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The nearby radio galaxy M87 offers a unique opportunity to explore the connections
between the central supermassive black hole and relativistic jets. Previous studies
oftheinner region of M87 revealed a wide opening angle for the jet originating near
theblack hole'™. The Event Horizon Telescope resolved the central radio source and
found anasymmetric 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 8- to 10-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 for the variation
inthe position angle 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.

Toaccurately trace the long-term morphological evolution of the M87
jetnear the supermassive black hole (SMBH), we analysed 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 (VLBA®) at Q and K bands (referring to 43 GHz and 22-24 GHz,
respectively) between2000 and 2022 (Extended Data Figs.1and 2). Part
of the EAVN observations at the K band was further connected to the
telescopesinltaly and Russia (EATING’). The detailed information of the
dataandthejoined antennaarelisted in Extended Data Tables1and 2.
Figurelpresentsasequence of biyearly stacked EAVN and VLBA Q-band
images obtained from 2013 to 2020. In addition to the well-known
persistent limb-brightened jet morphology?®, one can see that the
overall position angle (PA) of the jet direction near the core notice-
ably changes over the years.

Figure 2a displays the time evolution of the jet central PA aver-
aged over distances of 0.7-3.0 milli-arcseconds (mas) measured for
164 individual epochs after excluding six epochs with poor quality
(Methods). Although the error bars of individual data points are

relatively large, the ensemble 0f 164 measurements clearly reveals asys-
tematicyear-scale oscillation of the jet PAwith apeak-to-peak amplitude
of approximately 10° centred 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) bulk flow acceleration along the jet'’; and (3) hydro-
dynamical instabilities that make the jet fluctuated transversely™. In
addition, in combination withinhomogeneousimage dynamic ranges
among different epochs, these temporal effects cause large scattersin
the measured PAamongindividual epochs within the same year. Hence,
tosmooth outshort-term (less than1-year-scale) temporal fluctuations
andthen 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. 2b, the yearly
binned evolution of the jet PA obtained from the stacked images dis-
plays clear quasi-sinusoidal variations as afunction of observing year t.

To characterize the periodic oscillation of the jet nozzle on the sky
plane, weintroduce asimple model of the precessing solid-body conein
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Fig.1|Structural evolution of M87 jet from 2013 t02020. a-d, Theimages
areproduced by stacking individual EAVN and VLBA Q-band images over

every twoyears. The nearbyyearsareindicated at the top left-hand corner:
2013-2014 (a); 2015-2016 (b); 2017-2018 (c); 2019-2020 (d). The grey-coloured
circleatthebottomright-hand corner of each panelindicatesacommon
circular Gaussianbeam with a full-width at half-maximum of 0.3 mas. Allimages
arerotated by -18°. The whitearrowin each panelindicates thejet PA averaged
overajet 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 Mg, = 6.5x10 M,
(ref.5),1mas~250r,~0.08 pc. Dec., declination; RA, right ascension.

the three-dimensional space (Fig. 2c). The observed jet PAisidentified
astheangle of the jet axis projected onthesky, 7, whichis related to the
intrinsic properties of the jet precession by applying asequence of rota-
tion matrices from the jet to the observer frame® (Methods). We note
thattheangular velocity of precessionis expected to be non-relativistic
and the jet portion considered in the present analysis (0.7-3.0 mas

712 | Nature | Vol 621 | 28 September 2023

corresponding to the de-projected distances around 600-2,500 r, for
aviewing angle 0 =17.2° (ref. 3), where r, = GMy,,/c*is the gravitational
radius, My, is the black hole (BH) mass, Gis the gravitational constant
and cis 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 modelling. We performalikelihood 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 7 is shown in Fig. 2b with a red thick line. The
results of each parameter are listed in Table 1.

Thelong-term PA data are well matched by the jet precession model
with abest-fit reduced chi-squared value )?Zofl.z. Note thattwo cycles
are still not definitive to conclude a periodicity considering the pos-
sible effect of red noise. Nevertheless, the good agreement between
the observations and the jet precession model and the putative perio-
dicity of the jet PA variation cast doubts on alternative scenarios such
as temporal oscillations by instabilities>>™* (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 ¢, of the jet
precession cone and the angle 8 between the precession axis and
the line of sight, resulting in ¢, = (1.25 + 0.18)°. The deduced |w,| =
(0.56 +0.02) radians per year corresponds to a precession period
ofT,jf,‘eC: (11.24+0.47) years, which is comparable to the 8-10 year
quasi-periodicity reportedinref. 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. 3 and Extended Data Tables 3-5). As the jet precesses, the
mean value of the jet viewing angle ¢ oscillates between 16° and 18.5°
withanuncertainty of approximately 2° each year. The inferred evolu-
tion of ¢ is shown in Extended Data Fig. 4 and its values for some
selected years are listed in Extended Data Table 6.

