

https://orcid.org/0000-0002-8635-4242
https://orcid.org/0000-0002-8635-4242
https://orcid.org/0000-0002-8635-4242
https://orcid.org/0000-0002-9475-4254
https://orcid.org/0000-0002-9475-4254
https://orcid.org/0000-0002-9475-4254
https://orcid.org/0000-0002-9030-642X
https://orcid.org/0000-0002-9030-642X
https://orcid.org/0000-0002-9030-642X
https://orcid.org/0000-0001-6337-6126
https://orcid.org/0000-0001-6337-6126
https://orcid.org/0000-0001-6337-6126
https://orcid.org/0000-0003-3903-0373
https://orcid.org/0000-0003-3903-0373
https://orcid.org/0000-0003-3903-0373
https://orcid.org/0000-0002-9031-0904
https://orcid.org/0000-0002-9031-0904
https://orcid.org/0000-0002-9031-0904
https://orcid.org/0000-0002-7128-9345
https://orcid.org/0000-0002-7128-9345
https://orcid.org/0000-0002-7128-9345
https://orcid.org/0000-0002-5297-921X
https://orcid.org/0000-0002-5297-921X
https://orcid.org/0000-0002-5297-921X
https://orcid.org/0000-0002-4120-3029
https://orcid.org/0000-0002-4120-3029
https://orcid.org/0000-0002-4120-3029
https://orcid.org/0000-0002-4892-9586
https://orcid.org/0000-0002-4892-9586
https://orcid.org/0000-0002-4892-9586
https://orcid.org/0000-0002-7692-7967
https://orcid.org/0000-0002-7692-7967
https://orcid.org/0000-0002-7692-7967
https://orcid.org/0000-0002-5278-9221
https://orcid.org/0000-0002-5278-9221
https://orcid.org/0000-0002-5278-9221
https://orcid.org/0000-0001-6952-2147
https://orcid.org/0000-0001-6952-2147
https://orcid.org/0000-0001-6952-2147
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/0000-0003-2966-6220
https://orcid.org/0000-0003-2966-6220
https://orcid.org/0000-0003-2966-6220
https://orcid.org/0000-0001-7451-8935
https://orcid.org/0000-0001-7451-8935
https://orcid.org/0000-0001-7451-8935
https://orcid.org/0000-0002-3586-6424
https://orcid.org/0000-0002-3586-6424
https://orcid.org/0000-0002-3586-6424
https://orcid.org/0000-0001-6906-772X
https://orcid.org/0000-0001-6906-772X
https://orcid.org/0000-0001-6906-772X

The Astrophysical Journal, 901:67(28pp, 2020 September 20 Wielgus et al.

