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• Some basics: 
• Circular/linear basis 
• Stokes Parameters 

• Calibration 
• Polarization @NOEMA 3mm 
• Polarization calibrators archive

Disclaimer: slight bias 
towards interferometry

IRAM/NOEMA
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Circular and linear basis
(Sub-)Milllimeter antennas: measure orthogonal components of the Electric field.

Linearly polarised wave 
can be obtained by a 
superposition of a R and L 
circularly polarised waves

Circularly polarised wave can be 
obtained by a superposition of 2 
linearly polarised waves with a 
phase difference of 90°

Most heterodyne receivers record signal in a linear basis. 
A polarizer is sometimes used (e.g. a quarter-wave plate) to convert linear to circular
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Polarimetry with circular and linear basis

. Practical: antenna polarizers are naturally 
linear  
. Calibration is more complex (see also mixed-
basis calibration, e.g. VLBI) 
. Better for measuring circular polarization

Advantages and disadvantages

Linear Circular

. Need additional elements for conversion 
liner-circular: 

- more cross-talk (leakages up to 5%) 
- sub-optimal performances in wide 

bands 
. Calibration is easier 
. Better for measuring linear polarization

<latexit sha1_base64="5IlfS4vsZsQIpv7sI7EChq7tMcs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5RE/DoWpeCxgm0jbQib7aZdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYHA4/3ZpiZFyScKW3b31ZhaXllda24XtrY3NreKe/utVScSkKbJOaxdAOsKGeCNjXTnLqJpDgKOG0Hw5uJ336iUrFY3OtRQr0I9wULGcHaSG7dd09Q3X/wyxW7ak+BFomTkwrkaPjlr24vJmlEhSYcK9Vx7ER7GZaaEU7HpW6qaILJEPdpx1CBI6q8bHrvGB0ZpYfCWJoSGk3V3xMZjpQaRYHpjLAeqHlvIv7ndVIdXnkZE0mqqSCzRWHKkY7R5HnUY5ISzUeGYCKZuRWRAZaYaBNRyYTgzL+8SFqnVeeien53Vqld53EU4QAO4RgcuIQa3EIDmkCAwzO8wpv1aL1Y79bHrLVg5TP78AfW5w+unY8Z</latexit>

EX , EY
<latexit sha1_base64="5bEkjJpsqKp+qjMfffRTJzLgH9s=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgQkoi9bEsSsGFiyr2AW0Ik+mkHTqZxJmJUEJ/wo0LRdz6O+78G6dtFtp64MLhnHu59x4/5kxp2/62ckvLK6tr+fXCxubW9k5xd6+pokQS2iARj2Tbx4pyJmhDM81pO5YUhz6nLX94PfFbT1QqFokHPYqpG+K+YAEjWBupXfPuT1DNu/WKJbtsT4EWiZOREmSoe8Wvbi8iSUiFJhwr1XHsWLsplpoRTseFbqJojMkQ92nHUIFDqtx0eu8YHRmlh4JImhIaTdXfEykOlRqFvukMsR6oeW8i/ud1Eh1cuikTcaKpILNFQcKRjtDkedRjkhLNR4ZgIpm5FZEBlphoE1HBhODMv7xImqdl57x8dlcpVa+yOPJwAIdwDA5cQBVuoA4NIMDhGV7hzXq0Xqx362PWmrOymX34A+vzB5GzjwY=</latexit>

ER, EL
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Stokes parameters
We need 4 parameters to characterize the polarisation state of an EM wave: I, Q, U, V

𝞭 = phase difference 
A = amplitude of the Electric field
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Stokes parameters

