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In Memoriam

This book is dedicated to the memory of our esteemed colleagues
= Bernard AUBEUF

& Francis GILLET
Henrl GONTARD
Bolaml PRAYER

s Patrick VIBERT

and of the other 15 persons who died oo 1% of July, 1999, in the tragic accident of the
cable car giving access to the IRAM interferameter site on Plateau de Bure.

Bernard AUBEUF and Patrick VIBERT had been with the IRAM interferometer sinee
the very beginning of its construction. With the help of Hend GONTARD, they hal
assumed the difficult task of handling the cable car, the general maintenance of the Platean
de Bure buildings, & well as long days of snow clearing to allow the configuration chanpes
in winter. Franeis GILLET and Boland PRAYER had been regularly joining the IRAM
atall for the summer maintenanee, and for the construction of the antennas,

15 employess of companies working as contractors for IRAM (either on the baseline
extension, or on fweilities like telephone equipment ) also lost their lives in that accident.

Without their efforts, millimeter astronomy would never have come o the Plateau de
Bure site. We wish to dedicate these proceedings to their memory.
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Preface

Thi book contains the proceedings [vom a summer school held at IRAM In Gremohle from September
14 to September 18, 1998, The schonl was attemded by more than 5 participants from abroad. Not
all leetures have been put In written lorme the school also ngluded a geseral Introdeetion to millimeter
astromamy by Dr. Clemens THUM (IR AM). A vislt of the IR AM lnterferometer on Platean de Bure was
an essenilal part of the school, which gawe an opportunity to the attendanis o econfont the concepis
described 1o the lectures to thelr practical Implementation on the sie.

Thee seluwol wonld not have oceurmed without the dedication of M Catherine BERJATUD, who kndly
took care of all logktls problems hefore and during the sl

Hpecial thanks are also due 1o the stall of the Platean de Bure Intederometer, who made possihle a
vislt 1o the site despite the inherent difficultles 1o handle such a large group of pesons.

Wi alsg thank Alain PERRIGOTUARD and Roger AHTCHOU lor help with the video equipment which
gave us a kot of Tun diring the “real tlme™ sesslons.
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Chapter 1

Radio Antennas

Albert Greve

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

1.1 Imtroduction

We can define a radio and einn as an Instruoment which eollects, and delecds, electromagnelic radialion rom
a pertain aren amd direclion of the sky, allowing to build wp an image om individual obeervatioms. In
radip astromomy we amw interested in the detection apd analysis of radiation emitted fom celestial objecis,
Le. solar system bodies, stars, Interstellar gas, galaxies, and the unibverse. The eleciromagmetle radiation
ohserved In radio astmpomy covers the wavelengih range from several meters, say 10m [= M MHz), 1o
a fracton of & milimeter, say (0.3 mm (= LNKGEH). Sinee the antenna must be many wavelengils in
diameter in order o collect a large amount of energy and to provide a reasomable divectivity [angular
resplution), it B evident that amtennas for meter wavelengths may have dimensions of many 10 meters to
several L meters, while antennas for millimeter wavelengtls have dimensions of several meters 1o several
10 meters (= L0000 to S0000 As). The techniguee of mechankal contrection is therelore different for
meter and mllimeter wavelength antennas: antennas for m-wavelengils can be comstructed, for Instanee,
as mesh-—wire networks and plate arrays, mm-wawelength antennas ave lull-aperture solld surface parabolic
reflecior antennas. Typleal examples are the obsolete Mills-Cross antenna, the Efelsherg and GBT 1E-m
antennas, and the IRAM 30-m [Plo Veleta) and 15-m [Flateau de Bume) antennas. However, despiie the
varkty of mechanical comstructions, all antennas can he usderstood foom basle principles of eletromagnetle
radiation, optics, and diffraction.

Here we discuss ull-aperture parabolic aptenmas, ke the IR AM aniennas, which are wsed Ior obser-
vathons at ~ 3 — (LB mm wavelengith [ 100 - A5 GHz). These antennmas are very similar to optical reflecior
teleseopes amd wse in partieular the Casseeraln configuration of a parabolie main reflector amd a hyperbolic
subreflector (Figure 1.3}, with an image lormed at the secondary locus near the vertesx of the maln rellee tor
where ihe repelver, or a recelver—array, 1s ingtalled. These antennas are sleerable and can observe In any
direction of the visihle emisphere, with the Lacility of tracking, scanning, and mapplng of a soures.

The eollected radiation s coneentrated In the secomndary locus and B (ooherently) detecied by a recelver
at a pertain requency ¥ (or wavelength A) and within a certaln bandwidih A (or AA). Heteoosdy ne mm
wavelengih recelvers, which preserve the phase of the Incldent radiation, have small handwidils of the

1



2 CHAPTER I. RADIK) ANTENNAS

.d Aparien .;I,I I g
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Figure 1.1: Dhstration of Huygens Prineiple. The individual poinis of the plase waveloont in the aperture
plane [ 4] are the origln of speondary spherical wavelets, which propagate to the right, amd superpose to
form a plame wavelront In the iImage plane [T). The gptieal Istrument [teleseope) s placed n between 4
and T.

arder of A = 05 — 2 GHe so that Avfy = AN = 05 GHe/ LI GHz = 1,200, From the point of view
ol antenna optics, these recelwirs detect “mongchromatic™ radiation, and the antemna characteristios can
he caleulated lor a monochmomatiec wave (a5 will be done below). Bolometer rocelvers, on the other hand,
detect power In a hroad bandwldih of the order of Ay = MIGHz so that Aw = M GHz 20 GHz = 105,
These detectors are no longer monoshromatie, and the chromatism of the antenna mist be comsidered in
thelr application.

The consiruction and operation of 8 radio antenna is hased on exact physical theorkes, 1ke Maxwell's
theory of electroma gnetle radiation, the polnting theory of an astronemical Instrument, the tramsfisrmation
[mixing, down-conversion, amplification) and detection of deciromagnetic radiation, ete. The theory of
a radio antenna presented bere 18, however, only the very tip of an leeborg (of several 1M published
pages), it may provide sufficient Information lor the wser astronomer to mderstand the hasle principle
al & telescope, elther a perfect one, which nobody has but which can he described with high preckion,
or a real gne, with small delects and aberrations, which can be deseribed with sulliclent detall to apply
oorrectlon.

The theory, eonsirecton, and wee of radio antennas Is contalped In many texibooks amd journak
such as IEEE Transactions Antennas and Propagation, Radle Sclence, Applied Optics. A blased selec-
tion is mentioned beve: [Born and Woll 1975 [Reynolds et al, 1988] [Love 1978] Lo awd Lee| [Kraus 1983]
[Goldamith 1988

1.2 Basic Principles

The properiies of eleciromagnetic radiation propagation and of radle antennas can be dedweed om a few
hasie physieal principles, le.

1. the motlon that Eleciromagnetic Radiation are Wawes of a certain Wavelengih (A), or Freguency (1],
and Amplitisde [A) and Phase [@);

2. Iom Huygers Principle which says that each element of a wavelront 1s the origin of a Seeondary
Hpherical Wawelet:

3. ile notlon that the Optical Instrument (1ike a single—dish antenna, a telescope, ete.) combined with
a recelver manipulates the ncldent wavelront through thelr respective phase amwd amplitude t@msler
Tmetions.

Summarked in one sentenoe, and prowven 1o the ollowing, we may say that the radio antenna iramsforms
the radiation Incldent on the aperture plase (A) 1o an Image In the Image plane (T, also called focal plame.
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Following Huygens Princlpls DNustrated in Flgure 1.1, the polnt alx,y) = al@ of the Incident wavelront in
the aperture plane 4 is ithe origin of a spherical wavelet of which the Geld AE(a") at ile point a'[u,v) =
afd) In the image plame T Is

AE[d) = A [Fexp[iks] /s (L1}
with k = 2a/A The ensemble of spherical wavelets arriving fom all peints of 4 at the point a'(3) of the
image plane T produces the fGeld

E[d = f A.-l[ﬂ.';[ ()| i iks) ) ety (12]

For the paraxial case, when the rays ame not strongly Inclined against the direction of wave propagation
[Le. the optical axis), the nelination factor A can be neglected sinee AJF) = cos(#) = 1. Ako, & = so lor
paraxial raye, it expliks] # explikss] sinee these are cosine and sine termes of & where a small change in
& may prisluce a large change of the cosine or sine value, Thus for the paraxial approcimation we may
write

=[x -+ (v —v) + 2" = R+gixy,R) - (xu+yv)/R (13)
with

R=(x*+y" +2")"* and glx v, R) = (=" +¥*)/2R (L]
When using these expressions in Eq. 1.2, we obiain

Efu, v) = [exp(ikR) /5] j Al yexplikigl, v, R) — (e + vy) /R]]dsely (15)

Thi equation des¢ribes the paraxial propagation of & wavelront, lor Instapce the wavelron arciving Trom
a wery [ar away star. In particular, this equation says, that without disturbances or manipulations in
hetween A4 and T the plane wavelmnt continues 1o propagate In strajght directlon as a plane wavelbont.

1.3 The perfect Single-Ddish antenna

We now place an optical Instrument [a mirror, lens, telescope ete.) In the heam between 4 and T with the
Intention, for instance, 1o form an image of a star. Optical Instrumenis ave Invenied and developed already
slnge soveral centuries; however, the physical optics [diffraction) understanding of the Image formation
started only a good HE) years ago. This, speaking In mathematieal terms, the teleseope [T) manipulates
ihe phases [not so much ihe amplitedes) between the points (7 of the aperture plane [ 4) and the points
(@) of the Image plame [T) by the plase tramsler Tunetlon 2g(F,3), 0 that the wavelmont comverges In
the loeal point. The recelver [R) fdetector Introduces an additional modulation of the amplitede (3g(F, @),
as deseribed below. Using thk Information, the field ditribetion In the beeal plane [T) of the telesoope
heeomes

E(if) = [explikR /5] f Ao e ikiglx,y, R) — (wx+ vy) [R)]ddy (16)
The phase modulation of the parabolle relector sed in a mdie telescope 15, Tortunately,

1l = eep[—ikg(x,y, F)] %)

[where F 15 the local lengih of the reflector), which Inserted nto Eq. L6 elimina tes thi term in the exponent
&0 that

E() = [exp(IkF) /F] f Al e ik(us-+ ) Flddy = FTIAR ) (18)
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Py

Reflecior
W

Figure 1.2: Phase modulation of a reflector. The plane wavelront (W) propagates to the left and the ray
reflecied at Plx,y) toward the loeus F s shifted In phase by the amoont A

ThiE equation says that the feld distribution E{@) in the focal plane of the teleseope 18 the Fourler trans-
form [FT) of the receiver—welghted leld distribution A[F) () in the aperture plane. Since E(J)E"[d) #
A — 1) Tor a realistie optical Instrument fieleseo pe with lmited aperture sloe, we arrive at the well known
em pirieal fact that the Image of a polm-1ike object 15 not polnt-lke; or; with other words, the Image of a
star Is always blurred by the beam width of the antemma Gy o A/D, with D tle diameter of the relloctor.

To ¢lose the argumentation, we need o show that the telescope manipulates the incldent wave in the
way glven by Eq.1.T). To demonsirate the property In an easy way, we consider in Figure 1.2 the paraxial
rays of a parabolie reflecior of focal lengih F. From geomeirical arguments we have

(F— A+ [« +y") =F* (149
which lor small A beeomes

A=—(+¥)/F = —glxy F)=1lo(f (110

which B the Imstrumental plase modolation Tonetion {4 wsed above. The prool s ghven or a simple
parabolie reflecior; lowever, a combined teleseope with main rellector and subreflecior can be treated in
a slmilar way, leading to tle same resuli.

The lumdamental Eq.18 can be used to show that an interferometer 15 not a single dish antenna, even
though ome tries with many Individual teleseopes and many telescope positions (haselines) 1o simulate as
goond as possible the aperture of a large reflector. IT we assume for the single dish antennas that A(F) = 1
and {1y =1, then the power pattern P{d) (heam pattern) In the local plane of the single antenna B

P(@) =E@E (@) = [ [ expl-ikitf - £a))(dxdy), (dsdy)y x W’ (L11)

where Ty is the Bessel funciion of first order (see Born and Woll, 1980). The funciion [ [|::|,-'|:]’ E
called Alry luctlon, or Alry pattern. The Interfemmeter does not simulate 8 continuous surface, bt
consists of Individueal aperture sections A, Ag, ... of the Individual telescopes, so that lis power patiern
Pz (beam pattern) in the loeal plape s

P =35 j . j _explikil(F, — &) idxdy), (dxdy); # P() (112)

The Im portant result of this equation is the fact that the Image obialned with the nterferometer & “ineom-
pkie”, though eertainly not as hlirred as seen with a slogle teleseope (B a0 A /D), bt having the superir
resplution of the spatial dimemsion [approsimately the longest baseline B) of the array (He « A'BL BFor
the Platean de Bure Intederometer B/D = Wim/ 15 m = ) s that g = 1/ G, The Incompleteness
sometimes requires [In partieular for mm-VLBI olserations which are very similar) additional informa-
tlon for a Tull image reconstricton, for Instance that the ohject conslsts of sevem] polnt-1ke sources, or
a point-like source and a surmounding halo, ete. (see for instance the mumber of components in CLEAN ).
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Figure 1.3: The figure shows a
_ Horn Cassegraln telescope and the 1-
Receiver limination g of the incident

plam waveltont W

The single telescope selecis a part of the Inckdent plame wawelront and "bends’ this plame Into a spherical
wave which comverges toward the focis. This spherical wavelront enters the recelver where 1t B mixed,
dow n-converied In Teguency, amplified, detected, or correlated. The bom-lens combination of the e
eelver modifies the amplitude of the spherkal wavelront In a way expressed by the Tunction £ (7). Thi
Tumction, called taper or Mumination Temction of the born-lens combimation, welghs the wavelron across
ihe aperiure, wually ina radial symmetric way, Flgure 1.3 shows, sthema tically, the effect of a parabolic
taper as ofien applied on radio telescopes, and expressed as

(o) = K +[1 - o (1.13)

with p the mrmalized mdis of the elrenlar aperiure, and K and p belng eonstamts. For A[Flj= 1 (Le. an
Ineident wavelront, withont structire ) the difraction lntegral is

Ex(d) = [ Duifexpl-kifdsdy and E@E(D) = Ar(d (L1d)

Er 15 the tapemed Beld distribution n the focal plame, and Ap the tapered heam pattern.

Figure 1.4 shows as example a two-dimemsional cut through tle caleulated beam patiem Ay of the
IRAM 15-m teleseope at A = Imm, onee withowt taper (Le. Tor {3(F) = 1), and for a -10dB edge taper,
Le. when the welghting of the wavelront at the edge of the aperture s 1/10 of that at the cenier jsee
Figure 1.3). As seen from the Hgure, the taper preserves the global strecture of the mon-tapered heam
pattern, e the main beam and side lobes, hut changes the widih of the heam [BW: €y ), the position of
the first null (B ), and the Jewel of the side lobes. The effect of the taper depends on the stee pness of the
main reflector sed In the teleseope, as shown in Figure L5 The influence of sewveral taper lorms B ghaen
in Table 1.1 [Chrktiamsen and Hoghom 1968).

The complete teleseope, Le. the optis combined with the recelver, has a heam pattern Ap(d) (Iin
gpties called polnt-spread-Tunetion) with which we observe polot-1ke or extended objects In the sky
with the Intention to koew thelr position, structural detall, and hrightoess distribution Bg as Dunetlon of
wavelengilh, The telescope thus provides information of the lorm

J’[ﬁ':lc:fs“ Ag(@ — 7)Bg (A4 (115)
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Figure 1.5:

Dhistration of the tapered heam pattern lor telescopes wsing parabolic main rellectors of
different steepness, expressed by the opening angle 8.

IRAM 3-m and 15-m telescopes: &, = 637,

optical telescopes: &, = 5°. Taken from [Minnet and Thomas 1968]
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Dale ) = K+ (1- g)F

E(@) = [, iz, y) expl—ikdF)ds

Beamwldih  Flmst mull First Mlas lmoum

iy iy Sidelghe  Apertum
p K [radian) [radian) [dB) Efflciency
o0 L2 A/ o 122 A0 176 L0
1 0 Lar A/ D 162 A D 4.7 .75
20 14T Af D 208 A D T .55
1 02h  LITAND 149 MDD T LaT
2 02 1l:\™yND 168 MDD 323 &l
1 05 113 A/ 133 A/D T2 (a2
2 05 LG A/ 1AL AMD .5 (A8

Tahle 1.1: Beamwidils, side lobe levels, and maximum aperture efficlency (e.) lor varlms parameters of
the tapering function. From [Clristiamsen and Hoghom 1968

IT the telescope B perfect, and we know A, we can use the Information Id) to derive the calibrated
hrighiness distribution Bg of the souree. ditribution.

When we point tle antenna toward the sky, In essence we polnt tle heam In the direction of olseration.
I, for Instance, we olserve a polnt-like souree it s evident that tle peak of tle main heam shonld point
exactly on the spuree which requites that the pointing ermors [(AG) of the telescope should bhe small in
g parison to the beam width, The loss In gain ls amall, and acceptable, 1the mEpolming A < 171008,
Hinoe modern radio telescopes use an alt-azimuth meunt, this eriterlon says the mEpointing in azimuth
(A6, and elevation [A6,) direction should not exceed 142 this walue. The pointing and focus (see
helow) of the IRAM aniennas are regularly checked during an obeervatlon, and corrected I required. The
corresponding protoosl of an ohserving session at Plateau de Bure, ising b antenmas, & shown In Figure
L.

1.4 The real Single-Dish Antenna

A telescope, however, I8 mewver perfect sinee mechanical, thermal, and wind-Induced deformations of the
slrpcture ooeur, and the opties may be misaligned andfor have prodecton imperfections, lor omne or
the other reason. The mesuling effect on the heam pattern I8 negligible ¥ the ¢orpsponding wavelront
delormations Introduced by these Imperfections are small compared o the wavelengih of olseration,
generally smaller than -~ A S5 the effect 15 moteeable and disturbing when the wavelront delormations
are large compared to the wavelengih [~ 1/454 and larger). The wavelroni deflormations due to such
Imperfection may be of systematie nature, or of random mature, or hotl.

14.1 Sytematic Deformations: Defocus, Coma, Astigmatism

There are three bask systematle surface/wavelront delormations (pocasionally assoclated with pointing
errors] with which the olserwer may be confronted, Le. delocus, coma, and astigmatism (8 tramslent
Teature on the IRAM 30 m teleseope).

1. The most important systemaile wavelbont /beam ermor 15 due 1o a defoeus of the telescope. Thi
errar s easily detected, measured, and corrected foom the ohservation of a strong souree at a numhber
ol foris settings. Figure 1.7 shows, as example, the beam pattern measured on Juplter with the
telescope heing gradually delocused. Evidently, the peak power In the main beam decreases, the
pover ln the side lobes Inemwases, untll finally tle heam pattern has completely ¢ollapsed. To e on
the gafle slde for observations, the defocis of the telescope should not excesd ~ 17104, A delocis
does nol Intreduce a polnting ermor.
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Figure 1.6: Protocel of peinting eorrectlons applied In agdmuih and elevation direction, and focus corre-
thons; shown for 5 antennas during an oheervation which lasted 6 hours.

Mormalized Power

]
Arcseconds

Flgue 1.7T: Eflect on
1the heam pattern [scans
across Juplter) Introdseed
by deforising the TRAM
L5-m telescope (shifts of
the subrellector In steps of
Afd, A = 3mm).
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Cama, IRAM 15 m, A = 3 mm
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Figure 1.8: Dlusiration of a ¢o-
mati beam [eeanmed n the di-
rectlon of the ocoma) especially
produced on the IRAM 15-m
telesoope. The shift of the sub-
meflector B indicated by 5. The
beam pattern s perlect at 5 =
rom el P v e e S PR (. Note the shift of the beam
OO —A00 700 0 200 [polnting error) when the suhre-
arcsaconds Necior Is shifted.

2 A telesoope may have 8 comathe wavelront heam error dise to 8 misaligeed subrefecior, shifted
perpendicular off the maln meflector axls. Figure & shows, as example, a cmwss scan through a
comate beam of the IRAM 15-m telesoope, especlally prodused by displacement of the subreflec tor.
A ppmatie heam pattern Inirodeces 8 pointing error. [ may be seful for the olserver 10 reoognize
this error, in particular if unexplained pointing errors oocur in an eleenations. [The IRAM telestopes
are wegularly checked for misalignments, and correspondingly eormected ]

3. A telescope may have an astigmatle wavelront fheam error, usually ntreduced by complicated
me¢hanieal andfor thermal defomations (a transkent feature on the IRAM 30-m telesoope). While
this heam deformation & easlly recognled by the olserver rom the difference in beam widils
measired oo in-and ot ol -focus ¢ross scans, the Improvement of the telescope saally Is diffiealt,
and ot of peach of the olserver. A loeised astigmatle beam does nol Introduee a polnting eroor.
Figure 19 shows tle lorised beam patiern measured on a telescope which has a strong astigmatic
main reflector (amplitede of the astigmatism ~ 0.5 mm).

The heam delormation of systematic wavelont delormationrs eccurs close o the maln beam, and
the exact analysls should be hased on difffaction caleulations. A eonvenlent deseription of systematic
deformations 1ses Zernike polymomials of order (n,m) [Born and Woll 1975, Withount going ino details,
the Lernike-ty pe surface deformation &, 5, = e, ., . (p) cos(med) [with (p, &) ormalised coordinates ol the
aperture, and R special polynomial functions] with amplitede o, ,, has a quas] rme—alues =, ., 0o+ 1
and Imtrodsces a loss In maln heam Imensity of

e [0 7 e p|— (e fAF {0 + 1] (1.16)

For primary ooma n = 1, for primary astigmatkm n = 2. Although the heam deformation may be very
notleeable and sevem, the assoclated loss In maln beam Intensity may sl he Jow hecase of the reduction
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Figure 1.%: IMusiration of an
astigmatic heam pattern; well fo-
cused.

~ Z3ERTLIH,

Figure 1.10: Explanation of ran-

Joo- Rt dom ermors [4) and thelr ¢orpe

-y his lation length (L), for Gamssian

s hat-Ike deformations (example).
- [Fiieze 100G

by the factor (n+1).

14.2 Handom Errors

Besides systematle surlace wavelront deformations explained above [malnly due to misalignment of the
gpties), there are often permament random delormations on the optle surfaces Tke ripples, seratches, dentis,
twists, misaligned panels, ete., with spatial dimemsions rang ing from several wavelengils to significant arcas
al the aperture. Thess delormations Intoedece ldentical delomations of the wavelvont, which cannot he
expressed In mathbematical form (a5 the Zernike polynomials wsed above). Nevertheless, the effect on
the beam paitem of this type of delormations can be analyzed In a statktical way and mom a simple
e pression, the RUZE equation. This equation & ofien msed 10 estimate the quality of a teleseope, in
partlieular as Tunction of wavelength. The walues obtalned fom this equation are directly related 1o
the aperiure efficlency, and beam eficlency, of the telescope, and bence are Important for radiometric
measiremenis [gee Sect. L5).

As Nhistrated In Figume 11U, there are two parameters which allow a physieal-optis deseription of the
Inflienee of random errors, Le the rms—alue (foot mean squam valie) & of the delormations, and thelr
correlation lengih L.

Random errors oeewr primandly on the main meflecton the other optical compomnis of the telessope
[subreflector, Nasmyih mimor, lenses, polarkers) are relatively small and can be mamlactiured with good
predcsion In order 1o explain the rms—value &, we assume that the reflector aperture Is divided Into many
elements (1 = 1,2, W), and that for each element [i] the deformation 1) of the reflector 15 known with
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respedt to a emonth mean surface. The rms—valie of these random surface delormations &

o =1,|'E EE_LINJ[]J*,EN [LL1T)

The surface delormations §(1) ntroduce corresponding wavelront deformations ¢ (1), approximaiely two
times larger than the mechanical delormations § In case we are dealing with reflective optics. The rms
value e of the corresponding phase delormations of the wavelront s

ae=2kRa (118

agaln with k = 2a /A, and R = (L8 a factor which takes Into aceount the steepness of the parabolle main
reflecior [Greve & Hooghoudt 1981].

A deseription of the wavelront delormation by the rms-valie o, 5 Icomplte sinee the wlue does
not contaln information on the structure of the delormations, lor nstance whetber they conskt of many
dents at gne part of the aperture, or many scratches at another part. 4 selol physical-opties deseription
reqdmes ako a kowledge of the oorrelation length Loof the delormations. L & a mumber (L < D) which
quantifies the edent over which the mdommess of the delormations doees not change. For example, the
delprmations of 8 maln reflector constructed om many Individual panels, which may be misaligned, ofien
has a random ermor correlation length iy pleal of the panel slee, but also a correlation length of 173 10 1/5
af the panel ske due to Inaccuraches In the fabrieation of the ndividial panels. A typical example s the
M-m telescope [Greve et al 1998].

When knowing, by one or the other method, the rms—valee o, and the ¢orrelation lengih L, It kB
possible o expmss the resuliing beam shape In an amalytie form which describes well the real situation.
The beam pattern FE) of a wavelront with random deformations (o, L) [the telescope may actually
have several random ermor d]r.iﬂhmln:mr.] corslsts of the degraded diifraction heam F.(8) and the error
heam JF, (€)) such that

F8) = Fe(6) + Fa(8) (119}
with

Fel8) = exp[ — (o.)*[AT(8) (120)
where Ar(8)) Is the tapemed beam pattern (Eq.(5)), and

Fa(8) = aexp|—(nOL/ A (121}
where

a = (L/D)*[1 — exp(—oj] e (123)

In these equations B D ile diameter of the teleseope aperture, A the wavelength of ohservation, € the
angular distanee from tle beam axis, and e, the aperture efficlency of the perfect telseope. In the
formalism wand lere the beam ls cecular symmetrle. The ertor beam Fa.(6)) has a Gausslan profile of
width FWHF) 8, = 0530/L [radians|, Le. the smaller the correlation length (the finer the irregular
sirpeture), the hroader Is the heam widih €. The random ermors of panel surface delormation and panel
allgnment errors may have large error beams [up to ammingies n extent) which can plek up radiation fvom
a large area ouisde the actwal spuree. A koowledge of the strisctiore and of the kevel of the ermor heam (s)
Is therelpre Important when mapplog a souree aml making absolute power measurements. Figume 111
shows the diffraction heam and the ¢omhined error patierms measured on the 3-m teleseope at varios
wavelengils, The smaller the wavelkngih of olseration, the smaller is the power recelved n the main
heam amd the larger the power recelved In the erpor beam. Due 1o lis partieular mechanical eonstrsction,
this teleseope has three ermr beams [(Greve et al 1958).
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Figure 1.11: Beam patiern mea-
sured on the IRAM 3-m iele-
seope. The beam conskis of the
diffraction beam (= main beam)
and a combined, eciended ermor
heam [solld line).
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Ruze Relation

e — (4R 3)]

Figure 1.12: Dhstiration of the

2 3 F
Wavelength (mm) RUZE relation exp[-{4xRe (4)7]
as lunetion of wavelength [Ioe-

- geency) and values Re as indi-

Frequency (GHz} cated [mm).

300 200 100

1.5 Radiometric Relations

The Imperlections of a teleseope, elther due o systematic or random errors, prodoee beam delorma tlons,
a lpss In gain, and locus amd pointing ermors. These effects mist be taken Into aceount when mapping
and measuring a souree. Information on the heam patiern obtalved from a map [for Instanee hole graphy
map) of a strong point-1ke souree; information on the sensitivity [Jy/K] and calibmtion of the telescope &
ohialmed from absoluie power measuremenis of, lor Instanee, the planets, of which the brightness tem per-
atures are guite well koown. This Information s sually collected by the ohservatory stafl, and provided
to the observer [(MH-m Teleseope Manpal: olseration protoecols of Plateay de Bure measurements).

We summarke the Influenee of random delormations, at least as [ar as the main beam s coneerned,
glnce for thls case the RUZE equation provides sulllclent precision for an understanding of the telescope
hehaviour; also for the astronomer observer without going intio complicated radio optics detall. Thi
relation appears In the expression of the diffractlon heam JF. (see Eq.L3)) and shows cleady the fact
that the degradation of the teleseope, In partieular for power measurements, increases exponentially with
weavelengil.

Apert ure Efcle ney:

fap = £ ﬂpl—ﬂ-.,,] = -rﬁexpl—['hRﬂ-.l'Ju:l?]

Antenna Galn:
8T, = 20k A)Far feap = 2(kfA)exp[+HoR /AT fean Py /K]
Beam Effielency:
Bog = (LARED [En/ (A /D) feun
Bn=ad/D, 1<al2 [radians

Bog = 1.2¢ exp[—[4aFo 4)7]

The gquantities in tlese expresslons ame £,: aperture eflclency of tlhe perlect telescope (uswally of the
order of ~ 75 — 9% ; see Talle 1.1); ap' elective aperture efliclency at the wavelength A, Including all
wavelront | telescope delormations; & rms—value of the telescope opiies delormations; B == 08 reduction
factor for a steep main reflector (N = F/D = (.3); 8: lix density of a point soume [Jy]; T5: measured
antenna temperature [K]; A: geometrie surface avea of the telescope [m*); Fg forward efficiency, measured
at the tekseope lor stance mom a sky dip; Gy main beam widih ([FWHP).
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Chapter 2

The interferometer principles

Stéphane Guilloteau

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

Thik leciure presenis the principle of the eterodyne nterferometer. An betersdyne Interferometer &
com posed of antennes (described In AGreve lecture 1), receivers [discribed In B.Lazawef lecturs 3),
a correlatoer (described In H. Wisemeyer lecture 4) amd an awlul lot of cables and conmectlons. The
legiure only describes the hasle principles; a more complete deseription, ncuding subileties dee to mudtiple
Trequeney comeerslons and diglial delay lims, 15 given In B.Lucas lecture 5.

2.1 Basic principle

The antenns producs a Voltage proportional to the lnear superposition of the Incident elecirie feld
pattern. For a dmple momechromatle case:

[(f) = Ecoa[2aut + 1) [21)
In the recei ver, 8 mi ger superim poses the feld generated by & lecal oseillator to the antenna outpiat.

Upo(f) = Goos( 2rvpot + Do) (2:2)
The mixer s 8 mon-liear element [disde) whose ouiput is

I(t) = ao + a(V(E) + Vio(£) + ax (V8 + Vealt))* + as(V(6) + Veolt))* + ... (2.3)
The second order [gquadratic) term of Eq.3 can be exprossed as

It) =
aa Eos® [ 2avt + 1)

Ziry B oos | 2aud + Pieos(2aveot + Tro)
axl oo [Znvpot + brg)

+ + + +

(Z24)
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Figure 2.1: Relation between the [F, RF and local secillator frequencles in an beterodyne system

Developping the product of the two coslne luneilons, we obitain
Iti=
+ o EQeos[Ir(v + mo i+ F + B
+  aeEQous(2n(r —veoli+ 8 — b))
+ .. [2.5)
There are obvimsly other terms In 2o, 2, Jvpo £ e, ete .. In the abowe equation, as well as terms at

very diiferent frequencies ke o, 3, ele ...
By ngerting a flter at the output of the mizer, we canselect only the term such that

ey — A3 | — ol = e+ A2 [245)

wihere wyp, the so-called Ind emediale Frequency B a Iegquency which is significantly diferent from than
the original slgnal fTrequency » [which is olien called the Radio Frequenoy vge).
Henee, afier mixing and fliering, the output of the receiver &

M) e EQooe[Taiy — woli+ 8 — dpa) [27)
a
Ity o EQos(Zriveo — )t — &+ duo) (28]

Le
# chamged In frequency: v — 1 — o OF ¥ = PLo — 0
& proportional to the original elecide Beld of the Incldent wave: « E
& with a phase relation with this elecirie feld: & — & — $ro or & = $po— 0
# proportional to the lecal escillater voliage: o Q)

The egqueeney chamge, wually towands a lower Teguency, allows 1o select vy such that amplifiers and
tramsport elements are easily avallable lor hether procssing. The mixer deseribed abowve acoepts slmulia-
nepusly reguencles which are [see Fig.2.1)

# higher than the local secillstor Teguency.
Thi & called Upper Slde Band [UT5B) mece ption

# lower than the local oseillstor eguen:y
Thi & called Lower Side Band (LEB) reception

and canmot a priord diEtinguish between them. Thi s called Doubk Side Bamd (DSB) reception. Some
recelvels are actually Isensitbve to one of the fegquency range, eliber hecase a fillter has bheen plaped
at the recelver Inpul, or heeaise thelr response I8 very strongly mequency dependent. Such recelvers are
called Single Side Band (S5B ) recelvers.



2.2, THE HETER{ODYNE INTERFER(OMETER 1T

e

Tq b.a o
1
',

. Multipliar

v, coalZ2met Tl

., g Y
vy cos|2met)

k4 Correlotor

A 'hl r 'i| 'hl
f i ETga' f;‘.l
Figure 2.2: Schematic Diagram of a two-element Interlerometer

An Important property of the recelving sysiem expressed by Eq2.8 Is that the dgn of the phase B
changed for L5B converslon. This property can be easily retrleved recognizing that the Frequency v is
the time derivative of the Phase §. Assume the phase varles lnearly with time:

Pbii) = Zaut
1 al
1l = 5 E [Eg:l

In this case, tle signal

I} e cos{ et +4B1)
o cos 2ay 4 n)i) [2.10)

Is Jist another monochromatic signal with slightly shifted fregpency.

2.2 The Heterodyne Interferometer
Figure 2.2 & a sechematic Mhistration ol a 2-aptenna hetorsdy e Interferometer.
Lt us forgel the frequenicy convergion for some Nme, e Qssume Fpr = Vgp...

The Input [ampliffed) signals foom 2 elemenis of the Interferometer are progessed by a correl ator, which
s just a voltage multiplier folowed by a time Integrator. With one incldent plane wave, the output #[i) B

) =< v Zau i —relt)) e cos(2apt) >= v ons{ Zrwrg (1)) [211)
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Figure 2.3: Posltlon weetors 1sed for the expression of the Interferometer rsponse to an extended sounes,
srhematically represented by the lse-eontours of the sky brighiness distribution.

where 7, Is obvipusly the geometrical delay,

Tp(f) = (bg) /e [2.12)

As 7, varies slowly because of Earth rotation, {f] oscllates as a cosioe lnetion, and is thus called the
Jringe pallern. As we had shown belore that vy and vy were proportional to the electrie beld of the ncldent
weave, the correlator gutput (Iringe pattern) B this proportional to the power of the wae

2.2.1 Source Size Effects

The signal power reeelved rom a sky area $M1 In divection 8 B (see Fig. 23 lor notations) Afs)f{a)aiide
over handwldih div, where A(s) Is the antenna power pattern (assumed ldentieal for hoth elemenis, more
prdsely Ala) = Ails)d;(8) with A the wltage pattern of amtenna §), and Tig) Is the sky brightsss
ditribution

dit

Afs)I{s)didv cos(2nw,) (213)

T

.-iu‘f Algifa)cos 2avb s fo)dl} [2.14)
Sy
Twop Impliclt assumptions have heen made in deriving Eq.2.14. We assumed incldent plane waves, which
Implies that the souree must be ln the far field of the Interlemmeter. We used a linear superposition of the
Incident waves, which Implies that the souree mist be spatially Incolerent. These assum ptions are guite
valld for mest astronomical sourees, but may be violated under speclal clrenmstances. For example VLBI
oheervations of solar system ohjects would violate tle st assumption, whilk observations of oelestial
masers ooild (In theory) vielate the seeond one.
When the Intederometer 1s tracking a souree In dimcilon 8., with e =8.+ &
o= dm:::ﬁ[ﬂnub.aa,-'cjf Al i F{e) oos Zavbe fo)dll
Fhey
- du&.]n[ﬂaub.aa,n'c:l‘f Al ) Fla ) sln(2rib.e fe)all [215)
Fky
We define the Compler Visibilily
Vo= |Vt = f Al ) )t —H=eba ol gy (216
Hhey

which resembles a Fourker Translorm...
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We thus have
ro= defos[Zavb.a, o] [V cos( By ) — sinf 2reboa, /o) |V sin( v )
= du|V|cos(Znwr, — By ) [217T)

Le. the correleator output Is proportional o the amplitude of the vislhility, and ¢ontalms a phase relation
with the vislhility.

22.2 Finite Bandwidth

Integrating gver di,
T e
= — V|eos(2awr, — Oy dis 2148
M};_Mﬁu (2rr, — By (2.18)
Using v = 1w+ 0
1 AwfE
R = — V|eos(2a — by + 22 . 219
-&HJ,'_,:._.,_,fu-l | cos( 2y, v + T, Jdn | i
1 BT
= — V| eos| 2augr, — By ) oosl 2anT, ldn
ﬂl"lif_m-,ul ! L :
A fE
- Jf [V sin(Zauyr, — Oy ) sin]Zrn Fjd:n] [220)
AT
1 A fE 1
= E|F| oos| 2rigr, — &) |5‘]”[E“’"a:']_m,-; T,
1 : 1
wf X
+E|1I|5.]n[ﬂaun1,—*},;Hlxsa[ﬂnm_,j]‘fmﬁﬂﬂ—h (221)
slnfader,)
= |V|eos(Za — by —— 222
IVlos(2ru, — ) — 70 (222)
The [inge visihility 1= attensated by a sinfz)/z envelope, called the handwidih pattern, which falls off
rapidly. A 19 loss in visibility is obtained for |A | = (LOTS, or with A = S00MHz and a baseline length

b= 1{im, when the senith angle & (defined In Fig2.3) 15 2 arcmin only. Thus, the abDity 1o track a souree
for a slgnificant honr angle eoverage regudes proper compensation of the geometrieal delay when a finite
bandwidih 15 desined.

2.3 Delay Tracking and Frequency Conversion

To compensate lor the geomeirical delay varlations, delay lines with mirms (as In opties...) would be
com pletely Impraciical given the peguired size of the mirrors. The compensating delay & thus performed
electronieally after ome [or several) freguency ¢onverslon(s), as Mustmied in Flg2.4. This can be Imple-
mented ether by switching cables with diferent lengils, or in a more spphiticated way, by uslng shifi
memories alter digital sam pling of the signal In the correlator. Apart fora lew detalls [see R.Lscas leeture ),
the principlke remains ldentical.
In the case presented In Fig.24, lor USB conversion, the phase changes of the lnput sgnals belore

reaching the correlator are

T, = Znvr, = (g +ppl, (223)

"}:‘- = Eﬂll"l.i + “}.lﬂ [EE"’.:I
Intreducing Ar =15 — 1y as the delay tracking error, the correlator putput is
AV | eos[ By — s — By}
AV oos[2avoty +1rpdr) — By — o)
Ao V| os(2a(buoy — tipds) — by — ) [225)

i
s o«
s ¢
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Figure 24: 2-element beterodyne Interferometer with delay tracking after equency ¢omverslon

When the two sldehands are superposaed,
DER v = 24, |V|cos{2n{vpory — By — Trg)) oos(Zawy e b [2:26)

Le the amplitiede & modulated by the delay racking error. The wlerance can be exeeedingly small For
example, at Plateau de Bure, the IF frequency 1y p 1s 3GHz, and a 1% loss s oltalned as soon as the delay
tracking ermr would he T.5 ploseconds, Le. a geometrical shift of 222 mm only. Dwe to Earth rotation,
the geometrical delay changes by swech an amount in (L1 & for 8 3 m baseline. Hence, delay tracking
winlikd have 1o e dome guite fast to avold sesitivity losses. To aveld thie problem, 1t ls common 1o use
sldehand separation. The delay tracking ervor should then bhe kept small compared to the bandwidih of
each speciral chamel, 7, << 1/Av, and the delay can then be adjusted much kess reguently.

2.4 Fringe Stopping and Complex Correlator

With the Eanh rotation, the opsine term of Eq.2.22 modulates the correlator output gquasksinisoldaly
with a natural fringe rate of

vpgdrgfat = AL g bupafe [22T)

which iz of order of 10 Hz for b= 300 m haselines and veo = 100 GHz, or 2¥ angular resolution (since the
[rimge rate only depends on the effective angular resolution).

The fringe mie ls somewhat too high for simple digital sampling of the visibility. An exeeption B
VLEBI (becaise there s mo other cholee), although the esolutlons are = 1 mas. The usiwal technigue B
to modulate the phase of the local secillater $ o such that o (i) = 2reporg (i) al any given time.
Then

fr = Ao | V][ £ 2xpppdr — Iy [228)
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[with the + slgn for UTSE converslon, and the — slgn for LSB comwersion), 18 a slowly varylng outpit, which
wipitdd he constant for & polnt souree at the relerenee position [or delay tracking center). This process B
called Fringe Stopping. Alter [ringe stopping, we can no longer measure the amplitede V| and the phase
by separately. A seeomd correlator, with one signal phase shified by 7 /2 becomes mopssary. Iis output B

13 = Ao|VEIn(£2rmr Ar — By) (229)

With both correlators, we measure directly the real & and Imaginary #; paris of the complex visihiliyy .
The device B this called a “complex™ correlator.

MNote: A delay tracking ervor Ar appears a5 a phase slope as a lunetlon of Iegquency, with
Blige) = £Fa0y e (2.30)
2.5 Fourier Transform and Related Approximations
The Compler Visildlily &
V= |V = f Al ) [o)e! =BT gy (2a1)
By

Let [w,w, ) be the eoordinate of the haseline vector, In unlis of tle observing wavelengih w0, In a frame
ol the phase tracking vector sy, with walong sy, (2 5,2 ) are the eoordinates of the souree veetor 8 inthes
frame. Then

vhale = ur+ up+ sz
vhagle = w
r = Jl—xt_pt
and g = Sy _ __dedy (233)
# [
Thus,
V (v, w) = f j Al ) [z yle B sowseyimFopo__doly (233)
- 1 —
with Fle, ) =0 when #* + 3 = L
IT (&, &) are sulllchently small, we can make the approcimation
(41 — 2T — T — 1w o %[1*4-;.?31,;2:: [(2.34)
and Eq.2.33 becomes
Vie.w) = f Allz, g ) iz, y)e H 2 drdy (235)

Ale,w)
—m ———
Lo basically a 2D Fourler Tramsform of AT, bt with a phase error term #(#° + 35w, Henge, on limiied
field of views, the relationship between the sky hrighiness (muliplied by the antemna power patiern) and
the visibility reduces 1o a simple 2-00 Fourker tramslorm.

There are other approximations related o Beld of view limitatlons. Let us quantily these approsima-
tlons.

with  A'[z, )

(236)
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« 2-1 Fourler Transform
We can lurther mglect the phase error term in Eq 236, I the condition
oz + ' | << 1 (237)
is Tulfilled. MNow, mote that

w<w bama 1
max — 3 _I?.

where Beamns 1s the synibesized beam widih, This, I &, is the Geld of view 10 be synihesized, the
maximum phase ermr B

6}
a8,

Using Auh < 0.1 radian (§°) as an upper llmit (pote that this I8 tle maximum phase ermor, Le. the
mean phase error B much smaller) result In the conditlon [with all angles in radian...):

[238)

L = [2.39)

B < %JE (240

« Bandwidih Smear ng
Assume w, v are computed for the center egueney vy, At Trequency i, we have

Vi w) 2 Alz, w) [241)
The similarity tleorem on Fourder palrs gl

Mo i [ N
Vi—u, —v)=[—)"1—=x, — 242
(s Jv) = [T ) (242)
Averaging over the bandwidth Aw, there 15 a radial smearing egqual to
Ay~ -
o — [243)
by
and henpe the constraint
- - &,
Pyt <015 (244)

if wie want that smearing to be less than 105 of the synthesied haam,

« Time Averaging
Assume for slmpliclty that the nterferometer oleerves the Celestial Pole. The haselines ¢over a
secior of angular width (L At where {1, B the Eanh rotation spesd, and Af the Integration time.
The smearing s dreumferential and of magnitude LA 2? + 32, henee the constraint

- - -4 .
4yt gn.lﬂ_m (245)
For siler declinations, the smearing is mo boger miational, but of similar magnitude.
To better ix the importance of such approcimations, the pelevant values for the Plateau de Bure
Interferometer ave glven in Tahle 2.1, Note that these elds of view eorrespond 1o 8 maximum phase error
of & only, or i a (one dimensional) distortion of 8 enth of the synthesized beam, and this are not siric

limits. Im partieular, atmosplerl eros often resulis In larger errors [which are independent of the feld
al wiew, however).

2.6 Array Geometry & Baseline Measurements
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Config. Resolution | Freguency | 2D | (L5 GHe 1 Min Time | Primary
[zHz) Fleld | Bandwidih | Awveraging Beam
Compact | 5 &0 GH= Ly &yt ¥ i
Standard | 2¥ A GHz iy e 45" (i
Standard | 2 TH) GHz iy Ly 45" 24"
High 0.5" T GH= 1.7 g 12" 24

Table 2.1: Fleld of view limitations as Tunctlon of angular resolution and olserving fequency for the
Plateau de Bume Interferometer.
wir coverage Using a Carteslan coprdinate system (X, Y, £) with £ towards the pole, X towards the
meridian, and ¥ towards East, the conwerslon matrk tow, v, w B
i 1 slnfh) coslh) 1] X
i =— | —sn(dicesh) cinldicos(h) oos(d) ¥ [2446)
it o8 cos(h]  —oos(d)slnlh)  sln(d) Z

where i, 4 are the hour angle and declination of the phase tmeking center.
Eliminating & from Eq.2.46 gives the equation of anellipse:

. F ¥ 2
. (u— [z,u.:u.m[ﬁm) _X 4_-1’ (24T

sin[4) 32

The wir ooverage Is an ensemble of such ellipges. The ¢holee of anienna configum tons s made 1o cover the
wir plane as much as possible.

Baseline measurement Assiume there 1s a small baseline error, [AX AY, AF). The phase error s

at) E%ﬂh.m [2A48)
oosl 8 eos (M) AY — cos(d)sin(h)AY + &ln(fAF [249)

Henee, Il we obaerve NN eourees, we have for each souree
die = oo + oos(de ) ooslhe A X — cos(de ) sinlhe )AY + sinfde A Z [2.50)

Le. a llnear system in (AX AY, AZ) with &N equations amd 4 unkoown (Incleding the arbitrary phase
giyl. This can be wsed o determing the haselines om phases measured on a set of soures with known
positions by 4.

From tle shape of Eq.2.49, o can see that the determination of AN AY requins large variations in
b, preferably at declination 4 ~ (), while that of A2 requires large varlations in 4. However, ¢, In Eq 250
s muli-valued (the 23 ambiguity..). Henee, the system o solve 1s in fact

mod(gy + cosldy ) cos(hy ) AX — cos(8; )sln (b )AY + sin (6, )AZ — gy, 2x) =0 (251)

which Is a Inear system of eguations only § AXY AY AT are small enough so that the modulo Tmetion
s the ldentiiy. Baselipe determination wsually proceeds through a “hrute loree™ techodgue, by making a
grid search arpund the most 1ikely values lor XV, 2.
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Chapter 3

Recelvers : an overview for
non-specialists

Bernard Lazareff

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

3.1 Imtroduction

The purpese of a recelver 15 to oollect effidlently the astronomical signal that has bheen eoneentrated by
the amtenna mear its foeal polnt, and to amplily i with a mindmom of exiva nolse 0 a level suitable for
Turther propessing by the spectrometers or pontimium detectors. Flgure 3.1 shows the main subsystems of
a regeiver, that we will diseuss helow.

3.2 Coupling optics

Up toand Inclsding the antenna, the astronomical signal propagates in free space. On the other hanmd, the
fist slgnal processing wnit —ihe mixer— requires the eleciromagnetic energy 1o be confined by metallic
walls, In a wavegulde. The transitlon between these two modes of propagation eccurs at the horan

Assume for a moment that the orn would be placed at the Cassegrain locus of the antenna. Caoeed
matehing would be diffieult 1o achieve becase the Geld amplitede from a polnt souree [Alry patbern) ex-
hiblis radial eecllations alternating hetween positive and pegative values, and has a scaleslze proportonal
1o wavelengih.

These pooblems are avolded by eoupling —via sultable relay optiess— the born to an image of the
aperture The Tulfilk the condition of freguency-independent illuminalion. In other words, Imagine that
wie propagate the horn mode back to the antenna aperture as 1 we were dealing with a transmitter, then
the Mimination patiern s Independent of Teguency. Using sultably designed corrpgations on the Inper
wall of the hom (see Fig. 3.2) the TEL) mode of the rectangular wavegulde couples 1o a8 mode at the
aperiure of the horn whese am plitede has eircular symmeiry, amd whose polarization B pure linear.

24h
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Figure 3.1: Synoptle diagram of a typleal recelver. Thi diagram B grossly slmplified; bor lstanes,
the opties lnvelves mirrors, elliptical amd planar, and ako grids; the LOYPLL system 15 actually more
com plicated than shown.

