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URL.: http://pirsa.org/12030112

Abstract: In this lecture I will describe in simple terms the basic ideas of gauge symmetry in phase space, its consequences in the form of ¢
redefinition of space and time, and some observable manifestations of an extra space and extra time dimensions.<br>
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Main Concepts & Themes

* Basic principle: gauge symmetry in phase space.
(Evolution of Einstein: fundamental eqgs. independent of observer)
* A consequence: higher space-time that redefines
1T-physics: 1 extra time + 1 extra space. cauge degrees of freedom.
* Relation between 1T-physics and 2T-physics.

2T is unifying structure for 1T with extra gauge degrees of freedom.

New insights and predictions that 1T-physics misses systematically.
Observable manifestations of extra 1+1 dims in the language of 1T-physics.

* Qutline of progress 1995-2012 and future paths.
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Some aspects of any gauge symmetry

* Gauge symmetry dictates existence of certain degrees of freedom
(photon, gluons, etc), requires unique equations and interactions.

* Gauge symmetry requires redundant (non-physical) gauge degrees
of freedom. In their presence the theory is more beautiful and
more transparent.

* Gauge generators must vanish (constraints)!! Physical phenomena
are associated with only the gauge invariant subspace of the
degrees of freedom. Physical subspace satisfies the constraints.

* Many ways to gauge fix, and solve constraints, to identify the
physical subspace. All gauge fixed forms of a gauge fixed theory
are dual to each other. The duality transformation is a gauge
transformation from one fixed gauge to another fixed gauge.

* Think of M-theory in this light!! (dualities & gauge symmetries)
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2T-physics: Gauge symmetries that dictate
extra spacetime gauge degrees of freedom

1 extra time + 1 extra space required (not by hand!)
No ghosts or causality problems in physical subspace.

With extra 7+7 dimensions the equations of physics in d dims
get unified, are more beautiful, and more predictive in d+2,;
Verifiable predictions of 2T are systematically missed in 1T,

Is a more powerful approach, provides new tools for computing.

Evident symmetries of d+2 dimensions in 2T-physics appear as
hidden symmetries in 1T systems in d dimensions in 1T-physics

Gauge choices in 2T-physics lead to many dualities in 1T,
(1T “shadows” in d dims of the same 2T system in d+2)
=) unsuspected relations among 1T-physics systems
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Review familiar example in 1T : relativistic particle

p2
L = aPp,—e(17)—
ay 7 2\
gauge field generator
1 non-compact parameter gauge symmetry, local on worldline
ozt (r) = A7) {.7"".!:} =A(r)p" (7) dap” (1) =.\|T|{]J-".I:} =) dre(t)= O:A(7)

bLie) - (;—)_ (Ap") p;,—j'-(']—i'),..\’r_);) =0, (.\-}_’;-)

-
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Review familiar example in 1T : relativistic particle

p2
L = zFp, —e(T)—
aye S ,,()2'\

gauge field generator

1 non-compact parameter gauge symmetry, local on worldline

4 : " . .
aazt(r) = A(r) {J"". j.’) } =A(7)p" (7) oapf (r)=A(7) {p-". I)} = () dre(7)= O:A(7)

- -

Bldel - (a_ (Ap*) p;,—j--u-(-)_..\?:) =0, (.\?:-)

-

Equation of motion for the gauge field e: p.p=0
Trivial solution if metric is Euclidean (no content).
MUST have 1T degree of freedom in target space x"(1),p"(T)
Time exists because the gauge symmetry demands it.
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Gauge invariant physical subspace of phase space **

is reached by many possible gauge choices

Examples:
Time-like gauge, x(1)= 1
Lightcone gauge, x°(1)+x'(1)= 1V2
Moving observer gauge, [X°(1)+vx'(1)]= T(1+v2)12
Other complicated gauges, F(xH(T),pH(T))= T

Observers see the same system all differently (time, space, events, etc.).

Gauge fixed Lagrangians look different, but are all gauge equivalent = duals.
Corresponding Hamiltonians related by canonical transformations (duality).
Lorentz symmetry not manifest in fixed gauges; a hidden symmetry!

All observers in all gauges see the same gauge invariants.

All unified by the same covariant equations, p.p=0, ...

