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Measurement of the spin of the M87 black hole from its observed twisted light
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The warped spacetime around a black hole modifies the propagation of light and radio. A recent study predicted
that light emitted from the immediate vicinity of a massive rotating black hole (BH) should be twisted [1], i.e. be
imprinted with orbital angular momentum (OAM) [2]. This vorticity, caused by general relativity (GR) effects
such as spacetime dragging and mixing, and gravitational lensing, enables new ways to study BH’s, including
their rotation, and to test fundamental properties of GR itself. Here we report the detection of GR induced
vorticity [1] in radio emitted from the Einstein ring surrounding the shadow of the rotating ~ 6.5 x 10° solar
mass BH in the core of the M87 galaxy, as observed by the Event Horizon Telescope (EHT) [3—6]. The M8&7
spiral spectra [7] were identified in EHT intensity profile data by using a wavefront reconstruction technique [8]
enabling the recovery of the phase front [9]. They reveal that the M87 BH rotates clockwise, with inclination
i = 17° and rotation parameter a ~ 0.9 = 0.1, corresponding to a rotational energy [10] of about 1094 erg. Our
findings agree with published constraints [11] and with analysis of the amplitude and phase profiles in fiducial
pipeline images released by the EHT collaboration [4]. Using structured light [12, 13] to make the first direct
measurement of Kerr metrics and to reveal one of the most energetic astrophysical phenomenon ever observed,
corresponding to the energy radiated by the brightest quasars over Gyr timescales, is a breakthrough that is likely

to invigorate BH research and open new perspectives in astronomy and astrophysics.

I. INTRODUCTION

Most of the knowledge we have about our Universe has
been gained by the observation and interpretation of electro-
magnetic (EM) radiation. This ranges from visible light caught
by the naked eye, to radio and light emissions intercepted by
advanced telescopes. One example of the latter is the concerted
international radio astronomy effort Event Horizon Telescope
(EHT) that has produced breakthrough results by observing
the central compact radio source that surrounds a supermassive
black hole in the Virgo Cluster galaxy M87 [3-6].

Radio/optical astronomy relies on the fact that electromag-
netic radiation carries energy and linear momentum, manifest-
ing itself in translational force action and radiation pressure.
However, EM radiation can also carry angular momentum con-
nected with rotation and torque action [2]. These observables,
plus the centre of energy vector of the field, form a set of ten
conserved quantities, concomitant with the ten-dimensional
Poincaré group of Noether invariants. In fact, the Poincaré
set itself is a subset of a much larger set of conserved quan-
tities in Maxwell’s electrodynamics [14], a set that includes
supertranslation and superrotation of spacetime and EM fields
[15]. Information is encoded, naturally or artificially, into these
conserved EM observables and transported by them from the
source to the distant observer where the information is decoded
and recovered. Clearly, not making use of all observables car-
ried by the EM field is not extracting all information present in
the radio and light emitted by a source.

Up to now, the EM radiation quantities exploited in obser-
vational astronomy have been limited to a subset of the ten
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Noether invariants carried by the EM field, viz. the energy,
the linear momentum, and the wave polarization, i.e. the spin
angular momentum (SAM) S associated with photon helicity.
This subset can be extended by making full use of the total
angular momentum J = S 4 L, where L is the orbital angular
momentum (OAM) [16, 17]. Unlike S and L separately, their
(pseudo)vectorial sum J is an invariant, and hence always con-
served in a closed system. The translational (linear momentum)
as well as the rotational (angular momentum) properties of the
EM field remain valid down to the single photon level [18, 19],
a fact that is further substantiated in the Majorana photon wave-
function formalism [17, 20] with its complete equivalence to
quantum electrodynamics [21].

In a theoretical analysis, supported by numerical simulations
and computer modelling of twisted light from near the SgrA*
Kerr BH, performed by Tamburini ez al. [1], it was claimed that
the utilization of structured light and OAM in observational
astronomy may provide new, unique tools to identify and study
black holes, determine their rotational state, and to test hitherto
untested aspects of general relativity (GR). The results reported
here support these claims.

