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The 4-metre Multi-Object Spectroscopic
Telescope (4MOST) is a new high-
multiplex, wide-field spectroscopic survey
facility under construction for the four-
metre-class Visible and Infrared Survey
Telescope for Astronomy (VISTA) at
Paranal. Its key specifications are: a large
field of view of 4.2 square degrees and a

high multiplex capability, with 1624 fibres
feeding two low-resolution spectrographs
(R = MAMN ~ 6500), and 812 fibres trans-
ferring light to the high-resolution spec-
trograph (R ~ 20 000). It was decided
from the start to use the instrument in a
survey mode only. The 4MOST consor-
tium prepared ten survey proposals (see
the papers in issue 175 of The Messen-
ger) spanning the whole sky accessible
from Paranal and addressing many sci-
ence goals. The surveys were presented
at a dedicated workshop entitled Prepar-
ing for 4AMOST: A community workshop
introducing ESQO’s next generation spec-
troscopy survey facility, held in May 2019°.

The 4MOST consortium will receive 70%
of the available fibre-hours in the first five
years of operation in return for building
the facility and supporting ESO with its
operation. The remaining 30% of the
observing time in the first five years is
available to conduct surveys led by the
ESO Community. The selection of these
Community Surveys went through the
two-step process for ESO Public Surveys.
A Call for Letters of Intent was issued in
2019. The submitted science cases were
reviewed by the Public Survey Panel

DOI: 10.18727/0722-6691/5298

(PSP) composed of scientific experts
from the ESO Community. A subset of
the proposing teams was invited to sub-
mit full proposals by December 2020,
which were again evaluated by the PSP.
Finally, considering the scientific merit of
the proposals and the technical boundary
conditions of 4AMOST, the PSP recom-
mended the implementation of 15 Com-
munity Surveys. The selection was
endorsed by the Observing Programmes
Committee at its meeting in November
2021,

The selected Community Surveys have
now joined the ten Consortium Surveys
to form the final 4AMOST survey pro-
gramme for the first five years of operation.
This joint set of surveys covers a very
wide range of Galactic and extragalactic
science cases. This issue of the Messenger
contains a detailed description of the
selected Community Surveys, which com-
plements the description of the Consortium
Surveys in Messenger 175.

Links

" Preparing for 4MOST workshop:
https://www.eso.org/sci/meetings/2019/4AMOST.html

Since construction of the ESO Residencia was com-
pleted in 2002, it has been a home from home for
the astronomers, engineers and technicians working
at ESO’s Paranal Observatory in Chile. The sleek
building sits 2400 metres above sea level in the

Mars-like Atacama Desert, just a few kilometres

from Cerro Paranal — the mountain that hosts ESO’s

Very Large Telescope (VLT) and Visible and Infrared
Survey Telescope for Astronomy (VISTA).
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Binary systems containing one or two
white dwarfs are important for studying
stellar evolution and interactions under a
wide range of astrophysical conditions.
Thanks to the Gaia mission we have
identified the first statistically significant
and unbiased sample of ~ 170 000 white
dwarf binary candidates. It comprises
both systems that never interacted that
are part of common proper motion pairs
and systems that evolved through mass
transfer episodes resulting in close
white dwarf binaries. White dwarf bina-
ries hold the potential to observationally
constrain a wide variety of key ingredi-
ents that currently limit the validity of
theoretical models.

Scientific context

Over 90 per cent of stars are born with
masses < 8-10 M, with the certain fate
of ending up as white dwarfs (WDs).
Moreover, about half of the main sequence
(MS) stars in the Milky way are found in
binary systems. The binary separation
determines the evolution of these sys-
tems. If the binary components are sepa-
rated enough to avoid mass transfer
episodes (= 10 au), they can evolve as
single stars. In these binaries, the more
massive star evolves first through the
typical nuclear burning phases and ends
its life as a WD (Garcia-Berro, Ritossa &
Iben, 1997). The orbital separations of
the resulting detached WD+MS binaries
widen with time as a result of modest
velocity kicks caused by asymmetric mass
loss of the WD progenitors (El-Badry &
Rix, 2018). In these cases, the WDs can
be used as reliable cosmo-chronometers
to measure stellar ages, a difficult endeav-
our that is otherwise subject to substan-
tial uncertainties (Soderblom, 2010).
These wide WD+MS binaries are excel-
lent probes of the evolution of age-related
changes in activity, rotation, and metal-
licity of the MS companions. Conversely,
for smaller initial separations (< 10 au),
mass-transfer interactions ensue, which

DOI: 10.18727/0722-6691/5299

lead to a common-envelope phase and to
a dramatic shrinkage of the orbit (lvanova
et al., 2013). These close WD+MS binaries
have orbital periods ranging from a few
hours to several days and the companions
sample a wide range of spectral types

(A, F, G, K, M). Hence, they hold the poten-
tial to give rise to a wide range of impor-
tant outcomes, for example type la super-
novae (SN la), gravitational wave sources,
and WD pulsars, or themselves being out-
comes of fascinating phenomena, such as
planetary nebulae. Indeed, binaries are
overrepresented in the central star plane-
tary nebula population (Jones & Boffin,
2017). In particular, the bipolar structures
in planetary nebulae cannot be explained
by single-star evolution. The WD binary
survey aims to resolve a wide variety of
important open problems which will ulti-
mately help to understand the evolution
of close and wide WD binaries.

Specific scientific goals

The 4MOST WD binary survey is divided
into three sub-surveys, as outlined below,
each aiming for different goals.

The compact white dwarf binary
(CWDB) sub-survey. Within this sub-
survey we aim to address important
aspects of close WD evolution such as
the mechanisms of angular momentum
loss, the energy sources during the
common-envelope phase, understanding
the formation of magnetic WDs in close
binaries, identifying the progenitors of AM
CVn stars, and determining the dominant
fate of close WD binaries. With 4MOST,
the current samples of the distinct types
of binaries will be significantly enlarged,
without bias. The 4MOST spectra will pro-
vide the effective temperatures, surface
gravities, radii, and masses that will allow
the characterisation of the stellar compo-
nents, while the orbital periods will be
measured from the photometric data from
Vera C. Rubin Observatory. These param-
eters will ultimately provide observational
constraints to the evolutionary models.

The common proper motion pairs
(CPMP) sub-survey. This sub-survey
aims at using WDs as ‘clocks’ to provide
additional observational input for
improving our understanding of the
chemical evolution of the Milky Way and
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Figure 1. Left: Density map of the target catalogue
in equatorial coordinates; the orange line represents
the galactic plane which lacks GALEX data. We aim
to follow up at least 41% and 95% of our catalogues
that will be observed with the low-resolution and
high-resolution spectrographs, respectively.

the mechanisms that govern its dynami-
cal heating. Moreover, by using the WD
ages we will analyse the dependency
between age, magnetic activity, and rota-
tion in MS stars. Finally, these wide bina-
ries will allow the mass-radius relation for
WDs to be tested. To achieve these goals,
we will use the 4AMOST spectra of the MS
companions of these WDs to measure
their composition, effective temperatures,
surface gravities and radial velocities and
to detect signs of magnetic activity.

The central star of planetary nebulae
(CSPN) sub-survey. This sub-survey
aims to unravel the nature of the central
star by searching for signs of binarity (for

Right: Distribution of the white dwarf binary targets
for each sub-survey as a function of Gaia G magni-
tude (0.1 mag. bin). Black and red lines show the
total number of targets requested to be observed
with the high-resolution (HRS) and low-resolution
(LRS) spectrograph, respectively.

example, emission lines from an irradi-
ated companion, double-lined He Il lines,
and central stars with F/G/K companions
displaying emission of Ha and Ca H&K
lines). The 4AMOST spectra will also allow
us to check the spectral type of each cen-
tral star and to perform a spectral analysis
to derive their effective temperatures,
surface gravities, masses, radii, and lumi-
nosities. The same analysis can be
applied to the binary component if spec-
tral lines are visible, for example for double--
lined and double-degenerate systems.

Each sub-survey contains targets that will
be observed with the low-resolution and
high-resolution spectrographs. The total

Number of targets
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number of targets per sub-survey for each
spectral resolution is shown in Table 1.

Target selection and survey area

The compact WD binary catalogue uses
the WD ultraviolet excess as a selection
tool (Parsons et al., 2016). Therefore,
GALEX DR6/7 is crossmatched with Gaia
DR3 (Gentile-Fusillo et al. in preparation),
where a simple linear cut in the GALEX/
FUV-Gaia/G colour-magnitude diagram
selects most binaries below the main
sequence. QSOs are the major source of
contaminants, and most of them can be
identified by their lack of proper motion.
Moreover, we performed a quality filter
based on an astrometric excess noise cut
and finally we excluded the Magellanic
Clouds because of bad astrometry in
crowded regions. A sample of CPMPs
containing WDs is identified by cross-
matching the Gentile-Fusillo et al. (2021)

SSC: S/N for LRS SSC: S/N for HRS Number of Number of FoM for LRS FoM for HRS
targets for LRS targets for HRS
CWDB CaT or Ha or BLUE > 13 (up to 100 for G = 15) Ha > 150 (up to 500 for G = 10) 142 000 22 000 40% 95%
CPMP  Hoa_wing > 30 BLUE_narrow > 30 2800 900 70% 90%
CSPN  Hoa_wing > 50 Ha_wing > 250 670 70 71% 95%

Table 1. Relevant parameters for the three sub-
surveys, compact white dwarf binary (CWDB), com-
mon proper motion pairs (CPMP), and central star
planetary nebulae (CSPN), for the low-resolution
spectra (LRS) and high-resolution spectra (HRS).
The spectral success criteria (SSC) correspond to the

median of the S/N per Angstrom calculated assuming
grey conditions. The S/N is calculated within a wave-
length range as follows: BLUE = MEDIAN(S/N
4000-4500 A); BLUE_narrow = MEDIAN(S/N
4000-4300 A); Ho. = MEDIAN(S/N 6512-6612 A);
Ha_wing = MEDIAN(S/N 6400-6500 A);

CaT = MEDIAN(S/N 8350-8850 A°). The low-resolution
spectra of the CWDB sub-survey utilise the combi-
nation of three wavelength ranges. The fraction of
observed targets is calculated for a figure of merit
(FoM) of 0.5 for each sub-survey.
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catalogue with non-degenerate stars in
the Gaia DR3, by adopting the selection
and quality cuts defined by El Badry et al.
(2021), Rebassa-Mansergas et al. (2021),
and Raddi et al. (2022). The contaminants
from open clusters (Cantat-Gaudin et al.,
2018) are removed. Finally, the targets for
the central star of planetary nebulae cata-
logue were selected from the catalogues
of Gonzalez-Santamaria et al. (2021) and
Chornay & Walton (2021). In general, the
combined catalogue comprises approxi-
mately 170 000 targets with brightnesses
within G = 10 and G = 20 mag. (see right
panel of Figure 1). Most of the targets of
all the sub-surveys cover the 4AMOST foot-
print, i.e., sky declinations —80 < dec < +5
(see left panel in Figure 1).

Spectral success criterion and figure
of merit

In general, we utilise the signal to noise
ratio (S/N) per Angstrom as the spectral
success criterion. The spectral energy
distribution of close WD binaries results
in a composite spectrum, which is either
dominated by the WD or by the non-de-
generate companion, depending on the
temperature and radius of either of them.
In the case of interacting binaries, line

Toloza, O. et al., The White Dwarf Binary Survey (WDB)

emission and continuous emission from
an accretion disc can also be observed.
The minimum requirement is an optical
spectrum with sufficient S/N to recognise
key features for classification of the type
of binary (for example, cataclysmic varia-
bles, AM CVn stars, double WDs, post-
common-envelope binaries or symbiotic
binaries). The spectra with higher S/N

will be fitted with templates to determine
stellar parameters. In the common proper
motion sub-survey, we aim to determine
precise abundances, radial velocities,
and stellar parameters, as well as an
estimate of stellar activity by measuring
the flux of chromosperic emission lines
such as Ha and Ca H&K or the IR triplet.
Thus, we will acquire high-resolution

and low-resolution spectroscopy for the
F/G/K stars and M-type companions,
respectively. Finally, for the central star
planetary nebula sub-survey it is impor-
tant to avoid any (strong) nebular or photo-
spheric lines when calculating the S/N
such that spectral analysis can be per-
formed. Our S/N requirements for each
sub-survey are listed in Tablel.

The figure of merit (FoOM) measures the
scientific success of each sub-survey.
Table 1 shows the fraction of targets that
need to be observed for each of the

sub-surveys such that the success rate

is 0.5, which is the minimum requirement
such that the scientific goals can be
achieved. However, the overall success of
the WDB survey is dictated by a combined
FoM, which is defined as the weighted
average of all the individual FoOMs.
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Located deep in the Chilean Atacama Desert, far
from the light pollution associated with human activ-
ity, ESO’s Paranal Observatory enjoys some of the
darkest skies on Earth. Paradoxically, it is this
extreme darkness that allows the sky to light up in
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technicolour in this image. The striking radiant light
visible in the sky here is a phenomenon called
airglow, which is created as atoms and molecules in
the atmosphere combine and emit radiation.
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Most nearby young stars (with ages

< 100 Myr) in the Galactic disc no longer
reside in their dense, clustered birth-
places; they are found all around us. The
4MOST Survey of Young Stars will iden-
tify a representative sample of about 10°
young, low-mass stars within 500 pc of
the Sun and will measure their chemistry,
3D kinematics and ages in order to:
trace the spatial and dynamical evolution
of star-forming structures; quantify the
star formation rate and chemical

inhomogeneity in the local disc; vastly
expand the number of identified young
stars for exoplanetary studies; and pro-
vide huge coeval samples to improve
young stellar evolutionary models.

Scientific context

The distribution of young stars in space,
kinematics, chemistry and age is of key
importance in understanding the pro-
cesses that drive star formation, the ori-
gins of the Galactic field population, and
the early evolution of stars, their discs
and planetary systems. Most stars
(including the Sun; Adams, 2010) are
born in clusters of various sizes in the
Galactic disc, but most of these clusters
disperse into the field on timescales of
10-100 Myr (Lada & Lada, 2003;
Krumholz, McKee & Bland-Hawthorn,
2019). Most young stars (with ages

< 100 Myr) in the Galactic disc, including
the nearest ones, are not located in com-
pact clusters and star-forming regions
(for example, Zari et al., 2018); they are
instead part of the field population. Dec-
ades of work have revealed a population
of about 1500 young stars within 100 pc
of the Sun, a volume that contains no sig-
nificant clusters (for example, Gagné &
Faherty, 2018). Many, but not all, are part
of kinematically coherent, roughly coeval
‘moving groups’ of large spatial extent
(for example, Torres et al., 2006). Mem-
bers of this widespread population trace
the recent star formation history in the
Milky Way disc on a variety of scales and,
because of their proximity, have become
exemplars for studying early stellar evolu-
tion and planet formation; yet their origins
and birth environments remain obscure.
While the census of young stars within
100 pc is substantially complete, much
less is known about their chemistry or the
spatial and kinematic properties of young
stars outside this radius, beyond the
biased perspective offered by high-den-
sity compact clusters and star-forming
regions. The Gaia astrometry satellite’ is
revolutionising this field (for example,
Kounkel & Covey, 2019; Cantat-Gaudin,
2022; Alfaro et al., 2022; Prisinzano et al.,
2022). Precise astrometry and homoge-
neous photometry can place stars in
Hertzsprung—-Russell diagrams and pro-
vide 2D tangential motions. Early studies
are providing tantalising glimpses of rich
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complexity in the young stellar population
— mapping the extended populations of
dissolving clusters and associations
(Meingast, Alves & Rottensteiner, 2021;
Gagné et al., 2021) and finding evidence
for kinematically coherent streams
arranged in grand filamentary structures
on scales > 100 pc (for example, Beccari,
Boffin & Jerabkova, 2020).

These studies will continue to be limited
in several important ways, however, until
they are supplemented by spectroscopy
of large and representative samples: (1)
samples selected by astrometry and pho-
tometry alone are heavily contaminated
with older stars; (2) astrometry yields only
2D kinematics, but 3D velocities are
important for determining the history and
subsequent evolution of star-forming
structures; and (3) information about
detailed chemistry and chemical (in)
homogeneity is absent, but such informa-
tion is a key diagnostic of the star forma-
tion history, of mixing in the interstellar
medium and of the co-spatial or coeval
nature of star forming events.

Specific scientific goals

Age, chemistry and kinematics are stellar
properties that cannot easily be deter-
mined. Spectroscopy is essential to iden-
tify young stars, eliminate contamination,
improve age estimates, and obtain pre-
cise chemical abundances and radial
velocities (RVs). The 4MOST Survey of
Young Stars (4SYS) is aimed at observing
a representative sample of ~ 100 000
candidate young low-mass stars within
500 pc of the Sun, increasing the volume
probed and numbers of identified young
field stars by two orders of magnitude.
48YS will cover the spatial scales of grand
structures recently found in the disc (Zari
et al., 2018), and closely match the sen-
sitivity of the TESS satellites and the
eROSITA instrument on board the SRG
satellite (Ricker et al., 2015; Predehl et al.,
2021). The 4SYS targets are split between
two samples. The first, mostly observed
at low resolution, is selected from abso-
lute colour-magnitude diagrams based
on Gaia data® and targets pre-main-
sequence stars cooler than spectral type
K7 with ages < 40 Myr, with a focus on
accurate demographics and kinematics,
and using stars at the peak of the stellar
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initial mass function (0.2-0.5 M_). The
second, observed at high resolution with
a focus on precise kinematics and chem-
istry, selects brighter G7-K7 stars on or
above the zero-age main sequence
(ZAMS), and filters them using TESS rota-
tion periods and X-ray activity from
eROSITA, in order to remove binaries and
giants and to include stars younger than
100 Myr. The overarching objective of
4S3YS is to construct a catalogue of 3D
positions (to 1 pc precision), 3D space
motions (to < 1 km s~ precision), stellar
parameters (effective temperature, sur-
face gravity and global metallicity), stellar
properties (mass and age), diagnostics of
magnetic activity and accretion from the
disc for the majority of objects, detailed
chemistry and projected rotation rates for
the high-resolution sample. These will be
combined with data from TESS, eROSITA
and the WISE satellite. Uniquely, 4SYS is
not biased towards dense, clustered
young populations; instead, it will capture
the dominant dispersed young population
that can be used to address key science
areas: (1) to understand the origins of the

Object counts per degree?

Figure 1. Top panel: two-dimensional histogram rep-
resenting the absolute G magnitude Mg vs. dered-
dened (Bp-Rp), colour of all the stars in the Gaia
DR3 catalogue with parallax > 2 milliarcseconds,
—70 < Declination < 5 deg, which meet the standard
quality criteria for photometry discussed in Riello et
al. (2021). The blue and green continuous lines rep-
resent the empirical isochrones used to identify stars
younger than 40 and 120 Myr, respectively. The
areas included within the isochrones and the dashed
blue and green lines are used to select stars for the
target sample 1 and to pre-select stars for the target
sample 2, respectively. Bottom panel: sky distribu-
tion of the targets in the 4SYS input catalogue.

young field population and initial condi-
tions for star formation by mapping the
spatial and kinematic evolution of star-
forming structures on scales of 1-500 pc
over the last 100 Myr and determining the
extent of chemical homogeneity in the
local young population; (2) to expand the
number, and determine the properties
and origins, of nearby young stars, which
serve as the prime targets for studies of
protoplanetary discs and young exoplan-
etary systems with current and next
generation facilities (for example JWST
and ESO’s Extremely Large Telescope);



and (3) to identify the missing ingredients
in current models of early stellar evolu-
tion, provide the large samples necessary
to improve the next generation of evolu-
tionary models, and empirically determine
how stars and their discs, accretion, rota-
tion and magnetic activity, change during
the epoch of planet formation.

Target selection and survey area

43SYS aims to select a large sample of
young stars, with excellent astrometry
and photometry, that has a well under-
stood selection function and which is as
complete as possible, but with low con-
tamination by older objects. We include
stars with ages from 1 to 100 Myr,
covering the main epochs over which
star-forming clusters evolve dynamically
and disperse, planetary systems form,
discs disperse, and PMS stars with

0.5 < M/M,, < 1.0 reach the ZAMS. To
obtain the necessary resolution in time
and space, the volume needs to be sam-
pled by many stars. We therefore choose
low-mass targets with spectral types G7—
M6 that are at or near the peak of the ini-
tial mass function. These targets have the
added benefit that their youth can initially
be guessed from their position in abso-
lute colour-magnitude diagrams (CMDs)
and then unambiguously confirmed with
spectroscopy using the lithium absorp-
tion feature at 670.8 nm and/or gravity-
and activity-sensitive diagnostics. We
started from a parent catalogue including
all the stars in the Gaia DR3 catalogue
(Gaia Collaboration, 2022) with parallax
> 2 milliarcseconds (d < 500 pc) and

—70 < Declination < 5 deg, which meet
standard quality criteria for photometry
discussed in Riello et al. (2021). Stars
later than K7 and younger than 40 Myr
are well separated from the main
sequence, in particular they are high
enough above the ZAMS to avoid heavy
contamination by unresolved binaries.
Older/hotter stars are closer to the ZAMS
and we cannot rely on CMDs alone to
select these targets. We therefore defined
two main samples.

Target sample 1 comprises stars in the
magnitude range 10 < G < 18.5 mag that
lie in two CMDs (Mg vs. (G-Rp), and Mg
vs. (Bp—-Rp),) above a 40 Myr isochrone,
derived empirically using data from star

clusters, with absolute G magnitude

Mg > 4, and in a colour range that corre-
sponds to the spectral types K7-M6 (see
blue dashed lines in the upper panel of
Figure 1). It includes a total of about

100 000 stars. Closer stars in the
magnitude range 10 < G < 15.5 will be
observed at high resolution, while fainter
stars with 15.5 < G < 18.5 will observed
with the low-resolution mode. Contami-
nants will include some unresolved bina-
ries/triples with high mass ratios, sub-
giants, and unusually reddened old field
stars. 4AMOST spectroscopic measure-
ments of gravity, Li and chromospheric
activity are needed to exclude these.

Target sample 2 comprises stars in the
magnitude range 10 < G < 15.5 mag,

that in the same CMDs used for target
sample 1 lie above the 120 Myr isochrone
(and are hence likely to be aged 100 Myr
or younger), with absolute G magnitude
Mg > 4 (to exclude turn-off stars and sub-
giants) and within a colour range that cor-
responds to spectral types G7-K7 (see
green box in the upper panel of Figure 1).
Since young stars are fast rotators and
strong X-ray emitters, we are using rota-
tion periods derived from the TESS light
curves and X-ray fluxes from eROSITA to
complement the CMD-based selection,
which otherwise will be affected by severe
contamination. To home in on young stars,
we select those stars that have either rota-
tion periods smaller than the upper enve-
lope of the rotation-colour relation defined
by members of the 120 Myr Pleiades
cluster and/or a ratio between the flux in
X-rays and in the G band higher than a
threshold defined using stars in young
clusters that have been detected with
eROSITA. In total, target sample 2 is com-
posed of about 40 000 stars that will be
observed at high resolution.

The bottom panel of Figure 1 shows the
distribution on the sky of the stars in the
input catalogue of 4SYS. As expected,
the stars are located mostly in the galac-
tic disc with lower densities in the area
of high extinction. The areas with the
highest densities correspond to well-
known star-forming complexes or young
associations like Orion (RA = 83.8 deg,
Dec. = -5.44 deg) and Vela OB2 (RA =
122.4 deg, Dec. = —-47.34 deg). When the
survey is completed, more than 66% of
the input catalogue will have been

observed. The level of completeness will
be approximately homogeneous across
the observed area and as a function of
the stellar distance.
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The 4GRoundS survey will measure the
radial velocities and metallicities of
southern RR Lyrae stars in Gaia Data
Release 3. These stars have excellent
photometric distances, allowing the
exquisite Gaia proper motions to be
converted into physically useful trans-
verse velocities. Armed with the missing
radial velocity, 4GRoundS will provide
the community with a dataset that will
enable studies of the orbital structure
of the halo and outer disc, and allow
realistic modelling of these components.
It will also enable the identification

of coherent dynamically cold streams.
Together these analyses will map the
mass of the Milky Way out to 100 kpc
and test models of the dark sector.
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Scientific context

One of the main motivations for building
the 4MOST spectrograph was to be able
to undertake ground-breaking studies in
Galactic archaeology, by using the kine-
matics and chemistry of the sub-popula-
tions of the Milky Way and its satellites as
a means to test cosmology. The flurry of
results emerging from analyses of Gaia
data testifies to the great promise of this
subject. Although Gaia has surveyed the
astrometric sky to G = 21 mag, it is nev-
ertheless highly limited in its ability to
measure radial velocities (which will prob-
ably not probe beyond G = 16-16.5 mag
even in the end-of-mission catalogue).
Hence there is enormous scientific poten-
tial in complementing Gaia with radial
velocities and spectroscopy from dedi-
cated ground-based instruments. The
4MOST and WEAVE' instruments are in
part a response to this clear need
expressed by the astronomical commu-
nity. The scientific goal of this endeavour
is to flesh out the origins story of our Milky
Way, explaining how it attained its present
structure, and to attempt to verify whether
its present phase-space configuration is
consistent with the Lambda Cold Dark
Matter (ACDM) cosmological framework
that has been developed from the study of
large-scale structure. But how can these
goals be achieved observationally?

The required key observables are dis-
tance and velocity. It is natural to con-
sider employing intrinsically bright stars
that have stable atmospheres and narrow
absorption lines, such as cool giants.
Such stars will be among the most dis-
tant tracers that one can use to probe the
Galaxy and its environment, and the
resulting radial velocity measurements
will be the most accurate. This considera-
tion is almost certainly valid out to dis-
tances of approximately 10 kpc, where
Gaia will provide good-accuracy (~ 10%)
parallaxes to individual stars. For such
stars the excellent Gaia proper motions
can be converted to physically meaning-
ful transverse velocities given the Gaia
parallaxes. However, the Milky Way
extends over a much larger volume, and
indeed the region that is most dominated
by dark matter (and is hence probably the
most interesting for cosmology) lies in the
outer halo, well beyond Gaia’s ~ 10 kpc
parallax horizon. The solution to this

conundrum is for 4MOST to target stars
for which alternative distance measure-
ments are possible. The obvious options
for tracer populations are Red Giant
Branch (RGB) stars, Blue Horizontal
Branch (BHB) stars and RR Lyrae stars.

RGB stars

As mentioned above, these yield excel-
lent radial velocities, and their metallicities
can be measured easily from spectra with
low signal-to-noise (S/N). By assuming an
age, the measured spectroscopic [Fe/H]
allows one to place the star on a model
isochrone and so estimate the star’s
distance given a measured photometric
colour. However, the resulting distance
uncertainties are large (~ 26%; Thomas et
al., 2019), especially for metal-poor stars
for which the RGB is nearly vertical in the
colour-magnitude diagram. Furthermore,
nearby dwarfs will contaminate the sam-
ple, which may be problematic at the faint
end (which is a particularly interesting
regime, since it probes RGBs at large dis-
tances) where Gaia parallaxes are uncer-
tain and 4MOST spectra will have low S/N.

BHB stars

These Galactic tracers are also bright
and have the desirable property of pos-
sessing a high contrast over other
sources in the colour range that they
cover. They can therefore be selected
from photometry alone. Their hot atmos-
pheres make it harder to measure accu-
rate radial velocities, as absorption lines
are much broader than in RGB stars.
However, the main drawback of these
tracers is that they cannot be easily dif-
ferentiated from the intrinsically fainter
blue straggler stars without good spec-
tra. Furthermore, there is considerable
spread in the absolute magnitude of BHB
stars (Deason, Belokurov & Evans, 2011).

RR Lyrae stars

These variable stars possess several
properties that make them essential
tracers of the outer halo. First, they are
easily identifiable from their photometric
variability, including in the third Gaia
data release (DR3) which has yielded an
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extremely clean all-sky sample (Clementini
et al., 2022). Second, they are the best
standard candles for old stellar popula-
tions, and are very well calibrated. Third,
the RR Lyrae population exhibits a wide
range of [Fe/H] (from above solar to at
least as metal poor as 2.9 dex; Hansen
et al., 2011), so they are a relatively unbi-
ased tracer of ancient accretions. The
main disadvantage of these stars is that
their pulsations lead them to vary consid-
erably in magnitude and in radial velocity,
with amplitudes in the range from about
20-30 km s~ up to about 80 km s~
(depending on the pulsation mode). Part
of this effect can, however, be corrected
by modelling the velocity modulation

with template velocity curves (Sesar,
2012) if the pulsation phase is known.

Specific scientific goals

The above considerations are the motiva-
tion for the 4MOST Gaia RR Lyrae Survey
(4GRoundS), a community survey
designed to measure the radial velocities
and metallicities of as many RR Lyrae vari-
ables as possible over the southern sky.
The input target list is the full Gaia DR3
sample (avoiding the Magellanic Clouds)
which has state-of-the art astrometric
solutions, photometry and full variability
characterisation. Subsequent photometry
and astrometry from the Legacy Survey
of Space and Time (LSST) will comple-
ment the Gaia DR3 RR Lyrae sample,
providing identification and type classifi-
cation, distances, completeness and
contamination information to the RR Lyrae
population down to about 25.7 mag. We
believe that the purity of this Gaia DR3
RR Lyrae sample, together with the excel-
lent distance measurements, will enable
several legacy studies of the dynamical
properties of the stellar populations in the
outer halo and distant disc using 4MOST.
Given that the typical absolute magni-
tude of RR Lyrae is Mg = 0.64 mag. at
[Fe/H] = —1.5 dex (Muraveva et al., 2018),
the limiting magnitude of the Gaia RR Lyrae
catalogue of G = 20.7 means that we
reach a distance horizon of 100 kpc. The
scientific applications of this dataset are
extremely rich, as the sample will provide
a unique six-dimensional view of the
outer regions of the Milky Way. While we
foresee numerous studies that will be
undertaken with the survey data, here we

briefly outline some particularly exciting
sub-projects.

Dynamical mass modelling of the outer
Galaxy

Supplied with radial velocities and dis-
tances, it will be possible to constrain the
mass profile of the outer Galaxy, correct-
ing for the measured orbital anisotropy

as a function of radius, extending the
analysis of Wegg, Gerhard & Bieth (2019).
Such approaches based on the Jeans
equation or relying on distribution func-
tion models (for example, Posti & Helmi,
2019), make the basic assumption that
the Galaxy is an equilibrium structure. It
will be fascinating to explore how the flat-
tening of the dark matter distribution con-
tinues at large distance, and in particular
whether the spherical halo shape deduced
to ~ 20 kpc persists further out. Such
behaviour is expected in some theories of
gravity where the baryons source gravity
(for example, MOND).

Stellar streams in the outer Galaxy

Gaia has identified many stellar streams
in the inner Galaxy (lbata et al., 2021).
These structures are also very promising
as probes of the acceleration field, and
have the added advantage that they do
not require the halo to be in equilibrium.
By identifying even as few as three

RR Lyrae with 4MOST that form a coher-
ent grouping in action space, it will be
possible to search around such candi-
date structures for other stars observed
by 4MOST (for example as part of Con-
sortium Survey 1) or for Gaia stars with
similar stellar populations (or in deeper
surveys such as LSST) to confirm the
detection. The 4AMOST and Gaia kinemat-
ics would yield the orbital properties of
the streams. The comparison of the
acceleration field measured with streams
and that measured with the halo field
population promises to reveal the extent
to which the halo is out of equilibrium.

