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Abstract

Opver the past two decades, tight correlations between black hole masses (M.) and their host galaxy properties have
been firmly established for massive galaxies (with stellar mass log(My/Ms) 2 10) at low-z (z < 1), indicating
coevolution of supermassive black holes and galaxies. However, the situation at high-z, especially beyond cosmic
noon (z 2 2.5), is controversial. With a combination of JWST Near Infrared Camera (NIRCam)/wide field slitless
spectroscopy (WESS) from FRESCO, CONGRESS and deep multiband NIRCam/image data from JADES in the
GOODS fields, we study the black-hole-to-galaxy mass relation at z ~ 1-4. After identifying 18 broad-line active
galactic nuclei (AGNs) at 1 <z <4 (with 8 at z > 2.5) from the WFSS data, we measure their black hole masses
based on broad near-infrared lines (Pacy, Pa@3, and He I A10833 A), and constrain their stellar masses from AGN-
galaxy image decomposition or spectral energy distribution decomposition. Taking account of the observational
biases, the intrinsic scatter of the M.—M, relation, and the errors in mass measurements, we find no significant
difference in the M./M, ratio for 2.5 < z < 4 compared to that at lower redshifts (1 < z < 2.5), suggesting no
evolution of the M.—M, relation at log(Myx/M) 2 10 up to z ~ 4.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Supermassive black holes (1663); Active

galaxies (17); Galaxy evolution (594)

1. Introduction

With the discovery of quasars (C. Hazard et al. 1963;
M. Schmidt 1963), accretion onto supermassive black holes
(SMBHs) has been appreciated as the second major source of
electromagnetic radiation in the Universe, next to stellar
radiation. The argument that the evolution of these two
fundamental energy sources might be linked is highly
influential in modern astronomy and has fostered numerous
investigations on how the correlation between SMBHs and
their hosts is established and maintained (see reviews by, e.g.,
D. M. Alexander & R. C. Hickox 2012; J. Kormendy &
L. C. Ho 2013; T. M. Heckman & P. N. Best 2014;
C. M. Harrison 2017). The potential scenarios range from a
direct causal connection such as feedback due to winds and
outflows launched by the active galactic nuclei (AGNs) that
regulate the growth of the host galaxy (e.g., V. Springel et al.
2005; P. F. Hopkins et al. 2008a, 2008b; A. C. Fabian 2012), to
a simple consequence of the growth of galaxies through
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merging without a physical coupling between the galaxy and
black hole growth (e.g., C. Y. Peng 2007; K. Jahnke &
A. V. Maccio 2011).

Insights into this relationship and the underlying physical
mechanisms can be obtained from how it evolves with cosmic
time. In the low-z Universe, the masses of SMBHs (M.) have
been firmly established to correlate with many properties of
their hosts, notably the mass (M) of the spheroid component
(e.g., J. Magorrian et al. 1998; N. Héring & H.-W. Rix 2004;
J. Kormendy & L. C. Ho 2013) and its velocity dispersion
(on; L. Ferrarese & D. Merritt 2000; K. Gebhardt et al. 2000;
S. Tremaine et al. 2002). At high-z, due to various observational
limitations, the explorations have been largely focused on the ratio
between the SMBH masses and total stellar masses (M,.) M./M,, of
the quasar population up to z~2-2.5, and the results were
controversial. At the massive regime (log(My/M) = 10), several
observational works claimed that galaxies at z~2 tend to have
higher M./M, than the local value (e.g., C. Y. Peng et al. 2006;
A. Merloni et al. 2010; Y. Zhang et al. 2023), suggesting a
significant evolution of this mass scaling relation over the past
~9 Gyr. Meanwhile, many other studies (e.g., M. Schramm &
J. D. Silverman 2013; M. Mechtley et al. 2016; X. Ding et al. 2020;
H. Suh et al. 2020; J. I. H. Li et al. 2023; G. Mountrichas 2023)
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found no significant evolution of M./M,.. The lower-mass regime
(log(My/M) < 10), is not well explored in the standard scaling
relations (A. E. Reines & M. Volonteri 2015; J. E. Greene et al.
2020; but see R. Pucha et al. 2024). A few low-mass galaxies with
broad-line AGNs (BL AGNs) at 0.4 < z <3 have been reported
recently, and they overall have higher M./M,, than the local relation
(M. Mezcua et al. 2023, 2024), but this result has not yet been
integrated into the broader context of low-mass galaxies overall.

A partial explanation for these discrepancies is that there are
multiple measurement biases affecting the M./M,. determina-
tions at high redshift. For example, the single-epoch SMBH
masses are derived from ultraviolet lines of CIV and Mgl
whose widths can be increased by outflows and other effects
(e.g., Y. Shen & X. Liu 2012; H. A. N. Le et al. 2020; W. Zuo
et al. 2020). The AGNs most readily observed will be the most
luminous and hence will tend to be overmassive relative to
typical behavior, resulting in a bias toward high values of
M./M, (e.g., C. J. Willott et al. 2005; T. R. Lauer et al. 2007),
which is the well-known “Lauer bias.” In fact, A. Schulze &
L. Wisotzki (2011, 2014) tested this possibility and found that
the differences in a number of studies in the slope of the
M./M, relation at high and low redshift disappears when
corrected for the “Lauer bias.” Taking the selection bias into
account, it seems a consensus is emerging that there is little
evolution of M./M,, up to z~ 2.5 (M. Sun et al. 2015; H. Suh
et al. 2020; J. I. H. Li et al. 2023; G. Mountrichas 2023;
T. S. Tanaka et al. 2024), although this issue is perhaps not
fully settled (e.g., Y. Zhang et al. 2023).

With the successful launch and operation of JWST, the study
of the M.—M, relation has been pushed to much higher
redshifts. Quasars at z~ 6 with direct host stellar emission
constraints from Near Infrared Camera (NIRCam; M. J. Ricke
et al. 2023) appear to show relatively large values of M./M,
(log(M./M) ~ —1) compared to their lower-redshift counter-
parts (log(M./M,) ~ —2.5) (X. Ding et al. 2023; M. A. Stone
et al. 2024; M. Yue et al. 2024). Significant evolution in this
relation has also been suggested for relatively less-massive
SMBHs in Seyfert luminosity AGNs at 4 < z <7 (Y. Harikane
et al. 2023; R. Maiolino et al. 2023; F. Pacucci et al. 2023;
H. Ubler et al. 2023). These results reveal a sharp contrast with
those at z < 2.5, resulting in the need to fill in the redshift gap
between z ~ 2.5 and z ~ 4 to establish a complete picture on the
evolution of M.—M, relation across the cosmic time.

In this work, we will present a comprehensive study on the
M.-M, relation in massive galaxies at z~ 1-4 based on a
powerful combination of the NIRCam/Wide-Field Slitless
Spectroscopy (WFSS) surveys FRESCO (PID: 1895;
P. A. Oesch et al. 2023) and CONGRESS (PID: 3577; F. Sun
et al. 2024, in preparation) and deep multiband NIRCam
images from JADES (D. J. Eisenstein et al. 2023) in GOODS-S
and GOODS-N fields (M. Giavalisco et al. 2004). In contrast to
previous ground-based z ~ 1-2 studies limited to rest-frame
UV to optical lines, we are able to accurately constrain the
black hole masses from the near-infrared (NIR) broad emission
lines (Paschen lines and HeT A10833 A), which are much less
affected by dust extinction and galaxy contamination. More-
over, the superior spatial resolution and sensitivity of multiband
NIRCam images enable robust AGN-galaxy decomposition
with a wide range of wavelength coverage, allowing for
accurate measurements of host stellar masses from spectral
energy distribution (SED) fittings on the AGN-subtracted
galaxy emission. Finally, the survey nature of NIRCam/WFSS
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data as well as the deep multiwavelength coverage from X-ray
to the radio data in the GOODS fields provide the peerless
opportunity to build a complete sample and understand the
selection biases.

This paper is organized as follows: We introduce the AGN
sample and the relevant JWST data for this project in Section 2.
Section 3 describes how the black hole and galaxy masses of
our sample are measured. In Section 4, we present the
measurements of the black hole to galaxy mass ratios at
7z~ 1-4 and analyze these results on a basis consistent with the
approach used in the lower-redshift studies and evaluate
measurement biases with a Monte Carlo (MC) method. We
discuss the possible implications of our results for studies at
higher redshift in Section 5 and conclude this work in
Section 6.

Throughout this paper, we assume a standard cold dark
matter (ACDM) Universe with cosmological parameters
Hy=70kms 'Mpc~ ', Q,=0.7, and Q,, =0.3.

