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Abstract: We discuss a general framework for the analytic Lang-
lands correspondence over an arbitrary local field F' introduced
and studied in our works [EFK1, EFK2, EFK3], in particular in-
cluding non-split and twisted settings. Then we specialize to the
archimedean cases (F = C and F' = R) and give a (mostly conjec-
tural) description of the spectrum of the Hecke operators in var-
ious cases in terms of opers satisfying suitable reality conditions,
as predicted in part in [EFK2, EFK3] and [GW]. We also describe
an analogue of the Langlands functoriality principle in the analytic
Langlands correspondence over C and show that it is compatible
with the results and conjectures of [EFK2]. Finally, we apply the
tools of the analytic Langlands correspondence over archimedean
fields in genus zero to the Gaudin model and its generalizations,
as well as their g-deformations.

1. Introduction
1.1. Overview

Let X be a smooth irreducible projective curve of genus g > 1 and G a re-
ductive algebraic group, both defined over a local field F'. Let Bung(X) be
the variety of regularly stable principal G-bundles on X (see e.g. [EFK1],
Section 1.1). In [EFK1, EFK2, EFK3], motivated in part by the works [BK1,
Ko, La, Te], we proposed the analytic Langlands correspondence, which
is the study of the spectrum of Hecke operators acting on the space of
complex-valued half-densities on Bung (X )(F). Justifying its name, this cor-
respondence is a natural analytic analog of two previously known settings of
Langlands correspondence — arithmetic (for curves over a finite field) and

arXiv: 2311.03743
Received October 27, 2023.

307


https://www.intlpress.com/site/pub/pages/journals/items/pamq/_home/_main/index.php
http://arxiv.org/abs/2311.03743

308 Pavel Etingof et al.

geometric (involving D-modules on complex curves and on moduli stacks
of G-bundles on curves), to both of which it is actually intimately related.
We also proposed a ramified generalization of the analytic Langlands corre-
spondence for G-bundles with level structure at an F-rational effective divisor
D C X (which allows one to also consider g =0, 1).

However, previously for simplicity we focused on the basic case when G
and D are split, and in fact mostly assumed that F' = C. Yet the natural gen-
erality of the (arithmetic) Langlands correspondence is that of a flat reductive
group scheme G over X, for example, one defined by an action of the étale
fundamental group 7¢*(X) on G. Roughly speaking, one of the main goals of
this paper is to discuss the (ramified) analytic Langlands correspondence in
this more general setting, when F' is arbitrary and G, D are not necessarily
split; in particular, this means that we need focus on Galois-theoretic aspects
of the theory. We also allow twists by Z(G)-gerbes on X and, in the ramified
case, by unitary representations of the group of changes of the level structure.
A detailed discussion of the general framework of the analytic Langlands cor-
respondence with a focus on these additional features is the subject of the
first half of the paper.

The second half of the paper is dedicated to the archimedean cases, F = C
and F' = R. In these cases, as shown in [EFK2|, the Hecke operators Hy x
commute with the quantum Hitchin Hamiltonians and also satisfy a cer-
tain differential equation with respect to x € X involving these Hamiltoni-
ans, called the universal oper equation. As a result, the joint spectrum of
the Hecke and quantum Hitchin Hamiltonians is (conjecturally) labeled by
GV-opers L on X satisfying a certain topological condition called a reality
condition. For F' = C, as explained in [EFK2], this is the condition that the
monodromy of L can be conjugated into an inner (conjecturally, split) real
form G} of G¥. On the other hand, for F' = R the theory depends on several
additional pieces of data (an antiholomorphic involution of X, an inner class
of G, a form G of G in this class attached to each oval of X (R), etc.), and
the exact form of the reality condition depends on these details. We work
out this condition in several examples for G = GL; and PG Ly, generalizing
[EFK3], Subsection 4.7 and [GW], Section 6.

Finally, we explain how the generalized Bethe Ansatz method for
the Gaudin model can be viewed (in several ways) as an instance of the
tamely ramified analytic Langlands correspondence in genus 0 over R and C.
Interestingly, the role of Hecke operators in this setting is played by Baxter’s
Q-operator of the Gaudin model, the ¢ — 1 limit of the Q-operator of the
XXZ quantum spin chain introduced by R. Baxter. Motivated by this, we dis-
cuss a g-deformation of the archimedean analytic Langlands correspondence
in genus 0.
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1.2. Summary of the main results

To summarize, in this paper we accomplish the following.

1. We formulate the problem of (ramified) analytic Langlands correspon-
dence in a general setting when the group G and the ramification divisor
D C X are not necessarily split and ramification points carry unitary repre-
sentations of the groups of changes of level structure, in presence of possible
twists by a Z-gerbe on X and an action of m1(X) on the root datum of G.
We state the conjecture on compactness of Hecke operators, which leads to
discreteness of their spectrum.

2. For G = PG L5 and genus 0 with split ramification divisor, in the tamely
ramified case when ramification points carry principal series representations
of G(F'), we compute explicitly the Hecke operators H, (which are known to
be compact in this case) and find their asymptotics near ramification points.
This gives the asymptotics of eigenvalues of H,.

3. In the cases F' = C and F' = R, we conjecturally describe the spectrum
of Hecke operators in the setting of (1) in terms of opers with monodromy
representation satisfying suitable “reality conditions”. We formulate reality
conditions in various special cases, and show that spectral opers must satisfy
these conditions. In particular, we work out reality conditions for G = G L1,
F =R, and also G = PGLy, FF = R in the ramified and tamely ramified
cases. We describe behavior of eigenvalues of H, near real ovals of X (when
they are present) in various situations.

4. In the case F' = C, we discuss in detail in Section 3.6 the Hecke opera-
tors corresponding to the principal weights of G¥ (such that the corresponding
irreducible representation of gV remains irreducible under a principal sly sub-
algebra), following the approach of [EFK2], Section 5. We then consider the
general case. In Subsection 3.7, we prove that for a generic GV-oper x on a
curve of genus g > 1, the Zariski closure M, of the image of its monodromy
representation is equal to G. We also show if GV is connected simple group
of adjoint type, then for any GY-oper x, the group M, is a connected sim-
ple subgroup of GV that contains a principal PG Ly subgroup of GV. This
allows us to elucidate the conjectural formula for the eigenvalues of the Hecke
operators presented in [EFK2], Conjecture 5.1 (see Subsection 3.8). We also
use these results in Subsection 3.9 to describe an analogue of the Langlands
functoriality principle in the analytic Langlands correspondence over C and
show that it is compatible with the results and conjectures of [EFK2].

5. We describe several settings of the Gaudin model in terms of the ana-
lytic Langlands correspondence, enabling us to describe the spectrum of the
commuting Gaudin Hamiltonians. In particular, we reinterpret the known
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description of the spectrum of the Gaudin Hamiltonians in the case of the
tensor product of finite-dimensional representations in terms of monodromy-
free opers [F2, R] as a special case of real analytic Langlands correspondence.
Namely, we use our results in the “quaternionic” real case discussed in Sub-
section 4.7 to obtain this description of the spectrum. We also explain the
connection to the Bethe Ansatz method of diagonalization of these Hamilto-
nians.

Our interpretation of the Gaudin model in terms of the analytic Langlands
correspondence allows us to extend it to a more general setting in which
the space of states is infinite-dimensional and the traditional Bethe Ansatz
methods do not apply; for example, the tensor product of unitary principal
series representations.

In all of these cases, the key new element is the existence of the Hecke
operators commuting with the Gaudin Hamiltonians and the fact that they
satisfy differential equations (the universal oper equations), which can be used
to describe the analytic properties of the GV-opers encoding the possible joint
eigenvalues of the Gaudin Hamiltonians. We show that the Hecke operators
in this setting are closely related to the analogue of the Baxter ()-operator in
the Gaudin model. We use this relation to discuss a possible g-deformation
of the analytic Langlands correspondence, where the role of Hecke operators
is played by Baxter’s Q-operators of the XXZ model (and its generalization
from SLs to a general simple complex Lie group).

We note that some results on the spectra of the Gaudin Hamiltonians for
SLs in the real case were obtained in [NRS] from the point of view of N = 2
SUSY 4d gauge theory (see also [JLN]). It would be interesting to see if there
is a connection between their results and ours.

1.3. Structure of the paper

The structure of the paper is as follows.

In Section 2 we give an informal description of the general framework
for the analytic Langlands correspondence over an arbitrary local field F'.
We start with reviewing the theory of forms of reductive groups, especially
over non-archimedean local fields (the Kneser-Bruhat-Tits theory). Then we
explain that in the unramified case the appropriate moduli space of F-rational
G-bundles is determined by an inner class C(s) of G over F, s €
HY(F,0ut G). We also explain that every such bundle P and a geometric
point = of X defines an F-form G¢ of G over the field E, of definition of
z in C(s). Thus in the tamely ramified case (¢ = 1) with ramification divi-
sor D C X, the input data of the theory is a choice, for each t € D, of a
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form G” of G over E; in C(s) and a unitary representation V' of G?(E;). For
such input data, we define Hecke operators on the L? space of the moduli
space of F-rational G-bundles, pose the spectral problem for them, consider
various examples and present several conjectures that we’ve proved in some
interesting special cases.

In Section 3 we discuss the case F' = C. We start by reviewing the results
and conjectures of [EFK1, EFK2, EFK3] on parametrizing the spectrum %
of Hecke and quantum Hitchin Hamiltonians by real opers on the Riemann
surface X (C). Next, we consider the differential equations satisfied by the
Hecke operators Hy, in various cases: G = PG Ly and X = P! with parabolic
structures at finitely many points in Subsection 3.3 (recalling and generaliz-
ing the results of [EFK3]); G = PGL,, X of genus g > 1, and A = w; in
Subsection 3.4 (recalling the results of [EFK2]); a generalization of the latter
case to an arbitrary principal A in Subsection 3.6; and the general case in
Subsections 3.5 and 3.8. In Subsection 3.7 we describe the Zariski closures
of the monodromy representations of G'V-opers in the case that GV is a con-
nected simple group of adjoint type and g > 1. In particular, we show that
the monodromy of a generic GY-oper is dense in GV. We use this in Subsec-
tion 3.8 to elucidate some results of [EFK2] and in Subsection 3.9 to describe
an analogue of the Langlands functoriality principle in the analytic Langlands
correspondence. In Subsection 3.10 we discuss the twists by Z(G)-gerbes and
by Aut G-torsors on X. We also consider the twists by unitary representa-
tions at ramification points for G = PGLo. For all these twists, we describe
(conjecturally) the set of opers parametrizing X.

In Section 4, we consider the case F' = R. In this case the curve X is
a Riemann surface with an antiholomorphic involution 7. We first assume
that 7 has no fixed points on X (i.e., X(R) = )) and review the conjectures
from [GW], Section 6 on the opers that are expected to label the eigenspaces
of Hecke operators. We also show following [W] that these conjectures hold
for G = GL;. Then we proceed to the general case, when X (R) may be
nonempty, discussed in [GW], Subsection 6.3. This case is more complicated
since it involves boundary conditions for oper solutions on the ovals of X (R).
We describe what happens for G = G L1, and then propose a conjectural real-
ity condition for spectral opers for G = S L. In this case, we have two forms
of G (both inner) — the split form and the compact form, giving rise to two
types of ovals — real and quaternionic, respectively. We propose the boundary
conditions for spectral opers on both real and quaternionic ovals. We also ex-
plain what happens in presence of ramification points, and in the case X = P!
with the usual real structure and all ramification points real, we recover the
description of spectral opers from [EFK3], Subsection 4.7 (“balanced” opers).
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Finally, in Section 5 we interpret the Gaudin model and its generalization
in terms of the analytic Langlands correspondence. In particular, for G = S Lo,
we derive the description of the spectrum of the Gaudin Hamiltonians in terms
of monodromy-free PG Ly-opers [F2, R| from a special case of the analytic
Langlands correspondence over R (namely, for the compact form of SLs(C)).
We give a description of the spectrum of the Gaudin Hamiltonians on the
tensor product of representations of the unitary principal series of SLa(R)
in terms of balanced PG Ls-opers. We also discuss a g-deformation of the
analytic Langlands correspondence in genus 0 and its connection with Bethe
Ansatz method for the XXZ model (a g-deformation of the Gaudin model).

2. Analytic Langlands correspondence over a general local
field

2.1. Varieties over arbitrary fields

Let L be a separably closed field and X be an algebraic variety defined over L.
Since X is reduced, X (L) = X (L), where L D L is an algebraic closure of L;
in particular, X (L) # (). For v € Aut L, let X be the twist of X by ~. Thus
X (L) ="X(L) and the structure sheaf of "X is obtained from the one of X
by twisting the scalar multiplication by ~.

Now let F' be any field. Let Fy., be a separable closure of F" and for a field
extension F' C E C Fiep, I'p := Gal(Fip/E) be the absolute Galois group
of F.

Let X be a variety defined over F. Let 7(v) : "X — X, v € I'p, be the
collection of isomorphisms defining the F-structure on X. This defines an
action

7= (1) £ X (Faop) = X (Fiep)

of I'r on X (Fyp), and the set X (E) of E-points of X is the fixed point set
of 'g CI'p on X (Fyep).

Let 2 € X (Fyep) be a point with stabilizer I'; C I'r. We will call the field
E = FSI;E the field of definition of z; thus I', = I'g.! Let Xg C X (Fiep)

be the subset of points with field of definition E. Then X (E) is the disjoint
union of Xx over all F C K C E.

INote that the field of definition E of a point x is not just an abstract field
extension of F', but rather a subfield of Fy, containing F'; so if fields of definition
of two points are not Galois then they may be distinct but nevertheless isomorphic.
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Example 2.1. Let F = R, then Fyp = F = C and I'r = Z/2. An R-
structure on X is given by an antiholomorphic involution 7 : X(C) — X(C).
Furthermore, the real locus Xg = X(R) = X(C)7 is just the set of fixed
points of 7 on X (C), and X¢ = X(C) \ X(R).

2.2. Forms of reductive groups

Let G be a split connected reductive algebraic group over Z corresponding to
a polarized root datum Ag. In particular, this means that we fix a positive
Borel subgroup B C G and a maximal torus T C B. Let G,q be the corre-
sponding adjoint group. For any field E let Aut G(E) := Aut Ag X Gaq(E);
here Aut Ag = Out G is the group of outer automorphisms of G.2 This group
acts on G(K) for any field extension K of E.

Let F' be a field whose characteristic is either zero or coprime to the
determinant of the Cartan matrix of G.3

The classification of forms of G over F' is as described in Subsection 2.1,
except that unlike the case of general varieties, we already have a distinguished
F-form of G (the split form) defining an action g — v(g) of I'r on G(Fip),
so we can describe all F-forms of G by counting from this form, in terms
of Galois cohomology. Namely, forms of G over F' are parametrized by the
(continuous) Galois cohomology H'(T'g, Aut G(Fyep)) ([S]). Specifically, let
0:I'r — Aut G(Fyp) be a 1-cocycle, i.e.,

0(m1v2) = 0(71) 0 11(60(72))-
Then we have an action 0 = 0y of I'p on G(Fiep) given by
a(y) =0(v) e,
and conversely, an action o of I'z such that for v € I'p, 0,(7) := o(y)oy~! €
Aut G(Fiep) gives rise to a 1-cocycle 8 = 6,. The form G of G corresponding

to o (or ) is defined by its functor of points

G (A) = G(A®F Fup)'"

2The group Aut Ag may be infinite, for example if G is an n-dimensional torus
then Aut Ag¢ = GL,(Z). Thus Aut G is not an algebraic group, in general. More
specifically, it is an algebraic group iff the center of G has dimension < 1 (e.g., for
G = GL,, or G semisimple). But this is not important for our considerations.
3This assumption is not essential and is made to simplify the exposition.
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for any commutative F-algebra A. In particular, for any field extension F' C
E C Fyp, G7(E) is the subgroup of fixed points of o(I'g). In other words,
G7(E) is the group of elements of G(Fgp) satisfying the equation

Y(g) =6(7)""(9)

for all v € I'g.

For example, if o = 1 then G = G, the split form of G.

Moreover, if an element a € Aut G(Fip) transforms a 1-cocycle §,, into
a l-cocycle 6,, then it canonically defines an isomorphism x(a) : G — G2
such that for any b transforming 6,, into 6,, we have x(ba) = x(b) o x(a).
In other words, denoting by A = A(F, ) the groupoid whose objects are
1-cocycles 6 : I'r — Aut G(Fsep) and morphisms from 6 to 6" are elements
a € Aut G(Fyep) such that ¢'(y) = af()y(a)~!, we obtain a functor 6, — G°
from A to the category of algebraic F-groups. In particular, G° depends only
on the cohomology class [f,] up to isomorphism.

Since the sequence

(2.1) 1 = Gad(Fsep) = AUt G(Fiep) = Aut Ag — 1

splits, it defines a short exact sequence of pointed sets

(2.2)
1= HY(Tp, Gaa(Fuep)) — H (T, Aut G(Fuep)) — HY(Tp, Aut Ag) — 1,

where H'(T'p, Aut Ag) = Hom(I'g, Aut Ag)/conjugation (note that T'r acts
trivially on Ag since we start with the split form). In other words, the second
map in (2.2) is injective and its image coincides with the kernel (i.e., the
preimage of 1) of the third map, which is surjective.

Recall that a form G is called inner if [0,] € HY(T'p, Gaa(Fiep)), i-e., if
it projects to 1 € HY(I'r, Aut Ag). The inner class of G7 is the collection
C(o) of all forms G of G such that [#,] and [#,] map to the same element
of HY(I'r, Aut Ag). Thus inner classes are labeled by conjugacy classes [s] of
homomorphisms s : 'y — Aut Ag. For example, C(1) (the inner class of the
split form) consists of all the inner forms of G.

Note that since the sequence (2.1) is canonically split, so is the sequence
(2.2). Thus for every s € Hom(I'p, Aut Ag) the inner class C'(s) has a canon-
ical representative called the quasi-split form of G in C(s) and denoted by
G?; this is the only form of G in C(s) which has an F-rational Borel sub-
group. For example, the quasi-split inner form is the split form. By (2.2),
this implies that each inner class C(s) can be canonically identified with
HY(T g, G54(Fsep)) (with the action of I'x defined by s).
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2.3. Forms of reductive groups over a local field

Now let F' be a non-archimedean local field. We recall the theory of forms of
reductive groups over F'. We start with two classical theorems.

Theorem 2.2 (Kneser, Bruhat-Tits, [BT], 4.7). For a simply connected
semisimple group G over F, one has H*(Tp, G(Fyp)) = 1.

Theorem 2.3 (Tate duality for Galois cohomology, [S], I11.5.2, Theorem 2).
Let A be a finite I' p-module of order prime to char(F') and A* := Hom(A, G,,).
Then for 0 <i <2, H(Tg, A) is finite and we have a canonical isomorphism

H'(p, A) = Hom(H*™"(Tp, A*),Q/Z).
In particular, taking i = 2, we get H?(I'p, A) = Hom((A*)'r,Q/Z) =
A(—=1)r,, the coinvariants of I'r in the negative Tate twist A(—1) of A.

Corollary 2.4. Let G* be a simply connected quasi-split semisimple group
over F, G54 the corresponding adjoint group, and Z°(Fyp) the center of
G*(Fyep) regarded as a I p-module (with action defined by s). Then there is a
natural inclusion

H'(Tp, Gaa(Fsep)) = Z°(Feep) (= 1)1y

Proof. By Theorem 2.2 and the “long” exact sequence of Galois cohomology,
we have an embedding & : HY(Tp, G5y (Faep)) < H?*(Tr, Z5(Fyep)), so the
result follows from Theorem 2.3, using that p does not divide the determinant
of the Cartan matrix of G. O

In fact, there is an even stronger result:
Corollary 2.5. The map of Corollary 2.4 is an isomorphism.

Proof. 1t is known ([K], [T]) that the map of Corollary 2.4 is surjective, so
the result follows. O

Thus we obtain the following corollary. Let GZ. be the universal cover
of G34.

Corollary 2.6. Let G be a split connected reductive group and suppose s €
Hom(I'p, Aut Ag). Then the inner class C(s) is naturally identified with the
group Z*(Fyep)(—1)r,, where Z° is the center of Gg,.

Thus we get
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Proposition 2.7. Over any local field, every inner class of a split connected
reductive group G is finite.*

Proof. Recall that if F' = R then we have the well known Cartan classification
of forms of G over F'. This implies the proposition in the archimedean case.
In the non-archimedean case the proposition follows from Corollary 2.6. [

Example 2.8. Let G = SL,, and char(F') be coprime to n.

(1) The split inner class. In this case, Z°* = u,. Thus by Corollary 2.6,
forms in this class are parametrized by Z/n. Namely, we identify Z/n with
177 Cc QJZ = Br(F). Thus every m € Z/n (represented by an integer in
[1,7]) gives rise to a central division algebra D,, over F of dimension (n/m)?,
and the corresponding form G is SLy, /. p,, (i.€., G7(E) = SLy,/m(E®F Dyy,)
for a field extension F D F).

(2) The non-split inner class Cy, attached to a separable quadratic field
extension L of F' (n > 3). The quadratic extension defines a character
xr @ I'r — =£1, which gives rise to an action of I'x on Z; we denote this
module by Zy,. Then Z° = p,, ®zZp,, so the inner class Cf, is parametrized by
(Z,/n)r,, which is trivial if n is odd and Z/2 if n is even. Thus we should ex-
pect the quasi-split form and also an additional form for even n. And indeed,
this is the case: these forms are the corresponding special unitary groups.
Namely, recall that if N : L* — F* is the norm map then |F'*/N(L*)| = 2.
Thus we have two equivalence classes of nondegenerate Hermitian forms on
L™ up to isomorphism — B, whose determinant is a norm and B_ whose de-
terminant is not. So we have the corresponding special unitary groups 5 U; L
and SU,, | (namely, SUiL(E) = SUZ(E ®p L) for a field extension E D F).
However, if n is odd then for any non-norm a € F*, the forms aB_ and B,
are equivalent, so these two groups are isomorphic.

We note that SU;;, = SLyp, and SU; , = SLy (for any L).

Remark 2.9. If char(F) = 0 then F' has finitely many extensions of every
fixed degree. Thus for any finite group I', there are finitely many homomor-
phisms I'p — T'. Also by a theorem of Jordan and Zassenhaus, for each n there
are finitely many finite subgroups of G L, (Z) up to isomorphism, so the num-
ber of homomorphisms I'y — GL,(Z) (i.e., of F-forms of the n-dimensional
torus) is finite. It follows that the number of inner classes over F' of any split
connected reductive group is finite as well.

4We have shown this when char(F’) does not divide the determinant of the Cartan
matrix of F, but this assumption is, in fact, unnecessary.
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This is, however, false in positive characteristic p > 0, as in this case
|Hom(I'r, Z/p)| = co. For example, for p = 2 there are infinitely many sepa-
rable quadratic extensions of F', so there are infinitely many inner classes of
S L, for n > 3. But this is not going to matter for us here.

Finally, we have
Proposition 2.10. Let T' be an abelian reductive group over F. Then

(i) there exists a finite subgroup R C H'(U'p, T(Fuep)) such that the quotient
HYTp,T(Fwp))/R embeds into H'(Tp, (T/T0)(Fuep)), where Ty is the
identity component of T;

(ii) If char(F) is coprime to the order of T/Ty then H(Tp,T(Fiep)) is
finite.

Proof. By Theorem 2.3, (ii) follows from (i), so it remains to prove (i).
We have an exact sequence

Hl(FFa TO(Fscp)) — Hl(FFa T(FSCP)) — Hl(FFv (T/TO)(FSCP))

Thus it suffices to prove (i) when T' = Tj is connected (a torus), i.e., to show
that in this case H'(T'p, T'(Fiep)) is finite. Let T'r C I'p be the kernel of the
action of I'p on T'. Then we have the inflation-restriction exact sequence

0= HYTp/Tg, T(E)) = H'(Tr, T(Fyp)) — HY(Tg, T(Fyep)) #/12.
By Hilbert Theorem 90, the last term vanishes, so
HI(FFa T(Fsep)) = Hl(FF/FE> T(E))

But the group H'(I'r/T'g, T(E)) has exponent dividing N = [E : F], so it is
finite. This implies the result. O

2.4. Principal G-bundles

Let F, Fyep, I'r be as above, X be an algebraic F-variety, and G an algebraic
F-group. We denote by Bung(X) the F-stack of principal G-bundles on X.
Then I'p acts on the set Bung(X)(Fiep). If a G-bundle P € Bung(X)(Fyep)
is defined by transition functions g¢;; : U; N U; — G where {U;} is an open
cover of X, and v € I'p, then we can define the G-bundle P by the transition
functions gj; : U] NU] — G. Tt is clear that this definition is independent on
choices and gives rise to an action of I'r on Bung(X)(Fsep)-
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Now let us write this definition slightly more explicitly. Let 8 : I'p —
Aut G(Fiep) be a 1-cocycle, () := 0(7) o v be the corresponding action of
I'r, and G be the form of G over F' defined by o. Also let 7 be the natural
action of I'p on X (Fiep) (the F-structure on X'). Then given a principal G-
bundle P on X defined over Fgp, we have the G?-bundle P? = (o, 7)(y)P

with transition functions gzj = 95;’7’7) given by
g™ =o(y) o gyoT(r) 7

Let Bung (X, 7) := Bung(X)(Fiep)' ™ be the set of fixed points of this action
of FF

Now suppose that G is a split connected reductive group over Z. If h :
I'r = G94(Fsep) is a 1-cocycle then

ho,T, o,T,
957" = h(z) 0 g7 ™.

Hence h(7y) defines a canonical isomorphism (ho,7)(y)P = (o,7)(7)P. In
other words, (o, 7)(y) depends only on the inner class C(o) of o, ie. on
s € Hom(I'g, Aut A¢) such that C(o) = C(s). Thus (o,7)(7) = (s,7)(7) for
all v and Bung (X, 7) = Bung ¢(X, 7).

2.5. Moduli of G-bundles on a smooth projective curve

Let X be a smooth irreducible projective curve of genus g > 2 over F'. In this
case we have a notion of a regularly stable principal G-bundle on X, which
is a stable bundle whose group of automorphisms is the minimal possible, i.e.,
reduces to the center Z of G.

The set Bung (X )(Fsep) C Bung(X)(Fsep) of regularly stable bundles is
the set of Fyep-points of a smooth algebraic variety Bung,(X) of dimension
(g — 1) dim G defined over F' (this is, in fact, the underlying variety of a stack
which is the quotient of a variety by the trivial action of Z). Moreover, every
pair (s, 7) defines a form Bung(X)s - of this variety.

Let

Bung (X, 7) := Bung/(X),,(F) C Bung (X, 7)
be the subset of isomorphism classes of regularly stable bundles.

Define a pseudo-F-structure on P € Bung (X, 7) to be a collection of
isomorphisms

A(y): (s,7)(v)P — P, vy € 'p.
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Such a data defines a 2-cocycle @ = a4 on I'p with coefficients in Z°(Fyp)
such that

(2.3) A(nr2) = Al © (5, 7)(11)(A(72)) © aly1, 72)-

We will say that a pseudo-F-structure A is an F-structure if a4 = 1.

Any two pseudo-F-structures A, A’ on P differ by a 1-cochain ¢ : I'p —
Z%(Fuep), and aa/aa = de. Thus the class [aa] € H*(I'p, Z5(Fyep)) does not
depend on A and only depends on P, so we’ll denote it by ap. So we obtain

Lemma 2.11. We have a decomposition
BHDCC);7S(X, ’7') = UaEHz(FF,ZS(Fsep)) BHHE7S7Q(X, 7'),

where Bung, ; (X, 7) is the subset of P with ap = a.

In fact, it is more natural to consider a Galois covering of Bung, ; (X, 7)
which keeps track of the isomorphism A. To this end, fix a 2-cocycle a rep-
resenting «. Then for a principal bundle P € Bung, ,(X,7) a solution A
of (2.3) is unique up to multiplication by a 1-cocycle ¢ : I'p — Z°(Fp). On
the other hand, if ¢ is a coboundary then A and cA are equivalent by an
element of Z(Fyp). Thus the set of solutions A of (2.3) up to isomorphism is
a torsor over H'(Up, Z%(Fyp)). In other words, the set Bung, , ,(X, 7) of iso-
morphism classes of pseudo-F-structures (P, A) satisfying (2.3) with a4 = a
is a H'(Pp, Z*(Fip))-torsor over Bung, , (X, 7).

Furthermore, if [a] = [a/] = a and a/a’ = dc then multiplication by the
I-cochain c¢ defines a bijection v, : Bung , (X, 7) = Bung (X, 7) which
depends on ¢ only up to coboundaries, and if ¢ is a 1-cocycle (so a = @), this
recovers the action of H'(I'p, Z%(Fsep)) on the fibers of the projection

BunOG’S,a(X, T) — Bunasya(X, 7).

In other words, for any « we may consider the groupoid H, whose objects
are 2-cocycles a with [a] = o and morphisms are Hom(a,a’) = {c¢ : a/d’ =
dc} with composition defined by addition. Then canonically we have an H,-
set Bung (X, 7) (a functor H, — Sets), which is the collection of sets
Bung; , (X, 7),[a] = a with an action of the groupoid H,.

