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ABSTRACT

We demonstrate that the UV brightest quasars at z = 1 − 2 live in overdense environments. This is based on an analysis of deep Hubble Space Telescope WFC3 G141
grism spectroscopy of the galaxies along the lines-of-sight to UV luminous quasars
in the redshift range z = 1 − 2. This constitutes some of the deepest grism spectroscopy performed by WFC3, with 4 roll angles spread over a year of observations to
mitigate the effect of overlapping spectra. Of the 12 quasar fields studied, 8 display
evidence for a galaxy overdensity at the redshift of the quasar. One of the overdensities, PG0117+213 at z = 1.50, has potentially 36 spectroscopically confirmed members,
consisting of 19 with secure redshifts and 17 with single-line redshifts, within a cylinder
of radius ∼ 700 kpc. Its halo mass is estimated to be log(M/M ⊙ ) = 14.7. This demonstrates that spectroscopic and narrow-band observations around distant UV bright
quasars may be an excellent route for discovering protoclusters. Our findings agree
with previous hints from statistical observations of the quasar population and theoretical works, as feedback regulated black hole growth predicts a correlation between
quasar luminosity and halo mass. We also present the high signal-to-noise rest-frame
optical spectral and photometric properties of the quasars themselves.
Key words: quasars: general – galaxies: clusters: general – galaxies: distances and
redshifts
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INTRODUCTION

Detecting galaxy clusters and protoclusters beyond z ∼
1 is challenging but important, as such overdensities are
probes of both the accelerated galaxy evolution in dense
environments and can provide constraints on cosmological
parameters. Modern cluster cosmology generally achieves
this via studies of cluster counts (e.g. Vikhlinin et al. 2009;
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Mantz et al. 2010; de Haan et al. 2016) or the mass fraction
of the intracluster medium (ICM) in the most massive systems (e.g. Allen et al. 2008; Ettori et al. 2009; Mantz et al.
2014). The dominant conventional methods for detecting
clusters at z < 1 are via the X-ray emission of the
hot ICM (e.g. Ebeling et al. 1998; Böhringer et al. 2004;
Finoguenov et al. 2007; Mehrtens et al. 2012), the SunyaevZel’dovich (SZ) effect (Sunyaev & Zeldovich 1972) due to
the scattering of cosmic microwave background photons by
the ICM (e.g. Staniszewski et al. 2009; Vanderlinde et al.
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2010; Planck Collaboration et al. 2014; Bleem et al. 2015;
Hilton et al. 2018), and searching for overdensities of passive red galaxies in photometric data (e.g. Gladders & Yee
2005; Koester et al. 2007; Rykoff et al. 2014; Chan & Stott
2019). The flux limited nature of X-ray surveys means it is
difficult to find all but the most massive clusters at z > 1 in
significant numbers and in the protocluster phase there may
not yet be a mature ICM to provide significant emission. The
SZ effect, being a spectral distortion of the microwave background, is in principle redshift independent but still relies on
the presence of a mature ICM for the signal so is again not
the right tool for selecting less evolved systems. The problem with selecting clusters via overdensities of red galaxies
at z > 1, is that cluster galaxies are likely to be building
up their mass through star formation and are therefore no
longer homogenous in colour (Hilton et al. 2010; Tran et al.
2010).
One technique for discovering clusters and protoclusters at z > 1, is to search for galaxy overdensities
around radio galaxies, which are often the most massive galaxies for their epoch and are therefore likely to
live in a clustered environment (e.g. Le Fevre et al. 1996;
Best et al. 1998; Pentericci et al. 2000; Kurk et al. 2004;
Venemans et al. 2007; Hatch et al. 2011; Wylezalek et al.
2013; Castignani et al. 2014; Husband et al. 2016). This provides a connection and potential evolutionary link to the
brightest cluster galaxies (BCGs) found in the low redshift Universe, which are the most massive galaxies and often radio-loud active galactic nuclei (AGN) themselves (e.g.
Best et al. 2007; Stott et al. 2012). However, it is important to note that not all distant radio galaxies are found in
clustered environments (Hatch et al. 2011; Wylezalek et al.
2013).
In terms of quasars, Wylezalek et al. (2013) find that
the majority (55%) of their radio-loud galaxies were in
> 2σδ overdensities and there was no significant difference between the environments of radio-loud galaxies or
radio-loud quasars. However, radio-quiet AGN such as optical, infrared or X-ray selected quasars are typically found
in lower mass galaxies and in less clustered environments,
with typical halo masses 1012 − 1013 M ⊙ (Kauffmann et al.
2008; Hickox et al. 2009; Ross et al. 2009; Shen et al. 2009;
Geach et al. 2019). The environmental difference between
radio-loud and radio-quiet AGN may be explained by ‘jet
confinement’, in which the denser intergalactic/intracluster
medium found in overdensities enhances radiation losses
making the radio jets brighter (Barthel & Arnaud 1996). In
this case an AGN is more likely to present as radio-loud if in
a dense environment. Because of the comparatively low halo
masses of optically selected quasars, protocluster searches
are usually conducted around radio galaxies instead. However, there are some radio-quiet quasars in dense environments (e.g. Haines et al. 2001) and there has been some success in finding overdensities using pairs of quasars as tracers
(Boris et al. 2007).
While it appears that in general, optically selected
quasars live in lower density environments than radio galaxies, there is some evidence that the most optically luminous
reside in more massive dark matter halos. In their statistical
study of halo mass based on the gravitational deflection of
the cosmic microwave background, Geach et al. (2019) find
that the average halo mass of an optically selected quasar

