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I. Introduction

As of writing we know about half thousand extrasolar planets (so-called exoplanets). The exo-

planets as well the planets in our Solar System are believed to form in circumstellar (called also

protoplanetary) disks around pre-main sequence stars. These disks are the remnants of the giant

molecular clouds. Observations with reliable techniques such as radial velocity measurements or

high-contrast direct imaging have been unable to conirm the presence of planets caught in forma-

tion so far. However, to understand the formation of planets better, detection of young planets still

embedded in their host disk is indispensable.

The core-accretion scenario of planet formation predicts the birth of giant planets in the inner,

dense, and gas-rich regions of the protoplanetary disks. These are the regions where strong near-

infrared band (4.7μm) carbon-monoxide (CO) emission or absorption is expected to form. Thus,

high-resolution near-infrared spectra of protoplanetary disks provide us a tool to map the planet

formation sites, which help to understand better the formation of planets.

II. Scientific goals

In my PhD Thesis, I investigated whether the local or global eccentric disk state can be resulted

in observable distortion of near-infrared band CO emission line profiles. In the locally eccen-

tric disk scenario, a giant planet being in born would be indirectly detected, which would pro-

vide clues for planet formation theories. As the planet formation within the core-accretion sce-

nario is strongly affected by the disk eccentricity, major consequences could be drawn to the

core-accretion theory by observing the disk eccentricity. Hence, the high-resolution near-infrared

CO spectra provided by contemporary or future high-resolution spectrographs such as CRIRES

(CRiogenic high-resolution InfraRed Echelle Spectrograph) on the VLT (Very Large Telescope)

or METIS (Mid-infrared E-ELT Imager and Spectrograph) on the planned E-ELT (European Ex-

tremely Large Telescope) could serve us a novel method to test and improve planet formation

theories.

It has been known that a massive enough planet opens a gap in its host disk. Recent hydrody-

namical simulations have shown that the gap opened by a massive planet (≥ MJup) is not circular,

rather elliptic in shape due to the gravitational perturbation of the planet. The excitation of the

Lindblad 3:1 resonances caused by an orbiting planet results in local disk eccentricity develop-

ment. Supersonic velocity disturbances – such as an eccentric gas orbit – distort the symmetric
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double-peaked emission line profiles expected to form in axisymmetric, circularly Keplerian disks.

Therefore, young giant planet still embedded in its host disk might be detected by line profile dis-

tortions if the perturbed regions have a significant contribution to the total CO flux.

According to the theory of resonant excitation mechanisms in the circumstellar disks of

medium-separation (20AU ≤ abin ≤ 40AU) young binaries, the circumprimary disk (circumstel-

lar disk formed around the primary star) becomes fully eccentric. In line with previous numerical

investigations, my hydrodynamical simulations (using α-viscosity prescription) confirmed that the

orbit of gas parcels are eccentric everywhere in the circumprimary disk, i.e., the disk is globally

eccentric. Since the global disk eccentricity causes supersonic velocity perturbations in the entire

disk, the near-infrared CO emission line profiles are expected to be strongly distorted (comparing

to the circular Keplerian case), thus these lines can be used to determine the disk eccentricity.

III. Methods

In order to model the near-infrared CO emission or absorption formed in the atmosphere of proto-

planetary disks, I developed a two-dimensional semi-analytical radiative transfer code. This code

uses the double-layer flaring disk approximation of Chiang & Goldreich (1997), in which the disk

is heated by the stellar irradiation and accretion processes. In this model, the incident stellar flux

heats the disk atmosphere, of which dust content reprocesses the stellar light and irradiates the disk

interior, while the accretion processes heats the disk interior directly. As a result, the near-infrared

CO emission or absorption forms in the optically thin disk atmosphere above the optically thick

disk interior.

