The Astrophysical Journal Letters,  910:L14(54pp, 2021 March 20 https?/ doi.org 10.3847 2041-821Babeeba

© 2021. The American Astronomical Society

CrossMark

)46,70 ,
Mark Gurwelf*®, Kazuhiro Had&**°®, Daryl Haggard**°®, Michael H. Hecht®, Ronald Hespér®, Luis C. Ho
( y'273® , Paul Hd®, Mareki Honma**%"#@®, Chih-Wei L. Huan§>®, Lei Huang(  )*®’°®, David H. Hughe¥,

Makoto Inoué®, Sara Issaoth®, David J. Jamé§Z3® , Buell T. JannuZf, Britton Jetet®®, Wu Jiang(  )*°®,
Alejandra Jimenez-Rosalesichael D. Johnsdit?3@, Svetlana Jorstdd’®®, Taehyun Jurif>3®, Mansour Karanfi®®,
Ramesh Karuppusart{®, Tomohisa Kawashinf4®, Garrett K. Keating* @, Mark Kettenié®®, Dong-Jin Kimt®®,
Jae-Young Kim®3’®, Jongsoo Kimi’®, Junhan Kim™33®, Motoki Kino™>’°®, Jun Yi Koay>®, Yutaro KofujP®’*,
Patrick M. KocH®® , Shoko Koyam& @, Michael Kramel®®, Carsten KraméP®, Cheng-Yu Kud>®°®, Tod R. Lauet'®,
Sang-Sung Leé€®, Aviad Levis®®, Yan-Rong Li( )82®, Zhiyuan Li( )8384@ | Michael Lindquist®®,
Greg Lindaht®®, Jun Liu(  )*®®, Kuo Liu*®®, Elisabetta LiuzZ5®, Wen-Ping Ld>®®, Andrei P. Lobanot?,
Laurent Loinar8"®®, Colin Lonsdalé®, Ru-Sen Lu( )184647% Nicholas R. MacDonal§®
Jirong Mao( )B99091%  Nicola Marchilt®8%@ | Sera Markoft>®%®, Alan P. Marschér®, Satoki Matsushif2®,
Lia Medeirod™93®, Karl M. Mentert®®, Izumi Mizund*®, Yosuke Mizun®*®, James M. Moraif>3®
Kotaro Moriyamd®°°®, Cornelia Mulle*®®, Gibwa Musoké**®, Alejandro Mus Mejias*®, Neil M. Nagar°®,
Masanori Nakamura®®®, Ramesh Narayah®>@®, Gopal Narayanah, Iniyan Natarajari">®°®@®, Joey Neilse?’®,
Roberto Neri®®, Chunchong Ni°®, Aristeidis Noutso€@®, Michael A. Nowak®°® , Hiroki Okino>®’#, Héctor Olivares®,
Gisela N. Ortiz-Le6tf® , Tomoaki Oyam¥, Feryal Ozél', Daniel C. M. Palumbd?3@, Jongho Park®®, Nimesh Patéf,
Ue-Li Per("*9%192103% Dominic W. Pesc&2>®, Vincent Piétd®, Richard PlambedR*®, Aleksandar PopStefanija
Oliver Porttf®*>@® , Felix M. P6tzt®® , Ben PrathérP®, Jorge A. Preciado-Lépé®, Dimitrios Psaltis" @, Hung-Yi PU"*>%°@
Venkatessh Ramakrishiia® , Ramprasad R&(, Mark G. Rawlingd'®, Alexander W. Raymorfd?3®,

Luciano Rezzol®%1°"1%8% | Bart Ripperdad®!°%®, Freek Roelofs®, Alan Roger$®, Mel Rosé'®, Arash RoshaninesHdt
Helge Rottmantf, Alan L. Roy*®®, Chet Ruszczy¥®®, Kazi L. J. Rygf°®, Salvador Sanché&?,

David Sanchez-Arguell®%°°@, Mahito Sasad®'*'®, Tuomas Savolainéfi**>**3® | F. Peter Schloef8,
Karl-Friedrich Schust&?, Lijing Shad®’3®, zhigiang Sher( )*647@® | Des Smali®®, Bong Won Sohi38114@ |
Jason SooHd8®, He Sun(  )**®, Fumie Tazak’®, Alexandra J. Tetarenkt®®, Paul Tied&°®,

Remo P. J. Tiland$"**'1%® | Michael Titud®®, Kenji Tomd*"**8® | Pablo Torn&®'1°®, Tyler Trent?, Efthalia TraianotP®,
Sascha Trippe®®, lise van BemméP@®, Huib Jan van Langevel@®'?°® , Daniel R. van Rossuh®, Jan Wagnéf®,
Derek Ward-ThompsdA'®@, John WardI&?® , Jonathan Weintrod62>® , Norbert Wex®® , Robert Whartot?®,
Maciek Wielgué>?3®, George N. Won%® , Qingwen Wu( )*23®, Doosoo Yoof*®, André Yound®, Ken Young>®,
Feng Yuan(  )**"%'2%% | Ye-Fei Yuan( )*2°®, J. Anton Zensu§®, Guang-Yao Zhad @, Shan-Shan zZh46®,
Gabriele Bruni?®®, A. Gopakumal®’, Antonio Hernandez-Gom&%», Ruben Herrero-lllatd*?® Adam Ingram®°®,

S. Komoss&®, Y. Y. Kovalev'®3%31%) | Dirk Muders®®, Manel Peruchd’®, Florian Rosch’, and Mauri Valtonet??
1 Department of Astrophysics, Institute for Mathematics, Astrophysics and Particle RiaiE®), Radboud University, P.O. Box 9010, 6500 GL Nijmegen, The
Netherlandsggoddi@gmail.com
2Leiden Observatory-Allegro, Leiden University, P.O. Box 9513, 2300 RA Leiden, The Netherlands
s Departament'dstronomia i Astrofisica, Universitat de Valéncia, C. Dr. Moliner 50, E-46100 Burjassot, Valéncia, Spain
Observatori Astronoémic, Universitat de Valencia, C. Catedratico José Beltran 2, E-46980 Paterna, Valéncia, Spain
5 Joint ALMA Observatory, Alonso de Cordova 3107, Vitacura 763-0355, Santiago de Chile, Chile
5 Institute of Astronomy and Astrophysics, Academia Sinica, 645'Nh@ku Place, Hilo, HI 96720, USA


https://orcid.org/0000-0002-2542-7743
https://orcid.org/0000-0002-2542-7743
https://orcid.org/0000-0002-2542-7743
https://orcid.org/0000-0003-3708-9611
https://orcid.org/0000-0003-3708-9611
https://orcid.org/0000-0003-3708-9611
https://orcid.org/0000-0002-2985-7994
https://orcid.org/0000-0002-2985-7994
https://orcid.org/0000-0002-2985-7994
https://orcid.org/0000-0003-4056-9982
https://orcid.org/0000-0003-4056-9982
https://orcid.org/0000-0003-4056-9982
https://orcid.org/0000-0002-3351-760X
https://orcid.org/0000-0002-3351-760X
https://orcid.org/0000-0002-3351-760X
https://orcid.org/0000-0003-3903-0373
https://orcid.org/0000-0003-3903-0373
https://orcid.org/0000-0003-3903-0373
https://orcid.org/0000-0002-2367-1080
https://orcid.org/0000-0002-2367-1080
https://orcid.org/0000-0002-2367-1080
https://orcid.org/0000-0002-4661-6332
https://orcid.org/0000-0002-4661-6332
https://orcid.org/0000-0002-4661-6332
https://orcid.org/0000-0003-0292-3645
https://orcid.org/0000-0003-0292-3645
https://orcid.org/0000-0003-0292-3645
https://orcid.org/0000-0001-6993-1696
https://orcid.org/0000-0001-6993-1696
https://orcid.org/0000-0001-6993-1696
https://orcid.org/0000-0002-2079-3189
https://orcid.org/0000-0002-2079-3189
https://orcid.org/0000-0002-2079-3189
https://orcid.org/0000-0003-4190-7613
https://orcid.org/0000-0003-4190-7613
https://orcid.org/0000-0003-4190-7613
https://orcid.org/0000-0002-3443-2472
https://orcid.org/0000-0002-3443-2472
https://orcid.org/0000-0002-3443-2472
https://orcid.org/0000-0001-8685-6544
https://orcid.org/0000-0001-8685-6544
https://orcid.org/0000-0001-8685-6544
https://orcid.org/0000-0001-5606-6154
https://orcid.org/0000-0001-5606-6154
https://orcid.org/0000-0001-5606-6154
https://orcid.org/0000-0002-4892-9586
https://orcid.org/0000-0002-4892-9586
https://orcid.org/0000-0002-4892-9586
https://orcid.org/0000-0001-7361-2460
https://orcid.org/0000-0001-7361-2460
https://orcid.org/0000-0001-7361-2460
https://orcid.org/0000-0002-3728-8082
https://orcid.org/0000-0002-3728-8082
https://orcid.org/0000-0002-3728-8082
https://orcid.org/0000-0001-5287-0452
https://orcid.org/0000-0001-5287-0452
https://orcid.org/0000-0001-5287-0452
https://orcid.org/0000-0001-9503-4892
https://orcid.org/0000-0001-9503-4892
https://orcid.org/0000-0001-9503-4892
https://orcid.org/0000-0001-9283-1191
https://orcid.org/0000-0001-9283-1191
https://orcid.org/0000-0001-9283-1191
https://orcid.org/0000-0002-9475-4254
https://orcid.org/0000-0002-9475-4254
https://orcid.org/0000-0002-9475-4254
https://orcid.org/0000-0002-9371-1033
https://orcid.org/0000-0002-9371-1033
https://orcid.org/0000-0002-9371-1033
https://orcid.org/0000-0003-3457-7660
https://orcid.org/0000-0003-3457-7660
https://orcid.org/0000-0003-3457-7660
https://orcid.org/0000-0002-2200-5393
https://orcid.org/0000-0002-2200-5393
https://orcid.org/0000-0002-2200-5393
https://orcid.org/0000-0003-3090-3975
https://orcid.org/0000-0003-3090-3975
https://orcid.org/0000-0003-3090-3975
https://orcid.org/0000-0003-0476-6647
https://orcid.org/0000-0003-0476-6647
https://orcid.org/0000-0003-0476-6647
https://orcid.org/0000-0002-9290-0764
https://orcid.org/0000-0002-9290-0764
https://orcid.org/0000-0002-9290-0764
https://orcid.org/0000-0002-5108-6823
https://orcid.org/0000-0002-5108-6823
https://orcid.org/0000-0002-5108-6823
https://orcid.org/0000-0002-9030-642X
https://orcid.org/0000-0002-9030-642X
https://orcid.org/0000-0002-9030-642X
https://orcid.org/0000-0002-5929-5857
https://orcid.org/0000-0002-5929-5857
https://orcid.org/0000-0002-5929-5857
https://orcid.org/0000-0003-0077-4367
https://orcid.org/0000-0003-0077-4367
https://orcid.org/0000-0003-0077-4367
https://orcid.org/0000-0002-6530-5783
https://orcid.org/0000-0002-6530-5783
https://orcid.org/0000-0002-6530-5783
https://orcid.org/0000-0002-2322-0749
https://orcid.org/0000-0002-2322-0749
https://orcid.org/0000-0002-2322-0749
https://orcid.org/0000-0002-2556-0894
https://orcid.org/0000-0002-2556-0894
https://orcid.org/0000-0002-2556-0894
https://orcid.org/0000-0001-9240-6734
https://orcid.org/0000-0001-9240-6734
https://orcid.org/0000-0001-9240-6734
https://orcid.org/0000-0003-1157-4109
https://orcid.org/0000-0003-1157-4109
https://orcid.org/0000-0003-1157-4109
https://orcid.org/0000-0003-2966-6220
https://orcid.org/0000-0003-2966-6220
https://orcid.org/0000-0003-2966-6220
https://orcid.org/0000-0001-6337-6126
https://orcid.org/0000-0001-6337-6126
https://orcid.org/0000-0001-6337-6126
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2825-3590
https://orcid.org/0000-0002-2825-3590
https://orcid.org/0000-0002-2825-3590
https://orcid.org/0000-0001-6327-8462
https://orcid.org/0000-0001-6327-8462
https://orcid.org/0000-0001-6327-8462
https://orcid.org/0000-0001-6083-7521
https://orcid.org/0000-0001-6083-7521
https://orcid.org/0000-0001-6083-7521
https://orcid.org/0000-0001-6820-9941
https://orcid.org/0000-0001-6820-9941
https://orcid.org/0000-0001-6820-9941
https://orcid.org/0000-0003-2448-9181
https://orcid.org/0000-0003-2448-9181
https://orcid.org/0000-0003-2448-9181
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0001-9000-5013
https://orcid.org/0000-0001-9000-5013
https://orcid.org/0000-0001-9000-5013
https://orcid.org/0000-0002-3945-6342
https://orcid.org/0000-0002-3945-6342
https://orcid.org/0000-0002-3945-6342
https://orcid.org/0000-0001-6311-4345
https://orcid.org/0000-0001-6311-4345
https://orcid.org/0000-0001-6311-4345
https://orcid.org/0000-0002-2685-2434
https://orcid.org/0000-0002-2685-2434
https://orcid.org/0000-0002-2685-2434
https://orcid.org/0000-0002-9945-682X
https://orcid.org/0000-0002-9945-682X
https://orcid.org/0000-0002-9945-682X
https://orcid.org/0000-0003-1027-5043
https://orcid.org/0000-0003-1027-5043
https://orcid.org/0000-0003-1027-5043
https://orcid.org/0000-0003-1269-9667
https://orcid.org/0000-0003-1269-9667
https://orcid.org/0000-0003-1269-9667
https://orcid.org/0000-0003-3922-4055
https://orcid.org/0000-0003-3922-4055
https://orcid.org/0000-0003-3922-4055
https://orcid.org/0000-0002-9031-0904
https://orcid.org/0000-0002-9031-0904
https://orcid.org/0000-0002-9031-0904
https://orcid.org/0000-0001-6196-4135
https://orcid.org/0000-0001-6196-4135
https://orcid.org/0000-0001-6196-4135
https://orcid.org/0000-0002-2526-6724
https://orcid.org/0000-0002-2526-6724
https://orcid.org/0000-0002-2526-6724
https://orcid.org/0000-0003-4914-5625
https://orcid.org/0000-0003-4914-5625
https://orcid.org/0000-0003-4914-5625
https://orcid.org/0000-0002-7128-9345
https://orcid.org/0000-0002-7128-9345
https://orcid.org/0000-0002-7128-9345
https://orcid.org/0000-0002-9036-2747
https://orcid.org/0000-0002-9036-2747
https://orcid.org/0000-0002-9036-2747
https://orcid.org/0000-0002-9797-0972
https://orcid.org/0000-0002-9797-0972
https://orcid.org/0000-0002-9797-0972
https://orcid.org/0000-0002-5222-1361
https://orcid.org/0000-0002-5222-1361
https://orcid.org/0000-0002-5222-1361
https://orcid.org/0000-0002-8010-8454
https://orcid.org/0000-0002-8010-8454
https://orcid.org/0000-0002-8010-8454
https://orcid.org/0000-0002-8773-4933
https://orcid.org/0000-0002-8773-4933
https://orcid.org/0000-0002-8773-4933
https://orcid.org/0000-0002-6429-3872
https://orcid.org/0000-0002-6429-3872
https://orcid.org/0000-0002-6429-3872
https://orcid.org/0000-0001-7451-8935
https://orcid.org/0000-0001-7451-8935
https://orcid.org/0000-0001-7451-8935
https://orcid.org/0000-0002-6584-7443
https://orcid.org/0000-0002-6584-7443
https://orcid.org/0000-0002-6584-7443
https://orcid.org/0000-0002-3586-6424
https://orcid.org/0000-0002-3586-6424
https://orcid.org/0000-0002-3586-6424
https://orcid.org/0000-0003-2492-1966
https://orcid.org/0000-0003-2492-1966
https://orcid.org/0000-0003-2492-1966
https://orcid.org/0000-0001-9395-1670
https://orcid.org/0000-0001-9395-1670
https://orcid.org/0000-0001-9395-1670
https://orcid.org/0000-0002-4455-6946
https://orcid.org/0000-0002-4455-6946
https://orcid.org/0000-0002-4455-6946
https://orcid.org/0000-0003-0685-3621
https://orcid.org/0000-0003-0685-3621
https://orcid.org/0000-0003-0685-3621
https://orcid.org/0000-0001-6906-772X
https://orcid.org/0000-0001-6906-772X
https://orcid.org/0000-0001-6906-772X
https://orcid.org/0000-0001-6803-2138
https://orcid.org/0000-0001-6803-2138
https://orcid.org/0000-0001-6803-2138
https://orcid.org/0000-0003-1918-6098
https://orcid.org/0000-0003-1918-6098
https://orcid.org/0000-0003-1918-6098
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0003-4058-9000
https://orcid.org/0000-0003-4058-9000
https://orcid.org/0000-0003-4058-9000
https://orcid.org/0000-0001-5641-3953
https://orcid.org/0000-0001-5641-3953
https://orcid.org/0000-0001-5641-3953
https://orcid.org/0000-0002-1923-227X
https://orcid.org/0000-0002-1923-227X
https://orcid.org/0000-0002-1923-227X
https://orcid.org/0000-0002-5297-921X
https://orcid.org/0000-0002-5297-921X
https://orcid.org/0000-0002-5297-921X
https://orcid.org/0000-0001-5160-4486
https://orcid.org/0000-0001-5160-4486
https://orcid.org/0000-0001-5160-4486
https://orcid.org/0000-0003-2847-1712
https://orcid.org/0000-0003-2847-1712
https://orcid.org/0000-0003-2847-1712
https://orcid.org/0000-0001-7369-3539
https://orcid.org/0000-0001-7369-3539
https://orcid.org/0000-0001-7369-3539
https://orcid.org/0000-0002-4120-3029
https://orcid.org/0000-0002-4120-3029
https://orcid.org/0000-0002-4120-3029
https://orcid.org/0000-0001-6158-1708
https://orcid.org/0000-0001-6158-1708
https://orcid.org/0000-0001-6158-1708
https://orcid.org/0000-0001-7003-8643
https://orcid.org/0000-0001-7003-8643
https://orcid.org/0000-0001-7003-8643
https://orcid.org/0000-0001-7387-9333
https://orcid.org/0000-0001-7387-9333
https://orcid.org/0000-0001-7387-9333
https://orcid.org/0000-0002-5307-2919
https://orcid.org/0000-0002-5307-2919
https://orcid.org/0000-0002-5307-2919
https://orcid.org/0000-0001-8527-0496
https://orcid.org/0000-0001-8527-0496
https://orcid.org/0000-0001-8527-0496
https://orcid.org/0000-0002-3490-146X
https://orcid.org/0000-0002-3490-146X
https://orcid.org/0000-0002-3490-146X
https://orcid.org/0000-0002-6156-5617
https://orcid.org/0000-0002-6156-5617
https://orcid.org/0000-0002-6156-5617
https://orcid.org/0000-0002-7038-2118
https://orcid.org/0000-0002-7038-2118
https://orcid.org/0000-0002-7038-2118
https://orcid.org/0000-0001-8229-7183
https://orcid.org/0000-0001-8229-7183
https://orcid.org/0000-0001-8229-7183
https://orcid.org/0000-0002-1229-0426
https://orcid.org/0000-0002-1229-0426
https://orcid.org/0000-0002-1229-0426
https://orcid.org/0000-0002-4274-9373
https://orcid.org/0000-0002-4274-9373
https://orcid.org/0000-0002-4274-9373
https://orcid.org/0000-0002-2709-7338
https://orcid.org/0000-0002-2709-7338
https://orcid.org/0000-0002-2709-7338
https://orcid.org/0000-0002-7029-6658
https://orcid.org/0000-0002-7029-6658
https://orcid.org/0000-0002-7029-6658
https://orcid.org/0000-0003-2777-5861
https://orcid.org/0000-0003-2777-5861
https://orcid.org/0000-0003-2777-5861
https://orcid.org/0000-0002-3723-3372
https://orcid.org/0000-0002-3723-3372
https://orcid.org/0000-0002-3723-3372
https://orcid.org/0000-0002-4175-2271
https://orcid.org/0000-0002-4175-2271
https://orcid.org/0000-0002-4175-2271
https://orcid.org/0000-0002-4908-4925
https://orcid.org/0000-0002-4908-4925
https://orcid.org/0000-0002-4908-4925
https://orcid.org/0000-0001-6211-5581
https://orcid.org/0000-0001-6211-5581
https://orcid.org/0000-0001-6211-5581
https://orcid.org/0000-0003-3234-7247
https://orcid.org/0000-0003-3234-7247
https://orcid.org/0000-0003-3234-7247
https://orcid.org/0000-0002-6269-594X
https://orcid.org/0000-0002-6269-594X
https://orcid.org/0000-0002-6269-594X
https://orcid.org/0000-0001-7307-632X
https://orcid.org/0000-0001-7307-632X
https://orcid.org/0000-0001-7307-632X
https://orcid.org/0000-0001-5841-9179
https://orcid.org/0000-0001-5841-9179
https://orcid.org/0000-0001-5841-9179
https://orcid.org/0000-0003-0355-6437
https://orcid.org/0000-0003-0355-6437
https://orcid.org/0000-0003-0355-6437
https://orcid.org/0000-0002-3669-0715
https://orcid.org/0000-0002-3669-0715
https://orcid.org/0000-0002-3669-0715
https://orcid.org/0000-0002-6100-4772
https://orcid.org/0000-0002-6100-4772
https://orcid.org/0000-0002-6100-4772
https://orcid.org/0000-0002-7615-7499
https://orcid.org/0000-0002-7615-7499
https://orcid.org/0000-0002-7615-7499
https://orcid.org/0000-0002-2953-7376
https://orcid.org/0000-0002-2953-7376
https://orcid.org/0000-0002-2953-7376
https://orcid.org/0000-0003-0995-5201
https://orcid.org/0000-0003-0995-5201
https://orcid.org/0000-0003-0995-5201
https://orcid.org/0000-0002-5635-3345
https://orcid.org/0000-0002-5635-3345
https://orcid.org/0000-0002-5635-3345
https://orcid.org/0000-0002-7692-7967
https://orcid.org/0000-0002-7692-7967
https://orcid.org/0000-0002-7692-7967
https://orcid.org/0000-0002-6684-8691
https://orcid.org/0000-0002-6684-8691
https://orcid.org/0000-0002-6684-8691
https://orcid.org/0000-0001-8339-1294
https://orcid.org/0000-0001-8339-1294
https://orcid.org/0000-0001-8339-1294
https://orcid.org/0000-0002-5523-7588
https://orcid.org/0000-0002-5523-7588
https://orcid.org/0000-0002-5523-7588
https://orcid.org/0000-0001-9564-0876
https://orcid.org/0000-0001-9564-0876
https://orcid.org/0000-0001-9564-0876
https://orcid.org/0000-0001-7396-3332
https://orcid.org/0000-0001-7396-3332
https://orcid.org/0000-0001-7396-3332
https://orcid.org/0000-0002-2127-7880
https://orcid.org/0000-0002-2127-7880
https://orcid.org/0000-0002-2127-7880
https://orcid.org/0000-0003-2342-6728
https://orcid.org/0000-0003-2342-6728
https://orcid.org/0000-0003-2342-6728
https://orcid.org/0000-0001-6459-0669
https://orcid.org/0000-0001-6459-0669
https://orcid.org/0000-0001-6459-0669
https://orcid.org/0000-0002-7210-6264
https://orcid.org/0000-0002-7210-6264
https://orcid.org/0000-0002-7210-6264
https://orcid.org/0000-0002-8131-6730
https://orcid.org/0000-0002-8131-6730
https://orcid.org/0000-0002-8131-6730
https://orcid.org/0000-0002-3882-4414
https://orcid.org/0000-0002-3882-4414
https://orcid.org/0000-0002-3882-4414
https://orcid.org/0000-0003-1364-3761
https://orcid.org/0000-0003-1364-3761
https://orcid.org/0000-0003-1364-3761
https://orcid.org/0000-0002-2739-2994
https://orcid.org/0000-0002-2739-2994
https://orcid.org/0000-0002-2739-2994
https://orcid.org/0000-0003-1984-189X
https://orcid.org/0000-0003-1984-189X
https://orcid.org/0000-0003-1984-189X
https://orcid.org/0000-0003-0329-6874
https://orcid.org/0000-0003-0329-6874
https://orcid.org/0000-0003-0329-6874
https://orcid.org/0000-0001-6920-662X
https://orcid.org/0000-0001-6920-662X
https://orcid.org/0000-0001-6920-662X
https://orcid.org/0000-0001-6081-2420
https://orcid.org/0000-0001-6081-2420
https://orcid.org/0000-0001-6081-2420
https://orcid.org/0000-0002-1919-2730
https://orcid.org/0000-0002-1919-2730
https://orcid.org/0000-0002-1919-2730
https://orcid.org/0000-0001-8242-4373
https://orcid.org/0000-0001-8242-4373
https://orcid.org/0000-0001-8242-4373
https://orcid.org/0000-0002-8247-786X
https://orcid.org/0000-0002-8247-786X
https://orcid.org/0000-0002-8247-786X
https://orcid.org/0000-0002-7176-4046
https://orcid.org/0000-0002-7176-4046
https://orcid.org/0000-0002-7176-4046
https://orcid.org/0000-0003-1361-5699
https://orcid.org/0000-0003-1361-5699
https://orcid.org/0000-0003-1361-5699
https://orcid.org/0000-0002-4151-3860
https://orcid.org/0000-0002-4151-3860
https://orcid.org/0000-0002-4151-3860
https://orcid.org/0000-0001-6923-1315
https://orcid.org/0000-0001-6923-1315
https://orcid.org/0000-0001-6923-1315
https://orcid.org/0000-0001-6833-7580
https://orcid.org/0000-0001-6833-7580
https://orcid.org/0000-0001-6833-7580
https://orcid.org/0000-0002-2863-676X
https://orcid.org/0000-0002-2863-676X
https://orcid.org/0000-0002-2863-676X
https://orcid.org/0000-0002-7179-3816
https://orcid.org/0000-0002-7179-3816
https://orcid.org/0000-0002-7179-3816
https://orcid.org/0000-0001-6558-9053
https://orcid.org/0000-0001-6558-9053
https://orcid.org/0000-0001-6558-9053
https://orcid.org/0000-0003-2155-9578
https://orcid.org/0000-0003-2155-9578
https://orcid.org/0000-0003-2155-9578
https://orcid.org/0000-0002-5278-9221
https://orcid.org/0000-0002-5278-9221
https://orcid.org/0000-0002-5278-9221
https://orcid.org/0000-0001-6765-9609
https://orcid.org/0000-0001-6765-9609
https://orcid.org/0000-0001-6765-9609
https://orcid.org/0000-0002-4584-2557
https://orcid.org/0000-0002-4584-2557
https://orcid.org/0000-0002-4584-2557
https://orcid.org/0000-0002-6579-8311
https://orcid.org/0000-0002-6579-8311
https://orcid.org/0000-0002-6579-8311
https://orcid.org/0000-0002-0393-7734
https://orcid.org/0000-0002-0393-7734
https://orcid.org/0000-0002-0393-7734
https://orcid.org/0000-0002-4146-0113
https://orcid.org/0000-0002-4146-0113
https://orcid.org/0000-0002-4146-0113
https://orcid.org/0000-0003-4058-2837
https://orcid.org/0000-0003-4058-2837
https://orcid.org/0000-0003-4058-2837
https://orcid.org/0000-0001-9270-8812
https://orcid.org/0000-0001-9270-8812
https://orcid.org/0000-0001-9270-8812
https://orcid.org/0000-0002-9248-086X
https://orcid.org/0000-0002-9248-086X
https://orcid.org/0000-0002-9248-086X
https://orcid.org/0000-0002-1407-7944
https://orcid.org/0000-0002-1407-7944
https://orcid.org/0000-0002-1407-7944
https://orcid.org/0000-0002-6529-202X
https://orcid.org/0000-0002-6529-202X
https://orcid.org/0000-0002-6529-202X
https://orcid.org/0000-0002-5779-4767
https://orcid.org/0000-0002-5779-4767
https://orcid.org/0000-0002-5779-4767
https://orcid.org/0000-0002-1330-7103
https://orcid.org/0000-0002-1330-7103
https://orcid.org/0000-0002-1330-7103
https://orcid.org/0000-0002-7301-3908
https://orcid.org/0000-0002-7301-3908
https://orcid.org/0000-0002-7301-3908
https://orcid.org/0000-0001-5461-3687
https://orcid.org/0000-0001-5461-3687
https://orcid.org/0000-0001-5461-3687
https://orcid.org/0000-0002-2016-8746
https://orcid.org/0000-0002-2016-8746
https://orcid.org/0000-0002-2016-8746
https://orcid.org/0000-0002-1931-0135
https://orcid.org/0000-0002-1931-0135
https://orcid.org/0000-0002-1931-0135
https://orcid.org/0000-0001-7278-9707
https://orcid.org/0000-0001-7278-9707
https://orcid.org/0000-0001-7278-9707
https://orcid.org/0000-0003-4146-9043
https://orcid.org/0000-0003-4146-9043
https://orcid.org/0000-0003-4146-9043
https://orcid.org/0000-0002-7344-9920
https://orcid.org/0000-0002-7344-9920
https://orcid.org/0000-0002-7344-9920
https://orcid.org/0000-0001-5946-9960
https://orcid.org/0000-0001-5946-9960
https://orcid.org/0000-0001-5946-9960
https://orcid.org/0000-0001-6214-1085
https://orcid.org/0000-0001-6214-1085
https://orcid.org/0000-0001-6214-1085
https://orcid.org/0000-0002-1334-8853
https://orcid.org/0000-0002-1334-8853
https://orcid.org/0000-0002-1334-8853
https://orcid.org/0000-0003-3540-8746
https://orcid.org/0000-0003-3540-8746
https://orcid.org/0000-0003-3540-8746
https://orcid.org/0000-0003-3723-5404
https://orcid.org/0000-0003-3723-5404
https://orcid.org/0000-0003-3723-5404
https://orcid.org/0000-0002-4148-8378
https://orcid.org/0000-0002-4148-8378
https://orcid.org/0000-0002-4148-8378
https://orcid.org/0000-0003-1938-0720
https://orcid.org/0000-0003-1938-0720
https://orcid.org/0000-0003-1938-0720
https://orcid.org/0000-0003-1526-6787
https://orcid.org/0000-0003-1526-6787
https://orcid.org/0000-0003-1526-6787
https://orcid.org/0000-0003-0236-0600
https://orcid.org/0000-0003-0236-0600
https://orcid.org/0000-0003-0236-0600
https://orcid.org/0000-0003-3906-4354
https://orcid.org/0000-0003-3906-4354
https://orcid.org/0000-0003-3906-4354
https://orcid.org/0000-0003-3826-5648
https://orcid.org/0000-0003-3826-5648
https://orcid.org/0000-0003-3826-5648
https://orcid.org/0000-0002-6514-553X
https://orcid.org/0000-0002-6514-553X
https://orcid.org/0000-0002-6514-553X
https://orcid.org/0000-0002-3423-4505
https://orcid.org/0000-0002-3423-4505
https://orcid.org/0000-0002-3423-4505
https://orcid.org/0000-0002-7114-6010
https://orcid.org/0000-0002-7114-6010
https://orcid.org/0000-0002-7114-6010
https://orcid.org/0000-0001-8700-6058
https://orcid.org/0000-0001-8700-6058
https://orcid.org/0000-0001-8700-6058
https://orcid.org/0000-0002-1209-6500
https://orcid.org/0000-0002-1209-6500
https://orcid.org/0000-0002-1209-6500
https://orcid.org/0000-0003-0465-1559
https://orcid.org/0000-0003-0465-1559
https://orcid.org/0000-0003-0465-1559
https://orcid.org/0000-0001-5473-2950
https://orcid.org/0000-0001-5473-2950
https://orcid.org/0000-0001-5473-2950
https://orcid.org/0000-0002-0230-5946
https://orcid.org/0000-0002-0230-5946
https://orcid.org/0000-0002-0230-5946
https://orcid.org/0000-0001-7772-6131
https://orcid.org/0000-0001-7772-6131
https://orcid.org/0000-0001-7772-6131
https://orcid.org/0000-0003-1105-6109
https://orcid.org/0000-0003-1105-6109
https://orcid.org/0000-0003-1105-6109
https://orcid.org/0000-0003-1140-2761
https://orcid.org/0000-0003-1140-2761
https://orcid.org/0000-0003-1140-2761
https://orcid.org/0000-0002-8960-2942
https://orcid.org/0000-0002-8960-2942
https://orcid.org/0000-0002-8960-2942
https://orcid.org/0000-0002-4603-5204
https://orcid.org/0000-0002-4603-5204
https://orcid.org/0000-0002-4603-5204
https://orcid.org/0000-0003-4058-2837
https://orcid.org/0000-0003-4058-2837
https://orcid.org/0000-0003-4058-2837
https://orcid.org/0000-0002-7416-5209
https://orcid.org/0000-0002-7416-5209
https://orcid.org/0000-0002-7416-5209