2. Data and Sample Selection
2.1. Spectroscopic Data

To search for AGN broad-line emission, we used the
spectroscopic data obtained with JWST/NIRCam WFSS from
the FRESCO survey (P. A. Oesch et al. 2023) in the F444W
band (A ~ 3.9-5.0 ym) and in both GOODS-S and GOODS-N,
and the CONGRESS survey (Sun et al. 2024, in preparation) in
the F356W (A~ 3.1-4 yum) band in GOODS-N only. The
former survey covers a 7.4 x 84 area in both GOODS fields
with the row-direction grisms on both modules of JWST/
NIRCam, providing a spectral resolution of ~1590-1680 from
3.9-5.0 pum. The CONGRESS program covers the GOODS-N
field with a nearly identical footprint to FRESCO and with a
spectral resolution of ~1400-1610 from 3.1-4.0 yum. The two
programs reach similar line sensitivities of 2 X
107 ¥ergs lem ™2

All of these NIRCam/WFSS data were processed by the
publicly available reduction routine presented in F. Sun et al.
(2023).13 We first processed the NIRCam data through the
standard JWST stage-1 calibration pipeline'* v1.11.2. For
each individual grism exposure, we assigned world coordinate
system (WCS) information, performed flat-fielding, and
removed the o-clipped median sky background. The WCS of
the grism exposures is registered to Gaia DR3 (Gaia
Collaboration et al. 2023) using the NIRCam short-wavelength
imaging data taken at the same time. For each of our targets, we
extracted the 2D spectra from individual grism exposures, and
coadded them in a common wavelength (1 nm pixel™) and
spatial (006 pixel™") grid. Prior to our scientific spectral
extraction, we also extracted spectra of bright point sources
(<21 AB mag) to assure the accuracy of spectral tracing
function and spectral flux calibration. We also extracted the
spectra of galaxies with known ground-based spectroscopic
redshifts, measuring the line center of detected Paschen « and /3
lines to ensure the wavelength calibration error at <1 nm. We
then optimally extracted the 1D spectra of our targets from
coadded 2D spectra using their surface brightness profile in the
F444W band (K. Horne 1986).

13 d0i:10.5281/zenodo.14052875 (F. Sun 2024).
14 doi:10.5281/zenodo.8140011 (H. Bushouse et al. 2024).
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2.2. Imaging Data

Multiband NIRCam images with superior spatial resolution
and sensitivity are available for both the GOODS-S and
GOODS-N fields from JADES (D. J. Eisenstein et al. 2023).
We used these images to conduct AGN-galaxy morphology
decomposition and stellar mass estimation. The total over-
lapping area between the JADES and FRESCO footprints is
approximately 35 square arcminutes in GOODS-N and about
46 square arcminutes in GOODS-S. JADES also overlaps with
CONGRESS in GOODS-N in a similar area since CONGRESS
covers almost the same area as FRESCO there. Seven NIRCam
broadband images were selected to cover a wide range of
wavelengths: FO90W, F115W, FI150W, F200W, F277W,
F356W, and F444W. For galaxies at z ~ 1-3.5, these NIRCam
filters nicely cover the rest optical to NIR SEDs of the galaxies,
allowing for reasonable constraints on the galaxy stellar
properties. The angular resolutions of these images range from
0.030-0.145, corresponding to physical scales of ~0.2—1.2 kpc
for galaxies at z ~ 1-3.5.

The four BL AGNs among our sample'> within the FRESCO
area but outside the JADES footprint do not have full NIRCam
wide-band data, but do have NIRCam F182M, F210M, and
F444W data from the FRESCO survey. In addition, deep
multiband images in the optical to the NIR are also available
from HST/ACS and HST/WFC3 (e.g., A. M. Koekemoer
et al. 2011). However, given the limited NIRCam bands as well
as the different spatial resolutions of JWST and HST in the
NIR, we decided not to conduct image decompositions for
those four targets but to carry out SED decompositions of the
integrated photometry (see details in Section 3.2.2).

2.3. BL AGN Sample Selection

Considering the huge number of galaxies observed by
FRESCO and CONGRESS and the frequent galaxy contam-
ination, a blind search for AGN broad-line features from the
grism data across the field is not very practical. Therefore, we
built an AGN sample with the available multiwavelength data
first and then inspected the corresponding NIRCam/grism
spectra to identify BL AGNSs. This selection approach is
consistent with previous studies of the mass scaling relation at
7 5 2.5 that were based on the AGN samples selected by AGN
features in multiwavelength ranges and follow-up broad-line
detection. In fact, the GOODS-S and GOODS-N fields have
been extensively covered by ground- and space-based
telescopes with the deepest X-ray, optical, infrared, and radio
data in the sky, offering the best resources to build a complete
AGN sample. With a combination of Chandra, Hubble, Spitzer,
and JVLA data, J. Lyu et al. (2022) carried out a
comprehensive pre-JWST search of AGN in GOODS-S and
reported ~900 candidates across the field. With the newly
obtained JWST JADES/NIRCam and SMILES/MIRI data
(S. Alberts et al. 2024; G. Rieke et al. 2024), J. Lyu et al.
(2024) further improved the AGN census near the central
region of GOODS-S. We combined the AGN catalogs reported
in these two papers and extracted the FRESCO NIRCam
F444W /grism spectra. For GOODS-N, following the same
techniques in J. Lyu et al. (2022), a similar panchromatic pre-
JWST AGN search with relatively shallower X-ray and radio
data has been conducted with ~700 AGN candidates revealed

!5 BL AGN selection will be described in Section 2.3.
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in the field (J. Lyu et al. 2024, in preparation). We started from
this GOODS-N AGN sample and extracted the corresponding
FRESCO and CONGRESS grism spectra in F444W and
F356W.

The final sample analyzed in this work was selected by
requiring a broad-line detection in the FRESCO or CON-
GRESS spectra of the AGN sample described above. We
limited the redshift range to be within 1 < z < 4; thus, Paq,
Pag, or Hel A10833 Aare covered by the FRESCO or
CONGRESS wavelength ranges. In other words, our BL
AGNs must have at least one of the three broad NIR lines
mentioned above in their spectra. For the initial sample
selection, we used the redshift values on the SIMBAD website,
as reported by previous works. Although most of these galaxies
have well-constrained spectroscopic redshifts, some have only
photometric redshifts with relatively large uncertainties. There-
fore, we also remeasured spectroscopic redshifts for them
during the detailed line profile fitting (see Section 3.1).

In the next step, to identify BL AGN candidates, we did a
preliminary fit to the line profiles with a Gaussian component,
selecting BL AGNs from our initial sample by requiring a
broad NIR line (FWHM > 1000kms™'). This line width
threshold is consistent with other BL AGN identification
works using JWST NIRCam/WFSS data (J. Matthee et al.
2023) or NIR BL features (F. Ricci et al. 2022). After we
finalized our sample, we had eight AGNs in the GOODS-S
field and 11 in the GOODS-N field. After visually inspecting
their JWST/NIRCam multiband images, we removed one of
the BL AGN candidates in the GOODS-N field (GN-1030801)
from our sample since it has complicated structures in its
central region, which can intrinsically broaden the width of the
targeted NIR lines and thus cause an overestimate of the line
width of the broad component.

Strong outflows could complicate our determination of AGN
properties from line widths. For example, F. D’Eugenio et al.
(2024) reported our BL AGN candidate GS-197911 as a post-
starburst galaxy hosting an AGN and with strong ionized
outflow given its blueshifted and broad [O111] 5008 A. In this
case, the broad-line component of the He 1 A10833 A line may
be contaminated by the outflow signatures. However, given
that its preliminary broad-line FWHM is about 3600 kms ',
which is much larger than the [O III] width (~1800 km s 1), we
conclude that its broad-line component is dominated by AGN
broad-line region (BLR) emission, and the outflow contamina-
tion would not significantly influence the black hole measure-
ment. Thus, we still keep GS-197911 in our sample. Similarly,
we rule out the possibility of outflow-dominated broadening for
other BL AGN candidates after conducting detailed multi-
component broad-line fitting (see Section 3.1). Therefore, we
finalized our sample with 18 AGNs.

The positions on the sky of our sample are shown in
Figure 1, and their properties are shown in Table 1. The
multiwavelength studies from J. Lyu et al. (2022) reported
that all of our BL AGNs have been classified as X-ray AGNs,
and the majority of them are also identified in the mid-IR as
expected, since they have broad NIR emission lines. Also,
their AGN continua are generally obscured in the short-
wavelength range. In this case, even though all of our BL
AGNs have Chandra X-ray detections (B. Luo et al. 2017),
we used the SED-derived bolometric luminosities from
J. Lyu et al. (2022) and converted them to get an equivalent
X-ray 2-10keV luminosity using the X-ray bolometric
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Figure 1. Spatial locations of our 18 1 < z < 4 BL AGN sample (stars) in the GOODS-S (left) and GOODS-N (right) fields, color-coded by redshift. The JADES and
FRESCO footprints are drawn with blue and green lines, respectively.

