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High mass stars 
form in clusters 
– and most low 
mass stars, too! 



RCW	38	 Orion	Nebula	

OpJcal	

Infrared	

Alves,	Muench	



Georgelin	&	Georgelin	1976	

At	visual	wavelengths,	some	of	the	most	interes2ng	parts	
of	the	Milky	Way	are	terra	incognita	

D = (10pc)×10 m−MV( )/5



Distribu2on	of	Known	Open		Stellar	Clusters	

•  IR	clusters	
•  OpJcal	clusters	
•  Massive	young	clusters(	M	>	104	M¤)	

 

Infrared	candidate	clusters	can	probe	the	inner	Galaxy	

CompilaJon:	M.	
Messineo	



Even	in	the	IR,	massive,	
luminous	clusters	are	
difficult	to	find	in	the	Inner	
Galaxy…	

J,	H,	K’	on	radio	

The	Arches	cluster	
detecJon	

Cotera+	1996		

D. Figer 



Before	we	can	study	clusters,	we	
have	to	find	them!	
	
à	Unbiased	surveys	



 
Find massive stars 

 
 

Find massive protostars 
 
 
 
 

•  ATLASGAL		
–  LABOCA	@	APEX	(submm)	

•  BOLOCAM	–	CSO	(mm)	
•  SCUBA-2	–	JCMT	(submm)	
•  Herschel:	SPIRE/PACS	–	HiGAL	FIR/submm	(5	bands)	
•  Spitzer:	GLIMPSE/MIPSGAL	(N/MIR	4+2	bands)	
•  VLT:	VVV	(5	NIR	bands)	
•  +	2MASS,	WISE	(all	sky)	
•  MSX	(MIR	5	bands)	
•  JVLA:	THOR,	GLOSTAR	cm	con2nuum/masers/absorp2on	…	
•  Methanol	Mul2-beam	Survey	

Unbiased	Galac2c	Plane	surveys	

 
 

Find both 



1023 
Effelsberg 100m 

Herschel 3.5 m 

IRAM 
30m 

APEX 

Max Planck 
1858–1947 

SOFIA 2.5m 



(Sub)mm Astronomy: 

Molecules and Dust 

The	Life	Cycle	of	the	Inter-
stellar	Medium:		Birth	and	
Death	of	Stars	

Credit:: 
Bill Saxton,  
NRAO/AUI/NSF  

Diffuse Cloud 

Accretion Disk 

Mass Loss 

“Solar”system 

Dense Cloud 



Spectral energy distribution of 
the normal spiral galaxy M65 

LFIR	≈	Lop2cal	

SED of the Ultra-Luminous InfraRed Galaxy 
Arp 220 

LFR >> Loptical 

FIR (= repro-
cessed UV) 

direct 
starlight 

Star formation 
rates 10s to 100s 
of times higher 
than today in the 
Milky Way 

How	can	we	observe	hot	(30000	K)	stars	at	FIR	and	
submm	wavelengths?	

NED	



1.2 mm dust emisson 

30 pc 

T.	Stanke/IRAM	30	m	

= 

2.2 µm 

1 pc 

Here a dozen high-mass stars and about 
2000 low-mass have formed ca. 1 million 
years ago 

Here (at least) one high-mass and several 
low-mass stars have very recently formed 

Here low- and 
intermediate-mass 
stars are forming or 
will do so soon 

M.	McCaughrean	



(Sub)mm observations of dust emission 
yield the total (hydrogen) column density 
and the gas mass                                                           

€ 

NH ∝
ν −2−β

TD
Sν

M ∝
ν −2−β

TD
D 2 Sν dΩ∫

Con2nuum	emission	from	interstellar	dust	is	almost	always	
op2cally	thin	for	wavelengths	>	100	μm	(frequencies	<	3	THz)	

€ 

Sν ≈ Bν TD( )τν ≈
2k
c2
TDν

2τν

€ 

τν = κdl∫ = NHσν
H ∝N Hν

β (1 < β < 2)

Tracing	mass	with	submillimeter	emission	from	dust	

Source	brightness	

TD = 11 K 

β	

Image: 6.75 µm   
_______  : 1.2 mm 

€ 

Sν = Bν TD( ) 1− e−τν( )

Why	(sub)millimeter	+	FIR?	



