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The 4MOST-Gaia Purely Astrometric
Quasar Survey (4G-PAQS) will carry out
the first large-scale, colour-independent
quasar survey selected solely on the
basis of astrometry from Gaia. Our main
objective is to quantify the selection
effects of current colour-selected sam-
ples. These colour-selected samples
bias our view of the neutral gas and its
chemical enrichment because of dust
obscuration and reddening of optical
colours. Moreover, the broad absorp-
tion-line outflows observed in quasars
are under-represented by optical colour
selection. 4G-PAQS will provide the first
sample to overcome these challenges
and will constrain the physical and
chemical properties of gas in galaxies
and quasars at cosmic noon.

Scientific context
Atomic and molecular gas in galaxies

Studying HI absorption in spectra of
luminous background sources such as
quasars remains the best way to probe
neutral hydrogen in individual galaxies
beyond the local Universe (z 2 0.1) until
the advent of the Square Kilometre

Array. Of particular interest for galaxy evo-
lution studies are the so-called Damped
Lyman-oa Absorbers (DLAs; Wolfe,
Gawiser & Prochaska, 2005), whose large
HI column densities (log[N,, cm=] > 20.3)
arise in self-shielded, galactic environ-
ments. The neutral gas at even higher
column densities (log[N,, cm™] = 21.5) is
sensitive to many physical processes,
such as the formation of molecular hydro-
gen (H,) and subsequently star formation
(Bird et al., 2014; Noterdaeme et al., 2014).

Another important aspect of galaxy evo-
lution is the buildup of metals over time
and their redistribution in and around gal-
axies. Observations of DLAs offer a pre-
cise and model-independent way of
measuring metallicities at high redshift
through the numerous metal absorption
lines observed in optical spectra of dis-
tant quasars (Prochaska et al., 2003;

De Cia et al., 2018).

Owing to the cross-section selection of
absorbers and the insensitivity of the
Lyman-a transition to temperature, DLAs
probe mostly the warm neutral medium
(T ~ 10*K). The cold neutral medium

(T ~ 100 K) is best traced by H,, found in
only a few percent of the overall DLA
population (Balashev & Noterdaeme,
2018). At high redshift, H, is directly
detectable in optical spectra through
Lyman and Werner bands in the rest-
frame UV (900-1100 A). The simulated
quasar spectrum shown in Figure 1 (left
panel) illustrates the molecular and
atomic absorption features expected in
our survey.

The impact of dust obscuration

If a significant amount of dust is present
in the absorbing gas, the background
quasar will appear fainter and redder than
it is intrinsically. Quasars with dusty
foreground systems are therefore more
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likely to fall below the flux limit of optically
selected spectroscopic surveys. Such
quasar surveys will introduce a bias
against dust-rich absorption systems
(Pei, Fall & Bechtold, 1991). Since the
amount of dust extinction scales with
both metallicity and N(HI), the bias
against dusty absorbers becomes a bias
against high-metallicity and high-N(HI)
systems (Pontzen & Pettini, 2009). Tar-
geted searches for quasars reddened by
foreground dusty absorbers have found
many such cases (Krogager et al., 2015).
The impact of dust bias in a purely flux-
limited sample can be corrected using
statistical modelling; however, current
spectroscopic samples (such as SDSS)
are also selected based on inhomogene-
ous optical and near-infrared colour crite-
ria which are not easily corrected for.

Given the complex selection function of
current quasar samples, the only way to
make progress is by obtaining a refer-
ence sample of quasars and DLAs that is
free from colour selection. Any fore-
ground dust obscuration effects can then
be corrected for in a statistical manner.

Quasar feedback at cosmic noon

Quasars may play an important role in
shutting down star formation activity in
galaxies and strong outflows are thought
to be a key ingredient during quasar
activity (Fabian et al., 2012). The broad
absorption lines (BALs) observed in the
rest-frame UV spectra of quasars are evi-
dence for such powerful winds emerging
from the central engine given their large,

blue-shifted velocities. These winds
potentially contribute to the co-evolution
of black holes and galaxies in a process
known as quasar feedback (for example,
Glikman et al., 2012 and references
therein). Another important population of
the overall quasar demographic is com-
posed of intrinsically reddened quasars.
These red quasars have moderate red-
dening (E(B-V) ~ 0.25-1.5 mag), such
that their optical spectra are not fully dust
obscured and still dominated by an AGN
continuum and broad emission lines. Red
quasars may represent a distinct evolu-
tionary phase between a merger-driven
starburst in a completely obscured AGN,
and a normal, unreddened (i.e., blue)
quasar (Urrutia, Lacy & Becker, 2008).