Table 1
Properties of the GOODS AGN with NIRCam/WFSS NIR Broad-line Detections

1D* R.A. Decl. z log Lyo® log Lx*© Broad Line FWHM,,,* log M. log My*

(deg) (deg) (ergs™ (ergs™") (kms™") M) M)
GS-173091 53.1573639 —27.8701553 1.61 46.17 44.57 Paa 2391 £ 49 8.07 10.67
GS-243640 53.174408 —27.8674202 3.586 46.18 44.58 He1 3722 +£ 671 8.46 11.22*
GS-182930 53.1615181 —27.8560753 3.029 45.78 44.34 He 1 1337 £ 68 7.45 10.54
GS-184451 53.0601387 —27.8530674 1.539 44.10 43.06 Paa 1821 4+ 259 7.10 10.90
GS-197911 53.1653061 —27.8141308 3.067 46.25 44.62 He 1 3470 + 1008 8.49 11.19
GS-206907 53.1785088 —27.7841015 3.191 45.20 44.16 He 1 5563 + 419 8.60 9.90
GS-212097 53.1628799 —27.7672272 1.22 45.17 43.93 Paa 4725 4+ 65 8.34 10.83
GS-196290 53.1488495 —27.8211861 2.584 46.38 44.69 He 1 1267 + 69 7.58 11.10
GN-1000721 189.153763 62.2223206 2.948 44.36 43.32 He 1 3125 + 1009 7.68 10.50
GN-1028801 189.095581 62.2574081 2.588 46.32 44.66 Pag 4941 + 140 8.75 10.24
GN-1077827 189.266602 62.1992989 3.408 46.15 44.56 He 1 4049 + 1005 8.53 10.26
GN-1095877 189.189438 62.3136978 2.927 45.92 44.43 He1 3352 + 303 8.30 11.26
GN-1025078 189.152634 62.22966 0.96 45.14 43.90 Paa 2058 + 54 7.61 9.98
GN-1095207 189.278656 62.2839203 1.022 45.63 44.25 Paa 3460 + 42 8.23 9.96
GN-1083261 189.268066 62.2461662 2217 46.21 44.60 He 1 1997 + 342 7.93 10.18
GN-1094302 189.346619 62.2606583 2.244 45.31 44.03 He1 4884 + 763 8.42 10.44°
GN-1027287 189.194733 62.2460823 2.004 45.98 44.47 He 1 5429 + 1029 8.73 10.37
GN-1024921 189.175369 62.2253914 2.019 44.59 43.46 Pag 1453 £+ 106 7.10 10.72
Notes.

21D is the combination of “GS-" (GOODS-S) or “GN-” (GOODS-N) with JADES ID.

® AGN bolometric luminosity derived from SED fitting, except for GS-184451, 206907, and GN-1000721 whose L, is converted from the observed X-ray 2—10 keV
luminosity.

¢ X-ray 2-10 keV luminosity converted from the L, using the F. Duras et al. (2020) bolometric correction, except for GS-184451, 206907 and GN-1000721, which
is the observed X-ray 2—10 keV luminosity from B. Luo et al. (2017).

4 Intrinsic full-width at half maximum (FWHM) of the broad component corrected for the instrumental and morphological broadening.

¢ Stellar mass derived by imaging decomposition and point-spread function (PSF)-subtracted flux SED fitting, while those marked with “** are derived from SED
decomposition due to lack of JWST/NIRCam wide-band photometry.

X-ray flux band ratios, while the SED fitting approach takes
care of the obscuration in a more sophisticated way. We note
that the SED-derived bolometric luminosities of GS-184451
and 206907 from J. Lyu et al. (2022), and of GN-1000721

correction by F. Duras et al. (2020) for BH mass estimation
(see Section 3.1). This strategy is adopted by default, as the
X-ray intrinsic luminosity values reported in, e.g., B. Luo
et al. (2017) are based on simple modeling of the source
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Figure 2. Distribution of the sample of 18 BL AGNS on the Lbol—z g)lane The

bolometric luminosity of our AGNs ranges from 10** ergs .

Compared to the BL samples at z ~ 2 from A. Merloni et al (2010 dark
green) and H. Suh et al. (2020; light green), our 1 < z < 4 BL AGN sample is
on average similar but contains examples with relatively lower Ly
(Lvot < 10% erg s™1) and higher redshift (z > 2.5).

from Lyu et al. (2024, in preparation), are quite low
Ly < 10 ergs 1), while they do have strong X-ray
emission (Lx ~ 102—10* erg sfl) contributed by the AGN
(B. Luo et al. 2017). Similar X-ray bright but SED
nondetected or unidentified AGNs have been reported in
previous work (J. Lyu et al. 2022, 2024). After checking their
SED fittings, we concluded that these three sources do not
have enough mid-IR photometric data to give meaningful
constraints on the AGN component. As a result, we adopted
their Chandra X-ray measurements to compute X-ray
2—-10keV luminosities and the bolometric luminosities using
the same bolometric correction. The final distribution of our
BL AGNs on the AGN bolometric luminosity versus redshift
plane is shown in Figure 2. Most of them help bridge the gap
from previous measurements between z ~ 2.5 and z =4.

3. Black Hole and Galaxy Masses
3.1. Black Hole Masses

Masses of the black holes in our z ~ 3 AGNs were estimated
by the single-epoch virial mass method, based on the velocity
width of the broad-line component and the AGN luminosity in
a specific band (M. Vestergaard 2002). F. Ricci et al. (2017)
compared the widths of the three lines we use (Pac, Paj, and
HeT A10833 A) and found that for 90% of their sample, He I
widths track closely those in Ha; as expected, Pac and Pag
also closely track Ha. We therefore use the measured line
widths interchangeably with no corrections.

We fitted the spectra to determine the central wavelength and
the line widths. We began by using the preexisting spectro-
scopic or photometric redshift to select the wavelength range
containing the line (+5000kms™'). Then, we set the peak
wavelength as an initial guess for the central wavelength.
We used one or two Gaussian components to model the profile
of the broad NIR lines (Pac, Pag, and HeT A10833 A). Since
the typlcal FWHM of the broad component is around
2000kms ™' (e.g., H. Landt et al. 2008), we selected 0.05 um
wide regions to either side to define the continuum, lying
beyond two to three times the FWHM of the broad component

Sun et al.

(+4000-6000 km s !, varied case by case to capture a clean
continuum). We applied linear fits to these regions to determine
the continuum level.'®

After subtracting the continuum, we used the Python
package 1lmfit (M. Newville et al. 2014) to fit the line
profile. We first tried two Gaussian components. The center of
the narrow component was allowed to shift within
+200km s~ !, while the center of the broad component was
more flexible (1000 km s~ ) given that previous works have
found the broad component can be blue- or redshifted relative
to the narrow component (e.g., T. E. Zastrocky et al. 2024). We
also required the FWHM of the narrow (broad) component to
be no larger (smaller) than 1000 km s ! (except for GN-
1000721 and 1095207, whose narrow component slightly
exceeds this threshold). After visual inspection, we found the
above procedure works for most of our AGNs, except for the
following:

1. For GS-182930, 196290, and GN-1024921, we found
their narrow component is either too faint compared to
the broad component or too narrow (<50km s_l).
Therefore, we think the signal of the narrow component
of the line is washed out by the noise. Thus, we only used
one Gaussian component to fit the line and treated it as
the broad component.

2. For GN-1027287, 1077827, 1083261, 1094302, and
1095877, the Paschen -y line (10941 A) has nonnegligible
emission and is blended with the targeted Hel
10833 A line. Therefore, an additional Gaussian comp-
onent was assigned for modeling Paschen v, where the
components have the same offset and width as the narrow
component of the He 1 A10833 A line.

3. For GN-1028801, an intermediate component needed to
be assigned for the Paschen [ line to improve the fitting.
Multiple broad components have been commonly seen in
BL AGNs (e.g., F. Ricci et al. 2022; L. Kuhn et al. 2024),
which might trace the complicated geometry and
dynamics of the BLR of AGNs (B. M. Peterson 2006;
L. C. Popovié et al. 2019).

Examples of the fitting results are shown in Figure 3 (the rest
of them are shown in Appendix A and Figure Al). The
observed FWHMs of the broad components of our AGNs are
between 1300 and 6000 km s~ '. The spectroscopic redshift was
also calculated based on the wavelength offset of the center of
the narrow component (for two-/three-component cases) or the
broad component (for one-component cases) relative to its rest-
frame wavelength.

Then, to quantify the measurement errors of the line profile
parameters and the spectroscopic redshift, we applied an MC
simulation, i.e., generating 100 mock spectra based on the
observed flux errors and re-fitting them to get the distributions
of best-fit parameters.

Next, we derived the intrinsic FWHM of the broad
component by correcting the instrumental and morphological
broadening effects. Given the NIRCam/WFSS instrumental
resolution at the wavelength range of 3-5 ym 1is about 1500,
the typical instrumental broadening of FWHM (FWHM;,) is
200km s~ '. To evaluate the morphological broadening effect,
we collapsed the imaging data of each source at the observed
wavelength of the broad line along the dispersion direction, and

'% For GS-196290, we only fit the red continuum region with a width of
0.1 pm, since the targeted line lies at the blue end of the spectrum.
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Figure 3. Examples of line profile fitting for the broad Pac, Pag, and He 1 A10833 A lines. In each panel, we show the extracted 1D spectrum (continuum subtracted)
and 1o error level (gray line and shading), the best-fit line profile (black), and each component (orange lines are for the targeted lines (Pac/Pa/3/He 1). The blue line in
the bottom-right panel is an additional component for close Pav), and the residual of the best fit.

derived a Gaussian convolution kernel such that the convolved
point-spread function (PSF) profile would match the observed
brightness profile of the source. The angular FWHM of this
convolution kernel then corresponds to an FWHM of the grism
spectrum, which is the morphological broadening width of the
observed broad spectral line (FWHMporpn). The FWHM of the
convolution kernel for our samples ranges from O. 09 0.3,
corresponding to the FWHM,o,pn range of 90-350 kms™ ' we
then derived the intrinsic FWHM of the broad component by

FWHM,,, = \/FWHMObs FWHM?Z,, — FWHMmorph We
notice that such correction for our sample is small
(<50kms™ ).