The observed periodic PAvariationin the M87 jet is likely to be trig-
gered by certainphysical and steady processes, and Lense-Thirring (LT)
precession of atilted 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 spindirection, acertainmisalignmentbetween the
angular momentum vector of the accretion disk and that of the SMBH
spin is expected to commonly exist in active galactic nuclei with the
level of misalignment depending on how exactly the SMBH became part
of the system'®”. This configuration can generate LT precession of the
accretion disk caused by the frame-dragging force of a spinning BH,
which is expected to propagate to the jet through the tight coupling
between the jet and the accretion disk™8.

Extensive general relativistic magnetohydrodynamics (GRMHD)
simulations exploring misaligned systems have demonstrated that the
majority of the accretion disk coherently experiences LT preces-
sion'®®'and that the jet, indeed, precesses in phase with the disk"*8,
Adopting the SMBH mass of M87, the pioneering work by refs. 16,19
reproduced a precession period of 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 and jet precessioninatilted-disk-BH
system over almost two cycles by using UWABAMI code?* (Fig. 3 and
Methods). A steady precession witha period consistent with the obser-
vationsisrevealed after the simulation converges ataround ¢ =16 years,
asindicated inFig. 3b. Although we assume aspin parameter a, = 0.9375,
the exactrelationship between the precession period and the BH spin
is sensitive to the morphology of the disk'®*.

The presence of LT precession indicates that the M87 central SMBH
is spinning, which is essential for producing an energetic jet via the
Blandford-Znajek mechanism?®. However, the magnitude of spin is
sensitive to the size of the disk according to T,, .. = c>riy/(G?a,M3,)
in the weak-field limit'®**%. On the other hand, the effective radius is
riy =15 r,for amaximally spinning SMBH, which suggests a compact
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Fig.2| Timedependence ofthe M87 jet PAfrom2000to2022and a
schematic picture ofthe precessionmodel.a,b, Error barsrepresent the
standard deviation derived from the Gaussian fitting. The green (blue) data
pointsinaandbindicate the measured PA atK (Q) band. The horizontal dashed
linerepresents the well-known jet PAin previous studies of M87 (ref. 3)inaand
thebestfitofn,inb.Fora, measurements were conducted with164 individual
epochswithinthejet distances 0.7-3.0 mas (EAVN and VLBA Qband, EATING
and VLBAKband) and1.7-3.0 mas (EAVN K band). Forb, the results were obtained
fromthe yearly binned images with all170 epochs. Owing to the stacking
procedure accordingto the observing frequency, the measured region for
EATING and VLBA K band datais within1.7-3.0 mas core separation (Methods).
Theredlineisderived from the best-fit precession model parameters (Table1).

disk region that undergoes coherent LT precession and motivates us
to adopt a small disk in simulations. The small value of ¢, implies a
small misalignment between the M87 jet at mas scales and the SMBH
spin. Owing to the tight relationship between the jet and accretion
disk'”®, this 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®®?’, However,
the disk could have afinite tilt angle as the disk orientation can vary
with radius'®". In that case, since the bright side of the ring-like struc-
ture detected by the Event Horizon Telescope at 230 GHz can be con-
nected to the relativistic jet base or (and) inner disk, the PA change of

Table 1| Summary of the parameters in the precession model

Parameter  Definition Value Unit

to Reference time 2014.82+0.15  year

Ny PA of the precession axis 288.47+0.27 degrees

@, Angular velocity of precession 0.56+0.02 radians
per year

Yier Half-opening angle of the 1.25+0.18 degrees

precession cone
6 Angle between the precession 17.21+£1.74 degrees

axis and line of sight

The configuration of these free parameters refers to Fig. 2c. The values correspond to the
means of the MCMC samples with standard deviations. The period of precession,

Tj;,;c =2m/w, =(11.24+0.47) years. The sense of precession (the sign of @) cannot be
determined by the observed PA of the jet axis ny in this work.

2022

Thethingrey linesrepresent the statistical errors, whichare randomly chosen
fromthe MCMC samples. c, (X,Y) is the sky plane. As the jet precesses, the
central axis (solid green arrow) of the parabolicjet (green surface) rotates with
respect tothe precession axis (solid blue arrow) along the trajectory indicated
by the dotted orange circle. The surface traced out by thejet’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 n, (purple dotted arc), the
half-opening angle of the jet precession cone ¢ (cyan arc) and the angle
between the line of sight (Zaxis) and the jet (precession) axis ¢ (0) are labelled
accordingly.

it>® may synchronize with the PA change seenin 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 VLBl images are crucial to
seamlessly connect the dynamic evolution of the structure from the
emission surrounding the BH to the launching jet®.
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Methods

Inwhat follows, we describe the methods and assumptions employed
to derive our results in the main text.

