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Introduction

== WebElements: the periodic table on the world-wide web
http://www.webelements.com/
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Introduction

Symmetry Dictates Physics!

The essence of the physics behind the periodic table is based on
THREE symmetry principles:
@ Dynamics: U(1) gauge symmetry = Coulomb Potential.

@ Geometry: SO(3) rotational symmetry = angular momentum

conservation.

@ Statistics: Pauli exclusion principle = atomic shell structure.
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Introduction

Symmetry and Dynamics

1. General Covariance = Relativity (Gravity)
(Equivalence principle) (Hilbert-Einstein action)
2. Gauge Invariance = Standard Model
(local phase transformation) (Yang-Mills action)
3. ? = Quantum Gravity

Chuan-Tsung Chan (Department of Physics, ‘Deformation of the High Energy Symmetry in 8/32



What is String Theory?

A perturbative prescription

1. Fundamental degrees of freedom: shape of the string = vibration
frequency = mass, direction = spin
internal charges can be engineered by
D-brane (open channel) or compactification (closed channel)

2. Dynamics: area and topology of the world-sheet
gluing of clothes and pants = Feynman Rules

3. Symmetries: irrelevant oscillations = gauge symmetry
freedom of defining local coordinate = duality
Global Symmetry?
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Introduction

A Hint from Supersymmetry:
- Unification of bosons and fermions
symmetry charges carry spin 1/2. (Q ~ V/P)
fermionic nature implies finite trucation.
23010160
True Unification of Space-time and Matter:
-Unification of graviton and gauge bosons (and fermions)
(basic) symmetry charges carry spin 1.

bosonic nature implies infinite multiplet!
= oo # of particles + symmetry!
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Introduction

Infinite Gauge Symmetry of Open String Theory

(1) First Quantized String Theory: canonical transformation in phase
space (G. Veneziano)

(2) World-sheet description: deformed conformal symmetry (M. Evans
& B. Ovrut)

(3) First Quantized String Theory: old covariant quantization =
zero-norm states (J. C. Lee)

(4) Witten’s Open String Field Theory: 0¥ = Q- A + gs[V, A]
Chern-Simon’s action in loop space
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Introduction

Progress of Theoretical Physics, Vol. 91, No. 2, February 1994
Generalized On-Shell Ward Identities in String Theory

Jen-Chi Lee
Institute of Physics, National Chiao Tung University, Hsin Chu, Taiwan

\Received September 27, 1993)

It is demonstrated that an immmWron-sbeﬁ Ward identities, which are valid
to all g-model loop orders, can be systematically constructed without referring to the string field
theory. As examples, bosonic massive scattering amplitudes are calculated explicitly up to the
second massive excited states. Ward identities satisfied by these amplitudes are derived by using
zero-norm states in the spectrum. In particular, the inter-particle Ward identity generated by the
D@Dz zero-norm state at the second massive level is demonstrated. The four physical propagating
states of this mass level are then shown to form a large gauge multiplet. This result justifies our
previous consideration on higher inter-spin symmetry from the generalized worldsheet 5-model point
of view.
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VOLUME 60, NUMBER 13

PHYSICAL REVIEW LETTERS

High Energy Symmetry of String Theory

28 MARCH 1988

High-Energy Symmetries of String Theory

David J. Gross

Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 12 February 1988)

By means of a recent analysis of the high-energy limit of string scattering, linear relations between
string-scattering amplitudes arc derived. These are shown to hold order by order in perturbation theory.
If onc assumes that they hold for the full theory, they suggest the existence of an enormous string-
broken symmetry which is restored at high encrgies. Some speculations as to the nature of this symme-

try are presented.

