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ABSTRACT

Current spatially resolved kinematic measurements of supermassive black hole (SMBH) masses are largely confined to
the local Universe (distances < 100 Mpc). We investigate the potential of the Extremely Large Telescope’s (ELT) first-
light instruments, MICADO and HARMONI, to extend these dynamical measurements to galaxies at redshift 1 < z < 2.
We select a sample of five bright, massive, quiescent galaxies at these redshifts, adopting their Sérsic profiles, from
HST photometry, as their intrinsic surface brightness distributions. Based on these intrinsic models, we generate mock
MICADO images using SIMCADO and mock HARMONT integral-field spectroscopic data cubes using HSIM. The HAR-
MONI simulations utilize input stellar kinematics derived from Jeans Anisotropic Models (JAM). We then process these
mock observations: the simulated MICADO images are fitted with Multi-Gaussian Expansion (MGE) to derive stellar
mass models, and stellar kinematics are extracted from mock HARMONI cubes with PPXF. Finally, these derived stellar
mass models and kinematics are used to constrain JAM dynamical models within a Bayesian framework. Our analysis
demonstrates that SMBH masses can be recovered with an accuracy of ~10 per cent. We find that MICADO can provide
detailed stellar mass models with ~1 hour of on-source exposure. HARMONI requires longer minimum integrations for
reliable stellar kinematic measurements of SMBHs. The required on-source time scales with apparent brightness, ranging
from 5-7.5 hours for galaxies at z ~ 1 (F814W, 20-20.5 mag) to 5 hours for galaxies at 1 < z < 2 (F160W, 20.8 mag). These
findings highlight the ELT’s capability to push the frontier of SMBH mass measurements to z & 2, enabling crucial tests
of SMBH-galaxy co-evolution at the top end of the galaxies mass function.

Key words: galaxies: evolution - galaxies: formation — galaxies: general - galaxies: kinematics and dynamics - galaxies:
nuclei - galaxies: supermassive black holes.

Mgy-galaxy stellar mass (M,; J. Magorrian et al. 1998), the Mpy-
velocity dispersion (o,) of the stars in a galaxy (L. Ferrarese & D.
Merritt 2000; K. Gebhardt et al. 2000), and the Mpy—-luminosity
(Lg; J. Kormendy & D. Richstone 1995). These correlations indi-
cate the mutual growth of both black holes (BHs) and their host
It is well established that the mass of nearby supermassive black galaxies; see reviews by A. C. Fabian (2012), J. Kormendy & L. C.
holes (SMBHs, Mgy ~ 10°° M) correlates with the macroscopic Ho (2013), and J. E. Greene, J. Strader & L. C. Ho (2020).

properties of massive galaxies (M, > 101° Mg; see review by J. The discovery of these correlations has primarily relied on
Kormendy & L. C. Ho 2013). Notable correlations include the dynamical modelling of the stellar kinematics, for both massive
galaxies (e.g. K. Gebhardt et al. 2003; M. Cappellari et al. 2009;

N. J. McConnell et al. 2011; S. P. Rusli et al. 2013; J. L. Walsh
* E-mail: dieun@umich.edu(DN); michele.cappellari@physics.ox.ac.uk(MC)

1 INTRODUCTION

1.1 SMBH-galaxy co-evolution and observational
challenges

© The Author(s) 2026.
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et al. 2016; S. Thater et al. 2022, 2023) and lower mass ones
(e.g. D. D. Nguyen et al. 2014, 2017, 2018, 2019, 2025c; D. D.
Nguyen 2017; C. P. Ahn et al. 2018; K. T. Voggel et al. 2018). BH
determination were also performed using gas kinematics from
either ionized gas (e.g. A. J. Barth et al. 2001; K. L. Shapiro et al.
2006; J. L. Walsh et al. 2013) or molecular gas (e.g. A. J. Barth
et al. 2016; K. Onishi et al. 2017; D. D. Nguyen 2019; T. A. Davis
et al. 2020; D. D. Nguyen et al. 2020, 2021, 2022; H. N. Ngo et al.
2025c). These direct dynamical BH determinations have so far
only been accessible to within about 100 Mpc (see compilations
by R. P. Saglia et al. 2016; R. C. E. den Bosch 2016). Beyond
this distance, current facilities cannot resolve the SMBH’s sphere
of influence (SOI'), the region where its gravity dominates. The
angular size of the BH SOI (Rsop) in galaxies is typically much
smaller than 0.1 arcsec (T. Zeeuw 2001, equation 2), falling below
the diffraction limit of current world-leading telescopes equipped
with adaptive optics (AO), such as the Gemini Telescope, the Very
Large Telescope (VLT), and the Keck Telescope, which achieve a
point spread function (PSF) full width at half maximum (FWHM)
of approximately 0.1 arcsec.

On the other hand, the Atacama Large Millime-
ter/submillimeter Array (ALMA) is now capable of achieving
angular resolutions of ~ 0.01arcsec in Band 6 observations
of 2CO(2—1) emission using the longest baseline antenna
configuration (i.e. C-10), comparable to the spatial scales
explored in the simulations presented in this work. However,
such ultra-high-angular-resolution molecular gas observations
often reveal resolved central cavities or deficits in the 2CO(2—1)
circumnuclear disc emission, likely caused by active galactic
nuclei (AGNs; M. Imanishi et al. 2020; T. Izumi et al. 2020;
D. D. Nguyen et al. 2021), which can degrade the accuracy of
SMBH mass measurements, as demonstrated in the mm-Wave
Interferometric Survey of Dark Object Masses (WISDOM; e.g.
M. D. Smith et al. 2019) and the Measuring Black Holes in Below
Milky Way Stellar Mass (Mx) Galaxies (MBHBMx; e.g. D. D.
Nguyen et al. 2020) projects. Another common limitation of using
ALMA at ultra-high angular resolution to dynamically measure
SMBH masses is that a significant fraction of the 2CO(2-1)
emission from the circumnuclear gas disc can be resolved out.
This loss of large-scale flux reduces the sensitivity and hampers
the recovery of robust molecular gas kinematics. In principle, this
effect can be mitigated by combining multiple measurement sets
obtained with different array configurations, spanning a range
of angular resolutions and maximum recoverable scales (e.g.
combining the longest-baseline configuration, C-10, with more
compact configurations such as C-8 and C-5). However, such
multiconfiguration observations are observationally expensive
and typically require total on-source integration times in excess
of ~40 h to achieve sufficient sensitivity, making this approach
impractical for large samples.

Estimates of high-redshift AGN and quasars suggest that their
Mgy are much larger than predictions from the local galaxy stellar
mass versus BH scaling relations (e.g. R. Maiolino et al. 2024).
This implies that these correlations may have evolved over cosmic
time. However, these BH estimates are not spatially resolved and
must rely on strong assumptions and could suffer from significant

!The spherical region surrounding a BH where its gravitational force
dominates, defined as the vicinity within which the enclosed mass equals
twice the Mpy: this can be approximately estimated as Rsor &~ GMpp/ af,
where G represents the gravitational constant.
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Figure 1. Angular-diameter distance (Dp) versus redshift (z) in a stan-
dard flat concordance lambda cold dark matter (ACDM) cosmology,
showing D peaking at &~ 1750 Mpc around z ~ 1.6.

measurement biases. Consequently, the evolution of the galaxy-
BH scaling relation with redshift remains observationally uncon-
strained using direct dynamical methods, leaving open questions
about how both BHs and their host galaxies grow in the context
of galaxy-BH co-evolution.

1.2 The promise of the ELT for high-redshift SMBH
demographics

The advent of the Extremely Large Telescope (ELT) and its first-
generation instruments — namely, the Multi-AO Imaging Cam-
era for Deep Observations (MICADO) imager (R. Davies et al.
2010, 2021) and the High Angular Resolution Monolithic Optical
and Near-infrared Integral (HARMONI) field spectrograph (N. A.
Thatte et al. 2016, 2020) - promises spatial resolutions around 10
milliarcseconds (mas). This capability potentially enables direct
spatially-resolved mass measurements for > 10° My SMBHs out
to cosmological distances.

Dynamically weighing SMBHs requires resolving the line-of-
sight (LOS) movements of stars or gas at scales corresponding
to Rsor. The angular size subtended by a physical scale like Rgor
depends on the angular-diameter distance (D,). Crucially, in
standard cosmological models, D4 (z) does not increase monoton-
ically with redshift z. As shown in Fig. 1, it reaches a maximum
value of D5 &~ 1750 Mpc around z ~ 1.6 and then decreases. This
means that, counterintuitively, very distant objects of a given
size can appear slightly larger in angular size than objects at
intermediate redshifts. For example, a galaxy with o, &~ 300 km
s7! hosting an SMBH with Mgy ~ 1.8 x 10° M, according to
the Mgy-o, relation (J. Kormendy & L. C. Ho 2013, equation 3)
has an Rsop that would subtend ~ 10 milliarcseconds (mas) at a
distance D, =~ 1800 Mpc. But this distance is larger than the peak
D,. This implies that this Rgo; could in principle be resolved at
any redshift. This angular scale is within the reach of the ELT’s
resolution.

