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ABSTRACT: Large families of integrable 2d o-models have been constructed at the classical
level, partly motivated by the utility of integrability on the string worldsheet. It is natural to
ask whether these theories are renormalisable at the quantum level, and whether they define
quantum integrable field theories. By considering examples, a folk theorem has emerged: the
classically integrable o-models always turn out to be renormalisable, at least at 1-loop order.
We prove this theorem for a large class of models engineered on surface defects in the 4d
Chern-Simons theory by Costello and Yamazaki. We derive the flow of the ‘twist 1-form’
(a 4d coupling constant that distinguishes different 2d models), proving earlier conjectures
and extending previous results. Our approach is general, using the ‘universal’ form of
2d integrable models’ UV divergences in terms of their Lax connection and reinterpreting
the result in the language of 4d Chern-Simons. These results apply equally to rational,
trigonometric and elliptic models.
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1 Introduction

Integrable 2d o-models play an important role in various domains of physics. For instance, in

string theory, they have been crucial in our understanding of the AdS/CFT correspondence

— see the reviews [1-4]. In that context, one is typically interested in conformally invariant

o-models, but it is also important and instructive to consider RG flows between or away

from these fixed points. Various non-conformal integrable o-models with either massive or

massless infrared phases have found interesting applications in condensed matter physics [5, 6]



and as toy models to explore non-perturbative aspects of QFT [7-9]. It is therefore natural
to try to explore and understand the space of all integrable o-models, their RG flows and
their conformal fixed-points.

For the purposes of this paper, we will restrict to bosonic 2d o-models, defined by
the action!

1
S = Aol /deE, L= *(Gmn(X)nab +an(X)€ab) 8aXm 8bXn (11)

= (Gpn(X) + Bpn(X)) 04 XM O0_X" .

Here, the 2d scalar fields X™ are the coordinates on a target space, which is equipped with a
metric Gppn = G(mpn) and a 2-form B-field Byn, = Bjyy,). We will be particularly interested
in the classically integrable o-models, corresponding to specific choices of metric and B-fields
for which the theory admits an infinite number of symmetries.

These 2d o-models generally have UV divergences that trigger an RG flow [10-14]:

d
&(Gm” + Bin) = Rinn — 2(H ) — 2 (VH )i + ... (1.2)

Here we indicate only the 1-loop flow, which is a generalisation of the famous Ricci flow to
include the antisymmetric B-field (with field strength H = dB). This should be understood
as a flow in a space of infinitely many couplings, the space of metrics and B-fields.

The special o-models that are integrable are expected to define consistent, self-contained
quantum theories. In particular, they should represent consistent truncations of this flow,
and thus should be renormalisable. One may hope to understand this property as resulting
from their ‘hidden’ integrable symmetries protecting their structure under renormalisation.
In the semiclassical limit, this yields the following conjectural statement [15-17]:

Folk theorem: The class of classically integrable o-models is stable under the
1-loop RG flow (1.2).

Mathematically speaking, this seems rather non-trivial: it implies the existence of a non-trivial
subspace — among the infinite-dimensional space of geometries — that is closed under the
(generalised) Ricci flow. In recent years, several authors have studied the renormalisation
of integrable o-models, observing this conjecture to be true without exception [18-31].2 As
well as our direct interest in integrable models, they are therefore a particularly simple
class of o-models, often with finitely many couplings, in which to study the RG flow and
its fixed points.

We will prove this conjecture for a large class of integrable o-models. First, however,
we need to define exactly what is meant by ‘classically integrable’. A typical criterion for
classical integrability is that the equations of motion can be written in zero-curvature form,

[8a+La,8b+Lb] =0, (1.3)

'Here 2* = (t,z) are the 2d coordinates, n = diag(—,+) is the 2d Minkowski metric, e, is the 2d
Levi-Civita tensor with €1 = 1, and & = 1(t £ ) are the 2d lightcone directions.

2See also the following studies extending these statements to higher-loop orders [24, 25, 32-39], as well as
related earlier works [40, 41].



in terms of some Lax connection L,(X, z), which depends on the fields X and meromorphically
on an auxiliary ‘spectral’ parameter z. This ensures the existence of infinitely many conserved
charges, extracted from the monodromy of L(X,z). In addition, one asks that these charges
pairwise Poisson-commute, which is ensured by requiring that the Poisson brackets of the
spatial component L, (X, z) are given by a so-called Maillet bracket. For the purposes of
this article, we will take the existence of such a Lax connection as the definition of classical
integrability.

In recent years, two unifying frameworks have been proposed to study the space of
integrable o-models at the classical level. They encompass all examples known to us and
have allowed for the systematic construction of many new ones. The first, phrased in the
Hamiltonian language, is the formalism of affine Gaudin models [42—44]; the second, defined
in a Lagrangian setup, is the 4d Chern-Simons theory [45-47]. In fact, these two frameworks
are closely related [48] but, in this work, we will focus on the 4d Chern-Simons theory.
This unifying 4d gauge theory,

SaalA] = ﬁ /w A CS[4], w=p(z)dz, (1.4)

is designed to engineer integrable 2d models on certain surface defects in 4d. The 4d space
consists of the 2d space, plus the complex spectral parameter. The choice of integrable
2d model is then predominantly specified by the meromorphic 1-form w, which is like the
‘coupling constant’ of the 4d theory. This object, called the twist 1-form, is allowed to have
poles and zeros in the z-direction, which distinguishes those special points as 2d defects, where
one needs to impose certain boundary conditions on the gauge field. The choice of those
boundary conditions is then the other main ingredient defining the theory. The fundamental
fields X™ of the 2d o-model are extracted from the defect degrees of freedom located at the
poles of w. Similarly, the zeros of w, known as disorder defects, become the poles of the 2d
Lax connection Ly (X, z) and thus directly appear in the integrable structure of the model.
In this construction, the complex spectral parameter can be valued either in the Riemann
sphere, yielding rational integrable o-models; on the torus, producing elliptic theories; or
on higher-genus surfaces. The detailed classical construction of these models with ‘disorder’
defects is owing to [46-53] (see also [54] and references therein for a review).

We will prove the folk theorem above for a large class of integrable o-models derivable
from 4d Chern-Simons theory with disorder defects. Specifically, we will argue that this class
of theories is 1-loop renormalisable with the twist 1-form running as

Y= 0,V(z)dz . (1.5)
Here W is a particular meromorphic function, determined by w as the solution of an in-
terpolation problem. Specifically, ¥ is required to have the same pole structure as w and
to take specific values at its zeros (see equation (3.21) for details). The result (1.5) then
defines a consistent 1-parameter flow on the moduli space of meromorphic 1-forms with
prescribed number and orders of poles and zeros. Let us briefly review its history. This
formula was first conjectured to be the RG flow of rational integrable o-models in [23], based
on various examples. This was later proven in [24, 26] for theories with simple poles in the



Lax connection and no gauge-symmetries, using the language of £-models [50, 55]. The
proof for more general rational models has not appeared in the literature so far. Another
related conjecture, proposed by Costello, was reported in the work [53] of Derryberry. It
expressed the RG flow as a remarkably simple flow of the periods of w, i.e. its integrals over
specific contours in the underlying Riemann surface. This proposal, based on more geometric
considerations (and related to the so-called rel-flow [56, 57]), applied also to higher-genus
Riemann surfaces, therefore including elliptic models. More recently, it was proven [27] to be
equivalent to the flow (1.5), with the function ¥ introduced for rational models in [23] and
with an appropriate new definition of W for elliptic ones. In the latter case, the conjecture
was then checked in a specific example [27] but remains open in general.

In this work, we will prove the formula (1.5), and thus the conjectures of [23, 53], in a
very general case. Our result applies to both rational and elliptic models, with arbitrary
pole structures for w and the Lax connection — covering a large class of integrable o-models.
As mentioned above, these 2d theories are defined not just by the twist 1-form w but also
several other pieces of data, which essentially amount to a choice of boundary conditions
for the 4d gauge field at the defects. A part of our work will also be to derive how these
other data run under the RG flow. There are some known examples outside the reach of
our analysis, for instance Zp-cosets [58, 59|, higher-genus theories [46, 53] and models on
flag manifolds [60, 61]. While the latter two are beyond the scope of the present paper, we
expect our approach to be applicable to Zr-cosets and their generalisations with only minor
technical modifications. We refer to the Discussion for more details on these prospects.

Our insight in proving the claim (1.5) comes from a general approach to studying these
integrable RG flows, independent of their origin from 4d Chern-Simons theory: the ‘wuniversal’
1-loop divergences recently put forward in [62, 63]. The basic observation is that 1-loop
divergences are determined by the classical equations of motion. In integrable 2d models, the
equations of motion take a canonical zero-curvature form (1.3) in terms of the Lax connection:
hence the claim is that the 1-loop divergences always take the same form when written in terms
of the Lax connection. Concretely, under general assumptions, they are given by a universal
path integral in terms of the zero-curvature equations following from the Lax connection.

This path integral is universal in the sense that it only depends on the positions and
multiplicities of the poles of the Lax connection — not the particular form of the currents
appearing as these poles’ residues. Here, we will compute it in a very general case, finding
that it takes the elegant form

d ~ c dz
Sgm &G / 2 j{ gy I 1
dtS o & 1, 2mi (L, 0:L-), (1.6)

where _T'; is a contour encircling only the poles of L (and not those of L_). The contour
integral over the spectral parameter gives a sum of residues, which sums up particular
combinations of the currents in the Lax connection L to produce a local 2d counterterm.
Our general approach allows us to derive this result not only for rational models, but also for
the elliptic ones. It is based on the observation that the pole structure of the Lax connection
can be written in both cases in terms of an R-matrix solving the classical Yang-Baxter
equation. Formulated in this language — presumably related to the underlying integrable



structure — our argument applies immediately to both the rational and elliptic cases, with
the different R-matrices appearing in each case.

The universal counterterm (1.6) is derived only from the existence of the zero curvature
equation and minor technical assumptions on the Lax connection, independently of the details
of the model. To prove renormalisability, we must show that this universal counterterm
can be absorbed into a flow of the theory’s classical couplings. To do this, we will further
leverage the models’ origin from 4d Chern-Simons theory, by showing that (1.6) can be
rewritten as a local 4d counterterm

d 5() 1

S8 = [ () (R4 FLA)) = —161%2@,/\1/(2) dCs(4] . (17)

This expression is close to proving 1-loop renormalisability: after integrating by parts, one
gets a term 0,¥(z) A CS[A] that can be absorbed as a flow of w of the expected form (1.5),
upon comparing with the classical action (1.4). However, making this statement precise
requires additional care, as one needs to deal with various defect-localised terms arising
from the flow of the poles of w and of the boundary conditions imposed there. Similarly,
in the elliptic case, one needs to take into account additional contributions stemming from
the flow of the torus moduli. The careful treatment of these aspects is the last technical
step required to prove (1.5) and will be detailed in the main text. Although we rewrote
the counterterm as a 4d integral, it is important to emphasise that, in this paper, we are
studying the renormalisation of a 2d theory, and the theory that we quantise is the 2d one.
The relation between this analysis and the quantisation of the 4d gauge theory has been
discussed in [63], where the equivalence between the classical 2d and 4d actions has been
extended to the 1-loop effective actions. We will comment more in the Discussion section
on the future prospects of quantisation directly in 4d.

The paper is structured as follows. In section 2, we review the classical construction of
rational integrable o-models from 4d Chern-Simons theory with disorder defects. In section 3,
we use the ‘universal’ computation of integrable models’ 1-loop divergences to obtain a general
expression for the log-divergent terms in the 1-loop effective action, written elegantly as a
contour integral of the Lax connection. This computation is mostly independent of section 2.
We then recast this as a 4d counterterm, and show that it can be absorbed as a flow of the
twist 1-form w and the other data defining the theory. In section 4, we review the construction
of (equivariant) elliptic integrable field theories from 4d Chern-Simons. We then repeat and
adapt the above analysis for the elliptic case, again proving 1-loop renormalisability. We
discuss the results and future directions in section 5.

Various technical issues are confined to the appendices. In the main text, we focus
on the case where the twist 1-form w has simple, real poles; the general case is addressed
in appendix A (and we stress that our results apply equally to that case). Appendix B
explains the origin of certain distributional terms that arise when taking RG-derivatives of
integrals of meromorphic quantities. As a supplement to section 4, appendix C contains
a general version of the ‘universal’ computation of 1-loop divergences starting from a Lax
connection written in a general form in terms of a classical R-matrix (which includes both
the rational and elliptic cases). Finally, in appendix D, we exemplify our results in the
familiar case of the Principal Chiral Model.



2 Rational integrable o-models from 4d-CS theory

Let us begin by reviewing the construction of a large class of rational integrable o-models
from 4d Chern-Simons theory. This construction was initiated in the important work [46] of
Costello and Yamazaki and has been actively extended since then, leading to a rich variety of
models. One of the main advantages of our approach to renormalisation is that it will apply
uniformly to all of these theories: we will thus consider a quite general framework, following
the recent works [49-51]. However, to make the presentation lighter, we will reserve the most
general case for appendix A, restricting to a simpler setup in the main text. We also refer
the reader to the lecture notes [54] for a more introductory review and further references.