Benefitting from the fact that Earth and M87 are in relative
motion, we were able to recreate the phase front from an analy-
sis, with a Transport of Intensity Equation (TIE) method [8, 9],
of the intensity of the 1.3 mm radiation emitted from the M87
Einstein ring around the black hole. This allowed us to obtain
the OAM spectrum (spiral spectrum) of the received radio light,
thus confirming the predictions made in Ref. 1. Furthermore,
from the asymmetry of the observed OAM we were able to
determine the sense and magnitude of the rotation of the M87
black hole and its inclination.



Table I. Asymmetry ratio from numerical simulations.

BH rotation
parameter a 05 06 08 09

Asymmetry ratio
g=h(m=1)/h(m=—1)
i=17° 1.295 1.320 1.356 1.391
i =46° 1.392 1.412 1.424 1.438

Simulation of the asymmetry parameter g of Kerr black holes with
different rotation parameters 0.5 < a < 0.9 and inclinations i = 17°
and i = 46°. The rotation is clockwise, the spin of the black hole is
pointing away from the Earth (see text). The parameter ¢ is obtained
by dividing the height of the m = 1 component, 4(m = 1) by that of
m = —1, h(m = —1) present in each spiral spectrum. In the
numerical simulations here reported, ¢ > 1 that indicates a
clockwise rotation (g = 1 indicates no rotation and g < 1
counterclockwise rotation).

II. RESULTS

Superpositions of photon eigenstates, each with a well-
defined value ¢ 7 of spin angular momentum and m 7 of orbital
angular momentum [22], are formed near a rotating black hole
due to the dragging of light in Kerr spacetime [1]. The Einstein
ring surrounding the shadow of the black hole is created by
such lensed beams, experiencing an anamorphic transforma-
tion [23] that is accompanied by a polarization rotation [24]
due to the gravitational Faraday effect [25], image deformation,
and rotation due to the lensing of the curved spacetime as well
as other modifications in the phase wavefront, including gravi-
tational Berry phase effects [26-28]. Light propagating near
rotating black holes experiences a behaviour that is analogous
to that in an inhomogeneous anisotropic medium in a mech-
anism related to the Pancharatnam-Berry geometrical phase
that involves spatially inhomogeneous transformations of the
polarization vector in the observation plane of an asymptotic
observer. Being the radio source in the M87 galaxy resolved
by the EHT baseline, the wavefront is obviously not plane such
as that emitted from a point-like source at infinity, even if the
distance from the source to the Earth is D = 16.8 Mpc. Thus
we can determine, with good approximation, the OAM content
in the wavefront with the methods used here.

The evolution of the M87 Einstein ring structure during
the two different observation runs (epoch 1 and epoch 2) of
EHT in two 2 GHz frequency bands centred on 227.1 GHz
and 229.1 GHz (for more details see Ref. 6), each separated
by one day, is negligible and can be taken as evidence that
only higher-order, small perturbations are present in the spiral
spectrum. In fact, observations confirm that the EHT 2017 data
has tracks from four separate days of observing and, relative to
the object, each day is 2.8Rgc’I long for a BH with mass [6]
M =6.530.2 55 £0.7|5ys ¥ 10° M_,. This timescale is smaller
than the crossing time of light of the source plasma and short
compared to the decorrelation timescale of EHT simulations
used to analyze the experimental results [5], 50Rgc_1.

This is the reason why we chose to estimate the OAM from
the asymmetry parameter g of the OAM spectrum compo-
nents m =1 and m = —1 only. If g > 1, then the rotation is

clockwise, whilst ¢ = 1 indicates no rotation [2]. The rotation
parameter, a, can be calculated from the asymmetries present
in the experimental and theoretical spiral spectra. The value
of a was estimated from the experimental data from two dif-
ferent runs, each separated by one day, the first being epoch
1 (April 5 and 6, 2017, respectively), and the second being
epoch 2 (April 10 and 11, 2017). The data were obtained from
10 seconds of signal averaging as described in Refs. 4-6. The
imaging techniques applied to this data set reveal the presence
of an asymmetric ring with clockwise rotation and a “crescent”
geometric structure that exhibits a clear central brightness de-
pression. This indicates a source dominated by lensed emission
surrounding the black hole shadow.

