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How I got involved in this …

• Chemical tagging (Freeman & Bland-Hawthorn 2002), substructure in velocity
space (Helmi et al. 2000)

• Motivation: Astrometry mission DIVA  (approved in 2001 as a mission in the
German national space program DLR), on the US side: FAME

astrometry of some 40M stars, complete to V=10.5 (0.3 mas, 0.5 mas/a), but no RVs!
HIPPARCOS: Geneva Copenhagen Survey (2004): 11 years after end of mission

• Around 2002: about 50 000 stars in CDS with radial velocities, but 1 million galaxy 
redshifts!
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How I got involved in this …

• Chemical tagging (Freeman & Bland-Hawthorn 2002), substructure in velocity
space (Helmi et al. 2000)

• Motivation: Astrometry mission DIVA  (approved in 2001 as a mission in the
German national space program DLR), on the US side: FAME

astrometry of some 40M stars, complete to V=10.5 (0.3 mas, 0.5 mas/a), but no RVs!
HIPPARCOS: Geneva Copenhagen Survey (2004): 11 years after end of mission

• Around 2002: about 50 000 stars in CDS with radial velocities, but 1 million galaxy 
redshifts!

• idea to have a 50 million object spectroscopic survey using an 2000 fibre Echidna-
type positioner on the wide-field UK Schmidt Telescope (kickoff May 2002)

• target of opportunity: bright time of 6dF (6dFGRS in dark time) for proof of concept
⇨ RAVE 
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From RAVE to Gaia+

2003

RAVE starts

2018
Gaia-DR2

SEGUE 1 starts

GCS results

2004

2008

SEGUE 2 & APOGEE 1

starts

2012

Gaia-ESO starts

LAMOST (4m)

APOGEE 2 N/S

GALAH

starts (ongoing)

2014

2020/2022-

MOONS, 

4MOST, WEAVE, 

SDSS-V

Gaia DR3 

2020/2021

CoRot

2006

Kepler

2009

K2 

2014

TESS
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2010  ESO wide field survey call



VISTA at Paranal Observatory, Chile
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Instrument Specification
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Specification Design value

Field-of-View (hexagon) ~4.2 degree2 (⌀>2.6°)
Multiplex fiber positioner 2436
Medium Resolution Spectrographs (2x)
# Fibres
Passband
Velocity accuracy

R~4000–7500
812 fibres (2x)
370-950 nm
< 1 km/s

High Resolution Spectrograph (1x)
# Fibres
Passband
Velocity accuracy

R~20,000
812 fibres
392.6–435.5 nm, 516–573 nm, 610–679 nm
< 1 km/s

# of fibers in ⌀=2’ circle >3

Fibre diameter ⌀=1.45 arcsec

Area (first 5 year survey) >2h x 18,000 deg2

Number of science spectra (5 year) ~75 million of 20 min



PI: R. de Jong (AIP)  

Wide-field, high-multiplex optical 
spectroscopic survey facility for ESO
• Status:

– FDR completed, in construction phase, operations start end of 2022 (2-3 x 5 year)
– GTO surveys: 70% in cycle 1, 20% in cycle 2 + 3
– Call for Letter of Intent Q4/2019 for community surveys  ⇒ call for proposals Q2/2020

• Science:
– Cosmology, galaxy evolution, high-energy and Galactic science
– Complement large-area space missions: Gaia, eRosita, Euclid, Plato
– Complement groud-based surveys: VISTA, VST, DES, LSST, SKA, etc.

