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Abstract

Protoplanetary disks are the first stage of planet formation and evolution, which
can embed young planets and embryos. Studying both the protoplanetary disks
and the forming planets inside can therefore provide strong constraints into initial
conditions for planet formation such as gas density and dust distribution, as well as
probing the origin of planetary atmospheres.

As a crucial aspect to understand the formation scenarios and early evolution pro-
cesses, it is important to observe the atmospheric emission from young planets with
state-to-art high-resolution spectrometers in order to measure several physical quan-
tities such as temperature profiles, spin rate, chemical abundance, which help to
constrain the initial conditions of planet formation and early evolution.

It is always challenging to acquire spectrum from exoplanets. In particular, they are
strongly contaminated by the emission from host star and strong turbulence of the
earth’s atmosphere, which makes it difficult to precisely observe the spectral features
from exoplanets’ atmosphere. High-dispersion Spectroscopy (HDS) with Adaptive
Optics is a potential technique to overcome this difficulty but rarely applied. It
is essential to make pre-research with simulation to understand the capability of
HDS instruments on the emission of very young planets. Therefore, the objective of
this project is to assess the feasibility of using the next-generation high-dispersion
spectrometer CRIRES+ on VLT to study atmosphere of young planets undergo-
ing formation processes, and help to optimize the strategies for future observations.
Overall, Our results support that the spectrum of the planet HD 169142b should be
detectable with the observing techniques studied in this thesis work.
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Chapter 1

Introduction

Starting from the first exoplanet detected by radial velocity (RV) in 1995 by Mayor
et al. 1995, our capability to detect and characterize exoplanets has experienced
a transformative surge in the last three decades, leading to the identification, and
characterization of thousands of sub-stellar objects and planets through a multitude
of observational techniques. The diversity of exoplanet populations underlying in the
large sample indicates various and complicated formation and evolution scenarios,
which thus makes the formation and evolution of planets stand as an important
but also challenging subject at the forefront of modern astrophysics and planetary
science. Furthermore, apart from the population analysis from evolved planets,
the precise spectroscopic observation of circumstellar disks (Ansdell et al. 2018),
and direct-imaging of several young, self-luminous planets, opens a new observation
opportunity to precisely constrain the initial conditions of planet formation and early
evolution, by capturing the birth moment of planets embedded in protoplanetary
disks with advanced instruments.

In this chapter, we will first introduce the fundemantal theory of protoplanetary
disks, planet formation and evolution, in both physics and observation. Next, we
will briefly describe the detection and characterization techniques for exoplanets.
In particular, in Section 1.3, we will discuss the direct-imaging techniques which is
involved in this study, including High Contrast Imaging (HCI) and High Dispersion
Spectroscopy (HDS).

1.1 Formation and Evolution of Planets

1.1.1 Protoplanetary disks: formation, classifica-
tion and lifetime

Protoplaentary disks are disk-like structures containing gas and dust observed sur-
rounding young stellar objects (YSO) with a few million years of the age, which
are birthplaces of planets generally. From a dynamical view, the construction of
protoplanetary disks is a consequence of the rotational infalling clouds towards the
protostar. Taking into account a rotational energy ratio () as 0.02 of total energy
from gravitational collapse (Goodman et al. 1993), for a 1M, star with a disk radius



r=0.05 pc, the angular momentum J for a spherical core in rigid-body rotation is:

Erot
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which is significantly 3 to 4 orders of magnitude more than it can be accommodated
in the total solar system, known as the angular momentum problem of star formation.
It is thus inevitable to form a quasi-equilibrium disk so angular momentum can be
redistributed with a radius rgy.:

lcore - Jcore /M(D =V GMGTCiI‘C (13)

and then transferred out of the disk via several processes including viscous accretion
(Armitage 2013, Armitage and Kley 2019).

In terms of observation, the essential observation property of disks is the excess in
IR continuum according to dust reprocessing of stellar radiation, which is a key ob-
servable to classify young stellar objects (YSO) associated with envelopes and disks
as well as estimating the age of disks. Using the SED between mid-IR wavelengths
and near-IR wavelengths, we can define the slope as:

dlogvF, _ dlog \F,
dlogr — dlog A

Based on different slope values, Armitage and Kley 2019 classified the YSO from
Class 0 to Class III corresponding to different evolution stages as follows:

(1.4)

IR =

e Class 0: (aqgr undefined because of sources heavily obscured from optical or
near-IR emission.

Class I: aqg > 0.3.

Flat spectrum sources: —0.3 < arg < 0.3.

Class II: —1.6 < aqr < —0.3.

Class III: ajg < —1.6. with very weak IR-excess emission and SEDs that close
to isolated pre-main-sequence stellar photospheres.

The distribution of known YSOs is shown in Fig. 1.1. Generally, the protoplanetary
disks can be resolved when the free-falling stage of envelope is almost finished, i.e.
when the envelope is largely vanished during infalling to feed the rotational proto-
planetary disk, corresponding to Class II or Class III in observation.
Protoplanetary disks evolve through a variety of processes, including viscous trans-
port, photoevaporation by the central star, grain growth and dust settling, and
dynamical interaction with (sub)stellar and planetary-mass companion (Williams
et al. 2011). Therefore, it is difficult to precisely and analytically compute the disk
lifetime. Infrared surveys can help us to roughly estimate it from observation point
of view. Early studies focusing on the fraction of stars with IR excess as a function
of stellar ages implies that the disk fraction gradually decrease from 80% to 10% over
10 Myr. Notably, the disk lifetime establishes a strong constraint for gaseous planet
formation processes that is expected to accomplish before the total dissipation of
gaseous disk.



) general trend outflow
pre-main sequence of evolution

star with little / no disk T \

envelope

disk

w disk w
star star  disk
1 10 100 1 10 100
A/ um A/ pum

Figure 1.1: The distribution and sketches of YSOs. There is not clear definition
of protoplanetary disks, but they are usually isolated from the protostars of Class II

YSO and hence can be spatially resovled and observed, according to Armitage and
Kley 2019.

1.1.2 Giant planet formation in disks

The protoplanetary disks are regarded as the brithplace of planets. In the past few
decades with the development of multi-wavelength instruments such as SPHERE on
VLT and ALMA, several protoplanets or candidates embedded in disks are found
by imaging (Mesa et al. 2019, Hammond et al. 2023, Kalas et al. 2008), and indirect
evidence including gaps in disks, wrapped and distorted disks (Stasevic et al. 2023,
Dawson, Murray-Clay, et al. 2011, Pinte et al. 2019), and the twist spiral waves
(Boccaletti et al. 2020) are observed and linked with planet formation.

For gas giant planet formation, a popular and widely applied paradigm is core ac-
cretion, so-called Bottom-up scenario first described by Perri et al. 1974 and Mizuno
1980. An initial seed solid core forms in accretion of planetesimals or pebbles to form
a embryo. Until the embryo go over a certain critical mass the gravity of the core
becomes high enough that a hydrodynamical instability is triggered that results in a
rapid, runaway gas accretion onto the core, and thus eventually to the formation of
a gaseous giant planets (Armitage 2013, Armitage and Kley 2019, Perryman 2018).
The core accretion mainly consists of four phases as shown in the sketch Fig. 1.2.
The evolution mass and luminosity of both the core and the envelope considering
core-accretion is developed in several models. Fig. 1.3 illustrates a popular one from
Pollack et al. 1996.

