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TODA SYSTEMS AND HYPERGEOMETRIC EQUATIONS

CHANG-SHOU LIN, ZHAOHU NIE, AND JUNCHENG WEI

ABSTRACT. This paper establishes certain existence and classification results
for solutions to SU(n) Toda systems with three singular sources at 0, 1, and co.
First, we determine the necessary conditions for such an SU(n) Toda system
to be related to an nth order hypergeometric equation. Then, we construct
solutions for SU(n) Toda systems that satisfy the necessary conditions and also
the interlacing conditions from Beukers and Heckman. Finally, for SU(3) Toda
systems satisfying the necessary conditions, we classify, under a natural reality
assumption, that all the solutions are related to hypergeometric equations.
This proof uses the Pohozaev identity.

1. INTRODUCTION

To a simple Lie group, there is associated a Toda system on the plane. The SU(2)
Toda system is just the classical Liouville equation [Lio53]. The Toda systems and
the Liouville equation arise in many physical and geometric problems. For example,
in the Chern-Simons theory, the Liouville equation is related to the abelian gauge
field theory, while the Toda systems are related to nonabelian gauges (see [Yan01l
Tar08]). On the geometric side, the Liouville equation is related to conformal
metrics on the Riemann sphere S? with constant Gaussian curvature. The Toda
systems are related to holomorphic curves in projective spaces [Dol97] and the
Pliicker formulas [GHTS]|, and the periodic Toda systems are related to harmonic
maps [Gue97].

Singular sources can be introduced to the Toda systems which correspond to
conical singularities in conformal geometry and to vortices in gauge theory. The
question of conformal metrics with conical singularities has been widely studied
using various viewpoints. The works [Tro91)[LT92][CT.95] studied the solutions
using the variational method by the Moser-Trudinger inequality. In the case of
three singularities on S2, which can always be taken as 0, 1, and co by a Md&bius
transform, the works [Ere04,[FKK™11] studied the existence and uniqueness of the
conformal metrics with constant Gaussian curvature by analyzing the monodromy
of the corresponding second order hypergeometric equation. In this paper, we
aim to generalize such a relationship to certain SU(n) Toda systems with three
singularities and nth order hypergeometric equations.
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We identify the plane R? with the complex plane C by (z1,z2) — z = o1 + ixa.
Let P! = CU {co} be the complex projective line. The SU(n) Toda system with
singular sources at {0, 1,00} is the following system of semilinear elliptic PDEs on
the plane in (n — 1) unknowns

n—1
(1.1) Au; +4 Z a;je" = 4m(y0,i00 + 71,i01), Yo, 71, > —1,
) =~
ui(2) = —2900ilog |2] + O(1) near 0o, Yoo, > 1,

where dp and d; are the Dirac measures at 0 and 1, and the matrix A = (a;;) is the
Cartan matrix of SU(n) of dimension (n — 1):

2 -1

(1.2) A= Lo
-1 2 -1

-1 2
One of our interests is to determine the range of the vy, ; in terms of the v,

and V1,i-
When n = 2, system (1)) becomes

(1.3) Au +8e* = 4m (000 + 1161), Yo0,71 > —1,
. u(z) = =29s0log |z| + O(1) near 0o, 7Yoo > 1.

Geometrically the metric 4e*|dz|* has constant Gaussian curvature 1 and coni-
cal singularities at 0, 1, and co with positive angles 27 (yg + 1), 27 (71 + 1), and
27 (Yoo — 1). The basic idea is that (3 is related to a second order Fuchsian ODE
with regular singularities only at 0,1, and oco. It is known that such ODEs can
be completely classified by the Gauss hypergeometric equations. In [Ere04] and
[FKK™11], they apply the monodromy theory of Gauss hypergeometric equations
to completely solve the problem of the range of 7.

System (I)) has the following version, which is easier to study for many pur-
poses. Set

n—1
(1.4) Ui=> au;, (a7)=A"".
j=1

Then system (I.IJ) is equivalent to

(1.5) AU; + e = 4 (7500 +7161),
. Ui(z) = —=279¢ log|z| + O(1) near oo,

where
n—1

(1.6) vp =) a’yp;, PEV={0100}
=1

For later use, we also define
(1.7) up; =vp;+1>0, P=0orl,
(1.8) Hoo,i = Yoo,i — 1 > 0.
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To any solution U; of (LT, there are associated the so-called W-invariants W,
2 < j < n, such that f = e~Y! satisfies an nth order complex ODE

n
(1.9) y™ Y Wy =0,
j=2
This fact was proved in [LWY12] and [Niel6], and we will recall it in (Z3]). The W-

invariants W; are polynomials in the 381;% for £ > 1 and are meromorphic functions
in CU {oo} with poles only at 0,1, and oo (see Proposition [Z3]).

When n > 3, it is known that Fuchsian ODEs with three singular points cannot
be classified by just the local exponents at the singular points. But there is a class
of the so-called hypergeometric equations which can be uniquely determined by its
local exponents; that is, the monodromy transformations at 0, 1, and oo satisfy the
local rigidity property.

With 0 = z%, the nth order hypergeometric equation associated to parameters

a=(a1,...,ay) and 8= (B1,...,0,) is
(1.10) D(asB)y=(0+p1—1)---(0+Bn—1)—2(0+a1) - (0 +an))y=0.

The local exponents of the hypergeometric equation are easily computed as

(1.11) 1=B1,...,1—Bn at z =0,

(1.12) a1y .., Qp at z = oo,

(1.13) 0,L,....n=27=> Bi—> a;—1 at z = 1.
j=1 i=1

We refer to [BH89| for the basic theory of hypergeometric equations.

We remark that the ODE (L9) associated to the Toda system needs a shift to
become hypergeometric, because we at least need to ensure the appearance of 0 as
a local exponent at z = 1 in view of (LI3). Let y(z) be a solution of (9], and
with a constant 7, let

9(2) = (z = 1)7y(2).
Then g(z) also satisfies an nth order ODE.

