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Direct detection of the close environment 
of two super-massive black-holes

Wavelength= 1.3 mm Wavelength= 2.2 microns

GRAVITY collaboration 
2018-2020
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micro-arcseconds

Event Horizon Telescope 
collaboration 

2018



Infrared interferometry image complexity 
is limited by the number of telescopes

J. Kluska et al.: A family portrait of disk inner rims around Herbig Ae/Be stars
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Fig. 6. Reconstructed images of the Herbig AeBe targets classified by decreasing size (as fitted in L17). The blue star marks the position of the
central star, which has been subtracted, the black contours indicate the significance at 1 (dashed line), 2 and 3-� (solid lines) and the blue ellipse
shows the size of the beam.

3.3. Asymmetry analysis

To investigate any departures from axi-symmetry in our targets,
we compute the asymmetry maps for each image (Fig. 8). All the
images have some non centro-symmetric flux. In order to study
the significant asymmetries only, we focus on the objects hav-
ing a significant non-zero closure phase signal. Half of our sam-

ple (HD45677, HD98922, HD100546, HD144668, HD150193,
HD163296, MWC158, MWC297 and R CrA) present at least
3 non-zero closure phase measurements beyond 5-� (Fig. A.4),
which indicate departure from centro-symmetry. In the rest of
the asymmetry analysis we focus on those objects only.
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Planet Formation Imager:  a facility designed 
to image the key stages of planet formation

Stefan Kraus (Exeter, UK)
John Monnier (Michigan, USA)
Mike Ireland (ANU, Australia)
PFI Science Working Group
PFI Technical Working Group

Ayliffe & Bate 2009

Monnier et al.  2018

Kraus et al.  2016
Monnier et al.  2016

• Caracterising young exoplanets up to Taurus 

• Resolving circumplanetary disks spatially and kinematically 

• Mappping dust distribution and kinematics

Top level science requirements

• PI: J. Monnier 
• PS: S. Kraus 
• IS: M. Ireland 
• SW Group 
• TW Group

?



Two ways to do interferometry
Heterodyne interferometryDirect interferometryDirect interferometry

  
 

Back to the basics

Détection de 
la phase

Descente 
en fréquence

Bruit et signal

1)

2)3)

→ Amplification cohérente

Bruit et signal augmentent 
dans les mêmes proportions

Phase 

Noise and Signal Noise and 
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Direct vs. Heterodyne interferometry

Direct

Heterodyne

Fighting the quantum noise



Direct vs. Heterodyne interferometry

• Intrinsically more sensitive BUT …
• Simpler instrumentation
• Broad band
• Complex and expensive infrastructure
• Loss of sensitivity with the number of 

telescopes

Direct

• Less sensisitive (quantum noise)BUT …
Narrowband

• More complex instrumentation
• Simpler infrastructure
• Better adapted to a high number of 

telescope (can be amplified)

Heterodyne



Can we expand the scheme for N > 10 telescopes 
over kilometric baselines ?

Osc. Loc

Phase lock

Corrélation

Osc. Loc

Osc. Loc

Osc. Loc Osc. Loc

• Low-cost telescope technologies 

• Sensitive high bandwidth 
detectors (~40 GHz) 

• Mid-Infrared frequency combs 

• Efficient “cheap” HR dispersers 

• Phase lock over km baselines 

• Correlators capable of handling > 
10 Telescopes & 40 GHz signals

Challenges

Technological vision: no free space propagationlimited “relay” infrastructure



Increasing bandwidth

Increasing sensitivity

Direct

3GHz

Using frequency combs

Hale et al.  2000, Danchi et al. 2003

Berkeley Infrared Space Interferometer



Laser frequency comb
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Frequency combs are optical spectra composed of a set of discrete equally spaced
lines. Such spectra can be generated by diverse sources such as mode-locked lasers,
resonators, or electro-optic modulators. This last possibility has shown a growing
interest in the recent years for its advantageous features in providing high repetition
rates, intrinsic mutual coherence, or high power per comb lines. Moreover, applica-
tions of electro-optic modulator-based combs have flourished in fundamental physics,
spectroscopy, or instrumental calibrations. In this paper, we present the most recent
progresses made on frequency combs generated by electro-optic modulators, along with
the applications where these combs have shown a particular interest. c� 2020 Optical
Society of America

https://doi.org/10.1364/AOP.382052
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Specific constraint: 
Comb with wide (~10GHz) 

separations



C. Sirtori (LPENS) group, Palaferri et al. 2018, Gacemi et al. 2018, Bigioli et al. 2020 

High bandwidth detection



Locking a mid-IR laser at km 
distance !

