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Hartmann & Kenyon (ARAA1996)

Courtesy of Mark McCaughrean



Mass accretion
• Interstellar gas and dust falls from the 

envelope onto the outer disk


• Matter gradually spirals inwards


• It accretes onto the stellar surface 
(equatorial plane? magnetic lines?)


• A fraction of the infalling matter in blown 
away in outflows

• Accretion heats the disk 
directly (inner parts)


• Accretion increases the 
luminosity of the star (hot 
spot, UV radiation); the 
higher irradiation also heats 
the disk surface

Credit: M. Romanova

Greene et al. (2001)



Accretion: is it that easy?!
• Mass accretion is A VERY DIFFICULT PROCESS: 

angular momentum has to be removed


• Turbulence, viscosity


• Depends on local temperature (sound speed, local 
ionization degree)


• Angular momentum removal can be a bottleneck in the 
accretion process at certain disk radii

Credit: K. Dullemond

• It seems that mass accretion from envelope to disk is not a problem


• Accretion through the outer disk - no information


• Potentially big problems in the vicinity of the star!



“Luminosity problem” -> Episodic accretion?

• the luminosity of protostars is less than expected.

Evans (2008)



Luminosity of embedded sources

Evans (2008)



Episodic accretion

Evans (2008)



Smaller scale variability of young stars
• T Tauri stars are “by definition” variable objects (Joy, 1945)

• Main reasons of light changes: (1) cold stellar spots (like sunspots, but bigger); 

(2) passing dust clump in front of the star; and (3) time variable accretion from 
the disk onto the star. 


• Timescale: as short as 1 week;  Amplitude: 1-2 mag (2-5x)

• Probably NOT driven by an instability

Morales-Calderón et al. 2011



Observations of episodic accretion

• FU Orionis objects?


• EX Lupi objects?


• Many other embedded young variable sources...
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Az FU Orionis csillagok szépek...



FU Orionis-type stars (FUors)

• Young stars with large outburst (4-5m, 
100x) in optical light (Herbig 1966, 1977)


• Outburst lightcurves are heterogeneous


• Reflection nebula, infrared excess


• Spectral type: F-G supergiant (optical)      
K-M giant or supergiant (near-infrared)


• Increased accretion up to 10-4 Msun/yr 
(UV excess, hydrogen line intensity...)


• Special spectroscopic features: 
blueshifted absorption in Balmer lines, 
CO bandhead in absorption, double-
peaked line profiles


• Temperature highest in the mid-plane




FU Orionis-type stars (FUors)

Double peaked absorption lines: proof for disk origin



FU Orionis-type stars (FUors)

Double peaked absorption lines: proof for disk origin



Double-peaked line profiles

Hartmann & Kenyon (ARAA1996)



List of FU Orionis-type stars (FUors)

Hartmann & Kenyon (ARAA1996)

Part of the sample have never been seen to brighten! 
Spectroscopically identified FUors.



FU Orionis-type stars (FUors)

Double peaked absorption lines: proof for disk origin



FU Orionis-type stars (FUors)

Ábrahám, Kóspál et al. (2004



FU Orionis-type stars (FUors)

Sketch for the categories of FUors



V1057 Cyg: J=1-0 transition of 13CO and C18CO  
(left: intensity, right: velocity) 

(Fehér et al. (in prep.)



Hartmann & Kenyon (ARAA1996)

Courtesy of Mark McCaughrean



Courtesy of Mark McCaughrean

SED of FU Orionis



Outburst mechanisms

• Matter is (1) accumulated then (2) falls onto the star 

• Interactions of binary or multiple systems where tidal forces disturb the 
circumstellar disk (Bonnell & Bastien 1992)


• Thermal instabilities in the disk alone (Bell et al. 1995) 


• Planet-disk interactions, where thermal instabilities in the disk are caused 
by the presence of a massive planet (Lodato & Clarke 2004)


• Gravitational instabilities in the disk due to the mass infall from the rotating 
envelope onto the disk (Vorobyov & Basu 2006)


• Slow accumulation of matter due to gravitational instability, triggering the 
magnetorotational instability, which leads to rapid accretion. Thermal 
instability is triggered in the inner disk (Zhu et al. 2009)


• Matter piling up at the corotation radius (D’Angelo 2010) 



SED of FU Orionis



FU Orionis outbursts: physical reason?

• Thermal instability



FU Orionis outbursts: physical reason?

❑ A korong először a belső peremén válik 
instabillá. Az ionizációs front belülről indul, 
és 10-20 évig halad kifelé egyre lassuló 
ütemben    (V1515 Cyg esete).  

❑ α=10^-3    kitörés közben               
α=10^-4    nyugalmi állapotban 

❑ Akkréció a csillagra 10 ^-4 Mnap / év  
❑ Egy kitörés mintegy 100 évig tart 
❑ Gyors kitöréshez perturbáció kell, ekkor a 

front kívülről befelé gyorsulva halad 
❑ Minden FU Ori csillag szoros kettős?



FU Orionis outbursts: physical reason?

Bell et al. (1994)



FU Orionis outbursts: physical reason?

• Gravitational instability



FU Orionis outbursts: physical reason?

FU Orionis



Audard et al. (2014)



Model outburst lightcurves

Audard et al. (2014)



FU Orionis outbursts in early stellar evolution



The little sisters: EX Lupi-type stars (EXors)
• Defined by Herbig (1977, 1989)


• Named after EX Lupi (and NOT after EX Orionis!)