Large-scale optical surveys of quasars
underestimate the fraction of both BAL
quasars (BALQs) and red quasars as a
result of the imposed optical-colour crite-
ria (for example, Glikman et al., 2012;
Fynbo et al., 2013). This is further sup-
ported by studies of radio-selected sam-
ples reporting larger numbers of red-
dened quasars (for example, White et al.,
2003) and BALQs (Morabito et al., 2019).
The colour-selection effects limit our
understanding of the critical role that
these objects play in the Universe.

Broad absorption lines and their link to
red quasars

Low- and high-ionisation BALQs offer an
array of ab§orption lines between 1020
and 3000 A (rest-frame) that can be used
to constrain the outflow properties (for
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Figure 1. Noiseless mock 4MOST quasar spectrum
featuring an intervening absorption system atz =3
(left panel). The coloured marks indicate the absorp-
tion lines that allow us to quantify the chemical and
physical properties of the absorbing gas: Lyman-a,
H, lines and metal lines. The right-hand panel shows
the best-fit synthetic BAL model to the SDSS spec-
trum of a FeLoBAL quasar allowing us to extract
physical outflow parameters such as density, ionisa-
tion parameter and outflow velocity (Choi et al., 2020).

example, Leighly et al., 2018). The BAL
outflow velocity is observed to correlate
with luminosity and because of the strong
dependence of outflow energy on velocity
(outflow Kinetic luminosity, L, « v4), lumi-
nous quasars are potentially the strong-
est sources of feedback among BALQs.

FeLoBAL quasars — a subset of low-
ionisation BALQs — have a myriad of
absorption lines from Fe* in their near-UV
spectra (see Figure 1, right panel), and
therefore they can be studied over a wide
redshift range from 0.8 to 4. This range
includes the cosmic noon, where feed-
back may have been especially impactful.
Sixty percent of red quasars show BALs
in their spectra, nearly all of which are
low-ionisation BALs or FeLoBALs.

Specific scientific goals

The goal of 4G-PAQS is to obtain a colour-
unbiased reference sample of quasars
and their foreground absorbers. With this
core sample of quasars, we will address
the scientific goals set out below.
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The unbiased cosmic mass density of
metals from2 <z <3

It has been shown that DLAs trace a sig-
nificant fraction of metals over cosmic
time, reaching ~ 100% of the inferred
metal mass, Qe 1om at z = 4 (Péroux &
Howk, 2020). However, this fraction is
observed to decrease with decreasing
redshift, based on optically selected
samples. The colour-selection criteria of
current optical quasar samples introduce
a redshift dependence on the dust bias
(Krogager et al., 2019) that directly affects
the measured cosmic mass density of
metals, Q. While Q. at z = 3 may be
underestimated by a factor of around
two, this increases to a factor of around
three at z = 2. Such a redshift-dependent
bias would counteract the observed
decrease in Qe / Qyer, or- Our @im with
this survey is to constrain Q. as a func-
tion of redshift from an unbiased sample
of nearly 2000 high-redshift DLAs.

The unbiased absorption cross-section
of Hland Hyatz > 2

Current numerical simulations are still
unable to reproduce the observed red-
shift evolution of the HI absorption
cross-section as inferred by the so-called
line incidence, dn/dz (Bird et al., 2014;
Hassan et al., 2020). If a dust bias is
present in current observations, it is
important to correct for this before draw-
ing conclusions about feedback mecha-
nisms in simulations. Moreover, simula-
tions are only recently starting to resolve
the cold (H,) and warm (HI) neutral media
in cosmological volumes (for example,
Nickerson, Teyssier & Rosdahl, 2019;
Feldmann et al., 2022). Hence, constrain-
ing the dn/dz of H, and HI in an unbiased
sample will provide the first comparison
to these new simulations.

What is the true number of BALQs?

