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Momentum and AM problems
Poynting vector P = E × H
de Broglie: p̂ = −i∇, p = k

p

weak

∝ r p̂ ψ

( )

Noether’s translation P = E ⋅ ∇ A
+ Many problems with the spin and orbital angular
momenta of light: J = L + S
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“Poynting–vector religion”
In optics, the (averaged) Poynting vector is the chief quantity
of interest. The magnitude of P = E × H is a measure of
light intensity, and its direction represents the direction of
propagation of light. [Born & Wolf]
The density of the momentum of the electromagnetic field
is P . [Jackson, Landau & Lifshitz]
The radiation pressure exerted by an electromagnetic wave …
is given by P . [Wikipedia]

This fact was analyzed later in detail by Richards and Wolf [1959], who computed the
This fact was analyzed later in detail by Richards and Wolf [1959], who computed the

“Poynting–vector religion”

Poynting vector distribution in the focal plane of an aplanatic system. The energy flow
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“Poynting–vector religion”
The Poynting momentum works well for a plane wave.
It is independent of the polarization, aligned with the
direction of propagation, wave vector, and radiation
pressure:
F press ∝ P ∝ k
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“Poynting–vector religion”
However, for structured (inhomogeneous) fields, which
are ubiquitous in modern optics, the Poynting vector
represents a rather controversial quantity, without a
clear meaning. In particular:
In inhomogeneous fields, it has an anomalous
component, which strongly depends on the polarization
and is orthogonal to the wavevectors (propagation
direction) of light:

P⊥ ∝ σ , P⊥ ⊥ {k }

“Poynting–vector religion”
Evanescent wave:

Two–wave interference:
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“Poynting–vector religion”
The radiation–pressure force on a small dipole
particle (or an atom) in a generic optical field E r
is not proportional to the Poynting vector:

()
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∝ ( ka ) Im ⎡⎣E*⋅ ( ∇ ) E ⎤⎦ ∝ P
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P

Remarkably, until very recently, no clear physical
meaning was ascribed to this old result. Moreover,
radiation pressure is still often mistakenly associated
with the Poynting vector.

“Poynting–vector religion”
The use of the Poynting momentum results in
numerous problems with the description of the spin and
orbital AM of light:

J=r×P

≠L+S

(i) It describes the total AM, and we have to separate
the spin and orbital degrees of freedom by hand.
(ii) AM is not an independent degree of freedom (locally).
(iii) It vanishes in a circularly–polarized plane wave
carrying spin AM: the “spin of a plane wave” paradox.

“Poynting–vector religion”
Circularly–polarized plane wave, spin AM paradox:
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“Poynting–vector religion”
In sharp contrast to the above properties, we clearly
observe different manifestations of the spin and orbital
degrees of freedom (locally) in structured light and spin
AM in a plane wave.

O’Neil et al. PRL (2002); Garces-Chavez et al. PRL (2003), Curtis & Grier PRL (2003)

“Poynting–vector religion”
Thus, our strong inertia in using the Poynting vector for
many decades hampers in seeing its strong drawbacks:

Field–theory approach
Instead of trusting in Born & Wolf or Jackson, let us
check how the momentum/AM of light appears in
electromagnetic field theory.
The momentum/AM densities are derived from the field
Lagrangian using the translational/rotational symmetry
of space and Noether’s theorem.
Taking the corresponding components of the relativistic
energy–momentum and AM tensors, we have the
following picture:

Field–theory approach
Momentum density (energy–momentum tensor):

{ }

P = T 0i
Orbital AM density:

L=r×P
Spin AM density (spin tensor):

{

S = ε ijk S

jk 0

}

J αβγ = r α ∧ T βγ + S αβγ

J =L+S

In contrast to the Poynting approach, here the spin and
orbital degrees of freedom are independent from the
very beginning.

Field–theory approach
However, the problem is that the above canonical
momentum and spin quantities are gauge–dependent:

P = E ⋅ (∇ ) A

S = E× A

Therefore, these quantities were considered as
unsatisfactory and physically meaningless.
In 1940, F. Belinfante and L. Rosenfeld suggested to fix
this problem by “improving” the canonical energy–
momentum tensor, and this changed the
electromagnetic momentum and AM picture drastically.

