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2015: Centennial of Einstein’s General Theory of Relativity



proposed experiment for testing General Relativity



When Police is not watching you....



You CAN do whatever you want WITHOUT being caught!





By Careful Surveillance...



We Know What You Did Last Night! — MEMORY Effect



So, We Need To.....



Memorable Events Would Excite

I (Maxwell) field

I (Einstein) gravity

I string theory

To record them into surveillance memory....

I detect Maxwell’s field with charged body

I detect Einstein gravity with massive body

I detect string theories with D-branes





1. Memorable Field Event
I radio wave pulse shining an electron in ionosphere

I electron: position (x(t),0,0), with x(0) = x0, ẋ(0) = 0
I radio-wave: plane E(t , z) = E cosωt , finite duration pulse
I equation of motion (Physics 101, Homework Problem 1)

mẍ(t) = qE cosωt , t ≥ 0

I after the pulse passed, what is x(t) =?



Answer

I high-school "amateur radio" project: "origin of radio noise"
I electron latitude for stationary radio wave

x(t) =
qE

mω2 (1− cosωt)Θ(t) + x0

I x(t) = x0 for t < 0, x0 + (qE/mω2) for t > 0
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I for finite pulse, "drift = displacement + kick", currents



Conservation Law

I equation of motion admits 1st integral

d
dt

[
mẋ(t) +

qE
ω

sinωt
]

= 0.

I nonzero kick

∆t0p = p(t0)− p(0) = −qE
ω

(sinωt0)

I nonzero displacement

∆t0x = x(t0)− x(0) =
qE

mω2 [1− cosωt0]

I conservation law↔ new symmetries

Π(t) = mẋ(t) +
qE
ω

sinωt ,
dΠ(t)

dt
= 0

Peierl’s super-translation



Universal Soft Limit

I radio wave absorption↔ radio wave emission
I field theory setup: photon coupling to charged field

∆I =

∫
d4x

∑
a

qaAµ(x)Jµ
a (x)

I soft absorption/emission limit ω → 0:

∆t0pa = −qaEt0, ∆t0xa =
qaE
2ma

t2
0

I universality:
independent of pulse shape, duration
uniquely fixed by charge, maximum amplitude, mass



WISWIG: What You Saw is What You Got

With this elementary but intuitive illustration

you just mastered Maxwell field’s counterpart of



Bondi-Metzner-Sachs’s radiation asymptotic symmetries
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Zeldovich-Polnarev Linear Memory Effect



Christodoulou Nonlinear Memory Effect
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Nonlinear Nature of Gravitation and Gravitational-Wave Experiments

Demetrios Christodoulou
Courant Institute of Mathematical Sciences, New York University, New York, New York IOOI2

(Received 17 December 1990; revised manuscript received 20 June 1991)

It is shown that gravitational waves from astronomical sources have a nonlinear effect on laser inter-
ferometer detectors on Earth, an effect which has hitherto been neglected, but which is of the same order
of magnitude as the linear effects. The signature of the nonlinear effect is a permanent displacement of
test masses after the passage of a wave train.

PACS numbers: 04.30.+x, 04.80.+z

The need of taking full account of the nonlinearity of
Einstein's equations when one wants to study the genera-
tion of gravitational waves from strong sources is general-
ly recognized. However, since the sources are at enor-
mous distances from the Earth, the amplitude of the
waves when they reach the detector is so small that it has
always been assumed that when treating the waves in the
Earth's neighborhood the linearized theory suffices. It is
the purpose of this Letter to show that this assumption is
in error.

The nonlinearity of Einstein's equations manifests itself
in a permanent displacement of the test masses of a laser
interferometer detector after the passage of a wave train.
Such a permanent displacement, called the "memory" of
the gravitational-wave burst [1,2], has long been known
to occur [3] within the framework of the linearized theory
as a result of an overall change of the second time deriva-
tive of the source's quadrupole moment or equivalently of
an overall change of the linear momenta of the constitu-
ent bodies. As this was the only known cause of a
memory effect, it was thought that typical sources, i.e.,
the coalescense of a neutron star binary, in which little
linear momentum is radiated away, will produce bursts
with negligible memory. However, we show in this Letter
that every burst has a nonlinear memory, due to the cu-
mulative contribution of the effective stress of the gravi-
tational waves themselves. Moreover, for a binary coales-
cense, the nonlinear memory is of the same order of mag-
nitude as the maximal amplitude of the dynamical part of
the burst.

