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1 Introduction

1.1 Background Materials

In his articles [3][4][5][6] on the study of the quantum dynamical symmetries of a family of gener-
alized MICZ-Kepler problems, Meng discovered a family of quadratic relations that characterize
the representations occurring both in the gauge group representations and the representations
of the total Hilbert spaces of these dynamical systems. And these representational results were
summarized in the main theorems of Ref. [2].

To describe these quadratic relations, we first review some basic concepts about Clifford alge-
bras and spinor groups.

Let R”9 be the Euclidean space equipped with the standard (p, ¢)-form [1,,, ], which under the
standard basis {z, = (0, ...0,1,0, ...0)|1 occurs in the ;1 -th place, u = 1, ..., p + ¢} of RP? takes the
form:

diag(1,...,1,-1,...,—1).
—— ——

p q
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Let C), 4 be the Clifford algebra over C subject to the relations:

TpTy + Ty = =20 (1.1)

Denote M, = ¥*{z,,7,}, and we can check that these operators satisfy the following
commutator relations:

[Ma,Ba M'yé] = -V _1(776’)/Moz5 - na'yM,Bé - 7766Mow + naéM,Bv)-

Thus it’s readily seen that we have a copy of the Lie algebra so(p, ¢) embedded in the Clifford
algebra, which is the algebra generated by the above M,,,’s. Meanwhile there are also copies of
the corresponding groups Spin(p, ¢) inside the Clifford algebras.

In case p or ¢ = 0, these spinor groups are known to be compact, and their irreducible unitary
representations are well known to be all finite dimensional and have a 1-1 correspondence with
the dominant weights.

In case both p and ¢ are nonzero, these groups and their covering groups , denoted by G,
are known to be noncompact. And the non-trivial unitary representations of these groups are
well-known to be infinite dimensional. In these cases we use K to denote a maximal compact
subgroups of these non-compact groups. Harish-Chandra established a 1-1 correspondence be-
tween the irreducible unitary representations of G and the irreducible (g, K')-modules, where g
stands for the complexified Lie algebra of G. Moreover, recall that a representation of G is called
a highest weight module if the underlying (g, K')-module is a highest weight g-module. The uni-
tary highest weight (g, K')-modules are classified by Enright, Howe, Wallach [7] and Jakobsen
[8, 9] independently.

In the article [2], Meng proposed and studied the following quadratic relations in the univer-
sal enveloping algebras U(g):

> (M M?, + MAM,) = ¢ 1.
A

Here the constant ¢ depends only on the representations involved and can be calculated using
the quadratic Casimir element. Then Meng proved in the same article that:

Theorem 1.1. Let n > 0 be an integer.

(1) Anirreducible unitary module of Spin(2n + 1) satisfies the above quadratic relations < it’s
either the trivial representation or the fundamental spinor representation,i.e. the one with
highest weight |3, ..., 3);

(2) An irreducible unitary module of Spin(2n) satisfies the above quadratic relations < it’s
a Young power of a fundamental spin representation, namely those with highest weight
[|pls oes [l 1) where p € 37.

(3) Anirreducible unitary (so(2,2n+1), SO(2)xSO(2n+1))-module satisfies the above quadratic
relations < it’s either the trivial one or the one with highest weight | — (n +p— 1), 1, ..., 11),
where = 0or 1/2.

(4) An irreducible unitary (so(2,2n),SO(2) x SO(2n))-module satisfies the above quadratic
relations < it’s either the trivial one or the one with highest weight | — (n+ . — 3), &, ..., 1),
where 1 € 17

In that paper, Meng gave direct algebraic proofs for part (1) and (2) of the theorem. As for part
(3) and (4), he referred to his earlier articles on the MICZ-Kepler problems [5} 6], in which these
specific representations are explicitly realized as the Hilbert space of bound states of the gener-
alized hydrogen atoms with magnetic monopoles , whose dynamical symmetry are precisely the
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corresponding symmetry groups of those algebras in (3) and (4). Moreover, these quadratic rela-
tions are explicitly checked using these models by identifying the operators M, with a family of
differential operators which stand for certain conserved physical quantities.

Representation theoretically, Meng observed [] that the representations occurred in part 3)
are precisely those Wallach representations in Case II (¢ = 0) and Case IIl (¢ = 1/2) of the
(g, K)- modules, as on page 128 of Ref. [7]. The representations in part 4) are precisely those
Wallach representations in Case II (¢ = 0), Case III (¢ > 0) and the mirror of Case III of the
(g, K)- modules, as on page 125 of the same article. In the Enright-Howe-Wallach classification
diagram for the unitary highest weight modules, there are two reduction points in Case Il and one
reduction point in Case III. The non trivial representation always sits as the first reduction point,
and the trivial representations, which occurs in Case II only, always sits on the second reduction
point. In other words, the nontrivial representations in the above theorem are precisely those
boundary Wallach points in Case 1II, IIl and mirror of Case III

1.2 Outline of this paper

In the winter of 2007, Meng suggested to the author that he may try to investigate the symplec-
tic case to see whether there is such similar quadratic relations that characterize the harmonic
oscillator representations. In trying to investigate this case, the author used direct algebraic
computations to reprove the above part (3) and (4) of Theorem [Tl and also tried for the sym-
plectic cases. Yet there does not seem to be a direct translation of the corresponding quadratic
relations that can be used to characterize the harmonic oscillator representations. Instead, we
proposed a finer system of quadratic operators which formally satisfy the formal properties of a
(super)Riemannian curvature. We found out that the original quadratic relations can be in these
languages described as a system of formal “Einstein equations”. And so far the only interesting
result we obtained in the symplectic case is that the harmonic oscillator representations satisfy
the formal “homogeneous manifold”-like equation.

The paper is organized as follows.

In chapter 2, we give a direct algebraic proof of part (3) of Theorem[L.1] The strategy of proof
is to reduce the system of quadratic relations to proving only one of them, and then it is checked
computationally.

In chapter 3, similar algebraic proofs are carried out for part (4) of Theorem[I.Tland the above
mentioned “curvature-type” operators are introduced. We further point out that the original
quadratic relations are in this case a system of Einstein equations.

