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	  	  	  	  Observed	  Cluster	  Proper=es	  

Denser	  clusters	  are	  associated	  with	  higher	  mass	  stars.	  

[Hillenbrand	  (1995)]	   [Tes=	  et	  al.	  (1998)]	  



	  Beyond	  Star	  Counts:	  
The	  Stellar/Sub-‐Stellar	  Mass	  Func=on	  

[MWC	  1080	  Cluster]	  •  Younger	  stars	  much	  
brighter	  than	  similar-‐mass	  
but	  older	  counterparts	  
e.g.	  in	  open	  clusters.	  

•  Herbig	  Ae/Be	  regions	  do	  
not	  seem	  biased	  to	  high	  
mass	  star	  forma=on	  
overall;	  plenty	  of	  M-‐type	  
stars	  too.	  



The	  ONC	  Ini=al	  
Mass	  Func=on	  

Hillenbrand (1997; updated) 
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The	  ONC	  Ini=al	  
Mass	  Func=on	  

Quadra=c	  or	  log-‐normal	  
func=ons	  fit	  best.	  

Hillenbrand & Carpenter (2000) 

Γ = -0.3 Γ = +0.3 

MS(1979) power-law 



	  	  	  	  	  	  	  1999	  



	  	  	  	  	  	  The	  Stellar	  and	  Sub-‐Stellar	  
	  	  	  	  	  	  	  	  	  	  Ini=al	  Mass	  Func=on	  

•  Stellar	  masses	  (and	  ages)	  
derived	  via	  comparison	  to	  
evolu=onary	  theory.	  

•  Rapidly	  evolving	  mass-‐
luminosity	  rela=on.	  

•  But	  need	  	  large	  samples	  to	  
determine	  form	  and	  shape	  
of	  the	  IMF.	  

•  Cluster	  sequences	  don’t	  
really	  match	  isochrones	  
though,	  making	  evolu=onary	  
trends	  difficult	  to	  trust.	  



Stellar 
evolution 
towards 
the main 
sequence: 
<1 - 120 Myr 

(solar vicinity star-
forming regions and 
young clusters) 



Do tracks correctly predict 
stellar ages? 

Do luminosity spreads 
correspond to age 
spreads? 

Observed median 
luminosity as a 
function of effective 
temperature 

(empirical isochrones) 



Observed 
luminosity 
dispersions 

Gaussian fits appear 
adequate. 

However, subtle deviations 
from pure Gaussian may 
convey important 
information apropos 
   -- s.f. history 
   -- binarity 

]	  [	  



 Existing data suggest <3-10 Myr as maximum accretion disk lifetime 

Scatter 
scatter 

     scatter….. 

Inner	  Disk	  
Dissipa=on:	  
Pre-‐Spitzer	  

Near-IR: r < 0.1 AU,   M~ 2-10 MCeres. 
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[Hillenbrand 1995  2005] 



	  Dust	  Disk	  Dispersal	  Post-‐Spitzer	  

   [Ribas et al.  2015]	  

<0.2	  AU	   ~1	  AU	   ~few	  AU	  

Some	  evidence	  for	  
“inside-‐out”	  clearing	  of	  
circumstellar	  dust.	  



Observed	  scafer	  in	  	  	  	  	  	  
log	  L/Lo	  	  diminishes	  	  	  
from	  ~0.5	  dex	  at	  1	  Myr	  	  
to	  ~0.15	  dex	  at	  >10	  Myr,	  
becoming	  consistent	  with	  
es=mated	  empirical	  
uncertain=es.	  

Mean	  Luminosity	  vs	  EffecEve	  Temperature	  



	  	  	  How	  to	  Test	  Reality	  of	  Luminosity	  Spreads	  

•  Find	  a	  different	  clock	  than	  isochrones	  
–  Correla=on	  with	  surface	  gravity	  
–  Correla=on	  with	  lithium	  
–  Seismology	  checks	  in	  certain	  mass	  regimes	  

•  Review	  systema=cs	  
–  Intrinsic	  colors	  and	  temperature	  /	  bolometric	  correc=on	  scales	  
–  Av	  errors	  

•  Review	  effects	  that	  can	  lead	  to	  scafer	  
–  Error	  /	  binary	  effects	  
–  Scafered	  light	  effects	  
–  Accre=on	  effects	  
–  Variability!	  

•  Confirm	  membership	  –	  Gaia!	  
•  Obtain	  exquisite	  photometry	  and	  high	  quality	  spectra……….	  



Robberto et al. 2006	


FP	  became	  a	  
collaborator!	  



	  In	  Principle,	  BeJer	  HR	  Diagram	  BUT	  About	  
the	  Same	  Stellar	  Mass	  and	  Age	  DistribuEons	  

The	  IMF	  in	  the	  Orion	  Nebula	  Cluster	  
turns	  over	  just	  before	  the	  hydrogen	  
burning	  limit,	  declining	  for	  brown	  
dwarfs.	  

