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Precessing jet nozzle connecting to a spinning black hole in M87
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The nearby radio galaxy M87 offers a unique opportunity to explore the connections between the central su-
permassive black hole and relativistic jets. Previous studies of the inner region of M87 revealed a wide opening

angle for the jet originating near the black hole %, The Event Horizon Telescope resolved the central radio



source and found an asymmetric ring structure consistent with expectations from General Relativity >, With
a baseline of 17 years of observations, there was a shift in the jet’s transverse position, possibly arising from
an eight to ten-year quasi-periodicity . However, the origin of this sideways shift remains unclear. Here we
report an analysis of radio observations over 22 years that suggests a period of about 11 years in the position
angle variation of the jet. We infer that we are seeing a spinning black hole that induces the Lense-Thirring
precession of a misaligned accretion disk. Similar jet precession may commonly occur in other active galactic

nuclei but has been challenging to detect owing to the small magnitude and long period of the variation.

Main

To accurately trace the long-term morphological evolution of the M87 jet near the supermassive black hole (SMBH),
we analyzed 170 Very Long Baseline Interferometry (VLBI) images of the M87 jet obtained with the East Asian VLBI
Network (EAVN©) and the Very Long Baseline Array (VLBA2) at Q and K bands (referring to 43 GHz and 22/24 GHz,
respectively) between 2000 and 2022 (Extended Data Fig.and Extended Data Fig. . Part of the EAVN observations
at K band was further connected to the telescopes in Italy and Russia (EATING ). The detailed information of the
data and the joined antenna are listed in Extended Data Tableand Extended Data Table Fig. presents a sequence
of bi-yearly stacked EAVN/VLBA Q-band images obtained from 2013 to 2020. Besides the well-known persistent
limb-brightened jet morphology '8, one can see that the overall position angle (PA) of the jet direction near the core

noticeably changes over the years.

Fig.(a) displays the time evolution of the jet central PA averaged over distances of 0.7-3.0 milli-arcseconds
(mas) measured for 164 individual epochs after excluding 6 epochs with poor quality (Methods). Although the er-
ror bars of individual data points are relatively large, the ensemble of 164 measurements clearly reveals a systematic
year-scale oscillation of the jet PA with a peak-to-peak amplitude of ~ 10° centered at PA~ 288°. Note that the
parsec-scale jet of M87 is known to exhibit short-term (weekly and monthly) structural variations for various reasons,
such as (1) episodic ejections of new jet components 2, (2) bulk flow acceleration along the jet'?, and (3) hydrody-

namical instabilities that make the jet fluctuated transversely 1. Additionally, in combination with inhomogeneous



image dynamic ranges among different epochs, these temporal effects cause large scatters in the measured PA among
individual epochs within the same year. Hence, to smooth out short-term (<1-year scale) temporal fluctuations and
then highlight the long-term global systematic evolution of the jet base, we produced a sequence of yearly-binned
images by averaging multiple images over every single year. As shown in Fig. (b), the yearly-binned evolution of
the jet PA obtained from the stacked images displays clear quasi-sinusoidal variations as a function of observing year

t.

To characterize the periodic oscillation of the jet nozzle on the sky plane, here we introduce a simple model
of the precessing solid-body cone in the three-dimensional space (Fig.(c)). The observed jet PA is identified as
the angle of the jet axis projected on the sky, 1, which is related to the intrinsic properties of the jet precession by
applying a sequence of rotation matrices from the jet to the observer frame 2 (Methods). We note that the angular
velocity of precession is expected to be non-relativistic and the jet portion considered in the present analysis (0.7—
3.0mas corresponding to the de-projected distances around 600-2,500 7, for a viewing angle § = 17.2° 3 where
re = GMpy / c? is the gravitational radius, Mpy is the BH mass, GG is the gravitational constant, and c is the speed of
light) is in the weak gravity region. Therefore, the effect of relativistic time dilation is considered to be negligible in
our present modeling. We perform a likelihood analysis using the Markov Chain Monte Carlo (MCMC) algorithm to
a time series of the jet PA obtained from the yearly-binned jet images between 2006 to 2022. The best fitting result of

71 is shown in Fig. (b) with a red thick line. The results of each parameter are listed in Table

The long-term PA data are well matched by the jet precession model with a best-fit reduced Chi-squared value
%2 of 1.2. Note that two cycles are still not definitive to conclude a periodicity considering the possible effect of
red noise. Nevertheless, the good agreement between the observations and the jet precession model and the putative
periodicity of the jet PA variation casts doubts on alternative scenarios like temporal oscillations by instabilities 2113114
(see more in Methods). In our fiducial analysis, we include some prior of the viewing angle ¢ to break the degeneracy

between the half opening angle vjc¢ of the jet precession cone and the angle 6 between the precession axis and the

line of sight (LOS), resulting in tje; = (1.25 £ 0.18)°. The deduced |wp| = (0.56 %+ 0.02) rad/year corresponds to a



precession period of Tg‘;gc = (11.24 £ 0.47) years, which is comparable to the 8 — 10 year quasi-periodicity reported
in Ref.'3! The periodicity of the PA variation is robust regardless of whether we include the prior of ¢, whether we
only use a subset of data (that at Q band), and whether we include the earlier data (from 2000 to 2004) with poor
quality (Methods, Extended Data Fig. Extended Data Table Extended Data Table Extended Data Table. As
the jet precesses, the mean value of the jet viewing angle ¢ oscillates between 16° and 18.5° with an uncertainty of

~ 2° each year. The inferred evolution of ¢ is shown in Extended Data Fig. and its values for some selected years

are listed in Extended Data Table[6]