Heterodyne

OFC at LNE-SYRTE (SYRTE-OFC in Fig. 1)30. The 3 × 10−16 accuracy
of the Cs fountain30 can be achieved with a sufficiently long
averaging time. At LPL, part of the 1.55 µm comb was amplified
and fed into a nonlinear fibre to generate an additional output of
the OFC, centred at 1.82 µm (ref. 32). The 1.82 µm comb and
QCL beams were overlapped in a AgGaSe2 crystal to perform
sum-frequency generation, resulting in a shifted comb centred at
1.55 µm. This shifted comb was then combined with the 1.55 µm

output of the LPL OFC. A fibre delay line was used to overlap the
pulses in the time domain. On photodiode PD1 (Fig. 1), a beat
note of frequency Δ1 = ±[nfrep – νQCL] was obtained between the
QCL frequency νQCL and a high harmonic (of order n) of the rep-
etition rate (see Methods). Note that this beat note was independent
of the comb carrier-envelope offset frequency f0. This signal at fre-
quency Δ1 was filtered and mixed with a radiofrequency (RF) oscil-
lator to generate the error signal that drives the phase-lock loop used
to stabilize the QCL. A bandwidth of several hundreds of kilohertz
was obtained. This stabilization set-up can be used over a wide
9–11 µm spectral range and could be extended to any frequency
in the entire 3–20 µm range with an appropriate choice of crystal
and comb spectrum.

The performance of this set-up was assessed by measuring the
relative frequency stability and frequency noise power spectral
density (PSD) of the QCL. The stability of the QCL was first com-
pared to that of a state-of-the-art secondary frequency standard
around 10 µm, a CO2 laser stabilized on an OsO4 saturated absorp-
tion line26,36,37 (hereafter referred to as the ‘MIR reference’, see
Methods). The beat note of frequency Δ2 between the stabilized
QCL and this MIR reference was detected on photodiode PD2
(Fig. 1) and sent to a frequency counter. The stability of the beat
note is the quadratic mean of the MIR reference and the QCL stab-
ilities, and was obtained by calculating the overlapping Allan devi-
ation of the data (red squares in Fig. 2). The fractional frequency
stability is equal to 5 × 10−14 for 1 s averaging time τ, and decreases
as τ−1/2 up to a few tens of seconds. The stability of the beat note of
frequency Δ1′ between the MIR reference and the OFC, detected on
PD1, is also plotted for comparison (blue circles). The two stabilities
are almost identical, except for small deviations due to non-station-
ary effects, and reflect the noise level of the MIR reference.
Incidentally, this is the same noise level as has been measured pre-
viously32,36. The MIR reference contribution being dominant, this
measurement can only provide an upper limit for the QCL stability.

The QCL frequency stability is expected to be given by the stab-
ility of the LPL OFC, with only a negligible contribution from the
phase-lock loop residual frequency noise. Here, we evaluate both
contributions. The OFC stability was assessed by beating an
optical mode of the OFC with a second remote ultra-stable laser
located at LNE-SYRTE (ultra-stable (US) laser #2, Fig. 1; see
Methods). The Allan deviation, shown as green triangles in Fig. 2,

f0
1.82 µm

PLL

10.3 µm

Δ1

Δ1’Δ2

AgGaSe2

9 GHz

LNE-SYRTE

43-km optical-fibre link

LPL

QCL

MIR
reference 

US laser #1 Primary frequency references
(H maser – Cs fountain)

1.54 µm

US laser #2 (optional)