2.6. The form of G attached to a principal bundle and a point

Now let € X(Fyp) be a point with field of definition E and stabilizer
[, =Tp C I'r. Let P € Bung ((X,7) and P, be the fiber of P at x. Fix
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a pseudo-F-structure A on P. Then for v € I'p we have an isomorphism
A(v) : P, — P,. By (2.3), if we identify P, with G, we obtain a 1-cocycle
0 : 'y = G54(Fiep); indeed, the ax-factor goes away upon projection to the
adjoint group. Moreover, this cocycle is independent on the choice of A, since
two different choices differ by a central element of G which maps to 1 in Gaq.

When we change the identification P, = G by g € G(Fgp), the cocycle 6
changes by the coboundary dg, so we obtain a well defined cohomology class
[0] € H'(Tg, G24(Fip)). This class defines an action 0 = gy of 'z on G(Fyep).
Thus we get

Proposition 2.12. The above procedure assigns to a bundle P € Bun, (X, 7)
and a point v € X (Fyep) with field of definition E, an E-form G° of G in the
inner class Cg(s).

Moreover, the connecting homomorphism
g : HI(FE7 ng(FSEP)) - HQ(FE7 ZS(FSep))

maps [0] to ap|r,. It follows that if X(E) # () then ap|r, comes from an
element of H*(Tg, Z§(Fsep)), where Zo := Z N [G, G].

Example 2.13. Let G = G,,, s = 1 (the split 1-dimensional torus). Then
H*(Tp, Z*(Fuep)) = H* (T, Fg,)) = Br(F),

the Brauer group of F. However, if X(F) # () and a € Br(F) is such that
Bung , (X, 7) # 0 then the image of o in Br(E) is trivial, i.e., the central
division F-algebra D, splits over E. Thus, assuming that F is a Galois ex-
tension of F', we get that a belongs to Br(E/F) := H*(Gal(E/F), EX,), the
relative Brauer group which is a finite subgroup of Br(F).

Thus all components Bung; , (X, 7) are empty except finitely many. It is
not hard to show that the same is true in general.

2.7. Principal bundles on curves over a local field

Now let F' be a local field. Then Bung, ; (X, 7) is an analytic F-manifold of
dimension (g — 1) dim G. Thus by Proposition 2.10, for any a with [a] = a,
Bung; , (X, 7) is also an analytic manifold of this dimension (as it is a finite
covering of Bung , (X, 7)). Note that these manifolds are non-empty for
a =1 even if X(F) =0 (although they might be empty for some a # 1).

Let E/F be a finite extension and Xp C X (Fgp) be the subset of points
with field of definition equal to E. Then Xp is an open subset of X (E), hence
a l-dimensional analytic F-manifold.



A general framework for the analytic Langlands correspondence 321

Corollary 2.14. If F' is non-archimedean and P € Bung (X, ) then the
E-form G° of G in the class Cg(s) attached to P and x € Xp in Subsec-
tion 2.6 is independent on x.

Proof. By Theorem 2.2 the map ¢ is injective. Thus there exists a unique 6
up to coboundaries such that {([f]) = a, and we have o = 0y. O

However, for F' = R, Corollary 2.14 is not true (even for G = SLs). In
this case X (R) = X is a union of ovals, and the form G? attached to a given
bundle P and z € X (R) is only locally constant in z, i.e., may depend on
the oval to which x belongs. This leads to interesting topological phenomena
described in Subsection 4.4 below.

2.8. Hecke operators

As before, let F' be a local field and a a 2-cocycle such that [a] = «. Consider
the Hilbert space

H(S, T, a) = L2 (BunoG,s,a(X7 T))

of square-integrable half-densities on the analytic F-manifold Bung,  ,(X, 7).
The collection of Hilbert spaces H(s, 7, a), [a] = « is an H,-Hilbert space (uni-
tary representation of the groupoid H,) which we will denote by H(s, 7, ).
We have a decomposition

H(s, 7, o) = B H(s, T, 0, X),
where H(s, T, a, x) is the isotypic component of the character
X H' (g, Z°(Fep)) — C*.

Note that H(s, 7, a, x) is a well defined Hilbert space up to scaling by a phase
factor. Namely, it is canonically isomorphic up to a phase factor to the space
L*(Bung, ,(X,7), Ly) of half-densities with values in Ly, where £, is the
complex line bundle over Bung, ; (X, 7) associated to the principal bundle
Bung ; (X, 7) — Bung ; (X, 7) via the character x (namely, the line bundle
L, is independent of a up to scaling by a phase factor).

We would like to define the action of commuting Hecke operators on
H(s,7,a) and to find the joint spectral decomposition of the algebra gen-
erated by these operators, see [EFK2]. In more down-to-earth terms, these
should be operators on the Hilbert space H(s, 7, a) for any fixed choice of the
representative a of o which commute with the action of H(I'g, Z%(Fsep)),
i.e., preserve the spaces H(s, T, a,x). We view the eigenfunctions of these
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operators as the automorphic forms in the setting of the analytic Langlands
correspondence.

The Hecke operators are defined as follows. Let A be the coweight lattice
of G and A € AT be a dominant coweight. Then we define a variety Z, called
the (regularly stable) Hecke correspondence equipped with a map

(p1,p2,4) : Zx — Bung(X)* x X,

see [BD1]. Namely, Z, consists of triples T = (P, P, z) where Py, P, €
Bung (X)) are principal G-bundles on X which are identified outside x and are
in relative position A at x (see [EFK2], p.4), and p;(T") = P;, q(T) = z. For x €
X(F) let Z5 5.7 be the set of pairs (Pi, P») such that (P, Py, z) € Z)(Fep)
and P, P, are F-rational with respect to (s, 7), i.e., belong to Bung s(X, 7).
It is easy to see that if (P, P;) € 2., then ap, = ap,. Thus we may
“define” the Hecke operator H; y on H(s, 7, a) by the formula

(Hoat)P)= [ 5(@]dQl.

Z)\,S,T,J’,‘(P)

where Z) s - +(P) :={Q : (P,Q) € 2\ 5,,} and dQ is an appropriate canoni-
cally defined algebraic volume element introduced by Beilinson and Drinfeld
in [BD1], see also [EFK2], Theorem 1.1. If (A, pg) € Z + %, where pg is the
half-sum of positive roots of GG, then d@ depends on a choice of a spin struc-
ture on X, but in any case ||d@|| is independent of choices. Thus the domain
of integration Z) s - (P) is (non-canonically) isomorphic to the set Gr)c‘;yg(F )
of fixed points of the cell Grg in the affine Grassmannian Grg over Fyep, un-
der the I'p-action corresponding to the F-form G of G defined by (P, x)
([EFK2], Introduction and Section 5). The element d@ is a —(\, pg)-form
on X, thus the family of operators {H, x,z € X(F)} is an operator-valued
—(A, pe)-density on X (F').

The word “define” is in quotation marks because we can prove the conver-
gence of these integrals only in some special cases. However, we expect that if
¥ is a smooth function (locally constant in the non-archimedean case) com-
pactly supported in the locus of sufficiently generic bundles then the integral
H, 1) is convergent and defines a function whose restriction to the open dense
subset of very stable® bundles is smooth. This is indeed easy to see when

5For 25,7,z 10 be non-empty, A must be invariant under the action of I'r on
Ag via s.

6A G-bundle P on X is said to be very stable if it does not admit a nonzero
nilpotent Higgs field, i.e. a section of Q!(X,ad P) taking values in the nilpotent
cone of LieG. It is known that very stable bundles are stable and form a dense
open set in the variety of stable bundles, see [Z] and references therein.
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the genus g is big with respect to A, so that the codimension of the unstable
locus in the moduli stack of G-bundles is bigger than dim Grg, = 2(\, pa).

This makes the operator H, \ at least densely defined on H(s, 7, ), al-
though it is not obvious that it lands in H(s, 7, ). We have conjectured in
[EFK2, EFK3] (see also [BK2]) that in fact it does, and moreover it extends
to a bounded operator which is norm-continuous in z (see Conjecture 2.16
below).

If so, then one can show that the operators H, » are normal (with H;/\ =
H, ), commute for different z and A (as Hecke modifications at different
points are done independently), and

Hx,/\l Hm,)\g = Hx7>\1+>\2 .

2.9. Hecke operators for effective divisors with coefficients in the
coweight lattice

It is possible that X(F) = 0, then there are no x € X(F), so we cannot
define the operators H, ). But we can make a generalization.” Namely, let
M(X,G) be the set of I'p-invariant (for the action defined by s) functions
p: X (Fsep) — AT with finite support (i.e., effective divisors with coefficients
in A). The set M(X,G) is a commutative monoid graded by A*: the degree
|pe| is the sum of all values of p. Let M (X, G)[A] be the part of M(X,G) of
degree A € A™.

For n € M(X,G), let Z,,, be the set of pairs (P, P») of F-rational
bundles which are identified outside supp p and are in relative position p(x)
at each point x € supp . Then we can define the Hecke operator

Ha)P)= [ w(@ ]l

where Z,,-(P) = {Q:(P,Q) € Z,,}. For example, if + € X(F) and
p = A0z then H, = H, ).
The set M (X, G)[]] is the direct limit of subsets

M(X, G, E)[A] = {n € M(X,G)[Al|supp p C X(E)}

over finite Galois extensions F' C E C Fgp. Note that M (X, G, E)[)] has a
natural topology induced by the topology of F', so we have the topology of

"In the case of X = P! with ramification points and G = PG Ly, this generaliza-
tion is discussed in [EFK3], Subsection 3.12.
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direct limit on M (X, G)[)] for each A, hence on M (X, G). We expect that
the operator H,, is norm-continuous with respect to x in this topology.

Moreover, let z € Xp for a finite extension F' C E C Fyp and p, =
>verprp V(A0z) for some TI'p-invariant coweight A € A*. Then H,, is an
operator-valued —(\, pg)-density on the 1-dimensional analytic E-manifold
Xg.

These operators are expected to have similar properties to H, ) for x €
X(F) (bounded, normal with H;L = Hy,-, H, H,, = Hy +,,), except that
they always exist, as X (Fyep) # 0.

Remark 2.15. Let C be a finite central subgroup of G defined over F' (for
example, we can take C' = Z if G is semisimple). Then in genus zero the
Hecke operators H, make sense more generally, when p € M(X,G/C)[\]
with A € Ay.

2.10. The spectral decomposition

As we have mentioned, the main problem of the analytic Langlands corre-
spondence is to describe the joint spectral decomposition of the Hecke oper-
ators H,,.

The following conjecture was made in [EFK2] (see Conjecture 1.2 and
Corollary 1.3).

Conjecture 2.16. If G is semisimple and p is nonzero on every simple factor
then the operator H, is compact, and the intersection of the kernels of H,
(for various p) is zero. Thus the spectrum of {H,} is discrete, i.e., we have
an orthogonal decomposition

H(s, T,a) = ®pH(s, T, ),
where H(s, 7, o)), are finite dimensional joint eigenspaces.

2.11. The abelian case

Consider the abelian case, i.e., G = G, is a torus. Then an inner class (or,
equivalently, an F-form) of G is defined by a homomorphism with finite image
s: ' — GL,(Z), and all bundles are stable with the automorphism group
G = Z. Thus Bung, ((X, 7) is the group Pic(X)"(Fiep)'" where T'p acts via
(s,7). We have a homomorphism

Y PiC(X)n(Fsep)FF — HQ(FF7 Zs(Fsep))y
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so we may consider the fibers
PiC(X)n(Fsep)gp = Sp_l(a)v

and
H(s, 7, ,x) = L*(Pic(X)" (Fep)a’ Ly)-

The Hecke operators act by translations. Thus the spectral decomposition
in this case is just the decomposition of L?(Pic(X)™(Fiep)LF, Ly) into the
characters of some finite index subgroup of Pic(X)™(Fep)p” = Ker .

The group Pic(X)"(Fuep)'* is isomorphic (albeit non-canonically) to the
product of the compact group Pico(X)"(Fiep)' and a lattice. So the prob-
lem boils down to finding the character group of Pico(X)"(Fiep)'#. In the
archimedean case, this reduces to classical Fourier analysis, so let us consider

the non-archimedean case.

Example 2.17. Suppose n = 1,s = 1 and char(F) = 0, so that F is an
extension of Q, of some degree m. Then we need to describe the character
group of J(F') where J := Picg(X). Let Op be the ring of integers in F,
m C Op the maximal ideal, and F; = Op/m the residue field of characteristic
p. Suppose that X has a good reduction Xy over [F,. In this case by Hensel’s
lemma, J(F) = J(Op) and thus we have a short exact sequence

0— J(m) = J(F)— J(F,;) =0,
which implies that we have a short exact sequence of character groups
0— J(F,)" — J(F)” — J(m)" — 0.

The group J(m) is the formal Lie group attached to J over Op, which is a
finitely generated Z,-module of rank mg. So it has a (non-canonical) decom-
position

J(m) = Tors(J(m)) © Z,'®,

where Tors(.JJ(m)) is a finite abelian p-group whose exact structure depends
on the arithmetic of F' and X. Thus

J(m)" = Tors(J(m))" & (Q,/Z,)".

On the other hand, the group J(IF,)" can be described as usual through global
class field theory of the function field F,(Xo).
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Remark 2.18. In general, recall that G is isogenous to a product of a torus
and a semisimple group. Thus the problem of computing the spectrum of
Hecke operators for a general G effectively reduces to the case of semisimple
G, once the abelian case has been understood.

2.12. The archimedean case

Consider now the case when F' = R or F' = C. In this case we have the quan-
tum Hitchin system of Beilinson and Drinfeld ([BD1]). This is a commu-
tative algebra D consisting of global differential operators acting on a square
root of the canonical bundle on Bung(X), which is naturally isomorphic to
the algebra of polynomial functions on the affine space Op,v of Beilinson-
Drinfeld opers for the Langlands dual Lie algebra g¥ of g = LieG. The
algebra D acts by unbounded (i.e., densely defined) operators on H(s, T, a),
namely, on the subspace of smooth half-densities with compact support. More-
over, for F' = C there is a similar action of the complex conjugate algebra D
which commutes with D, so we get an action of A := D ® D.

Furthermore, these algebras commute in an algebraic sense with Hecke
operators, i.e., the Schwartz kernels of the Hecke operators satisfy appropriate
differential equations, see [EFK2].® It is moreover expected that they commute
in a stronger, analytic sense. Namely, we conjecture that the operators from
D (and in the complex case, D) have canonical normal extensions which
strongly commute with each other and with Hecke operators, thereby having
a common spectral decomposition.

2.13. The Schwartz space

Let G be a semisimple group.

1. Assume first that I’ is a non-archimedean local field. Let ¢ be a locally
constant L,-valued half-density on Bung , ,(X,7) supported at sufficiently
generic bundles. We conjecture that the space S(¢) generated by ¢ under the
action of Hecke operators is finite dimensional. Then S(¢) a direct sum of
eigenspaces of Hecke operators.” So we may consider the Schwartz space

8More precisely, these differential equations are proved in [EFK2] for F = C,
but the same argument applies to F' = R, except that we get just a single equation
rather than two complex conjugate equations.

9Since the action of Hecke operators on these finite dimensional spaces is given
by matrices with algebraic entries, this would imply that all eigenvalues of Hecke
operators are algebraic numbers, as conjectured by Kontsevich in [Ko], p. 19.
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S(s, 7,0, x) = >, S(¢). Equivalently, S(s, 7, @, x) is the space of smooth (=fi-
nite) vectors in H(s, 7, a, x), or the algebraic direct sum of joint eigenspaces
of Hecke operators.

2. Now assume that F is archimedean. For A € (AT)' let Hy C H
be the (algebraic) sum of the images of H, with || = A. Then we define
the Schwartz space S(s,7,«,x) C H(s,T,a,x) to be the intersection of
Hy over all X; thus unlike the non-archimedean case, the Schwartz space
is no longer countably dimensional, but it has a natural Fréchet topology
defined by a collection of seminorms in which it is complete. It is clear that
all eigenfunctions of Hecke operators belong to S(s, 7, @, x).

Moreover, we expect that the Schwartz space S(s,7,«) is the intersec-
tion of domains of the operators from D. In other words, it is the space of
square integrable half-densities whose Fourier coefficients ¢y with respect to
an orthonormal eigenbasis 1 of the algebra D decay rapidly (faster than any
polynomial) as a function of the eigenvalues A; of generators D; € D.

Remark 2.19. Another, more geometric definition of the Schwartz space
based on the geometry of the stack of G-bundles on X, which is conjec-
turally equivalent to the above, is proposed in the non-archimedean case in
[BK2], see also [BKP1], [BKP2]. A similar definition is expected to exist in
the archimedean case.

2.14. The ramified case

The above picture has a generalization to the ramified case, i.e., the case of
bundles with level structure along an F-rational effective divisor on X. This
is, in particular, required to extend the analytic Langlands correspondence
to curves of genus 0 and 1 (as such curves admit stable bundles only in the
ramified setting). Before considering the ramified case we remind the following
general construction.

Let F be a local field, Y be an analytic F-manifold, and G an analytic
F-group acting properly and freely on Y. Let m be a unitary representation
of G. Let V; := (Y x m)/G be the associated Hilbert space bundle over the
F-manifold Y/G (the action of G is given by ¢g(y,v) = (gy, gv)). So we have
the projection V; — Y/G with fiber 7. Let ¢ be a measurable half-density
on Y/G with values in V. Then [|? is a density on Y/G. Let H(Y, G, ) be
the Hilbert space of all ¢ with [;-/q [¥]? < oo.

More generally, if £ is a G-equivariant hermitian line bundle on Y (i.e., a
hermitian line bundle on Y/G), the we can define the Hilbert space
H(Y, G, L) of L-valued sections 1) with fy/G [¥|? < oo.
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If P C G is a closed subgroup and 7 a unitary representation of P then
we have a canonical isomorphism

H(Y,P, 7, L) = H(Y,G,indST, L),

where ind denotes unitary induction. Moreover, if 7 is a representation of a
closed subgroup P € N C Ng(P) then this space carries a unitary action of
N/P.

We are now ready to discuss the ramified case. The most general setting
is as follows.

Let t1,...,tn be distinct points in X (Fyep) and ¢; be local parameters on
X near ¢;. Let ¢ > 1. Denote by Buné(X, t1,...,tn) the stack of principal
G-bundles on X trivialized on the ¢-th nilpotent neighborhood Dy(t;) of each
t; (i.e., modulo ¢f). We have a torsor Bun% (X, t1,...,ty) — Bung(X) for
the algebraic group [[Y.; Map(Dy(t;), G) = [IX, Gy, where for a commuta-
tive ring R, G¢(R) := G(R[(]/¢*) (the identification is made using the local
parameters ;).

Now assume that ¢; are permuted by ' acting via 7. Let {¢;,i € S}, S C
[1,n] be a set of representatives of orbits of this action. Then given s : I'p —
Aut Ag, we have an action of I'r on Bung (X, t1,...,tx)(Fiep). Denote by
Bung’,s(X ,T,t1,...,tN) the subset of regularly stable bundles fixed by this

action. Let I C FE; C Fip be the field of definition of ¢;, ie., F; = Fsl;g.
Recall that in Subsection 2.6, to every P € Bunéovs(X, T,t1,...,tNn) and each
1 we have attached an E;-form G of G in the inner class s. This form, in
turn, defines an E;-form Gy of Gy. Let Bunfis(X, T,t1,...,tN,01,...,0N) be
the subset of bundles defining the fixed forms o1, ...,on (clearly, if vt; = ¢;
then yvE; = E; and vyo; = 0;). This is an analytic F-manifold with an action
of G :=[l;cg G7'(E;), and, as in the unramified case, it is the disjoint union
of open submanifolds Bung’@a(X, Tty tN,O1, .o, ON).
Fix a closed subgroup P C G acting freely and properly on

Lo
BunG’s(X, Tty .oy IN, 01, ..., ON)

and let m be an irreducible unitary representation of P. Analogously to the
unramified case, define the Hilbert space

H=H(s, T, X,l1,...,tN,T) =
’H(Bung&a(){, T,t1,...,tn,01,...,0n), P, 7, L),
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where £, is the line bundle defined in Subsection 2.8 (it is clear that this
space does not change if we replace the set of stable points by its P-invariant
dense open subset).

The space ‘H (conjecturally) carries an action of Hecke operators H,, where
w(t;) = 0 for all 4, and the main question of the (ramified) analytic Langlands
correspondence is to describe the joint spectrum of H,, (which in general won’t
be discrete).!? Note that if 7 is a unitary representation of a closed subgroup
P ¢ N C Ng(P) (for example, 7 = C, N = Ng(P)), then this space carries
a commuting action of N/P.

Moreover, in the archimedean case the space H carries a (densely defined)
action of the quantum Hitchin system (extended from the unramified case to
produce a quantum integrable system), which conjecturally commutes with
the Hecke operators and thus has compatible spectral decomposition.!!

Consider first the case g > 2. In this case we may define stable bundles
as above, to be the bundles stable in the usual sense with automorphism
group Z. Then we may take P to be the entire group G, so that 7 = &),;c 5 i,
where ; are irreducible unitary representations of G*(£;). For instance, for
¢ =1 (tame ramification) 7; are irreducible unitary representations of the
groups of E;-points of the reductive groups G7.

In the (generally simpler) case g < 1 the situation is a bit more tricky
since G does not act freely any more, so one has to take proper subgroups
P C G which act freely. For simplicity consider the tamely ramified case
¢=1. For i€ S let P; be cocompact closed subgroups of G; := G%(FE;) and
m; be finite dimensional unitary representations of P;. Let P := [[;c4 P; and

10The definition of Hecke operators is the same as in [EFK2] in the unrami-
fied case, using the Beilinson-Drinfeld isomorphism a from [EFK2], Theorem 1.1.
Ramification data does not alter this definition. However, the definition is still
conjectural because of the analytic issues (landing in L?, boundedness) which are
present already in the unramified case and are discussed in [EFK2].

HRecall that the moduli stack Buné(X7 t1,...,tn) can be represented as a dou-
ble quotient

Bunk (X, t,...,tx) = Ker(G[[t]] = Go)M\G((t)N /G(O(X)),

and the quantum Hitchin system is obtained by reduction of two-sided invariant
differential operators on the Kac-Moody central extension of G((t))"V at the critical
level (the Feigin-Frenkel center of the Kac-Moody algebra) down to the double quo-
tient. Because of the critical level, we get commuting differential operators acting
on half-forms on Buné(X ,t1,...,tNn), and Beilinson and Drinfeld showed that they
form a quantum integrable system (i.e., the number of algebraically independent
commuting operators is the maximal possible, namely dim Buné(X, t1,...,tN)).
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T = Q;cg mi- If P acts freely then we may define the space H as above and
we expect the spectrum of Hecke operators on this space to be discrete.

Example 2.20. 1. P, = P,(E;) for parabolic subgroups P; C G defined over
E;; this corresponds to doing harmonic analysis on the moduli space of bun-
dles with parabolic structures. For instance, if P; = B; are Borel subgroups
then we must have o; = s for all 7.

Another extreme is P, = G? and m; = C. Then we recover the unramified
case discussed above.

2. G; are compact. In this case we may take P; = 1, so 7 = C, and the
space H carries a commuting action of the compact group G, so we have

H=® cH,®p"

pGG
where p = ®;cg pi for some irreducibles p; of Gy, and H, := (H ® p)¢. In
this case the Hecke operators act on H, for each p.

Of course, these two examples can also be combined, with (1) occurring
at some of the points ¢; and (2) at other ones.

2.15. The ramified genus 0 case

In the case g = 0, i.e., X = P!, the space H can be described entirely in terms
of Lie theory. Indeed, suppose that the group G is semisimple and simply
connected and ¢ = 1 (the tamely ramified case). In this case, it suffices to
consider only trivial G-bundles (with trivializations at ¢;). Thus the moduli
space is non-empty only if o; = a|pEi for all 7 up to conjugation. In this case,
we have a natural inclusion G?(F) — G?'(E;), and the moduli space looks

like (IT;eq G (E;))/G7(F). Thus

’Hz’H((HG‘”( >/G" HPl,(X)m).
€S €S €S
This picture extends in an obvious way to the case of wild ramification.!?

For instance, in Example 2.20(2), we have

) <® m) G (F) |

€S

12The parameters o and x do not appear here, since the automorphism group
of the trivial G-bundle trivialized on a a non-empty subset of X is trivial.
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a finite dimensional space. In this case, all the analytic issues disappear and
the spectral problem is automatically well defined.

Example 2.21. Let { = 1,g =0, N > 2,t, € X(F),0;, =cforall1 <i < N.
Let P, =1, m; = C. Then

H = L2(GU<F)N/GU(F)diagonal)~

So the spectral decomposition of H is an extension of the Plancherel formula
for G?(F'). Namely, we have

(2.4)
[S5)
H= ek Multge () (Va, Vi®- - @VN-1)@ (Vi@ - -@VR)du(V1) - - - du(V),

where dp (V') is the Plancherel measure of G7(F) and Multge (L, M) is the
multiplicity space'® of an irreducible tempered representation L of G°(F) in a
tempered representation M, defined using Plancherel theory (see [D], Subsec-
tion 18.8).1 For example, for N = 2 by Schur’s lemma the multiplicity space
vanishes unless V7 = V5, in which case it is 1-dimensional, so formula (2.4)
takes the form
®
H=|__(V'eV)dulV),
Go(F)
which is the usual Plancherel formula for L?(G°(F)).
Each multiplicity space

(25) HV1,...,VN = Multgu(p)(Vj\k;, ‘/1 ® R ® VNfl)

carries an action of commuting Hecke operators. For example, as follows from
[EFK3], Section 3, if G = PGLy, G is the split form, and x € P}(F), then
the Hecke operator has the form

(2.6) Hw_/F<<(1) m_—8t1>®...®<$ x—_t;v_1>> V|| ds||

13The multiplicity space Multge 7y (L, M) is a generalization of Homge gy (L, M)
in presence of continuous spectrum. Namely, it coincides with the latter when M
is a Hilbert direct sum (finite or infinite) of irreducible unitary representations.

4Note that the representation Vi ® --- ® Vi is tempered, so does not contain
the trivial representation in its spectrum. Hence in the L? context we cannot talk
about Multge () (C, V1 ®---®@ V). This is why we break the symmetry and dualize
one of the factors. However, it can be shown that the result does not depend on
the choice of this factor.
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where the tensor product acts in V1 ® - - - ® Viy_1.

Remark 2.22. One may take V; to be projective representations of G
(i.e., replace G with a central extension), as long as the product of Schur
multipliers attached to them equals 1. For instance, in Example 2.21 we may

replace SLy(R) by its universal cover SLao(R). For an example of this see
Remark 5.14 below.

2.16. The ramified genus 0 case for PGL,

2.16.1. Hypergeometric integrals Let I’ be a local field and a,b € iR.
For a € C, Rea > 0 let

K@yi= [l v
veF:|jv]|<1

Under suitable normalization of the Lebesgue measure on F' we have K (o) =

L if F is archimedean and K(o) = ;2% if not, where ¢ is the order of the

1
residue field of F'.
For Re a = 0 this integral does not converge (even conditionally). But we
can regularize it if o # 0 by using an e-deformation:

@n [ el el = i ol **~" o]
veF:||v||<1

=0+ JoeF:v]|<1

Denote by I'*" the I'-function of F, which is the meromorphic function
on C defined by the condition that

Full*™ =T (a) llul =",

where F is the Fourier transform on F (so I'Y'(a)T'F'(1 — a) = 1).1°
Recall the beta integral

v e o TE@ITF(R)
SIS s = 1P sl = BT (e, 8) 1=

Thus
BF(oz,ﬁ):BF(ﬁ,oa):BF(oz,l—oa—ﬂ).

15Here for simplicity we consider the I'-function for unramified characters, but
all the formulas extend straightforwardly to general multiplicative characters of F.
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Now consider the integral

-1 —1
I(z) = / s lls = 1"~ I ds|
seF:|s||>1

1

where Rea =0, 0 < Re § < 1. Setting s = zv™", we get

I(z) = IIxH“*ﬁ*l/ ol = flo — 1)1~ [ldv]l.

ol <[]

Thus I(x) depends only on ||z||.
The following lemma is a generalization of [EFK3|, Lemma 8.1.

Lemma 2.23. If ||-||* # 1 then we have
I(z) = K(=a) |||~ + B"(a, 8) ||| "7 + o(||2] "), 2 = oo.

Proof. We write

[ (€5 =/ ol 77 o — 117~ l|dv]
loll<R

—o— —1 —a— -1
[ = 0P el = el o= 17 ]
R< o[ <||=]] i<k

_1||f1 —a-1 —a-1
+ [ (Jr=o"" = 1) o= et + | ol o]
R<vlI<]|=|l R<]v]|<]|]]

The first two integrals have a limit as x — 0o, namely

Cat,8) = [ ol flo =117 fav]
[vl<R

(R I I e T R
<[l

while the last integral equals
K(=a)(|lz]~ = R™%).
So we get
I(x) = K(=a) |2]|" + (Cr(a, B) = K(=) R~ [l]|*"7~" + o( |l "7

as * — 00. Thus Cr(a, ) — K(—a)R™® is independent of R. In fact, it is
easy to show that for any R,

Cr(a,p) — K(—a)R™® = B (a, B).
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This implies the result. O
The following lemma is a generalization of [EFK3], Lemma 8.2.

Lemma 2.24. Let o, 8 be as above and o be a locally integrable function on
PY(F) which is smooth near oo and has power decay at 0. Let

I(x, ¢) = /FSD(S) Is1* 7 ls = 17 ldsl], ]| > 1.
Then if ||-||* # 1 then
I(w,¢) = || /F<P(S) sl s +¢(00) B (@, B) [l *H*~ +o( || )

as x — oo, where the integral is understood in the sense of e-deformation.

