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ABSTRACT

We report on high angular resolution polarimetric observations of the nearby radio galaxy M87 using the Very Long Baseline Array
at 24 GHz (λ = 1.3 cm) and 43 GHz (λ = 7 mm) in 2017–2018. New images of the linear polarization substructure in the nuclear
region are presented, characterized by a two-component pattern of polarized intensity and smooth rotation of the polarization plane
around the 43 GHz core. From a comparison with an analogous dataset from 2007, we find that this global polarization pattern remains
stable on a time interval of 11 yr, while showing smaller month-scale variability. We discuss the possible Faraday rotation toward the
M87 nucleus at centimeter to millimeter wavelengths. These results can be interpreted in a scenario where the observed polarimetric
pattern is associated with the magnetic structure in the confining magnetohydrodynamic wind, which also serves as the source of the
observed Faraday rotation.
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1. Introduction

Relativistic jets are a common feature of extreme active galac-
tic nuclei (AGNs). General-relativistic, magnetohydrodynamic
(GRMHD) simulations show that an accreting supermassive
black hole (SMBH) and strong magnetic fields play dynami-
cally important roles in their production (e.g., Meier et al. 2001;
McKinney 2006; Tchekhovskoy et al. 2011). Rotational energy
from the central accreting black hole (BH) is likely electro-
magnetically extracted via the Blandford–Znajek (BZ) mecha-
nism (Blandford & Znajek 1977), and is transferred away along
the magnetic field lines connected to the BH event horizon.
This will lead to the formation of a narrow, relativistic, and
highly magnetized jet. At the same time, field lines anchored
to the inner regions of the accretion flow can launch broader
outflows and winds through the Blandford–Payne (BP) process
(Blandford & Payne 1982). The hypothesis that the BZ and BP
mechanisms act simultaneously in relativistic jets is supported
by high-resolution studies of radio galaxies, such as Cygnus A
(Boccardi et al. 2016) and 3C84 (Giovannini et al. 2018).

Observations of the giant elliptical galaxy M87 taken more
than 100 years ago marked the first discovery of an extra-
galactic relativistic jet (Curtis 1918). At a distance of 16.7 ±
0.5 Mpc (Bird et al. 2010) the radio galaxy hosts the nearest and

largest active SMBH, with a mass of MBH = 6.5 × 109 M�1

(Event Horizon Telescope Collaboration 2019a), which makes
M87 one of the most widely studied AGNs. Estimates of the jet
production efficiency of ≥110% (Park et al. 2019a) and close-to-
maximum magnetic flux threading the black hole (Zamaninasab
et al. 2014) indicate that the M87 jet is magnetically dominated
near the base, implying that the MAD (Magnetically Arrested
Disk, Narayan et al. 2003; Tchekhovskoy et al. 2011) scenario
might be at work. Moreover, extensive VLBI studies show evi-
dence of an acceleration of the flow taking place within 106 RS
(Asada et al. 2014; Mertens et al. 2016; Park et al. 2019b), which
implies MHD conversion of the initial Poynting flux into bulk
kinetic energy (Li et al. 1992).

Polarimetric Very Long Baseline Interferometer (VLBI)
observations are vitally important for tracing magnetic fields and
testing theoretical models of black hole powered jets. From the
high-dynamic-range VLA and HST images, strong polarization
in excess of &60% has been found in the M87 jet progressively
downstream from the nucleus (�100 pc) at radio, optical, and
UV wavelengths (Schloetelburg et al. 1988; Owen et al. 1989;
1 This provides an angular-to-spatial scale ratio of
1 milliarcsecond (mas) ≈ 0.08 pc ≈ 130 RS, where RS = 2GM/c2 ≡ 2rg
is Schwarzschild radius and rg is gravitational radius.
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Capetti et al. 1997; Perlman et al. 1999), indicating the presence
of a highly ordered magnetic field. It has been suggested that a
system of MHD shocks in a helical magnetic field can explain
the formation of the conical jet in M87 at the kiloparsec scale
(Nakamura et al. 2010; Nakamura & Meier 2014). Meanwhile,
from a marginal detection of individual linearly polarized fea-
tures, Hada et al. (2016) and Hodge et al. (2018) reported a weak
polarization (or high depolarization) in the nuclear jet region of
M87 at the level of about 2–4%. This may be due to the action
of a dense foreground Faraday screen, which was revealed by
high rotation measure (RM) in excess of ∼103 rad m−2 (Zavala
& Taylor 2002; Park et al. 2019a). There has been growing evi-
dence for the existence of substantial nonrelativistic uncollimated
gas outflow (wind) in M87, which is launched from the accretion
flow (e.g., McKinney 2006; Yuan et al. 2012a). This wind is proba-
bly a dominant source of the observed RM within the Bondi radius
(Park et al. 2019a), and is a primary candidate for shaping, col-
limation, and acceleration of the jet in the MHD process (Hada
et al. 2016; Nakamura et al. 2018). In the most promising adia-
batic inflow–outflow scenario (ADIOS, Blandford & Begelman
1999, 2004; Begelman 2012), this wind is invoked to take away a
significant amount of mass and energy from the disk, resulting in
the low accretion rate observed in M87 (Di Matteo et al. 2003).

