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ABSTRACT

In Very-Long Baseline Interferometric arrays, nearly co-located stations probe the largest scales and typically cannot resolve the observed source.
In the absence of large-scale structure, closure phases constructed with these stations are zero and, since they are independent of station-based
errors, they can be used to probe data issues. Here, we show with an expansion about co-located stations, how these trivial closure phases become
non-zero with brightness distribution on smaller scales than their short baseline would suggest. When applied to sources that are made up of a bright
compact and large-scale diffuse component, the trivial closure phases directly measure the centroid relative to the compact source and higher-order
image moments. We present a technique to measure these image moments with minimal model assumptions and validate it on synthetic Event
Horizon Telescope (EHT) data. We then apply this technique to 2017 and 2018 EHT observations of M87* and find a weak preference for extended
emission in the direction of the large-scale jet. We also apply it to 2021 EHT data and measure the source centroid about 1 mas northwest of the

compact ring, consistent with the jet observed at lower frequencies.

Key words. black hole physics, galaxies: active, galaxies: individual: M87%*, galaxies: jets, techniques: interferometric

1. Introduction

Very-long baseline interferometry (VLBI) is an observational
technique in which unconnected telescopes can be computation-
ally synthesized into an effective instrument with an aperture
size equivalent to the distance between the telescopes (Thomp-
son et al. 2017). Each combination of stations is sensitive to a
different image scale, inversely proportional to the baseline sep-
aration. Many VLBI sources are blazars, which resemble a col-
limated jet extending outward from a compact core (Lister et al.
2009; Weaver et al. 2022). As such, robust imaging requires cov-
erage on many baseline separation scales.

The Event Horizon Telescope (EHT) is a VLBI array observ-
ing at millimeter/sub-millimeter wavelengths with stations sep-
arated by up to the diameter of the Earth. Its resolution reaches
tens of microarcseconds, making it possible to resolve the ring-
like structures and shadow of two supermassive black holes,
M87* (EHTC et al. 2019a,b,c,d,e,f, 2021a,b, 2023, 2024c) and
Sgr A* (EHTC et al. 2022a,b,c,d,e,f, 2024a,b). It can also re-
solve the inner jet region of several other active galactic nuclei
(Kim et al. 2020; Janssen et al. 2021; Issaoun et al. 2022; Jorstad
et al. 2023; Paraschos et al. 2024; Baczko et al. 2024; Roder et al.
2025b).

VLBI, and the EHT in particular, is plagued with single-
station instrument systematics which significantly corrupt the
signal. When the number of baselines exceeds the number of
stations, it is possible to solve for a majority of these instrument
systematics (Thompson et al. 2017). However, these are solved
for simultaneously with assumptions about the brightness distri-
bution, which leads to difficulty in tying specific source struc-
tures to features in the data. It is possible to construct closure
quantities, e.g., closure phases, closure amplitudes, and closure

Article number, page 2 of 16

traces, in which a combination of data products is independent
of these station-based instrument corruptions and more directly
probe the source brightness distribution (Jennison 1958; Twiss
et al. 1960; Thompson et al. 2017; Blackburn et al. 2020; Brod-
erick & Pesce 2020).

MS87* has a prominent large-scale limb-brightened jet which
extends for many arcseconds and is seen across the electromag-
netic spectrum (Curtis 1918; Biretta et al. 1999; Perlman et al.
2007; Walker et al. 2018; Kim et al. 2018; EHT MWL Science
Working Group et al. 2021; Kim et al. 2023; Algaba et al. 2024,
Roder et al. 2025a). Recent observations with the Global mm-
VLBI Array (GMVA) at 3 mm reveal the jet connecting to the
ring in M87* (Lu et al. 2023; Kim et al. 2025). At 1.3 mm, obser-
vations with the Atacama Large Millimeter/submillimeter Array
(ALMA) reconstruct the jet oriented about 288° East of North
and extending to angular scales of tens of arcseconds (Goddi
et al. 2021).

The EHT array before 2021 was composed primarily of long
baselines (> 2 GA) and intrasite baselines (5 2 MA), leaving
a significant gap in scales. Its observations of M87* at 1.3 mm
reveal an excess of flux density between the intrasite and next-
shortest baselines (EHTC et al. 2019d,f, 2024¢; EHTC 2025). It
is natural to identify the missing flux density with the jet, but
this has not been robustly proven. Traditionally, imaging with
the EHT involves removing the intrasite baselines, as they do
not have sufficient coverage to image large-scale emission, but
still contain enough flux density to potentially introduce image
artifacts in the compact brightness distribution.

