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Eötvös Loránd University, Faculty of Science

Head of PhD School: Prof. Ferenc Csikor

Head of PhD Programme: Prof. Ferenc Csikor

Thesis supervised by:
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Péter Ábrahám, DSc (scientific advisor, director)

Konkoly Observatory of the Hungarian Academy of Sciences

Budapest, 2011



Introduction

Low-mass stars begin their lives in the densest regions of the interstellar medium, in the

molecular cloud cores, that evolve into an unstable configuration and gravitationally col-

lapse. In the gradually diminishing natal cloud or envelope, due to an initial rotation of

the cloud core, a small, rotating accretion disk forms along with the protostar. Sun-like,

low-mass stars collect most of their mass through accretion from this disk. During the

early phases of their evolution, stars remain in a very close contact with their circumstel-

lar environment, which determines the initial conditions for the further evolution of the

system, governs stellar build-up and provides the birth-place for planets.

Means and timing of the accumulation of mass in stars during the star formation

process is of fundamental importance. Mass accretion rate during the early stellar evolu-

tion generally decreases with time, however, there are episodes of sudden, short-timescale

bursts, when mass is transferred onto the young star at much higher rates. The typically

low accretion rates of 10−9
− 10−7M⊙yr

−1 may increase for limited periods by several or-

ders of magnitude, and ∼ 10% of the stellar mass is supposed to be gathered during these

rapidly accreting phases. The eruptions of the FU Orionis- and EX Lupi-type variable

stars (FUors and EXors, respectively) may represent the most intense bursts. The out-

burst events are observed as sporadic, spectacular brightenings of V ≈ 1− 6 magnitudes,

lasting for diverse periods of time. The shorter recurrent flare-ups, typical of EXors, are

only a couple of months – years long, while among FUors we know of objects being in a

high state for almost a century, and all of them have spent several decades in outburst.

The mechanism leading to the sudden dramatic rise in accretion rates is still under

debate. Explanations include instabilities of gravitational, thermal or magnetic origin, or

a combination of these. The means of the onset of the burst is also unclear. Whatever the

outburst mechanism is, the circumstellar environment and especially the regions of the

circumstellar disk closest to the star must play an essential role in driving the eruptions.

However, until recently, there was no detailed information about the structural and ther-

mal conditions in the circumstellar environments of EXors/FUors either in quiescence or

outburst. Especially detailed interpretation via model-fitting was missing. This gave the

main topic of my PhD research. I studied the characteristics of the disk–envelope system

surrounding eruptive young stars both in their high- and low-states.
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Scientific aims

My PhD research focused on two groups of questions. One topic concerned the general

significance of young eruptive sources. My goal was to find answers to the following open

issues: Do outburst periods occur during the early evolution of all low-mass young stars?

In which stage of disk evolution can eruptive phenomena occur? Do EXors/FUors have

any characteristics that would set them apart from normal TTauri stars? Altogether

we know about somewhat less than 30 EXors/FUors. Still, eruptive phenomena cannot

be considered rare. If we take into account the short-lived nature of the bursts, then

according to statistical considerations, most low-mass young stars may undergo these

stages during their evolution, and furthermore, the bursts have to be repetitive. However,

besides statistics, the quiescent properties of eruptive stars have to be examined, in order

to find answers to these still open issues. If the eruptive sources in their low-state indeed

show distinctive characteristics, that points to the fact that eruptive phenomena are only

important in the evolution of a subgroup of stars. However, if no distinct features can

be found in the quiescent circumstellar disk–envelope system of the sources, it implies

that EXors have a non-exceptional status among regular YSOs. Eruptive phases thus

may occur during the early evolution of all Sun-like stars, and have a general significance

in the birth process of low-mass stars and their planets. In order to contribute to this

issue, I studied whether the prototype of EXors, EXLupi is exceptional among regular

low-mass T Tauri stars. My analysis focused on the structure and properties of the

circumstellar disk, I compared the circumstellar environment of the source with those of

classical TTauri stars.

I also examined the immediate surroundings of two young stars in outburst. Eruptions

affect the stars themselves, their circumstellar environments, and consequently also the

formation of their planetary systems. The extra accretion energy heats up the whole

system, and the increased accretion is accompanied by powerful winds and outflows.

These events modify the geometrical and thermal structure of the disk and also the dust

composition of young stellar systems on the time-scales of weeks –months. The nature

of these modifications was the other main topic of my research. During the recent, 2008

eruption of EXLupi in situ crystallization was observed, and I examined in which regions

of the circumstellar disk crystals could form. Besides the outburst of EXLupi, I followed

the temporal evolution of the inner circumstellar structure during the recent eruption

2



of V1647Ori via radiative transfer modelling of multiepoch measurements. I was also

interested whether the observed temporal changes are related to the varying illumination

of the disk by its central region, or are due to the restructuring of the circumstellar

environment.

