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ALMA ALMA Overview 

•  5000m (16,500 Ft) site in Chilean Atacama desert	



•  Main Array: 50 x 12m antennas	


+  Atacama Compact Array (ACA): 12 x 7m antennas	


+  Total  Power Array 4 x 12m 	



•  Total shared cost ~1.3 Billion ($US2006)	



• A global partnership to deliver a transformational 
millimeter/submillimeter interferometer	



North America (US, Canada, Taiwan)	


Europe (ESO)	


East Asia (Japan,Taiwan)	


In collaboration with Chile	



May 10, 2011 



ALMA ALMA in Context 

CARMA 

SMA 

IRAM PdBI ALMA  
Cycle 0 

  Sensitivity goes as 
collecting area	



  Image fidelity goes 
as # of baselines 

8 (28) 

23 (253) 

6 (15) 16 (120) 

64 (2016) 

Collecting Area 
    # of Antennas 
   (# of baselines) 

ALMA  
Full Science 

Spectral Coverage 
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Zoom	
  in	
  on	
  the	
  
Center	
  of	
  the	
  	
  

Antennae	
  Galaxies	
  
Background	
  (white,	
  blue,	
  red):	
  Hubble	
  
Space	
  Telescope	
  op-cal	
  image	
  

Northern	
  
Nucleus	
  

Southern	
  
Nucleus	
  

Foreground	
  (orange	
  and	
  yellow):	
  ALMA	
  
test	
  and	
  science	
  verifica-on	
  data	
  
showing	
  emission	
  from	
  carbon	
  
monoxide	
  molecules.	
  

Traces	
  adolescent	
  	
  and	
  middle-­‐aged	
  
massive	
  clusters	
  of	
  stars.	
  

Traces	
  cold,	
  dense,	
  op-cally	
  
obscured	
  clouds	
  of	
  molecular	
  gas.	
  

Pinpoints	
  where	
  new	
  genera-ons	
  of	
  
stars	
  are	
  born.	
  

Grada-on	
  of	
  color	
  from	
  orange	
  to	
  
yellow	
  shows	
  progressively	
  denser	
  
gas.	
  (Densest	
  tracer	
  only	
  observed	
  
within	
  the	
  boxed	
  regions.)	
  



Data Issues 
•  volume: Cycle 0 ~50GB/dataset;  Full rate 64GB/s 

–  automated reduction pipeline  

•  sparsely filled aperture 
–  image fidelity depends on observing details 

•  measurements made in Fourier space 
–  mechanics of simulation more complicated 

•  small field of view 
–  mosaics constructed from non-independent pointings 

•  aperture large compared to atmospheric fluctuations 
–  correcting phase corruption is complex 

6	





Sparse Aperture Telescopes 

7	



X	
  

s	
   s	
  

b	
  

Geometric	
  	
  
Time	
  Delay	
  

  

€ 

τg =
 
b ⋅  s /c

>>	
  angular	
  sensi-vity	
  varia-on	
  

   -	
  	
  	
  +	
  	
  	
  -	
  	
  	
  +	
  	
  -	
  	
  +	
  	
  	
  -	
  	
  	
  	
  	
  Fringe	
  Sign	
  

λ/b	
  rad.	
  

Source	
  
brightness	
  

Fundamentally,	
  we	
  measure	
  the	
  
coherence	
  func-on	
  or	
  visibility	
  at	
  a	
  
discrete	
  loca-on	
  in	
  Fourier	
  space	
  

figure	
  c/o	
  Rick	
  Perley	
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more	
  baselines,	
  either	
  from	
  more	
  antennas,	
  or	
  earth	
  rota-on	
  >	
  	
  
more	
  informa-on	
  in	
  Fourier	
  space	
  >	
  
cleaner/-ghter	
  point	
  spread	
  func-on	
  	
  

