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The process




Prioritization of Science Cases

The process


Criteria: 
A. Scientific impact (e.g., enabling new 

discoveries, importance for a broad 
scientific community, interdisciplinarity, 
Nobel prize potential) 

B. Feasibility and time needed 
C. Competitiveness with other instruments



The process


The winners are: 
A. Cool stars (low mass, brown dwarf, red giant stars) 
B. Primitive stars 
C. Dynamical and chemical composition of stellar atmospheres 
… + 15 additional science cases ranked lower, including stellar-
population studies in the Local Group, via individual stars and 
extragalactic star clusters, pulsating stars, proto-planetary disks and 
pre-main sequence stars, asteroseismology in the Local Group, 
Gravity Darkening, Circumstellar disks, metals in white dwarfs 



• Context, the team and the process 

• Sciences cases: Cool stars 

• Sciences cases: Dynamical and chemical composition of 
stellar atmospheres 

• Sciences cases: Primitive stars 

• Required TRLs

Outline




M Dwarf

 (Wedemeyer et al. 2013)


M = 0.2 M☉

 0.2 R☉

> 200 R☉
> 500 R☉

RSG (Chiavassa et al. 2011)

M > 8 M☉ AGB (Freytag et al. 2017)


M = 1-8 M☉

Freytag et al.: Simulations of brown dwarf atmospheres 1073
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Fig. 4. Two intensity snapshots of a dust-free
global brown dwarf toy model, about 25 min apart.

the photosphere above are much larger and
therefore “overexposed” in this plot. Still, one
can distinguish the dust convection zone with
overturning flows (-1< z <16 km) from the re-
gions filled by horizontally elongated gravity
waves just below and above. If the dust clouds
become so thick that they can hinder the ra-
diative flux from escaping the develop inter-
nal convective flows very e↵ectively mix ma-
terial, a mechanism that depends sensitively
on the properties of the employed dust model.
Convective overshoot of the gas convection
zone can only a↵ect dust species that can form
at the relatively high temperatures close to the
convective layers. In contrast, gravity waves
seem to occur everywhere, but there essentially
reversible motion provides only small amounts
of mixing (Freytag et al. 2010).

A parametrized description of the mix-
ing based in CO5BOLD simulation was put
into the Phoenix code and is part of the cur-
rent Phoenix model generation (Allard et al.
2011, 2012). Figure 4 of Allard et al. (2011)
and Figure 5 of Allard et al. (2013) show
an e↵ective-temperature sequence of intensity
maps of local 3D RHD models of dusty brown
dwarfs. With decreasing Te↵ and increasing
thickness of the clouds the underlying low-
contrast granules become completely invisible.
Instead, high-contrast small-scale features pro-
duces within the cloud layers dominate.

Figure 3 of Allard et al. (2013) shows the
emergent intensity of a global 3D toy model of
an M dwarf: While the surface properties (Te↵ ,
log g, and therefore pressure scale height and
granule size) are realistic, the stellar radius was
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Fig. 5. Two intensity snapshots of a dusty global
brown dwarf toy model, about 25 min apart (top
panels). Below slices showing the dust concentra-
tion (middle) and the entropy (bottom).

drastically reduced so that only a small number
of granules cover the entire surface. Such mod-
els of rotating M dwarfs are being used to de-
termine the e↵ect of rotation on the convective
e�ciency. A similar setup is used for the non-
rotating models in Fig. 5 to study the occur-
rence of large-scale structure in the dust layers
of brown dwarfs.

The very small convective cells in the thin
dust layer have rather low contrast. The visi-
ble dark patches have roughly the scale of the
underlying granules and are produced by oc-
casionally occurring strong overshooting mo-

Brown Dwarf

 (Freytag et al. 2013)


M = 13 Mj

 0.1 R☉

Science cases: 

Cool stars 



> 200 R☉

AGB (Freytag et al. 2017)

M = 1-8 M☉

M Dwarf

 (Wedemayer et al. 2013)


M = 0.2 M☉

 0.2 R☉

> 500 R☉

RSG (Chiavassa et al. 2011)

M > 8 M☉
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Fig. 4. Two intensity snapshots of a dust-free
global brown dwarf toy model, about 25 min apart.

the photosphere above are much larger and
therefore “overexposed” in this plot. Still, one
can distinguish the dust convection zone with
overturning flows (-1< z <16 km) from the re-
gions filled by horizontally elongated gravity
waves just below and above. If the dust clouds
become so thick that they can hinder the ra-
diative flux from escaping the develop inter-
nal convective flows very e↵ectively mix ma-
terial, a mechanism that depends sensitively
on the properties of the employed dust model.
Convective overshoot of the gas convection
zone can only a↵ect dust species that can form
at the relatively high temperatures close to the
convective layers. In contrast, gravity waves
seem to occur everywhere, but there essentially
reversible motion provides only small amounts
of mixing (Freytag et al. 2010).

