School of Physics and Astronomy

FACULTY OF MATHEMATICS AND PHYSICAL SCIENCES

Star Formation

René Oudmaijer
(Leeds, UK)

VLTI School 2013 Barcelonnette

Outline
» Star Formation 101
 Current questions

* Optical /NIR interferometry
to date

de Witet al 2011

ﬁ

UNIVERSITY OF LEED:!

UNIVERSITY OF LEEDS




Stars form through gravitational n
collapse of a molecular cloud UNIVERSITY OF LEEDS

From 130 000 Astronomical
Units to

1/200th of an AU :

The cloud’s density is increased
by a factor 1022,

Effects of Rotation and Magnetic Fields

Cloud Rotation

Vo = I SIng,

J=NVo

3.5. Streamlines fo
scales for the polar axis z
centrifugal radius r, steps
lowest streamline fc !} 0.9. Since equal intervals in S
Is of mass 1 uter cloud, the tendency of the material to pile up at the
r.) is evident




Effects of Rotation and Magnetic Fields
Cloud Rotation

Fig. 3.6. Contours of constant density for the rotating collapse solution. Distance
scales for the polar axis z and the cylindrical radius R are given in units of the
centrifugal radius r.. Each contour represents a factor of 2'/2 difference in density,
with the outer contours representing the lowest densities. The flattening of the density

Effects of Rotation and Magnetic Fields

Magnetic Fields
A Bfield
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| Charged particles)
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= Force due to a magnetic field Fz « R°B’
» c.f. force on a wire Fy=l/x Band [ « [B
= Charged particles spiral around field lines effectively freezing in the
magnetic field into the material




Effects of Rotation and Magnetic Fields
Magnetic Fields
" B-field
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= If magnetic field is important and uniform — flattened clouds

Effects of Rotation and Magnetic Fields

Magnetic Fields
B Field

= Since magnetic field frozen into material expect magnetic flux @ x BR’to
be conserved so Fz x R?

= and since gravitational force Fs « R~ as well, magnetic force cannot
overcome the gravitational one once collapse has started
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2000

The Dynamic HH 30 Disk and Jet HST ¢ WFPC2
NASA and A. Watson (Instituto de Astronomia, UNAM, Mexico) ® STScl-PRC00-32b

“

Modern picture : UNIVERSITY OF LEED

*Jets ol

*A lot of matter injected :

into interstellar gas . el
“stirring it up” - turbulence |
Last many thousands ,_

of years ‘ -

*Signature of accretion (!)

*Rotate slightly
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Star Formation in a nutshell

n

UNIVERSITY OF LEEDS

a dark cloud b gravitational collapse protostar envolope

o
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central
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Figure: Spitzer

central

Evolution of spectral CLASS 0
energy distribution (SED) '

LogVFy

5000 AL

In early stages of formation
the dusty envelope is very
optically thick evenin IR

LogVvFy

Therefore spectrum peaks in
Far-IR

As envelope clears peak shift
to shorter wavelengths until
light from the star and
accretion disk is revealed

Eventually the disk is
‘dispersed’ leaving just the
star

LogVvFy

1m 12 13 14
Log v (Hz)

Van Boekel et al 2006




OIR interferometry exquisite to study n
“Class Il/11I” objects UNIVERSITY OF LEEDS

T Tauri stars : solar mass,
magnetically controlled
accretion, veiling, optically
visible

Herbig Ae/Be stars :
intermediate mass, accretion
by infall, optically visible

Massive Young Stellar
Objects : massive, rare,

elusive, obscured CLASS T

b /
0 - /
Remasnt 7|
disk

OIR range - Tﬁz_i?

Log v (Hz

Van Boekel et al 2006

"
Problems solved !? UNIVERSITY OF LEEDS

The “bi-polar outflows” are too strong...

Massive stars not even supposed to form...

Disk accretion might be the answer
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Problems, problems... UNIVERSITY OF LEEDS

The stars are predicted to rotate faster than the
speed of light...

Angular momentum problem

Introducing a disk surrounding
the star may help

As would a rotating outflow

Presence disks difficultto establish universiTY of LEESs

; > Existence disks often inferred
RS \ - BRAINNE  from indirect data

H
leg
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Herbig Ae/Be stars :
Spectral Energy Distribution
Disk or Envelope?