Figure 32: A oorrugated lorn for the 150 GHz band. The phase-cormecting lens normally present at the
aperiure has been removed o reveal the corrugations. The diameter of the aperture B abowt that of a
typleal eoin (1 DM - 100FP1as - 1 F). All the waves collecied by the 3-m anienna converge to the horn
with a precise phase relatonship and are then squeezed Into 8 wavegulde 2 by 1 mm across.
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3.3 Why we need heterodyne receivers

Inthe present eontext, heterodyne relos o recelvers where the Iegueney of the Input slgnal is shified to
lower frequencies. Thie B done by adding o the (small) nput slgnal a (relatively ) stoomg moonoe heomatle
slgnal, called the local escillator amd passing the sum through a mon-lisear deviee, whose outpit contalns
[among oiler) the diference Trequency. Although a non-linear deviee B Involved, the transformation foom
Input to output Is Inear for the small slgnal (see S/Gullotean lecture, Eq. 2.8). This pmoeess B called
mixing or dow neonversion. The output slgnal B called the inlermediale frequency. Actually the cpmplete
slgnal processing at a radictelescope can nvolve up to I heternosdy e oonverslons.

The first reason why heterodyne downoonversion s meeded 1s that only few slgnal proeessing deviees
et at millimeter freguencies, and defindtely not the fully parallel specirometers [as opposed 1o multiple
devipes such as FTH) that are routinely wed for speciroscople olservations.

Then afses the guestion of where In the slgnal processing chaln to operate the down ¢comveslon.
Basieally we have no chole, becase hardly any amplifies are avallable in the millimeter range, exoept in
the Imm hand, where they do pot match the low nolse properiies of 515 mboes (o he disoussed below ).
Ho we must perform a downeonverslon belore we can amplify the slgnal.

3.4 Local oscillator system

ATl the Jpeal oscillators In the TRAM telseope use Gunn gseillators. A Gunn diede I8 a8 semieond e ior
deviee that exhibiis negative dy namie resktanee over a sultable range of Tregquencies. Ot put powers of the
order of LI-50mW can be obiained hetween 6 and 13 GHz To achleve oeclllation at a precke egquency,
two means are combined. First, the Gunn diode 8 coupled 1o a coaxial cavity that defines the oscillation
fregquency, and whose high quality lactor provides a good speciral purity. s resonant frequency can be
adjisted mechanieally; this allows the desdred feguency to he approached within s 10 MHz, Secomdly, a
fraction of the mllimeirie radiation mom the Gunn eecillator B wsed 1o prodece a heat with a relerence
micrgwave oscillator at a freguency of a few (ZHz; actually, the GGunn eecllator slgnal heais with a karmonie
[m=1T-6f%, depending on the systems) of the relerence eguency. The heat slgnal ls wed 1o “servo™ hy
elecironle tuning the Gunn eecllator 1o a muliple of the relerence. Actually, ot only the Megquency, bt
alsg the phase of the koeal s Nator 1s locked to the relerence gseillator, which 1s essential for interferometry,
whether conneted-array or VLBL This desedption of the phase-lock system s over-sim plifed.

Loeal os¢illator equencles above 1300 Hz can generally not be generated directly by Gunn escllators.
Inthat case, the Gunn power I8 led 10 a frequeniey mulliplier, which B a non-linear device ke the mixer,
bt based on non-lnear capacitanes, and optimised to prodeee a certain barmonde (=22, =23 or =4 in the
case of TRAM systems) of the Inpit eguency. The efficlency of the multiplieation process 1s typlkeally a
few percent.

3.5 Local oscillator injection

As mentiomed above, the local oscillator power mist be added 0 the astronomical slgnal belome it enters
the mixer. When the mixers were hased on Schottky diedes (10 years ago and more), they mequired an
L0y power of almoest a mW. As a consequence, the LO power was eoupled via a diplezer, which ls like
a Ieguency -selective coupler, allowlng the mixer to be coupled with close to unity efficlency to both the
Impint slgnal amd the LY. With the advent of 515 mixers, and due to thelr modest LOY poweer mequite mentis
[see By, 3.5), a new method can be used, based on requeene y-Inde pendent couplers. A fraction £ty pleally
1%%) of the LO power is coupled into the signal path; the rest is wasted! The [raction £ must be kept small
hecaise the same amount T of room-temperature hlackbody noke 1s alao ooupled into the slgnal path. The
coupler requines no adjisiment and & loeated close 1o the recelver, inslde the cryoslal [see Sec.d.8).
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Figure 3.3 Curreni-voliage characteristics of an 515 junction operating in a micer. The two curves were
measired without and with LO power appled [frequency Z30EHE); they have heen slightly idealized |for
pedagosical reasons, of eourse).

3.6 Photon-assisted tunneling

All mixes In IRAM recelvers ame based on 5315 Junciloss.  An 5[5 junction eonskis of two layers of
superponducting metal [Wiohim) separated by a lew manometers of Isulator (Aluminum gxdde). The
Imsulator 1s so thin that charged particles can tunmel thoough the barrler. The area of a junction &
iypleally one tooa few poe®. S8 junetions operate at ihe boiling temperature of He: 42K [at sea lovel),
ar evin below,

Two kinds of ¢harged particles can exist in & superconductor: a) ordinary elecivons; b)) so-called Cooper
pairs, conslsting of two electoons Interacting and weakly hound togetber by the exchange of phonons [lattice
vibratlons); hreaking a Cooper palr oosts an energy 24, Correspondingly, two kinds of curvents can fow
acrges the junetion: the Joseplson curpent, comsisting of Cooper pals, and the so-called gquask particle
current, eomsisting of “ordinary™ elecirons [presumably “electvon™ did pot sound fancy enough). To keep
this digresslon into 5[5 physics short, let'’s just state that the Josephson curvent can be lgnored. At the
operating temperature of the mixer, and In an unbiased junetion, the population of quasi- pariicles &
virtually negligible. But, if the blas woltage Is ralsed to the gap vollage

V,=2M/fe (3.1

the fow of guasi-particles acress the junetion beeomes possible because the energy galmed across the drop
of elecirical potential compensates for the energy spent In bhreaking a Cooper palr. See on figure 3.3 the
“LO off™ ISV characteristic.

In the presence of eleciromagneile radiation, the sitvation & modified as follows. ITa RF ploion B
abegrbed, 118 energy b can contribte to the energetde budget, which can now be written as:

el + e =24 (32
ar, eqidvalkently:
Vi + havfe =1 (3.3

In other words, the omset of conduction oceus at Vy — hefe. The meglon of the -V curve helow the
gap voltage where photon-asskted tunneling oecurs s called the photon slep. See the “LO on™ curve on
Fig. 3.3. Fig. 3.3 Is hased on actual measuremenis of 8 2-junction serles array: the voltage scale has heen
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sealed = 5 1o Mustrate asingle junction For a more detalled analysis of 515 junctions and thelr interact lomn
with radiation (see e.g. [Gundlach 1988]).

Ho far T hawve shown you gualitatively that an 515 junction can lunetlon as a total power detector.
The mspomsivity [eurrent generated per power aleorbed) can even be estimated to be of the order of
gnge eleciron per photon, or: D e efhy. How does that melate to equency downoomversion?  Assume
that a power detecior I8 fed the sum of a Jocal eacillator (normalized o unlt amplitede for eonvenlenee )
o = cowctpod and a moch smaller signal at a pearby equency: s = ecoswsl. Assumes this Tmetions
as a spuaring deviee and diseard high-frequency terms In the outpat:

. 1
tew = (VLo + ug:l‘* —t E-r.ms[u.«_a — whg it [34)

Ho, a power detector can also Tunctlon as a Tequency downconverter [subject 1o possible limitations in
the response time of the ot put).

The L0 power requirement for an 5315 mixer can be estimated as lollows. A woltage seake Is defined hy
the width of the ploton step: hefe. Likewke, a mslstance seale can be defined from Ry, the mslstanoe
of the junction ahove ¥V junetions used in mixers lnve Ry = S01L S0, the order of magnitude of the LO
power g ired 1s:

Fio = (hefe? | Ry (35

about A oW for a 230 GHz mixer. ThE makes it possible to =0 the wastelul coupler Injection scheme
dbrssed above.

Beeause the insulating harrier of the junction is so thin, it possesses a capacitance of about 65 FF =2,
At the BF and LO feguencies, the (imaginary) admitiance of that capacitance B about 3-4= tle [ap-
prdmately real) admittasce of the SI5 junction fisell. Therelore, appropriate tuning stretures must he
Implemented 10 achleve a good Impedance mateh (Le. energy coupling) of the junctlon 1o the signals.

The minimum theeretcal 558 noise for an 515 mixer & ek, 11K at 23 GHz; the hest IRAM mixers
comee within a factor of a few (= 3x) of that Tundamenial limit. These numbers are for laboratory
measimements with minimal optes losses; practical recelvers have a slightly higher noke.

3.7 DMixer

A skeich of & mixer s shown on Flg. 34, again grossly over-slmplified. The junction is mounted across
the waveguide, in the direction of the elecirle feld. Qe side of the junction s connecied to the outside
ol the mixer hlock, both to hring out the IF beat signal, and o provide the DC hlas That conmection &
made through a low- pass filter to aveld losing preclos RF energy.

Ome end of the waveguide 15 the input of the mizer; the other end must be terminated somehow. AL
the ero-order ap procdmation, ope would ke the junetion 1o “see™ an open creult when “ooking Into™ the
rear end of the waveguide. More generally, the junction should see a pure Imaginary Impedance, so that
noenerey B wasted. A simple ¢aleula tion shows that a transmission line having a length [, amd terminated
Intg & short-cingult, has an appamwnt Impedanee:

Zrs = j Zotan(ZalfA) (36

where Zp amd A are respectieely the propagation Impedance and wawelength in the wavegulde, and I B
the ditanee to the short-gireult. In pardcular, foe § = (3 + }:lj., 1the apparent Impedanece B an open
clreuit. More generally, by adjusting [, an arbiirary Imaginary impedance can he placed In paralle]l with
the juncilon. Tegether with the tuning structures mentioned in the previos section, such an adjusta e
backshort contributes to achieve the hest possible mateh of the jinetion npedanee.

For varlms masons [ome of which s reducing the nolse comtribution rom the atmesphere) it B desirahle
that the mixer should operate In single-sideband mode. We explain how this B achleved with a crude gerg-
order moddel.  Assume that the best lmpedance maich of the juncion B obtained when the apparent
Impedanee of the backshort seen from the junciion s an open creult. Assume we observe in the lower
sldeband at a frequency e = vro — e, and want 1o refect the upper sideband vy = eo + wpp. That
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Figure 3.4: Rough sketch of the main elemenis of 8 mboer

condition can be achieved I, at the eguency vy, the junction s shori-clreuited. So, we mist meet the
two eonditlons:

1
I= [’E' + 30 lower sidebund

1
I= [:—; + E:IJ-:: upper sldeband

for some Integer 1y we gloss owver the distinetion between eespace and wavegulde wavelengths, The two
conditloms [ome uwknown) can be approzimately met lor some [ else to

£ = 9mm fora 4 GHz IF) (37

Yig

]

|l

Becapse Ior current mixzers In the W) GHz bamd, the IF fequency ls relatively low [1L.5GHz), single-
sldehand operation requires additional tricks .. .

Beturning to practicalitles, tuning a recelver reguires several steps (which used 1o make astronomers a
hit mervois at the M-m telscope when all was done manually). First the local oseillator mist be tumned
and locked at the desired leguency, Then the backshort is set at the appropriate position, amd the junction
D bias voliage Is set. Floally the LO power s adjusted to peach & preseribed junction DO cwrrent (ol
the order of 2ud). These adjusimentis are made by a combination of table lookup and optimization
algorithms under com puter conirel. Aliggether this Involves between 11 and 13 adjustments, mechanieal
or electrieal, yet this process takes only a few mimies with the current sy stems.

3.8 Cryostat

As mentiomed earler, the 515 junetlons in the mixers operate at the bolling temperature of He. Therelone,
at the heart of the eryostat lles a8 meservolr of =4 liters of liguld He. However, I that wodd be ex posed
to amblent conditions, sevem] undesirable things would happen. Flmst, conducted eat would gquickly
evaporate the elivm. Second, a big ledcle of water, nitrogen, oxygen, et ... would conderse aroumnd
the reservolr. Conduction and condensation are avolded by operating the recelver in a vacunm enclsure
[labeled 300K in Fig. 3.1). But infrared radiation must also be blocked. Your body s repelving abou
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Figure 3.5 The cokl RF assembly for a dual-chanme] repelver used at the 3-m telesoope.

TOOW mom the surroundings! (and radiating back abowt the same amoimt ). A ty pleal 4-liter reservolr of
lgquid He, exposed o the same Hux, would evaporate In 2 minuies! Yot the hold time of a eryostat 1s one
to several weeks, four orders of magnitude more. This Is achieved via ithe two radiation semeens labeled
TOK 15K in Fig. 3.1, a5 well as by reducing to 8 minimum all conduction losses, The radiation seresns
are kept ¢old by a closed- oyele eryogenle machine imvolving the oom pression and expansion of hellum gas.
The 15K stage s also sed to cool the st stages of IF amplification. Futume recelvers will leature Llly
clospd-cyele cryogenies, including the 4K stage.

3.9 Actual receivers

Fig. 3.5 gives you a chanee to peek at the cold BF assembly of ome of the dual-channel repelvers In operation
at the Wm telesoope sinee May 1908,

Fig. 36 shows the performance of one of the Plateay de Bure 230G Hz recelvers. The present LOJIF
system dictates a 1.5 GHz IF, therelore, these recelvers are operated In DSB mode; In the Interferometer,
the sldebands can he separated due 10 thelr diferen TFinge rates. These recelvers are among the best
currently prodisced [either at TRAM or elsewhere In the world). Fig. 3.7 shows the performance obialped
gver 8 wider Iequency hand, Nolse levek of about 4 times the DB quantum lmit [le. 2kef/k) ame
obiained.
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Figure 3.6: DSB molse performance of one of the ZWGHe recelvers In operation at the PAB interferometer
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Figure 3.7: DSB noke performance of the mm recelvers constracted at IRAM over the requency range 8
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Chapter 4

Cross Correlators

Helmut Wiesemeyer

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

4.1 Introduction

As we already learned In the lecture on radio Interferometry by 5. Gulletean [(Chapter 2), the Interferom-
eter measums the complex cross-cormelation lunction of the woltage at the outputs ol a palr of antenpas
(1, 5). This quantity, R5(r) is delined as

() = itz (£ + 7)) [4.1]

[the hrackets indicate the time average, see Appendix A). The cross-correlation lmetlon B related 1o the
vislhility lumetlon V= |V]exp (i¢a..) by

Hyj= A |V 008 (200475 — sy 2

where Ap Is the eollecting area of the antenma. Eq 4.2 only holds for a guasi-monoechromatic signal,
Diqe 4 e (oo the bandpass may be represenied by a d-Tunction). The slgnal phase varkes with tlme doe
to souree structure amd atmospherle perturbations [expressed by @aee ), and die o the geomeirie delay
Tg. The timescale that B needed tolully sample a speciral line, given by the sampling theorem [see helow)
Is much shorter. Here are examples of the diferemt timescales:

1. timescale for phase variation by 1% due to souree strocture (for a polnt soume at 980GHz with
Ao = 1Y offset from phase reference center, east-west haseline of 258 m during trasit): 2 min

2 timescale for phase varlation due to atmesplhede perturbations: [depending on atmospherie oondi-
tlons and haseline length): 1sec — several howrs

3. sampling time step or a 80 MHz handwldih: Ar = 6205

4. maximum time lag needed for a 40 kHz resolutlon Ay = 2hus
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Figure 4.1: Architecture of 8 complex eontimium cross correlator.

Inn the Iollowing, I will diseuss digital technlgues to evaluate Bg(r ). Analog methods of signal processing
are highly Impractical In mdio lnterferometry, for malnly two reasons:

1. Imtime domain, high precklon Is meeded.

2. The slgnal needs 1o he ldentically copled, In order Lo ¢ross- correlate the eutput of ne antenna with
the owtpiuts fom all etler antennas, ThE can bhe more easily dome with digital technkgees, than with
anakeg ones.

The first slgnal processing steps am amlog, beginning with the mixing n the heterodyne recelvers. For
reasons that will become clear later (see B, Lucas, Chapier §), only the case of slngle-sldeband reception &
considered. The sidehands may be separated by a perlodic phase shift of /2 applied 1o the local esellator.
The slgnak are demodulated in two different ways by the correlator. At the eniry of the correlator, Miers
are Ingeried, that are 1=ed 1o select the Intermediate foequency bandpass. The Tollowlng slgnal processing
sleps are digitally implemented, and are performed within the eorrelator:

1. Sampling the signal: in oxder to digitiee tle signal, it meeds 1o he sampled. Bandw dib-limited signak
[Le. containing Megquen:les hetween sero and Av) may e sampled without loss of Interformation i
the samples are taken at time Intervals Ag < 1 /(24w

2. In order 1o numerbcally compite the eross eorrelation lmetion, the slgnals have o be discretized.
The data are aflecied by such a gquantization, but may be corrected for 1t. However, the loss of
Information canmot be recovered and degmdes the correlator sensltivity.

3. Delay compensation: the geometrle delays are ellminated lor slgmnals received rom the direction of
the pointing center. Remaining delays are die to souree strsetume

4. Untll mow, everyihing s dope In the time domain. However, for specimoscople applications, the
desived output s the cross power speciral density, amd not the cross correlation lunetion. These
quantities are Fourler-translorm pairs | Wiemer- Khind chine theorem ). The iranslormation can he
elficlently done by a processor performing a Fast Fourter Transform.

The plan of the kectumels as lollows: after the basie theory, T wil talk about the correlator In practice. Both
Intrimsie Imitatioms, and system-dependent performanee wil be decissed. For lirther reading, the hook
of [Thom pson et al 1986] (chapters 6 - &), and the introduction by [D'Addario 1988] ame recommended.
Finally, a5 an example, the ¢urrent correlator system on Platean de Bure, and lis upgrade in the near
Tuture, wil be presented.
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Figure 4.2: Archltecture of a com plex speciroscople eross eorrelator.

4.2 Basic Theory

The “heart™ of a8 correlator ¢onsisis of the sampler and the cross-correlator. Eq.4.2 represents an ower-
slmplified case, beeause the bandwidih of the signals & meglected. The correlator output ls rather modifbed
by tle Fourker tramsiorm of the band pass lunetlon. For tle sake of simplicity, let us assume an dealised
rectangular passbhamd of widih Mg lor both antennas, ceptered at the Intermediate regquency we, le.

H — ip 2
)= s = { ¢ S el

(43

[this assumption will be relaxed later). The comelator mspomse o this band pass 1s the Fourker iramsiorm
of the cross power spectium B ()5 (1), which & shown In Fig. 4.3

sln [adier)
Al

The correlator output comslsis of an eeclllating part, and a sin(z)/x envelope. I the delay v becomes
ton large, the semsitlvity will he slgnificantly decreased due to the sine lunctlon (see Flg. 4.3). Siricily
speaking, thk I8 the response 1o the real part of the handpass, which s symmetric with respect 10 negative
fregquencies. The imagipary part of the handpass B antlsymmetric with mepect to megative frequencies,
thus the cormelator ssporse B diflerent. The separvation of real and Imaginary parts in eontimmnm and
specimseople correlators will be discussed helow.

ThE ecample shows that accurate delay tracking [[Mlnge stopping) 18 needed, I the bandwldih B mot
any more negligihle with respect to the Intermediate reguency. In other words, the compensating delay 5
neads 1o keep the delay tracking error Ar = 55 — % at a minimum. The offet kAd ntroeduced in cormelator
channel k needs 1o he applied with respect to a fixed delay. In the lollowing, the cormelator response 1o a
rectangular bandpass will be expressed by the more gereral instmomental gain fusetlon Gyir), defined by

f:ﬂ'i[l-‘wllﬂj'[lﬁrilmp (2niner)dine = HiAung exp ({2704 (4]
L]

ﬂu[ﬂ's[ﬂilﬂj'[ﬂlﬂp [(Zwisr Jdv) = Gjlv)exp [ZaivgT) [45)

Gijlr) = |Gyl |exp (ida ) Is & complex quantity, Including phase shilts dee to the analeg part of the
recelving system [amplificators, fMters)' . After fringe stopping, the single-sideband response of correlator

'Berause v b mestricted 1o a maximum time lag, this instrumenal gain factor does not describe long- term: varlations.
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channel k becomes [for detalls, see B. Lucas, Chapter §)

Ryal) = BylkAf) = |V(|Gy|Re fexp (£2ning fr + kAL — dpan +ipg)}
|V (|5 oo [ E2ap (1 + RAL) — @0 ) [445)

where the plus sign refers w0 upper sldeband meception, amd the mins sign refers 1o lower sldeband
recepiion. From Eq 4.6, we immediately see that the reskiual delay error (due 0 a norperfect delay
tracking) enters as & constant phase slope across the bandpass (with oppesed slgns in the upper amd lower
sldehands). The effect of such a phase slope on sensitivity wil be dEcissed later. In order to determine
the phase of the signal, the Imaginary pant of By(r) has to be simultanesusly measured. In a continmm
correlator [Fig. 4.1), a #/2 phase shift applied 1o the analeg sgnal yields the Imaginary part. The slgnak
are then separately processed by a cosine and a siee correlator . In other words: the pattern shown in
Fig. 4.3 Is measured In the close vicinity of two polnts, namely at the origing amd ai a quarter wave later,
Le. at v =17 [ding). Note, owever, that due to the sine-envelope, the decreasing response linetlon cannpot
he meglected I the bandwldih s comparable to the Intermediate eguency.

In a spectroscople correlator (Fig. 4.2), the imaginary part can be entively dedueed Tom the digitised
slgmal: I Wy Is the mumber of complex spectral chanmels, 28, time lags are wed, oovering delays Tnom
—Ng Al 1o [Ny —1) A8, The correlator output is a real slgnal with even and odd components (with respect
to time lags of opposed signs). The & complex channels of the Fourler tramsform at positive mequencies
ylelds tle cross power speclrim:

rislve) = mifkove) = [ Ryl exp Rrivet)i (47)
N —1

= 3 (w47 +IAD) exp (2nilk{2 Na,) (48)
FE—

[Ior channel k ol a total of Ney complex chanmek). The last expression representis the distrete Fourler
tramlorm. According to the symmetry properiies of Fourker translorms, the even compoment of the
correlator output becomes the real part of the complex spectrum, and the odd com ponent becomes the
Imaginary part. The Fourler tramsform is efficlently evaluated 1sing the Fast-Fourler algorithm. In practice,
it s rather the digital measurement of the eross-eorrelation Tunetlon Bye () that s non-irivial. It wil be
dicissed In detall in Sectiond. The ensemble of cross-power spectra ri; (i), after tracking tle soures lor
some time, beopmes (after callbration and several imaging procesaes) a chanpe] map.

4.3 The Correlator in Practice

In order to numerically evaluate the eross-correlation funciion B, the continuos signals entering the cross
correlator need 1o be sampled amd quantised. According to Shannon's sam pling theorem |Shn.rm-:m l!H!I],
a bandwidih-limited slgnal may he entirely recoversd by sampling it at time Interals Af < 120 )
[alsn called sampling at Wyguist rate). The diserete Fourler translorm of the sufflclemtly sampled oross-
correlation Tunctlon theeretleally yields the cross-power specirum without kss of nformation. Howewer,

In practee, two Inirisic lmitatio s exist:

# In order to diecreilee a slgnal, it B not only sampled, 1t ako has to be guantised. The ¢ross-
correlation Tunction, as derlved from guantized signals, does not equal the cross-correlation lmetlon
ol eontinsous signals. Moreover, the sampling theorem does not Iold anymore for guantleed signals.
The reasons will become clear helow.

# Eq A7 theoretically extemds from —oo to 400, In practioe [Eq.4.8), only a masdmum time lag can
he considered: limited storage capacities and digital proosessing speed are evident peasons, another
limiting factior aw the different timescales mentioned belore. The abrupt eutedd of the e window
affecis the data.

Far ihe sake of completeness, i should he menioned that this & a special case of the so-called Hilbert transform, which
propenty ko change signal phases by 72, bt 1o lkeave amplitudes unchanged.
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Figure 4.3 Lefi: Correlator outpul [slngle-sldeba nd reception) for a reclangular passhand with g fog =
.2, Due to the signal phase @, the cecillations moves through the sine envelope by @gn /200, The
ghifi may alse he die 1o the phase of the complex gain (o this case, the shifi would be in opposed sense
for USB and LS5B reception). Right: Sensiivity degradation diee to a delay ermor Asg (with mespect to
the lnverse [F handwidih)., The effect is due to the all-off of the sine emeelope.

These “Intrinsle™ lmitations ave diseissed In Sections 4.3.1 amd 4.3.2. The system-dependent performanos
will be addressed In Sectlon 4.3.3.

4.3.1 Digitization of the input signal and clipping correction

As already mentloned | sam pling at the Nygulst rate retains all information. However, gquantizing the Input
slgnal leads 1o a loss of Information. This can he gqualitatively understood 1n the Iollowlng way: In omder
to reach the next dis¢mete evel of the transler lunction, some ofEet has to be added to the gnal. IT the
lnpit glgnal B random molse of sero mean, the oflset 1o be added will ako he a ramdom signal of wero
mean. Inother words, a “guantization” noke k& added 1o the signal, that leads 1o a loss of Information. In
addition, the added polse s not anymore bandwidith Dmited, amd the sampling theorem does not apply:
aroersam pling will lead to Improved sensitivity.

Many guantization schemes exit (see g, [Cooper 1970]). It is entirely sufficient to use merely a fow
quanium steps, I the erosscorrelation lnetion will be later cormected for the effecis of guaniization. Bor
the sake of Mustration, the transber Tunetion of a four-level 2-hit quaniization & shown in Fig. 4.5 Each of
the four steps Is assigned a sign bit, and a magnitude hit. Alter discretking the signal, the samples from
gnge antenna aw shified In tlme, In order 10 compemsate the geomeirle delay rg(t) The correlator mw
pmoeeds in the following way: lor each delay step Ad, the corresponding slgn and magnitude hits ave put
Into two reglsters (one for the st antenna, and one for the second). The secomnd reglsier s suoeessively
ghified by one sample. In thl way, sample pairs [om hoth antennas, separated by a suecesslvely longer
time lag, are created. These pais are mudiiplied, using a8 multiplication table. For the case of Jour-lese]
guantization, it is shown in Fig 4.5 Producis which are assigned a value of £0% are called “high-level
prvducts”, those with a wlue of £0 are “Intermediate-level prodpcts” |, and these with a valioe of £1 “low-
leve] prosdueis™. The products (evaluated uslng the muliiplication tahle In Fig. 4.5) are send to 8 connter
(o eoumter for each chanmel, Le for each of the diserete time lags). Alter the end of the Integration
eycle, the counters are read out.

In practice, the multiplication table will be shified by a positive oot of 57, to avold pegative prodoeis
[the oflset needs 10 be eorrected when ithe counters are read out). This s because the comier ls slmply
an adding deviee. As amoither simplification, low-level products may be deleted. Thie makes digiial
implementation eader, and accounts for a kes of sesitivity of merely 1% (zee Talle 4.1 Finally, not all
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bits of the counters’ eontent mead to be tramsmitted [see Section3.3.2).

Belore the normalised contents of the counters amw Fourber-tramslormed, they meed to be oorrected,
hecaise the eross-correlation lunetlon of quantised data dees not equal the eross-oorrelation Tunetion of
continpous data. This “¢glipping eorrection” can be derlved using two different methods. As an example
for the case of full 4-Jewel quantlzation:

# Four-level cross-correlation eopeflicient according to the muliplication table Fig. 4.5 The ¢ross-
correlation eoeflickent p B a normalked orm of the eross-correlation Tunetion [see A ppendic 4 ):

[ Mo o1 — 280, 1 W Nomm — Noon Moo, o0 — Noo, 10
_ (N 2N, ) + dn [N Nooa1) + 2 (1 Moo, 1)
2in®* Now g + Noopoje=1

(4%

where N5 a0 Is the number of counts with sign bt { and magnitede Wit § at time ¢ (st antenna),
and slgn bit & and magnitede bit [ at time £+ 7 (second antenna). +0 18 the prodect wlue assiged
to intermediate-level produscts.

& Clipping correction, first method: ewaluate the 5w In Eq 4.9, using joln probahilities Py a0 (see
Appendix A for the definition of the jolmly Gasslan probability distribution), sech as

e == —[* + 3 — Zpry)
Num = NRam = Enal l— f ‘f L Ea*[l T d xdiy (4.10)

[N 15 the mumber of slgnal palrs, separated by the time lag of the chanme] wmder conslderation, o, B
the clipping voltage, see Fig. 4.4).

» Clipping eorrection, second method: sing Price's theorem for limetions of jolnily random varlables.
The result, derived In Appendix B, B shown In Fig. 4.4:

"y = i—ﬁf;#{[n —17 [n.'-;.j:l (;:-F[:Pf;r) + exp [:;:-l_-[‘-'g'_“q:]]
+»1[n-nmp(,;;n!§;.1:] +2}.¢r. (411}

Although the dEcrete, normalieed emss-correlation linction and the continums oross-cormelation eo-
efficlent are almost lnearly dependent within a wide range, the oormection & mot trivial. An analyteal
solution & only pessille for the case of two-level quantization [ *van Vleck correction™ [Van Wleck 1966)).

In practice, several methods are wsed (o mpmerically Implement Eqg 4,11 (1o the lolowing, the indec
k means k-level quantization). The integrand may be replaced by an Interpolating poly momial, allowling
to anlve the integral. One may alsao constrisct an interpolating surface pf Ay, ). As already discussed, the
clipping ¢orrectlon cannot recover the loss of sensltivity doe to gquantization. The loss of semsitivity Tor
k-level discretization may be found by evaluating the slgnal-to- nolse ratio

Ry e
NPT DI S 412
* e T ViR - R (412)

Inpmder o minimize the loss of semsitivity, the cipping woliage (with mspect to the nolse o) meeds to he
adjisted such that the correlator efficlency curve in Flg. 4.4 B at lts maximum. The cormelator effielency
is defined with respect 1o the slgnal-to-noke ratio of a (Betlve) contimms cormelator, Le

ek _ ok
AP .I':';*"'Tq

e = (4.13)

where Ny Is the mumber of samples. Tabled.] summarises the resulis for diferent correlator types and
samplings.
Dige 1o the disgreiieation of the Input voliages (as shown in Flg. 4.5, any knowledge of the absolute

slgnal value 15 Josi. The signal amplitede 1s recovered by a regularly performed calibration [sing a
callbmtion load of knewn temperature, lor detalk, see the lecture by A Dutrey).
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Figure 4.4: Lefi: Clipping correction (cress correlation coefficient of a continugus signal vs. cross cor-
relatlon correlation coeflicient of a quantized slgnal) for two-, three- and four Jevel guanilzation (with
optimized threshold voltage). The case of two kevel gquantization is abo koown as van Vieck correction.
For more gquantization level, the cipping correction beeomes smaller. Right: Correlator efficlency as
function of the dipping voltage, for three-level and four-level gquanibeation (at Nyguist sampling).
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Figure 4.5: Lefi: Transfer lmetlon for a 4-level 2-bit correlator. The dashed line corresporsds o the
iransfer funciion of a (fictive) continums correlator with an infinlie number of infinitesimally small delay
steps. Right: Multiplication table. Siz) B the slgnal hit at time £, M{z) Is the magnitude bit at time £
[respectively S(y) and Miy) at time £+ 7).
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Table 4.1: Correlator pammetes lor several quantization schemes

methsd 1| T [ ] Tp.li“ for
sampling rate
ml:l -'I.&J.AE.”

two-level g .74
three-Jowel (LGl &8l (.80
four-level | 3 | Lk .88 | s

4 | 095 (.88 .5
o=l vl 1.0 1.0

Motes:

(1) The ¢orrelator efficiency s defined hy Eq. 4.13.
The wlues are for an ldealized [rectangidar)
hamdpass and alter level optimiea tlon.

[2) Nygubst sampling,

[3) oversam pling by lactor 2

[4) AT I low level producis deleted

[ease of Platean de Bure corpelator)

Tahle 4.2: Time lag windows

Description | Lag window

Spectral window

metangular | w(f) = 1 lor [f| < 7, else O
Bartlett wit) = 1— & for |f] € 7,,, ebe 0

von Hann | w(t) = 4 (1 +.m[:—*j:] for [¢] € 7, else 0

Welkh w(f) = [1 - [éf:]

()" ro(2)’
Pareen w(f) = T Mjﬂ Tan 2

2(1- 4

for Tuf2 < | < T

(w) = 2r, Salieo]

Wk

) 3
D) = T, (M:}
'IEI[J.-':I = Ty * H—hjLT::-I TR ”L_-I

D) = ot () - om(anum))

o) = 1 (*57)’
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4.3.2 Time lag windows and spectral resolution

Agpording 1o the sampling theorem, we can meeover the cross-power speciral demsity within a handwidih
Dune = 1[2A8), I the sampling step 1s Af. The ¢hannel spacing de is then determined by tle mas imom
time lag .. = NaAf (where Ny, s the number of chamels), Le.

1 1
W= = AN, A (4.14)
However, the data acquisition s abruptly stopped alter the meacimowm time lag, After the Fourler trams{orm,
the ohserved ¢ross power specirum s eomvelved with the Fourler tramsform @) of 1he hox-shaped time

window (i), producing strong sidelobes:

1

"J[’?={n' 7] € Tamn }#M:&mdn[mm:

415
P [4.15)

@lse
These gecillations are especially anmoying, I srong lnes are observed. They may be mindimized, i the
ho-shaped time lag window 1s replaced by a Iunetlon that rlses from sero to peak at megative time lags,
and decreases to sero at positlve time lags (apodiation). Such a window Tunetion sup presses the sidelobes,
at the oot of speciral resolutlon. A comparison hetween several window [unctlons I8 glven In Fig 4.6,
together with sldelohe levels and speciral resolutions (defined by the Fwip of the main lobe of the speciral
window). Table 4.2 summarizes the various Tunctions In time and specim] domains, The default of the
Plateay de Bure oorrelator B the Welch window, hecavuse it st offers a good spectral resolution. Mone-
gver, the gecillating sidelobes parily cancel out the contamination of 8 ¢hanmel by the slgmals In adjacent
chamnels. O corse, the olserver 1s ree to deconvolve the spectira [vom thes delaul window, and 1o wse
angther tme lag window.
MNote: IT you apodise yor data, not only the efectlwe speciral resolution s changed. Due to the sup-
pmession of melse at large time lags, the sensitivity I8 Increased. The varlance ratio of apodized data o
unapodized data,

f - wis)|*ds = f - [id (1) e = 1/ Ba [4.16)

deflines the molse equivalent bandwidih Ba. It B the widith of an deal rectangular specim] window [Le.
wie) =1/ By with zero loss Inslde || < e /2, and Infinite loss outslde) contalning the same nolse power
as the actual data. For sesitivity estimates of speciral lie observations, the channel widih to be med B
thus the molse equivalent width, and peither the chanmel spacing, nor the effective spectral msolution. Bor
commonly sed time windows, Fig. 4.6 glves the molse equivalent handwidils.

4.3.3 Main limitations

In real life, cross-correlators are sub ject 1o the performance of the whole recelving system. This comprises
the “amaler part” (the slgnal path fom the ecelvers 10 the IF flers at the correlator entry ), and the
“digltal part™ [everyihing behind the sampler). Altheough tle analog part B ot of the cormelator, iis
performance regquines to change our assum pilons coneerning the Input data. This eom plicates the analysk
al tle correlator response.  The lollowing dBcisslon mlers o Istantanesus ermors only. Howewer, in
Interferometrle mapping, sean-averaged visihilitles are used, and the data may be less aflected.

Analog part

The shape of the bandpass lmetion [amplitude and phase) at the correlator output 1s mainly dee 1o the
correlator's esporse 1o the Mies seried in the IF bhand at the correlator entry. So far, lor the sake of
slmplicity, rectamgular passhands, ceptered at the intermediate egqueney e, ave been assumed. 4 more
com plese [amd more realkile) case may be an amplitede slope where the Jegarithm of the ampltede varies
limeady with fequency. Although the hapdpass Tunction will e calibrated [see Eq.4.17, and B.Lucas
chapter 5, the efect of such a slope on sensitivity remaing. A derbvation of the signakio-noke ratio for
that case B beyond the scope of this lecture. To give an Impression of the order of magnitede: a slope of
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with wiv]
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Figure 4.6: Several iime lag windows, and their Fourler tramsforms [normalized io peak). The sidelohe
levelk SL are indieated, as well as the spectral resolution (defined as the FWHP of the main lobe), and the
noke equivalent width. The delay stepsize, and channel spacing ave indicated for the following example:
2056 channels, clock rate 40 MHz, resulting in a chanme] spacing of 78.125kH=.
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Table 4.3: Effecis of delay pattern on the sensitivity

Intermediate reguency bandwidih e = L) MHz
Baseline b= 10{im

Zenlth distance of souree In directlons | & = 3P

Resulis in geometrie delay: 7y =b-gle=0.1Tps
Attenuation acoonding 1o Eq.d.4 1%

3548 (edgeto-edge) leads to a 2.5% degradation of the sensitivity caleulated for a rectangular passhand.
A genter [requency displacement of 5% of the bandwidth leads to the same degradation.

As already demonsirated, delay-setiing ermors linearly increase with the intermediate reguency [Eg. 4.6).
Table 4.3 glves an Impression of the decrease of sensitivity due 1o a delay error. For a range of delay errors
A the effect Is also shown In Fig. 4.3, Forexample, a delay ermor of 012/ Adye aceounts for a 25 % degra-
datlon. Delay ermors are mainly duee to naccurately known antenna pesitions [asking Ior better haseline
calibm thon ), or due to ermors In the trasmission eables.

Phase errors across the bandpass may also be of random mature. 4 phase fuctuation of 12,87 [rms)
per scan leads 1o a degradation of [1 — exp [—aill'ﬂ:l:l ® 1% = 2.5%. Fluctuations acmss tle bandpass
also appear as ripples. They may have several reasons, amwd are malnly dee to the Gikbe phenomenon,
and due o reflections in the tranemission cables. A slmsoldal handpass ripple of 22948 [peak-to-peak )
yieldz a 2.5% degradation in the signal-to-moise ratie, The Gibls phenomenon also oocurs in singledish
auiooorrelation spectrometers. For the sake of listration, let 15 again assume a perlectly flat response of
recelves and filiers. Howewer, the Aier respomse Iunetion is only be flat across the IF passhand. Towands
its boundary, steep edges oecur. We already learned that strong specival lnes may show ripples, 1 mo
speclal data windowing In time domain ls applied. The (Gibhs plemmen s dise to 8 similar problem
[Tt mow the speciral line B replaced by the edge of a fai rectangular band extending in foegquency Tnom
wero 1o Aip ). The output of the cosine correlator ls symmetrie, but the slee output [Imaginary part) &
antlsymmetrie, thus Inclixding an even steeper edge. Comvolving this edge wiith the gine luncition (e the
speciral window) pesulis In strong oscllations. Let s call this Tunctlon fle). For calibraton purposes,
the (Gibbe phenomenon kas 1o be avolded: the problem s that callbration uses the sysiem response 1o 4
fat-spectrum continum souree. A source whose visibility 1s V(i) Is seen as fiv) * (G0 )V (1) [where
G Is mow a frequency-dependent complex gain lunction). After calibration 1t becomes

L i) e [GyeV )]
g — iy el 417
W= G 1)

You immediately see that the complex gain O5ile) dos ool cancel gut, as desived, and 1-}[1-':I # Vvl
Automatic calibration procedures have 1o fag the chamnels coneerned. As shown in Fig. 4.7, for the cosine
correlator, the effect Is strongest at the bamd edges, but the ouiput of tle sine eorrelator also shows ripples
in the middle of the band [thus, the problem s of greater importanee lor iImerferometers than for single-
dih telescopes 1sing auto¢ormelators). I the bandwldih 1o be olserwed Is synthesieed by two adjacent
fregquency windows, the phenomenon Is strongest al the band center anyhow. You should aveld o place
your line there, 1Tt 15 on top of an important continnm. To what extent the Platean de Bure syslem &
coneerned, wil he discussed in Sectlon 4.4.1.

The ahove summary of the system-de pendent pedomance of a correlator I8 mot exhaustive. For exam-
Pk, the phase stability of tunable Mies, which depends on their physical temperatiore, 1s not discussed.
Alternatives to such fiters are lmage ejection mixers (as applied in the Plateau de Bure correlator, see
last seethom ).

Digital part

Errors Indueed by the digial part are generally negligible with mspect o the analeg part. In digiial
delays, a hasle limitation & glven by the discrete mature of the delay eompensation, which cannot he more
aceurate than ghven by the clock period of the sampler. However, digital techngues allow for high clsck
rates, keeplng this error at 8 mindmum.
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Figure 4.7: The Gibls phenomenon, The comvolution of the bandpas with the (unapodized) spectral
window [(sine function) s shown for the real and imaginary parts. Note that for the real part, the
plenomenon s strongest at the band edges, whereas for the Imaginaty part, it contaminates the whole

hamd pass.
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Table 4.4: Maximum Integration time of a 1é-hit counter

clock freguen:y: A MHe

welght lor Intermediate-lovel prodiscis: u=23

positive oflset: nt =

welght for autoeorrelation poodset: 18 [using offset multiplication table)
carry out rate of a 4-hit adder 182 = 1135

maximum integration time: 3 (A MHz = 1.125) = (.T3ms
same with a 4-hit prescaler: 3 g 3 FAD MHz: = 1.125) = 11.7 ms

Evidently, a hasie limitatlon & given by the memory of the ¢ounters, setting the maximum time lag
[which in turn defines the specim] resolution, as already discussed ) with 2K bits, we can exactly represent
N pumbers. However, the nformation eontalned In 1he bits Is mot equivalent. For the 3level eorrelator,
the putput of each chanmel i = 1,.., W 1s

Riiy= % (:H: v"!h_'-”lll —ml'(u,:,,-'-.,-'ﬁ) | [4.18)

[assuming white, Gasslan molse of sero mean and of unit varlanee, awd peglecting the weak contribtion
al the astrophysical signal). The lo-precision of the ouiput B o= o' N (2, comtalned In the last K — 1 biis,
which thus do not med to be tmmsmitied. The maximum Integration time helore owerfiow oocws B set
by the mumber of hits of the counter, and the clock Teguency. Table 4.4 shows an example.

The only error caise doe 1o the correlator that 1s worth to be mentioned 15 the sampler, Le. the
analpg-to-diglial conversion. As already shown, the threshold levels ave adjusted with respect 1o the molse
inthe unguaniized signal. However, the molse power may change during the integration Inthat case, the
correlator does ol gperate anymore at s optimum level (see Fig.4.4). ThE error case can be ellminated
with an automatic Jevel control eireult. However, slight deviations from the optimal level adjistment may
remain, Without golng too far ino detall, the deviations can be decomposed In an even and an odd
part: in ome case, the positive and negative threshold voliages move Into opposed divections [even part
ol the thoshold error). The resuliing error can be equivalently Interpreted as a change of the signal lewel
with respect to the threshold iy, and leads to a gain error. In the other case, the positive amd negative
threshold voltages move into the same divection [odd part of the threshold error). Ths emor, Iowever, can
he reduced by periodie sign reversal of the dighized samples (11 the local secillator phase s slmultameomsly
shified by «, the correlator output remains unalfected). Combining the original and phase-shified outpois,
the error cancels owt with high preckion. Such a phase shilt Is Implemented in the frst local escillators
of the Flateau de Bure system [for detalls see the lecture by R.Lueas). Note also that threshold errors
of up to 10% can be tolerated without degrading the eorrelator sensitivity too msch: the examination of
Fig. 4.4 shows that seeh an error resulis in a signal-to-noise degradation of less than 0.2 5% for a 3-level
system, and of less than 0.5 % for a 4-level system [the maxima of the efficiency enrves are rather hroad).

Another prohlem is that the nominal and actual theeshold values may differ. The ermor can be deseribed
by “Inde¢ision reglons™. By caleulating the probability that one or both slgnals of the cross-oorrelation
pmvduct fall into such an ndecislon reglon, the ermor can be estimated. With an indecision region of 10%
of the mominal threshold value, the ermor B negligihly small

Finally, it shold be moted that strict synchronization between the cosine and the sine correlators s meaded.
Any deviation will niroduee a plase error.

4.4 The correlator on Platean de Bure

As ap example ol a eross-eormelator 1sed In mme-wave Interferomeiry, [ briefly Introduce the cormelator
system on Plateau-de-Bure. Only a spectroscople cormelator B In se. Contlnmim bands are syt hesized
by chanmel averages covering the desired bandwidils, Aspecis eoneerning contrete olserving projects are
addressed In R, Nerl's leciure [(Chapter ).
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Talle 4.5: The Complex Cross Correlaior on Platean de Bure

Bandwldih Sidehand Clock Time Number | Complex | Chanmel Speciral
of IRM'! | Rate | Mulilplex | of Lags | Chamnels | Spacng | Resolution [MH:z]
[MHz] [MHz] | Facior () [MH:] [EY] )
G USE + LEB | 40 1 (7] [ TR | 3025 [ 4000
A USE 4+ LEB | 40 4 128 128 OE25 | OTEG [ 1000
40 USE 4+ LEB | 40 2 204 204 M1SG | 0188 [ 0250
) UsB 40 2 R 204 OOTE | O0od | 02
10 U4SB ) 1 LR 204 0030 | 0047 | 002

MNotes: (1) image rejection mixer (2] with negative & positive tme lags (3) box-shaped time-lag window
[4) Weleh time-lag window

44.1 The current system

The ¢ross-correlator eurrently in use on Platean de Bure, called casmeMBERT, comprises six independent
unita. It consists of theee paris: an IF procssor (oegquency seiting, low-pass Hler selection, oecillator
phase comtmol - Le the anakee Tunetlons), a digital part, controlled by a master processor (Le. delay steps,
clipping correction, FFT, small delay corrections, hamd pass eorrection ), amd a satellite micro reading out
and Turther processing the ¢ormelations.

Each unit can be placed in the [L00,600] MHz IF band, in steps of 0G25MHz (by using a third
fregquency comversbon). The 40, 80 and 1G0MHz handwidihs am synthesized by the adjacent upper and
lower sldebands of an Image rejection mixer. Low-pass [iers select the desired bandwidih, Nete that
these handwidths show the Gihls phepomenon right in the middle of the hand (le. at the edges of the
IBM sldehamds). The cemiral two channels are Aageed by delanli, the oleerver should aveld o place the
most imporitant part of the Ine there. The 1) and 20MHz bandwidihs do ot have the msitetion: for
the A MHz bandwidth, only the upper sideband of the IRM b med. The 1 MHz bandwidih jonly wnit
5 B produced hy slowing down the ¢lock rate Toom 40 to 20 MHz. The specimsoopl capabilities of the
eross-oorrelator at Platean de Bure are summarized In Table 4.5 Part of the Qedblity ls achleved by
using the “time-multipleding” technkyue. For example, a time-muliplexing [actor oo means that the
data, arriving at a rate of 160 = 10* samples/s, are alternately put into four shift-weglsters. The shift
registers are read out at the clock Tequency of A0MHz, thus creating for data streams taken at a rate
that Is lower by a factor of Iour (a5 compared to the sampling speed). Egquivalently, a time-muliiplex faeior
tw means two data streams at a rate of 80MHe each.

4.4.2 Future improvements

The mexi-generaton correlator for the Plateau de Bure Interferometer will allow for more Qexibilivy, due
to the following lmproveme ns:

#» glohal handwldih: 2560GHz (v, 006 GHz In the current system),

# [exihility: & units with ¢hanmel spacings In powers-ol-2 sequence [(ve. § unlis, ¢hamel spacing in
powers-ol-4 seqguenoe )

» glohal digiial performance: 9.8 Teramuliiplications per seeond [ve 13 TMz"").

These Improvements are made possible by wsing new, more Imegrated techoology at hoth analog and
digital signal propessing sleps.

Jan acvanym for Correlator Architatere for Multi-Blement or Multi-BEom Rodio-Telescopes
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4.5 Appendix

4.5.1 BSummary of definitions
* Cross-correlation function of voltage outpuis o and o from antenna paic (i, §):

1 T
Rylr) = (ot t+7) = Jim - [ wlthute+ nja (4.18)

« Covarlanee of two jolntly random variables:
= (21 — (2} {n) [4:20)
For signals of wero mean, and again dentifying © = w(f) and y = vt + 1),

=Ryir) (4:21)

# Cross-correlation eoeflficient of two Jointly random varialles ¢,y of varianee oF and a::

II'J.
= ola?

[423)

For jointly mormal random variables of sero mean and of varlanee of = (%) — ()% = (%), and with
z=wt) and y = y(t +7), the cross-correlation lmetion f; (1) and the cnoss-correlation coeflicient
are mlated Ty

Rylr)= pa* [1.23)

« Blwandate (Gassian Probability Distribution:
Assume two Gassian random variables # and g, both of sero mean, and varlanee o2, The probability
plx, g dedy that the value of # 15 hetween 2o and w0 + de, and that simultanesusly the alue of 3
between o and yo + dy, 18 glven by the Jointly gassian probahility disteibiotion

— (23 + 4 — Zproyo)
=p ( 5021 = 7] ) [4:24)

1
Pl i) =
Taa /1 —
I gur ease, the varlahle ¢ Is asslgmed to the output voltage of antenma 1 at time £, and g the eutput
voltage of antenna § at tdme { + 7.