Recently, Walker et al. (2018) presented high-resolution
polarimetric images of the M87 jet base, using observations per-
formed with the upgraded Very Long Baseline Array (VLBA) at
43 GHz in 2007. These were the first spatially resolved images
of the linearly polarized intensity in the nucleus of M87, which
revealed a complex polarized substructure at a resolution of
∼20 RS. In this Letter we extend the dataset of Walker et al. (2018)
with new observations which were carried out using the VLBA at
24 and 43 GHz in 2017 and 2018 toward the nucleus of M87.

2. Observations and data reduction

We summarize the details of the observations in Table 1. VLBA
experiments were performed during five epochs, in 2007, 2017,
and 2018, quasi-simultaneously at 24 and 43 GHz. A more
detailed description of the 2007 dataset, which was obtained
before the upgrade of VLBA hardware using a recording rate
of 256 Mbps, is given by Walker et al. (2018). The observa-
tions in 2017 and 2018 were recorded at a rate of 2048 Mbps
in dual-polarization mode (right and left circular polarizations,
RCP and LCP), and correlated with the VLBA software correla-
tor in Socorro (Deller et al. 2011). The full bandwidth (256 MHz
per polarization) was split into 8 × 32 MHz intermediate fre-
quency (IF) channels. The total on-source time for the target
was about 1.7 h at 24 GHz, and 6 h at 43 GHz. The initial data
reduction was performed in the NRAO Astronomical Image Pro-
cessing System (AIPS, Greisen et al. 2003), following the stan-
dard procedures of VLBI data reduction (Crossley et al. 2012;
Walker 2014). Deconvolution and self-calibration algorithms,
implemented in Difmap (Shepherd et al. 1997), were used for
phase and amplitude calibration and for constructing the final
images. We adopted a typical amplitude calibration error of 10%
for both frequencies. Details on the instrumental polarization
calibration are summarized in Appendix A.

3. Results

3.1. Linear polarization structure in the nucleus

The resulting linearly polarized flux density maps at 24 and
43 GHz of the core region of the M87 jet are shown in Fig. 1.

Table 1. Details of VLBA observations and beam sizes for the images
shown in Fig. 1.

Project Date ν Beam
code [GHz] [mas × mas, ◦]

BW088A 2007–01–27 43.15 0.41 × 0.20, −10.7
BW088G 2007–05–10 43.15 0.46 × 0.21, −16.6
BG251A 2017–05–05 43.15 0.41 × 0.24, 0.2
BG250A (a) 2018–04–28 43.15 0.39 × 0.21, −1.8
BG250AK (b) 2018–04–28 23.75 0.76 × 0.42, −9.8
BG250B1 (c) 2018–05–25 43.15 0.38 × 0.17, −9.6

Notes. The following antennas are missed in observations: (a)Hancock
and Pie Town; (b)Pie Town; (c)Owens Valley.

For the analysis, all 43 GHz images were restored with the
same beam size of the BG250B1 dataset (see Table 1) and
aligned at the position of the peak in total intensity. The resul-
tant polarization structure is localized within ∼0.7 (43 GHz) – 1
(24 GHz) mas around the core region, and is consistent through
all epochs of observations. It is characterized by two differ-
ent polarized features, located upstream and downstream of the
peak in total intensity, and by a minimum of the linear polariza-
tion P in between. The average degree of polarization is about
2–3% (see Fig. E.1). The electric vector position angle (EVPA)
in the downstream component is oriented along the approaching
jet direction, and then gradually rotates around the peak in total
intensity, with the orientation of the electric vectors changing
by about 90◦. The maximum value of the linear polarization is
observed at a level of 7.4 ± 0.8 mJy beam−1.