17 \Waterloo Centre for Astrophysics, University of Waterloo, Waterloo, ON N2L 3G1 Canada
Princeton Center for Theoretical Science, Jadwin Hall, Princeton University, Princeton, NJ 08544, USA
19 Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, 1098 XH, Amsterdam, The Netherlands
0Department of Astronomy, University of lllinois at Urbana-Champaign, 1002 West Green Street, Urbana, IL 61801, USA
2 Mizusawa VLBI Observatory, National Astronomical Observatory of Japan, 2-12 Hoshigaoka, Mizusawa, Oshu, lwate 023-0861, Japan
22 Department of Astronomical Science, The Graduate University for Advanced SBOIEENDAI), 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
Instituto de Radioastronomia y Astrofisica, Universidad Nacional Auténoma de México, Morelia 58089, México
Instituto de Astronomia, Universidad Nacional Autbnoma de México, CdMx 04510, México
25 Gravitation Astroparticle Physics Amsterdé@RAPPA Institute, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
26Radio Astronomy Laboratory, University of California, Berkeley, CA 94720, USA
27 |nstituto de Astrofisica de Andalucia-CSIC, Glorieta de la AstronofmiaEs18008 Granada, Spain
28| nstitute of Astronomy and Astrophysics, Academia Sinica, 11F of Astronomy-Mathematics BuildidgTA8lo. 1, Section 4, Roosevelt Road, Taipei 10617,
Taiwan, R.O.C.
29 Departament'dstronomia i Astrofisica, Universitat de Valéncia, C. Dr. Moliner 50, E-46100 Burjassot, Valéncia, Spain
Observatori Astronomic, Universitat de Valéencia, C. Catedratico José Beltran 2, E-46980 Paterna, Valéncia, Spain
315|SSA, Via Bonomea 265, 34136 Trieste, Italy and INFN Sezione di Trieste, Italy
32 |FPU—Institute for Fundamental Physics of the Universe, Via Beirut 2, 34014 Trieste, Italy
33East Asian Observatory, 660 N:dgkoku Place, Hilo, HI 96720, USA
34 Nederlandse Onderzoekschool voor AstronofNiBVA), P.O. Box 9513, 2300 RA Leiden, The Netherlands
6 S California Institute of Technology, 1200 East California Boulevard, Pasadena, CA 91125, USA
Institut de Radioastronomie Millimétrique, 300 rue de la Piscine, F-38406 Saint Maiféred, 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
ODepartment of Astronomy and Astrophysics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
41 bepartment of Physics, University of Chicago, 5720 South Ellis Avenue, Chicago, IL 60637, USA
42 Enrico Fermi Institute, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
3Cormnell Center for Astrophysics and Planetary Science, Cornell University, Ithaca, NY 14853, USA
44 Key Laboratory of Radio Astronomy, Chinese Academy of Sciences, Nanjing 210008, ®&mpablic of China
45 Department of Space, Earth and Environment, Chalmers University of Technology, Onsala Space Observatory, SE-43992 Onsala, Sweden
46 Dipartimento di Fisic4E. Pancirii, Universita di Napoli‘Federico I1, Compl. Univ. di Monte S. Angelo, Edtio G, Via Cinthia, 1-80126, Napoli, Italy
Institut fir Theoretische Physik, Goethe-Universitat Frankfurt, Max-von-Laue-Strale 1, D-60438 Frankfurt am Main, Germany
“|NFN Sez. di Napoli, Compl. Univ. di Monte S. Angelo, Edio G, Via Cinthia, 1-80126, Napoli, Italy
9Department of Physics, University of Pretoria, Lynnwood Road, éfét Pretoria 0083, South Africa
50 centre for Radio Astronomy Techniques and Technologies, Department of Physics and Electronics, Rhodes University, Grahamstown 6140, South Africa
S1LESIA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, Université de Paris, 5 place Jules Janssen, 92195 Meudon, France
52 Degartment of History of Science, Harvard University, Cambridge, MA 02138, USA
3Department of Physics, Harvard University, Cambridge, MA 02138, USA
54 Leiden Observatory-Allegro, Leiden University, P.O. Box 9513, 2300 RA Leiden, The Netherlands