Degree of linear polarisation

Polarisation angle

Unpolarised intensity 
<latexit sha1_base64="S8uUAzb28M7vtFx4ZZN2u+s4aBM=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSGxUCUVrwWpgoVurUTaSm0aOa7TWnWcYDtIVdSFhV9hYQAhVv6Bjb/BbTNAy5GOdHTOvbLv8WNGpbKsb2NhcWl5ZTW3ll/f2NzaNnd26zJKBCYOjlgkmj6ShFFOHEUVI81YEBT6jDT8wc04bzwQIWnE79QwJm6IepwGFCOlLc88qHgJvIJteS9UWumUTmqajma9Uxp5ZsEqWhPAeWFnogAyVD3zq92NcBISrjBDUrZsK1ZuioSimJFRvp1IEiM8QD3S0pKjkEg3nVwxgkfa6cIgEppcwYn7eyNFoZTD0NeTIVJ9OZuNzf+yVqKCSzelPE4U4Xj6UJAwqCI4rgR2qSBYsaEWCAuq/wpxHwmElS4ur0uwZ0+eF/VS0T4vntVOC+XrrI4c2AeH4BjY4AKUwS2oAgdg8AiewSt4M56MF+Pd+JiOLhjZzh74A+PzB1aklpE=</latexit>

Iu =
p

I2 �Q2 � U2 � V 2

<latexit sha1_base64="P3XH8nKUfbICUu4vjriauwfLtbg=">AAACHHicbVBNS8NAEN3Ur1q/qh69LBZBLyWpnxehKoLHFmwtNKVstpt26WYTdidCCfkhXvwrXjwo4sWD4L9x2+ag1gcDj/dmmJnnRYJrsO0vKzc3v7C4lF8urKyurW8UN7eaOowVZQ0ailC1PKKZ4JI1gINgrUgxEniC3XnDq7F/d8+U5qG8hVHEOgHpS+5zSsBI3eLhdbN2gc+x6ytCEydNKikmigKR2BXMh/3MaaRJPXUV7w/goFss2WV7AjxLnIyUUIZat/jh9kIaB0wCFUTrtmNH0EmIAk4FSwturFlE6JD0WdtQSQKmO8nkuRTvGaWH/VCZkoAn6s+JhARajwLPdAYEBvqvNxb/89ox+GedhMsoBibpdJEfCwwhHieFe1wxCmJkCKGKm1sxHRATBpg8CyYE5+/Ls6RZKTsn5eP6Ual6mcWRRztoF+0jB52iKrpBNdRAFD2gJ/SCXq1H69l6s96nrTkrm9lGv2B9fgMr6aDg</latexit>

EV PA =
1

2
arctan

✓
U

Q

◆

<latexit sha1_base64="QetTws2LdkwT09yEiloS+bVMZYU=">AAACHXicbVDLSgMxFM3UV62vqks3wVIQhDJT6mMjFN3orgX7gE47ZNJMG5rMjElGKMP8iBt/xY0LRVy4Ef/GtB1EWw8EDuecy809bsioVKb5ZWSWlldW17LruY3Nre2d/O5eUwaRwKSBAxaItoskYdQnDUUVI+1QEMRdRlru6Grit+6JkDTwb9U4JF2OBj71KEZKS06+wh0GL6DtCYRjW94JFdd7ZXgMG71yksQ3iZ0rcgf/RJoTzckXzJI5BVwkVkoKIEXNyX/Y/QBHnPgKMyRlxzJD1Y2RUBQzkuTsSJIQ4REakI6mPuJEduPpdQksaqUPvUDo5ys4VX9PxIhLOeauTnKkhnLem4j/eZ1IeefdmPphpIiPZ4u8iEEVwElVsE8FwYqNNUFYUP1XiIdIt6B0oTldgjV/8iJplkvWaemkXilUL9M6suAAHIIjYIEzUAXXoAYaAIMH8ARewKvxaDwbb8b7LJox0pl98AfG5zcN26Cw</latexit>

