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ABSTRACT

We report three epochs of polarized images of M87* at 230 GHz using data from the Event Horizon Telescope (EHT) taken in 2017, 2018, and
2021. The baseline coverage of the 2021 observations is significantly improved through the addition of two new EHT stations: the 12 m Kitt Peak
Telescope and the Northern Extended Millimetre Array (NOEMA). All observations result in images dominated by a bright, asymmetric ring
with a persistent diameter of 43.9 ± 0.6 µas, consistent with expectations for lensed synchrotron emission encircling the apparent shadow of a
supermassive black hole. We find that the total intensity and linear polarization of M87* vary significantly across the three epochs. Specifically,
the azimuthal brightness distribution of the total intensity images varies from year to year, as expected for a stochastic accretion flow. However,
despite a gamma-ray flare erupting in M87 quasi-contemporaneously to the 2018 observations, the 2018 and 2021 images look remarkably similar.
The resolved linear polarization fractions in 2018 and 2021 peak at ∼5%, compared to ∼15% in 2017. The spiral polarization pattern on the ring
also varies from year to year, including a change in the electric vector position angle helicity in 2021 that could reflect changes in the magnetized
accretion flow or an external Faraday screen. The improved 2021 coverage also provides the first EHT constraints on jet emission outside the ring,
on scales of .1 mas. Overall, these observations provide strong proof of the reliability of the EHT images and probe the dynamic properties of the
horizon-scale accretion flow surrounding M87*.

Key words. accretion, accretion disks – black hole physics – gravitation – galaxies: active – galaxies: individual: M87* – galaxies: jets

1. Introduction

For a long time following its initial discovery, the giant ellip-
tical galaxy M87 remained merely an entry in astronomical
catalogues (Messier 1781). More than a century later, observa-
tions at the Lick Observatory led to the discovery of a ‘curi-
ous straight ray’ superimposed on the diffuse emission of the
galaxy (Curtis 1918), which decades later was identified as the
relativistic jet emanating from the region close to the central
supermassive black hole (SMBH). With the advent of radio
astronomy and the growing scientific interest in active galac-
tic nuclei (AGNs), M87 became a prime target for observations
across the electromagnetic spectrum during the 20th century (see
e.g. EHT MWL Science Working Group 2021 [hereafter M87
MWL2017], EHT MWL Science Working Group 2024 [here-
after M87 MWL2018], and Hada et al. 2024 for a review).

At the core of M87 lies the SMBH M87*, and its radio
properties have been studied for decades across various frequen-
cies (e.g. Reid et al. 1989; Junor et al. 1999; Doeleman et al.
2012; Hada et al. 2016; Mertens et al. 2016; Walker et al. 2018;
Kim et al. 2018; Lu et al. 2023). In 2019, the Event Horizon
Telescope Collaboration (EHTC) produced the first total inten-
sity image of M87*’s shadow, using data collected during its ini-
tial observing campaign in 2017 (EHTC 2019a,b,c,d,e,f). This
was followed by imaging of the linearly polarized emission
(EHTC 2021a,b) and an analysis of the circular polarization near
the event horizon (EHTC 2023).

The total intensity image of M87* revealed a ring of (42 ±
3) µas diameter that is brighter in the south (EHTC 2019d,f).
Using results from theoretical simulations of M87*’s accretion
(EHTC 2019e), it was determined that the ring size of M87* corre-
sponds to a central black hole with a mass of (6.5 ± 0.7) × 109 M�.
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effects. We used the radio interferometric measurement equation
(RIME) formalism to incorporate instrumental and atmospheric
effects. The RIME formalism provides a mathematical frame-
work that relates observed visibilities to the true sky brightness
distribution while accounting for instrumental and propagation
effects (Hamaker et al. 1996; Smirnov 2011). The basic form of
RIME for a quasi-monochromatic signal is expressed as

ρ′jk = J jρ jk J
†

k
, (3)

where ρ′
jk

represents the measured visibility or coherency matrix,
which is a 2 × 2 matrix that encapsulates four correlations
between the voltage signals received from two stations, j and
k, using dual-polarized feeds, ρ jk is the true-source visibility or
coherency matrix that describes the inherent brightness of the
source, J is the Jones matrix that characterizes the linear trans-
formations that an incoming signal undergoes due to propagation
and instrumental effects (Jones 1941), and the † symbol repre-
sents the conjugate transpose. Different instrumental and propa-
gation effects are represented by distinct Jones matrices, which
are multiplied in a sequence (called a Jones chain; Smirnov
2011) that reflects the physical order of these effects along the
signal path.

For EHT polarimetric data, the Jones matrix formalism
incorporates effects particularly critical for polarization calibra-
tion (Thompson et al. 2017). After instrumental calibration and
post-processing described above, we parameterized our Jones
matrices by

J j = (Φ−1GDΦ) j. (4)

Here, G is the time-dependent residual instrumental gains
matrix, Φ j is the instrumental feed rotation matrix, φ(t) is the
feed-rotation angle and D is the constant instrumental polariza-
tion leakage matrix:

G j = g j,R(t) · diag
[

1, g j,L(t)/g j,R(t)
]

, (5)

Φ j = diag
[

e−iφi(t), eiφi(t)
]

, (6)

D j =

(

1 d j,R

d j,L 1

)

. (7)

In the following, we refer to g j,R(t) as the station-based, time-
variable gains, and g j,L(t)/g j,R(t) as the station-based, time-
variable gain ratios. The feed rotation angle at site j depends
on the source elevation f j,el, the parallactic angle f j,par, and an
offset φ j,offset,

φ j(t) = f j,elθ j,el(t) + f j,parψ j,par(t) + φ j,off . (8)

We analysed the conjugate closure trace products, C

(Broderick et al. 2020a) for each observation to assess the pres-
ence of polarized emission in the data. Conjugate closure trace
products are independent of any time-dependent stationized
instrumental effects that can be represented as a Jones matrix,
including residual instrumental gain errors (Eq. (5)) and instru-
mental polarization leakage errors (Eq. (7)) and are defined on
quadrangles of four stations, j, k, l, and m, as

C jklm = T jklmT jmlk, (9)

whereT jklm =
1
2

tr
(

ρ jkρ
−1
lk
ρlmρ

−1
jm

)

is the closure trace. If no polar-

ized emission is present, arg(C ) will be zero.
Image reconstruction refers to inferring from the measured

coherency matrices/visibilities, the set of Stokes parameter maps

I(x), Q(x), U(x), V(x), which fully characterize the polar-
ized state of electromagnetic radiation at a given spatial coor-
dinate x=(x, y). I(x) gives total intensity, Q(x) measures the
difference between horizontal and vertical linear polarization,
U(x) quantifies the difference between light polarized at 45◦ and
−45◦, andV(x) represents the level of circular polarization. The
Stokes parameters are related to the Stokes visibilities through
the Fourier transform (van Cittert 1934; Zernike 1938),

Ĩ jk =

∫

I(x)e2πiu jk ·xdxdy, (10)

where u jk is the projected baseline between stations j and k. In
addition, we also defined the total intensity closure phases (CPh),
ψ jkl, and log-closure amplitudes (LCA),A jklm, which are insen-
sitive to overall gain corruptions (see e.g. Rogers et al. 1974;
Blackburn et al. 2020):

ψ jkl = arg
[

Ĩ′jkĨ
′
klĨ
′
l j

]

(11)

A jklm = log

















|Ĩ′
jk
| |Ĩ′

lm
|

|Ĩ′
jl
| |Ĩ′

km
|

















, (12)

where Ĩ′
jk
=

1
2

tr(ρ′
jk

) the approximate Stokes I visibility for

baseline j, k.
For polarization, the complex linear polarization is defined

as

P ≡ Q + iU = I|m|e2iχ, (13)

where m = (Q + iU)/I is the linear polarization fraction, and
χ = 0.5 arg(P) is the EVPA measured east of north on the sky.
The circular polarization fraction is given by v = V/I. In the
visibility domain, we can define similar interferometric quanti-
ties (Johnson et al. 2015),

m̆ =
Q̃ + iŨ

Ĩ
=

2RL∗

RR∗ + LL∗
, (14)

χ̆ =
1
2

arg m̆ (15)

v̆ =
Ṽ

Ĩ
=

RR∗ − LL∗

RR∗ + LL∗
· (16)

Note that m̆, v̆ are not the Fourier transforms of m, v.
The unresolved (image-integrated) linear and circular polar-

ization fractions, as well as their resolved (image-averaged)
counterparts, with

∑

i indicating a sum over all image pixels, are
given by

|m|net =
1

∑

i Ii


















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i

Qi
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





2

+















∑

i

Ui




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


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2
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







1/2

, (17)

vnet =
1

∑

i Ii

∑

i

Vi, (18)

〈|m|〉 =
1

∑

i Ii

∑

i

(

Q2
i +U

2
i

)1/2
, (19)

〈|v|〉 =
1

∑

i Ii

∑

i

(
∣

∣

∣

∣

∣

Vi

Ii

∣

∣

∣

∣

∣

Ii

)

. (20)

Note that 〈|m|〉 and 〈|v|〉 are sensitive to image resolution, i.e. the
restoring beam size, while |m|net and vnet remain unaffected by
convolution.
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Table 1. Overview of the imaging methods.