Proof. 1f p(00) = 0, this follows by taking the limit directly, and if ¢ = 1)1
is the indicator function then this is Lemma 2.23. So the result follows from
the decomposition

o(s) = (p(s) — p(0)1s)>1) + ©(00)Lyj|>1- O

Now for z € F', x # 0,1, 0 < Rey < 1, and consider the hypergeometric
integral

a— -1 —1
(e, B,7; ) 1=/FHSH s =17 s — 27 lds]l

Taking in Lemma 2.24 ¢(s) = ||1 — s‘lHV_l, where 0 < Rey < 1, we get

Proposition 2.25.
(o, 8,72) = BT (=) 21”7 + B (o, 8) 2" + o2l "7)
as x — 0.

2.16.2. Principal series representations Let G be a split connected
reductive algebraic group over a local field F';, B C G a Borel subgroup
defined over F', and let G := G(F'),B := B(F). Then any integral weight
w of G defines a character B — F*, denoted b — b*. Let p := pg be the
sum of fundamental weights of G. Then densities on G/B can be realized as
functions h : G — C such that h(gb) = ||b=%| h(g), g € G, b € B.
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Now let x be a unitary character B — C* (or, equivalently, T — C*,
where T := B/[B, B]). Then we can define the principal series represen-
tation M () of G, which is the space of functions f : G — C such that

fgb) = x()[[b7"]| f(9), g € G,beB,

and | f|? is an L!-density on G/B, with the action of G by left multiplication
((9f)(x) :== f(g~x)). Then M(x) is a unitary representation of G with inner
product

(fl;fQ) :/G/B f172~

It is well known (see e.g. [ABV] for the archimedean cases and [Ca] for
non-archimedian ones) that the representations M (x) are irreducible and
M(x1) = M(x2) iff x1 = wyy for some element w of the Weyl group W
of G. These isomorphisms are nontrivial and are called intertwining oper-
ators; we discuss them below for G = PGL,.

2.16.3. Principal series representations for PG L, and intertwining
operators Let us now consider the case G = PGLy. Then T = F*, so
for ¢ € iR we may take x.(t) = ||t]|“,t € T, and define the unramified (or
spherical) principal series representation M (y.). We will set A := —1+-c¢
and denote M(x.) by My. Thus My = L*(PY(F), HK||_%), where K is the
canonical bundle (as ¢ € iR, this is naturally a Hilbert space with inner
product (f1, f2) = fIPl(F) fifa).

It is well known that we have an isomorphism of unitary representations
L My = M_y_s such that > = Id, namely the intertwining operator

v DPYE), | K%)= APY(F), K] )

given by
L= Fol e F L,

where ||-|*™ denotes the operator of multiplication by the function ||-|*™.

In other words, for smooth f vanishing near oo we have

3 1 —A—2+e€ %
28) WHE) = Jim g [ ) e =l ]

Observe that this integral is absolutely convergent near the diagonal z = w
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and the right hand side tends to the identity operator when A — —1.16 Thus
for A = —1 we have = 1.

The existence of ¢ implies that M) depends only on the Casimir eigenvalue
In+1)2=¢.

Let \j € =1 +iR, j =0,....m+ 1, V; := My,, j € [0,m + 1] and
A= (Aoy-- s Am, Amy1). Consider the Hilbert space

(29) H()\) = HVOy-u,Vm+1 - MulthLg(F) (M;er] 5 M)\O ® cee ® M)\m).

Similarly to [EFK3], Section 3.3, the space H(A) may be realized as the space
of functions ¥ (v, . . ., Ym) on F™ ! invariant under simultaneous translations
y; — y; + C, homogeneous of degree %(Z;”:O Aj — Am+1), and specializing at
Yo = 0,ym = 1 to square integrable functions on F™~! (see e.g. [P, Re] for
F =R, [Na, Wi] for F' = C, [Ma] for a general local field). The inner product
on H(A) is given by

(wv’r]) = /Fm_l ¢(072/1; ey Ym—1, 1)77(07 Y1y Ym—1, 1) ||dy1 te dym—l” .

Note that if e = (g0, ..., &m,Ems1) € (Z/2)™F? is a collection of signs, and
(g0 A); :==¢;(\; +1) — 1, then we have isomorphisms!'” R, = Re)‘ tH(A) =
H(e o) given by composing the isomorophisms ¢ in all variables y; for which
ej = —1, and R..r = R.R.. Thus we can think of the collection of spaces
H(A) attached to an orbit O of (Z/2)™2 as a single Hilbert space H(O)
with multiple realizations H(X), A € O connected by a consistent family of
isomorphisms.

Furthermore, we can write an explicit formula for R.. For example, let
us write an explicit formula for R := Ry 11 : H(A) — H(X'), where
X = (N0, s A, —Ama1 — 2). In fact, we can write a more general formula
for the operator

R : Multpar,py (M5, V) — Multpar,my (M”75, V)

induced by ¢ for any tempered representation V' of PGLy(F) (note that
R? = 1, so R = R). To this end, assume first that V is a direct sum of
irreducible representations and realize elements of Multpgr,m)(My,V) as

16 Here we use the e-deformation as in (2.7) to make sense of the divergent
integral in (2.8).

"Here and below we will consider various operators with source H(\). While
these operators by definition depend on A, we will drop it from the notation when
no confusion is possible.
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V-valued (generalized) —3-densities v = v(y) de||_% on PY(F) equivariant
under PGLy(F). Then formula (2.8) implies that

1

_ o||mA2+4e af2
Bo= g vy 179 [ o)y = sl sl ay 5

which we will write for brevity as
1 -2 A2
R = ey ) = 7 s ) 2

Let 0 := v(u™b) [|ul* HduH__ be the nnage of v under the change of coordi-
nates v =y, so 0(u) := v(u1) ||ul|*. Then

Ro() = gy Lo 1= sul > s

Specializing this at u = 0, we have
Ro0) = s [ o) sl = ey [ 5™ sl s
CTE(=A=1) Jr CTE(=A=1) Jr '

But s7! is obtained from 0 by the element g(s) € PGLs(F) sending u to

u+stie yto(yt+sh) T = Ao o1 Thus g(s) = (,\19). So we get

Ro(0) = s )50 sl s

This formula continues to hold if V' is not necessarily a direct sum of ir-
reducible representations but rather a direct integral. For example, in our

situation V = V) ® - - - ® V,,, is the space of translation invariant functions in
Yo, - - -, Ym Which are homogeneous of degree (31" Ai — A1), SO we get
)\m
Ry = o 7 o) e s as
m+1
ie.,
R7/)<y07 EIR)

ym =
A " T A
ey [0 (2 ) sl = s - w
1=0
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1 / 52 82 by 727" i m i
¢( ) sl =X T s — will™ llds])
FF(_Am-H_l) F g)

) )
S—=Yo S—Ym

We thus obtain the following lemma.

Lemma 2.26. We have'®

(Rw)(y(fh cee 7ym)
_ 1 1 1 o
=t e (e ) Tl =il sl

Remark 2.27. Setting in Lemma 2.26 ¢ = yo = 0 and @(y1,...,Ym) :=
¥(0,y1,...,Ym), we obtain

(2.10) (Re)(yr, - ym) =

1 / ( Y1 Ym )
TP (s — 1) Jp T —gps 17 T st

X ﬁ Hl —y;s !
j=1

Aj A
Cllslr llds ]l

We will also need to consider the operator Q = QX : H(A) — H(N)
given by

1 A
Q e Ym) = = —10S, - s Ym —tm m|ds]| .
(QY) (o, s Ym) FF()\m ) 1)/?/}@0 0S Y s) |Is|| ||ds]|

Setting to = yo = 0 and ¢ := 1|,—0, we have
(2.11)
1 A
) = ——— N T m1 |\ ds])
@OVt 9m) = Frpr oy U~ ) s ]

Recall that by [EFK3], Proposition 3.3,

So(r - ) = (I, t2).

Thus, setting A* 1= (=Xg — 2, A\1,. .., Ay —Amr1 — 2), we get the unitary
involution

So : HA) — HA)

18Note that this integral is not convergent near s = oo and should be understood
in the sense of e-deformation in A,,+1, as explained in footnote 16.
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given by

m

(Soe) (Y, ym) = 1]

j=1

27
2

and we see that @ = SyRSy. In fact, since for any 1 < ¢ < m the operator
SiSp commutes with R, we have ) = S; RS; for any 0 < i < m. We also see
that

Q*=1, Q' =Q.

2.16.4. Formulas for Hecke operators Now let us study the Hecke op-
erators on the Hilbert space Hyy,.. v, .. This is the setting of the tamely
ramified analytic Langlands correspondence with parameters \; for
G = PGLy and X = P! with N = m + 2 ramification points. It generalizes
the setting of [EFK3] where \; = —1 for all j, so that

1
’HVO,‘.‘,Vm+1 = LQ(BHHE;(X, lo, .- >tm+1)7 HKH 2)

is the space of square-integrable half-densities. Similarly to [EFK3], Subsec-
tion 3.3, we’ll denote the ramification points by g, ..., t;na1 to align notation
with [EFK3], and assume that ¢t; € X (F) for all j, while t,,41 = oco.

First we would like to write a formula for the (modified) Hecke operator
H, that generalizes the formula for H, from [EFK3], Proposition 3.9. Recall
that we have two components of the moduli of bundles, Buny and Bun; (bun-
dles of even and odd degree), which are identified by the Hecke modification
Sm+1 at infinity. Thus, as in [EFK3], Section 3, we can use S;,+1 to identify
the sectors HY, H' of the Hilbert space corresponding to bundles of degree
0 and 1. Then the modified Hecke operator H, : H° — H! can be written
as an endomorphism of HC. In fact, it is convenient to write this endomor-
phism as an operator H(A) — H(X'). In other words, it maps homogeneous

functions of degree %(E;n:o Aj — Am+1) to homogeneous functions of degree

1+ 35 m0 N

Proposition 2.28. The modified Hecke operator H, = Hi‘ tH(A) = H(XN)
s given by the formula

to — tm — m .
EL) 0 oom) = [0 (0 ) T s = il sl
j=0

S_yO’ S — Ym

The proof of Proposition 2.28 is parallel to the proof of [EFK3], Proposi-
tion 3.9.
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We also have the ordinary (unmodified) Hecke operator H, : H(A) —
H(X'), which differs from H, by normalization:

m
H, = H |z — th_T H,
j=0

This is a special case of formula (2.6). It is not hard to check that
R.oH,=H,oR,

when €,,41 = 1; however, this does not hold for €,,41 = —1 since we used
Sma1 acting at t,, 11 = 0o to identify Bung and Bunj.

Remark 2.29. By setting to = yo = 0 and ©(y1,-- -, Ym) := (0,91, - -, Ym),
we obtain the following formula for the action of H,, on homogeneous functions
of degree 3( oA = Am):

(2.12)
tis —xy LYm
) n, o) = [ (LTI I T o )

s(s = 1) (s =ym) /=

This formula generalizes the formula of Theorem 3.6 in [EFK3].
We can further set t,,, = y,, = 1 and get the following analog of [EFK3],
Proposition 3.7. Let ¢(y1, ..., Ym-1) = @Y1, .-, Ym_1,1) € L>(F™~1). Then

(ngb)(yh . 7ym—1) -
/ ((tls—xyl)(s— 1) (tm-18 — TYm—1)(s — 1)) "
F (s—y)s—z) " (s—yYm-1)(s— 1)

_%(E;’;O Aj—Am41) m N
ITls =yl llds]l
j=0

s(s—1)

S—XT

Similarly to [EFK3|, Subsection 3.3, define the unitary operator U, on
LZ(Fm—l) by

(Us,z¢)(y1, . ,ym_l) =
¢ <(t18 —o)ls— ) (tm—15 = ym-17)(s — 1)) X

(s—y)(s—z) 7 (s—Ym-1)(s — )
s(s—1) *%Z:;l jm—1 t . -3
s—az 121 L
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Then we get

Am

A
(213) Hy¢ = ||z~ % [l — 1| % x

[ slEO0 ) g A ) EO ) s
F

which generalizes [EFK3], Proposition 3.7. From this formula it follows by the
argument of [EFK3], Proposition 3.10 that H, is a bounded operator which
depends norm-continuously on x for x # ¢, oc.

2.16.5. Properties of Hecke operators The properties of the operator
H, are analogous to those in the untwisted case ([EFK3], Section 3). To
avoid confusion, from now on the operators R, Q, H, : H(A) — H(X\) will
be denoted by R,,Q., H,, and the operators R, Q, H, : H(X") — H(X) by
R_,Q_,H, (thusQ. =Q_ Rl =R.).

Proposition 2.30.

(i) The operators H, v, v € P(F),x # t; are compact.
(’LZ) Hx,Hy+ = Hy,Hx+, T,y € ]P’l(F),x,y 7é tj
(iii) H, = H,_.

Proof. (i) is proved analogously to [EFK3], Proposition 3.13. (ii), (iii) are
proved analogously to [EFK3|, Proposition 3.11. (ii) can also be checked ex-
plicitly from the formula of Proposition 2.28 as explained in [EFK3], Re-
mark 3.28. O

Define the full Hecke operator on H = H? @ H' = H(A) @ H(X) by

the formula
0 H,_
Hyran = (Ha:+ 0 > .

It follows that the operators H, s are self-adjoint and pairwise commuting.

2.16.6. Asymptotics of Hecke operators and the spectral decompo-
sition Let us now discuss the asymptotics of Hecke operators as x — oo.
Set ¢ := A1 + 1.

Proposition 2.31. (i) If ¢ # 0 then

_1 < c
|z 72 Hypx = l“lt'ﬂ(:tc)HaU\PE?QjE + FF(:FC)HxH??Ri +o(l), x — 0.
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Thus

_1 c _c
2|72 Hypn = T ()22 D + TF (=) ||z "2 DT + o(1), 2 = oo,

(0 R
b (2 ),

(ii) If ¢ = 0 then one has

where

2|72 Hy e = log||z]| + M + o(1), & — oo,

where

(Mo)(y1, ...y Ym) =

('0(173118*1 PRI 1,3::5—1) dS
/ elyr—t1s, .. Ym—tms)+—— e ym) ) |
F j=1 [T —y;s 1] §

Note that Proposition 2.31(ii) generalizes [EFK3|, Propositions 3.15(i)
and 3.21.

Proof. (i) We follow the proof of [EFK3], Proposition 3.21. By (2.12) we have

1
(2.14)  lzll72 (Har ) (W1, - -+ Ym) =
_c tisz™t —y; STl —Ym | 19 _1
x| 2 et 1—y;s
=% [ ¢ ( gt Tt )

Now, as explained in the proof of [EFK3], Proposition 3.21, in the limit

tlsa:’l—yl tmsz’l—ym)
1_y18_1 rrro 1_y7n'5_1

along which we are integrating in (2.14) falls apart into two components cor-
responding to the regimes when s = s(z) has a finite limit as * — oo and
when sz~! has a finite limit when 2 — oo, respectively. As a result, similarly
to the proof of [EFK3], Proposition 3.21, the integral (2.14) is asymptotic to
the sum of two integrals over these components. Namely, we have

Aj
s

ds
s

x — oo the curve Z,, with parametrization s — (

[2l7% (Hes @) (91, Ym) =

¢ Y Ym M H _1ij c
2 11—y
I [ o (5 i) = 1

— yls—l’

ds
— |+
s
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+o(1), z — 0.

||xH§‘/FSO(yl_tlsa'”)ym_tms) S

Now, the first integral is the operator I'(—c)R; (formula (2.10)), while the
second integral is the operator I'(c)Q4 (formula (2.11)), which implies the
claimed asymptotics for H,,. The asymptotics for H,_ is obtained by re-
placing ¢ by —c.

(ii) follows from (i) by taking the limit ¢ — 0. Namely, write (i) in the
form

_1
Hﬂ|2(5&+wﬂyu-u,ym):

- Y1 —
(ol 8 =) [ o (= i 1)HH1 e
ds

<Hx||%—1>L¢<y1—tls,...,ym—tms> s

80(1 3113*17"'71 :5::5 1)

y
520 11— yys™]

/F<g0(y1—t18,...,ym—tm8)+ _So(yla---yym)> x

o(1), x — oo.

Now, each of the first two summands tends to 3 log||z|| as ¢ — 0, while the
third summand tends to M, as desired.” O

Corollary 2.32. (i) We have N Ker Hyy =0, N, Ker Hy g = 0.
(it) We have a spectral decomposition

H = OyHE,

where ?—[,f are finite dimensional joint eigenspaces of Hy g1 with eigenvalues

Proof. (i) It suffices to show that N, Ker H, sn = 0. But this follows from
Proposition 2.31 and the fact that Ri, )4+ are unitary operators, hence so
is D.
(i) immediately follows from (i) and the compactness of Hy gy O
Let 405 € C be the eigenvalue of D on Hj, so |0x| = 1. We choose the

signs so that argd, € (— Then Proposition 2.31 implies the following
asymptotics for fg(x).

2’2]

9Here it needs to be checked that the o(1) term remains o(1) as ¢ — 0. We leave
this argument to the reader.
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Corollary 2.33. We have

Bi(x) = [l21|? (2Re(dxT" ()]l2]%) + 0(1)), = — oc.

So setting 0} = 2™k = %%, —m < Op <7, we get
_1 ¥ (e . c . _c
ol Byt = LD (o s _ cm2mion =5 4 (1) =
I (e c _c . c _c
% (cosHk-(HmH2 —||z]|"2) + isinb - (|z]|2 + ||z 2))—Fo(l), T — 00.

Thus, Proposition 2.31(ii) implies that

0y, = 2%#(]“) +o(c), ¢ =0,

where ;%) € R are the eigenvalues of M.
Thus we see that we have orthonormal bases {e)} of H° and {e}} of H!
such that

0 1 1 -1,0 0 -1.1 1 0
Q+ek - 5kek, Q,ek = 6[6 ek, RJrek - 5’(} ek, R,ek - 5kek,

and the eigenvectors of H, gy with eigenvalues +4;(7) are ef = e + e}.
Thus the vectors e) satisfy the equation

R_Hz+eg = 5kﬁk (x)eg

So the spectral problem for the operator H,gn on H is equivalent to the
spectral problem for R_H,, on H°, and the eigenvalues of R_H, are

Bil(x) == duBu(x) = 212 (GFT(e) ]2 + T (=0) [l2l| 7% + 0(1)), = — oo.

Note that Bk(x) do not depend on the above choice of signs for dy.

Example 2.34. Let m =1 (3 points), then H(X) = C by sending ¢ to ¢(1).
Let

)\0:—1—‘1-(1, )\1:—1—|—b, tlzylzl.
Hence

atb—c—1 FF a+b_c+1

1 / 1
= =5~ 1—s| 2 s|7Hds|| = =t
Qu = gy I = 15 1 el =
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F(afbchrl

Re= pps [ = sl P55 sl 5 s 2
= — — S 2 S 2 S —_ T, i -
FF(C) F FF(a—b—;c+l)

Thus

5 FF(aij;chl)FF(afbgchl)
k= [F(atbtctl\[F (a=bictl)’

2 2

Also by (2.13),

—a+btc—1 a+b—c—1

a—b+c—1
Hov = [ 1l =5 o — 15 o= 5= ).

so Proposition 2.31(i) takes the form

a—b+c—1 —a+bt+ec—1 at+b—c—1
=T s = T s — ) 5 s =

BF( —a+l72+c+1 , a—b;—c+1 ) H$H a+b;c—1 n BF(a+b;C+1 7 —a—b2—c+1 ) HLL‘H a+b42»c—1 n

o(||z]| %), & — oo.

This asymptotic formula is also a special case of (2.25), when Re § = Rey = %

Remark 2.35. Analogously to [EFK3], Proposition 3.15(i), a similar asymp-
totic formula for H, to Proposition 2.31 holds when x — t; 0 < j < m, with
an additional factor S;: if A; # —1 then

A

+1 .
e — 5% Ho =T7 (0 + 1) o — 15 7= ROS; +

Aj+1 )
PP = 1) o = )75 S,R9 +o(1), =~ t;

where RVU) := Ry 1,-1,1,..1 with —1 in the j-th position. The proof and the
computation of the limit A\; — —1 are parallel to the case x — oo.

Remark 2.36. This analysis may be extended to the complementary se-
ries, i.e., when some \;, instead of being in —1 + R, are allowed to lie
in the interval (—2,0). For simplicity assume that A\,;1 € —1 + iR, so
that M), ., is tempered and we can define a reasonable multiplicity space
Multpgr,r) (M5, My, ® - @ My, ). If X € (=2,0), we still have M) =

L*(PY(F), ||K||_%), but now with inner product

(9= Ty Sy TNy = 27 ] 5
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(more precisely, the integral converges for A € (=2, —1) but analytically con-
tinues to A € (—2,0) as a positive definite inner product). Thus the in-
ner product in H(A) (translation invariant homogeneous functions of degree
1

5 (2270 Aj = Am+1)) also has to be modified accordingly and will become more

complicated, but the formula for Hecke operators remains the same.

Remark 2.37. At least for £ = 1, one should be able to extend this theory to
the case of admissible representations V; (not necessarily tempered, or even
unitarizable) by working in the Schwartz space context instead of L? space
(for example, using the approach of [BK2]). For instance, in this context the
extension to complementary series from Remark 2.36 should be much more
straightforward — we don’t need to worry about positive inner products and
can just do analytic continuation with respect to the Casimir eigenvalues
5(A; 4+ 1)? (which are no longer required to be real).

Remark 2.38. The material of Subsection 2.16 generalizes in a straightfor-
ward way when ); are taken to be arbitrary multiplicative characters of F
of the form \;(y) = [ly[ " A)(y), where AJ are unitary characters. The above
setting is the special case when /\? are imaginary powers of the norm.

3. Analytic Langlands correspondence over C

In this section we discuss the analytic Langlands correspondence over C,
including various twists. We begin by recalling the basic setup introduced in
[EFK2].

3.1. The general setting of the analytic Langlands correspondence
over C

When one talks of Langlands correspondence for a group G, one usually
means not just a formulation of a spectral problem for Hecke operators, but
also a parametrization of their spectrum by data related to the Langlands
dual group G. Such a description is essentially available for the arithmetic
Langlands correspondence for a curve X over a finite field. In this case the
Langlands conjecture describes the spectrum of Hecke operators in terms of
étale GV-local systems on X. On the other hand, for the analytic Lang-
lands correspondence dealing with curves over a general non-archimedean
field local field F', we cannot yet formulate even a conjectural description
of the spectrum. But for archimedean fields we can use quantum Hitchin
Hamiltonians commuting with Hecke operators to describe the spectrum (see
Subsection 2.12). The most complete conjectural picture exists for ' = C
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([EFK1, EFK2, EFK3]); we discuss it in this section. The case of curves over
F =R is discussed in Section 4.

Consider first the unramified case. Let BY be a Borel subgroup of GV with
maximal torus TV, Z" the center of GV, gv := LieG", b¥ := Lie BY, t :=
LieTV. Let QY C A be the root lattice of G¥, then Hom(A/QV,C*) = ZV.
Let d;,7 = 1,...,rank G be the degrees of the basic invariants for G' and GV.

Definition 3.1 ([BD1, BD2]). A GV-oper on X is a triple (€, Epv, V), where
€ is a GY-bundle on X, Epv is its BY N [GY, GY]-reduction, and V is a con-
nection on £ which has the form

V = d+ (f +b(2))dz, be b”[[2]

for any trivialization of Egv (and hence &) on the formal neighborhood of any
point xg € X, where f is the lower nilpotent element of a principal slo-triple
{e,h, f} C g such that h € tV and e € b¥ and 2 is a formal coordinate

at 130.20

The above sl triple defines a principal homomorphism ¢ : SLy — GV.

Since any two Borel subgroups of GV are conjugate to each other, any
two maximal tori in a given Borel subgroup BY of GV are conjugate to each
other by an element of BY, and any two sly-triples of the kind considered in
the above definition are conjugate by an element of the torus T, we obtain
the following result.

Lemma 3.2. Let B"Y be another Borel subgroup of GV. The spaces of G-
opers corresponding to BY and B'Y are canonically isomorphic.

Given a flat G¥-bundle (€, V), we may speak of an oper structure on it,
which is a reduction Egv of € to BYN[GY, G| satisfying the above condition.

Lemma 3.3 ([BD1, BD2|). A flat GY-bundle can have at most one oper
structure.

Thus it makes sense to say that a given flat GV-bundle is or is not an
oper.

Example 3.4. If TV is a torus then a TV-oper on X is any connection V on
the trivial 7V-bundle on X. Thus V = d+w where w € HY(X, Kx @ Lie T").

20In fact, this definition is more restrictive than the one in [BD1, BD2], where
Epv is assumed to be a BY-bundle. But the two definitions coincide when GV is
semisimple.
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As explained in [BD1, BD2|, GY;-opers on X are parametrized by a certain
affine space Opgyv (X) of dimension (g — 1) dim G — a torsor over the Hitchin
base ’

(3.1) Hitch := @, H°(X, K{™).

By Example 3.4, this is also true for a torus, hence for a product of a torus

with an adjoint group, i.e., for any GV such that [GY, G"] is adjoint. In other

words, denoting by ZJ., the intersection ZVN[GY,G"] of Z¥ with the derived

group |GV, G|, we see that this description is always valid for G¥ /Z}, -opers.

More generally, for arbitrary GV the variety Opgv (X) of GV-opers on X is

a torsor over the affine space Opgv 7y (X) with fiber HY(X, Z},.). Moreover,
1

any choice of a spin structure K% on X gives rise to a splitting of this torsor,
i.e., fixes a canonical component Op&y (X) = Opgv /zy. (X). Indeed, consider
the unique up to isomorphism (by the Riemann-Roch theorem) nontrivial
extension

[NIE

(3.2) OAK)%(%SSLQ%K;( -0
defining an SLgo-bundle gz, on X, and define Egv := ¢(Esy,). If the genus
g > 1, then according to [BD1], any connection on Egv is an oper. Moreover,
there is a canonical isomorphism H°(X, Kx ® ad£gv) = Hitch identifying
the translation actions of H°(X, K x ®ad Egv) on connections and of Hitch on
opers. So such opers form a component of Opgv (X'), which we will denote by
Op%v (X).2! In other words, an oper from this component is just a connection
on a certain fixed GV-bundle Egv.??

Given a GV-oper x = (£,Epv, V), we have the underlying flat GV-bundle
(£,V) and the corresponding G-local system on X. Recall that any flat
GV-bundle has at most one oper structure. Also, according to [BD2], §1.3,

211f ¢ = 0, the bundle underlying S Lo-opers is still the non-trivial extension sy,
given by (3.2) but it is isomorphic to the trivial SLs-bundle in this case. The bundle
underlying GV-opers is Egv = ¢(EsL, ), S0 it is isomorphic to the trivial G¥-bundle,
and there is a unique G-oper that corresponds to the trivial connection on Egv.
If g = 1, we should take instead the trivial extension (3.2) and set Egv = ¢(EsL,)-

1
In this case Kx ~ Ox and so K;Q is a square root of Ox. With a choice of such a

square root, we obtain a component in the space of GV-opers which is isomorphic
to Hitch.
2Note that the associated PGLa-bundle to sz, is independent on the choice

1
of K%, Thus if ¢ factors through PGLsy then the component Op%v (X) does not
1
depend on the choice of K 3.
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the automorphism group of every flat GV-bundle underlying a GV-oper is
the center ZV. Therefore, the space Opgv(X) can be realized as a certain
half-dimensional (in fact, Lagrangian in the Atiyah-Bott holomorphic sym-
plectic structure) complex analytic submanifold of the complex manifold
LocSysgy (X) of GY-local systems on X with the smallest possible group
of automorphisms; namely, ZV. The group H(X,ZY,) naturally acts on
Opgv (X).

If we choose a base point zg € X, then the GV-local system on X cor-
responding to x gives rise to a monodromy representation p, : w1 (X, o) —
GY(C) (it is well-defined up to conjugation by an element of G¥(C)). In this
section, to simplify our notation when we discuss monodromy representations,
we will write GV instead of GV(C).

Remark 3.5. Let GV = SLs and x any SLo-oper on X. Denote by M the
Zariski closure of the image of the monodromy representation p, : 71 (X, p) —
SLy. We claim that for g > 1, M = SLs. Indeed, by passing to a cover of
X if needed, we can assume without loss of generality that M is connected.
Hence it is either contained in a Borel subgroup of SLg or is S Lo itself. If it’s
the former, then the vector bundle £gr, would contain a line subbundle £

1
preserved by the oper connection. Then deg(ﬁ) =0, and since deg(K*) <0
for g > 1, it follows that the map £ —> K? defined by the extension (3. 2) is 0.

But then £ must be isomorphic to K )2( which is impossible since deg(K %) > 0.
This also implies an analogous statement for G¥Y = PGLy: if ¢ > 1, then
for any PG Lo-oper x the Zariski closure of the image of the corresponding
monodromy representation py : 7 (X, p) = PGLy(C) is equal to PG L.

Given a GV-local system p on X and an algebraic representation ¢ : GV —
GLN(C), we have a GLy(C)-local system ¢(p) on X. There exists a unique
GY-local system p such that for every ¢, p(p) = p(p).