The EHT array in 2021 included two new stations, which
improved coverage and added two sets of intermediate baselines
in the range of 0.1-1 GA (EHTC 2025). These new baselines
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measure visibilities that are difficult to fit with only a compact
source. Explorations of emission on scales of hundreds of mi-
croarcseconds suggest that image components along the jet can
explain the emission on intermediate baselines, but details of the
extended emission requires strong model assumptions (Saurabh
et al. 2025). Furthermore, “trivial” closure phases involving an
intrasite baseline show a bias away from zero, an effect possi-
ble if significant large-scale structure were present, although this
offset cannot be explained by the same emission suggested for
intermediate baselines (EHTC 2025).

In this paper, we present a new method to extract informa-
tion about the location and structure of large-scale emission from
closure phases, without strong model assumptions. We focus on
EHT data as applicable to M87*, localize the centroid of the
source, and show that the excess systematic signal in closure
phases is fully explainable by source structure. In Section 2, we
introduce closure phases, expand them for short baselines, and
connect them to large-scale image moments. In Section 3, we
construct a synthetic EHT M87* dataset and validate our method
for centroid extraction. In Section 4, we apply this technique to
EHT observations of M87* and conclude in Section 5. In addi-
tion. we explore the effects of polarization and leakage in Ap-
pendix A. In Appendix B, we comment on possibilities of mea-
suring higher-order image modes, and provide fitting details in
Appendix C.

2. Closure Quantities on Large Scales

For an interferometric array with N stations, it is possible to con-
struct a set of closure quantities, each of which are invariant to
a particular type of single-station corruptions. Here, we intro-
duce closure phases and expand them in the limit that they probe
large-scale structure. A similar derivation for polarimetric clo-
sure phases is given in Appendix A.

2.1. Definitions

An interferometric baseline between stations A and B measures
a visibility, related to the Fourier transform of the on-sky bright-
ness distribution,

Iip = f f I(x) exp (—2rminyp - x) d*x, 1))

where [ is the Stokes I image intensity, u4p is the projected base-
line vector, and x is the on-sky angular coordinate vector relative
to some origin. However, imperfections of the instrument lead to
station-based complex gains,

@

When the number of baselines exceeds the number of stations,
it becomes somewhat possible to solve for these complex gains
simultaneous with the brightness distribution. It is instead pos-
sible to construct combinations of the visibilities which contain
partial information of the source independent of these instrument
artifacts. Relevant for this work, a closure phase on triangle ABC
is defined as

T 7 *
IAB,observed = gAIABgB~

Yapc = Arg (iABfBCTCA), (3
in which all the gain terms drop out. While closure phases do al-
low for a corruption-free probe of the source, their uncertainties
become highly non-gaussian at a low signal-to-noise ratio. All
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datasets used in this work have been scan-averaged and have a
sufficiently high signal-to-noise ratio'.

As many VLBI sources are compact, the closure phases for
triangles involving two co-located (intrasite) stations should be
zero, and these “trivial” closure phases can be used to probe non-
closing errors in the data (EHTC et al. 2019c). This is only possi-
ble when the co-located baseline probes scales much larger than
the source size.

2.2. Short-Baseline Expansions

Let A’ be a station that is almost co-located with A, so we may
expand in short u4,-. The visibilities are

Ina = F (1 = 2riugy - C) 4
where the total flux and centroid of emission are

F = f f I(x)d*x, 3)
C ! f f 1(x)x;d* (6)

Pi= = X)Xx;a x.
T
Furthermore, u g = sp — tpgr, SO
Lvp ~ Iip —uan - Vilap. @)
Expanding the trivial closure phases,
Yaap = —2mups - C —upp - V,Arg (iAB)- (8)

These closure phases probe the centroid of emission of the
source relative to some zero point defined by the second term.
Note that this expansion preserves the translational invariance
of closure phases, as a phase gradient equally enters into both
terms.

As closure phases are anti-symmetric, the next order terms
go as [u]® and contain higher image moments. The exploration
of higher-order terms is given in Appendix B.

2.3. Applicability to EHT Sources

Many VLBI sources are composed of a compact core and ex-
tended diffuse emission, with significant substructure in their
jet regions, like limb-brightening, filaments, and lobes (see, e.g,
Giovannini et al. 2018; Fuentes et al. 2023). M87* in particu-
lar has a compact emission region of ~ 70 uas, and a jet that
extends for many arcseconds, which is comparable to the beam
size of individual EHT dishes (EHTC et al. 2019a). The jet of
MS87* is only visible on one side of the compact source, creating
a first-order image moment, and is limb-brightened and radially
falls off in intensity, thus creating third-order image moments
(Walker et al. 2018).

