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The Key point:
The importance of handling Quantum states &
conserved quantities of light for astronomy

LIGHT is the main carrier of information for Astronomy.

LIGHT is more complex than usually assumed by astronomers
(intensity, frequency and polarization) and we can obtain much
more information about astrophysical sources by analyzing also

* Glauber’s correlation functions of photons (e.g. for the laseriron linesin Eta
Carinae).

* The use of guantum technology can help astronomical instrumentation, see e.g.
the proposal of detecting gravitational waves with entangled states of light.

* Additional states of light must be used toget and transfer much more information
or to control better the field behavior.

* Inparticular, among the properties of light still poorly exploited, the Orbital
Angular Momentum (OAM) and the associated Vorticity, which instead are well

known in other disciplines.
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Look closer and see fainter objects:

- intensity

Observe and handle frequencies:
- spectroscopy - polarization
Observe “spatial” properties:

- OAM spectroscopy

OAM a new tool
§l for Astronomy?




Start: Maxwell equations for the EM field

It might sound trivial
but this set of

And God Said equations describe
the propagation of
V:D=p, S light, from which we

obtain most of the
information from
astrophysical sources
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Symmetric under inhomogeneous Lorentz transformations. The
concomitant Lie group 1s the 10-dimensional Poincaré group P(10).
According to Noether’s theorem there therefore exist 10 conserved
EM quantities. In fact there exist 23 exact, plus an as yet unknown
number,of approximate cmwwaﬁmrpplawsltfrom other symmetries.
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Conserved quantities in a closed electromechanical
system (matter + EM fields) [Boyer, 2005]

*Invariance in time translations => conservation of system energy
(no EME, no radiation: Poynting’s theorem):
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*Invariance in space translations => conservation of system linear
momentum (EM Doppler shift!):

p= Zm,-y,-v,' + & /d3x (ExB)

*Invariance under proper Lorentz transtormations => conservation
of system centre of energy:
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Time distribution

e Photon coherence statistics

* Time arrival of single photons from faint
distant sources

e Glauber correlation
functions characterise
the emission process
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The comorpt of cobwrence which has conventionally leen wal in optics is foand te be inadoguate to the
noods of secently opened aovas of experiment, To provide & falier discession of codereace, & succomion of
corrclation fusctioss for the complex ficdd stoengtha b defimad, The wth onder fanction capoomes the correla-
tion of valees of the Sebds ot 2v dfferent points of space and tizse. Ceortain valoes of these [unctions are
mensarabie by means of » fold delayed colacidence detection of photosa. A fully coberent field s defiond
o whome coovelation Punctions satisly an infimite spccession of stated conditives. Various onders of iIncompiete
coberence are distinguisded, acconding ta the number of cobwemnor condithons actgally satinfied, It b noted
that the Sebds Matorkally doscribed s cobwrent I opthos have coly fintorder coberence. On the other
hasd, the existence, in peinciple, of felds cobereat to all grders by shown both in guasters theory and dasmica)
theoty. The methods wed i these discumions spply 10 Gedds of arbitrary tiose dependence. T s shows, a4
result, that coderence dots not sequire monschromaticity. Coberest febls can de penerated with asbitzary

wpecta.
REVIEWS OF MODERN PHYSICS, VOLUME 78, OCTOBER-DECEMBER 2006

Nobel Lecture: One hundred years of light quanta™

Roy J. Glauber
Harvard University, Cambridge, Massachuselts 02138, USA

(Published 17 November 2006)



Quantum Astronomy means Correlation
functions!

One-Photon ONE-PHOTON EXPERIMENTS
Experiments
E*FE correspond to 1:sL order correlation function:
the intensity I | G Ur, b rot] = <E(r,.t) E(r,t) >
Special case: r, = rp, tl = 12
<E (0,0) E(0,0) > DOLOMETER

Special case: r, ¥ r,, t, t.

