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ABSTRACT

With the advent of GRAVITY +, the upgrade to the beam combiner GRAVITY at the Very Large Telescope Interferometer (VLTI),
fainter and higher redshift active galactic nuclei (AGNs) are becoming observable, opening an unprecedented opportunity to further
our understanding of the cosmic coevolution of supermassive black holes and their host galaxies. To identify an initial sample of
high-redshift type 1 AGNs that can be observed with GRAVITY+, we have obtained spectroscopic data with NTT/SOFI of the most
promising candidates. Our goal is to measure their broad line region (BLR) fluxes and assess their physical geometries by analysing
the spectral profiles of their Balmer lines. We present 29 z ~ 2 targets with strong He emission in the K-band. Their line profiles
are strongly non-Gaussian, with anarrow core and broad wings. This can be explained as a combination of rotation and turbulence
contributing to the total profile or two physically distinct inner and outer regions. We find small He virial factors, which we attribute
to the low full-width-half-maximum (FWHM)/o ratios of their non-Gaussian profiles, noting that this can lead to discrepancies in
black hole masses derived from scaling relations. We also find two targets that show tentative evidence of BLRs dominated by radial
motions. Lastly, we estimate the expected differential phase signals that will be seen with GRAVITY+, which will provide guidance
for the observing strategy that will be adopted.
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1. Introduction

Supermassive black holes (SMBHs) comprise the largest black
holes in the Universe, with masses in the order of thousands to
billions of solar masses. These black holes are believed to reside
in the centre of galaxies and impact galaxy evolution through
feedback mechanisms which regulate star formation and galaxy
growth (Silk 2013; Terrazas et al. 2017; Harrison 2017). The
growth of the host galaxy is also believed to affect the devel-
opment of the central SMBH (Di Matteo et al. 2005; Ferrarese
& Ford 2005; Peterson 2008; Giiltekin et al. 2009; Yesuf & Ho
2020). This almost symbiotic relationship between the central
BH and its host galaxy is reflected in scaling relationships be-
tween the black hole mass and central stellar properties of the
host galaxy (Kormendy & Ho 2013; Ferrarese & Merritt 2000;
Marsden et al. 2020; Martin-Navarro et al. 2020). These find-
ings invoke a coevolution scenario between the central BH and
its host galaxy (Heckman & Best 2014).

Measuring SMBH masses is crucial to illuminating this sce-
nario. In addition, measuring SMBH masses dynamically is es-
sential to understand if and how the scaling relations typically
used to infer those masses (Dalla Bonta et al. 2020; Shen & Liu
2012; Prieto et al. 2022) evolve with redshift. This is particu-

larly important in early cosmic times when direct SMBH mea-
surements are scarce. Most SMBH mass measurements are done
via spatially resolved stellar (Saglia et al. 2016) or gas kinemat-
ics (Boizelle et al. 2019; Osorno et al. 2023), megamaser kine-
matics (Greene et al. 2010; Kuo et al. 2020), and reverberation
mapping (RM) (Peterson 1993; Peterson et al. 2004; Li et al.
2023). However, these methods are predominantly used to probe
SMBH masses of low redshift targets. Notably, performing RM
at high redshifts requires long (multi-year) campaigns due to the
cosmological time dilation and also because the quasars (QSOs)
targeted tend to be luminous and so have large broad-line regions
(BLRs) and, therefore, high SMBH masses. A recent summary
of such efforts is given by Kaspi et al. (2021).

Although several observational studies have already investi-
gated the coevolution scenario at higher redshifts (e.g., Lapi et al.
2014; Carraro et al. 2020), these works use SMBH masses de-
rived from scaling relations and so are based on the assumption
that those relations, derived at low redshift, are also applicable at
high redshift. As such, there is a need to measure SMBH masses
at high redshift independently via direct dynamical methods.

With the unprecedented precision and resolution of GRAV-
ITY (GRAVITY Collaboration et al. 2017), the beam com-
biner at the Very Large Telescope Interferometer (VLTI), spa-
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tially resolving the broad line region (BLR) kinematics to mea-
sure SMBH masses has become possible in the local Universe
(GRAVITY Collaboration et al. 2018, 2020a, 2021a, 2024) with
very long baseline interferometry (Eisenhauer et al. 2023). Ex-
tending this endeavour to higher redshifts was one of the impera-
tives for upgrading GRAVITY. The GRAVITY+ project aims to
add wide-field off-axis fringe tracking (called GRAVITY-Wide)
and new adaptive optics systems with laser guide stars (LGS) on
all the unit telescopes (UTs). This will enable observations of
both fainter and high-redshift quasars (GRAVITY+ Collabora-
tion et al. 2022). A key epoch to focus on is the “cosmic noon”
in the redshift range 1 < z < 3, corresponding to about 8-12 bil-
lion years ago when star formation and black hole growth both
peaked (Madau & Dickinson 2014; Tacconi et al. 2020). Abuter
et al. (2024) recently performed the first dynamical mass mea-
surement of a z ~2 quasar with GRAVITY-Wide. With the other
improvements from GRAVITY+, a vastly wider sky coverage
will open up the possibility of selecting larger samples of AGNs
and measuring their SMBH masses. To prepare for this, we un-
dertook a preparatory near-infrared (NIR) spectroscopic survey
of promising AGN candidates for GRAVITY+. This program
aims to confirm suitable targets as quasars based on their K-band
Ha line profiles and fluxes. We identify the best targets for high-
priority follow-up observations with GRAVITY + by fitting their
line profiles with a BLR model and estimating their expected
interferometric signals. This also yields information about their
BLR geometries, giving us a first glimpse of what we can learn
from their BLR structure. We present 29 high-redshift targets (z
~ 2) observed in this initial survey. For our analyses, we adopt
a Lambda Cold Dark Matter (ACDM) cosmology with Q,, =
0.308, Q4 = 0.692, and Hy = 67.8 km s~! Mpc™' (Planck Col-
laboration et al. 2016). We describe our sample selection and
observations in Sect. 2. We discuss our data reduction methods
in Sect. 3. We summarise the emission line properties of our tar-
gets in Sect. 4. We discuss the BLR model used in this work, our
fitting methodology and results in Sect. 5. We present the esti-
mated differential phase signals of our targets based on our BLR
model fitting in Sect. 6. Finally, we present our conclusions in
Sect. 7.

2. Targets and observations

The targets were selected from the Million Quasar (Milliquas)
Catalogue (Flesch 2021) version 7.5 (updated last 30th Apr.
2022) which provides a catalogue of type 1 QSOs and active
galactic nuclei (AGNs) complete from literature, as well as from
the Quaia spectroscopic catalogue (Storey-Fisher et al. 2024)
that is based on Gaia candidates with unWISE infrared data. Our
selections of type 1 QSOs required (i) 2.1 < z < 2.6 so that Ha
is redshifted into the K-band, (ii) enabling GRAVITY + observa-
tions either on-axis (i.e., K < 13) or off-axis (i.e., K < 16 as well
as with a K < 13 star within 20”), and (iii) an initial prediction of
the differential phase signal > 0.3° to ensure that the integration
times with GRAVITY+ would be reasonable. The differential
phase is an interferometric observable that measures the centroid
position as a function of wavelength (see Sect. 6 and GRAVITY
Collaboration et al. 2020a for more details). The expected dif-
ferential phase signal was estimated by assuming all targets lie
on the Bentz et al. (2013) R-L relation. The 5100A luminos-
ity was estimated by scaling the mid-IR luminosity (Krawczyk
etal. 2013) SED to the observed Gaia Grp magnitude. The phase
signal was then calculated using A¢ = [f/(f + 1)]RB where
f is the typical line-to-continuum ratio of 3 for He, R is the
BLR radius (in radians), and B is the projected baseline length
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of 100m for the VLTI divided by the wavelength. To make an
initial assessment of the properties of the selected quasars, we
also looked into the archival data, particularly within the Sloan
Digital Sky Survey (SDSS) Data Release 16 Quasar Catalogue
(DR16Q; Lyke et al. 2020) and the UV Bright Quasar Survey
Catalogue (UVQS; Monroe et al. 2016) for their optical and
ultraviolet (UV) spectra, respectively, to confirm AGN features
such as the blue continuum and broad CIV, Mgll, or Lya lines.

After the sample selection, 72 observable unique targets
were selected. Observations were performed between April 2022
and February 2023 with the infrared spectrograph Son of ISAAC
(SOFI) at the 3.6-m New Technology Telescope (NTT), which
is operated by the European Southern Observatory (ESO). Due
to weather conditions, we were able to observe 49 targets with
NTT/SOFI. Since our goal is to pick objects that are suitable
for GRAVITY+ observations, we only analysed those with suf-
ficiently strong He lines (i.e. integrated flux 2 5 x 107'¢ erg s!
cm2). We then narrowed our sample to 29 targets. Some of the
faint targets have signal-to-noise ratio (SNR) values between 4
and 10, while the brightest targets have SNR as high as 40-55.
Table A.1 lists the 29 targets with good spectra, which are anal-
ysed in this work, together with a summary of their observations,
which include the date of observation, exposure time, airmass,
seeing, and SNR.

The initial two runs were performed using medium resolu-
tion spectroscopy with the K filter (2.00-2.30 ym, grism no.
3 with R~2200, with a dispersion of 4.62 Apixel") and a 1”7
slit. For the remainder of the runs, we switched to the low-
resolution spectroscopy with the GRF filter (1.53-2.52 um, red
grism with R~980 with a dispersion of 10.22 A pixel™') and
a 0.6” slit due to the wider wavelength range it provides, al-
lowing better constraint on the continuum and possible detec-
tion of HB and Hy lines compared with the K; filter. The K-
mag values and exposure time of each target are presented
in Table A.1. For the science observations, we used the auto-
nod non-destructive readout mode of SOFI provided by the
SOFI_spec_obs_AutoNodNonDestr template. A telluric star
was observed after each AGN observation to enable atmospheric
correction and flux calibration. For the spectral calibration and
flat fielding, we took xenon and neon arc lamp observations
and dome flat exposures before the start of each night. These
observations were taken with the SOFI_spec_cal_Arcs and
SOFI_spec_cal_DomeFlatsNonDestr observation templates,
respectively, using the same slit and filter as our observations for
the night.