Phase 1 is the phase of core formation, which the core rapidly accrete planetes-
imals or pebbles until reaching its maximum mass, i.e. isolation mass. Next, in
Phase 2 the decrease of solid accretion results in a decrease of luminosity, which
leads the envelope to contract since lack of radiation pressure, hence more gas can
be accreted. This is envelope accretion phase, whereas the core mass can slightly
increase because the total mass of planet keeps increasing, enlarging the Hill Sphere
to allow more solid to be accreted. Phase 3 begins when the core eventually cross
its critical mass and meanwhile envelope mass being comparable with core mass,
hydrodynamical instability generates and results in the runaway of gas accretion.
At a certain point the gas accretion required by the cooling of protopalanets’ interior
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Figure 1.2: Four phases for the formation of gaseous giant planet in core accretion
model, from Armitage 2013.

exceeds the amoumnt of gas can be supplied by the protoplanetary disk, i.e. the
gas supply is exhausted (Armitage 2013), then the planet detaches from the disk
but can still keeps viscous accretion. The termination of gas accretion is related to
several factors. First, for Mp > 1M, the local gap can be open during orbiting
(Paardekooper et al. 2004) when the Hill radius is beyond the height of the disk:
Ry > H (Perryman 2018), which futhermore dampen the viscous accretion (Tani-
gawa et al. 2008) and therefore terminate the formation. In addition, the dissipation
of gas disk also plays a role as the reservoir of gaseous component sets up the natural
upper limit of mass. The last phase is known as the termination phase, i.e. Phase
4.

Besides the gap opening which is able to be imaged in protoplanetary disks, the
contraction of envelope leads to a drastic increase of luminosity during Phase 3 il-
lustrated in Fig. 1.3b, promoting the protoplanet into a self-luminous regime that
can be detected and observed with telescopes conducted state-to-art techniques. It
will be discussed later.

1.1.3 Giant planet evolution

As shown in Fig. 1.3, the classic core accretion model considers planet formation
at a few A.U. or beyond and circular orbits, whereas many exoplanets detected
illustrated in Fig. 1.6 and 1.7 are inconsistent with these assumptions, including
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Figure 1.3: (a): The mass evolution from Phase 1 to Phase 3 in core accretion
for Jupiter (M = 1M;,d = 5.2AU) for Pollack96 model. Mp is the total mass of
the planet. My presents the core mass considering heavy elements and MY is the
mass of envelope that consist of Hydrogen (X) and Helium (Y). (b): The luminosity,
surface density of planetesimals and the accretion rate evolution in Pollack96.

giant planets which are extremely close to the host star such as hot Jupiters, and
planets with large eccentricity or located in chaotic orbits. The population related
to this work, namely the self-luminous planets discovered by direct-imaging at very
large separation from host stars comparing with the Solar System (Fig. 1.10). Fur-
thermore, young planets observed by direct-imaging are found with grossly higher
effective temperature (from warm to hot giants, 7.;; > 1000K (Dawson and Johnson
2018)) than many giant planets as well as those in the Solar System. All of these
evidences support a evolutionary history of planets both in kinematics related to
migration, and thermodynamics related to internal cooling, which eventually distin-
guish evolved planets from young planets.

From a dynamical point of view, the primary mechanism of evolution is migration.
Concentrating on the early evolution for giant planets when embedded in the gaseous
disk, planets exchange energy and/or angular momentum with the gas components
under planet-disk interaction. The presence of planet pertubs the density of the
disk. The asymmetry of disk density generate a torque A on the planet. Taking into
account the disk as a superposition of sound waves, then the strongest perturbation
exits at particular resonances (Armitage 2013), most importantly at the co-rotation
resonance and Lindbald resonance (Binney et al. 2008):

e co-rotation resonance: The co-rotation torque occurs at horseshoe regions

where :

Q(r) =, (1.5)
(1, is the angular frequency of the planet. Q(r) is the orbital frequency of is
disk.

e Lindblad resonance: Inner and outer Lindblad resonances occur for:
m [Q(r) — Q] = £xK(r) (1.6)
x(r) is the epicyclic frequency. For Keplerian obrits, x(r) = (7). So the radii

>
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Figure 1.4: The effective temperature versus age (in Gigayears) for giant planets
with masses of (from bottom curve) 0.3 M;, 0.5 M, 1.0 M in dashed lines, respec-
tively and from 2.0 to 20.0 M in steps of 1.0 M, from Hubbard, Burrows, et al.
2002

of Lindbald torque taking place are:

1\ 23
r,=71p | 1 — (1.7)

m

The net effect of two torques plus additional torques due to thermal effect lead two
main types of migration for planets, depending on the mass of planets. For gas
giants that are capable for gas opening, it usually refers to Type II migration, which
provides a mechanism to allow gas giants formed beyond snow lines to migrate in-
wards in a long timescale associated with a annular gap that can also be observed
from the disk iamges from ALMA (Andrews et al. 2018).

Giant planets undergo thermal evolution as well. Planets are capable to keep hot
and luminous soon after the termination of accretion. As the nuclear reactions are
not ignited inside the core, they cool and radiate away their heat, accordingly the
interiors and atmospheres undergo various changes, such as differentiation, solidifi-
cation, and condensation which are able to change the global opacity, form dusty
clouds, generate greenhouse effect or sink processes (Hubbard, Guillot, et al. 1999,
Hubbard, Burrows, et al. 2002, Burrows et al. 1997) and therefore lead to non-linear
and complicated thermal evolution. The rate of cooling depends on multiple fac-
tors such as the planet’s gravity, age, and composition, as well as the efficiency of
energy transport and the opacity sources in its atmosphere. As plotted in Fig. 1.4,
it takes 1 Gyr for a Jupiter-like planet (Mp ~ 1M;) to cool down from 800K to
present-day effective temperature of Jupiter as around 106K. And in reality Jupiter
is still in cooling after 4.5 Gyr. Similar study from Burrows et al. 1997 illustrates
evolutionary tracks of density and gravity versus effective temperature for planets
and sub-stellar objects, plotted in Fig. 1.5.

However, coupled with the migration and other mechanisms in dynamics, the
thermal evolution of giant planets might become more complicated. For example,
varying solar insolation at different radii may change the situation of external heat-
ing for evolved planets which links to the population of hot Jupiters (hot'Jupiter.
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Figure 1.5: (a) Density vs. effective temperature evolution tracks from solar-mass
objects to planets. (b) Similar to (a) but gravity vs. effective temperature evolution
tracks, from Burrows et al. 1997.

For a more precise study in evolution, tidal heating atmospheric escape might be
considered as well.

1.2 Detection and Characterization of Planets

1.2.1 Population of exoplanets

Exoplanets can be classified based on mass and radius comparing with planets from
the Solar System, indicating the difference of composition. Here we introduce the
categories used in Zeng et al. 2019 | as plotted in Fig. 1.6.

e Rocky worlds: (< 2Rg).

e Water worlds: (2 —4Rg) .

e Transitional planets: (4 — 10R4).
e Giant planets: (> 10Rg).

Ry is Earth radius. Gas gaints are comparable with Jupiters in mass and radius.
The mass of giant planet can rise up to ~ 14M; which Deutunium ingnites.

