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AMBER is the most 
productive 
Optical Interferometric 
Instrument ever, in number 
of science papers 

 
 
 
 

In December 2013, 96 rank 
papers have been accepted 

on 21 science topics. 
Reviewing all results or 

even topics in 20 minutes is 
impossible 

AMBER is still at 
its publication 

productivity peak 

AMBER is still at its science 
publication peak 

Rank	
  A	
  arFcles	
  tagged	
  
by	
  instrument	
  

AMBER	
  science	
  topics	
  by	
  
number	
  of	
  accepted	
  rank	
  
A	
  arFcles	
  (12/2013)	
  

Rank	
  A	
  arFcles	
  tagged	
  by	
  AMBER	
  (106)	
  



AMBER,	
  near	
  IR	
  VLTI	
  focal	
  instrument	
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KEY	
  SPECIFICATIONS	
  
• 	
  3	
  telescopes	
  
• 	
  K,	
  H,	
  J	
  bands	
  
• 	
  Interferometry	
  +	
  Spectroscopy	
  
• 	
  SpaFal	
  filtering	
  
• 	
  K~11	
  in	
  low	
  resoluFon	
  
• 	
  Low	
  resoluFon:	
  35	
  
• 	
  Medium	
  resoluFon:	
  1500	
  
• 	
  High	
  ResoluFon:	
  12	
  000	
  	
  

INITIAL	
  SCIENCE	
  GOALS	
  	
  
• Young	
  Stellar	
  Objects	
  

• AGN	
  
• 	
  Extra	
  Solar	
  Planets	
  

• 	
  Circumstellar	
  material	
  
• Fundamental	
  parameters	
  

• 	
  Distance	
  scales	
  
• Stellar	
  acFvity	
  
• Asteroids	
  



Plan	
  

•  Goals	
  and	
  results	
  
–  Extrasolar	
  planets	
  
–  Young	
  stars	
  
–  Be	
  and	
  B[e]	
  
–  Novae	
  
–  LBV	
  
–  Super	
  giant	
  stars	
  
–  AGNs	
  
–  …	
  

•  Measures	
  and	
  methods	
  
–  Very	
  high	
  accuracy	
  
–  All,	
  including	
  imaging	
  
–  Spectro-­‐interferometry	
  
–  Spectro-­‐interferometry	
  
–  Spectro-­‐interferometry	
  
at	
  HSR	
  

–  Faint	
  targets	
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AMBER	
  Key	
  Dates	
  

•  1997:	
  proposal	
  to	
  ESO	
  of	
  a	
  3T	
  near-­‐IR	
  &	
  visible	
  instrument	
  
•  1999:	
  AMBER	
  CDR	
  
•  2000:	
  AMBER	
  PDR:	
  concept	
  frozen	
  
•  2001:	
  AMBER	
  FDR	
  
•  2003:	
  AMBER	
  PAE	
  
•  2004:	
  AIV	
  Paranal	
  
•  2005:	
  First	
  Science	
  with	
  UTs	
  
•  2007:	
  A&A	
  special	
  issue	
  with	
  first	
  results	
  
•  2009:	
  CorrecFon	
  of	
  beaFngs	
  in	
  polarizaFon	
  filters:	
  full	
  capacity	
  in	
  MR/HR	
  
•  2010:	
  PAC	
  
•  2011:	
  2DFT	
  processing:	
  K>10	
  in	
  MR	
  (K>11	
  in	
  LR):	
  achieve	
  intended	
  sensiFvity	
  
•  2013:	
  Spectrograph	
  maintenance	
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AMBER	
  data	
  and	
  measures	
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AMBER	
  data	
  and	
  measures	
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Work	
  channel	
  at	
  λ: Ci(λ)	
  	
  

Reference	
  channel	
  averaged	
  
over	
  Δλ:       Ciref=∑ΔλCi(λ)	



	
  	
  Photometric	
  beams	
  

Interferometric	
  beam	
  

Complex	
  Visibility	
  per	
  frame:	
  Ci(λ)	
  
(corrected	
  for	
  the	
  achromaFc	
  piston)	
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  and	
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Work	
  channel	
  at	
  λ: Ci(λ)	
  	
  

Reference	
  channel	
  averaged	
  
over	
  Δλ:       Ciref=∑ΔλCi(λ)	



	
  	