The	  luminosity	  dispersion,	  of	  0.3	  dex,	  
persists	  as	  an	  empirical	  effect;	  it	  may	  or	  	  
may	  not	  correspond	  to	  real	  age	  spread	  .	  	  



	  	  	  	  	  	  	  2010	  



Simultaneously	  fit	  moderate	  dispersion	  spectra	  for	  
spectral	  type,	  veiling/accre=on,	  and	  ex=nc=on.	  

Much	  more	  reliable	  stellar	  parameters	  than	  those	  
from	  broadband	  colors,	  which	  are	  affected	  by	  both	  
scafered	  light	  and	  ex=nc=on.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Manara	  et	  al.	  2013	  

Careful	  AJenEon	  to	  Stellar	  Parameters	  
Reduces	  Luminosity	  Spreads	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Frasca	  et	  al.	  2017	  



Careful	  Membership	  SelecEon	  	  
Reduces	  Luminosity	  Spreads	  

Hillenbrand	  et	  al.	  	  	  
2018,	  in	  preparaIon	  



ConsideraEon	  of	  Variability	  Effects	  	  
Reduces	  Luminosity	  Spreads	  

	  	  	  	  	  [Messina	  et	  al.	  2017]	  



Lightcurve	  Gallery	  at	  5-‐10	  Myr	  



Do	  Gravity	  Indicators	  
Correlate	  with	  
Luminosity	  Spreads?	  

	  	  	  	  	  	  	  	  	  [Hillenbrand	  2009]	  



Meanwhile,	  FP	  was	  	  
Pursuing	  Lithium	  Deple=on	  

Li	  I	  	  absorpEon	  at	  
6707	  A	  

decreases	  with	  
stellar	  age.	  

 Young solar analogs 

     3 Myr 

  2  Gyr 

Fe I / Fe I Li I Ca I 



Lithium	  DepleEon	  in	  the	  ONC	  ?	  

[Palla	  et	  al.	  2005]	  

Could be non-members, i.e  foreground stars placed at the incorrect distance. 



     Comparing isochronal and Li-depletion ages 

6 stars - 4 stars: 
M & age are fully 
consistent (5%!): 

2 stars: inconsistency 
            tHRD<tLi 

Li:  M~0.43 M0  t~12 Myr 
HR: M~0.39 M0 t~10Myr 

Li:  M~0.20 M0  t~25 Myr 
HR: M~0.20 M0  t~25 Myr 

Orion Cluster 
did not form in a 
single, rapid 
burst… 

Palla, Randich et al. 2005, 2007 



Taurus-Auriga: older stars from 
Li-depleted stars 

empty: undepleted, filled: depleted 

Result:  
most stars have n(Li)=initial 
consistent  with HRD position 

~10 Li-depleted stars  
approx. in the correct Li-depletion 
region 

Also, case for St 34 from 
White & Hillenbrand 04                                  

Sestito, Palla & Randich 2008 A&A 

empty: undepl 
filled: depl 



Pulsating intermediate mass PMS stars 

	  Intermediate mass stars cross the instability 
strip of more evolved δ Scuti pulsating stars: 
period ~ 0.5-8 hr  linear & nonlinear modes 

 (Marconi & Palla 1998, Paunzen et al 2000, Grigahcène et al 2007) 

Unique possibility to study internal structure via 
asteroseismology & test models+initial conditions 

Plenty of candidates for ground, MOST, COROT  
(Ripepi et al. 2007, Zwintz et al. 2007) 



PulsaEon	  in	  young	  brown	  dwarfs?	  

  Deuterium-burning objects 
predicted by Palla & Baraffe 
(2005) to pulsate at P=1-4 hr. 

  Narrow instability strip 
offers strong age constraints 
-- if pulsators can be found. 

  A.-M. Cody Ph.D. thesis 
based on testing P-B theory. 

  Many young brown dwarfs 
located near the predicted 
instability strip. 

  Campaign to monitor ~350 
of them at high precision. 



PulsaEon	  in	  young	  brown	  dwarfs?	  

2014	  

.	  

.	  

   Could still be there, but either: lower amplitude than a few mmag, or unexpectedly damped by convection. 



