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Intro

Tractor beam

Is this possible?

| © © © 0 © O |

{

mll
@ A wave is scattered
@ The scatterer is pulled towards the source
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Intro

Radiation pressure

Scattering of light:
P=(1+R-THW,

W= 60E§/2

R: reflection, T: transmission

i

R=0:F=0

Can the pressure be negative?

What objects can be pulled towards the radiation source?
Unitarity (conservation of energy): R + T2 =1, P = 2WR? > 0.
How can P be negative?
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Intro NRP

What is negative radiation pressure?

Mizraki, A. and Fainman, Y., Opt. Lett. 35 3405 (2010)
“gain medium”: No unitarity!, T > 1

S
S
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Is this really negative radiation pressure?
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Intro NRP

What is negative radiation pressure?

Mizraki, A. and Fainman, Y., Opt. Lett. 35 3405 (2010)
“gain medium”: No unitarity!, T > 1

>
+ F
>
Is this really negative radiation pressure?
Nitro = Tt g

Does the bullet pull the rocket?
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Intro

Tricky beam

Sukhov, S. and Dogariu, A. Phys. Rev. Lett. 107 203602 (2011)

@ Geometrical optics: very simple

@ They have also solved Maxwell’s equations (FEL)

@ Also possible for general (absorption free) scatterers
@ Examples: sphere, a number of tiny spheres

@ One has to know scattering data of scatterer
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Intro

Two channel scattering

@ Consider two channels with different momenta
e.g., spin up and down particles in a magnetic field B, < 0

@ Incoming beam: smaller momentum channel, x direction

@ Scattering between channels
e.g., revert some spins, the scatterer can be a region with B, # 0

@ Outgoing ptcles carry more momentum

@ Balanced by force acting on the scatterer in the direction
opposite to that of the incoming beam

@ Incoming plane wave acts as a tractor beam

A simple model: k? = w? — m?, my, > my
Scatterer: constant potential for —L < x < L

Fu/ A% = ky(1 + |Rul? = | Twsl?) + ka(|Raul? = | Taul?)

Wide range of parameters: effects of reflection dominated by
scattering between channels
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Models m strip  Different indices of

Outline

e Model systems with NRP
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Models

A strip of false vacuum |

|
— e A
A<—<l ------
..... | |- G
G<—<I ------
vac \\ f vac
false vac.

@ Vacuum: two modes: k3 + 4 = w?, k& = w?
@ False vacuum: two modes, k? = w?
@ Phase shift screen: £4 for the two modes
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Models False vacuum strip  Different

A strip of false vacuum Il

@ Analytical force formula
T = Ke(1 + |Raf® — | Tal?) + K3(|Rgl* — | Tq[?)

|af?

@ very simple for L — 0

4Kk2(K2 — k2)sin® &
k2 + 6kakg + k2 — (kg — kg)2 COS 26

FLHOZa2

@ and also neglecting multiple reflections

2K2(K2(Ki + kg)? + k?(K? + 2kikg — 7k§))

a2
Fivs ~ 4l (ka 1 K)2(Ki + kg )2

@ Oscillations: Fabry—Perot (or: antireflex coating)
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Models False vacuum strip  Different indices of

A strip of false vacuum IlI

0.2 T T T
exact
o} 4
L=0 -
0.2 | w/o mult. refl. ------- -

Fla?
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Models n strip  Different indices of refraction

Index of refraction |

Similar to the false vacuum strip:

'/ phase shift

|
—_— e A
A<—<l ------
..... ... = G
G<—<I ------
vac \\ /A vac
false vac.

@ Outside: two modes, “a” and “g
@ Inside: two modes, opposite phase shifts
@ w; = cik;, ¢ = ¢/n;, Nag p: indices of refraction
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Models a cuum sirip  Different indices of refraction

Index of refraction Il

@ analytical force formula for L — 0:

2(ng — na) w2

Far—0 = F<0ifn,>n,
L= 2 ’ a g
na(na + ng)
0
exact
05 N L= 0 e
w/o mult. refl.
1
-15
-2
-25
3
s 0 05 1 15 2 25 3 35 4 45
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2D scat Introduction  Force

Outline

Q Scattering of waves in 2D
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2D scat Introduction  Force

2D scattering

Assumptions: free propagation far from the scatterer
Scattering asymptotics: multichannel scattering

’(/}a -~ Aaeikax + Cikar Z
VI

Cross section from channel bto a

doap o E
dy Kk

| fan (V)2

defined as energy flux into angle ¥ for unit flux incoming wave
Scattering operator

ika

Sab(ﬁ) = 5ab5(19) + o

fab(ﬁ)

mapping: incoming wave — outgoing wave
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2D scat Introduction  Force