Different perspectives of same thing
need some training to recognize they are the same thing
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Motivation for 2T in M-theory

* The dualities in M-theory are discrete gauge transformations. They are
canonical transformations (electric-magnetic charges). There must be a gauge
invariant form of M-theory. What is the gauge group of M-theory?

* Even without knowing the full M-theory, it is known that a global symmetry of
M-theory is the extended supersymmetry in 11-dimensions. | pointed out in
1995 that this is actually a symmetry in 12D with SO(10,2) symmetry in
10 space and 2 time dimensions. (Later, F-theory also 12D).

* This started me on the path of 2T-physics, and to the construction of a gauge
symmetry that can solve the fundamental problem of ghosts in a theory with
2 timelike coordinates.
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Motivation for 2T in M-theory

* The dualities in M-theory are discrete gauge transformations. They are
canonical transformations (electric-magnetic charges). There must be a gauge
invariant form of M-theory. What is the gauge group of M-theory?

* Even without knowing the full M-theory, it is known that a global symmetry of
M-theory is the extended supersymmetry in 11-dimensions. | pointed out in
1995 that this is actually a symmetry in 12D with SO(10,2) symmetry in
10 space and 2 time dimensions. (Later, F-theory also 12D).

* This started me on the path of 2T-physics, and to the construction of a gauge
symmetry that can solve the fundamental problem of ghosts in a theory with
2 timelike coordinates.

» Starting with a single particle, it turned out that this gauge symmetry is
uniquely Sp(2,R) in phase space. This is the fundamental ingredient of
2T-physics, and must be one of the ingredients (a subgroup) of the gauge
symmetry of M-theory.
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Kaluza-Klein is the wrong idea for
extra time dimensions:

e.g. Ay(XM) has wrong sign kinetic terms,

also causality problems with closed timelike curves

Need enough gauge symm. to remove extra field
components from vectors, tensors & spinors,

and the extra time dimensions from XV,

e.g. Ay(XM) > A (x+), etc

1 T Shad OWS! with many kinds of 1T spaces
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The Fundamental Principle (1998)

Phase space (X,P) gauge symmetry in the formulation of fundamental physics

* General coordinate invariance removes bias
of observers in X-space (Einstein’s GR, etc).

* Next level: remove bias in phase space
(XM,P,,), not just in X-space.

Hints: symmetries of Poisson brackets, quantum commutators, .... Canonical transformations!

dualities in M-theory are also phase space symmetries (electric-magnetic), ...
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The Fundamental Principle (1998)

Phase space (X,P) gauge symmetry in the formulation of fundamental physics

* General coordinate invariance removes bias
of observers in X-space (Einstein’s GR, etc).

* Next level: remove bias in phase space
(XM,P,,), not just in X-space.

Hints: symmetries of Poisson brackets, quantum commutators, .... Canonical transformations!
dualities in M-theory are also phase space symmetries (electric-magnetic), ...

 Canonical transformations turned into
gauge SvmmEtrv. Start with worldline, then field theory, then ...

(continuing project, ultimately field theory in phase space)
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The Fundamental Principle (1998)

Phase space (X,P) gauge symmetry in the formulation of fundamental physics

* General coordinate invariance removes bias
of observers in X-space (Einstein’s GR, etc).

* Next level: remove bias in phase space
(XM,P,,), not just in X-space.

Hints: symmetries of Poisson brackets, quantum commutators, .... Canonical transformations!
dualities in M-theory are also phase space symmetries (electric-magnetic), ...

 Canonical transformations turned into
gauge SvmmEtrv. Start with worldline, then field theory, then ...

(continuing project, ultimately field theory in phase space)

2T is not an input, it is a consequence of gauge symmetry.
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I, = 8.XMp,, _ ... A huge symmetry of the first term in L under
T M GLOBAL canonical transformations.
M ()" (Y. P) M ) i
0X “ ‘:-}}').‘U " {\ } ) Oc { X M ; l,.:\-' } 0 fj..-[,\ "\l. [JN] £),
| 9 (X, P i(o.xMp N = o [p,EXP) v p
(SI’M ——( (‘)(_\”_\[ ) {P."l[~"-'} 0 ((}f‘\ !M) = O (I M (”,” J (\] )
These &(X,P) contain all gauge transformations L = 8:XMpy - H(X,P)
Maxwell, Einstein, Yang-Mills, & MUCH MORE ... §.H = {H, &)
_ VN Generalizes with
£ (Y P) - A(YH_JI (,X) PM +¢ 1] (Y) P;\IR‘\r-I_ spin & SUSY, etc.
F By — -;.-'UN @i - I g ol o [ X .. . Higher spin For non-Abelian YM
H(‘\‘I ) ( (‘\)(}-"” F‘l-‘” (‘\))(P‘,\ t 4"\ (‘\))+ fields use fiber bundles.