Our treatment is based on the rigorous analysis of the
asymptotic behavior of the gravitational field given in [4].
In that work we considered asymptotically flat initial data
for the vacuum Einstein equations which correspond to a
Cauchy hypersurface of vanishing linear momentum. We
showed that if the initial data satisfy a smallness condi-
tion then they give rise to a geodesically complete space-
time. We analyzed in detail the asymptotic behavior of
the solutions at null and timelike infinity. The results
which have to do with the behavior at null infinity, which
is what concerns us here, are largely independent of the
smallness condition which was introduced to ensure com-
pleteness. Among these results is the formula for the
difference of the limits Z and X of the asymptotic
shear Z of outgoing null hypersurfaces C,+ as u tends to

+~ and —~, respectively, which plays a crucial role in
the present Letter. The rigorous derivation of this formu-
la given in [4] relies heavily on the results developed in

that work. For this reason we shall give below a simple
derivation of the formula which is as much as possible
self-contained.

Let So be a spherical spacelike surface surrounding the
source in a neighborhood of the intersection of the source
with the boundary of the past of an event p of observation
at the Earth, and lying in an asymptotically flat Cauchy
hypersurface Zp of vanishing linear momentum. Let Cp+

be the outer boundary of the future of Sp. Denoting by
Bp the interior of Sp in Zp, let, for each d & 0, Bd be the
set of points in Xp whose distance from Bp is less than d.
We define 8*=Bd. to be the smallest region Bd contain-
ing the past of p in Zti. We then define C* to be the
boundary of the domain of dependence of B*. Then p
lies in a neighborhood of the spherical spacelike surface
Sp of intersection of Cp+ with C* . We suppose that Sp
is chosen so that the generators of Cp+ have no future end
points.

Consider an arbitrary closed spacelike surface S in

spacetime. We denote by y the induced metric on S and
by dp~, V; and K, the area element, covariant derivative,
and Gauss curvature of y, respectively. We define the ra-
dius r of S by r =v'2/4tr, where A is the area of S. Let I
and l be, respectively, outgoing and incoming future-
directed null normal vector fields to S subject to the nor-
malization condition g(l, l) = —2. Then l and l are
unique up to the transformation l al, l a 'l where
o is a positive function on S. The null second fundamen-
tal form g and the conjugate null second fundamental
form g of S are two-covariant symmetric tensor fields on
S defined by g(X, Y) =g(V~l, Y), g(X, Y) =g(V+l, Y) for
any pair of vectors X, Y tangent to S at a point. We
denote by g and g the trace-free parts of g and g, respec-
tively. The torsion g of S is the one form on S defined by
g(X) = —,

'
g(V&l, l) for any vector X tangent to S at a

point. The mass aspect function p and the conjugate
mass aspect function p of S are functions on S defined by
p =K+ —,

'

tetr@
—iv), p =K+ 4 trgtrg+djvg. Also

the spacetime curvature at S decomposes into the two-
covariant symmetric tensor fields a, a, the one-forms P,P,
and the functions p, a on S, given by a(X, Y) =R(X,
l, Y, l), a(X, Y) =R(X,l, Y, l), P(X) = —,

' R(X,l, l, l), P(X)

1991 The American Physical Society



Weinberg’s Soft Photon/Graviton Theorem
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Infrared Photons and Gravitons*

STEVEN %EINSERGt

Deparbnent of Physics, University of California, Berkeley, California

(Received 1 June 1965)

It is shown that the infrared divergences arising in the quantum theory of gravitation can be removed by
the fami1iar methods used in quantum electrodynamics. An additional divergence appears when infrared
photons or gravitons are emitted from noninfrared external lines of zero mass, but it is proved that for
infrared gravitons this divergence cancels in the sum of all such diagrams. (The cancellation does not occur
in massless electrodynamics. ) The formula derived for graviton bremsstrahlung is then used to estimate the
gravitational radiation emitted during thermal collisions in the sun, and we Gnd this to be a stronger source
of gravitational radiation (though still very weak) than classical sources such as planetary motion. %e
also verify the conjecture of Dalitz that divergences in the Coulomb-scattering Born series may be
summed to an innocuous phase factor, and we show how this result may be extended to processes in-
volving arbitrary numbers of relativistic or nonrelativistic particles with arbitrary spin.

