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PMS	
  evolu*on	
  

A	
  variety	
  of	
  interconnected	
  processes	
  
	
  

–  	
  Mass	
  accre2on	
  /	
  	
  Mass	
  ejec2on	
  (jets,	
  disk	
  winds,	
  stellar	
  
winds,	
  interface	
  winds,	
  CME’s,	
  etc.)	
  	
  

–  Disk	
  accre2on	
  /	
  Star-­‐disk	
  interac2on	
  (star,	
  inner	
  disk,	
  
inner	
  planets,	
  magnetospheric	
  accre*on)	
  	
  

–  Accre2on	
  shock	
  /	
  Disk	
  evolu2on	
  (high-­‐energy	
  	
  irradia*on,	
  
chemistry)	
  	
  

– Magne2c	
  fields	
  /	
  Angular	
  momentum	
  (star-­‐disk	
  
interac*on,	
  winds,	
  magnetospheric	
  accre*on)	
  	
  

–  Structural	
  evolu2on	
  /	
  Lithium	
  deple2on	
  (differen*al	
  
rota*on,	
  magne*c	
  dynamos,	
  radius	
  anomaly)	
  



Angular	
  momentum	
  evolu*on	
  

•  All	
  these	
  processes	
  will	
  impact	
  AM	
  evolu2on	
  
(accre*on,	
  winds	
  and	
  ouIlows,	
  magne*c	
  
fields,	
  star-­‐disk	
  interac*on,	
  structural	
  
evolu*on,	
  planet	
  forma*on/migra*on,	
  etc.)	
  	
  
→ Use	
  AM	
  evolu2on	
  to	
  probe	
  the	
  physical	
  

processes	
  at	
  work	
  in	
  young	
  stars.	
  	
  
•  What	
  is	
  the	
  ini*al	
  AM	
  distribu*on	
  of	
  young	
  
stars?	
  How	
  does	
  it	
  evolve	
  with	
  *me?	
  	
  	
  



PMS	
  rota*onal	
  evolu*on	
  

Compila*on	
  from	
  RoqueRe,	
  Bouvier,	
  Alencar+17	
  A&A	
  

Large	
  ini*al	
  scaRer:	
  
protostellar	
  evolu*on	
  	
  
	
  
Mass-­‐dependent	
  ini*al	
  
condi*ons	
  and	
  evolu*on	
  
	
  
Significant	
  evolu*on	
  of	
  
the	
  rota*onal	
  period	
  	
  	
  
distribu*ons	
  during	
  PMS	
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How	
  to	
  account	
  for	
  PMS	
  rota*onal	
  
evolu*on	
  ?	
  	
  

•  1-­‐	
  10	
  -­‐	
  100	
  Myr	
  rota*onal	
  period	
  distribu*ons	
  :	
  
ini*al	
  spread	
  -­‐>	
  dichotomy	
  -­‐>	
  anamorphosis	
  	
  

h	
  Per	
  (13	
  Myr)	
  

Moraux,	
  Artemenko,	
  Bouvier+13	
  

NGC	
  6530	
  (2	
  Myr)	
  

Henderson	
  &	
  Stassun	
  2012	
  



AM	
  evolu*on	
  models	
  

•  A	
  number	
  of	
  models	
  are	
  available,	
  which	
  differ	
  
slightly,	
  but	
  have	
  the	
  same	
  ingredients,	
  
namely:	
  	
  
① Ini*al	
  AM	
  spread:	
  1-­‐10	
  days	
  ini*al	
  periods	
  
② Star-­‐disk	
  “locking”	
  assump*on:	
  constant	
  angular	
  

velocity	
  while	
  accre*ng	
  from	
  the	
  disk	
  
③ AM	
  loss	
  by	
  magne*c	
  winds	
  and	
  differen*al	
  core/

envelope	
  PMS	
  spin-­‐up	
  
	
  



AM	
  evolu*on	
  models	
  

Gallet	
  &	
  Bouvier	
  2013,	
  2015	
  

Evolu*on	
  of	
  angular	
  momentum	
  +	
  lithium-­‐rota*on	
  connec*on	
  -­‐>	
  constraints	
  on	
  	
  
	
  disk	
  life*mes,	
  mass-­‐loss	
  rates,	
  magne*c	
  braking,	
  and	
  internal	
  transport	
  processes	
  



AM	
  evolu*on	
  models:	
  implica*ons	
  

•  Star-­‐disk	
  locking	
  (1-­‐5	
  Myr):	
  	
  
–  Longer	
  disk	
  life*me	
  (~5	
  Myr)	
  in	
  ini*ally	
  slow	
  rotators	
  	
  
–  Shorter	
  disk	
  life*me	
  (~2	
  Myr)	
  in	
  ini*ally	
  fast	
  rotators	
  
Why	
  ?	
  Does	
  the	
  protostellar	
  disk	
  mass	
  dictates	
  both	
  
the	
  overall	
  disk	
  life2me	
  and	
  the	
  ini2al	
  stellar	
  AM	
  ?	
  	
  

•  Core-­‐envelope	
  decoupling	
  (5-­‐100	
  Myr)	
  
–  Larger	
  core-­‐envelope	
  decoupling	
  in	
  slow	
  rotators	
  -­‐>	
  
rota*onal	
  mixing	
  -­‐>	
  more	
  lithium	
  deple*on	
  	
  
Enhanced	
  PMS	
  lithium	
  burning	
  in	
  slow	
  rotators	
  ?	
  	
  	
  



The	
  lithium-­‐rota*on	
  connec*on	
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  Bouy,	
  Bouvier+	
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Pleiades	
  ~125	
  Myr	
  

Lithium	
  abundances	
  and	
  rota*on	
  rates	
  are	
  inversely	
  correlated	
  in	
  the	
  PMS	
  up	
  to	
  ZAMS	
  

When	
  does	
  it	
  develop?	
  How	
  does	
  it	
  evolve?	
  
Is	
  the	
  lithium-­‐rota2on	
  paJern	
  a	
  consequence	
  of	
  “disk	
  locking”?	
  	
  	
  

K2	
  periods	
  

NGC	
  2264	
  ~5	
  Myr	
  

Bouvier,	
  Lanzafame,	
  Venu*+16	
  

CoRoT	
  +	
  GES	
  



Slow	
  

Fast	
  

Francesco’s	
  inspira*on?	
  	
  

Bouvier	
  2008	
  



Empirical	
  evidence	
  for	
  disk	
  locking	
  
Accre2ng	
  stars	
  are	
  more	
  likely	
  to	
  be	
  slow	
  

rotators	
  than	
  non	
  accre2ng	
  ones.	
  	
  

Rebull,	
  Cody,	
  Covey+14	
  	
   Venu*,	
  Bouvier,	
  Cody+17	
  	
  

YSOVAR:	
  IR	
  excess	
  (dusty	
  disk)	
  
CSI2264:	
  UV	
  excess	
  (accre*on	
  shock)	
  



PMS	
  rota*onal	
  evolu*on:	
  simula*ons	
  

Monte	
  Carlo	
  simula2ons:	
  an	
  ini*al	
  rota*onal	
  period	
  
distribu*on	
  is	
  evolved	
  forward	
  in	
  *me,	
  assuming:	
  	
  

	
  -­‐	
  accre*ng	
  stars	
  remain	
  at	
  constant	
  angular	
  velocity	
  (no	
  spin	
  up)	
  
	
  -­‐	
  non-­‐accre*ng	
  stars	
  spin	
  up	
  as	
  they	
  contract	
  

Vasconcelos	
  &	
  Bouvier	
  2015	
  

Ini*al	
  period	
  distribu*on	
  

dMacc/dt	
  ≈	
  M*
1.4	
  t-­‐0.5	
  

+	
  

+	
  

Disk	
  survival	
  *me	
  distribu*on	
  



1.3. DISK ACCRETION IN T TAURI STARS

Figure 1.8: Examples of the magnetospheric accretions in a stable (left panel) and an unstable (right
panel) regimes. The background colours show the volume rendering of the density (in logarithmic scales
and in arbitrary units). The sample magnetic field lines are shown as red lines. From Kurosawa &
Romanova (2013).

The right panel of the Figure illustrates the possible geometry of the matter flow formed in
an instability-driven accretion regime. One type of instability that may develop in CTTS disks is
the Rayleigh-Taylor instability at the interface between the accretion disk and the magnetosphere
(Kulkarni & Romanova 2008), due to the lower-density magnetospheric plasma pushing against
the higher-density disk matter. This engenders the formation of disk matter structures in the
form of tongues of gas, which penetrate the magnetosphere in between the field lines. These
tongues of gas maintain their equatorial drifts until they are intercepted by the more intense
magnetic field close to the stellar surface; magnetospheric control of the accretion stream is
then reinstated and smaller-scale accretion columns are formed, which hit the stellar surface at
random locations. This process translates to a stochastic and rapidly varying distribution of
accretion shocks onto the star.

The stable and unstable accretion regimes are not mutually exclusive. In intermediate ac-
cretion regimes, funnels and tongues can coexist (Kulkarni & Romanova 2008). In these cases,
accretion will occur mainly through two accretion funnels, but random accretion funnels can
also appear in the magnetosphere; this is reflected in the light curves of the system as a periodic
compoent with the superposition of a stochastic component of variability.