PACS numbers: 11.17.+y

It is often the case that spontaneously broken sym-
metries of a physical theory are hard to recognize at low
energy, but become evident in the high-energy behavior
of the theory. Thus, the broken SU(2) @ U(1) symmetry
of the electroweak interactions can be seen by examina-
tion of weak scattering amplitudes at energies high
enough that the W and Z, masses can be neglected.
String theory surely possesses a very rich symmetry, as
suggested by its incredible degree of uniqueness; howev-
er, this symmetry is little understood. Presumably this is
because most of the string symmetry is spontaneously
broken in the known ground states, leaving only the fa-
miliar gauge symmetries unbroken and manifest. Per-
haps all the string states are gauge particles, but most
are massive because of spontaneous symmetry breaking.

effective field theory. As stressed in the work of Gross
and Mende,' the high-energy behavior of strings is very
stringy and cannot be reproduced by an effective local-
field theory. In ordinary general relativity this limit,
which is the same as the strong-coupling limit of gravity,
GNewton® 1/Mpianck, is difficult to discuss since the theory
breaks down in the ultraviolet. String theory does not
necessarily suffer from this limitation. Finding this en-
larged symmetry should help us to understand the struc-
ture of string physics at high energies. This is not just an
academic issue; it is also crucial if we are to understand
the Planckian-scale dynamics that determines the nature
of the string ground state.

Recently, the high-energy behavior of string scattering
was studied by saddle-point techniques."?

14 /32



High Energy Symmetry of String Theory

General Pattern of High-Energy Scattering Amplitudes (HESA)
among Stringy Excitations (4-point functions)

A(s’ t’ O/; ni7 €i) = C(nh EI)R(S, t, Od,; nl‘Ei)eialf(S:t)

@ C(nj,¢;) is a numerical coefficient, which gives rise to linear
proportional relations among HESA.

@ R(s,t,a; nje) is a rational function of Mandelstam variables,
which describes the subleading energy dependence and filter out
the leading states.

@ exp—% [—(s+t)In(s+ t) + sIn(s) — tIn(—1)] is the universal
tachyonic tail (surpression of high-energy divergence).
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High Energy Symmetry of String Theory

Main Results for HESS in flat space-time:

@ At any fixed mass level, only one independent high-energy scattering amplitude!
Tr =< VWVI(TT- - T)VsVy >

@ All other leading amplitudes are proportional to T7;... 7 and the proportional
constants are independent of

(i) scattering angle (ii) scattering process (iii) string loop-orderx

< VAVE (o, ) Va Ve > o< ViV (B, k) VeV >,

© The proportional constants can be calculated by algebraic means and originate
from zero-norm states.

@ Master formula for inter-level relation: n = ny + o + Nz + N4

Ny NpNg N, . Oé,
T T TaTy Ty = (—2E%sin ¢)" exp {_E [sIn(s) + tIn(t) + uln(u)]}
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Background (In)dependence of String Theory
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Background (In)dependence of String Theory

Einstein-Hilbert action for pure gravity

- 1 4 _
SEH = m / d X 7gR7 eXpand gHV = Nuv + hNV7

— 1 4 2 ...
= Sen = o= / d*x(9hoh + hohdh + Wohoh + ---)
Similarly, in gauge theory with SSB
1
Sgauge = /d“x [—ZFZ + |Dg? — U (¢; ;f,/\)} , expand ¢ = %,
1., 1

1
we get Loage = 71F2+§M282+e2va2+§e2x252
1 2 2 2 3 A4 M4
+5 (0% = 15" = Vo’ = o+ g
1
V2

A non-perturbative formulation of string theory has to provide a starting point for
expansion around arbitrary backgrounds.

2
where ¢ = (v+x)exp (i), v = \/%, Fu=0,B, —90,B,.
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Background (In)dependence of String Theory

Strategy: Push the theory to special limit and look for
simplification!

=-High-energy expansion of string scattering amplitudes.

String theory is a (infinitely) higher-spin gauge theory with
spontaneous symmetry breaking.

Assuming that we are focusing on the transplanckian kinematic region
(so that the vaccum expectation values can be ignored), the symmetry
pattern among leading scattering amplitudes should reflect the global
symmetry of Goldstone bosons.