  Photometric	
  beams	
  

Interferometric	
  beam	
  

Complex	
  Visibility	
  per	
  frame:	
  Ci(λ)	
  
(corrected	
  for	
  the	
  achromaFc	
  piston)	
  

• 	
  Spectrum	
  S(λ)	



• 	
  Visibility	
  =	
  Vi(λ)	
  =	
  √<|Ci(λ)|2>frames	
  

• 	
  DifferenFal	
  Visibility:	
  Vid(λ) = √Re[<Ci(λ)Ciref*>frames]	
  

• 	
  DifferenFal	
  Phase:	
  Φid(λ) =tan-­‐1(<Ci(λ)Ciref*>frames)	
  

• 	
  Closure	
  phase:	
  Ψ123(λ) =tan-­‐1[	
  <C1(λ)	
  C2(λ)	
  C3*(λ)>frames	
  ]	
  

	





Faint	
  companions:	
  Piston	
  noise	
  error	
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•  The closure phase errors are dominated by piston noise, most likely due to 
“Group Delay cross talk”. 



Faint	
  companions:	
  Closure	
  phase	
  errors	
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•  The closure phase errors are dominated by piston noise, most likely due to “Group Delay cross talk” 
•  Thus they are sensitive to chromatic piston (i.e. dispersion) errors 
•  There are other error sources (detector changes) which can improved by fast calibration with a Beam 

Commutation 
•  Can be corrected if there is a sample of pistons (including with FT) 
•  MATISSE has modulations that reduce the cross-talks below 10-5 and BCDs 
 

<C
P

> 
ra

d 



Faint	
  companions	
  and	
  	
  
High	
  Accuracy	
  on	
  closure	
  and	
  differenFal	
  phase	
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Best	
  differen4al	
  phase	
   4	
  milliradians	
  

Best	
  closure	
  phase	
   2	
  milliradians	
  

Dynamics	
  for	
  faint	
  companion	
   ~1/1000	
  

Not enough for Hot Jupiters 
Possible program for faint companions (1/1000) in the range 0.25 to λ/B 



	
  	
  
MWC	
  297	
  

(first	
  AMBER	
  science	
  result,	
  
second	
  most	
  cited	
  AMBER	
  science	
  paper)	
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Brγ • 	
  ISAAC	
  Brγ	
  profile:	
  Brγ	
  region	
  is	
  
140	
  R*	
  

• Keplerian	
  rotaFon	
  
• Peaks	
  separaFon=	
  v0	
  sin	
  i	
  (r/R*)-­‐x	
  

	
  	
  
• AMBER	
  differenFal	
  visibility:	
  Brγ	
  
region	
  is	
  43	
  R*	
  

• Good	
  fit	
  if	
  the	
  opFcally	
  thick	
  
disk	
  masks	
  parFally	
  the	
  wind	
  



	
  	
  
MWC	
  297	
  

(first	
  AMBER	
  science	
  result,	
  
second	
  most	
  cited	
  AMBER	
  science	
  paper)	
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• 	
  ISAAC	
  Brγ	
  profile:	
  Brγ	
  region	
  is	
  
140	
  R*	
  

• Keplerian	
  rotaFon	
  
• Peaks	
  separaFon=	
  v0	
  sin	
  i	
  (r/R*)-­‐x	
  

	
  	
  
• AMBER	
  differenFal	
  visibility:	
  Brγ	
  
region	
  is	
  43	
  R*	
  

• Good	
  fit	
  if	
  the	
  opFcally	
  thick	
  
disk	
  masks	
  parFally	
  the	
  wind	
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• 	
  ISAAC	
  Brγ	
  profile:	
  Brγ	
  region	
  is	
  
140	
  R*	
  

• Keplerian	
  rotaFon	
  
• Peaks	
  separaFon=	
  v0	
  sin	
  i	
  (r/R*)-­‐x	
  

	
  	
  
• AMBER	
  differenFal	
  visibility:	
  Brγ	
  
region	
  is	
  43	
  R*	
  

• Good	
  fit	
  if	
  the	
  opFcally	
  thick	
  
disk	
  masks	
  parFally	
  the	
  wind	
  



MWC	
  297	
  at	
  resolu4on	
  
12000	
  

• 	
  Very	
  compact	
  conFnuum	
  disk	
  (0.5	
  
AU,	
  while	
  sublimaFon	
  radius	
  is	
  3	
  AU)	
  
