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Broad Context
European Extremely Large Telescope (ELT) will be the largest ground-based telescope at visible and 
infrared wavelengths

Flagship science cases:  the detection of life signatures in Earth-like exoplanets and the direct 
detection of the cosmic expansion re-acceleration (both require high resolution spectroscopy)

High resolution spectroscopy (HRS)

Interdisciplinary (from Exoplanets to Cosmology and Fundamental Physics)

Successful ESO tradition (UVES, FLAMES, CRIRES, X-shooter, HARPS; ESPRESSO)

More than 30% of ESO publications can be attributed to its high-resolution spectrographs.

HRS At 8m-class telescope entered into photon starved regime

Merging of CODEX and SIMPLE concepts into HIRES spectrograph R~100.000 in 0.37-2.4 μm

HIRES Phase A study started March 2016, completed March 2018
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The HIRES Consortium

14 countries

~200 people
Majority of high resolution 

spectroscopy experts in ESO 
member states
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The HIRES Consortium
Principal Investigator (PI): A. Marconi

Executive Board & Institutes

Brazil: J. Renan de Medeiros
Federal Univ. of Rio Grande do Norte, Mauá Institute of 
Technology

Canada: R. Doyon (new partner for Phase B)
Univ. De Montreal 
(leading consortium of Canadian Universities)

Chile: L. Vanzi
Pontificia Univ. Catolica de Chile, Univ. de Chile, Univ. 
de Concepcion, Univ. de Antofagasta

Denmark: J. Fynbo
Univ. of Copenhagen, Univ. Aarhus, Danish Tech. Univ.

France: I. Boisse
Laboratoire d’Astrophysique de Marseille, Institut de 
Planétologie et d’Astrophysique de Grenoble, 
Laboratoire LAGRANGE

Germany: K. Strassmeier
Astrophysics Institute Potsdam, Univ. Göttingen, 
Landessternwarte Heidelberg, Thüringer
Landesternwarte Tautenburg, Univ. Hamburg

Italy: A. Marconi
INAF Istituto Nazionale di AstroFisica (Lead)

Poland: A. Niedzielski
Nicolaus Copernicus Univ. in Toruń

Portugal: N. Santos
Inst. Astrofísica e Ciências do Espaço

Spain: R. Rebolo
Inst. Astrofísica de Canarias, Inst. Astrofísica de 
Andalucía 

Sweden: N. Piskunov
Uppsala Univ.

Switzerland: C. Lovis
Univ. de Genève, Univ. Bern

United Kingdom: M. Haehnelt
Univ. of Cambridge, UK Astronomy Technology Centre, 
Durham Univ., Heriot-Watt Univ.

USA: T. Bergin (new partner for Phase B)
Univ. of Michigan



A subset of HIRES Science Cases
Exoplanets (characterisation of Exoplanets Atmospheres: detection of signatures of life)

Protoplanetary Disks (dynamics, chemistry and physical conditions of the inner regions)

Stellar Astrophysics (abundances of solar type and cooler dwarfs in galactic disk bulge, halo and 
nearby dwarfs: tracing chemical enrichment of Pop III stars in nearby universe)

Stellar Populations (metal enrichment and dynamics of extragalactic star clusters and resolved 
stellar populations)

Intergalactic Medium (Signatures of reionization and early enrichment of ISM & IGM observed in 
high-z quasar spectra) 

Galaxy Evolution (massive early type galaxies during epochs of formation and assembly)

Supermassive Black Holes (the low mass end)

Fundamental Physics (variation of fundamental constants - 𝛼, mp/me Sandage Test)