2.1 The 4d Chern-Simons theory

General setup. Our aim in this section is to engineer integrable o-models in 2 dimensions
from a 4-dimensional gauge theory. The 2d worldsheet of these o-models will be denoted
by ¥, with light-cone coordinates (z*,27) and a locally flat metric ds? = do*dz~. The
integrability of these theories will be encoded in the flatness of a Lax connection Li(z),
valued in a complexified Lie algebra g€ and depending rationally on a complex spectral
parameter z € CP! (as well as smoothly on the 2d fields). The central gauge theory will be
defined on the 4d manifold M = ¥ x CP!, with coordinates (z+, 2™, z,%) that incorporate
the spectral parameter as part of the geometry. As we will explain, each of the resulting
integrable o-models will be characterised by a choice (w, Zi, G, b) of the following ingredients:

« a meromorphic 1-form w = ¢(z) dz on CP! called the twist 1-form;
e a partition of the zeros of w into two subsets Z* and Z‘;
e a simple, real Lie group G with Lie algebra g;

« a maximally isotropic subalgebra b of the ‘defect algebra’ associated to (w, G).

Surface defects will be located in the 4d space at the poles and zeros of the twist 1-form w, and
their positions will be the main continuous parameters of the resulting integrable 2d o-models.
In particular, the zeros 7+ will correspond to the poles of the light-cone components L (z)
of the Lax connection and will thus play an important role in the integrable structure. The
Lie group G will be the gauge group of the 4d theory and will determine the Lie algebra g€
in which the 2d Lax connection is valued. The final ingredient is more subtle and is related
to the choice of boundary conditions imposed at the surface defects at the poles of w. See
figure 1 for a schematic depiction of these defining data.

The twist 1-form. The twist 1-form w is the most important ingredient, so we shall
describe it in some detail. Locally, it can be written as w = ¢(z) dz, where ¢(z) is a rational
function of the spectral parameter z, often called the ‘twist function’. We will denote the
set of poles of w as

I@Z{m,...,pN} . (2.1)

For simplicity in the main text, we will restrict ourselves to the case of simple poles on the
real axis: the general case, with higher-order and complex poles, will be discussed briefly
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Figure 1. A cartoon of the defining data of the 4d Chern-Simons theory on ¥ x CP'. The vertical
(z) direction depicts the 2d manifold X, while the horizontal (z) direction is the spectral CP*. The
meromorphic twist 1-form w is defined by its poles (solid lines) and zeros (dashed lines). These marked
points in the spectral variable define 2d defects where certain boundary conditions must be imposed.
The zeros of w are so-called ‘disorder defects’, where the 4d gauge field may become singular; they
split into two subsets Z+ (in red) and 7- (in blue) where the light-cone components A, and A_ may
diverge. At the poles of w, where the 2d theory lives, the boundary condition is a choice of maximally
isotropic subalgebra b of the defect algebra 9, where the jet of the 4d gauge field must lie.

at the end of this subsection and in detail in appendix A. This restriction is purely for
pedagogical reasons: we insist that all the results of this paper also apply to an arbitrary
pole structure, as explained in the appendix.

We now consider the zeros of w. We will assume them to be real and, for reasons that
will become clear later in this section, separate them into two subsets

7t = er,...,Z+ , 7 = Z] s s BN - 2.2
1 Ny 1 N_

Furthermore, we denote by mfc € Z>1 the multiplicity of the zero zz?t, which is allowed to
be arbitrary. We will demand that there are as many zeros in Z™ as in Z~ when counted
with multiplicities, i.e. that

Ny N_
domf=> m;y =M, (2.3)
i=1 i=1

with the last equality defining M. By the Riemann-Hurwitz theorem, we then have

N =2M +2, (2.4)

where N is the number of poles. In particular, note that this forces w to have an even number
of poles and of zeros (counted with multiplicities).



+

We can write w in a factorised form, in terms of its poles p,, its zeros z;- and a real
proportionality factor K3
N+ + m+ N_ —\m.
(=2 L (2 — 2 )™
w:KHzfl( 113[ Hzfl( ) ) dZ, (25)
Hr:l(z - pT)

so that it is parametrised by the numbers (K, p;, zzi) Note that we can eliminate 3 of these
parameters by Mobius transformations of z. For fixed numbers and multiplicities of the poles
and zeros, and taking into account this redundancy, w has N + N, + N_ — 2 continuous, real

parameters. We finally define the levels of the model as the residues?

l, =res,—p w, (2.6)

)

which are, by construction, rational functions of the parameters (K, p,, 2;

The 4d gauge theory. As mentioned at the beginning of this subsection, part of the
defining data of the 4d Chern-Simons theory is the choice of a simple, connected gauge group
G, with Lie algebra g. The fundamental field of this theory is then a gauge field

A=A, dzt +A da” +A.dz + Azdz, (2.7)

defined as a 1-form on M = ¥ x CP! valued in the (complexified) gauge algebra g€. As
usual, the Chern-Simons 3-form of A is defined as

CS[A] = <A, dA + %A A A> . (2.8)

Here, (-,-) is the invariant bilinear form® on g® and an exterior product A is implicit when
taking pairings of gC-valued forms. The 4d Chern-Simons theory is then defined by the
action [46, 64, 65]

SualA] = ﬁ /M w A CS[A]. (2.9)
We refer to the appendix B.1 for a more detailed discussion of how such integrals against
meromorphic 1-forms are defined and computed. We note that the presence of w = (z) dz
means that the only component of the 3-form CS[A] contributing to the action is the one
parallel to dz A dz™ Adz~. As a consequence, the A, component of the gauge field completely
decouples from the theory: it is therefore unphysical and can be set to any value. The relevant

3Here, we assumed that the points p, and 2:1i are all in the finite complex plane C C CP*, which can always
be ensured by a Md&bius transformation of z.

“These levels will eventually be related to coefficients of Wess-Zumino terms in the resulting 2d o-models.

5Since G is simple, the invariant bilinear form (-,-) coincides with the Killing form up to a proportionality
factor. Throughout this paper, we will normalise it so that

1
(X¥) = =5.=Trg [adxady|, VXY eg",

where cg € Z>1 is the dual Coxeter number of G. The minus sign ensures that (-, -) is positive-definite if G is
compact.



dynamical degrees of freedom (subject to further gauge symmetry) are thus the remaining
components (A4, A_, Az).

To ensure the reality of the action (2.9), we impose that these components are equivariant
with respect to complex conjugation on CP! and gC, i.e. that

Ay (x*,7,2) = 1(A, (2%, 2,7)), p=-+,—,7z. (2.10)
Here, 7 : g¢ — g® is the antilinear involutive automorphism of g€ induced by complex
conjugation, whose fixed-point subalgebra is the real form g = {X € g© | 7(X) = X }.
Ny

=1
remain finite even if the gauge field diverges at these points. For the action to be finite,

Disorder defects. Since the 1-form w has zeros at Z* = {zli} then the action can
the different components of the gauge field should not blow up too much at the same time,
so we demand the following pattern of singularities:

1
) oy

Z—Zz;

In other words, the two sets of zeros Z* and Z~ are distinguished by the respective light-cone
components A, and A_ blowing up.® Otherwise, we ask that the gauge field be smooth
and regular on M = ¥ x CP!. The singularities (2.11) will play an important role in the
resulting 2d integrable model and are called disorder defects.

Variation and equations of motion. Let us now consider the variational problem associ-
ated with the action (2.9). Under infinitesimal transformations A of the gauge field, one finds

1 defect bdr
081 = 5 /M(w AF[A], 6A) + 6535t 1 5gbdry (2.12)

where F[A] = dA + A A A is the curvature of A, and the last two terms are given by

erec 1
st = - L /M dw A (A, 54), (2.13a)
r 1
550 = Jomm [ A (A.64)) (2.13b)

Since w = ¢(z) dz is a meromorphic 1-form, its exterior derivative dw = Jz¢(z)dz A dz is
a distribution on CP! supported on the poles P (see appendix B.1 for more details). The
4d integral in equation (2.13a) thus localises to a surface integral on the poles defect 3 x P.
This defect term requires a careful treatment and will be the subject of its own paragraph
later. Similarly, the integral in (2.13b) localises to the boundary of M = ¥ x CP!: since the

SNote that the reason why we distributed these singularities along the light-cone components of A is
because we are eventually interested in relativistic o-models. We expect that similar requirements can also
be found that lead to Euclidean theories, using the components of A along complex coordinates on Y. More
generally, one could consider an even larger class of theories, neither relativistic or Euclidean, corresponding
to singularities distributed along arbitrary directions in ¥. We believe that the methods developed in this
paper to study the 1-loop RG flow of the relativistic models could also apply to this more general class, but
leave a thorough analysis of this question for the future.



boundary OCP! is empty and we will assume that A decreases sufficiently fast towards the
boundary of ¥, this term can be discarded. In contrast, the first term in the variation (2.12)
is a proper 4d integral and thus corresponds to a bulk contribution. For the action to be
extremised, this term must vanish for all 6 A, giving the bulk equation of motion

wAF[A] =0. (2.14)

This is almost a zero curvature equation for the gauge field A, as in standard Chern-Simons
theory. The difference here is the presence of an additional fourth direction, tempered
by the exterior product with w = ¢(z)dz, which removes the A,-component of the gauge
field and all 0.-derivatives from the equation. We thus see that — away from zeros of w
— this equation amounts to the flatness of the gauge field F,,[A] = 0 along the directions
w,v = (zt,27,%) (but not along the z-direction).

Defect term from jets. Let us now discuss the defect term (2.13a) in detail. As mentioned
earlier, the derivative dw is a distribution, more precisely a sum of Dirac distributions localised
at the poles P = {p,}1¥., of w (see appendix B.1 and equation (B.9) for more details). The
integration over z € CP! in (2.13a) can thus be performed explicitly, yielding a surface
integral along 3. One then finds

elrec 1 al
(552df t - _8771' Z Er ‘/Z <A;5A>|z:pT 5 (215)
r=1

where {£,}N_, are the levels (2.6). Note that the 2-form (A,JA) is integrated along the
surface 3 x {p,}, so only the spatial components A4 of the gauge field contribute to the

above expression. This formula naturally leads us to consider the so-called jet of A+ along
the pole defect > x ]?D, defined as

Ar= (Al ),y v € o=g". (2.16)

This object is just the set of evaluations of A4 at the poles P. Due to the reality condition (2.10)
and our assumption that the poles p, are real, each of these evaluations is valued in the
real Lie algebra g. The jet Ay is thus naturally interpreted as an element of the direct
product d = gV, which we call the defect Lie algebra. The latter will play a crucial role
in the rest of this section. It has dimension

dimo =2(M +1) dimg, (2.17)
with M as in equations (2.3) and (2.4). Moreover, it is naturally equipped with a Lie bracket

X, Y] = (X, V]), (2.18)

:17“-1N’

where X = (X, );=1,.. v and Y = (¥;),=1,. n are generic elements of 0 = gV. The relevance
of this Lie algebraic structure will be made clear later when discussing gauge symmetries.

We also introduce the notation A = A, dz™ + A_ dz~, which is a d-valued 1-form on
Y. The defect term (2.15) can then be compactly rewritten as

erec 1
gt = — [ (a.0m), (219

s
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where we have defined a symmetric bilinear form ((-,-)), on the defect algebra by

N
(5, = 326 (X0, 75 (2.20)
r=1
One easily checks that ((-,-)), is non-degenerate and ad-invariant with respect to the Lie
bracket (2.18).

Boundary condition and the maximally isotropic subalgebra. Having rewritten the
defect term in the compact form (2.19), we can return to the analysis of the variation of
the action (2.12). For the variational problem to be well defined, this defect term needs to
vanish. This will be arranged by imposing a boundary condition on the gauge field’s jet AL.
Recall that the latter was defined as a field in the defect algebra 9. We will demand that
it takes values in a mazimally isotropic subalgebra b of 0:

AL € b. (2.21)

Different choices of b correspond to different boundary conditions, and such a choice is the
last ingredient defining the 4d Chern-Simons theory.

More concretely, an isotropic subalgebra of the defect algebra is a subspace b C 0
satisfying the following conditions:

X,Y,€b and (X, Y), =0, for all X,Y €b. (2.22)

Clearly the second property, i.e. the isotropy of b, combined with the boundary condition (2.21),
implies the vanishing of the defect term (2.19), as desired. The first property — that b
should also close under the Lie bracket — will be justified in the next paragraph and has to
do with gauge symmetries. We finally ask that b is of maximal dimension for an isotropic
subspace of 0, i.e. that it is half-dimensional:

1
dimb = 5 dimd = (M +1)dimg. (2.23)

This assumption will be important later on when we will use the boundary condition to relate
the 4d gauge field to 2d fields localised on the defects.

Gauge symmetry. The theory is gauge-invariant under local transformations by a parameter
u(z™, 27, 2z, Z), which is a smooth function on M valued in the gauge group G*. The gauge
field transforms as a connection, i.e.

Ar— A =u ' Au+ v tdu. (2.24)

In order to preserve the reality condition (2.10) imposed on A, we ask that the gauge

+,2,2) = 7(u(a®, 2,%)), where 7 is the involutive

parameter satisfies a similar condition u(x
automorphism of GC characterising its real form G.

It is well-known that the curvature of A is covariant under gauge transformations:
F[AY] = u'F[A]Ju. The equation of motion (2.14) is thus clearly gauge-invariant. To be true

gauge symmetries of the model, they also need to preserve its action (2.9). This is more
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subtle: we summarise the main ideas here and refer to [49] for a detailed analysis. A direct
computation shows that the gauge-transformed Chern-Simons form CS[AY] is equal to CS[A]
plus a closed 3-form. While this yields the same bulk equation of motion for A, it implies
that Syq[A"] is equal to S[A] plus a defect term located at the poles defect ¥ x P, which is
non-vanishing in general. This is in fact to be expected: recall that we imposed the boundary
condition (2.21) on the configurations of the gauge field at these poles. The gauge symmetries
therefore need to preserve this boundary condition. Crucially, this will also ensure that no
defect terms arise in the gauge transformation of the action.