ml =

p
Q2 + U2

I

Degree of circular polarisation
<latexit sha1_base64="Lp59wtNYmBtMMdbXKhA79B6cYX8=">AAACHXicbVDLSgMxFM3UV62vqks3wVIQhDJT6mMjFN3orgX7gE47ZNJMG5rMjElGKMP8iBt/xY0LRVy4Ef/GtB1EWw8EDuecy809bsioVKb5ZWSWlldW17LruY3Nre2d/O5eUwaRwKSBAxaItoskYdQnDUUVI+1QEMRdRlru6Grit+6JkDTwb9U4JF2OBj71KEZKS06+UuQOgxfQ9gTCsS3vhIrrvTI8ho1eOUnim8TOcQf/JJoTyckXzJI5BVwkVkoKIEXNyX/Y/QBHnPgKMyRlxzJD1Y2RUBQzkuTsSJIQ4REakI6mPuJEduPpdQksaqUPvUDo5ys4VX9PxIhLOeauTnKkhnLem4j/eZ1IeefdmPphpIiPZ4u8iEEVwElVsE8FwYqNNUFYUP1XiIdIt6B0oTldgjV/8iJplkvWaemkXilUL9M6suAAHIIjYIEzUAXXoAYaAIMH8ARewKvxaDwbb8b7LJox0pl98AfG5zcHKqCw</latexit>

mc =
V

I

* Note that in the pulsar community the convention can be different, i.e. V>0 is left-handed polarization  (“PSR/IEEE” convention)
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Calibration

In interferometry:

Bandpass
Gain

Leakages Parallactic angle

Troposphere

We can imagine each antenna’s received signal corrupted from right to left by the different factors

General matrix calibration
<latexit sha1_base64="Jew/SvO13rSI692mVyBp0q3nVLo=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY5kRXxuh6MZlBfuAzlAy6W0bmsmMSUYsQ7/Cjb/ixoUibsWdf2OmLaKtB0IO59zLvfcEMWdKO86XlZubX1hcyi8XVlbX1jfsza2aihJJoUojHslGQBRwJqCqmebQiCWQMOBQD/qXmV+/A6lYJG70IAY/JF3BOowSbaSWfaDwOfYC6DKRxiHRkt0PsWrF2PPMd4s9EO0fo9Cyi07JGQHPEndCimiCSsv+9NoRTUIQmnKiVNN1Yu2nRGpGOQwLXqIgJrRPutA0VJAQlJ+OzhriPaO0cSeS5gmNR+rvjpSESg3CwFSaBXtq2svE/7xmojtnfspEnGgQdDyok3CsI5xlhNtMAtV8YAihkpldMe0RSag2SWYhuNMnz5LaYck9KR1fHxXLF5M48mgH7aJ95KJTVEZXqIKqiKIH9IRe0Kv1aD1bb9b7uDRnTXq20R9YH9+xAJ8c</latexit>

s =

✓
sp
sq

◆
<latexit sha1_base64="WEYvT1J5pVgnR4xUhpGc6gn2Rn0="></latexit>

sobs,i = Jistrue,i = BiGiDiPiTiFisi

Ionispheric Faraday rotation

<latexit sha1_base64="dGOS9MoY8k6PVoRP6Izw2X+kRCQ=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExLxtRGKbsRVBfuANobJZJJOO3kwMxFKyF+48VfcuFDEre78G6dtQG09cOHMOfdy5x43YVRI0/zS5uYXFpeWSyvl1bX1jU19a7sp4pRj0sAxi3nbRYIwGpGGpJKRdsIJCl1GWu7gcuS37gkXNI5u5TAhdoiCiPoUI6kkRzeaTkb7OTyH1w6FQlVVOP2Du6zroSAgPFd6/+fl6BXTMMeAs8QqSAUUqDv6Z9eLcRqSSGKGhOhYZiLtDHFJMSN5uZsKkiA8QAHpKBqhkAg7G9+Vw32leNCPuapIwrH6eyJDoRDD0FWdIZI9Me2NxP+8Tir9MzujUZJKEuHJIj9lUMZwFBL0KCdYsqEiCHOq/gpxD3GEpYqyrEKwpk+eJc1Dwzoxjm+OKrWLIo4S2AV7oAoscApq4ArUQQNg8ACewAt41R61Z+1Ne5+0zmnFzA74A+3jG5ybnwM=</latexit>

