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ABSTRACT

We report on a Hubble Space Telescope search for rest-frame ultraviolet emission from the host galaxies of
five far-infrared-luminous z~ 6 quasars and the z=>5.85 hot-dust free quasar SDSS J0005-0006. We perform 2D
surface brightness modeling for each quasar using a Markov-Chain Monte-Carlo estimator, to simultaneously
fit and subtract the quasar point source in order to constrain the underlying host galaxy emission. We measure
upper limits for the quasar host galaxies of m; >22.7 mag and my > 22.4 mag, corresponding to stellar masses of
M, <2 x IOHM@. These stellar mass limits are consistent with the local Mgy — M., relation. Our flux limits are
consistent with those predicted for the UV stellar populations of z~~6 host galaxies, but likely in the presence of
significant dust ((Ayy) ~2.6 mag). We also detect a total of up to 9 potential z~ 6 quasar companion galaxies
surrounding five of the six quasars, separated from the quasars by 1/4-3!"2, or 8.4-19.4 kpc, which may be
interacting with the quasar hosts. These nearby companion galaxies have UV absolute magnitudes of —22.1 to
—19.9 mag, and UV spectral slopes 8 of —2.0 to —0.2, consistent with luminous star-forming galaxies at z ~ 6.
These results suggest that the quasars are in dense environments typical of luminous z~~ 6 galaxies. However, we
cannot rule out the possibility that some of these companions are foreground interlopers. Infrared observations
with the James Webb Space Telescope will be needed to detect the z~ 6 quasar host galaxies and better constrain

their stellar mass and dust content.
Keywords: galaxies: high-redshift

1. INTRODUCTION

Since their initial discovery in the Sloan Digital Sky Sur-
vey (SDSS, Fan et al. 2000, 2001, 2003, 2004), high-redshift
(z 2 6) quasars have been invaluable probes of the early Uni-
verse. These quasars can constrain black hole seed theories
(Mortlock et al. 2011; Volonteri 2012; Banados et al. 2017),
the reionization history of the Universe (Fan et al. 2006a;
Mortlock et al. 2011; Greig & Mesinger 2017; Davies et al.
2018; Greig et al. 2019), and provide unique insights into the
connection between black hole and galaxy growth at the end
of the Epoch of Reionization (Shields et al. 2006; Wang et al.
2013; Valiante et al. 2014; Schulze & Wisotzki 2014; Willott
et al. 2017).

The extreme nature of these objects, with large black hole
masses (Mpy ~ 109M@; Barth et al. 2003; Jiang et al. 2007a;
Kurk et al. 2007; De Rosa et al. 2011) and accretion rates
near and even above the Eddington limit (Willott et al. 2010a;
De Rosa et al. 2011), suggests that these quasars may live
in extreme high-density environments. However, observa-
tions do not find that quasars reside in high-density regions
(e.g. Kim et al. 2009; Bafiados et al. 2013; Morselli et al.
2014), challenging our understanding. Theoretically, how-
ever, it is kpc-scale interactions that could trigger supermas-
sive black hole growth (e.g., Sanders et al. 1988; Hopkins
et al. 2006), despite not universally being observed in lower
redshift (z < 2) quasar systems (Cisternas et al. 2011; Ko-
cevski et al. 2012; Mechtley et al. 2016; Villforth et al. 2018;
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Marian et al. 2019). Recently, Atacama Large Millime-
ter/submillimeter Array (ALMA) observations in the sub-
mm have detected galaxies around high-redshift quasars at
separations of ~ 8—60 kpc (Decarli et al. 2017; Trakhtenbrot
et al. 2017a), which have been interpreted as major galaxy
interactions. These observations suggest that major merg-
ers may be important drivers of rapid black hole growth in
the early Universe, and thus observations must probe the lo-
cal environments of quasars to understand these extreme sys-
tems.

Alongside their local environment, many studies investi-
gate the host galaxies of these quasars to understand the
connection between black hole and galaxy growth in the
early Universe (e.g. Shields et al. 2006; Wang et al. 2013;
Willott et al. 2017). However, observations of quasar host
galaxies are challenging with current facilities (e.g. Bahcall
et al. 1994; Disney et al. 1995; Kukula et al. 2001; Hutch-
ings 2003). These observations are strongly focused in two
wavelength ranges where detectability is relatively easy: rest-
frame ultraviolet (UV) emission observed in the near-infrared
from ~0.7—-2.2um, and rest-frame far-infrared (FIR) emis-
sion observed at sub-mm wavelengths. The UV emission
traces the bright accretion disk and stellar light from the host
galaxy, while the FIR instead predominantly traces cold dust
in the host.

The extreme luminosity of quasars in the UV often means
that they significantly outshine their hosts (e.g., Schmidt
1963; McLeod & Rieke 1994; Dunlop et al. 2003; Hutch-
ings 2003; Floyd et al. 2013). The highest redshift at which
the UV emission from a quasar host has unambiguously been
observed from ground-based telescopes is z ~4 (McLeod
& Bechtold 2009; Targett et al. 2012). Galaxies are more
compact at higher redshifts, with physical sizes evolving as
R, < (14+2)™, where m is typically measured to be between
1 and 1.5 (e.g. Bouwens et al. 2004; Oesch et al. 2010; Ono
et al. 2013; Kawamata et al. 2015; Shibuya et al. 2015; La-
porte et al. 2016; Kawamata et al. 2018). This rate of de-
crease of galaxy sizes toward higher redshifts is stronger
than the increase in apparent diameters at z 2 2 due to the
cosmic angular size—distance relation. Thus, at higher red-
shifts, the angular size of galaxies becomes small relative to
the point spread function (PSF) of current telescopes, and so
the bright quasar entirely conceals the host galaxy emission
(e.g. Mechtley et al. 2012). Surface brightness dimming also
causes the host galaxies and any tidal features to be more
difficult to detect at high redshift.

In an attempt to detect the underlying UV emis-
sion from the host of the redshift z = 6.42 quasar
SDSS J114816.64+525150.3 (hereafter SDSS J1148+5251),
Mechtley et al. (2012) used GALFIT (Peng et al. 2010) to
model the quasar contribution to the emission in Hubble
Space Telescope (HST) Wide Field Camera 3 (WFC3) im-
ages. This quasar model was subtracted to obtain upper lim-
its on the brightness of the host galaxy, of m; >?22.8 and
my > 23.0 mag. To improve the fitting method, Mechtley
(2014) developed a Markov-Chain Monte-Carlo (MCMC) si-

multaneous fitting software, PSFMC'. While this technique
allows for host detections at lower redshifts (z =2, Mecht-
ley et al. 2016; Marian et al. 2019), the smaller angular sizes
of the hosts at higher redshifts make this significantly more
challenging.

In this paper, we present deep near-infrared F125W (J) and
F160W (H) HST WFC3 images of six z~6 quasars. We
describe our efforts to detect rest-frame near-UV emission
from the hosts, and present the most robust upper limits to
date on the rest-frame UV brightness of each of the quasar
host galaxies. This significantly increases the sample of high-
redshift quasar hosts with deep UV upper limits determined
by this method, extending on the previous work of Mechtley
et al. (2012) which studied only one quasar. The subtraction
of the quasar PSF using the PSFMC software also allows for
an unobscured view of the quasar environment on kpc-scales,
uncovering nearby galaxies which may be interacting with
the host and triggering this rapid black hole growth.

Throughout this paper we adopt a ACDM cosmology with
Hy=67 km s™! Mpc™!, Q),=0.3, and Q4 =0.7 (Planck Col-
laboration et al. 2014). All magnitudes are on the AB system
(Oke & Gunn 1983) and have been corrected for Galactic ex-
tinction using the reddening map of Schlegel et al. (1998) as
recalibrated by Schlafly & Finkbeiner (2011).

2. QUASAR SAMPLE

In this work we study five UV-faint FIR-luminous quasars
and one dust-free quasar, all at z~6. The dust-free quasar
was observed in a second epoch of the original pilot program,
alongside SDSS J1148+5251 (ID 12332, PI: R. Windhorst;
see Mechtley et al. 2012), but is previously unpublished. The
five UV-faint FIR-luminous quasars were observed in 2013
as part of HST program 12974 (PI: M. Mechtley), which
built on the original program. The observations and mod-
eling technique (§ 3—4) are identical for all sources. Relevant
properties of each of the six targets are summarized in Ta-
ble 1.