In this work we focus on utilizing direct-imaging to observe the population of young
planets, which requires a high effective temperature leading a high flux contrast ratio
with respect of stellar emission, a relatively large angular separation (comparing
with planets detected by Transit or Radial Velocity) to be spatially separated from
diffraction limit. Thereby the favorable population under this detection technique
are giant planets, consistent with the Fig. 1.6 and the orbital distance-Mass diagram
of Fig. 1.7. Overall, direct-imaging is generally more sensitive to young giant
planets instead of other three populations with young age. It is reasonable to set
up simulation following giant-planet characteristics later in Section 2.1. We will go
back for direct-imaging techniques in Section 1.3.
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1.2.2 Atmosphere of giant planets

As described in Section 1.1.2, giant planets accumulate a large amount of gas during
gas runaway phase to form thick atmospheres that consist of various components
including H,O, CHy, CO, CO4 and hot dust grains like Al;O3 (France Allard et al.
2001, F. Allard et al. 2011). Different components are dominant at different height
to form layers. Thus, the intensity of atmosphere can be computed by radiative

transfer:
dl(z,v, pu,t)
M—

dz

I is the intensity [Jm_2 st Hz_l]; K is the absorption coefficient [m™']; ¢ is the
emission coefficient [Jm_?’ 51 Hz_l} ; ;o= cos and 6 is the angle away from surface
normal; and z = z(T, P) is vertical altitude. This formula becomes the fundamental
formula for 1-D model of atmospheric emission considering the optical depth 7,dr =
—kdz:

= —k(z,v, ) (2,0, p, t) + e(z,v, u, t) (1.8)

dI(T, \, u,t)
a dr

After the formation of planet, we can assume local thermodynamical equilibrium
and thus apply black body function B (Seager et al. 2010). From Kirchoff’s law we
know B = ¢/k.
The absorption coefficient and emission coefficient are the essentials to determine
the theoretical spectra, which are controlled by the opacity, chemistry and clouds in
atmosphere:

= —k(1, M OI(T, A, 1 t) + B(1, A, 1). (1.9)

k(\, T, P) = n(T, P)o(), T, P) (1.10)

where n is the number density of one gas component which is given from chemistry
equilibrium for simplification, and o is the cross-section. Notably, at a given wave-
length, all existing gas components must be included for k.

Cloud formation differentiate sub-stellar atmosphere (brown dwarfs, giant planets)
from stellar atmosphere. According to the chemistry equilibrium and the conden-
sation temperatures of different molecules, the cloud is composed from ZrO, finally
to ices (HoO,NH3, NH4SH). When the effective temperature is lower than 2200K,
global mixing needs to be taken into account as a consequence of cloud convection
generated by cloud layers which are already enough optically thick. This effect is
considered in BT-Settl model developed by F. Allard et al. 2012 utilized in this
work.

1.2.3 Detection of young planets

There is no strict definition of young planets. The age of the host star establishes an
upper limit of planets’ age in the system, therefore in general planets orbiting Pre-
MS stars (Charbonnel et al. 2008) can be regarded as young planets. To be more
precise, it can refer to those embedded in the circumstellar disks including mostly
protoplanetary disks, and also transition disks and debris disks. Those planets
probably still undergoes formation processes or planet-disk interactions, and so-
called “protoplanets” in some contexts.

Up to 2020, there are 49 planets detected by direct imaging based on the catalog
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Figure 1.8: The model atmosphere of relative abundances for gas components from
the AMES (France Allard et al. 2001), with T, = 1800K..

from NASA Exoplanet Archive! as plotted in Fig. 1.10, and circumstellar disks
are detected in 24 of them which can be recognized as young planets, illustrated in
Table. 1.4. The age ranges from five to hundreds of Myrs. We choose the planetary
system HD 169142 since the planet is embedded in the protoplanetary disk. Thus it
enables us to study the meission furthermore close to the birth moment of planetary
atmosphere 2.

1.2.4 The planetary system HD 169142

The target planetary system in this feasibility study consists of a young, pre-MS
star hosting a newly detected planet (Quanz et al. 2013, Hammond et al. 2023)
embedded in the disk. The host star is a Herbig Ae star surrounded by a face-on
(i = 13°) protoplanetary disk. The main properties measured from Gaia DR3 are
shown in Table 1.1. Notably, according to the analysis based on several archived
observations in Saffe et al. 2021, HD 169142 keeps A Bootis pattern which describe
a peculiar kind of stars with significantly low Fe abundance of 1 -2 dex lower than
the solar one, but near-solar abundance for other metal elements such as C,N, O, S,
which can explain the low value in Gaia DR3 measurement of Fe abundance, even
though the inconsistency is still larger than expected.

The planet itself is a Jovian-mass protoplanet located at a radius of 37 AU from
the star, and is enshrouded in a significant amount of dust. An outer spiral arm is
also observed indicating ongoing accretion processes, which makes the planet as a
good example to study the atmospheric emission of young planets, thereby to help
understand and constrain the formation conditions of planets. The information of

1Online Catalog for direct-imaging planets
2The target system HD 169142 is not listed in Table 1.4 since the planet is just confirmed in
2023
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Table 1.1: Physical Quantities of HD 169142

Physical Quantity Value

Mass 1.85 Mg
Spectral type F1V

Age 6.0 + 1.0 Myr
Distance 114.8 pc

Absolute Magnitude — 2.7262 ~ 2.7496 mag
Effective temperature 7204.7563 ~ 7216.1562 K

Metallicity [Fe/H] = —1.884
Gravity log(g) = 4.1115 ~ 4.1183 cm s~ 2
Classification Herbig Ae/Be Star

Table 1.2: Physical Quantities of HD 169142 b

Physical Quantity Value
Projected angular separation 0.319 arcsec
Projected spatial separation ~ 37 A.U.

Y band planet-to-star contrast  1.49 x 1075 £ 5.95 x 1076
J band planet-to-star contrast ~ 1.73 x 107° £ 6.16 x 1076
H2 band planet-to-star contrast 1.93 x 107° £1.17 x 1075

HD 169142b derived from SPHERE IFS by Hammond et al. 2023 is presented in
Table 1.2. The confirmation image is plotted in Fig. 1.9.

Log Flux [Arbitrary] Flux [Arbitrary]
102 0.10 0.15

ADec ["]
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Figure 1.9: The coronagraphy iamge for HD 169142b observed with SPHERE IFS
at near-IR band, from Hammond et al. 2023.

1.3 Direct Imaging Techniques

Direct-imaging refers planets as point sources reflecting or irradiating flux, and aim
to spatially resolve the targets from the host star to obtain images and spectra of

11



them. There are two aspects to constrain the feasibility of direct imaging, angular
separation (a) and flux contrast (Perryman 2018).
The projected angular separation between is defined as:

a(l+e)

Omax = ——— 1.11
) (111)

where d is the distance from the Earth. To be capable to be observed, the angular
separation of planet must be larger than diffraction limit angle A6 of the stellar
light, known as Raleigh Criteria:

Afrad] > 1.22)\/D (1.12)

where D is the diameter of the single-pupil telescope. In CGS unit:

A
Olarcsec| > 0.252% (1.13)
Furthermore, for ground-based telescopes such as VLT, the turbulence of the Earth’s
atmosphere degrade the quality of images and spectra, changing the detection from
diffraction-limit regime to seeing-limit regime. Atmospheric seeing can be defined
as:

ro is Fired parameter: 7o oc A%/5.

The flux contrast between the planet (f,) and the star (f,) is also crucial to limit
the capability of direct-imaging. For self-luminous planets, we neglect the phase
difference and regard the planet and the host star as two sources with different
effective temperatures, the theoretical flux contrast R is:

RO B (B
R‘ﬂ@‘fﬁ»(&) (L15)

where B is the Plank Function. A practical form of R used in this simulation pipeline
will be discussed in Chapter 2.