Summary of observations and data

The data presented in this work are taken from EAVN and VLBA at
22,24 and 43 GHz, and EATING (ajoint array of EAVN and radio tele-
scopes in Italy and Russia) at 22 GHz. The primary data among them
arethe 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, whereas the other datafurther com-
plement the 43 GHz data (thatis, higher resolution with EATING; larger
field-of-view at 22 GHz). In total, the VLBI data we used for imaging
analysisinclude 119 epochs from EAVN, 4 epochs from EATING and 47
epochs from VLBA. Basic information on the data from each of these
VLBl arraysis summarized in Extended Data Table 1. Divided by observ-
ing frequency, there are 56 epochs at 22 or 24 GHz and 114 epochs at
43 GHz. The total observation period covered by these observations is
from April 2000 to May 2022. 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, whichis ajoint VLBl network in East Asia. In each year, the
EAVN monitoring observations were performed mainly from December
toJune with sampling intervals ranging from a few days to a month.
Although 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 is1.26 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. Additionally, part of our
EAVN 22 GHz observations were further connected to the telescopes
inltaly (Medicinaand Sardinia stations) or Russia (Badary station). We
callthisglobal network an ‘EATING VLBl array’ and extend our maximum
baseline lengths from 5,078 km to approximately 10,000 km, resolving
theregions closer tothe BHat aresolutiondownto 0.27 mas (mainlyin
the east-west direction). We performed four epochs of EATING VLBI
sessions between 2017 and 2020 (see Extended Data Table 2 for details).
Each of the EAVN and EATING sessions was made in a 5-7-hour con-
tinuous 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. The correlated datawere
calibrated in the standard manner of VLBl data reduction procedures
and under the guideline of EAVN datareduction®. The initial calibration
of visibility amplitude, phase and bandpass was performed with the
AIPS software package®. The subsequentimaging®and self-calibration
were performed with the Difmap software.

Notes on VLBA archival data

To expand the time coverage of our study, we additionally reanalysed
VLBA archival data obtained between 2000 and 2020. The VLBA data
between 2006 and 2018 were part of a dedicated M87 monitoring
program?® whereas the data before 2006 were sparsely sampled with
relatively lower imaging quality. There are three sessions observed at
24 GHz and 44 sessions observed at 43 GHz. Therecording 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 ses-
sions. More detailed information for individual epochs canbe found in
refs.3,35,36. The datareduction process follows the standard process

of VLBA data reduction. After the phase and amplitude calibration in
the AIPS software package, we did self-calibration and final imaging
inthe Difmap software. The angular resolution of the VLBA image was
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 proce-
dures. First, to reduce the effects from the shape of beam sizes, all
images for the individual epochs were restored with a circular beam
with sizes of 0.3 mas for VLBA-43GHz and EATING-22 GHz, 0.5 mas for
EAVN-43 GHz and VLBA-24 GHz dataand 1.2 mas for EAVN-22 GHz data.
For eachimage, we then made circular slices (centred on the core) of the
jetevery 0.1 mas fromr,, (the starting distance of slicing) to 3.0 mas
along the jet and integrated them over all sliced distances. Here, r
was set to at least 1.4 times the beam size of each image (0.7 mas for
VLBA-43 GHz, EATING-22 GHz, VLBA-24 GHz, and EAVN-43 GHz images,
and 1.7 mas for EAVN-22 GHz images) so that we could avoid the influ-
ences from the bright core®. The integration over a certain distance
improved the significance and reduced the weight of the temporal emis-
sion caused by hydrodynamicalinstabilities inindividual epochs. Then
theintegrated slice for each epoch was fitted with two or three Gauss-
ian components owing to the well-known double-ridge or triple-ridge
mas-scale jet profile of M87 (refs. 8,38). Finally, we defined the middle
ofthe 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 could
be ignored owing to the high enough significance after integration
within the innermost region; and (2) Gaussian fitting errors output
from the program. As aresult, we adopted the Gaussian fitting errors
astheerrorbarsinFig.2a,b. Note that the core shift between22/24 GHz
and 43 GHz was approximately 0.03 mas according to ref. 2, which is
negligible whenwe determine the PAinFig. 2a,b. Through these proce-
dures, we obtained the PA (and its uncertainty) for the innermost region
0.7-3.0 masin164individualepochs, asshowninFig.2a. Note that there
are six epochs excluded in this individual epoch analysis owing to the
poor data quality, as marked with * in Supplementary Information,
which may have led to some apparent differences between individual
and stacked analysis, such as the data pointin 2001 shownin Fig.2a,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 were restored with a
common circular Gaussianbeam accordingto observing frequencies:
0.5 mas for the Q band and 1.2 mas for the K band data. The actual dis-
tances were 0.7-3.0 mas covered by Q-band data and 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-termvariation, whichis better for tracing the yearly variation seen
inthe M87jet.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 owing 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 PAat Q and K
bandsareingood agreementwith each other, whichindicates the ach-
romatic nature of the observed long-termjet base oscillation. The full
sequences of the yearly stacked structure at Qand K bands are shown
inExtended DataFigs.1and 2, respectively. Notethat, inseveral years,
including2000,2001,2002,2006,2009,2011,2014 and 2015, there are
only oneor two epochsinthose years. Hence, the apparentjet structure
ismuch more knotty than thatin other years, the results of which may
suffer more uncertainties from the short-termstructural variations and
data quality compared with data in other observing years.