3. Data reduction

The data were reduced with version 1.5.0 of the SOFI pipeline.
The flat fields and arc frames were processed using the
sofi_spc_flat and sofi_spc_arc recipes, respectively. For
low-resolution data, we had difficulties obtaining a dispersion
solution that matched the H- and K-bands simultaneously. We,
therefore, applied a quadratic correction to each band separately,
based on the atmospheric OH lines in the H-band and on the
arc lines in the K-band. The science data were processed using
sofi_spc_jitter recipe to produce a 2D spectrum. Although
this recipe can combine the individual frames and extract a final
1D spectrum, we used our own algorithms for these steps. Each
2D spectrum was trimmed in the spatial direction, and then a
line-by-line residual background was fitted away from the ob-
ject trace and subtracted. The frames were aligned to integer
pixel precision based on the spectrally summed trace and then
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combined while rejecting deviant values. A final iteration of the
line-by-line subtraction of the median in each row was then per-
formed on the combined frame. From this 2D product, we ex-
tracted a 1D spectrum on which we performed telluric correction
and flux calibration.

The spectral extraction was based on the optimal extraction
method described by Horne (1986), with some adaptations to
match it to the pipeline process and the data properties. A de-
scription of the implementation is given in the Enhanced Resolu-
tion Imager and Spectrograph (ERIS)-SPIFFIER Pipeline Man-
ual'. This method is suitable for sources where the spatial dis-
tribution changes only gradually with wavelength, including un-
resolved sources such as stars and the QSOs in our sample. The
routine begins by defining a region around the spectral trace that
encompasses all the flux. This defines the source values D,, as
a function of spatial location x and wavelength A, and the vari-
ance values V., as the square of the noise. An initial spectrum
is created as f""! = ¥, D, with variance var[f;] = Z,V1. A
model of the spatial distribution of the source (or point spread
function/PSF) P,, is then constructed by normalising each spec-
tral slice so that P,y = Dy,/fi. The resulting model P,, is es-
sentially the probability that a detected photon with wavelength
A falls on pixel x. Because P, is by definition strictly positive,
in the first step, any negative values of P,, are set to zero. The
second step is to provide some regularisation along the spectral
direction, so at each spatial location x, the spectral values of P,,
are traced. Rather than fit these with low-order polynomials as
was done by Horne (1986), we applied a running median filter.
In both cases, the same purpose is achieved: to reject outliers,
which is the second core part of the algorithm. Any pixel in P,,
for which (D,; — f/lPM)2 > O'?h.pV is set to zero. The threshold
O ip 1s derived using a percentile clipping of the values and is
calculated for each spectral row to allow for strong variations in
the SNR along the spectrum. The spectrum estimator is then de-
fined to be a linear combination of unbiased pixel estimates such
that

unbiased __
b =

Ex(Wx/le/l/Pxxl)
z:x(vvx/l)

where the variance of the weighted mean is minimised by choos-
ing weights that are inversely proportional to the variance of the
variables, so that

1/Wyy = var[Dy /Pl = Vi /P,

Substituting these weights into the equation above, one can find
the optimal extraction of the spectrum f such that when it is
multiplied by the source model P, the result matches the data D,
which has variance V. The initial optimal spectrum can then be
expressed as:

foptimal — ZX(PX/lDX/l/VX/l)
! Za(P2, Vi)

with variance

; 1
var optimal —
U] 2P/ Vi)

This process is then iterated a second time replacing the initial
estimate of f; with the first estimate of the optimised spectrum,
to yield the final estimate of the optimised spectrum.

The telluric star was used both to correct the atmospheric
absorption and for flux calibration. The former was achieved by

! Available from https://www.eso.org/sci/software/pipelines

modelling the star (spectral type B) as a blackbody with Bry
absorption and normalising the resulting telluric spectrum to a
maximum value of 1. The flux calibration was performed by tak-
ing the ratio of the counts within 2.0-2.3 ym and the expected K-
band flux calculated from the magnitude. We compare the mea-
sured K, values of our targets based on their average flux den-
sities with the K,,,, values from their catalogues, and find that
our targets are ~0.44 mag fainter than expected. This translates
to a ~33% lower detected flux than expected. We discuss the
possible cause of such lower measurement in Sect. 4.4.

4. Emission line properties

This section focusses on the observed properties of the emission
lines. We first apply a line decomposition in order to separate the
broad component from other features in the spectrum. We then
assess the properties of the broad line emission, in particular, the
full-width-half-maximum (FWHM) to o ratios and the Ha/HB
flux ratios of our targets.

4.1. Line decomposition

In this Section, we describe the fitting of the He, HB, Hy, and
[O1I] lines as well as the continuum and iron complex (noting
that for the medium resolution data taken with the K -band fil-
ter, only the He line is covered). We used the SAGAN code? to
decompose the spectra.

The Ha lines were fitted with two Gaussian components
when there was a clear superposition of a narrower core (that is
much broader than the typical width of a narrow-line component
expected from the narrow-line region or NLR) and a broader
wing component. We impose criteria to determine whether the
double Gaussian model is a better fit than the single Gaussian
model. Once all criteria are met, the double Gaussian model is
preferred. Otherwise, we follow the single Gaussian model fit.
Our criteria are similar to that of Oh et al. (2024):

1. The reduced chi-square value of the double Gaussian fitting
is less than that of the single Gaussian fitting (y3, < x3),
where D and S refer to double and single Gaussian model,
respectively;

2. The SNR of the wing and core components should be greater
than 3;

3. The wing component flux contributes to 10-90 percent of the
total flux fi/(fw + fc) where W and C refer to the wing and
core components, respectively); and

4. The velocity dispersion of the broad component should be
greater than that of the narrow component by at least its un-
certainty (o'w — Owerr > 0C)-

With these criteria, we were able to confidently choose 21/29
He lines to be fitted with the double Gaussian model, and the rest
were fitted with the single Gaussian model. We also note that
most of the emission lines fitted with the single Gaussian model
have SNR < 8. For the HB and Hy lines, we fit them with the
same line profile as the He line. If the double-Gaussian model
is used, the velocity shift difference between the two Gaussian
components is also fixed when fitting the other Balmer lines.
We do not assume a theoretical flux ratio of fy,/fyg = 3-3.5 as
shown by previous works (Dong et al. 2008; La Mura et al. 2007)
as it fails to produce a meaningful fit, which tells us that our
targets do not exhibit such a flux ratio. We find three targets that

2 https://github.com/jyshangguan/SAGAN
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Fig. 1. Representative line decomposition results for three of our SOFI z ~ 2 targets. Each row refers to a different target (QBQS J051411.75-
190139.4, SDSS J220245.60-024407.1, and SDSS J121843.39+153617.2), while each column refers to a different spectral region (HB and Ha).
The observed data are shown in blue, while the cumulative best-fit spectrum is shown as an orange solid line. The different coloured lines pertain
to different components in the line decomposition, as shown in the legend. Some of our targets have strong Fell and even clear Hy emission, as
shown in the HB region of QBQS J051411.75-190139.4 (panel a). On the other hand, a few targets have prominent (SNR > 3) [OIII] features
similar to SDSS J220245.60-024407.1 (panel c). Both of these objects were observed with the GRF filter, hence other Balmer lines aside from Her
are detected. On the other hand, SDSS J121843.39+153617.2 was observed with the K filter (panel e). Its He spectrum shows a weak [NI[]16584

feature (see Sect 4.2).

are exempted from our usual line decomposition method: ID#23,
which shows a relatively large deviation between the He and HS
velocity shifts (~1500 km/s) despite being fitted with a similarly
shaped Gaussian component; ID#25, which shows HS to be fitted
with one Gaussian component while its He line is fitted with two
Gaussian components; and ID#29, where HB is much wider than
the Ha line. Tables A.2 and A.3 show the line-fitting results of
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Ha, HB, [OI11], and Hy lines, while Table A.4 shows the line-
fitting results of the three HB lines that did not have the same
line profile as their He lines. We also use the central wavelength
of the Ha line to verify or update the redshift of each target taken
from the source catalogues.

Balmer lines are usually composed of the broad component
originating from the BLR, and the narrow component originat-
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ing from the NLR. Most works use the [SII] doublet as the nar-
row line template, but in the case that it is not observable, the
[O111] doublet can be used (Greene & Ho 2004). However, the
[O111] doublet suffers from possible contamination of outflow-
ing components, which could indicate a dynamic NLR (Whit-
tle 1985; Boroson 2005; Marziani et al. 2017), making it a less
suitable narrow-line template. To check whether we need to fit
the narrow component with a template, we first choose targets
with observable [OIII] doublet, i.e. the SNR of [OIII] > 3 and the
doublet is not obscured by any atmospheric feature. Seven tar-
gets were selected using these criteria. Their Balmer lines were
then fitted with the single/double Gaussian model (whichever
is suited based on the aforementioned criteria) plus the narrow
component with a similar line width as the [OIIl] doublet. Af-
terwards, we measure the narrow components’ flux contribution
to the fitted Balmer lines. Only three targets (ID #9, 10, and 17)
showed a >5% flux contribution of the narrow components on
their Balmer lines. We also do not find any drastic change in our
results (i.e. best-fit BLR parameters and virial factor; see Sect.
5.2 and 5.3) and conclusions after removing the fitted narrow
components from the Balmer lines of these three targets. Hence,
we decided not to include any narrow component fitting in all of
our targets.

In most cases, the continuum, which is fit together with the
rest of the emission lines, was represented with a power law.
However, in a few cases where the power law continuum does
not give a good fit (6/29 targets), a 4-degree polynomial was used
instead. The polynomial degree was chosen as it is the small-
est degree that provides a converging result for these exceptional
cases. For these objects fitted with a 4-degree polynomial as their
continuum, there is sufficient wavelength range outside the broad
line emission. An iron template based on I Zw 1 (Park et al.
2022) was included in the fit when there were clear Fell features
around the HB and [OI111] lines. Fig. 1 shows example results of
the line decomposition for three targets with different proper-
ties: (a) a target observed with the GRF filter which has strong
Fell features but noisy [OIII] lines due to atmospheric absorption
(hence it was not chosen for fitting the narrow component with
the [OIII] doublet as a template), (b) a target observed with the
GREF filter with slightly asymmetric He, no Fell features, very
strong [OIII] lines and significant narrow components in their
Balmer lines, and (c) a target observed with the K| filter with a
strongly asymmetric Ha line that has a bump longwards of the
Ha central wavelength (and which is discussed in Sect. 4.2).

