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Data	  reduc1on	  in	  context	  
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data	  reduc1on	  

raw	  reduced	  

empirical	  
research	  
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Simple	  expression	  for	  the	  fringes:	  

⇒	  The	  visibility	  can	  be	  es1mated	  in	  an	  easy	  form:	  

Is	  there	  a	  problem?	  
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ℜ(V )= I(0) / I0 −1
ℑ(V )= I(λ

4
) / I0 −1

I(δ)= I0 1+Re V ⋅e−ikδ( )$
%

&
'

with%the%complex%visibility%%V % = %V ⋅eiϕ

=ℜ(V )+ iℑ(V ).
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Scien1fic	  inference	  	  
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model	  space	   data	  space	  

degeneracy	  

one	  set	  of	  model	  
parameters	  {πi}	  

one	  set	  of	  
measurements	  {μi}	  
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Forward	  Problem	  
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raw	  data	  

model	  
parameters	  

model	  image	  	  

ideal	  
interferometer	  

instrument	  &	  
atmosphere	  

beam	  combiner	  

detector	  

I(σ)	  

{πi},	  e.g.	  {πi}	  =	  {d1,	  d2,	  s,	  b}	  

F(uij)	  

fij	  =	  γijF(uij)	  	  

{Ip},	  e.g.	  Ip	  =	  0.5	  (f11	  +	  f22)	  +	  Re{f12e2isp}	  	  

rp	  =	  gp(Ip	  +	  δnp)	  +	  bp	  
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Forward	  problem	  
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I(δ)= 1+Re V cos ϕ−kδ( )− isin ϕ−kδ( )( )( )$
%&

'
()

= I0 1+V cos ϕ−kδ( )$
%

'
(

I(δ)= I0 1+Re V ⋅e−ikδ( )$
%

&
'

Using,the,identity,eiϑ = cosϑ + isinϑ :
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Forward	  Problem	  
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•  Idealised	  formula:	  
• More	  realis1c	  raw	  data:	  

I(δp)= I0 1+V ⋅cos ϕ−kδp( )%
&

'
(

r(δ)= Isrc
ηi (t)+η j (t)

2
+ ηi (t)η j (t) ⋅

$

%
&
&

e−σ jit
2 (t )

⋅sinc Δk
2

δins(t)+δatm(t)( )
*

+
,

-

.
/⋅

V(
!
uij )⋅cos ϕ(

!
uij )−k δins(t)+δatm(t)( )( )12⋅

g(t)+n(t)+b(t)
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Turbulence	  distorts	  the	  
the	  incoming	  wavefront	  

Ä1)	  piston	  →	  OPD	  
	  
Ä2)	  pupil	  wavefront	  

distor1on	  

Noise	  –	  the	  atmosphere	  
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piston	  
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Piston	  leads	  to	  a	  	  
movement	  of	  the	  	  
fringe	  packet	  in	  
OPD	  space.	  	  

Noise	  –	  piston	  
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piston	  

OPD	  

I	  
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Noise	  –	  piston	  
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HD	  095272	  on	  2006-‐05-‐18:	  good!	  

HD	  120404	  on	  2007-‐05-‐04:	  bad!	  

Group	  delay	  
measured	  with	  
MIDI.	  

H	  and	  K	  band	  fringes	  with	  
AMBER	  of	  HD	  048433	  
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The	  piston	  has	  two	  effects:	  
• Time	  dependent	  phase	  shin	  

	  Äfringe	  mo1on	  phase	  lost	  
• Fringe	  blurring	  

	  Äfringe	  amplitude	  lost	  

Noise	  –	  piston	  
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I(δp)= Isrc e−σ jit
2 (t )

⋅V(
!
uij )⋅cos ϕ(

!
uij )−k δins(t)+δatm(t)( )( )&

'(
)
*+

blurring	   phase	  shins	  
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• Reduc1on	  of	  visibility	  due	  to	  
phase	  variance	  over	  the	  pupil	  
	  Äsmall	  telescopes	  
	  Ä	  adap1ve	  op1cs	  
	  Ä	  wavefront	  filtering	  

Noise	  –	  pupil	  distor1on	  

07/09/2015	   Konrad	  R.	  W.	  Tristram	  

π	  	  0	   0	  	  0	  pupil	  1	   pupil	  2	  
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Spa1al	  filtering:	  

Noise	  –	  pupil	  distor1on	  
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pinhole	   cleaned	  
wavefront	  

corrugated	  
wavefront	  
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Modal	  filtering:	  