Community White Paper: Maiolino et al. 2013, ArXiV:1310.3163 



Exoplanet atmospheres in habitable zone
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Figure S3:  The Earth´s transmission spectrum from 0.36 to 2.40 µm. The major 
atmospheric features of the spectrum are marked. On the second panel from the top, 
the location of the Hα solar line (0.6563 µm) is indicated, although the solar signal is 
completely removed in the transmission spectrum. The signal-to-noise ratio (S/N) of the 
data as measured at the pseudo-continuum fluxes are as follows: 100-200 for the top 
panel, 250-400 for the second panel, and 200-400 for the third and fourth panels. At 
the bottom of the deepest absorption features (e.g., water vapour in the near-infrared 
and ozone bands), the values of S/N decrease by a factor of 2. The strong absorption 
features at 1.06 and 1.26 µm, bands are produced by molecular oxygen (O2), and 
oxygen collision complexes, including collisions between O2 and N2. The broad 
absorption feature of the O3 Chappuis band is also clearly observable between 0.375 
and 0.650 µm. The relatively weak absorption lines corresponding to singly ionized 
calcium atoms (Ca II) at 0.3934, 0.3968 µm (H and K lines), 0.8498, 0.8542, and 
0.8662 µm (the near-infrared triplet), originate in the uppermost layers of the Earth’s 
atmosphere. 
 

 

However, this ratio is still affected by the fact that the penumbral region has also a 
small contribution of refracted Earth light. This refracted light from the edge of the 
Earth’s atmosphere is dominated by Rayleigh scattering. Thus, a further wavelength-
dependent correction is needed before we obtain the true transmission spectrum. To 
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Exoplanet Atmospheres

In transmitted light

Example: Trappist 1 & 2 HIRES cat detect:
H20 (1.3-1.7 µm) in 2 transits
H20 (0.9-1.1 µm) in 4 transits
CO2 in 4 transits
O2 in 25 transits

In reflected light
Earth 
transmission 
spectrum from 
lunar eclipse 
observ. 
(Pallè+2009)

Use high-resolution spectroscopy to disentangle the planetary and stellar spectra by comparing the 
combined spectrum to a star-only reference spectrum aided by the radial velocity offset (e.g. Snellen+15)



Hi-cont./Hi-res. spectroscopy in reflected light 
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Enhance the planet-to-star contrast at the planet location with AO – IFU required
Use high-resolution spectroscopy to disentangle the planetary and stellar spectra by comparing the 
combined spectrum to a star-only reference spectrum aided by the radial velocity offset (e.g. 
Snellen+15)

Example: Proxima b
HIRES cat detect planet in 7 nights 
at 8 sigma level
Work by HIRES Science WG 1



Hi-cont./Hi-res. spectroscopy in reflected light 
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CCF with the detection of Proxima b in stellar 
reflected light in 10h (Hawker & Parry 19) 

CCF with the detection of Proxima b 
in O2 in 70h (Hawker & Parry 19)



/GRB

The Inter-Galactic Medium:
tracing the chemical enrichment of the universe (e.g. Pop III SNe)

High spectral resolution (R>50-100x103) and broad spec. cov. (opt+NIR)



Chemical enrichment
imprint of primordial supernovae:  PopIII signature



Chemical	fingerprint	of	primordial	supernovae:
PopIII signatures	in	the	intergalactic	medium	in	the
early Universe

Chemical enrichment
imprint of primordial supernovae:  PopIII signature



Probing the early chemical enrichment
VLT   X-shooter    25 hours

ELT   HIRES    5 hours

simulated spectrum with OI, CII and SiII absorption

simulated spectrum with OI, CII and SiII absorption

G. Becker



VLT/UVES (e=17%)

GMT

VLT/
ESPRESSO (e=20%)

TMT
E-ELT

HIRESCalibration: 2 cm/s
Stability: overnight

Fundamental Physics: variation of the fundamental constants



Redshift	drifts	(“Sandage test”):	
Direct	non-geometric	(model-independent)
measurement	of	the	expansion	history	of	the	Universe
è alternative	to	all	other	geometrical	methods
è exploring	potential	new	physics



Redshift	drifts	(“Sandage test”):	
Direct	non-geometric	(model-independent)
measurement	of	the	expansion	history	of	the	Universe
è alternative	to	all	other	geometrical	methods
è exploring	potential	new	physics

Cosmic dynamics 1207

Figure 13. The colour image and the contours show the final, overall value
of σ v achieved by targeting the NQSO objects with the best individual σ v

values (cf. Fig. 11) and by employing a given combination of telescope size,
efficiency and total integration time. The total integration time is split equally
among the targets. The contour levels are at σ tot

v = 2, 3, 4 and 5 cm s−1.

for the experiment. The steepness of the contours also indicate that
σ tot

v does not depend very sensitively on NQSO, at least for NQSO !
10.