However, even if the SOI is angularly resolved, observing high-
redshift objects presents a significant challenge due to cosmologi-
cal surface brightness dimming, which produces a steep decrease
of the observed bolometric surface brightness ¥ oc (1 +z)~*. The



Table 1. Photometric properties of simulated galaxies.
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Column (1): Galaxy name with numerical superscripts indicate the primary reference for photometric parameters in Columns (1)-(8): (1) A. der Wel et al. (2021); (>) M. Longhetti et al. (2014); (3) J.

de Sande et al. (2013); (*) M. Stockmann et al. (2020). Column (2): Right Ascension (J2000). Column (3): Declination (J2000). Column (4): Redshift estimated for each galaxy with photometric redshift
for LEGA-C galaxies and spectroscopic redshift for others. Column (5): Observed axis ratio g = b/a. Column (6): Total apparent AB magnitude m in the specific observed band. Column (7): Effective

(half-light) radius Re in arcseconds. Column (8): Sérsic index n. Columns (9)-(10): Logarithm of the stellar mass (Ig(M, /M), and stellar velocity dispersion (c.) in km s~!. Those values obtained from M.
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Cappellari (2023) for LEGAC-86906 and LEGAC-227516, from M. Longhetti et al. (2014) for S2F1-142, and from J. de Sande et al. (2013) for UDS 29410 and CP-1243752. Column (11): Angular-diameter

distance D4 in Mpc. Column (12): Physical scale in kpc arcsec™! at the galaxy’s redshift. Columns (11)-(12): D and physical scale are calculated from Zspec (Column 4) assuming a flat concordance ACDM

0.7), using the calculator by E. L. Wright (2006).
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cosmology (Hy

expansion of the Universe causes the observed surface brightness
of distant objects to decrease significantly, leading to lower signal-
to-noise ratios (S/N) and increased measurement uncertainties.
This sensitivity limit makes accurate dynamical measurements
beyond the local Universe difficult with current facilities.

In this paper, we evaluate the potential of the ELT’s cutting-
edge capabilities to overcome these limitations. We begin by
describing our galaxy sample selection and the intrinsic Sérsic
models that form the basis of our study in Section 2. We then
detail the simulation methodology for generating mock ELT ob-
servations with both MICADO and HARMONI in Section 3. The
subsequent processing and analysis of these simulated data, in-
cluding PSF determination from MICADO point source images,
surface brightness parametrization of galaxy images, and stellar
kinematic extraction from HARMONI data cubes, are presented
in Section4. Following this, Section 5 outlines the dynamical
modelling techniques employed, using Jeans Anisotropic Models
(JAM) and Markov chain Monte Carlo (MCMC) fitting, to recover
SMBH masses from the processed data. Finally, in Section 6, we
summarize our key findings, discuss the implications for future
SMBH research at high redshifts, and assess the overall feasibility
of these challenging but crucial measurements for understanding
galaxy-BH co-evolution.

Although a factor of more than 10 improvement in angular
resolution adopted in this study with the ELT HARMONTI and
MICADO nominally compensates for the ~10 increase in angular
diameter distance at gz ~ 1-2, our results demonstrate that spatial
resolution alone is insufficient to guarantee successful black hole
mass measurements at high redshift. By modelling physically mo-
tivated galaxy populations appropriate for cosmic noon, and by
explicitly accounting for surface-brightness dimming, adaptive-
optics performance and PSF structure, wavelength-dependent in-
strumental effects, and realistic signal-to-noise limitations, we
show that only a subset of massive, favourable systems can be
dynamically probed. Our simulations therefore provide quanti-
tative constraints on which galaxies are viable targets and under
what observational conditions, establishing a realistic framework
for future ELT studies that goes well beyond simple angular-
resolution scaling from the local Universe.

‘We adopt a standard flat concordance ACDM Universe model
in all calculations with Hy = 70km s~! Mpc™!, @, = 0.3, and
Q4 = 0.7. To ensure consistency, we applied a foreground ex-
tinction correction using the method described by E. F. Schlafly
& D. P. Finkbeiner (2011) and adopt the interstellar extinction
law from J. A. Cardelli, G. C. Clayton & J. S. Mathis (1989) for
all relevant quantities. Additionally, we used the AB photometric
magnitude system (J. B. Oke 1974) throughout our analysis.

2 GALAXY SAMPLE AND SERSIC MODELS

2.1 High-redshift galaxy sample selection

To evaluate the capabilities of HARMONI and MICADO for mea-
suring SMBH masses at high redshift, we selected a sample of
galaxies within the range 1 < z < 2. The primary selection cri-
teria were the availability of essential observational data: spec-
troscopic redshift (z), high-resolution HST imaging, photometric
parameters (total apparent magnitude, Sérsic profile parameters
n and R.), stellar mass (M,), and stellar velocity dispersion (o, ).
Crucially, we targeted the brightest known quiescent, massive
galaxies at these redshifts to maximize the S/N achievable in

MNRAS 546, 1-19 (2026)
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realistic mock observations, mitigating the challenges posed by
cosmological surface brightness dimming.

Candidate galaxies were sourced from several surveys. For
z ~ 1, we utilized the Large Early Galaxy Astrophysics Census
(LEGA-C) survey (A. der Wel et al. 2016, 2021). For z = 1.5,
we drew from various deep-field surveys targeting massive, qui-
escent galaxies, including the NEWFIRM Medium-Band Survey
(NMBS; P. G. Dokkum et al. 2009; K. E. Whitaker et al. 2010), the
UKIRT Infrared Deep Sky Survey (UKIDSS; A. Lawrence et al.
2007; R. J. Williams et al. 2009), KMOS and X-shooter spectro-
scopic campaigns (M. Stockmann et al. 2020), and VLT cluster
surveys (J. de Sande et al. 2013; A. Beifiori et al. 2017), ensuring
the availability of necessary HST/WFC3 imaging.

From these sources, we selected a representative sample of
five galaxies, chosen as among the brightest known examples
at their respective redshifts possessing the required data: two at
z~1 (LEGAC-86906, LEGAC-227516), two at z ~ 1.5 (S2F1-
142, UDS 29410), and one at z ~ 2 (CP-1243752). Their detailed
properties are listed in Table 1.

Even with next-generation facilities such as HARMONI and
MICADO on the ELT, it will not be feasible to sample the Mpy-o
relation across the full galaxy population in the same manner as
in the local Universe. At high redshift, kinematically resolving the
BH SOI will necessarily be restricted to the most massive, lumi-
nous, and structurally favourable systems, thereby probing only
the ‘tip of the iceberg’ of the underlying population. Accordingly,
the aim of this work is not to define a target sample size or to
statistically map the evolution of the scaling relation, but rather
to demonstrate that direct, spatially resolved measurements of
Mgy will be achievable for a small yet critical subset of galaxies
out to Cosmic Noon (1 < z < 2).Such measurements will provide
essential anchor points for calibrating indirect Myy estimators
and for assessing potential evolution in the Mpy-galaxy scaling
relations. Determining how far these observational limits can
be extended in terms of sample size and galaxy properties will
ultimately depend on early ELT results and is beyond the scope
of this study.

Fig. 2 shows the position of our selected sample (large coloured
stars) on the mass-size diagram across three redshift bins, over-
laid on the 3D-HST CANDELS sample (A. der Wel et al. 2014).
This confirms our targets are massive and relatively compact,
characteristic of quiescent galaxies at these epochs. Fig. 3 displays
the archival HST/WFC3 F814W or F160W images for our sample.
While large surveys contain numerous galaxies at these redshifts,
most are fainter or lack the complete dataset needed for our
detailed simulations, justifying our focus on these exceptionally
bright systems.

2.2 Adopted intrinsic galaxy properties: Sérsic models

The light distribution of each galaxy is modelled using the Sérsic
profile (J. L. Sersic 1968):

1/n
I(R):Ieexp{—bn |:<11;> —lj“ (1)

where n is the Sérsic index, R, is the effective radius, and I, is the
intensity at R.. The term b, = Q~1(2n, 1/2) is a coefficient, with
Q! being the inverse regularized incomplete gamma function?

2Implemented in scipy.special.gammainccinv
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(K. Zhu et al. 2025, equation 14), ensuring that R, encloses half
the total light. The parameters for each galaxy were previously
published in the literature and are reproduced in Table 1. We
assumed these Sérsic models represent the true intrinsic galaxy
surface brightness as they were convolved with the HST PSF,
down to the smallest radii resolvable with the ELT. These intrinsic
models form the basis for the simulations of mock ELT obser-
vations detailed in the subsequent sections, where they are used
as input for generating both MICADO images and HARMONI
data cubes. This approach allows us to test the capabilities of ELT
instrumentation in recovering galaxy and BH properties starting
from well-defined, albeit idealized, galaxy profiles.

3 SIMULATING MOCK ELT OBSERVATIONS

3.1 Simulation strategy overview

The intrinsic galaxy properties, represented by the Sérsic models
detailed in Section 2.2, form the foundation for our simulations
of ELT observations. We use these models to generate realistic
mock data for both the MICADO imager and the HARMONI
integral-field spectrograph (IFS). This approach allows us to as-
sess the ELT’s capability to recover key galaxy parameters, in-
cluding SMBH masses, from high-redshift galaxies. The following
subsections describe the simulation process for each instrument.

