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•  Selec%on	
  of	
  members	
  of	
  these	
  clusters:	
  
Lithium,	
  RV,	
  Hα	
  emission;	
  
	
  

•  Projected	
  rota%on	
  velocity	
  (vsini);	
  
	
  
•  Indicators	
  of	
  chromospheric	
  ac%vity	
  (CE):	
  	
  

	
  EWHα,	
  FHα	
  and	
  R’Hα	
  ;	
  
	
  

•  Dependence	
  of	
  CE	
  on	
  stellar	
  parameters;	
  
	
  
•  Conclusions.	
  



IC	
  4665	
  

Coarse young cluster.

Diameter ~ 41 arcmin

Distance = 370 pc

AV = 0.59 mag

Age= 30-40 Myr

28 Myr from LDB

(Manzi et al. 2008)



GES Observations DR3:

545 stars with Giraffe

34 stars with UVES

12 in common
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h[p://www.jthommes.com/Astro/IC4665.htm	
  

WG12 “recommended” parameters

	
  



IC	
  4665	
  	
  -­‐	
  	
  Member	
  selec%on	
  

•  Pre-selection of candidate 
members to the IC4665 cluster 
based on the EW of lithium 6708 
Å line (“Li members”). 


•  We  adopted  a  simple,  most-
inclusive criterion (all  sources 
beyond  the  Li  depletion 
boundary,  EW>  80  mÅ  for 
higher Teff).


•  A  contamination  by  non-
members is still possible: e.g., 
Li-rich  giants,  young  field 
stars. 
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57/545 Li members for Giraffe

 (excluding 8 stars observed also with UVES)      

15/34 for UVES


Baraffe et al. (2002, A&A 382, 563) Li isochrones 
adapted from Jeffries et al. (2009, MNRAS 400, 317).	
  



IC	
  4665	
  	
  -­‐	
  	
  Member	
  selec%on	
  

The “final” members (hatched 
area) are selected among the 
candidates  from  their  radial 
velocity: 

-21 ≤ RV ≤ -6 km/s. 





22 Giraffe members

Excluding 6 stars observed also with UVES


14 UVES members
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RV distribution for the members peaked at about 
-15 km/s.

 

-­‐15	
  km/s	
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22/545  “Final”  (Li+RV) 
members for Giraffe 

(excluding 6 observed also with UVES)

      

14/34 for UVES



~ 7 %
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22/545  “Final”  (Li+RV) 
members for Giraffe 

(excluding 6 observed also with UVES)

      

14/34 for UVES



~ 7 %


✕	
  	
  =	
  no	
  Hα	
  emission	
  (or	
  filling)	
  



NGC	
  2547	
  

~2 deg south of γ2 Vel.

Diameter ~ 20 arcmin

Distance = 350-470 pc

AV ≈ 0.12 mag

Age=  35  Myr  from  LDB 
(Oliveira et al. 2003)
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GES Observations DR2:

450 stars with Giraffe

26 stars with UVES

21 in common

	
  



NGC	
  2547	
  	
  -­‐	
  	
  Member	
  selec%on	
  

•  Pre-selection of candidate 
members to NGC2547 based on 
lithium EW. 


•  All sources cooler than the Li 
depletion boundary, and EW> 
80 mÅ for larger Teff.


•  Higher  values  of  EWLi,  on 
average, compared to IC4665
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144/450 Li members for Giraffe

 (excluding  12  members  observed  also 
with UVES)      

13/26 for UVES


Baraffe et al. (2002, A&A 382, 563) Li isochrones 
adapted from Jeffries et al. (2009).	
  



NGC	
  2547	
  	
  -­‐	
  	
  Member	
  selec%on	
  
BVIC Photometry ~250 stars (Johnson-Cousins)  

PARSEC isochrones (Bressan et al. 2012) 
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D=400 pc; AV=0m.12 

Not	
  all	
  the	
  candidates	
  have	
  op%cal	
  
photometry	
  in	
  the	
  header	
  	
  



NGC	
  2547	
  	
  -­‐	
  	
  Member	
  selec%on	
  

The  “final”  members 
(Population  A)  are  selected 
among  the  candidates  from 
their radial velocity: 

5 ≤ RV ≤ 16.5 km/s. 