=-A higher-spin generaliztion of equivalence theorem.
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High Energy Scatterings of String States in Linear Dilaton
Background

IV. High Energy Scatterings of
String States in Linear Dilaton
Background
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High Energy Scatterings of String States in Linear Dilaton

Background
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High Energy Scatterings of String States in Linear Dilaton

Background

Special Features of String Theory in the Linear Dilaton
Background

Deformation of the conformal symmetry

T:—l,ax-ax+v-52x, V =006.
(6

D+ 6a’'V2

> m(m? — 1)dmn

Consequences:
@ modified on-shell condition: e.g., “photon” o’k (k + iV) = 0,e(k + iV) = 0.
@ modified inner product for quantum state: < k' |k >= (2)P5D) (k'* — k — iV).

@ modified vertex operators (extra factor).

Chuan-Tsung Chan (Department of Physics, ‘Deformation of the High Energy Symmetry in
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Vertex operators for low-lying stringy excitations:

|T(k)> : e—a’k-VTeiKX:
P, k) : >———r— L YT
PGk =

IMeyurs K)) = | 525 (X0 + i V) (X + i’ V) -

e/k-X :

e )"(] oo’k Vr gk X
20/ '

Oscillator basis for low-lying stringy excitations:

|T(k)) =10,k), with o'k-(k+iV)=1.
|P(¢, k) = ¢uat' 4]0, k), with o'k-(k+iV) =0, and (- (k+iV)=0.
IM(€, K)) = (e ;0" +€,0",5)]0,k), with o'k- (k+iV)=-1.

Li|M(eu, k)) =0, gives V2a'e,, (k" +iV¥) +¢€, =0,
Lo|M(eun, k) =0, gives e,n" + V2d'e, (2k* + 3iV*) = 0.
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Spectrum of Zero-norm States at am? = 1:

2 2
(—iv— L) Prafy+ (iv— L) Eyaty

— 2 2
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High Energy Scatterings of String States in Linear Dilaton
Background

Main Results in our calculations (hep-th/0905.2322)

@ We solved the Virasoro constraints up to the first massive level
and obtained the spectrum as a continuous function of moduli
parameter (V).

© We checked the on-shell stringy Ward identities hold true up to the
first massive level with the generalized on-shell conditions and
modified energy-momentum conservation law.

© We examined the deformation of the high-energy stringy
symmetry from Vy = 0to Vy — oo limit.
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High Energy Scatterings of String States in Linear Dilaton
Background
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High Energy Scatterings of String States in Linear Dilaton

Background

Flat Background (Vy = 0, E — o0) Linear Dilaton Background (Vo /E — oo, E — o0)
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High Energy Scatterings of String States in Linear Dilaton
Background

—

SO(3) algebra= L = 7 x P(set h = 1)

[Lx, Ly] = ILZ [Lx, Ly] == sz —_ ZPy [Px, Py] == 0
[I_y7 Lz] = iLX [Ly7 Lz] = ZPX — XPZ [PX7 Lz] = _iPy
[Lz, Lx] — ILy [Lz, Lx] — XPy - yPX [Py, Lz] — IPX

Rescale z — £Z/, and take g — oo limit.

/2

(2)

=1.

Squash the sphere! ,’;2 + 4 Rg + & 22 =1= ,’;22 + L Rz +

Lxg)*Py,Lyg)Px,Lz/:Lz.

SO(3): isometry — E(2) Euclidean Group!
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High Energy Scatterings of String States in Linear Dilaton

Background
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Conclusion

V. Conclusion
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Conclusion

Summary of This Talk

@ Concrete Realization of Gross’ Conjectures on the High-Energy
Symmetry of String Theory.

@ Connection between High-Energy Stringy Symmetry and infinite
stringy gauge symmetry.

@ Deformation of High-Energy Stringy Symmetry as a function of
moduli parameters.

@ Stringy Generalization of Equivalence Theorem for SSB?
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Thank You!!
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