Method Image Data Products Selfcal Ext. Stokes Gain D-term Notes
model I Q,U V structure condition ratio estimation

CLEAN
LPCAL CLEAN RR∗ + LL∗ RL∗, LR∗ Stokes Renorm. None 1 Stokes CLEAN
Difmap components I intrasites† I

GPCAL CLEAN RR∗ + LL∗ RL∗, LR∗ Stokes Renorm. None 1 Stokes CLEAN
Difmap components I intrasites† I

RML
ehtim Pixels CPh, LCA, |V | P̃,m Ṽ Stokes Fix ZBL flux Q2 +U2 +V2 1 Iter- EHTC (2019d)

I by modelling ≤ I2 atively reg. weights
MOEA/D Pixels CPh, LCA P̃ Ṽ Stokes Fix ZBL flux Q2 +U2 +V2 1 Iter- Computes

I by modelling ≤ I2 atively Pareto front
DoG-HIT Wavelets CPh, LCA P̃ Ṽ Stokes Fix ZBL flux Same 1 Iter- Compressive

I from amp. support atively sensing

Bayesian
Comrade Fixed RR∗,RL∗, LR∗, LL∗ Simul- Flags Q2 +U2 +V2 Any Simul- Estimates

splined raster taneous intrasites† ≤ I2 taneous posterior
Themis Adaptive RR∗,RL∗, LR∗, LL∗ Simul- Asymmetric Q2 +U2 +V2 1 Simul- Estimates

splined raster taneous Gaussian ≤ I2 taneous posterior

Notes.
†: Intra-sites are defined as the ALMA-APEX, JCMT-SMA, and KP-SMT baselines. ZBL: zero baseline.

Another useful parameter for quantifying polarization struc-
tures and comparing polarimetric images is the complex coef-
ficient of the azimuthal mode decomposition of P given by
(Palumbo et al. 2020)

βm =
1

Iann

∫ ρmax

ρmin

∫ 2π

0
P(ρ, ϕ)e−imϕρ dϕ dρ, (21)

where (ρ, ϕ) represent the polar coordinates on the image plane,
Iann is the Stokes I flux density contained within the annulus
between the minimum and maximum radii ρmin,max. In this paper,
ρmin is set to zero, while ρmax is set to 45 µas to focus on the
compact core emission. Note that we defined the EVPA helicity
of the ring’s polarization pattern as the sign of ∠β2 following
conventions from Palumbo et al. (2020) and Chael et al. (2023).
In addition to |m|net, |v|net, 〈|m|〉, and 〈|v|〉, the amplitude and phase
of the second coefficient, |β2| and ∠β2 are useful parameters to
score the GRMHD accretion models against the EHT data. This
parameter is useful for distinguishing between accretion states
(Palumbo et al. 2020) and will be used in a companion paper
focusing on the theoretical interpretation of our results (Chael
et al., in prep.).

3.2. Calibration and post-processing

Two pipelines are used for the post-correlation signal sta-
bilization and data reduction (Janssen et al. 2022): rPICARD
described in Janssen et al. (2018, 2019) and EHT-HOPS described
in Blackburn et al. (2019). The updated data processing steps
needed to address unique data issues encountered in the 2021
observations are described in Appendix B.

3.3. Polarized imaging

In this study seven different polarized imaging algorithms from
three different frameworks were used. Here, we present a con-
cise overview of the methods (see also Table 1 for a summary)

and provide a more complete description of the methods in
Appendix C.

For the two CLEAN-based pipelines, the first involved auto-
mated imaging with Difmap and polarimetric calibration pro-
cedures using GPCAL (see Appendix C.1.1 for more details)
and collectively will be denoted as GPCAL. The second method
involved another CLEAN procedure with Difmap but using dif-
ferent hyperparameter settings and instrumental polarization cal-
ibration using LPCAL (see Appendix C.1.2 for more details) and
collectively will be denoted as LPCAL. Both methods achieved
the final total intensity images through iterative CLEAN and
self-calibration. The primary difference between these meth-
ods lies in their polarized imaging approach: GPCAL employed
an automated parameter survey to produce a set of images, as
seen in previous EHT imaging studies of M87 (EHTC 2019d,
2024b), and selected the representative image based on clo-
sure chi-squares. Similarly, LPCAL involved imaging involving
a small survey over different hyperparameters where the rep-
resentative image was chosen by minimizing the closure chi-
square. However, the specific hyperparameter survey and the
overall imaging procedure differed from GPCAL. This allowed us
to test the sensitivity of the CLEAN reconstructions to different
assumptions.

For leakage calibration, GPCAL derived initial leakage solu-
tions using the ‘similarity approximation’, which assumes that
the linear polarization structure is proportional to the total inten-
sity structure within each sub-model. The solutions were then
refined through iterative linear polarization imaging, leakage
solution estimation, and correction. LPCAL used the standard
CALIB and LPCAL AIPS tasks to estimate the leakages and
apply the corrections to the data, and then used Difmap to make
the final I, Q, and U maps. While both GPCAL and LPCAL
used CLEAN to obtain final polarized images, their differing
assumptions in deriving polarimetric leakages introduce a mea-
sure of uncertainty into the CLEAN polarimetric reconstruc-
tions. Finally, for both the GPCAL and LPCAL pipelines, the
fiducial images were created by taking the final set of clean
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components and blurring them with a 20 µas Gaussian beam sim-
ilar to the nominal resolution of the EHT array (see Fig. 2).

The RML framework minimizes a weighted sum of multi-
ple objectives, data fidelity functionals (loss functionals, χ2), and
regularization terms, R:

Î ∈ argminI

∑

d

αdχ
2
d(I) +

∑

x

βxRx(I). (22)

The common minimization of data terms and regulariza-
tion terms ensures a solution that matches observed data
and is favourable with respect to the hand-crafted regulariza-
tion terms. This framework has been realized in two differ-
ent methods: ehtim (Chael et al. 2016, 2018) and DoG-HIT
(Müller & Lobanov 2022, 2023a). ehtim has been used in all
previous EHT studies on M87* (EHTC 2019d, 2021a, 2023,
2024b) and Sgr A* (EHTC 2022, 2024c), as well as for imag-
ing various AGN sources (Kim et al. 2020; Janssen et al. 2021;
Issaoun et al. 2022; Jorstad et al. 2023). DoG-HIT has also been
applied to Sgr A* (EHTC 2024c) and lower frequency M87*
data (Kim et al. 2025). This paper is the first time MOEA/D was
applied to one of the primary EHT targets. The three RML
approaches differ in the regularizer terms used, the optimality
concept applied, and the minimization procedure, but use simi-
lar calibration procedures. For each RML pipeline, the represen-
tative image is the optimal image according to its loss function.
For more information, see Appendix C.2.

To select the regularizer hyperparameters for ehtim, we used
a combination that was consistent with the top set results from
EHTC (2019d, 2024b) for total intensity and EHTC (2021a) for
linear polarization. In Appendix C.2 we verify that this com-
bination performs well on synthetic data. However, unlike pre-
vious EHT publications (EHTC 2019d, 2024b), no attempt was
made to create the ‘top set’ of hyperparameters within the ehtim
pipeline. A reduced parameter search has been performed as spot
check instead, as described in Appendix C.2. Given that there
are seven different imaging algorithms, including two Bayesian
frameworks, there was sufficient diversity in our imaging algo-
rithms to explore model uncertainty. Furthermore, we found that
the uncertainty we reported from the 2017 image reconstructions
(see Sect. 6) was consistent with those previously inferred using
the ‘top set’ approach in EHTC (2019d).

Finally, two Bayesian polarized imaging pipelines are used:
Themis and Comrade. Both methods jointly solve for all four
Stokes parameters and instrumental terms, such as gains and
leakage corrections. Both methods used a rasterized image in all
four Stokes parameters, but their priors differed to test the robust-
ness of M87*’s image. For both methods, every station in the
array assumed gains that vary independently for each scan and
frequency band. Leakages were assumed to be constant for each
observing day, but could differ across frequency bands. Finally,
the gain ratios were handled differently in Comrade and Themis.
For each site in the array, Comrade fit an independent gain ratio
for each scan and frequency band, while Themis enforced that
the gain ratios were unity. For both Bayesian methods, the rep-
resentative image was given by the mean image computed from
their respective posterior samples.