• 	
  Wind	
  produced	
  in	
  inner	
  part	
  of	
  the	
  
disk	
  
• 	
  Very	
  open	
  wind	
  distribuFon	
  (80°)	
  
because	
  of	
  strong	
  radiaFon	
  pressure	
  
of	
  massive	
  star	
  
• 	
  Almost	
  pole	
  on	
  object	
  
• 	
  Accurate	
  model	
  of	
  kinemaFcs	
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  (0.5	
  
AU,	
  while	
  sublimaFon	
  radius	
  is	
  3	
  AU)	
  
• 	
  Wind	
  produced	
  in	
  inner	
  part	
  of	
  the	
  
disk	
  
• 	
  Very	
  open	
  wind	
  distribuFon	
  (80°)	
  
because	
  of	
  strong	
  radiaFon	
  pressure	
  
of	
  massive	
  star	
  
• 	
  Almost	
  pole	
  on	
  object	
  
• 	
  Accurate	
  model	
  of	
  kinemaFcs	
  

Grenoble,	
  15/1/14	
   AMBER	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  R.G.	
  Petrov	
   11	
  



“Non	
  spectroscopic”	
  
results:	
  HR5999	
  and	
  the	
  
inner	
  rim	
  of	
  the	
  dust	
  disk	
  
• 	
  Massive	
  young	
  star	
  	
  
• Good	
  u-­‐v	
  coverage	
  (many	
  
observaFons)	
  
• 	
  Best	
  image	
  of	
  inner	
  rim	
  of	
  dust	
  disk	
  
with	
  central	
  hole	
  

• Historical	
  AMBER	
  Image	
  

• PIONIER	
  does	
  bever	
  
See	
  Myriam	
  Benisty’s	
  presenta0on	
  	
  

• AMBER	
  is	
  for	
  kinemaFcs	
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DifferenFal	
  visibility	
  and	
  phase	
  in	
  line	
  
The	
  classical	
  Be	
  star	
  α	
  Arae	
  
(most	
  cited	
  AMBER	
  science	
  paper)	
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Line profile and 	


Differential visibility	

 Differential phase	



The	
  classical	
  Be	
  star:	
  B3Ve,	
  Teff=18000K,	
  M*=	
  9.6M⊙,	
  R*=	
  4.8R⊙,	
  L*=	
  5.8	
  103	
  L⊙,	
  i=45°,	
  	
  
ve	
  sini=300	
  km/s,	
  ve∞=179	
  km/s,	
  vp∞=2000	
  km/s	
  



DifferenFal	
  visibility	
  and	
  phase	
  in	
  line	
  
Keplerian	
  rotaFon	
  in	
  α Arae	
  disk	
  	
  

(	
  a	
  quesFon	
  since	
  1866…)	
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Brightness map computed by 
the SIMECA code (cont @ 2µm) 



DifferenFal	
  visibility	
  and	
  phase	
  in	
  line	
  
Keplerian	
  rotaFon	
  in	
  α Arae	
  disk	
  	
  

(	
  a	
  quesFon	
  since	
  1866…)	
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Envelope images in equal 
velocity bins through Brγ 



DifferenFal	
  visibility	
  and	
  phase	
  in	
  line	
  
Keplerian	
  rotaFon	
  in	
  α Arae	
  disk	
  	
  

(	
  a	
  quesFon	
  since	
  1866…)	
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χ2 as	
  a	
  funcFon	
  of	
  the	
  velocity	
  law	
  
parameter	
  β	



	

β = 0 è constant	
  rotaFon	
  
	

β = 0.5 è Keplerian	
  rotaFon	
  
	

β = 1 è constant	
  angular	
  
	
  momentum	
  



Non	
  axisymmetric	
  envelope	
  of	
  κ Cma	
  
and	
  many	
  other	
  Be	
  and	
  B[e]results	
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Non	
  axisymmetric	
  envelope	
  of	
  ζ	
  Tau	
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HR	
  DifferenFal	
  measures:	
  Betelgeuse	
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The	
  recurrent	
  Nova	
  T	
  Pyx	
  
a	
  pole-­‐on	
  bipolar	
  ejecFon	
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Chesneau	
  et	
  al.,	
  2011	
  



Global	
  «	
  image	
  »	
  of	
  η Car wind	
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Weigelt	
  et	
  al.,	
  2011	
  