3.2 Simulating MICADO imaging

MICADO (Multi-AO Imaging Camera for Deep Observations) is
the ELT’s first-light diffraction-limited imager, designed to deliver
high sensitivity and a wide field of view (FoV, e.g. ~ 50 arcsec x
50 arcsec with a fine pixel scale of a few milliarcseconds) across
near-infrared (NIR) wavelengths (R. Davies et al. 2018; R. Davies
et al. 2021). To simulate MICADO observations, we utilize the
SIMCADO? software package (K. Leschinski et al. 2016). SIMCADO
is a versatile tool that models the instrument’s optical path, de-
tector characteristics, and the effects of atmospheric turbulence
corrected by AO.

The input to SIMCADO for our target galaxies are the 1D Sér-
sic surface brightness profiles described in Section 2.2, with the
corresponding observed axial ratio. SIMCADO convolves these
intrinsic light distributions with appropriate PSFs expected for
MICADO, considering the chosen observing mode and the single-
conjugate AO (SCAO*) using a natural guide star (NGS) perfor-
mance.

In the SCAO mode, MICADO on the ELT is designed to de-
liver diffraction-limited NIR imaging (0.8-2.4 um) by correct-
ing atmospheric turbulence along the direction of a bright NGS.
SCAO offers higher on-axis Strehl ratios than multi-conjugate
AO (MCAO) over a smaller FoV, but performance depends on
the guide star brightness and distance from the science target,
with optimal results requiring a bright (V < 15-16 mag) star
within ~15-20 arcsec of the field centre. Under nominal condi-
tions, SCAO is expected to achieve on-axis Strehl ratios of =60
per cent and FWHM of ~10 mas in H band, with correspond-
ingly sharp PSFs featuring a strong diffraction-limited core and
extended wings due to residual wavefront errors. The PSF varies
with field position and atmospheric conditions, and detailed PSF

3https://pypi.org/project/SimCADO/
“https://simcado.readthedocs.io/en/latest/user_docs/9_PSFs.html
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Figure 3. HST/WFC3 F814W and F160W images for five galaxies in our simulated sample are displayed in greyscale.

reconstruction algorithms aim to model these variations with
~10-15 per cent precision in both Strehl and FWHM out to signif-
icant off-axis angles. This high-performance PSF is essential for
accurately modelling the high-spatial-resolution surface bright-
ness of galaxy nuclei, enabling the recovery of fine structural
details and precise photometry required for robust SMBH mass
measurements.

Realistic sky background levels and detector noise (read noise,
dark current) are also incorporated to produce mock images that
closely resemble actual MICADO observations. We produced im-
agesin either the I band or H band (Fig. 4), depending on redshift,
which is close to the wavelength of the mock HARMONI data

cubes. This is the same band we would need to observe in real data
to ensure we capture the distribution of the tracer population,
which is required by the dynamical models.

To generate the mock MICADO images, we first constructed
emission curves based on the spectral energy distribution (SED)
of an elliptical galaxy, adopting either the I- or H-band filter. The
spectral axis was adjusted to account for the redshifts of the sim-
ulated galaxies by shifting the SEDs to longer wavelengths. Each
galaxy was treated as a single source and modelled according to
equation (1).

We then used the optical train implemented in SIMCADO to
simulate the propagation of light from the galaxy through the
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6 D.D. Nguyenetal.

; . ‘ -0°03'00.90" . . —— ; w02
LEGAC - 86906, 2=0.82,n=5.8 ) |Jll0-50 S2F1-142,2=1.39, n=3.5 NG| 2°17'52.80"| CP-1243752, 2=2.09, n=4.5
E<—T 0.25 E<—T F E<—T —0.4
2012'41.25" 00.95°L 02 ¥
0.00 J— -0.6
8 -0.258 S 00 § 8 [ _0.8S
o " a o o o By
Q420 3 R or00'[ ) S 3
= -0.505 =0 —0.25 = [ S
g g g 23 §52.70°F —103
2 = [ =~ [} L Y
8 _0752 8 = 8 =
. —0.4
4115k oo 01.05°L _ —12
X 52.65"
-1.25 -6 [ -1l4
4110 - Pand | 10(‘Tpc 01.10" i . B | 100 pe [H - tu)and | IOFPC
10702713.380°  13.375° 133700 120 T 3h06m36.515°  36.510° 36505° 08 10M00™17.750°  17.745° i7740°  ~-©
RA (j2000") RA (2000") RA (12000")
—,———————————r ——— 1 0.2
LEGAC — 227516, z=0.95, n=4.1 N 0.4 -5°16'21.75" UDS - 29410, z=1.46, n=2.6 N
2°4317.10°1 EJ EJ o4
02
21.80"
5 5 5 &8
S17.05' 0.0 £ g 068
8 3 8 3
= 5 = 51850 5
> > 51.g5fe 5
§ -0 zg § -08%
17.00"F
—0.4
21.90" -1.0
16.95"F Il - band ) 160 pc -0.6 HT band ; 10|ch
10"00752.650°  52.645° 52.640° 2P TT51225°  51.220° ST215e L2

RA (2000")

RA (J2000")

Figure 4. Greyscale mock MICADO images of the five simulated galaxies, produced using SIMCADO.

atmosphere, the ELT primary mirror, the instrument optics,
and the detector. Detector and sky noise were added using the
HXRG Noise Generator (HXRG NG), originally described by B.
J. Rauscher (2015), which models the dominant noise compo-
nents in NIR detectors, including white read noise, correlated
and uncorrelated 1/ f noise, alternating column noise, residual
bias drifts, and so-called picture-frame noise. The resulting noise
frames, expressed in electrons, were combined with the simulated
signal to produce realistic mock images consistent with expected
detector performance.

All simulations adopted a diffraction-limited point-spread
function in SCAO mode, with a characteristic FWHMpsp >~
10 mas (R. Davies et al. 2021). To emulate realistic observing
conditions, we fixed the exposure time per frame to obs_dit =
15 min and varied the number of exposures (n_dit). We find
thatn dit = 4 providesoptimal performance for all simulated
galaxies, corresponding to a total on-source integration time of
one hour, excluding target acquisition, overheads, and SCAO set-
up.

The resulting mock MICADO images are then used to derive
detailed Multi-Gaussian Expansion (MGE) surface brightness
models of the stellar tracer population for the JAM dynamical
models.

3.3 The HARMONI instrument and HSIM simulator

HARMONT is planned as the first-light IFS for the ELT, designed
to operate across optical and NIR wavelengths (0.458-2.469 pm).
It utilizes an image slicer integral field unit (IFU).

It is important to note that HARMONI is currently undergoing
a rescoping review. This review process may result in modifica-
tions to the instrument’s final specifications, which are not yet
settled at the time of writing. The simulations presented in this
paper are based on the latest well-defined specifications available
prior to the conclusion of the rescoping review.
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Based on these pre-review specifications, HARMONI was de-
signed to offer four spatial scales (4 x 4, 10 x 10, 20 x 20, and
30 x 60 mas?), corresponding to FoVs ranging from 0.86 arcsec x
0.61 arcsec to 9.12 arcsec x 6.42 arcsec. It was planned to provide
three spectral resolving powers (1/AX =~ 3300, 7100, and 17400)
via 13 gratings (S. Zieleniewski et al. 2015). HARMONI will be
coupled with AO systems - either SCAO using a NGS or laser
tomography AO (LTAO)—to correct for atmospheric turbulence
and achieve near-diffraction-limited performance (N. A. Thatte
et al. 2016, 2020).

HARMONI aims to enable a wide range of science cases, in-
cluding the study of galaxy kinematics and stellar populations
at high redshift (S. Kendrew et al. 2016) and the measurement
of black hole masses (D. D. Nguyen, M. Cappellari & M. Pereira-
Santaella 2023; H. N. Ngo et al. 2025a, 2025b; D. D. Nguyen et al.
2025b), which are the focus of this work.

We generated mock HARMONI observations using the HSIM
software® (S. Zieleniewski et al. 2015), a PYTHON pipeline de-
signed specifically for HARMONI. HSIM takes high-resolution,
noise-free input data cubes, which represent the intrinsic proper-
ties of astronomical sources, and simulates the effects introduced
by the atmosphere, telescope, and instrument based on their spec-
ified characteristics. This simulation process includes applying
wavelength-dependent PSFs, detector effects, and various noise
sources to produce realistic output data resembling actual HAR-
MONI observations.

3.4 Generating input noiseless data cubes

To generate the input noiseless data cubes for HSIM, we de-
veloped a dedicated PYTHON routine, jam _mock data_ cube
6, This routine takes a calibrated MGE model (in Lyarcsec™>
for a given photometric band) and a stellar template spectrum

5v3.1 https://github.com/HARMONI-ELT/HSIM
6 Available from https:// github.com/micappe/jam_mock_data_cube
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as primary inputs. It then produces a mock noiseless three-
dimensional (3D) data cube, considering specified parameters for
anisotropy, BH mass, and inclination.