55CP3-Origins, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark
58 Instituto Nacional de Astrofisica, Optica y Electronica, Luis Enrique Erro 1, Tonantzintla, Puebla, C.P. 72840, México
Consejo Nacional de Ciencia y Tecnologia, Av. Insurgentes Sur 1582, 03940, Ciudad de México, México
58 Key Laboratory for Research in Galaxies and Cosmology, Chinese Academy of Sciences, Shanghai 200030R&aiglie of China
S9NOVA Sub-mm Instrumentation Group, Kapteyn Astronomical Institute, University of Groningen, Landleven 12, 9747 AD Groningen, The Netherlands
0Department of Astronomy, School of Physics, Peking University, Beijing 100871, PeBgleublic of China
L Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, Pedpépublic of China
2 Instituto Nacional de As(t;rsofisica, Optica y Electrénica. Apartado Postal 51 y 216, 72000. Puebla Pue., México
ASTRAVEO LLC, P.O. Box 1668, MA 01931, USA
54 Max-Planck-Institut fiir Extraterrestrische Physik, Giessenbachstr. 1, D-85748 Garching, Germany
55 Institute for Astrophysical Research, Boston University, 725 Commonwealth Avenue, Boston, MA 02215, USA
Astronomical Institute, St. Petersburg University, Universitetskij pr., 28, Petrodvorets, 198504 St.Petersburg, Russia
87 Joint Institute for VLBI ERICJIVE), Oude Hoogeveensedijk 4, 7991 PD Dwingeloo, The Netherlands
68 Ko%akuin University of Technology & Engineering, Academic Support Center, 2665-1 Nakano, Hachioji, Tokyo 192-0015, Japan
9Physics Department, National Sun Yat-Sen University, No. 70, Lien-Hai Road, Kaosiung City 80424, Taiwan, R.O.C
ONational Optical Astronomy Observatory, 950 North Cherry Avenue, Tucson, AZ 85719, USA
I Key Laboratory for Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences, 19B Yuquan Road, ShijingshanijiDggtrict, Be
Peoplés Republic of China
723¢hool of Astronomy and Space Science, Nanjing University, Nanjing 210023, 'BeRpfmublic of China
73 Key Laboratory of Modern Astronomy and Astrophysics, Nanjing University, Nanjing 210023, BeRpfaublic of China
" talian ALMA Regional Centre, INAF-Istituto di Radioastronomia, Via P. Gobetti 101, 1-40129 Bologna, Italy
5Department of Physics, National Taiwan University, No.1, Sect.4, Roosevelt Road, Taipei 10617, Taiwan, R.O.C.
"Syunnan Observatories, Chinese Academy of Sciences, 650011 Kunming, Yunnan Provincés Reppielic of China
"7 Center for Astronomical Mega-Science, Chinese Academy of Sciences, 20A Datun Road, Chaoyang District, Beijing, 10004 Rdétrdpie of China
8 Key Laboratory for the Structure and Evolution of Celestial Objects, Chinese Academy of Sciences, 650011 KunmiigyReeaplée of China
"9 School of Natural Sciences,Institute for Advanced Study, 1 Einstein Drive, Princeton, NJ 08540, USA
80Ts;unga—Dao Lee Institute, Shanghai Jiao Tong University, Shanghai, 200240, ®&gpeblic of China
lAstronomy Department, Universidad de Concepcién, Casilla 160-C, Concepcion, Chile
2Department of Astronomy, University of Massachusetts, 01003, Amherst, MA, USA
83 Dgpartment of Astronomy, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
84 canadian Institute for Theoretical Astrophysics, University of Toronto, 60 St. George Street, Toronto, ON M5S 3H8, Canada
85 Dunlap Institute for Astronomy and Astrophysics, University of Toronto, 50 St. George Street, Toronto, ON M5S 3H4, Canada
86 canadian Institute for Advanced Research, 180 Dundas St West, Toronto, ON M5G 178, Canada
87 Department of Physics, National Taiwan Normal University, No. 88, Sec. 4, Tingzhou Road, Taipei 116, Taiwan, R.O.C.
8 School of Mathematics, Trinity College, Dublin 2, Ireland
89 Department of Astrophysical Sciences, Peyton Hall, Princeton University, Princeton, NJ 08544, USA
Center for Computational Astrophysics, Flatiron Institute, 162 Fifth Avenue, New York, NY 10010, USA