The techniques engaged into direct-imaging are all aimed to reduce the blurring of
seeing, and/or dampen the photon noise from the host star to promote the flux
contrast, and eventually resolve the planet from the host star, and enhance the SNR
of images and spectroscopy for furthermore analysis. The most popular two are
High-contrast Imaging (HCI) and High-dispersion Spectroscopy (HDS).

1.3.1 High contrast imaging (HCI)
Adaptive Optics (AO)

Adaptive optics aims to compensate the turbulence of the Earth’s atmosphere to
promote the angular resolution from seeing-limit to diffraction-limit. By continu-
ously measuring the wavefront of a reference star near to the target and/or laser
guide stars, with a frequency of 1kHz, AO system is able to analyze and produce an
opposite wavefront correction on the deformable mirror. The sketch workflow of a
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Figure 1.10: Direct imaging planets included in the NASA Exoplanet Archive
(until 2020). The orange star denotes the location of HD 169142b on this Ks
brightness-angular separation plot. The lower and upper gray dashed lines marks
the angular size of one pixel of the detector, and the largest extraction aperture size
for CRIRES+, respectively.

typical AO system is shown at Fig. 1.11. Davies et al. 2012 reviews the role of AO
in modern astrophysics with technical details. Strehl ratio is often used to access
the performance of a AO system:

Imax measure:
Strehl ratio = : d (1.16)

max,di f fraction—limit
MACAO on VLT can reach Strehl ratio around 50%, while SPHERE conducted
extreme AO can reach 90% (Beuzit et al. 2019).

Coronagraphy

Coronagraphy is not installed on CRIRES+. But it is worthwhile to introduce the
technique since the detection of many young planets by direct-imaging is actually
done by coronagraphy, and it is possible to consider it as part of our synthetic ob-
servation pipeline in the future. Cornoagraphy was firstly implemented on telescope
for observation of the solar corona (Lyot 1939). The idea for detection of exoplanets
is therefore to intercept more light from the host star by coronagraphic masks and
allow more emission from the companion to incident onto the focal plane. The work-
flow of a classic coronagraph is illustrated in Fig. 1.12. Coronagraphs require precise
data reduction to remove spekle noise which are from the aberration of the optical
system and can mimic the signal of faint planets. Several methods are applied to
achieve this goal such as Angular Differential Imaging (ADI), Spectral Differential
Imaging (SDI), etc.

13
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Figure 1.11: The sketch of a typical AO system. Courtesy: CFAO/Lawrence
Livermore National Laboratory

As a result, HCI in combination with both AO and coronagraphy plays an impor-
tant role to directly image the planets in the last decade. Various instruments such
as SPHERE, GPI and NACO lead to a diverse detection of giant, luminous sub-
stellar objects. However, current HCI instruments can only produce low-resolution
spectra which is difficult to precisely characterize the atmosphere on planets. For
example, The integral field spectrograph (IFS) on SPHERE keeps resolution R ~
30 at 0.95 - 1.65 pm and R ~ 50 at 0.95 - 1.35 pm (Claudi et al. 2008).

1.3.2 HCI combining with High dispersion spec-
troscopy (HDS)

According to Birkby 2018 and Snellen et al. 2015, HCI ensures the capability of
resolving wide-orbit self-luminous planets from the host star to acquire a known
projected separation. High-resolution spectroscopy further increase the signal-to-
noise of the planet by combining many of its spectral lines via cross-correlation. By
combining both techniques, it is possible to spatially resolve the planet and star
as two separated sources on the spectroscopy slit. The fainter planet spectrum is
expected to be detected in one row. Hence, by removing the stellar signal and
telluric lines using the template generated from stellar-only rows, ideally the signal
of planet is the only astronomical signal left on the detector plane. Next, utilizing
the spectral line template to cross-correlate with the planetary signal, the SNR can
be significantly boosted and lead to the detection of emission lines from the planet’s
atmosphere which physical properties can thus be analyzed. The SNR in HCI+HDS

14
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Figure 1.12: The workflow of a classic cornoagraphy system from Sivaramakrish-
nan et al. 2001. After rejection and correction 99% of stellar light can be removed.

processing can be written as:

S
SNRplanet = S—p SNRstar v/ cHCINiines (1.17)

where cycy is the suppression factor from HCI. Ny, is the number of emission lines
for one molecule detected in the observed wavelength range. Snellen et al. 2015
modelled the planet-to-flux contrast ratio limit in combination of HCI and HDS
shown in Fig. ?7?, suggesting that HDS+HCI can reach to the contrast down to
1077,

High Dispersion Spectroscopy (HDS) High—contrast Imaging (HCI) HDS + HCI
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Figure 1.13: A toy model shows the contrast ratio with the angular distance
between two objects applying different technologies, from Snellen et al. 2015.
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Chapter 2

Methods

This chapter will present the methodology that is followed to produce syntheic
VLT /CRIRES+ observations of putative spatially resolved exoplanets. These syn-
tetic observations are built starting from a library of theoretical models for 1-D
spectra, presented in Section 2.1 that will later input into a pipeline to generate 2-D
raw images in combination with stellar light and sky background assuming a specific
position for planet, and also to compute the planet-to-star flux contrast ratio and
relevant quantities, discussed in Section 2.3. Principles and design of the pipeline
will be introduced in Section 2.4. Besides the simulation, the synthetic observation
also consists of the color analysis which methodology will be presented in Section
2.5.

2.1 Theoretical Spectra

The BT-Settl model is a widely used theoretical model for studying the atmospheres
of low-mass stars, brown dwarfs, and giant exoplanets. This model, developed by
F. Allard et al. 2012, combines the principles of radiative-convective equilibrium,
atmospheric opacities, and chemical equilibrium to predict the spectra of these ob-
jects across a broad range of effective temperature, surface gravity, and metallicity
as input parameters. The BT-Settl model also input molecular line lists and con-
tinuum opacities, enabling reliable predictions of theoretical spectra of stellar and
sub-stellar objects including the contribution of various molecule such as absorption
bands of methane, water vapor (Barber et al. 2006), and other potential components
in the atmosphere of stellar/sub-stellar objects i.e. clouds and dust. Overall, it is a
robust tool for studying the feasibility of spectroscopic observations for giant plan-
ets in a diversity of configurations by adjusting the three input parameters, effective
temperature T, s, gravity log(g) and bulk metallicity M.

As the parameters of young planetary system HD 169142 is poorly known due to
the limited capability of previous observation discussed in Section 1.2.4, the in-
put parameters for the planet are based on the confirmed young planet PDS 70b.
Wang et al. 2021 fit the spectrum of PDS 70b obtained with VLT GRAVITY with
a suite of models (Table 4 of Wang et al. 2021), and reported a good SED fitting
with BT-Settl added ISM extinction and a second blackbody component at longer
wavelength, indicating the absorption and re-radiation of protoplanet’s light by the
surrounding disk, with 7, ;; = 1392T52K, log(g) = 3.831053, R = 1.96103%R ;...
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Table 2.1: Input parameters for Generating SED. The step is 0.5 for log(g) and
100K for Teff.

Host star Companion

Metallicity 0 0
log (g) 4.0 3.5-5.5
T.rr (K) 7250 1000-2000
Teff= 1300.0 K, log(g)= 5.5, Metallicity= 0.0 Teff= 1500.0 K, log(g)= 5.5, Metallicity= 0.0
R 25000 30000
< M
2 20000 25000 |
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Figure 2.1: BT-Settl generated spectra from lpm to Sum, with T¢;r=1300K,
1500K, 1700K and 1900K and log(g)=5.5, Metallicity=0.0. The orange color covers
the J band and Ks band involved in the color index computation.