The observed periodic PA variation in the M87 jet is likely triggered by certain physical and steady processes,
and Lense-Thirring (LT) precession of a tilted accretion disk with respect to the SMBH spin'? is a promising origin.
In fact, since the matter accreting onto the SMBH is insensitive to the BH spin direction, a certain misalignment
between the angular momentum vector of the accretion disk and that of the SMBH spin is expected to commonly exist
in active galactic nuclei (AGNs) with the level of misalignment depending on how exactly the SMBH became part of
the system 1817, This configuration can generate LT precession of the accretion disk caused by the frame-dragging
force of a spinning BH!2, which is expected to propagate to the jet through the tight coupling between the jet and the

accretion disk 7118,

Extensive general relativistic magnetohydrodynamics (GRMHD) simulations exploring misaligned systems

1618421

have demonstrated that the majority of the accretion disk coherently experiences LT precession and the jet

indeed precesses in phase with the disk/\'8] Adopting the SMBH mass of M87, the pioneering work by Refs. 102
reproduced a precession period at the same order of magnitude as that deduced in this work. Here we further develop
and conduct our GRMHD simulations with settings closely resembling the M87 system and successfully recover
the disk/jet precession in a tilted disk-BH system over almost two cycles by using UWABAMI code 2223 (Fig. [3| and
Methods). A steady precession with a period consistent with the observations is revealed after the simulation converges
at around ¢t = 16 years, as indicated in the panel (b) in Fig.E] While we assume a spin parameter a, = 0.9375, the

exact relation between the precession period and the BH spin is sensitive to the morphology of the disk/1%{24]



The presence of LT precession indicates that the M87 central SMBH is spinning, which is essential to produce
an energetic jet via the Blandford-Znajek mechanism'2>. However, the magnitude of spin is sensitive to the size of the
disk according t0 Tprec = w1y, /(G?a.Mgy;) in the weak-field limit 1826127, On the other hand, the effective radius
is rip ~ 157, for a maximally spinning SMBH, which suggests a compact disk region that undergoes coherent LT
precession and motivates us to adopt a small disk in simulations. The small value of v;c; implies a small misalignment
between the M87 jet at mas scales and the SMBH spin. Due to the tight relation between the jet and accretion disk17:18]
it further suggests a slight tilt of the accretion disk with respect to the SMBH spin. Such a configuration may naturally
arise if the M87 central SMBH grew mainly through accretion 2822l However, the disk could have a finite tilt angle
as the disk orientation can vary with radius !8°, In that case, since the bright side of the ring-like structure detected

by Event Horizon Telescope (EHT) is connected to the relativistic jet base, the PA change of it 3"

may synchronize
with the PA change seen in the mas-scale jet. The recent Global Millimeter VLBI Array observations at 86 GHz,
which successfully detected both the ring-like structure and jet, well fill the spatial gaps between mas and micro-

arcsecond scales'?. Further accumulating multi-year, multi-wavelength VLBI images is crucial to seamlessly connect

the dynamic evolution of the structure from the emission surrounding the BH to the launching jet'2Y.

Parameters Definition Value® Unit

to Reference time 2014.82 £0.15 year

Mp PA of the precession axis 288.47 £ 0.27 deg

|wp | Angular velocity of precession 0.56 £ 0.02 rad/year
Viet, Half opening angle of the precession cone 1.25£0.18 deg

0 Angle between the precession axis and LOS 1721 +£1.74 deg

Table 1: Summary of the parameters in the precession model. The configuration of these free parameters refers
to Fig.(c). @: The values correspond to the means of the MCMC samples with standard deviations. The period of
precession, Ti¢t . = 27/ wp = (11.24 £ 0.47) years. The sense of precession (the sign of w},) can not be determined

prec

by the observed PA of the jet axis 7 in this work.
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Figure 1: Structural evolution of M87 jet from 2013 to 2020. a-d, The images are produced by stacking individual
EAVN/VLBA Q-band images over every two years. The nearby years are indicated at the top-left corner: 2013-2014
(a); 2015-2016 (b); 2017-2018 (c); 2019-2020 (d). The grey-colored circle at the bottom-right corner of each panel
indicates a common circular Gaussian beam with FHWM of 0.3 mas. All images are rotated by —18°. The white arrow
in each panel indicates the jet PA averaged over a jet portion of 0.7—3.0 mas from the core (indicated by the green dotted
line) in the corresponding stacked images. For M87, BH mass Mpy = 6.5 x 10% M2} 1 mas ~ 2507, ~ 0.08 pc.

Dec., declination; RA, right ascension.
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Figure 2: Time-dependence of the M87 jet PA from 2000 to 2022 and a schematic picture of the precession
model. a, b, Error bars represent the standard deviation derived from the Gaussian fitting. The green (blue) data
points in (a) and (b) indicate the measured PA at K (Q) band. The horizontal dashed line represents the well-known
jet PA in previous studies of M87 3lin (a) and the best fit of 7p in (b). For (a), the measurements were conducted
with 164 individual epochs within the jet distances 0.7-3.0 mas (EAVN and VLBA Q band, EATING and VLBA K
band) and 1.7-3.0 mas (EAVN K band), respectively. For (b), the results were obtained from the yearly binned images
with all 170 epochs. Owing to the stacking procedure according to the observing frequency, the measured region for
EATING and VLBA K band data is within 1.7-3.0 mas core separation (Methods). The red line is derived from the
best-fit precession model parameters (Table m) The thin grey lines represent the statistical errors, which are randomly
chosen from the MCMC samples. (c), (X,Y) is the sky plane. As the jet precesses, the central axis (solid green arrow)
of the parabolic jet (green surface) rotates with respect to the precession axis (solid blue arrow) along the trajectory
indicated by the dotted orange circle. The surface traced out by the jet’s central axis is dubbed the “precession cone”.
The dotted blue (green) arrow represents the projected precession (jet) axis. The PA of the projected jet axis 7 (red
dotted arc), the PA of the projected precession axis 7, (purple dotted arc), the half opening angle of jet precession cone

