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A B S T R A C T 

WEAVE, the new wide-field, massiv ely multiple x ed spectroscopic surv e y facility for the William Herschel Telescope, saw first 
light in late 2022. WEAVE comprises a new 2-deg field-of-view prime-focus corrector system, a nearly 1000-multiplex fibre 
positioner, 20 individually deployable ‘mini’ integral field units (IFUs), and a single large IFU. These fibre systems feed a 
dual-beam spectrograph co v ering the wavelength range 366–959 nm at R ∼ 5000, or two shorter ranges at R ∼ 20 000. After 
summarizing the design and implementation of WEAVE and its data systems, we present the organization, science drivers, and 

design of a five- to seven-year programme of eight individual surveys to: (i) study our Galaxy’s origins by completing Gaia ’s 
phase-space information, providing metallicities to its limiting magnitude for ∼3 million stars and detailed abundances for ∼1.5 

million brighter field and open-cluster stars; (ii) surv e y ∼0.4 million Galactic-plane OBA stars, young stellar objects, and nearby 

gas to understand the evolution of young stars and their environments; (iii) perform an e xtensiv e spectral surv e y of white dwarfs; 
(iv) surv e y ∼400 neutral-h ydrogen-selected g alaxies with the IFUs; (v) study properties and kinematics of stellar populations 
and ionized gas in z < 0.5 cluster galaxies; (vi) surv e y stellar populations and kinematics in ∼25 000 field galaxies at 0.3 � 

z � 0.7; (vii) study the cosmic evolution of accretion and star formation using > 1 million spectra of LOFAR-selected radio 

sources; and (viii) trace structures using interg alactic/circumg alactic g as at z > 2. Finally, we describe the WEAVE Operational 
Rehearsals using the WEAVE Simulator. 

Key words: instrumentation: spectrographs – surv e ys – stars: general – Galaxy: general – galaxies: general – cosmology: 
observations. 
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 I N T RO D U C T I O N  

he last decade has seen the opening of new windows on the
niverse, made possible by the development of new instrumentation. 
wo of these new windows are ultra-high-precision astrometry, en- 
bled by the Gaia mission (Gaia Collaboration 2016 ) and providing 
s with radically new views on the structure, dynamics, and evolution 
f our own Milky Way system, and low-frequency radio astronomy, 
nabled by Low Frequency Array Telescope (LOFAR; van Haarlem 

t al. 2013 ). The latter is already revealing millions of active galactic
uclei (AGNs) and star-forming galaxies (SFGs) across cosmic time, 
nd their interactions with their local circumgalactic and intergalactic 
edia (e.g. Duncan et al. 2019 , 2021 ; Shimwell et al. 2019 ; Williams

t al. 2019 ; Kondapally et al. 2021 ; Sabater et al. 2021 ; Tasse et al.
021 ), while the former has provided unprecedented insights into 
or constraints on – subject matters such as star formation in 

he Galactic disc (e.g. Ruiz-Lara et al. 2020 ), the dynamics of the
ilky Way disc (e.g. Antoja et al. 2018 ; Bennett & Bovy 2019 ;
aporte et al. 2019 ), the mass of the Milky Way (e.g. Posti &
elmi 2019 ; Wegg, Gerhard & Bieth 2019 ; Cautun et al. 2020 ), the
ynamics of satellite galaxies (e.g. Battaglia et al. 2022 ), the effect
f the Large Magellanic Cloud on the dynamics of the Milky Way
nd stellar streams (e.g. Vasiliev, Belokurov & Erkal 2021 ), stellar
treams in the Galactic halo (e.g. Malhan, Ibata & Martin 2018 ),
 major accretion event ( Gaia Enceladus Sausage; e.g. Belokurov 
t al. 2018 ; Helmi et al. 2018 ), the chemo-dynamics of stellar
treams (Mackereth et al. 2019 ) and determination of stellar ages
n the disc (Bland-Hawthorn et al. 2019 ) through combining Gaia
ata with those from complementary surv e ys, and the Galactic disc
s seen from its component stellar clusters (Cantat-Gaudin et al. 
020 ). 
At the start of the last decade, the European astronomical com-
unity, through the European Commission-funded ASTRONET 

rogramme, laid out a set of recommendations for solving pressing 
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Table 1. Desirable requirements for follow-up of the Gaia mission (Gaia 
Collaboration 2016 ), and LOFAR (van Haarlem et al. 2013 ) and Apertif 
(Verheijen et al. 2008 ) surv e ys. 

Instrument Desirable requirements 

Gaia 
a , b R = 5000 for radial velocities at 17 mag ≤ V ≤ 20 mag 

R = 20 000 for stellar abundances at 
12 mag ≤ V ≤ 17 mag 
10 7 stars o v er 10 4 contiguous square de grees 

LOFAR 

c , d Continuous wavelength coverage over 370–980 nm 

V ≤ 21 . 5 mag at S/N = 5 in continuum for redshifts 
10 7 galaxies o v er 10 4 square de grees 

Apertif e , f Large IFU and mini-IFUs for spatially resolved spectra of 
g as-rich g alaxies 
10 4 galaxies o v er 10 4 continuous square de grees 

a https:// www.esa.int/ Science Exploration/ Space Science/ Gaia 
b https:// www.cosmos.esa.int/ web/ gaia/ data- release- 3 
c https:// science.astron.nl/ telescopes/ lofar/ 
d https://lofar-surv e ys.org/dr2 release.html 
e https:// science.astron.nl/ telescopes/ wsrt-apertif/ 
f https:// tinyurl.com/ 2p8d64av 
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strophysical problems in the following decade and the infrastructure
equired for those solutions. A clear recommendation from both
he ASTR ONET W ide-Field Spectroscopy Working Group 1 and the
eport on Europe’s 2–4 m telescopes by the European Telescope
trategic Re vie w Committee 2 was for an intermediate-resolution ( R

5000), wide-field ( � 1-deg diameter) multi-object spectrograph
ith a multiplex of > 500 (and preferably > 1000) to follow up the
aia mission and to allow for precision-cosmology experiments;

n extension to even higher resolution ( R � 20 000) with the same
nstrument was deemed desirable, as this extension would allow for
hemo-dynamical labelling of structures in the Milky Way. 

Roughly simultaneously, in 2010 January, the Isaac Newton
roup of Telescopes (ING) held a workshop on ‘Science with the
illiam Herschel Telescope 2010–2020’, 3 where ideas for wide-

eld spectroscopy with the William Herschel Telescope 4 (WHT)
ere discussed. Previous, ongoing, and then-planned surv e ys [e.g.
loan Digital Sky Survey (SDSS): York et al. 2000 ; Sloan Ex-

ension for Galactic Understanding and Exploration (SEGUE)-1:
anny et al. 2009 ; SEGUE-2: Eisenstein et al. 2011 ; Apache
oint Observatory Galactic Evolution Experiment (APOGEE)-1:
lanton et al. 2017 ; APOGEE-2: Eisenstein et al. 2011 ; RAdial
elocity Experiment (RAVE): Steinmetz et al. 2006 ; Large sky
rea Multi-Object fibre Spectroscopic Telescope (LAMOST): Cui

t al. 2012 ; Luo et al. 2015 ; Gaia -ESO: Gilmore et al. 2012 ,
022 ; Randich et al. 2022 ; GALactic Archaeology with HERMES
GALAH): De Silva et al. 2015 )] have demonstrated the immense
ower of wide-field spectroscopy for answering important questions
bout the formation and evolution of galaxies and their stars
nd the structure of the Universe, leading to the conclusion –
ully supported by the ASTRONET recommendations – that such
 surv e y instrument was vital for the ING’s long-term vision.
uring follow-up discussions, a small team developed a set of
esirable requirements for an instrument capable of both providing
he missing aspects of the (then) upcoming surv e y instruments
aia , LOFAR, and Apertif (Verheijen et al. 2008 ; van Cappellen

t al. 2022 ), and science goals e xtending be yond those three
nstruments: these are listed in Table 1 . These requirements and
 well-developed design for such an instrument were presented
o the community in 2015, while members of the community
resented their own aspirations for multi-object spectroscopy (MOS)
or the coming decade at the same conference (Skillen, Bal-
ells & Trager 2016 ), resulting in a much broader science case
o v ering cosmology, galaxy evolution, and stellar evolution on
cales from the local solar neighbourhood to redshifts in excess
f 4. 
The WHT Enhanced Area Velocity Explorer (WEAVE 

5 ; Dalton
t al. 2012 , 2016a ) is the result of these discussions: a next-generation
ide-field spectroscopic surv e y facility for the 4 . 2 m WHT at the
bservatorio del Roque de los Muchachos on La Palma, Spain.

t provides the spectroscopic follow-up required for full scientific
xploitation of the Gaia , LOFAR, and Apertif surveys (for references,
ee Table 1 ) in the Northern hemisphere and, furthermore, to study
dvanced phases of stellar evolution, galaxy evolution in different
nvironments o v er the last 5–8 Gyr, and the changing scale of
he Universe and therefore its most basic parameters since near its
NRAS 530, 2688–2730 (2024) 
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eginning. The facility comprises a new 2-deg field-of-view prime-
ocus corrector system with a 1000-multiplex fibre positioner, 20
ndividually deployable ‘mini’ integral field units (mIFUs), and a
ingle ‘large’ integral field unit (LIFU). The fibres feed a dual-beam
pectrograph that will provide full co v erage of most of the visible
pectrum in a single exposure at a spectral resolution of ∼5000, or
 more limited wavelength coverage in both arms at a resolution
f ∼20 000. The timely arri v al of WEAVE at the precise moment
hen Gaia and LOFAR are producing their groundbreaking results
uarantees its utility to the community in the coming half-decade
nd beyond. 

The design of WEAVE was driven by the fact that neither Gaia nor
OFAR provide all of the information required to fully exploit the
ata they produce. Gaia produces radial velocities mostly for sources
ith magnitude G < 14.5 at present ( Gaia DR3; Katz et al. 2023 )

nd G ∼ 16–17 6 by the end of the Gaia mission. In both cases, these
imiting magnitudes are where the Gaia completeness is reasonably
igh, while measurements are still available in a tail of fainter stars.
hese limits are also far brighter than the astrometric magnitude

imit of G < 20–21 in both cases. Similarly, although the exquisite
ow-frequency continuum sensitivity of the LOFAR Surv e ys Ke y
cience Project (R ̈ottgering et al. 2011 ) observations in the LOFAR
wo-metre Sk y Surv e y (LoTSS; e.g. Shimwell et al. 2017 , 2019 ,
022 ; Tasse et al. 2021 ) enables the detection of extremely faint
adio sources, the redshift (i.e. distance) information that is necessary
o distinguish between their apparent and intrinsic properties must
e obtained via other means. Extensive optical spectroscopy over
 large contiguous wavelength range is the ideal way of achieving
his. 

Furthermore, other pathfinder telescopes for the Square Kilometre
rray, 7 such as the Apertif focal-plane array system (Verheijen et al.
008 ; van Cappellen et al. 2022 ) on the Westerbork Synthesis Radio
elescope, will reveal the neutral hydrogen sky through wide-field
urv e ys not previously possible. These surv e ys are also incomplete,
s connecting the H I sky – inherently three-dimensional (positions
lus radial velocity are simultaneously observed) – to the optical sky
 This G magnitude range corresponds to the G RVS ≤ 16 limit expected 
Sartoretti et al. 2023 ). 
 http:///www.skatelescope.org 
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Figure 1. A computer-aided diagram (CAD) representation of the WEAVE 

top-end assembly, incorporating the prime-focus (field) corrector system, 
instrument rotator, and fibre positioner. The four mounting units on the outer 
ring of the telescope structure provide for focus and tilt correction of the 
whole system. 
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equires three-dimensional optical data. Obtaining such data is now 

ossible through large-field and/or multiple IFUs (e.g. Kelz et al. 
006 ; Drory et al. 2015 ). An instrument with both kinds of IFU
apabilities, capable of targeting large and multiple small targets, is 
ecessary for the full exploitation of upcoming H I surveys. 
The following eight independent surv e ys will be carried out with
EAVE o v er a period of (at least) five years, producing more than

0 million spectra of nearly 10 million objects: 

(i) a surv e y of the Milk y Way galaxy, pro viding radial v elocities
nd stellar abundances for stars too faint for these quantities to 
e measured by Gaia [WEAVE Galactic Archaeology (GA); Sec- 
ion 4.1 ]; 

(ii) a surv e y characterizing young and massiv e stellar populations 
nd the interstellar medium (ISM), and thus probing star formation 
nd evolution, across the Galactic Plane [Stellar , Circumstellar , and 
nterstellar Physics (SCIP); Section 4.2 ]; 

(iii) a surv e y studying the death of stars and constraining the
ocal star formation history of the Galaxy through its white dwarf 
opulation (WEAVE White Dwarfs; Section 4.3 ); 
(iv) a surv e y of the stellar and g aseous kinematics and ph ysical

roperties of gas-rich galaxies, providing a necessary optical com- 
lement to Apertif’s neutral hydrogen surv e ys of the local Universe
WEAVE-Apertif; Section 4.4 ); 

(v) a surv e y probing the evolution of galaxies as a function of
nvironment, from the cores of rich clusters to their lively environs, 
oing from their smallest members out to the field at cosmological 
istances (WEAVE Galaxy Clusters; Section 4.5 ); 
(vi) a surv e y pro viding the first detailed view of the stellar popu-

ation properties of galaxies at z = 0.3–0.7 as a function of galaxy
ass and environment, yielding star formation histories, stellar 

ges, stellar and gas metallicities, dust attenuation, gas kinematics, 
nd stellar velocity dispersions [Stellar Populations at intermediate 
edshifts Surv e y (StePS); Section 4.6 ]; 

(vii) a surv e y probing galaxy evolution o v er cosmic time, pro vid-
ng much-desired redshifts and galaxy properties of LOFAR’s radio 
ources [WEAVE-LOFAR (WL); Section 4.7 ]; 

(viii) a surv e y of large-scale structure using quasar absorption 
ines as a cosmic ruler to probe the expansion of the Universe, which
lso extends the study of gaseous environments to larger scales and 
arlier epochs [WEAVE-QSO (WQ); Section 4.8 ]. 

The WEAVE Surv e y will pro vide data that will help answer the
uestions: How did our Galaxy form and the stars within it evolve?
ow were other galaxies assembled? What are dark matter and 
ark energy? On these topics, WEAVE will be complementary to 
he surv e ys carried out by the 4-metre Multi-Object Spectroscopic 
elescope (4MOST; de Jong et al. 2019 ), which has a similar
esign, including spectral range and resolution, and will operate 
n the Southern hemisphere on a similarly sized telescope, the 
ark Energy Spectroscopic Instrument (DESI; DESI Collaboration 
016a , b ), which will focus largely on baryonic acoustic oscillations
f galaxies, SDSS-V (Kollmeier et al. 2017 ), which will have 
omplementary, lower resolution optical spectra and, additionally, 
nfrared spectroscopy, and the Subaru Prime Focus Spectrograph 
PFS; Tamura et al. 2018 ), which will co v er a smaller field on a
arger telescope that is not fully dedicated to surv e y operations. 

This paper first presents the design of the WEAVE instrument – in 
erms of both hardware and software – as rele v ant to WEAVE Surv e y
reparation and e x ecution (Section 2 ), followed by the structure
f the WEAVE work and workforce including an o v erview of the
ey cross-team working groups involved in and responsible for the 
reparation and e x ecution of the Surv e y (Section 3 ). We then present
 v erviews of each of the eight component surv e ys that comprise
he WEAVE Surv e y (Section 4 ), with each subsection summarizing
he particular surv e y’s science case and surv e y plan, as well as
roviding the rele v ant introduction and background to the field. This
s followed by a description of the WEAVE Simulator (Section 5 )
nd a summary of the simulated implementation of the Surv e y
hrough ‘Operational Rehearsals’ (Section 6 ). Section 7 concludes 
he paper. 

 T H E  W E AV E  FACI LI TY  

he WHT is an alt-azimuth telescope with a Cassegrain focus and
wo Nasmyth foci (for a description of the original design features
f the WHT, see Boksenberg 1985 ). WEAVE’s predecessor on the
HT was the prime-focus instrument Autofib-2 (AF2; Parry et al. 

994 ), which had 150 fibres deployable o v er a 1-deg-diameter field of
iew. WEAVE has nearly 1000 fibres deployable o v er a field of view
our times that of AF2 and, with four times the number of resolution
lements of AF2 and three to four times its throughput, dramatically
ncreases the resolution and multiplex power of the telescope. 

Full details of the WEAVE design and performance will be 
resented in a separate paper (Dalton et al., in preparation). Here, we
ummarize only the key parameters of the WEAVE facility as they
elate to the detailed design of the component surv e ys making up the
otal WEAVE Surv e y (cf. Dalton et al. 2016a ). 

.1 A new top-end for the WHT 

s part of the new top-end for the WHT (Fig. 1 ), the WEAVE
rime-focus corrector system delivers a 2-deg-diameter field of view, 
ith a flat focal plane at f /2.78 with full correction for atmospheric
ispersion from 370–1000 nm to 65 -deg zenith distance (Ag ́ocs et al.
014 ). The telecentricity of the input beam will deviate by no more
han 4 deg at the edge of the field. For a point-source image in the
bsence of seeing, the corrector delivers 80 per cent encircled energy
ithin 0.71 arcsec, corresponding to a full width at half-maximum 

FWHM) of 0.41 arcsec. The effect of differential image distortion 
ith changing zenith distance is 0.13 arcsec across the field between
- and 65-deg zenith distance. 
MNRAS 530, 2688–2730 (2024) 
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9 A catadioptric optical system combines both reflection and refraction to 
reduce aberration effects. 
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.2 The WEAVE fibres and fibre positioner 

ehind the prime-focus corrector system, fibres are deployed in the
ocal plane using a buffered positioner system developed from the
dF concept (Lewis et al. 2002 ): the positioner can deploy up to
008 fibre buttons on each of two field plates using a pair of Cartesian
obots sharing a common x -axis. Each science-fibre button is 5 mm ×
 mm × 7 mm in size and terminates in a 1 . 5 mm × 1 . 5 mm prism
ith a concave upper surface to expand the telescope beam to f /3.2.
ach MOS science fibre carries a 85 μm core fibre that subtends
.3 arcsec on the sky. Eight buttons on each field hold coherent fibre
maging bundles to be used for acquisition and guiding. On the first
late (‘plate A’), each of the eight guide-fibre bundles is packaged
o that each bundle replaces six potential science fibres, leaving 960
cience fibres available. On the second plate (‘plate B’), 10 groups
f six science fibres are replaced by pairs of deployable mIFUs. On
late B, the guide-fibre bundles each replace only a single science
bre to leave 940 science fibres available. The two MOS plates are
t either end of the positioner, such that when one plate is being
sed for the current observation, the other can be set up for the
pcoming observation. A MOS field can be configured in under
ne hour, thus setting the length of a typical WEAVE observation.
nce the current observation has finished, the positioner tumbles to

everse the roles of the two plates (Lewis et al. 2014 ). This results
n a marked impro v ement in observing efficiency as compared with
F2, as there will, in principle, be no loss in observing time due to
eld configurations when switching between the two MOS plates for
bservations with the MOS or mIFU modes with WEAVE. Table 2
ummarizes the key parameters of the four focal-plane modes of

EAVE. 
The 20 mIFUs are packaged similarly to the MOS fibres, but with

lightly larger buttons (7 mm × 5 mm × 7 mm in size), each holding
 hexagonal close-packed array of 37 fibres with the same size and
perture as the MOS fibres. The outer diameter of the fibre buffer
ayer is 120 μm, so each mIFU co v ers roughly 11 × 12 arcsec 2 on the
ky with a filling factor of ≈0.50. The buffered arrangement of the
wo field plates also affords an intermediate location (i.e. at 90 deg
o the MOS plates), which accommodates the LIFU that contains
 hexagonal array of 547 fibres with 170 μm cores, equi v alent to
.6 arcsec on the sky, and hence subtending 90 × 78 arcsec 2 on the
ky with a filling factor of ≈0.54, along with eight peripheral bundles
f seven fibres, arranged in a ring of radius 150 arcsec from the
entre of the array, to be used for sky subtraction. The LIFU package
ncludes a discrete guiding camera mounted within the same physical
tructure as the LIFU head. 

Each MOS observation is prepared in advance using a purpose-
uilt software tool ( CONFIGURE : Terrett et al. 2014 , see Fig. 2 ), which
uilds on the simulated annealing approach of Miszalski et al. ( 2006 )
ith some elements of the original ‘Oxford’ algorithm (Colless et al.
001 ) to facilitate an optimal, on-the-fly assignment of fibres for sky-
ackground determination without impacting the results of the an-
ealing process. The output of CONFIGURE is an XML file containing
ll of the information required to specify an observation, including
bserving constraints, spectrograph configuration, and calibration
amp sequences. Observations for the mIFU and LIFU modes follow
 similar but slightly simpler approach. Using CONFIGURE , the mIFUs
n a given field can be manually allocated to targets such that the
entral fibre of each mIFU is located at a desired target position. Final
ky coordinates for the remaining 36 fibres are output by CONFIGURE ,
ased on the sky position angle of the mIFU field resulting from this
llocation. Each mIFU-field set-up requires at least one of the mIFUs
o be dedicated for calibration purposes. The central seven fibres are
NRAS 530, 2688–2730 (2024) 
dentified with the primary calibration target (i.e. a white dwarf),
nd the remaining 30 fibres are labelled as sky positions. LIFU
bservations are prepared using a similar tool, with the output XML
le providing information on guide-star positions and the precise
n-sky position for each fibre within the LIFU. 

.3 The WEAVE spectrograph 

ll four sets of science fibres pass through a cable wrap around the
rime-focus instrument rotator, along the vanes of the prime-focus
upport spider and down the telescope structure, to where they pass
 v er the ele v ation axis and into the Groundbased High Resolution
maging Laboratory (GHRIL) instrument room 

8 on the Nasmyth
latform that houses the WEAVE spectrograph (see Fig. 3 ). 
The spectrograph (Rogers et al. 2014 ) provides full wavelength

o v erage o v er the range 366–959 nm at a nominal resolving power
f R ∼ 5000 (the low-resolution, ‘LR’, mode) or a pair of restricted
avelength ranges at R ∼ 20 000 (the high-resolution, ‘HR’, mode;
ote that these resolving powers are halved when using the LIFU with
ts two-times larger fibres). This is achieved by a dual-beam design
ith an off-axis catadioptric 9 f /3.1 collimator, which delivers a 190
m collimated beam. The dichroic is located before the collimator

orrecting lenses so that these can be optimized for transmission in
ach arm. Each arm feeds an f /1.8 transmissive camera consisting of
ight lenses (one asphere on the first lens), designed such that the lens
rescriptions are common to both cameras, and only the coatings and
ens spacings differ between the two. The useful focal plane of each
amera is 8192 (spectral) × 6144 (spatial) pixels, populated by a pair
f e2V CCD 231-C6 CCDs, with the physical size of the pixels being
5 μm. This o v ersize of the detector a v oids use of a custom format,
nd also allows the gap in the spectral direction to be chosen in each
amera to fall in a region of low interest. At the same time, placing
his gap close to the centre of the image plane makes the control
f Littrow ghosts easy by using Volume Phase Holographic (VPH)
ratings with slightly slanted fringes (Burgh et al. 2007 ; Bianco
t al. 2018 ), such that the image of the ghost is formed in the gap.
ach arm of the spectrograph contains a rolling shutter mechanism
nd a grating exchange mechanism to allow the choice between
wo resolution modes, with the associated change of beam angles
ccommodated by articulation of the two cameras. The available
odes and associated nominal spectral co v erage are listed in Table 3 .
Direct illumination of each camera’s focal plane is achieved by

 series of LEDs that are mounted on the spectrograph’s shutter
echanisms. These are used to provide a direct measure of the pixel-

o-pixel response variations of the detector, and a measure of the
on-linearity present in the detector read-out electronics. 

.4 Calibration unit 

he WHT has a set of projector lamps mounted at one of the broken-
assegrain foci. These can be used to direct light to the primary

ocus via the tertiary mirror. Investigations during the development
f WEAVE have shown that the illumination is adequate – but not
erfect – out to the edge of the WEAVE field of view (Dom ́ınguez
t al. 2016 ). Observations of a quartz-halogen lamp are used to
etermine the traces of the individual fibre spectra on the detector
osaic for each camera, and to provide a rough indication of the

https://www.ing.iac.es//PR/inst.php?tel=wht\&inst=GHRIL
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Table 2. Key parameters of the four focal-plane modes of WEAVE. MOS-B and mIFU modes both use plate B, but cannot be employed simultaneously. 

Focal-plane mode MOS fibres (MOS-A) MOS fibres (MOS-B) mini-IFUs (mIFUs) Large IFU (LIFU) 

Tumbler position 0 deg 180 deg 180 deg 90 deg 
Diameter of individual fibres 1.3 arcsec (85 μm) 1.3 arcsec (85 μm) 1.3 arcsec (85 μm) 2.6 arcsec (170 μm) 
Multiplex 960 fibres 940 fibres 20 IFUs 1 IFU 

Diameter of field o v er which 
deployable 

2 deg 2 deg 2 deg on-axis 

Minimum separation on sky ∼60 arcsec ∼60 arcsec ∼60 arcsec –
Fibres per IFU – – 37 547 
IFU field of view – – 11 × 12 arcsec 2 90 × 78 arcsec 2 

IFU filling factor – – 0.50 0.55 
Fibres for auto-guiding 8 × 3 arcsec 2 coherent bundles 8 × 3 arcsec 2 coherent bundles 8 × 3 arcsec 2 coherent bundles Separate camera 

(4 × 3.7 arcmin 2 field of view) 
Fibres for sky subtraction ∼5–10 per cent of science 

fibres 
∼5–10 per cent of science fibres One of the mIFUs 8 peripheral bundles of 7 fibres 

each 
Configuration time ∼55 min ∼55 min < 20 min ∼1 min 

Figure 2. Configured field for OB #3182 from OpR3b (see Section 6 ) as an 
example of a representative WEAVE-Survey MOS field. The black, dashed, 
outermost circle indicates WEAVE’s 2-deg-diameter field of view. MOS 
fibres and targets are colour-coded as follows – black: science (821); cyan: 
calibration stars (19); blue: blank sky (100); green: guide stars (8). The two 
faint inner circles denote the maximum extent of the outer two tiers of MOS 
fibres. As this particular field is a configuration on plate B, the ‘park’ locations 
of the 10 pairs of mIFU bundles can also be seen along the periphery. Note 
that the mIFUs cannot be used concurrently with the MOS fibres. 

i
a  

l  

i
 

a
e
a
c  

o
t

Figure 3. A CAD representation of the WEAVE spectrograph installed in the 
GHRIL instrument room on the WHT Nasmyth platform. The spectrograph 
cameras are pictured in a configuration unused in practice, with the blue 
camera at the LR position and the red camera at the HR position. As a scale 
reference, the optical bench is approximately 3 m long. 

Table 3. Available resolution modes (LR: low resolution; HR: high reso- 
lution) and nominal useful spectral co v erage for the WEAVE spectrograph, 
including the wavelength gap between the chips. 

Spectrograph 
mode R 

a λlow ( Å) λhigh ( Å) 
Gap in λ

co v erage ( Å) 

LR Blue 5000 3660 6060 5491–5539 
LR Red 5000 5790 9590 7590–7669 
HR Blue-1 b 20 000 4040 4650 4525–4536 
HR Blue-2 c 20 000 4730 5450 5302–5315 
HR Red 20 000 5950 6850 6412–6431 

a Due to the larger fibre cores of the LIFU, the resolution in this mode is 
halved with respect to the MOS/mIFU cases. 
b ‘Blue’ HR grating. 
c ‘Green’ HR grating. Note that the two HR Blue modes cannot be used 
simultaneously. 
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llumination variations for each fibre. Observations of a ThArCr lamp 
re used to determine a wavelength solution for each fibre. With this
amp, we find that it is possible to obtain a sufficient density of lines
n both low- and high-resolution modes. 

Mapping of the wings of the fibre profiles on the detector is
chieved by configuring three fields for each plate, each sampling 
very third fibre along the slit and observing high signal-to-noise arc 
nd flat-field lamp exposures. As the fibres in these configurations 
an all be placed on a circle at around a 20-arcmin radius, these
bservations can also be used to determine fibre-to-fibre intrinsic 
ransmission variations. 
MNRAS 530, 2688–2730 (2024) 
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Flux calibration is achieved on-sky using calibrator stars within
ach WEAVE field (Section 4.3.1 ). 

.5 Obser v atory Control System 

EAVE introduces a new top-level Observatory Control System
OCS) to the WHT that permits queue-based observations (Pic ́o
t al. 2018 ). The XML files generated by CONFIGURE are converted
o observing blocks (OBs), which are stored in a database and can
e scheduled in a queue for the operator, based on the pre v ailing
onditions and target priorities. At the heart of the OCS is a sequencer
ask that coordinates the actions of the telescope, spectrograph, posi-
ioner, and calibration system using a CORBA-based 10 architecture
nd a centralized noticeboard. In this context, the positioner has two
unctions: one for the observation of the current field and performing
ny actions required of the focal-plane imager, and one for the
ositioning robots concerning the parallel setting up of the next
bservation. 
The ‘WEAVE observation queue scheduler’ ( SCHEDULER : Fari ̃ na

t al. 2018 ) is bespok e softw are written for use by the WEAVE
perator to make informed decisions about which OBs in the database
re most suitable for observation, at least one hour ahead of time,
iven the typical observation length (which in turn is driven by the
onfiguration time of a MOS field). Requirements set by the OBs
n instrument configuration (i.e. observing mode) and observing
onditions (e.g. sky brightness, seeing, etc.) are combined with
urrent and predicted weather conditions and current instrument
onfiguration to allocate scores to OBs in the OB database. For
xample, poor seeing conditions might trigger a LIFU observation,
uring which no configuration is possible on either field plate. If this
ccurs during the night, the most efficient subsequent observation,
nce the seeing conditions start improving, is a mIFU field using
late B, as configuring a mIFU field takes less time (under 20 min)
ompared with a MOS field (just under one hour), during which plate
 can be set up for a MOS observation. If such a LIFU observation

akes place at the start of the night, both field plates will already have
een set up with suitable fields before the beginning of the night. Note
hat each MOS field configuration is valid only for a specific length
f time, depending on its ele v ation, due to the distortion introduced
y the effects of differential refraction. 

.6 WEAVE data processing and archiving 

rom the outset, it was envisaged that WEAVE would require
 dedicated data-processing pipeline to ensure the best outcomes
rom the facility. Given the scale and complexity of this task, the
ctivities of this Science Processing and Analysis (SPA) system have
een divided into three distinct sub-systems: the Core Processing
ystem (CPS) for basic data reduction and calibration, the Advanced
rocessing System (APS) for producing derived data products, and

he WEAVE Archive System (WAS) for data archiving. 
All WEAVE data frames, including data for individual open-time

rogrammes, are retrieved from the observatory in near real time by
he CPS (Walton et al. 2014 ) and processed to remo v e instrumental
ignatures, calibrate wavelength and flux scales (see Section 4.3.1 ),
nd subtract sky background. A subset of the CPS pipeline will run at
he telescope to provide a quick-look analysis tool (Peralta de Arriba
t al. 2019 ) for the observers for the purposes of quality control
uring observations. For each OB, the output from the CPS consists
NRAS 530, 2688–2730 (2024) 

0 https://www.corba.org 

1

1

1

f a multispectrum image for each science frame in each arm (with
ky and variance components) and a stacked multispectrum image
or each arm. These data are passed to the WAS, together with the
aw frames and processed calibration data. 

The APS picks up the processed science frames and produces
oined spectra in both the low and high-resolution modes, before
roviding an analysis of each spectrum using a variety of methods
e.g. FERRE , redrock , 11 PPXF , and GANDALF : Allende Prieto et al.
006 ; Bolton & Schlegel 2010 ; Cappellari 2012 ; Sarzi et al. 2017 ,
he last two of which are wrapped in GIST : Bittner et al. 2019a ,
 ). F or e xtragalactic sources, the analysis yields redshift, galaxy
lassification, velocity dispersion, spectral indices, and equi v alent
idths for a list of standard emission lines. For each stellar source,

he analysis produces velocity, temperature, surface gravity, and
bundance measures for a variety of elements. For IFU spectra, the
PS produces maps of v elocity, v elocity dispersion, and abundances.
he APS also allows for additional analysis software (‘Contributed
oftware’) to be developed by the science teams and incorporated

nto the processing chain. All data products produced by the APS are
tored in FITS tables and sent to the WAS. 

The WAS is the official archive for WEAVE data products (Guerra
t al. 2016 ). It is based on Apache Solr 12 and provides interactive
ront-end access to WEAVE data and data products for WEAVE data
sers. The WAS not only stores the results from WEAVE’s two main
ipelines, namely the CPS and the APS, but also stores Contributed
ata Products (CDPs), which are specific data products produced by
EAVE Science Team members in addition to the APS products. To

reserve and ensure the high quality of data available to WAS users,
DPs are agreed in advance by the Science Team with the Science
x ecutiv e (see Section 3 ). As well as search and download options,

he WAS user interface also offers plotting tools for the visualization
f spectra and other data products. The WAS manages both internal
nd public data releases. Internal data releases are expected on a
egular basis, at least once a semester, while public data releases will
e yearly following the first public data release two years after the
tart of Surv e y operations. Data from the public data releases will
lso be published in the Virtual Observatory 13 using the Table Access
rotocol. 14 

 WEAV E’S  O R G A N I Z AT I O NA L  STRUCTURE  

he work and workforce within WEAVE are divided into two
ntities: the WEAVE Instrument Consortium and the WEAVE Surv e y
onsortium. The former, also commonly referred to as ‘the WEAVE
roject’, is responsible for the delivery of the WEAVE facility to the
NG. The latter, also commonly referred to as ‘the WEAVE Science
eam’, is responsible for preparing and e x ecuting a fiv e-year surv e y.
 simplified view of the organizational structure is shown in Fig. 4 . 
The WEAVE Project is responsible for the delivery of the complete

nstrument along with data-processing software and associated hard-
are for the data-processing pipelines, a data archive system (along
ith a user interface), and other useful tools such as a quick-look
UI, an operational repository, OB templates, and a file-submission
latform (see Sections 2 and 6 ). The WEAVE Project is o v erseen
y a Project Board with representatives from the funding parties,
2 http:// lucene.apache.org/ solr/ 
3 https:// ivoa.net/ 
4 https:// www.ivoa.net/ documents/ TAP/ 20190927/ REC- TAP- 1.1.html 

https://www.corba.org
https://github.com/desihub/redrock
http://lucene.apache.org/solr/
https://ivoa.net/
https://www.ivoa.net/documents/TAP/20190927/REC-TAP-1.1.html
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Figure 4. A simplified version of the WEAVE Project Management Team 

structure (the ‘WEAVE organogram’). Arrows point in the direction of 
reporting. PM: Project Manager; PI: Principal Investigator; PS: Project 
Scientist; CPS: Core Processing System; APS: Advanced Processing System; 
WAS: WEAVE Archive System; SWG: Survey Working Group; QAG: 
Quality Assurance Group. 
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nd managed through the Project Ex ecutiv e. 15 The latter comprises
he Project Manager and Principal Investigators (PIs) from each 
f the communities in WEAVE-funding countries. These PIs also 
urrently compose the Science Ex ecutiv e, which o v ersees the Surv e y
onsortium. 
The WEAVE Surv e y Consortium – also known as the WEAVE 

cience Team – is composed of eight individual science teams, 
reparing to e x ecute the eight respectiv e surv e ys. Each team is led
y a Science Team Lead (STL) and each surv e y has its own science
ase and surv e y plan. The WEAVE Surv e y Consortium currently
onsists of o v er 500 astronomers 16 spread o v er 12 countries, where
embership is contingent on satisfying eligibility requirements, e.g. 

ny astronomer working in an ING country may request to join the
urv e y Consortium. An individual joins the Surv e y Consortium by
ecoming a member of one or more of the eight science teams.
EAVE membership entitles its members to proprietary WEAVE- 

ata access during Surv e y operations, while for certain science teams, 
his also includes ancillary data provided through a Memorandum of 
nderstanding (MoU) with another surv e y. The component surv e ys

omprising the global WEAVE Surv e y are described further in 
ection 4 . 

