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Overview Introduction

The purposes of this talk:

Main Themes of this work:
Resolution of “problem of time”
@ Where/What is physical time in Classical/Quantum Gravity?

Outlines of this talk:

@ What are the conceptual and technical problems of GR

@ Hints/Ingredients for a sensible theory of Quantum Gravity

© Theory of gravity without full space-time covariance
o General framework, and quantum theory
o Emergence of classical space-time

Paradigm shift and resolution of “problem of time”
o Gauge-invariant global time in superspace
o Improvements to the quantum theory

@ Further discussions
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Time: Fundamental, emergent , or illusionary, ....?

The Measure of Time

From Wikisource

The Measure of Time (1898)
by Henri Poincaré, translated by George Bruce Holsted

In French: Poincaré, Henri (1858), “La mesure du temps”, Revue de metaphysique et de morale 6: 1-13

If now it be supposed that another way of measuring time is adopted, the experiments on which Newton's law
is founded would none the less have the same meaning. Only the enunciation of the law would be different,
because it would be translated into another language; it would evidently be much less simple. So that the
definition implicitly adopted by the astronomers may be summed up thus: Time should be so defined that the
eguations of mechanics may be as simple as possible. In other words, there is not one way of measuring time
maore true than another; that which is generally adopted is only maore convenient. Of two watches, we have no
right to say that the one goes true, the other wrong; we can only say that it is advantageous to conform to the
indications of the first.

Importance of time:
Time translation <-> Hamiltonian as generator
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Conceptual and technical problems of GR

@ Why is Hubble constant H(t) physical within GR?

@ Pauli thm: No operator can associate with “time”; but in GR, time
arises from metric field components which are operators

© To understand time, one has to understand energy

© Dynamics of spacetime doesn't make sense(requires 5d)!

© GR Hamiltonian is a 15t class constraint and generates gauge
transformation but GR Hamiltonian is also the generator of time
translation. So, is time just a gauge or a real entity?

@ First class constraint can only be 1%t-order in canonical momenta to
generate correct gauge symmetries

@ GR can't enforce 4D spacetime cov. off-shell, need Paradigm shift:
Fundamental symmetry of GR (classical and quantum) has:
only 3D NOT 4D diffeomorphism invariance

© Wheeler: Arena of GR is superspace not spacetime itself

y
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Hints/Ingredients for a sensible theory of quantum gravity

O QG wave functions are generically distributional; therefore, concept of
a particular spacetime cannot be fundamental = no point to insist on
4D covariance?

@ The local Hamiltonian should not be the generator of gauge
symmetry, but only determines dynamics

© Gravitation Hamiltonian should be derived by generalizing dispersion
relation from E = /p2 + m2 for particle to H = /Grr + V

@ GR is only a special case of a more general potential and is also a
de-parametrizable theory

© DeWitt supermetric has one -ive eigenvalue = intrinsic time mode

O A theory of Quantum Gravity should be described by a Schrodinger
equation, 1%t-order in intrinsic time with +ive semi-definite
probability density in superspace

@ Classical spacetime should be reconstructed from constructive
quantum interference in theories with only 3d spatial diff. inv.

v
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Overview Introduction

@ Men occasionally stumble over the truth, but most of them pick
themselves up and hurry off as if nothing had happened
—Winston Churchill
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AP GerieliEn
Hamiltonian Constraint in ADM formalism

@ ADM spacetime,

ds® = —N2dt® + qylax’ + N'dt][dx/ +

@ The Hamiltonian Constraint in ADM:
ij 1,
—qR+ 7'y — ST = 0
@ Momentum Constraint in ADM:
Vil =0
@ The evolution in ADM time:
dq,'j

dt
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Theory of gravity without full space-time covariance General framework

General framework

© Decomposition of the spatial metric g;; = g
fﬂ”dquffWJ(Sq,J—i-mSInql/?’ = (qj, T i
conjugate pairs.

@ Generalization of the p;ox’ + podt of a relativistic particle; analogous
to 6t and pg = —E; if one identifies, time as § In ql/3 (varies from
—00 to +00, instead of 0 to 00), = 7 will be as energy.