4.5.2 Clipping correction for 4-level quantization

The following determination of the ¢lipping correction & due to [Hagen et al 1973]:
Clven two jolnily mormal random varlables ¢ and y with covarlance g, and glven some arbiivary Tunetion
gz, w), Prige's theorem states 1lat

dmalewl) _ ':rﬂ"‘“y[r.:.ri]I _ f“ f“ gz, y)
dpm demiym ey
For random signals of sero mean, the covariance o s Identical with the eross-correlation funetion By ()
defined In Eq. 4.1, As shown by Eq.4.1, we need 1o accumulate producis of the vollage outputs of two
antennas (1, §), but wslng the gquantized signak ratler than the contimious ones. Thus, with the ldenti-
fication = = wlf) and y = w;(f + 7)), and using £ and § for the quantized signals, we can apply Prices
theorem to the 4-kwel emss-oorrelation metion By = (&) sech that
dRy _ adRy _ diE) _ o [T (T 0F &
G =R = = Fa " gy P videdy (4.26)

Pl pidedy (425)
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(B = po® denotes the continuos ¢ross correlation Timetion, for the sake of simplicity, antenna indices are
gmdtted). The partial derlvatives in the Integrand are easily Toumd by ising the tramsfer Tineton shown

in Flg. 4.5
F= 6zl + (n— 1) [Bz — w) — -z —w)| B[ —x)
where z) =1 for 2 = (), and 0 else. This,

oF _
e
Be-writing Price's theorem, we find

(2} + (0 — 1) [8[2 — wo) + Sz + 1wl

Ry

- E?J"_:J{:[EJ[IJ-I-[ﬂ—l:l|5[1—1-'n:|+5[1+1-'n:|]:|

< (28(y) + (0 — 1) [y — wo) + 8y + vo]) plx, y)dedy.
Insering the jolnly normal distribotion ple, @), and evaluating the Integral yields

dR _ a?ﬁ{[ﬂ 1 e (757 ) + e (5755

dﬂ = {1+p}

+-1[=.—13mp[:m,'—l“qf;—|:] +2},

ar, alternatively, the integral lorm given n Eqg. 4.11.

427

[428)

[428)

[4.30)



Chapter 5

LO System and Signal Transport

Robert Lucas

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

5.1 An Heterodyne Interferometer

5.1.1 The simple interferometer

Thi Is oom posed of 2 antennas, a muliipller, an Integrator (Fig. 5.1); we divecily mutiply the signals, and
awverage In time. 75 = 2abas /e ls the geomeirical delay. Provided the geometrical delay s compemsated in
ihe hardware, alter filtering out the high Mequency terms, the output of the ¢orrelator & the real part of
the wisihility:

i) = A oos () [5.1)

A complex correlator sing a gquadrature network can be sed 10 mesure the Imaginary part; or (equiva-
lemily) ome 1s=es a speciral correlator.

5.1.2 The heterodyne interferometer

We mow eonslder a more reallstie two antenna system (Flg, 5.2), which Includes two [eguency ¢onversions:
e one in the 515 micer, and one to move the IF bamd to hasehand for mumerical sampling and digiial
correlation. Thi again ls a simplification, bt includes all the Important effecis. The PAB system has in
fact 4 Irequency comversions (gee Telow ).

Let s first comslder the effect on phase of a slmple foegquency eonverslon.

5.1.3 Frequency conversion

The Input signal to the mixer s V(i) = Eeos(wi+ &), amd the st LO slgnal 5 V(1) = E cos(wi i+ ¢ ).
Mixer gutput is proportional to [V + 'l’.[.:j]’ amd we select by a filker a band Aw cenered on whe. We
nole: Wy = wh + we, and wh = w — wy the angular frequencles In the upper slde band and In the ower

5l
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Figure §.1: A simple, two-antenmna interfemometer

slde band, mspeciively.
The IF output &

Vet o Breos|(wr — e )+ o — ] + B ooos [[—wh + w0t — e+ g
Vielf) o BEyroos(wel + g — o) + B ooos [wel — g+ 484) [52)

After the equeney eomwerslon the phase s the difference of the signal phase ant the L0 phase, with a
slgn pversal I the comeersion 1s lower side hamd:

L5 L5B
Irequency: | whe = Wy — &b ke = —ih + i
phase: P =@Pr —¢ e = =g+

5.1.4 Signal phase

Qe antenna ls alfected by tle geometrical delay v, and by the phase (¢, in the upper slde hand, ¢,
im tle lower slde band), which s the quantity to be measured. We apply a compensating delay « In the
secom IF, as well a5 a phase ¢ to the st LO and a phase ¢, on the second LO. We note Ay = 5+ 1,
ihe delay tracking error. In a Z-anienna system, we may assume that the signal path through the fist
antenna sullers mo delay of phase offset terme. Obvimsly the com persating delay 5 in the secomd antenna
may meed to be negatlve, I the second antenna B ¢loser 10 the spuree: In that case gme will apply the
positive delay —v on the fivst antenma. Ina N antenna system, one will apply plase and delay commands
to all the antennas; & common delay will be applied toall the antennas sioee no pegative delay can he
budlt with current tee hooksg v

Let s first conslder the upper side band of the first LO (second LO conversion 1s assumed upper slde
hand for slmpliciiy):
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Figure 5.2: A heterodyne, two-aniema interferomeier, with two equency conversions
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T stop the ringes In hoth sldebamds we peed the Tollow ng oo pditlonms:

Ar=n410 = 1 (53]
it ehTe = 0 (54)
iy + wiaTg = I [-5.-5-:|

O geps that delay tracking In 1he secomd IF Imposes a phage dmelng on the first and second oscllators.
The delay ervor Ar appears a5 a phase term proportional to Mequency in the IF2 hand wg,.

The eondition that eg. ¢, = —wy 7 means that ¢, mst be commanded to wary at a rate
b 2a
= oo I — — hi
Ho= e s A 0 (5:6)

which Is about 10 tums per seeond for Ay = lmm and b = lkm. The condition s much easier lor the
sepand LO. In practioe the phase & commanded typleally every seoond, as well as 1is rate of change during
the mext seeond [the real curve ls approsdmated by a plecewlse lmear curve). Note that a limear drifi with
time of the phase Is strietly equivalent to a small Tegqueney oflset.

5.2 Delay lines requirements

5.2.1 Single side band processing in a fAnite bandwidth

Assume that the eonversion oss I8 negligible for the lower side band. At a glven IF2 Iequency whps the
directly ¢ormelated slgnal is:

Ve=Acos(y + whpdr) (5T
wihile the sime ¢orrelator wold give:

Vi = A sin (@ + whp A7) (58)

V =V, 4 iV = Agilvtumadr] (5.9

Assume we se a eorrelator with a findte bandwldith Ase. The correlator output 1s obtalsed by swmming
an frequency 1o the IF passhand:

V= f AatlFFm ST By e it (5.1}
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where Biwhe) B a complex passhand funetlon characterktie of the system: galn of the amplifiers and
relative phase faciors.

v =-’-E""f£""'“‘:“'ﬂ[uu==.}iuw=. [5.11)

We have assumed that the spuree visibility B constant acmoss the band; the souoree visibility, when the
delay ermor varies, Is muliiplied by the Fourler tramsform of the complex passhand.

The delay ervor mist be kept mch smaller than the lnverse of the Instaniapeois handwldih 1o limi
the signal loss 1o a small level The delays amw isually tracked insteps, mudtiples of & minimum valise. To
limit the Ioss to 19, the minimum delay step must be ~ 0025/ Ap (L5 s for a 560 MHz bandwidih).

5.2.2 Double side band system

In that case ile signak eoming from the upper and lower slde hamds have similar attenuation in the BF
part and slmilar conversion loss In the mixers. They will have similar amplitedes In the eorrelator output.
The msult for the oesime comelator b

V= A_I_Ef_-n:— wipndior— {g fwiong - pafeana }] + Alei:—ﬂ—mm-ﬁr—lﬂ—wlml —watuaral] [5.121

Assuming the same visibility in both sidebands:
Vo= A oms [ — g, — w1 JetierredT —sa—waral (5.13)

IT the delays ave tracked, and the LOY phases motated as above, the exponential term 5 1 amd only the real
part of the visibility 18 measured. Some tdck Is thus meeded to separate the signpal from the side hands.

5.3 Side band separation

The slde hand separation by mixer rejecton & difficult for low IF requencies, and curently works only at
Jmm. The image rejecilon varles with regquency. There are other methods that cancel the signal In the
unwanted side hand by a larger [actor. They are hased on the fact that the LO] phase ¢, appears with a
different slgn on the USB and L5B signals.

5.3.1 Fringe rate method

Oz might choose 1o drop the phase rotation on the seoond L and let the inges drifi at thelr natural
[rimge rates. These rates are opposed In slgn for the USH amd LSB, and they might be separated elecimn-
leally. However the natural finge rate sometimes goes 1o sero (when the angular distanece helwesn souree
and baseline divecilon B minimum or maximum ), and at least In these cases the method would fall.

It wonnld he more practical o offset the LO and LOY2 phase rates ¢ and o vom thelr nominal values
by the same amount ceee. 0 the oflets have the same slgn, they wil compensate for the USE amd offset
the inge rate by 2wger in the LSB. I woee B large enough, the L5B slgnal wil he caneelled. Note that
offsetiing ¢, by a fxed amomi B eguialent to ofsetting the LO1 egueene v

ThE is & simple method {0 reject the unwanted side hamd. Note that the assoclated nolse B mot
rejected.

5.3.2 Phase switching method

Assume a varlahle phase oflet ¢y 15 added 1o the LON phase command appropriate for compensating the
genmetrical delay varlation:
= —iTa + th [5.14)

it will be subiractied to the plase of the 5B signal, amd added to that of the L5B signal. Ty B switcled
hetween § and /2, the relathve phase of the USB and LSB will be switched hetween (0 and «, amd the
slgnals may be separated by synchronous demod ulation:
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Wy | Signal
0 | Vi = AV 4 e
xf2 | V, = A eilev—=/1) 4 4 gil-wi+=/2)

Then one may oom pite the vidbilities in each slde bhand:

AT = [V il )2
and Ae " = [V —i¥,)/2 (515)

We have assumed here that we have a complex correlator (slee + cosine), or egubalently a spectral
correlator measuring positive and negative delays [see Chapter 4).

e may also swlich the phase by «, In which case the sgn of all the correlated voltages B reoversed.
Thi has the advantage of supprssing any offlseis In the system.  Actually both switching eycles are
ooy bined in a 4-phase gycle:

¥ | Signal
] V, = A &%V + A e vt
/2 Vo= _dq:eilm:—'lﬂ‘l + .-4.;_&“ —wL+E 2]
L Vi=-W
daf? | Vi=-¥
Apé®™ = [V iV -V — i)
and A~ = (W —ila— Vi +i0) /4 (5.16)

Ina NV antenna system one meeds 1o switch the relative phases of all aptenma pairs. This could he
dom: by applylng the above square-wave switching on antenna 2, then on antenna 3 at twieoe the switching
frequency, and so on. In practice the switching wavelorms are ortlogonal Walsh Tunetions.

5.4 The PdB Signal and LO transport system

A hleck diagram of the Platean de Bure Interferometer system s shown in Fig, 53

5.4.1 Signal path

The signal path ls ouilised in Fig. 5.3, @i shows the slgnal and L0 patls lor one antenna and one recelver
bamd. The high equency part [recelver) was dscribed in Chapter 3. The amplified fist IF output
(12751775 MHz) Is dow nroomverted 1o the 100 — 600 MHz band and transported 1o the central bullding
ina high-quality cable. Belore down-comverslon, the band shape 1s modified by a low-pass [ier; since the
L2 & at a higher freguency than the [F2, the handpass will be reversed in the opmversion, and this by
anticipation compensates lor the eguency dependent attemuation in the cable [which Is of course higher
at the high-Trequency end of the bhandpass).

Thee 1K —G) MH= hand arriving in the eeniral dlding is directed to the correlator analog IF prooessaor
lnpits [with a divilon by 6 sleee there are § ldentical correlator unlis) and to total power detectors which
are swed lor the atmespherie callbration amd for the radlometric phase ¢ormes ton.

54.2 LO generation

The first local oecllator is a Gunn gs¢llator (a tripler s 1sed for the L3mm weelbeer). The GGunn s phase-
locked by mixing part of lts output with & harmonie of a relerence signal [used also as the seopnd LOEH:
the harmonie mbcing prodeces a HOMH:z slgnal, tle phase of which ls compared to a relerence signal at
frequency &= LMHz:, coming om the central bullding. That welerence signal Is used to carry the phase
commands 1o be applied to the st LO: a contimmsly varying phase o compensate for earth motlon
and phase swiiching used to separate the skde-hands amnd suppress offsets.
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Figure §.3: The Platean de Bure Interferometer system
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The L0 slgnal at iag, may be locked either HIOMHz abowve [ “High Lock™) or helow | “Low Lock™ ) the
NI harmonie of the LOZ fequeney M

Vg = [ Nybhgo 26 )Ny [5.LT)

The multiplication factor Ny B 1 lor the 3mm recelver and 3 for the 1.3mm peoelver.
The seeond local pecllator, at e = 1875+ 25 MHe, 1s phase locked =005 MHz helow the equency

sent by the symtlesker in the central bhullding (which 15 under computer eontrol and commen to all
antennas):

Ve = Mgy — & (5.18)

The &, relerenee roguency s sent 1o all amenmas from the central bidlding in a low quality cable,
together with the £ = 1MHz relerence egquency for the st LO. The w15 sent o the antennas via
the same high-0) cable that tramsporis the IF2 signal. No phase motation s applied on the seoond local
garillator. The relation between the RF slgnal equencies (in the loeal rest frame) In the upper and ower
slde bamnds and the signal frequency in the second IF bhand is thus (for high loeck j:

Fiam = Pron + [Pres — ) = [NV + Dbves + Nucki — g [5.19)
and In the lower side hamd:

an = Mo — (Mg —des) = [Wu Ny — Lo + Mg + 14m [5.20)

5.4.3 Purther signal processing

In each eormlator a variable section of the IF2 hand Is down-eomeerted to basehand by mears of two
frequency changes, with a fxed thivd LO and a8 tunable foarth L0 Tt §s on that LOW that the phase
rotations needed 10 compensate for residual phase drifis dee to the geometrical delay change are applied
[In fact that LO4 plays the role of the second Mequency conversion In the above analysis). Mo phase
rotation s applied on the seeond and third local oscllators.

The phase rotation applied on the fourih LOYs s:

= s + el — i ) T (521)
slnce the second and thind conversions are LSB while the Iooth s TSB. It Is diferent in the diflerent
correlator uniis sinee the w, requenches are different.

5.4.4 Phase stability requirements

Short term phase ermors in the local gecillators [Jitter) will cause a decorrelation of the signal and meduce
the visibility amplitude by a [actor

3 a — & .4 —_
Hia =E—|ﬂ'| a2 v‘le—rﬁle—agﬂ — !‘lll:ril:rh [5223

wihere oy s the rms phase fuctuation of the IO In e of the antennas (oy In the other). 5, = e g
the decorrelation facior Ior ome antenna; ty pleal regquirements on oy ame:

:,, |0.99 098 095 0.90
o1 [degrees) | 575 B.1 130 185

The phase stablity required on the LO2 B oy J{ NuNy )~ 0017 for a 0095 efllclency at 1. 3mm: very stable
gacillators are needed.
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5.4.5 Cable electrical length control

The &, relerenee egquency 1s also wsed lor a contlmums eonirol of the electrical length of the High-0 cables
tramporting the IF2 slgnal from the antemnas to the cormelator moom o the eentral hullding. A variation
AL In the elecirical kngih of the High-0) cable will affect the slgnal phase by JE0A LS A Tor a length of
B0m and a temperature eoefficlent of 10-% we have a varlation in length of Smm or 17ps, which translates
into & phase shift of 4 degrees at the high end of the passhand: thk & a very emall effect.

The same length variation Induees a phase shifi of 360 = 01T = 1875 = 11.5 degrees at the LO2
fregquency. Thi signal belng multiplied by [N+ LN, ~ e S e ~ 130 for the 1. 3mm receiver, we have
a totally nnacoeptable shift of abont 4 turns. The cables are hurked in the ground for mest of thelir lemgih;
hoswever they also run up the antennas and suffer from varying torslons when the soumes are iracked, and
in partleular when the antenna & moved om the souree o a phase callbrator.

For this reason the elecirieal lengih of the cables s wnder permament eontrol The LG slgnal B sent
hack to the cemiral huilding in the High Q cable, and there i B mived with the ives + & slgnal from
the synihesizer. The phasemeter measures every secomd the phase difference hetween the beat signal at
0.5 MHz and a reference (.5 MHz signal

The measured phase difference B twiee the phase offset affecting the L2, it s used by the computer
to correct the L0 phase ¢, afier mudtipleation by i, fies.

5.5 Next generation instruments

Mexi generatlon nstruments will operate at higher equencies, and meed higher bandwidihs, and hetier
angular resolution. The major changes expected are:

# Use of optical Abers rather than cables. Actually this ls alpeady the case In some Interferometers.

» Digitiee higher in the slgnal chain transporting digital signals requive more bandwldih bt B more
apeurate.

» Possibly gemerate L) slgnals wsing infrared lasers rather than by multiplylng lewer equency signals.
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Chapter 6

The Plateau de Bure Interferometer

Roberto Neri

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

6.1 History

The design of the milllmeter wave Interfemmeter started In June 1979, In the year of the lmmdation of
IRAM, the Institui de R adisast romombe Millmdéivkgee. The constroction of the first antenmma was oom pleted
in June 1987, and three years later an Interferometer comlsting of three antenmas was opened 1o gwst
pheervers,  Flst [Mlnges at 230 GHe were obialned in Aprll 1985, and the current configuration of the
Interferometer was attained one year later. Work s currenily In progress 1o extend the north-south track
and for the comstrection of the sixth antenna. Starting with the commksioning period in 1990 up 1o the
end of 1998, the Platean de Bure Inmerferometer was able to carry out more than 450 different projects
which nvobaed more than 2060 lnvestigators om all aroumd the world.

6.2 Description

The Flateau de Bure Interferometer 1s located Inthe Seuth of the French Alpes, near 5t-Etlenne en Dévoliy
in the Dépariment of Haute Alpes. The Interferometers aliltede B 2552m (250 m at the ntersection of
the azimuth and elevation axes of the telespopes) and its longltude and latitede at the array phase center
are (bl 28.5E and 440384020 N. A eable car provides acoss 1o Flatean de Bure. A hangar In which the
slxth antenma Is cuwrrently under comstruction, B sed lor antenna mainiesanee, gverhanl peripds amd, in
general, for antenna repair work which needs to be carried ot In between times bt under safety conditlons.
The hangar hoses a lew workshops Ior ¢ryogenles, mechanies, electmonics, a power station which provides
electrle atonomy o case of Interruptions in the ecternal power supply and Gmally, the eorpelator Do
and the eonirel room for remote array operation. Almost adjacent 1o the hall are ihe living gquarters for
the stall who supports the uninterrupied round the dock operation of the Interfemmeter.

Currently, the Interferometer ¢omsists of fve antennas arranged Ina T-shaped pattern edending over
a max imum of 408 meters east-west and 232 meters portl-south. A4 slxth antenna Is expected 1o be ready
mid 2K, and further haseline extension of the north track & under way.

il
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Figure 6.1: PdB Imterferometer station layout as of September 1998, The Interferometer orlgin is defiped
as the center of the crele which goes through the stations N30, B2 and W12, the so-called IRAM phase
center, and this gives a unbguee vwetor definition to each station.

The antennas are conceptually dentical: they all have a Tully steerable ali-az mount which neorpo-
rates a sell-propelled transporter for moving the aniennas (130 toms) alopg e tracks between statlons.
Each antenma B a 15m diameter Cassegrain teleseope with the backstructure and quadrupod legs largely
made of carbon fber for high thermal stability. The high predsion of the reflecting antenna surface [40-
fllum) guarantees best peformance: all antennas have essentially the same sensitivity (227w K" at 3 mm,
A Iw K" at 1 mm - see lecture by A.Dutmy), and very similar pointing and focsing characteristics.

All the antennas ave equipped with duaklequency SI5 mweelvers operating simulanesusly in the
B2 0:Hz—115GH: and 306 GHe—245 GHe range.  Typleal double sldeband mecelver nolse temperatures
are between 25 K and 0K at 3mm and between 40K and G0 K at 1 mm. The recelvers upper and lower
sldebands are separated by the correlators with a rejection better than 26dB. The lower o upper sldeband
galn ratlo depends on the recelver and varles typleally hetween 0.2 and 40 under standard operating con-
ditions in the 3 mm band, and ylelds essentially a double-side hand tuning in the 1mm hamwd. Pure slogle
sldehand tuning [with rejection 15 to 25 dB ) 1s also possible In the 3 mm bamd, with pecelver temperatures
arournd G to S0 K.

Sk totally independent correlators units are avallable that provide an 875 owrelation effidency |for
more detalls see H Wisemeyer's lecture ). Each eorrelator unit provides 4 cloloes of band width) chanme]
configirations, a single unit provides an additional configuration with a nominal velecliy resolution of
Mims~" ai TWGHe. The correlators ean independenily be eonpeeted diber to the 3mm 100600 MHz
IFL) or to the 1 mm recelvers | W0-EN MHz IF2).

A central conirol computer ¢oordinates the entire Interferometer [antennas, recelvers and correlators
and quite some other equipment ) and makes the data acquisition. Baw data corpesponding to the Individueal
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dumps of the cormlator bisflers will not be avallable as realtime jobs apply antomatie calibrations (cipping
corredctlon, apodization, FFT, sidebamd separation, small delay cormection, hamdpass correction and other
corredtlons) aml make automatic data quality assessments [marking had data, shadowing, phase ook, st
to ¢lte a few fags) belore data ls written 1o disk. A seeond workstation provides the soliware resourees
for offline data analysls amd lor data archiving belore transler to the Gresehlke headguaners.

6.3 Array operation

6.3.1 Array calibration

The astronomical setup of the Interferometer Involves a mmber of steps that are done under the join
responsibility of the array operator and of the astronomer on duty [AoD) The goal of the setup 15 1o
maximke the nterlerometer performanee in view of sersitivity and positional precision.

Change of array configurat lon

A change of configuration & the responsbility of the operators and of the technical stafl. Sinee most
pmjects, a5 mapping, mosaleing and snapshol olservatlons, requime more ws-eoverage than a slngle con-
figuration can provide, the antennas ave moved typlkally every three weeks or ao, 10 4 new configuration.
Ewvery additioma] configuration inereases the mapping sensitivity and the unilormity of the wss-omerage by
addimg N[N — 1)/2 baselles 1o the sampling lunction [these are 1) baselimes diring the winter period,
6 baselines during the summer perlod when the array s operated with only 4 amtenmas). Configura-
tloms are sually selected among slx types aceording to seweral eriterla: antenna avallability, project type,
atmpaplerk seelng, wo-coverage, pressire in ocal sldereal time, sun avoldanee and other faciors.

Sk primary configurations are needed 1o cover the desived range of angular resolution at the two
operating egquencles with b antennas:

Configuration Stations
D WG W00 E03 NOG N
1 WIS WOL ELD NOT N13
2 W12 Wi ELD NOG W15
Bl W12 ELS EZI NL3 NH)
B2 W23 W12 ELZ NIT NZ5
A W2IT W2 ELG E2 N5

The ¢onfigurations can be combined 1o produce five sets of configurations for different angular resolution:

Het Configurations Purpose

I D detectlon | lowest resalutlon
CD D, C2ar 21 A5 at 100 GHz
[ 1, C2 higher resplution than CT
B Bl, C2 2.0 at 100 GHz
BB Bl, B2, (22 higher resolution amd sensitivity
AR A, Bl, B2 L# at 100 GHz

Hpecial configurations and sets of eonfigurations are used during the anmual antenng malntenanee perid
which & wually between May and October, Diuring this peried olsemvations at 1mm are lor most of the
time mot leasible, specially in the two ectended B oonfigurations. Observations In the A configuration
whether a1 3mm or lmm will In gemeral only he scheduled duing the winter period. Bequested non-
standard configurations are eonsidered only In exoepiional cases.
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Antenna focus

Hemsitlvity 15 one of the most Important concerns, As a mle of thumb, an axial displacement of the
spcandary by ~ A/ 3 results In a 2065 loss of semsitivity. To avold losses larger than 3%, the podtion of
the secondary peeds to be measured to msch better than A/ on egular time ntervak. The positional
precsion, owever, depends on the souree strength, the operating wavelength, the sampling of seopndary
positions and, finally, on atmesplerestabity. In general, the locs s measured at 3mm gn a strong gquasar
by displacing the secomndary in steps of 1mm [(insteps of (L45mm i dope at 1 mm ). This Is systema tically
dome by the operators at the beginning of every project and Is automatically werified by the system every
howr during project eoeeutlon.

Antenma polot g

A high pointing aceuracy ls demanded In view of semsitivity and mapplng quality. Antenna polnting ermors
aflect the glohal sensitivity of the Interferometer and may lead 10 severe ermors in the Image restoration
pmoess. As a rule, a polnting precision of A8 ~ Bggaee /30 Is desrable at the highest Tregqueency. The good
polnting acewracy resiulis om an optimied structural design: a good know ledge of the gravitational load,
a goied positional stability of the recelvers (a good alignment 15 meeded for dualfrequency observations),
a preclse conirol of the secondary, high precklon hearings and position encoders, a good servo system, .. .
and a good software conirol for repeatable antenna polnting errors. The quality of 8 polnting model &
generally limited by wind and thermal ad effecia The absolute pointing aceuracy achlevahle with the
IRAM apiennas is in geseral below the 223" rms at each axk with a slightly higher uncertainy in elevation.
Hueh & polniing accuracy leads to very small Intensiy varlations, mest of the time with necligible effecis
qn the Image reconstroction. Higher accuracy s obtained by regular relative polnting measirements every
Tuoar.

Each anienna ls characterized by a fixed set of polnting parameters. These are measured only in
certain clrcumstanees: when an antenna 1s golng 1o see first light, when modifications are made which
may affect the pointing of an antenna, or more generally In cases of sispecied pointing problems. In
these cases a precke Interfemmetrle pointing sesslon, eventually with a preceding less sensitive fulksky
slngle-dish sesskon, 1s regulred to derbe the Tull set of antenna polnting parameters. Such polniing sessions
are rediced with a dedicated mon-lisear fHtilng program o use at Platean de Bure.

The pointing model s actually based on § parameters only, all othes belng megligihly small. These
parameters are [A T and [EL [the agimuih and elevation engoder soro polot correction ), COH [the antenna
horkontal opllimation), and IVE amd IVN [the anenna East-West and Noril-South inclination). TAZ,
IEL, IVE amd IVN are in station dependent, while COH Is In principle an antenna constant. [TAZ, IEL and
COH are measured in intederomeirie mode by polnting on a few low elevatlon and high elewation sourees.
In general, three sirong guasars at 3 mm are Tully sufficlent. The mmaining two pammetes, IVE and IV
are measured on every project start with an nclinometer by making an amenm turn thooeg b 3607,

Delay measu re ments

Delay measurements alm at the eormection of cable length (elecirk paih) differences hetween two antennas
aflter compensation of the geomeirical path lengih, An Iimproper kowledge of the difference In cable
lengih s visible as & frequency dependent phase slope in the Intermediate freguency hands (IF] and IF2),
and, depemding on the amplitude of the slope, may result In & more or less Important loss of sensitivity.
The delay 1s measured by a cross-correlation on a strong radio souree at the heginning of every project.

Baseline lengihs messurement s

The goal Is to measure ithe pesition of each antenna @ relative 1o 8 common elrence polnt [dstances
Kig, ¥z, &5 between antennas 1 and § or ditances dX;, 41,427 with mespect (o the thesretical station
position) In order to subiract the phase term 2w (see lecture 2 by S.9Guilllotean ) at any howr angle and
de¢lination from the olserved phase. The ahsence of a good haseline solution s equivalent o having large
unpertainties in the haseline separation between different antennas. As a comsequence, the gepmeirical
delay might Improperly be compensated and large time-variable phase errors might affect observations.
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Thowgh the quality of a hasaline solution B easilly found out — the calibrator's visThility phase shoildn't
vary with relerenee to the phase tracking cemter as Tunetion of our angle amnd declination — a good baseline
solithon 15 truly ndepensable for the purpese of phase calibration. Phase errors can often he more dele-
terigus on eompact configurations where souree vEibDitles aw stronger than on extended configurations.
As a pelerence, winter conditions allow haselines in the D configuration to be measuped at 3 mm with a
5 — 87 phase accuracy and with 5% — 307 In the A configuration. In summer conditions the accuracy &
often 2 — 3 times lower,

Though o high accuracy Is meeded for antenna positioning (offset position oom the target location B
routinely within a wavelengih), the actual antenna position has to be known with high precision: within
a small fraction of a wavelengih [TOEM0um ). The precislon 1s limited essemtially by the atmosphere and
by thermal effects.

The baseling parameters can be obtained to high accumey rom observations of a mumber k ol relatively
stromg polnt smress, wel-distribited In howr-angle and declination, lor which accuwrate pesiilons are
avallable. The amalysls of these olservatons ls wsually carried out with CLic, the calibration program,
using a least-square-fit analysls on the geometric phase difference for antenna pairs (1, §):
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where . Iz the assumed geometrical phase between the two stations, H and 4§ the bour angle and
declination of the souree, amnd where ﬂ-@;’# = {%; oos El, are elevation dependent correction terms for the
non-intersec thon of the eevation and azimuth axes In the nodal peint of the antennas. These terms are
will-known and stand for mon-pegligible elevation dependent varlations of the viEibDity phase which need
1o he removed as accurately as possible helore solving for the haselimes

In theory, three sources are sulllclent 1o measure the actual haseline lengihs, in pmctios 10012 sources
are negessary o obtaln an ascurate measurement. Since a displacement by 1% at 1 GHz on a baseline
of 1{im iramslates already 1o a phase ofEet of ~ 5827 [~ 1 rad), the positions of the radio soureces wsed
for haseline measurements meed to be kinown with an accuracy S hetter than (U027,

The baseline equation implies that positional ermors are equivalent to phase errors. Slnee baseline lengih
errors seale with the angular separation between calibrator and souree, the alm E to have callbrators as
close a5 possible to minimise the phase ermors.

Sometlmes, accurate haselines are mot required as in the case of sell~calibration projecis. Sometimes,
however, even i good haselines are required, they slmply canpot be determined precisely enough alier a
change of configuration. Projects olserved in the meantime will then meed o walt for a better baseline
model.  Such projects will in general mot be phase-calibrated by the astronomer on duty, but phase-
calibm thon has o be done later on by the proposers of the observations.

Galn mess urements

Galn measuremenis ((ZAIN seams) are oross- correlations on strong radio sourees which are essentially wsed
to measure the Image to signal sldeband raties Ior both the 3mm and 1.3 mm reeelvers. The mguined
sldehand ratly depemnds on the project, tle achlevahle sideband ratlo depends on tle receiver and the
frequency. Anaccurate measurement of the recelver galn s necessaty Ior a good estimate of the atmospherie
opacity andol the associated thermal noke with which the atmoesphere contributes during the observatlions.
Therelore, resulis of a galn measurement are followed by an atmospherie calibration (sean CALL).
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Recelver atability

As a rule, a high recelver stability < 310~ & never required. Sometimes, however, depending on at-
mospherk conditions, array configuration and observing fequency, a higher stability may he desirable
in view of a very promising radiomeirie phase eorrection. Though sweh a high stability Is mot always
achlevable on all the recelwers, 1t makes possible an improvement in data quality when the atmospherie
phase gorrection techngue becomes practical (see lecture 9 by M.Bremer). Experience at Bure [rom the
last three yeais shows that the radiomeirie phase correction s quite efficlent under clear sky conditlons:
Trom spring to autumn essentially durlng the evenlng and morning hows, In winter almoest always wlen
the weather allows 1o ohaerve.
Hinee observations on more compact baselines sufler less fom the effects of the atmospherle phase
noke — for relerence, an rms of less than 10 rms a1 3 mm is routinely obtained on the shortest baselines
a high recelver stabllity In compact configurations B only exceptionally requived. Typically, under
average ohserying eondiilons with a reeelver stalility of 310~ we may alveady correct atmospherie phase
Nuetuations with a precklon of 10F at 115 GHs.

6.3.2 Array observations
Betting up a project

Hinee projects are spread over typically a few months, it Is Impractieal that astronomers actually ¢ome o
the lnterferometer for thelr observations. In some exceptional case, however, when olservations peguine
rapid de¢isions, the presenee of a visiting astronomer may become meomssary. Up to now and after almost
ten years of gperation, only a hamwdll of projecis requived the presence of a vislting astropomer. Only
no-standard oleervations like mapping of fast moving objects, coordinated observatlons may reqguire a
member of the project team to he present on the site. All oheervations are carried out “ln absentes™, and
a local condact 15 assigned (o each project.

The olserver has 1o specily all aspects of hisher program in an observing procedure. Bor routine ohser-
vatipns, this & usually dome with the belp of the local contact by parameterizing the general olservational
pmeedure. Onee the procedure s wrltien, a eopy I8 made awallable to the operation center at Plateau
de Bure. Belore stan, lurthber verifications will be made by the sclentifle opording tor amd, to inalize the
pmoedure, by the astronomer on-duty who makes a last check hy looking at the technical detalls in the
pmposal, at the technieal report and at the recommendations made by the programme commitiee.

Qudte some time, howeser, may pass bhetween the poeparation of an olserational procediure amd the
actual obeervations. Depending on the mquirements, hetween a few hours and a few montls may go for
the declzion to start tle olserations. On avemge 305 of the projects are completed within 6 months
Trom thelr acoeplance.

Obaervat bons

Fuor the ohservatlons, the array 1s operated by an operator with the assistanee of an astronomer and under
the supervision of the scdentific conrdinator. The operator las the full mesponsibility lor condscting all
ohservations lollow ing pre-established ohserying procedures or with the belp of the astronomer in case of
unpredicted events.

The eperator will execute the olserving procedure acoording to a pre-established planning which allows
for some fexdbility n the scheduling, and to a lew ceiterla (as the measdmum amount of precipitable water
in the atmeosphere, the required atmospheric phase stability, the requested olserving frequencies, the
declimation of the targeis, the sun avoldance lmit amnd a few other aspects) which will kelp both the
gperator and the astrommer in thelr fingl dedsir-making on which project to carry oul as next. Asa
ride, exoellent atmospherle comditions wil be sed lor high grade projects requesting sensitivity at high
freguencies while the remalning time will Iin general be devoled Lo projects which require less siringent
atmoaplerk oo ndiilons.

Onee a project s selected, the operator will start the ohserving procedure which sets up the needed
eguipment configuration [essemially sky requencles, eorrelator setiings and target coordinates according
with the olserver's wishes) amd will start preparing the Interferometer for the observations: the recelvers are



.3, ARRAY (JPERATION

CALIBRATOR 1

WMEPASS CALIBRATION + IFPE  [2x 5 sec)
TABLE /S0t CALIBRATION s CALL [1+2% 5 meq)
ANTENMA FOCUS » FOCU (S 15 sac)
ANTENMA POINTING » FOIN [2x BO sec)
CORRELATIDNS + CORR [3x 45 sec)

{CALIBRATOR 2

—r

(BANDPASS CALIBRATION + IFPR
(TAHLE /SKY CALIBRATION v ALY

L

{CORRELATKING v CORR)
SOURCE

WMDPASS CALIBRATION + IFPE

Tag :__-"!'- Y O IBRATION v A

CORRELATIONS + CORR [20x 60 =ac)

Figure 62: Stamdard olserations: a oyclic sequence of measurements.  IFPE scans alm at callbrating
the IF passhand, CALT are auto-eorrelations on & ot load [P0 K) and on the sky (on a 15K load only
at the beginning of every project) 1o adjist the temperature response of the array, FOCU and POIN scans
measire foesing and pelnting offsets [done only every 4% minuies) and CORR scans are ¢ross-correlations
[oomplex vwislbilities). In projects reguesting two calibm tors every other callbration 18 made on the seopnd

callbim tor.

tuned, the gains and the @ero-delay of the recelving antenna ls adjisted and veriled, the antenna polnted
and focused, the RF passhamd B measured amd the temperature seale of the nterferometer callbrated.
The Hiee of the primary calibrators are then werified, eventually replaced I thelr fix demsity has doopped
ton much, and the ohservatlons started.

As soon & project Is started, the astromomer oneduty will mondior the exeention of the project and
the data quality by examining the visbility ampltiede and phase of the calibration soiorees, the antenna
tracking in presence of wind, the anenna polnting corrections, and all time-dependent instrumental and
atmpaplerk parameters which cpuld have some Implications on the ohservations. Furthermore, o avold
Turther olserving on a targel with wrong coordinates, the astronomer will verily the presence or absence
ol Ome and for comtimom emdsskon acoording to the expected values quoted In the proposal. Finally,
the astronomer on-duty will provide pre-calibrated data on a best effort hasls. Depemding on project
oo plescity and meeds, lurtber data analysls B sometimes reguived on the site 1o deckde on Inllow-up
ohaervations.

When the olservations are running, commands are regularly Issved to the antennas and to the periph-
eral equipment [phase rotators, correlators and others) lollowing a well-defined, cyelic sequence as shown



68 CHAPTER . THE PLATEALUl DE BURE INTERFEROMETER

in Figure 6.2, This sequence may slightly change depending on the mimber of calibrators and on the mum-
her of phase centers [Le. the felds of view requested lor different sources or lor mosale-ty pe oleerations)
the olserver wisles to track In a slngle run. Ty pieal ohservations at Plateas de Bure [all In ome of the
Tollowe ing categories:

¢ Detertion: deep Integrations alming at measuring the e densities of falnt targets [contimnom
em Eslon andfor line emission fabspmpiion) with the Interlerometer mostly In compact configurations.

« Hnapshot: olseratlons in o or more configurations, aiming at measuring apparent slees In a small
sample of targets, In some cases even allowlng for mapplmg. The oleerational prosedure sels up
ghort Integrations on Individual ohjects in a cyelle manber.

& Mapping: olservations generally In twoe or more configurations aiming al mapping a single object.

& Mosale: similar tosna pehot oleerations, eaept that the array ewiiches botween adjacent, hall- heam
spaced phase centers to map eld of views which are more extended than the primary heam of the
antennas.

Monitoring project execution

Under normal ¢ireumstances only a few parameters of Interest are megularly verified and eorrected [mosily
automatically ) during the observations, but Instantaneos (every second ) and much more detailed Informa-
tlon can be obiained at any time by conmpecting o the egquipment [recelwers, anlenna control paramelers,
digital ecorrelator units and others). Durlng the operation the array status B continuously monitoped so
that the operator can provide [ast leedback 1o resporse, at any tlme when mecessary. An automatie data
quality assessmenis [(Hageing bad data, antenna shadowing, recelver phase lock and otlers) belore writing
data to dek. The astromomer on-duty has the respomsiblity of periedically montoring tle data aegud-
gltlon and to wrllte a few noles assessing the data quallty during and afier the observations. Mondtoring
the pmgress of a project by making Intermediate data reductions, however, 15 the responsibility of the
gheerver. This s not tle responshility nelither of the asironomer on-duty mor of hisher local contact.

6.4 Proposal submission and contact people

Quite some people are requited to run such a complex Istrument a5 an interferometer. Sooner or later
yoin will meet somee of these people, but lor mest of the projects only a lew wil play an essenilal role.

At proposal submission time, you will first get In touch with the sclentifie secretary who will address
you a eonfirmation of the propesal reception shorily after the deadline. Opee a proposal B reglstered it B
sent te the members of the Programme Committese [elght members: two rom each country of the IR AN
partmer organizations plus two external) amd, at the same time, s easihility assessed by the schentific
coordinator. Technical coslderations as observing sirategy, olserational risk factors and otber lssues are
communicated to the Programme Commitiee, only il necessary and only at the time of the meeting o
avold any technieal remark to Influence the sclentific evalus ton. Shortly after the meeting, during which
the Progmmme Commities expresses ts recommendations, a global proposal evaluation & made by the
IBAM direcior wle takes the final declsion. Thereupon, a motification s addressed 1o you which contains
the recommendations of the Programme Commitiee and a technleal report. I the propesal is oot mejected
from the heglnnng, a local contact (a stall astromomer) will be appointed to the project and his name
commimicated to you.

In the course of the observatlons, only lour persons will play a role for the principal Investigator wio
prposed the ohservations: the local comtact, the selemie conrdinator, the astmpomer on-duty amnd the
array operator. The local contact, who ls the direct Interlocutor of the observer, B a stall astronomer
whose mole B 1o lelp the observer In a coneerted effort to prepare hisf ler ohservations and, later on, in
the Grenoble beadguarters to help (I needed) the observer In calibrating the data.

Finally, anee the oleerations are completed amd helore coming to Gremoble, the prineipal Investigator
ar gne ol his team members will need to get In towch with two persons: the local comtact and the coordinator
for the data reduction activities who will Ooallse the stay of the vElting astonomer at the Grenohle
headguariers.
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Figure 6.3: Soumwe visibility and effective olserving time. The schedullng prioeity Is in general nversely
proportional to the dedination (olservations of low declination sources tend 10 be more difficult, as they
eannot be earrled out at any time - the shaded reglon Is the sky above 15 eleation). The iotal ohaerving
time per track for depends on the declination of the source and s wsually limited 1o 812 lus for sources
of the northern emisphere. For standard mapping projects, oheervational overlead counts in by 285 of
the time. This is equivalent to an effective en-source integration time of about 69 hus.
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Figure G.4: Propesal submkslon and contact persons at TRAM
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Chapter 7

Band pass and Phase Calibration

Robert Lucas

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

7.1 Definitions and formalism

As has been seen in the previous lectures, each interferometer haseline powvides & measurement of the
soume vEIDity at & given point n the o, v plame of spatial fTreguencies; the souree brighiness distribution
can then he reeonstrecied by an appropriate Fourler Tramslorm.

In reality things are mot e slmple. Interferometers ape desigoed with a ot of care; howewer many
elecironle components will ave varlable gains both in amplitede and In phase; these varlations will affect
the pesulis amd have to be taken out. It ls generally sometimes more efficlent 1o have a slightly varying
Imstriument response, and a more sensltive Ingrument, than a very stable ome with less sensitivity, provided
the varying terms in the response are slow and may be easily calibrated o, At millimeter wavelengihs
the atmesphede alsorption and path lengih Buctvations will dominate the Instrument Im perlections in
mosl ¢ases.

For a given olservation, I we Interpret the oorrelator response (amplitude and phase) as the souroe
visihility, lgmoring any Imperfeciions, we have an observed (apparent) viEibDity 'l_’,-‘,- [£), wheme i 7 are
antenna mumbers, v the frequency and £ is time. IT the troe souree visibility is ¥5;(2), we may define :

Vi (£) = Gag (00V5 (80 + & (6) + 15 (8) (7.1

where the &; (1, 1) am the complex gains of each haseline. 5y () i6 & nobe term resuliing from thermal
fuetuations in the recelvers: &5 (1) I an offset term. This assumes that the system is linear. « phase
switching applied on the first loeal oscillators 1s a very efficient method of suppressing the offsets &[]
they are generally negligihle and will ot be comsidered any lurther.

7.1.1 DBaseline based vs antenna based gains
Hinee amplitude and phase dEtortions have different physical origies it 1s generally 1selul to write

Gii(1) = (1)} () = a(f)ay (r)eisiti—#altll (7.2)

Tl
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Here we have split the gains Into antenna based factors. Thi I8 gemerally legltimate sinee the gaing repoe
sent propertiles of the data acguisition chains which are in the anaksgiue part of the system. The ¢ormelator
itsell Is a digital machine and we assume 1t ls perlecily working (nduding the elipping cormection). The
assum ption B eertainly valld when eomsidering a single regquency amd a slogle nstant. When we start
averaging In time or Tequency, the awerage of the prodect may not be the product of averages, and we
may have some haseline-hased effects.

The haseline-hased gains can be determined by observing a polnt source. This 1s wsually a sirong
quasar. In that case the triee visihilitles Vi;(1) should all be equal to the quasar R density 5. Then

Vit
Gii 1) = gl;[ | (T3
The antenna galns gi(f) can also be deduced from the orlinear set of eguations:

wiltigy (9 = 2 (74)

Thi Is a system with & complex unkmowns and NN — 1)/2 equations. In terms of meal guantities there
are N[N — 1) measured values (amplitudes and phases; there are only 28 — 1 unknow ns sinee one may
add a phase [actor 1o all complex gaine without affecting the baseline-based complex galns, When N &
larger than 2 the system s over determined and may he solved by a method of least squares.

If we note ¥; = Aj;e%is, the equations for phases are simply:

di— 6 = By (75)

It ean be shown that the least-squares solutions [when the same welght is ghwen to all baselines, and 1T we
impose the eondition Ej—l,h‘ gy =10, is glven Ty:

1 .
b=y 2 b o
i
For the amplitudes we can define In order 1o get a linear system:

7 = log g, dy; =log A (77
wEy o= Gy (74)
Thi time the kast sguare solutlon 1s, when the same welght Is given to all haselimes:
1 1
D T D D) B 9
N1 pry [N — 1IN -2 Pl

Obwviously the antenna galn determination needs at least three antennas. For three antennas it reduces
to the obvios mesuli:

_ Az ag
Ay
These lormulas can be gemeralized to the cases where the baselines hawe different welghts.
It can be seen in the above lormulas that the preclsion 1o which the antenna phases and amplitudes B

determined 1s iImproved by a lacior IV over the precision of the measurement of the baseline amplitndes
and phases.

m (T.10)

7.1.2 Gain corrections

The determination of antenns-hased galms (amplitiedes and phases) has an obvios advantage: e plhysical
capse of the galn varlations are truly antenpa-hased. Ope may solve lor the gains at the tlme of the
oheervations, and correct the oeeworing problems o Improve the quality of the data. Onpe may e point
or re-locis the antennas 1o correct for an amplitude loss, correct for an nstrumental delay (affeciing the
fregquency dependence of the phases) ...
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7.2 Bandpass calibration

In the previous section we have we have ¢osidered 8 momnoeehromatle system.  We have actually finiie
hamdwidils and In principle the gain coefliclents are lune tions of hoth egueeney and dme. We this wite:

Vig [ ) = G (i, £V, £) = galw, £)g3 (0, 13055 (0, 1) (711

I we make the assumpiion that the passhand shape does not change with time, tlen we should have for
each ¢omplex basellne-based gain:

Giglan 8] = Gag(1)hicy; (1) (T12)

The same decomposition can also be done for the anienna-hased gains:

il 1) = ga;le )ge (1) (T.13)

Ol ) B the antenna ecomplex passband shape, which by convention we normalize so that s lntegral over
ihe obeerved bandpass B unity; then g (1) describes the time variation of the complex gains,

Freguency dependence of the galns ooeurs at several stages In the acguisitlon chain, In the ¢orrelator
ltsell the anti-aliasing fllters hawve 1o be very steep at the edges of each sub hamd., A comseguence &
that the phase slopes can be high there oo, Any pon-compensated delay ofket In the IF can also he
seen a5 a phase lnearly dependent on frequency. The attenpation In the cables strongly depends on
IF frequency, altlbough this s mormally compensated for, to st order, In a well-designed system. The
recelver lsell has a frequeney dependent response hoth In amplitude amd phase, de the IF amplifiers, the
frequency dependenee on the mixer comwersion loss, Antenna chromatlsm may ako be Important. Flmally
the atmosphere tsell may have some chromatle belavior, T we operate In the viclnity of a stromg lse (eg.
g at 118 GHz) or il a weaker line [eg. Os) happens to le ln the band.

T.2.1 DBandpass measurement

Bandpass callbration uswally relies on observing a very strong sounee or some time; the band pass limetions
are obiaimed by mormalizding the ohserved vEiblllly specira by thelr integral over Trequency. It B a prior
not necessary o olserve a point souree, as long as its visihility can be assumed to be, on all baselises,
Independent on requency in the wselul bandwidih, IT there s some dependence on equency, then one
ghould take the nte account.

T7.2.2 IF passbhand calibration

In many cases the eorrelator can be split In severml Indepemdent sub-hands that are centemrmd to different
IF [requencies, and this olserve different requencles n the sky., In principle they can be treated as
diferent recelvers since they have dilferent antl-allasing fiers and different delay offseis, doe to differen
lengihs of the eonmecting cables. Thus they meed independent bandpass callbrations, which can he done
slmuliamemsly on the same strong sonme.