2.1. UV-faint FIR-luminous Quasars

Guided by our initial experience with SDSS J1148+5251
(Mechtley et al. 2012), we determined that high-redshift
quasars with weaker UV emission (M5, >—26.5 mag), but
secure sub-mm detections, i.e., with large rest-frame FIR to
UV flux ratios (Frr/Fuv = 100), are the best candidates for
successful detection of host emission.

The rationale behind this selection is that a high
FIR luminosity—and associated high star formation
rate—coupled with a lower nuclear UV luminosity re-
sults in a less extreme nuclear-to-host contrast ratio,
and thus improved detectability of host UV emission.
At the time of selection (February 2012), there were
only five such z~ 6 quasars known that met these

The details of the software implementation are given in Mechtley (2014).
The software, documentation, examples, and source code are available at:
https://github.com/mmechtley/pstMC
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Figure 1. Selection of ultraviolet-faint, far infrared-luminous
quasars based on absolute magnitude (rest-frame 1450A) and ob-
served sub-mm to near-infrared flux ratio. Our sample of six quasars
is denoted by magenta circles, with detections for the five IR-
luminous quasars, and an upper limit for the additional quasar SDSS
JO005-0006. Other z > 5.6 quasars with sub-mm observations are
plotted in gray (Fan et al. 2000, 2001, 2003, 2004, 2006b; Petric
et al. 2003; Bertoldi et al. 2003; Mahabal et al. 2005; Cool et al.
2006; McGreer et al. 2006; Goto 2006; Venemans et al. 2007, 2013;
Wang et al. 2007, 2008, 2011, 2013; Kurk et al. 2007, 2009; Willott
et al. 2007, 2010a,b; Jiang et al. 2007b, 2008, 2009; Mortlock et al.
2009, 2011; Zeimann et al. 2011; De Rosa et al. 2011, 2014; Omont
et al. 2013; Bafiados et al. 2014; Wu et al. 2015).

criteria: CFHQS J0033-0125, SDSS J0129-0035,
SDSS J0203+0012, NDWEFS J1425+3254, and SDSS
J2054 —0005 (see Figure 1). We note that, while these
quasars are UV-‘faint’ relative to the observed high-redshift
quasar sample, they are still very luminous in the UV with
=26.5 <M 504 <—23.9 mag.

Although the FIR emission suggests the presence of sig-
nificant dust in the host galaxies, the quasar discovery spec-
tra (rest-frame UV) do not show anomalous features com-
pared to the rest of the population—i.e., they are otherwise
normal z~ 6 quasars, rather than showing significant spec-
tral reddening or absorption features such as present in the
FIRST/2MASS sample at lower redshifts (Urrutia et al. 2008;
Glikman et al. 2015). Furthermore, more than ~ 25% of
7~ 6 quasars have similarly high FIR luminosities (Willott
et al. 2007; Wang et al. 2008, 2010, 2011), so these FIR-
luminous quasars are broadly representative of a significant
sub-population, rather than atypical objects.

2.2. Dust-Free Quasar

In addition to the FIR-luminous quasars described above,
we also analyze data from the prototype hot-dust-free quasar
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SDSS J0005-0006 (Fan et al. 2004; Jiang et al. 2010), which
also lacks cold dust (Wang et al. 2008). With a lower-
luminosity and no evidence for significant dust content, this
quasar was selected as a counterpoint to SDSS J1148+5251.
This source is representative of a smaller, but still important
sub-population. At 5.8 <7< 6.4, Jiang et al. (2010) found
two apparently dust-free quasars in a sample of 21 quasars,
or =~ 10% of the population. Leipski et al. (2014) also found
that ~ 15% of their sample of 69 quasars at z > 5 are defi-
cient in (but not devoid of) hot dust, and there is evidence
of a trend toward higher dust-poor fraction with increasing
redshift (Jun & Im 2013).

3. HUBBLE SPACE TELESCOPE DATA AND
OBSERVING STRATEGY

Each of the six quasars was observed with the HST WFC3
infrared channel in the F125W (J-band) and F160W (H-
band) filters. The five FIR-luminous quasars were observed
for two orbits (4800 s) in each filter, while SDSS J0005-0006
was observed for four orbits (10400 s) in each filter. Wind-
horst et al. (2011) provides details on the WFC3 IR two-orbit
sensitivity.

In addition to the quasar observations, coeval observations
of a nearby PSF reference star were completed along with
each epoch of quasar imaging. Although the HST PSF is sta-
ble compared to ground-based observatories, slight changes
in the position of the secondary mirror cause small time-
dependent focus variations. These variations are believed to
be caused primarily by changes in the spacecraft thermal en-
vironment (Bély et al. 1993; Hershey 1998; Cox & Niemi
2011). We mitigated this effect by imposing constraints on
the PSF star observations, as in the pilot program (Mecht-
ley et al. 2012)—the (non-binary) stars were selected to be
within 5° of the quasar, to minimize differences in the solar
illumination angle, and the stars were observed in the orbit
immediately following the quasar observations, to best match
the orbital day/night cycle. The HST flight calendar builders
also attempted, where possible, to schedule our quasar and
PSF observations immediately after an HST target from a dif-
ferent program in a similar part of the sky as our quasar, so
as to further mitigate differences in orbital thermal variations
between our first and subsequent orbits on that quasar and
PSF target. This special request was possible to schedule for
some of our quasars. PSF star exposures were alternated in
F125W and F160W to fully sample the focal variation within
an orbit (for details, see Mechtley et al. 2012). Addition-
ally, the stars were selected to have (J—H) colors similar to
the quasars, since the diffraction-limited PSF also varies with
wavelength. In wide filters, redder sources can have a mea-
surably broader PSF than bluer sources.

Four exposures were taken in each orbit of quasar and PSF
star observations, using the four-point box sub-pixel dither
pattern to improve PSF sampling and assist in the rejection of
bad pixels and cosmic rays. Critically-sampled images were
reconstructed using ASTRODRIZZLE, following approaches
similar to those described in Koekemoer et al. (2002, 2011,
2013), with a linear pixel scale of 0//06 (a spatial scale of



Table 1. Quasars Observed with HST

Quasar Name Redshift Miso (mag) Lrir (102 Le) log(Mpr /M)
CFHQS J003311.40-0125249 6.13 -25.14 2.6£0.8 9.52+0.87¢
SDSS J012958.51-003539.7 5.78 —23.89 52+£09 8.23+0.45"
SDSS J020332.39+001229.3 5.72 -26.26 44411 10.72£0.26°
NDWEFS J142516.30+325409.0 5.89 -26.47 54+£1.2 9.414+0.11¢
SDSS J205406.42-000514.8 6.04 -26.21 55+1.2 8.95+0.47"
SDSS J000552.34-000655.8 5.85 —25.73 <34 8.02¢

NOTE—Quasar names include the full sexagesimal coordinates. Redshifts and absolute magni-

tudes use the same references as Table 7 in Banados et al. (2016). FIR luminosities are from
Wang et al. (2010, 2011). Black hole masses are from a) Shen et al. (2019), b) Wang et al.
(2013)/Willott et al. (2015) and ¢) Trakhtenbrot et al. (2017), and are calculated using the MgIl
line where available, else with the CIV line (NDWFS-J1425+3254) or by assuming the black
hole is accreting at the Eddington luminosity (SDSS J0129-0035 and SDSS J2054-0005).

~0.36 kpc at z~6) and a pixfrac parameter of 0.8, to
reduce correlated noise while maintaining a relatively uni-
form weighting per-pixel. We used “ERR” (inverse variance)
weighting for the final image combination step. We trans-
formed the ERR extensions from the HST exposures to per-
pixel RMS error maps that include all sources of error, in-
cluding shot noise, and account for correlated noise, as in
Casertano et al. (2000) and Dickinson et al. (2004), using
ASTRORMS?.

4. SOURCE MODELING AND POINT SOURCE
SUBTRACTION

We performed 2D surface brightness modeling for each
quasar using the publicly available MCMC-based software
PSFMC (Mechtley 2014; Mechtley et al. 2016). PSFMC al-
lows the user to model an input image using a combination
of point sources and Sérsic profiles (Sérsic 1963, 1968) with
the parameters: sky background; point source magnitude and
position; and Sérsic magnitude, position, Sérsic index n, ef-
fective radius of the major axis R,, ratio between the major
and minor axes b/a, and position angle. The MCMC pro-
cess explores a range of model parameters specified by input
prior probability distributions, convolving each model with
an input PSF and comparing it with the telescope image, to
determine the posterior probability distribution of model pa-
rameters given the observed data. The software uses the EM-
CEE ensemble sampler (Foreman-Mackey et al. 2013), which
improves sampling efficiency compared to the PYMC (Patil
et al. 2010) version that was used in Mechtley (2014).

