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Generaljzed UV po

ytentials

bounds obtained from A4(A)] = 0 and \g(A) = 0 = Ag(A)...

RG flow of irrelevant operatprs: canonical scaling = flow to 0 towards IR

As(A) # 0 easily compatible

6

with experiment at low energies

e e et g 10, AXGeV]
A6(A) # 0 yields lower mass hound! r : T e

1
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Long standing open issues in LQG:

»The sthbility of flat spacetime, or the positivity of the
quantuy ADM Hamiltpnian.

eThe fermion doubling problem:are there chiral
fermions?

eAre there physical effects which violate parity?
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The positivity of the ADM Hamiltonian.

2 € re? o ra” - . q
Hapn|= /}\_ dioqu® — [ NC + N°C, + papG® ~ [ d* o, 1
o% Ay Jox

>0
Proved by Shoen and Yau (1979) and Witten (1981).

Witten exploited a degp connection to supergravity and
spinors, suggested by Lpeser and Teitelboim and Grisaru.

H D ‘ QLQ" 20

Q(\) = /) i dPaapi At — [ Sart
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The positivity of the ADM Hamiltonian.

Hapar|= / d*o.p* — [ NC + N°C, + papG*” “*f d*aqp’
a% Iz 0%

> ()
Proved by Shoen and Yau (1979) and Witten (1981).

Witten exploited a degp connection to supergravity and
spinors, suggested by Lpeser and Teitelboim and Grisaru.

HZ ‘ QLo >0

ADM
Q(N) = / Poapg A" — [ SANG

J O ok
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Can we ttLrn Witten's elegan

t classical proof into a proof of positive

energy ina quantum theory| of gravity?

We do nat have a proof in LQG, because the quantum metric operator

can be ddgenerate, where
the theor¢m.
[}

as|non-degeneracy is a necessary condition of

What we can do is find conlitions that a quantum theory of gravity
can satisfy that are sufficient to imply positive of the expectation value

of the ADM energy.
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Poisson brackets:

Supersymmetry constraifit (generates local SUSY transformations:
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&

onian form.

ariables:

Left handed spjn connection: 4AB
Al

densitized frame field: E%p
\

ravitino field: U

i

a

gravitino momenta: 74

AE il Y -h ¢CD
{Ahm ), L(..'I)(U) = "i(-"-.‘/)”uh.m

1
J

\ ~a ¥ - +C

ol (), 7o (y)t+ =0 z,1)0,04

Sa = Dafty =0

ab a bAB
det(q)q®® = E4pE &
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Supergravity in Hamiltonian form.

The actors: Canonical variables:

Left handed spjn connection: 4AB
Al

densitized frame field: Ij?f‘., B
ravitino field: A

‘ " . = (1
: rdvitino momenta: 7'
Poisson brackets: 8 A

()';i( i y]rifj r)(“{,)

°(, y)3adA

Supersymmetry constraifit (generates local SUSY transformations:

« oy ~bAB
det(q)g™ = E4pE""
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Super&ymmetr)r genera}zor:
SA = D7t - GpE2 + WA =0

Witten equation: ‘\ Gauss law constraint

y I B
W‘.\ — ;':J\IJ.DN‘E - {]
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uge equivalent to genera

Preserves Poisson brackets

(2 (), 7 ()} 4 = 8", y)8ad3 EpE"

Action, equations of fnotion and constraints reduce to
those of pure GR +Vvitten equation.
The Witten equation is a gift from supergravity to GR.
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N to sector g4

A A
ale? Dn&

_\ R cB
ASaalaeClA R S

Superfymmetry gene
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or.