The uncertainty in the flux density for all spectral channels is
calculated as the standard deviation of the fitting residual. From
the decomposition, we measure the line fluxes and luminosities,
their FWHM values, and also the dispersions o defined as the
square root of the second moment of the line (Dalla Bonta et al.
2020). Both the FWHM and o are calculated from the best-
fit line and are corrected for instrumental broadening. The 1o
uncertainties of these quantities are derived using Monte Carlo
techniques, perturbing the spectrum 1000 times with the uncer-
tainty in the flux density. We normalise the Balmer lines by the
continuum for BLR fitting (see Sect. 5.2).

4.2. Line properties of the z ~ 2 targets

Among the 29 targets, 24 have data covering both H- and K-
bands. Of those, 17 have significant HB emission, and two also
have observable Hy emission. It is important to bear in mind the
number of Gaussian components used to fit the Balmer lines.
Most of the Balmer emission lines are fitted with two Gaus-
sian components comprising a narrower core component (with

o < 1200 kms™') and a broad wing component (typically with
1500 < o < 3000 km ~1).

The corrected redshifts of our targets are almost all consis-
tent within their 1o~ uncertainties with the redshifts from their
respective catalogues, as expected. For 10 of the 17 targets with
Hp emission lines, the [OI1I] doublet has been detected and fitted
as well, similarly to SDSS J220245.60-024407.1 (ID#15). Five
of these have o~ > 1000 km s~ for the [OIII] lines. In addition,
six targets have clear Fell signatures in their spectra. We do not
investigate these lines or Hy further, and instead we focus our
analysis on the stronger Balmer lines He and HpS.

As noted previously, one particular target, ID#1
(SDSS J121843.39+153617.2), has a bump longward of
the Ha peak (see Fig. 1). Its wavelength corresponds to a
velocity offset of ~ 2300 km s~ with respect to He, but only
~ 1450 kms™' with respect to [NI[]16584 . Although [NII]
is a doublet, the other line [NII]16548 is a factor 3 fainter
(Acker et al. 1989) and so a corresponding feature would not be
detectable. In addition, the calculated velocity offsets should not
be taken too seriously due to the uncertainty of the redshift taken
from the original catalogue which is o, ~ 0.01 which translates
to ~ 3000 km/s (Onken et al. 2023). We therefore consider the
bump to be associated with [NI1]16548 due to the lower velocity
offset. We note, however, that the results of our analyses for this
target do not change even if the bump is considered as another
Ha component. We also do not have any other narrow line
present in our spectrum of this target to calculate the redshift.

4.3. FWHM vs. o and the BLR model

One of the most important properties of the line emission in
terms of BLR modelling is the shape of the line profile. A sim-
ple way to quantify this is via the ratio of FWHM to o, which
has been shown to be a good measurement of line shape be-
cause FWHM is core sensitive while o is wing sensitive (Wang
et al. 2019). We plot the line shape, quantified in this way, as a
function of FWHM in Fig. 2 for the He lines. We focus on the
He lines fitted with the double-Gaussian model, as the targets
fitted with the single-Gaussian model will lie at the Gaussian
limit (i.e., FWHM/o = 2.35) shown as a horizontal line, and we
find systematic uncertainty in the Hg lines (see Sect. 4.4). Com-
pared with the theoretical line width ratios from Kollatschny &
Zetzl (2011) and Kollatschny & Zetzl (2013) (as shown by the
black and grey dashed lines), our line width ratios are smaller but
show a similar trend as their work and Wang et al. (2019): that
the FWHM/o increases with FWHM. Targets with low FWHM
and FWHM/o have line profiles that more closely resemble a
Lorentzian profile: a superposition of a very broad component
and a strong, more prominent core. On the other hand, targets
with high FWHM and FWHM/o have line profiles that more
closely resemble a Gaussian profile; indeed, at much higher
FWHM values, the trend asymptotically reaches the Gaussian
limit. Comparing our sample with the low redshift work of Vil-
lafafia et al. (2023), Kollatschny & Zetzl (2011), and Kollatschny
& Zetzl (2013), we find no significant difference (Pearson cor-
relation p-value > 0.05) in the distribution of line shape versus
FWHM between our sample and their AGN samples.

We discuss below two explanations for such profiles. The
first scenario, a two-component BLR, would tend to favour fit-
ting the profile with two distinct components. The second sce-
nario, which explains the profile as a combination of turbulence
and rotation, would tend to favour fitting the line with a Voigt
profile that is a convolution of a Lorentzian profile with a Gaus-
sian. While we have chosen to fit the profiles with two Gaussians,

Article number, page 5 of 19



A&A proofs: manuscript no. main

2.5 T

4 4 e -7
’ 7’ ’ e -
- e M -7
REVAraEy 4 r 3 G i
S0, s - aussian
Ry "
F‘ 77 e
e s
2.0 A7 &
' AV S ¥
I £ 4
i .I ,
Yo,
b 4
Ay
/

5 L]
= / /@
s ,,/, / /
/
I /II,' /, /’;‘
; /Ill,. ! ',i
[N, 1 O 4 1y ,’
. s

IIII/I// 4

" /

‘IIII 4 { —-m- 400 km s~! Lorentz (Ha)

700 km s~ Lorentz (Ha)

0.51 A —&- 1300 km s™! Lorentz (Ha)
-" -m- 300 km s~! Lorentz (HB)
-®- 500 km s~! Lorentz (HB)
—@- 700 km s~! Lorentz (HB)
0.0 ; V y
0 2500 5000 7500 10000

FWHM (km/s)

Fig. 2. The ratio of FWHM to o (line shape) of He lines fitted with the
double-Gaussian model as a function of FWHM. The Gaussian limit
(FWHM ~ 2.350) is shown as a horizontal grey solid line. The error
bars denote 1o uncertainties. For comparison, we plot the theoretical
line width ratios of rotational line broadened Lorentzian profiles for
Ha (black dashed lines and markers) and HB (grey dashed lines and
markers) which were taken from Kollatschny & Zetzl (2011) and Kol-
latschny & Zetzl (2013). Different markers pertain to different FWHMs
of the Lorentzian profiles.

this is done for the convenience of quantifying o, and does not
imply a preference for one explanation over the other.

4.3.1. Scenario 1: Two-component BLR model

A two-component BLR has been discussed extensively in the
literature (e.g. Brotherton et al. 1994; Popovi¢ et al. 2004; Zhu
et al. 2009; Zhang 2011; Ludwig et al. 2012; Nagoshi et al.
2024). In this scenario, the BLR is composed of two compo-
nents. The first one is an inner disc — the very broad line region
(VBLR) - that is more closely associated with the accretion disc
and is responsible for the broad wings of the observed emission
line. Zhu et al. (2009) suggests that the VBLR represents the
“traditional” picture of the one-component BLR and is the region
responsible for the observed ~ 0.5 slope in the size-luminosity
relation. Indeed, there have been recent claims for detecting Kep-
lerian rotation in this inner disc from the variability of its micro-
lensing response (Fian et al. 2024). The second component is
an outer and more spherical part — the intermediate line region
(ILR) — which produces the narrow core of the profile. The ILR,
which is situated at a larger distance from the ionising source, is
thought to have higher gas density and be flatter than the VBLR;
and is suggested to represent the inner boundary layer between
the BLR and the dusty torus of the AGN.It has been argued that
such BLRs with two components occur both in the low-redshift
(Zhu et al. 2009) and high-redshift (Brotherton et al. 1994) Uni-
verse. Zhang (2011) argued that the ILR of the reverberation-
mapped AGN PG 0052+251 was strongly obscured because, in
contrast to its He line, its HB line profile does show a clear core
component in the line decomposition. While we consider this
result uncertain because of the low quality of the spectrum in
the HB line region of their source, such an explanation could,
in principle, apply to the different line widths of Ha and HS
of ID#15 that was shown in Sect. 4.2. Storchi-Bergmann et al.
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(2017) also finds that aside from the ubiquity of a disc compo-
nent in most BLRs, an additional line-emitting component arises
at higher Eddington ratios and higher luminosities for Seyfert 1
galaxies. This component is reminiscent of the ILR component,
and, as suggested by Storchi-Bergmann et al. (2017), may be in-
flowing (Grier et al. 2013), outflowing (Elitzur et al. 2014), or
simply have more elliptical orbits (Pancoast et al. 2014).

The limitation of this explanation is that there is no clear rea-
son why, when considering these two components together, there
should be a relation between FWHM and FWHM/o as seen in
Fig. 2. Collin et al. (2006) proposed that this distribution may
be associated with the Eddington ratio and, hence, the accretion
rate. They suggested that at large radii, where the self-gravity of
the disc overcomes the vertical component of the central gravity
due to the SMBH, the resulting cloud collisions due to the grav-
itational instability would heat the disc and increase its turbu-
lence. And, based on a correlation between the ratio of the BLR
size to this radius and the Eddington ratio, these authors specu-
lated that gravitational instability may be stronger in AGN with
higher Eddington ratios, leading to greater turbulence, which
perhaps constitutes the start of a disc wind. This results in a
very broad component in the line profile, as exhibited by the low
FWHM/o (i.e. low FWHM) sources. On the other hand, weaker
accretion produces a more stable BLR, producing Gaussian-like
line profiles.

