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A	
  star’s	
  childhood…	
  	
  

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	
  
accre1on)	
  	
  

–  Accre2on	
  shock	
  /	
  Disk	
  evolu2on	
  (high-­‐energy	
  	
  
irradia1on,	
  chemistry)	
  	
  

–  Magne2c	
  fields	
  /	
  Angular	
  momentum	
  (star-­‐
disk	
  interac1on,	
  winds,	
  magnetospheric	
  
accre1on)	
  	
  

–  Structural	
  evolu2on	
  /	
  Lithium	
  deple2on	
  
(differen1al	
  rota1on,	
  magne1c	
  dynamos,	
  radius	
  
anomaly)	
  

All	
  of	
  these	
  processes	
  impact	
  on	
  the	
  evolu2on	
  of	
  the	
  central	
  star	
  and	
  its	
  disk,	
  
and	
  thus	
  define	
  the	
  ini2al	
  and	
  environmental	
  condi2ons	
  for	
  planet	
  forma2on.	
  	
  

(Almost)	
  everything	
  happens	
  before	
  3	
  Myr!	
  
	
  



Pre-­‐main	
  sequence	
  models	
  

Amard,	
  Palacios,	
  Charbonnel,	
  et	
  al.,	
  in	
  prep.	
  

Courtesy:	
  L.	
  Amard	
  



Circumstellar	
  disks	
  around	
  young	
  stars	
  

Sculpted	
  by	
  nascent	
  planetary	
  systems?	
  	
  

Garufi,	
  Benisty,	
  Stolker	
  et	
  al.	
  2017,	
  VLT/	
  SPHERE	
  



Courtesy:	
  C.	
  Baruteau	
  



Courtesy:	
  C.	
  Baruteau	
  



PDS	
  70:	
  a	
  massive	
  planet	
  @	
  22	
  AU	
  

VLT/SPHERE	
  

Keppler,	
  Benisty,	
  Muller,	
  et	
  al.	
  2018	
  
Muller,	
  Keppler,	
  Henning,	
  et	
  al.	
  2018	
  



Star-­‐disk	
  interac1on:	
  magnetospheric	
  
accre1on	
  

de	
  Sá,	
  Chièze,	
  Stehlé+	
  2014	
  

Primarily	
  relies	
  on	
  the	
  star’s	
  magne2c	
  field	
  intensity	
  and	
  topology	
  



YSOs	
  magne1c	
  fields	
  
•  Spectropolarimetry:	
  reconstruct	
  magne1c	
  field	
  
strength	
  and	
  topology	
  from	
  Zeeman-­‐Doppler	
  Imaging	
  

Courtesy	
  C.	
  Folsom	
  

e.g.	
  ESO/HARPS-­‐Pol,	
  CFHT/Espadons-­‐Spirou,	
  TBL/Narval-­‐Spip	
  	
  



Zeeman-­‐Doppler	
  Imaging	
  

Courtesy	
  J.-­‐F.	
  Dona1	
  



PMS	
  magne1c	
  field	
  evolu1on	
  
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	
  magne1c	
  fields,	
  mostly	
  dipolar,	
  in	
  fully	
  convec1ve	
  PMS	
  stars	
  (-­‐>	
  star-­‐disk	
  interac1on)	
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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)



Evolu1on	
  of	
  stellar	
  magne1c	
  fields	
  
Steady	
  decrease	
  of	
  magne2c	
  field	
  strength	
  from	
  the	
  early	
  PMS	
  through	
  the	
  ZAMS	
  and	
  MS	
  

Folsom,	
  Pe<t,	
  Bouvier+16,	
  18	
  
VidoIo,	
  Gregory,	
  Jardine+14	
  
Gregory,	
  Dona<,	
  Morin+12	
  	
  

0.7-­‐0.9	
  M¤	
  

Zero-­‐age	
  main	
  sequence	
  dwarfs	
  
Solar-­‐type	
  main	
  sequence	
  stars	
  
Accre1ng	
  T	
  Tauri	
  stars	
  

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



Villebrun	
  (PhD),	
  Alecian,	
  Hussain	
  et	
  al.	
  2018	
  
Emeriau,	
  Mathis,	
  et	
  al.,	
  submiIed	
  

PMS	
  magne1sm:	
  intermediate-­‐mass	
  stars	
  

Obs:	
  CFHT/ESPADONS	
  ,	
  TBL/NARVAL,	
  ESO/HARPS-­‐POL	
  
Modèles:	
  CESTAM	
  

5-­‐10%	
  of	
  main	
  sequence	
  A	
  and	
  B	
  stars	
  have	
  strong	
  fossil	
  fields.	
  Why?	
  	