In detail, we performed the following steps to create the noise-
less data cubes:

(i) The initial one-dimensional (1D) Sérsic profile, with pa-
rameters from Table1, is converted into an MGE using the
mge .fit 1d procedure from the MGEFIT package’ (M. Cappel-
lari 2002). The input logarithmically sampled Sérsic profile is
sampled from 0.01 to 100 times R, and fitted with 15 Gaussians to
ensure an accurate description of the galaxy’s surface brightness
profile Table 2.

(ii) This MGE model serves as input for the jam.axi.proj
procedure within the JAM package® (M. Cappellari 2008, 2020).
This step computes the two-dimensional (2D) kinematic fields
(mean line-of-sight velocity V' and velocity dispersion o) for the
given anisotropy, inclination, and BH mass. Specifically, JAM cal-
culates the first (V) and second (V;ys) velocity moments, from
which the velocity dispersion is derived as o = /V;2 — V2.

(iii) The calculated kinematics are then used to construct a 3D
data cube. This involves convolving the input stellar template
spectrum with the line-of-sight velocity distribution (LOSVD)
at each spatial position. The LOSVD is assumed to be a Gaus-
sian function characterized by the mean velocity V' and disper-
sion ¢ obtained in the previous step. This convolution is per-
formed using the varsmooth function from the pPXF pack-
age’ (M. Cappellari 2023), which accurately handles potential
undersampling of the LOSVD. The resolution of the input tem-
plates is from three times smaller to comparable to the HAR-
MONI resolution. In all cases, we request an output sampling
in jam _mock_data_cube that is twice smaller than the HAR-
MONI resolution, to ensure an accurate convolution with the
line-spread function (LSF) within HSIM.

(iv) The routine then scales the flux of the input spectrum at
each spatial pixel to match the observed surface brightness. This
scaling utilizes the provided filter transmission curves along with
the ppxf util.mag sunand ppxf util.mag spectrum
functions from the PPXF package (M. Cappellari 2023) to ensure
correct photometric calibration in the specified band.

(v) Finally, the routine assembles the fully convolved and
scaled spectra into a 3D data cube with the desired spatial and
spectral sampling, ready to be used as input for the HSIM simu-
lator.

In our input to the jam mock_data cube routine, we
adopted the following specifications:

(i) SMBH mass estimation: For each galaxy, the central Mgy
for the HARMONI IFS simulation was estimated based on its M,
and o,. We used the relations from D. Krajnovi¢ et al. (2018b):
equation (2) for M, < M, or equation (3) for M, > M = 2 X
101 M.

(ii) Dynamical anisotropy: Consistent with observations that
massive galaxies are generally characterized by low anisotropy
(M. Cappellari 2026, fig. 10), we assumed an isotropic JAM model
(B, = 0) for generating the kinematics.

(iii) Inclination: Given the absence of published constraints
on the inclinations of our five simulated targets, we adopted a

7v5.0: https://pypi.org/project/mgefit/
8v8.0: https://pypi.org/project/jampy/
9v9.4: https://pypi.org/project/ppxf/

uniform inclination of i = 70° for all systems in the JAM mod-
elling when computing the 2D LOSVDs.

(iv) Simulation FoV and spatial sampling: Considering the
cosmall apparent size of the target galaxies and our objective to
resolve kinematics near the SMBH’s SOI, the mock kinematic
fields were generated for a central 0.4 arcsec x 0.4 arcsec FoV. To
ensure accurate subsequent convolution with the instrumental
PSF by HSIM, these models were computed on a fine grid with
2 x 2 mas? pixels, which is five times smaller than the 10 x 10
mas?> HARMONI spaxel size used in the simulations.

(v) PSF handling at input stage: The LOSVDs generated by
JAM were not convolved with any PSF at this stage, as PSF effects
are incorporated later by the HSIM simulator.

(vi) Stellar template selection: The input stellar template
spectrum for jam mock data_ cube was taken from the C.
Maraston & G. Strombidck (2011) stellar population synthesis
(SPS) models, based on the MARCS synthetic library (B. Gustafs-
son et al. 2008). For each galaxy, we selected a template with solar
metallicity and an age that closely matched the known stellar
population of the galaxy from Table 3.

3.5 Producing mock HARMONI IFS data cubes with
HSIM

The previously generated input-noiseless cubes were then pro-
cessed with HSIM to simulate mock HARMONTI IFS observations
using the H + K grating. HSIM performs several key steps: it
convolves the input cubes with the HARMONTI PSF, and then
rebins and interpolates the spectral and spatial dimensions to
match the HARMONI spectral resolution for the H + K grating
and the adopted pixel scale of 10 x 10 mas?.

These simulations assumed median observational conditions
for the Armazones site, including the LTAO mode with a NGS of
17.5 mag in the H-band within a 30 #***° radius. An optical zenith
seeing at 0.5 um with a FWHM of 0.64 arcsec and an airmass of
1.3 were assumed.

To emulate realistic observational strategies, multiple expo-
sure frames and dithering patterns were applied. Each exposure
utilized a Detector Integration Time (DIT) of 15 min. The total
exposure time for each simulation was calibrated to achieve a
minimum S/N of 5 per A across the simulated FoV, and is de-
termined by the number of exposures (NDIT) as Total Exposure
Time = DIT x NDIT. All specific HSIM simulation parameters
and conditions are detailed in Table 3.

4 ANALYSIS OF SIMULATED ELT DATA

Once the mock ELT observations (MICADO images and HAR-
MONI data cubes) are generated as described in Section 3, the
next crucial step is to process and analyse this simulated data,
following the procedures we would apply to real data, to extract
the physical parameters required for the dynamical modelling.
This section outlines the methodologies used for deriving the PSF
from simulated stellar images, parametrizing the galaxy surface
brightness from simulated MICADO images, and extracting stel-
lar kinematics from the simulated HARMONI data cubes.

4.1 PSF determination from simulated MICADO point
source images

Accurate knowledge of the PSF is critical for deconvolving the
observed galaxy light distribution and for reliable photometric
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Table 2. The Sérsic light-MGE models of five simulated galaxies.
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lgo; lgo;

j Galaxy Ig EL“}“ (Lopc™2) (arcséc) q;=bj/a; Galaxy Ig Ei‘f}?i(LG)pc*Z) (arcséc) q;=bj/a;

@® 2 3) ©)) ©) (6) @ (©)] (O]
1 LEGAC-8906 4.463 —3.000 0.75 LEGAC-227516 4.053 —3.000 0.95
2 4.189 —2.630 0.75 3.874 —2.638 0.95
3 3.951 —2.318 0.75 3.712 —2.336 0.95
4 3.727 —2.029 0.75 3.559 —2.062 0.95
5 3.488 —1.751 0.75 3.392 —1.802 0.95
6 3.226 —1.482 0.75 3.199 —1.552 0.95
7 2.936 —1.220 0.75 2.977 —1.312 0.95
8 2.619 —0.966 0.75 2.724 —1.081 0.95
9 (z ~ 0.8213) 2.274 —0.720 0.75 (z ~ 0.7794) 2.438 —0.858 0.95
10 (I band) 1.899 —0.482 0.75 (I band) 2118 —0.644 0.95
11 1.498 —0.252 0.75 1.763 —0.438 0.95
12 1.068 —0.028 0.75 1.373 —0.238 0.95
13 0.615 0.193 0.75 0.949 —0.039 0.95
14 0.135 0.431 0.75 0.477 0.178 0.95
15 —0.502 0.758 0.75 —0.209 0.475 0.95
1 S2F1-142 5.002 —3.000 0.74 UDS-29410 4.515 —3.000 0.54
2 4.861 —2.642 0.74 4.456 —2.650 0.54
3 4.730 —2.347 0.74 4.392 —2.364 0.54
4 4.608 —2.083 0.74 4.331 —2.113 0.54
5 4.473 —1.834 0.74 4.257 —1.879 0.54
6 4.312 —1.596 0.74 4.156 —1.658 0.54
7 4.120 —1.368 0.74 4.023 —1.447 0.54
8 3.896 —1.149 0.74 3.852 —1.247 0.54
9 (z ~ 1.386) 3.636 ~0.938 0.74 (z ~ 1.456) 3.641 ~1.056 0.54
10 (H band) 3.340 —0.737 0.74 (H band) 3.386 —0.873 0.54
11 3.005 —0.543 0.74 3.084 —0.700 0.54
12 2.632 —0.354 0.74 2.734 —0.532 0.54
13 2.221 —0.166 0.74 2.331 —0.363 0.54
14 1.745 0.041 0.74 1.828 —0.176 0.54
15 1.027 0.320 0.74 1.020 0.068 0.54
1 CP-1243752 6.101 —3.000 0.79
2 5.861 —2.640 0.79
3 5.643 —2.349 0.79
4 5.448 —2.092 0.79
5 5.252 —1.852 0.79
6 5.039 —1.622 0.79
7 4.802 —1.399 0.79
8 4.538 —1.184 0.79
9 (z ~ 2.090) 4.247 —0.975 0.79
10 (H band) 3.927 —0.773 0.79
11 3.578 —0.577 0.79
12 3.201 —0.385 0.79
13 2.797 —0.192 0.79
14 2.348 0.023 0.79
15 1.691 0.325 0.79

Column (1): Index j of the Gaussian component. Columns (2) and (6): Galaxy name (and redshift). Columns (3) and (7): Logarithm of the stellar
surface luminosity density either in I or H bands, Ig Zl“;“ (in Lo pc™2). Columns (4) and (8): Logarithm of the Gaussian dispersion (width), Igo j (in

arcseconds), along the major axis. Columns (5) and (9): Axial ratio, q;. =bj/aj.

and structural analysis. For MICADO, the PSF will be complex
and dependent on the AO system performance and observing
conditions.