For each image of each source, we attempted two differ-
ent models—one with both a point source and an underly-
ing Sérsic profile, and one with only a point source. We
compared the results of the two models both visually and us-
ing the Bayesian Information Criterion as a model selection

Zhttps://github.com/mmechtley/astroRMS

heuristic. In all cases, there was no evidence that the data
required the additional Sérsic profile—the seven additional
free parameters were primarily fitting noise peaks rather than
residual flux from the hosts.

For all further analysis, we model the quasar as a pure point
source. We also model any surrounding galaxies within ~ 3"
of the quasar with a Sérsic profile®. It should be stressed,
however, that if the galaxies are associated with the quasar
and undergoing a merger, their rest-frame UV emission need
not be distributed in anything like a Sérsic profile. Rather,
this approach is simply used to model their flux to avoid
over-subtraction. We assume uniform priors over a reason-
able range, for all of the model parameters. For each quasar
image, we run the MCMC with 200 chains, and a minimum
of 10,000 iterations with the first 5,000 discarded as a burn-in
period (systems with more surrounding galaxies required up
to twice as many iterations to obtain convergence). To ensure
that the model is well-fit to the data, we examine the resulting
posterior distributions, altering the allowed parameter range
and iteration count until each parameter has converged and
the residual flux in the model subtracted image is consistent
with random noise.

For the six quasars and their companion galaxies, we cre-
ate posterior-weighted model images before convolution with
the PSF, and after the model has been convolved with the PSF
and subtracted from the original image. These weighted im-
ages are the (per-pixel) mean of all sample images, with more
probable locations in parameter space being more densely
populated with samples. The resulting images for the six

3Two galaxies could not be reasonably fit by one Sérsic profile, so we instead
fit them with two Sérsic profiles superimposed, constraining their Sérsic
indices such that one represents a disk-like component and the other a more
spheroidal component. The properties of both profiles for these galaxies are
given in Table 3, with their UV magnitude and slope calculated using the
combined magnitude of both profiles.
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Figure 2. Posterior-weighted model images for CFHQS J0033-0125. All images show a /6’5 x 6!"5 FOV around the quasar, in order to see
any companion galaxies, and are displayed with the same arcsinh color stretch and 0’060 pixel scale. Top row: F125W filter. Bottom row:
F160W filter. First column: drizzled, undistorted WFC3 images. Second column: posterior-weighted models from the MCMC fitting process,
before convolution with the PSF. Third column: residual after subtracting only the point source model from the original image. Fourth column:

residual after subtracting the point source model and all modeled companions from the original image. Any galaxies surrounding the quasar

are indicated with a white number, for ease of comparison with Figs. 7 and 9 and Table 3.

quasars in the J- and H-bands are shown in Figures 2—4. The
residual images show a central core of flux, which contains
some residual flux from the quasar, and may also contain un-
derlying host emission. The regions in the residual images
where companion galaxy models have been subtracted purely
consists of noise, demonstrating that the PSFMC model fits
the observations superbly and our observations are noise-
limited.

PSFMC also outputs the ‘best’ parameter values from the
maximum posterior model, alongside their errors. These val-
ues for the companion galaxy fits are given in Table 3.

5. RESULTS
5.1. Quasar Host Galaxies

5.1.1. Magnitude Limits

The formal signal-to-noise ratio (S/N) of the residual flux
in the core of each quasar after PSF-subtraction is presented
in Figure 5. This central region includes residual flux from
the core of the quasar PSF, caused by an imperfect match of
profiles of the quasar and empirical PSF used for subtrac-
tion, alongside any potential host galaxy flux. While the total
flux is subtracted correctly, with a median residual consis-
tent with zero, the pixel-to-pixel variation of the PSFs results
in pixels with residual flux that is significantly larger than ex-
pected by the noise map, with formal signal-to-noise ratios of
up to |S/N|=~30. In other words, the subtraction technique
produces considerable residuals in the inner region. We note
that significant quasar over- or under-subtraction is unlikely

as this would produce negative or positive residuals in the
diffraction spikes, respectively, which are not visible.

To estimate the flux of the host without including this
contaminated inner region, we instead measure the surface
brightness in annuli from 7 to 10 pixels, or 0/42-0760.
We choose an inner radius of 7 pixels, as this is where
the pixel-to-pixel variations of the S/N first reach the ex-
pected/background level. This approach ignores the central
core, while including enough pixels to make a reasonable de-
tection if any flux was present. For all quasars in both filters,
no significant flux detection could be made in these annuli.
The 20 surface brightness limits in these annuli, from the
noise of each image, are given in Table 2.

To obtain the total magnitude limit of a given host, we con-
sider a range of Sérsic profiles, with a distribution of n and
R, guided by z~ 6 observations (Shibuya et al. 2015), and
take a Monte Carlo approach to determine the most likely
magnitude limit given the surface brightness limit in the an-
nulus (see Appendix A). The 20 magnitude limits obtained
by this method are given in Table 2, with the J- and H-band
limits ranging from 22.7-23.1 mag and 22.4-22.9 mag, re-
spectively.

5.1.2. Stellar Mass Limits

Measuring the redshift evolution of the black hole—stellar
mass relation is of key importance for understanding the co-
evolution of black holes and their host galaxies. Relative to
the well-studied and accurately measured local relation (see,
e.g., the review of Kormendy & Ho 2013), at higher red-
shifts observations suggest that black holes are more mas-
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Figure 3. Posterior-weighted model images for SDSS J0129-0035, SDSS J0203+0012 and NDWEFES J1425+3254. See Figure 2 for details.
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Figure 5. Residual images showing the central regions of the quasars after PSF subtraction. The deep red and blue regions show pixels with
formal S/N with large absolute value, artifacts of the quasar subtraction technique which caused significant pixel-to-pixel variations in the
residual flux. The two circles shown in each image have radii of 0’42 and 0!'60, which are used when performing photometry of the underlying

quasar host emission.

Table 2. Quasar Host Galaxy Detection Limits

Quasar Name SBy, 20 limit (042-0"60)  my, 20 limit (Sérsic fit) | SBy, 20 limit (0/'42-0'60)  mg, 20 limit (Sérsic fit)
(AB mag/'") (AB mag) (AB mag/") (AB mag)
CFHQS-J0033-0125 24.6 22.9 24.4 227
SDSS-J0129-0035 24.5 22.8 24.3 22.6
SDSS-J0203+0012 24.4 22.7 24.2 22.4
NDWES-J1425+3254 24.7 22.9 24.4 22.7
SDSS-12054-0005 24.6 22.9 24.4 22.7
SDSS-J0005-0006 24.8 23.1 24.6 22.9

NOTE— Photometry of the residual image (after PSF subtraction) in the regions surrounding each quasar. The left columns for each filter give
the surface brightness in the annulus 0!'42-0!"60 surrounding each quasar, as shown in Figure 5. As no significant signal is detected, these
are 20 upper limits calculated from the noise in each image. The right column for each filter gives magnitude limits estimated from these
surface brightness limits. These are calculated by considering a range of Sérsic profiles with reasonable n and R. (Shibuya et al. 2015) that
are constrained to have the measured surface brightness in 0.'42-0!'60, and determining the most likely magnitude limit using a Monte Carlo
approach (see Appendix A).

sive compared to their hosts. For example, at z~ 1.5 Ding these to lie on or below the local relation (Willott et al. 2017;
et al. (2020) find a black hole—stellar mass ratio that is 2.7 Izumi et al. 2018, 2019).

times larger than the local relation, while at z~2, Peng et al. To investigate the black hole—stellar mass relation using
(2006) find a black hole—bulge mass relation 3—6 times larger. our HST observations, we convert our host magnitude limits
At higher redshifts, existing observations of luminous z ~ 6 to limits on stellar mass. We calculate UV slopes [ of the
quasars with ALMA generally find black hole to dynamical hosts by fitting the relation m=-2.5log(\**?)+my, equiv-
mass ratios that are significantly larger than the local relation alent to f) oc A, to the two host magnitude limits 7, and
(e.g. Maiolino et al. 2007; Riechers et al. 2008; Venemans my at A=1.25 and 1.6 pum respectively. Using this rela-
et al. 2012; Wang et al. 2013). However, many studies claim tion and the determined g and my, we calculate the UV ap-
that high observed relations are a result of selection effects, parent magnitude limit myy as that at rest-frame 15004, or
(Lauer et al. 2007; Schulze & Wisotzki 2011, 2014; DeGraf A=(142) x0.15um. We convert this to an absolute magni-
et al. 2015; Willott et al. 2017; Ding et al. 2020). ALMA tude using Myy =myy—DM+2.51log(1+z) where DM is the

observations of lower-luminosity z~ 6 quasars indeed find distance modulus.