is log(Mh /h−1 M ⊙ ) = 12.6 ± 0.2 but those with an absolute
i−band magnitude Mi . −26 are in Mh ≈ 1013 M ⊙ h−1 haloes.
This is in agreement with the clustering observations of
Shen et al. (2009), who find that the 10% most optically luminous quasars are more strongly clustered. However, there
is also observational evidence that UV luminous quasars
do not live in high mass halos. For example, a galaxyquasar cross-correlation analysis of a sample of ‘hyperluminous’ quasars at z ∼ 3, concludes that they live in modest
log(Mh /h−1 M ⊙ ) = 12.3 ± 0.5 haloes (Trainor & Steidel 2012).
In addition to this, no correlation is found between the locations of bright quasars and a catalogue of overdensities at
z = 4 (Uchiyama et al. 2018).
Despite the uncertain observational picture presented
above, there is a theoretical expectation that the UV brightest quasars should live in more massive dark matter halos,
as the feedback regulated growth of black holes should result in a relation between black hole mass and halo mass
5/3
e.g. Mbh ∝ Mh (Silk & Rees 1998; Wyithe & Loeb 2003).
Assuming quasars accrete at an approximately fixed fraction fraction of the Eddingtion limit on average, then the
5/3
quasar luminosity L ∝ Mh . Correlations between Mbh and
Mh are indeed seen in hydrodynamic cosmological simulations of galaxy evolution that employ black hole feedback
(Booth & Schaye 2010; McAlpine et al. 2017). One can also
think of this as a consequence of the stellar mass – halo
mass relation (e.g. Conroy & Wechsler 2009) and the black
hole mass – galaxy mass relation (e.g. Magorrian et al. 1998;
Ferrarese & Merritt 2000; Gebhardt et al. 2000).
In this paper we test whether UV/optically luminous
quasars do indeed trace high density environments using
data from the Quasar Sightline And Galaxy Evolution
(QSAGE) survey. The QSAGE survey (Bielby et al. 2019)
was designed to perform deep Hubble Space Telescope (HST)
Wide-Field Camera 3 (WFC3) grism observations centred on
12 quasars with existing high-quality HST UV spectra from
the Space Telescope Imaging Spectrograph (STIS) and the
Cosmic Origins Spectrograph (COS). The primary purpose
of QSAGE is to obtain hundreds of galaxy redshifts in order to associate absorption features in the UV spectra with
their host galaxies’ circum-galactic medium (CGM). This
information is being used to constrain models of galaxy fuelling and feedback (e.g. Bielby et al. 2017, 2019).
The paper begins in §2 with a description of the QSAGE
sample and data reduction, including the spectral and photometric properties of galaxies and the quasars themselves.
In §3 we present the overdensity analysis and results, and
look for dependencies between enviroment and both quasar
and galaxy properties. Our findings are discussed in §4 and
conclusions drawn in §5.
We adopt a cosmology with ΩΛ = 0.7, Ωm = 0.3, and
H0 = 70 km s−1 Mpc−1 . All quoted magnitudes are on the AB
system and we use a Chabrier (2003) IMF throughout.

2
2.1

SAMPLE AND DATA
WFC3 Data Reduction

The QSAGE survey targets 12 z = 1.2−2.4 quasars that have
existing high quality UV spectra, with the aim of obtaining
the redshifts and properties of the galaxy populations along
MNRAS 000, 1–14 (2019)
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their lines-of-sight (HST Cycle 24 Large Program 14594; PIs:
R. Bielby, J. P. Stott). The primary purpose of QSAGE is to
perform CGM studies in the redshift range 0.6 . z . 2.4 but
there is a wealth of additonal galaxy evolution science that
can be done with the data. The full survey consists of 96 orbits with WFC3 in imaging and grism mode (i.e., 8 orbits per
quasar sightline). A detailed description of the spectral and
imaging data and its reduction is provided in Bielby et al.
(2019), however we briefly describe the key points here.
The HST observations for an individual quasar field
consist of 8 grism exposures and supporting near-infrared
(NIR) imaging, in order to identify the coordinates of the
sources in the grism data. The observations for an individual
field are divided into four visits spread out over the year-long
HST cycle in order to ensure that each visit is at a different
roll angle. This is key because the depth of the grism data
requires multiple roll angles to minimise the contamination
from the overlapping spectra of neighbouring sources. A visit
comprises two orbits, with each orbit scheduled to acquire
the following: a single ∼ 250s F140W image; 2 G141 grism
exposures of ∼ 1000s; and a single ∼ 250s F160W image. In
practice, the exposure times were tweaked to optimally fill
a given orbit.
The imaging and grism data were reduced using the
Grizli software package (Brammer, in prep.1 ), which is
designed for the reduction and analysis of slitless spectroscopic datasets. Grizli builds on the previous aXe
(Kümmel et al. 2009) and threedhst (Brammer et al.
2012; Momcheva et al. 2016) software. The F140W and
F160W imaging was reduced using TweakReg and then
AstroDrizzle. The individual images of a field were combined in a median stack using SWarp (Bertin et al. 2002).
The photometric zeropoints were calculated from the image header information (F140WZP = 26.45 and F160WZP =
25.95). The photometric catalogues were produced using
SExtractor (Bertin & Arnouts 1996) with the F140W
catalogue used as the input source coordinates for the G141
grism data.
The approximate 50% completeness values of the
F140W and F160W observations are 26.3 mag and 26.1 mag
respectively (SExtractor MAG AUTO). These limits are
calculated by fitting a straight line to the logarithmic number counts of the magnitude distribution up to its peak then
extrapolating this fit beyond the peak and comparing it with
the observed number counts (see Fig. A1). The F140W
magnitude distribution for the QSAGE sources is presented
in Fig. 1.
The F140W catalogues and segmentation images generated by SExtractor were used to extract the spectrum
of each object with Grizli. Each of the G141 exposures
is first divided by the F140W flat field. An initial background was then subtracted using the ‘master sky’ images
from Brammer et al. (2015). These master sky images account for the variation in background structure due to variations in zodiacal continuum, scattered light, and He emission
across the sky (Momcheva et al. 2016). The residuals (typically 0.5 − 1% of the initial background levels) were then removed by subtracting average values of the sky pixels in each
column. Finally 1D and 2D spectra were extracted from the
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Figure 1. The F140W magnitude distribution of the QSAGE
WFC3 galaxy sample. These are SExtractor MAG AUTO magnitudes. The black solid line represents all of the WFC3 detections. The long dashed red line represents the galaxies with unambiguous redshifts. The dashed blue line represents the galaxies
with single line detections and therefore ambiguous redshifts. All
distributions are normalised to a total area of 1.

background-subtracted grism images at the individual exposure level, which, for the QSAGE observations, resulted
in 16 individual spectra per object (i.e. 2 spectra per orbit). The advantage of having individual spectra spread out
over 4 visits at different times in the HST cycle is that they
were taken at four different roll angles. This substantially
mitigates the spectral contamination due to neighbouring
sources. The contamination for each individual spectrum
was calculated using Grizli, which was used to mask heavily contaminated pixels when generating the final stacked
spectrum for each source. To aid with visual inspection of
the spectra (see §2.2; Fig. 3 of Bielby et al. 2019), a stack
was created for each of the four visits (roll angles).
2.2

Spectral fitting

Grism spectra were extracted for a total of 13223 objects
across the 12 QSAGE fields. The first step in our analysis
was to estimate the emission line redshifts of the galaxies by
allowing multiple Gaussians to be fit (with all parameters
free, including wavelength) to each spectrum by randomly
placing 10 of them throughout the wavelength range in order to search for emission line candidates. This was done
iteratively with the first fitted line subtracted from the data
before the next fit is attempted, to ensure subsequent fits
found different lines. The wavelength range of the WFC3
G141 grism runs from approximately 1075 nm to 1700 nm.
The prominent lines and their in-vacuo wavelengths seen
in the spectra of star-forming galaxies and AGN in the
rest-frame optical range are: [OII] (372.709 nm, 372.988 nm);
[OIII] (496.030 nm, 500.824 nm); and Hα (656.461 nm). The
weaker lines that are often still bright enough to easily detect
are Hβ (486.272 nm) and [SII] (671.829 nm, 673.268 nm). An
estimated redshift solution was found by taking the wavelength ratios of significant (S/N > 3) Gaussian fits to determine whether they corresponded to the wavelength ratios of

