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Outline
* Where it all began: the GC Sickle HIl Region

* Stars, HIl Regions and Molecular Gas in the GC

- The summer student, PhD student years in Socorro

e Recent directions in GC Research
—> Adding the IR perspective: HST Pa GC Survey

* Looking Forward: GC ISM
—> Recent projects and ideas for EVLA & ALMA



Where in the world did | meet Miller?

Summer REU in 1994:
.® CCL Application details:

WR* - Student atVassar College: Kate Goss was about
“§11 to begin there as a first year student

- Qualifications — has learned love for scientific
research from biologist father and has lived in:
South India; Sydney, Australia,
Manchester, England

¥ > Known for crocodilian research and also

radio astronomy!

i Little did we know then that CCLs mother Gretchen
went to college and was friends with Libby Goss many
years earlier — total chance! Just a few of the many

Cornelia and father in PNG (1979) connections between our families that we have found.



Our Galactic center:
a deeply buried part of the Galaxy

GC reglon(Saglttarlus) is ob"sgi\jréd by 30 vis.
magnitudes of extinction — no optical, UV

available: radio, near-IR, mid-IR, far-IR,
hard X-rays, gamma rays

* Distance 25,000 ly from Sun

Physical conditions different:
T ~ 70-100 K in mol. clouds
strong magnetic fields
strong tidal forces due to

Gravitational potential
(turbulence) — spectral lines
have very wide profiles

~ 10-8 3
IDturbulence IO erg cm
P 'IO '8
P ragnetic ~4 X 107" to 10 erg
cm3 for B=0.1 to | mG

e Can stars form in this arena?
* What is the interstellar
environment like?




“WORST” image of GC SgrA Complex
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Fig. 4. “Cleaned” map of Sgr A made with combined data from the
Westerbork and Owens Valley telescopes. The half-power widths of the
synthesized beam are 6.3 x 34" (R.A. x Dec.), and the contour unit is
1.2 K brightness temperature. The zero contour on this map corres-

ponds approximately to the 60 K contour on the 5 GHz map by
Whiteoak and Gardner (1973)

s

Caption provided by Ron Ekers:

“Original "WORST" image of the Galactic
Centre shown to the left. Authors are: Ekers,
Goss, Schwarz, Downes and Rogstad.

It was probably the first aperture synthesis
image combining data from more than one
aperture and it was certainly a challenge for
Miller's cat herding instincts to keep this
group of individuals together!”



Use radio interferometers like
the Very Large Array (VLA)

to obtain high spatial resolution
to resolve stellar winds and

the structures of Hll regions




Summer 1994: CCL as MG’s REU

Debbie
Elmegreen

Libby Gos Cornelia




— ! Wide-Field Radio Image of the
R Galactic Center
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Massive Stars and the ISM in the Galactic Center

Unusual Thermal Filaments — due to Stars?

I v I I

Arched Filaments VLA 20 cm
“MH Il Regions Lang et al. (1999)

A complex

2R 15
RISHT ASCENSION <J2688)

 location, orientation
of stellar heating sources
unclear, unusual

* interactions between
magnetic fields/clouds
proposed for ionization

* radio obs. showed no
indications of interactions;
consistent with UV-ioniz.

* extraordinary stellar
clusters resolved in 90s
in Radio Arc: Cotera 1995
Figer 1995, Nagata, Okuda
(many other references)




Arches & Qumtuplet Clusters

Arches Cluster Quintuplet Cluster

1 light year * : # . : LR 2000 2||ghtyears i

Star Clusters Near the Center of the Galaxy | HST NICMOS
PRC99-30 * STScl OPO « D. Figer (STScl) and NASA

* > 100 OB supergiants, dozen Wolf-Rayet stars in each cluster; 2-5 Myr old
* ionizing fluxes of N\, ~10°%! photons s’!
edense: central density of Arches cluster ~ 5 x 10> M_ pc3 (like globular cluster!)

* near-IR observations: Nagata et al. 1995, Cotera 1996, Figer 1995, Figer et al. 1998;
Figer et al. 1999ab, 2002, Serabyn et al. 1998




What are the Physical Properties of the Sickle HIl Region?
- Is it photoionized by Quintuplet?

