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We present preliminary results on the potential of HARMONI, the first light integral field
spectrograph for the ELT, to explore the evolution of central super massive black holes
(SMBH)—host galaxy relation in the range from z∼0.7 to z∼2.5. We simulated HARMONI
observations of QSO+host galaxy at different redshifts, assuming different morphologies
for the host galaxy. As input, we combined MUSE observations of nearby galaxies and
a theoretical QSO spectrum. These were dimmed and redshifted to the desired cosmic
epoch. We scaled the total host galaxy luminosity to three different values, sampling three
orders of magnitude. Likewise, we assumed two different luminosities for the central
QSO. Simulations were performed for the 30×60 mas2 HARMONI spatial scale and
LTAO working at 0.67 arcsec seeing. The selected wavelength range (i.e., 4,700–5,300
Å at rest-frame) was sampled at the lowest HARMONI spectral resolving power (i.e.,
R∼3,200). This configuration included all the ingredients to estimate the host galaxy
parameters and the SMBH mass, as well as for assessing the morphological type of
the host galaxy.
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1. INTRODUCTION

In the hierarchical buildup picture, larger galaxies are formed as the result of themerging of smaller-
size galaxies across cosmic time. Besides, observational studies have established that the large-scale
properties of nearby galaxies (e.g., bulge luminosity, bulge mass, or stellar velocity dispersion)
generally scale with the mass of their central black holes (see e.g., Kormendy and Ho, 2013).
However, there are exceptions to this picture: some pseudo-bulge or merging galaxies present some
deviations from these correlations (see e.g., Saglia et al., 2016). Putting aside these exceptions, the
fact that those more general relations do actually exist suggests a connection between the growth
of SMBH and the way its host galaxy evolves: a co-growth scenario for galaxies and their central
black holes. How this connection is established, and the precise details of the interplay between the
SMBH and its host during their evolution are, however, not fully understood.

An important piece of information comes from the evolution of such relations over cosmic time.
Knowing this would provide key constrains to discern between different (co-)evolution scenarios.
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This implies measuring both the SMBH masses and the
properties of the host galaxy (i.e., luminosity, size, morphology,
stellar velocity dispersion. . . ) of a suitable sample of objects
at different redshifts. Ideally, for the shake of homogeneity
and time efficiency (among others), one would like to observe
simultaneously all the needed observational features to derive
the involved parameters. This can actually be done with
spectroscopic information at optical wavelengths (rest-frame).
SMBH masses can be estimated using the so-called single epoch
virial method on type I AGN spectra (e.g., Kaspi et al., 2000;
McLure and Jarvis, 2002) and, from the width of the broad
component of emission lines and the continuum or emission
line luminosities of the QSO through simple relations (e.g.,
Vestergaard and Peterson, 2006). Likewise, continuum can be
used, if detected, to derive the properties of the host galaxy.
From the technical point view, two competing requirements
are at play here. On the one hand, proper virial broadening
measurements require high signal-to-noise AGN spectra to
control uncertainties. Hence, the most luminous QSOs are the
ideal candidates to determine SMBH masses over cosmic time.
On the other hand, bright QSO strongly hide the underlying
host galaxy challenging the estimation of its morphological and
kinematic parameters. The proper trade-off between the needs to
estimate SMBH masses and host galaxies properties motivated
the selection of the scaled luminosities for the QSOs and host
galaxy (see below). Besides, the cosmic star formation history
and the AGN population peak somewhere between redshift
1.5 and 2 (see e.g., Aird et al., 2015). Thus, our simulation
should preferentially include a proper range of epochs sampling
these highest activity regions in the Universe’s timeline. At these
redshifts, both the brightest QSO Balmer emission lines (Hβ

and Hα) useful to estimate the SMBH masses, and several stellar
absorption features (e.g., CaII triplet, Mgb triplet, and Ca H+K)
are redshifted to infrared wavelengths. Notice that the prominent
ultra-violet CIV emission line that is at visible wavelengths
beyond redshift ∼1.5 presents a complex profile, often blue-
shifted; consequently, its use to estimate virial masses is doubtful
(see e.g., Mejía-Restrepo et al., 2016).

The evolution of the scaling relations over cosmic time
requires exceptional observing capabilities in terms of sensitivity
(to reach good enough S/N to derive the properties of the
underlying host galaxy) and good spatial resolution (to resolve
the QSO host at redshifts around epochs of activity peaks).
Moreover, a proper QSO-host deblending needs of a good
reconstruction of the PSF through the observed wavelengths.
This is a key technical challenge. Current near infrared
observational facilities (e.g., OSIRIS+LGS-AO/Keck, NIFS+LGS-
AO/GEMINI) are limited in sensitivity and spatial resolution
(see e.g., Vayner et al., 2016, 2017). Moreover, QSO-host
deblending is quite difficult and dominated by residuals because
the PSF halo is comparable to the host galaxy angular size
(i.e., ∼1 arcsec) at z ∼ 1. In this contribution, we explore the
potential of the High Angular Resolution Monolithic Optical
and Near-infrared Integral field spectrograph (HARMONI),
the first light IFS instrument for the Extremely Large
Telescope (ELT), to unveil the co-growth of SMBH and their
host galaxies.