From the analysis of the two data sets we obtain the asymme-
try parameters g; = 1.417 for epoch 1 and g, = 1.369 for epoch
2. They give an averaged asymmetry in the spiral spectrum
of g =1.393 £0.024 in agreement with that of our numerical
simulations, gnym = 1.375, of partially incoherent light emitted
by the Einstein ring of a Kerr black hole with a ~ 0.9 £0.1,
corresponding to a rotational energy [10] of 10%* erg, which
is comparable to the energy radiated by the brightest quasars
over a Gyr timescale, and inclination i = 17° between the ap-
proaching jet and the line of sight, with the angular momenta of
the accretion flow and of the black hole anti-aligned, showing
clockwise rotation as described in Ref. 5.

This result is in good agreement with results from the anal-
ysis of the fiducial pipeline images of amplitude and phase
plots for 11 April, 2017 of DIFMAP with ¢ = 1.401, EHT
g = 1.361 and SMILI, g = 1.319, [6] giving for that day an
averaged value g = 1.360 that deviates of 0.09 from epoch
2 value estimated with TIE and ¢ > O confirm the clockwise
rotation. The spiral spectra are reported in Fig. 2.

Then one determines the rotation parameter a by comparing
those obtained by a linear interpolation with the asymmetry
parameter g of various models, as reported in the numerical ex-
ample of Table I for different values of inclination and rotation
parameters i and g. The results are depicted in Fig. 1.

In our simulations we adopted a thermalized emission with
0.1 < T < 2 power spectra, chosen in agreement with ALMA
observations [5, 30] and also that of a synchrotron emission,
Compton scattering, and bremsstrahlung. We find that in any
case, as discussed in Ref. 6, the image is determined mainly
by the spacetime geometry and is also insensitive to the details
of the plasma evolution between each observation in each of
the two epochs.

Even if this is not a direct measure of the spatial phase pro-
file, something that could be obtained with interferometric or
other more direct techniques, the values of the rotation param-
eter a obtained with this method agrees with the experimental
data obtained from the results present in the literature. Prefer-
ably, one should have several snapshots taken with EHT at
much shorter time intervals, typically a few minutes rather
than days. This would improve the terms present in the TIE of
Eqns. (A8), and could be realized quite straightforwardly.

With dedicated observations and new fiducial pipeline im-
ages of amplitude and phase plots, and new interferometric
methods that analyze the EM field in intensity and phase, read-
ily realized with standard radio telescopes as was reported for
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Figure 1. Experimental results. Field components along the observer’s direction and spiral spectra obtained with the TIE method for epoch 1
and epoch 2. The asymmetry between the m = 1 and m = —1 components in both of the spiral spectra reveals the rotation of the black hole
in M87. It also indicates that the electromagnetic vortex reconstructed from the TIE analysis of the EM field intensities extracted from the
birghtness temperature in a finite frequency bandwidth has components along the propagation direction to the observer that are compatible
with twisted lensing of a black hole with a = 0.9 £ 0.1 rotating clockwise with the spin pointing away from Earth and an Einstein ring with a
gravitational radius Ry = 5, as indicated by an EHT analysis dominated by incoherent emission. For all days, the diameters of the ring features
span the narrow range 38—44-arcseconds and the observed peak brightness temperature of the ring is 7 ~ 6 x 10° K.[6] The other components
(x and y) of the EM field derived from TIE equations do not show a predominant OAM component. This is expected [1].

the fiducial pipeline images of amplitude and phase plots for
11 April 2017, one should be able to drastically improve the
measurement of the OAM content (spiral spectrum) in the EM
radiation from rotating black holes and determine much better
their rotation and other parameters once the shadow is resolved.
Ultimately, radio telescopes equipped with antenna systems
optimized to directly capture and resolve the EM angular mo-
mentum in the signals received will be able to unleash the full
potential of the OAM in observational astronomy.

The advantage of involving OAM in black hole astronomy is
that polarization and OAM together build up the total angular
momentum invariant J and when polarization is affected by
the presence of polarising media such as dust and unstructured
plasma, OAM will be less affected and can be used as a refer-
ence point to extract additional information about the source
from its emitted light.