Our first result gives the necessary conditions for the solutions of the SU(n) Toda

system (3] to be related to an nth order hypergeometric equation.

Theorem 1.14. Assume that the U; are a set of solutions of ([LH). If for some
constant T,

(1.15) g(z)=(z—=1)Te

satisfies a hypergeometric equation, then the v1; and the corresponding T belong to
one of the following n cases:

(1.16) 0) 11 #0, other v1; =0, T =91 — s
(1.17) i) v+ =—1, 1<i<n-—2, othery ;=0 T=7];
(118) n — 1) Y1,n—1 7§ 0, other V1,5 = 0, T = Fy%

Let us now recall the concept of monodromy for a complex ODE in the unknown
y = y(z) on the complex plane C:

(1.19) y(") + al(z)y("_l) +- - +an(z)y=0,
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whose coefficients a;(z) are meromorphic functions with poles at 0 and 1. Fix a
base point zg € C\ {0, 1}, e.g., 20 = %, and let V' be the n-dimensional vector space
of local solutions of (ILI9) around zq. Let G = w1 (P'\ V, 29) = m1(C\ {0, 1}, 20) be
the fundamental group, and denote by

(1.20) ¢: G — GL(V)

the monodromy representation which is defined through analytic continuation of
solutions. The most useful result in [BH89] to us is the following.

Definition 1.21 ([Beuld]). We say that two sets of n real numbers {aq,...,a,}
and {f1,...,08n} interlace modulo Z if the set {an — |a1],..., — |} and
{B1—=1B1],---,Bn— | Bn]} interlace on [0, 1); that is, the two sets are disjoint, and
their elements occur alternately in increasing order.

Theorem 1.22 ([BHR9|). If the a; and the By are real and o; — B ¢ Z for all
j.k = 1,...,n, then there is a positive-definite Hermitian form on V invariant
under the monodromy representation (L20) of the hypergeometric equation (LI0)
if and only if the o; and the By interlace mod Z.

Using this theorem, we have the following existence result.

Theorem 1.23. Assume that the Toda system (1)) satisfies one of the necessary
conditions in Theorem [L14] with T determined correspondingly. Define

(1.24)
(a1, 09,...,0ap)
= (=T = Yhor =T = Vho F Hoo 1+ o =T = Vo + oot +++ + Hoon—1);
(Bis s Br1,Bn) = (147 — o1 =+ — Hom—1,---» L+ — o1, L +7)-

If the oj and the By, interlace mod Z, then the Toda system (L)) has a solution.

We note that the interlacing conditions for o and S actually give a set of in-
equalities on the 7o ; in terms of the vy ; and the vy ;.

Next we study under the necessary conditions in Theorem [[.14] whether all solu-
tions of the Toda system are related to a hypergeometric equation. We are able to
prove that this is the case for SU(3) Toda systems under a natural reality assump-
tion.

Theorem 1.25. For SU(3) Toda systems and under the assumption that the coef-
ficient F in the Fuchsian ODE [{A) is real, the necessary conditions in Theorem
[LI4] are also sufficient; that is, the corresponding g(z) in (LIB) satisfies a hyper-
geometric equation.

2. FUCHSIAN EQUATIONS AND HYPERGEOMETRIC EQUATIONS

Our method of studying the solutions to the Toda system (LT is through a re-
lated complex ODE whose coefficients are the so-called W-invariants. This method
was initiated in [LWY12] with some simplification from [Niel6]. In Proposition 23]
we show that the W-invariants take simple forms by our assumptions on the singu-
lar sources. As a simple consequence, the complex ODE is a Fuchsian equation with
regular singularities at 0,1, and oo. In Theorem 2.I3] we compute the exponents
of the equation at the singular points in terms of the strength of the singularities.
At the end of this section, we prove the necessary conditions in Theorem [[.14] for
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the Fuchsian ODE of our Toda system to become a hypergeometric equation after
a shift.

By A =40,0; = 4%% (this 4 is the origin of the slightly unconventional 4 at
the left hand side of (I1])), the first equation in (LT is the same as

n—1
(2.1) Uiz +exp (D aiUs) =0 on €\ {0,1}.
j=1

It is this form that is usually called the Toda field theory [LS92].
For a set (Uy,...,U,—_1) of solutions to the Toda system (L)), consider the
following linear ordinary differential operator:
L= (az - Un—l,z)(az + Un—l,z - U?L—Z,z) e (az + U2,z - Ul,z)(az + Ul,z)
2.2 . :
@2 _gny > wior.

Jj=2

Let f = e Y1, Clearly by the last factor (8, + Uy .), we have
(2.3) Lf = (ag +3 Wjag—j)f —0.
j=2

The W; are polynomials of the derivatives of the U; with respect to z. By [Niel4],
they have the crucial property that

(2.4) W;z=0, 2<j<n,

if the U; are solutions of the Toda system (LH). The W; are called characteristic
integrals of the Toda system in [Nield], and they are also called W-symmetries or
W-invariants in [LIWY12] in view of their relationship to the W-algebras [BEO™90).

For a differential monomial in the U;, we call its degree the sum of the orders
of differentiation multiplied by the algebraic degrees of the corresponding factors.
For example, the W-invariant for the Liouville equation U,; +e?Y =0is U,, — U 3,
and it has a homogeneous degree 2. From (2:2), we see that W; has a homogeneous
degree j for 2 < j < n.

Proposition 2.5. The W-invariants W; of the Toda system (LH) have the form

J
Ajk )
(2.6) szgma 2<j<n,

where A;j, are constants.