18

90



The Astrophysical Journal, 901:67(28pp, 2020 September 20 Wielgus et al.

02 %1 Center for Theoretical Astrophysics, Los Alamos National Laboratory, Los Alamos, NM, 87545, USA
Instituto de Radioastronomia Milimétrica, IRAM, Avenida Divina Pastora 7, Local 20, E-18012, Granada, Spain
%3 Hiroshima Astrophysical Science Center, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan
%4 Aalto University Department of Electronics and Nanoengineering, PL 15500, FI-00076 Aalto, Finland
95 Aalto University Metséhovi Radio Observatory, Metséhovintie 114, FI-02540 Kylméal&, Finland
96 Department of Astronomy, Yonsei University, Yonsei-ro 50, Seodaemun-gu, 03722 Seoul, Republic of Korea
97 Netherlands Organisation for SciemtiResearcliNWO), Postbus 93138, 2509 AC Den Haag, The Netherlands
Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai 980-8578, Japan
Astronomical Institute, Tohoku University, Sendai 980-8578, Japan
Department of Physics and Astronomy, Seoul National University, Gwanak-gu, Seoul 08826, Republic of Korea
1| eiden Observatory, Leiden University, Postbus 2300, 9513 RA Leiden, The Netherlands
102Physics Department, Brandeis University, 415 South Street, Waltham, MA 02453, USA
Jeremiah Horrocks Institute, University of Central Lancashire, Preston PR1 2HE, UK
School of Physics, Huazhong University of Science and Technology, Wuhan, Hubei, 430074 sHRgplblic of China
S Mullard Space Science Laboratory, University College London, Holmbury St. Mary, Dorking, Surrey, RH5 6NT, UK
School of Astronomy and Space Sciences, University of the Chinese Academy of Sciences, No. 19A Yuquan Road, Beijing 10084Repebiieof China
07Astronomy Department, University of Science and Technology of China, Hefei 230026, ®&gpeblic of China
Received 2020 June 4; revised 2020 July 28; accepted 2020 August 2; published 2020 September 23

100

104

106

Abstract

The Event Horizon TelescofEHT) has recently delivered thest resolved images of M87the supermassive black

hole in the center of the M87 galaxy. These images were produced using 230 GHz observations performed in 2017
April. Additional observations are required to investigate the persistence of the primary image-feaigewith
azimuthal brightness asymmetrand to quantify the image variability on event horizon scales. To address this need,
we analyze M87data collected with prototype EHT arrays in 2009, 2011, 2012, and 2013. While these observations
do not contain enough information to produce images, they areisnif to constrain simple geometric models. We
develop amodeling approach based on the framework utilized for the 2017 EHT data analysis and validate our
procedures using synthetic data. Applying the same approach to the observational data selstheeM87
morphology in 20092017 to be consistent withgersistent asymmetric ring o0 as diameter. The position angle

of the peak intensity varies in time. In particular, wel asigni cant difference between the position angle measured

in 2013 and 2017. These variations are in broad agreement with predictiorsuloded of general relativistic
magnetohydrodynamic simulations. We show that quantifying the variability across multiple observational epochs has
the potential to constrain the physical properties of the source, such as the accretion state or the black hole spin.

Uni ed Astronomy Thesaurus conceftack holeg162); Galaxy accretion disk&62); Galaxy accretiof575);
Supermassive black hol€s663); Active galactic nucle{16); Low-luminosity active galactic nucl€033; Very
long baseline interferomet§L769; Astronomy data modelinL859; Radio interferometry1346

1. Introduction radiating via synchrotron emissiofyuan & Narayan2014
EHTC V). Trajectories of the emitted photons are subject to strong
de ection in the vicinity of the event horizon, resulting ileiased
ring-like feature seen by a distant observitre anticipated shadow

of a black holgBardeenl973 Luminet1979 Falcke et al200Q
Broderick & Loeb2009.

General relativistic magnetohydrodynaf@®RMHD) simu-
tions of relativistic plasma in the accretioow and jet-

The compact radio source in the center of the M87 galaxy,
hereafter M87 has been observed at 1.3 mm wavelength
(230 GHz frequengy using very long baseline interferometry
(VLBI) since 2009. These observations, performed by early
con gurations of the Event Horizon Telescd#T; Doeleman
et al.2009 array, measured the size of the compact emission to bqa

40 as, with large systematic uncertainties related to the “m'tedlaunching region close to the black h¢EHTC V; Porth et al.