Precession model
In this section, we describe the precession model and the process of
obtaining the relationship between observed data and intrinsic physical



parameters. A sequence of rotation matrices R(§) are applied to obtaina
vector represented inthe jet frameto thatin the observer frame, where
idenotesx,yorzand §indicates the anticlockwise rotated angle with
respect to the i axis. Observations show that, on average, the jet PA is
approximately 288° with a jet (projected) viewing angle of about 17°
(ref. 3). The PA variation alone cannot determine the direction of the
jet precession. For simplicity, we first assume a clockwise precession
withrespecttothe precession axis. Ananticlockwise case fits the data
equally well with a suitable shift of the reference time ¢,.

Inthejet frame, the unit vector of the jet symmetric axisin a Cartesian
coordinate system can be expressed as j=[0, 0, 1]. In the precession
frame where the precession axis isalong the zaxis, assuming a preces-
sionangular velocity of w,, the jet precesses with respect to the z axis
withanangle of w,(t - t,) inatime difference of (¢ - t,). The half-opening
angle of the jet precession cone is ¢;.. Then the symmetric jet axis
represented in the precession frame is obtained by the following
operationstoj,

iy = R (-0t t)IR, ()i )

Inthe observer frame, the angle between the precession axis and the
zaxis (the line of sight) is , corresponding to a rotation of R (6). The
projection of the precession axis in the x-y plane makes an angle of i,
withthexaxis, corresponding to another rotation of R (). Therefore,
the jet symmetricaxis presented inthe observer frame canbe obtained
by applying R,(6) and R.(r7,) successively to that represented in the
precession frame, namely,

Jo =R (n)R,(0)j .. )

By combining equation (1) and equation (2), the jet axis components
in the observer frame (j,(£),Jy,(t),j.(t)) can be written as

Jio (O) =Acosn, ~ Bsinn,, (3)

jy0 (t) :Asinizp+Bcosnp, 4)

Jyo (0) = =sin(B)cos(-wp,(£ - £p))sin(y) + cos(B)cos(y), 5)
where,

A= cos(f)cos(-w,(t - to))sin(y) +sin(B)cos(y), 6)

B =sin(-w,(t-to))sin(y). 7

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

~ Jyo (©)
n(t)=arctan [jxo (t)]' (8)

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

@0 =arcsin i (6% +),, (0. )

Therearefive free parameters: ¢y, 1, @, Y;:and 0. The resultant pre-
dicted curve of n(t) exhibits a quasi-sinusoidal variation with time, with
the deviation from a sinusoidal curve depending on the relationship
between ¢, and 6. Namely, there are four situations: (1) when 8 =90°
and ¢, < 90°,the n(¢) curveis exactly sinusoidal; (2) when ¢, < 6 < 90°
but ¢, is not close to 6, the n(¢) curve only slightly deviates from a
sinusoid with a small skewness; and (3) when ¢, is close to but still
smallerthan 6, alarge skewness appears and the direction of the skew-
ness depends on the sense of w,; and (4) when ;.. > 0, the jet rotates

around the line of sight as viewed in the two-dimensional projected
plane and n(¢t) continuously increases or decreases depending on the
sense of w,. For the latter two cases, the PA observation would deviate
significantly fromasinusoidal curve,and one canthen determine all the
five parametersin the precession modelincluding the sense of w, with
the PA observation alone. However, our case has a very small skewness.
Since only four parameters are needed to specify a sinusoidal curve
and the peak-to-peak amplitude of n(¢) is determined by both ¢, and
0, thereis a degeneracy between ¢, and § when only the PA observa-
tionisinvolved. Also, the sense of w, cannot be determined. To break
the degeneracy between ¢, and 6, we include in the fiducial analysis
additional constraints of the jet viewing angle which we discuss in the
following section.