For further illustration we now perform an MC simulation of
a redshift drift experiment using this target selection strategy. We
(arbitrarily) choose NQSO = 20 and O = 2 so that the overall accuracy
of the experiment is σ tot

v = 2.34 cm s−1 (cf. Fig. 13). Furthermore
we assume that the observations span a time interval of "t0 = 20 yr
and that the true ż(z) is given by our standard cosmological model.
The result is presented in Fig. 14 where we show as blue dots one
realization of the ‘observed’ velocity drifts and their errors along
with the input model (red solid line). Since the selected 20 targets
cover the redshift range 2.04 " zQSO " 3.91 quite homogeneously
we have binned the measurements into four equally sized redshift
bins.

By construction these points represent the most precise mea-
surement of ż that is possible with a set of 20 QSOs (using equal
time allocation) and O = 2. However, since many of the selected
QSOs lie near the redshift where ż = 0 (for the assumed model)
the redshift drift is only detected with an overall significance of
S = |v̇|/σ tot

v̇ = 1.4, where |v̇| is the weighted mean of the absolute
values of the expected velocity drifts.

This can be improved upon by choosing our second approach
and selecting targets by the largest value of |v̇|/σv̇ . This quantity
is a strongly increasing function of redshift and this selection strat-
egy results in quite a different set of objects: the best 20 targets
according to this criterion include only three of the objects previ-
ously selected. For O = 2, "t0 = 20 yr and equal time allocation as
before, the combined overall significance of this sample is S = 2.7
(assuming our standard model of ż is correct). The yellow squares
in Fig. 14 show the result of an MC simulation using this set-up
and implementation, except that we use NQSO = 10 (in two redshift
bins) which gives a slightly better significance of S = 3.1. To reach
S # 4 we need to further reduce NQSO to 3, or instead increase O to
3.4 or "t0 to 25.4 yr.

Figure 14. The three sets of ‘data’ points show MC simulations of the
redshift drift experiment using the three different example implementations
discussed in the text. In each case we have assumed an observational set-
up of O = 2 and we plot as ‘data’ points the ‘observed’ values and error
bars of the velocity drift v̇, expected for a total experiment duration of
"t0 = 20 yr and for standard cosmological parameters (h70 = 1, #M =
0.3, #$ = 0.7). For a given QSO we use the centre of the Lyα forest as
the redshift of the v̇ measurement. Blue dots: selection by σ v , NQSO =
20 (binned into four redshift bins), equal time allocation. Yellow squares:
selection by |v̇|/σv̇ , NQSO = 10 (in two redshift bins), equal time allocation.
Brown triangles: selection by best combined constraint on #$, NQSO = 2,
optimal time distribution. The solid lines show the expected redshift drift for
different parameters as indicated, and h70 = 1. The grey shaded areas result
from varying H0 by ± 8 km s−1 Mpc−1.

Finally, we turn to our third approach and the question of how to
best select targets to constrain the acceleration of the expansion and
what can be achieved in this respect with our sample of known QSOs.
As in the previous case the answer will depend on what to expect
for the expansion history and in particular for the acceleration. For
the purpose of the following discussion we will again assume our
standard cosmological model.

The simplest thing we can do to constrain the acceleration is
to unambiguously detect its existence, i.e. to measure ż > 0 with
the highest possible significance. This implies (i) that we need a v̇

measurement at z < z0, where z0 is defined by v̇(z0) = 0 and (ii)
that target selection should proceed by the largest value of v̇/σv ,
which indeed favours the lowest available redshifts. However, even
if we use only the single best object by this criterion and assume
a generous "t0 = 25 yr then a 2σ v detection of v̇ > 0 would still
require an unfeasible O = 9.5. The reason for not being able to do
better is of course our inability to access the Lyα forest at z ≈ 0.7
where v̇ is the largest.