Appendix A: Technical

In the paraxial approximation applicable here, it is possible
to split the total angular momentum J into two distinct gauge-
invariant observables S and L, thus allowing them to be studied
separately [31]. In this case, one can project S and L onto
the propagation axis z to obtain two distinct and commuting
operators [17]

$.=n Y o / dkod (ko) dos mp (ko) (Ala)
omp 70

L=nY m / dkody ., (ko)dg mp(ko) (A1b)
o,m,p 0

where dg m, p(ko) and d;m’ (ko) are the creation/annihilation
operators of the EM field, characterized by the spin
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Figure 2. Results from DIFMAP, EHT and SMILI data analyses and of numerical simulations from KERTAP. The first three insets show
the experimental spiral spectra obtained from the three fiducial pipeline images for 11 April 2017 from SMILI, EHT imaging, and DIFMAP
[4]. They represent the visibility amplitude and phase as a function of the vector baseline. In all the datasets the asymmetry parameter, the
ratio between the m = 1 and m = —1 peaks in the spiral spectra, is ¢ > 1 indicating clockwise rotation: the black hole is found to have its spin
pointing away from Earth and an inclination between the approaching jet and the line of sight of i = 17° (equivalent to a similar geometry with
an inclination i = 163°, but where the angular momentum of the accretion flow and that of the BH are anti-aligned) (left). Fourth inset: spiral
spectrum of the numerical simulations with KERTAP [29] obtained from the normalized intensity and phase of the z component of the radiation
field emitted from a spatially resolved image of the black hole accretion disc dominated by thermalized emission with I' = 2. The coherence ¥
of the radiation emission is characterized by the ratio between the m = 0 and m = 1 peaks in the spiral spectra. The lower the y, the higher the
coherence in the emission. The experimental spiral spectra of SMILI, EHT imaging, and DIFMAP show higher coherence in the radiation
emission (Ysyrrr = 1.198, xgut = 1.798) and (Xprrmap = 1.107) with respect to the simulated model of a simple thermalized accretion disk
with power spectrum I' = 2 (xggrTap = 5.029) and with respect to that obtained in the TIE reconstruction of the wavefront ()ep; = 13.745 and
Xep2 = 14.649) in Fig.1. Even if the asymmetry g is well preserved, the TIE method can be improved by consecutive data acquisitions of the
wavefront, separated by a much shorter time interval than one day and might therefore provide better information on the source emission.

(o), orbital (m) and radial (p) angular momentum states.  mate modes describe an EM field at z = 0 of amplitude [32]
Hence, each individual photon in the beam carries SAM,

quantized as S, = 6/,6 = +1, and OAM, quantized as LG Ve \" m( 2P?
L =mhm=0,4+1,42,...,+N. Unp (@00 | 0y | B0\ oy

2
p .
X exp (_wz(())) exp (£im@) (A2)

Twisted beams can be decomposed into orthogonal eigen-  The parameter m is the azimuthal index that describes the z
modes, each carrying its own well-defined quantum of OAM component of OAM, i.e. the number of twists present in the he-
and known geometry, such as Laguerre-Gaussian modes. In lical wavefront, p the number of radial nodes of the mode, w(z)
cylindrical polar coordinates (p, @, z) these paraxially approxi-  the waist of the beam, L,” the associated Laguerre orthogonal



Electric field Z component a=0.936 r=100 Rg i=17°

Intensity and polarization a=0.936 r=10 Rg i=17°

Electric field Z component phase a=0.936 r=100 Rg i=17°
0

Spiral Spectrum Z a=0.9375 i=17°
0.7 T T T T T T T

Figure 3. Results of numerical simulations from KERTAP [29]. Normalized intensity and phase of the z component of the radiation field
(upper panels) emitted from a spatially resolved image of the black hole accretion disc dominated by thermalized emission and synchrotron
radiation. The black hole has a spin pointing away from Earth and an inclination between the approaching jet and the line of sight of i = 17°,
equivalent to a similar geometry with an inclination i = 163° and the angular momentum of the accretion flow is anti-aligned with that of the
BH. Polarization and spiral spectrum plots (lower panels). This geometry, shown here at an orientation of 90°, agrees with that described by the
experimental spiral spectra in Fig. 1 with clockwise rotation in agreement with the asymmetry parameter g. The ratio between the m = 0 and
m = 1 peaks of the experimental data results smaller than that generated by the theoretical model, showing lower coherence in the emission

mechanisms.

polynomial, and ¢ the azimuthal phase of the beam!??°. The
decomposition of any general beam into orthogonal modes
will expose the spectrum of OAM states carried by the EM
wavefront, the so called spiral spectrum [7].