In chapter 4, we investigate the symplectic case and introduce a finer type of quadratic relation
that characterizes the harmonic oscillator representations. Furthermore, the “curvature type”
operators are introduced and we observe that the new quadratic relations are in this language a
“homogeneous manifold”-like condition. Lastly we point out that the Einstein equations in this
case are not sufficient to characterize the harmonic oscillator representations.
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2 The Noncompact Odd Dimensional Case: so(2,2n + 1)

In this chapter, we will give the proof of the main theorem in the odd dimensional case s0(2, 2n +
1). One side of the proof is done by Meng in his previous paper [2], and is included here for the
sake of completeness. The converse is proved as follows: we try to reduce the verification of all
(2n + 3) x (2n + 3) identities to one particular identity by a symmetry argument, and then we
verify that the operator in this equation kills a generating set of vectors in these specific modules.

2.1 Review of Some General Facts

To prove the main theorem in this case, we first review some general facts about the special
orthogonal Lie algebra so(2, 2n + 1). Here we adopt the usual convention of physicists, as can be
found in the standard textbook [1].

Recall that the root space of s0(2,2n + 1) is R**!, with the standard basis {¢?,...,e"}. The
roots of 50(2,2n + 1) are {£e’ £ /|0 <4 < j < n} and {£e*|0 < k < n}. As usual, we choose the
positive roots to be {e’ & €70 < i < j < n}, together with {e*|0 < k < n}. The associated simple
roots are then {e® — el ..., e" "1 —em e}

A Cartan basis can be chosen as follows (c. f. [2]):

Hy = M-
H; = —My 12, 1<i<n
Epeivcer = 2(Maj12k-1 +vV—1InMgj k-1 + V—=1(Maj—1,21 — ¢ Maj2k),
0<j<k<n
Ei = %(M2j—1,2n+1 +V=1nMaj2n41)

The transition from the Clifford algebra interpretation to the root vectors is given by:

Mijl-,Qk*l = %(Eej ek + Eej—ek + E—ej tek T E—ej—e’“)
M2j,2k71 = 2\/1?1 (Eej-i-ek + Eej_er — E—ej-l-ek - E—ej—e")
Maj 101 = 2\/1?1(Eej+ek —Bej_ov + E_cizer — E_gi_ox)

M2j,2k = %(_Eej-i—ek + Eej_er + E—ej-l—ek - E—ej—ek)a

where 0 < j < k < n; also

Moj_12n41 = %(Eej +E_.)
Mjont1 = ﬁ(Eej—E—ef)v

where 0 < j < n; finally, we have:

I
=

M_1,
Myi_10; = —H;,

where 1 < i < n.

2.2 Proof of One Side

We start with one side of the proof, which is already done by Meng in his paper [2]. We include
it here for the sake of completeness.

Observe that in a unitary highest weight (s0(2,2n + 1), SO(2) x SO(2n + 1))-module, the
operators M;;’s act as unitary operators. From definitions, we see that each H; acts as a hermitian
operator, while the root vectors satisfy Ef = E_,. Thus in a unitary highest weight module with
highest weight |Q2) = |Ao, A1, ..., An),we have the following:
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Lemma 2.1. The highest weight satisfies:
A=A > 2> A

Moreover, {\;|(i = 1...n)} are all half integers and their differences {(A1 — A2), ..., (An—1 — An)}
are all integers.

Proof. For later uses also, we note that the Cartan basis { H;, E, } satisfies the following commu-
tator relations:

B pots Bvo i) = —Ho — Hy [Buoo, E- oy os] = —Ho + I,
[ eitel s Efelfei] H;+ H; [EeifejaEfe"q*ej] =H; — H;

[En E{eﬂ] \/_Ene“rCBJ [Ewe"L Efel] = H;

[Buo, B—wo] = —Ho, [Evopors B ot] = iFeo

[ e0+ek ) EfekJrel] \/__1Ee0+el [Ee"JreluEerrej] = \/__1Ee’<+ej

By evaluating the equation, [Eeo i, E_o0_.i] = —Hy — H;, on the highest weight vector |Q2), we
obtain:
0< ||E—e°—e1 >||2 <Q|[ e“-l—eivE—e“—ei]
Similarly by evaluating the highest weight vector at [E.i, E_.i] = H;(i > 1), [Eeo, E_o0] = —H
and [Eyi i, E_ciyei] = H; — Hj weobtain \; > 0(: > 1), =)Ao > 0and \; — \; > 0.
Furthermore, the vectors {E.:,E_.i, H;},i = 1, ...,n constituting a copy of su(2) shows that
the \;’s are half integers. Similarly {E, i yci, Excigei, 1/2(£H; F H;)} forming copies of su(2)
shows that the differences A\; — A; are integers. O

Q) = (QHy — Hi|Q) = —Xo — \;

Now we prove:

Proposition 2.2. Anirreducible unitary highest weight (s0(2, 2n+1), SO(2) x SO(2n+1))-module
satisfying the quadratic relations can only be those with highest weights | — (n+ 1 — 3), &, ..., 1),
where ;1 = 0 or p = 3, or it is the trivial representation.

Proof. The quadratic relations in the special cases ;1 = v = —1,...25 — 1, ...2n 4 1 read:

Q) = >0, M_y 1. M*_|Q) = const.
QD) Maj_1 MYy, 1|Q) = const. (j=1,...,n)
(Q Y ) Many1,6M%, 1|Q) = const.

Plugging in the above transformation relations, and noticing that since we are evaluating on the
highest weight vector, we may well omit those terms occurring in the computation of the form
E_, -*+*- Eg, where o and 3 are positive roots. Then from the above equations, we obtain:

c = (Q =3 M, kMk 1|Q>

<Q|M31.,0 Zl<k<n —1 ok-1 — 2oi<k<n M —1 o — M2, 201/

= <Q|H§ — ( Zk( 0iek +Eeo ok +E_ oy on + E,eo,ek)2
—% Zk(EeUJrek —FEepo_ okt +E oy ok — E,eo,ek)2 + %(Eeo + E,80)2)|Q>

= <Q|H§ — %[Eeo, E,eo] — %Zk({EeoJrek,Eeo,ek} + {EeoJrek,E,eo,ek}
—i—{Eeo,ek , E,eoJrek} + {Eeo,ek S E_co_ek })|Q>

= <Q|Hg + %H@ — % Zk([ €0tk s E,eo,ek] + [Eeo,ek,E,eo+ek])|Q>

(QHF + Ho = 5 3 (—Ho — H) — 3 2k (—Ho + Hy)|Q)