I. INTRODUCTION

'HE chief purpose of this article is to show that
the infrared divergences in the quantum theory

of gravitation can be treated in the same manner as in
quantum electrodynamics. However, this treatment
apparently does not work in other non-Abelian gauge
theories, like that of Yang and Mills. The divergent
phases encountered in Coulomb scattering mill inci-
dentally be explained and generalized.

It would be dif5cult to pretend that the gravitational
infrared divergence problem is very urgent. My reasons
for now attacking this question are:

(i) Because I can. There still does not exist any
satisfactory quantum theory of gravitation, and in
lieu of such a theory it would seem well to gain what
experience we can by solving any problems that can
be solved with the limited formal apparatus already at
our disposal. The infrared divergences are an ideal case
of this sort, because we already know all about the
coupling of a very soft graviton to any other particle, '

and about the external graviton line wave functions'
and internal graviton line propagators. '

(2) Because something might go wrong, and that
would be interesting. Unfortunately, nothing does go

~ Research supported in part by the Air Force OfEce of Scientific
Research, Grant No. AF-AFOSR-232-65.

f Alfred P. Sloan Foundation Fellow.' S. steinberg, Phys. Rev. 1%, 31049 (1965).
'See, e.g., S. %einberg, Phys. Rev. 13S, 8988 (1965). The

graviton propagator given in Eq. {2.20) of the present article is
not just the vacuum expectation value of a time-ordered product,
but includes the effects of instantaneous "Newton" interactions
that must be added to the interaction to maintain Lorentz in-
variance, and further, it does not include certain non-Lorentz-
invariant gradient terms which disappear because the gravitational
6eld is coupled to a conserved source. This disappearance has so
far only been proved for graviton lines linkinq particles on their
mass shells, and in fact this is the one impechment which keeps
us from claiming that we possess a completely satisfactory
quantum theory of gravitation. In using (2.20} we are to some
extent relying on an act of faith, but this faith seems particularly
weQ-founded in our present context because we use {2.20) here to&» particle lines with momenta only in6nitesimally far from their
mass shells. See also S. steinberg, in Brandeis 1064 Suesmer
Lectures on Theoretica/ Physics (Prentice-Hall, Inc. , New York,
1965}.

B

wrong. In Ser. II we see that the dependence on the
infrared cutoQ's of real and virtual gravitons cancels
just as in electrodynamics.

However, there is a more subtle difhculty that might
have been expected. Ordinary quantum electrodynamics
would contain unremovable logarithmic divergences if
the electron mass were zero, due to diagrams in which
a soft photon is emitted from an external electron line
with momentum parallel to the electron's. ' There are
no charged massless particles in the real world, but
hard neutrinos, photons, and gravitons do carry a
gravitational "charge, " in that they can emit soft
gravitons. In Sec. III we show that diagrams in which
a soft graviton is emitted from some other hard mass-
less particle line do contain divergences like the inn,
terms in massless electrodynaInics, but that these
divergences cancel when we sum all such diagrams. '
However, this cancellation is de6nitely due to the
details of gravitational coupling, and does not save
theories (like Yang and Mills's) in which massless
particles can emit soft massless particles of spin one.

(3) Because in solving the infrared divergence prob-
lem we obtain a formula for the emission rate and
spectrum of soft gravitons in arbitrary collision proc-
esses, which may (if our experience in electrodynamics
is a guide) be numerically the most important gravi-
tational radiative correction. In Sec. IV this formula
is used to calculate the soft gravitational inner brems-
strahlung in an arbitrary nonrelativistic collision, and
the result is then used to estimate the thermal gravi-
tational radiation from the sun. The answer is several

'The extra divergences in massless quantum electrodynamics
have long been known to many theorists. Recently, it has been
noted by T. D. Lee and M. Nauenberg, Phys. Rev. 133, 31549
(1964), that these divergences cancel if transition rates are com-
&uted only between suitable ensembles of 6nal amE initial states.
See also T. Kinoshita, J. Math. Phys. 3, 650 (1962)j.However,

these ensembles include not only inde6nite numbers of very soft
quanta but also hard massless particles with indelnite energies,
and I remain unconvinced that transition rates between such
ensembles are the only ones that can be measured and need be
6nite.