3.4. Feature extraction

To evaluate the images, we focused on each polarized imaging
algorithm’s ability to accurately measure the key image struc-
tural parameters and integrated polarization quantities. Quanti-
fying the reliability of these quantities was critical since they are

used to score the theoretical simulations in Chael et al. (in prep.)
as well as the overall image quality across different sets of syn-
thetic data.

For the Stokes I images, we extracted the following param-
eters: the zero-width or δ ring equivalent diameter, d̂, (defined
below), brightness asymmetry, A, brightness position angle, η,
and compact ring flux density, Fcom. We used the template
matching algorithm from Tiede et al. (2022) to extract these
parameters. The radial profile of the template was a Gaussian
distribution whose diameter, d0, is defined as the diameter of
the peak brightness. To harmonize the measured ring size across
different pipelines, we converted d0 to the δ ring equivalent
diameter:

d̂ = d0 +
1

4 ln(2)
w2

d0
, (23)

which is derived in EHTC (2019d, Appendix G). This equation
removes the approximate effect of blurring a δ ring with a Gaus-
sian beam of size w, which we defined as the full width at half
maximum (FWHM) of the Gaussian ring.

The template azimuthal brightness profile was assumed to be
(Tiede et al. 2022),

S (φ) = 1 − 2
4

∑

k=1

Ak cos
[

k(φ − ηk)
]

. (24)

We restricted Ak ∈ [0.0, 0.5] to limit the amount of negative
brightness in the image. Following EHTC (2019d), the ring
brightness asymmetry, A, is defined as A1, and the ring bright-
ness position angle, η, is defined as η1.

To determine the optimal template, we optimized the cross-
correlation coefficient

ρI(I,T) =
〈I − 〈I〉,T − 〈T 〉〉

‖I − 〈I〉‖ ‖T − 〈T 〉)‖
, (25)

where T is the template image and I is the image reconstruction.
Given the optimal template, the compact ring flux density, Fcom,
is defined as the total flux density within a 90 µas diameter disk,
whose centre matches the fitted ring centre.

Finally, since each polarized imaging algorithm has a differ-
ent image centre, field of view, and intrinsic resolution, we first
normalized the image reconstructions across each method based
on their total intensity images. To create a uniform image resolu-
tion, we selected a reference image. For the synthetic data tests
described below, we used the ground-truth image blurred with
a 20 µas FWHM Gaussian beam as the reference. This choice
matched the conventions in EHTC (2019d, 2021a). For the M87*
reconstructions, we used LPCAL as our reference image. Note
that the two CLEAN pipelines gave consistent results. How-
ever, we chose LPCAL because it is an established pipeline
in VLBI. Given the reference image, the reconstructions for
each method are blurred to maximize their total intensity cross-
correlation, Eq. (25). Note that this blurring may differ from
the intrinsic resolution of the linear polarization maps. Given
these harmonized images, we used the template matching proce-
dure described above to estimate the total intensity parameters,
{d̂, w, A, η}, and compute the centre of the ring. We then cal-
culated |mnet|, 〈|m|〉, β1,2 and Fcom by integrating radially about
the fitted ring centre to a radius of 45 µas and azimuthally over
2π radians. Finally, to estimate the global polarization fidelity
of the polarization reconstructions, we also computed the linear
polarization cross-correlation between a linear polarization map
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included adding or removing stations present during each year’s
observations, modifying station mount types, and replicating the
significant JCMT polarimetric leakage observed during 2018
(Appendix B).

For the blinded test source models, three snapshots from a
polarized MAD GRMHD simulation with i = 17◦, a = −0.5,
Rlow = 10, and Rhigh = 40 were used as the ground-truth images.
This GRMHD simulation was chosen because it passed the EHT
2017 and 2018 multi-year theoretical constraints from EHTC
(2025). For each year of the synthetic data, we used a different
random snapshot. For more details, see Appendix D.

5.2. Synthetic data results

The blinded parameter estimation results are shown in Fig. 5.
We found that for every year, the total intensity cross-correlation
with the truth is >0.975 for all methods, demonstrating their high
quality. Each method recovered the true δ ring diameter to within
2 µas, the brightness asymmetry to within ∼0.05, and the ring
position angle estimate, η, to within 5−10◦. For the compact flux
density, we found a larger spread across methods. This is not
unexpected due to the lack of intermediate baselines in the EHT
array, making compact flux constraints sensitive to the image
priors and gain solutions as well as priors, as discussed in more
detail below.

For the linear polarization reconstructions, the polarized
cross-correlation improved dramatically from 2017 to 2021. In
2017, 0.7 < ρP < 0.9, while in 2018 and 2021, ρP > 0.9 for
all methods. This demonstrated the improved polarized imaging
capabilities of the 2018 and 2021 EHT arrays. The image recon-
structions and more details can be found in Appendix D.2 and
Fig. D.1.

Analysing the derived image-averaged polarimetric quanti-
ties in Fig. 5, we found that the true |mnet| is contained within
the spread across methods each year. Furthermore, Comrade’s
posterior contained the truth within its 95% contours every year,
while the estimates of LPCAL and ehtim are within 0.25% of the
truth each year. Similarly to |mnet|, the image-integrated EVPA χ
is also recovered each year, and all methods recovered the truth
to within 10◦.

For 〈|m|〉, we found a slightly more complicated result.
Unlike |mnet| where the reconstructions tended to be distributed
around the truth, we found that 〈|m|〉 tends to be biased low for all
methods except Themis. This bias reflects the difficulty of mea-
suring 〈|m|〉 due to its sensitivity to the linearly polarized reso-
lution, and field of view of the reconstructions (see Appendix G
of EHTC 2023, for a related discussion). Although the images
were blurred to match their resolution, this was based on total
intensity, which may differ from the resolution of the polarized
maps. The magnitude of this bias tended to decrease from 2017
to 2021, and in 2021, the results of four of the seven methods
were close (<0.5%) to the true value. Therefore, after combin-
ing the results across all methods, our estimates of 〈|m|〉 recov-
ered the true value.

Analysing the azimuthal structure of the ring reconstruction,
the phases of the first two β modes are recovered each year. Fur-
thermore, the improved coverage in 2018 and 2021, compared to
2017, increased the precision and accuracy of the measurements
of ∠β2. That is, we found a 10◦ dispersion around the truth for all
methods. The amplitudes of the first two β modes are also recov-
ered, although the spread across methods is more pronounced.
Specifically, for |β1|, we found that the estimates from DoG-HIT
and MOEA/D exhibited significant deviations from the true val-
ues. Furthermore, we found that, similar to 〈|m|〉, some methods

tended to be biased towards lower values, specifically ehtim and
MOEA/D for |β1,2| and DoG-HIT for |β2| across all years. Simi-
larly, Comrade was biased low for |β1| in 2018 and |β2| in 2017,
although the truth is contained within the 99% credible interval
in both cases. Since 〈|m|〉, and |βi| are roughly proportional, the
bias in the β mode amplitudes is likely of a similar origin.

In summary, even if individual methods were sometimes
biased, the combined estimates across all methods contained the
truth. Therefore, to estimate the parameters of M87*, we com-
bined the estimates from all methods. The estimates are com-
bined by concatenating the results across all methods, weighted
by the inverse number of samples produced. Specifically, for
the non-Bayesian methods, the inverse weights are equal to two
since each method produced an estimate for the band 3 and band
4 data. For the Bayesian methods, the inverse weight is given
by the number of posterior samples from each method and fre-
quency band. Given this set of samples, we then computed the
95% percentile range to estimate the combined uncertainty.

In Appendix D and Fig. D.2, we also compare the leakage
recovered from each method to the true value. In general, we
found that the Bayesian methods recovered the leakage for every
station to within 1% for the blinded synthetic data. For the non-
Bayesian methods, we observed more scatter, especially for GLT
in 2018. This can be understood in light of the relatively small
parallactic angle coverage of GLT for M87* (∼15◦) compared to
other EHT sites (50–100◦) over a whole observation track. As
a result, the Bayesian methods reported a relatively large leak-
age uncertainty for GLT compared to the other sites, but the true
value was still recovered. However, the non-Bayesian method
leakage estimates are more prone to local minima since they
report a single value rather than characterizing the parameter
space, making them more susceptible to biases. Regardless of
these discrepancies, the different leakage estimates for GLT did
not impact our results.

Finally, for the non-blinded extended emission tests, we
found similar results. Namely, each method’s image recon-
structions were not significantly impacted by the presence
of extended emission. For more detailed information, see
Appendix D.3.

6. Results

Figure 6 presents the total intensity and linear polarization maps
of M87* in 2017, 2018, and 2021. Unless stated otherwise, the
2017 results were obtained from the EHT-HOPS band 3, April 11
data from EHTC (2021a). Band 3 was chosen for consistency
with EHTC (2021a). The 2018 results were obtained from the
HOPS reduction of bands 3 and 4 on April 21, 2018, in EHTC
(2024b). The 2021 results from bands 3 and 4 on April 18 were
produced using the rPICARD reduction. rPICARD was chosen in
2021 due to its ability to handle NOEMA’s phase jumps (see
Appendix B and von Fellenberg et al. 2025).