S‘.l — D”T-;—” i — g

Witten equation:

uge equivalent to genera

Preserves Poisson brackets

b E
l",.lf r), ey} s =0 Y I’Jr)‘l.r)“ .,':IC

-‘.l"”‘sff -+ V\»J'.1 =1()

\ Gauss law constraint

Wa

ml

=1 ~AB

D% =0

Action, equations of fnotion and constraints reduce to

those of pure GR +

The Witten equation is 2 gi

itten

equation.

fc from supergravity to GR.
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uge equivalent to genera

(-

Ay A
qa 1 DI!E

Preserves Poisson brackets

- . E
T‘.. 1 .\ pa B {t ”l[ r), wes(y)) &' (x I”r'l‘ilr\[‘ ERE

1 =2 27V

Super*fymmetry gener

S;\ = D“'ﬁ"”

Witten equation:
Wy =

those of pure GR + -
The Witten equation is 2 g

Pirsa: 14050126 P /
age 11/27



Wi&ten’s classical positive energy proof

Four steps
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STEP [:[square the Wittep equation

HA'A

—Wa Wy

=

A'A 5

f‘rl P _"H’ b - B
] [J“lI"}I D”C ]J,!IJ'D’J'E
“

o ol

STEP Z:Mrite as sum of fymmetric and antisymmetric parts in ab.
R — R.w;m B [‘)unh =0
STEP 3:R¥™ is positive definite.

IREVEE— / HBrBf'(_[”b’D”&-H Db{:.” >0
v

STEP 4: Integrate by pafts to write Rant a5 a boundary term minus
a term proportional t -onstraints, which hence vanishes. The
boundary term is HapmM.

1) < SIS VY = / W
Jox
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STEP I:square the Witten equation

. /’}‘4!/1 n - /”(';l
WarWa

0=R=|W|= /
Jy €
A'A

-~

n _ —pr o~
B ot B
J X

(J

STEP 2: Write as sum of symmetric and antisymmetric parts in ab.

R — R.s-_um. + Ru.'n.!i. — 0
STEP 3:R¥™ is positive definite.

RSYM — , X ub@ _B,D 2 0
‘ — ]]BJB((I (1_6 ’)g e
JE

STEP 4: Integrate by parts to write R2" as a boundary term minus
a term proportional to constraints, which hence vanishes. The
boundary term is Hapwm.

0 < —R™' ~ Hapy = / p
J O3
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STEP [:square the Witteh equation

A'A
B ' -
p= WP = [ T WaWa
Ju

(

» mA'A
n = Loy

0 T B b -3

7] e Y B Dak” ExpDi§

- \“

STEP Z:Mrite as sum of fymmetric and antisymmetric parts in ab.
R —= I?.'sym B l?rlnfr = {J
STEP 3:R™ is positive definite.

al =B’ - B ~
e [ .”B'H“QHDU‘S D¢~ 2 0
JB

STEP 4: Integrate by paf'ts to write Rand a5 a boundary term minus
a term proportional t l-onstraints, which hence vanishes. The
boundary term is HapM.

1) X =l S Y = / Iz
Jox

Pirsa: 14050126

Page 15/27



The result is:

['_{‘_1 !J “ !‘ —_ R~“’U“l 'i‘ cons

: !
raints =~ / Huruf‘fjmp
JY

cB'
as

Dye? >0
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antt __ -
R = / d=o, '
JOX

The fo*r Ashtekar constraints are:

= BlEE s o =

The ADM energy is: PWAA it
If_” —_ .{‘ E_.li[E{” lfjhll;lb‘-Db‘fB

We use the vanishing tq§sion condition from the A eom:

Va[Elf 2 ©) =0

i at: . - Ay 4 4
plus a boundary condition that 4 Vel N\ =7

Pirsa: 14050126
Page 17/27



In detajl:

Rnuh = /. d'_!a_”“f
o

The foNr Ashtekar constraints are:

CC = [BLEM apFa” =0

The ADM energy is: PNAUA I g
Ear[EL E" 4 DyE"

(&

We use the vanishing thion condition from the A eom:
va[Bl P €] =0

ition that: . ; A/
plus a boundary condition FAR N N =)

A'A

L]
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Quantum positive energy proof

Note, this is a formal result, we pay attention to operator
ordering but not regularization of operator products.
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ng.
of A and the Witten spinor ¢4, £]