Field–theory approach
They added a virtual “spin momentum”, which does not
contribute to the integral momentum of the field, but
locally produces the gauge–invariant Poynting
momentum instead of the gauge–dependent canonical
momentum:

P + Pspin = P

spin
P
∫ dV = 0

The price for this is the absence of the spin–orbit
separation and loss of the spin degrees of freedom:

J=r×P

J αβγ = r α ∧ T

βγ

Field–theory approach
For 20 years since 1992, we tried to separate by hand
the spin and orbital degrees of freedom in the Poynting
picture.
This culminated in 2009 Berry’s paper, where he
separated the orbital and spin parts of the Poynting
vector in a monochromatic optical field:

P = P[orb] + Pspin
P

[orb]

1
1
*
spin
=
Im ⎡⎣ E ⋅ ( ∇ ) E ⎤⎦ , P =
∇ × Im ⎡⎣ E* × E ⎤⎦
2ω
4ω
Berry, J. Opt. A (2009)

Field–theory approach
Instead of separating the Poynting vector by hand, we
suggested to deal with the original canonical Noether’s
quantities by fixing the Coulomb gauge there:

A = A Coulomb or A = A ⊥
This produces an inevitable conflict between (i) gauge
invariance, (ii) Lorentz covariance, and (iii) locality in the
generic electromagnetic fields.
But this yields a perfectly consistent picture for laboratory
optical fields (monochromatic, not Lorentz–covariant):

A = −iω −1E

Field–theory approach
Canonical and Poynting momentum and AM pictures:
Noether: P, S
(L = r × P)

Belinfante: P + Pspin = P
(J = r × P )

Bliokh et al.:
P, S

Berry:
Coulomb

P = P [orb] + P spin

Is spin an independent degree of freedom or not ?
Is the spin AM or the Poynting (Belinfante) momentum a
primary quantity ? Canonical or Poynting momentum ?

P spin = ∇ × S / 2

spin
S
dV
=
r
×
P
dV
∫
∫

Resolution of optical problems
Canonical Noether momentum and spin densities (in the
Coulomb gauge) are the fundamental optical quantities:
1
P = E ⋅ (∇ ) A →
Im ⎡⎣ E* ⋅ ( ∇ ) E ⎤⎦
2ω
1
S = E×A→
Im ⎡⎣ E* × E ⎤⎦
2ω

Using these quantities rather than the Poynting
momentum and AM immediately clarifies the picture of
optical momentum and AM and resolves a number of
important problems.
Bliokh et al., NJP (2013,2013,2014); Nat. Commun. (2014), PRL (2014), PRX (2015)

Resolution of optical problems
They naturally represent the local (weak) expectation
values of the quantum momentum and spin–1 operators:

()

P = Re ⎡⎣ ψ ⋅ ( p̂ ) ψ ⎤⎦ , S = ψ ⋅ Ŝ ψ
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Resolution of optical problems
The canonical momentum is always aligned with the
propagation direction (wavevector) of the wave:

P ∝ k loc  {k}
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Resolution of optical problems
The radiation–pressure force on a dipole particle is
proportional to the canonical momentum:
F press ∝ Im ⎡⎣E*⋅ ( ∇ ) E ⎤⎦ ∝ P

Moreover, the radiation torque on a dipole particle is
proportional to the canonical spin density:
T ∝ Im ⎡⎣E* × E ⎤⎦ ∝ S

Thus, the direct measurements of optical momentum and
AM yield the canonical momentum and spin rather than
the Poynting vector!
Bliokh et al., Nat. Commun. (2014); PRL (2014)

Resolution of optical problems
This immediately explains numerous optical–
manipulation experiments demonstrating the orbital
motion of particles due to the canonical momentum P
and their spinning due to the spin density S .

F press ∝ P

T ∝S
O’Neil et al. PRL (2002); Garces-Chavez et al. PRL (2003), Curtis & Grier PRL (2003)

Resolution of optical problems
The same canonical momentum P occurs when one
measures the weak value of the photon momentum
(photon trajectories) via quantum weak measurements:

p weak ≡ Re

r p̂ ψ
rψ

=

ω P (r )
W (r )

Wiseman, NJP (2007)
Berry, J. Opt. (2009)
Kocsis et al., Science (2011)
Bliokh et al., NJP (2013)
Flack & Hiley, IJQF (2014)