Partial waves

Easier to solve ODEs

a= 3 e Rau(r)

l=—o00

with radial functions R, ¢

S-matrix
Incoming plane wave e® = 3", ie/*?J,(kr); Asy for r — oo

Ry~ (... )(SapsApH) + HAA,),  HUI2 =y, +iY, ~ e* /\/r

v
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2D scat Introduction  Force

Partial waves

Easier to solve ODEs

a= 3 e Rau(r)

{=—00

with radial functions R, ¢

S-matrix
Incoming plane wave e® = 3", ie/*?J,(kr); Asy for r — oo

Ry~ (... )(SapsApH) + HAA,),  HUI2 =y, +iY, ~ e* /\/r

@ Multiple (n) channels S, an n x n matrix
@ Unitarity (energy conservation) SS' = 1, optical thm

@ Symmetry: time reversal (in many cases)
Perturbative problems: can be violated by the background
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2D scat Introduction  Force

Force acting on the scatterer |

Momentum balance Assuming free propagation for r — oo, substitute
into

R— oo

F=— lim R/ Te,RdY,

—T

T: stress tensor, e, radial unit vector
Using the partial wave expansion a master formula is obtained:

F=Fo+if,=—4Y [AS], KS,A- ATKA}
l

A= (Ai,...,A,)" amplitude, K = diag(kq, ..., kn) wave numbers
Consequence of unitarity:

Re |Aa|?ka(1 — Saar+1Saar) > 0

one channel radiation pressure positive; NRP: k, > k, necessary
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2D scat I ion Force

Force acting on the scatterer Il

Force expressed with cross sections
Fy = —2K%0|A?,
F, = —2k%0 |A?,

with o = [7_do(9)(cos¥ —1)and o, = [ do(¥)sind
Also in QM: average momentum transfer

F=Ftify=—4> {ATS], KSA- AKA}
¢
@ Neighbouring partial waves (¢, ¢ + 1)

@ Positive contribution of diagonal elements (unitarity)

@ More general than expression with cross-section (asymptotics of
partial waves, not sum)
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Outline

e An example: Aharonov—Bohm scattering
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AB

Aharonov—Bohm scattering |

The Aharonov—Bohm effect:
Motion of a charged particle in a region with B =0

Double slit expreriment: Scattering:

D)

)

@ Both experiments show flux dependence
@ Holonomy is also physical not just field strength Pe’/ Adr
@ Reaction force (deflected beam): Force acting on the scatterer
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AB

Aharonov—Bohm scattering |l

Schrédinger-equation
—ih = (V — iRy,
with electromagnetic vector potential

A(r,9,z) = ?eﬁ.
271 Ay flux; outside B = 0. '
Fixed energy: ¥(r, t) = e~ ™“t)(r).
Scattering asymptotics (?)

b~ e f(0) ok

VT
Cross sections: do/dd = |f(9)|?

. . in?
Scattering amplitude: f(1) ~ %4 W.
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AB

Aharonov—Bohm scattering Il

Partial waves: s; oc Jj;_4, (note index shift wrt plane wave)
Effect of scattering in the outgoing wave: phase shift §,,

Sy = exp(2idy)

(Ju(2) ~cos(z—vm/2 —7/4)/V2rz)

£2035E2%7 €§—12(5¢:7T€—%.

thus

Fe = —|¢ol*4k > {cos[2(d, — d—1)] — 1}

{=—o00

= —|¢0[*4k (cos(2mAg) — 1) ~ 16|¢o*r*AZk,

Fy = —|golP4k D sin[2(d; — 6,-1)] = |¢o|?4k sin(2mAg) ~ 8o |*m Aok .

l=—00

Analog problem: force acting on a superfluid vortex (GPe)
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AB

Aharonov—Bohm scattering IV

lordanskii force controversy C. Wexler, D.J. Thouless, Phys. Rev. B58
R8897-R8900 (1998):

f(—0)=f(9) = F,=0

A.L. Shelankov Europhys. Lett. 43 (1998) 623
M.V. Berry J. Phys. A: Math. Gen. 32 (1999) 5627:
scattering asymptotics does not hold in forward direction

b(r,t) = e CRg(r)
and for y < /x

i1/2
¢(x > 0,y) ~ cos(Agm) — 2\I/7? sin(Aow)\/E\;}

transversal force F, from this region (although not Fy)
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Introduction Approximate solution Force Cosmic strings

Outline

e A two-channel AB-like scattering
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2ch AB Introduction  Approximat:

Scattering on a vortex |

Consider two scalar fields, ¢ and
@ Avortex in ¢: ¢ ~ vexp(id) (broken U(1) symmetry)
e.g. ¢* potential V = \(¢*¢ — v?)?/2
@ Scattering of ¢
@ Coupling AL = g¢? + c.c.
Field equation
(* = P + Vo) = 296"y,

Coupling for r — oo: transformation to mass eigenstates
" e—i0/2  je—iv/2 u
P T\ eM2 _jeiv/2 d
@ heavy mode u (m2 = m? + 2gv)

@ light mode d (m2 = m? — 2gv)
@ transformation matrix depends on ccordinate ¢
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2ch AB Introduction  Approximate si

Scattering on a vortex |l

1 [e—i0/2 je—i0/2 u
U= NG (em/z _,-em/2> . Yv=Up, p= (d>

@ trf matrix U depends on angular coordinate ¥

@ Commuting U and V: artificial gauge potential induced

a2 _ 10U
A =7V
where A = ey /r (Kazan 1985; March-Russell, Preskill, Wilczek

1992)
@ Field equations

(V—i—iA%)zp—KZP:Oa 02 = (,’ _i) ’

@ two channels, different masses
@ coupling due to Aharonov—Bohm gauge potential
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2ch AB Introduction  Approximate si

Solution of the scattering problem |

Partial waves

oo

(ud)= Y e uy(r), dy(r))

{=—00

with v = 1/2. The radial functions satisfy

"7u

u/
u2’+7" pUe+ de+k2ue 0,

/3

d + "ddﬁ ug+kddg—0

where n2 =n3 = ({+1/2)2+1/4and ¢ = i({ +1/2). We use

rescaled variables such that v = 1, m, = 2 (threshold at w = 2), and
for simplicity sake, present numerical data for my = 1.
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2ch AB I ion Approximate solution

Approximate solution of radial equations |

Decoupled approximation: ignore coupling
dg(f’) = Aand(kdl’)

and thus ” 0
ec'su i
S, = ( 0 ez,‘a,) Eud = 5(5 — Nu,d)

works well for w < my (closed channel u), F, =0
Numerical solution (above the threshold)

@ uchannel: Fy , < 0 tractor beam

@ Phases depend weakly on frequency

@ Scattering between channels important
@ fF,#0
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2ch AB Introduction ~ Approximate solution Force

Approximate solution of radial equations |l

Simplified perturbation theory
@ calculate phase for d at the threshold (2nd order pert th)

[cl?n/4 }

0g =E&q+ A, withA_arctan[2 5
nand + Muny

@ calculate matrix elements with Bessel functions with the right
phase

1( i ei(5u+5d)i7rcl>

Se~ N \eloijner s et

with

l— & Vur(_)2F1 (I//,l7,I/U+1,k5/k§)
~\ K YT )T+ 1)

where vy, =y, 0y = (€ —vy)/2), v = (vy + va)/2, V' = (vu — v4)/2,
and N is a normalization
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2ch AB In

Force acting on the scatterer |

20 T T T T . ' | | |
o «  x X X
mpeT ]
Y
& & & o ] +
10 F |
o -
3 dc
E o
a 5| |
| S —
EX fS O
s o =
F & - u :
+
4
5 F ) + |
v
-10 1 L " N ) . | | |
2 21 2.2 2.3 2.4 25 26 - - |
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2ch AB In r ate solution Force C

Force acting on the scatterer Il

0.4 T T T T T T T r r
Fou  + y
03 H Fya X X i
Fy,up O X
o2 R © o X )l
o X
() L X 4
3 0.1 8 % - 5 -
g o U
< o8
= F N
o
01 ko i
0.1 o o o & °
+
+
-0.2 F + 4
+
03 . . . . . . . . .
2 2.1 2.2 23 2.4 25 26 2.7 2.8 2.9
w
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2ch AB Introduction  Approximate solution Force Cosmic strings

How good is the solution

23
08 | & ]
06 1
¢
04 + [ 1
02 + JDF O ]
me 8o
0 -
nog&#F" ¥
02}
S
0.4 h + E
Re S, + %
06 [ ms, X 4
0 p[ReSwP D & 1
mS,p & 52
1 : L L L h PRIV,
-8 6 4 -2 0 2 4 6 8

Errors for small ¢: origin
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2ch AB Introduction  Approximate solution Force Cosmic strings

Effect of a vortex core

More realistic vortex configuration:
o(r) = f(r)e"”, f(r < Re)=vr/Re,f(r>Rs)=v

20 T T T T T T T T T
X X b3 & 8
15 (X 8 3 3 © © E
10 | Fut O]
o Fed ©
[}
E Fa +
R Fa X |1
< x,d
>
0 .m + i
O o,
g +
5 O + + 1
O O . + |
o i
10 L L L L L L L L L
2 2.1 2.2 23 24 25 26 2.7 2.8 2.9

w
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tion Force Cosmic strings

Cosmic strings

@ Classical field theoretical solution

@ Internal structure

@ Thin, elongated object

@ One cross section of a string: a vortex
@ Localised energy density in the string