PolychromaFc	
  Imaging	
  using	
  the	
  differenFal	
  
phase.	
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Image reconstruction 
independently in each 
channel, using V2 and CP 
 



PolychromaFc	
  Imaging	
  using	
  the	
  differenFal	
  
phase.	
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Millour	
  et	
  al.,	
  2011	
  

Polychromatic image 
reconstruction in the data 
cube using V2, Differential 
phases and CP 
 



HD62623:	
  dust	
  disk	
  and	
  gas	
  kinemaFcs	
  of	
  an	
  
A[e]	
  star	
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Principle	
  of	
  self	
  calibrated	
  polychromaFc	
  
imaging	
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Millour	
  et	
  al.,	
  2011	
  



Photocenter	
  displacements	
  

•  ESO	
  CfP:	
  1°	
  
•  Unresolved	
  source	
  Φ<λ/B	
  
•  DifferenFal	
  phase	
  	
  

Φ(λ)=2π(Β/λ)εΒ(λ) 	


–  with εΒ(λ)=photocenter	
  
displacement	
  in	
  the	
  baseline	
  
direcFon	
  (Petrov	
  1986	
  and	
  1988)	
  

–  With	
  B=100	
  m,	
  1°	
  phase	
  accuracy	
  	
  	
  	
  
=10	
  µas	
  displacement	
  error.	
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Photocenter	
  displacements	
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Photocenter	
  
displacements	
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Photocenter	
  displacement,	
  posiFon-­‐
velocity	
  diagram	
  and	
  mass	
  esFmates	
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Kraus	
  et	
  al.,	
  2012	
  



BLR	
  observaFons	
  
•  Inflow-­‐ou|low	
  around	
  the	
  

SMBH	
  
•  Accurate	
  Mass	
  measurements	
  
•  AccreFon	
  rate	
  esFmaFon	
  
•  CalibraFon	
  of	
  ReverberaFon	
  

Mapping	
  
–  Delay-­‐Luminosity	
  calibraFon	
  
–  Size-­‐Delay	
  calibraFon	
  
–  Mass-­‐Luminosity	
  calibraFon	
  
–  Goal:	
  use	
  Sy1	
  and	
  QSO	
  as	
  

•  Standard	
  candles	
  
•  Standard	
  Mass	
  tags	
  
•  Up	
  to	
  z~3	
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K=4 K=8.5 K=10 
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3C273 fringe peaks (10 s) 



3C273	
  results	
  

•  DifferenFal	
  visibility	
  (equivalent	
  width)	
  
	
  

	
   	
  	
  
The	
  BLR	
  gas	
  extends	
  beyond	
  the	
  inner	
  dust	
  rim	
  
Radius	
  (FWHM)=	
  0.5±0.1	
  mas	
  	
  	
  	
  (1500±500	
  ld)	
  

Contradicts	
  RM	
  radius:	
  400±150	
  	
  ld	
  
•  DifferenFal	
  phase	
  

Φ=0±1.5°	
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visibility and somehow maintained for the differential phase. The global curvature of the differential phase is strongly 
affected, which looks similar to what we observe on the differential phase of 3C273. However, even when we simulate 
with exaggerated parameters, we do not seem able to « kill » a sharp differential phase feature of more than typically 3°. 
The simulation legitimates corrections of the « smooth » curvatures in the differential visibility and phase by a 
polynomial fit outside the emission line and outside the telluric lines. 

The simulation also shows that when the source is « flat », i.e. when all chromatic OPD, window and detector biases are 
corrected from « models » in each frame before computing the 2DFTs, the tolerance to piston errors is much higher. This 
is currently being implemented in the data processing. 

   

Figure 7: simulation of the  « piston error bias » effect on the differential visibility and phase. Figure 7a (left): simulated 
source. In blue (top) the source differential visibility. In red (bottom) the source differential phase in radians. The chromatic 
OPD and the telluric line bias evolve like in the observations. Figure 7b (center): simulated measures with a piston rms=5 µm 
rms. The measures are almost unaffected. Figure 7c (right): simulated measures with a piston rms=50 µm rms. The measures 
are severely affected but sharp differential variations survive. 

4. RESULTS AND DISCUSSION 
Figure 8 shows the differential visibilities and phases obtained on 3C273 after calibration and our best current bias 
correction, based mainly on a polynomial fit of the measures outside the emission and absorption lines.  
 