baseline coverag®oeleman et al2012 Akiyama et al.2015. ; : T
The addition of new sites and sensitivity improvements leading up2019 predict that the M87 source structure will exhibit

to the April 2017 observations yielded thest resolved images of gt?srg;n;%nr:s as;l/trﬁr;eetgrc]: Jﬁg%ettgou?r?g‘r'.tl rg‘é':éelrﬁ.nézags of
the sourcgEvent Horizon Telescope Collaboration et24119a vatons, wi a primartly mi y
2019h 20196 2019d 2019¢ 2019t hereafteEHTCI-VI). These the black hole mass-to-distance ratio and a position dngle

images revealed an asymmetric riagcrescedtwith adiameter ~ Primarily determined by the orientation of the black hole spin
d :g42i 3 asand zpos);tion angle(g??he bright side; between axis. The detailed appearance of M8&Tay also be inuenced

150 and 200 east of north{counterclockwise from nothp as by many poorly constrained effects, such as the black hole spin

: : i itude, magnetic eld structure in the accretionow
seen on the skyEHTC VI); see the left panel of Figute The ~ Magnitude, :
apparent size and appearance of the observed ring agree wifharayan et I\";l‘lzo,éz ET(TC Y),Itzré)el el%cr':ror; hteatllgg 1r{r;ech-
theoretical expectations for6x 10°M, black hole driving ~ 2nism(e.g., Mocibrodzka et al2016 Chael et al.20183,

. . . . . nonthermal electronge.g., Davelaar et al.2019, and
amagnetized accretion iow/out ow - system,  inefciently misalignment betweesn( tr?e jet and the black holegéNhite

et al.202Q Chatterjee et aR020. Moreover, turbulence in the
accretion ow, perhaps driven by magnetorotational instability
(Balbus & Hawley 199)), is expected to cause stochastic

Original content from this work may be used under the terms S ; . : .
9 Y variability in the image with correlation timescales of up to

of the Creative Commons Attribution 4.0 licendeny further . .
distribution of this work must maintain attribution to the augg)and the title afew We?ks ( dynamical time for M8?. The . _mOdeI
of the work, journal citation and DOI. uncertainties and expected time-dependent variability of these

108 NASA Hubble Fellowship Program, Einstein Fellow.
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estimate closure phasgPs; Rogers et al995 Johnson et al.
Observation GRMHD 2015 Fish et al.2016. The frequency setup in 206313
consisted of two 480 MHz bands, centered at 229.089 and
(/j)jot 229.601 GHz. Whenever both bands or both parallel-hand

= polarization components were available, we incoherently aver-
aged all simultaneauvisibility amplitudes. The data sets are
summarized in Tabld, where the number of detections for
nonredundant baselines of different projected baseline lengths is
given, with the correspondir(g, v) coverage shown in Figué
Redundant baselines yield independent observations of the same
visibility. In Table 1 we also indicate the number of available
nonredundant CRsot counting redundant and intrasite baselines,
Figure 1. Left panel:one of the images of M&7obtained inEHTC IV (see minimal set; see Blackburn et @020. As is the case for non-
Section4.2 for detail3. A 42 as circle is plotted with a dashed line for ~phase-referenced VLBI observatigiiompson et aR017), we
reference. The observed position angle of the approachifg.jét 288 east do not have access to absolute visibility phases. All visibility
of north(Walker et al2018. Under the assumed physical interpretation of the amplitudes observed in 20813are presented in Figuge

ring, we expect to nd the bright side of the crescent on average approximately . .

90° clockwise fromf e, (EHTC V). We assume eonventiont g ex, = 19, A more detailed summary of the observational setup of the
indicated with a blue dashed line. Right paraiandom snapshdhote tha proto-EHT array in 2002013 and the associated data
this is not a t to the EHT imagefrom aGRMHD simulation adopting the reduction procedures can be found in Fish ef{2016. All

expected properties of MB{Section4.1). The spin vector of the black hole is data sets discussed in this paper are publicly avait2ble.
partially directed into the page, counteraligned with the approachirfanigt
aligned with the deboosted receding);jéts projection onto the observer

screen is located at the position angld gfi, = f et S 18C°. 2.1. 20092012

Prior to 2013, the proto-EHT array included telescopes at three
theoretical predictions strongly motivate the need for additionalgeographical locationgl) the Combined Array for Research in
observations of M87 especially on timescales long enough to Millimeter-wave Astronomy(CARMA, CA) in Cedar Flat,
yield uncorrelated snapshots of the turbulem. California, (2) the Submillimeter Telescog8MT, AZ) on M.