The EHT baselines longer than ~ 2 GA roughly probe scales
smaller than 100 was, and cannot probe the large-scale jet, re-
solving it out. In 2021, there were three sets of baselines in in-
creasing separation that are potentially short enough to separate
the large-scale emission?:

— JCMT-SMA, 0.1 M4, 2 as
- ALMA-APEX, 2 M4, 100 mas

! Sub-optimal phase calibration can introduce baseline-based biases
when averaging (see, e.g., Marti-Vidal & Marcaide 2008).

2 See EHTC (2025) for a full description of the stations in the 2021
EHT array.
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Fig. 1. Synthetic dataset used for validation. The emission is composed
of a bright compact ring and an extended jet. The green dot is the cen-
troid of the image relative to the white x in the center of the ring.

— Kitt Peak-SMT, 0.1 GA, 2 mas.

These themselves span many orders of magnitude and do not
sufficiently cover the uv-plane.

With the EHT, we can construct many long skinny triangles
by choosing three stations, A, A’, and B, such that A and A" are
nearly co-located and B is far from them. Let us model the ob-
served brightness distribution as a point source that dominates
the signal on baselines AB and an extended source seen on base-
lines AA’. This allows us to remove all terms with derivatives of
14p from Equation 8, as the visibilities should not change much
over a length |u 44| for most of the uv-domain. This is an accept-
able approximation where

VuiAB < VuiAA’ B

€))

to within the thermal and systematic noise of the instrument. It
is possible for this assumption to fail where phases jump rapidly
near nulls in the visibility amplitudes, although it is unlikely
for this to happen for every station B. This decomposition may
be thought of as phase-referencing to the emission on the AB
baseline, and assuming that all long baselines can be phase-
referenced simultaneously.
Under this assumption, we find that

Yanp = —2mupy - C. (10)

3. Application to Synthetic Data

Equation 10 provides a mathematical relationship between the
trivial closure phases and physical properties of the source. Since
it is a linear model, it can straightforwardly be fit to any com-
bination of trivial closure phases, although differences in cali-
bration over time and between stations can unduly affect cer-
tain parameter extractions. In this section, we fit synthetic data
to validate the ability to reconstruct image moments and deter-
mine how much of the estimated systematic error is caused by
the source structure.

Figure 1 shows an image designed to emulate M87*. It is
composed of a bright ring structure and the extended jet from
2018 GMVA observations (Lu et al. 2023). Using this image as
input and the software package ehtim (Chael et al. 2018), we
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create synthetic EHT data using the coverage and properties of
the 2021 April 18 array at 227.1 GHz, the same dataset as used
in EHTC (2025). Following a necessity to model non-closing
errors in EHT data, we inflate the error budget by 1% of the
visibility amplitudes, added in quadrature to the thermal errors.
Many sources of non-closing errors are not explicitly included
in the synthetic data generation pipelines, so this inflation serves
mostly to match uncertainties on the real data and is expected to
overestimate the synthetic data systematic errors.

We first check whether the phase-centering and higher-order
terms in the closure phase expansion are small compared to the
centroid term. Figure 2 shows a plot of the visibility phases cor-
responding to the input brightness distribution. In order to tie
large-scale closure quantities to the visibility phases, we require
that the phase gradients with respect to u at long baselines are
small compared to the phase gradients near zero. That is, we
require that the trivial closure phases approximate the visibility
phase of the short baseline in the trivial triangle. We find that un-
der an appropriate choice of image center, phases wrap over sev-
eral G4, about a factor of 10 lower than phase gradients at short
baselines. Note that to get small phase gradients at long base-
lines, the choice of phase center is located about 30 pas SE of
the ring, and we cannot phase-center every baseline simultane-
ously. An important implication is that a centroid measured from
the trivial closure phases is relative to a zero point not straight-
forwardly identifiable with the compact source, and introduces
an additional uncertainty. However, we will find for this valida-
tion dataset that this additional uncertainty in the phase center
relative to the compact ring will be smaller than the statistical
uncertainty of the measurement of the centroid position offset.