The Atacama Pathfinder Experiment (APEX) 
Built and operated by 
•  Max-Planck-Institut fur Radioastronomie 
•  Onsala Space Observatory 
•  European Southern Observatory 
on 
Llano de Chajnantor (Chile) 
Longitude: 67° 45’ 33.2” W 
Latitude:    23° 00’ 20.7” S 
Altitude: 5098.0 m 
 
•  ∅ 12 m 
•  λ = 200 µm –  2 mm 
•  15 µm rms surface accuracy 
•  In operation since September 2005 
•  PI and facility instruments: 

 - 150 –1400 GHz GHz heterodyne 
RX 
      -  295 element 870 µm Large Apex 

 Bolometer Camera (LABOCA)  
http://www.mpifr-bonn.mpg.de/div/mm/apex/ 



MPIfR	
mm	astronomy	since	
1980s	(IRAM	30m)	
Sub-mm	since	1990	

Onsala	Space	
Observatory	
mm	astronomy	since	
1980s	(20	m	dish)		

ESO	

SEST	15	m		
(1987–2003) 

Atacama	Large	Millimeter	Array	Phase	I	
à	Operate	one	of	the	(modified)	ALMA	prototype	antennas	as	a	
	single	dish	telescope:	APEX	(from	2005	on)		

How APEX Came About: 

SIMBA	



SW from Cerro Chajnantor, 1994 May AUI/NRAO S. Radford 

Chajnantor it was to be! 

Location is everything! 



Ici! 

Ici! 



The biggest problem for submillimeter 
astronomy: The Earth‘s atmosphere 

Transmission Chajnantor 

Submillimeter 
range 



best Chile 
average Chile 

Hawaii 

1200µm 
250 GHz 

450µm 
660 GHz 

350µm 
860 GHz 

200µm 
1.5 THz 

Transmission on a 5000 m high site unter good, very good, and 
extremely good   weather conditions 



Horn array Bolometer array 

The Large APEX Bolometer Camera – LABOCA 
 



Heat sink 

  Photons 

 Bolometer detector: Principle 

thermal bridge 

Phonons 

Thermistor 

Absorbe
r 

integration 



ATLASGAL:  
APEX Telescope Large Survey of the Galaxy 

-  Main goals: 
•  To have a complete 350 GHz (870 µm) census of 
 high mass star formation in the Galaxy (= whole part 
 of Galactic plane visible with APEX) 
•  To detect protostellar condensations down ~ a 
 hundred of solar masses throughout the Milky Way 

                                Total observing time: ~1000 hours 





ATLASGAL – Short Description: 

è360 deg2, 5σ  detection: 
0.5 M¤at 500 pc, 20 M¤at 3 kpc, 100 M¤at 8 kpc 



15 kpc 

GC 

5σ = 300 mJy 

ATLASGAL	

Temperature = 20 ± 5 K 

~1,000 M⊙◉☉ 

2
7 

Coverage	 Mass	Sensi2vity	





Overview	of	the	ATLASGAL	Survey	

10%	of	 the	Survey	

Diffuse	
Filaments	

Compact 
Clumps 

2
9 

	

ATLASGAL	Structures	



> 10000 



on 2MASS K 



GLIMPSE 8 µm + LABOCA 870 µm 

Messineo+ 2009 

2MASS 



Csengeri+	2013	

Galac2c	Distribu2on	of	ATLASGAL	Sources	
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Compact	Source	Catalogues	

Contreras+ 2013, Urquhart+ 2014, Csengeri+ 2014 

 
•  >10000 compact sources in the range from 

330 ≤ ℓ ≤ 21 degrees and |b| ≤ 1.5 degrees 
•  99% completeness for sources with a peak 

flux above 6σ (~0.4 Jy beam-1) 
• Difference extraction tools:  

•  SExtractor/GaussClumps 
• Multi-resolution filtering (wavelets) to 

remove extended emission 
•  Tests on simulated data find the uncertainty 

in the flux measurement to be ∼12% 



APEX Telescope Large Area Survey of the Galaxy:  ~ 420 sq. degree of the inner Galaxy 

870 µm"

APEX"

l > -80º!l < 60º!