It is also interesting to note that, even in the case of stable magnetospheric funnel-flow
accretion, sudden transitions to different regimes or geometries may occur. A paradigmatic case
in this respect is AA Tau, an accreting YSO seen almost edge-on, which hosts a predominantly
dipolar magnetic field slightly tilted relative to the rotation axis. Light variations for this objects
were monitored assiduously for over twenty years (Bouvier et al. 1999, 2003, 2007a), and the
system consistently exhibited the same average photometry, light curve shape and periodicity,
before changing drastically on much shorter timescales (. year; Bouvier et al. 2013).

1.3.2 Disk–locking?

As mentioned earlier, one of the questions linked with disk accretion and early stellar evolution
is how to reconcile the theoretical expectation that young stars should be spun up by mass and
angular momentum transfer from the disk, and hence rotate at velocities close to break-up speed
as they contract toward the Zero-Age Main Sequence (ZAMS), with the observational evidence
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PMS	
  star-­‐disk	
  interac*on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
How	
  to	
  compensate	
  for	
  the	
  accre*on	
  spin-­‐up	
  torque	
  ?	
  

T	
  Tauri	
  stars	
  have	
  strong	
  magne*c	
  fields	
  that	
  truncate	
  
the	
  inner	
  disk	
  at	
  a	
  distance	
  :	
  	
  

Can	
  the	
  magne2c	
  star-­‐disk	
  interac2on	
  brake	
  the	
  central	
  star?	
  	
  

Kurosawa	
  &	
  Romanova	
  2013	
  

Bessolaz,	
  Zanni,	
  Ferreira+	
  2008	
  

Accre>on-­‐powered	
  stellar	
  winds	
  

MaD	
  &	
  Pudritz	
  2005	
  

Star-­‐disk	
  connec>on	
  

Gosh	
  &	
  Lamb	
  1979;	
  	
  
Collier	
  Cameron	
  et	
  al.	
  1995	
  

Magnetospheric	
  ejec>ons	
  	
  

Zanni	
  &	
  Ferreira	
  2009,	
  2013	
  

Why	
  do	
  young	
  stars	
  rotate	
  slowly	
  ?	
  	
  



Star-­‐disk	
  interac*on	
  

Stellar	
  magne2c	
  field	
  vs.	
  mass	
  accre2on	
  rate	
  
	
  

•  What	
  do	
  we	
  know	
  of	
  PMS	
  magne*c	
  fields	
  ?	
  	
  
•  How	
  do	
  they	
  evolve	
  during	
  PMS	
  ?	
  	
  
•  How	
  (un)predictable	
  are	
  mass	
  accre*on	
  
rates	
  ?	
  

•  How	
  do	
  they	
  depend	
  on	
  stellar	
  proper*es	
  ?	
  	
  
	
  



YSOs	
  magne*c	
  fields	
  

•  Spectropolarimetry	
  è	
  	
  field	
  strength	
  and	
  
topology	
  (e.g.,	
  Dona*	
  et	
  al.,	
  Johns-­‐Krull	
  et	
  al.)	
  

•  In	
  YSOs,	
  the	
  magne*c	
  fields	
  range	
  from	
  a	
  few	
  
100G	
  to	
  a	
  few	
  kG	
  

•  Magne*c	
  field	
  topology	
  evolves	
  during	
  the	
  
PMS	
  and	
  seems	
  to	
  primarily	
  depend	
  on	
  
internal	
  structure	
  (convec*ve/radia*ve)	
  

•  Strong	
  implica*ons	
  for	
  star-­‐disk	
  interac2on	
  
and	
  angular	
  momentum	
  evolu*on	
  



Evolu*on	
  of	
  stellar	
  magne*c	
  fields	
  
Steady	
  decrease	
  of	
  magne2c	
  field	
  strength	
  from	
  the	
  early	
  PMS	
  through	
  the	
  ZAMS	
  and	
  MS	
  

Folsom,	
  Pe*t,	
  Bouvier+16	
  
VidoRo,	
  Gregory,	
  Jardine+14	
  
Gregory,	
  Dona*,	
  Morin+12	
  	
  

0.7-­‐0.9	
  M¤	
  

Zero-­‐age	
  main	
  sequence	
  dwarfs	
  
Solar-­‐type	
  main	
  sequence	
  stars	
  
Accre*ng	
  T	
  Tauri	
  stars	
  

PMS	
  B	
  evolu2on	
  due	
  to	
  
structural	
  proper2es	
  (not	
  
linked	
  to	
  rota2on)	
  	
  
	
  
ZAMS	
  &	
  MS	
  B	
  evolu2on	
  due	
  
to	
  rota2onal	
  braking	
  



PMS	
  magne*c	
  field	
  evolu*on	
  
Strong	
  magne2c	
  fields	
  in	
  YSOs	
  primarily	
  linked	
  to	
  their	
  fully	
  convec2ve	
  interior	
  

Folsom,	
  Pe*t,	
  Bouvier+16,	
  	
  
Dona*,	
  Gregory,	
  Alencar+13	
  
Gregory,	
  Dona*,	
  Morin+12	
  

Strong	
  magne*c	
  fields,	
  mostly	
  dipolar,	
  in	
  fully	
  convec*ve	
  PMS	
  stars	
  (-­‐>	
  star-­‐disk	
  interac*on)	
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Figure 10. Magnetic parameters plotted for different physical parameters. Stars labeled in blue are from the MaPP project, stars labeled
in red are from the BCool project, and stars labeled in black are from our study. Symbol size indicatesmean magnetic strength, symbol
colour indicates how poloidal the magnetic field is (red is more poloidal and blue is more toroidal), and symbol shape indicates how
axisymmetric the poloidal component of the magnetic field is (more circular is more axisymmetric). Dashed lines are evolutionary tracks
for 1.2, 1.0, 0.8 and 0.6 M⊙, the dotted lines are isochrones for 10, 20, 50 and 100 Myr (the ZAMS), and the dash-dotted line indicates
where a significant convective core has formed (> 50% mass), from Amard et al. (in prep.).

undergoes a dramatic transition. Hence, another parameter
must come into play when comparing the magnetic prop-
erties of PMS stars to those of ZAMS and MS stars. Most
notably, the large difference in internal structure between
young TTS and main sequence stars of the same mass must
play a role. This appears to be analogous to the transition
of magnetic properties between M-dwarfs and more massive
stars (Morin et al. 2008, 2010; Donati et al. 2008b).

6.4 A synthetic view of magnetic field evolution
in young stars

The trends seen in the magnetic properties of stars in the
mass range 0.7-1.2 M⊙, as they evolve from the T Tauri
phase through the ZAMS and onto the MS, are summarized
in Figs. 10 and 11.

Fig. 10 shows the pre-main sequence and ZAMS stars
in the H-R diagram, and clearly illustrates the difference be-
tween the magnetic properties of the T Tauri stars and the
older pre-main sequence stars in our sample. The T Tauri
star large-scale magnetic fields are much stronger, and con-
sistently dominated by a poloidal field aligned with the ro-
tation axis (with the marginal exception of V4046 Sgr A and
B). The T Tauri magnetic fields are also generally simpler,
mostly heavily dominated by a dipolar component. This is
in strong contrast to the older pre-main sequence stars and
main sequence stars in our sample. This large difference in

magnetic properties may be a consequence of the large dif-
ferences in internal structure between the early and late
pre-main sequence. The very young T Tauri stars are al-
most entirely convective, while our later pre-main sequence
stars have large radiative cores. This implies a significantly
different form of dynamo is acting in the T Tauri stars.
Donati et al. (2011b) proposed the development of a radia-
tive core to explain the difference between the younger T
Tauri stars and the slightly older V4046 Sgr A and B. This
is consistent with our observation that these two stars have
magnetic properties closer to our sample than the rest of
the T Tauri stars. Gregory et al. (2012) consider this hy-
pothesis in detail, using a sample of T Tauri stars, and
compare T Tauri stars to largely convective M-dwarfs. An-
other important difference between the older PMS stars in
our sample and the classical T Tauri stars is that the lat-
ter are still accreting significant amounts of material from
their disk, while the former are well beyond the main accre-
tion phase. Whether the accretion process, and particularly
the magnetic star-disk interaction in TTS, impacts on their
surface magnetic properties is still to be investigated (e.g.
Donati et al. 2015).

The upper panel of Fig. 11 shows the various samples
in a rotational evolution scheme, where rotation period is
plotted as a function of age. At similar periods, the clear
differences between TTS and ZAMS stars, discussed above,
still remain. Rotational convergence is seen to occur at ages

MNRAS 000, 1–30 (2015)
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• The majority of variations observed in this sample take the
form of slow variations, where gradual changes in the Hα emis-
sion occur across the ∼ 1 hour observation blocks. These slow
variations are consistent with what we would expect from accre-
tion rate changes rather than solely chromospheric activity or wind
emission.
• Calculating the mass accretion rate from the Hα emission, the

average spread the accretion rate on time-scales of less ! 1 hour
is found to be 0.01 - 0.07 dex. The spread increases by an order of
magnitude when different nights observations are considered, 0.04 -
0.4 dex. However, when the variations are considered over 2 years,
they have not increased and remain the same, 0.13 - 0.52 dex.
• Therefore it is the period of days that is the dominant time-

scales of these slow variations. These results are found to be con-
sistent with a rotational modulation of the accretion rate and are
supported by previous results.
• Rapid events occur in 3 observation blocks, which constitute

2.4 hours or ∼ 10% of our total observing time. These events con-
sist of fast changes within the Hα emission line on time-scales of
less than an hour. They could be connected to instabilities in the
magnetic field or inner disc, which would create more stochastic
accretion events than we observe in the majority of the sample.
• This data set covers a large range in masses, in which very

similar variations and accretion rate changes are found. This
strongly suggests that the same process is taking place across the
full mass range, from low mass T Tauri stars up to Herbig Ae stars,
and that the same model of accretion holds over large stellar mass
range.