The contours show the regions where the first- and third-
order approximations to the phases agree to within 1 degree, sim-
ilar to the uncertainty present in EHT observations. Within about
30 MA, which encloses both the JCMT-SMA and ALMA-APEX
baselines, the first-order approximation works, and we expect
closure phases on triangles involving these baselines to measure
the centroid of emission. The Kitt Peak-SMT baseline requires at
least a third-order approximation, and even then, there is an ad-
ditional ~ 5 degree error at the uv-locations furthest from zero.
Although this dataset has the Kitt Peak-SMT on the border of
probing both the large- and small-scale structure, a larger more
diffuse jet could push the region of an acceptable approximation
inside of the baseline lengths probed, and vice versa for a smaller
Jet.

3.1. Synthetic First-Order Fits

We now fit the linear model to the trivial closure phases us-
ing the procedure described in Appendix C. Figure 3 shows
the extracted centroid position offset separately measured using
JCMT-SMA and ALMA-APEX triangles. Fits are shown when
including only one triangle and when all stations are included.
A fit using only one data point at one time would create a lin-
ear band perpendicular to the direction of the intrasite baseline
at that time. Since both JCMT-SMA and ALMA-APEX point
roughly North-South, the uncertainty lies mainly in the East-
West direction. As we include more times, the short baseline
in the triangle rotates forming the covariance ellipses shown in
the figure. In particular, ALMA-APEX-NOEMA and ALMA-
APEX-IRAM are only seen in the beginning of the observations,
while ALMA-APEX-JCMT and ALMA-APEX-SMA are only
seen at the end. During this time, the ALMA-APEX baseline
rotates by almost 45 degrees, thus breaking some of the degen-
eracy.
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Fig. 2. The top and middle panel show the visibility phases for the
source model in Figure 1. The middle panel is a zoomed in version of
the top panel. Black points show the (u, v) locations of all synthetic ob-
servations, where the innermost three have been highlighted. The red
and orange contours show the regions where, respectively, the first-
and third-order approximations to the phases (Equation 10 and Equa-
tion B.1, respectively) differ from the true phases by less than 1 degree.
The bottom panel shows a horizontal and vertical slice of the phases as
well as the first- and third- order approximations as dashed and dotted
lines, respectively.
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Fig. 3. Covariance ellipses for the fits of the centroid position offset
measured from synthetic data. The top panel shows triangles involv-
ing JCMT and SMA, while the bottom panel shows triangles involving
ALMA and APEX. The black ellipses shows the 2-dimensional 68%
and 95% confidence region from fits over the entire dataset, while all
other colors split up the data into separate triangles. The orange dot
is the phase reference, which is assumed to coincide with the compact
ring, and the green x is the truth, with the same coordinates as in Fig-
ure 1. Stations are colored East to West (blue to red), which somewhat
corresponds to the short baseline rotating over the course of a night. *
as defined in Appendix C is the reduced chi-squared statistic, and char-
acterizes the goodness of fit. Note the bottom panel is zoomed relative
to the top.

Both sets of triangles agree with the true centroid location
relative to the center of the ring (the green x lies within the black
confidence regions in Figure 3). Every triangle is consistent with
the combined fit and the truth value, indicating no significant un-
known systematic errors. Due to the much shorter baseline and
lower sensitivity of JCMT-SMA, these triangles cannot detect a
centroid offset from zero, though they do constrain that the com-
pound intensity distribution (i.e., the sum of the compact ring
and extended component) is more compact than ~ 10 mas. The
ALMA-APEX triangles do constrain both the direction and am-
plitude.

We had added 1% fractional uncertainty to the synthetic data
and have > < 1, suggesting that we have overinflated the extra
uncertainty. The linear fits used here provide a technique to esti-
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Fig. 4. Estimated 2-dimensional 68% and 95% regions of the cen-
troid position offset in M87* for the 2017 and 2018 datasets. The black
dashed line at 288° East of North represents the direction of the mas-
scale jet.

mate the necessary fractional uncertainty by finding the amount
required to get ¥> to unity, in essence linearly de-trending the
contribution of large-scale structure to the error budget.

4. Application to M87*

We now apply this method to M87* data (EHTC et al. 2019a,
2024c; EHTC 2025). In 2017, the EHT observed M87* on April
5, 6, 10, and 11 in two frequency bands centered on 227.1 and
229.1 GHz (band 3 and band 4, also called LO and HI). In 2018,
observations with sufficient data were on March 21 and 25 with
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Table 1. Goodness of fit measurements, 72, for M87* datasets.