Search for low-mass satellites
In similar fashion, very small groupings of

as few as two RR Lyrae stars with the
same 4MQOST radial velocity (and Gaia

astrometry) may reveal the locations of the
least luminous satellite galaxies (confirma-
ble with LSST), probing the lowest mass
limits of galaxy formation (for example,
Sesar et al., 2014; Stringer et al., 2021;
Petersen & Penarrubia, 2021). According
to LCDM, these dwarf galaxies are the
building blocks of the Milky Way and are
expected to host an old and metal-poor
stellar population. Although the intrinsic
frequency of RR Lyrae is relatively small for
an old and metal-poor stellar population,
the contamination from any hypothetical
smooth component sharply decreases
with Galactocentric distance, so that
overdensities of a few (~ 10 degree™)

RR Lyrae are statistically significant. Also
in this case, candidate dwarf galaxies can
be verified with LSST or with dedi-

cated photometric follow up.

Global halo kinematic asymmetry due
to the arrival of the Large Magellanic
Cloud

Recent models of the evolution of the
Local Group suggest that the Large
Magellanic Cloud (LMC) formed within
an extremely massive halo, which is now
just arriving into the Milky Way for the
first time. The LMC’s mass is large enough
to produce a substantial asymmetry in
the Milky Way’s stellar halo (Garavito-
Camargo et al., 2019), which should be
detectable given tracers with good dis-
tance estimates. This study requires a
differential measurement between the
northern and southern hemispheres,
which is possible as WEAVE will also tar-
get Gaia-selected RR Lyrae.

Distant disc

With their low contamination and excel-
lent distances, the RR Lyrae will be won-
derful probes of the dynamics of the far
side of the (thick) disc, allowing us to
study the global response of the disc to
the arrival of the LMC and the repeated
collisions with the Sagittarius dwarf
(Laporte et al., 2018). lorio & Belokurov
(2021) have shown that there appear to
be RR Lyrae with dynamical properties
consistent with being thin-disc stars. These
will be very useful for tracing the early
build-up of the thin disc, in particular with
the additional metallicity information.
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Bulge/inner halo

The RR Lyrae in the inner few kpc of the
Milky Way are an extremely old stellar
population (13.41 + 0.54 Gyr; Savino et
al., 2020). They form a bulge spheroid,
the nature of which is still unclear — it
might be a small classical bulge, the
result of a puffed up disc, or it could be
the inner region of the halo (or a combi-
nation of these). Using the largest sample
of RR Lyrae with radial velocities in the
inner Galaxy to date (2768 stars), Kunder
et al. (2020) find some evidence for differ-
ent spatial and kinematic populations of
RR Lyrae in the inner Galaxy. With a sam-
ple of inner-Galaxy RR Lyrae that is more
than an order of magnitude larger than
currently available (~ 50 000 in the bulge
region), 4GRoundS will be able to accu-
rately disentangle the halo and spheroidal
bulge for the oldest populations in the
inner galaxy, constraining the early for-
mation of the Milky Way. This will provide
a complementary perspective to that of
4MOST Consortium Survey 3.

Spatial variations in kinematic
coherence through the halo

ACDM posits that all galaxies are con-
stituted of a myriad of dark sub-halos.
There is the hope of detecting these
invisible sub-halos via their heating effect
on star streams. Here we propose an
alternative means to detect these dark
matter substructures. Our simulations

Ibata, R. et al., 4MOST Gaia RR Lyrae Survey (4GRoundS)

show that dark sub-halos with masses

of 10° M, cause large convergent veloc-
ity flows of ~ 15 km s7" in the stellar halo
on scales out to ~ 2 kpc. To detect this
signal, it is necessary to have good dis-
tance measurements, in order to pick out
the populations at the distance of interest
(and so suppress contamination from
stars at different distances). Again, the
excellent RR Lyrae distances are essen-
tial, and their 4MOST radial velocities,
together with Gaia proper motions, will
provide the velocity signal of interest.
With this, we aim to construct a three-di-
mensional map of the velocity coherence
(its local convergence and divergence)
throughout the halo, and compare this
result to numerical simulations in ACDM
and with other prescriptions for gravity/
dark matter. This will allow 4GRoundS to
quantify the degree of lumpiness of the
halo in the full 6D phase space. We will
make use of robust estimators like, for
example, the two-point correlation func-
tion calculated in this extended space
and compare them with the same quanti-
ties measured in cosmological simula-
tions and in smooth models of the halo to
probe the validity of the currently
favoured cosmological paradigm.

Target selection and survey area

The 4GRoundS input catalogue is
simply the full Gaia DR3 sample of

271 779 RR Lyrae (Clementini et al.,
2022), without any apparent magnitude

cut, from which we aim to select targets
as uniformly as possible over the full sky
accessible to 4AMOST. Assuming approxi-
mately 50% completeness in targeting,
up to 100 000 RR Lyrae stars may be
observed.
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This picture shows a
new view of NGC 3603
(left) and NGC 3576
(right), two stunning
nebulae imaged with
ESO'’s Visible and Infra-
red Survey Telescope
for Astronomy (VISTA).
This infrared image
peers through the dust
in these nebulae, reveal-
ing details hidden in
optical images.
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The 4MOST Stellar Clusters Survey will
target essentially all the Galactic globu-
lar and open clusters and star-forming
regions accessible to 4MOST (about
120 globulars, 1800 open clusters and
80 star-forming regions). This will:

shed light on how clusters form, evolve,
dissolve, and populate the Milky Way;
calibrate complex physics that affects
stellar evolution, on which our ability to
measure accurate ages ultimately rests;
and evaluate the contribution of star
clusters to the formation and evolution
of the individual Galactic components
with unparalleled statistics.

Scientific context

Traditionally, in the Milky Way (MW) stellar
clusters are classified as open clusters
(OCs) — low-mass (tens to thousands of
stars) objects spanning the whole age
range of the disc — and globular clusters
(GCs, tens to hundreds of thousands of
stars), which are massive, old, and asso-
ciated with all major Galactic compo-
nents. Younger GCs are present in the
Local Group; for example, the Magellanic
Clouds (MCs) host a population of GCs
spanning all age ranges.

Clusters are expected to play an impor-
tant role in the buildup of the Galactic
components (see, for example, the cos-
mological E-MOSAIC simulations; Pfeffer
et al., 2018 — and the association of
clusters with the different merger events;
for example, Massari, Koppelman &
Helmi, 2019). The study of the formation,
evolution and properties of clusters and
their stellar populations is a fundamental
ingredient to further our understanding of
key issues related to the formation and
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evolution of the MW and galaxies in gen-
eral. These issues are set out below.

Cluster formation and disruption. Stars
are thought to form in associations and
clusters, the vast majority of which dis-
perse because of dynamical and stellar
evolutionary effects, such as supernova
feedback. Studying clusters is therefore a
key ingredient in the understanding of
both star formation and how they populate
the Galactic components through disrup-
tive processes. It is currently still unclear
whether OCs are the dominant source of
stars in the disc, what the role of GCs in
building up the Galactic bulge and halo
is, and how the multiple populations, a
phenomenon observed in virtually all
Galactic GCs, form. Chemical information
and radial velocities (RVs) for a large sam-
ple of clusters, along with Gaia astrome-
try and precise and independent ages
from asteroseismology, will be necessary
to make headways on these matters.

Stellar evolution. Our understanding of
stellar populations ultimately relies on
stellar models: stellar age dating is nec-
essary to investigate galactic formation
and evolution and processes such as
mass loss and feedback are crucial ingre-
dients in probing the chemical evolution
of galaxies. However, the physics of many
processes (accretion, convection, rota-
tion, magnetic field, atomic diffusion, mix-
ing, activity, stellar winds, mass loss) is
uncertain and is treated in different, sim-
plified ways in stellar models. The large,
homogeneously selected and analysed
samples of clusters at different ages and
chemical compositions we will collect will
contribute to considerable advancements
in detailed stellar modeling, providing
empirical isochrones and calibration of
the associated physics.

Lucatello, S. et al., Stellar Clusters in 4MOST

MW formation. Clusters can be accu-
rately dated and hence their study allows
us to place further constraints on Galactic
formation, evolution, and structure, com-
plementing the study of the field popula-
tion. The study of the chemo-dynamical
properties of stellar clusters provides
important information on the merger
events involved in the assembly history of
our galaxy. The age-metallicity relation of
the MW disc, its radial, azimuthal and ver-
tical metallicity distributions, and their evo-
lution with time can be studied through
OCs. The chemo-dynamic study of GCs
can answer several major open questions
about the Galactic halo and bulge, such
as how they came into place, and can
help probe the evolution of the MCs and
the role of interactions with the MW.

Specific scientific goals

The 4MOST Stellar Clusters Survey aims
to obtain spectra of the largest? uniformly
selected and analysed sample of Galactic
clusters (and a few MC GCs) and very
young clusters (VYCs) in star-forming
regions (SFRs), covering metallicities from
the [Fe/H] = -2.5 dex of GCs to super-
solar OCs and ages from a few Myr to
13.5 Gyr. We will derive chemical charac-
terisation, probe cluster internal kinemat-
ics up to the outskirts, examine dissolving
(and dissolved) clusters, and probe the
presence and nature of halos and tidal
tails. Considering the expected perfor-
mance of 4MOST, in the time allocated to
our survey we expect to reach the follow-
ing goals:

— Derive homogeneous, full chemo-
dynamical characterisation (at 0.05 to
0.1 dex precision) for an unprecedented
sample of ~ 120 GCs in the MW and

MCs, including a few newly identified
bulge GCs. Elemental abundances
probing all nucleosynthetic channels
(Fe-peak, light, a,, p- and n-capture) will
be obtained from high-resolution (HR)
spectra for a few tens of stars per clus-
ter (the actual number depending on
distance, reddening and concentration)
for ~ 5 000 stars with G < 16.5. As con-
cerns the study of multiple populations,
we will obtain precise abundances of
O, Na, Mg and Al, i.e., of the elements
defining the classical (anti-)correlations
between light elements; this cannot be
done using photometry, which traces
essentially just N variations (Gratton et
al., 2019). RVs, atmospheric parame-
ters, and a few key elements (for exam-
ple a’s) will be determined from low-
resolution (LR) spectra for ~ 35 000 stars
with 16.5 < G < 20 (several tens per
cluster) in 140 GCs. This will be by far
the largest sample of homogeneously
derived detailed compositions and RVs
for GC stars.

Derive chemical abundances (at 0.05
to 0.1 dex precision) in all the nucleo-
synthetic channels for the vast majority
of known OCs accessible to 4MOST.
We expect to study ~ 30 000 stars at
HR (G < 14.5 for most clusters, with

G < 15.5in a few tens of clusters,
selected to study details of the compo-
sition down to the main sequence) and
~ 75000 at LR (14.5 < G < 19). Again,
this will be by far the largest sample

of homogeneously derived chemical
abundances and RVs for OCs.

Derive the dynamics, study activity indi-
cators and probe the composition of

~ 80 VYCs in nearby SFRs, where stars
are still in the pre-main-sequence
phase (PMS), and study low-mass PMS
stars from already dissolved VYCs.

Table 1. Magnitude

ranges and expected
successful target

Subsurvey  Targets Resolution G Magnitude range N expected successfully observed targets
GC HR MW and MCs GCs HRS 10-16.5 ~ 5000
GC LR MW and MCs GCs LRS 16.5-20 ~ 35000
OC HR MW OCs HRS 10-14.5 ~ 30000
10-15.5 (in selected
OCs)
OC LR MW OCs LRS 14.5-19 ~ 75000
16.5-19 (in selected
OCs)
VYC HR MW VYCs HRS 10-15 ~ 4000
VYC LR MW VYCs LRS 15-18 ~ 10 000

numbers for the six
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This unprecedented suite of homogene-
ous and precise elemental abundances
and RVs, in combination with the data-
sets and results obtained by the 4AMOST
Galactic Consortium Surveys, Gaia data,
stellar and dynamical models, will allow
us to:

— determine key properties (such as com-
position, kinematics and, in GCs, the
incidence of the multiple population
phenomenon) across a wide range of
cluster properties;

— characterise cluster velocity fields in
three dimensions, investigate their dis-
persions and rotation as a function of
radius, probing the outskirts of a large
sample of clusters for the first time;
quantify processes such as evapora-
tion, tidal stripping, dynamical ejection,
and possibly GC black hole retention;

— build a homogeneous database to be
compared with the predictions of stellar
evolutionary models. This, together
with asteroseismology, will impact on a
number of fundamental issues, such
as the initial mass function slope and its
universality, the timescale of star forma-
tion and star formation histories, improv-
ing field-star age determination. The
calibration of the stellar models, when
coupled with multi-band photometry,
will also provide stellar fiducials (for the
different sub-populations, in the case of
GCs) for population synthesis models
that will be used to interpret the proper-
ties of unresolved stellar populations in
distant galaxies;

— derive constraints on PMS models,
which currently have factors of two
uncertainties in predictions of mass and
age, thanks to key information (rota-
tional velocity, atmospheric parameters,
RVs, activity indicators) for representa-
tive samples of PMS stars (either still
inside their native VYC or already lost).
This will help establish the empirical
timescales for star and planet forma-
tion, disc dispersion and the dynamical
timescales for cluster dissolution;

— investigate the early evolution of clus-
ters and their interplay with their envi-
ronment; identify the stars lost from
clusters (or belonging to dissolving/
dissolved clusters) through chemo-
dynamical tagging, thus constraining
their role in the buildup of the Galactic
components;
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— precisely and homogeneously trace the
chemical abundance distributions and
gradients in the disc, along with their
evolution, including the so far poorly
quantified effect of radial mixing, which
spreads chemical signatures associated
with a star/cluster birthplace across a
range of Galactocentric distances;

— define a uniform metallicity scale from
[Fe/H] = -2.5 to +0.5 dex, for dwarfs and
giants, for stars of a large range of age
(i.e., mass), providing an ideal sample
for both internal calibration of the
Galactic 4MOST surveys and for cross-
calibration with other large surveys.

Target selection

Each class of objects — GCs, OCs, and

VYCs — has two dedicated sub-surveys,
one in HR and one in LR, making a total

of six sub-surveys.

Figure 1. Spatial distribution of the targets in the
input catalogue for our survey. OCs are shown in the
upper panel, while GCs and VYCs are shown in the
lower panel, in orange and purple respectively.

Most of our targets are located in fields
with considerable contamination (for
example OCs and VYCs in the disc, GCs
in the bulge and the MCs) and are charac-
terised by high spatial densities (especially
GCs). Careful attribution of membership
is crucial, as it is to exclude stars with
bright neighbours which can act as con-
taminants in the collected spectra.

The grand total of selected targets for the
input catalog in HR is ~ 100 000, while in
LR it is close to 300 000, a number con-
siderably larger than the number of stars
we aim to observe. This strategy has been
adopted to allow flexibility for the tiling and
allocation algorithms, which operate on
the combined catalogue for all the 4AMOST
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surveys, while ensuring the maximisation
of the number of successfully observed
targets. Estimates of the number of stars
we will successfully observe, based on
simulations performed within the 4AMOST
collaboration, are listed in Table 1, along
with a few key facts about targets for the
six sub-surveys. More details of the criteria
for the different classes of objects in our
sample are given below along with a visual
representation of the input catalogue tar-
get distribution in Figure 1.

GCs. Our aim is to target all visible GCs,
from centre to outskirts (comprising halos
and tails). Targets are selected on Gaia
DR3 astrometry (for example, Vasiliev &
Baumgardt, 2021) and colour-magnitude
diagrams. To allow for an easier alloca-
tion, LR targets were selected to be out-
side a few core radii from the centre of
the clusters, where the bulk of HR stars
are located. Magnitude ranges for LR and
HR targets are reported in Table 1. All
selected targets are of FGK spectral type;
(almost) all HR targets are giants, while
both giants and dwarfs are observed in
LR mode.

OCs. We plan to observe all OCs acces-
sible to 4MOST, sampling from the centre
to the outskirts. The original selection
based on Gaia DR2 membership (based,
for example, on Cantat-Gaudin et al., 2020)
was refined with Gaia DR3. Targets were
selected to be of spectral type FGK (both
giants and dwarfs), with Av < 2. HR targets

Lucatello, S. et al., Stellar Clusters in 4MOST

were selected to have 10 < G < 14.5,
with the exception of a few tens of OCs,
chosen to study the detailed chemistry
down to the main sequence, where we
selected targets with 10 < G < 15.5. LR
targets span from the faint end of the HR
to G = 19. Stars bright enough for HR,
but with Gaia DR3 broadening parameter
Viroag > 30 km s7, have been included in
the LR rather than HR sample, as for
objects of such rotational velocity HR
does not allow to derive additional infor-
mation over LR. The HR sample includes
red-clump stars out to distances of ~ 10
kpc, and the LR sample includes faint K
stars within 6 kpc.

VYCs. We selected targets from the cata-
logues of Dias et al. (2002, and revised
online in 2015" and Cantat-Gaudin et al.
(2020), including all VYCs in the 4MOST
footprint for which a signal-to-noise ratio
of about 40 A-' could be reached in 1 hour
of exposure time in HR. This includes
objects within 2.5 kpc of the Sun, with
reddening E(B-V) < 2.5, and ages 2-20 Myr.
Magnitude ranges for LR and HR targets
are reported in Table 1. Stars brighter
than G = 15, but with Gaia DR3 broaden-
ing parameter vy, g > 30 km s, have
been included in the LR rather than the
HR sample.
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Links

" Revised catalogue of optically visible open clusters
(after Dias et al., 2002): http://cdsarc.u-strasbg.fr/
viz-bin/qcat?J/A+A/389/871

Notes

a Actually, the Gaia RVS instrument is producing the
largest database of intermediate resolution spectra,
providing RVs, metallicity and a set of chemical
abundances for ten of millions stars; some of those
belong to stellar clusters (see Gaia Collaboration et
al., 2023, where the metallicity of about 600 open
clusters has been derived from an average of three
member stars). However, the magnitude limit for
Gaia spectroscopy is bright (implying that GC stars
are rarely observed), only a limited set of abundances
is measured, and there is no controlled selection of
cluster stars to be observed.
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This infrared image shows the star-forming region
30 Doradus, also known as the Tarantula Nebula,
highlighting its bright stars and light, pinkish clouds
of hot gas. The image is a composite: it was cap-
tured by the HAWK-I instrument on ESO’s Very
Large Telescope (VLT) and the Visible and Infrared
Survey Telescope for Astronomy (VISTA).
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The goal of the Spectroscopic Discovery
of Binaries with Dormant Black Holes
survey is to spectroscopically follow up
stars that might have dormant compact
companions, either black holes or
neutron stars. These stars have been
identified as ellipsoidal binaries in the
Magellanic Clouds by the Optical
Gravitational Lensing Experiment
(OGLE). A sample of more than 700 ellip-
soidals with periods shorter than 10 days
will be observed to obtain multi-epoch
radial-velocity measurements. 4AMOST
radial velocities in conjunction with
OGLE photometry will allow the determi-
nation of the secondary component
mass and hence the identification of
systems with compact companions.

Scientific context

Stellar black holes (BH) and neutron stars
(NS) are the end products of massive stars
that collapse after they have consumed
their energy reservoirs. In NS, gravitational
contraction breaks the protons of all
atoms and creates one big nucleus of 10%7
neutrons. BH are even more exotic objects
— their entire mass is collapsed into one
singular point, such that nothing, includ-
ing electromagnetic waves, has enough
energy to escape its event horizon.
Because dormant BH do not emit any
electromagnetic radiation, they are very
difficult to discover. Only about 20 dynam-
ically confirmed stellar BH are known to
reside in X-ray binary systems with low-
mass stellar companions. These are,
along with Cyg X-1 and several other

high-mass binary candidates, the only
confirmed stellar-mass BH in the Galaxy
(see, for example, BlackCAT; Corral-
Santana et al., 2016). Most of the stel-
lar-mass BH known so far have been dis-
covered by their X-ray emission, which

is due to either mass transfer from the
low-mass (mostly F-K-type) companion
overflowing its Roche lobe (BH low-mass
X-ray binaries, BH-LMXBs), or accretion
from the stellar wind coming from the
high-mass (OB star) companion (BH
high-mass X-ray binaries BH-HMXBs).
The known masses of stellar X-ray BH

as a function of their orbital periods
(Tetarenko et al., 2016) are plotted in Fig-
ure 1. As can be seen, most of the known
BH binaries have relatively short periods,
with a median at about 0.5 days. The
X-ray emission of the BH-LMXBs is char-
acterised by luminous (L, ~ 10%7 erg s7)
outbursts, lasting for about a month, fol-
lowed by decades-long periods of quies-
cence (L, ~ 103733 erg s7") (see Remillard
and McClintock, 2006 for a review).

According to the commonly accepted
model, outbursts from BH-LMXB systems
are due to accretion disc instabilities that
modulate the accretion rates onto the
BH. Between eruptions, these systems
are barely detectable, because a substan-
tial part of the energy generated by the
small mass flow is not radiated but stored
as thermal energy in the accretion discs.
Thus, many BH-LMXB remain undetected,
because they have been in their quies-
cent state since X-ray surveys began.

A much larger fraction of BH with low-
mass stellar companions are not yet
detected because their optical counter-
parts are within their Roche lobes. In
these systems, mass is not transferred,
and X-rays are not generated, making
these systems dormant BH. For example,
Breivik, Chatterjee & Larson (2017) esti-
mated that there should be 106 Galactic
BH binary systems, most of which are still
waiting to be discovered. One such sys-
tem, Gaia-BH1, was discovered recently
using astrometry (EI-Badry et al., 2023).

All of the 19 confirmed short-period
BH-LMXBs show periodic optical bright-
ness modulations on the order of a few
percent on the timescale of the orbital
period (for example, XTE J1118+48 and
A0620-00). This is mostly due to the

ellipsoidal effect, induced by tidal forces
exerted by the BH on its optical compan-
ion. For a general discussion of the ellipsoi-
dal effect see, for example, Mazeh (2008).

The goal of the survey is to discover tens
of those unknown dormant BH. The new
discoveries will allow us to study the char-
acteristics of the dormant objects in detail.
We will be able to understand how fre-
quent compact objects are, as well as the
range and distribution of their masses.
This will lead to a much better under-
standing of the astrophysics behind the
formation of dormant compact systems.

Specific scientific goals

We plan to use ellipsoidal modulation
(Faigler & Mazeh, 2011; Faigler et al.,
2012) to discover tens of new unknown
dormant BH binaries. Since BH binaries
are rare, we have to search for these sys-
tems in large samples, on the order of
108 or more stars. Astronomy is now at a
unigque point in its history, where enough
stellar light curves with adequate preci-
sion to measure ellipsoidal modulation
are available for the first time.

The key step is identifying stars with pho-
tometric periodic ellipsoidal modulations
that indicate the existence of companions
more massive than the optical compo-
nents. If the optical star is on the main
sequence (MS), then the more massive
unseen companion must be a compact
object. To confirm our detection of a com-
pact companion and identify false alarm
cases, we will measure the radial velocity
(RV) of the candidates and find the sys-
tems displaying ellipsoidal modulations
with large amplitudes. The mass of the
companion will be derived from the com-
bination of the RVs and the ellipsoidal
modulation. The companion can be either
a white dwarf (very rare), or a NS, with a
mass at around 1.4 M, or a BH (with a
larger mass). We can discover only bina-
ries for which the orbital separation is not
too large, otherwise the ellipsoidal effect
will be too small to detect. From the OGLE
light curves available, we were able to
detect tens of binaries with an ellipsoidal
modulation of 1% or larger, corresponding
to binaries with separations which are
larger than the radius of the visible com-
panion by up to a factor of 10.
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To measure our candidates’ mass ratios,
we will obtain six RV measurements per
system and fit the RV points using the
period and ephemeris known from the
photometric data. For such short periods,
we can safely assume that most of our
candidates have a circular orbit. In such
cases, the only two unknown parameters
of the RV model are the center-of-mass
velocity and the RV amplitude. We expect
the RV modulation to be on the order of
hundreds of km s, so the expected
accuracy of a few km s~ per RV point will
allow us to obtain an accurate solution for
each system. This will allow us to identify
the systems with a high mass ratio where
the secondary component remains
unseen, such as BH or NS-binaries.

As a by-product of our search, we will
obtain the companion mass for all
observed ellipsoidal variables, many of
which have stellar companions. This will
enable us to derive the mass-ratio distri-
bution of the short-period MS binary
population in the Magellanic Clouds.

Target selection and survey area

We use the OGLE-IV photometry (Udalski,
Szymanski & Szymarniski, 2015) of the
LMC and SMC (80 x 108 stars) as our
basis data. An extensive search for binary
stars, including ellipsoidal binaries, has
been carried out during both the OGLE-III

18 The Messenger 190 | 2023

and OGLE-IV projects and resulted in cat-
alogues of 6581 binaries in the Magellanic
Clouds (Pawlak et al., 2016). The sample
spans the magnitude range from 13 to

18 mag. in the G band. The orbital periods
for the ellipsoidal binaries with a MS pri-
mary are typically 0.2-10 days, while those
with giants as primaries range from tens to
hundreds of days.

Out of the entire sample of OGLE bina-
ries, we selected more than 700 MS ellip-
soidal binaries in the Magellanic Clouds
with P < 10 days. This cutoff period
allows us to separate the MS systems
from the systems with giants. We decided
to focus only on the MS stars as these
are the only systems where we can
unambiguously identify the compact
companions based on the mass ratios. If
we derive a mass ratio larger than one in
a system with a MS primary, then there is
a less luminous (likely invisible) but more
massive secondary in the system, which
means that the secondary is probably a
compact object.

Apart from the ellipsoidal binary candi-
dates, we will also monitor over 100
known Wolf-Rayet (WR) stars in the
Large Magellanic Cloud. A non-negligible
fraction (~ 3%) of O-type stars are
expected to orbit black holes (Langer et
al., 2020) with periods of the order of
months to years. It can be shown from
lifetime arguments that this fraction

Figure 1. Known masses of stellar BH of the X-ray
binaries as a function of their orbital periods. Blue
circles represent BH-HMXBs and red diamonds
BH-LMXBs. The black point represents the median
mass and period of the known BH-LMXBs.

becomes even larger for the evolved
descendants of O-type stars, the WR
stars, reaching up to ~ 25% (Xu et al., in
preparation). Hence, WR populations
offer an attractive sample with which to
uncover a population of dormant black
holes. Previous low-resolution RV moni-
toring campaigns of the bulk of the WR
populations in the Magellanic Clouds (for
example, Foellmi, Moffat & Guerrero,
2003; Schnurr et al., 2008) did not attain
the needed accuracy to probe the pre-
dicted period ranges of WR+BH binaries
(~ 1 yr; Langer et al., 2020). In contrast,
4MOST monitoring of this population will
enable us to probe binaries with periods
up to a few years.

Furthermore, we plan to observe a small
sample of known X-ray binaries, which will
be used as science validation targets. We
will also observe a number of faint X-ray
sources in the field of the Magellanic
Clouds to search for quiet X-ray binaries
like VFTS 243 (Shenar et al., 2022).
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The present-day Milky Way is the

result of a long history of mergers

and interactions with smaller galaxies.
The 4DWARFS survey will target the
dwarf galaxies and stellar streams in
the 4MOST footprint, and unveil their
chrono-chemo-kinematical properties.
The survey will provide radial velocities,
chemical abundances and stellar ages
for 140 000 stars, and thus increase
the number of stars with detailed infor-
mation in such systems by several
orders of magnitude. 4DWARFS will
provide a new, deeper view of the Milky
Way environment, shedding light on
the first stars, chemical evolution, dark
matter halos, and hierarchical galaxy
formation down to the smallest scales.

Scientific context

The Milky Way environment is rich in
satellite galaxies, stellar streams and
accreted systems, that trace galaxy evo-
lution and chemical enrichment through-
out cosmic time. Because they are close
by, these relics of early galaxy formation
can be studied in extraordinary detalil,
star by star, giving invaluable insight into
stellar evolution and nucleosynthesis, as
well as the Milky Way’s hierarchical
growth. This provides a clear motivation
for the 4MOST survey of dwarf galaxies
and their stellar streams (4DWARFS)
which aims to study and map these indi-
vidual structures. 4DWARFS will target
all ~ 50 of the known Milky Way satellite
dwarf galaxies in the southern hemi-
sphere, covering over three orders of
magnitude in galaxy mass. Additionally,
4DWARFS will observe dozens of already
identified stellar streams in the Galactic
halo which are the remnants of currently
interacting or previously dissolved sys-
tems (Figure 1).

The dwarf galaxy satellites of the Milky
Way are intrinsically metal-poor, with a
dominant old stellar population, making
them ideal fossils with which to study the
imprints of the first stars in the Universe.
Their star formation was inefficient,
making the effects of delayed nucleo-
synthetic channels (type la supernovae
[SN la], asymptotic giant branch [AGB]
stars, neutron star mergers) especially
prominent and straightforward to study,
at various metallicities and star formation
histories (for example, Tolstoy, Hill & Tosi,
2009), providing unique insights into
chemical evolution and nucleosynthesis.

These small systems are relics of hierar-
chical structure formation, opening up the
possibility of tracing mass assembly, and
both ex-situ and in-situ star formation in
the Milky Way environment. Dwarf galax-
ies are dominated by dark matter, and
can be used as probes of cosmology and
galaxy formation. Those that halted star
formation long ago are likely the best
examples of pristine dark-matter halos in
the Universe, and they are the ideal
probes to understand the nature of dark
matter through the study of their stellar
3D kinematics (for example, Massari et
al., 2018). Furthermore, the stellar
streams observed in the Galactic halo
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represent clear evidence of systems cur-
rently being accreted, allowing us to
study their tidal disruption in incompara-
ble detail. In particular, the Sagittarius
dwarf spheroidal (dSph) is the prime
example of a tidally disrupted Milky Way
satellite galaxy, and it leaves a trail of
stars that wraps more than a full orbit
around the Galaxy (Figure 1). This makes
it a major contributor to the Milky Way
stellar halo along with other past merg-
ers. Sagittarius and its stream therefore
provide one of the best opportunities to
study a galaxy that is currently undergo-
ing disruption.

A careful study of dwarf galaxies and
their stellar streams is thus of fundamen-
tal importance to obtaining a complete
picture of the evolution of our Galaxy.
Furthermore, this will enable us to under-
stand in detail the properties of the dwarf
galaxies themselves, which are the earli-
est and most common type of galaxy in
the Universe.

Specific scientific goals

The main goal of 4ADWARFS is to char-
acterise dwarf galaxies and stellar
streams by mapping their chrono-chemo-
kinematical properties. We will derive
radial velocities, chemical abundances
and stellar ages (for example, Feuillet et
al., 2016) for stars in all known dwarf gal-
axies (smaller than the Small Magellanic
Cloud) and stellar streams in the 4AMOST
footprint of the Milky Way halo. Using both
high-resolution (HR) and low-resolution
(LR) spectra, our survey will provide
10-25 elemental abundances for 100 000
stars in dwarf galaxies, and 30 000 stars
in stellar streams (Figure 1). In addition,
we will push down to the fainter dwarf
galaxies and smaller stellar streams,
retrieving abundances of around five ele-
ments for a further 10 000 stars. The
homogeneity of this sample will be
unprecedented in comparison to the
present literature.

The 4ADWARFS dataset is therefore incred-
ibly rich, and will impact several fields,
ranging from cosmology to stellar physics.
The key scientific questions that 4ADWARFS
will attack are listed below.

20 The Messenger 190 | 2023

Skuladéttir, A. et al., The 4AMOST Survey of Dwarf Galaxies and their Stellar Streams

What are the properties of the first stars?