= Xo+(n + )Xo

Next, for j = 1, ...,n, we have:
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¢ = Q=M = M3 o+ 3 M3 ]9Q)
= <Q| - i(Eej—i-e“ 4+ Ei_e0 + E_ej+eo + E_ej_€0)2 + %(Eej-i-eo —E.i_o0+ E_ej+eo
_E—ej—e°)2 + Zlgkgn,k;ﬁj i((Eeerek +Eei ek +E_cijper + Efejfek)2 - (EeJ'Jrek
—FEoi v + B _giyen — E,ej,ek)2) + H]2 + %(Eej + E_ej)|Q>
= <Q| - %({EejJreanejfeo} + {EejJreanfejfeO} + {Eejfeov EfejJreD}
+{E78j+607 Efejfeo}) + % Ek;&j({Eej-l-ek 5 Eej—ek} + {Eej-i-ek 5 E—ej—ek}
{Eejfekv?fejJrek} + {EfejJrek 5 Efejfek}) + HJ2 + %(ESJ + Ezej + {Eej P E—ej })|Q>
= <Q|H]2 + §Hj + Zk>j([Eejfek7Efej+ek]) + Zk<j([Efej+ek7Eejfe"])
_%([Eej-l-eanej—eo] + [Eej-i-eov E—ej—eo] + [E—ej-l-eOaEej—eO] + [E—ej+eOaE—ej—eO])|Q>
= <1Q|HJ2 + %Hj + %Zkfgj(HJ + Hk) + % Zk>j(Hj - Hk)
3 2opej(Hy — Hj) — 5(=Ho — Hj — Ho + H;)|Q)
= (QIH? 4+ 3Hj + 5> o, 2Hj + 5 Y 4o 2Hi + Ho|Q)
(QIH} + (n—j + $)Hj + >, ; Hi + HolQ)
AMtm—j+5)N+M+ X))+

Thirdly,

(Q =M3, = M3+ D k1 M22n+1,k|9>
<Q| - %(Eeo + E—€0)2 + %(Eeo - E—e“>2 =+ % Ek21((Eej + E_gi )2 - (Eej —FE_g )2)|Q>
<Q| - {Eeo, E—e“} + Zk21{Eej B e }|Q>
<Q| - [EeanfeO] + Zk21[Eej7E—ej]|Q>

(QUHo + > 51 H;l)

A+ M+ A

Now, from the second groups of equations, we deduce by subtracting the neighboring ones:

o1 1
AN =X +n—j+ 5)(/\j+1 =)= Nrr =) =N+ A+ —j = 5)(/\”1 —X)=0

Moreover since A; > 0 and the index jruns from 1ton — 1, (\jp1 +Aj +n—j—3) > 0, it
follows that:
/\j+1 :/\j :/\, (j:l,...,n—l).

Plugging this into any of the second groups of equations and the third equation,we obtain:
M+ (n— %))\—i—)\o =c= )Xy +nA,
which in turn implies: X
A= g
By equating the first equation with any of the second group of equations, say, the first, we obtain:
A§+(n+%)>\o=c=/\2+(n—%)/\+/\o

Hence: )
A=X)A+X+n— 5) =0.

Thus either A = Apor \g = (A +n — %) Together with lemma 2.1, we deduce that the only
possibilities are as follows:

=0 A=0 and |©2) =]0,0,...,0)
M=-n+3+ A=0 and [Q) =|-n+1,0,..,0)
Ao =—n A=2 and |Q) =|-n,3, ... 3).
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2.3 Proof of The Other Side

To prove that the other side holds, we need the following observations to reduce the verification
of the (2n + 3) x (2n + 3) quadratic relations

Z{Mu% M} = Muv
A

to the vanishing of the “off-diagonal” cases in these specific representations. Moreover by an-
other simple symmetry argument we are further reduced to prove for only one special “off-
diagonal” case.

Lemma 2.3. The quadratic representations are satisfied in those irreducible unitary highest weight
(g, K)-modules if and only if the following identity holds in these representations:

> {M_1y, My} =0.
A

Proof. One side is clear.

For the converse, we note that the “diagonal operators” {M,,x, M?,} — ¢ny,, kill the highest
weight vector by similar computations as those in Proposition 2.2. Thus these operators will
vanish identically if

U = [Mag, > {Myux, M} = ] =0,
A

where o, 8 € {—1,0,...,2n + 1} in these representations, since all the other weight vectors are
created from repeated actions of M, . But we have:

U = [Mag, 2z {Mpn, MAM} — Clup]

[Mag, ZA(WM{MMM Myu}) = eyl

= ZA(WM{M#M [Maﬁv Méu]} + nAé{[Maﬁv MM]v Méu})

= DA {Mpux, —vV=1(1ssMap — 1106 Mpy — 15uMas + NapMps) }
+77>\5{_\/__1(77,BHM0¢)\ - nauMB)\ - nBAMozu + no&\MﬂH)7 Méu})

= Sa(VEHMu, (0paMay — dxa My — 0™ Mas + o™ Mps)}
_\/__1{(77>\677,3HM0¢M - nmnauMBu — 6psMay + 6asMpy), Msy.})

= =2 V1 Myx, M2} = na{ Myx, Mg} + ngp{ Max, M7, } = nap{ Mpx, M?,})

= —2V-1 Z)\ nBM{Mw\v Mka} +2v-1 ZA nau{MuM M)\ﬁ}

2V ~11aq > oaiMan, M)\B} (a#B a=p)

—2v/=TIngp S\ {Mpx, M.} (a# B B =p)

0 (a, B, u all different).

Thus we see that if all the “off-diagonal” operators vanish, the “diagonal” ones will be iden-
tically O in these modules.
Furthermore, consider the three identities below:

A S {Moay, MYy} =0
B: Y\ {Mo, MN} =0
C: S, { M, MY} =0.