Proof. This proof is an adaption of the proof in [LWY12] of the corresponding
assertion in their equation (5.9). First, by a standard integration argument applied
to (LO) we have

(2.7) /e“idmzw(%+7{+mﬁo), 1<i<n-1.
R2

Following [LWY12, (5.10)], we introduce
(2.8) Vi=U; — 27} log|z| —27iloglz — 1], 1<i<n-—1.
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Then system (L5]) becomes

n—1
AV; = —4f04 |z = 1P exp (Y aiV5),

n—1
/ |Z‘270,i
R2

z — 1) exp ( ZaijVj) dx < o0,
j=1

where the integrals are finite in view of (271)). As vp; > —1 for P = 0, 1, applying
Brezis-Merle’s argument in [BM91], we have that

(2.10) V; € 0% on C for some o € (0,1)

and that they are upper bounded over C. Therefore we can express V; by the
integral representation formula, and we have from [LWY12| (5.11)] that

OFVi(2) = O(1 4 |2|200+D=F)  pear 0,
(2.11) Vi(z) = 0(1 4 |z — 120+ D=k) - pear 1,
O*Vi(2) = O(]2|™%) near co, Vk>1.
Therefore from (2.8)), we have that
OFU(2) = O(|2|™%)  mear 0,
(2.12) kU (2) =O(]z—1]7%)  near 1,
O*U(2) = O(|2|™%) mnear co, VE>1.

By W,z =0 from ([24) and that W, has degree j for j > 2, we see from the above
estimates that 27(z — 1)7W; has removable singularities at 0 and 1 and hence is an
entire function. The order of 27 (z—1)?W; at oo is O(|z]7), and so it is a polynomial
of degree j. As such, we have

(2.9)

(2= 1)W; = ZAJkZ (z—1)

where the coefficients A4, can be successively computed by expanding (z — 1)7=F.
This proves ([2:6]). O

Theorem 2.13. The ODE [23) is Fuchsian with reqular singularities at 0, 1, and
00. Its exponents are expressed in terms of the yp,; as in Z11), 2I3), and (220).

Proof. By the forms of the W; in (Z6)), the ODE (Z3)) has three regular singularities
at 0, 1, and oo and is thus Fuchsian. Now we compute its exponents.

By (2:8)), we have

(2.14) mz_wz+% it

T z—1
In the expansion ([2.2) to compute the ODE, the W; are polynomials of the okU;

for K > 1, and therefore they are polynomials involving V; ., 1—8, zﬁl and their
derivatives. '
At point z = 0, we claim that lir% z?W; only depend on the terms of W; contain-
zZ—r

ing the % and their derivatives. Indeed, i i
are involved, the pole order of the corresponding term is strictly less than j in view
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of the estimate (ZI1J), where o ; > —1, and the obvious reason. (Such an argument
was also used in [NieI6] for computing the exponents of the Cauchy-Euler equation
with singularities only at 0 and oo.)

Therefore when computing the exponents at 0, we can replace the U, , in [2.2)
by Wfl, and the exponents of (23] are the exponents of the ODE

215 (0.~ 28) (0, + B (o, 4 B0 (5, 4 ) o

z
for an unknown function h(z). This is then

1 RN o 1 1
e G G e e RO H D Lt
Using (6 + a) = 1(6 4+ a — 1), we see that this is

1

— (9—73_1—(n—1)) (9+%f—1 - 76“2—(”—2)) E (9+v§ - 76—1) (9+73)h =0.
Then the exponents are

(2.16) 0, =%+ W+ L= W A (n—2),9% + (= 1).

The successive differences are seen to be pg; from (7). Therefore the exponents
of [23) at 0 are, in an increasing order,

(2.17) =70, =0 T H0,15 - -+ =0 + Hoa + -+ Hon—1-
Similarly, the exponents at z = 1 are, in an increasing order,
(2.18) Y=Y L = B et

The exponents at z = co are computed by applying the transformation w = %

and the relation 9, = —w?d,,. Let
- 1 - . ,
Ui(w) = U’(E) =U;(z) and V;(w)=U;(w)— 27, log|w|.
Then )
~ ~ ’YZ
Ui,z = _w2Ui,w = _w2 (Vvi,w + oo)
w
When computing the exponents, by a similar reason as above, we can disregard the
terms V; ,,. Therefore the exponents of equation (22 at z = oo are the exponents
at w = 0 of the equation

(—1)"w? <8w — 750) cew? (510 + %)w2 (8w + %)B =0.

This is the same as

(—1)"w" (waw — A 4 (n— 1)) S (waw +2 -y + 1) (waw + V;O)B —0.
Therefore the exponents are
(219) Voo Vet Ve~ L T A= (0= 2)050 — (n - 1),
which are again seen to be, in an increasing order,
(2.20) —Vhor —Vho F Hoo 1 -+ —Vao F fhoot 1+ + floom1
using the notation from (LS. O

Remark 2.21. Clearly the Fuchsian property and the local exponents in Theorem
213 continue to hold for SU(n) Toda systems with more singular points.
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Remark 2.22. The exponents of a Fuchsian equation satisfy the following Fuchs
relation. Let p1(P),..., pn(P) be the exponents at a singular point P; then

(2.23) 3 (pl(P) 4ot pu(P) — (’;)) ) (Z)

P singular

It is interesting to check this in our case. Indeed, by [216) and (219, we see that

p1(P) + -+ pn(P) = (Z) P=0orl,

pr(60)+ 4 puloe) = =3

To be able to relate ODE (2.3]) with hypergeometric equations, we would like
to shift the local exponents at 1, and thus we consider g(z) from (LI5]) with some
constant 7.

Proposition 2.24.
(1) The g(z) in (LID) satisfies the following ODE:

(2.25)
T T T
(az _Unfl,z - Y 1) e <8z+U2,z _Ul,z - Zj) (8Z+U1,z - . — 1)9 =0.
(2) The above ODE after expansion is the Fuchsian equation
(2.26) (0 + Ri(2)027 " 4+ + Ry(2))g = 0,
where
J
B,
2.9 . — e LN
( 7) R](Z) I;)Z]_k(z_l)ka

with the B; ), constants.
(3) The local exponents of this ODE at 1 and oo are the shifts by 7 and —7 of

the exponents of [2Z2) as in [Z30) and 2.31)).