The chemical yields of the first stars

(Pop Nll) are thought to be preserved on
the surfaces of low-metallicity, low-mass,
long-lived stars (for example, Hansen et
al., 2020). ADWARFS will identify the most
metal-poor stars of dwarf galaxies,
increasing their numbers by more than an
order of magnitude. Furthermore, we will
quantify the properties of metal-poor
stars across different galaxies, for exam-
ple the fraction of carbon-enhanced
metal-poor stars which are thought to

be the descendants of faint Pop Il super-
novae (for example, lIwamoto et al., 2005).
We will search for and identify rare fossils
and descendants of the first stars (Rossi,
Salvadori & Skuladottir, 2021), such as
those formed in the ejecta of zero-
metallicity pair-instability supernovae,

and high-energy Pop Il supernovae. This
will allow us to put constraints on the
intrinsic properties of the first stellar popu-
lation, such as their mass distribution and
the energy distribution of their supernovae.

How are the chemical elements created
and distributed?

Even after decades of study, the funda-
mental physical conditions of major
nucleosynthetic sites remain obscure.
Investigating different galaxies with a
variety of star formation and chemical
enrichment histories is key to breaking
degeneracies in chemical evolution (for
example, Skuladéttir & Salvadori, 2020).
Dwarf galaxies have intrinsically low star
formation rates compared to larger galax-
ies, and all long-timescale nucleosyn-
thetic channels, such as SN la, AGB stars
and neutron star mergers are thus more
prominent relative to core-collapse SN
(short timescales). Compared to the Milky
Way, dwarf galaxies have much simpler
star formation histories, which makes
them easier to model, providing a more
detailed understanding. 4ADWARFS will
constrain the fundamental physics of
nucleosynthetic sites: their rates, yields,
metallicity dependence and time-delay
distribution functions. In this way,
4DWARFS will provide key insights into
the elusive progenitors of SN la (for exam-
ple, Maoz, Mannucci & Nelemans, 2014),
as well as the various production sites of
neutron-capture elements, such as AGB

stars (s- and i-processes) and the kilono-
vae of neutron star mergers (r-process).

What are the dynamical properties of
dwarf galaxies?

By providing an unprecedented sample
of precise radial velocities and coupling
those with Gaia proper motion measure-
ments, 4DWARFS will determine the dark
matter profile of almost 50 galaxies,
thereby shedding light on the nature of
dark matter itself. We will drastically
increase observations in the outskirts of
these galaxies, which will allow us to test
whether dwarf galaxies are in equilibrium,
as commonly assumed, or if they exhibit
more complex kinematics (for example,
Martin et al., 2016). These dynamical
studies will benefit hugely from the fact
that 4ADWARS will constrain the binary
fraction and period distribution of stars in
dwarf galaxies, which are currently
essentially unknown. Understanding their
binary properties will also provide fresh
insights into star formation and stellar
evolution at low metallicities.

What are the small-scale limits of
hierarchical galaxy formation?

In recent years the complexity in the Milky
Way environment has been revealed, with
dozens of identified structures. The pro-
genitors of these systems are still being
investigated, but they are likely a mixed bag
of objects: a variety of dwarf galaxies and
disrupted globular clusters with different
ages and metallicities. ADWARFS will char-
acterise the accreted systems of the
Galactic halo both kinematically and chemi-
cally, uncovering their metallicity distribu-
tion, chemical evolution and star formation
history. This will allow us to understand the
progenitors of these streams and the sys-
tems that build up the Milky Way halo (for
example, Ibata et al., 2021). In particular, we
will map and characterise the currently
ongoing disruption of the Sagittarius dSph
in extraordinary detail. Finally, we will move
to even smaller scales of accretion, and for
the first time identify in a systematic way
mergers that have happened within the
dwarf galaxies themselves (for example,
Cicuendez & Battaglia, 2018), thus quanti-
fying hierarchical galaxy formation down to
the smallest scales.
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The 4DWARFS survey will therefore pro-
vide the most complete overview availa-
ble of the evolution of dwarf galaxies,
reconstructing their histories from forma-
tion to disruption.

Target selection and survey area

The 4ADWARFS survey will target all
known dwarf galaxies and stellar streams
in the Milky Way halo observable from the
Southern hemisphere, —80° < Dec. < +5°
(Figure 1), at |b| 2 20. The density of our
target catalogue varies drastically, from
fewer than five targets per square degree
in the more diffuse stellar streams, to
more than 1000 in the central fields of
larger dwarf galaxies.

The largest dSph galaxies, Sagittarius,
Fornax, and Sculptor, will be targeted
with both LR and HR fibres, and their
central fields will be covered by longer
exposure times (= 6 hours) compared to
the fiducial 2-hour 4MOST footprint. The
smaller dwarf galaxies, Carina, Sextans
and the more than 40 ultra-faint dwarf gal-
axies, will be observed in LR, following the
4AMOST footprint. Furthermore, 4DWARFS
will target the prominent Sagittarius stream,
along with all southern stellar streams

that have been identified in the Milky Way
halo through Gaia DR3. The streams

will be observed with both HR and LR
within the fiducial 4MOST footprint, taking
advantage of existing deep fields. We
emphasise that both HR and LR spectra
will be used for chemical analysis, as well
as radial velocities.

The 4DWARFS target catalogue is based
on Gaia DR3. The member stars of the
Sagittarius dSph main body are selected
following the approach of the Gaia collab-
oration et al. (2018), taking into account
photometry, proper motions, and paral-
laxes from Gaia. The target catalogues of
all other dwarf galaxies are adopted from
Battaglia et al. (2022), which is based on
Gaia early DR3 photometry and astrome-
try. The target selection of the stream
stars is done with the STREAMFINDER
algorithm, as described in Ibata et al.
(2021). Furthermore, special emphasis
will be placed on observing metal-poor
stars in dwarf galaxies and stellar streams,
following an approach similar to that pre-
sented in Xylakis-Dornbusch et al. (2022).

The selection of our targets is highly
complementary to other 4AMOST surveys,
in particular the Milky Way halo surveys,
and the Magellanic Clouds survey. The

Figure 1. The scope of 4ADWARFS. Top: the distribu-
tion of 4ADWARFS targets on the sky. Bottom: the
number of stars in 4ADWARFS with = 10 elemental
abundances, compared to what is currently available
in the literature. The 4DWARFS logo was designed
by M. Rossi.

combination of ADWARFS and other
Galactic surveys within 4AMOST will there-
fore allow us to paint a comprehensive
picture of the formation and evolution of
the Milky Way environment, from cosmic
dawn until the present day.
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Galaxy spectra encode in their contin-
uum and absorption/emission features a
wealth of information on galaxy physics,
mass assembly and chemical enrich-
ment history. The 4MOST-StePS survey
will collect high-quality spectra (with a
median signal-to-noise ratio of about

30 A", and resolution R ~ 5000) for a
sample of about 3300 galaxies brighter
than /,g = 20.5 within the RA-Dec-z foot-
print of the WAVES-Deep survey. These
spectra will provide a precise empirical
description of the evolutionary path of
massive galaxies in the intermediate
redshift range (0.3 < z < 0.7) between
the LEGA-C and SDSS surveys. The
locations of the galaxies within the cos-
mic web, unveiled by WAVES-Deep, will
disclose the connection between galaxy
properties and environment, down to
the scales of galaxy pairs.

Scientific context

The complex physical processes that
cause the formation and evolution of
luminous structures to deviate from the
assembly history of dark matter (DM)
halos are yet to be fully understood. On
galactic scales (below ~ 1 Mpc), highly

non-linear processes are at play (for
example, energetic feedback, both from
active galactic nuclei [AGN] and star for-
mation, and mergers). A detailed compar-
ison between observational data, simula-
tions and advanced theoretical models
can shed light on the mechanisms that
regulate the connection between galaxies
and their DM halos.

Good quality (both in resolution and
signal-to-noise ratio [SNRY]) spectra pro-
vide information about the current physi-
cal conditions of the multiple components
in a galaxy (stars, gas and, indirectly,
DM), while simultaneously unveiling the
archaeological treasure that is encoded
in its stellar populations. The whole past
star formation and chemical-enrichment
history of a galaxy are reflected in its pres-
ent stellar population properties. The
chemical abundance of gas and stars in a
galaxy holds the memory of the baryonic
cycle that regulates its star formation, by
balancing the inflow of pristine gas, the
outflow of metal-loaded gas blown out by
stellar/AGN winds, and the re-accretion of
this metal-enriched gas (Hunt et al., 2020).

The study of galaxies in the local Universe
has greatly enriched our understanding of
galaxy evolution. The spectra from the
Sloan Digital Sky Survey (SDSS; York et
al., 2000) have provided a robust z ~ 0
anchor to both theoretical and empirical
approaches, proving to be an immensely
valuable tool to understand the physics of
galaxies. Unfortunately, the so-called
archaeological reconstruction from z ~ 0
galaxies is limited by inherent physical
degeneracies between different parame-
ters (for example age and metallicity) and
by the similarity of stellar population
spectra with ages greater than 5 Gyr;
together these prevent an accurate
reconstruction of a galaxy’s ancient star
formation history. To circumvent this
problem a direct look-back approach is
needed, i.e., observing galaxies at high
redshifts to make a direct census of dif-
ferent populations at different remote
cosmic epochs. High-quality galaxy
spectra, observed in different environ-
ments and across a continuous range of
cosmic times, provide precise measure-
ments of a variety of physical parameters
of galaxies, enabling the star formation
and chemical enrichment histories at
early times to be unveiled. This strategy in
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turn opens up the possibility of connect-
ing lower-redshift galaxies to their statisti-
cally plausible progenitors. So far, the
only notable survey designed to obtain
high-quality spectra in the relatively dis-
tant Universe is LEGA-C (van der Wel et
al., 2021), covering the redshift window
0.6 <z < 1.0 for a sample of ~ 3200 gal-
axies within the COSMOS field. LEGA-C
spectra (median SNR ~ 20 A", resolution
R ~ 2500) have shown the power of
high-quality continuum spectroscopy as
a fundamental tool with which to study
galaxies, but many questions remain
open. Analysis of LEGA-C spectra has
shown that, contrary to what was previ-
ously thought, even the most massive
galaxies today may experience new star
formation episodes between z ~ 0.8 and
z ~ 0 (Chauke et al., 2018; Wu et al.,
2021). Identifying the mechanisms that
give rise to a rekindling of star formation
activity will provide crucial information
needed to reconstruct the evolutionary
paths of galaxies.

However, the intermediate window
remains unexplored, as even at these
modest redshifts it is challenging

to produce a large sample of high-
quality spectra.

A first step towards filling this gap is pro-
vided by the WEAVE-Stellar Population
Survey, using the WEAVE multi-object
spectrograph at the William Herschel
Telescope (WEAVE-StePS; lovino et al.,
2022). WEAVE is a spectrograph similar
in overall performance to 4MOST, and
over the next 5 years WEAVE-StePS will
observe ~ 25 000 galaxies over ~ 25 deg?,
selected to be brighter than /5,5 ~ 20.5 mag
and at redshift z > 0.3. WEAVE-StePS
spectra, observed at resolution R ~ 5000,
will access important physical properties
of galaxies, such as a basic characterisa-
tion of the star formation history, as well
as stellar and nebular metallicities and
dynamical properties. However, this Iarge
sample will be at a typical SNR of ~ 10 A~
in the / band, and the uncertainties in the
parameters will rapidly grow, on average,
for fainter/less massive galaxies.

Specific scientific goals

The 4MOST Stellar Population Survey
(AMOST-StePS) seizes the opportunity to
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Figure 1. Overview of the target galaxy sample in
terms of stellar mass (based on Bruzual & Charlot
(2003) models and assuming Chabrier (2003) initial
mass funciton), optical colours and specific star for-
mation rate (sSFR). Left panel: rest-frame (G-/) col-
our vs. stellar mass. Right panel: sSFR vs. stellar
mass plots for galaxies selected at /55 < 20.5 and
0.3 <z < 0.7. Values of rest-frame colours, stellar

piggyback on the WAVES-Deep areas
(Driver et al., 2019), to obtain deep
low-resolution-mode observations

(Texp ~ 30 hours) for a sample of ~ 3300
bright galaxies (/45 < 20.5) embedded
within the RA-Dec-z footprint of
WAVES-Deep (i.e., at 0.3 <z < 0.7). The
design of 4MOST-StePS mimics that of
WEAVE-StePS, targeting the massive tail
(log (M-/M) = 10.5) of the galaxy popu-
lation, but the focus is on a smaller yet
representative sample of galaxies, similar
in size to LEGA-C, trading the sample
size for a much higher SNR (see Figure 1).

The goal is to capture the richness
(including the inherently stochastic
nature) of the various processes involved
in galaxy evolution, and to pin down the
different mechanisms (both internal and
external) capable of modulating/shutting
down star formation activity in galaxies.
The superb high-quality individual spec-
tra of 4AMOST-StePS will yield the funda-
mental physical properties needed to
address a range of questions accessible
only for a tiny (< 5%) and biased minority
of the galaxies observed by WEAVE-
StePS at the William Herschel Telescope.

4AMOST-StePS galaxies will amount to a
statistically robust, intermediate-redshift

masses and sSFR are obtained from a compilation
of spectroscopic data in the COSMOS field. Black
points indicate the total sample selected using
4MOST-StePS constraints in magnitude and red-
shift, and red points indicate the highest quartile
SNR sub-sample. The blue and cyan lines on in the
right panel displays the main sequence location and
its scatter (Speagle et al., 2014).

sample, complementing both the
LEGA-C higher-redshift sample and the
SDSS local sample.

The main physical quantities we will
obtain for our sample are:

— The mean age of the stellar component,
and the timescale of the star formation
activity. The rest-frame ultraviolet and
its absorption indices — sensitive trac-
ers of young stars — will be used to
identify recent minor episodes of star
formation on top of an old stellar popu-
lation, providing a census of the
so-called ‘rejuvenation’ phenomenon,
whereby passive galaxies go back
(temporarily) to an actively star-forming
state. This observable will constrain the
evolutionary patterns of galaxies in the
mass—star-formation-rate space, and
clarify to what extent the passive evolu-
tion scenario can apply to present-day
passive and massive galaxies in differ-
ent environments;

The metal abundances in stars and gas.
A SNR of = 20 A is needed to obtain
accurate measurements of metal-
sensitive absorption features, limiting
stellar metallicity uncertainty to < 0.1 dex
for the most evolved galaxies and to

< 0.2-0.25 dex for younger, star-forming
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systems (Gallazzi et al., 2005, 2014).
This allows the evolution of different
scaling relations and their intrinsic scat-
ter to be tracked. Unbiased values of
metallicity can be obtained with
detailed analysis of single element
abundance ratios (for example, [Mg/Fe],
[Ca/Fe], [C/Fe]), measured with an
accuracy of 0.1 to 0.25 dex (depending
on the element) for intermediate-age_
populations based on an SNR > 30 A",
Gas-phase metallicity can also be accu-
rately measured using the faint auroral
lines (for example, Maiolino & Mannucci,
2019) that can be detected in these
high-SNR spectra, after stacking. These
quantities can constrain the physical
processes of chemical enrichment in
galaxies, as well as the timescale of
quenching processes and of the main
star formation event (Sanchez-Blazquez
et al., 2003; Carretero et al., 2004);

— Characterisation of the kinematics of
the stellar and gaseous components
(velocity distribution, inflows/outflows).
An accurate estimate of dynamical
masses can be obtained with a formal
accuracy of ~ 25% (40%) using spectra
with SNR ~ 30 (20) A1, by using Jeans
modelling of the 4AMOST aperture
velocity dispersion of individual galax-
ies. Its comparison with stellar masses
is crucial to linking the evolution of
galaxies to their DM halos (Tortora et
al., 2018) and to providing dynamical
constraints on one of the most disputed
ingredients in stellar populations, i.e.,
the shape of the stellar initial mass
function (IMF; for example, Tortora,
Romanowsky & Napolitano, 2013). The
excellent spectral quality will reveal the
demographic of gas outflows/inflows
traced by interstellar absorption and
broad high-velocity nebular emission as
done at z ~ 0 with the SDSS galaxy
spectra (Concas et al., 2017, 2019).

All these quantities will be complemented
by the environment information provided
by WAVES-Deep and compared with
state-of-the-art large-scale cosmological
simulations (Fontanot et al., 2017, 2021).
The 4MOST-StePS sample will be the ideal
observational counterpart to synthetic
spectral energy distributions obtained from
galaxy formation simulations in a cosmo-
logical context — including the stellar
continuum and the nebular emission lines
of various origins (Hirschmann et al., 2017).
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The interplay between theoretical rendi-
tion and 4MOST-StePS observed spectra
will enable a uniquely accurate two-way
comparison of theoretical predictions
with observational data. This kind of
approach is needed for a quantitative
understanding of the processes driving
the evolution of massive galaxies.
4AMOST-StePS data will lift the degenera-
cies of the interpretation that WEAVE-
StePS will not be able to do, given its lack
of detail.

Finally, our observational strategy will
provide a tail of galaxies with excellent
SNR (> 40 A" in the / band; red points in
Figure 1), enabling innovative science. For
this higher-SNR sample, we will derive
precise individual abundance ratios, con-
strain the stellar IMF from key sensitive
features, detect even tiny fractions (at the
1% level) of residual young stars, detect
faint auroral lines for direct gas metallicity
estimates in star-forming galaxies and
identify gas flows probed by absorption
and emission lines. The higher moments
of the line-of-sight velocity dispersion will
also be retrievable, improving dynamical
mass estimates. The high-SNR sample
will be used to test for systematics in our
estimates (for example the accurate
reconstruction of star formation histories
at lower SNR values).

Target selection and survey area

We will pool our targets with those of
Consortium Surveys in the ~ 66-deg?
footprint of the WAVES-Deep survey (four
so-called Deep Drilling Fields and the
GAMAZ23 Deep field). The choice of these
sky regions is driven by observational
strategy advantages and significant sci-
entific benefits. All the WAVES-Deep
areas possess a variety of ancillary
photometric data that can be used to
complement the 4MOST high-quality
spectroscopic information on a wider
wavelength range. In these fields, we can
take advantage of the repeated passes
needed to achieve the sampling rate
requested by WAVES-Deep and success-
fully pursue our 30-hour exposure time
strategy, while using a minimal fraction of
fibre hours: less than 0.5% of the total
amount available to Community surveys
in low-resolution mode.

Our sample is positioned within the
Large-Scale Structure web, revealed in
fine detail by WAVES-Deep (see Driver et
al., 2019). This accurate environmental
information will enable us to explore the
connection between the different galaxy
properties and the environment where
galaxies reside in an evident and advan-
tageous synergy with WAVES-Deep.

4AMOST-StePS will push the 4MOST spec-
trograph to the limit of its performance,
well beyond its redshift machine capabili-
ties. Our survey will obtain high-quality
data, bridging the gap in our knowledge
in the intermediate redshift range, which
still lacks such high-quality data, and

will put to full use the environment charac-
terisation provided by WAVES-Deep. The
synergy with the science case of WAVES-
Deep is a win-win opportunity that our
project fully exploits, making 4MOST-
StePS a low-cost survey with the poten-
tial for a very high scientific return.
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Galaxy evolution is regulated by the
continuous cycle of gas accretion, con-
sumption and feedback. Crucial in this
cycle is the availability of neutral atomic
(HI) and molecular hydrogen. Our cur-
rent inventory of HI, however, is very
limited beyond the local Universe

(z > 0.25), resulting in an incomplete
picture. ORCHIDSS is designed to
address this critical challenge, using the
powerful combination of 4MOST spec-
troscopy and sensitive radio observa-
tions from the MeerKAT deep extraga-
lactic surveys to trace the evolution of
neutral gas and its lifecycle within gal-
axies across the bulk of cosmic history.

Scientific context

On galactic scales, star formation is regu-
lated by the complex cycling of gas in
and out of the interstellar medium (ISM;
Keres et al., 2005). This cycle starts with
primordial gas accretion, which fuels star
formation and accretion onto black holes.
Feedback in the form of stellar winds,
supernovae and active galactic nuclei
(AGN) jets shock heats the gas and drives
outflows. The last stage of the cycle is the
cooling of the recycled gas from the hot
halo, some of which then accretes into
the ISM and restarts the cycle. Large
investments have been made in studying
the coolest, dense molecular gas and the
hottest, most rarefied gas halos of galax-
ies (with, for example, ALMA, XMM and
Chandra). However, the cycling of cold
atomic gas, the cleanest probe of the
ISM, is poorly understood. This gas can
be traced by the 21-cm transition line of
neutral hydrogen (HI), but sensitivity limits
have restricted such studies to the local
Universe (Catinella & Cortese, 2015).

In the local Universe, the instantaneous
star formation rate (SFR) in galaxies is
much more tightly connected to molecu-
lar gas than to the neutral atomic gas
from which molecular clouds condense
(for example, Bigiel et al., 2011). Galaxy
evolution models that incorporate this
connection have been able to account for
the sharp increases with redshift of the

cosmic SFR density and the cosmic
molecular gas mass fraction (for example,
Davé et al., 2020). However, these mod-
els’ predictions of more modest redshift
evolution in the cosmic HI density can
presently be compared only to absorption-
line studies, where the exact relationships
between galaxies and absorbers remain
uncertain, and where possible relation-
ships between HI content and star forma-
tion averaged over Gyr timescales cannot
be explored at all. Testing these models
and fully understanding the buildup of
stellar mass over cosmic time requires
directly observing all components of the
gas reservoirs in galaxies, out to signifi-
cant cosmological redshifts that have not
been accessible until now.

Thanks to the ongoing revolution in radio
astronomy, it is now possible to probe
these regimes and begin to tackle a num-
ber of key challenges in our understand-
ing of galaxy formation: what is the cos-
mic history of neutral hydrogen? what is
the lifecycle of gas within galaxies? and
how does feedback impact the gas res-
ervoirs of galaxies?

At the forefront of this revolution is the
MeerKAT telescope, its radio continuum
surveys now simultaneously providing
one of the most reliable, obscuration-free,
probes of star formation and a means

of tracing black hole accretion in AGN.
Furthermore, its surveys of the 21-cm HI
emission line provide a powerful new
probe of the ISM of galaxies up to z = 1.4.

MeerKAT’s flagship deep extragalactic
surveys, MeerKAT International GHz
Tiered Extragalactic Exploration
(MIGHTEE; Heywood et al., 2022) and
Looking at the Distant Universe with the
MeerKAT Array (LADUMA; Blyth et al.,
2016), are breaking new ground in the
study of neutral atomic gas in galaxies.
MIGHTEE will directly detect HI in several
hundred galaxies at z < 0.2, and a few of
the rarest, most HI-massive galaxies out
to z = 0.5 thanks to the large volume
probed over its multiple fields (> 107 Mpc?
at 0.45 <z < 0.55). Reaching ~ 4.5 times
deeper in HI sensitivity at z < 0.5 and
extending frequency coverage of HI to
z=1.4in asingle field, LADUMA will
detect larger samples of lower-mass gal-
axies and enable detection of the most
HI-massive galaxies out to z = 1. Despite
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these substantial advances, however,
the 21 cm flux-limited nature of these
surveys means that, by themselves, they
will preferentially detect only the most
Hl-rich galaxies.

The full potential of MeerKAT’s surveys
will only be realised if they are matched
with extensive optical spectroscopy. By
building a large, representative sample of
galaxies with accurate spectroscopic
redshifts, we can spectrally align and
stack the radio data to extract HI meas-
urements below the MIGHTEE and
LADUMA noise thresholds (Chowdhury,
Kanekar & Chengalur, 2022; Pan et al.,
2022), revealing the neutral gas properties
of representative samples of the full galaxy
population over much of cosmic history.

Specific scientific goals

Combining the deep radio observations
offered by MeerKAT and the high-multiplex
optical spectroscopy offered by 4MOST,
the Optical, Radio Continuum and HI
Deep Spectroscopic Survey (ORCHIDSS)
will address the key scientific challenges
outlined below.

26 The Messenger 190 | 2023

1400

Duncan, K. et al., Optical, Radio Continuum and HI Deep Spectroscopic Survey

DDF2 - XMM-LSS

58

'56° 55°

The cosmic history of neutral hydrogen

Galaxy evolution is driven by the availabil-
ity of atomic and molecular hydrogen in
the ISM of galaxies. The large, homoge-
neously selected and highly complete
spectroscopic samples provided by
ORCHIDSS will allow us to trace the

HI content in normal galaxies out to

z = 1.4. ORCHIDSS will provide the most
reliable measurement of the evolution of
the cosmic HI density and HI mass func-
tion out to the epoch where galaxy for-
mation peaked.

The lifecycle of gas in galaxies

The stellar growth of galaxies is regulated
by the continuous cycle of gas accretion,
consumption and feedback. The parame-
ters governing the flow of this gas cycle,
such as the primordial gas accretion rate
and efficiency of stellar feedback, are
highly uncertain and yet vital to obtain for
any successful model of galaxy evolution
(Somerville & Davé, 2015). For the first
time, ORCHIDSS will measure these
parameters via the fundamental relations
between the neutral gas content of galax-

Figure 1. Planned sur-
vey fields and maximum
potential footprint for
the ORCHIDSS Survey.
The ORCHIDSS Deep
fields (blue shading)
align with the WAVES
Deep Dirilling Fields, tar-
geting MIGHTEE radio-
detected sources out to
Zonot < 1.4. ORCHIDSS
Wide targets will be
drawn from the MIGHTEE
and MFS coverage to
probe a wider range of
cosmic environments
out t0 Zyp < 0.57.

DDF3 - ECDFS |

ies and key physical properties (SFR/
stellar mass/metallicity; Davé et al., 2020),
measured by 4MOST and the wealth of
available photometric data, over 9 Gyr of
cosmic history.

The role of feedback in regulating the
gas reservoir of galaxies

MeerKAT will identify star formation and
AGN activity across the bulk of cosmic
history with a single, unified dataset,
unbiased by obscuration. ORCHIDSS will
enable us to relate that accretion and
SFR to gas properties. With kinematic
constraints on both the ionised gas (via
optical emission/absorption lines) and
neutral gas components providing direct
evidence of outflows, we will explore the
complex interplay between star forma-
tion/AGN fuelling, activity and feedback
for the multi-phase warm gas in galaxies.

Legacy value

ORCHIDSS will enable a huge range of
additional science. For example, the
combination of large optical spectro-



scopic samples and MeerKAT’s spectral
sensitivity will also enable unique meas-
urements of the baryonic Tully-Fisher
relation (McGaugh et al., 2000). Moreo-
ver, we will probe extreme star formation
and galaxy mergers using OH mega-
masers (Glowacki et al., 2022), with the
ORCHIDSS spectra providing both robust
disambiguation of HI and OH spectral
detections and enabling OH stacking
measurements. More broadly, our survey
has also been planned with significant
legacy value in mind, including but not
limited to:

— A complete census of AGN and star
formation activity in the Legacy Survey
of Space and Time Deep Drilling Fields
(DDF). The large and complete samples
of AGN observed over the four DDF will
allow us to study whether and how key
properties of the AGN correlate with
host properties like stellar mass and
star formation history, as well as with
environment and redshift. By enabling
robust source classification down to the
faintest limits of the radio continuum
luminosity function, ORCHIDSS and
MeerKAT combined will provide a highly
complete, obscuration-free picture of
the cosmic accretion and star formation
histories since the epoch of peak gal-
axy formation.

— A platform for the Square Kilometre
Array Observatory (SKAQO). The spec-
troscopic samples provided by
ORCHIDSS are designed to facilitate HI
science beyond the nominal detection
limits of MeerKAT. However, as the full
4MOST surveys are completing, the
SKAO will be coming into the first stages
of operation. The results obtained by
ORCHIDSS and MeerKAT will be essen-
tial in defining the scope for future SKA
HI surveys. Furthermore, as the fields
with the best ancillary multiwavelength
data in the southern hemisphere, the
ORCHIDSS fields will be the natural
targets for future SKA deep continuum
and HI surveys. Pre-existing spectros-
copy will therefore offer huge legacy
value for many years to come, as we
move from the broad statistical con-
straints possible with MeerKAT and
ORCHIDSS to the resolved 21 cm and
radio continuum studies of individual
galaxies with the SKA.

Target selection and survey area

Given the strong correlation between
SFR and gas mass (Catinella et al., 2018),
and that radio continuum provides an
obscuration-free tracer of the ongoing
SFR, radio continuum surveys offer an
extremely efficient means of selecting an
HI-rich population. ORCHIDSS will obtain
spectra of a highly complete sample of
galaxies selected on the basis of their
MeerKAT radio continuum fluxes, with
additional photometric redshift cuts limit-
ing the sample to redshifts where the

21 cm emission line falls within the availa-
ble frequency coverage.

The extent and locations of the
ORCHIDSS survey fields (illustrated in
Figure 1) are defined by the footprint of
the deep MeerKAT extragalactic surveys,
including MIGHTEE (which overlaps and
extend beyond the four DDF) and the
very deep LADUMA field (CDFS) outlined
above, supplemented with the MeerKAT
Fornax Survey (MFS). The survey is split
into two tiers:

— ORCHIDSS Deep will extend the spec-
troscopic coverage of the four WAVES
Deep Drilling fields to higher redshifts
and fainter optical magnitudes, target-
ing ~ 120 000 radio continuum detec-
tions down to the flux limit of the
MIGHTEE survey (S; 5 gn, = 15 udy) that
have photometric redshifts z,,,; < 1.4.

— ORCHIDSS Wide will target a further
~ 75 000 radio-detected sources at
Zphot < 0.57 within the remaining area
of the full MIGHTEE and MFS footprints
(green shaded areas in Figure 1),
doubling the cosmological volume in
which sensitive HI constraints can be
made at z < 0.57 and enabling critical
measurements of the dependence of
HI content across the full range of cos-
mic environments.

Across both tiers, our sample will be
complete down to the typical SFR of
Milky Way-like galaxies across their
respective redshift ranges and complete
for all powerful AGN, regardless of
obscuration. Our sample selection and
scientific goals are carefully chosen to
complement existing and planned spec-
troscopic surveys and to maximise the
synergy with current and future radio
facilities in the southern hemisphere.

Spectral success criteria and survey
figure of merit

The primary requirement for individual
ORCHIDSS spectra is the measurement
of a high-confidence spectroscopic red-
shift. Given that, our spectral success
criteria will match those of the WAVES
4MOST Consortium survey (Driver et al.,
2019), with a requirement that a redshift
be measured by the 4MOST Extragalactic
Analysis pipeline with > 90% confidence.
We note that while our planned sample
selection does not include an explicit opti-
cal magnitude cut, the selection based
on activity ensures that redshift confirma-
tion remains efficient, with over 90% of
targets meeting the success criteria
within the maximum exposure times of
three and seven hours (Wide and Deep
respectively).

Finally, since ORCHIDSS science is
driven by maximising the spectroscopic
completeness within a limited target sam-
ple, our figure of merit (FOM) is defined
such that FoM = 0.5 at 90% completeness.
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Accurate knowledge of the redshift dis-
tributions of faint samples of galaxies
selected by broad-band photometry is
a prerequisite for future weak lensing
experiments to deliver precision tests
of our cosmological model. The most
direct way to measure these redshift
distributions is spectroscopic follow-up
of representative galaxies. For this to
be efficient and accurate, targets have
to be selected such that they system-
atically cover a space defined by appar-
ent colours in which there is little varia-
tion in redshift at any point. 4C3R2

will follow this strategy to observe over
100 000 galaxies selected by their
KiDS-VIKING ugriZYJHK, photometry
over a footprint identical to that of the
WAVES survey, to constrain the colour-
redshift relation with high multiplicity
across two-thirds of the colour space of
future Euclid and Rubin samples.