Proposal (1998): To be able to remove ghost degrees of freedom
from X,P, promote canonical transformations to a gauge symmetry
by localizing on the worldline (every instant of motion)

= (X (7),P(1),7)
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Gauge Symmetry in Phase Space
(X (1),P(1),7) = e*(1)Qa(X.P)  {Qu@} = fu Q

a

L = 8:XMPy — A%(1)Qa (X, P) — H(X, P)

\ ) P o :
§e XM = &9 (1) 9Qa (X, P) = {_‘{'M. }
8PM
L 9Qa (X, P)
5 P;\J - _‘j':a (T) (4; Xrﬂ[ - { PJ[‘ € }

§:A® = Dre?(r) = 8re® (1) + f,, “Ab%C (1)

: 9= (X, P,
(H,Qal =0 6L = o [Py 2P (x pr)
| ‘ 9Py
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Gauge Symmetry in Phase Space
(X (7),P(r),7) = Ye(1)Qa(X,P)  {QuQ} = fu °Q

a

L = 8:XMPy — A%(1)Qa (X, P) — H(X, P)

1 ) X, |
§e XM = 8 (1) 9Qa (X, P) = {XM. }
8P‘,U
9Qa (X, P)
5 PAJ’ — _‘j':a (T) (4; Xrﬂ[ - { PJ[‘ € }

§cA® = Dre?(r) = 8re® (1) + f,, “A%C(7)

- oe (X, P,
{(HQa} =0 L = o (Py- ( o). (X, P,7)
| 0Py
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Gauge Symmetry in Phase Space
(X (1),P(1),7) = e*(1)Qa(X.P)  {Qu@} = fu Q

a
— ¢ Mp —_ ja ; - _ - Equation of
L Or X" Py — A% (1) Qa (X, P) — H(X, P) i
: . Q,(X,P)=0
s.xM _ .a (T) 0(9(,_(.‘{, P) _ {‘{M } means only
. " Py I gauge invariant
e B subspace of
6Py = —e%(7) 9Qa (X, P) = {Pys, ¢} phase space is
- OXM R physical.
(5-5 "‘4a — DT’I::(L (T) - (".)rg:.ﬂ- (T) + fbc (t«"q‘b":*c (T) Analogous to Virasoro
constraints In string theory.
. 8&:‘ AX’. P 2
{H,Qa} =0 6L = 8| Py (‘_ ) _ e(X,P,T)
| 9Py
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Gauge Symmetry in Phase Space
(X (7),P(r),7) = Ye(1)Qa(X,P)  {QuQ} = fu °Q

a
L = ()TX*'VPM — AY(1)Qa(X,P) — H(X, P) Equatipn of
motion
, , Q,(X,P)=0
s.xM _ ‘__a.(,r) an(X,P) _ {‘{M } m;ans only
. o Py T W gauge invariant
. subspace of
6Py = —€%(7) 9Qa (X, P) = {Pys, ¢} phase space is
- OXM L physical.
(S'F”A‘a - Dr’l':a (T) - (':)r?“:al (T) + fb.{ a‘““q‘b":&c (T) Analogous to Virasoro
constraints In string theory.

9= (X, P, )
Py

{H Qa_} =0 0L = ar (Pﬁ[ — & (_Y._ J oA T))

p2 More general, any Q(X,P) :
L = :it'u'p“ — (7-) — 1-parameter non-compact Abelian
2 gauge symmetry. Requires 1T and
removes ghosts from 1T phase space

Familiar example:
relativistic particle
1 local parameter
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Sp(2,R) Three generators Q;(X,P): {Qq, Quy, Q;,=Q,1} 12123

gauge form Sp(2,R) under Poisson brackets.
symmetry

All(t) is the Sp(2,R) gauge potential, i=1,2 is label for Sp(2,R) doublet.