THE ASTROPHYSICAL JOURNAL LETTERS, 910:L14(54pp, 2021 March 20 Goddi et al.

7 Perimeter Institute for Theoretical Physics, 31 Caroline Street North, Waterloo, ON, N2L 2Y5, Canada
8 Department of Phg/sics and Astronomy, University of Waterloo, 200 University Avenue West, Waterloo, ON, N2L 3G1, Canada
Waterloo Centre for Astrophysics, Universif Waterloo, Waterloo, ON N2L 3G1 Canada
1031LA and Department of Astrophysical and Planetary Sciences, University of Colorado, Boulder, CO 80309, USA
1 steward Observatory and Department of Astronomy, University of Arizona, 933 N. Cherry Ave., Tucson, AZ 85721, USA
2National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
13 Department of Astronomical Science, The Graduate University for Advanced SB@I€ENDAI), 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
Department of Physics, Faculty of Science, University of Malaya, 50603 Kuala Lumpur, Malaysia
15 nstitute of Astronomy and Astrophysics, AcadeS8iigica, 11F of Astronomy-Mathematics Building, AHU No. 1, Sec. 4, Roosevelt Rd, Taipei 10617, Taiwan, R.O.C.
16 Massachusetts Institute of Technology Haystack Observatory, 99 Millstone Road, Westford, MA 01886, USA
M nstituto de Astrofisica de Andalucia-CSIC, Glorieta de la AstronoymiaEs 18008 Granada, Spain
Max-Planck-Institut fir Radioastronomie, Auf dem Hiigel 69, D-53121 Bonn, Germany
19 nstitut fiir Theoretische Physik und Astrophysik Universitat Wirzburg, Emil Fischer, Str. 31 D-97074, Wirzburg, Germany
Institut fir Theoretische Physik, Goethe-Universitat Frankfurt, Max-von-Laue-Stral3e 1, D-60438 Frankfurt am Main, Germany
Department of Physics, National and Kapodistrian University of Athens, Panepistimiopolis, GR 15783 Zografos, Greece
22BJack Hole Initiative at Harvard University, 20 Garden Street, Cambridge, MA 02138, USA
23 Center for AstrophysicsHarvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA
24Mullard Space Science Laboratory, University College London, Holmbury St. Mary, Dorking, Surrey, RH5 6NT, UK
25National Radio Astronomy Observatory, 520 Edgemont Rd, Charlottesville, VA 22903, USA
28 center for Computational Astrophysics, Flatiron Institute, 162 Fifth Avenue, New York, NY 10010, USA
2’Yale Center for Astronomy & Astrophysics, 52 Hillhouse Avenue, New Haven, CT 06511, USA
ngepartment of Physics, Yale University, P.O. Box 2018120, New Haven, CT 06520, USA
Fermi National Accelerator Laboratory, MS209, P.O. Box 500, Batavia, IL, 60510, USA
0 Department of Astronomy and Astrophysics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
31 East Asian Observatory, 660 N:@hoku Place, Hilo, HI 96720, USA
32 Nederlandse Onderzoekschool voor AstronofNi@VA), P.O. Box 9513, 2300 RA Leiden, The Netherlands
33 california Institute of Technology, 1200 East California Boulevard, Pasadena, CA 91125, USA
34 Department of Physics, McGill University, 3600 rue University, Montréal, QC H3A 2T8, Canada
35 McGill Space Institute, McGill University, 3550 rue University, Montréal, QC H3A 2A7, Canada
Institut de Radioastronomie Millimétrique, 300 rue de la Piscine, F-38406 Saint Matéred, France
37Korea Astronomy and Space Science Institute, Daedeok-daero 776, Yuseong-gu, Daejeon 34055, Republic of Korea
University of Science and Technology, Gajeong-ro 217, Yuseong-gu, Daejeon 34113, Republic of Korea
39Kavli Institute for Cosmological Physics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL, 60637, USA
49 bepartment of Physics, University of Chicago, 5720 South Ellis Avenue, Chicago, IL 60637, USA
*“LEnrico Fermi Institute, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
Princeton Center for Theoretical Science, Jadwin Hall, Princeton University, Princeton, NJ 08544, USA
“3Data Science Institute, University of Arizona, 1230 N. Cherry Ave., Tucson, AZ 85721, USA
44 cornell Center for Astrophysics and Planetary Science, Cornell University, Ithaca, NY 14853, USA
45 Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, 1098 XH, Amsterdam, The Netherlands
46 Shanghai Astronomical Observatory, Chinese Academy of Sciences, 80 Nandan Road, Shanghai 20008(Rémdple of China
7Key Laboratory of Radio Astronomy, Chinese Academy of Sciences, Nanjing 210008, ®&wyeablic of China
8F’hysics Department, Fa@&ld University, 1073 North Benson Road, Faid, CT 06824, USA
49 Department of Space, Earth and Environment, Chalmers University of Technology, Onsala Space Observatory, SE-43992 Onsala, Sweden
Mizusawa VLBI Observatory, National Astronomical Observatory of Japan, 2-12 Hoshigaoka, Mizusawa, Oshu, lwate 023-0861, Japan
51 Department of Astronomy and Columbia Astrophysics Laboratory, Columbia University, 550 W 120th Street, New York, NY 10027, USA
52 Dipartimento di FisicAE. Pancini; Universita di Napoli‘Federico II; Compl. Univ. di Monte S. Angelo, Eficio G, Via Cinthia, 1-80126, Napoli, Italy
53INFN Sez. di Napoli, Compl. Univ. di Monte S. Angelo, Edio G, Via Cinthia, 1-80126, Napoli, Italy
S4Wits Centre for Astrophgsics, University of the Witwatersrand, 1 Jan Smuts Avenue, Braamfontein, Johannesburg 2050, South Africa
s Department of Physics, University of Pretoria,fi¢ht, Pretoria 0028, South Africa
56 Centre for Radio Astronomy Techniques and Technologies, Department of Physics and Electronics, Rhodes University, Makhanda 6140, South Africa
LESIA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, Université de Paris, 5 place Jules Janssen, F-92195 Meudon, France
58 National Astronomical Observatories, Chinese Academy of Sciences, 20A Datun Road, Chaoyang District, Beijing 100181R&maigie of China
9University of Massachusetts Boston, 100 William T. Morrissey Boulevard, Boston, MA 02125, USA
50 Steward Observatory and Department of Astronomy, University of Arizona, 933 North Cherry Avenue, Tucson, AZ 85721, USA
61 Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, 32-D476, 77 Massachusetts Ave., CA2ibdage A
52 Google Research, 355 Main St., Cambridge, MA 02142, USA
63 Department of History of Science, Harvard University, Cambridge, MA 02138, USA
64 Department of Physics, Harvard University, Cambridge, MA 02138, USA
85 Department of Physics, University of lllinois, 1110 West Green Street, Urbana, IL 61801, USA
66 Department of Astronomy, University of lllinois at Urbana-Champaign, 1002 West Green Street, Urbana, IL 61801, USA
67CP3—Origins, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark
58 |nstituto Nacional de Astrofisica, Optica y Electrénica. Apartado Postal 51 y 216, 72000. Puebla Pue., México
Consejo Nacional de Ciencia y Tecnologia, Av. Insurgentes Sur 1582, 03940, Ciudad de México, México
7 Key Laboratory for Research in Galaxies and Cosmology, Chinese Academy of Sciences, Shanghai 200030R&eaiplie of China
"INOVA Sub-mm Instrumentation Group, Kapteyn Astronomical Institute, University of Groningen, Landleven 12, 9747 AD Groningen, The Netherlands
2Department of Astronomy, School of Physics, Peking University, Beijing 100871, PeBgleublic of China
"3Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, Pedpépublic of China
4 Department of Astronomy, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
S Institute for Astrophysical Research, Boston University, 725 Commonwealth Ave., Boston, MA 02215, USA
Astronomical Institute, St. Petersburg University, Universitetskij pr., 28, Petrodvorets, 198504 St.Petersburg, Russia
"7 Institute for Cosmic Ray Research, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8582, Japan
8 Joint Institute for VLBI ERICJIVE), Oude Hoogeveensedijk 4, 7991 PD Dwingeloo, The Netherlands
® Kogakuin University of Technology & Engineering, Academic Support Center, 2665-1 Nakano, Hachioji, Tokyo 192-0015, Japan
80 Physics Department, National Sun Yat-Sen University, No. 70, Lien-Hai Rd, Kaosiung City 80424, Taiwan, R.O.C
81 National Optical Astronomy Observatory, 950 North Cherry Ave., Tucson, AZ 85719, USA



THE ASTROPHYSICAL JOURNAL LETTERS, 910:L14(54pp, 2021 March 20 Goddi et al.

82 Key Laboratory for Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences, 19B Yuquan Road, ShijingshanijiDigtrict, Be
Peoplés Republic of China
83 35chool of Astronomy and Space Science, Nanjing University, Nanjing 210023, BeRpfmublic of China
84Key Laboratory of Modern Astronomy and Astrophysics, Nanjing University, Nanjing 210023, RBe®pjeublic of China
85 |talian ALMA Regional Centre, INAF-Istituto di Radioastronomia, Via P. Gobetti 101, 1-40129 Bologna, Italy
83 Department of Physics, National Taiwan University, No.1, Sect. 4, Roosevelt Rd., Taipei 10617, Taiwan, R.O.C
Instituto de Radioastronomia y Astrofisica, Universidad Nacional Auténoma de México, Morelia 58089, México
Instituto de Astronomia, Universidad Nacional Autbnoma de México, CdMx 04510, México
89 yunnan Observatories, Chinese Academy of Sciences, 650011 Kunming, Yunnan Provincés Reppielic of China
%0 center for Astronomical Mega-Science, Chinese Academy of Sciences, 20A Datun Road, Chaoyang District, Beijing, 10004 Rdtrdpie of China
o1 Key Laboratory for the Structure and Evolution of Celestial Objects, Chinese Academy of Sciences, 650011 KunmiirgyReeaplée of China
92 Gravitation Astroparticle Physics Amsterdé@RAPPA Institute, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
93 school of Natural Sciences, Institute for Advanced Study, 1 Einstein Drive, Princeton, NJ 08540, USA
94Tsung-Dao Lee Institute and School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai, 200240R Peoiplie of China
5Astronomy Department, Universidad de Concepcién, Casilla 160-C, Concepcion, Chile
96 National Institute_of Technology, Hachinohe College, 16-1 Uwanotai, Tamonoki, Hachinohe City, Aomori 039-1192, Japan
7Depar'[ment of Astronomy, University of Massachusetts, 01003, Amherst, MA, USA
00 98 South African Radio Astronomy Observatory, Observatory 7925, Cape Town, South Africa
Villanova University, Mendel Science Center Rm. 263B, 800 E Lancaster Ave, Villanova PA 19085
100physics Department, Washington University CB 1105, St Louis, MO 63130, USA
101 canadian Institute for Theoretical Astrophysics, University of Toronto, 60 St. George Street, Toronto, ON M5S 3H8, Canada
102 Dunlap Institute for Astronomy and Astrophysics, University of Toronto, 50 St. George Street, Toronto, ON M5S 3H4, Canada
103 canadian Institute for Advanced Research, 180 Dundas St West, Toronto, ON M5G 178, Canada
%4Radio Astronomy Laboratory, University of California, Berkeley, CA 94720, USA
105Department of Physics, National Taiwan Normal University, No. 88, Sec. 4, Tingzhou Rd., Taipei 116, Taiwan, R.O.C.
SInstitut fiir Theoretische Physik, Max-von-Laue-Strasse 1, D-60438 Frankfurt, Germany
107 Erankfurt Institute for Advanced Studies, Ruth-Moufang-Strasse 1, D-60438 Frankfurt, Germany
8School of Mathematics, Trinity College, Dublin 2, Ireland
110 109Department of Astrophysical Sciences, Peyton Hall, Princeton University, Princeton, NJ 08544, USA
Instituto de Radioastronomia Milimétrica, IRAM, Avenida Divina Pastora 7, Local 20, E-18012, Granada, Spain
Mhiroshima Astrophysical Science Center, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan
2 palto University Department of Electronics and Nanoengineering, PL 15500, FI-00076 Aalto, Finland
B3 palto University Metséhovi Radio Observatory, Metséhovintie 114, FI-02540 Kylméal&, Finland
114Department of Astronomy, Yonsei University, Yonsei-ro 50, Seodaemun-gu, 03722 Seoul, Republic of Korea
15East Asian Observatory, 660 N.ghoku Place, Hilo, HI 96720, USA
118 Netherlands Organisation for Sci¢ittiResearciNWO), Postbus 93138, 2509 AC Den Haag, The Netherlands
"Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai 980-8578, Japan
18 Astronomical Institute, Tohoku University, Sendai 980-8578, Japan
119Department of Physics and Astronomy, Seoul National University, Gwanak-gu, Seoul 08826, Republic of Korea
20| eiden Observatory, Leiden University, Postbus 2300, 9513 RA Leiden, The Netherlands
121 jaremiah Horrocks Institute, University of Central Lancashire, Preston PR1 2HE, UK
22Physics Department, Brandeis University, 415 South Street, Waltham, MA 02453, USA
12335chool of Physics, Huazhong University of Science and Technology, Wuhan, Hubei, 430074 sHegplilic of China
1245chool of Astronomy and Space Sciences, University of Chinese Academy of Sciences, No. 19A Yuquan Road, Beijing 10008l ®Rdpertite of China
125Astronomy Department, University of Science and Technology of China, Hefei 230026, ®&gpeblic of China
126|NAF—Istituto di Astrdisica e Planetologia Spaziali, via Fosso del Cavaliere 100, 1-00133 Roma, ltaly
127Department of Astronomy and Astrophysics, Tata Institute of Fundamental Research, Mumbai 400005, India
128 European Southern ObservatdBS0), Alonso de Cérdova 3107, Casilla, 19001, Vitacura, Santiago de Chile, Chile
129Department of Physics, Astrophysics, University of Oxford, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK
30 Astro Space Center of Lebedev Physical Institute, Profsoyuzna2,8417997 Moscow, Russia
31 Moscow Institute of Physics and Technology, Institutsky per. 9, Dolgoprudny 141700, Russia
132Einnish Centre for Astronomy with ESEBINCA), Quantum, Vesilinnantie 5, FI-20014 Turun yliopisto, Finland
Received 2021 February 2; revised 2021 March 11; accepted 2021 March 12; published 2021 March 24

Abstract

We present the results from a full polarizatiardg carried out with the Atacama Large Milimggemillimeter Array
(ALMA) during thefirst Very Long Baseline InterferomefiyLBI) campaign, which was conducted in 2017 April in the
A3 mm andA1.3 mm bands, in concert with the Global mm-VLBI An@MVA) and the Event Horizon Telescope
(EHT), respectively. We determine the polarization anddéy properties of all VLBI targets, including Sgr, M87,

and a dozen radio-loud active galactic nU&&Ns), in the two bands at several epochs in a time window of 10 days. We
detect high linear polarization fractiof296-15% and large rotation measur@M > 10>3-10°° rad m 2), corfirming

the trends of previous AGN studies at millimeter wavelengthgini¢hat blazars are more strongly polarized than other
AGNs in the sample, while exhibitingn averageorder-of-magnitude lower RM values, consistent with the AGN
viewing angle urfication scheme. For Sgf Ave report a mean RM ¢f-4.2+ 0.3) x 10° rad m 2 at 1.3 mm, consistent

with measurements over the past decade and, férghtme, an RM of-2.1+ 0.1) x 10° rad m 2 at 3 mm, suggesting

133 NASA Hubble Fellowship Program, Einstein Fellow.
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that about half of the Faraday rotation at 1.3 mm may occur between the 3 mm photosphere and the 1.3 mm source. We
also report theirst unambiguous measurement of RM toward the’ MBcleus at millimeter wavelengths, which
undergoes sigficant changes in magnitude and sign reversals on a one year timescale, spanning the raiige toom

0.3x 10°rad m 2at 3mm and-4.1 to 1.5x 10° rad m ?at 1.3 mm. Given this time vakidity, we argue that, unlike the

case of Sgr A the RM in M87 does not provide an accurate esérohthe mass accretion rate onto the black hole. We

put forward a two-component model, comprised of a variable compact region and a static extended region, that can
simultaneously explain the polarimetric properties observed by both th€dBHorizon scal@sand ALMA (which

observes the combined emission from both compgdneftese measurements provide critical constraints for the
calibration, analysis, and interpretation of simultaneously obtained VLBI data with the EHT and GMVA.