For better visualization of the polarization structure, in Fig. 2
we show the observed EVPAs (i.e., uncorrected for Faraday
rotation) and linearly polarized flux density as a function of
the position angle (PA) of the pixels with respect to the cen-
troid of the core. The centroid is illustrated in Fig. 1, and the
EVPAs and P are measured counterclockwise starting from the
north. Smooth rotation of the linear polarization vectors, reach-
ing almost 180◦ (when assuming continuous rotation) can be
seen. This global rotating trend is consistent throughout all
observational epochs, and was apparently present for a time
period of more than 11 yr. This suggests the presence of a persis-
tent magnetic field structure in this region. The peak of linearly
polarized intensity is localized at the approaching side of the
jet, at approximately 0.1 mas from the core for all epochs. Most
likely, this emission region can be associated with the only polar-
ized feature detected on the 86 GHz VLBI polarimetric image
(Hada et al. 2016) at the same distance from the radio core
(Ppeak ∼ 5.0 mJy beam−1).

3.2. Faraday rotation

Magnetized plasma located along the line of sight to the observer
causes Faraday rotation (Burn 1966), produced by a different
propagation velocity of the left and right circularly polarized
waves. This results in a rotation of the intrinsic polarized plane
(φint) by an angle equal to the square of the wavelength (λ) mul-
tiplied by the rotation measure (RM), which can be estimated
from the observed dependence of the EVPA (φ) on λ, such that

φ = φint + RMλ2. (1)

To obtain the RM image, we first convolved the Stokes I,
Q, and U images taken at 24 and 43 GHz with the 24 GHz
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Fig. 1. VLBA 24 GHz (f) and 43 GHz (a–e) polarimetric images of M87 in 2007–2018. The color map and black contours indicate the observed
polarized intensity, vectors show the observed orientation of EVPA (uncorrected for Faraday RM), and gray contours denote the total intensity
distribution. The synthesized beam is 0.76 × 0.42 mas at −10◦ at 24 GHz and 0.38× 0.17 mas at −10◦ at 43 GHz, and is illustrated by the shaded
ellipse. Stokes I contours increase by factors of 2, starting from 3.5σrms, whereσrms is 134 (a), 133 (b), 94 (c), 89 (d), 74 (e), and 128 (f) µJy beam−1.
P contours start at 1.37 (a), 1.16 (b), 1.45 (c), 0.75 (d), 0.96 (e), and 1.17 (f) mJy beam−1, and increase by factors of

√
2. The blue ellipse specifies

the region for which distributions (Figs. 2 and 3) have been computed, and the arrow indicates the start point and direction used for this analysis.

2018-04-28 beam size, and then aligned them at the position of
optically thin emission regions (see Appendix B for details). The
nπ-ambiguity in the polarization vector was first solved under the
assumption of the smallest Faraday rotation, which relies only
on the analysis of data at two frequencies. The resultant average
RM value amounts to ∼2 × 103 rad m−2 (RM image is given in
Appendix C).

Subsequently, we associated the linearly polarized feature of
Hada et al. (2016), which is located at ∼0.1 mas downstream
from the 86 GHz core, with the same region in our dataset. This
is reasonable, as the polarized emission peaks at this region in
all our observations, and it shows only moderate variability over
a long period of time (further details and justification of this
approach are discussed in Appendix D). We find a −180◦ rotation
of the polarization angle at 24 GHz (see Fig. 3 and Appendix C),
and overall better linear alignment of EVPA versus λ2 in the
24–230 GHz range, consistent with the scenario of external Fara-
day rotation (Burn 1966; Sokoloff et al. 1998).

Using this approach, we estimate the rotation measure RM ∼
−(2.3 ± 0.2) × 104 rad m−2 at a position 0.1 mas from the
core. This still represents the lower limit, due to nπ-ambiguity
and differences in time between 24, 43 and 86 GHz observa-
tions. Moreover, due to the complex structure, the accretion
flow from the BH can simultaneously be the source of syn-
chrotron radiation and the Faraday screen (e.g., Mościbrodzka
2017), implying strong depolarization and internal Faraday rota-
tion, which will lead to nonlinear dependence of φ(λ2). How-
ever, this is difficult to address in our dataset due to sparse λ2

coverage.