2. HARMONI SIMULATIONS

HARMONI is conceived as a workhorse instrument that will
support a broad range of science programs (see e.g., Thatte et al.,
2016). It will provide visible and near infrared integral field
spectroscopy at three possible resolving powers (∼3,200,∼7,000,
and ∼18,000), collecting at once spectra of about 31,000 spatial
positions, arranged in a 152×204 spaxels format. Four different
spatial scales (i.e., 4×4, 10×10, 20×20, and 30×60 mas2) will be
available. A full description of the instrument can be found at the
HARMONI webpage1.

We are exploring the capabilities and limitations of
HARMONI to measure the parameters involved in the
relations between SMBH masses and their host galaxies through
simulations. We selected the rest-frame range ∼4,700–5,300
Å, including the Hβ emission line and some stellar features
(e.g., MgI absorption lines). At redshifts between 0.7 and 2.5, all
these spectral features lie in the near-IR range, well within the
instrument specifications. Thus, by using these spectral features
as observed with HARMONI, an homogenized methodology can
be used to derive the required parameters (i.e., the BLR emission
line profile and the host stellar velocity dispersion).

In order to obtain mock HARMONI observations, we used
MUSE datacubes of nearby galaxies obtained in the framework of
the All-weather MUse Supernova Integral field Nearby Galaxies
(AMUSING) survey (see Galbany et al., 2016). In order to
simulate two different morphologies for our QSO hosts at high
redshifts, we selected two galaxies from the AMUSING project
with apparent different morphologies:

• PGC055442, an early-type barred spiral galaxy at redshift
∼0.02358.

• NGC7119N, a southern spiral galaxy at redshift ∼0.03224.
It has a companion (NGC7119B) located within a projected
distance of ∼8.4 kpc and systemic velocity difference of ∼76
km s−1.

We scaled the MUSE datacubes of these galaxies to sample
three absolute V band luminosities (i.e., 1010L⊙, 1011L⊙, and
1012L⊙). In the Local Universe, the QSO are typically hosted
in massive early-type galaxies (i.e., Mstar > 1010 M⊙) (e.g.,
Kauffmann et al., 2003). Also, luminous AGNs are typically
triggered by interaction/mergers (see e.g., Ramos Almeida et al.,
2011; Chiaberge et al., 2015). It is still unclear whether a similar
picture applies at cosmological distances (see e.g., Floyd et al.,
2013; Glikman et al., 2015). Yet, whatever the actual morphology
of the QSO host galaxies in the z∼0.7–2.5 cosmic range is, these
HARMONI simulations also allow to evaluate up to which extent
the morphology of the host galaxy can be recovered.

To mimic the emission of the central QSO, we generated a
theoretical QSO spectrum by adding a power law function to
reproduce the continuum emission (Neugebauer et al., 1987) and
several Gaussian functions to reproduce the brightest emission
lines in the 4,500–7,000 Å spectral range (i.e., Hβ , [OIII]λ4959,
[OIII]λ5007, [NII]λ6548, Hα, [NII]λ6584, [SII]λ6716, and
[SII]λ6731). The narrow component was modeled for both

1http://harmoni-web.physics.ox.ac.uk/
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FIGURE 1 | General view of the simulated HARMONI observations of QSO+host galaxies at redshift 0.76, 1.50, and 2.30 (X-axis). Images were obtained by
integrating the mock HARMONI data cubes along the spectral direction in the ∼4,700–5,300 Å rest-frame range. Left-Y-axis indicates host galaxies luminosities, while
right-Y-axis corresponds to central QSO luminosity. The three upper panels correspond to the two host galaxies morphologies scaled to 1012 L⊙ for the two
considered QSO luminosities (1042 and 1043 for the upper and lower subpanels, respectively). The three middle and bottom panels correspond to the two host
galaxies morphologies scaled to 1011 L⊙ and 1010 L⊙, respectively, for the two QSO luminosities (1042 and 1043 for the upper and lower subpanels, respectively).

forbidden and permitted lines. We assumed a fixed width of 3Å,
corresponding to a velocity dispersion of ∼185 km s−1 at Hβ

rest-frame wavelength. The broad component was modeled in a
similar manner, this time only for the permitted lines (i.e., Hβ

and Hα) and assuming a fixed width of 60Å (velocity dispersion
of ∼3,700 km s−1 at Hβ rest-frame wavelength). The QSO
luminosity (at this stage in arbitrary units) was scaled to two
different [OIII]λ5007 luminosities [i.e., log(L[OIII]λ5007 (erg s−1))
= 42 and 43], assuming an equivalent width of 10 Å for Lyα and
standard emission line ratios (e.g., Davidson and Netzer, 1979) to
match the continuum luminosity.

