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ABSTRACT

MATISSE (Multi-AperTure mid-Infrared SpectroScopic Experiment) is a mid-infrared spectroscopic interferometer
combining the beams of up to four UTs or ATs of the VLTI. MATISSE will be the successor to MIDI and will provide
imaging capability in three spectral bands of the mid-infrared domain: L, M, and N. MATISSE will extend the
astrophysical potential of the VLTI by overcoming the ambiguities that often exist in the interpretation of simple
visibility measurements.

The concept of MATISSE was driven by a signal-to-noise ratio analysis aiming at comparing two basic principles that
we call the global combination and the pair-wise one. We detail this comparison and explain what has led to the selected
MATISSE concept: a pair-wise 0- multi-axial mode [1].
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1. INTRODUCTION

MATISSE has to comply with the following characteristics and specifications:
e 4 Telescope beam combiner
0 with the possibility to observe with 2T or 3T
e Spectral Coverage
0 Sensitivity optimized for the N and the L bands
0 other: M band
e Simultaneous observations in L(&M) and N bands
e  Spectral Resolution
o0 L(&M): Low=30, Medium=300-500, High=750-1500
0 N: Low=30, High=300

o0 Field rotation module

0 2D mode for acquisition

0 Polarization filters for the L band

0 Calibration devices (including phase calibration)
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Several concepts are applicable in order to generate interferograms from 4 input beams. One of the most important
constraints in the mid-infrared is the presence of a strong thermal background level. The following SNR comparison is
driving the best concept selection between two different main alternatives that we call:

e  The global combination,
e  The pair-wise combination.

The global combination assumes that all the beams are mixed together to produce a common interference pattern. While
the pair-wise combination mixes the beams pair by pair. An AMBER-like instrument is a global combination and a
MIDI-like instrument is at the same time a pair-wise combination and a global one (since it has only 2 input beams).

Several important related issues are to be considered. There are here listed:

e  Should Multi-axial (AMBER like [2]) or co-axial (MIDI like [3]) beam superimposition
preferred?

e  Should MATISSE generate specific photometric images?

e Should a specific second & phase shift interferogram (existing in MIDI) be created?

2. PAIRWISE 0-r CASE
2.1 Description

The following drawing gives a sketch of the signal encoding onto the detector with the corresponding equations of the
interferometric signal in the Fourier space. This in the case of observations with a pair-wise and co-axial combination
with chopping (a time fraction of the observation is made on the object, the other fraction on the sky).
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These equations are valid:
= In the co-axial case. This is totally equivalent to the fringes obtained in the MIDI mode.

= In the multi-axial case. It is equivalent to the co-axial case if a m phase shift is created between the two
interferograms produced by each pair of beam. In this case, u; = B;/4 where Bj; is the separation between the
beams encoding the fringe spacing.

i and j are the index of beams. « is the proportion of the flux used in the interferometric channel, (7-¢) for photometric
channel. S corresponds to the chopping ratio. It is the fraction of time spent on source, (/-£) on sky. nt is the number of
telescope beams used. n,; and ny; are the numbers of photons produced by the thermal background. »; and n; are the
numbers of photons produced by the observed source.



My(u) is the background function filtered by the interferometer in the Fourier space, M(u) is the low frequency peak of
the interferometer transfer function, M(u-u;) is the fringe peak of the interferometer transfer function at the spatial
frequency u;. M(0)=M,(0)=1. V} is the source visibility.

If a part of the flux is removed to estimate the photometry, each photometric channel when observing on source is
described by,

Pi(w)=(1-a) .[My(uw)nyi+M(u)n;]
When observing off source (sky), the interferometric channels give:
Ljosty(W)= Lijzsin()= [Q(1=B)2(n7=D))] -[Mp(w)(npitny)]
And the photometric channels give:

Pisi(W)=(1-a)(1=) .[My(w)ny]

2.2 Coherent flux estimation

The thermal background independent coherent flux, C; = (nin,-)l’zvij, can be extracted from the following estimator :

E(Cy)= [(nr=1)/ af ] [Ljo(u)- Lyz(uy)]

The variance of this estimator is:
Cei=[(nr—1) /] .[2.67]
With o7 (variance of each interferometric image):
o = [Ba2(nr—1)]. (nyi+ny+nitny) + npxozD
Where o) is the read out detector noise per pixel.