The dominant time-scales of the variations found in this data
agree with those found in other studies. Fig. 7 is a graphical com-
parison of accretion variations found in different samples. The error
bars within the plot, represent the parameter space covered by each
data set, not the errors. This is not a complete sample of variability
studies, but as these studies used similar similar accretion indica-
tors, they are more comparable. For example, Pogodin et al. (2012)
used a number of emission lines associated with accretion to esti-
mate accretion rates in 8 Herbig Ae stars. For half the sample they
have multiple observations covering time-scales of tens of days.
By averaging across the accretion indicators, including Hα they
found variations of 0.1 - 0.4 dex for these four objects. Biazzo et al.
(2012), with a sample of 12 objects, found variations of 0.2 - 0.6 dex
over the two days separating observations. The last data set in this
comparison was covered by Nguyen et al. (2009), who found vari-
ations from Ca II emission of 0.35 dex on average over time-scales
of days to months.

Through these studies, it has become clear that typical accre-
tors do not go through large accretion bursts like EX Ors or even
FU Ors (Herbig 1977, 2007). Over the time-scales of days, months
and years, no large variations in accretion rate were found.

This work cannot rule out that large changes in the accretion
could occur on time-scales of ∼ decades or longer (as is the case
with FU Ori). However, it can be said that over the time-scales of
years, the dominant variations occur on time-scales close to the ro-
tation period. This suggests that observations over the time-scale
of < 1 week in typical accreting objects are sufficient to put limits
on the expected magnitudes of variations that occur over the time-
scales of years.

These low levels of variations are also significant for the
Ṁ − M2

∗ relation (see Mohanty, Jayawardhana & Basri (2005)).
The mean amplitude of variations in the samples studied here is ∼
0.5 dex. This demonstrates that the ∼2 orders of magnitude scatter

Figure 7. Amplitudes of accretion rate variations versus the time-scales
over which they occur. Error bars here indicate the spread in accretion
rates, and time coverage in each bin. Data from: Nguyen et al. (2009);
Biazzo et al. (2012); Pogodin et al. (2012); Costigan et al. (2012).

around the Ṁ −M2
∗ relation at a given mass cannot be solely due

to accretion variability. Studies of individual star forming regions
with low age spreads have shown that this spread is unlikely to be
due to evolutionary effects (i.e. Natta, Testi & Randich 2006). This
strongly suggests that the Ṁ −M∗ relation is due to either limita-
tions in our detections of low accretion rates in high mass objects
(Clarke & Pringle 2006; Barentsen et al. 2011), initial conditions
(Alexander & Armitage 2006; Dullemond, Natta & Testi 2006) or
is an indirect correlation where both the accretion rate and stellar
mass are linked through a different process.
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APPENDIX A: INDIVIDUAL OBJECTS

In the following, the properties of the individual targets used in the
analysis in this paper are presented along with time series of the
Hα profiles, average and variance profiles and differential surface
and spectra plots.

The plots for each target take the same form. The first plot is a
time series of Hα profiles across the observation block. Each pro-
file is off-set from the previous one for clarity. A time stamp is give
to the right of each spectrum, this is the time difference in min-
utes between the first observation in that block and that particular
spectrum. The second plot contains the average and variance pro-
files. The third plot is a differential surface plot. This plot shows the
difference between the first spectra of that night and the preceding
spectra. The fourth plot shows a time series of cuts in differen-
tial flux plots. This was done in the same way as the surface plots,
where the first spectrum of that night was removed from all the rest
of the spectra. These are the same profiles as chosen for the profile
time series, and again the time difference between each spectrum
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Table 2.Median photometry, variability amplitudes, light curve rms, J index, and color slopes for members discussed in this study.

CSIMon-#1 Var2 Class3 SpT4 medu medr ampu ampr rmsu rmsr J index ∆r
∆pu´rq σslope

5

000007 * c K7 17.22 14.49 1.104 0.207 0.34 0.05 32.97 0.174 0.004
000009 w F5 18.21 14.99 0.019 0.010 0.005 0.003 0.11
000011 * c K7 16.76 15.09 1.008 0.429 0.34 0.14 58.26 0.642 0.008
000014 w K7:M0 18.88 14.25 0.023 0.007 0.006 0.003 0.20
000015 w K7:M0 19.39 14.55 0.028 0.008 0.008 0.003 0.60
000017 * c K5 18.41 14.94 0.216 0.130 0.06 0.04 8.50 1.52 0.15
000018 * w K3:K4.5 19.05 14.99 0.192 0.073 0.03 0.02 2.05 0.70 0.08
000020 * w K7 20.02 15.94 0.153 0.109 0.04 0.03 1.65 1.2 0.3
000022 w M4 21.80 17.72 0.238 0.044 0.06 0.016 0.20
000023 w M3 22.30 18.18 0.475 0.063 0.11 0.02 0.07

Notes. A full version of the Table is available in electronic form at the CDS. A portion is shown here for guidance regarding its form and content.
(1) Object identifiers adopted within the CSI 2264 project (see Cody et al. 2014). (2) Variability flag; objects that exhibit a distinct level of variability
stronger than that for field stars, based on the J-index indicator, are marked with an asterisk. (3) “c” = CTTS; “w” = WTTS (classification from
Venuti et al. 2014). (4) Spectral type estimates from Venuti et al. (2014). (5) rms uncertainty on ∆r{∆pu ´ rq color slope.

vided by the distribution of accreting objects on this diagram.
The bulk of the CTTS are located at a higher u-band rms level
than the WTTS, as already observed in Fig. 2, and higher rms
values correspond, on average, to higher (i.e., more negative)
UV excesses. This correlation is estimated to be significant at
the 6σ level.

3.3. UV variability and color signatures

Figure 4 shows the global accretion-variability connection across
the cluster. This statistical information, however, is not all that is
needed to achieve a detailed picture of how variability relates
to the physics of individual objects, as illustrated by the wide
spread of rms (u) values at any given UV excess.

More accurate information on the nature of YSO variabil-
ity derives from investigating color variations. Indeed, while
single-band amplitudes provide some indication on the contrast
between stellar photosphere and the source of variability, color
variations trace the wavelength dependence of this contrast and
hence provide more direct clues to its physical origin.

In Fig. 5, UV colors and variability properties for NGC 2264
members in Fig. 4 are combined in a dynamic picture of the
pu ´ r, rq diagram of the cluster. A significant number of CTTS
display markedly bluer colors than the corresponding location on
the cluster sequence traced by WTTS, as a result of the distinc-
tive UV excess linked with ongoing disk accretion. In addition,
as illustrated in Fig. 4, high UV excesses are typically associ-
ated with strong variability, whereas a significantly lower level
of variability, both in magnitude and in color, is observed on the
same timescales for non-accreting objects.

The detailed picture of variability observed for individual ob-
jects may vary on a case-by-case basis, as shown in Fig. 5. This
is reflected in the range of slopes associated with variability bars
among bothWTTS and, especially, CTTS. Different color signa-
tures are expected to correspond to different physical scenarios.
When variability is driven by spot modulation, systems are ex-
pected to be redder at fainter states, with variability amplitudes
that decrease toward longer wavelengths; a steeper decrease with
λ is expected for hot spots than for cold spots. When variability
is due to opaque material that crosses the line of sight to the star,
little color dependence is expected in the main occultation event.

This is well illustrated in the panels of Fig. 6, which com-
pares brightness and color variation trends for four members of
NGC 2264 that are dominated by different mechanisms. Panel a)

    CTTS
    WTTS

       Av = 1.5

Fig. 5. Monitoring of color and magnitude variations on the (u ´ r, r)
diagram for CTTS (magenta lines) and WTTS (blue lines) in NGC 2264
on a timescale of weeks. Each bar represents a single object: the center
of the bar is located at the color and r-band magnitude of the object at
the median luminosity state, while the amplitudes along u´r and rmark
the total amount of variability detected during the CFHT monitoring
(i.e., pu´rqmax´pu´rqmin and rmax´rmin over the 10th´95th percentiles
range, respectively). The effects of reddening on the diagram are traced
by the black arrow in the top right corner (Fiorucci & Munari 2003).

shows an example of a stochastic accretor (Stauffer et al. 2014)
whose variability is dominated by short-lived, stochastic accre-
tion bursts. The color light curve nearly retraces the features of
the magnitude light curve, as the system becomes consistently
bluer for increasing brightness. The same global property is ob-
served for case b), which depicts a WTTS member whose vari-
ability is produced by rotational modulation of cold magnetic
spots. Cases b) and a) are distinguished by both i) the varia-
tion amplitudes, especially in color, and ii) the slope of the av-
erage r vs. u ´ r trend (as can be deduced when comparing
the direction traced by data points with the slope of the red-
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average UV excess measured in a given phase bin of 0.05 at dif-
ferent rotational cycles.