© Variation of Intrinsic time function at same point & In g'/3 =< gey, >
is a scalar and bears invariant geometrical meaning

© Non-trivial Poisson brackets are

Gij; symplectlc 1-form:
and (In g'/3, 1) form

) an

= P,Z 5(x, x"), { In q%(x), w(x')} = 0(x,x")

'+ O;d{() — %E] Gui; trace-free projector depends on gj;

: : 1
© Separation carries over to the quantum theory, the Ing3 d.o.f
separate from others to be identified as temporal information carrier
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Intrinsic Time formalism and Dynamical Hamiltonian

@ The ADM Hamiltonian constraint now reads,
H = —qR + Gugm'7" — 5°7* = 0
where ﬁz = % for GR, allows a factorization form;

(m— H/V/B?)(m + H/\/3?) = 0

@ The dynamical equation can be easily generalize:

= 1 /T —._ 1 /- _.._
- = H/ﬂ = B\/qikqjlﬁuﬂ'kl - qR — B\/qikqjlﬂ"fﬂ'kl -V

@ With (In g*/3, 1) being intrinsic time and energy density function; the
analogue relativistic particle dispersion relation is
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Hints for identifying ¢ In g as Time function

@ Upon quantization, canonical momenta in metric representation are

realized by:
3h 9§ A h_i 0

7= . and 70 = ZP} —
i dlng i lkéqlk

The background independent Schrodinger equation and
Hamilton-Jacobi equation for semi-classical states Ce™ are
respectively,
F(=ii_pil 85 .
h k) \U— H(Trf’qu)w 5S H(WJ_PIiIquU)

dlng 3 ’ dlng T 35

Qv Mq = 0 enforces spatial differomorphism symmetry

@ One infers from Schrodinger/HJ equation the Time function is
actually dIn q% and H being the evolution Hamiltonian
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Initial data evolution Emergent Spacetime

Initial data evolves wrt intrinsic time d In g

©0 ©

W=

i . o 1 : _ii
% generates dynamics wrt intrinsic time d In g3 subject to V;7¥ =0

Dynamical equation m + % = 0 propagates correctly, 7 + % —0
Evolution in emergent ADM spacetime and N can be constructed:

On shell; Heg can be inferred from the symplectic potential,
ff 8|nq/ d3 S5t = — f[fHBInq/d3 ]dt

= f Ha'”q > d3x is total Hamiltonian generating ADM-t-translations

. Sing/3—Ly. Ingl/3 :
Interpret limgz_so —— hist kil :alna‘z — 2V;N!

being the rate of change of normal component of In g in emergent
ADM spacetime; also, monotonicity guarantee causality

This is consistent wrt ADM-t evolution with Lorentlz inv. if one
dIng3—Lg,.6Ing3

choose the lapse function, N, satisfies, Ndt := @A)

however, becomes an identity for GR
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Initial data evolution Emergent Spacetime

Note several important features:

@ Only spatial diffeomorphism is intact

o only (87 + H) = 0 is all that is needed to recover the classical content
of H=0. This is a breakthrough
(i) 7 is conjugate to In g3, therefore semiclassical HJ equation is
13T -order-in-intrinsic time with consequence of completeness
(i) QG will now be dictated by a corresponding WDW equatlon which
is a Schrodinger equation 1%t-order in intrinsic time In q3

@ The Emergent ADM spacetlme is:

2 (9¢In q%(x t)—LyIn q3 x,t))dt
= et vat

1>+qij(x, t)(dx'+ N'dt)(dx/ + N/ dt)

y
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Emergence of classical spacetime

@ The first order HJ equation bridges quantum and classical regimes,
has complete solution S = S(®)G; a)

@ Constructive interference; S(®)G; a + da) = S(P)G; a);
‘ﬂ@g+yﬂga+5®:qq©g+aﬂga)
:%[f (Mgo‘)& ii| =0 subject to M = H; = 0.

, [/.(WU(SQU + ON;H') + SmM]

q"j c 1 — ij
?ON;VJ'TF—F q 35N,-Vj7rf)]

o [/(m)ln g3 + TrU()qU

00 = Lg @) _ padlALY/E)
dIngi(y) — LygyIngs(y) ° 07

So0 & Yu (arXiv:1201.3164) Quantum Gravity & Time 29, Nov., 2012; IMPU 14 / 28



Initial data evolution Emergence of classical spacetime

© EOM relates mom. to coord. time derivative of the metric which can
be interpreted as extrinsic curvature to allow emergence of spacetime

1
3

1
2K 1 dgj dIngs — Ly, Inq
—Gj; = —(—= — Lzq;), Ndt := 4
Vg = o g ~ Ea ) TN
In Einstein's GR with arbitrary lapse function N, the EOM is,

dg; 2N .
qf — {q;, | PxINH + N;HT]} = = (2K) Gy + L a5

ThIS relates the extrinsic curvature to the momentum by
. 1 (dqj 25 ~kl_ 1 _ 2k 3[
K,'j = W(th — ,C,vq,-j) va ik = §TI’(K) = 7%BH
proves that the lapse function and intrinsic time are precisely related

