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Outline
• Demographics of late-stage discs

• Accretion measures

• Dust measures

• Gas measures


• Models for disc dispersal

• Viscous accretion

• Photevaporation



Context: disc demographic surveys
• To understand how discs go away, want to be able to do big survey for 

presence of discs, and disc properties


• Need to target a large range of stellar masses, and many star-forming regions 
of different age, to map out how disc properties change with mass and age


• Need for large samples means work mostly has to be done without imaging, 
because imaging is slow and expensive — at best can follow up some 
sources with imaging to check interpretation, resolve ambiguities


• Three main strategies meet this requirements: (1) optical line diagnostics of 
accretion onto stellar photosphere, (2) IR / sub-mm continuum observations 
of dust continuum emission, (3) unresolved molecular line observations



Accretion measures
The H𝛼 line

• Easiest disc signature to see in optical is stellar accretion


• Most common accretion signature is H𝛼 in emission

• In most stars, H𝛼 seen in absorption — signature of 

absorption by H atoms in n = 2 state in photosphere

• H𝛼 in emission requires gas above photosphere at T = 5 - 

10 kK at density high enough to get close to LTE

• Material must have velocity spread of hundreds of km/s


• Model: emission from dense shock on stellar surface; can 
estimate accretion rate from brightness of line
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material would provide the requisite bulk motion. Internal shocks
and the shocking of this gas against the stellar surface could easily
heat gas to the required temperatures. Finally, this hot material
would also produce continuum emission, explaining the continuum
veiling.

Quantitative radiative transfer calculations that attempt to fit the
observed veiling and line emission can be used to infer the densities
and velocities of the circumstellar gas, thereby constraining the
accretion rate (Figure 20.2). The inferred accretion rates depend on
the strength of the Ha emission, and are typically 10�8 M� yr�1.
There is a broad range, however, running from 10�11 � 10�6 M� yr�1,
with a very rough correlation Ṁ⇤ µ M2

⇤.

only the high-velocity line wings unaffected by absorption were
considered.

Our best model matches are shown in Figure 4, with param-
eters listed in Table 2. The accretion rates for these objects
and the limits for the remainder of our sample are also pro-
vided in Table 1. We do not include the results for KPNO 4, as
the best model match does not agree particularly well in terms
of profile shape—the observed profile is quite symmetric, with

a central absorption reversal strongly suggestive of chromo-
spheric emission. The V10 width and EW for this object are
marginal for accretion and could also be explained by chro-
mospheric emission broadened by rapid rotation; unfortunately,
our spectrum does not have a good enough S/N to measure
v sin i.

As mentioned in M03, there is a systematic uncertainty in
our model-derived Ṁ -values of about a factor of 3–5. This is
mainly due to uncertainties in the size of the accretion flow,
which is not well constrained for our particular sample. How-
ever, observations of infrared excesses around brown dwarfs in
general infer inner disk hole sizes of roughly 2 5R!, similar to
our adopted value (Natta et al. 2002; Liu et al. 2003; Mohanty
et al. 2004).

4. DISCUSSION

Our results more than triple the number of known substellar
accretors (those with spectral types later than M6) to 16 and ex-
tend measurements of mass accretion rates down to the lowest
masses yet identified. The new accretion rates for our sample
of low-mass stars and brown dwarfs, combined with previous
estimates for other brown dwarfs and more massive stars, are
plotted as a function of mass in Figure 5. The accretion rates for
substellar objects are extremely small, mostly<10" 10 M# yr" 1,
several of which are among the lowest values measured to date
at Ṁ ¼ 4 " 5 ;10" 12 M# yr" 1. These data continue a trend that
we have noted previously for the more massive objects in which
mass accretion rates depend steeply on mass; here we find a cor-
relation of Ṁ / M 2:1. In addition, the change in accretion rate
with mass is fairly continuous across 6 orders of magnitude in
Ṁ andmore than 2 orders of magnitude in mass, which suggests

Fig. 4.—Comparisons of observed (solid ) and model (dashed ) H! emission-line profiles for objects in our sample that have profiles indicative of accretion (Table 2).

TABLE 2

H! Model Parameters for Accretor Subsample

ID

M*

(M# )

R*

(R# )

Teff
(K)

i

(deg)

log Ṁ

(M# yr" 1)

KPNO 12 ........................................ 0.025 0.25 2600 45 " 11.4

KPNO 6 .......................................... 0.025 0.25 2600 60 " 11.4

KPNO 7 .......................................... 0.025 0.25 2600 75 " 11.4

2MASS J04414825+2534304......... 0.025 0.25 2600 60 " 11.3

Cha H! 1........................................ 0.025 0.25 2600 45 " 11.3

2MASS J04390396+2544264......... 0.025 0.25 2600 70 " 11.3

2MASS J04381486+2611399......... 0.05 0.5 3000 60 " 10.8

Cha H! 11...................................... 0.05 0.5 3000 30 " 11

CFHT 4........................................... 0.025 0.25 2600 55 " 11.3

ISO 217........................................... 0.05 0.5 3000 65 " 10a

2MASS J04141188+2811535......... 0.05 0.5 3000 55 " 10

CHSM 7869.................................... 0.15 1.0 3000 85 " 10

KPNO 3 .......................................... 0.15 1.0 3000 60 " 10

ISO 252........................................... 0.15 1.0 3000 45 " 10

2MASS J10561638" 7630530........ 0.05 0.5 3000 60 " 10.8

Note.—All models calculated with magnetospheric radii Rmag ¼ 2:2 3R#
and maximum temperature Tmax ¼ 12;000 K.

a Calculated with modified temperature distribution; see text.