Important parameter: string tension

p=E/L

@ Elevtroweak string: Gu ~ 10732 (u: 10 mg/Solar diam)
@ GUT string: Gu ~ 10~° (u: Solar mass/Solar diam)

Cosmic strings are high energy localised objects that provide a link
between astrophysics and particle physics.
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2ch AB Introduction  Approxi e solution Force Cosmic strings

Physics of cosmic strings |

Evolution of cosmic strings
@ Formation: during phase transitions
@ Evolution of a string network
e expansion: the network becomes more diuted
e collisions, interlinking

radiation (e.g. at cusps formed in collisions)
e string tension contracts loops
@ Signatures of cosmic strings
e Scattering of material off strings: structure formation: galaxies,
voids, filamets (fractal dimension: Murdzek 2007)
e Contribution to CMB anisotropy: best fit with GUT strings
Gu = (2.04 +0.13) x 10~°, Contribution to multipole
£ =10:f;p = 0.11 £ 0.05 (Hindmarsh et al., 2007, 2008)
e Gravitational lensing
o Gravitational radiation
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2ch AB Introduction  Approximate solution Force Cosmic strings

Physics of cosmic strings

Analogies with condensed matter systems

@ vortex filaments in superfluids

@ Abrikosov vortices in superconductors

@ defects in liquid crystals

@ defect formation: Kibble—Zurek mechanism

(Kép forrasa: Martins and Shellard, (Srivastava, Testing Cosmic Defect Formation Theories in Liquid Crystal Experiments, COSLAB

51/ /www.damtp.cam.ac.uk/research/gr/public/cs_evol.html) 2005, Smolenice )
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Cosmic strings

Spontaneous symmetry breakin

@ More symmetries at higher energies
-+ = GUT — SU(3)color x SU(2)L x U(1)y — SU(3)color X U(1)em

transition from a symmetric state to one with broken symmetry:
phase transition

@ GUT ~ 10" GeV (at 10~ s), electroweak: ~ 250 GeV (at
10-12 g)

@ Mass terms for gauge potentials: coupling to scalar (Higgs) field
mPAA" — dTOA A"

@ Higgs effect: (@) # 0 in the broken symm phase
@ Scalar field self interaction

V(®) = B(dTd —1?)?

“Mexican hat”, minima: ¢ = 2
@ ground state degenerate: “phase” of (¢) undetermined
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2ch AB Introduction  Approxi e solution Force Cosmic strings

Scattering on a cosmic string |

Field equations: ¢ — V2¢ + 2(¢*¢ — 1)¢
Similar to Gross—Pitaevskii, but dynamics is of second order

VPO Lr e =S SN N\ N
KF S e cme NN
//f/—.-r‘\\\\‘\\

¥ /2 = - <N W\

A

N~

AR R i
NS 7

P e NN

\ N - =72 4/
L T S S
NN o o A
NN~ T= e F N
NN S A

@ Perturbations of the scalar field scattered

@ Fits into the previous framework with e; = e> =0, g = —1,
k2 =w? -4, kg = w.

@ Two modes: amplitude/phase perturbed

@ Vortex core is needed for NRP

T e e

\
\
\
vlf ) D
!
/
/

VPP e S S
P P o N
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2ch AB Ini E e Cosmic strings

Force acting on the cosmic string

o . . . . . g @ F, vs w for two channels:
» e NRP: scattering of massive mode
. ] into massless one
. ] @ Preliminary time-evolution data
- (Romanczukiewicz): qualitative
"’ agreement
) @ lordanskii force vanishes F, = 0
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Summary

Outline

e Summary
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Summary
Summary

Negative radiation pressure
@ “Tractor beam” fairly generic in multichannel scattering
@ many models in optics (beam prepared for the scattered)

o field theoretical models: surplus momentum in forward scattered
wave
e kink: nonlinearities
e vortex: two channels

@ models motivated by the case of scattering on the vortex: two
channels

e strip of false vacuum
o different index of refraction

o effect expected in multi-channel scattering
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Summary
Summary

Negative radiation pressure
@ “Tractor beam” fairly generic in multichannel scattering
@ many models in optics (beam prepared for the scattered)

o field theoretical models: surplus momentum in forward scattered
wave
e kink: nonlinearities
e vortex: two channels

@ models motivated by the case of scattering on the vortex: two
channels

e strip of false vacuum
o different index of refraction

o effect expected in multi-channel scattering
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