Then, using the errors derived from this MC simulation and
then requiring the intrinsic FWHM of the broad component to
be at least 1o higher than 1000 km s~ ' and the peak flux of the
broad component to be 1o higher than the 1o error level of the
spectrum, we confirmed all 18 of our BL AGNs have a detected
broad NIR line.

We finally used the virial mass estimation relation reported
by F. Ricci et al. (2017):

log(M )—803 + 210g(
M

Lx
+ 05log| ——m |, 1
g(1042 erg s“) W

where Ly is the AGN X-ray luminosity at 2-10keV
(Lr_10kev)- This relation was measured with a scatter of
0.4 dex and a virial factor of f=4.31. Also, this virial BH mass
relation can be applied to all three NIR lines (Pac, Pag, and
HeT) given that F. Ricci et al. (2017) found a good agreement
between the FWHMSs of Ha and of those three NIR emission
lines. Lx of our AGNs was determined as described at the end

FWHMNR int )
10*kms~!

of Section 2.3. The final M. of our AGN sample ranges from
107-10° M., and the individual measurements are shown in
Table 1. The typical uncertainty of the BH mass propagated
from the uncertainty of the FWHM measurements is about
0.1 dex. Combined with the systematic uncertainty of F. Ricci
et al.’s (2017) relation (0.4 dex), the overall uncertainty of our
BH mass measurements is ~0.4 dex.

In addition, for cases with more than one component, we can
also measure the velocity offset of the broad component
relative to the narrow one. We found, other than the known
outflow host GS-197911, that there are six more BL AGNs
(GS-184451, 173091, GN-1027285, 1095207, 1077827, and
1000721) with a broad component blueshifted more than
100kms™" from the systemic velocity, which could be
alternatively explained by galactic outflows rather than AGN
BLRs. However, we rule out the possibility of outflow-
dominated broadening for all of them:

1. For GS-184451, GN-1024921, 1027285, 1077827, and
1000721, we detected a nearby narrow forbidden line
(e.g., [S1m] A5931 A or [Fe1r] A1.257, 1.644 um) in the
same grism spectrum, for which the width is much
narrower than the broad component of the targeted BLR-
indicator line. This indicates that their broad NIR lines
are dominated by AGN BLR emission rather than
outflows.

2. For GS-173091 and GN-1095207, the grism spectra do
not show any other significant emission lines except for
the targeted NIR broad line. However, given that their
broad components are only blueshifted by ~100 and
400 km s, respectively, which are common in BL AGN
observations (Y. Shen et al. 2016; T. E. Zastrocky et al.
2024), and are dramatically broad (2399 and
3470kms ', respectively), we conclude that their broad
lines are dominated by AGN BLRs as well.
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3.2. Host Galaxies

In this Section, we introduce the two approaches applied to
measuring the stellar mass of the BL AGN hosts. For the AGNs
that have JADES JWST/NIRCam broadband images, we
conduct AGN-galaxy imaging decomposition to measure the
fluxes of the hosts, then use SED fitting with a custom setup for
the AGN component (J. Lyu et al. 2022) in Prospector
(B. D. Johnson et al. 2021) to derive the stellar masses. For the
four BL AGNs outside of the JADES footprint for which we
cannot do the same imaging decomposition as the other 14
AGNSs, we estimate the stellar masses by decomposing their
UV to mid-IR SEDs with a modified Prospector SED
fitting using the semiempirical AGN component.

3.2.1. AGN-galaxy Decomposition

We used the Python package galight (X. Ding et al.
2020) to decompose the light from AGNs and galaxies on
JADES NIRCam broadband images (from FOOOW to F444W),
by fitting them with a PSF component and a Sérsic component
(with a free Sérsic index (n)) convolved with a PSF. We used a
single Sérsic profile; although this approach is not able to
determine the substructure, if any, our primary goal is to obtain
the overall mass of the galaxy, which is not sensitive to the
detailed morphology.

First, the target images were cut out from all of the JADES
JWST/NIRCam broadband drizzled images in the GOODS-S
and GOODS-N field (with a nominal resolution of ~003),
with a field of view of 6” x 6” to make sure all light coming
from our sources is included. The PSFs applied during the
fitting are from the JADES collaboration (see Appendix A in
Z. Ji et al. 2023 for details). All nearby objects (detected in the
segmentation map at a signal-to-noise ratio (S/N) >3 in the
JADES photometric catalog) were masked before fitting. There
is a bright companion to the southeast of GS-206907 shown in
all NIRCam images, even though it can only be deblended by
the segmentation maps from FO9OW to F277W. Therefore, we
used an additional Sérsic model to fit it simultaneously in these
five short-wavelength bands, instead of masking.

The full fitting routine supported by galight starts with
the Particle Swarm Optimizer (J. Kennedy & R. Eberhart 1995)
to find the best-fit model. Then, the inferred minimized
parameters are passed to the Markov Chain Monte Carlo
(MCMC) routine to estimate the posterior parameter distribu-
tions. The values at the peak of each posterior parameter
distribution are the final best-fit parameters. Finally, the fluxes
of the AGNs and host galaxies are measured by summing up
the model light of the best-fit PSF and Sérsic components,
respectively.

Figure 4 shows an example of the galight fits in the seven
NIRCam broadband images. The “data — point source” images
reveal the light from the host galaxies, and the 1D surface
brightness profiles tell us whether the AGN or the galaxy
dominates the total brightnesses of the sources. By visually
inspecting the host galaxy images (“data — point source”) and
then requiring the host to be well detected at least in the rest-
frame 1 um band, we confirmed that the hosts of the 14 BL
AGNs that have images covering all NIRCam broad bands are
well detected. In addition, the “residual” images in Figure 4
illustrate the difference between the galight best-fit model
(PSF + Sérsic) and the observed fluxes.
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We also tested the robustness of our galaxy flux measure-
ments by subtracting the galight best-fit point-source flux
from the PSF-convolved KRON fluxes for the galaxies from
the JADES DR2 catalog.'” We confirmed that this measure of
galaxy flux (JADES total flux—PSF flux) is similar to the Sérsic
galaxy flux.

The MCMC results provide the uncertainties of the best-fit
parameters, but there are some concerns that they might be
underestimated (X. Ding et al. 2023; T. S. Tanaka et al. 2024).
Therefore, we used the MC method to derive the errors to see if
they agree with the MCMC errors reported by galight. We
generated 100 mock images for each target based on the
observed flux errors and re-fitted them to get the distributions
of best-fit parameters. Overall, the MC error of the galaxy
magnitude is comparable to the MCMC one, which is typically
~0.01 mag. Also, the error in stellar mass propagated from the
galaxy flux error is <0.1 dex, which is much smaller than the
error associated with the SED fitting to convert the flux to mass
(~0.3 dex; see Section 3.2.2). Therefore, we still use the
MCMC errors as the galaxy flux errors.

Even though studying host galaxy properties other than
stellar mass, e.g., morphology and size, is beyond the scope of
this work, we briefly point out here that the distribution of the
Sérsic indices, especially those in the long-wavelength filters,
peaks at n ~ 1-2. However, as J. Krywult et al. (2017) have
pointed out, the Sérsic index for bulge and disk galaxies
decreases with redshift. Namely, n~ 1 at 1 <z <4 does not
necessarily mean the galaxies are disk-like. Therefore, we are
conservative about whether our AGNs are mostly hosted by
late-type (disk-dominated) galaxies, although the host galaxy
type (i.e., evolutionary stage) of the AGN sample at different
redshifts is critical for studying the time evolution of M.—M,
relation (see Section 5). Meanwhile, the best-fit galaxy
effective radius of our 18 BL AGNs is typically 0.2,
corresponding to physical scales of ~1.5kpc for galaxies at
z~ 1-3.5. In this case, it is very difficult to tell the existence of
a bulge or a disk, and further to separate its light contribution to
the total galaxy flux to derive the bulge or disk mass.
Therefore, we are only able to study the M.—M,, relation for
our BL AGN sample at 1<z <4, rather than the M.-M,
relation.

3.2.2. Galaxy Stellar Mass Measured by Prospector SED Fitting

The stellar masses of the AGN hosts were measured by
fitting the PSF-subtracted fluxes with the software Prospec-
tor. A delayed-tau star formation history with Kroupa initial
mass function and the M. Kriek & C. Conroy (2013) extinction
law for the stellar continuum were assumed. Since the point-
source flux is removed by PSF subtraction, we did not add any
AGN component, but only incorporated stellar components and
associated nebular emission-line components and then derived
the stellar mass from the best-fit models. One example of the
galaxy SED fitting is shown in Figure 5. The typical statistical
uncertainty of the Prospector stellar mass is <0.1-0.15 dex,
which is smaller than the systematic errors introduced by
different SED model assumptions, such as star formation history
(0.2-0.3 dex). As a result, we only consider systematic errors
during the following analysis.