jet (cyan arc), and the angle between the LOS (Z axis) and the jet (precession) axis ¢ () are labelled accordingly.
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Figure 3: GRMHD simulation. (a), Configuration of the BH spin axis and mas-scale jet axis. 1 is the tilt angle of
the mas-scale jet axis with respect to the BH spin axis (z axis). ¢prec is the projected angle of the mas-scale jet axis
relative to the x axis, which traces the precession of accretion flow. Here, the mas-scale jet axis is almost aligned with
the rotation axis of the accretion flow and slow outflow due to the collimation effect while the jet axis is aligned with
BH spin axis near the event horizon!17/18] (b), Evolution of 11 and ¢prec as a function of time evaluated at » = 20 7.
Five time points, ¢; = 16.23 years (cl), to = 19.27 years (c2), t3 = 22.32years (c3), t4 = 25.36 years (c4) and
t5 = 28.41 years (c5), are indicated with the dashed lines. (c), Snapshots of mass density p of the GRMHD simulation
results corresponding to the five-time points indicated in the subplot (b), where p is measured in the fluid-rest frame.
We set Mpy = 6.5 x 109 My, for the conversion of the time unit in GRMHD simulation r4/c to year. The total
simulated time is 3.7 x 10* Tg / ¢, namely 37.5 years. We take a spin parameter a, = 0.9375. The white contours
depict the surface of magnetization (= B?/pc?) = 1, where B is the magnetic field strength in the fluid-rest frame.

We define the regions ¢ > 1 (that is, the region near the 2 axis inside the contour) as the relativistic jets.
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Methods

In what follows we describe the methods and assumptions employed to derive our results in Main.

Summary of observations and data The data presented in this work are taken from EAVN and VLBA at 22/24/43 GHz
and EATING (a joint array of EAVN and radio telescopes in Italy and Russia) at 22 GHz. The primary data among
them are the ones obtained with EAVN and VLBA at 43 GHz since these data provide finer angular resolution, imaging
sensitivity, and observing cadences to monitor the jet base, while the other data further complement the 43 GHz data
(i.e., higher resolution with EATING; larger field-of-view at 22 GHz). In total, the VLBI data we used for imaging
analysis include 119 epochs from EAVN, 4 epochs from EATING, and 47 epochs from VLBA. Basic information
on the data from each of these VLBI arrays is summarized in Extended Data Table [I] Divided by observing fre-
quency, there are 56 epochs at 22/24 GHz and 114 epochs at 43 GHz. The total observation period covered by these

observations is from 2000 April to 2022 May. All the individual data are summarized in Supplementary Information.

Notes on EAVN and EATING data Since 2013 we have been regularly monitoring the pc-scale jet of M87 with
EAVN, a joint VLBI network in East Asia. In each year the EAVN monitoring observations were performed mainly
from December to June with sampling intervals ranging from a few days to a month. While the EAVN observations
until 2016 were conducted with a joint array of KVN (Korean VLBI Network, Korea) and VERA (VLBI Exploration
of Radio Astrometry, Japan), namely KaVA, from 2017 more stations in East Asia joined the network, enhancing
the overall array performance. The angular resolution of only KaVA is 1.26 mas at 22 GHz and 0.63 mas at 43 GHz.
The default array configurations from 2017 were KaVA+Tianma+Nanshan at 22 GHz and KaVA+Tianma at 43 GHz,
respectively. This achieves a maximum angular resolution of 0.55 mas at 22 GHz and 0.63 mas at 43 GHz. Addition-
ally, part of our EAVN 22 GHz observations were further connected to the telescopes in Italy (Medicina and Sardinia
stations) or Russia (Badary station). We call this global network an “EATING VLBI array” and extend our maximum
baseline lengths from 5,078 km to ~10,000 km, resolving the regions closer to the BH at a resolution down to 0.27 mas
(mainly in the east-west direction). We performed 4 epochs of EATING VLBI sessions between 2017 and 2020 (see

Extended Data Table for details).

11



Each of the EAVN/EATING sessions was made in a 5—7-hour continuous run at a data recording rate of 1 Gbps
(a total bandwidth of 256 MHz). Only left-hand circular polarization was recorded. All the data were correlated at
the Daejeon hardware correlator installed at Korea Astronomy and Space Science Institute (KASI). The correlated
data were calibrated in the standard manner of VLBI data reduction procedures and under the guideline of EAVN data
reductionm The initial calibration of visibility amplitude, phase, and bandpass was performed with the AIP S software

package 2!\ The subsequent imaging32 and self-calibration were performed with the Di fmap software 33!

Notes on VLBA archival data To expand the time coverage of our study, we additionally reanalyzed VLBA archival
data obtained between 2000 and 2020. The VLBA data between 2006 and 2018 were part of a dedicated M87 mon-
itoring program 2/ while the data before 2006 were sparsely sampled with relatively lower imaging quality. There
are 3 sessions observed at 24 GHz and 44 sessions observed at 43 GHz. The recording rate ranges from 128 Mbps
to 2,048 Mbps depending on the sessions. Both left and right circular polarizations were recorded for most of these

sessions. More detailed information for individual epochs can be found in Refs. 313433

| The data reduction process
follows the standard process of VLBA data reduction. After the phase and amplitude calibration in the AIP S software

package, we did self-calibration and final imaging in the Difmap software. The angular resolution of the VLBA

image is around 0.40 mas at 24 GHz and 0.23 mas at 43 GHz, respectively.

