Spectroscopic
characterisation of young
systems

[from stars to brown dwarfs/exoplanets]

Valentina D’Orazi
INAF Padova (Italy)
ADONI (AO National Lab, Italy)
Monash University (Australia)

Observatoire de la Côte d’Azur, Nice, January 21 2020

Key people and projects
u

Martina Baratella (PhD student, University of Padova)

u

Silvano Desidera, Raffaele Gratton (INAF Padova)

u

Laura Magrini, Sofia Randich (INAF Arcetri) + many people from the Gaia-ESO survey all
around the world

u

Angela Bragaglia, Livia Origlia (INAF OAS Bologna), Ernesto Oliva (INAF Arcetri), Antonio
Frasca (INAF Catania) + SPA program

u

Serena Benatti (INAF Palermo), Katia Biazzo (INAF Rome) + GAPS people

u

Gayandhi de Silva (Australian Astronomical Observatory / Macquarie U.) and the GALAH
team

u

Lorenzo Spina (Monash University)

u

Daniele Vassallo, Elena Carolo, Dino Mesa (INAF Padova) + Simone Antoniucci (INAF Rome)
and the SHARK team

What do we (really) know about the
chemical composition of young stars ?
o We routinely assume they are solar à [Fe/H] ~ 0 dex
o What we actually measure in young open clusters (< 200 Myr, PMS clusters)
or SFRs/associations is different [James et al. 2006; Santos et al. 2008; D’Orazi et al. 2011, 2012,
Biazzo et al. 2012, Spina et al. 2017, and references therein] à MOSTLY SUB-SOLAR ???
o No chemical evolution in the last 4.5 Gyr ? And everything the same ?? At
what precision we can determine the metallicity of young stars ?
Connection with planet formation…

Young [Open] Clusters/stars: Problem #1
YS (!≲200Myrs) have been overlooked in terms of chemical composition (few exceptions
e.g, Spina et al. 2017 and references therein).
Santos et al. 2003

25-30 % of stars with
[Fe/H] > 0.3 dex host a
Giant Planet

In favor of core
accretion scenario
of planet formation
(e.g., Pollack+ 96)

NO METAL-RICH YOCs and SFRs
EXIST IN THE SOLAR VICINITY!!!

Is the metal-poor nature of YOCs and SFRs
real? What are the implications for the
connection of (giant) planet occurrence and
metallicity of host stars?

Young [Open] Clusters/stars:
Problem #2. The Barium issue
Increasing barium abundances with decreasing cluster age (D’Orazi+ 2009)
Galactic chemical evolution model seems to work
only assuming a higher Ba yield from low-mass AGB
stars (i.e. ~1-1.5 M¤) than that previously predicted
While a chemical evolution model with enhanced Ba
production can account for the observed raising
trend up to ~500 Myr, it dramatically fails in
reproducing the young stellar clusters

OCs with ages about < 200 Myr display a very
peculiar à [Ba/Fe] up to 0.6 dex
NO EXPLANATION !!!

Young [Open] Clusters/stars:
Problem #2. The Barium issue

Jacobson & Friel 2013

See also Reddy & Lambert 2015, 2017

da Silva+ 2012 (sample

of solar type stars)

Young [Open] Clusters/stars:
Problem #2. The Barium issue

D’Orazi, De Silva, Melo 2017

The extremely high abundances for Ba (more than a factor of
four the solar value) is NOT accompanied by similar
enhancements in other s-process elements
(e.g., D’Orazi+2012, Yong+2012, JB2013, RL2017)

Different solutions have been
proposed:
q
q
q

non-LTE effects
activation of i-process
presence of hot
chromospheres/strong magnetic
fields ?