Once the above identities A, B, C' hold in the modules, the other “off-diagonal” cases will be
true. This is because they just differ by an inner automorphism of the group Spin(2,2n + 1).
Finally, identities B and C' can be deduced once identity A holds, this is because:

0 = [My 1,2 {M_1x, M’}]
= a({IMi1, 1, M_1p], M2} + { M1y, [My, -1, M7]})
= S (W=I{n-1,-1Mix —m, i M_qx —n_1 My —1 4+ 1 M_1, 1,7 Mso}
—V=T{nMM_q x,n-1,6M10 — m,6M_10 — n—1,0M1,5 +m,0M_1,5})
= VoI M, M} = {My 1, My o} — {M 11, M_1,})
= \/__12>\{M1)\7M)\0}'
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Similarly, from identity B, we can deduce identity C:

0 = [M0,27 Z)\{MONM)\I}]

Soa({[Mo,2, Mox], MA } + { Mo, [Mo,2, MA]})

= > (vV=T{n2,0Mox — no,0Max — m2.AMo 01 + No1,AM2,0, 7 Ms1}
—V=T{n* Mo, n2,s Mor — 10,6 Ma1 — n2,1 Mo.s + no,1 M2, })
—V =1 {Max, MA} — {Mao, Mo1 } — {Mo,2, Mo1})
\/__12>\{M2>\7M)\1}'

This finishes the proof of our lemma. O

Now we finish the proof of proposition 2.2 by showing that the above identity holds in our
specific modules:

Lemma 2.4. Y, {M_15, M’} = 0 in these modules.
Proof.

L.H.S =Y {M_1x, Mo} = (Bgo_ ek Boo ok — BE_go_on E_goyek) + (E% — E? )

2 1
e V-1 kzg V-1
LetO =23, 1 E_co_ ot E_coyer + E? o, then L.H.S. = ¢+_1(OT — 0). Hence it suffices to
check that the operator O vanishes identically in these modules. For this purpose it suffices to
check that, ¢), it kills the highest weight vector |2), and i), it commutes with all (simple) negative
roots, since all other weight vectors, which constitute a basis of our (g, K')-module, are obtained
by succinct actions of the (simple) negative roots on the highest weight vector |Q2).
Firstly, we check that it kills the highest weight vector. To do this we will show that ||O|Q)|| =
0 in these modules:

<Q|OTO|Q> = <Q| Z(4E€0+ek Eef)_ek E_eo+€z E_eo_ez) + Z 2Eeo+€k Eeo_ek Ezeo
k.l 2
X Y
+ Z 2E%E 0, uE_w_ g+ E4LE? 0 |Q)
; ——
Z
YT

Now we compute termwise:
QIXI92) = (> (4B e Eeo_ek E_coy et E_co_e1)|$2)

= QD EeoyeBo_oE_ gy E_co_or |Q)
k=1

X1
+4<Q| Z Eeo+€k Eeo_ek E_€0+ez E_eo_ez |Q>
k£l

X2

For the first term, (2| X7|2) and (2| X2|(2), we have respectively:

Q1 X1|Q) EpvoBao wE ok B o))

Eeoyer B _go_ok By 07ekE78078k + Eeoyek [E 0_¢k, E760+8k]E780,8k))|Q>

[E80+8k E,eo,ek][Eeo,ek E,eo,ek] + E80+8k( Hy + Hk)E,eo,ek))|Q>
—Hy + Hk;)[EeUJrek , E,eo,ek]|ﬂ>

= Zk y (—Ho + Hy)(—Ho — Hy)[S2)

k=1 (A =A%)

[
PN
=
?‘r:
0
SR
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(QXa|) =

<Q| Zk;él(E80+ek E oy eBp0 kB o o+ Eeoyok [Eeo,ek , E,80+61]E,eo+ez)|9>
Q| Zk;él([Eef)J’,ek vE_coqet][Eeo_ohs B_co_et] + Egopon \/—_1E,ek+ez E_ o))
<Q| Zk;él(\/__lEekJ’,el \/—_1E,8k,81 + \/__1[E60+8k , E,ek+el]E,EO,el
+\/—_1E,8k+el Eeo ok E,er),el)|ﬂ>

<Q| Zk;él(—EekJrelE,ek,el —FBepoy gl o o+ \/—_1E,ek+ez [E80+8k , E,eo,el])|Q>

<Q| Zk;ﬁl(_[Eek+el Efekfel] - [E80+€l Efeofel] - Efek+elEekfel)|Q>
<Q| Zk;él(_(Hk + Hl) - (_HO - Hl)) - Zk>l[Efek+elvEekfel]|Q>
(Qf Zk;él(HO — Hy) + Zk>z(Hk — H))[)

Dokt (Ao = Ak) + 2 05s (A — Ar)

The remaining terms are similarly computed:

QY1)

Eeo e Eeoo_gk E360)|Q>

Eo oo EB_0Fp0 ok E_po + Eeo ok [Eeo,ek,E,eo]E,eo)|Q>
[E€0+ek , E,eo] [Eeo_ek , E,eo] + \/—_1E€0+ek E_x E,80)|Q>
—EaE_ o + \/—_1[E€0+ek JE_ok]E_00)|Q)

B, E_ut] — B, E_,0)|Q)

—Hp — [Eeo, E_c0])|2)

—H}, — Ho)|)

NN N N N N

—~

o~~~ o~~~

In sum, we deduce that:

(QlOT019) = 437 (A8 = M) + 4305 (M — M) + 43 (A — A1)

+43°,. (Ao — Ae) + A3 — No

Now, we substitute the \;’s by those occurring in the highest weight vectors |Q) = | — (n+pu—
1), i, -..iu), where yo = 0 or 1, and obtain after a simple calculation that (2{OTO|Q) = (2u—1)p = 0.

Secondly, we

verify that O commutes with all (simple) negative roots:

For E_.0,.1 we have:

[0, E_po 1]

= [2 Ek>l E_o_oevB_oqer + EEeOaE—eO-‘rel]

= Zkzl({[E*EO*Ek , E_eo+€1], E,eoJrek} + {E,er),ek , [E,emrek , E_eo+€1]})
+FE_o [E,eo s E,eoJrel] + [E,eo , E,80+61]E,eo

= 0.