Measurement of jet position angle We quantified the jet PA of M87 near the core in the following procedures. First,
to reduce the effects from the shape of beam sizes, all images for the individual epochs are restored with a circular
beam with sizes of 0.3 mas for VLBA-43GHz and EATING-22 GHz, 0.5 mas for EAVN-43GHz and VLBA-24GHz
data, and 1.2 mas for EAVN-22GHz data, respectively. For each image, we then made circular slices (centered on the
core) of the jet every 0.1 mas from 7., (the staring distance of slicing) to 3.0 mas along the jet, and integrated them
over all sliced distances. Here 7.t Was set to at least 1.4 times the beam size of each image (0.7 mas for VLBA-
43GHz/EATING-22GHz/VLBA-24GHz/EAVN-43GHz images, while 1.7 mas for EAVN-22GHz images) so that we
can avoid the influences from the bright core %%, The integration over a certain distance improves the significance and

reduces the weight of the temporal emission caused by hydrodynamical instabilities in individual epochs. Then the

'https://radio.kasi.re.kr/eavn/data_reduction.php
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integrated slice for each epoch was fitted with two or three Gaussian components owing to the well-known double-
ridge or triple-ridge mas-scale jet profile of M873:37. Finally, we defined the middle of the outer two Gaussian peaks
as the central PA of the M87 jet for each epoch. The errors come from two parts: 1) image noise which can be ignored
due to the high enough significance after integration within the innermost region, and 2) Gaussian fitting errors output
from the program. As a result, we adopted the Gaussian fitting errors as the error bars in Fig. 2-(a)(b). Note that the
core shift between 22/24 GHz and 43 GHz is ~0.03 mas according to Ref.'2, which is negligible when we determine
the PA in Fig. 2-(a)(b). Through these procedures, we obtained PA (and its uncertainty) for the innermost region
0.7-3.0 mas in 164 individual epochs as shown in Fig. 2-(a). Note that there are 6 epochs excluded in this individual
epoch analysis due to the poor data quality as marked with * in Supplementary Information, which may lead to some

apparent differences between individual and stacked analysis, like the data point in 2001 shown in Fig. 2-(a)(b).

In addition to the above-mentioned analysis on individual epochs, we also conducted a similar procedure for
yearly stacked images with all 170 images. Before stacking, all the images are restored with a common circular
Gaussian beam according to observing frequencies: 0.5 mas for Q-band and 1.2 mas for K-band data. Namely, the
actual distance is 0.7-3.0 mas covered by Q-band data while 1.7-3.0 mas by K-band data. The stacked images have
relatively higher signal-to-noise ratios compared with the individual epochs and smooth out the short-term variation
which is better to trace the yearly variation seen in the M87 jet. Indeed, the analysis from the stacked images reveals
the year-scale quasi-sinusoidal evolution of jet PA more clearly, although the trend before 2005 is less definitive due
to the lack of multiple images within each year, in which case a single PA measurement may suffer from short-term
temporal fluctuations as mentioned above. It should also be noted that the evolution of the measured PA at Q and
K bands are in good agreement with each other, indicating the achromatic nature of the observed long-term jet base
oscillation. The full sequences of the yearly stacked structure at Q and K bands are shown in Extended Data Fig.and
Extended Data Fig. respectively. Note that in several years, including 2000, 2001, 2002, 2006, 2009, 2011, 2014,
and 2015, there are only one or two epochs in those years. Hence the apparent jet structure is much more knotty than
that in other years, the results of which may suffer more uncertainties from the short-term structural variations and

data quality compared with data in other observing years.
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Precession model In this section, we describe the precession model and the process of obtaining the relation between
observed data and intrinsic physical parameters. A sequence of rotation matrices R;(€) are applied to obtain a vector
represented in the jet frame to that in the observer frame, where 7 denotes z, y or 2, and £ indicates the counterclockwise
rotated angle with respect to the axis i. Observations show that on average the jet PA is ~ 288° with a jet (projected)
viewing angle of about 17° 3! The PA variation alone cannot determine the direction of the jet precession. For
simplicity, we first assume a clockwise precession with respect to the precession axis. A counter-clockwise case

equally fits the data well with a suitable shift of the reference time ¢.

In the jet frame, the unit vector of the jet symmetric axis in a Cartesian coordinate system can be expressed
as .f = [0,0,1]. In the precession frame where the precession axis is along the z axis, assuming a precession angular
velocity of wy, the jet precesses with respect to the z axis with an angle of wy, (t — o) in a time difference of (¢ — o).
The half-opening angle of the jet precession cone is ¥jc¢. Then, the symmetric jet axis represented in the precession

frame is obtained by the following operations to j',

- -

Jp = Ru(—wp(t —t0)) Ry (Yjet) - (D

In the observer frame, the angle between the precession axis and the z axis (the LOS) is 0, corresponding to
a rotation of R, (#). The projection of the precession axis in the z-y plane makes an angle of 7, with the z axis,
corresponding to another rotation of R, (). Therefore, the jet symmetric axis presented in the observer frame can be

obtained by applying R, (#) and R, (1) successively to that represented in the precession frame, namely,

- -

Jo= RZ(np)Ry(e)jp . )

By combing Equation (T) and Equation (2), the jet axis components in the observer frame (jixo (?), Jyo(t), Jzo(t))

can be written as:

Jxo(t) = Acosn, — Bsinn,, 3)
Jyo(t) = Asinn, + Bcosny, 4)
Jazo(t) = —sin(0) cos(—wp (t — to)) sin(y) + cos(f) cos(v) , (5)
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where,

A = cos(0) cos(—wp(t — to)) sin(t)) + sin() cos(v) , (6)
B = sin(—wp(t — t9)) sin(v) , @)

The observed PA 7(t) is the projected jet axis in the observer frame at observing time point ¢, which can be expressed

as:

ol
o) ®

The jet viewing angle at time point ¢ is ¢(¢) which can be given by:

#(t) = arcsin \/ Jxo(t)? + ij(t)z . 9

n(t) = arctan (

There are five free parameters: 1o, 7, Wp, Vjet and 6. The resultant predicted curve of n(t) exhibits a quasi-
sinusoidal variation with time, with the deviation from a sinusoidal curve depending on the relation between 1)je; and
6. Namely, there are four situations: (1) When 6 = 90° and ;¢ < 90°, the 7)(¢) curve is exactly sinusoidal; (2) When
et < 0 < 90° but ;e is not close to 6, the n(t) curve only slightly deviates from a sinusoid with a small skewness;
(3) When ;e is close to but still smaller than 6, a large skewness appears. The direction of the skewness depends
on the sense of wp; (4) When e > 6, the jet rotates around LOS as viewed in the 2D projected plane and 7(t)
continuously increases or decreases depending on the sense of wy,. For the latter two cases the PA observation would
deviate significantly from a sinusoidal curve, one can then determine all the five parameters in the precession model
including the sense of w;, with the PA observation alone. Our case is however that with a very small skewness. Since
only four parameters are needed to specify a sinusoidal curve and the peak-to-peak amplitude of 7)(¢) is determined by
both ;e and 0, there is a degeneracy between )je; and 6 when only the PA observation is involved. The sense of wy,
cannot be determined, either. In order to break the degeneracy between e and 6, we include in the fiducial analysis

additional constraints of the jet viewing angle which we shall discuss in the following section.