Definition 3.6. We say that a GV-local system p on X is real if p = p.
Thus the space LocSys¢gy (X)g of real local systems is a half-dimensional
real submanifold of LocSys¢gy (X) (in fact, Lagrangian under the real part of
the holomorphic symplectic form). As explained in [EFK2], Remark 1.9, p is
real iff its monodromy group can be conjugated into an inner real form Gy

of GV.

Definition 3.7. A real GV-oper is a GV-oper such that the corresponding
GV-local system p is real.
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In other words, a real oper is an intersection point of the above two half-
dimensional submanifolds. It is expected (and known for G¥ = S Ly, see [Fal)
that these manifolds intersect transversally, so the set of real opers is discrete.
Moreover, it is conjectured in [EFK2] that for real opers the inner form Gy
is, in fact, split, and this is known for GV = SLy ([GKM]).?

Note that we may also consider the complex conjugate submanifold

O_pgv (X) C LOCSySOGv (X)

The points of this submanifold are local systems that are realized by an
antiholomorphic GY-oper (which we call an anti-oper for short). This is a
third Lagrangian submanifold of LocSysgw (X)) with respect to the real part of
the holomorphic symplectic form, which intersects the other two submanifolds
exactly at the same points where they intersect each other (i.e., at real opers).
In other words, a real oper is the same thing as a real anti-oper and also the
same as a local system that’s both an oper and an anti-oper.

Now, the main conjecture of [EFK2] is as follows (we formulate it for
semisimple G, as for abelian G it is not difficult and proved in [F4], see
also [EFK2]). Recall that the manifold Bung (X)) is the union of connected
components Bung, ,(X) labeled by the first Chern class ¢ € H*(X, m(G)) =
71 (G) of a G-bundle on X, and that m (G) = Z¥* = A/Q".

Conjecture 3.8. (i) The Hilbert space H = L?(Bung(X)) can be written
as an orthogonal direct sum of 1-dimensional spaces

H :@Hf)ﬂ
B

invariant under Hecke operators, where p runs over real GV-opers in Opogv (X),
and (8 runs over eigenvalues of Hecke operators corresponding to p. The quan-
tum Hitchin Hamiltonians act on H, s via the character p.

(ii) The eigenvalue By(x,T) for the Hecke operator H, y in H, g is given
up to scaling by the formula of [EFK2], Conjecture 5.1 (see Conjecture 3.38
below).

(iii) The set of such eigenvalues corresponding to a given p is a torsor
over the group ZY = Hom(A/QY,C*) where the action of this group on
eigenvalues is by multiplication, i.e.

(€0 B)x=E(N)Bx

Z3This is also easy to see for any GV in the tamely ramified case, see [EFK2],
Remark 1.9.
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(iv) The decomposition H = @ezv-L*(Bung (X)) is invariant under
quantum Hitchin Hamiltonians, and on each summand L?(Bung, (X)) they
have simple spectrum labeled by real GV-opers p in Op%w (X). The Hecke
operators H, ) act between these summands, acting on labels ¢ by ¢ — c+ A,
which gives rise to the action in (iii).

In in Corollary 3.18 below, we will recall the formula for the Hecke eigen-
values [ (z, T) obtained in [EFK2], Corollary 1.19 in the case G = PGL,, and
A = wy. For G of types By, Cy, or G5 and A = wy, we conjecture an analogous
formula in Conjecture 3.28. In the general case, the formula for the Hecke
eigenvalues is given in Conjecture 3.38 (it coincides with Conjecture 5.1 of
[EFK2]).

Note that we have a free action of the finite group H'(X, Z) on Bung(X),
where Z is the center of G, and this action commutes with Hecke and quantum
Hitchin operators. Hence this group acts by a character x, € H'(X, Z)* =
H(X,Z*) on each (1-dimensional) joint eigenspace of these operators corre-
sponding to a real GV-local system p and some choice of eigenvalue 3. Let us
explain how to compute x,.

Let GY. be the simply connected cover of GV. Recall that we have an
exact sequence

1 — HYX,m(GY)) = HY(X,GY) - H'(X,GY) = H*(X, 7 (GY)),

and that m (GY) = Z*. Thus every GV-local system p : m1(X) — G has a
first Chern class ¢, € H?(X, Z*). However, as explained above, if p is an oper
then as a holomorphic bundle it reduces to the principal SLs, so ¢, = 1 (as
SLs(C) is simply connected). Moreover, in this case there is a unique lift of
p to a GY.-oper p’ in the canonical component OPOGSVC (X). Now, the reality of
p means that p = 7, where p is the complex conjugate of p, but then p’ is
not necessarily real: we have p’ = np/ for a unique n € H'(X, Z*). We expect
that x, = n.*

3.2. Analytic Langlands correspondence twisted by Z-gerbes on X

The setting of the previous subsection has a twisted generalization where we
take G simply connected, but instead of ordinary principal G-bundles take

Z4Note that the isomorphism H'(X, Z)* = H'(X, Z*) comes from the cup prod-
uct on HY(X,Z), so it is defined uniquely up to inversion and changes to inverse
when we change the complex structure on X (hence the orientation) to the opposite
one. So replacing this isomorphism by its inverse results just in replacing 7 by 771
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bundles twisted by Z-gerbes on X defined by ¢ € H?(X,Z) = Z (this is
mentioned in [GW], Subsection 9.2). Such twisted bundles are defined on an
open cover {U;} of X by holomorphic transition functions g;; : U; N U; —
G such that g;g9x9ki = Cijr € Z on U; N U; N Uy, where ¢ is a Cech 2-
cocycle representing c. Let Bung,(X). be the variety of regularly stable twisted
bundles with class ¢, and Bung, (X )4 be the disjoint union of Bung, (X)), over
all c € H*(X, Z). We have a principal H'(X, Z)-bundle

Bung (X )4 — Bung, (X).

Thus the Hilbert space H = L?*(Bung (X)) carries commuting actions of
quantum Hitchin Hamiltonians and Hecke operators.

Conjecture 3.9. Conjecture 3.8 and the formula for x, holds in this twisted
setting with the group ZV (trivial in our case) replaced by 71 (GY), the center
of GY.

3.3. Differential equations for the Hecke operators for G = PG L,
and X = P!

In this subsection we consider the case of G = PGLs and X = P! with
parabolic structures at finitely many points. We will consider the case of
G = PGL, and a smooth projective curve X of genus g > 1 in in the next
subsection.

We generalize the results of [EFK3], Subsection 4.2 to the twisted setting
of Subsection 2.16. Namely, we show that for /' = R the Hecke operators sat-
isfy a second-order differential equation (the oper equation), while for F' = C
they satisfy a system of two such equations — holomorphic (the oper equa-
tion) and anti-holomorphic (the anti-oper equation, conjugate to the oper
equation), which can be used to describe their spectrum. Let us now derive
the oper equation.

We return to the setting of Subsection 2.16 for F' = R or F' = C. Consider
the Gaudin operators

0.
G; = Y 0<i<m,

whereQ:e®f+f®e+%h®hand

(3.3) e=0,, h=—2yd, + A, f=—-y*0,+\y
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(this differs from [EFK3], (7.7) by the Chevalley involution). Thus, setting
0; == %, we have ([EFK1], (7.8)):

Ai\
( —y)?0:0; + (yi — y5) (N0 — \jdi) + J>,
t; — t; 2
JF
N i\ 1
Gi = GZ—Z#:Z —( ) 88 —|-( y])()\(? —)\jai) .
2t — ;) ti—tj( )
Note that on translation invariant functions of yo, ..., ¥, we have
UL - i NN
Z:G, Z ; Z iGi= E(E = A= 1)+ ——=—,
=0 1=0 =0
S G = B(E—-\-1),
i=0

where E := Y"1, y;0; is the Euler vector field and A := 3, \; (see e.g. [EFK1],
Section 7).
The following proposition is a complete analog of [EFK3], Proposition 4.3.

Proposition 3.10 (Universal oper equations). (i) We have

Ai
2 —
( ;x_ ) ’L>O

(i) We have

) Ai(Ni + 2)
(- Z) -

>0

z>0

Here the differential equations hold in the same sense as in [EFK3], Propo-
sition 4.3.

Proof. (ii) easily follows from (i), so let us prove (i). The proof is parallel to
the proof of [EFK3], Proposition 4.3. We only redo the algebraic part of the
proof, as the analytic details are exactly the same. Let u; = u;(s) := y; — s
and 1, 1;,1;; be the zeroth, first and second derivatives of ¢ evaluated at the

point z with coordinates z; := Z;_i = tu;x Thus
K2 T

(3.4) O = (x—u%’ > Oby = =01

i i>0
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Also let
(3.5) dp(s) =[] IIs — will™ llds]] .
i=0
We have
/ Z wl 82 m/(/} / Z 1/)1] d
z>0 i,j>0 Uity
Also

H sz / Z B — B2y (M5 = S (At — Aity)

Subtracting, we get

HZ

z>0x_t

(ti—z)? (tj—=z)? ti—x tji—x
(0 (T T u—i)wij + (5 - u J(Ajbi = Aiy) B
J (Z w2 (o=t~ ) )=

! i#]
(ti— 2y | (5 =~ )t — Aity)
/F<”Z>: (0~ o) +; (z —ti)(t: — t)) )dﬂ(s)'

Now, using integration by parts, (3.4) and (3.5), we have

[ 3 G ) = = [ = S it

ZJ>0 §>0 7i>0
by
idp( / du(s).
JoE =g ooty zx_t];ul (o)

Thus

HZ

>0

a:—t

du(s).

Y (Lt — S5 (s — Aitdy)
/<Z DI PR T e )d”“):

J>0 J >0 i#j
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iso (ti — 2)us i#j

-/ (z Y ﬁw) du(s) =

-/ (Z - Zw—?) wie) =X 2oy, O

Jj=0
Also, similarly to [EFK3], Proposition 4.11, we have
Proposition 3.11.
[Ha:7 GJ] =

As shown in [EFK2], if F' = C then the Hecke operators also satisfy an
anti-holomorphic second-order differential equation (the anti-oper equation)
which is the complex conjugate of the oper equation of Proposition 3.10(ii).
Thus, introducing the operator-valued oper 9% — S(z), where

(3.6) S(x) = go et ; p
for F' = C we obtain
(3.7) (02— S(z))H, =0, (9~ S(@))H, =0

(for F' =R we only have the first equation).
We also obtain the following equation for the eigenvalues i (z) of Hy s,
which is a generalization of Corollary 4.14 of [EFK3].

Corollary 3.12. The function Bi(x) satisfies the differential equation

(3.8) L(py) Bi(x) =0
where
Ai(Ai +2) i ke
L(py,) = 03 — Z - ’
i>0 4(1’ — ti)2 i>0 Xr — ti
is an SLso-oper, with
Am )\m 2) &= Al 2
(3.9) Z,Uzk—o th/hk— +1(Amyr + Z +
=0

Moreover, if F = C, then 3 also satisfies the complex conjugate equation

L(py,) Br(z) = 0.
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Note that equation (3.8) is Fuchsian at the points ¢; with characteristic

At and by (3.9) it is also Fuchsian at co with characteristic

2
exponents —% T+ 2wl 1y other words, basic solutions behave near ¢; as

2
(x — tj)% and (x — tj)% log(x —t;) if \; = —1 and as (z — L}')éi% else,
while at oo they behave as x%,x% logx if A\ppy1 = —1 and x%imgﬁl else.?
Thus the monodromy operators of (3.8) at t;, 0 < j < m + 1 are conjugate
to (ot Y) if Aj = —1and to (e”;;j e*’(f)“f ) else.

Thus for F© = C the spectral opers have a property that the system
LB =0, LB = 0 has a single-valued solution. So the monodromy of such an
oper must preserve a nondegenerate hermitian form. Moreover, as the above
matrices cannot be conjugated to SU(2), this form must be of signature (1,1).
Thus spectral opers must have monodromy in SU(1,1) = SL(2,R), i.e. they
belong to the (discrete) set B = B(\, ..., Am+1) of real opers of the form of
Corollary 3.12. Furthermore, the joint eigenspaces of Hy 1 are 1-dimensional.

In other words, we have

1
exponents 5 +

Theorem 3.13. Theorem 4.15 of [EFK3] extends mutatis mutandis to the
ramified setting with any weights A\; € —1 +iR.

Moreover, similarly to [EFK3], the set of spectral opers conjecturally co-
incides with B, and this is definitely true at least for 4 and 5 points. The
proofs of these facts are analogous to the proofs in the untwisted case given
in [EFK3].

3.4. Differential equations for the Hecke operators for G = PGL,,

Let G = PGL, and X a smooth projective curve of genus g > 1. Analogues
of the universal oper equations of Proposition 3.10 were obtained in Sub-
section 1.4 and Section 4 of [EFK2]. In this subsection we summarize these
results.

Recall the component Op% 1, (X) of the space of SL,-opers on X intro-
duced in Subsection 3.1. For even n it depends on the choice of an equivalence

1 \
class of the square root K% (a spin structure), which we will denote by ~.2°

It is an affine space which is a torsor over the vector space Hitch defined by
formula (3.1).

25We remind that since the oper L(u) is a map from K~3 to K%7 solutions of
the equation L(p)B = 0 are sections of K *%, but we view them as functions by
multiplying by (dz)~z.

*In [EFK2], we denoted this component by Opg, (X).
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Given y € Op2;, (X), denote by (V.,,, V) the corresponding holomorphic
flat rank n vector bundle on X whose determinant is identified with the trivial
flat line bundle. The oper Borel reduction gives rise to an embedding

n—1

Koy P K = Vi,

and therefore an embedding

_n1
ENIZOX‘—)VM(@KX 2

Hence we obtain a section

1

= Fn (1) € T(X, Vo, @ K5 7).

Swi

Likewise, we obtain a section

—1 —1

Sy ED(X V@ Ky 7 ) =T(X, V!, @ Ky 7 ).

n—1

Let D)(X) be the affine space of nth order differential operators P :
_n—1 n+1 1
Ky * — Ky* , where for even n we use our chosen square root K%, such

that
1. symb(P) € HY(X,Ox) equals 1;
n—1

_ nt1
2. The operator P —(—1)"P*, where P*: Ky * — K,* is the algebraic
adjoint operator (see [BB], Sect. 2.4), has order n — 2.

The following statement is proved in [BD2], §2.8.

Lemma 3.14. The assignment
X €0pg, (X) = PceD)X)

defines a bijection Op%;, (X) ~ D}(X) such that the sections s, €'(X, V., ®

_n=1 _n—1
Ky ? )ands,, , € (X, V,, , ® Ky ? ) satisfy

n—1

Py -5, =0,  P;-s,,_, =0,
where Py is the algebraic adjoint of Py.

Let VS?” be the universal vector bundle over Op%Ln (X) x X equipped
with a partial connection V"V (along X) defined by the property

(Vg?iv7 vuniv) ‘XXX == (le, VX)
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Set VI = m.(VarY), where 7 : Op%r (X) x X — X is the natural pro-
jection and m, is the O-module direct image. Using the connection V'™V we
obtain a left Dx-module VM.

Now let Dpgr, .o be the algebra of global holomorphic differential op-
erators acting on the component Bunpgr, o of Bunpgr,. According to the

results of [BD1], these algebras are isomorphic to each other and
Dpgr, o = Fun Opg;, (X).

From now on, we will use the notation Dpgr, for Dpar,, -
Thus, Dpgr, naturally acts on V}\“}i(", and this action commutes with the

action of Dy. We obtain the following result.

Lemma 3.15. There is a unique n-th order differential operator

n—1 n+1

(3.10) o K)_(T — Dpgr, ® KXZ

satisfying the following property: for any x € Ongn (X) = Spec Dpgr,, ap-
plying the corresponding homomorphism Dpgr, — C we obtain P,.

Let Opgy, (X)r be the set of real SLy,-opers in Op%, (X). If x is in
Op% 1, (X)r, then the monodromy representations associated to x and y are
isomorphic. Therefore, (V,,,Vy) and (V,,,V,) are isomorphic as C* flat
vector bundles on X. Hence we obtain a non-degenerate pairing

h‘XWJl(W ) : (un VX) ® (vwnfwvx) - (C})(O7d)

of C* flat vector bundles on X. The flat vector bundle (V,,, Vy) is known
to be irreducible if g > 1 (see [BD1], Sect. 3.1.5(iii)); therefore this pairing is
unique up to a scalar.

The following results were proved in [EFK2], Theorem 1.18 and Corol-
lary 1.16.

Theorem 3 16. The Hecke opemtor H,, , viewed as an operator-valued sec-
1

tion of Uy 2 = K)_( T ®KX , satisfies the system of differential equations

(3.11) o-H, =0, @-H, =0.

Proposition 3.17. hy ., (Sw,,Se,_,) is a unique, up to a scalar, section ® of
n—1

Qy * which is a solution of the system of differential equations

(3.12) P -®=0, Pi-®=0
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These two results have the following corollary describing the eigenvalues
of the Hecke operator H,, obtained in [EFK2], Corollary 1.19.

Corollary 3.18. Each of the eigenvalues B, (x,T) of the Hecke operator H,,,
on H corresponding to a real oper x € Op%Ln (X)r (see Conjecture 3.8) is
equal to a scalar multiple of by, (5w, 5w, )-

3.5. General case

In [EFK2], Section 5, we described a conjectural analogue of this picture for
general G, X, and A € AT. In the general case, the analogues of the differen-
tial equations (3.11) satisfied by the Hecke operators are more complicated
(see Subsection 3.8 below). However, there are several cases in which these
equations can be presented in a simple form similar to equations (3.11). Those
cases will be discussed in Subsection 3.6.

We start by introducing some notation following [EFK2], Section 5. For
X € Op%v (X) and A € A", we have the flat holomorphic vector bundle
(Va, Vya) on X associated to the irreducible representation V) of GV with
highest weight A (according to [BD2], §3, the corresponding vector bundles are
isomorphic to each other for all y € OpOGv (X), which justifies the notation Vy;
see Theorem 3.19 below). The oper Borel reduction gives rise to an embedding

(3.13) kit KOs v,

1
(if n is a half-integer, we take the power of K3 in our chosen isomorphism
class 7).

For n € %Z, denote by Dx ,, the sheaf of differential operators acting on
the line bundle K% on X. We have

Dx,~ Ky ® Dx @ K"
X,n X Ox X Ox X

For A € Ay, set

(3.14) d(A) :=2(\, p).

The Dx-module structure on V) defined by the oper connection V, ) gives
rise to a Dy, ay-module structure on the Ox-module
L)
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We denote this DX

The map (3.13) gives rise to a map

_ay-module by Vf/\.
& :

_ 4
KA:OX‘%KX 2 ® W\
and a non-zero section
a)

(3.15) sy =Rl eT(X, Ky 2 ®@V)).

Following [EFK2], Section 5.2, we denote by I, the left annihilating ideal of
sx in the sheaf D an).
’ 2
Now suppose that x € Op%v (X)gr. Then we have an isomorphism of C*°
flat bundles
Vs Vir) = (W, Vi)

and hence a pairing

A () = (Vs Vied) @ (Vowg () Viuo(n) = (€ d)
as Vi == V_yo(n)- Since (—wo(N), p) = (A, p) = @, we have
d(\)

we ET(X, K 2 @V o)

We recall the results of [BD2], §3, on the structure of (Vy, Vy \) and ky.
Fix a principal sl subalgebra

sly = span{e, h, f} C g’

such that span{e, h} is in the Borel subalgebra bY C g¥ used in the definition
of GV-opers.

Denote by V,, the irreducible (m + 1)-dimensional representation of sl.
The irreducible representation Vy of GV decomposes into a direct sum of
irreducible representations of the principal sl subalgebra:

(3.16) Vi ~ Vd(,\) D ( @ V;‘?cm’k) , Cm\ € Zzo,
m<d(X)

where d(\) is given by formula (3.14).
Recall the rank two vector bundle £gr, which is a non-trivial exten-
1

sion (3.2) (as before, here we take K2 in the isomorphism class v that we
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have chosen). Define the rank (m+1) vector bundle &,, := Sym™ (Esz,) on X.
By construction, &, is equipped with a filtration {57%1'}1-:07,“7m such that

%

£Sijesi-V v g2
Fix isomorphisms
Tt ESERTY S (EFTV N @ Kx, i=0,..m.

Let B,, C End(&,) be the subbundle of endomorphisms preserving this
filtration, and p the canonical section of (End(&,,)/Bm) ® Kx such that
p(ES) C £50™) ® Ky and it induces the isomorphisms gL on successive
quotients.

The following results are due to Beilinson and Drinfeld [BD1, BD2].

Theorem 3.19. (1) For any x € OngmH(X), we have Vy ., ~ &y, the oper
Borel reduction corresponds to B,,, and V., = d+ p mod By,.
(2) For any x € Opdv(X),

(3.17) V) ~ gd(A) P ( @ 5520"“*) ,

m<d(X)
where the numbers c,, » are defined by (3.16), and
(3.18) Vyx=d+p mod B

where B is the direct sum of By and all By,’s corresponding to the sum-
mands of (3.17).

3.6. Differential equations for Hecke operators corresponding to
principal weights

In the Subsection 3.4 we used the interpretation of SL,-opers as scalar differ-
ential operators of order n (see Lemma 3.14). As we show in this subsection,
an analogous interpretation is possible if G is a connected simple algebraic
group such that G¥ has an irreducible representation V, with highest weight
A that remains irreducible under a principal sly subalgebra of g¥. We will call
such weights principal. According to the results of [SS], which go back to E.
Dynkin in characteristic 0 (see Theorem 3.34 below), principal weights are
A = w; and wy for gV of type Ay, and A = w; for g¥ of types By, Cy and
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Gs. For Ay, By, and Cp, the corresponding scalar differential operators were
described in [DrS, BD2| (see also [FG] and [LM], where such operators were
discussed in special cases).

We have V) ~ V) in the decomposition (3.16) (i.e. there are no lower
terms) if and only if A is a principal weight of GVY. In this case, we have the
following corollary of Theorem 3.19.

Corollary 3.20. Suppose that X is a principal weight of GV .

(1) (Vx,Vy,a) together with its oper Borel reduction is an SLg()41-oper.
(2) If g > 1, then the flat vector bundle (Vy,Vy \) is irreducible.

Proof. If X is principal, then Vy ~ ). Part (1) readily follows from Theo-
rem 3.19. By [BD1], Proposition 3.1.5(iii), if g > 1, then the flat GV-bundle
underlying any GV-oper does not admit a reduction to a nontrivial parabolic
subgroup of GV. This proves part (2). O

Remark 3.21. If ) is not a principal weight, so V), is reducible as a repre-
sentation of a principal sly subalgebra of g¥ (see (3.16)), then there exists
X € Opgv (X) such that the flat vector bundle (Vy, V,.») is reducible. For ex-
ample, this is so if the GV-oper Y is in the image of the canonical embedding
Opper, (X) < Opgy (X) constructed in [BD2], §3. Indeed, for such ¥, the
oper connection V, » preserves the decomposition (3.17).

However, in the next subsection we will show that for generic y € OpOGV (X)
the flat vector bundle (Vy, V4 2) is irreducible for any A € AT, if g > 1 (see
Corollary 3.32,(2)). O

Recall from Subsection 3.5 that for any A € AT we have a canonical section
sy € D(X,Vf) defined by the oper Borel reduction and the left annihilating
ideal Iy, of sy in the sheaf D - Let us specialize to the case of a principal

weight A. Corollary 3.20 then 1mphes the following.

Lemma 3.22. Suppose that A is a principal weight of a group G. Then
V A is an drreducible D ao -module, and we have an exact sequence of
2

leﬁD ) -modules
X==

0—>I)\’X—>'D d(x)—>V )\_>0

. . d())
Recall from Subsection 3.5 that sy and 5_,,() are sections of K~ "2~ and
)

K 7, respectively.
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Proposition 3.23. Let X is a principal weight of a group G and x €

Opgv (X)r. Then hyx(5x, 5 we(n)) is a unique, up to a scalar, non-zero global
_d) -
C section of 0y * over X annihilated by the ideals I and I_, ),y

Proof. Clearly, hyx(sx,5 ,(n)) satisfies the conditions of the lemma. Con-
_4d)
versely, suppose that ¢, (x) is a non-zero section of 0 ? annihilated by the
ideals I, and I_,,(),y- By the definition of these ideals, we then have a
non-zero homomorphism of Dy, a0y ® Dy, an-modules
’ 2 ’ 2

x =

Q) : V[f)\ ®vx7_w0()\) — QX

X
sending s) ® 5_,(n) to ¢a(x). Equivalently, we have a non-zero homomor-
phism of flat C'*° vector bundles

(V/\’ VX,)\) ® (V*wo(k)ﬂ vx,*wo(k)) — (COO> d)

By Corollary 3.20, the flat vector bundle (Vy, V) is irreducible. Therefore
the vector space of such homomorphisms is one-dimensional. Hence ¢, is
equal to a scalar multiple of hy x(sx, 5 we(n))- O

For G = PGL,, A\ = wx, let

I = K3 ® Ly

w1,X °

This is a left submodule of the (DX7nT+1,DX7 %ﬂ)—bimodule of differential
—n+1 n+1

operators acting from Ky to K,* . The submodule I/, .x 1s generated by

a globally defined nth order differential operator P, on X associated to x by
Lemma 3.14, that is

I, =Dy uir - Py

w1,X
Therefore in this case a section annihilated by the ideal Iy , is the same as a
section satisfying the nth order differential equation (3.12).

A similar statement is true for a general principal weight A of a group G.
For x € Op2y (X) let

I, = KM o1

which is a left submodule of the (D 1+, Dy ac )-bimodule of differential
T2 T2
_ ) 1+d(N)
operators acting from Ky * to Ky > . As shown in the proof of Corol-
lary 3.20, the flat vector bundle (Vy, V. x) has the structure of an SLg(x)41-

oper, which we will denote by x. This implies that the ideal I j\,x is generated
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by the corresponding differential operator P of order d(A) + 1 on X acting
_dn) an)
from Ky * to K X+ 2 . Therefore, we again obtain that a section annihilated

by the ideal I, is the same as a section satisfying a differential equation of
the form (3.12) of order d(A) 4+ 1. Thus, Proposition 3.23 has the following
equivalent reformulation which is an analogue of Corollary 3.17 for a general
principal weight.

Corollary 3.24. For a principal weight X of a group G, hyx(sx,5 (n)) 5

_da)

a unique, up to a scalar, non-zero section ® of {1y > which is a solution of
the system of differential equations

(3.19) P- - &=0 Pf.-®=0.

XX XA

Remark 3.25. (1) For GV of type By (resp. C;) the map x +— P sets

up a one-to-one correspondence between Op?;v (X) and the space of self-

adjoint (resp. anti-self adjoint) scalar differential operators, respectively, of
d(n) d()\)

order d(\) + 1 acting from Ky 2 to Ky S and having symbol 1. This is
proved in [BD2], §3 (following [DrS]) together with Lemma 3.14, which is the
analogous statement for GV of type Ajy.

(2) If X is not principal, then we do not expect that the ideal Iy, or
its twist such as I} A 18 generated by a single globally defined differential
operator. Hence in [EFK2], Section 5, we formulated everything in terms of
the ideal I, itself. See also Subsection 3.8 below.

Now we are going to formulate a conjectural analogue of Theorem 3.16
for principal weights (Conjecture 3.27).

For any A € AT, let V"IV be the universal vector bundle over Opogv (X) x
X with a partial connection V"V along X, such that

(V/l\miv’ Vuniv)|X><X — (V)\’ VX )\)7 X € Op(();v (X)

)

Let m: Opdv(X) x X — X be the projection and set
K, univ — 2
Vunlv =T (Vumv)7 VX )\ — KX 2 ® Vunlv
Then VK i s naturally a D «_dm-module on X, equipped with a commut-
)

ing action of Fun OpZy (X) ~ Dg.
Moreover, the oper Borel reduction gives rise to an embedding

_da
Kv1)1\n1v . KX PRI Vunlv
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and hence a canonical section
univ (X VK,univ
S)\ € ( s VXA )

Consider the cyclic Dg ® DX,—@ -module (Dg ® D X,— 400 ) - sYV generated

univ

by sy™V.
The next lemma, which follows from Corollary 3.20(2), is an analogue of
Lemma 3.15 for a general principal weight.

Lemma 3.26. For a principal weight A of a group G, there is an isomorphism
(320) (DG &® DX,—@) . siniv ~ )l{(:/l\miv

of Dg @ Dy _ao) -modules.
’ 2
_d)

Recall that the Hecke operator H) is an operator-valued section of €2 * .

Hence we can apply to it the sheaf D, ) as well as the algebra Dg. The
[
two actions commute, and they generate a Dy, a0 -module inside the sheaf
T T2
d(N)

of operator-valued C™ sections of Qy > on X. Let us denote this Dy -
T T2

module by (H)). Likewise, we can apply to H) the sheaf 5){7@ and the
. ’ 2

algebra D¢. Denote the resulting fX _any-module by (H)y).

Recall that for any x € Op%v we then have the corresponding differential
operator PSZA' These operators give rise to an analogue of the operator (3.15);
namely,

)

(3.21) 0:Ky? 5 DKy ?
satisfying the property that for any xy € Op2(X) = Spec D¢, applying the
corresponding homomorphism D¢ — C we obtain P .

The following statement is an analogue of Theorem 3.16 for a general
principal weight.

Conjecture 3.27. For a principal weight A of a group G, the Hecke operator
H), satisfies the system of equations

(322) o-Hy,=0, g-H,=0.