Scientific context: the colour-redshift
relation for weak lensing surveys

Our cosmological model predicts the
growth of large-scale structure to be
highly sensitive to the densities and fun-
damental physical laws of the different
constituents of cosmic energy density,
among them the elusive dark matter, dark
energy, and massive neutrinos. Photo-
metric surveys can directly probe the
large-scale matter density distribution via
the apparent distortion of the shapes of
galaxy images. These distortions are
caused by tidal gravitational forces that
act on the distant galaxy’s light along its
path to us, the so-called weak gravita-
tional lensing effect. The strength of the
distortion depends not only on the matter
distribution these experiments intend to
measure, but also on the distances to the
lensed galaxies. This has motivated the
development of a range of techniques to
not just estimate photometric redshifts
but also accurately calibrate the redshift
distributions of photometrically selected

samples of galaxies (see, for example,
Newman & Gruen, 2022 for a review). The
direct determination of the redshift
distribution with spectroscopy is advanta-
geous in multiple ways. However, present
samples of spectroscopic redshifts allow
for a calibration of galaxy distances that
is only scarcely sufficient for the ongoing
lensing experiments (Hildebrandt et al.,
2021; Myles et al.,, 2021; Rau et al., 2022).
The currently required calibration uncer-
tainties on the mean redshift are of order
|Az| ~ 0.01. But the next generation of
surveys by Euclid, Vera C. Rubin Obser-
vatory, and the Nancy Grace Roman
Space Telescope are predicted to need
an order of magnitude improvement, with
the calibrated mean redshift accurate to a
few parts in a thousand and stringent
requirements as well on the calibration of
the width of redshift distributions. We will
thus be severely limited in testing cosmo-
logical models unless large, systemati-
cally selected and highly complete spec-
troscopic samples can be obtained.

Complete calibration of the colour-
redshift relation

Direct calibration of redshift distributions
(for example, Hildebrandt et al., 2017)
effectively consists of making a histogram
of spectroscopic redshifts. For this esti-
mate of the redshift distribution to be
unbiased, the spectroscopic sample has
1o be representative of the set of galaxies
in question that results from some photo-
metric selection. For the estimate to be of
sufficiently small statistical uncertainty,
the spectroscopic sample has to be col-
lected over a large enough volume and
with high multiplicity. With current instru-
ments this is prohibitively demanding of
exposure time for weak lensing source
galaxy samples. This is not just because
the galaxies in these samples are faint
and thus their spectroscopic redshifts dif-
ficult to acquire. In addition, the large vari-
ation in the redshifts of galaxies selected
from noisy, few-broadband photometry
means (i) that incompleteness can
strongly bias the sample if the success of
a spectroscopic observation depends on
the redshift of a targeted galaxy (for
example, Gruen & Brimioulle, 2017), and
(i) that a very large number of randomly
sampled spectroscopic redshifts is
required to achieve a sufficiently small
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Figure 1. The ugriZYJHK, colour space of galaxies is
discretised by the self-organising map (SOM) of
Masters et al. (2015) that is shown in two ways here.
The left panel illustrates which cells of the SOM con-
stitute the colour selections for 4C3R2-Wide/Deep
and parts of colour space covered by the preliminary
WAVES-Wide/Deep selections, which are not always

statistical error (for example, Newman &
Gruen, 2022, their section 3.3).

A much more efficient strategy is to bin
galaxies by colour in a set of bands such
that in each bin there is as little scatter in
redshift and as little evolution of redshift
with apparent magnitude as possible. A
technique that has been used for this
extensively in the literature involves
so-called self-organising maps (SOMs).
These are few-dimensional grids of colour
values contiguously embedded into the
high-dimensional space of observed gal-
axy colours. The embedding is optimised
in such a way that each galaxy can be
assigned to a grid cell with small colour
separation. Figure 1 shows the SOM of
Masters et al. (2015). By appropriately
sampling each bin, i.e., each cell of the
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0.75

Median spectroscopic redshift

0.50

0.25

0.00

cell-complete. The right panel shows the median
redshift of existing archival samples across the same
SOM. Of importance for our selections are the
z=0.2 and z = 0.8 transitions where WAVES-Wide/
Deep become incomplete by design, and above
which 4C3R2 selects representative subsets of gal-
axies for targeting.

map, relatively few spectroscopic obser-
vations of relatively bright galaxies con-
strain the statistical relation between col-
our and redshift. For surveys observing

in a smaller or slightly different set of pho-
tometric bands, or observing at higher
noise levels, any selection of galaxies can
still be approximately expressed as a
linear combination of the original SOM
cells, and thus its redshift calibration can
be related to the SOM’s colour-redshift
relation (Buchs et al., 2019; Myles et al.,
2021). This has motivated a set of optical
and near-infrared spectroscopic surveys
to sparsely cover the cells of this par-
ticular SOM (Masters et al., 2017, 2019;
Euclid Collaboration et al., 2020), in addi-
tion to survey data from the Dark Energy
Spectroscopic Instrument (McCullough
et al., in preparation). The right panel of

Figure 1 shows the state of spectroscopi-
cally calibrating the median redshift
across this SOM. The achievable effective
resolution of this map is limited by photo-
metric noise in the observing survey, as
galaxies can scatter (also asymmetrically)
between neighbouring cells.

Specific scientific goals: densely probe
galaxy colour space with 4MOST spectra

The observing programmes outlined
above have the common goal of a com-
plete calibration of the colour-redshift
relation (C3R2) and this survey adds a
4AMOST component to that effort.
Approximately two thirds of the colour
bins defined by C3R2 (Masters et al.,
2015) contain galaxies bright enough to
achieve high redshift completeness with
4MOST spectroscopy in a feasible expo-
sure time. Unlike many of the deep,
sparse surveys performed so far, AMOST
offers the unique possibility of achieving
high multiplicity in each of these cells, i.e.,
to probe the full distribution of redshift
given colour. This will allow us to address
pressing questions about redshift calibra-
tion with the colour-SOM method, such
as whether the presence of rare redshift
outliers at a given observed colour is a
relevant effect. It also allows the depend-
ence of redshift on magnitude at fixed
colour to be accurately tested and cali-
brated. The latter is critical for utilising the
relatively bright subset of galaxies
observed spectroscopically for calibrating
the redshift distributions of faint, photo-
metric samples of equal colour. The
resulting sample will form the broad basis
for a wedding-cake C3R2 strategy that
continues to require 8-metre-class and/or
infrared spectroscopy for the parts of
colour and magnitude space inaccessible
to 4MOST.

Target selection and survey area:
synergies with KiDS-VIKING and WAVES

Photometry in the ugriZYJHK, bands
from the Kilo-Degree Survey and the
VISTA Kilo degree Infrared Galaxy survey
(KiDS-VIKING) provides the basis for
selecting targets across a highly informa-
tive colour space and over an unprece-
dented volume for a photometric redshift
calibration survey. 4C3R2 does this from
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the same photometric catalogue and over
the same area as the Wide Area Vista
Extragalactic Survey (WAVES), spanning
more than 1170 square degrees (Driver et
al., 2019). Unlike the high completeness
strategy of WAVES, 4C3R2 requests only
a small subset of the potential targets.
This allows for flexible fibre assignment
and a high degree of synergy. The two
surveys are currently optimising their joint
selection through simulations, including
an exploration of whether entirely dis-
junct target selections or partial overlap
between the two surveys’ samples is the
most efficient option. The preliminary
choice of the limiting magnitude of

z = 21.6 in 4C3R2-Wide is slightly deeper
than WAVES, with a z = 22 selection in
4C3R2-Deep that matches WAVES-Deep.
The left panel of Figure 1 depicts the
colour selection of 4C3R2 targets for both
the wide and deep surveys. Cells that
contain WAVES targets, estimated accord-
ing to existing photometric redshifts, are
indicated by light colours. 4C3R2 inten-
tionally does not select from areas in the
map that are dominated by low-redshift

Gruen, D. et al.,, 4AMOST Complete Calibration of the Colour-Redshift Relation (4C3R2)

galaxies, for example the low-redshift

(z < 0.2) filament that runs across the
right half of the left panel of Figure 1. This
results in a complementary proposal of
acquiring redshifts that are representative
(4C3R2) by colour and magnitude where
they cannot be complete (as for the
WAVES selection) for as much of the
physical manifold of colour and redshift
as possible. Specifically, 4C3R2 aims to
sample targets from cells whose redshifts
have a high probability of being within the
range of 0.2 <z < 1.55 in wide, and simi-
larly 0.8 <z < 1.55 in deep. The lower
limit is motivated by the WAVES selection,
while the upper limit is constrained by
spectroscopic features redshifting out of
4MOST’s sensitivity wavelength range.
While colour-redshift calibration is the
primary purpose of 4C3R2, the survey
data will thus also optimally complement
WAVES. 4C3R2 empirically determines
the targeting incompleteness of WAVES
over the redshift ranges the latter intends
to cover. In addition, the 4C3R2 sample
extends the subset of galaxy evolution
science cases that can be studied with

representative but incomplete sampling
over a wider redshift range and to some-
what fainter objects.
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In this picture, Venus is shining brightly over ESO’s
La Silla Observatory in Chile. The picture was taken
just before dawn, towards the East, and also fea-
tures the diffuse zodiacal light — sunlight scattered
by dust particles in the Solar System. The three
domes to the left of the road are the BlackGEM
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telescopes, built by Radboud University,

the Netherlands Research School for Astronomy
(NOVA), and KU Leuven in Belgium. BlackGEM will
search for the afterglow of some of the most dra-
matic events in the Universe, such as the collision
of black holes and neutron stars.



mailto:daniel.gruen@lmu.de
mailto:jmccull@stanford.edu
http://bardon.cz

Astronomical Science

DOI: 10.18727/0722-6691/5308

CHANCES: A CHileAN Cluster galaxy Evolution Survey

Christopher Haines'
Yara Jaffé?

Nicolds Tejos?

Antonela Monachesi*
Emanuela Pompei®
Alexis Finoguenov®
Cristobal Sifon®
Sebastian Lopez”
Amrutha Belwadi Manjunatha’
Lawrence Bilton23
Johan Comparat?®
Rodrigo Cuellar”
Giuseppe D’Ago®
Ricardo Demarco©
Ciria Lima-Dias*
Elismar Lésch™

Paola Merluzzi'?

Analia Smith Castelli'3'*
Laerte Sodre™

Erik Vinicius™

and the CHANCES team

University of Atacama, Copiap®, Chile

2 University of Valparaiso, Chile

Pontificia Universidad Catdlica de

Valparaiso

University of La Serena, Chile

ESO

University of Helsinki, Finland

University of Chile, Santiago, Chile

Max Planck Institute for Extraterrestrial

Physics, Germany

9 Pontificia Universidad Catdlica de Chile

0 University of Concepcion, Chile

™ University of Sao Paulo, Brazil

2 INAF-Capodimonte Astronomical
Observatory, Naples, ltaly

3 |_a Plata Institute of Astrophysics
(CONICET-UNLP), Argentina

4 National University of La Plata, Argentina

(5]

0 N O O »

CHANCES, the CHileAN Cluster galaxy
Evolution Survey, will study the evolu-
tion of galaxies in and around ~ 150
massive galaxy clusters, from the local
Universe out to z ~ 0.45. It will target

~ 300 000 r,g < 20.5 galaxies with
4MOST, providing comprehensive spec-
troscopic coverage of each cluster out
1o 5ryqq in synergy with eROSITA. Its
wide and deep scope will trace massive
and dwarf galaxies from the surround-
ing filaments and groups to the cores of
galaxy clusters, enabling the study of
galaxy pre-processing and the role of
the evolving environment on galaxies.
We will also study the effect of clusters

on the cold circumgalactic medium by
targeting 50 000 cluster—-QSO pairs.

Scientific context

Understanding what drives the evolution
of galaxies and determines whether they
end up as star-forming spirals or quies-
cent early-type galaxies by the present
day remains a fundamental task within
astrophysics. Both internal energetic
mechanisms (like active galactic nucleus
feedback or stellar winds) and external
environmental processes are expected to
play major roles in transforming galaxies.
While most isolated galaxies remain as
gas-rich star-forming spirals to the pres-
ent day, the bulk of galaxies within mas-
sive clusters have lost their gas and have
been transformed into quiescent elliptical
or lenticular galaxies. A variety of physical
mechanisms capable of transforming gal-
axies as they fall into the clusters have
been proposed, including gas stripping
by the intracluster medium (ICM; for
example ram-pressure stripping and star-
vation), and gravitational interactions
among galaxies or between the galaxies
and the cluster (Boselli & Gavazzi, 2006;
Cortese, Catinella & Smith, 2021).

Adding to the complexity is the fact that the
matter distribution in the Universe evolves
dynamically within a web-like large-scale
structure in which filaments connect and
feed massive galaxy clusters located at
their nodes. These structures are com-
posed of dark matter and galaxies, as well
as diffuse matter that dominates the baryon
budget. In this picture, each galaxy is sur-
rounded by a multi-phase, metal-enriched,
and diffuse circumgalactic medium (CGM)
shaped by the interplay between accretion
from the intergalactic medium and feed-
back processes occurring within galaxies.
Any attempt to comprehend galaxy for-
mation and evolution must therefore
measure observational signatures of gal-
axy and CGM properties against a wide
range of environments — both locally and
on large scales.

There is a growing appreciation of the
need to place massive galaxy clusters in
their full cosmological context, not only to
explain their own growth and assembly,
but also to understand the evolution of
their member galaxies. A corollary of the

current concordance ACDM cosmology
is that galaxy clusters continue to grow
with cosmic time, doubling their masses
since z ~ 0.5. In fact, a large fraction of
cluster galaxies were accreted within gal-
axy groups (McGee et al., 2009) and fila-
ments (Kuchner et al., 2020), which can
‘pre-process’ the galaxies prior to enter-
ing the cluster (Zabludoff et al., 1996).
Recent observations have confirmed that
significant pre-processing of galaxies is
indeed required (Haines et al., 2015;
Bianconi et al., 2018), but large homoge-
neous studies that are both deep and
wide are still rare. Hydrodynamical simu-
lations of galaxies around massive clus-
ters find a systematic depletion of both
hot and cold gas in cluster galaxies
caused by ram-pressure stripping, that
translates into a lower fraction of star-
forming galaxies as far out as ~ 5ryqq
from the host cluster, where r,, is the
virial radius inside which the average den-
sity is 200 times the critical density (Bahé
et al., 2013), motivating large-scale envi-
ronmental studies.

CHANCES, the CHileAN Cluster galaxy
Evolution Survey, is a 4AMOST community
survey designed to uncover the relation-
ship between the formation and evolution
of galaxies and hierarchical structure for-
mation as it happens, through deep and
wide multi-object spectroscopy. It will tar-
get cluster galaxies out to 5r,q, the dis-
tance at which environmental effects act-
ing on infalling galaxies are expected to
be sufficient to start removing their
extended hot gas atmospheres, starving
them of future gas, and well beyond the
maximum distance of 2-3r,,, to which
‘back-splash’ galaxies can reach.
CHANCES will permit the effects of
pre-processing of galaxies in infalling
X-ray groups and filaments (detectable by
eROSITA) to be quantified in unprece-
dented detail. The survey will also have
an important legacy value, by providing
detailed spectroscopic information which
will complement X-ray observations of
clusters and groups by eROSITA, and
future radio observations by the Square
Kilometre Array and the Australian SKA
Pathfinder (ASKAP), as well as current and
planned large optical surveys such as the
DESI Legacy Survey DR10 (LSDR10), the
Southern Photometric Local Universe
Survey (S-PLUS) and the Legacy Survey
of Space and Time (LSST).
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Specific scientific goals

CHANCES comprises three sub-surveys,
described below, each with different sci-
entific objectives.

The CHANCES Low-z sub-survey will
quantify the impact of environment on
galaxies from high masses (10" M,)
down to the dwarf regime (108-° M..).
Dwarf ellipticals (dE) are the numerically-
dominant population in galaxy clusters
(Binggeli, Sandage & Tammann, 1988).
Their formation via cluster-related pro-
cesses and evolution remains largely
unexplored outside local clusters such
as Virgo and Fornax (for example,
Eigenthaler et al., 2018; Choque-Challapa
et al., 2021), as is their evolution in the
infall regions beyond ry.

This sub-survey will provide a large-scale
homogenous spectroscopic dataset for
galaxies covering more than three orders
of magnitude in stellar mass, in and
around a representative sample of clus-
ters. It will enable us to constrain many
open questions, including: the efficiency
of cluster mechanisms transforming gal-
axies; the timescales for quenching star
formation; the long-term survivability of
dwarfs in groups and clusters; the role of
pre-processing in groups and filaments;
and the contribution of galaxy disruption
to intracluster light. There is also a natural
synergy with ongoing and future HI sur-
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veys from ASKAP and MeerKAT, since
most HI detections from these surveys
will be from dwarf galaxies, owing to their
high gas fractions. Their large HI discs
are highly susceptible to gas and tidal
stripping processes, making HI a sensi-
tive trace of environmental effects.

The CHANCES Evolution sub-survey
aims to continuously track the evolution
of cluster galaxies over the last four billion
years, and measure when, where and
how quickly spiral galaxies are being
transformed in and around clusters. Clus-
ter galaxies have not always been as
inactive as they are at the present epoch.
The fraction of blue (star-forming) galax-
ies among cluster members increases
from almost zero in the local Universe to
20% by z ~ 0.4 (the Butcher—-Oemler
effect; Butcher & Oemler, 1984), implying
a rapid evolution in the cluster galaxy
population. Moreover, since more than
half of the galaxy populations of local
clusters were only accreted after z ~ 0.4,
the transformation of star-forming spirals
into quiescent early-types as they
encounter group or cluster environments
is mostly taking place at late epochs. The
previous large cluster galaxy evolution
surveys (WINGS, LoCuSS) were limited to
a single epoch, while attempts to track
the evolution of cluster galaxies over

0 <z < 0.5 have had to resort to aggre-
gating heterogeneous datasets from the
literature, and with only a handful of clus-

Figure 1. An example of a
CHANCES target from the Low-z
sub-survey: the A3391/A3395
galaxy cluster system at z ~ 0.05
observed by eROSITA (panel a;
from Reiprich et al., 2021) and
Legacy Survey DR10 (panel b;
from Sky Viewer). The large-scale
structure around the system and
the many substructures visible
are ideal laboratories in which to
study the effect of pre-processing
of galaxies. Panel c represents
our CHANCES-CGM sub-survey
(although at z > 0.35), in which we
explore the effect of the environ-
ment in the circumgalactic medium
(CGM) of galaxies, poorly under-
stood to date.

ters beyond z = 0.3. While WINGS and
LoCuSS have allowed us to quantify
where galaxies are being transformed
within clusters and on what timescales at
a single epoch, CHANCES will permit us
to extend these analyses over four billion
years of cosmic time within a single over-
arching survey.

The CHANCES CGM sub-survey will
study the effect of group and cluster envi-
ronments on the diffuse gaseous content
of galaxies traced by Mgll absorption
towards projected QSOs at redshifts
0.35 <z < 0.7. Although Mgll probes cold
(104 K) gas, given that the CGM is multi-
phase, it provides a good opportunity to
test models of gas disruption in clusters
as a function of cluster- and absorber-
centric distances (for example, Dutta,
Sharma & Nelson, 2022). CHANCES
CGM is similar to the ‘quasars behind
clusters’ survey (Lopez et al., 2008), the
difference being that special attention

is given to biases and selection effects
by positioning fibres not only in cluster-
selected sightlines but also on control
samples. In addition, and in contrast to
what has been previously done, CHANCES
CGM will also provide a wealth of infor-
mation on the projected population of
galaxies close to the QSO sightlines over
CGM scales. Results from this survey

will have implications for the relation
between dark matter halos and the prop-
erties of galaxies in these dense and



extreme environments, and for the overall
population of Mgll systems.

Target selection

CHANCES targets are taken from the
LSDR10 outside the Galactic plane
(Ib] > 20°).

The CHANCES Low-z survey will target
50 clusters at z < 0.07 and with a mass
range of 10'3-10"% M, as well as large
regions around known superclusters such
as Shapley and Horologium-Reticulum,
each containing > 20 clusters within a
rich cosmic web.

The cluster sample is X-ray selected,
using latest cluster samples that com-
bine a reanalysis of ROSAT all-sky

X-ray survey data, detecting X-ray emis-
sion for unresolved sources (CODEX;
complete down to the flux level of

2 x 107® ergs s' cm~2; Finoguenov et
al., 2020) and extended sources on
scales of 6-24 arcminutes (CODEXS;
complete down to 6 x 1073 ergs s7' cm™2;
Finoguenov et al., in preparation) with

the redMaPPer cluster red sequence
finder applied to LSDR10. We essentially
select the most massive clusters applying
a redshift-dependent mass threshold,
and add lower-mass clusters randomly,
preferring clusters with auxiliary data.
Our sample includes well-studied clusters
such as those from the WINGS survey,
and the nearby Fornax and Hydra clus-
ters. An example of a low-redshift target,
the galaxy cluster system A3391/A3395
at z ~ 0.05, is shown in Figure 1.

For each cluster, 4AMOST targets are first
selected from the LSDR10 (Figure 1b) as
galaxies brighter than ryg = 20.5 and
within 5r,44 Of the cluster centre. To
improve the efficiency of observing clus-
ter members rather than background gal-
axies, we use photometric redshifts from
S-PLUS (Mendes de Oliveira et al., 2019)
that is imaging ~ 8000 deg? of the south-
ern sky in 12 optical bands to ryg ~ 21
using the T80-South 0.8-metre telescope
at Cerro Tololo Inter-American Observa-
tory in Chile. The S-PLUS photometric
system has been shown to deliver much
more accurate photometric redshifts than
standard broadband surveys and has
been shown to be particularly effective at

selecting members of z ~ 0.05 clusters
with photometric redshift uncertainties of
~0.02 (1 +2) atrag ~ 19.7 (Lima et al.,
2022). Additionally, we have been
carrying out our own T80 observing pro-
grammes to cover those z ~ 0.05 clusters
outside the S-PLUS main survey foot-
print, including the entirety of the Shapley
supercluster. For brighter cluster galaxies
we require spectra with signal-to-noise
ratios greater than 20 A~' in the contin-
uum to permit velocity dispersions and
stellar population parameters to be meas-
ured, while the spectral requirement for
the faintest low-surface brightness dwarf
galaxies will be to measure a redshift.

The CHANCES Evolution sub-survey
will target 50 of the most massive gal-
axy clusters distributed evenly over

0.07 <z < 0.45. We use the second
Planck catalogue of Sunyaev-Zeldovich
sources (PSZ2; Planck Collaboration et
al., 2016), which provides a homogenous
sample of massive clusters over this
redshift range, selecting the 50 most
massive galaxy clusters in four redshift
intervals. At 0.2 <z < 0.45 this corre-
sponds to M,q, > 7 x 10' M, while at
lower redshifts the mass limit is progres-
sively reduced to account for the smaller
volume available. Most of the CHANCES
Evolution cluster sample is covered by
the CHEX-MATE XMM Heritage pro-
gramme (Arnaud et al., 2021), providing
high-quality X-ray data suitable for char-
acterising the ICM and mass distribution
of each CHANCES cluster.

To select probable cluster members and
exclude foreground/background galax-
ies and stars we use infrared photome-
try. Specifically, we use the linear relation
in the (J-K) vs. K colour-magnitude dia-
gram, which has been demonstrated to
be bias-free with respect to star forma-
tion activity (Haines et al., 2009). For this
purpose, CHANCES Evolution clusters
have been observed with VIRCAM on
the 4-metre VISTA telescope at Paranal.
In addition to the J-K selection, we
require targets to have r,g < 20.5, to lie
within 5r,4q Of each cluster, and to have
a signal-to-noise ratio greater than 5 A~
in the continuum to be sure of obtaining
a reliable redshift measurement.

The CHANCES CGM sub-survey is
composed of three main selections:

i) targeted Mgll in clusters already identi-
fied from the SDSS at Dec. < +5° and
corresponding control samples; ii) blind
Mgll searches in clusters targeting QSOs
(confirmed and candidates) in the south-
ern sky covered by different 4AMOST
surveys; and iii) targeting QSOs behind
CHANCES Evolution clusters. In all of these
we target not only the QSOs but also

rag < 20.5 galaxies within ~ 1 arcminute
(Figure 1c) around each QSO sightline
probing relevant CGM scales. For the
QSOs we aim at a signal-to-noise greater
than 10 A~ in the continuum, allowing us
to reach Mgll absorption down to 0.3 A
rest-frame equivalent width, a regime
where Mgll strongly correlates with the
presence of galaxies.
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4MOST-ChANGES will target a legacy
sample of active galactic nuclei (AGN),
based on optical continuum variability
and spectral energy distribution (SED)
selection from several existing sur-
veys, and ultimately complemented by
Rubin LSST to: 1) constrain the low-
Mgy, low-L/L.,, end of the accretion and
black hole (BH) density functions to

z ~ 1, and, by extension, BH seed mod-
els; 2) investigate correlations among
AGN (Mg, L/L.4,, ultraviolet slope, out-
flows, variability) and host properties
(stellar age, metallicity, kinematics); 3)
confirm/characterise rare BH sub-
samples (extreme variability, tidal dis-
ruption events, lensed, intervening
absorption line systems) for detailed
multi-wavelength follow-up studies.

Scientific context

The last ~ 60 years have seen us go
from discovering the first black hole

(BH) in Cygnus X-1 to detecting = 10°
supermassive BHs (SMBHs, 2 10° M)
and hundreds of intermediate-mass

BH (IMBHSs, ~ 10-10° M) candidates
across the Universe (for example, Greene,
Strader & Ho, 2020; Flesch, 2021). Never-
theless, critical portions of the active
galactic nuclei (AGN) discovery space
remain poorly explored. The overwhelm-
ing majority of published AGN optical
spectra (2 600 000; for example, Péaris et
al., 2018) stem from the galaxy (z < 0.1)
or quasi-stellar object (QSO, Mg < -23;
blue-colour-selected) samples of the
Sloan Digital Sky Survey (SDSS), and
hence have poor overlap with key south-
ern hemisphere observatories (for exam-
ple, the Very Large Telescope [VLT]

and the Atacama Large Millimeter/sub-
millimeter Array). And while SDSS has
likely discovered ~ 80% of bright type 1
QSOs with iyg < 19 out to z ~ 2 (where
the BH accretion density peaks; for
example, Aird et al., 2015), fainter and/or
redder AGN (g-r > 0.6; for example due

to weaker accretion, lower AGN-to-host
light ratios, broad absorption lines and
modest dust obscuration) have yet to be
systematically targeted in large numbers
beyond z ~ 0.1. More inclusive selection
techniques based on variability and/or
ultraviolet-mid-infrared (UV-MIR) spectral
energy distributions (SEDs) have been
shown to be more effective than optical
colours alone (for example, Peters et al.,
2015; Tie et al., 2017; Sanchez-Séez et
al., 2019) in selecting such ignored AGN
populations. Yet the largest spectroscopi-
cally confirmed variability-selected sam-
ples number ~ 13 000 AGN from SDSS
Stripe 82 (~ 14% reddened fraction;
Peters et al., 2015) and 1263 AGN from
the Dark Energy Survey (DES) supernova
fields (6% reddened fraction; Tie et al.,
2017), probing a tiny fraction of the parent
population. More recent studies with

La Silla-QUEST (LSQ) and the Zwicky
Transient Facility (ZTF) to ryg ~ 20-21
recover reddened fractions of 10-15%
(for example, Sanchez-Saez et al., 2019),
while deeper high-cadence VLT Survey
Telescope (VST) imaging in COSMOS
and CDF-S to ryg ~ 23.5 (for example,

De Cicco et al., 2021) identify ~ 300 variability-
selected AGN deg?, with reddened AGN
fractions of ~ 30% (the majority of which
notably have X-ray fluxes below the
eROSITA all-sky survey limit). The latter
studies imply that the SDSS and DES
variability samples still suffer strong
biases and represent just the tip of the
iceberg of a much larger population
awaiting confirmation with 4MOST.

Among upcoming surveys, the Vera C.
Rubin Observatory (Rubin) Legacy Survey
of Space and Time (LSST) is expected to
have a truly profound impact on AGN sci-
ence. With its ~ 18 000-deg? footprint,
ugrizy coverage (0.4-1 pm), ~ 1-3-day
temporal sampling, and ryg ~ 24.5 single-
epoch 50-depth, the LSST will produce a
high-purity sample of > 2 x 107 AGNs
between z = 0 and z = 7, with > 50%
identified in the first 1-2 years. Such
numbers will quickly surpass past/current
AGN samples, extending to lower lumi-
nosities, higher extinction E(B-V) ~ 0.3-1,
and higher z, and enlarging rare AGN
samples. Each AGN will ultimately have

> 800 visits (= 130 per filter) over the
10-year survey, enabling unique analyses.
Deep LSST ugrizy imaging, particularly in
concert with Euclid YUHK imaging, will
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Subsurvey Name Area (deg?)

Parent sample (Completeness)

Limiting magnitude

Selection notes

W_VARZ+W_VARG+W_VARL > 104 ~ 1.5 x 108 (60%) r~21 Variability from ZTF, Gaia, LSQ
W_SED > 104 ~ 1.8 x 108 (35%) r~225 DELVE+VHS+WISE

W_MUL > 104 ~ 4 x 10° (50%) r~20.5 2+ visits, > 6 months apart
W_HIZ > 104 ~ 3 x 10* (75%) iz ~225 z>4

D_ALL 16 ~1 x 10* (90%) r~23 X-ray, MIR, radio, optical
T_TDE + T_TDEHOST > 104 ~ 3 x 10* (8%/50%) r~21 TDEs + Hosts

T_LST > 104 ~ 2 x 10° (25%) r~225 EVAGN, LLAGN

T_LEN > 104 ~ 3 x 103 (75%) r~225 QSO + lens galaxy

Table 1. Properties and selection criteria of the
ChANGES subsurveys.

offer relatively accurate photometric red-
shifts and spatially resolved SEDs for a
substantial fraction of its anticipated

~ 2 x 10° extragalactic detections. This
will ultimately allow statistical compari-
sons between AGN and inactive galaxies
across redshift, environment, luminosity,
and some (deblended) host properties.
However, in order to extract detailed
physical constraints (for example precise
stellar properties, BH masses, accretion
rates, line kinematics), and to study
accretion physics and address funda-
mental evolutionary questions, spectros-
copy is required. To this end, the Chilean
AGN/Galaxy Extragalactic Survey
(ChANGES) will acquire = 1.79 Mhrs of
4AMOST low-resolution spectroscopy for
a large, representative sample of AGN
within the LSST footprint (z 10 000 deg?),
selected primarily via variability and opti-
cal/NIR/MIR SEDs from existing imaging
data within the LSST’s footprint.