For each year, the images shown in Fig. 6 are produced by
averaging all the imaging methods, blurred to a common resolu-
tion. For individual results, we refer the reader to Appendix F.
Generally, the individual methods blurred to a common resolu-
tion are consistent with the averaged results, especially for the
2021 data, where the improved array strongly constrains the ring
emission.

The parameter and feature extraction results in Table 2 show
the EHT constraints averaged over all methods for each year.
As mentioned above, the ranges are computed by averaging the
results from each method, weighted equally, and calculating the
95% percentile range.
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Table 2. Parameter constraints from 2017–2021 (68% credible interval).

Parameter 2017 2018 2021

d̂ (µas) [42.0, 46.4] [40.7, 44.4] [43.1, 44.5]
A [0.15, 0.22] [0.21, 0.32] [0.22, 0.25]
η (deg) [150, 200]† [209, 222] [200, 208]
Fcom (Jy) [0.40, 0.67] [0.40, 0.72] [0.48, 0.92]
|mnet| (%) [1.0, 3.7]† [0.2, 2.2] [0.3, 1.6]
〈|m|〉 (%) [5.7, 10.7]† [2.0, 3.6] [3.0, 4.7]
χ (deg) [−33,−3] [9, 44] [−24, 12]
|β1| (%) [1.6, 4.0] [0.5, 2.1] [0.9, 1.9]
∠β1 (deg) [82, 271] [71, 171] [111, 165]
|β2| (%) [4.0, 7.0]† [0.5, 2.0] [1.8, 3.9]
∠β2 (deg) [−163,−127]† [−156,−99] [156, 168]

Notes.
†Using results from EHTC (2021a).

Examining the image-integrated non-structural parameters in
Fig. 7 and Table 2, a similar pattern is found. In 2017, using
the methods described in this paper, we measured the image
resolved fractional polarization to be 〈|m|〉 ∈ [5.7%, 7.8%] on
April 11, 2017, consistent with the 5.7–10.7% found in EHTC
(2021a) after averaging over the four 2017 observations. This
is significantly higher than the values we found for M87* 2018
(〈|m|〉 ∈ [2.0%, 3.6%]) and 2021 (〈|m|〉 ∈ [3.0%, 4.7%]). This
result quantitatively demonstrates the relatively low polarization
state of M87* in 2018 and 2021. The unresolved fractional linear
polarization in 2017, |mnet|, while typically higher (1.0–3.7%), is
consistent with the values found in 2018 (0.2–2.1%) and 2021
(0.3–1.6%). For the image-integrated EVPA, χ, we measured
significant variability every year, where χ ∈ [−33◦,−3◦] in 2017,
[9◦, 44◦] in 2018, and [−24◦, 12◦] in 2021, reflecting the chang-
ing EVPA pattern in the image reconstructions.

Analysing the properties of the polarized ring, we found
differences between the behaviour of β1 and β2 from 2017 to
2021. Interestingly, ∠β1 was stable from 2017 to 2021, with
∠β1 ranging from 71◦ to 171◦ for all years and methods, except
for DoG-HIT in 2017. Similarly, |β1| is consistent every year,
although most methods found a larger β1 in 2017 than in
the other years. The exception to this is DoG-HIT. However,
DoG-HIT struggled to recover |β1| in the blinded synthetic data
test (see Fig. 5); it was discrepant from the truth by 2–3% in an
absolute sense in 2017 and 2018.

Unlike β1, β2 evolves substantially from 2017 to 2021 in both
amplitude and phase. Using the methods in this paper, we found
|β2| ∈ [4.5%, 5.5%] on April 11, 2017, consistent with the values
in Table 2 taken from EHTC (2021a), which are averaged over
the four observations in 2017. Similarly to 〈|m|〉, |β2| decreases
significantly in 2018 to 0.5–2.0%, but recovers slightly in 2021
to 1.8–3.9%. The observed de-polarization is also evident from
the polarization calibration-insensitive closure traces, as noted
above.

Unexpectedly, we found that ∠β2 evolved substantially from
2017 to 2021. Using the methods in this paper, we found that
∠β2 ∈ [−141◦,−128◦] on April 11, 2017, which is consis-
tent with the values reported in EHTC (2021a), with ∠β2 ≈
[−163◦,−127◦] averaged over all four days of observations in
2017. Although very little β2 is measured in 2018, we found a
similar value to that of 2017, although with greater uncertainty,
[−156◦,−99◦]. However, this consistency was broken in 2021.
That is, we found that ∠β2 rotated by about 60◦ and flips sign,
signaling a change in the polarization helicity. The most appar-

ent visual changes in the EVPA patterns between 2017 and 2021
are in the dimmer northern half of the ring. While the EVPA pat-
terns look more similar in the brighter south-west region, there
is still an apparent shift in EVPA in the SW; since the overall
image β2 is intensity weighted Eq. (21), changes in the polariza-
tion structure in the brighter south-western region in fact account
for most of the overall ≈60 ◦ shift in ∠β2 across the image. These
results motivate further studies into the polarization structure in
different parts of the emission ring and their relation to changes
in the underlying magnetic field morphology or in the Faraday
rotation along different lines of sight.

Note that from the synthetic data tests, we do not believe that
the significant changes in ∠β2 or the other polarimetric properties
from 2017 to 2021 are due to changes in the coverage of M87*.
The synthetic data results in Fig. 5 demonstrate that all algo-
rithms recover the EVPA pattern to a high degree of certainty.
Specifically, ∠β2 is consistently one of the more robust quanti-
ties we measured in the synthetic data tests. Its values in 2021
are consistent on both April 13 and 18 (Fig. A.5) and for both
reduction pipelines rPICARD and EHT-HOPS (Fig. A.3). Addi-
tionally, while the image-integrated polarization quantities 〈|m|〉,
|β1|, and |β2| are biased low for some methods in the synthetic
data tests, this bias decreases for the Bayesian methods in later
years. Therefore, the fact that 2017 had a higher overall polariza-
tion is likely not a result of beam de-polarization or other instru-
mental effects. We discuss the interpretation of these changes in
Sect. 7.

Finally, we mention that, while most polarized imaging algo-
rithms include circular polarization maps, we do not report them
in this paper. In Appendix B and Fig. A.2, we inspect the right
and left circular polarization closure phases differences in 2017–
2021 and found weak signals in the 2018 and 2021 observa-
tions. However, we found significant discrepancies in the circu-
lar polarization maps across methods due to residual instrumen-
tal systematics, such as right-left gain ratios. Like in past works
(EHTC 2023), we could not robustly recover horizon-scale cir-
cular polarization structure for this reason.

6.3. Constraints on the extended non-ring emission

M87* has a parsec-scale jet that is consistently detected at longer
radio wavelengths over multiple magnitudes of spatial scales
(Kim et al. 2018; Lu et al. 2023; Cui et al. 2023; Walker et al.
2018; Lister et al. 2018; Nikonov et al. 2023), including the
inner few hundred microarcseconds with 86 GHz GMVA obser-
vations (Kim et al. 2018; Lu et al. 2023; Kim et al. 2025). At
230 GHz, ALMA observations revealed the jet is pointed 288◦

east of north on scales of ∼100 mas (Goddi et al. 2021). EHT
observations in all three years found missing flux between the
intra-site and the next shortest baselines (see e.g. the discus-
sion in EHTC 2024b for details). Before 2021, the EHT lacked
baselines &200 µas, limiting sensitivity to structures at jet-
launching scales (e.g. Roelofs et al. 2020, 2023, Broderick et al.
2022, EHTC 2024b, 2019d). In 2021, the inclusion of KP
and NOEMA added baselines beyond previous capabilities:
NOEMA–PV with a baseline length of ∼1100 km probes scales
of approximately ∼340 µas, and KP–SMT (∼100 km) probes
spatial scales ∼2700 µas. To analyse the characteristics of the
emission on these scales, we inspected three sets of closure
phases: ALMA-APEX closures, ALMA-SMT-KP closures, and
ALMA-PV-NOEMA, which we show in Fig. 8.

We found that on ALMA-APEX triangles, the closure phases
displayed a systematic negative offset of a few degrees. This off-
set is present in all years, but it is most notable in 2021. Focusing
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Table 3. M87* large-scale quantities measured by ALMA and horizon-scale quantities measured by the EHT over the years in the 226–230 GHz
band.