Equivalently, there are isomorphisms

(3.23) (Hy) = V™, () = v

of Dg ® Dy, aw-modules (resp. Dg® 5){ 4 -modules).
’ 2 ’ 2
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The following conjecture follows from Conjecture 3.27 and Proposition
3.23 in the same way as Corollary 3.18 follows from Theorem 3.16 and Corol-
lary 3.17 in the case G = PGL,, A = w;.

Conjecture 3.28. Let \ be a principal weight of a group G. Each of the
eigenvalues ) (x,T) of the Hecke operator Hy on H corresponding to a real
oper x € Opdv(X)r (see Conjecture 3.8) is equal to a scalar multiple of

hX(S)\a S—wo()\))'

This is a special case (corresponding to the principal weights) of Con-
jecture 5.1 of [EFK2] which we mentioned in Conjecture 3.8(ii) above. In
Subsection 3.8 we will discuss the general case (see Conjecture 3.38).

3.7. Monodromy of opers

Let G be a connected reductive algebraic group over C and X a smooth
projective curve over C of genus g > 1.

Let LocSysqv (X) be the stack of Betti G¥-local systems on X, and let
Conngv (X) be the stack of GY-connections (i.e., de Rham GV-local systems)
on X. It contains the stack of GV-opers which, according to [BD1, BD2], is
the quotient of the variety of G¥-opers (which is a union of affine spaces which
are torsors over Hitch) by the trivial action of the center ZV of GV. Slightly
abusing notation, in this section we will denote this stack by Opgv (X).

We have the analytic monodromy map M : Conngv(X) — LocSysqv (X)),
which is an analytic isomorphism. Let Z C Conngv (X) be the Zariski closed
substack of connections whose differential Galois group is a proper subgroup
of GV.

Despite the map M not being algebraic, we have

Lemma 3.29. M (Z) is a Zariski closed substack of LocSysqv (X).

Proof. M(Z) can be defined algebraically in the Betti realization — it is the
substack of local systems whose structure group is a proper subgroup of GV.
This implies the statement. O

Theorem 3.30. Z does not contain Opgy (X). In other words, there exists
a GV-oper x whose monodromy is Zariski dense in GV (equivalently, whose
differential Galois group is the entire GV ).

Proof. Tt is sufficient to prove the theorem in the case that GV is simple of
adjoint type. In this case Opgv(X) is an affine space which we will view
as a subvariety of LocSysqv(X). Since the automorphism group of the flat
GY-bundle underlying any GV-oper is trivial if GV is of adjoint type (see
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[BD2], §1.3), it follows that any x € Opgv(X) has a Zariski open neighbor-
hood LocSysgv (X)y in LocSysgv (X)) which is a smooth subvariety. The set
LocSysgv (X)y(C) of its C-points is a smooth complex manifold.

Suppose that y is a real GV-oper. Then the set LocSysqv (X)y (R) of R-
points of the variety LocSysgv(X), is a smooth real submanifold of
LocSysgv (X)y(C). Hence x is a point of intersection of two smooth mani-
folds, Opgv (X)(C) and LocSysgy (X)y (R), in LocSysgv (X )y (C) (all viewed
as real manifolds).

Following [Wal, call a real GY-oper coming from a principal PG Ly sub-
group of G¥ permissible. According to Theorem A of [Wal, if x is permissible,
then the above two subvarieties are transversal at x (note that this implies
that permissible opers are discrete in Opgv(X)). We will prove the Zariski
density of the image of the monodromy representation of a generic GV-oper
by doing linear analysis around any given permissible G¥-oper (for instance,
we can take the image of the real PG Ly-oper uniformizing X).

We start with an obvious lemma from linear algebra.

Lemma 3.31. Let V be a finite dimensional real vector space of dimension
2d and U a complex subspace of Vi of dimension d transversal to V' (as a real
vector space), i.e., such that U +V = V. Also, let W be a subspace of V. If
U is contained in W¢ then W =V,

Proof. Since U &V = V¢, we have We &V = V¢, hence W = V. O

According to Remark 3.5, for a permissible GV-oper the Zariski clo-
sure of the corresponding monodromy representation is equal to a princi-
pal PG Ly subgroup of GV. Therefore, the Zariski closure of the monodromy
group of a sufficiently generic GV-oper y has to be a subgroup K of GV
containing its principal PG Ly subgroup. Hence K is a semisimple group (it
is the same for all sufficiently generic x up to conjugacy). Fix a permissi-
ble GY-oper 1. Note that ¢ is a smooth point of both LocSyssv (X) and
LocSysg (X), since the centralizer of the principal PG Ls in GV is trivial (this
also follows from the fact [BD2| we mentioned above that the group of auto-
morphisms of any GV-oper is trivial if GV is of adjoint type). Consider the
tangent spaces V' := T LocSysqv (X)(R), U := Ty;Opgv(X)(C) = Hitch,
and W := T, LocSysy (X)(R). Then by assumption, U is contained in W,
and by Theorem A of [Wa|, U and V' (which have the same real dimension)
are transversal in V¢. Thus by Lemma 3.31 W =V, and hence K = GV. This
completes the proof of the theorem. O

Theorem 3.30 implies
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Corollary 3.32. (1) Opers x € Opgav(X) whose differential Galois group
is GV (equivalently, such that the Zariski closure of their monodromy is GV)
form a dense Zariski open subset U C Opgv (X).

(2) For a generic x € Opgv(X) (namely, for x € U from part (1)) the
assoctated flat vector bundle (Vx,Vy ) on X corresponding to an arbitrary
dominant integral weight X\ of GV is irreducible.

Suppose that GV is a simple algebraic group of adjoint type. Let x be a
GV-oper and denote by M, the Zariski closure of the monodromy of y. By
Corollary 3.32, we have M, = GV for generic . But this is not the case for
some G-opers. For example, for the permissible GV-opers x discussed above
(coming from a principal PG Ly subgroup of GV) we have M, = PGL,. The
proof of the following result was communicated to us by D. Arinkin [Ari].

Theorem 3.33. Suppose that the Zariski closure M, of the monodromy group
of a G¥-oper x on a curve of genus g > 1 is a proper subgroup of GV. Then
M, C G, a proper simple subgroup of GV that contains a principal PG Ly
subgroup of GV and such that the flat GV -bundle underlying x is induced
from a flat G'-bundle admitting a G'-oper structure.

Proof. By going, if needed, to a finite cover of X, we can assume without
loss of generality that M, is connected (the statement for this cover will
imply the statement for X, since pullback of an oper to the cover is still
an oper). By [BD1], Proposition 3.1.5(iii), M, is not contained in any non-
trivial parabolic subgroup of GV. Hence by Morozov’s theorem (see e.g. [Bou,
Ch. VIII, Section 10) it is contained in a proper connected reductive subgroup
G' c GY.

The flat GV-bundle E, = (égv, Vy) (where Egv is the GY-bundle intro-
duced after equation (3.2)) underlying y can then be reduced to a flat G'-
bundle Eg\ = (g, V4 ), i.e. we have an isomorphism of flat G'-bundles
EG’,X Xar GV = EX'

Fix a point zg € X. Conjugating inside GV if needed, we may assume
that G’ is the fiber of Ad(Eq ) at .

It is shown in [BH] that if H is a connected reductive group over C, then
any H-bundle £ on X has a canonical Harder-Narasimhan reduction to a
parabolic subgroup P(Ex) of H. These canonical Harder-Narasimhan reduc-
tions for ¢, and Egv define a parabolic subgroup P(Eq ) of G’ and the
Borel subgroup P(Egv) = BY C GV (the one we have used in the definition
of GY-opers), respectively. These subgroups must be compatible. Therefore
P(&qr) = B := G'NBY is a Borel subgroup of G’, and g/ = Epry X G,
where Ep  is a B'-bundle on X.
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Let 7" be a maximal torus in B’ and TV a maximal torus of BY, such
that 7" C TV. Consider the B'/[B’, B'] = T"-bundle &7, associated to Epr .
By construction, the induced TV-bundle is the TV-bundle Epv associated to
the BY-bundle £gv which is the oper BY-reduction of the GV-bundle Egv. As
explained at the beginning of Subsection 3.1, the GV-bundle Egv is induced
from the PGLy-bundle corresponding to the vector bundle (3.2) under the
principal embedding PG Ly < GY. This implies that Epv ~ K% in the sense
that for any character ¢» € X*(TV), the corresponding line bundle ¥ (Epv)
is isomorphic to Kég}’p ). This implies that the image of the cocharacter p :
G,n, — TV is contained in T" C T"V.

Let us trivialize the bundle £p/, over the formal neighborhood of zg, on
which we pick a formal coordinate z. This trivializes Fq , as well as Epv
and Eqv. We also obtain a trivialization of the corresponding adjoint vector
bundles. The affine space of connections on Egv is then identified with the
space d + g”[[z]]dz. The connections that come from connections on the G’-
bundle E¢ , belong to its subspace d+g'[[z]]dz. On the other hand, according
to Definition 3.1, the oper connection V, has the form

(3.24) Vy=d+ (f+b(2))dz,
where f € gV is a principal nilpotent element satisfying [p, f] = —f and
b(z) € b¥[[=]].

Therefore g’ contains f + b(0). Since g’ also contains p, we obtain that

lim ¢Ad(p(0))(f + b(0)) = f € g’

By the Jacobson-Morozov theorem, it now follows that G’ contains a principal
subgroup of GV, as desired. Subtracting fdz from (3.24), we obtain that
b(z) € ¢’ NbY[[z]] = b[[2]]. Therefore, ¢, with its B'-reduction p, and
connection (3.24) is a G’-oper.

From the classical result of Dynkin (see [SS, EO]), which we recall in
Theorem 3.34 below, it also follows that G’ is simple. This completes the
proof. O

We recall the classification of pairs G’ C GV, where GV is a simple al-
gebraic group over C and G’ is its connected reductive subgroup containing
a regular unipotent element of GV (and hence a principal PG Ly subgroup
of GV). Following [EO], we will call such a pair (and the corresponding pair
of Lie algebras) a principal pair. In the case when GV is of adjoint type that
we are considering, it suffices to classify the principal pairs of Lie algebras.
This classification is given by the following theorem, which is due to [SS]
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and in the characteristic 0 case goes back to the work of Dynkin (see [EO],
Theorem 6.4).

Theorem 3.34. The principal pairs of Lie algebras g C g (with a proper
inclusion) are given by the following list:

(1) sp(2n) C sl(2n), n > 2;

(2) so(2n+1) Csl(2n+1), n > 2;
(3) so(2n+1) C s0(2n+2), n > 3;
(4) Go C s0(7);

(5) Go C 50(8);

(6) Gy C sl(7);

(7) F, C Eg.

(8) sla C g¥ for any simple g

The Lie subalgebras g given in (1),(2),(3),(5),(7) are the invariant subal-
gebras of an automorphism of the Dynkin diagram g"; (4) is obtained by
composing (5) and (3); and (6) is obtained by composing (5) and (2).

Using Theorem 3.33 and Theorem 3.34, we can give a description of
the possible Zariski closures M, of the monodromy groups of arbitrary G-
opers x. Namely, M, must be a simple subgroup of G that contains a prin-
cipal PG Ly subgroup of GV.

Lemma 3.35. Suppose that a connected simple subgroup HY of a connected
simple group GV contains a principal (P)SLy subgroup of GV. Then we have
a canonical map

(325) apgv.gy OpHv (X) — OpGV (X)

Proof. Under the condition of the lemma, the Borel subgroup B}; of H" used
in the definition of H"-opers contains the Borel subgroup of a particular prin-
cipal (P)SLs subgroup of GV with the Lie algebra spanned by the elements
h and e of the corresponding principal sly triple. Then B}, is contained in a
unique Borel subgroup B of GV. Definition 3.1 implies that for every HV-
oper 7, the flat GV-bundle induced from the flat HY-bundle underlying 7
has a structure of GV-oper with respect to BY. This structure is unique by
Lemma 3.3. Since the space of opers does not depend on the choice of a Borel
subgroup by Lemma 3.2, we obtain a canonical map (3.25). O

Theorem 3.36. Let M, be the Zariski closure of the monodromy group of a
GY -oper x on a curve of genus g > 1, where GV is a simple algebraic group of
adjoint type. Then M, is a simple algebraic group of adjoint type containing
a principal PGLy subgroup of G¥ and x is in the image of the map oy, av .
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Proof. We argue by induction on d = dim(G"), with the base being the
case d = 3, which follows from Remark 3.5. Suppose that M, # G. Then
by Theorem 3.33 and Lemma 3.35, M, is contained in a simple subgroup
G’ C GY and x is in the image of the map ag gv. But dim G’ < dim G¥ and
by passing to a finite cover of X, we can assume without loss of generality
that G’ is connected. Moreover, according to the list of Theorem 3.34, if GV is
of adjoint type, then so is G’. Passing from GV to G’ and using our inductive
assumption, we obtain the result. O

Remark 3.37. Explicit examples of opers with proper subgroups M, C GV
(in genus 0 with ramification) can be found in [FG].

3.8. General case, continued

Let G be a connected simple algebraic group and A € AT. We will use the
notation introduced in Subsection 3.6. In Conjecture 5.1 of [EFK2] we gave
a conjectural formula for the eigenvalues () (z, @) of the Hecke operator Hy.
It generalizes Corollary 3.18 in the case G = PGL, and Conjecture 3.28 in
the case of principal weights. Actually, for each y € OpOGv (X)gr there are
(conjecturally) finitely many eigenvalues which differ from each other by a
root of unity (see [EFK2|, Remark 5.1). Hence the statement Conjecture 5.1
of [EFK2] is made in the form “up to a non-zero scalar.” Here it is in terms
of the notation of the present paper.

Conjecture 3.38. The eigenvalues ) (z,T) of the Hecke operator H) cor-
responding to x € Opjyv (X)r are equal to hy x(Sx, 5 wg(n)) UP to a non-zero
scalar.

In [EFK2], Section 5, we gave the following strategy for proving this
conjecture:

(1) Prove that eigenvalues () (z,T) satisfy a system or differential equa-
tions

(3.26)  DpBx(x,T) =0, D'Bx\(z,T) =0, D€ Iny, D' €I 400

This is essentially the statement of [EFK2], Conjecture 5.5.

(2) Show that every solution of the system (3.26) is equal to
haa(Sx,5_wo(n)) UP to a non-zero scalar. In the case when the monodromy
representation of the flat vector bundle (Vy, Vy y) is irreducible, this is the
statement of [EFK2], Corollary 5.4.

We now consider this statement in the case when the monodromy repre-
sentation of the flat vector bundle (Vy, V) is reducible, using the results of
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the previous subsection. For simplicity, we will assume that GV is of adjoint
type.

Proposition 3.39. For every x € Opav (X)g, P A (58X, 5—wo(n)) @5 a unique,
_dn)
up to a scalar, non-zero section of {1y * annihilated by the ideals I, and

I*UJO(/\)aX :

Proof. In the case when the monodromy representation of the flat vector
bundle (Vy, Vy,») is irreducible, this was proved in [EFK2], Corollary 5.4.

Suppose now that (Vi, Vy ) is reducible. This means that the Zariksi
closure M = M, of the monodromy of x is a proper subgroup of GV. By
Theorem 3.36, M is a simple subgroup of GV (also of adjoint type) that
contains a principal PG Ly subgroup of GV, and x is the image of an M-oper
M under the map argv : Opy (X) — Opev (X).

Under the action of M, the representation V) of GV decomposes into a
direct sum of irreducible representations of M. Denote by V/\M its component
containing the highest weight subspace of V) with respect to the Borel sub-
group BY N M of M (where BY is the Borel subgroup of GV we have used
to define GV-opers). Since m := Lie(M) contains a principal sly subalgebra,
VM contains the highest component Vaen in the decomposition (3.16) of Vy
under the principal sly. This implies that the dual representation (V{M)* is
isomorphic to V_Afvo( A the component containing the highest weight subspace
of V—wo()\) = V;

The decomposition of V) into a direct sum of irreducible representations of
M gives rise to a direct sum decomposition of the flat vector bundle (Vy, V, 1)
into irreducible flat vector bundles each having real monodromy. In particu-
lar, the flat subbundle (V{!,V, 1) of (W, V1) corresponding to the highest
weight component V/\M C V, is irreducible and has real monodromy. There-
fore, there is a unique up to a scalar non-zero pairing

_M J— 00
hi\/,[)\('v ) : (V)]\wv vX,/\) ® (V—wo()\)7 VX,—MO()\)) - (CX ) d)7

where Vﬂ{uo o) is the subbundle of V_,,(x) corresponding to V%JO( N (V/\M ).
From the above direct sum decomposition it is clear that h%)\(-, -) is equal to
the restriction of hy (,-) to VY @ V]on()\) up to a non-zero scalar.
_d)
Moreover, the canonical section sy € I'(X, Ky > ®V)) corresponding to
the Borel reduction of the GV-oper x (see formula (3.15)) is equal to the image
)

of the canonical section s} € T'(X, Ky 2 ® VM) for the M-oper x™ under
the embedding V/]\V[ = Vx. And likewise, for the canonical sections s_,, ()
and sijo(/\).
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Using irreducibility of the flat bundle (VM V, ,) in the same way as
XK B

in the proof of Corollary 3.23, we obtain that hy Zwo(V)

_d)
up to a scalar, non-zero section of 2y > annihilated by the ideals I, and

) is a unique,

I_po(n),x- But according to the above discussion, h%\(s§4, s]ywo(/\)) is equal to
Py A(8x, 5—wo(n)) Up to a non-zero scalar. This implies the statement of the
proposition. ]

This proves part (2) of the above argument. Hence in order to prove
Conjecture 5.1 of [EFK2] it remains to prove Conjecture 5.5 of [EFK2] (see
[EFK2], Section 5.3 for an outline of how to prove it using the results of
[BD1]).

3.9. Functoriality in the analytic Langlands correspondence

Consider the framework of the Langlands Program for a smooth projective
curve X over a finite field IF,. Let G and H be two split reductive algebraic
groups over F,, and GV and H" their Langlands dual groups. The Langlands
functoriality principle (see [Art] for a survey) is the statement that for any
homomorphism

(3.27) a:H — GY

between them there should be a map (sometimes called transfer) from the set
of L-packets of tempered automorphic representations of H(Ar) to the set of
L-packets of tempered automorphic representations of G(Ap) (where Ap is
the ring of adeles of F' = F,(X), the function field of X).

The existence of such a map is quite surprising: even though we have
a homomorphism (3.27) of dual groups a : HY — GV, there is a priori no
connection between the groups G and H. The explanation is found on the
dual side of the Langlands correspondence, which gives a parameterization
of L-packets of tempered automorphic representations of G(A) in terms of
homomorphisms W (F) — GV, where W (F) is the Weil group of F. Given a
homomorphism (3.27), every Langlands parameter o : W(F) — H" for H(A)
gives rise to a Langlands parameter a o o : W(F) — GV for G(Ap).

This interpretation also makes it clear that functoriality should satisfy
the following transitivity property: if K is another reductive group and we
have a chain of homomorphisms of dual groups:

(3.28) KY - HY — G,
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then the composition of the transfers from K (Ag) to H(Ap) and from H(Ap)
to G(Af) should coincide with the transfer obtained directly from the com-
position KV — GV.

Another important property is that the Hecke eigenvalues of the auto-
morphic representations (at the unramified places) should match under the
transfer in a natural way.

What should be the analogues of the Langlands functoriality and the
transfers in the analytic Langlands correspondence for a curve X over C?

According to our main Conjecture 3.8, the role of the Langlands param-
eters for a reductive group X is now played by real GV-opers. From Theo-
rem 3.36, it is clear that the homomorphisms (3.27) that we should consider
are the ones that map a principal SLs (or PG Ls) subgroup of HY to a prin-
cipal SLy (or PGLs) subgroup of GY. We will call such homomorphisms
principal. For simple GV, at the level of Lie algebras, the list of principal
homomorphisms is given in Theorem 3.34 following [SS] and [EO] (note also
that we have discussed principal embeddings in the case when gV = sl, in
Subsection 3.6.)

Suppose for simplicity that GV is of adjoint type. Then it follows from
Theorem 3.34 that HY is also of adjoint type. Given a principal homomor-
phism (3.27), by Lemma 3.35 we obtain a canonical map

(329) agv.Gv - OpHv (X) — OpG\/ (X)

which is an embedding of affine spaces in the case when HY and GV are of
adjoint type. The following result follows immediately from Theorem 3.36.

Proposition 3.40. A GY-oper in the image of agv gv which is not in the
image of axv v for any KY C HY consists of the G¥-opers on X such that
the Zariski closure of their monodromy is equal to H".

Thus, we obtain a stratification of the affine space Opqv(X) by affine
subspaces given by the images of the embeddings agv gv corresponding to
all principal homomorphisms (3.27). It gives rise to the corresponding family
of embeddings of the sets of real opers, which are the Langlands parameters
of the analytic Langlands correspondence:

(3.30) afv vt Opgv (X)r = Opgy (X ).

Since these maps are transitive for a pair of embeddings (3.28), Conjec-
ture 3.8 implies that an analogue of the transitivity property holds in the
analytic Langlands correspondence.
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Next, by analogy with the Langlands functoriality discussed above, we
expect that the eigenvalues of the Hecke operators for the groups G and
H related by a principal homomorphism (3.27) should match. Let us ver-
ify that this is compatible with our Conjecture 3.38 (which is Conjecture 5.1
of [EFK2]) that gives an explicit formula for these eigenvalues up to a
scalar).

Given A € AL, let a()\) € AJ; be the dominant integral weight of HY
obtained via the homomorphism (3.27). We have the corresponding Hecke
operators Hy and H,(y for the groups G and H, respectively, depending on
a point of X. According to Conjecture 3.38, the eigenvalues Hy and H,y)
are parametrized by real opers in Opgv (X)r and Opgv(X)R, respectively
(more precisely, for each real oper, we expect finitely many Hecke eigenvalues
differing by a root of unity; see [EFK2], Remark 5.1 for more details). Given
X € Opyv(X)g, denote by a(x) the image of x under the embedding (3.30).
Let ﬁ;‘()\) (7,7) be the eigenvalue of H,(,), and ﬁf\l(X) (x,T) the corresponding
eigenvalue of H,. Matching of these eigenvalues means that they are equal
up to an overall non-zero scalar (independent of x,T).

Our conjectural formula for these eigenvalues in Conjecture 3.38 says that
By (@) = B (3a0r): Saano) and By (2, 7) = hS) (53, 5uomn))) UD
to non-zero scalars. But we have shown in the proof of Proposition 3.39 that
the two expressions are proportional to each other. Hence we find that our
conjectural formulas for the Hecke eigenvalues are indeed compatible with the
analytic Langlands version of functoriality.

Remark 3.41. An important example of functoriality in the case of a curve
over a finite field comes from the embedding of a maximal torus of the group
GY, TV — G". In this case, the corresponding automorphic functions for
the group G over the adeles are known as the Fisenstein series. The above
discussion explains why we do not expect analogues of Eisenstein series in
the analytic Langlands correspondence for a simple algebraic group GG and a
curve over C (as we can see from Conjecture 3.8): such an embedding is not
principal and therefore should not lead to functoriality.

3.10. Analytic Langlands correspondence twisted by an
Aut G-torsor on X

Analytic Langlands correspondence can be naturally generalized to the case
when the connected reductive group G is replaced by a flat group scheme G
over X with fibers isomorphic to G. For simplicity let us discuss this theory
in the case of complex curves (F' = C).
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Example 3.42. Suppose G = G}, is an n-dimensional torus. Then the pos-
sible groups G are parametrized by homomorphisms ¢ : m(X) — GL,(Z)
with finite image I'. Let X be the cover of X corresponding to the kernel of ¢.
Then I' acts on X and G trivializes over X, so the corresponding moduli stack
Bung(X) is the stack of I'-equivariant G-bundles on X. Set-theoretically, this
is the subgroup of Pic()z )™ consisting of bundles E with a consistent family of
isomorphisms 7, E = ¢(7)E, v € I'. In this case it is easy to see (see [EFK2])
that the spectrum of Hecke operators is parametrized by I'-equivariant real
GY = G -opers on X, ie., lifts p: m (X) = I'x G, (R) of ¢ such that the lo-
cal system p : Ker ¢ = 7r1()~() — G (R) is an oper (hence also an anti-oper),
similarly to Subsection 3.1.

Example 3.43. Suppose that G is adjoint. In this case, the possible groups
G are classified by H'(X, Aut Ag x Ox ), where Ox ¢ is the sheaf of regular
functions on X with values in G. Two elements 6,60, € H" (X, Aut A¢xOx )
which map to the same element in H*(X, Aut Ag) = Hom(m (X), Aut Ag)
define Morita equivalent groups G, so the corresponding moduli spaces are
the same ([Br], Subsection 1.6, Proposition 1.2). In other words, similarly
to Subsection 2.4, the theory depends only on the inner class of G (see
[Br], Remark 1.2). This is, in fact, a general feature which extends beyond
F=C.

Thus we may restrict ourselves to groups G obtained from maps ¢ :
m1(X) — Aut Ag. So, similarly to Example 3.42 we may define I' := Im ¢
and realize the corresponding stack Bung(X) as the stack of I-equivariant
principal G-bundles on the I'-cover X of X. As in Example 3.42, we expect
that the spectrum of Hecke operators is parametrized by I'-equivariant real
GV-opers on X, ie. lifts p : m(X) — T x GY(R) of ¢ whose restriction to
Ker ¢ is an oper (hence also an anti-oper).

Remark 3.44. More generally, suppose a finite group I' acts simultaneously
on G by root datum automorphisms and on a curve X. Then we can consider
harmonic analysis on the space BunOG()? )'' of I'-equivariant regularly stable
G-bundles on X. If " acts on X freely, this reduces to the above setting with
X=X /T, but the theory extends naturally to the case when the action is
not necessarily free. We note that such moduli spaces of twisted bundles have
been recently studied in connection with twisted conformal blocks and twisted
Verlinde formula, see [DM, HK]. In the framework of the usual Langlands
correspondence over function fields, such twisted setting is considered in [L],
Section 12.



A general framework for the analytic Langlands correspondence 377

4. Analytic Langlands correspondence over R
4.1. The general setup

In this section we will focus on the case F' = R and propose a conjectural
description of the spectrum of Hecke operators in terms of GV-opers satisfying
suitable reality conditions, generalizing the results of [EFK3], Subsection 4.7.
Much of our analysis is based on [GW], Section 6.

We first specialize the setting of Subsection 2.2 to the case F' = R, so
Fyp = C and I'p = Z/2. We will only consider either real or complex points
of algebraic groups G, and will write G for G(C) when no confusion is possible.
Let G a split connected reductive group defined over Q and GV its Langlands
dual group. Let Z, Z" be the centers of G, GV. These groups are equipped with
a natural operation of complex conjugation, g — g. A real structure on G
is a holomorphic automorphism 6 : G — G satisfying the 1-cocycle condition
fof* = 1d, where 0*(g) := @ Two such 1-cocycles differ by a coboundary iff
the corresponding real structures are isomorphic. In fact, one can (and usually
does) choose a representative 6 of its cohomology class so that § commutes
with complex conjugation, i.e., #* = § and #? = Id, which gives rise to the
Satake diagram of the corresponding real form.?” Such 6 gives rise to an
antiholomorphic involution o(g) := 6(g). The corresponding group of
real points G° = G?(R) (which may be disconnected) is the subgroup of
g € G stable under o, i.e., satisfying 6(g) = g. The inner class of o gives rise
to a root datum involution s = s, for G which is also one for GV.

Recall [ABV] that to G, s we may attach the Langlands L-group *G =
L@, the semidirect product of Z/2 = Gal(C/R) by GV, with the action of
72 defined by w o s, where w is the Chevalley involution defining the
compact form of G.

Let X = X(C) be a compact complex Riemann surface of genus g > 2.
Let 7 : X — X be an antiholomorphic involution. We specialize the set-
ting of Subsections 2.4, 2.5, 2.8 to the case F' = R. Given a holomorphic
principal G-bundle P on X, we can define the antiholomorphic bundle 7(P),
hence a holomorphic bundle (o, 7)(P). A pseudo-real structure on P is an
isomorphism A : (o, 7)(P) — P. Such a structure defines a class ap in

H*(Z/2,2°(C)) = Ker(1 — s|z)/Im(1 + s|z)

2T Another possibility is to choose 6 to commute with the complex conjugation of
the compact form of G, which gives rise to the Vogan diagram of the real form.
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which depends only on P and not on A. A pseudo-real structure A on P is a
real structure if

(4.1) Ao (o,71)(A) =1

(in particular, this means that the cocycle a4 and hence the class ap equals 1).
For example, if GG is adjoint then the isomorphism A is unique if exists
and (4.1) is automatic if Aut(P) = 1, which happens for regularly stable
bundles. Note that if g € G and go(g) = 1 then

Ag~': (Ad(g)o, 7)(P) = P

satisfies (4.1) with o replaced by ¢’ = Ad(g)o. Thus the space of such regu-
larly stable bundles depends only on the inner class s of o, in agreement with
Subsection 2.4 (see also [BGH], Proposition 3.8). Following Subsection 2.4,
we denote this space by Bung (X, 7).

The space Bung (X, 7) is a real analytic manifold, which is a disjoint
union of open submanifolds Bung, , (X, 7), o € H*(Z/2, Z%(C)). Moreover,
for every character x of

Hl(Z/Q, Z°(C)) = Ker(1 + s|z)/Im(1 — s|z)

we have a Hermitian line bundle £, on each Bung , (X, 7) defined in Sub-
section 2.8.
Let

H(s, T, a,x) = L2(Bunf;’s’a(X, 7), Ly)
be the Hilbert space of L* half-densities on Bung , (X, 7) valued in £L,. Let

H(S,T, 0[) = @XH($>T7057X)7 H(S,T) = @QH(svTa OZ).