4. Discussion

4.1. Jet sheath as a source of Faraday rotation

A magnetized screen (or sheath), found in close proximity and
surrounding the jet, has been suggested as a plausible source
of Faraday rotation in AGN jets (e.g., Zavala & Taylor 2004;
Kravchenko et al. 2017). GRMHD simulations show that an
accreting BH system can naturally form a spine-sheath structure
with a fast sheath that surrounds a slow spine as a consequence
of mass accretion and BH physics (e.g., McKinney 2006; Penna
et al. 2013; Nakamura et al. 2018). In this scenario, differen-
tial rotation of the inner parts of the accretion disk or BH ergo-
sphere will produce helical magnetic fields (Meier et al. 2001).
Due to systematic changes in the line-of-sight component of
helical magnetic fields, their signatures can be detected through
transverse RM gradients, which are indeed observed in AGN
jets (e.g., Asada et al. 2002). A number of observational effects,
including apparent limb brightening (Kovalev et al. 2007) and
kinematic profiles (Mertens et al. 2016), favor a two-component
model for the M87 jet.

In this case, the sheath will follow the same parabolic geom-
etry as that observed for the jet, i.e., z ∝ r1.73, where r is the
radius of the jet emission and z is the axial distance from the
core (Asada & Nakamura 2012; Hada et al. 2013). Consider-
ing the decreasing gradient in electron density of the screen
ρ(r) ∝ r−2 ∝ z−1,16 and the absence of a velocity gradient
across the jet, RM ∝

∫
ρ(r)Bdl. For a toroidal magnetic field

(B ∝ r−1 ∝ z−0.58) this implies RM ∝ z−1.2. If we assume dom-
inance of the poloidal magnetic fields (B ∝ r−2 ∝ z−1.16), which
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Fig. 2. Observed EVPA (top) and linearly polarized flux density
(bottom) at 43 GHz along the ellipse indicated in Fig. 1. Hatched areas
denote 1σrms error.

are expected in the MAD-type accretion flow (Tchekhovskoy
et al. 2011), we find RM ∝ z−1.7. Extrapolating the RM value
measured at 10 mas downstream from the core (Park et al. 2019a)
to a position of 0.1 mas, we obtain |RM| ∼ 3 × 107 rad m−2 and
|RM| ∼ 2 × 106 rad m−2, for the poloidally and toroidally dom-
inated magnetic fields, respectively. No sign reversals or trans-
verse RM gradients have been observed in the M87 jet so far
(Zavala & Taylor 2002; Park et al. 2019a), making invoking the
jet sheath as the source of Faraday rotation problematic.

4.2. Hot accretion flow

In an alternative scenario, the Faraday rotation could be
attributed to the hot accretion flow (Shapiro et al. 1976), which
has been invoked to explain the low accretion state in M87.
The classical theory of an advection-dominated accretion flow
(ADAF, Ichimaru 1977; Narayan & Yi 1994) predicts a density
profile of ρ(r) ∝ r−p, where p = 1.5. Numerical simulations
suggest an even shallower density profile for the hot accretion
flow, with p = 0.5−1 (Yuan et al. 2012b,a). This is in good
agreement with what was determined from the observations of
low-luminosity AGNs within the Bondi radius, e.g., M87 itself
(ρ ∝ r−1, Russell et al. 2015), Sgr A* (ρ ∝ r−1, Wang et al.
2013; Eatough et al. 2013), and NGC 3115 (ρ ∝ r−1.03, Yuan
et al. 2012a). These results suggest that only a small fraction of
the falling material reaches the SMBH, while the rest is carried
away by substantial winds, as predicted by the ADIOS model
(0.5 < p < 1.5).