At millimeter wavelengths strong sourees are searee, and it B more practical to get a relative callbration
al the sub-bands by swiiching tlhe whole IF Inpuis to a nelse souree common to all antennas (Fig. T.1).
The switcles are Iiserted belore the IFs ame split between sub-hands a0 that the delay offsets of the sub
hamds are alo calibrated out. This has several advaniages: the slgnal 1o polse ratio olserved by observing
ihe nolse souree 1s higher than for an astronomical spuree sinee It provides Tully comelated signals 1o the
correlator; then such a calibraton can be dome quite ofien to suppress any galn drifi dee 1o thermal
varlations In the analogise part of the oorpelator. Since the sensitvity B high, this calibration & domne Ly
haseline, &0 that any clesure errors are taken oul.

When such an “IF passhand calibration™ has been applied in mwal time, only Tequeency dependent
ellects oeeurring in the signal path belore the polnt where the noke souree signal s Inserted remain to he
callbmted. Since at this point the slgnal ls not et split betwesn sub-hands, the same passhamd lunetions
are applicable to all correlator sub-hands.
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Figure T.1: IF passhamd calibration scheme

At Platean de Bure an “IF passhand ealibration™ & implemented. OF cpurse when the molse source B
ohserved the delay and phase racking in the last local oecillators [the one ln the eocrelator IF part) are
not applied. The preckion in phase ls W0 ArAs = 0057 at 1 kHz resolinion which s sudficlent for
most projecis.

7.2.3 RF bandpass calibration

To actually determine the Tunctions ge;(e) we ohserve a strong souree, with a Ivegueney-lndependent
vislhility. The visibilitkes ame

Vig (i) = gaglw)gnj (¥)ges(tges (2)V5; i2) (7.14)
Then
iV
a0 ) () = Yulth) (7.15)

JVijlw, v
glnge the mequency Independent [actors cancel out in the rght-end sde. One then averages the mea-
surements on a time long enough to get a decent slgnal-to-nolse milo, Qe solwes lor the antenna-hasad

eoiedlielenis In both am plitude amd phase; then polynomial amplitede and phase pashand curves are ltted
io the data.

Applying the pemsband calibration The passhand calibrated visibility data will then be:
Vejlw 0] = Viglu, 1) /o () ga] () (7.16)

the amplitude and phase of which showld be Qat Tunetons of [oeguen:y.



7.3, PHASE CALIBRATION Th

Accuracy  The most Important here I8 the phase precision: it sets the uncertalnty for relative positions
ol spectral features In the map. A rule of thumb B

ABE e = A 360 (T.17)

where 8 s the synthesked heam, and A# the relative pesithon uneertaloty. The signal to molse rathy on
tle handpass calibration should be better than the signal to nedse ration of tle speciral features olserved;
otlerwlse the relative positional aceuracy will bhe limited by the accuracy of the passhand calibration.

The amplitude accuracy can be very Important too, lor lnstanee when onpe wanis Lo measure a8 weak
lime In oot of & strong eontingem, in particular for & broad Ine. In that case one meeds 1o measure the
passband with an amplitude accuracy better than that ls needed on source 10 get desived slgnal 10 molse
ratio. Example: we want 1o measure a line which is 10% of the contingum, with a SKRE of 2 on the line
strengtly then the SNE on the contimium souree should be 200, and the SNR on the passhand calilration
slould be at least as goed.

T.2.4 Side band calibration

A mllimeter-wave lnterferometer can be 1sed 1o record separately the signal In both sidebands of the st
LY [see Chapter 51 IT the first mixer dees mot attenpate the image slde hand, then it E wselul to average
hoth slde bamds for Inereased eontimim semsitivity, both for detecting weaker astronomical sourees and
Inereasing the SNR lor calibration.

However tle relative phases of the two sidebands can be arbitrary (particularly ai Plateau de Bure
where the IF requency 1s varlable since the L2 changes In feguency in parallel with the L)1), Thie
relative phase must be callbrated out. This It B done by measuring the plases of the upper amd lower
gldebands on the passhand callbrator oleervation. These values can be used later to correct each skle
hamd phase toeom persate for thelr phase diferenoe.

Dhrlemg the passhand calibration ome calkulates:

g M (T.18)
| J ¥ 0mme (1, D |

and

e | Vijnze (e i (718)

| T Vs )|
Then at any time the douhle slde hand visibility :

Vi paelni) = ety 'IT’,-j wsele )+ aiEe E;‘.mu[l’. i) (720

As a result the two terms on the right hand slde have sero phase at the time of the pass hand calilration
and they keep the same phase during the whaole ohserving session.
At phserving time, offseis on the first and second LOs can be Introduced so that both gy and . are

very ¢lose to o when a project Is dome. This actually done at Flatean de Bure, at the same time when
the side band gain ratho Is measured (see Chapter 10).

7.3 Phase calibration

We now turn to the more difficult problem of correcting for the time dependence of the ocomplex galns,
contained in the funetions geg (). Varations occur in both amplitede and phase. Let us summarize the
varius eflects to be calibrated:

» [nterlemmetor geomeiry:
Hmall errors In the baseline determination will cause slow phase drifis [peried 24 bows); wnilorio-
mately these errors are dependent on the souree directlon so they cannot be properly callbrated ot
by phase relerencing on a callbrator, only reduced by a Tactor of the order of the spuree 1o calibrator
distanee expressed In radians.
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* Atmosplere
The atmgsphere Introdsees phase feeteations on time seales 1s to a few howts, depepding on baseline
lengih and atmespleric condiions (see previous lecture ). The effect of Biectpations on short ime
seales Is 1o cause los of amplitede by decorrelation, while on the long term tle phase Ducteations
can be mistaken lor structure in ile seuree lisell. The eritical ime there & the time it takes or the
projected haseline wector 1o move by hall the diameter of one antenna:

I B D A5
mE_E—Eﬂ _EE-IET [T21)
Thi time ranges rom 4 mimses to 1 bour for Plateau de Bure, depending on the haseline lengih.
The phase Quctuations on short dme scales may be corrected by applying the radiometirie phase

correciion method, i & avallable.

« Antennas
The antennas may case varlation In amplitiede gains diee 1o degradation in the pointing and in
the ocising die to thermal delomations in the antennas. These can be eorrecied to st order by
amplitude calibmilon byt it s much better to keep the ermors ow by proper reguent mondtoriog of
the polnting amd Iocus, slpce these errors affect differently soumes at the cemter and at tle edges
of the feld. Fors errors also cause sirong phase ervors doe 1o the additional path length which &
twlee the sub reflector motlon n the axial divection.

& Electronics
Phase amd amplitisde drifis In the elecironics are kept low by efliclent deslgn (see the lectres on
repelvirs and signal and LOY trasport ). The electronies phase drilis are generally slow and of low
amplitude, expect for ardware problems

A detalled analysis can be found in [Lay 1907

7.3.1 Phase referencing by a nearby point source

Thi E the standard, traditional way to callbrate tle phases with cwrrent Interferometers. A polmt souroe
callbmior B iy pleally olbserved for T) (& few minutes) every T (3030 minutes). One fis a galn eurve 1o
ihe data olserved on the callbraior, this gain curve Is an estimate of the actual gain curve go;(f). Thi
enables remow ing most long-term phase drifis vom the obeervation of the target souree.

Decorrelation It can he shown that the decorrelation factor for & glven haseline s ap proximated by:
1 ==
Fml—- Pl o 10 [T22)
2J yapasm
The decorrelation is lundamentally a bhasellpe-bhased quantity: 1t cannel generally he ex pressed as a product
of antenna-based [actors. Both the target souree and the calllrator are affected, so amplitude referencing
will corpect for decorrelation. However, the amount of decorrelation will vary from an Integration to the
mext, s that the amplitude uncertainty is Inereased.

Phase referencing  The slow component of g (£) to be calibrated out kb sampled at Intervals T, so that
only variations with periods longer than 2T, can he Tollowed. However one fits a slow oom ponent into the
data polnis a0 one s sesitive to errors due to the presence of the fast component: the fast component &
aliased Into a slow component. It I8 essential to fit a curve that does pot go through the points.

Fast phase referencing  Ope may reduee T as much as pessible o remowve a larger part of the atmo-
spherie uctuation specirum. Time seales of the order of 1s may be smed, at the expense ol

& the time efficlency ls decreased [relatively more time Is spent on the ealibrator resuliing in a larger
averhead )

& cautlon mist be taken than the time T may hecome ¢omparable to the timee It takes 1o water eddies
to drift along the apparent diEtance betwesn souree amd callbrator.
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Water vapor radlometry A radiometty system may be wsed to monitor the emission of water vapor
at a sultable regqueeney In oot of all antenmas (dedicated Istroment or astronomy recedver; water Ine or
quasl contimmm). The Auetuations in the path lengih can be of a few % of the total path length due to
waler vapor.

The fuctuations of the water emission are opmeerted Inte Huectvations of path lengih by wsing an
atmpaplerk model (see lecture by M. Bremer, Chapter 9). In principle ome could hope 1o cormect Tor all
phase Quetuations this way. However limitations dee o recelver stalility, 1o varlations in emksbon from
the ground, and Lo uncertainiy in the determ ination of the emission 1o path length eonversion facior have
the comsequeence that it s not yet pessible o conslstently correct for the varlation of path length hetween
the souree amd the calibrator.

Hofar thl method at IRAM Platean de Bure b ised only 0 correct for onsouree Auctuations. Iis main
effect B 1o remove the decorrelation effect due 1o short-term phase Suetwations, Improving the preclsion
ol amplitiude determination

7.3.2 Phase referencing by a point source in the primary beam

We mow conslder the slmple case where the feld contalns a strong polnt sourees: 1t can be a contimmm
soumee [quasar) or a line spurce [maser). In that ease all phase Qucivations with period longer than
s 3T are removed, where T s the integration time. However statistical emors may he mistaken lor true
atmosplerk phase Quctuations, causing additional decorrelation.

ThiE method gives good resulis, bt for vy specific projects which can be obhserved In wery poor
atmesplerk conditlos (eg. olseration of radis emitting quasars, of stars with stoong maser lines).

7.3.3 Phase referencing using another band or another frequency

It Is gemerally easler to measum the path lengths Buctwations at a lower Tegquency (even though the phase
seales 1ke frequency), die to both better recelver semsitivity and larger Do of the peleroneing sounese.
Moregver, In marginal weather conditlons, i the rms phase Quctwations at 10 GHz & ~ 407, then at 230
He they am of ~ L°, and the phase heeomes Impossible to track divecily due to 28 amblguities.

IT twoo recelvers are avallable simulianeously, one may subiract to the high bequency phase the phase
measired at the low eqguency. The atmospheric Duetvations are cancelled and only a slow Instrumental
difi remains. The galn curve at the high egquency B then determined as the sum of two terms: the
low meguency galn curve [including the slow atmospherie terms) plus that slow Instrumental drifi {which
represenis any phase Quetwation affeciing one of the slgnal paihs of the two recelvers).

Thi method s currently smed at Platean de Bure.
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Chapter 8

Atmospheric Absorption

Michel Guélin

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

8.1 The Atmosphere

£.1.1 Constituents of the atmosphere

It & eomvenlent to subdivide the atmosphere into a “clean dry™ compopent, water vapor, and aerosols
[water droplets, as well as Iee ¢rystals, salt gralm & dust particles, which serve as ondersation seeds or
waler).

Abundamees  Table 8.1 gives the composition of the “clean dry™ alr in the “standard US™ model thoomg b-
out the troposphere (Le at altitudes < 30 km ). Altogether, Na, O, and Ar represent 99,96 % in volume.
Except for OO, whose abundanee at groumd level may vary between day and night by up to a facior
of 2, thk composition Is remarkably homogeneous and constant. It & completed by a number of tmee
com ponents, most of which are unstable (50, Og, KO, CO, .0) and whose abundance (In volume ) never
evoeeds 1075,

The abundanee of water s highly variable, but hardly exceed 1% in mass, even locally. Most of the
water In the air 1s In the lorm of vapor. Even inside the clouds, precipitation and turbulense Insurme tlat

Name Molec, mass Normal abund, | Name  Molee, mass  Normal abund.
AT (% in volume) AT (% in volume)
Na 2R3 TR He AN {0
O 32000 AL 94G Kr R1.8 L001
Ar 30,948 LRk CH; 16043 L2
0 44010 Loaar Hz 216G LN
Ne AL 1A3 L01A Nl 44.013 LN

Table 8.1: Main comstiinents of the dry air in the troposphere

™
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the mass of water droplets per cm ™ seldom equals that of water vapor.

Dgspite thelr low abundanees, water, which has a large absomption eross sectlon in ihe TR and a large
specific heat of aporization, [ Ly ~ GEcal fg), oeome and carbon dioegyde, which have large IR absorption
eross sectlons, are the major actors of the thermal balance of the air.

Absorption spectrum  Omone Is responsible for most of the absorpilon of the solar radiation In the UV
(mpecially between 1800 and 2000 &), In the visible, the air & fairly tramsparent except for scattering by
aerpaols [(mostly water droplets andfor loe erystak when there are clowds). In the Infraved, He0, Clg
and, arpund 10pm, Oy are very efflclent absorbers of the solar and ground radiation.

By clear weatler, the atmespherie absorption at mm wavelengihs s dominated by miational apd fine
strisetire s of molecules in thelr ground electronie and vibrational state. The strongest tramsiions ame
elecirie dipole tramsitions om pelar molecules, 1ike water and oeone. Intrinsieally weaker [ty pleally by a
factor of 10°~%), but of conslderable practical Importance, are the magnetle dipele iransitlons from O,
When there are clouds, the thin water droplets scatter and absorh the short (mm) radie waves.

B.1.2 Thermodynamics of the air

Ideal gaa For one molkculk with o degees of Ivedom [e.g. In the rigld-molecule ap procdma thon, n= 2
[deg. of rotation) +3 (of trasl.) =5 lor Oy and Ny, and n= 3+ 3= 6 lor Hy()), the Intermal emergy per
maolecule s

1
= —kT
nxg
and for A" molecules of Oy or Na,
5 5
= E..'Llrj:T = EHRT
wihere 1 ls the number of moles and B the gas comstant.
The Enthalpy is
H=0U+pV =0+ NkT
dali & dH 7 T
=2 _ g =82 _ T .
“Egr Tt T g Tyt 7T T

Fuor adiabatle expansion, we have the standard relations
.-:I,L:g[zj —RlogiLy=0 apd T=Cstxp™
T o
where = ﬁ = 2=t is the Polson constant.

Gas mixture: Dalton's law A mixture of kdeal gases i= 1, 2 ... In a volume ¥V behaves Tke an ldeal
LS

Partial pressures: @V = MET, @V = A2kT, .. [&.1)

Total poessure : pv o= [po 4+ =0V = (M + N)kT + .. = NkT [2.2)

Dry air is a mixture of N, Oz, ... molecules. It behaves Indeed wery muoch ke an ideal gas: K, =
ep, — €y, = 83143 J/mol-deg [ve 83149 lor an ideal gas), .= LA (v LA for ideal rigld molecules).

Wet alr (withont elmxds) I8 a mixture of dry alr + Ha() molecules. It s customary o denote by e
the partial pressure of water vapor, p that of dry air, and p' the wet alr pressure. The specific beats of
water sapor are not that different from these of ideal gases: eo_ = 253+ 210~F (T — 273): 90 = LIT, v
& =30 =249 and 5= % for a rigid asymmetric top.

Then, Dalton's law ylelds:

& & &
= (1= =lew, + —eu, = (1 + 02y, 83
d= (1= Zew + Zow = (140250 (83)
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Figure 8.1: Column demsities of Important atmosplere componenis above a glven altitude — alter Queney
[197T4)

The ractlonal abundanee of water vapor and ; reaching seldom a lew pereent, the wet alr constants are
within a amall corvecton term equeal tothe dry air constanis. In particular, ntroducng the volume density
o It I8 customary o write:

RyT  RpT
= = B4
v W M, (8]
where TV = '"TT =Tjl — 0.ATRZ Y, Iz the virtual lemperalure
Then, for the adlabatic expasion of 8 wet alr hubble, one has:
T = Cat = g™ (85

' 1s equal to e, within lew per mil, s, In practiee, the adiabatie curves of dry alr can he sed lor wet
alr [without couds), provided one replaces T by TV (ithe diference could reach a few K and could he
Important near (50, In the folowing, we drop the ‘prime’ slgns, except for the virtual temperature TV

B.1.3 Hydrostatic equilibrium

At large seales, the alr pressure and density depend essentlally on the massive and slowly varying dry
com ponent and are well deseribed by hydrostalic equilitrium. The alr temperature, as we have seen,
depends dgnificantly on the abundanee and ditribution of water, COs (and Of for the stratosphere).

At equilibrium:

dofdh = —gp (86)
f (&7

I:|=
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where p is the density at an altituds b, p s the pressure, T' = T the alr “virtual” temperm ture. M, = 29
s the average molecular welght, and g the oeal gravitational Geld.

% - —_Jg;f"d_h (88)

In the “standard atmoephers™ model, T, the temperature of the air varies lnearly with altitude and &
glven throughout the troposphere [Le. hetween h=0 and 11 km) ly:

T =T —bih—h) (89)

where b =G5 K km~" s a constant.
Let s first conslder a relatively small change In altitede: h=h, < Lkm, TV =T" = [T'(h)+T" (M) )12,
wie find Laplace's hy drostatie formula:

[Ty
AP Pl (810)
Mo o
where g, 15 the denglty at sea lewel and b, = BT /M g = 8.4[T (288 km, the scale elght. The gas column
density [expressed In gom—*) along the vertical above a point at sea Iewvel is:

N, = [ pt = ph, (211
and that above a point at an aliltede f
N = N4 (B.12)
For larger altitudes, from Eq 8.8 dh = —dT"/5, then Eq 8.9 yvield
dp _ —gMudh dT'

=T (8.1%)
— T =l
P= el (8.14)

@

with e = —g /(bR ).

Although the above equations represent falrly well the density amd pressure throughout the troposphere,
the temperature disiributlon can depart significantly from Eq.89 pear the groumd. Thik latter heais
up [aster than the ransparent air during the day, and cools off more rapidly during the night. The
tem peratiure gradient at low altitedes (up to 1-2 km) can be this steeper or shallower than shown in
Eq.8.9. Ooeasionally, 1t can be Inverted, the temperature ingreasing with altitude. The inversion lager
usnally stops brekly at | or2 km altiiude and tle mormal tem perature gradient resumes above, Tnversion
layers are common during the night over bare land. They can ako be cased by ot winds blowing from
the sea.

The Jocal temperature gradient determines stability of the alr to vertleal motions. A rising hubble of
wirl alr expands adiabatically as long as the water vapor it containg dees pot condense, Expanding, it
oools almest as an ldeal gas with:

T p™ andm = (1 — L2glmg = m, [8.15)

The pressure Is set by the surmounding air [Eq8.10), and tle ubble seen to conl down with an “adiabatic”
gradient of

AT M
L g —9.8Kkm™!
& 'G,

ihe actual tem perature gradient is smaller than the adiabatie gradient, the ubble beopmes omoler, henee
derser than the sumounding air and lis ascent stops. The alr B stable. IT the loeal gradient 1s larger than
the adiabatle gmdient, the bubble hecomes less dense than the surrounding air the alr is unstable and a
thick conveeton layer develops, a sltuation Tkely to happen in a hot summer alerooon.
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E.l.4 Water

The seale elght of water, k., which resulis from a fast evaporation fcondemsation proeess, s small [typ-
leally 2 km) compared to the equlibrivm scale height b, = 84 km. At b = 2.5 km, the aliltude of
tle Plateau de Bure, the water wapor oplumn density N, [or w, “amount of precipitable water™, when
expressed In gem—2, or em of water) Is normally educed by a factor of 34, with spect to sea level.
Thk [acior, as we have seen, 15 strongly modulated by the local temperature gradient. w s lower In the
presenoe of a low altitde Inversion layer which reduces the wvertieal turbulence and traps most of the water
wall helow the olseratory.

The walue of w on a sibe can be estimated divectly by measuring the alr pressure jues [In mhbar),
tem peratire T [in K and relative umldity BH [(in peroent ), and using the lormulas 87 and 8.11 adapted
for water [the alr pressure p ls replaped by tle partial water wa por pressune €):

w[mm] = g gm ™ he k] (8.16)
3 eM,
flgm ] = 7= 215 Se[mbar /T [K] [8.17)

& ls melated to e [T, the water vapor presure ln saturated air, by:
o= FH - e, (1 [8.18)

&, 15 a rather eomplex functbon of T, for which an approximate analytical expression, as well as tabulated
values, can he Iound In the lterature (see eg. ﬂl:mn_-.r l!IT{], LAY, To the seroorder, i ocan be ex pressed
Ty :

ay[mbar] = G(T/273)'# (B.10)

£.1.5 Photodissociation products

COeone B lormed Trom the reaction of Ok with atomie eopgen, the latter resulilng foom the plotodissoeeiation
al Oy in the upper atmosphere. Ceone 15 Inexdstent below 10 ko s opacity heoomes oom parable 1o that
of HoO above L5 km where its melative abundance may reach 10-% [see Fig 81). At short millimeter
wavelengils, 1t cases marmow absorption Ines [(mostly above 230 GHe ).

The other trace aimospherie compopents CHy, 505, OO, NoO, NO, et have very low abundance
and, even polar, play mo slgnificant pole, thelr maximum opacites helng by pleally more than 10 times
smaller than those of oeone.

8.2 Spectroscopy of H:0, Oz, Oy

Of the major mokeular constitpents of the atmosphers [see Table 8.1 and Fig. &.1), only water vapor
and geone, owing to thelr bent structure, have a noneero elecitle dipole moment. Molecular nitoosen, an
homomelear species, and COs, a linear symmetrie species, have no permanent elecirie or magnetic dipole
moment in their lowest energy states. These latter molecules, as is the case for 99,95 of g aseous molecules,
are singlet states, with elecirom arranged two-hy -two with op pesite spins.

B.2.1 Water vapor

The rotational energy level diagram of water Is shown on Figh.2, Each level ls denoted, as wsual for
asymmetric top molecules, by three numbers Ji_ ko J, which s a “geod”™ quantum mumber, represents
the total apgular momentum of the molculs; by analegy with sy mmeirle tops, Ky and K.y stand for
the rotational amg ular momenta aroumd the axis of least amd greatest inertia. Allowed radiative transitions
ohey the selection rules AJ = £1, AR = 1, 3, with K K.y : odd, odd 3 even, even or o, 4+ &,0. The
levek with K_y and Koy of the same parity arve called para lewvels, those of opposiie parity, ortho levels.
Transitions between ortho and para levels are Torbidden; due to the presence of two sy mmetrical hydmgen



B CHAPTER 8 ATMSPHERIC ABSORFTION

T'.l
Hay .
FARA ORTHO ._}"'r'\
wr B B B
L Tart
- u'.l Hﬂ
E 3 Fay i
{ﬂm_1:| | _.-’"f e M) e
maa b ‘“uq{! Bip- P T222 Gl %
- L}
g BT
=l [
By fedpy B4, 3010 Gt n.:;"-
400 : P
£ .-;:}_a i N =
y
4
t‘-.\“ iy Tyt ey, e i
, e
20 By b MELE Qb i @ 2 ,-'*.
e
"o
2y
- “-‘/'/
=
ok el gL by BmE3
- ‘um bl 1]

Figure 8. 2: The rotational energy level diagram of water vapor

muedel, the ortho levels have a nuclear statistical welght 3 times larger than the para levels of same J [soe
eg. [Townes & Schawlow 1975). The arrows in Fig.8.2 show the transitions which will be observed Ly
the satellite FIRST (J.Cernkcharo, pivate eomminication ).

52.2 Moalecular oxygen

Muolegilar cegpgen, alibough omonpelear, enee with sero eecirlk dipole moment, has a triplet elocirone
gromd state, with twoelecirons palred with parallel splms. The resuliing electronic spin couples effielently
with the magmetie Delds caused by the end-owverend rotation of the molecule, yielding a “large™ magnetic
dipole moment, p™%= 10" emu. The magmetie dipole transitions of Oy have Intrinsk strengths ~ 107
times weaker than the water transitions, O, however, B 1P~ times more abundant than HaO), so that
the atmospleric lines of the two species have compam hle Intensitles.

The spin of 1 makes of the ground electronic state of O a triplet state (*E). ™, the rotational angular
momentum eouples with 8§, the electronle spin, togive J the total angular momentum: W +8=J. Tle M-8
Interaction [and the elecironk apgular momentum-elecironk spin interaction L-8) split each motational
leve] of rotatlonal quantum mimber & > 1 lnto three sublevels with total quantum mimbers

J=N+1LJ=N and J=N_-1

the J =N+ 1 amd J = N — 1 sublevek lying helow the J = N sublevel by approcdmately 11900 +
L)/ (2N + 3) GHe and 11928 — 1) GHz, respectively ([Townes & Schawlow 1975] p.182). Note that the
twe Kentieal "0 maclel have splns equal o sero and obey the Bese- Elnsteln statlsties; them are only odd
N rotational levels in such a molecule.

The magnetle dipele transitions ohey the rues AN = 0, £2 and AJ = (0, £1. Transitlons within the
fine sireciure sublevels of a rotational level (Le. AN = () are thus allowed. The first such iramsition &
the [J N =11+ (1 transition, which has a Tequency of 11875 GHe. The second, the 1,1 + 2,1
tramition, kas a frequency of 526 GHez. It s suwrrounded by a lorest of other fine stroctue transitions
with frequencies ranging Trom 53 GHe 1o 66 GHz. The first "trie™ otational transitbon, the ¥ =34+ 1
tramitiomn, have requencies abowve 368 GHe (3685, 424.8, and 4873 GHe).

The rare lsotopemer 00 Iz mt homonselear, henee has odd N level and a nor-sero electrle dipele
moment. This latter, however, s vanishingly small (103 D). 00, moreover, has a very low abunsdanee
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Figure 83 The rotational energy level diagram of molecular oxygen

[Tew humdred times smaller than the maln laiopomer), o that lis magnetie dipele tramsitions (even the
AN = 2 which have stronger Inirinsle sirengihs), can he neglecied.

The line opacity and absorption eoefficients of " 05 are given by relations similar to Eq8.24 and
Eaq.8.25.

B2.3 Ozone

As noted above, geone B mostly concentrated between 11 and 40 km aliitwde; it shows large seasonal and,
mostly, latiivde wrlation. Becase of 1is high altitede location, Iis lines are marmow: at 25 ki, pg, hence
A s redweed by a factor of 30 with respect 0 see level; moreover, the dipole moment of eeome [p= 053
D, 35 times smaller than that of HeQ, Turther reduces the oeone lne widils.

Beeause of thelr small widihs and desplite tle small pzone abundance, esone lines have slgnificant peak
opacities, especlally above 230 GHez (7. = 0.2 — 0.3).

8.3 Propagation of a wave in the atmosphere — Line shapes

A plane wawve propagating along the @ direction in the atmosphere can be represented by iis electde Aeld
ver tor

Eiz,f) = Bpe#=eii-nagl (B.20)
where 11 =1+ j1; B the complex relraction Inde.

The real part, the true relraction Index, n = ofvy (where v, 15 the phase velocty of the wave), k often
e pressed In terms of the relractivity,

N =10f(n— 1) = 0.2230, + 1760pw,/T [821)

The right hand sum, which was empirically derlwed, 1s kown as the Smith-Welntraub equation. It
separates the eontribntion of the dry air compopent (first term, where p; B the air density, expressed in
gm~Y) from that of water vapor [secomd term, wlere py 15 the density of water vapor).
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The Imaginary part of the relracthon index, n; causes anexponential attenuation of the wave amplitude,
and Is related o the power absorption eoefliclent &, hy:

LKy,
iy = T [822)
At a Ireguency 1 close 1o a rotational trasition w, = [(Ey — B/, tle optical depih Is:
Tu = f::,[T, Pih (823

K, the alsorpton coefliclent Integmied over the transition fu B given by the standard asymmeiric top
formula (gee eg. [Townes & Schawlow 1975] p.102):

Bg2pl-6 [ﬁ

——— . 3 E T . a
] -215 By [T
Ky = .—[ 75y .:Iglav'l_-'!..ﬂ'{.-'p LT 1 ——e ST 2 A — el [824)

Replacing A, B (7, ihe rotational constanis [here in He), and p = 185 Debye = 1LA5 10~ asiem, the
elecirie dipole moment, by their values for He (), and setting (1 — ‘ﬁ;j =1,

gl em "] = BT oy frv) g S (T 273) 252500 T 8 B0 — u) [225)

By 18 the tramsition Intrinsle strength, gr= 3/2 or 1/2 & the nuclear relative statistical welght of the ortlo
and para levels [see below ), and $(r — 1) the line proflle. i, B oow in GHz.

The Ine profile ls given toa good apprmimation by the well known Van Vleck and Welsskopl oollklonal
profile (here, multiplied by «, [Townes & Schawlow 1975 p.342):

M M

Pl — ) = - — + - - 826G
W) = L AR T A+ (T (620
with Aw = ﬁ, wlhere A B the line widih and v tle mean time between moleeular eollisions.
At the cenire of the Iine, the second term of Eq.8.36 becomes negligihle, and
Pl — i) = 1A =2ar ~ [B2T)

Ea_jumd
RLLSY

i m 4fT 15 the molecular veloclly and o the collslonal eross section,

Moie that the denslty In Eq.8.24 15 p, wlemas that In EqA2TE p @ the alsorpiion cpefflclent at the
centre of the line s proportional to g, fe, . It I8 Independent of the total air pressure, as long as this ratis
[benee RH) stays constant. ThE s not the case, of course, away [rom the centre, dnee Ay ~ @ as the
demsity drops, the lnes beopme mamower and marmower. In the far wings of the Loe, the seopnd term in
Eaq. 8.3 amd the contributlon from the wings of other lines cannot anymore he neglected. In fact, a heiter
it 1o the water emission in the far wings ls reached 1T Eq.8.26 I8 replaced by anoiber collklonal line shape,
called the “kinetle profile”

A

M=) = AT g A

{8:28)

The opaciiy and widil of the main Hi* 0 lines are large: 7, = G and Aw =~ W0EHe, for the Tondamental
Tine in normal eonditions of p and T, and for ppe = lgm ™ and wy= 1 mm [dry weather). These lines
dominate most of the milllmetre and submIlimetre atmospherie attenwation deviatlons om theoretical
line shapes in the far wings (typleally 1/10ih of intersiiy) are accoumed for by an empirieal oomtimymm.
The rare lsotopemer HY* 0, a fow hundred times less abunsdant than HA* 0, makes a negliglhle eontelbstion
(gee the dicission by [Waters L9T6])
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8.4 The atmospheric absorption spectrum at millimeter wave-
lengths, ATM

Caleulations of zenith aitmosphere opacity at 2.5 and 2.9 km, the aliltiude of the IRAM sltes, have heen
made by [Cernichare 1988] and [Cernichare & Pardo 1999, A computer programme, ATM, mepeating
these caleulations has heen istalled on-line on the IRAM telesoopes of Pleo Veleta and Platean de Bure;
it B activated at each calibration or skydip and allows to lnterpret the ohserved sky emissivity In terms of
weater and woygen contdbutions and of wpper and lower sideband opacities. [During sk ydips, the antenna
15 pointed sueeessively at diferent elevatlons amd the emission of the sky measured at each step; the sky
embslon varlation Iz ftied by an exponential Tuncton of the alr mass, amwd the atmosphere opacity and
average temperature readily dedwed). Note that the opacliies derived from sky emissiviiy observations do
not always agree with these caleulated rom the measurement of p, T, and BH on the siie, as water vapor
15 mot at hydrostatie equilibriom.

Home of the resulis for the hamd 205060 GHez are shown on Fig 8.4, One recognises Tom lelt to right,
the [blended) lorest of fine strecture tramsitions om Oy, near 60 GHz, the 1,1 + 0, 1 fine stroetore lise of
(g at 118.TH GHe, the thivd lewest lines of para water [st11] 200K above the grownd Jewel), at 183,31 GGHe,
and the forth ortho water Ine (420 K above ortho ground Jevel), at 325,15 GHz, The lundamental line of
orilg water [y, + 1g), at 556,94 (GHz s visdble. The water and oxygen lines delineate the 4 atmoespheric
“windows™ of the millimetre specirum [called the 3 mm, 2 mm, 1.3 mm and (L8 mm windows). Water &
seen 1o dominate completely atmespheric absorption above 150 (2Hz.

Less than one millimeter of precipitable water vapor oorresponds to eccepilonally good winier weather
conditions on the sites of Pleo Veleta and Platean de Bure, Such conditlons seldom bhappen even on Mauna
Kea., Two to three millimeter of water are standard by clear winter nighis at these olseratories; slx 1o
ten millimeter of water are typleal of elear summer nights.

The typical zenith atmosphbere opaciiles, In the dips of the 1.3 mm and 0.8 mm windows [eg. at
the Mrequencies of the J = 2— 1 amd 3 — 2 rotational tramsitions of OO, 2305 and J580 GHz ), are
respectively 015002 and (0L5-0.7 in winter. The astronomical slgnak at these Teguencies are atbemated
by factors of mepectively = 1.2 and 2 at zenlih, 1.3 and 2.8 at 45 degree elevation, and 1T and 6 at )
degree elevation. Larger attensations are the rule In summer amd in winier by less favorable conditions.

The J = 1 — {0 le of OO, at 11527 GHz, B close 1o the 1187TH GHe oxygen line. Alihough thes
latier Is relatiwely narmw, It rakes by =03 the atmesphere opacity (which is (L35 0.4). The atmosphers
attenpation is then Intermediate between those at 230 and 345 GHz (hy dry weatler, bowever, i B more
stable than the latter, since the water contrlbution s small). The measurement of accurate 20 line
Intensglty raties (ewen not conskdering the problems linked to differences in beam slee and recelver sideband
galn ratios) requires therelore good weather, a high souree elevation, amd a cavelul monitoring of the
atmosplere,

A catalogue of lines Intenslties In several standard astrone mical sources, measured with the TRAR 30
m teleseope has been published MMaversberger et al 1989]. The lines ntensities were callbrated by the
chopper-whesl method, following the above recipes. The reader B refemed 1o this report for detals.

8.5 Correction for atmospheric absorption, T3

By analogy with the Rayleigh-Tears approcimation, T = 2ET/A% which strictly applies to long wave
lengihs, tlhe mm-wave radio astronomers have niroduced the coneept of “radiation™ or “efective™ tem-
peratures, which scale linearly with the detected power.

The molse power detected by the teleseope 8 the sum of the power recelved by the antenna, ¥Wa, and
ol the molse generated by the recelver and tramsmission lnes, YWe..

Using Myquist's relation W= kT A, Wa amd Wee can be expressed In terms of the temperatures Ty
and Tr.e 0l two resistors, located at the end of the trarsmBsion line, which would yield noke powers equal
o W, amd W, ., mespeciively:

w.ﬂ + wﬂc = kT_ﬂﬂ-L" + kT‘l’I:M = k[T_ﬂ + TTI.: :l-ﬂ-l"-
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Figure &4: Zenith opacity of the standard winter atmosphere at an altitude of 25 km for 1 mm of
precipitable water vapor, as a function of Mequency (GHz). The contributions of Ha (), Oy amd Oy are
shown in the three upper pamek. The ved line shows e same senith opacity at a scale of 1,20, One may
note the importance of the water line wings above 150 GHz, compared 1o these of Oy (a consegquence of
the aleence of eleciric dipole moment in the latter molecule) and Oy, Courtesy [Cernicharo & Pardo 1994]
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Ta E called the “antenna temperatime™ and T, the “recelver temperature™. Ta hecomes Th,q when
the recelver horn sees a load, instead of the antenna, and T when it sees the ground. Tt should be moted
that Thepd and Ter are not stricto sersus equal to the Ioad and ground physical temperatures, but am only
“Raylelgh-Jeans™ equivalent of these temperatunes (they are proportional 1o the radiated power). For
amblent loads, tley approach bowewer elosely the physical temperature, sinee b fk =~ 11 K at A = 13
.

When observing with the anmenna a souree amd an adjacent emksion-free relerence feld, ome soes a
change ATq = Talsou) — Talref) In antenng lemperature.

Because of the calibration method explained below, it ls cistomary, In mm-wave astronomy, o meplaoe
AT, the souree antenna tempemture, by ATY, the source antenna temperature corrected [or atmesphere
absgrption and spillever losses. Both are related throos he

Ta=(1—nqpiTer + 5[ Tery + AT 7)

where v is the line-ol-sight atmesplere opacity. iy and 5 are the lorward and beam efficlency lactors,
which demote the actions of the power radiated by the amenma on the sky apd in the maln heam,
respectively (they are typleally of the order of (09 and (L7).

The spuree equivalent “radiation tem perature™ Ty (often impooperly called “hrightness temperatume™
and therefore denoted Tyyp when it ls averaged over the main beam) and ATY are related through

a7 = [ e, )dsdy

where A(z, y) 1s the antenna power pattern. For a spuree smaller than the main beam, AT % = i Thy -
When obeerving a small astronomical source with an antenna temperature ATY = Tge = 2T K,
loca tedd at an elevation e, one detects a slgnal V (ol scale: § volt or conumts per Kelvin):

.'I;Jﬂ'uf _—
S = Mo =T+ (L= 1) Ty + 7y Ty + AT e [829)

ThE slgnal can be compared with the signak observed on the blank sky (T, ), close to the sounes,
and to that observed on a hot load [T,

My = Towt (1=t Ty + 0T, (830)
lep = [l - E_r:ﬂ-;‘_.m
Mpyeg = Trwet e

hera, we have neglectod the cosmologle background and assume, In a first step, that the recelver 18 tuned
slngle sldebamd.

E.5.1 Simplest case

Let's assume that T, = T = Ty then:

Mg — Mam = tipTee™

My — Myn = AT
M.:ru. - le'm.

ATY —_— T, 831

A Migad — M 187 (831)

Mote that in Eq8.31, the measurement of the amenna temperature includes the atmospheric opacity
correciion, bl does not depend expliciily on an assumption on the aitmosphede opacity. We can write:

Maa'u. - Mﬂlm

AT; = P T (833

where we defime Tow 88 Tow = 5 Ter = )5 Taim.
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£.5.2 More realistic case

Typleally, the mean atmosphere temperature I8 lower than tle amblent temperature mear the ground by
about 40 K: Ty, = T — 40 K then, the formula above still holds if we replaee Ty by

Toi = [Tima — Lomi k™ (833)
with T, Togtiy + (L -1y T
_ Thema + Trw) % Mar, .. (234)
L./
(L—e ") [Ter — 40}

Ty

Trae, the recelver effective temperatume ls wsually caleulated by the ¥ factor method wsing a cold load
[=ually eooled In lguid nliregen, Le. at 77 K) and an amblent load (eg. at 260 K).

v o- Myl doad
M el domd
T} - YT,
.. — ha]..laad? ldd.bnd (B35

B.5.3 General case

The recelver & mot purely single-sideband. Lot 15 denote by 7 and & the pormalzed galos n the regelver
lower and upper sldebands, &7 4+ G = 1. The atmesphere opacliy per km varies with alilisde as does ihe
alr tem perature.

Then, the above expressions of Ty, amd Tomg should be explicited lor each sideband [ = w or [):

T, = (l—e" )Ty (836)
Temi = TG + TG + (1 - )T, (837)

The atmosplerie iransmission model ATM [Cernichare 1988 allows io ealeulate feratively v, from a
Ipad+ sky measurement. The valies of % are cakulated for tle Standard U5 atmosplere [ paramsters
are: Winter, Spring-, or Summer-tem perature T, altitude, latiiude, water vapor w) by summing up the
coniributions of Gy (AT, Had (B (T and Oy (CL0T) (Including rare lsotopes and vibmilonaly
eited states):

1o = AT+ wBe [T) + Cu (T') [2.38)

Depending on w0, the values of A, (T, BT, 00 (T) are derboed elther fom a Table or estimated Tmom
em pirical formulae. A first goess of the amount of precipitable water Is made rom 1he amblent tem perature,
prssure and humidity by using the relations of Sec.8. 14, Then, the expected Thy and T are caleulated
Irom the two expressions above and Timi B compared to lts valie measured from the the ohservation of
the atmosphere and the load (Eq.8.35). The value of w I8 changed amd the caleulation of 1 3',1"_3,:'I andd
Tomi restaried. Normally, the process converges after 2 to 4 leratlons Onee w and Ty are known, the
calibhm tion lactor Te.q can be deriwvad

T! = (Tiad — Temile™ (B35)

and the data callbrated In the T3 scale using Eq.8.32.



Chapter 9

Atmospheric Fluctuations

Michael Bremer

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

9.1 Introduction

We have already encountered the effects of atmospherie absorption n the lecture Ty Miche] Gudlin (Cha pler
&), Even under low opacity conditions, ohservations can be difficult or im pesible die 1o atmospheric phase
Muectuations. In principle, Integration of an Interferometric signal is 1ke the adding up of veclors. The
amplitude Is the lengih of & wector, and lis orlentation B glven by tle phase. Eroors In the phase will
cause part of the amplitudes 1o cancel each other out according to Eq. 9.1

@ = Vi exp [—al ) (9.1

where 17, are the ideal viibilities, ﬁ the integrated ones, and oy the phase molse n radian (assuming a
Gasslan molse distribation).

IT our eyes were senslibve In the millmeter range with a resolving power of some are seconds, we
wiolkd not only see a luminme sky where sources are difiieult 1o make out on the background: we would
notlee refracting bubhles of skes hetween some centimeters to several Klometers drifting with the wind,
merging, separating and dietorting the view behind them. It B water vapor which has mot attained the
coneentrations necessary lor cloud lormation, and mixes badly with dry alr. Even In the case of Jow opacity
and a sky clear for iman pereeption, these distortions - which amwe shifis and t1is In the Incoming phase
[ront - ¢an be &0 Important that they make obaervations lmpossihle.

In this lecture we will study the physics behind this effect and possible ways Lo correct for it which
have hecome avallahle in recent years.

The phases of a wave ont that reaches groumd-based ohservatodes have heen modified by thelr journey
through refractive Index varlations In the Earth's atmesplere. The Isstroment el has no way o tell
which part of the phases are die to valuable strectiure n the astronemical souree and which part was
capsed diring the last klometers In front of the telesoope.

As a result, the apparent position of a polnt souree keeps moving, &0 that detalls of an extended
soume hecome hlurred [“seeing™). The perturbations become progressively decorrelated with Inereasing
separation hetween two lines of sight.

a1
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Figure 9.1: Two single dish radio telescopes and one sy nilesls array ohserving a souree. Angular mesolotion
and the eflects of a tmospherie turbulence nerease with the dlameter of an Istroment. An interferometer's
synthesiszed heam has the same problems that a slogle dish with a projected baseline's diameter wold
o peTlenen.

Depending on turbulence seale, wavelengih and telescope ske, a ground-based ohserver wil be ocon-
fronted with different effects. To some extent, ome can reduce unwanted perturbations by chosing an
oheervatony 'ssite carellly. But there ame always some days which are better than otlers.

o IT tle telesoope diameter s muoch larger than a typleal turbulence eell and ¥ phase shifis over a
turbudent cellam less than 1 radian, omne works in the diffract Ive regime: some power s scattered into
an error heam, but the diffraction lmited resolution of the Instrument Is conserved. These oonditions
can he [ound for very long baseline Interferomeiry at cm wavelengihs under good oomdiiions.

# In the refractive regime, the turbulence cells are much larger than the telesoope so that the whole
Image seems Lo move argunxd. Phase shifis can be several radians. This ds the ose we have o mope
with at the Plaleay de Bure inlerfernmeler.

# [nile Intermediate case, one gets speckles on short Integration times which average Into an image
convolved with a selng disk (an eflect well-known o optical and mear Infrared ohservers).

For a small radio telescope, the phase molse passes unmoileed (Fig9.1). Iis beam size Is bigger than
the apparent position shifis indueed by seelng, and the my paths leading to the op pesing outer edges of
the reflector will not differ moch. For a hig single dish, the effect can heeome noticeable: under unstable
conditloms, a spuree may wander In and ot of the beam, disturbing it only tle ohservations of the
target of Interest but also polntiog and foos. An Interferometer suflers even more rom seeing hecause
the distances between Individual antemnas are large. This has the double effect of making the syothesized
beam smaller and of iInewasing the differences in the atmespherie turbulence patiern between the optical
paths. Im the optical and pear Infrared, It B the dry atmesphere which causes the phase shifts, In the
centimeter radio range, It s the tropespherk water vapor and the lonospherie plasma imegularities, and
mainly water vapor in the millimeter mdio range.

The Interest of interferometric phase correction & to determine amd remove the atmo-
apheric phase nolse. Each individual antenna bas to correct a time varlable “plston™ In the
Incoming wave front, which s the equivalent of adaptive opties for the synthesized dish.

Most of the water vapor ls confined to the troposphere (<10 km) with an exponeniial scale lelght of
2 km. Its molecular welght is 18.2 g/mol so that it has the tendeney to ree abowve dry air (2896 g/ mol).
Onr planet retains the water vapor diee 1o the pegative vertieal temperature gradient In the tropesphere,
and the fact that HeO & close 1o the transitlon polois to lguid and solid under termesitlal pressiure and
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Phasze nolse

Bazeline [km)

Figure 9.2: Atmospheric phase polse as a functbon of haseline lengih. The pesitlon of the break amd the
maximum phase nolse are weather dependent.

tem peratire conditions. Vems 1s an example for & plaset with a hot tropesphere (extreme OOy and Hy O
greenhose effect) who lost mest of lis water lomg ago.

Under Earth'’s environmental conditions, water vapor mixes hadly with dry alr and tends 1o form
bubhbles with slees up 1o several kllometers, which are hroken up by turbulent motloms. When choosing
high and dry sltes Tor millimeter astromomy, one mst keep In mind that high phase noke can he ndused
even by low amoumis of precipitable water.

Parameters that Inflence interlerometrie phase moke strongly ame:

» wind speed,
& projecied haseling lengih,

 the time of the day (nights are typleally more stable dee to the mksing solar energy lnput Lo
turbidemnee ),

« topographl efecis, egg. the turbulem wakes of mountains.

The leveling off of the phase moke on a high, constan value cormsponds 1o the outer scale slee of the
turbulenee, where the Quctwations along two lines of sight become 1otally decorrelated, Le. as had as they
can possibly get (Flg. 9.2). Ingreasing the haselimes will mot Increase the phase nolse any more, and ths
I8 why wery long haseline Intederomeiry can work.

In the fpllwing, some lundamenials about turbulence will be explained, and how one can analyze
the propertls of & turbulent atmosplers. Possible methods to monlior the phase Auctuations will he
dicisaed, with emphasis on the phass monitoring system on the Plateau de Bure. Some examples with
ohservational data will be presented, demonsirating its benefits and current limitations.

9.2 Hydrodynamical basics of turbulent motion

Turbulenes has its origin in the non-linearites of the hydrody namical equations of motlon. Thess eguations
are not derived om first principles, but present the easiest comslstent way of deseribing the motlon of
com pressible [gases) or nepm pressible [lguids) media. Glven the complediy of olserved yyd rody namieal
plenomena [white water rivers, curling smoke, .. . )11 was doubted lor more than a century i the equeations
could mally be as simple as glven helow.

Hoepticlsm was nourished by the fact that some statlomary [Le. time nvarlant) solutlons were mathe-
matically valid tut mot olserved experimentally, which can be understond oday by checking the solutions
for thelr stability. It ls an interesting fact that statbonary solutions are no! always the most stable ones
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this asumption might appear “matural™, bt I8 In fact quite miskading. To find out under which

conditloms one has to expect turbulence, we mist have a eloser ook Into the equations of ydoody mamics.

Ina free fow (Le noouter confinements Tke tubes) and wider sub-sonie eonditions, ome can treat air

as an lneompressible medivm, This allows to se the Navier-Stokes equations [Navier 1827, extended hy
Hipkes In 1845) which describe such a medium with viseosity [(Eqg. 9.2).

dv P -
e el -2AV =0 (92)
T.. ‘“_'-I_-u‘ 3. l‘_"-'_-'-‘

The respective terms deseribe:

1. ThE part Is the complete derlvative in time, eontalning pon-limear terms:

iV A7 - - A1 o ah = -
—_— — i R - T T S 7y T i k:
T II_,l_l:+[:'lg-r£|:¢i)'l ,.ﬂ"";;gm’d[‘ 11 "-l:-:[:T:-M:]‘ (9.3)

kin. ;“‘1-33 'l-"l:l':I'-Ell

2. The pressure term deseribes the reactlon to exiernal forees, and Is related to demsity and tempem ture
through the eguation of state.

3. External forees, deseribed by the gradient of 8 Potential I7 Thi form makes 1t easler to lnclisde this
term Inie the others, We are Interested here In cases where [7 I8 constant In good appros imation, so
wie can leave this term ot In the Tollowing.

4. Emergy desipation. Vieeos terms, with ile Laplagan operator A = V¥ = div grad . The material
constant §) Is the viscosity copfliclent Ior iIncompressive media (therels a term with a seeond eoefflclent
for compressive media, but it can be neglected here).

T solve Equation 9.2, one needs:
» ile equation of state for the gas,
 ile comservation of mass and energy,
& the houndary conditions.