Vij = Jisi(sj)
†J†

j
<latexit sha1_base64="Y5en9Hv74hP8aFyQCbX7Vpx/y7w="></latexit>

Vl =

0

BB@

VXX

VXY

VY X

VY Y

1

CCAVc =

0

BB@

VRR

VRL

VLR

VLL

1

CCA
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Calibration - parallactic angle correction
Alt-azimuthal mounting: the telescope feeds rotate with respect to the sky plane, with a 
characteristic angle called Parallactic Angle 

<latexit sha1_base64="5fgKAvNIyDYb9L2FYp9K2jblLoo="></latexit>

Pl =

✓
cos sin 
�sin cos 

◆ <latexit sha1_base64="PTEUrM2z7PcyXTegS6qyklRuAUM=">AAACLHicbVDLSgMxFM34rPU16tJNsFjcWGbE10YoduOygn1Ap5ZMetuGZjJDkhHL0A9y468I4sIibv0O03YQbb2QcDjnXO69x484U9pxRtbC4tLyympmLbu+sbm1be/sVlUYSwoVGvJQ1n2igDMBFc00h3okgQQ+h5rfL4312gNIxUJxpwcRNAPSFazDKNGGatmlcoviK+z50GUiiQKiJXscYrhPjpkXKTbEeexgzzNffsympAei/eNu2Tmn4EwKzwM3BTmUVrllv3rtkMYBCE05UarhOpFuJkRqRjkMs16sICK0T7rQMFCQAFQzmRw7xIeGaeNOKM0TGk/Y3x0JCZQaBL5xmv16alYbk/9pjVh3LpsJE1GsQdDpoE7MsQ7xODncZhKo5gMDCJXM7Ippj0hCtck3a0JwZ0+eB9WTgnteOLs9zRWv0zgyaB8doCPkogtURDeojCqIoif0gt7RyHq23qwP63NqXbDSnj30p6yvbxelpvk=</latexit>

Pc =

✓
e�i 0
0 ei 

◆
If                     for all antennas (small array)  

<latexit sha1_base64="9XivR6WtIGw7HC7pWuHEsZ4I+MA=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m0jFN24rGAv0A4lk2ba0EwyJplCGfocblwo4taHcefbmE5noa0/BD7+cw7n5A9izrRx3W+nsLK6tr5R3Cxtbe/s7pX3D5paJorQBpFcqnaANeVM0IZhhtN2rCiOAk5bwehuVm+NqdJMikcziakf4YFgISPYWMvv1jXrMXSDMihX3KqbCS2Dl0MFctV75a9uX5IkosIQjrXueG5s/BQrwwin01I30TTGZIQHtGNR4IhqP82OnqIT6/RRKJV9wqDM/T2R4kjrSRTYzgiboV6szcz/ap3EhNd+ykScGCrIfFGYcGQkmiWA+kxRYvjEAiaK2VsRGWKFibE5lWwI3uKXl6F5VvUuqxcP55XabR5HEY7gGE7BgyuowT3UoQEEnuAZXuHNGTsvzrvzMW8tOPnMIfyR8/kDmneRWw==</latexit>

 i =  
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NOEMA H and V amplitudes with a polarized calibrator

H polar

V polar

Calibration - parallactic angle correction
Below polarizations are averaged to 
perform the amplitude calibration

H+V 
polar

In the linear basis, also parallel hands vary 
with time/parallactic angle -> affects 
standard calibration as well
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Calibration - parallactic angle correction

VLBI: different parallactic angles between the stations
VLBI uses circular basis (parallel hands not affected by PA rotation), but there are cases of 
mixed polarization when a station has linear receivers 
(NOEMA uses quarter-wave plates to convert linear to circular basis)

Phased arrays or single stations with linear receivers: blind conversion linear to circular is not 
possible (gain errors in X/Y translate into gain-like and leakage-like effects in R/L )

ALMA: PolConvert tool (Marti-Vidal + 2016), reads CASA calibration tables

Single stations: derive gain ratio between the 2 polarization, assuming negligible 
leakages and no circular polarization of the source (sort of self-calibration) 
PolConvertST script to be used in AIPS (no calibration applied before conversion)
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Origins of the leakages: 
– Finite impurities in polarizers 
– Reflections that return in opposite polarization: standing waves 
– Asymmetry in optics 

Dependent on frequency! 