• Survey Facility:
– Instrument, science operations, data products, science
– Run all-sky 5 year public surveys in parallel with yearly data releases
– Key surveys organized by consortium, add-on surveys from community through ESO

• Instrument specification:
– High multiplex: 1600 fibres @R=5000 + 800 fibres @R=20,000 in parallel
– Wavelength: LR: 370 - 950nm HR: 392 - 437 nm, 515 - 572 nm, 605 - 675 nm
– 4.1m VISTA telescope of ESO, field of view: ∅ = 2.6°
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Science Themes
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Galactic Archeology
Gaia and PLATO

High-energy sky
eROSITA

WAVES	Science	Headlines	
-  DisPnguish	between	CDM,	WDM	and	SIDM	
-  Probe	to	very	very	low	stellar	masses	
-  Halo	evoluPon	to	z~1	
-  Bulge-disc	decomposiPon	to	z~1	(disc	growth)	

WAVES	Science	Headlines	
-  DisPnguish	between	CDM,	WDM	and	SIDM	
-  Probe	to	very	very	low	stellar	masses	
-  Halo	evoluPon	to	z~1	
-  Bulge-disc	decomposiPon	to	z~1	(disc	growth)	

WAVES	Science	Headlines	
-  DisPnguish	between	CDM,	WDM	and	SIDM	
-  Probe	to	very	very	low	stellar	masses	
-  Halo	evoluPon	to	z~1	
-  Bulge-disc	decomposiPon	to	z~1	(disc	growth)	

Galaxy evolution
VST/VISTA

Cosmology
Euclid/LSST/SKA
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Ten Consortium Surveys
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No Survey Name Survey (Co-)PI
S1 Milky Way Halo LR Survey Irwin (IoA) , Helmi (RuG)

S2 Milky Way Halo HR Survey Christlieb (ZAH)

S3 Milky Way Disk and Bulge LR Survey Chiappini, Minchev, Starkenburg (AIP)

S4 Milky Way Disk and Bulge HR Survey Bensby (LU), Bergemann (MPIA)

S5 Galaxy Clusters Survey Finoguenov (MPE)

S6 AGN Survey Merloni (MPE)

S7 Galaxy Evolution Survey (WAVES) Driver (USW), Liske (HHU)

S8 Cosmology Redshift Survey Richard (CRAL), Kneib (EPFL)

S9 Magellanic Clouds Survey Cioni (AIP)

S10 Time-Domain Extragalactic Survey (TiDES) Sullivan (Southampton)
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• Characterizing Dark Matter halo of MW
• Constraining its nature
• Halo substructures – chemo-kinematic
• Metallicity distribution 
• Constrains on yields first stars
• Characterisation of the stellar halo-thick disc interface from 

overlap with the 4MIDABLE-LR survey with the aim of jointly 
constraining the temporal assembly and evolution of the thick 
disc and inner halo

• – 10 < G + 5 log10(proper motion) < 10
• parallax –2σparallax < 0.2
• 0.55 < G–GRP < 0.8 mag 
• 15 < G < 20 mag
• This leads to a sample of approximately 2 million objects
• |b| > 20 degrees. 
• survey area: – 80 < Dec < + 20 degrees
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Deep Disk Field

Deep Bulge Field

Bulge Cepheid Field



Simple Target Selection:

• G < 15.5 -> allows S/N = 100 per Å
in 2 h

• MG < 5 mag to avoid cool MS stars
• Gaia parallaxes to determine MG

• – 80° < Dec < + 20°
• 21 M targets from the Gaia DR2

• Randomly reduced to 
~ 4 M targets

• Goal: to observe 2.5 M stars
• Disk deep (~ 65,000 stars) and 

Bulge Deep G < 17.5 (~ 72,000 stars)
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APOGEE-Gaia sample                RAVE-Gaia sample

GCS data (Hipparcos satellite) 

APOGEE-Gaia sample                RAVE-Gaia sample

GCS data (Hipparcos satellite) 

Credit: Minchev
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11 subsurveys
• Extended solar neighborhood
• Dynamical disk
• Faint dynamical disk
• Chemodynamical disk
• Bulge/inner Galaxy
• Very metal-poor stars
• White dwarfs
• Compact X-ray binaries
• Cepheids
• Asteroseismic targets
• Hot subdwarfs
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Call for LoI
2nd half 
2019

System Integration 
Potsdam mid 2021

Acceptance Europe 
Feb 2022

Acceptance Chile 
Nov 2022

4MOST starts on 
VISTA 2022/2023
For 5 years

Schedule
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4 Lenses Groups with 2 
counter-rotating prisms