Note that, this precession model is based on the solid body assumption, while this assumption eventually loses

its validity at larger scales. Moreover, the mass density of M87 jet is low 283 and the SMBH in M87 is accreting at
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sub-Eddington rates%41] Tn comparison to the sources that have high mass density jets and super-Eddington accretion

(i.e., SS 433'42), the M87 jet at large scales is significantly more susceptible to the impacts of ambient environment43!

A Bayesian analysis We describe here the likelihood function and prior that are used in the Bayesian analysis. Ac-

cording to the Bayes theorem, the posterior reads

L(gN P

P(Alg) = Pla)

(10)

where X = (Lo, 7p, wp, Yiet, §), g stands for observations, £(g|) is the (joint) likelihood, P(X) is the prior, and P(q)
is the evidence which only serves as a constant normalization factor. We adopt uniform priors for g, 7, Wy, ¥jer and

0 as displayed in Extended Data Table

The PA likelihood is assumed to be Gaussian and reads,

) )2
ey = 3 U)o () ZUZ"b(tl)) , (11)

where o; is the uncertainty of the observed PA at ¢;. Due to the poor quality of the VLBA data before 2006, the PAs

are the observations from 2006 to 2022 at both 22/24 and 43 GHz.

In addition to the PA observations, we consider the constraints on the jet viewing angle given in the literature.
Since the jet is precessing, its viewing angle also varies with time. Therefore, when applying those constraints, we
pay attention to the times when the observations are. We note that, in the precession model, the angle between LOS
and precession axis 6 is a different physical parameter from that between LOS and jet central axis ¢. Previous studies
provided the constraints on ¢. Ref.*®/reported a viewing angle of (17.2 + 3.3)° based on the kinematic analysis with

VLBA data observed in 2007, which gives the following Gaussian likelihood (up to a normalization constant)

(¢2007.36 — 17.2)2

2 x 3.32 ' 12

—1In Lyaz007a =

where ¢9007.36 is the jet viewing angle at ¢ = 2007.36. Furthermore, the brightness ratio of the forward-jet to the

counter-jet measured at the distance between 0.4 and 0.8 mas from the core from VLBA data gives (13 < ¢2007.36 <
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27)°13¢] We represent this constraint by a piece-wise likelihood,

0, 13° < ¢a007.36 < 27°,
—1In Lya20078 = (13)
oo, others.

By monitoring the fastest component (6 ¢) with the Hubble Space Telescope (HST) from 1994.59 to 1998.55, Ref. 44

provided an upper limit ¢1996.57 < 19°. We represent this constraint by another piece-wise likelihood,

0,  ¢1996.57 <197,
—InLvaig9s = (14)

oo, others.
We consider three cases to use the above-mentioned constraints on the jet viewing angle: 1) in Case I, we don’t
consider additional constraints on the jet viewing angle and only use PA data to perform the analysis; 2) in Case II, we
use uniform distribution [0, 90]° for # and put constraints on ¢2gg7.36 = (17.2 & 3.3)°; 3) in Case III, in addition to

Case II, we further consider the constraint on 13° < ¢907.36 < 27° and that on ¢1996.57 < 19°. More explicitly,

Casel: In £(g|A) =1nLpa ,
CaseIl: InL(g|A) =InLpa + In Lyaspora ,
Case Il :  InL(g|A) =InLpa + In Lyazeora + In Lyazoors + In Lvaigge -
We use the Python package EMCEE “ to explore the five free parameters with an MCMC sampler. We set the walker

number to 32 and the iteration number to 10,000.

For these three cases, the marginalized distributions of the parameters are presented in Extended Data Fig.
(a). The results of ¢y, 1;,, and w, are insensitive to the constraints on the jet viewing angle. On the other hand, if
only the PA data are used, there is a degeneracy between 1)j; and ¢ as shown in Case I in Extended Data Fig. This
degeneracy is due to a geometrical effect, and for the same PA variation, the required precession half-opening angle
is smaller when the precession axis is more aligned with LOS (smaller ). Such a degeneracy is broken when we
apply some prior constraints on the jet viewing angle, which can be seen when we compared Case I to Case II or to
Case III. It is worth pointing out that the conclusion of a small jet precession half-opening angle is insensitive to the

constraints of ¢ adopted. Indeed, from the amplitude of the PA variation alone, we can already infer that the maximum

max

half opening angle is ;e ~ 5° corresponding the case when 6 = 90°. Applying the constraints on the jet viewing
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angle at some specific years further constrains 6 and reduces the value of 9)je; to ~ 1°. To break the vjc¢-0 degeneracy,

we adopt the results obtained from Case III as the final fitting results shown in the main text.