4.3.2. Scenario 2: Presence of turbulence and rotation

This relation is specifically addressed in the phenomenological
approach put forward by Kollatschny & Zetzl (2011). For a disky
BLR, the ratio between the turbulent and rotational velocity is
proportional to the ratio between the height and radius of the
BLR. Since the rotational velocity is found to increase with in-
creasing FWHM (Kollatschny & Zetzl 2013), objects with high
FWHM and, therefore, high FWHM/o have a fast-rotating ge-
ometrically thick and flat BLR. In contrast, objects with low
FWHM and, therefore, low FWHM/o have slow-rotating spher-
ical BLRs. These authors noted that while the Balmer lines
tend to originate at moderate distances above the disc plane, the
highly ionised lines come from smaller radii and at greater scale
height and that the resulting geometries resembled disc winds
models. Thus, without explicitly requiring two distinct compo-
nents, an understanding of the geometry and kinematics of the
BLR does lead to insights into the various physical processes oc-
curring in this region. This perspective matches the approach we
adopt when modelling the BLR (see Sect. 5). We fit the line pro-
file (and differential phase data from GRAVITY/+ when avail-
able) with a single model that encompasses both rotation and
dispersion without physically separating them. The dispersion
comes directly from the geometry in terms of the thickness, or
opening angle, of the BLR and the distribution of clouds within
it. It is also affected by whether there is a radial component,
whether inflowing or outflow. Thus, here, too, there is a con-
tinuous distribution of potential models from a thin rotating disc
through a turbulent, thick rotating disc to a combination of rota-
tion and outflow.

The interpretations above seem likely to be different perspec-
tives on the same underlying processes and geometries that in-
voke a rotating (thick) disc together with a region or component
of that disc where the gas has increased turbulence and scale
height, and so may be the origin of the expected disc wind. How-
ever, there is a major difference between them that needs to be
resolved. The wings of the profile trace the rapidly rotating inner
disc in the two-component scenario, while they trace the turbu-
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lence in the Voigt profile interpretation. Similarly, the core of the
profile traces the outer, more spherical distribution in the two-
component model while it traces the rotation in the Voigt profile.
This aspect needs clarification if we are to fully understand the
BLR.

4.4. Luminosity ratio (Balmer decrement)

As discussed in the previous section, the Ha lines are mostly
fitted with two Gaussians, while the HB and Hy lines are fitted
with the same line profiles as their respective He lines with the
exception of three targets. To further assess the properties of our
targets, we investigate the ratio between Ha luminosity and HB
luminosity (i.e. the Balmer decrement) as a function of Her lu-
minosity.

Fig. 3 shows the Balmer decrement as a function of Ha lumi-
nosity. The Balmer decrement does not show a significant cor-
relation with Ly, (the probability of it occurring by chance is
p = 0.101 or 1.3 0), although it seems to exhibit a positive corre-
lation (correlation coefficient p = 0.41) similar to previous works
(e.g. Dominguez et al. 2013; Reddy et al. 2015). Furthermore,
the Balmer decrements of our targets are > 3.5. The large Balmer
decrements suggest that we are missing a significant fraction of
the HB luminosity and therefore, there is a systematic uncertainty
associated with the HB emission lines that go beyond the nomi-
nal statistical uncertainty derived from the fits. This is due to the
limitation of the data rather than having a physical cause, and
caution is needed when interpreting values related to HS, espe-
cially the size of the HB-emitting region of the BLR.

It is possible that such large Balmer decrements could be
due to significant contributions from Wolf-Rayet or late-type
OB stars (e.g. Crowther & Bohannan 1997). However, this rea-
son is unlikely to be the cause of the observed Balmer decre-
ments in our sample since these targets are quasar-dominated as
per our check of archival spectral data from SDSS DR16Q and
UVQS catalogues. The Balmer decrements of our sample are
higher than one would expect from typical star-forming galaxies
(SFGs) at z ~ 2, which are also found to increase with stellar
mass and (Shapley et al. 2022; Maheson et al. 2024). Consider-
ing also that we find higher Ha/Hg ratios than the expected value
of ~3.1 (Dong et al. 2008; La Mura et al. 2007), these suggest
that dust extinction might cause such large Balmer decrements
in our sample. To confirm whether dust extinction is the cause of
such large He/Hp ratios in our sample, we estimate the typical
extinction coefficient (Ay) of our sample based on our median
Ha/Hp value of ~7.45. Using Eqns. 4 and 7 of Dominguez et al.
(2013), we find Ay ~ 3 which translates to a column density of
Ny ~ 6 x 10?! cm™2. These values are larger than most SFGs
at high-z, but still within the acceptable range of Ay values for
Type 1-1.5 AGNs (Burtscher et al. 2016). However, such large
Ay should also lead to obscuration of the BLR light, which is not
the case for our targets. In addition, an extinction coefficient of
Ay ~ 3 translates to a detected flux that is ~10% of the intrinsic
flux. However, based on our comparison between our measured
and expected K, values in Sect. 3, we find that we are detect-
ing (on average) ~33% of the intrinsic flux of our sample. There-
fore, we cannot conclude with confidence that dust extinction is
the root cause of our observed large Balmer decrements.

Nevertheless, other alternative explanations for the large
Balmer decrements of AGNs have also been put forward, such
as the intrinsic property of the BLR, that is, the BLR consists
of clouds with low optical depths and low ionisation parame-
ters (Kwan & Krolik 1981; Canfield & Puetter 1981; Goodrich
1990), or the possible role of accretion rate (Wu et al. 2023). Al-
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Fig. 3. Ratio between Ha and HB luminosity as a function of He lumi-
nosity. The blue (orange) points show the targets that are fitted with a
double (single) Gaussian model. We remove two targets (from the three
exceptions in Table A.4) whose Hp lines cannot be fitted with the same
number of Gaussian components and line shape as that of He. The error
bars are 1o uncertainties.

though we cannot confirm the cause of the large Balmer decre-
ments in our sample, we expect that these should only affect the
estimated single-epoch BH masses, BLR radii, and expected dif-
ferential phase signals of our targets, which are all dependent on
the Ha luminosity, but not the geometry and virial factors based
on our BLR fitting results (see Sect. 5).

4.5. BH mass and bolometric luminosity estimation

Two of the important parameters we need for comparison with
future GRAVITY + observations of z ~ 2 are SMBH mass (Mpy)
and bolometric luminosity (Ly) estimates. We present the first
estimates of Mgy and Ly in columns 7 and 8 of Table A.2. We
present the parameter space that we are probing with our SOFI
z ~ 2 targets in Fig. 4. For comparison, we also show the low-
luminosity z ~ 2 AGNs from Suh et al. (2020) and the high-
luminosity z ~ 2 AGNs from the WISSH survey (Bischetti et al.
2021).

In their Eqns. 5 and 6, Woo et al. (2015) calculated the
SMBH mass as a function of He luminosity and either FWHM
or 0. These have different values of the virial factor: for o, f =
4.47, while for FWHM, f = 1.12. The resulting SMBH masses
of our targets from these equations are consistent with those de-
rived from relations presented elsewhere (e.g., Dalla Bonta et al.
2020). While there are advantages and disadvantages of different
line width measurements for calculating SMBH masses (Peter-
son et al. 2004; Wang et al. 2020), we report the o-calculated
single-epoch BH mass estimates because it has been argued to
have a tighter virial relationship than FWHM (Peterson et al.
2004), and FWHM can lead to overestimation at higher SMBH
mass and underestimation at lower mass (Dalla Bontd et al.
2020). Because not all targets were observed in the necessary
band, the 1L,(5100 A) continuum luminosities are instead cal-
culated using Eqn. 4 of Woo et al. (2015) from the Ha lumi-
nosity, and the uncertainties are derived by calculating the dis-
tribution of SMBH masses via Monte Carlo method, assuming
Gaussian distributions of the virial factor f, He luminosities and
o values. To convert the AL,(5100 A) to Lo, we used the bolo-
metric correction formula from Trakhtenbrot et al. (2017) which
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Fig. 4. Logarithm of bolometric luminosity as a function of logarithm
of black hole mass. For the SOFI z ~ 2 targets (This work, blue data
points), the Ly, are estimated from He, while the Mgy are estimated
using Eqn. 6 of Woo et al. (2015) which uses the dispersion (o) and
He luminosity as inputs. The typical error of log Ly is shown as the
blue vertical error bar on the lower right of the panel. For comparison,
we show the sample of z = 1.5 - 2.5 with Ly, < 47 as orange points
(Suh et al. 2020) and high-luminosity quasars from the WISSH survey
as green points (Bischetti et al. 2021). The grey dashed lines pertain to
the loci of the same Eddington ratio: Agqq = 0.01, 0.1, 1, and 10. For the
WISSH quasars, we assume a BH mass uncertainty of ~ 0.47 dex fol-
lowing the prescription for the 1o relative uncertainty of single-epoch
BH mass estimates from Vestergaard & Peterson (2006). However, we
do not include the systematic uncertainties for the absolute calibration
of RM masses.

is similar to the bolometric correction of Suh et al. (2020) and
Bischetti et al. (2021). We see that our SOFI z ~ 2 AGNSs are
located between the two AGN samples, particularly at moderate
BH masses (log Mgy ~ 8 — 10.5) and bolometric luminosities
(log Lyo ~ 45—47), which translates to moderate accretion rates
(Eddington rates of Aggq ~ 0.1).

5. BLR modelling

Following the assessment of the line profiles, we now fit them
with a BLR model. In the following subsections, we describe the
model used and the simplifications we adopt, the general results,
and implications for the virial factor. We finish by looking at two
targets for which the asymmetry of the line profiles warrants a
more detailed approach than the majority of the sample.

5.1. Description of the BLR model

We follow the BLR model fitting methodology introduced by
Kuhn et al. (2024), which was developed based on Pancoast et al.
(2014) and Stock (2018). Rather than model the distribution of
BLR clouds and calculate their line emission based on photoion-
isation physics, we model the distribution of line emission di-
rectly. As such, the model focusses on geometry and kinemat-
ics without considering the absolute flux scaling. The model is
adapted into a Python package called DyBEL which can be used
to fit either a single line (only He) or two or more lines simul-
taneously (e.g. both He and Hp). In this section, we briefly de-
scribe the most important parameters in the model. We highly
recommend the reader to refer to Pancoast et al. (2014) and
GRAVITY Collaboration et al. (2020a) for more quantitative de-
tails of the BLR parameters used in our model.
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The model assumes a large number of non-interacting clouds
(or "line emitting entities", not to be confused with actual phys-
ical gas clouds) orbiting a central SMBH with mass Mgy. A
shifted Gamma function describes the radial distribution of the
clouds. It is controlled by three parameters: the mean radius u
(in this case, the average emissivity-weighted BLR radius), the
fractional inner radius F = Rpi,/u where Ry, is the minimum
BLR radius, and the shape parameter 5 which defines the radial
cloud distribution: Gaussian (0 < 8 < 1), exponential (8 = 1),
or heavy-tailed/steep inner profile (1 < § < 2). The inclination
angle, i, is the angle of the BLR relative to the plane of the sky
and is defined such that a face-on geometry is i = 0°, while an
edge-on geometry is i = 90°. The opening angle, 6, describes the
angular thickness of the BLR and gives the BLR model a “flared
disc” shape. It is defined such that a thin disc has 6y = 0°, while
a spherical system has gy = 90°. It is the combination of the
flared disc shape and the ellipticity of the orbits (see below) that
enables our model to fit targets with a variety of FWHM/o .