Target selection and survey area

Table 1 specifies our current survey
design, indicating the survey regions and
input catalogues. The selection functions
for our two primary samples are driven by
variability features and full optical-MIR
SED modelling, respectively, allowing us
to overcome past optical colour selection
biases. Target completeness is further
weighted by the relative number of tar-
gets across bins of colour, estimated red-
shift/luminosity, and variability timescale
and amplitude. The variability sample is
based on ZTF-DR11, Gaia-DR3, and LSQ
data using machine-learning selection
(for example, Sanchez-Saez et al., 2021),
aiming to observe ~ 60% of sources from

a sample of ~ 1.5 x 108 AGN with

rag S 21. Our SED selection derives from
DELVE-DR2, VHS-DR6, VIKING-DR2,
and catWISE2020 data using SED-fitting
techniques (for example, Assef et al,,
2010; Boquien et al., 2019), aiming for

~ 30% coverage from a target pool of

~ 1.8 x 108 AGN with r,g < 23. We aug-
ment these samples with ~ 10 000 multi-
wavelength selected AGN in four 4AMOST/
LSST deep-drilling fields (DDFs) and

~ 150 000 host-dominated AGN or unique
BH-related phenomena selected using
the LSST’s unparalleled variability con-
straints during its first few years of opera-
tion (see below). The resulting spectro-
scopic observations will characterise a
large, representative population of relatively
unobscured (i.e., potentially reddened),
lower-Mgy,, low-Mg /M, .s-ratio, and/or
lower-L/Lgyq AGN out to z ~ 0.5-1, that
have yet to be well sampled by any other
method, owing to weaker emission and
host domination.

Specific scientific goals

BH accretion rate (BHAR) and Mg, den-
sities, evolution and host synergies. The
moderately accreting AGN sample to be
probed by ChANGES (107 < L/Lgy4y < 107
see Figure 1) comprises ~ 50-80% of the
estimated total mass accretion onto BHs
in type 1 and mildly obscured AGN and
strongly complements other 4AMOST AGN
samples. The sample will be used to
characterise the low-L/Lg,q and low-mass
contributions to the BHAR and Mgy, den-
sity distributions and push several land-
mark z < 0.1 constraints out to z ~ 0.5-1,
as functions of several, potentially inter-
dependent, driving parameters (for exam-
ple redshift, Mgy, L/Lgqq, M-, SFR, morphol-
ogy, gas content, M, ,,, and environment).
We aim to assess in better detail where

and how lower-mass BH growth occurs
(as input for the next-generation Event
Horizon Telescope, Athena, and LISA),
and quantify the role of downsizing and
feedback processes in the establishment
of AGN scaling relations.

Novel time-domain spectral synergies.
AGN vary on nearly all timescales. Our
experimental design will yield 4AMOST
spectra for up to ~ 1.2 x 108 AGN, which
when combined with intensively sampled
LSST multi-colour light curves will: 1)
relate their variability and SED/spectral
properties; 2) enable precision measure-
ment of continuum lags for type 1 AGN;
3) gain insight into the unobservable
far-UV regime based on the emission-line
strengths of high ionisation species; and
4) extend our database of labelled sys-
tems to optimise the LSST’s photometric
classification and redshifts. We seek to
observe ~ 20% of the variability-selected
AGN sample (all with r,g < 19 and 50%
with 19 < ryg < 20) at least twice, to sys-
tematically study spectral variations in
tandem with the LSST’s unprecedented
optical monitoring. Our large samples
will cover a broad span of AGN physical
(z, Mgy, L/Lgqq) and variability (ampli-
tude and characteristic timescale of their
light curves) parameter spaces, allowing
examination of how AGN spectral prop-
erties vary across these parameters

and how they comply with standard
accretion disc predictions. Differences
for low-Mgy vs. low-L/Lgyq AGN may
probe when and how AGN transition to
advection-dominated accretion flows.

Completeness and obscured fraction
corrections. Although the optical-MIR
selection of ChANGES will cover a wide
parameter space, it will still suffer from
various forms of incompleteness (for
example, ability to recover redshifts,
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detect spectral features, discern AGN
types in severely host-dominated
sources) and be biased against heavily
obscured AGN. To correct for these,
ChANGES will carry out deeper observa-
tions in the DDF regions for both optical
variability+SED selected AGN (HSC/VST/
DES) to assess completeness and
obscured AGN samples from X-rays
(XMM-SERVS), MIR (SERVS) and radio
(MIGHTEE/EMU) to estimate obscured
fractions as functions of, for example, z,
Mgn, L/Lgggs M.

Changing-type/EVAGN. Current sam-
ples of extreme variability AGN (EVAGN;
Am/At > 1 mag yr') number in the thou-
sands (for example, Luo, Shen & Yang,
2020; Lopez-Navas et al. 2023), with the
LSST expected to uncover orders of
magnitude more. ChANGES will prioritise
up to ~ 100 000 such targets for single
(and when feasible, multi-epoch) spectra
to establish an unprecedented sample for
studies of detailed accretion physics and
constraints on ‘changing-type’ AGN
(Graham et al., 2020). The latter can be
compared to a well-characterised search
for changing-type AGN among 2 200 000
targets with high-signal-to-noise multi-
epoch splits from ChANGES’ Time-
Domain Spectral Synergy campaign to
establish absolute rates.

Tidal disruption events (TDEs). TDEs
provide important constraints on the
physics and demographics of quiescent
SMBHSs and their hosts, but only ~ 60
have been well characterised to date (for
example, Gezari, 2021). The LSST is
expected to find ~ 6000 TDEs a year to
Z ~ 0.5 (rag ~ 23.5 mag), providing much
larger samples with which to understand
their demographics and triggering.
ChANGES aims to prioritise ~ 1000
high-confidence TDEs below z ~ 0.2 for
direct confirmation and characterise

~ 15 000 TDE hosts (measuring velocity
dispersions for a brighter subset). Of par-
ticular interest will be IMBH-TDEs from
compact stars and white dwarfs, which
should be less luminous and shorter than
TDEs from SMBHSs.

High-redshift AGN. Moderate-L,,, AGN
at z > 4 are a key population for con-
straining BH formation models and early
evolution (Volonteri et al., 2017). Yet the
current z > 4 QSO luminosity function is

36 The Messenger 190 | 2023

Bauer, F. E. et al., Chilean AGN/Galaxy Extragalactic Survey (ChANGES)

Very high state
Slim disc

High state —@—
Standard disc

Low state
Standard disc

Quiescent state *

Highly quiescent
state + tidal
disruption event

Magnetic field

X-rays

pinned down by just a few hundred
objects at —24 < M, 5, < =30 (for example,
McGreer et al., 2018), leaving the faint-
end slope and evolution highly uncertain;
uncertainties rise further beyond z ~ 5,
since classical colour selection tech-
niques break down because of confu-
sion with stars. ChANGES will target

~ 12 000 z > 4 candidates, selected via
optical-MIR photometry and/or variabil-
ity, to improve statistics particularly for
fainter AGN.

Lensed AGN. The LSST will discover
thousands of strongly lensed QSOs out
to high redshift, enabling novel constraints
on, for example, accretion processes,
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Figure 1. The distinct types of accreting SMBHs we
expect to detect with 4AMOST-ChANGES (super
L/Lgqq, high-L/Lgyy, low-L/Lgyy, quiescent + TDE).
Credits: J. Utreras/F. Bauer (CATA)

evolution, the initial mass function, cosmol-
ogy (addressing early vs. late H, ‘tension’)
and the inner structure of high-z AGN.
However, an essential first step for most
lensed-AGN-enabled science cases is
measurement of both source and lens
redshifts. ChANGES aims to spectro-
scopically confirm ~ 1500 QSOs and lens
galaxies, dramatically increasing the
number of confirmed QSO lenses in the
southern hemisphere.



ESO/R. Wesson

Intervening quasar absorption-line
systems (QALs). QALs are powerful
probes of the neutral gas content and
metal inflow—outflow in galaxies over cos-
mic time. Past spectroscopic surveys
have provided unprecedented QAL sta-
tistics but may potentially be biased
against the most gas-rich systems as a
result of the blue QSO colour selection
(for example, Krogager et al., 2019). The
low spectral resolution has also limited
the accuracy of metal column densities,
which are sensitive tracers of galaxy con-
ditions and cosmic chemical evolution.
ChANGES QSOs will be much less
biased, providing an unprecedented sam-
ple of QALs covering key absorption lines
(HI, ClIv, SilV, Sill, ClI, Ol, Mgll, and Nal).

Spectral success criteria and figure
of merit

The wide-area surveys aim for signal-to-
noise = 10 A-' in one ~ 1000-A blue,
green or red window for r,g < 21 targets
to constrain AGN and host properties
(weak lines, stellar continua, etc.), and
signal-to-noise 2 1 A-' among fainter tar-
gets to constrain redshifts only. Within
the DDFs, we extend these ~ 1 mag
deeper. We anticipate a spectroscopic
success rate of ~ 80% for most subsur-
veys (dropping to ~ 50% for z > 5 AGN).
Our overall figure of merit is a weighted
combination of each subsurvey, based
on achieving the specified completeness
limits for the target numbers indicated.
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The Next-Generation Transit Survey (NGTS) is
located at ESO’s Paranal Observatory in northern
Chile. This project is searching for transiting
exoplanets — planets that pass in front of their
parent star and hence produce a slight dimming of
the star’s light that can be detected by sensitive

instruments. The telescopes focus on discovering
Neptune-sized and smaller planets, with diameters
between two and eight times that of Earth. This
image shows the NGTS enclosure in the day. The
VISTA (right) and VLT (left) domes can also be seen
on the horizon.
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The 4MOST-Gaia Purely Astrometric
Quasar Survey (4G-PAQS) will carry out
the first large-scale, colour-independent
quasar survey selected solely on the
basis of astrometry from Gaia. Our main
objective is to quantify the selection
effects of current colour-selected sam-
ples. These colour-selected samples
bias our view of the neutral gas and its
chemical enrichment because of dust
obscuration and reddening of optical
colours. Moreover, the broad absorp-
tion-line outflows observed in quasars
are under-represented by optical colour
selection. 4G-PAQS will provide the first
sample to overcome these challenges
and will constrain the physical and
chemical properties of gas in galaxies
and quasars at cosmic noon.

Scientific context
Atomic and molecular gas in galaxies

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

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

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

De Cia et al., 2018).

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

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

The impact of dust obscuration

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

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

Quasar feedback at cosmic noon

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

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

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

Broad absorption lines and their link to
red quasars

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

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

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

Specific scientific goals

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

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

The unbiased absorption cross-section
of Hland Hyatz > 2

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

What is the true number of BALQs?

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

What are the gas properties of BAL
outflows?

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

What is the true number of red
quasars?

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

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

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

Identifying rare quasars

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

Target selection and survey area

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

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

In total, 4G-PAQS will obtain a colour-
unbiased sample of ~ 100 000 quasars
with no prior selection on the basis of
redshift or spectral shape. Our sample
will therefore be purely flux limited. To
reach the above scientific goals, we will
obtain spectra with a signal to noise ratio
of at least 5 A~! over 7700-8500 A.
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This spectacular view of the VISTA telescope was survey telescope in the world and it is dedicated to curvature reduces the focal length, making the
taken from the roof of the building during the open- mapping the sky at near-infrared wavelengths. Its structure of the telescope extremely compact. VISTA
ing of the enclosure at sunset. The VLT is visible on primary mirror is 4.1 metres in diameter and is the can map large areas of the sky quickly and deeply.
the neighbouring mountain. VISTA is the largest most highly curved of its size. The extremely high
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The term baryons refers to the normal
matter of the Universe. Surprisingly, only
a minority of this normal matter (< 10%)
can be probed by observations of star-
light from galaxies. The ByCycle project
aims to study the remaining majority of
the baryons traced by the intergalactic
gas. To this end, ByCycle will use the
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powerful synergy of absorption and
emission diagnostics by observing a
large sample of background quasars to
probe the circumgalactic medium of
foreground objects in the same sky
regions. The objective of the 2.8-million
fibre-hour ByCycle project is ultimately
to characterise the physical processes
by which gas changes phases and
travels into, through, and out of galaxies.
Such a study is essential to our under-
standing of the growth of structure in
the Universe.

Scientific context

Astronomers now know the basic constitu-
ents of the present Universe: 73% dark
energy, 23% dark matter, and 4% baryons.
The term baryons is used to refer to the
normal matter of the Universe. One of the
great successes of the last decades is
the excellent agreement between esti-
mates of the total comoving baryon den-
sity from Cosmic Microwave Background
(CMB) anisotropies (Planck Collaboration
et al., 2016), primordial nucleosynthesis
(Cooke, Pettini & Steidel, 2018) and

fast radio burst dispersion measures
(Macquart et al., 2020). However unlock-
ing the physics of the normal matter con-
tinues to represent a most intriguing
enigma in astrophysics and cosmology.
Indeed, although the amount of matter
bound in stars grows with time, only a
minority of the baryonic material is found
there; even today, > 90% of the baryons
are found in the gaseous phase of the
Universe. Notably, progress in determin-
ing the baryons’ location and physical
state will have an impact beyond under-
standing the evolution of star formation
and galaxies. Indeed, the survival of
satellite sub-halos in cosmological hydro-
dynamical simulations generating orders
of magnitude more dwarf galaxies than
observed — the ‘missing satellites prob-
lem’ — relates to our capacity to accu-
rately model galactic feedback. Further-
more, baryonic effects impact the dark
matter distribution and thus the inference
of cosmological parameters from weak
lensing surveys (Semboloni et al., 2011;
Chisari et al., 2018; Foreman et al., 2020).

From the Big Bang onwards, the baryons
collapse with dark matter to form the cos-
mic web, galaxies, stars and, ultimately,

the planets that we observe. Baryons
from the cosmic web accrete onto galax-
ies and cool into a phase which fuels star
formation, which in turn expels material
in powerful outflows. The result is a multi-
phase medium of pristine and enriched
material that lies in the immediate sur-
roundings of galaxies, the so-called
circumgalactic medium. More globally,
the cosmic baryon cycle describes these
processes of motion and phase transfor-
mation of the baryons (Tacconi, Genzel &
Sternberg, 2020; Peroux & Howk, 2020;
Walter et al., 2020).

Specific scientific goals

Baryons as a function of time: a census
of the cosmic metals

Characterising the relationship between
stars, gas and metals is a critical compo-
nent of understanding the cosmic baryon
cycle. Observations of the evolution of
metals are key to constraining this global
picture of the evolution of the Universe.
The early accounting of the total metal
budget by Pettini (1999) found an order of
magnitude shortfall in the comoving den-
sity of observed metals compared with
those expected to be produced by the
stellar content of the Universe (Madau &
Dickinson, 2014; Bouwens et al., 2020;
Zavala et al., 2021). The ByCycle project
will observe hundreds of thousands of
high-redshift quasar spectra with 4AMOST
at high resolution, providing a robust pic-
ture of the metal content of the baryons
in the Universe over much of its history.

Baryons as a function of space:
characterising the circumgalactic
medium

Ultimately, a detailed map of the cool gas
component around galaxies will charac-
terise the dominant baryon reservoir
associated with forming galaxies, as well
as providing constraints on gas flows that
are an essential part of the current galaxy
formation paradigm (Chen et al., 2021).
Recent findings indicate that the circum-
galactic medium is a major reservoir of
heavy elements with a mass rivaling, and
possibly exceeding, that of the galaxies
themselves (Peeples et al., 2014). Hence,
the gas around galaxies holds valuable
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clues to the fueling of star formation and
feedback processes. The ByCycle project’
aims to characterise the circumgalactic
medium gas and metals of 1.5 million gal-
axies, active galactic nuclei, groups and
clusters.

Building a sizeable legacy sample

Today, the circumgalactic medium is best
probed by the powerful technique of
examining the gas in absorption against
background sources (such as quasars or
gamma-ray bursts) whose lines of sight
pass through an identified foreground
galaxy’s halo. The absorption lines offer
the most compelling way to study the dis-
tribution, chemical properties and mass
budget of the mixed halo gas by probing
matter at different densities, metallicities
and temperatures (Figure 1, left panels).
In these quasar absorbers, the minimum

column density, which is tightly correlated
to the volumetric gas density that can be
detected (Rahmati et al., 2013), is set by
the apparent brightness of the background
sources and thus the detection efficiency
is independent of the redshift of the fore-
ground host galaxy. Figure 1 (right panel)
illustrates the three orders of magnitude
gain in magnesium (Mgll) column density
that will be reached with the ByCycle
survey compared to what is available today.
We will use the powerful synergy of absorp-
tion and traditional emission diagnostics
by observing one million background qua-
sars and 1.5 million foreground objects in
the same sky regions with 4MOST.

The high-redshift element of ByCycle
focuses on several dozen thousand
strong Lyman-a absorbers tracing both
neutral and ionised gas observed over
a large area. The ByCycle high-redshift
quasars will be used to probe the

\\’\JMQ" ~ 10" cm*z//

2810.0

Figure 1. Top left panel: Schematic view of the
observational setup. Absorption lines detected
against bright background quasars observed with
4MOST high-resolution fibres offer a unique oppor-
tunity to study the distribution and chemical proper-
ties of the circumgalactic medium gas of foreground
galaxies observed with 4AMOST low-resolution fibres.
The top panel shows results from zoom-in FOGGIE?
simulations with exquisite resolution (~ 0.1 kpc scales)
in the circumgalactic medium of galaxies (Peeples et
al., 2019; Augustin et al., 2021). The ByCycle project
is designed to probe the whole range of Mgll column
densities displayed. The bottom left panel presents a
4MOST normalised mock quasar spectrum with typ-
ical rest-frame Mgll doublet lines. Right panel: lllus-
tris TNG50° simulations of the circumgalactic metal
distribution (Szakacs et al., 2023). This is a 2D stack
of 200 z = 0.5 galaxies like the ones probed by ByCy-
cle. The red contour illustrates the current Mgll col-
umn density detection limit from SDSS (Anand, Nel-
son & Kauffmann, 2021), while the white contours
correspond to the Mgll column density limit of ByCy-
cle. The white circle shows the ry, radius, the Virial
radius assuming a critical overdensity constant of
200. The ByCycle project will provide an improve-
ment of three orders of magnitude in the Mgll column
density probed in the extended circumgalactic
medium of galaxies, thanks to its large multiplexing
capability and spectral resolution of R = 20 000.

The Messenger 190 | 2023 43



Astronomical Science

Lyman-a absorbers tracing the neutral
gas phase and its metal content with the
goal of providing a modern metal census.
The metal content of gas traced by
Lyman-a absorbers will be modelled with
the column density of metal ions through
Voigt-profile fitting (for example, Quiret et
al., 2016). We will determine the dust-
corrected and ionised-gas metallicity by
performing a full photoionisation model-
ling (Hamanowicz et al., 2020) informed
by the presence of elements with various
degrees of ionisation. By counting the
number of detected systems of various
strengths, we will provide a robust esti-
mate of the number density per unit red-
shift of strong Lyman-a absorbers which
will allow us to calculate their gas mass
content, Q,. This quantity is also critical
for estimates of the meta-galactic ultra-
violet background used in radiative trans-
fer models of the high-redshift Universe
(Kollmeier et al., 2014; Fumagalli et al.,
2017). With the measurements of the
metallicity and gas mass, we will directly
test whether the strong Lyman-a quasar
absorbers at intermediate redshifts do
indeed contain the reservoir of missing
metals. This novel census of the metal
mass density will provide a new perspec-
tive on the missing metals problem and
existing tensions with models (Yates,
Peroux & Nelson, 2021).

With the low-redshift part of the ByCycle
project, we will crosscorrelate quasar
absorbers with galaxies detected in emis-
sion in the same fields. The primary tar-
gets are magnesium (Mgll) quasar
absorbers, that trace cooler gas at 104 K
and whose doublet nature makes their
signature in quasar spectra unambiguous.
The strong complementarity of absorp-
tion and emission diagnostics will be
used to characterise the low-density gas
which is key to our understanding of gal-
axy formation and evolution. We wiill
gather a sample of 1 million z > 0.55 qua-
sar spectra, exploring the low-density
gas traced by 250 000 Mgll absorbers.
The physical properties of the metal
absorbers will be crosscorrelated with up
to a million foreground galaxy spectra
observed in the same fields (Driver et al.,
2019; Richard et al., 2019). An additional
600 000 active galactic nuclei and

20 000 groups and clusters are ideally
suited to probing the rarer, denser fore-
ground objects (Merloni et al., 2019;
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Finoguenov et al., 2019). These observa-
tions will be stacked to measure the
radial profile of both Lyman-a gas and
metals as a function of galactocentric
radii (see left panels of Figure 1 and Turner
et al,, 2017; Chen et al., 2021). Specifically,
we will quantify the covering fraction of
the neutral gas and numerous ion spe-
cies (including Mgll and CIV) as a function
of impact parameter. We will compute the
number density of metal absorbers down
to small rest-frame equivalent width, thus
probing the most diffuse and extended
gas. Together these measurements will
put direct limits on the clumpiness of the
medium and provide new constraints on
the scales of metal mixing in the circum-
galactic medium (Nelson et al., 2020;
Augustin et al., 2021). These quantities
relate directly to the missing satellites
problem (Byrohl et al., 2021; Mitchell &
Schaye, 2022). Furthermore, these find-
ings will put new constraints on state-of-
the-art cosmological hydrodynamic simu-
lations with increased spatial resolution in
the circumgalactic medium regions that
aim to characterise the physical proper-
ties of the gas (van de Voort et al., 2019;
Peeples et al., 2019). We will further
assess the strength of the absorbers by
computing the optical depth of the metal
doublets for different phases of the gas
from cold, at temperature T = 10* K (Mgll),
to warm, at T = 10% K (CIV). We will locate
the gas spatially and in velocity space
with respect to the associated foreground
galaxies (Turner et al., 2014; Chen et al.,
2021). In so doing, we will probe the net
effect of inflow and outflow interactions,
revealing recycled gas and the history

of circumgalactic medium metal enrich-
ment. We will constrain the source of
ionisation, the dynamical state of the cir-
cumgalactic medium gas and hence the
total baryonic content of galaxy halos.
We stress that baryonic effects have a
significant impact on the distribution of
matter, which needs to be incorporated
into ongoing and future weak lensing
experiments.

Target selection and survey area

The ByCycle survey strategy requires an
a priori knowledge that the quasar’s red-
shift is greater than z = 0.55 to ensure the
detection of intervening absorbers along
its line of sight within the 4MOST wave-

length coverage. To assess both the
nature and redshift of a large sample of
targets we revert to a prior, likelihood,
and posterior probability in a Bayesian
analysis (see Yang & Shen, 2023). The
selection algorithm assigns probabilities
for quasars, galaxies and stars, and
simultaneously calculates photometric
redshifts (Salvato, llbert & Hoyle, 2019) for
all extragalactic sources. We make use of
the latest Gaia release (DR3) to classify
known stars as well as the most recent
DESI Legacy Imaging Survey* (DR10) in
concert to estimate photometric redshifts.
The comparison of the results with availa-
ble quasar spectroscopic redshifts con-
firms that the resulting sample has both
high completeness and high purity, secur-
ing the requirement of z > 0.55. This
computation results in a total of 3.2 mil-
lion quasars within the 4MOST project
footprint (for example, with declination

< +5 deg). To ease scheduling, the
ByCycle survey provides targets to
choose from a more extended catalogue
of sources. In addition, the ByCycle sur-
vey has no requirement on complete-
ness, cadence of observations or selec-
tion function. Instead, the strategy aims
at maximising the number of low- and
high-spectral-fibre pairs.

A key component of ByCycle is the sharing
of the focal plane with other low-redshift
extragalactic surveys. Indeed, ByCycle
will combine high-resolution fibre obser-
vations of bright background quasars
with low-resolution fibre observations of
foreground galaxies, active galactic
nuclei, groups and clusters that are in the
same field. The ByCycle survey com-
prises both a deep and a wide compo-
nent. The former is driven by the deep
observations that will be carried out by
low-resolution galaxy surveys in five dis-
tinct cosmological fields. The latter
extends to an area designed in synergy
with other efforts to cover > 15 000 deg?.

In summary, the 2.8-million fibre-hour
ByCycle survey will use the powerful
synergy of absorption and emission diag-
nostics by observing a sizeable sample
of background quasars and foreground
galaxies in the same fields. At high red-
shift, we will build an unprecedented cata-
logue of Lyman-a absorbers, measuring
their dust-free and ionisation-corrected
metallicity to reappraise the missing
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metals problem. At late times, we will
crosscorrelate high-resolution fibre
observations of the quasars with low-
resolution spectra of 1.5 million fore-
ground objects (including galaxies) over
the same area. From stacked observa-
tions, we will measure the radial profile,
covering fraction and optical depth of

the neutral hydrogen and metals in their
circumgalactic medium. Together, these
results will provide a robust census of the
cosmic metals and refine our view of the
circumgalactic medium. This long-lasting
legacy dataset will bring high-resolution
quasar spectroscopy to a new level — an
increase of three orders of magnitude
over currently available samples.
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Links

' ByCycle project webpage:
http://www.eso.org/~cperoux/ByCycle.html

2 FOGGIE webpage: https://foggie.science/

3 IllustrisTNG simulation project webpage:
https://www.tng-project.org

4 DESI Legacy Imaging Surveys:
https://www.legacysurvey.org/

This picture shows the grand skies of the Chajnantor

plateau in the Chilean Atacama desert. The rare
sight of clouds in this typically dry and arid region

creates a dramatic display of reds and blues, as well
as a sun pillar — an optical phenomenon caused by
ice crystals in the atmosphere — that emanates from

the Sun in line with a telescope. This large antenna is
a part of the Atacama Large Millimeter/submillimeter
Array (ALMA), which is co-owned by ESO.
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The 4MOST Hemisphere Survey (4HS) will
obtain uniform spectroscopy and red-
shifts for approximately six million galax-
ies over ~ 2z steradians, and with high
and unbiased completeness for z < 0.15.
4HS aims to 1) complete the map of mass
and motion in the Local Volume, 2) map
the influence of environment on galaxy
evolution through overwhelming statis-
tics, and 3) define the local (z < 0.15) gal-
axy reference sample for the era of LSST,
Euclid, and ASKAP/MeerKAT/SKA. The

result is a dataset with exceptional and
long-lasting legacy value.

Scientific context

Census-class surveys of the low-z galaxy
population are central to the study of gal-
axy formation and evolution in at least
three ways. First, empirical mappings of
demographic distributions and scaling rela-
tions at z ~ O are vital in the calibration and/
or validation of numerical simulations and
theoretical models. Second, local samples
provide the essential t ~ O reference point
to anchor evolutionary studies over higher
redshifts. Third, statistically representative
samples are critical as control groups for
studies of interesting or unusual classes or
populations, for example group and cluster
populations, radio- or Hl-selected samples,
transient hosts, etc.

The last decades have shown how low-z
science is driven by — or can be limited
by — the availability of spectroscopic red-
shifts and high-quality multiwavelength
imaging over wide areas. Imagine a
Universe in which we have eRosita, LSST,
VISTA-VHS, Euclid, Roman, WISE, SKA,
and LIGO/LISA, but where low-z science in
the south is limited to 6dFGS (Colless et al.,
2001; Kag < 14.5), WAVES (~ 1000 deg?;
Driver et al., 2019) and/or the margins of
DESI-BGS (Hahn et al., 2022).

In this context, the 4MOST Hemisphere
Survey (4HS) addresses an urgent need
for uniform, wide-area, local-Universe
spectroscopy in the southern hemi-
sphere, to support low-z science with
flagship European and global facilities.
Accordingly, 4HS is designed to provide
the best possible description of the low-z
galaxy population in the southern
Universe, with particular emphasis on
science activities that absolutely require
spectroscopy and/or spectroscopic (as
opposed to photometric) redshifts.

In particular, 4HS takes full advantage of
the unique capabilities of the 4MOST
facility and consortium structure to
achieve high and unbiased spectroscopic
completeness for low-z galaxies over the
widest possible area. Sharing the focal
plane enables 4HS to efficiently obtain
high completeness, and stellar partners
enable us to press into the historic Zone
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Figure 1. A: 4HS in the context of wide-field surveys,
including ASKAP-WALLABY, VRO-LSST, and Euclid.
The points show our preliminary input catalogue,
based on a reanalysis of archival VISTA imaging. The
main, PV, and 2MASS XSC sub-surveys are shown
in black, red, and dark red, respectively. Note how
4MOST enables us to operate efficiently even deep
into the historic Zone of Avoidance for PV science.
B: 4HS in the context of major PV cosmology sur-
veys. We stress that having overlapping samples is
critical for controlling systematics between different
surveys/teams. On its own, 4HS will be the largest
southern PV experiment by a factor of about 10 in
volume, and about 50 in the number of galaxies, and
the largest globally by ~ 30% in area and a factor of
two in number. Together with DESI-PV, 4HS will
complete the map of the cosmic density and velocity
fields in the Local Volume.

of Avoidance. (Equally, 4HS supports
stellar halo science around the Galactic
caps and the Sagittarius stream.) As well
as extending samples and areas for other
participating extragalactic surveys,
shared observing costs for common tar-
gets means that 4HS carries efficiency
dividends within the 4AMOST consortium
amounting to ~ 25-30%.

Specific scientific goals

The key science goals for 4HS are set out
below.

Map the mass, motion, and gravitational
growth of structure in the southern
Universe

4HS will measure velocity dispersions to
enable distance and peculiar velocity (PV)
determinations from the Fundamental
Plane (FP) for up to ~ 650 000 early-type
galaxies at z < 0.12. (The soft limit of

4HS
4HS-PV
4HS-2MASS

DESI-PV
(2021-26)

WALLABY

100 Mpc/h

z ~ 012 represents the limit of where the
uncertainties in FP-derived distances,
which scale with redshift, begin to blow
up.) The unique contribution of 4HS will
be to map the cosmic velocity field to
distances of ~ 500 Mpc, covering virtually
the full southern extent of the Local
Volume, and including the most massive
cosmological structures (i.e., Laniakea,
Shapley, Vela, etc.) that are found in

the south. When combined with the
cosmological density field (as traced

by galaxy positions), this provides a
snapshot of the cosmic web in formation
via gravitational collapse. 4HS will map
the late-time (< 3 Gyr) evolution of the
growth rate of structure through 5-10%
precision measurements of the parameter
combination f(z),o5 which is composed of
the cosmological growth rate and mass
clustering parameters, in each of six
independent redshift bins over the interval
0 <z < 0.3. The relation between the
cosmic density and velocity fields also
represents a direct measurement of
gravitation on the largest scales

(>> 10 Mpc): when combined with
Planck data, 4HS will provide a ~ 5%
measurement of the gravitational growth
index, y, to directly test general relativity
and modified/alternative theories of gravity.

Map the demographic trends across the
z < 0.15 galaxy population as a function
of local and large-scale environment

That galaxy populations vary with envi-
ronment is well established (for example,
the morphology-density relation, group/
cluster conformity, etc.), but the challenge
remains to disentangle the mechanisms
and effects that produce the observed
trends. This multidimensional problem will
only be resolved with overwhelming sta-
tistics. With high and unbiased complete-
ness for a large statistical sample of

z < 0.15 galaxies, 4HS will deliver the
comprehensive suite of environment met-
rics (for example, local density, halo
mass, situation with respect to group/
void/filament/node, etc.) that is needed to
advance the field. Further, 4HS will iden-
tify > 60 000 galaxy groups, including

~ 30 000 in the low-to-intermediate mass
range (10"-10"3 M_; multiplicities in the
range 1-10) where group and galaxy
properties seem to be most sensitive to
the relative strengths of interacting pro-
cesses (for example, Davies et al., 2019).
Thus 4HS is designed to provide a solid
empirical basis to describe exactly how
environment influences galaxy properties,
in order to challenge and constrain the
next generations of hydrodynamical sim-
ulations, and so to resolve the environ-
mental processes/effects that most influ-
ence galaxy formation and evolution.