4

J. P. Stott et al.

λ[OII] /λ[OIII] ≈ 0.744 or λ[OIII] /λ[Hα] ≈ 0.763. At this stage
multiple redshift solutions were allowed for each galaxy. All
∼ 13K spectra were then visually inspected alongside the
spectra and contaminations for each of the 4 visits (roll angles), and a postage stamp F140W image of the galaxy. This
was to either choose the correct redshift solution, provide a
new one based on this visual inspection or dismiss the source
as a poor solution/spectrum. During this process the spectra were also given a quality flag from 1 − 4 with 1 being a
poor quality noise-dominated spectra, 2 being low signal-tonoise spectra but with potential spectral lines (S/N < 3), 3
being good quality spectra (lines with S/N > 3) that are suitable for redshift calculations and 4 being those with higher
signal-to-noise (S/N > 10). At this point low-z absorption
line galaxies, stars, artefacts and potentially interesting objects such as candidate high redshift galaxies and cool brown
dwarfs were also categorised.
For the redshift and emission-line analysis in the remainder of the paper we only consider quality 3 and 4 galaxy
spectra (example spectra are presented in Fig. A2). The
emission-line fluxes are calculated by fitting Gaussian profiles and a local linear continuum. The low resolution of the
WFC3 G141 grism (R = 130 at 1400 nm) means that the
[OII], [OIII] and [SII] doublets, and Hα and [NII] are unresolved and blended as single lines. For the [OII] we fit
a single Gaussian centred on the mid-point of the doublet
(372.849 nm). For the [OIII] doublet and Hβ we fit a triplet
of Gaussians, as while the [OIII] doublet lines are blended
together, they are marginally resolved to the extent that
one can observe a distinct asymmetric shape due to the
lower flux of the [OIII] 496.030 nm line compared with the
500.824 nm line. The Hβ line is included in the triplet with
the [OIII] lines as the low resolution may lead to blending
in the wings of these lines. When fitting we assume a fixed
flux ratio in the [OIII] doublet of 2.98 (Storey & Zeippen
2000). Again because of the grism resolution, we fit the Hα
and [SII] lines as a doublet of two Gaussians. The Hα line is
fully blended into a single Gaussian with the adjacent [NII]
lines (654.986 nm, 658.527 nm). To attempt to extract the
true Hα flux, we assume that the nebula gas has a solar
abundance (12 + log(O/H) = 8.66, Asplund et al. 2004) and
thus assuming the linear relation of Pettini & Pagel (2004),
the ratio of [NII] 658.527/Hα is fixed at 0.379. We note however, that solar metallicity is likely too high for galaxies at
1 < z < 2 (Maiolino et al. 2008). In the absence of individual
metallicity information for the galaxies, the effect of this is
to potentially underestimate the Hα flux and therefore star
formation rate (SFR) of the sample. If there is a significant
difference in metallicity between the overdensity and field,
this could potentially affect the comparison of SFR with environment presented in §3.3 . The flux ratio of the redder
658.527 nm is fixed to be 2.95 greater than that of the fainter
blue [NII]654.986 nm line, as is the theoretical expectation.
The [SII] doublet is completely blended and so we treat it
as a single Gaussian centred on the average wavelength of
672.548 nm. To obtain the completeness limit of the spectroscopy, the flux distribution of the Gaussian fits to the
blended Hα and [NII] lines is presented in Fig. 2. This has a
median flux of 7.9 ± 0.8 × 10−17 erg s−1 cm−2 and an approximate 50% completeness of 7.9 × 10−17 erg s−1 cm−2 .
The redshifts we can access for the majority of the
QSAGE galaxy population are: z ∼ 1.9 − 3.6 ([OII]), z ∼

Figure 2. The flux distribution of the blended Hα+[NII] lines
for the unambiguous-z galaxy sample.

1.2 − 2.5 (Hβ), z ∼ 1.1 − 2.4 ([OIII]) and z ∼ 0.6 − 1.6
(Hα). There is therefore, continuous coverage in redshift
from z = 0.64 − 3.6. Within this, there are ranges in redshift
where the spectroscopic redshift is unambiguous, as multiple bright lines are present within the grism’s wavelength
window. These multiple line windows are [OIII] and Hα at
z ∼ 1.1 − 1.6, and [OII] and [OIII] at z ∼ 1.9 − 2.4. Where
the, generally weaker, secondary line is visible it is also possible to obtain unambiguous redshifts from Hβ and [OIII] at
z ∼ 1.2 − 2.4 and Hα and [SII] at z ∼ 0.6 − 1.5. Finally, in high
signal to noise cases, the asymmetry in the blended [OIII]
(496.030 nm, 500.824 nm) can also provide an unambiguous
redshift from z = 1.1 − 2.4. In cases of single and therefore
ambiguous lines we do not assign a redshift, although we
show the result of assuming a line identity in §3.1. In total, we obtain good spectra for 1437 galaxies. Of these, 844
have unambiguous redshifts with the remaining 593 being
ambiguous single-line detections. For the remainder of the
paper, we will refer to the galaxies with unambiguous redshifts as the unambiguous-z sample. The distribution of the
unambiguous-z sample redshifts is plotted in Fig. 3. We note
the peak in this graph at z = 1.2 − 1.6, which reflects the ease
of obtaining unambiguous redshifts in that window as discussed above. In order to break the single-line degeneracy
and produce a more complete set of QSAGE redshifts, spectral energy distribution (SED) fitting will be performed and
presented in Bielby et al., in prep.
2.3

Quasar properties

The 12 central quasars of the QSAGE sample are presented
with their redshifts, photometry and emission line fluxes
in Table 1. All of the quasar spectra with the necessary
wavelength coverage also show the presence of Hγ, Hδ, [OI],
[NeIII] and the FeII multiplet complexes at 4400−4700Å and
5100 − 5400Å (see Phillips 1978 and Zhou et al. 2002). Example WFC3 quasar spectra are shown in Fig. 4. A column
for [OII] flux is not included in Table 1 as QSO-B1122-168
is the only quasar with this line in its redshift range and
despite a very high signal-to-noise spectrum, it is not deMNRAS 000, 1–14 (2019)
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Figure 3. The redshift distribution of the unambiguous-z galaxy
sample. The structure seen mainly reflects the ease of obtaining
redshifts in windows containing multiple bright lines, i.e. [OIII]
and Hα at z ∼ 1.1 − 1.6, and [OII] and [OIII] at z ∼ 1.9 − 2.4.
The dashed horizontal lines above the distribution represent the
redshift ranges where each of these lines can be detected.

tected (see Fig. 4). This is likely due to the radiation from
the quasar causing a high ionisation state, which means that
most of the oxygen emission is via [OIII] instead (although
this is out of the wavelength window for this quasar). Any
[OII] emission due to star formation in the host is likely to
be completely overwhelmed by the continuum emission of
the quasar.
QSO-B0810+2554 is a known quadruply lensed quasar
(Reimers et al. 2002), which is potentially interesting
for cosmology via gravitational lens time delays (e.g.
Congdon et al. 2010; Wong et al. 2019). The QSAGE
F140W image of this lens is displayed in Fig. 5. We find
no evidence for lensing in the remaining QSAGE quasars.

