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Abstract

An analytic proof of the necessity of the Borland—Dennis conditions for 3-
representability of a one-particle density matrix with rank 6 is given. This may
shed some light on Klyachko’s recent use of Schubert calculus to find general
conditions for N-representability.

PACS number: 02.10.Yn

1. Introduction

The recent announcement by Klyachko [8] of the solution of the pure state N-representability
problem [3] for fermionic one-particle density matrix observes that this is the first new result
since the work of Borland and Dennis [2] in the early 1970s. There may therefore be
some historical value in unpublished work of the author from that time, which makes a
connection between the Borland—Dennis conditions and Weyl’s problem [11]. The latter asks
for conditions on sequences {ay}, {br}, {cx} which ensure that there exist self-adjoint matrices
A, B, C with eigenvalues ay, by, ci, respectively, such that A + B = C. The first complete
solution to Weyl’s problem was given by Klyachko [7] in 1998.

Let y be a density matrix normalized so that tr y = N. The pure state N-representability
problem for fermions asks for necessary and sufficient conditions on y for the existence of an
antisymmetric N-particle state whose one-particle reduced density matrix is y. Let R denote
the rank of y. For the case N = 3 and R = 6, Borland and Dennis [2] gave a pair of conditions
on the eigenvalues A of y which can be written as follows under the assumption that they are
arranged in non-increasing order:

AM+Arg=1, M+is=1, AM+is=1 (1)
)\.1+)x2<)\.3+1. (2)
Note that (1) can be written compactly as Ay + A7 = 1 fork =1, 2, 3.
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Borland and Dennis [2] proposed their conditions on the basis of numerical studies and
gave a proof of (2) under an assumption, which is equivalent to (1), about the pre-image of y .
In this communication, we show that (1) is a necessary condition for N-representability when
N = 3 and R = 6, completing the analytic proof of Borland and Dennis. We begin with some
background material in section 2. In section 3, we present a proof of the necessity of (1).
In section 4 we give a different, independent proof of the necessity of the inequality (2)
from Weyl’s inequalities. For completeness, we include a proof of sufficiency of (1) and (2)
in section 5. In sections 6 and 7, we present some partial results for the cases N = 3 and
R = N +3 in the hope of providing some intuition behind the success of Klyachko’s approach
to a full solution.

2. Notation and background

In this communication, we write the eigenvectors of y as |¢) so that

y = helew) (il 3)
k

We will let A denote the anti-symmetrization operator and use the notation [ f;, fi, fel =
Afj(x1) fr(x2) fe(x3) to denote a Slater determinant. The notation (, ), indicates a partial
inner product on a tensor product of Hilbert spaces.

We need some results from section 10 of Coleman’s fundamental paper [3]. The first is
theorem 10.6 in [3].

Lemma 1 (Coleman). The one-particle density matrix y is N-representable with pre-image
W) = VA1 Alp)) @ |®1) + /T — A1 |D2) if and only if it can be written in the form
Y =Ml (il + 2+ (1 =242 4)

where yy is the (N—1)-representable reduced density matrix of |®1) and y, is N-representable
with pre-image ®, satisfying

(1, P2)1 = (D1, P2)o3,...n=0. )

The next two results are theorems 10.2 and 10.4, respectively, in [3]. (See also [10].)

Theorem 2. A one-particle density matrix y is 2-representable if and only if all non-zero
eigenvalues are doubly degenerate. If there are no other degeneracies and the eigenvalues are
written in non-increasing order so that Ay._1 = Ay > Aox+l, then the pre-image of y must
have the form

W) = > e anlpo 1. pul. (6)
K

Theorem 3. When N = 2n + 1 is odd and the one-particle density matrix y has rank
R = N +2, it is N-representable if and only if Ay = 1 and the remaining eigenvalues are
doubly degenerate.

