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Ac=vi=es	
  

•  Four	
  telecons:	
  	
  October	
  through	
  November	
  
•  Wiki	
  

– hTps://safe.nrao.edu/wiki/bin/view/NGVLA/
TimeCosmologyPhysicsSWG	
  



Time	
  Domain	
  



Advanced	
  LIGO	
  and	
  GW	
  Detec=on	
  
Major	
  Increase	
  in	
  Sensi=vity	
  in	
  2016+	
  

But	
  source	
  localiza=on	
  is	
  poor	
  



Radio	
  Counterparts	
  of	
  LIGO	
  
Gravita=onal	
  Wave	
  Sources	
  

Nakar	
  &	
  Piran	
  (2011)	
  
Metzger	
  &	
  Berger	
  2012	
  



JeTed	
  Stellar	
  Tidal	
  Disrup=on	
  Events	
  

Berger	
  et	
  al.	
  2012	
  

Bloom	
  et	
  al.	
  2011	
  

Synchrotron	
  Radio	
  Emission	
  from	
  Shocked	
  ISM	
  
Around	
  Black	
  Hole	
  (Giannios	
  &	
  Metzger	
  2011)	
  



Under	
  the	
  Hood	
  of	
  Nature’s	
  
Par=cle	
  Accelerators	
  

Gamma-­‐Ray	
  Novae	
  
(Chomiuk	
  et	
  al.	
  2014,	
  Nature)	
  

Synchrotron	
  knots	
  

embedded	
  in	
  thermal	
  ejecta	
  

Simulated	
  image	
  of	
  X-­‐ray	
  
binary	
  GRS	
  1915+105	
  	
  



Peeling	
  the	
  Onion:	
  
Frequency	
  agility	
  è	
  Radio	
  tomography	
  

Yields	
  density	
  profiles,	
  total	
  
masses,	
  3D	
  geometry	
  

1	
  GHz	
  	
  

10	
  GHz	
  	
  
photosphere	
  

100	
  GHz	
  	
  



Fundamental	
  Physics	
  



Using	
  Pulsars	
  to	
  Measure	
  Space=me	
  Around	
  Sgr	
  A*	
  

χ	
  =	
  0.9997	
  ±	
  0.0010	
  

Liu	
  et	
  al	
  2012	
  

Shapiro	
  delay	
  

Einstein	
  delay	
  

Precession	
  of	
  periastron	
  

Black	
  Hole	
  Mass	
   Black	
  Hole	
  Spin	
  

accelera=on	
  

100	
  µas	
  =ming	
  



GC	
  Radio	
  Pulsars	
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Stars (Yelda et al. 2014)
Pulsar
Sgr A*

Deneva	
  et	
  al	
  2009	
   Bower	
  et	
  al	
  2014	
  

Kramer	
  
Talk!	
  



Fundamental	
  Constant	
  Evolu=on	
  

•  22	
  	
  free	
  parameters	
  in	
  	
  the	
  	
  Standard	
  	
  Model	
  	
  
of	
  	
  par=cle	
  	
  physics	
  	
  and	
  	
  General	
  	
  Rela=vity	
  

•  Fine	
  	
  structure	
  	
  constant,	
  	
  α	
  =	
  e2/ℏc;	
  	
  proton-­‐
electron	
  mass	
  	
  ra=o,	
  	
  µ =	
  mp/me.	
  	
  Changes	
  	
  in	
  	
  
µ	
  	
  likely	
  	
  larger	
  	
  than	
  	
  those	
  	
  in	
  	
  α.	
  

•  Astronomical	
  	
  spectroscopy	
  	
  in	
  	
  different	
  
atomic/molecular	
  	
  lines	
  	
  from	
  high-­‐z	
  	
  
absorbers	
  	
  allows	
  	
  us	
  	
  to	
  	
  probe	
  	
  cosmological	
  	
  
evolu=on	
  	
  in	
  	
  µ	
  ,	
  α.	
  



          [∆α/α] =  (−5.4 ± 1.1)  ×  10−6            (0 <  z  < 1.8) 

“EVIDENCE”   FOR   A   CHANGING   α  ? 

(Murphy et al. 2004, Lect. Notes Phys.) 

Many-multiplet  method 



Fundamental	
  Constants	
  Radio	
  Wave	
  
Results	
  

•  Many	
  	
  molecular	
  	
  transi=ons	
  sensi=ve	
  	
  to	
  changes	
  	
  
in	
  	
  α, µ.	
  	