We adopt the z=6 M,—Myy relation derived by Song
et al. (2016) using a large sample of galaxies from the Cos-
mic Assembly Near-infrared Deep Extragalactic Legacy Sur-
vey (CANDELS)/Great Observatories Origins Deep Survey
(GOODS) fields and the Hubble Ultra Deep Field (HUDF):

log(M,)=9.53+£0.02—(0.50+0.03) x (Myy+21) (1)

with a scatter of 0.36 dex. We use a Monte Carlo technique,
sampling from a uniform distribution of magnitudes ranging
from Myy =—20 mag to our 20 upper limit for each quasar
host. The lower luminosity limit of Myy =—20 mag was cho-
sen as this is as faint as high-redshift quasar hosts are ex-
pected to be from the BlueTides simulation (Feng et al. 2015;
Marshall et al. 2019, see Figure 12). We assign a stellar mass
to each sampled magnitude using Equation 1, given a nor-
mal distribution with o =0.36 dex, to determine the result-
ing probability distribution of stellar masses. These stellar
masses are normally-distributed, so we adopt the 20 upper
limit from this relation as our host mass limit. We note that
this results in a lower, less pessimistic limit than simply tak-
ing the 20 upper mass limit at the 20 magnitude limit, which
is very conservative.

We present the black hole—stellar mass relation from the
stellar mass limits of our z~ 6 quasar hosts in Figure 6.
Our limits are consistent with the black hole—stellar mass re-
lation from existing sub-mm observations of z~~ 6 quasars,
(Willott et al. 2017; Izumi et al. 2018, 2019; Pensabene et al.
2020), which measure the dynamical mass of the host us-
ing gas dynamics as probed by the [CII] line, and assume
M, =Magy,. Three of our quasars have dynamical mass mea-
surements (Wang et al. 2010; Pensabene et al. 2020), which
we also show in Figure 6. Our stellar mass upper limit for
SDSS J2054-0005 lies above the measured dynamical mass
of Myyn=0.7443 x 10'°M, (Pensabene et al. 2020), suggest-
ing that either our limit is significantly larger than the true
stellar mass, with much deeper observations required to de-
tect the underlying stellar emission, or the measured dynam-
ical mass underestimates the total mass of the galaxy. Our
stellar mass upper limit for SDSS J0129-0035 is consistent
with the lower dynamical mass limit of Mgy, >7.8 x 10'°M,
(Pensabene et al. 2020). The lower limit on the dynami-
cal mass for NDWFS J1425+3254 of Mgy, > 1.56 X 101 M,
(Wang et al. 2010) is larger than our stellar mass upper limit,
suggesting that we are close to detecting the stellar compo-
nent of this quasar host galaxy.

The stellar mass limits of five of our six quasars are con-
sistent with the local Kormendy & Ho (2013) M, —Mgy re-
lation. SDSS-J0203+0012, however, has a stellar mass of
M, < 1.89x 10" M, lower than expected by the local re-
lation, given its extremely large black hole mass of Mpy =
5.2 % 1010M® (Table 1, Shen et al. 2019). However, we note
that this black hole mass is determined by the C IV line, as
the more robust Mg II line is not covered by ground-based
observations. SDSS-J0203+0012 is a broad absorption line
(BAL) quasar (Mortlock et al. 2009) and so the dynamics
probed by the C IV line are likely affected by the outflows.
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Figure 6. The black hole—stellar mass relation for our z~ 6 quasar
host galaxies, alongside other z ~ 6 quasars from the literature
(Willott et al. 2017; Izumi et al. 2018, 2019; Pensabene et al. 2020).
Existing dynamical mass measurements/limits are shown with black
errorbars, for NDWFS J1425+3254 (red; Wang et al. 2010), SDSS
J2054-0005 (pink; Pensabene et al. 2020) and SDSS J0129-0035
(orange; Pensabene et al. 2020). Also shown is the z=0 relation of
Kormendy & Ho (2013), for comparison.

Hence we place no significance on our black hole—stellar
mass relation limit for this object.

The M, —Myy relation is derived from observations of UV-
selected galaxies, and might not apply if our hosts were dusty
star-forming or quiescent galaxies; as these galaxies may be
particularly dusty, our mass limits would be underestimates.
Mid-infrared observations to allow for detailed SED fitting,
using the upcoming James Webb Space Telescope (JWST),
for example, are necessary to accurately determine the stellar
masses of these potentially dusty host galaxies.

5.2. The Prevalence of Close, Blue Neighbors

Figures 2—4 reveal that all of our six quasars have neigh-
boring galaxies within the surrounding 6!'5x6!'5.  For
SDSS-J0129-0035, NDWFS-J1425+3254 and SDSS-J0005-
0006, some companions overlap with the quasar PSF, high-
lighting the need for the quasar PSF subtraction in order to
fully understand the local quasar environment.

The properties of these 20 neighboring galaxies from the
maximum posterior model found by PSFMC are listed in
Table 3. We calculate their UV magnitudes and slopes fol-
lowing the same procedure as for the host galaxies (see Sec-
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Table 3. Properties of Galaxies Surrounding the Quasars

Quasar Name Galaxy my my—mpyg RA Dec  Projected Distance  Sérsic index R, b/a Mis00 UV slope
(AB mag) (AB mag) (kpc) n (kpc) (AB mag) B

CFHQS-J0033-0125 17 24.740.1 0.1£0.1 0:33:11.519  -1:25:23.56 17.6+0.1 22+£08 29405 0314£0.08 -22.1+02 -1.74+0.6
SDSS-J0129-0035 1* 26.6+0.3 0.8+0.3 1:29:58.088  -0:35:45.30 18.6+0.2 55+1.7 1.14£04 0.644+035 -194+£0.5 1.5+1.6
2% 259402 -0.7+0.2 1:29:58.179  -0:35:42.23 53+£02 52+1.8 17404 0.65+£023 -2144+04 —-49+14

3% 24.14£0.0 0.1£0.0 1:29:58.114  -0:35:43.81 10.740.1 05400 19401 046+0.03 -22.64+0.1 -1.6+02

SDSS-J0203+0012 la* 23.340.1 0.1£0.1 2:03:31.865 0:12:25.09 21.340.1 05400 18400 0224002 -23.8403 -1.7£1.3
1b* 24.1£0.1 -0.1%+0.3 2:03:31.860 0:12:24.98 22.140.1 2.1£0.7 1.6+03 0.7640.20 - -

2 26.6+0.2 02+£03 2:03:31.883 0:12:28.62 159+03 42420 1.6+04 057+£029 -1994+04 -1.1+£1.6

3 26.240.3 02+£03 2:03:32.180 0:12:25.94 16.0+0.2 47419 18405 0.59+031 -203+£05 -12+1.6

NDWEFS-J1425+3254 17 24.6+0.1 04£0.1 14:25:16.767  32:54:06.98 8.4+0.1 36+£07 26+04 0814021 -21.8+£02 -0440.8
2% 24.440.1 0.1£0.1  14:25:16.733  32:54:05.49 34+02 0.54+0.0 27401 094+0.07 -2234+02 -1.6+0.6

SDSS-J2054-0005 1* 23.740.1 0.0£0.1  20:54:06.075  -0:05:18.12 12.3£0.1 1.7£02 42402 0.39+0.04 -23.14+0.1 22404
2% 24.340.1 04+0.1 20:54:06.028  -0:05:17.48 15.6+0.1 09402 22402 0494005 -22.14£0.1 -0.1+£04

3% 23.340.0 0.1£0.0 20:54:06.080  -0:05:17.31 11.14£0.0 1.6+0.1 07+£00 0.81+£0.03 -2354+00 -1.6+0.1

4% 248402 -0.6+0.1 20:54:05.998 -0:05:15.14 22.74+0.0 5710 234+04 04140.15 -225+03 -4.64+09