ACCRETION IN YOUNG SUBSTELLAR OBJECTS 911No. 2, 2005

Figure 20.2: Comparisons between
observed (solid) and model (dashed)
Ha line profiles for a sample of T Tauri
stars. The x axis shows velocity in
km s�1. Each model curve is a fit in
which the accretion rate is one of the
free parameters. Credit: Muzerolle
et al. (2005), ©AAS. Reproduced with
permission.

These accretion rates are generally low enough so that accretion
luminosity does not dominate over stellar surface emission. However,
the estimated accretion rates are extremely uncertain, and the models
used to make these estimates are very primitive. In general they
simply assume that a uniform density slab of material arrives at
the free-fall velocity, and covers some fraction of the stellar surface,
and the accretion rate is inferred by determining the density of this
material required to produce the observed spectral characteristics.

Despite this caveat, though, the Ha line and other optical prop-
erties do seem to indicate that there must be some dense infalling
material even around these stars that lack obvious envelopes. This
in turn requires a reservoir of circumstellar material not in the form
of an envelope, which is most naturally provided by a disk. Indeed,
before the advent of space-based infrared observatories, optical indi-
cators like this were the only real evidence we had for disks around T
Tauri and Herbig Ae/Be stars.

20.1.3 FU Orionis Outbursts

There are many other interesting phenomena associated with these
young stars, such as radio and X-ray flaring, but one in particular
deserves mention both as a puzzle and a potential clue about disks.
This is the FU Orionis phenomenon, named after the star FU Orionis
in which it was first observed. In 1936 this star, an object in Orion,
brightened by ⇠ 5 magnitudes in B band over a few months. After
peaking, the luminosity began a very slow decline – it is still much
brighter today than in its pre-outburst state (Figure 20.3). Since then
many other young stars have displayed similar behavior. When
available, the spectra of these stars in the pre-outburst state generally
look like ordinary T Tauri stars.

Some simple population statistics imply that this must be a peri-
odic phenomenon. The rate of FU Ori outbursts within ⇠ 1 kpc of

Muzerolle+ 2005



Accretion demographics
Results from surveys

• Can do large surveys of star-forming 
regions to find stars w/H𝛼 emission — 
these sources are relatively bright, so 
spectroscopy not too expensive


• Basic result: accretion fraction is ~50% at 
3 Myr, ~10% at 10 Myr — e-folding time ≈ 
2 - 3 Myr


• Accretion rate scales with stellar mass 
roughly as dM/dt ~ M2, but large scatter
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20.2.1 Disk Lifetimes

One of the most interesting properties of disks for those who are
interested in planets is their lifetimes. This sets the limit on how long
planets have to form in a disk before it is dispersed. In discussing
disk lifetimes, it is important to be clear on how the presence or
absence of a disk is to be inferred, since different techniques probe
different parts and types of disks. Our discussion of disk lifetimes
will therefore mirror our discussion of disk detection methods in
Chapter 14. In general what all these techniques have in common
is that one uses some technique to survey young star clusters for
disks. The clusters can be age-dated using pre-main sequence or
main sequence HR diagrams, as discussed in Chapter 17. One then
plots the disk fraction against age.

D. Fedele et al.: Accretion Timescale in PMS stars

Table 2. Adopted age, spectral type range, facc and fIRAC (when available) in Figs. 3 and 4.

Cluster Age Sp.T range facc fIRAC Age ref. facc ref. fIRAC ref.
[Myr] [%] [%]

rho Oph 1 K0–M4 50 ± 16 M05 M05
Taurus 1.5 K0–M4 59 ± 9 62 M05 M05 Ha05
NGC 2068/71 2 K1–M5 61 ± 9 70 FM08 FM08 FM08
Cha I 2 K0–M4 44 ± 8 52–64 Lu08 M05 Lu08
IC348 2.5 K0–M4 33 ± 6 47 L06 M05 L06
NGC 6231 3 K0–M3 15 ± 5 S07 this work
� Ori 3 K4–M5 30 ± 17 35 C08 this work He07
Upper Sco 5 K0–M4 7 ± 2 19 C06 M05 C06
NGC 2362 5 K1–M4 5 ± 5 19 D07 D07 D07
NGC 6531 7.5 K4–M4 8 ± 5 P01 this work
� Cha 8 K4–M4 27 ± 19 50 S09 JA06 S09
TWA 8 K3–M5 6 ± 6 D06 JA06
NGC 2169 9 K5–M6 0+3 JE07 JE07
25 Ori 10 K2–M5 6 ± 2 B07 B07
NGC 7160 10 K0–M1 2 ± 2 4 SA06 SA05 SA06
ASCC 58 10 K0–M5 0+5 K05 this work
� Pic 12 K6–M4 0+13 ZS04 JA06
NGC 2353 12 K0–M4 0+6 K05 this work
Collinder 65 25 K0–M5 0+7 K05 this work
Tuc-Hor 27 K1–M3 0+8 ZS04 JA06
NGC 6664 46 K0–M1 0+4 S82 this work