Galactic Center"

NGC 6334"NGC 6537"Schuller et al. (2009), Csengeri et al. (2014), 
Csengeri et al. (2015)"

1. Continuum !
Catalogs: !
•  compact sources,"
   Contreras+2013,"
   Csengeri+ 2014, "
   Urquhart+ 2014"
•  filaments"
    Li+ in prep"
Large scale statistics: "
•  time-scale estimates"
    Csengeri+ 2014, "
•  dense gas fraction"
    Csengeri, Weiss+ 2015"
•  evolutionary stage 

indicators!
    Urquhart+ 2013a,2013b "

2. Distances !
kinematic "
"
!
!
maser: BeSSeL"

Wienen+ 2012 "
Wienen+ 2015"
Giannetti+ 2015"

3. Spectroscopy !
astro-chemistry"

> 400 sources"
> 3000 sources"

> 10 000 sources"

4. Young 
massive 
clumps!
ALMA follow-up"

~ 40 sources!

Csengeri+ 2015 (SiO)"
Leurini+ 2014 (H2O) "
Giannetti+ 2014 (CO)"

Csengeri+ in prep ""
Brunthaler+ 2009"
Reid+ 2014"

ATLASGAL database:  http://atlasgal.mpifr-bonn.mpg.de/"

ATLASGAL	Follow-up	Programmes	



Spectral	Energy	Distribu2ons:	
Determining	Luminosi2es	and	Masses	
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Urquhart+	2014	

☐Methanol	masers			✚ MYSOs			✚ UCHIIRs	

Different	source	classes	à	Evolu2on	

EvoluJon	



Molecular	line	follow	ups	

•  Velocity	and	linewidth	informaJon:		
–  KinemaJc	distances	
–  Internal	kinemaJcs	–	Infall	and	ouplow	
–  GMC	velocity	dispersions		
–  Virial	masses	

•  Physical	condiJons:	
–  T,	n	

•  Chemical	condiJons:	
–  Cold	vs.	hot	core	chemistry	
–  Chemical	clocks	



ATLASGAL: Distances & temperatures à masses 

> 10 000 sources identified 
 
Physical parameters? 
• > 2000 sources followed-up in NH3 with the Effelsberg and 

Parkes telescopes (Wienen+ 2012, 2015)   
à  Kinematic distance 
à  Temperature (from NH3  
     1,1 and 2,2 lines) 

à Mass and luminosity 
à  can be derived! 

Lines from many 
other molecules with 
Mopra and APEX 



Doppler	shiK:	

VDop	=	V	-	Vsun		

Model	(Gal.	RotaJon):	

Vmod(Ro,Qo,l,D)	

Adjust	D	to	match	

					Vmod	to	Vdop	

	

MulJ-valued	in	inner	Galaxy	

Kinema2c	Distances	



v(Source)	

v	(Tangent	Point) 

Urquhart+	2015	



Wienen+ 2015 

ATLASGAL source velocities on CfA CO  



Molecular	line	maps	/	examples:	





Very	complex	chemistry	in	hot	
molecular	cores	around	high-
mass	protostars	



•  ~500	filaments	
•  <D>	=	3.8	kpc	
•  associated with 

spiral arms	
•  <m>	~	103	M¤	
•  ~20	%	have	MSF	



Fachbeirat                                               Bonn, June 
10/11, 2013 

The	Central	Molecular	Zone	(CMZ)		
• 	huge	Giant	Molecular	Cloud	(GMC)	complex:	

• 	~300	pc	around	the	Galac2c	center	
• 	contains	~5	107	M�		of	molecular	gas	(~10%	of	all	molecular	gas	in	MW)	

• 	Extreme	GMCs		
• 	~100	x	denser	
• 	~	5	2mes	warmer	
• 	~10	2mer	larger	linewidths	

ATLASGAL	+	Planck	870	µm	–	Csengeri+	2016	



Fachbeirat                                               Bonn, June 
10/11, 2013 

Quintuplet	Cluster	
•  t	~	4	Myr	
•  m	~6000	M¤	

Arches	Cluster	
•  t	~	2	Myr	
•  m	~2	104	M¤	

M0.25+0.11	“The	Brick”	
•  No	MSF	
•  m	~106	M¤	

Sgr	B2	
• 	~	107	M¤	
• 	Complex	structure,	incl.	