For GS-243640, GN-1095877, 1095207, and 1094302,
which do not have sufficient multiband NIRCam images for

17 https:/ /archive.stsci.edu /hlsp /jades
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Figure 4. Example galight fits of all seven JWST/NIRCam broadband images (FO9OW to F444W from top to bottom) for GN-1083261. The columns from left to
right show the data, model (PSF+-Sérsic), data — point source (host galaxy), residual (data — model) images, and 1D surface brightness profiles. From the data — point
source image, we confirmed the detection of the host galaxy.

accurate imaging decomposition, we derived their stellar We used the measurements based on CANDELS/SHARDS
masses using SED decomposition, i.e., fitting the UV-to-mid- photometry from G. Barro et al. (2019) and fitted with the
IR integrated galaxy emission separated from the total SED. modified Prospector code described in J. Lyu et al. (2024),
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Figure 5. Example of the Prospector galaxy SED fitting for GN-1083261,
using the PSF-subtracted fluxes derived from galight. The PSF-subtracted
fluxes (red circles) are fitted with an SED model (green lines) that contains the
stellar component and the nebular emissions. The blue squares represent
the best-fit model photometry. The bottom red enclosed regions show the
transmission curves of FOOOW, F115W, F150W, F200W, F277W, F356W, and
F444W from left to right.

where a semiempirical model for AGN UV to mid-IR continua
with nebular emission lines and dust attenuation is introduced
to replace the default AGN torus model in Prospector. We
compared the stellar mass derived from the SED decomposition
method with the imaging-decomposition stellar mass for the
BL AGNs with imaging-decomposition stellar mass as well,
confirming that the difference between them is <0.3 dex (the
typical error of the stellar mass by SED fitting), and thus using
SED-derived stellar mass for these four BL AGNs does not
have any impacts on our results of the M.-M, relation. The
stellar masses of our AGNs are listed in Table 1; overall, they
are hosted by massive galaxies (log(My/M) 2 10).

4. Results
4.1. Approach

To study the evolution of the M.—M,, relation up to z ~ 4, we
need to put our analysis on the same basic foundation as the
studies for z=1 to 2.5. The M./M, ratio is best behaved for
the galaxy bulges (J. Kormendy & L. C. Ho 2013), but for
high-redshift samples, it is not always possible to isolate galaxy
bulge, especially beyond cosmic noon, as we pointed out in
Section 3.2.1. In this case, relations to the integrated stellar
output are used, particularly those that A. E. Reines &
M. Volonteri (2015) and J. E. Greene et al. (2020) developed
for local galaxies. Since local AGNs are typically in late-type
(disk-dominated, relatively lower-mass) galaxies, their relation
is usually assumed. However, high-redshift studies identify
AGNs primarily in relatively massive, early-type (bulge-
dominated) host galaxies. For example, most of the AGN
hosts (26 out of 38) in J. I. H. Li et al. (2023) at z ~ 0.2-0.8 are
early-type systems (light-blue points in Figure 6). Therefore,
the studies of AGN hosts at z = 0.2 find that M./M,, for them
lies well above the local late-type/AGN relation from
A. E. Reines & M. Volonteri (2015), approaching the relation
for early-type galaxies (see Figure 6). To maintain consistency,
studies of the BH—galaxy mass relation should be based on a
reasonable reference M./M, ratio appropriate for the inspected
stellar mass range. In Section 5, we will discuss the issue of the
M./M, ratio comparison for samples at different evolutionary
stages.

A second consideration is how to quantify the observational
biases (e.g., T. R. Lauer et al. 2007). We do this with an MC
program similar to that introduced by J. Li et al. (2021), in
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which the observations are simulated according to (1) a
distribution of galaxy masses (i.e., stellar mass function, SMF);
(2) an assumed intrinsic behavior of M./M,, with a scatter; (3) a
BL AGN fraction (fraction of galaxies containing a BL AGN);
(4) an input Eddington ratio distribution function (ERDF); and
(5) measurement uncertainties for stellar mass and black hole
mass. Each MC trial is for a mock galaxy having a true stellar
mass from the SMF but with observables according to an
intrinsic M./M,. ratio sampled from the assumed intrinsic
relation, BL AGN fraction, ERDF, and errors. The trial then
yields a mock galaxy with observed stellar mass and black hole
mass, as well as AGN luminosity and broad line width if it
hosts an active nucleus. By applying the observational limit, we
will obtain the ensemble of results distributed according to
these uncertainties and subject to the “Lauer bias.”

A feature of our approach is that we simulate the actual
observations we could take in an area-limited survey like
FRESCO, i.e., with the appropriate number of BL AGNs for a
single set of observations. Using this actual observation design,
we compare the observed distribution of log(M./My) with the
simulated ones. We use the Kolmogorov—Smirnov (K-S) test to
determine the probability that the observed distribution could
be drawn by chance from the distribution defined by the many
simulated observations.

4.2. Determination of the M.—M,. Relation

The offset in the M.—M,, relation in the local Universe relative
to that observed in AGNs at moderately high redshift (Figure 6) is
likely due to a selection bias, but must be taken into account when
evaluating evidence for evolution. The different choices of the
reference benchmark can cause disagreements in the existence of
redshift evolution in M.—M,, relation for z < 2, even though the
derived intrinsic M./M,, ratios at 1 <z <2 generally agree with
each other reasonably well. For example, for 1 < z < 2.5, H. Suh
et al. (2020) found that the average ratio of log(M./M,,) is —2.64
for galaxies with 8.5 < log(M./My)<9.5 and —3.00 for
galaxies with 7 < log(M./My) < 8.5, and —2.50 when their
sample is combined with the A. Merloni et al. (2010) sample.
Similarly, without differentiating for black hole mass, G. Mount-
richas (2023) found an intrinsic average value of log(M./M.,.)
~ —2.50, and K. Setoguchi et al. (2021) obtained —2.22 for this
redshift range. These values are consistent with each other,
while not comparable with the ratio often used from A. E. Reines
& M. Volonteri (2015), for which log(M./My)~ —3.83. We
notice that a dozen rare low-mass AGN-host galaxies
(log(My/M.) < 9.5) recently reported by M. Mezcua et al.
(2023, 2024) have significantly higher M./M, ratios
(log(M./My)~ —1.5) compared to the values for massive AGN
hosts. Given that this work focuses on the mass scaling relation at
the massive end, we do not include those BL AGNSs in low-mass
galaxies in the comparison. We will briefly discuss their different
M./M,, behaviors in Section 5.

Therefore, to capture the range of observed values for
massive galaxies for 1 <z < 2.5, we will carry out analyses for
log(M./M ) = —2.50 with an intrinsic scatter of 0.5 dex as the
baseline (hereafter we refer to this as the “z ~ 1 relation”), and
also with log(M./M,) = —3.00. These two values are appro-
priate for comparison with the other high-redshift studies at a
similar stellar mass range, and using both gives assurance that
our conclusions are not strongly dependent on the choice of
fiducial mass ratio.
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Figure 6. Summary of the M./M, behavior from the local Universe to z = 7. We include the A. Merloni et al. (2010) and H. Suh et al. (2020) samples, along with
local AGNs and early-type galaxies from A. E. Reines & M. Volonteri (2015; light and dark purple), 0.2 < z < 0.8 AGNs (light blue) from J. I. H. Li et al. (2023), and
z < 2 AGNs (pink) from G. Mountrichas (2023). The z > 4 faint AGNs (magenta) from R. Maiolino et al. (2023) and Y. Harikane et al. (2023) and quasars (orange)
from X. Ding et al. (2023), M. A. Stone et al. (2024), and M. Yue et al. (2024) are also shown as a reference. Our new BL AGN sample (yellow stars) at 1 < z < 4 fills
the redshift gap in mass scaling relation studies. The z ~ 1 relation (log(M./My)= —2.5 with a scatter of 0.5 dex) is represented by the black solid line and the gray
shaded region. For z 2 0.1, the average log(M./Mj) values of massive AGNss fall well above the typical behavior for local AGNs (usually hosted by late-type galaxies)
and are slightly below the behavior of local early-type galaxies (A. E. Reines & M. Volonteri 2015).

The average BH-to-galaxy mass ratio (log(M./M.,)) for our
BL AGN sample, (log(M./My) = —2.61102), is consistent
with the ratio for the z ~ 1 relation even before correcting for
the observational biases (see the bias test in Section 4.3).

4.3. Modeling Observational Biases

In this Section, we apply an MC simulation to explore how
observational biases affect the apparent M.—M,, relation from
our observations. Basically, we generate a mock AGN sample
that represents the underlying AGN population at a specific
redshift epoch and that follows the z~ 1 relation; we then
apply the observation effects to this population to make a mock
“observable” AGN sample, and then we test how likely it is
that the observed distribution on the M.—M, diagram is
consistent with the mock distribution. In Section 4.3.1, we will
first start with an ideal scenario in which the survey area is
infinitely large to compare the intrinsic distribution and the
observations on the M.—M,, plane. In Section 4.3.2, we will
simulate mock observations by restricting the simulated survey
area to the size of our actual observations and applying a BL
AGN fraction related to the whole galaxy population. The third
and final step is to properly test how likely the z ~ 1 relation
can reproduce the observed distribution. We discuss the
procedures for generating mock AGN populations in
Appendix B.