Proof. From the Lebniz rule, we know that as composition of operators,

(2.28) @o(z_1y¢=(z_1y*(@-zil)

Therefore by (LT3 and the ODE (Z2]) satisfied by f, we have
0= (az - Unfl,z) T (az + U2,z - Ul,z)(az + Ul,z)((z - 1)_79)

:@—wﬁ@—mif-T)

z—1
-~-(62+UQ,Z—U1,Z—L) (8Z+U1,z_ . )97

z—1 z—1
which implies ([2:25)).
Equation ([Z26)) is similarly obtained from (23)) and (Z:6]) using the iteration of
2.23) as

(2.29) o7 =(z-1 (0.~ )

z—1
which implies (227) (see (£28) for an example).
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Clearly, the local exponents of ([Z20]) at z = 1 are added by 7, while those at
z = 0o by —7. More specifically, its local exponents at 1 and oo are

(2.30) T— Yy T— Y F sy T— Y 11+ 4 Hne1s
(2.31) —T—’yéo,—T—’yéo+,LL0011,...,—T—’)/;0+,LL00,1+"‘+Moo)n71.

Proof of Theorem [[L. T4l We call the exponents in (2:30) by

(2
pi:T—'y%—l—ZuLj, 0<i:<n-1
j=1

Since 0 is an exponent of a hypergeometric equation at z = 1, we see that 7 € R.
Then the p; are in a strictly increasing order. Comparing these with the exponents
in (LI3), we see that the v other than the integers 0,1,...,n — 2 can be one of p;.

If v = p; for 1 <i < n—1, then we need to take 7 = 71 so that pg = 0. Moreover,
we have p11 4+ -+ p1; = 7 for 1 < j <4 —1. This implies that v; , = 0 for
1<k<i-1. Ifi <n—1, we furthermore have that pq +--- 4 p41 = j for j > ¢.
This implies that v ; +71,;+1 = —1 and v, ; = 0 for j > ¢ + 1. Therefore we have
shown cases in (LI7) and (LCIS]).

If v = po, then we have p; = j — 1 for j§ > 1. Therefore we need to take
T =71 — p1,1 and all the y; = 0 for j > 2. This is case (LI0). O

3. EXISTENCE OF SOLUTIONS

In this section, we prove Theorem [[.23] which asserts the existence of solutions
for certain Toda systems (IL1)) with three singularities at 0, 1, and co.

Proof of Theorem [1.23l We will construct the U; for 1 < i < n — 1 as real-valued
and single-valued functions on C\ {0, 1}, prove that they satisfy the equation (21),
and show that they have the right strength of singularities at 0, 1, and oo as in (LH)).

With the a and g defined as in ([L24]), we consider the hypergeometric equa-
tion (LI0Q).

By a result from [BH89] stated here as Theorem [[L221and our interlacing assump-
tion, there exists a positive-definite Hermitian form 7 (-, -) on the vector space V of
local solutions around zy = % that is invariant under the monodromy representation
(C20). Note that H can be replaced by AH for A > 0.

We choose a basis (01,...,0,) of such local solutions. For n € w1 (P! \ V, 29),
define its associated matrix M (n) under (L20)) with respect to the above basis by

i=1

Let H be the Hermitian matrix representing H(-,-) with H;; = H(o;,0;) for 1 <
1,7 < n. By the invariance of H,

Hij = H(Uiv Uj) = H(¢(77) (Ui)7 ¢(n)(0]))

= H(ZM(")kiUksz(n)ljm) = > M(n)kiHuM(n);,
k=1 =1 k=1
M(n)'HM(n) = H, Vnem(P'\V, ).
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Therefore the positive-definite Hermitian matrix H ' satisfies
(3.2) M(mH "M ()" =H™', VYnpem(P'\V,z).

We write H—! = (H"Y).
The local solutions o; can be extended to be functions on the universal covering
of P\ V. With & = (01,...,0,)!, we consider the function

n
oc*H o = Z HYG0,,
i,j=1
where * = & is the conjugate transpose. Then this function is invariant under
the deck transformation of 71 (P! \ V, 29) on the universal cover of P!\ V| since by

B.I) and B.2)
n)( Z HijU_iO'j) = Z HUM kz lgUkUl Z H* 0LO].

1,j=1 i,4,k,1=1 k=1
Therefore it descends to a function on P\ V = C\ {0, 1}.
Now define

Ui(z) = —log(|z — 17" (6*H o)), ze€C\{0,1}.
We note that the logarithm is taken for positive numbers and we take the real-valued
branch.
Define the vector of functions on the universal covering of P* \ V,
(3.3) v=u1,...,vn)i=(z—-1""T0c

It is clear from the above that v*H !

v is single-valued on C \ {0,1} and
(3.4) Uy = —log(v*H 'v).

To be able to write out the other U; in terms of Uy, we denote by W = W(v)
the Wronskian matrix of v with respect to z, that is,

(3.5) W= v - v,
Now consider the Hermitian matrix
(3.6) R:=W*H'W,

where W* = W'. Then B4) says that eVt = Ry 5.
In general, for a matrix M of dimension n and for 1 <m < n, let M,, = My, m
denote the leading principal minor of M of dimension m, where m denotes the set

{1,...,m}.
Because H~! is positive-definite, so is R. Therefore, R,, > 0. It is standard
(see, e.g., [LS92|Niel2l[LWY12]) that

(3.7) Ry (8.0:Rpn) — (0.Rpn) (0:Rpn) = Rn—1Rmy1, 1<m<n-—1,

where we define Ry = 1. By induction, we see that the R,, are single-valued on
C\ {0, 1}.