  	
  



Magnetic accretion in T Tauri stars 	
  	
  

Ø  Stellar magnetic field : B* ~ 1-3 kilogauss	
  

Ø  Disk mass accretion rate : dMacc/dt ~ 10-8 Msun/yr 

      Magnetic torque ≈ viscous torque at r = Rin  
Rin ≈ (B* R*

3) 4/7 . (2GM) -1/7 . (dMacc/dt) -2/7 
 

                                        Rin ≈  3 – 8 R*                                                     
     
       

    Magnetospheric cavity, accretion columns, accretion shocks 
(and possibly outflows)  



Camenzind	
  (1990)	
  Shu	
  et	
  al.	
  (1994),	
  Hartmann	
  et	
  al.	
  (1994)	
  	
  
Kurosawa	
  et	
  al.	
  (2006,2011),	
  Lima	
  et	
  al.	
  (2010),	
  Hartmann	
  et	
  al.	
  
(2016)	
  

The	
  magnetospheric	
  accre1on	
  paradigm	
  
	
  

0.1	
  au	
  

Hartmann+16	
  

The	
  magnetospheric	
  accre2on/ejec2on	
  process	
  is	
  responsible	
  for	
  most	
  of	
  the	
  proper2es	
  
of	
  young	
  stars	
  (variability,	
  X-­‐UV	
  excess,	
  emission	
  line	
  spectrum,	
  angular	
  momentum,	
  etc.).	
  	
  



Angular	
  momentum	
  evolu1on	
  

Gallet	
  &	
  Bouvier	
  2013,	
  2015	
  

The	
  evolu1on	
  of	
  angular	
  momentum	
  is	
  governed	
  by	
  PMS	
  star-­‐disk	
  interac1on,	
  	
  
	
  magne1zed	
  wind	
  braking,	
  and	
  internal	
  transport	
  processes.	
  	
  

	
  Space	
  photometry	
  (CoRoT,	
  K2)	
  +	
  parametric	
  models	
  

Star-­‐disk	
  interac2on	
  prevents	
  spin-­‐up	
  !	
  



Magnetospheric	
  accre1on	
  

•  How	
  is	
  the	
  disk	
  material	
  accreted	
  onto	
  the	
  star?	
  
•  How	
  stable	
  vs.	
  dynamical	
  is	
  the	
  magnetospheric	
  
accre1on	
  process?	
  	
  

•  How	
  does	
  it	
  impact	
  the	
  inner	
  disk	
  structure?	
  
•  How	
  does	
  it	
  modify	
  PMS	
  evolu1on?	
  

Long,	
  Romanova,	
  	
  
&	
  Lovelace	
  2007	
  



We’d	
  like	
  T	
  Tauri	
  disks	
  to	
  look	
  like	
  this:	
  



or	
  even	
  like	
  that…	
  	
  



But	
  they	
  are	
  probably	
  more	
  like	
  this	
  	
  
(in	
  the	
  simplest	
  dipolar	
  case!):	
  	
  

	
  

Romanova	
  et	
  al.	
  2012	
  



Or	
  even	
  worse	
  (in	
  most	
  cases?)	
  :	
  	
  

Long	
  et	
  al.	
  2007	
  

Dipole	
  +	
  octupole	
  field	
  

Romanova	
  et	
  al.	
  2010	
  



Stable	
  accre1on	
  onto	
  an	
  inclined	
  
magnetosphere	
  

Kurosawa	
  &	
  Romanova	
  (2013)	
  

The	
  whole	
  inner	
  system	
  rotates	
  in	
  ~	
  a	
  week	
  =stellar	
  rota1on	
  period	
  =	
  inner	
  disk	
  Keplerian	
  period	
  

~0.05	
  AU	
  



Inclined	
  magnetosphere:	
  AA	
  Tau,	
  the	
  prototype	
  of	
  dippers	
  	
  

Periodical	
  eclipses	
  

(inner	
  disk	
  warp)	
  

P=8.22d	
  

Balmer	
  lines	
  

(accre2on	
  funnel)	
  

Veiling	
  

(accre2on	
  shock)	
  

Disk	
  warp,	
  accre2on	
  column,	
  accre2on	
  shock	
  :	
  all	
  spa2ally	
  associated	
  

AA	
  Tau	
  

Bouvier,	
  Alencar,	
  Boutelier+07	
  



Chandra	
  X-­‐ray	
  monitoring	
  reveals	
  accre1on	
  shock	
  

Accre1on	
  shock	
  

Coronal	
  emission	
  

Argiroffi,	
  Flaccomio,	
  Bouvier	
  et	
  al.	
  (2011)	
  

Dona1,	
  Bouvier,	
  Walter	
  et	
  al.	
  (2011)	
  

CFHT/ESPaDOnS	
  spectropolarimetry	
  yields:	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  2.1	
  kG	
  octupole	
  +	
  0.9	
  kG	
  dipole	
  

3D	
  MHD	
  simula1ons	
  
predict	
  the	
  accre1on	
  
flow	
  geometry	
  
Romanova,	
  Long,	
  Lamb	
  	
  et	
  al.	
  (2011)	
  