.1 Sur v ey Working Group 

uring Surv e y operations, the main responsibility of the Surv e y
orking Group (SWG) is to provide catalogues of targets and 

onfigured fields in the form of XML files using CONFIGURE (see 
ection 2.2 ) on a trimesterly basis, i.e. every 3 months. The SWG is
omposed of representatives from the WEAVE Science Team, each 
f whom reports to the rele v ant STL, and is currently led by the
roject Scientist and Deputy Project Scientist. The SWG has been 
undamental in helping to define the structure and details of key 
ata-flow processes, testing many steps of the Surv e y preparation 
rocess from the creation of input target catalogues and testing of
he CONFIGURE software for creating configured fields to trialling the 
5 https:// ingconfluence.ing.iac.es/ confluence/ display/ WEAV/ Project+ 
x ecutiv e 

6 https:// ingconfluence.ing.iac.es/ confluence/ display/ WEAV/ Science+Team 
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rimesterly XML submission process via the WEAVE Automated 
ubmission Platform (WASP) in the Operational Rehearsals (see 
ection 6 ). 

.2 On-Island Sur v ey Management Team 

he On-Island Surv e y Management Team (OISMT) at the ING
s responsible for many aspects of the running of the WEAVE
acility, ranging from the commissioning of the WEAVE instrument 
o ensuring the day-to-day running of WEAVE in the contexts of both
he WEAVE Surv e y and PI programmes 17 once the instrument is on
ky. With support from the OISMT, a dedicated WEAVE instrument 
pecialist will be responsible for managing the e x ecution of nightly
Bs, aided by the observation queue created by the SCHEDULER 

ased on current and predicted weather conditions and the observing 
equirements of OBs in the OB database, held at the OCS. Regular
ommunication between the OISMT and the SWG is key for ensuring 
he smooth and optimized scheduling of OBs from the WEAVE 

urv e y and PI programmes combined, and this interface has been
ested e xtensiv ely during the most recent Operational Rehearsal (see
ection 6 ). 

.3 Quality Assurance Group 

lthough various checks are performed on the spectra being pro- 
essed by the CPS and APS before reaching the WAS, some unex-
ected results requiring closer inspection are anticipated, especially 
t the start of Surv e y operations. To allow such spectra to be caught
nd investigated quickly, the Quality Assurance Group (QAG) of 
ach science team will perform regular checks on data taken for their
urv e y to ensure that the spectra are of sufficient quality. 

The work of the QAG will also be instrumental in decisions to be
ade on timescales of several months to a year. Although each of the

ight science teams comprising the global WEAVE Surv e y has an
nternally and externally re vie wed five-year survey plan based on its
ndividual science case prior to start of Surv e y operations, the detailed
lanning of which fields/targets are submitted for observations (and 
hen) is a real-time decision-making operation that will continue to 

ake place on a trimesterly cycle. The QAG will report its findings
f their quality-assessment work to the STL and SWG member(s) 
f their team on a regular basis. This, in turn, will form the basis
f decisions made by the STL and SWG on any necessary strategic
lanning for upcoming submissions on how to proceed with their 
urv e y. Reports from the QAG will also be combined with individual
urv e y completion rates and other considerations such as right-
scension pressure for top-level Survey-planning decisions to be 
ade by the Science Ex ecutiv e. 
The QAG workflow and its tasks have been tested intensively 

uring Operational Rehearsals involving the WEAVE Science Team 

see Section 6 ). 

.4 IFU Working Group 

he IFU Working Group (IWG) deals with planning observational 
nd software aspects of WEAVE’s integral-field modes. The IWG 

onsists of members of the software systems, SWG, QAG, and 
MNRAS 530, 2688–2730 (2024) 

7 WEAVE will be available for community PI programmes in the same 
anner as for instruments on other ING telescopes, via the usual ING call for 

roposals. Further details can be found at https:// www.ing.iac.es/ astronomy/ 
bserving/INGinfo home.html . 

https://ingconfluence.ing.iac.es/confluence/display/WEAV/Project+Executive
https://ingconfluence.ing.iac.es/confluence/display/WEAV/Science+Team
https://www.ing.iac.es/astronomy/observing/INGinfo_home.html
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18 Gaia will deliver astrometry down to G ∼ 21, while Gaia RVS will deliver 
radial velocities only down to G ∼ 16–17. 
19 This limiting magnitude was obtained by extracting from the DR3 As- 
trophysical Parameters catalogue in the Gaia archive all stars with at least a 
[Ca/Fe] abundance measurement with a corresponding flag of 0, which shows 
a strong drop in number count for G > 12.5. 
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d-hoc members of the science teams as required, and discusses
ssues ranging from observation preparation to dithering strategies,
ata reduction, and analysis techniques. Given the complexity of
esigning IFU observations within the context of the WEAVE
bservation preparation system, the IWG has been instrumental in
he development and testing of the ‘IFU workflow’ software for
reparation of IFU observations, which in turn has also significantly
ontributed to the parallel development of the ‘MOS workflow’
oftware for preparation of the MOS observations. During Surv e y
perations, the work carried out by the IWG will serve as additional
nput to the SWG and the QAG of science teams that include IFU
bservations. 

 T H E  W E AV E  SURV EY  

he WEAVE Surv e y is composed of eight individual surv e ys, each
ith its own dedicated science team, whose science goals span a
ide range of topics co v ering various fields of stellar, Galactic, and

xtragalactic astronomy. The surveys will together use approximately
150 nights o v er the course of fiv e years of WHT time. Their science
oals play crucial roles in complementing major space- and ground-
ased programmes in the current and coming decade, including Gaia ,
OFAR, and Apertif, by providing a dedicated wide-field optical
pectroscopic instrument in the Northern hemisphere. WEAVE will
lso be accessible to the wider astronomical community through
pen calls outside of the allocated surv e y time. 
In this section, an o v erview of each of the planned surv e ys of the

lobal WEAVE Surv e y is pro vided, starting from surv e ys focusing
n the nearby Universe and extending towards higher redshifts (see
lso Table 4 ). 

.1 The WEAVE Galactic Archaeology Sur v ey 

ow did our Galaxy and its components assemble and evolve over
ime? This question is key to the general understanding of galaxy
ormation o v er cosmic times, as the Milk y Way is the system for
hich we can hope to constrain in most detail the physical processes

hat play a role in the formation and evolution of galaxies. These
rocesses leave behind specific signatures that are encoded in the
ocation, kinematics, and chemistry of stars (e.g. Freeman & Bland-
awthorn 2002 ). The ultimate goal of Galactic Archaeology as a
eld of study is to obtain a comprehensive census of the positions,
rbits, ages, and chemical compositions of stars in all major stellar
tructures of our own Galaxy to enable a complete reconstruction of
ts formation and subsequent evolution. 

Many questions remain open in understanding how the com-
lex structure of the Milky Way was assembled, with its stellar
opulations occupying a bulge, a thin and thick disc, and a halo.
hether the different stellar populations have truly different origins,
hat the relative importance is of internal ( in-situ star formation,

ecular evolution of the disc, etc.) and external (accretion events,
as accretion through filaments, etc.) processes in forming and
haping the Galaxy, and how universal these processes are in the
volution of galaxies in general, are questions to which Galactic
rchaeology as a field of astronomical study tries to find answers.
he most outstanding open questions currently include: What is

he assembly history of the Milky Way mass? What is the role
f the structure currently known as the Milky Way thick disc at
he earliest times, and what is its relationship with the Milky Way
ulge and halo? What are the relative fractions and properties of
he Galactic stellar halo, formed within the Milky Way ( in situ )
NRAS 530, 2688–2730 (2024) 
nd accreted from ‘building blocks’ of satellite systems? What is
he general shape of the potential of the Milky Way’s halo out to
arge distances, and how lumpy is this potential? Is the Galactic disc
uality (that refers to the existence of a thin and thick disc) real,
nd what is the cause of this duality if so? What causes the [ α/Fe]
imodality in the Galactic disc? What is the Galactic disc potential
n detail, and how important are deviations from axisymmetry and
tationarity? What are the origins of the chemical elements in the
alaxy? 
The European Space Agency mission Gaia (Gaia Collaboration

016 ) was launched in 2013 December. During its nominal five-
ear mission (and up to 10 years pending approvals of mission
xtensions), Gaia is already producing – and will continue to produce
the most accurate astrometric data (positions, parallaxes, and hence
eometrical distances and proper motions) ever produced in the
ptical domain for more than a billion stars in the Milky Way.
n addition, Gaia is providing very accurate photometry in three
andpasses (Riello et al. 2021 ), complemented since its DR3 by
hallower photometry in a fourth bandpass ( G RVS ; Sartoretti et al.
023 ), as well as spectrophotometric information from the Gaia
P/RP spectrophotometer (De Angeli et al. 2023 ). 
Ho we ver, for a number of objectives, Gaia will not be sufficient

y itself, and ground-based spectroscopic information provided by
arge-scale surv e ys such as WEAVE are mandatory. Gaia ’s on-board
adial Velocity Spectrograph (RVS), with a resolution of ∼11 500
 v er the wav elength range 845–872 nm (Cropper et al. 2018 ; Katz
t al. 2023 ), will not reach the same depth as the rest of the Gaia
nstruments, 18 leaving the vast majority of the surv e y without the
hird (radial) velocity dimension. Furthermore, the RVS’s limited
av elength co v erage and resolution will not allow for detailed studies
f a large variety of elemental abundances, with reliable detailed
lemental abundances only for sources brighter than G ≈ 12 19 (Recio-
lanco et al. 2023 ). 
The WEAVE Galactic Archaeology (GA) surv e y is tailored to

omplement Gaia in two primary ways: 

(i) by providing measurements based on low-resolution spectra
f radial velocities (expected precision ±1–2 km s −1 ), ef fecti ve
emperature, surface gravity, and metallicity (expected precision

0 . 2 dex ) for ∼1.8–2.6 million targets in the faint part of the Gaia
atalogues with magnitudes in the range 16 < G < 20.7, which are
oo faint for the RVS (see Fig. 5 ); 

(ii) by yielding accurate measurements based on high-resolution
pectra of abundance ratios co v ering the main nucleosynthetic
hannels (light, α-, Fe-peak, and s - and r -process neutron-capture
lements, to better than ±0.05–0 . 2 dex ), depending on the element
nd type of star, and radial velocities (to better than ∼ ± 0 . 5 km s −1 )
or ∼1.1–1.6 million stars in the magnitude range 12 < G < 16, for
hich the RVS will again not be able to provide the rele v ant data. 

Studying the origin and evolution of the main different stellar
omponents of the Milky Way (halo, thin and thick discs) calls for
assiv e spectroscopic surv e ys to pro vide line-of-sight v elocities,

istances, and chemical abundances of several million stars, and
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Table 4. WEAVE surv e y parameters, listed in order of surv e y appearance in the te xt. Numbers pro vided are best estimates at the time of writing for a 
seven-year WEAVE Survey. 

WEAVE surv e y (short hand) Main targets 
Number of 

objects 
Area 

(deg 2 ) 
Surv e y 

fraction a Observing mode(s) 
Resolution 
modes(s) Redshift 

Galactic Archaeology (GA-LRhighlat) MSTO 

b stars, RGB 

b stars, BHB 

b 

stars, RR Lyrae 
∼1.6 × 10 6 8750 0.168 MOS LR 0 

Galactic Archaeology (GA-LRdisc) Red Clump stars, RGB stars ∼1.1 × 10 6 1370 0.110 MOS LR 0 
Galactic Archaeology (GA-HR) Main sequence and RGB stars ∼1.6 × 10 6 5650 0.309 MOS HR 0 
Galactic Archaeology (GA-OC) Stars in open clusters and 

star-forming regions 
∼1 × 10 5 375 0.029 MOS HR 0 

Stellar , Circumstellar , and Interstellar 
Physics (SCIP) 

OBA stars, ionized nebulae, young 
stars, compact objects 

∼4 × 10 5 1230 0.069 MOS, LIFU LR, HR 0 

White Dwarfs White dwarfs � 5 × 10 4 � 10 000 ∼0.012 MOS, mIFU 

c , LR, HR 0 
LIFU 

c 

WEAVE-Apertif H I -detected, mostly late-type 
galaxies 

400 (LR), 100 
(HR) 

0.2 d 0.061 LIFU LR, HR < 0.04 

WEAVE Galaxy Clusters Galaxies in dense environments ∼2 × 10 5 1350 0.064 MOS, mIFU, LIFU LR < 0.5 
Stellar Populations at intermediate 
redshifts Surv e y (StePS) 

Field galaxies ∼2.5 × 10 4 25 0.026 MOS LR 0.3–0.7 

WEAVE-LOFAR (WL) 150 MHz sources ∼7 × 10 5 8950 0.109 MOS, mIFU, LIFU LR < 6.9 
WEAVE-QSO (WQ) Bright, r < 21.5: z > 2.2; ∼4 × 10 5 8950 0.056 MOS LR, HR > 2.2 

21.5 < r < 23.5: 2 . 5 < z < 3 e 

a ‘Surv e y fraction’ denotes the fraction of total WEAVE-Surv e y fibres hours currently planned for use for a given WEAVE surv e y. 
b MSTO: main-sequence turnoff; RGB: red giant branch; BHB: blue horizontal branch. 
c White dwarfs used purely for IFU-mode calibrations. 
d Area co v erage calculated using the field of vie w of the LIFU, not the field of vie w of WEAVE. 
e Applies to WQ-Wide (when J-PAS target selection is available). WQ-HighDens will target r < 23.5 for z > 2.2 o v er ∼420 de g 2 . 

Figure 5. Expected radial velocity accuracies for WEAVE in its R = 5000 
mode (thick solid coloured lines) for different stellar effective temperature 
ranges, based on the WEAVE ‘Operational Rehearsal’ (OpR) simulations 
(specifically OpR2.5 – see also Section 6 ; final impro v ements to the APS 
pipeline based on OpR3 data have confirmed the results presented here, 
albeit on a smaller sample), together with the post-launch predictions for 
Gaia at the end of the nominal five-year mission (thin solid coloured lines) for 
different stellar types. Dashed coloured lines represent Gaia end-of-mission 
photometric limits for astrometry of different spectral types. 
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EAVE is a cornerstone for this endea v our, as one of the first – and
or its high-resolution capability, the only – high-multiplex wide-field 
ptical multi-object spectrograph in the Northern hemisphere. These 
pectroscopic surv e ys complement Gaia ’s superb astrometry while 
enefitting from Gaia for optimal target selection. A WEAVE surv e y
tarting in the coming months will be particularly timely, benefitting 
rom Gaia Data Release 3 in 2022 June (DR3: Gaia Collaboration
023a ), and producing its final science in the same time-frame as the
aia end-of-mission catalogues (the Gaia le gac y release, planned 

or 2030). Gaia ’s third data release (DR3, released as the EDR3 on
020 December 4 and DR3 on 2022 June 13: Gaia Collaboration
023a ) are being used for WEAVE target selection, providing a
omogeneous source for astrometry (positions, parallaxes, proper 
otions – Lindegren et al. 2021 ) and broad-band photometry (Riello 

t al. 2021 ), to enhance the capabilities of WEAVE to build large
ource catalogues tailored to studying specific aspects of the Milky 
ay’s stellar populations, with well-controlled and reproducible 

arget selection criteria. 
The WEAVE GA surv e ys fall into four independent cate gories

isted below, according to the spectral resolution of the observations 
LR or HR) and the stellar populations or Galactic locations targeted,
s illustrated in Figs 6 and 7 . These complementary surv e ys, together
ith the SCIP and White Dwarfs surv e ys (see Sections 4.2 and
.3 , respectively), nearly completely sample the Milky Way’s stellar 
opulations accessible from the Northern hemisphere. 

(i) The high-latitude LR sur v ey (‘LR-highlat’) : This low- 
esolution wide-area surv e y of 6000–8500 de g 2 at high Galactic
atitude will observe 1.10 × 10 6 (five-year survey) to 1.55 × 10 6 

sev en-year surv e y) stars in the magnitude range 15 < r SDSS < 20–
MNRAS 530, 2688–2730 (2024) 
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Figure 6. Footprint of the WEAVE GA surveys on the sky in Galactic coordinates ( � , b ) in an Aitoff projection overlaid on the Gaia DR3 (Gaia Collaboration 
2023a ) density contours of stars with parallax measures, G < 16, and −10 deg < δ < 80 deg (in stars deg −2 ). HR chemo-dynamical survey: black dots; Open 
Clusters surv e y: red stars; disc-dynamics LR surv e y: dark green dots; high-latitude LR surv e y (shared with the WL and WQ surv e ys): thick yellow outline, 
where the region hashed using thinner yellow lines shows the provisional area to be surv e yed at ∼100 per cent co v erage factor, while the remaining area for 
this surv e y will be surv e yed with an ∼30 per cent co v erage f actor. Known stellar streams and dw arf spheroidal galaxies co v ered within the pointed part of the 
high-latitude LR surv e y: light green stars. The available declination range arises from the impact of differential atmospheric refraction on targets near the edge 
of the field on the typical 1-hour WEAVE-Surv e y OB. Near-polar targets like NGC 188 require short exposures outside of the normal WEAVE-Surv e y OBs. 

Figure 7. Expected co v erage of the WEAVE GA sub-surv e ys in the ( X , Z ) 
plane (Cartesian coordinates centred on the Sun’s position in the Galaxy) 
with the Galactic Centre located at ( −8.5, 0) kpc. This is based on the 
target-selection-scheme footprints of each of the sub-surv e ys, applied to 
simulations performed with GUMS ( Gaia Universe Model Snapshot; Robin 
et al. 2012 ) and Galaxia (Sharma et al. 2011 ), taking into account the 
expected uncertainties on the Gaia astrometric data used in the target 
selection, estimated using the PyGaia toolkit (for Gaia performances, see 
https:// www.cosmos.esa.int/ web/ gaia/ science-performance ). 
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1 20 to complement Gaia with line-of-sight velocities and metallic-
ties for stars too faint for the RVS, and thereby yield the best-yet
onstraints on the halo potential’s lumpiness and total mass to large
istances ( ∼100 kpc; e.g. Cautun et al. 2020 ), address the formation
f the Galactic halo, and characterize its progenitors (including
ubstructures such as streams and dwarf galaxies). The search for
races of accretion events has recently been exemplified by Gaia ’s
nding of a significant merger, known as Gaia Enceladus or the Gaia
ausage, that has been shown to make up a significant fraction of the

nner Galactic halo (e.g. Belokurov et al. 2018 ; Haywood et al. 2018 ;
elmi et al. 2018 ; Gallart et al. 2019 ; Myeong et al. 2019 ; Naidu et al.
020 ; Malhan et al. 2022 ). A number of new cold streams have also
een disco v ered thanks to Gaia astrometry (e.g. Malhan, Ibata &
artin 2018 ; Ibata et al. 2021 ), which anticipates the wealth of

isco v eries a waiting us with the combination of Gaia and WEAVE.
hile the main target of this surv e y is the Galactic halo, the surv e y
ill also probe the thick disc of the Milky Way, complementing the
R surv e y (see section below). To achieve these goals, the LR-highlat
ide-area surv e y will target the following: colour- and magnitude-

elected main-sequence turnoff (MSTO) stars; red giant branch
RGB) stars selected by colour, magnitude, and Gaia astrometric data
parallaxes and proper motions, to reject local red main-sequence
tars from the selection); extremely metal-poor star candidates
elected from narrow-band photometry (e.g. Pristine: Starkenburg
t al. 2017 ), broad-band photometry (e.g. SDSSS; Abolfathi et al.
018 ), or Gaia ’s on-board spectrophotometry ( Gaia Data Release
0 Magnitudes with subscript ‘SDSS’ refer to Sloan Digital Sky Survey 
agnitudes (see Albareti et al. 2017 ). 

https://www.cosmos.esa.int/web/gaia/science-performance
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 and onwards; see Sartoretti et al. 2023 ); blue horizontal branch
BHB) stars and blue stragglers (using, for example, a combination 
f colours including the u band, e.g. Deason et al. 2012 ); RR
yrae stars (e.g. Sesar et al. 2017 ; Holl et al. 2018 ; Iorio &
elokurov 2021 ; Clementini et al. 2023 ); hyper-velocity stars (e.g. 
rown et al. 2018 ; Contigiani, Rossi & Marchetti 2019 ; Evans,
archetti & Rossi 2022 ; Marchetti, Evans & Rossi 2022 ). This

urv e y is foreseen to share fibres on the sky with the WL and WQ
urv e ys (see Sections 4.7 and 4.8 , respectively), and hence share the
ame footprint. In addition to this wide-area component, the LR- 
ighlat surv e y will drill a fe w deeper (do wn to at least r SDSS = 21)
-hour pointings (and even up to 7 hours in some specific cases)
round specific objects of interest, namely dwarf spheroidal galaxies 
nd known stellar streams, where the multi-epoch data will allow 

or the detection of binary stars to refine the line-of-sight velocity 
ispersion profiles of these objects and to understand better the dark 
atter distribution (e.g. Posti & Helmi 2019 ; Cautun et al. 2020 ).
his pointed surv e y is e xpected to co v er a total of ∼200 deg 2 on

he sky. 
(ii) The disc-dynamics LR sur v ey (‘LR-disc’) : This low- 

esolution, high radial-v elocity accurac y surv e y will observ e ∼500
ines of sight through the Galactic disc at very low latitudes to
robe fundamental Galactic disc dynamics processes in a volume 
naccessible to Gaia alone. The surv e y will observe 7 × 10 5 (five-
ear surv e y) to 1.1 × 10 6 (sev en-year surv e y) stars selected mainly
o be red-clump giants with Pan-STARRS1 (Chambers et al. 2016 ) 
 -band magnitudes in the range 15 < r PanSTARRS < 19, 21 spanning
venly the distance range ∼2–8 kpc from the Sun, or from ∼2 to
5 kpc in Galactocentric radius. Towards the outer disc, all RGB stars
ill be allowed into the selection function. The fundamental goal of

his surv e y is to understand the phase-space distribution of stars of
he Galactic disc, in particular those effects associated with mergers 
nd/or resonances of non-axisymmetric perturbations (bar and spiral 
rms), both in the inner and outer disc (see also F amae y et al. 2016 ).
his surv e y is likely to pro vide unique insights into the effects of
arious internal and external perturbers on the secular evolution of 
he Galactic disc at large scales, in a similar fashion to the local non-
tationarity found locally in Gaia DR2 (e.g. Antoja et al. 2018 ; Gaia
ollaboration 2018b ; Bennett & Bovy 2019 ; Bovy et al. 2019 ; Ruiz-
ara et al. 2020 ; Bland-Hawthorn & Tepper-Garc ́ıa 2021 ). Thanks

o the Northern location of WEAVE, this surv e y will also provide
 unique view of the Galactic Anticentre (cf. Gaia Collaboration 
021 ). 
(iii) The HR chemo-dynamical sur v ey (‘HR’) : This high- 

esolution surv e y, co v ering ∼4000–5600 de g 2 at intermediate and
igh Galactic latitudes, will target stars with 12 < G < 16 to
omplement Gaia ’s phase-space information with full chemical 
nformation, thereby opening the full 15 + dimensional space of the 
hemo-dynamical picture of the three major Galactic populations: 
he thin and thick discs and the halo. The thick disc will be sampled
o large distances, allowing us to study its connection to the thin
isc and the inner halo, together with its age–density and age–
inematics relations through mono-abundance and mono-age groups 
e.g. Mackereth et al. 2017 ; Mackereth & Bovy 2020 ). Ancient accre-
ions that have now dissolved in the halo and discs will be detected
hemo-dynamically through the wealth of abundance information 
or different nucleosynthetic channels that will be provided by the 
R spectra (e.g. Di Matteo et al. 2019 ; Mackereth et al. 2019 ). In the
1 Magnitudes with subscript ‘PanSTARRS’ refer to PanSTARRS PS1 mag- 
itudes (Tonry et al. 2012 ). 

s

t  

r  
olume within which Gaia parallaxes are most accurate (i.e. accurate 
o better than 10 per cent), high-quality stellar parameters (ef fecti ve
emperature, gravity, metallicity, and [ α/Fe]) for > 7 × 10 5 (five-
ear surv e y) to 1.1 × 10 6 (sev en-year surv e y) MSTO and sub-giant
tars will also allow us to constrain stellar ages to exquisite precision
Bland-Hawthorn et al. 2019 ; Kordopatis et al. 2023 ) within a sphere
f radius ∼2 kpc. The target selection function, based on absolute
agnitudes and their associated uncertainties from Gaia DR3 (or 

rom later releases), will include all stars with absolute magnitudes 
 G < 4.5, thus also selecting intrinsically bright targets such as
GB stars that will probe the Milky Way’s thin and thick discs
nd halo to distances of ∼10 kpc and beyond. Targets of special
nterest will be given higher priority to ensure proper sampling. These 
nclude very and extremely metal-poor stars with prior information 
n metallicity (e.g. Pristine: Starkenburg et al. 2017 ), RR Lyrae
see e.g. Clementini et al. 2023 ), and Cepheid (both in this HR
urv e y, as well as in the LRdisc surv e y abo v e; see e.g. Ripepi
t al. 2023 ) variable stars, known exoplanet hosts, bright members
f known streams (e.g. Martin et al. 2022 ), and stars with high
angential velocities to increase the halo fraction in the sample (from
aia DR3; see e.g. Gaia Collaboration 2018a ; Koppelman & Helmi
021 ). 
(iv) The Open Clusters sur v ey (‘OC’) : This is a surv e y (mostly

n HR) of a sizeable sample ( ∼120) of old and young open clusters
OCs) and tiling three cluster-formation regions, aimed at obtaining 
omogeneous information on radial velocities and chemical infor- 
ation. This will complement Gaia ’s superb distances and proper 
otions of individual stars in known and newly disco v ered OCs

e.g. Castro-Ginard et al. 2020 , 2022 , and references therein) up to
 kpc from the Sun, with a precision in distance of 1 per cent up to a
istance of 1.5 kpc and 10 per cent for more distant targets, leading
o an accurate and reliable definition of membership even for the

ost distant objects. This surv e y will constrain our understanding of
he formation and disruption processes of OCs (Carrera et al. 2019b ;
antat-Gaudin 2022 , and references therein), the chemical evolution 
f the Milky Way disc using OCs as probes (Carrera et al. 2019a ;
antat-Gaudin et al. 2020 ; Spina et al. 2022 ), and provide insights

nto star formation and early stellar evolution (Valentini et al. 2019 ;
agrini et al. 2021 ). 

A careful validation and accurate calibration of the derived atmo- 
pheric parameters, measured abundance ratios, and radial velocities 
ill ensure that the data from the aforementioned four GA sub-

urv e ys will be on the same scale. The WEAVE GA sub-surv e ys will
herefore include dedicated observations for this purpose, including 
he observation of globular clusters, well-studied OCs, field giant 
tars with stellar parameters derived from asteroseismic data from 

he CoRoT (e.g. Anders et al. 2017 ) or Kepler (e.g. Borucki et al.
010 ; Kallinger et al. 2010 ; Yu et al. 2018 ) missions, and field stars
 Gaia benchmark stars; Heiter et al. 2015 ; Hawkins et al. 2016 ), as
ell as stars in previous high-resolution spectroscopy studies (e.g. 
oubiran et al. 2016 ). This will allow us to combine the results
f the GA sub-surv e ys both among themselv es and with sev eral
ther stellar Galactic surv e ys including Gaia -ESO (Gilmore et al.
012 ), GALAH (Buder et al. 2021 ), APOGEE (Majewski et al.
017 ), 4MOST (de Jong et al. 2019 ), and others; see e.g. Soubiran,
rouillet & Casamiquela ( 2022 ) for a comparison of metallicity
eterminations for FGK stars across public data releases from several 
uch spectroscopic surv e ys. 

In addition to dedicated calibration fields, it is highly desirable 
hat a significant o v erlap is built between the high and low spectral
esolution (HR and LR, respectively) GA surveys in order to ensure
MNRAS 530, 2688–2730 (2024) 
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Figure 8. The SCIP surv e y footprint, mapped in Galactic coordinates, 
starting from � � 25 deg (top right) and ending finally at � � 210 deg (bottom 

left), with an island of pointings that encloses the Rosette Nebula, NGC 2264, 
and the Monoceros supernova remnant. The regular pattern of LR pointings, 
co v ering ∼1200 de g 2 , is traced by the orange circles representing the WEAVE 

field of view. In the second Galactic quadrant (95 deg < � < 170 deg), the 
footprint is shifted towards positive b to better track the warp of the Galactic 
disc. The regions to be studied intensively using the blue and red HR gratings 
are outlined in blue: these are in Cygnus (top panel, seven tailored pointings 
that are different from the LR surv e y) and the Galactic Anticentre (region 
indicated by rectangular outlines, and using the same field centres as the LR 

surv e y). 
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omogeneity of the stellar parameters and individual chemical
bundances that are derived between these two instrumental modes.

hile calibration stars (cluster and reference field stars observed
pecifically with both modes) provide the absolute anchor to these
uantities through comparisons with independent estimates, it is
esirable to build an o v erlap of stars surv e yed in both LR and
R that would enable us to better map the systematics between

tellar parameters and abundances derived from these two types
f WEAVE spectra. Furthermore, it is expected that it will not
e possible to measure the abundances of some elements in the
estricted wavelength range of the HR mode; among these are,
or example, nitrogen (and carbon in the green + red HR mode). A
rogramme to utilize sub-optimal and/or relatively undersubscribed
bserving conditions has thus been devised to observe a fraction of
he GA-HR surv e y observing blocks in LR mode, to be e x ecuted
n weather conditions when the main surv e ys cannot be e x ecuted.
hanks to the limited depth of the GA-HR surv e y (12 ≤G ≤16), this
rogramme is expected to be e x ecuted in bright time and modest
eeing conditions (seeing < 2 arcsec), thus complementing the
uite of programmes with observations suitable for the relatively
ndersubscribed bright time. This GA programme will allow us: (i) to
ap systematics between the LR and HR analysis of WEAVE spectra
 v er a large part of the Hertzsprung–Russell diagram, and reflecting
he target selection of the GA surv e ys, with sufficiently large statistics
o allow this mapping to be w ork ed out with machine-learning
ethods (e.g. Nandakumar et al. 2022 ); and (ii) to potentially build
 significant sample in which the HR suite of elemental abundances
s complemented by the few elements that are only accessible (or
etter measured) in LR. 

.2 The WEAVE Stellar, Circumstellar, and Interstellar 
hysics Sur v ey 

dvancements in characterizing the stellar and interstellar processes
urrently at work in the Milky Way are helping us to better understand
he physics that shape the appearances, content, and evolutionary
istories of galaxies in the wider and younger Universe. Only locally
an we easily access individual examples of the least well-described
and often short-lived) phases in stellar evolution down to sub-
olar luminosity, and study the relationship between stars and the
nterstellar medium at maximum angular resolution. Topics of current
ignificance include: environmental factors in the formation of stars
Vinck e & Pf alzner 2016 ; Guarcello et al. 2021 ); mapping the ISM
n terms of its extinction and its ionization (Ma ́ız Apell ́aniz & Barb ́a
018 ; Rathjen et al. 2021 ; Dharmawardena et al. 2022 ); filling in
he Galactic massive-star Hertzsprung–Russell diagram (Berlanas
t al. 2020 ; Holgado et al. 2020 ); how young stellar objects disperse
nto the field (Kounkel & Co v e y 2019 ; Wright 2020 ); the approach
o stellar end states via cooling white dwarfs, X-ray, and other
nteracting binaries (Pala et al. 2020 ; Inight et al. 2021 ). 

SCIP will use the products of the INT Photometric H-Alpha Surv e y
IPHAS: Drew et al. 2005 ; Barentsen et al. 2014 ; Mongui ́o et al.
020 ) and UV-Excess (UVEX) Surv e y of the Northern Galactic Plane
Groot et al. 2009 ; Mongui ́o et al. 2020 ) e x ecuted on the Isaac Newton
elescope and (to a lesser extent) the VST Photometric H-Alpha
urv e y of the Southern Galactic Plane and Bulge (VPHAS + : Drew
t al. 2014 ) at the Very Large Telescope (VLT) Surv e y Telescope,
or much of its target selection. Between them, these surv e ys map
he whole Galactic plane at ∼1 arcsec resolution within | b | < 5 deg
nd in five optical bands. These photometric surveys have captured
ore than half a billion point sources in the Milky Way’s main
ass component. Well-tuned samples of a range of object classes are
NRAS 530, 2688–2730 (2024) 
eing extracted from them for WEAVE, mostly within the magnitude
anges 11 < i < 18 and 13 < B < 20. SCIP will pursue a number of
cientifically distinct goals in Galactic astronomy, permitting full use
f the available fibres in every pointing. The SCIP surv e y footprint
s shown in Fig. 8 . 

The SCIP surv e y targets the high-mass and young/old extremes
f stellar evolution along with the ISM on a large scale, capturing
oth the emissive, ionized nebulous component, and the ISM seen
n absorption against background starlight. Since o v er half of the
lanned targets are relatively luminous OBA stars, the total space
olume accessed will be very large, creating the opportunity to map
alactic disc structure out to heliocentric distances of ∼10 kpc . The
200 000 BA stars to be surv e yed, falling within the SCIP footprint,
ill provide a comprehensive account of young stellar kinematics in

he Galactic disc on combining them with Gaia proper motions. The
easibility of this via fibre spectroscopy has been tested by Harris
t al. ( 2018 ), where it was shown that stellar parameters of sufficient
uality can be derived from the far-red calcium-triplet region of the
pectrum alone. WEAVE in its R ∼ 5000 mode captures this region
ell, and is accessible for Galactic plane extinctions up to at least A V 

6. The ∼20 000 O and B stars to be targeted will be most abundant
n the first Galactic quadrant ( � < 90 deg). These spectra will build
 more complete picture of the Galactic massive-star Hertzsprung–
ussell diagram, and inform data-starved stellar evolution models.
arameter determination will proceed via the methods presented by
im ́on-D ́ıaz ( 2010 ), Holgado et al. ( 2018 ), Carneiro et al. ( 2019 ),
nd others. 