Establish the benchmark local galaxy
reference sample for the next
generation of wide-area surveys and
large/high-resolution simulations

With an increase in statistical power of
about seven over the Sloan Digital Sky
Survey and about 65 over the Galaxy And
Mass Assembly (GAMA) survey, 4HS will
establish the definitive benchmark sample
of galaxies at z < 0.15, including ~ 400 000
galaxies in the 8.5 < log M. < 9.5 dwarf
regime, all the way up to the very rarest
and most massive galaxies. Relative to
DESI-BGS, the southern advantage gives
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4HS access to areas covered by LSST,
ALMA, and ASKAP/MeerKAT/SKA, plus
extensive overlap with eRosita, and

with Euclid in the South Galactic Cap, to
add to existing data from all of GALEX,
VISTA-VHS, and WISE. Following the
successful model of GAMA (Driver et al.,
2022), and together with 4AMOST partners
including WAVES and CHANCES, 4HS
is the keystone galaxy redshift survey
necessary to establish a truly transfor-
mational laboratory for empirical studies
of galaxy formation and evolution with
comprehensive, panchromatic vision
across the entire baryon cycle.

Target selection and survey area

The 4HS input catalogue is derived from a
reanalysis of JK imaging from the VISTA
Hemisphere Survey (VHS) plus several
other programmes to fill gaps as far as
possible. For target characterisation (for
example, masses, star formation rates,
etc.), we currently include optical imaging
from Pan-STARRS1 where available

(Dec > -30°). We plan to extend to infrared
imaging from WISE in the next year, and
then to LSST optical and Euclid infrared
imaging as they become available. Our
photometric pipeline is built around the
Scarlet deblender (Melchior et al., 2018) to
obtain robust and signal-to-noise (S/N)-
optimised extended source photometry.
We are committed to releasing this new
photometry as a public resource before the
start of 4AMOST survey operations.

The main 4HS sample is selected as

Jag < 18 and (J-K) < 0.45 (foreground cor-
rected; AB), with a notional mean target
density of ~ 325 deg. J-band selection
is a nearly optimal basis for pre-selecting
stellar-mass-limited samples: 4HS is vol-
ume limited for log M. > 9.3/10.0/10.3
and z < 0.05/0.10/0.15. As a means to
pre-select z < 0.15 galaxies with near
total completeness, our simple (J-K) col-
our selection is maximally transparent,
and is only marginally less efficient than a
photometric z selection. For star/galaxy
separation, we use a combination of both
colour and resolved-ness in the VISTA
imaging, with the opportunity to include
information from Gaia. To cover the wid-
est possible area, the main survey foot-
print is defined as the area where E(B-V)
< 0.3 in the Planck dust map; including
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the two WAVES-Wide fields this gives a
total area of ~ 18 000 deg?.

Our observing strategy is to obtain
approximately uniform spectroscopic
depth for all targets, equivalent to

~ 18 minutes integration in nominally grey
conditions. This strategy guarantees

> 98% redshift success per observation
for our z < 0.15 targets. Further, we
expect S/N 2 12 for a high fraction

(> 80%) of log M. > 10 early-type galaxies
at z < 0.12 to enable the velocity disper-
sion measurements that underpin our

PV cosmology aims. Having roughly uni-
form spectral data quality brings other
significant science benefits: for example,
easy-to-characterise sensitivity limits for
emission-line science (star formation
rates, metallicities, emission-line diagnos-
tics, etc.), and additional science oppor-
tunities using high-S/N subsets of the
data (beyond our key PV cosmology sci-
ence goals, including Galactic/Magellanic
dust attenuation, etc.).

For PV cosmology, more than complete-
ness, the object is to span the largest pos-
sible area/volume. To this end, we define a
PV subsample as J,g < 16.5 and 0 < (J-K)
< 0.3 (~ 65 deg™), which extends beyond
the footprint of the main survey to E(B-V)
< 1.5, for a total of ~ 19 890 deg=2. Our
goal with this sub-survey is to capture
those early-type galaxies at z < 0.12 for
which we can obtain useful velocity dis-
persion measurements. As a means of
pre-selecting suitable FP targets from the
main sample, this selection is ~ 60-65%
complete and ~ 30-35% reliable. In con-
trast to the main sample, the J-magnitude
selection for this sub-survey is applied to
magnitudes as observed (i.e., without fore-
ground correction), to focus on targets
where we can get sufficient S/N for a
velocity dispersion measurement to

< 0.1 dex. We anticipate this sub-survey
will provide about an additional 30 000
useful PV measurements over and above
the main sample, extending our area/
volume for PV science by ~ 10%.

Further, we include the 2MASS Extended
Source Catalogue (Jarrett et al., 2000) as
a supplemental sample to push to very
low Galactic latitudes towards the
Galactic anticentre, through the
Magellanic Clouds, and wherever there
are gaps in the VISTA imaging.

Figure 1a shows a preliminary 4HS input
catalogue in the context of other current
and future wide-area surveys. We also
emphasise 1) the strong synergies
between 4HS and each of VRO-LSST,
Euclid, and ASKAP-WALLABY, 2) the
complementarity of 4HS in the south with
DESI-BGS in the north, and 3) the lasting
legacy value of uniform and highly com-
plete spectroscopic redshifts across the
hemisphere.

As a near-infrared-selected spectroscopic
redshift survey of the southern hemi-
sphere, 4HS is more than three magni-
tudes deeper than 6dFGS for a factor of
> 50 increase in target density and num-
ber of redshifts. In combination with
high-quality optical-to-infrared photometry
from LSST, Roman, Euclid, VISTA, and
WISE — plus eRosita X-ray and ultimately
ASKAP/MeerKAT/SKA radio data — 4HS
can equally be viewed as providing
GAMA-like depth and panchromatic cov-
erage over > 60 times the area, to estab-
lish an incredible legacy dataset.

As a PV cosmology survey, 4HS expands
the current state of the art (for example,
Qin et al., 2018; Kourkchi et al., 2022;
Howlett et al., 2022) by factors of > 60
and > 10 in number and volume, respec-
tively (see Figure 1b). More importantly
than ‘factor of’ comparisons, in combina-
tion with DESI in the north, and with com-
plementary data from ASKAP-WALLABY
at lower redshifts, 4HS will complete the
map of gravitational mass and motion in
Local Volume.
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Almost all science that can be done
with strong gravitational lenses requires
knowledge of the lens and source red-
shifts. The 4MOST Strong Lensing
Spectroscopic Legacy Survey (4SLSLS)

will follow up strong lens candidates
discovered in the Euclid survey and the
Legacy Survey of Space and Time.
4SLSLS will provide pairs of redshifts
for 10 000 strong-lensing galaxies
(lenses) and background galaxies
(sources). Velocity dispersions will also
be measured for 5000 lenses. This sam-
ple will enable discoveries about the
evolution of galaxies, the study of intrin-
sically faint objects and of the cosmo-
logical model.

Scientific context

General Relativity (GR) is based on the
principle that massive objects warp space-
time. Because of this, light passing close
to massive objects is deflected. If the sur-
face mass density of the object is great
enough, then multiple images of a single
background source can form; this is the
regime of strong gravitational lensing.

For each strong lens system, the images
observed depend on the light profile of
the background source, the mass and
mass distribution of the foreground lens,
the cosmological distances between
observer, lens and source and the nature
of gravity. Strong lenses are therefore
sensitive probes of both astrophysics and
cosmology. As such, strong lenses have
been used to constrain the masses and
density profiles of galaxies (Auger et al.,
2010; Shajib et al., 2021), the dark sub-
halo and field-halo populations (Vegetti et
al., 2014; Ritondale et al., 2019), cosmo-
logical parameters (Collett & Auger, 2014;
Wong et al., 2020), the high-redshift lumi-
nosity function (Barone-Nugent et al.,
2014), the nature of high-redshift sources
(Newton et al., 2011) and the validity of
GR (Schwab, Bolton & Rappaport, 2010;
Collett et al., 2018). For many of these
analyses, the shortage of suitable strong
lenses is a major limiting factor.

To date, several hundred galaxy-galaxy
strong lenses have been discovered in
heterogeneous searches of photometric
and spectroscopic survey data (Myers et
al., 2003; Bolton et al., 2006; Gavazzi et
al., 2012; Negrello et al., 2014; More et al.,
2016; Hartley et al., 2017; Petrillo et al.,
2019; Jacobs et al., 2019; Li et al., 2020).
The reason known lenses are rare is
because even the most massive galaxies
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are only capable of deflecting light by an
arcsecond or two. Only a small fraction of
the sky has been observed to sufficient
depth and with good enough image reso-
lution to identify a typical Einstein ring.
Several ongoing, and forthcoming, wide
and deep sky surveys offer improved
depth, area and resolution compared to
existing data (Miyazaki et al., 2006;
Ivezic et al., 2008; Laureijs et al., 2011).
These surveys have the potential to
increase the current galaxy-scale lens
sample by orders of magnitude (Collett,
2015; Marshall, Blandford & Sako, 2005).
Between Euclid and the Vera C. Rubin
Observatory Legacy Survey of Space
and Time (LSST), up to 300 000 lenses
are discoverable. However, these sur-
veys will not provide adequate redshift
information for science: this is what
4SLSLS will deliver.

With a large increase in the known strong
lens population, current work could be
extended to new regimes, including lower
lens masses, higher-redshift lenses and
intrinsically fainter sources. A critical
component of any results derived from
this increased discovery space is the
confirmation of any identified strong lens
candidate with a spectroscopic redshift
for the lens and the source behind it.

Spectroscopy is needed for two main

reasons:

1. Features on the sky often look similar
to strong lenses but are not. Ring gal-
axies, star-forming tidal features and
interacting galaxies are often particu-
larly hard to distinguish. Spectroscopy
confirms that the putative lens is
indeed closer than the putative arcs.

2. Strong lensing observables are natu-
rally in angular units (Einstein radius,
unlensed angular size of source, lens
mass, etc). Converting them into physi-
cal quantities requires precise spectro-
scopic redshifts.

Specific scientific goals

The primary purpose of 4SLSLS is to
enable the strong lensing community to
exploit the large increase in sample sizes.
Having a homogeneous sample of

10 000 lenses with a well understood
selection function represents a huge step
forward for the community. Here we
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highlight three main science goals that
are a priority for the project team.

Galaxy formation — the inner structure
of lenses

Dark matter and baryons exist in compa-
rable amounts within the Einstein radius
(Auger et al., 2010) and as a result galaxy-
scale lenses are well suited to the study
of both components. Strong lensing is a
particularly useful tool to simultaneously
address questions related to the inner
structure of massive galaxies.

What fraction of the cosmological baryon
content is converted into stars?

Virtually all current measurements of gal-
axy stellar masses are obtained by con-
verting observed luminosities into masses
on the basis of synthetic stellar popula-
tion models which have not been cali-
brated against model-independent stellar
mass measurements. These models
introduce a systematic uncertainty in the
total baryonic mass locked in stars. The
main uncertainty is the stellar initial mass
function (IMF), the choice of which can
plausibly vary the stellar mass-to-light
ratio of a galaxy by a factor of two. Con-
straining stellar mass-to-light ratios of
galaxies provides a unique way of gaining
insight into the stellar IMF and the physics
of star formation.

What is the inner density profile of the
dark matter halo?

The determination of the inner dark mat-
ter density profile can provide unique
constraints both on dark matter physics,
for example by testing the self-interaction
scenario (Elbert et al., 2018), and on
baryonic physics: the dark matter distribu-
tion responds to processes such as adia-
batic contraction from gas infall (Gnedin
et al., 2011), feedback from the central
supermassive black hole (Martizzi, Teyssier
& Moore, 2013) and dynamical friction
(Romano-Diaz et al., 2008). Cosmological
hydrodynamical simulations generally
predict, in the centres of massive galax-
ies, dark matter profiles steeper than

the Navarro—Frenk-White model used to
describe dark matter-only simulations

(Schaller et al., 2015; Xu et al., 2017;
Peirani et al., 2017). Current strong lensing
observations suggest a larger diversity

in dark matter profiles (Oldham & Auger,
2018), although the number of galaxies
for which such measurements are availa-
ble is still very limited. Confirming or ruling
out this tension can be very useful for
improving the accuracy of the subgrid
physics recipes adopted in simulations.

Strong lensing is one of the very few
methods available for simultaneously
constraining galaxy stellar masses and
dark matter density profiles inde-
pendently of a stellar population model.
4SLSLS will statistically combine strong
lensing measurements from a large set of
systems (for example, Sonnenfeld &
Cautun, 2021). Our forecasts show that
4SLSLS will constrain the average stellar
IMF normalisation of a sample of

5000 lenses with a precision of 5%, while
measuring the average dark matter den-
sity slope with a precision of 0.1 (see
Figure 1). With such precision, we will be
able to settle the dark matter core vs.
cusp issue in massive lens galaxies and
put much tighter constraints on the stellar
IMF of these objects than is currently
possible. Moreover, by combining lensing
constraints with 4SLSLS velocity disper-
sion measurements it will be possible to
address additional questions, such as how
the IMF varies as a function of galaxy prop-
erties and within each galaxy as a function
of position (Sonnenfeld et al., 2018).

Probing the cosmological parameters
with 4SLSLS

The Einstein radius of a strong lens is a
function of lens mass and cosmological
distances. Measuring cosmological dis-
tances as a function of redshift can teach
us about the underlying cosmological
model of the Universe, but doing this with
strong lenses requires additional informa-
tion to break the degeneracy between
mass and distances. 4SLSLS will provide
two pathways to break this degeneracy:
directly by providing a lensing-independent
measurement of the mass through veloc-
ity dispersions, and indirectly by confirm-
ing exotic strong lenses with information
beyond a single Einstein radius. Grillo et
al. (2018) showed that velocity dispersions
can in principle be used to constrain the



dark energy content of the Universe.
However, connecting the scales probed
by unresolved kinematics with the Ein-
stein radius requires a knowledge of the
lens density profile. A large sample of
lenses with sources at different redshifts
is critical to inferring cosmological param-
eters and marginalising over any trends in
the redshift evolution of lens density pro-
files. Forecast constraints show that con-
straints on Q,, at the level of 5% can be
derived with 5000 lenses. The assump-
tion that GR holds over cosmological dis-
tances is a key aspect of ACDM, but GR
is poorly tested on extragalactic length
scales. In addition to probing cosmologi-
cal parameters, the 5000 4SLSLS sys-
tems with velocity dispersions will test
GR by comparing observed deflection
angles to those predicted from the kine-
matic mass (Schwab, Bolton & Rappaport,
2010). 5000 lenses will constrain the
amount of spatial curvature produced per
unit mass to the 1% level, without assum-
ing a fixed background cosmological
model. This is 10 times better than any
other extragalactic test of GR (Collett et
al., 2018). 4SLSLS will also confirm a pop-
ulation of ~ 300 double-source plane
lenses: in these systems the ratio of the
Einstein radii is sensitive to cosmology
(Collett et al., 2012), but not to the primary
lens mass. After lens modelling of the
Euclid data, these systems will yield an 8%
constraint on the equation of state of dark
energy, independent of any other dataset
or a 4% constraint with a weakly informa-
tive prior from the distance to the CMB.

Using highly magnified sources to
constrain intrinsically faint galaxy
populations

The frontier of galaxy evolution is set by
those galaxies at the limiting reach of the
largest telescopes. Observations there-
fore benefit immensely from the flux
amplification and spatial resolution
enhancement provided by lensing magni-
fication. The benefits brought by strong
lens magnification to the study of high
redshift sources were neatly demon-
strated recently by Rigby et al. (2017).
They showed that even HST-resolution
imaging of unlensed z = 2.5 systems can-
not come close to probing the intrinsic
spatial scales that can be reached by
strong lensing. Many studies have used
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lens systems to probe the galaxy assem-
bly and star formation. Observations of
lensed sources have helped us to: under-
stand the role of high-redshift mergers in
galaxy formation (Wuyts et al., 2014);
measure the size of star-forming clumps
to connect them to kinematic stability
(Livermore et al.,, 2015; Swinbank et al.,
2015); spatially resolve star-forming
clumps to constrain the physical proper-
ties of the ISM (Frye et al., 2012); estab-
lish the conditions in the ISM which regu-
late star-forming and starbursting
activities (Dye et al., 2022); probe gas-
phase metallicity to determine growth
channels (Yuan et al., 2011; Jones et al.,
2015; Wang et al., 2017); and identify and
investigate massive, post-blue-nugget
galaxies (Napolitano et al., 2020).
High-resolution rest-frame-UV spectros-
copy has studied outflow composition and
energetics, probing the physics of feed-
back-driven outflows (Pettini et al., 2002;
Frye, Broadhurst & Benitez, 2002; Yuan,
Bu & Wu, 2012; Jones, Stark & Ellis, 2018).
Today, the main limiting factors are sample
size and heterogeneous selection func-
tions. 4SLSLS will provide the first statisti-
cally large sample of spectroscopically
confirmed intrinsically faint galaxies with
well-defined selection functions. By virtue
of the size of the 4SLSLS sample, prime
sources for targeted follow-up (for exam-
ple with adaptive-optics-fed 10-metre- &

Figure 1. Red contours: Forecast on the inference of
the average inner slope of the dark matter density
profile and the stellar IMF mismatch parameter (that
is, the ratio between the true stellar mass of a galaxy
and the stellar mass obtained from stellar population
fitting assuming a Chabrier IMF) from the statistical
combination of strong lensing data on a sample of
5000 4SLSLS lenses. Purple contours: forecast on
a sample of 50 lenses, approximately the number of
galaxy-scale strong lenses with currently available
lens and source spectroscopic redshifts. Contour
levels correspond to 68% and 95% enclosed proba-
bility regions.

ELT-class spectrographs) can be selected
on the basis of source properties and
redshifts. As a result, 4SLSLS will enable
an unprecedented understanding of the
nature of galaxies up toz = 1.5 at
enhanced spatial resolution.

Target Selection and Survey area

The large number of strong lenses that
will be discovered means that spectro-
scopic confirmation must move beyond
one-by-one observations of individual
sources. Already, most of the current
Dark Energy Survey and Kilo-Degree
Survey lenses do not have spectroscopic
redshifts. To combat the expanding scale
of the strong lens follow-up problem,
4SLSLS is the community’s move to multi-
object spectroscopy, albeit with sparse
densities (~ 20 lenses per square degree
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from Euclid and a further ~ 8 per square
degree from the LSST; see Collett, 2015).
By sharing the focal plane of a multi
object spectrograph with larger surveys,
strong lens redshifts can be obtained
efficiently. 4SLSLS targets will be discov-
ered across the LSST and Euclid
Southern footprints. We will target lens
candidates with a photometric redshift
consistent with z, < 1.5, where the Ol
doublet falls out of the 4AMOST wave-
length band. This represents about a
third of the LSST and Euclid sample. All
but the most massive 4SLSLS targets will
be lens-source blends, with the fibre cen-
tred to maximise source flux.

Acknowledgements

TEC is funded by a Royal Society URF. This work

is supported by the European Research Council
grant 945536 LensEra. Data are available from the
first author upon request. For the purpose of open
access, the authors have applied a Creative
Commons Attribution (CC BY) licence to any Author
Accepted Manuscript version arising.

Collett, E. T. et al., The 4AMOST Strong Lensing Spectroscopic Legacy Survey (4SLSLS)

References

Auger, M. W. et al. 2010, ApJ, 724, 511

Barone-Nugent, R. L. et al. 2014, ApJ, 793, 17

Bolton, A. S. et al. 2006, ApJ, 638, 703

Collett, T. E. et al. 2012, MNRAS, 424, 2864

Collett, T. E. 2015, ApJ, 811, 20

Collett, T. E. & Auger, M. W. 2014, MNRAS, 443, 969

Collett, T. E. et al. 2018, Sci, 360, 1342

Dye, S. et al. 2022, MNRAS, 510, 3734

Elbert, O. D. et al. 2018, ApJ, 853, 109

Frye, B., Broadhurst, T. & Benitez, N. 2002, ApJ,
568, 558

Frye, B. et al. 2012, ApJ, 754, 17

Gavazzi, R. et al. 2012, ApJ, 761, 170

Gnedin, O. Y. et al. 2011, arXiv:1108.5736

Grillo, C. et al. 2018, Apd, 860, 94

Hartley, P. et al. 2017, MNRAS, 471, 3378

Ivezic, Z. et al. 2008, SerAd, 176, 1

Jacobs, C. et al. 2019, ApJS, 243, 17

Jones, T. et al. 2015, AJ, 149, 107

Jones, T,, Stark, D. P. & Ellis, R. S. 2018, ApJ,
863, 191

Laureijs, R. et al. 2011, arXiv:1110.3193

Li, R. et al. 2020, ApJ, 899, 30

Livermore, R. C. et al. 2015, MNRAS, 450, 1812

Marshall, P., Blandford, R. & Sako, M. 2005, NewAR,
49, 387

Martizzi, D., Teyssier, R. & Moore, B. 2013, MNRAS,
432, 1947

Miyazaki, S. et al. 2006, SPIE, 6269, 62690B

More, A. et al. 2016, MNRAS, 455, 1191
Myers, S. T. et al. 2003, MNRAS, 341, 1
Napolitano, N. R. et al. 2020, ApJL, 904, L31
Negrello, M. et al. 2014, MNRAS, 440 1999
Newton, E. R. et al. 2011, ApJ, 734, 104
Oldham, L. J. & Auger, M. W. 2018, MNRAS,
476, 133
Peirani, S. et al. 2017, MNRAS, 472, 2153
Petrillo, C. E. et al. 2019, MNRAS, 484, 3879
Pettini, M. et al. 2002, Ap&SS, 281, 461
Rigby, J. R. et al. 2017, ApJ, 843, 79
Ritondale, E. et al. 2019, MNRAS, 485, 2179
Romano-Diaz, E. et al. 2008, ApJL, 685, L105
Schaller, M. et al. 2015, MNRAS, 451, 1247
Schwab, J., Bolton, A. S. & Rappaport, S. A. 2010,
ApdJ, 708, 750
Shajib, A. J. et al. 2021, MNRAS, 503, 2380
Sonnenfeld, A. & Cautun, M. 2021, A&A, 651, A18
Sonnenfeld, A. et al. 2018, MNRAS, 481, 164
Swinbank, A. M. et al. 2015, ApJL, 806, L17
Vegetti, S. et al. 2014, MNRAS, 442, 2017
Wang, X. et al. 2017, ApJ, 837, 89
Wong, K. C. et al. 2020, MNRAS, 498, 1420
Wuyts, E. et al. 2014, Apd, 781, 61
Xu, D. et al. 2017, MNRAS, 469, 1824
Yuan, F.,, Bu, D. & Wu, M. 2012, ApJ, 761, 130
Yuan, T.-T. et al. 2011, ApJdL, 732, L14

This magnificent image shows ESO's Visible and
Infrared Survey Telescope for Astronomy (VISTA),
located at Paranal Observatory. The Milky Way galaxy
sweeps behind the telescope with several nebulae
visible, like the Gum Nebula and the Carina Nebula.
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The Hunga Tonga-Hunga Ha‘apai volcano erupted
on 15 January 2022 and produced an explosion
bigger than any other volcanic eruption so far in
the 21st century. Huge quantities of particles,
including dust and water vapour, were released
into the atmosphere. This image depicts a stunning
sunset — one of many — witnessed at Paranal
Observatory ever since. Information about the
various effects this volcanic eruption has had on
observations at Paranal Observatory is presented
on p. 58.

ESO/F. Selman



Telescopes and Instrumentation

DOI: 10.18727/0722-6691/5314

SPEED — Get Ready for the (PCS) Rush Hour
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The Segmented Pupil Experiment for
Exoplanet Detection (SPEED) optical
test bed is now ready for operation.
SPEED is dedicated to high-contrast
imaging at short angular separations
with segmented telescopes. Its optical
design allows a wide range of applica-
tions and the immediate goal is to
demonstrate a high-contrast dark hole
close to the stellar vicinity. This will be
achieved by a combination of optimal
wavefront shaping architecture, small
inner working angle coronagraphy, and
efficient complex field sensor for fine
cophasing and dark hole generation.

Science case and challenges

Direct observation of exoplanets is chal-
lenging but essential to the study and

understanding of the properties of
exoplanets’ atmospheres, for which few
data are available. The majority of
exoplanets so far known were discovered
by indirect methods and, despite the pro-
gress with the second generation of
high-contrast imaging (HCI) instrumenta-
tion, direct imaging detections remain
marginal (~ 1%). Directly imaging and
characterising a fairly large number of
exoplanets requires an optimal combina-
tion of telescope and instrument to pro-
vide extremely high contrast, very good
sensitivity, and exquisite image quality
and stability. Among the target stars, low-
mass M-stars are particularly attractive
because of the considerable number they
represent within 20 light-years of the Sun,
and because they are arguably the most
common environment with the potential
to harbour life. Observing habitable plan-
ets around nearby M-stars is of the great-
est scientific importance but represents
an extreme instrumental challenge. The
Planetary Camera and Spectrograph
(PCS; Kasper et al., 2021) for ESO’s
Extremely Large Telescope (ELT) must
provide an imaging contrast of 1078 at

15 milliarcseconds angular separation
from the star (1.5 to 2 A/D in the near-
infrared) and 1079 at 100 milliarcseconds
and beyond. A promising path to reach
these capabilities is a combination of

extreme adaptive optics (XAO) supported
by a second-stage AO to reduce the tem-
poral delay, an HCI system, and high-
dispersion spectroscopy (HDS). Various
activities are under way in the community
on these topics, for example SPHERE+
(Boccaletti et al., 2020), HIRISE (Vigan et
al., 2018), RISTRETTO (Blind et al., 2022),
KPIC (Mawet et al., 2018), MagAO-X
(Males et al., 2018), SCExXAQ (Lozi et al.,
2018) as well as many laboratory-based
developments’.

In this context, the Segmented Pupil
Experiment for Exoplanet Detection
(SPEED)? facility offers an ad hoc environ-
ment to improve HCI considering the ELT
pupil fragmentation and to assess the
impact on control and control stability of
quasi-static speckles. SPEED is posi-
tioned within a three-body problem:

Figure 1. 3D CAO view of the SPEED test-bed.
Colour code: telescope simulator and common path
(yellow), visible path (blue) and near-infrared path
(red). Abbreviations: TTM — tip/tilt mirror, OAP —
off-axis parabola, ASM — active segmented mirror,
DM — deformable mirror, FM — flat mirror, DIC —
dichroic, L — lens, SCC-PS — self-coherent camera-
phasing sensor, FPM — focal plane mask, PIAA-M1
& PIAA-M2 — phase induced amplitude apodisation
mirror 1 & 2, LS — Lyot stop, APOGEE — visible
camera, NIT — near-infrared camera, Basler — pupil
camera (visible and NiR), FF — flip-flop mirror, FW —
filter wheel.
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Figure 2. From left to right: near-infrared arm

(H band, 1.65 um, Strehl ratio = 98%) point spread
function image; visible arm (650 nm, Strehl ratio = 93%)
point spread function; and an image illustrating the
telescope pupil.

improving, at the HCI system level, the
contrast (deeper), and the angular sepa-
ration (closer), to access new scientific
targets (fainter). Integrated into an ISO7
clean room at the Lagrange Laboratory of
Cobte d’Azur University, SPEED will be an
optimal cocoon for studying coronagra-
phy, control and shaping of the wave-
front, and fine correction of cophasing
error by considering the effects, distur-
bances, and instabilities generated by
pupil fragmentation. Active control and
temporal stability of residual wavefront
errors is one pillar to consider for improv-
ing detection yields and getting access to
object classes with masses ideally down
to exo-Earths. The bench is now com-
pleted and is entering a period of intense
exploitation before being made available
to the community.

Concept and design choices

SPEED, as depicted in Figure 1, com-
bines a light source module, a telescope
simulator (orange line), and a dichroic
reflecting in the visible light to cophasing
optics (blue line) and transmitting the
near-infrared light (red line) towards wave-
front shaping, coronagraphy, and the sci-
ence camera. The common path includes
all the optics needed to feed the beam to
the cophasing and science paths. The
telescope simulator consists of the com-
bination of an active segmented mirror
(ASM) with 163 segments controlled in
piston and tip-tilt, and a physical mask
magnetically fixed on the structure of the
tip-tilt mirror (TTM; for beam stability
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control) to simulate the presence of a
large central obscuration and secondary
support structures mimicking the ELT pupil
(see Figure 2, right panel). The cophasing
unit (blue line) is based on image-plane
analysis using the Self-Coherent Camera
Phasing Sensor (SCC-PS; Janin-Potiron
et al., 2016) and Fast-Modulated Self-
Coherent Camera (FM-SCC; Martinez,
2019). The near-infrared path (H band,
red line) includes a wavefront control and
shaping module made of two Kilo-C
deformable mirrors (DM) of 952 actuators
(DM1 and DM2) separated by free-space
propagation. Both DMs are out-of-pupil
planes, enabling efficient correction of
phase and amplitude errors (Beaulieu et
al., 2017). The coronagraph, a Phase
Induced Amplitude Apodisation Complex
Mask Coronagraph (Guyon et al., 2014),
or an Apodised Pupil Complex Mask
Coronagraph (APCMC), offers high
throughput and close to ~ A/D inner
working angle (IWA). A FM-SCC is being
integrated into the near-infrared arm of the
bench at the Lyot Stop (LS) plane. The
bench rests on a 1.5 x 2.4 metre table
with active vibration isolation supports.
The area where the table is installed is
isolated from building vibrations.

SPEED incorporates a lot of devices: four
detectors, two webcams, three lamps,

~ 25 motorised functions, five sensors,
12 piezo actuators, two shutters, three
DMs, one TTM, amongst others. We
select reflective optics for the whole
design, except for the phasing unit arm.
Super-polished off-axis parabolas (OAP)
are employed to minimise optical aberra-
tions down to 3 nm RMS over a 10-mm
beam diameter surface with power spec-
tral density (PSD) following a =3 power
law. We operate the bench completely
covered with protection panels forming a
nearly closed box to minimise internal

turbulence and optimise stability. The
instrument boasts five observing modes:
three engineering modes enabling pupil
control and monitoring in the near and vis-
ible arms, a science observing mode for
monitoring and correcting in close loop
the alignment of the telescope primary
mirror segments (fine cophasing optics),
and a science observation mode for real-
time coronagraphic and dark hole obser-
vations. The bench also accommodates
on its table a separated coronagraphic
test bed (Figure 1, hatched area) for con-
trolling the performance of the corona-
graph focal plane masks before inserting
them into the SPEED optical path. In addi-
tion, we use a ZYGO interferometer for
metrological and alignment purposes.

Along with the evolution of the architec-
tural design, a simulation model tool
through an end-to-end simulator (e2€)
was developed for specifications, perfor-
mance control, evaluation, and analysis
(Beaulieu et al., 2017, 2020). The SPEED
e2e is a high-fidelity performance, design
analysis and verification tool that incorpo-
rates Fresnel diffraction propagation
using PROPER (Krist et al., 2007) com-
bined with a realistic system model, and
up-to-date optical bench design. It con-
siders simulated wavefront sensing and
control, including as-built optics with
measured wavefront errors, and guaran-
tees that the simulator is in step with the
SPEED bench optical contrast design. A
by-product of the SPEED e2e is to simu-
late and test hardware parts or pieces of
algorithms that the bench itself does not
yet support.