References. Schmidt (1982, S82), Park et al. (2001, P01), Hartmann et al. (2005, Ha05), Kharchenko et al. (2005, K05), Mohanty et al.
(2005, M05), Sicilia-Aguilar et al. (2005, SA05), Carpenter et al. (2006, C06), Lada et al. (2006, L06), Jayawardhana et al. (2006, JA06),
Sicilia-Aguilar et al. (2006, SA06), Dahm & Hillenbrand (2007, D07), Briceño et al. (2007, B07), Je�ries et al. (2007, JE07), Hernández et al.
(2007, He07), Sana et al. (2007, S07), Caballero (2008, C08), Flaherty & Muzerolle (2008, FM08), Luhman et al. (2008, L08), Sicilia-Aguilar
et al. (2009, S09), Zuckerman & Song (2004, ZS04).

Fig. 3. Accreting stars-frequency as a function of age. New data (based
on the VIMOS survey) are shown as (red) dots, literature data as (green)
squares. Colored version is available in the electronic form.

He�5876 Å in emission (EW = �0.5 Å, –0.6 Å respectively).
The evidence of large H�10% together with the He�emission is
most likely due to ongoing mass accretion, and these two stars
are classified as accreting stars. We estimate a fraction of accret-
ing stars in NGC 6231 of 11/75 or 15 (±5%). We warn the reader
that this might be a lower limit to the actual fraction of accret-
ing stars; further investigation is needed to disentagle the nature
(accretion vs binarity/rapid rotation) of the systems with large
H�10% (>300 km s�1) but low EW [H�].

Fig. 4. facc (dots) versus fIRAC (squares) and exponential fit for facc (dot-
ted line) and for fIRAC (dashed line).

NGC 6531

We identified 26 cluster members in NGC 6531 based on the
presence of H� emission and presence of Li. 13 other sources
show presence of Li 6708 Å, but have H� in absorption. As in
the case of NGC 6231, these might be cluster members with no
or a reduced chromospheric activity. We measured the EW of Li
6708 Å of these 13 sources and compared them with the typi-
cal EW of the 26 stars in NGC 6531 showing also H� emission
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Figure 20.4: Fraction of stars that show
evidence of accretion, as indicated
by Ha line emission, for clusters of
different ages (indicated on the x axis).
The names of individual clusters are
marked. Credit: Fedele et al., A&A, 510,
A72, 2010, reproduced with permission
© ESO.

One signature of disks we have already discussed: optical line
emission associated with accretion in T Tauri stars, particularly
Ha. Surveys of nearby groups find that Ha line emission usually
disappears at times between 1 and 10 Myr (Figure 20.4). This tells us
that the inner parts of disks, . 1 AU, which feed stars disappear over
this time scale. In contrast, ground-based near infrared observations
tell us about somewhat more distant parts of the disk, out to a few
AU. The timescales implied by these results are very similar those
obtained from the Ha: roughly half the systems loose their disks
within ⇠ 3 Myr (Figure 20.5).
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Fig. 1.—JHKL excess/disk fraction as a function of mean cluster age. Ver-
tical error bars represent the statistical errors in our derived excess/disk!N
fractions. For all star-forming regions except NGC 2024 and NGC 2362, the
horizontal error bars represent the error in the mean of the individual source
ages derived from a single set of PMS tracks. The age error for NGC 2362
was adopted from the literature. Our estimate of the overall systematic un-
certainty introduced in using different PMS tracks is plotted in the upper right
corner and is adopted for NGC 2024. The decline in the disk fraction as a
function of age suggests a disk lifetime of 6 Myr.

isochrone fitting as discussed earlier. For comparison we also
plot excess fractions in Taurus and Chamaeleon I (open trian-
gles), derived from similar JHKL observations in the literature
(i.e., Kenyon & Hartmann 1995; Kenyon & Gómez 2001). The
ages for Taurus and Cha I were obtained from Palla & Stahler
(2000). NGC 1960 is not included in the figure since our ob-
servations of this cluster extend only to greater than 1 M, stars,
whereas in the other clusters we are complete to ≤1.0 M,.
The dot-dashed line in Figure 1 represents a least-squares

fit to the data obtained in our L-band survey (filled triangles).
Vertical error bars represent the statistical errors in our!N
derived excess/disk fractions. Horizontal error bars show rep-
resentative errors of our adopted ages. The error bars for the
ages of the Trapezium, Taurus, IC 348, Cha I, and NGC 2264
represent the error in the mean of the individual source ages
derived from a single set of PMS tracks. In order to estimate
the overall systematic uncertainty introduced in using different
PMS tracks, we calculated the mean age and the standard de-
viation of the mean age for NGC 2264 ( Myr) from2.6! 1.2
five different PMS models (Park et al. 2000; Palla & Stahler
2000). This latter quantity illustrates the likely systematic un-
certainty introduced by the overall uncertainties in the PMS
models. This is plotted in Figure 1. For stars with M,M ≤ 1
and ages ≤5 Myr, the overall uncertainty in the ages for all
regions is likely within about 1–1.2 Myr. The plotted error for
NGC 2024 reflects this uncertainty. The age error for NGC
2362 was adopted from the literature (Balona & Laney 1996).