Dataset Band1 Band2 Band3 Band4
2017 April 5 - - 0.93 1.18
2017 April 6 - - 1.26 1.19
2017 April 10 - - 0.84 0.56
2017 April 11 - - 1.24 0.99

2018 March 21 1.24 0.75 1.39 0.89
2018 March 25 0.99 0.78 0.94 1.09
2021 April 13 - - 1.1 1.02
2021 April 18 - - 091 1.02

four frequency bands (bands 1-4, including those centered on
213.1 and 215.1 GHz). During these years, the only participating
short baselines were ALMA-APEX and JCMT-SMA. In 2021,
the EHT observed M87* on April 13 and 18 in the four fre-
quency bands, and added the short Kitt Peak-SMT baseline. To
each dataset, we add 1% fractional uncertainty to model system-
atic errors. Other data preparation steps match those in EHTC
(2025). Due to JCMT observing in 2017 and 2018 with only one
polarization hand, we create closure phases for the whole array
in the hand available for JCMT. In 2021, we create Stokes I clo-
sure phases.

We fit all JCMT-SMA and ALMA-APEX triangles simul-
taneously using the linear model with the same method as in
Section 3. The fit quality is listed in Table 1.

4.1. 2017 and 2018

Figure 4 shows the results of extracting the position offset of
the centroid using the trivial triangles for 2017 and 2018 obser-
vations. There is no definitive constraint on a nonzero centroid
offset, but the fits weakly suggest an excess of emission NW of
the compact source located less than ~ 4 mas away. Further-
more, measurements are consistent across years and bands and
each dataset is independently a good fit with a linear dependence
on baseline length. This suggest that excesses in trivial closure
phases are expected due to source structure, and not necessarily
indicative of other systematic effects in the data. The recovered
direction preference is consistent with the large-scale jet in M87*
which points roughly 288° East of North.

4.2. 2021

Figure 5 shows the estimated centroid location using 2021 EHT
data. Due to better sensitivity and more stations, the centroid can
be more tightly constrained. In April 18 data, there is a clear off-
set located about 1 mas Northwest of the ring, consistent with
observations of the jet at lower frequencies. The bands agree
with each other, and all fits are statistically good, indicating no
need for further systematic uncertainties or higher image mo-
ments.

Figure 6 shows the ALMA-APEX closure phases. They are
systematically biased away from zero, but are all consistent with
each other, hinting that the source of this bias is not station- or
baseline-dependent. The linear fit matches this offset. The main
driver for a nonzero closure phase comes from NOEMA and PV,
since it is at this early time that the ALMA-APEX baseline is
oriented close to the direction of the jet and thus being sensitive
to the emission structure along the jet direction.

To explore whether leakage between polarization hands can
be the source of the closure phase offset, we introduce polarimet-
ric closure phases in Appendix A, which are further invariant to
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Fig. 5. Estimated 2-dimensional 68% and 95% regions of the centroid
position offset in M87* from 2021 April 13 and 18 data, the latter of
which significantly nonzero. The centroid is located about 1 mas North-
west of the compact source and consistent both between bands and with
the direction of the large scale jet (dashed line).

any station-based corruption, including polarization leakage and
differences between right and left gains. The Stokes I closure
phases agree strongly with these polarimetric closure phases, in-
dicating that station-based corruptions and source polarization
are not biasing the centroid estimation.

Closure phases on JCMT-SMA triangles and all other trian-
gles, similarly show no serious signs of polarization leakage-
based corruption. However, due to the lower sensitivity and
smaller baseline length, the JCMT-SMA closure phases are con-
sistent with zero and negligibly influence the measurements, and
are included in the fits purely for consistency reasons.

The centroid fits are not consistent with closure phases on
Kitt Peak-SMT triangles. Following Appendix B, it may seem
possible to include higher-order terms and more tightly constrain
the centroid as well as higher-order image moments, which are
then expected to inform on particulars of limb-brightening and
intensity profiles. However, these closure phases are not fit well
with third or higher orders, indicating that this baseline lies far
outside of the regime where the expansion in Section 2 holds.
The parameter estimates, even of the centroid position offset,
using this baseline could thus be significantly biased. A better
interpretation for M87* is that there is more structure on 100
pas-scales that is neither describable by a few image moments
of the large-scale structure nor by a compact point source, such
as that explored in Saurabh et al. (2025).