1.55 µm

νref

frep
OFC

SYRTE-OFC

AOM Counter

Counter or 
FFT analyser

PD2

PD1

Figure 1 | Experimental set-up. The NIR frequency reference, νref, generated
at LNE-SYRTE with ultra-stable (US) laser #1 is transferred to LPL through a
43-km-long optical-fibre link. Its absolute frequency is measured against
primary frequency standards by the use of an OFC (SYRTE-OFC). Its
stability is provided by an ultra-stable cavity (see Methods) whose
frequency drift is removed by an acousto-optic modulator (AOM). At LPL,
the comb repetition rate, frep, of an OFC is phase-locked onto this reference.
The QCL is then phase-locked onto a harmonic of frep by performing sum-
frequency generation in an AgGaSe2 crystal (see Methods). The beat note
of frequency Δ1 is processed to generate the error signal for the QCL phase-
lock loop (PLL). The signal of frequency Δ1′ on photodiode PD1 corresponds
to the beat note between the MIR reference and a multiple of frep and the
signal of frequency Δ2 on photodiode PD2 corresponds to the beat note
between the MIR reference and the QCL. The stabilities and frequency noise
PSDs are evaluated by using a counter and a fast Fourier transform (FFT)
analyser. Arrows indicate movable optics and the padlocks symbolize the
OFCs’ phase-lock loops. Ultra-stable laser #2 is used to evaluate the
spectral purity of the LPL comb.
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Figure 2 | Assessment of the QCL frequency stability. Fractional frequency
stability of the beat note between the QCL phase-locked onto the NIR
reference (QCL/OFC) and the MIR reference (curve a, red squares), the
beat note between the MIR reference and the OFC (curve b, blue circles),
the OFC (curve c, green triangles) and the beat note between the QCL and
the CO2 laser, both stabilized onto the OFC (curve d, black stars). Overlapping
Allan deviations are processed from data measured using a Λ-type counter
with 1 s gate time. For curve d, a dead-time free counter was used.

ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2015.93
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Argence et al. 2015



A photonics based correlator
Direct

Heterodyne

  
 

Partie 2 : Corrélation

Coll: H. Guillet de Chatellus   
 

Partie 2 : Résultats expérimentaux

  
 

Partie 2 : Résultats expérimentaux

Bourdarot et al. A&A 2020

Electrooptic modulator: 
Can handle up to 50GHz RF signals



V3HI a 3 telescope precursor 
heterodyne instrument for the VLTI

Direct

Heterodyne

Submitted to ANR 2021 
Coll LIPHY : H. Guillet de Chatellus 
Col LP ENS: C. Sirtori,



V8  
An 8 telescope heterodyne combiner?

Direct

No delay lines full sky coverage

FROM TELESCOPES

LOCAL OSCILLATOR

VLTI LAB

Detection stage

 

C
h

a
p

itr
e
 IV

 : P
r
o

c
h

a
in

e
 g

é
n

é
r
a

tio
n

 d
’in

s
tr

u
m

e
n

t p
o

u
r
 le

 V
L

T
I  

P
ie

r
r
e
 L

a
b

e
y
e
 : «

 C
o

m
p

o
s
a

n
ts

 o
p

tiq
u

e
s
 in

té
g

r
é
s
 p

o
u

r
 l’

in
te

r
fé

r
o

m
é
tr

ie
 a

s
tr

o
n

o
m

iq
u

e
 »

, 2
0

0
8

.  

1
3

7
 

 

 

F
ig

u
r
e
 IV

-1
0

 : r
e
c
o

m
b

in
e
u

r
 à

 8
 té

le
s
c
o

p
e
s
 p

a
r
 p

a
ir

e
s
. L

à
 e

n
c
o

r
e
, le

 s
c
h

é
m

a
 e

s
t 

a
n

a
m

o
r
p

h
o

s
é
 p

o
u

r
 p

lu
s
 d

e
 c

la
r
té

 (é
c
h

e
lle

 ~
1

 e
n

 h
o
r
iz

o
n

ta
l, é

c
h

e
lle

 ~
 2

 e
n
 v

e
r
tic

a
l s

i o
n

 

c
o

n
s
id

è
r
e
 la

 b
a

n
d

e
 H

). O
n
 r

e
c
o

n
n

a
ît e

n
 h

a
u

t e
t e

n
 b

a
s
 d

e
u

x
 r

e
c
o

m
b

in
e
u

r
s
 4

 té
le

s
c
o

p
e
s
 à

 

tr
ic

o
u

p
le

u
r
s
 e

t u
n

e
 z

o
n

e
 c

e
n

tr
a

le
 p

o
u

r
 le

s
 a

u
tr

e
s
 p

a
ir

e
s
. 