2.4

Star formation rates

The star formation rates of all of the galaxies with redshifts are calculated using the Hα and [OII] fluxes, which
for the former accounts for [NII] contamination assuming solar metallicity as discussed in §2.2. We use the relationships
between nebula line flux and star formation from Kennicutt
(1998) assuming a correction to a Chabrier (2003) stellar initial mass function (IMF). A constant extinction of AV = 1.0
is also assumed, which is appropriate to z = 1.5 star-forming
galaxies in a similar mass range (Sobral et al. 2012). This
corresponds to A[OII] = 1.54 and AHα = 0.818 using the extinction curve of Cardelli et al. (1989). Fig. 6 displays the
SFR distribution of the QSAGE galaxies. The median Hα
and [OII] SFRs for the sample are 3.7 ± 0.5 M ⊙ yr−1 and
19.9±4.9 M ⊙ yr−1 respectively. We note that due to the wavelength range available, no galaxies have a detection of both
Hα and [OII] (see Fig. 3) and so this apparent discrepancy
just reflects the fact that the z > 1.9 sample detected in [OII]
has a higher SFR due to the flux limited nature of the observations. It will be possible to refine the SFR with the AV
and metallicity values calculated via SED fitting in Bielby et
MNRAS 000, 1–14 (2019)

Figure 4. Upper: PKS-0232-04 at z = 1.4428 is a typical example
of the extremely high signal-to-noise QSAGE WFC3 quasar spectra. The spectrum contains the bright emission lines Hβ, [OIII]
and Hα (dominating over the [SII] emission), and the weaker HeI
line. The FeII complex of multiplets at 5100 − 5400Å are also
present. Lower: The spectrum of the highest redshift quasar in
our sample is QSO-B1122-168 at z = 2.4181, which contains the
emission lines Hβ, Hγ, Hδ, [NeIII] and the FeII complex of multiplets at 4400−4700Å. The lack of [OII] emission is likely due to the
radiation from the quasar causing a high ionisation state, which
means that most of the oxygen emission is via [OIII] instead.

al. in prep. That paper will also greatly increase the number
of SFR values available by breaking the single-line redshift
degeneracy as discussed in §2.2.

2.5

Stellar Masses

The stellar masses of all of the galaxies with redshifts are
approximately calibrated using the linear relationship between full SED fit stellar mass and F160W magnitude that
we derive in bins of 0.1 in redshift from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS) catalogues of Barro et al. (2019). An example of this
relation at z = 1.5 (the approximate median redshift of the
QSAGE quasars) is shown in Fig. A3. This calibration is
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Table 1. The QSAGE central quasar sample. The right ascension (R.A.), declination (Dec.) and redshift (z) are those we derive from
our WFC3 imaging and spectroscopy, which in some cases are an update to the literature values. The emission line fluxes are in units of
10−14 erg s−1 cm−2 . The apparent B-band magnitudes, m B , are from the United States Naval Observatory (USNO) A2 catalogue (Monet
1998).
Quasar
PG0117+213
PKS-0232-04
HE0515-4414
2QSO-B0747+4259
QSO-B0810+2554
QSO-J1019+2745
QSO-B1122-168
QSO-J1130-1449
LBQS-1435-0134
QSO-B1521+1009
QSO-B1630+3744
QSO-B1634+7037

R.A.

Dec.

z

mB

F140W

F160W

fHβ

f[OIII]

fHα

01:20:17.3
02:35:07.3
05:17:07.6
07:50:54.6
08:13:31.3
10:19:56.6
11:24:42.9
11:30:07.1
14:37:48.3
15:24:24.5
16:32:01.1
16:34:29.0

+21:33:46.2
-04:02:05.3
-44:10:55.6
+42:52:19.3
+25:45:03.1
+27:44:01.7
-17:05:17.4
-14:49:27.4
-01:47:10.8
+09:58:29.1
+37:37:50.0
+70:31:32.4

1.5041
1.4428
1.7332
1.9151
1.5103
1.9298
2.4181
1.1896
1.3061
1.3266
1.4787
1.3319

15.5
16.3
15.1
15.6
15.5
15.6
16.5
16.1
15.1
14.7
16.0
14.9

15.8
16.3
14.6
15.5
15.2
16.0
16.1
17.2
15.3
15.8
15.9
14.3

15.6
16.1
14.6
15.5
14.9
15.9
16.1
23.9
15.1
15.7
15.7
14.1

1.69±0.29
2.51±0.29
4.38±0.35
2.78±0.17
5.25±0.53
2.66±0.16
2.48±0.17
...
5.42±0.90
4.48±1.17
1.98±0.27
7.90±1.80

0.70±0.19
1.03±0.19
1.28±0.24
0.74±0.11
0.86±0.32
0.99±0.11
...
...
3.76±0.68
1.31±0.75
0.54±0.17
8.32±1.36

12.66±1.03
10.99±0.44
...
...
33.45±1.87
...
...
5.71±0.13
18.28±0.55
10.43±0.36
10.61±0.51
55.32±1.75

Figure 5. This F140W image is of the multiply lensed quasar
QSO-B0810+2554. A logarithmic image scale is used to display
the lensed components. Our image shows it as triply lensed although it appears the larger of the three components separates
into 2 components making a quadruple (Reimers et al. 2002).
This may indicate that the apparent UV luminosity of this quasar
is enhanced due to lensing.

appropriate to make for this paper as stellar mass only features in §3.3. The fit parameters we calculate as a function
of redshift are given in Table A1. The stellar mass distribution of the QSAGE galaxies based on this approximation
is displayed in Fig. 7. The median mass of the sample is
log(M/M ⊙ ) = 9.68 ± 0.02. An improved set of stellar mass
values will be calculated via full SED fitting in Bielby et al.,
in prep. That paper will also greatly increase the number
of mass values available by breaking the single-line redshift
degeneracy.

Figure 6. The SFR distribution of the unambiguous-z galaxy
sample. The central quasars are not included. The long dashed
red line represents the galaxies with Hα derived SFR values. The
dashed blue line represents the galaxies with [OII] derived SFR
values. The black solid line is all SFR values.