(A, K, A3 pP[A, €] = ATPD[A,¢]

m Witten equation:
0
PARE

D.EED[A, €] =0

And the four quantum|Ashtekar constraints:

b

" EQIA. €] = K O __pBEGIA €] =0
Cp B[4, ] 0A .);,.1(”5) (5./1;;}”(;::) ; [4¢]

You can think of thisgs a reduction from supergravity:
B[A, &] = D[A, ¥ = Daé
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ng.
of A and the Witten spinor ¢4, £]

—an 2AE A3 p (A, €] = AP 0(A,¢]

They [satisfy the quantym VVitten equation:

A )
W.\(I)[..-_L E] — ET-[B'DHEU(D[-"LE] =0

And the four quantum|Ashtekar constraints:

5 E < K 0 pBEgIA £]=0
Cp 2[4, ¢] JAP 4 (z) r)'.f’li;}”(;r:) w 248

You can think of thisgs a reduction from supergravity:
D[A, €] = B[A, ¥i' = Da]
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The inher product is:

< O(AE)|V(A, V) >= fd:ld.idsdf (A, E)e!MALOY(A €)

Where | satisfies the qyiantum reality conditions:

Y I(AAELL) Sel(AALL)

AN ARB'B
ALY () dAN (z)
' ) f)- £E
B' By ; _ oAALL) —
b ”[c‘)'.'l:"‘l' B'(z) 9 ARE (x) |

And a positivity condition:

' ) fj— I(AALEE
ab _— A'A C e (A,AEEL) > ()
Qp'p =N ___'5-‘13}; Bl () 5A75 (z)
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STEP |:Square the Witten| equation.

0 == Sr—— < War(z) (A, €)Wa(z) (4, €) >

STEP 2:Write as sum of symmetric and antisymmetric parts in ab.
< R S=< RMH” >‘ kg Run!: >= ”

STEP 3:& R®™ > s positive definite.

STEP 4: Integrate by parts |to express R <0 asa boundary term plus
terms proportional to qL\antum constraints

A Rfi”f! >brmr rfrn'yE< [—[‘-ID.\I >2 0
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STEP |:Sgquare the Witten| equation.

0=<R Szt < War(2)B(A, €)[Wa(z)B(4,€) >

STEP 2:\Write as sum of fymmetric and antisymmetric parts in ab.
< RS=< R.\_r;m >‘ I R«m!: ~>=0

STEP 3: & R™ > is positive definite.

STEP 4: Integrate by parts to express R* <0 asa boundary term plus
terms proportional to qL\antum constraints

_ < Ronti Sbourfdary—— [, ppr >2> 0
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The output is sufficient ¢onditions on the representatior

hints have a particular ordering:

() FRE®[A,€] =0

3) The quantum Witten equation has solutions when the

quantum constraints hpld
WEED[A,£] =0
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ion of QG which satisfies thd
in’t guarantee nondegeneracy of the metric

I) We found a particular| chiral ordering C ~ E*E®Fyp . Is this
necessaly as well as suffitient? (This ordering implies parity
breaking quantum effects})

1) The Lorentzian constraints are only polynomial with the chiral,
Ashtekar connection, Immirzi = i. Is this necessary as well as
sufficient?

operator that satisfies anf operator form of Witten’s equation, and it

ble. Is this possible? W
CaB, €71 =0

IV) If the Witten spinoriis not in the wavefunction, it must be an

must be a Dirac observ
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I) Is there a representation of QG which satisfies the conditions?
Standard LQG doesn’t guarantee nondegeneracy of the metric
operator.

Il) We found a particular, chiral ordering C ~ E?EF,, . Is this
necessary as well as sufficient? (This ordering implies parity
breaking quantum effects.)

lIl) The Lorentzian constraints are only polynomial with the chiral,
Ashtekar connection, Immirzi = i. |Is this necessary as well as
sufficient?

IV) If the Witten spinor is not in the wavefunction, it must be an
operator that satisfies an operator form of Witten’s equation, and it

must be a Dirac observeable. Is this possible? A B
CaB,§7] =0
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