Output	
  
from	
  CASA	
  
simdata	
  

ALMA	
  Cycle	
  0	
  “snapshot”:	
  

modest	
  coverage	
  in	
  uv	
  space	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  results	
  in	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PSF	
  sidelobes	
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more	
  baselines,	
  either	
  from	
  more	
  antennas,	
  or	
  earth	
  rota-on	
  >	
  	
  
more	
  informa-on	
  in	
  Fourier	
  space	
  >	
  
cleaner/-ghter	
  point	
  spread	
  func-on	
  	
  

ALMA	
  Cycle	
  0	
  2h	
  integra-on:	
  

beXer	
  coverage	
  in	
  uv	
  space	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  results	
  in	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  lower	
  PSF	
  sidelobes	
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more	
  baselines,	
  either	
  from	
  more	
  antennas,	
  or	
  earth	
  rota-on	
  >	
  	
  
more	
  informa-on	
  in	
  Fourier	
  space	
  >	
  
cleaner/-ghter	
  point	
  spread	
  func-on	
  	
  

ALMA	
  Full	
  Science:	
  

great	
  coverage	
  in	
  uv	
  space	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  results	
  in	
  	
  
	
  	
  	
  	
  	
  negligible	
  PSF	
  sidelobes	
  

★	
  We	
  used	
  CASA	
  simdata	
  to	
  
determine	
  the	
  op-mal	
  antenna	
  
placement	
  for	
  ALMA	
  Cycles	
  0	
  and	
  1	
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We’re	
  using	
  simdata	
  to	
  explore	
  
image	
  reconstruc-on	
  and	
  data	
  
processing	
  issues	
  such	
  as	
  the	
  
combina-on	
  of	
  ALMA	
  Compact	
  
Array	
  and	
  full	
  12m	
  array	
  data	
  	
  

Spa-al	
  filtering	
  of	
  a	
  realis-c	
  source	
  



Small Field of  View in Gaussian Regime 
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Kraus,	
  1966.	
  Fig.6-­‐1,	
  p.	
  153.	
  
ALMA	
  12m	
  primary	
  beam	
  size	
  
at	
  345GHz	
  (850μm)	
  =	
  18”	
  	
  



Multiple Arrays 
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ACA	
  7m	
  primary	
  beam	
  size	
  
at	
  345GHz	
  (850μm)	
  =	
  31”	
  	
  

Single	
  
Dish	
  

ACA	
   ACA+SD	
  

12m	
  INT	
   12m+ACA	
  INT	
   12m+ACA+SD	
  



Multiple Arrays – Fourier space 
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ACA	
  7m	
  primary	
  beam	
  size	
  
at	
  345GHz	
  (850μm)	
  =	
  31”	
  	
  

Single	
  
Dish	
  

ACA	
   ACA+SD	
  

12m	
  INT	
   12m+ACA	
  INT	
   12m+ACA+SD	
  



Thermal noise 
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Geometric	
  mean	
  
collec-ng	
  area	
  for	
  a	
  
pair	
  of	
  antennas	
  

Bandwidth	
  *	
  integra-on	
  -me	
  

Propor-onal	
  to	
  the	
  power	
  coming	
  from	
  
the	
  atmosphere,	
  sidelobes,	
  and	
  receiver	
  
(wave,	
  not	
  photon	
  coun-ng	
  sta-s-cs)	
  

simdata	
  used	
  to	
  determine	
  the	
  
rela-ve	
  importance	
  of	
  thermal	
  noise	
  
and	
  dynamic	
  range	
  limita-ons	
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Models	
  of	
  atmospheric	
  
transmission	
  from	
  0	
  to	
  1000	
  GHz	
  
for	
  the	
  ALMA	
  site	
  in	
  Chile,	
  and	
  for	
  
the	
  VLA	
  site	
  in	
  New	
  Mexico	
  

⇒ Atmosphere	
  transmission	
  not	
  a	
  
problem	
  for	
  λ	
  >	
  cm	
  (most	
  VLA	
  
bands)	
  PWV	
  =	
  depth	
  of	
  H2O	
  if	
  

converted	
  to	
  liquid	
  

Al@tude:	
  2150	
  m	
  

O2	
  	
  	
  H2O	
  

Al@tude:	
  4600	
  m	
  

EVLA	
  PWV=	
  4mm	
  

ALMA	
  PWV=	
  1mm	
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Alison	
  S-rling	
  et	
  al	
  ALMA	
  memo	
  517	
  