Therefore defining
(3.8) Un=-1logR,, 1<m<n-—1,

we see that the U, satisfy 21 for 1 < m < n — 2 with the Cartan matrix from
([C2). It is also clear that all solutions to ([2.1)) with the given U; in (B4) are
determined in this way.
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Now we show that (ZI)) for m = n — 1 is satisfied if we replace H by AH with a
suitable scalar A > 0. For this, we will show that R,, = 1 for a suitable \.

First, we show that det W (o) = ¢(2—1)"", where ¢ # 0 € C. The hypergeometric
equation (CI0) has the following expansion:

O+ B —1) 0+ Bp—1) — 20+ 1) (0 + an)

= (0”+ (éﬁi—n)en_l—i—...) —z(0"+ (iai)an—u...)

i=1
= (1—Z)<9”+ (;amL Zilai;_zjlilﬁi+n)0”1+m)
®) (1—z)<9”+ (=nr- ”(”2_ D _ Z”_T1)9“+-~>

) gy 0 (TR e O
= z)(z oz" <z—1)z az"—1+

(1 2)n o (n7)8"‘1+
Ozn z—1/ 9zt ’
where dots stand for linear differential operators of order < n — 2. Here equality
(%) uses the definition ([24]) of the o and 5 and the fact that
nﬂ)/IlD:(n_l)ryp,1+"'+'yp,n—lv PEVa
from (6) and the inverse of ([2)). Equality () uses the identity
o nn-1) , ,0" !

A A
which can be proved easily by induction. Therefore det W (o) = ¢(z — 1)"" by
Abel’s theorem.

By B3), det W(v) = (z — 1)7"" det W(o) = ¢ is a nonzero constant. We can
choose the multiple of H so that

R, = det R = (det(A\H)™")|det W (v)|* = 1.

+...7

Now we show that the solutions U,, in (8:8)) have the right strength of singu-
larities at the three singular points. By ([LII) and (C24]), the exponents of the
hypergeometric equation for o at z = 0 are, in a strictly increasing order, given
in 2I7) or equivalently (ZI6). Under the interlacing condition, they are distinct
modulo Z. By the standard theory of ODEs (see [Inc44]) and (3.3)), there exists a
basis of formal functions near 0,

S G T A T e e S L
where the (¥ are analytic functions at 0 and ¢?(0) # 0, such that
v=A4%"

for some invertible constant matrix A°.
A standard calculation shows that the Wronskian of a sequence of power func-
tions is
det W (25, ..., 2"m) = z22i% e H(/@j — Ki),

i<j
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where the k; are the exponents. Therefore for 1 <m <n — 1 and from (3.6,
Ry = (W(C")" (A H AW (C*))im = (A" H T A%) | W (C%)ml*(1 + 0(1))
= |2|72%" (2 + 0(1)), as z — 0, where 2 > 0.

In view of (B.8), Uy, has the required strength of singularity at z = 0 in (LH).
Corresponding to z = oo, we use w = l as the local coordinate and consider
w = 0. Then as above, (m) =23, (I?:[QI) and B3) give v = A for some

invertible matrix A% and

1 2 1 n—1 n—2
oo ~ Yoo OO — Yoot Voo+1 00 Yoo T+ +n—2 00 'yoc +n—1 oo\t
C *(w Cl 7,w’7 K C2,"'aw e 1, W Cn)a
where the ($° are analytic functions in w at w = 0 with nonzero constant terms.

The same arguments as above apply and give
e Um = |w| 2% (20 4 0(1)) = |2)27%= (52 + 0(1)), as w — 0 or z — oo,

which shows the required singularity at oo in ([H]).

At last, we consider the point z = 1. First we show that under the interlacing
condition in Theorem[[23} the v = >"_, B;—>_7" | a;—1 in (LI3) is not an integer.
Indeed, mod Z, we see that 0 < v— || < 1 by the interlacing condition. Therefore
by the standard ODE theory, there exists a local formal solution (z —1)7¢} around
z =1 with ¢} analytic with nonzero constant term.

By [BH89, Proposition 2.8], we see that the hypergeometric equation (I.I0) has
n — 1 analytic solutions near z = 1 of the form

(=177 =GE-1)"+0((z-D)""), j=1,...,n—1,

corresponding to the exponents 0,1,...,n — 2 in ([LI3]). Therefore despite the fact
that the exponents of (ILI0) at 1 are not distinct mod Z, we still have a basis of
formal solutions with the corresponding exponents.

By B3] and the proof of the necessary conditions in Theorem [[LT4] we see that
around z = 1, v = A'¢! with A' invertible and

¢t =((z— 1)1, (2= 1),

_an—1 n—2 _ n—1 _
'7(Z - 1) ot T 2(711—17 (Z - 1)Fyl o lgrlL)ta

where ¢} are analytic and ¢}(1) # 0. Then a similar analysis as above applies. [

4. SUFFICIENCY FOR SU(3) TODA SYSTEMS BY POHOZAEV IDENTITY

We note again that for a Fuchsian equation of order n > 3 with singularities at
0, 1, and oo, having just the right exponents at z = 1 as in ([LI3]) doesn’t guarantee
that it is actually a hypergeometric equation. Indeed, a general equation as (LI9)
is hypergeometric if it is Fuchsian with regular singularities at 0, 1, and oo and
furthermore all the coefficients a;(z) have simple poles at z = 1 [BH89]. It would
be ideal if the necessary conditions in Theorem [[.T14] are also sufficient for equation
([228) to be hypergeometric if the U; satisfy a Toda system. In this section, we prove
Theorem for the sufficiency for SU(3) Toda system by a Pohozaev identity
under some mild reality assumption. We would also like to call attention to the
relationship of our current results, in terms of estimates and integrals, with those
of [KMPS99] where higher dimensional equations related to the scalar curvature
are studied.
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For simplicity and concreteness, we write the Toda system (L)) for SU(3) as