Recall that the boundary condition (2.21) was phrased in terms of the jet AL of the
gauge field at the poles P, defined in equation (2.16). The gauge transformation A — A"
acts on this jet as

Ay — Al = u Ay u4utoiu, (2.25)

where 11 = (u|,—,, )", is the jet of the gauge parameter u. It is valued in the direct product
D = G of N copies of the gauge group, which we interpret as the Lie group of the defect
algebra 0 = gV. The equation (2.25) thus takes the form of a 2d gauge transformation
of the jet Ay : ¥ — ? by the function u : ¥ — D. Note that, for this to make sense, it
was necessary to establish a Lie group structure on D and thus a Lie bracket (2.18) on
the defect algebra 9. The boundary condition (2.21) that AL be valued in the maximal
isotropic subalgebra b of 9 is clealy preserved under the gauge transformation (2.25) if we
impose the similar boundary condition

ue B, (2.26)

on the gauge parameter (where B is the unique closed subgroup of D such that Lie(B) = b).”
This is why we asked earlier for b to be a subalgebra of 9.*® From now on, we will reserve
the term gauge symmetry for a transformation (2.24) whose gauge parameter satisfies the
boundary condition (2.26). As shown in ([49], Theorem 4.2), the action (2.9) is indeed invariant
under this class of transformations. In contrast, we shall refer to transformations (2.24) by a
parameter u not respecting the boundary condition as formal gauge transformations: these
generally do not preserve the action and are not physical gauge symmetries.

General pole structure. In the main text, we are making the assumption that the poles
P= {p-}¥; of w are real and simple. We end this subsection with a brief glimpse of the
case of general pole structures, which is discussed in detail in appendix A. If p, is a pole
of order m, € Zx>1, the defect term (2.13a) involves not only the evaluation A4 |,—, of the
gauge field at z = p,, but also its z-derivatives 8§Ai] 2=p, of order k < m, — 1. This naturally
leads to a generalised definition for the jet (2.16) of A as Ay = (9¥ AL | z:pr)f:;)::::xrl_ The
latter then has to be interpreted as an element of a more complicated defect algebra 0 than

"By a slight abuse of terminology, we will sometimes refer to B as a maximal isotropic subgroup of D.

8If b was only an isotropic subspace but not a subalgebra, the preservation of the boundary condition
A+ € b would impose stronger conditions on m, as for instance being valued in the trivial subgroup of D
rather than a half-dimensional one B. This would lead to more complicated 2-dimensional o-models, with less
‘transparent’ integrable structures. We refer to the recent work [66] for more details on these cases.
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the one gV considered in the case of simple real poles. In particular, the Lie bracket and
invariant pairing of this defect algebra then take the form (A.11) and (A.9), which are intricate
generalisations of (2.18) and (2.20). In this setup, poles of higher order are associated with
so-called Takiff algebras and complex poles always come in pairs of conjugates, associated
with complexified algebras rather than real ones. The crucial property of this construction
is that with the defect algebra generalised in this way, the rest of this section stays exactly
the same. We insist that all the results of this paper also apply to this general case and
refer to the appendix A for detailed explanations.

2.2 Extracting the 2d integrable o-model

In the previous subsection, we defined the 4d Chern-Simons theory associated with the data
(w, Zi, G,b). We now explain how this theory localises classically to a 2d integrable o-model.
While the derivation is classical, and involves solving some of the 4d theory’s equations of
motion, note that the relation between the 2d and 4d theories was also argued to persist
to the level of 1-loop effective actions [63].

Fields g and L. We start by re-parametrising the gauge field as
A=gLg '—dgg, (2.27)
in terms of a new group-valued field § : M — GC and a gC-connection
L=Lydzt+L_dx" (2.28)

with components only along the spatial directions . We note that equation (2.27) can be
rephrased as L = AE, using the notation (2.24) for formal gauge transformations. In this
sense, L can be thought of as a ‘formal axial gauge’ in which the dz- and dzZ-components are
set to zero. We recall that the dz-component A, completely decouples from the theory and
thus can be fixed to any given value: this freedom can always be used to ensure that L = A9
has no dz-component. The part of (2.27) that defines g is the dz-component, 857~ = — A=,
which admits a solution for §.” We note that the passage from A to L = A9 is only a formal
gauge transformation: indeed, the function g defined through the above differential equation
will generally not satisfy the boundary condition (2.26) imposed on gauge parameters u
to define physical gauge symmetries. Thus, A and L = A9 are not physically equivalent
configurations of the gauge field.

L is for Lax connection. To interpret L, let us consider how it appears in the equa-
tions of motion. Since the bulk equation of motion (2.14) is invariant under formal gauge
transformations and L = Ag, it reduces to w A F[L] = 0. Projecting this equation along
dz Adzt Ade™ and dz A dZ A dat yields

CU((9+L_ — 8_L+ + [L+, L_]) =0 and (.U(%L:t =0. (229)

The simple form of the second equation relies on the defining property of L, namely that
it has no zZ-component. This equation tells us that, away from the zeros Z of w, L4 is a

9Note however that § is not uniquely determined. This will be discussed at the end of the subsection.
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holomorphic function of z. More precisely, as we will explain below, L1 is a meromorphic
function of z € CP' with poles at the points Z. On the other hand, the first equation in (2.29)
is the flatness of L seen as a connection on the 2d-manifold ¥, for all z € CP' \ Z. We thus
see that L can be interpreted as a connection on the 2d-manifold X, which is flat on-shell
and depends meromorphically on an auxiliary complex parameter z. These are exactly the
properties of a Laz connection for an integrable 2d field theory on ¥, with z € CP! playing
the role of the spectral parameter. In 4d Chern-Simons theory, the two key features of this
Lax connection — meromorphicity and flatness — thus arise from the 4d bulk dynamics. In
the rest of this subsection, we will describe the resulting integrable 2d models in more detail.

Analytic structure of L. Let us describe more precisely how L depends on z. As explained
above, the second equation of motion in (2.29) implies that L is holomorphic in z away
from the zeros of w. In fact, by Liouville’s theorem, any holomorphic function on all of CP*
is constant: so for Ly to depend non-trivially on z, it must have poles at the zeros of w.
Recall from equations (2.2) and (2.11) that we separated these zeros, the locations of the
‘disorder’ defects, into two disjoint subsets 7t = {zzjE f\i, where the light-cone components
Ay and A_ are respectively allowed to be singular. Since Ay are related to L by a formal
gauge transformation by g, which is regular everywhere, Ly can have poles of order mfc at
the points zz-i, but not at the points z;". The Lax connection L thus takes the following
meromorphic form:

Ny mi-1 j:(ti,k) 00)
Li(z) = —+ Jy (2.30)
= o (2 Zz;t)kﬂ .

where jf’k) : ¥ — g are Lie algebra-valued'® 2d currents on X. This is the most general
solution of the second equation of motion in (2.29) compatible with the condition (2.11). In

particular, the zeros of w and their splitting into the subsets Z+ = {zi}fvzil exactly control

7

the respective poles of Ly and L_. This highlights their important role in the integrable
structure of the model.

The fundamental 2d fields. Let us now describe how the fundamental fields of the 2d
model are extracted from the 4d setup. Recall that the 4d theory is invariant under gauge
symmetries A — A", with u satisfying appropriate boundary conditions (2.26) at the poles
of w. In terms of the new variables (g, L+ ), these gauge symmetries act as

G—ulg and Liv— Ly. (2.31)
In particular, the Lax connection L is left invariant. In contrast, these transformations allow
us to ‘gauge away’ most of the degrees of freedom contained in g. In fact, one could naively
think that choosing u = g would eliminate all of these degrees of freedom; however, g does
not satisfy the boundary condition (2.26) imposed on gauge parameters, so it does not define
a proper gauge symmetry. In contrast, gauge parameters u with trivial evaluations at the

0T he fact that they are valued in the real form g and not the complexified algebra g® follows from the
reality condition (2.10) on A and our assumption that the zeros zli are real.
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poles P = {pr}Y_, of w correspond to true symmetries. We can thus use those to eliminate
all the degrees of freedom in g except for its jet along the poles defect:

5= (Glp)y : S — D. (2.32)

The latter is naturally interpreted as a 2d field on %, valued in the defect group D = GV. It
could equivalently be treated as an edge mode on the defect ¥ x P (see [49] for more details).

The field g is not yet completely gauge invariant, since the gauge freedom g +— v~ 'g has a
residual part g — u~!g, where u = (u|,—p, ), € D is the jet of u (and multiplication is that
of the defect group D). The jet u was constrained to be valued in the maximally isotropic
subgroup B of D, by the boundary condition (2.26) imposed on the gauge parameter u.
Hence the gauge-invariant field is the image of g under the canonical projection D — B\ D,

g : ¥ — B\D. (2.33)

We finally note that g is not yet completely physical: it will be subject to one more 2d
local symmetry, arising from a different mechanism, and which will be discussed at the
end of this subsection.

Lax connection in terms of g. Having extracted the gauge-invariant 2d degrees of freedom

contained in g, let us now return to the Lax connection L. As seen in equation (2.30), it

is described by the g-valued currents {7 }f 00 Ny ", where we define m(jf = 1. In total,

each of Ly and L_ therefore contains the fol]owing number of components, by (2.3):

Ny
(Z mzi) dim g = (M +1)dim g . (2.34)
=0

Importantly, these components are not additional physical degrees of freedom: rather, the
boundary condition (2.21) will relate them to the field g introduced above in equation (2.32).
This boundary condition involves the jet of A+ at the poles P = {p,}.,, which reads

Ny m¥ (z k)

Ar=gLig™' —digg™ with Li=|)" Z £ + g0 , (2.35)

i=1 k= 0
r=1,...,.N

where we have written A in terms of (g, L) using (2.27) and used the expression (2.30) for
L. The boundary condition imposes that AL is valued in the subalgebra b C . This
translates to a system of dim @ — dim b = (M + 1) dim g linear equations on the currents
{T: }k (by (2.23)). Being the same in number as the components of the currents (2.34),
the boundary conditions thus completely fix the currents in terms of g and its derivatives
O+g. We will not need their explicit expressmn here and refer to [50, 51] for more details.
We can now think of the currents ji k) as functionals of the D-valued field g. One
further checks that they are invariant under the residual gauge transformations g — u~'g
with m € B.!! Therefore, we can treat the currents as functionals ji(i’k) [g] of the gauge-
invariant field g, obtained by projecting g onto the quotient B\ D. In the end, the Lax

"This is in agreement with the second equation in (2.31), which states the invariance of the Lax connection
under all 4d gauge transformations.
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connection (2.30) then becomes a local functional L [g] of g, linear in the derivative 01§
and depending meromorphically on z, as is standard for the Lax connection of an integrable
o-model. We note that there are as many independent current components in each of L [g]
and L_[g] as scalar fields encoded in g, since dim B\ D coincides with the number (2.34).

The 2d action. The field § may be decomposed into its gauge-invariant part g (built from
the values (§.—p, ), at the defects P) and a pure-gauge part gouy (essentially its behaviour
away from the defects I@) By solving two of the equations of motion, we expressed L = L[g]
in terms of only . However, by equation (2.27), the 4d gauge field depends on both g
and gpuk. Nevertheless, since the 4d action is gauge invariant, the pure-gauge component
gbulk decouples from it, leaving

S1q [A[, Gou]] = Sa2a(E] - (2.36)

This equation may initially be seen as a definition of Soq[g] as a 4d integral over ¥ X CP!.
However, since we have solved for the dependence of L on z, the integration over CP! can be
explicitly performed, allowing Sy4[g] to be written as a local 2d integral over ¥. We will not
need its expression here, but refer to [46, 47, 49-51] where this has been done explicitly. See
also appendix D below, where we review the familiar example of the PCM.

Importantly, the functional So4[g] governs the dynamics of § on X. By construction, its
equations of motion are equivalent to the flatness of the Lax connection L4 [g], automatically
ensuring classical integrability in the sense of existence of an infinite number of conserved
quantities extracted from the connection’s monodromy. Moreover, the Poisson-commutation
of these quantities follows from the Hamiltonian analysis of [48]: in this context the function
¢(z) defining the 1-form w = ¢(z)dz controls the Maillet bracket of the Lax matrix and
is called the twist function.

Diagonal gauge symmetry. Recall that we reparametrised the gauge field A in terms of
(g, L) in equation (2.27). It is important to note that this reparameterisation is in fact not
unique. Indeed, it is invariant under the following transformation of (g, L):

g—gu, L— v 'Lv+vldsw with v:Y— G, (2.37)

depending on a local G-valued parameter v(z*,27) on X, independent of (z,%). Since this
is simply a redundancy in the parametrisation of the gauge field, it should be interpreted
as a gauge symmetry of the resulting 2d integrable model.

The field of the 2d model was defined as the projection g of the jet (§|.—p,.)Y_; onto the

quotient B\ D. One easily checks that the transformation (2.37) acts on this field by!?
g— g Av), with A(w) = (v,...,v) € Ggiag, (2.38)

where Ggiag is the diagonal subgroup of the defect group D = GN. Recall from the earlier
that we can write the solution for the gauge field as a functional A[g, ghuk]. By construction,
this functional should then be invariant under the redundancy (2.38) of g, and this can

120ne initially finds g — g A(v), acting on the D-valued jet g. This induces the transformation (2.38) on
the B\ D-valued projection g since the left B-action and the right Gaiag-action on D commute.
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indeed be checked by a direct computation. In particular, this means that the 2d action (2.36)
is also invariant:

S2a[8 A(v)] = Saalg] - (2.39)

This confirms our expectation that the transformation (2.38) is a gauge symmetry of the
2d integrable model. Recall from equation (2.33) that § was valued in the quotient B\ D.
The 2d model’s true physical degree of freedom is thus a field valued in the double quotient
B\ D / Ggiag, which has dimension M dimg by equation (2.23). One can show that the
2d action is quadratic in this field’s derivatives, and hence it defines a non-linear o-model
on the target space B\ D /Ggiag-

Let us also recall that we wrote the 2d Lax connection L4 [g] in terms of §. Coming
back to its construction, one can check that

Li[g] — Li[EAW)] =v'Li[g]v+vtosv, (2.40)

in agreement with equation (2.37). This is the well-known gauge transformation of the Lax
connection, under which the 2d dynamics (the flatness F{_[L] = 0) are clearly invariant.