• Episodic and repetitive eruptions, mass accretion rate: 10-6 - 10-7  Msun/yr


• In quiescence spectra look like those of normal T Tauri stars 


• In outburst: emission lines, accretion signatures, CO bandhead in emission

VY Tau



Recent inventory of eruptive stars (FUor + EXor)

Audard et al. (PPVI 2014)



Recent inventory of eruptive stars (FUor + EXor)

Audard et al. (PPVI 2014)



EX Lupi



EX Lupi



EX Lupi



SEDs of EXors

Sipos & Kóspál (in prep.)



SEDs of EXors



SEDs of EXors



SEDs of EXors



OO Serpentis (1995-2002)

Kóspál et al. (2007)

Embedded source, optically 
invisible 

Outburst is longer than typical for 
EXors and shorter than typical 

for FUors 



V1647 Ori (2004-2006)

Acosta-Pulido et al. (2007)

• McNeil Nebula


• It was a “superstar” (many fans)


• recurrent outburst




PV Cep (< 2006)

Kun et al. (2011)



[KOS94] Ha 11 (2006-2010)

Kun et al. (in prep.)



VSX J205126.0+440523

Kóspál et al. (2011)



Comparison of light curves



Colour-magnitude diagram



I. A possible third class of young eruptive stars?

Name Outburst Luminosity Accretion rate

OO Ser ~7 yrs <8 / 31 Lsun ? / ?

V1647 Ori ~2 yrs 5.6 / 44 Lsun 5x10-7 / 5x10-6

PV Cep >1 yrs 40 / 80 Lsun 2.6x10-6 / 5.2x10-6

[KOS94] Ha 11 ~5 yrs ? / ? 1.4x10-8 / 1.6x10-7

VSX J20... on-going 15/22 Lsun  ? / 2.5x10-7



A possible third class of young eruptive stars?

• These objects virtually connect the FUor and EXor classes in terms of 
outburst length, luminosity, and accretion rate


• Their spectra resemble those of the EXors


• Their circumstellar structure resembles those of FUors  (envelope)


• Evolutionary stage: very young objects


• Naming: V1647 Ori-type objects?



Evolutionary stage

• “Intermediate class”: look very embedded very young sources


• FUors: accretion disk + envelope, but the envelope’s mass and contribution 
are very different among FUor sources (FU Ori has a small envelope).  
Claims: could represent the Class I/Class II boundary (Flat sources) where 
the envelope is dispersed.


• EXors: In quiescence they look as normal T Tauri stars, without any envelope. 
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• The general monotonic 
dropping trend of the accretion 
rate is punctuated by flare-ups


• The outbursts are confined to 
the first few million years, and 
their amplitude decreases


• The outburst is confined to the 
inner disk (r < 1 AU)


• This is the site and time of 
terrestrial planet formation!!!

The accretion history of circumstellar disks

Credit: Schulz et al. (2005)



Apai & Lauretta (2010)



The effects of eruptions on the disk I.
Material in the outbursting region (r < 0.3 AU) 

• Cyclic density distribution in the inner disk (pile up - drain - pile up)


• Effect of stellar/substellar companion in the inner disk(?)


• Expanding ionization front 


• Evaporation of dust grains and partial erosion of larger planetesimals (can 
planetesimals form in this region at all?)


• Temporarily increased turbulence (removal of angular momentum)


• Radial and vertical flows, high speed motions


• Gas chemistry at high temperature


• Accretion of the freshly created material onto the star


• Or could fresh material escape via stellar wind?



Material outside the outburst region 

• Affected mainly via increased irradiation by the central region


• Evaporation of dust particles, and partially also of larger bodies


• Rearrangement of the density structure, changing extinction 


• Chemical, mineralogical processes which require short time


• Chondrules may be formed at larger distances and at later times


• Snowline moves temporarily further out


• The spectrum of the radiation field becomes “harder”   

• Dissociation of molecules (isotopically selective                   
photodissociation)


• Mineralogical changes in dust grains

The effects of eruptions on the disk II.



Outbursts in the Solar Nebula?
• All T Tau stars undergo outbursts? Are FUors/EXors similar to normal TTau 

stars?  


• Not sure: depends on the outburst mechanism (if companion is needed...)


• Is there any evidence in meteoritic samples? 

• Is there any evidence for a hot phase of the solar nebula?


• Several chondritic groups abundance patterns of volatile elements suggest 
a slowly cooling nebula. Some groups of iron meteorites fractionated prior 
the formation of their parent bodies. Picture of a widespread condensation 
from a hot nebula.


• Is there any evidence for short episodes of outburst?


• Possibly the diversity of meteorite groups. Models that cool down between 
outbursts richer context for meteoritic diversity.


• High temperature formation of material at unusually late dates? Age 
groups?



Outbursts in the Solar Nebula?



Outbursts in the Solar Nebula?



Outbursts in the Solar Nebula?



A new group in CSFK
• As of 2012 January 1, four research institutes of the Hungarian Academy of 

Sciences - astronomy, geochemistry, geodesy and geophysics, geography - 
merged into a new research centre.


• Laboratory astrophysics project just started


•  Bruker Vertex 70 FTIR spectrometer with Bruker Hyperion 2000 FTIR 
microscope


• Meteoritic research Kabai meteorite, CV3 carbonaceous chondrite