Au + 4?70 = 4m(y¥do + o),
Av + 4e2°7% = A (y¥ 8o + V1),

4.1
(4.1) u(z) = —29% log |z| + O(1) near oo,

v(z) = =29% log|z| + O(1) near oo,
where u = Uy, v = U, 7% = vp, and 7% = v%. We recall that
(4.2) Na=27 - >-1 ma=21-7n>-1L

We have from 7)) that

4/2 e = dm (v + 1+ ),
(4.3) B

4/ e = dn(yg + 1+ 7%)-
R2

Our goal is to use the Pohozaev identity to study the ODE operator (2Z2]) for
f=e

(4.4)
(0, — ) (0, + v, —u) (0, +uz) = 02+ Wod, + W3
A B C D E F G
— 93 - -
_8Z+(22 * 2(z—1) * (2 — 1)2)62 (23 + 22(z2 - 1) + z(z —1)2 * (2 — 1)3)’

where we have used Proposition and we have used shorthand for the coefficients
Aj . We first want to determine these seven coefficients in terms of the six strengths
of singularities in (A1) as much as possible. The following formulas are equivalent

to the exponent information in ([ZI7)), (218, and Z20).

Proposition 4.5. We have the following formulas:
(4.6) C=—9 =2~ 1) = 01 + 17,
(4.7) G =291 +2(31)° =W + (1)1 = OD)?,

and similar formulas for A and D with the 1 ’s replaced by the g ’s. Furthermore,
we have that

(4.8) A+ B+ C+2=pips+ p1ps + p2ps3,

(49) D+E+F+G:p1p2p3,

where

(4.10) PL="Voor  P2=TYoo Vo~ L P3=70—2

Proof. The coefficients C' and G are for the highest order poles at z =1 in W5 and
W3 in ([{4), and they are equivalent to the information about the exponents at 1
in ZI8). In fact, the C and G are computed by expanding

(3z B Z’Y—i)l)(az + %) (82 + zﬁy—qfl)

Similarly we determine A and D at z = 0.




7618 CHANG-SHOU LIN, ZHAOHU NIE, AND JUNCHENG WEI

Now we consider the exponents at co. By (2I9), they are exactly the p; in
(@I0). By the standard way of computing the exponents at co (see [Incd4]), these
exponents are the roots of the equation

—s(s+1)(s+2)—(A+B+C)s+D+E+F+G=0,
which is
(3 +35°+(A+B+C+2)s— (D+E+F+@G))=0.

Therefore the standard relationship between roots and coefficients gives ([{.8) and

@). O

Now we introduce the Pohozaev identity in our situation. We denote the stan-
dard dot product by (-,-) and use the standard notation that z = (z1,22) and
Vu = (0g,u, Oz, u).

Lemma 4.11. Let Q C C\ {0,1} be a domain with C* boundary. We have the
Pohozaev identity
8/ 2TV 4 2T = / 2(z, Vu) (v, Vu) — (z,v)|Vul?
Q a0
(4.12) + 2(w, Vo) (v, Vo) — (z,v)|Vo|?
— (z, Vo){v, Vu) — (x, Vu){v, Vv)
+ (@, 0)(Vu, Vo) + 4z, v) (€70 + > 70),
where v stands for the outward unit normal vector of 0S).

Proof. The proof is by standard manipulations. For concreteness, we provide some
details. Multiply the first equation in (@I by (z,2Vu — Vv) and the second by
(x,2Vv — Vu) and add them. Then we get in Q:

0 = Au(x, 2Vu — Vo) + Av(z, 2V — Vau) + 4(x, Ve* ™0 + Ve ™)
= div({z, 2Vu — Vv)Vu) + div({z, 2Vv — Vu) V)
— div((|Vul]® = (Vu, Vo) + |Vo|*)x)
+4div((e® 7 4+ e* ) x) — 8(e?UTV 4 2V,
Then we apply the divergence theorem. O
Lemma 4.13. We have
[ = (1) + ()~ 1)
— (%) + (%)* = 1%6%)
— () + (1) =) — L,
where e = (1,0) € R? (corresponding to 1 € C) and

(4.14)

I, = lim 2(e, Vu) (v, Vu) — (e, v)|Vul?
r—0 S/y-(l)
(4.15) +2(e, Vo) (v, Vo) — (e, )| Vv|?

- <€, VU><V7 VU> - <€, VU> <Va VU>
+ (e, v){(Vu, Vo) + 4(e, v)(e* 7 4 e* %) ds.



TODA SYSTEMS AND HYPERGEOMETRIC EQUATIONS 7619

Proof. We apply ([@I2) to the domain 2 = Bgr(0)\(B,(0) U B,(1)) and take the
limit as R — oo and r — 0. Then we get

8/ e =1 — Ip — I,
R2

where I, I, and I; are respectively limits of integrals over Sg(0), S-(0), and
Sy(1). We first consider the integral Iy. Then |z| = r, and & = rv. Note that by
E3) and ZII) we have

u = 27y logr 4+ O(1),
4.16 Yy
(4.16) Vu = iV+O(T71), as r — 0,

r

and similarly for v. Therefore we have

2m
Io=1lim [ r*(((298)* + (2%)* = (296)(270))r

r—0 /o
+0(r72) 4+ O(r?101) 4 O(r?0:2)) df
= 87(()* + (16)* = 1670);
by (£2).

We apply similar estimates to Sg(0) and S,.(1) where we split x = (z — e) + e.
Therefore we are done with one new integral I. as above. ([l

To be able to evaluate I., we need finer asymptotics (at 1) about the solutions
than (£I6]). We thank Wen Yang for his help with the following lemma and propo-
sition.

Lemma 4.17. Let & > —1. For z € B1(1) C C,

1
5 log |z — w|jw — 1|** dA = a|z — 1|**T2 + b,
7r

Bia
for some constants a and b, where dA = %dw A dw is the area element.