(a posteriori by the EOM) by the same formula in the above for
reconstruction of spacetime

1 1
2 dln qj(x,_t)—dtﬁﬁm q3(x,t)\2 - i i j i
Q ds?2 = ([455H(x,t)/ﬂ(x,t)] )°+qii(x, t)(dx'+ N'dt)(dx) + N dt)
@ For full 4-d diff. inv. theories(i.e. GR), this relation is an identity

which does not compromise the arbitrariness of N
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Gauge-invariant global time in superspace
Gauge-invariant global time in superspace

@ Hodge decomposition of the 0-form on compact space,
1 .
0lng3 =0h+ V;0V', wherein §h is harmonic, x independent and
gauge-invariant; §V' can be gauged away, Lgpi In q% = %V,-cSN"
1 -
1 OV \u Jlng3 3, _ H 3
Q ing; = [ih St 00 ngh(x)d x—{f%d x}\U
describes evolution wrt intrinsic superspace time interval §h

© Physical Hamiltonian Hppys. == [ %d% is spatial diffeomorphism
invariant as it is the integral of a tensor density of weight one

@ This remarkable Schrodinger equation dictates quantum
geometrodynamics in explicit superspace ()G entities

(w[[qij] € (3)g]aHPhys.75h)
© Jhis “1-dimensional”, “time"-ordering, which underpins the notion of
causality, emerges U(h, hg) := T exp { hfh phys(H)OH
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Paradigm shift and resolution of “problem of time”
Paradigm shift and resolution of “problem of time”

@ Starting with only spatial diff. invariance and constructive
interference, EOMs with physical evolution in intrinsic time generated
by H, can be obtained

@ Possible to interpret the emergent classical space-time from
constructive interference to possess extrinsic curvature which
corresponds precisely to the lapse function displayed in the above

© Only the freedom of spatial diff. invariance is realized, the lapse is
now completely described by the intrinsic time In q% and N

© All EOM w.r.t coordinate time t generated by [ NH + N'H; in

Einstein's GR can be recovered from evolution w.r.t. In q% and
generated by H iff N assumes the form in the above

@ Full 4-dimensional space-time covariance is a red herring which
obfuscates the physical reality of time, all that is necessary to
consistently capture the classical physical content of even Einstein’s
GR is a theory invariant only w.r.t. spatial diff. accompanied by a
master constraint which enforces the dynamical content
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Initial data evolution Paradigm shift and resolution of “problem of time”

@ ADM metric,

- 1
dh—Ly,, In g3 (x,t)

5 _
ds ——(W

)2 + gii(x, £)(dx’ + NiGh)(dx + NiSh)

emerges from constructive interference of a spatial diff. invariant
quantum theory with Schrodinger and HJ equations first order in
intrinsic time development

@ Correlation (for vanishing shifts) between classical proper time d7 and

T 1 .
quantum intrinsic time In g3 through d72 gives correct

_ 2
[(4ﬁfiH/\f)] !
energy dependence.
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Initial data evolution Improvements to the quantum theory

Improvements to the quantum theory

@ Real physical Hamiltonian H compatible with spatial diff. symmetry
suggests supplementing the kinetic term with a quadratic form, i.e.

oW oW

Gjj ikl + [ (qikqj + qjkqir) + unqk/] Sa.
qij Oqki

[Gikdjr + YGijan) QL QX
@ His then real if v > —3
ow=/J Vva(aR — N) + CS and Qi =7+ iq%%‘; and Einstein’s
theory with cosmological constant is recovered at low curvatures

© New parameter v in the potential, positivity of H (with v > —% is
correlated with real k and positive N
@ Zero modes in H occurs i.e. v — —%, for fixed k= Aesr — 0
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Further Discussions

@ Although there is only spatial diff. invariance, Lorentz symmetry of
the tangent space is intact, the ADM metric:
ds? = napejeldxtdx” = —N2dt? + qy(x, t)(dx’ —|— N'dt)(dx/ 4 NV dt)
is invariant under local Lorentz transformations e = M g(x)eB

u
which do not affect metric components g, = nABeA B

@ 2 physical canonical degrees of freedom in (ql'jhy T), and an extra

pair ((In q%)physh,w-r) to play the role of time and Hamiltonian (which,
remarkably, is consistently tied to 77 by the dynamical equations)

Q Inverting, 77 in terms of ;li"jq from the EOM, yield the action,

Just the superspace proper time with v/V playing the role of “mass”

So0 & Yu (arXiv:1201.3164) Quantum Gravity & Time 29, Nov., 2012; IMPU 20 / 28



SR
Summary

o
2]