105 Giraffe members

Excluding 10 stars observed also with UVES


11 UVES members





Population B:

17.5 ≤ RV ≤ 25 km/s. 




17 Giraffe members

No UVES
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RV  distribution for  the  members  peaked at  about  +12 
km/s plus a second smaller peak (Pop B) likely associated 
to the nearby γ Vel cluster or Vela OB2 association (Sacco 
et al. 2014).


Pop	
  A	
  

Pop	
  B	
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Population A:

105/450  “Final”  (Li+RV) 
members for Giraffe 

(excluding  10  observed  also  with 
UVES)

11/26 for UVES



Population B:

17.5 ≤ RV ≤ 25 km/s. 




17 Giraffe members

No UVES
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✕	
  	
  =	
  no	
  Hα	
  emission	
  (or	
  filling)	
  
Or	
  no	
  Hα	
  data	
  

Population A:

105/450  “Final”  (Li+RV) 
members for Giraffe 

(excluding  10  observed  also  with 
UVES)

11/26 for UVES



Population B:

17.5 ≤ RV ≤ 25 km/s. 




17 Giraffe members

No UVES




1	
  
2	
   3	
  
4	
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1	
   3	
   4	
  

Lithium-­‐rich	
  Giant	
   RV=	
  62.5	
  km/s,	
  	
  SB?	
  Member	
  of	
  Pop	
  B	
  



NGC	
  2547	
  	
  -­‐	
  	
  “Final”	
  members	
  
BVIC Photometry ~250 stars (Johnson-Cousins)  

PARSEC isochrones (Bressan et al. 2012) 
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D=400 pc; AV=0m.12 



NGC	
  2547	
  	
  -­‐	
  	
  “Final”	
  members	
  
BVIC Photometry ~250 stars (Johnson-Cousins)  

PARSEC isochrones (Bressan et al. 2012) 
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D=400 pc; AV=0m.12 

✕	
  	
  =	
  no	
  Hα	
  emission	
  (or	
  filling)	
  



vsini	
  Distribu%ons	
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vsini	
  Distribu%ons	
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vsini	
  upper	
  limit	
  ≈	
  7	
  km/s	
  for	
  Giraffe	
  spectra	
  (Frasca	
  et	
  al.	
  2014)	
  



vsini	
  Distribu%ons	
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γ	
  Vel	
   γ	
  Vel	
  

Marginal	
  difference	
  with	
  respect	
  to	
  the	
  younger	
  (10	
  Myr)	
  cluster	
  γ	
  Vel.	
  
	
  Less	
  slow	
  rotators,	
  more	
  fast	
  rotators	
  (vsini	
  >	
  30	
  km/s)	
  
	
  	
  



Chromospheric	
  Ac%vity:	
  spectral	
  subtrac%on	
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K0V	
  ac%ve	
  star	
  member	
  of	
  IC4665	
  
observed	
  with	
  UVES.	
  	
  
Teff	
  =	
  5360	
  K;	
  	
  vsini	
  =	
  13	
  km/s	
  

Non-­‐ac%ve	
  template	
  

Difference	
  

Removal	
   of	
   photospheric	
   profile	
  
à	
   Subtrac%on	
   of	
   a	
   “non-­‐ac%ve	
  
template”:	
   a	
   spectrum	
  of	
   a	
   low-­‐
ac%vity	
   standard	
   star	
   degraded	
  
to	
   the	
   Giraffe/UVES	
   resolu%on,	
  
rota%onally	
   broadened	
   and	
  
Doppler-­‐shimed.	
   

