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Mass ∝ Volume ∝ R3

Area ∝  R2

Therefore a planet has much lower opacity 
than a dust cloud of the same mass.



Combination of a stellar SED for a solar-type star of ~4,000 K surface 
temperature and a maximum disk temperature of ~1,000 K.  At longer 
wavelengths the disk emission comes from optically thin dust and the 

opacity and hence the emission drops sharply. 

Norbert Schulz 2005







Energy distribution of a ‘standard’ disk with varying inner disk radius

Courtesy John Carpenter



Energy distribution of a ‘standard’ disk with varying disk mass

Courtesy John Carpenter

If we, say, double the surface density all over the disk, then an outer annulus gains much more mass 
than an inner annulus. Hence the disk will emit more at longer wavelengths as its mass grows.



Based on the previous curves, it appears that GM Aur has a slightly 
more massive disk than BP Tau, and also has a larger inner disk hole



Robitaille’s large data base of energy distributions

Robitaille, T.P., Whitney, B.A., Indebetouw, R., Wood, K., & Denzmore, P. 2006, 
ApJS, 167,  256

Robitaille, T.P., Whitney, B.A., Indebetouw, R., & Wood, K. 2007, 
ApJS, 169, 328



Lee Hartmann 1998
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Build-up of the SED of a flaring
protoplanetary disk and the origin 
of various components: 

The near-infrared bump comes 
from the inner rim; 

The infrared dust features from the 
warm surface layer;

The underlying continuum from the 
deeper (cooler) disk regions. 

Typically the near- and mid-infrared 
emission comes from small
radii, while the far-infrared comes 
from the outer disk regions. 

The (sub-)millimeter emission 
mostly comes from the midplane of 
the outer disk. 

SED of Flaring Disk
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The Structure of a Flaring Disk in Dust and Gas
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Vertical Temperature Distribution of Irradiated Disk at 1 AU

The fully drawn line shows the temperature of a disk with mass accretion rate through 
the disk of 10-9 Msun/yr.  The other curves show increasing rates of mass accretion. The 

deposition of energy in the disk mid plane increases the temperature there. For high mass 
accretion rates the disk plane temperature can exceed that of the irradiated disk surface.

Dullemond et al. 2006 (PPV)







Accretion as Function of Time

FU Ori eruptions will be discussed later in this lecture

Norbert Schulz 2005





Norbert Schulz 2005

The X-wind Model
by Frank Shu



The wind starts out almost horizontal, but gradually rises until it is 
essentially vertical. The wind thus turns into a jet.



Disk Winds:  A Competing Model

The decreasing vertical gravity component makes it easier for a slow wind to leave the outer disk surface

Norbert Schulz 2005



Herbig 1977; Stahler & Palla 2005



Reipurth & Aspin 1997



Herbig et al. 2001



FUors are rare objects, only a few have been 
seen to erupt, and another 10 or so objects 
are known that have the characteristics of 
FUors, but where the eruption probably was 
missed or it occurred before large-scale 
photographic surveys were started.

Despite the poor statistics, it appears that 
FUor eruptions probably are repetitive 





Triggering Mechanisms

• Several triggering mechanisms have been proposed:

[1] A throttle mechanism in which the accretion rate through a disk varies around 
the more stable infall rate from an envelope (Hartmann & Kenyon 1996)

[2] If the mass accretion rate increases above 5 x 10-7 Msun/yr, the temperature 
rises in the inner disk, and a large-scale thermal ionization instability may 
affect the disk. This increases the viscosity and so the temperature rises even 
more and a run-away eruption occurs, leading to the emptying-out of the inner 
disk regions. When the inner disk is empty, the eruption stops, until enough 
mass has again been built up (Bell & Lin 1994)

[3] A companion star on an elliptical orbit may perturb the inner disk regions 
during periastron passage (Bonnell & Bastien 1992)



EXors - Small Versions of FUors ?
• Besides normal variability of T Tauri stars, the two main classes of  eruptions among young low-mass 

stars are the FUors and the EXors               
      (Herbig 1966, 1977, 1989).  Both are very rare events.

• FUors have non-emission line supergiant spectra of spectral type F-G and  5-6 mag eruptions lasting 
many decades to perhaps more than a century.

• EXors have strong Hα emission and other emission lines of Fe and He. Their amplitudes may also reach 
5-6 mag, but the eruptions last only months to a year or so.