The combination of these ingredients was a set of 12 datacubes
(i.e., 2 galaxy morphologies × 3 host luminosities × 2 QSO
luminosities). We redshifted and dimmed them to three selected
redshifts (i.e., 0.76, 1.50, and 2.30), using the cosmological

parameters H0=67.9 km s−1 Mpc−1, �M=0.31 and �3=0.69
(Planck Collaboration et al., 2016). The resulting 36 datacubes
constituted our targets and were used as inputs for HSIM22.
This is the HARMONI simulator, and as such, it reproduces
by software a real HARMONI observation by incorporating the
effects of sky, telescope and instrument (see Zieleniewski et al.,
2015 for details). Additionally, we also created the HARMONI
datacubes for the redshifted galaxies and QSO separately.

The simulations presented in this contribution were obtained
for the coarsest HARMONI spatial scale (i.e., 30×60 mas2), Laser
Tomography Adaptive Optics (LTAO) working with standard
seeing conditions (i.e., 0.67 arcsec). In all cases, we simulated
observations at the lowest spectral resolution. This implied using

2https://github.com/HARMONI-ELT/HSIM
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TABLE 1 | Stellar velocity dispersion measured from the simulated HARMONI observations of QSO+host galaxies at three different redshifts.

z = 0.75 z = 1.50 z = 2.30

σ∗ (km/s) σ∗ (km/s) σ∗ (km/s) QSO

Host

luminosity

Spiral Pair Spiral Pair Spiral Pair L[OIII]λ5007

1012L⊙ 146 ± 10 130 ± 10 138 ± 18 135 ± 19 149 ± 22 121 ± 25 1042 erg/s

140 ± 12 136 ± 18 144 ± 22 142 ± 20 151 ± 28 133 ± 28 1043 erg/s

1011L⊙ 151 ± 15 136 ± 18 135 ± 36 — 161 ± 48 — 1042 erg/s

147 ± 16 156 ± 30 165 ± 32 — 170 ± 37 — 1043 erg/s

1010L⊙ 175 ± 55 — — — — — 1042 erg/s

129 ± 30 — — — — — 1043 erg/s

The stellar velocity dispersion for the input galaxies are 147 ± 5 and 129 ± 8 km s-1 for PGC055442 and NGC7119N, respectively. These values were measured applying pPXF on a

single spectrum obtained by co-adding MUSE spectra within a circular aperture of 8 arcsec centered on the optical nucleus of these two galaxies.

the IzJ-band for redshifts 0.76 and 1.50 and the HK band
for redshift 2.30. This way, we could observe simultaneously
the needed emission (i.e., Hβ and [OIII]λ, λ4959, 5007) and
absorption lines (e.g., MgI). We fixed the total exposure time to
three hours per object since we wanted to explore up to which
extent the required observables could be derived with a relatively
modest amount of observing time. Finally, we assumed Poisson
noise from sky and background emission as the only additional
source of noise and a perfect sky subtraction.

3. RESULTS AND CONCLUSIONS

Figure 1 shows the mock HARMONI datacubes (i.e., two spatial
and one spectral dimensions) for the simulated QSO+host
observations collapsed along the spectral direction. Since we
also simulated HARMONI datacubes of host-less QSOs (i.e., free
of any host galaxy contribution), we could easily subtract out
the QSO spectrum from our QSO+host simulations to reveal the
underlying galaxy. This way, we do not address at this stage the
complex task of recovering the PSF from observed QSO+host. A
proper methodologyminimizing uncertainties to recover the PSF
are mandatory in these kind of studies as any residuals from PSF
subtraction can drastically affect the host galaxy information (see
e.g., Husemann et al., 2016). Thus, this step cannot be avoided
in real observations. Yet, this is a challenging issue and it will be
explored in a forthcoming independent experiment.

We obtained aperture-integrated spectra of the “observed”
central QSO and the host galaxies by co-adding the simulated
HARMONI datacubes along the spatial direction. Then we
obtained the total flux and width of the Hβ broad component by
fitting a single Gaussian function to each of the emission lines in
the QSO aperture-integrated spectrum (i.e., [OIII]λλ4959,5007
and Hβ narrow and broad components) and assuming a linear
continuum in the selected spectral range (i.e., 4,700–5,300 Å).
This was used to estimate the black-hole mass (see Equation
6 in Vestergaard and Peterson, 2006). Then, we used pPXF
code (Cappellari and Emsellem, 2004; Cappellari, 2017) and the
MILES stellar library3 (Sánchez-Blázquez et al., 2006) to estimate
the host galaxy stellar velocity dispersion. Table 1 summarizes
the results of our analysis. The width and luminosity of the Hβ

3http://miles.iac.es

broad component were properly recovered for all the simulations
performed. Therefore, the SMBH masses of QSO at the 0.76–
2.30 redshift range and log(L([OIII]λ5007) between 42 and 43
can be properly derived from the HARMONI observations.
Regarding the host galaxy, the stellar velocity dispersion can only
be estimated within acceptable uncertainties (i.e., smaller than 40
km s−1) for the most massive and/or closest galaxies considered
in the performed simulations.

In summary, from the analysis of these simulations, we
conclude that the HARMONI instrument at the ELT will be
able to obtain high quality observations of QSOs hosted by
bright galaxies to unveil the cosmic evolution of SMBH-host
scaling relations using reasonable observing times (i.e., 3 h
per object).
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