Whatever is the nature of this
Ba enhancement, we can exploit it as an indication of youth
and/or membership
[Vigan+ 2016 for GJ758, D’Orazi+ 2017b for GJ504]

Age is extremely critical for
planet-host stars
In particular for field stars present the common drawback of having
significant uncertainties in their ages, which translates themselves into a
corresponding uncertainty in planetary masses: this severely affects the
calibration of the age-luminosity relationship for sub-stellar objects and is
crucial to our understanding of how planets have formed

GJ 758
GJ 758B is a BD companion to a nearby (d=15.76 pc) solar-type, metal-rich ([M/H] = +0.2 dex) mainsequence star (G9V).
GJ 758 is classified as an old star (age 0.7–8.7 Gyr; Janson et al. 2011 )
o Adopting the trigonometric parallax and proper motion by van
Leeuwen (2007 ) and the absolute radial velocity by Nidever+ (2002 ),
space velocities (U,V,W) very similar to those of the Argus association.
Gagné et al. 2014 found a membership probability of 97.8%
à 40 Myr ????
o Low activity level (from logRHK)à 5.5-7.7 Gyr (Mamajek & Hillendrand,
2008)+Non detection in the ROSAT All Sky Survey (Voges et al. 1999 ,
2000 ), the small projected rotational velocity (0–2 km/ s) and the small
photometric variability (0.008 mag from Hipparcos)
o The lack of lithium allows us to infer a stellar age older than ~600-700 Myr.

CONFLICTS

The chemical composition of GJ 758
and comparison with Argus/IC 2391
Vigan et al. (2016)

[Ba/Fe] = 0.53±0.03 (rms=0.08 dex) for the
Argus association
[Ba/Fe] = 0.62±0.02 (rms=0.07) for IC 2391.

GJ758: [Ba/Fe] = 0.00±0.12 for
our star, which implies a
difference in the Ba content
more than a factor of 3.5.

GJ 758 cannot be born from the same molecular cloud as
Argus.

GJ 504: the lowest-mass planet ever directly imaged ???
Kuzuhara+ 2013

D’Orazi+ 2017b

The age of this star is hotly debated with different
age indicators giving *VERY* different ages:
The Prot~ 3.3 days and the pronounced level of
chromospheric/coronal activities à ~160 Myr.
Assuming this value and spectroscopic
parameters by Valenti & Fischer (2005), Kuzuhara
et al. (2013) concluded that GJ 504 is a young,
main-sequence star with Teff≈ 6200 K and logg =
4.6 dex
However, Fuhrmann & Chini (2015) questioned this
finding, arguing that the star is actually much older
(logg~4.17), comparable with a turn-off stage of
evolution and a solar-like age (4-5 Gyr) à the
companion is a BD and NOT a Jupiter-like planet

à The companion is a planet M~4 Mjup

à Trough strictly differential analysis, we found that the surface gravity of GJ 504 is 0.2 ± 0.07
dex lower than that of the MS star iota Hor, suggesting a past turn-off .
The isochrone comparison provides us with an age range between 1.8 and 3.5 Gyr, with a

age of ≈ 2.5 Gyr.

most probable

Most crucial Barium abundance confirm the star is quite
OLD à
[Ba/Fe] ratio is slightly sub-solar
ENGULFMENT SCENARIO (tidal evoluzion code, N. Lanza)
à a quite plausible system architecture would result in an initial configuration of a planetary companion (with mass not
larger than ∼ 3 MJ ) located at 0.03 AU, then Kozai cycles (due to the presence of the external sub-stellar companion)
have caused an inward migration.

Our hypothesis:
sub-solar metallicity and Ba overabundance of very young stars
might be related to analytical
issues

The “standard” analysis (i.e., using only Fe
lines to determine spectroscopic
parameters: Teff, logg and Vt)
could fail for very young stars (< 150-200
Myr), leading to misinterpreted results.