Pan-optical multi-object spectroscopy of stellar sight-lines at R
5000 provides many types of information, including: radial

elocities to precisions of a few km s −1 ; reliable stellar effective
emperatures, and surface gravities; o v erall metallicity and first
vidence of chemical peculiarity; detection of the more obvious
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Figure 9. The distribution of potential WEAVE diffuse-ISM targets for 
the Rosette/NGC 2264/Monoceros supernova remnant region, derived from 

IGAPS/IPHAS H α + [N II ] narrow-band imagery (see www.igapsimages.org 
and Greimel et al. 2021 ). The planned SCIP LR fields are superimposed 
as blue circles. The candidate fibre positions, before final downsizing for 
configuration, are plotted on a colour scale according to narrow-band surface 
brightness (in erg cm 

−2 s −1 arcsec −2 ). The brightest diffuse structure here is 
the Rosette Nebula, at the lower left. In the upper right is the NGC 2264 
region, with the ∼220-arcmin diameter Monoceros supernova remnant in 
between. 
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pectroscopic binaries; interstellar absorption features; a suite of 
ebular/circumstellar emission line diagnostics; mass transfer/loss 
ignatures; and markers for magnetic activity. In WEAVE’s HR mode 
t R = 20 000, observations in the Cygnus region and the Galactic
nticentre will push even further, from the measurement of projected 

tellar rotation speeds down to lower limits, to the determination of
ndividual hea vy-element ab undances. Greater precision of radial 
elocity measurements will better expose the velocity dispersions of 
he local environments. Spectroscopic binaries will be detected via 
areful programmes of repeat observations. 

The SCIP programme will be split between a LR surv e y, taking
oughly two-thirds of the SCIP surv e y time, and two HR components
hat will equally split the remainder in bright time. 

(i) The LR sur v ey : Around 1200 deg 2 of the northern Galactic
lane will be observed. The largest target group is comprised of

he higher-mass stars: this includes OBA stars and their evolved 
ounterparts (including red supergiants), emission-line objects, and 
epheid variables. The aim is to densely sample most Galactic 

ongitudes in the thin disc accessible from La P alma. A no v el
eature of SCIP’s target selection is the use of H α imagery from
PHAS to identify, in addition, a web of H α-bright diffuse-ISM
ositions spanning H II re gions, superno va remnants, and other 
ebulae (Greimel et al. 2021 , and Fig. 9 ). These will complement the
- and B-star targets, with spectroscopy of the associated ionized 

SM. The targeted range is from surface brightnesses of 6 × 10 −16 

p to ∼10 −13 erg cm 

−2 s −1 arcsec −2 , with full abundance analysis 
chie v able abo v e 3–5 × 10 −15 erg cm 

−2 s −1 arcsec −2 . Radial veloci- 
ies will be obtained for all targets. A third focus is on the unbiased
xploration of the incidence of young stellar objects in order to 
nderstand how they disperse across the Galactic field. The target 
election draws significantly from infrared and optical photometric 
urv e ys and Gaia astrometry, yielding candidates of young stellar
bjects outside of the traditionally explored cores of OB associations 
nd OCs. The majority of targets will be selected using the method
f Wilson et al. ( 2023 ); for HAeBe stars, see Vioque et al. ( 2020 ).
EAVE spectroscopy will enable definitive classifications, as well 

s measures of radial velocities and accretion rates. A minority of
bres per pointing will also be allocated to compact binaries and
hite dwarfs (see also Section 4.3 ). 
(ii) The HR sur v eys : These also place high priority on O, B, and
 stars. In the Cygnus region, the aim is to obtain spectroscopy of
rominent OB-associations (for a recent re vie w, see Wright et al.
022 ) to build a full picture of kinematics and elemental abundances
cross the re gion, e xtending the studies first initiated by Berlanas
t al. ( 2018 ). As shown in Fig. 10 , the disco v ery potential is v ery
arge. In the Anticentre fields, the emphasis shifts to observations of
ate-B and A stars, where the science aims concern both the stars
hemselves and describing Galactic disc kinematics as imprinted 
n this young, dynamically cold population. Measuring constraints 
n binarity via repeat exposures is an important aspect in both HR
rogramme components. Most stars in the Universe form in binaries 
r higher-order multiples (Sana 2022 ). In their re vie w, Duch ̂ ene &
raus ( 2013 ) cite studies that indicate that ∼50 per cent of B and
 stars have binary companions (see also Moe & Di Stefano 2017 ;
anyard et al. 2022 ). In the case of O stars, it has been estimated

hat o v er half will e xperience binary mass e xchange in their lifetimes
Sana et al. 2013 , 2014 ). 

The normal SCIP surv e y planning for MOS observations assumes
n upper limit to the seeing of 1.2 arcsec, appropriate for point
ources observed using fibres of diameter 1.3 arcsec. This constraint 
s unnecessary for extended sources, such as Galactic planetary 
ebulae (PNe), where abundance patterns as a function of position 
re an important goal (Garc ́ıa-Rojas et al. 2022 ). In poor seeing
onditions ( ∼2 arcsec or more) that are unlikely to be usable for
rimary science objectives of the WEAVE surv e ys, SCIP will e xploit
he WEAVE (m/L) IFU capability to provide complete spatial chemo- 
ynamical maps of a significant sample of PNe. The key science aim
s to probe the physical processes go v erning the late-stage evolution
f intermediate-mass stars, and to determine how the abundances and 
ynamics of larger PNe are go v erned by their central stars (single
r binary). PNe targets have been picked out that suit the 1.3–1.5-
MNRAS 530, 2688–2730 (2024) 
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rcmin field of view of the LIFU sampled by 2.6 arcsec fibres. These
re large, bright nebulae where, in some, the central stars are known
o be close binaries; such objects have markedly different chemical
roperties to other PNe (Wesson et al. 2018 ). Our list includes well-
nown objects that have yet to be mapped comprehensively (e.g. the
wl and Cat’s-Eye nebulae). There will also be instances of several

maller nebulae in the field of view, for which the mIFU mode could
lso be usefully utilized. 

.3 The WEAVE White Dwarfs Sur v ey 

ll stars born with masses � 8–10 M � eventually become white
warfs (Ritossa, Garc ́ıa-Berro & Iben 1999 ; Doherty et al. 2017 ):
arth-sized electron-degenerate stellar embers. The short main-
equence lifetime of stars with M � 1 . 5 M � implies that the majority
f A/F-type stars formed throughout the history of the Galaxy
re now white dwarfs. As such, white dwarfs play a central role
cross a variety of areas in astrophysics. Homogeneous samples
f white dwarfs with accurate physical parameters are essential
or constraining and calibrating stellar evolution theory, including
ass-loss on the asymptotic giant branch (intimately linked to the

nitial-to-final mass relation, e.g. Williams, Bolte & Koester 2009 ;
ummings et al. 2018 ), internal rotation profiles and loss of angular
omentum (Hermes et al. 2017 ), and fundamental nuclear reaction

ates (Kunz et al. 2002 ), with important implications for stellar
opulation synthesis and galaxy evolution theory (Maraston 1998 ;
alirai, Marigo & Tremblay 2014 ). Because of their well-constrained

ooling ages, white dwarfs provide an insight into the age of the
alactic disc (Winget et al. 1987 ; Oswalt et al. 1996 ), OCs (Garc ́ıa-
erro et al. 2010 ) and globular clusters (Hansen et al. 2007 ), and can
 ven trace v ariations in the Galactic star formation rate (Tremblay
t al. 2014 ). 

White dwarfs will be observed as flux calibrators in WEAVE
urv e y observations, and the resulting spectra will provide a rich
atabase for white-dwarf-enabled science. 

.3.1 White dwarfs as flux calibrators 

hite dwarfs are routinely used as spectro-photometric flux stan-
ards (Bohlin, Dickinson & Calzetti 2001 ; Bohlin, Gordon &
remblay 2014 ; Moehler et al. 2014 ), as their spectra are extremely
imple (i.e. pure hydrogen atmospheres in most cases) and can easily
e modelled to high precision (1–2 per cent across all wavelengths)
ith only two free parameters: ef fecti ve temperature and surface
ravity. Moreo v er, in a magnitude-limited sample, the majority of
hite dwarfs have ef fecti ve temperatures � 8000 K, i.e. they are blue
bjects with significant amounts of flux at the shortest wavelengths. 
The surface density and magnitude distribution of the Gaia white-

warf population (Pancino et al. 2012 ) is well matched to the field of
iew of WEAVE and the aperture of the WHT. In the MOS mode, 10–
5 white dwarfs are expected to be observed per WEAVE pointing
or calibration purposes in the LR configuration. The number of
uitable white dwarfs will likely be around 3–5 for the HR MOS
onfiguration due to the magnitude limit for this mode, dictated by the
bservational constraints set by the science targets in the field, being
righter than for a LR observation (see Section 4.3 ). In the mIFU
nd LIFU modes, constraints set by the number and placement of the
FU(s) in the field mean that no more than one white dwarf is expected
o be observed per pointing; bootstrapping from other exposures or
ther information (such as known magnitudes) are required for these
bservations. 
NRAS 530, 2688–2730 (2024) 
.3.2 White dwarf science with WEAVE 

 significant fraction of local white dwarfs are members of binaries
Toonen et al. 2017 ), providing a benchmark population for inves-
igating complex interactions (e.g. Zorotovic et al. 2010 ), including
he progenitors of Type Ia superno vae. De generate stars with precise
ooling ages in wide binaries can also be used to calibrate main-
equence ages (Rebassa-Mansergas et al. 2016 ). The host stars of
irtually all planetary systems – including the Sun – will evolve
nto white dwarfs, and a sizeable fraction of white dwarfs host the
emnants of planetary systems (Farihi, Jura & Zuckerman 2009 ;
oester, G ̈ansicke & Farihi 2014 ). White dwarfs that accrete tidally
isrupted planetesimals display photospheric trace metals, which
rovides a unique opportunity to measure the bulk composition of
xtra-solar planets (Zuckerman et al. 2007 ; G ̈ansicke et al. 2012 ; Xu
t al. 2017 ). Finally, white dwarfs are laboratories of extreme physics
hat are unachie v able on Earth, including atomic and molecular
hysics in the presence of strong magnetic fields (Guan 2006 ) and
igh-density plasmas (Kowalski 2006 ). 
The extremely large surface gravities of white dwarfs, log g �

, result in chemical stratification and atmospheric compositions
ominated by hydrogen and/or helium (e.g. Eisenstein et al. 2006 ;
iammichele, Bergeron & Dufour 2012 ). About 20 per cent of
hite dwarfs display spectroscopic peculiarities, including metal
ollution from accreted planetary debris or from dredge-up of core
aterial, and Zeeman-splitting in magnetic fields of up to 10 9 MG ;

ee Fig. 11 for examples. Spectroscopy spanning the full optical range
s therefore critically important for the study of these degenerate
tellar remnants. 

Because of their small size, white dwarfs are intrinsically faint,
nd difficult to distinguish from more distant main-sequence stars
ith similar colours. Consequently, most known white dwarfs that
ere identified as ultraviolet-excess objects (Green, Schmidt &
iebert 1986 ; Liebert, Bergeron & Holberg 2005 ; Kleinman et al.
013 ) are young ( � 1 Gyr) and hot ( T eff � 10 000 K), and are utterly
nrepresentative of the Galactic white dwarf population as a whole.
aia DR2 finally provided the information necessary to break the
e generac y between nearby white dwarfs and background main-
equence stars: accurate parallaxes. Gentile Fusillo et al. ( 2019 )
ssembled the first unbiased all-sky magnitude-limited ( G � 20)
ample of 260 000 white dwarf candidates using Gaia DR2, followed
y an updated catalogue using Gaia EDR3 data in Gentile Fusillo
t al. ( 2021 ). While the Gaia data are sufficient for identifying
hite dwarfs with high confidence, follow-up spectroscopy is re-
uired (Fig. 11 ) to determine their physical properties (ef fecti ve
emperature, surface gravity, atmospheric composition, magnetic
eld strength, and multiplicity) and derive fundamental properties
mass, cooling age, and progenitor mass) that are necessary to address
he science areas outlined abo v e. 

WEAVE will target � 100 000 white dwarfs with G ≤ 20 (Fig. 12 )
or LR spectroscopy, and will roughly triple the number of white
warfs with high-quality spectroscopy in the Northern hemisphere
Kleinman et al. 2013 ; Gentile Fusillo, G ̈ansicke & Greiss 2015 ).
he WEAVE White Dwarfs surv e y will establish the first large and
omogeneous spectroscopic sample that is not subject to complex
election effects, and is therefore ideally suited for detailed statistical
nalyses of white dwarfs in the context of galactic, stellar, and
lanetary structure and evolution. The combination of accurate Gaia
arallaxes and photometry with spectroscopic mass determinations
ill result in an extremely stringent test of the mass–radius relation
f white dwarfs (see e.g. Parsons et al. 2017 ; Tremblay et al. 2017 ,
019 ; Genest-Beaulieu & Bergeron 2019 ). The blue co v erage (down
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Figure 11. Examples showing a variety of white dwarf spectra in the range 
3850–5550 Å. White dwarfs have large surface gravities (log g � 8), which 
result in the chemical stratification of their constituents. Most white dwarfs 
have atmospheres dominated by hydrogen or helium, and their spectra contain 
only Balmer (DA) or He (DB) lines. Ho we ver, � 20 per cent of white dwarfs 
exhibit spectroscopic peculiarities. Accretion of disrupted planetesimals 
results in photospheric contamination by metals (DAZ, DBZ, DZ), providing 
a unique window into the bulk abundances of exoplanetary bodies. Cool white 
dwarfs with deep conv ectiv e env elopes may dredge up carbon and oxygen 
from their cores (cDQ), allowing sensitive tests of stellar evolution. A small 
number of hotter white dwarfs with carbon-dominated atmospheres (hDQ) 
are thought to be products of white dwarf mergers, possibly descending from 

R Corona Borealis stars. Finally, up to 10 per cent show magnetic fields, across 
all atmospheric compositions (e.g. DAH, DBH), and serve as laboratories for 
atomic physics under extreme conditions. The WEAVE Surv e y will target 
� 100 000 white dwarfs selected from Gaia DR3 (Fig. 12 ). 

Figure 12. Hertzsprung–Russell diagram (left) and magnitude distribution 
(right) of the 104 198 high-confidence white dwarf candidate targets (red, 
Dec > −10 deg and G ≤ 20), selected from Gaia DR2 (Gentile Fusillo et al. 
2019 ). Synthetic photometry was computed for main-sequence stars, sub- 
giants, and giants (the blue lines labelled V , IV , and III, respectively) using 
the spectral library of Pickles ( 1998 ), and for white dwarfs with masses of 
0.2, 0.6, and 1.0 M � (unlabelled black lines, from top to bottom) using the 
cooling sequences of Holberg & Bergeron ( 2006 ) and model spectra from 

Koester ( 2010 ). 
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o 3700 Å) of WEAVE is essential for co v ering the higher Balmer
ines, which are important diagnostics for the surface gravity (Kepler 
t al. 2006 ), and to probe for atmospheric pollution by planetary
ebris via Ca H/K absorption. Our large sample size will result in the
dentification of rare white dwarf species, tracing the extremes of pa-
ameter space of short-lived phases in their evolution, such as stellar
emnants from stars near the core-collapse boundary (G ̈ansicke et al.
010 ), products of thermonuclear supernovae (Vennes et al. 2017 ;
addi et al. 2018a , b ; Shen et al. 2018 ), of as-yet not fully understood
inary interactions (Dufour et al. 2007 ; Kepler, Koester & Ourique
016 ), and possibly examples of entirely new evolutionary channels 
Marsh et al. 2016 ). WEAVE spectroscopy will also provide radial
elocity measurements that are an important complement to the Gaia 
roper motions – most white dwarfs have no features in the Gaia
VS spectra, or are too faint for Gaia radial velocities altogether.
his first large sample of white dwarfs with full 3D kinematics will
llow us to distinguish them into their thin and thick disc, and halo
opulations (Pauli et al. 2003 , 2006 ; Anguiano et al. 2017 ), with
n expected � 1 per cent of halo white dwarfs. Furthermore, the
inematics will provide constraints on the age–velocity dispersion 
elation, and insight into the mass distribution of white dwarfs that
ormed via binary mergers (Wegg & Phinney 2012 ). 

Gi ven their lo w luminosity, the surface density of white dwarfs
aries only mildly, with on average � 5 stars deg −2 , or � 15 per
EA VE pointing. The WEA VE White Dwarfs surv e y is therefore
ultiple x ed into the entire WEAVE Surv e y footprint and the white

warfs will also be used for the spectro-photometric flux calibration 
f the entire WEAVE Surv e y (Section 4.3.1 ). 

.4 The WEAVE-Apertif Sur v ey 

he detailed analysis of galaxies in the local Universe is crucial to
nderstanding galaxy e volution. Ho we v er, recent local IFU surv e ys
f galaxies (e.g. CALIFA, S ́anchez et al. 2012 ; SAMI, Croom et al.
012 ; MANGA, Bundy et al. 2015 ) suffer from an optical selection
ias that makes it difficult to address the effects of environment on
he evolution of galaxies. The gas content of galaxies is less strongly
ound to the gravitational potential well than its stellar content. Thus,
ne possible approach to study the effect of environment on galaxy
volution is to characterize the morphology of galaxies seen in the
tomic gas, which indicates interactions that have taken place, and 
o select galaxies with a range of features. To this end, a wide-area
urv e y of resolved neutral atomic hydrogen ( H I ) is needed. 

.4.1 Apertif and synergy with WEAVE LIFU observations 

n the last decade, the Westerbork Synthesis Radio Telescope 
WSRT) was upgraded with a new receiver: an innov ati ve focal-plane
rray system named Apertif (Verheijen et al. 2008 ; van Cappellen
t al. 2022 ) that allowed for the e x ecution of wide-field radio
urv e ys, and H I surv e ys out to cosmological distances ( z ∼ 0.2).
pertif surv e y operations were conducted between 2019 July 1

nd 2022 February 28, surv e ying a large portion of the Northern
emisphere in 1.4 GHz radio continuum, polarization, and the 21- 
m spectral line of neutral atomic hydrogen. The Apertif instrument 
as the first working focal-plane array capable of full Westerbork 

esolution [15 arcsec × 15 sin (Dec) arcsec beam 

22 ] o v er a field of
iew of 6.5 deg 2 per pointing, after tiling, and with H I spectral
esolution of down to 2.6 km s −1 . The 300 MHz bandwidth could
MNRAS 530, 2688–2730 (2024) 

2 The factor of sin(Dec) is distinctive to WSRT as an East–West array. 
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e tuned to operate between roughly 1130 and 1750 MHz, although
bservations were heavily impacted by radio frequency interference
elow ∼1300 MHz. With about half of the sensitivity of the original
ingle-pixel WSRT front-end, the wide field of view of Apertif
onetheless drastically enhanced the surv e y speed of WSRT by
maging an area on the sky about 25 times the size of the full moon
n a single pointing. 

Apertif conducted a two-tiered H I imaging surv e y 23 that pro vides a
trong synergy with WEAVE: a medium-deep surv e y of 150 de g 2 and
 wide-area surv e y of approximately 2200 de g 2 between ∼+ 27 and
5 deg declination (Hess et al., in preparation). The wide-area surv e y
argeted areas with multiwav elength co v erage from Northern sky
urv e ys including LOFAR, SDSS, and the Hobby-Eberly Telescope
ark Energy Experiment (HETDEX; Hill et al. 2008 ) in the Spring

k y, and P anSTARRS (Chambers et al. 2016 ) in both the Fall
nd Spring skies. The medium-deep surv e y targeted areas with
ubstantial ancillary data in the Herschel-ATLAS (Eales et al. 2010 )
orth Galactic Pole field (Smith et al. 2017 ), and a volume of
articular environmental interest in the Perseus-Pisces supercluster.
pertif released its first year of imaging data to the community in

ate 2020 24 (Adams et al. 2020 ), and the data are described in further
etail by Adams et al. ( 2022 ). A companion paper describes the radio-
ontinuum source catalogue for DR1 (Kutkin et al. 2022 ). Processing
f the full surv e y data is currently ongoing. Together, the two Apertif
urv e ys are e xpected to yield thousands of H I -detected galaxies, of
hich about 10–15 per cent have optical dimensions and a surface
rightness distribution that fit the field of view of WEAVE’s LIFU
or our required signal-to-noise ratio (S/N). The Apertif H I surv e ys
ill provide redshifts, neutral gas content, environment densities,
orphologies, kinematics, and dynamical masses at the aforemen-

ioned resolutions. Furthermore, Apertif will also detect and measure
 I absorption against radio-loud AGNs, yielding information on gas

ccretion and outflows, provide spatially resolved, extinction-free
tar formation maps from the radio continuum emission, and identify
H megamasers as locations of intense star formation (Hess et al.
021 ). 
The natural goal when exploiting the synergy between a spatially

esolved H I survey and the data coming from the LIFU mode of
EAVE is to compare in detail the cold gas properties of the
 I -selected sample with the spatially resolved properties (stellar

nd ionized gas) of those galaxies. WEAVE-Apertif will study
he transformation of gas into stars within galaxies by comparing
he optical and ISM properties of galaxies belonging to the so-
alled main star-forming sequence, the red sequence, and the
ntermediate region, distinguishing whether the last represents a
ransition population triggered by a quenching episode in the fairly
ecent past (e.g. Schawinski et al. 2014 ) or smoothly evolving on
imescales comparable to the age of the Universe (e.g. Casado et al.
015 ). 
With this goal in mind, we will select a sample of around 400

alaxies from the Apertif surv e y co v ering the following parameters
ith at least five galaxies per bin: H I mass, H I morphology

perturbed or not), stellar mass, and star formation. The unique aspect
f this surv e y (compared to other IFU surv e ys) resides in the H I

election of targets, which enables the detailed analysis of galaxies
n different stages of the transformation process. We will use the
IFU in both low and high spectral resolution modes to study nearby
alaxies. A large-scale inte gral-field surv e y with WEAVE creates
NRAS 530, 2688–2730 (2024) 

3 https:// www.astron.nl/ telescopes/ wsrt-apertif
4 https:// www.astron.nl/ telescopes/ wsrt-apertif/ apertif-dr1-documentation 
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s  
 strong synergy with the Apertif imaging surv e ys, significantly
ncreasing the power of both instruments as compared to each on
ts own. 

Fig. 13 illustrates the kind of regular and perturbed galaxies
hat we expect to probe during the WEAVE-Apertif surv e y and
he typical spatial co v erage of the LIFU. In addition, the bottom
anel shows examples of the spectral co v erage and instrumental
odes that will be used for the different science cases planned for

he surv e y. While the LR mode will be most useful for emission-
ine morphologies/diagnostics and stellar-population studies, the HR
ode will allow us to measure the stellar kinematics of both the

tars and ionized gas with unprecedented accuracy, especially for
ow-mass systems. 

.4.2 Scientific goals of the WEAVE-Apertif survey 

n the optical, galaxies are distributed according to their colour and
uminosity (based on the colour–magnitude diagram, e.g. Bell et al.
004 ) in two main groups – the red sequence and blue cloud, with
 transitioning class named the green valley. The physical processes
o v erning the mo v ement of a galaxy from one group to another are
till unclear, with the following questions still open: Why is there a
imodality in galaxy properties today, such that there are both star-
orming blue galaxies and red-and-dead galaxies? Where does the
as fuelling the star formation in these galaxies come from? And
ow is star formation in galaxies regulated? 
WEAVE-Apertif will analyse the spatially resolved stellar and

onized gas properties of galaxies, sampling the colour–magnitude di-
gram with respect to their H I properties (e.g. mass and morphology)
nd general environment to address the possible mechanisms that
egulate the conversion of gas into stars within galaxies, including
otential rejuvenation or quenching episodes. We will establish what
rocesses – revealed by the Apertif H I images, such as major
ergers, accretion of small gas-rich satellites, tidal- or ram-pressure

as stripping – have a direct impact on (i) the star formation history
f galaxies, (ii) the spatial distribution of star formation in their discs,
iii) the physical state of the ionized ISM, and (iv) the foreseeable
volution of galaxies. To this aim, we will observe the full sample
f ∼400 galaxies in the LR LIFU mode of WEAVE ( R ∼ 2500)
ith S/N per Å per spatial bin sufficient to derive stellar population
arameters. These data will allow us to derive spatially resolved
ean stellar ages and metallicities, as well as [ α/Fe] ratios. The data
ill also make possible the detection of kinematic twists, warps, and
ecoupled components. The WEAVE-Apertif surv e y will also deliver
patially resolved stellar-age distributions, ionized-gas metallicities,
nd star formation rates that, together with the H I data, will provide
 true le gac y surv e y. 

As the effects of the environment on the general properties of
alaxies will have been revealed by the LR data set, a detailed study
f a subsample of galaxies using the high-resolution capabilities of
he LIFU will help to establish the effects of H I accretion history in
he secular (i.e. internal) evolution of spiral-galaxy discs (for a re vie w,
ee van Gorkom 2013 ). The impact of the H I accretion history on
he chemo-dynamical properties of galaxies can be quantified by
nalysing the stellar kinematics and stellar properties of a sample
f galaxies with perturbed H I morphologies, and comparing them
o those of galaxies with no signs of perturbed H I morphologies.
ur study will allow us to provide answers to crucial questions such

s the following: What is the process driving radial migration of
tars? What is the level of scattering and radial motions induced by
piral arms and bars in stars? What is the impact of the accretion

https://www.astron.nl/telescopes/wsrt-apertif
https://www.astron.nl/telescopes/wsrt-apertif/apertif-dr1-documentation
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Figure 13. Examples of typical galaxies to be observed in the WEAVE-Apertif survey. Top panels: H I contours plotted over SDSS colour images. The WEAVE 

LIFU footprint is indicated in red o v er the SDSS image. The galaxy on the left, UGC 9837, is the proto-typical example of a regular galaxy, whereas the 
galaxy on the right, NGC 3769, represents a perturbed case. Bottom panel: example of spectral instrumental set-ups used for the survey. The black line (main 
line, co v ering the entire wavelength range) shows the wavelength range of our LR observations ( R ∼ 2500), while the green and red lines (co v ering shorter 
wavelength ranges, centred around 5100 and 6400 Å, respectively) indicate the wavelength coverage of the two HR arms ( R ∼ 10 000). Shaded areas mark the 
location of some of the main spectral features in our wavelength range, which can be found in absorption (blue), emission (red), or both (green). 
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f satellites in the chemo-dynamical properties of galaxies? And 
ow does this all connect with observations in the Milky Way, 
s revealed, for example, through the GA survey described in 
ection 4.1 ? 
To accomplish these aims, we will analyse in detail the line-of-

ight velocity distribution (velocity, velocity dispersion, and higher- 
rder moments) of a sample of low-inclination nearby objects (in- 
luding both high- and low-surface-brightness galaxies), exploiting 

EAVE’s HR LIFU mode ( R ∼ 10 000). The sample will include
0–50 galaxies with perturbed H I morphologies and approximately 
he same number of galaxies with non-perturbed H I morphologies, 
ll taken from the parent low-resolution sample of 400 galaxies. The 
uccess of the project and its le gac y impact rely on obtaining quality
ata reaching μg = 24 mag arcsec −2 at ∼3 σ . 
Finally, these data sets will enable us to constrain the disc mass

f the full sample of 400 Apertif galaxies, allowing us to relate
ynamical mass to the environment. The dark matter content in 
oth high- and low-surface-brightness galaxies can be constrained 
y combining kinematic data from both H I and optical data and
pplying the traditional technique of rotation-curve decomposition as 
ell as other dynamical modelling techniques. Ho we ver, the actual 

otal mass residing within a galaxy’s disc remains a contro v ersial
atter. This is an important calculation to get right, as the mass-to-

ight ratio of a disc determines the disc’s contribution to the galaxy’s
otation curve, which in turn constrains the density and scale length
f the halo. The WEAVE-Apertif surv e y will be able to expand on
re vious ef forts on this topic (e.g. DiskMass surv e y; Bershady et al.
010 ) and constrain the surface mass density of discs using stellar
elocity dispersions, with the HR mode being of particular value to
he challenges presented by low-mass systems. The mass modelling 
ill be possible for the entire sample of galaxies included in the two
rojects mentioned abo v e, using different modelling techniques. 
In line with many of the other WEAVE surv e ys, an e xtra

rogramme has also been designed within the WEAVE-Apertif 
urv e y to help maximize the use of sub-optimal weather conditions
nd/or undersubscribed observing conditions, while simultaneously 
xtending the scientific output of the survey by relieving some 
f our most stringent constraints on sample selection. Within this 
rogramme, there will be no restrictions to stay within the Apertif
ootprint, and the removal of this condition will allow for a much
ore flexible scheduling that will enable us to venture into the
LF ALF A surv e y (Gio vanelli et al. 2007 ) to obtain upper limit H I

ass estimates. In addition, we will allow for the inclusion of highly
nclined galaxies and compact ( ≤0.2 arcmin) high-surface-brightness 
ystems. This will enable us to obtain observations for certain types
f galaxies that would otherwise be missed in the main surv e y,
or example Markarian galaxies, which usually display peculiar H I 

roperties. 
MNRAS 530, 2688–2730 (2024) 
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.5 The WEAVE Galaxy Clusters Sur v ey 

n the largest scales, matter is distributed as a vast network of fila-
ents and sheets that connect dense galaxy clusters and groups. This

osmic web (Bond, Kofman & Pogosyan 1996 ) is the environment
n which galaxies form and e volve. Relati ve to the small volume they
ccupy (much less than one per cent of the volume of the Universe),
lusters and groups contain the largest fraction of the mass of the
ni verse (Cautun, v an de Weygaert & Jones 2012 ; Tempel et al.
014 ; Ganeshaiah Veena et al. 2019 ). Observations of galaxies in
lusters are therefore of great interest, both for a test of galaxy
ormation in dense environments and as a measure of environmental
nfluences on galaxy evolution. Consequently, in order to make

eaningful progress in our understanding of galaxy evolution, we
ust consider galaxies evolving in relation to their environment,

efined both by their local density and the global large-scale
tructure. 

Observations of cluster galaxies have firmly established the im-
ortance of the environment in addition to galaxy mass for shaping
alaxy properties: morphology, colour, star formation rate, stellar
ge, and AGN fraction correlate with both local galaxy density
nd location inside or outside clusters (e.g. Dressler 1980 ; Blanton
t al. 2005 ; Postman et al. 2005 ; Smith et al. 2005 ; Bamford et al.
009 ). In clusters, the fraction of early-type galaxies, defined either
orphologically or by the amount of current star formation, is much

igher than in the a verage, lower -density Universe, often referred
o as the ‘field’. Related studies show that cluster galaxies possess
uch less cold gas than field galaxies (e.g. Cayatte et al. 1990 ;
erra et al. 2011 ) and that galaxy luminosity functions are steeper
or cluster galaxies, owing to the change in the relative contribution
f massive quiescent galaxies (e.g. De Propris et al. 2003 ). These
ell-established findings may be summarized as manifestations of

he morphology–density relation (Dressler 1980 ) and are related to
he result of a series of processes involving the mass assembly, star
ormation, and morphological evolution of these galaxies (see e.g.
oselli & Gavazzi 2006 ). A variety of interactions with the hot

ntracluster medium (e.g. Gunn & Gott 1972 ; Bekki, Couch & Shioya
001 ; Ka wata & Mulchae y 2008 ; Zinger et al. 2018 ), as well as
nteractions and fly-bys of galaxies in this medium (e.g. Gnedin
003 ; Aguerri & Gonz ́alez-Garc ́ıa 2009 ; Park & Hwang 2009 ;
inha & Holley-Bockelmann 2012 ; M ́endez-Abreu et al. 2014 ),
ffect the gas – and often the stellar – content of galaxies. Importantly,
he accumulated effect of various galaxy encounters and the loss
f gas, ultimately resulting in the suppression of star formation,
ay stimulate the transformation of late-type galaxies into early-

ype galaxies in dense environments (Moore et al. 1996 ; Boselli &
avazzi 2006 ; Cappellari 2013 ; Kuchner et al. 2017 ; Joshi et al.
020 ). 
Despite active research on this topic, it is still a matter of debate as

o which of the proposed physical mechanisms drive the evolution of
alaxies in high-density environments and their relative importance
for a re vie w, see Boselli & Gavazzi 2014 ). The difficulty lies in
isentangling subtle and competing processes that act on different
imescales. In addition, quantification of the observed changes has
ainly been focused on the end point in the virialized regions

f clusters. Ho we ver, half of a nearby cluster’s galaxy population
riginates from the cosmic web (McGee et al. 2009 ; Dressler et al.
013 ). Clusters grow by accreting galaxies from their surroundings,
nd a significant fraction of cluster galaxies have therefore been
nvironmentally affected long before they fall into the cluster. This
ffect is called ‘pre-processing’ and is receiving increasing attention
y the community (e.g. Wetzel et al. 2013 ). 
NRAS 530, 2688–2730 (2024) 
The morphology–density relation is particularly strong for dwarf
alaxies (Peng et al. 2010 ; Kova ̌c et al. 2014 ; Tal et al. 2014 ; Wetzel,
ollerud & Weisz 2015 ): early-type dwarfs (dwarf elliptical and
warf spheroidals) dominate the galaxy population in clusters, but
he y are v ery rarely found in the field (Geha et al. 2012 ; Grossi et al.
016 ). Despite their smooth appearances, these systems are more
omplex than they might appear: dwarf ellipticals can host stellar
ate-type features such as discs and spiral arms (Jerjen, Kalnajs &
inggeli 2000 ; Lisker, Grebel & Binggeli 2006 ; Lisker et al. 2007 ;

anz et al. 2012 ), some with clear signs of rotation (Pedraz et al. 2002 ;
oloba et al. 2009 ) and atomic gas or dust components (di Serego
lighieri et al. 2007 , 2013 ; Hallenbeck et al. 2017 ). Star-forming
warf galaxies accreted into a cluster are easily stripped of their gas
nd dust when interacting with the cluster environment (Grossi et al.
015 , 2016 ), but the variety of signatures suggests that more than
ne process may determine dwarf-galaxy evolution. 
Evidently, stellar mass is a dominant driver for galaxy evolution

e.g. Kauffmann et al. 2004 ; Peng et al. 2010 ). Ho we ver, intrinsic
roperties like galaxy mass are highly dependent on their surrounding
arge-scale environment through their assembly process. Thus, a
omprehensive theory of galaxy formation and evolution must ac-
ount for the influence of the environment on galaxy evolution while
arefully controlling for stellar mass. Within this conte xt, sev eral,
arge, multiwavelength studies of galaxy clusters have successfully
sed cluster number counts as a function of mass and redshift to
onstrain cosmological models (Rozo et al. 2009 ; de Haan et al. 2016 ;
lanck Collaboration XXXVI 2016a ; Planck Collaboration XXIV
016b ; Planck Collaboration XXVII 2016c ; Pacaud et al. 2018 ). The
omplexity of the physical processes acting in clusters complicates
he obtaining of reliable mass determinations, forcing us to fall
ack on having to rely on combining a number of scaling relations
t various wavelengths. This is still a paramount challenge for
erforming precision cosmology using clusters for next-generation
urv e ys such as the LSST, and surv e ys with Euclid and the Nancy
race Roman Space Telecope (see e.g. Salvati, Douspis & Aghanim
020 ). 
The WEAVE Galaxy Clusters surv e y was designed as a response

o these challenges. The main goal of the surv e y is to provide a better
nderstanding of the impact of different environmentally induced
hysical mechanisms on galaxy evolution. Three layers focus on
hree complementary aspects: WEAVE Galaxy Clusters aims to (1)
ain a detailed understanding of the formation history of low-mass
warf galaxies in dense environments; (2) follow mass and stellar
ssembly of clusters from the cosmic web through filamentary ac-
retion; and (3) obtain an accurate calibration of the scaling relations
nd perform precision cosmology on a complete sample of Sunyaev–
eldovich (SZ) effect-selected clusters (Planck Collaboration XXVII
016c ), and infer the star formation histories of the galaxies in the
ores of these clusters (see Fig. 14 , which summarizes the three
bserving modes for WEAVE Galaxy Clusters). 