Year FALMA RMALMA Stokes I PA (η) 〈|m|〉 ∠β2

month, day (Jy) (105 rad m−2) (deg) (%) (deg)

2017
April 5 1.27 ± 0.13 1.2 ± 0.3 [150, 200] [5.7, 10.7] [−163,−127]April 11 1.30 ± 0.13 −0.3 ± 0.2 [150, 183]

2018†

April 21 1.05 ± 0.11 −4.3 ± 0.3 [209, 222] [2.0, 3.6] [−156,−99]
2021

April 13 1.31 ± 0.13 −3.7 ± 0.4 [192, 208] [2.8, 3.9] [155, 165]
April 18 1.41 ± 0.14 −1.6 ± 0.3 [200, 208] [3.0, 4.7] [156, 168]

Notes. From ALMA we quote the flux density (F) and rotation measure (RM). These ALMA measurements were obtained using a calibration
procedure similar to that described in Goddi et al. (2019), but with additional refinements. These include Tsys-based opacity corrections for the
amplitude scale and residual X − Y delay corrections for polarization calibration (see Carlos et al., in prep., for details). As a result, the derived
FALMA and RMALMA values for the 2017 and 2018 datasets differ slightly from those reported in Goddi et al. (2021), although they remain consistent
within 1σ uncertainties. †In 2018, the source underwent a very high-energy γ-ray flare between April 18 and 24 (M87 MWL2018).

We did not compare the EHT spectral index measurements
to ALMA measurements for two reasons. First, we only con-
sidered the upper two EHT sidebands in this publication, and
second, ALMA’s measurements of M87*’s spectral index have
significant contributions from regions�200 µas. In future work,
including new EHT observations with better (u, v) coverage, we
will investigate the spectral evolution of M87* by computing
spectral index maps between the 212–216 and 226–230 GHz
receiver sidebands.

Finally, comparing our results to the 86 GHz ring diameter
measurements in Lu et al. (2023) and Kim et al. (2025), the sta-
bility of the 230 GHz ring supports the view that the larger diam-
eter measured at 86 GHz is due to synchrotron opacity effects.
Moreover, future EHT analyses of the 260 GHz data recorded in
2024 and the 345 GHz data recorded in 2021, 2024, and 2025
will improve our understanding of the spectral nature of M87*’s
ring emission.

7.1.2. Ring position angle

The position angle shift of the ring’s brightness peak between
2017 and 2018 is discussed in detail in EHTC (2025). As predicted
in EHTC (2019e), η is expected to have a mean value around
∼203◦–209◦. This is about a 90◦ offset from the black hole spin
axis, which, in turn, we assume to be closely aligned with the
288◦ ± 10◦ large-scale jet direction (Walker et al. 2018; Cui et al.
2023). As the 2018 and 2021 measurements agree with this expec-
tation and show a very similar source structure overall, it is imper-
ative to understand the evolution and variability of the ring η from
further EHT observing campaigns in 2022 and onwards. This vari-
ability, most likely related to the turbulent character of the flow,
may be an informative observable for comparing theoretical mod-
els of M87* with observations (Wielgus et al. 2020; EHTC 2025).
Comparing images from 2017, 2018, and 2021, it seems likely
that M87*’s ring-like structure is not as variable as inferred in
Wielgus et al. (2020), which may have been biased by the simple
geometric model considered.

7.2. Polarization

The horizon-scale polarization measured by the EHT highly
constrains numerical models of M87*, (EHTC 2021b, 2023)
and Sgr A* (EHTC 2024a). Past EHT papers have extensively

compared EHT images to model images generated from GRMHD
simulations, ray-traced with general relativistic radiative trans-
fer codes. While the total intensity image from the EHT’s 2017
observations only weakly constrained GRMHD models (EHTC
2019e), the addition of linear polarization constraints – particu-
larly 〈|m|〉 and ∠β2 – largely ruled out weak-magnetic field sim-
ulations in favour of MAD models as the preferred description
of M87*’s accretion flow (EHTC 2021b). These results are con-
sistent with the upper limits on the circular polarization fraction
reported in EHTC (2023).

The qualitative differences in M87*’s polarized image in
2017, 2018, and 2021 naturally raise two questions: are MAD
models still preferred in all three years of EHT observations?
Can existing GRMHD simulations explain the observed changes
in the polarized image from year to year?

We defer a comprehensive scoring analysis of GRMHD
images to future work and focus on the potential implications of
two major differences in the polarized observations from 2018
and 2021 compared to 2017: the ≈50% lower beam-scale polar-
ization fraction 〈|m|〉 in both 2018 and 2021, and the ≈−60◦ shift
in ∠β2 from 2017 to 2021, resulting in a change in the sign of
∠β2 from negative to positive.

7.2.1. Changes in 〈|m|〉

Although both 2018 and 2021 EHT images of M87* are sig-
nificantly more de-polarized than the 2017 image (〈|m|〉 ≈ 8%
in 2017 vs ≈3−4% in 2018 and 2021), images from both years
are still likely to be more consistent with MAD GRMHD mod-
els than weakly magnetized ‘standard and normal evolution’
(SANE) models. Although the observed changes in fractional
polarization are significant, most SANE simulations are even
more de-polarized than the 2018 and 2021 results would indi-
cate. In particular, most SANE simulations have both 〈|m|〉 <
2.5% and |β2| < 2.5% (EHTC 2021b, Figs. 7, 9). SANE disks
are significantly more de-polarized than MAD disks, partly due
to increased plasma turbulence but largely due to significantly
higher Faraday depths through the disk from the higher den-
sity plasma needed (compared to MAD models) to produce the
observed total flux density (Mościbrodzka et al. 2017). SANE
models are also more likely to overproduce circular polarization
and violate the EHT’s upper limits on the resolved circular polar-
ization fraction 〈|v|〉 (Ricarte et al. 2021; EHTC 2023).
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While SANE models are naturally de-polarized, most MAD
models naturally produce more linear polarization than is
observed in M87* (〈|m|〉 & 10% after convolution with a
20 µas Gaussian). De-polarizing MAD models requires rela-
tively cold electrons, with the EHT model scoring tentatively
preferring an ion-to-electron temperature ratio R = Ti/Te & 40
to explain the low fractional linear polarization observed in
2017. Producing the decreased fractional linear polarization seen
in 2018 and 2021 with MAD GRMHD models will require
even colder electrons (larger R). While ideal GRMHD simu-
lations like those used in EHTC (2019e, 2021b, 2023) require
R to be assigned manually in post-processing, radiative two-
temperature simulations can predict R by evolving separate ion
and electron entropies self-consistently after adopting a sub-grid
model for how the different species are heated. Recent surveys
of two-temperature simulations found relatively low values of
R ≈ 1−10 in the EHT emission region of GRMHD simulations
(Mościbrodzka 2025; Chael 2025), with correspondingly large
〈|m|〉 ≈ 20−40%. The fact that EHT observations suggest that
cold thermal electrons in the inner 5rg are necessary to produce
the observed low fractional polarization poses an intriguing ten-
sion with existing two-temperature models. This tension demon-
strates that EHT observations can directly constrain plasma
heating mechanisms near the black hole.

7.2.2. Changes in ∠β2

In the absence of Faraday rotation, the sign of ∠β2 for face-
on systems like M87* encodes the direction of electromagnetic
energy flux; if magnetic fields are presumed to co-rotate with
the plasma clockwise on the sky EHTC (2019e), the observed
sign of ∠β2 < 0◦ in 2017 and 2018 is consistent with out-
ward electromagnetic energy flux in analytic Blandford-Znajek
monopole (Blandford & Znajek 1977) and GRMHD simulations
(Chael et al. 2023). The observed ∠β2 ∈ [161◦, 166◦] in 2021 is
not immediately consistent with either the measured value of ∠β2
in 2017 and 2018 or this theoretical expectation.

The ≈−60◦ shift in ∠β2 from 2018 to 2021 could be caused
by several different changes in the near-horizon emission region,
including: (1) a change in the underlying magnetic field struc-
ture; (2) a change in the degree of Faraday rotation along the
line of sight; and (3) evolving contributions from different emis-
sion regions along the line of sight (e.g. in the disk or jet); or
some combination of all three.

As reported in Table 3, the measured Faraday rotation mea-
sure from unresolved ALMA observations, RMALMA, is largely
consistent in magnitude across the three years of EHT obser-
vations reported here, though the rotation measure is known to
vary in sign and magnitude on short timescales (e.g. changing
sign from positive to negative between April 5 and 11, 2017).
However, the unresolved ALMA observations are significantly
affected by large-scale polarized emission from M87’s jet that
does not contribute to EHT observations of the ∼40 µas scale
core structure. Goddi et al. (2021) used a two-component Fara-
day screen model, constrained by ALMA and EHT observa-
tions, to attempt to disentangle the RM in the core and the
extended jet; they found that the magnitude of the variable core
RM in this model can significantly exceed the value measured
by ALMA.

A preliminary application of the two-component model to
the 2017, 2018, and 2021 observations suggests an increase in
the core Faraday rotation in 2021 sufficient to provide consistent
de-rotated ∠β2 values across all three years. However, compar-
ing the de-rotated ∠β2 values with simulation images requires

careful accounting of both the potentially large uncertainties in
the core rotation measure from the two-component screen model
(Goddi et al. 2021) and the intrinsic internal rotation measure
produced in GRMHD simulations (Ricarte et al. 2020). There-
fore, we leave the detailed quantitative analysis to a future paper.