4 I understand that this cancellation has also been found by
R. P. Feynman.
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Photons and Gravitons in 8-Matrix Theory: Derivation of Charge Conservation
and Equality of Gravitational and Inertial Mass~

STEVEN WEINBERGt

Physics DePartrnent, Uneoersity of California, Berkeley, California

(Received 13 April 1964)

We give a purely S-matrix-theoretic proof of the conservation of charge (defined by the strength of soft
photon interactions) and the equality of gravitational and inertial mass. Our only assumptions are the Lor-
entz invariance and pole structure of the S matrix, and the zero mass and spins 1 and 2 of the photon and
graviton. We also prove that Lorentz invariance alone requires the S matrix for emission of a massless
particle of arbitrary integer spin to satisfy a "mass-shell gauge invariance" condition, and we explain why
there are no macroscopic fields corresponding to particles of spin 3 or higher.

I. INTRODUCTION

T is not yet clear whether field theory will continue
- to play a role in particle physics, or whether it will

ultimately be supplanted by a pure S-matrix theory.
However, most physicists would probably agree that
the place of local fields is nowhere so secure as in the
theory of photons and gravitons, whose properties seem
indissolubly linked with the space-time concepts of
gauge invariance (of the second kind) and/or Einstein's
equivalence principle.

The purpose of this article is to bring into question
the need for field theory in understanding electro-
magnetism and gravitation. We shall show that there
are no general properties of photons and gravitons,
which have been explained by held theory, which cannot
also be understood as consequences of the Lorentz
invariance and pole structure of the S matrix for mass-
less particles of spin 1 or 2.' We will also show why there
can be no macroscopic fields whose quanta carry spin 3
or higher.

What are the special properties of the photon or
graviton S matrix, which might be supposed to reQect
specifically field-theoretic assumptions? Of course, the
usual version of gauge invariance and the equivalence
principle cannot even be stated, much less proved, in
terms of the S matrix alone. (We decline to turn on
external fields. ) But there are two striking properties of
the S matrix which seem to require the assumption of
gauge invariance and the equivalence principle:

(1) The S matrix for emission of a photon or graviton
can be written as the product of a polarization "vector"

or "tensor" e"e" with a covariant vector or tensor
amplitude, and it vanishes if any e& is replaced by the
photon or graviton momentum q&.

(2) Charge, defined dynamically by the strength of
soft-photon interactions, is additively conserved in all
reactions. Gravitational mass, defined by the strength
of soft graviton interactions, is equal to inertial mass

*Research supported by the U. S. Air Force Once of Scientific
Research, Grant No. AF-AFOSR-232-63.

t Alfred P. Sloan Foundation Fellow.' Some of the material of this article was discussed briefly in a
recent letter fS. Weinberg Phys. Letters 9, 357 (1964)j. We will
repeat a few points here, in order that the present article be
completely self-contained.

for all nonrela, tivistic particles (and is twice the total
energy for relativistic or massless particles).

Property (1) is actually a straightforward conse-
quence of the well-known" Lorentz transformation
properties of massless particle states, and is proven in
Sec. II for massless particles of arbitrary integer spin.
(It has already been proven for photons by D.
Zwanziger. ')

Property (2) does not at first sight appear to be
derivable from property (1). Even in field theory (1)
does not prove that the photon and graviton "currents"
J„(x) and 8„„(x) are conserved, but only that their
matrix elements are conserved for light-like momentum
transfer, so we cannot use the usual argument that
J'd'xJ'(x) and 1'd'xg'&(x) are time-independent. And
in pure S-matrix theory it is not even possible to define
what we mean by the operators J&(x) and 0&"(x).

We overcome these obstacles by a trick, which re-
places the operator calculus of field theory with a little
simple polology. After dining charge and gravitational
mass as soft photon and graviton coupling constants in
Sec. III, we prove in Sec. IV that if a reaction violates
charge conservation, then the same process with inner
bremsstrahlung of a soft extra photon would have an
S matrix which does not satisfy property (1), and hence
would not be Lorentz invariant; similarly, the inner
bremstrahlung of a soft graviton would violate Lorentz
invariance if any particle taking part in the reaction
has an anomalous ratio of gravitational to inertial mass.