Noise	  –	  pupil	  distor1on	  
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monomode	  
fibre	   cleaned	  

wavefront	  
corrugated	  
wavefront	  
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Photometric	  fluctua1ons	  can	  be	  monitored:	  

Noise	  –	  pupil	  distor1on	  
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dichroic	  
beamsplioer	  

telescope	  B	  

telescope	  A	  

photometry	  B:	  IB	  

photometry	  A:	  IA	  
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Spectral	  decoherence	  

Typically	  not	  only	  a	  single	  wavelength	  is	  observed:	  
	  Idealised	  example	  of	  the	  K	  band:	  λ	  =	  2.2μm,	  Δλ	  =	  0.4	  μm	  

07/09/2015	   Konrad	  R.	  W.	  Tristram	  

-‐3m0	   -‐20	   -‐10	   0	   10	   20	   30	  
optical path difference d [µm] 

-‐1.0	  

-‐0.5	  

0.0	  

0.5	  

1.0	  

in
te

ns
ity

 I 
[n

or
m

al
is

ed
] 

19	  



Spectral	  decoherence	  

Remember?	  
	  
Actually:	  
	  
	  
	  
Limited	  band	  pass	  t	  centred	  on	  k0	  and	  I0,	  V,	  φ	  constant:	  
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I(δp)= I0 1+V ⋅cos ϕ−kδp( )%
&

'
(

I(k,δp)= t(k)⋅ I0(k) 1+V(k)⋅cos ϕ(k)−kδp( )%
&

'
(

⇒ I(δp)= t(k)⋅ I0(k) 1+V(k)⋅cos ϕ(k)−kδp( )&
'

(
)∫ (dk

⇒ I(δp)= I0 1+V ⋅ t̂ δ
2π
,k0( ) ⋅cos ϕ−k0δp( )'

(
)
*

Fourier	  transform	  of	  the	  band	  pass	  
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Spectral	  decoherence	  

Example:	  top	  hat	  func1on	  
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t(k)= rect(k)=

0(((if( k−k0 >
Δk
2

1
2
(((if( k−k0 =

Δk
2

1(((if( k−k0 <
Δk
2

#

$

%
%

&

%
%

rect(k)⋅e−2πikx $dk
−∞

∞

∫ =
sin(π⋅ x)
π⋅ x

= sinc(π⋅ x)

k0	  

Δk	  
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Biases	  &	  noise	  

• Bias:	  addi1ve	  value	  with	  non-‐zero	  mean,	  e.g.	  
– detector	  bias	  
– thermal	  background	  
– EM	  detector	  perturba1ons	  

	  ÄEs1mate	  and	  subtract	  it!	  

• Noise:	  addi1ve	  value	  with	  zero	  mean,	  e.g.	  
– photon	  noise	  from	  the	  source	  /	  backgound	  
– readout	  noise	  
	  ÄAverage	  it	  away!	  
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Inverse	  problem	  
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raw	  data	  

model	  
parameters	  

model	  image	  	  

ideal	  
interferometer	  

instrument	  &	  
atmosphere	  

beam	  combiner	  

detector	  

I(σ)	  

{πi}	  

{F(uij)}	  

{fij}	  

{Ip}	  

{rp}	  

model	  
space	  

data	  
space	  

Bayesian	   es1mator	  

es1mate	   es1mand	  

{πi}	  

{rp}	  
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Inverse	  problem	  
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raw	  data	  

model	  
parameters	  

model	  image	  	  

ideal	  
interferometer	  

instrument	  &	  
atmosphere	  

beam	  combiner	  

detector	  

raw	  data	  

interpreta1on	  

modelling	  

calibra1on	  

(in)coherent	  
integra1on	  

fringe	  decoding	  

raw	  fringes	  

I(σ)	  

{πi}	  

{F(uij)}	  

{fij}	  

{Ip}	  

{rp}	  

{π̂i}	  

{FBij},	  {PBij}	  	  

{fij}	  

{Îp}	  

{rp}	  

	  	  	̂  

{⟨fij⟩},	  {⟨pîj⟩}	  	  	  	̂  
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(1)	  Debias	  &	  flat	  fielding	  
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Îp =
rp − b̂p
ĝp
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(2)	  Extrac1on	  of	  the	  coherent	  flux	  

Three	  different	  methods:	  

–  Fourier	  and	  ABCD	  (e.g.	  MIDI	  and	  PIONIER):	  
	  take	  a	  Fourier	  transform	  to	  extract	  the	  oscilla1ng	  part	  

–  P2VM:	  pixel	  to	  visibility	  matrix	  (e.g.	  AMBER):	  
	  least	  squares	  fit	  of	  the	  fringes	  in	  the	  image	  plane	  	  