The differential visibility shows a drop in the emission line, which increases with the baseline. The various biases (and 
debiasing procedures) can create differential visibility artifacts and change the amplitude of the differential visibility 
drops, but cannot cancel them. From the simulation in the previous section, a very conservative error on our bias 
correction is of 0.02 per spectral channel. We finally have: 

!!"#$ 50!
!!"#$ 50!

= 0.98 ± 0.03,!!!!! !!"#$ 80!!!"#$ 80!
= 0.94 ± 0.04,!!!!! !!"#$ 125!!!"#$ 125!

= 0.92 ± 0.04!! 
The errors per spectral bin add linearly the error estimated from statistical differences between the 47 exposures and the 
bias correction error. The spectral extension is of at least 2 spectral bins, i.e. 2500 km/s, which confirms that we are 
seeing BLR features. 
 
About the differential phase, the most reasonable current statement is that there are no features larger than 3°, which 
corresponds to a photocenter displacement of 30 µas in the 125 m baseline direction. 
 
This result is a surprise, which strongly stimulated our bias analysis. The BLR was supposed compact (<130 µas) and 
contained in the dust torus and thus the differential visibility was supposed to increase in the line (see figure 9). Let us 
give a very preliminary interpretation of our measures in simple geometric terms. All features observed in the K band 
continuum and in the emission line are small (less than 1 mas) with regard to the VLTI best resolution of 3.5 mas. Then 
each feature can be defined by its contribution to the total flux, its equivalent width and its photocenter shift, both in the 
direction of the projected observation baseline. The smaller scale details will not affect the measures at our baselines, 
beyond their impact on width, photocenter and flux. So we decide to represent the continuum image by a centered  
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ReverberaFon	
  Mapping	
  bias	
  

•  With	
  the	
  3C273	
  observing	
  span	
  (2000	
  days),	
  ReverberaFon	
  
Mapping	
  gives	
  only	
  a	
  lower	
  limit	
  of	
  the	
  actual	
  BLR	
  radius	
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•  Model RM CCF for: 
•  0.3 mas (1000 ld) 
•  0.6 mas (2000 ld) 
•  1.2 mas (4000 ld) 

Rakshit	
  et	
  al,	
  2014	
  



3C273	
  modeling	
  	
  

•  Radius	
  (FWHM):	
  0.5±0.1	
  mas	
  	
   	
  
	
   	
   	
  	
  	
  	
  	
  	
  (1500±500	
  ld)	
  
Kaspi	
  (2000):	
  	
  

	
  RBLR=307-­‐91+69	
  ld	
  =	
  0.10	
  mas	
  in	
  Hγ	


	
  RBLR=514-­‐65+64	
  ld	
  =	
  0.16	
  mas	
  in	
  Hα	



•  InclinaFon:	
  17±5°	
  
•  From	
  Jet	
  models	
  (i>10°	
  and	
  i<30°)	
  

•  Opening	
  angle:	
  ω>60°	



•  Global	
  Keplerian	
  +	
  local	
  turbulent	
  
velocity	
  

•  <Vkep>sin	
  i=2000±300	
  	
  km/s	
  
•  <Vturb>=1000±300	
  km/s	
  

•  Mass	
  =	
  6±2	
  108	
  Msun	
  	
  
•  (Kaspi	
  2000:	
  2	
  108	
  Msun	
  ,	
  	
  
•  Paltani	
  2005:	
  60	
  108	
  Msun)	
  	
  

Grenoble,	
  15/1/14	
   AMBER	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  R.G.	
  Petrov	
   29	
  

Petrov	
  et	
  al,	
  2014	
  



What	
  can	
  sFll	
  be	
  improved	
  

•  All	
  measures	
  at	
  MR	
  and	
  HR	
  are	
  ~	
  fundamental	
  noise	
  limited	
  at	
  
the	
  current	
  AMBER	
  or	
  FINITO	
  sensiFvity	
  

•  Visibility	
  accuracy:	
  from	
  3-­‐5%	
  to	
  ~1%	
  using	
  FINITO	
  data	
  
•  CP	
  in	
  LR:	
  from	
  a	
  few	
  °	
  to	
  0.1°-­‐0.3°	
  using	
  piston	
  noise	
  

calibraFon	
  
•  DifferenFal	
  phase	
  LR:	
  from	
  a	
  few	
  °	
  to	
  0.1°	
  through	
  careful	
  

differenFal	
  OPD	
  calibraFon	
  
•  LimiFng	
  magnitudes:	
  