51 24.940.1 02£0.1  20:54:06.265  -0:05:19.87 15.74+0.0 70+£08 22405 0.63+024 -21.7+£02 -1.140.8

67 25.1£0.1 04+£0.1 20:54:06.376  -0:05:19.41 19.440.1 46+08 374+04 0.724+0.13 -2144+02 -02+0.38

71 25.340.2 04+£0.2 20:54:06.336  -0:05:18.94 14.84+0.0 56+09 17402 0.55+£0.11 -21.1+£03 -02+1.1

8 26.0£0.2 04£0.2 20:54:06.334  -0:05:19.44 16.74+0.0 48408 22404 056+0.16 -2054+03 -05+1.1

SDSS-J0005-0006 la* 25.1£0.1 -0.3+0.3 0:05:52.046  -0:06:59.94 10.84+0.1 0.740.2 1.0+0.1 085+0.10 -22.14+0.6 -1.8+2.1
1b* 25.74£0.3 0.5£0.2 0:05:52.038  -0:06:59.83 9.8+0.2 64+12 2.0%£09 0.5940.45 - -

2% 25.740.1 0.7£04 0:05:52.217  -0:06:56.57 23.540.1 5715 27406 0414016 -204+04 1.0£1.7

3t 25440.1 0.0£0.2 0:05:52.032  -0:06:55.61 17.340.1 2.1£09 2.6+05 0.33+0.11 -21.3+03 -2.04+09

NOTE—Properties of the galaxies surrounding each of the quasars, with the central value denoting the maximum posterior model and the error
extracted from the MCMC fits. Galaxies with an a/b marked next to their identifier (column 2) are those which needed two Sérsic profiles to be
fit to match their brightness distribution. The properties for the individual fits are given, but their UV magnitude and slope ( are calculated by
combining both Sérsic magnitudes. Asterisks (*) denote companions with UV magnitudes and/or slopes that make them unlikely to be z~6
galaxies, and are instead likely to be foreground interlopers. Daggers (f) denote potential z >~ 6 companions with UV magnitudes brighter than
M* at 7=6.
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Figure 7. Left: J-H color vs. J-band magnitude and Right: Rest-frame UV slope 8 vs. 1500 A absolute magnitude, measured for each of
the galaxies within ~ 3" of our six quasars, assuming they are at the same redshift as the quasar. Filled colored circles show those with colors
and magnitudes consistent with z ~ 6 galaxies, while open colored circles show candidates which are likely to be foreground interlopers given
their colors and magnitudes. The numerical labels correspond to labels in the individual quasar images (Figures 2-4), and Table 3, for ease of
comparison. Grey symbols represent spectroscopically-confirmed z ~ 6 galaxies from Jiang et al. (2013, 2020) and the average relations for
dropout-selected LBGs from Bouwens et al. (2012), Dunlop et al. (2012), and Finkelstein et al. (2012) (see legend). The dashed black line
shows the value of M* (Finkelstein 2016).



tion 5.1.2). The magnitudes and colors of these galaxies are
displayed in Figure 7, along with samples of star-forming
galaxies at z~~ 6. Four of these companions have colors/UV-
slopes that are too red (5 > 0) or too blue (5 <—4) to be
consistent with z~ 6 galaxies. In addition, seven galax-
ies are too bright to be likely at this redshift, with mag-
nitudes brighter than Myy =-22.1 mag, the magnitude of
the brightest spectroscopically-confirmed z~ 6 galaxy in the
sample of Finkelstein et al. (2015). The remaining 9 compan-
ion galaxies—surrounding five of our six quasars—have UV
magnitudes and slopes consistent with those of star-forming
galaxies at z~ 6. The majority of these are brighter than M*
(—20.79 mag at z=6, Finkelstein 2016, see Table 3). Unfortu-
nately, existing observations at sub-mm to radio wavelengths
do not resolve and/or detect the individual sources (e.g. Wang
et al. 2013), so morphological comparisons with existing data
are not possible.

These 9 potential companion galaxies are separated from
the quasars by 1/4-3!"2, corresponding to projected dis-
tances of 8.4-19.4 kpc. Simulations show that galaxies with
companions at similar separations have higher AGN frac-
tions (McAlpine et al. 2020), and also enhanced star forma-
tion rates (Patton et al. 2020). This suggests that these com-
panions, if their true 3D distance is of order their projected
distance, could be interacting with the quasar host galaxies
and may potentially have triggered or enhanced the observed
AGN activity. However, tidal features from any such inter-
action would likely be rendered invisible due to the (1+z)*
surface brightness dimming at z ~ 6.

We examine the relationship between size, Sérsic index
and magnitude for these neighboring galaxies in Figure 8§,
in comparison to z~ 6 galaxies in the CANDELS GOODS-
South sample (van der Wel et al. 2012; Brammer et al. 2012;
Skelton et al. 2014; Momcheva et al. 2016). This shows
that our companion galaxy sizes are as large as the largest
z~6 CANDELS field galaxies, but are larger than the me-
dian size of z~6 field galaxies by an average of 0!'1. Their
Sérsic profiles are as steep as the steepest Sérsic indexes of
CANDELS z~ 6 field galaxies, but are larger than the me-
dian Sérsic index of z~ 6 field galaxies by an average of
2. Thus, our potential quasar companion galaxies have mor-
phological parameters that are consistent with the larger and
steeper-Sérsic CANDELS 7z~ 6 field galaxies. Similar con-
clusions are made when comparing our potential companion
galaxies to neighbors within 3" of 7z~ 6 galaxies in the CAN-
DELS GOODS-South sample (Figure 8, van der Wel et al.
2012), of which the majority (95%) are foreground objects
at z<5.5. Our potential companions have sizes and Sérsic
indices that are larger than the median of the neighbors of
z~6 CANDELS galaxies, although their properties are rea-
sonably consistent with the more massive neighbors. Hence,
based on their size and Sérsic distributions we cannot deter-
mine whether our observed neighbors are more likely to be
7~ 6 galaxies than foreground interlopers.

We show the relationship between size and UV absolute
magnitude for these potential companion galaxies in Figure
9, assuming they are at the same redshift as the quasar. Our
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objects that have UV magnitudes and slopes consistent with
z~~ 6 galaxies lie on a relatively tight size-luminosity rela-
tion. This relation is fairly consistent with, but somewhat
higher than, that of z~6 Lyman-break galaxies measured by
Shibuya et al. (2015) (for galaxies with —22 < Myy <—18
mag) and Kawamata et al. (2018) (for galaxies with —21.5 <
Myy <—12 mag), with our objects having larger sizes at the
same luminosities.

We note that the measured sizes of galaxies may be
affected by systematic differences between these studies.
For example, the treatment of the sky background in the
fitting can have a significant impact on the resulting Sérsic
fit parameters (see, e.g., Guo et al. 2009; Bruce et al. 2012).
We include the background level as a free parameter in
the MCMC-fitting, which can result in larger values of R,
and Sérsic index n than if the background level is fixed
(Bruce et al. 2012), potentially contributing to some of the
discrepancy between our results and those of Shibuya et al.
(2015), who assume a fixed background level. Bruce et al.
(2012) show that there is a positive correlation between
measured R, and Sérsic index n. Shibuya et al. (2015)
assume n=1.5 for Lyman-break galaxies, and Kawamata
et al. (2018) fix n=1. As our fitting method finds larger
Sérsic indices for our potential z >~ 6 companion galaxies,
with a mean of n=4.3, this correlation may explain, at least
in part, our larger measured sizes.

Using the number of galaxies observed in HST data of
comparable depth (WFC3 ERS?2 field, my < 26.5; Windhorst
etal. 2011, see their figure 12), the average number of galax-
ies observed is & 373,000 per square degree, or 0.0288 ob-
jects per square arcseconds, if galaxies are uniformly dis-
tributed on the sky. We thus expect to find on average 7.3 ran-
dom foreground objects within our six a2 6!5 x 6’5 quasar
images (total area ~ 250 square arcseconds; Figures 2—4), at
7 < 6 and unrelated to our quasars. The surface density vari-
ations in these numbers due to foreground cosmic variance
and photometric zeropoint errors is expected to be <15% in
the H-band (see, e.g., figure 3 of Driver et al. 2016), so we
would on average expect < 8.4 random foreground objects at
7K6.