If changes in M87*’s Faraday screen are insufficient to
explain the observed changes in ∠β2, the likely alternative expla-
nation is that the EHT is capturing changes in the emission
region magnetic field or shifts in the location of the emission
region(s) between 2017, 2018, and 2021. MAD GRMHD sim-
ulations have intrinsically variable ∠β2 values (Palumbo et al.
2020), but the distributions of ∠β2 for MAD simulations with
a fixed black hole typically do not change sign when apply-
ing standard assumptions (e.g. electron heating prescriptions) in
post-processing (EHTC 2021b; Chael et al. 2023). Further EHT
monitoring of the polarization structure will indicate whether the
observed variability in ∠β2 is consistent with GRMHD variabil-
ity, plasma propagation effects, or a large-scale change in the
magnetic field topology between 2017 and 2021.

In follow-up works, we will further constrain the core
Faraday rotation measure with the Goddi et al. (2021) two-
component model and directly compare de-rotated ∠β2 in the
2018 and 2021 EHT observations to GRMHD simulations,
including uncertainties in the modelled core rotation measure.
We will present a comprehensive comparison of the polarized
EHT images in 2017, 2018, and 2021 to several GRMHD sim-
ulation libraries and discuss whether all three years of EHT
observations still support the conclusion that M87* is in a MAD
accretion state (EHTC 2021b, 2023). Moreover, we will discuss
whether or not the observed variability in ∠β2 after Faraday de-
rotation is consistent with the MAD picture that ∠β2 tracks field
lines with outward Poynting flux and is sensitive to black hole
spin (Palumbo et al. 2020; Chael et al. 2023).

8. Summary and conclusions

We have presented the first multi-epoch, polarimetric imaging
of M87* on event-horizon scales using EHT observations from
2017, 2018, and 2021. This work includes the first results from
the 2021 EHT observing campaign, which added the 12 m Kitt
Peak Telescope and NOEMA, substantially improving the base-
line coverage.

From the measured visibility data, we observed the same over-
all radial visibility amplitude plot across 2017, 2018, and 2021,
with the 2021 data being of very high quality. For all three years,
we found a visibility amplitude null at ∼3.4 Gλ and a second null
at ∼8.3 Gλ, characteristic of a ring-like structure in the image.
Analysing the polarized or cross-hand visibilities, we found that
in 2018 and 2021, the data are de-polarized relative to 2017. Fur-
thermore, we found that in 2018, there were no significant non-
zero conjugate closure trace products, further evidence that M87*
was largely de-polarized. Similar to 2017, we found small off-
sets in the differences between the right and left circular polar-
ization closure phases in 2021. However, structural maps of the
measured circular polarization are still dominated by instrumental
systematics.

We employed seven distinct methods for polarimetric imag-
ing and instrumental calibration, each validated via several syn-
thetic data tests. When applied to EHT observations of M87*,
each method produces images dominated by a ∼42−46 µas ring
for each year, with a brightness maximum in the south. Despite
this broad consistency, the images show variation from year to
year in terms of the azimuthal brightness distribution of the
ring. The 2017 images exhibit the largest differences from the
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two other years. Notably, the ring appears identical in 2018 and
2021, even though M87* had a recorded gamma-ray flare just
prior to the 2018 EHT observation. Future EHT observations of
M87*, including completed campaigns in 2022 and 2024 (see
e.g. EHTC 2024), will further elucidate the typical state of its
accretion flow and its turbulence statistics.

Unlike the total intensity, we found that the polarized struc-
ture of M87* changes dramatically every year. The ring observed
in 2018 and 2021 is strongly de-polarized relative to 2017, with
only a single region having a fractional linear polarization of ∼5–
10%. Furthermore, the polarization pattern shows significant vari-
ations, with ∠β2 rotating by ∼60◦ and changing the overall EVPA
helicity in 2021. These changes highlight the importance of the
EHT multi-frequency observations at 345 GHz in 2021, 2024, and
2025 and at 260 GHz in 2024 to separate the internal polarization
structure from external Faraday effects. The implications of these
results on our understanding of the accretion flow around M87*
will be analysed in a future publication and demonstrate the EHT’s
capabilities to constrain plasma physics around SMBHs.

To clarify the location and process driving the 2018 very high-
energy γ-ray flaring, a full theoretical study that simultaneously
takes into account the changes in the EHT image flux and polar-
ization, as well as the ring and inner jet PA between 2017–2021,
is needed. However, such a study will be limited by the annual
cadence of our observations, and the image quality in 2018 was
overall worse than in 2017. The potential to link dynamics to
particle acceleration in real time provides strong motivation for
a high-cadence (every few days), longer-duration (over months)
intensive monitoring campaign of M87* (EHTC 2024), together
with multi-wavelength coverage, including the high-energy facili-
ties. If anotherγ-ray flare is detected, such a campaign would dras-
tically improve our chances of definitively identifying the physics
driving at least one mechanism for very high-energy flaring in
AGNs.

Finally, the 2021 data provide the first structural hints of
M87*’s extended non-ring emission up to 1 mas thanks to the
addition of the Kitt Peak and NOEMA telescopes. Using clo-
sure phases on triangles that include short EHT baselines, we
demonstrate that the compact ring emission does not fully fit the
EHT data. Specifically, all our imaging methods fail to fit the
ALMA-PV-NOEMA and ALMA-SMT-KP closure phases when
confined to ∼100 × 100 µas2, showing residuals of the order of a
few degrees. However, given the limited EHT coverage on these
scales, we could not robustly image the extended emission. The
measurements that probe the extended non-ring emission are
best described by simple Gaussian components. A more involved
modelling or imaging of the extended jet structure would overfit
the data, particularly for pre-2021 EHT observations, when the
important closure triangles were not present. Future EHT obser-
vations with improved intermediate baseline coverage, for exam-
ple the 2022 EHT array, may enable the direct imaging of these
extended structures at 230 GHz. These images would provide a
direct view of the connection between the jet launch region and
the black hole shadow (see e.g. EHTC 2024).
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Appendix C: Details of the polarized imaging methods

C.1. CLEAN methods

C.1.1. Difmap/GPCAL

We conducted imaging with CLEAN using Difmap (Shepherd 1997, 2011) based on the imaging pipeline utilized for the 2018 EHT
images of M87* (EHTC 2024b). In summary, the pipeline first searches for the best geometric model among a circular Gaussian
component with 15 µas FWHM (representing an unresolved symmetric model), a uniform disk with sizes ranging from 56 to 84 µas
in steps of 4 µas, and a uniform ring with sizes ranging from 36 to 68 µas (also in steps of 4 µas, without width). The best model was
selected based on the closure phase normalized χ2, and phase-only self-calibration was conducted using the model. The pipeline
surveys five parameters: the total assumed compact flux density, cleaning stopping condition, relative weight correction factor for
ALMA in self-calibration, diameter of the CLEAN window, and the power-law scaling of the (u, v) density weighting function. The
same parameter ranges used for the 2018 M87* imaging were used. The final representative image was selected based on the lowest
overall χ2

CPh and χ2
LCA. We did not perform the top-set image selection procedure used in the 2017 and 2018 EHT imaging of M87*.

We utilized GPCAL (Park et al. 2021, 2023a,b), a novel instrumental polarization calibration pipeline based on AIPS and Difmap,
to correct the polarimetric leakages in the visibilities. The pipeline first derives the leakages of the Chile and Hawaii intra-site
stations, ALMA, APEX, SMA, and JCMT, using the visibilities of the intra-site baselines (ALMA-APEX and SMA-JCMT) only.
In the derivation, the source structure was assumed to be point-like. Then, the pipeline derives the leakages of the other stations
by utilizing all the baselines except for the intra-site baselines and by fixing the leakages of the intra-site stations during the fitting
procedure.

Linear polarization images were obtained with CLEAN using Difmap and the leakage-corrected visibilities, as done in the 2017
polarimetric imaging of M87* (EHTC 2021a). CLEAN was used for Stokes Q and U images using the CLEAN windows utilized
for the Stokes I imaging, until the peak in the residual dirty image within the windows reached the RMS noise level of the dirty
image.