The microturbulence velocity parameter (Vt/!)
We suggest that sub-solar metallicity and Ba over-abundance of very young stars is related to
microturbulence velocity values
Young stars = active chromosphere and/or strong (photospheric) magnetic fields
(thus derived parameters and abundances)
Reddy & Lambert 2017

0.70 Gyrs
7 Gyrs

May affect line formation

If strong Fe lines (upper
photospheric layers) have
anomalously larger abundances
than weaker lines =
INCREASE OF ! VALUE TO REMOVE
THE OBSERVED TREND WITH
INDIVIDUAL LINE ABUNDANCES

How it works
Abundances vs Excitation Potentials of the lines: Teff
Abundances vs (reduced) EW of the lines: microturbulence velocity

Dataset
High-resolution (R ~ 47000) spectra of 23 solar-type dwarf stars (F9-K1) in 6 young systems + Gaia
Benchmarks:
●

five YOCs: IC2391, IC2602, IC4665, NGC2547, and NGC2516 (ages less than 150 Myrs)

●

one SFR: NGC2264 (age ~1-5 Myrs)

●

Gaia Benchmarks: ! Cen, " Cet, # Hyi and 18 Sco (age > 3 Gyrs) + Sun

FLAMES-UVES spectrograph; observations with the 580 nm setup for F-G-K type stars; wavelength
coverage from 4800-6800 Å (Spectra taken from the Gaia-ESO iDR5)
vsini<20 km s-1 ; SNR > 50; Teff ≳ 5200 K (no over-ionisation and/or over-excitation effects; first
noticed by e.g., D’Orazi & Randich 2009;Schuler+ 2010)
All selected stars= confirmed members by radial velocities, EW of 6708Å lithium line and proper
motions

The spectroscopic «standard» analysis
Input estimates of Teff = 2MASS photometry
Model atmospheres = MARCS grid (1D, LTE and plane parallel geometry
- Gustafsson et al. 2008)
Gaia-ESO line list of atomic parameters (Heiter et al. 2020 , submitted to A&A) +
Barklem prescriptions for damping values +EW using ARES (Sousa+ 2007)

Standard analysis= ONLY Fe lines to infer Teff (excitational equilibrium), log(g)
(ionization equilibrium) and ! (no trend of the individual line abundances and
the REWs)

The “standard” analysis: young stars
Bad fit for > 90 % of spectral lines: this is wrong!

#08440521-5253171
IC 2391 (age ~ 50 Myrs)
Teff = 5800±100 K ;
log(g)= 4.20±0.15 dex;
!= +1.80±0.1 kms-1

! over-estimated à Artificially low metallicity

TITANIUM lines
We used TITANIUM that form deep(er) in the photosphere [log(" 5000) about -1], so less influence
from the (hot) chromosphere

NEW APPROACH:
1. Teff from TiI+FeI lines together by zeroing the trend between
E.P. and individual line abundances
2. log(g) by imposing ionisation equilibrium only forTi lines
3. ! by zeroing the trend between the REW of only TiI lines and
individual line abundances
(as for Teff)

Plus abundances derived for: FeI, FeII, TiI, TiII, C I, NaI, MgI, AlI, SiI, CaI, CrI and NiI

New approach: old stars
Very good agreement with Jofrè et al. 2014 and Gaia-ESO iDR5, especially for ! parameter.

New approach: young stars
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SPA – Stellar Population Astrophysics

PI L.Origlia, WP Resp. G.Bono[Miras/Cepheids], A.Bragaglia [OCs],
E.Dalessandro [Massive Clusters]
80 nights / 3 yrs
GIARPS (GIANO-B+HARPS-N) spectra
500+ stars in the MW disk & clusters with different ages and RGC’s
First high resolution, multi-element chemical maps of the Solar neighbourhood,
Scutum-arm & Persei complexes and of the inner+outer disc
Aims:

* radial/azimuthal gradients, age-chemistry relations, cosmic scatter and other inhomogeneities
* critical tests of stellar evolution & stellar physics

SPA: Revisiting the metallicity of Praesepe (M44)
• Distance=185 pc (Gaia
DR2)
• age=580-790 Myr
• [Fe/H]=+0.04 or +0.12 or
+0.27 (?)
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V. D’Orazi et al.: Stellar population astrophysics (SPA) with the TNG

Rocky planet engulfment?
ered in four open clusters, of which three in the Praesepe cluster
D’Orazi+ 2020