–  From	
  8-­‐9	
  (P2VM)	
  to	
  10-­‐11	
  (2DFT)	
  
–  From	
  10-­‐11	
  to	
  12-­‐13	
  using	
  a	
  specific	
  module	
  or	
  a	
  new	
  spectro-­‐

interferometric	
  instrument	
  

Grenoble,	
  15/1/14	
   AMBER	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  R.G.	
  Petrov	
   30	
  



Conclusion	
  
•  AMBER	
  has	
  been	
  and	
  s4ll	
  is	
  the	
  most	
  produc4ve	
  interferometric	
  instrument	
  ever	
  
•  AMBER	
  has	
  produced	
  its	
  share	
  of	
  LR	
  observaFons,	
  including	
  images	
  

–  Accuracies	
  in	
  LR	
  are	
  insufficient	
  although	
  there	
  are	
  possible	
  strong	
  improvements	
  
–  In	
  LR,	
  PIONIER	
  then	
  GRAVITY	
  make	
  AMBER	
  obsolete	
  

•  The	
  most	
  valuable	
  contribuFons	
  are	
  spectro-­‐interferometric	
  
–  The	
  differenFal	
  measures	
  at	
  MR	
  and	
  HR	
  are	
  close	
  to	
  fundamental	
  noise	
  accuracy	
  
–  DifferenFal	
  phase	
  has	
  a	
  strong	
  potenFal	
  for	
  super-­‐resoluFon	
  
–  PolychromaFc	
  imaging	
  has	
  a	
  strong	
  potenFal	
  
–  The	
  limiFng	
  magnitude	
  in	
  MR	
  and	
  HR	
  has	
  been	
  strongly	
  improved	
  by	
  2DFT	
  processing	
  
–  It	
  is	
  possible	
  to	
  gain	
  2-­‐3	
  more	
  magnitudes.	
  Such	
  an	
  improved	
  AMBER	
  will	
  remain	
  more	
  sensiFve	
  in	
  

MR	
  than	
  GRAVITY	
  and	
  its	
  internal	
  FT	
  

•  AMBER/VLTI	
  has	
  conFnuously	
  improved	
  but	
  
–  Data	
  processing	
  and	
  procedure	
  improvements	
  propagate	
  very	
  slowly	
  
–  Learning	
  curve	
  might	
  has	
  been	
  slow	
  

•  AMBER	
  in	
  MR	
  and	
  HR	
  should	
  be	
  maintained	
  in	
  H&K	
  and	
  extended	
  in	
  J	
  
–  AMBER	
  will	
  remain	
  more	
  sensiFve	
  than	
  GRAVITY	
  with	
  its	
  internal	
  Fringe	
  Tracker	
  
–  A	
  specific	
  spectro-­‐interferometric	
  would	
  be	
  of	
  high	
  interest	
  

•  See	
  “magnitude	
  talk”	
  tomorrow	
  
–  In	
  the	
  J	
  band,	
  we	
  gain	
  a	
  factor	
  2	
  in	
  resoluFon	
  and	
  there	
  are	
  many	
  lines	
  of	
  interest	
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BLRs:	
  a	
  program	
  for	
  high	
  magnitudes	
  in	
  MR	
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1 h of observation, R=1500 
 
 
X  : differential phase from Rin diameter 
 (IR reverberation mapping, extrapolated) 
 
 
O  : differential phase from RM radius 
 (Hβ	
  RM	
  extrapolated)	
  
	
  
	
  
*	
  	
  	
  :	
  differenFal	
  visibility	
  from	
  Rin	
  and	
  RBLR<<Rin	
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BLR	
  observaFons:	
  3C273	
  
•  Brightest	
  QSO,	
  K=9.7	
  

–  K=9.8	
  in	
  conFnuum;	
  K=9.2	
  on	
  top	
  of	
  line	
  

•  z=0.16	
  
–  Paα	
  line	
  at	
  2.17	
  microns	
  

•  ReverberaFon	
  mapping	
  radius	
  (Kaspi,	
  2000)	
  
–  RBLR=307-­‐91+69	
  ld	
  =	
  0.10	
  mas	
  in	
  Hγ	


–  RBLR=514-­‐65+64	
  ld	
  =	
  0.16	
  mas	
  in	
  Hα	



•  MBH~2	
  108	
  Msun	
  (Kaspi,	
  2000)	
  	