Cor = 8. XMPy — = 42»1( (x. p)|-HX.P)

\—2]

Example, flat spacetime:
Q,,=X.X, Q,,=P.P, Q;,=X.P, any signature metric > doublet (x,p)

General Q (X P) — expand in powers of Py, coefficients= fields

c.t. generate general coordmate symmetry, gauge symmetry, and much more symmetry (hep-th/0103042).
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Sp(2,R) Three generators Q;(X,P): {Qq, Quy, Q;,=Q,1} 12123

gauge form Sp(2,R) under Poisson brackets.
symmetry

All(t) is the Sp(2,R) gauge potential, i=1,2 is label for Sp(2,R) doublet.

Cor = 8. XMPy — = 42»1( (x. p)|-HX.P)

\—2]

Example, flat spacetime:
Q,,=X.X, Q,,=P.P, Q;,=X.P, any signature metric > doublet (x,p)

General Q (X P) — expand in powers of Py, coefficients= fields

c.t. generate general coordmate symmetry, gauge symmetry, and much more symmetry (hep-th/0103042).
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Sp(2,R) Three generators Q;(X,P): {Qq, Quy, Q;,=Q,1} 12123

gauge form Sp(2,R) under Poisson brackets.
symmetry

All(t) is the Sp(2,R) gauge potential, i=1,2 is label for Sp(2,R) doublet.

1%

i L .5 i
Lom = e X Pay— 3‘4%' Qi; (X, P)

-H(X,P)

Example, flat spacetime:

Q,,=X.X, Q,,=P.P, Q;,=X.P, any signature metric > doublet (x,p)

General QU(X,P) — expand in powers of Py, coefficients= fields

c.t. generate general coordinate symmetry, gauge symmetry, and much more symmetry (hep-th/0103042).

Gauge invariant sector Q;=0.
It exists non-trivially only if

spacetime has two times,
no less and no more
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Sp(2,R) Three generators Q;(X,P): {Qq, Quy, Q;,=Q,1} 12123

gauge form Sp(2,R) under Poisson brackets.
symmetry

All(t) is the Sp(2,R) gauge potential, i=1,2 is label for Sp(2,R) doublet.

| .
Lor = 8, XM Py — S AYQ;; (X, P) -H(X,P)

Example, flat spacetime:
Q,,=X.X, Q,,=P.P, Q;,=X.P, any signature metric > doublet (x,p)

General QU(X,P) — expand in powers of Py, coefficients= fields

c.t. generate general coordinate symmetry, gauge symmetry, and much more symmetry (hep-th/0103042).

In flat case
Global symmetry SO(d,2)
" LMN}=0|
spacetime has two times, So LMNis gauge invariant.

Could add H(LMN), could break
no |ESS and no more S0(d,2), is OK, still gauge inv.

Gauge invariant sector Q;=0.

It exists non-trivially only if LMN=XMPN_XNPM  (Q
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Shadows from 2T-physics = hidden info in 1T-physics

2T-physics
Sp(2,R) gauge symm.
generators Q;(X,P) vanish
simplest example
X2=P2=X:P=0 - gauge inv.
space: flat 4+2 dims
SO(4,2) symmetry
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Shadows from 2T-physics = hidden info in 1T-physics

Harmonic

oscillator
2 space dims
mass = 3% dim
50(2,2)xS0(2)

Massless

relativistic
particle
(p,)?=0
conformal sym
Dirac

2T-physics
Sp(2,R) gauge symm.
generators Q;(X,P) vanish
simplest example
X2=P2=X:P=0 - gauge inv.
space: flat 4+2 dims
SO(4,2) symmetry

H-atom

3 space dims
H=p?/2m -a/r
SO(4)xS0(2)
SO(3)x50(1,2)

» 13/23

Massive

relativistic
(p;r)z"'mz:

Non-relativistic
H=p?/2m
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Shadows from 2T-physics = hidden info in 1T-physics