Numerical simulations and analyses. As an initial step
in the analysis and interpretation of the data, we built up, from
a set of numerical simulations, several scenarios of black-hole
(BH) accretion disks (AD’s) to use as a catalogue of reference
models to be compared with the results from the experimental
data analysis, allowing us to characterize the twisting of light
from the rotating BH of M87. To this end we solved numeri-
cally the null geodesic equations under strong gravity condi-
tions with the help of the software package KERTAP [29] that
provides a detailed description of the propagation of light in
Kerr spacetime in geometric units (G = ¢ = 1). We calculated

the OAM of light from the Stokes polarization parameters [8]
as measured by an ideal asymptotic observer. Because of the
properties of the Kerr metric, the observables associated with
any Kerr black hole (KBH), including the spatial distribution
of the azimuthal photon phase ¢ (¢) and the associated OAM
spiral spectrum considered here, are invariant with respect to
the mass mpy of the BH but depend on its rotation parameter
a = Jgu/(mpuc), where Jpy is the BH angular momentum,
and the inclination i of its equatorial plane with respect to the
observer. In all our simulations we assumed 0.5 < a < 0.99 and
1° <i < 179°, rotating clockwise and counterclockwise, then
favouring i = 17° rotating clockwise and pointing away from
Earth (or equivalent to i = 163° with the angular momentum of
the accretion flow and that of the BH anti-aligned as discussed
in Ref. 5), as indicated by the spiral spectra obtained from the
experimental data and from the results of EHT collaboration
presented and discussed in Refs. 3-6.



Employing a new vectorial field technique developed by
Zhang et al.[8], we first calculated the Stokes parameters for
an ideal BH AD with given values of a and i. We then deter-
mined the OAM of light from the Pancharatnam-Berry phase
generated by the KBH lensing. For this purpose we considered
the electric field of a fully polarized vectorial vortex beam
propagating in free space in the z direction from the BH to the
asymptotic observer. In the paraxial approximation this field
can be written [cf. Eqn. (1.5) in Ref. 33]

. . 1 (du, Jduy
E(x,y) =io [uxx—kuyy—kk(a;—&— (9;

) i] exp(ikz)
(A3)

where uy, uy uy and ug represent the complex amplitudes of
the x and y components and their complex conjugates, respec-
tively, of the electric field in the image plane, @ is the angular
frequency, and k the wave number.

In SI units the z component of the EM orbital angular mo-
mentum density about the origin is [31]

s N ep & o . .0
so[xx(ExB)]-z:%i;E LZE,-:%;E,. 130 E;

so that one obtains [8]

)] u’ uy .9 , 0
LZZIE <Mx8(; +Mya(p—l/txa(P—uya(p) (A4)

From the Stokes parameters (I,U,V) of the linear and el-
liptic states of EM polarization taken as reference fields, the
Pancharatnam phase of the vortex field E(x,y) we want to
determine is given by [8]

Vp(v vy = arg ((Pv|Pg)) (AS5)

More precisely, this quantity is calculated with the argument
of the ratio between the circular/elliptic state of polarization
of the EM field, characterized by the Stokes parameter V, and
state | @y ), and that of the initial field E(x,y), namely |®g).

According to Zhang et al. [8], one obtains the average OAM
charge of the field, for any concentric circle of pixels with the
origin in the centre of the image with radius r., from

m IVpv ) Yy

(AO6)

where the Iy is the normalized intensity, the first term
19(Wpvu))/ 9@ is the gradient of the spiral spatial phase
distribution obtained from the Stokes parameters V and U. The
term (I +U) dy;/d ¢ in Eqn. (A6) describes the variation of
the state of polarization in space at each point in the observa-
tional plane of an asymptotic observer.