To calculate the velocity perturbations of the gas flow in a protoplanetary disk, caused by (i) the

gravitational perturbation of a giant planet embedded in it, or (ii) the orbiting companion in young

medium-separation binaries, I carried out two-dimensional hydrodynamical simulations. In these

simulations the continuity and Navier–Stokes equations were solved numerically in cylindrical

coordinate system. The azimuthal and radial velocity distributions of the hydrodynamical simula-

tions served as input to the above mentioned spectral tool to calculate the emergent near-infrared

band (4.7μm) CO line profile distortions.
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IV. Theses

Spectroscopic modelling tool for protoplanetary disks

(1) Based on the double-layer disk model of Chiang & Goldreich (1997), I developed a semi-

analytical, two-dimensional radiative transfer tool in IDL language to calculate the near-

infrared (4.7μm) spectra of CO molecules emerging in protoplanetary disks. The determi-

nation of the excitation parameters of CO molecule required to calculate the line profile is

based on the work of Goorvitch (1994). Calculating the grazing angle of the stellar irradia-

tion impinging the flaring disk atmosphere, the atmospheric CO content is determined. The

temperature distribution in the disk atmosphere and disk interior are calculated taking into

account the stellar irradiation and accretion heating processes with the assumption of local

thermodynamical equilibrium. After determining the intrinsic CO line profile emerging from

a gas parcel, the total disk emission is calculated via numerically integrating the emission of

individual gas parcels, taking into account the disk’s inclination angle.
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FIGURE 1: Double-layered flaring disk model in which the following emission components

are included: the optically thin atmospheric emission with temperature Tatm above the

optically thick disk interior with temperature Tint; the continuum emission of the rounded-

off disk inner rim with temperature Trim; the stellar continuum assumed to be a blackbody

with temperature T∗. The accretion heating of disk interior is also accounted for.
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(2) In order to test the applicability of the own developed spectral tool, I carried out extensive

model calculations for unperturbed circular Keplerian protoplanetary disks. The results con-

firmed that the spectral tool gives reasonably good predictions of the emerging CO emission

line profiles for protoplanetary disks around common T Tauri stars in the near-infrared band

(4.7μm).

The details of my spectroscopic modelling tool have been published by Regály et al.

(2010a). My calculations contributed to the publications of Goto et al. (2011) and

Kóspál et al. (2011).

Detectability of embedded planets by near-infrared CO spectra

(3) I demonstrated that a massive planet embedded in a protoplanetary disk strongly influences

the originally circular Keplerian gas dynamics by numerical hydrodynamical simulations

using an α-type viscosity prescription. Due to the gravitational perturbation of the embedded

planet the disk becomes locally eccentric near the gap opened by the planet.

(4) I demonstrated that the perturbed gas flow can be detected by comparing the near-infrared

CO line profiles in emission, which emerge from planet-bearing to those of planet-free disk

models. I found that the planet signal has two major characteristics: a permanent line profile

asymmetry, and a short timescale variability correlated with the orbital phase of the giant

planet. The permanent line profile asymmetry is caused by the local eccentric disk state (i.e.,

around the gap opened by the giant planet), while the variable component is a consequence of

the local dynamical perturbation of the gas flow by the orbiting giant planet. The shape and

magnitude of the permanent asymmetry depend on the stellar mass, planetary orbital distance,

and orientation of the elliptic gas orbit with respect to the line-of-sight. The magnitude of

the variable component is ∼ 10% compared to the total line flux, and its width is ∼ 10 km/s,

depending on the inclination angle.

(5) Investigating the CO line profile distortions in models with different disk, stellar, and plane-

tary properties, I concluded the followings: The line profile distortions are more apparent for

larger inclination angles; the planet signal becomes stronger with increasing planetary mass;

the planet signal strengthens with the mass of the hosting star, and with decreasing orbital

distance of the planet. The size of the inner cavity has a strong influence on the giant planet

observability, i.e., for ≤ 0.2AU cavity size only close (∼ 0.5AU), while for 0.4AU cavity
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size even distant planets (∼ 2AU) can be detected. The influence of disk geometry on the

planet signal is modest, i.e., with varying disk thickness, the strength of planet signal does

not change. The lowest mass of a giant planet orbiting at 1 AU that still can be detected is

0.5MJup around a 0.5M� star in the confines of my models. I concluded that, giant planets

with ≥ 1MJup mass orbiting within 0.2 − 3AU in a young disks around a T Tauri type star

are detectable by high-resolution near-infrared spectroscopic monitoring with VLT/CRIRES,

if other phenomena do not confuse, mimic, or obscure the planet signal.
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FIGURE 2: Surface density (left panel) and radial component of velocity (middle panel)

distribution in a planet bearing protoplanetary disk. Distorted CO lines (right panel) emerg-

ing from the perturbed disk, assuming 20◦, 40◦ and 60◦ disk inclinations.

The study on the detectability of giant planet embedded in protoplanetary disks has been

published by Regály et al. (2010a).