We simulate MICADO observations of point sources (stars)
using SIMCADO under the same conditions anticipated for the
galaxy observations. These simulated stellar images are then anal-
ysed to characterize the PSF. We use the MGE method, specifi-
cally the mge .fit _sectors routine from the MGEFIT PYTHON
package (M. Cappellari 2002). Themge .fit _sectors algorithm
models the 2D light distribution of the simulated star as a sum
of co-axial Gaussian components. This MGE representation of
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the PSF is then used in the subsequent analysis of the simulated
galaxy images to account for instrumental broadening.

4.2 MGE surface brightness parametrization from
simulated MICADO galaxy images

The simulated MICADO images of the galaxies, generated as
described in Section 3.2, provide high-resolution views of their
stellar light distributions. To quantify their structure, we again
employ the MGE method. The mge .fit sectors routine is
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Table 3. Mock HSIM IFS in the H + K grating.

Galaxy name HST image Age Metallicity lgMpn(2) 1lgMpu(3) HSIM HSIMgensitivity
archival (Gyr) [Fe/H]/MARCS Mp) Mgp) (NDIT) (NDIT)
(€Y} (2 (3) (C) 3) (6) @) (®)
LEGAC-86906(1) (I band) F814W 4.5 0.0/z002 9.10 9.64 50 30
LEGAC-227516(1) (I band) F814W 4.0 0.0/z002 9.18 9.54 80 50
S2F1-142(%) (H band) F160W 2.3 0.0/z002 9.60 9.71 40 30
UDS 29410(3) (H band) F160W 0.7 0.0/z002 9.48 9.93 40 30
CP-1243752(%) (H band) F160W 2.6 0.0/z002 9.51 9.85 50 30

Column (1): Galaxy name. Column (2): Indicates if an archival HST image is available. Column (3): Assumed median stellar population age in
Gyr. Ages for LEGA-C galaxies are from (1):M. Cappellari (2023); ages for other galaxies are from (?): M. Longhetti et al. (2014); (*): J. de Sande
et al. (2013); (*): M. Stockmann et al. (2020). Column (4): Metallicity in terms of [Fe/H] and the corresponding MARCS synthetic stellar spectra
library identifier. Given that the MARCS synthetic stellar spectra library does not include stellar populations younger than 3 Gyr, we adopt
its 3 Gyr stellar template as the SPS model for the three galaxies at z > 1.5 in the mock HSIM IFS simulations those have ages less than this
age. Column (5): Estimated SMBH mass (in M) using equation (2) from D. Krajnovi¢ et al. (2018b) (applicable for M, < M ~ 2 x 101! Mg).
Column (6): Estimated SMBH mass (in M) using equation (3) from D. Krajnovi¢ et al. (2018b) (applicable for M, > M_). Column (7): Total
number of exposures (NDIT) used in HSIM for the simulated HARMONI H + K IFS observation. Each exposure has a duration of DIT = 15
min. Column (8): Sensitivity limit, expressed as the minimum number of exposures (NDIT), representing the lowest S/N from the simulated IFS
for which PPXF can still extract accurate kinematics. All listed exposure times are science time on target and do not include overheads for target

acquisition, LTAO set-up, or sky observations.

used to fit the 2D surface brightness distribution of each simu-
lated galaxy.

Crucially, during this fitting process, the MGE model of the
PSF (derived in Section 4.1) is convolved with the intrinsic MGE
model of the galaxy before comparing with the simulated (PSF-
convolved) MICADO galaxy image. This ensures that the de-
rived MGE parameters represent the intrinsic galaxy structure,
corrected for the effects of the PSF. The resulting MGE model
(Fig. 5) is given in Table 4 and provides a compact and accurate
description of the galaxy’s surface brightness distribution, which
serves as the stellar photometric component in the dynamical
models used for SMBH mass determination (see Section 5).

4.3 Stellar kinematic extraction from simulated
HARMONI data cubes

We derived the LOSVDs from the mock HARMONTI IFS obser-
vations. For galaxies at redshifts 1 < z < 1.8, the kinematics is
mainly constrained by the Ca2 Triplet (CaT) stellar absorption
features, while for those atz 2 1.8, the strongest constraints come
from the Mg 1b features. These prominent absorption lines fall
within the spectral range of the H + K grating used in our HSIM
simulations, as illustrated in Fig. 6.

Prior to kinematic extraction, we applied adaptive Voronoi
spatial binning to the simulated IFS data cubes using the
VORBIN package!® (M. Cappellari & Y. Copin 2003). This proce-
dure groups spaxels to achieve a target S/N per bin per A (detailed
in Column 12 of Table 5), minimizing uncertainties in the subse-
quent LOSVD measurements.

Following spatial binning, each binned spectrum was loga-
rithmically rebinned along the spectral dimension. We then em-
ployed the Penalized PiXel-Fitting (PPXF) software (M. Cappellari
2023) to fit these spectra using stellar population models by C.
Maraston & G. Strombick (2011) based on the MARCS synthetic
spectra (B. Gustafsson et al. 2008). To extract the mean velocity
(V) and velocity dispersion (o), we configured PPXF to fit only
the first two velocity moments (V, o) (moments = 2) while

10y3.2.1: https://pypi.org/project/vorbin/

using additive polynomials (degree = 0), and no multiplica-
tive ones (mdegree = -1). The instrumental broadening of
the HARMONI IFS was accounted for by convolving the stel-
lar templates with the differential instrumental dispersion. In
the fit, we used 13 templates with ages spanning 3 to 15 Gyr
(i.e. given that the youngest population of the MARCS synthetic
spectra is 3 Gyr) and appropriate metallicities (see Table 3 for
details). Fig. 6 displays the best-fitting SPS template overlaid on
segments of the mock H + K IFS spectra from the central bin
of each of the five simulated galaxies, with residuals (data—
model) shown as green dots. The resulting LOSVD maps (V, o,
and Vips = ~/V?2 4 02) are presented in Figs 7, 8, and 9 for galaxy
pairs at z &~ 1, 1.5, and 2, respectively.

For the targets at z =~ 1, we performed simulations with ex-
posure times of 12.5 and 20h for LEGAC-86906 and LEGAC-
227516, respectively. For the galaxies at z ~ 1.5 (S2F1-142 and
UDS 29410), the simulations were carried out with exposure
times of 10 h, while for the galaxy at z & 2, an exposure time of
12.5 h was adopted (Table 3, excluding overheads). The mock IFS
data attained sufficient S/N across the fitting spectral ranges. The
choice of the brightest known targets at each redshift maximized
sensitivity and optimized exposure times, making these durations
representative for observations at these redshifts.

To validate our kinematic measurements, we compared the
LOSVDs obtained using the CaT or Mg 1b features with those
derived by fitting the entire H + K spectral range, showing dif-
ferences of less than 5 per cent. We further tested the kinematics
using the empirical X-shooter Stellar Library Data Release 3 (XSL
DR3; K. Verro et al. 2022), which includes stellar spectra from
683 stars covering 3000-25000 A at a resolution of R A~ 10000
(a factor of two coarser than MARCS). The XSL encompasses a
wide variety of stellar types. The LOSVD maps derived using XSL
templates showed differences of less than 8 per cent compared to
those from the MARCS SPS models.

The signatures of central SMBHs are prominently seen in sev-
eral central spaxels within the mock Vs maps at the scales of
the SMBH’s SOI (at least several times larger than the proposed
observational scale of 10 mas in this work) where its gravity dom-
inates, characterized by the central peaks/drops towards the cen-
tre depending on whether its absence/presence or its large/small
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Figure 5. The comparison between the MICADO images produced by SIMCADO and their best-fitting MGE models for five simulated galaxies is
presented in terms of 2D surface brightness density. Black contours represent the data, while red contours depict the model, illustrating the alignment

$2F1-142,2=1.39, n=3.5

0.3

0.2 —

0.1 —

0.0 —

-0.1—

=0.2—1

-0.3

BX (arcsec)

0.4 —

0.2 —

0.0 —

-0.2 —

-0.4 —

CP—-1243752,2=2.09, n=4.5

-0.2 0.0 0.2 0.4
BX (arcsec)

between data and model at corresponding radii and contour levels which are spaced decreasing by 0.5 mag arcsec ™! outward.