To check the robustness of our final results, we also performed analyses with four different data sets of PA as
shown in Extended Data Fig. (b). In addition to the data observed from 2006 to 2022 at both Q and K bands applied
in Case [ — Case III, we consider cases IV, V, and VI, whose likelihoods are the same as Case III except for the different
data sets used in In Lpa. More explicitly, we have in Case IV the extended data observed from 2000 to 2022 at both
Q and K bands, in Case V the data observed from 2006 to 2022 but only at Q band, and in Case VI the extended data
observed from 2000 to 2022 but only at only Q band. As shown from the comparison of the parameter constraints
through Case III to Case VI, our results are robust against whether the poor-quantity data before 2006 are added to the
analysis or whether only the data at Q band are being used. The specifications of all cases are listed in Extended Data

Tableand all the MCMC fitting results are shown in Extended Data Table

To access the goodness-of-fit of our precession model, we define the reduced Chi-squared value %2 as

)22 _ ln‘c(q|)‘best)

— _D2AG[Abest) (15)
Ndata - Nparam

where Apegt 1S the best-fit model parameter vector, Ngata is the number of data, and Nparam is the number of model
parameters. As shown in Extended Data Table the ¢? values are close to unity for most cases, indicating that our
precession model well fits the observations. Exceptions are Cases IV and VI, where the data before 2006 are included
and the {2 values are larger. However, the increase of the {2 for these two cases is only caused by one data point at
t = 2000. If that single data point is excluded from the analysis, the ¥ drops back to around unity indicating the
data point at ¢ = 2000 is an outlier. Compared with Ref. 32, the derived structure is consistent with previous work.

However, the exact reason for the more southern PA with respect to the predicted trend is not very clear at this moment.

GRMHD simulation We have carried out three-dimensional ideal GRMHD simulations of tilted accretion flows and
relativistic jets around a spinning BH by using a GR-radiation-MHD code UWABAMI 22, For simplicity, we ignored
the effect of the radiation (i.e., radiative force, cooling, and so on) for the simulation as is the case of the aligned

23

disk simulation “*. We fixed the specific heat index Yheat = 13/9 because of the combination of assumption of
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non-relativistic protons Yheat = 5/3 and relativistic electrons yheat = 4/3. The simulation is carried out up to

3.7 x 10%ry /c.

The metric can be assumed to be fixed since the accretion rate is too low to affect the spacetime geometry.
The GRMHD equations in the modified Kerr-Schild coordinate (7sim, fsim, Psim) are integrated. The magnitude of
the dimensionless BH spin is set to be a, = 0.9375 6] which is close to the value of the maximum spin of a Kerr BH

(|la. = 1.

We set the initial equilibrium torus with the tilt angle, which is the angle between the BH spin vector and the
angular momentum vector of the torus, to be 6y, = i1y = 15°. The direction of the BH spin vector is aligned with
the direction of 6,, = 0°. The inner edge r;, and the pressure (i.e., density) maximum of the initial torus 7,y is
set at 75, = 207 and 33 74, respectively. We note that larger r;, /Tmax, Which is a sensitive parameter governing
the torus size, results in the smaller radius of the outer edge of the initial torus because the weaker pressure gradient
force inside the torus is required for the dynamical equilibrium. Here, 7, /Tmax ~ 0.6 in our simulation is larger than
a previous work i, /Tmax = 0.5 18] Asa consequence, the size of the accretion disk 74isx, which is average in the disk
mid-plane weighted by rest mass density 18} is initially rqiq ~ 47 Tg, 1.€., a compact initial torus appears in our setup.
A single poloidal magnetic flux loop with a vector potential Ay o max(p/pmax —0.2,0) is embedded in the initial
torus. Because (i) the initial torus is relatively compact, (ii) and located at moderately far radius from the BH, (iii) and
the initial magnetic field is not so strong in the outer part of the initial torus, the resultant magnetic flux averaged in
time during the precession phase (1.5-3.7) ><1041"g/c at the event horizon is ¢py = Ppu/ MBHTEC ~ 17, where
mass accretion rate Mgy = fo7T dOgim 0277 ddsimvV/—9p(Tsim = Tg, Osim, Psim )™ (Tsim = Tg, Osim, Psim)» PBH =
(1/2) foﬂ dOgim 027T ddsimv/—9B™™ (Tsim = T'g, Osim, Psim ). The magnetic field is evaluated and defined in the cgs-
Gauss unit. This magnitude of magnetic flux is between the weakly magnetized disk state so-called SANE (Standard
And Normal Evolution, ¢py ~ few—104748) and the strongly magnetized disk state so-called MAD (Magnetically
Arrested Disk, 20 < ¢y < 60 49150) " and therefore, this intermediate state we adopted is sometimes called semi-

MAD 51 52.
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The inner and outer boundaries of the simulation domain are set to be 7, = 1.187; and roy; = 103 rg. The

simulation domain is divided into (V,

Tsim )

Noons Nooi) = (200,144, 96) meshes in 7gim , Osim, and @i, direction,
respectively. As the same as most of the works on GRMHD simulations of accretion flows, the interval of radial grid
points exponentially increases with radius and the grid points in the 6g;,,, direction concentrates near the equatorial
plane of the coordinate system™3. Because the initial magnetic field is amplified via the magneto-rotational instability
(MRI2%), the spatial resolution of the simulation domain can affect the resulting magnetic field strength. The MRI
quantity factor (Q-factor), which evaluates the number of available meshes to resolve the fastest growing mode of
MRI8133] jg (Qmsim QYsim | Q%m) ~ (8.1,4.9,18). Here, in order to evaluate the Q-factors, we analyzed the same

8 except that we extended the region by £15° in 6y, -direction,

region as previous work on non-tilted accretion flows
i.e., the 45° < O, < 135° to take into account the precession of the disk with initial tilt angle 15°. The resulting
Q-factors are smaller than the required values suggested in a previous work ®> (Q* ~ 10 and Q%™ ~ 20, in the

cylindrical coordinates), however, are satisfying the ones proposed by another previous work2/(Q) ~ 6 in the Cartesian

coordinates). Therefore, this simulation would marginally resolve the growth of MRI.

For the analysis of the tilt and precession angles, we follow a similar manner as described in a previous work16.

