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A	  Bit	  About	  Me	  	  

•  Undergrad	  at	  University	  of	  Sydney	  
	  Physics	  +	  Maths	  

	  
•  PhD	  at	  Macquarie	  University,	  

	  with	  Mike	  Ireland	  
Finished	  Sep	  20th	  
	  
	  
Started	  here	  on	  Oct	  1st	  as	  Adam	  Kraus’	  
postdoc	  

MacWarrior	  

Famous	  USyd	  Jacaranda	  	  

Also	  in	  Sydney	  



A	  Bit	  About	  Me	  
I	  work	  on	  star/planet	  formaRon	  by	  studying	  populaRons	  of	  PMS	  stars	  (Mainly	  
Sco-‐Cen	  5-‐20	  Myr).	  
	  

•  Finding	  young	  Sco-‐Cen	  stars	  with	  various	  methods	  	  
•  MulRplicity	  staRsRcs	  with	  Interferometry	  
•  Disk	  frequency	  and	  evoluRon	  
•  Spectro-‐astrometry	  
•  Lots	  of	  Bayesian	  stats.	  



Random	  Things	  About	  Australia	  

Kangaroos	  and	  Emus	  	  
can’t	  walk	  backwards	  

And	  so	  they	  are	  the	  naRonal	  animals.	  
	  



Random	  Things	  About	  Australia	  

•  Have	  some	  on	  the	  most	  poisonous	  spiders	  	  

	  
	  But….No	  deaths	  from	  spiders	  since	  1979	  



Random	  Things	  About	  Australia	  

No	  Guns!	  
	  
	  
	  
	  
Government	  bought	  them	  all	  
	  



Random	  Things	  About	  Australia	  
The	  Middle	  isn’t	  very	  nice	  

Everyone	  lives	  
here	  

Average	  7ppl/sq	  mi.	  
USA	  =	  85	  



Random	  Things	  About	  Australia	  

•  Largest	  populaRon	  of	  feral	  camels	  (750,000)	  



Random	  Things	  About	  Australia	  

Bob	  Hawke:	  
	  Prime	  Minister	  (1983-‐91)	  
	  
	  
Was	  in	  Guinness	  Book	  Or	  Records	  
for	  speed	  drinking.	  
	  
	  
	  
	  



Random	  Things	  About	  Australia	  
We	  really	  do	  say	  “Mate”	  
	  
It’s	  supposed	  to	  mean	  friend,	  but	  usually	  used	  
when	  talking	  to	  people	  you	  don’t	  know.	  

Don’t	  call	  a	  Texas	  bus	  driver	  mate	  



Astronomy	  In	  Australia	  
Lots	  of	  Radio	  (which	  I	  know	  very	  lihle	  about),	  including	  SKA	  soon	  
Most	  jobs	  are	  radio-‐related,	  but	  you	  might	  have	  to	  live	  in	  Perth	  
	  
One	  main	  opRcal	  site	  Siding	  Spring	  Observatory	  with	  a	  few	  telescopes:	  
AAT,	  ANU	  2.3m,	  	  UKST,	  etc….	  
Lots	  of	  great	  instrumentaRon	  people	  at	  places	  like	  the	  AAO.	  
	  
	  



Astronomy	  In	  Australia	  

A	  Bit	  Less	  intense	  
	  
•  No	  Emails	  about	  80	  hour	  work	  weeks	  	  
•  PhD’s	  are	  a	  bit	  shorter	  (but	  that	  might	  change)	  and	  you	  don’t	  

have	  to	  do	  anything	  for	  funding.	  
•  No-‐one	  AstroPh	  snipes	  
•  Less	  people	  work	  on	  Saturday	  (or	  at	  least	  less	  answer	  emails)	  
•  But	  less	  jobs!	  
	  
	  



SCIENCE!	  



OB	  AssociaRons	  
•  Young,	  loose,	  unbound	  “AssociaRons”	  containing	  O	  and	  B-‐type	  stars,	  which	  all	  

share	  a	  similar	  origin.	  	  

•  Quite	  sparse,	  1-‐10pc	  between	  	  B-‐type	  stars.	  Hence	  they	  are	  dispersed	  quite	  
quickly.	  	  