A parametrized description of the mix-
ing based in CO5BOLD simulation was put
into the Phoenix code and is part of the cur-
rent Phoenix model generation (Allard et al.
2011, 2012). Figure 4 of Allard et al. (2011)
and Figure 5 of Allard et al. (2013) show
an e↵ective-temperature sequence of intensity
maps of local 3D RHD models of dusty brown
dwarfs. With decreasing Te↵ and increasing
thickness of the clouds the underlying low-
contrast granules become completely invisible.
Instead, high-contrast small-scale features pro-
duces within the cloud layers dominate.

Figure 3 of Allard et al. (2013) shows the
emergent intensity of a global 3D toy model of
an M dwarf: While the surface properties (Te↵ ,
log g, and therefore pressure scale height and
granule size) are realistic, the stellar radius was
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Fig. 5. Two intensity snapshots of a dusty global
brown dwarf toy model, about 25 min apart (top
panels). Below slices showing the dust concentra-
tion (middle) and the entropy (bottom).

drastically reduced so that only a small number
of granules cover the entire surface. Such mod-
els of rotating M dwarfs are being used to de-
termine the e↵ect of rotation on the convective
e�ciency. A similar setup is used for the non-
rotating models in Fig. 5 to study the occur-
rence of large-scale structure in the dust layers
of brown dwarfs.

The very small convective cells in the thin
dust layer have rather low contrast. The visi-
ble dark patches have roughly the scale of the
underlying granules and are produced by oc-
casionally occurring strong overshooting mo-

Brown Dwarf

 (Freytag et al. 2013)


M = 13 Mj

 0.1 R☉

HIRES wavelength range

Stagger code 
Co5bold code 
PHOENIX code

Science cases: 

Cool stars 



HIRES wavelength range

At the low temperatures found in the 
atmospheres, the chemistry becomes 
complex, and a myriad of atomic and 
molecular transitions overlap in any given 
part of the spectrum. 
This spectral crowding causes serious 
difficulties to identify and interpret the 
observations. 
HIRES will observe at or beyond the limit 
imposed by the thermal and turbulent 
width of the spectral lines, and in the 
infrared, where there is a reduced density 
of transitions.

Stagger code 
Co5bold code 
PHOENIX code

Science cases: 

Cool stars 



Science cases: 

Cool stars 
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Fig. 4. Two intensity snapshots of a dust-free
global brown dwarf toy model, about 25 min apart.

the photosphere above are much larger and
therefore “overexposed” in this plot. Still, one
can distinguish the dust convection zone with
overturning flows (-1< z <16 km) from the re-
gions filled by horizontally elongated gravity
waves just below and above. If the dust clouds
become so thick that they can hinder the ra-
diative flux from escaping the develop inter-
nal convective flows very e↵ectively mix ma-
terial, a mechanism that depends sensitively
on the properties of the employed dust model.
Convective overshoot of the gas convection
zone can only a↵ect dust species that can form
at the relatively high temperatures close to the
convective layers. In contrast, gravity waves
seem to occur everywhere, but there essentially
reversible motion provides only small amounts
of mixing (Freytag et al. 2010).

A parametrized description of the mix-
ing based in CO5BOLD simulation was put
into the Phoenix code and is part of the cur-
rent Phoenix model generation (Allard et al.
2011, 2012). Figure 4 of Allard et al. (2011)
and Figure 5 of Allard et al. (2013) show
an e↵ective-temperature sequence of intensity
maps of local 3D RHD models of dusty brown
dwarfs. With decreasing Te↵ and increasing
thickness of the clouds the underlying low-
contrast granules become completely invisible.
Instead, high-contrast small-scale features pro-
duces within the cloud layers dominate.