flat	
  wave	
  front	
  

Atmosphere:	
  fluctua-ng	
  
index	
  of	
  refrac-on	
  

distorted	
  wave	
  front	
  

filled	
  aperture	
  telescope	
  

correc-on	
  by	
  distor-ng	
  the	
  
op-cal	
  surface	
  in	
  real	
  -me	
  



flat	
  wave	
  front	
  

Atmosphere:	
  fluctua-ng	
  
index	
  of	
  refrac-on	
  

distorted	
  wave	
  front	
  

sparse	
  aperture	
  
heterodyne	
  telescope	
  

correc-on	
  by	
  applying	
  phase	
  
delay	
  to	
  each	
  antenna	
  (in	
  real	
  
-me	
  or	
  alerwards)	
  
>>	
  a.k.a.	
  calibra-on	
  

φ	
   φ	
   φ	
  

Imaging	
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Bojan	
  Nikolic	
  et	
  al.	
  ALMA	
  memos	
  	
  
573,	
  582,	
  587,	
  588,	
  590	
  

Water	
  vapor	
  fluctua-on	
  screen	
  	
  >	
  phase	
  delay	
  screen	
  

“blow”	
  over	
  the	
  array	
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“blow”	
  over	
  the	
  array	
  

Phase	
  delay	
  for	
  2	
  antennas	
  
aligned	
  with	
  wind	
  direc-on	
  



simdata in CASApy 
•  Synthesis data reduction: 

–  manipulate tables of complex visibilities (100s of GB) 
–  calibrate = correct atmospheric phase and amp corruption 
–  image, deconvolve, analyze, and repeat 

•  CASA 
–  powerful C++ libraries bound to ipython user interface 
–  most common steps arranged as menu-parameter driven “tasks”  

•  useful for building data analysis tools, e.g. 
–  routines for coordinate transformation and geodesy 
–  4d image analysis and visualization 
–  easy to import and combine CASA C++ tool objects with scipy, etc 
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simdata in CASApy 
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•  Simulation steps 
•  Define truth (model sky) 
•  Define the observation (list of pointings) 
•  Observe = calculate Fourier visibilities 
•  Corrupt visibilities 
•  Image and deconvolve 
•  Analyze the output compared to the input 



simdata in CASApy 
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Model	
  sky	
  image	
  can	
  be	
  rescaled	
  in	
  
intensity,	
  and	
  its	
  spa-al	
  and	
  spectral	
  
coordinate	
  informa-on	
  adjusted	
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coverage	
  of	
  a	
  por-on	
  of	
  the	
  sky	
  can	
  
be	
  calculated	
  automa-cally,	
  or	
  the	
  
user	
  can	
  define	
  complicated	
  paXerns	
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Any	
  array	
  for	
  which	
  the	
  antenna	
  posi-ons	
  are	
  known	
  can	
  be	
  
simulated,	
  including	
  ones	
  like	
  SKA	
  that	
  don’t	
  exist	
  yet.	
  
A	
  phase	
  calibrator	
  can	
  be	
  observed	
  with	
  the	
  science	
  target,	
  to	
  
test	
  data	
  reduc-on	
  strategies	
  



simdata in CASApy 
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simdata in CASApy 
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Imaging	
  allows	
  combina-on	
  of	
  different	
  array	
  configura-ons	
  as	
  
well	
  as	
  single-­‐dish	
  data.	
  



simdata in CASApy 
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Numerous	
  diagnos-c	
  plots	
  can	
  be	
  generated	
  along	
  with	
  the	
  data.	
  