167100 10~ 160,01 0.1

HD245185 420 Tau
IRAS:D5324+0359 N [RAS 05328+2443

Mol Pl
107 10~ 1072601 0.1

DUST EMISSION FROM HERBIG Ae/Be STARS: EVIDENCE FOR DISKS AND ENVELOPES
ANATOLY MIROSHNICHENKO,' ZELIKO IVEZIC,” DEJIAN VINKOVIC,? AND MosHE ELITZUR

N N
MWC758 (A) ‘_'-\ L MwC758 (E) . "\
IRAS:0527354+2517 ~‘ ) RAS:0527342517 . B
oo THE ASTROPHYSICAL JOURNAL, 520:L115-L118. 1999 August 1

A um Wpm 1999 The American Astronomical Society. All righ erved Printed m U5 A

Ny /F
107 107 167% 1€

FiG. 1.—Fits to the SEDs of the MS sources with models comprised of
geometrically thin, optically thick disks embedded in spherical dusty envelopes
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Detecting (accretion) disks not trivial  ynversiTy oF LEEDS

(8) Dust centnuum st A = 1.3 mm. (b) Intograted CO{2—1) intonsity. (s} CO{2—1) mean velocition,
¥, (miy) Total 5,2 {1y beam™! km Y} Yy G =)
1

Very large scales

Mannings et al 1997

Arc Sec
&

08576nr292 |
i=27°

Indirect evidence

Normalised Flux

Bik and Thi 2004 0.0 e
2.290 2.295 2.300 2.305 2.310 2.315
wavelength (micron)
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Evidence for larger scale disks for few targets UNIVERSITY OF LEEDS

=
Size of Pluto’s Orbit

Solar System to Scale

Beta Pictoris HST « WFPC2 « STIS

PRC98-03 « January 8, 1998 « ST Scl OPO
A. Schultz (Computer Sciences Corp.), S. Heap (NASA Goddard Space Flight Center) and NASA




Pre-Main Sequence Stars g

UNIVERSITY OF LEEDS

Formation low mass (T Tauri) stars best understood:
magnetospheric accretion

Intermezzo : Magnetic fields : UNIVERSITY OF LEEDS

Artist Rendition of Solar Wind
Created by: K. Endo

§  Photo Courtesy of Prof. Yohsuke Kamide National Geophysical Data Center |
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Magnetic fields now found:

Material falls on star via
the field lines, and FAST

Low mass stars:
magnetospheric accretion

H

UNIVERSITY OF LEEDS

(Donati et al)

UNIVERSITY OF LEEDS
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Pre-main sequence stars UNIVERSITY OF LEEDS

* Higher mass stars have radiative envelopes, so no magnetic
fields, accretion process has to be different.

* However, Herbig Ae stars found to be similar to T Tauri stars
(eg Vink et al. 2003)
"Optically—thin Cavity" Disk Model

. (puffed—-up
Star nner wall?)

gas + dust

optically—thin gas
Dust Sublimation flared disk surface
(magnetospheric Radius R. .
accretion?) S (Monnier et al 2005)

Questions: what is accretion mechanism? what are structure
and properties Herbig Ae/Be disks!?

Herbig Ae/Be Disks UNIVERSITY OF LEEDS

Presence of disks around Herbig Ae/Be stars now established,
challenge to understand their properties and structure

ALMA

Direct imaging (HST or 8-meter ground-based)

Most progress in 21stcentury
oot made on (dust) properties of
nemmersomey  OUtEr disks, but action happens
in inner disks at small scales

eric
gl | Outer disk
Pure gas disk d‘"!llll-"li ”|||||I |"||| (mass reservoir)

0.02 AU 0.1..1AU

tinuu dust ¢ 100 AU
ular lines + molecular rot-lines

" Dullemond & Monnier 2010 ARAA
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OIR interferometry:
Continuum visibilities: sizes; provide info on structure .

NIR slze-luminosity diagram
. .

Disk with optically thin cavity (dust backwarming)
{Dullemond, Dominik & Natta 2001)

I — — — Disk with optically thin cavity (no backwarming)
{Monnier & Millan-Gabet 2002)

—----— Optically thick, geometrically thin classical disk
{Hillenbrand etal. 1992)

Ring radius (AU)