Figure 3 of Allard et al. (2013) shows the
emergent intensity of a global 3D toy model of
an M dwarf: While the surface properties (Te↵ ,
log g, and therefore pressure scale height and
granule size) are realistic, the stellar radius was
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Fig. 5. Two intensity snapshots of a dusty global
brown dwarf toy model, about 25 min apart (top
panels). Below slices showing the dust concentra-
tion (middle) and the entropy (bottom).

drastically reduced so that only a small number
of granules cover the entire surface. Such mod-
els of rotating M dwarfs are being used to de-
termine the e↵ect of rotation on the convective
e�ciency. A similar setup is used for the non-
rotating models in Fig. 5 to study the occur-
rence of large-scale structure in the dust layers
of brown dwarfs.

The very small convective cells in the thin
dust layer have rather low contrast. The visi-
ble dark patches have roughly the scale of the
underlying granules and are produced by oc-
casionally occurring strong overshooting mo-

PHOENIX code

Cool dwarf stars



Strong sensitivity of potassium lines and H2O absorption

Science cases: 

Cool stars 
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Figure.4.2.1. High-resolution NIRSPEC spectra of low-mass stars and brown 
dwarfs in the J band, showing the pressure and temperature sensitivity of strong 
potassium lines, and H2O absorption. Adapted from Rice et al. 2010 (ApJS, 
186, 63). 

 
It should be stressed that detailed knowledge of the chemical compositions of stars, not only 
low-mass stars, will bring important constraints for models of the internal structure of the 
planets discovered by upcoming planet-transiting missions. Cool stars are definitely the best 
targets to search for Earth-like planets in the habitable zone, and therefore HIRES will play 
an important role in the characterization of such systems. 
 

4.2.2 Primitive	stars	in	the	Galaxy	and	its	satellites	
 
Some of the main, exciting challenges of modern Astrophysics consist in understanding the 
nature of the very first generation of stars, determine the yields of early supernovae, and to 
constrain the lowest metallicity at which the gas can collapse to form low-mass stars. To 
make progress on this subject, further theoretical work is needed, but observations must 
provide guidance by constraining the chemistry of the most primitive stars in the Milky Way 
and its satellites.  
 
The most iron-poor star known has an iron abundance over 10 million times lower than the 
Sun (a detection of iron lines has not been yet possible with current instrumentation; see Fig. 
4.2.2), but, like most of the stars known at [Fe/H] < -5, it is extremely enriched in carbon. This 
carbon enrichment may be critical in providing a path for radiatively cooling the gas, and at 
the same time it appears to be a distinct signature of some, but not all, zero-metallicity 
supernovae. Detailed observations can return elemental abundances for dozens of elements, 

NIRSPEC spectra (Rice et al. 2010)

High-resolution spectroscopy provides 
detailed information, which complements 
photometric observations (synergy with 
PLATO and ARIEL). 
Atmospheric parameters of the star, in 
particular its chemical composition, or the 
presence of significant velocity fields, 
accretion from circumstellar material, or 
strong magnetic fields.

Freytag et al.: Simulations of brown dwarf atmospheres 1073
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Fig. 4. Two intensity snapshots of a dust-free
global brown dwarf toy model, about 25 min apart.

the photosphere above are much larger and
therefore “overexposed” in this plot. Still, one
can distinguish the dust convection zone with
overturning flows (-1< z <16 km) from the re-
gions filled by horizontally elongated gravity
waves just below and above. If the dust clouds
become so thick that they can hinder the ra-
diative flux from escaping the develop inter-
nal convective flows very e↵ectively mix ma-
terial, a mechanism that depends sensitively
on the properties of the employed dust model.
Convective overshoot of the gas convection
zone can only a↵ect dust species that can form
at the relatively high temperatures close to the
convective layers. In contrast, gravity waves
seem to occur everywhere, but there essentially
reversible motion provides only small amounts
of mixing (Freytag et al. 2010).

A parametrized description of the mix-
ing based in CO5BOLD simulation was put
into the Phoenix code and is part of the cur-
rent Phoenix model generation (Allard et al.
2011, 2012). Figure 4 of Allard et al. (2011)
and Figure 5 of Allard et al. (2013) show
an e↵ective-temperature sequence of intensity
maps of local 3D RHD models of dusty brown
dwarfs. With decreasing Te↵ and increasing
thickness of the clouds the underlying low-
contrast granules become completely invisible.
Instead, high-contrast small-scale features pro-
duces within the cloud layers dominate.