Leakages (instrumental polarization)

<latexit sha1_base64="ZCZLXswre/WxR8OFp4zCrESwkY0=">AAACHnicbVDLSgMxFM3UV62vUZdugkVxVWbEqhuhqAuXFewDOqVkMrdtaCYzJhmxDP0SN/6KGxeKCK70b0wfiLYeCDk591xy7/FjzpR2nC8rMze/sLiUXc6trK6tb9ibW1UVJZJChUY8knWfKOBMQEUzzaEeSyChz6Hm9y6G9dodSMUicaP7MTRD0hGszSjRRmrZxUt8hj0fOkykcUi0ZPcD7OB9jINWjD3PXLfm5WAPRPDjaNl5p+CMgGeJOyF5NEG5ZX94QUSTEISmnCjVcJ1YN1MiNaMcBjkvURAT2iMdaBgqSAiqmY7WG+A9owS4HUlzhMYj9XdHSkKl+qFvnGa+rpquDcX/ao1Et0+bKRNxokHQ8UfthGMd4WFWOGASqOZ9QwiVzMyKaZdIQrVJNGdCcKdXniXVw4J7XCheH+VL55M4smgH7aID5KITVEJXqIwqiKIH9IRe0Kv1aD1bb9b72JqxJj3b6A+sz2+h76Bh</latexit>

D =

✓
0 dp
dq 0

◆

In the linear basis (for d << 1.0): 
– Real(d) = linear polarization orientation error 
– Imag(d) = ellipticity error

Properties: orthogonality 
<latexit sha1_base64="+Mm/3GGgOHdK+5MWTFUtO0bBHU4=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRRCVkoi3jVB047KCvUAbw2QytUMnF2cmQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfO78WcSWVZ30ZhZnZufqG4WFpaXlldM9c3GjJKBKF1EvFItDwsKWchrSumOG3FguLA47Tp9a+G9eYjFZJF4a0axNQJ8H3IuoxgpS3X3PLdND5kGTpAmh403e2jC2S5ZtmqWCOhabBzKEOummt+dfyIJAENFeFYyrZtxcpJsVCMcJqVOomkMSZ9fE/bGkMcUOmkowMytKsdH3UjoV+o0Mj9PZHiQMpB4OnOAKuenKwNzf9q7UR1z52UhXGiaEjGi7oJRypCwzSQzwQlig80YCKY/isiPSwwUTqzkg7Bnjx5GhpHFfu0cnJzXK5e5nEUYRt2YA9sOIMqXEMN6kAgg2d4hTfjyXgx3o2PcWvByGc24Y+Mzx/+vZS8</latexit>

dp,i + d⇤q,i = 0
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Polarisation in interferometry: calibration

Leakages

Additional effects to calibrate for: 
. Cross-phase (phase difference between H and V) 
. Cross-delay (delay difference between H and V) 
. Amplitude offset between different polarizer channels (pathways) 

In the linear approximation:
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Polarisation in interferometry: calibration

Leakages

. About ~1% of the total intensity (typically comparable to Q and U!) 

. Measured (and corrected for) in the center -> the calibration accuracy decreases   
with distance from the center

ALMA: leakages ~1% computed in each channel 
     Min detectable linear polarization of 0.1% for compact sources (within 1/3 of the PB) 
     Min detectable circular polarization of 1.8% (within 1/10 of the PB) 
     Accuracy of polarization angle 1% within 1/3 of the PB, IF enough signal-to-noise! 
     PA coverage of 60 deg per each track (3-4 hours)
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ALMA: linear feeds (X,Y) 
+ full stokes correlator

HH

VV

NOEMA:  linear feeds (H,V), no full stokes 
correlator (cannot process the 4 products 
together)

But H and V can be switched in the 
receiver cabin

Single polarisation: XX 
Dual polarisation: XX, YY 
Full polarisation: XX, YY, XY, YX

Polarisation @NOEMA
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Polarisation @NOEMA

Sponsored by ECOGAL, commissioning/SV from 2022. Kickoff meeting Nov 2023. 