Analyzing VLBA polarimetric observations of M87 at
2–8 GHz, Park et al. (2019a) found that the RM decrease with
distance from the nucleus, within 5 × 103−2 × 105 RS, is in
good agreement with the gas density profile ρ ∝ r−1±0.11 when
assuming spherical geometry for the flow. This therefore implies
|RM| ∼ 106 rad m−2 within the central 0.1 mas in the jet. Mean-
while, the accretion flow may become significant only beyond

Fig. 3. EVPA vs. λ2 and RM fit at the position of 0.1 mas downstream
from the M87 radio core. The observed EVPA at 24 GHz is shown by
the empty red circle, while the value rotated by −180◦, for a better RM
fit, is shown by the filled black circle at the same value of λ2.

some distance from the BH (e.g., ∼30rg for non-rotating BH;
Narayan et al. 2012; Yuan & Narayan 2014), leading to a depar-
ture from the ρ ∝ r−1 dependence. This would explain our low
observed RM value.

4.3. Magnetic field

The EVPA orientation intrinsic to the source is difficult to
determine, because of the relatively uncertain Faraday rotation
measure. The value of −2.3×104 rad m−2 found above will cause
the rotation of the polarization plane by ∼55◦ at 43 GHz. Given
that (a) there is no 90◦ flip in EVPA (which would be expected
due to an opacity change; see Appendix E for details), (b) the
orientation of the observed polarization and associated magnetic
field are perpendicular, and (c) the magnetized plasma is nonrel-
ativistic (Park et al. 2019b), the EVPAs in Fig. 1 should there-
fore be rotated by ∼35◦ counterclockwise to highlight the mag-
netic field configuration. At the same time, the EVPAs that are
wrapped around the core suggest a toroidal jet magnetic field
geometry.

The image of the BH shadow in M87 obtained
from the EHT observations at 230 GHz (Event Horizon
Telescope Collaboration 2019b) is consistent with the
models of jet launching driven through the BZ process (Event
Horizon Telescope Collaboration 2019c). This therefore requires
a magnetic field of at least 103 G threading the BH interiors
(Blandford et al. 2019) in order to power the jet of higher
1043 erg s−1 or above (Stawarz et al. 2006; Owen et al. 2000;
de Gasperin et al. 2012. In a flux-conserving situation, poloidal
and toroidal magnetic field components in the wind will decrease
from near the rotation axis as Bp ∝ r−2 and Bt ∝ r−1, respec-
tively. Meanwhile, they should be of roughly equal strength
on the Alfven surface at the edge of the jet funnel (i.e., 10 rg),
therefore implying Bp ∼ Bt ≈ 103 G (1rg/10rg)2 ∼ 10 G.
Given the deprojected distance of the 43 GHz core from the
black hole of ∼35 rg (Hada et al. 2011), when assuming a jet
viewing angle of 18◦ (Mertens et al. 2016), a confining wind at
this distance should therefore have a toroidal field strength of
Bt ∼ 10 G (10rg/35rg) ∼ 3 G. This is about the same order as the
magnetic field at the same distance in an ADAF disk around a
∼6 × 109 M� black hole accreting at 10−3 of the Eddington rate
(Meier 2012). Therefore, our VLBA observations are consistent
with the model of a confining MHD wind, and in agreement with
the highly magnetically dominated state of the radio core, as
observed at 43 GHz (1 G ≤ B43 GHz,core ≤ 15 G, Kino et al. 2014),
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86 GHz (B86 GHz, core ∼ 8 G, Hada et al. 2016), and 230 GHz
(50 G ≤ B230 GHz, core ≤ 124 G, Kino et al. 2015).

The thermal component of a confining disc wind determined
by the accretion timescale of the ADAF and contributing to the
RM can explain the observed persistent polarization profile well.
Meanwhile, emission produced close to the BH or in the inner
jet could give rise to more rapid flaring emission, which has been
detected at the jet base of M87 several times before (e.g., Acciari
et al. 2009; Abramowski et al. 2012; Hada et al. 2014). This
can explain the observed second-order, month-scale variability
of polarized flux density seen in Fig. 2.