Unified Astronomy Thesaurus concepts: Magneticfields(994); Relativistic jetg1390; Active galactic nuclef16);
Radio jets(1347); Polarimetry(1278; Interferometry(808); Long baseline interferomet(®32); Galactic center
(565); Supermassive black holés663; Blazars(164); Radio galaxie1343; Quasarg1319

1. Introduction can provide crucial constraints on magnetized accretion models and

Active galactic nucle{AGNS) are known to host super- Jet formation models. _
massive black hole€SMBHS), which accrete gas through a RM studies are typically conducted at centimeter wave[engths
disk and drive powerful relativistic jets that are observed onUsing the Very Large ArrafVLA) or the Very Long Baseline
Sca|es Of parsecs to megaparsﬁmndford et a|2019 Array (VLBA, e.g., ZaVala&TayIOQOO@. HOWeVer, centimeter )
Magnetic fields are believed to play a major role in the wavelengths are strongly affected by synchrotron self-absorption
formation of such relativistic jets, by either extracting energy close to the central engines and can therefore only probe
from a spinning SMBH via the Blandfordnajek mechanism  magnetized plasma in the optically thin regions at relatively
(Blandford & Znajek1977 or by tapping into the rotational larger distancefparsec scalggrom the SMBH(Gabuzda et al.
energy of a magnetized accretibow via the BlandfordPayne 2017 Kravchenko et al2017. On the other hand, emission at
mechanisnm(Blandford & Paynel982. millimeter wavelengths is optically thin from the innermost

Polarization observations are a powerful tool to probe regions of the jet bagand accretion digkenabling us to study
magnetidields and to understand their role in black hole mass-the plasma and magnetiields much closer to the SMBH. In
accretion and launching and acceleration of relativistic AGN addition, LP can be more easily detected at millimeter
jets. In fact, the radio emission from AGNs and their associatedyavelengths because the millimeter emission region is smaller
jets is thought to be produced by synchrotron processes, ange.g., Lobanov1999, and so depolarization induced by RM
thus it displays high intrinsic linear polarizati¢hP; e.g.,  variations across the soureg., owing to a tangled magnetic
Pacholczyk197Q Trippe et al.2010 Agudo et al.2018. LP fielq) is less sigrficant. Finally, since Faraday rotation is smaller
fractions and polarization vector orientations can provide gt shorter wavelengtifwith a typical\? dependendemillimeter-
details on the magnetield strength and topology. Besides \yayelength measurements more clearliece the intrinsic LP

LP, circular polarization(CP) may also be present as a doroperties, and therefore the magngétd of the system.
consequence of Faraday conversion of the linearly polarized  ypfortunately, polarimetric easurements at millimeter wave-
synchrotron emissio(Beckert & Falcke2003), and can also lengths have so far been limited bgnsitivity and instrumental

gtelapl ggrisatrain the magnetield corfiguration(e.g., Mufioz o grematics. Theirst interferometric measurements of RM at
: ; . . _(subymillimeter wavelengths were conducted toward Sgrith
lzed plaama. § experiences Faraday rotation of e LP vestorel1e Berkeleyllinois Maryland Associaton (BIMA) _array
f (Bower et al.2003 2005 and the Submillimeter ArragSMA

The externally magnetized plasma is also known as the . ;
“Faraday scre€rand the amount of Faraday rotation is known Ma”‘lr;e et al200G 2007, which yielded an RW ~5x 10°
rad m“. SMA measurements toward M87 provided an upper

as the“rotation measure(RM). If the background source of =~ >
polarized emission is entirely behitahd not intermixed wigh ~ IMItIRM| < 7.5 x 10° rad m“ (Kuo et al.2014. Other AGNs

the Faraday screen, the RM can be written as an integral of th&ith RM detections with millimetenterferometers include 3C 84

product of the electron number densfty) and the magnetic ~ With RM=8x 10° radm® (Plambeck et al2014 see also
field component along the line of sigli)) via Nagai et al.2017 for a similarly high RM measured with the

VLBA at743 GHz)Z, PKS 1830-211at a redshift = 2.5 with
RM = 8.1 x 10° fne [em~3] B[G] - dl[pc] rad m~2 (1) RM ~ 10" rad m- (I\/laz}m-Vldal et al.2015, and 3C 273 with
RM=5x10° radm? (Hovatta et al. 2019. Additional

Thus, by measuring the RM one can also constrain the electrory. xamples of AGN RM studies with millimeter single-dish

density,n,., and the magnetitield, B, in the plasma surrounding teetlic(ggig can be found in Trippe et @013 and Agudo

SMBHSs. Under the assumption that the polarized emisSIon IS | order to progress in thiield, polarization riterferometric
produced close to the SMBH and then Faraday-rotated in theyy,gies at millimeter wavelengtishould be extended to a larger
surrounding accretiditow, the RM has been used in some cases 10 sample of AGNs and it will be important to investigate both time-
infer the accretion rate onto SMBHg.g., Marrone et al.  and frequency-dependent effects, by carrying out observations at
2006 2007 Kuo et al.2014 Plambeck et ak014 Bower et al. multiple frequency bands and epsc Ultimately, observational
2018. Alternatively, the polarized emission may be Faraday- studies should be conducted at the highest possible angular
rotated along the jet boundary layéegy., Zavala & TayloR004 resolutions in order to resolve the innermost regions of the
Marti-Vidal et al2015. Therefore, Faraday-rotation measurements accretionflow and’or the base of relativistic jets.
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The advent of the Atacama Large Millimetsubmillimeter scientfic value on its own and can be used to derive millimeter
Array (ALMA) as a phased arrafpereafter phased-ALMA;  emission, polarization, and Faraday properties of a selected
Matthews et al2018 Goddi et al.2019h) as a new element sample of AGNs on arcsecond scales.
to Very Long Baseline Interferometi§/LBI) at millimeter
wavelengthghereafter mm-VLBlhas been a game changer in 1.2. This Letter
terms of sensitivity and polarimetric studies. In this work, we

tions carried out during thérst VLBI campaign. with ALMA in the A3mm andA1 mm bands toward Sgr'A

M87, and a dozen radio-loud AGNs, with particular emphasis

) on their polarization and Faraday properties. The current Letter
1.1. mm-VLBI with ALMA is structured as follows.

The first science observations with phased-ALMA were  Sectior2 summarizes the 2017 VLBI observati¢8ection2.1),
conducted in 2017 Apri{Goddi et al.20198), in concert with ~ the procedures followed for the data calibrafection2.2), the
two different VLBI networks: the Global mm-VLBI Array details of the full-polarization image deconvolut{@ection2.3),
(GMVA) operating at 3mm wavelengtfe.g., Marti-Vidal ~ and additional observations on M@Section2.4). _
et al.2012 and the Event Horizon Telesco{ieHT) operating Section3 describes the pr_ocedure; of dgtq analysis. After
at 1.3 mm wavelengt{Event Horizon Telescope Collaboration Presenting some representative total-intensity images of'Sgr A
et al.20193. These observations had titkey sciencétargets,  and M87(Section3.1), two independent algorithms to estimate
the SMBH candidate at the Galactic center, S§rahd the the Stokes parameters of the compact cores are described
nucleus of the giant elliptical galaxy M87 in the Virgo cluster, (Section3.2). The Stokes parameters for each source and
M87*, both enabling studies at horizon-scale resolution SPectral window are then converted into fractional LP and
(Doeleman et aR008 2012 Goddi et al2017 Event Horizon ~ electric vector position ang(&VPA; Sectior3.3.1), and used
Telescope Collaboration et #&019H. In addition to those O estimate Faraday rotati¢Section3.3.2 and (de)polariza-
targets, VLBI observations with phased-ALMA also targeted a tion effects (Section 3.3.3. Finally, the CP analysis is
sample of a dozen radio-loud AGNSs, including the closest andSummarized in Sectiod.3.4 _
most luminous quasar 3C 273, the brightay-emitting blazar Section4 reports the polarimetric and Faraday properties of
3C 279, the closest radio-loud galaxy Centaurm"] A), all the GMVA and EHT target sources, with dedicated
and the best supermassive binary black hole candidate OJ 2g#ubsections on AGNs, M87, and SgrA _

In 2019, thefirst EHT observations with phased-ALMA  In Section5, the polarization properties presented in the
yielded groundbreaking results, most notablyfites ever event- ~ Previous sections are used to explore potential physical origins of
horizon-scale image of the M87SMBH (Event Horizon the polarized emission and location of Faraday screens in the
Telescope Collaboration et &019a 2019h 2019¢ 2019d context of SMBH accretion and jet formation models.
2019¢ 2019). Beyond this breakthrough, EHT observations have Section5.1.1 presents a comparison between ft@mm and
now imaged polarized emission in the ring surrounding M87 A1.3mm bands, including a discussion on the effects of
resolving for thefirst time the magnetifield structures within a  Synchrotron opacity and Faraday rotation; Sedfidr? presents
few Schwarzschild radi{Rse) of an SMBH (Event Horizon & comparison between the case of blazars and other AGNS;
Telescope Collaboration et &0213. In addition, these new Section5.1.3 dlsc.usses. depolarization in radio galames and its
polarization images enable us to place tight constraints on physicd?ossible connection to instrumental effects. Seétidis devoted

models of the magnetized accretitow around the M87SMBH to the special case of M87, including a discussion about the origin
and, in general, on relatitis jet launching theorie§Event  Of the Faraday scregimternal versus external; Sectibr2.]) as
Horizon Telescop€ollaboration et al20218. well as a simple two-component Faraday m¢8ektion5.2.2.

Both the VLBI imaging andhe theoretical modeling use Finally, Sectiorb.3is dedlcated to t_he special case of SgrA
constraints from ALMA observatior{&vent Horizon Telescope Conclusions are drawn in Sectién .
Collaboration et al2021a 2021H. In fact, besides providing a This Letter is supplemented with a number of appendices

huge boost in sensitivity andv-coverage (Event Horizon  including: the list of ALMA progcts observed during the VLBI
Telescope Collaboration et &019¢ Goddi et al.20193, the ~ campaign in 2017 Apri{AppendixA), a full suite of polarimetric
inclusion of ALMA in a VLBI array provides another important  images(Appendix B) for all the observed targets, comparisons
advantage: standainterferometric visibilities among the ALMA ~ between multipleflux-extraction methodgAppendix C) and
antennas are computed by the ALMA correlator and simulta-Petween the polarimetry results obtained during the VLBI
neously stored in the ALMA ahive together with the VLBI ~ campaign and the monitoring program with the Atacama Compact
recording of the phased sigrfilatthews et al2018 Goddi etal.  Array (AppendixD), tables with polarimetric quantities per ALMA
20190). Furthermore, VLBI observations are always performed in SPectral-windowAppendixE), Faraday RM plot¢AppendixF),
full-polarization mode in oet to supply the inputs to the quality assessment of the C|rcul_ar_ polarization estimates
polarization conversion procegfsom linear to circulgrat the  (AppendixG), and milimeter spectral indices of all the observed
VLBI correlators, carried out using tiOLCONVERT software  targetdAppendixH). Finally, a two-component polarization model
(Marti-Vidal et al.2016 after the“Level 2 Quality Assurance  for M87, which combines constraints from ALMA and EHT
(QA2) process(Goddi et al.20198. Therefore, VLBI observa- ~ Observations, is presented in Apperidix

tions with ALMA yield a full-polarization interferometric data set,

which provides both source-integrated information féneenent 2. Observations, Data Processing, and Imaging

and validation of VLBI data calibratiqEvent Horizon Telescope . .

Collaboration et a20213 as well as observational constraints to 2.1. 2017 VLBI Observations with ALMA
theoretical modeléEvent Horizon Telescope Collaboration et al.  The observations with phased-ALMA were conducted as
20211. Besides these applications, this data set carries valuablpart of Cycle 4 during the 2017 VLBI campaign in ALMA
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Band 3(April 1-3) and Band §April 5-11). The ALMA data points having amplitudes outside a certain rafsgt by three
were acquired simultaneously with the VLBI observatins  times the rms from the median of the Jlaiad a source elevation
this sense they are“ayproduct of the VLBI operations The below 25. Finally, the two weakest targets observed at 1.3 mm,
ALMA array was in the compact cfigurations C40-Xwith NCG 1052 and J0132654, were found to fall below th&ux
0.15km longest baselipeand, after April 6, C40-3(with threshold (correlatedflux density of >0.5Jy on intra-ALMA
0.46 km longest baselineOnly antennas within a radius of baselinesrequired to enable on-source phasing of the array as
180 m (from the array centemwere used for phasing on all commissione@Matthews et al2018. Despite these two sources
days. About 37 antennas were normally phased together, whiclbeing detected with high signal-to-noise raf#yN) in total
is equivalent to a telescope of 73 m diamétéin both Band 3 intensity (S/N>1000 and polarized flux (S/N>50 for
and 6, the spectral setup includes four spectral windowsJ013216549, we recommend extra care in interpreting these
(SPW3 of 1875 MHz, two in the lower and two in the upper source measurements owing to lower data quality.
sideband, correlated with 240 channels per S@Wfresp-
onding to a spectral resolution of 7.8125 MEfy. In Band 3 ,
the four SPWs are centered at 86.268, 88.268, 98.328, and 2.3. Full-Stokes Imaging
100.268 GHZ*® while in Band 6 they are centered at 213.100, Al targets observed in Band 3 and Band 6 are imaged using
215.100, 227.100, and 229.100 GHz. the CASA taskcclean in all Stokes parameters:Q, U, V. A
Three projects were observed in Band 3 with the GMVA Briggs weighting scheméBriggs 1995 is adopted with a
(science targets: OJ 287, Sgi, BC 273 and six projects were  robust parameter of 0.5, and a cleaning gain of 0.%irsk
observed in Band 6 with the EH{Bcience targets: 0J 287, quick cleaning(100 iterations over all four Stokes paraméters
M87, 3C 279, SgrA NGC 1052, Cen A The projects were  is done in the inner Z0and 4 in bands 3 and 6, respectively.
arranged and calibrated‘itracks’ (where one track consists of  Providing there is still sigficant emission(> 7o) in the
the observations taken during the same /dagsiof In residual mapge.g., in M87 and SgrA, an automatic script
Appendix A we provide a list of the observed projects and changes the cleaning mask accordingly, and a second, deeper
targets on each day, with the underlying idécaitions of  cleaning is done down tasQthese two clean steps are run with
(calibration and science tarysburces within each proje(stee ~ parameterinteractive=False). A final interactive clean
Tables A1 and A2 in Appendix A). More details of the  step(with interactive=True)is run to adjust the mask to
observation structure and calibration sources can be found innclude real emission which was missed by the automatic

Goddi et al.(2019h. masking and to clean deeper sources with complex structure
and high-signal residualghis step was essential for proper
2.2. Data Calibration and Processing cleaning of Sgr A). No self-calibration was attempted during

During phased-array operations, the data path from thethe imaging stagéhe default calibration scheme for ALMA

antennas to the ALMA correlator is different with respect to ;/é‘fgb‘:ata dalrelady relies on self-calibration; see Goddi et al.
standard interferometric operatigiatthews et al2018 Goddi W or d eta:js). f size 258256 pixels. with a pixel si
et al. 20190). This makes the calibration of VLBI observations € produced maps of size pixels, with a pixel size

T P f 0”5 and 02 in Band 3 and Band 6, respectively, resulting in
within the Common Astronomy Software Applicatiq@@AsA) 0 . :
package intrinsically different and some essential fivadion in maps with aield of view(FOV) of 128’ x 128" and 51 x 517,

: : ; ively, thereby comfortably covering the primary beams of
the procedures is required with respect to ALMA standard "€SPective
observations. The special steps added to the standard ALMA-MA fBand d3' (_gd’)l angvsand %(ZZ,) anteg'nas. ngf)/roc_iuced h
polarization calibration procedurésg., Nagai et ak016 are mg‘ps %r énp\l/\\;L%al S dSS%QN: 2y combining hS S In eac
described in detail in Goddi et a20198. The latter focus ~ Sideband(SPW=0,1 an 9, setting thetclean

mostly on the LP calibration and the polarization conversion atParametersieconvolver="‘hogbom’’ andnterms=1, as

the VLBI correlatordMarti-Vidal et al.201§. In this Letter we el as by C(?rpbining all four SPWs, usingeconvol-
extend the data analysis also to CP. ver="‘mtmfs’’ andnterms=2. The latter achieved better

Only sources observed in VLBI mode were calibrated in SENSitivity and yielded higher-quality imagésso we used the

polarization(see Section 5 in Goddi et 20191, Therefore the ~ comMbined SPW images for the imaging analysis presented in

sources exclusively observed for ordinary ALMA calibration hiS Letter(except for the per-SPW analysis
during the VLBI schedule gapgi.e., Flux and Gain Representative total-intensity images in Band 3 and Band 6 are

calibratory are excluded from this analysigompare the  Shown in Figurel (Stokes) and 2 (Stoked + polarized
source list in Table&l andA2 in AppendixA with Tables 4 intensity), vyhereas the full suite of images including each source
and 6 in Goddi et aR019h. Two additional sources observed ©Pserved in Band 3 daf‘d :’and fZSBc()r::_each g?yéjé the 2017 VLBI
on April 7, 3C 84 and J000®623, are also excluded from the caranﬁ)algn Is reported in Appen ? lglaresd —B6). hased
following analysis. These sources are in fiaged in dinal e aray cofigurations employed during phased-array
flagging step(run on the fully calibrateduv-data before ~ OPServationsyielded synthesized beams in the [dfige6. 1] x
imaging and data analysiswhich removes visibility data 2 4-3"4] in Band3 and[172-3"0] x [0"7-1"5] in Band6
(depending on the day and the tayglehages on different days
134 5 few more antennas participated in the observations without being achleve_d different senS|t|V|t|escaE_tnguIar resolutions, depending
phased, the so-callédomparisoh antennas, which are mostly used to provide 0N the time on-source and baseline lengths of the phased-array. In
feedback on the &€iency of the phasing proceésee Matthews et a018

%%ddi et al.2019bfor detail3. ¥ The deconvolver—"'mtmfs’’ performed best when combining all
The recommended continuum setup for standard ALMA observations in four SPW, yielding on average 36%0% better sensitivity thaflieconvol—

full polarizati(_)n mode is somewhat different and consists of 64 channels, yer=" ‘hogbom’ * combining two SPWs at a time, as expected for

:13?}6'25 MHz wide, per SPW. rmsx1/+Av. However,deconvolver="‘hogbom’’ performed poorly
The“uneven frequency separation with SPW/?2 is due to constraints on when combining all four SPWs, especially for steep spectral index sources,

thefirst and second Local Oscillators in ALNBAtuning system. yielding up to 50% worse rms thateconvolver="‘mtmfs.’’
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Figure 1. Representative total intensity images. Left panel: image of Sgr3Amm on April Jgray-scale and blue contpand at 1.3 mnfyellow contourson 2017 April

6. The image showcases the well-knotmini-spiral’ structure surrounding the central compact core, including the eastern and northern arms, the western arc, and the bar a
the center. The contour levels at 1.3 mm arex®" whereo = 0.44 mJy bearm and n= 0, 1, 2, 3... up to the peakux density; the contour level at 3 mm corresponds to

200 (o = 0.8 mJy beam?). The peakfiux density is 2.5+ 0.1 (2.6 + 0.3 Jy beam™ and the integratefiux density across the entire source is905(4.9+ 0.5 Jy ata
representative frequency of @&1) GHz. Thefield of view (FOV) is given by the primary beam in Band(360") and 1 pc corresponds to”24rhe beamsizes are

570 x 27 (P.A.= —81°1) in Band 3 and 22 x 1”3 (P.A.= —77°5) in Band 6, shown as blue and yellow ovals, respelgtiin the lower left corer. Right panel: image

of M87 at 1.3 mm on 2017 April 11. The image showcases the structure of the kiloparsec-scale relativistic jet comprised of a bright core at th¢heUdais along the
jetlabeled as D, F, A, B, C; HST-1 is not resolved from the nucleus in these images. The rms noise level is 0.16 lhankdehmcontour levels are a factor of 10 and 40

of the rms. The peaftux density is 1.34 Jy bearhand the integratefiux density is 1.57 Jy at a representative frequency of 221 GHz. The FOV is given by the primary
beam in Band §~27" at 1.3 mn). 1 kpc corresponds to L.2This observation was conducted with the most extended array during the VLBI campaign, yielding the highest
angular resolutiofbeam size= 1”72 x 08, P.A.= 793, shown in the lower left corein both panels the four observing spectral wind¢see Sectio?.1) were used
together for imaging. The intensity brightness is plotted using a logarithmic weighting fstiting from the & level), in order to highlight the full extent of both the
mini-spiral (in Sgr A’) and the je{in M87).
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Figure 2. Polarization images of Sgr'Aleft pane) and M87(right pane) at 1.3 mm on 2017 April 6. The raster image ane ldantour show the totaitensity emission,

the orange contours show the linearly polarizeid&ion, and the black vectors showcase thetien of the electric vector position angES¥PAS (their length is linearly
proportional to the polarizeftlx). The total intensity brighess is plotted using a logamic weighting functior{starting from the & leve)), the blue contour corresponds to
50 (whereo is the Stokeg map rm$, while the orange contour levels are % 2" (whereo is the linear polarizatio(LP) map rms ana = 0,1,2,3... up to the peak in the
imag8. The LP fraction at the peak of the compact core is reported in the upper left corner in each panel. The EVPAs are plotted eygf\6®pidetsit 1 per begrfor

Sgr A" and every 4 pixel§0” 8 or about 2 per begnfor M87 (in order to sample the jet more uniforilccording to the measured RM, the EVPAs toward the compact
core should beotated by—23° (east of northin Sgr A" and by—16° in M87. The beamsizgshown as an oval in the lower left colnare 22 x 173 (P.A. —77°) and

272 x 1”5 (P.A. —69) in the left and right panels, respectively. Note that there are several tiny EVPAs plotted across the mini-spiral, apparently locating regions with
polarizediux above the image rms noise cu(®#). The LP and EVPA errors are however dominated by the systematic I€ak&§é off ontoQU), which is not added to

the images. Once these systematic errors are added, fhe iflPthose points falls below ther 3neasurement threshold. Thereforedeenot claim detection of polarized
emission outside of the central core in Sgr Besides, only the polarization within the inngB bf the primary beam is guaranteed by ALMA. The full set of 1.3 mm
observations of SgrAand M87 are reported in FigurB4 and B2, respectively.

particular, the relatively large range of beamsizes in Band 6 is dualiameter< 150 n). As a consequence, on the last day of the
to the fact that, during the EHGampaign, progressively more campaign(April 11) the observations were carried out with a
antennas were moved out from theentral clustér (with a more extended array, yielding a beam size in the range
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[172-1"5] x [0”7-079] (i.e., an angular resolution roughly two while the “western art is clearly traced only in the Band 3
times better than that of other track¥ablesB1 and B2 in image(it falls mostly outside of the antenna primary beam for
Appendix B report the synthesized beam size and the rmsBand §. Similar images were obtained in the 100, 250, and
achieved in the images of each Stokes parameter for each sour@10 GHz bands in ALMA Cycle 0 by Tsuboi et 42016 see

observed in Band 3 and Band 6 on each day. their Figure L Since Sgr A shows considerable variability in
its core at millimeter wavelengtfs.g., Bower et akR018, the
2.4. Additional ALMA Polarization Datasets on M87 displayed maps and quotédx values throughout this Letter

. ) should be considered as time-averaged imagdses at the

In addition to the 2017 April data, we also analyzed ALMA given epoch.
data acquired during the 2018 VLBI campaign as well as = The M87 jet has been observed across the entire electro-
ALMA archival polarimetric experiments targeting M87. magnetic spectrunge.g., Prieto et al2016, and imaged in
_ The 2018 VLBI campaign was conducted as part of Cycle 5 getail at radio wavelengths froxl meter(with LOFAR: de
in Band 3 (April 12-17) and Band 6(April 18-29). The  Gasperin et aR012 throughA[15-0.7] cm (with the VLA and
observational setup was the same as in Cycle 4, as outlined ifhe VLBA: e.g., Hada et aR013 Walker et al.2018 up to
Section2.1 (a full description of the 2018 VLBI campaign will ) 3 mm (with the GMVA: e.g., Kim et al2018. VLA images
be reported elsewhgrd’hree observations of M87 a1.3mm 4t |ower radio frequencids.g., Biretta et all995 showcase a
were conducted on April 21, 22, and 25 under the project pright component at the nucleus and a kiloparsec-scale
2017.1.00841.V. For the data processing and Callbratl(_)n, Werelativistic jet, extending across approximately 252 kpd
followed the same procedure used for the 2017 observations, agom the central core. Images of the kiloparsec-scale relativistic
outlined in Sectior2.2 _ _ jet were also produced with ALMA Cycle-0 observations at

The archival experiments include three observation8 atm A3 mm (Doi et al.2013 and with the SMA at\ 1 mm (Tan
carried out on 2015 September and Novenipevject codes: et a1.2008 Kuo et al.2014), but could only recover the bright
2013.1.01022.S and 2015.1.01170.S, respectivelyd 2016  central core and the strongest knots along the jet.
October(project code: 2016.1.00413,&nd one observation at Our A\1.3mm ALMA image showcases a similar structure,
AL.3mm from 2018 Septembguroject code: 2017.1.00608.S  pyt the higher dynamic rang@vhen compared with these
For projects 2013.1.01022.S and 2015.1.01170.S, we Use@arlier studigsallows us to recover the continuous structure of
directly the imaging products released with the standard QAZine straight and narrow kiloparsec-scale jet across approxi-
process and publicly available for download from the ALMA mately 25 from the nucleus, including knots D, F, A, B, C, at
archive. For projects 2016.1.00415.S and 2017.1.00608.S, Wencreasing distance from the central cq#eST-1 is not
downloaded the raw visibility data and the QA2 calibration yesolved from the nucleus in these imagdhe jet structure
products from the ALMA archive, and we revised the polarization ¢ larger radi{ > 2 kpc) as well as the jet-itated radio lobes,
calibration after additional dafimgging, following the procedures  jmaged in great detail with observations at lower frequencies,

outlined in Nagai et a(2019. _ are not recovered in our imagésee for example the NRAO
The data imaging was performed following the same 20cm VLA imagd.

procedures outlined in Secti¢h3. After imaging, we found

that in 2017.1.00608.S, StokgsQ, andU are not co-located: ) i

U is shifted~0”07 to the east, whil@ is shifted~0”13 west 3.2. Extracting Stokes Parameters in the Compact Cores
and~0”07 north, with respect th This shift(whose origin is We extractflux values for Stoke¢, 0, U, and V in the
unknowr) prevents us from assessing reliably the polarimetric compact cores of each target observed in Band 3 and Band 6.
properties of M87. Therefore, we will not use 2017.1.00608.S e employ three different methods which use both the
in the analysis presented in this Letter. The analysis and result§jsipility data and the full-Stokes images. In the-plane

of the other data sets will be presented in Secti@n analysis, we use the external CASA libragyMULTIFIT
(Marti-Vidal et al.2014). To reduce its processing time, we
3. Data Analysis first average a(240 frequency channels to obtain one-channel

four-SPW visibility uv-files. We assume that the emission is
dominated by a central point source at the phase center and we
The sources targeted by the GMVA and EHT are generallyfit adelta function to the visibilities to obtain StokéQ, U,
unresolved at arcsecond scales and their images are mosthnd V parameters in each individual SPW. Uncertainties are
consistent with point sourcesee the images displayed in assessed with Monte Carn{piC) simulations, as the standard
AppendixB). The EHT key science targets, Sgraad M87, are deviation of 1000 MC simulations for each Stokes parameter.
clear exceptions, and show complextended structures across For the image-based values, we take the sum of the central nine
tens of arcseconds. We show representative images of* Sgr Apixels of theCLEAN model component mafan area of X 3
(3 mm, April 3; 1.3 mm, April $and M87(1.3 mm, April 13 in pixels, where the pixel size is”R in Band6 and 05 in
Figurel. The images displayed cover an area corresponding to thé&8and 3. Summing only the central pixels in the model maps

3.1. Representative Total Intensity Images

primary beam of the ALMA antenn&27’ in Band 6 and 60in allows one to isolate the core emission from the surroundings

Band 3; the correction for the attenuation of the primary beam isin sources with extended structure. A third independent method

not applied to these magps provides the integratefilix by fitting a Gaussian model to the
The Sgr A images clearly depict the well-knowmini- compact source at the phase-center in each image with the

spiral’ structure that traces ionized gas streams surrounding th€ ASA task IMFIT. In the remaining of this Letter, we will
central compact source; the mini-spiral has been studied in andicate these three methodswagviF, 3 x 3, andINTF.

wide range of wavelengtl{g.g., Zhao et al2009 Irons et al. From a statistical perspective, afiting method in the
2012 Roche et al2018. The “eastern arri, the “northern visibility domain should be statistically more reliable than a
arm;” and the*bar’ are clearly seen in both Band 3 and Band 6, y*baseditting analysis in the image plaf@hose pixels have

8
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Table 1
Frequency-averaged Polarization Properties of GMVA Tafgets Representative Frequency of 93 Hz

Source Day I Spectral Index LP EVPA Xo RM Depol.