Assuming that the galaxy neighbor distribution follows a
Poisson distribution, the probability of observing a total of 20
galaxies within the ~ 250 square arcsecond area, 40 above
the expected value of 8.4 foreground galaxies, is < 0.0003.
Hence, given the unlikelihood that so many galaxies would
be found by chance, it is probable that some of these objects
are physically associated with the quasars. Of the 20 close
neighbors, 11 have UV magnitudes and slopes that suggest
that they are unlikely to be at z~ 6. Finding these 11 fore-
ground galaxies is consistent within 1o of these Poisson ex-
pectations. The remaining 9 neighbors have UV magnitudes
and slopes consistent with known z~ 6 galaxies. We will
adopt this number of 9 potential quasar companion galax-
ies in our discussion below, however we note that the true
number of m; <26.5 z>~6 companion galaxies in our images
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could be between 0 and 20, with 9 a more reasonable upper
limit on the expected number based on the above arguments.

In Figure 10 we plot the average number of potential z~6
companion galaxies found in our quasar fields, compared to
expectations for number counts of z=6 galaxies in random
fields (Finkelstein et al. 2015). We see significant excess
compared to expectations of random pointings, with our av-
erage of ~1.5 galaxies within 0.13 cMpc of the quasars (372
at z=06) higher than the expected number of 0.0056 galaxies,
corresponding to an overdensity of a factor of ~270. This
large excess is similar to the overdensity found by Decarli
et al. (2017, see their figure 3b), who detected 4 companion
galaxies in [CII] with ALMA around 4 of 25 7 2 6 quasars.

Decarli et al. (2017) find that their measured overdensity is
consistent with measurements of quasar—Lyman break galaxy
clustering at z~4 (Garcia-Vergara et al. 2017), when applied
to the [CII] luminosity function. We consider the models
of the z~4 Garcia-Vergara et al. (2017) quasar—galaxy clus-
tering and the z=5.9 galaxy—galaxy clustering of Qiu et al.
(2018) to account for this effect, and find that our measure-
ment is consistent with both clustering models applied to the
Finkelstein et al. (2015) luminosity function. Thus, as with
the Decarli et al. (2017) sample, our observed potential z~ 6
companion counts can be explained by expectations for high-
redshift galaxy clustering. Hence, while we find that our
quasars are in environments that are more dense than the av-
erage field density, with an overdensity of a factor of ~270,
they are in similar environments to that expected for a typical
luminous 7~ 6 field galaxy. In fact, if we have overestimated
the number of true companion galaxies at 9, then our quasars
may be in somewhat less dense regions than the typical lumi-
nous z~~ 6 galaxy

While Decarli et al. (2017) had a secure number of 7~ 6
companions from ALMA [CII] redshifts, we present a con-
sistent upper limit from the number of possible z ~6 com-
panions following the above arguments. Clearly, JWST in-
tegral field redshifts, ALMA [CII] redshifts, or VLT MUSE
redshifts would be needed to determine the real number of
companion galaxies around our quasars, and their overden-
sity compared to the field at z ~6.

5.2.1. Additional Observations of NDWFS-J1425+3254

The quasar NDWFS-J1425+3254 shows further evidence
for having close companions. The discovery spectrum of
Cool et al. (2006) shows a significant absorption feature at
roughly 8350 A, 20 A red-ward of Lyman-«. This line
could potentially be caused by HI absorption from a com-
panion galaxy infalling at 720 km s™' (Mechtley 2014). By
assuming the system is virialized and that the companion is at
a projected distance of 4.8 kpc, Mechtley (2014) find that this
corresponds to a dynamical mass of ~ 5.8 x 10! M. Using
the Song et al. (2016) M, —Myy relation (Equation 1), from
our detection limits the host of NDWFS-J1425+3254 has a
stellar mass of M, <2.0 x 10'' M, with the two companions
having masses of ~ 7.8 x 103M¢, and ~ 1.3 x 10°M,. The
properties of the CO (6—5) line (Wang et al. 2010) provide
independent evidence for a group-like gravitational potential;

the line fit gives a FWHM of 690+ 180 km s~!, and the peak
of the emission is redshifted (z=5.89) from the reported Ly«
redshift (z=5.85, Cool et al. 2006).

To further investigate this system, we obtained observa-
tions with the Large Binocular Camera (LBC) on the Large
Binocular Telescope (LBT) in the g-, r-, and i-bands (Fig 11).
No LBC g-band flux is detected in a 2!0 aperture to a limit of
mg 2 28.3 mag, with Lyman-Werner flux from the quasar de-
tected in the r-band at m, =24.7 mag. Even in decent seeing
conditions (= 0!"8—1/'0) the ground-based PSF of the quasar
has broad wings that significantly affect the detection limit
of close companions out to 2!°0 or greater (see, e.g., Ashcraft
et al. 2018). A best-effort point-source subtraction results
in an upper limit of m, 2 25.7 mag for the more distant of
the two companions. The J- and H-band detections but faint
g- and r-band limits are sufficient to exclude the possibil-
ity that these companions are blue foreground galaxies, but
not that they could be red luminous galaxies at z~1.1. Ad-
ditional observations are therefore required to confirm that
these ‘companion’ galaxies are indeed at z~ 6, and not fore-
ground interlopers.

6. DISCUSSION
6.1. The Dust Content of Quasar Hosts

To understand the magnitude limits and dust properties of
our quasar host galaxies, we consider the sample of z=7
quasars in the BlueTides simulation (Feng et al. 2015). Blue-
Tides is a large-scale cosmological hydrodynamical simula-
tion, which models the evolution of 2 x 70403 particles in a
cosmological box of volume (400/h cMpc)?® from initial con-
ditions at z=99 to z="7, the lowest published redshift to date
(Marshall et al. 2019; Ni et al. 2019). Figure 12 presents
the relation between galaxy and quasar UV luminosity, for
our observations and the BlueTides quasars. Both the in-
trinsic and dust-attenuated galaxy magnitudes for the Blue-
Tides galaxies are shown, with the dust attenuation of galax-
ies modeled in BlueTides using the density of metals along a
line of sight (for full details, see Marshall et al. 2019). From
the BlueTides simulation, we find that hosts of Myy <-23
mag quasars at z=7 have between 1.4 to 3.8 mag extinction
in the UV, with an average of Ayy =2.6 mag, corresponding
to Ay =1.0 (Calzetti et al. 2000).

From Figure 12, we see that the majority of intrinsic UV
magnitudes for host galaxies of similar luminosity quasars in
BlueTides are brighter than our host galaxy upper limits, with
only a small percentage consistent with our limits. Given that
we make no detections of all six quasar hosts, our upper lim-
its are sufficient to rule out the possibility that our quasars
are generally hosted by dust-free galaxies. Instead, our limits
favour host galaxies with significant dust-attenuation, consis-
tent with the (Ayv)=2.6 mag that is seen for the BlueTides
quasar hosts (Figure 12, Marshall et al. 2019). If the Blue-
Tides sample including dust obscuration is representative of
the true z~ 6 quasar population, our upper limits are brighter
than the host magnitudes that are expected, and future obser-
vations would need to probe at least ~ 1 mag fainter to be-
gin to detect the host emission. We will focus on integrating
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Figure 8. The morphological properties measured for each of the galaxies within 3" of our 6 quasars. Top row: effective radius R, vs. J-band

magnitude. Bottom row: Sérsic index n vs. J-band magnitude. Filled colored circles show those with colors and magnitudes consistent with

7z~ 6 galaxies, while open colored circles show candidates which are likely to be foreground interlopers given their colors and magnitudes.

The numerical labels correspond to labels in the individual quasar images (Figures 2-4), and Table 3, for ease of comparison. Also shown are
measurements of galaxy sizes in the CANDELS GOODS-South survey from van der Wel et al. (2012), for comparison. Left panel: van der
Wel et al. (2012) galaxies with best estimate redshift z > 5.5, and a 95 per cent confidence that z > 5. Right panel: Galaxies within 3" of these
7> 5.5 galaxies, at any redshift. Grey dots show individual galaxies, and the grey line shows the median in bins of 1 magnitude.

BlueTides with our observational techniques to make specific
predictions for upcoming JWST observations in future work.