Asymmetries can also be introduced into the model. For ex-
ample, the vertical distribution of the clouds is assigned by the
parameter vy, which ranges from 1 to 5. The larger v is, the more
concentrated the clouds are towards the disc surface. Anisotropic
emission from each cloud is parameterised by «, which describes
the weight of each cloud’s emission. The value of x ranges from
-0.5 to 0.5. If x > 0, clouds closer to the observer (i.e. located
on the near side of the BLR) have higher weights, and vice
versa. Midplane obscuration is controlled by the parameter &,
with & = 1 pertaining to a transparent midplane (i.e. the numbers
of observable clouds on both sides of the midplane are equal),
and ¢ = 0 pertaining to a completely opaque midplane (i.e. the
emission of the clouds below the midplane cannot be seen).

The kinematics of the clouds can include not just circular
orbits but also elliptical orbits and, hence, radial motion in a
way that is still governed by the gravitational potential of the
SMBH. It is done with the parameter fe;p, which controls the
percentage of clouds in circular or bound orbits and unbound
orbits that are dominated by radial motion. Each cloud has a
radial (v;) and tangential (v4) velocity component to facilitate
inflowing and outflowing clouds. A binary parameter, fjo, con-
trols the direction of the radial motion: inwards (fhow < 0.5) or
outwards (fgow > 0.5). The components v, and vy are randomly
distributed around a point on an ellipse in the v;-v, plane. Clouds

on circular orbits, where v, = VGMpy/r, are at (0, +vir).
Clouds dominated by radial motion possess highly elongated or-
bits with a maximum radial velocity equal to the escape velocity

Vese = \/Evcim, and are located at the point (Ve 0). For these
clouds, there is an extra angular parameter 6, = arctan(|vy|/v;)
which defines the angular position of the clouds around that el-
lipse, with 6, = 0 denoting where the orbits are unbound. Lastly,
there are two additional parameters which do not contribute to
the BLR geometry (and are thus ‘nuisance’ parameters): the peak
flux (fpeak) and central wavelength (A.) of the line. The priors of
all parameters are adapted from GRAVITY Collaboration et al.
(2020a).

The model described above is used to fit the line emis-
sion distribution of the BLR, excluding any photoionisation
physics. Following previous work (Kuhn et al. 2024; GRAV-
ITY Collaboration et al. 2020a, 2024; Abuter et al. 2024), we
used the Python package dynesty (Speagle 2020) together with
a nested sampling algorithm (Skilling 2004) to fit the data.
We used 1200 live points with the dynamic nested sampler
(DynamicNestedSampler) and the random walk (rwalk) sam-
pling method. The rest of the options in dynesty were set to
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their default values. Following Kuhn et al. (2024), a temperature
parameter 7 was also defined. This parameter was set to 16 in or-
der to provide likelihood functions with fewer peaks and, hence,
a better estimation of the posterior distributions. The spectrum
was normalised by the continuum so that we effectively fit the
line-to-continuum ratio (as a function of observed wavelength).
We note that this is also used to estimate the expected differential
phase signal of the target (see Sect. 6).

Using a spectrum of NGC 3783, Kuhn et al. (2024) demon-
strated that fitting Ha, HB, Hy, Hel, and Pag lines simultaneously
provide tighter constraints on the BLR parameters of NGC 3783
than fitting them separately and that both methods provide con-
sistent geometry with that derived from the RM and GRAVITY
data (GRAVITY Collaboration et al. 2021a,b; Bentz et al. 2021).
When an object has HB and Hy line profiles available, we include
them in the fit after tying many of their parameters. In particu-
lar, their central wavelengths are tied so that they all shift by the
same small amount € = A./A,, — 1, where A. is the theoretical
central wavelength of the line, and A, is the wavelength mea-
sured in air. There are two exceptions to this where, because of
the wavelength calibration method described in Sect. 3, leaving €
untied yielded better results, and these are indicated in column 3
of Table B. In addition, while allowing the BLR radii derived
from each line to be free, we tie the shape of their radial pro-
files using the 5 and F parameters. All other parameters are tied
except fpeak, Which we set to be free for all lines.

It should be noted that since we fit only the spectrum, Rg g
and Mgy are fully degenerate because the circular velocities Vi
of the clouds depend on the ratio of Mgy and Rgrr. Hence, one
of them must be fixed during fitting. We fix Mgy to the values
estimated in Sect. 4.5.

Finally, for all of our targets, we try two variations of the
BLR model: the full model, which fits all the asymmetry pa-
rameters (y, K, €, fiow, feliip> and 6,), and the circular model, for
which these are fixed to ‘neutral’ values (y = 1,k =0, ¢ = 1,
Siow, and fenip = 1 so that 6, and fqow have no impact). Our re-
sults indicate that in most cases, the resulting BLR geometry and
kinematics (in particular, the best-fit values of i, 8y, and Rg r) are
fairly similar for both options. However, some targets are defi-
nitely fitted better with the full model due to their asymmetric
profiles (see Sect. 5.2). These can be identified in Table B by the
entries for their asymmetry parameters.

5.2. BLR fitting results

In this section, we give an overview of the results from our fits,
including the characteristic geometry from the ensemble of best-
fit BLR models, and the typical range of values for each fitted
parameter. Appendix B provides the details, listing all the values
of the best-fit parameters for each target.

It is important to note that due to the fact that we are only
fitting the spectra of our targets, it is inevitable that our fitting
results will yield large uncertainties especially in their best-fit
parameters values including those that describe the overall ge-
ometry of the BLR such as 3, i, and 6. Instead of focusing on
each individual best-fit parameter values of our targets, we focus
on the summed posterior distribution of the best-fit parameters to
shed light on the overall behaviour of our fitting results. There-
fore, we caution that the individual best-fit values should not be
over-interpreted.

Fig. 5 shows the population distributions for several key BLR
parameters (8, i, 6y, Fu,, and p). Their ranges reflect both the
distribution and uncertainty of the individual best-fit values. The
distribution for 8 suggests that our targets are typically fitted with
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Fig. 5. Normalised (i.e. independently for each histogram such that the
area under the histogram is 1) histograms showing in blue the summed
posterior distributions of the BLR parameters from the best fits to all
the z ~ 2 targets. The panels correspond to (a) the radial distribution
of BLR clouds, (b) the inclination angle, (c) the opening angle, with
the minimum and maximum values defining the thin disc and spherical
shape, respectively, (d) the ratio between the minimum and mean Ha
BLR radius, and (e) the mean (emissivity) Hoe BLR radius.

a heavy-tailed (8 > 1) radial distribution of BLR clouds with a
significant number of line-emitting clouds at larger radii. The
inclination peaking at i < 45° indicates that the BLRs are, as
expected, generally viewed closer to face-on than edge-on. And
the opening angle 6y ~ 50° suggests that they tend to have fairly
thick discs. The typical He BLR radius spans a range from a
few hundred to a few thousand light days, which encompasses
the radius reported for the z = 2.3 QSO that was derived from
modelling GRAVITY data (Abuter et al. 2024) This also reflects
the two orders of magnitude range of SMBH mass estimates of
our targets as shown in Sect. 4.5.

5.3. Virial factor and its dependence on the line shape and
BLR parameters

The virial factor, which is calculated as f = GMgu/(RgLrV?),
does not depend on the assumed Mpy value because the Mpy
the Rprr are degenerate (i.e. scaling together without changing
the line profile) and Rp; R is set as a free parameter in our BLR
fitting (Kuhn et al. 2024). Hence, our fits can produce meaning-
ful virial factors for our targets. We note that the choice of using
either the circular or full BLR model does not affect the result-
ing virial factor. In this Section, we discuss the dependency of
the virial factor on various parameters. One focus is on whether
one puts v = o or v = FWHM. Another is on i and 6y, which
have been shown to greatly affect the observed line profiles (e.g.,
Stock 2018; Raimundo et al. 2019) In addition, Villafafna et al.
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Fig. 6. Virial factor f, derived from the DyBEL BLR fitting using o-derived SMBH masses, as a function of He line shape (left panel), inclination
angle in degrees (middle panel), and opening angle in degrees (right panel). The average 10 uncertainties are shown on the upper right of each
panel. The orange dashed horizontal line and its 1o~ range refer to f = 4.47, the virial factor in the scaling relations of Woo et al. (2015) from
which we derived the SMBH masses to use as input to the fitting procedure. The blue dashed horizontal line and its 10 range refer to the average
He virial factor from our modelling: {f,. n,) = 1.44. For comparison, we plot the data points from Villafafia et al. (2023) together with a black
solid line and a grey region denoting the best-fit relation and its intrinsic scatter.

(2023) investigated correlations of the virial factor with various
parameters — including those above — based on 28 low redshift
AGNs and dynamical modelling with the same BLR model as
Pancoast et al. (2014). Using the HB line, they measured the
virial factor for both oo and FWHM, as well as for mean and
rms spectra. Most of their observed correlations have marginal
significance (2-307). For our analysis, we use the Ha line and the
BLR size derived from it because of the higher SNR of the Ha
emission line in our data.