Both quantities present in Eqn. (A6) are calculated for each
point in the image plane, and then the azimuthal spatial phase
distribution is computed. The OAM states are identified by
analyzing the asymmetry ¢ between the height 4(m = 1) of the
m = 1 peak with respect to that of m = —1, h(m = —1), in the
spiral spectra obtained from any given value of the rotation and

inclination parameters of the KBH and characterized by the
ratio ¢ = h(m = 1) /h(m = —1), the parameter characterizing
the OAM spectrum asymmetry and thus corresponding to the
BH rotation and inclination parameters a and i. The other
physical radiation emission parameters of the AD tested in
our simulations spanned the photon power law index range
0.1 <T" < 2. Here we report simulations for I" = 2, indicating
a mostly thermal emission, and a radial power law index C, = 3
for a radiation transfer equation with polarization, assuming a
scattering dominated semi-infinite atmosphere [29]. The main
results for a = 0.9 are reported in Fig. 3.

As has been demonstrated experimentally in the radio do-
main [34-36], vortex beams are detectable and can be accu-
rately characterized with interferometric techniques. In our
case, however, we employ instead a non-interferometric tech-
nique that amounts to the measurement of the vortex beam
wavefront based on the Transport of Intensity Equation (TIE)
and reduced error procedure [9, 37] of the four images of the
Einstein ring. The EHT observations were made at 1.3 mm
wavelength to generate the spatial phase distribution of the EM
field and provide an estimate of the OAM spectral content in
the lensed light.

In the reconstruction of the spatial phase distribution from
the intensity of the field, the EM waves are described by
complex-valued solutions u(r) of the paraxial wave equation
[37, 38]

. d
(Vw) “Viey + 4maz> u(r)=0 (A7)

where V) represents the vector nabla differential operator in
the image plane (x,y) perpendicular to the z axis connecting
the BH and the asymptotic observer.

By multiplying equation (A7) with its complex conjugate,
one can split the equation into a system of partial differential
equations describing the intensity / (the TIE equation) and the
phase evolution P with respect a motion across the z axis as
in Ref. 37

al 1

e —gv(m “(IV()P) (A8a)
iy \ﬁV(x’y)\/I— V()P (A8b)

where I is the intensity and P the phase distributions in the
plane of propagation that evolves along the z coordinate. The
quantity [V, ) P| is the magnitude of the phase gradient vector
in the image plane.

To solve the equation system (A8) and recover the spatial
phase distribution, and thus the OAM imprinted in the experi-
mental data, we split the four observations into two subgroups
of two images, each separated by the interval of one day. This
was done in order to reduce any possible influence on the pro-
cedure due to possible actual physical changes in the Einstein
ring for a KBH supposed to rotate near the maximum rate. We
found that during these time intervals the stability of the source
does not reflect dramatic structural changes, as already stated
in Refs. 5 and 39. Also, the evolution of P and [ along the
z axis expressed in Eqns. (A8) is provided by the motion of



the Earth during the acquisitions. The TIE equation can be
applied even though the shift along z due to the motion of our
planet around the Sun in the interval of one day appears to
be enormous with respect to the wavelength. However, this
method still applies as this motion represents a fairly small
fraction of the distance travelled by light from M87 to the
Earth and because of the stability of propagation of the light
so far observed and the slow evolution of the source during the
acquisition time interval.

Appendix B: Additional material

Phase reconstruction with TIE and KERTAP-based numerical
simulations

The reconstruction of the phase profile from intensity pat-
terns of a wavefront is a novel non-interferometric technique
based on the Transport of Intensity Equation (TIE) that requires
a careful mathematical and numerical analysis of the problem
[9, 37]. In our case we limit our analysis to paraxial optics.
In principle this method only requires a field intensity acquisi-
tion system — such as the Event Horizon Telescope (EHT) —
that takes snapshots at different distances, as it were mounted
over an optical translation stage. This occurs naturally since
Earth and M87 are in relative motion. Even if the relative
motion of the source and the acquisition system is of an enor-
mous amount of wavelengths, A = 0.0013 m corresponding to
230 GHz, the stability of the source during the acquisition in
different epochs, the stability of the signal propagation and the
optimization procedure adopted in the image reconstruction
to minimize the acquisition errors, and the simple geometry
of the Einstein ring as observed in M87, ensure a good result
allowing a determination of the spiral spectrum, and hence the
rotation parameter of the black hole (BH).