5. DISCUSSION

We have completed the first sensitive L-band survey of a
sample of young clusters that span a sufficient range in age

(0.3–30 Myr) to enable a meaningful determination of the time-
scale for disk evolution within them. Clusters appear to be
characterized by a very high initial disk frequency (≥80%),
which then sharply decreases with cluster age. One-half the
disks in a cluster population are lost in only about 3 Myr, and
the timescale for essentially all the stars to lose their disks
appears to be about 6 Myr.
The precise value of this latter timescale to some extent

depends on the derived parameters for the NGC 2362 cluster.
Our quoted timescale of 6 Myr could be somewhat of a lower
limit for two reasons. First, it is possible that a slightly higher
disk fraction for NGC 2362 could be obtained with deeper L-
band observations that better sample the cluster population
below 1 M,. Our earlier observations of IC 348 and the Tra-
pezium cluster show that the disk lifetime appears to be a
function of stellar mass (HLL01), with higher mass stars losing
their disks faster than lower mass stars. However, we note that
much deeper JHK observations (Alves et al. 2001) that sample
the cluster membership down to the hydrogen-burning limit
yield a JHK disk fraction of essentially 0%, giving us confi-
dence in the very low disk fraction derived from our present
L-band observations. Second, the age of NGC 2362 is depen-
dent on the turnoff age assigned to only one star, the O star
t CMa. This star is a multiple system, and its luminosity as-
signment on the H-R diagram is somewhat uncertain (van Leeu-
wen & van Genderen 1997). Correction for multiplicity would
lead to a slightly older age. However, the quoted 1 Myr error
in its age likely reflects the magnitude of this uncertainty (Bal-
ona & Laney 1996). On the other hand, if, for example, the
errors were twice as large as quoted, the cluster could have an
age between 3 and 7 Myr. The corresponding age and the
overall disk lifetime derived from a least-squares fit to the data
would be between 4 and 8 Myr. Even if the timescale for all
disks to be lost was as large as 8 Myr, our survey data would
still require that one-half the stars lose their disks on a timescale
less than 4 Myr. Finally, an even older age for NGC 2362
would likely indicate that the decrease in disk fraction with
time does not follow a single linear fit; that is, after a rapid
decline during which most stars lost their disks, the disk fraction
in clusters would decrease more slowly, with a small number
of stars (∼10%) retaining their disks for times comparable to
the cluster age. On the other hand, we estimate the dynamical
age of the S310 H ii region, which surrounds and is excited
by t CMa, to be ∼ yr for pc and6r /v ∼ 5# 10 r p 50H ii H iiexp

km s!1 (e.g., Lada & Reid 1978; Jonas, Baart, &v p 10exp
Nicolson 1998). This is consistent with the turnoff age of the
cluster derived from the H-R diagram and supports our estimate
of ∼6 Myr for the overall disk lifetime.
We point out that our L-band observations directly measure

the excess caused by the presence of small (micron-sized), hot
(∼900 K) dust grains in the inner regions of the circumstellar
disk and these observations are sensitive to very small amounts
(∼1020 g) of dust. We expect that, if there is gas in the disk,
turbulent motions will always keep significant amounts of small
dust particles mixed with the gas (Ruden 1999); thus, dust
should remain a good tracer of gas in the disks as they evolve
to form planets. Indeed, recent observations of H2 in older
debris disks appear to confirm this assertion (Thi et al. 2001).
Consequently, stars that did not show infrared excesses are
likely to be significantly devoid of gas as well as dust. There
is also evidence that the presence of dust in the inner disk
regions is linked with the presence of dust in the outer disk
regions (i.e., AU) where most planet formation is likelyr 1 1
to occur. Earlier, HLL01 noted a strong correlation between

Figure 20.5: Fraction of stars that show
near-infrared excess emission versus
cluster age. The names of individual
clusters are marked. Credit: Haisch
et al. (2001), ©AAS. Reproduced with
permission.

These observations are sensitive primarily to the inner disk, and
the infrared techniques are generally sensitive only in cases where
the dust in these regions is optically thick. Some optically thin mate-
rial could still be present and would not have been detected. Obser-
vations at longer wavelengths, such as Spitzer’s 24 µm band and in
the mm regime from ground-based radio telescopes, probe further
out in disks, at distances of ⇠ 10 � 100 AU. They are also sensitive
to much lower amounts of material. Interestingly, unlike the shorter
wavelength observations, these measurements indicate that a small
but non-zero fraction of systems retain some disks out to times of
⇠ 108 yr. The amounts of mass needed to explain the long wave-
length excess is typically only ⇠ 10�5 M� in dust. Thus in the older
systems we are likely looking at an even later evolutionary phase
than T Tauri disks, one in which almost all the gas and inner disk ma-
terial is gone. These are debris disks, which are thought to originate
from collisions between larger bodies rather than to be made up of
dust from interstellar gas.