Note that, although this precession modelis based on the solid-body
assumption, thisassumption eventually losesits validity at larger scales.
Moreover, the mass density of M87 jet is low**** and the SMBH in M87
isaccreting at sub-Eddington rates**% In comparison with the sources
that have high mass density jets and super-Eddington accretion (that
is, SS433 (ref. 43)), the M87 jet at large scales is significantly more sus-
ceptible to the impacts of ambient environment**,

A Bayesian analysis
We describe here the likelihood function and prior thatare usedin the
Bayesian analysis. According to the Bayes theorem, the posterior reads

L(glH)P(A)

PQAlg) = Pq)

(10)

whereA = (¢, 1, W,, P, 0), g stands for observations, £(g|A) is the (joint)
likelihood, P(A) is the prior and P(q) is the evidence which only serves
asaconstant normalization factor. We adopt uniform priors for ¢,, 7,
w,, P;.and 6, as displayed in Extended Data Table 3.

The PA likelihood is assumed to be Gaussian and reads

(1,(6) = Mg (6))?

(1)
207

’

—InLpy=)
i

where g;is the uncertainty of the observed PA at ¢,. Owing to the poor
quality of the VLBA data before 2006, the PAs are the observations
from2006 to 2022 at both 22/24 GHz and 43 GHz.

In addition to the PA observations, we consider the constraints on
thejetviewingangle givenintheliterature.Sincethejetis precessing,
its viewing angle also varies with time. Therefore, when applying those
constraints, we pay attention to the times of the observations. We note
that, in the precession model, the angle between the line of sight and
precession axis 8 is a different physical parameter from that between
theline of sight and jet central axis ¢. Previous studies provided the
constraintson ¢. Inref. 37, aviewing angle of (17.2 + 3.3)° was reported
based onthekinematic analysis with VLBA data observed in 2007, which
gives the following Gaussian likelihood (up toanormalization constant)

(P2007.36 ~ 17.2)*

(12)
2x3.3?

=InLypz0074 =

,

where ¢, 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 mas and 0.8 mas from the core from VLBA data
gives(13< @, ,,<27)° (ref.37). We represent this constraintby a
piecewise likelihood,

0, 13°<9,473,<27%

(13)
o, others.

=InLypr0078= {

By monitoring the fastest component (6c) with the Hubble
Space Telescope from 1994.59 t0 1998.55, ref. 45 provided an upper
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limit .00 5, < 19°. We represent this constraint by another piecewise
likelihood,

0, ¢l996.57 <19°,

(14)
e,  others.

=INLya1006 = {

We consider three cases to use the above-mentioned constraints
on the jet viewing angle: (1) in Case I, we do not consider additional
constraintsonthejet viewing angle and use only PA datato performthe
analysis; (2) in Casell, we use the uniform distribution [0, 90]° for 8and
put constraints on ¢h,pg;3¢ = (17.2 £ 3.3)°; 3); and (3) in Case lll, in addition
to Case Il we further consider the constraint on 13° < ¢h,;3, < 27° and
that on @94 57 < 19°. More explicitly,

Casel: InL(gld)=InLp,,
Casell: In£(glA) =InLpp +1INLyaz007a,
Case lll: InL(q|A) = InLpy + INLypr007a T INLyaz0078 T INLya1996-

We use the Python package EMCEE* to explore the five free para-
meters 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 param-
eters are presented in Extended Data Fig. 3a. The results of ¢, 7, and
w, are insensitive to the constraints on the jet viewing angle. On the
otherhand, if only the PA dataare used, thereis adegeneracy between
Y. and 6, as shown in Case l in Extended Data Fig. 3. This degeneracy
isduetoageometrical effect and, for the same PA variation, therequired
precession half-opening angle is smaller when the precession axis is
more aligned with the line of sight (smaller 8). Such a degeneracy is
broken whenwe apply some prior constraints on the jet viewing angle,
which can be seen when we compared Case I with Case Il or with Case
III.Itis worth pointing out that the conclusion of asmall 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 half-opening angle is "> = 5°, which corre-
sponds the case when 8=90°. Applying the constraints onthe jet view-
ing angle at some specific years further constrains 6 and reduces the
value of ¢, to approximately 1°. To break the ¢;..—6 degeneracy, we
adopt the results obtained from Case Il 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 datasets of PA, as shownin Extended Data
Fig.3b. In addition to the data observed from 2006 to 2022 at both Q
andKbandsappliedin Caselto Caselll, we consider Cases|V,Vand VI,
whoselikelihoods are the same as Case lll except for the different data
setsused inInLp,. More explicitly, we have, in Case IV, the extended
dataobserved from2000to 2022 atboth the Qand Kbands, in Case V
the data observed from 2006 to 2022, but only at the Q band, and in
Case VIthe extended data observed from2000t02022, butonly at the
Qband. As shown from the comparison of the parameter constraints
through Case Il to Case VI, our results are robust 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
arelisted in Extended Data Table 4 and all the MCMC fitting results are
shownin Extended Data Table 5.