(i) Layer 1 – WEAVE Nearby Clusters (WCN) survey: Low-
ass systems dominate the galaxy population at all redshifts, and

re crucial for the hierarchical build-up of galaxies. Ho we ver, the
rocesses driving the formation of dwarf galaxies and how the
nvironment affects their evolution are poorly understood (e.g. Silk &
amon 2012 ). The transformation from a star-forming to a passive

warf galaxy could involve ISM removal by ram pressure, a series of
idal interactions that kinematically heat the stellar disc and thereby

odify its morphology (Gnedin 2003 ; Lisker et al. 2009 ; Toloba et al.
015 ). The main goal of the Nearby Clusters surv e y is to study the
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Figure 14. The WEAVE Galaxy Clusters surv e y encompasses three layers 
that observe in the three instrument modes, as illustrated in this image of 
cluster Abell 2142 (background image from PanSTARRS1). Layer 1 focuses 
on cluster -dwarf-galaxy ev olution and uses the mIFU mode centred on 
selected dwarf galaxies (red circles), which will be selected from previous 
MOS spectra. The zoomed-in image shows the mIFU arrangement of 37 
fibres placed on a single dwarf galaxy. Layer 2 focuses on the filamentary 
large-scale structures that feed galaxy clusters, and uses WEAVE’s ∼1000- 
fibre MOS mode (yellow diamonds). Each cluster will be co v ered by up to 
20 pointings. Layer 3 focuses on the evolution of central cluster galaxies, and 
cosmological constraints that can be drawn from cluster scaling relations. 
It uses WEAVE’s LIFU mode (blue squares), highlighted in the zoomed-in 
image that shows a LIFU pattern placed on a group falling into Abell 2142. 
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Figure 15. The WCN surv e y aims to obtain high-resolution spectroscopy in 
both MOS and mIFU observing modes for a significant population of dwarf 
galaxies in every cluster. The example in the middle panel shows archival 
images for A2152 from the SDSS with two selected dwarf galaxies with 
absolute magnitudes M r ∼ −17. Top panel: a one-dimensional spectrum of 
an example dwarf galaxy (not shown in the image in the middle panel) is 
extracted from Toloba et al. ( 2014 ). Bottom panel: two-dimensional velocity 
and velocity dispersion maps of another example dwarf galaxy from Ry ́s, 
Falc ́on-Barroso & van de Ven ( 2013 ). 

W
r  

r  

t  

g  

d
h  

s
W  

o  

i  

l  

w  

s  

p
t  

s
p
variations. 

25 At the mean redshift of the cluster surv e y, the limiting magnitude of the 
observations will be M r ∼ −15.0, and for the closest ones M r ∼ −14.0. 
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roperties and formation history of dwarf galaxies in high-density 
nvironments. 
pecific scientific questions addressed in this layer of the surv e y

nclude: Are dwarf galaxies primordial or the end products of galaxy 
ransformations? How do dwarf galaxies contribute to ‘archaeolog- 
cal downsizing’ of galaxies (e.g. Nelan et al. 2005 ; Thomas et al.
005 )? What processes drive the transformation of dwarf galaxies 
n clusters? What are the internal dynamics of dwarf galaxies; are 
hey dark-matter-dominated systems, and what are their angular 
omenta? How do these processes depend on properties of the 

alaxies themselves, e.g. stellar populations, metallicities, mass, and 
tar formation history, as well as their local environment? 
he WCN surv e y is a low-spectral-resolution programme combining 

he MOS and mIFU modes of WEAVE (see Fig. 15 ). WCN will
bserve an X-ray flux-limited sample of 47 nearby galaxy clusters 
n the redshift range 0.01 < z < 0.04, co v ering a large range in
luster mass [13 . 2 < log ( M ∗/ M �) < 14 . 5], corresponding to X-ray
uminosities of log( L 500 ) ∈ [42, 45]. This surv e y will pro vide single-
bre spectroscopic information for several thousands of dwarf- 
alaxy ( M r < −16) members, thus providing the largest spectroscop- 
cally confirmed sample of dwarf-galaxy cluster members observed 
o far. In addition, we will obtain spatially resolved spectroscopic 
nformation for ∼1000 dwarf cluster members using the mIFU mode. 
he cluster sample is compiled from ROSAT All-Sky Survey 
ata: the ROSAT Brightest Cluster Sample (BCS; Ebeling et al. 
998 ) and its extension (eBCS; Ebeling et al. 2000 ). The BCS is
0 per cent complete for fluxes higher than 4 . 4 × 10 −12 erg cm 

−2 s −1 

n the ROSAT 0.1–2.4 keV band. The eBCS extends the BCS down
o 2 . 8 × 10 −12 erg cm 

−2 s −1 with 75 per cent completeness. The 
EAVE field of view allows us to observe galaxies in the range 0 ≤
 / r 200 < 1–2 in a single pointing for the selected redshift range, where
 200 is the cluster radius within which the mean density is 200 times
he critical energy density of the Universe at that redshift. The
eneral surv e y strate gy of using 1-hour observing blocks alongside
edicated, existing photometry ensures that selected targets will 
ave an S/N ≥ 5 Å−1 in the galaxy spectra for galaxies with mean
urface brightness within a 1.3 arcsec aperture of 22 mag arcsec −2 . 
e thus expect to obtain LR spectra with high enough S/N to

btain reliable radial velocities for all galaxies down to M r ∼ −16.0
n our selected clusters. 25 This is equi v alent to tracing the galaxy
uminosity function down to at least M 

∗ + 6 for all of the clusters,
here M 

∗ is magnitude of the knee of the luminosity function. The
ample is statistically large enough to study the effects of cluster
roperties (e.g. mass, galaxy density, cluster velocity dispersion) on 
he evolution of dwarf galaxies. We will therefore be able to explore
ystematic differences in dwarf galaxy properties related to the main 
roperties of cluster environments, together with cluster-to-cluster 
MNRAS 530, 2688–2730 (2024) 
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M

Figure 16. The WWFCS will observe 20 nearby clusters with several 
WEAVE pointings to co v er at least 5 R 200 . The left side shows the observing 
strategy of WWFCS based on simulations from THE THREEHUNDRED simu- 
lations tailored to the surv e y (Cornwell et al. 2022 ). Each shaded blue disc 
represents one WEAVE pointing; the black circles are at 1 and 5 r 200 . This 
particular cluster is co v ered with seven pointings, but others require fewer or 
more. The right side of the figure shows filaments identified using the software 
DISPERSE and groups in the infall region of the same cluster simulation (see 
Kuchner et al. 2020 for details). 
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(ii) Layer 2 – WEAVE Wide-Field Cluster sur v ey (WWFCS) :
o understand the effect of environment on galaxy evolution, we
ust understand processes acting during the assembly of clusters.
his includes the collapse and feeding of clusters via filaments and
roups from the cosmic web. This layer of the WEAVE Galaxy
lusters surv e y concentrates on the still-to-be-explored accretion
hysics of cluster infall regions. The WWFCS will observe galaxy
lusters out to five times their virial radius to include galaxies in
laments directly feeding the clusters as well as infalling groups.
WFCS will help answer important questions such as: What kind

f galaxies feed clusters? Does their fraction vary with the mass and
ynamical state of the cluster? Is pre-processing in the form of gas-
pecific (e.g. ram-pressure stripping) or gravitational (e.g. galaxy–
alaxy mergers) processes significant in groups or filaments outside
he cluster cores? How and where do changes in morphology and star
ormation occur, o v er what timescales, and at which mass? How is
GN activity related to filaments? The WWFCS will observe 16–20
lusters at z ∼ 0.05 with 13 . 8 < log ( M ∗/ M �) < 15 . 5 (where M ∗ is
he stellar mass of the cluster) that are drawn from the WINGS sample
Fasano et al. 2006 ), making use of the availability of extensive
ncillary data in the inner region. We will obtain a complete census
f galaxies in and around clusters o v er a broad range of masses
10 9 < ( M ∗/ M �) < 10 11 . 5 ], corresponding to a magnitude limit of
 = 19.75. To ensure uniform co v erage out to at least ∼5 R vir , each
luster will be co v ered by between 6 and 18 MOS pointings, each
ith WEAVE’s 2-deg field of view (see left side of Fig. 16 ). Given the

ow density contrast of filaments (Mart ́ınez, Muriel & Coenda 2015 ),
t is important to target the highest possible fraction of cluster and
nfall region members. This will be achieved by selecting galaxies
ith magnitudes, colours, and importantly, photometric redshifts.
hotometric redshifts are obtained from the 12-band photometry
f the Javalambre Photometric Local Universe Survey (J-PLUS;
enarro et al. 2019 ) fields and open-time observations using the

pectral energy distribution fitting code LEPHARE (Arnouts & Ilbert
011 ). Tests have shown that rejecting targets with ∼3 times the
ypical photometric redshift error of J-PLUS introduces at most

3 per cent incompleteness, while increasing the number of cluster
tructure members by a factor of ∼2 in comparison to a pure
agnitude and colour cut. This leads to an unprecedented total of
NRAS 530, 2688–2730 (2024) 
000–6000 structure member galaxies per cluster, which will ensure
ell-sampled density fields, crucial for mapping and characterizing

he filamentary structure around these clusters (see right side of
ig. 16 ). 
he WWFCS programme will use WEAVE’s MOS mode in low
pectral resolution, co v ering 370–960 nm at R ∼ 5000. The spectra
ill yield emission-line diagnostics, accurate spectral breaks, and

bsorption-line information for all galaxies. Velocity dispersions
nd accurate absorption-line information will be available for the
righter half of the galaxies individually, and statistically for the
ainter half through stacking of spectra. This will shed light on
he preferred routes of mass accretion and investigate the effect
hat this has on galaxy properties. Furthermore, the spectroscopic
edshifts will be crucial for identifying cluster volumes for accu-
ate filament extraction in redshift space (Kuchner et al. 2021 ).
efining filaments is a non-trivial task due to the multiscale and
iffuse nature of the cosmic web (Rost et al. 2021 ). The chal-
enge is to map galaxy environments in sufficient detail within

and to sufficient distance around – the dominating clusters,
here the filaments converge (see right side of Fig. 16 ). In
reparation for this surv e y, we hav e e v aluated the performance
f filament-finding strategies for WWFCS and quantified their
obustness on hydrodynamical simulations of THE THREEHUNDRED

roject (Kuchner et al. 2020 , 2021 , 2022 ). The simulations are
ailored to represent WWFCS cluster observations, which will also
id the interpretation of the surv e y’s findings (Cornwell et al.
022 ). 
(iii) Layer 3 – WEAVE Cosmological Clusters survey: The
ain goal of the Cosmological Clusters surv e y is to study the

volution of galaxies in the cores of clusters out to z ∼ 0.5 and to place
onstraints on cosmological parameters and global scaling relations
sing a complete sample of SZ-selected clusters. The baryonic
omponent of clusters contains a wealth of information about the
rocesses associated with galaxy formation, including the efficiency
ith which baryons are converted into stars and the effects of the

esulting feedback processes on galaxy formation, which then allows
s to estimate the total baryon ( �b : e.g. Voit, Kay & Bryan 2005 ;
organi & Kravtsov 2011 ) and dark matter densities. Moreo v er,
luster abundance studies as a function of mass and redshift, N ( M ,
), are powerful cosmological tools (e.g. Carlstrom, Holder & Reese
002 ) that allow us to set constraints on cosmological parameters
uch as the dark matter and dark energy densities, or the equation of
tate of the dark energy (e.g. Vikhlinin et al. 2009 ; Mantz et al. 2010 ).
urthermore, by selecting galaxy clusters at z � 0.5, WEAVE can
irectly observe the evolution of the stellar populations of galaxies in
luster cores o v er a cosmic epoch o v er which galaxy transformations
re already well documented (e.g. Dressler & Gunn 1982 ; Butcher &
emler 1984 ; Dressler et al. 1997 ) and which can be directly

ompared with other WEAVE surv e ys like StePS (see Section 4.6 ).
pecific science questions that will be addressed include: obtaining
n accurate mass calibration and global scaling relations for a sample
f 75 SZ clusters selected from Planck (Planck Collaboration XXVII
016c ); using the calibration to provide error bars a factor of two
maller than the existing ones on the key cosmological parameters
8 and �m 

; studying the evolution of the stellar populations for a
arge sample of massive galaxies in the central regions of a galaxy
luster in the last 6 Gyr of evolution, using the method pioneered
y S ́anchez et al. ( 2007 ); making comparisons between the z =
 cluster galaxies in Layer 1 and 2 surv e ys and the z ∼ 0.5 field
alaxies in StePS to understand how and when early-type galaxies
ease and quench their star formation activity, and transition to the
ed sequence. 
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Figure 17. Top panel: LIFU footprint (with three dithers) superimposed on 
PanSTARRS1 imaging of cluster PSZ2-77. Middle panels: sum of simulated 
blue-arm (top left) and red-arm (bottom right) data cubes from OpR3b. The 
circles highlight the brightest cluster galaxy, while the thinner green circle 
within each thicker circle labels the extraction apertures in each data cube. 
A projection of the blue-arm data cube (short wavelengths at bottom left, 
long wavelengths at top right) is shown diagonally across the middle panels. 
Bottom panel: one-dimensional spectral extraction of the (simulated) bright- 
est cluster galaxy with spectral features indicated in the plot. The blue- and 
red-arm spectral regions are covered by the blue and red spectra, respectively. 
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he Cosmological Clusters surv e y will use both the LIFU and MOS
odes in the low-resolution mode (see Fig. 17 for an example of
 dithered LIFU footprint on a cluster). This surv e y will observ e a
otal of ∼70 SZ-selected clusters, with low-projected-density clusters 
typically at z < 0.25) observed with the MOS mode and high-
rojected-density clusters (typically at z > 0.25) observed with the 
IFU. 

.6 The Stellar Populations at intermediate redshifts Sur v ey 

ne of the major goals of extrag alactic astroph ysics is to understand
he physical processes that control the formation and evolution 
f luminous structures. While large-scale-structure evolution in 
ur Universe is theoretically understood and well reproduced by 
imulations on scales larger than ∼1 Mpc, on smaller scales the
tellar mass growth of galaxies within dark matter haloes and thus the
omplex mechanisms sometimes called ‘g astroph ysics’ (Bond 1993 ) 
epend on highly non-linear processes (e.g. star formation, energetic 
eedback mechanisms, and mergers), whose detailed mechanisms 
re still largely unknown (Kuhlen, Vogelsberger & Angulo 2012 ; 
ullock & Boylan-Kolchin 2017 ). Advanced theoretical models are 
eeded to shed light on the mechanisms that regulate the connection
etween galaxies and their dark matter haloes, but the complexity 
f the problem is such that observations are essential to empirically
onstrain both theories and simulations of galaxy assembly history 
Wechsler & Tinker 2018 ). 

In the last few decades, the study of galaxies in the local Universe
as greatly enriched our knowledge and understanding of galaxy 
volution. Theoretical and empirical approaches are now anchored at 
 ∼ 0 by the large, uniform, complete spectroscopic measurements 
rom the SDSS (York et al. 2000 ), providing high S/N and ‘high
esolution’ ( R ∼ 2000) spectra of a large, representative sample of
ocal galaxies. Ho we ver, despite their high quality and statistical
ichness, data from the local Universe are not, in general, the ideal
ool for retrieving finer details of the star formation and evolutionary
istory of galaxies. Archaeological reconstruction – retrieving star 
ormation histories at earlier times from spectra observed at z ∼ 0 –
s an extremely difficult task: most of the local galaxies are too old
Gallazzi et al. 2005 ) to resolve differences in the early star formation
istory, due to the similarity of stellar spectra at ages > 5 Gyr. An
lternative approach is the lookback approach, studying and making 
 census of galaxies at earlier and earlier cosmic epochs, comparing
napshots of the galaxy population taken at different cosmic epochs. 
his approach enables us to trace back in time the evolution of
alaxies as a population, but linking the galaxies observed in the
ocal Universe directly to their actual progenitors at higher redshifts 
s a difficult task, due to our fundamental lack of understanding of
hat the actual progenitors of present-day galaxies of different types 

re. 
None of the recent or current large ( N gal ≥ 10 000) surv e ys of

istant galaxies ( z ≥ 0.3) – e.g. AGES (Kochanek et al. 2012 ),
HELS (Geller et al. 2014 ), GAMA (Driver et al. 2012 ), and BOSS
Dawson et al. 2013 ) at the lower redshift end; DEEP2 (Newman
t al. 2013 ), VIPERS (Guzzo et al. 2014 ), zCOSMOS (Lilly et al.
009 ), VVDS/VUDS (Le F ̀evre et al. 2005 , 2015 ), and GMASS
Kurk et al. 2013 ) at the higher redshift end – have adequate spectral
esolution and/or quality to derive stellar population properties 
n sufficient detail for archaeological studies. Low-resolution and 
o w-S/N spectroscopic observ ations can provide galaxy redshifts, 
ough measurements of emission lines, and a reliable estimate of 
he D 4000 break, but detailed information on the stellar and gas
ontent of galaxies can only be achieved through higher S/N and
igher resolution ( R ∼ 5000) spectroscopy – ingredients needed 
o provide reliable measurements of the absorption features in the 
tellar continuum and detailed stellar population and gas modelling. 
he only notable surv e y to date designed to obtain high-quality,
MNRAS 530, 2688–2730 (2024) 
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igh-resolution spectra in the relatively distant Universe is LEGA-C,
hose data are limited to the redshift window 0.6 ≤ z ≤ 1.0 and to a

ample of ∼3200 galaxies within the COSMOS field. The LEGA-C
pectra have a median S/N ∼ 20, and resolution R ∼ 3500 (see van
er Wel et al. 2016 ; Straatman et al. 2018 ). 

StePS will use the WEAVE spectrograph to perform a high-S/N
urv e y of galaxies at moderate redshift, targeting a volume-limited
ample lying mainly in the redshift interval 0.3 � z � 0.7 (Iovino
t al. 2023 ). StePS is thus designed to fill the interesting, yet largely
nexplored niche of the intermediate redshift slice, fitting in between
he SDSS and the LEGA-C surv e y data. StePS and the SDSS alone
lready encompass 6 Gyr of the age of the Universe, i.e. nearly one-
alf of its present age, o v er the period when the cosmic star formation
ate density continues to drop, while galaxies have almost doubled
heir stellar mass in dark matter haloes that are still assembling
Conroy & Wechsler 2009 ). 

To emphasize the need for high spectral resolution, consider
hat while Lick indices (Worthey et al. 1994 ) tend to have central
andpasses of the order of 20–30 Å, the features themselves may only
e 2–5 Å wide. Moreo v er, accurately fitting the absorption lines is
ital for measuring the Balmer emission lines, which often sit on top
f deep absorption features that cannot be modelled and accounted
or in typical low-resolution spectra ( R ∼ 1000, see Fig. 18 ). 

Individual spectra of good S/N are another important ingredient.
hile spectral stacking (e.g. Gallazzi et al. 2008 ) can enable us

o obtain high S/N spectra that provide the correct (light-weighted)
verage properties in a given bin of galaxy properties, it provides
o information about the scatter around this average or the higher
oments of the distribution. Pinning down these moments is impor-

ant for quantifying the amount of stochasticity involved in galaxy
volution processes and the timescales of transitional phases. This
learly adds much more understanding to galaxy evolution than
imply tracing the average time evolution of the properties of galaxy
opulations in given bins. Good-quality individual spectra are crucial
or obtaining a description of any statistical distribution of physical
roperties that goes beyond the most typical. In addition, only a
tudy of individual galaxies would allow for the identification of rare
ddball objects, which may be the ones that will teach us the most
nteresting physics. 

StePS will obtain approximately 25 000 spectra of high S/N and
esolution ∼1 Å using WEAVE’s LR mode ( R ∼ 5000), spanning
he wide wavelength range of 3660–9590 Å. StePS targets will be
elected within four areas on the sky totalling ∼25 deg 2 . The areas
re a subset of the CFHTLS-W1 (02 h 18 m 00 s − 07 ◦00 ′ 00 ′ ′ ) and
4 (22 h 13 m 18 s + 01 ◦9 ′ 00 ′ ′ ) re gions, and of the ELAIS-N1 re gion

16 h 12 m 10 . s 0 + 54 ◦30 ′ 00 ′′ ). An area centred on the COSMOS field
10 h 00 m 28 s + 02 ◦12 ′ 21 ′ ′ ; Scoville et al. 2007 ) is also included, where
icher ancillary data – including HST imaging – are available. This
arge sample will enable us to characterize the ingredients that shape
he history of galaxy assembly with sufficient statistics, exploring
alaxy evolution in a sufficient number of bins of different galaxy
asses, galaxy morphologies and colours, environments, and cosmic

pochs. 
We have estimated that S/N ≥ 10 Å−1 in the observed I band

s an essential requirement to estimate the physical parameters of
nterest with reasonable accuracy, including – but not limited to

stellar ages, stellar and ionized gas metallicities and kinematics,
nd star formation rates (see e.g. Costantin et al. 2019 and Ditrani
t al. 2023 for a detailed investigation of the potential of WEAVE-
ike spectra at such typical S/N values). Such S/N values can be
btained in WEAVE’s red arm with an exposure time of ∼7 hours
n the R ∼ 5000 mode for galaxies down to total galaxy magnitudes
NRAS 530, 2688–2730 (2024) 
 AB ≤ 20.5. At a resolution of R ∼ 5000, which in WEAVE is
efined as the low-resolution mode, and at the required signal-to-
oise le vel, e ven narro w features of galaxy spectra will be easily
esolved, allowing for an accurate measurement of the intrinsic
tellar velocity dispersion. At these – what would be termed in
his area of study – ‘high’ resolutions, galaxy spectra reveal a vast
umber of spectral features, providing an immense resource for
tting models, including the ability to disentangle multiple stellar
opulations, such as the effect of a frosting of a low level of
oung stars o v erlaid on an underlying old stellar population, or
he effects of recent short bursts of star formation followed by
apid quenching. Equally, accurately fitting the absorption lines is
ital for measuring the Balmer emission lines, which often sit at
he bottom of deep absorption features that cannot be modelled
nd be accounted for in lower-resolution spectra. The magnitude
imit of I AB ≤ 20.5 corresponds to a logarithmic stellar mass limit
using a Chabrier IMF) of log ( M ∗/ M �) = 10 . 2 at z ∼ 0.3, 11.0
t z ∼ 0.5, and 11.3 at z ∼ 0.7, thus sampling the high-stellar-
ass tail of the galaxy population. The galaxy surface density of

argets, selected using high-quality photometric redshifts to be at z
0.3, is ∼1500 deg −2 , and is well suited for WEAVE’s multiplex

apabilities with a multipass strategy involving several passes of each
k y re gion. 

For the majority of observed galaxy spectra, StePS will derive
tellar ages, stellar and gas metallicities, dust attenuation, electron
ensities, and ionization parameters. We will infer the past evolution
f galaxies at different masses and redshifts and relate their star
ormation histories to their intrinsic (e.g. stellar mass, galaxy mor-
hology, and dominant power source) and environmental properties,
aking use of the option to stack spectra when their S/N are low.
sing available ancillary photometric data will allow us to create
ell-defined stacks of spectra of even relatively small homogeneous

ub-samples. The observed spectra will also be used to provide
nformation on gas kinematics (including the presence of outflows)
nd stellar velocity dispersions, allowing us to perform a dynamical
lassification of the observed galaxies and to explore in detail the
ink between star formation history, mass-assembly history, and
ynamics. 
Last but not the least, the StePS redshift range, coupled with the

ide spectral range of WEAVE, will enable observations of the near-
ltraviolet and U -band rest-frame spectral windows, bands that can
rovide unprecedented constraints on the youngest components in
alaxies (Vazdekis et al. 2016 ; Salvador-Rusi ̃ nol et al. 2020 ). 

.7 The WEAVE-LOFAR Sur v ey 

he WL surv e y (Smith et al. 2016 , and in preparation) will pro vide
he spectroscopic information to unlock the power of the International
ow Frequency Array Telescope 26 (LOFAR; van Haarlem et al.
013 ). Since its inception, an important driver for LOFAR has been
o carry out a series of surv e ys of the sky at low radio frequencies,
n particular to advance our understanding of the formation and
volution of g alaxies, g alaxy clusters, and AGNs. The LOFAR
urv e ys Ke y Science Project (LSKSP; R ̈ottgering et al. 2011 ) is
arrying out this aim, using a suite of related surv e ys. 

The observations with LOFAR’s High-Band Antennae (HBA)
nclude those used for LoTSS (Shimwell et al. 2017 ), and are
roviding observations across the whole of the Northern sky between
20 and 168 MHz. A lower frequency counterpart of LoTSS, using

http://www.lofar.org
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Figure 18. Comparison of typical SDSS ( z ∼ 0.1, solid coloured lines; York et al. 2000 ) and VIPERS ( z ∼ 0.5, dashed lines; Guzzo et al. 2014 ) spectra of four 
early-type galaxies of different stellar masses (see legend; note that the ordering of the stellar masses matches the ordering of the lines in the figure). VIPERS 
spectra are vertically offset by 10 units for clarity. The S/N of all of these spectra are close to the median value for galaxies of that mass in the corresponding 
surv e y. The black curves show model spectra of single stellar populations with solar metallicities and ages of 2.5–10 Gyr (from bottom to top) from the MILES 
spectral library (Vazdekis et al. 2010 ). Key spectral indices used for estimating the stellar ages or metallicities are indicated, from left to right (CaH + K, Fe4045, 
H δ, Mg b , Fe5270, Fe5335), the grey bands indicating the width of the central Lick wavebands. The low resolution ( ∼16 Å FWHM) of the VIPERS spectra 
smooth out (or fill in) the key spectral absorption features, and the low S/N prevent reliable measurements of the Lick indices for individual galaxies. The higher 
resolution SDSS spectra retain these absorption features, allowing us to reconstruct their finer features. 
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he LOFAR Low Band Antennae (LBA), is the LOFAR LBA Sky 
urv e y (LoLSS; de Gasperin et al. 2021 ), co v ering the frequenc y
ange 42–66 MHz. Because of the influence of ionospheric effects 
n low-frequency observations, LoTSS required the development 
f new direction-dependent calibration schemes (e.g. Tasse 2014 ; 
illiams & R ̈ottgering 2015 ; Hardcastle et al. 2016 ; van Weeren

t al. 2016 ; Tasse et al. 2018 ). It is now possible to routinely
enerate science-quality, pipeline-processed images and mosaics 
ith unsurpassed sensitivity, image quality, resolution, and field of 
iew. The most recent second data release of LoTSS (DR2; Shimwell 
t al. 2022 ) builds on the huge success of DR1 (Shimwell et al.
019 ; Duncan et al. 2019 ; Williams et al. 2019 ), and consists of
OFAR maps and catalogues, plus e xtensiv e ancillary information 

or more than four million sources identified at 150 MHz at > 5 σ
 v er 5700 de g 2 . The median root mean square of the LoTSS data
s 83 μJy beam 

−1 , while the resolution of the LoTSS mosaics is
 arcsec, and the astrometric accuracy relative to the Gaia reference 
rame is < 0.2 arcsec, ideal for selecting WEAVE targets. Progress
ontinues to be rapid, and well o v er half of the Northern sky has so
ar been observed. 

The LSKSP team recently completed the first data release for its
eep Fields (fully described in four works: Duncan et al. 2021 ;
ondapally et al. 2021 ; Sabater et al. 2021 ; Tasse et al. 2021 ),
long with a slew of new science (e.g. Gloudemans et al. 2021 ;
ardcastle et al. 2021 ; Herrera Ruiz et al. 2021 ; Mandal et al. 2021 ;
organti et al. 2021 ; Osinga et al. 2021 ; Smith et al. 2021 ; Wang et al.

021 ; Mingo et al. 2022 ; Kondapally et al. 2022 ). The LoTSS Deep
ields first data release is based on hundreds of hours of 150 MHz
bservations of the best multiw avelength ‘f amous fields’ visible from
orthern Europe. The LoTSS Deep fields DR1 includes tens of deg 2 

f observations spread o v er three fields: Bo ̈otes and Lockman Hole
described in Tasse et al. 2021 ), as well as the ELAIS-N1 field
which contains the deepest data, reaching 20 μJy RMS; Sabater 
t al. 2021 ). The Deep Fields data release includes e xtensiv e ancillary
nformation, including host galaxy identifications for o v er 97 per cent
f the sources (Kondapally et al. 2021 ), as well as photometric
edshifts (Duncan et al. 2021 ). Future Deep Fields releases will be
ased on even deeper 150 MHz data, and include the field at the North
cliptic Pole (NEP). Each field’s position is indicated in Fig. 19 . 
LOFAR selection of targets for WEAVE is ideal since 150 MHz

bservations identify targets on the basis of radio activity (whether 
hat activity is due to star formation or accretion), and independent of
ust obscuration. While the latter effect means that LOFAR-selected 
amples are more representative of the activity in the Universe 
han samples identified at other wavelengths (e.g. in the optical), 
he former ensures that the WL sample is rich with emission-
ine sources. WEAVE’s low-resolution mode having continuous 
av elength co v erage between 360 and 960 nm and high throughput
eans that we expect a redshift success rate approaching 100 per cent

ut to z = 1, and to be able to obtain redshifts for samples of extreme
ources out to beyond z = 6. 

Ho we ver, spectra are required for much more than simply mea-
uring redshifts; it is only by using these data that we are able
o produce the most robust source classifications, and distinguish 
etween sources dominated by star formation, i.e. SFGs, and those 
ominated by accretion on to an AGN (e.g. using emission-line 
lassifications based on the ratios of Balmer and forbidden lines; 
aldwin, Phillips & Terlevich 1981 ). Spectroscopy also allows us 

o reliably distinguish between different accretion modes among the 
GNs, determining whether they are dominated by efficient accretion 
f cold gas (resulting in high-excitation sources) or by inefficient 
ccretion of hot gas (resulting in low-excitation sources; e.g. Best &
eckman 2012 ; O’Sulli v an et al. 2015 ). The ratios of equi v alent
idths of forbidden and Balmer lines as well as the [O III ] emission

ine are widely used for this purpose (e.g. Laing et al. 1994 ; Tadhunter
t al. 1998 ; Buttiglione et al. 2010 ; Best & Heckman 2012 ). These
apabilities are essential given that, even in the widest area LOFAR
bservations, the 150 MHz source population is diverse at the faint
MNRAS 530, 2688–2730 (2024) 
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Figure 19. Outlines of the main WL fields, in the context of the LoTSS data, in equatorial (left) and Galactic (right, compare with Fig. 6 ) coordinates. In both 
versions, the LoTSS hemisphere grid is shown using small black dots, while filled orange circles indicate the LOFAR pointing centres included in the second data 
release of LoTSS, co v ering approximately 5700 deg 2 of the extragalactic sky. Also overlaid are the principal WL Deep Fields (open magenta circles/ellipses), 
and outlines of mid-tier fields (thick lines in light blue, including HETDEX, the region covered by LoTSS DR1; see also Fig. 20 ). The provisional area that will 
be observed by J-PAS is outlined in burgundy, while the perimeter of the fields shared with the WEAVE GA and WQ teams is outlined by the thin green lines in 
the left panel. The co v erage of the Le gac y Surv e ys (De y et al. 2019 ) that we use for cross-identification in LoTSS is indicated by the grey shaded background. 
In the right panel, the Galactic Centre and Anticentre are indicated by black open circles, while the poles in the equatorial reference frame are indicated by black 
circled crosses. In the left panel, the Galactic Anticentre is indicated by black open circle. 
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adio-flux densities sampled, consisting predominantly of SFGs and
adio-quiet AGNs. LoTSS data are considerably deeper than all
ther existing surveys of comparable areas including FIRST (Becker,
hite & Helfand 1995 ), NVSS (Condon et al. 1998 ), and VLASS

e.g. Lac y & VLASS Surv e y Team 2018 ; Myers & VLASS Surv e y
eam 2018 ) and, interestingly, at the faintest flux levels probed by

he deepest LOFAR data, the SFGs and radio-quiet AGNs comprise
ore than 90 per cent of the radio-source population (Best et al.

023 ); spectroscopic follow-up of large statistical samples of SFGs
nd radio-quiet AGNs detected by the deep LOFAR surv e ys will
nable detailed characterization of these populations. Spectroscopy
f radio sources also permits us to measure velocity dispersions,
stimate metallicities (the high resolution of WEAVE – even in its
low-resolution’ mode – is essential here), and derive virial black
ole mass estimates. 
Some of the topics that WL will address include: the star

ormation history of the Universe; the evolution of accretion and
GN-driven feedback; the nature of the Epoch of Reionization

EoR); cosmology; cluster haloes and relic radio sources; and radio
alaxies and protoclusters. We e xpect, for e xample, to identify a
tatistical sample of around 50 radio galaxies at z > 6 (Saxena,
 ̈ottgering & Rigby 2017 ; Saxena et al. 2018 ); these sources are
ivotal for conducting 21-cm absorption experiments, giving a new
indow on the change of state brought about in the IGM during

he EoR by the first stars/galaxies/AGNs. EoR 21-cm studies offer
he best way to answer key questions about this poorly understood
eriod in cosmic history: how long did it last, and which sources
ere responsible? The MOS component of WL will obtain more

han a million spectra of 150 MHz-selected sources, almost three
rders of magnitude more than the largest existing spectroscopic
urv e ys targeting radio sources. These large numbers of sources
ill lend immense statistical power to this uniformly selected and
omogeneous spectroscopic data bank, offering us the chance to
imultaneously model the populations of SFGs and AGNs as a
NRAS 530, 2688–2730 (2024) 

c  
unction of stellar mass, environment, and redshift. In this way,
e can shed new light on the complicated interplay between the
ey processes thought to shape galaxy formation and evolution. WL
pectroscopic redshifts will also enable much impro v ed cosmological
arameter determination from LoTSS, building on the earlier work
y Siewert et al. ( 2020 ), Alonso et al. ( 2021 ), and Tiwari et al. ( 2022 ).
To achieve these goals, WL has been designed to predominantly

tilize WEAVE’s MOS mode, using a tiered layout. The tiers –
hosen to statistically sample the redshift–luminosity plane, the
hanging demographics of the radio-source population, and the
rocesses driving their evolution – are as follows: 

(i) W ide tier , tar geting sources brighter than ∼10 mJy at 150 MHz
elected o v er an area of up to 10 000 deg 2 from LoTSS. 

(ii) Mid tier , targeting 150 MHz sources brighter than ∼1 mJy ,
ncluding o v er the HETDEX spring field (Fig. 20 ; where more than
00 deg 2 of the LoTSS first data release are located) and targeting
ainter 150 MHz sources > 500 μJy o v er the unique Herschel-
TLAS NGP field. 
(iii) Deep tier , co v ering an area of up to 50 de g 2 and targeting

ll radio-detected sources detected in the LoTSS Deep fields data
o v ering the Bo ̈otes, Lockman Hole, ELAIS-N1, and NEP fields. 