Since it will be useful later, let us consider how the g-valued currents jf’k) [g] contained
in the Lax connection (in its partial fraction decomposition (2.30)) transform under (2.40).
For i # 0, the currents correspond to poles of L+ and simply transform covariantly under the

Ggiag-symmetry. In contrast, the constant term jio,o) [g] transforms as a connection:
IEVE — TPV EAW) = v TR + v ok, (2.41)

It thus behaves as a gauge field for the Ggjag-symmetry, and on-shell the flatness of the
Lax implies that jﬂ(to’o) [g] is flat.

3 RG flow of rational integrable o-models

In the previous section, we have reviewed the construction of a large class of rational integrable
o-models from the 4d Chern-Simons theory on 3 x CP'. We will now show their 1-loop
renormalisability in a systematic way and will prove the conjecture of [23] on the RG flow of
their twist 1-form w (already proven in [24] in some cases). We will begin by reviewing the
‘universal’ treatment of 1-loop divergences [62], which leads to a simple path integral in terms
of the zero-curvature equations. We will compute this path integral for the most general
rational Lax connection and recast the resulting 1-loop divergences as a simple contour
integral of the Lax connection. As an illustration, we also refer the reader to appendix D,
where we give the explicit expressions of the universal counterterm and the flow of the twist

1-form in the simple example of the Principal Chiral Model.

3.1 Review of ‘universal’ 1-loop divergences

It was recently observed [62] that the 1-loop divergences of integrable o-models take a
‘universal’ form in terms of the Lax connection. The basic idea is that the integrable structure
heavily constrains the possible divergences — related to the fact that integrable models should
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be consistent truncations of the general o-model RG flow (1.2). Concretely, the proposal is that
the 1-loop divergences can be built from the objects appearing in the classical Lax connection.

The argument of [62] relies on the fact that 1-loop divergences are completely determined
by the equations of motion. Since the latter take a canonical zero-curvature form F[L] = 0,
the 1-loop divergences must take a canonical form in terms of the Lax connection. The bulk
of that paper was making this argument precise at the level of the path integral, with a major
subtlety being that some parts of the zero-curvature equations are not genuine equations of
motion. Rather, they are Bianchi identities satisfied off-shell, as a consequence of the physical
form J = J[g| of the currents in the Lax connection in terms of the o-model field g. In
order to deal with this, it was necessary to assume the converse statement known as ‘ Bianchi
completeness’: that the Bianchi identities obeyed by the Lax currents J imply their physical
form J = J[g], at least to leading order when expanded around on-shell background fields.
This condition seems to pick out a large class of o-models and excludes, for example, the
sine-Gordon model. In the context of 4d Chern-Simons theory with disorder defects, we
expect that all of the resulting 2d theories satisfy the Bianchi completeness assumption
— although we will not prove it here.

The result is then as follows. Suppose the Lax connection has a given rational pole
structure (with z;7 # 2;),

Nim -1

=X X e A (3.1)

i=1 k=0

The zero-curvature equation of Ly (z) is then equivalent to some list of ‘Lax’ equations

on the currents J Zk)

F, [L]=0, Vz —  Lax[J]=0. (3.2)

For any Bianchi-complete theory realising such a Lax connection (whatever form the currents
J take in terms of the physical fields), the 1-loop divergent terms in the effective action
take the universal form:

SW[T] ~ —%log / DUL D" expi / Ua Lax?[T + 7] . (3.3)

where J = J + j, with J on-shell background fields and j fluctuations, while the scalar fields
U4 are Lagrange multipliers enforcing the equations Lax? [j + j] = 0 in the path integral.
The symbol ~ denotes that we are only keeping track of log-divergent terms.

Note that we assumed that there is no constant term (independent of z) in the Lax
connection (3.1). For the models arising from 4d Chern-Simons theory, such a term is

3Indeed, the boundary conditions at the defects are equivalent to the currents in the Lax connection taking
their form J = J[g] in terms of the physical fields (up to Gaiag gauge symmetry). At the same time, one can
show that these boundary conditions trivialise a particular subset of the zero-curvature equations, which we
identify as the ‘Bianchi identities’. Clearly, J = J[g] is then a solution of these identities. Conversely, we
expect at least to linear order in the background field expansion that these Bianchi identities imply the solution
J = J[g], giving Bianchi completeness. This is clearly reasonable since the number of Bianchi identities is
equal to the difference between the number of currents components J+ and the number of scalar fields in g.
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generally present, corresponding to the current 79 in equation (2.30). Crucially, however,
this current can always be gauge-fixed on-shell to zero, meaning that we can work with the
equations (3.1)—(3.3) for these models as well. Let us explain how this works in detail. In their
raw form, this class of theories have: (i) a diagonal G gauge symmetry (see discussion at the
end of section 2.2) and (ii) a constant term 7(%) in the Lax connection. These two features
are related, since J©9 transforms as a gauge connection. A priori, the universal path

integral will differ from (3.3) in three ways. First, the path integral measure in (3.3) should
be divided by a gauge volume: DU 4 Djiz’k) — %

be modified, Lax* [T] — Lax” [7], by the presence of 7). Moreover, there is an additional
0,0)]

. The zero-curvature equations will

equation F,_[J ( = 0. The honest path-integral computation then yields

_ i /DU DU, Dj Y

vol(gauge)

expi [ (Ua Lax[7 + 5] + (UF-[7O)), (34)

with the additional Lagrange multiplier U valued in g. Integrating out U imposes F;_[J (0’0)] =
0 as a delta-function constraint, which may be solved by jig’o) = g~ 10.g (integrating over
the field ¢ € G). The gauge symmetry now acts as ¢ — gh where h € G, so it may be
fixed as g = 1 (with trivial Faddeev-Popov determinant). In this gauge, the constant part
of the Lax connection vanishes, J(©% = 0, and the zero-curvature equations revert to
Lax?A[J] — Lax[7]. As a result, we obtain the path-integral (3.3) stated above, obtained
by simply deleting the constant term in the Lax connection.

Proceeding with the universal path integral (3.3), we note that it essentially computes
the volume of flat connections with a fixed pole structure, expanded around some background.
Its divergent 1-loop part is readily evaluated: for example, for a Lax connection with only
simple poles (with all 2 # z; ),

1 ; 1 ;
L+:Zﬁjjr’ L_:Z _jf, (35)

7 % J Z_Zj

the 1-loop divergent term in this path integral is found to equal [62]

d sy 7 ca 1 2 /7 7]
Somg) =@ > M/d o (T8, (3.6)
Here t = log p is the renormalisation group (RG) parameter (where p is a renormalisation
scale) and cg is the dual Coxeter number of G (see footnote 5). The above expression is
bilinear in the Lax currents 7, and depends rationally on the positions of the Lax connection’s
poles. It seems natural to reformulate it as a contour integral of the Lax connection itself,
which is the sum of these currents multiplied by different poles in z. After some consideration,

one observes that it is given by the following contour integral'

d ~ c dz
dan _ / 2 7{ dz
dtS 5 d“x o, 2w (Ly,0,L_), (3.7)

YMNL would like to thank Konstantin Zarembo for a useful discussion of this point.
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along a path _T'y that encircles the poles of L, anticlockwise (with the poles of L_ on the
outside). In fact, we will show that this curious formula is correct in general.!®
To derive the result (3.7) for the most general rational Lax connection (3.1), we will need

to use its zero-curvature equation, i.e. the corresponding ‘Lax’ equations in (3.2):

G, (=1t m4+n—=p\ Gn) LGm)_
0,79 1+ 3 Z , Z*)mm,pﬂ . (7 m | g0my Z o, (3.82)
m>p i,n l J
Um“ mAn=q\  Gm) in)
n>q j,m Z

These are obtained by simply writing down the zero curvature condition F_[L(z)] = 0 and
performing a partial fraction decomposition.

3.2 Computing the universal path integral

Let us consider a more general class of equations,

O+ T+ > [0k - TE, T =0, (3.92)
K,L

O_J! +> [Pl - TX, Jf1=0. (3.9b)
K,L

where Of( 7, and PI%L are linear operators g — g, the indices I, J, K, L run over some sets
(which are generically different for A, and A_), and J! € g for each value of I. This
general family clearly includes our equations (3.8) as a simple example — and the elliptic
case discussed in section 4 will be another example.

We shall compute the universal path integral (3.3) for these equations. Decomposing
the Lagrange multipliers U4 into g-valued scalars u; and vy, it takes the form (summing
over repeated indices)

S~ — %log/DuI Dvy Djs
exp [ - i/<u17 d4j + [Ok1 'j-ll-(a T + [0k, - jf, J£]> (3.10)
+ vy, 031 + [Py 35, TH + [Pl T5, i8]
The action in the exponent is a simple theory of Lie-algebra valued 2d scalars uy, vy and
vectors jL. JI are background fields and I is a flavour index. The theory’s Feynman rules

are shown in figure 2. There is a single divergent 1-loop diagram, shown in figure 3, producing

the following log-divergent contribution to the 1-loop effective action
2 2
2 (2m)?2 2m)2 (I +k)+
1

Ao J I
~ 47Tlogu/d z Trglad ;2 Opp ad 7x Pk,

—ikx

Trg[ad ;2 OF, ad 7 Pl

(3.11)

5We note that any constant term in the Lax connection (which can be gauge-fixed to zero on-shell as
discussed above) does not contribute to the contour integral (3.7): it is annihilated by the derivative 9,, first
in L_, and then in L after integrating by parts.
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Figure 2. The Feynman rules corresponding to the action in the exponent of the path integral
(3.10). Solid and dashed lines denote fluctuation and background fields, respectively. The fields
are algebra-valued and decomposed as u = u®T,, where Greek indices run over a basis of algebra
generators {Ta}iinlg satisfying (T3, Ty] = f“pyTa and are raised and lowered with kop = (Ta,T3) and
its inverse. The light-cone components of the 2d momenta are denoted by k.

Figure 3. In the ‘universal’ formulation, the divergent part of the 1-loop effective action (3.11) is
given by a single Feynman diagram.

where A is a UV-cutoff and p is a renormalisation scale, and henceforth we are dropping
the bar on background fields. Hence, denoting t = log i, the log-divergent terms in the
effective action are given by

d 501

1
aS = —E/dzx Trq[ad ;2 O, ad 7 Pig] . (3.12)

3.3 Universal divergences in the rational case

For the Lax equations (3.8) of a general rational Lax connection, we need to specialise to
a case where these operators are proportional to the identity:

(kp) s (—1)att m+q—p

Otta) () = Ohi Omzp Sy . T, (3.13a)
Ca s (=1)ptt n+p—q

P(k;,p) (i,m) — 01— 6712(1 (Zz_ — z:)p‘f'n_(l'f'l P I, (313b)
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where I : g — g is the identity operator. Substituting these operators into (3.12) leads to
(summing over ¢,j and m,n)

d 5 1 (-1 m+q—p\ (n+p—q
g1 = 2 . .
dtS yo > /d z Try [adjijmﬂ ade’n)] (o — 2 ymn (

1,J q p
p<m,q<n
D™t (mtn4 1) :
2, (in)  7(5m)
7]7m n
where in the second line we used the identity Trg[ad,ad,| = —2cg(u,v) (see conventions in

footnote 5) and standard identities for binomial coefficients to perform the sum.
Now, using the following identity

dz . dz 1 1 (En)  ~(Gm)
?{ (s 0:L) = 2 i%%(z—zﬁ)”*laz[(Z—z])m“}w R

I, 27TZ

s ( (=D (m4n+1)! <j(zn7j]m)>, (3.15)

A 2 — z7)2+m+” m!n!
1,J,M,N 7 J

we identify the quantity on the r.h.s. of (3.14) as the expected contour integral. We have
therefore proven (3.7) in general for the class of theories with rational Lax connections (3.1):

/d2 j{r o — (Ly,0.L_) . (3.16)

3.4 Rewriting the RG flow in 4d Chern-Simons language

So far, our main result (3.16) for the RG flow of rational integrable o-models has been derived
using only the analytic structure (3.1) of the Lax connection L4 (z), independently of the
initial construction of these models. We now want to leverage their origin from 4d Chern-
Simons theory, as reviewed in section 2. This will allow us to interpret the counterterm (3.16)
as a flow of the defining data of these models. To do so, we ought to rewrite it as a local
4d counterterm in terms of the Chern-Simons gauge field A.

A first attempt. The attentive reader might worry that the formula (3.16) appears to be
asymmetric with respect to the 4+ and — light-cone directions, and hence is not manifestly
covariant. But in fact this quantity is symmetrical under swapping (+ <> —). Indeed,
an integration by parts yields the integral of (L_,0,L) over the contour with opposite
orientation, which can be seen as a path {I'_ enclosing the poles of L_ (and not those of
Ly). One can therefore rewrite (3.16) in the more symmetrical form

= /d2 ( dz(Ly,0.L_) + dz(L,@zL+>>. (3.17)
d 87rz LI

We now want to rewrite these contour integrals as a local 2d integral over CP'. This can
be done using the identity!'®

dz f(2) g9(2) = — [ d*20:f(2) g(2), (3.18)

P CP!