Herbig Be
stars

Millan-Gabet et al 2007

|
0%

Lstar + Laceretion [Lsalar)

a) V(X b) SED

velocly flns] P =
Emission line e
visibilities, probe ;o |
. . B )i 1. ot
accretion and winds Q;MWWM;\MW‘M
. Eg ““MMM“““”Hmn?mnum””’ﬁw'mr“w u;
Survey of 5 Herbig Ae/Be RS b , .
. 3 s Dty 17
stars in 2008 (Kraus et al.) [ESASGISE "‘”l o ,
found both compact (infall) [Eie— u
and extended (wind) Bry [ ‘
emission i E
s i
 [imi 7 P ]
NB: limited number of S L A M |
baselines B "3 o e
NB2: number of i I ssstr g
observable targets ;3 - g: e
g 7 05 1 2, . '_‘ E)
small! 3 : mos ¥ 80 LA ] 8
E 4 i 3 Ll 0 °
5 nd S
3 Tl e
215 vz?vgamui::] 218 543 d‘m;m;l 2345




Interferometric imaging now possible for il
limited number of objects UNIVERSITY OF LEEDS

M. Benisty et al.: HR 5999 inner disk

Model image

Benisty et al 2011
. evidence for refractory grains in
Herbig Ae type star HR 5999 (see also poster by Kluska)

Interferometry at e L e
high spectral ‘0 ' e
IfESOl!IIIDEI 3 I . /
£ 20 [ < o Y
I —y ..') - i) >,
ia 1.0
08 - 09
i o8 :J"‘-N‘*H‘ JI'VM ’v‘l«Jr- o8 “\Y
B-type Herbig MW C 297 o R "'\'v'f'“"’f"ir* s e ——
. ¥ i |
0a :'”- -:.:.‘
(Bry forms outside o1 ] ol
continuum) im0 Bl i B d
Ia A i —
2 B e e s [ — -
. . it E
Left: observations, : £
0 0 0 -1 20 121
Right: disk wind model 0
- 120 120
I omr
é ‘: - ] mk,"rlw P 2 '
T E
Weigelt et al. 2011 g w iw
120 A0
.Ir’:lrﬁ 24964 2466 2468 2987 2468 3460 w':lniﬁ 2464 2966 F106 FAET 2488 2168
Warvasng [um|
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Cautionary Note UNIVERSITY OF LEEDS

High resolution techniques (spectral, spatial, temporal) mostly
limited to small numbers of bright objects

odo
G'ﬁ_— aeun 2 %

L. 7. .
* 0.0 0.2 o4
CE[J-K
ap of Ha emission of { tau (Quirrenbach et al. 1994). DOUgherty €a K] 94

In-depth studies of individual targets inform follow-on studies
employing lower resolution but larger, statistical, samples

The direct detections also underpin n

statistical studies UNIVERSITY OF LEEDS

Compilation disk
orientations and binary
statistics of Herbig Ae/Be
stars:

Primary disks are [
co-planar with binary 2pgd Co-plariar
orbits ' Random

Cumulative fraction

— Disk fragmentation, not

capture, is route to high

mass stars/binaries (cf. Wheelwrightet al 2011
Kumholz et al 2009

15



The Kelvin-Helmoltz Timescale (t,.,)

Herbig Ae/Be stars span range up to 10-15 Mg

Let's move to more massive stars, these are not visible in
optical:

* The protostar can only contract by radiating away the released
gravitational energy.

» The timescale for contraction can be derived from:

Gravitational Energy
Tee ~ - -
Luminosity
GM*
=7 T

The Kelvin-Helmoltz Timescale

Mass-Luminosity Relation

Fitting a line to the data:

Lo M*
GM*

~

o« M

-1

K-H K-H

#<«— The Sun

For massive stars:

fe-n << tﬁ ‘=1 32G3£n,,n

Therefore, massive stars arrive on the Main Sequence (MS) whilst
still embedded in their molecular clouds. 4

16



Comparison with low-mass stars
_ L
Massive stars reach the MS B e
while still accreting material. ;;"\x
* 3 e
- Massive stars have 3
invisible Pre-Main-Sequence :
(PMS) phase. E | |
 Luminous IR sources )
° HII regions Orion Nebula Cluster h
-2 \‘ a
] L 019
46 44 4.2 4.0 3.8 3.6 3.4
Temperature log (1) (K)
6

Evolutionary Outline UNIVERSITY OF LEEDS
Hot Core > MYSO - UCHII - OB Star

SED:

Sub-mm > Mid-IR - Mid/Near-IR - Near-IR/Visual

Radio:

Noradio > WeakRadio - Strong Radio

Masers:

CH;OH > H,0

17
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Massive Young Stellar Objects UNIVERSITY OF LEEDS

* Luminous (>10% L) IR source

* Bipolar molecular outflow

» Compact, ionised wind, v~100 km/s

* Distances of order kpc

* OIR faint

* How do they form?

* Accretion (disk) properties?

* Outflow and envelope properties?