It is similarly possible that the ALMA-APEX closure phases
contain non-negligible higher-order image moments, as we are
terminating their expansion at first order and creating a triv-
ial degeneracy. This corresponds to unknown structure on base-
lines shorter than 2 M4, like, for example, bright jet structure
at large scales. This emission can be constrained by data from
shorter ALMA-only baselines (Goddi et al. 2021), and whether
its phases remain approximately linear with baseline length. Fur-
thermore, particularly for interpreting higher-order moments, it
becomes increasingly difficult to simultaneously reference all tri-
angles (i.e., zero the increasing number of derivative terms in the
expansion) as the small-scale ring structure further deviates from
the point source assumption. Both of these effects are fundamen-
tal limitations of applying this method.
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Fig. 6. Closure phases on ALMA-APEX triangles from EHT 2021 April
18 data in band 3. The top panel shows all triangles and the other panels
separate out each triangle. Stokes I closure phases are in blue and po-
larimetric closure phases are in orange. The black line and gray shaded
region show the mean and 95% fit region corresponding to Figure 5.
The closure phases are offset from zero, consistently with one another,
and well match the linear fit. The top ticks convert time to the ALMA-
APEX baseline direction measured East of North.

There is a further interpretational note that this centroid posi-
tion offset measurement is of the combined jet and ring structure.
More useful is the centroid only of the the diffuse jet, which is
further away by a factor of the ratio of the jet flux divided by the
total flux. For M87*, this value varies and is about 0.5 Jy/1.5 Jy,
so the jet centroid is expected to be 3 times further away. This
is too close to the ring for the centroid position offset to be
caused by the innermost bright jet component, HST-1 (Biretta
et al. 1999), but it can be used to place limits on the total flux of
it and other jet components at 230 GHz.

5. Conclusions

We present a new technique to extract information about large-
scale structure from interferometric closure phases applicable to
sources with a compact core and large-scale diffuse emission.
Triangles which involve co-located stations with a baseline that
probes structure much larger than the spatial scales probed by
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longer baselines have a closure phase of zero. We expand these
closure phases for baselines which are short, but potentially see
offsets due to emission at large-scales. We find that, to first order,
these trivial closure phases are directly proportional to the posi-
tion offset of the centroid as measured relative to the compact
source. The third-order components probe some combination of
the first, second, and third moments of the total source bright-
ness distribution. We thus create a linear model to extract these
image moments from interferometric data, with few assumptions
about the brightness distribution. This model is further invariant
to a host of station-based signal corruptions.

We validate on a synthetic dataset composed of a bright com-
pact ring and a large-scale diffuse jet designed to imitate EHT
observations of M87*. We identify two potential sources of bias
in the reconstructed moments. First, when phase gradients at
long-baselines are large, the centroid (and higher moments) will
be measured relative to a location not necessarily identifiable
with that of the compact source. For sources similar to M87*,
this is expected to add a subleading source of uncertainty. Sec-
ond, the closure phases may be dominated by a higher-order term
in baseline length than assumed, which can lead to formally good
but biased fits.

When only including triangles with intrasite baselines, we
find that the sparse EHT coverage is sufficient to recover the cen-
troid of the source. Each individual track contributes in the same
direction, indicating that there is an informative non-zero signal
present in the trivial closure phases. Longer intrasite baselines
and those with a higher signal-to-noise ratio lead to tighter con-
straints. When including slightly longer baselines, the resulting
localization of the centroid can tighten significantly and (combi-
nations of) higher image moments can be recovered. However,
this relies on an assumption that the short baseline visibilities are
dominated by large-scale emission.

We apply this technique to EHT observations of M87* in
2017, 2018, and 2021. In the first two years, there is weak ev-
idence for non-zero trivial closure phases, which corresponds to
extra emission Northwest of the ring. In 2021, the data strongly
support a source centroid located about 1 milliarcsecond North-
west of the ring, consistent with jet direction measurements
at lower frequencies. This detection is consistent among clo-
sure triangles, frequency bands, and is inconsistent with being
caused by polarization leakage. Importantly, it solves the issue
of nonzero closure phases on trivial triangles in 2021 EHT data.
Poor quality of fits to longer baselines suggest that their data
contain a significant component from compact structure. Better
constraints on large-scale image moments would require more
baseline coverage in the 10-100 MA range, such as those pos-
sible with the Korean VLBI Network. Some improvements can
also be made with an intrasite baseline oriented East-West with
similar sensitivity and separations as ALMA-APEX.