6Here and below we use the normalisation d?z = dz A dz.
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for f and g meromorphic functions with distinct sets of poles and 4I'y a contour wrapping the
poles of f but not those of g. Taking f = Ly and g = 9,L_ for the first term and f = L_
and g = 0,L4 for the second one, we can recast (3.17) as the 4d integral

d 501)

cG 2,12
iy <(C L, 0,L_ L 0.L,)) . 1
&8 87r2i/Mdmd 2((0:L0.0.L) + (0:L_,0.L.)) (3.19)

Although this result looks promising, it is not manifestly possible to rewrite it covariantly in
the language of differential forms, in terms of the exterior derivative d and the connection
L. This is mostly due to the presence of a plus sign rather than a minus sign between
the two terms of the integrand. Solving this issue will require the introduction of a new
ingredient, namely the function ¥(z).

Introducing the function ¥(z). The trick is to make the desired minus sign appear in
our starting point (3.17) by considering;:

%g(n _ _16;% /d% (%m Az U(2)(Ly, 8. L) — fﬂ dqu(z)<L_,aZL+)> . (3.20)

The price to pay for this modification is the introduction in the integrand of a meromorphic
function W(z) satisfying!'”

U(zF) = F2¢
(=) L L (3.21)
PV (z7)=0, p=1,...,m; —1
where we recall that the points zii are the poles of Li(z) of orders m;t € Z>1 — see

equation (3.1). One easily checks that the condition (3.21) leads to the same residues in
equations (3.17) and (3.20). However, it does not uniquely define ¥(z): the residual freedom
in choosing ¥(z) is fixed by demanding its poles are the same as those of the twist 1-form
w = p(z)dz and it is bounded when z — oco. For now this is an arbitrary choice, but it
will be helpful later when we wish to absorb the counterterm into a flow of w. Concretely,
this means that W(z) takes the form

U(z) = ZNJ Yr + (3.22)
B Z = Pr > .

r=1

The N + 1 coefficients 1), are then constrained by the conditions (3.21), which translate to
a linear system of N — 2 equations.'® They can thus be expressed as rational functions of
the parameters (pr, Zli) and 3 unconstrained variables (whose interpretation will be made
clear in the next subsection).’

We now use the identity (3.18) to recast the contour integrals of equation (3.20) as surface

integrals over CP! (taking f = L, and g = ¥(2)d,L_ for the first term and exchanging

1"We have included a global factor —2cg in the definition of W¥(z) for future convenience.

¥ Explicitly, the number of equations is Zf\[:*l mj + va:_l m; , which coincides with 2M = N — 2 using the
identities (2.3) and (2.4).

YFor an example where ¥(2) can be worked out explicitly after fixing these variables, see equation (D.14).
Note that appendix D considers a 1-form w with double poles, one of which is located at z = oo, hence
modifying the functional form of ¥(z).
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+ and — for the second one). The result takes the form of a covariant 4d counterterm in
terms of differential forms:

d 5 1
—8M = — U(2) Tr[dL AdL] . 2
&8 — /M (2) Tr[dL A dI] (3.23)
Since L only has legs in the 4+ and — directions, this is the same as
dgm _ —1/ W(z) Tr [F[L] A F[L]] = —1/ W(z)dCS[L] . (3.24)
dt 1672 Sy o 167% Sy ' '

Counterterm in terms of A. We recall from equation (2.27) that the 4d gauge field A
is related to L by a formal 4d gauge transformation L = A9 (i.e. one not respecting the
boundary conditions). The quantity dCS[A] is invariant under formal gauge transformations
of A, since CS[A] transforms by a closed term. Hence we can replace L by A in the universal
result (3.24), yielding

ditsm _ —@ /M W(z) dCS[4] . (3.25)
This gives the interpretation of the counterterm as a local, gauge-invariant functional of the
4d gauge field.?Y Geometrically, this is the integral of the so-called 2"¢ Chern character of
the gauge connection A, weighted by the function ¥(z). It would be interesting to explore
a geometric reformulation of the present work.

Let us also comment on the role of the gauge field component A, in the counterterm (3.25).
Recall that, in the classical 4d theory, A, completely decouples from the action, so it can be
fixed to any value (see discussion below (2.9)). One may worry whether this is consistent
with the counterterm (3.25), which superficially appears to depend on A,. However, simple
manipulations show that A, decouples from it on-shell, since it only appears multiplied by
the quantity Fy_[A], which vanishes on-shell. Therefore, A, can be freely shifted to any
given value also in this 1-loop counterterm, just as in the classical action.

Towards the flow of w. After integration by parts, the 4d counterterm (3.25) takes the form

d 1
Bl 0 S
80 = /M 9.0 () dz A CS[A] + Cltates (3.26)

where the second contribution is the ‘defect term’
1 _
Cdefect - m /M 82‘11(2) dz A CS[A] ) (327>

which obviously localises along the poles of ¥ (i.e. that of w). Comparing with the classical
4d action (2.9), the first term in (3.26) is clearly interpreted as the desired flow of the twist
1-form %w = 0,¥(z)dz, in agreement with the conjecture [23] that we want to prove. In the
next subsection, we will explain how the defect term (3.27) originates from the flow of the
gauge field’s boundary conditions (including the location of the defects in CP!).

20As mentioned, the counterterm (3.25) is not only invariant under 4d gauge transformations, but under the
strictly larger class of formal gauge transformations (this is what allowed us to pass from (3.24) to (3.25)).
The fact that we can write the counterterm as a functional of A invariant under formal gauge transformations
is equivalent to this counterterm being written in terms of the Lax connection L only, independently of the
pure formal gauge degree of freedom g. This is therefore a consequence of its ‘universal’ form [62].
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3.5 Universal divergence as a flow of w

In this subsection, we will reverse our point of view and start from the conjectured flow
of the twist 1-form [23, 53], namely
L .0z de, (3.28)
dt
with the other defining data Zi, G, b being RG-invariant. We will then show that the
resulting variation of the classical action matches the universal counterterm (3.26). In other
words, we will prove that we can absorb that counterterm into a flow of the defining data,
establishing the 1-loop renormalisability of this class of 2d theories.

As before, we only treat here the case where w has simple real poles. For higher-order
ones and more general reality conditions, the expression (3.26) of the universal counterterm
is still valid. Similarly, the flow of w takes the same form (3.28). However, we will generally
find a non-trivial flow of the maximally isotropic subalgebra b — see appendix A for details.

Flow of w. To start with, we need to explain more precisely what we mean by the flow (3.28)
of the twist 1-form. Since we are focusing on the case of simple poles p,, w can be written as

N gr

o=y

=17 " Pr

dz, (3.29)

with residues /. as defined in equation (2.6). The parameters (p,,¢)Y_; can be seen as
encoding the choice of w. The flow of w should then be understood as defining a flow of
these parameters, according to

dw Node, 1 dp, ¢
= E —— | dz. .
dt (r:l dt z —p, + dt (z — pr)2> : (3:30)

Concretely, comparing to the right-hand side of (3.28), we find

d’, dp, (e
— d __ ¥
x 0 A dt 0

(3.31)

where 1, are the coefficients defined in equation (3.22).2! In particular, the levels ¢, are
RG-invariants: this is consistent with their interpretation as coefficients of Wess-Zumino
terms in the 2d o-model (see footnote 4). The non-trivial RG flow is then contained in
the flow of the poles p,.

A subtle but technically important remark is that there are two different notions of
t-derivatives of w that we need to consider. The one ‘é—‘,’: defined in equation (3.30) is a
‘formal derivative’, mapping a rational 1-form to a rational 1-form. As explained above,
this derivative is particularly useful to compactly encode the flow of the parameters (p;, ¢;)

defining w and it is the one we use in equation (3.28). In contrast, it has to be distinguished

2! As explained around equation (3.22), v, is a function of the parameters (p,,£,.) and of 3 unconstrained
variables. One shows [23, 27, 67] that these additional variables induce a t-dependent M6bius transformation
of the poles p, along the flow, which can be undone by a change of spectral parameter. Therefore, they do not
enter the RG flow of the o-model itself.
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from the derivative of w seen as a ‘measure’, which also includes distributions arising from the
flow of the poles p,. Let us explain this more precisely. In the context of 4d Chern-Simons,
the 1-form w is mostly used as a measure to integrate against. Namely, we are interested
in integrals of the form [,, w A A, where A is a 3-form on M, as for instance CS[A] for the
classical action (2.9). We then define the ‘measure derivative’ of w through the variation
of such integrals with respect to t:

d dw dA
— NN = — A — . .32
dt (/Mw ) /M(dt‘meas/\ +W/\dt) (33)
With this characterisation, the two notions of derivatives are related in this case by

dw do L dpy 1

— = — b, — O3 d

dt Imeas dt + Z:l dt br (Z - p7‘> ‘

= (3.33)

—dfw—i—Qm'iV:E @5(2— )dz
T dt 2 g br

We refer to the appendix B.2 for a more thorough explanation of this formula. Reinserting

our starting point (3.28) for the ‘formal derivative’ %7 we thus get
dw & dpy
T 0.V(z)dz + 27721;1&« T d(z —pr)dz. (3.34)

This is the object that will appear when taking RG derivatives of the Chern-Simons action.

Counterterm in the effective action. We now want to translate the conjectured beta-
function (3.28) for the ‘coupling’ w to a divergent counterterm in the 1-loop effective action S,
Taking the action to be evaluated on a classical background solution, there is no distinction
between the 2d and 4d actions since So9q[g8] = S44[A[E, Gbuik]], where A = A[E, gpui] is a 4d
classical solution and g is a 2d one.?? Thus, by taking the RG-derivative of the classical 4d
action, the conjectured beta-function predicts the following counterterm:

d 501 1 / dw
dt Sconj 16726 v dt ‘meas 4 CS[A] + Car
1
= [ o.v Al + Caigt + Crr - .
6020 /M 0:9(2) dz A CS[A] + Caist + Cra (3.35)

The ‘distributional’ term Cyjs; is the additional contribution arising from the distributions
in the measure derivative (3.34). Meanwhile the ‘variational’ term Ci,, appears because
the background field A must run along the flow:

i ad
0A [dt

Indeed, such a term is guaranteed since A is subject to boundary conditions at positions in

Clar = (3.36)

CP! that are moving along the flow. Let us now evaluate these Cyis; and Cl,, explicitly.

22The identity S24[8] = S1a[A[E, gouik]] is equation (2.36), which served as a definition of the 2d action in
the classical 4d-CS construction. Note that this also holds for an off-shell 2d field g, while the 4d gauge field
A[E, gbulk] is partially on-shell, having solved two of the three equations of motion to find the z-dependence of
A. While treating one-loop divergences, we can treat g as an on-shell background field, so that A[g, gbulk] is
also a fully on-shell 4d solution.
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The distributional term. The distributional part of the measure derivative (3.34) con-
tributes

dp
Cdist - A

/ 5(z —p,)dz A CS[A] . (3.37)

To evaluate this term explicitly, note that, up to total derivatives and terms proportional to
the equation of motion F_[A] = 0, the 4-form dz A CS[A] coincides with —dz A dz (4, 0zA).
Then, thanks to the delta functions, the integral over z,Z may be carried out to obtain

N
Cuet = — Zz T [(a0-) (3.38)

z=pr
The variational term. The variation of the action (3.36) is given by a bulk term, a
boundary term and a surface defect term (see equation (2.12)). Since the background field is
on-shell along the flow, the bulk term vanishes. Moreover, the boundary term (2.13b) still
vanishes. However, as the positions of the pole defects are running, then the RG-derivative
% of the background field does not satisfy the boundary conditions at the poles, and the

defect term (2.19) contributes
) >> . (3.39)
2=Pr/) ol

Cvar = _;Té <<(A|Zp7'>r’ ((i{?

The running of the background field A along the flow is governed by the flow of w, and

in particular of its poles p, that appear in the boundary condition
(Alz=p,)r € b. (3.40)

Since p, are themselves running, differentiating this expression yields

s, = (% SRR

where we are using the fact that the isotropic subalgebra b C 0 is taken to be RG-invariant.

dp,
0, A
Z2=pr + dt ‘ Z=Pr dt

This statement, alongside the facts that (A|,_ ) € b and that b is isotropic, allows us to

replace (42 z:p.)T by — (dp’" d-A| _ . dp’" &A| )T in (3.39):

_ L dpy 4 b > >>
Cvar - 87'('/2 <<(A|z:pr>r7 < dt 8ZA|Z:p d &A‘ N N
N
:12&/ < deaA+de6LA>
ﬂ—'r:l x

where we used the definition (2.20) of the defect algebra’s bilinear form ((-,-)),.

, (3.42)

Z=pr

Matching the universal result. Recall that our goal is to show that the counterterm (3.35)
corresponding to the conjectured flow of w coincides with the universal result (3.26). Adding
together the terms Cgiet and Cyyy, we find that the ‘antiholomorphic’ term cancels, leaving
the simple expression

1 & dp,
i var — 5 _ r A7 zA —p,. 4
Ca + Cor = g 34 [ (A0, (3.43)
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This quantity is precisely equal to the ‘defect’ counterterm (3.27),
Caist + Cvar = Cdefect ) (344)

evaluated in the frame where A, = 0 (recalling that the universal result is on-shell independent
of A,). This can be seen from the fact that with A, = 0 we have dZACS[A] = dzAdZA (A, 0. A)
and the explicit expression

dp;
T Pr)o 4
T 6(z—pr) (3.45)

N
0:0(2) =2mi Y Ly
r=1

which is obtained from equations (3.22) and (3.31), with the delta-functions allowing the
integral over z,Z to be carried out.
Altogether, we have proven that

dam _ 1
dt 16724

/M 9.0(2) dz A CS[A] + Cuefeet = —8D (3.46)
as required. This shows that the universal counterterm S™) can be absorbed as a flow of the
defining parameters (w, 7%, G, b) of the models, proving their 1-loop renormalisability. As
expected, the first term in equation (3.26) is directly tied to the running (3.28) of the twist
1-form w. On the other hand, the defect term was found to originate from the flow of the
poles p, € CP! and hence of the boundary conditions imposed on the gauge field at those
locations. In particular, in the case where w has simple poles, the isotropic subalgebra b C 0
encoding the boundary condition is RG-invariant. As mentioned earlier, this is no longer
the case when w has higher-order poles: rather, b flows according to a 1-parameter family
of automorphisms of 0. We refer to the appendix A for details.