(Quinn et al. 2012; Malavolta et al. 2016). We might speculate
that this OC exhibits a quite large frequency of planets, in agreement with its relatively high metallicity, although a statistical
study would be needed to confirm this clue. Moreover di↵erent
planetary-search campaigns are heterogeneous in terms of sample selection and scientific drivers (very di↵erent planet masses,
radii, and compositions are investigated) so that it is not straightforward to draw significant conclusions on this possible indication.
Acknowledgements. This work exploits the Simbad, Vizier, and NASA-ADS
databases. This publication makes use of data products from the Two Micron
All Sky Survey, which is a joint project of the University of Massachusetts and
the Infrared Processing and Analysis Center/California Institute of Technology,
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Coronagraphic performances similar to SPHERE (but we gain in magnitude limit with SOULà fainter targets)
MULTI-WAVELENGHT observations will be a unique feature !

INSTRUMENT SPECIFICATIONS
SHARK-NIR main characteristics
Observing Modes
Detector format [px]
Waveband [µm]
FoV ["]

Imaging/Coronagraphy/Spectroscopy/DBI
2048x2048 (≈1220x1220 used area)
0.96 – 1.7
18 x 18

FoV along the diagonal ["]

25.5

Plate scale [mas/px]

14.5

Airy Radius @ 0.96 micron [px]
Nominal Strehl at <18’’ FoV diameter
(in all Bands)

2
>98%

OPTO-MECHANICAL LAYOUT

Weight: 350 kg
Size: 1500 x 800 x 800
mm

OPTO-MECHANICAL LAYOUT
DM

beam splitter to
the tip-tilt WFS
ADC

off-axis
parabola

off-axis
parabola
off-axis
parabola

incoming
light

Coronagraphic
planes

Pupil lens
(deployable)
cryostat
window

detector

~300 mm

apodizer

off-axis
parabola

cold baffle

occulters
and slit
fold mirror
fold mirror
Lyot stop,
GRISM

Science filter
wheels

~600mm

fold mirror

Narcissus
mirror

SCIENCE team
S.Antoniucci, F.Bacciotti*, S.Benatti, M.Bonavita, A.Bongiorno*, M. Bonnefoy, L.
Borsato, W. Brandner, E. Brocato, F. Cantalloube, E. Cappellaro, E. Carolo, G.
Chauvin, R. Claudi, L. Close, I. Crossfield, P. Delorme,S. Desidera, F. Fiore, A.
Fontana, E. Giallongo, T. Giannini, M. Gilke, V. Granata, R. Gratton, T. Henning,
P. Hinz, M. Kasper, E. Lagadec, F. Launhardt, F. Leone, AL Maire, L. Malavolta,
J. Males, F. Massi, D. Mesa*, G. Micela, V. Nascimbeni, B. Nisini, I. Pagano, D.
Perna*, G. Piotto, L. Podio, M. Rieke, E. Sani, G. Scandariato, E. Sissa, A. Sozzetti,
V. Testa, M. Turatto, D. Vassallo, S. Zibetti, A. Zurlo, and many more..
* Other science coordinator
* SHARP: Shark-nir Pipeline

SCIENCE TARGETS
Main science driver: direct imaging of exo-planets/BDs (detection and
characterization):
-

-

require high angular resolution and contrast
(minimum:10-6 at ~250-300 mas)
observed at different wavelength

Other science:
u
u
u
u

Protoplanetary disks
Stellar jets
AGN/QSOs
Solar system bodies (Main belt &
trans-neptunian obj.)

Planets in wide orbits of low-mass stars
A special niche for SHARK is offered by the LBT AO at faint mag, especially with AO upgrade: wide planets orbiting low-mass
stars (e.g., K/M dwarfs in young associations and SFRs like Taurus)

1. Giant planets in Star Forming Regions:
SURVEY OF TAURUS-AURIGA

Taurus-Auriga: ages of
about 1-2 Myr, at a
distance of about 140 pc.
About 350 members were
identified, 130 of which
brighter than R=15.