We evaluate the tilt angle 9, and the precession angle @prec(7sim) at a certain radius as follows:

JBH * JMuD (Tsim) )
Wit (rsim) = arccos , (16)
et (Tsim) <|JBHHJMHD(7’sim)\

Jeu X JuuD (Tsim)
A

17
|[JBH X JMmHED (Tsim) an

@prec(Tsim) = arccos (
where ey, is the unit vector along the y axis, Jpy is the dimensionless angular momentum vector of the BH and Jymp
is the angular momentum of the MHD plasma in an asymptotically flat space:

JBH =  Qx€y, (18)
Juyup = JI%/IHDeﬂ” + Jf\’/[HDey =+ Jf4HDeZ. (19)

We define Jip (i = 2, v, 2) as follows:

eag,ﬂgL“ﬁ P
J = Sabyd T 20
(JmuD) 5 2 /PP, (20)
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where L*? and P7(rgim) are the total angular momentum and total four-momentum inside the shell of the width Ar,

respectively, which are described as

L% (rgm) = / (TP — P70 d3 e, (21)

P (Tsim) = / 0. (22)
It will be useful to note that P (rgim )/ 1/ P* (T'sim ) Py (rsim) is the four-velocity of the mass center.

It should be noted that in our simulation an LT precession of the accretion disk occurs with an almost constant
precession period after the system evolves into a steadily precessing state, which is in agreement with Ref.!?. For their
a. = 0.9 case, the precession rate is ~ 4° per 1,000 7, /c, corresponding to a period of T' ~ 90 years after adopting
M87 BH mass. The shorter period in our case (i.e., I’ ~ 11 years that match the inferred period from observation)
would be attributed to the final disk size, higher magnitude of BH spin a.. = 0.9375, and/or our larger specific heat ratio
13/9, which will result in the rapid wave propagation in the disk for the rigid-body precession?*. As mentioned above,
our simulation marginally resolves MRI. Regarding this, Ref.18/raises the caution that if MRI is sufficiently resolved,
the disk would expand and the precession would be slowed down. However, the consistency between our simulation
and that with a higher resolution performed in Ref. ™2 somehow justifies our simulated result. Although there may
still be uncertainties regarding whether the simulation time is long enough, a smaller disk would be a preferred setup
for obtaining the inferred period from the observations. Indeed, since the M87 disk size is so far poorly constrained,
one may adjust the initial disk size to compensate for the disk expansion if the simulation is really under-resolved.
Nonetheless, systematic works are warranted to explore broader parameter space and other physical properties in tilted
systems, such as the feeding of an outer disk and the magnetic field morphology. Our observation of the jet precessing

provides important information and constraints for numerical studies of tilted-disk systems, especially for M87.

Alternative origins of the variations in jet position angle Here, we discuss the alternative scenarios which could

cause the jet PA variations, including binary BH (BBH) systems, instabilities, and disk-jet interactions.

In the BBH system, a precessing jet is developed if the primary BH has an accretion disk that is not co-planar

with the binary system orbit. The disk is forced to precess by the effect of the torque from the secondary BH27:%8|
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This situation is similar to a tilted disk system. The formed jet from the primary BH will precess as seen in tilted
disk simulations. However, we do not have any observational evidence of a BBH system in M87. One of the best
candidates for the SMBH system OJ287 has presented quasi-periodic double-peaked optical outbursts that have been
interpreted as produced by a secondary BH impacting twice the accretion disk of the primary. In M87, such quasi-
periodic outbursts have not been observed yet. If the M87 is a BBH system, we may see the position change of the
radio core of the M87. However, from our long-term radio monitoring of the radio core of M87, we do not see such
evidence. The horizon-scale images of M87 by the EHT observation have not shown any structure by a secondary BH.

From the observational evidence, we think the BBH scenario is not preferred.

In the instabilities, we have a possibility to grow two major types, Kelvin-Helmholtz (KH) and current-driven
(CD) kink instabilities during jet propagation. KH instability is excited by the velocity shear which naturally happens
at the boundary between the jet and the external medium. A helical mode of KH instability will develop a helical
structure inside the jet. However, the existence of a strong magnetic field suppresses the growth of KH instability 13!
Our observed jet region is located jet acceleration and collimation zone. From the jet formation mechanism by the
MHD process, in such a region magnetic field is dominated. Thus, KH instability is not suitable for the origin of
the precessing jet of M87. Instead of KH instability, CD kink instability will grow in the jet which is excited by the
existence of a helical magnetic field. A helical magnetic field is naturally expected from GRMHD simulations of jet
formation 822, CD kink instability is faster growth in a strongly magnetized region and a developed helically twisted
jet structure. The helically twisted structure is advected along the jet while expanding radially %Ll The growth
rate of CD kink instability depends on the magnetic pitch (the ratio of poloidal and toroidal magnetic field) and local
Alfven speed (i.e., magnetic field strength). In general, the growth rate of CD kink instability is different with jet
radius. However, such a feature of varying amplitude at different locations is not apparent within our selected regions
as viewed from Fig. 1 and from the consistency between the variation amplitudes obtained from two analyses using
different jet distance ranges, namely, 0.7-3 mas versus 1.7-3 mas from the core. Thus, the CD kink instability scenario

is also disfavored.

In the disk-jet interaction scenario, the jet structure is affected by the inhomogeneous mass accretion onto a
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BH (mass injection to the jet). In the MAD phase, mass accretion onto a BH is stopped locally by strong magnetic
pressure Y. Disruption of accretion flows will have a certain period. It would be possible to make a quasi-period mass
accretion. However, the time scale is roughly several 1,000 r /c which is shorter than the observed period. Such local
disruption of accretion flows will trigger the excitement of instabilities and produce an asymmetric structure in the jet.