  Few	
  	
  systema=cs	
  	
  if	
  	
  all	
  	
  lines	
  from	
  	
  single	
  	
  
molecule.	
  

•  Best	
  	
  constraints	
  	
  on	
  	
  changes	
  	
  in	
  	
  µ	
  !	
  	
  
–  [∆µ/µ]	
  	
  <	
  	
  few	
  ×	
  10−7	
  	
  	
  	
  (NH3,	
  CH3OH:	
  	
  Effelsberg,	
  	
  GBT,	
  	
  
VLA)	
  	
  	
  

•  	
  Sensi=vity	
  	
  to	
  	
  changes	
  	
  in	
  	
  α, µ	
  	
  increases	
  	
  non-­‐
linearly	
  	
  with	
  	
  telescope	
  sensi=vity,	
  	
  due	
  	
  to	
  	
  
mul=ple	
  	
  absorbers	
  	
  and	
  	
  mul=ple	
  	
  techniques.	
  
–  10	
  	
  ×	
  	
  VLA:	
  	
  [∆µ/µ]	
  	
  ~	
  	
  few	
  ×	
  10−10	
  	
  	
  from	
  	
  z	
  ~	
  2.	
  	
  

	
  



Plasma	
  Physics	
  

Arendt	
  et	
  al	
  2011	
  
M87	
  
CoTon	
  et	
  al	
  2009	
  	
  

	
  

•  Par=cle	
  accelera=on	
  
•  Magne=c	
  reconnec=on	
  
	
  
Requirements	
  
•  Surface	
  brightness	
  sensi=vity	
  
•  Broad,	
  con=nuous	
  frequency	
  

coverage	
  

Solar	
  Flares	
   Crab	
  Nebula	
   Abell	
  2256	
  



Revealing	
  the	
  Plasma	
  Physics	
  of	
  Star-­‐Planet	
  
Interac=ons	
  

•  Cool	
  stellar	
  mass	
  loss	
  characterized	
  by	
  an	
  ionized	
  stellar	
  wind	
  ➜	
  favors	
  higher	
  radio	
  
frequencies	
  for	
  detec=on	
  

•  Star-­‐exoplanet	
  interac=ons:	
  evapora=on	
  of	
  atmosphere	
  from	
  close-­‐in	
  planetary	
  companion	
  
•  Par=cle	
  flux	
  interac=on	
  with	
  exoplanet	
  magne=c	
  field	
  can	
  affect	
  planetary	
  dynamo	
  
•  NGVLA	
  can	
  provide	
  the	
  most	
  sensi=ve	
  direct	
  detec=on	
  of	
  the	
  stellar	
  wind	
  

ar=st’s	
  concep=on	
  of	
  evapora=ng	
  
exoplanet	
  atmosphere	
  

Earth-­‐Sun	
  interac=on	
  is	
  complex,	
  composed	
  of	
  
radia=on,	
  par=cles	
  and	
  magne=c	
  field	
  
interac=ons	
  



Cosmology	
  



Progress	
  with	
  Megamaser	
  Surveys	
  

19	
  

	
  
•  162	
  galaxies	
  detected	
  
out	
  of	
  >	
  3000	
  observed	
  

•  ~	
  37	
  have	
  evidence	
  of	
  
being	
  in	
  a	
  disk	
  and	
  are	
  
suitable	
  for	
  MBH	
  
measurement	
  

•  ~	
  10	
  suitable	
  for	
  distance	
  
measurement	
  

	
  
•  Primary	
  sample	
  for	
  
surveys:	
  Type	
  2	
  AGNs	
  at	
  
z	
  <	
  0.05	
  



A	
  Sample	
  of	
  VLBI	
  Maps	
  of	
  H2O	
  Megamaser	
  Disks	
  

20	
  

NGC 6323 Mrk 1419 NGC 2273 J0437+2456 

UGC 3789 NGC 6264 NGC 1194 
NGC 5765b 

IC 2560 



The	
  H2O	
  Megamaser	
  in	
  UGC	
  3789	
  

21	
  



Summary	
  of	
  Results	
  for	
  Megamaser	
  Science	
  

•  MCP	
  measurement	
  of	
  H0	
  is	
  one-­‐step,	
  geometric	
  
measurement	
  that	
  provides	
  a	
  cri=cal	
  complement	
  to	
  
measures	
  using	
  standard	
  candles.	
  