C.1.2. Difmap/LPCAL

For the determination of the instrumental polarization of the antennas (so-called D terms), we also utilized the traditional AIPS-
based task LPCAL (Leppanen et al. 1995), which has been used extensively in VLBI polarimetry during the past two decades. The
total intensity image (Stokes I) was performed with Difmap in the same way as described in Appendix C.1.1 but with different
hyperparameters, for example the number of iterations and data flags. The edited and fully self-calibrated data were then imported
to AIPS, where the AIPS task CALIB was used to remove the gain ratios between the parallel-hand polarizations (RR∗ and LL∗). We
then applied the AIPS task CCEDT to split the δ components of the Stokes I image into up to 10 compact sub-regions of constant
fractional polarization, which are used as input models for the AIPS task LPCAL. The antenna D-terms derived from LPCAL were
then applied to the data using another round of amplitude and phase self-calibration with the option DOPOL in the CALIB AIPS
task. Finally, the data are exported from AIPS back to a local data file, from which the final linear polarization images are obtained
in the same manner as described in the last paragraph of the previous section.

C.2. Regularized maximum likelihood methods

Regularized maximum likelihood techniques balance data fidelity and regularization assumptions on the image, such as smoothness,
sparsity, or entropy. This is achieved by minimizing a weighted sum of terms measuring data fit quality, and terms measuring its
feasibility:

Î ∈ argminI

∑

d

αdχ
2
d(I) +

∑

x

βxRx(I). (22 revisited)

Throughout this manuscript, three algorithms are applied that utilize this concept. These are ehtim (Chael et al. 2016, 2018),
DoG-HIT (Müller & Lobanov 2022, 2023a), and MOEA/D (Müller et al. 2023; Mus et al. 2024a). While all these algorithms apply
similar heuristics, they differ significantly in the regularization assumptions applied and in the minimization problem in Eq. (22) is
solved. A comprehensive overview is presented in Table C.1.

In particular, ehtim has been used intensively and successfully in previous EHT data analyses of black hole shadows in total
intensity (EHTC 2019d, 2022, 2024b) and polarization (EHTC 2021a, 2024c). The robustness of and confidence in the ehtim
imaging stemmed partly from thorough and detailed parameter surveys and studies on synthetic data. We did not perform the full
evaluation and parameter search in this manuscript. However, we performed spot checks with hyperparameter configurations from
previous years and accompanied the RML imaging procedure with two alternative approaches: DoG-HIT and MOEA/D. DoG-HIT is a
lightweight compressive sensing approach that, due to its simple design, the small number of hyperparameters, and the data-driven
selection of the regularization assumption (ie, the exact form of the sparsifying basis), is a robust and fast alternative well suited
for the EHT. MOEA/D replaces parameter surveys on synthetic data with a multi-objective exploration of the optimization landscape
based on the data itself.
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Table C.1. Data and regularization terms used for the RML techniques ehtim, DoG-HIT, and MOEA/D.

Data Type Obj. Description Ref. weight Method

I Data χ2
CPh fit quality to closure phases 1 10 ehtim, DoG-HIT
χ2

LCA log. of closure amplitudes 1 10 ehtim, MOEA/D, DoG-HIT
χ2

amp amplitudes 1 0.1 ehtim, MOEA/D
χ2
vis

complex visibilities 1 0 ehtim

Reg. Rentr entropy 1 100 ehtim, MOEA/D
Rtv total variation 1 1 ehtim, MOEA/D
Rtv2 total squared variation 1 1 ehtim, MOEA/D
Rl1 l1-norm 1 0 ehtim, MOEA/D
R f lux total flux constraint 1 100 ehtim, MOEA/D
Rl1w l1-norm of wavelets 2 DoG-HIT

lin. pol. Data χ2
pvis

fit quality to LP visibility P 3 1 ehtim

χ2
m visibility polarimetric ratio P/I 3 1 ehtim

Reg. Rptv total variation of P = Q + iU 3 1 ehtim, DoG-HIT
Rms entropy of P = Q + iU 3 0 ehtim, MOEA/D
Rhw HW-entropy of lin. pol. fraction m 3 100 ehtim

Rhw+cp HW-entropy of total pol. fraction m + v 4 MOEA/D

1ms constrained to Stokes I wavelets 5 DoG-HIT

circ. pol. Data χ2
cvis

fit quality to CP visibilityV 6 0.1 ehtim, MOEA/D
Reg. Rl1v l1-norm of circ. pol. 6 0.1 ehtim

Rvtv total variation of circ. pol. 6 10.0 ehtim

Rhw+cp HW-entropy of total pol. fraction m + v 4 MOEA/D

1ms constrained to Stokes I wavelets 5 DoG-HIT

Notes. We show the top-set weights for ehtim in the sixth column. MOEA/D surveys all weight combinations internally, DoG-HIT performs
constrained optimization. References. 1: EHTC (2019d), 2: Müller & Lobanov (2022), 3: Chael et al. (2016), 4: Toscano et al. (in prep.), 5:
Müller & Lobanov (2023a), 6: EHTC (2024c).

C.2.1. DoG-HIT

DoG-HIT is a compressive sensing algorithm that models the image by wavelets (Müller & Lobanov 2022). In contrast to tradi-
tional compressive sensing approaches, the wavelets have been specifically designed to fit to the (u, v) coverage (Müller & Lobanov
2023b). This is done to offer an ideal separation between covered and non-covered Fourier coefficients, highlighting the features
introduced by the former, and suppressing the latter, motivated by the exceptional sparse coverage of the EHT. All in all, DoG-HIT
solves the optimization problem (Müller & Lobanov 2022):

ω̂ ∈ argminω
{

χ2
CPh(Ψω) + χ2

LCA(Ψω) + ‖ω‖l0 + Rflux(Ψω)
}

,

Î = Ψω̂. (C.1)

Here, Ψ denotes the wavelet dictionary, and ω the wavelet coefficients.
Due to its sparsifying approach, DoG-HIT computes the multi-resolution support (the spatial scales and positions of all wavelet

coefficients that are statistically significant to represent the features of the image) as a byproduct of the total intensity imaging.
Müller & Lobanov (2023a) noted that the multi-resolution support provides a powerful prior information for the reconstruction of
channelized datasets (e.g. spectral channels, polarization channels, or time-dynamic reconstructions). Linear polarization and cir-
cular polarization were recovered by constrained minimization, i.e. we minimized χ2

pvis
and χ2

CPh, respectively, and only allowed
coefficients in the multi-resolution support to vary. Since the form of the basis functions is rigidly set by the instrumental configu-
ration and there is no manual selection, the number of free hyperparameters and the human bias in imaging are reduced.
DoG-HIT handles total intensity, linear polarization, and circular polarization separately. First, we recover an image in total

intensity by closure-only imaging. In a second step, we calibrate the gains and leakages, and recover linear polarization with the
above-mentioned strategy of only changing the parameters in the multi-resolution support. Finally, we recover circular polarization
using a gradient descent approach.

C.2.2. ehtim

ehtim directly implements the minimization problem Eq. (22), with objective functionals summarized in Table C.1. Reconstruc-
tion with ehtim depends strongly on the regularization hyperparameters αd, βx, which balance the data fidelity and regularization
assumptions. These parameters have been selected by parameter surveys in previous studies (e.g. EHTC 2019d), i.e. various param-
eter combinations have been tested against a variety of geometric models. ehtim can process visibilities in total intensity, linear,
and circular polarization simultaneously, by adding all the objectives together. However, the combined parameter space would be
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very high-dimensional. Instead, we followed the approach taken in EHTC (2021a) and EHTC (2024c). We recovered total intensity
first, then fixed the total intensity structure, and recovered linear and circular polarization afterwards.

Reflecting this splitting strategy, the parameter search has also been split into total intensity and polarization. A parameter survey
has been recomputed in total intensity on the four original geometric models (double, disk, ring, and crescent) used to validate
the first release of an image of the black hole shadow (EHTC 2019d). Additionally, the data and regularization terms for linear
polarization and circular polarization have been surveyed for a number of crescent images with varying asymmetry, orientation
of the EVPA pattern, and polarization fraction as a spot-check. The best parameter combination (in terms of cross-correlation to
the ground truth) matches the one reported in EHTC (2021a) and has therefore been adapted for the three years for the sake of
consistency. Our final weights are shown in Table C.1. Ultimately, the validation for this configuration results from the validation
described in Sect. 5.

The full polarized imaging and calibration pipeline consists first of imaging the source in total intensity. The reconstruction
is iteratively blurred, and the reconstruction is redone to avoid getting trapped in local minima. The observation is scan-averaged,
and imaging optimization alternates with self-calibration steps iteratively. During the initial self-calibration steps, we assume that
the gains for the right- and left-handed polarization feeds are identical. As a second step, we fix the total intensity image and then
recover the linear polarization image. The linear polarization map is recovered in a loop, alternating between image reconstruction
and leakage estimation. Finally, we self-calibrate the data again, allowing for different gains in the two polarization feeds, and solve
for the circular polarization image.