They would be the same as the instability scenario.
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Extended Data Figure 1: Structural evolution of M87 jet 2000-2022 at Q band. The images are produced by the
yearly stacked EAVN and VLBA data. A common circular restoring beam with FWHM of 0.5 mas (shown in the
bottom-right corner of each panel) is used for all individual images before stacking. The observing year is indicated

at the top-left corner.
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Extended Data Figure 2: Structural evolution of M87 jet 2013-2020 at K band. The images are produced by the
yearly stacked EAVN and VLBA data. A common circular restoring beam with FWHM of 1.2 mas (shown in the
bottom-right corner of each panel) is used for all individual images before stacking. The observing year is indicated

at the top-left corner.
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Extended Data Figure 3: Posterior distributions of precession model parameters in different cases. (a): compar-
ison among Case I-III with different constraints. (b): comparison among Case III-VI with different data sets. The

detailed information for each case is described in Extended Data Tableand Methods. The contours correspond to

the 68% and 95% confidence levels.
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Veiwing angle ¢ (deg)

— MCMC $2007.36 €[13°,27°] T ¢100657<19°
Tttt mean=17.37"  —g— ¢y007.36 ~ M(17.2,3.3?)
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Extended Data Figure 4: Evolution of the viewing angle ¢ as a function of time. The black thick line is derived from
the best-fit precession model parameters. The blue thin lines are plotted by the randomly chosen model parameters
derived from the MCMC samples and represent the statistical errors. The constraint of ¢oego7.36 ~ N (17.2, 3.32)
obtained from Ref. ** is represented by the green dot with an error bar of one standard deviation. The constraints of

$1996.57 < 19° 44l and ®2007.36 € [13,27]°2%are indicated with with green arrow and shadow, respectively.
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Array Frequency (GHz) O (mas) N, é’poch Y,

EAVN? 22/43 0.55/0.63 119 2013-2021
VLBA 24/43 0.40/0.23 47 2006-2018
EATING 22 0.27 4 2017, 2019, 2020

Extended Data Table 1: Summary of the data from the different arrays.  Typical angular resolution. ® Number
of the epochs. ¢ Observing years. ¢ Part of EAVN observations were conducted with only KaVA array. The angular

resolution of only KaVA is 1.26 mas at 22 GHz and 0.63 mas at 43 GHz.
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Epoch Obs. Date Nt Stations

al7107a 2017-04-17 11 KaVA® (no KUS), TMRT®, NSRT¢, HIT*, MDC/
al9mk02q 2019-12-06 9 KaVA, NSRT, SRTY

al9mk02r 2019-12-21 9 KaVA, NSRT, BDR"

a2015a 2020-01-30 8 KaVA, SRT

Extended Data Table 2: Antenna information of four EATING observations at 22 GHz. * Number of participated

antenna. ” KaVA: Korean VLBI Network (KVN) and VERA, including Mizusawa-20m, Iriki-20m, Ishigaki-20m,

Ogasawara-20m telescopes in Japan and Tamna-21m, Ulsan-21m, Yonsei-21m telescopes in Korea. ¢ Tianma-65m

telescope in China. ¢ Nanshan-26m telescope in China. ¢ Hitachi-32m telescope in Japan. / Medicina-32m telescope

in Ttaly. 9 Sardinia-64m telescope in Italy. ” Badary-32m telescope in Russia.
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Parameter Type Details Unit

to Uniform [2012, 2018] year
Mp Uniform [280, 295] deg
wp Uniform [0, 1] radian/year
Vit Uniform [0, 5] deg
0 Uniform [0, 90] deg

Extended Data Table 3: Common prior distribution for each parameter in Case I — Case VI. The specifications

for different cases are listed in Extended Data Table[d]
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Label

Data

Additional constraints

Case I

Case II

Case III

Case IV

Case V

Case VI

2006-2022 at K/Q bands
same as above

same as above
2000-2022 at K/Q bands
2006-2022 at Q band

2000-2022 at Q band

no additional constraints

Bo007.36 ~ N(17.2,3.32)136

$2007.36 ~ N(17.2,3.32), d2007.36 € [13,27]° 5%, 199657 < 19°1#
same as above

same as above

same as above

Extended Data Table 4: Detailed specifications for Case I — Case VL. ¢20g7.36 ~ N (17.2,3.3?) indicates the Gaus-

sian distribution for ¢ at ¢t = 2007.36 years based on Ref. %¢. The corresponding MCMC fitting results are compared

in the Extended Data Fig.[3]and listed in Extended Data Table[5]
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2

to p () wy, (radian/year) Yijet (°) 0 (°) Tg‘igc(year) X
Casel 2014.84+0.15 288.4740.27 0.56 +0.02 3.56+0.93 62.714+20.54 11.27+0.48 N/A®
CaselI 2014.82+0.15 288.47+0.26 0.56 £ 0.02 1.32+£0.22 18.14+£240 11.22+048 1.25
Case Il 2014.82+0.15 288.47+0.27 0.56 £ 0.02 1.25+0.18 1721 4+1.74 11.244+0.47 1.25
Case IV 2014.84 £0.16 288.29 £0.26 0.59 £0.04 1.06 £0.16 16.63+1.68 10.58 £0.68 1.98
Case V. 2014.78 +0.19 288.55+0.30 0.57+0.03 1.13+0.18 17.01+1.73 11.014+0.61 1.53
Case VI  2014.72+0.19 288.45+0.30 0.63 £ 0.04 094£0.15 1631£1.57 999+0.70 232

Extended Data Table 5: MCMC fitting results for Case I — Case VI. The last column is the reduced x? value
calculated with the best-fit model parameters (Equation (13)). We adopt Case 111 as the final fitting results as shown in
Table @ For Case I, x? is not applicable since there is a degeneracy between jet and 6. The values correspond to

the means of the MCMC samples with standard deviations.
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Year 2017 2018 2019 2020 2021 2022 2023

¢ (deg) 17.7£1.8 170+ 1.7 16.4£1.7 16.0£1.6 16.0 £ 1.6 164 +£1.6 170+ 1.7

Extended Data Table 6: Jet viewing angle at some selected years. Errors are standard deviation.
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