We emphasize that we do not make use of any selection criteria
ther than the 150 MHz flux limits. Given the flux limit, sources
etected in the Wide tier will have low-frequency radio spectral
ndex information from the combination of LoTSS (144 MHz) and
oLSS (54 MHz) data. In the Wide and Mid tiers, we will use 1-
our integrations for every target. In the Deep tier, we will revisit
hose ‘hard’ sources (perhaps 30 per cent of the whole sample) that
o not yield redshifts within a single 1-hour OB for up to four
urther hours. By doing this, we expect to obtain redshifts for 15–
0 per cent of these hard sources and, in doing so, sample a part
f the radio-source population that would otherwise have remained
ompletely inaccessible. Since we are relying on the pre v alence of
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Figure 20. 150 MHz mosaic of the region surrounding the HETDEX field using LoTSS data from the second data release (red colour scale, from Martin 
Hardcastle, pri v ate communication). The HETDEX spring field is one of the principal areas of sky in the WL ‘Mid’ tier. Overlaid on the map (the full-resolution 
version of which reaches a median noise level of 69 μJy beam 

−1 and contains > 500k sources detected at > 5 σ at 150 MHz) is the pointing grid for the fields 
shared with the WEAVE GA and WQ surv e ys, co v ering the whole sky north of Dec = −10 deg (black dots, derived using the method of Saff & Kuijlaars 1997 ). 
The blue dots indicate those WEAVE pointings on the hemisphere grid within the outline of the HETDEX surv e y (black thick line; Hill et al. 2008 ). Note that 
this grid differs from the one used for LoTSS on account of LOFAR’s even larger field of view. The black thick line also corresponds to the WQ-HighDens 
footprint boundary for WQ. The grey circle indicates the field of view of WEAVE in its MOS mode, to give a sense of the scale of this field. 
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right emission lines in our LOFAR-selected sample for achieving a 
igh redshift success rate, it follows that for many of our targets the
EAVE LR spectra will not detect the continuum. Spectral stacking 

xperiments – relying on the large samples coupled with the high 
uality and uniformity of the WEAVE LR spectra – are therefore 
 critical means of studying the continuum of 150 MHz sources
and all of the information it contains) as a function of stellar mass,
nvironment, redshift, and source classification. 

We also have plans to use the WEAVE integral-field spectrographs 
mIFU and LIFU) in relatively undersubscribed weather conditions 
o study individual sources in more detail and, in doing so, build on
he broad picture that will be produced by the MOS surv e y. Using the

EAVE mIFUs in LR mode, we will obtain resolved spectroscopy of
round 1000 bright background sources identified in the WL-Wide 
ier, and which have foreground neighbours that appear close in 
rojection. This sample will enable us to identify absorption systems 
n the line of sight, and allow for the study of the properties of the
xtended neutral gas reservoirs. These reservoirs can only be detected 
n absorption against a bright background continuum source, but they 
lay a critical role in fuelling star formation (e.g. Maddox et al. 2015 ;
utta et al. 2017 ). We will also use the LIFU in HR mode to study

he details of AGN feedback in nearby cluster cores, including the 
elationship between the radio jets, the intracluster medium, and the 
entral cluster galaxy. We will revisit the same targets as often as
he conditions and WEAVE SCHEDULER allow, building increasingly 
ensitive data cubes. With this data set, we can conduct the best-yet
tudy of the 10 6 K plasma probed by coronal lines (revealing the
ooling in action), as well as the kinematics of the ionized gas, and
econstruct the stellar population in these local analogues of starburst 
alaxies containing powerful AGNs at z > 1. 

The scope of WL is unprecedented, and it is therefore all but
uaranteed that the WL surv e y will also disco v er some wholly
nexpected phenomena within the rich le gac y data set that it will
roduce. 
P
.8 The WEAVE-QSO Sur v ey 

he WQ surv e y (Pieri et al. 2016 , and in preparation) will ob-
erve around 450 000 high-redshift quasars o v er an area of up
o 10 000 deg 2 called WQ-Wide. Nested within this, we intend to
urv e y a denser sampling of quasars targeted with J-PAS (Javalambre
hysics of the Accelerating Universe Survey; Benitez et al. 2014 )
ata o v er ∼6000 de g 2 . Further nested within this wide J-PAS area
s a special, high-density footprint of ∼420 deg 2 in the HETDEX
pring field called WQ-HighDens. All objects targeted by WQ will 
e chosen to reco v er spectra of quasars with z q > 2.2, which is
ufficiently high to provide coverage of the L yman- α (L y α) forest
t z > 2 (hereafter, we use the term ‘Ly α-forest quasars’ for these
bjects). The objective is to deepen our understanding of the IGM, the
ircumgalactic medium (CGM), and large-scale-structure cosmology 
hrough the study of intervening Ly α and metal-line absorption. 

The science objectives of WQ are associated with two obser- 
ational challenges: the probing of three-dimensional large-scale 
tructures that span multiple quasar sight-lines (both statistically and 
n the form of maps), and the detailed study of small (extragalactic)
cales in one dimension along isolated sight-lines. The former is 
ontingent on WQ’s expected observations of an unrivalled number 
ensity of Ly α-forest quasars, while the latter rests on the WEAVE
urv e y’s unprecedented resolution and S/N among massive spectro- 
copic surv e ys. This science is based on a near-complete and pure
ampling of Ly α-forest quasars. 27 WQ fields are predominantly at 
igh Galactic latitudes, where the science return is optimized by 
ide-area co v erage in WQ-Wide. Fields will therefore be shared
ith the WEAVE GA and WL surv e ys in the LR mode, with some

imited data also in the HR mode through additional field-sharing 
ith the GA surv e y. WQ will also have a smaller, higher density
MNRAS 530, 2688–2730 (2024) 

alanque-Delabrouille et al. ( 2016 ). 
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R-mode footprint in WQ-HighDens, sharing fields only with GA
argets. 

A major goal of WQ is to help address one of the main cos-
ological challenges of our time: determining the cause of the

cceleration in the expansion of the Universe (termed ‘dark energy’).
 natural approach to the problem is to measure the expansion history
f the Universe at various epochs to characterize its emergence.
aryon Acoustic Oscillations (BAOs; e.g. Seo & Eisenstein 2003 ) are
otentially observable o v er the entire post-recombination Universe
nd so provide a convenient standard ruler with which to achieve this.
n quasar absorption spectroscopy, we measure large-scale structure
n ‘skewers’ of density through the Universe, along the lines of
ight to these quasars. In this way, we can probe the large-scale 3D
istribution of gas using statistical correlations between lines of sight,
llowing a measurement of BAO and hence expansion at z > 2. This
ethod was first demonstrated with the Baryon Oscillation Spectro-

copic Surv e y (BOSS; e.g. Busca et al. 2013 ), and reached maturity
n final BOSS results (Bautista et al. 2015 ; du Mas des Bourboux
t al. 2017 ) with a sample of ∼150 000 Ly α-forest spectra observed
 v er fiv e years, and further dev eloped in eBOSS (Da wson et al.
016 ; de Sainte Agathe et al. 2019 ; Blomqvist et al. 2019 ; du Mas
es Bourboux et al. 2020 ) to reach o v er 200 000 quasars with z q > 2.

WQ will approximately double the number of observed Ly α-
orest quasars and, more importantly, achieve an unprecedented
umber density on the sky. Ly α-forest measurements of 3D large-
cale structure remain far from the cosmic variance limit in next-
eneration surv e ys. Furthermore, the value to the surv e y of selecting
n y giv en quasar for these measurements is a weak function of
ignal-to-noise (e.g. McQuinn & White 2011 ). We therefore conclude
hat the principal driver of correlation-function precision (and hence
xpected BAO constraints) is the number density of quasars to be
bserv ed. WQ will pro vide competitiv e constraints despite observing
ittle more than half the number of Ly α-forest quasars expected in
ESI, the other next-generation quasar survey (DESI Collaboration
016a ). WQ will achieve the necessary boost in BAO precision by
oncentrating on a higher density sampling. This will be achieved
hrough observing more quasars per unit area o v er a smaller footprint
up to 6000 deg 2 instead of the 14 000 deg 2 currently planned for
ESI; DESI Collaboration 2016a ), a narrower redshift range, and a
agnitude limit fainter by 	 r ≈ 0.5. 
In the magnitude range 21.5 < r < 23.5 and within the wide

-PAS targeted footprint, WQ will observe a redshift subset of the
vailable Ly α-forest quasar population. This is in order to obtain the
ighest sampling density possible for large-scale-structure analyses
n 3D. Two options presented themselves as broadly bisecting the
y α-forest quasar population: z < 2.45 and z > 2.45. A convenient
etric for the 3D large-scale-structure statistics is provided by BAO
easurement precision, and a convenient baseline for comparison is

he DESI surv e y as currently planned (DESI Collaboration 2016a ).
isher forecasts were previously used to assess this choice (Pieri
t al. 2016 ), and we return to the question here of using models based
n 100 random realizations of correlation functions derived from the
caled BOSS covariance matrices (following the method set out by du

as des Bourboux et al. 2017 and Blomqvist et al. 2018 ). The results
re summarized in Fig. 21 , assuming a 6000 deg 2 footprint, and
how that the WQ surv e y is more optimal when directed towards this
igher-redshift window. This projection neglects the fact that DESI is
oosted in the low-redshift window through the cross-correlation of
ower-redshift quasars, further reinforcing the preference for higher-
edshift quasars. 

Consequently, we choose to target faint quasars with 2.45 < z q 
 3 for statistical measurements of 3D large-scale structure. Note
NRAS 530, 2688–2730 (2024) 
hat this requirement is lifted in the special high-density field of
Q-HighDens, where we target all available Ly α-forest quasars. 
The high density of quasars required for competitive 3D large-

cale-structure analyses and the maximal brighter sample needed
or high-quality isolated sight-line studies both require � 90 per cent
y α-forest quasar completeness. This will be achieved with J-PAS for

he majority of the WQ surv e y footprint. J-PAS is an imaging surv e y
o v ering more than 8000 deg 2 (see Fig. 19 ) with 56 narrow-band
lters, of which a co v erage of ∼6000 deg 2 of the WQ footprint is
xpected on a timescale practical for WQ target selection. Ly α-forest
uasars will be derived from this sample using a variety of machine-
earning methods trained and tested on a variety of simulated and
bservational data (P ́erez-R ̀afols et al. 2020 , 2023 ; P ́erez-R ̀afols &
ieri 2020 ; Bonoli et al. 2021 ; Mart ́ınez-Solaeche et al. 2022 ; Queiroz
t al. 2023 ; Rodrigues et al. 2023 ). 

In addition to using J-PAS data for target selection, WQ will join
ith J-PAS to cross-correlate the Ly α forest with J-PAS quasars even
hen not targeted spectroscopically, and to explore cross-correlation
ith faint Ly α sources in J-PAS images treated as an intensity map.
he ability to statistically study various IGM/CGM properties using
uch high-density quasar sampling and high completeness has been
emonstrated in BOSS and eBOSS or tested in simulations (e.g.
lomqvist et al. 2018 ; Gontcho A Gontcho et al. 2018 ; P ́erez-R ̀afols
t al. 2018 ; Sorini et al. 2018 ; Sorini, Dav ́e & Angl ́es-Alc ́azar 2020 ;
orrison et al. 2021 ). 
Our measurement of 3D large-scale structure is not limited to

tatistical estimators such as correlation functions of the Ly α forest.
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Figure 22. Transverse slice of the original (left) and reconstructed (right) 
density field in two WQ configurations at z = 2.12. Top right: a projected 
60 cMpc h −1 -thick slice of the tomographic reconstruction illustrating the 
potential WQ sample in WQ-HighDens. The transverse correlation length 
L T is set to 14 cMpc h −1 . Top left: original density field smoothed with a 
Gaussian kernel at the same scale. Bottom right: projected slice (20 cMpc h −1 

in thickness) of the peak tomographic reconstruction expected over a few 

Mpc around 60 small patches where quasars appear closely clustered. This 
corresponds to a transverse separation of ∼1 . 5 cMpc h −1 . Bottom left: 
original density field smoothed with a Gaussian kernel at the same scale. 
The colours of the maps encode the density contrast. 
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osmic-web mapping through large-scale-structure tomography will 
e pursued via three distinct programmes: a wide tier (in WQ-Wide) 
t low density (and so mapping LR), a higher density tier with higher
esolution (in WQ-HighDens), and one focused on rare, close groups 
f quasars (in WQ-Wide). For the wide tier, WQ occupies a no v el
iche as the only current or imminent surv e y with an area larger
han 15 deg 2 . Other rele v ant facilities include the COSMOS Lyman-
lpha Mapping And Tomography Observations (CLAMATO: Lee 

t al. 2018 ; 0.8 deg 2 ), PFS (Takada et al. 2014 ; ∼15 deg 2 ), the Multi-
bject Spectrograph for Astroph ysics, Interg alactic-medium studies 

nd Cosmology for the Extremely Large Telescope (MOSAIC/ELT: 
apelj et al. 2019 ; < 10 deg 2 ), and the Maunakea Spectroscopic
xplorer (MSE: The MSE Science Team 2019 ; ∼80 deg 2 ). These
urv e ys will achiev e transv erse lengths (the average separation
etween sight-lines) of 2–3 cMpc h 

−1 , and while WQ will only 
chieve ∼15–20 cMpc h 

−1 , it will do so up to 6000 deg 2 and in rare
ases will reach a peak resolution as high as ∼1 cMpc h 

−1 . 
Higher average resolution ( � 15 cMpc h 

−1 ) is expected over the 
420 deg 2 of the WQ-HighDens footprint (Fig. 20 ), where we will

urv e y quasars densely without limits on the Ly α-forest redshift
ange. 

The potential IGM tomography we may derive from this sample 
s illustrated in the upper panels of Fig. 22 and further detailed in
 forthcoming WQ publication (Pieri et al., in preparation). The 
pper left panel shows a simulated H I distribution generated from a
ark matter simulation and the LYMAS code 28 (Peirani et al. 2014 ),
8 http:// www2.iap.fr/ users/ peirani/ lymas/ lymas.htm 

l
i
w  
moothed to reflect the desired resolution. The upper right panel 
hows a projection of WQ-based reconstruction of this simulation 
n WQ-HighDens through Wiener filtering (e.g. Pichon et al. 2001 ;
aucci et al. 2008 ; Lee et al. 2018 ) with a random distribution of
y α-forest quasars. Note that we neglect here the potential boost we
ay derive by incorporating the HETDEX data of Ly α emitters into

he reconstruction. 
The WQ-Wide footprint is expected to provide peak cosmic web 

econstruction resolution in approximately 60 small patches where 
hree or more quasars with r < 21 are separated by ∼1 cMpc h 

−1 .
his is demonstrated in the lower panels of Fig. 22 . The bottom

eft panel shows a simulated H I distribution smoothed to reflect
ur desired peak resolution. The corresponding tomographic recon- 
truction provided by these WQ multiplexes is shown in the bottom
ight panel (though this is naturally not available for the entire
00 cMpc h 

−1 -wide region shown). The IGM tomography potential 
f WQ is explored further in Kraljic et al. ( 2022 ). Beyond these
eak-resolution regions and the WQ-HighDens area, the resolution 
ill vary up to around 15–20 cMpc h 

−1 , making it suitable for a wide
 oid/non-v oid separation (Ozbek, Croft & Khandai 2016 ). 
All of these maps of varying resolution will provide insights into

he impact of environment on IGM and galaxy properties, noting 
hat z > 2 is the epoch where the star formation rate reaches its
eak (Hopkins & Beacom 2006 ; Madau & Dickinson 2014 ), where
nterg alactic g as accretion along filaments is critical for the formation
f galaxies (e.g. Kere ̌s et al. 2005 ). Furthermore, a complete sample
f quasars will allow for the study of their connection to large-scale
re)ionization of the cosmic web (e.g. Morrison et al. 2019 ). 

Beyond the J-PAS targeted sub-area of WQ-Wide, WQ will 
bserve bright quasars and, over its entire low-resolution footprint, 
Q will obtain spectra of almost all bright ( r � 21) Ly α quasars. This

onstitutes up to 4000 deg 2 targeted initially using a combination of
aia + unWISE objects (Shu et al. 2019 ) and SDSS-IV DR16 (Lyke

t al. 2020 ), with Gaia spectroscopy to be incorporated progressively
e.g. Gaia Collaboration 2023b ). 

With the addition of this sample, WQ will offer unparalleled 
pectral resolution (mostly R = 5000 but also R = 20 000) with high
ignal-to-noise ( > 4–7 Å−1 ). Impro v ed spectral resolution will enable
he study of gas temperature and structures on smaller scales (e.g.
alanque-Delabrouille et al. 2013 ; Viel et al. 2013 ): the relationship
etween temperature and density in the IGM is a fundamental 
uantity describing the physical state of baryons during reionization. 
uch data will allow the study of smaller scale power in the matter
istribution, measuring neutrino masses and alternative forms of 
ark matter. The impro v ed resolution pro vided by WQ will aide
n breaking the de generac y between the small-scale suppression of
ower caused by IGM temperature and these cosmological effects, 
hich are currently marginalized o v er using e xtensiv e and e xpensiv e
ydrodynamic simulations. 

Galaxies and CGM regions are identified in absorption as damped 
y α systems (e.g. Krogager et al. 2017 ), Lyman-limit systems (e.g.
umagalli et al. 2013 ), and strongly blended Ly α systems (Pieri et al.
014 , and Morrison et al. 2023 ). The BOSS and eBOSS surv e ys
emonstrate that a great deal can be learnt about such systems (e.g.
oterdaeme et al. 2012 ; Pieri et al. 2014 ; Mas-Ribas et al. 2017 ).

mpro v ed spectral resolution and signal-to-noise provided by WQ 

ill allow greater fidelity of such systems, and machine-learning 
ethods have been developed to recover them (e.g. Fumagalli, 
otopoulou & Thomson 2020 ). In particular, damped systems with 

ower column density and/or higher redshift will be more readily 
dentified. Furthermore, narrow metal absorption lines associated 
ith the ISM, CGM, and IGM will be more statistically significant,
MNRAS 530, 2688–2730 (2024) 
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esolv ed, and informativ e in WQ spectra. Studying the properties of
uch systems will be of increasing importance o v er the coming years
iven the quality and size of the WQ sample combined with wide-
rea z > 2 galaxy surv e ys such as HETDEX. This is a key epoch for
alaxy assembly, as it includes the early portion of the peak in the star
ormation rate. The combination of absorber fidelity, gas temperature,
mpro v ed galaxy identification, small-scale CGM effects, and large-
cale-structure context, all at the peak of star formation rate, will
ake WQ transformative for our understanding of galaxy formation.
In weather conditions deemed sub-optimal for our primary-science

urposes, we intend to use the LIFU to target quasar pairs or groups
oo close to be targeted in the MOS mode. We will also probe
xtended emission near quasars and unresolved galaxies in front
f quasars using the mIFU mode. These science goals are well
dapted to poor seeing, as the LIFU fibres have twice the diameter of
heir MOS counterparts (see Table 2 ), while extended or unresolved
mission need only be within the mIFU. 

The WQ surv e y aims to achiev e an unprecedented div ersity of
GM science goals spanning scales from sub-kpc structures in the
GM to the BAO scale. This will be achieved chiefly by exploiting
EAVE’s high spectral resolution and WQ’s high target density with

espect to previous and contemporary spectroscopic surv e ys. 

 T H E  W E AV E  SIMULATO R  

uring the preliminary design phase of the project, it was recognised
hat the spectral resolution delivered by the spectrograph would vary
s a function of wavelength and as a function of fibre position
long the slit (Fig. 23 ). After initial modelling of this effect at a
o w le vel for v alidation of the design, it was decided that a full image
imulation would be required to pro vide representativ e input for end-
o-end testing of the data-processing system. This section provides a
escription of such a simulator that was created in order to generate
epresentative data for the majority of WEAVE Survey use cases as
art of a full Operational Rehearsal (see Section 6 and Dalton et al.
016b ), in order to simulate the implementation of the Surv e y. 

.1 Point spread functions 

n order to capture the variation in point spread function (PSF) across
he field, we used ZEMAX 

29 to generate the PSF at nine equally spaced
avelengths for each fibre in the top half of the slit for each of the
v e modes giv en in Table 3 . Each PSF is generated as a 25 × 25 pixel

mage with 15 μm pixels, using 10 7 rays to ensure that the outer wings
re fully sampled. The ray trace assumes a uniform circular output
perture for the fibre, which is not strictly correct but considered to
e adequate for the purposes of this simulation. Internal vignetting
n the spectrograph is included here. Each PSF generated in this way
s centred on the chief ray, and the position of this in focal plane
oordinates is recorded. These data are generated once only for each
ode using the nominal configuration of the spectrograph optics and

tored for use at runtime. 

.2 Input fields 

he simulator is driven by an input in the form of an extended OB
ML file, with additional elements for the actual conditions of the
bservation (time, date, seeing, and transparency), together with an
dditional descriptive element for each target containing velocity
NRAS 530, 2688–2730 (2024) 
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o  

c

or redshift), magnitude, bandpass, target FWHM (for extended
ources), and the appropriate spectral template to use. The input
eld is parsed to determine the location and fibre allocation for each

arget, and these are used to calculate the vignetting factor at the
elescope focal plane (due to the prime-focus corrector optics) and
he expected light loss at the spectrograph collimator (due to the
on-telecentricity of the input to this fibre at this field position). 

.3 Sky background 

or each OB, we use the expected date and time of observation to
alculate the ele v ation, moon phase, and moon–target separation for
he mid-point of the OB. We then use the ESO P aranal sk y simulator
 SKYCALC : Noll et al. 2012 ; Jones et al. 2013 ) to generate an estimate
f the sky emission and absorption spectra for this observation at
 = 50 000 from 360 to 970 nm, which is then degraded to match

he resolving power of WEAVE ( R = 5000 for LR and R = 20 000 for
R in the MOS/mIFU modes, each further lowered by a factor of two

or the LIFU mode; see T able 3 ). W e neglect the zodiacal emission
erms, and scale the SKYCALC output spectrum to the recorded La
 alma sk y brightness for this date and time. The sk y spectra are
esampled to 20 000 pixels across the bandpass of each WEAVE
ode to form a basis for each fibre input. 

.4 Template spectra 

he template spectra referenced in the OB XML file are provided
y the science teams to generate representative samples of spectra to
est the data-processing pipelines. Each template is provided in flux
nits with the assumption that it will be scaled to a given apparent
AB) magnitude for observation. The only practical constraint on
he input spectra is that they cover the full WEAVE spectral range.
or each fibre allocated to a target, the template is read in, scaled

o the appropriate magnitude and velocity or redshift, and converted
rom flux to incident photons. Finally, each spectrum is scaled to
ccount for vignetting/telecentricity factors described in Section 5.2 ,
perture losses appropriate to the seeing extant at the time of the
bservations, and the telescope aperture and the exposure time. We
pply the instrument throughput for the rele v ant mode, for which we
dopt the as-designed throughput estimates reported in Dalton et al.
 2014 ). 

Since the different surv e ys hav e targets with very different charac-
eristics, the simulator also allows for targets to have pre-determined
perture losses for extended sources, and pre-determined input fluxes
no magnitude scaling) for emission-line targets. Finally, the input
ky spectrum (scaled by the appropriate factors for each fibre) is
dded, producing the final input spectrum for each fibre. 

.5 PSF resampling 

or each fibre in turn, the PSF library described in Section 5.1 is
hen interpolated to give an array of 20 000 PSFs over the observed
avelength range (each centred on the ef fecti ve position of the chief

ay at the appropriate wav elength). F or a subset of these, we directly
alculated the same PSF in ZEMAX to check the validity of the
nterpolation. Each of these 20 000 PSFs is then resampled using
 bi v ariate spline e v aluated o v er a rectangular mesh to place the
hotons into the appropriate pixels of the WEAVE CCDs. 
For fibres in the lower half of the slit, we use mirror images

f the upper-half PSFs in order to save on storage space and save
omputation time. 

https://www.zemax.com
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Figure 23. Nominal WEAVE spectral resolution as a function of fibre number ( x -axis) and wavelength ( y -axis), computed from the spectrograph optical model. 
Left: low-resolution blue VPH grating. Right: low-resolution red VPH grating. Contours label regions of equal spectral resolution R = λ/ 	λ. Note that these 
resolving powers correspond to MOS and mIFU modes, and are halved in the LIFU mode with its two-times larger fibres (see Table 2 ). 
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.6 Output images 

hen the spectra for all fibres have been added to the CCD images,
he CCD bias, read-out noise, and Poisson noise are all added. The
mages are then saved with a complete FITS header, representative 
f the final WEAVE images. These images can then be sent to the
EAVE SPA pipelines for processing and distribution to the science 

eams via WEAVE’s data archive system. 

.7 Calibration frames 

n addition to science data frames, the simulator also generates 
alibration data frames in the form of bias, fibre flat-field, detector 
at-field, and calibration arc-lamp frames. Fibre flat-fields and arcs 

nclude the same input losses at the telescope focal plane as the
cience data and the correct header information in order to allow the
ata-processing chains to function. For the flat-field lamp spectra, we 
ssume a blackbody spectrum at 3500 K. For the arc lamp, we use
he ThAr lamp spectral data from the National Optical Astronomy 
bservatory atlas, 30 sampled at 0.002 nm pix el −1 o v er the range 360–
60 nm. 

 O P E R AT I O NA L  REHEARSALS  

sing the WEAVE Simulator described in the previous section, a 
eries of e x ercises were conducted to simulate the implementation of
he Surv e y. These Operational Rehearsals (OpRs) were designed 
o simulate and test the flow of data in various guises through
nd between different nodes of the WEAVE data systems (see 
ections 2.5 and 2.6 ), including the OCS, CPS, APS, and WAS.
he OpRs have also seen significant involvement of Science Team 

embers, mainly through the work of the SWG (see Section 3.1 )
nd the QAG (see Section 3.3 ), as well as other key individuals in
harge of assembling input target catalogues. 
0 http:// iraf.noao.edu/ specatlas/ thar/ thar.html 

o  

c
e

A simplified description of the flow of data and information in the
pR context is as follows: 

(i) input FITS catalogues are submitted to the WASP, hosted at the
ambridge Astronomical Surv e y Unit (CASU), Cambridge, where 
ll targets are assigned a ‘CNAME’ once a given catalogue has
uccessfully passed verification tests for certain required header 
 eyw ords, amongst others. The CNAME for a target is based on
ts right ascension and declination, and is an immutable attribute for
dentifying that particular target in the WEAVE data-processing and 
rchive systems; 

(ii) CNAME-containing FITS catalogues are then used by the sci- 
nce teams to create a series of ‘protofields’, which, for each WEAVE
OS and mIFU observation, contains a selection of potential science 

argets and guide stars: 

(a) for the MOS mode, protofields containing approximately 
2000 potential science targets, as well as lists of guide stars,
white dwarf stars (for calibration and the White Dwarfs surv e y,
Section 4.3 ), and ‘sky’ positions if the user chooses to specify
these in advance, form the input to CONFIGURE (see Section 2.2 ),
the output of which are configured (or ‘ CONFIGURE -output’) XML
files; 

(b) for the mIFU mode, protofields are similar to those created 
for the MOS mode, but contain only positions of the objects lying
within the boundaries of (and typically centred on) the 20 mIFU
bundles, which CONFIGURE translates into a set of fibre positions 
for the individual mIFU fibres of each mIFU bundle; 

(c) for the LIFU mode, a protofield contains a single pointing 
that defines the centre of the field (along with a position angle
set to optimize the guide-star position on the offset LIFU guider),
which CONFIGURE translates into a set of fibre positions for the
fixed LIFU fibre array; 

(iii) XML files are submitted to the WASP, which performs a series
f checks on the files received, ranging from a baseline structure
heck against template XMLs for the checking of constituent 
lements, to the verification of instrumental mode and observational 
MNRAS 530, 2688–2730 (2024) 
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equirements against the CNAME-containing FITS catalogues from
n earlier stage of the process; 

(iv) WASP-verified XML files are collated and sent to the OCS,
hich then ingests the files as OBs into its OB database; 
(v) prior to and during each (simulated) observing night, the

CHEDULER (WEAVE observation queue scheduler; see Section 2.5 )
reates a real-time queue of OBs to be e x ecuted, depending on current
nd predicted weather conditions one hour ahead of observing time;

(vi) scheduled fields are ‘observed’ using the WEAVE Simulator
see Section 5 ); 

(vii) raw data are sent from the ‘telescope’ to CASU, where they
ndergo initial processing by the CPS; 
(viii) CPS-output data are transferred to the APS, hosted at the

AC, Tenerife, for further, adv anced-le vel processing; 
(ix) outputs from the CPS and the APS are ingested by the
AS, hosted at Telescopio Nazionale Galileo, La Palma, ready for

nspection and download by the QAG through the archive system. 

The first Operational Rehearsal (OpR1) was an e x ercise centred
n testing particular aspects of the data-flow model, ensuring
hat raw and reduced data could be mo v ed correctly around the
ata-processing and data-archiving systems. File transfer and data-
rocessing speeds were monitored, allowing weaknesses in the
onfiguration of the systems to be identified and impro v ed. 

The second Operational Rehearsal (OpR2) comprised a series of
ata-flow simulations aimed at pushing data from the telescope all
he way to the end user through two stages of data processing and
nal archi ving. Se veral enactments of OpR2 were performed (the
ost prominent of these being OpR2.5; see e.g. Fig. 5 ) following

he identification and subsequent resolution of a number of issues in
he data-processing pipelines, as well as in the inputs provided by
he Science Team. The SWG, QAG, and other core members of the
ndividual science teams 31 were heavily involved in OpR2 through
he preparation and submission of FITS catalogues of potential science
argets as well as template spectra assigned to these targets, and in us-
ng CONFIGURE to produce configured fields in the form of XML files.

The third Operational Rehearsal (OpR3) – the latest in the series
again tested all of the previously listed steps on algorithms and

ipelines for the MOS mode (upgraded in the interim) and the LIFU
ode, as well as a number of other details related to node interactions.
s the last of the OpRs with full involvement of the science teams
efore an external survey-readiness re vie w (successfully completed
n 2020 January) and before WEAVE going on sky, OpR3 has been
rucially important for ensuring that node-to-node interfaces work
fficiently and seamlessly, and that the workings within each node
ave been set up to proceed optimally. At the time of writing, the
IFU mode is undergoing a similar, dedicated e x ercise. 
There are naturally some differences between the OpR set-

p and what is envisaged for real Surv e y operations. Ho we ver,
he framework of the data flow used for the OpR e x ercises was
stablished with real Surv e y operations heavily in mind, mimicking
s closely as possible how, for instance, submissions and verification
f input FITS catalogues and CONFIGURE -output XML files would
e handled by the WASP. In general, OBs were scheduled (and
hus also ‘observed’) on specific ‘nights’ corresponding to a real
istorical date, whose archived weather conditions at the WHT could
e used to set the observing conditions. The WEAVE Simulator
 ould then tak e, as input, a CONFIGURE -output XML file, along with

he observing conditions for the time of the observation and template
NRAS 530, 2688–2730 (2024) 
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t  

t  

t  

q  
pectra corresponding to the targets in the field, and simulate their
bservation by WEAVE. 
Given the importance of the simulated implementation of informa-

ion and data flow in preparing for the running of the WEAVE Surv e y,
he following subsections provide further details of the key stages of
pR3, highlighting their initial goals as well as some lessons learnt.

.1 Operational Rehearsal 3a 

perational Rehearsal 3a (OpR3a) was a scheduling e x ercise co v er-
ng a virtual period of three non-contiguous months o v er the course
f just o v er one year. These three periods, named S1–S3, allowed us
o test the ability of the SCHEDULER to handle the creation of real-time
ueues of OBs on an hourly basis given realistic weather conditions.
ach OB specified all required elements for an observation – field
entre, requirements for observing conditions, and instrumental set-
p, etc. – apart from the location of individual fibres within the field,
nd the SCHEDULER was used to create nightly queues of OBs to
e observed according to archi v al weather data at the WHT for the
orresponding dates being used for the OpR3a simulation. 

OpR3a enabled the SCHEDULER to be tested for OB queue creation
sing a mixture of fields prepared for the LIFU and MOS modes.
hile science can be performed using the LIFU with seeing of worse

han 1.5 arcsec, most science cases using the MOS mode require a
eeing of 1.1 arcsec or better. We recall from Section 2 that the
onfiguration of a MOS field requires approximately one hour, so
he length of a typical OB is therefore set at one hour. Ho we ver,
 MOS plate cannot be configured during a LIFU observation, as
escribed abo v e, which means that transitions from a LIFU to a
OS observation typically incur significant o v erhead. This o v erhead

s expected (as specified in the WEAVE Concept of Observations)
o be o v ercome with the aid of mIFU observations, which take less
han 15 min to configure. The unavailability of the mIFU mode in
pR3a clearly showed that its presence was highly desirable in order

o use intermediate seeing conditions ef fecti vely, and to ef ficiently
ransition between the LIFU and MOS modes without compromising
n science or losing valuable observing time. 
F or OpR3a, surv e ys were also pro vided the choice of submitting

Bs to be observed in the LR mode or the HR mode with either
he red + green or red + blue grating combination (see Table 3 ).
pportunities to request ‘chained’ OBs that specify two or more
uplicate OBs (for deep exposures) or ‘linked’ OBs that specify two
r more OBs that should be observed within a given timeframe were
lso provided. In each case, as-yet unobserved OBs belonging to a
et that had been started were prioritized o v er OBs from sets where
o OB had yet been observed. In OpR3a, chained and linked OBs
ere scheduled by manual intervention of the SCHEDULER output.
hese modes were subsequently implemented into the SCHEDULER

nd successfully tested in OpR3c (see Section 6.3 ). 

.2 Operational Rehearsal 3b 

rom each of the semesters modelled in OpR3a, we selected a single
eek of MOS and LIFU observations (180 OBs in total) for which

he target fields were then run through CONFIGURE , ingested into the
urv e y system through the WASP, and then passed to the WEAVE
imulator. Additional XML elements were added to each field to
pecify the actual observing conditions, and to specify the spectral
emplate and magnitude to use for each target. The data generated in
his way were then uploaded to the Observatory and used to simulate
he full operation of the WEAVE data-flow system through the OCS,
uick-look pipeline, CPS, APS, and WAS. The ‘observations’ and

https://ingconfluence.ing.iac.es/confluence/display/WEAV/Core+Science+Teams
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Figure 24. Simulated spectrum (in blue) of an A star with T eff = 9000 K, 
log g = 4.0 in the calcium-triplet region, compared with the best fit (in orange 
and with fewer features) obtained using the method of Harris et al. ( 2018 ). 
The biases in the returned parameters (measured minus input) for T eff , log g , 
and radial velocity are −11 K, −0.003 dex, and + 0 . 7 km s −1 , respectively. 

t
p  

v
s

 

o
a
i
o
F
s  

t
v

 

R  

o  

w  

O  

a
a
u
fi  

a  

i
s  

m
a  

F
w
w  

t  

t
l
a
u

6

O  

i  

s  

s  

w
m
s
a
f  

r
t  

o

s
w  

m  

m
e  

e  

e  

fi
f  

t  

r  

m
i  

o  

i  

S  

fi
w
d
T  

c  

–
o  

r  

r
t  

p
 

p
l  

i  

a  

o

 

t
p  

i  

O  

o  

s  

f
r
b
s

b
P
f  

W  

t
i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/2688/7076341 by guest on 11 O
ctober 2024
ransfer of data from the ‘telescope’ to CASU (Cambridge) were 
erformed at night (i.e. in ‘real time’) to emulate – and hence also to
erify – the network traffic in a realistic manner. The resulting data 
ets were then made available to the QAG and SWG for analysis. 