In the multi-axial case, n,, represents directly the number of pixels used. In the co-axial case, the number of pixels used
is less important (no fringe to sample spatially). But this number has to be multiply by n; which is the number of steps
necessary to produce each of the interferograms,

The fluxes of the two beams are approximately equivalent: nb,=nb,=nb and n;/=n;=n

From this coherent flux estimator, the variance ozc,-j can be calculated from :

Cei=L2r—1)afl. (ny+n) + [200r—1) /B (1,:07p) (1)

In the case of the thermal background regime:

O'ZC;‘/:/?("T—])/Cw]- np 2)

2.3 Photometric flux estimation

With specific photometric channels

The photometric information can be extracted directly from the photometric channels by the following estimator:

E(ny) = P(O)/(1=a)f - Pian(O)/(1=)(1-p)

The variance of this estimator is:

02,,,' = Ozp,'/([_a)zﬁz+ ozPi,sky/(]_a)z(l_ﬁ)z

With ¢?p (variance of each photometric image) :



i = (1-@)P(np+1;) + 1,07
rishy = (1~0)(1=B)yi) + 1
=
= n/(1-a)B +ny/(1-)B(1-f) + 1,0’/

In the case of the thermal background regime:

i = ny/(1-c)B(1-B) &

Without specific photometric channels

One of major advantages of the pairwise combination is the possibility to extract the photometric information without
using specific photometric channels.

If 3 or more input telescope beams (nr>3) are used, nt(nr-1)/2 pairs or equations of the above type are produced, then the
individual unknown photometries can be deduced.

In the case of 3 telescopes (nr=3), without photometric channels (« =1) and assuming a chopping on sky with £=0.5, the
equations of the interferograms become:

Lio(w)= (1/8) [Miy(w) (myiny)+M(u) (ni+m;) +(nim)"* VM (u-uy)]
Liw)= (1/8) [My(w)(ny+ny)+M(u)(ni+ny) -(nin)" VM (u-uy)]
Lijo.5i(w) = Lijrsio (W)= (1/8) [Mp(u) (npitnip)]
The photometry estimator of n; for instance becomes then:

E(n)=2(1120(0+1 12041130041 ;13(0)-1530(0)-133(0))-2(1120,51(0) 112 7.5100(0) 1 130,53(0) T1 13 7.5100(0)-1230,5100(0)- 123 1, 53(0) ) =11

The variance o2, is :

1 = 401120+ O 1122 + O 1130+ O 1132+ O 1230+ O 1232 +Oz]]ZO,.rky+021127z.rk}'+OZIISO,Sky +021137r,sky +02123O,sky +02123m.vky)

The variance of each image is given by:
021;70 = 021;7” = (1/8) (ny; + ny; +n; + ny) + (nprZD)
OzlijO,Sky = Oz]ijzz,sky = (1/8) (ny; + ny) + (”prZD)

If the detector noise is negligible:

Ot = 4y npytny) + 2(ntnstnz)

The fluxes of the 3 beams are approximately equivalent: nb;=nb,=nb;=nb and n;=n,=n;=n

0%, = 12n, + 6n

In the thermal background regime:

02,,1 = ]2”1, (4)

In the case of 4 telescopes (n1=4), without photometric channels (« =1) and assuming a chopping on sky with £=0.5, the
equations of the interferograms become:



Lio(w)= (1/12) [My(w)(npi+ny) +M(w) (1) +(nin) " VM (u-uy)]
Lidw)= (1/12) [My(u) (i +ny) +M(u) (ni+n) -(nn) " ViM(u-uy)]
Ljo.siy (W)= Ljrsi(W)= 1/12 [My(u)(nyi+ny)]