•  Megamasers	
  determine	
  H0	
  =	
  70.4	
  ±	
  3.6	
  km	
  s-­‐1	
  Mpc-­‐1.	
  	
  	
  
The	
  measurement	
  can	
  be	
  improved	
  by	
  measuring	
  
addi=onal	
  galaxies,	
  and	
  increasing	
  sensi=vity.	
  

•  Megamasers	
  have	
  determined	
  gold	
  standard	
  masses	
  of	
  
SMBH	
  in	
  ~20	
  galaxies.	
  	
  These	
  measurements	
  
demonstrate	
  departures	
  from	
  M-­‐σ	
  rela=on	
  at	
  the	
  low-­‐
mass	
  end	
  and	
  provide	
  a	
  more	
  realis=c	
  view	
  of	
  galaxy/BH	
  
evolu=on	
  than	
  a	
  universal	
  M-­‐σ	
  rela=on.	
  

•  Megamasers	
  provide	
  the	
  only	
  means	
  of	
  direct	
  imaging	
  
gas	
  in	
  AGN	
  on	
  sub-­‐pc	
  scales.	
  	
  Thin	
  megamaser	
  disks	
  
present	
  a	
  puzzle	
  for	
  AGN	
  unifica=on	
  models	
  

22	
  



Requirements	
  for	
  a	
  Next	
  Gen	
  Radio	
  Telescope	
  
for	
  Megamaser	
  Science	
  and	
  Astrometry	
  

•  With	
  the	
  NG	
  instrument,	
  we	
  would	
  aim	
  to	
  measure	
  H0	
  to	
  ~1%	
  to	
  
constrain	
  models	
  of	
  dark	
  energy	
  and	
  fundamental	
  physics,	
  and	
  
we	
  aim	
  to	
  measure	
  BH	
  masses	
  in	
  >>	
  100	
  galaxies.	
  

•  Sensi=vity	
  and	
  resolu=on	
  are	
  key.	
  	
  To	
  op=mize	
  science,	
  a	
  new	
  
telescope	
  should	
  have	
  at	
  least	
  ~20%	
  of	
  its	
  collec=ng	
  area	
  in	
  long	
  
baselines	
  (~	
  5000	
  km).	
  	
  

•  UV	
  coverage	
  requirements	
  are	
  modest.	
  	
  The	
  long	
  baselines	
  could	
  
be	
  achieved	
  with	
  ~	
  5	
  100-­‐m	
  class	
  apertures.	
  

•  Frequency	
  coverage	
  for	
  the	
  long	
  baselines	
  must	
  include	
  up	
  to	
  22	
  
GHz	
  to	
  get	
  the	
  H2O	
  line.	
  	
  Higher	
  frequencies	
  may	
  prove	
  useful	
  for	
  
imaging	
  other	
  maser	
  lines	
  (e.g.	
  SiO	
  at	
  46	
  GHz)	
  but	
  are	
  currently	
  
lower	
  priority.	
  

•  The	
  recording	
  and	
  correlator	
  requirements	
  for	
  spectral	
  line	
  work	
  
are	
  in	
  line	
  with	
  current	
  capabili=es.	
  	
  It	
  should	
  permit	
  imaging	
  ~	
  1	
  
GHz	
  con=guously	
  with	
  spectral	
  resolu=on	
  of	
  at	
  least	
  ~	
  25	
  kHz.	
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Intensity	
  Mapping	
  the	
  Cosmic	
  Web	
  
Neutral	
  Hydrogen	
  

Massive	
  Galaxies	
  Ionized	
  Gas	
  

The	
  Mul=tude	
  of	
  Galaxies:	
  
Milky	
  Way	
  Building	
  Blocks	
  



Even	
  NG	
  VLA	
  Is	
  Limited	
  in	
  the	
  Galaxy	
  
Popula=on	
  it	
  Can	
  See	
  



Same	
  approach	
  as	
  taken	
  for	
  microwave	
  background	
  and	
  HI	
  EoR	
  

5me	
  

x	
   y	
  



HI	
  Intensity	
  Mapping	
  

•  GBT	
  HI	
  @	
  600	
  MHz	
  	
  