•  Members	  share	  similar	  moRons	  through	  space.	  This	  has	  become	  the	  basis	  for	  
idenRfying	  which	  stars	  are	  part	  of	  a	  given	  associaRon	  (where	  good	  kinemaRcs	  are	  
available).	  

•  Important	  because	  they	  provide	  a	  sample	  of	  stars	  which	  have	  just	  formed	  prior	  to	  
interacRons	  which	  may	  alter	  primordial	  characterisRcs,	  e.g.	  MulRplicity,	  IMF.	  	  

•  There	  are	  many	  of	  these	  associaRon	  in	  our	  neighborhood,	  suggesRng	  that	  they	  are	  
an	  important	  part	  of	  the	  stars	  formaRon	  picture.	  	  	  



OB	  AssociaRons	  



The	  Sco-‐Cen	  AssociaRon	  

•  Nearest	  OB	  associaRon	  and	  region	  of	  recent	  star	  formaRon	  to	  the	  sun	  (~130	  pc).	  It	  
contains	  ~150	  B-‐type	  stars	  (Rizzuto	  2011)	  and	  is	  predicted	  to	  contain	  1000’s	  of	  low-‐
mass	  pre-‐main-‐sequence	  stars.	  Membership	  is	  incomplete	  past	  early	  G-‐type	  stars.	  

•  Covers	  a	  very	  large	  swath	  of	  the	  southern	  winter	  sky,	  covering	  thousands	  of	  square	  
degrees.	  Many	  well	  known	  visible	  stars	  are	  part	  of	  the	  associaRon	  (e.g.	  Southern	  
Cross	  and	  Pointers).	  

	  
•  Historically	  Sco-‐Cen	  been	  divided	  into	  three	  subgroups	  with	  different	  ages	  (5-‐20Myr)	  

and	  kinemaRcs,	  and	  potenRally	  different	  star	  formaRon	  history.	  	  
	  



Low-‐Mass	  Stars	  
•  Most	  of	  the	  K,	  M-‐type	  members	  are	  not	  known.	  Expected	  that	  

there	  are	  ~10000	  stars	  in	  Sco-‐Cen.	  
	  

•  Finding	  them	  requires	  	  
e.g.	  spectroscopy	  to	  see	  
Youth	  indicators	  like	  
Lithium	  +	  H-‐alpha	  
	  
!1000’s	  of	  targets	  
	  
	  



Low-‐Mass	  Stars	  

Use	  smarter	  selecRons	  to	  choose	  the	  targets:	  
	  

We	  know	  the	  group	  velociRes,	  distance	  and	  posiRon	  on	  sky.	  Also	  have	  esRmate	  
of	  velocity	  dispersion.	  



Bayesian	  SelecRon	  
•  Idea:	  OpRmally	  use	  available	  posiRon,	  distance	  and	  velocity	  informaRon	  to	  decide	  if	  a	  stars	  is	  

part	  of	  Sco-‐Cen.	  We	  have	  to	  decide	  between	  two	  mutually	  exclusive	  models	  
	  Model	  Likelihood	  raRo:	  

	  

	  
	  
Not	  useful	  unRl	  rewrihen	  with	  Bayes’	  Theorem:	  

	  
	  
	  

R =
P(Mg /D)
P(M f /D)

P(M /D) = P(D /M )P(M )
P(D)

⇒ R =
P(Mg )P(D /Mg )
P(M f )P(D /M f )

=
P(Mg )
P(M f )

K

Refers	  to	  the	  associaRon	  or	  	  
“group”	  model	  

M f Refers	  to	  the	  field	  model	  

Mg

Mg, f = {l,b, r,µ//,µ⊥,vr,mi}

Use	  this	  to	  prioriRse	  targets	  and	  throw	  away	  obvious	  non-‐members	  



New	  Low	  Mass	  PMS	  stars	  
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Found	  236	  new	  PMS	  K/M-‐type	  Upper-‐Scorpius	  Stars!	  



Efficiency?	  
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60-‐70%	  of	  observed	  stars	  were	  young!	  