3. Necessity of the condition A\, + A7_; =1

To show that (1) is a necessary condition for 3-representability when R = 6, observe that
since Ay = (¢, y¢1) it follows from (4) that

(b1, v191) = (@1, 201) = 0.
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Therefore, y; and y, have rank <5. It then follows from theorem 3 that one can write

v2 = lgn) (g1l +lal’1g2) (g2] + lal’|gs) (gal + [bI71ga) (g4l + b1 g5) (g5
with |a|?> + |b|*> = 1 and |®») = a[g1, g2, 831 + blg1, g4, g5]. There is no loss of generality in
writing @1 = 3", cjlg;. gkl
We first consider the case in which both a, b # 0. Then a simple computation shows
that (5) implies
|D1) = c2alg2, g4l + c25[82, &51 + c34183, 841 + c35[83, &5
so that (g;, ®;); = 0. Defining |¢s) = |g1), gives ¢ = 1 — A; and one can rewrite (4) as

Y = dilgi) (@] + (1 — AD)|ge) (Ps| + A1 + (1 — AP @)

where 3, = y» — |g1){(g1] is the reduced density matrix of |G1) = (g1, P2)3 = alg2, g3] +
blg4, gs]. Thus, in the orthonormal basis {g», g3, g4, g5} we find

leasl® + cas1® Caacas + Tascss 0 0

| c24C3a + ca5C3s lcaal? + le3s|? 0 0
"= 0 0 leaal® + lcasl®  Caacos + Caacss
0 0 C24Cas +C3C3s  |eos|® + |5 )

The key point is that y; is block diagonal and can be diagonalized by a block diagonal unitary
transformation which mixes only within pairs g, g3 and g4, g5 leaving the Slater determinants
in G| unaffected (except possibly for a phase factor which can be absorbed into the new
basis). Denoting the new basis as ¢, we now have |G|) = al¢z, @3] + bld4, ¢s]. Then
either by explicit computation or from Coleman’s proof [4] of theorem 2, one can write
|®1) = 5[, ps4] + t[eh3, 5] with |s|? + |t|> = 1. Thus, the eigenvalues of y satisfy

A= Alal® + (1= aps? (8a)
A3 = M[bIF + (1 — Ap)ls|? (8b)
Mg = Ailal® + (1 — At (8¢)
As = A[b)* + (1 — At (8d)

which implies
)\2+)\5:)»3+)\4:)»1+(1—)»1):1. (9)
We now consider the possibility that one of a, b is zero, in which case |®,) is a single

Slater determinant and there is no loss of generality in writing ®, = [g, g2, g3]. Then, (5)
implies that one can write

D) = Y Y xulgj. gl +clgs gs). (10)
j=1,23k=4,5
Now regard x;; as a 3 x 2 matrix and observe when U,V are 3 x 3 and 2 x 2 unitary
matrices, ¥ = UX V' corresponds to a basis change which mixes g1, g», g3 and g4, g5 among
themselves. By the singular value decomposition we can find U, V such that only y,4 and yss
are non-zero. Thus, in the new basis which we call ¢y

[P1) = youlh2, Pl + y3s[@3, Ps] + c[da, ¢s]. (11)
Again writing ¢ = g1, we find that the pre-image of y has the form
W) = a123[1, P2, B3] + araslP2, a, sl + aszselds, Ps, Pel + assePa, Ps, Pl (12)

which implies (1).
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4. Necessity of the inequality (2)

We now prove that the inequality (2) is necessary for N-representability. When y has the
form (3) and (1) holds, its pre-image can be written in the form

[W) =xo00[@1, 2, P3] + X001 (D1, P2, P4l + X010[P1, P35, P3] + X011[P1, P35, P4l
+X100(@6, D2, D3] + X101[Ps, P2, P4l + X110[Pss P5. P31 + X116, G5, Pal. (13)

In this form, there is no loss of generality in assuming that A, are arranged in non-increasing
order. If we now define

X000 X001 X100 X101
X010 X011 X110 X111

then the reduced density matrix of |\W) is (up to a permutation) W; & W, & W3 with

A 0 trSST tr ST
M= <0 M) B (trTST tr TTT> (15)
(22 0 i ;
W2—<0 A5>_SS +TT (16)
—(* O\t f
W3—<O A4>—SS+TT. (17

It follows from (15) that the eigenvalues of SS', which are the same as those of S'S, can be
written as o, A —o with 0 < o < A; similarly those of TT and T1T can be written as
T,h—T With 0 < 7 < Ag.