3
3.1

ANALYSIS AND RESULTS
Quasar environments

We search for the presence of overdensities in the redshift
distribution in the vicinity of the central QSAGE target
quasars. The advantage of using a grism for this analysis is
that we obtain an unbiased sample of line-emitting galaxies
as there is no preselection of spectroscopic targets. While
this is also true for previous narrow-band surveys (e.g.,
Le Fevre et al. 1996; Kurk et al. 2004; Husband et al. 2016)
we are not restricted to only studying quasars at the redshifts in which a narrow-band filter can isolate an emission
line. In addition, our unambiguous-z sample is unaffected by
interlopers due to alternative spectral lines from galaxies at
different redshifts being detected in the narrow-band filter.
Our method for finding overdensities is to search for an excess in galaxies in a fixed ∆z = 0.025 redshift bin centred
on the measured WFC3 grism quasar redshift. The choice of
MNRAS 000, 1–14 (2019)
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Figure 7. The stellar mass distribution of the QSAGE
unambiguous-z galaxy sample. The central quasars are removed
from this plot.

∆z = 0.025 reflects a combination in quadrature of the spectral resolution of the grism (instrumental velocity dispersion
σinst = c/(R × 2.35) ≈ 1000 km s−1 ) and the typical velocity
dispersion of a forming cluster (σclust = 3000 km s−1 ) and a
factor of (1 + z) to account for the expansion of the Universe
(using the approximate average quasar redshift, z = 1.5).
The individual redshift distributions are presented in Figures 8 and 9.
To assess the environment of the quasars we use the
overdensity parameter, δg , which is given by
δg =

Nclust − Nbg
Nbg

(1)

where Nclust is the number of unambiguous-z galaxies in the
∆z = 0.025 bin centred on the redshift of the quasar and
Nbg is the average background i.e. the expected number of
galaxies in the absence of any significant structure. The calculation of this background value, Nbg , is therefore key to
understanding the significance of the galaxy overdensity.
The overdensity parameter is often used when the presence of an excess of galaxies is being assessed with narrowband imaging (e.g. Husband et al. 2016). In that case, the
number of narrow-band selected galaxies at the redshift of
the quasar/radio galaxy is compared with the number of
galaxies selected in the same narrow-band (to the same magnitude limit) when averaged over a large area or from ‘blank’
fields. In our case, we are searching for potential overdensities at 12 different redshifts in fields in which galaxies in a
similar redshift range are detected and selected in the same
way. This can be used to our advantage as it means we can
generate an average background in redshift space using adjacent redshift bins to the quasar itself in combination with
those from the remaining 11 quasar fields.
The average background redshift distribution is generated by averaging all 12 of the galaxy redshift distributions
for the different fields together. Specifically, the redshift distributions were placed on a common bin scale of ∆z = 0.025,
with the mean number of galaxies calculated for each bin to
create the background distribution. The common bin scale
MNRAS 000, 1–14 (2019)
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required small shifts of < ∆z = 0.0125 as the quasars are
fixed at the centre of their redshift bin for a particular field.
We do not believe that this small shift will cause any biases
in the analysis. The bins containing the quasar in each individual field are also removed from the average in case any
particularly significant overdensities contaminate the background of the others. For the background value, Nbg , we take
the mean value of this averaged background redshift distribution in the bins with ∆z = ±0.25 from the quasar, with
a ∆z = ±0.05 buffer around the redshift bin of the quasar
being excluded from the analysis in order to avoid an inflated background due to self-contamination. The errors on
δg are calculated using the Poisson error on Nclust combined
in quadrature with the standard error on the background
distribution. We note that using the Poisson error means
that a galaxy overdensity would need at least 9 members
to be considered to have a significance ≥ 3σδ (where σδ is
the error on δg ), which may be somewhat conservative and
so we adopt a > 2σδ threshold, following Galametz et al.
(2012); Wylezalek et al. (2013). The overdensity values are
presented in Table 2. Of the 12 fields studied, 8 contain
> 2σδ overdensities, showing that 2/3 of our quasars are in
overdense environments. Our richest galaxy overdensity is
PG0117+213 with 19 unambiguous-z members and a further 17 potential single-line redshift members, 36 in total
(see Fig. 8). The additional 17 potential members are singleline galaxies, which would fall into the quasar’s ∆z = 0.025
redshift bin if the line is confirmed to be Hα. The F140W
images of the QSAGE fields, with galaxies in the same redshift bin as the quasars highlighted, are displayed in Fig.
10.
In addition to the overdensities calculated for the individual quasar fields, we also stack the redshift distributions
of all 12 fields in such a way that each field that goes into the
stack is centred on the redshift bin of the individual quasars.
In this way a stacked redshift ‘cluster’ is created and shown
in Fig. 11. The overdensity of this stack is δg = 5.8 ± 0.9,
(i.e. a significance of 6.4 σδ ), clearly demonstrating that, on
average, the QSAGE quasars are in overdense environments.
3.1.1

Additional overdensities

We note that there are potentially & 2σδ (≥ 6 member)
overdensities at redshifts not associated with the quasars
in the fields: HE0515-4414 (6 members); QSO-B0747+4259
(6 members); QSO-B0810+2554 (6, 6 and 7 members); and
QSO-B1630+3744 (9 members). These are not analysed further in this paper.
3.2

Overdensity masses

In this section we attempt to estimate the mass of the overdensities in order to understand what kinds of structures
they comprise and what they will become by z = 0. We estimate the masses using the galaxy overdensity parameter,
δg , following the method of Venemans et al. (2005) in which
the mass, Mod is given by
Mod = ρ̄V(1 + δm )

(2)

where ρ̄ is the average density of the Universe at the redshift of the galaxy overdensity; V is the comoving volume
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Figure 8. The redshift distribution of the individual QSAGE fields showing the presence of overdensities around 8 of the quasars. The
solid red line is formed from the unambiguous-z sample and the black vertical dashed line is the redshift of the quasar. The dashed
magenta, dot-dashed blue and dot-dot-dash green lines (offset by ∆z = 0.0125 for clarity) are the result of assuming that the ambiguous
single-line detections are either Hα, [OIII] or [OII] respectively. This is done to look for potential overdensity members that have been
missed as they do not have multiple line detections. One can see that in the case of PG0117+213 there are an additional 17 such galaxies,
bringing its total number of members to 36. See Fig. 9 for the remaining six fields.

within which the overdensity is calculated; and δm is the
mass overdensity, which is given by δm = δg /b, where b is
the bias of individual galaxy halos and not the overdensity
(see e.g. Steidel et al. 1998). The comoving volumes probed
by our observations are calculated individually with a typi-

cal value at z = 1.5 of ∼ 700 Mpc3 . These overdensities may
not be virialised and so Mod should be interpreted as the
total mass that these systems will collapse to become by
z = 0. To estimate the bias we use the results presented in
Cochrane et al. (2017), in which the bias is measured as a
MNRAS 000, 1–14 (2019)
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Figure 9. A continuation of Fig. 8.