How	  Old	  Are	  They?	  
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Got	  BCj	  and	  T_eff	  from	  spectral	  types	  +	  young	  stars	  temperature	  calibraRon	  
(Pecaut	  et	  al.,	  2013)	  



Other	  Evidence	  

1.  Existence	  of	  Early	  B-‐type	  stars	  that	  are	  very	  
young	  ~5Myr	  	  (Tau-‐Sco,	  Del-‐Sco,	  w-‐Sco)	  

2.  Existence	  of	  clearly	  evolved	  B-‐type	  stars.	  i.e.	  
~10Myr	  

3.  F-‐type	  stars	  appear	  to	  be	  ~13Myr	  based	  on	  
HR-‐diagram.	  Explainable	  as	  two	  populaRons	  
using	  an	  IMF	  and	  a	  spectral	  type	  range.	  

4.  Orbits	  of	  K/M	  binaries	  suggest	  some	  old	  stars	  
and	  other	  young	  stars	  



Young	  Upper-‐Sco	  

•  B-‐Type	  Stars	  
	  
Young	  Stars	  (<10Myr)	  
Tau-‐Sco	  
Omega-‐Sco	  
Delta-‐Sco	  

The Astrophysical Journal, 746:154 (22pp), 2012 February 20 Pecaut, Mamajek, & Bubar

Table 7
Stellar Parameters for US Turnoff Stars

Name log(Teff ) log(L/L⊙) v sin i B94 Age B94 Mass E11 Age E11 Mass E11 Age E11 Mass
(no rot.) (no rot.) (rot.) (rot.)

(dex) (dex) (km s−1) (Myr) ( M⊙) (Myr) ( M⊙) (Myr) ( M⊙)

ω Sco 4.424 ± 0.019 3.96 ± 0.05 100 ± 6 2 11.4 5 11.2 5 11.4
β1 Sco 4.419 ± 0.010 4.29 ± 0.05 91 ± 8 9 12.2 11 12.1 11 12.2
π Sco 4.402 ± 0.007 4.34 ± 0.10 100 ± 15 12 12.4 12 12.9 14 12.6
τ Sco 4.475 ± 0.073 4.31 ± 0.16 10 ± 2 2 14.7 5 14.5 5 14.7
δ Sco 4.438 ± 0.033 4.58 ± 0.14 148 ± 8 9 14.4 9 14.9 10 14.6
σ Sco 4.443 ± 0.015 4.98 ± 0.12 56 ± 15 8 17.7 8 18.0 10 17.2

References. (B94) Bertelli et al. 1994; (E11) Ekström et al. 2011. v sin i values adopted from Brown & Verschueren (1997).

Figure 10. Upper Sco main-sequence turnoff plotted with the Bertelli et al.
(1994) evolutionary tracks. The crosses represent the H-R diagram position
corrected for known binarity (see the text for a discussion of each binary). The
circles are the H-R diagram positions uncorrected for companions. ω Sco and
τ Sco do not have known companions.

it with Upper Sco with great confidence. More importantly,
however, a close examination of the abundance patterns in ζ
Oph indicates that it has an anomalously high helium abundance
(Herrero et al. 1992) and thus likely participated in a mass
transfer event, perhaps from a close former binary companion.
For this reason it is not reliable to use it to determine the turnoff
age since it may have received extra nuclear fuel unaccounted
for by the evolutionary models.

With only six B-type stars determining the turnoff age, it
is important to assess the binarity of these stars since it may
significantly alter the H-R diagram positions and, therefore,
the derived ages. Only two stars, ω Sco and τ Sco, do not
have a detected companion. β1 Sco is a binary with ∆V =
1.26 ± 0.17 (Elliot et al. 1976). This magnitude shift, when
accounted for, moves the primary down on the H-R diagram
∼0.1 dex in luminosity and gives an age for the primary of 9 Myr.
π Sco is a binary with ∆V ∼ 3.7 (Stickland et al. 1996), which
moves the primary down on the H-R diagram ∼0.01 dex in
luminosity, having virtually no effect on the derived age for
π Sco. δ Sco is a binary with ∆V = 1.5–1.9 (Tango et al.
2009), shifting the primary down ∼0.07–0.1 dex in luminosity.
However, because of its position it effectively moves parallel
to the 9 Myr isochrone and thus does not affect the derived
age for the primary. σ Sco is a quadruple system discussed
extensively by North et al. (2007). They report the system as a
spectroscopic pair (which includes the primary), a tertiary B7

component, and a B9.5V common proper motion companion
separated by 20′′. They deconstructed the spectroscopic pair into
a B1III primary with a B1V secondary with ∆V ≃ 0.80, and
a system age of ∼10 Myr using the Claret (2004) evolutionary
models. Correcting our derived H-R diagram position for the
magnitude of the secondary, we find that the primary moves
down ∼0.2 dex, which changes our derived age to 8 Myr for the
primary.