A key aspect of this process is that every step in the data flow should
ccur automatically, driven only by the observation description 
nd calibration templates in the OB, and by information generated 
nternally within the CPS and APS, which have no prior knowledge 
f the input target parameters beyond the basic photometric data. 
lux calibrations were generated from the white dwarf calibration 
tars within each field, and the sky and object fibres were subjected to
he variations in throughput arising from the non-telecentricity and 
ignetting in the optical models. 
Figs 24 –27 provide a fe w illustrati ve results from Operational

ehearsal 3b (OpR3b; see also Fig. 17 ). As the first end-to-end test
f the complete CPS and APS pipelines, it was not expected that
e would meet our science goals in the output of these systems in
pR3b . Rather , the intention was to stress-test the data-flow set-up

nd the pipelines themselves, which could then be used to make 
ny necessary improvements. Through the rehearsal, a number of 
ndesirable effects were identified and corrected in both the input 
elds generated by some of the surv e ys and in the data-processing and
nalysis chains, illustrating the value of conducting such an e x ercise
n advance of the instrument commissioning phase. An example of 
uch an effect is the noticeable curvature in the residual log g and
icroturbulence values as a function of fibre location on the detector 

rrays for stars observed by the WEAVE GA surv e y (shown in
ig. 25 ), symptomatic of an uncorrected spectral-resolution variation 
ith wavelength in the high-resolution spectral mode (cf. Fig. 23 , 
hich shows a similar variation as a function of fibre location for

he low-resolution spectral mode). On the other hand, Fig. 27 shows
hat the WEAVE Simulator and the WEAVE exposure time calcu- 
ator (ETC), developed independently, are on average in excellent 
greement for faint (WQ) targets, suggesting that the ETC can be 
sed with some confidence for planning WEAVE observations. 

.3 Operational Rehearsal 3c 

perational Rehearsal 3c (OpR3c) was a scheduling e x ercise co v er-
ng a virtual period of 18 contiguous months. The 18 months were
plit into trimesters (named T1–T6), each co v ering 3 months. These
ix periods allowed us to test the SCHEDULER ’s OB queue creation
ith WEAVE’s full complement of observing modes: the LIFU, the 
IFU, and the two MOS plates. In essence, OpR3c was a significantly 

caled-up version of OpR3a, taking lessons learnt from both OpR3a 
nd OpR3b and attempting a close-to-reality scheduling simulation 
or the use of WEAVE on the WHT. As such, we also included a
epresentative sample of OBs belonging to ‘PI time’, which entered 
he SCHEDULER queue alongside the WEAVE Surv e y OBs, as will
ccur during regular Survey operations. 

As well as all envisaged observing modes being available for 
cheduling purposes, the single main difference of OpR3c to OpR3a 
as in the length of the rehearsal, both in virtual and real time. Two
onths of ‘Surv e y time’ were simulated almost every week, with 18
onths of virtual observing time scheduled in total. Approximately 

very two weeks, the OISMT released the outcome of the scheduling
 x ercise of the current trimester to the SWG, offset by one month,
.g. for the first trimester (T1), for which the SWG had submitted
elds for months 1–3, the OISMT then released scheduling results 
or months 1–2 to the SWG, which the SWG then used to decide on
heir submissions for months 4–6 (i.e. T2). The SWG members were
equired, in consultation with their STLs and rele v ant science team
embers, to make decisions within three to four working days regard- 

ng the next set of fields to submit for the following trimester, based
n the knowledge of which fields had been observed. While there
s an o v erall observing strate gy for the planned five-year WEAVE
urv e y for every individual surv e y, making the decision of which
elds to prioritize and which specific targets should be contained 
ithin those fields requires knowledge of what has or has not –
espite the OBs having already been submitted – yet been observed. 
he actual WEAVE Surv e y operations will also follow a trimesterly
ycle for field submissions by the SWG, making OpR3c a realistic
if somewhat condensed and highly time-pressured – simulation 

f what is to come. Note that while the intensive and relatively
igid real-time schedule was set up to enable the SWG and STLs to
ehearse decision making on realistic timescales, the intervals, and 
iming offsets later did require some flexibility and shifting at times,
rimarily due to the availability of those involved in the exercise. 
One of the principal aims of OpR3c was to identify any missing

ieces in the operational flow for WEAVE operations. The following 
ist provides an example of the types of questions raised and issues
dentified, some of which were resolved in real time during OpR3c,
nd all of which require resolving prior to the start of WEAVE
perations. 

(i) OpR3c allowed science teams to identify which other surv e ys
ypically compete for similar observing conditions, modes, and sky 
ositions. This in turn helped us identify new functionalities to be
mplemented in the SCHEDULER , allowing for a better sampling of
Bs from the OB database, thereby creating both a better balance
f OBs observed across the different surveys as well as better OB
election within each surv e y according to its science goals. OpR3c
urther identified some collisions between surv e ys whose science 
equirements call for similar observing conditions, which have now 

een ameliorated through adjustments made to the relative, inter- 
urv e y observation-time allocations in the surv e y planning. 

(ii) The combined effect of the requests in right-ascension distri- 
ution, observing conditions, and instrumental set-up by community 
I programmes cannot be predicted in advance, and neither, there- 
ore, can the effect that this will have on their interplay with the

EAVE surv e ys in the OB scheduling process. OpR3c simulated
he contribution of PI programmes to the scheduling process by 
ncorporating a wide range of observing requirements (weather 
MNRAS 530, 2688–2730 (2024) 
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M

Figure 25. APS output compared with the input to the WEAVE Simulator for high-resolution green + red GA-HR data in OpR3b in the form of density plots, 
where yellow indicates regions of highest density and purple the lowest density regions, passing through green and blue for intermediate densities. The panels 
show the difference (output − input) for the parameters T eff , log g , [M/H], [ α/Fe], and microturbulence (in km s −1 ) from top to bottom, as a function of input 
value (left), mean S/N between the blue and red arms (middle), and the fibre location on the detector (right). We note that the curvature seen in the right column 
(as a function of fibre location) in log g and microturbulence results from uncorrected spectral-resolution variation in the APS pipeline, which has since been 
addressed in an updated version of the pipeline (see Section 6.2 ). 
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onditions and observing modes) that was also varied trimesterly.
lthough no simulation can truly emulate (or help predict) the

ffect of combining PI programmes and the WEAVE Surv e y during
EAVE operations, OpR3c has helped us identify ways in which

he balancing of these components could be achieved. 
(iii) A small number of empty slots were identified in the SCHED-

LER output, indicating sky conditions that could not be used by
n y WEAVE surv e y. These tended to correspond to poor seeing
 > 2 arcsec) during bright time (where there were no OBs available
rom the Surv e y or simulated PI programmes) and came to a total
f 15 one-hour slots (out of a total of ∼3500) o v er the course of
8 months. A PI or WEAVE science programme that can utilize
uch conditions would therefore be a fa v ourable complement from a
cheduling perspective. WL and WQ are amongst the science teams
lanning to use the WEAVE integral-field spectrographs (mIFU and
IFU) in relatively undersubscribed weather conditions to ameliorate

his issue, so that no usable telescope time is left unfilled. 
(iv) The weighting of different factors (such as seeing, sky

rightness, and moon distance) by the SCHEDULER in choosing which
NRAS 530, 2688–2730 (2024) 
B should be queued requires re-e v aluation and retesting. Gi ving
igher weight to the seeing at the location of the field (which is
ffected by its airmass, i.e. its elevation) relative to other factors
ends to disfa v our those OBs that never reach low airmasses due
o their declination. This biasing has been fixed in the most recent
ersion of the SCHEDULER . 

(v) OBs should have expiration dates so that the OB database at
he OCS (in general) contains only currently observable OBs, and to
llow surv e ys to refresh the content of the OB database in case of
hanges in their plans. An expiration date of 9 months after ingestion
s now set for any OB entering the database. An exception to this rule
s if there are OBs in the database belonging to an already started
chain’ (i.e. duplicate OBs to enable a longer total exposure of the
eld), in which case the remaining OBs have their expiration dates
emo v ed. 

(vi) There is a need for the ability to retract OBs (prior to them
eing observed) or data (at different stages of the data-processing
nd archiving process). Necessary protocols for this within the SPA
re now mostly implemented. 
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Figure 26. Redshift estimation for WL targets from a model WL-DEEP OB 

observed in OpR3b, targeting 150 MHz sources brighter than 100 μJy. The 
redshift estimate from the APS [derived using the off-the-shelf redrock 
code is shown on the vertical axis, as a function of the true redshift 
(taken from the input simulation)], and colour-coded by the I -band apparent 
magnitude. While the vast majority of targets are correctly redshifted out 
to z = 1 (93.3 per cent of redshifts are correct to | z APS − z true | < 0.001), 
there is some evidence of emission-line mis-identification (e.g. the linear 
features away from the 1:1 line) and bright targets with incorrect redshifts, 
perhaps highlighting the need to fold in photometric redshift priors and to 
optimize/update the redshifting templates once data begin to arrive in earnest. 
The redshifting performance for the WL surv e y will be discussed in more 
detail in a forthcoming work (Smith et al., in preparation). 

Figure 27. Signal-to-noise per Å as a function of apparent magnitude, 
estimated from simulated WQ data and the WEAVE ETC. Here, magnitude 
and S/N are both defined in Johnson filters. The results of the WEAVE 

ETC (v4.2.4, identical red crosses spanning the magnitude range) and the 
measured OpR3 mock data both per spectrum (filled grey circles) and binned 
(black crosses) are shown. As the WEAVE Simulator and ETC are completely 
independent codes, the excellent agreement at the faint end is reassuring for 
prospecti ve WEAVE users; the de viation at the bright end is likely due to a 
combination of the variation of throughput with fibre position in the focal 
plane due to non-telecentricity and from vignetting, and to issues related to 
precise spectral shape and redshift of the simulated targets, neither of which 
the ETC takes into account in the current version. 
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.4 Benefits of the Operational Rehearsals 

nteractions between the SPA teams and the Science Team through 
he work of the SWG and QAG has been – and continues to be –
rucial for identifying critical areas requiring further development 
ithin the data-processing systems (CPS and APS), while feedback 

rom test users of the archive system has been essential in ensuring
hat the WAS user interface is simultaneously user friendly and 
owerful. Within the Science Team, the OpRs have allowed us to
dentify details of specifics, as well as the order of play, for a multitude
f tasks not confined to the following: putting together input target
atalogues; how to specify sky positions; how to efficiently manage 
he configuration of dozens to hundreds of field configurations; the 
eed to create software (codes and scripts) that could, in principle,
e run by any individual with sufficient understanding of the process
a v oiding single-point failures in manpo wer); ho w to deal with fields
ontaining targets from multiple surv e ys. The OpRs hav e involv ed
he efforts of more than 70 people, with many processes having been
erformed under realistic time pressure. 

 SUMMARY  

n an era of ever-increasing telescope and surv e y sizes, following
p initial observations of large numbers of objects with medium- 
nd high-resolution spectroscopy with modestly sized telescopes has 
een widely identified as a vital component of modern astrophysical 
esearch. In this context, we present WEAVE, the new wide-field, 
assiv ely multiple x ed spectroscopic surv e y facility for the WHT.
EAVE comprises a ne w, 2-deg-diameter field-of-vie w, prime-focus 

orrector system with a nearly 1000-multiplex fibre positioner, 20 
ndividually deployable mIFUs, and a single LIFU. The MOS fibres 
nd mIFU fibre bundles are placed by two robots working in tandem
t the WHT prime focus. These fibre systems feed a dual-beam
pectrograph that co v ers 366–959 nm at R ∼ 5000, or two shorter
anges at R ∼ 20 000. 

The WEAVE Surv e y is a spectroscopic surv e y of the Northern sky,
sing WEAVE to answer key questions about the evolution of our
wn Galaxy and other galaxies, dark matter, and dark energy, and is
omprised of eight individual surv e ys. 

(i) The WEAVE GA surv e y will complete Gaia ’s phase-space
nformation, providing metallicities for nearly three million MSTO 

nd red giant stars, as well as providing detailed abundances for up
o 1.5 million brighter stars in four sub-surv e ys: the high-latitude LR
urv e y, observing more than 1.5 million stars o v er nearly 9000 deg 2 

f the Northern sky; the disc-dynamics LR surv e y of more than a
illion stars along 500 sight-lines through the Galactic disc; the 
R chemo-dynamical surv e y of more than 1.5 million stars across
650 deg 2 (non-contiguous) of the Northern sky; and the OCs surv e y
f more than one hundred OCs of a variety of evolutionary states in
he HR mode. 

(ii) The SCIP surv e y will observ e ∼400 000 evolv ed stars and the
SM in the Galactic plane, co v ering 1200 de g 2 in the LR mode and
egions in the Cygnus star-forming region and the Galactic Anticentre 
n the HR mode. 

(iii) The WEAVE White Dwarfs surv e y will be one of the largest
pectral surv e ys of white dwarfs ev er undertaken, piggybacking on
op of the other WEAVE surv e ys and targeting more than 50 000
hite dwarfs. 
(iv) WEAVE-Apertif is an IFU surv e y of ≈400 neutral-hydrogen- 

elected galaxies in the LR mode, with detailed follow-up of ∼100
f these in the HR mode. 
MNRAS 530, 2688–2730 (2024) 
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(v) WEAVE Galaxy Clusters is a surv e y of stellar populations,
onized gas properties, and stellar and ionized gas kinematics in
luster galaxies and their outskirts out to z ∼ 0.5 using all of

EAVE’s fibre modes (MOS, mIFU, and LIFU), split into the
earby, Wide-Field, and Cosmological Clusters sub-surv e ys. 
(vi) StePS is a surv e y of detailed stellar populations and stellar

inematics in ∼25 000 individual field galaxies, the majority within
.3 � z � 0.7. 
(vii) WL will obtain around one million spectra of sources selected

n the basis of their activity from the LoTSS. The surv e y will hav e
 wedding-cake structure with three tiers ranging from WL-Wide
 ∼9000 deg 2 of the Northern Sky) to WL-Deep (up to 60 deg 2 in the
oTSS Deep Fields), together efficiently sampling the luminosity
nd redshift plane, and observing statistical samples of galaxies and
GNs selected in a manner that is unbiased by dust. 
(viii) WQ is a surv e y of the IGM at z > 2.1 and a very sensitive

robe of baryonic acoustic oscillations at z > 2.4 using absorption
ines along the line of sight to ∼400 000 quasars. 

We have de veloped ne w, two-phase, dedicated data-processing
ipelines for WEAVE, producing both reduced (via the CPS) and
cience-ready (via the APS) data, with a modular architecture allow-
ng for additional analysis software to be developed as necessary by
he science teams to be incorporated into the APS. Outputs from
hese pipelines populate a dedicated data archive (WAS), which
ill also store CDPs. WEAVE also requires a new control system

t the Observatory (OCS), enabling queue-based observations, in
hich user-submitted XML files describing the desired telescope

nd spectrograph settings with MOS or m/LIFU field configurations
re converted into OBs and stored in an OB management system that
s sampled by the queue SCHEDULER for use by the telescope operator
nd/or the support astronomer. The entire data system has been
 x ercised in a series of Operational Rehearsals, starting with the end-
o-end WEAVE instrument Simulator, which ‘observes’ synthetic
ata that are then passed through the OCS to the CPS and the APS,
nd finally into the WAS. Many lessons about the data flow, surv e y
esign, and observation scheduling have been learnt by simulating
eriods between three weeks (full simulated images) and 1.5 years
nightly scheduling) of the WEAVE Surv e y. As an example, we
uggest that PI observations using poor seeing ( > 2 arcsec) conditions
n bright time w ould f a v ourably complement the WEAVE Surv e y
rogramme. 
The WEAVE Surv e y will be gin observ ations to wards the end of

023. All processed WEAVE data and CDPs will be released to
he worldwide astronomy community through the WAS annually,
eginning 2 years after the start of the WEAVE Surv e y (i.e. late
025), and astronomers in the WEAVE Surv e y Consortium will have
ccess to the data soon after the data have been taken and reduced.
 Science Verification (SV) campaign immediately preceding the
EAVE Surv e y will test various aspects of the surv e ys and carry out
ore than a dozen programmes submitted by the ING community

astronomers in the UK, The Netherlands, and Spain, plus their
ollaborators); all SV data are expected to be reduced and released
o the ING and WEAVE community within 6 months of the end of
he SV campaign. 

WEAVE represents a significant next step forward in our under-
tanding of the Universe around us. The planned surv e ys will pro vide
ata that will help answer the questions: How did our Galaxy form
nd the stars within it e volve? Ho w were other galaxies assembled?
hat are dark matter and dark energy? 
NRAS 530, 2688–2730 (2024) 
C K N OW L E D G E M E N T S  

e would like to thank the re vie wers of the WEAVE Surv e y
trategy Re vie w held at Observ atoire de Paris (2015 October 19–
0), M. Bershady, G. Hill, F. Najarro, and R. Schia v on, for their
onstructive and critical comments on the science and surv e y cases
resented then, and which formed the basis of the cases presented
ere as well as the subsequent, e xtensiv e WEAVE Science Case
nd Surv e y Plan, which were re vie wed at the WEAVE Surv e y
eadiness Re vie w held at the Uni versity of Oxford (2020 January
5–16) by G. Hill, S. Martell, K. Master, and A. McConnachie. We
re also very grateful to these re vie wers for their constructive
nd supportive critique. S. C. Trager and G. B. Dalton thank the

EAVE Project Board and ING Board for their strong support for
he project and many helpful discussions. S. Jin and S. C. Trager
hank Francesco de Gasperin for his careful reading of the draft
hat helped to impro v e this paper. The authors would also like to
hank the anonymous re vie wer for their very careful reading of the

anuscript. S. Jin acknowledges financial support from the European
nion’s Horizon 2020 research and innovation programme under the
arie Skłodowska-Curie grant agreement no. 665593. S. C. Trager

cknowledges funding for WEAVE construction through NWO grant
14.061.612 and ongoing support from NOVA, The Netherlands
chool for Research in Astronomy. G. B. Dalton acknowledges
ngoing support for the WEAVE project from STFC. The WEAVE
evelopment work carried out at the Cambridge Astronomical
urv e y Unit (CASU), at the IoA, Cambridge, has been in part
unded through UKRI STFC grant ST/X001857/1 and previously
T/M003175/1, ST/N005805/1, ST/P003486/1, ST/M007626/1, and
T/T003081/1. J. A. L. Aguerri, C. Zurita, J. M ́endez-Abreu, and
. Molaeinezhad acknowledge support from the Spanish Ministries
f Economia y Competitividad (MINECO) and Ciencia e Innovaci ́on
MICINN) through the grants AYA2017-83204-P, AYA2013-43188-
, and PID2020-119342GB-I00. E. J. Alfaro acknowledges financial
upport from the State Agency for Research of the Spanish MCIU
hrough the ‘Center of Excellence Severo Ochoa’ award to the
nstituto de Astrof ́ısica de Andaluc ́ıa (CEX2021-001131-S) and from
he PY20-00753 grant from Junta de Andaluc ́ıa, Spain (Autonomic
o v ernment of Andalusia, Spain). T. Antoja acknowledges the grant
YC2018-025968-I funded by MCIN/AEI/10.13039/501100011033 
nd by ‘ESF Investing in your future’. This work was partially
upported by the Spanish MICIN/AEI/10.13039/501100011033 and
y ‘ERDF A way of making Europe’ by the European Union
hrough grants PID2021-122842OB-C21 and PID2021-125451NA-
00, and the Institute of Cosmos Sciences University of Barcelona
ICCUB, Unidad de Excelencia ‘Mar ́ıa de Maeztu’) through
rant CEX2019-000918-M. G. Battaglia acknowledges support from
he Agencia Estatal de Investigaci ́on del Ministerio de Ciencia
n Innovaci ́on (AEI-MICIN) and the ERDF under grant num-
er AYA2017-89076-P, the AEI under grant number CEX2019-
00920-S and the AEI-MICIN under grant number PID2020-
18778GB-I00/10.13039/501100011033. T. Bensby acknowledges 
nancial support by grant no. 2018-04857 from the Swedish Re-
earch Council. S. R. Berlanas acknowledges funding by the Spanish

inisterio de Ciencia e Innovaci ́on and Agencia Estatal de Inves-
igaci ́on (MCIN/AEI/10.13039/501100011033/FEDER, UE) under
he Juan de la Cierva – Formaci ́on grant (contract FJC 2020-
45785-I) and NextGeneration EU/PRTR and MIU (UNI/551/2021)
hrough grant Margarita Salas-Universidad de la Laguna. This
esearch has also received financial support by the MCIN and AEI
hrough grant PID2021-122397NB-C22 and with funding from the
uropean Union NextGenerationEU and Generalitat Valenciana in



The WEAVE Survey 2723 

t  

2
a
S
A
I
1
f  

e
e
f
fi
d
C
g
M
E
v
P
p
M
t
u
p
C  

S
f
a
G
e
M
G
F  

R
p
a
A  

f
t
2
O
a
E
g
fi
M
p
a  

p
G  

t
f
M
a
e
t
G
P
a
1
i  

a

d  

(
J
o
(
p  

U
o  

i
l  

(
t
e
a
a  

D  

t
I  

1
G
A
a
p
S
a
E
n  

f
r
–
f
p
M
g
S
b  

g
(
e
i
b
s  

A  

w
I  

u  

d  

i
I  

S
1
b
d  

(
t
I
t
f
t
W  

r
G

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/2688/7076341 by guest on 11 O
ctober 2024
he call Programa de Planes Complementarios de I + D + i (PRTR
022, Project HIAMAS, reference ASFAE/2022/017). P. N. Best 
cknowledges support from STFC under grant ST/V000594/1. 
. Bonoli acknowledges financial support from the State Research 
gency (AEI-MCINN) of the Spanish Ministry of Science and 

nnovation under the grants PGC2018-097585-B-C22 and PID2021- 
24243NB-C21 and the Project of excellence Prometeo/2020/085 
rom the Conselleria d’Innov aci ́o, Uni versitats, Ci ̀encia i Soci-
tat Digital de la Generalitat Valenciana. N. Britavskiy acknowl- 
dges support by the University of Liege under Special Funds 
or Research, IPD-STEMA Programme. L. Costantin acknowledges 
nancial support from Comunidad de Madrid under Atracci ́on 
e Talento grant 2018-T2/TIC-11612 and Spanish Ministerio de 
iencia e Innovaci ́on MCIN/AEI/10.13039/501100011033 through 
rant PGC2018-093499-B-I00. J. Falc ́on-Barroso and A. Ferr ́e- 
ateu acknowledge support from the Spanish Ministries of 

conomia y Competitividad (MINECO) and Ciencia e Inno- 
aci ́on (MICINN) through the grants AYA2016-77237-C3-1- 
 and PID2019-107427GB-C32. AFM also acknowledges sup- 
ort from RYC2021-031099-I and PID2021-123313NA-I00 of 
ICIN/AEI/10.13039/501100011033/FEDER, UE, Next Genera- 

ion EU, PRTR. M. Fumagalli acknowledges support from the ERC 

nder the European Union’s Horizon 2020 research and innovation 
rogramme (grant agreement no. 757535) and from Fondazione 
ariplo, grant no. 2018-2329. B. T. G ̈ansick e w as supported by grant
T/T000406/1 from the STFC. This project has received funding 
rom the ERC under the European Union’s Horizon 2020 research 
nd innovation programme (grant agreement no. 101020057). R. 
arc ́ıa-Benito, A. M. Conrado, and R. Gonz ́alez Delgado acknowl- 

dge financial support from the grant CEX2021-001131-S funded by 
CIN/AEI/10.13039/501100011033 and from PID2019-109067- 
B100. C. P. Haines acknowledges support from ANID through 
 ondec yt Re gular 2021 project no. 1211909. N. A. Hatch, S. C.
ead, A. Aragon-Salamanca, and U. Kuchner acknowledge sup- 
ort from the UK STFC consolidated grant ST/T000171/1. We 
cknowledge financial support from a Spinoza prize to A. Helmi. 
. Herrero, A. de Burgos, and S. Sim ́on-D ́ıaz acknowledge support

rom the Spanish Ministry of Science and Innovation (MICINN) 
hrough the Spanish State Research Agency through grants PGC- 
018-0913741-B-C22, PID2021-122397NB-C21, and the Severo 
choa Programe 2020–2023 (CEX2019-000920-S). This work has 

lso received financial support from the Canarian Agency for 
conomy, Knowledge, and Employment and the ERDF/EU, under 
rant with reference ProID2020010016. K. M. Hess acknowledges 
nancial support from the grant CEX2021-001131-S funded by 
CIN/AEI/10.13039/501100011033, from the coordination of the 

articipation in SKA-SPAIN, funded by the Ministry of Science 
nd Innovation (MCIN); and support from the ERC under the Euro-
ean Union’s Seventh Framework Programme (FP/2007–2013)/ERC 

rant Agreement no. 291531 (HIStoryNU). V. Ir ̌si ̌c was supported by
he Kavli Foundation. J. H. Knapen acknowledges financial support 
rom the State Research Agency (AEI-MCINN) of the Spanish 

inistry of Science and Innovation under the grant ‘The structure 
nd evolution of galaxies and their central regions’ with refer- 
nce PID2019-105602GB-I00/10.13039/501100011033, and from 

he ACIISI, Consejer ́ıa de Econom ́ıa, Conocimiento y Empleo del 
obierno de Canarias and the ERDF under grant with reference 
ROID2021010044. S. Lucatello, A. Bragaglia, and M. Bellazzini 
cknowledge the support from PRIN INAF 2019 grant ObFu 
.05.01.85.14 (‘Building up the halo: chemo-dynamical tagging 
n the age of large surv e ys’, PI. S. Lucatello). J. Ma ́ız Apell ́aniz
cknowledges support from the Spanish Go v ernment Ministerio 
e Ciencia e Innovaci ́on and Agencia Estatal de Investigaci ́on
10.13039/501100011033) through grant PGC2018-095049-B-C22. 
. Mendez Abreu acknowledges support from the Spanish Ministries 
f Economia y Competitividad (MINECO) and Ciencia e Innovaci ́on 
MICINN) through the grant PID2021-128131NB-I00, and the sup- 
ort of the Viera y Clavijo Senior programme funded by ACIISI and
LL. I. Negueruela and A. Marco acknowledge the financial support 
f the Spanish Ministerio de Ciencia e Innovaci ́on (MCIN) with fund-
ng from the European Union NextGenerationEU and Generalitat Va- 
enciana in the call Programa de Planes Complementarios de I + D + i
PRTR 2022, Project HIAMAS, reference ASFAE/2022/017) and 
hrough grant PID2021-122397NB-C22. I. P ́erez-R ̀afols acknowl- 
dges support from the European Union’s Horizon 2020 research 
nd innovation programme under the Marie Skłodowska-Curie grant 
greement no. 754510. M. M. Pieri, I. P ́erez-R ̀afols, S. Morrison,
. Som, and M. Blomqvist were supported by the Programme Na-

ional Cosmology et Galaxies (PNCG) of CNRS/INSU with INP and 
N2P3, co-funded by CEA and CNES, by A ∗MIDEX project (ANR-
1-IDEX-0001-02) funded by the ‘Investissements d’Avenir’ French 
o v ernment program, managed by the French National Research 
gency (ANR), and by ANR under contract ANR-14-ACHN-0021 

nd ANR-22-CE31-0026. R. Raddi has received funding from the 
ostdoctoral fellowship programme Beatriu de Pin ́os, funded by the 
ecretary of Universities and Research (Go v ernment of Catalonia) 
nd by the Horizon 2020 programme of research and innovation of the 
uropean Union under the Maria Skłodowska-Curie grant agreement 
o. 801370. E. M. Rossi acknowledges that this project has received
unding from the ERC under the European Union’s Horizon 2020 
esearch and innovation programme (grant agreement no. 101002511 

VEGA P). J. A. Rubino-Martin acknowledges financial support 
rom the Spanish Ministry of Science and Innovation under the 
roject PID2020-120514GB-I00. D. J. B. Smith, A. B. Drake, and 
. J. Hardcastle acknowledge support from the UK STFC under 

rant ST/V000624/1. R. J. Smith acknowledges support from the UK 

TFC consolidated grant ST/T000244/1. D. Sorini was supported 
y the ERC, under grant no. 670193, by the STFC consolidated
rant no. RA5496, and by the Swiss National Science Foundation 
SNSF) Professorship grant no. 202671. E. Starkenburg acknowl- 
dges funding through VIDI grant ‘Pushing Galactic Archaeology to 
ts limits’ (with project number VI.Vidi.193.093), which is funded 
y the Dutch Research Council (NWO). G. F. Thomas acknowledge 
upport from the Agencia Estatal de Investigaci ́on (AEI) under grant
yudas a centros de excelencia Se vero Oc hoa convocatoria 2019
ith reference CEX2019-000920-S, and from the Agencia Estatal de 

nvestigaci ́on del Ministerio de Ciencia e Innovaci ́on (AEI-MCINN)
nder grant En la frontera de la arqueolog ́ıa galac ́actica: evoluc ́ıon
e la materia luminoso y obscura de la v ́ıa L ́actea y las galax-
as enenas del Grupo Local with reference PID2020-118778GB- 
00. J. S. Vink acknowledges support from the UK STFC grant
T/V000233/1. All INAF researchers are supported by INAF grant 
.05.03.04.05. Funding for the WEAVE facility has been provided 
y UKRI STFC, the University of Oxford, NOVA, NWO, Instituto 
e Astrof ́ısica de Canarias (IAC), the Isaac Newton Group partners
STFC, NWO, and Spain, led by the IAC), INAF, CNRS-INSU, 
he Observatoire de Paris, R ́egion ̂  Ile-de-France, CONCYT through 
N AOE, K onkoly Observatory (CSFK), Max-Planck-Institut f ̈ur As- 
ronomie (MPIA Heidelberg), Lund University, the Leibniz Institute 
or Astrophysics Potsdam (AIP), the Swedish Research Council, 
he European Commission, and the University of Pennsylvania. The 

EAVE Surv e y Consortium consists of the ING, its three partners,
epresented by UKRI STFC, NWO, and the IAC, NOVA, INAF, 
EPI, INAOE, and individual WEAVE Participants. Please see the 
MNRAS 530, 2688–2730 (2024) 



2724 S. Jin et al. 

M

r  

g  

f  

A  

A  

A  

N  

d  

c  

F  

R  

(  

d  

U  

(  

d  

a  

V  

N  

R  

C  

D  

S  

i  

u  

U  

c  

T  

a  

t  

C  

A  

T  

C  

P  

t  

i

D

T  

i  

p

R

A
A  

 

A
A  

 

A
A

3

V
3

k

A  

A  

A
A  

A
A  

B
B
B  

B
B
B
B
B
B
B  

B
B
B  

B
B  

B
B
B  

 

B  

B
B
B
B  

B
B
B
B
B
B
B
B  

 

B
B
B
B
B
B
B
B  

B  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/2688/7076341 by guest on 11 O
ctober 2024
ele v ant footnotes for the WEAVE website 32 and for the full list of
ranting agencies and grants supporting WEAVE. 33 Abbreviations
or ministries, funding agencies, and bodies are as follows – AEI:
gencia Estatal de Investigaci ́on (Spanish State Research Agency);
NR: Agence Nationale de la Recherche (French National Research
gency); CNRS: Centre national de la recherche scientifique (French
ational Centre for Scientific Research); CSIC: Consejo Superior
e Investigaciones Cient ́ıficas (Spanish National Research Coun-
il); DFG: Deutsche Forschungsgemeinshaft (German Research
oundation); ERC: European Research Council; ERDF: European
e gional Dev elopment Fund; INAF: Istituto Nazionale di Astrofisica

Italian National Institute for Astrophysics; INSU: Institut National
es Sciences de l’Univers (National Institute of Sciences of the
niverse, France); MICINN: Ministerio de Ciencia e Innovaci ́on

Spanish Ministry of Science and Innovation); MINECO: Ministerio
e Econom ́ıa y Competitividad (Spanish Ministry of Economy
nd Competitiveness, Spain); NOVA: Nederlandse Onderzoekschool
oor Astronomie (Dutch Research School for Astronomy); NWO:
ederlandse Organisatie voor Wetenschappelijk Onderzoek (Dutch
esearch Council); STFC: Science and Technologies Research
ouncil (UK); UKRI: UK Research and Innovation (UK). The
igitized Sky Survey (DSS) was produced at the Space Telescope
cience Institute under U.S. Go v ernment grant NAG W-2166. The

mages of these surv e ys are based on photographic data obtained
sing the Oschin Schmidt Telescope on Palomar Mountain and the
K Schmidt Telescope. The plates were processed into the present

ompressed digital form with the permission of these institutions.
his research has made use of ‘Aladin sky atlas’ (Bonnarel et
l. 2000 ) developed at CDS, Strasbourg Observatory, France. For
he purpose of Open Access, the authors have applied a Creative
ommons Attribution (CC BY) public copyright licence to any
uthor Accepted Manuscript version arising from this submission.
his paper is dedicated to the memories of Jim Lewis and Dave
arter, both of whom made significant contributions to the WEAVE
roject, and who passed away in 2019 and 2021, respectively, and

o Jordi Torra, whose support on the WEAVE Project Board was
nvaluable, and who passed away in 2021. 

ATA  AVA ILA BILITY  

he simulated WEAVE Surv e y data can be made available to
nterested parties through contact with the first three authors of this
aper. 

E FEREN C ES  

bolfathi B. et al., 2018, ApJS , 235, 42 
dams E. A. et al., 2020, in American Astronomical Society Meeting

Abstracts #235, Bulletin of the American Astronomical Society, Vol.
52. p. 136.07 

dams E. A. K. et al., 2022, A&A , 667, A38 
g ́ocs T. et al., 2014, in Ramsay S. K., McLean I. S., Takami H., eds, Proc.