Let us analyse the situation more systematically by switching to
the parameter space of our cosmological model (which is three-
dimensional since we will not assume spatial flatness). In this pa-
rameter space our goal of detecting the acceleration translates to
proving that the deceleration parameter q0 = #M/2 − #$ is <0.
However, in our model the acceleration is due to a cosmological
constant, and so for simplicity we will instead pursue the slightly
easier goal of proving the existence of a cosmological constant, i.e.
of placing a positive lower limit on #$ after having marginalized
over #M and H0.

Consider the constraint of a single measurement of v̇ = "v/"t0

at some z (i.e. provided by some QSO), which happens to be pre-
cisely equal to its expected value. Obviously, a single data point
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cannot constrain all three parameters at the same time but only some
two-dimensional surface. Solving equations (4) and (5) for !" we
find that this surface is defined by

!" = (1 + z)2

(1 + z)2 − 1

[
z !M + 1 −

(
1 − v̇

cH0

)2]
. (29)

Since v̇ is assumed to be equal to its expectation value this constraint
surface is entirely defined by z and it must include the point (!M,
!", h70) = (0.3, 0.7, 1). Furthermore, the measurement error σv̇

endows the surface with some small thickness. Hence we can see
that each QSO in our sample [representing a (z, σv̇) pair] defines its
own constraint surface. The question is whether there exists some
combination of some subset of these surfaces such that the projection
of the combined constraint on to the !"-axis does not include the
region !" ! 0. If so, what is the largest significance level at which
!" = 0 can be excluded?

To address this problem let us fix h70 = 1 for now, so that a given
constraint surface turns into a band in the !"–!M plane (cf. the
grey shaded bands in Fig. 15). Consider first the case NQSO = 1.
For a fixed H0, equation (29) simply gives a linear relation between
!" and !M which has a non-zero slope for all z > 0. It follows
that the projection of the constraint band on to the !"-axis will be
infinite unless we can place some kind of limit on !M. Since the
slope is positive we require a lower limit on !M in order to obtain a
lower limit on !". Rather uncontroversially we can impose !M >

Figure 15. Expected constraints in the !"–!M plane from two measure-
ments of the redshift drift at two different redshifts as indicated, assuming
O = 2 and $t0 = 20 yr. The two targets and the split of the observing time
among them were chosen to give the best lower limit on !". The red and
blue solid lines and the grey shaded bands show the individual constraints
provided by each of the two objects assuming a fixed h70 = 1. The coloured
ellipses show the joint 68 and 90 per cent confidence regions that result from
combining the two measurements, marginalizing over H0 using an external
prior of H0 = (70 ± 8) km s−1 Mpc−1. The hashed region indicates the
95 per cent lower limit on !". The dashed contour shows the 68 per cent
confidence region that results from using a flat prior on H0 and just marginal-
izing over the range 0 ! H0 ! 140 km s−1 Mpc−1. Flat cosmologies and the
boundary between current deceleration and acceleration are marked by solid
black lines. The dark shaded region in the upper left-hand corner designates
the regime of ‘bouncing universe’ cosmologies which have no big bang in
the past.

0. Applying this limit to equation (29) we find that a single v̇ mea-
surement can place a positive lower limit on !" if the intercept of
the !"–!M relation, b, is significantly larger than 0. The error on b
is given by the width of the constraint band along the !"-direction:

$b= $!" = d!"

dv̇
σv̇ = 2

cH 2
0

(1 + z)H (z)
(1 + z)2 − 1

σv

$t0
(30)

and the object giving the best lower limit on !" is the one with the
largest value of b/$b. However, we find that even the best object
by this criterion does not deliver a significant lower limit on !".
Hence we find that not only are we unable to detect v̇ > 0 with any
significance but it is also impossible to prove !" > 0 with a single
v̇ measurement.