To this end, we analyze archival EHT observations of M87 Graham in Arizona, an@3) the Submilimeter Array(SMA,
from observing campaigns in 2009, 2011, 2012, and 2013.SM), the James Clerk Maxwell Telescod€MT, JQG, and the
While these observations do not have enough baselineCaltech Submillimeter Observatq@SO, C$ on Maunakea in
coverage to form image@EHTCIV), they are sufcient to  Hawali. These arrays were strongly eagst oriented, and the
constrain simple geometrical models, following procedures|ongest projected baselines, between SMT and Havesched
similar to those presented&HTC VI. We employ asymmetric  about 3.5 G, corresponding to the instrument resolution
ring models that are motivated by both results obtained with the(maximum fringe spaciigpf 60 as.

mature 2017 array and the expectation from GRMHD = The 2011 observations of M8#ave not been published but

simulations that the ring feature is persistent. follow the data reduction procedures described in Lu et al.
We begin, in Sectio2, by summarizing the details of these (2013. The 2009 and 2012 observations and data processing of
archival observations with thg@roto-EHT arrays. In Sectio, M87" have been published in Doeleman et @012 and

we describe our procedure faiting simple geometrical models ~ Akiyama et al(2015, respectively. However, our analysis uses
to these observations. In Sectirwe test this procedure using modi ed processing of the 2012 data because the original
synthetic proto-EHT observations of GRMHD snapshots and ofprocessing erroneously applied the same correction for atmo-
the EHT images of M87 We then use the same proceduretto  spheric opacity at the SMT twid&® The SMT calibration

models to the archival observations of M&T Section5. We procedures have been updated since (tssaoun et a2017).

discuss the implications of éke results for our theoretical Each observation included multiple subarrays of CARMA as

understanding of M87in Section6 and briey summarize our  well as simultaneous measurements of the total sounge
ndings in Sectiory. density with CARMA acting as eonnected-element interfe-

rometer; these properties then allow the CARMA amplitude
. gains to bé network-calibrated(Fish et al2011, Johnson et al.
2. Observations and Data 2015 EHTC III). Of these three observing campaigns, only 2012
Our analysis coversve separate 1.3mm VLBI observing provides CP information for Mé?and all CPs measured on the
campaigns conducted in 2009, 2011, 2012, 2013, and 2017. Théingle, narrow triangle SMBMA-CARMA were consistent
M87 data from 2011 and 2013 have not been publishedwith zero to within 2 (Akiyama et al.2019; see Figurel.
previously. For all campaigns except 2012, M@as observed
on multiple nights. For the proto-EHT data 42809-2013, we 2.2. 2013
simultaneously utilize the tire data set from each yeatting to . . .
data from multiple days with single source model, when The 2013 observing epoch did not include the CSO, but
available. This is motivated by the M8@dynamical timescale ~@dded the Atacama Patider Experiment facilityAPEX, AP)
argument, litle visibility amplitude variation reported by I the Atacama Desert in Chile. This additional site brought for
EHTCIII on aone-week timescale, as well as by the limited _
amount of available data and lack of evidence for interday, ntpst/ eventhorizontelescope.sfgr-astronomersiata

iabili i - i An opacity correction raises vigity amplitudes on SMT baselines byl0%
Vanab"lty in_the proto-EHT data sets. We use incoherent in nominal conditions; our visibility aptitudes on SMT baselines are, thus,

a\{eraging to espimate vidity amp“tUdeSI on each scdn f_eW slightly lower than those reported by Akiyama et @019. However, the
minutes of continuas observatlo)nand blspectral averaging to calibration error does not change the primary conclusions of Akiyamg288).
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Figure 2. (u, V) coverage of the M87observations performed in 20813 with various proto-EHT arrays. Gray lines indicate detections obtained during the 2017
observations with anature EHT array, including several new sites, but without the baselines to CARMA. Dashed circles correspond to angular scakes of 50

(inne) and 25 as(oute).