To shed light on this matter, we first calculate f, using the
dispersion of the He line profile. Fig. 6 shows the distribution of
[ as a function of He line shape (FWHM/o), inclination angle
i, and opening angle 6,. We overplot the best-fit lines and data
points from Villafana et al. (2023) to compare our results with
their work, noting that they used the HB line measured in low
redshift AGN. There are several takeaway points we can deduce
from Fig. 6: (1) On the leftmost panel, while our virial factors
seem to increase with FWHM/o, this is not a significant trend
(p ~ 0.18). This matches what Villafafa et al. (2023) found,
and that their steeper trend was not significant when using the
mean spectrum, although there was marginal significance for the
rms spectrum. For this comparison, it is important to keep in
mind that our sample extends to lower values of line shape to
logio(FWHM/o)e ~ —0.3. (2) Our sample also probes larger
values of i and 6y, as seen in the middle and right panels of
the figure. While our data do not show any significant correla-
tion with these parameters (p > 0.40), they are consistent with
the trends of decreasing f, with increasing i and 6, reported by
Villafana et al. (2023). (3) The quantities in Fig. 6 have rela-
tively large errors because, in most cases, we fit only a single
line profile. As such, it is to be expected that the fitted parame-
ters and their derived quantities will be more uncertain compared
to cases where multiple lines are fit (Kuhn et al. 2024). (4) The
average virial factor f, = 1.44 we derive (shown as the blue
horizontal dashed line in Fig. 6) is lower than the virial factor
fr = 4.47 from Woo et al. (2015) associated with the calculation
of the single-epoch SMBH masses that we use as input to our
fits. Collin et al. (2006) pointed out that the virial factor differs
for different line shapes. For the mean HB spectrum, they find
f = 1.5 for sources with FWHM/o < 1.4. In contrast, Woo et al.
(2015) found FWHM/o ~ 2 for the Ha lines in their sample,
close to what is expected for a Gaussian profile, and their result-
ing f, is correspondingly higher and very different to frwuu.
We surmise that the low virial factors we find are due to the
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highly non-Gaussian shape of the He lines with their prominent
extended wings. We conclude that the line profile shape is an im-
portant parameter in this context. If FWHM/o of a target AGN is
very different from that of the objects used to define a scaling re-
lation, the inferred SMBH mass may be biassed, as lower virial
factors due to highly non-Gaussian line shapes will give lower
single-epoch BH masses. As such, further investigation of these
targets is imperative. Future observations with GRAVITY + will
provide us with an independent and direct measure of the SMBH
masses and enable us to assess the error caused by the line shape
effects, as well as to create scaling relations specifically for ob-
jects where the broad line profile has strong non-Gaussian wings.

5.4. Targets fitted with the full model

Most of our targets (27/29) are well-fitted with the simpler, cir-
cular model, indicating that the data currently available — the line
profiles, in particular, their peaks and wings — are fully consistent
with a BLR dominated by Keplerian motion. This includes some
sources with slightly asymmetric profiles, in particular where
the wings are offset with respect to the core because the spec-
tra have large enough flux uncertainties that the circular model
is still a sufficiently good fit. However, the asymmetric shape
of the line profiles for two of the targets cannot be fitted well
with the circular model, partly due to the higher SNR in their
spectra. Instead, for these targets, we use the more complex, full
model, which allows anisotropic emission as well as radial mo-
tions. Fig. 7 shows the spectra and the fitted model profile for
these two targets, ID#1 and ID#5 (SDSS J121843.39+153617.2
and Q 0226-1024 respectively). In the former case, we have re-
moved the small bump that we concluded in Sect. 4.2 was likely
due to [NII]26584. This still leaves a broad excess on the long
wavelength side of the line profile. If we interpret the small bump
as part of the Ha line, this only strengthens the results below be-
cause it increases the asymmetry. In ID#5, although the asym-
metry is less obvious, the long wavelength wing is significantly
stronger and more extended than the short wavelength wing.

In order to assess whether there is a common cause under-
lying the asymmetric profiles in these objects, we compare their
fitted parameters aided by the face-on and edge-on representa-
tions of their BLR models in Figs. 8§ and 9. Of the asymmetry
parameters, only the midplane transparency is similar for ID#1
and ID#5: £ ~ 0.5. This suggests that there is only moderate
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Fig. 7. The data (black points) and model (red solid line) Ha spectra
derived from the best-fit BLR model of two SOFI z ~ 2 targets fitted
with the full model. The red-shaded regions show the 1o error of the
model spectra. The name of the target is shown on top of each panel.
(a) Even after removing the bump on the right side of the Ho emission
line, which we believe to be [NII[]16584, SDSS J121843.39+153617.2
still shows an asymmetric He line profile which cannot be fitted with
the circular model. (b) The Ha emission line of Q 0226-1024 shows an
asymmetry in its wings which is better fitted with the full model. We
also present the theoretical OH (sky) spectrum, the theoretical atmo-
spheric profile, and the filter transmission profile of SOFI K; band in
orange, green, and purple lines, respectively. The sky and atmospheric
profiles are normalised such that the maximum value is 1, and scaled
by a factor of 2. We find that the observed asymmetries of both targets
are within the high transmission regions of the SOFI K filter where no
strong sky lines or atmospheric features are present.

opacity in the midplane of both their BLRs. While there is lit-
tle anisotropy in the emission for ID#5 (x = —0.01), for ID#1
there is a preference for emission from the far side of the BLR
(k = —0.39). This overcomes the effect of the midplane opac-
ity as can be seen in the edge-on projection of the BLR model
in Fig. 8, where the size of the points, which represent clouds,
indicates their relative observed flux: although there are slightly
fewer points on the far side of the midplane due to its modest
opacity, these blue-shifted points are larger than the red-shifted
points, hence the former are brighter than the latter.

In terms of the geometry of the BLR, the angular distribution
of the clouds for ID#1 is more concentrated towards the edges
(y = 3.9) than that of ID#5 (y = 2.7). In addition, the model
for ID#1 is dominated by radially moving clouds (feip = 0.17)
while that for ID#5 is more evenly shared between circular and
elliptical/radial orbits (fen;p = 0.41). Nevertheless, in both cases
the radial motion is inwards (fiow < 0.5). Lastly, 6, ~ 20 and
~ 36 for ID#1 and ID#5 respectively, suggesting that the ellip-
tical orbits of the former are more elongated and so have higher
radial velocities, but in neither case do these reach the maximum
velocity allowed by the model.

In conclusion, for ID#1 we purport that the shape of the pro-
file is due to a combination of projection effects resulting from
i and 6y combined with the effects induced by the asymmetry
parameters. First, since i is greater than 6y (54.6° versus 25.1°),
the observed line profile is double-peaked due to the observed bi-
conical structure of the BLR (Stock 2018). The inflowing motion
means that clouds on the far side are blueshifted, which clouds
on the near side are redshifted. In addition, since « indicates a
preference for the emission to originate from the far side of the
BLR, the emission tracing the blueshifted part of the line pro-
file is stronger than the redshifted side, leading to the two peaks
having different strengths.

Compared to this, ID#5 exhibits less asymmetry in its Ha
profile. The edge-on view of its BLR in Fig. 9 clearly shows that
the blueshifted clouds are fewer in number than the redshifted
clouds due to the moderate asymmetry affecting the former more
than the latter. This results in an enhancement in the redshifted
wing of the Ha emission line of ID#5.

6. Differential phase estimation

One of the main goals of this work is to estimate the strength
of the differential phase signals of our z ~ 2 AGNs to assess
their observability with GRAVITY+. The differential phase is
one of the most important observables in interferometric obser-
vations of AGNs (GRAVITY Collaboration et al. 2018, 2020a,
2024; GRAVITY + Collaboration et al. 2022). In our context, it
is a spatially resolved kinematic signature; specifically, a mea-
sure of the astrometric shift of the photocentre of the BLR line
emission with respect to that of the continuum as a function of
wavelength. More details about the differential phase are pre-
sented in GRAVITY Collaboration et al. (2020a). A symmet-
ric rotating BLR is expected to show an S-shape differential
phase profile, which has been shown to be the case for sev-
eral GRAVITY-observed AGNs (GRAVITY Collaboration et al.
2018, 2020a, 2023). However, some AGNs exhibit asymmetric
differential phase profiles, which are explained in terms of asym-
metry in the BLR, often combined with outflow motions in the
BLR (GRAVITY Collaboration et al. 2024).

We derive the expected differential phase of our targets for
Ha since this is the only line observable in the K band (at z ~
2) where GRAVITY operates. We use the normalised line pro-
file from the best-fit BLR model while adopting the same flux
uncertainties as the data, and calculate the differential phase as a
function of wavelength across the whole K band:

Ja I - XBLR 1 (1

1+f,1

where A¢, is the differential phase measured in a wavelength
channel A, f; is the normalised flux in that channel, u is the uv
coordinate of the baseline, and xpy r 4 are the BLR photocentres.
We calculate the 10 uncertainty of the peak expected differential
phase by randomly drawing values of relevant model parameters
from the sampled posterior parameter space created during BLR
model fitting. This is done 100 times to produce a distribution
where the 16th, 50th, and 84th percentile of the peak expected
differential phase is calculated.

The position angle PA (measured east of north) rotates the
BLR within the sky plane and greatly influences the orientation
of the differential phase signal. In order to make a comparative
analysis between our targets, we are only interested in the high-
est possible peak differential phase for each. As such, we focus
on the differential phase for the longest baseline, UT4-UT1, for

A¢/l =-2r
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Fig. 8. The cloud distribution of the best-fit BLR model of ID#1 (SDSS J121843.39+153617.2) shown in two different views: (a) line-of-sight
(LoS) or face-on view at the best-fit inclination angle i = 54.6° and (b) edge-on view. The PA of the BLR model to generate the cloud distribution is
set so that the BLR is perpendicular to the UT4-UT1 baseline to achieve the maximum possible expected differential phase signal on the baseline.
The BLR centre is positioned at the origin. The colour of each cloud refers to the LoS velocity, while the size of each cloud refers to the weight
of each cloud on the total emission: the larger the size, the greater its contribution to the broad-line emission. The green line on the edge-on view
depicts the midplane of the BLR, while the black arrow depicts the LoS of the observer (i.e. the observer is on the +Ax direction). The LoS is
tilted by 7 which is measured from the line perpendicular to the midplane. Since i > 6, the observed flux spectrum is double-peaked. The number
of clouds above and below the midplane are the same due to the small midplane opacity. However, the blueshifted clouds have a larger size than
the redshifted clouds, indicating the preference of the BLR emission to originate from the far side of the BLR. This explains the relatively strong
blueshifted peak of the flux spectrum compared to the redshifted bump.
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Fig. 9. Similar to Fig. 8 but for the cloud distribution of the best-fit BLR model of ID#5 (Q 0226-1024). The BLR clouds have almost equal sizes,
pertaining to the lack of preference of the BLR emission to originate from either side. However, the moderate opacity on the midplane affects the
blueshifted clouds more than the redshifted clouds, as indicated by the slightly lower number of blueshifted clouds compared to the redshifted
clouds. This causes the redshifted wing of the Ho emission line to be slightly higher than the blueshifted wing.

which it is expected to be strongest. We therefore assume that
the uv direction of the longest baseline of GRAVITY is parallel
to the PA of the BLR model.

targets, together with its caveats from the assumptions made dur-
ing the BLR fitting.