4 RG flow of elliptic integrable o-models

In the analysis above, we assumed that the model belonged to the class of rational integrable
field theories of the Belavin-Drinfel’d classification [68]. Namely, the spectral parameter z
was assumed to live in CP!, implying that the meromorphic Lax connection is a rational
function of z, as in (3.1). However, an advantage of our approach is that it immediately
generalises to other classes of models: here we will consider elliptic integrable o-models
arising from disorder defects, examples of which were considered in [27, 46, 52, 53]. The
spectral parameter now lives on the complex torus

TE(C/A, A:{nl)\1+n2A2‘n1,n2€N} , (4.1)

defined in terms of two basis vectors A1, Ao in C. Their ratio A\a/A; ¢ R is called the modulus.
We will take z throughout to be valued in the universal cover T = C, in which case functions
of z should be doubly periodic with periods A1 and A9 in order to be well-defined on T.
Note that a third class of models, the trigonometric integrable field theories, are a special
case obtained by sending one of the |\,| to infinity, while the rational integrable models are
recovered by sending both to infinity. In particular, the RG flow of trigonometric models
can be derived as a special case of what follows.
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We will proceed in three steps. First, we will outline how elliptic integrable field theories
can be constructed using 4d Chern-Simons theory, as recently highlighted in [52]. Next,
we will consider how the Lax connection depending on a torus-valued spectral parameter
modifies the computation of 1-loop divergences: ultimately, we will still obtain the same
contour integral (3.16) in terms of the Lax connection. Finally, we will rewrite this result as
a 4d counterterm and interpret it as an RG flow of the data defining the theory, in particular
of the twist 1-form w. In the process, we will encounter a new term, coming from the fact
that the periods of the torus generally flow under the RG, thus modifying the Riemann
surface on which the 4d Chern-Simons theory is defined.

4.1 Review of equivariant elliptic 4d Chern-Simons theory

Instead of reviewing 4d Chern-Simons theory from scratch, let us simply highlight the
modifications to the theory constructed for the rational case in section 2. In the Belavin-
Drinfel’d classification of integrable field theories, elliptic models only exist if the Lax
connection takes its values in the algebra slc(N). As such, we naturally restrict our attention
to gauge groups with complex algebra g€ = slc(N) for the 4d Chern-Simons theory. The
4-dimensional manifold on which we construct the theory is ¥ x T and the action is
Sl A] = 16;1, /E WACSMA] w=plz)ds. (4.2)

For w to be a proper 1-form on the torus T, ¢ must satisfy

(z+ M) = 9(2) . (4.3)

The zeros and poles of w will again be denoted respectively by zii and p,. For simplicity, we

will once again require that all the poles p, are real and simple: complex and higher-order
poles require a slight adaptation of the more general setup of appendix A. For the action
to be real, one should take all zzi to be real, and the periods A\; and Ay to be respectively
real and imaginary (i.e. take the unit cell to be a rectangle) — but this will not affect
the validity of what follows. Indeed, under these assumptions, it was argued in [52] that
the action (4.2) is real upon imposing the equivariance (2.10), with the real form g being
slg(N). As before, we will impose that the gauge field A is smooth and regular, except at the
2M zeros of w (counted with multiplicity), where we allow singularities of the type (2.11).
Similarly, at the 2M poles?® of w, we will again impose the boundary condition that the
jet A is valued in a maximally isotropic subalgebra b of the defect algebra 9. The major
difference between 4d Chern-Simons theory on ¥ x T and ¥ x CP! is that we require A
to be multivalued on T, such that A(z + \,) # A(z). More precisely, we will enforce that
A transforms equivariantly under such shifts:

Az + A1) =01 [A(2)] A(z + A2) = 02 [A(2)] (4.4)

where 012 are two inner automorphisms of slc(IN), first considered in [69]. We refer to [52]
for more details and an explicit expressions of the o,. Although A is multi-valued on T,**
note that the Chern-Simons 3-form is single-valued, so the action (4.2) is well defined: this
follows from (4.4) and the invariance of the bilinear form under automorphisms.

23Note that a 1-form on T has the same number of poles as zeros, as opposed to the relation (2.4) on CP.
%4Gince (04)" =1, then A is in fact well-defined on a larger torus with periods N \,.
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Dynamics. Having fixed the properties of the gauge field A, we can proceed with con-
structing the 4d Chern-Simons theory. As before, the bulk equations of motion obtained
by varying (4.2) are

wAF[A] =0. (4.5)

The variation of the action also contains the defect and boundary terms (2.13a) and (2.13b).
The latter, which we recall here,

1
bdry
094" = 16724

/ d(w A (4,64)) (4.6)
M

was trivial in the rational case, but it will become important for the elliptic story since
the boundary of T is non-empty when seen as a subset of C. This boundary term still
vanishes when its integrand is elliptic, as is the case at present due to (4.3) and (4.4); however,
when we renormalise below, such a term will crop up with a non-elliptic integrand, giving
a non-zero contribution.

g and the Lax connection. As in the rational case, we reparametrise A in terms of a
connection L = L, dz™ + L_dz~ and a group-valued field g in the form

A« (g.L), A=gLg ' —dgg . (4.7)

The existence of such a g is subtle [45, 49, 70] but, as argued in [52], we expect it to exist
thanks to the equivariance property (4.4) of A. Assuming the existence of g, it is uniquely?®
specified by its equivariant transformation rule [52]

9(z + Aa) = 0alg(2)] (4.8)

In writing this down, we have for simplicity not distinguished between the automorphism
acting on the algebra slc(N) as in (4.4) and on the group SLc (V).

With the parametrisation (4.7), the equation of motion (4.5) again implies that the
connection L = L, dz™ + L_ dz~ is flat and meromorphic in z. We will thus interpret it as
the Lax connection of the resulting 2d theory. The allowed singularities of the gauge field
imply that, around a zero zljE of w in the set Zi, this Lax connection takes the form

mE—1

: (i.k)
Li(z) = jii,m +0 (== 25)°) (4.9)

where ji(i’k) are a set of 2d currents on ¥. Moreover, these are the unique poles of L4 (2)
inside the unit cell T. Secondly, the combination of (4.4) and (4.8) requires that L. satisfies

L:I:(Z + )\a) = 0q [L:I:(Z)] . (4'10)

25Up to multiplication by a matrix N-th root of unity.

— 30 —



Extracting the 2d theory. The 1-form w has 2M poles p,, at which 4d gauge transforma-
tions satisfy specific boundary conditions (see equation (2.26) and nearby). Fixing this 4d
gauge symmetry, we once again conclude that the physical degrees of freedom of g consist
of a 2d field g valued in the quotient B\ D and built from the evaluations of g at the poles
pr. Here, D = G*M is the defect group attached to these poles and B is the maximally
isotropic subgroup encoding the boundary conditions. Note that, when considering an elliptic
integrable field theory, the 2d diagonal gauge symmetry (2.37) of the rational model is no
longer present, since it is incompatible with the equivariance (4.8) of g: therefore, we will not
need to further quotient by Ggiag. The B\D-valued field g is thus completely physical and
will serve as the fundamental field of the integrable 2d o-model. In particular, the target
space of this model has dimension dim(B\D) = M dim g.

Let us now focus on the Lax connection L4 (z), which satisfies the equivariance prop-
k:O,A..,mf—l A

i=1,. Ny - 8
it turns out, this completely fixes Li(z) as a linear function of these currents (see the

erty (4.10) and has singularities (4.9) in terms of g-valued currents {ji(i’k)}

equation (4.11) below for the explicit expression). The light-cone components Ly (z) are then
each expressed in terms of M dim g degrees of freedom. Moreover, they are each subject to
dim b = M dim g boundary conditions at the poles p,, relating these entries to the field g
and its di-derivative. Solving these relations then allows one to express the Lax connection
as a functional L4 [g] of this 2d field. Finally, similarly to the rational case (around (2.36)),
the 2d action S94[g] can be obtained by substituting this into the 4d action and integrating
over the T directions.

Contrary to the rational case (2.30), we note that the elliptic Lax connection Ly (z) does

0), since it is forbidden by the equivariance property (4.10).

not have a constant term jio’
This aligns nicely with our previous observation that equivariance excludes Ggiag Symmetry:
indeed, as explained around equation (2.41), the current Jio’o) played the role of a gauge
connection for this symmetry in the rational case. These statements are further reflected
in the counting of degrees of freedom of the theory. In the rational case, a twist 1-form
with 2M zeros (with multiplicities) has 2(M + 1) poles: there are then (M + 1) dim g scalar
components in the B\ D-valued field g and (M + 1) dim g current components in each of
L4 (z) and L_(z), all subject to the Ggiag gauge symmetry. In the elliptic case, a twist 1-form
with the same number of zeros has 2 fewer poles, which precisely compensates for the absence
of jj(to’o) and the Ggjag symmetry. Indeed, there are now M dim g scalar components in g
and M dimg current components in Li(z). Note that in both cases the physical target
space of the o-model has dimension M dim g.

A digression on Belavin’s R-matrix. Having built field theories whose equations of
motion can be expressed as the flatness of an elliptic Lax connection L4 (z), we would like
a more explicit expression for Ly (z) in terms of the currents jj(ci’k). This will allow us to
repeat the steps of section 3 to renormalise the theory. Such an explicit form of Li(z) was
given in [52] in the case where it has simple poles. Its generalisation to arbitrary poles reads

Ny mj —1 k
-1 ;
Li(z) =% % ( k|) (F Rpai(z — #5012, L'y, - (4.11)
i=1 k=0 ’ -
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To justify this expression, let us explain its ingredients and their properties. We use the
notation i to denote the i’th copy of slc(N) in a tensor product and (-, -); to indicate that we
trace only over the i’th tensor factor. Rpe is Belavin’s R-matriz, first constructed in [68].
This is a meromorphic map Rpe : C — slg(N)1 ® slc(N)2, which satisfies

RBel(2)12 = @ +0(z), (4.12a)

Riel(z + Aa)12 = 04,1 [Rpel(2)12] - (4.12D)

In the first equation, Ci2 € slc(N) ®@ slc(INV) denotes the split Casimir of slc(IN), which itself
satisfies the following completeness relation for any X € slc(N):

(C12,X1), = X2 (4.13)

Let us now explain why the Lax connection takes the form (4.11). From the 4d Chern-Simons
construction, Ly (z) is characterised by the following conditions: it is a meromorphic function
of z, with expansion (4.9) around its poles zzjE and satisfying the equivariance property (4.10).
Using the two properties (4.12a) and (4.12b) of Belavin’s R-matrix, it is clear that the
expression of L (z) proposed in equation (4.11) satisfies these conditions. Conversely, any
connection L (z) satisfying these two conditions must take the form (4.11).26

4.2 Universal result in terms of the R-matrix

We will now generalise the treatment of the universal 1-loop divergences in section 3.1 to
elliptic integrable field theories. In fact, our construction will work for any Lax connection
that can be expressed in terms of an R-matrix as:

Nim

< R(z — 25)12. T1'3 >2 : (4.14)

i=1 k=0 o
This clearly includes the elliptic Lax connection (4.11), but also the rational one (2.30), after
gauge fixing Ggiag, if one takes R to be the Yangian R-matriz

C1

,R'Yang(z)g = 77 > (415)

as well as trigonometric integrable theories upon taking appropriate limits. We will require
that R satisfies the following three properties, which implies in particular that it belongs to
the Belavin-Drinfel’d classification [68, 71] (see also the lectures [72] for a review). First, it
should be skew-symmetric, i.e. R(z)12 = —R(—%)21. Secondly, to have an interpretation as
a classical R-matrix, it should satisfy the classical Yang-Bazter equation (¢YBE)

[R(212)12, R(z13)13] + [R(212)12, R(223)23] + [R(232)32, R(213)13] =0, (4.16)

26Indeed, one easily shows that the difference between L+ (z) and the right-hand side of equation (4.11) is a
holomorphic function on the torus (with no poles). By Liouville’s theorem, this difference is then a constant
(z-independent) g®-valued current, which is further vanishing due to the equivariance property (4.10). We
therefore identified L+ (z) with the right-hand side of (4.11).
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with z;; = z; — 2z;. As we will see in the next paragraph, this relation will be crucial for us
to rewrite the RG flow arising from the Lax connection (4.14) in a compact form. Lastly,
around z = 0 it should satisfy

R(2)12 = @ +0(2), (4.17)

which when inserted in (4.14) will allow the Lax connection’s poles to be expressed in terms
of the currents jf’k). We remark that this property is slightly stronger than the most general
one in the Belavin-Drinfel’d classification, where the O(z) correction may be replaced by
O(2°). This technical difference, which is needed for some of the following computations,
means that we are considering only a subset of R-matrices from this classification.

Note that, from our assumptions, it can furthermore be shown that any pole of R(z)
at z # 0 will be related to the one at z = 0 by equivariance [68], in the following sense.
The poles of R(z) form a real lattice A C C (which is 0-dimensional, 1-dimensional or
2-dimensional) with generators )\,. Moreover, there exist automorphisms o, of g® such
that R(z+ A\g)12 = 04, [R(2)12]. As a consequence, the poles of the Lax connection (4.14)
are the obvious ones at z = zl?t together with their equivariant images (with the residues
related by the automorphisms o).