021;70 = 021;7;; = (1/12) (ny; + ny; +n; + ny) + (n, nprZD)
Oz]ijO,sky = Ozlijzr,sky = (1/]2) (nbi + I’lbj) + (ns nprZD)

The photometry estimator of #n; could be:

E(n)=2(1120(0)+112(0)+1130(0)+1130) 1 140(0) 1 14(0)-1/2(1230(0) 123 0) +L249(0) 1242 0) F1349(0) +134(0)) -
2(1120,51(0) 1 12255(0) 1 130,510 (0) 1 13 7,510 (0) 1 140,55 (0) 1 14252 0) -
172(1530,5(0) 123 753 0) FL240,510(0) F D24 7.510(0) F1340,530(0) F L34 750 (0))

The variance o2, is:

O u1 = 4(0 11207 O 1122 + 0 1130+ O 1132+ O 1140+ 142 +021120,Sky+ 02112;r,sky+ 02113O,sky +021137zs1<y +02114O,sky +02114iz,sky) +
(0" 1230+ O 1232 + O 1240 O 1247+ O 1340+ O 1347 + 0 1230,sky+02 12371',sky+02 1240,sky +o° 124 7sky +o 1340,sky +o” Barsky)

If the detector noise is negligible:

Ot = 6ny+3(mpytmpstngy) + 3n+ 3/2(nytns+ny)

The fluxes of the 4 beams are approximately equivalent:

%1 = 15n, + (15/2)n

In the case of thermal background regime:

Oz,,j = ]57’11, (5)



3. GLOBAL CASE

3.1 Description

The following drawing gives a sketch of the signal encoding onto the detector and the corresponding signal equations in
the Fourier space for an observations with a global multi-axial combination with photometric images and with chopping.
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In the multi-axial global case, the interferogram is defined by :

nr nr T nT
Iw)=af[Myw) D noi +M(w) Y mi+ Yy (nn)" ViM(u-uy)]
i=1 i=1 i=1 lJ:jl
With u; = B;7/A where Bj; is the separation between the beams.
Each photometric beam when observing on source is described by,
Pi(w)=(1-a)p [My(u)ny+M(u)n;]

The interferometric channels when observing off source (sky) give,

nr
Lig(W)=a(1-B)[My(w) Y 1 ]

i=1
The photometric channels when observing off source (sky) give,

Pigo(w)=(1-a)(1-) [My(u)ny;]
3.2 Coherent flux estimation

Then the coherent flux can be extracted from the following estimators considering 3 cases:

= “Clear peak” case: It corresponds to a fringe peak without contamination by the energy peak and the thermal

background peak : Mj(u;)=0 and M(u;)=0
E(Cy= I(uy)/ap

Leading to a variance ol Cij »



nr
o= L/l = o= Z(I’lbi + i) /af +ny 0 /ol B

i=1
The fluxes of the two beams are approximately equivalent: nb,=nb,=nb and n;/=n;=n
ey = ni(nytn)/aff +np o /ol fF
In the case of thermal background regime:

O ey = npny/ofy (6)

= “Thermal background contamination peak” case: It corresponds to a fringe peak with contamination by the
thermal background peak only: Mj(u;)#0 and M(u;)=0. It is the most probable case in the thermal background
regime.

E(Cy= I(uy)/off — Ly (uy)/oa(1-H)
Leading to a variance 02Cij ,
nr
O'ZC;‘/: Ozl/azﬂz_/_ozlsby/az(]_ﬂ)z = Ozcij: Z(nbi + i) /af(1-p) + anOZD BHI1-BY Ve (1-BFf°
i=1
The fluxes of the two beams are approximately equivalent: nb;=nb;=nb and n;/=n;j=n

o’ci = na(nytn)/ af(1-P) + nyo’p (B+1-BY Ve’ (1-prf

In the case of thermal background regime:

ey = nr.ny/af(1-P) (7)

= “Crosstalk between peak” case: It case corresponds to a fringe peak with contamination by the thermal
background and the energy peaks : M, (u;)#0 and M(u;)#0.

