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Vad dr OAM?

Som ér vilkéant kan elektromagnetisk stralning (fotoner), vare sig det dr i vaglingdsom-
ridet for radio, ljus, Rontgen eller gamma, 6verfora information tradlost 6ver langa
avstand i form av elektromagnetisk féiltenergi (en frihetsgrad) eller rorelseméngd
(tre translationsfrihetsgrader), metoder som anvénts i bade vetenskap och teknik-
tillimpningar i mer dn ett arhundrade. Mindre ként ér att elektromagnetisk stralning
ocksa bir pa rorelsemangdsmoment (sex rotationsfrihetsgrader) som dven den kan
overfora information tradlost over langa avstand. Samtliga dessa informationsbarande
kvantiteter transporteras av féltet i form av volymetriska tatheter och kan dérfor alla
sdndas ut och tas emot av lampligt konsturerade antenner av dndlig volym.
Elektromagnetiskt rorelsemiangdsmoment bestar av tva delar:

Spinnimpulsmoment (spin angular momentum, SAM). Denna kvantitet beskriver
hur félten (fotonerna) roterar i tiden, med- eller moturs, runt den egna utbred-
ningsaxeln. SAM Kkallas ocksa for cirkuldr vinster- och hogerpolarisation och
har lange anvints i radioastronomi och radiokommunikation.

Banimpulsmoment (orbital angular momentum, OAM). Denna kvantitet beskriver
hur félten (fotonerna) roterar i rummet kring en yttre punkt eller axel. Detta
kallas skruvning. Medan OAM nu bérjar utnyttjas i radiokommunikationer
har den inte anviénts i radiobaserad astronomi eller rymdfysik. Férran nu.

Forslag att utnyttja OAM i astrofysik framfordes forst av MARTIN HARWIT | men
verkar inte ha forverkligats [1]]; se mittfiguren i marginalen.

Forutsdigelse om OAM-strdlning fran svarta hdl

For nio ar sen publicerade vi en teoretisk-numerisk artikel [2], baserad pa Einsteins
allméanna relativitetsteori, som forutsade att ljus- och radioemissioner fran mycket
nira ett roterande svart hél (Kerr-svarthal [3]) bar pd OAM. Desstuom borde det
fran den spektrala strukturen hos detta OAM g att bestimma storleken och andra
egenskaper hos det svarta hélets spinn; se den undre figuren i marginalen.

Detta pa grund av s.k. »frame draggingﬂ (ett fenomen dar sjalva rumtiden sldpas
med av roterande svarta hal), gravitationslinseffekter, gravitationell Faradayrotation,
gravitationell Berryfas och andra allménrelativistiska effekter. Véra teoretiska under-
sokningar och numeriska simuleringar hade visat att ljus- och radioemissioner som
inte genereras i den omedelbara nirheten av det svarta hélet paverkas bara mycket
svagt. D.v.s. om OAM-spektra skulle kunna detekteras 6verhuvudtaget, maste stralni-
gen skapas i ergosfarer[} alldeles utanfor det svarta halets yttre handelsehorisont.
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Observering av radiostralning med OAM
utsand fran den omedelbara narheten av
svarta hal. Forenklad skiss.

Denna artikel i The Astrophysical Journal
fran 2003 namner kortfattat mojligheten

att OAM skulle kunna 6verforas fran ett
roterande svart hal till elektromagnetisk
stralning som passerar i narheten, men inga
fysikaliska mekanismer diskuterades och
inga specifika resultat forutsades [1].

Inledningen av var artikel i Nature Physics
fran februari 2011 dar vi forutsade OAM i
ljus/radio som emitteras ndra ett roterande
svart hal [2].
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Observationell bekriiftelse av forutsdiigelserna

Den 10:e april 2019 presenterade Event Horizon Telescope (EHT) collaboration’|radio-
bilder i 1,3 mm vaglingd av den morka skuggan runt det supermassiva svarta hélet
M87* beldget pa 55 mijoner ljusérs avstand i galaxen Messier 87 inom Virgohopen och
gjorde dessa radiobilder allmént tillgéngliga online tva dagar senare. Denna forsta
avbildning av ett svart hal var en banbrytande prestation som omedelbart blev viral.

Dessvirre tillhandaholl EHT-radiobilderna inte nagon direkt infromation om
OAM (skruvning). Men en serie lyckosamma betingelser, sdsom det svarta halets
rorelse relativt jorden, radiovagutbredningens stabilitet, och en minutiost noggrann
dataanlays gjorde att vi inom en vecka kunde bekrifta att radiostralningen utsind fran
den omedelbara nirjeten av M87* verkligen var skruvad. En analys avden OAM som
pé sé sitt uppticktes bekriftade att den hade alla de Kerr-svarthalssignaturer som vi
hade forutsagt i var artikel i Nature Physics 2011 [2]]. Se 6versta figuren i marginalen.