(2017 @y a (%) (deg (deg (10° rad n?) (10™* GHz ™Y
0J 287 Apr 2 5.97 0.30 —0.619+ 0.029 8.81140.030 —70.02+0.10 —71.85+0.37 0.0305+ 0.0062 2.244+ 0.071
JO510+1800  Apr 2 3.1 0.16 —0.6360+ 0.0059  4.173t 0.030 81.86+ 0.21 65.49+ 0.81 0.273+ 0.013 2.639+ 0.078
4C 01.28 Apr 2 4.86: 0.24 —0.480+ 0.033 44214 0.030 —32.27+0.19 —-31.73+0.74 —0.009+ 0.012 2,117 0.054
Sgr A Apr 3 252+ 0.13 —0.08+0.13 0.735+ 0.030 8.1+ 1.4 135.4+ 5.3 —2.13+0.10 472+ 0.13
J1924-2914 Apr 3 5.14 0.26 —0.462+ 0.026 48414 0.030 —46.38+0.18 —46.68+0.70 0.005+ 0.012 2.34+0.22
NRAO 530 Apr 3 2.74t£ 0.14 —0.588+ 0.010 0.92H 0.030 38.8+ 1.0 51.5+ 3.7 —0.213+ 0.061 0.4372+ 0.0034
4C 09.57 Apr 3 2.85%0.14 —0.3056+ 0.0057  4.069t 0.030 —28.47+0.21 —31.15+0.83 0.045+ 0.014 0.43+0.11
3C 279 Apr4 1293 0.65 —0.3703+0.0087 12.159 0.030 43.906t 0.070 4498t 0.27  —0.0179+ 0.0045 0.456t 0.041
3C 273 Apr 4 9.86- 0.49  —0.2887+0.0049  3.984: 0.030 —45.45+0.22 —41.87+0.85 —0.060+ 0.014 —2.06+0.38
Note.

& The EVPAs are the frequency-average(hs déined in Equation(2)).

correlated noige and should therefore be preferred to image-

3.3. Polarimetric Data Analysis

based methods. However, we have two reasons for considering In this section we use the measured values of the Stokes

both approaches in this stud§y) some of our targets exhibit
prominent emission structure at arcsecond s¢agesFigurel
and the maps in AppendB), (ii) the observations are carried
out with various array cdigurations, resulting in a different
degree offiltering of the source extended emission. Both
elements can potentially bias tlex values of the compact

parameters to determine the polarization properties for all
targets, including the fractional L{8ection3.3.1), the EVPA

and its variation as a function of frequency or Faraday rotation
(Section3.3.2, the degree of depolarizatid®ection3.3.3,

and the fractional CRSection 3.3.4. These polarization
quantities, averaged across the four SPWs, are reported in

cores extracted in the visibility domain versus the image Tablesl and2 for each target observed with the GMVA and

domain.
In AppendixC we present a comparative analysis of tffiee

the EHT, respectivelywhile Table 3 summarizes all the
ALMA polarimetric observations toward M87 analyzed in this

extraction methods to assess the magnitude of such systematicette). For selected EHT targets, the polarization properties

biases(reported in TableC1 in Appendix C). The statistical
analysis shows that the Stoeslues estimated withvMmF are

consistent with those estimated from the images, with a median

absolute deviatioMAD) < 0.07% and individual offsets1%
(for both point sources and extended soyraeshe case of the
3 x 3 method (the agreement is slightly worse for tineTF

(per SPW and per dawre displayed in Figurg.

3.3.1. Linear Polarization and EVPA

The values estimated for Stok@sindU can be combined to

directly provide the fractional LP in the for{y@z + U2/I, as
well as the EVPA,x, via the equatior2y = arctan(U/Q).

method. These deviations are negligible when compared to theTaplesE1 andE2in AppendixE report Stokes parameters, LP,

absolute uncertainty of ALMA flux calibration(10% in Band &
This consistency generally holds also for StoReand U (with

MAD < 1%) and other derived parameters within their uncertain-

ties(see Tabl€1in AppendixC). We therefore conclude that, for
the purpose of the polarimetrinaysis conducted in this Letter,
the wv-fitting methodUvMF provides sufciently preciseflux
values for the Stokes parametgast see Appendix for details
on M87 and Sgr A).

Goddi et al. (20199 report the Stokeg flux values per
source estimated in the-plane from amplitude gains using the
CASA taskfluxscale. We assess that the Stolesstimated
from the visibilities with UYMF are consistent with those
estimated withfluxscale generally within 1%. In addition,
Goddi et al.(2019) compared theluxscale flux values
(after opacity correctignwith the predicted values from the
regular flux monitoring program with the ALMA Compact
Array (ACA), showing that these values are generally within
10% (see their Appendix B and their Figure )16in
Appendix D we perform a similar comparative analysis for
the sources commonly observed in the ALMA-VLBI campaign

and EVPA, for each SPW. The LP has beebiased in order

to correct for the LP bias in the low/S regime (this
correction is especially relevant for low-polarization sources;
see Appendie for the debiased LP derivatipn

The estimated LP fractions range frgff.1% to 0.2% for
the most weakly polarized targétSen A and NGC 1052to
15% for the most strongly polarized targC 279,
consistent with previous measureme(dgse AppendixD).
The uncertainties in LP include tti¢ting (therma) error of
StokesQ and U and the(systematif Stokes/ leakage onto
StokesQ andU (0.03% of Stoke$) added in quadrature. This
analysis yields LP uncertainties0.1%, similar to those
quoted in previous studigdagai et al.2016 Bower et al.
2018.

Figure2 showcases representative polarization images of Sgr
A* (left pane) and M87(right pane) as observed at 1.3 mm on
April 6. The individual images display the measured EVPAs
overlaid on the polarizeflux contour images and the total
intensity images. Note that the EVPAs are not Faraday-
corrected and that the measdr&dnagneticfield orientations
should be rotated by 90In Sgr A, polarized emission is

and the AMAPOLA polarimetric Grid Survey, concluding that present only toward the compact core, while none is observed
our polarimetric measurements are generally consistent with

historic trends of grid sourcésee Appendid® for more details
and comparison plots

138 The actual magnetigeld in the source may be different from the measured
one, which can be affected by Lorentz transformation and light aberration.
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Table 2
Frequency-averaged Polarization Properties of EHT Taf@etsRepresentative Frequency of 221 H5Hz

Source Day I Spectral Index LP EVPA Xo RM Depol.

(2017 @) a (%) (deg (deg (1C° rad nT?) (10™* GHz ™Y
3C 279 Apr5 8.99+ 0.90 —0.642+ 0.019 13.210+ 0.030 45.180t 0.060 4520+ 0.51  —0.002+ 0.048 0.242+ 0.051
3C 279 Apr 6 9.36+ 0.94 —0.619+ 0.033 13.010t 0.030 43.340t 0.070 43.44-0.52  —0.007+ 0.049 0.303+ 0.018
3C 279 Apr 10 8.56+ 0.86 —0.6090+ 0.0030  14.69G: 0.030 40.140t 0.060 40.10+ 0.46 0.004+ 0.043 0.473+ 0.033
3C 279 Apr 11 8.16-0.82 —0.683+0.019 14.910k 0.030 40.160t 0.060 40.15+ 0.46 0.001+ 0.043 1.027: 0.015
m87 Apr 5 1.28+0.13 —1.2124+0.038 2.420+ 0.030 —7.79+ 0.36 —-14.6+2.8 0.64+ 0.27 1.318+ 0.031
m87 Apr 6 1.31+0.13 —-1.1124+0.011 2.160k 0.030 —7.60+ 0.40 —-23.6+3.1 1.51+ 0.30 0.888+ 0.046
m87 Apr 10 1.33+:0.13 —1.1714+0.023 2.740+ 0.030 0.03+0.31 2.5+ 25 —0.244+0.23 0.540+ 0.048
Mm87 Apr 11 1.34+0.13 —1.208+ 0.019 2.710+ 0.030 —0.64+ 0.32 3.5+25 —-0.39+0.24 1.553+ 0.064
Sgr A Apr 6 2.63+0.26 —0.02704+ 0.0030  6.87G: 0.030 —65.834+0.13 -14.74+1.0 —4.84+0.10 3.75+0.10
Sgr A Apr 7 2.41+0.24 —0.057+ 0.059 7.230+ 0.030 —65.38+ 0.12 —18.77+0.93 —4.412+0.088 3.33+0.12
Sgr A" Apr 11 2.38+0.24 —0.1450+ 0.0080  7.470+ 0.030 —49.33+ 0.12 —14.66+0.92 —3.281+ 0.087 2.52+0.32
J19242914  Apr 6 3.25+ 0.32 —0.780+ 0.012 6.090k 0.030 —49.2840.14 —53.6+1.1 0.414+0.10 0.13+0.20
J19242914  Apr7 3.15+ 0.31 —0.8510+ 0.0070  5.970G+ 0.030 —49.224+ 0.15 -52.1+1.2 0.27+0.11 0.1470+ 0.0080
J1924-2914  Apr 11 3.22- 0.32 —0.677+0.031 4.870+ 0.030 -51.824+0.18 -56.2+ 1.4 0.42+0.13 0.16+0.21
0J 287 Apr 5 4.34£0.43 —-0.91+0.10 9.020+ 0.030 —61.190+0.090 —-62.32+0.73 0.108+ 0.069 0.114+0.63
QJ 287 Apr 10 422 0.42 —0.781+ 0.088 7.000k 0.030 —-61.81+0.12 —-62.6+ 1.0 0.0774+ 0.091 0.09+ 0.61
QJ 287 Apr 11 4.26- 0.43 —0.7154+0.043 7.150+ 0.030 —-59.61+ 0.12 —62.974+ 0.92 0.317+ 0.087 0.110+ 0.049
4C 01.28 Apr 5 3.5% 0.35 —-0.73+0.16 5.900+ 0.030 —23.184+0.15 —225+1.1 —-0.06+0.11 0.58+ 0.20
4C 01.28 Apr 10 3.59- 0.36 —0.6794+ 0.079 5.080+ 0.030 -16.824+ 0.17 -16.3+1.3 —-0.05+0.12 0.68+ 0.26
4C 01.28 Apr 11 3.5 0.36 —0.630+ 0.024 5.000k 0.030 —-14.7440.18 —-18.2+14 0.33+0.13 0.416+ 0.054
NRAO 530 Apr 6 1.6 0.16 -0.96+0.14 2.350+ 0.030 51.59+ 0.37 51.7+£ 2.9 —-0.01+0.28 0.940+ 0.062
NRAO 530 Apr 7 1.5 0.16 -0.8124+0.017 2.430+ 0.030 50.6740.36 51.1+ 2.8 —0.04+ 0.27 0.82+ 0.15
J01321654  Apr6  0.420t 0.040 —0.6254+ 0.086 1.990+ 0.050 15.54+ 0.67 23.4+5.3 —0.74+ 0.50 0.04+ 0.40
J01321654  Apr7  0.410t 0.040 -0.75+0.10 2.010+ 0.050 17.85-0.78 14.3+ 6.2 0.344+ 0.58 -0.18+0.21
NGC 1052 Apr6  0.43@ 0.040 -0.83+0.11 0.120+ 0.030
NGC 1052 Apr7  0.38@- 0.040 —-1.33+0.16 0.160+ 0.040
Cen A Apr 10 5.66+ 0.57 —0.197+ 0.038 0.070+ 0.030
3C 273 Apr 6 7.56+ 0.76 —0.705+ 0.024 2.390+ 0.030 —55.50+ 0.36 —-82.2+2.8 2.52+ 0.27 —-2.54+0.11
J0006-0623  Apr6 1.99+ 0.20 —0.7894 0.059 12.530k 0.030 16.480k 0.070 15.83+ 0.57 0.061+ 0.054 0.78+ 0.27
Note.

& The EVPAs are the frequency-average(as déined in Equatior(2)).

from the mini-spiral. In M87, the EVPA distribution appears properties in the core, the analysis presented in this Letter is not
quite smooth along the jet, with no evident lafigretuations of affected by this systematics.

the EVPASs in nearby regions, except between Knots A and B.
For a negligible RM along the jet, one can infer that the
magnetidield orientation idirst parallel to the jet axis, then in
Knot A it changes directioftending to be perpendicular to the ! ¢ X
jet), and then turns back to be parallel in Knot B, dimally frequer_IC|e)3enabIes us to estimate the RM in the 3 mm band
becomes perpendicular to the jet axis further downst(&ait (spanning a 16 GHz frequency range of-B31 GH3 and in

C). This behavior can be explained if Knot A is a standing or the 1.3 mm band(spanning a 18 GHz frequency range of
recollimation shock: if multiple standing shocks with different 212-230 GH2, respectively. In the simplest assumption that
magnetidield corfigurations form along the jet and the latter is the Faraday rotation is caused by a single external Faraday
threaded with a helical magnefield, its helicity(or magnetic scregr(l.e., it occurs o_utS|de of the plasm'a responsible for the
pitch) would be different before and after the shock owing to a Polarized emissigna linear dependence is expected between
different radial dependence of the poloidal and toroidal the EVPA and the wavelength squared. In particulariitbe
components of the magnetield (e.g., Mizuno et al2015. RM and the mean-wavelength) EVPA (x) following the

The EVPA distribution is also in good agreement with the relation
polarization characteristics derived from observations at
centimeter wavelengths with the VL{e.g., Algaba et al.

2016. We nevertheless explicitly note that only the polariza-

tion within the inner third of the primary beam is guaranteed by wherey is the observed EVPA at wavelengthandy is the
the ALMA observatory. Since we focus on the polarization EVPA at wavelength\. The EVPA extrapolated to zero

3.3.2. Rotation Measure

Measuring the EVPA for each SP{We., at four different

x = Y + RM(O2 — %), )

10
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Table 3

M87 Faraday RMs with ALMA

Date 1 LP EVPA Xo RM Beamsize Project Code
Jy) (%) (deg (deg (10° rad nT?)

3mm
2015 Sep 19 2.1%£0.11 1.37+0.03 30.68+ 0.74 41.7+ 3.1 —0.201+ 0.054 @53 2013.1.01022%
2015 Nov 11 1.93: 0.10 1.30+ 0.03 21.47+ 0.69 3.9+ 2.7 0.318+ 0.049 @15 2015.1.01170%
2016 Oct 4 1.85:0.10 2.39+0.03 33.35+ 0.36 107.4£1.4 —1.227+ 0.023 @43 2016.1.00415.S

1.3 mm
2017 Apr 5 1.28+0.13 2.42+0.03 —7.784+0.37 —-14.6+2.9 0.64+ 0.27 5 2016.1.01154.V
2017 Apr 6 1.3+ 0.13 2.16+ 0.03 —7.61+0.39 -23.6+3.1 1.51+0.29 8 2016.1.01154.V
2017 Apr 10 1.33:0.13 2.74+0.03 0.114+0.32 3.5+25 -0.324+0.24 5 2016.1.01154.V
2017 Apr 11 1.3 0.13 2.71+0.03 —0.63+0.31 3.7£ 2.4 —0.41+0.23 0 2016.1.01154.V
2018 Apr 21 1.1%0.11 2.29+0.03 27.18+ 0.38 70.6+ 3.0 —4.11+0.28 a9 2017.1.00841.V
2018 Apr 22 1.18-0.12 1.71+0.03 26.42+ 0.52 68.9+ 4.0 —4.02+0.39 a9 2017.1.00841.V
2018 Apr 25 1.14+-0.11 2.21+0.03 36.12+ 0.39 68.4+ 3.0 —3.05+0.29 a9 2017.1.00841.V
2018 Sep 25 1.16 0.12 0.78+ 0.04 0”35 2017.1.00608'5
Notes.

& Stokesl, Q, and U were extracted from the images using the CASA t@askIT. UVMULTIFIT was used for all the other experiments.
® The lower LP estimated for this project is likely caused by a systematic offset betweenGtokesmd! (see Sectior2.4). 2017.1.00608.S was not used in the
analysis.

wavelength(assuming that tha? relation hold¥is We have modeled the frequency dependence of LP using a
- simple linear model:
Xo = X — RMA~. (3)
N . . m=nm+m— 1), 4)

The RMfitting is done using a weighted least-squares method ] .
of x against\>. The ¥, x,, and thefitted RM values are wherem is the observed LP at frequengyr is the LP at the
reported in the sixth, seventh, and eighth columns of Tables Mean frequency’, and m’ is the change of LP per unit
and2, respectively. frequency(in GHz 7). Given the relatively narrow fractional

The EVPA uncertainties quoted in Tables3, andE1 and bandwidth (<2 GH2, the linear approximation given in
E2 in AppendixE, are typically dominated by the systematic Equation(4) should sufice to model the frequency depolariza-
leakage of 0.03% of Stokdsnto StokesD andU. At 1.3 mm, tion (multifrequency broadband single-dish studfgsmore
this results in estimated errors betweé®8for the most complex models; see for example Pasetto e2Glg 2018.
strongly polarized sourc€8C 279 and 08 for the weakest e havefitted the values ofn’ from a least-squaresit of
source(J0132-1654, with most sources in the rangé100°4. Equation(4) to all sources and epochs, using LP estimates for
These EVPA Otincertainztles |mpIy04RM propagated errors gach gpectral window from TablEd and E2 in AppendixE.
between 0.4 10" radm = and 6x 10" rad i “, with most We show thefitting results for selected sources in FigGre

sources in the rang@ — 3) x 10* rad m 2. Similarly, at 3 mm .
we find EVPA uncertainties of?07-1°4, with a typical value (Iowe: panels There are clea_r detectlon_s f for 3C 279,
of 0°2, and RM uncertainties in the ran06— 1.0) x 10° Sgr A’, and M87; these detections also differ between epochs.

rad m 2, with a typical value 0k0.13x 10 rad m 2 Such complex time-dependent frequency effects in the

In AppendixF, we present plots of the measured EVPAs at polarization intensity may be indicative of an internal
the four ALMA SPWs and their RMtted models as a function  contribution to the Faraday effects observed at millimeter
of \? (displayed in FiguresF1-F4) and we discuss the wavelengths.
magnitude of thermal and systematic errors in the RM analysis.

3.3.4. Circular Polarization

3.3.3. Bandwidth Depolarization Measuring Stoke¥ provides, in principle, a direct estimate

In the presence of high RM, the large EVPA rotation within of the fractional CP ag//I. In practice, the polarization
the observing frequency bandwidth will decrease the measuredalibration for ALMA data inCASA is done by solving the

fractional polarization owing to Faraday frequency‘loand- polarization equations in the linear approximation, where
width” depolarization, which depends on the observing parallel-hands and cross-hands visibilities are expressed as a
frequency band. The RM values inferred in this st(ely., linear function of, Q, U, while it is assumed = 0 (e.g., Nagai

Table2) introduce an EVPA rotation of less than one degree et al.2016 Goddi et al.2019h. A non-negligible Stoke¥ in
within each 2 GHz spectral window, indicating that the the polarization calibrator will introduce a spurious instru-
bandwidth depolarization in these data should be very lowmental Stoked into the visibilities of all the other sources.
(<0.005%. However, if there is an internal component of Moreover, such a Stokdsintroduces a bias in the estimate of
Faraday rotatioffi.e., the emitting plasma is itself causing the the cross-polarization phasg, at the reference antengsee
RM), there will be much higher frequency-dependéid) AppendixG), which translates into a leakage-like effect in the
polarization effectgthe “differential’ Faraday rotatign which polconverted VLBI visibilities(see Equation13) in Goddi

will be related to the structure of the Faraday depth across theet al.2019h. The magnitude of such a bias may depend on the
source(e.g., Ciofi & Jones198Q Sokoloff et al.1998. fractional CP of the polarization calibrator, the parallactic-angle

11
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Figure 3. Polarization properties of selected EHT targets observed during the 2017 VLBI campaign as a function of observing day. For ¢abelsolatéhe top
of each columj the top panel shows Stokégin Jy), the second panel shows the LP dedieés), the third panel shows the EVRA degree} the fourth panel
shows the rotation measu(ie units of 1¢ rad m 2), and the bottom panel shows the depolarizaiivnnits of 10* GHz %). The different symbols and colors in the
upper three panels indicate four different observing bands centered at 2iBl&tfy 215 GHz(blue), 227 GHz(greer), and 229 GHZred), corresponding to
SPW=0,1,2,3. 3C 279 was used as polarization calibrator in all days, except on April 7 wher2BBPdas used.

coverage of the calibrator, and the sfiesiof the calibration  parallactic anglésee Figure&1andG2). This information can
algorithm. In AppendixG we attempt to estimate such a then be used to assess Stokeand CP for all sources in all
spurious contribution to Stoke® by computing the cross- days(reported in Table&1 andG2in AppendixG for GMVA
hands visibilities of the polarization calibrator as a function of and EHT sources, respectively
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We stress two main points here. First, the reconstructed Their polarimetric quantities at 3 mm and 1.3 mm are reported
Stokes V values of the polarization calibrators are non- in Tablesl and2, respectively, and displayed in Fig@eOverall,
negligible and are therefore expected to introduce a residualve find LP fractions in the range 0.14%5% (with S/
instrumentalX-Y phase difference in all other sources, after N~ 3 —5007) and RM in the range £3-10°° rad m 2 (with
QA2 calibration. This can be seen in the dependence of theS/N ~ 3-500), in line with previous studies at millimeter
reconstructed Stoke¥ with feed angle in almost all the wavelengths with single-dish telescopfsg., Trippe et al.
observed sourcdslisplayed in Figur&2). The estimated-Y 201Q Agudo et al.2018 and interferometerée.g., Plambeck
residual phase offsets are of the order’®, ®ut they can be as et al.2014 Marti-Vidal et al.2015 Hovatta et al2019. We also
high as 2 (e.g., on April §. These values would translate to a constrain CP te<0.3% in all the observed AGNs, consistent with
(purely imaginaryleakage term of the order of a few % in the previous single-disife.g., Thum et al2018 and VLBI (e.g.,
polarization converted VLBI visibilities. Homan & Lister 2009 studies, suggesting that at millimeter

The second point is that there is a sfgaint variation in the  wavelengths AGNs are not strdngircularly polarized antbr
estimated values of reconstructed stokesross the observing that Faraday conversion of the linearly polarized synchrotron
week. In particular, on April 5, 3C 279 shows a much higher emission is not an f€ient procesgbut see Vitrishchak et al.
value, indicating either an intrinsic change in the source, or2008.
systematic errors induced by either the instrument or the In AppendixB, we also report maps of all the AGN targets
calibration. In either case, this anomalously large Stokies observed at 1.3 mrfFiguresB3-B5), and at 3 mm(Figure B6),
the polarization calibrator introduces a largeY phase showcasing their arcsecond-structure at millimeter wavelengths.
difference in all other sources. This can be seen in the strong In the rest of this section, we bfiie comment on the
dependence of reconstructed StoKes feed angle for sources properties of selected AGNs.
0J 287 and 4C 01.2@lisplayed in Figur&2, upper left pangl 3C279. 3C 279 is a bright and highly magnetized gamma-
and in their relatively high Stoke® when compared to the ray-emitting blazar, whose jet is inclined at a very small
following days (see TableG2 in Appendix G). Besides viewing angleg( < 3°). At its distancez = 0.5363, 1” subtends
the anomalous value on April 5, it is interesting to note that 6.5 kpc. 3C 279 was observed on four days at 1.3 mm and one
the data depart from the sinusoidal model described byday at 3 mm. It is remarkably highly polarized both at 1.3 mm
Equation(G2), for observations far from transit, especially on and 3mm. At 1.3 mm, LP varies from 13.2% on April 5 to
April 11. These deviations may be related to other instrumentall4.9% in April 11, while the EVPA goes from 48lown to
effects which, however, we are not able to precisely quantify.40°. At 3mm, LP is slightly lower(~12.999 and the EVPA
For these reasons, we cannot precisely estimate the magnituds 44°.
of the true CP fractions for the observed sour¢sse While at 1.3mm we can only place a Lpper limit of
AppendixG for detaild. Nevertheless, our analysis still enables <5000 radm?, at 3mm we measure an RM1790+
us to obtain order-of-magnitude values of CP. In particular, 460 rad m? (with a ~4c significancé. Lee et al.(2015 used
excluding the anomalous April 5, we report €P-1.0, the Korean VLBI Network to measure the LP at 13, 7, and 3.5
—1.5] % in Sgr A, CP~ 0.3% in M87, and possibly a lower mm, finding RM values in the range650 to—2700 rad m?,

CP level(~0.1%— 0.299 in a few other AGNH3C 273, OJ which appear to scale as a function of wavelength\ &
287, 4C 01.28, J0132654, J00060623; see Tablés2 in These VLBI measurements are not inconsistent with our 3 mm
AppendixG). In the 3 mm band, we do not detect appreciable measurement and our upper limits at 1.3 mm, but more accurate
CP above 0.1%, except for 4C 09.670.349%9, J0O516+1800 measurements at higher frequencies are needed fiont@m
(—0.1499 and 3C 273(0.14%. We note, however, that the increase of the RM with frequency.
official accuracy of CP guaranteed by the ALMA observatory The total intensity images at 1.3 mm reveal, besides the
is < 0.6% (10) or 1.8% (30), and therefore all of these CP bright core, a jet-like feature extending approximately 5
measurements should be regarded as tentative detections. toward southwedfFigureB3); such a feature is not discernible
in the lower-resolution 3 mm imag€igure B6). The jet-like
feature is oriented at approximately’ 4i0e., is roughly aligned
4. Results with the EVPA in the core. Ultra-high-resolution images with
the EHT reveal a jet component approximately along the same

#.1. AGNs PA but on angular scales 2imes smalle(Kim et al. 2020).
We observed a dozen AGNs, 8 at 3 mm and 10 at 1. 3uwitim 3C 273. 3C 273 was théirst discovered quasg@chmidt1963,
six observed in both bangsn addition to M87. Following the  and is one of the closegt=0.158, ¥ =2.8kpg and brightest
most prevalent clagiiation scheme found in the literat\e=g., radio-loud quasars. 3C 273 was observed both at 1.3mm and