The form of (16) and (17) is suggestive of Weyl’s problem with A = SSt, B =TT, C =
W, in the case of (16) and adjoints reversed for (17). Weyl [6, 11] used the max—min principle
to find necessary conditions

ay+by = cy, a+by = o, ay+by > ¢ (18)

(with all three sequences in non-increasing order). For 2 x 2 matrices satisfying tr A + tr B =
tr C, these are also sufficient. We apply Weyl’s inequalities to (16) and (17) and retain the
stronger in each pair to obtain

o+T > A (19a)
M—O0+T > M (19b)
O+Ae —T = M. (19¢)

Adding together the first two inequalities implies

2T 2 Ay + Ay — Ag. (20)
Combining this with 216 > 27 and using (1) gives

20=x) =2r 2 A2+ 1 — 23 — )1y (21)

which is equivalent to (2).
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5. Sufficiency

To prove sufficiency, it suffices to consider a pre-image of the form

W =al¢1, ., ¢3] + bld1, da. 5]+ 5. P2, Pal + 1l ebs, ds, 3] (22)
and observe that its first-order reduced density matrix is diagonal in the basis ¢; with
AP+ 16> =x B+ =k

Under the assumption that (1) holds, the linear relation between the eigenvalues of y and
la|?, |b|?, 317, |f|* can be inverted to yield

|a]* = L + 25 — X) 1> = L (1 — Ao + 1) (23a)

3> = 102 — A3+ Ao) 11 = $(he — Ao+ A3). (23b)

With the ordering convention A; > A1, the expressions for |a|2, |b| and |§|? are all positive;
and |7|?> > 0 is equivalent to (2).

In section 3, we showed slightly more than that (1) holds. We also showed that the
pre-image can always be written in a form in which only four of the coefficients in (13) are
non-zero. However, neither of these forms is equivalent to (22) with A; decreasing. The
equations for the coefficients in one of those forms might have solutions only when a stronger
inequality than (2) holds. In particular, the form obtained from (7) in the paragraph before (8)
has solutions only when A; + X, < A4 + 1.

6. General R = N + 3 with N odd

It is tempting to try to extend the argument in section 3 to the general case of R = N +3 when
Nis odd. Using (4) we can conclude as before that y, must be N-representable with R = N +2
and thus has an eigenvector |g;) with eigenvalue 1. We can write its pre-image as
|P2) = amlg1, &2, 83, -+, &N—1, &N 1+ -+ arlg1, 82, 83+ - - -+ 2k—182k+2+ - - - EN—1, &N ]

+ - tailgr, 84, 845 -5 EN+15 EN42] (24)

where m = %(N + 1) and qy, is the coefficient of the Slater determinant which does not contain
g2k Or gor+1. However, it is not evident that the strong orthogonality condition (g, ®;); =0
holds as was the case for N = 3. If we knew that

A+ (g1, yg) <1, (25)

strong orthogonality would follow, and we could again conclude that g; is an eigenvector of
y with eigenvalue (g;, yg1) = 1 — A;. However, we can only show that the assumption of
strong orthogonality implies (25) with equality.

Proposition 4. Let R = N +3 with N odd and consider the decomposition (4) of a one-particle
density matrix y under the assumption that Ay is the largest eigenvalue. Then |®;) has an
eigenvector |g1) with eigenvalue 1. If (g1, ®1)1 = O, then |g,) is an eigenvector of y with
eigenvalue 1 — )y and this is the smallest eigenvalue of y.

