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*) (HD)1 = Higher Dimensional(HD)2 = Higher Derivative(HD)3 = Highly Desirable
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MOTIVATION1. Quantum gravity = ?� problems with unitarity and 
ausality� they stem from the geometri
 nature of GR- absen
e of universal time� paradoxes also at the 
lassi
al level -singularities, time ma
hinesString theory ?� no nonperturbative formulation. . .THESAURUS of A.S. in Th. Phys.1. Se
ond Newton's law2. S
hrödinger equation
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Central dogma:TOE is a �eld theory in �at spa
e-time� Our Universe = 
urved 3-brane in �at HDbulk� gravity is indu
edSOAP FILME = �A = � Z d2�pg

� FSS (Fundamental Theory of Soap) is formu-lated in �at 3D spa
e
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Theory of the bulk = ?

S � 1�2 Z d6xTrfF 2��ginvolves dimensional 
oupling andis not renormalizableWe should add more derivativesS � 1g2 Z d6xTrf(r�F��)2g

DANGER: the ghosts
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� GHOSTS = instability (rather absen
e) ofva
uum� inherent for higher-derivative theories.Conventional systemE = _q22 + V (q)
an have a 
lassi
al and/or quantum bottom� Let L = 12(�q +
2q)2 � �4 q4 :ThenE = �q(�q+
2q)� _q(q(3)+
2 _q)� 12(�q+
2q)2+�4 q4
an be as negative as one wishes.
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In this 
ase, 
lassi
al va
uum q(0) = _q = �q =_�q = 0 is stable with respe
t to small perturbations.
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� The absen
e of 
lassi
al bottom does not im-ply the absen
e of the quantum bottom.� Coulomb potentialvs.� V (r) = �
=r2 with 
 < 1=4.
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QUANTUM PAIS-UHLENBECK OSCILLA-TOR
FREE SYSTEM

L = 12 ��q2 � (
21 +
22) _q2 +
21
22q2� ; 
1 6= 
2 :� Ostrogradsky Hamiltonian

H = pqx+ p2x2 + (
21 +
22)x22 � 
21
22q22 :
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� Variable 
hange [Mannheim + Davidson, 04℄

q = a1p2
1(
21 � 
22) + a2p2
2(
21 � 
22) + h:
: ;x = � i
1a1p2
1(
21 � 
22) + i
2a2p2
2(
21 � 
22) + h:
: ;

px = � 
21a1p2
1(
21 � 
22) � 
22a2p2
2(
21 � 
22) + h:
: ;

pq = i
1
22a1p2
1(
21 � 
22) � i
2
21a2p2
2(
21 � 
22) + h:
: :gives
H = 
1a�1a1 � 
2a�2a2 :with the spe
trum
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Enm = �n+ 12�
1 ��m+ 12�
2� positive and negative energies� dense everywhere if 
1=
2 is irrational� Hamiltonian is Hermitian� unitary evolution operator exists at all times(no 
ollapse)The limit 
1 ! 
2 is singular� �Jordanization� of Hamiltonian

H ! � 1 10 1 �The spe
trum: En = n
 (positive and negativen). Only one eigenstate at ea
h level.
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INTERACTING SYSTEM

L = 12(�q +
2q)2 � �4 q4 � �2 q2 _q2 :� For � > 0; � � 0 or � � 0; � > 0, the spe
trumhas a bottom !Evar0 � �
4� (� = 0) :
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Ghost and no-ghost regions. I � perturbativeinstability. II � falling to the 
entre. III - Ni
eHermitian Hamiltonian endowed with a bottom.
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SUPERSYMMETRY vs GHOSTS

� for usual SUSY systemsf �Q;Qg = 2H; Q2 = �Q2 = 0implies En � 0 if �Q is adjoint to Q.
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MODEL
L = �2 � _A2K + _�2 + i yj _ j�� i4 yj
K j _AK +116� � yj
0 k� � yj
0 k� ;K = 1; 2; 3; 4, j; k = 1; 2;  k = �kj j .� is obtained by dimensional redu
tion of 5Dsuper
onformal theory.� only � � 0 is allowed.� singularity at � = 0.