ENYGMA Large Program (PI Maury/Testi) 
Currently observed 11 tracks, about 25 sources (Class0 YSO)

B fields in B335 with ALMA at 100 GHz B fields in B335 with NOEMA at 90 GHz
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ALMA: linear feeds (X,Y) 
+ full stokes correlator

HV

VH

NOEMA:  linear feeds (H,V), no full stokes 
correlator (cannot process the 4 products 
together)

But H and V can be switched in the 
receiver cabin

Single polarisation: XX 
Dual polarisation: XX, YY 
Full polarisation: XX, YY, XY, YX

Switch 
crossed

Polarisation @NOEMA
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No full Stokes correlator: observing strategies

Walsh sequence of 16 states allowing to 
measure the four correlation products (HH, 
VV, HV, VH) on every baseline exactly 4 
times.

1      switch crossed (on) 
-1     switch direct (off)

Generates overheads

Scan cannot be too long because of time smearing

NOEMA polarisation mode: strategy
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Estimated leakages at NOEMA
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Estimated leakages at NOEMA

•  ~ Consistent across 
different tracks 

• Indications of orthogonality 

• Correlations with changes in 
frontend elements (receivers 
swap)

Jan 2024
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•  ~ Consistent across 
different tracks 

• Indications of orthogonality 

• Correlations with changes in 
frontend elements (receivers 
swap)

Estimated leakages at NOEMA

Jan 2025
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Polarisation with parallel products only?  
Yes we can (for point sources)

Trippe et al. 2010
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Polarisation with parallel products only?  
Yes we can (for point sources)

Independent from gain variations

Trippe et al. 2010

We can derive  
. degree of linear polarization 
. polarisation angle

* Note that this is for unresolved calibrators where Q and U are real
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Polarisation with parallel products only?  
Yes we can (for point sources)

We can estimate VH / HV as function of LST from unpolarized (standard) observations of 
sufficiently long tracks (≳ 2hr) 
(necessary to plan optimally the observing strategy, choosing calibrators…)

https://www.alma.cl/~skameno/AMAPOLA/

XY YX correlation for ALMA calibrators
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• Reflections: turn RCP into LCP 
• Curvature of surfaces 

-  introduce cross-polarization 
-  effect increases with curvature (as f/D decreases) 

• Symmetry 
  – on-axis systems see linear cross-polarization 
 –  off-axis feeds introduce asymmetries & R/L squint -> uncertainties on Stokes V 
• Feedhorn & Polarizers 

–introduce further effects (e.g. “leakage”)

Instrumental effects on polarization

Note: Optical effects are the same in linear/circular basis, but response to the electronics effects is different
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EAS 2025 (23-27 June 2025, Cork, Ireland) 
Special Session  

Polarimetry of young stellar objects: 
instrumentation, observations and models 

(including laboratory experiments) 

Deadline for abstract submission: 3 March 2025 
Deadline for early bird registration: 28 April 2025 

Deadline for regular registration: 22 Jun 2025

Conming soon -  EAS 2025

https://eas.unige.ch/EAS2025/session.jsp?id=SS20

https://eas.unige.ch/EAS2025/session.jsp?id=SS20
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Summary

• Polarimetry is not straightforward 
•  Leakages are not negligible wrt the quantities we need to measure 
• For highly polarized sources or highly polarized antennas, one needs to derive absolute 

leakages (physically rotate the feed or antenna) 
• Constraint on the observing tracks (need enough parallactic angle coverage for calibration + 

phase stability) 
• Effects like leakages and beam squint are more severe with increasing distance from the 

center-> wide field polarimetry is challenging
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