Fedele+ 2010



IR / mm surveys
Dust continuum emission

• IR / mm continuum traces dust in discs: NIR 
sensitive to dust near star (~1 AU), mm to 
dust far from star (~100 AU), intermediate 
wavelengths probe intermediate radii


• Basic result: e-folding time depends on 
wavelength / disc region

• 2-3 Myr at NIR (~1 AU)

• 4-6 Myr at MIR (~30 AU)

• >10 Myr at mm (~100 AU)
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20.2.1 Disk Lifetimes

One of the most interesting properties of disks for those who are
interested in planets is their lifetimes. This sets the limit on how long
planets have to form in a disk before it is dispersed. In discussing
disk lifetimes, it is important to be clear on how the presence or
absence of a disk is to be inferred, since different techniques probe
different parts and types of disks. Our discussion of disk lifetimes
will therefore mirror our discussion of disk detection methods in
Chapter 14. In general what all these techniques have in common
is that one uses some technique to survey young star clusters for
disks. The clusters can be age-dated using pre-main sequence or
main sequence HR diagrams, as discussed in Chapter 17. One then
plots the disk fraction against age.

D. Fedele et al.: Accretion Timescale in PMS stars

Table 2. Adopted age, spectral type range, facc and fIRAC (when available) in Figs. 3 and 4.

Cluster Age Sp.T range facc fIRAC Age ref. facc ref. fIRAC ref.
[Myr] [%] [%]

rho Oph 1 K0–M4 50 ± 16 M05 M05
Taurus 1.5 K0–M4 59 ± 9 62 M05 M05 Ha05
NGC 2068/71 2 K1–M5 61 ± 9 70 FM08 FM08 FM08
Cha I 2 K0–M4 44 ± 8 52–64 Lu08 M05 Lu08
IC348 2.5 K0–M4 33 ± 6 47 L06 M05 L06
NGC 6231 3 K0–M3 15 ± 5 S07 this work
� Ori 3 K4–M5 30 ± 17 35 C08 this work He07
Upper Sco 5 K0–M4 7 ± 2 19 C06 M05 C06
NGC 2362 5 K1–M4 5 ± 5 19 D07 D07 D07
NGC 6531 7.5 K4–M4 8 ± 5 P01 this work
� Cha 8 K4–M4 27 ± 19 50 S09 JA06 S09
TWA 8 K3–M5 6 ± 6 D06 JA06
NGC 2169 9 K5–M6 0+3 JE07 JE07
25 Ori 10 K2–M5 6 ± 2 B07 B07
NGC 7160 10 K0–M1 2 ± 2 4 SA06 SA05 SA06
ASCC 58 10 K0–M5 0+5 K05 this work
� Pic 12 K6–M4 0+13 ZS04 JA06
NGC 2353 12 K0–M4 0+6 K05 this work
Collinder 65 25 K0–M5 0+7 K05 this work
Tuc-Hor 27 K1–M3 0+8 ZS04 JA06
NGC 6664 46 K0–M1 0+4 S82 this work

References. Schmidt (1982, S82), Park et al. (2001, P01), Hartmann et al. (2005, Ha05), Kharchenko et al. (2005, K05), Mohanty et al.
(2005, M05), Sicilia-Aguilar et al. (2005, SA05), Carpenter et al. (2006, C06), Lada et al. (2006, L06), Jayawardhana et al. (2006, JA06),
Sicilia-Aguilar et al. (2006, SA06), Dahm & Hillenbrand (2007, D07), Briceño et al. (2007, B07), Je�ries et al. (2007, JE07), Hernández et al.
(2007, He07), Sana et al. (2007, S07), Caballero (2008, C08), Flaherty & Muzerolle (2008, FM08), Luhman et al. (2008, L08), Sicilia-Aguilar
et al. (2009, S09), Zuckerman & Song (2004, ZS04).

Fig. 3. Accreting stars-frequency as a function of age. New data (based
on the VIMOS survey) are shown as (red) dots, literature data as (green)
squares. Colored version is available in the electronic form.

He�5876 Å in emission (EW = �0.5 Å, –0.6 Å respectively).
The evidence of large H�10% together with the He�emission is
most likely due to ongoing mass accretion, and these two stars
are classified as accreting stars. We estimate a fraction of accret-
ing stars in NGC 6231 of 11/75 or 15 (±5%). We warn the reader
that this might be a lower limit to the actual fraction of accret-
ing stars; further investigation is needed to disentagle the nature
(accretion vs binarity/rapid rotation) of the systems with large
H�10% (>300 km s�1) but low EW [H�].

Fig. 4. facc (dots) versus fIRAC (squares) and exponential fit for facc (dot-
ted line) and for fIRAC (dashed line).

NGC 6531

We identified 26 cluster members in NGC 6531 based on the
presence of H� emission and presence of Li. 13 other sources
show presence of Li 6708 Å, but have H� in absorption. As in
the case of NGC 6231, these might be cluster members with no
or a reduced chromospheric activity. We measured the EW of Li
6708 Å of these 13 sources and compared them with the typi-
cal EW of the 26 stars in NGC 6531 showing also H� emission
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Figure 20.4: Fraction of stars that show
evidence of accretion, as indicated
by Ha line emission, for clusters of
different ages (indicated on the x axis).
The names of individual clusters are
marked. Credit: Fedele et al., A&A, 510,
A72, 2010, reproduced with permission
© ESO.