C.2.3. MOEA/D

MOEA/D is a widely used optimization framework for multi-objective optimization originally proposed by Zhang & Li (2007) and
Li & Zhang (2009). Recently, it has been transferred to VLBI imaging (Müller et al. 2023), and expanded to include polarization
(Mus et al. 2024a). RML methods proceed by minimizing a weighted sum that balances data fidelity terms and regularizers against
each other. MOEA/D, aims to find the ‘best-compromise’ solutions between the different regularizers. The notion of Pareto optimality
identifies this: For a multi-objective vector of functionals [χ2

1, χ
2
2, ...,R1,R2, ...], a solution is called ‘Pareto optimal’ if the further

optimization along one of the functionals automatically has to worsen the scoring in another.
The set of all Pareto-optimal image structures is known as the Pareto front. MOEA/D approximates this front. Compared to

ehtim, the solution to the optimization problem defined by MOEA/D is not a single image, but a space of images (the Pareto front),
representing the best-compromise solutions among all objectives. Minimization is achieved through genetic evolution, where every
genome in every generation represents a single image (Müller et al. 2023). The final population approximates the Pareto front.

It has been demonstrated both for total intensity (Müller et al. 2023) and polarization (Müller 2024) that the Pareto front of the
calibration-independent structure separates into multiple disjoint clusters of solutions, interpreted as local minima of a potentially
multimodal optimization landscape. In this work, we report the image closest to the utopian ideal point following the strategy out-
lined in Müller et al. (2023), Mus et al. (2024b), and leave the detailed analysis of the multi-modality of the problem to a subsequent
work.
MOEA/D has been implemented in the MrBeam (Müller & Lobanov 2022; Müller et al. 2023; Mus et al. 2024b) software package,

which calls ehtim-subroutines for the calibration and evaluation of the data terms. The full imaging and calibration procedure is
therefore similar to the one adapted for ehtim, although not equivalent due to the difference in the surveying strategy (i.e. no survey
on synthetic data are needed), the different concept of optimality, and the optimization procedure. The data fidelity and penalty
terms are summarized in Table C.1.

Due to this proximity, MOEA/D’s imaging pipeline resembles the ehtim strategy. We first recovered the total intensity image by
fitting only closure quantities. To help MOEA/D converge, we derived a starting point for the population using an un-regularized run
of ehtim. Afterwards, we selected a representative cluster of solutions (proximity to the utopian) and performed self-calibration
and leakage calibration. Then, we ran MOEA/D again to recover the linear and circular polarization images. In contrast to ehtim, we
solved for linear polarization and circular polarization at the same time.

C.3. Bayesian methods

This section describes the two Bayesian polarized imaging algorithms, Themis and Comrade, used for image reconstruction, resid-
ual calibration, and leakage corrections. Both Bayesian codes aim to simultaneously solve for all four Stokes parameters in the
image and calibration and leakage terms through forward modelling of the measurement process.

Both Themis and Comrade utilize a Cartesian grid of fluxes, where for each pixel, the Stokes vector is parameterized using the
Poincaré representation,
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, (C.2)

where pi j is the total polarization fraction and p̂ is a unit vector in R3, which are all included as parameters in the forward model.
Each pixel is modelled as a point source and then convolved with a kernel to create a continuous image function. The ideal visibilities
are calculated using Eq. 1 based on the Stokes Images produced from each method. Site-based instrumental corruptions are applied
using a RIME formalism, utilizing the Jones matrices for feed rotation, leakage, and residual gains from Eq. 4. The model visibilities
are then compared to the data using a complex Gaussian likelihood, which is calculated as the product of all individual likelihoods
for all parallel and cross-hand products. We now describe the individual details for each method.
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C.3.1. Comrade

Comrade (Tiede 2022) is a Bayesian polarized imaging and calibration software suite written in the Julia programming language
(Bezanson et al. 2017). Here, we briefly describe the polarized imaging process and the priors used; a complete explanation can be
found in Tiede (2022) and Tiede et al. (in prep.).

To prepare the data, Comrade first coherently averaged the data over observation scans using the Pyehtim.jl scan_average
function and then added 2% systematic noise to model residual calibration errors, such as loss of coherence due to time and
frequency averaging. Additionally, due to the over-resolved flux on short baselines, Comrade flagged the ALMA-APEX, JCMT-
SMA, and KP-SMT baselines, and fit the total flux of the compact emission.
Comrade’s image model is aligned with the equatorial coordinate axes and uses a 64 × 64 raster with a field of view of 200 µas.

For the total intensity image raster I, we use a first-order Gaussian Markov random field (GMRF) prior on the log-ratio transformed
pixel fluxes ri j, which are related to the total intensity fluxes Ii j by

Ii j = F0
eri j

∑

i j eri j
, (C.3)

where F0 is the total flux of the raster component. For the GMRF, the variance and correlation length of the random field are included
as hyperparameters. For more information, see Tiede et al. (in prep.). The GMRF acts as multiplicative fluctuations in some mean
image structures, which we assume to be given by a 60 µas Gaussian blob. However, during testing, we found that the size of the
Gaussian did not appreciably change the resulting images.

The total fractional polarization amplitude, pi j, is given by

pi j =
[

1 + exp( ¯̀ + σp`i j)
]−1

, (C.4)

where ¯̀ is the average logistic total fractional polarization, σp is the variance of the logistic fractional polarization, and `i j are the
scaled fluctuations of the total fractional polarization, whose prior is another independent GMRF. This corresponds to modelling the
total fractional polarization in logit space, with some constant mean fractional polarization and some variance. This parameterization
ensures that 0 ≤ pi j ≤ 1 for all values. For the total polarization direction on the Poincaré sphere, for each unit vector p̂i j, we used
the uniform distribution on the sphere by modelling each direction with an independent unit normal distribution and then dividing
by the total length to ensure that the vector is normalized.

Gain and gain ratios are allowed to vary every scan, whereas the D-terms are fixed to constant values over each track. For each
station, we use a Gaussian prior on the log-gain amplitudes with a mean of 0 and a standard deviation of 0.2, except for GLT, which
uses a standard deviation of 1.0 to model the large-gain-amplitude fluctuations. For the gain phases and gain phase ratios, first lock
the gain phase and gain phase ratio for ALMA to zero to model the a priori EVPA calibration included in the PolConvert procedure.
If ALMA is absent in the scan, we alphabetically select a different reference site and set only the right-hand gain phase to zero while
keeping the gain ratio phase as a model parameter. For the gain phases, we use a zero-mean von Mises prior with concentration
parameter π−2 that essentially creates a uniform prior in the interval [−π, π]. For the gain ratio phases, we use a zero-mean von Mises
prior with a concentration parameter 0.52 to model the a priori calibration that the rPICARD pipeline does to remove gain phase
ratio.

During imaging, Comrade simultaneously models all four Stokes parameters and the instrumental terms. Since Comrade is a
Bayesian imaging algorithm, it estimates the uncertainty for all model parameters, including the image and instrumental terms. Its
output is a set of samples approximately drawn from the posterior using Markov chain Monte Carlo (MCMC). Specifically, Comrade
uses the No-U-Turn Sampler (NUTS; Hoffman & Gelman 2011) in the Julia sampling package AdvancedHMC.jl, utilizing the
automatic differentiation package Enzyme.jl (Moses & Churavy 2020; Moses et al. 2021) to compute gradients. To initialize the
chain, we ran ten rounds of optimization to find the approximate posterior maximum. From this location, we then ran NUTS for
10,000 adaptation steps to tune the sampler, followed by 10,000 sampling steps. From these 10,000 samples, we randomly selected
500 images for further analysis.

C.3.2. Themis

Themis provides a Bayesian framework for modelling and parameter estimation from EHT data (Broderick et al. 2020a). Imaging
with Themis employs a model consisting of a rectilinear set of control points spanned via a bicubic spline to represent the intensity
map, the polarization fraction map, EVPA map, and the Stokes V fraction (Broderick et al. 2020b; EHTC 2021a). The orientation
of the raster and the field of view are free parameters, which allow the raster to expand, contract, and rotate to maximize the model’s
freedom to fit the data. The resolution of the raster is typically determined by maximizing the Bayesian evidence on the raster
dimension; this is small due to the limited number of EHT resolution elements across M87*. To facilitate cross-epoch comparisons,
here we adopted a 5x5 raster based on the polarized imaging study of the 2017 observations (EHTC 2021a). Finally, a large-scale
asymmetric Gaussian was included to capture potential discrepancies between the intra-site and VLBI baselines.

Themis reconstructions are fit directly to each band’s scan-averaged complex visibilities (RR∗, LL∗, RL∗, LR∗) independently.
Site-specific leakages and complex gains are fit simultaneously with image generation as described in EHTC (2021a). Themis
assumes that the right and left-hand gains are equal; a 3% systematic error is added to partially mitigate non-unity gain ratios.

The result of the Themis fits is an approximate posterior composed of a set of images used for Bayesian uncertainty quan-
tification. Themis provides a number of posterior sampling methods, for which the most common output is a MCMC chain that
supports subsequent Bayesian interpretation. To ensure efficient sampling of the posterior, we use the differential even-odd parallel
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