Unfortunately, the massive stars in US do not trace a well-
defined turnoff, even with corrections for known companions.
Including the shifted H-R diagram positions when accounting
for the binarity, we estimate the turnoff age from the following
stars: ω Sco (2 Myr), τ Sco (2 Myr), β1 Sco (9 Myr), δ Sco
(9 Myr), π Sco (12 Myr), and σ Sco (8 Myr). The median age
for these stars is 9 ± 3 Myr (68% CL) with 1σ dispersion 4 Myr,
midway between the previous age estimates of ∼5 Myr and our
value of ∼13 Myr from the F-type members.

While most current stellar evolutionary models have ignored
rotation, theoretical studies have shown that a moderate rota-
tional velocity of veq ∼ 200 km s−1 will increase main-sequence
lifetimes about 20%–30% (Meynet & Maeder 2000; Maeder
& Meynet 2000; Talon et al. 1997). This represents a signifi-
cant difference in ages obtained with evolutionary tracks ignor-
ing rotation versus those which include a treatment of rotation.
For this reason, we also considered the evolutionary tracks of
Ekström et al. (2011) which include tracks for stars with and
without rotation. It should be noted that neither the Bertelli et al.
(1994) models nor the Ekström et al. (2011) models considered
here include PMS evolution, but since the PMS evolution for a
∼9 M⊙ star is ∼105 yr (Iben 1965) the PMS time can be safely
neglected. Plotted in Figure 11 are the H-R diagram positions
of the US main-sequence turnoff stars along with isochrones
generated from the evolutionary tracks of Ekström et al. (2011)
with no rotation (dashed lines) and those with a rotational ve-
locity equal to 40% of the breakup velocity. The median age
with rotation at 40% of breakup is 10 ± 2 Myr (68% CL) while
the median age without is 9 ± 2 Myr (68% CL). Since the
US turnoff stars are rotating with a median projected rotational
velocity of ⟨v sin i⟩ = 96 km s−1 (see Table 7) and ⟨veq⟩ =
(4/π )⟨v sin i⟩, then the turnoff stars have ⟨veq⟩ ≃120 km s−1.
Using mass estimates from the Bertelli et al. (1994) tracks, we
estimate the median break-up velocity of the US turnoff stars as
∼450 km s−1 and thus the median observed rotational velocity is
∼25% of breakup. This is a significant median rotational veloc-
ity and indicates that rotation should be considered. Therefore
we adopt the median age obtained with the rotating evolutionary
tracks of 10 ± 2 Myr (68% CL).

Our Upper Sco turnoff age is much older than the age derived
by the de Geus et al. (1989) study. We believe that the major

14

(Pecaut	  et	  al.,	  2012)	  



F-‐Type	  Stars	  Seem	  Old	  
Imagine	  two	  populaRons	  (5	  and	  15	  Myr)	  in	  3.78<T_eff<3.85	  and	  look	  at	  some	  models	  
(Dartmouth)	  
These	  are	  significantly	  different	  mass	  ranges	  in	  the	  two	  populaRons:	  
5Myr	  	  :	  	  1.87	  –	  2.02Msun	  	  
15Myr:	  	  1.23	  –	  1.54Msun	  
With	  e.g.	  A	  Kroupa	  IMF,	  this	  means	  there	  will	  be	  20	  Rmes	  more	  of	  the	  older	  stars!	  
	  



FormaRon	  Scenario?	  

Sco-‐Cen	  
	  

Old	  USco,	  pmRA=	  ~-‐13mas/yr	  !	  

Young	  
USco	  
Cloud	  

!	  -‐9mas/yr	  

5	  deg	  (10pc)	  on	  sky	  over	  5Myr	  
28Msun	  star	  dies	  in	  6.3Myr	  
	  



Thanks	  For	  Listening!	  