5. Conclusions

We present new polarimetric VLBI images of the M87 jet with
spatially resolved, linearly polarized substructure in the core
region. The trend in rotation of electric vectors around the core
centroid remains remarkably persistent throughout the time inter-
val of 11 yr. At the same time, the linearly polarized intensity
undergoes smaller month-scale variations. Given that the polar-
ized structure in the vicinity of the M87 nucleus remains moder-
ately stable on a year-scale interval, the observed Faraday rotation
in the 24–86 GHz range can be attributed to a magnetized screen,
which is external to the emitting jet regions. The observed polar-
ization structure and Faraday rotation suggest that we are probing
the magnetic structure in the adiabatic MHD wind. Future EHT
polarimetric observations, as well as actively ongoing detailed
theoretical modeling, will soon shed light on the magnetic field
properties in the vicinity of the M87 super massive black hole.
This will allow us to perform a detailed comparison of synthetic
43 and 230 GHz images and to further test the jet models.
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Appendix A: Calibration of instrumental polarization

Table A.1. Parallactic angle coverage for OJ287, M87, and 3C279 for 24 and 43 GHz VLBA experiments.

Project Source BR FD HN KP LA MK NL OV PT SC

24 GHz
BG250AK OJ287 81 123 31 124 108 170 69 112 – 17

3C279 64 93 38 93 84 82 66 84 – 50
M87 86 124 50 121 113 147 99 110 – 154

43 GHz
BG251A OJ287 83 123 32 125 108 13 70 112 110 3

3C279 65 94 38 94 85 93 46 85 88 50
M87 86 124 91 121 113 147 99 110 116 131

BG250A OJ287 83 123 – 125 108 170 70 112 – 18
3C279 64 93 – 93 84 81 66 84 – 50
M87 86 124 – 121 113 147 99 109 – 154

BG250B1 OJ287 83 123 32 – 95 178 70 – 115 17
3C279 64 93 38 – 85 91 46 – 88 51
M87 86 124 91 – 113 147 99 – 116 154

Polarization leakage of the antennas (D-terms) was determined
using the AIPS task LPCAL and a total intensity model of
3C279 (B1253−055), as using the Stokes I model of OJ287
(B0851+202) gives less accurate estimates. We attribute this
to a number of factors. The most crucial one is related to the
poor parallactic angle coverage for OJ287, which at some sta-
tions reaches 3◦ (see Table A.1). Another factor is high frac-
tional polarization, which at low signal-to-noise ratios results
in higher spurious polarization compared to a calibration with
low fractional polarization (e.g., Hales 2017). In 2017, the frac-
tional polarization of 3C279 (∼11%) was higher than that of
OJ287 (∼7%). At the same time, 3C279 was brighter during
this period, providing a higher signal-to-noise ratio compared to
OJ287. After 2017, the fractional polarization of OJ287 started
to increase (∼11%), which is the opposite of the behavior of
3C279 (∼5%). As a result, 3C279 provides better D-term esti-
mates. Finally, the polarized substructure is slightly more com-
plex in 3C279 due to diffuse extended emission. However, as
seen in Fig. A.2, EVPA is nearly constant across the sources
during the dates of observations in both sources, making them
comparable in this regard. As a result, applying the D-term solu-
tions from 3C279, we obtained broader dynamic ranges in the
polarization compared to those from OJ287.

The individual IFs were kept separate throughout the pro-
cessing since the polarization leakage terms at each antenna
differ among them. The IFs were averaged together after calibra-
tion to make the final Stokes images. We suggest that the higher
sensitivity of polarimetric images obtained for the 2007 epochs
(BW088A and BW088G) is due to frequency-dependence of the
instrumental polarization within individual IFs. This problem
became more serious with the IF bandwidth increase provided
by the significant upgrade of VLBA hardware.

We determined the reliability of the final D-terms by com-
paring solutions obtained using OJ287, M87, and 3C279. An
example of D-terms for the BG251A experiment is shown in
Fig. A.1, while estimates for all epochs are given in Table A.2.
The resultant parallactic angle coverage for OJ287, M87, and
3C279 is given in Table A.1. D-term uncertainties, ∆σD, are esti-
mated from the scatter between solutions determined from these
three sources for each antenna and each feed (LCP and RCP),
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Fig. A.1. D-term measurements obtained for OJ287, M87, and 3C279
in 7 mm VLBA observations on 2017 May 5 for RCP (top) and LCP
(bottom) feeds at BR, FD, and KP.

and resulted in an average value of 2% at 24 GHz and 1.5% at
43 GHz.

We calculated errors in linear polarization using the equa-
tions

σP =

√
Q2σ2

Q + U2σ2
U

Q2 + U2 ≈
σQ + σU

2
, (A.1)
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Fig. A.2. Stokes I images at 24 and 43 GHz of OJ287 (top row) and 3C279 (bottom row), using D-terms determined from 3C279.