function of Hα luminosity and redshift. Their relation between bias and log LHα at z = 1.47 is the most appropriate
to our sample; however the data are noisy at the faint end
and do not probe to low enough luminosities for our observations. We therefore fit a relation to the strong linear trend
seen between bias and log LHα at z = 0.8 and then make the
assumption that this slope also applies at z = 1.47. A linear fit is then performed on the z = 1.47 relation, with the
slope fixed to the z = 0.8 value in order to constrain the y
MNRAS 000, 1–14 (2019)

intercept. This is illustrated in Fig. A4. The mean Hα luminosity of the galaxies within the overdensities is log LHα (erg
s−1 ) = 41.96 and so the bias value we estimate is b = 1.45
based on this analysis of the Cochrane et al. (2017) data,
which is consistent with the clustering measurements of the
QSAGE sample at z ∼ 1.4 (Bielby et al., in prep.). The
overdensity derived masses are presented in Table 2. The
mass errors are based solely on the error on δg and not
the assumed bias parameter, b, and so these errors are po-
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PG0117+213

PKS-0232-04

HE0515-4414

QSO-B0747+4259

QSO-B0810+2554

QSO-J1019+2745

QSO-B1122-168

QSO-J1130-1449

LBQS-1435-0134

QSO-B1521+1009

QSO-B1630+3744

QSO-B1634+7037

Figure 10. The F140W images of the 12 quasar fields. The red diamonds highlight the quasars themselves; the red squares are the
overdensities’ unambiguous-z members; the magenta circles are the single-line emitting galaxies that would be in the same redshift bin as
the quasars if they are either Hα, [OIII] or [OII] and are therefore likely members; the small magenta squares represent unambiguous-z
galaxies in the adjacent ∆z = 0.025 bins either side of the quasar bin to highlight any structures that may straddle the bins; and the small
blue circles are galaxies in the field with good spectra (quality flags 3 and 4, see §2.2).
MNRAS 000, 1–14 (2019)
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Table 2. The number of unambiguous-z members, Nclust , the number of single-line emitters, Nsl , and the overdensity value, δg and its
error, σδ , for each of the quasar fields. The final row is for the overdensity due to the stack of all 12 fields combined to be centred on
the redshift of each quasar (see Fig. 11). Also included is a column to indicate whether the quasars are radio emitters, and a column of
their absolute B-band magnitudes, M B . The R.A. and Dec. columns give the centroid of the overdensity. Finally, M o d is the overdensity
derived mass.
field name

Nc l u s t

Ns l

δg

σδ

δ g /σδ

Radio

MB

R.A.

Dec.

log(M o d /M⊙ )

PG0117+213
PKS-0232-04
HE0515-4414
QSO-B0747+4259
QSO-B0810+2554
QSO-J1019+2745
QSO-B1122-168
QSO-J1130-1449
LBQS-1435-0134
QSO-B1521+1009
QSO-B1630+3744
QSO-B1634+7037

19
7
7
2
2
7
1
2
11
6
13
9

17
4
1
3
1
3
0
6
4
1
2
3

17.5
6.3
9.7
3.5
1.1
13.9
...
1.3
9.4
5.3
12.7
8.2

4.8
2.9
4.4
3.3
1.5
6.1
...
1.6
3.4
2.7
4.2
3.3

3.6
2.2
2.2
1.1
0.7
2.3
...
0.8
2.8
2.0
3.0
2.5

n
y
n
n
n
n
y
y
y
n
n
n

-28.8
-28.0
-29.5
-29.3
-28.8
-29.3
-28.9
-27.7
-28.9
-29.4
-28.3
-29.2

01:20:17.5
02:35:08.3
05:17:08.8
07:50:54.4
08:13:30.9
10:19:55.6
11:24:42.9
11:30:05.9
14:37:47.8
15:24:23.8
16:32:02.3
16:34:31.5

+21:33:44.6
-04:01:46.4
-44:10:41.6
+42:52:19.0
+25:45:22.9
+27:43:57.3
-17:05:17.4
-14:49:42.4
-01:47:12.5
+09:58:29.8
+37:37:49.5
+0:31:47.1

14.7±0.5
14.3±0.4
14.5±0.4
...
...
14.7±0.4
...
...
14.4±0.4
14.2±0.4
14.6±0.4
14.4±0.4

Stack

86

45

5.8

0.9

6.6

3.3

Investigating dependencies

The QSAGE quasars were selected to be luminous in the UV
and blue optical to ensure that high signal-to-noise spectra
could be obtained for quasar absorption line studies of the
intergalactic medium. If quasar luminosity depends on halo
mass (e.g. Silk & Rees 1998; Geach et al. 2019) then we may
expect to observe such a correlation. Therefore, we take the
B-band magnitude from the USNO A2 (Monet 1998; see Table 1) and the quasar K correction from Wisotzki (2000) to
calculate the absolute B-band magnitude in the AB system
(assuming a conversion from Vega to AB of −0.09 magnitudes). In Fig. 12 we plot absolute B-band magnitude, MB ,
against the overdensity parameter, δg and find no correlation. This suggests that while the brightest quasars are often
in overdensities, their luminosities do not increase monotonically with δg .
Figure 11. The redshift distributions stacked at the redshift of
the individual quasars. The radio and non-radio detections are
also stacked independently and show that for this sample radio
detected quasars are not more likely to be in overdense environments compared with the general population.

tentially larger. If the overdensities are not virialised, then
these masses can be considered to be the mass that could
potentially collapse out from this volume in order to form
a single cluster by z = 0. The masses derived demonstrate
that the mass within each of the 8 significant overdensities
is in the range log(M/M ⊙ ) = 14.2 − 14.7, with an average
of log(M/M ⊙ ) = 14.5 ± 0.2. We note that due to the size
of the, likely underestimated, error bars on the the individual overdensity masses they are all consistent with each
other. However, due to lack of a full census of galaxies within
the overdensities and the potentially naive assumption made
that all mass within the ∼ 700 Mpc3 volume will collapse
into one structure by z = 0, in reality we expect their final
virialised masses to cover a range of values.
MNRAS 000, 1–14 (2019)