Lister & Homan2005 Véron-Cetty &Véron2010, our sample 3mm (two days apa)t Total intensity and LP are higher in the
includes three radio galaxi@d87, NGC 1052, Cen A three BL lower-frequency band#=9.9Jy and LP=-4.0% (at 3mn)
Lac objects (OJ 287, JO00&623, 4C 09.5¢ and seven  versusF=7.6Jy and LP=2.4% (1.3mn). We estimate an
additional quasi-stellar objed®S03 (3C 273, 3C 279, NRAO RM=(2.52+ 0.279 x 10°radm? at 1.3mm, cofirming the
530, 4C 01.28, J1922914, J01321654, and J05101800). high RM revealed in previous ALMA observatioftenducted in
Following the standard daition of a blazafi.e., an AGN with a 2016 December with @ angular resolutignby Hovatta et al.
relativistic jet nearly dided toward the line of sightwe can (2019 who report LP=1.8% and a(twice as large RM =
further combine the last two categories into seven blgd&ts  (5.0+ 0.3 x 10°rad m 2. We also report for thérst time an RM
279, OJ 287, J1922914, 4C 01.28, 4C 09.57, JOOC@®23, measurement at 3mm, RM(—0.60+0.19 x 10radm?
J0516+1800 and three additional QS3C 273, NRAO 530, about 40 times lower and with opgite sign with respect to the
J01321654. The observed radio galaxies have a core that ishigher-frequency band. Thg changes from-82+ 3° at 1.3 mm
considered as a low-luminosity AGNLAGN) (e.g., Ho2008. to —41°9+0°8 at 3mm. These large differences may be
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explained by opacity effec{Section5.1.1 see also Hovatta et al.  This geometry is apparently inconsistent with the radhth
2019. The EVPAs measured at 3 and 1.3mm are in excellentelongation of the jet revealed on scate$00 pc by recent
agreement with predictiofeom the AMAPOLA survey(which VLBI multi-frequency(22, 43, and 86 GHzmaging(e.g., Lu
however over-predicts LF8.5% at 1.3 mm; see Figui?). et al.2011), although the Boston University Blazar monitoring

The total intensity images both at 1.3 and 3mm display, progrant** conducted with the VLBA at 7 mm has revealed
besides the bright core, a bright, one-sided jet extendingsignificant changes in the jet position angle over the years, and
approximately 20 (54 kpg to the southwest. In the higher- possibly jet bending.
resolution 1.3 mm imag@-igureB5), the bright component of J1924-2914. J1924-2914 is a radio-loud blazar at 0.352
the jet is narrow and nearly straight, starts at a separation of1” =5.1kpg, which shows strong variability from radio to
~10" from the core, and has a length-o10”. We also detect ~ X-ray. It was observed on three days at 1.3 mm and one day at
(at the & level) two weak components of the inner (@ftithin 3mm. J19242914 appears strongly polarized with LP varying
~10" from the corgjoining the bright nucleus to the outer jet. from 6.1%(on April 6) to 4.9%(on April 11) at 1.3 mm, and
The jet structure is qualitatively similar to previonsm LP=4.8% (on April 4) at 3mm. The EVPA is stable around
images made with the VLA at several frequencies between 1.3—49°2, —5128] at 1.3 mm and-464 at 3 mm. We report RM
and 43 GHz(e.g., Perley & Meisenheimé&017), where the  ~([0.3-0.4] £ 0.1) x 10°radm? at 1.3 mm and a @ upper
outer jet appears highly linearly polariZ€d We do not detect  limit of 3600 rad m? at 3 mm (approximately an order of
LP in the jet feature. magnitude lowér Bower et al.(2018 report a higher RM

0J 287. The bright blazar OJ 28¢ =0.306, ¥ =4.7 kpg is value of(-0.714 0.06 x 10° rad m 2 at 1.3 mm from ALMA
among the best candidates for hosting a compact supermassivabservations carried out in 2016 August, when the source LP
binary black hole(e.g., Valtonen et al200§. OJ 287 was  was considerably lowdr< 2%). The AMAPOLA monitoring
observed on three days at 1.3mm and one day at ¥'h@u revealed a considerable variation in the source EVPA during
287 is one of the most highly polarized targets both at 1.3 mm2016 MarchDecember;* likely due to a period of low LP.
(LP~7%-9%) and 3 mm(LP = 8.8%). LP drops from 9% on  We therefore ascribe the difference with the Bower ¢2al.g
April 5 down to 7% on April 10, while the EVPA is stable measurement to source variability.

around[—59:6, —6128] at 1.3 mm and-70° at 3mm. The LP J1924-2914 is completely unresolved on arcsecond scales
variation and stable EVPA are consistent with the historical both at 1.3 mm and 3 mr{see Figured84 and B6), a result
trends derived from the AMAPOLA survégee Figurdl). Its consistent with images at centimeter wavelengths made with
flux density is also stable. At 1.3 mm, the EVPA either does notthe VLA (e.g., Perleyl982.

follow a A*law (April 5 and 1) or the formalfit is consistent 4C01.28. J1058+0133 (alias 4C01.28 is a blazar at
with RM =0 (April 10). Although we do not have an RM 7=0.888 (1”=8kpg. It was observed on three days at
detection at 1.3 mm, we measure an RM050-+ 620 rad m> 1.3 mm and one day at 3 mm. The source is strongly polarized

at 3mm. A 30 yr monitoring of the radio jet in OJ 287 has with a mean LP of 5.5% at 1.3mm and 4.4% at 3 mm. At
revealed that itg¢sky-projecteyl PA varies both at centimeter 1.3 mm, the LP varies by15% while the EVPA changes from
and millimeter wavelengths and follows the modulations of the ~. —23° (April 5) to ~ —15° (April 11); the EVPA at 3 mm,
EVPA at optical wavelength@/altonen & Wiik 2012. The measured on Apr2, is-32°, apparently consistent with the
observed EVPAet-PA trend can be explained using a jet- trend at 1.3 mm. Both the measured EVPA and LP values at
precessing model from the binary black hole which success-1.3mm and 3mm follow very closely the time evolution
fully predicts an optical EVPA —66°5 in 2017(Dey et al.  predicted in the AMAPOLA survefsee Figurd1), where the
2021), consistent with actual measurements from optical | p and EVPA follow a trend parallel to the Stolesolution.
polarimetric observations during 2016 (Valtonen et al. On April 11, we tentatively detect RM.(0.33+ 0.13 x 10°
2017 and close to the EVPA measured at 3 and 1.3mm raqm 2 at the~30 level; we however caution that on April 5
with ALMA. . S , and 10 the EVPAs do not follow th¥ trend (FigureF1), and
NRAO 530. J1733-1304alias NRAO 53Dis a highly variable  \ye do not have an RM detection at 3 nmith a 3 upper limit
QSO(atz =0.902; I' = 8 kpg which exhibits strong gamma-ray  of 3600 rad m?).
flares. It was observed on two consecutive days at 1.3mm and e, A. Centaurus ACen A is the closest radio-loud AGN
one day at 3mm. It is linearly polarized at~&.4% level at (at a distance of 3.8 Mpc// £ 18 pg. Although it is a bright
1.3mm but only 0.9% at 3mm. The EVPA goes frers1” at millimeter sourcéwith F = 5.7 Jy), it is unpolarized at 1.3 mm
1.3mm to 39 at 3mm, whilex, is stable around 3152°. At (with a 3 LP upper limit of 0.09% We find a spectral index
3mm, we estimate RM —0.21+0.06x 10°radm * at a 3.6 of —0.2 in the central core, consistent witffia spectrum, as
significance, which is comparable to the inter-band RM between 13js0 measured between 350 and 698 GHz \itin-simulta-
and 3mm (—.0.33>< 10radm?. These RM values are in neou$ ALMA observations(Espada et a2017).
agreement with those reported by Bower e{2411§ at 1.3 mm. The total intensity images reveal a diffuse emission comp-
The arcsecond-scale structure at 1.3 mm is dominated by @nent around the central bright core, extending acrassne
compact core with a second weaker component at a separatiopostly elongated nortsouth, and two additional compact

of approximately 10from the core toward wegFigure BS). components toward northeast separated by rougtlarich 18
At 3mm, there is another feature in opposite direcfiorthe  from the central core and aligned at RAQ° (see FigureB5,
eas}), which could be a counter-jet compongRtgure B6). bottom-right pangl The first component could be associated

= with the inner circumnuclear disk, mapped in CO with the SMA
Perley & Meisenheime2017) report an LP as high as 55% in their at Espada et aR009 and ALMA (Espada et aR017. and ma

15 GHz map along the jet boundari@dthough in the central regions LP is (Esp 9 (Esp Y y

much lowey. T

140 These ALMA observations of OJ 287 in 2017 April were preceded by a 4 httpsy /www.bu.edyblazargVLBA_GLAST/1730.html

major X-ray-optical outburst in late 2016 to early 20Kbmossa et aR020). www.alma.cf ~skamengAMAPOLA /J1924-2914flux.html
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indicate the presence of a dusty torus. The two additionalobservations at 3 mm and 1.3 mm, respectively, spanning
components correspond to two knots of the northern lobe of thethree yeargfrom 2015 September to 2018 Septemb&he
relativistic jet, labeled as A@inne and A2 (oute) in a VLA mainfindings revealed by the analysis of the full data set are
study by Clarke et al1992; no portion of the southern jet is as follows.
seen, consistent with previous observatidhsCoy et al.2017).

NGC 1052. NGC 1052 is a nearby19.7 Mpc; I =95 pg
radio galaxy which showcases an exceptionally bright twin-jet
system with a large viewing angle close to 90 degfeas,
Baczko et al2016. With F~0.4 Jy and LR.0.15%, it is the
weakest millimeter sourc@long with J01321654) and the
second least polarized AGN in our sample. The apparent
discrepancy iflux density and spectral index between April 6
and 7 is most likely a consequence of the Ifiux density
(below the threshold required by the commissioned on-source

1. The total flux density is quite stable on a weekly
timescale, varying by5% in both 2017 and 2018 April,
and exhibiting total excursion of about-P®% across
one year both at 1.3 mifdecreasing from 2017 April to
2018 April) and 3 mm(increasing from 2015 September
to 2016 Octobgr

2. We detect LP ~1.7%-2.7% (2.3% mean; April
20172018 at 1.3mm and LP~1.3%-2.4% (1.7%
mean; 2015 Septemb@016 Octobérat 3 mm.

3. The EVPA distributions across the four ALMA SPWs

phasing mode; see Sectiéh2) and the much poorer data
quality on April 7, rather than time-variability of the source.

Remaining AGNs. J0006-0623 is the most highly polarized
blazar(after 3C 279 observed at 1.3 mm, with [P 12.5%.
J0132-1654 is the weakest QSO observed at 1.3(fm 0.4
Jy) and has LR2%. The blazar JO5301800 has an LR-4%
at 3mm and shows indication of a large RM0.27x 10°

rad m 2), although the EVPA distribution does not follow a

\? dependencésee Figure=3, upper-right pangl

4.2. M87

We report thefirst unambiguous measurement of RM toward

the M87 nucleus at millimeter wavelengthable2; AppendixF,
Figure F1, middle panels We measure(1.51+ 0.30 x 10°
radm? (with a 5 signiicancg on April 6 and tentatively
(0.64=+0.27) x 10° rad m 2 (with a 2.4r significancg on April 5.
On the last two days we can only report Hestralues of
(-0.24-+0.23 x 10° rad m 2 (with a 3 corfidence level range
[-0.93, 0.49) on April 10 and(-0.39+0.24 x 10° radm *
(with a 3 corfidence level rangg-1.11, 0.33) on April 11.

clearly display a\? dependence, on spécidates, within
both the 1.3 mm and 3 mm ban¢sg., see FigureBl
andF4).

. The magnitude of the RM varies both at 3 nfrange

|IRM| =[0.2-1.2] x 10° radm®) and 1.3 mm (range
IRM| =[1.5-4.1] x 10° radm?, including< 30 non-
detectionk

. The RM can either be positive or negative in both bands

(with a preference for a negative sigindicating that
signflips are present both at 3 and 1.3 mm.

.In 2017 April, the RM magnitude appears to vary

signiicantly (from non-detection up to 1:610°rad m 2
in just 4-5 days.

. In 2017 April, xo varies substantially across a week,

being[-14.6+ 2.8, —23.6+ 3.1, 2.5+ 2.5, 3.5+ 2.5] in
April 5, 6, 10, and 11, respectively. Therefore, although
the EVPA at 1.3 mm changes only by+-8° during the
observing week, thgo varies by—9° in the first two
days, and+27° between the second day and the last two
days. In 2018 Apribﬁo appears instead to be consistently
around 684-70°6.1** The y, derived from the three

Although we cannot determine precisely the RM value on all
days, we can conclude that the RM appears to vary substantially
across days and there is marginal evidence of sign reversal. Figure 4 for a summary plot of RMyo in all the

Before this study, the only RM measurement was done with available M87 observatiops
the SMA at 230 GHz by Kuo et g2014), who reported a best- 8. The EVPAs measured at 1.3 mm in the 2017 campaign
fit RM=(-2.1+1.8) x 10° radm? (1o uncertainty and (~[-8, 0]°) are signficantly different to those measured
could therefore only provide an upper limit. In order to better in the 2018 campaigit~[26, 36°), which are instead
constrain the RM amplitude and its time variability, in addition consistent with those measured in 20416 at 3 mm
to the 2017 VLBI observationévhich are the focus of this (~[21, 33°).
Letten), we have also analyzed the ALMA data acquired during 9. We find hints of CP at 1.3mm at thp-0.3+0.6,
the 2018 April VLBI campaign as well as additional ALMA —0.4+0.61% level, but these should be regarded as
archival polarimetric experiment§éhese are introduced in tentative measuremer(see also Appendi& for caveats
Section 2.4). For two projects (2016.1.00415.S and on the CP estimatgs
2017.1.00608.Bwe produced fully calibrategy-files and then - . . .
used theUVMF flux extraction method withuVMULTIFIT to We will interpret theséindings in Sectiors.2
determine the M87 Stokes parameters. For the remaining two
projects (2013.1.01022.S and 2015.1.01170.%e used the 43 SerA*
full-Stokes images released with QA2. Since these images do -3 087
not include clean component models, we usedNiie method In this section, we analyze the polarimetric properties of
to extract the Stokes parameters in the compact core directly irtSgr A" and its variability on a weekly timescale based on the
the images?®® ALMA observations at 1.3 mm and 3 mm.

Table3 reports the full list of AIMA observations, project LP. We measured LP between 6.9% and 7.5% across one
codes, and derived polarimietrparameters. In total, we week at 1.3 mn{Table2). These values are broadly consistent
have collected data from three and eight different with historic measurements using BIMA on several epochs in

3mm experimentg§2015 September, 2015 November
and 2016 Octobgispans a range from4° to 107 (see

143 Based on the analysis of the 2017 data sets, we have assessadrhat 2% The change of about10° in the EVPA at 1.3 mm between 2018 April 21

yields consistent polarimetric parameters with respegVttr ands3 x 3 (see and 25 can be completely explained with a decrease in~RML x 10°
Section3.2 and AppendixC). rad m 2,
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Figure 4. M87 EVPA as a function of” observed in multiple epochs at 3 mm
(from 2015 September to 2016 Novemband 1.3 mm(from 2017 to 2018
April). Each gray line is a linedit to the EVPAs measured at the four ALMA
Band 3 and Band 6 spectral windows, yielding the RM in each epoch, and the
extrapolated intercept at theaxis isxo. Note the large offset iy, between

the 3 mm and 1.3 mm bands.

the time span 2002004 at 227 GHz(7.8%-9.4%; Bower
et al. 2003 2005, SMA on several days in 2005 Judaly
(4.5%-6.9% at 225 GHz; Marrone et a007), and more
recently with ALMA in 2016 MarchAugust at 225 GHz
(3.7%-6.3%, 5.9% mean; Bower et &018 who also report
intra-day variability. Besides observations at 1.3mm, LP
variability has been reported also at 3.5 mm with Bliibh a
timescale of days; Macquart et 200§ and at 0.85 mm with
the SMA (on a timescale from hours to days; Marrone et al.
2006. Altogether, these measurements imply sigant time-
variability of LP across timescales of holdays to months
years.

While at 1.3mm LP~7%, at 3mm we detect LEK1%
(Tablel). It is interesting to note that the LP fraction increases
from ~0.5% at~86 GHz (our SPW=0,1) up to ~1% at
~100 GHz(our SPW= 2,3; see Tabl&1in AppendixE). This

Goddi et al.

day9, given the consistency ino between 6 and 11 April

(~ —14°7+1°0; see Table?). Marrone et al.(2007 find a
comparable dispersion based on six measurements in the time
period 2005 Junduly (A|RM| = 1.3x 10° rad m 2 excluding

their most discrepant point, ah|RM|=3.8x 10° rad m’
including all six measurements spanning almost two mpnths
Bower et al.(2018 find an even largeA|RM| = —4.9x 10°

rad m 2 across 5 months; they also report intra-day variability
in a similar range on timescales of several hours.

Variations in RM appear to be coupled with LP fraction: the
lower the polarizatiorflux density, the higher the absolute
value of the RM. In particular, wefind ALP~ +5%
(ARM ~ —9%) and ALP ~ +9% (ARM ~ —32%) in April 7
and 11, respectively, with respect to April 6. This can be
understood if a larger RM scrambles more effectively the
polarization vectoffields resulting in lower net polarization.
Although with only three data points we cannot draw a
statistically sigrficant conclusion, we note that the same trend
was also seen by Bower et 2018 on shorter(intra-day
timescales.

We report for thdirst time a measurement of RM at 3 mm, with
a magnitude of-2.1+ 0.1) x 10° rad m ?(Table1; AppendixF,
Figure F1, upper-left pangl The RM magnitude at 3mm
(measured on April \3is a factor of 2.32.1) smaller than the
RM value measured at 1.3 mm on Apri(April 7). Furthermore,
we note a large offset ipy between the 3 mri-135° or —45° for
a full 180 wrap) and the 1.3 mm bands-[-14.7,—18.8°), which
is unlikely a consequence of time variabiliigiven the yq
consistency on Apr-d.1). The comparison of RM ang, in the
two frequency bandgshowcased in Figur®) indicates the
presence of both Faraday and intrinsic changes of the source. We
will provide an interpretation of the differences observed between
the two frequency bands in Sectibrd

CP. We report a tentative detection of CP at 1.3 mm in the
range(-1.04+0.6)% to (-1.5+ 0.6%. This is consistent with
thefirst detection with the SMA from observations carried out
in 2005-2007 (Mufioz et al.2012 and with a more recent
ALMA study based on 2016 observatiofBower et al.2018.

This result suggests that the handedness of the millimeter

trend is consistent with earlier measurements at 22 GHz andvavelength CP is stable over timescales larger than 12yr.

43 GHz with the VLA, and at 86 GHz and P15 GHz with
BIMA, yielding upper limits of LR-0.2, 0.4%, 1%(Bower
et al. 1999h), and 1.8%(Bower et al.200J), respectivelybut
see Macquart et 82006 who report LP~2% at 85 GHz with
BIMA observations in 2004 Margh

RM. We report a mean RM 6f4.2 x 10° rad m 2 at 1.3 mm
with a signficance of~500 (Table 2; AppendixF, FigureF1,
upper second to fourth panglsonsistent with measurements over
the past 15 yr since thirst measurements with BIMAICMT
(Bower et al. 2003, BIMA+JCMT+SMA (Macquart et al.
2006, and the SMA alon¢Marrone et al2007.1*° Across the
observing week, we see a change in RM from84 +
0.1x 10° rad m 2 (on April 6) to —3.28+ 0.09x 10° rad m 2
(on April 11), corresponding to a change ef —1.5x 10°
rad m 2 (~30%), detected with a sigficance of~20c. This
RM change can completely explain the EVPA variation from
—65:8+0°1 to —49°34+0°1 (or a~16° change acrosfive

145 Both Bower et al.(2003 and Macquart et al(2006 used non-
simultaneous EVPA measurements in the frequency rangel03@GHz and
83-400 GHz, respectively. Marrone et 2007 determined for thérst time
the RM comparing EVPAs measured simultaneously at €ach and
0.85 mn) band.
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Interestingly, historical VLA datérom 1981 to 199Pbetween

1.4 and 15 GHz show that the emission is circularly polarized
at the 0.3% level and is consistently left-han@@dwer et al.
1999a 2002, possibly extending the stability of the CP sign to
40 yr. Such a remarkable consistency of the sign of CP over
(potentially foujy decades suggests a stable magngéid
corfiguration(in the emission and conversion region

Similarly to the RM, we also note a weak anti-correlation
between LP and Crlthough more observations are needed to
corfirm it).

We do not detect CP at 3 m(r: 0.06%, 3 upper limi).
Mufioz et al (2012 and Bower et ali2018 find that, once one
combines the centimeter and millimeter measurements, the CP
fraction as a function of frequency should be characterized by a
power law with.°-3% Using the measurements at 1.3 mm, this
shallow power law would imply a CP fraction at the level of
~0.7%-1.1% at 3mm, which would have been readily
observable. The non-detection of CP at 3 mm suggests that
the CP spectrum may not be monotonic.

Although the origin of the CP is not well understood, since a
relativistic synchrotron plasma is expected to produce little CP,
Mufioz et al.(2012 suggest that the observed CP is likely
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150 a=[-0.7,-0.3] at 3mm anda=[-1.3, —0.6] at 1.3 mm,

Cen A being the only exception, with= —0.2 (see Tabled

and 2 and AppendixH). This contrasts with thélat spectra

(o = 0) typically found at longer centimeter wavelengths in
AGN coreg(e.g., Hovatta et aR014), corresponding to optically
thick emission. In addition, we observe a spectral steepening
4 (with A =[—0.2,—0.4]) between 3 mm and 1.3 mm; although
one should keep in mind the caveat of time variability, since the
observations in the two frequency bands were close in time
(within 10 day$ but not simultaneous. Such spectral steepening
can naturally be explained by decreased opacity of the
synchrotron emission at higher frequencies in a standard jet
model(e.g., Blandford & Konigl1l979 Lobanov1998.

100

S0k

EVPA [deg]

| > l LP degree. We detect LP in the range 0.9%38% at 3 mm
" i : : ; " ) and 2%15% at 1.3 mm(excluding the unpolarized sources
0 2 4 6 8 10 12 NGC 1052 and CenA At 1.3 mm, the median fractional

A% [mm?] polarization is 5.1%, just slightly higher than the median LP at
Figure 5. Sgr A" EVPA as a function oA? observed in 2017 at 3 m¢April 3) 3mm, 4.2%, y'eld'_ng a ratio of 1.2. If we co_nS|der on_Iy the
and 1.3 mm(April 6, 7, 11). Each gray line is a lineait to the EVPAs sources observed in both bands, then the ratio goes slightly up
measured at the four ALMA Band 3 and Band 6 spectral windows, yielding the to 1.3 (or 1.6 including also Sgr’A. Despite the low statistics,
IRl\/l in ?fach_epok():h, and thr:a %xtrapola;ef i3ntercebpt Zl’ﬂgés iS_XO-r:\‘Ote the  these trends are marginally consistent with results from
arge o set|r1><0 etween the 3 mm an .5 mMm bands, esp|tet ec0n3|stency . . . .
Y at13 6 davs. previous single-dish surveys with the IRAM 30 m telescope
o Xo @l L= M acloss & days (Agudo et al. 2014 2018 and the Plateau de Bure
. _ Interferometer or PdB[Trippe et al.2010. In particular,
generated close to the event horizon by the Faraday conversiopgudo et al.(2014) find an LP ratio of 1.6 between 1 mm and
which transforms LP into CP via thermal electrons that are3 mm based on SimultaneOUS, Sing'e_epoch observations of a
mixed with the relativistic electrons responsible for the linearly sample of 22 radio-louF > 1 Jy) AGNs, while Agudo et al.
polarized synchrotron emissigBeckert & Falcke200). In (2018 find an LP ratio of 2.6 based on long-term monitoring,
this scenario, while the high degree of order in the magnetichgn-simultaneous observations of 29 AGNS. Trippe et al.
field necessary to produce EF% at 1.3 mm naturally leads to (2010 find similar numbers from a sample of 73 AGNs
a high CP in a synchrotron source, the absence of CP at 3mnypserved as part of the IRANRABI calibration measurements
is consistent with the low LP measured. See Mufioz et al.qying standard interferometer science operati$hsthe
(20_13'for a detailed discussion of potential origins for the CP comparison of these statistics at both wavelengths suggests a
emission. _ _ _general higher degree of polarization at 1 mm as compared to 3
A final caveat is that, based on the analysis presented ifym_ Thisfinding can be related either to a smaller size of the
Section3.3.4 and AppendixG, the physical interpretations emitting region andor to a higher ordering of the magnetic-
above should be considered as tentative. o field corfiguration(e.qg., see the discussion in Hugh€91). In
Flux-density variability. \We do not report sigficant — fact according to the standard jet model, the size of the core
variability in totgl intensity and polarized intensity, which is region decreases as a power-law of the observing frequency,
about 10% in six daygcomparable to the absoluiex-scale  \yhich could help explain the higher LP observed at 1 mm.
uncertainty in ALMA Band§ Marrone et al.(2009 and  Ajernatively, the more ordered magneiigd corfiguration

Bower et al.(2018 report more sigtiicant variability in all could be related to a large-scalBelica) magneticeld
polarization parameters based iarra-day light curves in all structure along the jets.
four Stokesf parameters. T_his type of_ analysis is beyond the Faraday RM. Among the six sources observed both at 3 mm
scope of this Letter, and will be investigated elsewhere. and 1.3 mm, we have RM detections at the two bands only in
3C 273, where the estimated value at 3 mm is Siamntly
5. Discussion lower than at 1.3 mm. For the remaining sources with RM

In this section, we review general polarization properties of détections at 3 mniNRAO 530, 0J 287, and 3C 2yand at