* Sickle in fact is a very typical GC HlIl region
* Unusual and striking velocity gradients (due to infall and grav. potential of GC)
(Lang, Goss & Wood 1997)
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Is the Arches Cluster responsible for Arched Filaments!?

* HIl regions represent
ionized edge of “-30 km/s
cloud”, heated by Arches

* N, (cluster)~4x10°' ph.s"!
* N, (radio continuum)
~ 3x10°° photons s-!

S A N e
S R,

(aty FaNBEl  ° Arches cluster could be
' as far away as

~20 pc (60 ly) from the
molecular gas and

still ionize the cloud!
(Lang, Goss & Morris 2001,02)
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Pistol Star (~150 M, star)

Pistol Star  mass loss ~ 2.4 x 104 M_/year ~

bipolar nebulosity
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.~ sellar Wind Detections in the GC

* very high resolution
radio observations: can
resolve individual stars
with mass-loss

 ~10 sources in each
cluster (Arches/Quint)

* high mass loss rates
~3-17x 10> M, yr!

* several sources are
strong X-ray emitters:
indicates wind-wind
binary systems




Miller’s 400t Paper: July 1999

awarded to:

o2 .
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Radio Detection of Stellar Winds from the Pistol Star and Other Stars in the C 2 o KT LN

Center Quintuplet Cluster ) -

C.C. Lang, D. F. Figer, W. M. Goss, M. Morris, (1999)
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CCL and Anantha

presenting the “scientific
| program” at the party




No. of Papers

The Goss Spectrum: July 1999
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The Galactic Center Club:
Regular Meetings in Socorro 1998-2000
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Local members wearing GC hats.



CCL PhD Exam: September 2000




HI Absorption toward the GC (~200 pc)

CS(H) view looking “down”

at the complex from above
Sickle HI Spectrum
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How many such massive clusters or stars are
located in the GC?

- May be as many as 50 such massive clusters in the GC:
Portegies-Zwart (2001), Bica, Dutra (2000, 2001, 2003)

-Observations reveal candidates: Chandra (Mauerhan 2008, 2009),
Spitzer (Stolovy et al. 2006, 2009), radio continuum (4.9 GHz survey by
Lang et al. (2011) )

HST/NICMOS Pa o (recomb line at 1.9 um)

Can trace ionized gas from HlIl regions and

massive stellar winds at very high resolution
in the GC; first HST survey of GC




Comparison of Paschen-Alpha and Radio Emission
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Selection of Pa a sources in the GC: shells, bubbles, PNe?
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Pa Image of the Central 30 pc of GC

§ o X = ‘isolated’ massive stars
. “Arched Filaments
Cdn '; Hil regions
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Massive Stars Near Arches Cluster: Radio and Pa o
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Massive Stars near Quintuplet: Radio/Pa o
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GALACTIC Latitude
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e Striking across all HIl regions:
Arches & Sickle

*Very striking isolated filaments

elsewhere in the Pa image

- identified ~50 Pa filaments
—> many in small groups

* Pa filament properties:

- typical lengths ~26” (~| pc @ 8 kpc)
- typical widths ~5" (0.2 pc @ 8 kpc)

—> variety of position angles

—> majority (95%+) w/ radio counterparts
* Need to establish relationship

to radio “streaks’ detected in

sensitive radio images of the GC




Multiwavelength view of massive star activities in the GC

Yellow = HST/NICMOS (Wang et al. 2010)
White/Blue = Chandra X-ray (Wang, Gotthelf & Lang 2002; Muno et al. 2009)




* What is heating GC molecular clouds!?

- Local vs. global: stars, shocks, Bfields, CRs, ?
* High transitions of NH; have shown clouds with T > 500 K!

* How and why do stars form in this extreme environment!?
* How many embedded massive clusters/stars in the GC?

EVLA and ALMA:
Simultaneous transitions of
molecules like ammonia,
recomb lines, shock tracers
and deep continuum




Congratulations Miller !!!

Thanks for introducing me to the Galactic Center many moons ago...
thanks for all the collaborations and support over the years, and for
sharing your family and friends with mine.

Here’s to many more adventures together!