ESO/Harps	
  line	
  profile	
  variability	
  +	
  3D	
  RT	
  
models	
  reveals	
  accre1on	
  dynamics	
  

Alencar,	
  Bouvier,	
  Walter	
  et	
  al.	
  (2012)	
  

	
  V2129	
  Oph	
  (P=6.5	
  days)	
  

Star-­‐disk	
  interac1on:	
  observa1ons	
  



CSI2264:	
  Coordinated	
  Synop1c	
  Inves1ga1on	
  of	
  NGC	
  2264	
  

Ø 	
  Spitzer:	
  30d	
  @	
  3.6,	
  4.5	
  μm	
  
Ø 	
  CoRoT:	
  40d,	
  op1cal	
  
Ø 	
  Chandra/ACIS:	
  300ks	
  (3.5d)	
  	
  
Ø 	
  MOST:	
  40d,	
  op1cal	
  	
  
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	
  



Op1cal	
  variability	
  

Cody,	
  Stauffer,	
  Baglin+14	
  
Venu1,	
  Bouvier,	
  Flaccomio+14	
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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 

Accre1on	
   Occulta1on	
  
NGC	
  2264	
  CoRoT	
  light	
  curves	
  

Stable	
  vs.	
  unstable	
  accre2on	
  regimes?	
  	
  



Contempla1ng	
  complica1ons:	
  
(inner)	
  planets?	
  

Migra1on	
  to	
  the	
  inner	
  disk	
  edge	
  
+	
  in-­‐situ	
  forma1on?	
  	
  



Inner	
  planets	
  

Ba1gyn	
  &	
  Laughlin	
  2015	
  



Ultra-­‐short	
  period	
  planets	
  

Winn+18	
  



Disk-­‐embedded	
  inner	
  planets?	
  



Star-­‐disk	
  interac1on:	
  is	
  that	
  all	
  ?	
  

“Hot	
  Jupiters”	
  (or	
  Saturns…)?	
  
Hal1ng	
  the	
  planetary	
  migra1on	
  ?	
  

+	
  inner	
  rocky	
  planets	
  (cf.	
  Kepler’s	
  results)	
  



Ecole	
  PNPS	
  Evry	
  Schatzman	
  2019	
  
Interac<ons	
  étoiles-­‐planètes	
  

	
  

Mathis,	
  Bolmont,	
  Gallet,	
  Strugarek+	
  16,	
  17,	
  18	
  

Tidal	
  dissipa1on	
  in	
  the	
  PMS	
  

Contact:	
  Lionel	
  Bigot	
  

Courtesy:	
  S.	
  Mathis	
  

Stellar	
  physics	
  meets	
  exoplanetary	
  studies	
  and	
  planetary	
  sciences.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
A	
  new,	
  largely	
  blank	
  chapter	
  to	
  be	
  wri[en.	
  

Great	
  2mes	
  ahead!	
  



 

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.  
 

Young	
  Stellar	
  Objects:	
  a	
  star,	
  a	
  disk,	
  and	
  
planets.	
  	
  

How	
  do	
  the	
  components	
  of	
  the	
  system	
  interact?	
  
How	
  does	
  the	
  integrated	
  system	
  evolve?	
  	
  

How	
  does	
  this	
  evolu1on	
  shape	
  the	
  architecture	
  of	
  planetary	
  systems?	
  
How	
  does	
  it	
  impact	
  on	
  subsequent	
  stellar	
  evolu1on?	
  	
  	
  



Courtesy:	
  J.-­‐F.	
  Dona1	
  

Courtesy:	
  J.-­‐F.	
  Dona1	
  



Conclusion	
  
•  Youth	
  does	
  not	
  last	
  long…	
  but	
  it	
  has	
  a	
  long-­‐las1ng	
  
influence	
  on	
  the	
  (complicated)	
  life	
  of	
  star-­‐planet(s)	
  
systems.	
  

•  Stellar	
  teenagers	
  are	
  dynamic	
  and	
  somewhat	
  
unpredictable	
  (like:	
  what	
  about	
  ea1ng	
  a	
  planet	
  for	
  
breakfast?).	
  S1ll,	
  we	
  can	
  try	
  to	
  understand	
  them	
  
(some1mes).	
  	
  	
  

•  A	
  lot	
  happens	
  before	
  the	
  age	
  of	
  3	
  (Myr).	
  Stellar	
  
youngsters	
  and	
  their	
  disks	
  set	
  the	
  ini1al	
  condi1on	
  for	
  
stellar	
  evolu1on	
  and,	
  ul1mately,	
  planetary	
  system	
  
architecture	
  (and	
  habitability).	
  

•  S1ll,	
  the	
  best	
  age	
  is	
  20	
  (yr?	
  Myr?	
  Gyr?)	
  and	
  …	
  

PNPS	
  was	
  created	
  in	
  1998,	
  20	
  years	
  ago!	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(cf.	
  Founda2on	
  Mee2ng,	
  Lyon,	
  Nov.	
  98).	
  	
  	
  



Happy	
  Birthday	
  PNPS!	
  