We will not hawve 1o deal with these equations divectly. IT you have to solve them lor some reason: There
I8 & whole class of mumerical metlods and Dhrary oodes in the literatume, which avold mon-evident pitfalk
coneerning different coordinate systems and mumerieal stalility. For the current discussion, we are only
Interested In the guestion of dmlarity.

Flow problems resemble each other for certain combinations of Sow welociiy, spatial dimension and
visposity, This allows to predict the general properties of a hydooedy namic system [anpd il it I8 turbulent
or not) rom small modek or other wellstudied cases whem the geometries are the same. I 15 comeenlent
to change to dimersionless equations by expressing kengihs and velocities In unlts of the system's typleal
length seale ly (eg. the slze of an olstacle) and the unperturbated Bow welocity Vo

(e obtaies not ooly V' = V/Ve and I' = I/ls, but must change all other units which are combinations
of the two: ' = ¢ - wofle, pf = p- 13 and P = P-I3/i3. As a result, we get the dimenslonless eqguation

Eq.4:

AV gmd P 1
g T RAV =0 (9.4)

which containg Reynold's mumber Re = Ip- W pfn. I determines the relative influence of the energy
dksipating term relative 1o the pon-lipear turbulent term. A high Reynold's mumber will reduce the effect
of AV, eo that tirbulence will develop. Each problem has its specific Critical Reyvnold s number Be.,
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Figure 9.3: Flow around a ¢ylindric olstaclke Ior varios Reynold's numbers [ from Beynman ).
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Medium | g [g/ems] v =5/p [em®/s
Water (UL (L0

Alr (LEiLE {0 L5

Algalal | (LOLA (.2

Glycerin | 8.5 6.8

Mercury | (LOLSMG (W12

Tahle 9.1: Examples lor visosity amd the kimetle viseosity #fp varlos medla at 30°C [om Landa g
Lilarhite). The vistosity changes little with aliltude, so that the demsity dependency of ¢ dominates and
satellites above == M km altiiude experlence a non-turbalent, laminar fow.

wihich lies typically between 1) and 1. For a given geometry and a Re > Re., no stable solution exists
[Flg.8.3).

With Eg 9.4 and the viseositles fom Tah 9.1, we find that lor amhient conditions, wind moving laster
than 1 ¢mys hiiting an ohstacle bigeer than 1 ¢m geperates a turhulent Qow. A hose (100m) in a 10 mfs
wind has Fe = 6 10f, mouniains Re =1 - 107,

ThE means that turbuknee s something gquite common In our environment. In our daily lile, we
engounter many turbulent systems which dely detalled prediction: leaves of wind-mowved trees, eddies in
o Ing, water, the structure of clonds, to name only a lew. All these eflecis are mon-linear and will never
repeat themselws exactly, although thelr parameters stay within certain limits.

It may be sumprising that these phenomena ave heen meglected by elassical physies for centuries, to
begome finally popular in the wake of chaos theory and the development of powerlul computers. One
reason for this was surely the problem of repeating an experiment with nlerent chaos exacily, amd the
sheer hulk of work for doing the calewlations. Linear physies weme [avored not because they are more
abundant in nature, bhut hecase they weme easler Lo understand and eprodoce.

Even chags theory has a hard time with the aimesphere. The [amos “strange atiractors™ which
deseribe non-repetitive curves In solubon spaces are not very selul for turbulence, because one B not sure
i the nmumber of splution space dimensions & findte or not In thE case.

Meteorology s a wellknown [and sometimes notorkus) example lor prediciions of a non-linear system.
In spite of a petwork of measurement stations amd satellite data, boundary conditions are not known
pecisely enough lor long term forecasis. This k the lammes “hutierfly effect™: A butterly moving iis
wings In Soith America may change the weather in Europe slx months later.

But don't start hunting hutterlys to prevent storms right now: this eam ple only usirates that o
linear sysiems do not obey the “small cause - small effeci™ rule of Inear physies but a rather Imprecise
“small case at the right place may have a big effect™ rule. S0 1t eould be a hutierfly, a spoken word, a
thought, or a tree falling ina forest, or all of them together that may tip a halanoe.

Fuor all practeal applications, the Interactions ave too complex 1o hack track the case — bul nevertheless,
the history that makes a deal mowe right now in a unlgue way ouislde your window containg somewhere the
gravitational pull of faraway galaxies, and your mere presence wil leave traces in the turhulent stroctures
all gweer the universe [no lahilities Implied, fortunately).

A small pertirbation may set off 8 nor-linear case-and-effect chaln, but this s only hecause a turblent
system can have muliiple macroscopleally different states without violating the comservation of energy.
Using a siatistical approach, we will mow discuss turbulence's emergy dietribution on different seale slses.
Thk Iz an Important step to understand bow atmosplerke parameters (Including phase molse ) change with
time and distance.

9.3 Statistical properties of turbulence

We start with a simple mode]l of turbulenee. [ must explain why the scale slee of tle st turbulence
strisetires becomes smaller and smaller with Increasing Fe (se Fig8.3), and should allow to treat the
fimest detalls in a bomogenesius way., I cannol explain why cerialn streciures form and not ethers, bt it
deseribes the average Dow of energy across the seale slees of trbulence.
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« Hinetle epergy enters the medium on large seales, in the form of comvection or frietion on an obstacle
[emergy range ).

# The energy s trasbermed towards smaller seale slaes over eddy fragmentation, while the Reynolds
mumber decreases [Inertla range ).

# The smallest eddies have sub-critical Re's, disipate heat, and are stable [viscous range).

|K-:5]m-:g:m:w l!Hl] advanced a ly pothesiz for high [Fe = 10F — 107 Reynold's mimbers, postulating that
turbulenee in the nertla range was determined only by one parameter ¢ [Ketle energy oomeerted to heat
by wiseous Tleton per unit time and unlt mass). In the viscows range, it would only depend on & and
the already dicissed vieosity . This model treats cases like the seemingly amorph eddies- within-eddies
part in Fig 8.3 (d),(e). As we have derlved In the previous section, (d) and [e) are indeed the cases to he
e pected In the troposphere.

The inertia range 18 interesting for us because It corresponds to spatial dimensions of
gome meters to 2-3 kilometers, Le. the baselines of the PABI fall into this mnge.

For the mathematical treatment ol highly developed tirbulense, one can se a lormallsm hased on
random variations.

Muost “classical™ statlsties represent a glven distributlon of probabiity [hipemial, Polsson, (zamsslan,
oo Jarpund a most Hkely measurement value. For atmespherie parameters ke e g, temperatume and wind
velocity, we must make a more general approach: the most 1kely measurement valies vary with time and
space, which means they can be mepresented by non-stationary mndom proeesses. The classical average
and Iis varlation are mot very useful 1o deseribe these systems.

An instrument for the characterization of nor-stationary random variables are struclure funclions,
which were fist introeduced by [Kolmogorow 1941]. A scalar structure function has the form ghen in
Eq.9.5,

Dy(i,23) = (flzs) — flz))* (85

Le. a lmetion flz) Is measured at the pesitions #; and &;, squared and averaged over many samples to
obiain 8 07 [z, x;). When ibe average level of [ changes, the average differences between f{z;] and flz;]
slay constant.

The stricture fupetion lormallsm can even be 1med to deseribe vector parameters ke the turbulent
wind velociiy, In this case ome slmply meeds 3 = 3 tensors of structure Tunetions lor thelr deseription. We
wipln 't meed tersors In the Iollowling discission, owever. The detalled mathematical formalism of random
fields would be too much for this course (see [Tatarski 1971] for details). We will only diciss the hasie
coneepls and thelr applcation to phase shifis.

Real atmospheric parameters ave lunetions of time and space. For time dependency, Taylor's ypothesk
ol [owen turbulence has been quite sueeessful [Eq96). It states that the patiern of melractive Indec
varlations stays fixed while it I8 moving with the wind.

Flz e +0) = flz -V -t',0) [9E)

Thk means that for the sirecture lnetions, ope can ether measure at two diferent sies simultameomsly
or measure n one plage and compare diferent times. Time-lke strocture funciions are ofien easler 1o
determine because the sampling & continums and nstrumental effecis are reduced by averaging. The
velocity Vo, B also called “Veloddty alofi™ and can differ notably fom measurements of a ground-hased
meteorological statlon: wind speeds Inerease with altibude and change divectlon doe o the diminkhing
eflect of groumd Tricton.

For two measurement points which are a ditance + apart foom each otler, ope finds that the strectome
Tumctions of many atmespherie parameters [tfemperature, relractive Index, absolute wind veloeity, ... )
ohey a ' power law, This law can be derived from the theory of random fields, but tle easkest way B
as Tollows:

Conslder a velocity Muctuation 8V [where §V: may be large) which occurs on a seale size ¢ amnd a time
=+ 8V

& its energy per mass unit B o (6357



98 CHAPTER 9. ATMOSPHERIC FLUCTUATIONS

& The energy per mass and time: « o 8V 1 = 5172 fr

# Htatlonary tramsport of the energy Trom large o small seale skees, where It 1s finally dBsipated

o Approcdmately, D (v) = [Vin + 7 — 'I.’[njf I dominated by eddies of gloe +, Lo, D (r) = (41007

# Therelore, the formula for Intermediate scale slzes ls:

D r) o (e )3 (9.7

For a thin layer, relractive Index fluctuations and phase Quctwations are identical. This s the thin sereen
approgimalion.

D) = - [e-r)*3 (9.5]

In a thiek tuwrbulent layer, the phase front encounters muliiple refractive Index Auetuations and the
power law Index changes, This problem can be solved by analyzing the lrregular mlracting medium over
its Fourler transform. After |Tatarski 1961), the speciral density of the funetion

Dir) =¥ [RRLY
with i< p <2 E In the three dimesional case

Tip+2)
An2

An Important eondltion s that the Buctuations mist have an outer lmit, e that the power law does mot
Inerease Indefinitely. To get the phase Auciuations om the refractive Index spectrom, we take

Flig) = ginlap ¥ e (8.10)

D ir) = -hj; [1— Jolre)]F (x)nde [8.11)

with tle Bessel lunction Jf; and fnally obtaln the power law for thick sereen turbulemsse:
Do) o (e 953 (9.13)

For the phase noke [Ag(r) = 0, (7)), one has therelore to expect power laws with expoments het ween
1/3 and 5. The aleolute sealing lactor Ior the power law and the position of the hreak where tle phase
noke level off depend on the observing site, and of eourse on tle weather.

D 1o the quasl-random nature of phase Quctuations, lorecasis and Interfexirapolations can be oon-
sldered Inadequate for a phase correction system. Direct measurements of the water vapor oplumn alomng
the line of sight are therelore the most rellable approach.

94 Remote sounding techniques

These methods were originally developed for meteorolegy and control of Industrial emBslons.

1. LIDAR: compares laser hack scattering or iransmision. DIAL: differential absomption LIDAR,
works at two requencles (on and off the atmospheric line of nterst), detects 001 gfm® water
vapor. Disadvantage: works hest from alreraflt, expensive eguolpment.

2. B0DAR: Remote sounding with sound waves., Detects turbulence, bt glves Title quantitative
resulis.

3. IR window: Hi() line alsorption In bont of & strong contimom souree [Sun, Meon, Jupiier).
Diadwantage: Directlons of olserving and monitoring beam differ. The phase correction degrades
as a lunectlon of the separation angle and the distanee of the dominan turbulent layer.
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radlent ATsky/dpath (K mm}

-
-

100 200 EOH 400
Monitoring fregquenecy {GHzx)

Figure 8.4: Gradient ATy, (Apath (Kfmm ) asa function of frequency and total precipitable water under
clear sky conditions. The atmospleri model assumed an amblent tem perature of 275 K, pressure TR mbar,
elevation 457, an oheerving Trequency of % GHe and warlous amounis of water wapor. Light grey: 3 mm
water, middle grey: b mm water, dark grey: Bmm water. Dash-dotted limes Indicate the reesbwer tuning
ranges of the PABL

4. Radiometrle: Uses the atmospheri emission. Dedicated monitors operate mostly near the 22 GHz
ar 183 (GHez lines [several speciral chanmels). The Inter-line reglors of the lmm and 3mm windows
are ako sensltive enough, but make 1t diffleult 1o remove elowd emission.

For the mdiometrie approach, it s welul to study the sensitivity as a Tinetbon of requency, 1e. by low
much the sky emission changes lor a fixed Auctuation of water vapor, which corresponds to a fixed wet path
Muctnation. Fig 9.4 shows what change in T,p, one must measure under conditions of various humidity.

There are two reasons o se the 222 GHz e Clowds are easker corrected at this Teguency, and
recelver eomponents are less expensive.

e notiees that the B4-116 GHe window s 1-2 tlmes a5 sensitive as the 2.2 GHe line, and the 210-
248 (Hz window 4.5-8.3 times. A dedicated recelver near the 183 GHe water line would have the highest
sensitlvity, but can suffer from temperature dependent saturation effects. It I better adapied for slies
where the total amount of water abhowe the Instrument Is typleally less than 3 mm.

9.5 Current phase correction at TRAM

Bemoie spunding is done with the astronomical lmm reeebvers In the Inter-line reglon at the olusen
ohseryving Treguency. One 1ses the total power chanmel [handwidih 5300 MHz). Advaniages of this approach
are the close colncldence of obaerved and monlored line ol sight, and the fact that no additional moendtoring
eguipment k& needed.

First sueeess was on April 18, 1905, with tle Isstallation of the present reeeber generation on the
PdBI [Bremer 1995]. Critieal advantages were the improved total power stability of the meceivers and the
capabllity to observe in the lmm window. The necessary stability for a 307 phase rms at 230 GHz &
about AMM =2 1071,

Stepa of the e thod:

L. Calibration of the total power eounts Maim (o Ty as given in the lecture on amplitede and fux
calibration.

2. Derate the amount of precipitable water vapor In an atmosplerle model 1o reprodece Ty, There
15 mop “learning phase™ of the algorithm on a quasar, just the mode] prediciion.
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Figure 8.5 Antenna hased total power at 3283 GHz, the reference value 1o caleulate the differential
correctlon, and the model-based phase shift per antenna at 3.2 GHs.

3

The amount of water vapor alog the lne of slght Is proportlonal to the wet path length.
qurth s 6T - waler [ Zenlth) - admass{ Elevatlon) [9.13)

Howewver, wet. path length and opacity have different dependeneies on fequency, atmospheric pressure
and temperatice which should be taken inte acoount. The main increase of the refractive ndex a of
water vapor relative to dry air bappens in the nfraved, which makes it diffieult 1o use the Cmmers-
Kronlg relations lnking 1t to opacity [Integration over many iransitions). For dmplielty, we use the
calgulations by [Hill & Cliffort 1981] for the frequency dependency and the tem perature and pressare
dependencies by [Thayer 1974] istead. These refemnces e not 1 but the refractiviiy &, which &
defined gver the exeess path kngth L relative to vacuum propagation over the line of sight s

L= 10411':#,[:3.1; (9.14)
NP T) =Tr.403P2im _ 19 5PV | gomg PV (9.15)
' T T T2 '
Hill and Cliffort caleulate N(u) for T = 300K, P = 10133 mhar, 80% humidity
_r.4gaPEm _ g gV o (300.1?
Nip,T,v) _77.493"; 12.5"T +N[u:ﬂ_2( - ) (9.16)

. Sulitract the average over a time interval (default: the diration of a scan) w0 remove residual offsms

due o repelver drift and ground pickup, which can be different for each antenna (see Fig 9.5).
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5 Convert the antenns specifie path shifis Into phase at the oleerved wavelosgth, A

6. Caleulate the baseline specific phase shifis Agi; = Ay — Ay A corrected and an uncorrecied
version are ealeulated and stored during the meal time reduetion which eompresses the specira over
one sean. The precision of the correction in relative pathlengih is about Ghum per antenna (hence
S0um per haseline, Le. 2 larger).

7. During the ofl-line data reduetion, the ser can choose Iredly between the corrected and uncorrecied
sets. The phase eorrection can fall under the Tolowlng conditions:

& Clowds: the model only works for ¢lear sky eonditions, and will ever-estimate the phase shifis
serloisly in the prsence of douds.

# Very stable winter conditions: The phase noise of the ohservations can bhe below 25° at 230
(3Hz, which is the intrinsic polse of the corvection metlhod.

» Total power Instablities: For some frequencles, the recelvers are difficult te tune. One can get a
piee gain n the interferometric amplitede, but an urstable total power signal with an intrirsie
moise well above 25° at 230 GHe.

Even for the cases above, the olserver has lost nothing becaise the uncorrecied seans are still there.
Software tools are available which belp to declde when to apply the correction.
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Figure 9.6: Basellne based amplitudes, unoorrected phase and monitor correcied phase at 86.2 GHz witha
time resolution of 1 5. The data correspond to the antenna based section in Flg. 8.5, The phase calilration
applied In columns 2 and 3 was obtaleed sing STORE PHASE FSELF on a one minute time scale, therely
setting the mean phases (o zero.
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Figure 9.7: Baseline hased amplitudes, uneormecied phase and monitor eorrecied phase at 86.2 (GGHz for
a ¢lowdy data sectlon. The elear sky model gver-estimates the correction and would mesult In serloms
amplitude kpss. The off-lie data reducition software will identily those parts and disahle the eorpection
ihere

0.6

Phase correction during off-line data reduction

Inaiyplkal data reduction sesslon, the atmoespheric phase correction hides hehind two unebirsive hutons
[Fig.8.8). The delaul of the PHOOR hutton will ealeulate the phase correction on a scan hasls, Le. only
the corrected amplitudes will be used and mot the phases. There are two reasons to be ¢autios about the
correcied phases:

-

As we lave learned fom turbwlence theory, averages are ot good In deseribing data which obey a
striciure Tunction. Adjisting the monitored phases (o sem average can introduee random-like offsets
due to slow [large-scale) components of the atmespherie Dectuations. You can only rely on averages
i the guier seale of turbulence have passed several times over the Instrument. This can be true on
your sourte [typleally 3 min integration time), but ls doubiful on the callbrators (Integmtions of
typleally 3 min) It may work lor compact configum tlons depending on wind speed, Le. It depends
an the weather., There may be an Impmyvement, but it canmot be guaranteed.

Mearly linear changes In total power can be due 1o a hig water vapor bubble in the atmosplers or a
galn drift In the recelvers, The fivst will prodece & phase shilt, the seoond wil net, and the soliware
canmot tell them apart. In most cases, gain drifis appen when the antenna has jist mowed a large
distanee In elevation, as pump fictlon and Dguid helium distribution change with the recelver cabin
tit. Such drifis ave Invisible In the Interferomeirle amplitede (opacity correction), but the phase
correction ls more semsitive 1o them.
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The part of related header vadables 1s acomssible over
CLIC> VARIAELES MONITOR
Some fems are sean-hased In time resolution, others can be expanded to a time seake of one second over
the total power slgnal. One can plot the following guantities related to the phase correetion:

& ATMPOWER: total power counts of the monltoring recelver

# ATMREFERENCE: the offsets which are subtracted from ATMPOWER

» ATMEMISSION: the callbrated sky emisslon In Kelvin

# ATHMPHASE: the modeled atmospherie phase

& ATM UNCORRFH: the astronomical phase meorrected from atmosplere
# ATH.CORRPH: ihe astromomical phase corrected with the model

# ATMVALIDITY: 0 or 1 whetler tle phase correction has been declaved valld or pot. This fag k
antenna speciiic.

Inomder to ¢heck the validity of the phase correction, the standard reduction runs the command
CLIC> STORE CORRECTION AUTO 15
Le. Crie will test the phase callbrator ebservatlons (iype P) I the application of the phase cormeetion
improves or degrades the amplitedes, and will declare the oorrection on source observations (type () Ina
£15 mingtes time window for good.

Apart from AUTO, one can use G000 and BAD for a manual override of the diagmostics, and SELF 1o ceck
the amplitude for each scan (indiferent o type O or P) for strong sourees
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Figure 9.8: The CLIC ealibration package menu, with phase eorregtlon relaied liems marked.

9.7 Frequently asked questions

# How often is the phase correction applied? Statistie have heen ealeulated for all recsiver 1
COBRER scans In the prelimipary data reduction ks between September 1997 and March 1998 (a
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total of 3130 bours). Ower this pefod, the phase correction was diagnosed “good”™ during T8AT of
the oheerving time.

» Does one gain something on a self calibrated soureeT Yes, the monlior corrected specira ame
impmyved on a sub-scan scale, le. on one second. An example lor this case can be lpund in Fig. 906,

« How fast can the phase change? Phases al 3mm can turn by more than 307 over 3 seeomds.
Even under calm ¢onditions, it was found that a time resolution of one second for the cormetion
gave hetter resulis than an average cormection over lour seoonds.

#« Iz dry weather the same a8 low phase nolse weather? Unforiunately not. Even with Jmm
precipitable water, one can have very had phases I the wind is high (about 10 m/s).

« Why = the phase correction sometimes disabled under clear sky conditionsT Each cor-
regtion system has s Inirinsk molse. I the atmespherie phase nolse is below 1P at 3 mm or 30 at
2 GHez (which happens under stable winter conditions), the added molse will undo the henefiis, and
the diagnosties will switch tle correction off. The same can happen under less lavorable oonditions
il a recebver has an unstable total power signal [this can happen at spme requencies).

» How does the corrected phase de pend on baseline lengthT Basically, it becomes Inde pendent.
Crver 1ime scales longer than the moniior time Interval, the structure Tuncton dependence stays.

& Are there atill changes / Improvements in the systemT Yes, we are working on it



Chapter 10

Amplitude and Flux Calibration

Anne Dutrey

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

Calibration compensates for imperfections and unkopowns In the nstrument se, Inclixding antenna defecis

[sirface quality, focis), polnting ermors, atmesplerie transmission and fectuations, recelver and backend

galn and lstabilities, ete.... In addition, calibrated data are ako expressed In a rellable physical wnit.
ThE keciure ls then ¢t In three paris, of equal Importanee:

1. The single-dkh callbration of the amplitede: iis errors amd blases
2. The i density callbration
3. The final amplitede calibration of interfemmetric data

10.1 Definition and Formalism

From B.Lucas lecture 7, Eq. 7.1), the baseline-hased obeerved vEIblity 1_’,-‘,-[.:3 15 Inked to the true visihiliy
Vi; ol the source Ty :

Vig (1) = G Vi + i (1) + g (1) (10.1)
In antenna-based calibration, &y can also be written as:

Gij = milt)] (1) = ayit)ay(£)e®iti-ait (10.2)
Therefore, for antenna i, the antenna- based amplitede correetion for the Lower sideband a® is given hy

al ()= TG (1, OB(t) (10.8)
and for the Upper sldeband:

al (1) = Ty (G (w,0) B t) (10.4)
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where T:L‘, anmd T:;i‘, am the eorrections for the atmospherile absorption [gee lecture 8 by M.Gadlin, in
the Upper and Lower sldeba nds respectively. B the antenna galn (affected by polnting ervors, deloe ising,
surlace status and systematic elevation effects). Note that Ege 103 1004 do not inelsde the decorrelation
factor [ (see lecture Thy B.Lucas) hecase this parameter s haseline-hased. We assume here decorrelation
Is small emough, Le. f = 1; [ mot, a baseline-based amplitude calibration may be reguined.

GF (e, 1) and GY(1, 1) are the electronics gaing (IF chain+recelver) in the Lower and Upper sideba nds,
respectively. The recelver sideband gain ratio 1s defined as &5 (0, 8) = GF (0,00 /GF (1, 1), The sldeband
galn ratlo 1s o first order Independent of the Teguency » within the IF bandwidih, The derivation of the
recelver gaing Is glven In Chapter T. At Bure, the recelvers and the IF chain are wery stable and these
values are constant with time (and equal to GF* GY and GF, respectively, singe we also peglected their
fregquency dependence). They are measured at the beginning of each project on a strong astronomical
soume. Moremver in Eq 0031004, we use the fact that for & ghven tuning, only 1he pecelver gains and the
atmosplerl absorption have a slignificant dependence as a Nmetion of fTreguen:y.

Section 10.2 will fseus on the correctlors for the atmosplerie absorption (T (1) TE (1)) and the
pussible hlases they can Introdiee In the amplitede.

In the eguations abowe, the amplitudes can be expressed eltler In Kelvin (antemna temperature seale,
T, g = ) or In Jy (Aux density unii, 1 Jy= 10-** Wm—*Hz—'). The derbation of the conversion
[actor hetween Jy and K, In Jy/K, [T (slngle-dish mode) and T, (Interferometde mode) and iis hlases
will he detailed in section 1003 which is devoted 1o the Bux density calibration.

Finally Section 10,4 will deal with the understanding of the termes 5;(2) and [, the amplitude calibration
of Interferomeirk data.

10.2 Single-dish Calibration of the Amplitude

Thi ealibration ls dome automatically and in real-time but 1t can be redone a posteriort i one or several
parameters are wrong using the CLIC command ATMOSPRERE . However, for 99 % of the projects, the single-
dkh eallbration & cormeet. Momwover, we will s in this seetion that In most cases, even with erronesus
calibmtion parameters, it s almost Impossible to do an error larger than ~ 5%,

For detalls about the properties of the atmesphere, the reader has o reler to the lecture by M. Bremer
[Chapter 9) while the transmission of the atmosphere at mm wavelengihs B deserfbed in the lecture of
MLGlin [Chapter 8). Most of this keture Is extracied from the documentation “Am plitede Calibration™
by S.Guillotean for single-dih teleseope and from [Guillotean ot al 1993).

Hinee all this part of the calibration & purely antenna dependent and in order 1o sim plify the equa tons,
the subseript ; will be systematically lgnored. In the same splat, the equations will be expressed In T
scale taking f; = fg.

The atmospheric absorption |eg. for the Lower side-band T ) can be expresed by

ULy _ L _ (ULl
= [Thﬂd[l + 7 :I T.rrm o TITH-‘:I [lﬂﬁ-:l

Th

il a—rr [uim| Elavalism)

where Thes Is the bot load and T5 . and TV . are tle molse temperature recelved from the sky In the

lower an wpper skdebands respectively [(for the IRAM interferometer, the difference in [bequency between
the upper and lower sldehands B ~ 3 (2Hz).
The system temperature Ty Is given by:

M
Th =k g Em [ 10.6)
e T M a — Mg

The main goal of the single-dish calibration & to measure Ty (benee T, a5 aceurately as possible.
At Bure, during an atmespheric ealibration, the measured gquantites are:

o Plase 1, &, ¢ the power recelved from tle sky
o Plase 2, M. the power meoelved oom the ot load
# [Phase 3), M.q4 the power repelved rom the cold load
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Trae, the molse tem peratire of the recelwer, 18 dediuced from the measirements on the hot and eold loads at
ihe beginning of each project and regularly checked. The recsiver ddeband ratlo Y% & also measured at
the beginning of each project (see B.Lscas lectiure T). Timi, the efective temperatume seen by the antenna,
s glven Ty

amd Miad

e [10LT)

Moregver, Tami which Is measured on the bandwidih of the reeelver, can be exprossed as the sum -:51']"_";“1.
and T (a slmilar expression exdsts for Ty, ):

Thy + T + GV
Temi = 13 QUL [10.8)
Tymi I8 divectly lnked to the sky temperature emBsivity (or brightoess temperature) T, Ty
Tl'ﬂ'l.'i —[1l—1 X j:
Ty = (L= nyp) x Tead [ 160.9)

1‘”

were T & the physical tem perature inside the cabin and 5y, the lorward efficiency, which are hoth known
[or measirahle) quantities.

Owr calibration system provides then a direet measurement of Tomi and henoe of Toy, which iz de-
duced from guantites aceurately measured, Henee, In Eq.10.5 the only unknown parameter remalns 7%,
the ppacity of the atmesphere at zeniith, which s lteratively computed togeiher with Tiem the plysi-
cal atmospheric temperature of the absorbing layers. Thi caleulation ls performed by the atmoespheric
tramsmksion model ATM (see Chapter 8) amnd the documentation “Amplitede Callbration™).

The opacliy % [or more generally 1,.) comes from two terms:

u=Aut+Buxw (10.10)

Ay amd B, are the respective contributlons to O and He O, the water vapor ¢ontent w s then adjusted with
Tatm by the model ATM to mateh the measured Topy. The ATM model works as long as the hypotlesk
dome on the siructure of the atmesphere In plape-parallel layers Is Justified, as it s uswally the case for
standard weather conditions.

10.2.1 Low opacity approximation and implication for T

When the opacity of the atmosplere is weak (7, < (0.2) and eqgual 1o hoth Image and signal bamds, Tew B
mostly dependent of Tam and bhoth of them can be ponsdered as Independent of v and henee .
In the conditions mentioned abowve, 7 can be eliminated from Eq. 105 The equation becomes:

Lo TH.-[J. + G”L:I x Tal'm.
eal e %[l —gr = 1--"'—'I!-“:I

Taar—T 2.0

(1011}

[detalls about the derivation of Eq.l0.11 are given in the documentation “Amplitede Calibration™ by
SGullotean). In Eq.lill, the unknown ls Tigm, the physical temperature of the abeorbing layers, Tpim
Is mostly dependent on the outslde temperature, prssure and site altitode and weakly on 7., For thie
reason, Ty and Tyye remain comect even i w and henee v, are not properly constrained.

Figures 10,1 and 1002 Mustrate this polnt. Thick lises correspond to the exact equation [Eq. 105) and
dashed lnes to the approcimation [Eg.10.11). The comparkon hetween Eq. 10011 and 1005 was done for
three common cases 1) at 87 GHz, with &Y% = 102, 2) at 115 GHz, with & = 0.5 and at 230 GHz,
with GUE = 0.5, For the 15-m dishes, the forward efficlendies used are fp = 0.93 at 3mm and 5, = (.29
at L.3mm. Figl0.l is dome for a source at elevation = 3® and Fig.10.2 for a souree at elevation = 6F.

The followlng points can be dedweed om these Hgures:

L. As long a8 T,f, = Ti,, the equation 1011 remains valid even at high frequencies > 200 GHz and
for w = 5 mm.
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Figure 100.1: Calibration temperature as funetion of water vapor (or opacity) at 87, 115 and 230 GHz for
a source at 20 degrees elevatlon. Parameters are taken for the Bure Interferometer.
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Figure 100.2: Calibration temperature as funetion of water vapor (or opacity) at 87, 115 and 230 GHz for

a source at 60 degrees elevatlon. Parameters are taken for the Bure Interferometer.
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Tiem Tea | Tree | gy
Typleal Error 2K | 0K | 0l
Induced varation (in %) | 0.7 | 0.3 | 13

Table 1.]: Percentage ermor on amplitude scale Introdieed by erronesus input parameters.

2. ThE comes from the fact the T B mostly independent of the atmespherk water vapor content.

3 As &:n::ums.i"_’;“I # T4 ihe equation 1011 is not valid. Note ako that the emor is about constant with
ihe opacity becase lﬁum Is mostly Independent of the atmospherle water vapor content. Moreover
at 115 GHz, the atmospherie opacity I8 dominated by the 118 GHz Oxygen line and cannot be helow
0.2, the amount of opacity added by the water vapor 15 small. T, remalns mostly constant with .

At mm wavelengils, the derbation of tle Ty [or Tye) sing an atmespherie model & then quite
aafe,

10.2.2 Absolute errors on T, due to instrumental parameters

The eguations above show that Teq Is also dependent of the Instrumental parameters T, 5y and Theea.
These parameiers can ako lead 1o errors on Ty, Derlvatives of the appropriate equations are given in the
IRAM report “Amplitude Calibration™. Applylng these equations and taking Tam = MO K, T = 20K
and Tymi = M K, tle pessible resulting errors are given In the table 1001,

As a consequence, the most critieal parameter of the callbration s the Forward Efficiency 5y, This
parameter B a metlon of requency, becaise of optics surface accuracy, but ako of the recelver Tlumina-
tion. I gy 1s underestimated, Ty, Is underestimated and you may obtaln amomalosly Jow water vapor
content, and viee-wirsa.

The sideband gain ratio GV L Is ako a eritical pammeter. U5 §s not only a scaling [actor (see Eqg.10.5),
bt B also lmaolved 1o the derlvation of the atmespherie model slnee the eontributions fom the atmosphers
in image and signal bamnds are eomsldered. ThE effect Is important only i the opacities In both bands are
slgnificantly different, as for the J=1-0 lne of C0.

Eaq. 1005 shows that as soon as the recelvers are tuned in single slde band (" < 10~% or rejection
= BB, the effect on chf_, 15 Inglgnificant. Errors can be significant when the tuning & double-side hand
with values of Y% around ~ 0.8 — 02, For example, when the emBsivity of the sky s the same in
hoth hands [T_’:v = ii';";wj, ihe derivative of Eqg.10.8 shows that an ervor of 0.1 an G5 = 0.5 keads to
AL r AT 0 G5R.

“Howe ver, this problem k only relevant tosingle-dish oleervations and cannot happen In interferometry
becaise as soon as thres antennas are working, V% can be accurately measiured (so0 Chapter 7). At Bure
the accuracy on Y% & better than about 1 % and the system is stable on seale of several hours.

10.2.3 Relative errors or errors on 75 /70
Following Eg. 105, the slde band ratio will he affected by the Jollowing term:

gl =)

T= S Eleratior) (1012}

where Afr* — +%) & the error on the sideband zenith opacity difference. This difference 1s maximum at
Tregquencies corresponding 1o a wing of an atmespherie Iine, for example when observing around 115 (GHz,
nmear the O line at 118 (GHz. As example, taking the Treguencies of 112 and 115 GHz for a souree at 3
inelevaiion and a senith epaclty differenge (+% — %) = 0150, an error of 0.030 on 1his diference [eoming
from A0 will give an ervor of less than 1% on the gain &Y%, Moregver errors on Oxygen Ines are very
unlikely hecause the content In Oxygen In the atmesphere 1s relatively well known and only varylng with
the altitude of the slie.

At the same [reguencies, an ermor of 5 mm (which would be enormous) on the water vapor content will
only Induce an error of 1% on the gain, Around such low Teguency and for small Trequency offsets, the
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water abeorption B essentlally achromatic. Improper calibration of the water vapor Ructuations will then
resuli In even smaller errors sinee the & a random effect.

10.2.4 Estimate of the thermal noice
The esulting thermal molse B given by

T,y (K) (10.13)

. =rp_-1~,|"ﬂ.ux.t

where k B the Bolizmann's onstant, A k the geomeirk colleciing area of the telescope, i the glohal efll-
cleney factor (including decorrelation, guantization, ete...), S the bandwlidih in e and § 1he Integration
time. The resulting phase molse Is lnversely proportional v the dgpal 1o noke ratio.

10.3 Flux Calibration (visitor’'s nightmare)

More detalk ape found in the docpmentation  “Flux measurement with the IRAM Plateau de Bure
Interferometer™ by A Dutrey & 5.Guillotean.

10.3.1 Imtroduction

Because of the foeus and polning ervors, and possihle drifis In vecelwver gains, amplitude calilration
has always been difficult ar mm wavelengihs, In addition to these basie single-dish effects, the varlable
amounl of decorrelation iInrodueed by phase molse [aimospheric andf/or Instrumental) make it difflewlt, I
not Impessible, for an Interferometer to measiure absolute fim densities.

All measirements meed 1o be relative to some souree of koown Bux. Inpractiee, planets are wsed hecause
they are among the lew astronomical objects suflclently stromg at mlimeter wavelengils for which fux
demsity predictions are possible amd sufliclently accurate. They are then sed as primary callbrators to
bosptstrap the Hux of the stronger gquasars which are polnt spurees. Sinee the gquasars are highly wrlable, a
regular monitoring (each month) s needed. These observations require a very good weather with a small
amount of precipitable water vapor (< 4 mm) and a stable atmospheric phase. IT not properly taken Into
aceoimnt, the guasar variahility can produce an emor in the flux scale during one configuration which does
not result in a slmple scale factor in the final Image, bt introduces artifacts.

10.3.2 Calibration procedure at Bure

Some basbe polats  Becaise of the physics of gquasars, the speciral Index may he varlable with time as
the souree Intensity. Slmultanesus measurements at 2 egquencies are this meeded toestimate i aceurately,
IRAM nstruments (3m and PABI) use the Mequencles of 86.7 GHz and 228 GHz At the 30-m, flux
density measurements are done during the polnting sesslons while they are performed in special sessions
at Bure, usually afier haseline measurements.

The results of the fux sessions are regularly reduced amd published In an internal report [wseally each
4 montls). These reports are eurrently available on the weh, in the local IR AM page [ see®).

How we procesd at Bure In pmotiee, 1t B Impessible (and not necessary) to follow all the gquasars
used as amplitude callbrator at the IRAM Interferometer. Montoring of the RF handpass callbrators
which are strong quasars with iz density > 2 Jy (o more than 4-8 sources) B enough. In the meantime,
planets are ohserved as primary callbrators. These sesslons require to calibrate the atmosphere (T, ) on
each souree and to check regularly the focus

At the Bure lnterferometer, the Hix demsliy mesasurements on gquasars are done by polntings in inter-
fergmetrie mode. Pointings on plameis are actually done In total power mode becaise they are resolwed
by Interferomeiry and strong enoiggh. Total power Intensity 15 not affected by the possible decorrelation

gy ram S P TRl flu i mid
hidpeyfiram /LT fast ro. im]
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Antenna | 3mm efficlency | L3mm efflckency

mumber [N [dy /K
1 2 ar
2 21 v
3 21 it
4 21 bt
5 2 M

Tahle 10.2: Conversion factor from K to Jy for the 15%-m antennas of Plateaun de Bure

die to atmespherie phase molse. However, it I8 then necessary to accurately determine the efficiencies of
the Individual antenpas (eomversion metor in Jy /K In Interferometrie mode (7)) and in single-dish mode
[Ts).

Determining the antenna efficlencies (Jy/K)  Bor each flux session, Jz & measured on plameis by
com parison with the models (see GiLDas programs ASTRO or FLIUTX).

For a given antenna, the interferomeiric efflchency [ 15 always > Jg. Polntingg measurements in
Interferometrle mode are mot limited by the atmespherie decorrelation hecase the timescale of the atmo-
spheric decorrelation ls usually slgnificantly larger than the time duration of the hasic polnting Integration
time (< & lew sec). On the contrary, all Instrumental phase polse on very short timescale can Inirodoce
a slgnificant decormelation and degrades [7p. This I8 what may happen from time io tlme at a peculiar
frequency dise 1o a had optimization of the reelver tuning.

For example, in the indtial 1.3mm observations, strong decormelation was introduced by the harmone
mixer of the leeal gecillator system which degraded 7r by a factor of 2 — 4 depending of the antennas.
Thk problem has been solved recently. Now at 3mm, it 15 reasonable to meglect the Instrumental molses
and take Ty = e, Al L3mm, the new harmonk mixers have heen Installed only recently and statktic
qn the site are rare bt laboratory messurements show that the loss In efllcleney should he small. The
Tahle 102 glves the antenns efflclencles Tg, a5 measured In Aux sesslons or by holsgraply. Thess values
are the current efficlencies (slnce November 1997); older values ave glven In ik reporis. They assume
that the foes B optimum and do ot nclude any Insrumental phase molse. 7, agrees isually within 10
% oat Amm and 15 % at L3Imm with 7z, note that 7, mst be = T,

Being able 1o cancel ot most of the Isirumental phase polse even at LL3Amm makes the IRAM
Interferometer a wery mellable insirument. It s reasomable to think that, In the mear future, the fux
calibmthon will he systematically performeed at Bure at the heginong of each project by melerence to
the antenna efficlencies. This & Indeed already the case: after polnting and oeusing, we systema tically
measure the Qux of calibrators when starting & mew project (data labeled FLUX in files). Up to now, lor
typical weatler conditions, most (more than % %) of the Mux measured at Imm are oorrect within 10 %
and more than 60 % at 1.3 mm are within 15 7.

CRL 618 amd MWC 349 as secondary flux calibratora Finally, lor each project, a eom plementary
e check & systematieally done using the contimium sourees CRLGLE or MWC MY (polnting + cross-
correlations). However these sourees mist be used with some cauntlon. CRLGLA & partially resolwved in A
and B configurations at 3 mm and in A BC at 13 mm. Moresver it has sirong speciral lines which may
dominate the average comtimmm fux: this must be checked belore sing it for Biee estimates. MWCIG
Is wnresolved amnd remains & meliable relerence In all amtenna configurations. The only stromg lnes for
MW 349 are the Hydrogen recombimation llmes, The adopted Bux densities are:
For CRLG1E [see flux reporis 13 and 15):

« CRLGLA F(&T (GHz) = LAS Jy (+/ —(L15)
At BT GHz, the fux density of CRL G618 [free-Tree emBalon oom the HIT reglon) has Inereased since
1900 (whepe It was ~ 1.1 Jy nstead of L5G Jy).

#« CRLGLE F(231.9 GHz) = 2.0 Jy [+ — (0.3},
from [Martin-Fimado et al 1988]. Sinee the flux density has nereased at 87 GHe, this value needs
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1o he oleerationally confirmed. Beware of the Ine contamination which can he high in CRLGLA.
For MW
# Spectrum of MW Fle) = LG69[w/237 GHz)"#
& MWOMS FAT GHz) = 0,95 Jy
& MWOMS F (227 GHz) = 169 Jy

These values agree within 1 & with the measurement performed at 87 GHz [Altenofl et al 1984], (0AT
+0.00 Jy).

10.3.3 Determining the absolute Aux scale on a project

The method Fig 13 1s a printout of the “standard calibration prosedurs™ 1sed in Cl.lt:'i'?:]s.pn::uium
uses the CLiC ¢ommand S0LVE FLUK which works on emss-cormelation only as Tollows:

1. The Bix of the reference souree Is fixed 1o F[Rel)

2. F[Rel) B wmed to measure the antenna ¢ficlency by dividing by antenna temperature of the selemenes
(ThiRel)): Jr =T (Rel)/FiRel)

3 0y Bosed to compute the e of all other sources In the Index: Flgource) = Ty = Ty(source)

The fiee demsity of the amplitede calibrators will be med in the final step of the amplitude callbration to
iz the D of the souree of astronomical Interest.

The practice Inthe antomatle procedum, the relerence sourees are the calibrators where Fheoed fux
Is set 1o YES and the relerenee valiss are in the varlable Input Flux. Flux In file ¢ormsponds 1o the
value stored with the data [hy using the olservational command FLUX, see lecture 6 hy B.Nerd lor detalls).
The calewlation is perlormed by clicking on SO0LVE and the resulis are diplayed Iside the varlable Solved
Flux.

IT you wani to terate sing one of these valies as relerence, you need to write 1t In the varlahle
Input Flux and st Fived Aux to YES. Like in the CLicC command S0LVE FLUK, the Individial antenna
elficlencles (7, ) are computed; tlese valies are only averaged values on ile time nterval using all sourees.
They are then affecied by many small hiases 1ke polnting or e errors and atmesplerlc decorrelation.
They are then usually worse than the canpnieal values given In table above [lor blases, see end of thi
seriion ).

When you are satisfied by the s ealibration, you nesd to click on the lollwing sequence of Tt tons:
1) Get Resultein order to update the Internal varlahles of the CLic procedure, 2) Svore 1o save the flux
values Inslde the beader file (hpb file) amd 3) Plot to display the result of your calibration. The plot shows
the inverse of the antenna efficlencies (1.7 versus time for all selecied sources. IT the Hux calilration
Is eorrect, all sourees must have the same vale eq 107, This plot 15 systematically dome in mode
amplitwde scaled (written on the top lelt cormer). In this mode, the antenna temperature of each souroe
Tl geigree) In K s divided by s assumed [varlable Tnput Aux) D density Flaoerees) In Jy (ile value
yoin lave st stored), the result Is then T (sourea)” [ Flamres) = 1T souree) which must be the same
for all soumes amd equal to 1/.7. I it s mot the case, lor oo mple 1 ome souree appears systema tically
lower or higher than the others, this means that its Hix s wrong and you need 1o llemie.

Moie that the sean range, applied on all ealibrators, which is by default the secan range of the “stamdard
calibmtion progedioe™ can be changed. This option s wselul when there B some shadowlng on one
callbmior hecase the shadowing can strongly affect the resuli of a SOLVE FLUX. If you change the scan
range, do ot forget 1o elick on UPDATE.



114 CHAPTER 1. AMPLITUDE AND FLUX CALIBRATION

Pl list

Jd. 0 2733 21001 0.7 2271

o 10000

. B0

_||

Figure 10.3: User Interface of the “standard eallbratlon procedurd™ of CLic cormsponding o the fux
calibm tion.
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10.3.4 Paossible biases and remedies

Flux densitles are more Iimportant than efficlencles  In the final amplitude calibraton performed
on the spuree [gee nexi section), the i of the source & determined by reference 10 the fux of the
amplitude calibrator which is uswally also the phase callbrator. This means that the averaged efficiencies
S computed by S0LVE FLUX and the autonatle procedurs are not divectly used and In many case vadations
of 7y does mot affect the accuracy of the Anal amplitude calibration becase they are corrected. I s then
Tundamental 1o have a good estimate of the e of the amplitude calilbrator but not necessarily 1o koow
pmecisely the averaged 7, .

Possible biases Using the automatic proceduss, the possible hlases are the Tollowing:

1. There k some shadowing on the relerenee souree, the estimate of the 7 can be wrong, Use another
referenoe.

2 Ome or sevemml antennas ave off eeus: [ I8 larger than Tz bt Hix densitibes can still he correct
i there & no slgnificant drift during the time interval sed to measure the Huxes. IT the data are
affected by a significam focus drifi, 1t also affects the acguracy of the e measurements. De pending
af the olservation time of the wlerence and of tle sourees, the stimated Bux densties can he eliher
too low [relerence taken at the beginning when the loeis s cormet, souroes at the emnd when the
foeis B ofl) or too high (opposite slivation). In both cases, it B meeessary to check the locus [data
called FIOCTS or have a ook io the show. pe file). Inthe fist case, the measured Huxes are oorrect.
In the second case, the fux callbration mist be done on a smaller Interval of time where the locus
drifis remaln negligihle.

3. The polnting on the relerence s bad, 7 B oversstimated Implylng that the fux of all ether sourees
[with good pointing) is also overestimated. Check the pointing on the possible relerence sourees
[data called POINT or have a look to the show. pe ik ) and select a better mlorence.

4. There Is a strong atmospherle decormlation. Flux measurements are performed on ¢ ross-correlations
ol about 4 mimdes and the atmespbede phase Buctations are high [check them on an individial
erpss-oorielation taken on a strong quasar e.g. the RF eallbrator), there are two possibilities: 1) the
atmesplerl correction works well [elear sky), this Is sually the case and it s necessary to apply it
to measure the Diwes or 2) the atmespherle correction does ot work [clowsdy sky), tle data can he
ised at 3 mm and the ux scale ean be compuied by selecting the best scans on a small Interval of
time but at 1.3mm data are seless.

5. The interferometric elflclencles [T are really very diferent 0 7s because there Is 8 wonderDal mixing
ol the points mentioned above... Ask to anexpert [your loeal contact first, mysell later § needed... ).

Mote that the hiases 3) and 4) do ot affect D estimates when they are performed on pointing data
(ke In the case of the flux seslons).

10.3.5 The program FLUX

Thk program s mot used by the edternal wsers of the PABI but IRAM astronomers 1o provide rellable
iz density of quasars to visitors [see Hux eports). A description of the program Is glven In “Flux
measurement with the IRAM Plateay de Bure Interferometer™ by A Dutrey & S.Guillotean

10.4 Interferometric Calibration of the Amplitude
For antenna i, the antenna-based amplitude correcibon B glven by (Eq.l0.3 and 104).

alf (1) = TG (v, 0)Bi(t) (10.14)

Thidpefiram fr PT BT s /s bi ml
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where K = T or L. The decormelation factor [ (see B Lucas lecture T) 18 not taken Into acopunt here
hecaise it Is lundamentally a haseline-based parameter.
I a baseline-based decompesition, the complex gain of baseline i3, &; Is glven Ty

E,-'f[.tj:fx () (£) el @t -aith (1015
and the amplitede of the basellse if 1s Ai;

A () = 1T TR (06K (1,06 K (v, 0Bi(0B; 1) (10.16)

We will diseuss first the term 5; and estimate then the decorrelation lactor [, belore giving a glohal seheme
ol the amplitude calibraiion.

10.4.1 Correction for the antenna gain 5(t)

The antenna galn Bi(i) correspomnds 1o losses die 1o the antenna, mainly focs (F;) and polnting ()
errors coming from thermal varlations of the antenna structure and surface.

Bi(t) = Fyjr) = Fit) (L.LT)

At Bure, we now check and correct automatically the polnting and the ocus each hour. This eorpection
s then done mainly in wal time. This has improved a lot the gquality of the data at 1.3mm. However, it
s mepessary In some ¢ases 1o add a beak In the amplitede (bt ot In the phase ) fitieg in order to take
Into account a focus error or a Jos of amplitude dee 1o peinting errors.

