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The ALMA Phasing Project
• Use the whole ALMA as one single (VLBI) station.
• Large increase in sensitivity (and image fidelity) for mm-VLBI.
• Will reach a few 10s of µas resolution!
• Will improve sensitivity by a large factor.

UV Coverage of Global VLBI at 3mm (ALMA in red)

See Fish et al. (arXiv:1309.3519)
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The ALMA Phasing Project (APP) Team
(Incomplete list)

• Haystack

I Shep Doeleman (PI), Mike Hecht (PM), Geoff Crew, Vincent Fish,
Victor Pankratius, Chet Ruszczyk, Chip Coldwell, ...

• NRAO

I Rich Lacasse, Ray Escoffier, Joseph Greenberg, Bill Shillue, Bob
Treacy, Rafael Hiriart, Matias Mora, ...

• MPIfR

I Walter Alef, Alan Roy, Helge Rottman, ...

• Onsala

I Iván Mart́ı-Vidal, Tobia Carozzi, Michael Lindqvist, ...

..., Alan Baudry (ESO), Mareki Honma (NAOJ), Tomoaki Oyama (NAOJ), Makoto
Inoue (ASIAA), Nicolas Pradel (ASIAA), Robert Lucas (UJF), Neil Nagar (UDEC),
Alejandro Sáez (ALMA), Bernhard López (ALMA) Jonathan Weintroub (CfA), ...
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Linear pol. vs. circular pol. feeds.

• Linear (XY) feeds:

I Allow for wider bandwidths.
I Higher polarization “purity”.

I But tricky parallactic angle corrections.

• Circular (RL) feeds:

I Parallactic angle is only a phase correction.
I Parallactic angle commutes with antenna gains.
I Single-pol. observations can still be calibrated.
I Easier way to detect linear polarization.ALMA antennas have LINEAR feeds!!

I. Mart́ı-Vidal (OSO) ALMA-VLBI polarimetry Bologna mm-VLBI 2015 3 / 10



Linear pol. vs. circular pol. feeds.

• Linear (XY) feeds:

I Allow for wider bandwidths.
I Higher polarization “purity”.

I But tricky parallactic angle corrections.• Circular (RL) feeds:

I Parallactic angle is only a phase correction.
I Parallactic angle commutes with antenna gains.
I Single-pol. observations can still be calibrated.
I Easier way to detect linear polarization.ALMA antennas have LINEAR feeds!!

I. Mart́ı-Vidal (OSO) ALMA-VLBI polarimetry Bologna mm-VLBI 2015 3 / 10



Linear pol. vs. circular pol. feeds.

• Linear (XY) feeds:

I Allow for wider bandwidths.
I Higher polarization “purity”.
I But tricky parallactic angle corrections.

(
Vxx Vxy

Vyx Vyy

)

→
(

cosψ1 − sinψ1

sinψ1 cosψ1

)(
I + Q U + iV
U − iV I − Q

)(
cosψ2 sinψ2

− sinψ2 cosψ2

)
• Circular (RL) feeds:

I Parallactic angle is only a phase correction.
I Parallactic angle commutes with antenna gains.
I Single-pol. observations can still be calibrated.
I Easier way to detect linear polarization.ALMA antennas have LINEAR feeds!!

I. Mart́ı-Vidal (OSO) ALMA-VLBI polarimetry Bologna mm-VLBI 2015 3 / 10



Linear pol. vs. circular pol. feeds.

• Linear (XY) feeds:

I Allow for wider bandwidths.
I Higher polarization “purity”.
I But tricky parallactic angle corrections.

(
Vxx Vxy

Vyx Vyy

)
→

(
cosψ1 − sinψ1

sinψ1 cosψ1

)(
I + Q U + iV
U − iV I − Q

)(
cosψ2 sinψ2

− sinψ2 cosψ2

)

• Circular (RL) feeds:

I Parallactic angle is only a phase correction.
I Parallactic angle commutes with antenna gains.
I Single-pol. observations can still be calibrated.
I Easier way to detect linear polarization.ALMA antennas have LINEAR feeds!!

I. Mart́ı-Vidal (OSO) ALMA-VLBI polarimetry Bologna mm-VLBI 2015 3 / 10



Linear pol. vs. circular pol. feeds.

• Linear (XY) feeds:

I Allow for wider bandwidths.
I Higher polarization “purity”.
I But tricky parallactic angle corrections.

(
Vxx Vxy

Vyx Vyy

)
→

(
cosψ1 − sinψ1

sinψ1 cosψ1

)(
I + Q U + iV
U − iV I − Q

)(
cosψ2 sinψ2

− sinψ2 cosψ2

)
• Circular (RL) feeds:

I Parallactic angle is only a phase correction.
I Parallactic angle commutes with antenna gains.
I Single-pol. observations can still be calibrated.
I Easier way to detect linear polarization.

ALMA antennas have LINEAR feeds!!

I. Mart́ı-Vidal (OSO) ALMA-VLBI polarimetry Bologna mm-VLBI 2015 3 / 10



Linear pol. vs. circular pol. feeds.

• Linear (XY) feeds:

I Allow for wider bandwidths.
I Higher polarization “purity”.
I But tricky parallactic angle corrections.

(
Vxx Vxy

Vyx Vyy

)
→

(
cosψ1 − sinψ1

sinψ1 cosψ1

)(
I + Q U + iV
U − iV I − Q

)(
cosψ2 sinψ2

− sinψ2 cosψ2

)
• Circular (RL) feeds:

I Parallactic angle is only a phase correction.
I Parallactic angle commutes with antenna gains.
I Single-pol. observations can still be calibrated.
I Easier way to detect linear polarization.(

Vrr Vrl

Vlr Vll

)
→

(
e iψ1 0

0 e−iψ1

)(
I + V Q + iU
Q − iU I − V

)(
e−iψ2 0

0 e iψ2

)

ALMA antennas have LINEAR feeds!!