The average peak-to-peak variation in the color excess
throughout the sample amounts to ∼0.47 mag, which corre-
sponds to a variation of ∼0.52 dex in Ṁacc, consistent with what
we found in Sect. 4.2. 50% of the objects show an average in-
trinsic rms variation of <0.1 mag at a given phase from cycle
to cycle (80% at ≤0.15 mag and 90% at ≤0.25 mag). Hence,
on average a ratio of ∼0.25 between the intrinsic rms variation
on day timescales and the peak-to-peak variation can be inferred.
The average rms variation on hour timescales is smaller, amount-
ing to ≤0.05 mag. On the assumption that the two contributions
(accretion variability on hours vs. days timescales) are mutu-
ally independent, we conclude that these two sources of vari-
ability together contribute on average just ∼28% of the observed
peak-to-peak variation in the UV excess. For a typical ∆Ṁacc
of 0.52 dex, intrinsic accretion variability is thus expected to
contribute for about 0.15 dex, while a major contribution arises
from the geometric modulation of the accretion shock.

Interestingly, in the picture of modulation-dominated vari-
ability and assuming a homogeneous phase sampling, we would
expect to statistically observe symmetric variability bars around
the average value of Ṁacc; this is indeed consistent with the re-
sults reported in Sect. 4.2 and synthetized in Table 5.

5. Discussion

Accretion is a key ingredient in early stellar evolution: it reg-
ulates the star-disk interaction over the first few million years,
with a major impact on the dynamical evolution of both the
central object and the protoplanetary disk. Inferring a complete
picture of accretion within large, well-characterized samples of
young stars allows us to explore the accretion properties over
a variety of parameters (e.g., stellar mass, age, disk properties),
and hence represents a crucial issue for understanding how ac-
cretion evolves on an individual vs. statistical basis.

5.1. The M∗ − Ṁacc relationship

Understanding what relationship links disk accretion rates and
the mass of central objects has been a major focus for studies
of accretion in YSOs over the last years. A prime motivation for
this lies in that the M∗–Ṁacc relationship likely reflects the actual
mechanisms governing the accretion process.

Hartmann et al. (2006) reviewed a number of different mech-
anisms which may be relevant to disk accretion and its variability
and to the M∗–Ṁacc relationship. As noted by those authors, sev-
eral unrelated mechanisms may contribute to establishing this re-
lationship, and those mechanisms may act differently in different
mass regimes. A number of previous studies have attempted to
better understand the mass dependence of the M∗–Ṁacc relation-
ship (Vorobyov & Basu 2008; Rigliaco et al. 2011; Fang et al.
2013); these analyses suggest a diminution of the steepness of
the Ṁacc–M∗ dependence as M∗ increases from a few tenths or
hundredths of solar mass to a few solar masses. This is consis-
tent with what we observe here for NGC 2264; on the other hand,
the overall trend observed in the subsolar-to-solar mass regimes
appears to be significantly shallower than that observed in the
intermediate (1–10 M⊙) mass regime (Ercolano et al. 2014).

In this study, we examined the distribution of mass accre-
tion rates over mass for a homogeneous population of 236 con-
firmed, accreting members in NGC 2264, covering the mass

range∼0.1–1.5 M⊙. We inferred the presence of a correlation be-
tween Ṁacc and M∗ and further showed that this result is not sig-
nificantly affected by a mass-dependence in the Ṁacc detection
limits. The same fraction of accreting stars over the total young
population (∼40%) is roughly observed at lower (<0.4 M⊙) and
higher (>1 M⊙) masses; unless the true fraction of accreting
objects is considerably larger at higher masses than at lower
masses, this attests that no significant selection biases towards
lower-mass objects affect our accretion survey. Hence, we ob-
tain Ṁacc ∝ Mα∗ , with α ∼ 1.4 ± 0.3 (Eqs. (15)–(16)). This expo-
nent is smaller than the α = 2 dependence inferred by Muzerolle
et al. (2003) over the mass range 0.04–1 M⊙; the trend they ob-
tained, however, is strongly influenced by the substellar compo-
nent of the PMS population, which is not probed in our study.
Indeed, results similar to Muzerolle et al.’s findings have been
subsequently inferred from studies probing a comparable mass
range in the substellar down to planetary mass regimes (e.g.,
Mohanty et al. 2005 for a composite sample of members from
different star-forming regions, Natta et al. 2006 in ρ Ohiuchi,
Herczeg & Hillenbrand 2008 in Taurus, Alcalá et al. 2014 in
Lupus). On the other hand, studies addressing more specifi-
cally the T Tauri mass regime have recently proposed somewhat
lower estimates for the quantitative dependence of Ṁacc on M∗.
Rigliaco et al. (2011) probed a mass range, in σ Ori, similar to
the one investigated in Muzerolle et al.’s study (0.06–1 M⊙) and
inferred a value of α = 1.6 ± 0.4. Barentsen et al. (2011) stud-
ied a population of 158 accreting stars, covering the mass range
0.2–2 M⊙, in IC 1396, and inferred a M∗–Ṁacc relationship with
α = 1.1 ± 0.2. All these results are quite consistent with the es-
timate of slope here inferred. The range of α from these studies
may in part reflect the inhomogeneous nature of the methodolo-
gies and stellar samples; however, taken at face value, the results
suggest a possible dependence of α on mass, with the higher
mass regime showing a shallower slope.

5.2. Accretion variability: what contribution to the Ṁacc

spread at a given mass?

A ubiquitous result of the studies of Ṁacc distributions for large
samples of young stars is the significant spread observed in Ṁacc
at a given mass, enveloping the average trend over 2 to 3 orders
of magnitude. CTTS are known to display a strong variability
over different timescales; this takes contribution both from ge-
ometric effects linked with the rotational modulation of surface
starspots and disk features (Herbst et al. 1994) and from the in-
trinsic variability of the accretion process. Variability could thus
be partly responsible for the observed scatter.

In order to probe this effect, we monitored the UV ex-
cess and Ṁacc variability for about 150 NGC 2264 accreting
members over two full weeks, with typically 16–17 epochs for
each object; this allowed us to show that variability on week
timescales determines on average a variation of the detected Ṁacc
over ∼0.5 dex, significantly smaller than the extent of the aver-
age Ṁacc scatter.

This study complements the results inferred from recent
studies that explored the variability in mass accretion rates
on longer timescales. Nguyen et al. (2009) analyzed the Ṁacc
variability of a sample of 40 members in Taurus-Auriga and
Chamaeleon I, from multi-epoch optical spectra distributed
over ∼10 months, with typically 4 epochs per object on a base-
line varying from hours to months. They probed the accretion
properties from Hα 10% width and Ca II flux and inferred a
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L. Venuti et al.: Mapping accretion and its variability in the young open cluster NGC 2264

    Accretion bursts
    Variable extinction

Fig. 16. Ṁacc distribution as a function of stellar mass for the population of NGC 2264 accreting members observed at CFHT. Upper limits are
shown for those objects that fall below the estimated confidence threshold for accretion detection (see text). For some objects, no significant Ṁacc
has been detected at the median state of the system, but they do show a significant accretion activity (i.e., above the detection level) at the brightest
state; in these cases, an upper limit is placed at the detection threshold, while a cross marks the maximum Ṁacc actually detected. Orange dots and
green triangles mark two subgroups of objects dominated respectively by stochastic accretion bursts and variable extinction from a rotating inner
disk warp (Stauffer et al. 2014).

the degree of disentanglement between the observed mass-Ṁacc
dependence and the effects of censoring in the data.

A statistical approach that allows us to infer a robust measure
of correlation in a given sample, in presence of multiple censor-
ing (both ties, here points at the same x-value but with different
y-values, and non-detections, i.e. upper limits), is a generaliza-
tion of Kendall’s τ test for correlation (see Feigelson & Babu
2012; Helsel 2012). The test consists in pairing the data points
(measurements and upper limits) in all possible configurations
and, for each pair, measuring the slope (positive or negative) of
the line connecting the two points. A pair of data points having
the same x-value will be counted as an indeterminate relation-
ship, likewise a pair of upper limits; upper limits will uniquely
contribute a definite relationship when paired with actual detec-
tions at higher y-value. The number of times positive slopes oc-
cur is then compared to the number of negative slopes, and their
difference weighted against the total number of available pairs.
This defines the statistical correlation coefficient, τ. ln this pic-
ture, upper limits have the effect of lowering the likelihood of
a correlation, if this is present in the data, as they introduce a
number of indeterminate relationships among the tested pairs.
Conversely, no correlation will be found in a pure sample of up-
per limits, even though these trace a well-defined trend, since

the number of pairs with definite relationship will be zero. In
the null hypothesis of no correlation, τ is expected to follow a
normal distribution centered around zero; by measuring the de-
viation from zero of the actually found value, in terms of σ, it
is thus possible to assess a confidence level for the presence of
correlation in a given sample.

The application of this statistical tool to our data allowed us
to establish the presence of a correlation (τ ∼ 0.28) that appears
to hold across the whole mass range studied here with a confi-
dence of more than 6σ. The robustness of this result was tested
against a similar search for correlation in randomly generated
distributions of Ṁacc in the log range [−10.5 ,−6.5] for the same
stellar population with the same individual detection thresholds.
The τ distribution inferred from 100 iterations is peaked around
τ = 0.00 (no correlation) with a σ of 0.04; this suggests that
indeed an intrinsic correlation is observed in our data to a sig-
nificance of >6σ. We then inferred a statistical estimate for the
slope following the approach of Akritas-Theil-Sen nonparamet-
ric regression (see Feigelson & Babu 2012):

1. we derived a first guess for the slope from a least-squares fit
to the data distribution and explored a range of ±0.5 around
this first estimate with a step of 0.005;
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2. for each value x, we subtracted the xM∗ trend from the initial
Ṁacc distribution and repeated the Kendall’s τ computation
procedure on the distribution of residues thus inferred.