Computing the 1-loop divergence. Although the general form of the Lax (4.14) in terms
of R-matrices might seem abstract, as we will see below, the cYBE satisfied by the R-matrix
is exactly what is needed for the argument to go through. The computation is rather technical
and we will relegate most of it to appendix C, simply highlighting the main points here.

First, we would like to extract the integrable field theory’s equations of motion, which
are the zero-curvature equations of the Lax connection (4.14). In the rational case, this was
done in equations (3.8) by decomposing the curvature of the Lax into partial fractions. As
we show in appendix C.1, the cYBE (4.16) for general R-matrices plays a precisely analogous
role to this partial fraction decomposition, allowing us again to express the equations of
motion of the currents in the following compact form:

—1m -
0.7 +Z Z Z [<an+m "R(z — 212, T > T8 =0,

]anmE 2

(J” + Z Z Z g[ l<8ﬁ;m_n7§’,(zj —z; )21, jﬁf > j(]m =0.

i=1 (=0 m=n
Since these equations of motion still match the abstract form assumed in (3.9), the 1-loop
calculation carried out in section 3.2 still applies. The general result (3.12) gives in this
case (see appendix C.2 for details)

= /d2 Z Z Z e <:_+£+1R(Z;“—zi )2, T Ty >12. (4.19)

i,j=1 =0 n=0

1

Remarkably, this can still be rewritten as the same contour integral formula as in the

rational case:

5<1 / 2z 7{ i 4= ). 0.0 (o) (4.20)

21
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with _I'y encircling Z* but not Z~. To see that (4.20) reproduces (4.19), we can express

the contour integral as a sum of residues of L at the poles z = z,j:

G L0 () (4.21)

2w J_ry 2mi

—Zres Z i Z wl <<a€+1R(Z z; )31, 00 R(2—2; )32> jwj(]n)>

1,j=1 ¢=0 n=0 12
"7 P

Then expanding R(z — zj) in the vicinity of such a pole using (4.17) allows us to identify

res{(_n') <8Z+1R( z; )31, 0iR(z — z; )32> }

3) p=2F
5 ; 5 (4.22)
=k i=k an -
= res {<8§+1R(2 — Z’i )3]_, C32>3 (Z—jzlj)n""l} . == ';17' az;;F@JrlR(zj - Zi )717
z=2zy

where we used (4.13) in the last step. Substituting this into (4.21) then precisely repro-
duces (4.19).

4.3 Interpretation as a flow of w and the torus periods

We have seen that the features of the universal result from the rational case generalise
rather seamlessly to the elliptic case. We rephrased the universal computation of the 1-
loop divergences in terms of an R-matrix appearing in the classical Lax connection. This
formulation leads to the contour integral formula (4.20) in general, and in particular in
both the rational and elliptic cases. One therefore has good reason to hope that the further
miracles of section 3.5 — distributional and variational terms conspiring to allow the universal
counterterm to be interpreted as a flow of w — should generalise to the elliptic case. We
will show in this section that this is indeed the case.

Even with all of the new complications associated with periodicity on the torus and the
presence of its modulus, we will find that the universal result is interpretable as the same
flow (3.28) of the twist 1-form w in terms of a suitably generalised function W. From this,
we will also extract the flow of the torus’ periods. Our findings here are consistent with
refs. [27, 53], which found the same flow of w for elliptic models as for rational ones.

1-loop divergence as a 4d counterterm. Just as in the rational case, the contour integral
formula (4.20) is equivalent to the 4d counterterm (3.25), namely?”

dt 16720 JexT

U(2) dCS[A] (4.23)

2"In deriving this equality, we need to produce the elliptic equivalent of equation (3.17) from the countert-
erm (4.20). This is done by deforming the integration contour from _I'y (enclosing the points Z+) to 4=
(enclosing Z_) with opposite orientation. When working with contour integrals in C, one might worry that this
will produce contributions coming from the equivariant images of Z*. But, since the integrand (L4,0,L_) is
elliptic, then this contour deformation really takes place on the compact torus where Z* are the only poles.
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where ¥ : C — C again satisfies (3.21) at the zeros of w. To further fix this function, we
still require that it has the same pole structure as the twist 1-form and additionally that
it satisfies the following quasi-periodicity condition:

351,02 € C such that U(z+ \,) = U(z) — Ba p(2) . (4.24)

This requirement will be important later when we want to identify 0, ¥ as the flow of w. This
fixes ¥ up to two unconstrained variables, which will simply correspond to translations and
dilations of z along the RG-flow, similarly to the three unfixed parameters in the rational
case discussed in footnote 21. (See also [27] for an explicit construction of ¥ in the case
of simple zeros.)?®

As in the rational case, we then use integration by parts in (4.23) to move the derivative

to U. The result can be written as a bulk term plus lower-dimensional localised ones:

dom_ 1

= v A 4.2
dt 16725 JsxT 0 (Z) dz A CS[ ] + Clefect + dery ) ( 5)
with
1 _ 1
Cdefect - 167T2’i /Ex’[r aZ\Ij<z) dZ A\ CS[A] 5 dery = —m /EXaT \I/(Z)CS[A] (426)

The first ‘defect’ term is the same as in the rational case above, and localises to the poles of
W. The second ‘boundary’ term, arising from integration by parts, is a new feature of the
elliptic models, since the torus T when regarded as a unit cell inside its universal cover C
has a boundary (as shown in figure 4).2 While the boundary term of any elliptic integrand
(i.e. one well-defined on the torus and thus doubly periodic) would cancel between parallel
sides, the pseudo-ellipticity of W (4.24) leads to a non-vanishing boundary term

XCq

1
Char = 5737 2 | Buvlz)cslal, (427)

with C, the contours defined in figure 4. We will see shortly that similar boundary terms
will appear naturally from the flow of w.

Flow of w. The first term in (4.25) seems to have a natural interpretation as the same
flow of the twist 1-form as in the rational case:

dw
T 0.V(z)dz. (4.28)

The similarity in the RG flow between rational and elliptic theories was already conjectured
in [27, 53]. Recall that in the rational case, the flow of the poles and residues could be
read off directly from that of w: the same equations (3.31) remain true in the elliptic case,
with v, identified with the residue of ¥(z) at z = p,. Similarly, we find that the additional
data in the elliptic case, namely the periods of the torus, also flow under RG and that this

28Note that, up to the aforementioned dilation freedom, the 3, are not independent of the parameters of the
theory: just like the residues 1, defined in (3.22), they are specific functions of the data (T,w, ii), obtained
by solving the extrapolation problem for W.

29Note that we assume that A decays sufficiently fast towards the boundary of ¥ to discard any X term.
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20 + N, 20+ N+ X,

20 + A2 20 + A1+ A2

C1

AN
77 v

<0 Cy 20 + M1 20 + A}

Figure 4. The original unit cell representing T (marked in white) with basis vectors A; and A2 and
boundary marked in black. Under RG, the surface changes its shape and is defined in terms of new
basis vectors A} and \): this introduces an additional area (marked in red) that should be integrated
over in the effective action, which in turn results in Cpoquii- C1 and Co denote the contours along the
left and bottom boundaries, respectively, with orientation indicated by the arrows.

can be extracted from equation (4.28) as well. Namely, requiring that the twist function
remains elliptic (4.3) under RG flow imposes

S oot M) — 92 = W 4 M) + D200z 4+ A) 0. U(:) 20, (429)

Using that ¢ is elliptic and the pseudo-elliptic property (4.24) of ¥ imposed earlier, we
can then identify

dA,
dt

=B,. (4.30)

We now want to prove the conjecture (4.28). As in the rational case, we will start from
the conjectured flow of w and show that the resulting flow of the 1-loop effective action
matches the universal counterterm (4.25). A new feature is that the domain of integration
(i.e. the unit cell of the torus) itself flows, since we just found that the periods on the torus
are running (see figure 4). Leibniz’ integration rule then tells us that the conjectured flow
of the action takes the form

d a(1) 1 / dw
— .= 7/\CSA Cis Cvar C’mo uli »
dt 7o T 1672 Joxr dt 4] + Gt & o + Crmodl

1

(4.31)
C'rnoduli = m /ZXGT by (w A CS[A]) 5

where the additional ‘moduli’ term Ciyoqui corresponds to the running of the modulus of
the torus T with v denoting the infinitesimal flow vector of the boundary, which will be
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discussed below. The quantities Cyist, coming from the difference between the flow of w as
a measure and as a 1-form, and Cy,;, coming from the fact that the background field A
depends on the parameters that are flowing, are broadly the same as in the rational case
and we will explain their new features below.

The elliptic moduli term. To evaluate the new moduli term, let us first determine the
flow field v = v*0, + v?0;. Consider the expression of z and Z in terms of the periods in
the following manner:

Z =20+ s1A1 + 82Xz, 2:§0+515\1—|—825\2,
Cdlz—z) - N(E—2) M(E-Z) - Mz 2) (4.32)
- Vv y S2= % s

S1

where the unit cell corresponds to the range s1,ss € [0,1] and we defined V' = M2 — Ao
(which is proportional to the unit cell’s area). We included an arbitrary constant shift z
in our choice of unit cell (see figure 4); we will see that it is useful to choose it such that
neither poles, zeros nor the lattice points A in (4.1) are located on the boundary of the unit
cell and the only lattice point in the interior is z = 0. This implies that

o . dz . d)\l d)\z
vz =g =g Py

1 d)\l d)\2 3\

i (4.33)
= V {dt ()\Q(Z - Zo) — )\2(5 - Z0)) + E ()\1(2 - 20) - )‘1(2 B ZO))} ’

and similarly for v?(z,z) = v%(z,2z). We note the following (quasi-)elliptic properties of
v® and its derivatives:

dA,

Va4 A) =0T+ T 00T M) = 007(), D07(e 4 A) = O07(2), (4.34)

and similarly for v?.
With these properties of v established, we can now return to the moduli term. Using
that ¢ is a derivation, we can write

Lty (w A CS[A]) = 1,(w)CS[A] — w A 1,y (CS[A]) = v*(2)p(2)CS[A] — w A 1, (CS[A]) , (4.35)

where we used that w only has legs along dz. For the second term, we can use the expres-
sion (2.8) for the Chern-Simons form to find

1 (CS[A)) = 2 (1a[A], FIAJ) — (1[A], dA) — (4,1,(dA)) . (4.36)
Focusing on the last term, we can use Cartan’s magic formula to further rewrite
b (dA) = —d(1o[A]) + A, (B 0")da” + v"0, A | (4.37)
where 1 = (z,%). From this, we can gather that we have
| onu(@sla) = [ [20A G4 FIAD +d (@ A (4,0 [AD) = dw A (A, [4)

— WA (4, AL) Dotdat —w A (A, 0,4) v*] . (4.38)

— 37 —



However, most of these terms actually vanish. The first term is killed by the on-shell equation
of motion w A F[A] = 0; the second term is a total derivative and 0T has no boundary (as it
is itself a boundary); we chose 2y such that w was holomorphic when restricted to 9T, so the
third term vanishes; and we saw from (4.34) that d,v* is properly elliptic while we required
in (4.4) that A transforms equivariantly, which together kill the fourth term. However, the
last term is non-vanishing precisely because v is only quasi-elliptic (4.34): nevertheless, the
partial cancellation means that the moduli term simplifies to

Cruoduli = — 21:2 5T AL A (A, 8.A) +

1 a a _a
/ dA Pa | a7 14,0.4) , (4.39)
YxCq

where we recall that the integration contours C, are as defined in figure 4.

The elliptic distributional term. Like before, we can split %—‘: eas 1DtO the formal

eas
derivative % and a distributional term:

dt
1 / dﬂ
16727 JsxT dt

Recall that the distributional contribution can heuristically be seen as arising from the p,

1 dw
OS] = /2 S NCS[A]+ Cl (4.40)

derivatives of w, as argued around (B.17). Since w now also depends on \,, one might worry
that we need to consider the \, derivatives of w when computing the measure derivative.
However, this is not the case: one can check that %u localises to the non-zero lattice points.
Since we chose zy such that these were all located outside of the unit cell, such terms do not
contribute to the measure derivative. Thus, we can once again conclude that

Cliset = Zz dpr / (A,0:A) (4.41)

Z=Pr

The elliptic variational term. The situation is different for the variational term, where
the elliptic case has some genuinely new features as compared to the rational case. The
contribution from the defects still takes the form (3.42), since that computation was local and
independent of the global topology of the Riemann surface. However, we now have to consider
the additional boundary term (4.6), which leads to a variational contribution of the form

1 44
Al S2N 4.42
167r2i/2><aqrw < ’dt> (4.42)

Similarly to how the quasi-elliptic property of ¥ could be read off from requiring ¢ to remain
f % can be computed by requiring

elliptic under RG (4.29), the corresponding behaviour o
that the gauge field remains equivariant (4.4) under the flow, leading to

dA A dA doa[4]

|
i —(z4+ )+ i 29 A(z—f—)\a)—FEaEA(z—H\a)— It (2) =0.

(4.43)
Using that o, is independent of z and constant along the flow and reapplying (4.4), we

d
S IAG + M) — oa(A()] =

can then write

dA

dA dAa A\
dt ( )} 0a[0zA(2)] .- (4.44)

A A = o [dt 9| - roald.AR)] -
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Inputting the quasi-periodicity (4.44) in the boundary variational term (4.40) and adding
it to the defect variational term (3.42) then yields the total result

c —1§je/ <A dpraA+dp’"&A> (4.45)
s T s N de T dt T e, '
1 dA, dXg
A ZA A, 2.14. .
+167r2ia§2/gxca ae @A 0:A) Fgrw A (4,0:4)
Matching the universal result. Combining these terms, we find as desired that
Chioduli + Caist + Cvar = dery + Clefect ) (446>

where we used the identification (4.30). We have thus shown that %g M) = % Aéiglj. In other
words, the counterterm can again be interpreted as a flow of the defining parameters of the
integrable theory. In particular, w runs according to (4.28), which now also implies that
the periods of the torus run. The other defining data is RG-invariant in the case of simple
poles. The case of higher-order poles (where the maximally isotropic subalgebra flows) follows

straightforwardly from adapting appendix A to the elliptic setup.