Note that, an error on the Tocus of 0.1 mm at 1.3 mm will Intreduce a phase error of 42 » 152 . 24°
and a s In amplitude of ~ 3 — 5%,

10.4.2 Estimate of the atmospheric decorrelation factor |

Detalk about the origin of f are given in M. Bremer lecture 9. T will disciss here the pmetical Imple men-
tation of the atmespherie phase eorrection done in real-time and In CLic. More detalk ame glven in the
IRAM report “Praciical implementation of the aimespherie phase correction for the PABI™ by R.Lucas.

The atmospherie phase Huctwations are due to different time varylog water vapor content n the -
al-slght of each antenma through the atmesphere. Between antenna 1 and 7, this Intredses a decorrelation
fagtor [~ e 1% —#0%F gn the vEibIity ¥ This term, mon-limear, eanmot be factedzed by antenna.
Moregrer dise to the plysleal properties of the atmesplers, there ame several tmescales (e can cormect
pariially some, bt not all, of them.

At Bure the basle Integration time i& 1 secomd and the scan duration ls usually 6 seconds. The
radipmetric correction works then on timescales of a lew secomds 1o one mimote. It eomecis only the
amplitude: the plase ls mever changed because phase jumps between Individial scans are dominated by
Istrumental lmita tons (mainly the ecelver stablity on a few minuites + ground plekup wriatioms). The
Implications on the Image quality are deweloped in ithe lecture by S5.Gulllotean 16, Lomger atmospherie
timeseales of abowt 2 — & hours are removed by the spline Tunctions fited nslde the plase amd the
amplitude.

Intermediate timescales Ductvations from about one minste [the scan duration) o 1 hour are ot
remowed. The resulting rms phase are measured by the fit of the splines in the phase. These timescales
are not suppressed by the radiomeirle corvecton, and they contrilbute 1o the decorrelation facior [ jsee
Ea. 11.16). as the main eom ponent.

The method The diffrences In water vapor content are measurahble by monioring the variations of
the sky embsivity Tigy. A monloring of the total power in fromt of each antenna will then lead 1o a
monitoring of the phase Muctuations. At Bure, we monitor the total peser P owlith the 1.3 mm recelvers
[mote that P s also called Mam 1o tle frst part of this lectuee). The variation of Ty, ATy (egual to
ATemil B linked to the total power Ty

AP [Mlm'i + ﬂj:ﬂ.ll:l

= o (118}
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The monitoring of the atmespheric phase Quctuation works only when AT due 1o the nstromentation
Is megligihle on the time seales at which the phase ¢orrection ls caloulated and applied [iypically a bew
secamds 1o one mimie ). Slow drifis on scale of lours ave o eflecis.

With standard atmespleric conditlons and Tollowing |Th-:5mps:m et al lgﬂﬁ] [thelr Eq.13.30), tle wari-
atbon of the path length through the atmosphers at senith s approsdmated ly:

AL = 6.36w (10.18)

wiere fiw B the varlatlon of water vapor eontent. AL s related to the phase fuctuation iy above the
antenna i by

2a
Wit = TMM [ 1020)

For example, under standard ¢onditions (see g 101 or 10.2), a warlation dw = (L1 mm cormespomnds 1o
AL 630 pm, ATy = LK and ¢ = 25 at 1.3mm. Thi value s enormous and would oot allow o
produce Images of good guality.

T meduee the phase Huctuation to a measonable valee having a negligible impact on the Image gquality
eg s o~ 20, o needs 1o get AT, + ATy ~ (LS K cormesponding to a global path length variation
of ~ Gl For a typleal Ty ~ 150 K (DEB in the antenna plase, not 558 outside the atmosphere as for
astrongieal 1se ), the nstrumental stabllity required (AT /Ty s) mist then be of order of ~ 5. 11,

At Bure, on time seales of a few minies, AT 18 dominated by the stabllity of the recelvers which
must he earelully tumed 1o get the best stahiliiy. The 13 mm reeelvers are systema tleally tuned to get a
stalility of a few 107" the stahility Is ¢hecked by doing antocormelaiions of 60 seconds on the hot load.
Aghleving the required stability may prove impossible at some regquendies.

Practical implementation  Ideally one would ke to use T,y measured each seeond on each antenna
to compute iy (i) and correet the measured baseline plases. Practically, 1t B oot sp simple becase yy(f)
can do many turns and nstrumental effects aflect the measured Ton;.

Insiead we 1=e a differentlal procedurs: onee the antenna tracks & given souree, one calibrates the
atmesplere to caleulate Tyipulto), AL{to) and AL dTwy (o). Phase corrections are then relerenced 1o fo.

_ 2 dAL Tyyito) B
=3 ﬂ"_.mi_lh[”” P(Rel)) (1021}

where P[Rel) s chosen in order 1o minimize as much as possible all the slow effects contributing to AT ..
A long term atmospherie effect can ako be ncluded in P{Rel) hecause these effecis are not removed by
the radipmetrle phase correction bt by the traditional phase relerencing on a nearby ealibrator. The
main steps are the lollwing

Ay

1. The tetal power P s contimmmsly moniored on ealibrators and on sources [each one seoopnd).

2. Uslng the standard calibration method [see st part of the lectume) P oamd Tipg (measured each
second | are ised Lo compute Ty and w.

3. The atmospheric model has also been upgraded 1o compuie the path length AL and lis derlvative
dAL ST i, AL LR computed by Integrating the relfractive Index of the wet alr along the line of dght
acmes the atmosphere.

4. Imslde the 6 seconds scan, the new phase [Eqg U021 15 computed and the correction applied to the
amplit ude.

Quasi-real Time Callbratlon  For the guasi-real time eormection,

# ihe delault valie for P{Re ) 1s the measured atmospherie emission at the time of the last calibration,
e, P(Rel) = Plia).
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Figure 10.4: The ampliinde and phase versus time on baselines B12 and B13 with (black) amd without
[red and hlue) the radiomeiric phase corvection. The phase remains unchanged b the amplitede &
slgnificantly Improved.

Calibrating wsing CLIC The CLc command “MONITOR delia — fime™ allows 10 re-compute all
the parameters. This command Is weliul when you want 1o select a better value for PiRel).

« The command & used to prepare the atmospherle radiomeirie phase correction. It processes the
calibration seanms o compuie the eorrection lactors (Le. the change of path length lor a glven change
I emisslon temperature of the atmosphere at the atmesplerie mond tor Teegueney (oomally 1.3 mm ).

# The seans In the ¢urpent Index are growped In intervals of maximum duration delta — fime [(in
seponds); spuroe changes will ako e waed to separate Intervals. In each Interval a siraight line B
fted In the varlation of atmespherle emission as a function of time; this line will he the reference
value Ior the atmespherie eorrectlon, Le. the oorrectlon at time § s proportional o the diference
hetween the atmoespheric embsion at time £ and the relerence at time £ Thi scheme 1s used o avold
contaminating the correction with total power drifis of mon-atmespherk: orlgin (changes In recelver
ke and galn, and changes In ground nolse).

« MONITOR O will ise for each scan the average of the atmospheric emksion as the mlerence value [Le.
P{Rel) == Pt} =40an). This will cause the eorrection to average 10 zéro n one scan: the average
phase B ot changed, only the coherenee 1s restored leading 10 an improved am plitode.

The atematle calibration procedure ses the ecommand HONITOR O

10.4.3 Fitting Splines: the last step

In the real-time processing, only the recelver gain and bandpass, the atmospherle tranemksion and the
radiometric correction have been callbrated.

Fiitimg of the tem poral varlations of the global antenna gain (the so-called amplilade calibmtion) B
performed In CLie by fiting splines hmetlons with time steps of 346 ours (SOLVE AMPLITUDE [ /WELGHT]
[fPOL degres] [FEREAK fiime] ) amd can be done elther in baselime-hased or In anienna-hased mode. Note
that In the latter case, the averaged am plitude closupes are computed, as well as thelr standard deviatlons.
The amplitede dosures should be dose to 10, Strong deviations of amplitude dosums from 105 are
an Indieation of amplitude loss on long haselines, dee 1o phase decorrelation during the time avemging,
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Flgure 10.5: Calibrated amplitude [Jy) versis time

The fit ihen shows systematle errors; if this oecurs, haseline based calibration of the ampltudes might be
prelerred.

The amplitusde calibration imvolves interpolating the time variations of the antenna gains measured
with tle amplinde callbrator, assuming the lts Hix s known, The fitted splines must be as smoothed as
possible in order 1o minimizse the ervors Introduced on the souree which Is olserved In hetween callbrators.

10.4.4 A few fAnal checks

Onee the amplitude ealibration ¢urve is stored, one ean perform some simple checks on the calilrated data
of the ealibrator. These cheeks must be done in Jy (mede “AMPLITUDE ABSOLUTE RELATIVE™ to ihe fux
density of the calibrator).

Amplitude versus time On each haseling, the amplitide ¢urves should he fat amd equal 1o assume
1l M density of the ealilirator.

Amplitwde versus IF frequency O each haseline, the ampltude euros should be Qat, ot they are
not meoessarily equal to flux of the calibrator beease the decorrelation factor s not taken into account
here. Toretrleve the fux density of the calibrator, they must be multiplied by the corresponding e —/2# "
where Ad Is baseline rms phase nolse determined during the phase calibratlon.
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Chapter 11

Calibration in Practice

Anne Dutrey & Roberto Neri

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

11.1 Introduction

11.1.1 Contents of the account
At the first login on a mew project account, you should fnd fve divectories:

l. reporte: It contains all the pre-callbration performed by the Astronomer on Doty (Aol ) on the ste.
ThE subdimctory 15 In wad aceess only. For a glven observing date, you should find the Iolowing
com pressed fles: 25=1 eb=2001 =2007 . hpb. gz, the header flle eontaining the callbration curves of the
data; 28=-Teb=-2001=2007 . pe. gz, the PostScript il containing the result of this eallbration. Thk
e should be carelully read belore starting a new callbration. ehow=28=Leb=2001-x00T.ps g2 B
the PostSeript e corresponding 1o a first ook of the data. I Includes meteo conditions [wind,
mm of water, ystem temperature] but also pointing and focs ermors. In many cases, this e can
belp to imerpret dublous data. Thi file should alsoe he read carelully belore starting calibration.
The file 2007 . note are notes written by the Aol on the site. The fle B updated at each period of
pheervations. I gives Important Information abost the data guality amd possible problems.

2. headers: [ indtlally contains a copy of eports. Flles showld he imeompressed and data calibrea-
tlon slould be perlormed in this subdireciory. This s the delault directory of CLic, However
helore activating CLie, it I8 hetier 1o move 1o this subdireciory using the shell command: ¥ fed
fhesderst’.

3. maps: This subdirectory, empty at the beglnning, should contain at the end all the we tables and
the maps prodsced. Using the CLicproeedure " Weite A UV Table' ¥, the wi tables ame ereated by
default in this directory which s also the defanlt directory lor GRaPHic and Mappixa.

4. emp/DATA: This subdirectory contains the mw data fes [[PB) and thelr corresponding kg fes.
In the example presented above, it would contain: H2ZZEX00T . IPFE, HZZEXOOT.0ES, HIZEXDOT.RDIL.
Agcpess 1o this directory and 1o the mw data [les Is antomatically handled by CLic.

121
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5 DATA: Most of the time this directory 18 empty. However, it can eontain some IPB files and thelr

correspomding log fes. Like In the case of top/DATA, s me B tramsparent. The reducer doss mot
e to know the exact loea tlon of the raw data files on berfhis aceount. CLic handles 1t for him Ter.

Mote that only the directories reporte, headers amwd mape are saved on ODroms by the automatie
pmeedure savpro].
11.1.2 Before starting the data reduction
The compressed PostSeript files In hesders contalning the callbration curves performed by the AoD
must he guazdipped and printed. Then, they must be camfully studied In order 1o determine the gemperal
quality of the data and find possible problems which are usually mentioped in the project. note file [eqg.
=007 . note ) written by the AoD durlng the pre-data reduction process.
11.1.3 Activating the CLIC environment
CLic Is avallable by iyping in the direciory headers
$ CLIC
Under CLic, there am several progedunes available:

1. File: To open a new beader (hpb) or data (IPB) fe
Raw Data File: To open a raw data filke [IPB)

Raw Data File Directories: To define the location of raw data e directorkes

Lol S

. First Leok: Imstrumental and meteorolegical conditions during the ohservations [see §2)

5'..1

Srandard Calibration (2 receivers): To calibrate raw data [see §3)

b

Self=Cal on a point source: To sclf calibrate the phase
Simple Check: To do simple checks on the data
Holography Redoction: To reduee holpgraphic data

= oEoo

. Write A UV Table: To produce the visibility table

Uselul procedures 1o callbrate data arel ) "'Firet Look®®, 2) "' Svendard Calibration (2 receivers)
toand3) "'Weirte A UV Teble®®.

11.2 The “First Look” procedure

The procedure *'First Look® " provides Information about the weather comnditions and a few Instrumental
parameters at the time of the olserations. The Information s very Important as it belps you to make
a first data quality assessment even belore you may start with the Interactive data eallbration proeed .
The panel of the proeedure s shown on Fig. 11.1.

Monioring information & provided on:

& Meteorology: the average amd maximum wind velocity, the amblent pressure and tem perature.
sty conditions and oleerations with wind velocitles above 10m /s may show up with high pointing
corrections. Take care to tag vEibillites which may be affected by such dificuli observing eonditions.

¢ Pointing and Focus: the applied ecorrections are shown lor all the antenmas in the amay. Only
differential varlations In the oorrections play a role, oot the absolute amount.  Sudden poloting
eorrections by more than 107 ean comsiderally spoil the viibllities, especially at the highest ohserving
frequencies. A similar eonsideration applies lor antenna focus correctlons, alihopgh visihilitles are
autpmatically corrected for phase offseis which are generated by locus cormetions
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Figume 11.1: “Flrst Look™ panel

& Totel Pewer: a trace of the total ingddent atmospheric power recorded by tle continuum deteciors
(one for each receiver, each one second), belps in fuoriber evaluating ihe daia quality. As a rule,
strong and rapid variations in the total power trace the presence of douds in the line of sight while
a sidden up- or down-stepping on one antenna and on ene ocelver Is a slgn of a remewed recelver
tuning. The total power Increasis o general with the air mass.

& Cable Phase: warlations In the electrical length of the cables show up in phase variations [referenced
to ihe LO2 phases). These are measured by a phasemeter. A ppropriate corrections for the phases of
the LO1 rotators ave computed taking ntimes the correetions measured hy the phasemeters of the
Amm recelvers and 3n times the corrections measured by the phasemeters of the 1 mm recelvers,
where 71 I8 the harmonic number of the tuned freguency. Strong and rapld varlations while a souree
is tracked may indicate a fault in a cable (these data should perhaps be Qagged), whereas a sudden
bt steady change I8 mostly related 1o a shift in the antenna polnting,

¢ System Tempersture: dependent on the eheerving conditions and on the reguency. As for the total
povwer detectors, strong and rapld varlations in the system tem perature trace atmespleric nstahility,
whereas a sudden bt steady change on one recelver s a sign of 2 moewed recelver tunlng.

& Water vapor: the content of precipitable water vapor In the atmosplers Is a critical parameter on
which the quality of mest of the high frequeney observations depend. Should the measumd water
vapor content not be consistent (or roughly) on all the high frequency receivers, please check the
regelver gain.

Finally, the “First look™ procedure prodisces a short 1t of all the scars recorded at the time of the
eecition of a project. Such a lsting allows you to trace hack the sequence of operations during an
abserving run. Mote that the range of scan valldity for the callration procedure sets up with the last
GAIM scan In the short 1ist.

Looking at the results of the procedure (called in the exam ple above show=28=1 eb=2001 =007 . ps. gz)
should be done slmultaneasly with the reading of the project. note Gle (here <007 . nete).

11.3 The “Standard Calibration (2-receivers)” procedure
We deseribe bere, step by step the Inputs and actions (or outpuis] of the procedure * 'Standard Calibrat ion
(2 receivers) **. The assoclated panel ls given in Fig.11.2.

11.3.1 Inputs

On the panel, the reducer should select with the mouse the "*File name'* of the header fe. Other
parameters am aulomatically selected by the procedune if the fag " "Uee previous settings®* is sl to
YES which s the default. Never change it if your data are correct (no editing). The pammetes *'F irst
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Figure 112 “Standard Calibration (2 recelvers)” panel

and last scan'’ areselecied automatically when *"Use previous settings’ *lssel to YES. The defanl
walue for the lag Min. Data quality & AVERAGE. The flag * *Use Phase correction®* must also be setto
the default: YES The cwrrent procedum wses by defanlt the phase callbration of the receiver 1 to ealibrate
the irstrumental phase of the receiver 2 becaise the experience has shown that it is the more efficient way
to procesd (see B Lucas lecture on phase ealibration). Therefore, the calibration of the regelver 2 (1.3 mm)
cannot be dissoclated fom the ealilvation of the recelver 1 (3 mm) and the lag " ‘Receivers numbers’*
must be get to 1 2, except when observations were done at Jmm only

Finally, the inputs * "il Fluxes®' and "'R2 fluwees '’ are associated (when meeded) o the action
EFF)

11.3.2  Actions or OQutputs
T calibrate your data, you need to de te following actions leading to the output calibration, In order:
1. SELECT: Select the calibration parameters
2. PHOOR: Radiometric phase eorrection, equivalent toa " "Monitor 0%, see A Duirey leciure.
3. RF: Radio Freguency callbration
4. PHASE: Irstrumental phase calibration vwesus time

5. EFF: Efficiency (Jy/K) callbration, to determine the A densities of the amplitude calitrator. The
lmputs * 'RL Fluxes® ' amd *'RE2 Fluzes!' should be wsed here.

6. AMP: Amplitude callbration vesus time

T. PRINT: To produce the LaTeX and PostSeript fles containing the eallbration eurves [eq.
28 =eb =200 1=-x 007 . ps).

By typing G0, all the actions listed above are done sequentially. The reducer has 1St to type cont inue
under CLic {or use the “Contimee™ button in the top left mem) at each step of the ealibration process.
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11.3.3 Hesults of the calibration

After a lew general comments about quality of the data, Ineluding the measprement of the seelng [deduoed
from the rms of the fit of the tem poral phase ), the pages | and 2 summarize the calibmtion as lollows:

& hl.1 The estimated Die demsities of the ealllrators at the olsered Teguencles.

# §1.2 The efficlencles of the antennas for Recelver 1 and 2 [(which are dedueed by fxing the Qe of
one or several calibrators).

# 1.3 The hour angle ohserved on the souroe

# §l.4 The table of the rms obtaimed on the RF calibration for recelwers 1 and 2 In both wpper and
lower sldehands

# EL.S The table of the rms obtained the temporal fit for the phase and the amplitnde per haselines.
Mote that lor recelver 2, the rms glven in Col.l I8 exactly the product of eguency ratlo (rece 2/ rece
1) times the rms obtained on recelver 1 becase the phase on the recelver 1 B wsed to calibrate
the phase on the reeelver 2. Alter applylng this phase correction, a second fit I8 performed on the
residuals, is rms is dieplayed on Col 2. Col3 gives the rms obtaimed on the amplitede (in 5).
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Chapter 12

UV Plane Analysis

Robert Lucas

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

12.1 wuwr tables

After calibration with CLic, the calibrated data may be stored in a partieular file called a “we table’. The
is wselin]l hecanse musch of the data in the CLic data e are not needed any more: atmosplerie parameters,
total powers, Image side band visibilitles, data [rom other recelbvers may he discarded at this stage. 411 that
counts B the data that are meeded to deseribe the souree itsell, the sky eguency that was oheserwed, ...
Oime may for Instance create a we table for the contmom and ene for each line that was observed.

These wir tables are Just special GiLpas tables sulted for e data handling that are eoeated by CLic.
Mapping conskis of ranslorming these tables Into something more meaninglol for the asronemer, eliher
Images or mimbers ke pesitlons, fux demsitles, skees, ete. However a good part of the data evaluation and
analysk can be direcily performed on the wie data lsell, belore performing any of the complex operations
Imvalved In greating an image [Fourler tramsiorm and deconvoluton ). Direct analysis of the wir data s the
sub ject of this Leeture.

12.1.1 wuv table contents

A wi table B a file In the Gildas Data Format, of dimensionms |.'1.."h'¢-_ +T,Nv], for W specim] channels and
Ny visibilithes, The 3N: + T lnes contalin:

L. @ In meters

2 v in meters

3. Sean mumber

4. Olseration date [nteger CLastday mmmber)

. Time In seconds sinee abowe date

&m

127
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o

. Number of start antenna of haseline

T. Number of end antenna of baseline

&, First [requency point [meal part)

9. First lrequency polnt [Imaginary part)

1. First frequency point [welght)

11. Same lor second vegency point, and S0 on

Thiss for a glven scan with N, antenmas, W, [N, — 112 visihilithes are reoorded.
The table eader has the standard Iorm of 8 Gilpaslmage. The leader Is avallable [for Istanee) by
de¢laring:

GRAPHIC» SICA\DEFIME HEADER T col{.uvt READ
GRAFHIC» EXAMIME T

Fuor a table named col10. wwi. Some keywonds comvey a more preclse meaning lor wi tahles:
TEMDIM should he 2
THDIM contalms IN+T and Ny
THRA, THDEC opordinates (radias) of the pointing center |the center of the primary heam).

THAD, THDO coordinates [radians) of the phase tracking center (a point souree at this point should have
wer phase); they are ldentical 1o BA and DEC when a table s Brst produced.

TREPOCH The epoch of these eoordinates. Should he L0

TRVELOFF, TYVELRES The wvelociiy of the relerence chamnel, and the chanmel separation in veloeity uniis
[k /&)

TERESTFRE , THFREQRES The rest freguency, and the chanmel separation in equency units (MHz)
TROOMVERT [1,1] the relerence chanmel

TROONVERT [1,2] tle aciual oheerving eguency at the elerenee chanmel (MHz); the one 1sed to scale
angular displagements rom w, v ooordinates In meters.

e may ako examine directly the header by typing slmply :

GRAFHIC> HEADER col®.uwt

12.1.2 How to create a ur Table

wir Tahles amw ereated by CLic using the command TAELE.
A gt of commands o create a we tahle may kook 1ike:

! Resat the defanlt options:
SET DEFAULT

! Tind the uselful scans:
FILE IN 21=JAN=-1988=-H126
SET SOURCE IRC+10216
SET RECEIVER 1
SET FPROCEDURE CORRELATION
SET QUALITY AVERAGE
FIND

! calibration options:
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SET AMPLITUDE ANTEMNMA RELATIVE
SET PHASE ANTENMA RELATIVE INTERMAL ATMOSPHERE

SET RF ANTEMMA OM

table crestion:

SET SELECTION LINE LSE LOL

TAELE HCN MEW SFREQUENCY HCN S8631.85 /RESAMPLE 19 10 =27 2,12 V¥

All bt the last two commands should he familiar at this poind.

# The first mew command, SET SELECTION, prepares the last ome TAELE. It selecis that the next tahle
to he created will he a line table (Le. with more than one speciral channel). The lewer slde hand
data will he med, and only the st subband of the eorrelator: LG

# The last pommand TAELE, actually coeates the table mamed hen.ouwwt. The rest equency, BRGA1.AG
MHe, Is set to be the relerence used for the veloeity seale. The data will be resampled to a weloeity
grid of 19 chanmels; the eloenee chanmel 10 wil ¢orpspond to the LSR welocty -2T7 km /s; the
chamnel spacing will be 212 kmfs. Without FRESAMPLE, one would have got all the channels in
il subband L1 with thelr original veloeliy separation. Withowt FREQUENCY, the mest Deguency
present in the data (in the olserving procedurs) would have been used.

Using fRESAMFLE, one may avold creating tables with tog many chanmek [by discarding unised paris of
correlator subbands) and cloose the resolution that Is actually meeded.

If il data B spread on seweral fes, ome may go on by gpening the other fes, inding e data seans,
and appending to tle tahle:

FILE IN 12-FEE-1598E-H12&
FIKD

TAELE

FILE IN Z21-FEE-158E=-H12&
FIKD

TAELE

[the arguments to TAELE need not to he repeated).
For continuum tables one may mse:

SET ZSELECT ION CONTINUUM DSE LO1 TO LO& =
SWINDDW 214406 2147268 217476 217796 21TEIT 2178TE
TAELE CONT=-1MM HEW

Here we are using data from all the line subbamds, bt only in the thee Teguency windows: 2144006 1o
214TH MHz, 217476 1o 21TTREMH e, and 21TAAT 1o 21TATS. This k of course to avold the lne emission of
some molesides.

A standard mens i avallable under the CLic main menn [SCreate a TV Table™). Afier executlon,
a specilie pmeedure Is ereated to keep track of the options and parameters used. This pmoedure can
subsequently be edived 1o add new data fles (data fes can also bhe added oom the menn).

12.2  wuv data plots

A procedure ls avallable to do varlos plots from a eontinoem or line table, [t name 1 UVALL and it &
called by clicking on “Interferomeirie UV operations™ In the GrarHic standard mems. One has to select
the first and last chanmel to be plotted (0 to get all chanmels) and the name of the parameters to he
ploited In abselssa and ordinate. The Iollowing examples are the most seful plois:

wir coverage: 10 get an ldea of the Imaging quality that may be obiained, to check I ome configuration
has been forgoiten, ..
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Figure 12.1: “Create a UV Tabk™ meny In CLic

welght va. numbert ¢heck T some data got strange welghts (e.g., sero) for any reason

Amplitude va. antenna spacing: quite seful ifa spurce & strong tosee I i looks resolved. Also check
for sparlens high amplitede polnis.

Amplitude va. welght: amother useful check: spuriows high-amplitude points with non-pegligible weight
can cawse a lot of harm in a map.

These plotting facilities ame alse implemented in the MapPING program as a command (SH0W UV).

12.3 Data editing

Editing the interferometer data & mot very Dexible when done in the wi taliles. I a prolilem occurs, is &
not easly diagnosed singe many of the parameters assoclated with the data acquBition are ot present:
atmespherie data, total powers, .. It Is lowever usefu] when something sirange oceurs in the mapplng
pmoess 1o do we plots of the input table to ook for ihe faulty data. Using time or sean mumber as X
coordinate & recommended. One then may go back to the CLIC program and flag the fauly data, tag the
eorresponding seans, and keep a log of these problems s that they are ot encountered again when the
wir tables are reppistructed for any reason.
Two tasks have been written that may directly edit the data in i tahles:
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Figure 12.2: Example of a wwe eowerage plot

W CLIP fags all vEibDitles larger than a ghven fux this deletes visihility peints with totally wrong
mumbers, i any.

W _FLAG deletes visibility polnts in a give time Interval for 8 ghven baseline.

Boih tasks work by setting the cormesponding welght to sero: thelr action Is Irreversible [you will have to
reconsiruct the we table to go hack).

The Maprivg program provides a more efficlent, simpler and reversible Interactive ool 1o lag paris
of a e data set [command UV_FLAG).

12.4 Position shift

Fuor the purpose of lwther data reduetion it may be meoemssary to change the phase eenter of the we data.
Thi Is done by a sgimple rotation of the phases [mudtiplication by a complex factor). O wses the task
UV _SHIFT for this purpose.

12.5 Averaging

12.5.1 Data compression

Cime may slmply wish to average several chanmek 1o Inerease the slgnal 1o nolse ratio (se tasks UV COMPRESS
and UV_AVERAGE ).
12.5.2 Circular averaging

For sourees with cireular sy mmetny it may be neeessary Lo obilain the variation of amplitisde with antenna
spacing, in order 1o compare the amplitede data with models. For thie purpese, with task UW_CIRCLE one
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Figure 12.3: Weight versus vEibIlity mumber plot

takes the mean of all the vEiblities in concentric rfings in the ww plane. The output has the format of a
ui table [exeept that all v's are zero), and may be plotted with UVALL (fig. 12.5).

Use this sort of averagiog with eautlon: the phase center mist aceurately colncde with the souree
position or the am plitude of the visihility average will decrease on long spacings (use UF_FIT amd UV_SHIFT.
Qe may ako do ths kind of averaging In separate sectors in the we plane, to check for asy mmetdes,
provided the wi plane Is well sampled [task UV CUTS).

12.6 Model fitting

Musdel fitting & the oldest way of analyzing interferometer data. Tt was effectively used in the times where
the coverage of the wi plane was 1oo scarce 1o even think of creating an image by Fourler tramsform. One
assumes a slmple source model depending of a few parameters (source position, fux, siee) and fits the
visihility function of that model to the vEIbDity data. OF course one may usea linear combinationof seweral
soume models sinee the Fourler tramsform is linear. This is performed using the GiLnas task UV FIT. The
result may be displayed with the protedure PLOTFIT. Both are avallable in the panel “Interferometric TV
operations” fom the GrapPiic standard mens.

Tahle 12.1 gives examples of a few models and their visibility functions. For souree models with a
gireular symmetry, the vieiblity funetion & split inio a radial dependent amplitede and a phase [actor
which depends only on the source position.

Some spuroes ave actially so simple that this method may be used 1o a good accwacy (g, 1206).

Quite often this method 1s used for seurees that are wnresolved or ot well resolved at a given frequency ;

for instance a S0 maser may consist of several polot-source components at different velocities, Fitting a
polnt souree In each channel e derlves a “spot map™ (fgs 12.7,12.8).
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Tahle 12.1: A few souree simple souree models amd thelr visihility lumnetlons

12.6.1 Position measurement

For a spuree with ceniral sy mmetry the task UV CENTER determimes the souroe posltion by using only the
phases. Alterna tvely the task UV _FIT may be wmed o f the amplitedes amd phases at ihe same time, or
eg. o simulianesusly fit a palr of sounees.

12.7 Continmum source subtraction

It is straightforward to sublract a point source at the phase center In the wi data: one simply subiract a
real number [the souree fio) foom all the vElbDites.

The task UV _SUBTRACT subiracts & time-averaged continmm we table from a speciral line tahle [the
assumes that the contingum and the line have heen observed simultanesusly), providing a new table with
the line emission. Note that I the source Is too eomple, the time averaging [meeded to awold Ineoeasing
the noke level In the resulting table), may aflect the stmcture of the subtracted contimmm image.

IT il contimmm data was not olserved 1o the same session, or s koown only Trom other sourees, one
may bulld a wi table of the contimium sing the task UV MODEL. This tasks computes that table from
a mode] image or data ¢ube; It compuies the corresponding visihilitles at we coordinates taken oom a
relerence ww tahle (eg. the table out of which ome wanis to subiract the eontinmom model).

12.8 Self calibration by a point source

In spme ¢ases the comtimnm is a point souree, and 1s sirong ensiggh 1o be wsed 1o relerence 1he phases and
amplitudes of the line data. The phase and amplitede referencing can be done In Ol command 5T0RE
FHASE /SELF or In the wi tahles ising task UV_ASCAL.

Fuor this ome ¢reates separately a line table and a contimmm table. Naturally both mist have heen
oheerved simulianeously. It Is strongly advised to sell~calibrate the phase first, then the amplitede using
a lomger smoothing time. UV _ASCAL allows In addition to subiract [part of) the Input relerenoe sounes,
typleally to provide eontimnim-free spectral lime maps.

MNoie that this operation will work alsao i the spuree B somewhat extended, but with cemiral symmetry;
in that case only the phases can he sell-callbrated.
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Chapter 13

The Imaging Principles

Stéphane Guilloteau

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

Assuming ldentleal antennas, we have shown In previous lectures that an interferometer measures the
visibdlity funclion

Vi, v =‘f Biz,u) Tiz,y) e 5029 ey (13.1)

ot an emsemble of polnts (), 1 = 1,5, where Bz, i) 15 the power pattern of the antennas and Tz, i)
the sky brightness distdbution

The Imaging proeess eonslsis In determining as hest as possible the sky brightness e, 3). Sioce Eqg. 131
15 a comwplution, the Imaging proeess will Invelve decomvolition technigues.

Let S(w, v) be the sampling (or speciral semslidvity) lunction

Sl v # 0= H e Lnlugw) = (u, )
S{uv) =04 %€ Ln(ugv) # (u, v) (13:2)

The speciral sermsitivity Iunetlon 5 contains Information on the relative welghts of each visibility, sually
derived [rom theoretical molse.
Let s define

iz w) =Lﬂ' S, w) W, 0) Vi, ) @505l gy (13.3)

wiliere W [, v) Is an arblirary weighting fusction. Since the Fourler Tramslorm ol a product of two Tmet lons
s the commlution of tle Fourker Transomes of the lunetions, L (2, g) can be ldentified with

T lz, w) = (B2, ) 2,00 (D (2, 1)) (13.4)
where

Dy (2, 1) =ff S, w) W (u, v) 30540 gy gy = SW (13.5)

Lar
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Dz, w) s called the dirly beam, and s divectly dependent on the cholee of the weighting function B, as
wiell a5 on the spectral sensitvity Tunetion 5. (2, ) 15 sually called the dirty lmage.

Fourler Tramsform, which allews to directly derbee Iy fom the measured visibilitles ¥V and spectral
senglivity Tunctlon 5, and Deconvolut lon, which allows to derive the sky brightness T rom f,, are this
two ey Issis In Imaging (e Eq.13.4).

13.1 Fourier Transform

The first step In Imaging 1s to evaluate the dirty Image, sing Fourler Translorm. Several technkges are
avallable.

13.1.1 Direct Fourier Transform

The slmplest approach would he o directly compute sin and cos Tunetions in Eq. 134 or all combinations
of visihilitles and pixels in the Image. This 1s stmightorward, but slow. For typleal data sel from the
VLA, which contaln up toe 10F vidbilties per bour and wually require large images (1024 = 1024 plxels),
the computation ime can be prohibitbee. On the other hand, the TRAM Plaieay de Bure interlerometer
pduces about 1Y visikilities per synthesiz, and only requive small images (128x 128), The Direct Fourler
Translorm approach could actually be efficlent on vector compuiers for speciral line data from Plaieau de
Bure interfergmeter, hecamse the sn amd oos nctions needs 1o he evaluated only onee Tor all chanpels.
Moregver, the method B well sulted 1o reaktime display, singe the dirty lmage can be easily updated for
each mew vislhility

13.1.2 Fast Fourier Transform

In practiee, everybody uses the Fast Fouder Tramsform because of s definite speed advamage. The
dmwhack of the methods 1 the need o regrid the visihilitles [which aw measumd at arblirary points in
the [, @) plane) on a regular grid 1o be able o perform a 2-D FFT. This gridding proeess wil Introdoce
some distortion in the dirty image and dirty beams, which should be cormected afierwards. Moreover, the
gridded visihilitles are sampled on a lnlte esemhble. As diseussed In more detalls below, this sampling
Introd pees allasing of the dirty Image [amd heam) o the map plane.

13.1.3 Gridding Process

The goal of gridding 1s to resample the vEiblites on a regular grid for subsegquent 1se of the FFT. Al
each grid point, gridding lnwolves some sort of interpolation from the values of the nearest visihilites.
The visibilitles belng aflected by molse, tle Interpolating lunetlon needs not it exactly the ofginal data
poinis. Although any nterpolation scheme could a priorl be wed, such a5 smoothing spline Tunetlons, it
s customary 10 1=e a sonvolulion techogue to perform the gridding.

Using a convolution b jistified by several arguments. First, fom Eq.13.1, V = BT = Bwl. Hence V B
already a comvolution of a [nearly Ganssan) fmetion B with the Fourier Tmmsform of I, Nearly vishilities
are not Independent. Second, as mentioned above, exact Interpolation not desivable, dnee original data
polnts ave modsy samples of a smooth funetion. Thivd, i the widih of the eonvoliotion kerme] ised n gridding
is emall compared 1o B, the convolution added in the gridding process will not significanily degrade ihe
Inlgrmation. Last, but mot beast, 1t B actually possible to correct lor the effects of the convelotion gridding.

To demonsirate that, let &7 be the gridding comvolution kemel. Eq.13.3 hecomes

2GS x W xV) (13.6)
P 2Ges(SxWxV) B=Cx(SWal) =Gx1y (13.7)
DE2Gas(Sx W)  DL=0x5W (13.8)

3
LB imn (13.9)
G &
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Thus the dirty image and dirty beams are obtalned by dividing the Beurler Tramslorm of the gridded
data by the Fourler Tramslorm of the gridding Do tioon.

13.2 Sampling & Aliasing

Sampling on a regular grid B equivalent to mulitiplying by a series of periodically spaced delia Tunctlons,
ar the so-called shab Tunetion:

1 W i
|E]I]I[E:| = Z Sl — k) (13.10)
= —
The Bourler Translorm of the shab lunetlon abowe B tle shab Tunetion
Mljzdu) = —— i Sz — Ty (13.11)
Fayy] e Fat

Henee, sam pling the vEbDites V omesulls In comvolving its Fourler Trandom 7 by a perledic shab
function, Thi comvolution reproduces in a periodic way the Fourler Tramsform of the visihilites 7.

If the Fourker Tramsform of the veiblites ¥, le. the brightness ditribution BT, has finite support
AX the replication poses no problem provided the support B smaller than the periodicity of the shab
Tumction, le.

(Au)~ = (AX) Au = (ax)! (13.12)

If mot, data outside [(Aw)—! are aliased in the imaged area [Au) L.

In aperture symilesls, Andte support B ensueed 1o first order by the nite widih of the antenna primary
heam I, However, sirong sourees in the antenna sldelobes may he allased i the imaged area B oo small.
Muoreover, the nolse does not have findie support. White nodse In the we plane would result in white molse
i the map plane. In practice, the nolse o the wi plape & mot completely white, However, 1t 18 support
limited [slnee only a fnite reglon of the we plane is sampled Inany experiment). A¢oordingly, 1ts Fourler
Transform in the map plame & oot support limited. Nolse allasing this oocws, and podueoes an Inereased
noke level at the map edges.

13.3 Convolution and Aliasing
The combination of Gridding and Sampling prodisces the we data set
u s
W, oI —, — a5 H =W 1313
m = g 5o % (Gl S x W x V))u v) (13.13)
IIT = 7 w5 = B 2 000 0 A ) [13.14)

which analogous with Eq.13.6
The Fourler Translorm of this wi data set is

Vin = I[zAu,pie) w7 x (W = V (13.15)
= L5 = (5 +=[ B (13.16)

Vi 1 ths the sky hrighiness muliiphed by the primary beam (B, convolved by the the dirty beam .'i-_'ﬁ-’,
ihen multipled by the Fourder transform of the gridding finetion F and periodieally replicated by ihe
gonyvolition with last Shah lnetion).

Accordingly, allasing of 7 in the map domain will this ocenr. Kote at this stage that, providing allasing
of &7 remains pegligihle, an eaet convelutbon equation ls preserved

V -
M — W BT (13.17)

G
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The gridding lunetion will this have to be selected to minimlse allasing of 3. This eriterion will depend
an the Image Adelity reguived. Obvimsly, i the data B wery molsy, allasing of the {7 can he completely
negligihle.

Furthermore, the welghting Tunetion U7 s uswa ly smooth, while the gridding fuseton 7 B a melatively
shamp lmction (slnee it ensures the re-gridding by ¢onvolution fom neardy data polnts). Ths, to st
order {7 07 = W, and we could rewrlie Eq.13.14 as

Ve =TI x W x [(F*(5x V1) /[ Audv) (13.18)

Henee, the welghting can be performed after the gridding. The clolee of welghtlng belore or alter gridding
Is essentially based on computational speed or algorithmie slmplicity.

Let us focis on the cholee of the gridding Tmetlon. The gridding lmetion will be selected according
1o the Tollowing prineciples:

1. small support, typleally one or two oells wide [ Do),
2. small aliasing.
3. [ast eomputation.

Poinis 1 and 2 are eontradictory, sinee a small support for & implies a large extent of & Some
e prom ke s regudred. For slmplicity, gridding lunctioms ave useally selectod among those with separahle
variables:
Gl v = Gy (w6 (w)

although this breaks the rotation nvarlanee.
The simplest gridding lunction & the Rectangular functlon

1 i
Glu) = EH[EJ' (12.19)
8z = % (13:20)

wihere I is the wnit rectangle hmetion, Obvimsly, allasing will be Important, since the sine luneton falk
afl very slowly.
A better cholee could be the Gawssian funet lon

— 1 —jufasu®
Glu) = YW (1321
Giz) = e-iva=aup (1323)

By proper selectlon of a (not too small, mot too lage), & compromise hetween oom putation speed [betier
for small o) and allasing (better for large o) can be lound. o =2/ Infd) =075 & a standand ¢ lodoe.

However, a (Gaussian still has fairly significant wings, & should ideally be a rectangular function (1
Imslde the map, (0 outslde ). 7 would be a sine Tunetion, bt this falk off too slowly, and would meguive a
lot of computations in the gridding. Moveover, the (unavoidable) truncation of ¢ would destroy the sharp
edges of { anybow. Henee the ldea to use an apodised version of the sine lunction, the Gausslan-Sine
fumetlon

&l aly
nuf(adu) o fgan)®

Gl (1323
Giz) = MiazAu)* (7 8Aue—tmizaul) (13.24)

It prowldes good performanee for o = 155 and 7 =252

The empirical approaches mentioned abowe do not guaraniee any optimal cholee of the gridding Tone-
tion. A completely different approach & hased on the desived properties of the gridding hmetion. We
actually want {7 to lall off a5 quickly as possible, it {5 tobe support Imited. Mathematically, this defines
a class of lunctlons known as Spheroldal functions. Spleroidal lunctions are soluthons of differential
equations, and cannot be expressed analytieally. In praciice, this s not a severe Imitation since numerical



134, ERR(IR ANALYSIS 141

representations can be obtained by tabulating the gidding lunetion values, Glven the limited mimerieal
apeiracy ol the computations, the tabulation does ot require & probihitively fine sampling of the gridding
Tunction, and ls quite practical hoth in term of memory 1mage and computation speed. Tabulated values
are sed in the task UV _MAF.

Note that the finlie accuracy of the computation may wWtimately Imit the Image dynamie range.

13.4 FError Analysis

We thus suceeeded 1o preserve a convolution equation, with the slight restrictions dee o the allasing and
gridding eorrectlon. Let s explore now what erors or syslemalic effects may appear In the image plane.
First, comslder the nolse. Allasing increases the nolse level at the map edges (by polse aliasing and then
by the gidding cormec tion slnee this amounts 1o divide by the Bourler Transform of the gridding Dt ion,
which Is unity at the map center, bt smaller at the map edges). For example, the molse Inereases by a
factor [#/2)* at map corners Tor the Gasslan-Sine lumction. Near the map center, the effect Is moglgihle.
Mote that for a given feld of view, the molse Inerease can be arbitrarily limited by making a suflielently
large Image, hut the has a high oomputa tenal price.
Concerning errors, i B imporant to separate two main ¢lasses of ermors.
Additive errors
The Fourler translorm belng linear, additive errors result In artificial sructure added 1o the trse map, eg.
- A gingle spurkos vislbility will produce Tinges In the map
- An addithve real term [correlator offset), will prodsce a polnt smree at the phase tracking ¢enter.
MMultiplicative errors
A mudtiplicative term on the viEIb@ity distoris the Image, since

Vi, ©) 2 efu,v) +— Tz, y) 22z, 5

Le. the map B comaolved by the Fourler tramsform of the error. Calibration errors (in phase or amplitude)
are of this type. Among these, the seelng should not be neglectad.
Phase callbration erpors result In antey mmetde patierns.

13.5 Weighing and Tapering

There & still a e parameter n the Image constmiction process: the welghting lunetlon, At e tahle
creation, the sampling funciion is delined as

S(u,v)= (1325)

o (u, v)

where 1he molse & I8 com puted rom system tem perature, bandwldil, integration time, and system efliciency
[Including guantization and decorrelation).

jI'T l
o, p) = ———— (1326
Tt E iy
T belng the antenna temperature to dux density conversion [aetior:
2k
= 1327
= (1327)

The welghts W uw,v) can be reely chosen. The selecting of weights & wsually depomposed In two
slightly different prooesses, called Welghting and Tapering.

Welght ingg dea ks with the Jocal variations of welghts lor each grid cell alier the gridding process. Since
the original wir coverage i an ensemble of ellipses, the gridding may leave a welght distribution with very
large dispersion. Welghting can be applied to uniformize the distribution.
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On the other hand, Tapering consits in apodiging the we coverage by Tlu,v) = expi—(u® + /1%
where £ B a tapering distance. The corresponds to smoothing the data In the map plane (by comaplution
with a gaussian).

The sim plest pessihility, called Matural Welght lng, without taper 5 o keep the original spectral
sengltivity Iunetlon by setting B (w,w) = 1. This can be demonstrated to maximize sensitivity to podnt
goures (Le. sourees smaller than the synthesized heam). Proper design (and use) of the army can ensure
that the resuliing syniheslzed heam ls appropriate, In terms of slze (angular resolution maiched 1o the
selentific goal) and shape [lowest possible sidelobes).

IT the soirees of Interest are somewhat edended, tapering can be used to nerease brightness sonsl-
tivity. Tapering ako has the advantage of lowering the sidelobes. Howewver, tapering 1s always throwling
out some information, namely the long haselines part of the data set. Henoe, it should e 1sed elther with
modemie tapers, or as a complementary view on a data set. To Increase brightness sensitvity, one should
use prefemntially eompact arrays rather than tapering.

Uniform Welghting consisis In seleoting the welghts B [w, ) so that the sum of welghts 30 = &
ovier 8w oell s a constant Tunction [or e i no we data exkis In that cell). The size [radius) of the we
¢ell Is an arhitrary parameter. It can he the cell slee resnliing from the gridding process, Le. the nverse
ol the feld of view, bt any other clolee s possible. Using hall of the dish diameter 1s well jistifled, since
the vEIblites are comvplution of Fourler tramsform of the sky brighimess by the Fouder tramsform of the
pimary beam. Uniform Welght lng gives more welght 1o long haselines than natural welghting |becapse
you gpend less time per we oell on long haselines than on short haselines for earth synibesis). Undforo
Welghtlng produces smaller beam. Beeause it fills the we plane more regularly, Undform welghting ooeld
be thought also to produce lower sidelobes. However, becase of the diseontimdiy of the welghts at the
edge of the sampled portion of the we plane, the nmer skdelobes tend 1o be Inereased, unkess some tapering
s pombined with Tniform welghting.

Robust Welghting 5 a warlant of uniform welghting which avelds 1o give oo msch welght to a we
oell with low matural welght. There are several ways 1o Implement such a scheme. Roughly speaking, i
the sum of natural welghts In a oell 1s less than a theeshold, the welghting & unchanged, i it I8 more, the
wielght Is set 10 this threshokd. Let 5, be the natural welght of a cell, and 5 a threshold for such welghi.
Robist welghting could be implemented by selecting the welght W oas

s hveW =1

w2 W=58/8 [1328)
o a4 mone continos formala 1ke
Ww=— Lt (13:29)

V1+53/5

Robust welghting combines the advantages of Watural aml Tndform welghting, by nereasiog the mes-
olution and lowering the sldelobes without degrading oo mich the semsitivity. By adjusting the threshold,
it approaches either case (large threshold +— Natural, small threshold +— Uniform).

Welghting and Tapering reduce polnt souree sensitivity by

v E e WS TW) (1330

13.6 The GILDAS implementation

We have now introduced the hask parameters of the imaging process: gridding, welghting amnd tapering.
The main imaging task in the GiLpas soliware 1s UV MAP. Belore 1sing UV MAP, It B ako recom mended 1o
use ithe associated task UV STAT which evaluates the beam slzes, polnt source and brighiness semsitivity as
Tunction of taper or robust welghting parameter.

Although the c¢holee of configurations for the Plateay de Bure Interferometer has been performed in
arder to optimize the we coverage lor most ohserving conditlons, robust welghtlng can often offer a hetier
com prom e, unless signal to molse s nsuficlent. Task UV _STAT also sugeests appropriate pixel slwes for
UV _MAFP

The imaging task UV MAP B controlled by ihe Iollowing parameters:
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« MLP SIYE
The npumber of pkels in each direction. This should he powers of 2.

« MAPCELL
The pixel slee, in arceecond, In each direction. It should mspect proper sampling compared 1o the
synthesized heam widih., In praciiee, 3 - 4 pixek per beam widih are required. Task UV _STAT can
oo pate the optimem valee for ths parameter. Note that the imaged avea 1s MAP SIZE = MAPCELL

« MCOL
Fuor gpeciral line data, the first and last chanmel 1o be Imaged. [(,0) means all daia.

= WCOL
The ¢hannel from which the natural welghts 5 are taken. UV MAP prodeces only one heam lor all
chamnels [by defanlt, there ls an alternate optlon lor experts). WOOL = O ls eguivalent to WOOL =
(MCOL[ 1]+MO0L [2] ) /2.

# WEIGHT MODE
U for Uniform or HA for Mat weal welghting, UNilorm welghting & actually 8 Robust welghting in
UV _HMAP.

« UV CELL
When UNilorm welghting ls used, UV CELL[1] Is the UV cell diameter (In meters), and UV CELL[Z] &
the threshold Ior robust welghting: | cormesponds to the mean natural welght of all eells. UV CELL[1]
should mormally be 7.5 m lor Platean de Bure data.

« CONVOLUTION
ThE & the eomvoluton iy pe for gridding. Clolees are offered lor test purposes, byt CONVOLUTION =
& [Hpherpldal) givwes best resulis.