The best fitting trend is the one that, subtracted to the point dis-
tribution, produces τ = 0, while an error bar can be inferred cor-
responding to the interval of values that produce τ <|σ|. We ap-
plied this procedure to both the mass-Ṁacc distribution inferred
from the u− r excess distribution (see discussion around Eq. (9))
and the one inferred from the u − g excess distribution (see dis-
cussion around Eq. (8)), obtaining respectively:

Ṁacc ∝ M1.5± 0.2
∗ (15)

Ṁacc ∝ M1.3± 0.2
∗ . (16)

The two trends are consistent within 1σ; the smaller exponent
in Eq. (16) compared to Eq. (15) may reflect the small, mass-
dependent offset between the Ṁacc distributions inferred from
the two methods (cf. Fig. 15). A slope of 1.7 ± 0.2, instead of
the estimate in Eq. (15), would be inferred if we converted u − r
excesses to Lacc values following Gullbring et al. (1998). The
two estimates are still consistent within 1σ; this comparison il-
lustrates that a (small) range in values around the true slope may
be induced by external factors such as the Lexc

u –Lacc conversion.
The analysis of correlation described above refers to the ho-

mogeneous sample of Fig. 16 as a whole. While the relationship
we infer seems to be robust across the whole sample, this likely
provides a general, average information on the global trend of
Ṁacc with mass, not a punctual description of the trend. We no-
tice, for instance, that little mass dependence is observed in the
upper envelope of the Ṁacc distribution above M∗ ∼ 0.25 M⊙.
We attempted a more detailed investigation of the observed Ṁacc
vs. M∗ relationship by probing separately two different, simi-
larly populated mass bins, M∗ ≤ 0.3 M⊙ and M∗ > 0.3 M⊙. In
both subgroups, we found some evidence of correlation, albeit
with different values and significance levels: a correlation with
a slope of 3.3 ± 0.7 was inferred, to the 4σ level, in the lower-
mass group, while a correlation with a slope of 0.9 ± 0.4 was
obtained for the higher-mass group with a significance of 2.4σ.
These results might suggest that the dependence of Ṁacc on M∗
is not uniform across the whole M∗–Ṁacc range, but shallower
at higher masses and higher accretion rates; on the other hand, a
closer investigation of the M∗–Ṁacc relationship from separate,
small subsamples is necessarily more uncertain than the assess-
ment of a general correlation trend observed across the whole
sample.

Another remarkable feature on Fig. 16 is the large dispersion
in the Ṁacc values observed at each stellar mass, covering a range
of ∼2 to 3 dex. Similar results have been inferred from previous
statistical surveys of accretion in a given cluster (see, e.g., the re-
cent studies of Rigliaco et al. 2011 on σ Ori and of Manara et al.
2012 on the ONC). This implies that only the average behavior
of the actual trend of Ṁacc with M∗ can be deduced, and suggests
that different accretion regimes may co-exist within the same
young stellar population. To this respect, we highlight in Fig. 16
the accretion properties of two, morphologically well-distinct,
classes of YSOs in NGC 2264, both actively accreting. The first
corresponds to the newly identified (Stauffer et al. 2014) class
of objects whose light curves are dominated by accretion bursts.
The second class includes objects whose light curves show pe-
riodic or quasi-periodic flux dips likely resulting from a rotating
inner disk warp partly occulting the stellar emission (Bouvier
et al. 2007a; Alencar et al. 2010). As can be seen in Fig. 16, both
classes of objects show a level of accretion on average larger

Fig. 17. Variability of the mass accretion rates observed for NGC 2264
members over the 2-week long CFHT monitoring. Black dots corre-
spond to the median Ṁacc measured for each object (see Fig. 16). For
each object, the relevant variability bar is displayed, corresponding to
the difference between the maximum and the minimum Ṁacc detected
during the monitoring. A typical variability bar is shown in red.

than the mean level of accretion activity detected across the pop-
ulation of NGC 2264; however, the two classes are well distin-
guished, with the first showing a mean accretion rate about three
times larger than the second.

4.2. Mid-term Ṁacc variability

The scatter in Fig. 16 could in principle partly arise from the
huge photometric variability exhibited by T Tauri stars, both on
short-term (hours) and mid-term (days) timescales (e.g., Ménard
& Bertout 1999). Short-term variability can affect the Ṁacc es-
timates inferred for single objects, but its contribution is likely
negligible for our purposes (i.e., for a statistical mapping of ac-
cretion throughout the population of the cluster). On the other
hand, mid-term variability, comprising the geometric effects
linked with stellar rotation and the intrinsic accretion variabil-
ity (timescales relevant for hot spots), might effectively blur the
Ṁacc distribution inferred from the mapping of the region, since
each object is observed at an arbitrary phase.

In order to assess the contribution of mid-term variability to
the Ṁacc spread, we probed the variability of the detected Ṁacc,
over timescales relevant to stellar rotation, by measuring the UV
excess and correspondingly computing the mass accretion rate
from each observing epoch during the CFHT u-band and r-band
monitoring. On average, 16–17 points distributed over the 2-
week long survey have been considered to probe variability. This
procedure allowed us to robustly associate a range of variability
to the individual average Ṁacc, inferred for each object as de-
scribed in Sect. 4.1.

Figure 17 shows the results inferred from this analysis; each
variability bar encompasses all values of Ṁacc detected for the
corresponding object during the monitoring (i.e., it traces the
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  flat spectrum  thick disk  anaemic disk

 naked photosphere

Fig. 20. Ṁacc–αIRAC relationship. The αIRAC-based disk morphology
classification follows Table 2 of Teixeira et al. (2012). Three differ-
ent mass groups are compared: M∗ < 0.4 M⊙ (filled circles); 0.4 M⊙ ≤
M∗ ≤ 1 M⊙ (open squares); M∗ > 1 M⊙ (crosses).

estimates. We notice that lower-mass stars appear to be system-
atically older than higher-mass stars, based on model ages. If
this is not a physical effect, but rather an artifact driven by sys-
tematics in the model, the actual anticorrelation trend that can be
derived from Fig. 19 is, at best, doubtful.

The reliability of such time evolution analyses of accretion
is subject to the assumption that the interpretation of the lumi-
nosity spread for a given PMS population on the HR diagram
in terms of a true age spread is overall correct. However, this
interpretation is subject to a severe controversy. Indeed, recent
studies have questioned the accuracy of individual age estimates
from the stellar luminosity. Baraffe et al. (2009) claimed that the
luminosity spread observed on the HR diagram of a given star-
forming region does not correspond to an actual age spread, but
merely reflects the individual episodic accretion history, whose
dynamics may mimic an age spread of up to a few Myr for co-
eval stars. While no consensus has obviously been achieved on
this issue, an intrinsic age spread on the order of Myr, if present,
is likely to be reflected in different properties of the region, such
as the spatial distribution of members. This point is discussed in
Sect. 5.4.

As mentioned in Sect. 3.1, information on the circumstellar
disk morphology, hence on the evolutionary status, is conveyed
by the mid-IR slope of the SED of the system. In Fig. 20, the ac-
cretion properties for three different mass groups of members are
compared to the αIRAC classification from Teixeira et al. (2012).
Smaller values of αIRAC correspond to more evolved disks; the
average accretion rates decrease as disks become more evolved,
albeit within a significant spread for each mass group.

These comparisons show that several parameters, beyond
stellar mass, regulate the accretion evolution of individual sys-
tems and eventually contribute to shape the complex picture of
a star-forming region such as we may infer from an extensive
accretion survey.

    -6.5

    -7.0

    -7.5

    -8.0

    -8.5

    -9.0

    -9.5

    -10.0   

Fig. 21. Spatial mapping of accretion properties in NGC 2264. Small
gray dots indicate the distribution of field stars, large dots indicate ac-
creting cluster members. Only objects with an actual Ṁacc detection
are shown. Symbol colors and sizes are scaled according to the value
of Ṁacc. The black boxes mark the regions of maximum stellar density
in the cluster (from Lamm et al. 2004). Double arrows mark a physical
distance of 1.5 parsecs.

5.4. A spatial mapping of accretion properties in NGC 2264

Characterizing the spatial distribution of accreting members ac-
cording to their accretion properties is a useful tool to investigate
the evolution dynamics of the region.

Figure 21 shows a spatial mapping of accretion in
NGC 2264. Most accretors are projected onto the cluster; a part
of the population of accreting or mildly accreting members are
instead located on the peripheral regions. Some interesting fea-
tures can be observed: the strongest accretors tend to be concen-
trated around the two known active sites of star formation within
the cloud, a few parsecs apart, while the population of more
moderate accretors tends to be more evenly distributed through-
out the whole cluster. The halo of members is spread over a few
parsecs around the star-forming sites.

