Miami 2008

HD* field theory as the Theory of Everything
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*) (HD); = Higher Dimensional

(HD)y = Higher Derivative
(HD)3 = Highly Desirable



MOTIVATION

1. Quantum gravity = 7

e problems with unitarity and causality

e they stem from the geometric nature of GR
- absence of universal time

e paradoxes also at the classical level -
singularities, time machines

String theory 7

e no nonperturbative formulation. ..
THESAURUS of A.S. in Th. Phys.

1. Second Newton’s law
2. Schrodinger equation



Central dogma:

TOE is a field theory in flat space-time

e OQur Universe = curved 3-brane in flat HD
bulk
e gravity is induced

SOAP FILM

EzaAza/d2§\/§

e ['SS (Fundamental Theory of Soap) is formu-
lated in flat 3D space



Theory of the bulk = 7

1
S~ — d°zTr{F,,}

involves dimensional coupling and
is not renormalizable

We should add more derivatives

1
S ~ 7 /deTr{(VMFWf}

DANGER: the ghosts



e GHOSTS = instability (rather absence) of
vacuum
e inherent for higher-derivative theories.

Conventional system
2

E="T +V(g)

can have a classical and/or quantum bottom
o Let
L = 1(6'1'+ 02q)2 — S¢*
2 4
Then

e . N o
E = §(§+92%)—q(q® +9¢) — 5 (§+92%)* + 74"

can be as negative as one wishes.



~In this case, classical vacuum ¢(0) = ¢ = ¢ =
q=01is with respect to small perturbations.
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e The absence of classical bottom does not im-
ply the absence of the quantum bottom.

e Coulomb potential
VS

o V(r)=—v/r* with v < 1/4.



QUANTUM PAIS-UHLENBECK OSCILLA-
TOR

FREE SYSTEM

1. :
L =S [@— @+ + 005", U+

e Ostrogradsky Hamiltonian

P, (0349 0l0gg?
2 2 2 '




e Variable change |[Mannheim + Davidson, 04|

a1 a2

= + + h.c.,
TVl (@ )
. _ _ leal 4 ZQQCLQ h.C.
V201 (03 — Q3) V202(0F — Q3)
Q2 2
Dz = — L — har + h.c.,
V201 (03 — Q3) V202(0F — Q3)
)02 1,02
Pq = 1122a12 — 1221a22 + h.c.
V2 (9 - Q3)  V/2Q(QF - Q3)
gives

H = Qla’{al — an§a2 .

with the spectrum



1 1

e positive and negative energies

e dense everywhere if {21 /()5 is irrational

e Hamiltonian is Hermitian

e unitary evolution operator exists at all times
(no collapse)

The limit 7 — €25 is singular
e “Jordanization” of Hamiltonian

1 1
H — ( 0 1 )
The spectrum: E,, = nf2 (positive and negative
n). Only one eigenstate at each level.



INTERACTING SYSTEM

e Fora >0,8>0o0r a> 0,8 > 0, the spectrum
has a bottom !

94
Ef" =~ —— =0) .
Rt (B=0)



BQ
1

Ghost and no-ghost regions. I — perturbative
instability. II — falling to the centre. III - Nice
Hermitian Hamiltonian endowed with a bottom.



SUPERSYMMETRY vs GHOSTS

e for usual SUSY systems

{QQy=2H;, Q@ =Q°=0
implies E,, > 0 if Q is adjoint to Q.



MODEL

L= 2 (A% + 6%+ il ) — oMk dg +

16% (1 yop®) <¢;70¢k:> :

o
2

K =1,2,3,4, j k=1,2; % = "qp,.

e is obtained by dimensional reduction of 5D
superconformal theory.

e only o > 0 is allowed.

e singularity at o = 0.

e classical solution: o = [A+ Bt]?/3; “falls” into
the singularity when B < 0.



QUANTUM SPECTRUM

o Let F' = 0.
e Continuous spectrum. The eigenfunctions:

U(o, Apr) = g(o)etrman

with g(o) satisfying

—% [88; — k?w] % =2)\g(0) .

e like for the Schrédinger problem with linear
potential

e spectral parameter is the slope of the poten-
tial.



Let KM = 0.
e positive A solutions

22 2V 2\
AJl/g ( 3 0'3/2> ‘|‘BJ_1/3 ( 0'3/2>]

glo) = o 3

e negative A\ solutions

(%)

2/ =2\
2 )

g(o) ~ 0K1/3(

e normalizable at 0 = 0. Look benign

Contradiction with supersymmetry ?



e superpartners of (*) are malignant (not nor-
malized)!

e to keep SUSY, (*) should be thrown away

(Shifman + A.S. + Vainshtein, 1988)

e complete supermultiplets (2* = 16 states)
have only positive energies

e physically relevant operators should keep the
system in reduced Hilbert space (no ghost creation)

e conjecture : this mechanism works also in
field theory



SUPERCONFORMAL 5D SYM

L = —2F,F,, + %(@a0)2 n Z—“zﬁﬂ'@wj —oD*D,

4
1
—¢ O-,UJI/ /M/¢j euu)\paA FI/)\FU+ ¢]kajk

e Vacuum valley for o > 0.

o If < o0 >=m # 0, nonrenormalizable.

AB
<0->1 loop — m + W

e If < o0 >= 0, no quadratic part;
no perturbation theory...