Table 4. The mock MICADO mass-MGE models of five simulated galaxies.

lgo; lgo;

j Galaxy Ig ):f_lj"i‘SS(M@pc*Z) (arcséc) q;=bj/a Galaxy lg Ef‘;‘“(M@pc’z) (arcséc) q;=bj/a;
@ ) (3) 4) %) (6) (7 ) )
1 LEGAC-86906 5.748 —2.097 0.95 LEGAC-227516 5.570 —2.353 0.95
2 4.795 —1.656 0.95 5.019 —1.84 0.95
3 4.447 —1.391 0.95 4.719 —1.464 0.94
4 (z ~ 0.7794) 4189 ~1.022 0.95 (z ~ 0.8213) 4451 ~1.057 0.93
5 (I band) 3.827 —0.537 1.00 (I band) 3.998 —0.488 0.90
1 S2F1-142 5.311 —2.097 0.80 UDS-29410 5.041 —2.210 0.75
2 4.716 —1.641 0.80 4.844 —1.648 0.75
3 4.366 —1.371 0.80 4.496 —1.260 0.75
4 (z ~ 1.386) 4.267 —1.127 0.80 (z ~ 1.456) 4.206 —0.840 0.75
5 (H band) 3.961 —0.834 0.80 (H band) - - -
6 3.569 —0.510 0.80 - - -
7 3.099 0.222 0.85 - - -
1 CP-1243752 5.819 —2.097 0.90 — - - -
2 4.902 —1.620 0.90 - - -
3 4.569 —1.296 0.90 - - -
4 4.164 —0.952 0.90 - - -
5 (z ~ 2.090) 3.552 —0.636 0.90 - - -
6 (H band) 3.231 —0.381 0.90 - - -
7 2.811 —0.222 0.95 - - -

Column (1): Index j of the Gaussian component. Columns (2) and (6): Galaxy name (and redshift). Columns (3) and (7): Logarithm of the stellar
surface mass density, lg fo;‘ss (in Mg pc~2). Columns (4) and (8): Logarithm of the Gaussian dispersion (width), Ig o (in arcseconds), along the
major axis. Columns (5) and (9): Axial ratio, q;. =bj/aj.
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Figure 6. Examples of the H + K HSIM mock spectra for five simulated galaxies are shown, including the targets at z ~ 1 (12.5-h exposure for LEGAC-
86906 and 20-h exposure for LEGAC-27516), z ~ 1.5 (S2F1-142 and UDS-29410; 10-h exposures for both), and z ~ 2 (CP-1243752; 12.5-h exposure).
The observed spectra (black) are fitted using PPXF (red), employing the stellar population models by C. Maraston & G. Strombéck (2011) based on the
MARCS synthetic spectra (B. Gustafsson et al. 2008). Prominent stellar absorption features, such as the CaT and Mg 1b lines, are marked in each panel.
Fit residuals (i.e. data—model) are shown in green below each spectrum, highlighting the fit quality. Vertical grey lines indicate the locations of sky
emission lines, which are masked during the fit. These regions produce significant residuals, shown in blue, due to the exclusion from the fitting process.

mass relative to the stellar mass distribution of the host galaxy.
The contrast between the kinematics of these central spaxels and
those at larger radii is visibly evident in all galaxies, irrespective of
redshift. This highlights the exceptional spatial and spectral reso-
lution and sensitivity capabilities of HARMONI in detecting the
stellar kinematic signatures of SMBHS at redshifts of 1 < z < 2,
enabling their accurate dynamical mass measurements.

A detailed analysis of the o maps reveals central drops in both
stellar velocity dispersion o and root-mean-squared velocity Vims
for targets at 7 < 1 (e.g. LEGAC-2346 and LEGAC-2408), consis-
tent with those theorized in massive ellipticals by S. Tremaine
et al. (1994), numerically predicted in local galaxies: with z < 0.3
(D.D. Nguyen etal. 2023), within D < 10 Mpc (D. D. Nguyen et al.
2025b), and within 10 < D < 20 Mpc (H. N. Ngo et al. 2025a; H.
N. Ngo et al. 2025b), or observationally proven in NGC 4736 with
the James Webb Space Telescope (JWST) by D. D. Nguyen et al.
(2025¢). A key new finding is that for targets at z > 1.5, no central
o drop is observed. Instead, V;ys either exhibits a central drop
along the major axis due to significant rotational support (e.g.
S2F1-142 and UDS 29410 at z =~ 1.5) or continuously increases
toward the centre for galaxies with intermediate rotation (e.g. CP-
1243752 at z &~ 2) similar to what found in the local universe very
recently with JWST (e.g. B. Tahmasebzadeh et al. 2025; M. A.
Taylor et al. 2025; D. D. Nguyen et al. 2025a).

5 DYNAMICAL MODELLING AND SMBH MASS
RECOVERY

This section details the process of measuring SMBH masses from
the simulated HARMONI IFS and MICADO imaging data and
assesses the instrument’s sensitivity for such observations at high
redshift. We first outline the methodology for recovering SMBH

masses, then present the results and their validation, and finally
discuss the HARMONT sensitivity limits.

5.1 Dynamical modelling with JAM

To determine the SMBH mass (Mgy) and constrain other dynam-
ical parameters, we compared the LOSVDs of the six simulated
galaxies, derived in Section 4.3, with models generated by JAM
(M. Cappellari 2008, 2020). Specifically, we focused on the maps
of second velocity moments (Viys)-

Our JAM models aimed to constrain four primary parame-
ters: the Mgy, the orbital anisotropy (B;), a mass-scaling factor
for the stellar component ( f.ae, €xpected to be close to 1), and
the galaxy’s inclination angle (i). To ensure efficient sampling of
the parameter space, we adopted a logarithmic scale for Mgy,
while the other three parameters (8;, fscale, i) Were sampled on
linear scales. The models accounted for the HARMONI LTAO
PSF, characterized by a FWHMpsr &~ 12 mas. The search ranges
for these parameters, along with their initial guesses for the JAM
optimization, are detailed in Table 5.

We employed an MCMC approach, utilizing JAM, to explore
the parameter space (Mgy, Bz, fscales 1)- This allowed us to iden-
tify the best-fitting values and determine their associated sta-
tistical and measurement uncertainties, as constrained by the
mock HARMONTI kinematics and the MICADO-derived stellar
mass models. The MCMC simulations were performed within a
Bayesian framework using the adaptive Metropolis algorithm (H.
Haario, E. Saksman & J. Tamminen 2001), as implemented in
the ADAMET!! package (M. Cappellari et al. 2013). Each MCMC

11v2.0.9: https://pypi.org/project/adamet/
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Table 5. Best-fitting JAM parameters and their associated uncertainties for six simulated galaxies.

Model input Mgy = 0 Mg input log;, Mg (2) input log;, Mu(3) VORONOI Number of
Parameters Best fit lo 30 Best fit lo 30 Best fit lo 30 S/N bins
) ©) (€) C) ) (6 @) ® C)] (10 an (12)
LEGAC-86906
log,o(Mpu/Mo) 3.92 +2.84 +4.22 9.00 +0.26 +0.45 9.64 +0.06 +0.15 76 32
fcate 1.02 +0.02  =+0.06 1.00 +0.02  +0.05 1.01 +0.02  £0.06
i(®) 79.80 +9.80 +14.80 72.57 +10.10 +14.97 72.45 +11.51 +14.95
Bz 0.06 40.03 +0.10 0.06 +0.04 40.09 0.07 +0.04 +0.10
LEGAC-27516
log;o(Mgu/Mo) 4.18 +2.97 +4.17 9.12 +0.13 +0.36 9.54 +0.06 +0.12 63 43
fscale 1.03 +0.01 +0.03 1.01 +0.01 +0.03 1.01 +0.01 4+0.03
i(®) 57.58 +21.16 +29.87 67.37 +17.89 +29.70 57.35 +21.45 +29.75
Bz —0.01 +0.04 +0.16 —0.00 +0.02 +0.06 0.04 +0.04 +0.10
S2F1-142
log,o(Mpu/Mo) 3.91 +2.73 +4.18 9.50 +0.05 +0.14 9.71 +0.03 +0.08 55 64
Sscale 1.00 +0.01 +0.03 1.01 +0.01 +0.04 1.01 +0.01 +0.04
i(°) 85.16 +4.86 +14.37 72.98 +10.91 +14.91 67.80 +12.12 +14.89
Bz 0.03 $0.01 +0.06 0.07 +0.03 $0.08 0.07 $0.03 +0.07
UDS 29410
log,o(Mpu/Mp) 4.04 +2.75 +4.20 9.61 +0.07 +0.25 9.93 +0.06 +0.15 26 34
fscale 1.03 +0.01 +0.04 1.07 +0.02 +0.05 1.05 +0.02 +0.06
i(®) 86.78 +3.32 +6.68 79.69 +6.97 +12.08 73.09 +9.28 +13.97
Bz 0.00 +0.02 +0.06 0.14 +0.06 +0.013 0.14 +0.11 +0.23
CP-1243752
log,o(Mpu/Mo) 4.18 +2.87 +4.41 9.51 +0.09 +0.28 9.86 10.04 +0.11 46 26
JSscale 1.01 +0.01 +0.03 1.09 +0.01 +0.05 1.01 +0.02 +0.05
i(°) 75.85 19.67 +14.95 75.98 +10.07 +14.95 64.88 +9.39 +14.92
Bz 0.10 +0.02 +0.06 0.07 +0.02 +0.07 0.09 +0.03 +0.09