Appendices A, 8, and C are devoted to some technical
problems: (A) the transformation properties of polariza-
tion vectors, (B) the construction. of tensor amplitudes
for massless particles of general integer spin, and (C) the
presence of kinematic singularities in the conventional
(2j+1)-component "M functions. "

A word may be needed about our use of S-matrix
theory for particles of zero mass. We do not know
whether it will ever be possible to formulate S-matrix

E. P. Wigner, in Theoretical Pkysecs (International Atomic
Energy Agency, Vienna, 1963), p. 59. We have repeated Wigner's
work in Ref. 3.' S. Weinberg, Phys. Rev. 134, B882 (1964).

4 D. Zwanziger, Phys. Rev. 113, 81036 (1964). Zwanziger
omits some straightforward details, which are presented here in
Appendix B.
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2. Memorable "Field" Detonation



Detonation Geometry

I charges detonating radially from a central region

I Dyson sphere = spherical SQUID superconducting
detector S2 enclosing the detonation center

I (1) Failure = charges radiate out across S2

I (2) Success = charges fall back to center / neutral radiation



I measure Maxwell field E(t ,Ω on Dyson sphere S2

I Maxwell field on S2 undergoes memorable "drift"?



(1) Success = Escape Scenario

I Gauss’ law

∇ · E = ρ → ∇ · Ȧ = − jr
vr

I initially, on S2, A(−∞,Ω) = 0 (temporal gauge)
I 1st integral

∇ · A(∞,Ω) = −Q(∞,Ω)

I Q(t ,S2) = charge that passed through Ω on S2 up to time
t .

I by symmetry, r̂ · A(t) time-integrates to 0
I "all" particles radiated out, and gauge potential on S2

∇Ω · AΩ(∞,Ω) = −Q(∞,Ω)



Why do we need Dyson Sphere = SQUID?

I superconductor’s Feynman-Onsager phase = ϕ

∇ϕ(t ,Ω) = A(t ,Ω)

I initially, in temporal gauge,

AΩ(−∞,Ω) = 0 → ϕ(−∞,Ω) = ϕ0 = constant

I after charges escaped, in temporal gauge,

AΩ(∞,Ω) ∝ −Q(∞,Ω) → ϕ(∞,Ω) =

∫
S2

AΩ(∞,Ω) + ϕ0

I memory registered via displacement of SQUID phase

∆ϕ =

∫
S2

AΩ(∞,Ω)



(2) Failure = No Escape Scenario

I if detonated charges fall back to central region, Q(t ,Ω) = 0
I time-integration of Ar is non-trivial
I Gauss’ law yields

∇ · Ȧ(t ,Ω) = 0 → ∇Ω · ȦΩ(t ,Ω) = −∂r Er (t ,Ω)

I at asymptotic future,

∇Ω · AΩ(∞,Ω) =

∫ ∞
dt ∂r Er (t ,Ω)

I RHS = nonzero for general trajectory of particles
I SQUID detection of the detonation still possible modulo

multipole suppression of Er at large S2



BMSish Symmetry

I jr (t ,Ω) = Q̇(t ,Ω) + Gauss’ law yields

d
dt

[∇ · A(t ,Ω) + Q(t ,Ω)] = 0

→ Π(t ,Ω) := ∇ · A(t ,Ω) + Q(t ,Ω) = conserved

I Let charge move around inside S2, and then SQUID
detector will register "shift" of superconducting phase



Soft Theorem for Photons & Charge Conservation

I interaction between Maxwell field and SQUID is governed
by Peierl’s minimal substitution coupling

I conservation law as above implies charge conservation
I identical to electron in radio waves.....

[Weinberg] charge conservation is guaranteed if soft
photon emission / absorption amplitudes obeys universal
soft singularity theorem:

∆t0pa = −qaEt0, ∆t0xa =
qaE
2ma

t2
0

where

t0 ' (∆t)observation '
~

ωphoton



3. Memorable "Gravitational" Detonations

I "masses/energies" detonating radially from central region

I enclosing "mass/energy-sensitive" Dyson sphere S2

I masses radiate out across S2 or fall back to center

I memorable "drift" event of geodesic deviation on S2?