By g £ L)

W= HUy)/op — 2, ——

’ ! m(-a)p

Leading to a variance 02Cij ,
nr O'2Pi nr

Ozc,j: 021/0!2ﬂ2+ ZW = Ozcl'j: Z(nbi + ni) /aﬁ(]—a) + I’leO‘ZD (i’lTO!Z-/-(]—O!)z)/(ZZ(]—Ol)Zﬂz

-1 (l-a pa

The fluxes of the two beams are approximately equivalent: nb;=nb;=nb and n;/=n;j=n

i = na(my+n)/ ef(1-a) + nyo'p (nr.of +1-a)f Vo (1-a)

In the case of thermal background regime:

ey = nrny/ef(l-a) (8)

3.3 Photometric flux estimation

The photometric information is extracted from the photometric channels by the following estimator :



Emy) = P0)/(1-0)B - P, (0)/(1-0)(1-P)
The variance of this estimator is :
= ni/(1-a) [F + iy /(1-0) (1-BF
With o7 (variance of each photometric image) :
i = (1=a)B(s+n;) +np0’p Tristy = (1= )(1-B)n) +1p0”p
=
0% = n/(1-a)B +ny/(1-c)B(1-B) +n,0'p/B

In the case of thermal background regime:

ozm' =np /(]_a)ﬂ(]_ﬁ)

4. SNR COMPARISON BETWEEN THE PAIRWISE 0-r AND THE GLOBAL
CONCEPTS

The visibility estimator is:
E(Vy) = E(CYNEm)E(n))"
Its root mean square is:

12
O-Vlj = UC,]/(nlnj) + Oy C,,/(n,nj)

It requires the knowledge of ozq,- and &,;.

)

The equations (7) and (8) show that the optimal SNR on the coherent flux for the global case (if the fringe peak is
contaminated) is obtained with a=0.5 (equivalent flux for the photometric and the interferometric channel) or f=0.5

(equivalent time spent on the object and on the sky).

The following comparison is made with these values, except for the pair-wise 0-mt combination case with 3 or 4

telescopes where the photometry can be deduced from the interferometric signal (a=1).

The following tables give the inverse of o (which represent the square of the signal to noise ratio) of the coherent and

photometric fluxes relative to the 4 telescopes global case taken as a reference.

Coherent flux table

1/6%c; 2T 3T 4T
Global “Thermal background contamination peak™: a=0.5, $=0.5 2 4/3 1
Global “Crosstalk between peak™: 0=0.5, f=0.5 2 4/3 1
Global “Clear peak”: a=0.5, $=0.5 4 8/3 2
Pair wise 0-rt: a=0.5, =0.5 4 - -

Pair wise 0-n: a=1, =0.5 - 4 8/3




Photometry table

/6%, 2T 3T 4T
Global “Thermal background contamination peak™: a=0.5, p=0.5 1 1 1
Global “Crosstalk between peak™: a=0.5, B=0.5 1 1 1
Global “Clear peak”: a=0.5, p=0.5 1 1 1
Pair wise 0-rt: 0=0.5, =0.5 1 - -
Pair wise 0-n: a=1, $=0.5 - 2/3 8/15

5. CONCLUSION

The pairwise 0-n concept without specific photometric channel offers the best solution for different reasons:

= A better sensitivity (SNR on coherent flux),

= A better reliability for extracting fringes from background, benefits from MIDI experience using the 0-t mode,

= A better visibility accuracy (from the SNRs achieved on the photometry and the coherent flux) ,

= A reasonable optical complexity.

A pair-wise separation and a 0-r splitting can be performed with a multi-axial combination of the 2 beams contained in
each pair. This kind of combination automatically transforms the temporal scanning into spatial encoding and allows a
larger margin of the detector readout time. It is thus more compatible with the detector readout speed considering the
coherence time of the atmosphere. It offers the advantage to avoid temporal scanning mandatory in the co-axial mode
and the related difficulty to implement the actuators after the pair-wise separation in the MATISSE cryostat. The
possibility to perform temporal modulation in the warm optics is however maintained to allow a better data calibration

by regards to background fluctuations and detector gain table variations.
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