Note. We established consistent search ranges for the JAM parameters as follows: 1g(Mpu/Mg): 0 — 13, fscate: 0.7 — 1.3, B2 —0.99 — 1, and i
60° — 90°. Initial guesses: Mgy = OM and 1g(Mpn /Mg ) = 9.5 for cases where the input mock kinematics without and with an SMBH, respectively,
Sscale = 1.0, i(°) = 70, and B; = 0. Column (1): Galaxy name. Columns (2)-(4) present the best-fitting parameters along with the 1o (16-84 per cent)
and 30 (0.14-99.86 per cent) statistical and systematic uncertainties obtained from JAM when constrained using the HARMONI kinematics and
MICADO stellar mass models. Here, the derived uncertainties are asymmetric as seen in Figs 10, 11, and 12; for consistency and transparency, we
report symmetric errors corresponding to the larger asymmetric deviation in this table. These model constraints correspond to the case of no input
black hole (Mg = 0 Mg). Columns (5)-(7) and (8)-(10) show the same information as Columns (2)-(4) but for cases where the input Mpy is computed
using Egs. (2) and (3) from D. Krajnovi¢ et al. (2018b), corresponding to M, < My ~ 2 x 101'Mg and M, > My, respectively. Columns (11)-(12)
provide the target S/N per A required for each bin (obtained in the spectral range around either the CaT (z < 1.8) or Mg 1b (z > 1.8) stellar absorption
features) and the number of VORONOI kinematic bins that exceed the target S/N, respectively.

chain consisted of 3 x 10* iterations. The initial 20 per cent of
these iterations were discarded as a burn-in phase, and the re-
maining 80 per cent were used to construct the posterior proba-
bility distribution function (PDF) for each parameter. The best-
fitting parameters correspond to the highest likelihood region of
this PDF. Uncertainties for all four parameters were calculated
at the 1o and 30 confidence levels (CL), representing the 16-84
per cent and 0.14-99.86 per cent ranges of the PDF, respectively.

5.2 Results of SMBH mass recovery

The best-fitting JAM models and their associated statistical un-
certainties are presented for two pairs and a single of simu-
lated galaxies, grouped by redshift: z ~ 1 (LEGAC-86906 and
LEGAC-227516; see Fig. 10), z ~ 1.5 (S2F1-142 and UDS 29410;
see Fig. 11), and z ~ 2 (CP-1243752; see Fig. 12). These figures il-
lustrate how well the best-fitting JAM models describe the stellar
kinematics derived from the mock HSIM H + K IFS gratings for
different input Mgy values.

MNRAS 546, 1-19 (2026)

The figures feature 2D scatter plots for each pair of JAM pa-
rameters, where coloured points indicate their likelihood (white
for maximum likelihood and 1o CL, black for CLs larger than
30). Accompanying histograms show the 1D marginalized dis-
tributions for each parameter, from which the best-fitting values
and their 1o uncertainties (listed in Table 5) were derived. Inset
plots located at the top-right corner of each main panel in these
figures provide a direct comparison between the input Vs map
(from mock IFS data) and the Vs map generated by the best-
fitting JAM model. These comparisons use the same velocity scale
for each galaxy and input Mpy. The constrained models demon-
strate good agreement with the mock kinematics across the sim-
ulated 0.4 arcsec x 0.4 arcsec HARMONI FoV, within the uncer-
tainties of the mock kinematic measurements, irrespective of red-
shift. This finding is similar to previous studies by D. D. Nguyen
et al. (2023) for targets at z < 0.3, D. D. Nguyen et al. (2025b)
for targets within D < 10Mpc, and H. N. Ngo et al. (2025a,
2025b) for galaxies in the distant range of 10 < D < 20 Mpc.
The characteristic kinematic signatures in the mock LOSVDs
of these high-redshift targets, influenced by their SMBHs,
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Figure 7. The kinematics of two simulated galaxies at redshift z ~ 1, LEGAC-86906 and LEGAC-227516, are extracted from the mock H + K IFS data
using the CaT stellar absorption features. The LOSVDs are presented from left to right as rotation (V), velocity dispersion (o), and root-mean-square
velocity (Vims). From top to bottom, they are shown for different Mgy cases: no black hole (top), Mpy—-o predicted black hole (middle), and Mgy-M,
predicted black hole (bottom). The black contours in all maps correspond to the isophotes derived from the collapsed HSIM IFS cubes, spaced in intervals
of 1 magarcsec™2.
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Figure 8. Same as Fig. 7 but displayed for two simulated galaxies at redshift z ~ 1.5: S2F1-142 and UDS 29410.
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Figure9. Same as Fig. 7 but displayed for the simulated galaxy at redshift
Z & 2: CP-1243752. Their LOSVDs are extracted from the mock H + K IFS
data using the Mg 1b stellar absorption features.

are successfully reproduced at the simulated 10 mas spaxel
scale.

Notably, in the absence of a central SMBH (Mgy = 0), the Vi
maps of galaxies atz < 1 (e.g. LEGAC-86906 and LEGAC-227516)
exhibit central drops across at least 5-7 spaxels. As the input Mgy
increases, these drops become shallower or transform into central
peaks. Conversely, for the four galaxies atz > 1.5 (S2F1-142, UDS
29410, and CP-1243752), even without a central SMBH, both the
mock kinematics and the best-fitting JAM models show slightly
increasing velocity dispersion (o) maps towards the galaxy cen-
tre. In these cases, the presence of central drops or increases in
the Vims maps depends on the degree of rotational support.

The recovered Mgy does not converge to zero when the input
Mepy is set to zero because the dynamical modelling is limited by
uncertainties in the stellar kinematic measurements, as well as
by other observational effects such as PSF convolution, through-
put variations, AO performance, detector noise, and background
noise. Measurement errors in the stellar LOSVDs (e.g. V and
o) - propagate through these effects and introduce a non-zero
central mass component in the dynamical fit, even in the absence
of a true SMBH. In practice, these uncertainties impose a noise
floor on the minimum Mgy that can be reliably recovered. As a
result, the modelling favours a small but nonzero Mgy, which we
interpret as an upper limit, to account for residual kinematic sig-
natures within the central resolution element, thereby preventing
convergence to exactly zero mass.

The recovered estimates for Mgy and ficate closely match their
input values used in the HSIM simulations, with differences typ-
ically below 10 per cent for both parameters. The quoted uncer-
tainties are derived from the MCMC analysis of the V;,,s maps and
include statistical effects. The slightly lower accuracy compared
to previous, similar works (e.g. D. D. Nguyen et al. 2023, 2025b;
H. N. Ngo et al. 2025a, 2025b) can be attributed to the increased
impact of background noise on observations of high-redshift
sources, which leads to lower quality simulated kinematics. A
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well-known negative covariance between Mgy and ficae, often
described as a ‘banana shape’ in the 2D PDF, is evident in the 3¢
CL regions. This degeneracy arises from the interplay between the
gravitational potential of the central SMBH and that of the host
galaxy’s stellar component: a larger BH mass can be compensated
by a smaller stellar mass-scaling factor, and vice versa. The ability
to characterize this degeneracy reflects the high spatial resolution
of our simulations (10 mas observational scale), which is suffi-
cient to resolve the SMBHs’ SOIs up to z < 2. This success is also
a testament to our selection of the brightest available targets from
current surveys, ensuring adequate sensitivity and S/N to detect
and measure the stellar kinematic signatures of SMBHs at these
substantial distances. These results demonstrate that the ELT,
with its advancements in spatial and spectral resolution, sensi-
tivity, and AO capabilities, has the potential to extend dynamical
SMBH measurements significantly beyond the local Universe, up
to redshifts of z < 2.

The recovered values for the orbital anisotropy, j,, are well
constrained by the models, showing relatively small uncertain-
ties. The results indicate a preference for slightly radial stellar
orbits (B, 2 0), with 3¢ errors around +0.14. This is consistent
with the isotropic value (8, = 0) assumed as input in the mock
data generation (see Section 3.4). The inclination angle (i) is less
tightly constrained by the simulated data, though there is a ten-
dency towards disky rotation (higher i values). These recovered
inclinations are broadly consistent with the input values listed in
Table 1.

Itis not necessary to explore trade-offs in spectral (velocity) res-
olution in this work, as they are not expected to have a significant
impact on the Mgy constraints for the systems considered here. In
our modelling, all spectral pixels already contribute to the total x>
of the kinematic fits, such that additional spectral binning would
primarily redistribute existing information rather than improve
the effective S/N relevant for constraining the LOSVDs. Further-
more, for the massive galaxies targeted in this study, the intrinsic
stellar velocity dispersions are large (Table 1, Column 10), and
the adopted spectral resolution (H + K grating with R ~ 3300)
is already more than sufficient to resolve the relevant kinematic
features. Consequently, the velocity resolution does not consti-
tute a limiting factor in our analysis, and varying it within a
reasonable range would not qualitatively alter our inferred Mgy
or the conclusions drawn from these simulations.

5.3 Comparison of 1D kinematic profiles

To illustrate the agreement between our simulations and dynam-
ical modelling, we compared the 1D radial profiles of Vys, as
shown in Fig. 13. In this figure, data points represent the mean
Vims values extracted from the mock kinematic maps in concen-
tric annuli (with 10 mas steps from the galaxy centre). The solid
lines correspond to the Vins values derived from the best-fitting
JAM kinematic maps using the same annular extraction method.
Kinematics for different input Mgy values are shown in distinct
colours, applied consistently to both the mock data and the mod-
els. A key observation from these profiles is that the kinematic
signatures of SMBHs are typically distinguishable within a radius
of ~50 mas.