• 	>	50	UCHIIRs	
• 	several	dense	(106-7	cm-3,		
			hot	(T	>	150	K)	cores	

MSF	a	few	
million	y	ago	

MSF	Now!	

MSF	in	the	
future?	



Fachbeirat                                               Bonn, June 
10/11, 2013 

Atacama Large Millimeter/submillimeter Array 
●  50 x 12 m ∅ antennas + 12 x 7 m ∅ antennas 

●  Interferometer  

●  maximal resolution 0.01“ (1000 times higher than APEX) 

●  European-North-American-Japanese project 

The future has arrived!! 



46 sources imaged 
ALMA (100 %)    - 0.6” (3000 AU/5 kpc) 
ACA (100 %)       - 3-5” (~0.07 pc/5 kpc) 
APEX (for total power: 100%)  
 

ALMA follow-up of massive ATLASGAL clumps. Image: 
•  Fragmentation 
•  Energetics 
•  Chemistry 



Csengeri+ (in prep.) 



ATLASGAL	–	a	path-finding	survey	for	star	forma2on	in	the	
Galaxy	
• 	Large	scale	distribuJon	of	dense	material	

• 	unbiased,	the	only	survey	covering	the	Inner	Galaxy	(±60°	in	l)	
• 	northern	submm	telescopes	limited	to	l	>	10°	
• 	discovery	of	very	extended	molecular	cloud	complexes	

• 	Complete	census	of	protoclusters	down	to	moderate	mass	
• 	“Finding	charts”	for	ALMA	
• 	Great	synergy	with	Herschel	SPIRE	and	PACS	

• 	full	characterizaJon	of	dust	properJes	
• 	with	HiGAL	and	MIPSGAL:	conJnuous	database	at	~20”	resoluJon	

• 	molecular	spectroscopy	follow-ups	deliver	
• 	distances	
• 	chemistry,	physical	condiJons,	internal	kinemaJcs	

• 	Great	legacy	value:	
• 	Calibrated	images	
• 	Catalogs	of	

• 	compact	sources	
• 	extended	objects	
• 	cross	IDs	with	Spitzer/Herschel	data:	SEDS	from	3	to	870	μm	



ATLASGAL Database 

http://atlasgal.mpifr-bonn.mpg.de/cgi-bin/ATLASGAL_DATABASE.cgi 
9 



ATLASGAL Database 

http://atlasgal.mpifr-bonn.mpg.de/cgi-bin/ATLASGAL_DATABASE.cgi 
10 



ATLASGAL Database 

http://atlasgal.mpifr-bonn.mpg.de/cgi-bin/ATLASGAL_DATABASE.cgi 
James 

Urquhart 
Milky Way Astrophysics from Wide-Field Surveys, RAS London, March 30, 

2015 
11 



+	T.	Csengeri,	J.	Urquhart	(à	U.	Kent),	A.	Gianne}	





Repeat ATLASGAL with 
much more sensitively 
and in different colors 
 
A-MKID 
3520 pixel at 870 µm 
21600 pixel at 350 µm  
(filling 15’ FOV) 
à 2016 
 
+ArTéMiS 
5760 pixel 250+350+450 µm 
each 
à2016 



5	cm/VLA	

870	µm/APEX+Planck	

The NRAO Karl G. 
Jansky Very Large Array 



Questions of high-mass 

star formation and 

Galactic structure are 

intimately linked 

http://www.caha.es 

M51 optical M51 Hα 



                                        Max-
Planck-Institut für 
Radioastronomie 

GLOSTAR: A Global View of Star Formation in the Milky Way 
European Research Council Advanced Investigator Grant 