EWHα	
  

Observed	
  

EWHβ=0.227	
  Å	
  Hβ	
  

Hα	
  



Chromospheric	
  Ac%vity:	
  EWHα,	
  FHα,	
  LHα/Lbol	
  

12/11/14	
  

Largest	
  EWHα	
   for	
   cooler	
  
stars.	
   Contrast	
   effect:	
  
Hα	
   emission	
   stands	
   out	
  
a g a i n s t 	
   a 	
   l o w	
  
con%nuum.	
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Chromospheric	
  Ac%vity:	
  EWHα,	
  FHα,	
  LHα/Lbol	
  

12/11/14	
  

Largest	
  EWHα	
   for	
   cooler	
  
stars.	
   Contrast	
   effect:	
  
Hα	
   emission	
   stands	
   out	
  
a g a i n s t 	
   a 	
   l o w	
  
con%nuum.	
  

FHα	
  =	
  Fcont	
  *	
  EWHα	
  

When	
   converted	
   into	
   flux,	
  
the	
   nearly	
   exponen%al	
  
b e h a v i o u r	
   w i t h	
   T e ff	
  
disappears.	
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Chromospheric	
  Ac%vity:	
  EWHα,	
  FHα,	
  LHα/Lbol	
  

12/11/14	
  

Largest	
  EWHα	
   for	
   cooler	
  
stars.	
   Contrast	
   effect:	
  
Hα	
   emission	
   stands	
   out	
  
a g a i n s t 	
   a 	
   l o w	
  
con%nuum.	
  

FHα	
  =	
  Fcont	
  *	
  EWHα	
  

When	
   converted	
   into	
   flux,	
  
the	
   nearly	
   exponen%al	
  
b e h a v i o u r	
   w i t h	
   T e ff	
  
disappears.	
  	
  

LHα/Lbol=	
  FHα/(σTeff4)	
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Chromospheric	
  Ac%vity	
  vs.	
  Teff	
  

12/11/14	
  

L e s s	
   ( o r	
   n o )	
   a c c r e t o r	
  
candidates	
  (W10%	
  >	
  270	
  km/s)	
  
at	
  older	
  ages.	
  
	
  

F luxes	
   and	
   luminosi%es	
  
progressively	
   lower	
   than	
   the	
  
limit,	
   especially	
   for	
   Teff	
   >	
  
4500-­‐5000	
  K	
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Satura%on	
  limit	
  (Barrado	
  &	
  Mar%n	
  2003)	
  
	
  
Dividing	
  line	
  accre%on/chrom.	
  (Frasca	
  et	
  al.	
  2014)	
  

10	
  Myr	
  

28	
  Myr	
  

35	
  Myr	
  

1	
   2	
  

FHα	
  



Chromospheric	
  Ac%vity	
  vs.	
  Teff	
  

12/11/14	
  

L e s s	
   ( o r	
   n o )	
   a c c r e t o r	
  
candidates	
  (W10%	
  >	
  270	
  km/s)	
  
at	
  older	
  ages.	
  
	
  

F luxes	
   and	
   luminosi%es	
  
progressively	
   lower	
   than	
   the	
  
limit,	
   especially	
   for	
   Teff	
   >	
  
4500-­‐5000	
  K	
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Satura%on	
  limit	
  R’Hα=-­‐3.2	
  (Barrado	
  &	
  Mar%n	
  2003)	
  
	
  
Dividing	
  line	
  accre%on/chrom.	
  (Frasca	
  et	
  al.	
  2014)	
  

10	
  Myr	
  

28	
  Myr	
  

35	
  Myr	
  

1	
   2	
  

R’	
  Hα	
  =	
  LHα/Lbol	
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1	
   2	
  

K5;	
  	
  Teff=	
  4340	
  K;	
  W10%=	
  291	
  km/s	
   K5;	
  	
  Teff=	
  4570	
  K;	
  W10%=	
  374	
  km/s	
  

EWacc
Hα=	
  2.7	
  Å	
  	
  EWacc

Hα=	
  3.8	
  Å	
  	
  