Methodology

In order to study the properties of the immediate environment of young eruptive stars,

I constructed the spectral energy distribution of the sources both in outburst and qui-

escence. I compiled the spectral energy distributions (SEDs) from ground-based and

space-borne observations covering the optical–infrared wavelength regime. I used both

literature data and new measurements. In the case of V1647Ori, multiepoch measure-

ments made a complex, temporal analysis possible. The SEDs were complemented by

mid-infrared interferometric data collected on two epochs, which helped the investigation

of the inner regions of the circumstellar environment.

Depicting the nature of the sources from observations can be complicated. Thus, I

compared observations with simulations based on recent theoretical models describing disk

and envelope properties. For this purpose, sophisticated numerical radiative transfer codes

serve as basic tools. I modelled simultaneously continuum measurements at the optical–

far-infrared wavelengths range, and in the case of V1647Ori mid-infrared interferometric

data, for delivering a detailed, quantitative, physical picture of the studied sources. I

utilized for this purpose two of the leading continuum radiative transfer codes called

RADMC (Dullemond & Dominik, 2004) and MC3D (Wolf et al. 1999, Wolf 2002). Both

codes use the Monte Carlo method and the Bjorkmann–Wood algorithm for solving the

radiative transfer problem in various dusty environments. They can treat complex density

configurations, and include accretion characteristics as well. For all of the models during

my PhD work, I used two dimensional, axisymmetric density distributions consisting of a

circumstellar disk, and in the case of V1647Ori an envelope too. Spectra and images were

calculated from the model-temperature distribution obtained as the result of the radiative

transfer calculations, which I compared to measurements. Based on the parameters of the

best fitting model I gave a characterization of the system, and drew conclusions about

the processes forming the given configuration.
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Theses

EXLupi in quiescence

(Sipos et al., 2009, A&A, 507, 881)

(1) I examined the properties of the SED of EXLupi, constructed from all available

optical–infrared measurements of the quiescent phase, and compared it with those of

other non-eruptive young stellar objects. My results are listed below.

(a) During quiescence I found an indication of an intrinsic variability of the source

of less than 25% in the optical–mid-infrared wavelength regime.

(b) In general, the shape of the SED is similar to those of typical classical TTau stars,

but above 7µm EXLup is brighter than the Taurus median by a factor of ∼2.5.

The relative flux contribution from shorter and longer wavelengths is a parameter

that may distinguish EXLup from the majority of classical TTau stars.

(2) Based on the detailed modelling of the quiescent disk structure of EXLup, I found

that a modestly flaring disk model with a total mass of 0.025 M⊙ and with inner and

outer radii of 0.2 and 150 AU, respectively, was able to reproduce the observed SED.

The parameters characterizing the source are similar to typical values for classical

TTauri stars. The inner radius of the dust free inner hole is larger by a factor of ∼3.5

than the dust sublimation radius.

(3) I concluded that the large dust-free inner gap encircling EXLupi points to a clearing

mechanism, typical of T Tauri stars being in a later stage of disk evolution. These

disks, classified as ‘evolved’ or ‘transitional’ are present among T Tauris of various

ages and masses. EXLupi might be in a phase preceding this transitional period.

However, more explanations can be invoked for what resulted in the inner hole to

form. It might be connected to the eruption mechanism or can be the result of

binarity, photoevaporation or magnetic field effects as well.
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EXLupi in outburst

(Ábrahám et al. 2009, Nature, 459, 224; Juhász et al. 2012, ApJ, 744, 118)

(4) I simulated both the quiescent and outburst temperature distribution of the disk of

EXLupi and concluded that the newly discovered crystals in the disk of EXLupi were

formed through a mechanism that is active above ∼900K. Based on the temperature

distribution in the disk, I determined the possible crystal-forming regions within the

outburst-disk. Crystal-formation took place in the surface layer of the disk, up to

a radial distance of ∼0.5AU from the central star. The temperature exceeded the

threshold value of 1000K, necessary for crystallization via thermal annealing only

here. In the midplane the temperatures were below this threshold value, just like in

the entire quiescent disk, preventing the crystallization process to be activated.