4.3.1. Infinitely Large Survey

We use 107 trials for randomly creating 10’ mock BL AGNs
with true stellar mass M e and redshift z,. from the galaxy
SMF (J. R. Weaver et al. 2023). This arbitrary number is much
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larger than the BL AGN population size in the FRESCO fields
(~107%; see Section 4.3.2), so it can represent an infinitely large
survey scenario. Assuming that the BL AGNs follow the z ~ 1
relation, we determine the true BH mass M. i, and then the
bolometric luminosity (Lyo) by adopting the intrinsic ERDF at
z~2.15 by B. C. Kelly & Y. Shen (2013).

Next, assuming the virial BH mass and stellar mass
measurements are not biased from the true mass but are subject
only to measurement errors, we randomly add a Gaussian error
with a dispersion of 0.4 dex to the M. ., and 0.3 dex to the
M, ye to obtain M..,s and M, .. These errors were
determined from our mass measurement errors mentioned in
Sections 3.1 and 3.2.

Finally, we apply the observational limits to select the
“observable” mock AGNs. The first observational bias comes
from the BL AGN selection. In this work, only the AGNs that
have a measurable broad line (FWHM > 1000 km sfl) can be
identified as BL AGNs and be used for single-epoch M.
estimation. To estimate the FWHM of the broad line for mock
AGNs, we use M., and Ly, based on the F. Ricci et al.
(2017) single-epoch BH mass relation. Another limit arises
because of the spectral sensitivity of FRESCO/CONGRESS.
Typically, they can reach to a line flux sensitivity of
~5x10 "®ergs 'em 2 for observing a broad line of
1000km s~ " (but shallower for detecting a broader line; see
Appendix). We convert the line flux sensitivity to the
spectroscopic AGN bolometric luminosity limit Lijm spec based
on Zy,e (see Appendix B for details). Therefore, the mock
AGNs with Ly < Lijmspec are undetectable. Considering the
two observational limits mentioned above, we simulate an
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Figure 7. The distributions on the M.-M,, diagram at 1 < z < 4 based on the assumption of log(M./My)= —2.5 (left) and —3.0 (right). The contours show the
predicted distribution from our Monte Carlo simulation that includes both errors and biases. Specifically, the contours fall slightly above the input log(M./M.)

primarily because of the “Lauer bias.”

“observable” BL AGN sample from the whole mock BL. AGN
sample.

The left panel of Figure 7 shows that the “observable”
M. obs—M . obs distribution at 1 <z <4 is only slightly biased
upward from the intrinsic z ~ 1 relation (log(M./M,)= —2.5),
indicating that our BL AGN sample at this redshift range is not
much affected by observational biases. Also, all of our BL
AGN:ss are enclosed within the 20 contour of the “observable”
distribution; namely, our mock AGN simulation can success-
fully reproduce the observed AGNs without invoking any
evolution in M./M,.

To test the robustness of the no-evolution statement, we also
check the result if we adopt log(M./My) = —3.0 as the 7~ 1
relation. We find, even for this lower ratio, our 1 < z< 4 BL
AGNS are still located in the central region of the “observable”
distribution. This simulation and the results are very similar to
the recent paper by J. Li et al. (2024), which showed that with
many trials (i.e., our “infinite” sample), the characteristics of
4 < z <7 AGNs recently claimed to be above the local M./M,,
relation could be reproduced without requiring evolution in this
ratio.

4.3.2. Area-limited Survey

The fact that the data points fall within a distribution does
not necessarily indicate that these data points are consistent
with the distribution. With a large enough sample, the
distribution can successfully include the outliers, which may
just reproduce some observed targets by chance. Moreover, in
practice, our 1 < z <4 BL AGNs are selected from area-limited
surveys rather than an infinitely large survey, such as we
modeled in Section 4.3.1: the 1 <z <4 BL AGNs are blindly
selected from FRESCO and CONGRESS. "

'% The FRESCO survey mapped the 61 arcmin® areas in both the GOODS-S
field and GOODS-N field, and the CONGRESS survey covers a very similar
footprint as the FRESCO GOODS-N field.
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Therefore, to further quantify the probability that the BL
AGNSs observed in the FRESCO and CONGRESS areas follow
the mock distribution on the M.—M, plane assuming the z ~ 1
relation, we ran another MC simulation to model the
observations of the BL AGN population within an FRESCO-
like survey area. In this case, we are doing an apples-to-apples
comparison in which the mock AGN observations will have a
comparable sample size and parameter ranges (M, and z) as the
actual observations.

First, using the SMF, we estimate the expected number of
1 <z<4 (i.e., the redshift range of our BL AGN sample)
galaxies appearing in the footprint of FRESCO’s survey area
(122 arcmin®) to be ~1.3 x 10* over the stellar mass range of
logMy/M; > 9.9. Next, we run this number of trials to
simulate the mock galaxy population following the z~1
relation (log(M./My)= —2.5). We then apply a BL AGN
fraction (the number ratio of BL AGNs to galaxies) from
A. Schulze et al. (2015; 3% =+ 1.2%, where the error is from
their Figure 22) to this population to estimate the number of
galaxies (or trials) to have a BL AGN (~40 4+ 15 BL AGNs).
After assigning an Eddington ratio, mass measurement
uncertainties, and observational limits, as we did in
Section 4.3.1, we generate a mock BL AGN observation.
Finally, to exactly match the range of stellar mass between the
mock observation and the true observation, we exclude the
mock AGNs whose M, s is outside of the range
of 9.9 < log(My/M) < 11.3.

By repeating the procedure of mock observation generation
10,000 times, the distribution of the “observable” AGN number
counts in each mock observation with the intrinsic ratio of
log(M./M,) = —2.5 is plotted in the top-left panel of Figure 8,
which demonstrates that the median number count of the
simulated “observable” BL AGNs at z ~ 2 within an FRESCO-
like survey area is about 24 4 3; the observed number count
(Nobs = 18) is within the expected 30 error although slightly
less than the predicted median. The generally successful
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Figure 8. MC simulation results for the mock AGN sample assuming the underlying intrinsic relation is either log(M./M,) = —2.5 (top) or —3.0 (bottom). The blue
histograms represent the mock distributions, the black lines represent the median values of the mock distributions, and the yellow lines represent the observed value of
our AGN sample. Left panels: the distribution of the simulated “observable” mock AGN number count in an FRESCO-like area-limited survey. The observed number
count (Nyps = 18) is slightly lower than the predicted number count if log(M./M,) = —2.5 (Nops = 24, the difference is <30), while consistent with the predicted
number count if log(M. /M) = — 3.0 (Nobs = 17, the difference is <10). Right panels: the average log(M. /M.,) distribution (blue open histograms) for 10,000 mock
observations in the FRESCO fields, for which the ranges of M, and z are matched with our observed BL AGN sample. The black lines represent the median
log(M./M,) of the observed AGNs. The differences between the peak values of the distribution for the simulated “observable” mock AGNs and the observed
log(M./M.,,) ratio of our 1 < z < 4 AGN sample have significances of less than 20 and 10, respectively, for the two simulations. Overall, the results show that our
observed BL AGNs at 1 < z < 4 are consistent with the simulated “observable” sample with either log(M./M,) = —2.5 or —3.0.

matching of observable BL AGN number count between the 20 range of the distribution of the mock observations. The
simulation and observation confirms that our simulation bottom panels show the same information for log(M.
accurately incorporates the correct assumptions of properties /M) = —3.0; again there is no evidence for evolution.

of the underlying galaxy and AGN populations (i.e., SMF,
ERDF, BL AGN fraction), as well as the observational biases
and measurement uncertainties. A marginally lower observed o
BL AGN number count compared to the prediction is not . To further compare the full M./M,, distribution rather than
surprising given that we did not inspect every spectrum in just the median, we apply a K-S test between the mock

FRESCO and CONGRESS, and we might also have rejected a observations and the actual one to investigate their consistency.
few AGNs in our line wi dtil test We use two different approaches of the K-S test to make this

4.4. Kolmogorov—Smirnov Tests

Next, we test how likely it is that our observed 1 < z <4 BL comparison:
AGNs are statistically consistent with the mock observations 1. One-sample Test. For this test, we average all of the mock
following the z ~ 1 relation (log(M./M,)= —2.5) by compar- observations to obtain a noise-free reference distribution
ing their M./M, distributions. The top-right panel of Figure 8 and do a K-S test between this reference and the actual
illustrates the distribution of the median log(M./M,) of mock observations. If the p-value of the K-S test is higher than
observations; the observed median log(M./M,) falls within the 0.05, we can reject the hypothesis that the observed

12
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AGNs are not consistent with the mock reference
distribution. To make the reference distribution, we
randomly select 18 AGNs from each mock observation
if the predicted number count is no less than 18, which
also, more or less, accounts for the potential incomplete-
ness of our BL AGN sample. We rank the 18 log(M./M.)
values of all mock observations and then average all of
the mock values at each rank to get the final averaged
distribution.'® This approach reduces the uncertainty of
the reference distribution introduced by the noise of each
random simulated observation, providing a virtually
noiseless distribution of observations from 18 targets.