ERC Advanced Investigator Grant Contract No. 247048, PI: Karl M. Menten 



 HIPPARCOS 
(HIgh Precision PARallax COllecting Satellite) 

•  118,000 stellar parallaxes out to 
150 pc 

•   σπ ~ 0.001 arcseconds (1 mas) 

•  10% accuracy at 100 pc… 

  à mapped solar neighborhood 

Perryman et al 1997 A&A 323 49 

Gaia space mission: 
•  Gaia: ~7–10 µas 

•  108 stars out to 10 kpc  

 



Very 
Long 
Baseline 
Array 

Angular resolution:  

  θf~λ/D ~ 1 cm / 8000 km = 250 µas 

Centroid Precision:   

   0.5 θf / SNR ~  10 µas 



VLBI Trigonometric Parallaxes 

radio source 

http://veraserver.mtk.nao.ac.jp/outline/vera2-e.html 



Maser 
Quasar 

VLBA: Switch every 15 
 second between maser 
 and quasar 

 ~50% duty cycle 
a few 
degrees 

Phase referencing 



The Distance to the Perseus Arm: W3OH Parallaxes 

•  Dphoto ~ Dparallax 

•  Dk way off 

•  In Perseus Arm, not in   
 Outer Arm 

•  Large peculiar V 

• 

* 

• 
• • 

Sun 

Kinematic 

Photometric 
Parallax 

Distance estimates: 
  Kinematic    = 4.3 kpc 

  Photometric = 2.2 kpc 

     R. Humphreys 1970s 

Maser parallaxes: 

CH3OH 1.95±0.04 kpc                  
          Xu et al. 2005 

H2O      2.04±0.07 kpc                
          Hachisuka et al. 2006 

 



Friedrich Wilhelm Bessel   
(1748 –1846) 

VLBA Legacy Programme  

> 5000 h observing time 



Mark Reid (PI), Tom Dame,  Harvard-Smithsonian Center for Astrophysics, USA 
Karl Menten, Andreas Brunthaler,  Mayumi Sato, Alberto Sanna Max-Planck-Institut für 
Radioastronomie, Germany  ,   
Xing-Wu Zheng  Nanjing University, China 
Yuanwei Wu  ex-MPifR, now NAOJ   
Ye Xu, Jing Jing Li  ex-MPIfR, now PMO, Nanjing, China   
Bo Zhang  ex-MPIfR, now Shanghai Astronomical Obs., China 
Yoon Choi  ex-MPIfR, now Korean Astronomy & Space Science Inst. 
Katharina Immer  ex-MPIfR, now ESO   
Kazuya Hachisuka  ex-MPIfR, now Yamaguchi University, Japan 
Kazi Rygl  ex-MPIfR, now INAF Bologna, Italy 
Luca Moscadelli  ex-MPIfR, now Osservatorio di Arcetri, Florence, Italy   

The BeSSel Team: 



S	252	Parallax:	using	CH3OH	masers	

π  =	0.480	+/-	0.010	mas	

D	=	2.08	+/-	0.04	kpc	

Reid+		(2009)	

3 QSOs; 
Maser 1 

Maser 2 



Parallax for W 49N H2O masers 

Π = 90 ± 6 µas  (D=11.1 ± 0.8 kpc) 

BeSSeL Parallaxes: Example 

Zhang et al. 2013 



K-band image              
© M. McCaughrean 



K-band image              
© M. McCaughrean 

D = 414 +/- 7 pc 
Menten+ 2007 



Inner Perseus Arm (Zhang et al. 2013) 
Background: artist conception by Robert Hurt (NASA: SSC) 



Cygnus X Star forming complex 
BeSSeL Parallaxes: Example 

Rygl et al. (2012)                                       Image: van Langevelde  



Star Forming Region Parallaxes 

Kinematic distances (Dk):                     
 
Problem:  Dk > Dπ	
	
Partial fix: 
   Ro < 8.5 kpc   and/or   
   Θo > 220 km/s 
  
 Sgr A* p.m. requires 
    Θo/Ro = 29.5 km/s/kpc 
              = 236 / 8.0 
              = 251 / 8.5 

≈ 
Reid et al. 2009 



Peculiar Motions of Star Forming Regions 

•  In rotating frame:                        
Ro = 8.5 kpc                 

 Θo = 220 km/s 

Clear systematic motions 

 



  

The BeSSeL Survey 

1. 