AGNs comparing the tw@l.3 and 3 m frequency bands, 13 mm.(J19242914 and 4C 01.38 their 3 upper limits,
different AGN classes, and depolarization mechanisms'€SPectively at 1.3 and 3mm, still allow a larger RM at the
(Section5.1); then we interpret the Faraday properties derived h|gher-frequgpcy ban,d. ,

for M87 in the context of existing accretion and jet models as A different“in-band RM in the 3 and 1.3 mm bands can be
well as a new two-component polarization md@ictions.2); explained either byi) the presence of an internal Faraday

finally we discuss additional constraints on the SgrA Screen or multiple external screens in the beam(iipra
polarization model from a comparison of 1.3 mm and 3 mm different opacity of the synchrotron emission between the two
observationgSections.3). bands. Casg) will cause a non¥” behavior of the EVPA and a

non-trivial relation between thén-band RMng?ﬁtermined at
oy Lo only two narrow radio bands. Evidence for behavior of
5.1. Polarization Degree and Faraday Rotation in AGNs the EVPA can be possibly seen in 0J 287, 4C01.28, and

5.1.1. 1.3 mm versus 3 mm

_ ) . . 148 The polarimetric data analysis is based on Earth rotation polarimetry and is
Synchrotron emission opacity. The total intensity spectral  antenna-based, ie., executed for each antenna separately. Therefore, no

indexes for the AGN sources in the sample vary in the rangeinterferometric polarization images are available from this study.
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J0006:0623 at 1.3 mnm(FigureF2) and J0516-1800 at 3 mm (e.g., Faraday and beam depolarizatisee the next sectipn
(Figure F3). In order to estimat® or n, from the RM (see also resulting in higher Land lower RN).
Equation(1)), one would need to sample densely the EVPA
over a broader frequency range and perform a more
sophisticated analysis, using techniques like the Faraday RM
synthesis or Faraday tomograplfg.g., Brentiens & de In the previous section we point out that radio galaxies and
Bruyn 2005. This type of analysis is beyond the scope of LLAGNs exhibit lower polarization degree than blazars. In
this Letter and can be investigated in a future s{udyrefer to particular, the radio galaxies Cen A and NGC 1052 do not
Section5.2.1 for evidence of internal Faraday rotation and show appreciable polarized intensiiyP<0.2%9 at 1.3 mm.
Section5.2.2for an example of a multiple-component Faraday We suggest several depolarization mechanisms that may be at
model for the case of M§7Since the spectral index analysis play in these radio galaxig€and potentially other LLAGNs
shows that the AGNs in the sample become more optically thin
at 1 mm, the observed differences in theband RM at 3 mm
and 1.3 mm can be likely explained by synchrotron opacity
effects alone(with the caveat of time variability since the
observations are near-in-time but not simultangous

It is also interesting to note that we also see a sign reversal
between the RM measured at 3mm and 1.3 mm for 3C 273.In the following, we elaborate on these mechanisms.
RM sign reversals require reversalsBineither over timgthe a. Faraday depolarization due to a thick torus or a dense
observations in the two bands are not simultaneousacross accretion flow. Radio galaxies are often surrounded by an
the emitting region(the orientation of the magnetiteld is obscuring torus. The cold gas in the torus can be photoionized
different in the 3 mm and 1 mm regignVith the data in hand by UV photons from the inner accretion disk and the mixture
we cannot distinguish between time variability or spatial of thermal and non-thermal neaital could be responsible for
incoherence of the magnefield (we refer to Sectiob.2for a the strong depolarization of the inner regions via Faraday
discussion on possible origins of RM sign reversals in AGNs rotation—and one speaks dfaraday depolarization. In the

case of NGC 1052, Fromm et a(2018 2019 created
5.1.2. Blazars versus Other AGNs synthetic radio maps of the jets using special-relativistic

. hydrodynamic simulations andiggested that an obscuring
We find that blazars are more strongly polarized than Othertorus can explain some of the observed properties of these

i i i 0, 0,
e 2 o e, In fat he presence of & masqval' 1) and cense
' resp Y. ' PP (> 10" cm~3) molecular torus has been recently demonstrated

an order-of-magnitude lower RM valugsn averagp than . :
. . i with ALMA observations(Kameno et al2020. A clumpy
other AGNS, with a median value f0.07x 10° rad m® at torus is also known to surround the nucleus of Cef®A.,

1.3mm (with the highest values 0f0.4x 10° rad m?

exhibited by J1924€914), whereas for other AGNs wgnd E_spad%gt ?32017)’ as EISO sug‘i]g_rehstedfby OL;]r 1.3 mm rfmf

a median value 0£0.4x 10° at 1.3 mm*” (with the highest igure BS, bottom-right pangl Therefore the presence of a

values> 10° rad m 2 exhibited by M87 and 3C 273 thick torus of cold gas could naturally explain the low
Bower et al(2017) used the Combined Array for Millimeter polaﬂza'_uon degbree ml bptkﬁﬂgl\lgalaﬁ“es' '?:l S|m|l_ar_

Astronomy(CARMA) and the SMA to observe at 1.3 mm two mechanism can be at play in S WNOSE radio emission

LLAGNSs, M81 and M84,finding upper limits to LP of 1% is thought to be powered by synchrotron radiation from a

L eometrically thick, hot accretiofiow (e.g., Narayan &
2%. Similarly, Plambeck et 42014 used CARMA to observe g¢ .
the LLAGN 3C 84 at 1.3 and 0.9 mm, measuring an LP in the ;((')01394 Blandford & Begelmarl993 Quataert & Gruzinov
1%-2% range, and a very high RM ef(9 + 2) x 10°. These : dth larizati o fiol
low values of LP(and high values of RMare comparable to b. Bandwidth depolarization due to a strong magnetic field.

; R : A large homogeneous magnefield implies an intrinsically
what wefind in M87, which is also clagid as an LLAGN . o
(e.g.., Di Matteo et al2003. large homogeneous RNsee Equatior(1)), resulting in the

When put together, these results suggest that blazars havaource appearing unpolarized in broadband observatand

different polarization properties at millimeter wavelengths from i‘?ﬂg si,geagf (gg’gﬁlzdtﬁ gegglaégﬁgt?g{nl nt#eG%;O‘:’éa%M;{[A
all other AGNs, including LLAGNS, radio galaxies, or regular Sch?/va?zschild radiugR 5 scales in the range 396m 000G
QS0s!*® These millimeter polarization differences can be Sc 9 '

understood in the context of the viewing anglefigation (Baczko et al201, providing evidence of an extremely high

scheme of AGNs. A smaller viewing angle implies a stronger magnetic field near the SMBH. Coupled with its high

Doppler-boosting of the synchrotron emitting plasma in the jet, g;lén\?vté%rll d(ec.gusg?gleersc?arig?g% S:gr] fnsgf;?genﬁ%nﬁm A
which in turn implies a higher polarization fraction for blazars. broadband observations PP P

Furthermore, their face-on geometry allows the observer to c. Beam depolarization .due 10 a tangled magnetic field. f
reach the innermost radii of the nuclges and reduces the ) : . o > ! :
impact of the“scrambling of linearly polarized radiation by the magnetidield in the emitting regions or in a foreground

. ) A L Faraday screen is tangled or generally disordered on scales
averaging different polarization components within the Source . \ch smaller than the observing beam, magristid regions

with similar polarization degrees but opposite signs will cancel
out and the net observed polarization degree would be

5.1.3. Depolarization in Radio Galaxies

a. Faraday depolarization due to a thick torus or a dense
accretionflow.

b. Bandwidth depolarization due to a strong magfeid.

c. Beam depolarization due to a disordered magfiefit.

d. Thermal(non-synchrotronemission.

147 1n computing the median we exclude the unpolarized Cen A and

NGC 1052 for which we cannot measure RM. significantly decreasedand one speaks dfeam depolariza-
148 gimilar conclusions were reached from VLBI imaging studies of large tion. We do not have ewdencg of such a tangleq magﬁelnt: _
AGN samples at centimeter wavelengtes., Hodge et aR019. for any of the low LP sources in our sample, which will require
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high-resolution polarization imaging with the GMVA or Davelaar et al2019 Event Horizon Telescope Collaboration
the EHT. et al. 20199. In the hybrid models, the low-frequency radio

d. Thermal (non-synchrotron) emission. Multi-wavelength emission is produced by the jet while the optically thin
(MWL) studies in CenA show that its spectral energy millimeter/submillimeterand X-ray emission can either come
distribution (SED) is moderately inverted up to the infrared, from the jet base or the inner accretitow.
possibly indicating a dust contribution at millimeter wave- The traditional approach adogt& previous studies was to
lengths (e.g., Espada et aR017). Using VLBI imaging at assume that the large-scéte- 100 Rsc) accretionflow itself
229 GHz with the EHT, M. Janssen et @021, submitted may act as a Faraday screen and that the core emission region lies

measured #ux of ~2 Jy in the VLBI core, indicating that the  entirely behind the same pion of the Faraday screde.g., the
EHT filters out~65% of the emission seen by ALMA. While  core emission size is small compared to the scale of any

we cannot exclude contribution from thermal emission to the gyctuations in large-scalfiow). In the framework of semi-
total flux measured by ALMA, théux measured with the EHT analytic RIAFADAF models, the RM magnitude has then been
must necessarily be associated with non-thermal emission. Wegge 1o estimate mass accretion rates onto black holes irf Sgr A
therefore conclude that dust emission is an unlikely eXpIanat'on(Marrone et al2006 2007 and in 3C 84Plambeck et aR014).

forAtrr:eirlr?crkosgépd::allgnn;r]éis including spectro-polarimetr A similar approach has been used in M87, yielding estimates of
P y 9 sp P Y the accretion rate in the range frath< 9 x 10~ (Kuo et al.

could be helpful to measure the actual RM in both NGC 1052 2014 to M~ 02, 1] x 10 M., yrfl (Feng et al.201,

and Cen A and thus assess which is the dominant depolariza’ . 2 >
tion mechanism among the ones discussed althie is, where the quoted values are either upper limits or depend on

however, beyond the scope of this Léttérs afinal note, an specﬁc model assumptionge.g., black hole spin or the exact
interesting insight may come from a comparison betweenlocation of the Faraday scrgeifrom the largest RM that we
millimeter and IR wavelengths, where both NGC 1052 measured, 4 10° rad m # (on 2018 Apri), using Equatiorf9) in
(Fernandez-Ontiveros et &019 and Cen A (Jones200Q Marrone et al(2006, we would infer a mass accretion rate of
Lopez Rodrigue202) are highly polarized. These character- M = 7.7 x 107 8RM[*/? ~ 4 x 10~* M. yr * assuming an
istic are similar to Cygnus A, where the low polarized core at inner boundary to the Faraday screemRgfs, in=21 Rsch (as
millimeter wavelengths and the high polarized core at IR suggested by Kuo et &014.

wavelengths may be the signature of an ordered magdiedtic While our estimates of mass accretion rates are consistent
in the plane of the accretion disk supporting the accréiion with previous similar estimates and upper limits from the
and/or jet formation(Lopez-Rodriguez et a0189. ADAF /RIAF models, the observed properties listed above,
especially the time variable RM and its sign reversals, provide
5.2. Physical Origin of the Rotation Measure in M87 new constraints. In particular, the timescale of the RM

We can now use the polarimetric and Faraday properties ovariability can be set by the rotating medium dynamical time
the millimeter emission from M87 reported in Sectibg, to (xy/R3/GM), thus constraining the radius at which the RM
constrain properties of accretion models onto the M87 SMBH. originates. The rapid variability observed in 2017 April implies
Models aiming to explain the origin of the RM in M87 should that the RM should occur much closer to the SM@¥ithin a
match the following key observed featu(ese Sectiod.2 for few Rscp) than assumed in previous mass accretion models,
a full list of findingy. which in turn suggests the possibility of a co-location of the

i. Low LP and high RM. M87 has a rather low LP~2.3% emitting and rotating mediu_m. In the alternative, the Farad_a_y
mean at 1.3 minwhen compared to SgrAand other screen could k_)e at furthe.r dlstan_ce ar]d the obgerved variability
blazars in the samplésee Section5.1., while the could be ascribed to rap[dhctuatmns in thg emitting source.
measured RM can be as high as a few timé&sadm 2. Therefore, both a turbulent accretrﬂ:ov\_/ acting as a Faraday

ii. RM sign reversals. Observations on different dates yield SCT€€n or avarying compact source with an external screen can

large differences in the measured RM values, which can€Xplain the observed time variability. Finally, the accretion
be either positive or negativgn both the 3mm and  flow is not the only possible source of Faraday rotation. Since
1.3 mm bands This requires sigtiips in B, over time simulations show that relativistic jets can havspine-sheath

and/or across the emitting region. structure(e.g., McKinney2006), the jet sheath can provide a
iil. Rapid RM time variability. In 2017 April, the RM magnetized screen surrounding the jet, and indeed it has been
magnitude appears to vary sificantly (from non- also suggested as a plausible source of Faraday rotation in

detection up to 1.5 10° rad m ?) in just 45 days. This  AGNs (e.g., Zavala & TayloR004). Therefore, eithefor both
suggests the presence of small-sdhletuations in the  the accretiofiow ang/or the jet can in principle be the sources

emitting source anr the Faraday screen. of the millimeter emission aridr the Faraday rotation.

iv. A2 scaling. Plots in Figures1 andF4 clearly display a All the scenarios described above imply a more complicated
X? dependence of the EVPA at 1.3mm and 3mm on physical origin of the Faraday rotation than is usually assumed
specfic days(although this is not always the case in traditional semi-analytic models that use the RM to infer a

The MWL SED of the M87 core is best explained by emission Mass accretion rate. We conclude that, unlike the case of
from advection-dominatgdadiatively ineficient accretion ~ SgrA’, the RM in M87 may not provide an accurate estimate
flow (ADAF/RIAF; Reynolds et al1996 Di Matteo et al. of the mass accretion rate onto the black hole.

2003 or from a jet(e.g., Dexter et aR012 Prieto et al2016 In what follows, we review clues on the location of the
Mo cibrodzka2019, or emission from a combination of these Faraday screen using observational constrains from ALMA
two componentge.g., Broderick & Loel2009 Nemmen et al.  (Section5.2.1) as well as information on horizon scales from
2014 Feng et al.2016 Mo cibrodzka et al.2016 2017 the EHT (Section5.2.9.
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5.2.1. Location of the Faraday Screen: Internal versus External models, including the magnetitower” model(Lynden-

Bell 1996 Contopoulos & Kazana$99§ Lico et al.

2017, or the“striped jet model(Parfrey et al2015

Mahlmann et al202Q Nathanail et al2020. Never-

I. Internal Faraday rotation: the accretiftow or jet can theless, it remains di€ult to explain the rapid
simultaneously be the source of synchrotron radiation and fluctuations observed in 2017 April with these models.
the Faraday screen.

a. RM rapid time variability and sign reversals. Recent
time-dependent general relativistic magnetohydro-
dynamic (GRMHD) simulations of the M87 core
(Ricarte et al2020 show that turbulence within the

We distinguish between two general cases: internal and
external Faraday rotation.

A long-term monitoring with beam-matched simultaneous
observations at multiple frequency bands would be required
to assess the frequency dependence of the RM and to
conclusively discriminate between internal and external Fara-
. ; . . day rotation. Clear evidence &f scaling in a wider frequency
accretionflow is able to changd, in both amplitude o506 \Wwould be evidence of the external scenario, while
and orientation, resulting in sigiant RM fluctua-  yayiations from\ would support the internal scenario. A time
tions and sign reversals on the dynamical time at c54ence from a few days to a few months would allow us to
R=~2.5-5 Rscp corresponding to short timescales of 5q5e55 whether the RM siglips are stochastifavoring the
a few days for M87(consistent with propertiegii internal scenar)p or systematic (favoring the external
and #iii). scenarid.
b. Beam Depolarization. An internal Faraday screen
could cause beam depolarization of the synchrotron

emission. ThiS h_as been theoretically predipte_d by 5.2.2. Two-component Polarization Model for M87

GRMHD simulations of the M87 core emission, . . .

which vield low values of LRtypically in the range EHT estimates of thélux in the compact core, i.e., that
1%-3%) and large Faraday RM:> 10° rad m 9 arising on horizon scales, can at most account for 50% of that

measured by ALMA, both in total intensifvent Horizon
Telescope Collaboration et &0199 and polarized intensity
the observed featurgt. We however note that the (Event Horizon Telescope Collaboration e2al213 emission.
beam depolarization could be also caused by externaINat“ral origins for th_e additional emission are the larger-scale
Faraday rotation in an inhomogeneous screen. structures in the jet. The additional components may

Il. External Faraday rotation: the emission region lies encompass many scales, be discrete feafargs HST-], or
entirely behind(and it is not inter-mixed wih the be a combination thereof. In order to interpret these differences

Faradav screen revealed by the EHT and ALMA, we adopt the simplest
a \2 sZaling oft.he EVPA. A )2 dependence is typically version of a multi-scale model permissibla two-component
' - . odel comprised of a variable compact region and static
Zggﬁﬁdﬂiﬁ oobns?rr]\éalt:)%r;?il O?}VI(;ifER}(): I?;:Qg;u r;%?;in;agxtended regiotsee Figure). Wefind thgt this isgsm‘cient to
b : y Aharmonize the polarimetric properties observed by both the
external relative to the background source. Although it

b d that EVPA iati . EHT and ALMA in 2017 April, including the interday
can be argue a variations In a narrow variability in the ALMA RMs and the EVPA variation of the
frequency range could be approximated to be lifegar

; S compact core as observed by the EHT.
1.3/3 mm the fractionah? bandwidth is only 1632% )
of the central wavelengthgood linearfits of EVPA Both the compact and extended components of the two

> . component model consist of total intensity, spectral index,
versus A~ are also obtained from lower-frequency

. . . linearly polarizedfilux, and polarization angle. We consider
observations, including the ranges 2, 5, and 8 GHZ o, internal and external Faraday screen models for the
(Park et al2019), 8, 15, 22, and 43 GH(Algaba et al.

compact component. In both cases, the Faraday screen for the
2019, and 24, 43, and 86 GH@ravchenko et al.  gyiended component is assumed to be external. A model
2020-, ) ) i likelihood is constructed using the integrated EHT Stdk@s

b. RM sign reversal.s and helical magnetic fields. Polari- and U ranges presented in Table 7 in Appendix H2 of Event
metric images with the VLBA at 43 GHz have revealed orizon Telescope Collaboration et@0213, and the ALMA
magnetidield vectors wrapped around the cfféalker  core Stoked, ©, and U values for the individual SPWs in
et al. 2019, suggesting that toroiddlelds might be  Taple E2 in Appendix E, assuming Gaussian errors. This
dominant on scales of hundreds d@isc, Helical |ikelihood is then sampled with the EMCEE python package
magneticfields threading the jet may be produced by (Foreman-Mackey et a2013 to obtain posterior probability
the differential rotation either in the BH ergosphere or in distributions for the model components. For more details
the innermost regions of the accretion digkg., regarding the model, priors, afiti results, see Appendix
Broderick & Loeb2009 Broderick & McKinney201Q Across days, only the LP and EVPA of the compact
Tchekhovskoy et al.2011). If toroidal fields are  component are permitted to vary. This is consistent with the
dominant in the sheath, one would expect transverseextended component being associated with much larger
RM gradients across the jet, with opposite signs of the physical structures and required by the polarimetric variability
RM from one edge to the other, as shown in a handful observed by the EH{Event Horizon Telescope Collaboration
cases where VLBI images resolve the jet wiily., et al.20213. There is no evidence that variability in any other
Asada et al2002 GOomez et al200§ Gabuzda et al.  component of the two-component model is required: despite
2014. Systematic changes in the signs of these static Faraday screens, permitting the polarization of the
gradients, leading to RM sigreversals in unresolved compact component to vary is capable of reproducing the
measurements, can be explained with a number ofrapid changes in the ALMA RMs. In this picture, the observed

(Mo cibrodzka et al2017 Event Horizon Telescope
Collaboration et al2021h, broadly consistent with
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Faraday screens. The small screen, which may be extehoayr) or internal ) ) (0" radim?e=) (10° rad m™)
(not shown, acts only on the compact component, which is observed by the ~External Compact Faraday Sereen

EHT. ALMA observes the combined emission from both components. Figure 7. Posteriors implied by the 2017 April 5, 6, 10, and 11 ALMA and

EHT observations for the RMs measured on ALMextendedl and EHT

. . f h | h-d d ... (compact scales in the two component model when it is assumed that the
RMs arise in part from the wavelength-dependent COmpem'C'ncompact Faraday screen is extefffmher left, blu¢ and internalupper right,

between the two components, and thus are not directlyreg to the emission region. Contours are shown for the 50%, 90%, and 99%

indicative of the properties of either Faraday screen. quantiles. For comparison, the ange of 2017 April 5, 6, 10, and 11 ALMA
Nevertheless, via this model we are able to separaterR'V'S reported in Tabl& are shown as the black crosses and gray bands.

constrain the RMs that are observed on ALMA and EHT

scales; these are shown in Figir&Specfically, while the RM ccretion rate of order TBM, yr* (assumingRem in = 10 Rser)

of the large-scale Faraday screen is comparable to the 201\?\/ith a maximum variatior;) of approximately'ZO% acros’s the

April values reported in Tabl®, that associated with the observing week

compact component is not directly constrained by the ALMA :

measurements and can be factors of many larger: at 95% We have derived for théirst time the polarization and
comfidence. the compact RM is betweeB.4 x 10° rad r.n*Z ?—'araday properties of SgfAoth at 3mm and 1.3mm in a

and—2.9x 1Prad % Interestingly, the estimated range is time W|ndqw of 10 days. Since the s_ynchrotron _photosphere in
consistent with the RM inferred from low-inclination GRMHD the accretiorflow moves ouyward W'th decreasmg frequency
models of the M87 coréRicarte et al202Q Event Horizon (because of increased opafithe polarized emission at 3 mm
Telescope Collaboration et &021H and comparable to the and 1._3 mm is expected to arise from different Iocatlc_)ns with
2018 April values reported in Tabld. This consistency pOt‘?”t'?‘"V_ different magnepﬁneld structures. Any variation qf
suggests the possibility that in 2018 April ALMA may be fche mtrmsm_E\_/PA or RM with fre_quency can therefore prc_)wde
seeing the core RMe.g., as a consequence of a different INteresting insights on the polarized source and magfiekic
beating of the two componehtsThis hypothesis can be Structure. In SectioA.3we infer that the intrinsic polarization
directly tested with the 2018 EHT observations which, unlike VEctor is rotated between the 3mfg, ~ + 135" or —45°
the 2017 ones, covered the full frequency spacing of ALMA assuming a full 180wrap and the 1.3mm(x,~ [-15,
(212-230 GHZ; see Section.1), and are therefore expected to —19°]) bands and that the RM magnitude at 3 mm is about half
directly measure the resolved RM of the core. This will in turn of the RM value measured at 1.3mm over a three-day
allow us to quantify the interplay between compact and separation. From earlier VLBI measurements, we know that
extended components, and potentially explain the timethe emission at millimeter wavelengths must come from very
variability observed with ALMA. closely situated regions of the black hole, with an intrifisic,

unscatteredsize of~120uas(or 12 Rsqpy) at 3.5 mm(lssaoun

et al.2019 and~50pas(or 5Rscy at 1.3 mm(Lu et al.2018.

5.3. Constraints on Sgr A™ Model from Polarization and Therefore the radius of the 3.5 mm source is 2.4 times larger
Faraday Properties at 3 and 1.3 mm than that of the 1.3 mm source, i.e., very close to the ratio of the
Measurements of Faraday rotation at radiimeter wave- ~ RM values measured with ALMA at the two wavelengfese
lengths, either toward SgrAtself (e.g., Marrone et al2007 RM paragraph in Sectioh.3. Taken at face value, this result
Bower et al.2018§ or the nearby pulsar PSR J1745-296Q)., suggests that about half of the Faraday rotation at 1.3 mm may
Eatough et al2013 Kravchenko et al2016, have been used to  occur between the 3 mm photosphere and the 1.3 mm source.
probe the magnetized accretitmw in Sgr A" on scales from tens Although this result would be extremely constraining for the

of Rschout to the Bondi radiug~10° Rs.y). Using the same semi-  model of Sgr A, we should point out two caveat$) possible
analytic RIAFFADAF models introduced in Sectidn2 (Marrone presence of multiple componentgi) potential RM time
et al.2009, from the measured RM values at 1.3 mm we obtain an variability. We explain these caveats below.
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Multiple components. In addition to the mini-spiral, which is
however unpolarizegsee Sectior8.3.1) and thus should not
contribute sigricantly to the polarize€lux, the presence of a
relativistic compact jet has been proposed based on theoretical
modeling of the source SED, in particular to explain the radio
emission in Sgr A(e.g., Falcke & Markof2000. In addition,
the only available VLBI polarimetry study at 1.3 mm has
shown that the polarization structure of Sgri& complex
(Johnson et al2015 and can be in principle different at the
two wavelengths. Therefore, we cannot completely exclude the
presence of an additional jet component to the accrétianor
a more complex morphology for the intrinsic polarization.
Nevertheless, we argue that the stability of LP, RM, and CP
(including their sigh observed in SgrAover more than a
decade, unlike the case of M87, favors the presence of a single
dominating polarized component.

RM time variability. At 1.3 mm, the RM changes byl.5 x
10°rad m 2 (~30%) between April 67 and 11. Assuming the
same rate of time variability at 3mm and 1.3mm, such
variability is likely not responsible for a factor of two
difference over three days. Likewise, the large offsefjn
observed at 3mm and 1.3 mm is unlikely a consequence of
time variability, given the consistency on April-6l1. Larger
variations in RM were, however, recorded by Marrone et al.
(2007 and Bower et al(2018 on timescales from hours to
months(see for example Figure 12 in Bower et2019. Since
the observations in the two frequency bands were close in time
but not simultaneous, we cannot fidéely exclude time
variability as the origin of the observed difference in RM
magnitude at 3mm and 1.3 mm.

Future simultaneous measurements over a wider wavelength
range(including 3 mm and 1.3 mjrwill allow us to separate
time variability and source structure effects.

6. Conclusions

We have determined and analyzed the polarization and
Faraday properties of Sgf Athe nucleus of M87, and a dozen
radio-loud AGNSs, observed with ALMA during the 2017 VLBI
campaign in the 3mm and 1 mm bands in concert with the
GMVA and the EHT, respectively.

Our mainfindings can be summarized as follows.

1. The AGN sources in our sample are highly polarized,
with linear polarization degrees in the rangel%% at
1.3mm and 0.9%l3% at 3mm. The radio galaxies
NGC1052 and CenA are the only exceptions
with LP<0.2%.