� 
lassi
al solution: � = [A+Bt℄2=3; �falls� intothe singularity when B < 0.
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QUANTUM SPECTRUM� Let F = 0.� Continuous spe
trum. The eigenfun
tions:	(�;AM ) = g(�)eikMAMwith g(�) satisfying
� 1p� � �2��2 � k2M� g(�)p� = 2�g(�) :� like for the S
hrödinger problem with linearpotential� spe
tral parameter is the slope of the poten-tial.
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Let KM = 0.� positive � solutions

g(�) = � "AJ1=3 2p2�3 �3=2!+BJ�1=3 2p2�3 �3=2!#

� negative � solutions

g(�) � �K1=3�2p�2�3 �3=2� (�)� normalizable at � = 0. Look benignContradi
tion with supersymmetry ?
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� superpartners of (*) are malignant (not nor-malized)!� to keep SUSY, (*) should be thrown away(Shifman + A.S. + Vainshtein, 1988)� 
omplete supermultiplets (24 = 16 states)have only positive energies� physi
ally relevant operators should keep thesystem in redu
ed Hilbert spa
e (no ghost 
reation)� 
onje
ture : this me
hanism works also in�eld theory
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SUPERCONFORMAL 5D SYM

g2L = ��4F��F�� + �2 (���)2 + i�2 � j=� j � �DjkDjki8 � j ~���F�� j + 124 ������A�F��F�� + 12 � j kDjk

� Va
uum valley for � � 0.� If < � >= m 6= 0, nonrenormalizable.h�i1 loop = m+ �3m2

� If < � >= 0, no quadrati
 part;no perturbation theory...
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HD SQM model

S = Z dtd��d� � i2( �DX) ddt(DX) + V (X)�� 
omponent HamiltonianH = pP �DV 0(x) + � ��� V 00(x)� � N = P 2=2�V (x) is an integral of motion !exa
tly soluble� for V (x) = ��X4=4D(t) = A sn h
t;p1=2i dn h
t;p1=2i+B n
n h
t;p1=2i� 
t sn h
t;p1=2i dn h
t;p1=2io ;with 
4 = 4�N .
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� exa
tly soluble, but no tori
 orbits !� no 
ollapse ! evolution operator is unitary !
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Quantum time evolution(bosoni
 se
tor)� 
hoose mixed representation 	(x; P )� S
hrödinger equation�	�t + P �	�x + V 0(x)�	�P = 0� solution	t(x; P ) = 	0(��t(x; P ))
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� full Hamiltonian is not Hermitian� Nöther super
harges

Q =  [p+ iV 0(x)℄� ��(P � iD)�Q = � (P + iD)� �[p� iV 0(x)℄are not 
onjugate to ea
h other.� An extra pair of super
harges

T =  [p� iV 0(x)℄ + ��(P + iD)�T = � (P � iD) + �[p+ iV 0(x)℄
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Full algebraf �Q;Qg = f �T ; Tg = 2H;[ �Q;F ℄ = �Q; [Q;F ℄ = �Q; [T; F ℄ = �T; [ �T; F ℄ = �T ;[Q;N ℄ = [T;N ℄ = Q� T2 ;�[ �Q;N ℄ = [ �T ;N ℄ = �Q+ �T2with F =  � � ��� = fermion 
harge.
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Spe
trum (for V (X) = �!2X2=2� �X4=4) :(�1;�!℄ [ f0g [ [!;1)� No 
ontradi
tion with supersymmetry as �Qis not 
onjugate to Q :� Supersymmetri
 quartets� in spite of non-Hermiti
ity of Hamiltonian,the spe
trum is real.� belongs to the 
lass of quasi-Hermitian, alias
rypto-Hermitian systems. (ask Carl Bender)
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� Conventional 6D superspa
e:z = (xM ; �ai ) (M = 0; : : : ; 5; a = 1; : : : ; 4; i = 1; 2)with pseudoreality 
onstraint�ai = ��ijCab(�bj)�� 
omplex 
onjugated spinor (0; 1) is not (1; 0).Spe
i�
 for SO(5; 1).
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6D Harmoni
 superspa
e