Resultat och upptickter

Inte bara bekriftade vi forutsiagelsen att radiodata fran EHT visar att OAM utstralas
kring M87*. Vi kunde ocksa visa med 60 konfidensnivé (99.99999998% sékerhet) att
M387* verkligen roterar. Dessutom visade OAM-dataanalysen att spinnhastigheten &r
nédra den maximala, svarande mot en periferihastighet pa nira halva ljushastigheten.
Vi kunde ocksa mita spinnets lutningsvikel och konstatera att rotationen sker medurs.

Genom att anvinda en vilkdnd formel fran den allménna relativitetsteorin for att
berdkna den rotationsenergi som ar hirbargerad i M87* fann vi att den ar ofantlig
(dtminstone 10% erg =105 Joule). Rotationsenergin hos M87* ir alltsd hogre dn
den som totalt produceras i hela Vintergatan under hela dess tio miljarder ar langa
livslangd! Se nast 6versta figuren i marginalen.

En ytterligare bonus dr att vara resultat fran verkligheten visar att elektromagne-
tiskt OAM kan firdas ett avstand pé 55 miljoner ljusar och fortfarande vara matbart.
Detta bevisar att jamfort med konventionell radio har tradlos kommunikation baserad
pad OAM-radio inga ytterligare begransingar pa hur lang en OAM-radiokommunika-
tionslank kan vara, vilket motbevisar pastdenden om motsatsen.

Utblick

I sin nyhetsartikel i Nature Physics 2011 om véra forutségelser skrev professor MARTIN
BojowaLp|vid Pennsylvania State University: »Det skruvade ljuset skulle kunna
avsloja fysiken for svarta hal i mer detalj 4n vad som tidagre bedomdes vara moj-
ligt...Dessa resultat 6ppnar vigen till nya observationella tester av allmén relati-
vitet...skruvning av ljus 6ppnar redan nu vigen till spinnande nya méjligheter i
svarta-halfysiken.« Se ndst understa figuren i marginalen.

Ar 2011 skrev EDWIN CARTLIDGE féljande i en nyhetsartikel i Nature om va-
ra nya idéer [6]: »Richard Matzner, astrofysiker vid University of Texas at Austin,
haller med om att de foreslagna matningarna skulle ge oss en mycket battre upp-
fattning om vad som hénder ndra svarta hal. Han papekar ocksa att studium av det
tasfordelningsmonster som Tamburini och hans kollegor upptackt skulle kunna ge
ytterligare experimentbevis for den allminna relativitetsteorin.« See understa figuren
i marginalen.

De observationella resultat vi nu publicerar [4] och som bekriftar att OAM-
astronomi fungerar som forutspatt [2] kommer sannolikt att bereda végen for de typer
av nya experiment som just ndmnts. Och kanske fler.

Shttps://eventhorizontelescope.org
Yhttps://www.phys.psu.edu/people/mob6

Titel och sammandrag av var artikel i feb-
ruari 2020 i Monthly Notices of the Royal
Astronomical Society: Letters [4].

Jamforelse mellan olika observerade energi-
er. Rotationsenergin hos M87* ar den hogsta
som nagonsin observerats i universum.

Ur en artikel i Nature Physics 2011 om var
OAM-metod for astronomi och dess baring
pa astrofysik och svarta-halforskning [5].

Ur en nyhetsartikel i Nature 2011 om var
Nature Physics-artikel [6].
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Figur 1] Observering av radiostralning med OAM utsand fran den omedelbara narheten av svarta hal. Férenklad skiss.
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Figur 2 | Denna artikel i The Astrophysical Journal fran 2003 namner kortfattat mojligheten att OAM skulle kunna dverféras fran ett
roterande svart hal till elektromagnetisk stralning som passerar i ndrheten, men inga fysikaliska mekanismer diskuterades och
inga specifika resultat forutsades [1].

Figur 3 | Inledningen av var artikel i Nature Physics fran februari 2011 dar vi férutsade OAM i ljus/radio som emitteras nara ett
roterande svart hal [2].

OAM-astronomi | 5



2020-02-18 03:48:40+01:00

Figur 4 | Titel och sammandrag av var artikel i februari 2020 i Monthly Notices of the Royal Astronomical Society: Letters [2].
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Figur 5| Jamf6relse mellan olika observerade energier. Rotationsenergin hos M87* ar den hogsta som nagonsin observerats i
universum.
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Figur 6| Ur en artikel i Nature Physics 2011 om var OAM-metod for astronomi och dess baring pa astrofysik och svarta-
halforskning [5].
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Figur 7| Ur en nyhetsartikel i Nature 2011 om var Nature Physics-artikel [6].
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Astronomical Twisters

Black holes are enigmatic astronomical objects, which remain, as of yet, unobserved.We
may, however, be in a position to trace their trail. It is possible that a rotating black hole
imparts small twists to photons passing nearby, which we may be able to detect from Earth.