SDSS J0005-0006 was found to be a dust-poor quasar by
Jiang et al. (2013), as it was undetected with the Spitzer
Space Telescope at 15.6 and 24 pm. Further observations
by Leipski et al. (2014) detected the quasar with Spitzer
at these wavelengths, however did not detect emission at
> 100pm with Herschel, and so they also conclude that the
quasar is deficient of hot dust compared to the majority of
quasars in their sample. Non-detection of the quasar with
the Max Planck Millimeter Bolometer Array (MAMBO) at
250 GHz (Wang et al. 2008) results in upper limits of the
dust mass of the host of My, < 1.9 X 108M@ (Calura et al.
2014). While these observations do not detect significant
amounts of dust in this system, it is still possible for some
dust to be present, resulting in low-level dust attenuation
of the host galaxy. Thus, while our magnitude limit for the
host of SDSS J0005-0006 is fainter than the magnitudes
expected of quasar hosts with no dust attenuation from the
BlueTides simulation, our non-detection of the host can
be reasonably explained by some minor dust attenuation
in the generally dust-deficient system. Additionally, if the
simulation was run to z~ 6, we would expect to see a larger

sample of luminous quasars, and potentially more with host
luminosities fainter than our magnitude limits, which could
explain our observations. Thus, the ‘dust-free’ nature of
SDSS J0005-0006 is not in significant tension with our
overall dust predictions.

Our six quasars were selected in the z-band as i-band
dropouts with rest-frame UV luminosities at 7226 of —26.5 <
Myy <—-24 mag (Table 1). Hence, their UV accretion disks
are still, by selection, remarkably well visible. Five of our
72~ 6 quasars were also selected to have significant FIR emis-
sion, and as a consequence the young stellar populations in
their host galaxies are not visible in the best high dynamic
range J- and H-band images that HST can produce.

We inferred that their host galaxies are likely considerably
dusty ({(Ayy)=2.6 mag), yet the embedded quasars are easily
detected in the rest-frame UV and thus not significantly ob-
scured (see, e.g., Vito et al. 2019). This must have significant
consequences for the geometry of the small and large scale
dust distribution. One possible explanation is that the em-
bedded rapidly-accreting supermassive black hole produced
a significant outflow that vacated a sufficiently large cone on
scales of 10-100 pc—fortuitously aligned in our direction—
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Figure 9. The circularized effective radius Re\/bTa vs. 1500 A
absolute magnitude measured for each of the galaxies within 3" of
our 6 quasars, assuming they are at the same redshift as the quasar.
Filled colored circles show those with colors and magnitudes con-
sistent with z~ 6 galaxies, while open colored circles show candi-
dates which are likely to be foreground interlopers given their col-
ors and magnitudes. The numerical labels correspond to labels in
the individual quasar images (Figures 2-4), and Table 3, for ease of
comparison. The size-luminosity relations from the high-redshift
observations of Shibuya et al. (2015) and Kawamata et al. (2018)
are also shown, for comparison.

that the quasar has become clearly visible at rest-frame UV
wavelengths, while the host galaxy is not. Significant out-
flows have indeed been observed from high-redshift quasars
(e.g. Alexander et al. 2010; Nesvadba et al. 2011; Maiolino
et al. 2012), and are expected to be able to carve a window
for observing the quasar through otherwise high-density gas
(Ni et al. 2019). Thus, it seems likely that such outflows are
present in these systems. These objects are therefore high
priority targets for JWST, which will add 1.6-29 ym wave-
length imaging coverage to our 1.2—1.6 m HST images, and
so is expected to much better constrain the dust extinction
and geometry that UV images alone cannot capture.

6.2. Quasar Selection Bias

Five 7~ 6 quasars for this HST program were selected as
those UV-faint quasars with confirmed sub-mm detections,
and thus the greatest rest-frame Lgr/Lyy ratios. This se-
lects for host systems with the greatest non-AGN contribu-
tion to the FIR flux, with inferred ultraluminous infrared
galaxy (ULIRG)-class FIR luminosities (> 10'? L) and im-
plied star formation rates of ~500M»yr~! (Wang et al. 2011).
Locally, ULIRGs are gas-rich with high inferred star forma-
tion rates, and most are undergoing major mergers or at least
strong interactions (e.g. Howell et al. 2010; Kim et al. 2013).

10% "
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10° 4 =
1071 47 < ®

1072 5

Average number of z = 6 galaxies in field

T
107" 10°
Projected distance (co-moving Mpc)
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F15, Garcia-Vergara et al. (2017) z ~ 4 quasar-galaxy clustering
F15, Qiu et al. (2018) z = 5.9 galaxy—galaxy clustering

Our quasar fields

Decarli et al. (2017), [CII]-selected companions at z > 6

LINN

Figure 10. The average number of potential z~6 companion galax-
ies found within 3!'2 (0.13 cMpc) of our six quasars, compared with
expectations for counts of z=6 galaxies in random fields from the
Finkelstein et al. (2015) luminosity function, as a function of pro-
jected distance from the quasar. We consider a cylindrical volume
centred on the quasar with depth Az=1. Errors on our observation
show the range of 1-20 true z~ 6 companions, around our best es-
timate of 9, where 20 is the total number of objects found within
3!'2 of our six quasars; the lower error is marked with an arrow to
account for the (unlikely) limiting case that none of the neighboring
galaxies are true 2~ 6 companions. Also shown are the observations
of z> 6 quasar companions of Decarli et al. (2017), for compari-
son. We also plot the Finkelstein et al. (2015) luminosity function
predictions modified to account for the effect of large-scale clus-
tering. We take two models for the excess in the galaxy number
density £(r)=(ro/r)”, with r=8.83*1-3%" cMpc and ~=2.0 from
the quasar—Lyman break galaxy clustering of z=4 galaxies mea-
sured by Garcia-Vergara et al. (2017), and ro=5.3'23h"" cMpc and
v =1.6 from the galaxy—galaxy clustering measurements of z=5.9
Myy <—19.99 galaxies (Qiu et al. 2018).

This suggests that this sample of z~ 6 quasars are a distinct
quasar sub-population, which may be biased towards quasars
with nearby interacting galaxies. This potential selection bias
may mean that while our six quasars are in environments typ-
ical of luminous z~ 6 galaxies, the overall z~6 quasar pop-
ulation may reside in somewhat under-dense environments.
However, note that Trakhtenbrot et al. (2017b) observed three
FIR-bright and three FIR-faint quasars with ALMA, find-
ing spectroscopically confirmed sub-mm companion galax-
ies interacting with three quasars—one FIR-bright and two
FIR-faint. We also find a potential companion around SDSS
J0005-0006, which is not detected in the FIR (Wang et al.
2008; Jiang et al. 2013; Leipski et al. 2014). Hence, compan-
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Figure 11. Thumbnail images of NDWFS-J1425+3254. From left to right: LBT/LBC g-, r-, and i-bands, and HST WFC3 IR J- and H-bands.
The companion galaxies are visible within the green circle of radius 2.0 in the point source-subtracted WFC3 IR images. Lyman-a emission

from the quasar at ~ 8330A is captured by the i-band image, while Lyman-Werner flux from the quasar is bright enough to be seen in the r-

band, even in these LBT observations (see the discovery spectrum of Cool et al. 2006). Due to the seeing of the ground-based images, estimated

as ~0!'8—1!0 FWHM, point source subtraction on the »-band LBC image produces an inconclusive upper limit for the combined companion

galaxy flux.
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Figure 12. The relation between quasar and host galaxy UV-luminosity for our sample (colored upper limits; see legend) and for the simulated

z=" quasars from the BlueTides simulation (grey density plots). The left panel shows the BlueTides host galaxies’ intrinsic UV-luminosities,

while the right panel shows them after dust attenuation, which is calculated using the density of gas in the simulation (see Ni et al. 2019;
Marshall et al. 2019). Diagonal black lines show where the ratio of quasar to host brightness is 1:1, 10:1 and 100:1.

ion galaxies are not necessarily a feature of only FIR-bright
quasars.

This selection bias is also likely to affect the measured
black hole—stellar mass relation, as these quasars are not nec-
essarily representative of the overall z~ 6 quasar population.
For example, the most highly star-forming quasar host galax-
ies in BlueTides show a significantly steeper black hole—
stellar mass relation, with such quasars lying on the main
relation for the most massive black holes, and below the rela-
tion for lower-mass black holes. This result suggests that our
ULIRG-type hosts, which are also selected to be UV-faint
and thus potentially have lower mass black holes, may lie
below the black hole—stellar mass relation of the full quasar
population.

The bias to selecting ULIRG-class host galaxies may also
affect our stellar mass limits, as these galaxies generally

lie significantly above the SFR—stellar mass main sequence.
Their extreme star-formation rates may indicate the presence
of large amounts of dust extinction, as discussed in Section
6.1, which could further bias our measurements.