One signature of disks we have already discussed: optical line
emission associated with accretion in T Tauri stars, particularly
Ha. Surveys of nearby groups find that Ha line emission usually
disappears at times between 1 and 10 Myr (Figure 20.4). This tells us
that the inner parts of disks, . 1 AU, which feed stars disappear over
this time scale. In contrast, ground-based near infrared observations
tell us about somewhat more distant parts of the disk, out to a few
AU. The timescales implied by these results are very similar those
obtained from the Ha: roughly half the systems loose their disks
within ⇠ 3 Myr (Figure 20.5).
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Fig. 1.—JHKL excess/disk fraction as a function of mean cluster age. Ver-
tical error bars represent the statistical errors in our derived excess/disk!N
fractions. For all star-forming regions except NGC 2024 and NGC 2362, the
horizontal error bars represent the error in the mean of the individual source
ages derived from a single set of PMS tracks. The age error for NGC 2362
was adopted from the literature. Our estimate of the overall systematic un-
certainty introduced in using different PMS tracks is plotted in the upper right
corner and is adopted for NGC 2024. The decline in the disk fraction as a
function of age suggests a disk lifetime of 6 Myr.

isochrone fitting as discussed earlier. For comparison we also
plot excess fractions in Taurus and Chamaeleon I (open trian-
gles), derived from similar JHKL observations in the literature
(i.e., Kenyon & Hartmann 1995; Kenyon & Gómez 2001). The
ages for Taurus and Cha I were obtained from Palla & Stahler
(2000). NGC 1960 is not included in the figure since our ob-
servations of this cluster extend only to greater than 1 M, stars,
whereas in the other clusters we are complete to ≤1.0 M,.
The dot-dashed line in Figure 1 represents a least-squares

fit to the data obtained in our L-band survey (filled triangles).
Vertical error bars represent the statistical errors in our!N
derived excess/disk fractions. Horizontal error bars show rep-
resentative errors of our adopted ages. The error bars for the
ages of the Trapezium, Taurus, IC 348, Cha I, and NGC 2264
represent the error in the mean of the individual source ages
derived from a single set of PMS tracks. In order to estimate
the overall systematic uncertainty introduced in using different
PMS tracks, we calculated the mean age and the standard de-
viation of the mean age for NGC 2264 ( Myr) from2.6! 1.2
five different PMS models (Park et al. 2000; Palla & Stahler
2000). This latter quantity illustrates the likely systematic un-
certainty introduced by the overall uncertainties in the PMS
models. This is plotted in Figure 1. For stars with M,M ≤ 1
and ages ≤5 Myr, the overall uncertainty in the ages for all
regions is likely within about 1–1.2 Myr. The plotted error for
NGC 2024 reflects this uncertainty. The age error for NGC
2362 was adopted from the literature (Balona & Laney 1996).

5. DISCUSSION

We have completed the first sensitive L-band survey of a
sample of young clusters that span a sufficient range in age

(0.3–30 Myr) to enable a meaningful determination of the time-
scale for disk evolution within them. Clusters appear to be
characterized by a very high initial disk frequency (≥80%),
which then sharply decreases with cluster age. One-half the
disks in a cluster population are lost in only about 3 Myr, and
the timescale for essentially all the stars to lose their disks
appears to be about 6 Myr.
The precise value of this latter timescale to some extent

depends on the derived parameters for the NGC 2362 cluster.
Our quoted timescale of 6 Myr could be somewhat of a lower
limit for two reasons. First, it is possible that a slightly higher
disk fraction for NGC 2362 could be obtained with deeper L-
band observations that better sample the cluster population
below 1 M,. Our earlier observations of IC 348 and the Tra-
pezium cluster show that the disk lifetime appears to be a
function of stellar mass (HLL01), with higher mass stars losing
their disks faster than lower mass stars. However, we note that
much deeper JHK observations (Alves et al. 2001) that sample
the cluster membership down to the hydrogen-burning limit
yield a JHK disk fraction of essentially 0%, giving us confi-
dence in the very low disk fraction derived from our present
L-band observations. Second, the age of NGC 2362 is depen-
dent on the turnoff age assigned to only one star, the O star
t CMa. This star is a multiple system, and its luminosity as-
signment on the H-R diagram is somewhat uncertain (van Leeu-
wen & van Genderen 1997). Correction for multiplicity would
lead to a slightly older age. However, the quoted 1 Myr error
in its age likely reflects the magnitude of this uncertainty (Bal-
ona & Laney 1996). On the other hand, if, for example, the
errors were twice as large as quoted, the cluster could have an
age between 3 and 7 Myr. The corresponding age and the
overall disk lifetime derived from a least-squares fit to the data
would be between 4 and 8 Myr. Even if the timescale for all
disks to be lost was as large as 8 Myr, our survey data would
still require that one-half the stars lose their disks on a timescale
less than 4 Myr. Finally, an even older age for NGC 2362
would likely indicate that the decrease in disk fraction with
time does not follow a single linear fit; that is, after a rapid
decline during which most stars lost their disks, the disk fraction
in clusters would decrease more slowly, with a small number
of stars (∼10%) retaining their disks for times comparable to
the cluster age. On the other hand, we estimate the dynamical
age of the S310 H ii region, which surrounds and is excited
by t CMa, to be ∼ yr for pc and6r /v ∼ 5# 10 r p 50H ii H iiexp