  
–  ~60	
  108	
  Msun,	
  (Paltani,	
  2005)	
  

•  Radius	
  of	
  inner	
  rim	
  of	
  torus	
  
–  RT	
  ≈	
  0.81±0.34	
  pc=0.30±0.12	
  mas	
  (Kishimoto	
  2011)	
  

•  Absolute	
  visibility	
  	
  
–  in	
  conFnuum:	
  V	
  ≈	
  0.93	
  (from	
  0.95	
  on	
  KI	
  by	
  Kishimoto	
  

2011)	
  
–  In	
  line:	
  V≈	
  0.96	
  (from	
  line	
  Paα intensity)	
  

•  DifferenFal	
  visibility	
  increase	
  ~	
  3%	
  
•  DifferenFal	
  phase	
  perpendicular	
  to	
  axis	
  	
  

–  max[Φ(λ)] ≈	
  40	
  mrad	
  (2°)	
  
–  Max[ε(λ)]	
  ≈	
  20	
  µas	
  

•  DifferenFal	
  phase	
  in	
  axis	
  direcFon	
  
–  Up	
  to	
  inner	
  radius	
  ≈	
  0.5	
  rad	
  (300	
  µas)	
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  mapping	
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Fig. 11.— Cross-correlation centroid distribution for the continuum–Hβ cross-correlation for Mrk

79 during the period JD2449996 to JD2450220. It is not obvious which peak corresponds to the

correct lag.

2 B.M. Peterson and K. Horne: Reverberation Mapping of AGNs

the line-emitting region shows a virial-like relationship, i.e., r ∝ ∆V −2, where r is the
characteristic scale for a line which has Doppler width ∆V .

The conclusion that gravity is important leads us directly to an estimate of the black
hole mass, which we take to be

MBH =
fr∆V 2

G
, (1.1)

where G is the gravitational constant and f is a scaling factor of order unity that depends
on the presently unknown geometry and kinematics of the BLR.

In this brief introduction, we already see the two major reasons that understanding
the BLR is of critical importance to understanding the entire quasar phenomenon: (1) we
need to understand how the accretion/outflow processes work in AGNs and (2) we need
to understand the geometry and kinematics of the BLR to assess possible systematic
uncertainties in AGN black-hole mass measurements.

2. Reverberation Mapping Basics

Simply put, the idea behind reverberation mapping is to learn about the structure and
kinematics of the BLR by observing the detailed response of the broad emission lines to
changes in the continuum. The basic assumptions needed are few and straightforward,
and can largely be justified after the fact:

(a) The continuum originates in a single central source. The size of the accretion disk
in a typical bright Seyfert galaxy is expected to be of order 1013– 1014 cm, or about a
factor of 100 or so smaller than the BLR turns out to be. It is worth noting that we do
not necessarily have to assume that the continuum is emitted isotropically.

(b) Light-travel time τLT = r/c is the most important time scale. The other potentially
important time scales include:

• The recombination time scale τrec = (neαB)−1, which is the time for emission-
line gas to re-establish photoionization equilibrium in response to a change in the
continuum brightness. For typical BLR densities, ne ≈ 1010 cm−3, τrec ≈ 0.1 hr, i.e.,
virtually instantaneous relative to the light-travel timescales of days to weeks for
luminous Seyfert galaxies.
• The dynamical time scale for the BLR gas, τdyn ≈ r/∆V . For typical luminous
Seyferts, this works out to be of order 3–5 years. Reverberation experiments must be
kept short relative to the dynamical timescale to avoid smearing the light travel-time
effects.

(c) There is a simple, though not necessarily linear, relationship between the observed
continuum and the ionizing continuum. In particular, the observed continuum must vary
in phase with the ionizing continuum, which is what is driving the line variations. This
is probably the most fragile of these assumptions since there is some evidence that long-
wavelength continuum variations follow those at shorter wavelengths, but the timescales
involved are still significantly shorter than the timescales for emission-line response.