This differential distribution of mass accretion rates may be
the product of a sequential star formation process: the youngest
stars, likely the most actively accreting, are indeed expected to
be found close to their birth sites, while dynamical evolution
over a few Myr (the average age of the cluster) can explain
displacements up to a few parsecs relative to the original loca-
tion where stars were formed. If this is the case, the distribu-
tion of Ṁacc also reflects the presence of an intrinsic age spread
within the region, hence corroborating the interpretation in terms
of a time evolution over different ages.

We attempted to pursue further this scenario by investigat-
ing the spatial distributions of distinct, equal-sized groups of ob-
jects at the two age extremities in Fig. 19. If our interpretation is
correct, we would expect the presumed younger member group
to be spatially more compact than the older one. A statistical
method to probe spatial compactness is the minimum spanning
tree (MST) method (Prim 1957). This (see also Allison et al.
2009; Parker et al. 2011) consists in computing the minimum
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L. Venuti et al.: Mapping accretion and its variability in the young open cluster NGC 2264

    Accretion bursts
    Variable extinction

Fig. 16. Ṁacc distribution as a function of stellar mass for the population of NGC 2264 accreting members observed at CFHT. Upper limits are
shown for those objects that fall below the estimated confidence threshold for accretion detection (see text). For some objects, no significant Ṁacc
has been detected at the median state of the system, but they do show a significant accretion activity (i.e., above the detection level) at the brightest
state; in these cases, an upper limit is placed at the detection threshold, while a cross marks the maximum Ṁacc actually detected. Orange dots and
green triangles mark two subgroups of objects dominated respectively by stochastic accretion bursts and variable extinction from a rotating inner
disk warp (Stauffer et al. 2014).

the degree of disentanglement between the observed mass-Ṁacc
dependence and the effects of censoring in the data.

A statistical approach that allows us to infer a robust measure
of correlation in a given sample, in presence of multiple censor-
ing (both ties, here points at the same x-value but with different
y-values, and non-detections, i.e. upper limits), is a generaliza-
tion of Kendall’s τ test for correlation (see Feigelson & Babu
2012; Helsel 2012). The test consists in pairing the data points
(measurements and upper limits) in all possible configurations
and, for each pair, measuring the slope (positive or negative) of
the line connecting the two points. A pair of data points having
the same x-value will be counted as an indeterminate relation-
ship, likewise a pair of upper limits; upper limits will uniquely
contribute a definite relationship when paired with actual detec-
tions at higher y-value. The number of times positive slopes oc-
cur is then compared to the number of negative slopes, and their
difference weighted against the total number of available pairs.
This defines the statistical correlation coefficient, τ. ln this pic-
ture, upper limits have the effect of lowering the likelihood of
a correlation, if this is present in the data, as they introduce a
number of indeterminate relationships among the tested pairs.
Conversely, no correlation will be found in a pure sample of up-
per limits, even though these trace a well-defined trend, since

the number of pairs with definite relationship will be zero. In
the null hypothesis of no correlation, τ is expected to follow a
normal distribution centered around zero; by measuring the de-
viation from zero of the actually found value, in terms of σ, it
is thus possible to assess a confidence level for the presence of
correlation in a given sample.

The application of this statistical tool to our data allowed us
to establish the presence of a correlation (τ ∼ 0.28) that appears
to hold across the whole mass range studied here with a confi-
dence of more than 6σ. The robustness of this result was tested
against a similar search for correlation in randomly generated
distributions of Ṁacc in the log range [−10.5 ,−6.5] for the same
stellar population with the same individual detection thresholds.
The τ distribution inferred from 100 iterations is peaked around
τ = 0.00 (no correlation) with a σ of 0.04; this suggests that
indeed an intrinsic correlation is observed in our data to a sig-
nificance of >6σ. We then inferred a statistical estimate for the
slope following the approach of Akritas-Theil-Sen nonparamet-
ric regression (see Feigelson & Babu 2012):

1. we derived a first guess for the slope from a least-squares fit
to the data distribution and explored a range of ±0.5 around
this first estimate with a step of 0.005;
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2. for each value x, we subtracted the xM∗ trend from the initial
Ṁacc distribution and repeated the Kendall’s τ computation
procedure on the distribution of residues thus inferred.

The best fitting trend is the one that, subtracted to the point dis-
tribution, produces τ = 0, while an error bar can be inferred cor-
responding to the interval of values that produce τ <|σ|. We ap-
plied this procedure to both the mass-Ṁacc distribution inferred
from the u− r excess distribution (see discussion around Eq. (9))
and the one inferred from the u − g excess distribution (see dis-
cussion around Eq. (8)), obtaining respectively:

Ṁacc ∝ M1.5± 0.2
∗ (15)

Ṁacc ∝ M1.3± 0.2
∗ . (16)

The two trends are consistent within 1σ; the smaller exponent
in Eq. (16) compared to Eq. (15) may reflect the small, mass-
dependent offset between the Ṁacc distributions inferred from
the two methods (cf. Fig. 15). A slope of 1.7 ± 0.2, instead of
the estimate in Eq. (15), would be inferred if we converted u − r
excesses to Lacc values following Gullbring et al. (1998). The
two estimates are still consistent within 1σ; this comparison il-
lustrates that a (small) range in values around the true slope may
be induced by external factors such as the Lexc

u –Lacc conversion.
The analysis of correlation described above refers to the ho-

mogeneous sample of Fig. 16 as a whole. While the relationship
we infer seems to be robust across the whole sample, this likely
provides a general, average information on the global trend of
Ṁacc with mass, not a punctual description of the trend. We no-
tice, for instance, that little mass dependence is observed in the
upper envelope of the Ṁacc distribution above M∗ ∼ 0.25 M⊙.
We attempted a more detailed investigation of the observed Ṁacc
vs. M∗ relationship by probing separately two different, simi-
larly populated mass bins, M∗ ≤ 0.3 M⊙ and M∗ > 0.3 M⊙. In
both subgroups, we found some evidence of correlation, albeit
with different values and significance levels: a correlation with
a slope of 3.3 ± 0.7 was inferred, to the 4σ level, in the lower-
mass group, while a correlation with a slope of 0.9 ± 0.4 was
obtained for the higher-mass group with a significance of 2.4σ.
These results might suggest that the dependence of Ṁacc on M∗
is not uniform across the whole M∗–Ṁacc range, but shallower
at higher masses and higher accretion rates; on the other hand, a
closer investigation of the M∗–Ṁacc relationship from separate,
small subsamples is necessarily more uncertain than the assess-
ment of a general correlation trend observed across the whole
sample.

Another remarkable feature on Fig. 16 is the large dispersion
in the Ṁacc values observed at each stellar mass, covering a range
of ∼2 to 3 dex. Similar results have been inferred from previous
statistical surveys of accretion in a given cluster (see, e.g., the re-
cent studies of Rigliaco et al. 2011 on σ Ori and of Manara et al.
2012 on the ONC). This implies that only the average behavior
of the actual trend of Ṁacc with M∗ can be deduced, and suggests
that different accretion regimes may co-exist within the same
young stellar population. To this respect, we highlight in Fig. 16
the accretion properties of two, morphologically well-distinct,
classes of YSOs in NGC 2264, both actively accreting. The first
corresponds to the newly identified (Stauffer et al. 2014) class
of objects whose light curves are dominated by accretion bursts.
The second class includes objects whose light curves show pe-
riodic or quasi-periodic flux dips likely resulting from a rotating
inner disk warp partly occulting the stellar emission (Bouvier
et al. 2007a; Alencar et al. 2010). As can be seen in Fig. 16, both
classes of objects show a level of accretion on average larger

Fig. 17. Variability of the mass accretion rates observed for NGC 2264
members over the 2-week long CFHT monitoring. Black dots corre-
spond to the median Ṁacc measured for each object (see Fig. 16). For
each object, the relevant variability bar is displayed, corresponding to
the difference between the maximum and the minimum Ṁacc detected
during the monitoring. A typical variability bar is shown in red.

than the mean level of accretion activity detected across the pop-
ulation of NGC 2264; however, the two classes are well distin-
guished, with the first showing a mean accretion rate about three
times larger than the second.

4.2. Mid-term Ṁacc variability

The scatter in Fig. 16 could in principle partly arise from the
huge photometric variability exhibited by T Tauri stars, both on
short-term (hours) and mid-term (days) timescales (e.g., Ménard
& Bertout 1999). Short-term variability can affect the Ṁacc es-
timates inferred for single objects, but its contribution is likely
negligible for our purposes (i.e., for a statistical mapping of ac-
cretion throughout the population of the cluster). On the other
hand, mid-term variability, comprising the geometric effects
linked with stellar rotation and the intrinsic accretion variabil-
ity (timescales relevant for hot spots), might effectively blur the
Ṁacc distribution inferred from the mapping of the region, since
each object is observed at an arbitrary phase.

In order to assess the contribution of mid-term variability to
the Ṁacc spread, we probed the variability of the detected Ṁacc,
over timescales relevant to stellar rotation, by measuring the UV
excess and correspondingly computing the mass accretion rate
from each observing epoch during the CFHT u-band and r-band
monitoring. On average, 16–17 points distributed over the 2-
week long survey have been considered to probe variability. This
procedure allowed us to robustly associate a range of variability
to the individual average Ṁacc, inferred for each object as de-
scribed in Sect. 4.1.