SPIE Conf. Ser. Vol. 9147, Ground-Based and Airborne Instrumentation
for Astronomy V. SPIE, Bellingham, p. 914773 

guerri J. A. L. , Gonz ́alez-Garc ́ıa A. C., 2009, A&A , 494, 891 
lbareti F. D. et al., 2017, ApJS , 233, 25 
NRAS 530, 2688–2730 (2024) 

2 https:// ingconfluence.ing.iac.es/ confluence// display/ WEAV/The+WEA 

E+Project
3 https:// ingconfluence.ing.iac.es/ confluence/display/WEAV/ WEAVE+Ac 
nowledgements 

B
B
B
B  

B
B

llende Prieto C. , Beers T. C., Wilhelm R., Newberg H. J., Rockosi C. M.,
Yanny B., Lee Y. S., 2006, ApJ , 636, 804 

lonso D. , Bellini E., Hale C., Jarvis M. J., Schwarz D. J., 2021, MNRAS ,
502, 876 

nders F. et al., 2017, A&A , 597, A30 
nguiano B. , Rebassa-Mansergas A., Garc ́ıa-Berro E., Torres S., Freeman

K. C., Zwitter T., 2017, MNRAS , 469, 2102 
ntoja T. et al., 2018, Nature , 561, 360 
rnouts S. , Ilbert O., 2011, Astrophysics Source Code Library, record

ascl:1108.009 
aldwin J. A. , Phillips M. M., Terlevich R., 1981, PASP , 93, 5 
amford S. P. et al., 2009, MNRAS , 393, 1324 
anyard G. , Sana H., Mahy L., Bodensteiner J., Villase ̃ nor J. I., Evans C. J.,

2022, A&A , 658, A69 
arentsen G. et al., 2014, MNRAS , 444, 3230 
attaglia G. , Taibi S., Thomas G. F., Fritz T. K., 2022, A&A , 657, A54 
autista J. E. et al., 2015, J. Cosmol. Astropart. Phys. , 2015, 060 
ecker R. H. , White R. L., Helfand D. J., 1995, ApJ , 450, 559 
ekki K. , Couch W. J., Shioya Y., 2001, PASJ , 53, 395 
ell E. F. et al., 2004, ApJ , 608, 752 
elokurov V. , Erkal D., Evans N. W., Koposov S. E., Deason A. J., 2018,

MNRAS , 478, 611 
enitez N. et al., 2014, preprint ( arXiv:1403.5237 ) 
ennett M. , Bovy J., 2019, MNRAS , 482, 1417 
erlanas S. R. , Herrero A., Comer ́on F., Pasquali A., Bertelli Motta C., Sota

A., 2018, A&A , 612, A50 
erlanas S. R. et al., 2020, A&A , 642, A168 
ershady M. A. , Verheijen M. A. W., Swaters R. A., Andersen D. R., Westfall

K. B., Martinsson T., 2010, ApJ , 716, 198 
est P. N. et al., 2023, MNRAS , 523, 1729 
est P. N. , Heckman T. M., 2012, MNRAS , 421, 1569 
ianco A. et al., 2018, in Navarro R., Geyl R., eds, Proc. SPIE Conf. Ser. Vol.

10706, Advances in Optical and Mechanical Technologies for Telescopes
and Instrumentation III. SPIE, Bellingham, p. 107064X 

ittner A. et al., 2019a, Astrophysics Source Code Library, record
ascl:1907.025 

ittner A. et al., 2019b, A&A , 628, A117 
land-Hawthorn J. , Tepper-Garc ́ıa T., 2021, MNRAS , 504, 3168 
land-Hawthorn J. et al., 2019, MNRAS , 486, 1167 
lanton M. R. , Eisenstein D., Hogg D. W., Schlegel D. J., Brinkmann J.,

2005, ApJ , 629, 143 
lanton M. R. et al., 2017, AJ , 154, 28 
lomqvist M. et al., 2018, J. Cosmol. Astropart. Phys. , 2018, 029 
lomqvist M. et al., 2019, A&A , 629, A86 
ohlin R. C. , Dickinson M. E., Calzetti D., 2001, AJ , 122, 2118 
ohlin R. C. , Gordon K. D., Tremblay P.-E., 2014, PASP , 126, 711 
oksenberg A. , 1985, Vistas Astron. , 28, 531 
olton A. S. , Schlegel D. J., 2010, PASP , 122, 248 
ond J. R. , 1993, in Shull J. M., Thronson H. A., eds, Astrophysics and Space

Science Library, Vol. 188, The Environment and Evolution of Galaxies.
Kluwer, Dordrecht, p. 3 

ond J. R. , Kofman L., Pogosyan D., 1996, Nature , 380, 603 
onnarel F. et al., 2000, A&AS , 143, 33 
onoli S. et al., 2021, A&A , 653, A31 
organi S. , Kravtsov A., 2011, Adv. Sci. Lett. , 4, 204 
orucki W. J. et al., 2010, Science , 327, 977 
oselli A. , Gavazzi G., 2006, PASP , 118, 517 
oselli A. , Gavazzi G., 2014, A&AR , 22, 74 
ovy J. , Leung H. W., Hunt J. A. S., Mackereth J. T., Garc ́ıa-Hern ́andez D.

A., Roman-Lopes A., 2019, MNRAS , 490, 4740 
rown W. R. , Lattanzi M. G., Kenyon S. J., Geller M. J., 2018, ApJ , 866, 39
uder S. et al., 2021, MNRAS , 506, 150 
ullock J. S. , Boylan-Kolchin M., 2017, ARA&A , 55, 343 
undy K. et al., 2015, ApJ , 798, 7 
urgh E. B. , Bershady M. A., Westfall K. B., Nordsieck K. H., 2007, PASP ,

119, 1069 
usca N. G. et al., 2013, A&A , 552, A96 
utcher H. , Oemler A. Jr, 1984, ApJ , 285, 426 

http://dx.doi.org/10.3847/1538-4365/aa9e8a
http://dx.doi.org/10.1051/0004-6361/202244007
http://dx.doi.org/10.1051/0004-6361:200810339
http://dx.doi.org/10.3847/1538-4365/aa8992
https://ingconfluence.ing.iac.es/confluence//display/WEAV/The+WEAVE+Project
https://ingconfluence.ing.iac.es/confluence/display/WEAV/WEAVE+Acknowledgements
http://dx.doi.org/10.1086/498131
http://dx.doi.org/10.1093/mnras/stab046
http://dx.doi.org/10.1051/0004-6361/201527204
http://dx.doi.org/10.1093/mnras/stx796
http://dx.doi.org/10.1038/s41586-018-0510-7
http://dx.doi.org/10.1086/130766
http://dx.doi.org/10.1111/j.1365-2966.2008.14252.x
http://dx.doi.org/10.1051/0004-6361/202141037
http://dx.doi.org/10.1093/mnras/stu1651
http://dx.doi.org/10.1051/0004-6361/202141528
http://dx.doi.org/10.1088/1475-7516/2015/05/060
http://dx.doi.org/10.1086/176166
http://dx.doi.org/10.1093/pasj/53.3.395
http://dx.doi.org/10.1086/420778
http://dx.doi.org/10.1093/mnras/sty982
http://arxiv.org/abs/1403.5237
http://dx.doi.org/10.1093/mnras/sty2813
http://dx.doi.org/10.1051/0004-6361/201731856
http://dx.doi.org/10.1051/0004-6361/202039015
http://dx.doi.org/10.1088/0004-637X/716/1/198
http://dx.doi.org/10.1093/mnras/stad1308
http://dx.doi.org/10.1111/j.1365-2966.2012.20414.x
http://dx.doi.org/10.1051/0004-6361/201935829
http://dx.doi.org/10.1093/mnras/stab704
http://dx.doi.org/10.1093/mnras/stz217
http://dx.doi.org/10.1086/422897
http://dx.doi.org/10.3847/1538-3881/aa7567
http://dx.doi.org/10.1088/1475-7516/2018/05/029
http://dx.doi.org/10.1051/0004-6361/201935641
http://dx.doi.org/10.1086/323137
http://dx.doi.org/10.1086/677655
http://dx.doi.org/10.1016/0083-6656(85)90074-1
http://dx.doi.org/10.1086/651008
http://dx.doi.org/10.1038/380603a0
http://dx.doi.org/10.1051/aas:2000331
http://dx.doi.org/10.1051/0004-6361/202038841
http://dx.doi.org/10.1166/asl.2011.1209
http://dx.doi.org/10.1126/science.1185402
http://dx.doi.org/10.1086/500691
http://dx.doi.org/10.1007/s00159-014-0074-y
http://dx.doi.org/10.1093/mnras/stz2891
http://dx.doi.org/10.3847/1538-4357/aadb8e
http://dx.doi.org/10.1093/mnras/stab1242
http://dx.doi.org/10.1146/annurev-astro-091916-055313
http://dx.doi.org/10.1088/0004-637X/798/1/7
http://dx.doi.org/10.1086/522058
http://dx.doi.org/10.1051/0004-6361/201220724
http://dx.doi.org/10.1086/162519


The WEAVE Survey 2725 

B  

C
C
C
C
C
C  

C
C
C  

C
C
C  

C
C
C  

C
C
C
C
C  

C
C
C
C
C
C
C
C  

D  

D  

D  

D  

D
D
D
D
D
D
D
d
d
D  

D  

d
d
D
d
D
d
D

D  

D  

D
D
D
D  

D
D
D
D
D
D
d
d
D
D
D  

E
E  

E  

E
E
E
F  

 

F
F  

F
F
F  

F
G
G
G
G
G
G
G  

G  

G  

G  

G  

G  

G
G  

G
G  

G
G

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/2688/7076341 by guest on 11 O
ctober 2024
uttiglione S. , Capetti A., Celotti A., Axon D. J., Chiaberge M., Macchetto
F. D., Sparks W. B., 2010, A&A , 509, A6 

antat-Gaudin T. , 2022, Universe , 8, 111 
antat-Gaudin T. et al., 2020, A&A , 640, A1 
appellari M. , 2012, Astrophysics Source Code Library, record ascl:1210.002 
appellari M. , 2013, ApJ , 778, L2 
arlstrom J. E. , Holder G. P., Reese E. D., 2002, ARA&A , 40, 643 
arneiro L. P. , Puls J., Hoffmann T. L., Holgado G., Sim ́on-D ́ıaz S., 2019,

A&A , 623, A3 
arrera R. et al., 2019a, A&A , 623, A80 
arrera R. et al., 2019b, A&A , 627, A119 
asado J. , Ascasibar Y., Gavil ́an M., Terlevich R., Terlevich E., Hoyos C.,

D ́ıaz A. I., 2015, MNRAS , 451, 888 
astro-Ginard A. et al., 2020, A&A , 635, A45 
astro-Ginard A. et al., 2022, A&A , 661, A118 
aucci S. , Colombi S., Pichon C., Rollinde E., Petitjean P., Sousbie T., 2008,

MNRAS , 386, 211 
autun M. , van de Weygaert R., Jones B. J. T., 2012, MNRAS , 429, 1286 
autun M. et al., 2020, MNRAS , 494, 4291 
ayatte V. , van Gorkom J. H., Balkowski C., Kotanyi C., 1990, AJ , 100,

604 
enarro A. J. et al., 2019, A&A , 622, A176 
hambers K. C. et al., 2016, preprint ( arXiv:1612.05560 ) 
lementini G. et al., 2023, A&A , 674, A18 
olless M. et al., 2001, MNRAS , 328, 1039 
ondon J. J. , Cotton W . D., Greisen E. W ., Yin Q. F., Perley R. A., Taylor G.

B., Broderick J. J., 1998, AJ , 115, 1693 
onroy C. , Wechsler R. H., 2009, ApJ , 696, 620 
ontigiani O. , Rossi E. M., Marchetti T., 2019, MNRAS , 487, 4025 
ornwell D. J. et al., 2022, MNRAS , 517, 1678 
ostantin L. et al., 2019, A&A , 632, A9 
room S. M. et al., 2012, MNRAS , 421, 872 
ropper M. et al., 2018, A&A , 616, A5 
ui X.-Q. et al., 2012, Res. Astron. Astrophys. , 12, 1197 
ummings J. D. , Kalirai J. S., Tremblay P.-E., Ramirez-Ruiz E., Choi J.,

2018, ApJ , 866, 21 
alton G. et al., 2012, in McLean I. S., Ramsay S. K., Takami H., eds,

Proc. SPIE Conf. Ser. Vol. 8446, Ground-Based and Airborne Instrumen- 
tation for Astronomy IV. SPIE, Bellingham, p. 84460P 

alton G. et al., 2014, in Ramsay S. K., McLean I. S., Takami H., eds, Proc.
SPIE Conf. Ser. Vol. 9147, Ground-Based and Airborne Instrumentation 
for Astronomy V. SPIE, Bellingham, p. 91470L 

alton G. et al., 2016a, in Evans C. J., Simard L., Takami H., eds, Proc. SPIE
Conf. Ser. Vol. 9908, Ground-Based and Airborne Instrumentation for 
Astronomy VI. SPIE, Bellingham, p. 99081G 

alton G. et al., 2016b, in Chiozzi G., Guzman J. C., eds, Proc. SPIE Conf.
Ser. Vol. 9913, Software and Cyberinfrastructure for Astronomy IV. SPIE, 
Bellingham, p. 99132X 

e Angeli F. et al., 2023, A&A , 674, A2 
awson K. S. et al., 2013, AJ , 145, 10 
awson K. S. et al., 2016, AJ , 151, 44 
eason A. J. et al., 2012, MNRAS , 425, 2840 
ESI Collaboration , 2016a, preprint ( arXiv:1611.00036 ) 
ESI Collaboration , 2016b, preprint ( arXiv:1611.00037 ) 
ey A. et al., 2019, AJ , 157, 168 
e Gasperin F. et al., 2021, A&A , 648, A104 
e Haan T. et al., 2016, ApJ , 832, 95 
harmawardena T. E. , Bailer-Jones C. A. L., F ouesneau M., F oreman-

Mackey D., 2022, A&A , 658, A166 
i Matteo P. , Haywood M., Lehnert M. D., Katz D., Khoperskov S., Snaith

O. N., G ́omez A., Robichon N., 2019, A&A , 632, A4 
i Serego Alighieri S. et al., 2007, A&A , 474, 851 
i Serego Alighieri S. et al., 2013, A&A , 552, A8 
itrani F. R. et al., 2023, A&A , 677, A93 
e Jong R. S. et al., 2019, The Messenger , 175, 3 
e Propris R. et al., 2003, MNRAS , 342, 725 
e Sainte Agathe V. et al., 2019, A&A , 629, A85 
e Silva G. M. et al., 2015, MNRAS , 449, 2604 
oherty C. L. , Gil-Pons P., Siess L., Lattanzio J. C., 2017, Publ. Astron. Soc.
Aust. , 34, e056 

om ́ınguez L. et al., 2016, in Evans C. J., Simard L., Takami H., eds,
Proc. SPIE Conf. Ser. Vol. 9908, Ground-Based and Airborne Instru- 
mentation for Astronomy VI. SPIE, Bellingham, p. 99088R 

ressler A. , 1980, ApJ , 236, 351 
ressler A. , Gunn J. E., 1982, ApJ , 263, 533 
ressler A. et al., 1997, ApJ , 490, 577 
ressler A. , Oemler A., Jr, Poggianti B. M., Gladders M. D., Abramson L.,

Vulcani B., 2013, ApJ , 770, 62 
rew J. E. et al., 2005, MNRAS , 362, 753 
rew J. E. et al., 2014, MNRAS , 440, 2036 
river S. P. et al., 2012, MNRAS , 427, 3244 
rory N. et al., 2015, AJ , 149, 77 
uch ̂ ene G. , Kraus A., 2013, ARA&A , 51, 269 
ufour P. , Liebert J., Fontaine G., Behara N., 2007, Nature , 450, 522 
u Mas des Bourboux H. et al., 2017, A&A , 608, A130 
u Mas des Bourboux H. et al., 2020, ApJ , 901, 153 
uncan K. J. et al., 2019, A&A , 622, A3 
uncan K. J. et al., 2021, A&A , 648, A4 
utta R. , Srianand R., Gupta N., Momjian E., Noterdaeme P., Petitjean P.,

Rahmani H., 2017, MNRAS , 465, 588 
ales S. et al., 2010, PASP , 122, 499 
beling H. , Edge A. C., Bohringer H., Allen S. W., Crawford C. S., Fabian

A. C., Voges W., Huchra J. P., 1998, MNRAS , 301, 881 
beling H. , Edge A. C., Allen S. W., Crawford C. S., Fabian A. C., Huchra

J. P., 2000, MNRAS , 318, 333 
isenstein D. J. et al., 2006, ApJS , 167, 40 
isenstein D. J. et al., 2011, AJ , 142, 72 
vans F. A. , Marchetti T., Rossi E. M., 2022, MNRAS , 512, 2350 
 amae y B. et al., 2016, in Reyl ́e C., Richard J., Cambr ́esy L., Deleuil M.,

P ́econtal E., Tresse L., Vauglin I., eds, SF2A-2016: Proc. Annual Meeting
of the French Society of Astronomy and Astrophysics. p. 281 

arihi J. , Jura M., Zuckerman B., 2009, ApJ , 694, 805 
ari ̃ na C. et al., 2018, in Peck A. B., Seaman R. L., Benn C. R., eds, Proc. SPIE

Conf. Ser. Vol. 10704, Observatory Operations: Strategies, Processes, and 
Systems VII. SPIE, Bellingham, p. 107040W 

asano G. et al., 2006, A&A , 445, 805 
reeman K. , Bland-Hawthorn J., 2002, ARA&A , 40, 487 
umagalli M. , O’Meara J. M., Prochaska J. X., Worseck G., 2013, ApJ , 775,

78 
umagalli M. , Fotopoulou S., Thomson L., 2020, MNRAS , 498, 1951 
aia Collaboration , 2016, A&A , 595, A1 
aia Collaboration , 2018a, A&A , 616, A10 
aia Collaboration , 2018b, A&A , 616, A11 
aia Collaboration , 2021, A&A , 649, A8 
aia Collaboration , 2023a, A&A , 674, A1 
aia Collaboration , 2023b, A&A , 674, A41 
allart C. , Bernard E. J., Brook C. B., Ruiz-Lara T., Cassisi S., Hill V.,

Monelli M., 2019, Nat. Astron. , 3, 932 
allazzi A. , Charlot S., Brinchmann J., White S. D. M., Tremonti C. A., 2005,

MNRAS , 362, 41 
allazzi A. , Brinchmann J., Charlot S., White S. D. M., 2008, MNRAS , 383,

1439 
aneshaiah Veena P. , Cautun M., Tempel E., van de Weygaert R., Frenk C.

S., 2019, MNRAS , 487, 1607 
 ̈ansicke B. T. , Koester D., Girven J., Marsh T. R., Steeghs D., 2010, Science ,

327, 188 
 ̈ansicke B. T. , Koester D., Farihi J., Girven J., Parsons S. G., Breedt E.,

2012, MNRAS , 424, 333 
arc ́ıa-Berro E. et al., 2010, Nature , 465, 194 
arc ́ıa-Rojas J. , Morisset C., Jones D., Wesson R., Boffin H. M. J., Monteiro

H., Corradi R. L. M., Rodr ́ıguez-Gil P., 2022, MNRAS , 510, 5444 
eha M. , Blanton M. R., Yan R., Tinker J. L., 2012, ApJ , 757, 85 
eller M. J. , Hwang H. S., Fabricant D. G., Kurtz M. J., Dell’Antonio I. P.,

Zahid H. J., 2014, ApJS , 213, 35 
enest-Beaulieu C. , Bergeron P., 2019, ApJ , 871, 169 
entile Fusillo N. P. , G ̈ansicke B. T., Greiss S., 2015, MNRAS , 448, 2260 
MNRAS 530, 2688–2730 (2024) 

http://dx.doi.org/10.1051/0004-6361/200913290
http://dx.doi.org/10.3390/universe8020111
http://dx.doi.org/10.1051/0004-6361/202038192
http://dx.doi.org/10.1088/2041-8205/778/1/L2
http://dx.doi.org/10.1146/annurev.astro.40.060401.093803
http://dx.doi.org/10.1051/0004-6361/201833738
http://dx.doi.org/10.1051/0004-6361/201834546
http://dx.doi.org/10.1051/0004-6361/201935599
http://dx.doi.org/10.1093/mnras/stv949
http://dx.doi.org/10.1051/0004-6361/201937386
http://dx.doi.org/10.1051/0004-6361/202142568
http://dx.doi.org/10.1111/j.1365-2966.2008.13016.x
http://dx.doi.org/10.1093/mnras/sts416
http://dx.doi.org/10.1093/mnras/staa1017
http://dx.doi.org/10.1086/115545
http://dx.doi.org/10.1051/0004-6361/201833036
http://arxiv.org/abs/1612.05560
http://dx.doi.org/10.1051/0004-6361/202243964
http://dx.doi.org/10.1046/j.1365-8711.2001.04902.x
http://dx.doi.org/10.1086/300337
http://dx.doi.org/10.1088/0004-637X/696/1/620
http://dx.doi.org/10.1093/mnras/stz1547
http://dx.doi.org/10.1093/mnras/stac2777
http://dx.doi.org/10.1051/0004-6361/201936550
http://dx.doi.org/10.1111/j.1365-2966.2011.20365.x
http://dx.doi.org/10.1051/0004-6361/201832763
http://dx.doi.org/10.1088/1674-4527/12/9/003
http://dx.doi.org/10.3847/1538-4357/aadfd6
http://dx.doi.org/10.1051/0004-6361/202243680
http://dx.doi.org/10.1088/0004-6256/145/1/10
http://dx.doi.org/10.3847/0004-6256/151/2/44
http://dx.doi.org/10.1111/j.1365-2966.2012.21639.x
http://arxiv.org/abs/1611.00036
http://arxiv.org/abs/1611.00037
http://dx.doi.org/10.3847/1538-3881/ab089d
http://dx.doi.org/10.1051/0004-6361/202140316
http://dx.doi.org/10.3847/0004-637X/832/1/95
http://dx.doi.org/10.1051/0004-6361/202141298
http://dx.doi.org/10.1051/0004-6361/201834929
http://dx.doi.org/10.1051/0004-6361:20078205
http://dx.doi.org/10.1051/0004-6361/201220551
http://dx.doi.org/
http://dx.doi.org/10.18727/0722-6691/5117
http://dx.doi.org/10.1046/j.1365-8711.2003.06510.x
http://dx.doi.org/10.1051/0004-6361/201935638
http://dx.doi.org/10.1093/mnras/stv327
http://dx.doi.org/10.1017/pasa.2017.52
http://dx.doi.org/10.1086/157753
http://dx.doi.org/10.1086/160524
http://dx.doi.org/10.1086/304890
http://dx.doi.org/10.1088/0004-637X/770/1/62
http://dx.doi.org/10.1111/j.1365-2966.2005.09330.x
http://dx.doi.org/10.1093/mnras/stu394
http://dx.doi.org/10.1111/j.1365-2966.2012.22036.x
http://dx.doi.org/10.1088/0004-6256/149/2/77
http://dx.doi.org/10.1146/annurev-astro-081710-102602
http://dx.doi.org/10.1038/nature06318
http://dx.doi.org/10.1051/0004-6361/201731731
http://dx.doi.org/10.3847/1538-4357/abb085
http://dx.doi.org/10.1051/0004-6361/201833562
http://dx.doi.org/10.1051/0004-6361/202038809
http://dx.doi.org/10.1093/mnras/stw2689
http://dx.doi.org/10.1086/653086
http://dx.doi.org/10.1046/j.1365-8711.1998.01949.x
http://dx.doi.org/10.1046/j.1365-8711.2000.03549.x
http://dx.doi.org/10.1086/507110
http://dx.doi.org/10.1088/0004-6256/142/3/72
http://dx.doi.org/10.1093/mnras/stac495
http://dx.doi.org/10.1088/0004-637X/694/2/805
http://dx.doi.org/10.1051/0004-6361:20053816
http://dx.doi.org/10.1146/annurev.astro.40.060401.093840
http://dx.doi.org/10.1088/0004-637X/775/1/78
http://dx.doi.org/10.1093/mnras/staa2388
http://dx.doi.org/10.1051/0004-6361/201629272
http://dx.doi.org/10.1051/0004-6361/201832843
http://dx.doi.org/10.1051/0004-6361/201832865
http://dx.doi.org/10.1051/0004-6361/202039714
http://dx.doi.org/10.1051/0004-6361/202243940
http://dx.doi.org/10.1051/0004-6361/202243232
http://dx.doi.org/10.1038/s41550-019-0829-5
http://dx.doi.org/10.1111/j.1365-2966.2005.09321.x
http://dx.doi.org/10.1111/j.1365-2966.2007.12632.x
http://dx.doi.org/10.1093/mnras/stz1343
http://dx.doi.org/10.1126/science.1180228
http://dx.doi.org/10.1111/j.1365-2966.2012.21201.x
http://dx.doi.org/10.1038/nature09045
http://dx.doi.org/10.1093/mnras/stab3523
http://dx.doi.org/10.1088/0004-637X/757/1/85
http://dx.doi.org/10.1088/0067-0049/213/2/35
http://dx.doi.org/10.3847/1538-4357/aafac6
http://dx.doi.org/10.1093/mnras/stv120


2726 S. Jin et al. 

M

G
G
G
G
G
G
G
G
G  

G
G
G
G
G
G
G
G  

 

G
G
H  

H
H
H
H  

H
H  

H  

H  

H
H
H
H  

 

H
H
H
H
H
I
I  

I
I
J
J
J
J  

J  

K
K
K
K  

K
K
K  

K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K  

K  

K
K
K
K
K  

K
K
L  

L  

 

 

L  

L
L
L
L
L  

 

L
L
L
L
L
L
L
L
M  

M
M
M
M
M
M  

M
M
M
M
M
M
M
M
M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/2688/7076341 by guest on 11 O
ctober 2024
entile Fusillo N. P. et al., 2019, MNRAS , 482, 4570 
entile Fusillo N. P. et al., 2021, MNRAS , 508, 3877 
iammichele N. , Bergeron P., Dufour P., 2012, ApJS , 199, 29 
ilmore G. et al., 2012, The Messenger, 147, 25 
ilmore G. et al., 2022, A&A , 666, A120 
iovanelli R. et al., 2007, AJ , 133, 2569 
loudemans A. J. et al., 2021, A&A , 648, A7 
nedin O. Y. , 2003, ApJ , 589, 752 
ontcho A Gontcho S. , Miralda-Escud ́e J., Font-Ribera A., Blomqvist M.,

Busca N. G., Rich J., 2018, MNRAS , 480, 610 
reen R. F. , Schmidt M., Liebert J., 1986, ApJS , 61, 305 
reimel R. et al., 2021, A&A , 655, A49 
root P. J. et al., 2009, MNRAS , 399, 323 
rossi M. et al., 2015, A&A , 574, A126 
rossi M. et al., 2016, A&A , 590, A27 
uan X. , 2006, Phys. Rev. A , 74, 023413 
uarcello M. G. et al., 2021, A&A , 650, A157 
uerra J. et al., 2016, in Chiozzi G., Guzman J. C., eds, Proc. SPIE Conf. Ser.

Vol. 9913, Software and Cyberinfrastructure for Astronomy IV. SPIE,
Bellingham, p. 99131X 

unn J. E. , Gott J. R. III, 1972, ApJ , 176, 1 
uzzo L. et al., 2014, A&A , 566, A108 
allenbeck G. , Koopmann R., Giovanelli R., Haynes M. P., Huang S.,

Leisman L., Papastergis E., 2017, AJ , 154, 58 
ansen B. M. S. et al., 2007, ApJ , 671, 380 
ardcastle M. J. et al., 2016, MNRAS , 462, 1910 
ardcastle M. J. et al., 2021, A&A , 648, A10 
arris A. , Drew J. E., Farnhill H. J., Mongui ́o M., Gebran M., Wright N. J.,

Drake J. J., Sale S. E., 2018, MNRAS , 475, 1680 
awkins K. et al., 2016, A&A , 592, A70 
aywood M. , Di Matteo P., Lehnert M. D., Snaith O., Khoperskov S., G ́omez

A., 2018, ApJ , 863, 113 
eiter U. , Jofr ́e P., Gustafsson B., Korn A. J., Soubiran C., Th ́evenin F., 2015,

A&A , 582, A49 
elmi A. , Babusiaux C., Koppelman H. H., Massari D., Veljanoski J., Brown

A. G. A., 2018, Nature , 563, 85 
ermes J. J. et al., 2017, ApJS , 232, 23 
errera Ruiz N. et al., 2021, A&A , 648, A12 
ess K. M. et al., 2021, A&A , 647, A193 
ill G. J. et al., 2008, in Kodama T ., Yamada T ., Aoki K., eds, ASP Conf. Ser.

Vol. 399, Panoramic Views of Galaxy Formation and Evolution. Astron.
Soc. Pac., San Francisco, p. 115 

olberg J. B. , Bergeron P., 2006, AJ , 132, 1221 
olgado G. et al., 2018, A&A , 613, A65 
olgado G. et al., 2020, A&A , 638, A157 
oll B. et al., 2018, A&A , 618, A30 
opkins A. M. , Beacom J. F., 2006, ApJ , 651, 142 

bata R. et al., 2021, ApJ , 914, 123 
night K. , G ̈ansicke B. T., Breedt E., Marsh T. R., Pala A. F., Raddi R., 2021,

MNRAS , 504, 2420 
orio G. , Belokurov V., 2021, MNRAS , 502, 5686 
ovino A. et al., 2023, A&A , 672, A87 
anz J. et al., 2012, ApJ , 745, L24 
apelj J. et al., 2019, A&A , 632, A94 
erjen H. , Kalnajs A., Binggeli B., 2000, A&A, 358, 845 
ones A. , Noll S., Kausch W., Szyszka C., Kimeswenger S., 2013, A&A , 560,

A91 
oshi G. D. , Pillepich A., Nelson D., Marinacci F., Springel V., Rodriguez-

Gomez V., Vogelsberger M., Hernquist L., 2020, MNRAS , 496, 2673 
alirai J. S. , Marigo P., Tremblay P.-E., 2014, ApJ , 782, 17 
allinger T. et al., 2010, A&A , 522, A1 
atz D. et al., 2023, A&A , 674, A5 
auffmann G. , White S. D. M., Heckman T. M., M ́enard B., Brinchmann J.,

Charlot S., Tremonti C., Brinkmann J., 2004, MNRAS , 353, 713 
awata D. , Mulchaey J. S., 2008, ApJ , 672, L103 
elz A. et al., 2006, PASP , 118, 129 
epler S. O. , Castanheira B. G., Costa A. F. M., Koester D., 2006, MNRAS ,

372, 1799 
NRAS 530, 2688–2730 (2024) 
epler S. O. , Koester D., Ourique G., 2016, Science , 352, 67 
ere ̌s D. , Katz N., Weinberg D. H., Dav ́e R., 2005, MNRAS , 363, 2 
leinman S. J. et al., 2013, ApJS , 204, 5 
ochanek C. S. et al., 2012, ApJS , 200, 8 
oester D. , 2010, Mem. Soc. Astron. Ital., 81, 921 
oester D. , G ̈ansicke B. T., Farihi J., 2014, A&A , 566, A34 
ollmeier J. A. et al., 2017, preprint ( arXiv:1711.03234 ) 
ondapally R. et al., 2021, A&A , 648, A3 
ondapally R. et al., 2022, MNRAS , 513, 3742 
oppelman H. H. , Helmi A., 2021, A&A , 649, A136 
ordopatis G. et al., 2023, A&A , 669, A104 
ounkel M. , Co v e y K., 2019, AJ , 158, 122 
ova ̌c K. et al., 2014, MNRAS , 438, 717 
owalski P. M. , 2006, ApJ , 641, 488 
raljic K. et al., 2022, MNRAS , 514, 1359 
rogager J.-K. , Møller P., Fynbo J. P. U., Noterdaeme P., 2017, MNRAS ,

469, 2959 
 uchner U. , Zie gler B., Verdugo M., Bamford S., H ̈außler B., 2017, A&A ,

604, A54 
uchner U. et al., 2020, MNRAS , 494, 5473 
uchner U. et al., 2021, MNRAS , 503, 2065 
uchner U. et al., 2022, MNRAS , 510, 581 
uhlen M. , Vogelsberger M., Angulo R., 2012, Phys. Dark Universe , 1, 50 
 unz R. , Fe y M., Jae ger M., Mayer A., Hammer J. W., Staudt G., Harissopulos

S., Paradellis T., 2002, ApJ , 567, 643 
urk J. et al., 2013, A&A , 549, A63 
utkin A. M. et al., 2022, A&A , 667, A39 
ac y M. , VLASS Surv e y Team V. S. S. G. , 2018, in American Astronomical

Society Meeting Abstracts #231. p. 321.02 
aing R. A. , Jenkins C. R., Wall J. V., Unger S. W., 1994, in Bicknell G.