I. Mart́ı-Vidal (OSO) ALMA-VLBI polarimetry Bologna mm-VLBI 2015 3 / 10



Linear pol. vs. circular pol. feeds.

• Linear (XY) feeds:

I Allow for wider bandwidths.
I Higher polarization “purity”.
I But tricky parallactic angle corrections.

(
Vxx Vxy

Vyx Vyy

)
→

(
cosψ1 − sinψ1

sinψ1 cosψ1

)(
I + Q U + iV
U − iV I − Q

)(
cosψ2 sinψ2

− sinψ2 cosψ2

)
• Circular (RL) feeds:

I Parallactic angle is only a phase correction.
I Parallactic angle commutes with antenna gains.
I Single-pol. observations can still be calibrated.
I Easier way to detect linear polarization.(

Vrr Vrl

Vlr Vll

)
→

(
e iψ1 0

0 e−iψ1

)(
I + V Q + iU
Q − iU I − V

)(
e−iψ2 0

0 e iψ2

)

ALMA antennas have LINEAR feeds!!

I. Mart́ı-Vidal (OSO) ALMA-VLBI polarimetry Bologna mm-VLBI 2015 3 / 10



ALMA polarization for VLBI

Roy et al. (2013). APP polarization White Paper

Final strategy is

• Record X/Y phased-up streams at ALMA.

• Record RCP/LCP streams at the other stations.

• Cross-correlate all polarization products (i.e., visibilities in
mixed-polarization basis): X/R, X/L, Y/R, Y/L

• Convert to pure circular basis (RR, LL, RL, LR) after correlation.

The main advantages are

• Minimum hardware implementation.

• Flexibility for post-processing.

• Easy adaptability for future X/Y-based stations.
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Mixed-polarization correlation (with phased array)

Each ALMA antenna has independent corrections in the X/Y base, but all streams are
added equally.

• V obs
�+ =

1

N

N∑
i

V cal
�+ K i

+, where K i
+ is the overall gain matrix for antenna i (i.e.,

with bandpass, amplitude, and phase corrections).

• K i
+ =

 B i
x 0

0 B i
y

×
 1 0

0 e jαi

×
 1 D i

x

D i
y 1



• K+ =

 〈Bx〉 〈Dx Bx〉〈
Dy By e

jα
〉 〈

By e
jα
〉

 so that V cal
�� = V obs

�+ (K+)−1 C+�

• Conversion fully implemented in our software, PolConvert.
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Simulation results. Unpolarized source

• 10 ALMA antennas (XY basis).

• Different X/Y gains (BP, G, K,
and D) in each ALMA antenna.

• 1 VLBI station (RL basis).

• Realistic simulation (thermal
noise, signal quantization, etc.)

• Simulation output:

I ALMA cross-products
(MS).

I VLBI fringe (FITS-IDI).
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Tests with real data I: Onsala-Effelsberg at 86 GHz

• Performed during a GMVA fringe test on May 2014.
• Removed the quater-wave-plate at Onsala.
• Onsala recorded on XY base and Effelsberg in RL base.
• DifX computed the mixed-polarization visibilites.
• PolConvert was used to convert visibilities to pure circular basis.

Thanks to COST Action MP1104 for travel support to MPIfR!
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On-Eb mixed-polarization fringes
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On-Eb final pol-converted fringes
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Conclusions

• With the ALMA Phasing Project (APP), ALMA will be used as one single
mm-VLBI station. A key element of the EHT.

• We must solve essential problems for APP to succeed: real-time phase corrections,
different time sampling, and polarization compatibility.

• We have developed an algorithm for the calibration/conversion of visibilities in
mixed (linear/circular) pol. basis. Gain, bandpass, and leakage corrections from
the different phased antennas are considered.

• We have implemented this algorithm in a program, PolConvert.

• We have tested PolConvert with simulations and real data (mixed-pol VLBI and
preliminary APP fringes).

• The VLBI visibilities are converted satisfactorily into a pure circular basis.

• A similar strategy can be applied in future wide-bandwidth VLBI observations.
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• A similar strategy can be applied in future wide-bandwidth VLBI observations.

THANKS!
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Simulation results II. Linearly polarized source
Stokes parameters (Jy): I = 1.0, Q = 0.1, U = 0.0, V = 0.0
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Simulation results III. Circularly polarized source

Stokes parameters (Jy): I = 1.0, Q = 0.0, U = 0.0, V = 0.03
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On-Eb quick pol-converted fringes
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Tests with real data II: ALMA Phasing 100 GHz

• These are the first phasing tests at ALMA. Very preliminary results.

• Phased-up three antennas.

• Cross-correlated individual antennas among them and to the phased
signal.

• DifX computed the linear-polarization visibilites.

• PolConvert was applied twice to convert visibilities to pure circular
basis.
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First Phased-ALMA fringes!

Phased vs. Antenna 1 - Linear
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First Phased-ALMA fringes!

Phased vs. Antenna 1 - Circular
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First Phased-ALMA fringes!

Antenna 1 vs. Antenna 2 - Linear
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First Phased-ALMA fringes!

Antenna 1 vs. Antenna 2 - Circular
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First Phased-ALMA fringes!

Antenna 1 vs. Antenna 3 - Linear
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First Phased-ALMA fringes!

Antenna 1 vs. Antenna 3 - Circular
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First Phased-ALMA fringes!

Antenna 2 vs. Antenna 3 - Linear
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First Phased-ALMA fringes!

Antenna 2 vs. Antenna 3 - Circular
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