Spectral signatures of disk eccentricity

(6) I investigated the circumprimary disk eccentricity evolution in medium separation (20 −
40AU) young binary system to reveal its dependence on the physical parameters of the bi-

nary system and the protoplanetary disk. I found that the quasi-steady eccentric disk state

always develops in circumprimary disks within the average disk lifetime (∼ 5 × 106 yr), if

the viscosity is between the generally accepted values (0.01 ≤ α ≤ 0.1) regardless of the

binary mass ratio and disk mass. I revealed that the orbital eccentricity of binary system,

ebin ≥ 0.2 or its high/low disk geometrical thickness (h � 0.01/h � 0.1) might inhibit the
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development of the quasi-static eccentric disk state. I found that the eccentric disk is precess-

ing retrograde as a rigid body on timescale of ∼ 10 binary periods, whilst the magnitude of

the disk eccentricity is slightly varying on the timescale of the binary period.

(7) The hydrodynamical results were combined with my spectral model to calculate the CO

molecular line profiles emerging from the fully eccentric circumprimary disk. The CO line

profiles are asymmetric (with peak-to-peak asymmetry App � 20%) as the average disk ec-

centricity is ēdisk � 0.2 inside 2 − 3AU, where the CO is excited by the irradiation of the

primary star. The peak asymmetry is found to be inverted twice during a full disk preces-

sion, which takes about ∼ 6.5 binary orbits. Moreover, as the disk eccentricity slightly varies

during one binary orbit, line profile variations might be observed in the line wings on the

timescale of the binary period. The inner (≤ 2− 3AU) disk eccentricity profile can be deter-

mined by fitting the observed high-resolution near-infrared CO line profile asymmetry using

my spectral model. I concluded that one might further constrain the core-accretion theory

by measuring the disk eccentricity in medium-separation binaries using my novel method, as

the eccentricity of protoplanetary disks can strongly influence the planet formation.

Secondary ~19.6% 

~18.2% 

FIGURE 3: The circumprimary disk becomes eccentric due to the perturbations from the

secondary (left panel). Asymmetric CO line (middle panel), assuming 20◦ and 60◦ disk

inclinations. Trailed spectra (right panel) covering a full disk precession show periodic

variations in asymmetry with ∼ 6.5 and line wings with ∼ 1 binary periods.

The study on the spectral signatures of eccentric circumprimary disks in young binaries have

been published by Regály et al. (2011).
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V. Conclusions

I have shown that my semi-analytical two-dimensional spectral model is capable to reproduce the

double-peaked Keplerian line profiles in the near-infrared CO band emerged from protoplanetary

disks around young (∼ 2.5×106 yr) T Tauri-type stars assuming canonical dust and gas properties.

My investigations on giant planet bearing disks revealed that significant line profile distortions

appear in the near-infrared (4.7μm) CO band caused by the gravitational perturbation of an em-

bedded giant planet. A giant planet with a mass of at least 1MJup significantly perturbs the disk

and causes a permanent asymmetry observed in line profiles and their variations on the orbital

timescale of the planet. The permanent asymmetry of the line profiles can be interpreted by the

disk being in an eccentric state near the gap opened by the giant planet, but the short timescale

variability is connected to the local dynamical perturbations of the orbiting planet. Thus, even Jo-

vian mass planets can be detected revolving on close orbits (0.2−3AU) in protoplanetary disks of

T Tauri type stars by high-resolution near-infrared CO-spectroscopy observed with contemporary

instruments like CRIRES.

My investigations on the spectral signatures of circumprimary disk in medium-separation

young binaries revealed that the disk becomes fully eccentric for wide range of binary and disk

parameters, however, low or high disk geometrical thickness, or high binary orbital eccentricity

might inhibit the formation of the quasi static eccentric disk state. The disk eccentricity profile in

the planet-forming region can be determined by fitting the observed near-infrared CO line profile

asymmetry using my own developed spectral code of protoplanetary disks that accounts for the

velocity distortions caused by the disk eccentricity. With this novel approach the disk eccentricity

can be inferred from the spectroscopic data acquired by CRIRES prior to the era of high angular

resolution optical (ELT) or radio (ALMA, E-VLA) direct-imaging. Since the disk eccentricity

has major consequences on planet formation, one might be able to constrain the planet formation

theories by the method presented.

The results of my investigations have been summarized in an oral presentation held at IAU

Symposium No. 276 (Regály et al. 2010b).
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