As discussed in §1, there has been great success in
searching for overdense environments in the vicinity of radio galaxies (e.g. Venemans et al. 2007; Hatch et al. 2011;
Wylezalek et al. 2013; Husband et al. 2016). The quasar
sample presented here was not selected to be radio emitting,
however some are known radio sources and so we look for
a connection between the overdensity parameter and presence of a radio counterpart. All of the QSAGE quasars are
covered by the all-sky radio surveys: the National Radio
Astronomy Observatory (NRAO) Very Large Array (VLA)
Sky Survey (NVSS, Condon et al. 1998); the Faint Images of
the Radio Sky at Twenty-Centimeters (FIRST, Becker et al.
1995) in the North; and the Sydney University Molonglo Sky
Survey (SUMSS, Mauch et al. 2003) in the South. The coordinates of the QSAGE quasars are entirely covered by a
combination of these three surveys and are matched to them
using the radii recommended for each survey: NVSS (45”);
FIRST (30”); and SUMSS (45”). We find that 4 out of the
12 quasars are radio emitters but see no evidence for greater
overdensities in these fields, as shown in Table 2 and Figures
11 and 12.
Galaxy clusters and dense environments tend to contain more massive and more passive galaxies than the field
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Figure 12. The absolute B-band magnitude of the quasars, M B ,
plotted against the overdensity parameter, δ g , with no correlation
seen.

population in the local Universe (Dressler 1980; Peng et al.
2010). However, it is expected that at higher redshift there
is a reversal of the star formation rate local density relation in order for the constituent galaxies to build up their
masses at a faster rate than the field (e.g. Hilton et al. 2010;
Tran et al. 2010). We therefore compare the properties of
the galaxies within the same redshift bin as the quasar to
those within the redshift range 1 < z < 2.5 (i.e. the approximate redshift range of the quasar sample) to
see if higher stellar mass and/or more passive galaxies are
already in place in these systems or if they are building up
their mass at a greater rate. The median stellar mass of all of
the unambiguous−z galaxies (excluding the quasars) within
1 < z < 2.5 is log(M/M ⊙ ) = 9.6 ± 0.03 and the median mass
of those within the same redshift bin as the quasars (again
excluding the quasars) is log(M/M ⊙ ) = 9.5 ± 0.09. The median mass of those in the most significant galaxy overdensity,
PG0117+213, is log(M/M ⊙ ) = 9.7± 0.2. There is therefore no
evidence for a difference in mass between the population in
the same structure as the quasar and that of the field. However, due to the line-emission selection we may be missing a
population of high mass passive galaxies.
The median Hα derived SFR for the unambiguous−z
galaxies (excluding the quasars) with redshifts 0.7 < z < 1.6
(i.e. the redshift range over which we can detect Hα) is 3.7 ±
0.5 M ⊙ yr−1 and for those in the same redshift bins as their
quasars (again excluding the quasars) it is 4.0 ± 1.9 M ⊙ yr−1 .
Therefore, there is no evidence for a difference between the
SFR of the galaxies within the overdensities and those in the
field. However, as discussed in §2.2, a systematic difference
in gas phase metallicity between the field and overdensities
could affect this, as we assume a single metallicity for the
whole sample to extract Hα flux from the blended Hα and
[NII] line. Additionally, due to the line-emission selection we
may be missing a population of more passive galaxies.

DISCUSSION

From the analyses of the redshift distributions of the individual quasar fields, we find that 8/12 of the QSAGE quasars
are in overdensities and the combined stack of the redshift distributions confirms this is true on average (see Fig.
11). The overdensities have inferred masses of log(M/M ⊙ ) =
14.2 − 14.7, indicating that they are either already galaxy
clusters or regions of space that will collapse further into
galaxy clusters by z = 0. The richest galaxy overdensity in
our sample is found around the quasar PG0117+213, which
has 19 confirmed members and potentially 36 in total and as
such, its predicted mass of log(M/M ⊙ ) = 14.7 is likely a lower
limit. We note that a narrow-band survey would have determined that all line-emitters within the narrow-band filter
wavelength range were potential members. One of the least
dense fields is QSO-B0810+2554, which is the lensed quasar
discussed in §2.3, there is a possibility that this quasar’s intrinsic brightness has been boosted by the lensing to bring
it into the sample. In general, the overdensity values and
masses will be lower limits, as we did not include the singleline emitters with ambiguous redshifts and our emission line
selection will not have detected the passive galaxies present
in z = 1 − 2 clusters.
Overdensities such as these have often been found for
radio galaxy fields (e.g. Venemans et al. 2007; Hatch et al.
2011; Wylezalek et al. 2013; Husband et al. 2016) but this
has been less clear for those surrounding quasars, which
typically reside in log(M/M ⊙ ) = 12 − 13 dark matter halos (Kauffmann et al. 2008; Hickox et al. 2009; Ross et al.
2009; Shen et al. 2009; Geach et al. 2019). However, as discussed in §1 there are both theoretical arguments and observational hints that the most UV/optically bright quasars
live in higher mass halos. The feedback regulated growth
of black holes should result in a relation between black
5/3
hole mass and halo mass e.g. Mbh ∝ Mh (Silk & Rees
1998; Wyithe & Loeb 2003) and so assuming accretion is
approximately at a fixed fraction of the Eddington limit,
5/3
the quasar luminosity L ∝ Mh . Statistical studies have attempted to confirm this, finding that the brighter quasars
in their clustering analyses reside in higher mass halos (e.g.
Mh ≈ 1013 M ⊙ h−1 , Geach et al. 2019). However, results at
z = 4 show no evidence that the brightest quasars live in
overdensities (Uchiyama et al. 2018).
Our QSAGE sample includes some of the brightest
quasars at z = 1 − 2, and we have demonstrated, for the
first time, that the brightest quasars really are in highly
overdense environments. We speculate that the reason this
is not seen in lower redshift clusters is that clusters in the
local Universe tend to be dominated by passive red sequence
galaxies (Dressler 1980; Peng et al. 2010), which contain significantly less cold gas to fuel a quasar. At z > 1, there must
be a reversal of this relation in order for the cluster galaxies
to build up their stellar mass through star formation and
so clusters and protoclusters contain more gas rich galaxies at early times (e.g. Hilton et al. 2010; Tran et al. 2010).
This combination of a high halo mass, gas-rich environment
means that luminous quasars are more likely to be good tracers of z > 1 cluster and protoclusters rather than their low
redshift counterparts. Our results demonstrate that searching for overdensities around the brightest quasars is an excellent way to find high redshift clusters and protoclusters.
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The discrepancy between our results and the lack
of overdensities found around bright quasars at z = 4
(Uchiyama et al. 2018), may be due to several factors.
Firstly, our redshift range is lower and so perhaps the bright
quasar population live in low mass halos at z ∼ 4, with little
evolutionary connection to their z = 1 − 2 counterparts. Secondly, the Uchiyama et al. (2018) study uses a photometric
overdensity catalogue created from g-band drop out galaxies, whereas our deep grism data means that we obtain a
spectroscopic redshift census of the line-emitting galaxies in
the field. It may therefore be they case that we can probe
structures that would be missed by a photometric technique.
One potential reason for finding the brightest quasars
within overdense environments is that they may be regions
of high merger or interaction activity, which will both increase the black hole’s mass through merging and accretion,
as gas is disturbed and funnelled towards the black hole.
Another related explanation is that these luminous quasars
contain the most massive black holes (and therefore have
high Eddington luminosities) in the cluster because they
are the progenitors of the BCG population, going through
a rapid stellar and black hole mass growth phase via mergers and/or accretion (Hlavacek-Larrondo et al. 2013). These
scenarios are in agreement with the ‘blowout’ phase of the
evolutionary path described by Hopkins et al. (2008).
Within the sample, we find there is no relationship between the luminosity of the quasar and the strength of the
overdensity. This may in part be related to the variable nature of quasar luminosity (e.g. MacLeod et al. 2012), which
is governed by variability in the fuelling rate, and/or as the
observations are rest-frame UV, a small amount of dust obscuration could also act to remove any correlation.
There is no evidence for enhancement of the overdensities around the radio emitting quasars compared with
the sample as a whole. This is in apparent contrast to
Wylezalek et al. (2013), although only ∼ 50% of their sample of radio-loud quasars show such an enhancement and our
survey contains only four radio emitters so we do not draw
any conclusions from this.
Finally, there is no evidence that the galaxy populations
within the overdensities are different to those in the field in
terms of stellar mass or SFR. This is further evidence for a
reversal of SFR - local density relation at z > 1 as the overdensity members appear to be forming stars at the same rate
as their field counterparts, in contrast to z < 1 clusters. However, as this sample is selected on line-emission, we may be
missing a significant number of massive and passive galaxies.