2. The AGN sources have negative spectral indexes varying
in the rangea =[—1.3, —0.2], in contrast with thdlat
spectrga = 0) typically found at longer cm wavelengths
in AGN cores. We also observe a spectral steepening
between the 3mm and the 1.3 mm bands, which can
naturally be explained by decreased opacity of the
synchrotron emission at higher frequencies in a standard
jet model(e.g., Lobanov1998.

3. Wefind marginal evidence for a general higher degree of
polarization and RM magnitude in the 1 mm band as
compared to the 3 mm bartd trend which is consistent
with single-dish surveys The increase of polarized
intensity at higher frequency may be the result of an
increased magnetiiteld order in the inner portions of jets
and/or to the smaller size of the high-frequency-emitting
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regions. The increase of RM with frequency can be
explained by opacity effects: emission at higher frequen-
cies is generated in, and propagates along, regions with
higher magnetiields and plasma densitigsg., Hovatta

et al. 2014. Given the small number statisti¢sight
AGNs observed at 3mm, 11 at 1.3 mm, and six in both
band$ and the caveat of time variabilitin a time
window of 10 dayy simultaneous observations of a
larger AGN sample at multiple frequency bands are
needed to cdirm these results.

The blazargseven in our samplehave on average the
highest level of polarizatio(LP ~7.1% at 1.3 mmand

an order of magnitude lower RKA~0.07 x 10° rad m 2

at 1.3mm when compared with other AGNs in our
sample(with LP ~2.4% and RM~0.4x 10° rad m 2,
respectively. These millimeter polarization differences
can be understood in the context of the viewing angle
unification scheme of AGNs: blazafsice-on geometry
implies a stronger Doppler-boosting of the synchrotron-
emitting plasma in the jet and reduces the effect of
Faraday and beam depolarization in the accretmm,
resulting in higher LRand lower RN). Future observa-
tions of a broader sample of sources are necessary for
assessing the statistical sifigance of these trends.

5. We constrain the circular polarization fraction in the

8.

observed AGNs t0<0.3%. For Sgr A we report
CP=[-1.0, —1.5%, consistent with previous SMA
and ALMA studies. However, we explicitly note that the
ALMA observatory does not guarantee a CP lev@l6%

(10), therefore these measurements should be regarded as
tentative detections.

. We derive for thdirst time the polarization and Faraday

properties of Sgr Aboth at 3mm and 1.3 mm in a time
window of 10 days. The RM magnitude at 3 mm,
(—2.1+0.1) x 10°radm 2, is about half of the RM
value measured at 1.3 mm over a three-day separation,
suggesting that about half of the Faraday rotation at
1.3mm may occur between the 3 mm photosphere and
the 1.3 mm sourcéalthough we cannot exclude effects
related to time variabilify

. We report theirst unambiguous measurement of Faraday

rotation toward the M87 nucleus at millimeter wavelengths.
At variance with Sgr A the M87 RM exhibits sigficant
changes in magnitude and sign reversals. At 1.3mm, it
spans from positive valugs-1.5x 10° radm? at a &
leve)), to < 30 non-detections in 2017 April, to negative
values(—3 to—4 x 10° radm 2 at a 10 leve)) in 2018
April. At 3mm the RM measured values span the range
from—1.2t00.3x 10° radm? from 2015 September to
2016 October. The Ige scatter and timeaviability revealed

by the ALMA measurements suggest a more complicated
physical origin of the Farag rotation than is usually
assumed in models using the RMinfer a mass accretion
rate. We conclude that, unlike the case of Sgith#e RM in

M87 may not provide an accurate estimate of the mass
accretion rate onto the black hole.

The observed RM in M87 may result from Faraday
rotation internal to the emission region, as commonly
found in GRMHD models of turbulent accretifiows or
expected in a structured jet, or from a time-varying helical
magneticfield threading the jet boundary layer acting as
an external Faraday screen. As an alternative, we put
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2017YFA040270pof China. Additional inding support for the  data display critical phase and amplitude scatter and hence
JCMT is provided by the Science and Technologies Facility wereflagged before data analygsee SectiorR.2).
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Table Al
Projects and Sources Observed in the 3 mm Band

Date Project Target Pol. Cal. Other Sources UT Range

2017 Apr 2 2016.1.01116.V 0J 287 4C 01.28 J051800 06:55:0815:19:43

2017 Apr 3 2016.1.00413.V Sgr'A NRAO 530 J19242914, 4C 09.57 20:52:284:43:54

2017 Apr 4 2016.1.01216.V 3C 273 3C 279 00:24:5705:32:46

Table A2
Projects and Sources Observed in the 1.3 mm Band

Date Project Target Pol. Cal. Other Sources UT Range

2017 Apr 5 04/22:12-05/09:13
2016.1.01114.V OJ 287 3C 279 4C 01.28, M87 /22:12-05/03:22
2016.1.01154.V M87 3C 279 4C 01.28, OJ 287 /@%24-05/07:18
2016.1.01176.V 3C 279 3C 279 m87 [5:19-05/09:13

2017 Apr 6 06/00:18-06/16:19
2016.1.01154.V m87 3C 279 3C 273 [1:18-06/08:02
2016.1.01404.V SgrA 3C 279 NRAO 530, J192£914 06/08:03-06/14:40
2016.1.01290.V NGC 1052 3C 279 J013B54, J00060623 06/14:51-06/16:19

2017 Apr 7 07/03:45—07/20:47
2016.1.01404.V SgrA J1924-2914 NRAO 530 0703:45-07/14:31
2016.1.01290.V NGC 1052 J1922014 J01321654, 3C 84 07/19:23-07/20:47

J0006-0623"

2017 Apr 10 09/23:02-10/10:02
2016.1.01114.V 0J 287 3C 279 4C 01.28, M87 /2®02-10/03:49
2016.1.01176.V 3C 279 3C 279 Cen A, M87 /08:51-10/06:21
2016.1.01198.V CenA 3C 279 - 10/06:23-10/10:02

2017 Apr 11 10/21:44-11/10:31
2016.1.01114.V 0J 287 3C 279 4C 01.28 /20:44-11/00:22
2016.1.01154.V Mm87 3C 279 11/00:23-11/05:03
2016.1.01176.V 3C 279 3C 279 Mm87 /A05:05-11/08:45
2016.1.01404.V SgrA 3C 279 J19242914 17/08:46-11/14:03

Note.

@ Flagged before data analygie text in AppendiA and Sectior2.2).

Appendix B
Polarimetric Images

The full suite of polarization images for all the sources
observed in the VLBI campaign are shown in FigusésB6.

TablesB1 and B2 report the main imaging parameters for N Particular, Figurés1 displays 1.3 mm images of Sgr An
each source observed on each day of the 2017 VLBI campaigi’® three days of the EHT observations, Figus@sand B3
in Band 3 and Band 6, respectively. These parameters includ&!splay the 1.3 mm images of M87 and 3C 279 on the four days
the on-source time, the rms achieved in each Stokes parametep! the EHT observations. Figuré? and BS report 1.3 mm
and the synthesized beam size. The on-source time is compute@@ps for all the other AGN sources observed with the EHT for
after full calibration andlagging of bad datésee Sectioi2.2). three days and orievo days, respectively. Finally, FiguBs
The rms does not simply scale @%,-wuee but depends on shows 3 mm maps of the sources observed W|tr_1 the GMVA. In
several parameters such as source structure, number gfach plot, the black vectors showcase the orientation of the
observing antennas, array €oguration, weather, and details EVPAs, while their length is linearly proportional to the
of the VLBI scheduling blockée.g., low-elevation scapsThe polarizedflux. The EVPAs are plotted every 8 pixéi®., are
synthesized beam size changes by a factor of two at 1.3 mnspaced by 16 at 1.3mm and 4at 3mn) for all sources,
due to the changing array diguration during the observing except for M87, where the EVPAs are plotted every 4 pixels
week(see Sectiof.1). The resulting images are dynamic range (i.e., are spaced by’8), in order to sample more uniformly the
limited and showcase different structures on different daysjet. Note that the EVPAs are not Faraday-corrected and that the
(depending on the array beam 3ize magneticfield vectors should be rotated by°90
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Table B1
Frequency-averaged Imaging Parameters of GMVA Soyates Representative Frequency of 93 Hz
Source Ton source rmg(/) rmgQ) rmgU) rmgV) Synthesized Beam
(hr) (mJy) (mJy) (mJy) (mJy) Ou(") % 0,(") (P.AL®))
Apr 2
0J 287 2.584 0.31 0.34 0.46 0.17 "Hx2"7 (—86°2)
4C 01.28 0.269 0.17 0.30 0.36 0.14 "Ax2"4 (—86°8)
JO05106+1800 0.363 0.31 0.29 0.52 0.12 "&x2"5 (—70°1)
Apr 3
J1924-2914 0.270 0.16 0.65 0.13 0.13 "BHx2"5(—752)
NRAO 530 0.479 0.02 0.02 0.02 0.03 "&x2"4 (—835)
Sgr A 2.643 0.80 0.09 0.08 0.04 "B x2"7(—81%1)
4C 09.57 0.133 0.09 0.08 0.14 0.07 "16x2"7 (72°0)
Apr 4
3C 273 1.396 0.48 0.26 0.54 0.13 "®x3"4 (—86°7)
3C 279 0.215 0.37 0.20 0.15 0.18 "®x3"4 (—85’8)
Table B2
Frequency-averaged Imaging Parameters of EHT So(atasRepresentative Frequency of 221 HHz
Source Tonsource rmg(/) rmgQ) rmgU) rmgV) Synthesized Beam
(hr) (mJy) (mJy) (mJy) (mJy) One(") % 0,(") (P-AL))
Apr 5
m87 1.645 0.18 0.05 0.05 0.02 @ x1"0 (—85’5)
3C 279 1.068 0.24 0.09 0.07 0.16 "2x0"9 (—809)
0J 287 1.406 0.13 0.16 0.15 0.11 "®@x1"1 (887)
4C 01.28 0.230 0.12 0.11 0.08 0.12 "®@x0"9 (87°0)
Apr 6
J0006-0623 0.045 0.47 0.12 0.15 0.13 "2x1"4(-81%1)
J01321654 0.059 0.06 0.06 0.06 0.06 "@x1"4(87°8)
NGC 1052 0.373 0.05 0.03 0.03 0.03 "72x1"3 (80°3)
Sgr A 2.529 0.44 0.18 0.33 0.08 "2 x1"3 (—77°5)
J1924-2914 0.269 0.10 0.07 0.08 0.11 "2x1"3(—82’5)
NRAO 530 0.269 0.04 0.06 0.05 0.05 "2x1"3(—7624)
m87 1.613 0.24 0.06 0.06 0.02 "2 x1"5 (—694)
3C 279 0.430 0.30 0.13 0.08 0.13 "2x1"3(—784)
3C 273 0.403 0.19 0.10 0.09 0.10 "2x1"4 (—75°0)
Apr 7
NGC 1052 0.200 0.11 0.04 0.04 0.04 "@x1"0 (—7623)
J01321654 0.056 0.08 0.07 0.07 0.06 "Bx1"0 (—72°8)
NRAO 530 0.403 0.08 0.03 0.03 0.05 "2x0"9 (—89°6)
J1924-2914 0.312 0.18 0.04 0.04 0.08 "2x0"9 (8%°7)
Sgr A 4.109 0.25 0.14 0.13 0.04 "2 x0"9 (—88’6)
Apr 10
Cen A 1.401 0.11 0.07 0.07 0.12 "2x0"9 (—79°0)
m87 0.454 0.25 0.06 0.07 0.04 @ x1"0 (—889)
0J 287 1.083 0.15 0.14 0.18 0.08 "@®@x1"1 (—82’5)
3C 279 1.120 0.29 0.12 0.08 0.16 "Px0"8(—85%2)
4C 01.28 0.289 0.15 0.14 0.10 0.09 "2x 09 (80°0)
Apr 11
Sgr A 1.934 0.35 0.24 0.20 0.06 "2 x0"7 (—85%1)
J1924-2914 0.244 0.29 0.10 0.10 0.14 "Ax0"7 (8%°9)
3C 279 1.705 0.23 0.11 0.08 0.11 "2Ax0"7 (—86°6)
m87 1.831 0.16 0.04 0.04 0.03 "2 x0"8 (793)
0J 287 0.804 0.21 0.15 0.11 0.17 "21x 09 (59°6)
4C 01.28 0.110 0.26 0.17 0.14 0.23 "B1x0"8 (67°9)
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Figure B1. Polarization images of Sgrat 1.3 mm(see Figure for a description of the plotted quantifie$he apparently lower quality of the image in the right
panel is due to the fact that the observations on April 11 have about half the beam size, and are therefore less sensitive to the extended eniigsspirah the m
when compared to the other two ddtfee beamsizes are shown as ovals in the lower left corner of each panel; see values reporte@2). Naikethat there are
several tiny EVPAs plotted across the mini-spiral, apparently locating regions with pofianizaiiove the image rms noise cut@). The LP and EVPA errors are,

however, dominated by the systematic leak@g@3% ofl onto QU), which is not added to the images. Once these systematic errors are addedjukérLfPose
points falls below the @ detection threshold. Therefore we do not claim detection of polarized emission outside of the central coré.in Sgr A
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Figure B2. Polarization images of M87 at 1.3 mfsee Figure2 for a description of the plotted quantifie$he apparently different jet structurg@s total and
polarized intensityacross days are due to different beamsjghewn as ovals in the lower left corner of each panel; see values reported iBZjable
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Figure B3. Polarization images of 3C 279 at 1.3 nfsee Figure2 for a description of the plotted quantijies
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Figure B4. Polarization images of selected AGNs at 1.3 (see Figure? for a description of the plotted quantidies
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Figure B5. Polarization images of selected AGNs at 1.3 (sae Figure? for a description of the plotted quantijieslote that for NGC 1052 and Cen A no EVPA
could be reliably derived owing to their low level of LP. We also note that although we detect pdlasizedCen A above the image rms noise cutb#f), once the
systematic leakag@®.03% ofl onto QU) is added to thermal noise, the HBx would fall below the 3 detection threshold. Therefore we do not claim detection of

polarized emission in Cen A.
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Figure B6. Polarization images of all targets observed at 3(atra central frequency of 93 GHZ he beamsizes are shown as an oval in the lower left corner of each
panel(see values reported in TalBd). See Figure for a description of the plotted quantities.

Appendix C respectively, and the difference of the EVPA in degrées 3-
Comparative Analysis Across Multiple Flux-extraction UVMF and INTF-UVMF, respectively Three source¢Cen A,
Methods NGC 1052, and J01326549) are excluded from this statistics

due to their weak polarized signal.

Overall, the analysis clearly shows that Fux 3) < Flux
(UVMF) < Flux(INTF) when considering the median of the
results. On the one hand, one can interpret this as th8 3

Some of our targetehidly Sgr A" and M87, but also a few
other AGNs; see AppendiB) reveal extended emission at
arcsecond scales, which is differently resolved out by the
different observing array cégurations. Here we assess the

impact of such extended emission in thex values extracted mf?thoc(ij Eelng thde (Ijeast_ affe(_:tr?d amdebelngd the mos';]
in the visibility domain for the compact cores. For this purpose, affécted by extended emissifmith a weak dependence on the

we compare the parameters derived WittMULTIFIT with array-coffiguration resolution On the other hand, the >33 .

those derived with two imaged-based methods: the sum of thdn€thod can also be more affected by phase and amplitude

nine central pixels in theLEAN model image(3 x 3) and the ~ calibration errorwhich will remove flux from the phase-

integratedfiux (INTF) from Gaussiarfiting with the CASA ~ Center into the sidelobpsresulting in less recoverefiux.

task IMFTT™ (see Sectior8.2). TableC1 reports the results ~ Despite this systematic deviation, the median offsets are

from this comparative analysis between the image-based ang§ompatible with no sigficant difference within the MAD

the uv-based methods, showing the ratio of the four StokesValues. In Stokek both the offset and MAD ar€ 0.4% across

parameters, the LP, and the R&x 3/UVMF andINTF/UVMF, the methods, which is negligible when compared to the

absolute uncertainty of ALMA flux calibration (10% in

I . Band §. In the case of Stokg3 and U, and resulting LP, the

199 pyprT provides in output also the pedlkix, but the integrate@ux was . ! ’

preferred because its values were more consistent with the estimates from th%y.StemaUC offset and MA_D between methods Car_] be up to 1%.

other two methods. With the LP measured in our sample, these differences are
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Table C1
Comparison of the Three Flux-extraction Methods for EHT Targets

Method® P o° UP VP LPP EVPAC (°) RMP
3x3 0.99950.0007° 0.9890.009 0.9940.009 1.0000.09 0.9930.009 0.000.1 1.060.08

0%" 2% 1% 5% 10% 10% 0%
INTF 1.001(0.009 1.000.01) 0.9960.006 1.0000.09 1.001(0.009 0.040.09 1.000.7)

0% 2% 17% 10% 5% 6% 0%
Notes.

& This table comparesVMULTIFIT (UVMF) with: the sum of the nine central pixdlsx 3) of the model image; and the integrafiagk (INTF) from IMFIT.

® The values reported in columns are ratios between the method referredifattbelumn andUvMF, with the latter being in the denominator.

¢ The EVPA column shows the angle differerfredeg between the methods.

91n each instance, three values are displayed: the median value of the distribution; the median absolute deviatiqthervdl&dB in bracke}sthe percentage of
cases farther from the median thare times the MAD in quadrature with the measurement ¢ifnervalue in the second rgw

generally comparabléin absolute termsto the 0.03% of mini-spiral (see Sectior8.1 and FigureB1), Stoked values
Stoked leakage ont@ andU. The EVPA shows a MAD value  actually agree within less than 1% between the two methods. It
of ~0.1 deg, which results in a MAD value of up to 10% in the is however noteworthy that FI(sx 3)>Flux(UVMF) (i.e., the
RM (note these are comparable or better than the observedpposite trend with respect to Talilé). This inverted trend is
statistical uncertaintiessee Table&1andE2in AppendixE). due to aflux-decrement in the visibility amplitudes at around
The poorer results for Stok&sare induced by the low level of 25 30\ affecting most prominentlyvMFIT on April 11 (this
CP in the samplgalthough the MAD is still comfortably  can be assessed by inspecting amplitude versus baseline-length
around 4% _ ) ) o uv-plots—not shown here-for the parallel hands on all dgys
TableC1 reports a fraction ofoutliers’ in the distributions  yplike Stoked, StokeQU are heavily affected, up to 20%
(those cases that are Bway from the sample medjarThese 3094 in the worst cases, resulting in LP differences up to 10%
are generally associated with the sources with the mostnq pvpa offsets up to 2 These large deviations in
prominent extended emissigother outliers are associated to StokespU are systematic since all four SPWs appear to
parameters estimated at low-sfgrance valugs In order 0 o iate in each day by an approximate amount. This in turn

ts)ﬁ(t)t\?vraaSZte;ifeIjhgomagrr]iggﬂebgivf/giifw?gglseerg’;r?d':t%mg results in consistent RM values withia.2We note that we do
P x not observe the same systematic offset either in M87 or

image-based methods for M&Tpper panelsand SgrA J1924-2914, which were also calibrated using 3C 279 as the

(lower panely respectively. Analogously to Tabl€l, e . ) .
individual panels show the ratio of the four Stokes parameters,'OOla”Z"J‘t'on'cal'brato(on April 6 and 1}, hence we discard

the LP, and the RM3 x 3/UVMF), and the difference of the calibratior_l issues as being r_espons_ible for these systematics.
EVPA in degree x 3-UVMF): the results are reported per day ©ONe Possible explanation is differential Stokiemkage ont@
and SPW. and U from extended unpolarized emissi(see the spurious

In the case of M87, the two methods exhibit an excellent EVPA vectors maiching the spiral-arms in Fig@r®. Note
agreement, except for StokésThis is due to a combination of also that such unpolarized emission extends farther than the
faint U emission at the core and appreciable emission frominner third of the imagéeld of view, where beam-squagull
knots A and B. The discrepancy in Stokegesults generally in €t al. 2020 combined with leakage may induce sigrant
AEVPA < 0°4 comparable with the uncertainties quoted in deviations.
Table E2 in Appendix E, with one single case of Given the results from this comparative analysis, we
AEVPA~ 026 (on April 11 SPW=1). Given the consistency conclude that, for the purpose of the polarimetric analysis
in RM (within 10), this worst-case scenario discrepancies in conducted in this Letter, then-fitting method provides
EVPA do not affect the results of the analysis of this Letter. sufficiently accurateflux values of StokeBQU in all cases,

In the case of SgrA the discrepancies are much more although for Sgr Awe observe deviations in Stoke®” when
pronounced in most parameters. Despite the prominence of theomparing the twdlux extraction methods.
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Figure C1. Comparison between image-based anthasediux-extraction methods for the two sources with the most prominent extended emission in our sample:
M87 (top panely and Sgr A (bottom panels The two methods being compared exaMULTIFIT (UVMF) and the sum of the nine central pixédsx 3) of the model

image. All parameters are compared via ratios, except for the EstRAving the difference in degr@¢e¥he errorbar in each data point is the combination in
quadrature of the statistical error from e#lalx extraction method. The vertical dotted line and the shaded region show the median and MAD froB8iL.Tab&e

labels in the¥-axis indicate the observing day in 2017 Ag5i 6, 7, 10, 1) and the observing SP{®1, s2, s3, 4the RM panel shows only the days. Non-detections

in the images are indicated with a cross. Note that the plotted uncertainties are not those of individual measurements but ratios or differetiee sdremethods.
Therefore the errors on LP and EVPA for M87 on Aprif 10 appear comparable to other days despite the large error baos ao-detections in Stokés(i.e., the

errors in U displayed do not propagate in the LP and EVPA )plots

Appendix D
Comparison of Stokes Parameters with the AMAPOLA
Polarimetric Grid Survey

For the purposes of absolutéux calibration, ALMA
monitors theflux of bright sourcegmainly blazars or QSQs

spread over the full range in R.&he Grig by observing them
together with solar system objects, the so-called Grid Survey
(GS), with a period of approximately 10 days. These observa-
tions are executed with the ACA, in Bands 3, 6, and 7. Since
full-polarization mode is adopted, it is possible to retrieve
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Figure D1. Comparison with time between the polarimetric results obtained for all the sources observed in the ALMA-VLBI campaign and those retrieved from the
AMAPOLA polarimetric analysis of Grid SurvggS) data. Each row shows a paraméfterm top to bottom: Stokeg, U, andV, LP, and EVPAwhile each column
corresponds to a sour¢ieom left to right: 3C 279, OJ 287, J192D14, and 4C 01.28; see Figub for morg. Only sources with entries in the ALMA archive

(close in time to the observations, i.e., between end of March and 201Y a&priflisplayed. The measurgdx values during the ALMA-VLBI observations are
indicated as data points and corresponding errofbare and green for Band 3 and 6 observations, respeqtividlg shaded regions indicate AMAPOIsAt 1o

uncertainty in Band 87.5 GHz; blue shadend Band 7343.4 GHz; red shajlerespectively. These are obtained from the ACA GS and their time evd(lities)

are obtained by interpolating between these measurements.

polarimetry information from the GS sources. This is done with ranges, it is still useful to make a comparison with this database
AMAPOLA,**° a set of CASA-friendly Python scripts used to to assess any systematics or clear inconsistent variability within
reduce the full-Stokes polarimetry of GS observations with a weeks time-frame.

ACA. Some of our targets are part of the GS, including: 3C 273 Figures D1 and D2 show the observed polarimetry
(J1229+0203; 3C 279 (J1256-054) 4C 01.28 (J1058 parameters for the 2017 VLBI sessiofdata points and
+0133; 4C 09.57 (J17510939; J0516+1800; OJ 287 errorbary specfically Q, U, andV Stokes parameters, LP, and
(JO854+2006; JO006-0623; J1733-1304; and J192914. EVPA. The shaded 1o regions highlight the time variance of
Although the reported values by AMAPOLA are used for the same parameters as measured by AMAPQipAnflection
observation planning and the two arrays cover different in the trend means a time of GS observatidie color-coding

is such that blue refers to Band 3 measurements, green to
Band 6, and red to Band 7 ones. Thégeires show that most

150 http:/ /www.alma.cf ~skamengAMAPOLA /


http://www.alma.cl/~skameno/AMAPOLA/
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Figure D2. Same as Figur®1, but for different source@rom left to right: 3C 273, J000©623, NRAO 530, 4C 09.57We note that source JOO@H23 was
observed on April 7 but the calibrated data were of poor quality and flegged before analys{see Sectior2.2).