I detonation at central region

M → ~ω(graviton) + M ′

I equation of geodesic deviation between two bodies

D̈a(t) = −RtatbDb(t)



I axial symmetry in spherical coordinates

Rtatb = R(θaθb − φaφb)

I scalar R

R =
Rtxty

(1 + cos2 θ) cosφ sinφ
, Rtxty = −1

2
∂x∂yhtt

I Bondi retarded coordinates u = (t − r)

Rtxty = − 1
2r
δ′(u)

ω(1 + cos2 θ) sin2 θ sin 2φ)

(1− cos θ)[1− (ω/M)(1− cos θ)]



Result

I geodesic deviation

∆Da(t) =
ω

r
(1 + cos θ)

1− (ω/M)(1− cos θ)
(θaθb − φaφb)Db(t)

I success = escape to null infinity

∆Da(t)
∣∣∣
radiation

=
ω

r
(1 + cos θ)(θaθb − φaφb)Db(t)

I failure = fall back to central region

∆Da(t)
∣∣∣
ordinary

=
ω2

Mr
sin2 θ

1− (ω/M)(1− cos θ)
(θaθb − φaφb)Db(t)

I ∆Da

∣∣∣
total

= ∆Da

∣∣∣
ordinary

+ ∆Da

∣∣∣
radiation



Drifts of Gravitational Waves



LIGO Detectability



Soft Limit

I radiation part = O(ω), while ordinary part = O(ω2)

I soft limit ω → 0 dominated by radiation part

I universality: radiation part is independent of details of
massive body M

I matches precisely with soft emission/absorption amplitude
of graviton by virtue of ω ' ∆ω ' (∆t)−1 ' to∫

dΩAgrav(ω,Ω) ' ω =
(ω)2

ω

I confirms Weinberg’s theorem of equivalence principle



BMS Asymptotic Symmetry

I Bondi retarded radiation coordinates:

I (u, t)⊕ asymptotic infinity S2(Ω)

I transverse-traceless graviton causes super-translation on
S2 when ‘pass’ through null infinity

I this asymptotic diffeomorphism algebra forms so-called
Bondi-Metzner-Sachs (BMS) algebra

I BMS symmetry is directly related to soft graviton theorem
& equivalence principle



3. Memorable String Detonation



I strings detonating radially from a central region

I spherical stringy-SQUID detector S2 enclosing the central
region

I success = strings radiate out across S2

I failure = strings fall back to central region or neural
radiation

string is minimally coupled to Bµν Kalb-Ramond potential

memorable "drift" of Kalb-Ramond field on S2?

if so, how to "detect" them?



Worst Case = No Escape Scenario

I take temporal gauge, Bij = 0 initially
I time-integration of BrΩ is nontrivial
I Kalb-Ramond field equation yields

∇Ω · ḂΩ(t ,Ω) = −∂r Hr (t ,Ω)

I at asymptotic future

∇ΩBΩ(∞,Ω) =

∫ ∞
dt ∂r Hr (t ,Ω)

I RHS is nonzero for general string motions inside S2

I how to detect "shift" of the Kalab-Ramond field BΩ??



D-Brane as Dyson Sphere!

I consider a spherical D2-brane enclosing central region
I dynamics of D2-brane governed by Dirac-Born-Infeld action

T2

∮
Ω

√
det[X ∗gΩ + (X ∗BΩ − `2sF )] =

T2

4
(X ∗BΩ + `2sF )2 + · · ·

I Kalb-Ramond BΩ is massive inside D2-brane:

I =
1

12
||H3||2 + δ2

⊥(x)
T2

r
(X ∗BΩ − `2sF )2 + · · ·

(Cremmer-Scherk mechanism)
I D2-brane = string theory realization of SQUID for BΩ!

I stringy SQUID phase field = D2-brane gauge field F



Cremmer-Scherk as Stringy SQUID

I string counterpart of Feynman-Onsager relation

X ∗BΩ = `2sF

I "drift" of D2-brane F as memory of string motion

∆F2 =
1
`2s

BΩ(∞,Ω) ∝
∫ ∞

dt ∂r Hr (t ,Ω)

I 21st century engineering problem:

"how to build D2-brane Dyson sphere?"



BMSish Symmetry and Soft Theorem

I Kalb-Ramond counterpart of BMS symmetry

∇ · B(t ,Ω) = constant

I let strings move around in central region, and D2-brane
Dyson sphere will register drift of gauge field F

I conserved symmetry is directly related to soft emission /
absorption theorem of Kalb-Ramond field
= new extension of Weinberg’s theorem to p-form fields

I escape scenario case works equally well: larger branching
ratio, but much harder detection



B.W. Lee Center of Fields, Gravity & Strings

come & join us

(Ph.D. students, postdocs, tenure-track / tenured faculty)

and have fun of fields, gravity & strings
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