Figure 3 of Allard et al. (2013) shows the
emergent intensity of a global 3D toy model of
an M dwarf: While the surface properties (Te↵ ,
log g, and therefore pressure scale height and
granule size) are realistic, the stellar radius was
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Fig. 5. Two intensity snapshots of a dusty global
brown dwarf toy model, about 25 min apart (top
panels). Below slices showing the dust concentra-
tion (middle) and the entropy (bottom).

drastically reduced so that only a small number
of granules cover the entire surface. Such mod-
els of rotating M dwarfs are being used to de-
termine the e↵ect of rotation on the convective
e�ciency. A similar setup is used for the non-
rotating models in Fig. 5 to study the occur-
rence of large-scale structure in the dust layers
of brown dwarfs.

The very small convective cells in the thin
dust layer have rather low contrast. The visi-
ble dark patches have roughly the scale of the
underlying granules and are produced by oc-
casionally occurring strong overshooting mo-

Cool dwarf stars



Science cases: 

Cool stars 

Dynamics and chemical composition in nearby Galaxies (Davies et al. 2017)

Cool evolved stars 
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6.5 Stars	and	Stellar	populations:	extended	description	of	the	science	cases		
Other	Stellar	Cases 
	

6.5.1 Stellar-population	studies	in	the	Local	Group,	via	individual	stars	and	extragalactic	
star	clusters	

 
Spectroscopy of individual stars in other galaxies allow us to apply the same techniques used 
for Milky Way stars to study the formation and history of those galaxies, and therefore 
compare apples to apples. There are interesting problems that need to be solved in this field 
and await observations with higher quality. For example, the star-to-star abundance scatter 
observed in dwarf-spheroidal galaxies with the VLT is large and it is not clear whether this 
scatter is intrinsic, or caused by the low signal-to-noise of the available data.  
 
Asymptotic Giant and Red Supergiant stars are major contributors to chemical and dust 
evolution in galaxies. These stars are characterized by complex physics, from mixing in the 
interior to the transport into the highly dynamical surfaces and, eventually, the extremely 
vigorous (still poorly understood) mass-loss mechanism. Obscuration by circum-stellar 
material biases our estimates of the true stellar properties. All of these aspects lead to 
considerable ambiguity in contemporary models of the impact of these stars on the chemical 
evolution of galaxies. There is a strong need for very accurate abundances and dynamical-
property determinations as a function of the fundamental stellar parameters, and in different 
galaxy environments.  The interpretation of the complex stellar surface dynamics requires 
numerical simulations of stellar convection that take into account multi-dimensional time-
dependent radiation hydrodynamics with realistic input physics. Such simulations are 
becoming more and more sophisticated, yet need constraints and guidance from adequate 
observations.  
Fig. 6.4.1 displays an example of the extremely heterogeneous velocity fields in a Red 
Supergiant star that results in spectral lines that are variable on timescales of days to weeks. 
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Observed Sun for 1 hourSynthetic Sun (Stagger-code, Magic et al. 2013)Bergemann et al. 2019

Stellar surface inhomogeneities (caused by convection, magnetic fields, rotation, dust…) changes with 
time and affect line depth, position, width. 

Science cases: 

Dynamical and chemical composition of stellar 

atmospheres 



Synthetic Sun (Stagger-code, Magic et al. 2013)Bergemann et al. 2019

Stellar surface inhomogeneities (caused by convection, magnetic fields, rotation, dust…) changes with 
time and affect line depth, position, width. 

Science cases: 

Dynamical and chemical composition of stellar 

atmospheres 



Science cases: 

Dynamical and chemical composition of stellar 

atmospheres 

Extreme-precision studies of spectral line 
shapes and elemental and isotopic 
abundances (from ~ 0.1 dex to under 0.01 
dex) : 

• to reveal secular changes in surface 
composition of stars due to diffusion, 
mixing, or the accretion of interstellar or 
protoplanetary material onto the star 
(Melendez et al. 2009) 

• of heavy elements (Z>30) in the blue (<430 
nm) to understand the neutron-capture 
nucleosynthesis processes, and identifying 
their astrophysical site(s) (Sneden et al. 
2008).  

High Hand in hand, the application of state-of-the art 3D 
hydrodynamical model atmospheres and non-LTE modelling 

(e.g. Nordlander et al. 2017) 



• Context, the team and the process 

• Sciences cases: Cool stars 

• Sciences cases: Dynamical and chemical composition of 
stellar atmospheres 

• Sciences cases: Primitive stars 

• Required TRLs

Outline




Science cases: 

Primitive stars 

Understanding the nature of the very first generation of stars, determine the yields of early 
supernovae, and to constrain the lowest metallicity at which the gas can collapse to form low-mass 
stars.  