Accretor	
  candidates	
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Historically, the EW[H!] has been used to distinguish
between WTTSs and CTTSs (e.g., Herbig & Bell 1988). As
shown in Figure 7, however, no unique EW[H!] value
distinguishes all CTTSs from WTTSs. This is primarily a
consequence of the ‘‘ contrast effect ’’ (see Basri & Marcy
1995). For example, H! emission from equally saturated
chromospheres of a late-M star and an early K-star will
appear much more prominently in the M star because of its
substantially diminished photospheric continuum near 6500
Å. Martı́n (1998) suggests EW[H!] criteria that account for
this spectral type dependence. We suggest a slight modifica-
tion to these values based on the large sample of T Tauri
stars presented in Figure 7 that extend to cooler spectral
types than previously considered. Specifically, we propose
that a T Tauri star is classical if EW½H!" # 3 Å for K0–K5
stars, EW½H!" # 10 Å for K7–M2.5 stars, EW½H!" # 20 Å
for M3–M5.5 stars, and EW½H!" # 40 Å for M6–M7.5
stars. These values are determined empirically from the
maximum values of EW[H!] for nonveiled T Tauri stars
within each spectral type range (see Fig. 7). Stars with values
of EW[H!] below these levels are not necessarily WTTSs,
however. Confirmation depends upon the Li abundance
(see Martı́n 1998). Assuming that optical veiling correctly
identifies accretion, the EW[H!] classification is correct
95% of the time. We caution that these values were deter-
mined from high spectral resolution measurements
(R > 20; 000), and the biases in EW measurements using
lower resolution spectra, as noted above, may result in
slightly different (larger) distinguishing values.

As Figure 7 demonstrates, optically veiled stars are also
distinguishable from stars with no optical veiling based on
the 10% width of H! emission. In all but one case, stars with
10% widths greater than 270 km s$1 are optically veiled,
while stars with narrower 10% widths are not. The one
exception is UX Tau A, a nonveiled early K T Tauri star
with a 10%width of 475 km s$1. However, extracting optical
veiling measurements for early K T Tauri stars is difficult
because of both their larger relative stellar luminosity and
the difficulty in determining spectral types (the spectral type
of UX Tau A ranges from K0 to K5; Basri & Batalha 1990;
Hartigan et al. 1994). Thus, UX Tau A may in fact have
some low-level optical veiling, as measurements by Basri &
Batalha (1990) suggest, and perhaps should be considered a
CTTS. Therefore, we propose a new accretion diagnostic: T
Tauri stars with 10% widths greater than 270 km s$1 are
CTTSs. Our choice of 10% of the peak flux is somewhat sub-
jective, but this level is typically low enough to avoid biases
introduced by superposed blueshifted absorption features
and high enough to distinguish above the often uncertain
continuum level in late-type stars. Based on the optical veil-
ing as an accretion diagnostic, this classification is correct
98% of the time (100% if UX Tau A is accreting). Measure-
ments of 10% widths are advantageous to optical veiling
measurements because they (1) can be extracted over a short
wavelength range, (2) do not depend on the underlying stel-
lar luminosity, and (3) do not depend on having a properly
identified comparison template. Thus, given the strong cor-
relation between the presence of optical veiling and broad
10% widths, H! 10% widths may be a more accurate diag-
nostic of accretion, or T Tauri type, than either optical veil-
ing or EW[H!].

4.3. TheMass Dependence of Circumstellar Accretion

In Figure 8 the mass accretion rates or mass accretion rate
upper limits are plotted versus evolutionary-model masses
for the 10 stars and brown dwarfs studied here and for the
low-mass T Tauri star V410 Anon 13 (Muzerolle et al.
2000a). For comparison, we also plot the sample of more
massive classical T Tauri stars in Taurus from White &
Ghez (2001), with mass accretion rates determined from U-
band excesses following the same accretion model that is
used here (i.e., Gullbring et al. 1998) and with stellar masses
estimated from the same evolutionary model that is used
here.