For E_ iy cx+1 wherel <k <n — 1, we have:

[O, E78k+ek+1]

= [2 Zl>1 E oo aF o 0+ Ezeo, E,ek+ek+1]

= {[E—;’—ek ) E—ek+ek+1]7 E—e(’-i-ek} + {E—eo—ekv [E—eo-l-ek ) E—ek+ek+1]}
{[E_co_er+1, E_ek+€k+1], E_€0+ek+l} +{E_ o_cr+1, [E_ek+ek+1 , E_ek+ek+l]}

= 0+ {E_eo_ek, \/—_1E_eo+€k+1} + {—\/—_IE_eo_ek,E_eo+ek+1} +0

= 0.
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Finally for E_.», we have:

[O, E_en] = [2 Zkzl Eieofek E,eOJ’,ek + Eze(), E_en]
= {E—eo—e"a [E—eo-l-e"vEfe"]} + {E—eoa [E—eov Efe"]}
= {E e, V-1E o} +{E oo, —V—-1E oo _cn}
0

This finishes the proof of the lemma. O

In summary of the previous lemmas we conclude with the following proposition, which to-
gether with Proposition 2.2 finishes the non-compact odd dimensional part of our main theorem
1.1:

Proposition 2.5. The irreducible unitary highest weight (s0(2,2n + 1), S0(2) x SO(2n + 1))-
modules with highest weights | — (n +  — 3), 4, ..., ), for p = 0 and p = 3 and the trivial

2
representation satisfy the quadratic relations:

Z{M#)\’ Mku} = me-
A

3 The Noncompact Even Dimensional Case: s0(2,2n); An Ein-
stein Equation

In this chapter, we prove the quadratic relations for the even dimensional cases. Since the meth-
ods are completely similar as that of the previous chapter, we just indicate the necessary changes
which need to be made of the previous chapter. Next, we make some observations on a formal
type of “Einstein equations” that our specific modules satisfy.

Again we start by reviewing some general facts about the special orthogonal lie algebra
50(2,2n). Here we also adopt the usual convention of physicists, as can be found in the stan-
dard textbook. [1]

Recall that the root space of s0(2, 2n) is R"*!, with the standard basis {€’, ..., e" }. The roots of
50(2,2n) are {£e’ £ /|0 < i < j < n}. As usual, we choose the positive roots to be e’ & ¢/. The
associated simple roots are {e? — e!,...,e" "t — ", "1 4 e},

A Cartan basis can be chosen as follows(C. f. [2]):

Hy = M_1p
H; = —Myi 12, 1<i<n
Epeivcer = 3(Maj12k-1 +vV—1InMgj k-1 + V—=1(Maj—1 21 — ¢ Maj2k),

0<j<k<n

The transition from the Clifford algebra interpretation to the root vectors is given by:

Myj19k-1 = 3(Eeijer +Bei_or + E_piyer +E_gi_cr)
M2j,2k—1 = 2\/13 (EeJ'Jrek + Eei_ek — EfejJrek - Efejfek)

M2j71,2k = \/I*I(Eej-l-ek —Eej_ex + E—ej-l-ek - E—ej—ek)

MQj-,Qk = (_Eej-i—ek + Eej ek + E—ej-l—ek - E—ej—ek)a

[N

where 0 < j < k < n; and we have:

M_1o = Hj
Moi_12; = —H;

where1l < i < n.
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3.1 Proof of One Side

Again we start with one side of the proof, which is done by Meng in his paper [2].
Note that the Cartan basis { H;, E,, } satisfies the following commutator relations:

[EeoJreqz,E,eo,ei] =—Hy— H; [Eeoiei,EieoJrei] = —Hy+ H;
[EeiJrejvEfeifej] = H’L + Hj [EeifejvEfeiJreJ'] = Hz - Hj

FE.o k,E,k |=v—1E. 0, |E.x L,E,L il =vV—1E k.
[eJre ef+e eV+e er+e el +e er+e

By evaluating the equation, [Eo i, E_.0_.i] = —Hy — H;, on the highest weight vector |(2),
we obtain

0< ||E—e°—ei Q>||2 = <Q|[Ee“+ei7E—e“—ei]

Q) = (QHo — Hi|Q) = —Xo — \;

Similarly by evaluating the highest weight vector at the equations [Eeirei, E_cit.i] = H; F H;
weobtain \; >0, (n—1>i>1),—X > 0and \; £ \; > 0 for¢ > j. Furthermore, the differences
and sums are all integers by similar arguments as in Lemma 2.1. We summarize this discussion
as:

Lemma 3.1. The highest weight satisfies
X0 > A > > A

Moreover, {\;|(i = 1,...,n)} are all half integers and their differences (A1 — A2), ..., (An—1 — An)
are all integers. O

Now we prove:

Proposition 3.2. An irreducible unitary highest weight (so(2, 2n), SO(2) x SO(2n))-module satis-
fying the quadratic relation could only be those with highest weights | — (n+|u|—1), gl .-, ||, &),
for p € 37 or the trivial representation.

Proof. Again we use the fact that the quadratic relations in the special cases 4 = v = —1,...2j —
1,..2n — 1 gives

(Q = M_q x M*_||Q) = const.

(QUMaj 1 1 M¥; 1|Q) = const. (j=1,...,n)

Plugging in the above transformation relations, and noticing that since we are evaluating on the
highest weight vector, we may well omit those terms occurring in the computation of the form
E_. -*+*- Eg, where o and 5 are positive roots. Thus for the above equations, we obtain:

o= (0= MM [0)

2 2 2
(QIMZ; 5 — Zlgkgn MZ4 o4 — Zlgkgn M—1,2k|Q>
<Q|H§ — (% Zk(E€0+€k + Eeo_ok + E_joper + E_eo_ek)Q
—% Zk(Ee(H—ek —FEoo_ot + E_goyer — E_eo_ek)2)|ﬂ>

+{Eeo—ek 5 E—eo-i—ek} + {Eeo—ek 5 E—eo—ek })|Q>
= <Q|I{02 - %([Eeo-l—ekvE—eo—ek] + [Eeo—ekaE—e°+ek])|Q>
(QUHG — 5> (—Ho — Hi) — 5 > (—Ho + Hy) )
= Ao +nXo

