC fitting
using the double power law.

z V1

0.0-1.0 0.557312
1.0-2.0 0.597332
2.0-3.0 0.66707
3.0-4.25 0.567527

et al. (2015), their y is 2 1, while our value is smaller, indicating
a lower expected number density for the faint AGN population.
These results suggest a stronger constraint on the faint-end slope
of AGN LFs. Figure 8 presents the results of BHAD evolution infer
from the figure 7. The trend remains consistent with the BHAD
derive from the modified Schechter function LFs, exhibiting a peak
at z=2 — 3 followed by a decline. This improvement enhances
our understanding of the BHAD evolution of the faint AGN pop-
ulation is following the prg.5, PLra12 and previous studies. In the
following discussion, prr will be used to represent the trends of
both.

Then, we compare our results with the star formation rate den-
sity (SFRD) described by Madau & Dickinson (2014), which peaks
at redshift z~ 2. Previous research suggests that accretion pro-
cesses may delay star formation events, indicating a relationship
between these two phenomena (Hickox et al. 2014). This relation-
ship is also observed in AGNs at 1.5 < z < 2.5 (Rodighiero et al.
2015).

Figure 9 summarises the BHAD range across our assumptions
at each redshift. It raises a fundamental question: AGN activ-
ity precede or follow the evolution of cosmic star formation? As
noted by Yang et al. (2023), a scenario where AGNs appear first
would challenge existing black hole formation theories, which typ-
ically posit that star formation initiates galaxy evolution in the
early universe (e.g. Habouzit et al. 2021; Zhang et al. 2023). Our
present study, based on early JWST observations, provides an ini-
tial exploration of AGN evolution. However, the limited sample
size precludes statistically significant conclusions. The forthcom-
ing availability of larger, statistically robust JWST datasets will
be crucial for accurately quantifying these discrepancies and ulti-
mately elucidating the intricate interplay between black hole and
galaxy co-evolution.

If so, as pointed out by Yang et al. (2023), this result might
challenge the current black hole formation theories, as current
simulations predict that the star-formation occurs first in the early
universe (e.g. Habouzit et al. 2021; Zhang et al. 2023). New theo-
retical models might be needed to explain this observational result.
Although our results do not lead to a definitive conclusion, this
study serves as an exploratory analysis using JWST data to investi-
gate BHAD evolution. Future JWST statistical data will be crucial
for quantifying these differences and understanding black hole
co-evolution. As uncertainties decrease, if the BHAD/SFRD ratio
does not rise, theoretical predictions and observations will remain
consistent.

Finally, we compare our work with Yang et al. (2023). They
inferred the BHAD at z 2> 3 is approximately 0.5 dex higher com-
pared to X-ray study results. pip also shows a similar result.
However, due to overlapping error bars, we can only suggest that
the value may be higher than X-ray studies. More candidates
are needed to confirm this result with greater confidence. This
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fit using the double power law with fixed L*, ¢*, and y,, while the gray lines indicate the 1o uncertainty. The same luminosity limits as in figure 3-6 are applied. Data points not

included in the fitting process are shown as gray open circles.
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trend may be due to contributions from faint and highly obscured
sources that are only detectable in MIR bands (Yang et al. 2023;
Eckart et al. 2009).

At high redshifts, the neutral gas surrounding AGN is likely
denser and more abundant compared to lower redshift environ-
ments. This results in significantly higher column densities that
can effectively block X-ray radiation, making it difficult to detect
these AGN through X-ray observations, while the mid-IR obser-
vations can (e.g. Gilli et al. 2022). Still, Yang et al. (2023) should
be considered as lower limits of the BHAD, because they did not
account for faint galaxies below the detection limit, while our LF
method (prr) does.

At z < 3, prr is comparable to the BHAD obtained from X-ray
studies (Ananna et al. 2019) and consistent with the MIR study
(Kim et al. 2024). This trend indicates that using LF provides a
more complete analysis of the missing sources, but the error bars
still require more data to constrain.
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ploted.

5. Conclusions

We have presented the black hole accretion history associated
with obscured AGNs identified through the JWST CEERS mid-
IR survey. We developed the luminosity functions to deduce the
prr corresponding to these selected candidates. Our results are

summarised as follows:

1. We applied a simple method to estimate p;,, similar to
that described in Yang et al. (2023). Our results show a

5.0

more significant trend compared to pre-JWST studies.

2. We construct AGN IR IFs from JWST data, testing mod-
els such as the modified Schechter function with (o = 1.2,
o =1.5) and a double power law. Our LFs included type
2 AGNs up to two orders of magnitude fainter than those
in pre-JWST surveys. Compared to previous galaxy and
AGN LFs, we find a similar order and L*, though addi-
tional data are needed to enhance accuracy and mitigate

Poisson noise.

3. By integrating the LFs and multiplying by the luminos-
ity, we present the evolution of BHAD p;r with three
forms, including candidates as faint as 107 L. The esti-
mates show a similar increasing trend, peaking at z ~ 2

and at z~ 3 for prp,, and pyp,,. The

discrepancy may arise from accretion disk luminosity not
fully capturing the accretion process or differences in func-
tional forms and assumptions and the choice effect of LF
form. The results suggest that AGN LF models require
more consideration of the faint AGN population. We also
examine the faint-end slope of the double power law. The

BHAD derived from this model is consistent with that

from the modified Schechter function LFs and previous

studies, supporting the BHAD evolution of the faint AGN

and p LEqp1>

for pr.

disk

population.

4. Whether the AGN activity precedes or follows the evolu-
tion of cosmic star formation is still a challenge for existing
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black hole formation theories. Our present study, based
on early JWST observations, provides an initial explo-
ration of AGN evolution. However, the limited sample size
precludes statistically significant conclusions. The larger
JWST datasets in the future will be critical for determin-
ing this relationship and understanding the co-evolution
of black holes and galaxies.

This study highlights that JWST’s high sensitivity in mid-IR
offers a new opportunity to discover a larger population of faint,
obscured AGNs. Such mid-IR studies are important because the
obscured fraction may increase with redshift (Hickox & Alexander
2018), and sources at redshift z~ 2 typically show weak X-ray
detections (Stern 2015). A deep JWST mid-IR survey is thus
required to address these issues of detecting faint, obscured AGNs
at high redshifts. Obtaining further observational data from JWST
to reduce the uncertainty is to explore accretion events in the early
universe more accurately.
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