To proceed with the analysis of the BH rotation we must
obtain a reference OAM spectrum from numerical simulations
and link the asymmetry of m = 1 and m = —1 states, that
allows us to estimate, with good accuracy, the twist in the light
due to the rotation of the BH. We assume that the evolution
of the Einstein ring between acquisitions separated by one
day can introduce small deviations in the determination of the
spatial phase profile with respect to the main effect of twist
of light induced by the Kerr metric lensing mechanism. The
change in morphology in two different series of acquisitions of
the Einstein ring separated by one day [40] due to the natural
evolution of the source becomes a smaller contribution in the
determination of the spiral spectrum.

The ratio between the m = 1 and m = —1 peaks in the spiral
spectrum for an Einstein ring if, in the simulations, we assume
a photon power law index in the range 0.1 < T" < 2, and con-
centrate our efforts on the canonical case [41] ' =2 and a
radial power law index that specifies the radial steepness of the
profile, of n, = 3.

As a first step we use our software based on the KERTAP
software [29] that describes the spacetime geometry around

a rotating black hole and calculates the gravitational optics
phenomena such as lensing and polarization of Kerr spacetimes
[42]. We calculate the expected phase pattern of an Einstein
ring for different values of the rotation parameter — the angular
momentum per unit mass (a < 1) — of the BH that, together
with the BH mass mpy in Boyer—Lindquist coordinates, in
geometric units (G = ¢ = 1), describes the Kerr space-time
with coordinates (¢,r, 9%, @),

sin? ¥

ds? = Bar? + p2av? + or ladi— (7 +a) do)’
~ A (4 asin® 9dp)> (B1)
where
p2 = r? +d’cos’ ¥ (B2)
and
A=r— ZmBHr—l—a2 (B3)

To obtain a more realistic result to compare with observa-
tions, we calculate the intensity pattern of the Einstein ring of
a Kerr black hole (KBH), such as the one observed in M87,
for different values of the rotation parameter a. In a second
step, we also convolve the result provided by KERTAP with
the normalized intensity patterns measured by the EHT in four
different epochs, as discussed in the main text.

The propagation of the signal is quite stable also during the
relative motion of the source with respect to the observer during
the one day interval that separates two consecutive intensity
acquisitions: the relative motion of M87 has an heliocentric
radial velocity vyag = 1307 =7 km/sec with a distance of 54.8 £
2.6 x 10° light years (ly). Even if the distance between the two
wave fronts is huge in terms of wavelengths (1.3 mm), the fact
that the source is stable for a time interval of one day and that
the propagation is stable, one can reconstruct the wavefront
even if the source and the observer are separated by a large
distance. In fact, the stability in the propagation makes us
conclude that the change of wavefront in one day of motion
is due mainly to the phase profile of the wavefront, being the
ratio between the total propagation distance and that due to the
relative motion in one day

ALgay
ALy

which is very small and can only give very small perturbations
to the wavefront when propagating under stable conditions
[44].

Each EHT image of M87 for any epoch is obtained through
the convolution of different intensity patterns by using the
NMF (negative matrix factorization) reconstruction method to
reduce the error in agreement with the chi-squared test ensuring
a good-quality image construction process with an error of 5%
in the pattern and are given in units of brightness temperature.
More details are provided in the EHT scientific documentation
presented and discussed in Refs. 3-6.