Band 3 ALMA-VLBI measurements fall within the blue Appendix E

regions, while most Band 6 measurements fall in between the Stokes Parameters per ALMA Frequency BandSPW)

blue and red regions, indicating that our measurements are We report the polarimetric quantitigStokedQU, LP,
broadly consistent with the AMAPOLA trends. Some potential EVPA) per SPW in Table€l (GMVA source$ and E2
conflicts can still be consistent with the inter-GS-cadence (EHT sources The Stokes parameters weditted directly on
variability or differential time variability between frequency the visibilities usingJVMULTIFIT (see Sectiol.2). Uncertain-
bands(as also observed in some cases in the AMAPOLA ties are assessed with MC simulations, as the standard
monitoring. We conclude that, despite the different array deviation of 1000 MC simulations for each Stokes parameter.
speciications and data-reduction schemes, the ALMA-VLBI The quoted uncertainties include in quadraturefitting error

and AMAPOLA results are consistent between each other. and the Stokek leakage onto Stokeg3U (0.03% of I), as
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Table E1
Polarization Parameters of GMVA Sources per Frequency E&Pid) and per Day
Frequency 1 0 U LP EVPA
(GH2) (mJy) (mJy) (mJy) (%) (deg
Apr 2
0J 287
86.3 6242.41 0.26 —409.6+ 1.9 —351.2+1.9 8.643+ 0.030 —69.69+ 0.10
88.3 6170.33t 0.26 —410.2+1.9 —347.5+ 1.9 8.711+ 0.030 —69.87+ 0.10
98.3 5787.47 0.28 —398.9+ 1.7 —327.8+ 1.7 8.919+ 0.030 —70.30+ 0.10
100.3 5674.6% 0.27 —-392.4+1.7 —-3242+1.7 8.970+ 0.030 —70.214+ 0.093
J0510+-1800
86.3 3259.30t 0.57 —127.5+1.0 22.6+1.0 3.976+ 0.030 84.97 0.21
88.3 3208.82+ 0.59 —126.2+ 1.0 31.9+1.0 4.054+ 0.030 82.91 0.20
98.3 2996.03t 0.62 —120.30+ 0.90 46.96+ 0.91 4.311+ 0.030 79.33t 0.20
100.3 2962.36 0.63 —121.52+ 0.90 43.17+ 0.90 4.353+ 0.030 80.22+ 0.21
4C 01.28
86.3 5039.680: 0.072 90.9t 15 —195.6+ 1.5 4.281+ 0.030 —32.544+ 0.20
88.3 4970.064 0.055 93215 —192.6+ 1.5 4.306+ 0.030 —32.09+ 0.20
98.3 4745.126+ 0.053 925+ 14 —-194.1+ 1.4 4.533+ 0.030 —32.26+ 0.20
100.3 4665.99% 0.054 921+ 1.4 —-192.1+ 1.4 4.566+ 0.030 —32.184+0.18
Apr 3
Sgr A
86.3 2574.84+ 0.87 9.28+ 0.77 —3.64+0.77 0.388+ 0.030 -10.7+ 2.2
88.3 2480.44+ 0.82 12.51+ 0.74 —2.36+0.74 0.513+ 0.030 —-53+1.7
98.3 2514.64+ 0.74 18.44+ 0.75 16.77+ 0.75 0.991+ 0.030 21.10t 0.86
100.3 2504.04: 0.72 15.20+ 0.75 21.41+0.75 1.048+ 0.030 27.3H0.81
J1924-2914
86.3 5273.93t 0.18 —10.6+ 1.6 —245.0+ 1.6 4.650+ 0.030 —46.25+ 0.19
88.3 5244.90+ 0.18 —-12.7+ 1.6 —248.9+ 1.6 4.752+ 0.030 —46.46+ 0.18
98.3 4984.67 0.19 —-12.0+ 1.5 —248.2+ 1.5 4.986+ 0.030 —46.39+ 0.17
100.3 4920.1# 0.21 —-12.3+1.5 —244.6+ 1.5 4.978+ 0.030 —46.444+0.18
NRAO 530
86.3 2857.621H 0.036 7.11+ 0.86 24.37+ 0.86 0.889+ 0.030 36.8£ 1.0
88.3 2826.545+ 0.035 6.60+ 0.85 24.53+ 0.85 0.899+ 0.030 37.4t1.0
98.3 2649.116+ 0.034 4.24+0.80 24.59+0.80 0.943t+ 0.030 40.08t 0.92
100.3 2618.62% 0.035 3.71+£0.79 24.62+ 0.79 0.952+ 0.030 40.73£ 0.92
4C 09.57
86.3 2920.272+ 0.085 65.23+ 0.88 —98.94+ 0.88 4.057+ 0.030 —28.30+0.21
88.3 2898.304t 0.073 65.59t 0.87 —96.53+ 0.88 4.028+ 0.030 —27.91+ 0.22
98.3 2805.452+ 0.071 61.49+ 0.84 —96.65+ 0.85 4.084+ 0.030 —28.76+ 0.21
100.3 2775.60: 0.48 60.67+ 0.84 —96.55+ 0.84 4.107+ 0.030 —28.93+ 0.22
Apr 4
3C 279
86.3 13309.65t 0.19 70.9+ 4.0 1612.7+ 4.0 12.129+ 0.030 43.746t 0.071
88.3 13168.27# 0.19 67.6+ 4.0 1596.6+ 4.0 12.136+ 0.030 43.791 0.069
98.3 12671.78 0.19 52.6+ 3.8 1541.8+ 3.8 12.175+ 0.030 44.021 0.070
100.3 12575.88: 0.19 49.9+ 3.8 1533.0+ 3.8 12.198+ 0.030 44.067# 0.069
3C 273
86.3 10066.53t 0.38 —13.8+3.0 —419.4+ 3.0 4.167+ 0.030 —45.95+ 0.20
88.3 10013.63t 0.36 —-12.3+3.0 —405.9+ 3.0 4.054+ 0.030 —45.87+0.21
98.3 9698.37 0.31 —-3.3+2.9 —370.9+ 2.9 3.826+ 0.030 —45.254+ 0.23
100.3 9645.14+ 0.31 3.4+29 —375.2+ 2.9 3.891+ 0.030 —44.744+0.23

recommended by the ALMA observatory. The LP uncertainty

is dominated by such systematic error, except for the weakest

sources J0132654 and NGC 1052, for which the thermal

noise starts to dominate.
In order to correct for the LP bias in the lowMsregime,

we estimate adebiased LP as./LP? — o p2, Where LP =

Jor + v /1.

U%PIZ =

36

oLp can be estimated using propagation of errors:

(QO'Q)2 + (L,O'U)2 + ZQUO'QU
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U
—O'QI — 2701]1



THE ASTROPHYSICAL JOURNAL LETTERS, 910:L14(54pp, 2021 March 20 Goddi et al.
Table E2
Polarization Parameters of EHT Sources per Frequency &) and per Day
Frequency I 0 U LP EVPA
(GHg (mJy) (mJy) (mJy) (%) (deg
Apr 5
4C 01.28
213.1 3572.28: 0.11 1445+ 1.1 —151.7+ 1.1 5.867+ 0.030 —23.20+0.14
215.1 3617.41%0.11 1458+ 1.1 —153.3+ 1.1 5.848+ 0.030 —23.23+0.15
227.1 3429.88t 0.11 138.9+ 1.0 —146.7+ 1.0 5.890+ 0.030 —23.2840.14
229.1 3419.77 0.11 141.9+ 1.0 —147.0+ 1.0 5.976+ 0.030 —23.01+0.14
0J 287
213.1 4455.60: 0.15 —214.2+ 1.3 —342.2+ 1.3 9.060+ 0.030 —61.027+ 0.092
215.1 4476.37 0.17 —214.84+1.3 —339.6+ 1.3 8.976+ 0.030 —61.161+ 0.092
227.1 4220.58t 0.15 —205.0+ 1.3 —314.94+ 1.3 8.902+ 0.030 —61.53+0.10
229.1 4198.43t 0.15 —203.6+ 1.3 —325.3+ 1.3 9.139+ 0.030 —61.022+ 0.093
m87
213.1 1336.2% 0.13 30.07+ 0.40 —7.70+ 0.40 2.323£ 0.030 —7.17+0.36
215.1 1325.68 0.13 29.94+ 0.40 —8.10+ 0.40 2.338+ 0.030 —7.57+0.38
227.1 1236.46 0.11 29.62+ 0.37 —8.80+ 0.37 2.500+ 0.030 —8.29+ 0.35
229.1 1227.58: 0.11 29.81+ 0.37 —8.74+0.37 2.530+ 0.030 —8.15+ 0.35
3C 279
213.1 9202.56t 0.11 —-8.0+2.8 1214.2+ 2.8 13.195+ 0.030 45.187 0.066
215.1 9144.74- 0.11 —7.2+2.7 1206.7+ 2.7 13.195+ 0.030 45.168t 0.065
227.1 8845.31 0.12 —7.9+2.7 1169.0+ 2.7 13.216+ 0.030 45.193t 0.063
229.1 8774.06t 0.12 —6.9+ 2.6 1161.8+ 2.6 13.241+ 0.030 45.172+ 0.066
Apr 6
Sgr A
213.1 2631.24t 0.32 —130.65+ 0.79 —113.68+ 0.79 6.581+ 0.030 —69.49+ 0.13
215.1 2629.81 0.33 —128.22+ 0.79 —118.33+ 0.80 6.636+ 0.030 —68.65+ 0.13
227.1 2533.72: 0.27 —105.98+ 0.76 —144.59+ 0.76 7.076+ 0.030 —63.12+ 0.13
229.1 2625.81 0.28 —106.00+ 0.79 —156.224+ 0.79 7.188+ 0.030 —62.07+ 0.13
J1924-2914
213.1 3342.261 0.089 —28.0+ 1.0 —202.0+ 1.0 6.101+ 0.030 —48.95+ 0.14
215.1 3313.23% 0.093 —28.5+1.0 —199.2+ 1.0 6.072+ 0.030 —49.07+ 0.14
227.1 3179.165- 0.088 —-30.5+1.0 —190.44+ 1.0 6.064+ 0.030 —49.55+ 0.14
229.1 3156.545% 0.087 —30.65+ 0.95 —191.3+ 1.0 6.138+ 0.030 —49.55+ 0.14
J01321654
213.1 426.29% 0.15 7.28+0.19 4.11+0.19 1.963t 0.044 14.68t 0.64
215.1 420.00t 0.16 7.19+ 0.20 4.32+0.20 1.999+ 0.047 15.48+ 0.65
227.1 409.56t 0.16 7.16+ 0.20 4.59+ 0.20 2.076£ 0.049 16.34+ 0.66
229.1 404.98t 0.16 6.62+ 0.19 4.05+ 0.19 1.919+ 0.048 15.68+ 0.74
NGC 1052
213.1 437.43t 0.13 0.36+ 0.14 0.17+0.14 0.090+ 0.033 13+ 11
215.1 438.85t 0.11 0.56+ 0.15 0.39+ 0.15 0.154+ 0.033 17.0+ 6.0
227.1 414.12+ 0.10 0.47+0.14 0.46+ 0.14 0.159+ 0.033 21.9+6.3
229.1 415.236t 0.062 0.05+ 0.14 0.30+ 0.14 0.074+ 0.033 39+ 18
m87
213.1 1361.85: 0.16 27.72£ 0.41 —6.24+0.41 2.088+ 0.030 —6.34+0.43
215.1 1349.84- 0.15 27.65+ 0.41 —6.70+ 0.41 2.108+ 0.030 —6.83+ 0.41
227.1 1269.57 0.13 26.95+ 0.38 —8.34+0.38 2.224+ 0.030 —8.61+ 0.38
229.1 1257.406: 0.13 26.70+ 0.38 —8.28+0.38 2.224+ 0.030 —8.61+ 0.39
J0006-0623
213.1 2044.52+ 0.32 213.57 0.63 139.74+ 0.65 12.482+ 0.031 16.598t 0.071
215.1 2023.69 0.33 212.00t 0.63 137.19t 0.64 12.480t 0.031 16.452+ 0.072
227.1 194406t 1.1 205.43+ 0.62 130.51 0.62 12.520t 0.033 16.215+ 0.073
229.1 1931.6: 1.1 204.15+ 0.61 134.03t 0.62 12.645t 0.033 16.646t 0.074
3C 279
213.1 9571.46t 0.12 722+ 2.9 1240.7+ 2.9 12.984+ 0.030 43.337% 0.068
215.1 9517.18: 0.13 724+ 2.9 1234.1+2.9 12.990+ 0.030 43.324+ 0.067
227.1 9180.18t 0.12 69.2+ 2.8 1193.4+ 2.8 13.022+ 0.030 43.345t 0.066
229.1 9168.61 0.11 69.3+ 2.8 1193.14+2.8 13.035+ 0.030 43.338t 0.066
NRAO 530
213.1 1655.066- 0.071 —8.41+ 0.50 36.58+ 0.50 2.267+ 0.030 51.46+ 0.38
215.1 1669.74% 0.079 —8.95+ 0.51 37.51+ 0.51 2.309t 0.030 51.70+ 0.38
227.1 1567.83% 0.072 —8.86+ 0.48 36.81+ 0.48 2.414+ 0.030 51.76+ 0.37
229.1 1554.353 0.070 —8.41+ 0.47 36.72+ 0.47 2.424+ 0.030 51.44+ 0.36
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Table E2
(Continued
Frequency 1 0 U LP EVPA
(GH2) (mJy) (mJy) (mJy) (%) (deg
3C 273
213.1 7744.46- 0.11 —58.5+ 2.3 —-191.74+ 2.3 2.587+ 0.030 —53.494+ 0.33
215.1 7707.72- 0.11 —61.7+ 2.3 —-186.84+ 2.3 2.553+ 0.030 —54.15+0.34
227.1 7421.16+ 0.10 —68.4+ 2.2 —153.44+2.2 2.262+ 0.030 —-57.01+0.38
229.1 7357.330.10 -66.84+ 2.2 —145.242.2 2.1704+ 0.030 —57.364+ 0.39
Apr 7
J1924-2914
213.1 3243.11&- 0.083 —-26.8+ 1.0 —-191.3+ 1.0 5.957+ 0.030 —48.99+ 0.15
215.1 3219.06: 0.10 —-27.3+1.0 —190.04+ 1.0 5.963+ 0.030 —49.094+ 0.15
227.1 3073.9%4 0.11 —27.904+ 0.92 —181.62+ 0.93 5.978+ 0.030 —-49.37+0.14
229.1 3048.69 0.12 —28.114+0.92 —180.17+ 0.92 5.982+ 0.030 —49.444+ 0.15
J01321654
213.1 418.13+ 0.18 6.66+ 0.21 5.00+ 0.21 1.990+ 0.051 18.43+ 0.73
215.1 417.76 0.19 6.99+ 0.23 4,97+ 0.23 2.055+ 0.055 17.75- 0.75
227.1 402.18:0.20 6.82+0.22 4.37+0.23 2.014+ 0.056 16.29+ 0.80
229.1 394.71 0.21 6.12+ 0.23 4.77+0.23 1.965+ 0.058 18.93+ 0.84
NRAO 530
213.1 1620.0# 0.10 —7.36+0.49 37.57 0.49 2.363+ 0.030 50.55+ 0.35
215.1 1604.64+ 0.11 —7.57+0.49 37.414+ 0.49 2.37% 0.030 50.72+ 0.36
227.1 1536.162- 0.068 —7.654+0.47 36.73+ 0.47 2.443+ 0.030 50.89+ 0.37
229.1 1526.938- 0.067 —7.37+ 0.46 37.7H 0.46 2.5204+ 0.030 50.5H1 0.35
Sgr A"
213.1 2418.25- 0.25 —124.164 0.73 —113.454+0.73 6.954+ 0.030 —68.794+ 0.12
215.1 2404.74- 0.27 —121.16+ 0.72 —117.97+ 0.72 7.032+ 0.030 —67.88+0.12
227.1 2318.41-0.22 —100.514 0.70 —140.514+ 0.70 7.451+ 0.030 —62.794+0.11
229.1 2403.6% 0.23 —100.83+ 0.72 —148.69+ 0.72 7.472+ 0.030 —62.07+0.11
NGC 1052
213.1 398.01 0.20 —-0.31+0.14 0.87+0.14 0.231+ 0.035 54,9 4.5
215.1 397.25: 0.18 —0.10+£ 0.15 0.70+ 0.15 0.178+ 0.037 49.6+ 6.0
227.1 369.99t 0.25 0.21+0.14 0.12+0.14 0.069+ 0.038 13+ 20
229.1 358.94t 0.35 -0.464+0.14 0.444+0.14 0.1774+ 0.039 68.1+ 7.9
Apr 10
4C 01.28
213.1 3668.38-0.16 154.6+ 1.1 -102.54+1.1 5.055+ 0.030 —16.774+0.16
215.1 3677.75 0.17 153.4+ 1.1 —-102.84+1.1 5.020+ 0.030 —-16.91+ 0.17
227.1 3514.62+ 0.14 147.8+ 1.1 —99.7+ 11 5.074+ 0.030 —17.00+ 0.18
229.1 3512.42+ 0.13 152.2+ 1.1 —-99.6+ 1.1 5.179+ 0.030 —16.60+ 0.17
0J 287
213.1 4319.36t 0.10 —-167.84+ 1.3 —253.841.3 7.044+ 0.030 —61.73+0.12
215.1 4333.610.10 —166.94+ 1.3 —-251.34+1.3 6.9624+ 0.030 —61.794+0.12
227.1 4119.79 0.10 —-158.1+ 1.2 —235.94+1.2 6.894+ 0.030 —61.91+0.12
229.1 4105.14 0.10 —-162.0+1.2 —243.24+1.2 7.119+ 0.030 —61.83+0.12
Cen A
213.1 5710.166- 0.085 1.8+:1.7 0.5+ 1.7 0.040+ 0.030 64 30
215.1 5677.69a 0.090 3.1+ 1.7 23+ 1.7 0.070+ 0.030 18+ 15
227.1 5621.83% 0.094 3.2+ 1.7 47+ 1.7 0.1014 0.030 27.9+9.1
229.1 5628.36+ 0.10 0.2+ 1.7 3.9+ 1.7 0.071+ 0.030 43+ 14
m87
213.1 1382.93+ 0.26 37.15+ 0.42 —0.24+0.42 2.688+ 0.030 —0.19+ 0.32
215.1 1371.95: 0.25 37.12:0.42 —0.084+0.42 2.706+ 0.030 —0.084+0.31
227.1 1285.7G: 0.23 35.68+ 0.39 0.47+0.39 2.777 0.030 0.3+ 0.31
229.1 1271.9G: 0.23 35.244 0.39 0.054+0.39 2.770+£ 0.030 0.03+:0.31
3C 279
213.1 8750.09: 0.11 216.5- 2.6 1264.2+- 2.6 14.659+ 0.030 40.141 0.057
215.1 8699.92+ 0.11 2155+ 2.6 1257.5+ 2.6 14.665+ 0.030 40.137 0.058
227.1 8415.64+ 0.11 209.4+ 2.5 1220.6+ 2.5 14,717+ 0.030 40.133+ 0.058
229.1 8373.72- 0.11 208.6+ 2.5 1216.4+ 2.5 14.739+ 0.030 40.135 0.061
Apr 11
Sgr A
213.1 2388.59- 0.31 —41.33+0.72 —169.554 0.72 7.307+ 0.030 —51.854+0.12
215.1 2383.72 0.30 —37.26+0.72 —169.35+ 0.72 7.275+ 0.030 —-51.21+0.12
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Table E2
(Continued
Frequency 1 (0] U LP EVPA
(GH2) (mJy) (mJy) (mJy) (%) (deg
227.1 2266.69 0.26" —13.974+ 0.68 —170.91+ 0.68 7.565+ 0.030 —-47.34+0.11
229.1 2362.94 0.27 —12.144+0.71 —181.89+ 0.71 7.7144+ 0.030 —46.91+ 0.12
4C 01.28
213.1 3643.15- 0.20 158.8+ 1.1 —-87.2+1.1 4.9724+ 0.030 —14.384+0.18
215.1 3632.14 0.20 157+ 1.1 —-88.5+1.1 4.980+ 0.030 —14.65+ 0.17
227.1 3503.45-0.21 152.0+ 1.1 —-884+1.1 5.018+ 0.030 —15.10+ 0.17
229.1 3485.19+ 0.22 152.9+ 1.1 —-87.0+1.1 5.047+ 0.030 —-14.82+0.18
0OJ 287
213.1 4366.345- 0.094 —148.74+1.3 —-274.24+1.3 7.143+ 0.030 —59.234+0.12
215.1 4356.28t 0.10 —-151.44+1.3 —271.94+1.3 7.143+ 0.030 —59.56+ 0.12
227.1 4170.47 0.36 -149.14+1.3 —258.14+1.3 7.146+ 0.030 —60.014+0.12
229.1 4152.92+ 0.11 —145.74+1.2 —259.6+1.2 7.168+ 0.030 —59.65+ 0.12
J1924-2914
213.1 3299.3% 0.19 -35.7+ 1.0 —156.74+ 1.0 4.8704+ 0.030 —-51.424+0.18
215.1 3289.89- 0.19 -36.84+1.0 —155.14+1.0 4.845+ 0.030 -51.684+0.18
227.1 3155.4- 1.0 —37.304+ 0.95 —147.94+ 1.0 4.8344+ 0.030 —52.08+0.18
229.1 3146.13:0.17 —38.0440.95 —149.994+ 0.95 4.918+ 0.030 -52.124+0.17
M87
213.1 1393.36: 0.11 35.9140.42 -1.164+0.42 2.579+ 0.030 —0.9440.33
215.1 1380.69- 0.11 36.33+ 0.42 —1.06+ 0.42 2.634+ 0.030 —0.85+0.33
227.1 1290.640.10 36.30+ 0.39 —0.684+0.39 2.813+ 0.030 —-0.544+0.31
229.1 1278.4# 0.10 36.23+ 0.39 —0.31+0.39 2.833+ 0.030 —0.25+0.30
3C 279
213.1 8365.96+ 0.23 208.5+ 2.5 1223.0+ 2.5 14.830+ 0.030 40.163 0.059
215.1 8317.40: 0.23 207.2£ 2.5 1217.3: 2.5 14.846+ 0.030 40.168t 0.058
227.1 8000.38 0.25 2014+ 2.4 1180.8+- 2.4 14.974+ 0.030 40.154+ 0.058
229.1 7972.54- 0.25 200.5+ 2.4 1178.2+ 2.4 14.991+ 0.030 40.171 0.058
Note.

@The flux of Sgr A" at 227 GHz(spw= 2) is systematically~5% lower than at 229 GHgspw = 3), owing to the presence of spectral absorption lises
AppendixH.1). Given itsflat spectral indeXFspu—> = Fspn—3 Should be assumed for Sgi'.A

where o;, 0o, oy are the uncertainties id, Q and U,
respectively. Assuminggy ~ og;~ oyr~ 0, then

oup = L
LP I

(Qop)* + (Uoy)?

2 U 2
|+ ()

The LP values quoted in Tablés2, E1, andE2 have this

debiased correction applied. The latter does not affect most o
the sources studied here, but it is especially important for ther

low-polarization sources such as NGC 1052 and Cen A.
The absolutdlux-scale calibration systematic er(6% and
10% of Stoke$QU fluxes in Band 3 and Band 6, respectiyely
is not included in TableE1l andE2. The analysis on Stokés
is performed separatelfsee AppendixG and TablesG1

andG2).

Appendix F
Faraday RM Plots

We display the EVPA data as a function’éfand their RM-
fitted models in FigureB1—F4; EVPAs are measured in each
of the four ALMA SPWs. Let udirst focus on Figurd-1,
showing the Faraday RM of Sgr*Aupper panels M87
(middle panels and 3C279(lower panels The EVPAs
measured in SgrAreveal a remarkably precié dependence
both at A3 mm (left pane) and A\1.3 mm (second to fourth
paneld. It is also remarkable that Sgf Ahowcases a very
consistent slope across all days, while in M87 the slope appearsnly error bars are too small, but the error bars in the plots of
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to change sign from April 5 to 10/11. 3C 279 was used as
polarization calibrator on April 5, 6, 10, and 11, and its
measured RMconsistent with zero across all daylemon-
strates the stability of the polarization measurements on M87
and on Sgr A on the same days. On April 7, the polarization
calibrator was J1922914, which also shows consistent RM
across daygsee Figure=2, upper panejs Collectively, they
emonstrate the stability of the polarization measurements in
017 April on SgrA, M87, and, by extension, on the
emaining AGNs observed at\1.3mm (displayed in
FigureF2) and atA3 mm (displayed in Figuré-3).

We notice that, for some of the targets, the RM are
almost perfectly consistent with the measured EVPAS; in
particular, the plots for Sgr’A3C 279(FigureF1), 3C 273,
J1924-2914 (Figure F2), and M87 (Figure F4%, look very
unlikely given the error bars. In fact, a standgfdanalysis for
these sources would give values close to 0 while for a 4-point
2-parameterfit, we would expecty®~ 2. This apparently
unexpected behavior can be explained by the fact that the
EVPA uncertainties displayed in the RM plots are not just the
thermal errorgwhich would naturally introduce scatter in the
measuremenkdut also include a systematic er(0r03% of/
into QU error9, which in fact dominates the total error budget
(especially for the strongest sources with high Stdkeg/e
assessed that once such systematic error is removed, the EVPA
data points are no longer consistent with the line to within their
(thermal-noise-onlyuncertainties. The fact that the thermal-
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Sgr A*, 2017 Apr 3 Sgr A*, 2017 Apr 6 Sgr A*, 2017 Apr 7 Sgr A*, 2017 Apr 11
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Figure F1. Faraday RM of Sgr A(upper pane)s M87 (middle panels and 3C 279lower panels The EVPA as a function of wavelength squared is presented with

10 error bars for each SPW and for each day. The EVPAs are measured in the 1.3 mm band, except for the upper left panel, presenting the EVPAs measured at 3
in Sgr A". The error bars are derived adding in quadrature to the thermal uncertaint@afrid& maps(1c image rmya systematic error of 0.03% of Stokerror

bars for Sgr A are smaller than the displayed pojntEhe line is a lineafit to the data giving the RM reported inside the box. Plots in each row span the same vertical
axis range in degrees in order to highlight differences in gkbygeupper-left panel is an excepfjoti is remarkable that Sgr'Ashowcases a very consistent slope

across days, while in M87 the slope appears to change sign. Note also the different EVPA values betwe@hatpril 5in Sgr Aand between April 5 and 10

11 in M87 and 3C 279. The measured RM in 3C 27$ed as polarization calibrator on April 5, 6, 10, anglid tonsistent with zero across all days, demonstrating

the stability of the polarization measurements on M87 and on SgnAhe same days.

this Letter that include the systematic 0.03% Stdkeakage andF3). This may suggest either the presence of an additional
into theQU error budget are too large, suggests that there is asystematic error not accounted for in our error budget or that
real systematic error in the EVPA measurements but that it ishe assumption of the EVPA%dependence is not valid in
smaller than the ALMA standard value. The fact that we are some cases. In fact, in Sectidh8.3 5.1.1, and5.2we discuss
being conservative in our error estimates should ensure that wéhe possibility that some of the observed Faraday rotation may
are not over-interpreting our measurements. be partly internal, which would imply a more complex RM
Finally, we notice that, for some of the targets /amdon model than assumed in our analysis. Without a wider
speciic days, there are 1o deviations between the observed wavelength coverage, we cannot distinguish between the two
EVPA and the RMit-predicted valuege.g., 0J 287, 4C 01.28, cases. Therefore, we will not consider any additional
J0006-0623, J0518-1800; see selected panels in Figur®s  systematic error in the RM analysis presented in this Letter.
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Figure F2. RM fits for remaining 2017 EHT targets with EVPA measurements at 1.8seemTable). Plots in each row span the same vertical axis range for the
same source in order to highlight differences in slope.
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