The otler parameters are wsed o re-gemter the map (by phase shifting the we data belore Imaging)
when meeded. This s convenlent lor Mosales, UV MAF performs all the Imaging steps presented helore:
gridding, welghting, tapering, correction for gridding fupction, and computes the dirty beam and diriy
image.

Both UV_STAT and UV MAP are Implemented as commands in the MappPiva program, or as tasks available
from the GrRapHIC program. Using one or the other B a matter of personal preference.

13.T Deconvolution

The first imaging step presemted belore leads 1o a conwolotion eqea tion whose selution s the comeaoliotion
pmduct of the sky brighiness distribution [apodieed by the Interferometer primary beam) by the dirty
heam.

To derlve the astronomically meaningful result, Le. Ideally the sky brightmess a deconvelution B
required. Deconveluton 1 always a non linear proeess, and reguires [In one way or anotler) o Impose
somee ponsirainis on the solution, or in other words 10 add some Information, 1o better select plausible
solutions, Such additdonal constrains can be explicit (eg. positlvity, or ser specified finite support) or
qualitative.

13.7.1 The CLEAN method

The standard decomaplition technigue, CLEay rells on sich a qualitative comstralnt: i assumes that the
sky brightmess Is essentially a emsemble of polnt spurees (e sky Is dark, ut full of stars). The algorithm
which dedwes rom such an assumption s stralghtlorward. It 1s & sdimple “matching pursudt™

1. Initialize a Residual map to the Dirly map

2. Initialize a Clean componend lisl Lo mero.
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3. Assume strongest feature In Residual map originates from a polnt soumee

4. Add a raction 5 [the Loop Gain) of this polnt souree to the Clean com ponend Bst, remove the same
Traction, comvolved with tle dirty beam, Trom the Residual map.

. tle stromeest feature In the Residual map s larger than some threshold, go bhack 1o polot 3 (each
sipch step B called an feration).

&m

G I the sirongest feature & below threshold, of i the mumber of lleratlons N I8 too large, go 1o
point T.

T. Convaolve the Clean componend Bt by a properly chosen Clean Beam [(thi 15 called the restoration
step).

& add to the result the Residual map to obtaln the Clean Map.

The CLEaN algoriithm as a mumber of e parameters. The loop gain eontrok the convergenee of the
metled. In theony, 0 <4 < 2, but In practice one should wee 4 = (L1 — 02, depending on sldelobs levels,
soume structune and dynamie range. While high values of 5 would in principle glve [aster oonvergenos,
since the remaining flux is & (1 — =)= i 1le object & made of a single point souree, deviations from an
ldeal comvoluilon equation force o 1se slgnificanily lower walues in order 1o avold non Inear amplifications
of ervors. Sueh deviations from the ldeal comolution equation are unavoklable hecase of thermal molse,
and alsp of phase and amplitude errors which distort the dirty bheam.

The threshold for comvergence and mumber of Gerations define to which aceuracy the decomaoliotion
pmeeeds. I ls common practiee to CLEAN down to about the molse level or slightly below . However, in
case of strong soumees, the residuak may be dominated by dynamic range limitations.

The ¢lean beam used 1o the sestoration step plays an Important mole. It is sually selected as a 2-D
Gasslan, which allows the comwoelution to be computed by a simple Fourler tmmsform, although other
choboes oould be pessible. The slze of the clean beam s a key parameter. It should he selecied to match
the [lnner part of) the dirty beam, otberwise the Mux density estimates may be Ineorrect. To understand
this problem, let ws mote first that the unlis of the dirty Image are undelined. Simply, a 1 Jy lsolated
polnt souree appears with a peak valie of 1o the dirty map. This & m longer true [hecase of sldelobes)
il there & more than ome podnt souree, or a lortior], an extended souroe. The wndt of the clean Image &
wiell defined: 1t 1s Jy per beam, which can easily be eonverted to hrightness tempem ture from the effective
clean beam solld angle amd the oleerving wavelengih. Now, assume tle souree belng olserved s st
com posed of 2 separate point sources of equal o, and that the divty beam Is essentlally a GGausslan. Let
us clean the dirty image In sueh a way that only 1 of the 2 polnt sourees B actually ncluded in the clean
com ponent Ist. 0 we mstore the clean image with a ¢lean beam which Is, eg. twiee smaller than the
ariginal dinty beam, the fnal result will undoubtedly be odd. The secomnd souroe would appear extended
and have a langger lix than the frst one. Mo suwech problem appears i the clean beam matches the dirty
beam. Admittedly, the above e mple shows a prohlem which resulis om a combination of two efects: an
Inappropriate cholee for the ¢lean heam, and an insufflclent deconvolutlon. However, the sepond problem
always edsis (o some extent, hecaise of molse In the original data set. Henee, 1o minimize emors, it B
important to mateh the elean and dirty heams.

Note that In some clreumstances, there may he oo proper cholee. An example 15 a dirty heam with
narmew central peak on top of & broad “sheulder™. Small seale structures will be properly reconstriseted,
bt larger omes mot.

The last step in the CLEay method plays a douhle role. On one hand, it protects against Insufflclent
deconyvolution. Furthermore, since the residual image should be essenially molse I the decomsoluiion has
converged, 10 allows molse estimate on the deaned Image.

13.7.2 Interpretation of CLEAN

I CLEAN comverged, the Clean component st s a plausihle solution of the measurement equation [within
the nolse), bt 1t I8 not unigee.. Henee, because of comeplution by the clean heam, the clean image &
not & soluton. However, hesides allowing a reasonable defindtion of the Image unit in ¢ase of Inopmpleie
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convergence, there are two reasons 0 oomvalve by a clean heam. First, oonwolitlon by the clean heam
smpears ot artifacts die toextrapolation beyond the measured area of the we plame. This is an a posterbord
regularizatlon. Secpmd, the clean com ponenis ave loreed to meslde on the grid defined by the image. The
diEcreie representation has a8 mumber of limitations (eg. necessity of megatbee clean compoments, limited
appiracy die to the fnite slee of the compopent list), which are reduced by eonvolutlon by the clean
heam, hecause the clean image then has fnite resolution and can be propedy represenied on a dicreie
grid provided the Nyquist sampling ls preserved.

An Important properiy of CLEay Is that (to st order) only the lnmer gquarter of the dirty image
can be properly cleamed. This is easlly understond when dirty beam and dirty Images ave computed on
the same grid skee, singe a spuree at o edge of the lnoer guarter regquires knowledge of the dirty heam
sldelphes heyond the map slee 1o be decomaolved from the opposite edge. However, thks alko remains true
i one computes the dirty beam on a twice larger grid than the dirty Image: more than the Inner gquarier
can be deconyvelved, but heeause of allasing, the map edges can mewer e

Finally, CLEAN olfers a wvery simple way to impose lirther eomstralnts on the ¢lass of solution which &
apeeptable, hy allowing definition of & suppord This can be the standard [simple or multiple) Clean Boz
avallable in many mon nteractive implementations, or a 1ser defiped mask In interactlve Implementations.
The search reghon can even be modified rom eration to leration to help clean convergence. Such a
flexible support & avallable insde the Marriva program. Note however that the Clean Box or support
should mot be too limited: cleaning the noke ls meeessary oo (as well a5 Ineorporating negative Clean
UL Pne L ).

13.7.3 The CLEAN wvariants

The ariginal CLeay method is due to [Heghom 1974]. Several variants exist.

One of the most popular (CLARK) s due to [Clark 1980], and lweolves minor and major eyeles. In
Minor eycles, an Hoghom CLeax Is performed, bt with a truneated dirty heam, and only on the st
of brightest pixels. This search Is ast, hecause of the diry heam truncation and becavse of the limited
support. The Clan compoments Mentified during the minor ¢yeles are removed at onee by a FFT during a
Major ¢ycle. Beease removal Is dome by FFT, slightly more than the Inner map gquarter ean be eleaned.

A sepond variant, called MX, due o [Cotton & Schwab 1984), k similar to the CLARK method, exoept
that the Clean componenis are removed Trom the we tahle at the Ma jor cycle stage (and thus the imaging
pmeess I8 repeated at each major eypcle). This avold allasing of sidelobes, allows to clean more than the
Imner quarter, hut & relatively slow because of the re-lmaging at major ¢ycles. Unles disk slorage B a
real problem, a faster result of equal Is obiained by standard Clean with a twice larger map.

The mext varlant, called 50T [from Pitmr ot al 19&-4]), E again ke the CLARK method, bt in Minor
eycles, mo decomalution s performed, bhut only a selectlon of the strongest components down o some
threshold. Major ¢yeles are ldentical 1o those of the CLARK method. Alhough the principle B slmple,
the implementation 1s pot easy becase of normalization subtleties In the miner cyele stage. Thls metlod
s reasonably well sulted for more extended stroctures, but could hecome unstable T the threshold &
Imappropriate.

The Multi Resolution Clean (MRC, [Wakker & Schwartz 1988]) separates the problem in a smooth
map amd a difference map, Since the measurement equation 15 lnear, both maps can bhe Cleansd [with
Hogbom or Clark method) independently. This is faster than the standard CLEaN because the smooth
map ¢an be compmssed by ploel averaging, and only fine strecture left in diference map, so lewer Clean
oo ponents are pguined.

13.7.4 The GILDAS implementation

AT the above variants are Im plemented in the GiLbas soltware. All of them, exeept M2, are Im plemented
both as tasks amd as Interactbee commands In the Mapriva program. The later Implementation allows
delinition of a Aedble support constraint. The delaglt method s CLARK. 5D & MRC are uspally mot
necessary for Plateau de Bure, bhecause of the small ratlo between the fGeld of view [primary heam) and
the resolution < 30)
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MX Is Implemented only as a task, amd not recommended becase of 1ts relatively slow speed. Since
Plateay de Bure Images arve relatively small (128 = 128), it Is easker to use a standard clean on larger
Images.

The GiLbpas soltware dees ot Inelude any implementation of the Maximum Entropy Metlod, MEM.
The main reason Is that MEM is not sulted lor lmited we oowerage. But MEM ako has some undesirahle
pmperties, among which iis attempt o give a unlgue solutlon, with ne physical justification, the bolse
dependent respluthon, and the defindtbon of a global eriterinm for adjistment 1o data. Furthermore, mo
noke estimate s possible on MEM deconvelved Images.



Chapter 14

Advanced Imaging Methods: WIPE

Eric Anterrieu

Observatoire Midi-Pyréndes - UMRSST2, 14, avenue Edovard Belin, F-31400 Toulouse

14.1 Imtroduction

Thi lectire 1s the seeond part of a serbes deseribing how the visihility samples provided by an interlero-
metirk: deviee can be used to produce a high quality Image of the sky.

WirE Is a regularized Fourler synthesls method recently developed in radio Imaging amd optical inter-
fergmetry. The mame of WiPE s assoclated with that of CLeay, the wellknow n decomeolution metlod
prsented In the previous lecture, amd Intemsively wsed by astromomers at [rast as well as in many Isil-
tutes, workdwlde.

The regularkation principle of WirE refers to the Shannon sampling lormula and to theoretical consid-
erations related to multiesolution analysk. The nothons of leld and resolution appear via the definiiion of
two key spaces: the olgec! space and the objedd representation space (a subspace of the first). The comple
visihilitles define a Tunctlon In amotler space: the dala space The lunctions lylng in thes space take their
values on a frequency list which Is the ¢oncatenation of the erperimental frepueney list and a requilariza-
tion frequency lst. The latier defines a virtual frequency coverage heyond the frequency ooverage lo be
synibhes ized, up 1o the highest Treguencies of the scaling functions generating the object space. Thi virtual
sampling Is performed at the Shammon rate corvesponding o the syntheszed feld. The reconstrecied
Image, alao called the meat map, 18 defined as the lneton minmizing a regilarkzed objective Tunetlonal in
which tle data are damped appropriately. To deseribe WirE we adopt a terminolegy derlved rom that
ol CLEAN.

In this lecture, we present the hasle foundations of WirE, and lis implemeniation in the Iias data
pmoessing soliware. The reader Interesied In the theometlcal aspecis and developments of Wire k lnvited
to consult the articles [Lannes et al 1994], |Lannes et al 19946], |[Lannes et al 1997].

147
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14.2 Object space

In the problems of Fourler syntlesls encountersd 1o astronomy, the oljecd funcion of nterest, &, s a
real-walued lmetion of an angular positlon varlahle o = x = [2,3) The geomeirical elemenis wnder
conslderation are presented In Flg, 14.1.

Figure 14.1: Traditlonal coordinate systems used to express the melation between the complex visibilities
and the brightmess distribution of a souree under observation. Here, the two antennas A; and A point
toward a distant radio souree In a directlon Indicated by the unit vector 8, and b s the nterferometer
haseline veetor. The position pointed by the unlt vector 8, s commonly meferred to as the phase trackng
center or phase reference posilion: & — 8, =o.

The olgect model vardable o les In some objecd space H, whose vectors, the lunctions ¢, are defined
at a high level of resplution. This space Is characterised by two key pammetes: the extenslon A of iis

fleld, amd s resolition scale dr. To define this object space more eopliclily, we st Introdece the Anite
erid [mee Fig. 14.2):

N N
G=LxIL, L={pEE:—E£p5§—l}, (14.1)

wihere N s some power of 2.
On each pizel pdr(p € &), we then center a sealing function of the form

eplX) =eglx —pdz)  with  gy(x) =s.]m:{i]s.]m:{ﬁ—i . [14.2)

Itis easy 1o werlly that these lnetions form an erthegonal set. In this presentation of WiPE, the olject
space M, Is the Ewlidlan space generated by the basls vecloms ep, p spanning & (see Fig. 14.2). The
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Ar = Ndx S = Ndu

Figure 14.2: Object grid Gz (et hand) and Fourler grid & du (right hand) for N = & The object
domain & characterized hy lts resolution scale dx and the extension of its leld Az = Nix, whee W B
some power of 2 [the larger B N, the more oversam pled Is the ohject Beld). The basie Fourler sampling
Interval Is duw = 1 A%, the extenslon of the Fourler domain B Auw = 1/dx

dimenson of this space is equal to N*: the number of pizes in the grid &, The lunctions & lying in H,
can therefore be expanded In the form

#x) =3 age,(x), (14.3)
[ =

where the ap's are the components of ¢ in the interpolation bask of H,.
The Fourler tramsform of ¢ s defimed by the melatiomship

dlu) = f sixje T g

wihere w s a two-dimesional angular spatial Tequency: uw = (u, v). According to the expansion of & we
therelone have:

#lu) =Y apiplu), {14.4)
pEG
whers
— T i 1
Eplu) = dplu) e P with  #glu) = mwﬂ{i]mﬂ{ﬁ] [14.5)
and Au= 178z

The dual space of the olgect space, J;',, s the Image of H, by the Fourler tramslorm gperator: J}, E
the space of the Fourler iramsforms of the lmetlons ¢ lylng in H.. This space s characterized by two ey
parameters: Iis extenslon Aw = 1 4z, and the hasle Fourler sampling interval du = 1/ Ax (see Fig. 14.2).
14.3 Experimental data space

The erperimental data ¥, (u) are hlirred valises of *il,[uj on a finfte lst of fequencles o tle Fourler
domaln:

Co={uall),m (2, ..., w(N)}. (14.6)
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As the alject function of interest &, 15 a realwalued function, it 18 matural to define & [—u) as the complec
conjugate of ®(u). The eperimental frequency list £, s defimed consegquently: Tu € £, then —u € £,
[emepept for the mull fregueney uw=0: In the comeention adopted here, elther i does oot le In £, or there
exts anly one goeurrenee of this polot). The erperimental frequency coverage generated by £, s therelore
centrosymmetrie (see Fig, 14.3).

Ay

Figure 143 An exampk of an erperimental frequency coverage provided by the [Ras interferometer.
Here, the number of polnts ¥, n the erperimental frequency st £, 5 egqual 1o 2862

The erperimental data wector B, I in the apeimetol data space K., the real Eudidian space
underlying the space of comple-valued Tunctions o on £, such that yf —u) = y{u). The dimemsion of
this gpace 1s equal to M the mumber of points In the experimental frequency Bat ..

14.4 TImage reconsiruction process

As the erperimendal rouency lst 1s finite, and in addition the sperimental dale hlurmed, the object
representation that ean be obialped om these data Is of cowrse Ineomplete. This slmple remark shows
that the nverse prohlems of Fourler sy mibesls mist be mgularized: the high-frequency componenis of the
image lo be reconstructed must be negligible.

The ceniral problem is 1o specily In which conditions 1t B pessible 1o exirapolate or interpolate, in
some region of the Fourler domain, the Fourler transform of & lmetion ¢ whose support 18 ¢ontalmed in
some findte reglon of H,. It s mow well established that exirapolation s orbldden, and Interpolation
allewed 10 a certain exient. The eorresponding regularization prindple B then Intimately related 1o the
coneepl of meplutlon: the Interpolation ls performed in the Treguency gape of the frequency coverage o be
agyrithes ized,

14.4.1 Synthesixed aperture

Let H be the Fourler domain M = [—Aw/2, A2, In Fourler synihesk, the frequency coverage Lo be
synibhesized 15 & ceniro-symmelric region H, © M (see Fig. 14.4).

CrLean amd WiPE share a common objective, that of the image lo be reconstructed. This Image, &,
defined s that 1ts Fourler tramsform 1s gquadratically megligihle ouside H,. More explicitly, B, Is defined
by the convalution relation:

&, =0, &b (14.7)
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The “syniletl heam™ @, E a lmctlon resulting from the cholee of By the well-known clean beam in
CLEaN, the neat beam In WIPE.

14.4.2 Synthetic beam

The neat beam canbe regamded as a sort ol optimal clean beam: the opiimal apodised point-spread lmetion
that can be designed within the limits of the Hekenberg principle. More precisely, the neal beam 6,15 a
eentro-sy mmeeirle function lying in the objed space H., and satlalying the lolowlng properties:

# The emergy of ﬁ. I8 eoncentrated in M, In other words, él. has 1o be small outslkde M, In the
MeaT-Eqeare sense we impose the fraction ¥* of this energy In . 1o be clese to 1 (say ¥ = 0L98).

& The effective support T, of B, In 5, Is as small as possible with rspect to the cholee of M, and y*.
The idea s of eourse to have the best possible resolutlon.

Thik apodized polnt-spread lunciion s this computed on the groumds of a rade-ofl between resolution
and efficiency, with the ald of the power method.

as Aud

L.E]

3z =i

]
"o = (1] =] [E..]

Figure 14.4: Ezperimenial frequency covernge amd frepency coverage lo be spnthesized M, (left hand).
The emperimental frequency sl O, Incledes &, = 2862 regquency polnis. The frepuency covermge lo be
synibhesized H, B oenired In the Fourler grid & §u, where du = A /N with N = 128 [here, 1he diameter
of the cirele s equal to ADdu). The neal beam €, (right hand) represented bere oorresponds 1o the
frequency covernge to be synithesized M, Tor a glven value of ¥* = 087, It Is centred in the object grid
Gdr whem dr = 1/ Aw (here, the Tull width of €, at hall maximum s equal to Sdz).

14.4.3 Regularization frequency list

As extrapolation Is forbidden, and lnterpolation only allowed 1o a certain extent in the egquency gaps of
the frequeney coverage o be synthesized, the erperimental freguency lst £, should be completed by high-
fregquency poinis. These polnis, located owuislde the frequency covermge to be synthesized M, are those for
which the high-frequency com ponents of the image to be reconstrucled are prmctically pegligihle.

The elements of the regularization freqguerncy st C. ave the eguency points w, located outslde the
Jrequency coverage o be synibhesized H, at the nodes of the Fourler grid & du:

E,-:-[u,-:qﬁu,qEG:qﬁuEH.}. [14.8)

The gobal frepmency izl £ s then the concatena ton of £, with .



152 CHAPTER 14, ADVANCED IMAGING METHODS: WIPE

14.4.4 Data space

Agpording to the defindilon of the image to be reconstrucded, the Fourler data eorresponding to & are
delined by the pelationship:

B, (u) =B, (u)¥,(u) Yue L, [14.9)

Clearly, B, lies in the experimental dala space K.
Let s mow Introduce the data vect o

Folu) on L;
)] on L.
Thie vertor lles in the data space K, the meal Ewclidian space underlying the space of ¢complex-valised
Tunctions o on £, seeh that ¢ —u) = @ {u). This space is egquipped with the scalar prodoct:

(o | da= Y o)W () (dul + % o (g (u) (du); (Ld.LL)

wEL., e L,

Wiw) Is a glven weighting funclion that takes Into account the rellabiliy of the data via the stamdard
deviation o.fu) of B u), as well a5 the local redundancy plu) of w up to the sampling interval §u.
The Fourder sampling operator A s the operator om the olgect space H, nio the dala space Ky:

$lu) on L,
d(u) on Lr

¥, u) ={ (14.10)

A:H, — K, [Ad)u)= { (14.12)

As the erperimental data B (u) are blurmd valies ::ul':ir,[uj on £, this operator will play a key mole in the
Image recopstruction process. The definition of thks Fourder sampling operalor suggesis that the action
of A should be decomposed Into two componenis: A, on the emperimendal frequency list £,, and A on
the requiarizalion frequency list O

14.4.5 Object representation space

The reconstracled image 1s delined as the function $g of the objed space H, minimizing some objective
Tinctional. The definition of this hmetlonal takes Into aceount the matum of the data, as well as other
consiralnis. For example, the image to be reconstrucled may be confined 10 a sulspace, or more generally
to a eonvex set, of the objert space Ho: this eonvex set s the objed representalion space E. I may he
delined rom the outset (In an Interactive manner, for example), or step by step thmoughout the image
recosiruction procedure [the B the case of the curremt Implementation of WiPE). In both cases, the
pmjection operator onto this space, the projector P, will play an essential roke in the image reeonstrietlon
pIOcess,

REsmark 1 positivity ¢onstraint.

In most cases encouniered in practee, the scalar components of &g In the Inerpolation hasls of H.
must he mon-pegative (ef. Eq.14.2). In the eurrent implementation of Wire this constraint is taken Into
apeount. The object represeatation space E s then bulli, step by step, acoordingly.

14.4.6 Objective functional
The reconsiructed image 1s defined as the hmetlon &, minimilng on E 1 objective losetional:
gl = ||y — Ad|}. (14.13)

Agpording to the definition of the dala veclor By and to that of the Fourder sampling operator A, the
quantity can be written in the orm:

4.8 =% | (u) — ) [PV () [ Su)?;
el

grl ) = 3 |#lu) P(du).

el

Al = g4 + g () with (L4.14)
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The experimental criterion g constraints the objecd modd ¢ to bhe comsistent with the damped Fourler
data B, while the regularizs thon ¢riterion g penalizes the high-Treguency components of 4.

Let mow F be the image of E by A (the space of the Ad's, § spanning E), Ag be the operator fom B
Intg F induced by A, and Fp the projection of B onto F (see Flg. 147) The vectors ¢ minimizing g
on E, the splutions of the problem, are such that Apd = ¥, They are ldenilcal up to a veetor lying in
the kermel of Ae (by definition, the kernel of Ag B the space of vectors ¢ such that Agd = 0).

As By — Fr is oribogonal 1o F, the solutions ¢ of the problem are characierized by the property:
W e B (Ag | Ba— Ag)la = 0. On denoting by A” the adjolnt of A, this property can also be written In
il form:

W EE, (¢ |r)a=0, withr= A"[B — Ag). (14.15)

where # s regarded as a resldpe. The conditlon 5 of course equivalent to Per = (I, where Pg s the
pmjecior anto the objecd represendation space E. The solutions of the problem ave therelore the solitions
al the mormal spation on E:

Ap A b= AL, (14.16)

where Ay = Ped”.
Many different technlgees can be 1sed lor eolving the normal equalion (or minimizing g on ). Some
of these are certalnly more efficlen than others, but this s not a eruclal ¢hoboe.

REsmarK 2: beams amd maps.

The action of A™A Involved in ApA s that of a comvelutor. As the two lsts £, and £ are disjoints,
wie have: A4 = AJA, + A7A,.. Ths, the corresponding polnt-spread Tunctlon, called the dusty beam,
has two compomenis: the traditional dirty beam B and the eqularization beam. The latter corresponds
to the action of A7A. tle lormer to that of A7A4, [see Fig., 14.5). Lkewlse, according to the defintion
al the date weclor, A" B = AJF, Is called the dusly map (as opposed o the raditional dirty map A%
hecaise it Is damped by the meat beam).

Revark 3: constriction of the abject mpratentalion space.

With regard to the comstructlon ol the objed represent ation space B, CLEAN and WIPE ame very similar:
it Is defined through the ¢holee of the [diserete) object support. It & Important to mote that ths space may
be comstriscied, In a global manmer or step by step, Interactbvely or auvtomaticaly. In the last version of
WiPE Im plemented at TRas, the Inage econstroetion prooess I8 Indtlalked with a few Hterations of CLEAN.
The support selected by CLEay I& relined throughout the leratlons of Wire by conducting a maiehing
pursidt proeess at the level of the components of ¢ o the Interpolation basis of H.: the current support
15 extended by adding the nodes of the object grid & §x for which these eoefllclents are the largest above
a given threshold [(hall of the maximum valee, lor example). The objectbe Tuneitional is then minimised
on that pew support, and the global resldee ¢ updated accordingly. The olject representation gpace of the
reconglrucied image B this obtained step by step In & natural manner.

The simulation presented on Fig 14.5-14.6 cormesponds to the conditions of Fig. 14.4. The Fourler
data ¥, were blurred by adding a Gavpsslan molse: for all w € £, the standard deviation of F, (u) was set
equal o 5% of the total fux of the object [*i,[ﬂj,n'ﬁ‘.lj. The Image reconstnuctlon propess was indtialised
with a few Ierations of CLean, and the comstruction of the final support of the reconstructed image
was made as indicated In Remark 3. At the end of the recomstruction prooss, a final smooihing of
the current object support was perflormed. In this ¢lassical operation of mathematical morplology, the
ellective support of 6, T, B of cowse used as a strocturing element. The boundaries of the effective
support of the reconstrected neal map are this defined at the appmpriate ssolution. In partieular, the
connected entities of dee smaller than that of T, are eliminated.

14.4.7 Unigueness and robustness

When the problem & well-posed, Ag Is a ooe-to-one map (ker Ag = {0} from E onte F; the solution &
then unlgee: there exdisis only one vector ¢ € E such that Agd = ¥p. This vector, $e, 15 sald 10 he the
leasi-sguares splution of the equation A gd “=" B,
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Figure 145 Dirty beam [left hand) corresponding o the eperimental frequency st C, of Fig. 14.4, and
dusily map [right hand) of a simulated data set [the simulated Fourler data % wewe bluered by adding a
Gaissian molse with a standard deviation o, equal to 55 of the total s of the object 3.

Figure 146: Inage to be recomstructed 0y (lefl hand) at the resolution level deflined in Fig. 14.4, and
recorstructed aeal map Pe (right hand) at the same resolution: tle final condition number ke s equal
to 2AG (ef. Eqg. 1417 and 14.18).

In this case, ket 8% be a varlation of ¥ in F, and §8g be the corresponding varlation of &g in E
[eoe Fig. 147). It s easy to show that the robusties of the reconstruction proeess B gowerned hy the
Imeguality:

16| [16% ]l 4
< kg ) [14.17)
Il Il [l
The error amplifier factor ke 15 the condition mumber of A g:
WA
= 14.18
"E= 5 ( )

here A and A respectively denote the smallest and the largest elgenvalies of A7 A, The ¢loser 1o 1 Is the

condition mumber, the easler and the more robist 1s the reconsirection proess [@ee Fig, 14.8 and 14.9).
The part played by Inequality 14.17 In the development of the eorresponding ermor analysls shows that

a goied reconsirection procedurs must also provide, In particular, the condition number ke, ThE s the
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Figure 14.7: Unkyueness of the selution and robustness of the recomsirsction process. Operator A Is an
aperator from the olgect space Hy Into the data space Ky, The olgect representation space E lsa particular
subspace of H.. The image ol E by A, the range of Ag, 5 denoted by F. In this representation, ¥ s the
pmjection of the data vector ¥y onto F. The lnverse problem must be stated so that Ag 15 8 ome-to-ome
map from E opto F, the condition number &g having 8 easonahle valise.

case of the current Implementation of WirE which uses the conjugate gradient method lor solving the
normal equation 14.16.

Ty eonduet the final error analysls, one Is led to consider the elgenalue decomposition of AL A, This &
dome, onee again, with the ald of the comjugate gradient metlod assodated with the QR algorithm. At the
st of some memory overead [that of the M sueeessive residues), the latter also yilelds approsimations
al the elgenvalues Ap of A A It is this pessible to obiain the sealar components of the associated
elgenmodes b In the Interpelation basis of .. The purpose of thl analysls s 1o check whether some of
them [In parilcular those corresponding to the smallest elgenvalues) are ecclied or not In $g. I s, the
corresponding detalk may be artelacis of the recomstruction.

The reconstricied map & then decomposed in the form:

M
e =Y welbe, we = (b |Be). (14.18)
=1

The separation angle & between B and & ls explicitly given by the relationship:
ey

Ty wh

cos B = (0 <8 < x/2). (14:20)

The ¢loser 1o 72 15 He, the less exelted 15 the corpmponding elgenmode @ In the recomstiructed meat
map e

T lusirate In a ¢onerete manper the Interest of eguations 14,19 and 14.30, let us comslder the slm-
ulations presented in Fig, 14.4 and 14.9. Whatever the value of the inal condition number is, the error
analysk allows the astronomer to check i there exists a certaln similitede hetwesn some detalls In the neat
map and some leatures of the ¢ritieal elgenmodes. Th Information ls very attractive, in partlenlar when
the resolition of the recomstruction process B greater than a reasonable valise [the larger 1s the aperiure
to be synihesized H,, the smaller 1s the Tull widih at ball-maximum of ). In swh situations of “super
resplution,”™ the error analysls will suggest the astronomer to redefined the problem at a lower level of
resplution, or to keep In mind that some detalls in the recomnsirucied meat map may be artefacis of the
recorstruetion process.
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i oz 0.4 A 0.4 0.4

Figure 14.8: Reconstrucied neat map $p (gl hand) and egenmode By (righ! hand) eorresponding 1o
the smallest elgenvalie Ay = 0165 of ApA . The eonditions of the simulations are these of Fig. 144
and 14.5% In particular, the diameter of Hy 15 egual to 40du. The Apal conditbon number 1s ke = 246
(the elgenvalies of AL A, are plotted on the bar cpde below). This agenmode Is not excdted In $e: the
separation angle & hetwesn $e and &y s greater than 897, In other sltuations, when the final condition
mumber & greater, this mode may be at the origin of some artelacts in the neat map (=ee Fig. 14.9).

14.5 Implementation of WIPE at TRAM

In this section we describe the suecessive steps of the Image reconstruetion propess as 1t s Implemented
now i the Marpiia program ineluded in the IRam soltware. For more Information on this program, the
reader 15 invited 1o read the last version of the Mapping CookBook.

The first step of the Image weonsirecton pmeess 8 Lo defined the olject space H,. This space k
characterized by two key parameters: the extension Ar of lts eld, and 1ts rsolition scale 2 = A/
[soe Fig. 14.2). The pro¢edire wipe_init Is wed o sel these parameters properly.

The frequency coverage to be synthesized H, Is defiped with the ald of the procedumn wipe_sper. This
tonl provides an Interaciive way of Otiing an ellipse over the experimental frequency covemge generated
by the esmperimental frequency lisl O, (see Flg. 14 .4).

Onee M, has heen defliped, the procedure v ipe_besm s ready lor compuiing the neat beam 8, a5 well
as the dirly beam . The latter plays a key role In the action of the convolutor A% A ., while the Fourler
tramsform of the former s Involved In the definition of the data veclor ¥y (ol Eq. 14.9 and 14.10).

The last step In the lmage mecomstraction precess ooneerns the neat map. It ls Implemented in the
wipe_solve command. Belore the Inltdallzation of the recomstruciion, the dusty map A" E B com puied,
and an optiosal support can be selected [this support plays the role of the dean oz of CLEAN). 45 WPk
can be slow when reconsiruciing large Images, 1t can be Indtialized with a few CLEan lteratlons o quickly
build a first olgect represend ation space E. When switching to WiPE, the program staris by optimizing
the solution provided by CLEay with the ¢orresponding support. Then, at each lteratlon of WirE, the
support grows, and lor a glven and fxed object represendation space E, tle mormal epuation 1416 &
solved by uslng the comjugate gradient metlod, which ako provides the condiilon mpmher ke of Ag.
When leaving Wire, a final smoothing of the current object support I performed, removing [thmagh an
appropriate morphological analysis) the detalls of the reco nat ructed image smaller than the eeoluiion limi
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Figure 14.9: Reconstrocied neat map P ¢ (left hand) and related eritical eigenmode &y (right hand). The
latter cormsponds (o the smallest elgenvalue Ay = Q0BT of AL A, The conditions of the simulations
are those of Fig. 14.5, but lere the diameter of M, 18 taken equal to 484w the Amal conditflon number
s ke =4.19 [the ggenalues of AL A are plotted on the bar code helow), The eritlcal elgenmode 3 &
at the origin of the eecllations along the main structurdng entity of $. ThEe mode B slightly exciied (the
separation angle % between $e and &y 15 less than 867), this the cormesponding deialls may he arielacis.
Inthk case of “super-resolution™ the ermor analysk provided by WirE suggesis that the poocedure shaounld
be restaried at a lower level of resolution (see Fig. 14.8), so that the final solutlon be more stable and
reliahble.

of the reconsirectiion process. The lnal reconsiructed image $e B the Tuncton minimizing the objective
Tunectional 14.13 on that suppaort.

The control of the robustness of the reconstrsction process 15 performed through an additional slep with
the wipe error command, This propedure computes with a ime accumey the lnal condition number gz,
as well as the elgenvalies and the edtical elgenmodes of A Ag. Ome of the alms of this last step s to check
that the features present In the recomsirucled image are nol arelacis. This can be done by com paring
these features with those of the critical elgenmodes. When there exkis a certain simlitede (et ween these
featums), It 1s then eoommended 10 restart the prooss with a lower resoliution, &0 that the lnal solution
he more sable and reliable.
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Oine-dimensional grid, number of elements in L
Twoedime mslonal gid

Two-dimemsional integer vector
Twi-dimensional angular position variable
Twi-dimensional angular spatial Mrequency
Exiension of the synithesized hekd

Remolution seale of the synthesized feld
Extension of the Fourler domain

Basic Fourler sampling interval

Object grid, Fourler grid

(3lohkal foeguency list

Expermental frequency lst, regularization regquency 1kt
Fourler domain [— A2, Auf'2)

Froguency eoverage 1o be synthesised

Support of tle neat heam €,

Energy eonfinement parameier

Apodized point-spread Tunetion [neat heam)
Insirumental polpi-spread function (dirty heam)
Ohject space, basis lmetions of H.

Oihjeect reprsentation space, Image of E by A
Expermental data space, data space

Welghtimg funetion

Redundancy of w, standard deviation of $(w)
Regularized Fourler sampling operator

Fourler sampling operator on £,, on £,
Projection operator onio E, restriction of A 1o E
Oirlginal object Tunetion, lmage 10 be reconstroe ted
Reponstrocted Image, reconsiruction error on @,
Expermental data, damped experimental data
Regularized data vector

Projection of ¥, onte F, alective ermor on ¥y
Elgenvalue of A3 A, and related elgenmode
HSeparation angle between & e amd O,

Smallest and largest elgenvalues of AL A,

- Condilon mmber of A g
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Chapter 15

Mosaicing

Fréderic Gueth

Mae Planck Institute [fir Radioastronomie, Aul dem Hiigel 69, D-5300 Boon

15.1 Imtroduction

The dirty map F resulting from a normal, single-field imederometric obseration can be deseribed by the
ey 1eatlon:

F=Ds+«(BxI+N (15.1)

where 0 B the dirty beam, B the antenna primary beam, T tle sky brighiness disiribution, ansd N a
noke distribution' . The nterferometer Is only sensitive to the produet of the sky hrighiness distribtion
by the rapldly decreasing lunetlon B, As the molse diEtribution & I8 not aflected by B, any attempt to
correct for the primary beam attemuation (Le. divide the clean map by B) resulis In a sirongly Inereasing
noke. Hence, the primary beam attemsation lmits the size of the reglon It B pessible 10 map with an
Interferometer,

Drise tor the poupling between the recelver horn and the primary mirror of the antenmas (see lecture by
AL Greve), the primary beam B s, to a good approsimation, a gaussian, Tis FWHM [proportional 1o the
ratio of the wavelengih A to the antenna diameter T can therelore be 1sed to define a “eld of view™.
Tahle 15.1 glves the rsulting walues lor the Plateay de Bure Interferometer, or diferent Teguencies. To
map reglons more edended than the primary beam widih, it 1s neeessary to obhserve 8 mosaic of several
adjacent felds. Clearly, due 1o the gasslan-shape of the primary beam attenvation, these felds have 1o
slrongly overlap to ensure a roughly uniform sersitivity over the whaole mapped meglon.

A further complication arlses fom the lack of the shori-spacdings information in the interferometer
data set. Due to thelr dlameter, the antenms canmot be put too close to each other, which resulis in a
minimal measured haseline (24 m at the Flateau de Bure). Even I projection effecis reduee the effective
haselines, a eeptral “hole™ In the data distribution In the we plane canmot be avolded. As a conseguends,
the extended sirpcturs (whose vEIDDtes aw confined In a small reglon In the we plame) are Mtered

'In the following, we will amsume an uniform noke rms, Le. we do not take into account varlabon of the mobe introduced
b the imaging process (see kecture b 5. Gullloteau ).

1h0
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Frequeney  Wavelength  Fleld of View  Largest strscture

(GHz) () () i)
&5 35 3 3
100 3.0 50 3
115 2.6 43 27
215 14 3 14
230 1.3 215 13
245 1.2 e 12

Table 15.1: Fleld of view of the Platean de Bure interferometer: the 15 m dishes have a gassian 1hami-
natlpn, which ylelds a nearly gaussian primary beam. The two groups of Mequences eormespond 1o the
two repelvers that are currently avallable, The last column glves rough esltim ales of the slee of the largest
strpcture which can be ohserved.

out. The largest structure 1t s possible to map with a slngle-Beld Interferomeiric oleervatlon is thus even
smaller than the Held of view, and can he very roughly estimated by the ratio of the wavelength 1o the
minimal haseline [Table 15.1). In the Famework of mosak observations, the short-spacings problem has
however 10 be thought in slightly diferent terms, because it Inirodwees now artifacis on an intermediate
seale (oo Sec. 15.5) hul ako hecause It can, at least In theory, be partially solved [Sec. 15.2).

15.2 Image formation in a mosaic

Home Important mosal propertles can be understood by amalyeing the combination of the data direcily
in the we plane. This analysis was first proposed by [Ekers & Rois 1979 The wader ls also referved to
[Cornwell 1984). We consider a source whose lrightness distribution is Iz, ) (where & and mare two
angular eoordinates), and whose “tre™ vislhility (Le the Fourler tramsform of I) B ooted V. A two-
antenna interferometer, whese primary beam ls Bz, ), will measure a vEibility at a point [w,w) which
may be written as:

Varaslu, ) = f f T Blay) Tz ) € gy gy (15.2)

For an gbservation with a phase center In (2 = 0, = 0) but with & peloting center in (2, i), the
measured vEIDIity (whose dependence on (25,10 18 bere explicitly indicated) b mow:

Varsl 0, 2p, 11p) =ff Biz — 2y, 50— ) Tz, ) e " gy (15.3)

For lurther use, the last elation can also be rewrliten, using the symmetry properties of the primary
beam [

1."'“,‘[1_"1).]_‘?.“3 =B[IP|HIF:|*1F[U|1‘I|IF|FF:I [15'{3
wihere = dengtes a comvolution product and the Tmetlon F s delimed as:
Fluw, 2p,up) = Iz, yp) e 5105431 [15.5)
Mow, Imagine an ideal “on-the-fly™ mosak experiment: for a glven, fixed [uw,v) polnt, the polnting
eenter s eontimeously modified, and the variation of the visibility with (g, i) can this be monitored.
Then, the Fourler transiorm of Ve with mespect 1o [2p, e ) gives [Irom equation 15.4):
[F Ty (Vi )] (140 ) = Tl ) Vi + 1ty 0+ ) (15.6)

where:
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# FT, denotes the Fourler tramsform with mspect 10 (25, 1) and (ug, v ) are the conjugate varlables
Lo (2, dtp).

# [FTp(Vine )] (1p, 1) I8 the Fourker tramsform of the ohservations.

* Tluy, w,) is the Fourker tramsform of the primary beam Bz, u,). T 6 this the transfer funetion of
each antenna. For a dish of diameter T, T fug,wp) = 001 .';ug +u3 = DA

& Vw4 up, v+ i) Is the Fourler transform of Flu, o, 2p, i) with mespect 10 (£, 5p). Indeed, F k the
product of the sky brightmess distribution [whose Fourler translorm s V) by a phase term, and iis
gwn Fourler translom 1s thus slmply ¥ taken at a shified point.

For | ,-'ug + 1.‘1{ < DA, we can thus derive:

T, [V, it
Vi g0 o) = eVl By ty) [T;'::’LL ! (15.7)

ThE relation Hhistrates an imporant property of the experiment we have consldered. The olserva-
tloms were pedomed at a glven (w,v) point but with a varylng pelniing center. Egquation 15.7 shows
that s pessible o derive [rom the data set the visibility Viu+ wp, v +wp) at all [wg, vp) which verily
[u: = u:jlf‘ < A Inother terms, the measirements have heen done at (w,w) bt the redundaney of
the oleervations allows 1o eompute (theough a Fouder transborm and a divislon by tle antenna tm sler
Tunction) the soume vishility at all the polns of & dk of radive T3, centered In [, w).

Interpretation

In very pletorial terms, ome cansay that the adjacent polnting reinforee each other and thereby yleld
a estimate of the spurce vislhility at unmessured polnts. Note however that the resuliing image gquality
Is mot going to he drastically Inereased: more Information can be extracted om the data, but a much
more extended region has pow to be mapped®. The redundancy of the oheervations has only allowed to
rearrange the information In the wi-plane. This s nevertbeless exiremely Important, as eg. it allows the
estimate part of the missing shori-spacings (zee bhelow).

How & It possible 1o recower unmeasured spacings in the wi-plape? It ls actualy obyvios that two
antennas of diameter T, separated by a distanee B, are sensitive to all the haselines ranging om B - T
to B+ D The measuped visihiliiy is therelore an average of all these basellmes: V.. 18 actwally the
convolution of the “true” visibility by the tramler lunetion of the antennas. This is shown by tle Fourler
tramlorm of equation 15.2, which yields: Viee = T+ V. Now, Il the pointing center and the phase oonter
differ, a phase gradient Is introdueed across tle antenna apertures, which means that the transfer Tumetion
is affected by & plase term. Indeed, the Fourler transform of equation 153 yields:

Vies[w,0) = [T, ©) n-*“'“:-"h'] * Vi, v) (15.8)

Henee, the measured visihilities are (still) a linear eombination of the “trie™ visbilitles, Measurementis
performed in varius divections (zp, i) glve many sueh lpear eombina tions. One can this expect 1o derive
from this limear system the indilal visihilites, in the haseline rapge [vom § — T o B+ T Equation 157
Just shows that a Fourler tmmslorm allows to do that.

Field spacing in a8 mosale

In the abhowe analysk, a contimms drift of the pointing ¢center was considered. However, tle same
resilts can be reached 1o the case of a limited mumber of polntings, provided that classical sampling thes-
rems are fulillled. We want to oom pute the viElblity In a inite domain, which extends up 1o £ 4 around
the nominal center, and therefore the pointing centers have to be separated by A /3D (see [Cormwel]l 1988]).

Me have considercd ohservations of difierent direcilons, performed with the same wu coverage. The analysls presented
here shows that such an experiment is somehow equivalent io the observailon of the whale source, but with a different, more

complets wi-coverage.
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In practies, the (gassian) tramfer lunetion of the millimeter dishes drops so fast that one can 1= withoot
conseguences a slightly broader, more eonvenkent sampling, equeal to all the primary beam widih [Le.
1.2 42D,

Mosalcs amd short-spoac lngs

As with any other measured point o the we plane, 1t is possible to derive vislhilithes in a small reghon (a
dik of diameter T A) around the shortest measured haseline. This s the meaning of the statement tlat
mosales can recover part of the short-spacings Information: a mosale wil inclisde (u, v ) poinis corresponding
to the shortest haseline mins T A,

In practios, owewer, things are more complex. First, we have to deal with molsy data. As a consegquence,
1tls not possible to expect a galn ol T A: the transler lunetion T which ls 1sed In eguation 5.7 b strongly
decreasing, and therelore slgna b wo-nolse ratio llmits the gain in the W plane o a smaller valie, typleally
T2 [[Cornwell 19881, Thi Is still a very wmselul gain: for the Platean de Bure Interferomeier, this
correspomds 1o 4 dEtanee In the we plame of 7.5 m, while the shortest (unprojected) baseline 1s 24 m.
Secondly, the analysk deseribed abowe would be ratler dificul to Implement with peal ohservatons.
Instead, ome prelers 1o combing the observed felds to direcily reconsiruct the sky brighiness distribution.
The resulting image should Include the information arking fom the redundancy of the adjacent felds,
among them part of the short-spacings. However, the complexity of the reconstretion and decomaolotion
algorithms that have to be wsed precludes any detailed mathematieal analysis of the stretues of the maps.
For Imstanee, the [umavoldable) decomapluiion of tle Image can also be Interpreted as an Interpolation
process in the wi plane (see [Schware 1978)) for the case of the CLEan algorithm) and its effects can
thus hardly be distingukh om the inirinsic determination of mmeasured vElblites that occur when
mosaleing.

15.3 DMosaicing in practice

Observatlon and calibration

The olservation of a mesale with the Flateau de Bure interferometer and the calibration of the data
do ot present any specific difficuliies. We just mention bere a few praciical remarks:

# As ghown In the previous paragraph, the optimal spacing between adjacent felds s hall the primary
heam width. Larger separations can be used (eg. to map larger feld of view In the same amount
ol tlme) but the Image recomstrection s mot optimal in that case. Note that § the two weelvers are
imed slmidtamemesly, the Held spacing has o be adapted to ome of the Tegquencies, which resulis in
an ovier- or indersampling lor the other ane

# Even I thk Is not formally required by the reconstirection and deconvolution algorithm deseribed
in the following sectlon, it seems gquite Importan toemsure similar olserving conditions for all the
pointing centers. Ideally, one would want the same nolse level In each feld, 50 that the poise in the
final image s uniform, and the same we coverage, to avld strong disere pancles (In terms of angular
resqlution and Image artifacis) hetween the different paris of the mosale. To handle these constraints
in practiee, the felds are olserved In a loop, each one during a few minetes (similarly to sna pshot
oheervations of seviral spurees): benee, atmospherie conditions and wi coverage ame similar for all
the flelds.

# Inmost cases, 8 mosale will mot be observed during anamount of time slgnificantly larger than normal
projects. As the oleerving time I8 shared hetween the different polnting centers, the sesitivity of
each Individual ld s this smaller than what would have been achleved with ormal single-field
pheervations. Note however that the sensitivity 1s further Increased in the moesale, thanks to the
sirong overlap hetween the adjacent Belds (see Fig. 15.1).

# The maximal number of flelds 1t 18 possible to olserve In a mosale ls limited by olservational
consiralnis. The fields are observed In a loop, one after the other, and to get a reasonable o
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coverage within one transit, only a llmited pomber of fields can be olserved. With the Plateau
de Bure interlerometer, the lmit seems to be around 15 Helds. Mosalcing even more flelds wondd
probahly require some other approach (eg. mosale of several mosales). Finally, a potential practical
limitation & the disk and memory slees of the computers, as mosalcing reguims o bandle very large

Images.

# The calilbration of a mesaie 1s stricily dentleal with any other observation performed with the
Platean de Bure interferometer, as only the olservations of the calibrators are wsed. At the end of
the callbration process, a wid tahle amd then a dirty map are eompited lor each polnting eenter.

Mosale reconstruction

The point Is now 1o recomstract a mosale oom the obaervations of each feld, o an optimal way In terms
of slgnal-to-polse ratke. Just forget for the time belng the effecits of the convolutbon by the dirty heam.
Each feld i can thus be written: F} = I = T+ N, where I3 I5 the pimary beam of the Interferometer,
gentered In a different direction lor each observation 4, and N B the cormesponding molse distribistion. In
prcilos, the same phase center [Le the same coordinate system ) 1s sed for all the flelds. We are thus in
the ¢lassical framework of several ohservations of the same unkoown quantity I, each one belng affected
by a welghting factor B, The hest estimate of I, In the kast-square sense, B this glven Ty

where the sum ncludes all the olserved fGelds and o; s the rmes of the oke dietribution M. [Mote that
in Eq.15.9 a5 well a5 In the following equations, «; 18 a number while other letters denote two-dimensional
dEtributimns).