Thus, for the purpose of this thesis work, the effective temperature T.;; is taken
from 1000K to 2000K, which includes the best-fit temperature of PDS-70b found
by Wang et al. 2021, and is consistent with hot giants reaching its peak flux in K
band (Seager et al. 2010). Given the peculiar metallicity patterns of the host star
discussed in Section 1.2.4, for simplification, we set up the bulk metallicity as solar
metallicity which is consistent with the abundances of heavy elements such as C,
N and O of the host star. While the iron abundance of the host star is obviously
sub-solar, the contribution of Fe in the near-Infrared wavelength range targeted by
CRIRES+ is negligible (France Allard et al. 2001). In addition, the gravity log(g) is
set up from 3.5 to 5.5, including most values from PDS 70b modelling. Furthermore,
we use MARCS template spectra (Gustafsson et al. 2008) to generate the SED of
the host star. We also set the metallicity for the host star to solar, for simplification.
The input parameters used for simulating the theoretical spectra of both the star
and the planet is shown in Table 2.1. In total, these input parameters combine into
55 spectra for the planet with the host star. One example is shown in Fig. 2.1.

2.2 CRIRES+ on VLT

CRIRES+ (Cryogenic Infrared Echelle Spectrograph Plus) is an advanced cross-
dispersed Echelle spectrograph designed for high-resolution infrared observations
upgraded in 2014 from the original version CRIRES (Kaeufl et al. 2004, Dorn,
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Table 2.2: Technical specifications of the detector array on CRIRES+

Detector Parameter Value

type H2RG

scale (pxiels) 6144 x 2048
pixel size (arc-second/pix) 0.059
read-out noise(e” /pix) 6

dark current (e~ /piz/s) 3x 1073

maximum extraction aperture (pixel) 35

Anglada-Escude, et al. 2014, Dorn, Bristow, et al. 2023). The updated instrument
can cover six individual infrared bands (Y, J, K, H, L, M), and is able to achieve
a high spectral resolution for over 100,000 by utilizing both cross-disperson and
echelle gratings (shown in Fig. 2.2), which enhances its capabilities for studying the
thermal emission from the atmosphere of hot giants with direct spectroscopy (Dorn,
Anglada-Escude, et al. 2014). Moreover, the refurbished AO system MACAO is
expected to significantly dampen the stellar light to retrieve the signals of spatially
resolved planets.

In particular, the detector array consists of three Hawaii 2RG (H2RG) detectors
with the size 2048 x 2048 pixels of each, thus 6144 x2048 pixels in total. Each
pixel has a physical size of 18 um, corresponding to a projected angular size on
sky of 0.059 arc-second. The read-out noise and dark current are considered as the
noise contribution from instruments, which can be reduced to a lower level with the
updated detector arrays to improve the SNR for detection of molecular emissions
from the atmosphere of giant planets. The technical specifications of the detectors
are presented in Table 2.2, and more information about CRIRES+ optical system
can be found in Dorn, Anglada-Escude, et al. 2014 and presented on the science
operation page of the instrument CRIRES+.

2.3 Planet-to-star flux contrast

Planet-to-star flux contrast ratio (R) refers to the ratio of the light emitted or
reflected by a planet orbiting around the host star to the light emitted by the
star itself. Planet-to-star contrast is a fast and direct way to assess the possibility
for planetary-signal detection, comparing with Cross-correlation Function (CCF)
technique that will be discussed soon in Chapter 4.

In terms of non-transiting young planets embedded in protoplanetary disks, it is
reasonable to assume a self-luminous regime due to the high effective temperature
(>1000 K) to follow Equation 1.15. Since CRIRES+ is capable to spatially resolve
the planet from the star as a separated source, we are able to locate both planet at
(x0,), and the star at (x( ) on the detector plane. Assuming Point-Source Function
(PSF) profiles are the same at a given order, two separated and equal PSF profiles
must be considered on the detector plane, for the host star (P,) and for the planet
(P,) respectively. Both profiles are supposed to reach equal peak value, i.e.:

PP<)‘7 xO,p) = P*<)\7 130,*) (21)
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Figure 2.2: The optical design of the cross-dispersion pre-optics for CRIRES+,
from Arsenault et al. 2014

Considering the input SED spectrum s, PSF profile P, and the instrumental and
atmospheric throughput 7', assuming 7T is only dependent on wavelength, the flux
distribution function of a source at a given spatial position m(\, z) can be described
as

m(\, z) = s(A) P\, z)T(N\) (2.2)
where A corresponds to the wavelength and x corresponds to spatial axis (Kitchin
2021).
Therefore, from observation point of view, for a given A, we can use the observed
flux at the planet’s position (m(\, z,) and it at the host star’s position m(\, zy)
to represent the intrinsic planet-to-star flux ratio as P and T eventually cancel out
from the ratio formula. Thus equation 1.15 can be re-written as:

sp(A) _ myp(A, Top) _ $p(A) Bp (A o) T (N)
Se(A) MmN xox)  Se(A)Pu(X, 20)T(N)

for a given wavelength \. and inside the slit Because the planet is assumed to be
spatially resolved from the star, which angular separation is larger than diffraction
limit.

To better understand the feasibility of utilizing HDS observation, it is also worth-
while to compare the in-situ flux contrast ratio, namely the flux ratio between both
objects at the exact position of planet (z¢,), which is expected to be higher than
the intrinsic one due to the dampened diffraction wing after AO correction:

_ myp(A, To,p) _ $p(A) (A, 20,,)T(N) _ kSp()‘)

R=

(2.3)

Rin—si U - — 2.4

T me (N zop) se (WP 20,) T(N) s.(\) (2:4)
where P (}\ )

A P 2 2.5

P*(A, .’Eo’p) ( )
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Furthermore, for high-resolution spectroscopic observation of planets’ atmosphere,
we can calculate the SNR as:

SNRplanet =k (S_p> SNRstar V Nlines (26)

Sx

where N, is the number of lines detected at the planet’s location in the observed
wavelength range (Birkby 2018) .

2.4 Pipeline to Produce Synthetic Observations

The primary goal of this simulation pipeline is to study the feasibility of high-
dispersion spectroscopic (HDS) observations with CRIRES+ for spatially resolved
planets. By utilizing BT-Settl models for atmopsheric SED of giant planets, it aims
to re-construct the raw images, namely the dispersed signal on the detector plane,
and then calculate the metrics to identify the most observationally favorable cases,
such as planet-to-flux ratio, signal-to-noise ratio and other involved quantities that
will be discussed later. By analyzing the difference of the quantities from different
models, it aims to determine the feasibility of HDS observation for young planets in
various configurations.

The Exposure Time Calculator (ETC) of CRIRES+ developed by ESO ! is capa-
ble to generate synthetic observations from an uploaded spectrum. However, for
spatially resolved planets, it is necessary to use the two-dimensional spectra, pre-
serving the dispersion direction during the analysis. This feature is not included in
the online ETC tool. As the planet is embedded in the diffracting light of the host
star, to better understand the detectability, it is essential to re-construct the raw
images of dispersing light on the detector plane from 1-D synthetic observations, in
combination with several instrumental effects. The sketch of the pipeline’s workflow
is illustrated on Fig. 2.4.