Another core goal of 4G-PAQS is to
quantify the unbiased, intrinsic fraction of
BALQs and the physical conditions of the
outflowing material over the redshift
range 0.8 < z < 4. The fraction of BALQs
depends on the sample selection: Hewett
& Foltz (2003) infer a fraction of 20% in
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optically selected samples, but it may be
as large as 40%, depending on the
source luminosity (Bruni et al., 2019).
There is further observational evidence
that BALQs are 3.5 times as common at
z=4as atz =2 (Allen et al., 2011). This
may be evidence that black hole feed-
back evolves, something that may be
important for constraining feedback
models, if the fraction of quasars that
have BALs reflects the global covering
fraction of the outflowing gas.

What are the gas properties of BAL
outflows?

We aim to characterise the physical
properties of the outflow in each quasar
to obtain better insight into the potential
interrelation between individual quasar
subtypes (low-ionisation versus high-
jionisation BALs and red quasars). This
may provide a basis for understanding
the link, if present, between each quasar
subtype and different galaxy merger
stages. We will use our novel spectral
synthesis software SImBAL (Leighly et al.,
2018) on the sample of BALQs to trace
the outflow properties and feedback over
cosmic time. An example of the spectral
fitting is presented in Figure 1. Depending
on the absorption lines present, we can
obtain excellent constraints on the physi-
cal properties of the winds (ionisation
parameter, density) which in turn yield
measurements of the outflow properties
(location, mass outflow rate, kinetic lumi-
nosity; Choi et al., 2020).

What is the true number of red
quasars?

We aim to constrain black hole masses
and accretion rates and determine the
properties and representative fractions of
the overall quasar population (red, blue
and BAL sub-types). Intrinsically red-
dened quasars make up ~ 20-30% of
quasars (Glikman et al., 2012). However,
current representative samples are small
(~ 150 objects), which makes it difficult
to study any redshift evolution of the red
quasar population. Since the red quasar
phenomenon may be linked to an evolu-
tionary phase with higher accretion rates
(Kim et al., 2015), measuring the black

hole masses and accretion rates in a
representative, unbiased sample will be
crucial for quantifying any redshift evolu-
tion. If the red quasar phenomenon is

an evolutionary phase, then determining
their fraction as a function of redshift
would constrain the duration of that phase.

Identifying rare quasars

Lastly, our purely astrometric selection
with no assumptions about spectral
shape will have significant potential to
discover outlying and rare objects that
may be overlooked otherwise (Hall et al.,
2002; Geier et al., 2019). Our survey
aims to identify rare quasars in a repre-
sentative sample and to quantify the
prevalence of such rare objects.

Target selection and survey area

Candidate quasars for 4G-PAQS are
selected purely on the basis that quasars
are stationary sources on the sky (Heintz
et al., 2018). We select sources from the
Gaia catalog with proper motions and
parallaxes consistent with zero at the 2o
level down to a limit of G < 20.5 mag. The
completeness of our survey is therefore
limited only by the fibre allocation effi-
ciency (up to ~ 80%). However, since the
fibre allocation does not depend on the
colour of the targets, this lower complete-
ness will not introduce any selection bias.

Since the number of stationary sources in
the Gaia catalogue increases drastically
when observing close to the Galactic
plane, we have limited our survey area to
high Galactic latitudes, b < -60 deg.
Based on a pilot study carried out at the
North Galactic Pole (Heintz et al., 2020),
we have estimated the stellar contamina-
tion to be around 40% over the entire
survey area.

In total, 4G-PAQS will obtain a colour-
unbiased sample of ~ 100 000 quasars
with no prior selection on the basis of
redshift or spectral shape. Our sample
will therefore be purely flux limited. To
reach the above scientific goals, we will
obtain spectra with a signal to noise ratio
of at least 5 A~! over 7700-8500 A.
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This spectacular view of the VISTA telescope was survey telescope in the world and it is dedicated to curvature reduces the focal length, making the
taken from the roof of the building during the open- mapping the sky at near-infrared wavelengths. Its structure of the telescope extremely compact. VISTA
ing of the enclosure at sunset. The VLT is visible on primary mirror is 4.1 metres in diameter and is the can map large areas of the sky quickly and deeply.
the neighbouring mountain. VISTA is the largest most highly curved of its size. The extremely high
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