Linear va. non-linear mosales

The problem which remains o be address B the deconvolution of the mosale. Thk B actuwally the
main difficulty of mesak Interferometric olservations. Two dilferent approaches have heen proposed (eg.
[Cormwel 1943]):

¢ Limear mosaicing: each Beld s deconvolved using classical technics, and 8 mosale 15 reconstroeted
alterwards with the ¢lean Images, aceording to equation 159

& Non-lnear mosaicing a jolnt deconvolution of all the Belds s performed, 1e. the reoonstruetlon and
the decomlution of the mosale are dome simdtanesusly.

The deppnwelution algorithms are highly mom-linear, amd the two methods aw therelore not eqguivalent.
The st ome Is stralghtlorward to Implement, but the nor-lpear mesaiciog algorithms give much betier
resulis. Inddeed, the combination of the adjacent felds In & mosale allows 1o estimate viEibDites which
wiere ol observed [gee previos paragraph), it allows 1o remove sldelobes In the whole mapped area, and
1t In¢reases the sensitivity In the [large) owverlapping reglons: these effecis make the deconvelution muach
more efflclent.

Non-limear decomwolutlon methods hased on the HEM algorithm have been proposed by |II}5.m well 19&&]3
and |Ha|:]1 et al IM]. As CLEan decomvolutions are uswally applied on Plateay de Bure data, a CLEAN-
hased metlod adapted o the case of the mosales has been developed. The indtial dea was pooposed by
F. Viallelond (DEMIBM, Paris) and 5. Guillotean [IRAM), and the algorithm 1 mow Implemented in the
MaprpiyG soltwane.
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15.4 A CLEAN-based algorithm for mosaic deconvolution

The dirty mosalc
The dirty maps of each feld { are computed with the same phase cemer (Le the same opordinate
system ) and can therelore be written:
Fi=Dy (B = I+ N [15.100)

Note that the dirty beams [ are a priord different lor each polnting center, hecase the we coverages, even
il similar, arve slightly different. The dirty mosak J can then be comstructed according 1o egquation 15.9:

_Z:%;E! _Eﬂiﬂi_?[ﬂi*[ﬂixf:l-l-!ﬂ]

S L2

Thk relation is homogeneous to the sky hrightness ditribution : the mosalke I8 corrected for the primary
beams attenpation. In practice, a slightly modifed mesalc s computed, In order to avold noke propagation
(1t makes no sense 1o add o the center of & feld molse coming from the external, attensated reglons of an
adjacent feld). For that pumpose, the primary beams used 1o constrict the mosale are iruncated o some
value, typically 10 to 3% of the maximum. The mosale Is thus defined by:
i
; %F 3 Bla [ﬂ,- *(B; % T) +:~:—]

where I denotes the trmeated primary beam of the feld & This relation s the measurement eguation
of & mosale, conmeciing the ohserved guantity J 1o the sky brightness diswibmion I {equation 15.1 was
ihe measurement equation of a single-feld ohservatlon).

J

(1511}

T (15.12)

MNolse distributhon

D to the comecilon for the pAimary heams attenuation, the noke ditribution in a8 mosalk 8 ot
uniform. From Egq.15.12, it can be written:

v E,- Bla " N

N = Z e [15.13)
Ageordingly, the ms depends on the pesition and s ghwen Ty
1|,l' S -'B-f "1'_2
ay : [15.14)

1
EB.J{JE,'_? ‘I‘{Emiﬂ'i—u‘
The noke this strongly Inereases at the edges of the mosale (see Fig. 15.1). The nonuniformiity of
the molse lewel with the position makes it Impossible 1o use classleal CLEay methods 10 deconvole the
moeale: the rlsk o ldentily a molse peak as a CLEAN component woildld be too Important. I B this
negessary to ldentily the CLEAN componenis on amptler dstributon. For that purpose, the “slgnal-to-
noke™ ditribution ls computed:

J E Bla R,

H — _ =
[} ,li :B_:uﬂ':l
S Bla? [D,—t[B,—xJ’jl+."h‘,-]
le.: H i (15.15)

VX B
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Figure 15.1: One-dimensional mosale of 10 hall- power owverlapping felds, with dentical noke level o,
[Loweer panel:) Normalized primary beams, iruncated to Bag, = (L1 [Upper panel:) Besuliing molse
ditribution (Eq.15.14). The molse rms In the mosale 1 roughly constanm, about 2055 lower than the molss
ol each Individual feld, but strongly Increases at the edges. The two thick vertical lnes Indicate the
truneation of the mosaie done by the algorithm at oy = o /B,

Deconvolution algord thn

The main kea of the algorithm is to leratively ind the positions of the CLEAN components on H
and then to correct the mosale J. The Indtial distributions Jy and Hy are computed fom the olserations
and the truncated primary beams, acoording to eguations 15.12 and 15.15% The lollowing operations have
then 1o be performed at each eration k:

L.
2
3

Find the position [z, ye) of the maximom of H.
Find the value §, of J at the posithon (2,5 )-

Remove fom J the eontribution of a pelnt-like souree of intersiiy 94, located at [z, i) (7 1s the
lop galn, a5 In the normal CLiay algorithm):

3 Blo7® [Di+ [ Byl ) o, ||

Y B

Az, k) denotes a Dirae peak located In (e, e ).

Je = Je_i — (1514

. Dipile same for H: remove the eontribotion of 8 polnt-11ke souree of Intensiy ik, located at [z, g ):

Ei Bla [D,- * [‘r i B2k, e J[n.nj]]

Mote that In the two last relations, the CLEay component 1s mulipled by the trie, not truncated
primary beam [taken at the [z, i) position).

H =H, , - (1517




i CHAPTER 15, MOSAICING

After kmas Herations, the mosale J can themlore be written:

ZB}E;*[D,-#(B,-N [k'f-rjmn.m])]
_ Z,-B?*f::;

Empugh lterations have to bhe perlormed to ensure that the mesldweal He | 15 smaller than some wser-
specified threshold [typlkally 1 to 3). The comparison between Egs 15,12 and 15.18 shows that, within

ihe noke, the sum of the CLEAN components can be ldentiffed with the sky brightness distribution I, As
with the normal CLeay algerthm, the inal clean image s then reeonstructed as:

+ Jen (15.18)

M=C= [E -k AT, m.y] + Tk [15.19)
k=1

where O 1s the clwsen elean heam. The modifed CLeay algorithms proposed eg. hy |C]n.r]¢ 19&'!] ar
|Hl-nm et al 19&{] can be similarly adapied to handle mosaies, the main ldea belng to dentily CLEAN com-
ponents on H and tocorvect J. Note however that the multi-resolution CLeax [Wakker & Schwartz 1988]
canngl be dimectly adapied, as It relles on a linear measurement equation, which s not the case for a
mosale.

The MAPPING software

MarpiyG Is ansuperset of the GRA PHIC soliware, which has heen developed 1o allow more sophisticated
deconvolutions 1o be performed. For instanee, 1t allows to choose a support for the decomvolution [clean
window) or to monltor the results of the deconvoliation alter each lteration. Seweral enhancements of
CrLeay [eg multi-resolition CLEAN) a5 well as the WIPE algorithm [see lecture by E. Anterrien) are ako
awallable. The deconvoliution of 8 mosale has to be dome with Marpivg, The implemented algoriihm
assumes that the molse levels In each Beld are similar (e %i oy = &), whicth & a reasonahle hypotlesk for
Plateau de Bure olservations. In that case, the eqiations of the previous paragrapham slightly simplified:
J B Independent from o, and H ¢an be written as the ratio H' fo, where H' B Independent from & and B
actually 1sed to locallee the CLEAN ¢ompomnis.

We refer to the Mapping Cookbook lor 8 deseription of the Marpiya soliware. Inshort, to decomvalve
musales:

« Create a wir table for each olserved feld. Then, run the UV_MAP task io compuie a dirty map amd a
dirty heam for each feld, with the same phase penter [variable UV SHIFT = YES).

¢ The task MAKE MISAIC 1s used to combine the Gelds to construct a dirty mosale. Two parameters
hawve tobe supplied: the width and the truncation level Bae of the primary beams. Three Images are
produced: the dirty mosaie® { yourfilelmv), all the dirty beams written in thesame file | yourfile heam )
and a e deseribing the positlons amd skes of the primary beams [yourfelobe). The diriyy maps
and beams of each Individiual feld are no longer weed after thke step and can thus be removed I
I PRESATY.

# Thedata kave to e loaded nte the Mappina uffers. This Is dome by the READ DIRTY yourfile. lmv,
READ BEAM yourfile. besam, and READ FRIMARY yourfile. lobe commamds., The latter automatii-
cally switches on the mosale mode of Marpiva [the prompt B now BOSAIC?). From now, the de-
convolution commands HOGEIM, CLARK and 2DI can be ised and will apply the algorithm deseribed
abowe. Use the command BOSATC to switch on or off the mosale mode i necessary.

¢ The clean beam of the Anal Image can be specified by the iser (varlables MATOR amd MINOR ). Oth-
erwie, the clean beam computed from the first Beld will be used. To check i there are difemnces
hetween the varlous dirty beams, just use the FIT @ eommand, which will indicates the clean heam
oo pated Tor the iih Held.

IMare predsely, this file containg the non normalieed mosake ©B) = F. The proper normalkation {sec equation 15.12) s
further done by ihe deconvalution procedures.
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@ CLARK @ 01

Figure 152 Mosale deconvoboed with the CLARK or SDI algorithms. Decpmvelution parameters were
ldentical (with a loop gain 1) and contours are tle same In the two Images. The lormation of stripes does
not geeur when sing the SO algorithm.

¢ The decomlution will se the same parameters as a wspal CLEAN: support, leop gain, maximal
mumber of Hem tons, maximal valie of the inal residual, ete.

¢ In addition, two otler parameters, SEARCH W and RESTORE W, can be supplied. Due to the strong in-
crease of the noke at 11s edges, the mosale has 1o be runcated above some value of oy, and these two
varlahles are 1sed to define ths truncation level (in terms of (o0 fe) ™). More precisely, SEARCH W
Indicates the limit abowve which CLEAN compoments have not o e searched, while RESTOREW In-
dicates the lmit above which the cean image & wot recpmstrected. Defauh walues of these two
pammetes [hoth equal 1o By ) are stoonely recommended. The corresponding truncation 1s shown
in Fig. 15.1.

Tests of the e thod

Heveral tests of the method described in this paragraph have been performed, elther with elserations
[Including the eom parison of Independent mosales oom the same souree) or with simdations. They show
that very satisfactory resulis can he achleved with typlcal Platean de Bure olservations. Interestingly,
MEM deconvolution of the same data set [using the task VTESS in AIPS) seems o glve worse mesulis: thi
s mpst probably related 1o the Imited wi-ooverage oblalned with the Flateau de Bure interferometer, as
compared Lo typleal VEA observations (MEM 1s known to be vilnerahle when there B a relatively small
mumber of visbilities).

15.5 Artifacts and instrumental effects

The behaviour of the mesaleing algorithm towards deconvolution artifacts and for Instnimental effecis can
be studied by ile mears of simulations of the whole mesaleing prooess. The models presented helow
were eomputed with several synthetie sky hrightness distributilons. we coverage of real oleerations were
used [4-anennas CD eonfiguration of a spurce of declination § = 68%). No molse has heen added 1o the
slmulations shown In the Ogures, a0 that pure Instrumental efects can directly be seen.
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- Without short—spacings | - With short-spacings
Reoovered flux = 37% Recovered flux = 62
A P T R R TR

Figure 15.3: (Lefi:) Initial model of a very extended sky brightness distribution. Dotted cdreles Indieate
the primary beams of the simulated observatlon. [Middle:) Reconstructed mesale, without the short-
spacings information. (Right:) Reconstructed mosaie, with the short-spacings information. The eontours
are tle same in the two simulated oleervations.

Siripes

A well-known nstalility of the CLEan algorithm is the formation of stripes during the decomvolution
of edtended structires. After the dirty beam has been subtracted from the peak of a broad featune, the
negative sidelobes of the beam are showlng up as positive peaks. The next terations of the algerithm will
then identify these artificial peaks as CLEAN components. 4 regular separation between the CLEAN com-
porents Is thereby Introduced and ile resulilng map shows ripples or stripes. [Sieer et al 1984] presented
an enhancement of CLEAN [command SDI in Marpiva) which prevenis such coberent errors: the OLEAN
com ponents are identified amd removed in groups. As mosaies are precisely observed to map extended
soumes, the formation of stripes can o priord be expected. Indeed, the algorithm deseribed in the previous
paragraph presents this instability. Fig. 15.2 shows an example of the formation of such ripples. To make
them appear so clearly, an unrealstic loop gain (v = 1) was used. But the algorithom of [Steer et al 1984],
adapted 1o the mosales, des not result In these stripes, even with the same loop galn It seems thus 1o
b a very efficient solution to get rid of this problem, if it should oeeur. Note however that more realstie
slmulations, including nolse and deconvalved with normal leop gain, do mot show stripes foemation. This
kind of artifacts seems thus not to play a significant role in the image quality, for the nelse and contrast
range of typieal Plateay de Bure ohservations. In practice, they are never oleerved.

Short spacings

The missing short spacings have potentially strong effects on the recomstructed hrightness distrilitions
in a mosaic. In each feld, the mest extended structures ave ftered out, which thus intreduces a lack of
information on an intermediate scale as compared to the siwe of the mosaie. As & conspgquence, a very
extended emission ean be split Into several pleces, each one having roughly the siee of the primary heam.
Thi effect can be very well seen on e simulatien presenied In Fig. 15.3. Should thk problem eceur,
the only way te get rid of it Is to add the short spacings Information [deduced typically from single-
dish observations) to the data set. Note however that the effects of the mising short-spacings on the
reconstricted mosalc strongly depend on the actisal wi coverage of the oheervations, as well as on the she
and morphology of the source: 1he artifacts can be small or pegligitle I the olserved emission Is confined
into reasonably emall mglons. From this point of view, the example shown in Fig. 15.3 repmsents the
WOTEL Case.

In any case, CLEAN Is known to be not optimal to decomvolve smooth, ectended structures. In onder
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Mode=l
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Figure 15.4: Simulations of a 10-felds mosale olserved with the Platean de Bure interferometer. Each
fleld is affected by a polning error [see text). The corpesponding rms are indieated In the lower lefi
[olserations performed at 115 GGHz) and lower right (230 GHz) corners of each panel.

to partlally alleviate this problem and the effecis of the missing short-spacings, |“’.a.kkm & Schwartz 19&“,]
pmposed an enhanced algorithm, the se-called multi-resolution CLEay: deconvolutions are perlormed at
low- amd high-resolution, and the resulis are pombined to reconstruct an Image which then acopunis lor
the extended structums much beiter than n the case of a elassical CLEAN deconvoluton. As aleady
quited belore, this algorithm cannot be applied 1o a mosale, becayse 1t relles on a linear measure ment
eguation. 4 multkresolution CLEax adapted to mosaics has however heen developed [[Gueth 1997]) and
s currenily im plemented In Mappia, This method will not be deseribed here.

Point ing errors

Polnting ermors dirlng the ohservations can of eourse strongly aflect the images obitalned by mosalclng.
The rms of the polnting errors of the antennas of the Plateas de Bure Interfrometer s about 3. By
eomparizon, the primary beam size at 230 GHz & ~ 22 (Talle 15.1). The pointing errors are difficult
o model preckely: they ave different for each antenna, random ermis as well as glow drifis occur, the
amplitude eallbration partially oorrects them, eie. A complete simulation should therelore Introdsce
polnting ermors durlng the ealeulation of each visihility. For typical Flateau de Bure olserations, such
a detalled modeling I8 probably ot necessary, as the final Image gquality 1s dominated by decomaoliotion
artifacts. To get a fost geess of the Inflence of pointing errors, less realistle simulations were this
performed, In which each feld B shified as a whole by a [ramdom) gquantity. Such a systematic effect
most probably maximies the dBtortions intredeced in the Images. [Note that for a single feld, the
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spuice wiuld slmply he olsarved at a shified posithon in such a slmulation. For a mosale, the artifacis
are different, a5 each Individual feld has a different, random polpting ermor. See |'Eh.mwn]] l!IBT] for a
slmplified amalysis in temns of visihiliiles. ) Flguore 154 presenis typleal recomstructed mosales lor diflerent
rms of the poloting ermors of the Platean de Bure aptenmas. hvimsly, the larger the pointing ermor, the
worse the Image gquality. With a polnting error rms of 3%, reasonably correet mosaks can be reconstrocted
even at 230 GHe. Clearly, care 1o the polnting accuracy has however 1o he exercled when mosalcing at
ihe highest Megquencles.

15.6 Concluding remarks

Mosale oleerva tlons are now routinely performed with the Platean de Bure Interferometer, at both A 3 mm
and A 1.3 mm. Data processing reguines a lew more operations than mormal observations, bt does mot
pesent any speciiie diiculies Beconstreetion and deconvelution algorithms are avallable Inthe Marpina
sofltware. The mumber of mosales actuwally observed with the Plaean de Bure Interferomeier regulady
increased during the last years. For the last oleerving period, it amounts about 40% of the mapplng
pmjects (the fractbon of ohserving time used lor mosales B much lower, as many time- consuming detection
pmjecis are also perlormed ). The number of fields are 1sually < 6, but can he more Important n some
casps: the largest mosale observed up to mow (September 1 998) has 13 Helds.
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Imaging in Practice

Stéphane Guilloteau

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

16.1 Visunalisation

Conirary o the lower bequencles where contlmium emission processes are dominant, mm Interferomeiry
most frequently deals with spectral lines, amd hence lmaolves handling and display of data cubes, Only a
few astronomy packages have been designed lor this: Gipsy, Giunas, Mirian, Altheough the presentation
which lollows B general engugh about the principles je.g. for the nolse analysls or fux demsity measume-
menig), I will pnly present the took which are currently avallable In GGiipas, Within Giipas, two display
tonls are avallable:

= The GGRAPHIC program

= The MviEW task

In GRrapHe, easy display 15 avallable using the Iolowling commands
- MAP, for slmple chanme] comtour maps
- BIT, same with overlaid colr hit map
- WICE, with clean beam in addition
- PiE, for Position-Yeloeity plots
- SPECTRE, for maps of spectra.

Easy aceess 1o the parameters of these procedures 1s avallable throwgh the Windowling Interface. G RAPHIC
also provides acoss 1o all Image processing tasks such as UV MAP, UV_STAT, CLEAN, eic.., and flexible
conirok for pullication gquality plos.

Task MV IEW provides a diferent approach. It s a Window hased application which provides simple,
Intidtive, amd fast Interaciiee 3D data eube display. It provides specirum diplay at eursor pesition, slipes,
moments, movie eatures, color manipulation, ete ... [t ako has a divect Interface tosome Important tasks
(g, moments evaluation, subset extraction) for which interactively selecting parameters ising mouse
motion B comvendent. Howewer, eontrary i GRAPHIC, 1L cannol be ostombed 1o produce publication
qualily Images.

171
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Figure 16.1: Mustration of the difficulty to deconvolve 8 weak, extended strocture. In this 1-D e mple,
hall of the fux B In the extended stmicture, and cannot be eeowered properly by decomaplution hecause
ol low signal to moise.

16.2 Photometry

16.2.1 From Flux density to Brightness temperature

The unit of the dirty map s 1] defiped. A single polnt souree of 1 Jy appears with peak intensity of 1. B
i mupre than 1 polnt seuree I8 In the Held of view, the combination of pesitive or negative sldelobes from
the piher source modily the result. It B this necessary to deconvelve. Aflter deconvelution, the heam
area B well defined: the CLEAN map unit I8 Ty per beam amwa.

The conversion 1o hrightmess temperature can then be done 1sing the standard equation

2441,

5, = S Ts [16.1)
Tag®

= dwgaa® \16.2)

for GGaissian beams. GO MAP and Iis varlanis automatieally display the Jy /K ¢onversion [actor ment lomed
abgve. The Integrated D density In a user defined area can then be computed on the clean map using
eommand GO FLUX.

16.2.2 Accuracy of Flux density estimates
The accuracy of Hix measirements s Hmited by several lactors.
Deconvolution Errors amd Misaing Flux

Deconvolution Imits are among the most Importanmt. Decomvolution ls reguived [see Chapter 13),
but 1t 15 impessible o decomalwe weak structhures near the noke level. Neverileless, these strioetures,
when sufliclently edended, can eoniribute to a slgnificant e The relevance of the missing fux to the
astromomical Interpretation Is to he declded by the astromomer. In most cases, howewver, the missing
e does ot correspond 1o any significant brighiness, and lis absenoe may not modily the astronomical
Interpretation. A schematle Musiration ls ghven In Filg 16.1: hall of the fux 1z burled In the polse, b



6.2, PHOTOMETRY 173

the brightness I8 measured properly [within the statistical error). Note also that Wiee oflers an upper
limit to the nolse amplfication Iactor due to the non lear decomaolutlon proeess. This upper limit &
alten diseouragingly large lor the rather poor dirty heams provided by current mm arrays (4 or § B mot
umsualj

Com paring the recoversd iz toasingle dsh measirement can help you In estimating the corresponding
hrghiness level amd evaluate whether this s Important n your astronomical case. To convert Trom s o
hrghiness, the characteristle slze of the missed i should he sed. This I8 in between several synihesized
heam widils and about hall of the primary beam. Alihopgh in general the problem is not as severe as one
wipitdd think [becase, unfortunately, one ls often slgnal to nolse limited), this 5 an Important information,
specially In the case of mosales.

Seeing

A second Important effect which affecis Qix density measurements 1s the seelng. Seeing mesult In an
underestimation of Polot soume e, On the other hand, the total fux B spread over the seeing dik,
and B In principle conserved. Insufliclent seelng conditions Dmit the deconvolution procss, sinee the
allective sy miheslsed beam [which should Include atmospheric phase errors) Is slgnificantly different Trom
the theoretical sypilesised beam [(computed om v coverage and welghts). A good check 1s 1o make an
Image of the two calibrators, and measure the corresponding polnt souree e and apparent slee.

Molse estlmate

Finally, ile noke should bhe estimated. G0 RS glves the sigma of the iImage lie density distribotion.
Thi Is an Improper estimate, slnee it ncludes any possible signal, all spectral channels, and map edges
wihere the molse level Increases die to allasing and gridding. A better estimate, derbved om effective
welghts, s In principle glven by task UV STAT. However, this estimate does not take Inbo acoounl possl-
ble decomvolution problems or dynamie range limitations due 10 atmospherie phase nolse. The optimal
pmoedure Is to use command GO FLUX on an emply area of the Image 1o find owi the polnl souree rms
noke, The precsion of the estimate B limited by statstical uneertainies Inked to the number of beams
i the area. Then, apother G0 FLUX oommand on the emission area will give the total fux and momber of
independent beams, n; ibe rms on e total Tiee Is % times the polnt source rme determined by the G0
FLUX ¢ommand applied toan empiy reghon. Another good method to determine the nelse level [yet to he
implemented as a WOISE procedure ... ) would be to bulld the histogram of the ploel values and it a
Gasslan to it I souree structure only eowers a small fmction of the Image, this metlod provides a good
estimate.

Primary beam

Cie shontld emphasisze that primary beam eomection ls essentlal in any correct los density estimate.
ATl Image plane analysk should be carried out on a primary beam oorrected Image. This Introdsces a
slight complication, sinee the nolse level 1s then not unilorm. The GO FLUX commands discussed belore
ghould be applied in reglons of similar extent and location vi-a-vis the primary heam (g).

wir plane analysk 15 also exiremely uselul both in measuring Integrated Dix densites and ms mlse
level, at least for simple, relatively compact, souree models. Task U FILT provides statkileal errors for all
parameters of the [t Primary beam eorrectlon should be applied & posteriod, hased on the location of
the region of Intemst.

Diymamic Range

As mentioned above, the dynamie range may be a Imitation. The dynamic range D E defined as the
ratipol the peak Imtensity to the lowest “hellevable™ eontour. 0 s obvlously lower than the signal to mlse
ratip. Tt can he estimated as the alsolute wlue of the peak to maximom negative contour ratio. As sual,
map edges should not be ncluded 1o this evaluation. Dynamic range s related to seelng and callbration
errore. It s typleally 10 1o 40 at Platean de Bure (I slgnal 1o molse ratio allows). Ervors should inclisde
dynamle range eflects.
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Flux density acale

Finally, remember that the M seale s determined by bootstrapping e of [varlable) guasars Trom
that of relerenee sourees. Any errors accumulated In this proeess mist be tramsferred to the soume fux
estimate.

In summary, fux denslty estimates should gquote erpors which nclude

» Effective thermal molse

» Dymamk range prohlems

« Relative [ealibrator) i wneerialoty

» Absolite flux seale uneertainty OR reloence D seale.

« Primary heam oorrection

16.3 Short Spacings

Extended strsciure ame mesed, attensated or distorted In Interfemmetrie maps by lack of short wi spacing
Inlgrmation. While this effect may bhe negligibhle lor some astronomical problems, 1t oould also be essential
i a proper analysis, Deeonvolition recovels some of them, bot under-estimate the total B because the
integral of the dirty beam Is gero (the integml of the dirty heam kB the welght of the (0,00 Wi cell n the
wir data set).

Constriaciing & heam with & non zero integral can belp deconvolution. ThE can be dome by neorpo-
rating the Tero apacing Qi or specinim.

Short spacings provides even more infomation, becase they give Information on tle spatial disirl-
butlon of this fux on seales between hall the primary beam amd the primary beam fsell. Short spacings
can be provided by a smaller interferometer (e.g. BIMA) or a large single dish [egg. 30-m). In theory,
st spacings can also be provided by tle Interforometer antennas ueed in slngle-dish mode. Howewer,
hecaise most Interferometer have ot been deslgned with total power stability as a goal, ths has pot heen
praciioed so far.

Incorporating short spacings into interferometer data 1s a two step propess. Task UV SINGLE exiracis
short spacing nformation fom single dish data (spectra) amd creates a wi tahle. Task UV MERGE merges
the simgle-dish amd Interferometer tahles, Coordinates system should he conskient and checked belore
[opordinates are always JHNEUD at Platean de Bure, often BI9SL0 at the other ohservatories. .. ).

16.3.1 UV SINGLE
Ineorporating short spacings rom the 30-m lnto Platean de Bure data s a 3 step prooess {or tle wser.

» Creation of a table of spectra
First, one should resample [In equency ) all specira to same Mmequency grid than nterferometer
data, using command RESAMPLE In CLass). Then a table of specira 15 pmduced using command
GRID [with moe optlons) in CLass.

» [mage creation
The mext step ls the ereatlon of “well behaved” map fom the table of specira. It staris with
resam pling (in space) on a regular grid by a convoelution kermel (Interpolation technigues such as
the G REG eommand RANDIM MAP are Inappropriate). Welghts are also resampled. Then, we lollw
by extrapolation to sero outslde the comvesx hid]l of the ma pped reglon, 1sing a kermel twlee broader
than the single-dih heam, 1o aveld Introdeeing spurious sirsetone,

Becase of molse, the map stlll contalns spurios high spatial frequencies. These are removed during
the wir table creation, The algorithm steps are

— Bourler translorm of map and welght Images
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Division by Bourler Tmmslorm of the single-dish beam
Cridding comection (division by Fourler Translomn of the gridding limetlon)

Truncation tosome maximum we dstance [ < dish diameter)

— Inverse Fourler Tramslorm back to image plame

Multiplieation by primary beam of the interlemometer
Fourler Tramslorm io e plane

— Mormalization of the welghts a0 that the sum of welghis 1s the welght of the toial D (derbed
Trom integration time, bhandwidih and system tempers ture).

— Oiptional application of an amplivude scaling factor.
— Qptional application of & welght sealing factor.

Thi produces a wir table with optimal weights in terms of signal 10 neke ratlo for the total B,
and with effective tapering following the single-dih Mumination pattern, ecxept for the truncation
at some Wi dEtance.

» Merging with Interlerometer data
Thee fimal step Is to merge the resulting we table with the Interferometer we tahle. Re-welghting and
re-sealing 1s agaln possihle at thk stage. Note that the cholee of welghting functlon & arbitrary. It
may result In poorly behaved synihesized beams when combined with the Interferometer wi data.
Welghts ¢an be lowered by any arbiirary [actor (Increasing the welghts 18 only allowed i signal 1o
mke B oot an lssme). A good cholee B 1o adjist the welghts so that there s almost mo negative
sldelohe.

16.4 Dirty Tricks

Besides fux density estimate, which, as discussed belom, 1s a mon trivial task, amalyzing speciral line
Images may loree the astronomer to face some really tricky problems. The two most obvios are moment
evaluation and contimmm subiraction.

16.4.1 MOMENTS

The pwest order moment of a spectral Ine data ¢ubes offer very comvenlent ways of Interpreting lmages.
The sero™ order moment Is the Intesrated Intensity, the first order moment he velogity, e second
order moment the liee widilh, While these momenis are lisear combination of the ¢hanmel maps, the
deponvolitbon proecess 1s non lmear. Accordingly, the two operations do ol commuie.

Henee, it ls impossible to recommend degomaalving belore computing the mean intemsity, or summing up
the Individual eleaned chanml maps. Inthe latier, Imitedsignal to mise can prevent proper deeonyvoloton.
In the lormer, weloclty gradienis can spread emBslon over an extended area which is diffleult 1o hapdle in
the decommalution. Cholee can be a matier of trial (and ermis).

T avold Introducing molse, a window In velocity s Important. While noke on the ntegrated intensity
gnly Inereases as the square oot of the windes widil, the efect on the higher order moments ls much
more dramatie, and resulis In non gaissian noke distribution on these varlahbles, A threshold In Intesity B
uselil to prevent spurlos molsy eatiures, The window shoild In principle be plxel dependent 10 allow or
velocty gradients, Smoothing both in the spatial and speciral domaing may belp In obtaining hetter resulis
In moment extraction. A lne Milng procedure (eg. a Gausslan line fit at each plxel) may sometimes he
the best splution (under comstruciion, check later...).

Momenis can be ¢computed using task WOMENTS and displayed using the G0 VELOCITY command in
GrRAPHIC,
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16.4.2 Continuum Subtraction

Contimium subiraction s a related problem. § s in princple meeded to compute properly moment maps.
However, 1t may be completely Impossible, for example In the case of an optically thick lne partially
covering a oontimium souree. Contlmmm subiraction can be done In the Image plane or in the we plame.
wir plane subiraction aveld the mon linearity in the deconwvolutbon, and thereby any amplification of errors
Indueed in this process. Task UV _SUBTRACT performs this operation. Alhough signal 1o nolse on the
continuim s ofien mueh better than on the spectral line, 1t may be advantageous Lo sublract a souree
maodde] rather than the measured vislhilitles; this 15 only true when thermal noke s more Important than
phase molse. Task UV MODEL compute visihilities foom an lnput lmage.
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Basic Principles of Radio Astrometry

Alain Baudry

Observatoire de Bordeawe, BP 89, F-33270 Floirac

17.1 Introduction and Basic Formalism

Modern astrometry alms at im proving our knowledee of celestial hody positions, motloms and dEtances to
a high aceuracy. The quest for aceuracy hegan in the early days of astronomy and 1s st1l continging in the
optleal domaln with mest sophisticated instruments (automated merldian crcles, the Hipparoos satellite
or fture astrometrle space mBslons] as well as in the radio domalin (eonnectedelement Interlerometers
and VLBI). New Instrumental concepis or callbration procedums and Inereased sensitlvity are essentlal 1o
measire highly accurate positions of stars and radio sourees. Poslthons accurate to about one thousandih
to one tenth of an areaeeond have now been obtalned for hundreds of radio sources and Tor about 1000 (080
to one milion stars In the Hippareos and Tycho catalogies respectively

In this lecture we are concerned with some haske princlples of pesition measuremenis made with syn-
thesls radio telesoppes amd with the IRAM interferometer in partieular. More detalk on interberometer
technigues can be found in the lusdamental book of [Thompson et al 1986]. The impact of VLBI in
astrometry and geodesy I8 not dicissed here. (For VLBI technigues see [Sovers et al 1998

W first pecall 1hat measuring a pesition ls a mindimum preveguisite 1o the wderstanding of the physies
of many ohjecis, One eample may be glven for Mustraton. To valuably discss the exciiation of oompaet
or masing molecular 1ine sourees ohserved In the direction of late-type stars and HIT reghons sub-aresecond
position measurementis are required. This & becapse the inner layers of dreumstellar envelopes around
late-type stars have slees of order one arsecond or less and becapse seweral compact HIT reglons have
glzes of one to a few arseconds only, Posiilon information ls crucial to discuss not only the respeciive
Importance of radiative amd collklonal pumping in these line sources bul also the physical asssoclation
with the wnderlylmg ¢entral ob ject.

The gurtput of an interferometer per unit bandwidih at the olserving wavelength A Is proportional to
the quantity

R= fA[EJf[E;.:m[zaﬁE,u.m] (17.1)

by
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where E k& the unit vector toward the observed source, A s the effective antemna aperture, T the source
brghtness, and & the baseline vector of the Interferometer. For an extended source one refers the obser-
vations to the relerence direction ke and supposing that the radiation comes from a small portion of the
sky we have k= k, + 8 where & 1s the position vector deseribing the souree eoordinates. [(Since hoth k.
and F are unlt vectors we obtaln k.8 = (i) The interferometer output s glven by

R=V 1:5[233.5‘,,-'.!. + F) [17.2)
where

Vexp(i#) = f A\ I(F) expli2ab.5)di2 (17.3)

15 the eom ples souree visihility and E[u,uj 15 the haseline veetor projected on a plamse normal to the tracked
divection The ecact delindtion of the haseline eoordinates w and © B given In Secton 17.3.

The astrometry domaln corresponds 1o these cases where the souree visbility amplitude B equal o1
| poini-lke sourees) and the phase provides the souree position Information.

17.2 The Phase Equation

The most Important messurement lor radio astromeiry 1s that of the actual ringe phase of 8 conmected-
element Imtederometer (or similarly the group delay In VLBI). Let & be the angle between the melerenos
direction and the meridian plame of a glven interferometer haseline. The phase 18 then defiped hy

g, = ZaHeln(#) A [17.4)
I the polnt-like souree of Interest 1s oflset by A8 fom the relerence divection tle total phase B
o= aHein(f + AF) A = b+ To oos#) A8 A [17.5)

It k& this clear that measuring an angle or an offset pesition on the celestial sphere hecomes possible only
when all phase calibration problems have been understood and solwed.
Agcpunting lor uneertainties in the baseline and source position vectors the actual plase is

& =3B+ 8H).(F+ ) /A (17.6)

where [ 15 a first approximation of the baseline, Fo the tracking diveciion; B+ 460 and E, + 6F are the
irie haseline amd souree position veciors, respectively. The reference phase B glven by

e = Tl A (17.7)
and, negleciing the term Invalving Jﬁﬁf, we obialn
— gy = Pa(BAE + &8 Fp) /5 (17.8)
We consider all veetor projec tions in the right-handed equatorial system defined by the unlt vectors ay [H =
Gh d=00, 0 (H=0h §=0), ay (4 = %F). H amd 4§ are the hour angke and declination, respectively.
I thiz coordlnate system the baseline veetor § has components (B, By, By and the components of the
reference position E. are glven by (cos(d) sin(H), cos(d) cos[ H),sln(d))
Thee twio Nmiting ¢ases 8k = 0, and dH =0 correspomx to thoee where we elther calibrate the haseline
or determine the exact souree position.
In the first case the source coordinates are perfectly known and by comparing the olserved phase
& with the reference phase ¢, one determines S0 and hence the tree baseline B + §H. The reference
soumees oleerved for baseline calibration are bright guasars or galactle muclel wlose absoliste cpordinates
are agcurately known. The mest highly accurate source coordinates are these of the radio sourees 1sed 1o
reallee by VLBI the International Celestial Relerence Frame [ICRF §; distribution of coordinate errors ame
helow one millarsecond. Howewer, the ICRF catalogue B insufficlent for phase amd haseline calibrations

of millimeter-wave arrays hecaiss most sourees are not hright enough in the milimeter-wave domain. The
IRAM ecalibration souree list s thus a eombination of several catalogues of compact radio sources.
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17.3 Determination of Source Coordinates and Errors

e the haseline is fully calibrated [JB-' = {1} the exact spuree coordinates ave known from the 8 verior
com ponents, These components are lormally deduced om the differential of k.

df = [—sin(d)sinfH)AS — cos(d) cos| H M, [17.9)
—lnl8) ooa [ H ) A8 + cosid) sin [ H) A,
oo 4 )AS)

where MAer and A8 are the right ascemsion and declination offseis n the equatorial system (e = —-AH).
The phase difference 1s then a slmsold in H

% = Bk = Asin(H) + Beos(H) + (17.10)
where

A = —B,sin[d)Ad + Bsos(f)An (17.11)

B = —Bysin(d)Ad — B, cos()Ax (17.13)

C = Byeos(f)AS + o, (17.13)

and C contalns the Instromental phase g .

Measurement of the phase at time Intervals spanning a hroad hour angle interval allows us 1o determine
the three inknowns A, B, and C, amwd hence Ao and Ad and the eact source position. Note that for sourees
close 1o the equator, & and B alone canmot accurately glve Ad. In the latier case, O must be determined
i prder to obtaln AS: this reguires to accurately know the Instrumental plase and that the haseline &
not stricily orlented along the E-W direction [in which case there Is mo polar haselime compoment ).

A synthesis army with several, well calibrated, haseline orientations & thus a powerful Instrument to
determine 4k In practioe, a least-squares analysk Is used 1o derlve tle unkoowns Ao and Ad from the
measurements of many olserwed phases ¢y (at hour angle H;) relative o the expecied phase ¢, This &
obtained by minimizing the guaniity

EiAd — (Asln(H) + Beos(H) + OV with pespeet to A, B, and O whem A = [ — 6,00/ 22, A
oom plete analysk should glve the variance of the derived quantiiles Ao and Ad as well as 1he oorrelation
eI hend..

OF course we ¢ould solve lor the exact source coordinates and haseline ¢componenis slmultamomsly.
However, measuring the haseline components reguires to observe several quasars widely separated on the
sky. At mm wavekngihs where atmospherie phase nolse B dominant thk 1s best done In a rather short
oheerving sesslon whereas the source position measurements of often weak sourees are heiter determiped
with long hour angle coverage. This s why haseline callbration is usually made In separate seslons with
mm-wave conne: ted-element. arrays.

The equation giving the source opordinates can be relormulated In a8 more eompact manmer by wslng
the components w and @ of the baselie projected In a plame normal to the relerence divection. With ©
directed toward the morth and o toward the east, the phase difference s glven by

[ — i) = 2w oos(d) Ao + v AS) [17.14)
Com paring this lormulation to the simsoldal form of the phase difference we obiain

(—B) cos(H) + By sin[(H)) /A (1715
[y eos(8) — sl 8) (B, elnl H) + By eos(H))) /A (17.16)

Transforming the By 3 4 Inio a system where the baseline is delied by lis length B = (B + B+ B1"% and
the declimation 4 and howr angle k& of the haseline vector [defined as Intesecting the northern e misphers)
wie ohiain

By = Bous(d) sin(h), Bs = B cos{d) cos(h), Bs = Bsin(d) (1717
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and

{cos(d) sinf H — h))B/A (17.18)
{eos(d) sin(d) — sin(§)cos(d)cos( H — ) B/A

wihich shows that the logus of the projected baseline vector 15 an ellipse.

In order 1o derive the mknowns Ao and Ad the least-squares analysk ls now performed using the
com ponents wy, i derlved at hour angle ;. In the Interesting case where the phase noke of each phase
sample k constant (this eocums when the thermal molse dominates and when the atmespheric phase nolse &
“Iroeen™ ) one can show that the ertor in the coordinates takes a slmple form. For a single baseline and for
relatively high declination sources the pesition error Is of order o /(24 ,‘,&q[ﬂ,-'.i.jjl where o, k the phase
noke and 1, the mimber of Individual phase measurements. This resull implies (as expected a priord)
that lower formal uneertainties are obtained with onger obeerving times and marmower syntheslzed beames.
OF eonrse the positlon measurements are Improved with several Independent interferometer haselimes; the
precsion improves as the Inverse of the square oot of #ln — 1102 lor o antennas ln the array.

We have shown that for a well calibrated Interferometer the leasi-squares it analysiz of the phase
i the [w,v) plame can give accurate souree opordinates However, the exact souree position could ako
he obtained in the Fourler tramsform plane by searching for the opordinates of the maximum brightpess
tem perature In the souree map, The resulis glven by this method should of eourse be kdentical 1o those
obtained in the [w, @) plane althowgh the semsitivity 1o the data molse can he different.

Finally, it Is Interesting to remind that the polar component of the baselipe does not appear In the
equation of the Tinge Megquency which B deduced fmom the time derivative of the phase. There 1s this less
Infprmation in the inge eguency than In the phase.

1T.4 Accurate Position Measurements with the ITRAM Interfer-
oneter

Let 1= start with two general and simple emarks. First, the phase equation glving the angular ofEet & in
Hee 1T.2 shows that higher pesition accumey (namely smaller values of the angular oflset ) 1s achieved for
smealler values of the ringe spacing A /B, [This was demomstrated above in the case of the least squares
analyss of the w,v data.) Thus, for astrometry 1t 1s desirable to use long haselines and for to go to short
wavelengils, However, the latter case implies that the phases are more diffleult to calibrate especially
at mm wavelengths where the atmospheric phase fuctuations inerease with long baselines, Sensitivity &
always Important in radio astromeiry. For a polnt-Tke or eom pact souree the sensitivity of the array varies
directly as I (nfn — 1)1 where D & tle anterna diameter and 1 5 the mumber of antennas, This the
detection speed varles as I n(n— 1) and bigantenmas are dearly advantageous. Comparison of the TR AR
Seelement array with one of s competitors, (VRO with 6 x 104 m, glws a ratlo of detection speed of
1 gver (L35 In faver of the Plateay de Bure array. [Note also that the sikith amienna In the Bure amay
will increase the detection speed by 5% In addition, the large dihes of the IRAM array are good to
perform guick baselipe amd phase calibmtons; the s anotler ¢lear advantage of the IRAM interberometer
in astrometrle ohservatlons.

17.4.1 Absolute positions

To Ihstrate the poteniial of the IRAM array for astromeiry we eonsider here observatlons of the 5i0)
maser emisslon assoclated with evolwed late-type stars. Sirong maser lipe sourees are exeited in the
w=1,0=2-1 wransition of 513 at 86 GHz and easily observed with the sensitive [RAM array. Because
ol molecular energetic requiremenis [(the vibmitlonal state @ = 1 les some HE0 K above the goound-state)
the 510 molecules mist not be located too much above the stellar photesphere. In addithon, we koow
that tle lmner layers of the shell expanding around the ceniral star have slees of onder ope arcseoond
ar less.  Therelore, sub-armsecomd position accuracy B reguired to locate the 510 sourees with respect
to the underlying star whose apparent diameter Is of order 3050 mIllarsecomnds. For aleolute position
measiremenis one mst primarily:
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& golect long haselines to sy ntheske amall beamwidihs,

« make a highly accuraie haseline calibration obeerving several gquasars selecied for theirsmall position
EITOTE,

» ghserve at regular interals two or more guasars |[phase callbrators) In the Geld of each program siar
Inonder o determing the Instrumental phase and to eorrect for atmospherie phase Duetvations,

& observe the program star over a long hour angle interval, amd use the hest estimate of the stellar
epording tes.

Ohr first aceurate radip pesition measurements of 510 masers In stars and Orlon were perlormed
with tle TRAM array in 1991/195%2. We ouiline below some Important eatures of these oleerations
|E.a|w]r_-.r et al IEEH]. We used the longest E-W bhaselime available at that time, about 36 m, this achieving
beams of order 1.5 1o 2 amseconds. The RF and IF bandpass ealilrations wene made accurately using
slrong quasars only. To monitor the varlable atmosphere above the array and to test the overall phase
stability, we obaerved a minimum of 2 1o 3 nearby phase calibrators. Prior to the souree position analysk
wie determined aceurate haseline components; for the longest haselines the r.me. uncertainties were n
the range (.1 to (L3 mm. The positions were obtalsed om least-square fits o the imaginary part of the
calibmted visibilities. [Note that tle 500 sourees belng stoomg, working in the [w, @) or image plames B
eqqidvalent. )

The final pesition measurement aceuracy mist include all known sourees of meertainties. We hegin
with the lormal ermors related to the data molse. This s due to fnlte signal to nolse ratlo (depending
of course on the souree sirength, the total observing tme and the general gquality of the data); poorly
callbmted Instrumental phases may also play a role. In gur observations of 1991 /1992 1he formal errors
woere argiund 10 to A millarseconds. Secondly, phase ermors arlse In proportion with tle haselise error 85
and the offet between the unit veetors polnting toward the stellar souree and the pearly phase callrator.
ThE phaseerror s S{d—ge) = (A0 [ Mueser— k) )20 /X, Ty pleal values are 8 2= (L2 mm and 8k ~ L0F 37
corresponding 1o phase errors of 37 w0 77, that I8 1o say less than the typical baseline resldual phases, A
third type of aror B Introduced by the pesiton uneertainties of the calibraiors. This B not Importan
here because the accuracy of the guasar coprdimates wsed during the olserations were at the lewvel of one
milliare seeond.

The quadratic additlon of all known or measured errors & estimated to be amund Q07 e 0010, In
fact, 1o be conservative in our estimate of the position accuracy we measured the positlons of mearby
quasars slng amsther quasar in the stellar field as the plase calilbrator. The position ofEets were around
0.1 o L2 depending on the ohserved stellar felds; we adopted (01" 1o (027 a5 our inal position aceuracy
ol 510 sourees. The 510 souree coordinaies are derlved with respect 1o baseline vectors calibm ted against
ditant guasars. They ame this determined in the gquasi-lnertial elerence frame formed by these gquasars.

Finally, it 1 Interesting to remind a wselul ride of thumb which one can use lor astromeiry-type projecis
with any connecied-element array provided that the haselines are well calilrated and the Instromental
phase s stable. The pesiton accuracy we may expect from a radio Imterferometer I8 of the order of
1/10h of the eynthesized heam [ 1/30ih il we are optimistie ). This applies to millimeter-wave arrays when
the atmespherie Huciuations are well moniiored and uoderstend. With baselinee lengils around A0 m
ihe TRAM array cannot provide pesition uneertainties much better than about 0056 — 0L1Y at 86 GHe.
Extenslons to ome klometer would be meomssary to obialn a slgnificant progress; the absolite position
measurements oould then be at the level of 3 milllarcseoonds which Is the accuracy reached by the best
optieal meridian eincles.

17.4.2 HRelative Positions and Self-calibration Technigques

We have measured with the TRAM array the absolute position of the 510 emission soirees associated with
each speciral channel across the entive 510 emission profile. Any spatial strocture melated to the profile
Implies different position offsets In the directlon of the star. Such astructure with total extent of aboot 5
milliarseeoms is ohaerved In several late-type stars. This E confimed by recent VLBI ohservations of 5i0)
embsion in a few stars. VLBI offers very high spatial resolutlon bt poor absolute position measure mentis
in line olservatlons.
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The best way to map the relative spatial strocture of the 510 emEsion 18 to wse the phase of one
relerence feature 1o map all other leatures. Thi specirval sell-calilbration techngue B accurate hecase all
reguene y-lndependent. terms are cancelled oui. The terms related to the baseline or Istruomental phase
unertainties as well as unealibrated atmespherie effecis are slmilar Ior all speciral channels and cangel
out In chanme] o chamel phase differenees. By making the diferonce

(#(1) — $lunr)) (W20) = (BIE() — B.6k{vres) (17.19)

where the 5i0 reference channel 1s at equency e we obtaln a phase difference equation whose solutlon
gives the coordinate offlsels Aafr) and Adv) relative 1o chanmel e, ;. The main limitation In such sell-
calibm tion technlgues comes from the themal poke and tle achleved signal to nolse ratlo SNR. The
angular uncertalnty A# can then be estimated with the simple equation A& = 0504/ B) /SNR. Common
prciioe with eonnec ted-element arrays shows that selection of a reference chanmel 1 mot critical; it mst
be strong o general. Sell-calibration proved to be speossslul with the TR AM amay In several stars amd in
Orlon where we lave obialned very detalled relative maps of 510 emission. Detalled relative maps were
also obtained lor the rare botope ®5i0); this emEksion & nearly 2 orders of magpitude weaker than that of
the maln lsotope.

The relative spot maps obtained with conpected-element arrays do not glve the detalled spatial extent
of each Individual channel. This would require a spatial resolution of about ope milliarcsecond which
can gnly be achleved with VLBI technlgues. Note however that VLBI iz semsltive 1o sirong emission
Teatures while the IRAM array allows detection of very weak emission; thus the two technlgques appear to
he complementary.

With 510 spatial extents ol about 5 mIlarseconds and absoliute pesitions at the lewel of 0.1 aresooond
it Is stll difficult to docate the underlying star. We have thus attempied to obtain simultamemsly the
posithon of ome stropg 510 leature relative to the stellar photosphers and the relative positions of the
Hi0 eourees using the 1 and 3 mm recelvers of the IRAM array. This new dual Trequency sel-calilration
technkyee s stll experimental but spems promising.
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