Different Theoretical Models / Tracks 



P o p u l a r     m o d e l s 

Baraffe & Chabrier + 
1997, 1998… 

D’Antona & Mazzitelli 
1994, 1997, 1998… 

Siess 2000 

Palla & Sthaler 
1993, 1999 

Demarque Y2 
2001, 2002,2004… 



P o p u l a r     m o d e l s 

Baraffe & Chabrier + 
1997, 1998… 

D’Antona & Mazzitelli 
1994, 1997, 1998… 

Siess 2000 

Palla & Sthaler 
1993, 1999 

Demarque Y2 
2001, 2002,2004… 



	  	  	  	  Isochrones	  and	  Stellar	  Mul=plicity	  

•  Using	  standard	  HR	  
diagram	  methods,	  
binaries	  and	  higher	  order	  
mul=ples	  are	  more	  
coeval	  than	  random	  pairs	  

•  Previous	  work:	  
–  Har=gan,	  Strom,	  Strom	  (1993)	  
– White	  et	  al.	  (1999)	  

Kraus	  &	  Hillenbrand	  2007	  	  



slide	  courtesy	  of	  T.	  David	  



Kepler/K2	  to	  the	  Rescue	  

~100	  deg2	  FOV!	  



[Trevor David, Ph.D. Thesis, 2017]	




Upper	  Sco	  DLEBs:	  	  From	  None	  to	  Five	  
PARSEC	  (solid)	  	  
Baraffe	  (dashed)	  

            [David et al. 2016a]	




Pleiades	  DLEBs:	  	  From	  One	  to	  Four	  

            [David et al. 2015, 2016]	




Praesepe	  DLEBs:	  	  From	  None	  to	  3-‐1/2	  

            [Gillen et al. 2017]	




Characteris=cs	  of	  Youth	  

•  Ac=ve	  and	  variable	  /	  moody	  
•  (Believe	  that)	  everything	  orbits	  them	  
•  S=ll	  gaining	  mass	  
•  Can	  oscillate	  between	  steady	  low	  state	  and	  
more	  punctuated	  episodes	  of	  rapid	  accre=on.	  

•  Prone	  to	  instabili=es,	  outbursts	  and	  ouulows	  
•  Some=mes	  long	  term	  depressive	  states	  
•  Obscured	  (or	  at	  least	  obscure)	  
•  Hard	  to	  figure	  out!	  

	  	  	  LHillenbrand	  inspired	  by	  GHerczeg	  



Barensten	  et	  al.	  2013	  

Da	  Rio	  et	  al.	  2010	  



How	  Does	  Gas	  get	  to	  the	  Star?	  

Kurosawa,      
Romanova 

both	  
accre=on	  	  	  	  
and	  ejec=on	  
of	  material	  



A	  ConEnuum	  of	  AccreEon	  Burst	  Behavior	  
	  	  	  	  	  	  [Cody	  et	  al.	  2017]	  

9% of the objects with disks exhibit with these types of lightcurves  



Small	  and	  Moderate-‐Amplitude	  Bursters	  in	  PTF	  

[Findeisen	  et	  al.	  2013]	  



PTF15afq	  	  

Miller	  et	  al.	  (2015)	  

Large,	  Short-‐lived	  Burst	  
	  	  	  	  	  	  	  Increase	  in	  disk	  accre=on	  

rate	  caused	  ~3	  mag	  
brightening	  for	  several	  
months	  accompanied	  by	  
enhanced	  spectral	  veiling.	  



A	  New	  
Addi=on	  	  
to	  the	  	  
FU	  Ori	  
Class	  	  



Extreme Outbursts – How Frequent?	


figure	  credit:	  B.	  Reipurth	  



Extreme Outbursts – How Frequent?	


	  	  	  	  	  	  	  	  	  	  	  	  	  	  Vorobyov	  2006	  



Expected	  Parameter	  Space	  	  
for	  Young	  Star	  Variability	  

YSOVAR	   PTF-‐NAN	  

Hillenbrand        
& Findeisen, 
2015 



Cao & Hillenbrand, 
2018, in preparation 



CLOSING	  THOUGHTS	  

•  I	  admired	  FP	  a	  lot,	  even	  though	  I	  did	  not	  know	  him	  very	  well.	  

•  I	  was	  a	  brash	  academic	  teenager	  when	  I	  first	  reached	  out	  to	  him,	  
asking	  by	  email	  for	  a	  preprint	  of	  the	  PS91	  paper,	  and	  to	  be	  put	  on	  
his	  preprint	  list!	  

•  We	  had	  email	  correspondence	  off/on	  over	  the	  next	  20	  years,	  
ranging	  from	  early	  1990’s	  debates	  on	  how	  to	  put	  stars	  in	  the	  HR	  
diagram	  to	  early	  2010’s	  discussions	  of	  young	  brown	  dwarf	  
pulsa=on.	  	  	  

•  Were	  he	  here	  today,	  I	  would	  have	  looked	  forward	  to	  discussing	  
with	  FP	  the	  new	  results	  on	  eclipsing	  binaries,	  the	  complicated	  
phase	  space	  of	  young	  star	  variability,	  recent	  work	  on	  pre-‐ms	  
accre=on	  histories…and	  impacts	  of	  all	  of	  these	  on	  HR	  diagrams.	  