2. 

3. 

4. 

5. 

 
 

•  Preliminary results of parallaxes 
from VLBA, EVN & VERA: 

•  ~ 100 sources 
       

•  Arms assigned by CO l-v plot 
 

•  Tracing most spiral arms 
 

•  Inner, bar-region is complicated 

•  Pitch angles ~ 10° 

 
 

Reid et al. 2014 



  

The BeSSeL Survey 

1. 

2. 

3. 

4. 

5. 

Background: artist conception by Robert Hurt (NASA: SSC) 

 
 

•  Preliminary results of parallaxes 
from VLBA, EVN & VERA: 

•  ~ 100 sources 
       

•  Arms assigned by CO l-v plot 
 

•  Tracing most spiral arms 
•  fit log-periodid spirals  

•  Inner, bar-region is complicated 
 

 
 

Reid et al. 2014 

BeSSeL delivers distances to 

the major star-forming 

complexes in the Galaxy 



Model Fitting Results  
 

        Priors                               R0                 Θ0    (Θ0+Vsun)/R0                                                   
 (km/s)                (kpc)             (km/s)     (km/s/kpc) 

 
  Vsun=15±10; <Vsrc>=-3±10        8.34 ± 0.16     240 ± 8     30.6 ± 0.4 
  
  Vsun=12± 2; <Vsrc> no prior       8.33 ± 0.16     243 ± 6         30.6 ± 0.4 
 
   Vsun n .p.     <Vsrc>=-3±5          8.30 ± 0.19     239 ± 8         30.6 ± 0.4 
 
 
Notes: 
      Solar Motion Vsun component:      5 km/s (Dehnen & Binney 1998)  
      (in direction of Galactic rotation) 12 km/s (Schœnrich, Binney & Dehnen 2010) 
                                                          26 km/s (Bovy et al 2012) 
 

 (Θ0+Vsun)/R0 = 30.35 ± 0.05 km/s/kpc    
                               directly from proper motion of Sgr A*  (Reid & Brunthaler 2004,2014) 
 
Parameters determined from posteriori probability density functions based on McMC trials evaluated 

by the Metropolis-Hastings algorithm 
                                   

    

Reid et al. 2014 



The Milky Way’s Rotation Curve 
•  For  R0 = 8.34 kpc,  Θ0 = 240 km/s 

•  80 red points used for fitting 

•  23 blue points not used  
       (most near galactic bar)  
 
•   linear RC (dashed red line) 

•  ”Universal” RC (dot-dash black line) 
Direct result based on  
      3-D motions  
     “gold standard” distances 

Reid et al. 2014 

   R0           Θ0      
IAU:     8.5 kpc        220 km/s 
BeSSeL+VERA:  8.34±0.16 kpc   240±8 km/s 



Rotation Curves 

Milky Way parallaxes/proper motions: Reid et al (2009, 2014) 
Andromeda H I emission: Carignan et al (2006) 

Mtotal ≈ 4 1011M¤ 



Fitting Spirals 
•  For a log-periodic spiral: 
 
     log( R / Rref ) = -( β – βref) tan ψ  
 

•  Measuring pitch angles ~7˚ to 20˚  

•  Scatter è arm widths grow with R 
 
                   

42 pc/kpc 



Mul2-wavelength	surveys	really	
deliver	a	global	view	of	star	
forma2on	in	our	Galaxy	



Thanks	for	your	aven2on!	





The Karl G. Jansky Very Large Array (JVLA) 

VLA in D-configuration 
(1 km maximum baseline) 



The Expanded Very Large Array  
Transforming a 1970s facility into 2010++ state of the art 

•  The EVLA Project: 
•  builds on the existing infrastructure - antennas, array, buildings, 

people – and,  
•  implements new technologies to produce a new array  whose 

top-level goal is to provide  
•  Ten Times the Astronomical Capability of the VLA.   