White & Ghez (2001) and Muzerolle et al. (2000a) have
shown evidence that the mass accretion rate in Taurus
decreases toward lower masses. The very lowmass accretion
rates of the lowest mass stars in these studies hinted at a
strong functional form (% _MM / M3). The new accretion
rates presented here, however, demonstrate that stars at the
stellar/substellar boundary can have accretion rates compa-
rable to higher, more canonical mass T Tauri stars (%K7–
M0 spectral type;M % 0:7M&). Thus although the average
mass accretion rate appears to decrease with decreasing
mass, it is a weaker dependence than initially presumed. A
mass dependence of the form _MM / M (i.e., _MM=M is con-
stant) is consistent with the available data (Fig. 8), but there
are yet too few data points to conduct a meaningful best fit.
We note this because circumstellar disk models with this
mass dependence match the observed NIR emission from
young low-mass stars and brown dwarfs (Natta & Testi
2001).

Fig. 7.—Equivalent widths of H! vs. 10% widths of H! for T Tauri
stars. The 10% widths of optically veiled T Tauri stars ( filled symbols) are
distinctively larger (e270 km s$1) than the 10% widths of nonoptically
veiled T Tauri stars (unfilled symbols), independent of spectral type. Opti-
cally veiled and nonoptically veiled stars can be distinguished based on
EW[H!], if the spectral type dependence is accounted for. T Tauri stars are
usually veiled if the EW½H!" # 3 Å for K0–K5 stars (circles),
EW½H!" # 10 Å for K7–M2.5 stars (squares), EW½H!" # 20 Å for M3–
M5.5 stars ( pentagons), and EW½H!" # 40 Å for M6–M7.5 stars (trian-
gles). Measurements were extracted from data presented in Hartigan et al.
(1995), Alencar & Basri (2000),Muzerolle et al. (2000b), and this work.
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From	
  White	
  &	
  Basri	
  
(2003,	
  ApJ,	
  582,	
  1109)	
  

Border-­‐line	
  objects	
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Chromospheric	
  Ac%vity	
  vs.	
  vsini	
  

10	
  Myr	
  

28	
  Myr	
  

35	
  Myr	
  

F	
  Hα	
  

Rank	
  Correla%on	
  
ρ	
  =	
  0.057	
  
σ	
  =	
  0.519	
  

ρ	
  =	
  0.045	
  
σ	
  =	
  0.835	
  

ρ	
  =	
  0.467	
  
σ	
  =	
  5.9e-­‐5	
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Chromospheric	
  Ac%vity	
  vs.	
  vsini	
  

10	
  Myr	
  

28	
  Myr	
  

35	
  Myr	
  

R’	
  Hα	
  =	
  LHα/Lbol	
  

Rank	
  Correla%on	
  
ρ	
  =	
  0.217	
  
σ	
  =	
  0.013	
  

ρ	
  =	
  0.027	
  
σ	
  =	
  0.902	
  

ρ	
  =	
  0.158	
  
σ	
  =	
  0.198	
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•  Chromospheric	
  ac%vity	
  (Hα	
  	
  emission)	
  is	
  an	
  addi%onal	
  tool	
  for	
  
member	
  selec%on;	
  

•  vsini	
  distribu%ons:	
  marginal	
  difference	
  between	
  10	
  Myr	
  (Υ	
  Vel)	
  
and	
  IC4665	
  (30	
  Myr)	
  à	
  more	
  fast	
  rotators;	
  

•  Till	
  to	
  ~30	
  Myr	
  all	
  the	
  stars	
  cooler	
  than	
  about	
  4500	
  K	
  are	
  near	
  the	
  
satura%on	
  of	
  ac%vity;	
  

•  Ho[er	
  stars	
  display	
  a	
  flux	
  F	
  Hα	
  and	
  a	
  R’	
  Hα	
  decreasing	
  with	
  the	
  
increasing	
  Teff;	
  

•  Only	
  2	
  possible	
  accretors	
  in	
  NGC2547	
  (Pop.	
  A);	
  
•  A	
  significant	
  correla%on	
  between	
  FHα	
  and	
  vsini	
  only	
  for	
  NGC2547.	
  
	
  

•  Extend	
  this	
  analysis	
  to	
  all	
  the	
  nearby	
  GES	
  clusters	
  with	
  ages	
  %ll	
  to	
  
a	
  few	
  100	
  Myr.	
  