2. Two-sample Test. In this case, we do a K-S test between
each mock observation and the actual observation;
namely, we make 10,000 K-S tests and calculate the
fraction of test results for which we can reject the
hypothesis that the observed AGN sample does not come
from the same distribution as the mock AGNs (the p-
value of the K-S test is higher than 0.05). This approach
fully accounts for the fluctuations that exist in our small
sample of observations and provides a statistical prob-
ability of rejecting the null hypothesis.

The one-sample test returns a p-value of 0.97 for log(M. /M,,) =
—2.5 (see Figure 9). In > 99% (9916/10,000) of the realizations of
the two-sample test for log(M./M,)= —2.5, the p-values are
>0.05, indicating we can reject the hypothesis that the observed
log(M./M,,) distribution is different from the mock distribution.
All tests strongly indicate that there is no statistically significant
difference of the observed 1 < z < 4 sample from the expected no-
evolution behavior at 7 ~ 1-2.5.

Also, we tested the case of log(M./My) = —3.0 to see if the
large dispersion of the M./M, ratio at z ~1—2.5 could result in
a different conclusion on the M./M, evolution. The MC
distributions of mock BL AGN number count and median
log(M./My) are shown in the bottom panels of Figure 8. The
K-S test between the reference mock log(M./M,) distribution
and the observed one is plotted in the bottom panel of Figure 9,
with a p-value of 0.78. Additionally, >96% (9676,/10,000) of
the realizations of the two-sample test have a p-value higher
than 0.05. We confirmed that, even for log(M./My) = —3.0,
there is no statistically significant deviation of the observed
sample from the expected no-evolution behavior at z ~ 1-2.5.

Therefore, the observed 1 <z <4 BL AGNs are consistent
with the mock distribution that is based on the z ~ 1 relation
after taking into account the selection biases, suggesting no
evolution of the M./M, ratio at the massive end
(log(My/M) 2, 10) at least up to z~4. We have already
shown this result in Figure 6. Figure 10 is another presentation
that highlights the lack of change in the relation between M.
and M, at log(My/M;) 2 10 between the previously studied
lower-redshift AGNs and our sample.

5. Discussion

Determining the masses of high-redshift AGN-host galaxies
directly from their stellar populations or stellar dynamics, in a
similar manner to the basis for the determination of the local
M./M,, relation, is paramount for characterizing the possible

19 We discard the mock observations with a predicted number count of <18
(1% for the log(M./My)=— 2.5 case and 50% for the log(M./My) = —3.0
case) because it cannot be ranked with other mock observations including
18 AGNs.
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Figure 9. Comparison between the reference distribution of log(M./M,)
derived by averaging all of the mock observations (blue-filled histogram) and
the observed distribution (yellow-open histogram), assuming the underlying
intrinsic relation is either log(M./M,) = —2.5 (top) or —3.0 (bottom). The p-
value of the K-S test suggests the two distributions have no significant
difference, supporting the idea of no-evolution of the M./M,, ratio from z =1
to = 4.

evolution of the SMBH-galaxy correlations. As a step toward
this goal, we have shown that the observed M./M, ratio for
massive galaxies has no significant change from z~ 1 to 4.
Along with previous findings of no-evolution up to z ~ 1 (e.g.,
H. Suh et al. 2020; J. 1. H. Li et al. 2023; G. Mountric-
has 2023), we conclude that the M.—M, relation at
log(My/M) 2 10 up to z ~ 4 is consistent with the local one.

Our study indicates some cautions on studying the M./M,,
evolution using the local A. E. Reines & M. Volonteri (2015)
relation as the baseline. It should be noted that the local AGN
sample in A. E. Reines & M. Volonteri (2015) is based on
lower-mass late-type systems, while AGNs at 1 <z <4 are
usually detected in more massive galaxies. The higher-redshift
AGN hosts may also be bulge-dominated galaxies (e.g.,
J. I H. Li et al. 2023); although, the morphology study of
AGN hosts is still limited above z ~ 1-2 even in the JWST era.
Therefore, the shift in the mixture of galaxy types from the
AGN sample in high-z to that in the local Universe might be the
reason for the significant change of the M./M, ratio when
comparing the value at high redshift with the local A. E. Reines
& M. Volonteri (2015) value. Future detailed discussion on this
issue will be provided in a forthcoming paper.

In addition, some previous studies at z < 2.5 only used an
M./M, value to quantify the M.-M, relation, namely, by
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Figure 10. M. vs. M, relation for the GOODS-S and GOODS-N AGN sample at 1 < z < 4 (yellow stars). As a comparison, the AGN samples at cosmic noon (z ~ 2)
from A. Merloni et al. (2010; dark-green dots) and from H. Suh et al. (2020; light-green dots) are plotted. The local M.—M., relation for the bulge-dominated galaxies
from J. Kormendy & L. C. Ho (2013) and that for the AGN hosts from A. E. Reines & M. Volonteri (2015) are illustrated by the black dashed line and the black dotted
line, respectively. Also, we show the intrinsic BH-to-stellar mass ratio at 1 < z < 2 (log(M./My)= —2.5) determined by previous studies (e.g., H. Suh et al. 2020;

G. Mountrichas 2023) using the solid black line.

simply assuming the M./M, is independent of M. or M, (the
slope is always 1). Indeed, the relation from A. E. Reines &
M. Volonteri (2015),

log(M./My) = 7.45 + 1.05 x log(My/10"'M,,), 2)

suggests that M. is almost linearly proportional to the stellar
mass M,, so a simple re-normalization might seem to be
adequate. However, other work has found the M./M,, ratio can
be different across a wide range of black hole masses or stellar
masses. For example, H. Suh et al. (2020) found
log(M./M ) ~ —2.64 for 8.5 <log(M.) < 9.5 and
log(M./My) ~—3.00 for 7.0 < log(M.) < 85 at z~1.5.
These observations indicate that not only can the general host
galaxy properties in the high-z samples be different from the
low-z samples (e.g., those studied in A. E. Reines & M. Volo-
nteri 2015), but also that the range of BH masses or stellar
masses being sampled at high-z are also different than the range
at low-z, resulting in an intrinsic difference in the M./M,
ratios. Such behavior does not influence our results here since
the stellar masses of our sample are relatively high and span a
narrow range (~1 dex). However, it could complicate studies
of BL AGNs in low-mass galaxies beyond the local Universe,
especially the new JWST discoveries of faint AGNs in low-
mass galaxies at z >4, where the host galaxy properties are
even more challenging to determine.
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In this work, we have also evaluated the net errors and biases
in our measurements based on the MC approach originally
suggested by J. Li et al. (2021) with some additional
improvements. We have shown that some considerably larger
M./M, ratios similar to those observed at high-z can be
produced by chance, sometimes after tens of millions of trials.
However, the critical question is whether the observed ratios
are likely in observational programs with a limited number of
targets. The targets constitute the parent sample from which the
observations are drawn, and a similar philosophy must be
applied in the simulations. This distinction is important at high
redshift, where the available samples are small. In a forth-
coming paper, we will extend the test of the redshift evolution
of M.—M, relation up to z~ 7 by using a similar analysis as
developed in this paper.

Lastly, as we pointed out in Section 4.2, this work only
focuses on the M.—M, relation evolution between 1 <z <4 at
the high-mass end because of the stellar mass range of our new
BL AGN sample. M. Mezcua et al. (2024) recently discovered
a dozen BL AGNSs hosted by low-mass star-forming galaxies at
1 < z< 3. They found those low-mass AGN-host galaxies are
significantly above any of the local relations, which seems to
indicate the presence of the M.—M, relation evolution at the
low-mass regime. Also, when taking into account the future
evolutionary pathway of those AGNs in low-mass galaxies, the
authors speculated that about 30% of their AGNs could merge
into the normal relation with an evolved and increased stellar
mass at z~ 0. However, we do not include those low-mass
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samples in our mass scaling relation evolution analysis nor
draw any conclusion at the low-mass regime in this paper,
because (1) the local M.—M, baseline relation at the lower-mass
regime (log(My/M,) < 10) is still highly uncertain due to the
limited number of BL. AGNs in low-mass galaxies observed
with uniform BH mass measurements (A. E. Reines &
M. Volonteri 2015; J. E. Greene et al. 2020; but see R. Pucha
et al. 2024); (2) the sample size of such a kind of AGN in
higher redshift is also small and sparsely distributed across
redshift (see Figure 6); and (3) most importantly, those AGNs
in low-mass galaxies suffer from stronger observational biases
compared to the massive ones (see Appendix B), which were
not evaluated in M. Mezcua et al. (2023, 2024). To better
constrain the M.—M,, relation at the low-mass end and examine
its evolution with redshift, future observations of a larger
sample of BL AGNs in low-mass galaxies with consistent
measurements of both BH mass and stellar mass, and a
comprehensive understanding of their observational biases, are
essential.