Proof. We first note that the integral on the LHS is convergent for all z € B 1 (1),

and we denote the corresponding function by f(z). Let r = |z — 1|. We then note
that f(z) = f(r) is a radial function about 1 by the symmetry of |w — 1|?* and the
invariance of the Lebesgue measure under rotation. By standard potential analysis,
we see that

fla) = f(r) = ar®* +b,

where a can be computed as O

T
Proposition 4.18. For solutions u and v of ([@Il), we have, with r = |z — 1|, that
(4.19) u(z) =21 logr +p(r) + e(w1 = 1) + w2 + o(r),

v(z) = 2v{ logr +q(r) +d(z1 — 1) + dxz +o(r), asz—1,

where p and q are functions of v and we have

p(r)=0(), p'(r)=o(r™),

(4.20) B
q(r)=0(1), d(r)=o(r""), asr—0.
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Proof. Let
U=u-—29logl|z — 1|,
V=v—2ylog|z — 1.
Then U and V satisfy
{AU = —d|z — 121UV
AV = 4|z — 1P12e2V-U 0 in B%(l).

Let f = 2(min(y1,1,71,2) + 1) > 0. By [BM91,ICL91], we have the following
integral representation:

4
(4.21) U(iz) = —— log |z — w||w — 1)2711e2V W)=V g4 4 O,
27’( B%(l)

4
Viz)= —— / log |2 — wl|w — 1|?12e2V (W) =Uw) g4 4 o1
27T B%(l)

where C'! stands for C*! functions at point z = 1. Furthermore, by the above works

(cf. (ZI0)) we know that
U,V e C*(By(1))
for some positive constant 0 < o < . Write
U(z) =U(1) +0(r%),
V(z) =V(1) 4+ O(r*).
Plugging these into (2I]) and using the above lemma, we get
4

U(z) = —— log |z — w||w — 1)?711e2V D=V (1 4 O(r*)) dA + C*
27T B%(l)

— U(1) + ayr?t2 4 O(pmintet i),
Similarly, we have
V() = V(1) + b2 4 Ofpminteti)
Plugging these back into (£21]), we get

4

Uiz) = —— log |z — w||w —
27 JBy )
(1+ a2 t2 2t 4 O(ra""ﬁ)) dA + ¢t

= U(l) + a/l,r2')/1,1+2 —|—a2717“2(271'1+2) +a272r2w1,1+2m,2+4 + O(rmin(a+25,1))7

1|271,162U(1)—V(1)

and similarly for V(z).

Continuing this way and expanding the exponential function to higher powers
as needed, we see that all the powers with exponents less than 1 are radial because
a + nf is eventually bigger than 1. We take the functions p(r) and ¢(r) to be the
corresponding sums of such powers. ([l

Proposition 4.22. The I, in [II0) evaluates to
(423) Ie - 471—(0’71,1 + d’yl,Q)a
where ¢ and d are from ([@EI9).
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Proof. Let v be the outward unit normal of S,.(1), and let é = (0,1). Using polar
coordinates with x; = 14 rcosf and x5 = sinf, we have (e,v) = cosf and
(é,v) =siné.

We first show that the last integral in (£I3]) converges to zero:

27
/ {e,v)e*" U ds = / r(cos ) exp(2y1,1 logr + (2p — ¢) + O(r)) df
Sn(1) 0
27
z/ r(cos 0)r?11e2P=10() g
0
27
= / 7(cos 0)r?111e2P~4(1 4 O(r)) df
0

27
:0+/ O(r*T271.1) dp
0

—0, asr—0,

since 1,1 > —1. Similarly the other integral for e?*~%

From ({19, we see that as r — 0,

2
Zlu—i—p( v+ ce + ¢ + o(1),

also goes to zero.

Vu =
(4.24)

Vv = "(r)v 4 de + dé + o(1).

277
,

Now we compute the integrals of the first two terms in ([£I5]), and the others are
similar. For the first term, by ([{20) we have

/ 2(e, Vu)(v, Vu) ds
Sr(1)

2m

2

:2/ r( Rl cosf +p'(r )cos@+c+o(1))
O r

X (ﬁ +p’(r)—|—ccos€+6sin9+o(1)) df
r
2m ,yu
:2/ r(Pl(r)COSO—I—PQ(T)CosGsinG—l—Pg( )sinf + —2 cos? 0
0 r

2 u
TRt o(r_l)) de
r
—=27-2-(3¢vy), asr—0.

Here the P;(r) stand for the function of r after expansion. For the second term, we
have

_/ (e, )| Vul? ds
Sr(1)
2m u
= —/ rcos@((ﬁ -H?I(T))z +c?
0 T
2 U
24 Q(l +p'(r))(ccosf + ésin6) + 0(7‘71)) dg

27 ( 4 ,yu 4
=— r( P(r) cos 0 + Q(r) cos O sin f + —L cos? 6 + o(r )) do
0 r

— —2m(2¢vy"), asr—0.
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Repeating this for the other terms, we see that

I. =27 (6eyy' — 2¢0) + 6dyy — 2dy) — (2dvi" + yf) — (291 +dvy') + (dyi' + )
=A4n(c(29] — 1) +d(27) — 1)) = 4n(evin + dyiz)- O

Furthermore, using the asymptotic expansion (£19), we can determine F in (£4)
and thus determine all the coefficients in view of Proposition

Proposition 4.25. The real and imaginary parts of the coefficient F in @A) are

1 u v v u v u u . v
ReF' = 5(2071 — oy} — c()? = 2dviy + d())? + 2¢949)
1
(4.26) = 501 + g — drime),

L v Jau
ImF'= =2 (&0 + Dy — diine)-
Proof. By direct computation of (£4]), we have

(4.27) W3 = Uysss — 2Ussy + Voptl, — uzvf + ugvz.