Black holes are one of the most intriguing predictions of
Einstein’s General Relativity Theory. These incredibly mas-
sive astronomical objects have yet to be seen; neither is the-
re hope of ever seeing one, since nothing, not even light,
can escape their huge gravitational attraction. Luckily, we
can still hope to trace their trail. It is possible, for example,
that a rotating black hole imparts small twists to the pho-
tons passing close by, and this should be detectable from
Earth, providing, en passant, further evidence in favor of
Einstein’s General Relativity Theory. This is the proposal of
an international group of researchers from the University
of Padua (ltaly), the Agstrém Laboratory (Sweden), Ma-
cquarie University (Australia), and ICFO — the Institute of
Photonic Sciences (Spain).

According to Einstein's General Relativity — a central
cornerstone in our understanding of the Universe, with
many scientific and technological implications — the pre-
sence of massive objects alters the fabric of space-time. An
empty two-dimensional space-time, for example, can be
visualized as a plastic piece of foil lying flat, which wraps
where a mass, say an apple, is placed. We can detect the
presence of such wrap by observing the motion of objects
passing nearby: the trajectory of a marble will bend near
the plastic foil wrap, and, analogously, the trajectory of a
photon will bend near a space-time wrap. A black hole oc-
curs when the curvature of the space-time is so large that
not even something traveling at the speed of light, such as
aphoton, is able to escape; the space-time wrapping near a
black hole has a distinctive structure and its fingerprint is
transferred onto the radiation emitted nearby.

Black holes were first proposed in the 18" century by
John Michell and Pierre-Simon Laplace, as objects whose
gravitational force was so large as to retain even something
capable of traveling at the speed of light. However, it was
not until a century late that the advent of Einstein’s Ge-
neral Relativity brought black holes onto solid theoretical
ground: it was found that a black hole may be generated
by the collapse of a star with a mass at least several times
that of our Sun’s. In 1963, Roy P. Kerr demonstrated that
General Relativity also permitted the existence of rotating
black holes [1].

However, how could we possibly detect the presence of a
rotating black hole? “We went back to an idea put forward
by Enrico Fermi,” explains Fabrizio Tamburini from the
University of Padua, “in which he considered how a rotating
gravitational lens produced an effect on the light passing
nearby.” “From Einstein’s General Relativity,” adds Bo Thi-
dé from the Swedish Institute of Space Physics at the Ags-
trom Laboratory, “any rotating massive body drags with it
space and time, a phenomenon known as frame dragging.
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to various universities and institutes presenting this work,”
recalls Thidé, “until we came up with the idea of looking at
the light generated near the space-time wrap of a rotating
black hole.”

Studying the solution to the equations of General Rela-
tivity in the proximity of a rotating black hole, they found
that some light generated nearby would indeed acqui-
re some OAM — enough for it to be detectable from Ear-
th. “We solved the equation of General Relativity using a
powerful computational technique, which permitted a very
fast solution, and could even be done on a laptop,” explains
Tamburini. “We carried out an optics experiment using a
rotating black hole.”

The next natural step will be to try to detect OAM in as-
tronomical signals. “We are looking into the possibility of
using the Very Large Array (VLA) telescope in New Mexico
(USA), or the Atacama Large Millimeter Array (ALMA) te-
lescope in Chile, to do this measurement,” explains Thidé,
“but maybe data containing this information already exists,
since several telescopes have observed the radiation gene-
rated from the regions surrounding black holes. Except that
no one, to date, has specifically looked for the OAM.

A success in detecting the signature of OAM in the ra-
diation coming from the proximity of a rotating black hole
would not only be strong evidence for the existence of black
holes, but it would also provide a strong confirmation of the
validity of Einstein’s General Relativity. “The real novelty of
our result is that we found a new effect owing to General Re-
lativity, namely that the electromagnetic radiation emitted
near a black hole, an enormously massive rotating object,

Figure |: Detecting the twist of a black hole. The
light emitted near a rotating black hole acquires a cha-
racteristic orbital angular momentum, which may be
detected from Earth by using an appropriate set of ra-
dio telescope arrays and data analysis techniques. Figure
courtesy: Fabrizio Tamburini, University of Padua.

This should induce a twist, known as orbital angular mo-
mentum, on a nearby passing light beam. This effect should
be particularly evident around a massive rotating black
hole.” In our simile, if a plastic foil (the space-time) is dra-
gged by an apple (the rotating black hole) spinning on it it
will acquire a characteristic twist, which can be transferred
onto a marble (a photon) passing nearby.

Orbital angular momentum (OAM) is one of the proper-
ties of photons, as is their wavelength or their color [2]. Un-
like wavelength and color, however, OAM has not been ex-
ploited by astronomers until now. “In 2003, Martin Harwit
[3] wrote a provocative paper saying that astronomers use
light, but only a minimal part of it,” remarks Tamburini. “In
particular, they don't take advantage of its orbital angular
momentum.” In 2007, Thidé proved mathematically that
with a certain antenna one can generate or detect beams
carrying OAM at radio frequencies [4] and he started to
look for an astronomical phenomenon that would induce
a significant amount of OAM to make it detectable. “I went
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carries with itself information about the local wrapping of
space,” observes Thidé. “By measuring the phase map of the
OAM we can now test Einstein’s General Relativity using
radio telescopes. This is what we are most proud of.”
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