2.4.1 ETC computation

The Exposure Time Calculator (ETC) for CRIRES+ allows researchers to simu-
late the real observation results by inputting the SED of target and with various
instrumental set-up, e.g.the exposure time and series, observation modes, Earth’s
atmospheric conditions, etc. We apply the ETC to the whole library of synthetic
observations so that the results can be used to understand the feasibility of observa-
tion for planets under different physical configurations. Some important set-up are
presented in Table 2.3.

In particular, for parameters related to the targets, we set the exposure time as 36
minutes in total (without overheads), which is similar to the CRIRES+ observation
for the ultra-hot transiting planet MASCARA 1-b that led to robust detection of
CO, Hy0O and Fe emission lines (Ramkumar et al. 2023). To avoid strong extinction
from the disk and ISM and obtain a relatively higher planet-to-star contrast ratio,
the observation is simulated in K-band with wavelength coverage from 1921.318 nm

Thttps://etc.eso.org/observing/etc/crires2
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Table 2.3: ETC Set-up

Atmosphere Target Seeing and Instruments
: extraction aperture 35 (star)
air-mass 1.2 ref. wavelength K2166 (pixel) 1-35 (planet)
: 6.41 (star)
FLI 0.5 brightness (K-band) 17.14 (planet) turbulence 70%
PWV 2.5 NDIT x DIT(s) 18 x 120 slit width (arcsec) 0.2

Table 2.4: Wavelength coverage of K2166 setting

Order \,in (A) A maz (A)

29 19213.18 19611.28
28 19899.78  20311.65
27 20637.11 21063.92
26 21430.87 21873.86
25 22287.86 22748.35
24 23215.96  23695.34
23 24224.15 24723.88

to 2472.388 nm (the setting is named as K2166 as shown in Table 2.4) divided
into 7 echelle orders (we hereafter refer to each of these as ”orders”), which each
is separated into 3 sub-orders for three detectors. The planet K-band magnitude
is calculated assuming a planet-to-star contrast ratio of 5.1 x107°. This is the 3
sigma upper limit to the planet-to-contrast ratio measured with VLT SPHERE.
(Hammond et al. 2023)

As an example, the SED plotted in Fig.2.1 is processed by ETC with these set-up.
The result spectrum is shown in Fig 2.3.

In addition, a few quantities are used to roughly control to atmospheric conditions
during observation. Turbulence level is set up at 70% which corresponds to a seeing
of < 1.15. FLI is fractional lunar illumination, which one represents full-moon and
zero represents as moonless night. For simulation we set it as 0.5. PWV (predictable
water vapor) is a quantity to measure the amount of water vapor lines in mm, which
is set to 2.5(for more information, see the CRIRES+ User Manual v2).

2.4.2 Principles of the reconstruction of raw im-
ages

The detector plane can be defined as a 2-D plane formed by the horizontal dispersion
axis which marks wavelength, and the vertical spatial axis which marks the angular
separation between planet and the host star. Then, we try to re-construct the 2-D
observed spectra, usually called raw images in real observation, starting from ETC
which only provides the final 1-D extracted spectra that is actually a convolution of
several components.

The extraction aperture refers to the size and shape of the region over which the light

22


https://www.eso.org/sci/facilities/paranal/instruments/crires/doc/CRIRES_User_Manual_P108_Phase2.pdf

sed_target

b
| !

4.0 ‘ ‘l“
i
'l

3.01

ol
~ 254 ‘ ‘
‘ \‘1

s (e

22.04

count

1.51

o

1.0

o

0.5

o

|

00f !

(
H |
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from the target is collected from raw images. It essentially defines the portion of the
observed light that will contribute to the final spectrum. The extraction aperture
can be expressed as a uniform window function A contributed to the equation 2.2.
The flux distribution captured by the extraction aperture f(A,x) is :

FO2) = SOVPOL) T A() .
A(z)=1(0<z < a) ’
where a is the width of the extraction aperture. Therefore the observed 1-D spectrum
can be expressed as the integral:

fA) = /OO f\ z)de = /Oam(/\,m)da: =s(A)T(N) /Oa P\ x)dx (2.8)

It is clear that the spectrum is modified by the PSF pattern of the slit. Here we
assume the instrumental and atmospheric throughput are only functions of wave-
length.

ETC already includes the information on the PSF profile but only provided the ex-
tracted spectra under convolution. To re-construct the 2-D raw images, instead of
considering a specific PSF profile, an alternative way is to vary the size of extraction
aperture on ETC, and then make the difference of the 1-D spectra set with gradually
ascending size of the extraction aperture 2. If the central pixel of the aperture is
denoted as 0 , assuming the PSF profile is symmetric and the aperture size as a,
then f,()\), the convolved flux along the spatial axis can be derived as:

fa(A) = / m(\, z)dr = s()\)T(/\)/ P\ x)dr,a=2n+1(0<n<17,n € Z)
) B (2.9)
where n denotes the coordinate of pixel along the spatial axis, and a = 1,3,5,...35.
Taking into account the detector plane as discrete pixels, the equation above can be

2The ETC tool for CRIRES+ may suffer from some problems to generate narrow PSF profiles
and thus provide wrong results
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Figure 2.4: The workflow diagram of the simulation pipeline

adjusted from integral into summation:
faM) =" m\z)=sNT(N) Y P\ z)dr,a=2n+1(0<n<17,n€ Z)
B B (2.10)
Therefore, the flux at (A, +n), namely at a specific wavelength and a fixed pixel
along spatial axis on the plane, can be retrieved by calculating the difference

_ ftlz<)‘) B fai—l ()‘)
2

f(A £n) a={a;} ={1,3,5,..35} (2.11)

2.5 Photometric system and color indexes

The apparent magnitude of planets can provide a direct information for the possi-
bility of detection over different bands, while color index, as a quantity independent
from distance (Gallaway 2020), is useful to indicate the intrinsic difference of atmo-
spheric composition (F. Allard et al. 2012). Since we generate a series of simulated
spectra under different configurations (different 7, ¢, log(g), Metallicity), it is a good
way to compare their magnitudes, calculate color indexes and plot color diagrams to
understand which configuration is more suitable for High-Dispersion Spectroscopy
observation in the future.

To plot a color-Temperature or color-magnitude diagram, it is important to select
a proper photometric system and retrieve the relative zero-point flux values. We
follow the photometric system of Mauna Kea Observatory (MKO), with the trans-
mission profiles and zero-point flux measured from the infrared camera NSFCam?2
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Table 2.5: Zero-Point Magnitude and Atmospheric Extinction Coefficients of J and
K’ band

Amin — Amaz (A) zero-point flux (erg/ch/s/fZl)

J 11481.78-13494.41  2.983e-10
Ks 19501.89-23377.11 4.364e-11

n-nomorlized)

11500 12000 12500 13000 13500 19000 20000 21000 22000 23000 24000
Wavelength () Wavelength ()

(a) J band (b) Ks band

Figure 2.5: NSFCam?2 transmission profiles in J and Ks band

utilizing the same type of detector as CRIRES+ (Shure et al. 1994)3. The transmis-

sion profiles are plotted in Fig. 2.5, and the zero-point flux F{y for Vega are shown
in Table 2.5.

Then, the magnitude can be calculated according to Pogson equation:

S - S(A)dA
T S(A)dA

F =
2.12
. (212
Mea = —2.5 x logyg o)

where f(\) corresponds to the flux density and and S(A) corresponds to bandpass
transmission profiles (Pickles et al. 2010, Bessell 2005, Gallaway 2020). The color
index b between two bands can be calculated as

b= Mcal,l - Mcal,? (213)

Notably, atmospheric extinction is ignored here since we focus on the theoretical
magnitude of the planets.