Our wavefront-shaping architecture for
high-contrast imaging at short separa-
tions consists of a pair of out-of-pupil
DMs separated by 1.7 m (DM1 is at 0.2 m
and DM2 is at 1.5 m from the pupil). It
was determined based on significant
efforts in complex modelling by consider-
ing the intrinsic properties of the optics
setup, including polishing frequency dis-
tribution, relative beam size, the distance
between optics, DM optical location (in

a collimated beam — out-of-pupil plane
or in a pupil plane — versus converging
beam) and separation, DM properties
(actuator number, etc.). High-contrast
imaging at short separations with multi-
DM architecture requires large DM
separations, and exhibits a significant



performance dependence on the DM
location, on the amount of aberrations
and the power spectral density (PSD)
power law and on the dark hole size. It is
not impacted by highly aberrated optics
as long as they are located in a colli-
mated beam (cophasing errors, deforma-
ble mirrors windows, dichroic), but it is
affected by finite DM stroke, adjacent
non-functional actuators, phase errors on
the coronagraph or near the focal plane,
and optics aberrations downstream of the
coronagraph.

Calibration and instrument control

Non-common-path aberrations (NCPA)
are present to some extent in all high-
contrast imaging data, and contribute
additional speckle noise which is strong-
est at small angular separations and thus
detrimental to coronagraphic perfor-
mance. For SPEED, these aberrations are
typically estimated to contribute an aver-
age wavefront error of approximately

40 nm RMS. An offline differential optical
transfer function (Codona et al., 2013)
compensation procedure has been oper-
ated to further reduce these NCPAs to

28 nm RMS using the ASM for the cor-
rection. This is an impressive result, con-
sidering that the ASM is segmented and
that the main contributor to the wavefront
error budget is the ASM itself with 30 nm
RMS wavefront error (mostly dominated
by segment focus and astigmatism errors
that the ASM cannot correct for). The
optical quality of the SPEED test bed
near-infrared arm is, without correction of
the NCPA, of the order of ~ 96 % Strehl
ratio at 1650 nm. Correcting for NCPA
improved the Strehl ratio to a very high

~ 98 %, i.e., M40 RMS at 1650 nm (Fig-
ure 2, left panel). The final near-infrared
point spread function image demon-
strates exquisite image quality. The opti-
cal quality of the SPEED test bed visible
arm is, without correction of NCPA, of the
order of ~ 86 % a Strehl ratio at 650 nm
and drops to ~ 93 % with NCPA correc-
tion (Figure 2, middle panel).

The SPEED test bed, being more com-
plex than a simple laboratory test bench
but less demanding than an on-sky
instrument at a telescope, requires a spe-
cific and adapted system and software
control development that enable the

bench to operate efficiently and safely
(Martinez et al., 2022a). The bench is
controlled through a dedicated control
network that interconnects three work-
stations and uses the instrument soft-
ware (SPEED control software, SCS) that
enables control of all the sub-systems
consistently and reliably. The SCS is in
charge of controlling all the bench func-
tions, coordinating the execution of
actions, implementing all observation,
calibration, and safety procedures, and
providing a quick look for monitoring the
status of ongoing observations and con-
ditions. Interactions with external parties
such as the building centralised technical
management, internal and external net-
work, as well as a backup system, are
also incorporated. We enforce a great
deal of error checking at compile-time
and at run-time through a crash log diary
and command feedback window (CFW)
and CFW log file so that there are various
recordings of what has happened. We
pay close attention to implementing any
non-trivial functionality in such a way that
it can be tested without the need to start
the entire software or a substantial part of
it that belongs to hardware and in particu-
lar sensitive hardware. For that reason,
the SCS includes an emulator mode that
allows diagnostic or implementation and
testing, connecting only emulated hard-
ware if needed. The safety of hardware is
a priority and consists in protecting every
piece of hardware from damage using a
series of safeguards within the code. We
implement an additional layer of security
on top of the security sometimes offered
by hardware controllers. Operational con-
ditions, such as environmental condi-
tions, are of concern because they may
prohibit the use of specific hardware.
They are therefore constantly tracked and
verified. We also avoid conflict of use and
manage error codes or status codes to
track anomalies and leave the hardware
in a safe state.

Roadmap for the next years

The SPEED test bed is aligned, com-
pleted, and ready for exploitation. It saw
first light in the visible in 2020 and the
near-infrared in summer 2022 (Martinez
et al., 2022b). In the coming years we
plan to (1) support and validate the
high-level primary objectives defined in

our top-level requirements, (2) initiate an
upgrade programme of the bench
towards a more representative environ-
ment of the ELT, including for instance
an XAO residual turbulence generator
using phase screens or a spatial light
modulator, (3) make the bench available
to the community as a representative
environment with unique capabilities for
testing hardware and algorithms given
the PCS instrument. Ultimately, this labo-
ratory experience will help refine compu-
tational models, leading to performance
and tolerance predictions for future
instrument architectures.
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The Hunga Tonga-Hunga Ha‘apai vol-
cano erupted on 15 January 2022 with
an energy equivalent to around 61 meg-
atons of TNT. The explosion was bigger
than any other volcanic eruption so far
in the 21st century. Huge quantities of
particles, including dust and water
vapour, were released into the atmos-
phere. We present the results of a pre-
liminary study of the effects of the
explosion on observations taken at
Paranal Observatory using a range of
instruments. These effects were not
immediately transitory in nature, and a
year later stunning sunsets are still
being seen at Paranal.

Introduction

Many astronomers were likely unaware of
the impact of volcanic eruptions on astro-
nomical observations when the Hunga
Tonga—-Hunga Ha'apai (HTHH) volcano
erupted in January 2022. The release of
sulphur dioxide (SO,) by such eruptions
can have a significant effect on the
atmospheric transmission and on Earth’s

Figure 1. Atmospheric pressure anomaly. Observa-
tions on Paranal and La Silla of the pressure wave
caused by the HTHH volcanic eruption. The indi-
cated time stamps are: t, = eruption moment
(2022-01-15 04:14:45 UT), t; = arrival of the front
edge of the pressure wave at La Silla Observatory
(2022-01-15 13:28:42 UT), t, = arrival of the front
edge of the pressure wave at Paranal Observatory
(2022-01-15 13:43:49 UT), t; = arrival of the far edge
of the pressure wave at Paranal Observatory
(2022-01-16 07:45:32 UT), t, = arrival of the far edge
of the pressure wave at La Silla Observatory
(2022-01-16 07:20:13 UT).

58 The Messenger 190 | 2023

climate. When injected into the strato-
sphere, SO, is transformed into sulphuric
acid (H,SO,) by the photochemical effect
in the presence of water vapour. While
Earth’s surface effectively cools because
the Sun’s short wavelength radiation is
scattered by the sulphate aerosols in the
stratosphere, heat radiation from Earth’s
surface is efficiently absorbed by the same
particles, resulting in an altered weather
pattern and climate. The sulphate aerosol
particles in the stratosphere circulate glob-
ally and are only removed by precipitation
on timescales of several years.

In terms of the energy released, the
world’s biggest volcanic incident in the
past 1300 years was the eruption of
Mount Tambora, in what is now Indone-
sia, in April 1815. In addition to the imme-
diate and direct destruction, a huge dust
cloud entered the stratosphere, which
disrupted weather systems in 1816 and
for the following three years in the north-
ern hemisphere. The year 1816 was the
second-coldest year on record since the
Middle Ages and is known as the ‘year
without a summer’. The change in climate
was followed by famine, disease, poverty
and civil unrest, with many social and
political consequences (D’Arcy Wood,
2014; Behringer, 2019). The years after
the Tambora eruption also sparked the
imaginations of artists (for example Mary
Shelley’s Frankenstein, the dark poetry
of Lord Byron, paintings by J. M. W. Turner
and Caspar David Friedrich, and music
by Beethoven and Schubert)'2. Interest-
ingly, the link between climate change in

0.003 T T

the 1810s and the volcanic eruption of
Tambora was not recognised at the time.
This connection was only realised after
the eruption of the Krakatoa in Indonesia
in 1883 (Royal Society, 1888), at a time
when news could be quickly reported via
telegraphy across the world.

The eruption of the Hunga Tonga-
Hunga Ha‘apai volcano

The submarine HTHH volcano in the
South Pacific erupted violently on 15 Jan-
uary 2022. An ash plume shot 57 km into
the mesosphere, shockwaves rippled
through the atmosphere, and the eruption
triggered a tsunami with heights of more
than 19 m above sea level®, causing mas-
sive infrastructure destruction on the
nearby islands and the death of four peo-
ple in Tonga and two in Peru. The ener-
getic output from the volcano has been
estimated to be approximately 61 mega-
tons of TNT equivalent (Diaz & Rigby,
2022). Ocean floor maps showed that the
volcano spewed out at least 9.5 km? of
material in total*. By comparison, the
1815 eruption of Tambora in Indonesia
ejected more than 100 km? of erupted
material, the 1883 eruption of Krakatoa in
Indonesia 25 km?3, the 1991 eruption at
Mount Pinatubo in the Philippines

5.5 km®, and the CE 79 eruption of Mount
Vesuvius 4 kmé. In the case of HTHH,

1.9 km?® of material ended up in the
atmosphere, which caused the stunning
sunsets observed from Paranal following
the eruption.

0.002 | | g

0.001

-0.001

-0.002

1 1 1

-0.003

T T
— Paranal Observatory
— La Silla Observatory =
— Eruption time

1 1 1 1

|

|

|

|

|
15.2

15.4 15.6

Pressure Anomaly (in 10-minute time intervals), hPa/hPa

156.8 16 16.2 16.4

UTC Date, January 2022


http://doi.org/10.18727/0722-6691/5315

Conclusions drawn in the work of Legras
et al. (2022) and references therein
describe the following picture that char-
acterises the event: a) the eruption was
intense with a large injection of water
vapour into the stratosphere; b) the zonal
atmospheric circulation spread the plume
across all longitudes in less than one
month; c) after six months the plume,
mainly sulphates and water vapour, had
spread in the 35°S-20°N latitude range,
in two plumes separated in latitude; d)
satellite observations of the plume in the
optical and millimetre spectral bands and
the observed sedimentation rate seem to
show the sulphate aerosol particles
reached a size of about 1.0 and 1.4 pm in
diameter. The size evolution of the parti-
cles has been explained by hygroscopic
growth during the first phase (up to about
April), followed by coagulation (in the
period April-May) and then decay by
evaporation in the later stage which is
dominated by evaporation as a result of
dry air and a more diluted plume.

Detection of the atmospheric
shockwave at La Silla and Paranal
Observatories

The shockwave from the eruption was
detected at various weather stations
around the world (Harrison, 2022). Fig-
ure 1 shows the pressure anomaly caused
by the shockwave passing over both
Paranal and La Silla in Chile, a distance
exceeding 10 000 km from the eruption.
From the geodetic distances between the
volcano site and the ESO observatories,
and the elapsed times for the arrival of
the atmospheric pressure wavefronts we
were able to compute the average speed
of the pressure wave to be approximately
307 m s™'. Moreover, the ESO weather
stations show both the arrival of the front
edge and the far edge of the pressure
wave. The front edge is the part of the
shockwave that propagated from the
location of the volcano towards the East
in the direction of Chile. The far edge is the
part of the shockwave that propagated in
the opposite direction, around the planet,
before reaching the observatory sites.
The amplitude of the pressure anomaly
for the far-edge wave is down to 30% of
that of the front-edge wave, an indication
of the loss of energy as the shockwave
propagated away from the main event.
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Figure 2. Flux ratio for
i/g (blue symbols) and
i/u (red symbols) sky
flatfields taken with

(3 OmegaCAM at the VLT
[
'Y Survey Telescope as
£ ° a function of time.
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the mosaic filter and are
normalised to the pre-
explosion ratio. The ver-
tical line indicates the
date of the volcanic
eruption.
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Effects on Paranal
Sky flatfields

Particles of volcanic dust in the atmos-
phere can cause spectacular sunsets,
which have been captured in paintings,
for example by the artists J. M. W. Turner
and Caspar David Friedrich, after the
Tambora eruption in 1815. Following the
eruption of the HTHH volcano, there was
some awareness of this effect on Paranal,
because of publications of several
post-eruption standard-star observations
on La Silla (Rufener, 1986a,b; Grothues &
Gochermann, 1992; Burki et al., 1995a,b).
In the aftermath of the HTHH eruption,
the colour of the Paranal sunset was very
different from what we were used to see-
ing in the previous years.

During normal operations at Paranal, sky
flatfields are taken on a regular basis to
calibrate scientific data and to monitor
the instrument health. Figure 2 shows the
normalised flux ratio against time for opti-
cal flatfields taken at twilight using the
segmented filter of the OmegaCAM cam-
era at the Very Large Telescope (VLT)
Survey Telescope, where images are
taken simultaneously with the ugri SDSS
filters. A few days after the volcanic erup-
tion, the ratio of the / (770 nm) and both
the u (8350 nm) and g (480 nm) flatfields
increased by a factor of five, indicating a
significant reddening of the twilight sky,
and these have still not returned to the
pre-explosion values one year later.
These measurements are consistent with
perceived changes of the colour of sun-
sets seen at Paranal. Dome flatfields
obtained with the same filters do not

show any change in the flux ratio, indicat-
ing that the observed effect is atmos-
pheric and not instrumental.

A similar effect was seen in the sky flats
taken with the VIRCAM camera at the
Visible and Infrared Survey Telescope for
Astronomy (VISTA) where the ratio of the
K (2146 nm) to Y (1021 nm) twilight flats
increased after the explosion. A sudden
change in the decay time of the twilight
was also observed in near-infrared data
from the HAWK-I instrument at the VLT.
Figure 3 shows the count rate during twi-
light with the K filter as a function of the
elevation of the Sun, before and after the
volcanic eruption.

Model of the observed changes in the
HAWK-I twilight sky brightness

The change in the decay time of the sky
brightness in the HAWK-I twilight flat-
fields can be explained by a 36-km-high
column of dust in the line of site of the
telescope, which became the dominant
source of reflection rather than the
molecular gas in the troposphere before
the eruption. The decay of the reflected
light observed in the twilight sky flats can
be explained by the rising of the Earth
shadow, as illustrated in Figure 4, where
the Rayleigh scattering region is shown in
blue, and the stratospheric layer with the
red circle. Twilight ends when the Earth
shadow reaches the upper boundary of
the stratospheric layer of dust. From this,
the height of the volcanic dust plume can
be estimated as 36 km in March 2022
compared to the 57-km height of the dust
dome above the volcano immediately
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after outburst (Proud, Prata & SchmauB,
2022). In observations obtained in
November 2022, the flatter twilight flat-
field decay time indicates a decreasing
density of the dust in the stratosphere
and a reduction in the height of the dust
layer down to 29 km, indicated by the
later onset of the infrared twilight and
illustrated in Figure 3.

Atmospheric extinction and zero points

The atmospheric extinction is an impor-
tant parameter for photometric measure-
ments. Besides seasonal and other long-
term variations, significant increases of
the extinction coefficients can be caused
by major volcanic eruptions that inject
large amounts of aerosols into the strato-
sphere at altitudes between 20 and

30 km. These aerosols are distributed
over wide areas of Earth’s atmosphere by
jetstreams and can influence astronomi-
cal observations at great distances (for
example, Moreno & Stock, 1964; Rufener,
19863a,b; Grothues & Gochermann, 1992;
Burki et al., 1995a,b).

Long-term variations of the extinction
caused by the volcanic eruptions of

El Chichdn in Mexico in 1982 and the
Pinatubo eruption in the Philippines in
1991 were observed extensively at

La Silla (Rufener, 1986a,b; Grothues &
Gochermann, 1992; Burki et al., 1995a,b).
The stratospheric load due to the
eruption of El Chichon was estimated to
be about 8 megatons of SO, and the
Pinatubo eruption emitted about 20 meg-
atons of SO, into the atmosphere. The
increase of the extinction in both events
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was very sudden — roughly 150 days
(El Chichdén) and 100 days (Pinatubo)
after the eruptions. The removal of the
volcanic aerosols from the atmosphere
lasted at least 1000 days. Aerosols from
different volcanoes are very different; for
example, Pinatubo produced a flatter
extinction curve than El Chichon.

To search for the possible effect of the
aerosols injected into the upper atmos-
phere by the eruption of the HTHH vol-
cano, we analysed the extinction meas-
urements obtained from the observation
of standard stars utilising the FORS2
imager at the VLT on Paranal. Data from
the wide-field imager OmegaCAM were
also included in the analysis, although in
this case we do not measure the atmos-
pheric extinction, assuming instead a
constant value. Hence, a variation in
extinction is observed as a change in
zero point which we monitor for each
detector and filter; an increase in atmos-
pheric extinction should appear as a
reduction in the zero point of similar
magnitude.

The corrected extinction data for four
FORS?2 filters and only for stable night
transparency conditions are plotted in
Figure 5. They were obtained as a part
of the QC1 quality control process®
following the method developed for the
FORS Absolute Photometry project®,

as described by Freudling et al. (2007).
The data, for filters by gy (440 NM), Viyeh
(557 nm), Rgpeoia. (655 NM) and /gegeel
(768 nm), cover the period from 1 January
2021 until the end of December 2022.
The date of the eruption is shown with a
vertical line. The increase in extinction

that could be attributed to an increase in
aerosol content in the stratosphere (at
25-27 km altitude) from the volcano is
not significant compared to the seasonal
variability in the sky extinction. The sea-
sonal variability is due to the change in
the atmospheric absolute humidity and
barely visible cirrus condition induced
by the altiplanic winter. The OmegaCAM
data show an analogous seasonal
variability.

Water vapour

The HTHH explosion released substantial
amounts of water vapour into the strato-
sphere (Millan et al., 2022; Legras et al,,
2022). The work of Legras et al. (2022), with
data from the satellite-borne Microwave
Limb Sounder (MLS) instrument, shows the
eruption of the volcano injected a plume of
water vapour of up to 25 ppmv concentra-
tion in the layer between 20 and 30 km
above sea level. This is five times more than
the background water vapour level at that
altitude for the tropical latitude of the
Paranal Observatory.

At the time of the volcanic eruption, two
water vapour radiometers were in opera-
tion at Paranal (LHATPRO; Kerber et al.,
2012). Unfortunately, the increase in
water vapour at such high altitudes is
not detectable at ground level using the
LHATPRO. This is because the water
vapour emission in the stratosphere gets
attenuated by absorption along the long

Zenith

I =
Horizon /IH‘ )

H=R(secH, -1)

Figure 4. Schematic diagram (not to scale) of our
model to explain the sky brightness variations during
twilight caused by scattering from aerosols at differ-
ent altitudes within the stratosphere. The Sun at time
t, only illuminates the higher regions in the strato-
sphere when observing the zenith from position O.
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path to the LHATPRO detector on Earth’s
surface. We computed the atmospheric
brightness temperature using the atmos-
pheric model am (Paine, 2022) and find
that a change in brightness temperature
at the peak of the 183 GHz water vapour
line induced by a 25 ppmv water vapour
layer, with respect to the background
condition, is only around 0.07%, corre-
sponding to a change of 0.04% in precip-
itable water vapour, which is well below
the daily temporal variability of water
vapour at Paranal.

Conclusions

The HTHH volcanic eruption had several
observable effects at Paranal Observa-
tory, located more than 10 000 km away
from the eruption site. These included
measurements of the shockwave and a
striking change in the colour of the sky
visible in routine calibration sky flats taken
during twilight at optical and infrared
wavelengths. The detection of variations
in the extinction, observed via standard
star observations, is harder to assess
since the volcanic eruption took place
during the austral summer. This is a
period when we observe a natural varia-
bility and increase of the atmospheric
extinction owing to an increase in humidity

59800 59900 60000

and barely visible cirrus, induced by the
altiplanic winter atmospheric condition.
The detection of the increase in water
vapour, injected by the volcano in the
stratospheric level, was not possible
because of the low sensitivity of our
water vapour radiometers to emission
from such a high altitude. A more detailed
analysis of the data is ongoing to deter-
mine the composition of the aerosols and
to monitor the longer-term effects of the
explosion on astronomical observations.
Given the intensity of the eruption and
the large amount of water vapour injected
in the stratosphere, it is believed the
effects will last for several years.
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The European Southern Observatory
(ESO) implemented a new paradigm
called Distributed Peer Review (DPR) as
part of its proposal evaluation process
in Period 110. Under DPR, Principal
Investigators who submit proposals
agree to review a certain number of
proposals submitted by their peers and
accept that their own proposal(s) are
reviewed by their peers who have also
submitted proposals in the same cycle.
This article presents a brief overview of
the DPR process at ESO, and its out-
comes based on data from periods 110
and 111.

DPR introduction and ESO DPR P110
and P111 overview

The Distributed Peer Review (DPR) para-
digm should be seen not only as an inno-
vative concept, but above all as a natural
consequence of the increased number
of proposals requiring review. Different
opinions on whether the expert panel
review model needed revision have been
put forward more than once since its
inception a couple of centuries back.
However, the recently increased numbers
of applications for observing time made
this issue more pressing and challenging
for all large astronomical facilities and
their time allocation processes. To keep
logistical aspects manageable and, at the
same time, to ensure a high-quality pro-
posal evaluation, peer review by standard
expert panels has become a less and
less viable option, calling for suitable and
sustainable alternatives.

The DPR concept was first introduced
and formalised by Merrifield & Saari
(2009). The general idea underlying it

is that submitted proposals are not
reviewed by pre-selected expert panels

but rather by fellow Pls who have also
applied for observing time, hence actually
staying true to the very concept of peer
review, in which the applicants and the
referees are at the same level. Gemini
Observatory pioneered the adoption

of DPR for telescope time allocation in
their Fast Turnaround channel in 2015
(Andersen, 2020). DPR was first consid-
ered at ESO following a report by the Time
Allocation Working Group (Patat, 2018),
which turned into a successful DPR exper-
iment that was conducted on a voluntary
basis alongside the panel review (Patat et
al., 2019). DPR was deployed for ALMA
time allocation in 2021 for Cycle 8 (Meyer
et al., 2022), followed by ESO in 2022 for
Period 110. In this article we present a sta-
tistical analysis of the first two semesters.

In P110 and P111 proposals requesting
more than 16 hours of observing time
and special programmes (for example,
Targets of Opportunity, Calibration Pro-
posals, and joint XMM-Newton propos-
als) were evaluated by expert panels and
approved by the Observing Programmes
Committee (OPC). The 16-hour limit was
chosen to produce a balanced distribu-
tion between DPR and panels, effectively
reducing the load on the panels by a fac-
tor of two, while leaving about 80% of the
time under their control. The threshold
value was defined in the Call for Propos-
als for the corresponding period, and it
might be adjusted in future. The DPR
channel evaluated 435 proposals distrib-
uted to 379 reviewers in P110 and 417
proposals with 362 reviewers in P111.

The DPR scheme was set up so that Pls
(or delegated Pls) submitting proposals
that qualified for DPR had to agree — at
time of submission — to evaluate 10 pro-
posals per submitted (DPR) proposal. They
also had the option of selecting one of the
proposal co-Is as the delegated DPR
reviewer. Failing to do this by the set dead-
line would result in the automatic rejection
of their proposal/s. This guaranteed that
each proposal received 10 independent
grades (from 1 to 5) and comments.

Expertise evaluation and proposal
assignment

An important aspect of any peer review
process is the set of criteria that are used

to assign proposals to the reviewers.

The ESO DPR in P110 and P111 aimed for
expert peer review in which proposals
were assigned to reviewers with expertise
as close as possible to the science case
of the proposals. Thus, the expertise level
for each proposal-reviewer pair needed
to be evaluated and the assignment algo-
rithm was then responsible for an optimal
proposal distribution that maximised the
match overall.

Reviewer-proposal expertise score

The Phase 1 tool (P1)" introduced by
Primas et al. (2019) has revolutionised the
way proposals are submitted to ESO. In
order to submit a proposal, users must
have a User Portal account, where they
must provide information about their
career stage, affiliation, and scientific
expertise through keywords. These key-
words are grouped into classes such as
Cosmology, Galaxies and Galactic Nuclei,
Interstellar Medium, Star Formation and
Planetary Systems, and Stellar Evolution.
Each proposal submitted through the P1
tool must include a subset of these key-
words that describe the proposal’s science
scope (up to five and a minimum of three).

In each case, the keywords are specified
by the applicant in decreasing order of
relevance. This information is then used
to compose a knowledge vector for each
proposal and each reviewer. For each
reviewer-proposal pair, it is then possible
to compute the scalar product of their
respective knowledge vectors, resulting
in what we will refer to as the match
score. In other words, the match score is
a figure of merit describing how parallel
the two vectors are. The match scores
range from O (no match), through 1 (match
within a science category), to 2 (perfect
full match). This information provides
essential input for the assignment process
and is used to ensure that proposals are
assigned in a controlled way to the most
qualified reviewers.

Proposal-reviewer matching
The proposal assignment is a thorough
and methodical process that takes into

account various factors to ensure the
best possible match between proposals

The Messenger 190 | 2023 63


http://doi.org/10.18727/0722-6691/5316

Astronomical News

Jerabkova, T. et al., The First Results of Distributed Peer Review at ESO

T T T T T T T

2000 Random assigment

3 score,= 1875.15
# of 0 = 2065 (49%)

1500

1000

# (results of assigment process)

ESO DPR assigment
X score, = 6085.65
Asym. max = 6408.72
#0of 0 =25 (1%)

Figure 1. Example pro-
posal assignment out-
come in P111 (P110 pro-
vides quantitatively the
same figure). The hori-
zontal axis shows the
match score, and the
vertical axis shows the
number of proposals
assigned in each score
bin. The blue histogram
shows the assignment
produced by the pro-
posal_distributor. In

Coeoe o b e e e b e e by

500 grey, we show a random
assignment that is rep-
resentative of the overall
score distribution.

obi—o»u & . |||||I|.
0.0 0.5 1.0 1.5 2.0
Reviewer-proposal keyword match score
ool ' T ] Figure 2. The reviewer-
L proposal match score

o calculated based on
8 specified keywords
2 b N\~ compared to reviewers’
_% 1.5 7 expertise self-evaluation.
= r RN
[0} L
Q
g L
) L
® 1.0 e
3 L
Q L
o
& I
o L |
2 0.5 i
)
2 [
o)
2 L

0.0 B

1 n 1 1
Nonexpert Intermediate Expert

Reviewers expertise self-evaluation

and reviewers. One of the key factors
considered is the match score of each
proposal-reviewer pair introduced

above. To ensure fairness and consist-
ency, ESO has specific rules for assigning
proposals. For example, each reviewer is
assigned a set number of proposals
based on the number of submissions,
and each proposal is assigned to a set
number of reviewers. In addition, possible
conflicts between reviewers, such as
those arising from team or institute mem-
bership, are also considered, to avoid any
potential bias. To manage the assignment
process, ESO uses a java web-based
tool called proposal_distributor, which
employs an algorithm developed in-house
to sort proposals based on their assigna-
bility. Proposals with the smallest pool of
possible reviewers are given priority
above the proposals with a larger number
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of available experts. Reviewers are then
assigned to proposals based on their
expertise scores and the prior sorting.
This process is repeated until all the
assignment rules and constraints are
met. The tool is designed to be efficient
and transparent and ensures the best
match between proposals and reviewers.

Figure 1 shows the proposal assignment
outcome in blue. The shape of the distri-
bution peaks towards high scores, show-
ing the effectiveness of the assignment
algorithm. This can be compared to the
distribution of all scores, that is, the raw
input for the assignment algorithm. For
this we have plotted in grey a random
assignment for the same number of pro-
posals/referees. One straightforward way
of quantifying the quality of the overall
assignment outcome is to sum all their

match scores. A higher number means a
better assignment in terms of expertise,
while a null score means there are no
common keywords for the reviewer-pro-
posal pair. The final score value for the
proposal_distributor is more than three
times larger than in the case of the ran-
dom assignment. Another comparison to
gauge the performance of the matching
algorithm can be made with the best dis-
tribution one can have with the available
set of reviewers and proposals. To this
end, for a given distribution of scores,
one can construct a hypothetical asymp-
totic assignment which maximises the
final score. This ideal proposal distribu-
tion takes the ten best assignments for
each proposal, excluding conflicts, but
ignoring the boundary constraint that
each reviewer can have only 10 proposals
to assess. This therefore represents an
asymptotic, practically unachievable,
upper limit for the match. The asymptotic
score is a factor of 3.4 larger than the
random assignment outcome and only a
factor of 1.05 larger when compared to
the proposal_distributor.

P110 und P111 summary

The DPR process in P110 and P111

ran smoothly, no technical issues were
reported, and all reviewers delivered their
evaluations on time. The final grade distri-
bution was carefully analysed, showing
that the DPR reviewers behaved statisti-
cally as panel members prior to the dis-
cussion phase. In addition, we did not
detect any statistically significant system-
atic effects related to seniority or career
stage. To produce the final proposal
ranking list the DPR grades were normal-
ised to have the same mean value and
standard deviation as the grades
awarded by the panels, adopting the
same procedure in place for aligning the
outcomes of individual panels.

Match scores and reviewers’
self-evaluation

As discussed in the previous section, the
match scores are a crucial ingredient of
the DPR process. In the current system,
we rely fully on the users and their input
keywords, as specified in the ESO User
Portal profiles and in the submitted pro-
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posals. To monitor the performance of
the algorithm, the DPR proposal evalua-
tion interface requires each reviewer to
express their self-evaluated expertise
level (non-expert, intermediate, expert) for
each proposal assigned to them. Figure 2
shows a comparison between the
reviewer-proposal match score and the
self-evaluated expertise level. For each
self-evaluated expertise value, the match
score distribution is plotted, with its mean
value denoted by a cross. There is an
overall trend, indicated by a dashed line
fitted to the mean values, showing a posi-
tive correlation between the two indica-
tors. Typically, low match scores are con-
sistently evaluated as ‘non-expert’ by the
users. However, several users catego-
rised themselves as ‘non-expert’ while
their match score was as high as 2, thus
indicating a perfect keyword match (the
same keywords specified in exactly the
same order). These cases can have sev-
eral possible explanations, such as incor-
rectly assigned keywords (either in the
User Profile or in the proposal), keywords
that were too broad, or subjective bias.

In the data collected in P110, we noticed
that early-career scientists were less
likely to claim to be an expert, even in
their own field. On the other hand, senior
scientists, such as professors and staff
astronomers, were more likely to claim to
be an expert even in a field that is far
from their declared expertise.

Feedback on the reviewers’ proposal
comments

In addition to grading proposals, both in
DPR and panels, the reviewers are

Somewhat
Panel comment usefulness

Fully Not

responsible for providing useful feedback
to the Pls. This feedback should clearly
point out the strengths and weaknesses
of the proposal and provide indications
for improving it when applicable. For the
first time in P110, we invited ESO Pls/dPIs
to evaluate the usefulness of the received
comments, on a voluntary basis. The Pls’
response rate was the same for both the
expert panels and DPR: around 30% pro-
vided their evaluation of the feedback
they received. This fraction is not very
satisfactory, and measures to increase it
in future semesters are under discussion.
However, the data already allow some
basic analysis.

Figure 3 shows the distribution of the col-
lected responses for DPR (left) and pan-
els (right). These first results indicate a
higher level of satisfaction for DPR. This
becomes even more evident when look-
ing only at the rejected proposals, which
are arguably the most relevant cases for
this specific aspect. While in the case of
the panels most of the comments are
judged as ‘not’ or ‘somewhat’ useful, an
opposite trend is seen in the case of
DPR. When considering this result, one
must emphasise that the panels produce
one single joint comment for each pro-
posal, emerging from the discussion at
the meeting, while in the case of DPR,
each reviewer writes an independent
evaluation, which is passed directly and
unedited to the PI. Thus, in the case of
DPR the feedback on the proposals cap-
tures more information, which is the likely
explanation for the observed trend.

Mostly

Figure 3. The comment
usefulness as declared
by Pls/dPIs in Period
110 for DPR (left) and
panels (right).