Toaccess the goodness-of-fit of our precession model, we define the
reduced chi-squared value )22as

XZ — ln['(ql/lbest) (15)
Ndata_ Nparam'

where A, is the best-fit model parameter vector, Ny, is the number

of data and N,,,.,m is the number of model parameters. As shown in

Extended Data Table 5, the )22 values are close to unity for most cases,

which indicates that our precession model fits the observations well.

Exceptions are Cases IV and VI, where the databefore 2006 are included
and the )22 values are larger. However, the increase of the XZ for these
two cases is only caused by one data point at £ =2000. If that single
data point is excluded from the analysis, the )22 drops back to around
unity, indicating the data pointatt=2000is anoutlier. Compared with
ref.36, the derived structureis consistent with previous work. However,
the exactreason for the more southern PAwithrespecttothe predicted
trend is not very clear at the moment.

GRMHD simulation

We 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*. For simplicity, we ignored the
effect of the radiation (that is, radiative force, cooling and so on) for
the simulation, asin the aligned disk simulation®. We fixed the specific
heatindex V... = 13/9 because of the combination of the assumption of
non-relativistic protons y,.,. = 5/3 and relativistic electrons yy,,. = 4/3.
The simulation was carried out up to 3.7 x 10*r,/c.

The metric can be assumed to be fixed since theaccretion rateis too
low to affect the space-time geometry. The GRMHD equations in the
modified Kerr-Schild coordinate (1, Ogim, @,;,,,) are integrated. The
magnitude of the dimensionless BH spin is set to be a.=0.9375
(ref.47), whichis 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 6, = ¢, = 15°. The direction of the BH spin vector
isaligned with the direction of 6;,,= 0°. The inner edge r;, and the pres-
sure (that is, density) maximum of the initial torus r,,,, were set at
Isim= 20 ry and 33 ry, respectively. We note that larger r,,/ry,,,, which
isasensitive parameter governing the torus size, results in the smal-
ler 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, r;,/r;. = 0.6 in our simulation is larger than in
aprevious work r,,/r,,.« = 0.5 (ref.18). As a consequence, the size of
the accretion disk r4, which is the average in the disk mid-
plane weighted by rest mass density', is initially r, ~ 47 r,, thatis, a
compact initial torus appears in our set-up. A single poloidal mag-
netic flux loop with a vector potential Ap, > max(p/p,,,, —0.2,0) is
embedded in the initial torus. Because: (1) the initial torus is rela-
tively compact; (2) it is located at a moderately far radius from
the BH; and (3) the initial magnetic field is not as strong in the
outer part of the initial torus, and the resultant magnetic flux aver-
aged in time during the precession phase (1.5-3.7) x 10*r,/c at the
eve'nt horrlizon iszi)B” = Dgyy/. /MBHréc =17, where mass accretion rate
is MBHEIO desimjo d‘psimﬁp(rsim = rg' Hsim' ¢sim)ur5im (rsim = rg' esim' ¢sim) 4
O = W2 B[ A [SEB ™ (=13, Oy @) The magnetic
field is evaluated and defined in the cgs-Gauss unit. This magnitude of
magpnetic flux is between the weakly magnetized disk state, so-called
SANE (standard and normal evolution, ¢, = few to 10 (refs. 48,49)),
and the strongly magnetized disk state, so-called MAD (magnetically
arrested disk, 20 < ¢, S 60 (refs. 50,51)), and, therefore, this inter-
mediate state that we adopted is sometimes called semi-MAD>%,

The inner and outer boundaries of the simulation domain are set
tober,=118r,andr,, =10 r,. The simulation domain is divided into
(N, Ng, Ny, )=(200,144,96) meshes in the r;;y,, 6, and the ¢,
directions, respectively. Asin most of the works on GRMHD simulations
of accretion flows, the interval of radial grid points exponentially
increases with radius and the grid pointsin the 6;;,, direction concen-
trates near the equatorial plane of the coordinate system®. Because
theinitial magneticfieldisamplified by means of the magneto-rotational
instability (MRI*®), 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 MRI**®, is (Q'sim, @Q%im, Q%im) ~ (8.1,4.9,18).
Here, to evaluate the Q-factors, we analysed the same region asin pre-
vious work on non-tilted accretion flows*, except that we extended
theregion by +15°in the 6,;,,, direction, thatis, 45° < 6;,,,< 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
aprevious work® (Q*=10and Q#sm = 20, in the cylindrical coordinates);
however, they satisfy the ones proposed by another previous work>
(Q=6inthe Cartesian coordinates). Therefore, this simulation would
marginally resolve the growth of MRI.

For the analysis of the tilt and precession angles, we follow a process
similar to that described in a previous work’®. We evaluated the tilt
angle ¢, and the precession angle (pprec(rsim) at a certain radius as
follows.

Jen Imnp (i)

, (16)
L'BH H-'MHD (rsim)

W, (rim) = arccos

JBH XJMHD(rsim) .