Given these assumptions, a linearized response model can be written as

∆L(V, t) =

∫
Ψ(V, τ)∆C(t − τ) dτ, (2.1)

where ∆C(t) is the continuum light curve relative to its mean value C, i.e., ∆C(t) =
C(t) − C, and, ∆L(V, t) is the emission-line light curve as a function of line-of-sight
Doppler velocity V relative to its mean value L(V ). The function Ψ(V, τ) is the “velocity-
delay map,” i.e., the BLR responsivity mapped into line-of-sight velocity/time-delay



Type	
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  AGNs	
  
(Makoto	
  Kishimoto	
  et	
  al.,	
  2014)	
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•  About	
  15-­‐20	
  sources	
  accessible	
  to	
  current	
  interferometry	
  
–  K~11	
  (Keck	
  I,	
  VLTI/AMBER)	
  
–  0.2	
  Jy	
  (VLTI/MIDI)	
  

•  Baseline	
  up	
  to	
  130m	
  
–  ResoluFon	
  4	
  mas	
  in	
  K	
  band	
  

•  In	
  K	
  band,	
  flux	
  dominated	
  by	
  inner	
  rim	
  of	
  dust	
  torus	
  (1500	
  K)	
  
•  Tori	
  marginally	
  resolved:	
  equivalent	
  ring	
  radius	
  

–  ResoluFon	
  15	
  to	
  20	
  mas	
  in	
  N	
  band	
  

•  In	
  N	
  band,	
  flux	
  is	
  dominated	
  by	
  thermal	
  emission	
  of	
  Torus	
  
•  Fairly	
  resolved	
  structure,	
  it	
  is	
  possible	
  to	
  fit	
  a	
  radial	
  distribuFon	
  
•  We	
  define	
  half-­‐light	
  radii,	
  corresponding	
  typically	
  	
  

–  to	
  800	
  K	
  at	
  8	
  µm	
  
–  To	
  350	
  K	
  at	
  12	
  µm	
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Type	
  1	
  AGN	
  (Kishimoto	
  2014)	
  
Rint/RRM	
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Type	
  1	
  AGN	
  (Kishimoto	
  2014)	
  
Steeper	
  /	
  Shallower	
  structure	
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Rin

Rring  or R1/2

shallow / extended

Rin

Rring  or R1/2

steep / compact

R / Rin  >> 1 R / Rin  ~ 1

Steeper / shallower structure

normalize by Rin, removing L1/2 scaling
representative radius in units of Rin
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Type	
  1	
  AGN	
  (Kishimoto	
  2014)	
  
Possible	
  picture	
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edge-on
cross-
section

Lower L or L/LEdd

face-on

Higher L or L/LEdd

~ 1 pc

           

           

Lower L or L/LEdd Higher L or L/LEdd

Face-on
Edge-on

Possible picture
nIR/mIR - direct illum.
Lower acc.rate: 

eff. polar flaring, 
generally extended 

Higher acc.rate: 
polar region cleared, 
equatorial steep struct.

Intrinsically steeper str. required for higher acc. rate?
need to be sensitive to colder material
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Summary	
  for	
  AGN	
  dust	
  tori	
  observaFons	
  
with	
  AMBER	
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•  ExploraFon	
  of	
  innermost	
  dusty	
  structure	
  at	
  mas	
  resoluFon	
  is	
  
on-­‐going,	
  both	
  in	
  the	
  near-­‐IR	
  and	
  mid-­‐IR.	
  	
  

•  The	
  current	
  sample	
  indicates	
  steeper	
  structure	
  at	
  higher	
  L	
  or	
  
L/Ledd,	
  i.e.	
  higher	
  accreFon	
  rate/efficiency.	
  	
  

•  Possible,	
  direct	
  observaFonal	
  support	
  for	
  radiaFon	
  pressure	
  
playing	
  a	
  key	
  role	
  in	
  shaping	
  the	
  structure.	
  	
  

•  Accurate	
  phase-­‐closure	
  measurements	
  now	
  possible,	
  leading	
  
to	
  real	
  mapping	
  soon,	
  or	
  with	
  MATISSE.	
  

•  VLTI	
  can	
  now	
  observe	
  down	
  to	
  K~11.5,	
  with	
  good	
  AO.	
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η	
  Carinae	
  

•  L = 5 x 106 Lsun 

•  dM/dt = 5 x 10-3 Msun/yr 

•  500km/s wind 

•  60% of flux in the core of 
the AO image 

• Contamination in single 
mode fibers evaluated 
from NACO images  

• VINCI data resolves the 
central core: 5 mas (10AU) 

•  elongated along the flow 
axis 
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Global	
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  image	
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  of	
  η Car wind	
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