Fig. 10 shows the He BLR size of our 29 targets as a function
of the peak expected differential phase (¢pear) in logarithm. The
peak expected differential phase values of all the targets and their
1o errors are listed in Table B. The targets are divided into three
categories: weak (@peax < 1°), strong (1° < ¢peax < 15°), and ex-

6.1. Expected differential phase signals and effect of fixed
BH mass on the DyBEL BLR fitting

Estimating the expected differential phase as described above
will provide important guidance in assigning priorities for obser-
vations with GRAVITY +, especially for a large sample of AGN.
Here, we assess the effectiveness of such a method for our z ~ 2
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treme (Ppeax > 15°. The majority of the targets (23/29) have dif-
ferential phase signals that go as high as > 1°. The strong targets
(17/29), have signals with strengths between 1°—15°, which is of
comparable strength to the 1° for the z = 2.3 QSO observed with



Santos, D. J. D.: Spectroscopic AGN survey with NTT/SOFI for GRAVITY + observations

4.5
Weak Strong Extreme
(6) (17) (8)
4.0
T 3.51
p—y —-
= \
= -
23.01 1T
o« T 10
] — ==
8 2.5 o
'[!
2.0 :
1.5 T T T T :
-3 -2 -1 0 1 2

Io910 ¢peak [ ° ]

Fig. 10. Ha BLR size as a function of peak expected differential phase
in logarithm. The error bars correspond to their 1o errors. The solid
vertical lines pertain to the divisions categorising the targets into weak,
strong, and extreme targets (see discussion in Sect. 6.1). The number of
targets for each category is shown in parentheses.

GRAVITY (Abuter et al. 2024). On the other hand, the weak tar-
gets (6/29) have signals that are comparable to those of the low
redshift type 1 AGNs observed with GRAVITY (GRAVITY Col-
laboration et al. 2018, 2020a, 2021a). Most of the targets show
a symmetric S-shape signal, as expected for a BLR with ordered
rotation. This is a direct result of using the circular model for
most sources. In contrast, for the two targets that were fitted with
the full model, ID#1 and ID#5, we expect an asymmetric differ-
ential phase.

The expected differential phase is highly dependent on the
assumed (fixed) SMBH mass when fitting the BLR model be-
cause the phase signal linearly scales with the BLR size, which is
also related to the SMBH mass. However, we expect the SMBH
mass not to affect the geometry and the virial factor. Some (6/29)
of our targets have very strong differential phase signals (> 15°).
We call these “extreme” targets because the SMBH masses de-
rived from their dispersion o are much larger than from their
FWHM when using the equations from Woo et al. (2015). These
targets have FWHM/o < 1.25, indicating their line wings to be
broad and prominent with respect to their narrow cores. Two of
these “extreme” targets, ID#9 and ID#16 (HE 0320-1045 and
2QZ J031527.8-272645 respectively), show very strong narrow
cores, with a narrow core to broad wing amplitude ratio > 10,
while the other “extreme” targets have ratios in the range 0.1 to
7.0, similar to the non-extreme targets.

Indeed, Kollatschny & Zetzl (2011) argued that FWHM and
o are poor estimators of SMBH mass. They investigated this is-
sue by looking at the turbulent and rotational velocities of several
AGNSs together with their line shape measurements. Their results
suggest that the broadening of the line profiles is due to rotation,
and the rotational velocity is a better estimator of SMBH mass
than the line dispersion or FWHM. The reason is that AGNs
with similar rotation velocities, for which the SMBH mases are
the same, may show different values of FWHM/co. In contrast,
the SMBH masses calculated from their FWHM or o may dif-
fer drastically. However, inferring the rotational velocity from
the line profile in order to estimate the SMBH mass is outside
the scope of this work. An independent and more accurate mea-
surement of the SMBH masses for our targets is crucial to shed

light on the size-luminosity relation and the efficacy of the ro-
tation/turbulence interpretation versus the two-component BLR
model, underlining the importance of the future GRAVITY + ob-
servations of these targets.

7. Conclusions and Future Prospects

To prepare for the advent of GRAVITY+, we performed
NTT/SOFI observations of type-1 AGN candidates in order to
predict their expected differential phases and assess their prior-
ities for GRAVITY + observations. We focus on the 29 z ~ 2
targets with prominent Ha emission lines. Among these are 17
for which we have also detected significant HB emission, and 2
with Hy emission. We analyse the line profile shape (FWHM/o)
and fit BLR models using the DyBEL code. Our results yield the
following conclusions:

1. Most of the He line profiles are highly non-Gaussian and
so are fitted with two components: one for the narrow core,
and another for the broad wings. This is reminiscent of the
two-component BLR model, in which the wings represent
an inner fast rotating BLR disc, and the lower velocity core
represents an outer thicker part of the BLR. An alternative
explanation is that the profile results from a convolution of
rotation and turbulence, but in which the rotation is most eas-
ily seen via its impact in broadening the core of the profile.

2. The average o-based Ha virial factor of our sample is f, ~
1.44, which we attribute to the non-Gaussian shape of the
emission lines. In contrast, we would expect to recover f, =
4.47 (as used to derive the single-epoch SMBH masses) if
our sample were to exhibit more Gaussian-like line profiles.

3. Our sample probes higher inclination i and higher disc thick-
ness 6y than those reported by Villafaiia et al. (2023), and the
values we find are consistent with anti-correlations between
these parameters and the virial factor reported by those au-
thors.

4. The line profiles of all except two of the targets, are well
fitted with a circular simplification of the BLR model. The
two targets that require the full model show asymmetry in
their Ha line profiles, and our results suggest tentative evi-
dence for radially-dominated motions in these targets, with
midplane obscuration and anisotropic emission contributing
to the asymmetry in the observed line profiles.

5. The expected differential phases are an essential tool for as-
sessing the future observing priorities of our targets with
GRAVITY+. Among the 29 targets, 23 have strong sig-
nals, with 6 possessing expected differential phases > 15°.
These “extreme” targets have very low FWHM/o, highlight-
ing concerns about applying scaling relations without ac-
counting for differing line profiles because of the impact this
has on the inferred SMBH mass. GRAVITY+ observations
of these targets will provide an independent dynamical mea-
surement of the SMBH in our targets and will not only fur-
ther our understanding of varying BLR geometries at differ-
ent epochs and luminosities but will provide a new baseline
for future scaling relations.
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Appendix A: Target list and emission line properties
Table A.1. All high-redshift targets with clear He detection from their SOFT spectra.

ID Name Z Date Ave. §eelng Airmass Filter K-band  Exp. time SNR
@ mag. (s)

(D () 3) “4) 5 (6) @) ®) ) (10)
1 SDSS J121843.39+153617.2 2.266 17 Apr. 2022 071 1.42 Ks 13.7 120 453
2 SDSS 1140632.73+091130.4 2.165 1.27 Ks 16.0 240 10.6
3 SDSS J112521.73+193843.9 2.328 20 Apr. 2022 179 1.53 Ks 16.0 240 6.1
4 SDSS J162449.39+092347.6 2.274 1.41 Ks 15.2 240 8.8
5 Q 0226-1024 2.276 9 Sept. 2022 2.23 1.21 Ks 13.9 90 18.3
6 SDSS J223116.24+224510.8 2.367 11 Sept. 2022 1.43 1.69 GRF 154 240 39.6
7  LAMOSTI225948.68+052616.1 2.178 13 Sept. 2022 1.98 1.84 GRF 15.8 240 8.7
8 HE 0037-5155 2.127 11 Nowv. 2022 1.96 1.11 GRF 15.1 240 21.5
9 HE 0320-1045 2.282 1.06 GRF 14.5 240 24.2
10 CTS A33.02 2.360 12 Nov. 2022 1.83 1.00 GRF 12.9 90 23.2
11 SDSS J074556.97+182509.7 2.339 1.59 GRF 15.8 240 6.4
12 SDSS J220607.48+203407.4 2.455 13 Nov. 2022 191 1.59 GRF 15.8 240 9.6
13 QBQS J051411.75-190139.4 2.609 1.03 GRF 15.7 240 59.7
14 SDSS J083713.14+191851.1 2.277 2.01 GRF 15.9 240 4.4
15 SDSS J220245.60-024407.1 2.403 14 Nov. 2022 0.93 1.15 GRF 15.6 240 29.1
16 2Q7Z J031527.8-272645 2.611 1.59 GRF 15.9 240 25.6
17 SDSS J025221.12-085515.6 2.296 1.07 GRF 15.5 240 11.5
18 CT 635 2.370 12 Dec. 2022 105 1.09 GRF 15.3 240 51.2
19 SDSS J022819.99-062010.5 2.522 1.09 GRF 15.9 240 9.6
20 SDSS J090938.71+041525.9 2.449 10 Feb. 2023 1.22 1.24 GRF 15.5 240 13.2
21 LAMOSTIJ111209.45+072448.6 2.462 11 Feb. 2023 1.72 1.34 GRF 15.3 240 21.1
22 2QZ J113630.3+011949 2.138 12 Feb. 2023 0.85 1.38 GRF 15.7 240 10.7
23 FOCAP QNY4:53 2.180 1.67 GRF 15.8 240 7.6
24 J0504+0055 2.340 1.24 GRF 13.0 90 54.3
25 SDSS J093134.31+192622.1 2.392 13 Feb. 2023 L17 1.94 GRF 16.0 240 15.2
26 SDSS J122654.39-005430.6 2.611 1.45 GRF 16.1 240 7.3
27 SDSS J153712.90+102557.1 2.362 2.10 GRF 15.9 240 13.2
28 J1006-6246 2.320 14 Feb. 2023 L2 1.30 GRF 15.5 240 8.2
29 J1315+5206 2.145 1.40 GRF 15.1 240 12.3

Notes: The columns show the (1) ID numbers, (2) names, (3) redshifts taken from the catalogues where they are picked from, (4) dates of
observation, (5) average seeing, and (6) airmass during observation, (7) used filters for their observations, (8) K-band magnitudes taken from
Flesch (2021) and Storey-Fisher et al. (2024), (9) total integration time, and (10) SNR based on the peak line flux of He line. K| refers to the K
short filter (2.00-2.30 um) while GRF refers to the red grism (1.53-2.52 um).
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Table A.2. Emission line measurements of our high-redshift SOFI targets in the Ha spectral region.