Figure 17 shows the results inferred from this analysis; each
variability bar encompasses all values of Ṁacc detected for the
corresponding object during the monitoring (i.e., it traces the
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Figure 1. The left panels show the observed light variations of RU Lup and IM Lup obtained by MOST during 2012 and 2013; they are
expressed in Heliocentric Julian Days (HJD) and in flux units scaled to unity at the mean stellar brightness level. The right panels show
the corresponding amplitude frequency spectra a(f), where f is the frequency in cycles per day. The amplitude errors in the spectra
are negligible, in practice coincident with the X-axis, therefore omitted for clarity. For RU Lupi, the frequency spectra show also an
arbitrarily scaled flickering noise envelope with a(f) ∝ 1/

√
f .

initiated space- and ground-based searches for a Jupiter-like
planet around the star (Mawet et al. 2012).

The first set of stellar parameters of IM Lup, as de-
rived by Batalha & Basri (1993), was recently refined by
Pinte et al. (2008). With the assumption of a distance of
190 ± 27 pc (Wichmann et al. 1998) they obtained Teff =
3900 K (Sp. M0V), log g = 3.5, R = 3 R⊙, L = 1.9 L⊙,AV =
0.5 mag and age of 1 Myr. From the high-resolution HARPS
spectra Günther et al. (2010) obtained v sin i = 15±2 km/s.
Using R = 3 R⊙ and i = 50± 5 deg of Pinte et al. (2008) or
i = 54± 3 deg of Panić et al. (2009), and assuming that the
accretion disc is coplanar with the stellar equator, one can
estimate possible values of the rotational period at 7.7± 0.7
and 8.1 ± 0.4 d, respectively. Interestingly Batalha et al.
(1998) found the signature of a 7.42 d period in archival
photometric data, although the significance of this period-
icity was very low and the authors concluded that IM Lup
is an irregularly variable star.

3 PHOTOMETRIC OBSERVATIONS

3.1 MOST observations

The MOST satellite has been described several times in
our previous papers of this series, as listed in Section 1.
The pre-launch characteristics of the mission are described
by Walker et al. (2003) and the initial post-launch perfor-
mance by Matthews et al. (2004). The satellite observes in
one broad-band filter covering the spectral range of 350 –
700 nm with effective wavelength similar to that of the John-
son V -filter.

The MOST observations of RU Lup and IM Lup were
done simultaneously, with both stars in the same field of the
satellite. The first series of observations, conducted in direct-
imaging data-acquisition mode, took place over 28.216 days
between 13 April and 12 May, 2012, during 368 satellite
orbits. Encouraged by the first results, we re-observed the
stars during the next observing season between 13 April and
8 May, 2013, over 25.932 days during 334 satellite orbits. The
stars are not in the Continuous Visibility Zone of the satel-
lite so that their observations were interrupted for 40-70 min
during each satellite orbit by observations of secondary tar-
gets, and occasionally for ∼ 1 d by time-critical observations

4 M. Siwak et al.
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Figure 1. The left panels show the observed light variations of RU Lup and IM Lup obtained by MOST during 2012 and 2013; they are
expressed in Heliocentric Julian Days (HJD) and in flux units scaled to unity at the mean stellar brightness level. The right panels show
the corresponding amplitude frequency spectra a(f), where f is the frequency in cycles per day. The amplitude errors in the spectra
are negligible, in practice coincident with the X-axis, therefore omitted for clarity. For RU Lupi, the frequency spectra show also an
arbitrarily scaled flickering noise envelope with a(f) ∝ 1/
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initiated space- and ground-based searches for a Jupiter-like
planet around the star (Mawet et al. 2012).

The first set of stellar parameters of IM Lup, as de-
rived by Batalha & Basri (1993), was recently refined by
Pinte et al. (2008). With the assumption of a distance of
190 ± 27 pc (Wichmann et al. 1998) they obtained Teff =
3900 K (Sp. M0V), log g = 3.5, R = 3 R⊙, L = 1.9 L⊙,AV =
0.5 mag and age of 1 Myr. From the high-resolution HARPS
spectra Günther et al. (2010) obtained v sin i = 15±2 km/s.
Using R = 3 R⊙ and i = 50± 5 deg of Pinte et al. (2008) or
i = 54± 3 deg of Panić et al. (2009), and assuming that the
accretion disc is coplanar with the stellar equator, one can
estimate possible values of the rotational period at 7.7± 0.7
and 8.1 ± 0.4 d, respectively. Interestingly Batalha et al.
(1998) found the signature of a 7.42 d period in archival
photometric data, although the significance of this period-
icity was very low and the authors concluded that IM Lup
is an irregularly variable star.

3 PHOTOMETRIC OBSERVATIONS

3.1 MOST observations

The MOST satellite has been described several times in
our previous papers of this series, as listed in Section 1.
The pre-launch characteristics of the mission are described
by Walker et al. (2003) and the initial post-launch perfor-
mance by Matthews et al. (2004). The satellite observes in
one broad-band filter covering the spectral range of 350 –
700 nm with effective wavelength similar to that of the John-
son V -filter.

The MOST observations of RU Lup and IM Lup were
done simultaneously, with both stars in the same field of the
satellite. The first series of observations, conducted in direct-
imaging data-acquisition mode, took place over 28.216 days
between 13 April and 12 May, 2012, during 368 satellite
orbits. Encouraged by the first results, we re-observed the
stars during the next observing season between 13 April and
8 May, 2013, over 25.932 days during 334 satellite orbits. The
stars are not in the Continuous Visibility Zone of the satel-
lite so that their observations were interrupted for 40-70 min
during each satellite orbit by observations of secondary tar-
gets, and occasionally for ∼ 1 d by time-critical observations
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Magnetospheric accretion and spin-down of AA Tau 1357

Figure 5. Maps of the radial, azimuthal and meridional components of the magnetic field B (first and third rows, left-hand to right-hand panels, respectively),
photospheric brightness b and excess Ca II IRT emission e (second and fourth rows, first and second panels respectively) at the surface of AA Tau, during our
2009 January (two upper rows) and 2007/2008 (two lower rows) runs. Magnetic fluxes are labelled in G. In all panels, the star is shown in flattened polar
projection down to latitudes of −30◦, with the equator depicted as a bold circle and parallels as dashed circles. Radial ticks around each plot indicate phases
of observations.
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Fig. 2. The V and (B-V) photometric variations of AA Tau. The B-
V light curve has been computed by pairing B and V measurements
obtained no more than 15 minutes apart.

to be bluer when fainter. Superimposed on this midterm be-
haviour, rapid color changes occur within the luminosity dips
with the system suddenly turning much bluer on a timescale of
a few hours (e.g., on day 37.5 and 46–48). These blue excur-
sions appear to be correlated with transient brightening events
primarily observed in the faint state, while in the bright state the
short-term photometric variability seems much smoother.

The fading episodes appear to repeat themselves on a char-
acteristic timescale of about a week. A CLEAN-periodogram
analysis (Roberts et al. 1987) indicates a period of Pphot =
8.3±0.05 days in the BVRI filters, while the string-length me-
thod (Dworetsky 1983) yields Pphot = 8.6±0.1 days. These
estimates are consistent with the previously reported photomet-
ric period of 8.2 days (Vrba et al. 1989, Shevchenko et al. 1991).
Light curves folded in phase with a period of 8.5 days are shown
in Fig. 3. Even though the variations are obviously not perfectly
reproducible from one cycle to the next, the existence of a pe-
riod –or characteristic timescale if not a strict period– is strongly
supported by the overall coherency of the phase diagrams.

Near-IR measurements (Table 2) were obtained on AA Tau
in the JHKfilters over 6 nights encompassing part of the first fad-
ing episode and the return of the system to the bright state. The
near-IR photometric variations are correlated with the visual
ones albeit with a much lower photometric amplitude, decreas-
ing from about 0.7 mag at J to 0.45 mag at K. Spectral energy
distributions (SED) constructed by combining the visual and
near-IR photometry are shown in Fig. 4 for AA Tau in the bright
and faint states. A K7 photosphere reddenned by 0.8 mag (see
Appendix) has been fitted to the SEDs and reveals the presence
of blue and near-IR excesses at all phases of the photometric
cycle.While the photospheric flux decreases by a factor of about

Table 2. JHK photometry

Date J J-H H-K
37.309 9.70 0.84 0.50
37.376 9.65 0.82 0.48
38.308 9.94 — —
38.378 9.99 0.85 0.59
39.328 9.69 0.85 0.51
39.395 9.68 0.87 0.46
40.340 9.81 0.85 0.55
40.523 9.88 0.92 0.44
41.353 9.38 0.81 0.43
43.381 9.30 0.70 0.49

3.5 between the bright and faint states, we find that the near-IR
excess flux remains constant along the photometric cycle. This
is consistent with the near-IR study of Skrutskie et al. (1996)
who found that AA Tau’s behaviour in an E(H-K)–E(J-H) dia-
gram was indicative of a relative brightness change between the
photosphere and the inner disk. In contrast, the excess flux in
the B band does decrease by a factor of about 3 as the system
fades (see Fig. 4). The physical mechanism responsible for the
variations of the photospheric flux must then simultaneously
and nearly equally affect the blue excess emitting region.

3.2. Spectroscopic variability

Low-resolution spectra were continuously obtained for AA Tau
over more than 2 weeks covering several brightness minima
and maxima. In a given luminosity state, the individual spectra
are similar. We therefore averaged a set of spectra taken during
AATau’s fading episodes and another set obtained at maximum
brightness. The resulting average spectra in the bright and faint
states are shown in Fig. 5.

