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What are they?
- Crystals = long range order in the lattice
- Mg-end member of the olivine solid solution series 

(MgxFe(1-x)SiO4)
- Formation requires high temperature (>1000K)

τCryst ∝ exp(
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T
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0.1μm amorphous silicate with olivine
stoichiometry (Jaeger et al. 2003) 
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(Koike et al. 2006)
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0.1μm amorphous silicate with olivine
stoichiometry (Jaeger et al. 2003) 

0.1μm crystalline forsterite
(Koike et al. 2006)

How can they be observed?
Mid-infrared emission features

What are they?
- Crystals = long range order in the lattice
- Mg-end member of the olivine solid solution series 

(MgxFe(1-x)SiO4)
- Formation requires high temperature (>1000K)

τCryst ∝ exp(
1

T
)

Where are they observed?
On Earth, meteorites, comets, AGB, post-AGB stars, young stars
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Kemper et al. 2004, 2005

Galactic Center:
Crystallinity < 3%

Dust evolution in protoplanetary disks
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Lisse et al. 2007

Solar System comet:
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Lisse et al. 2006

Debris disk:
Crystallinity > 60%

Lisse et al. 2007

Solar System comet:
Crystallinity > 60%

Kemper et al. 2004, 2005

Galactic Center:
Crystallinity < 3%

Where and when exactly do crystals form?

Dust evolution in protoplanetary disks
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Cometary crystals
Comets = ‘dirty snowballs’ <= volatile ices
Crystal formation requires high temperature
Comets form in the cold outer regions of the protosolar 
nebula <= transport of crystals from hot regions?
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Crystal formation in the disk midplane caused by viscous heating
Time scale : 105-106 year
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Eruptive stars in a nutshell

FU Ori type objects (FUors):
Brightening in the optical by 4-6 mag
Time scale of brightening: ~few years
Time scale of fading:  several decades to a century 
Estimated time between two subsequent outbursts: 1000s years
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Eruptive stars in a nutshell

FU Ori type objects (FUors):
Brightening in the optical by 4-6 mag
Time scale of brightening: ~few years
Time scale of fading:  several decades to a century 
Estimated time between two subsequent outbursts: 1000s years

Hartmann & Kenyon (1996)
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Eruptive stars in a nutshell

EX Lupi type objects (EXors):
Also called sub-FUors
Brightening in the optical by 1-5 mag
Time scale of brightening: weeks to months
Time scale of fading:  several months to a few years
Estimated time between two subsequent outbursts: few years

Explanation of the outbursts 
Runaway accretion onto the 
central star (up to 10-4 Msun/year)
Accretion luminosity >> stellar luminosity

AAVSO, Albert Jones
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Sicliate crystals around eruptive stars

Requirement for crystal formation : high temperature (only)

FUor / EXor outbursts - enhanced viscous heating / irradiation
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Sicliate crystals around eruptive stars

Requirement for crystal formation : high temperature (only)

FUor / EXor outbursts - enhanced viscous heating / irradiation
There are no crystalline features observed towards young eruptive stars 
(Quanz et al. 2007, Zhu et al. 2008)

V1647 Ori (Quanz et al. 2007)FU Ori (Quanz et al. 2007)
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Sicliate crystals around eruptive stars

Requirement for crystal formation : high temperature (only)

FUor / EXor outbursts - enhanced viscous heating / irradiation
There are no crystalline features observed towards young eruptive stars 
(Quanz et al. 2007, Zhu et al. 2008)
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Speculative explanation : 
- Strong vertical mixing in the disk
- Replenishment of amorphous grains from a remnant envelope



EX Lup

Who is EX Lup?

1-3 Myr  
0.6 MSun

M0                   Gras-Velazquez & Ray (2005) 
0.47 LSun

155 pc

Age
Mass 
Spectral type
Luminosity
Distance

Prototype of the EXor class of young eruptive stars
No sign for an envelope has been found

No signatures of silicate crystals in the quiescent phase (Sipos et al. 2009)
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‘A Hero from Down Under’ 

- by 2004 he made more than 500 000 (!) observations
- accuracy of his observations: ~0.1 mag (Herbig et al. 1992)
- discoverer of two comets (C1946/P1, C2000/W1)
- co-discoverer of SN 1987A
- honorary degree of the Doctor of Science 

  Victoria University of Wellington

Albert Jones
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Discovery of forsterite crystals

First direct observation of 
silicate crystal formation 
around young stellar objects!
(Ábrahám, Juhász et al. 2009)
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What has happened 50 years ago?
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- In the 1950s there was another similar outburst than that in 2008 (Albert Jones)
- If the outburst was really similar a similar amount of crystals must have been

produced.  
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What has happened 50 years ago?

Why did we not see those crystals in the spectrum taken in 2004?
How did the crystals disappear?
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- In the 1950s there was another similar outburst than that in 2008 (Albert Jones)
- If the outburst was really similar a similar amount of crystals must have been

produced.  



Silicate crystals as tracers of turbulence

Total silicate emission zone:     
Crystalline zone:                     
Apparent crystallinity:

T> 150K
T> 1000K
R2Cryst / R2Silicate
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Cold crystals

Juhász et al., submitted
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Modeling of the outburst

2D continuum radiative transfer code RADMC (Dullemond & Dominik 2004)
1D turbulent mixing / settling code (Dullemond & Dominik 2004)

(D=α⋅cs⋅Hp , Shakura & Sunyaev 1973)
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Comprehensive(?) picture of the outburst

Quiescent phase 
No crystals in the disk

Vienna Observatory                                                                                                                                            10 January 2011



Comprehensive(?) picture of the outburst

Quiescent phase 
No crystals in the disk

Outburst phase 
Crystal formation in 
the surface layers of 
the disk

Vienna Observatory                                                                                                                                            10 January 2011



Comprehensive(?) picture of the outburst

Quiescent phase 
No crystals in the disk

Outburst phase 
Crystal formation in 
the surface layers of 
the disk

Post-outburst phase 
Radial transport of the 
freshly produced 
crystals by stellar / disk 
wind
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Summary & Conclusions

- The mid-IR spectrum taken in the outburst show the presence of 
forsterite crystals in the disk of EX Lup that were not seen before

- Crystals formed in the uppermost layers of the disk (disk atmosphere)

- Formation of forsterite crystals is fast (<year)

- In the post outburst spectra show the presence of cold crystals

- 2D RT modeling of the outburst show that vertical mixing cannot explain 
the post outburst spectral behaviour

- The only possible explanation is the fast radial transport of the freshly 
produced crystals by some wind-driven transport mechanism
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MIDI observations
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