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The importance of massive stars

Important to the chemical evolution of the
galaxies

Principal UV-radiation sources

Progenitors of the heavier chemical
elements

Strong stellar-winds and deaths in the form of
supernovae

.Crab nebula

For a 25 solar mass star:

Duration
7x10°years
7x10° years

600 years
6 months
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Massive stars birthplaces

O Rare (IMF)

O Born on the main sequence ]

O Short life-times (xMa) Orion nebula
O Bornin very dense clouds =500 pc
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High angular resolution techniques

e e s O Near-IR Long-baseline interferometr
O Muliiplicity { (AMBER/VLTIg) Y

O Speckle Imaging (NACO/VLT)
O Interaction of massive stars

with the CSM and ISM.

O Near-IR Fizeau Interferometry
(NACO-SAM/VLT)
O Morphology in Massive Young
Stellar Objects (MYSOs)
O Spectro-Astrometry (CRIRES/VLT)
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Optical/IR vs Radio Interferometry

O Optical wavelengths are significantly
@ shorter than radio wavelengths
Baseline ( 1041 07)
v
Correlator/Path O More important atmospheric effects
line delay at infrared wavelengths.
O Visibilities are complex quantities O The properties of the received

radiation are very different between

O They have AMPLITUDE and PHASE RADIO and OPTICAL/IR wavelengths.
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Optical/IR vs Radio Interferometry

* * Source

v

Plane wave-fronts

Y

Atmosphere

|

Distorted wave-fronts

¢

Telescope
Wavelength 1.3cm 22 um
Coherence time =10 minutes 20 milliseconds

Fried's parameter 15 km Im
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The atmospheric effect

* * O The atmosphere introduces temporal and spatial
Source anomalies in the wave-front

Plane wave-fronts O Fried’s parameter: The circular aperture size over

\L which the mean wave-front erroris 1 rad?. ry= A ¢/°.

Large telescopes requires Adaptive Optics to

Atmosphere achieve diffraction-limited resolution.

|

Distorted wave-fronts

¢

O Coherence time: Time over which the mean wave-
front error changes by 1 rad?. ty= A ¢/°

Telescope D<r,
Wavelength 1.3cm 22 um
Coherence time =10 minutes 20 milliseconds D>rO
Fried's parameter 15 km Im

O=A/r,
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The quantum effect

O Ocupation number : The average mean energy of a source divided by
the energy of a photon 1

ha

exr — 1
O Radio: (1cm), T=2.7 K, <n>=1.4
(2cm), T=5000 K, <n>=7000
O Optical: (0.5 um), T=5000 K, <n>=0.003

(2 4 m), T=1500 K, <n>=0.008

O n>>1, rms =n O S/N=VZ*N

O n<<1, rms =sqri(n) O S/N<<I]
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Interferometric Observables

O Inradio interferometry the observables
are the amplitude of the visibility (V) and
the phase.

O In opfical/IR interferometry we use the
modulus of the visibility (V2) and the
closure phases.

Al

O Closure phases: Argument of the
product of three visibilities produced by
a closed triangle of baselines.

Cbserved Intrinsic Atmosphere

0(z23)= 8123 + (3ra)

®(3-1) = ¢.>3-1)+[¢(1)¢3)]

Complex Plane

Averaging in the Complex Plane
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Calibration and Imaging

O Interwoven observations of Calibrator and target

are required. CALIBRATED VZ — IRS 1W

1.0
. . . . . . 0.8 & -1
O Calibrators should be point-like sources with similar [ ]
magnitudes and spectral types as the targets 0.6 ]
> SAN 1
0.4} S __
O Calibrators located at few deg. from targets 8
0.2 o .
o
. :. 1 g A8 A oo~ 1 |:
O Atleast three software packages available bases O T 50x10° 1.0x10° T.5%10° 2.0%10° Z.5x10°
on bispectra maximum entropy methods (BSMEM, el Reeaiensn i/
MlRA MAClm) CALIBRATED Closure Phases — IRS 1W
’ 3,00§ T T T T
2ooi— oo 3
ey 3 < o
g€ 1o00f o %o S -
3 3 ® § 848
£ °F 8 S 8 Sg 3
e 8 88 |
§ —100; 8 8 0-8 Z
= -200F ; 3
-300k : i g
o] 5.0x10® 1.0x10% 1.5x10%* 2.0x10°

Spotiol Frequency [1/rad]

Sanchez-Bermudez et al., 2014
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The Beou’ry Contest

MA

BSMEM Image of VY CMa BSMEM Image of VY CMa
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Sparse aperture masking