Next, for j = 1, ...,n, we have:
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c = (Q-M3_, | —M§ o+ D k1 M22j—1,k|Q>
= <Q| - i(Eej-i—e“ 4+ Ei_e0 + E_ej+eo + E_ej_€0)2 + %(Eej-i-eo —E.i_o0 + E_ej+eo
_E—ej—e°)2 + Zlgkgn,k;ﬁj i((Eeerek + Eej_er + E‘fejJre’C + Efejfek)2 - (EeJ'Jrek
—FEoi ok + E_gjyer — E,ej,ek)2) + H72|Q>
= <Q| - %({EejJreOaEejfeo} + {EejJreOaEfejer} + {Eejfeov EfejJreU}
+{Efej+eov Efejfeo}) + % Ek;&j({Eej-l-ek ) Eej—ek} + {Eej-i-ek ) E—ej—ek}
{Eej—ekvE—ej—i—e"} + {E—ej-i-ek N T }) + HJ2|Q>
= <Q|H_]2 + %Hj + Zk>j([Eejfek7Efej+ek]) + Zk<j([Efef+ek7Eejfek])
_%([Eej-i-eouEej—eo] + [Eej-l—eov E—ej—eo] + [E—ej-i-eanej—eO] + [E—ej+e07E—ej—eU])|Q>
= (QUHF + § X (Hj + Hi) + 5 g ;(Hj — Hi)
3 ke (Hy — Hj) — 5(=Ho — Hj — Ho + H;)|Q2)
(QUH? + 53, 2H; + 5 30 2Hk + HolQ)
QUH? + (1~ ) H; + Syey i + Hol)
= )\? + (n —j))\j + (/\1 + ...+ /\j71) + Ao

Now, from the second groups of equations, we deduce by subtracting the neighboring ones:
Mo =X+ n—)Nr =) =N =) = N+ A+ =i — DA — X)) =0

Moreover since Aj1 +A; > 0 and the indexjruns from1ton —2, (Aj41+ A +n—35—1) >0,

it follows that:
/\j+1 :/\j Z/\7 (jzl,...,n—2),
and forj =n — 1:
(An - )\nfl)(An + )\nfl) - O;

or that’s to say |A,| = A,—1. It follows that the highest weight must be of the form |Q) =
Aoy Ay ooy A, £A)

Plugging this weight into the first and any of the second groups of equations, say, the first

one,we obtain:
MNA+nd=c=X+(n—1DA+ )\

which in turn implies:
(Mo —=A)(n—=1+X+A)=0.

Thus either A = A\g or \g = —(A+n—1). Together with lemma 2.1, we deduce the only possibilities
are:
Ao =0 A=0 and |Q)=]0,0,...,0)
No=—n—lul+1 A=lul and [Q) = | —n — [l + 1, ]l s 1)
where 11 is a half integer.

3.2 Proof of The Other Side

Once again to prove that the other side holds, we turn to Lemma 2.3 for help to reduce the
verification of the (2n + 2) x (2n + 2) quadratic relations:

Z{Mﬂ)\’ Mkv} = CT]#V
A

to the verification of only one special off-diagonal case:

> {M_ 1y, M} =0.
A
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Remark 3.3. One more remark is needed here, so that we may reduce by half the number of
representations we need to check for the above identity. In fact, we only need to consider the case
when the highest weight has ;¢ > 0, this is readily seen since the negative cases can be conjugated
to this case by an inner automorphism of the group Pin(2,2n).

And now we prove the corresponding vanishing result in this case for this particular identity,

Lemma 3.4. In these modules, the following equation holds
> {M_1x, My} =0.
A

Proof.

L.HS. = ];{M_lk, Moy} = \/L__l ];(Eeo_ekEeoM — B o v E_poen)
LetO =2, 1 F co_orE_coycx, then L.H.S. = \/#7_1(0r — O) Hence it suffices to check that
the operator O vanishes identically in these modules. For this purpose it suffices to check that, i),
it kills the highest weight vector |©2), and i), it commutes with all (simple) negative roots, since
all other eigenvectors are obtained by succinct actions of the (simple) negative roots on |©2).
Firstly, we check that it kills the highest weight vector. To do this we will show that ||O|Q)|| =
0 in these modules:

<Q|OTO|Q> = <Q| Zk,[(4E60+ek Ee“—e"E—eo-i—el E—eo—el)|Q>

<Q| Zk,l(4E60+ek Eoo_ox E_eo+€z E_eo_ez)|Q>

4<Q| ZZ:l E€0+€kEeO_ek E_€0+ek E_o_ox |Q>
—|—4<Q| Zk;ﬁl Eeo+€kEeo_€kE_eo+ezE_eo_ez |Q>

= Y (A=A + Zk;él(/\o = M)+ 2 s Ak = Ni)

In case of the highest weight, ) = | —n — p + 1,4,...,, 1), the above number is readily
computed to be (notice that we use the above remark 3.3 so that everything in the last term
cancels out, of course it’s not necessary to have assumed this and direct computations apply.):

QOT0|Q) = nn+p—1)2—np?+nn—1)(—n—2u+1)
= nn—1)n+2u—1-n—-2u+1)
=0

Secondly, we verify that O commutes with all (simple) negative roots:
For E_.0,.1 we have:

[O,E_eo+e1] = [2 ZkZI E_eo_ekE_eO+€k,E_€0+el]
= ZkZI{[E—€°—€k7E—€0+€1]7 E_€o+ek} =+ Zk21{E_eo_ek, [E_eo+€k,E_€0+el]}
0.

For E_ x  .k+1 where1 <k <n —1, we have:

[O,E_ek+ek+1] = [2 Zl>1 E—EO—EZE—eo-l—el)E—ek+€k+1]
= {[E—e_o—ek ) E—ek+ek+1]5 E—eo-i-ek} + {E—eo—ek 3 [E—eo-i-ek 3 E—ek+e"+1]}
{[E,8076k+1 , E,ekJrekJrl], E,eo+ek+1 } + {E,e(),ek#»l R [E,elurelwrl , E,ek+ek+1]}
= 0+ {E,eo,ek, \/—_1E,80+ek+1} + {—\/—_1E,eo,ek , E,eo+ek+1} +0
= 0.

Finally for E_.n-1_.n, we have:

[O,FE_cn-1_en] = [2 Zk>1 E_co_enB_coqer, E_cn1_gn]
= Q{E_ef)_en—l, I:E_eo_’_en—l s E_enfl_en]} + 2{E,80,en, [E780+en7E_6n71_6n]}

= 2{F_po_en-1,V=1E_co_en} +2{F_co_en,—V—1E_co_cn-1}
= 0

This finishes the proof of the lemma. O
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In summary of the previous remarks and lemmas we conclude with the following proposition,
which together with Proposition 2.2 finishes the non-compact even dimensional part of our main
Theorem 1.1:

Proposition 3.5. The irreducible unitary highest weight (s0(2,2n), SO(2) x SO(2n))-modules
with highest weights | — (n + |u| — 1), |pl, ..., |u|, ), for p € 3Z or the trivial representations
satisfy the quadratic relations:

Z{Mﬂ)ﬂ Mkv} = chV'
A

3.3 An Einstein Equation

Definition 3.6. Define a family of operators as follows:
Rapea = 2{Map, Mca} — {Mac, Map} — {Mpe, Maa}
Lemma 3.7. The family of operators R,.q satisfy the following “curvature-type” properties:
(1) Rabea = —Rabde = —Rbacd = Redab-
(2) Rabed + Racab + Radve = 0.