km s!1 (e.g., Lada & Reid 1978; Jonas, Baart, &v p 10exp
Nicolson 1998). This is consistent with the turnoff age of the
cluster derived from the H-R diagram and supports our estimate
of ∼6 Myr for the overall disk lifetime.
We point out that our L-band observations directly measure

the excess caused by the presence of small (micron-sized), hot
(∼900 K) dust grains in the inner regions of the circumstellar
disk and these observations are sensitive to very small amounts
(∼1020 g) of dust. We expect that, if there is gas in the disk,
turbulent motions will always keep significant amounts of small
dust particles mixed with the gas (Ruden 1999); thus, dust
should remain a good tracer of gas in the disks as they evolve
to form planets. Indeed, recent observations of H2 in older
debris disks appear to confirm this assertion (Thi et al. 2001).
Consequently, stars that did not show infrared excesses are
likely to be significantly devoid of gas as well as dust. There
is also evidence that the presence of dust in the inner disk
regions is linked with the presence of dust in the outer disk
regions (i.e., AU) where most planet formation is likelyr 1 1
to occur. Earlier, HLL01 noted a strong correlation between

Figure 20.5: Fraction of stars that show
near-infrared excess emission versus
cluster age. The names of individual
clusters are marked. Credit: Haisch
et al. (2001), ©AAS. Reproduced with
permission.

These observations are sensitive primarily to the inner disk, and
the infrared techniques are generally sensitive only in cases where
the dust in these regions is optically thick. Some optically thin mate-
rial could still be present and would not have been detected. Obser-
vations at longer wavelengths, such as Spitzer’s 24 µm band and in
the mm regime from ground-based radio telescopes, probe further
out in disks, at distances of ⇠ 10 � 100 AU. They are also sensitive
to much lower amounts of material. Interestingly, unlike the shorter
wavelength observations, these measurements indicate that a small
but non-zero fraction of systems retain some disks out to times of
⇠ 108 yr. The amounts of mass needed to explain the long wave-
length excess is typically only ⇠ 10�5 M� in dust. Thus in the older
systems we are likely looking at an even later evolutionary phase
than T Tauri disks, one in which almost all the gas and inner disk ma-
terial is gone. These are debris disks, which are thought to originate
from collisions between larger bodies rather than to be made up of
dust from interstellar gas.

Haisch+ 2001



Interpretation of dust continuum data
What is the wavelength dependence telling us?

• Possibility 1: discs are cleared inside-out, so grains at ~1 AU hot enough to 
emit in NIR disappear earlier than those at ~30 AU which emit in MIR — 
directly observed by imaging in some cases


• Possibility 2: longer wavelength emission at late times is not a signature of the 
original disc, but of a debris disc created when solid bodies created in first 
generation disc collide and produce dust


• Amount of dust required to produce longer wavelength emission is very small 
— 10−5 M⊕ sufficient (about mass of Vesta) — so possibility 2 plausible


• May be a combination of both



Dust vs accretion data
Very confusing

• Accretion and hot dust decrease 
in time with similar e-folding


• However, little object-by-object 
correlation between dust holes 
or dust mass and accretion rates


• Plenty of objects with > 10 AU 
dust cavities still have gas 
accretion rates > 10−8 M⨀ / yr

14

rsos.royalsocietypublishing.org
R.Soc.opensci.4:170114

................................................

Dt
=

fe
w

 M
yr

Dt
~

10
5 

yr

X-rays

UV photons

MHD disc wind
photoevaporative flow

migration

dust disc

photoevaporative
gap formation

direct illumination
of outer disc

0.1 1
AU

10 100

stage 1

stage 3

stage 2

1.2
CWTau

GMAur

CoKuTau4

1.0

0.8

0.6

0.4

0.2

0

–0.2

1.2

1.0

0.8

0.6

0.4

0.2

0

–0.2

1.2

1.0

0.8

0.6

0.4

0.2

0

–0.2

–100 –50 0

velocity (km s–1)

50 100

–100 –50 0 50 100

–100 –50 0 50 100

Figure 5. The three main stages of disc evolution and dispersal (adapted from a previous review [83]). The right panels show sample
low-velocity [OI] 6300 Å emission [65] tracing a possible evolution in disc winds.
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Figure 6. Mass accretion rate versus disc hole size. Circles are for observed star–disc systems. The colour-coding shows total disc masses
estimated from SED fitting, see main text. Sources surrounded by a light blue circle have spectral types G and earlier; note that they are
mostly high accretors with large disc holes. Grey squares are snapshots of EUV- plus X-ray-driven photoevaporating discs [99] while grey
lines are evolutionary tracks for the samephotoevaporating discswith an embedded giant planet [145]. Numbers next to a source indicate
howmany additional sources are at that location; see also footnote 4.