Pupil Mask
SAM Interferometry P |
Characteristics: j) ; 0:
O Well defined PSF calibration Telescope ' : oo
amera
O SAM cut-off most of the Focal Plane ]
atmospheric noise signal I
O th Letchnique is constrained to ,xw' U-V coverage for BB_SHoles mask ~ NaCo/SAM Interferogram
right sources .
157 € ] 1740
O SAM at VLT is suitable for . .
sources with 4-12 mag T, e, e e e ] ey
O SAM at VLT offers 4 masks. A L I £ o
E 0F & & . @ . ® ; . § .
:%'05 ¢ Z ; e 1 § § 580
A‘ At e T, Z & : o -1160
0 _— > R A5} © e 6 I |
esolution .
2D 2 1 1 1 1 1 1 1 L L L L L 1 1
2 15 -1 -0.5 0 05 1 15 2 1740 -1160 -580 0 580 1160 1740

Spatial Frequency x10° Milliarcseconds (mas)
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Spectroastrometry
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Adapted from
Troutman+2009

20}

Observable: Photocenter displacement

-20}

Adapted from Kraus+2014
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Massive stars at their early stages
NGC3603 IRSPA

. ’
)

IRS9A in context:

O Veryluminous source

(2.3 x10° L)
O Spectralindex a,5.10,,=1.37
O Mass: 30-40 M

O Extinction: 4-5 mag

.....................
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Mid-infrared intferferometric

observations of IRS?A

.10
MID-IR Observations: [ 1
008~ 50 mas compact -
O MDI(9-13 um) | ]
O T-ReCS(11.7 um) S ool structure? ]
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Near-infrared interferometric

observations

INTERFEROGRAM FOURIER TRANSFORM U—V COVERAGE
1800 0.0005 ' y v 2x10°® y 22 v
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MILLIARCSECONDS 1/MILLIARCSECONDS 1 /RAD
CRIRES setup:
NACO setup:
) ) O H2(2.121 um) and BrG (2.166 ¢ m) emission
O 7holes mask (faint object = 9 mag) lines
O Ks, lpand M O 6" slit width: R=33000; 1.5 km/s
O Standard SCI-CA!.-SCI s.equence O 3 position angles (0°, 90°, 128°)
O Cube mode/pupil tracking O NDIT=60 seg
O NDIT=50seg O Ks Lpand M
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The morphology of IRS ?A

IRS 9A - T-ReCs
d) c) b) a) o (=350 mas; 2000 AU)
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A complete view of IRS?A (1

Models of the IRS 9A SED

o - Best SED model (Robitaille)
3 e + Model of Vehaff+2010

- + Best V¥ model (this work)
3 ¥ NACO/NIR photometry

# 3 ¥ Spitzer data

10"
RGB image of the best radiative transfer model of IRS 9A
@
£
&
;:' 9
@ 10
. 1070
107 L - -
10° 10t 10°

A [pm]

Sanchez-Bermudez et al., 2014c (in prep)
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A complete view of IRS?A (2)

V¥ physical models (Ks-filter)
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Multiplicity iIn massive stars

Multiplicity in the Orion Trapezium

(Preibisch et al. 1999, Schertl et al. 2003,

Weigelt et al. 1999; Kraus et al. 2009)
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Multiplicity (HD 150136

Galactic extremely massive stars
200 T —% T T T F"!' T T T T T T T T SB
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Sanchez-Bermudez+2013
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Multiplicity (Herschel36)

HST image of Herschel 36

: . r SB Third Component
] P=1 P=498d 2
I =1.5d ©= 4mas ?
24°22'34.0" |- ©=0.1 mas
| Herschel 36 (A+B)

Component D '8 o9V, 15M

- o
Ry . )
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= -
- .

Component E | .. . .

Dec (J2000)

07.5V; 20 Mg
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" L | I L
41.00s 40.80s 40.60s 18h03m40.40s

RA (J2000)

Sanchez-Bermudez et al.,
2014b (submitted)
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AMBER/VLTI observations (HD150136)
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AMBER/VLII observations (Herschel36)
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Results (HD 150136

HD150138 CP model ﬁlting (1.19~1,41um) HD150136 CP mode! fitting (1.44~1.87yum)
80 & v Y
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Results (Herschel36)

CPs model fitting (1.90-2.56um)

CPs model fitting (1.44—1.87um) 200F .
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First estimate of the orbits

Parameter Combined J H K Parameter Combined H K 1-0¢
foner® 080 078 080 082  f . ome® 017 018 017 0095
fr° 020 022 020 OI8  f .z 042 042 043 0.12
d [mas]|* 727 727 7119 1719 A€ 0.41 040 040 0.12

® [deg]® 234.0 214.8 217.0 10.5

Orbit of HD 150 136 third component
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To keep In mind

O Massive stars have strong impact to their surroundings.

O Ourunderstanding of their formation and evolution is still sketchy. H
O Observations of massive stars are challenging. . =
;.-”",”- ‘\;-C'
O VLT has the best angular resolution to study massive stars at near N | oy | ==
and mid infrared wavelengths. |\ V4
2 1 1 &
O Interferometric observations provide us unique information of & - »
some of the most important aspect of massive stars (e.g.
imaging binaries, circumstellar disks, envelopes). .

O The second generation of VLTI instruments will improve imaging
capabilities and sensitivity (2-5 mag), opening new opportunities
to study more massive stellar systemes.