Massless
o relativistic
. particle 2
:\%‘?{9 (pﬂ)z:O /Poé Qﬁ&é/
& 4.7 Oa  conformal sym 2 CA S,
/‘}O O Dirac Q’,’o S, %, 2
72 28 On B e, %
& %o, %% ey,
4 Q. 7
()
Yo . ’J‘@ (g
2T-physics ;
. Massive
Harmonic Sp(2,R) gauge symm.
oscillator generators Q;(X,P) vanish reIativis}tic
p -
2 space dims simplest example (p,)*+m?=0
?85; Z 3;‘5“;‘ X2=P2=X.P=0 -> gauge inv. Non-relativistic
(2,2p50(2) space: flat 4+2 dims H=p’/2m
pe) S0(4,2) symmetry =
@, Y%, %
2%, % 5%, %,
S R Al S /fo) v
RN %00 220,
&, % B X + H-atom %
(9% ,;)@ o 3 space dims Bt
- »
O/é H=p?/2m -a/r
v SO(4)xSO(2)
SO(3)x50(1,2)
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Shadows from 2T-physics = hidden info in 1T-physics

Spin! anyonic atom etc  J\VET 20
SUSY, Backgrounds. EGEMH1

) particle "
J%‘?/d\{‘ (p ;1)2__"0 ,906 Qﬁ(}é/
& (‘%./L\Jo O,  conformal sym o . "%
M N Dirac 1o 9 G,
Cﬁ@ % /‘0) /G’AO;'.?
Yo : 5 €
2T-physics ;
. Massive
Harmonic Sp(2,R) gauge symm.
oscillator generators Q;(X,P) vanish rela)tivis?tic
2 space dims simplest example (p)*+m?*=0
rSnSS; Z 3;‘Odi2m X2=P2=X:P=0 > gauge inv. Non-relativistic
SN space: flat 442 dims H=p?/2m
pe) S0(4,2) symmetry =
N 7
DY s ) Ky j’o) . 7D
%, %0, %y, ¥ Lo s 0,7
8, % D 0 ¥ H-atom %
C(-,;)@ % 3 space dims o_,_d;é?
. »
% H=p2/2m -a/r
» SO(4)xSO(2)
SO(3)x50(1,2)

Shadows also for o choices of Q;(X,P), H(X,P) & in 2T-field theory
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Shadows from 2T-physics = hidden info in 1T-physics

Spin! anyonic atom etc [V EII[1

SUSY, Backgrounds. EGEMYH1
particle

Ry LI/ A,
(/4,)‘) G}‘ (pﬂ)z:O /Poé Qﬁ(}(’q/
& 4,7 On  conformal sym o U "%
%, S T, 8 Dirac RS
2 e O Y A R
% O, Vo
% "o, . 02‘?
Emergent Qp@ 7 @’?r %0
i Q
t >
i 2T-physics .
and emergent : Massive
parameters: Harmonic Sp(2,R) gauge symm.
mass, oscillator generators Q;(X,P) vanish relativis)tic
. 4 p 2/
couplings, 2 space dims simplest example (p,)*+m*=0
curvature, etc. rsnoas; Z 3;Od'zm X2=P2=X:P=0 -> gauge inv. Non-relativistic
(2,2p50(2) space: flat 4+2 dims H=p’/2m
pe) SO(4,2) symmetry £y
N %
%%, o % %,
8 Ox O, Py XN N
% S 2ce 20, %
& Sp B %o ¥ H-atom ORI
C(-,;)@ 3 space dims 0_,3\/':‘?
% H=p?/2m -a/r
v SO(4)xSO(2)
SO(3)x50(1,2)

Shadows also for c choices of Q;(X,P), H(X,P) & in 2T-field theory
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Shadows from 2T-physics = hidden info in 1T-physics

Spin! anyonic atom etc  J\VET 20
SUSY, Backgrounds. [LEEMNHIe Free or interacting

4 particle = systems with/without
Ny * ¥
;’%{9 (p,)*=0 'Poé Q’o(;/ mass in flat/curved
o %J: °Jo,ofp conformal sym Q. 4. Q‘&, B 3+1 space-time
. Sy Dirac . o &
2 e On Y A 'f'@ %
O 0, A T, SA
N %o, %,
Emergent o 4 % @
' Q
t i
il 2T-physics :
and emergent _ Massive
parameters: Harmonic Sp(2,R) gauge symm.
mass, oscillator generators Q;(X,P) vanish relativis)tic
‘ 4 2 PA
couplings, 2 space dims simplest example (p,)*+m?=0
curvature, etc. rsnoas; Z 3;;';‘ X?=P?=X-P=0 - gauge inv. Non-relativistic
(2,2)x50(2) space: flat 4+2 dims H=p?/2m
pe) S0(4,2) symmetry oy
O r9’?‘/(,; U,
AT o % %,
8 Ox O, Py NN
O&(/ % /b@/ 0} ‘q 0‘90 o)@ t}'// ‘9/‘,1’
& Sp B %o ¥ H-atom ORI
C(.’;)@ % 3 space dims """d‘f
O/é H=p?/2m -a/r
. SO(4)xSO(2)
SO(3)x50(1,2)