Fully

Summary and future prospects

DPR was deployed smoothly at ESO in
periods P110 and P111, and the outcome
is statistically comparable to that of the
expert panels. The user feedback on the
usefulness of the comments received by
the Pls clearly favours DPR. In this
respect, it is worth noticing that the
decreasing level of user satisfaction with
the feedback provided by the panels was
one of the most quantitative drivers for
considering DPR as a possible alternative
to the classical paradigm. It is reassuring
to see that DPR has improved this situa-
tion. At the same time, the data seem to
indicate that, following the introduction of
DPR, the level of satisfaction with the
panels’ feedback has increased, a benefi-
cial result of the significant decrease in
the number of proposals reviewed by
each panel member.

As recommended by ESO’s Scientific and
Technical Committee, we will keep the
same setup for P112 and P113, to collect
more information under the same homo-
geneous conditions. Nevertheless, we are
planning to further monitor and improve
the process and to keep presenting our
findings in order to remain as transparent
as possible. More complex assignment
algorithms are being tested (for example,
Faez, Dickerson & Fuge, 2017; Stelmakh,
Shah & Singh, 2018) and we are working
on improving reviewer and proposal profil-
ing via machine learning approaches
(Patat et al., 2019; Kerzendorf et al., 2020).
We are also looking into ways of increas-
ing the rate of feedback return from the
Pls, in order to have a larger statistical
basis for future analyses.
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As part of the development process,

we organised the conference Peer-
Review Under Review, held at ESO’s
Headquarters in Garching, Germany,

on 6-10 February 2023, the outcome of
which will be presented in a future Mes-
senger article. The idea was to bring
together not only the astronomers, but
also representatives of the wider scientific
community, in order to start a discussion
about peer-review processes in general,
and to identify ways to cope with a con-
tinuously growing scientific community
and the appearance of intriguing new
technologies.

Back in 1973, in his science fiction novel
Rendezvous with Rama, Arthur C. Clarke
wrote prophetically about an expert panel
evaluating a proposal for a space mission:
“Even by the twenty-second century, no
way had yet been discovered of keeping

Jerabkova, T. et al., The First Results of Distributed Peer Review at ESO

elderly and conservative scientists from
occupying crucial administrative positions.
Indeed, it was doubted if the problem
ever would be solved.” The promising
outcome of the deployment of DPR at
ALMA and ESO indicates that this may
indeed be one viable and valid alternative
to the standard expert panel review pro-
cess. For once, we might be ahead of
science fiction.
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Links

' The ESO P1 tool: https:/www.eso.org/sci/
observing/phasel/plintro.html

Located on the outskirts of the Chilean Atacama
Desert, 600 km north of Santiago and at an altitude
of 2400 metres, this seemingly tiny village in the
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middle of a desert is in fact ESO’s first observatory,
La Silla Observatory.
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Report on the IAU Hands-on Workshop
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The VLTI High angular resolution Observations Workshop

held at ESO Vitacura, Santiago, Chile, 10-21 October 2022

Claudia Paladini
Konrad R. W. Tristram'
Itziar de Gregorio-Monsalvo'

TESO

As part of the International Astronomical
Union’s Hands-On Workshops (I-HOW)
initiative, ESO Chile organised the first
international Very Large Telescope
Interferometer (VLTI) workshop in
Vitacura. The main goal was to train
young scientists from Latin American
countries in accessing, analysing and
using VLTI archival data for their
research projects. Through a series of
lectures on interferometry and instru-
mentation, science, and soft skills, fol-
lowed by practical hands-on sessions,
the attendees were given the tools they
needed to start using VLTI data for their
own research. The workshop provided
the perfect environment in which to
build a network between VLTI special-
ists and future users and it furnished a
great experience for all the participants,
students, teachers and organisers alike.

The highest angular resolutions at optical
and infrared wavelengths are reached not
by large single-dish telescopes but by
combining the light of multiple telescopes
using long-baseline interferometry. With
this technique, angular resolutions of mil-
liarcseconds and below, as well as differ-
ential astrometry at tens of microarcsec-
onds accuracy can be reached. Such
high angular resolutions are required to
study and understand various astrophysi-
cal objects and phenomena. Optical and
infrared interferometry has thus provided
fundamental contributions to different
fields of astrophysics, ranging from the
characterisation of planets to our under-
standing of the lives of stars, as well as
the investigation of supermassive black
holes and their surroundings.

Nevertheless, optical and infrared inter-
ferometry is not as widely used as it
could be and it is often considered a
complex observing technigue to be
employed only by specialists. To counter
this perception and make the technique
available to a wider community, special
schools have been organised to train the

community in this observing technique,
predominantly in Europe in the form of
so-called Very Large Telescope
Interferometer (VLTI) schools (for exam-
ple, Garcia, 2009; Millour et al., 2021).
The VLTl is the state-of-the-art infrared
interferometer built and operated by the
European Southern Observatory (ESO).
With its second-generation instruments
(PIONIER, GRAVITY, and MATISSE) and
now undergoing an upgrade to extend its
capabilities to faint sources (i.e., many
more scientific topics and targets), the
VLTI will play a key role in the era of
ESO’s Extremely Large Telescope and
beyond. At the same time the VLTI has a
vast unexplored science archive that calls
for data mining, considering that a signifi-
cant fraction of the publicly available
archival data have not yet been published
— atrue treasure chest to be opened.

Enabling early-career astronomers from
Latin America to use this archival data
for their science was the main goal of
the VLTI-HOW' (The VLTI High angular
resolution Observations Workshop) held
at ESO’s Vitacura offices in Santiago,
Chile between 10 and 21 October 2022.
The workshop was the first of a new
series of workshops hosted by the Inter-
national Astronomical Union (IAU), the
IAU Hands-On Workshops? (I-HOW). This
IAU initiative aims to train young scien-
tists in developing countries to access,
analyse and use archival data for their

Figure 1. Workshop participants during lectures in the
first week of the workshop.

research projects. The workshop was
funded roughly half by ESO, and half by
the Gordon and Betty Moore Foundation®
through the IAU. The school covered the
board, lodging and social activities of the
participants from outside Santiago for the
duration of the school and provided sup-
port for travel expenses when needed.
Participation in the school was in person,
given the importance of the interaction
between lecturers and students, not only
during the lectures themselves but also
informally during breaks, meals and other
social activities.

Demographics

About 70 applications were received and
from these a total of 37 students were
selected based on academic and scien-
tific merit. The number of students was
limited to ensure a ratio of about three

to five students per lecturer, especially
during the hands-on activities. The
countries represented by the participants
were Chile (19, with 12 from Santiago and
7 from the regions), Brazil (4), Mexico (7),
Argentina (2), Guatemala (1), Bolivia (1)
and Colombia (3). Eight students were
undergraduates, 23 postgraduates and
four postdoc; one was a bachelor’s stu-
dent and one a senior researcher.
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Figure 2. Workshop photo with all participants.

18 students identified themselves as
female, 17 as male, and 2 as non-binary.
Most of the students had no previous
knowledge of interferometry. Despite the
workshop’s being in person, all the lec-
tures were broadcast in real time via
Teams and about 10 additional students
joined the workshop lectures online.

Programme

The first week of the workshop was dedi-
cated to lectures introducing the students
to the basics of optical and infrared inter-
ferometry, the VLTI instruments, and the
many tools commonly used for VLTI
observation preparation and data reduc-
tion. Additionally, various scientific lec-
tures were given covering different
research areas where optical and infrared
interferometry has made significant con-
tributions, such as exoplanets, active
galactic nuclei, massive young stellar
objects, protoplanetary discs, stellar evo-
lution, evolved massive stars and funda-
mental stellar parameters. The lectures
were organised in two parts: first a gen-
eral introduction to the scientific topic
understandable by everyone, and then
specific lectures presenting VLTI results
on the given scientific topic. Several pro-
fessors from Latin America were invited
to give the general introductions, while
the VLTI lectures were given by expert
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interferometrists in the respective fields.
In this way, the knowledge was also
spread to more senior colleagues, and
collaborations were fostered. The setup
was very successful as some of the pro-
fessors decided to stay on during the
second week and join the practical ses-
sions themselves. This enabled them to
help the students with the scientific inter-
pretation of the data.

The second week was dedicated to prac-
tical hands-on sessions. The students
were divided into groups according to
their scientific interests. Each team had a
VLTI expert available to work with them as
tutor during the entire week. On Monday,
the students were assigned a scientific
target observed with a specific VLTI
instrument; they were shown how to
browse the archive and how to download
their data set, how to obtain and install
the respective data reduction pipeline,
and how to reduce the data. On Tuesday,
they used the tools presented during the
first week for model-fitting. Wednesday
was dedicated to image reconstruction;
the students attended a tutorial and then
received a special data set suitable for
image reconstruction. At the end of the
day each group made a five-minute pres-
entation of their results. On Thursday they
continued working on their initial data
set, finished any pending tasks, and pre-
pared their final presentation which

was given on Friday in front of the whole
school. Students, lecturers and ESO

ft W
,Lrsjj

-—

colleagues joined to listen to the various
presentations.

The programme was organised to leave
enough time for networking and for
in-person interactions between students
and lecturers during coffee breaks,
lunches, and other activities: a welcome
reception on the first day, a barbecue on
the first Friday, an excursion on Saturday,
and a wine and cheese reception on
Wednesday of the second week. Several
short talks during the first week were
dedicated to soft-skills development such
as unconscious bias, scientific writing,
job hunting, career development, job
applications and interviews, among others.
Since the workshop was held at the ESO
offices in Santiago and the telescopes
were too far away to visit, a live connec-
tion with Paranal was hosted on Thursday
of the second week. The students were
shown the control room and could
observe in real time during twilight. Cali-
brator observations were prepared by
some students, and some volunteers
reduced the data in real time. Moreover,
during the second week the last hour of
the day was dedicated to presenting vari-
ous scientific profiles working at an
observatory: the operator, the engineer
working on the instruments, the astrono-
mer. Special attention was paid to select-
ing the speakers so as to maintain the
gender balance and also include women
from Latin America to act as role models
for the students.
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The lecturers and tutors were highly
impressed by the professionalism and
commitment of the students. When
polled after the workshop, the students
were very satisfied with the quality of

the lectures and the practice sessions.
The hardest part for them was the data
reduction, which also suffered from some
hiccups with the network and the com-
puter setups. But these issues were over-
come and as a benefit many students
returned with the relevant software pack-
ages and pipelines installed on their own
hardware, ready to use for their own sci-
ence after returning to their institutes.

The lecture presentations are being
archived on the Zenodo open-access
repository?. The I-HOW initiative will keep
in touch with participants over the years,

forming a network of I-HOW alumni, to
track their careers and offer possible
follow-up activities. In conclusion, we are
confident that the workshop reached its
goal of providing the students with the
skills and tools needed to explore and
use archival VLTI data for their science.
At the same time, the workshop has
successfully contributed to the growth of
the participants as scientists and pro-
vided room for networking, thus paving
the way for (future) collaborations.
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Links

T VLTI-HOW website: https://www.eso.org/sci/
meetings/2022/VLTI-How.html

2 |AU Hands-On Workshops: https:/www.iau.org/
training/iau-hands-on-workshops/

8 Gordon and Betty Moore Foundation:
https://www.moore.org/

4 Presentations on Zenodo: https://zenodo.org/
communities/vltihow2022/

5 Jean-Marie Mariotti Centre: https://www.jmmc.fr/

This picture shows a beautiful meeting between the
Swedish—-ESO Submillimetre Telescope (SEST) and
the Milky Way, apparently almost touching each

other. This shot was taken at ESO’s La Silla Obser-
vatory, located on the outskirts of the Chilean
Atacama Desert, at an altitude of 2400 metres.
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Fellows at ESO

Gabriela Calistro Rivera

Inspiring educational events and good sci-
ence teachers can have a transformational
impact on students’ lives, and my story in
astronomy is one of those examples.

One visit to a beautiful planetarium show
ignited a spark, and thanks to a good
physics teacher the spark turned into a
passion. | come from Peru, one of the
countries with the most beautiful and
clearest skies in the world. However,
socioeconomic limitations mean that
opportunities to learn about the cosmos,
like the ones | had abroad, are not
broadly accessible. Working towards
changing this, in addition to understand-
ing how galaxies and black holes form
and grow across cosmic history, are the
goals of my work.

| was born in Huacho, a small fishermen’s
city a few hours away from Lima, the
capital of Peru. At the age of seven, |
moved to Lima, a large, vibrant and
somewhat chaotic metropolis of around
10 million people. My parents, always pri-
oritising high-quality education, sent me
to the Peruvian—German school, where |
was educated within a bilingual system
with Peruvian and German teachers. In
those years, my father, who had studied
engineering, sometimes shared with me
stories about the enigmatic physical phe-
nomena he had heard of, such as black
holes and special relativity. These stories
awoke my curiosity about the cosmos
from early on, although only in the back-
ground, as in most school years | was
mainly interested in literature and arts.

In high school | visited Germany for the
first time as an exchange student. During
a weekend trip to Hamburg, | attended
my first planetarium show. It was a show
on the Hubble Deep Extragalactic Fields.
This show left me in awe about the depth
and richness of space, and the power of
telescopes. At that point, | could have not
imagined that those same images would
be my work material one day. Motivated
by this experience, once back at home |
started paying more attention to physics
classes and this was timely aligned with
having a great physics teacher that year.
In addition to lots of hands-on activities,
the teacher motivated and reinforced my
curiosity with extracurricular material,
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introducing me to the first science maga-
zines | read (Spektrum der Wissenschaft)
and Physics TV shows (Alpha Centauri).
Graduating from the German Abitur with
a special interest in astrophysics, | then
decided to study physics.

Since there is no astrophysics major in
Peru, and physics research is extremely
limited and well below the Latin American
average, right after high school | left my
country and moved to Germany to pur-
sue my bachelor’s degree in physics. This
was possible thanks to a full scholarship
from the German Academic Exchange
Service (DAAD), given to high-school stu-
dents selected among German schools
from 120 different countries. The interna-
tional environment | experienced in these
meetings for the first time made me par-
ticularly fond of cultural diversity, which |
cherish and have always looked for in my
life. This is also one aspect | love about
astronomy. In my career | have always
worked in international institutes and, fun-
nily, | now have an international family as
well. My little Italian—Peruvian son born in
Germany has just turned one year old.

| feel privileged to have worked in some
of the main European hubs for astronomy
during my career. Before coming to ESO,
| did my bachelor studies in the University
of Heidelberg, with a thesis project on
cosmology at the Institute of Theoretical
Astrophysics. For my master’s, still in
Heidelberg, | joined the Max Planck Insti-
tute for Astronomy to work this time on
extragalactic observations. To expand the
wavelength coverage of my work to the
submillimetre and radio for my PhD, |
moved to Leiden Observatory in the
Netherlands. My PhD thesis focused on
the panchromatic emission of star-forming
galaxies and active galactic nuclei. As

a student, | was able to participate in
observing runs at La Silla and La Palma,
and to give invited and contributed talks
on my research at numerous conferences
and institutions across the world.

One of these conferences, the Latin
American Regional IAU Meeting in
Colombia, was very special, as for the
first time | met other Peruvian astrono-
mers. Until this point in my career, | had
not met colleagues from my own country,
since we are not many and were all
trained abroad. With these colleagues we
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commented extensively on the large dis-
advantages that young people in our
country are facing in terms of scientific
education and the limited access to such
an inspiring science as astronomy.
These conversations made me realise
that it was up to us, the very few national
astronomers, to do something to change
this situation. With this idea in mind, |
started efforts to build up a network of
Peruvian astronomers and have a better
overview of the community. In 2018 the
survey showed that there were around
25 Peruvian astronomers spread across
the globe, including PhD students, post-
docs and professors.

A few weeks before graduating with my
PhD, | got the offer of an ESO Fellowship,
one of the dream jobs | had been aspiring
to since early in my career. | then spent
the free months | had before the start of
my appointment at ESO designing the
CosmoAmautas programme, a pro-
gramme which uses astronomy to sup-
port equitable scientific education in
Peru. Finding like-minded Peruvian col-
leagues, we applied for an IAU Grant
from the Office of Astronomy for Develop-
ment. Three years after its conceptualis-
ation, CosmoAmautas has now trained
120 teachers from half of the rural regions
in Peru and opened 20 Astronomy Clubs
in rural high schools. The combined
results of this initiative have reached more
than 7000 high-school students, in addi-
tion to mentoring as well undergraduate
physics students, now doing their mas-
ter’s in Europe and the US.
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ESO has been a great support to all my
professional and personal goals. In addi-
tion to supporting my research work with
a vibrant scientific atmosphere and col-
laborations, it has also given me the flexi-
bility to dedicate some of my time to sci-
entific education programmes, as part of
the ESO Science Outreach Ambassadors
that | co-organise. Additionally, as a fel-
low and huge fan and user of the ALMA
Observatory, working as part of the
ALMA Regional Center developing soft-
ware to mine the ALMA archive and visit-
ing the telescope have been incredible
experiences. Astronomy is a unique and
fascinating endeavour as it combines
inspiring existential questions at its core,
with exciting intellectual exercises and
beautiful images in the day-to-day work.
Additionally, it has the inspirational power
to be used as a tool to pursue meaningful
social change and improve overall scien-
tific education, which | feel is an ideal
complement to my research work. | thus
feel very fortunate to be an astronomer
and spend these years at ESO.

Michele Ginolfi

My younger self would have never
imagined that one day | would travel
around the world to discuss science with
my colleagues and talk at international
conferences, observe breathtaking night
skies from the Atacama desert, or drive
huge cars up to 5000 metres on the road
to ALMA. But he dreamt of an adventur-
ous life, and, well, an astronomer’s life
turns out to be quite adventurous. Come
on, let’s say it, among all scientists, we
are what gets closest to James Bond; “A
Martini, stirred not shaken”, asks the
astronomer at the bar.

But how did | become an astronomer?

You would expect the standard “Since |
was a kid, | loved wondering about stars”
or “I got inspired by that amazing book by
Stephen Hawking”. No, nothing like that.
Mine was a rational choice, fully driven by
Curiosity (note that | will be using a capi-
tal letter as if Curiosity was a person, a
friend). | went to a high school that was
very oriented towards classical and
humanities studies. It was great. | loved
studying literature, history, philosophy,
and arts. But at the same time, | realised

that there was a whole portion of the
world that | knew too little about. And |
was curious about it. So at the time of
choosing a university path, | thought |
should go for science, trying to expand
my comfort zone and broaden my vision
of the world. Thus, physics looked like
the most natural and stimulating choice,
and now | can say that it was the best
possible choice as | immediately fell in
love with it. In particular, the branch of
physics that fascinated me the most was
astronomy, because of its unique prop-
erty of containing a bit of everything else
(for example, statistical and quantum
mechanics, general relativity, thermody-
namics, etc). Moreover, | love the fact that
as an astronomer | am used to studying
everyday natural phenomena that involve
mechanisms working on extremely differ-
ent scales (by many many orders of mag-
nitude) in space, time, mass, etc. This
helps me a lot in improving the way in
which I look at the world.

After a BSc in physics and an MSc in
astrophysics in Rome, | decided that
becoming an astronomer would be a
good way to satisfy Curiosity, and | started
my PhD in Astronomy, Astrophysics and
Space Science in Rome. | did a thesis

on “The Baryon Cycle driving Galaxy

Evolution” under the supervision of
Raffaella Schneider. Raffaella had the
intuition that | would find my dimension
by working with both theory and obser-
vations. | did not hesitate one second
when she proposed that | explore the
properties of the interstellar medium in
local and distant galaxies by combining
analyses of cosmological simulations with
multi-wavelength observations. | spent
part of my PhD at the University of
Cambridge, working in Roberto Maiolino’s
group on ALMA data of molecular gas in
distant galaxies, and MUSE observations
of atomic gas surrounding bright quasars.
Cambridge was magic. | could breathe
science in the corridors of the astronomy
buildings and at the same time enjoy the
life of a graduate student in a vibrant city
full of scholars.

After my PhD, towards the end of 2018,

| moved to Geneva (Switzerland) to work
as a postdoctoral researcher in the
Astronomy Department at the University
of Geneva, in Daniel Schaerer’s group.

| had the chance to work with amazing
people. Interacting with them day by day,
learning from them, and getting inspired
by them, made me a better scientist and
a better person. | consider the years
spent in Geneva fundamental for my early
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development as a scientist. In Geneva,

| had the opportunity to work in the
ALPINE collaboration, an ALMA large
programme that observed the cold inter-
stellar medium in more than a hundred
galaxies at redshifts between four and
six. ALPINE is a great team, and we have
produced several important results.

| arrived at ESO in November 2020.

| wanted to become an independent sci-
entist and the ESO Fellowship looked
perfect. Now, after two years spent

at ESO, | can confirm that the ESO
Fellowship is the ideal position for young
scientists to strengthen their scientific/
human skills and improve as independent
researchers, thanks to a rare combination
of (i) proactive world-top scientific envi-
ronment and (i) the possibility of being
involved in the functioning and the design
of some among the most powerful cur-
rent and future telescopes. What | like
most about ESO is the privileged oppor-
tunity to see with my own eyes the full
process beyond astronomical observations,
starting from how they are conceived, up
to how they are taken and distributed.

At ESO, | have been working on galactic
feedback in distant galaxies and its
impact on the chemical enrichment of the
circumgalactic medium. For my functional
work, | decided to split my duties into
observations with APEX, and assistance
in the development of a future exposure
time calculator for ESO’s Extremely Large
Telescope. | learned so many things
thanks to my functional duties! When |
had the chance to travel several times to
Chile to observe with APEX from
Atacama, a dream came true. In those
magnificent places, together with amaz-
ing colleagues, | lived moments that | will
never forget and that remind me every
day what beautiful work we do.

In November 2022 | started a new adven-
ture in the beautiful city of Florence, where
| will teach physics, astronomy, and data
science at the university, and will con-
tinue my research on galaxy evolution.

I will do my best to share with students

the beauty of understanding how the
Universe works.
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Julia Victoria Seidel

My journey to ESO can certainly be called
the unconventional path within physics.

If you look for the inspirational story of a
small child with their first telescope, you
will be sorely disappointed. But | hope it
shows that astronomy has a vast reach
and that your path does not have to be
pre-determined at a certain age or career
stage, but is in the end a rich canvas of
serendipitous events meeting an open
mind.

My personal journey starts in school in
rural Germany, as the ever-curious —
read annoying — student with a million
questions and with every subject as ‘my
personal favourite’. | loved it all, biology,
art, French, everything. But physics
always held a special place. That inter-
section of the real world that can be
explained with the hidden underlying lan-
guage of maths seemed like magic to
school-aged Julia. So much to my
father’s disappointment that | wasn’t
going to pursue the arts and my mother’s
utter shock, | decided that physics was
my calling. More specifically, that particle
physics and understanding what holds
the world together was to be my way in
life.

After two years of rigorous education in
maths and physics in Germany, | decided
that my life had become too confined and
| switched to Paris to finish my bachelor’s.
In retrospect, this was the best decision |
have ever taken. Suddenly | was part of a
vibrant international research community
in a city | fell in love with at first sight. It
was that year that set me up for a job at
CERN as a programmer soon after. While
I loved my experience at CERN and the
first cautious steps in the real-world job
market, | soon realised that | was not
done yet with education and that nuclear
physics was confined to important, but
few, open questions.

With that change in interest came a
round of applications to various institutes
worldwide for a master’s position, with
plenty of rejections. | had almost resigned
myself to moving back to Germany to fur-
ther my education when | got a place at
Imperial College. So off | was to London.
Little did | know just how expensive the
city was and just at the dawn of Brexit my

supervisor came to me with the offer of a
lifetime. Would | like to pursue a project
on atmospheric physics for my thesis in
Colombia? | don’t think | can overstate
just how elated | was. In that year in
Bogota, | traced atmospheric dynamics
above the rainforest to track explosions,
learned Spanish, and saw more of life
than | had in the previous 25 years. Two
things became clear to me that year. |
wanted to dedicate my life to understand-
ing the climate and | wanted to live in
South America again.

So, how did I end up in astronomy of all
fields? Opportunity disguised itself as an
outreach event while | was visiting friends
in Switzerland. The topic: exoplanet
atmospheres. And a year later | started
my PhD on tracing atmospheric dynam-
ics in exoplanet atmospheres, hoping to
add my own piece of the puzzle of Earth’s
unigueness in the Universe.

While in Geneva in David Ehrenreich’s
group, | got much more than | bargained
for. What started out as the academic
pursuit of understanding our atmosphere
in the wider context of planetary studies
soon became a fascination with astron-
omy as a whole. Geneva is one of the
European instrumental powerhouses,
involved in spectrograph design since the
days of CORALIE all the way to ESQO’s



flagship high-resolution spectrograph
ESPRESSO at the VLT in Paranal. As part
of my PhD, | was sent to observe with the
Swiss Euler telescope in La Silla in north-
ern Chile and the first glimpse | got of the
real night sky is something | will never for-
get. In the end, it was astronomy that led
me to love the stars instead of the night
sky leading me to astronomy. At the
same time, | realised that astronomy is
the gateway to STEM for the general pub-
lic. This ambassadorial role in science
communication is something | take very
seriously, especially in the subfield of
exoplanet studies. We are the bridge
between climate science and sceptics to
truly drive the most important message
home: there is no Planet B.

Now, at ESO, all the different parts | loved
most during the past years have come
together: the night sky, studying our own
atmosphere and exoplanets, a strong
commitment to science education, and
my personal love for South America.

| love working at an observatory — this
bimodal world of extreme pressure
observing and fixing problems on the fly
to glimpse singular events in the sky but
also experiencing the absolute silence
and peace of the desert under the vast
night sky is unlike any other job. | work
with UT1 and UT2 of the VLT in Paranal
and focus my work on the ESPRESSO
spectrograph, the workhorse for my own
science. In that context, | work with a mix
of scientists, engineers, and operators,
and not a day goes by when | don’t learn
something new.

| don’t know what the future will hold, but
| will always remember my time as a fellow
as one of the big highlights of my career.
| hope my path will somehow always link
me to observatories, be it as an astrono-
mer, a climate scientist, or a science
communicator — opportunities present
themselves to those welcoming them!

Michael Abdul-Masih

For me, astronomy was never part of ‘the
plan’. Growing up, | had always been inter-
ested in astronomy, but | never thought of
it as a potential career option. Sure, being
an astronaut would be super cool, but
what kid doesn’t want to be an astronaut

at some point? In my head, | always
thought of astronomy in the same way that
| thought of reading or playing video
games: a hobby that | enjoyed in my free
time, but not something that | would ever
do professionally. It wasn’t until the end of
my bachelor’s degree that | began to see
astronomy as more than just a hobby.

From a young age my parents stoked my
interest in space. My mom was an avid
space fan and when she saw that | was
also interested in it, she made sure that
there were plenty of space-related activi-
ties for me to enjoy. | have fond memories
of our family trip to Huntsville, Alabama
where we spent a week at the US Space
and Rocket Center attending space camp.
But perhaps my favorite astronomy-related
memory from childhood was setting up
our hammock in the front yard so that we
could watch the historic 2002 Leonid
meteor shower in the early hours of the
morning with a thermos full of hot choco-
late to keep us warm.

Fast forward a few years to the end of high
school; ‘the plan’ was in motion: | was
going to be a medical doctor. | had just
been accepted at Villanova University and it
was time for me to choose what | would be
studying for the next four years. There
sitting at the top of the list of potential
majors was Astronomy & Astrophysics.

| distinctly remember the jolt of excitement
when | saw that, but, alas, cooler minds

prevailed and | ended up selecting
biochemistry as my major as it made much
more sense for someone who was plan-
ning on attending medical school later.
Nevertheless the thought of being able to
take some astronomy classes remained at
the back of my mind all summer.

By the time August rolled around, | had
decided that | would see if | could take
some astronomy classes to fill my elective
slots. During my first week at Villanova,
when we were selecting our classes for
the semester, | went to speak with the
head of the Astronomy Department to
inquire about taking classes and by the
end of the meeting | was signed up for my
first astronomy class. | absolutely loved it!
So much so, in fact, that | ended up taking
another two classes the next semester
and another one the following semester.

| couldn’t get enough! It was around this
time that | made my first big purchase with
the money that | had been making from
working at the ice cream shop on campus:
an Orion Skyquest 8-inch Dobsonian tele-
scope. | dragged all of my friends out at
night to show them the moons of Jupiter,
the rings of Saturn, the Orion Nebula, etc.
It was also around this time that | had
taken enough classes to have completed
the astronomy minor. Instead of feeling
proud of my accomplishment, | remember
feeling incredibly sad at the thought of
being finished with my astronomy journey.
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After quite a bit of moping, | decided |
wasn’t done and | that | would see if it was
possible to continue. | spoke with the
heads of both the Astronomy and
Biochemistry departments and after a bit
of finagling, | managed to come up with

a schedule that would allow me to finish
both the biochemistry major and an
astronomy major on time. The day that |
submitted the form to officially declare the
astronomy major was one of the happiest
of my life. The rest is history. During the
final year of my bachelor’s, | decided that |
would try to continue in astronomy and
applied for a few master’s programmes. |
was accepted at Rensselaer Polytechnic
Institute and started in September and
graduated with my master’s a year and a
half later. From there, | accepted a PhD
position at KU Leuven, where | spent the
next four years. | defended my thesis in
2020 and now | can say that | am officially
a doctor, albeit a different doctor than |
originally planned!

Rivera, G. C., Ginolfi, M., Seidel J. V., Abdul-Masih, M., Fellows at ESO

As with my life plan, my interests in astron-
omy have evolved quite a bit over the
years. During my bachelor’s, | was primar-
ily interested in astrobiology and how life
on other planets might look, bridging my
interests in biochemistry and astronomy.
By the time | was applying for my mas-
ter’s, | was more interested in planetary
science and the detection of exoplanets.
During my master’s, however, | worked
with eclipsing binaries and realised that |
really enjoyed stellar astronomy. Continu-
ing in that direction, my PhD focused on a
particularly interesting class of eclipsing
binaries known as overcontact binaries.
The stars in these systems are so close to
each other that they are actually touching
and sharing material, making them roughly
peanut shaped. Recently, my interests
have broadened a bit and | have begun
working on other classes of non-spherical
stars such as rapidly rotating stars and
semi-detached binaries.

Working at ESO has been a dream come
true. When showing my friends the moons
of Jupiter through my 8-inch telescope, |
never imagined that 10 years later, | would
get to point a telescope 40 times bigger
at those same moons. | feel truly lucky to
have the opportunity to work at one of the
largest and most advanced observatories
in the world. Being able to meet world-
leading experts from around the world,
getting to interact with new cutting edge
instruments, and seeing how a world-
class observatory operates behind the
scenes has been an eye-opening experi-
ence. On a more personal level, working
at ESO has only enhanced my love for
astronomy and the night sky. | am still an
avid stargazer and the night sky on a
Moonless night at Paranal is unrivalled.
From time to time, | will grab a mug of hot
chocolate and go out to the platform in the
hopes of catching a meteor or two. The
only thing missing is a hammock.

This artist’s impression shows a two-star system
where micronovae may occur. The blue disc swirling
around the bright white dwarf in the centre of the
image is made up of material, mostly hydrogen, sto-
len from its companion star. Towards the centre of
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the disc, the white dwarf uses its strong magnetic
fields to funnel the hydrogen towards its poles. As
the material falls on the hot surface of the star, it trig-
gers a micronova explosion, contained by the mag-
netic fields at one of the white dwarf’s poles.
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