Ha
No. of M,
ID FWHM (km/s) o (kms™")  zeonr (x ?60‘_1 5) Gaussian X f’(l){9 1?6%1;8{’?3]
Comp. (Ha) (M)

(1) 2 A3) “4) ) (6) ™) (®)
1 6765 4448 2269 2290 2 8.23"18  46.69
2 3928 3691 2.167 2434 2 1907099 45.88
3 2973 1264 2328 0.932 1 0.157003  45.61
4 5179 2284 2276  3.924 2 2287012 46.08
5 5040 3500 2276 1727 2 448102 46.59
6 2833 2589 2369  7.538 2 1.70*037  46.48
7 5135 3464 2178 5.251 2 2.397078 4595
8 3850 3067 2132 8.015 2 2207079 46.22
9 3999 4815 2282 8.860 2 6.3079  46.42
10 4195 6260 2366  12.03 2 12.94%311 46.51
11 4373 1858 2341  1.682 1 0427013 45.80
12 3666 1558 2456 0.720 1 0.21*907  45.40
13 3521 2541 2615 7.932 2 1.867072  46.28
14 4871 2069 2276 1235 1 045704 46.40
15 5450 3654 2403 7.592 2 3.527042 4631
16 3937 3620 2.613 4473 2 2977050 46.30
17 5644 4436 2299 4462 2 39173 46.11
18 3382 4008 2378 13.48 2 54777 4641
19 3845 5036 2522 4.280 2 5.53717¢  46.09
20 4190 2529 2455 1193 2 207198 46.57
21 2509 3467 2463 1530 2 4484103 46.77
22 2633 2757 2143 3.496 2 121705 45.94
23 4079 1733 2182 2.082 1 0.38%005  45.76
24 4071 4142 2342 29.14 2 8.227280  46.87
25 2938 4309 2393 2918 2 31759, 46.14
26 5996 2547 2612 2310 1 1.06*03¢ 4585
27 3035 2517 2363 16.90 2 234707 46.65
28 3160 1343 2325 1.060 1 0.1770%¢  46.50
29 4248 1805 2422 1.504 1 035700 45.90

Notes: The columns show the (1) ID number, (2) FWHM in kmy/s, (3) line dispersion (square root of the second moment of the line profile or o)
in km/s, (4) the corrected redshift based on the velocity offset of Ha with respect to its theoretical central wavelength, z ., (5) integrated He flux
in ergs cm™ s~!, (6) the number of Gaussian components used to fit the Ha line profile, (7) single-epoch BH mass estimate using Eqn. 6 of Woo
et al. (2015), and (8) bolometric luminosity using the bolometric correction from Trakhtenbrot et al. (2017) to convert the AL,(5100 A) to Lig.
For ID#1-5 that were observed with the K; filter, the AL,(5100 A) were estimated from their Ho luminosity using Eqn. 4 of Woo et al. (2015),
and the typical error of their log;y Ly is ~ 0.25. For the rest of the targets that were observed with the GRF filter, the AL,(5100 A) were
measured via Monte Carlo analysis of best-fit continuum after 1000 instances of fitting, and the typical error of their log;o Lyo is ~ 0.014.
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Table A.3. Emission line measurements of our high-redshift SOFI targets for HB, [OIII] doublet, and Hy emission lines.

HB [om] Hy
D {‘gf_ 15y | FWHM (km s o (kms™) (>f5(1><g_/§6) (>f4§509_/§6) (x ?(‘)7_ 16)
(D (2) (3) “4) (5 (6) @)

6 1.154 5330 2269 2.996 0.9960
9 1.503 1015 435 2.968 0.9866
10 1121 2998 1274 5.949 1.977
13 1.068 2273 967 4.987 1.657 0.1696
15 0.7207 1350 576 3318 1.103
16 0.7679 4880 2113 - 8.093 1.805
17 0.6001 1848 787 1.812 0.6024
18 1245 8679 3385 3.919 1.302
20 0.8404 4190 703 4.034 1.236
21 3.543 1356 578 3.339 1.110
22 0.503
24 2.630 6248 3254 5.963 1.978
27 3.024 1183 506 10.70 3.557
28 0.2048

Note: The columns show the (1) ID number (2) integrated HB flux, (3) FWHM of [OIII] doublet, (4) line dispersion (o) of [OIII] doublet, (5)
integrated flux of [O III]A5007 emission line, (6) integrated flux of [OIII]14959 emission line, and (7) integrated Hy flux. Each [OIII] line is fitted
with one Gaussian component. All fluxes have units of ergs cm™2 57!

*Only [O III] 4959 is fitted.

Table A.4. Emission line measurements of three high-redshift SOFI targets in the HB region where the Ha and HB line shapes are not fixed to be
similar as discussed in Sec. 4.1.

Hp (exceptions)
ID FWHM (kms™') o (kms™) fup (X 1075 ergs cm™2 s7!)  No. of Gaussian Comp.
(D) (2) (3) (4) (5)
23 4079 1733 0.167 1
25 2741 1171 2.170 1
29 5449 7987 10.15 2
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Appendix B: Summary of DyBEL BLR fitting results

Table B.1. Results of fitting the BLR model to the line profiles.

. € . ro o o
ID  Model Tied? Ha Rpir [1d] B % 103 i°l 6 [°] K Y 3 Siow Jettip 0[] Adpeak
O] ©) “) Q) (6) D ® ) (10) (1) (12) (13) (14 (15)
1 F - 244241123 1361000 4420708 5513 257F —0.39%073  3.9270¢% 0451037 0437035 017105 197 93773
2 C . 11284457 1867007 034708 43tle 61t)7 46153
3 C - 348:2%8 156705 022107 53130 67143 0.3%)3
-229 =0 - - — *~-0.3
4 C - 597+4% 1.8379%3  —0.12*0% 2570 50738 0.9%9
5 F - 1899+774 1.76*03  +0.9171% 3730 4928 —0.01703¢  2.69711F 048703 035703 04179034 36737 3.637
6 C Y 1552+%Zg 1 76+0:l3 —0.1 1+0:21 33+20 50+24 ’ ’ - . ’ 9 6+9:4
-335 +19-0.21 41023 -9 ~11 O_4»
7 C - 905+10%  1.48%03  -0.0579 37 53732 6.293
8 C - 1492+107 1567038 -0.32703%  38*1 5613 7.7+85
9 C Y 29317212 1.80*0N  —0.23703  34*H 52t 25.3"129
10 C Y 519975 18700 _044%088  33¢18 4502 21,5399
3% 8770 4470 ¥ ¥ S50
1 c - 525495 1.23%03% 050733 531 4413 L1755
-339 “=2-0. V-2, - - 0.
2 c - 252738 09470580 -0.06550 3745 707, 0.9155
-161 270, UY=2, - =S 7 -0.
13 C N 13541017 1.64%057 0287037 3473 53+ 6.371%2
4 C - 330142 1397038 —0.147234  48*27  59%)8 1.0}
15 C Yy omee o 68+g§ 065703 353 6019 6.1463
—664 () Y-0. - - 4.
16 C Y 2339%2263  146%035  -0.5170%%  41%% 59130 8.97174
17 C Y 151778 144708 053103 3918 53423 5.83%
-533 0. ~2-0. - - 0-2.
18 C Y 27461108 1.79*00 —0.077038  32%3 47t 156735
19 cC : 107271645 1564022 y0g5tid  36r0 53428 3.8+186
—-1140 ~H-0. T2, - - -3,
20 C Y 11507450 1.40%04  —1.6075) 42135 51732 3.67)%0
21 C Y SS5102% 169°018  _005t050  40%13  55tU7 19.84351
-3670 07-0. 0. - - O-12.
2 C Y 17764338 179701 —0.00410%%  37*7 55733 12.87128
23 C Y 333127 161703 -033*07 384 55732 15537
U C Y 465171307 165001 06017 400 sgld 25.4+142
-1185 =0, =H-0. - - -1
25 C Y 42527421 179008 —0.1570%7 33730 54472 21.17288
0.26 3.29 28 16 1.7
26 C 606+318 1487026 055732 4838 61%)° 0.6°)7
0.21 0.89 33 9 35.5
27 C Y 21123255 1.61°924  0.08705% 38733 69*9 111735
28 C Y 35150 156792 —0.027136  35%39  43+33 0.3
: 0.12 0.41 33 25 3.7
29 C N 436*3% 1737012 423321041 44733 51+ 11737

urew ‘ou jdurosnuew :sjoord Yy
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Note: The columns show (1) the ID number, (2) the model used (C for circular, F for full), (3) whether the central wavelength of HS and Hy was tied to that of Ho whenever the other Balmer lines
are available, (4) the Ho BLR size in 1d, (5) the shape parameter of the radial cloud distribution, (6) the amount of shift on the central wavelength of the Balmer line(s), (7) inclination angle, (8)
position angle, (9) anisotropy parameter, (10) vertical distribution of clouds, (11) midplane obscuration, (12) binary switch for inflowing (fiow < 0.5) and outflowing (fgow > 0.5) radial motion, (13)
fraction of clouds in circular/bound orbits, (14) angular location for radial orbit distribution, and (15) the peak expected differential phase. All errors are 10~ uncertainties. More details about the
BLR model parameters are discussed in Sect. 5, while the calculation of the peak expected differential phase is shown in Sect. 6.
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