HD SQM model

S = / dtdfdo B(DX) Y (Dx)+ V(X)

dt

e component Hamiltonian

H =pP — DV'(z) + ¥x — V"(x)x¥

e N = P?/2—V(z) is an integral of motion —

exactly soluble

o for V(z) = —-AX*/4

D(t) = Asn
B {cn [Qt, \/1/72} — (tsn

with Q% = 4)\N.
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e exactly soluble, but no toric orbits !
e no collapse — evolution operator is !



Quantum time evolution
(bosonic sector)

e choose mixed representation ¥(zx, P)
e Schrodinger equation

oV v 9

e solution

0

U, (z,P) = Uo(T' (z, P))



e full Hamiltonian is not Hermitian
e Nother supercharges

Q= ¢p+iV'(z)] — x(P—iD)
Q =¢(P +iD) — x[p — iV'(z)]

are not conjugate to each other.
e An extra pair of supercharges

Y[p — z‘V’( )] + x(P +iD)

T
T =4¢(P —iD)+ x[p+iV'(x)]



Full algebra

{QaQ} — {TvT} = 2H;
[QaF] :Qa [QaF] :_Qa[TaF] = —T, [TvF] :T3
)+

Q-T

[@.N] = [T, N] = ==, ~[Q,N] = [T, N] = 4

2
with F = 9p — xx = fermion charge.



Spectrum (for V(X) = —w?X?/2 — AX*/4) :
(—o0, —w] U {0} U |w, 0)

e No contradiction with supersymmetry as ()
is not conjugate to (@) :
e Supersymmetric quartets

e in spite of non-Hermiticity of Hamiltonian,
the spectrum is real.

e belongs to the class of quasi-Hermitian, alias
crypto-Hermitian systems. (ask Carl Bender)



e Conventional 6 superspace:
=M 0 (M=0,...,5,a=1,...,4,i=1,2)
with pseudoreality constraint
0f = —ei;C°(0)"

e complex conjugated spinor (0, 1) is not (1,0).
Specific for SO(5,1).



6. Harmonic superspace

e Introduce coset CP! = SU(2)/U(1) with co-

ordinates u™* (u™" = (u™*)*, uTu; = 1).

e Introduce =2 = uf@ak

e Grassmann-analytic superfields depend only
on
(Cu) = (xi, 07w, ai =Mty e~"

e only 16 components in 6 expansion. But infinite
number of components in harmonic expansion over
u*.

e Basic gauge superfield V1T ({, u).

e gauge freedom 6y = DTTA — [V Al

e Only a finite number of physical components
are left.



SUPERCONFORMAL 6D SYM

1 2 s 1
S = _g_2 /dﬁx Tr { (VMFML) + Z?,DJ’}/MVM(V)2?,Dj + 5 (VMDjk)2
+ Dy DD, b = 2iDjy (W AM V™ — Var? y™M k) + (@7 yaep;)?
1 . .
+ §VMWWMUNS[FNS, ;] —2VM Fyy WWN%} :
e degrees of freedom: 2 x5 —1=9 for Ay, 3

for Dj and 4 x 3 = 12 for 1?* (and multiply by
N2 —1).

e at the classical level, enjoys N =1 6D
superconformal invariance.



® propagators:

N/ — 9
p4
Zéjk(SABp ;?N
4 )



conformal anomaly

e effective lagrangian

1 gécy . A
reff — DYV [ 14+ 02 1p 2
= I {(ouD) }( + 9o nﬂ)
; 7g2cv A
—gTr {D,;, DDV 1 — L0 1n = ).
gTr {Dun J}( 0673 nu)

e effective charge

59801/ A
= 1— In —

(Landau zero)



b)

a) b) C)

dashed

- Apr, solid - D, thick solid - fermions.



gauge chiral anomaly

1
3. 12873

Vidy = eapcpprTr{T*FapFepFrr}
(T)pe = —ifo, Fog = F23T°.

e chiral asymmetry of the fermion action

e technical reason: Tr{T(@TtTcTH} £ (.

(cf. Te{T(@T?T°)} = 0 for 4D)

e can be compensated by adding an adjoint
hypermultiplet.



A) Conventional hypermultiplet

L~ / dCduqtVtTgt

e involves the fermion of opposite compared to
“gluino” chirality, which cancels anomaly.

e unnatural dimensions |[¢] = 2,[¢] = 5/2.
Liree ~ ((9gb)2 + ¢$¢

e contibutes to conformal anomaly with the
same sign as pure gauge.



B) Higher derivatives.

e conventional dimensions [¢] = 1, [¢p] = 3/2.

e conformal invariance is lost already at the
classical level.

e Infinite number of dynamic fields.

s,
Lterm kin ™~ /dUTI'{ZXa( )20, Ox ks — 2X4 u +18—_D)\ ’s
with
x(w,z) = x(z)+x" (@) vy + X uful e+
AMu,x) = )\(”)(x)u,i_uj_ + )\(”kl)ui U Tuu A+

e the same contribution to the anomaly as the
conventional hypermultiplet.
e infinite contribution to the beta function 77



Mathematical fact:

e superconformal algebra exists only at D < 6.

e two variants at D = 6:
minimal (N = 1) and extended (N = 2)

OUR BET:

TOE = maximally superconformal theory

e dual to AdS; ® S*.

e no explicit field theory realization is known