6. Conclusion

In this work, we built a new sample of 18 BL AGNs with
broad rest-frame NIR spectral lines (Paschen lines and Hel
A10833 A) at 1 < z < 4 in the GOODS-S and GOODS-N fields
using the FRESCO and CONGRESS JWST/NIRCam grism
spectra. We measure the BH masses of our BL AGN sample
(7.1 < log(M./M_) < 8.8) using the single-epoch virial BH
mass method based on the three NIR lines. We derived their
stellar masses (9.9 < log(Mx/M;) < 11.3) by either applying
AGN-galaxy imaging decomposition on the JADES JWST/
NIRCam broadband images and fitting the host-only SED, or
doing the SED decomposition if targets are outside of the
JADES footprints.

We calculated the average M./M, ratio for our new
1 <z <4 BL AGNs (log(M./My) = —2.61*320) and found it
is consistent with the values at z ~ 1-2.5 from previous studies
(Figures 6 and 10). In other words, using the z~ 1 relation
(log(M./M,)= —2.5) as the baseline, we do not observe an
evolution of M./M, ratio up to z ~ 4 (Figure 6). We also tested
the impact of observational biases on the observed M.—M,
distribution by running an MC simulation to model both the
mock 1 <z <4 AGN population in an infinitely large survey
and the mock observations in an FRESCO-like (area-limited)
survey, following the z~ 1 relation. The observed M.-M,
distribution is in good agreement with the intrinsic distribution
derived with the infinite sample (Figure 7). Also, by applying
the K-S test to compare the log(M./Msy) distribution between
the mock observation and the true observation, we confirmed
there is no significant difference between them (Figure 9),
which indicates that there is no evolution of the M./M, ratio at
log(My/M) 2, 10 up to z~ 4, even accounting for observa-
tional biases.

This work sets up an appropriate baseline for comparison
with the other high-redshift studies and an improved MC tool
to simulate mock observations with biases and errors for a fair
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comparison with true observations. In an accompanying paper,
we will apply this developed tool to test the redshift evolution
of the M.—M,, relation up to z~ 7 by using a similar analysis
as developed in this paper on higher-redshift (4 <z <7)
samples.
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Appendix A
Broad-line Fitting of the BL AGNs

We use the Python package 1lmfit (M. Newville et al.
2014) to model the broad-line (Pac, PaB, and Hel
A10833 A lines) profile of our BL AGNs. In addition to the
six examples shown in Figure 3, the rest (12) of the 18 BL
AGNs are shown in Figure Al.
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Figure Al. Line profile fitting on the broad Pac, Paj, and He I A\10833 A lines, for the remaining (12/18) of our BL AGNs identified in this work, the same as

Figure 3.

Appendix B

Details of Building a Mock AGN Population

For the infinitely large survey scenario (Section 4.3.1), to
build a mock AGN population, we first randomly generate 10
mock galaxies with true stellar mass M, e and redshift zyye
from the COSMOS2020 SMF at z~2 (J. R. Weaver et al.
2023). The mock stellar mass is sampled from 10°°-10'2 M,
with the grid size of 0.005 dex in logarithmic scale, and the
redshift z,. is sampled in steps of Az =0.01 within 1 <z <4
(corresponding to the redshift range of our AGN sample). We
limit the lower boundary of simulated stellar mass to 10°° M.,
to match with the lowest stellar mass of our AGN sample,
because there should be an observational limit determining the
lowest stellar mass of galaxies that we can detect and can be

well-measured through imaging-decomposition using JWST/
NIRCam data. However, since it is hard to quantify and thus is
not included in the observational limits that we carefully model
in this work, we simply limit the simulated stellar mass above a
threshold to model this observational limit.

In the next step, we assign a true BH mass M. . for each
M rye by assuming the z ~ 1 relation with the intrinsic scatter

Oint-

X exp

16

1

V27 Ot
_ (logM. — (log My + a))*

, Bl
Py (BI)

int
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Figure B1. The distributions of mock 1 < z < 4 AGNs that follow the z ~ 1 relation on the M.—M,, diagram. The gray contour in all panels represents the M. yye—M
wue distribution of the whole mock AGN population, without applying mass measurement errors. In the middle column, the blue contours show the M. gbs—M. obs
distributions of the whole mock AGN populations, namely, the observed distributions with the errors of M. (0.4 dex) and M, (0.3 dex). In the right panel, the blue
contours show the M. ,n—M s distributions of the “observable” mock AGN populations, i.e., the errors of M. and M, and the observational limits are added. All of

the contours indicate the 1o to 30 levels.

where a is the intrinsic M./M, ratio (log(M./M,)). Here we use
the z ~ 1 relation for AGNs, which have a =-2.5 or —3.0 and
Oint = 0.5 dex. Then, we simply assume all of the generated
mock galaxies have an AGN, given that we are modeling an
infinitely large survey. In most cases, the AGNs are at very low
luminosity and are undetectable, as reflected in the ERDF. The
true distribution of our mock AGN sample in the M. versus M,
plane is shown in the left panel of Figure B1. For each mock
AGN, we then calculate its bolometric luminosity Lieimock DY
assigning an Eddington ratio (Agqq = Lgad/Leol) that is
randomly sampled from the z~2.15 ERDF by B. C. Kelly
& Y. Shen (2013) and also the X-ray luminosity at
2-10keV(Lo_jokev) Using the X-ray bolometric correction
reported by F. Duras et al. (2020).

We further consider the uncertainty of the observed mass
measurements (M. ops and M, o) related to the true masses
(M. rye and M, ). In our case, the uncertainty of the virial
BH mass method built by F. Ricci et al. (2017) is about 0.4 dex,
and the SED-based stellar mass measurement error is about
0.3 dex. By adding random Gaussian errors to both M. i, and
M yrue, We obtain M. s and My o, The M. gos—My obs
distribution of the mock AGN sample is shown in the middle
panel of Figure B1, which is significantly broader than the
initial distribution.

Finally, we apply the observational limits to select the
“observable” mock AGNs. The first observational bias comes
from the BL AGN selection. In this work, only the AGNs
that have a measurable broad line (FWHM > 1000 km sfl)
can be identified as BL AGNs and be used for single-epoch
M. estimation. Therefore, we use M. ok and L jokev
to estimate the FWHM of the targeted NIR line based
on the F. Ricci et al. (2017) single-epoch BH mass relation
for each mock AGN. The mock AGNs with a broad-line
width <1000 km s~ will be left out of the “observable”
sample. Another limit arises because of the spectral
sensitivity of FRESCO. It is about 5 x 10" "®ergs™' cm 2 for
detecting a broad component with a width of 1000 kms ™. For
detecting a broader line, the flux line sensitivity decreases as
(FWHM/2OO)0'5 x 2x 107 "®ergs™ ' em ™2, where 200km s ™!

17

is the instrumental broadening with spectral resolution R ~ 1500.
We convert the line flux sensitivity to the line luminosity limit
based on zy,. Given that most of our BL AGN samples are
identified using the FRESCO F444W grism spectra with a
wavelength coverage of 3.1-4.0 ym, we assume the broad lines
that we could detect in the FRESCO spectra for mock AGNs at
1 <z<2°, 2<z<2.5, and 2.5 <z<4 are Paa, Pag, and Hel
A10833 A, respectively. By fitting the luminosity relation
between Ha and those three NIR lines using the H. Landt
et al. (2008) local BL AGN sample, we can convert the targeted
line luminosity limit to the Ha line luminosity limit. We further
convert the Ha line luminosity to the spectroscopic AGN
bolometric luminosity limit Ljim spec Using the relation from
J. E. Greene & L. C. Ho (2005). We classify the mock AGNs
with Liol,obs < Liim,spec as undetectable. Considering the two
observational limits mentioned above, we made an “observable”
mock AGN subsample from the whole AGN sample. The final
“observable” M. ops—M obs distribution is shown in the right
panel of Figure B1. Comparing the “observable” M. gos—My obs
distribution (blue) with the whole AGN M. ,c—M e distribu-
tion (black), it is straightforward to illustrate the significant
effects of observational limits on biasing the real mass scaling
relation to the observed one, which is known as the “Lauer bias”
(T. R. Lauer et al. 2007).

For simulating the actual observation in an FRESCO-like
survey (Section 4.3.2), we apply a similar routine to that for the
infinitely large survey scenario. The only two differences are:
(1) we now simulate the exact galaxy population within an
FRESCO-like survey area instead of an arbitrarily large
population. We first estimate the galaxy population size within
an FRESCO-like survey field (122 arcmin?) using the COS-
MOS2020 SMF, which results in 4170 galaxies with stellar
mass ranging from 10°~10'2 M, and redshift in the range of
1 <z<4.(2) To estimate the BL AGN population underlying
the whole galaxy population, we assume the BL AGN fraction
at 1 <z<4 as a constant 3% + 1.2% (A. Schulze et al. 2015)
of the whole galaxy sample, given that A. Schulze et al. (2015)
found the BL AGN fraction at z~2 is almost constant
when log(M./M_) < 9.
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