Herbig 1977



The Eruptions of EX Lup in 
1955 and 1994

Herbig 1977

Herbig et al. 2001Herbig et al. 2001

EX Lup had a major eruption in 1955 
with a maximum amplitude of 5.5 mag. 
Spectra taken during a weaker eruption 
in 1994 showed an emission line 
spectrum in the optical, and very weak 
CO absorption in the infrared.



The Discovery of McNeil’s Nebula
• On the night of January 23, 2004, Jay McNeil, of Paducah, Kentucky, took an 

image of the Lynds 1630 cloud and M78=NGC 2068 with his 3-inch Takahashi 
refractor from his backyard. 

• By comparing with earlier photos, he realized that an object at the location of HH 
22 had brightened.

• He contacted Brian Skiff at Lowell Observatory, who directed him to me.



GMOS image of 
McNeil’s Nebula in 
0.5” seeing



Infrared Photometry and Extinction

• The 2MASS [1] and NIRI JHK [2] photometry shows 
clear infrared excess in a J-H/H-K’ diagram.

• Furthermore, the two data points lie precisely on a 
reddening line, corresponding to Av = 4.5 mag.

• Using the Rieke & Lebofsky (1985) reddening curve 
we find that this corresponds to AJ = 1.26, AH = 0.81, 
and AK = 0.50.

• Since we know that the star brightened by ΔJ = 3.6,   
ΔH = 3.2, and  ΔK’ = 2.9 mag, we see that the intrinsic 
brightening of the star is 2.4 mag in JHK

• Clearly the eruption of the star also led to the clearing 
away of an obscuring layer of dust.



Infrared Spectroscopy

• The K-band NIRI spectrum shows prominent 
emission in the CO bandheads, as well as 
emission in Br-γ and Na I.

• This is characteristic of infrared spectra of the 
most active young low mass stars known.

It is well-established that Br-γ 
emission is an observational 
diagnostic of the accretion rate 
through a circumstellar disk (e.g. 
Muzerolle, Calvet, Hartmann 2001).



Optical Spectroscopy
• The GMOS spectrum shows a red 

featureless continuum with a 
prominent (Ew = 32A) Hα  line in 
emission.

• The Hα  line shows a pronounced P 
Cygni profile, with an absorption 
trough that is >600 km/sec wide, 
indicating a powerful wind.

• Such extreme Hα profiles are rare 
among T Tauri stars, and are found 
only in the most active stars. An 
example is AS 353A.

Reipurth, Pedrosa, Lago 1996



When Did the 
Star Erupt?

• Amateurs have collected 
recent images of L1630 and 
found that the nebula 
started to appear in the Fall 
of 2003.

• More recently, Cesar 
Briceno examined a series 
of images from the 1m 
CIDA Schmidt telescope in 
Venezuela, and found that 
the eruption occurred in the 
second half of Nov 2003.



Has the Star Been Erupting Earlier?

• A large number of old amateur 
images have been examined, but so 
far only one has shown any sign of 
McNeil’s Nebula.

• The earlier eruption was seen on a 
photograph of the M78 region taken 
on Oct 22, 1966 by E.Kreimer, and 
published in 

     The Messier Album, by Mallas & 
Kreimer, Sky Publishing 
Corporation 1978.



Is McNeil’s Nebula Illuminated by an EXor?
• Of the two principal classes of eruptive variables, the FUors and the EXors, it is 

clear from the optical and infrared emission lines that McNeil’s source is not a 
FUor.

• But is it an EXor? EX Lup has CO band absorption, whereas SVS 13 has CO band 
emission. So the presence of CO band emission in McNeil’s source is not an 
indicator. The Hα emission points to an EXor, however, as does the detection of 
another eruption in 1966.  

• Unless we invent a new class of young eruptive variable, which seems unnecessary, 
we should for now include McNeil’s star among the EXors.

Courtesy of Pat Hartigan



The Case of IC 430

UKSTU-B                                              UKSTU-R                                               UKSTU-I

The nebula IC 430 is a small cometary nebula in the southern part of L1641. 
It is illuminated by a very bright infrared source, one of the most luminous 
embedded sources in the cloud. 
It is puzzling that such a faint object should have a number in the Index 
Catalogue. But according to Pickering (1890), the nebula was 115 yr ago 
about 3’ wide and stretching 10’ north. The images below are each 6’ wide. 
Strom & Strom (1993) obtained an Hα profile, which suggested that the 
source is in a FUor eruption. K-band spectra show broad CO bandhead 
absorption, thus supporting this suggestion (Reipurth & Aspin 1997).