, (17)
L'BH XJMHD (rsim)‘ g

¢prec(rsim) =arccos

where e, is the unit vector along the y axis, Jg is the dimensionless
angular momentum vector of the BH and J,;p is the angular momentum
of the MHD plasmain an asymptotically flat space.

JBH =ae,, (18)
JMHD :-I&HDeX +-II\J/]IHDey +-l]6[HDeZ' (19)
We define Ji,,, (i=x,y,2)as
€apysl PPV
apys’ 20)

(jMHD )6 = W:

where L% and PY(r,,,) are the total angular momentum and total
four-momentum inside the shell of the width Ar, respectively, which
aredescribed as

1 (1) = | (TP~ xP T2 Px, (21)

PH(ry) = [ T70x. (22)

Itis useful to note that P¥(r)/. | PH(rgm) P A1) is the four-velocity
of the mass centre.

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 isin
agreement with ref. 19. For their a, = 0.9 case, the precession rate is
approximately 4° per1,000 r,/c, which correspondstoaperiod of 7= 90
years after adopting the M87 BH mass. The shorter period in our case
(thatis, T=11years, which matches theinferred period from observa-
tion) 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 resultin 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 MRl is sufficiently
resolved, the disk would expand and the precession would be slowed
down. However, the consistency between our simulationand that witha
higher resolution performedinref.19 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
set-up 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
arewarranted to explore broader parameter space and other physical
propertiesin tilted systems, such as the feeding of an outer disk and
the magnetic field morphology. Our observation of the jet precessing
providesimportantinformation and constraints for numerical studies
of tilted-disk systems, in particular, 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.

Inthe BBH system, a precessingjetis developedifthe primary BH has
anaccretiondisk thatis not co-planar with the binary system orbit. The
disk is forced to precess by the effect of the torque from the second-
ary BH®*, 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
inM87. One of the best candidates for the SMBH system OJ287 has pre-
sented quasi-periodic double-peaked optical outbursts that have been
interpreted as being produced by a secondary BH impacting twice the
accretiondisk of the primary.InM87, such quasi-periodic outbursts have
notbeen observed yet.Ifthe M87 isa BBH system, we may see the position
change of the radio core of the M87. However, from our long-termradio
monitoring of the radio core of M87, we do not see such evidence. The
horizon-scaleimages of M87 by the Event Horizon Telescope observation
have notshownany structureby asecondary BH. From the observational
evidence, we think that the BBH scenario is not preferred.

In the instabilities, we have a possibility to grow two major types,
Kelvin-Helmholtz and current-driven kink instabilities during jet
propagation. Kelvin-Helmholtz 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 Kelvin-Helmholtz instability®.
Our observed jet regionis located in the jet acceleration and collima-
tion zone. From the jet formation mechanism by the MHD process, in
sucharegion, the magnetic field isdominant. Thus, Kelvin-Helmholtz
instability is not suitable for the origin of the precessing jet of M87.
Instead of KH instability, current-driven 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**®°, Current-driven kink instability has 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®®2, The growth rate of the current-driven
kink instability depends on the magnetic pitch (the ratio of poloidal
and toroidal magnetic field) and local Alfven speed (that is, magnetic
field strength). In general, the growth rate of the current-driven kink
instability varies 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, 0.7-3.0 mas versus1.7-3.0 mas fromthe core.
Thus, the current-driven kink instability scenario is also disfavoured.

Inthedisk-jetinteraction scenario, the jet structureis affected by the
inhomogeneous massaccretion ontoaBH (massinjectiontothejet).In
the MAD phase, mass accretion onto a BH is stopped locally by strong
magnetic pressure®. Disruption of accretion flows will have a certain
period. It would be possible to make a quasi-period mass accretion.
However, the timescale is roughly several 1,000 r,/c which is shorter
than the observed period. Such local disruption of accretion flows
willtrigger the excitement of instabilities and produce anasymmetric
structureinthejet. They would be the same as the instability scenario.
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Data availability

Theraw datacanbe downloaded from the EAVN Archive system (https://
radio.kasi.re.kr/arch/search.php) and NRAO Archive Interface (https://
data.nrao.edu/portal/#/). The calibrated data used in this paper are
available from the corresponding author upon reasonable request
duetothe ongoing projects. Source dataare provided with this paper.