Table A.2. Summary of the antenna D-terms (in %) at 24 and 43 GHz.

Project Feed BR FD HN KP LA MK NL OV PT SC

24 GHz
BG250AK RCP 3.8± 1.2 3.1± 1.6 9.6± 6.1 5.1± 1.7 2.3± 1.5 1.0± 3.1 6.8± 2.4 4.2± 1.5 – 5.0± 4.3

LCP 2.7± 1.9 4.4± 1.9 5.3± 4.3 2.7± 1.6 2.0± 1.8 2.1± 1.3 5.5± 2.1 2.6± 1.7 – 5.4± 6.3
43 GHz

BG251A RCP 2.4± 0.5 2.5± 0.6 3.8± 2.7 2.5± 0.6 5.7± 0.4 2.3± 1.8 0.8± 1.3 0.3± 0.5 0.8± 0.7 2.3± 0.7
LCP 0.6± 0.7 4.6± 0.8 2.0± 1.0 2.3± 0.9 4.1± 0.9 1.2± 0.4 1.1± 0.6 1.3± 0.7 1.2± 0.9 3.1± 2.4

BG250A RCP 1.5± 1.1 3.5± 1.8 – 0.5± 1.6 3.6± 1.6 1.9± 3.5 2.3± 1.7 1.5± 1.3 – 3.6± 7.0
LCP 2.6± 1.7 5.2± 1.5 – 0.5± 1.7 2.8± 1.8 1.0± 2.1 1.4± 2.1 2.9± 1.5 – 7.4± 10

BG250B1 RCP 2.2± 0.5 2.7± 1.3 2.5± 1.6 – 5.0± 0.6 1.7± 2.1 1.9± 1.8 – 2.0± 0.7 3.3± 2.9
LCP 1.5± 1.2 4.6± 1.1 1.7± 1.7 – 3.6± 1.3 0.6± 2.1 0.8± 1.2 – 2.7± 1.0 5.9± 4.1

Notes. Station abbreviations: BR = Brewester, FD = Ford Davies, HN = Hancock, KP = Kitt Peak, LA = Los Alamos, MK = Mauna Kea,
NL = North Liberty, OV = Owens Valley, PT = Pie Town, and SC = St. Croix.

σEVPA =

√
Q2σ2

Q + U2σ2
U

2(Q2 + U2)
=
σP

2P
, (A.2)

where σQ and σU are the RMS values in the Stokes Q and U
images, and σP and σEVPA are the uncertainties on the polarized
intensity and electric vector position angle. The feed calibration
error is estimated following Roberts et al. (1994) and Hovatta
et al. (2012) as

σD =
∆σD

(NantNIFNscan)1/2

√
I2 + (0.3Ipeak)2, (A.3)

where Nant is the number of antennas, NIF is the number of
IFs, Nscan is the number of scans with independent parallac-
tic angles, and Ipeak is the peak total intensity. For our dataset
the number of antennas varies from seven to ten depend-
ing on the epoch (see Table 1), the number of IFs is eight,

and the number of independent scans is six for 3C279 and seven
for OJ287. Errors on the polarized flux density and EVPA are
therefore calculated using Eqs. (A.1) and (A.2) by adding in
quadrature to σQ and σU D-term errors defined by Eq. (A.3).

The absolute orientation of the EVPA was determined using
the EVPAs of OJ287 and 3C279 listed in the MOJAVE VLBA
program2 at 2 cm and the VLBA-BU-BLAZAR program at
7 mm (Jorstad et al. 2017). Polarization observations at 15 and
43 GHz were interpolated to produce position angles at 24 GHz.
The uncertainty of the EVPA values provided by the monitoring
program at 15 GHz is 3◦ (Hovatta et al. 2012), and at 43 GHz
is of 7◦ (Jorstad et al. 2005). We therefore estimate our abso-
lute EVPA values to be accurate within 7◦ at 43 GHz and 8◦ at
24 GHz.

2 http://www.physics.purdue.edu/astro/MOJAVE/index.
html
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Appendix B: Image alignment and spectral index

Fig. B.1. Spectral index (color), defined as I ∼ να, between the 24 GHz
and 43 GHz total intensity images on 2018 April 28. Contours show the
total intensity image from the 43 GHz observations convolved with the
24 GHz beam size.