Sketch of the chemical enrichment of the Universe (Jacobson and Frebel 2014) 
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which offer stringent tests for models of supernovae, and can ultimately constrain the 
properties of the progenitor stars. 
 
Ongoing and planned wide-area spectroscopic surveys such as SDSS, LAMOST, MOONS, 
DESI, WEAVE and 4MOST will identify targets down to V ~ 20 that are too faint to be 
followed-up at higher resolution with 10m-class telescopes, and demand an instrument like 
HIRES on the ELT.  The blue (and near-UV) part of the spectrum will be crucial, as this is 
where the atoms have their strongest (and only visible) transitions. 
 

   
Figure.4.2.2. Spectra for three extremely iron-poor stars in the vicinity of the 
Ca II resonance lines. SMSS 0313-6708, the record-holder, has over 10 
million times less iron than the Sun ([Fe/H]<-7), while HD 0107-5240 has 
[Fe/H]<-5 and CD -38 245 has [Fe/H]<-4. From Keller et al. (2014; Nature 506, 
463). 

 
 

4.2.3 Dynamics	of	stellar	atmospheres	and	chemical	compositions	
 
A new frontier in stellar astrophysics is being opened by the possibilities offered by very high-
resolution spectroscopy with extremely high signal-to-noise ratios. This type of data allows us 
to resolve the subtle effects of surface convection on line profiles, and measure with exquisite 
detail variations in chemical composition and isotopic ratios in stars of similar spectral types. 
Pushing the precision limits for chemistry from ~ 0.1 dex to under 0.01 dex will reveal secular 
changes in surface composition of stars due to diffusion, mixing, or the accretion of 
interstellar or protoplanetary material onto the star, as currently hinted at in studies of solar 
twins (Meléndez et al. 2009, ApJ 704, L66). At sufficiently high resolving power, isotopic 
abundances of atomic species (e.g. barium) will allow us to get a sharper view of 
nucleosynthesis processes in stars and supernovae.  

[Fe/H]<-7

[Fe/H]<-5

[Fe/H]<-4

Science cases: 

Primitive stars 

Most metal poor stars known (Keller et al. 2014) 

Detailed elemental abundances for 
dozens of elements to constrain 
models of supernovae and their 
progenitors. 
Synergy with ongoing and planned 
surveys (SDSS, LAMOST, MOONS, 
DESI, WEAVE and 4MOST) that will 
identify targets down to V ~ 20, too 
faint to be followed-up at higher 
resolution with 10m-class telescope.  
The blue (and near-UV) will be crucial, 
as this is where the atoms have their 
strongest (and only visible) transitions. 

Decreasing 
metallicity
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stellar atmospheres 

• Sciences cases: Primitive stars 

• Required TRLs

Outline




Science cases: 

Required TRLs 

To fully resolve the spectral line 
shapes (most of Science cases)



Science cases: 

Required TRLs 

The red-infrared is vital for cool stars, 
while the blue is inescapably needed 
for studying the most metal-poor 
stars.  

Wavelength stability at levels of < 0.01 
km/s on time scales of a few nights, 
as needed to ensure the accurate 
studies of stellar dynamics ans 
abundances 



Science cases: 

Required TRLs 

A background subtraction quality 
better than 0.1% in the optical and 
0.5% in the infrared to avoid limiting 
t h e s i g n a l - t o - n o i s e r a t i o o f 
observations 
Relative flux calibration of better than 
1% over spectral intervals of 20-30 
nm, covering the broadest features in 
stellar spectra  



Science cases: 

Required TRLs 

An IFU unit enabling spatial resolution 
close to 10 mas. This is a requirement 
for resolving stellar populations in 
nearby galaxies and circumstellar 
disks. 



It will enable detailed high-resolution 
spectroscopy of individual stars (faint 
red dwarfs and distant red giants in 
nearby galaxies)

The vast light-collecting 
power of the ELT


The high-resolution of 
HIRES


Measuring the absorption lines in stellar 
spectra, where the thermal and turbulent 
velocities may be as small as 1 km/s
Measuring the surface structures or anomalous 
chemistry

Take home message

What can be achieved with HIRES ?