Proof. Let |¢;) denote an eigenvector of y orthogonal to both |¢;) and |g;) and write

|®1) = aAlpy ® x1) + V1 —a?|y)
|®y) =bA|gI @ P ® x2) +V 1 — b2 A|g1 @ ¥a),
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where we have absorbed any phases into v;. Then Ay = ra? + (1 — x;)b%. Since each
[;) is strongly orthogonal to |¢1), |g1) and |¢y), each [/;) is an (N — 1)-particle function
with one rank at most N. It is well known [3, 5, 10] that this implies that [;) is a single
Slater determinant. Since both |¥;) and |v,) have one-particle density matrices in the same
N-dimensional subspace, it follows that the ranges of these one-particle density matrices have
a non-zero intersection. Let | f) be in this intersection. Then

(fryf)=0—aH+A =)0 —r) =1— A (26)
Thus, if Ay < 1 — Ay, then (f, yf) > A contradicting the assumption that A; is the largest
eigenvalue. ]

If the strong orthogonality assumption does not hold then (4) and (24) imply that
A1+ (g1, yg1) = 1 which is the reverse of (25) and implies that 1| + A > 1, for some
k # 1. Altunbulak and Klyachko [1] have proved the stronger result that

MAAg =1 27)

in this situation. Actually, they proved an equivalent dual condition, i.e., when N = 3 and
Riseven A; + Agp < 1. A condition of the form A; + A, < 1 is sometimes called a ‘strong
Pauli condition’; for N = 3 and R even Altunbulak and Klyachko have shown the strong Pauli
condition A4 + A,—x < 1; combining this with the fact that particle-hole duality yields the
reverse inequality, gives another proof of the necessity of (1) in the case N = 3, R = 6. The
following conjecture would imply that both the strong Pauli condition and (27) hold. Although
that might be too much too expect, it would be interesting to know under what circumstances
it is valid.

Conjecture 5. When N is odd and R = N + 3, a necessary condition for pure state N-
representability of a one-particle density matrix is Ay + Ag = 1, where we have assumed that
the eigenvalues are in non-increasing order.

7. Further connections with Weyl’s problem

Now assume that g; is strongly orthogonal to ®; and, as in (7), write

y =Ml (@il + (1 —A)lg) (gl + 2y + (1 — D)y (28)
The N-representability problem in this situation is reduced to finding conditions which ensure
that a density matrix is a convex combination of two (N — 1)-representable density matrices
of rank N + 1 which satisfy an additional orthogonality constraint. Write

D) = Y Xkkoky 812820 N1
ky<ky<-kn_y

|Ps) = Z Viikookn_1-L815 &2, -5 n—1]-
ky<ky<-kyn_1

Let X, Y be the corresponding anti-symmetric tensors, and let
XY= 3" Xk Vi ko (29)
kaods, .o km
denote contraction over k; . . . ky;. Then, we can rewrite (7) as

Y — Ml o1l — (1 —ADlgi) (gl = XX +YY! (30)

with the constraint (&, ®,) = tr XY = 0. This is a constrained version of Weyl’s problem.
If the R = N +3 problem could be solved in this way, then by particle-hole duality, we would
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also have the solution to the 3-representability problem. Although we do not know if strongly
orthogonality of g; to ®; holds in general, this viewpoint provides a connection to Weyl’s
problem that is more general than the situation for which it was used in section 4.

For general R (or for R = N + 3 without the simplification that leads to (7)), Coleman’s
lemma 1 gives a constrained version of Weyl’s problem with y; = XX and y», = YYT.
But now y; is (N — I)-representable and y, is N-representable and the orthogonality
condition (5) must be translated to tensors of different sizes. Nevertheless, it now seems
clear that what Coleman referred to as a double induction lemma was a constrained version of
Weyl’s problem. The solution to Weyl’s problem was given less than 10 years ago, with more
recent refinements [9]. Thus, it is not surprising that the pure state N-representability problem
also resisted solution and that Klyachko succeeded by using powerful techniques associated
with Schubert calculus to solve both problems.
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