 U
n

 
te

l 
d

is
p

o
s
itif 

c
o

m
p

o
rte

 
d

o
n

c
 
8

 
e
n

tré
e
s
 
p

o
u

r 
5

6
 
s
o

rtie
s
 
(2

8
 
p

a
ire

s
 
re

c
o

m
b

in
é
e
s
 
à
 
2

 

s
o

rtie
s
). E

n
 b

a
n

d
e
 H

, u
n

 te
l d

is
p

o
s
itif m

e
s
u

re
 1

1
0

m
m

 d
e
 lo

n
g

 p
a
r 3

0
m

m
 d

e
 la

rg
e
, e

t il 

p
e
u

t 
y

 
a
v

o
ir 

ju
s
q

u
’à

 
1

2
 
c
ro

is
e
m

e
n

ts
 
d

e
 
g

u
id

e
 
s
u

r 
c
e
rta

in
e
s
 
v

o
ie

s
. 

U
n

e
 
é
v

a
lu

a
tio

n
 
d

e
s
 

p
e
rfo

rm
a
n

c
e
s
 e

s
t ré

s
u

m
é
e
 d

a
n

s
 le

 ta
b

le
a
u

 IV
-6

. 

  

R
e
c
o

m
b

in
e
u

r

B
a
n

d
e
 s

p
e
c
t
r
a
le

J
H

K

R
a
y
o

n
 d

e
 c

o
u

r
b

u
r
e
 lim

it
e
 (

m
m

)
5
,
3

8
1
4
,
1

L
o

n
g

u
e
u

r
 d

u
 d

is
p

o
s
it

if
 (

m
m

)
8
0

1
1
0

1
8
5

N
o

m
b

r
e
 d

e
 c

r
o

is
e
m

e
n

t
s

N
o

m
b

r
e
 d

e
 j

o
n

c
t
io

n
s
 Y

N
o

m
b

r
e
 d

e
 c

o
u

p
le

u
r
s

N
o

m
b

r
e
 d

e
 t

r
ic

o
u

p
le

u
r
s

L
o

n
g

u
e
u

r
 d

e
s
 p

a
r
t
ie

s
 c

o
u

r
b

e
s
 (

m
m

)
3
0

4
0

6
0

P
e
r
t
e
s
 s

im
u

lé
e
s
 (

d
B

)
2
,
4
2

2
,
2
2

3
,
4
8

T
r
a
n

s
m

is
s
io

n
0
,
5
7

0
,
5
9

0
,
4
5

1

8
T
 p

a
r
 p

a
ir

e
s

1
222

 

T
a

b
le

a
u

 IV
-6

 : E
v
a

lu
a

tio
n

 d
e
s
 p

e
r
fo

r
m

a
n

c
e
s
 d

e
s
 r

e
c
o

m
b

in
e
u

r
s
 à

 h
u

it té
le

s
c
o

p
e
s
 p

a
r
 

p
a

ir
e
s
. 

 L
à
 
e
n

c
o

re
 
la

 
ta

ille
 
d

e
 
p

u
c
e
 
e
n

 
b

a
n

d
e
 
K

 
e
s
t 

trè
s
 
g

ra
n

d
e
 
e
t 

c
o

n
d

u
it 

à
 
d

e
s
 
p

e
rte

s
 
p

lu
s
 

im
p

o
rta

n
te

s
 q

u
e
 d

a
n

s
 le

s
 b

a
n

d
e
s
 J

 e
t H

. Il n
’e

n
 re

s
te

 p
a
s
 m

o
in

s
 q

u
e
 c

e
s
 d

is
p

o
s
itifs

 s
o

n
t 

ré
a
lis

a
b

le
s
 s

u
r u

n
 s

u
b

s
tra

t h
u

it p
o

u
c
e
s
 e

n
 te

c
h

n
o

lo
g

ie
 s

ilic
e
 s

u
r s

ilic
iu

m
. 

 

Correlation

P. Labeye, PhD 2008



Wrap up
• Astronomical community busy building big stuff: good time for 

interferometric R&D 

• Mid-IR heterodyne interferometry likely competitive (sensitive & cost) in N 
and Q bands for # telescopes> 10  

• Global physics/industry R&D pushing in the right direction (detection, 
combs, phase locking, computing power).  

• Expertise within REFIMEV collaboration is extremely interesting 

• Heterodyne interferometry only way to exploit simultaneously the VLTI 8 
telescopes. Great for bright objects and high spectral resolution 

• V8: a pathfinder for a future mid-infrared infrastructure ?