Fig. 14 provides a consolidated comparison between the input
Mgy values (see Table 3: column 5 for the predicted Mgy from
the D. Krajnovi¢ et al. (2018a) Mgy—o relation and column 6 for
the predicted Mgy from the D. Krajnovic et al. (2018a) Mgy-M,
relation) used in the HSIM simulations and the corresponding
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Figure10. The PDFsobtained from the ADAMET MCMC optimization for the JAM models applied to the HSIMH + K grating kinematics of two galaxies
atz ~ 1, LEGAC-86906 (top row) and LEGAC-227516; (bottom row), illustrate the projected 2D distributions and 1D histograms of four free parameters:
i, MBH, fscale, and B;. Additionally, inset maps display the Vi values. The top maps represent the kinematic maps extracted from the mock data cubes,
while the bottom maps show the kinematic maps recovered from the best-fitting JAM model. The strong agreement across the HARMONI-simulated
FoV confirms the robustness of the model constraints. The best-fitting JAM model is determined by the PDF with the highest likelihood, as presented in
Table 5. Each row presents model constraints for different Mgy cases: no black hole (left), Mgy-o predicted black hole (middle), and Mgy-M, predicted
black hole (right). The same LOSVD range is maintained in the colour bars for each galaxy to visualize the impact of central black hole mass on stellar
kinematics. The black contours in the Vs maps correspond to the isophotes derived from the collapsed HSIM IFS cubes, as similar as Fig. 7.

values recovered by the ADAMET MCMC algorithm coupled with
JAM (see Table 5). The error bars represent the 3o uncertainties,
including both statistical and kinematic measurement uncertain-
ties.

5.4 HARMONI sensitivity limit

We tested the sensitivity of HARMONI IFS for our selected galax-
ies at their respective redshifts by varying the on-source expo-
sure time. Specifically, we repeated simulations, systematically
reducing the NDIT, while fixed each DIT = 15 min (thereby
decreasing both the total exposure time, NDIT x DIT, and spec-
tral S/N) until the resulting HARMONI IFS cubes produced re-
liable kinematic maps as shown in Figs. 7,8, and 9 using PPXF.
To enhance sensitivity when measuring the stellar kinematics
using these newly testing cubes, we applied adaptive VORONOI
binning, ensuring a targeted S/N ~ 30/A/measurement bin. This
analysis allowed us to determine the required exposure times for
each galaxy (Column 8 of Table 3). We note that, in these tests,
the total apparent magnitudes of the five simulated galaxies were
fixed to the observed values in the relevant photometric bands,

as listed in Column 6 of Table 1, when constructing the input
noiseless data cubes (see Section 3.4). When generating the mock
observations with HSIM, the only parameter allowed to vary was
NDIT.

The galaxy surface brightness profiles were derived from HST
imaging (both parametric fits and direct measurements) and in-
terpolated to match the proposed observational scales of 10 mas
for HARMONI IFS and 4 mas for MICADO imaging using a Sérsic
profile. Our analysis shows that the required on-source exposure
time for reliable kinematic measurements scales with apparent
brightness in the relevant filter. To establish the correspondence
between on-source exposure time and total apparent magnitude,
we artificially dimmed the total apparent magnitudes of our five
simulated targets in either the I- or H-band images. Using the
same procedure described in Section 3.4, we generated the corre-
sponding input cubes for HSIM, thereby reducing the flux levels
in the spectra of the noiseless data cubes. The resulting mock
HSIM integral-field data exhibit lower spectral S/N, which in turn
require larger values of NDIT (i.e. longer total on-source inte-
gration times) to recover the minimum spectral S/N necessary
for reliable LOSVD measurements. We therefore varied NDIT in

MNRAS 546, 1-19 (2026)
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Figure 12. Same as Fig. 10 but for the simulated galaxy at redshift z ~ 2: CP-1243752.

HSIM until the simulated HARMONI data cubes yielded robust
stellar kinematic maps when analysed with PPXF. From these
tests, we find that for galaxies at z ~ 1 observed in the F814W
band, total apparent magnitudes of 20 and 20.5 correspond to
on-source integration times of approximately 5 and 7.5 h, respec-
tively. In contrast, for galaxies observed in F160W at 1 < z < 2,
5h of on-source time is adequate to detect systems as faint as
20.8 mag. These results confirm the suitability of these targets
for observations with the ELT. Given the careful simulation of
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MICADO imaging, our HARMONI IFS sensitivity estimates for
the required exposure times are robust, supporting our SMBH

survey at redshifts z ~ 2.

5.5 Importance of dynamically weighing SMBHs in

distant universe

Spatially resolved dynamical measurements of black hole masses,
using either stellar or cold gas kinematics, play a uniquely impor-
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tant role in anchoring our understanding of black hole growth
across cosmic time. Unlike virial mass estimates for AGN and
quasars, which depend on local empirical calibrations (e.g. re-
verberation mapping) and assumptions about geometry and dy-
namics, dynamical measurements rely directly on resolved grav-
itational motions and are therefore fundamentally calibration-
independent. As such, they provide essential benchmarks for
testing and refining indirect black hole mass estimators at high
redshift. Establishing robust, kinematically measured black hole
masses in increasingly distant galaxies — enabled by future fa-
cilities such as the 39m ELT and its advanced instruments, in-
cluding the HARMONI spectrograph and the MICADO imager -
is therefore critical for shaping black hole physics studies in the
next decades by (i) assessing the true evolution of galaxy — black
hole scaling relations and (ii) disentangling physical growth from
observational bias in studies of black hole-galaxy co-evolution.

6 CONCLUSIONS

This paper investigated the feasibility of extending direct SMBH
mass measurements to high-redshift (1 < z < 2) galaxies using
the capabilities of the upcoming ELT with its first-light instru-
ments, MICADO and HARMONI. We developed a comprehen-
sive simulation pipeline, generating mock MICADO images and
HARMONI IFS data for a sample of five bright, massive, qui-
escent galaxies. These simulations incorporated realistic instru-
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mental effects, observational conditions, and JAM for stellar dy-
namics.
Our principal findings are:

(i) High-fidelity mass models with MICADO: Simulated
MICADO observations, with an angular resolution of ~ 10 mas
(FWHMpsr) and a 4 mas pixel scale, demonstrate that detailed
stellar mass models, essential for dynamical studies, can be de-
rived from approximately one hour of on-source exposure time
per galaxy in the I or H band. The resulting surface brightness
profiles are consistent with existing HST data and provide the
necessary resolution to probe the central regions of high-redshift
galaxies.

(ii) Resolving kinematics with HARMONI: Mock HAR-
MONI IFS observations, simulated using the H + K grating at a
10 mas spaxel scale, successfully yielded stellar kinematic maps
(V, o, Vims) of sufficient quality. These kinematics, primarily ex-
tracted from CaT features (for z < 1.8) or Mg 1b features (for z ~
2), clearly revealed the gravitational influence of central SMBHs.
We observed distinct kinematic signatures, such as central drops
or peaks in Vs maps, depending on the SMBH mass and host
galaxy properties, even at these substantial distances.

(iii) Accurate SMBH mass recovery: By applying JAM-
based dynamical models within an MCMC framework to the
simulated HARMONTI V;,s maps, we demonstrated that SMBH
masses can be recovered with good accuracy. For our sample
of bright, massive galaxies, the recovered Mgy values typically
agreed with the input simulation values to within ~10 per cent up
to z ~ 2. The models also constrained other dynamical parame-
ters, such as the stellar mass-scaling factor and orbital anisotropy,
highlighting the robustness of the method.

(iv) Observational requirements and sensitivity: We
quantified the sensitivity of HARMONI, determining the
minimum on-source exposure times required to obtain reliable
stellar kinematics for SMBH mass measurements. These
exposure times scale with the apparent brightness in the observed
filter. For galaxies at z &~ 1 observed in F814W, total magnitudes
of 20-20.5 correspond to integration times of approximately
5-7.5h, while for F160W at 1 < z < 2, 5h is sufficient to reach
galaxies as faint as 20.8 mag. These limits establish practical
exposure thresholds for future kinematic studies of distant
galaxies and ensure sufficient S/N in the extracted spectra to
mitigate the effects of cosmological surface brightness dimming
and sky background.

(v) A Framework for future ELT studies: The
simulation tools and methodologies presented, including the
jam_mock_data_cube routine, provide a robust framework
for planning and interpreting future ELT observations. This work
supports the potential of the ELT to significantly advance our
understanding of SMBH demographics and their co-evolution
with galaxies by extending direct dynamical measurements well
beyond the local Universe.

In summary, our simulations affirm that the ELT, with MI-
CADO and HARMONTI, possesses the transformative capability
to directly measure SMBH masses in massive quiescent galaxies
at 1 <z < 2. These pioneering observations will be crucial for
empirically testing the evolution of SMBH-galaxy scaling rela-
tions and providing new insights into the processes that govern
galaxy formation and evolution across cosmic time.
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