~2.5x10712 (B4)
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Figure 4. Upper panels: Normalized electric field x (left) and y component (right) reconstructed from the two EHT data acquisitions taken
during epoch 1 (April 5 and 6, 2017, respectively), with the Transport of Intensity Equation (TIE) method. Lower panels: Normalized electric
field intensity and phase across the direction of observation z and the corresponding spiral spectrum that show the presence of a black hole
rotating clockwise with rotation parameter a ~ 0.9 + 0.1 and inclination 17° pointing away from Earth (see main text). The TIE reconstruction
of the fields is possible because the M87 black hole Einstein ring is spatially resolved by EHT; the wavefront reconstructed here is not plane and
therefore different from that emitted from a point-like source at infinity. The EM fields can be described as an unguided transverse magnetic
(TM) beam in free space [43].
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Figure 5. Epoch 2. Field components and spiral spectrum obtained with the TIE method, as in Fig. 4. Also here the spiral spectrum as in epoch
1 that the component of the electromagnetic field along the propagation direction to the observer, agree with the results of a twist in the light
caused by a clockwise rotating black hole with rotation parameter a ~ 0.9 +0.1 as previously discussed (see main text).
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Figure 6. Upper panel: Spiral spectra of the x and y components of the electric field, obtained with the TIE method from EHT data in epoch 1
and those in epoch 2. Bottom panel: Both components in both epochs do not show a predominant OAM component, as expected.

Assuming a stable propagation and the validity of the NMR
method to minimize the effects of instrumental and atmo-
spheric effects on the wavefront, our software calculates the
normalized intensity of the field obtained from the brightness
temperatures of M87 EHT plots for the radiation received in
the 1.3 mm band [45], solves numerically the TIE system with
a finite difference method for a series of matrices (250 x 250)
of intensity values so far obtained and then it calculates the
phase profile and the spiral spectrum.

From the spatial distributions of the intensity and phase
obtained (numerically) at this stage, we determine the spiral
spectra and characterize the Kerr metric effect in the phase by
measuring the asymmetries between the peaks m = 1 and m =
—1, to be compared with those obtained from the experimental
data, calculating the asymmetry parameter g. From numerical
simulations we obtain a relationship between the asymmetry ¢
and the rotation parameter a by interpolating the results present
in Table I of the main text with a power law rule.

All the images provided by the EHT collaboration satisfy a
5% maximum error chi-squared test. From an error analysis,
applied to the TIE equation, we obtain the total maximum error

on the rotation parameter estimate a = 0.9 as

|Aal o = |Aalgg + |AalgyE >~ 0.1 (BS)

hence yielding a first estimate of the rotation parameter at
a =0.9+0.1. This shows that the rotation energy [10, 46] is
10%* erg, which is comparable to the energy radiated by the
brightest quasars over a Gyr timescale! We notice the different
ratios between the m = 0 and m = 1 modes in the theoretical
model and that obtained from the TIE.

From the theoretical model with a photon power law index
I' =2 and a radial power law index n, = 3, one obtains the
ratio g = h(m = 0)/h(m = 1) = 7.6, whereas the experimental
data analyzed with the TIE method we find for epoch 1 (days
April 5-April 6) that the ratio g = 14.65 and for epoch 2 (days
April 10-April 11) that the ratio ¢ = 13.95. This means that
the theoretical source has more coherence than that in the
experimental data, even if we notice that the ratio between
the two m = 0 and m = 1 modes of the experimental data are
quite stable in both epochs, indicating that the TIE procedure
is reliable.

The difference between the theoretical and experimental



results, excluding numerical noise, can be attributed to the
concomitance of two main effects: (1) the experimental source
can be more thermalized/scattered than what is assumed in the
theoretical model, indicating a less coherent source; (2) if this
loss of coherence depends on the time of separation between
two consecutive acquisitions, it could be tuned by reducing Ar.
Of course, this would also give more information about the
coherence of the source emission mechanism by systematically
varying At.

What is important is that the asymmetry between the m = 1
and m = —1 modes are stable, both in theory and experiment,
suggesting that this is a promising way to directly determine
the twist of spacetime and electromagnetic waves due to the
rotation of the BH.

A better result could be obtained with a fast imaging tech-
nique, involving all EHT radio telescopes, allowing a series
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of consecutive snapshots, with a short coherence time due to
atmospheric phase fluctuations that can occur on timescales
of tens of seconds. This could be implemented in future EHT
observations, together with the experimental acquisition of the
azimuthal spatial phase profile analysis obtained with interfer-
ometric techniques centred on the BH shadow. An antenna and
data acquisition system optimally designed for direct measure-
ment of OAM would open entirely new avenues in astronomy
and space sciences and technology in general.
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