However, this conclusion rests entirely on the weak lower limit
on !M that we used (!M > 0). The larger this limit the stronger
also the lower limit on !". In other words, a given v̇ measurement
translates to a different constraint on !" depending on what we
assume for !M. Hence, even if we cannot detect v̇ > 0 with high
significance it is nevertheless possible to place a significant lower
limit on !". All we need is a stronger constraint on !M.

The point is that this constraint can be supplied by the ż experi-
ment itself, without having to resort to an external prior, by means
of a second measurement at high redshift (as opposed to at z " z0).
The idea is to combine the measurements from two objects (or two
groups of objects) that are selected in different ways, such that their
constraint bands in the !"–!M plane make as large an angle as
possible while also being as narrow as possible (cf. Fig. 15). The
first group is selected to have shallow constraint lines, implying
low redshifts (z " z0) and supplying a lower (but by itself insuffi-
cient) limit on !" as discussed above, while the second group is
selected to have steep constraint lines, implying high redshifts (cf.
equation 29) and supplying a lower limit on !M. This is illustrated
in Fig. 15 where the red and blue lines and the grey shaded areas
show the constraint bands from two v̇ measurements at low and high
redshifts as indicated. If the angle between them is large enough and
if the individual σ v values are small enough then the combination
of the two constraints (in a χ2 sense) results in an ellipse in the
!"–!M plane whose lower edge excludes !" = 0.

Hence we find that we need at least NQSO = 2. However, recall
that so far we have kept H0 fixed. Let us now reconsider the above
as a function of H0. First of all, we note that the constraint line
resulting from the v̇ measurement at z ≈ z0 is very insensitive to
the value of H0 (because v̇ ≈ 0). Secondly, for the high-redshift
measurement the constraint line shifts upwards in Fig. 15 as H0 in-
creases. Hence the centre of the joint ellipse (where the constraint
lines cross) moves from (!M, !") = (0.3, 0.7) approximately along
the low-z constraint line towards the lower left-hand side of Fig. 15.
However, at the same time the extent of the ellipse decreases be-
cause a larger H0 predicts a larger redshift drift and hence results in
stronger constraints on !M and !" for fixed measurement errors.
The net result is that the lower edge of the joint ellipse and hence
the obtainable lower limit on !" are relatively insensitive to H0.
As we will see more quantitatively below, a third v̇ measurement to
constrain H0 is therefore not necessary.

Thus we find that the strategy of selecting two groups of targets as
described above should provide the best possible lower limit on !",
even after marginalizing over H0. However, when trying to express
this approach in equations in order to proceed with the target selec-
tion one realizes that the selection of the two groups cannot in fact
be separated, making an analytical procedure impractical. Hence
we resort to the simplest case of only one object per group and
simply try all possible combinations of two objects in our sample.
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N=20  
N=10 
N=2 Liske et al. 2008

Δt~20 yr, Texp ~ 4000hr



Science Prioritisation
Combination of science cases requires: 

R~100,000, 0.33< λ<2.4 µm and many different observing modes 
Achievable with a fibre-fed modular system
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Front End

Fiber Link Spectral Arms



Science Prioritisation
Combination of science cases requires: 
R~100,000, 0.33< λ<2.4 µm and many different observing modes 
Achievable with a fibre-fed modular system
>40 MEUR modular instrument (hardware only): prioritisation of science requirements mandatory
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Science Priorities
Priority 1: Exoplanet atmospheres via transmission spectroscopy (potential detection of bio-
signatures) 

TLR 1: R > 100,000, 0.5-1.8 μm, et alia; drive the HIRES baseline design
Enables: reionization of Universe; characterization of Cool stars
Doable: detection and investigation of near pristine gas; 3D reconstruction of the CGM; Extragalactic transients 

Priority 2: Variation of the fundamental constants of Physics
TLR 2: blue extension to 0.37 μm
Enables: Cosmic variation of the CMB temperature, Determination of the deuterium abundance; investigation and 
characterization of primitive stars 

Priority 3: Exoplanet atmospheres via reflection spectroscopy (potential detection of bio-
signatures) 