This is equal to 223 + 22(5_1) + Z(zfl)Q + (Z_Gl)g, whose Laurent expansion at z = 1 is

G n F +—F—|—E
(z—1)3  (2—1)2 z—1

+ (F = 2E + D) + O(]z — 1)

Therefore F is the coefficient of (z —1)~2 in ([{27).
Using the asymptotic expansion ([I9), we see that

U

c cC,
w = o4 2= Zit Op(r) +o(1),
_ gis 2 -1
Uzz = — (z — 1)2 + 8zp(T) + O(T )a
Uzzz = 2i + (93]?(7’) + O(T_Q)
(z=1)* 7 7
_f L d 4
02—2_1—1—2 2z+8zq(r)+0(1).

In computing the term containing (2 — 1)~2, we now argue that the error terms
and the derivatives of p or ¢ can be neglected. The o(1), o(r~1), and o(r~—2) can
be omitted by the reason of pole orders, since they are little o of a term whose
pole order is one less than the corresponding highest pole order. The derivatives
of p and g can be omitted since W3 is meromorphic, but p and ¢ are functions of
r = |z — 1|. Therefore, direct computation gives F' as in (£20]), noting that the
second line is a simplification of the first in view of (£2). (We remark that G can
be computed as the coefficient of (2 — 1)~ in ([@27) and this recovers (&7).) O
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Proof of Theorem [L25. We first compute equation ([2.253]) in the form (2.20]) in the
current case using (Z29)), and the result is

(3Z_ﬁ)3+(:;2+2(i1) * (2—01)2)(82_;1)

(2+ E_, F & )
23 22(z—=1)  z2(z-1)2 (2-1)3
37 A B C+37m2+3r
— 93 _ 2 i
= 9. z—laz (22+z(z—1)+ (2 —1)2 )(‘L

D E— Ar F — Bt G-Cr—73-3r2-27
+ )

(4.28) e teoe " CEEE
37 A B’ c’
—. 93 _ 2 i
=: 0, z—la" (22+z(z—1)+(z—1)2)az
D' E’ F’ G’
+ (? + 22(z—1) + z(z —1)2 + (z—1)3)’

where the new coefficients are denoted with primes. To prove that this equation is
hypergeometric, we need to show that the coefficients have simple poles at z = 1;
thatis, C' = G’ = F' = 0.

The necessary conditions in Theorem [[.T4(2) in the SU(3) cases are

(429) 0) ')/172 = 0 or 1) ’}/1’1 +71,2 = —1 or 2) ’}/1’1 = 0

Let us study cases 1) and 2) first. By ([LI7) and (II8), we see that 7 = 4%*. Then
it can be computed that ¢/ = 0 and G’ = 0 in both cases. We remark that this
can be seen using just the exponents of ([{28) at z = 1, which by the assumption
are 0,1, and one more exponent. By the standard way of computing the exponents
(see [Inc44]), we see that they are solutions of

s(s—=1)(s—2)—37rs(s—1)+C's+ G =0,

which implies that G’ = 0 and C' = 0.
Now we prove that F' = F'— BT = 0. A straight computation from (@8], ([0,
and (ZI0) shows that

B=-A-C=24pip2+ p1ps + p2p3
=%+ + (06)2 + (8)* = 16
1+ + )+ () =i
s 7% — (1) = (7%)? + Y

Combining ([A23), (@I4), and ([@3]), we see that

1 1
— dyo) = ——1,
2(071,1 +dvi2) 87
(4.30) = —((75) + (15)* = 7575) + (08) + (08)* = 68
+ ()2 + (1) =10 98 + 1 e 0+ F %
- B.
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Now we work under the assumption that F' is real. In case 1) that v1.1 + 1,2 =
—1, which is equivalent to vj' + vy = —1, we see from (£20) and [@30) that

1
F=ReF = —57?(07171 +dyi2) = BT.

In case 2) that 711 = 0, similarly we have

1 1
F=ReF =—21{(dy12) = =571 (en +dng) = Br.

Finally we consider case 0) that v1 2 = 0, which means that vj* = 2+}. By (.16,
we have 7 =4} — 11 =9 — (27 —+)) — 1 = —(»{ + 1). Again C" and G’ are
easily seen to be 0. From ({20 and (£30), we see that

1 1
F=ReF=g( +1)(en1) = 5len +dng2)(i +1) = Br
for the above 7. Therefore all three cases are proved to be sufficient. O

Finally, we show that our reality assumption is satisfied for solutions with sym-
metry in accordance with the fact that the singular sources are on the real line.

Proposition 4.31. If the solution satisfies u(xy1,x2) = u(xy, —x2), then the coeffi-
cients E and F in [&4) are real.

Proof. The symmetry condition for « implies that f = e~ is also symmetric; that
is, f(z1,x2) = f(x1, —x2). Therefore,

=0.
(11>0)

=0,  0,,0° =0, O

~ =
27T (who) T2

Oy f

(wl 70)

We consider the restriction of the ODE operator (4] to real independent variables;
that is, zo = 0 and z = x1. Thus in view of 9, = %(&El —10,,), we see that

L L. 174 B ¢
(8(8:1:1 30:,0,) + 2 (x% - z1(z1 — 1) i (21— I)Q)aml

D E F G
+ (ac_? * z3(x1 — 1) * z1 (1 — 1)2 * (1 — 1)3)>f

The function f is real-valued, and by Proposition &5 A, B, C, D, and G are real.
Suppose E = Fy +iFEy and F = Fy +iFy (actually Fy = —Es by ([@9). Then the
imaginary part of the above equation gives

=0.
(11>0)

Es F,
0)=0, Va;#0,1.
(T/?(Il—l) +x1(3;1_1)2>f(3717 ) . Vap #0,
Therefore Ey = F5 =0, and E and F are real. ]
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