The method described here is applicable to a wide array of
VLBI astronomy. With minimal source and instrument assump-
tions, it becomes possible to measure large-scale image mo-
ments, whose identification with specific source structure may
require further assumptions. Specifically, this method can be ap-
plied to Centaurus A, 3C279, and 3C273, where ALMA observa-
tions at 230 GHz show directed extended emission (Goddi et al.
2021). It can also be used to identify what types of model compo-
nents must be added to imaging algorithms to fit short baselines
or, alternatively, which data would need to be removed in the
imaging process. Furthermore, by detrending out structural ef-
fects, it becomes easier to identify what systematic biases in clo-
sure products are caused by correlation artifacts, and can be used
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as a more sophisticated model for network calibration (EHTC
et al. 2019c; Blackburn et al. 2019).
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Appendix A: Polarization

When the instrument contains effects related to instrumental po-
larization (also known as polarization leakage), the Stokes I
closure phases no longer probe the source brightness distribu-
tion directly. Here, we show that the method of expanding clo-
sure quantities at large scales can be similarly performed for a
polarization-weighed centroid.

Each station in an interferometric array produces two mea-
surements of the electric field, one for each polarization basis.
For circularly polarized feeds, the correlations (i.e, visibilities)
between the different polarization channels for each baseline can
be arranged within a coherency matrix,

RL,p
LLsg)’

Vis = (’zﬁgg A1)
where R and L represent the right- and left-handed polariza-
tions, respectively. Using the radio interferometer measurement
equation (Hamaker et al. 1996; Smirnov 2011), the elements of
the coherency matrix can be identified with combinations of the
Fourier transforms of the brightness distribution of the Stokes /,
0, U, and V quantities,

Qap +iUsp

jAB + VAB 2 {
Iap—Vag I’

Oup —iUsp (A2)

Vap = (
where the Fourier Stokes quantities have a similar definition as
in Equation 1. Station-based corruptions enter as
VAB,observed = JAVABJE, (A3)

where J contain information about generic antenna-based instru-
mental and atmospheric effects (e.g., gains and polarization leak-
age). The corresponding polarimetric closure phase is’

(A4)
(A.5)

N 1
Yapc = EArg (”VABVE}QVCAVE;VBCV;HD
= Arg (IVagVscVeall)

which is just a closure phase of the quantity I> — Q> — U? — V2.
Performing the expansion in nearly co-located stations, we have

Zs 087—,\_?2

=, A6
T3 o

Yanp = —4mugy -

where s sums over the four Stokes quantities, C, are the centroids
of the Stokes quantities, and 72 = {F2, ~F2, ~F 2, —F 2} are re-
lated to the square of their total fluxes. Evidently, the large-scale
closure quantities are proportional to a polarization de-weighed
centroid. For M87*, the polarization fraction is a few percent,
and thus the centroid would be negligibly changed. Similarly,
the Stokes V flux is a few percent of the Stokes / flux, thus the
difference between using RR, LL, or Stokes I closure phases is
also negligible, unless significant polarization leakage is present.

The other three-station polarized closure quantity can be ex-
pressed as the magnitude of the trace,

Tancl = 5 [T (VasVehVea Vi Vac Vi) (A7)

3 When comparing with Stokes I closure phases, there is a sign degen-
eracy when taking the square root. For short-baseline comparison in this
work, it suffices to divide i by 2, but other triangles may need a shift of
180°.

Article number, page 14 of 16

and is equal to 1 when the source is unpolarized. For nearly co-
located stations,

1 +4n° 2 [Han - (Cy A_ (»;)]2 ﬁZTAzZ
(Z.72)

and contains information about the distance between the cen-
troids of the Stokes quantities. A constant polarization fraction
and angle results in this trace having a magnitude of 1. To be
non-unity, there must be a gradient of polarization relative to the
Stokes I emission.

T anBl = ; (A.8)

Appendix B: Higher-Order Expansions
Appendix B.1: Third-Order Fits

The closure phases are anti-symmetric in # and thus contain only
odd powers in their expansion. Expanding the derivation of the
trivial closure phases in Section 2 to third-order yields
@) | [[@an - x)*1(x)d’x
3! F
o [[@an - x)*1(x)d*x
?

— (3)
= 2nups - C+ 27Tlﬁl~jkuAA’,iMAA’,juAA',k‘

Yaap = —2rupy - C+

+2 (W - € = 3 (upn - (B.1)

Thus, the closure phases for triangles with short baselines probe
some combination of both even and odd image moments.