Resolution of optical problems
There is no “spin of a plane wave” paradox:
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Transverse helicity–independent spin
Using the canonical spin density, we immediately find a
novel type of spin AM in inhomogeneous optical fields.
For instance, in evanescent waves: k = kz z + iκ x
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Transverse helicity–independent spin
Such wave carries longitudinal canonical momentum
P ∝ Rek
and transverse polarization–independent spin AM:
Rek × Im k
S⊥ ∝
(Rek)2
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Transverse helicity–independent spin
This extraordinary property of light provides transverse
spin–momentum locking and can be associated with the
fundamental quantum spin Hall effect of light.
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Transverse helicity–independent spin
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also appears in propagating interference fields, but its
integral value vanishes in such fields:
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S ⊥ ∝ k × δ k sin δΦ
Bekshaev et al. PRX (2015); Neugebauer et al. PRL (2015); Bliokh, Nori, Phys. Rep. (2015)

Transverse helicity–independent spin
This can be interpreted as a weak value of photon’s spin,
which is orthogonal to its momentum:
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We have found that the usual measuring procedure for preselected and postselected ensem
quantum systems gives unusual results. Under some natural conditions of weakness of the measur
its result consistently defines a new kind of value for a quantum variable, which we call the wea
A description of the measurement of the weak value of a component of a spin for an ensem
preselected and postselected spin- 2 particles is presented.

z

PACS numbers:

03.65.Bz

S

weak

strong
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This paper will describe an experiment which mea'
sures a spin component of a spin- —, particle and yields a
result which is far from the range of "allowed" values.
We shall start with a brief description of the standard
measuring procedure. Considering measurements on an
ensemble of preselected and postselected systems, we
shall define a new concept: a weak value of a quantum
variable. And, finally, we shall describe the measure-

S ⊥ ∝ k × δ k sin δΦ

a;, the final probability distribution wi
a Gaussian with the spread hatt. The c
ian will be at the mean value of A:

One measurement like this will give
cause htr»(A); but we can make t
ment on each member of an ensemb
prepared in the same state, and tha
relevant uncertainty by the factor I/JN

Bekshaev et al. PRX (2015); Neugebauer et al. PRL (2015); Bliokh, Nori, Phys. Rep. (2015)

“Superluminal” momentum
Poynting vector always corresponds to the “subluminal”
propagation of light:
P /W < c
In contrast, the canonical momentum can be arbitrarily
large, e.g., “superluminal”:

P /W > c

p

weak

> k

In particular, such “superluminal” values (superoscillations)
13
are realized in evanescent waves and near optical vortices.
Berry (1994,2006,2009);
Dennis et al. OL (2008);
Bliokh et al. NJP (2013)
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Transverse Poynting–Belinfante momentum
What about the transverse components of the Poynting
vector orthogonal to the wave propagation direction?
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Transverse Poynting–Belinfante momentum
This is a “virtual spin momentum” Pspin ∝ ∇ × S introduced
by Belinfante to “improve” the canonical momentum:

P⊥ ≡ P⊥spin
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Transverse Poynting–Belinfante momentum
This “spin momentum” does not interact with matter in the
dipole–coupling approximation.
It appears only in the higher–order interactions and causes
weak spin–dependent transverse optical force:
x
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Bliokh et al., Nature Commun. (2014); Nieto–Vesperinas et al. OE (2010)

Transverse Poynting–Belinfante momentum
We performed experimental measurements of this
intermittent force field. This allows us to isolate optical forces produced by the laser 1 on the
extraordinary
orthogonal
to laser
the2)propagation
of light:
constant backgroundforce,
of other forces
(e.g., from the imaging
(Fig. 3a).

Figure 2. LateralAntognozzi
molecular force
microscope
probing optical forces in an
et al.,
arXiv:1506.04248

of the cantilever was estimated to be θ  5°  0.09 rad.

Transverse Poynting–Belinfante momentum

This is the first direct proof that the two contributions to
the Poynting vector (canonical and spin momenta) differ
dramatically in their natures and roles in light–matter
interactions. The first one produces radiation pressure, the
second one – only a weak edge diffraction effect.

Figure 3. Longitudinal and transverse optical forces in an evanescent wave. (a)

Antognozzi et al., arXiv:1506.04248

The new paradigm of optical momentum and AM is based
on the canonical Noether’s momentum and spin densities.
It solves a number of optical problems and provides a clear
coherent picture of several areas of optics:

These topics are fundamentally inconsistent in the kinetic
Poynting–vector formalism. The new paradigm explains old
results and underpins novel observable phenomena.