6.3. The Prevalence of z=~6 Quasars with Companions

Companion galaxies have been discovered around a range
of high-redshift quasars, with the majority seen only in obser-
vations at sub-mm wavelengths (e.g. Wagg et al. 2012; De-
carli et al. 2017). For example, Trakhtenbrot et al. (2017a,b)
found companions physically associated with three of six
z~4.8 quasars observed with ALMA, at separations of 14-
45 kpc. Those companions have dynamical masses Mgy, =
(2.1-10.7) x 10'°M,,, compared with the quasar hosts which
have Mgy, =(3.7—7.4) x 10'°M,, indicative of major galaxy
interactions. These companion galaxies are not detected in
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Spitzer data, and so Trakhtenbrot et al. (2017b) conclude that
there must be significant dust-obscuration. This result may
explain the lack of companions observed in rest-frame UV
observations (e.g. Willott et al. 2005); this is supported by
simulations (Marshall et al. 2019).

Our potential companion galaxies are detected in the rest-
frame UV, suggesting that these companions may have less
dust attenuation than those observed in the sub-mm. Other
studies have also observed companions in the rest-frame UV;
for example, McGreer et al. (2014) discovered a compan-
ion galaxy around both a z=4.9 and a 7=6.25 quasar, at 5
and 12 kpc projected separations. While the companion of
the z=4.9 quasar is spectroscopically confirmed, the z=6.25
companion is presumed to be at that redshift based on imag-
ing in two HST filters, as in our study. While identifying
these two companions, McGreer et al. (2014) reported that
bright companions around high-redshift quasars are uncom-
mon, with an incidence of <2/29 for > 5L* galaxies and
<1/6 for 2 SLS5L* galaxies.

Finding quasar companion galaxies is consistent with the
scenario that the growth of high-redshift quasars is triggered
by galaxy mergers. While simulations predict that galaxy
mergers can fuel quasar activity, it is unclear if these are the
dominant cause of high-redshift black hole growth. For ex-
ample, using the EAGLE simulation, McAlpine et al. (2018)
reported that at z=0, ~60% of black holes undergoing a
rapid growth phase do so within £0.5 dynamical times of
a galaxy-galaxy merger, and McAlpine et al. (2020) found
an over-abundance of AGN within merging systems relative
to control samples of inactive or isolated galaxies. However,
while galaxies experiencing mergers have two to three times
higher accretion rates than isolated galaxies, the majority of
black hole mass growth does not occur during the merger pe-
riods (McAlpine et al. 2020). Thus, if the potential compan-
ions are confirmed to be associated with our z~ 6 quasars,
this result may be due to our biased sample of FIR-luminous
quasars (see discussion in Section 6.2) and not necessarily
indicative that nearby companions are common around high-
redshift quasars.

7. SUMMARY

We use Hubble Space Telescope imaging of five far
infrared-luminous z ~ 6 quasars, and the hot-dust free quasar
SDSS J0005-0006, to search for rest-frame UV emission
from their host galaxies. Using the Markov Chain Monte
Carlo estimator PSFMC, we perform 2D surface brightness
modeling for each quasar to model and subtract the quasar
point source in order to detect possible underlying host emis-
sion.

Only upper limits were found for the quasar host galaxies,
of m; >22.7 and my > 22.4 mag. These limits are begin-
ning to probe magnitudes expected for high-redshift quasar
hosts from the BlueTides simulation, which suggests that the
increased resolution and near—mid-infrared spectroscopic ca-
pability of the James Webb Space Telescope (JWST) should
detect host emission in the rest-frame UV/optical for the first
time (see also the BlueTides predictions of Marshall et al.

2019). We also expect that these host galaxies could be quite
dusty, with (Ayy) ~2.6 mag (see Figure 12), and thus prob-
ing their mid-infrared emission with JWST will be invalu-
able.

Converting these magnitude limits to stellar mass limits
suggests that five of the six quasars could be consistent with
the local black hole—stellar mass relation of Kormendy &
Ho (2013), and with existing sub-mm observations of z~6
quasar hosts (Willott et al. 2017; Izumi et al. 2018, 2019;
Pensabene et al. 2020). SDSS-J0203+0012 has a stellar
mass of log(M, /M) < 11.28 and a large black hole mass
of log(Mgu/Mg)=10.72, which places it above the local re-
lation. However, its black hole mass is likely inaccurate.

We detect up to nine potential z~ 6 companion galaxies
surrounding five of the six quasars, with magnitudes and UV
spectral slopes consistent with luminous z~ 6 star-forming
galaxies. These galaxies lie within 1/4-3!'2 of the quasars,
or at a projected distance of 8.4-19.4 kpc (if at the same
redshift). If their true distance is of order their projected
distance, these companions could be interacting with the
quasar host galaxies, potentially enhancing their quasar ac-
tivity (McAlpine et al. 2020; Patton et al. 2020). Finding
nine potential z~ 6 companion galaxies is consistent with
expectations for large-scale clustering around high-redshift
quasars (Garcia-Vergara et al. 2017) and galaxies (Qiu et al.
2018, see Figure 10). Hence, we find that our quasars are in
environments typical of luminous z ~ 6 galaxies.

The existing data cannot rule out the probability that some
of these potential companions are foreground interlopers. Fu-
ture observations will focus on better constraining the spec-
tral energy distributions of the companions, including deep 7-
band imaging to identify low-redshift interlopers, and adap-
tive optics-corrected K-band imaging to better constrain the
rest-frame UV SED. The launch of the JWST will allow
spectroscopic measurements of the redshifts of these poten-
tial companion galaxies, determining whether they are in-
deed physically associated with the quasars, and perhaps be-
ing high-redshift major mergers in progress.
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APPENDIX

A. MAGNITUDE CALCULATION

To convert the surface brightness in the annulus 0742-0!"60 to a magnitude, we consider the host galaxy to have a Sérsic profile
and to be azimuthally symmetric. The total flux contained within radius R is

R
F(R):/ 2rrf(r)dr (Al)
0
where f(r) is the flux per unit physical area at radius r. For a Sérsic profile with Sérsic index n and effective radius R,,

fr)=fR)exp (<by (/R "=1)) (A2)

where b, is defined to satisfy I'(2n) =2~(2n,b,), where I' and ~ are the complete and incomplete gamma functions, I'(a) =
Jo 1 "' dt and y(a,x)= [; 1“"'e'dt. Thus, F(R) can be expressed as

F(R)=27R>f(R,) ne”b;*" ~(2n,b,(R/R,)'™). (A3)

Given AF =F(060)—F(0!'42) is the flux measured in the annulus, f(R.) can be calculated from:
f(R)=AF [27R2ne”b,*" [v(2n,x1)—7(2n,x)]| - (A4)

where x; =b,,(0.60/Re[arcsec])1/” and x, =bn(0.42/Rg[aIcsec])1/”. We thus calculate the flux of the host galaxy as F(0!60).

We calculate this flux for a range of Sérsic profiles, with n € (0.5,5) and R, € (0,4) kpc, ignoring galaxies which have magnitudes
brighter than the observed magnitude of the quasar. We show an example for the J-band magnitude of NDWFS-J1425+3254 in
Figure 13.

Guided by the observations of z~~ 6 bright (1-10L?_;), massive galaxies by Shibuya et al. (2015), we assume probability dis-
tribution functions for n and R,, with the combined 2D probability distribution function shown in Figure 13. We use a Monte
Carlo technique to sample from this distribution, and determine the resulting probability distribution function for host galaxy
magnitude. We choose the most-likely value from this distribution as our magnitude limit. Note that this is not the magnitude

of the most likely n-R, combination, as many less-likely n-R, combinations produce similar magnitudes and make those more
likely.
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Figure 13. The J-band magnitude of the host galaxy of NDWFS-J1425+3254, as an example, assuming a Sérsic profile with Sérsic index n and
effective radius R, that is constrained to have the measured flux (a 20 noise limit) in the annulus 0!'42-0"60. We show a range of Sérsic profiles,
with n € (0.5,5) and R, € (0,4) kpc. The white regions show galaxies with magnitudes brighter than the quasar itself (here m; < 20.6), which we
exclude. The black contours show the 2D probability distribution functions for n and R,, guided by the observations of z~ 6 bright (1-10L>5),
massive galaxies by Shibuya et al. (2015), assuming the parameters are independent. Using a Monte Carlo technique to sample magnitudes
from this distribution gives a magnitude probability distribution function, from which we choose the most likely value as the corresponding
magnitude limit, in this case m; >22.8 mag.
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