•  DEEP2	
  Galaxies	
  @	
  Z~1	
  

•  Sta=s=cal	
  detec=on	
  of	
  
angular	
  correla=on	
  
between	
  HI	
  noise	
  and	
  
galaxies	
  

•  Chang	
  et	
  al.	
  2010	
  
•  Masui	
  et	
  al	
  2012	
  



The	
  Era	
  of	
  Wide	
  Area	
  OIR	
  Surveys	
  

 The Wide layer of the HSC survey is expected to discover ~20,000 galaxy clusters up to z ~ 
1.5 or so. Even if VLASS covers only part of the HSC-Wide with a ~ 0.2 mJy  detection limit  at 1.5 
GHz (corresponding to a radio power of ~ 1024 Watt/Hz at z = 1), this unique cluster sample will 
enable us to measure the radio luminosity  function of radio galaxies (RGs) in clusters, which can be 
used to estimate total mechanical power deposited into the intracluster medium, for a better 
understanding of the thermodynamic history of the clusters (Lin & Mohr 2007, Ma et al. 2013).  In 
addition, determining the duty  cycle of brightest cluster galaxies (BCGs) as a function of redshift 
will allow us to study the transition from radiatively efficient  to low-efficiency mode of accretion 
onto SMBHs (Hlavacek-Larrondo et al. 2013).  Finally, if equipped with an angular resolution of a 
few arcsec (< 100 kpc at z = 1) in the VLASS, a census of RGs with extended morphology (e.g., 
FRI and FRII) in HSC-Wide can be conducted; with the information on the environments and host 
galaxies provided by the optical data, the difference in the triggering of RGs of different 
morphologies could be revealed. 

References: Carilli, C. L., et al. 2008, ApJ, 689, 883; Hlavacek-Larrondo et al. 2013, MNRAS, 431, 
1638; Ma et al. 2013, ApJ, 763, 63; Miyazaki, S., et al. 2012, SPIE, 8446, 0; Morokuma, T., et al. 
2008, ApJ, 676, 121; Lin & Mohr 2007, ApJS, 170, 71; Lin, L., et  al. 2012, ApJ, 756, 71; 
Rodighiero, G., et al. 2011, ApJ, 739, 40

Table 1: Summary of HSC-Wide, Deep, and Ultradeep layers.

Fig 1: The location of the HSC-Wide (W), Deep (D), and Ultradeep (UD) fields on the sky in 
equatorial coordinates. A variety of external data sets and the Galactic dust extinction are also 
shown. The shaded region is the region accessible from the CMB polarization experiment, ACTPol, 
in Chile.



Technical	
  Requirements	
  of	
  Intensity	
  Mapping	
  

•  Wide	
  field	
  of	
  view	
  
•  Dense	
  (u,v)	
  coverage	
  
•  Broad	
  frequency	
  
coverage	
  

•  Coarse	
  frequency	
  
resolu=on	
  



Technical	
  Requirements	
  
Technical	
  Requirement	
   Science	
  Case	
  

Long	
  Baselines	
   Megamasers,	
  astrometry,	
  resolved	
  
galac=c	
  transients	
  

Compact	
  Configura=on	
   Plasma	
  physics,	
  intensity	
  mapping,	
  GC	
  
pulsars,	
  megamasers,	
  fundamental	
  
constants	
  

Wide	
  Field	
  of	
  View/Survey	
  Speed	
   Intensity	
  mapping,	
  EM	
  GW	
  sources	
  

High	
  Frequencies	
  (>	
  50	
  GHz)	
   Fundamental	
  constants,	
  intensity	
  
mapping,	
  plasma	
  physics	
  

High	
  Time	
  Resolu=on	
  (imaging,	
  
beamforming)	
  

GC	
  Pulsars	
  

Real	
  =me	
  processing	
   Transients	
  



Discussion	
  Topics	
  

•  Compact	
  Configura=ons	
  and	
  Field	
  of	
  View	
  
– What	
  frac=on	
  of	
  the	
  collec=ng	
  area	
  should	
  be	
  packed	
  
into	
  a	
  dense	
  configura=on?	
  	
  

•  Long	
  Baselines	
  
– Astrometric	
  science	
  requires	
  an	
  integrated	
  long	
  
baseline	
  array	
  àDarling	
  talk	
  

•  Synop=c	
  Surveys	
  
– Do	
  the	
  science	
  cases	
  favor	
  a	
  model	
  of	
  individual	
  
targets	
  or	
  large	
  area	
  surveys?	
  

•  Experiment	
  or	
  Facility?	
  