We have (conjecturally) a spectral decomposition of H(s,7) under the action
Hecke operators compatible with the («, x)-grading.

Remark 4.1. To be more precise, the definition of the Langlands L-group
in [ABV] uses s instead of w o s. This is in fact a major difference between
the classical Langlands correspondence for real groups and the analytic Lang-
lands correspondence for curves over R. An explanation of this phenomenon
is provided by [EFK1], Proposition 3.6, which says that taking the formal ad-
joint of quantum Hitchin Hamiltonians corresponds to applying the Chevalley
involution on opers. See also Remark 4.3 below.
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4.2. The case when T has no fixed points

We first consider the easier case when 7 has no fixed points. Let p be a
local system on the non-orientable surface X/7 with structure group “G. If
we choose a base point p € X/7 then such a local system corresponds to a
homomorphism 71 (X/7,p) — LG which is unique up to conjugation. We will
say that p is an L-system if it attaches to every orientation-reversing path in
X/7 a conjugacy class in G that maps to the nontrivial element in Z/2. The
following conjecture is equivalent to the conjecture made in [GW], Section 6.2
on the basis of insights from 4-dimensional supersymmetric gauge theory (as
well as the duality proposal from [BS]).

Conjecture 4.2. (i) There is an orthogonal decomposition

H(s,1,1) = @H(s, 7,1),,
p

where p runs over L-systems on X /7 with values in G = £G, whose pullback
to X have the structure of a G-oper.

(ii) For A € Ay the Hecke operator H),, ¢z acts on H(s,7,1), by the
eigenvalue 3, ,(7,7) defined by the formula in [EFK2], Conjecture 5.1. In
particular, if G = PGLy,, A = w; and L, = 0" +a0" 24 +a, is the SL,-

1—n 14n
oper (i.e., holomorphic differential operator K> — K,* ) corresponding to

p then B, ,(x,) is the (unique up to scaling) single-valued section of [Kx|'~"

satisfying the system of oper equations L,8 = O,L_;jﬁ =0.

Remark 4.3. More precisely, as was explained to us by E. Witten, what
comes from ordinary gauge theory is this picture for the compact inner
class s. To obtain other inner classes, one needs to consider twisted gauge
theory where the twisting is by a root datum automorphism of G. Namely,
gauge fields in this theory are invariant under complex conjugation 7 com-
posed with this automorphism. This may be seen as the physical explana-
tion of the appearance of the Chevalley involution in the definition of “G
in analytic Langlands correspondence, which does not happen in the usual
Langlands correspondence for real groups.

Example 4.4. Let s = w (the compact inner class). Then £G = Z/2 x GV,
so an L-system is the same thing as a G"-local system on X/7. So in this
case according to Conjecture 4.2, the spectral local systems are p which are
isomorphic to p” and such that p is an oper (hence also an anti-oper), so p is
a real oper “with real coefficients”. But among these we should only choose
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those local systems that descend to X /7 and the eigenspaces are labeled by
these extensions.

More precisely, recall that opers for adjoint groups have no nontrivial au-
tomorphisms ([BD2], §1.3). So for any connected reductive G we get an ob-
struction for such p to descend to X /7 which liesin ZV/(ZV)? = H*(Z/2, Z").
Moreover, if this obstruction vanishes then the freedom for choosing the ex-
tension is in a torsor over H'(Z/2, Z) = Zy, the 2-torsion subgroup in ZV.

Indeed, 71 (X/7) is generated by 71(X) and an element ¢ such that tht—! =
~v(b) for some automorphism v of w1 (X), and t? = ¢ € 71(X), so that v2(b) =
cbe™!. So given a representation p : m(X) — GV, an L-system would be
given by an assignment p(t) = T € GV such that (1) 7% = p(c) and (2)
Tp(a)T~! = p(y(a)). If p = por~ then T satisfying (2) is unique up to
multiplying by v € ZV, and T? = p(c)z, 2 € ZV. Moreover, if T is replaced
by Tu then z is replaced by zu?, hence the obstruction to satisfying (1) lies
in ZV/(Z¥)2. And if this obstruction vanishes, then the choices of T' form a
torsor over Zy acting by T + T'z.

Remark 4.5. As pointed out in [GW], Section 6, this reality condition on the
GV-oper on X is equivalent to the condition that p extends as a topological
local system to the 3-manifold

U == (X x [=1,1])/(r, —1d)

whose boundary is X, introduced in [GW], and this extension is a part of the
data. This follows from the fact that the inclusion X/7 < U, is a homotopy
equivalence.

Remark 4.6. We have the inflation-restriction exact sequence
H'(mi(X), 2°(C))*? — H*(Z/2, 2°(C)) — H*(m(X/7), Z°(C)).

Let @ be the image in H?(m(X/7), Z*(C)) of a € H*(Z/2,Z°(C)). Soa = 1
iff  is the image of n € H'(m(X), Z%(C))%? = H'(X, Z°(C))%?, which
corresponds to a pseudo-real Z®-bundle on X. Multiplication by 7 acts on
the space of pseudo-real bundles commuting with Hecke operators, changing
ap to ap + «. This implies that if @ = 1 then Conjecture 4.2 generalizes
in a straightforward way to give the spectral decomposition of H(s,T,a):
namely, the spectrum of the Hecke operators is the same as in H(s, 7, 1). More
generally, this shows that the spectrum of Hecke operators on H(s, 7, «) for
general o depends only on @.

It remains to describe the spectrum in the case when @ # 1. As was ex-
plained to us by D. Gaiotto, in this case Conjecture 4.2 can be generalized by
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considering gauge theory on the 3-manifold U, (homotopy equivalent to X /7)
twisted by the Z°-gerbe corresponding to @. Mathematically this corresponds
to the setting of Subsection 3.2 extended to the case F' = R. We omit the
details.

Example 4.7. Let G = K x K for some complex group K, and s be the per-
mutation of components (the only real form in this inner class is K regarded
as a real group). In this case Bung (X, 7) = Bung(X), the usual moduli
space for the complex field. Also LGy = LG 05 = Z/2 x (KY x KY), where
7,2 acts by permutation. So an L-system is a K x K" local system on X
of the form (p, p™). Thus the spectrum is parametrized by p such that both
p and p” are opers, i.e., p is both an oper and an anti-oper, i.e. a real oper,
which agrees with the main conjecture from [EFK2|. (Note that in this case
H(Z/2,7") = 1 so there is no obstructions or freedom for extensions.)

Example 4.8.%% Let us verify Conjecture 4.2 for G = GL;. In this case the
possible s are 1 and —1, each being its entire inner class. So consider two
cases:

1. Compact case: s = —1. Then the spectrum is parametrized by charac-
ters of m1(X/7), i.e., elements of H'(X/7,C*) = (C*)9 x Z/2, which come
from G Lq-opers.

2. Split case: s = 1. Then the spectrum is parametrized by H'(X/7, CX),
where CX is the local system where 7 acts by inversion. We have H!(X /1, CX)
= (C*)9, and the spectrum is parametrized by such local systems that come
from G Lq-opers.

In both cases the resulting “spectral” opers form a lattice Z9. They are
of the form d 4 ¢ where (roughly speaking) ¢ in the first case has integral
periods on T-antiinvariant cycles and in the second case integral periods on
T-invariant cycles.

Example 4.9. Consider the simplest instance of the previous example, with
genus 1 curve X = C/(Z ® Zi) and coordinate z = x + iy, with 7(2) =z + 3.
Then X /7 is the Klein bottle with 7 (X/7) generated by ¢ and b with tbt ! =
bt

1. In the compact case s = —1 we need to consider characters of this
group, which send b to +1 and ¢ to any nonzero number. So the corresponding
opers are L = d+¢ where ¢ has half-integral period in the imaginary direction,

i.e. ¢ = mn, n € Z. Thus the Hecke eigenvalue is expected to be proportional
to 627rinyo — eﬂn(Zo—Eo).

28This is based on the letter [W] in which E. Witten kindly explained to us the
predictions of [GW] in the abelian case.
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And indeed, this is what we see if we compute the eigenvalues of Hecke op-
erators. Namely, the moduli of bundles of degree 0 admitting a real structure
consist of two circles z = 0 and x = %, call them Sy and S7, with coordinate
y € [0,1), swapped by 7. However, the space of real bundles of degree 0 is
the union of their double covers §0 and §1. The reason is that a real bun-
dle is a bundle admitting a real structure with a choice of an isomorphism
A: (s,7)(E) — E such that Ao(s,7)(A) = 1, which is defined up to sign, and
there is no canonical choice of this sign (one can check that it changes as we go
around the circle). So the eigenbasis of Hecke operators is 1,7 = (e™", ™)
and v, = (e™W —e™"™) n € Z, with eigenvalues e?™0 and —e?™™W0. This
also shows that we have a 2-dimensional space corresponding to each oper,
which agrees with the fact that we have two extensions for each oper to a
local system on X/7 (as Zy = 7/2).

2. In the split case s = 1 we need to consider homomorphisms 7 (X/7) —
7/2 x C* that send t to {—1,1}, so b goes to any nonzero number, while ¢2
maps to 1. So the corresponding opers are L = d + ¢ where ¢ has integral
period in the real direction, i.e. ¢ = 2win, n € Z. So the Hecke eigenvalue is
expected to be proportional to e*7in@0 = g2min(zo+20)

And indeed, this is what we see. Namely, in this case bundles admitting
a real structure form the circle S defined by the equation y = 0, with co-
ordinate x. The circle y = % consists of pseudo-real bundles, i.e., those for
which Ao (s,7)(A) < 0 for any isomorphism A : (s,7)E — E, so it does not
contribute. Moreover, in this case the choice of A such that Ao (s,7)(A) =1
is unique up to isomorphism if exists. So the set of real bundles is S (i.e.,
we don’t get double covers) and the basis of eigenfunctions is v, = e*"ne,
n € Z, with Hecke eigenvalue e*™™0_ Also extension of opers is unique and
the space corresponding to each oper is 1-dimensional.

Remark 4.10. We can derive that every eigenvalue B(z,T) of the Hecke
operator Hy,s(n)z is indeed of the form 8, (z,T) for some oper p satisfying
the reality condition of Conjecture 4.2 (for semisimple G) from Conjecture 5.5
of [EFK2] (which is proved in Theorem 1.18 of loc. cit. for G = PGL,, and
A = wi). Namely, this statement implies that each eigenvalue of the Hecke
operators is a unique (up to a scalar) solution of the system of linear dif-
ferential equations LB = 0,L' B8 = 0, where L runs over the holomorphic
differential operators from the annihilating ideal I , introduced in Section 5
of [EFK2]. Therefore, we obtain that this system has a single-valued solution
on X invariant under 7. The topological condition on the oper p given in
Conjecture 4.2 should follow from this similarly to the argument of [EFK1],
Corollary 1.19.
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4.3. The case when T has fixed points: genus 0 with m + 2 real
ramification points

4.3.1. The untwisted case We will now consider the case when 7 has
fixed points, which is more complicated. We restrict ourselves to G = PG L.
We start with the genus zero case with ramification points considered in
[EFK3].

Let tg < t; < -+ < tym,tme1 = 00 € RP! be the ramification points. Let
a,b € R, z = a+ib e C, and let H,z be the Hecke operator from [EFK3],
Example 3.30, obtained by averaging over Hecke modifications at (x,T) using
the lines (s,3). The following lemma is straightforward.

Lemma 4.11. The eigenvalues B,(x,T) of Hyz satisfy the equality

B2, 7)|y=a = /Bk<a)2
for a € R, where By are the eigenvalues of Hy.

Let us now study the function B (z,7) for x ¢ R. To do so, note that
B = B, satisfies the oper equations

LB=0, LB =0,

where L = L(p;,) (using the notation of [EFK3], Subsection 4.4). Recall also
that the points ¢; divide RP! into intervals I; = (¢;,¢;41), and that in [EFK3],
Subsection 4.7 we defined the functions f;, g; on I;. Recall that on I; we have
p(z) = fj(z). Thus by Lemma 4.11 along the interval /; we have

B(x,7) = |f;(@)]* + 75 Im(f;(x)g;()), 7 €R,

for  on and above ;.
Let the function g7 : I; — R be defined by

9i =b;fj — a;g;,
where a;,b; € R are as in [EFK3], Subsection 4.7. Then
B(z,T) = |f;(x)]* — ajy; Im(f; (z)g] (x)).

For an analytic function i on I; let h* be its analytic continuation from I; to
I;_1 along a path passing above t;. Recall from [EFK3], Subsection 4.7, that

(4.2) i =iff +45, 951 =ig§.
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This yields

B =ifd + g5 — aj—17;1 Im((f? +ig3)g;) =
\ff|2 + (2= aj-17j-1) Im(f_j“gj»‘) + \9?’2 - aj—17j—1|9?|2a

on I;_y. The last two terms must cancel, so aj_17yj—1 = 1. Thus we get
B =I1fiP +Im(fig}),
on [;_;. But we also have
B =121 +~; Im(f2g3).
Thus for all j we have 7; = 1, hence a; = 1 (i.e. the local system is balanced,

in agreement with [EFK3], Subsection 4.7). Thus we obtain

Proposition 4.12. We have

Bla,7) = | f3(@)? + Im(f;(x)g;(2))
on and above I;.

In particular, for 3 points this gives an explicit formula for the function
B in terms of classical elliptic integrals (see [EFK3|, Example 4.5).

Corollary 4.13. The one-sided normal derivative of B(x,T) at the real line
(with x approaching from above) equals w. Thus

B(a+ ib,a — ib) = B(a)? + 7|b| + o(|b]), b — 0.

In particular, B(x,T) is continuous, but only one-sided differentiable on the
real locus (excluding ramification points).

Proof. 1t is easy to check that the normal derivative equals the Wronskian
W(fj,g;), which equals 7, as explained in [EFK3] (Proof of Proposition
4.25). O

Remark 4.14. Note that the statement of Corollary 4.13 makes sense on any
real curve near its real point (indeed f;, g; are —1/2-forms, so their Wronskian
is a function, and it makes sense to say that it equals 7). Moreover, it holds
for any real curve since it is a local statement and it holds in genus zero by
Corollary 4.13. It can also be checked by direct computation of the normal
derivative.
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4.3.2. The twisted case Consider now the twisted case with arbitrary
twisting parameters \; = —1 + ¢j,¢; € tR. In this case the story is similar
to the previous subsection and [EFK3], Subsection 4.7. Namely, fix k& and
consider the function fi(x). On the interval I;, 0 < j < m, we have the
following solutions of the oper equation L(u)3 = 0: first of all,

1- ltec;

fi@) = Be(@)|r, ~ kTR (cj)(w — )T + 6 T (—ej) (@ — 1)) =, & — t;+,
and also

—1
7T6kj 14c;

The function g is not real-valued on the real axis, however, so let us look for
a real-valued solution of the form

g; = g; +1i& f5, & €R.

A short calculation using that

yields

and the Wronskian W(f;, g;) = W(f;,g;) equals 7.
Similarly, let g;_;(z) be the solution of the oper equation on I;_; of the
form

7T6_- 1+c;
—%(Q‘-I)Tg, I—)t]‘—.
and gi_; :=g;_; +1§j-1fj-1 be the corresponding real solution. Then

g; = bjfj — Cl,jg;, aj,bj S R, a; 7'é 0.

Also instead of (4.2) we get

fict\ _ S, (
)
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where

‘ -1 /. (A —A;1)?
J. = M ©OT@EA,
! 2 1 i

It follows that the monodromy of our oper in appropriate bases looks as
follows:

1 b

) , M (t+ = t—) = J;,

where M* denotes the monodromy above and below the real axis, respec-
tively. Also W(f;-1,g;_1) = —m, hence a; = 1.

When j = m+1, the formulas are the same, except that  —¢; is replaced
by —1/x and J;ﬂ is replaced by —Jjﬂ.

We thus obtain a deformation of the theory of balanced local systems and
opers described in [EFK3], Subsection 4.7. Namely, similarly to [EFK3], given
a sufficiently generic 2-dimensional local system V on X with ramifications
at t; and regular local monodromies with eigenvalues —A;-EQ, it can be written
(generically in two different ways) in the form (4.4), where a;,b; € C and B;
must satisfy the equations

m+1 m+1
(4.5) Il 7iBi=-1 ] J;'B; = -1,
Jj=0 j=0

which are deformations of equations (4.7) of [EFK3] (the total monodromy
around the circle above and below the real axis is trivial).

Define a A-balancing of V to be an isomorphism (considered up to
scaling) of V with a local system (4.4) such that a; = 1 for all j. In this
case, as in [EFK3], the two equations in (4.5) are, in fact, equivalent, since
SJ;'B;S™! = J;Bj, where S := ({3). We call such a local system V A-
balanced if it is equipped with a balancing. Generically a local system admits
at most one balancing, as in [EFK3].

We obtain the following analog of [EFK3|, Proposition 4.25 and Theo-
rem 4.29. Denote by By the set of A-balanced opers.

Theorem 4.15. The spectral opers for Hecke operators Hy g are A-balanced
with balancing defined by the eigenvalue Bi(z), and b; € R, as in [EFK3)],
Proposition 4.7. Thus the spectrum ¥ A of the Hecke operators is a subsel

of B -

Moreover, as in [EFK3|, we expect that these sets are, in fact, equal, and
can show this for 4 and 5 points.
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4.4. The case when 7 has fixed points: real and quaternionic ovals

Now suppose X is an arbitrary real curve and C is a connected component
(oval) of X(R). Given a real PG Lo-bundle P on X (with respect to the split
form of the group), recall that its fiber P, is a PG Ly(C)-torsor. So for a point
x € C, the real structure on P defines a map A : P, — P, such that Ag = gA
for g € PGLy(C), and A% = 1. Pick p € P,, then A(p) = bp for a unique
b € PGL5(C), so A(bp) = bA(p) = bbp, thus bb = 1. Replacing p with ¢ := gp,
we get

A(q) = A(gp) = gA(p) = gbp = gbg 'q.

Thus b is well defined up to b — gbg~'. It is easy to show that such b fall
into two orbits of this action — that of b = 1 (which we call real) and that
of b= (%7}) (which we call quaternionic). Namely, if b, is a lift of b to
SLy(C) then byb, = 1 or —1, and this is what determines the type of b (real
for 1, quaternionic for —1). In the language of Subsections 2.6, 2.7, P is real
at x if the associated real form G? of G is split and quaternionic if G7 is
compact.

It is clear that the type of P at x is independent on x as it varies along C'.
Thus given P, on every oval C; of X(R), i = 1,...,r, P is either real or
quaternionic. So the manifold BunOG,S (X, 1) splits into 2" disconnected parts
according to the type of P at each C; (some of which can be empty). In fact,
how many of them (and which ones) are non-empty is specified on p.18 of
[BGH] and references therein.

Remark 4.16. 1. The analog of this for general groups is as follows (see Sub-
sections 2.6, 2.7). By Subsection 2.6, every real G-bundle P on X and every
x € X(R) defines a real form of G in the inner class C'(s) which is continuous,
hence locally constant, with respect to = (see also [GW], Section 6). So each
component C; of X(R) carries a real form G? of G in C(s) — the type of P
at C;. For example, as explained above, if G = SLs then C; is real if the form
of G attached to C; is SLy(R) and quaternionic if it is SUs.

2. On components containing tame ramification points, in the untwisted
setting this form has to be quasi-split, as we need a real Borel subalgebra
to define parabolic structures. So in particular for G = PG Ly all contours
containing ramification points must be real. More generally, if we consider
parabolic structures for an arbitrary parabolic subgroup P of G, the corre-
sponding ramification points can occur only on components for which the
corresponding real group contains a form of P.

3. More generally, following Subsections 2.14, 2.15, at ramification points
p one can place unitary representations m; of the complex group G if 7(p) # p
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and of the real form G; if p € C; (the twisted setting). In this case we no
longer have the restriction that G; should be quasi-split if p € C; (e.g. see
Subsection 5.6). The untwisted setting of (2) then corresponds to taking m;
to be the spherical principal series representations with central character of
—p, consisting of L2-half-densities on the flag manifold, which requires the
groups GG; to be quasi-split.

4.5. Real ovals, separating real locus

Now consider the case of PG Lo-bundles on an arbitrary real curve X without
ramification points, and let us characterize the part of the spectrum coming
from bundles for which all ovals are real. Let the set X (R) of fixed points of
7 be the union of ovals C4,...,C,, C X. Assume first that these ovals cut
X into two pieces Xy, X_ swapped by 7. Then the behavior of the Hecke
eigenvalue B(z,T) gives us conditions which allow us to pinpoint opers L
(with real coefficients) that can occur in the spectrum of Hecke operators.

Namely, first of all, the eigenvalue 5(z),z € X(R) of the Hecke operator
H, is a solution of the oper equation L = 0 periodic along C}. So (assuming
this eigenvalue is not identically zero), the local system py, must satisfy

Condition 1. The monodromies of pz, around C; are unipotent.

Indeed, this is necessary for the existence of the periodic solution 3(x),
since the monodromy lies in SLs.

Also, since the eigenvalue B(z,7) of H,z is single-valued on X and
satisfies the oper equations LB = LB = 0, we see that p; must also satisfy

Condition 2. The monodromy representation py, : m1(Xy) — SLo(C) lands
in SLy(R) = SU(1,1), up to conjugation.

To write this condition more explicitly, fix a base point zo € X, and
paths p; from xg to ¢; € C;. This defines elements 0; := p;lepj € m (X, o),
where we agree that C; begins and ends at ¢; and is oriented so that when
we travel around it, X remains on the left. Let g, be the genus of X and
Ag, B, 1 < k < g4 be the A-cycles and B-cycles of X ;. Then 0;, Ay, By
generate m1 (X, xg) with defining relation

g+ n
[11A. Bel ] 65 =1
k=1 j=1

(for a suitable choice of the paths p;). Then Condition 2 is equivalent to the
condition that there exists a basis in which the matrices pr,(0;), pr.(Ax), pr(Bx)
are real for all j, k.
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Definition 4.17. We will say that a local system p on X (not necessarily
an oper) satisfying Conditions 1, 2 is balanced.

Let us now reformulate Condition 2 on the local system p;, attached to
the oper L in a more analytic language, assuming that Condition 1 holds
for pr. By Condition 1, for each j we have a nonzero real periodic solution
of the equation Lf = 0 on Cj, call it fj(x). We also have the other real
solution g;j(x) which changes by a multiple of f; when we go around Cj; such
that the Wronskian W(fj,g;) = m.2° We will use the notation f;, g; also
for the analytic continuations of f;, g; to a neighborhood of I;. Motivated by
Proposition 4.12, introduce

Condition 2a. There is a single-valued solution 8 of the system
LB=0,LB=0
on X \ U;C; such that near each C;}, we have

B(x,T) = ;1| f;(x)* £ gjo Im(f;(x)g; ()

for a suitable choice of f;,g; with W(f;,g;) = 7 (unique up to sign) and
€j1,€52 = £1, where the sign in front of the second summand is + if z is
above C; and — if  is below C;.%

Proposition 4.18. If Condition 1 holds and pr,(C;) # 1 for all j then Con-
dition 2a is equivalent to Condition 2.

Proof. Since B is a single-valued solution of the oper equations LB = 0,
LB = 0, Condition 2a implies Condition 2. To prove the converse, note that
Condition 1 implies that there exist bases {f;, g;} of the fibers of the local
system py, at the points ¢; in which pr,(C;) = ((1) Alf) for \; € R, and Condi-
tion 2 implies that on these fibers there are nondegenerate Hermitian forms
invariant under pr,(C;) and compatible with the operators pL(pkpj_l)7 and
det pr (pep; ') = 1.

Now, nondegenerate Hermitian forms in two variables X, Y invariant un-
der the matrix (§ 1) for nonzero A\ € R are of the form p|X|* + ¢ Im(XY),
where p, ¢ € R, ¢ # 0. This implies that the Hermitian form at ¢; in the basis

29Note that if p(C;) # 1 then f; is uniquely defined up to scaling, and once it is
chosen, g; is uniquely defined up to adding a real multiple of f;.

30Note that the function Im(f;(z)g;(x)) does not depend on the choice of gj,
is single-valued in the neighborhood of C, and vanishes on C;. Hence B(z,Z) is

continuous but only one-sided differentiable on C}.
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i, g; has the form p;| X|?+¢; Im(XY), where p;, ¢; € R, ¢; # 0. We can now
renormalize f;, g; by reciprocal positive constants to make sure that p; = +1.

It remains to show that all ¢; are the same up to sign, then we can
renormalize B to make sure that ¢; = +£1, and construct the solution B
satisfying Condition 2a from the invariant Hermitian form on the fibers of py,.
But this follows from the equality det pp, (pkpj_l) =1 O

Remark 4.19. 1. The continuation of g; around C; gives g; + A; f;, and the
real numbers \; attached to the components C'; do not depend on any choices
and are invariants of a balanced oper.

2. If the representation py of m (X, ) is irreducible then the solution 8
satisfying Conditions 1 and 2a is unique up to sign if exists.

The above discussion implies

Proposition 4.20. Every oper appearing in the spectrum of Hecke operators
is balanced.

There is, however, another condition satisfied by spectral opers. Namely,
let us say that a balanced oper L is positive if there is a solution 3 satisfying
Condition 2a with €;; = €52 = 1 for all j.

Proposition 4.21. FEvery oper appearing in the spectrum of Hecke operators
s positive.

Proof. Since B (z,x) = P(x)? for z € X (R), ;1 are all the same, so can be
assumed to be 1. Then it follows from Remark 4.14 that we also have €5 = 1
for all 7. O

Conjecture 4.22. The spectrum of Hecke operators is labeled by positive
balanced opers, possibly with finitely many eigenvalues corresponding to the
same oper.

Example 4.23. Let X be of genus 2 with X (R) having 3 components,
C4,Cy, C5 that cut X into two trinions X4, X_. Thus g, = 0, so m(Xy)
is generated by ¢;, 7 = 1,2,3, with defining relation ;16205 = 1. So Con-
dition 1, saying that all A; := p(J;) are unipotent, implies that they all
commute, as A; Ay A3 = 1. In spite of having three equations (Tr p(d;) = 2,
i = 1,2,3), one can show that the space of such (real) local systems on
X is of codimension 2 (i.e., 4-dimensional over R) so it is not a complete
intersection. However, Condition 2 provides one more equation to get a 3-
dimensional real manifold. Therefore if appropriate transversality holds, then
Conditions 1, 2 and the oper condition imply the discreteness of the spectrum.
Namely, isomorphism classes of (nontrivial) unipotent representations of the
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group 71 (X4, x9) = F3 are labeled by one complex parameter x, which lives
in CP! (namely, p(d2) = p(61)"). So Condition 2 just tells us that x € RP!.
Let us write down a formula for 8(z, ) in this case, for p = pr. If Condi-
tion 1 holds then we have a global holomorphic solution f(z) of the equation
Lf =0 on X, generically unique up to scaling. We can normalize it to be
real on C;. We also have another holomorphic solution g(z) on X, which
is changed by a multiple of f(x) when we go around cycles, which we can
normalize so that W(f, g) = m. Then g is uniquely determined up to adding
a multiple of f. We can make sure that ¢ is real on C', then the remaining
freedom is adding to g a real multiple of f. Now consider the function

B(x,@) = |f(2)* + Im(f(2)g(x)).

Note that this function is independent on the choice of g, and is single-valued
since k is real. This function is the eigenvalue of H,z when f is normalized
so that f(z)|c, = B(x) (then this will also hold on Cy and Cs, up to sign).
Thus we see that in this case every balanced oper is automatically positive.

Example 4.24. Suppose X has genus g > 3 with X(R) having g + 1
components C1,...,Cgyq1; thus g = 0 so m1(X;) is generated by 0, with

]gii 0; = 1. Then Condition 1 imposes g+ 1 constraints on the local system:
we have that A; := p(d;) are unipotent for j = 1,...,g+1. Moreover, now this
actually defines a complete intersection (unlike the previous example, which
is a degenerate case). Once this condition is imposed, our representation p of
m1(Xy, o) = Fy is a point of the unipotent SL,-character variety My,
for the sphere with g+ 1 holes, which has (complex) dimension 2(g—2). Thus
the condition that this point is real is 2(g — 2) real equations. So altogether
we get g+1+42(g—2) = 3g— 3 real equations, i.e. if appropriate transversality
holds then we should get a real submanifold of middle dimension 3g — 3 in the
6g — 6-dimensional manifold of local systems, as needed for discrete spectrum.

Example 4.25. More generally, suppose X (R) is the union of Cy,...,C,

where n < g+ 1. Then X, has genus g, = g%*" (so g+ 1 — n must be
even). So Condition 1 gives us n real equations, and then we end up in the

unipotent character variety M"2P ,» Which has (complex) dimension d =

2
3(g+1—n)—6+2n = 3g—3—n. So altogether we again get 3g—3—n+n = 3g—3
real equations, as needed for discrete spectrum.