Field Ø = 2.6 degree

535 mm Focal Diameter
Largest lens ~950mm

ADC functions to 
ZD=55°

Design AIP
Assembly and alignment 
UCL

Wide Field Corrector and Atmospheric 
Dispersion Compensator (WFC/ADC)
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ADC

Wide Field Corrector
Lenses ready for coating
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AESOP Fiber Positioner

24

2436 Fiber Probes 
-patrol diameter 2.4x pitch
-minimum separation ~20”
-reconfiguration time <2 
min during CCD readout

24 Fiducials

12 Guide Probes

A&A proofs: manuscript no. output

exposure time distribution for each target. For example, this
is the situation for targets, where exposure time is estimated
based on successful redshift determination, which cannot be
done predictively. For these targets, we have to know the re-
quired exposure time distribution, which can be taken into
account probabilistically.

4. We assume that if 4MOST starts observing an area in the sky,
all tiles in this area will be completed. Since probabilities for
fibre-target pairs are assigned using all fields in a given area,
the proposed algorithm only works if all fields in this area are
observed. Nevertheless, fields can be defined over larger sky
areas than 4MOST can potentially observe during nominal
5-year survey. The proposed algorithm strongly prefers com-
pletion of sky areas, rather than covering a large sky area.

Probabilistic targeting algorithm starts from the probability
assignment for each fibre-target pair. For this for each target t,
field i and fibre k we assign a probability as following:

ptar=t,field=i,fib=k = ctar(t, i) · praw
tar=t,field=i,fib=k, (1)

praw
tar=t,field=i,fib=k = {Restar=t = Resfib=k} · ftilt(t, i, k)·

· fthroughput(i, k) · ffib_available(i, k) · fe�ciency(t, i), (2)

where ctar(t, i) is a normalising constant that depends on target t
and field i (see Eq. (4)) and {Restar=t = Resfib=k} is an indicator
function that equals one if the resolution of fibre and target is the
same and zero otherwise. The factors f...(·) in Eq. (2) are defined
as following:

ftilt(tar, field, fib) takes into account the fibre tilt angle
↵tilt(tar, field, fib) between a target and a fibre in a given field.
It is non-zero for fibres that can reach the given target. In most
simple case it is defined as

ftilt(tar, field, fib) =
(

1.0 if ↵tilt(tar, field, fib) < ↵tilt_max

0.0 otherwise
, (3)

where ↵tilt_max is a maximum tilt angle of a fibre. This guarantees
that fibres that cannot reach a given target are not considered. In
principle, any function depending on ↵tilt(tar, field, fib) (where
↵tilt(tar, field, fib) < ↵tilt_max) can be used instead of a constant
value 1.0.

fthroughput(field, fib) – this allows to take into account fibre
throughput. If some target can be accessed by many fibres,
higher probability can be assigned to high-throughput fibres. In
simple case, this term can be ignored and fthroughput(field, fib) =
1.0.

ffib_available(i, k) defines a probability that a fibre k in field i is
available for new science targets. Some of the fibres are used for
standard stars and therefore are not available for new targets. As
a first approximation ffib_available(i, k) = const. For more accurate
treatment ffib_available(i, k) can be estimated while repeating the
targeting algorithm hundreds or thousands of times.

fe�ciency(t, i) gives the e�ciency coe�cient that a given tar-
get should be observed in field i. This is only relevant if expo-
sure times or weather conditions are not the same for all fields
that cover single target. As an example: if target requires short
exposure time and this target can be observed using short or long
exposures, for these targets we can give very low probability for
fields with long exposures. Another example: if some targets re-
quire long exposures in dark time and some fields are observed in
bright time with short exposures, then we can assign zero prob-
ability to observe this target in bright time with short exposure.

Table 1. Fraction of area in 4MOST field of view covered with di↵er-
ent number of fibres. Given fractions ignore the edges of field of view,
where most of the area can be observed only with one fibre.