V., Dopita M. A., Quinn P. J., eds, ASP Conf. Ser. Vol. 54, The First
Stromlo Symposium: The Physics of Active Galaxies. Astron. Soc. Pac.,
San Francisco, p. 201 

aporte C. F. P. , Minchev I., Johnston K. V., G ́omez F. A., 2019, MNRAS ,
485, 3134 

ee K.-G. et al., 2018, ApJS , 237, 31 
e F ̀evre O. et al., 2005, A&A , 439, 845 
e F ̀evre O. et al., 2015, A&A , 576, A79 
ewis I. J. et al., 2002, MNRAS , 333, 279 
ewis I. J. et al., 2014, in Ramsay S. K., McLean I. S., Takami H.,

eds, Proc. SPIE Conf. Ser. Vol. 9147, Ground-Based and Airborne
Instrumentation for Astronomy V. SPIE, Bellingham, p. 914734 

iebert J. , Bergeron P., Holberg J. B., 2005, ApJS, 156, 47 
illy S. J. et al., 2009, ApJS , 184, 218 
indegren L. et al., 2021, A&A , 649, A2 
isker T. , Grebel E. K., Binggeli B., 2006, AJ , 132, 497 
isker T. , Grebel E. K., Binggeli B., Glatt K., 2007, ApJ , 660, 1186 
isker T. et al., 2009, ApJ , 706, L124 
uo A.-L. et al., 2015, Res. Astron. Astrophys. , 15, 1095 
yke B. W. et al., 2020, ApJS , 250, 8 
cGee S. L. , Balogh M. L., Bower R. G., Font A. S., McCarthy I. G., 2009,

MNRAS , 400, 937 
ackereth J. T. , Bovy J., 2020, MNRAS , 492, 3631 
ackereth J. T. et al., 2017, MNRAS , 471, 3057 
ackereth J. T. et al., 2019, MNRAS , 482, 3426 
cQuinn M. , White M., 2011, MNRAS , 415, 2257 
adau P. , Dickinson M., 2014, ARA&A , 52, 415 
addox N. , Hess K. M., Obreschkow D., Jarvis M. J., Blyth S.-L., 2015,

MNRAS , 447, 1610 
agrini L. et al., 2021, A&A , 651, A84 
a ́ız Apell ́aniz J. , Barb ́a R. H., 2018, A&A , 613, A9 
ajewski S. R. et al., 2017, AJ , 154, 94 
alhan K. , Ibata R. A., Martin N. F., 2018, MNRAS , 481, 3442 
alhan K. et al., 2022, ApJ , 926, 107 
andal S. et al., 2021, A&A , 648, A5 
antz A. , Allen S. W., Rapetti D., Ebeling H., 2010, MNRAS , 406, 1759 
araston C. , 1998, MNRAS , 300, 872 
archetti T. , Evans F. A., Rossi E. M., 2022, MNRAS , 515, 767 

http://dx.doi.org/10.1093/mnras/sty3016
http://dx.doi.org/10.1093/mnras/stab2672
http://dx.doi.org/10.1088/0067-0049/199/2/29
http://dx.doi.org/10.1051/0004-6361/202243134
http://dx.doi.org/10.1086/516635
http://dx.doi.org/10.1051/0004-6361/202038819
http://dx.doi.org/10.1086/374774
http://dx.doi.org/10.1093/mnras/sty1817
http://dx.doi.org/10.1086/191115
http://dx.doi.org/10.1051/0004-6361/202140950
http://dx.doi.org/10.1111/j.1365-2966.2009.15273.x
http://dx.doi.org/10.1051/0004-6361/201424866
http://dx.doi.org/10.1051/0004-6361/201628123
http://dx.doi.org/10.1103/PhysRevA.74.023413
http://dx.doi.org/10.1051/0004-6361/202140361
http://dx.doi.org/10.1086/151605
http://dx.doi.org/10.1051/0004-6361/201321489
http://dx.doi.org/10.3847/1538-3881/aa7c1d
http://dx.doi.org/10.1086/522567
http://dx.doi.org/10.1093/mnras/stw1763
http://dx.doi.org/10.1051/0004-6361/202038814
http://dx.doi.org/10.1093/mnras/stx3299
http://dx.doi.org/10.1051/0004-6361/201628268
http://dx.doi.org/10.3847/1538-4357/aad235
http://dx.doi.org/10.1051/0004-6361/201526319
http://dx.doi.org/10.1038/s41586-018-0625-x
http://dx.doi.org/10.3847/1538-4365/aa8bb5
http://dx.doi.org/10.1051/0004-6361/202038896
http://dx.doi.org/10.1051/0004-6361/202040019
http://dx.doi.org/10.1086/505938
http://dx.doi.org/10.1051/0004-6361/201731543
http://dx.doi.org/10.1051/0004-6361/202037699
http://dx.doi.org/10.1051/0004-6361/201832892
http://dx.doi.org/10.1086/506610
http://dx.doi.org/10.3847/1538-4357/abfcc2
http://dx.doi.org/10.1093/mnras/stab753
http://dx.doi.org/10.1093/mnras/stab005
http://dx.doi.org/10.1051/0004-6361/202245361
http://dx.doi.org/10.1088/2041-8205/745/2/L24
http://dx.doi.org/10.1051/0004-6361/201936048
http://dx.doi.org/10.1051/0004-6361/201322433
http://dx.doi.org/10.1093/mnras/staa1668
http://dx.doi.org/10.1088/0004-637X/782/1/17
http://dx.doi.org/10.1051/0004-6361/201015263
http://dx.doi.org/10.1051/0004-6361/202244220
http://dx.doi.org/10.1111/j.1365-2966.2004.08117.x
http://dx.doi.org/10.1086/526544
http://dx.doi.org/10.1086/497455
http://dx.doi.org/10.1111/j.1365-2966.2006.10992.x
http://dx.doi.org/10.1126/science.aad6705
http://dx.doi.org/10.1111/j.1365-2966.2005.09451.x
http://dx.doi.org/10.1088/0067-0049/204/1/5
http://dx.doi.org/10.1088/0067-0049/200/1/8
http://dx.doi.org/10.1051/0004-6361/201423691
http://arxiv.org/abs/1711.03234
http://dx.doi.org/10.1051/0004-6361/202038813
http://dx.doi.org/10.1093/mnras/stac1128
http://dx.doi.org/10.1051/0004-6361/202038777
http://dx.doi.org/10.1051/0004-6361/202244283
http://dx.doi.org/10.3847/1538-3881/ab339a
http://dx.doi.org/10.1093/mnras/stt2241
http://dx.doi.org/10.1086/500358
http://dx.doi.org/10.1093/mnras/stac1409
http://dx.doi.org/10.1093/mnras/stx1011
http://dx.doi.org/10.1051/0004-6361/201630252
http://dx.doi.org/10.1093/mnras/staa1083
http://dx.doi.org/10.1093/mnras/stab567
http://dx.doi.org/10.1093/mnras/stab3419
http://dx.doi.org/10.1016/j.dark.2012.10.002
http://dx.doi.org/10.1086/338384
http://dx.doi.org/10.1051/0004-6361/201117847
http://dx.doi.org/10.1051/0004-6361/202244008
http://dx.doi.org/10.1093/mnras/stz583
http://dx.doi.org/10.3847/1538-4365/aace58
http://dx.doi.org/10.1051/0004-6361:20041960
http://dx.doi.org/10.1051/0004-6361/201423829
http://dx.doi.org/10.1046/j.1365-8711.2002.05333.x
http://dx.doi.org/10.1088/0067-0049/184/2/218
http://dx.doi.org/10.1051/0004-6361/202039709
http://dx.doi.org/10.1086/505045
http://dx.doi.org/10.1086/513090
http://dx.doi.org/10.1088/0004-637X/706/1/L124
http://dx.doi.org/10.1088/1674-4527/15/8/002
http://dx.doi.org/10.3847/1538-4365/aba623
http://dx.doi.org/10.1111/j.1365-2966.2009.15507.x
http://dx.doi.org/10.1093/mnras/staa047
http://dx.doi.org/10.1093/mnras/stx1774
http://dx.doi.org/10.1093/mnras/sty2955
http://dx.doi.org/10.1111/j.1365-2966.2011.18855.x
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1093/mnras/stu2532
http://dx.doi.org/10.1051/0004-6361/202140935
http://dx.doi.org/10.1051/0004-6361/201732050
http://dx.doi.org/10.3847/1538-3881/aa784d
http://dx.doi.org/10.1093/mnras/sty2474
http://dx.doi.org/10.3847/1538-4357/ac4d2a
http://dx.doi.org/10.1051/0004-6361/202039998
http://dx.doi.org/10.1111/j.1365-2966.2010.16992.x
http://dx.doi.org/10.1046/j.1365-8711.1998.01947.x
http://dx.doi.org/10.1093/mnras/stac1777


The WEAVE Survey 2727 

M
M
M
M
M
M  

M
M  

M
M
M
M  

M
M
M  

M  

M  

M  

N  

N
N  

N
N  

N
O
O  

O
O
P
P
P
P
P
P
P  

 

P
P  

P  

P  

P  

P
P  

 

P
P  

P  

P

P  

P
P  

P
P  

 

P
P
P
P
P
Q
R  

R  

R
R
R
R
R
R
R
R
R
R  

R
R
R
R  

R
S
S
S  

S
S  

S
S
S  

S
S
S  

S
S
S
S
S
S
S
S  

S
S
S
S
S  

S

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/2688/7076341 by guest on 11 O
ctober 2024
arsh T. R. et al., 2016, Nature , 537, 374 
artin N. F. et al., 2022, Nature , 601, 45 
art ́ınez H. J. , Muriel H., Coenda V., 2015, MNRAS , 455, 127 
art ́ınez-Solaeche G. et al., 2022, A&A , 661, A99 
as-Ribas L. et al., 2017, ApJ , 846, 4 
 ́endez-Abreu J. , Debattista V. P., Corsini E. M., Aguerri J. A. L., 2014,

A&A , 572, A25 
ingo B. et al., 2022, MNRAS , 511, 3250 
iszalski B. , Shortridge K., Saunders W., Parker Q. A., Croom S. M., 2006,

MNRAS , 371, 1537 
oe M. , Di Stefano R., 2017, ApJS , 230, 15 
oehler S. et al., 2014, A&A , 568, A9 
ongui ́o M. et al., 2020, A&A , 638, A18 
oore B. , Katz N., Lake G., Dressler A., Oemler A., 1996, Nature , 379, 613
organti R. et al., 2021, A&A , 648, A9 
orrison S. , Pieri M. M., Syphers D., Kim T.-S., 2019, MNRAS , 489, 868 
orrison S. , Pieri M. M., Som D., P ́erez-R ̀afols I., 2021, MNRAS , 506, 5750
orrison S. , Som D., Pieri M. M., P ́erez-R ̀afols I., Blomqvist M., 2023,

preprint ( arXiv:2309.06813 ) 
yeong G. C. , Vasiliev E., Iorio G., Evans N. W., Belokurov V., 2019,

MNRAS , 488, 1235 
yers S. T. , VLASS Surv e y Team S. S. G. S. , 2018, in American Astronom-

ical Society Meeting Abstracts #231. p. 231.08 
aidu R. P. , Conroy C., Bonaca A., Johnson B. D., Ting Y.-S., Caldwell N.,

Zaritsky D., Cargile P. A., 2020, ApJ , 901, 48 
andakumar G. et al., 2022, MNRAS , 513, 232 
elan J. E. , Smith R. J., Hudson M. J., Wegner G. A., Lucey J. R., Moore S.

A. W., Quinney S. J., Suntzeff N. B., 2005, ApJ , 632, 137 
ewman J. A. et al., 2013, ApJS , 208, 5 
oll S. , Kausch W., Barden M., Jones A. M., Szyszka C., Kimeswenger S.,

Vinther J., 2012, A&A , 543, A92 
oterdaeme P. et al., 2012, A&A , 547, L1 
singa E. et al., 2021, A&A , 648, A11 
’Sulli v an S. P. , Gaensler B. M., Lara-L ́opez M. A., van Velzen S., Banfield

J. K., Farnes J. S., 2015, ApJ , 806, 83 
swalt T. D. , Smith J. A., Wood M. A., Hintzen P., 1996, Nature , 382, 692 
zbek M. , Croft R. A. C., Khandai N., 2016, MNRAS , 456, 3610 
acaud F. et al., 2018, A&A , 620, A10 
ala A. F. et al., 2020, MNRAS , 494, 3799 
alanque-Delabrouille N. et al., 2013, A&A , 559, A85 
alanque-Delabrouille N. et al., 2016, A&A , 587, A41 
ancino E. et al., 2012, MNRAS , 426, 1767 
ark C. , Hwang H. S., 2009, ApJ , 699, 1595 
arry I. R. , Lewis I. J., Sharples R. M., Dodsworth G. N., Webster J., Gellatly

D. W., Jones L. R., Watson F. G., 1994, in Crawford D. L., Craine E. R.,
eds, Proc. SPIE Conf. Ser. Vol. 2198, Instrumentation in Astronomy VIII. 
SPIE, Bellingham, p. 125 

arsons S. G. et al., 2017, MNRAS , 470, 4473 
auli E.-M. , Napiwotzki R., Altmann M., Heber U., Odenkirchen M., Kerber

F., 2003, A&A , 400, 877 
auli E.-M. , Napiwotzki R., Heber U., Altmann M., Odenkirchen M., 2006,

A&A , 447, 173 
edraz S. , Gorgas J., Cardiel N., S ́anchez-Bl ́azquez P., Guzm ́an R., 2002,

MNRAS , 332, L59 
eirani S. , Weinberg D. H., Colombi S., Blaizot J., Dubois Y., Pichon C.,

2014, ApJ , 784, 11 
eng Y.-j. et al., 2010, ApJ , 721, 193 
eralta de Arriba L. , Lewis J., Murphy D. N. A., Irwin M. J., WEAVE

Instrument Consortium , 2019, in Montesinos B., Asensio Ramos A., 
Buitrago F., Sch ̈odel R., Villaver E., P ́erez-Hoyos S., Ord ́o ̃ nez-Etxeberria
I., eds, Highlights on Spanish Astrophysics X, Proc. XIII Scientific 
Meeting of the Spanish Astronomical Society. p. 608 

 ́erez-R ̀afols I. , Pieri M. M., 2020, MNRAS , 496, 4941 
 ́erez-R ̀afols I. , Miralda-Escud ́e J., Arinyo-i-Prats A., Font-Ribera A., Mas-

Ribas L., 2018, MNRAS , 480, 4702 
 ́erez-R ̀afols I. , Pieri M. M., Blomqvist M., Morrison S., Som D., 2020,

MNRAS , 496, 4931 
 ́erez-R ̀afols I. et al., 2023, A&A , 678, A144 
ichon C. , Vergely J. L., Rollinde E., Colombi S., Petitjean P., 2001, MNRAS ,
326, 597 

ickles A. J. , 1998, PASP , 110, 863 
ic ́o S. et al., 2018, in Peck A. B., Seaman R. L., Benn C. R., eds, Proc. SPIE

Conf. Ser. Vol. 10704, Observatory Operations: Strategies, Processes, and 
Systems VII. SPIE, Bellingham, p. 107042A 

ieri M. M. et al., 2014, MNRAS , 441, 1718 
ieri M. M. et al., 2016, in Reyl ́e C., Richard J., Cambr ́esy L., Deleuil M.,

P ́econtal E., Tresse L., Vauglin I., eds, SF2A-2016: Proc. Annual Meeting
of the French Society of Astronomy and Astrophysics. p. 259 

lanck Collaboration XXXVI , 2016a, A&A , 586, A139 
lanck Collaboration XXIV , 2016b, A&A , 594, A24 
lanck Collaboration XXVII , 2016c, A&A , 594, A27 
osti L. , Helmi A., 2019, A&A , 621, A56 
ostman M. et al., 2005, ApJ , 623, 721 
ueiroz C. et al., 2023, MNRAS , 520, 3476 
addi R. , Hollands M. A., G ̈ansicke B. T., Townsley D. M., Hermes J. J.,

Gentile Fusillo N. P., Koester D., 2018a, MNRAS , 479, L96 
addi R. , Hollands M. A., Koester D., G ̈ansicke B. T., Gentile Fusillo N. P.,

Hermes J. J., Townsley D. M., 2018b, ApJ , 858, 3 
andich S. et al., 2022, A&A , 666, A121 
athjen T.-E. et al., 2021, MNRAS , 504, 1039 
ebassa-Mansergas A. et al., 2016, MNRAS , 463, 1137 
ecio-Blanco A. et al., 2023, A&A , 674, A29 
iello M. et al., 2021, A&A , 649, A3 
ipepi V. et al., 2023, A&A , 674, A17 
itossa C. , Garc ́ıa-Berro E., Iben I. Jr, 1999, ApJ , 515, 381 
obin A. C. et al., 2012, A&A , 543, A100 
odrigues N. V. N. et al., 2023, MNRAS , 520, 3494 
ogers K. et al., 2014, in Ramsay S. K., McLean I. S., Takami H.,

eds, Proc. SPIE Conf. Ser. Vol. 9147, Ground-Based and Airborne 
Instrumentation for Astronomy V. SPIE, Bellingham, p. 91476H 

ost A. et al., 2021, MNRAS , 502, 714 
 ̈ottgering H. et al., 2011, J. Astrophys. Astron. , 32, 557 
ozo E. et al., 2009, ApJ , 699, 768 
uiz-Lara T. , Gallart C., Bernard E. J., Cassisi S., 2020, Nat. Astron. , 4, 965
y ́s A. , Falc ́on-Barroso J., van de Ven G., 2013, MNRAS , 428, 2980 
abater J. et al., 2021, A&A , 648, A2 
aff E. B. , Kuijlaars A. B., 1997, Math. Intell., 19, 5 
alvador-Rusi ̃ nol N. , Vazdekis A., La Barbera F., Beasley M. A., Ferreras I.,

Negri A., Dalla Vecchia C., 2020, Nat. Astron. , 4, 252 
alvati L. , Douspis M., Aghanim N., 2020, A&A , 643, A20 
ana H. , 2022, in Decin L., Zijlstra A., Gielen C., eds, Proc. IAU Symp.

366, The Origin of Outflows in Evolved Stars. Cambridge Univ. Press, 
Cambridge, p. 83 

ana H. et al., 2013, A&A , 550, A107 
ana H. et al., 2014, ApJS , 215, 15 
 ́anchez S. F. , Cardiel N., Verheijen M. A. W., Pedraz S., Covone G., 2007,

MNRAS , 376, 125 
 ́anchez S. F. et al., 2012, A&A , 538, A8 
artoretti P. et al., 2023, A&A , 674, A6 
arzi M. et al., 2017, Astrophysics Source Code Library, record ascl:1708.012
axena A. , R ̈ottgering H. J. A., Rigby E. E., 2017, MNRAS , 469, 4083 
axena A. et al., 2018, MNRAS , 475, 5041 
chawinski K. et al., 2014, MNRAS , 440, 889 
coville N. et al., 2007, ApJS , 172, 1 
eo H.-J. , Eisenstein D. J., 2003, ApJ , 598, 720 
erra A. L. , Diaferio A., Murante G., Borgani S., 2011, MNRAS , 412, 800 
esar B. et al., 2017, AJ , 153, 204 
harma S. , Bland-Hawthorn J., Johnston K. V., Binney J., 2011, ApJ , 730,

3 
hen K. J. et al., 2018, ApJ , 865, 15 
himwell T. W. et al., 2017, A&A , 598, A104 
himwell T. W. et al., 2019, A&A , 622, A1 
himwell T. W. et al., 2022, A&A , 659, A1 
hu Y. , Koposov S. E., Evans N. W., Belokurov V., McMahon R. G., Auger

M. W., Lemon C. A., 2019, MNRAS , 489, 4741 
iewert T. M. et al., 2020, A&A , 643, A100 
MNRAS 530, 2688–2730 (2024) 

http://dx.doi.org/10.1038/nature18620
http://dx.doi.org/10.1038/s41586-021-04162-2
http://dx.doi.org/10.1093/mnras/stv2295
http://dx.doi.org/10.1051/0004-6361/202142812
http://dx.doi.org/10.3847/1538-4357/aa81cf
http://dx.doi.org/10.1051/0004-6361/201423955
http://dx.doi.org/10.1093/mnras/stac140
http://dx.doi.org/10.1111/j.1365-2966.2006.10777.x
http://dx.doi.org/10.3847/1538-4365/aa6fb6
http://dx.doi.org/10.1051/0004-6361/201423790
http://dx.doi.org/10.1051/0004-6361/201937333
http://dx.doi.org/10.1038/379613a0
http://dx.doi.org/10.1051/0004-6361/202039102
http://dx.doi.org/10.1093/mnras/stz2187
http://dx.doi.org/10.1093/mnras/stab2091
http://arxiv.org/abs/2309.06813
http://dx.doi.org/10.1093/mnras/stz1770
http://dx.doi.org/10.3847/1538-4357/abaef4
http://dx.doi.org/10.1093/mnras/stac873
http://dx.doi.org/10.1086/431962
http://dx.doi.org/10.1088/0067-0049/208/1/5
http://dx.doi.org/10.1051/0004-6361/201219040
http://dx.doi.org/10.1051/0004-6361/201220259
http://dx.doi.org/10.1051/0004-6361/202039076
http://dx.doi.org/10.1088/0004-637X/806/1/83
http://dx.doi.org/10.1038/382692a0
http://dx.doi.org/10.1093/mnras/stv2894
http://dx.doi.org/10.1051/0004-6361/201834022
http://dx.doi.org/10.1093/mnras/staa764
http://dx.doi.org/10.1051/0004-6361/201322130
http://dx.doi.org/10.1051/0004-6361/201527392
http://dx.doi.org/10.1111/j.1365-2966.2012.21766.x
http://dx.doi.org/10.1088/0004-637X/699/2/1595
http://dx.doi.org/10.1093/mnras/stx1522
http://dx.doi.org/10.1051/0004-6361:20030012
http://dx.doi.org/10.1051/0004-6361:20052730
http://dx.doi.org/10.1046/j.1365-8711.2002.05565.x
http://dx.doi.org/10.1088/0004-637X/784/1/11
http://dx.doi.org/10.1088/0004-637X/721/1/193
http://dx.doi.org/10.1093/mnras/staa1786
http://dx.doi.org/10.1093/mnras/sty2158
http://dx.doi.org/10.1093/mnras/stz3467
http://dx.doi.org/10.1051/0004-6361/202347488
http://dx.doi.org/10.1046/j.1365-8711.2001.04595.x
http://dx.doi.org/10.1086/316197
http://dx.doi.org/10.1093/mnras/stu577
http://dx.doi.org/10.1051/0004-6361/201526345
http://dx.doi.org/10.1051/0004-6361/201525833
http://dx.doi.org/10.1051/0004-6361/201525823
http://dx.doi.org/10.1051/0004-6361/201833355
http://dx.doi.org/10.1086/428881
http://dx.doi.org/10.1093/mnras/stac2962
http://dx.doi.org/10.1093/mnrasl/sly103
http://dx.doi.org/10.3847/1538-4357/aab899
http://dx.doi.org/10.1051/0004-6361/202243141
http://dx.doi.org/10.1093/mnras/stab900
http://dx.doi.org/10.1093/mnras/stw2021
http://dx.doi.org/10.1051/0004-6361/202243750
http://dx.doi.org/10.1051/0004-6361/202039587
http://dx.doi.org/10.1051/0004-6361/202243990
http://dx.doi.org/10.1086/307017
http://dx.doi.org/10.1051/0004-6361/201118646
http://dx.doi.org/10.1093/mnras/stac2836
http://dx.doi.org/10.1093/mnras/staa3792
http://dx.doi.org/10.1007/s12036-011-9129-x
http://dx.doi.org/10.1088/0004-637X/699/1/768
http://dx.doi.org/10.1038/s41550-020-1097-0
http://dx.doi.org/10.1093/mnras/sts245
http://dx.doi.org/10.1051/0004-6361/202038828
http://dx.doi.org/10.1038/s41550-019-0955-0
http://dx.doi.org/10.1051/0004-6361/202038465
http://dx.doi.org/10.1051/0004-6361/201219621
http://dx.doi.org/10.1088/0067-0049/215/1/15
http://dx.doi.org/10.1111/j.1365-2966.2007.11335.x
http://dx.doi.org/10.1051/0004-6361/201117353
http://dx.doi.org/10.1051/0004-6361/202243615
http://dx.doi.org/10.1093/mnras/stx1150
http://dx.doi.org/10.1093/mnras/sty152
http://dx.doi.org/10.1093/mnras/stu327
http://dx.doi.org/10.1086/516585
http://dx.doi.org/10.1086/379122
http://dx.doi.org/10.1111/j.1365-2966.2010.17946.x
http://dx.doi.org/10.3847/1538-3881/aa661b
http://dx.doi.org/10.1088/0004-637X/730/1/3
http://dx.doi.org/10.3847/1538-4357/aad55b
http://dx.doi.org/10.1051/0004-6361/201629313
http://dx.doi.org/10.1051/0004-6361/201833559
http://dx.doi.org/10.1051/0004-6361/202142484
http://dx.doi.org/10.1093/mnras/stz2487
http://dx.doi.org/10.1051/0004-6361/201936592


2728 S. Jin et al. 

M

S
S
S
S  

 

 

S  

S  

 

S
S
S
S
S  

S
S
S
S
S
T  

T
T
T  

 

T
T
T
T  

T  

 

 

T
T  

T  

T
T
T
T
T  

T  

T
T  

V
V
v
v
v  

 

v
v
V  

V  

V  

V  

 

 

V  

V
V
V  

V
W  

 

W
W
W
W
W  

W  

W
W
W
W
W  

W  

W  

W
W  

X  

Y
Y
Y  

Z  

Z  

Z  

A

A

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/2688/7076341 by guest on 11 O
ctober 2024
ilk J. , Mamon G. A., 2012, Res. Astron. Astrophys. , 12, 917 
im ́on-D ́ıaz S. , 2010, A&A , 510, A22 
inha M. , Holley-Bockelmann K., 2012, ApJ , 751, 17 
killen I. , Balcells M., Trager S. C., 2016, in Skillen I., Balcells M., Trager

S. C., eds, ASP Conf. Ser. Vol. 507, Multi-Object Spectroscopy in the
Next Decade: Big Questions, Large Surveys, and Wide Fields. Astron.
Soc. Pac., San Francisco, p. 477 

mith G. P. , Treu T., Ellis R. S., Moran S. M., Dressler A., 2005, ApJ , 620,
78 

mith D. J. B. et al., 2016, in Reyl ́e C., Richard J., Cambr ́esy L., Deleuil M.,
P ́econtal E., Tresse L., Vauglin I., eds, SF2A-2016: Proc. Annual Meeting
of the French Society of Astronomy and Astrophysics. p. 271 

mith M. W. L. et al., 2017, ApJS , 233, 26 
mith D. J. B. et al., 2021, A&A , 648, A6 
orini D. , O ̃ norbe J., Hennawi J. F., Luki ́c Z., 2018, ApJ , 859, 125 
orini D. , Dav ́e R., Angl ́es-Alc ́azar D., 2020, MNRAS , 499, 2760 
oubiran C. , Le Campion J.-F., Brouillet N., Chemin L., 2016, A&A , 591,

A118 
oubiran C. , Brouillet N., Casamiquela L., 2022, A&A , 663, A4 
pina L. et al., 2022, A&A , 668, A16 
tarkenburg E. et al., 2017, MNRAS , 471, 2587 
teinmetz M. et al., 2006, AJ , 132, 1645 
traatman C. M. S. et al., 2018, ApJS , 239, 27 
adhunter C. N. , Morganti R., Robinson A., Dickson R., Villar-Martin M.,

Fosbury R. A. E., 1998, MNRAS , 298, 1035 
akada M. et al., 2014, PASJ , 66, R1 
al T. et al., 2014, ApJ , 789, 164 
amura N. et al., 2018, in Evans C. J., Simard L., Takami H., eds, Proc. SPIE

Conf. Ser. Vol. 10702, Ground-Based and Airborne Instrumentation for
Astronomy VII. SPIE, Bellingham, p. 107021C 

asse C. , 2014, preprint ( arXiv:1410.8706 ) 
asse C. et al., 2018, A&A , 611, A87 
asse C. et al., 2021, A&A , 648, A1 
empel E. , Stoica R. S., Mart ́ınez V. J., Lii v am ̈agi L. J., Castellan G., Saar

E., 2014, MNRAS , 438, 3465 
errett D. L. , Lewis I. J., Dalton G., Abrams D. C., Aguerri J. A. L., Bonifacio

P., Middleton K., Trager S. C., 2014, in Chiozzi G., Radziwill N. M., eds,
Proc. SPIE Conf. Ser. Vol. 9152, Software and Cyberinfrastructure for
Astronomy III. SPIE, Bellingham, p. 91520P 

he MSE Science Team , 2019, preprint ( arXiv:1904.04907 ) 
homas D. , Maraston C., Bender R., Mendes de Oliveira C., 2005, ApJ , 621,

673 
iwari P. , Zhao R., Zheng J., Zhao G.-B., Bacon D., Schwarz D. J., 2022,

ApJ , 928, 38 
oloba E. et al., 2009, ApJ , 707, L17 
oloba E. et al., 2014, ApJ , 783, 120 
oloba E. et al., 2015, ApJ , 799, 172 
onry J. L. et al., 2012, ApJ , 750, 99 
oonen S. , Hollands M., G ̈ansicke B. T., Boekholt T., 2017, A&A , 602, A16
remblay P.-E. , Kalirai J. S., Soderblom D. R., Cignoni M., Cummings J.,

2014, ApJ , 791, 92 
remblay P.-E. et al., 2017, MNRAS , 465, 2849 
remblay P.-E. , Cukanovaite E., Gentile Fusillo N. P., Cunningham T.,

Hollands M. A., 2019, MNRAS , 482, 5222 
alentini M. et al., 2019, A&A , 627, A173 
asiliev E. , Belokurov V., Erkal D., 2021, MNRAS , 501, 2279 
an Cappellen W. A. et al., 2022, A&A , 658, A146 
an der Wel A. et al., 2016, ApJS , 223, 29 
an Gorkom J. , 2013, in Falc ́on-Barroso J., Knapen J. H., eds, Secular Evo-

lution of Galaxies. XXIII Canary Islands Winter School of Astrophysics.
Cambridge Univ. Press, Cambridge, p. 459 
NRAS 530, 2688–2730 (2024) 
an Haarlem M. P. et al., 2013, A&A , 556, A2 
an Weeren R. J. et al., 2016, ApJS , 223, 2 
azdekis A. , S ́anchez-Bl ́azquez P., Falc ́on-Barroso J., Cenarro A. J., Beasley

M. A., Cardiel N., Gorgas J., Peletier R. F., 2010, MNRAS , 404, 1639 
azdekis A. , Kole v a M., Ricciardelli E., R ̈ock B., Falc ́on-Barroso J., 2016,

MNRAS , 463, 3409 
ennes S. , Nemeth P., Kawka J. R., Thorstensen J. R., Khalack V., Ferrario

L., Alper E. H., 2017, Science, 357, 680 
erheijen M. A. W. , Oosterloo T. A., van Cappellen W. A., Bakker L., Ivashina

M. V., van der Hulst J. M., 2008, in Minchin R., Momjian E., eds, AIP
Conf. Proc. Vol. 1035, The Evolution of Galaxies Through the Neutral
Hydrogen Window. Am. Inst. Phys., New York, p. 265 

iel M. , Becker G. D., Bolton J. S., Haehnelt M. G., 2013, Phys. Rev. D , 88,
043502 

ikhlinin A. et al., 2009, ApJ , 692, 1060 
incke K. , Pfalzner S., 2016, ApJ , 828, 48 
ioque M. , Oudmaijer R. D., Schreiner M., Mendigut ́ıa I., Baines D.,

Mowlavi N., P ́erez-Mart ́ınez R., 2020, A&A , 638, A21 
oit G. M. , Kay S. T., Bryan G. L., 2005, MNRAS , 364, 909 
alton N. A. et al., 2014, in Chiozzi G., Radziwill N. M., eds, Proc. SPIE

Conf. Ser. Vol. 9152, Software and Cyberinfrastructure for Astronomy
III. SPIE, Bellingham, p. 91520R 

ang L. et al., 2021, A&A , 648, A8 
echsler R. H. , Tinker J. L., 2018, ARA&A , 56, 435 
egg C. , Phinney E. S., 2012, MNRAS , 426, 427 
egg C. , Gerhard O., Bieth M., 2019, MNRAS , 485, 3296 
esson R. , Jones D., Garc ́ıa-Rojas J., Boffin H. M. J., Corradi R. L. M., 2018,

MNRAS , 480, 4589 
etzel A. R. , Tinker J. L., Conroy C., van den Bosch F. C., 2013, MNRAS ,

432, 336 
etzel A. R. , Tollerud E. J., Weisz D. R., 2015, ApJ , 808, L27 
illiams W. L. , R ̈ottgering H. J. A., 2015, MNRAS , 450, 1538 
illiams K. A. , Bolte M., Koester D., 2009, ApJ , 693, 355 
illiams W. L. et al., 2019, A&A , 622, A2 
ilson A. J. , Lakeland B. S., Wilson T. J., Naylor T., 2023, MNRAS , 521,

354 
inget D. E. , Hansen C. J., Liebert J., van Horn H. M., Fontaine G., Nather

R. E., Kepler S. O., Lamb D. Q., 1987, ApJ , 315, L77 
orthe y G. , F aber S. M., Gonzalez J. J., Burstein D., 1994, ApJS , 94,

687 
right N. J. , 2020, New Astron. Rev. , 90, 101549 
right N. J. , Goodwin S., Jeffries R. D., Kounkel M., Zari E., 2022, preprint

( arXiv:2203.10007 ) 
u S. , Zuckerman B., Dufour P., Young E. D., Klein B., Jura M., 2017, ApJ ,

836, L7 
anny B. et al., 2009, AJ , 137, 4377 
ork D. G. et al., 2000, AJ , 120, 1579 
u J. , Huber D., Bedding T. R., Stello D., Hon M., Murphy S. J., Khanna S.,

2018, ApJS , 236, 42 
inger E. , Dekel A., Kravtsov A. V., Nagai D., 2018, MNRAS , 475,

3654 
orotovic M. , Schreiber M. R., G ̈ansicke B. T., Nebot G ́omez-Mor ́an A.,

2010, A&A , 520, A86 
uckerman B. , Koester D., Melis C., Hansen B. M., Jura M., 2007, ApJ , 671,

872 

PPENDI X  A :  A B B R E V I AT I O N S  

 list of abbreviations used in this paper is given in Table A1 . 

http://dx.doi.org/10.1088/1674-4527/12/8/004
http://dx.doi.org/10.1051/0004-6361/200913120
http://dx.doi.org/10.1088/0004-637X/751/1/17
http://dx.doi.org/10.1086/426930
http://dx.doi.org/10.3847/1538-4365/aa9b35
http://dx.doi.org/10.1051/0004-6361/202039343
http://dx.doi.org/10.3847/1538-4357/aabb52
http://dx.doi.org/10.1093/mnras/staa2937
http://dx.doi.org/10.1051/0004-6361/201628497
http://dx.doi.org/10.1051/0004-6361/202142409
http://dx.doi.org/10.1051/0004-6361/202243316
http://dx.doi.org/10.1093/mnras/stx1068
http://dx.doi.org/10.1086/506564
http://dx.doi.org/10.3847/1538-4365/aae37a
http://dx.doi.org/10.1046/j.1365-8711.1998.01706.x
http://dx.doi.org/10.1093/pasj/pst019
http://dx.doi.org/10.1088/0004-637X/789/2/164
http://arxiv.org/abs/1410.8706
http://dx.doi.org/10.1051/0004-6361/201731474
http://dx.doi.org/10.1051/0004-6361/202038804
http://dx.doi.org/10.1093/mnras/stt2454
http://arxiv.org/abs/1904.04907
http://dx.doi.org/10.1086/426932
http://dx.doi.org/10.3847/1538-4357/ac5748
http://dx.doi.org/10.1088/0004-637X/707/1/L17
http://dx.doi.org/10.1088/0004-637X/783/2/120
http://dx.doi.org/10.1088/0004-637X/799/2/172
http://dx.doi.org/10.1088/0004-637X/750/2/99
http://dx.doi.org/10.1051/0004-6361/201629978
http://dx.doi.org/10.1088/0004-637X/791/2/92
http://dx.doi.org/10.1093/mnras/stw2854
http://dx.doi.org/10.1093/mnras/sty3067
http://dx.doi.org/10.1051/0004-6361/201834081
http://dx.doi.org/10.1093/mnras/staa3673
http://dx.doi.org/10.1051/0004-6361/202141739
http://dx.doi.org/10.3847/0067-0049/223/2/29
http://dx.doi.org/10.1051/0004-6361/201220873
http://dx.doi.org/10.3847/0067-0049/223/1/2
http://dx.doi.org/10.1111/j.1365-2966.2010.16407.x
http://dx.doi.org/10.1093/mnras/stw2231
http://dx.doi.org/10.1103/PhysRevD.88.043502
http://dx.doi.org/10.1088/0004-637X/692/2/1060
http://dx.doi.org/10.3847/0004-637X/828/1/48
http://dx.doi.org/10.1051/0004-6361/202037731
http://dx.doi.org/10.1111/j.1365-2966.2005.09621.x
http://dx.doi.org/10.1051/0004-6361/202038811
http://dx.doi.org/10.1146/annurev-astro-081817-051756
http://dx.doi.org/10.1111/j.1365-2966.2012.21394.x
http://dx.doi.org/10.1093/mnras/stz572
http://dx.doi.org/10.1093/mnras/sty1871
http://dx.doi.org/10.1093/mnras/stt469
http://dx.doi.org/10.1088/2041-8205/808/1/L27
http://dx.doi.org/10.1093/mnras/stv692
http://dx.doi.org/10.1088/0004-637X/693/1/355
http://dx.doi.org/10.1051/0004-6361/201833564
http://dx.doi.org/10.1093/mnras/stad301
http://dx.doi.org/10.1086/184864
http://dx.doi.org/10.1086/192087
http://dx.doi.org/10.1016/j.newar.2020.101549
http://arxiv.org/abs/2203.10007
http://dx.doi.org/10.3847/2041-8213/836/1/L7
http://dx.doi.org/10.1088/0004-6256/137/5/4377
http://dx.doi.org/10.1086/301513
http://dx.doi.org/10.3847/1538-4365/aaaf74
http://dx.doi.org/10.1093/mnras/stx3329
http://dx.doi.org/10.1051/0004-6361/200913658
http://dx.doi.org/10.1086/522223


The WEAVE Survey 2729 
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