� Introdu
e 
oset CP 1 = SU(2)=U(1) with 
o-ordinates u�i (u�i = (u+i)�; u+iu�i = 1).� Introdu
e ��a = u�k �ak� Grassmann-analyti
 super�elds depend onlyon(�; u) = (xMA ; �+a; u�i); xMA = xM+i�+a
Mab ��b� only 16 
omponents in � expansion. But in�nitenumber of 
omponents in harmoni
 expansion overu�. � Basi
 gauge super�eld V ++(�; u).� gauge freedom Æ� = D++�� [V ++;�℄.� Only a �nite number of physi
al 
omponentsare left.
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SUPERCONFORMAL 6D SYM

S = � 1g2 Z d6xTr��rMFML�2 + i j
MrM (r)2 j + 12 (rMDjk)2+DlkDkjD lj � 2iDjk � j
MrM k �rM j
M k�+ ( j
M j)2+ 12rM i
M�NS [FNS;  j ℄� 2rMFMN  j
N j� :� degrees of freedom: 2� 5� 1 = 9 for AM , 3for Djk and 4 � 3 = 12 for  ja (and multiply byN2 � 1).� at the 
lassi
al level, enjoys N = 1 6Dsuper
onformal invarian
e.
0-26



� propagators:
hAAMABN i = � i�MNÆABp4 ;h jA kBi = � i�jkÆABpN ~
Np4 ;hDAikDBjli = � iÆABp2 (�ij�kl + �il�kj) ;
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onformal anomaly� e�e
tive lagrangian

Le�D = �12Tr f(�MDjk)2g�1 + g20
V48�3 ln ����gTr fDlkDkjDljg�1� 7g20
V96�3 ln ��� :� e�e
tive 
hargeg(�) = g0�1� 5g20
V48�3 ln ���(Landau zero)
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� relevant graphs:
       a)                           b)                             c)

a)                               b)                             c)

�������������������� dashed- AM , solid - D, thi
k solid - fermions.
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gauge 
hiral anomaly

rMJaM = � 13 � 128�3 �ABCDEFTrfT a ^FAB ^FCD ^FEF g ;(T a)b
 = �ifab
; ^F�� = F a��T a.� 
hiral asymmetry of the fermion a
tion� te
hni
al reason: TrfT (aT bT 
T d)g 6= 0.(
f. TrfT (aT bT 
)g = 0 for 4D)

� 
an be 
ompensated by adding an adjointhypermultiplet.
0-30



A) Conventional hypermultipletL � Z d�du q+r++q+� involves the fermion of opposite 
ompared to�gluino� 
hirality, whi
h 
an
els anomaly.� unnatural dimensions [�℄ = 2; [ ℄ = 5=2.Lfree � (��)2 +  =� .� 
ontibutes to 
onformal anomaly with thesame sign as pure gauge.
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B) Higher derivatives.� 
onventional dimensions [�℄ = 1; [ ℄ = 3=2.� 
onformal invarian
e is lost already at the
lassi
al level.� In�nite number of dynami
 �elds.

Lferm kin � Z duTrfi�ka(~
�)ab����kb � 2�ka u+i ��u�i��akg ;with�(u; x) = �(x) + �(ij)(x)u+i u�j + �(ijkl)u+i u+j u�k u�k + : : :�(u; x) = �(ij)(x)u�i u�j + �(ijkl)u�i u�j u�k u+l + : : :� the same 
ontribution to the anomaly as the
onventional hypermultiplet.� in�nite 
ontribution to the beta fun
tion ??
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Mathemati
al fa
t:� super
onformal algebra exists only at D � 6.� two variants at D = 6:minimal (N = 1) and extended (N = 2)OUR BET:TOE = maximally super
onformal theory� dual to AdS7 
 S4.� no expli
it �eld theory realization is known
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