Nfib LR fibers HR fibres
% %

1 – 39.8
2 7.2 46.1
3 50.9 14.1
4 33.0 –
5 3.6 –
6 5.3 –

Finally, the normalising constant ctar(t, i) for a target t in field
i is determined by meeting the following condition:

NfibX

k=1

ptar=t,field=i,fib=k +

+

NfieldsX

j=1, j,i

NfibX

k=1

n
Texp(t)  Trem(t, j, i)

o
ptar=t,field= j,fib=k = 1.0, (4)

where Nfib is the number of fibres in one field and Nfields is the
total number of fields that should be observed during entire sur-
vey. In last equation Texp(t) is exposure time of a target t and
Trem(t, j, i) is the remaining exposure time that can be used for
this target, which is defined as

Trem(t, j, i) =

=

NfieldsX

l= j, l,i

n
9praw

tar=t,field=l,fib=k > 0 : k = 1 . . .Nfib
o

Texp,field(l), (5)

where Texp,field is an exposure time for given field.
The probability p defines a probability that a yet unobserved

target is observed with a given fibre. Additionally, it is assumed
that we start observing the target if there is su�cient time left in
order to successfully complete the target. If there is not enough
time left then the target is removed from the target list before the
probabilistic target selection (see Section 2.4).

Regarding normalisation in Eq. (4) then the calculation of
remaining time in Eq. (5) assumes that the field order is fixed. If
field order is not fixed and exposure times are di↵erent in di↵er-
ent fields, then normalisation depends on assumed field order. If
field order is not known then for normalisation we can use ran-
dom field order or we can perform several normalisations with
di↵erent field orders and use the mean normalising constant.

In Eq. (4) the sum is over all fields and all fibres. E↵ectively
the sum is over all fibres that can be used to start observing a
given target. The defined probability only applies to new targets
that are not observed previously. Targets that require repeated
observations are targeted with highest priority. Additionally, if
an observation of a target cannot be completed (remaining expo-
sure time is not su�cient) then the object is only targeted if no
other targets are available (see Section 2.4).

2.3. Probabilistic targeting algorithm

In targeting algorithm we find a target for each fibre. For a given
fibre k in a field i we define a probability for each target that
should be targeted. This only applies for targets that are not yet
observed. Targets that need repeated observations are already al-
located (see Section 2.4). The probability that target t should be
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Low Resolution Spectrograph (LRS)
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3 arms 
spectrograph
3 CCDs 6k x 6k 

200 mm beam size

812 science fibers 
per spectrograph

2 mirrored 
spectrographs

Thermally stabilized

Design and build at 
CRAL in Lyon.

2 meters

	



High Resolution Spectrograph (HRS)
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3 arms 
spectrograph
3 CCDs 6k x 6k 
250 mm beam size
812 science fibers
1 spectrograph

Design and build at 
ZAH/LSW in 
Heidelberg. 14000	
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4MOST Detectors
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• 9 identical detectors
(plus spares and engineering devices)

• E2V 6kx6k – Deep Depletion – Broad Band Coating

• Detector head based on ESPRESSO design
• Cooling and controls identical to MUSE design
• All to ESO standards 

Design and build at ESO in Garching.
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AM=1.2, IQ=1.0", tilt=0
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Dark=21.8 mag arcsec-2

4MOST Facility Simulator - ETC
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Wavelength [nm]

HR S/N>140 per Å, Texp=20m, sky=vBright, Nexp=2
HR S/N>140 per Å, Texp=2h, sky=vBright, Nexp=12
LR S/N>30 per Å, Texp=20m, sky=vBright, Nexp=2
LR S/N>30 per Å, Texp=2h, sky=vBright, Nexp=12
LR S/N>10 per Å, Texp=20m, sky=Bright, Nexp=1
LR S/N>10 per Å, Texp=2h, sky=Bright, Nexp=6
LR S/N>10 per Å, Texp=2h, sky=Dark, Nexp=4
LR S/N>3 per Å, Texp=20m, sky=Dark, Nexp=1
LR S/N>3 per Å, Texp=2h, sky=Dark, Nexp=4, Nbin=2x2
LR S/N>1 per Å, Texp=2h, sky=Dark, Nexp=4, Nbin=2x2