-

<F (0,0) BR(r,0) > — [PHASE] INTERFEROMETER

Special case: r = Yoo L # 4,

i <

< E (0.0) E(0,t) > - SPECTROMETER

All classical optical instruments measure properties of light that can be
deduced from the first-order correlation function of light, G, for two

coordinates in space r and time t (Glauber, 1970).
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Two- and Multi-Photon Properties of Light

Since a
TWO-PHOTON EXPERIMENTS detection of a
photon
"'nd order correlation function:
3 (measurement
Trgty rptyl = <Mlrpty) Hrpt,) 2 of I) enters
g(z) v <I(I'1a 1) I(T27t2)>/<1(r1, 1)> <I(I‘2,t2)> twice, G@
Special case: r, = r_, Lt = L, describes two-
< 1(0.0) 1(0,0) > -~ "QUANTUM SPECTROMETER" photon
properties of
Special case: r, /' r,, L, =, light. G ig
< 1(0,0) K{r.,0) > INTENSITY INTERFEROMETER often
normalized to
Special case: r, = Iy, “l = l? the second-
< 1(0,0) 1{0,t) > CORRELATION SPECTROMETER order coherence
of light, g@.

The description of collective multi-photon phenomena in a photon gas, in general requires a quantum-
mechanical treatment since photons have integer spin (S = 1), and therefore constitute a boson fluid with

properties different from a fluid of classical distinguishable particles.
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Isotropy 1n space => conservation of system
angular momentum

J = Z — X0 ) X mM;Y;V; —I—E()/(13.\‘ (x —Xp) X (ExB)

For radiation beams, the EM field angular momentum J*™

can be separated into two parts [van Enk & Nienhuis, 1992]:

I = 28‘;) d*x E;[(X — Xo)] X V)E; 1 2‘?‘;) / Py E*xE
1 1

*The first part 1s the EM orbital angular momentum (OAM)

L"*™ and the second part is the EM spin angular momentum
(SAM) S™ | wave polarisation. J*™ = L™ + S"™™ are radiated
all the way out to the far zone.



Difference between polarisation (SAM) and orbital
angular momentum (OAM)

Contemporary Physics, 2000, volume 41, number 5, pages 275-285
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Second step - Faint sources:
Single photons can carry both spin angular
momentum S and orbital angular momentum L

VOLUME 88, NUMBER 25 PHYSICAL REVIEW LETTERS 24 JuNE 2002

Measuring the Orbital Angular Momentum of a Single Photon

Jonathan Leach,! Miles J. Padgett.! Stephen M. Barnett,”> Sonja Franke-Arnold.” and Johannes Courtial"*

! Department of Physics and Astronomy, University of Glasgow, Glasgow, Scotland

2 Department of Physics and Applied Physics, University of Strathclyde, Glasgow, Scotland
(Received 21 January 2002: published 5 June 2002)
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FIG. 1. Previous work on measuring the OAM of light. (a) A RIG. 4. Fivt dree siages of & proenal soring scheme. The

Mach-Zehnder interferometer with a Dove prism inserted into
one arm interferes the incoming light beam with its own mirror

ey Bones coch represent o unerferomseter of the formm Shown s

Fig. 3 with different anghos betweoen B¢ Dove prissss. The b

i A i i ) i vipe isgroduces & phaoe slult of @ = = asd wo sort malapdo
image. In the case of light with / intertwined helical phase €2 oven I imto Port Al sad odd Iy o Port BL. The oddd]
fronts, the interference pattern has 27 radial fringes. This setup is phctom thee pass though an Al = | hologram o thet $ey
capable of distinguishing between an arbitrary number of states, hocome even-{ photomn. The second stage inoodnies 3 phine
but forming the required fringe pattern needs many photons. B of o = 2/, s i sorm evene] photoss o oven and oM
(b) A hologram can be used to “flatten” the phase fronts of malniphes of 20 The A/ = 2 bodogram s poguired before B
light modes with specific values of /, which makes it possible phctcns sy wormed Darther in the thand wage

to focus these modes (but no others) through a pinhole, behind

which they can be detected. While this latter setup works with

individual photons. it can only test for one particular OAM state.
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Tomorrow part |

* New degrees of freedom of the EM field for

astronomy
 Time correlations — Polarization - OAM

e Space-time characterization of the beam

NEXT:
Experiencing OAM @ the telescope

Applications to astrophysics