simdata in CASApy 
•  Useful tools to understand and analyze interferometric data 
•  Used internally to ALMA project,  

 and by numerous Cycle 0 proposers 
•  Simplified 2D web interface available,  

 the “ALMA Observing Support Tool OST” 
•  Should continue to be useful through the next few years of 

ALMA, and to help design future arrays 

31	





32	





ALMA ALMA Overview 
•  Baselines up to 15 km (0.015” at 300 GHz) 

in “zoom lens” configurations	



•  Sensitive, precision imaging 84 to 950 GHz 
(3 mm to 315 µm)	



•  State-of-the-Art low-noise, wide-band SIS 
receivers (8 GHz bandwidth)	



•  Flexible correlator with high spectral 
resolution at wide bandwidth	



•  Full polarization capabilities 	



•  Estimate 1 TB/day archived	



• A resource for ALL 
astronomers	



May 10, 2011 



ALMA ALMA Overview 
•  Baselines up to 15 km (0.015” at 300 GHz) 

in “zoom lens” configurations	



•  Sensitive, precision imaging 84 to 950 GHz 
(3 mm to 315 µm)	



•  State-of-the-Art low-noise, wide-band SIS 
receivers (8 GHz bandwidth)	



•  Flexible correlator with high spectral 
resolution at wide bandwidth	



•  Full polarization capabilities 	



•  Estimate 1 TB/day archived	


ALMA will be 10-100 times more sensitive 
and have 10-100 times better angular 
resolution compared to current millimeter 
interferometers	



• A resource for ALL 
astronomers	



May 10, 2011 



Data Volume  

•  Cycle 0 (16 antennas) 
–  ~50G raw, few 100GB to process to a ~3600x3600x1024 cube 
–  recommended workstation 4-8 cores w/24G RAM 

•  Full ALMA: up to 64 GB/s raw data 
•  Automated data reduction pipeline 

•  Simulated data is critically important to refine 
algorithms and increase efficiency 
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ALMA 
>100 kλ CLEAN Image CLEAN Image 

Missing Short Spacings: Demonstration 
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T(x,y) 



ALMA 



 Origin of wave noise: ‘Bunching of Bosons’ in phase space 
(time and frequency) allows for interference (ie. coherence). 

Bosons can, and will, occupy the exact same phase space if allowed, 
such that interference (destructive or constructive)  will occur. 
Restricting phase space (ie. narrowing the bandwidth and sampling 
time)  leads to interference within the beam. This naturally leads to 
fluctuations that are proportional to intensity  (= wave noise). 

h	
  

h	
  

h	
  



€ 

Srms =
2kTsys

Aeff NA (NA −1)tintΔν

Interferometric	
  Radiometer	
  Equa-on	
  

• 	
  Tsys	
  =	
  wave	
  noise	
  for	
  photons	
  (RJ):	
  rms	
  ∝	
  total	
  power	
  

• 	
  Aeff,kB	
  =	
  Johnson-­‐Nyquist	
  	
  noise	
  +	
  antenna	
  temp	
  defini-on	
  	
  

• 	
  tΔν	
  =	
  #	
  independent	
  measurements	
  of	
  TA/Tsys	
  per	
  pair	
  of	
  
antennas	
  

• 	
  NA	
  =	
  #	
  indep.	
  meas.	
  for	
  array,	
  or	
  can	
  be	
  folded	
  into	
  Aeff	
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total	
  
op-cal	
  
depth	
  

op-cal	
  depth	
  
due	
  to	
  H2O	
  
vapor	
  

op-cal	
  depth	
  due	
  
to	
  dry	
  air	
  

EVLA	
   ALMA	
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Any	
  array	
  for	
  which	
  the	
  antenna	
  posi-ons	
  are	
  known	
  can	
  be	
  
simulated,	
  including	
  ones	
  like	
  SKA	
  that	
  don’t	
  exist	
  yet.	
  
A	
  phase	
  calibrator	
  can	
  be	
  observed	
  with	
  the	
  science	
  target,	
  to	
  
test	
  data	
  reduc-on	
  strategies	
  



EVLA  
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SMA 
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