Paradigm shift from full space-time covariance to spatial diff. invar.
Master constraint + Clean decomposition of the canonical structure
= physical dynamics + resolution of the problem of time free from
arbitrary lapse and gauged histories

Intrinsic time provide a simultaneity instant for quantum mechanics
Difficulties with Klein-Gordon type WDW equations is overcome with
a S-eqt with positive semi-definite probability density at any instant
Gauge invariant observables can be constructed from integrations
constants of the first order HJ equation which is also complete
Classical space-time with direct correlation between its proper times
and intrinsic time intervals emerges from constructive interference
Framework not only yields a physical Hamiltonian for GR, but also
prompts natural extensions and improvements towards a well-behaved
quantum theory of gravity
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Further Discussions [ESIININERYG

SLOWLY VARYING i
Velx 1) = (AMPLITUDE FUNCTION) &p (ﬁ) Selx, 1) M

It is of no help in localizing the probability distribution that the Hamilton—
Jacobi function S has in many applications a value large in comparison with
the quantum of angular momentum # = 1.02 x 10727 g-cm?/sec. Itis of no
help that this ““ dynamical phase’—to give S another name—obeys the simple
llamilton-Jacobi law of propagation,

oS oS
T”(a”‘)

- (55) (g) + V() @

And finally, it is of no help that the solution of this equation for a particle of
energy E is extraordinarily simple,

SCx, 1) = —Et + [ 2mlE — V(I dx + 5, 3)

I he probability is still spread all over everywhere! There is not the slightest
trace of anything like a localized world line, x = x(1)!

How old the idea of building wave packets out of monofrequency
waves  and how easy! The probability amplitude is now a superposition of
terms, qualitatively of the form

Yx, 1) =YX, 1) + g, )+ @
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Further Discussio Summary

R —— e ftAf-————-
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Further Discussions [ESIININERYG

At last a world line! And how easy to find the Newtonian motion from this
condition of constructive interference:

0= SE+AE - SE
!
0= —tAE + f Apg(x) dx + (g +ar — O5)
Y
‘= J L (NEWTON) (©)
o)

Here vg(x) denotes the velocity at the location x,

AR2m(E — V)]'* Apy d(momentum) 1  (TIME TO COVER N
AE TAE” OE " vg(x)  \A UNIT DISTANCE
and the quantity ¢, is an abbreviation for
Opiap — 6p dog
EL, B2 8
AE  dE " ®

Marvelously, not one trace of the quantum of action appears in the final
solution for the motion. Yet the quantum principle supplies the whole
rationale and motivation for talking about * constructive interference.”” The
quantum comes in only when one recognizes the finite spread of the wave
packet (Fig. 1). Then the idea of a world line has to be renounced. A whole
range of histories contribute to the propagation of the particle from start to
finish. This is the way the real world of quantum physics operates!
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Further Discussions [ESIININERYG

FIGURE 2. The track of the ball and the track of the photon through
space (x, z plane) have very different curvatures, but in space time
(x, z, ct space) the curvatures are comparable.
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Further Discussions [ESIININERYG

W(G)NAeiS(G)/’h_'_ A,eis’(e)/h+
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Further Discussions Summary

5[ ev84]-193
s[®s,e]-19.3

[‘“@,-oac] =19,2

s[P,e]=19.2

S["g,a+8a]<19,]
s[“’e aJ=18]

. TOTALITY OF "YES" "5

o "CLASSICAL HISTORY H"

e SUBSET OF POINTS IN
SUPERSPACE

® SPAGELIKE SLICES THROUGH
A “g THAT SATISFIES
EINSTEIN'S FIELD EQUATICNS

SUPERSPACE
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Further Discussions [ESIININERYG

Superspace is the arena for geometrodynamics, just as Lorentz—-
Minkowski space-time is the arena for particle dynamics (Table 1). The
momentary configuration of the particle is an event, a single point in space-

time.
in superspace.

The momentary configuration of space is a 3-geometry, a single point

TABLE 1 Geometrodynamics Compared with Particle Dynamics

Quality

Particle

Geometrodynamics

Dynamical entity

Descriptors of momentary
configuration

History

History is a stockpile of
configurations?

Dynamic arena

Particle

x, t (““event™)
x = x(t)

Yes. Every point on world
line gives a momentary
configuration of particle

Spacetime (totality of all
points x, 1)

Space

@ (““ 3.geometry )
® g (““ 4-geometry )
Yes. Every spacelike
slice through ¥ & gives

a momentary configura-
tion of space

Superspace (totality of all
3) g;s)
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