Dynamics during outburst

VLTI observations of the young eruptive star V1647Ori

(Mosoni et al. 2012, submitted to A&A)

(5) I gave a detailed description of the circumstellar environment of V1647Ori based on

the SED and interferometric visibilities via modelling, and concluded that the young

stellar system consists of a disk and an envelope, with system parameters typical

of embedded low-mass YSOs. This finding supports the hypothesis that eruptive

sources are not peculiar objects, but represent an important phase in the evolution

of all low-mass stellar systems.

(6) I compared the compiled optical–infrared SEDs of V1647Ori at five epochs, before,

during and after its 2003–2006 flare-up. My findings are the following.

(a) The accretion to the star from the circumstellar disk was the strongest at the

epoch of the peak brightness (7 × 10−6M⊙/yr), and weakened gradually as the

outburst proceeded. In quiescence it dropped to ∼4–5% of the maximal accretion

rate, but still accreted strongly (3× 10−7M⊙/yr).

(b) The inner radii of the dust disk and envelope also had to increase during the

transition from quiescence to the outburst peak. The variation of the inner radii
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of the disk–envelope system indicates that a dynamical process worked right after

the outburst, and enlarged the dust-free inner hole from 0.5 to 0.7AU on a few

months time-scale. Due to such a structural change, the extinction of the system

also changed by AIC
= 2.6mag. Thus I concluded that the increased accretion

luminosity and the varying extinction together determined the total brightening

of the object.

(7) Based on high angular resolution spatial information from two epochs during the

outburst, I found that the circumstellar structure changed considerably, the object

looked more resolved at the second epoch. I attributed this change to a rapid re-

moval of dust from the inner 3AU of the envelope. This was possibly caused by

an outflow or alternatively by the disappearance of a warm halo around the central

object. The observed changes, however may also indicate that we saw V1647Ori in a

non-equilibrium situation in 2005 September, when the sudden fading of the central

source was not yet followed by the fading of the optically thick circumstellar material.

Notes: This outburst has already been discussed in the PhD Thesis of Ágnes Kóspál and

the DSc Thesis of Péter Ábrahám. However, in my work I used different methods for the

interpretation of the data, and examined the object from a new perspective. Thus, my

results are completely independent from their findings.

Conclusions

My thesis contributes to the better understanding of young eruptive stars. Both my

results connected to EXLup and to V1647Ori indicate, that these outbursting sources do

not form a special subgroup of peculiar stars. Instead, they are representatives of regular

young stars, being in an important phase of the star formation process. The dust free inner

hole discovered around EXLup was a surprising result. It implies that the protoplanetary

disk of EXLup might be at a later stage of disk evolution than what is usually assumed

for EXors, as similar inner holes are characteristic of objects at the end of their Class II

stage. Further research, concentrating to this inner hole, will probably be able to resolve

what might have lead to the clearing of the gap. Comparison of EX Lup with other EXors

at infrared wavelengths would be important. It may answer the question of whether an
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inner gap in the dusty disk is characteristic of the EXor phenomenon, possibly connecting

the hole to the eruption mechanism, and we could learn to what extent EXLup is a good

representative of eruptive stars.

I presented models of two sources in outburst, and showed, that the temperature

structure of the circumstellar environment is modified, resulting in the case of EXLup

crystal formation, and in the case of V1647Ori an enlargement of the inner radius of the

dusty components. This result also confirmed that the brightening of the object, was only

partly due to the enhanced accretion, a decrease in the extinction contributed as well.

These results demonstrated the adequacy and effectiveness of radiative transfer mod-

elling tools for studying the circumstellar environment of young eruptive stars quanti-

tavely. I showed that due to the intrinsic variability of the sources, different observations

should be as simultaneous as possible. Interferometric visibility curves served in the case

of V1647Ori, and pointed to a mechanism acting in the innermost regions of the disk,

which we had no indication of, when examining the SEDs only. I also met the limitations

of the static radiative transfer modelling approach, as a possible non-equilibrium situation

would have required dynamical treatment. However, as we are still far from being able to

build a comprehensive picture of the eruptive phenomenon, other eruptions will likely be

studied in a similar way. Combining multiepoch multiwavelength photometric data sup-

plemeted with interferometric, high-angular resolution observations and interpreting them

via detailed model fitting, will certainly further deepen our knowledge about FUor/EXor

outbursts.
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Henning, T., Moór, A., Mosoni, L., Sicilia-Aguilar, A., & Sipos, N. (2009). Episodic

formation of cometary material in the outburst of a young Sun-like star. Nature, 459 ,

224–226.

Juhász, A., Dullemond, C. P., van Boekel, R., Bouwman, J., Ábrahám, P., Acosta-
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