4.6. Real ovals, non-separating real locus

Now suppose that X (R) still consists of n circles C1,...,C, of real type
but now is non-separating. To handle this case, let ¥ be a connected non-
orientable surface with n holes of Euler characteristic x, and let M7~ be
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the corresponding unipotent character variety. Note that ¥ can be obtained
by gluing s = 1 or 2 Mobius strips into an orientable surface ¥, with n + s
holes and the same Euler characteristic y. We have 2—2g(¥,) —n—s = x, so
g(Xy)=1- W, and s is such that n+ s+ x is even. Thus M;&%WF& has
dimension —3(n+s+x)+2(n+s) = —n—s+3x. So dim M¥P~ = —n — 3y
(since we no longer have unipotency condition at s of the n + s holes, where
we glue in a Mobius strip).
Now let 3 = X/7. This is a non-orientable surface of Euler characteristic
= 1 — g and n holes. So dlm./\/l“r“p’ = -—n—3x = 3g — 3 —n. Thus
Condltlon 1 gives n equations, and the real locus in M“mp’ another 3g—3—n
equations, so altogether we get 3g — 3 equations, again as needed.

7. Quaternionic ovals

For a quaternionic oval C; the Hecke operator H, for x € C; is not defined,
so the function B(x) is not defined either. As a result, it is not hard to show
that

lim H,z =0

z—Cj

and thus B(z,7) = 0 for € C;. More specifically, the function 8(z,7) near
C; has the form

(4.6) B(z,7) = £ Im(f;(2)g;(x)),

where as before f;, g; are real solutions of the oper on C; such that W (f;, g;) =
T, 80 we have

Bz, T) ~ 7|

where b is the distance from x to the oval (this makes sense because B is not
a function but actually a —1/2-density, i.e., |b| is really |db/b|~!). However,
the normalization of f; is now not fixed, so we are free to multiply f; by a
nonzero real scalar and divide g; by the same scalar.

Also, we no longer have a condition that monodromy around C} is unipo-
tent. It only has to have real eigenvalues pjd, so it can preserve the indefinite
Hermitian form defined by B (see (4.6)), and f;, g; are the corresponding
eigenvectors.

4.8. Conditions with ramification points

In presence of ramification points on C; (in which case in absence of twists
Cj is necessarily of real type), the story should be the same, except that by
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monodromy along C; we should mean monodromy “in the sense of principal
value”, as explained in [EFK3]|, Subsection 4.7; i.e., when we continue through
a ramification point, we take minus the half-sum of upper and lower analytic
continuation. So for genus 0 we recover exactly the answer from [EFK3],
Subsection 4.7. In this case the real locus divides CP! into two disks, which are
simply connected, so we don’t have any conditions similar to Subsection 4.2,
and the balancing conditions on p; can be formulated solely in terms of
the neighborhood of the real locus. This is exactly what happens in [EFK3],
Subsection 4.7.

5. Analytic Langlands correspondence and Gaudin model

In this section we discuss the Gaudin model and its generalizations and relate
these models to various settings of the analytic Langlands correspondence on
P! with ramification points over R and C.

Initially, the Gaudin model associated to a simple Lie algebra g was de-
fined for the tensor products of finite-dimensional representations of g. But
in fact the Gaudin Hamiltonians (which we have already encountered in Sub-
section 3.3 in the case g = sly) give rise to well-defined commuting operators
on the tensor product of any representations of g. If this tensor product has a
weight space decomposition with finite-dimensional weight spaces, then since
these subspaces are preserved by the Gaudin Hamiltonians, the corresponding
spectral problem is clearly well-defined. This is the case, for example, when
all representations are of highest weight or lowest weight.

If this is not the case, the spectral problem may still be well-defined if
there is a natural Hilbert space structure on a completion of this tensor prod-
uct and the Gaudin Hamiltonians can be extended to self-adjoint strongly
commuting operators on it. This conjecturally happens when the representa-
tions of g come from tempered unitary representations of a connected real Lie
group G(R) whose complexified Lie algebra is g; for example, this happens
for representations of the unitary principal series of SLs(R). The traditional
methods of Bethe Ansatz can no longer be used in this case. But here we
get into the setting of the analytic Langlands correspondence for G = S1Lo,
X =P! and F = R with real ramification points discussed in Section 4 (with
the Gaudin Hamiltonians being the Hitchin Hamiltonians). Hence we can use
the results of Section 4 to describe the spectrum of the Gaudin Hamiltonians.

In fact, we will show that even the original case of the tensor product of
finite-dimensional representations of g can be interpreted in the framework of
the analytic Langlands correspondence (namely, it appears in the quaternionic
case discussed in Subsection 4.7). Applying our results, we obtain a new
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interpretation of the description of the spectrum of the Gaudin Hamiltonians
in this case in terms of monodromy-free opers [F2, R]. This description is
closely related to the Bethe Ansatz in the Gaudin model. We discuss all this
in Subsections 5.1-5.3 and 5.5-5.7.

In Subsection 5.4 we consider the case of the tensor product of the infinite-
dimensional contragredient Verma modules with arbitrary highest weights. In
this case the weight subspaces of the tensor product are finite-dimensional and
the spectral problem for the Gaudin Hamiltonians is well-defined. It is natural
to expect that the spectrum is given by opers whose monodromy is contained
in a Borel subgroup of GV, the Lie group of adjoint type associated to the
Lie algebra gV. In a follow-up paper [EF] we intend to prove this result using
the tools of the present paper.

In Subsection 5.8 we interpret this result, in the case when the highest
weights satisfy a certain reality condition, as a description of the spectrum
for the tensor product of the holomorphic discrete series representations of
G(R). In Subsection 5.9 we introduce chiral versions of the Hecke operators
acting on the tensor product of contragredient Verma modules.

Next, in Subsection 5.10 we discuss the infinite-dimensional case. First,
we describe the spectrum for the tensor product of unitary principal series
representations in terms of balanced opers. This is essentially the statement of
Theorem 4.15. This case is very interesting because we cannot use the ordinary
Bethe Ansatz method (since these representations don’t have highest weight
vectors). We also comment on the case of a tensor product of discrete series
representations involving both holomorphic and anti-holomorphic ones.

In Subsection 5.11 we interpret the analytic Langlands correspondence
for P! with parabolic structures over C (discussed in Subsection 3.3) as a
“double” of the Gaudin model.

In all of these settings, our description of the spectrum relies on the exis-
tence of the Hecke operators, which commute with the Gaudin Hamiltonians
and satisfy differential equations (the universal oper equations). These equa-
tions can be used to describe the analytic properties of the opers encoding
the possible eigenvalues of the Gaudin Hamiltonians.

Interestingly, the role of the Hecke operators is played by the Gaudin
model analogues of Baxter’s Q-operators or closely related operators (see Sub-
section 5.7). This allows us to regard the generalized Bethe Ansatz method
and Baxter’s QQ-operators as arising from special cases of the tamely ram-
ified analytic Langlands correspondence in genus 0. We also discuss a g¢-
deformation of this story, which has to do with the quantum integrable mod-
els of XXZ type associated to the quantum affine algebra U,(g), in Subsec-
tions 5.12 and 5.13.
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5.1. The Gaudin model and monodromy-free opers

Let g be a simple Lie algebra over C and G the connected simply-connected
algebraic group with the Lie algebra g. Let g = ny & h & n_ be a triangular
decomposition of g with Weyl group W C Aut(h). Let A5 C b* be the set of
dominant integral weights of g (and G), and let V) be the finite-dimensional
irreducible representation of G with highest weight A € AZ.

Let

{t’t} = {t07t17 s 7tm+1 = OO}

be a collection of (m + 2) distinct points on P!, with the last point #,,+1
identified with the point co (with respect to a once and for all chosen global
coordinate x on P1). Fix \; € A(Jg, 0<i<m+1, and let

(5.1) Hi=V® @V, )~ (Vag®--- @V, )™ [ A al-

Thus, H is the subspace of singular vectors of weight A}, ,; = —wo(Apm1) in
Vi ® - - ® V), where wg € W is the maximal element.

On the space H acts the commutative subalgebra G C (U(g)®™*1)8 of
the generalized Gaudin Hamiltonians introduced in [FFR] (see also [F1,
F2]).3! The algebra G includes the original (quadratic) Gaudin Hamiltonians

Ja(i)J(Sj)
t; —t; ’

(5.2) Gi=Y >

j#ioa

where {J%} and {.J,} are two bases of the Lie algebra g dual to each other
with respect to the normalized non-degenerate invariant bilinear form. In the
case g = sl, the algebra G is generated by the G;’s. For groups of rank greater
than 1, there are also higher Gaudin Hamiltonians.

Joint eigenvectors and eigenvalues of the algebra G in H have been con-
structed explicitly in [FFR] generalizing the classical Bethe Ansatz method in
the case g = sly (in [RV] an alternative proof was given that these vectors are
eigenvectors of the G;’s). It has been proved in [SV] (see also [F1]) that for
g = sly these eigenvectors form a basis in # if the collection {t;} is generic.
But for other groups this is not always the case. The reasons for this are
explained in [F2], Section 5.5. An explicit counterexample in the case g = sl3
has been given in [MV].

However, an alternative description of the spectrum of the algebra G on
the space H, which does not rely on explicit formulas for the eigenvectors,

31This algebra is called the Bethe algebra or the Gaudin algebra.
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was conjectured in [F2] (following [F1]) and proved in [R]. Namely, let G be
the Langlands dual group of G (thus, GV is the Lie group of adjoint type with
associated with the Lie algebra g¥ which is Langlands dual to g). There is a
bijection between the joint spectrum of the algebra G of generalized Gaudin
Hamiltonians on #H given by formula (5.1) (without multiplicities) and the
set of monodromy-free GV-opers on P! with regular singularities at the
points ¢;, with residues w(—\; — p) € h*/W, where w is the projection
h* — b*/W.32 (In the case of g = sl,, a similar result for the spectrum of a
certain deformation of G follows from [MTV1].) Moreover, it is shown in [R]
that for a generic collection {¢;} the algebra G is diagonalizable on ‘H and its
spectrum is simple. The precise statement is given in Theorem 5.5 below.

5.2. The Gaudin model for g = sl,

Consider first the Gaudin model for g = sly. Note that wo(A) = —A, so
A* = X for all weights A. We identify the dominant integral weights \; with
non-negative integers and define n by the formula

m

(5.3) 2n =" A\ — Ami1.
=0

For the space

(5.4) "= <<§) vAi> Mot 1]
=0

to be non-zero, n must be a non-negative integer.

The algebra G of Gaudin Hamiltonians is in this case generated by the
G;’s given by formula (5.2). The original formulation of Bethe Ansatz for
diagonalization of these operators is the following. Given a collection w =

{wi,...,wy} of distinct complex numbers such that w; # ¢; for all i and j,
define the Bethe vector by the formula

(5.5) Uy = f(w1) ... f(wm)v,

where

5.6 = !

(5. fw =%t

32The notion of residue was introduced in [BD1], Section 3.8.11; see also [F3],
Subsection 9.1.
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and v is the tensor product of the highest weight vectors of the representa-
tions V.

The following is the system of Bethe Ansatz equations on the numbers
wj,j=1,...,n

(5.7) f: 'Al Z j=1,...,n.

i=0 w] Z s;é] Ws

Theorem 5.1 ([SV]). For a generic collection {t;}, the vectors vy with
w = {wr,...,w,} satisfying the system (5.7) form an eigenbasis of H. The
eigenvalue 1; of G; on vy is given by the formula

(5.8) i = A (Z 0 —tk 2; - )

ki

This result is referenced as completeness of Bethe Ansatz for g = sls.

Analogs of Bethe vectors have been constructed for an arbitrary Lie alge-
bra g [FFR, RV]. Unfortunately, they do not give an eigenbasis for a general
g even for a generic collection {¢;}, so Bethe Ansatz is incomplete; a coun-
terexample has been found already for g = sl3 [MV].

Luckily, there is an alternative approach to describing the joint spectrum
of the Gaudin Hamiltonians on the space H given by (5.1). It uses a realization
[FFR, F1, F2] of the algebra of Gaudin Hamiltonians as the quotient of the
center of the completed enveloping algebra of the affine Kac-Moody algebra
at the critical level and its isomorphism with the algebra of functions on the
space of GV-opers on the punctured disc [FF, F3]. We will now explain this
approach in the case of g = sly and connect it to the Bethe Ansatz discussed
above.

For g = sly, we have G = SLy and GV = PGLy. The Bethe Ansatz
equations can be interpreted in terms of monodromy-free PG Lo-opers on P!
as follows.

Recall that a PGLo-oper is a second order-differential operator acting
from K~ to K2 of the form 02 —v(z). Such an oper is said to have a regular
singularity at the point = ¢ with residue @w(A+1) = 5(A+1)? if its expansion
near this point has the form

02— 105 +0(5), © >t

(where for t = co we take the expansion in 1/x).
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Lemma 5.2. If

(5.9) 02 —v(z) = (0p — u(2))(0, + u(x)),
where

5.10 u(x) =

(5.10) (z) ;2(53—2? ;x—w]

for some distinct wj,1 < j < n, with w; # t;, satisfying the system (5.7),
then the PG Ly-oper 02 — v(x) on P has trivial monodromy representation

(5.11) 1 (P"\{to, .-, tm; tms1 = 00}) — PGLy

and regular singularities at the points t;, with residues w(\; + 1), \i € Z>q,
0<i<m+1.

Moreover, the converse is also true for a generic collection {to, ..., tm,
tmt1 = 00}
Proof. 1f the PGLg-oper 9 — v(x) has the form (5.9) with u(z) given by
formula (5.10), then the section

m n

(5.12) o= @(x)dx*%, O(z) = H x—1 *71 H r — wj)
=0 j=1

of K~3 is a solution of the equation

(5.13) (0 — v(x))®(x) = 0.

Moreover,

x) = <I>(J:)/<I>_2

is then another, linearly independent local solution of the same equation.
This solution is a single-valued global solution on P! with singularities only
at the points {¢;} if and only if equations (5.7) are satisfied (in fact, the j-th
equation in (5.7) is equivalent to it having no monodromy at x = w).
Conversely, suppose that 92 —uv(x) is a PG Ly-oper on P! which has regular
singularities at ¢;’s with residues w(\; + 1), \; € Z>¢ and trivial monodromy
representation (5.11). Equation (5.13) then must have a solution of the form

m
A

(5.14) ® = d(x)dr 2, B(x) == [[(z — ;)7 Qx),

=0



A general framework for the analytic Langlands correspondence 399

where Q(x) is a polynomial of degree n. According to Theorem 13 of [SV],
the roots of this polynomial do not belong to the set {¢;} for generic collec-
tions {¢;}. Writing

(5.15) Q) = [ - w)).

we obtain formula (5.9). Moreover, formula (5.13) then implies that the w;’s
are pairwise distinct. Using the argument of the preceding paragraph, we find
that the w;’s must satisfy Bethe Ansatz equations (5.7). This completes the
proof. O

Lemma 5.2 links Bethe Ansatz equations to monodromy-free PG Lo-opers.
In fact, the j-th equation in (5.7) is equivalent to the property that oper (5.9)
has no singularity at z = w;.

Theorem 5.1 describes the case of generic parameters {¢;}. For special
collections {¢;} the Gaudin Hamiltonians may not be diagonalizable and/or
the Bethe vectors may not give a basis of H (see the examples in Subsec-
tion 5.5). Nevertheless, it turns out that the joint spectrum of the Gaudin
Hamiltonians is in bijection with the monodromy-free PG Lo-opers satisfying
the conditions of Lemma 5.2 for all collections {¢;}, as stated in the following
theorem. Its part (1) was proved in [F1]; part (2) was conjectured in [F2] and
proved in [R] (without explicit construction of eigenvectors).

Theorem 5.3. (1) The joint eigenvalues {f;}i=o,....m of the Gaudin Hamil-
tonians {G;}io,..m acting on the space (5.4) are such that the PGLy-oper
on P!

-----

2 m )\z(>\z + 2) m i
5.16 L(p ——8—§ _— —
( ) (1) r prd 4(x —t;)?

Tt
has regular singularity with residue w(Apmy1 + 1) at t11 = 0o and trivial
monodromy representation (5.11).

(2) For any collection {to,t1,...,tm+1 = 00} this defines a one-to-one
correspondence between the set of joint eigenvalues (without multiplicity) of
the Gaudin Hamiltonians and the set of all such PGLsy-opers.

Remark 5.4. 1. Under this correspondence, the eigenvalues u; of the Gaudin
operators GG; are given by the formula

‘ CD”(:E) L by n 1
i = Resy (@(1‘) ) = (Zwi——ktk)_gti—wj) ’

k#i J=1
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where @(x)dx*% is the solution (5.14) (compare with formula (5.8)).

The conditions that L(g) has a regular singularity and residue w(Ay,+1+
1) at t,,,41 = oo are equivalent to the conditions on the eigenvalues p;’s given
by the first and second equations in (3.9), respectively.

2. The equation L(pu)f = 0 can we written in the form of connection with
first order poles in two different ways. Namely, setting

<8xﬂ + (X7, %)5)
5 )

b :=

for the first way we get

m s
(5.17) ob— (D0 Zm0an |y,
1 =250 3=
The second way is the same but replacing A\; with —\; — 2. Note that near
x = t; equation (5.17) in the variable z := x — t; looks like

3b:<§§+aj(2) f*%’(@)b
z )\]
1 —3 —4(2)

where a;, ¢; are regular at z = 0. So we can make the residue of the matrix on
the right hand side independent of ji; by setting b := diag(z%,z_%)b. Then
we get

A+l ~
= 5 ta;(z i+ z2c(z ~
d.b = ( 2 i(2) /f\i+1 i (2) )b.
2 — a;(z)

z 2z

Now the residue is the regular element

Ai+1
(JT AQﬂ)
L =75

which maps to w(\; + 1) = 2(A\; + 1)? under the map A s Tr A%
5.3. The case of a general Lie algebra g

Theorem 5.3 generalizes to an arbitrary simple Lie algebra g as follows.

Theorem 5.5. (1) For any collection {tg,...,tm+1 = o0}, there is a one-
to-one correspondence between the set of joint eigenvalues (without multi-
plicity) of the algebra G of generalized Gaudin Hamiltonians on the space H
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given by (5.1) and the set of all GV-opers on P* with reqular singularities and
residues w(—X\; — p) at t; and with trivial monodromy representation

1 (Pl\{t()a CRI) tm7 tm+1 = OO}) - Gv'

(2) For generic {to,...,tm}, the algebra G of generalized Gaudin Hamilto-
nians is diagonalizable and has simple spectrum on the space H given by (5.1).

In [F2], part (1) of this theorem was conjectured and a map in one direc-
tion (from the set of joint eigenvalues to the set of monodromy-free opers) was
constructed. The bijectivity of this map (and hence the statement of part (1))
was proved in [R]. Part (2) was also proved in [R].

Analytic Langlands correspondence provides a novel conceptual frame-
work for (and in many cases, solution of) the problem of diagonalization of
the Gaudin Hamiltonians. In particular, Theorem 5.3 will be derived using
this framework in Subsection 5.6. We will then extend this framework to
infinite-dimensional representations.

5.4. The Gaudin model with complex weights

The theory of Subsections 5.1, 5.2, and 5.3 can be “analytically continued”
to complex weights \; such that o := 37", A\; — A5, € Q4 (nonnegative
integer linear combination of simple roots). Namely, we may replace the finite
dimensional modules V);, 0 < j < m, by contragredient Verma modules
V(A;) over g with highest weights \;, and consider the action of Gaudin
Hamiltonians in

(5.18) H = (V(Xo) @ @ V(M) [Ayyil-

First consider the case of sly, so A, ., = Apy1 and equation (5.3) is
satisfied for a non-negative integer n. Analytically continuing the explicit
formulas for the Bethe vectors vy and using Theorem 5.1, we obtain the
following result.

Theorem 5.6. For generic collections {tg,t1,...,tmi1 = 00} and {Ag, A1,
oy Ama1 ) satisfying formula (5.3) with a non-negative integer n:
(1) The Bethe vectors vy, given by formula (5.5) with w = {w1,...,w,}

satisfying the system (5.7) form an eigenbasis of the space H given by (5.18).
The eigenvalue p; of G; on vy is given by the formula (5.8).

(2) The spectrum of the Gaudin Hamiltonians is simple and the set of their
joint eigenvalues is in one-to-one correspondence with the set of PG La-opers
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on PY with regular singularities and residues w(\; +1) att;,i=0,...,m+1,
and with solvable monodromy, i.e. contained in a Borel subgroup BY C
PGLy. Under this correspondence, the collection {u;} of joint eigenvalues of
the Gaudin Hamiltonians G;,i = 0,1,...,m, maps to the PG Ly-oper given
by formula (5.16).

Proof. Suppose that \; and Ay, . ; = A, y1 are dominant integral weights.
Then we have a canonical inclusion (up to a scalar)

(5.19) (Vay @ --- @ Vo, )™ [Ampa] = (V(do) @ -+ @ V(An))™ [Amya] = H,

which commutes with the Gaudin Hamiltonians.

For any fixed n given by formula (5.3), this map is an isomorphism for
sufficiently large {);}. Suppose that this is the case. Theorem 5.1 then im-
plies that for generic {¢;} the Bethe vectors vy, given by formula (5.5), with
w = {wy,...,w,} satisfying the system (5.7), form an eigenbasis of H, and
moreover, the spectrum of the Gaudin Hamiltonians on H is simple. Since
this is an open condition, the same is true for generic {\;} and {¢;}. Moreover,
explicit calculation shows that the eigenvalues p; of the Gaudin Hamiltonians
G are still given by formula (5.8). This proves part (1).

Consider the corresponding oper L(g) on P! given by formula (5.16). By
construction, it has regular singularities and residues w(A; + 1) at ¢;,i =
0,...,m + 1. Since equations (5.7) are satisfied, this oper can be written
as the Miura transformation (5.9), where u(z) is given by formula (5.10).
Therefore ® given by formula (5.14) is a solution of the equation L(p)® = 0.
This implies that the monodromy of L(u) is contained in a Borel subgroup
of PGLQ

Conversely, suppose that the numbers g = {p;} are such that the PG Lo-
oper L(p) satisfies the conditions of the theorem. According to Lemma 5.7
below, if A\p+1 ¢ {—2,-3,...,—n — 1}, then L(p) is equal to the Miura
transformation (5.9) of u(z) given by formula (5.10). The set of numbers
w = {w;} appearing in u(x) then must satisfy equations (5.7). But then
the corresponding Bethe vector vy, is an eigenvector of the G;’s with the
eigenvalues p;’s. Since we know that these vectors form an eigenbasis for
generic {t;} and {\;}, we obtain the statement of part (2). O

Lemma 5.7. Let L(p) be a PGLs-oper of the form (5.16) with \; € C
that has a regular singularity at oo with residue w(Ap41 + 1), where Apy1 €
{—2,-3,...,—n—1} and satisfies equation (5.3) with a non-negative integer
n. Then for any collection {\;} and generic {t;} the equation L(p)® =0 has
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a unique solution of the form

m
A

(5.20) ® = P(2)dr 2, B(z) = [[(« —t:)" 7 Q(a),
i=0
where Q(x) is a polynomial of degree n with n distinct roots wy, ..., w, that

are also distinct from {t;} and satisfy the Bethe Ansatz equations (5.7). More-
over, if \y ¢ {0,1,...,n—1} foralli=0,...,m, then this is so for all {t;}.

FEquivalently, under the above the above conditions, L(p) is equal to the
Miura transformation (5.9) of u(x) given by formula (5.10).

Proof. Substituting (5.20) into the equation L(p)® = 0, we obtain the equa-
tion

(5.21) @&Sﬂi%@—i—@ﬂ@@za

i—o ¥ Tl Tt
where
R AN
fii =g — Y =
2 2(t; — t)

J#i

One of the characteristic exponents of this equation at oo is equal to n.
Hence for any \; € C,i = 0,...,m + 1, satisfying (5.3) there is a solution
of this differential equation of the form z" + Z;; Qjz"7, as long as the
coefficients @1, ..., Q, are uniquely determined by this condition. If this is
the case, we set Q; = 0 for j > n, and this will give us a solution since it does
so when all \;’s are positive integers. The standard theory of ODE implies
that Q1,...,Q, are indeed uniquely determined if and only if the second
characteristic exponent of equation (5.21) is not in {0,1,...,n — 1}, which
translates into the condition A\j,41 ¢ {—2,-3,...,—n — 1}.

Denote by wy, ..., w, the roots of Q(x) counted with multiplicity. If w; #
t; for all i = 0,...,m, equation (5.21) implies that w; is a simple root.

Suppose now that w; = ¢; for a some ¢ and j € J; C {1,...,n}. Then
the expansion of the solution (5.20) of the equation L(p)® = 0 near x = ¢; is
equal to

(=) F 1+ 0 — 1))
up to a non-zero scalar factor. But since the leading term of L(u) at x = t;
is Ai(\; +2)/4(x — t;), this is only possible if |.J;| = A; + 1 which means that
ne{01,...n—1Y.
IfX ¢{0,1,....n—1}forall i =0,...,m, we find that w; # t; for all ¢
and any collection {¢;}. If \; € {0,1,...,n —1} for some ¢, then we find that
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wj # t; for all 7 provided that the collection {t;} is sufficiently generic. That’s
because we know from [SV] that this is so when all \;’s are non-negative
integers (see the last paragraph of the proof of Lemma 5.2). O

Motivated by Theorem 5.5, it is natural to conjecture the following state-
ments for a general Lie algebra g.

Conjecture 5.8. (1) For all {¢;} and {\;}, there is a one-to-one correspon-
dence between the set of joint eigenvalues of the algebra G of generalized
Gaudin Hamiltonians on H given by formula (5.18) (without multiplicity) and
the set of GV-opers on P! with regular singularities and residues w(—\; — p)
at t;, 1 =0,...,m+ 1, and solvable monodromy.

(2) Suppose that A; and A% ., are dominant integral weights. Then the
monodromy of the corresponding GV-opers is unipotent, and the inclusion
(5.19) corresponds to the inclusion of the set of opers with trivial monodromy
into the set of opers with unipotent monodromy.

(3) Let I C {1,...,m} and

H = <® Vi ® ®V(Ai))n+[ mt1)s

iel i¢I

where \; are dominant integral for ¢ € I. Then the set of joint eigenvalues of
the algebra G on H is in one-to-one correspondence with the set of G'V-opers
as above with solvable monodromy and trivial local monodromy around the
points t;, 1 € I.

(4) More generally, suppose that for i = 0,...,m, p; are parabolic sub-
algebras of g containing the positive Borel subalgebra by C g, V(\;, p;) are
parabolic contragredient Verma modules for p;, and

H = <§ V(/\upi))]”[ my1]-

Then the set of joint eigenvalues of the algebra G on H is in one-to-one
correspondence with the set of GV-opers as above with solvable monodromy
and local monodromy at ¢; belonging to Z(L;)UY C GY, where LY, UY C PY
are the Levi factor and unipotent radical of the positive parabolic PY C GY
dual to p;, and Z(L)) is the center of LY.

Note that part (3) is a special case of (4) where p; = gif: € I and p; = b
ifi¢l.

In a follow-up paper [EF]|, we plan to prove one direction of part (1);
namely, construct an injective map from the set of joint eigenvalues of G
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to the corresponding set of GV-opers with solvable monodromy. It follows
from the results [MTV2] that if g = sl,, and the set {\;} is generic, then the
cardinality of the subset of the set of PG L,,-opers from part (1) corresponding
(via the Miura transformation) to solutions of the Bethe Ansatz equations is
not greater than the dimension of H given by (5.18). If for genetic {\;} all
PGLy-opers from part (1) have this form and the spectrum of G is simple,
this would imply part (1) for g = sl,, and generic {\;}.

Remark 5.9. Still more generally, one may consider the action of the algebra
G on

(Mo ® - -+ @ Mpm)™ [Ay,44],
where M; are arbitrary objects from category O. It would be very interesting

to parametrize the spectrum of this action, but here we don’t even have a
conjectural picture yet.

5.5. Examples of Bethe vectors

In this subsection for readers convenience we give some (well known) exam-
ples of Bethe vectors in the space ‘H defined by formula (5.18) and various
phenomena related to them.

Example 5.10. Let g = sl and assume that A; is generic for all 0 < j < m,
and let n = 1. Then dim H = m and the Bethe Ansatz equation has the form

oWl

which reduces to a polynomial equation of degree m in w, so its solution set
S C C has cardinality m. For every w € S the Bethe vector v,, has the form:

(5.22) Vw = (Z wjft) v,

=0

where v is the tensor product of the highest weight vectors of V(\;) and f; is
[ € sly acting in the i-th factor (this is a special case of formula (5.5)). These
vectors form a basis in H.

For special weights, however, the Gaudin Hamiltonians may fail to be
semisimple and the Bethe Ansatz equations may have fewer solutions than
dim H (possibly none at all), or infinitely many solutions. Thus Bethe vectors
may fail to form a basis of H. Such things happen, for instance, when \; are
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dominant integral for 0 < 57 < m while Ay ,; is integral, but not dominant
(see [F2]).

Example 5.11. Let m = 2, so we have four ramification points tg, t1, t2, 00.
Let Ej be the space of ni-invariant vectors in V(X\g) ® V(A1) @ V(A2) of
weight 37 \; — 2k. Thus dim Ej, = k + 1.