We do not detect any significant change in AA Tau’s spec-
tral type within a couple of subclasses during the photometric
cycle. There are however a number of differences between the
2 spectra. The most obvious is the increase of Balmer lines
equivalent width at minimum brightness. The temporal varia-
tions of EW(Hα) and EW(Hβ) are shown in Fig. 6. They appear
to be inversely correlated with the system’s brightness, being
enhanced during the fading episodes. Fig. 6 also shows the vari-
ations of theHαandHβ line fluxes2. Fromday 38 to about 48, the
Hαline flux seems to correlate with the continuum flux though
this correlation tends to disappear thereafter. This indicates that
the enhanced equivalent widths observed in the faint state at
least partly result from a contrast effect as the photospheric flux
weakens. The Hβ line has a more erratic behaviour, exhibiting
the largest flux at both minimum and maximum brightness.

2 The line fluxes were computed by combining photometric and
spectroscopic measurements taken less than half an hour apart as:
F (Hα) ∝ EW (Hα) · 10−0.4mR and F (Hβ) ∝ EW (Hβ) ·

10−0.4mB , where mR and mB are the magnitudes of the system in
the R and B-bands, respectively.
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CSI2264:	
  Coordinated	
  Synop*c	
  Inves*ga*on	
  of	
  NGC	
  2264	
  

Ø 	
  Spitzer:	
  30d	
  @	
  3.6,	
  4.5	
  μm	
  
Ø 	
  CoRoT:	
  40d,	
  op*cal	
  
Ø 	
  Chandra/ACIS:	
  300ks	
  (3.5d)	
  	
  
Ø 	
  MOST:	
  40d,	
  op*cal	
  	
  
Ø  VLT/Flames:	
  ~20	
  epochs	
  
Ø 	
  Ground-­‐based	
  monitoring	
  	
  
	
  	
  	
  	
  U-­‐K	
  bands:	
  ~3	
  months	
  	
  

A revolution in space based monitoring of young stars!

(December	
  2011)	
  

P.I.	
  J.	
  Stauffer,	
  G.	
  Micela	
  

(includes	
  CFHT/MegaCam	
  
u	
  +	
  r-­‐band	
  monitoring)	
  

NGC	
  2264	
  	
  
Distance	
  ~	
  760	
  pc	
  
Age	
  ~	
  3-­‐5	
  Myr	
  
Known	
  members:	
  ~2000	
  



The	
  revolu*on	
  of	
  space	
  photometry	
  

•  CoRot,	
  Spitzer,	
  Kepler	
  K2,	
  soon:	
  Gaia,	
  TESS,	
  
PLATO…	
  

•  CSI	
  2264:	
  YSOs	
  variability	
  classes	
  (Cody+,	
  
Stauffer+	
  2014-­‐2017	
  paper	
  series)	
  	
  
– SpoRed,	
  dippers,	
  bursters,	
  stochas*cs,	
  and	
  some	
  
others…	
  

•  Not	
  a	
  mere	
  classifica*on,	
  but	
  the	
  reflec2on	
  of	
  
different	
  physical	
  processes	
  /	
  accre2on	
  
regimes	
  /	
  circumstellar	
  absorp2on	
  events.	
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  variability	
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Figure 1. Our previous work on YSO light curves obtained by CoRoT and K2  Campaign 2 
revealed eight different classes of variability and their hypothesized origins, as shown here. K2 
observations of Taurus are expected to show similar behavior, and we will use complementary 
ground-based data to understand the mechanisms behind it.  

II.	Goals	of	the	Taurus	Monitoring	Campaign 
A.	Correlate	light	curve	morphology	with	disk	properties 
Taurus members and their disks have long been targets of imaging at sub-millimeter and longer 
wavelengths (e.g., Kwon et al. 2015; Pérez et al. 2015). Among the 115 disk bearing stars that 
we propose to observe in Taurus, past datasets (e.g., McGinnis et al. 2015 and references therein) 
suggest that 20-30% will display fading events in the K2 photometry consistent with dust 
occultations. These few-day duration light curve dips are thought to be due to magnetic warps in 
the surrounding disk transiting the face of the star. However, some of our K2 data in Campaign 2 
challenged this idea; we identified a “dipper” star in Upper Scorpius that appears to have a disk 
oriented face-on. To further investigate the origin of fading events, we will analyze the 
correlation between variability morphology, spectral energy distribution, and disk inclination, 
which will soon be available for many Taurus members thanks to high-resolution, high 
sensitivity millimeter observations (Carpenter is a co-I on the cycle 2 ALMA program 
“Completing the disk census in Taurus”). Where disk masses are available, we will search for 
correlations between dust/gas distributions and light curve morphology class. For example, the 
object HL Tau with its spectacular ringed disk (ALMA partnership et al. 2015) is one of our 
requested targets. Also included in our list are well-known transition disks such as LkCa 15. 
 
Particularly interesting are cases in which the disk is inclined nearly edge-on, completely 
obscuring the central star. Targets such as HV Tau C and HH30 satisfy this condition, and they 
are bright enough in scattered light that observations of flux modulations will shed light on the 

Accre*on	
   Occulta*on	
  
NGC	
  2264	
  CoRoT	
  light	
  curves	
  

Stable	
  vs.	
  unstable	
  accre2on	
  regimes?	
  	
  

	
  Eclips.Bin	
  

??	
  



Star-­‐disk	
  interac*on:	
  is	
  that	
  all	
  ?	
  

“Hot	
  Jupiters”	
  (or	
  Saturns…)?	
  
Hal*ng	
  the	
  planetary	
  migra*on	
  ?	
  

+	
  inner	
  rocky	
  planets	
  (cf.	
  Kepler)	
  



 

Section a. State-of-the-art and objectives 
 
Images sometimes revolutionize astronomy. It had been the case in 1995, when the Hubble Space 
Telescope released the first image of a spectacular example of long-suspected circumstellar disks 
around young stars, thus revealing HH30’s edge-on disk and associated highly collimated outflow (cf. 
Fig.1). Two years ago, a new revolution happened when ALMA released the breathtaking image of 
the circumstellar disk of the young protostar HL Tau, which revealed extraordinarily fine detail that 
had never been seen before in the planet-forming disc around a young star. In particular, the 
appearance of a number of bright and dark alternating rings in the disk’s image provides the most 
direct support for planetary formation occurring at an early age around solar-type stars.   
 
 

 
 

 
 
 
The detection of the first exoplanet, 51 Peg b (Mayor & Queloz 1995), has opened a new chapter in 
modern astrophysics. Twenty years after this revolution, several thousands exoplanets have been 
reported, and it appears that almost every star in the Galaxy host a full-fledged planetary system. How 
and when these extrasolar systems form has become one of the most pressing issues of modern 
astrophysics. Surprisingly, most of these systems are quite different from our Solar System and most 
consists of packed inner planets… 
 
============ 
 

1.1. Scientific background: the prevalence of low-mass inner planets 
 

In November 1995, the discovery of the first exoplanet, i.e., a planet orbiting a star other than the Sun, 
was announced (Mayor & Queloz 1995). As of June 1, 2016, the Extrasolar Planets Encyclopedia 
(http://exoplanet.eu/) lists 3422 exoplanets discovered to date distributed into 2560 planetary systems.  
Besides, the NASA Exoplanet Archive (http://exoplanetarchive.ipac.caltech.edu/) reports 4,696 
additional exoplanet candidates from the Kepler mission still awaiting confirmation. These ubiquitous 
extrasolar planetary systems are quite different from ours and exhibit a whole range of unexpected 
properties, including giant planets resembling Jupiter and Neptune but orbiting at a very short distance 
from their star (e.g. Kepler-32, Swift et al. 2013), sometimes indeed within the orbit of Mercury, the 
innermost planet of our Solar System. Recently, as detection techniques improved, a significant 
number of Earth-like planets have been reported (e.g., Lissauer et al. 2014, Nature 513, 336), some of 
which may lie in the “habitable zone” where liquid water could exist at their surface (e.g., Gillon et al. 
2016, Nature 533, 221; Bonfils et al. 2013, AA 556, 110). Clearly, this “explosion of discoveries” 
(Mayor et al. 2014), whose rate is ever expanding, has completely revolutionized our perception of the 
nearby Universe, of the likelihood of life on other planets, and most importantly, of our own status and 
fate in the cosmic history.  
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Conclusion	
  

•  PMS	
  evolu*on	
  is	
  affected	
  by	
  a	
  variety	
  of	
  non-­‐standard	
  
processes:	
  accre*on,	
  magne*c	
  fields,	
  rota*on.	
  	
  

•  A	
  full	
  understanding	
  of	
  the	
  star-­‐disk	
  interac*on	
  
(accre*on	
  regimes,	
  long-­‐term	
  evolu*on)	
  is	
  needed	
  to	
  
ul*mately	
  develop	
  realis*c	
  PMS	
  evolu*on	
  models.	
  	
  

•  Addi*onal	
  complica*ons	
  on	
  the	
  horizon:	
  Earth-­‐	
  and	
  
Neptune-­‐like	
  planets	
  embedded	
  in	
  the	
  inner	
  disk;	
  cf.	
  
Kepler.	
  	
  	
  

→ Next	
  chapter:	
  Star-­‐Planets-­‐Inner	
  Disk	
  Interac2ons	
  
(SPIDI),	
  a	
  whole	
  new	
  avenue	
  to	
  explore.	
  	
  