TLR 3: SCAO+IFU
Enables: Planet formation in protoplanetary disks; characterization of stellar atmospheres; Search of low mass Black 
Holes
Doable: characterization of the physics of protoplanetary disks 

Priority 4: Redshift drift (Sandage test) 
TLR 4: 𝜆 accuracy 2 cm/s, stability 2 cm/s
Enables: Mass determination of exoplanets (Earth-like objects) 
Doable: Radial velocity search for exoplanets around M-dwarf stars 

20



Science Prioritisation
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Combination of science cases requires: 
R~100,000, 0.33< λ<2.4 µm and many different observing modes 
Achievable with a fibre-fed modular system
>40 MEUR modular instrument (hardware only): prioritisation of science requirements mandatory



HIRES at ELT
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Fibre feeding & observing modes
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 Fiber Link Description 

Document No.: 
Issue/Rev. No.: 
Date: 
Page:  

E-HIRES-IAC-DER-0001 
1.0 
02/10/2017 29/09/2017 
32 

 

This document shall be used and disclosed by the receiving Party and its related entities (e.g. contractors and subcontractors) only for the 
purposes of fulfilling the receiving Party's responsibilities under the HIRES Project and that the identified and marked technical data shall not be 

disclosed or retransferred to any other entity without prior written permission of the document preparer. 

  
Bundle of 26 fibres (Diameter ~ 
5*lens diameter) 

Bundle of 30 fibres (Diameter ~ 
6*lens diameter) 

  
Bundle of 42 fibres (Diameter ~ 
7*lens diameter) 

Bundle of 46 fibres (Diameter ~ 
7*lens diameter) 

  
Bundle of 56 fibres (Diameter ~ 
8*lens diameter) 

Bundle of 64 fibres (Diameter ~ 
8*lens diameter) 

  
Bundle of 88 fibres (Diameter ~ 
9*lens diameter) 

Bundle of 96 fibres (Diameter ~ 
10*lens diameter) 

Figure 19. Fiber distribution at FE interface 

Integral Field Unit
64 spaxels

10 mas to 100 mas spaxel scale

FOV 0.07ʺ⨉0.07ʺ — 0.7ʺ⨉0.7ʺ

R = 100,000

96 spaxels

10 mas to 100 mas spaxel scale

FOV 0.09ʺ⨉0.09ʺ — 0.9ʺ⨉0.9ʺ

R = 150,000

0.9 - 1.8 micron 
simultaneous coverage

Unique IFU capability!

Many science cases:

Exoplanets in reflection

Protostellar disks and Jets

Stellar Astrophysics

Stellar populations in nearby 
Galaxies.

Small supermassive Black Holes 
(<105 M☉)



Baseline capabilities in a nutshell

- R=100,000 & R=150,000

- 0.4 < l < 1.8 µm (simultaneous)

- Seeing limited
& SCAO + IFU modes

Sensitivity: 1hr, 10s, AB=21.7

The seeing-limited mode makes
HIRES a simple, risk-free
instrument delivering cutting-edge
science with no stringent
requirements on the telescope

Summary of ELT HIRES project (after Phase A)
International consortium: 32+ institutes, 14 countries, >200 people
Successful Phase A study 03/2016 - 03/2018
Aggressive schedule: Start Phase B ~2021, @ELT in 2028-2029
Science priorities (plus many other great science cases …):

1. biomarkers from exoplanet atmospheres in transmission
2. variation of fundamental constants of Physics
3. biomarkers from exoplanet atmospheres in reflection
4. direct detection of Cosmic acceleration through Sandage effect
Modular fiber-fed cross dispersed echelle spectrograph
Simultaneous range 0.4-1.8 µm (ultrastable VIS+NIR)
Resolution ~100,000 & 150,000
Several interchangeable, observing modes: 
Seeing limited &  SCAO+IFU
Total estimated cost of baseline is 25.9 MEUR, + 500 FTEs

technically “simple”
almost pupil independent
great science cases (fulfills top 4 priorities)
modular, staged deployment possible

Have you got ideas for HIRES 

observations in galaxy evolution? 

Contact me!

alessandro.marconi@inaf.it