In Ey we have a unique up to scaling Bethe vector, which is merely the
tensor product v of highest weight vectors of V(\;). The eigenvalues of G; on
vare p =Y —2(?Zi—ij)~

Now consider Bethe vectors in F;. The Bethe Ansatz equation has the
form

1
w—ti

2
=0,
=0

i.e.,

(5.23)
P t,w):=X(w — t1)(w — ta)+ A1 (w — o) (w — to)+Aa(w — to)(w — t1) =0,

so it is quadratic if 212:0 Ai # 0, and for generic ¢; has two solutions w4 giving
rise to two Bethe vectors v, v_ which form a basis of F;. The eigenvalues of
G; on the vectors vy are ,ufc = ,u? - tlj\—wi

Now consider the case 32, A; = 0. In this case

Ej, = Hom(A(—2k), V(Ao) ® V(A1) ® V(A2)),

so we have an injective map R = As(f) : Ey — E; which is defined by
restricting of a homomorphism A(0) — V(A1) @ V(A2) ® V(A3) to A(—2) C
A(0). Thus Rv € Ej is an eigenvector of G; with eigenvalues 1 (as [R, G;] =
0).

The vector Rv is not, however, a Bethe vector of the form (5.5). Namely,
if 32 ) A; = 0 then the quadratic term in the Bethe Ansatz equation (5.23)
drops out and it becomes linear, so has only one finite solution

B Aotita + Atota + Astoty
Aoto + A1ty + Aata

w4 =

(provided that the denominator Y7, A\it; is nonzero). The second solution
w_ escapes to co as we approach the hyperplane Z?:o Ai = 0. Thus we
obtain only one Bethe vector v, ; the second vector v_ = Rwv is a limit of
Bethe vectors from generic A;, but is not itself a Bethe vector, as it does not
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correspond to a finite solution of the Bethe Ansatz equations. Nevertheless,
the vectors vy, v_ are still an eigenbasis in E; for the operators G;, which for
generic t; still act regularly and semisimply on this space.

It is instructive to consider the resonance case when Y2 Xy = S22 A\it; =
0 but \; don’t vanish simultaneously. Then the Bethe Ansatz equations have
no solutions, so there are no Bethe vectors at all. The operators G; are not
semisimple on F; in this case, so their only joint eigenvector in E; up to
scaling is v_.

Finally, in the most degenerate case \g = A1 = A2 = 0, the Bethe Ansatz
equation is vacuous, so any w € C is a solution. In this case, (G; act by scalars
on Ej and there are infinitely many Bethe vectors given by (5.22).

A slightly more interesting example is Z?:o Ai = 2 (assuming that oth-
erwise \; are generic). In this case we have the injective restriction map
R = As(f) : E1 — E5. Generically we have a basis of Bethe vectors vy, v_ of
FE as above, so we have eigenvectors Rvy, Rv_ of G; with the same eigenval-
ues.

These vectors are not Bethe vectors, however. Indeed, the Bethe Ansatz
equations for Fy have the form

2

2

=0

2
N
Z —t

Ao 2
i=0 — 1

2
b )
w1 i Wy — W2 %) Wg — Wy

which implies that

2(’(1}1 — to)(w1 — tl)(wl — tz) = (w1 — UJQ)P(}\,t, wl),
2(’[1)2 — to)(’wg - tl)(wg - tg) = (U)Q - wl)P()\,t,wg).

This is a system of two cubic equations in wy, wa, so for generic A\; by Bezout’s
theorem it has 3 -3 = 9 solutions. However, three of these solutions are w; =
we = t;, 1 = 0,1,2, which are not solutions of the Bethe Ansatz equations.
This leaves us with 6 solutions, or 3 modulo the symmetry exchanging w; and
wy, each defining a Bethe vector. But on the hyperplane Z?:o Ai = 2 two of
these solutions run away to infinity, tending to (oo, w4 ). This leaves us with
just one solution w which gives rise to a single Bethe vector vy,. The vectors
Uw, Rvy, Ru_ form a basis of Fs.

5.6. Analytic Langlands correspondence over R for compact
groups

In this subsection and the next, we incorporate the Gaudin model for finite-
dimensional representations into the framework of the analytic Langlands
correspondence.
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Let F = R and X = P! with the usual real structure and distinct real
ramification points tg, ..., ¢m4+1 (in this cyclic order). As before, we will set
tima1 = 00,80 tg < -+ - < tp,. Let the group G7#, 0 < ¢ < m+1, be the compact
form G, of G for all ¢. Place the finite-dimensional irreducible representation
Vi, of G with highest weight A; at the point ¢;. Then, as we explained in
Subsection 2.15, the Hilbert space of the analytic Langlands correspondence
is defined precisely by formula (5.1). Also the quantum Hitchin Hamiltonians
are exactly the Gaudin Hamiltonians in this case.

It remains to explain why in our setting the monodromy-free condition is
precisely the topological reality condition on spectral opers arising from the
analytic Langlands correspondence. Let us do so for G = SLy. We expect
that this argument can be generalized to all simple Lie groups G.

In view of Remark 2.15, we can define the Hecke operator H, 3 for z € C
(with coweight 1 of SLy = (G/(£1))" attached to both x and 7). Recall that
since the real locus X (R) is a quaternionic oval, the eigenvalue of the Hecke
operator H, z is given by formula (4.6):

Bz, 7) = Im(f] (2)g] (z)), Im(x) >0

near the interval (¢;,¢;41), where ;’ , g;r are the basic local solutions of the
oper equation L3 = 0 near t; such that

A
g7 (& +u) = 7uT T (1 + ugd(u)),
Ai A
[t +u) = w2 (L4 ufj(w) +yu? (1 + ug)(u) logu,

where f?(u), g9(u) € R[[u]], 7; € R. Consider also the basic local solutions
f;»g; of the oper equation near ¢; such that for small u >0

g7 (t; — u) = TuF (1 — ug?(—u)),
(5 —u) = um T (1= ufO(—u)) — 3uF (1 — ug?(—u)) logu.

Then the half-monodromy matrix along the upper (respectively, lower) half-
circle around ¢; between the bases j+, g}" and f;7,g; is

e[ ™ 0
i = fF(lJr/\j)fyj —iFN

Thus the real analytic continuation along the upper half-circle transforms 8 =
Im( fj+ g;r) to £Im(f; g; ) Fvjle; 2. So to preserve the vanishing condition for
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B on the real locus, we must have 7; = 0. This means that the monodromy
of the oper L around ¢;, which is given by the matrix (Jj_)’lg]J7L = (-DN is
trivial in PG Ly for all j, i.e. the oper is monodromy-free.

5.7. The connection between Hecke operators and Baxter’s
Q-operator

Let us go back to the case of the Gaudin model with the space of states H
given by formula (5.18). The following result is proved in the same way as
Lemma 5.7.

Theorem 5.12. For arbitrary collections {t;} and {\;} satisfying (5.3) with

A1 € {=2,-3,...,—n— 1},

there is a unique linear operator Q(z) acting on H given by formula (5.18)
commuting with the Gaudin Hamiltonians G;, which is a monic polynomial
in x of degree n satisfying the universal oper equation (compare with Propo-
sition 3.10(1)):

m /\z - éz
(5.24) (ag -3 —az> Q(x) — Q(x) Y =0,
T Tt
where
o i)
G; =G, 20— 1))

In particular, if v € H is an eigenvector of the G;’s with eigenvalues
p = {pi}, we have
Q(z)v = Qu(x)v,

where @), () is the polynomial appearing in the corresponding solution (5.20)
of the equation L(u)® = 0.

As we will see in Subsection 5.12; this operator can be obtained as the
g — 1 limit of the celebrated Baxter QQ-operator introduced by R. Baxter in
the study of integrable quantum spin chains. For this reason we call Q(z)
the Baxter Q-operator of the Gaudin model (or Baxter’s Q-operator
for short).

On the other hand, as we explain presently, this operator Q(z) may be
viewed as an algebraic version of the Hecke operators of the analytic Lang-
lands correspondence.
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Let us switch to the setting of the previous subsection (for G = SLs).
Thus, #H is now given by formula (5.4). The proof of Theorem 5.12 (which
follows the proof of Lemma 5.7) carries over without changes to this case.
Thus, we obtain a Q-operator in this case as well, for which we will use

the same notation. Moreover, the condition A\,4+1 ¢ {—2,-3,...,—n — 1}
becomes vacuous in this case because all A\;’s are assumed to be dominant
integral.

It is clear that the resulting operator is the restriction of the Q-operator
acting on the tensor product of contragredient Verma modules with dom-
inant integral weights (which is described in Theorem 5.12) to the tensor
product of the corresponding finite-dimensional representations under the
embedding (5.19).

Consider now the finite-dimensional case with H given by formula (5.4).
Let L(p) be a monodromy-free PG Lo-oper corresponding via Theorem 5.3 to
a set of joint eigenvalues p = {u;} of the Gaudin Hamiltonians acting on #.
Formula (4.6) implies that the eigenvalue B(z, ) of the Hecke operator Hy z
corresponding to the PG La-oper L(p) is, up to scaling by an a-independent
constant, given by

B(x,F) ~ |®(z)[2 Tm / "02(2)dz, Tm(z) > 0,

where @ is defined by (5.14), and the same expression with a minus sign

if Im(z) < 0. Here the lower limit zo of integration can be any point of

X (R); recall from Subsection 5.6 that if the oper is monodromy-free then the

imaginary part of the integral is independent on the choice of this point.
Thus, again up to a constant,

Hoz~ [~ 6QE)'Q@ I [ Q) [[(= 1 d, Tm(a) > 0.
i=0 Zo i=0
H,z ~ Q(l‘)TQ(l‘) Im /x Q*Q(z) ﬁ(z — ti)’\idz, Im(z) > 0.
*o i=0

Thus we see that the Hecke operator can be expressed in a rather direct way
in terms of Baxter’s @Q-operator of the Gaudin model.

5.8. Analytic Langlands correspondence for discrete series
representations

Consider now another example of the analytic Langlands correspondence in
the setting of the Gaudin model, which involves discrete series representations
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of SLy(R). As in Subsection 5.6, we take F' = R, X = P! with the standard
real structure and real ramification points tg,...,t,me1 € R, but now set
G’ to be the split real group SLs(R). So this setting is somewhat different
from the one of Subsection 5.6, where we deal with compact groups; they are
related by analytic continuation in highest weights.

Let V; = A(—r;) be the completion of the Verma module for 0 < i < m,
and V11 = ﬁ(—rmﬂ)*, where r; € Z>1. So V; is a holomorphic discrete
series representation for all 0 < ¢ < m, while V,,+1 is an antiholomorphic
discrete series representation.®® Then

Hvi,...Vpr = HOM(A(=7pp1), A(=10) @ - - @ A(—=74,))

= (A(=r0) ® - @ A(=rp))0 L.

So the Hilbert space is finite dimensional in this case. It is non-zero if and
only if

(5.25) T4+l — Zri = 2n,
i=0

where n is a non-negative integer. It is easy to see that the Gaudin operators
G are self-adjoint, and hence diagonalizable, in this case.

Theorem 5.13. For all real {t;} and all {r; € Z>1} the Gaudin Hamiltonians
are diagonalizable on Hy;,.. v, ., with simple joint spectrum and there is a
one-to-one correspondence between the set of their joint eigenvalues and the
set of PG Ly-opers on PY with reqular singularities and residues w(—r; + 1)
att;,1=0,...,m+ 1, and solvable monodromy.

Proof. According to Theorem 5.6, this statement holds for generic collections
{t;} and {\; = —r;}. However, Corollary 2.4.6 of [V] implies that in the
case that all r;’s are positive (so that all \;’s are negative) and all ¢;’s are
real, the Bethe vectors vy, corresponding to the solutions w = {wy,...,w,}
(with n defined by formula (5.25)) of the Bethe Ansatz equations (5.7) form
a basis of eigenvectors of the Gaudin Hamiltonians. As before, for each such
solution w, denote by p = {u;} the corresponding set of joint eigenvalues of
the Gaudin Hamiltonians {G;}. Then the PG Ly-oper L(p) = 92 —v(x) given
by formula (5.16) (with A; = —r;) is equal to the Miura transformation (5.9)

33More precisely, the representations &(—1), ﬁ(—l)* are limit of discrete series
representations.
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of u(x) given by formula (5.10). Equivalently, equation L(p)® = 0 has a
solution @ given by formula (5.20) with

(5.26) Q) = [~ w)).

This shows that all opers L(u) corresponding to the joint eigenvalues p of
the Gaudin Hamiltonians have solvable monodromy representation.

Suppose that the joint spectrum of the Gaudin Hamiltonians is not sim-
ple. Then there are two different solutions w; and wy of the Bethe Ansatz
equations (5.7) such that the corresponding joint eigenvalues coincide; that
is, iy = py and so L(p;) = L(py). But then equation L(p,)® = 0 has two
different solutions ®; and @4 of the form (5.20) with the monic polynomials
Q1(z) and Qa(x) of degree n of the form (5.26) corresponding to w; and wo.
Therefore, & = ®; — 5 is also a solution of L(p;)® = 0, such that the
corresponding polynomial Q(z) = Q1(x) — Q2(x) is non-zero and has degree
0<k<n-—1.

It follows from our condition (5.25) that near t,,+; = 0o, any solution
of the equation L(p;)® = 0 has the expansion (up to a non-zero scalar)
either y™/2(1 + O(y)) or y~"=+1+2/2(1 4 O(y)), where y = x~*. Therefore,
if L(py)® = 0 has a solution of the form (5.20) with Q(z) of degree 0 <
k <n—1, then ry41 = n — k + 1. But this is impossible because (5.25) also
implies that r,,41 > 2n. This shows that the joint spectrum of the Gaudin
Hamiltonians is simple.

Conversely, suppose that a PGLg-oper L(p) = 02 — v(x) has regular
singularities with residues w(—r; + 1) at ¢;,¢ = 0,...,m + 1, where r; €
Z>1,1=0,...,m+1. Then the r;’s must satisfy equation (5.25), which implies
that r,+1 ¢ {2,3,...,n + 1}. Therefore, by Lemma 5.7, for all {¢;}, the
PG Ly-oper L(p) is equal to the Miura transformation (5.9) of u(x) given
by formula (5.10) with A\; = —r;, with all w;’s being distinct and different
from the ¢;’s. But then the set of numbers w = {w;} appearing in u(z) must
satisfy Bethe Ansatz equations (5.7), so the corresponding Bethe vector vy
is an eigenvector of the G;’s with the eigenvalues p;’s. Since we know from
above that these vectors form an eigenbasis, this completes the proof. O

Remark 5.14. 1. We hope that this statement can be proved within the
framework of the analytic Langlands correspondence, using the results of
Subsection 4.3.

2. The above argument showing the simplicity of the joint spectrum of
the Gaudin Hamiltonians can also be used to prove the simplicity of the joint
spectrum of the Gaudin Hamiltonians in the setting of Subsection 5.6.
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3. The above proof shows that the statement of Theorem 5.13 remains true
if the r;’s are arbitrary positive real numbers constrained by equation (5.25). If
r; is not an integer, one cannot define an action of SL(2,R) on a completion of
A(—7;). But it can be interpreted as a unitary representation of the universal
cover of SL(2,R), and according to Remark 2.22, such representations can
also included into the framework of the analytic Langlands correspondence.

5.9. Chiral analytic Langlands correspondence

In this subsection we consider another setting in which the analytic Langlands
correspondence can be linked to a particular Gaudin model. Let F' = C,
X = P! with ramification points tg,...,tm,tmsy1 = 00, and suppose that
the representations V; of G are holomorphic. Then in the definition of the
Hecke operator H, we may replace the integral | 2,0 P)z/J(Q)de@ over
the complex variety Z),(P) by the “contour” integral [ (Q)d(Q, where
C C 2,,(P) is a real cycle, and by Cauchy’s theorem the result is stable
under deformations of C'. Since V; are not Hermitian, the corresponding space
‘H will not carry a Hermitian form, but we may still consider eigenvectors and
eigenvalues of Hecke operators (in the spirit of Remark 2.37).

Admittedly, there are very few holomorphic irreducible representations of
G (only the finite dimensional ones), but we may in fact take V; to be certain
representations of the Lie algebra g = Lie G which do not necessarily integrate
to G. We call this setting the chiral analytic Langlands correspondence.
Let us show how it works in an example with G = SLs.

For A € C let A(A), V(A) be the Verma and contragredient Verma mod-
ules over sly with highest weight A. For 0 <1i < m take V; := V(\;), and let
Vine1 = A(Am+1)* be the graded dual of A(\,,41), i.e., the contragredient
Verma module with lowest weight —\,,, 1. Assume that Y ;g Ai — A1 = 2n
and that A,,41 =17 — 1, where n,r € Z>¢. Then the space

H :=Hom(V,, .1, Vo ® - ® V) = Hom(A(r — 1), V() @ --- @ V(Ap))
has dimension ("7"); it is the space of singular vectors in Vo ® -+ ® V, of
weight 7 — 1. We realize V() as C[y] with the action of g given by (3.3). Then
the space H is realized as the space of homogeneous polynomials of degree n
in yg, ..., Yym which are invariant under simultaneous translations. Consider
also the space

H' :=Hom(A(—r —1),V(A) ® -+ @ V(\n))
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of dimension ( ; it is the space of homogeneous polynomials of yg, . . . , ¥m
of degree n + r. Then we can define the (modified) chiral Hecke operator
Hehir ;3 — H' by analogy with (2.6), replacing integration over C by contour
integration:

n+T+m)
m

m

521 EE )0, m) = o (2 ) T - s

) ?
$— Yo S = Ym §=0

where ¢ f(s)ds denotes the residue of f(s)ds at co. Note that this residue is
well defined since Y 7~ A\; = n+r—1 € Z, hence the integrand is single-valued
near co. So this formula makes sense even though the g-modules V; do not
integrate to G.

Note that we have an inclusion ¢ : A(—r —1) < A(r — 1), so we have the
restriction operator R : H — H'.

Lemma 5.15. Under suitable normalization of 1, we have

(RY) (Yo, -+ Ym) = 7{1/1(

1
S_yO’”.’S_ym j:O
Proof. The proof is similar to the proof of Lemma 2.26. We have
RY = Ba ()6 = § A (exp(s™ £))s" s

The 1-parameter group generated by f € sly consists of fractional linear
transformations z — —2~. Therefore

tz+1"°
Rqﬁ—f@b( Yos o YmS )ST_I_Ej)\j H(S_yj)/\jdsz
S—Yo S = Ym §=0
1 1 i
¢( e ) s —y:)Nds. O
% S — Yo S —Ym ]];[0( ])

By Lemma 5.15, H® ~ 2"R, x — oco. Also it is easy to show that
HChr satisfies the universal oper equation of Proposition 3.10(i) (the proof is
the same as for H), hence it commutes with Gaudin Hamiltonians. So the
discussion of Section 5.2 implies

Proposition 5.16. The chiral Hecke operator is the composition of the re-
striction operator and the Bazter QQ-operator:

H = RQ(a).
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5.10. Infinite dimensional generalizations, including principal
series

The above discussion shows that tamely ramified analytic Langlands corre-
spondence in genus 0 may be viewed as a generalization of the Gaudin model
in which we can consider the action of Gaudin Hamiltonians on tensor prod-
ucts of any admissible representations of a real reductive group G, so that the
space of states can be infinite dimensional. For instance, in the case G = SL4
and F' = R (Subsection 5.2), we may replace finite dimensional representa-
tions V; of SU(2) by principal series representations V; of SLy(R) (taking the
real locus X (R) = RP! ¢ X(C) = CP! to be real rather than quaternionic).
Then the Gaudin operators {G;} act as self-adjoint unbounded strongly com-
muting operators on the Hilbert space

H = Mu}‘tst(R)(V:n+17 VO K- ® Vm)

So the spectral problem for {G;} becomes analytic and can no longer be solved
by algebraic Bethe Ansatz. Nevertheless, the description of the spectrum of
the operators {G;} in terms of monodromy-free opers (see Theorem 5.5) can
be generalized: the spectrum is parametrized (at least conjecturally) by the set
of balanced opers with prescribed residues, as explained in Subsection 4.3.2.
Namely, we have the following result.

Theorem 5.17. The set of joint joint eigenvalues p; of the Gaudin operators
G on the Hilbert space Multgr,m)(Vi 1, Vo ® --- ® Vi) is in one-to-one
correspondence with the set of A-balanced opers on P! of the form

Zm Zm A1 (Am 2 Zm Ai(Ai +2
(5.253) /Li — 07 ti/Li — 4’1( 4:4’1 47 ) _ ( 44F )’
=0 =0 =0

where \; are the parameters of the principal series representations V; =

wiAj

A
L*(RPY|K|" %) and A= (Ao, ..., A1), Aj = —ie™= .
Indeed, this follows from the fact that the Gaudin operators {G;} strongly
commute with Hecke operators, hence have the same spectral decomposition,
and the latter is described in Subsection 4.3.2.
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Similarly, one can generalize to the infinite dimensional case the setting
of Subsection 5.8. Namely, we may consider the situation when V; = A(—r;),
0<i<p,andV; = A(—r;)* for p+1 < i < m+1,i.e., we have p holomorphic
discrete series representations and m — p+ 1 antiholomorphic ones. Then the
Hilbert space H is infinite dimensional if 1 < p < m — 1, so the problem is
again no longer algebraic. Since discrete series representations are composition
factors of (non-unitary) principal series representations, one can presumably
generalize the analysis of Subsection 4.3.2 to describe the spectrum in this
case, but we will not discuss this here.

5.11. Double Gaudin model

The discussion of the analytic Langlands correspondence for a group G on P!
with parabolic points over C in Subsection 3.3 can be framed as a “double”
of the Gaudin model for the Lie algebra g in which we combine holomorphic
and anti-holomorphic degrees of freedom.

For concreteness, consider the case of S'Ly. Then we associate to the points
ti, i =0,1,...,m+1, with ¢,,11 = oo as before (these are the parabolic points)
spherical unitary principal series representations of SLy(C), which are com-
pletions of spherical Harish-Chandra bimodules, i.e., spaces of finite type
linear maps between Verma modules for sls. We have two commuting actions
of the Lie algebra sl on such representations (by left and right multiplica-
tions), which we can view as holomorphic and anti-holomorphic. Therefore,
on such representations act not only the above Gaudin Hamiltonians G; but
also their complex conjugates G;. Hence it is natural to form the generating
series S(z) given by formula (3.6) and its complex conjugate S(7).

We have proved in [EFK2, EFK3| that the Hecke operator H, (which
is a section of K-2 @ K on P!) satisfies a system of two second-order
differential equations (3.7), see Corollary 3.12.

The corresponding eigenvalues of the Hecke operators are single-valued
C* solutions of this system with S(z) and S() replaced by the correspond-
ing eigenvalues v(x) and T(x). As explained in Subsection 3.1, such single-
valued solutions exist if and only if the oper 92 — v(z), where v(z) is given by
formula (5.16), has real monodromy, and such opers are called real opers.
Theorem 3.13 implies the following result.

Theorem 5.18. If {y;} is the set of joint eigenvalues of the Gaudin operators
{Gi} on the Hilbert space (2.9) then the PG Lo-oper

TN\ +2) T
L(H) :ai_; 4(%—151')2 - izox_ti
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on P! satisfies equations (5.28) and has real monodromy. The corresponding
etgenvalues of G; are equal to Ti;.

Moreover, we conjecture that there is a one-to-one correspondence be-
tween the spectrum of Gaudin operators {G;} on this Hilbert space and the
set of such opers. This is an extension of a conjecture from [EFK3] from the
case when all \; = —1 to the case when \; € —1 + Ry/—1. In the case when
m = 3 or 4 it is proved in the same way as in [EFK3].

5.12. g-deformation of the Gaudin model

The g-deformation of this Gaudin model is known as the XXZ model. The
role of the affine Kac-Moody algebra sl is now played by the corresponding
quantum affine algebra U, (;[2).34 In particular, the role of the representations
Vi, attached to the points t; is now played by the corresponding evaluation
representations of U, (.;!\[2)7 and the role of the space H given by (5.4) is played
by the space H, in which we replace each V), by the corresponding evaluation
representation (see [FH] for more details).

The role of the generating function S(x) of the Gaudin Hamiltonians given
by formula (3.6) is now played by the transfer-matrix T(z) associated to
the two-dimensional evaluation representation of U, (;[2) corresponding to z
(see [FH]).

The g-deformation of the Hecke operator H, is now closely related to the
transfer-matrix H(z) corresponding to an infinite-dimensional representation
of a Borel subalgebra of U,(sly) called prefundamental, see [FH]. Just as in
the ¢ = 1 case, it is equal to the product of a scalar factor that depends
only on the values of {tx} and {\;} and an operator Q(z) acting on H,
whose eigenvalues are polynomials in z. The latter is is known as Baxter’s
(Q-operator.

Moreover, there is an analogue of the second-order differential equation
(3.7). It is a second-order difference equation

(5.29) (D?* — DT(2) + 1)H(z) = 0,

where D is a shift operator, (D - f)(2) := f(z¢?), i.e., D := ¢*?. If we write
T(z) =2+ h?2259(2) + - - -, where ¢ = e, expand equation (5.29) in a power

34There is also an intermediate deformation called the XXX model, which pre-
serves the classical sly symmetry; its full symmetry algebra is the (doubled) Yangian
Y (sl3), which is a degeneration of Uq(sAlg). The material of this subsection applies
mutatis mutandis to the XXX model.
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series in A, divide by h? and set A = 0 (i.e. ¢ = 1), we obtain equation (3.7).
In this sense, equation (5.29) is indeed a g-deformation of equation (3.7).

The second-order difference operator in the RHS of (5.29) is known as
a g-oper for the group SLsy. The notion of a g-oper has been defined for an
arbitrary simple Lie group in [FKSZ].

Relation (5.29) can be interpreted as a relation in the Grothendieck ring
of a certain category of representations of a Borel subalgebra of U, (5A[2), see
e.g. [FH]. It is often written in the form

H(z¢*) K H(zq?)
H(z) H(z) ~’

(5.30) T(z) =

and it can be further rewritten as a g¢-difference equation on Q(z) known as
the Baxter T'Q-relation:

Q(zq?)
Q(2)

(here A(z) and D(z) are functions that only depend on the parameters {¢;}
and {A\;} of H,, see e.g. [FH], formula (1.1)). It has been conjectured by
Baxter and proved in [FH] that the eigenvalues of Q(z) on H, are polynomials
whose roots satisfy a ¢-deformation of the Bethe Ansatz equations (5.7) (see
[FH], Section 5.6).

At the level of the eigenvalues, we obtain that the Baxter T'Q-relation
(5.31) expressing the eigenvalues of T(z) on H, is a g-deformation of the
Miura transformation (5.9) expressing the eigenvalues of S(z) on H. This
was one of the key observations of [FR] (Section 1.3 and Remark 6), see also
[F1] (Section 6.8). (Moreover, both maps preserve natural Poisson structures
[FR].

An insight of the present paper is that Baxter’s Q-operator Q(z) may be
viewed as a g-deformation of an operator closely related to the Hecke operator
H, of the tamely ramified analytic Langlands correspondence for SLy on P!
There is a similar statement for an arbitrary simple algebraic group G. This
opens the door to the investigation of g-deformation of the analytic Langlands
correspondence (which we expect to exist in the ramified setting in genus 0
and 1).

(5.31) T(2) = A(z) + D(2)

5.13. g-deformation of the double Gaudin model

In conclusion, let us speculate what this g-deformation of the analytic Lang-
lands correspondence should look like for F' = C and G = SLs in the case
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of X = P! with parabolic structures. As we explained in Subsection 5.11, for
g = 1 this is the double Gaudin model.

In the undeformed situation (with twists) we place at the parabolic points
the spherical unitary principal series representations of SLy(C), which are
completions of spherical Harish-Chandra bimodules, on which we have an
action of the Gaudin Hamiltonians G; and their complex conjugates G;. Hence
it is natural to form the generating series S(z) given by formula (3.6) and its
complex conjugate S(Z).

As shown in Subsection 3.3 (following [EFK2, EFK3]), the Hecke operator
H, satisfies the following system of two second-order differential equations:

(5.32) (02— S(2))H, =0, (2°—S(z)H, =0.

Such a solution exists if and only if the corresponding oper has real mon-
odromy, and such opers are called real opers. Locally, the Hecke eigenvalue
can be written in the form

(5.33) Wo(2)W1(2) + U1 (2)Wo(2),

where Uy (z) and ¥y (%) are two linearly independent local solutions of equa-
tion (5.13) (see [EFK3]).

In light of the discussion of the previous subsection, we expect that the
g-deformation of this picture for 0 < ¢ < 1 should look as follows. We also
expect that a similar picture exists for /' = R, and also for elliptic curves.

1. The spherical unitary principal series representations of SLs(C) should
be replaced by their g-analogs defined in [Pu]; they are completions of spher-
ical Harish-Chandra U, (sly)-bimodules, which are spaces of finite maps be-
tween Verma modules for U, (sly).

2. We should view these as bimodules over Uq(glg) via the evaluation
homomorphism. Then we can define the transfer-matrices T(z) and T(z)
which are the g-analogues of S(z) and S(z).

3. The Hecke operator H, should be given by a suitable g-deformation
of the formulas of Subsection 2.16.4 satisfying the following universal g-oper
equations:

(5.34) (D>~ DT(z)+1)H, =0, (D’ —DT(z)+ 1)H, =0,
where D = ¢**?, D := GQ%.

The challenge is to make sense of the system (5.34) which at the outset
is only well-defined if the eigenvalues of H, extend to analytic functions in
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z and Z (viewed as independent variables). We may also consider the setting
where ¢ = e and & is a formal variable, in which this analytic subtlety
disappears. Finally, we need to identify the property of the solutions of (5.34)
that is a g-analogue of the existence of a single-valued C'* solution of the
oper equations.

Answering this question should lead us to the notion of a real g-oper.
We leave this interesting topic for a future paper.
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