Table 1

M87" Data Sets Analyzed in This Paper

Detections on Nonredundant Baselines

Year Telescopes Dates Baselfhes Zero Short Mediurh Long® Total CPs
<0.1G <1G <3.6G >3.6G >0.1G

2009 CA, AZ, JC Apr5, 6 B3/3 L 12 165 L 28 L
2011 CA, AZ, JC, SM, CS Mar 29, 31; Apr 1, 2, 4 /BD3 52 33 216 L 54 L
2012 CA, AZ, SM Mar 21 B3/3 14 11 196 L 44 7
2013 CA, AZ, SM, JC, AP Mar 223, Mar 26 107/5 39 41 234 191 83 L
2017 AZ, SM, JC, AP, LM, PV, AA Apr & 21/21/10 24 L 3313 9216 125 67
2017 AZ, SM, JC, AP, LM, PV, AA Apr 14 21/2110 22 L 28/9 7216 100 54
Notes.

& Theoretically availablavith detectionsnonredundant, nonzero with detections.

b All/ SMT-Hawali.
¢ All/ SMT-Chile.
d Single-day data set.

the rst time the long-baselinds 56 G ) CARMA-APEX

30 m telescopéPV) on Pico Veleta in Spain, and the phased-

and SMTAPEX, which are roughly orthogonal to the up Atacama Large Millimetesubmillimeter Array(ALMA,

CARMA—-Hawaii and SMTHawali baselines; see Figute

AA; Matthews et al2018 Goddi et al.2019. The expansion

The addition of APEX increased the instrument resolution of the array resulted in signiant improvements irfu, V)

(maximum  fringe spacingto

35 as. While the 2013

coverage, shown with gray lines in Fig2eand instrument

observations of Sgr Awere presented in several publications resolution raised to 25 as. In addition to hardware setup

recorded bandwidth was
observations obtained during the 2013 campaign have not beefhcreased from X 0.5 GHz to 2x 2 GHz (226-230 GH2.

(Johnson et aR015 Fish et al2016 Lu et al.2018, the M87

published previously.

The proto-EHT array observed M8@n March 21, 22, 23,
and 26 2013. CARMAAPEX detections were found on March
22 (11 detectionsand 23(7 detectionswith asingle SMTF
APEX detection on March 23. March 281JD 36374 was the

developments (EHTCI),

the

The 2017 data processing pipeline used ALMA as an anchor
station (EHTC I11). Its high sensitivity greatly improved the
signal phase stabilityBlackburn et al.2019 Janssen et al.
2019 EHTCIII) and enabled data analysis based on robustly
detected closure quantities obtained from coherently averaged

only day with detections on baselines to each of the four;sjpjlities (EHTC IV; Blackburn et al2020 rather than on

geographical sites. No detections between Hawad APEX

visibility amplitudes alone. These improvements allowed for an

were found, and there were no simultaneous detections OVefinambiguous analysis of the M8ifage by constraining the
aclosed triangle that would allow for the measurement of CP. gat of physicalEHTC V) and geometri¢dEHTC VI) models
representing the source morphology.

2.3. 2017

In 2017, the EHT observed M8%with ve geographical
sites(EHTC I; EHTC II), without CSO and CARMA, but with
the addition of the Large Millimeter Telescope Alfonso Serrano  VLBI observations sample the Fourier transform of the

(LMT, LM) on the Volcan Sierra Negra in Mexico, the IRAM
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2.4. M87 Data Properties

intensity distribution on the ski(x, y) via the van Cittert