–  Coherent	  integra1on	  (e.g.	  MIDI):	  
	  determine	  and	  remove	  the	  group	  delay	  and	  then	  integrate	  
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(2a)	  Fourier	  method	  
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(2a)	  Fourier	  method	  
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(2a)	  Fourier	  method	  
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(2b)	  ABCD	  method	  

Op1mised	  Fourier	  
Method	  –	  ABCD:	  
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f̂ij = Îp ⋅e
ipπ/2

p=0

3

∑

= A−C + i B−D( )
for$$Î0 = A,$$Î1 =B,$$Î2 =C $and$Î3 =D

⇒ f̂ij = (A−C)2 +(B−D)2

0	   π/2	   π	   3/2π	   2π	  
phase	  

0	  

‑1	  

+1	  

in
te

ns
ity
	  

A	  

B	  

C	  

D	  
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(2c)	  P2VM	  method	  

	  

Rewrite	  this	  as	  a	  matrix	  equa1on:	  
I	  =	  M	  f	  
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(2c)	  P2VM	  method	  

Forward	  matrix	  equa1on:	  
I	  =	  M	  f	  

	  

Backward	  matrix	  equa1on:	  
f	  =	  H	  Î	  

Only	  pseudoinverse	  matrix	  exists	  ⟶	  least	  squares	  fit:	  
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es1mate	  of	  	  
pixel	  intensi1es	  

es1mate	  of	  
coherent	  fluxes	   P2VM	  

	  	  
	  ̂	  

minimise&χ2 = Î −MHÎ
2
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Coherent	  integra1on	  

Coherent	  flux	  es1mate	  very	  noisy.	  

Ä 	  Need	  to	  know	  the	  fringe	  mo1on:	  

1)  External	  fringe	  tracker	  

2)  Different	  channel	  

3)  Baseline	  bootstrapping	  

4)  Group	  delay	  &	  phase	  delay	  

Ä 	  “phase	  rota1on”	  ⟶	  coherent	  integra1on	  
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SB	  

FT	  

beam	  splioer	  

φ23	  
φ12	   2	  

1	  
3	  

φ23??	  
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(In-‐)Coherent	  integra1on	  
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Calibra1on	  

fij	  =	  γijF(uij)	  
	  

	  
• Antenna-‐based	  gains:	  γij	  =	  ηiηj	  

– pupil	  misalignment	  
– spa1al	  /	  modal	  filtering	  

	  Äphotometric	  calibra1on	  
•  	  Transfer	  func1on	  calibra1on	  

– fringe	  corrup1on	  
– imperfect	  op1cs	  

	  Äobserva1ons	  of	  calibrator	  stars	  
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fringe	  degrada1on	  factor	  
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Calibra1on	  –	  photometric	  calibra1on	  
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telescope	  B	  

telescope	  A	  

phot.	  B:	  FB	  =	  ηBF(0)	  

phot.	  A:	  FA	  =	  ηAF(0)	  

V̂ij =
p̂ij
F̂i "F̂j

≈
ηiη j F(uij )

2

ηiF(0)"η jF(0)
= V(uij )

e.g.	  power	  spectrum:	  
pîj	  =	  ηi	  ηj	  ⎟F(uij)⎢2	  
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Calibra1on	  –	  transfer	  func1on	  

Data	  from	  the	  Keck	  interferometer:	  
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Kishimoto	  et	  al.	  2009	  

calibrator	  stars	  
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PIONIER	  data:	  

Calibra1on	  –	  transfer	  func1on	  
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Visibili1es:	   Closure	  phases:	  

calibrator	  stars	  

science	  
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Summary	  
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Interferometric	  data	  reduc3on	  	  
Is	  a	  well	  chosen	  sequence	  of:	  

	  
• Calibra1ons	  (addi1ve	  &	  mul1plica1ve)	  
• Averaging	  of	  data	  
• Fourier	  Transforming	  
• Data	  fi|ng	  
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Summary	  

• Data	  reduc1on	  in	  context	  
• The	  forward	  problem	  

– atmospheric	  piston	  &	  pupil	  distor1on	  
– spectral	  decoherence	  
– bias	  and	  noise	  sources	  

• The	  inverse	  problem	  
– debias	  &	  flaFielding	  
– coherent	  flux	  extrac1on	  (Fourier,	  ABCD,	  P2VM)	  
– integra1on	  (coherent	  &	  incoherent)	  

• Calibra1on	  
– photometric	  calibra1on	  
– transfer	  func1on	  calibra1on	  
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