Code availability

For data processing, we utilize public software, including AIPS for
calibration (http://www.aips.nrao.edu/index.shtml), DIFMAP for imag-
ing (https://sites.astro.caltech.edu/-tjp/citvib/) and Python package
EMCEE for MCMCfitting (https://pypi.org/project/emcee/). The codes
for the simulations in this paper are available from the corresponding
author upon reasonable request due to the ongoing and follow-up
projects.
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Extended DataFig.1|Structural evolution ofM87jet2000-2022atQband. cornerofeach panel)isused forallindividualimages before stacking.
Theimagesare produced by theyearly stacked EAVNand VLBAdata.Acommon  Theobservingyearisindicated at the top-left corner.
circularrestoring beam with FWHM of 0.5 mas (shown in the bottom-right
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Extended DataFig.2|Structural evolution of M87jet 2013-2020 at K band.
Theimagesare produced by theyearly stacked EAVN and VLBA data. Acommon
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corner of each panel) isused for allindividualimages before stacking.
The observingyearisindicated at the top-left corner.

circularrestoring beam with FWHM of 1.2 mas (shown in the bottom-right
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Veiwing angle ¢ (deg)
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Extended DataFig. 4 |Evolution of the viewing angle ¢ as afunction The constraintof g, .- M17.2,3.3%) obtained fromref. 37 is represented by
oftime. Theblack thicklineis derived from the best-fit precession model thegreendotwith anerrorbar of one standard deviation. The constraints of
parameters. The blue thinlines are plotted by the randomly chosen model Dro06.57<19°* and @005 € [13, 271°7 are indicated with green arrow and

parameters derived from the MCMCsamples and represent thestatisticalerrors.  shadow, respectively.




Extended Data Table 1| Summary of the data from the different arrays

Array Frequency (GHz) ©% (mas) Nebpoch Ys

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

aTypical angular resolution. "PNumber of the epochs. “Observing years. ‘Part of EAVN observations were conducted with only the 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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Extended Data Table 2 | Antenna information of four EATING observations at 22 GHz

Epoch Obs. Date N3 o Stations

al7107a 2017-04-17 11 KaVA® (no KUS), TMRT®, NSRT¢, HIT¢, MDC/
a19mk02q 2019-12-06 9 KaVA, NSRT, SRTY

a19mko2r 2019-12-21 9 KaVA, NSRT, BDR"

a2015a 2020-01-30 8 KaVA, SRT

“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 ltaly.
9Sardinia-64m telescope in Italy. "Badary-32m telescope in Russia.



Extended Data Table 3 | Common prior distribution for each parameter in Case I-Case VI

Parameter Type Details Unit
to Uniform [2012, 2018] year
p Uniform [280, 295] deg
wp Uniform [0, 1] radian/year
Pjet Uniform [0, 5] deg
6 Uniform [0, 90] deg

The specifications for different cases are listed in Extended Data Table 4.
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Extended Data Table 4 | Detailed specifications for Case I-Case VI

Label Data Additional constraints

Case | 2006-2022 at K and Q bands no additional constraints

Case Il same as above $2007.36 ~ N(17.2,3.3%) &7

Case lll same as above $2007.36 ~ N(17.2, 3.32), ¢2007.36 € [13,27]° 37, b1906.57 < 19° 45
Case IV 2000-2022 at K and Q bands same as above

Case V 2006-2022 at Q band same as above

Case VI 2000-2022 at Q band same as above

$2007.36 - M17.2, 3.32) indicates the Gaussian distribution for ¢ at t=2007.36 years based on ref. 37. The corresponding MCMC fitting results are compared in Extended Data Fig. 3 and listed in
Extended Data Table 5.



Extended Data Table 5 | MCMC fitting results for Case I-Case VI

to np (°) wp (radian/year) Yiet (°) 0(°) T3t . (year) X’
Case | 2014.84 + 0.15 288.47 + 0.27 0.56 £+ 0.02 3.56 £+ 0.93 62.71 £+ 20.54 11.27 +0.48 N/A®
Case ll 2014.82 + 0.15 288.47 + 0.26 0.56 £+ 0.02 1.32 +0.22 18.14 + 2.40 11.22 +0.48 1.25
Case lll 2014.82 + 0.15 288.47 + 0.27 0.56 £+ 0.02 1.25+0.18 17.21 +£1.74 11.24 4+ 0.47 1.25
Case IV 2014.84 + 0.16 288.29 4+ 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 4+ 0.30 0.57 £ 0.03 1.13+0.18 17.01 +1.73 11.01 = 0.61 1.53
Case VI 2014.72 + 0.19 288.45 4+ 0.30 0.63 £+ 0.04 0.94 +£0.15 16.31 + 1.57 9.99 +£0.70 2.32

The last column is the reduced )szalue calculated with the best-fit model parameters (see Equation (15)). We adopt Case Ill as the final fitting results as shown in Table 1. °For Case |, )?2 is not

applicable since there is a degeneracy between g, and 6. The values correspond to the means of the MCMC samples with standard deviations.
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Extended Data Table 6 | Jet viewing angle at some selected years

Year 2017 2018 2019 2020 2021 2022 2023

¢ (deg) 1727418 1705k BT 16.4 £ 1.7 16.0+ 1.6 16.0 £ 1.6 16.4+1.6 7.0 4107

Errors are standard deviations.
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