5

SUMMARY & CONCLUSIONS

In this paper, we demonstrate that 8/12 of the QSAGE
quasars reside in overdensities with masses of log(M/M ⊙ ) =
14.2 − 14.7. This is strong evidence to support the hypothesis that the brightest quasars should live in the most massive dark matter halos (Silk & Rees 1998; Wyithe & Loeb
2003). It also paves the way for future narrow-band, grism
or integrated field spectroscopy studies of the populations
around high-z quasars in order to look for protoclusters. Of
particular note is PG0117+213, which is a rich structure
with up to 36 members within a cylinder of ∼ 700 kpc radius and δz = 0.025. We speculate that the reason we are
MNRAS 000, 1–14 (2019)
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finding bright quasars within these overdensities is due to
a increased mergers activity and/or even the mass build up
of a BCG progenitor. The galaxies within the overdensities
appear to have similar masses and SFR to those in the field,
which is further evidence for a reversal of SFR - local density
relation at z > 1.
This paper represents part of the galaxy evolution component of the QSAGE survey, which has the primary goal of
obtaining hundreds of galaxy redshifts in order to associate
absorption features in the UV spectra of quasars with their
host galaxies’ CGM. Combined, these two components of
the QSAGE survey will provide comprehensive constraints
to the galaxy fuelling and feedback process in galaxy formation models.(e.g. Bielby et al. 2019 and forthcoming papers).
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QSAGE - II: quasar environments at z = 1 − 2

Figure A1. A plot of the logarithm of the F140W detection
magnitude distribution to demonstrate how the 50% completeness
limit for F140W magnitude was approximated. The solid red line
is a fit to the approximately linear portion of the plot (filled black
points). The long dashed blue line is offset from the red line by
a factor of 2 (i.e. the 50% line). The vertical dashed line marks
where the data crosses the 50% line at 26.3 mag, which is the
approximate 50% completeness limit.

Table A1. The SED stellar mass to F160W magnitude calibration derived from the CANDELS catalogues of Barro et al.
(2019). This is a simple linear fit of the form log(M∗ /M⊙ ) =
a mF160W + mintercept . An example fit is given in Fig. A3
z
0.3 − 0.4
0.4 − 0.5
0.5 − 0.6
0.6 − 0.7
0.7 − 0.8
0.8 − 0.9
0.9 − 1.0
1.0 − 1.1
1.1 − 1.2
1.2 − 1.3
1.3 − 1.4
1.4 − 1.5
1.5 − 1.6
1.6 − 1.7
1.7 − 1.8
1.8 − 1.9
1.9 − 2.0
2.0 − 2.1
2.1 − 2.2
2.2 − 2.3
2.3 − 2.4
2.4 − 2.5
2.5 − 2.6
2.6 − 2.7
2.7 − 2.8
2.8 − 2.9
2.9 − 3.0
3.0 − 3.1
3.1 − 3.2
3.2 − 3.3

mintercept

a

18.95±0.14
18.91±0.08
19.26±0.08
19.57±0.11
19.63±0.09
20.02±0.09
20.11±0.08
20.33±0.10
20.94±0.13
20.94±0.11
21.39±0.12
21.62±0.15
21.74±0.14
21.79±0.15
21.55±0.19
21.48±0.23
21.32±0.21
21.60±0.23
21.03±0.25
21.03±0.25
20.98±0.28
20.62±0.30
20.84±0.36
20.35±0.42
20.35±0.46
20.80±0.49
19.67±0.37
18.74±0.44
18.91±0.45
18.39±0.48

-0.4542±0.005
-0.4428±0.003
-0.4511±0.003
-0.4558±0.004
-0.4520±0.004
-0.4636±0.004
-0.4639±0.003
-0.4701±0.004
-0.4925±0.005
-0.4900±0.004
-0.5045±0.005
-0.5120±0.006
-0.5147±0.006
-0.5134±0.006
-0.5009±0.007
-0.4971±0.009
-0.4892±0.008
-0.4968±0.009
-0.4708±0.010
-0.4708±0.010
-0.4666±0.011
-0.4515±0.012
-0.4616±0.014
-0.4421±0.016
-0.4407±0.018
-0.4535±0.019
-0.4066±0.014
-0.3697±0.017
-0.3717±0.017
-0.3496±0.019
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Figure A2. Example WFC3 spectra from the sample used in our analysis. The upper row are quality flag 4 spectra (line S/N> 10) and
the lower row are the quality flag 3 spectra (line S/N> 3)

Figure A3. The z = 1.5 calibration of SED-fit stellar mass to
WFC3 F160W magnitude using the CANDELS catalogues of
Barro et al. (2019). Table A1 contains the fit parameters for all
redshifts.

Figure A4. The bias parameter, b, value as a function of Hα
luminosity for Hα emitting galaxies at z = 0.8 and z=1.47 from
Cochrane et al. (2017). The red solid line is a fit to the z = 0.8
data and the blue dashed line is a fit to the z = 1.47, with the
slope fixed to that of the z = 0.8 fit. This was used to estimate
the bias parameter, b, for the galaxies in our sample. The average
redshift of our sample is z = 1.5 and the average Hα luminosity of
the galaxies within overdensities is log LHα (erg s−1 ) = 41.96 and
so we estimate that b = 1.45.
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