Image: Gemini

Quest for disks: CO spectroscopy at 2.3 um

>25% of MYSOs exhibit
CO first-overtone emission

llee et al. 2013, Cooper et al. 2013

Normalised Flux

IRAS 08576-4334
" ’ "kms]

-100 0 100
1.0F B!

0.5F 1

0.0 L
-0.0015 0.0000 0.001
Wavelength (um)

000 A A

2.295 2.300 2.305
Wavelength (um)
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G012.9090-00.2607

/% e ;
Quest for disks: CO w’f T l'WWM

2.300 3
Wavelength (um)
G035.1979-00.7427

>25% of MYSOs exhibit
CO first-overtone emissio

Normalised Flux

::WW

2295 2300 2305
Wavelength (um)

llee et al. 2013, Cooper et al. 2013

All data can be i h9%96,2654—00,3901
reproduced by rotating 'mW

NS W

2300
Wavelength (um)
G308.9176+00.1231

(NB largest such sample) g8

2300 2305
Wavelength (um)

 G2822988-00.7769

Normalised Fi
:% )

T

=
=
E=

2305

G033.3891+00.1989

x 10} H’

5

[

s | |

805 | »‘

; R, t

E L ogaf

Zz D.ommiw

2295 2300 2305
Wavelength (um)

. G270.8247-01.1112

L

2205

Normalised Flux

Wavelength (um)
G287.3716+00.6444

Normalised Fit
s o
S &
é
-
=

2205 2300 2305
Wavelength (um)

G305.2017+00.2072

2.305 2310

-
F

2205 2300 2305
Wavelength (um)

G310.0135+00.3892

Normalised Fl
s o

S _ o
=

2.300 2305
Wavelength (um)

Direct evidence for small scale disk:

VLTI observations of
IRAS 13481-6124
(Kraus+ 10)

13 x 19 AU disk with
central 9.5 AU hole

Infer:

M* =18 Mg, ;
flared disk with
M=18 £ 8 Mg,
Rgisx = 130 AU

Slide taken from Tan
PPVI2013

UNIVERSITY OF LEEDS
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Mid IR MIDI interferometryin 2013:  UNIVERSITY OF LEEDS

Massive Young Stellar Objects:
emphasis on dusty mid-infrared emission
Largest sample of MYSOs, Boley et al.: uv coverage

Al e

Jind
n

Mid IR MIDI interferometryin 2013:  UNIVERSITY OF LEEDS

Largest sample of MYSOs, Boley et al: Flux

20
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Mid IR MIDI interferometryin 2013:  UNIVERSITY OF LEEDS

Largest sample of MYSOs, Boley et al: Visibilities

w0 o mmawansosom b
Spatial frequency (cydlesiarsec)

ﬂ
f

Mid IR MIDI interferometryin 2013:  UNIVERSITY OF LEEDS

Largest sample of MYSOs, Boley et al: Geometric models

21
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Mid IR MIDI interferometryin 2013:  UNIVERSITY OF LEEDS

Largest sample of MYSOs, Boley et al

Geometric modelling not conclusive in determining nature
MIR emission.

A take home message:

Geometric modelling not conclusive
SED modelling degenerate —

Need combination with SED modelling to get more
information

Massive Young Stellar Objects:
Parameterizing the envelopes
Methodology: Fit spectral energy distribution (SED) with

model for circumstellar environment
mocel 2 Whitney et al. 2003

/w @ H 7
‘ 3
5000 5

0 0 2500 5000
odel 4

22



Massive Young Stellar Objects:
Parameterizing the envelopes

Methodology: Fit spectral
energy distribution (SED)
with model for circumstellar
environment

Free parameters:

* Density (accretion rate)

* Opening angles

* Disk properties

* Etc :

Need imaging for better S 1k ,”//'VZ O

/

constraints o // m  =34Ms
Zhang et al. 2013 L

Diffraction limited Mid-IR imaging UNIVERSITY OF LEEDS
VISIR 20um diffraction limited VLT

Grantecan & SUBARU imaging

MIR emission cavity walls

Arcsec resolution

De Wit et al 2009;
Wheelwright et al. 2012




Example W33A: MIDI interferometry
SED Fitting alone not sufficient

.
L 4
1 10 100 '{

- ’ 0 40 50
Fig. 12. Predicted SEDs of the discussed models obtained from the SED P
Baseline (m)

web fit procedure listed in Table 3

De Wit et al. 2010; Model grid by Robitaille et al. 2006

Jind
n

Mid IR MIDI interferometry: UNIVERSITY OF LEEDS

CRL 2136, de Witet al., 2011, A&AL — 42m baseline

Axi-symmetric dust radiative transfer code Whitney et al. 2003

Flux ()