only discs caught in the act of dispersing, the disc dispersal timescale is about 40% of that measured from
counting all transition discs. However, this number should be taken as a lower limit as upper limits on
mass accretion rates are more rarely reported in the literature than mass accretion rate measurements.
Overall, these results confirm previous reports that the dispersal timescale is short, of order 105 years.
Once the inner disc has drained onto the central star, stage 3 in figure 5, theoretical models predict a
roughly equal amount of time to consume the outer disc [99]. At this stage, the star is not accreting (WTT),
the hole would be anywhere from a few to approximately 100 AU, and, assuming no grain growth, there
should be still enough mass in small grains for the disc to be optically thick. Thirteen out of the 72 discs
(approx. 20%) in figure 6 could be in this stage, a factor of 2 lower than the accreting transition discs
consistent with photoevaporation. Again, this fraction should be taken as a lower limit because mass
accretion rates are often not reported in the literature for non-accreting objects; see the example of the
transition disc around J160421.7 with approximately 70 AU hole and non-accreting based on the Hα EW

Ercolano & Pascucci 2017



Gas measures
Challenges and status

• Resolved gas observations very expensive, so sample size still small — no 
statistical studies


• Unresolved observations cheaper, and can use spectra to make inferences 
about presence of gas close to star — revealed by high Doppler velocities


• However, optical depth effects make results difficult to interpret — for 
abundance species like CO, luminosity not just proportional to mass


• Gas clearing times seem roughly consistent with dust clearing times, but hard 
to be more specific given poor statistics and modelling uncertainties



Viscous accretion 
Dispersal mechanism I

• Disc could disappear just by all accreting onto star at a few Myr


• Mass budget reasonable: observed accretion rates ~10−8 - 10−9 M⨀ / yr can 
drain a 0.01 M⨀ disc in ~1 - 10 Myr, about observed lifetime


• However, disc evolution obeys


• Generic solution for power law viscosity                    is: 


• Problem: for small x (inner disc), surface density decreases uniformly as a 
power law in time → disc never develops an inner hole
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Viscous accretion
Advantages and problems

• Problem with viscous accretion model is generic: anything based on viscosity 
does not easily create holes, as observations seem to require


• Need some mechanism to produce sharp features in dust or gas distribution


• However, accretion clearly does occur, as shown by the H𝛼 data, and 
observed accretion rates are sufficient to drain fair amount of mass from disc


• Most promising avenue is accretion combined with some other mechanism to 
produce sharp features



Dispersal mechanisms
II. Photoevaporation
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lines are evolutionary tracks for the samephotoevaporating discswith an embedded giant planet [145]. Numbers next to a source indicate
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only discs caught in the act of dispersing, the disc dispersal timescale is about 40% of that measured from
counting all transition discs. However, this number should be taken as a lower limit as upper limits on
mass accretion rates are more rarely reported in the literature than mass accretion rate measurements.
Overall, these results confirm previous reports that the dispersal timescale is short, of order 105 years.
Once the inner disc has drained onto the central star, stage 3 in figure 5, theoretical models predict a
roughly equal amount of time to consume the outer disc [99]. At this stage, the star is not accreting (WTT),
the hole would be anywhere from a few to approximately 100 AU, and, assuming no grain growth, there
should be still enough mass in small grains for the disc to be optically thick. Thirteen out of the 72 discs
(approx. 20%) in figure 6 could be in this stage, a factor of 2 lower than the accreting transition discs
consistent with photoevaporation. Again, this fraction should be taken as a lower limit because mass
accretion rates are often not reported in the literature for non-accreting objects; see the example of the
transition disc around J160421.7 with approximately 70 AU hole and non-accreting based on the Hα EW

Ercolano & Pascucci 2017



Photoevaporation 
The basics

• Young stars produce FUV (11 - 13.6 eV) and EUV (13.6 eV - ~100 eV) 
thermally, and soft X-rays (~100 eV - few keV) via non-thermal processes in 
the magnetosphere


• The radiation heats a surface layer of the disc — to ~few hundred K (FUV), 
~104 K (EUV), or hotter (X-ray)


• If the sound speed in the heated gas exceeds the escape speed from the 
location of the hot gas, thermal pressure will launch a wind off the disc


• This mechanism naturally produces a sharp feature in the disc: mass is only 
lost at sufficiently large radii



Photoevaporation
Example calculation for EUV

• EUV is simplest because chemistry and temperature are simple, though it is 
probably the least important of the three mechanisms


• Basic idea: wind flows where escape speed ≲ 10 km/s:


• If ionising luminosity of star is 𝛷, ionisation balance requires that density n0 at 
base of wind obey


• Wind flows out at ~cs, so


• Observed 𝛷 values give ~10−10 M⨀ / yr for EUV, but FUV and X-rays stronger 
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Possible scenario
Still not well understood

• Photoeavporation produces a gap in discs, perhaps aided by massive planets


• The gaps act as pressure traps that prevent dust grains from moving through; 
depending on evaporation rate and planet properties, may or may not also 
stop gas 


• Material interior to the gap accretes onto star, and is not replenished due to 
the gap preventing material at larger radii from getting in


• Once the inner rim of the gap is exposed to direct starlight by accretion of the 
inner disc, evaporation rate rises, disc is removed fairly quickly