•  Sensitivity, Frequency Access, Image Fidelity, Spectral 
Capabilities, Spectral Fidelity, Spatial Resolution, User Access 

•  With a timescale and cost far less than that required to design, 
build, and implement a new facility.  



Frequency – Resolution Coverage 

•  A key EVLA requirement is 
continuous frequency coverage 
from 1 to 50 GHz. 

•  This will be met with 8 frequency 
bands: 

•  Two existing (K, Q) 
•  Four replaced (L, C, X, U) 
•  Two new (S, A) 

•  Existing meter-wavelength 
bands (P, 4) retained with no 
changes.   

•  Blue areas show existing 
coverage.   

•  Green areas show new 
coverage.   

Current Frequency  
Coverage 

Additional EVLA  
Coverage 

©Rick Perley@NRAO 

Up to 10x more sensitive 

than classic VLA 



Sensitivity Improvement (1σ, 12 hours) 

Red:  Current VLA,  Black:  EVLA Goals 
©Rick Perley@NRAO 



EVLA-I Performance Goals 

Parameter VLA EVLA-I Factor 
Point Source Sensitivity (1-s, 12 hours) 10 mJy 1 mJy 10  

Maximum BW in each polarization 0.1 GHz  8 GHz 80  

# of frequency channels at max. bandwidth 16 16,384 1024  

Maximum number of frequency channels 512 4,194,304 8192  

Coarsest frequency resolution 50 MHz 2 MHz 25  

Finest frequency resolution 381 Hz 0.12 Hz 3180  

(Log) Frequency Coverage (1 – 50 GHz) 22% 100% 5  

The EVLA’s performance is vastly better than the VLA’s: 

! 



Blind surveys with 
the EVLA 

Blind interferometer surveys 
mean “mosaicing” 



Practically: Useful data within FWHM 
(≈ FWZP/2.3) 

Realize larger fields by “Mosaicing” 

Interferometer field of view =  FWZP of unit 
telescope  

θFWHM = 1.22 λ/D 

  VLA (25m ∅): θFWHM(arcmin) = 45/ν(GHz) → 6.7ʹ@6.7 GHz 

ALMA (12m ∅: θFWHM(arcmin) = 104/ν(GHz) → 0.30ʹ@345 GHz 



FWHM = 6.7 arcmin/6.7 GHz 
Radio continuum emission 

Full polarization 

Band 4 … 8 GHz → determine S.I. of continuum emission 

JVLA B + D array + Effelsberg: θB~ 2 arcsec 

A comprehensive star formation survey of the Galactic plane 

Galactic 
plane 

PLUS: Do 6.7 GHz CH3OH maser, 

RRLs, 4.8 GHz H2CO absorption (+ 

emission) … SIMULTANEOUSLY! 



GLOSTAR VLA Galactic Plane Survey 
 
•  coverage from l = -2º to +60º |b| < 1º and l = +76º to +83º b= -1º 

to +2º 
•  ~2 x 45000 pointings, each 7-8 s duration 
•  in D-configuration (15” resolution) and B-configuration (1.5” 

resolution) 
•  2 GHz continuum: 

•  4.2–5.2 GHz & 6.4–7.4 GHz) à 40 µJy sensitivity 
•  Full polarization 

•  6.7 GHz methanol maser (0.18 km/s; 370 km/s) à 20 mJy 
sensitivity 

•  4.8 GHz H2CO absorption (0.25 km/s; 260 km/s) à 20 mJy 
sensitivity 

•  7 RRLs (3-4 km/s; ~400 km/s) à 5 mJy sensitivity 

K. M. Menten, A. Brunthaler, T. Csengeri, S. Dzib, B. Winkel, F. Wyrowski (MPIfR); 
M .J. Reid, (CfA); J. Urquhart, (U Kent); C. Carrasco-Gonzales (UNAM); J. Ott, M. 
Claussen (NRAO); J. Pandian (IIST); P. Hofner (NMT); H. Beuther (MPA) 
 
S. Medina, C. Murugeshan, H Nguyen, E. Sarkar (MPIfR students ) 



W44 SNR 

W43 SFR 

GLOSTAR JVLA 
4–8 GHz 
“Pilot Field” 
28° < l < 40° 



The Galactic center region (Central Molecular Zone) 



  

1. 