Proof. (1). The first identities follow directly from definitions.
(2). Straightforward calculations, just noticing that My, = —Mp,:

Rabcd + Racdb + Radbc = 2{Mab7 Mcd} - {Ma07 Mdb} - {Mb07 Mad}
+2{Madu Mbc} - {Mab7 Mcd} - {Mdb7 Mac}
+2{Macu Mdb} - {Mad7 Mbc} - {Mcd7 Mab}

= 0.

O

Using this family of operators, our main results Propostions 2.2, 2.5, 3.2, 3.5 can be summa-
rized in the following form:

Proposition 3.8. (1) . Anirreducible unitary highest weight (so(2,2n+1), SO(2) x SO(2n+1))-
module satisfies the Einstein equation NP Raped = CNaq if and only if it’s either the trivial
representation or the one with highest weight

1
| - (TL—F'[L— 5)7#5"'7#%

forp=0and p = 1.

(2) Anirreducible unitary highest weight (so(2, 2n), SO(2) x SO(2n))-module satisfies the Ein-
stein equation N Raped = CNaq if and only if it’s either the trivial representation or the one
with highest weight

| = (n+1{pl = 1), [uls s [l 1),
for p € 3.

Proof. We only need to show that, this “Einstein equation” is in fact equivalent to the original
quadratic relations, but:

n°(2{ Map, Mea} + {Mac, Mpa} — {Mpe, Mua})
2{Maba Mbd} + {Mcd7 {Maca Mcd}}
= 3{Mab,Mbd}.

b
n CRabcd

Thus everything follows from what we have done in the above mentioned propositions. O
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Remark 3.9. It is interesting to notice that, using this formal language, we have the following
results:

1). For compact Lie groups Spin(2n) and Spin(2n + 1), a finite dimensional representation is
the spinor representation if and only if the module satisfies the formal “homogeneous curvature”
equation in the universal enveloping algebra:

Rabcd - C(5ad5bc - 5ac5bd)

2). In the noncompact case, an irreducible unitary (s0(2,2n + 1), SO(2) x SO(2n + 1))-module
or (s0(2,2n),SO(2) x SO(2n))-module satisfies the above “homogeneous curvature” type equa-
tion if and only if it is the trivial representation.

4 The Symplectic Case

In this chapter we shall focus our attention on the symplectic cases. Similar as in the previous
section, we may introduce a formal curvature type operator in the universal enveloping algebra.
Only the two fundamental harmonic oscillator representations are proved to satisfy the “homoge-
neous curvature” equation. However there is a continuous infinite family of irreducible unitary
highest weight (g, K')-modules satisfying the Einstein equation, or equivalently, satisfying the
similar quadratic relations in the symplectic case.

4.1 Review of Some General Facts

In this section we briefly review the Heisenberg algebra construction and use it to define and
review some basic facts on the symplectic Lie algebra.

Recall that a symplectic vector space is a Euclidean vector space RY endowed with a non-
degenerate antisymmetric bilinear form. It follows that the dimension N must be even, and the
symplectic form maybe written as w = }_,; w;jdz'dx’. The Heisenberg algebra is generated by

z; = w;;x’ subject to the commutator relations [z;,z;] = v/—1lw;;. Define M;; = 1{z;, z;}, and
it’s readily checked that these operators generate a copy of symplectic Lie algebra sp(2n). Also
recall that the symplectic algebra has the root space R™,with the standard basis {e!,...e"}. The
roots of sp(2n) are {£e’ £ e’|1 < i # j < n} and {+2e*|1 < k < n}. As usual, we choose the
positive roots to be {e’ - ¢7|1 < i < j < n}, together with {e¥|1 < k < n}. The associated simple
roots are {e! — €2, ..., e" "t — " 2e}.

Now assume without loss of generality that wa;_1,2; = —w2;2;—1 = 1 and all other w;; = 0.
We may choose the following Cartan basis for sp(2n):

H, = _%(MQifl,Qifl + Mai2) 1<i<n
Epeivcer = 2(Maj12k-1 +vV—1nMgj k-1 + V=1 Maj—1,21 — ¢ Maj2k),
0<j#k<n
Eopes = ﬁ(sz—l,zj—l +V—12nMyj_125 — Majoj;), 0<j<n
The transition from the Cartan basis to the Heisenberg algebra interpretation is given by:
Myj19k-1 = 2(Beijer +E civer + Eeior + E_gi_cr)
M2j,2k—1 = 2;\/7—1(E8j+8k — E78j+ek — Eej,ek — E,ejfek)
M?j,?k = _%(_Eej-i-ek - E—ej-l-ek - ‘Eej—e’C - E—ej—ek)u

where 0 < j < k < n; also

Maj_12; = —/ S (Boei — E_ges)

Mj—1,2j-1 = %(Egej +E_y) — H;
Msjz; = —5(Boei + E_gei) — Hj
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Using the commutator relations:

[Eej—ekaE—ej-i—ek] = Hj — Hy,
[Eej-l—ekvE—ej—ek] = _Hj — Hy,
[EeraE—er] = _2Hj7

we may conclude as we did for Lemma 2.1 that a unitary highest weight module with highest
weight |Q) = A1, ..., \) must satisfy 0 > A\ > ... > A,

Finally, recall that the fundamental harmonic oscillator representations of the Lie algebra
sp(2n,R) are the two irreducible components of the representation of the Heisenberg algebra gen-
erated by the so called “raising” and “lowering” operators from the vacuum state | -1, -1, ..., —1).
Here the raising operator a;, and the lowering operator aL are given by x9;_1 = \% (aj + a}) and

Toj = \/% (aj — a}). And the Cartan basis may be defined more compactly as:

H;, = —(azai—i—%) 1<i<n
E i = a;—ak, 0<j#k<n
E_ i er = a}a};, 0<j#k<n
E_q = %a;—a;, 0<j<n

4.2 A Quadratic Relation
Our main result in this chapter is the following:

Proposition 4.1. An irreducible highest weight module satisfies the quadratic relation

1 1
{Mab7 Mcd} - {Ma07 Mbd} = WebWad + §Wabwcd - §Wacwbd
if and only if it is one of the two fundamental harmonic oscillator representation, i.e. those with
highest weight | — 1, -1 . —Lyor| -1 -1 . -3)

We break the proof of proposition into the following lemmas.