Detection prob. for a sample of 108 T
Tauri stars (QMESS, M. Bonavita)

The identification and the physical properties of planets in their very early stages will
allow to obtain crucial information on the formation mechanisms (core accretion, disk
instability), together with studying the interactions between planets and disks.

Detecting T-Type sub-stellar objects via Dual Band
Imaging (DBI) observations
Planetary objects have strong molecular features in
their spectrum, whereas the host star has a relatively
flat spectrum. By simultaneously acquiring two images
of a system at two close wavelengths located around
one of these sharp features and subtracting them, the
star contribution can be partially eliminated, and the
planet signal revealed

SDI is most effective when used for
detecting cool (T type) companions that
show deep molecular absorption bands
caused by e.g., H2O, CH4 and NH3 at low
Teff

SPHERE-LSS observations of HIP 19176
Bonavita+ (2014) survey of 74 targets in the Taurus SFR à
Discovery of 18–50 MJup companion at a projected separation
of ∼400 AU from the F8 star HIP 19176.

IRDIS LSS MRS spectra

Bonavita, D’Orazi, Mesa+ 2017

The L-T transition
Shed light on L-T transition and on the characteristics of brown dwarfs and giant planets,
which are expected to somewhat overlap but also significantly differ in terms of chemistry
of the atmospheres and mechanisms of clouds formation (e.g., Mandushev et al. 2014).
Clouds, are the product of condensation and sedimentation, and their presence has the
effect of both veiling features in the spectra and reddening the NIR colors

Kirkpatrick+ (2004)

Mesa, Vigan, D’Orazi+ 2016

Astrometry
Astrometric monitoring of short-period systems (typically < 10 au)
(total dynamical mass of the system and individual masses of the component if RV measurements
available)
Two class of objects:

* Low-mass binaries (BD binaries, such as e.g., HD130948, Gl417)

à evidence for luminosity problems for several systems, suggesting missing physical mechanisms
in the atmospheric and evolutionary models of cloudy brown dwarfs with dust-rich atmospheres

** Young star primary and a brown-dwarf or giant planet companion

SINERGY WITH GAIA

Discs around Young Stars and their Jets
- High-contrast imaging of circumstellar discs with NIR coronagraphy.
- Coronagraphic or classical imaging of stellar jets
- 2D kinematical maps of jets
Narrow-band images of jets reveal the generation
mechanism and its feedback on the star/disc
HST 600 nm
[Fe II] deconvolved image

[Fe II] LBT - LUCI

HH34 IRS

PSF residuals
A6-A5

A6-A5

A4

A4
jet knots

A3

A3

jet knots

Probe the innermost regions of discs
and jets in T Tauri stars (Binocular
observations VIS+NIR)

A2

A2

A1

A1
1 arcsec

Goals:
understand dynamic role of jets in
shaping the disc structure

[S II] HST

1 arcsec

1 arcsec

Antoniucci+ (2014)

Requirements: Classical Imaging + CORO IWA<3λ/D (~100 mas);
Contrasts 10-4 for discs and 10-3 for jets

H2 as key tracer: SYNERGY with
LMIRCAM

AGNs and QSOs
(1) Discover and fully characterise the AGN close pairs;
(2) Constrain the Black Hole feeding mechanism (e.g., SN driven winds vs
gravitational asymmetries) in local Seyfert galaxies
(3) Trace, in bright quasars, molecular outflows powerful enough to clean the inner
kpc and quench the star
Mrk231
formation
PISCES AO J/K image
•

Dust lane maps on scales down to
hundreds pc to investigate
whether outflows are dusty or
rather the AGN driven feedback
has already swept the ISM;

•

Color maps of SF regions in the
galaxy nucleus and disk to
constrain the SF rate, the age,
and the metallicity.
Requirements:
Binocular VIS and NIR both imaging and coro modes. + Synergy with LMIRCAM for H2

Solar system objects
1. NIR colours (Imaging) for Main Belt Asteroids [R=1012, no need for AO guide star] to complement VIS
colours.