3. 

4. 

 

Combining B and D configuration data 

B-config. D-config. B+D config. 



JVLA B + D + 
Effelsberg 100 m 

VLA B only 



Radio Recombination Lines 

Emranul Sarkar (MSc)  



4.8 GHz H2CO Line 

Hans Nguyen (MSc)  



6.7 GHz CH3OH masers 
In 28° < l < 36°, |b| < 1 pilot field: 
•  116 masers detected 
•  48 are new discoveries 

C. Murugeshan MSc thesis 



6.7 GHz CH3OH masers 

In 28° < l < 36°, |b| < 1 pilot field: 

•  116 masers detected 

•  48 are new discoveries 

C. Murugeshan MSc thesis 







  

A VLA Galactic plane survey 

1. 

3. 

4. 

 
•  Pilot project with the VLA (Resident Shared Risk Observing): 

 - 2° x 2° field, centered on G59.0+0.0  (HERSCHEL science demonstation field) 
 
 - 6.7 GHz methanol maser 
 
 - 4.8 GHz H2CO absorption  
                       (DR21 test) 
 
 - RRLs (DR21 test) 
 
 - spectral index information  
                          (4.2 –6.9 GHz) 



  GLOSTAR VLA Galactic plane survey: 
“By-products” 

1. 

3. 

4. 



Chandrasekhar Murugeshan  
M.Sc. Colloquium MPIfR, March 20, 2015 



Chandrasekhar Murugeshan  
M.Sc. Colloquium MPIfR, March 20, 2015 

In 28 < l < 36, |b| < 1 pilot field: 



Recently, Inayoshi et al. (2013) proposed that periodic variations of cIIMMs could be 
explained by the pulsation of massive protostars growing under rapid mass accretion with 

rates of dM/dt > 10−3 M¤ yr−1  

Periodic temperature and 
size change could cause 
periodic change of pump 
and seed photons 



Recently, Inayoshi et al. (2013) proposed that periodic variations of cIIMMs could be 
explained by the pulsation of massive protostars growing under rapid mass accretion with 
rates of dM/dt > 10−3 M¤ yr−1  

Periodic temperature and size 
change could cause periodic 
change of pump and seed photons 





Thermal Radio emission from High Mass Protostellar 
Objects 
•  No obvious relationship between radio luminosity 
 and total luminosity - Panagia (1973) doesn't  
 work! 

•  Radio emission is “choked off” (Walmsley 1995) 
 for high enough (“critical”) mass accretion rates:   

 
 
•  Radio luminosity is only a tiny fraction of total 
 luminosity 

•  Radio source almost certainly is the protostar itself! 
   



Trigonometric Parallax Distances (from BeSSeL survey): 
W33     D = 2.47 ± 0.16 kpc (Immer et al. 2013) 
AFGL 2591 D =  3.33 ± 0.11 kpc (Rygl et al. 2012) 
NGC 7538  D = 2.65 ± 0.12 kpc (Moscadelli et al. 2009) 

≤ 20 –150 AU 

Van der Tak & Menten 2005 



GLOSTAR  C: Infrared Spectro/Photometry 
of massive young open clusters  

Georgelin & Georgelin 1976 





Lada	&	Lada	(2003),	based	on	(~	15	years	of)	NIR	data:	
•  Most	(70–90%)	off	all	stars	formed	in	GMCs	
•  90%	of	stars	that	form	in	embedded	clusters	form	in	rich	

clusters	with	>	100	members	and	masses	>	50	M¤	
•  High	infant	mortality	rate	for	protoclusters,	only	~5%	

evolve	into	mature	bound	clusters	

Lada	&	La
da	(2003

)	sample:	

•  Σ	=	76	
•  D	<	2.5	k

pc	

•  23	M¤<	m	<	1100	M¤	

•  ONC	most	massive	(m
	~1100	M¤)	