Shadows also for c choices of Q;(X,P), H(X,P) & in 2T-field theory
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2T-Physics as a completion and unifying framework for 1T-physics ">

Observers like us
are stuck on the

“walls” (3+1 dims.),»

no privilege to be
in the room (4+2).

Ty

The relation between 2T-physics and

1T-physics described by an analogy :
Consider object in the room =
(phase space, X,P\, in 4+2 dims.)

and its MANY shadows on walls =
(MANY phase spaces, x™,pin 3+1 )
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2T-Physics as a completion and unifying framework for 1T-physics '**

Observers like us The relation between 2T-physics and
are stuck on the 1T-physics described by an analogy :
“walls” (3+1 dims.),» Consider object in the room =
no privilege to be lll,ll (phase space, X,P\, in 4+2 dims.)
in the room (4+2).

and its MANY shadows on walls =
(MANY phase spaces, x™,pin 3+1 )
holographic
ONE 2T system > MANY IT systems
Predict many relations among the
shadows (dualities, symmetries d+2).

Contains systematically missed
information in 1T-physics approach.

This info related to higher spacetime:
Instead of interpreting the shadows
as different dynamical systems (1T),
we recognize they are perspectives in
higher spacetime. Then, we can
indirectly “see” the extra 1+1 dims.
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2T-Physics as a completion and unifying framework for 1T-physics '**

Observers like us The relation between 2T-physics and
are stuck on the 1T-physics described by an analogy :
“walls” (3+1 dims.),» Consider object in the room =
no privilege to be lll,ll (phase space, X,P\, in 4+2 dims.)
in the room (4+2).

and its MANY shadows on walls =
(MANY phase spaces, x™,pin 3+1 )
holographic
ONE 2T system > MANY 1T systems
Predict many relations among the
shadows (dualities, symmetries d+2).

P
e

-

Contains systematically missed
information in 1T-physics approach.

5
(—
o This info related to higher spacetime:
Instead of interpreting the shadows

as different dynamical systems (1T),
we recognize they are perspectives in
higher spacetime. Then, we can
indirectly “see” the extra 1+1 dims.
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2T-Physics as a completion and unifying framework for 1T-physics '**

Observers like us The relation between 2T-physics and
are stuck on the 1T-physics described by an analogy :
“walls” (3+1 dims.),» Consider object in the room =
no privilege to be lll,ll (phase space, X,P\, in 4+2 dims.)
in the room (4+2).

and its MANY shadows on walls =
(MANY phase spaces, x™,pin 3+1 )
holographic
ONE 2T system = MANY IT systems
Predict many relations among the
shadows (dualities, symmetries d+2).

—
- Contains systematically missed
information in 1T-physics approach.

o This info related to higher spacetime:
Instead of interpreting the shadows

as different dynamical systems (1T),
we recognize they are perspectives in
higher spacetime. Then, we can
indirectly “see” the extra 1+1 dims.

1) 2T-physics makes new testable predictions,
e.g. SO(4,2) C,=-3 for all shadows, etc. (duals)
and new computational tools.

2) 1T-physics is incomplete !!!
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Some manifestations of 4+2
dimensions in 1T-physics
at various distance/energy scales

Some “windows” where 4+2 is easier to spot:

« Conformal symmetry SO(4,2) in massless systems, in many
contexts, at various energy scales.

» Celestial mechanics: why planetary orbits always in same
plane, and axis of ellipse does not precess year after year?
Hidden SO(4), Runge-Lenz. (rotation symm including 4t dim)

« H-atom spectrum, degeneracies and patterns (next slide).

» Cosmology — (i) FRW has hidden SO(4,2),

(ii) scale invariant spectrum of perturbations etc. ,
(i) nature of singularities (recent, IB, Chen, Steinhardt, Turok)

A lot more “windows” harder to spot, but predicted by 2T-physics
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