About 100 of such large MBAs present an angular size larger
than about 50 mas à 3D shape
i)
ii)

SHARK-NIR + SHARK-VIS
solve ambiguities in building the shape model using visible-data
the VIS-NIR colour difference at the different rotational phases will
also allow to constrain the surface composition and map its
heterogeneity.

2. Trans-neptunian objects
(R=18-20, but slow-moving)

Pluto imaged by the New Horizons mission

What we have, and others DO NOT:
Multi-wavelength observations
The confirmation of planetary companions with the direct imaging technique require two observations
spaced of few months/few years to ensure that the faint object close to the target star is bound rather than
a background star à significant lost of observing time!!

Sub-stellar objects are characterized by peculiar colors in various bands depending on their effective
temperature, gravity, and dust content in their atmospheres à
colors different with respect to those expected for far background stellar objects

Simultaneous NIR+VIS+L/M observations à
1. significant saving of observing time (no need of second epoch observation)
2. Early identification of the most promising candidates, that could trigger additional follow-up observations
(e.g. LSS spectroscopy) in order to secure the detection on rapid timescale.

Most of the direct imaging surveys are young stars, as planets and brown dwarfs are brighter
at young ages. Young stars of spectral type from mid-F are usually photometrically variable on
various timescales.
Younger, accreting objects show even larger photometric variability.
Simultaneous observations allow to mitigate the issue of photometric variability, then reducing
the error on the observed colors of detected substellar objects with respect to independent
observations.
Specific cases e.g.: ACCRETING PLANETS
SHARK-VIS à H! narrow band filter, searching for accretion signatures,
as observed in very young brown dwarfs like GQ Lup b.
SHARK-NIR à can observe in Paschen beta, again to look for accretion,
or in broad band, looking for thermal emission.
LMIRcam à imaging with better sensitivity to the thermal emission of young protoplanets (L’ and M
obs. especially in case they are still embedded in their nascent disks and significantly affected by
reddening or in case of very dusty atmospheres)

CORONAGRAPHS: ON-GOING ACTIVITIES
Coronagraphic mask characterisation, performance analysis, alignment
procedure
Simulated

Real

Simulated

Real

CORONAGRAPHS
1st pupil
plane

Apodizer Mask

Exoplanets

Intermediate
focal plane

2nd pupil
plane

Science
focal plane

Occulter Mask

Lyot Stop

Scientific
image

Weak
companion

FQPM
Working in H-band
Access to the whole 18 18’’ FoV
Very small IWA (~50 mas)
High throughput
q Very sensitive to low-order
aberrations
q
q
q
q

Disks/Jets/
AGN

Weak
companio
n

Lyot stop

SHAPED PUPIL

Working in H-band
Small field (100-300 mas)
q High contrast near to the star
q Robust to low-order
aberrations
q
q

GAUSSIAN LYOT

Optimized for both J and H
band observations
q Moderate contrast
q Access to the whole
FoV
q

CORONAGRAPHIC PERFORMANCE
5-σ detection limit in H band for seeing 0.4”, Rmag=8/10 with FLAO/SOUL
R8

MILESTONES
2016
2017
2017
2017
2017
2017
2017
2018
2019
2019
2019
2019
2020

2020
2020

Feb.
Jan.
Apr.
Jul.
Aug.
Nov.
Nov.
Oct.
Sep.
Sep.
Dec.
Dec.
Apr

Conceptual Design Review end
Final Design Review
FDR delta review
Board approval
Start of procurement phase
Start of AIV phase with component tests
Delivery of the Electronics Rack from MPIA to INAF
Delivery of the coronagraphic masks from IPAG to INAF
Delivery of the NIR camera sub-assembly from SO to INAF
Delivery of dispersive element
End of SW MAIT
End of AIV phase
PAE review

Mid
Fall

Start of commissioning at LBT
SHARK-NIR in operation

valentina.dorazi@inaf.it
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