30fficial webpage: NSFCam2
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Chapter 3

Results and Analysis

In this chapter we present the results of this thesis work. In Section 3.1, a set of
models for HD 169142b is identified that are compatible with with the IF'S obser-
vation in K band of this object. In Section 3.2 we present simulated observation of
raw images for HD 169142b with CRIRES+ based on one model that previously se-
lected. Finally, in Section 3.3, a preliminary analysis is implemented to understand
the sensitivity of CRIRES+ on detection of HD 169142b’s atmospheric emission.

3.1 Color Diagram

With 55 simulated spectra for the planet’s atmospheric emission, we firstly make
the color diagram to study the color dependence for simulated spectra in various
configurations as well as computing the theoretical magnitude of the planet in Ks
band. The color-Temperature tracks for different log(g) are shown in Fig. 3.1a.
According to France Allard et al. 2001 and F. Allard et al. 2011, dust cloud for-
mation is dominant for Tpsr < 2500K associated with greenhouse effect, leading to
extremely red colors for late M and early L dwarfs comparing with Very-Low-Mass
stars. However, when 7,5y < 1800K, the greenhouse effect saturated and Methane
(C'H,) clouds gradually forms in the condensation layers and make strong absorption
at the peak of Ks band, which leads to a sharper transition towards bluer color in-
dexes as demonstrated in 2.1, especially for the temperature of T dwarfs (< 1300K)
which is consistent with the color analysis in Testi 2009. Surprisingly, as plotted in
3.1b, the track with log(g)=5.5 matches very closely with a lower gravity setting,
log (g)=4 shown in Figure 4 in F. Allard et al. 2012, indicating a possible typo in
F. Allard et al. 2012. Moreover, the gravity range of brown dwarf sample in Testi
2009 is 5.0 < log(g) < 6.0, which reproduces similar color changing as our results.
Therefore, hereafter we concentrate on the examples with log (g) =5.5.
We also calculate the Ks magnitudes for planets (M, xs) based on the stellar J
magnitude (M, ), the J band planet-to-star contrast (R;) and the calculated color
index (by_ks):

M, ; = M, ;+logio(Ry)

3.1
Mp,Ks = Mp,J - bJ—Ks ( )

Then M, ks is compared with the upper limit to the Ks band magnitude of HD
169142b as mentioned in Section 2.4. The uncertainty of calculation are propagated
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from the uncertainty of flux contrast measurement in Table 1.2. As plotted in Fig.
3.2, for spectra with log (g) > 4.0, the brightness at Ks band enhances with tempera-
ture increasing in general. However for those with log (g) < 4.0, the brightness drops
down with temperature increasing. And the color is much redder than other cases.
The mechanism of this low-gravity reddening can be complicated, related to the
dusty cloud formation scenario, which consider different condensing temperatures
of multiple components in the atmosphere, and associated sink processes (Woitke
et al. 2020). In addition, we found that for most settings the planet is brighter
in Ks band than J band, the only models incompatible with IFS observations by
Hammond et al. 2023 at K band is when T, ;;= 1700K for high gravity (log (g)= 5,
5.5) and low gravity models cooler than 1600K.

3.2 Reconstruction of Raw Images

A example of the 2-D raw image combining stellar light and planet signal is shown in
Fig. 3.3 and Fig. 3.4. The planet is found at an angular separation of 6 arc-seconds,
corresponding to 6 pixels, and is marked with horizontal dashed line in two figures
metioned above. Noise terms derived from the instrument and the sky contribution
are also included. It is obvious that the dispersing light is strongly absorbed by the
Earth’s atmosphere in near-Infrared band, while less absorption contaminates on
order-27 to order-24 that covers most CO emission lines (Birkby 2018). Therefore,
it is feasible to observe potential CO lines from HD 169142b.

Additionally, as expected, it is difficult to immediately distinguish the planetary
signal on the raw images even though the AO technique significantly dampens the
PSF wings and spatially resolved two sources, which means the planetary signal is
still embedded in the light from the host star due to its weak emission. Therefore,
Bayesian techniques are required to boost the SNR with specially-designed cross-
correlation functions (Brogi et al. 2019). It will be discussed later in Chapter 4.

3.3 Flux contrast

As mentioned in Snellen et al. 2015, the follow-up high-dispersion spectroscopy com-
bined with AO is capable to separate the planet signal at a contrast of 1077, with
a strehl ratio of 0.3 and a planet projection position at 0.6 pixel as shown in Fig
1.11. The effective temperature of the host star is more than 7000K corresponding
to the black-body profile peak at A < 1 um, while the self-luminous planet with
temperature from 1000 to 2000 K reach its black-boy emission peak at around 1.4
to 2.9 um, which is reasonable to obtain a contrast higher than 10~7. To assess the
improvement of sensitivity due to AO, we compare the intrinsic and in-situ planet-
to-star flux contrast R and R;,_sn. In particular, R;, g, represents the contrast
ratio measured at the spatially resolved planet location, and thus represents the
contrast we need to reach with high dispersion spectroscopy to achieve a detection.
As the contrast along dispersion axis shown in Fig 3.5 associated with the configu-
ration T s = 1300k, log(g) = 5.5, Metallicity = 0.0, both intrinsic (R) and in-situ
(Rin_situ) contrast can reach over 107> and 1073 respectively in our simulation. The
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(a) The Color-Temperature diagram of BT-Settl generated
spectra. The color indices are computed from J — Ks as de-
scribed in Section 2.5. Different gravity settings are denoted in
different colors. In addition, we adjust the scales the same as
Fig. 3.1b to make comparison easy.
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(b) We focus on green lines that marks the simulation from
BT-Settl fitting with an observed Brown Dwarf sample, with
log (g) =4.0. Full explanation can be found in F. Allard et al.
2012.

Figure 3.1: Comparison of the Color-Temperature Diagram between the BT-Settl
simulation from this work and F. Allard et al. 2012
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Figure 3.2: The Magnitude-Temperature diagram for Ks magnitude retrieved from
models. The blue dashed line marks the Ks magnitude of the planet calculated from
the non-detection limit of 5.1 x 107°. To compare the brightness in two bands, J
magnitude retrieved from the observation by Hammond et al. 2023 ( M, ;) is also
marked here as the gray dashed line.

AQO significantly helps to reduce PSF wings and promotes the flux contrast of around
30 times higher at planet’s position than the intrinsic one. Additionally, it shows
more than 30 times of fluctuation in order-29, which is probably due to the Earth’s
atmospheric absorption similar to the results of 2-D raw images in Fig. 3.3. On the
other hand, from order-27 to order-25 it shows stable contrast of log( Rip—situ) > —3
over most wavelengths, which is consistent with what we see from raw images as
mentioned before. It again indicates a high SNR observation in these orders.
Moreover, since the physical properties for HD 169142b are still mostly uncon-
strained by observations, it is worthwhile to figure out which configuration leads
to better planet-to-star contrast to be observed. We therefore plot the contrast
maps with effective temperature varying for fixed gravity, shown in Fig. 3.6 and
Fig. 3.7. Generally, for fixed log (g), the overall contrast slightly increases with
increasing temperature by up to 107%%, indicating that it is easier for CRIRES+ to
acquire high-significance observation when the planet’s atmosphere has high effec-
tive temperature. On the other hand, the overall contrast is lower for larger log(g).
Moreover, for low-gravity configuration (log(g)=3.5), the contrast is significantly
higher it of than higher gravity configurations, for the explored temperature range
from 1000 to 1800K.