4MOST Operations
• Unique operations model for MOS instruments suitable for most science cases
• 4MOST program defined by Public Surveys of 5 years
• Surveys will be defined by Consortium and Community

• All Surveys will run in parallel
– Surveys share fibres per exposure for increased efficiency

• Consortium Key Surveys will define observing strategy
– Millions of targets all sky
– Fill all fibres

• Add-on Surveys for smaller surveys
– Small fraction fibers all sky or 
– dedicated small areas
– 103 to 106 targets

• Several passes of sky with 2, 10, 20, 30 mins
• Wedding-cake distribution for total time 1h to 10h 
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Tiles Per Field
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J2000 Coordinates, Hammer-Aitoff Projection
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Simulate throughput, fibre assignment, survey 
strategy and verify total survey quality

4MOST | Stars without Borders: a Galaxy in Crisis, 16 June 2019 | Matthias Steinmetz 30

Science case SNR/Å rAB-mags Targets
(Millions)

S1 Milky Way Halo LR Survey 10 16–20.0 1.4
S2 Milky Way Halo HR Survey 140 12–15.5 0.6

S3 Milky Way Disk and Bulge LR Survey 10–30 14–18.5 10.7

S4 Milky Way Disk and Bulge HR Survey 140 14–15.5 2.0

S5 Galaxy Clusters Survey 4 18–22.0 0.8
S6 AGN Survey 4 18–22.0 0.5

S7 Galaxy Evolution Survey (WAVES) 4 18–22.5 1.4

S8 Cosmology Redshift Survey 1 20–22.5 10.4

S9 Magellanic Clouds 10–30 16-20.0 0.3

S10 Transients Survey (TiDES) 4 18–22.5 0.3
Total >27



08 09 10 11 12 01 02 03 04 05 06 07 08 09

2011 2012

4MOST concept design 1/9/11

Project Kicko! 5 days 5/9/11

Definition Phase 12/9/11

Refine science requirements 58 days 12/9/11

Determine operational constraints 58 days 12/9/11

Prepare sub-component performance estimates 58 days 12/9/11

Implement basic survey simulator 58 days 12/9/11

Prepare requirements and operations documents 58 days 12/9/11

Definition Review Meeting 2 days 1/12/11

Prelimiary Selection Phase 2 5/12/11

Refine survey simulator 60 days 5/12/11

Define baseline design 40 days 5/12/11

Refine sub-component performance estimates 40 days 5/12/11

Downselect telescope, positioner and spectrograph 5 days 30/1/12

Complete reiview documents 20 days 6/2/12

Mid-term review and feedback 5 days 5/3/12

Final Selection Phase 9 12/3/12

Refine survey simulator 75 days 12/3/12

Detail selected sub-component study 35 days 12/3/12

Complete selected sub-component technical designs 35 days 12/3/12

Perform cost/performace trade studies 40 days 30/4/12

Complete final performance and operations documents 40 days 30/4/12

Final tradeo! review 5 days 25/6/12

Consolidation Phase 16 2/7/12

Finalise design details 20 days 2/7/12

Complete and deliver review documents 45 days 2/7/12

Expected Start# Prede
cessors

Given Planned 
Duration

Title

Schedule and Milestones
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• March 2019:
– Final Design Review-2, detailed designs finalized
– Call for Proposals Readiness Review, ready for Phase I community proposal selection

• Fall 2019:
– Call for Letters of Intent from Community

• Jan 2021:
– All subsystems manufactured, assembled, integrated and verified

• Feb 2022:
– Full system integrated and verified at AIP, preliminary acceptance Europe

• Oct 2022:
– System delivered, installed and commissioned on telescope, preliminary acceptance Chile

• Nov 2022 – Oct 2027:
– First science survey of 4MOST, 30% of targets available for Community Surveys 
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