Figure B.1 shows the fits including a third-order component
in baseline length. Since the Kitt Peak-SMT baselines have a sig-
nificant East-West component, they can break the degeneracy in
the mainly North-South first-order fits and narrow the centroid
localization. Despite not having the high signal-to-noise ratio of
the ALMA-APEX triangles, the much narrower (orange) bands
stem from the longer Kitt Peak-SMT baseline length. When
the additional information from the triangles involving ALMA-
APEX and JCMT-SMA are added, we can tightly constrain the
centroid location and modestly constrain some combination of
the second- and third-order moments of the image. With further
source assumptions, these could be tied to a measurement of the
limb-brightening or a radial emission profile of the jet.

However, the fits do not necessarily cover the truth, partic-
ularly for the joint ¢, -/xr, components. This is primarily due
to the emergence of a fifth-order component we identified with
Figure 2. Although in the synthetic dataset used here, closure
phases on Kitt Peak-SMT triangles happened be dominated by
the large-scale signal, M87* could have both more large-scale
and more small-scale structures. Thus, interpretation of higher-
order moments is more model-dependent than measuring a cen-
troid, and will require a-priori knowledge of whether the Kitt
Peak-SMT baselines are dominated by the diffuse jet or the com-
pact source. Getting a statistically good fit to Kitt Peak-SMT tri-
angles in M87* 2021 data requires much higher orders to the
point that image moments are entirely unconstrained.

Appendix B.2: Second order expansion

The expansions of the closure phases constrain some combina-
tion of the image moments, but it is not possible to disentangle
each image moment with the information stored only in the clo-
sure phases. Although the closure amplitudes can be expanded
the same way, they do not as straightforwardly map to large-scale
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Fig. B.1. Two-dimensional 68% and 95% confidence regions of the third-order fits to the synthetic data set closure phases. Orange regions
correspond to including only triangles with Kitt Peak-SMT and black regions include ALMA-APEX and JCMT-SMA triangles as well. Dashed
red lines show the truth values measured with Equation B.1. The truths are not recovered for all parameter combinations.

image moments. This primarily happens because it is not possi-
ble to amplitude-reference to multiple long baselines similar to
how we simultaneously phase-referenced to all long baselines
before.

Instead, we can expand the visibility amplitudes directly and
write

|IAA’,0bserved| = |gA ”gA’ ||1AA’ |

~ Flgallgal|1 + 27 (wan - C)* - f (uAA~x)21d2x} (B.2)

Thus the visibility amplitudes contain the missing information
necessary to convert the closure phase fits directly to image mo-

ments. However, we have now introduced an unmodelled term
in the form of the gain amplitudes.

Figure B.2 shows a plot similar to Figure 2, but for the vis-
ibility amplitudes. The contours show where the second order
expansion from Equation B.2 matches the input amplitudes to
within 0.2 Jy. This cutoff is meant to mimic the maximum possi-
ble effect of the gain amplitudes. The expansion only works for
the innermost Kitt Peak-SMT baselines, and for the points fur-
thest from zero, the expansion almost reaches 0 Jy. An expansion
in the logarithm of the amplitudes fares no better.

Fundamentally, this is because the amplitudes flatten with
respect to u around 0.1 GA as they begin to have a significant
component from the compact source. Higher-order expansions
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Fig. B.2. Visibility amplitudes for the source model in Figure 1. Green,
blue, and gold points show the (u, v) locations of for the shortest base-
lines. The red and orange contours show the regions where, respectively,
the zeroth- and second-order approximations to the amplitudes differ
from the true amplitudes by less than 0.2 Jy. The bottom panel shows
horizontal and vertical slices of the amplitudes (solid lines) and the dot-
ted lines show the second-order expansion.

or an extra error term as in the third-order case are possible, but
rapidly give diminishing returns. However, it seems that the lo-
cation where the amplitudes reach the value of the compact flux
and flatten is a good indicator of where the third-order closure
phase expansion is expected to hold.

Appendix C: Fitting Details

Equation 10, Equation B.1, and Equation B.2 are all linear mod-
els of the form
U=Au) x (C.1)
where x depends on the centroid position offset and higher image
moments, while the matrix A contains the information about the

baselines. As such, we can fit the model analytically. Let Q be
a diagonal matrix of the closure phase variances. The best fit
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values are given by

x=(ATQA) ATy (C.2)
with a covariance of
T=(a7Qa)" (C.3)
and a reduced chi-squared statistic of

1 _
P=-W-A0)Q ! (Y- Ax), (C4)

N

where N is the number of measurements minus the number of
parameters. Where applicable, we show the 2-dimensional con-
fidence region,

o [orfe()

(C5)