Since the source has a complex structure, alignment of the
images at two frequencies was made using the two-dimensional
cross-correlation algorithm (Walker et al. 2000), which consid-
ers the whole optically thin emission region on the total intensity
image. The spectral index, α, is computed such that I(ν) ∼ να,
where I is the total flux density at observing frequency ν. The
resultant image is shown in Fig. B.1, and a value for the core
region amounts to α = 0.0 ± 0.1. Considering the previous
millimeter wavelength VLBI studies (Broderick & Loeb 2009;
Akiyama et al. 2015; Hada et al. 2016; Kim et al. 2018), this
implies that the synchrotron emission in the nuclear region of
M87 is partially self-absorbed at 22 and 43 GHz. This is consis-
tent with a nonzero shift of the M87 jet core with frequency in
the 5–43 GHz range (Hada et al. 2011).

Appendix C: Faraday rotation

Fig. C.1. Rotation measure map using the 24 GHz and 43 GHz images.
Color shows the RM in rad m−2, and the restoring beam corresponds to
that at 24 GHz. 43 GHz Stokes I contours start from 0.38 mJy beam−1

and increase by factors of 2, peaking at 712.88 mJy beam−1.

Figure C.1 shows the RM image which was computed under the
assumption of the smallest Faraday rotation, and relies only on
the analysis of data at 24 and 43 GHz.

Appendix D: nπ-ambiguity

Before determination of the slope of EVPA versus λ2, the nπ-
ambiguity in the angle needs to be solved. To do this we asso-
ciate the linearly polarized feature of Hada et al. (2016), located
at ∼0.1 mas downstream from the core, with the same region in
our dataset. This is a reasonable assumption because (a) polar-
ized emission peaks at this region in our data through all epochs
of observations at 24 and 43 GHz, (b) the observed EVPA in
this region shows only moderate variability over a long period
(∆φ ∼ 20◦ during 11 yr), and (c) displacement of the 43 GHz and
86 GHz radio cores is insignificant (Hada et al. 2011). The best
linear fit to the φ − λ2 dependence is therefore obtained when
the 24 GHz polarization angle is rotated by −180◦, as shown
in Fig. 3. This corresponds to a reduced χ2 = 3.44 before and
χ2 = 0.55 after the rotation is applied.

As an independent check of this −180◦ correction, we con-
sider polarization measurements of M87 performed with the
SMA at 230 GHz on 2013 January 23 (Kuo et al. 2014). They
suggested that the observed polarized intensity originates in the
innermost M87 jet, which is measured at a level of ∼1% and
oriented at ∼ 30◦. Using four individual intermediate frequen-
cies in a bandwidth of 14 GHz, Kuo et al. (2014) determined
RM = −(2.1 ± 1.8) × 105 rad m−2. If we correct their mea-
surements by +180◦, and calculate RM between 86 GHz and
230 GHz, we obtain RM = −(1.7±0.3)×105 rad m−2, which is in
good agreement with the results of Kuo et al. (2014). Moreover,
our solution for the nπ-ambiguity in the angles provides over-
all better alignment of EVPA in the entire 24–230 GHz range of
frequencies, as seen in Fig. 3.

Appendix E: EVPA 90◦ – flip due to opacity

It is commonly assumed that the radio core represents the surface
of an optical depth τ ∼ 1 (Lobanov 1998), when synchrotron
self-absorbed emission becomes visible. Change in the emission
regime from optically thin to optically thick is expected to be
accompanied by a 90◦ flip of the electric vector, when the opti-
cal depth is large enough (τ ∼ 6−7, Pacholczyk 1970; Wardle
2018). Due to the weak dependence of τ on the spectral index, it
is unclear what the real value of τ is in this region of the M87 jet
at 24–43 GHz. Moreover, it is unlikely that optically thick emis-
sion from regions with such high opacities is ever observable in
AGN jets, due to strong suppression of the emission. According
to Pacholczyk (1970), the degree of polarization should signifi-
cantly decrease (by a factor of ∼7) in the opaque regions, which
is not observed (Fig. E.1). For these reasons, we omit the 90◦
correction.
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Fig. E.1. Degree of linear polarization (color) at 24 GHz (top) and
43 GHz (bottom) on 2018 April 28. Contours are the same as in Fig. 1.
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