Lemma 4.2. The fundamental harmonic oscillator representations satisfy the above mentioned
quadratic relation.

Proof. The proof is a straightforward computation in the Heisenberg algebra, utilizing only the
commutator relations. O

For the converse:

Lemma 4.3. An irreducible highest weight module satisfying the above quadratic relations could

only be those with highest weights | — 3, =3, ..., —3) or | — 3, =3, ..., —3).

Proof. First of all we notice that it suffices to check for n = 2 case. Since any other (a, b, ¢, d) than
(1,2,3,4) can be conjugated to it by an inner automorphism of the group Sp(2n, R).

Thus we may well assume that the symplectic Lie algebra is sp(4, R), and the quadratic rela-
tions for (a,b,c,d) = (1,3,1,4), (a,b,¢,d) = (3,1, 3,2) read:

1: {Mig, Mia} — {M11, Ms4} =0,
2: {Ms, M3} — { M3z, M2} = 0.

We will evaluate these identities on the highest weight vector |Q2) = |, u).
For equation 1, we have:
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{My3, Mya} — {My1, M34}|S2)

= {%(E 1ye2 + E_ elye2 Eoa_.+ E,81,82) \/%—Q(Eehrez + E781+€2 —FEa_. — E,81,82)}

{%(Egel + E_ 261) — Hy,—4/ %(Egez + E,Qez}”Q)
= (B2 o)+ E2 0 2]Q) + V22N + 1)E 02 |Q) = 2B 501 E_5,2(Q))

A B C D

And similarly as in chapter 2, we compute readily: ATA = 2(A—p)? —2(A—p), ATB = ATC =
ATD=BIC=0C"D=0,B"'B=2(A+u)? -2\ +pu), BID = —4(2\ + 1)?y, and DTD = 16p\.
From this we conclude that equation 1 gives rise to the equation

AN+ p® = A+ 3 —4N%p) =

For equation 2, we do the same thing: {Mi3, M14} — { M1, M34}|Q)

= {1(Ee1+e2 +E _ciye2+ B2+ E_el_e2), \/%(Eel_’_ez —F _gqe2+Eoa_2— E_el_e2)}

—{\/7 (Boer — E_ge1), \/E(E2e2 + E_e2 — H2)}|S)

= (E2€ 14e2 |Q> +2E o1 2B 142 |Q> + \/_(2/1, +1)E o0 |Q>

c

+E%, . |Q>) —2F_ 51 E_.2 |Q>)

D E

Also we compute easily that ATA = 2(\ — p)? — 2(\ — pu), BIB = 4p® — 402, BIC = 4(\ —
1)(1+2p), CTC = 2(1 + 21)2(=2)), DID = 2(A + p)2 — 2(A + ), D'E = 8y, EYE = 16\, and
A'B = ATC = ATD = ATE = B'D = B'E = C'D = C'E. It follows equation 2 implies the
equation 844(1 4+ 2X)(1 — p) = 0.

Now from these two equations:

407+ p? — AN+ 3u —4Xp) =
8u(1+2X0)(1 — p) =0,

we obtain the following possibilities, with the aide of assumption 0 > A > u:

4.3 Formal Curvature Type Operators

Now similar as what we did for the special Lie orthogonal algebra cases, we introduce the follow-
ing curvature type quantity and reformulate our main result of this section in this new language.

Definition 4.4. Define a family of operators Rgpcq as follows:
Rapea = 2{Map, Mea} — {Mac, Map} — {Mpe, Mad}-
Lemma 4.5. The family of operators satisfy the following (super-)curvature type properties:
(1) Rabed = Rbaca = Rabde = Reda
(2) Rabed + Racab + Raave = 0.
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(3) wbcRabcd - 3{Mab7 Mbd}

Proof. (1). These follows from definition.
(2). Similar calculations as we did in, and here we have M., = Mp,:

Rabed + Racay + Raave = 2{Map, Mea} — {Mac, May} — { Mpe, Maa}
+2{Mada Mbc} - {Mab7 Mcd} - {Mdb, Mac}
+2{Maca Mdb} - {Mad7 Mbc} - {Mcd7 Mab}

= 0.

(3). Notice that the last term is symmetric in bc, and w’® is antisymmetric in be:

waRabcd - 2wbc{Mab7Mcd} _wa{Mavacd} _wbc{MabaMcd}
= 3{Mab7Mbd}

O
In terms of these formal “curvature-type” quantities, we reformulate Lemma 4.3 as follows:

Proposition 4.6. An irreducible highest weight module satisfies the quadratic relation:

Rabcd = C(wadwcb - Wacwbd)

if and only if it’s one of the two fundamental harmonic oscillator representation, i.e. those with
highest weight | — 1, -1 .. —Lyor| -1 -1 . -3).

Proof. “<": In the harmonic oscillator representations, we have:

1 1
{May, Mea} — {Mac, Mpa} = wepwaa + SWabWed — 5WacWhd
and
1 1
{Mba7 Mcd} - {Mbca Mad} = WeaWhd + §Wbawcd - §Wbcwad

Summing these up, and noticing that M, = My,, we obtain:

3
Rabcd = i(wadwcb - wacwbd)-

“=": In the special cases, (a,b,c,d) = (1,1,3,4) and (a,b,c,d) = (1,2, 3, 3), the above equa-
tions specializes to the two identities we used in the proof of Lemma 4.3, thus the proof goes
through as in that case. O

Remark 4.7. By (3) of Lemma 4.5, we may also propose the problem of what the unitary highest
weight modules are which satisfy the similar Einstein equations { M., M4} = ¢ - wa. Yet after
a lengthy calculation similar as those done in Chapter 2, we found out that there is a continuous
infinite family of modules satisfying this formal Einstein equation, and in this sense, there does
not seem to be a clear duality between the symplectic and orthogonal cases.
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