Fig. 3.7 presents the case of high gravity setting, i.e. log(g)=5.5. The contrast
reaches maximum in most wavelengths when 7.,y =1700K. It is consistent with
what we obtain on the J — Ks color diagram (Fig. 3.1a): the reddening of color
index is abruptly reversed from T.;y =1700K down to T =1000K, namely the
configuration with 7. =1700K reaches the reddest color in simulation for log (g)
= 5.5, which emission is concentrated on Ks band that promote the contrast to
maximum. Overall, CRIRES+ observation in K2166 setting is favorable for young
planets with 7. >1500K, particularly for planets at around 1700K which keep
extremely red color.
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Figure 3.3: the 2-D raw image generated from the simulation pipeline for the 7
echelle orders in K2166 setting, associated with the simulation configuration T, ¢ =
1300K, log(g) = 5.5, Metallicity = 0.0. The gray dashed line marks the projected
position of the planet HD 169142b.
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Figure 3.4: a zoom-in image on order-24 of Fig. 3.3 shown significant absorption
due to the Earth’s atmosphere
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Figure 3.5: planet-to-star contrast ratio along wavelengths, for T¢;r =
1300K,log(g) = 5.5, Metallicity = 0. The blue line and yellow line marks in-
trinsic and in-situ planet-to-star contrast ratio, respectively, with the average value
over the whole sub-order shown at lower-left.

Our results are comparable with CRIRES+ observation for the transiting planet
MASCARA 1-b (Ramkumar et al. 2023), which contrast is 107 — 1073 utilizing
the CO emission-line template, which is even smaller than what we obtained in the
most favorable cases as shown in Fig. 3.5. Hence, Our simulation support a high
planet-to-star contrast ratio in real observation that CRIRES+ will be able to detect
the atmosphere of HD 169142b in many cases.
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Figure 3.6: The R;, s map given specific log(g). It is obvious that in general
the contrast is higher when effective temperature increases, and when the surface
gravity log(g) decreases, within a scale of Alog(Rin_situ) ~ 0.5.
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Figure 3.7: The map with log(g)=5.5 in Fig. 3.6 from 1000 to 2000K, with y-
axis upside down. It is clear that the contrast in 1700K is higher than it in other
temperatures generally.
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Chapter 4

Conclusion and Perspectives

4.1 Applying Novel Bayesian Framework

It is always challenging to convert cross-correlation values into a goodness-of-fit esti-
mator to retrieve the physical properties of atmosphere. This is however a necessary
step to quantify the properties of the studied atmospheres, e.g. the abundance of
species.

For High-resolution Spectroscopy such as CRIRES+ observation, wavelength shift
must be considered, therefore the log likelihood function L of cross-correlation (C)
can be expressed as:

f(n) =ag(n —s)+d,

I 1;[ w;?exp{_[f(n) —Qagz(n—S)]Q}

_ (AT;)NP {—Z HORI s>12}

n

(4.1)

where f(n) is a single observed spectrum and g(n) is a template spectrum. Both f(n)
and g(n) are continuum-extracted for determination of emission-line significance.
Then, n represents the bin number or spectral channel, then a denotes a scaling
factor, s denotes wavelength shift and d,, is the noise at bin n. The noise is assumed
to be Gaussian-distributed at each pixel with standard deviation o.

Hence the log likelihood function is:

log(L) = ~Nlogo — =5 S"[7(n) ~ ag(n — )] (12)

with this new formula, Brogi et al. 2019 designed a new Bayesian approact for
High Resolution Cross-correlation Spectroscopy (HRCCS) as plotted in Fig. 4.1.
In the next step, this framework will be implemented into our pipeline to analyze
the significance of various molecular signals in synthetic observation, for the library
of spectra. We aim to figure out the feasibility of molecular-line detection and
characterization on young planets in different effective temperatures, gravity and
metal abundances.
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Figure 4.1: The workflow of HRCCS to retrieve planetary parameters, from Brogi
et al. 2019

4.2 Future Instruments

Extremely Large Telescope (ELT) is the next-generation ground-based telescope and
will be installed with the largest 39m main-mirror diameter. Two main instruments
are expected to engage in HCI4+-HDS observation. the extremely high dispersion
spectrometer ANDES and mid-infrared imager METIS (Marconi et al. 2022, Blain
et al. 2022). ANDES is capable to reach the resolution of 100,000 with default ELT
Adaptive Optics, enables the precise and direct spectroscopy for diverse types of
exoplanets to understand their chemical compositions and weather in atmospheres,
and search for bio-signatures from atmospheric emission. METIS covers a wide
wavelength range from 3 to 13 pwm and carries advanced coronagraphy and AO
system. It allows a stronger capability of planet detection over a large range of
effective temperatures, and the integral field Spectroscopy at L/M band with a
resolution of 1,000 enables a higher precision for separation measurement.

Our study is a pathfinder for atmospheric characterization of exoplanets using ELT.
The pipeline of synthetic spectra can be adjusted to work with ETC of ANDES,
therefore it can help astronomers to better understand the detection of exoplanet
observation in the era of ELT. Moreover, the feasibility study of several young planets
with current instrument CRIRES+ can inspire the astronomers to make a reliable
list of interesting targets for METIS observation.
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4.3 Conclusion

We selected the BT-Settl models that are compatible with current observations on
target planet HD 169142b. And next we generated a library of synthetic obser-
vations through a specially-designed pipeline to obtain the 2-D observed spectra
(“Raw images”) associated with CRIRES+ on VLT. To make a preliminary assess-
ment on the feasibility of CRIRES+ observations for the planet, we computed the
planet-to-star flux contrast ratio based on the 2-D observed spectra, and tried to
understand the telluric contamination along different orders by checking the simu-
lated raw images. Moreover, Using the selected BT-Settl models, we produced the
Color-Temperature and Color-Magnitude diagram, to retrieve the theoretical mag-
nitude at specific bands and understand the color dependence of HD 169142b.
From color analysis, the models with log (g)=5.5 are more compatible with previ-
ous observations, and the retrieved magnitude at Ks band provide an estimation
of planet’s magnitude under various different physical configurations, and therefore
could be informative for observation proposals on HD 169142 planetary system. Ad-
ditionally, low-gravity models present opposite behaviors on Color-Magnitude and
Color-Temperature diagrams. It is worthwhile to explore the intrinsic mechanism
in future study.

Concentrating on the target planetary system HD 169142, we conclude that for log
(g) = 5.5, in the temperature range 1000-2000 K it shows a high planet-to-flux
contrast over 10~% at the position of planet, with around 2 orders of improvement
from the intrinsic planet-to-star contrast. It thus supports a strong detectability for
HD 169142b. More generally, CRIRES+ is favorable to high effective temperature
scenarios which T¢sr > 1500K. In addition, by checking the re-constructed raw im-
ages, we found that from order-27 to order-24 the spectrum is less absorbed by the
Earth’s atmosphere, which makes these orders the most favorable for detection of
the planet’s atmosphere.

In the next step, Bayesian analysis will be implemented on the 2-D observed spectra
in order to analyze the significance of various molecular lines in a more quantitative
way. The novel Bayesian framework for HRCCS will also be applied and tested. We
will optimize the pipeline to be more flexible to work with ETC tool from different
telescopes such as next-generation HDS instrument ANDES. Hence, it can be uti-
lized to pathfinder research for ANDES observation that focuses on young planet
characterization in the next decades.
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