Hux ()

Simultaneousfitting SED and spatial information

24
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Mid IR Interferometry UNIVERSITY OF LEEDS

Envelope well characterized
Compact source in center — bloated star or accretion disk
Morale : need spatial information

Multi-baseline, 2D, fitting,
W33A:

Config. A Contig. B

» JJ

o w1
Wevelength (um) " eles nam Eml
Config. C Config. D

.
—_— o
ot
]Jl"%w\ E
~— ]
-
13

8 0 1o
Wavelnm,h (u ) w elength (um)

3 r M, Moy i Ry AP AT Mos. BA
(Mo) (R} (K (M) (Mzyr') 7 AL AL fcm (]
25 §4 35000 07x10F TS 10t Sxlpf 28 £ 230 14x 10" 165
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Result of multi-wavelength n
approaCh: 350 pm data and model

Van der Tak et al. 2000
PR SR R N T S S T |

0

H and K data and model

Mid-IR interferometry UNIVERSITY OF LEEDS

* VLTI MIDI 8-13 micron observations of the warm dust from
the inner envelope/outflow cavity wall region

* Looking inside the cavity

_Comfig A Images 7.5-12.5 um:

. .
1 12 13
Wavelength (um)

De Wit et al 2010 uv coverage

26
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W33A and disk emission UNIVERSITY OF LEEDS

Disk limits from N-band interferometry:
Dust disk : M < 0.01Mg, implies low accretion rate?
Gas (accretion) disk can be hidden: M, < 103 Mg/yr

Envelope
Envelope + dust disk
——— Envalope + a—disk

Visibilities

" De Wit etal. 2010
Wavelength {um) Davies et al. 2010

OIR Interferometry & Star Formation  university oF Leeps

» Continuum and line interferometry has come of age in this century

» Results promising, but have scratched the surface

» Improved sensitivities will allow larger samples to be observed

* And imaging to be done

* (All in conjunction with sophisticated
models)




Epilogue: Probing at very small scales: n
i
Prospects for spectro-astrometry UNIVERSITY OF LEEDS

Bry

Positional RMS

Continuum centrold

DEC offset (mas)

Velocity (km/s)

0.0
RA Offset (mas)

mas precision traces of Bry in IFU data — tracing the first base of
a bi-polar flow in a massive young star (Davies et al. 2010)

Prospects (0]} spectro-astrometry UNIVERSITY OF LEEDS

Apos (mas) F, (normalised)

-400 -200
yelocit

Sub-mas precision traces of Ha in Be stars, fit by 3D non-LTE
models — disk parameters
(Wheelwright et al. 2012, MNRAS Let.)




Applicationto AMBER

Faesetal 2013

Kraus et al. 2012

O
5
= O
5

\oqulu )

—5031050374 -10 5 0 5 10

Jind
n

Prospects for spectro-astrometry UNIVERSITY OF LEEDS

2.292 2.294 2.206 2.298 2.300
A (pm)

Micro-arcsec precision traces of CO in a BJe] star
(AMBER, Wheelwright et al. 2012)
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Probing at very small scales: mn

Prospects {0]§ spectro-astrometry UNIVERSITY OF LEEDS

AS 205N Wind + disk disk only

T D ‘. Challenge to
w18 e .
e SN ‘__JA\ disentangle
| el I et : winds and
= st 0.5 .
z 04 o | 1 C .
= . 55° o jooee ! accretion
£ L ] 0.2
E,: u':l-h-";;’?'j ;.-""—'."'; n.n'*Jlf_
é o | 1 oz K 20°
% 04_,_;_,_-' g 480BE

“ 115° 4 ] 04 1 To observer

1
t
3
__ﬁ.AJ"
PR ll'.
Gn:ll.’][ pIII‘.\'\

as . 45°+115° CO 4.6pm line

175° !
osf © 0 , of PMS stars
o ’vqe“’r,-‘.jfa- - Pontopiddan
-0z v o etal 2011 ApJ
—asf ,I P 45" + 1151

.AIJ. : P.l‘) ’ .IJ ’ 20 4I'|. . —-40 =20 O 20 40
Velocity [km 57'] vmom‘ Ikm /5]

H

Future bright! UNIVERSITY OF LEEDS

Improved sensitivities
New beamcombiners
New instruments
New interferometers

Magdalena Ridge Observatory Interferometer
10 elements — 340m baseline, optical,NIR