5 Discussion

Using the ‘universal” approach to computing 1-loop divergences, we have studied the renor-
malisation of the large class of classically integrable 2d o-models (rational, trigonometric and
elliptic) engineered with disorder surface defects in 4d Chern-Simons theory. For this class,
we have proven the folk theorem stated in the Introduction: these theories are renormalisable
at the 1-loop order, with the data defining the theories running in a way that absorbs all of
the 1-loop divergences. The twist 1-form w, which encodes among other things the positions
of the defects, runs according to the flow (1.5), as previously derived in particular cases
and conjectured in general. The other data, encoding the boundary conditions at those
defects, is invariant in the simplest case when the poles of w are simple, and runs in general
in a specific way found in appendix A. Finally, in the elliptic case, the flow of w induces
a particular flow of the periods of the spectral torus.

Along the way, we computed the ‘universal’ path integral in generality. We encountered
a first miracle: while intermediate steps took a rather complicated form, the result can
be written as a very simple contour integral (1.6) over the spectral parameter. We then
re-wrote this counterterm as a local, gauge-invariant 4d counterterm (1.7). That term clearly
suggests the desired flow of the twist 1-form w. However, making this precise required a
second miracle, namely that certain defect terms arising in the universal result conspire to
precisely match those required to make it interpretable as a flow of the twist 1-form. This
miracle became even more non-trivial for the elliptic theories in section 4, where a similar
precision matching happens with several additional terms, associated to the geometry of
the torus and the flow of its periods.

These miracles appear, in this paper, as empirical observations, but it would be interesting
in the future to understand how they come about — in other words, why these models conspire
to be renormalisable. One may wonder if there is a deeper and simpler proof of this fact,
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relying on the structural features of the 4d Chern-Simons theory. In that language, the
statement is that a certain class of integrable 2d defect theories in 4d Chern-Simons can be
quantised in a consistent and renormalisable manner. We expect that a useful way to gain
such an insight would be by perturbatively quantising the 4d Chern-Simons theory directly.
Renormalising this non-Lorentz-invariant 4d theory in the presence of defects does not seem
straightforward — particularly since the disorder defects naively correspond to places in
spacetime where f diverges (see discussion in [45]). Having said this, the 4d quantum effective
action was argued in [63] to localise at 1-loop order to the 2d one: so, at least to this order,
the perturbative expansion may be expected to make sense.

The approach developed in this paper allows for a uniform treatment of the 1-loop
renormalisation of a very large class of integrable o-models. There are, however, some models
not yet included in this approach. The simplest ones are the o-models on Zp-cosets [58, 59]
and their integrable deformations [73-75] and generalisations [44, 76, 77]. These theories
are obtainable from affine Gaudin models or 4d Chern-Simons by imposing an additional
equivariance property with respect to the cyclic group Zr, and we expect their 1-loop RG
flow to take the same form (1.5) as for the models considered here. Moreover, the universal
divergence approach has been successfully applied to the simplest examples in this class [62].
We thus expect the methods and results of our paper to extend to these theories, with
only minor technical modifications. In particular, it would be interesting to show that their
1-loop divergences can also be written as the contour integral (1.6) in terms of their Lax
connection, using the techniques developed in subsection 4.2 based on R-matrices. The
R-matrix underlying the Zp-equivariant models (see for instance [44, 78]) presents two main
differences compared to the ones considered in the present paper: it is not of difference form
and satisfies a slightly weaker asymptotic condition than (4.17). Adapting the method of
subsection 4.2 to this larger class of R-matrices is thus the main technical step required
to include these theories in our approach.

A more complicated class of integrable o-models that escape this approach are the
higher-genus ones considered in ([46], section 15) and [53]. Their main difference from
the models considered here is that their Lax connection is generally not a holomorphic
function of the spectral parameter, although the generating function of conserved charges
is. Moreover, they are only defined implicitly in terms of mathematical objects called Szegd
kernels, which are quite difficult to compute explicitly. However, Costello and Derryberry
conjectured [53] that these models are also 1-loop renormalisable, with their RG flow taking
the same form as the one considered here when written in terms of periods of w.?? It would
thus be interesting to extend our approach to these theories. In particular, we hope that
the methods of subsection 4.2 can be adapted to evaluate the universal divergences of these
models, with the Szegé kernel and its Fay identity playing a role akin to that of the R-matrix
and the cYBE. This is, however, quite speculative and a careful analysis of this question
is a natural objective for future developments.

The last exceptions are the integrable o-models on flag manifolds (see for instance [60, 61]),
which are of a quite different nature. In the 4d Chern-Simons language, they correspond
to a very simple 1-form w = dz on the plane, the cylinder or the torus. In particular, this

308ee [27] for the relation between that formulation of the RG flow and the one (1.5) used in this paper.
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1-form has no zeros, meaning that there are no disorder defects.?! The currents in the Lax
connection arise from another mechanism, associated with order defects (see [46]), and take a
different form than those considered here. In particular, we expect that this Lax connection
does not satisfy the Bianchi completeness condition (see subsection 3.1), so that the universal
divergence approach does not obviously apply to these models. We refer to [61, 79] for some
discussion of the renormalisation of these models using other methods.
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A Arbitrary pole structure

In this appendix, we generalise the presentation of 4d Chern-Simons theory on ¥ x CP! to
include higher order and complex poles in the twist 1-form. We will see that this requires
us to change the definition of the defect algebra 0 and its subalgebra b. This will force us
to consider an RG flow of the subalgebra b, i.e. of the boundary conditions imposed on
the gauge field A at the defects.

A.1 Classical 4d Chern-Simons theory with arbitrary poles

General twist 1-form. Let w = ¢(2)dz be a meromorphic 1-form on CP! (with ¢(z) a
rational function of z). As in the main text we denote by P the set of poles of w and we
split its zeros into two subsets Z*. We label these points as

P={p}, and Z*={z}" (A1)

=1

and their respective multiplicities as mr,m;t € Z>1 (the case treated in section 2 is then
my = 1 for every r). We suppose that the number of zeros in Z* and in Z~, counted with
multiplicity, are the same and denote them by M. We then have

Ny N_ 1N
M:ij:Zm;:§Zmr+1, (A.2)
=1 =1 r=1

where the last equality follows from the Riemann-Hurwitz formula. Note that this forces the
number of poles/zeros of w (with multiplicities) to be even. We can write w in the following
factorised form, in terms of its poles, its zeros and an overall factor K:

N. + —N_ _ -
[L2h (2 — Z;r)ml [l (z—2z )™
H7]~V:1(Z —pr)"r

31Tn the Hamiltonian language, these theories are said to be ultralocal.

w=K

dz. (A.3)
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It will also be useful to write its simple fraction decomposition
N mrfl E k
7

introducing the levels ¢, j, = res,—p, (z — pr)*w. The latter can be seen as rational functions
of the parameters (K, p,, z°) and generalise the residues (2.6) considered for simple poles.

Reality conditions. To ensure that the 4d Chern-Simons theory associated with w is real,
we need to impose certain reality conditions on this 1-form. Namely, we will ask that it is
equivariant with respect to the complex conjugation on CP!, i.e. that p(2) = ¢(%). In terms
of the factorised parametrisation (A.3), this forces K to be real while the poles and zeros
are either real or come in pairs of complex conjugates with the same multiplicity. We will
restrict to the case where all the zeros z;t are real. In contrast, we will allow for complex
poles. Up to a permutation, we can label them such that we have

o N, real poles p, € R with real levels ¢, € R, for r €{1,..., N, },
o N, independent complex poles p, € C with levels £, 5, € C, for r e {N,+1,..., N, + N},
e N, conjugate poles p, = p,_ . with levels £, = erNc,ka forr e{Ny + N.+1,...,N}.

The total number of poles is then N = N.+2N.. Taking into account Mobius transformations,
the parameter space describing the choice of w is of real dimension N + N, + N_ — 2. We
further ask that the gauge field satisfies the same reality condition (2.10) as in the main text,
in terms of the antilinear ‘complex conjugation’ automorphism 7 of g€ characterising the real
form g. Together with the above restrictions on w, this ensures that the action (2.9) is real.

Defect term and jet. The main differences in the case of arbitrary poles arise in the
treatment of the defect term in the variation of the action. This term still takes the
form (2.13a), involving the derivative dw. Rather than being a sum of Dirac distributions,
like in the case of simple poles, dw now also involves derivatives of Dirac distributions at
higher-order poles (see appendix B.1 and equation (B.9) for more details). In terms of the
levels ¢, defined in (A.4), the defect term then reads

1 N mr—lg

defect rk ke

sgeet = -3 kz o /Eaz (A,5)]_, - (A.5)
=0

r=1
This is the equivalent of equation (2.15) for simple poles.
In particular, the defect term now involves derivatives of the gauge field at the poles.
This naturally leads us to consider the jet of A along the pole defects, defined as the collection

1 & k=0,....my—1
Ay = <H aZAi|z=pr>r:1,_..,N : (A.6)
This is the higher-order generalisation of equation (2.16). Let us discuss the space in which
this jet is valued, taking into account the reality conditions imposed on the poles and on
A, i.e. equation (2.10). If r € {1,..., Ny}, then p, is a real pole and %Ay |,—,, is valued
in the real form g. If r € {N, + 1,..., Ny + N}, then (p,, pr4n.) forms a pair of complex
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conjugate poles: the corresponding components of the jet are then valued in the complexified

algebra g® and related by complex conjugation, i.e. ¥ A| r=pr = T(@L“Ai\ P— NC). We can
thus naturally see the jet AL as an element of the vector space
2 (X )kZO,.‘.,mrfl X?“,k €9 if re {]., C ,Nr}
= 7k = . .
PN X = 7 (Xpynen) €05 0 F e {N 1,0, Ny + N}

As the notation suggests, this is the defect Lie algebra, although for the moment it is not yet
defined as an algebra but only as a vector space. As such, it is isomorphic to the direct sum

of ZiV:rl m, copies of g and Zi\f:r fvﬁﬁl m, copies of gC. In particular, it has real dimension

dimd =2(M + 1)dimg, (A.7)

where M was defined through the equation (A.2).
Using the generalised Leibniz rule for higher-order derivatives of products, one rewrites
the defect term (A.5) in the compact form

erec 1
st = —— [ (a,08),, (A8)

s

in terms of the d-valued one form A = A, dz* + A_dz~. In this equation, (-, ‘Do, denotes
a natural symmetric bilinear form on 0 defined by

my—1

N k
<<X> Y>>D,£ = Z Z Z Er,k <X7",l, Y;’,k—l> ) (Ag)
k=0 =0

r=1

where X = (Xnk)fjl):::ﬁ’"_l and Y = (Kn’k)fz%_':::;’,”_l are two generic elements of d. For
future convenience, and contrarily to the main text, we have added an index ¢ in the notation
(-, ")y, for this form, to indicate its dependence on the levels ¢ = (Ervk)fi%_'_'::]r\?r*l. The
equation (A.8) takes the exact same form as the one (2.19) obtained in the main text, but
with a generalised definition of the space , the jet A and the bilinear form ((,-)), ,- In the
case of simple real poles, d becomes g’V and the bilinear form (A.9) reduces to the one (2.20)
considered in the main text, as expected. One checks that this generalised pairing (A.9)
is also non-degenerate on .

When considering an element X = (erk)f:(l):::::ﬁrl of 9, one should recall that the last
components X, with r € {N, + N. +1,..., N} are not independent from the previous ones,
as they are related by the complex conjugation X, ; = 7(X,_n, x). In particular, the data of
the first components, up to r = N, + N, is enough to fully characterise X € 0. For instance,
the bilinear form (A.9) can be rewritten in terms of these independent components as

Ny+Ncmy—1 k

(XY= D> D> Re(fr,k <Xr,17Yr,kfl>) ,

r=1 k=0 [=0

where Re(a) denotes the real part of a € C. In particular, this alternative form makes it
apparent that ((-, '>>M is real-valued. To obtain this expression, we have used the identity
(1(X),7(Y)) = (X,Y), true for any X,Y € g°.
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Gauge symmetries and the defect Lie algebra structure. So far, we have described ? as
a vector space equipped with a non-degenerate symmetric bilinear form. Let us now describe
its Lie algebra structure. We will be guided by the behavior of the gauge transformations (2.24)
along the pole defects. We consider such a transformation A — A" and expand the gauge
pararameter as u = Id + V + O(V?), where V is an infinitesimal g©-valued function. This
corresponds to taking the variation A = [A, V] + dV of the gauge field, which itself induces
a certain variation Ay € 0 of the jet (A.6) along the pole defects. We will define the Lie
bracket [-,-]o on the defect algebra d so as to get

5A:|: = [Aﬂ:v V]D + aﬂ:vv (AlO)

where V = (L0FV/| Z:pr)f:(l):.‘.’_’:ﬁ’“_l is the jet of V. This uniquely determines the bracket:
after a few manipulations, we find

k k=0,....m,—1

X, Y], = (Z [Xr,lvyr,k—l]> : (A.11)

1=0 r=1,..,N
with X = (Xﬁk)ff:(l)”:.’_':ﬁr_l and Y = (Ka7k)f:(1)”::":ﬁr_l in 0. That this bracket satisfies the
Jacobi identity follows from the one of g€ and a little bit of algebra. One easily checks
that in the case where all the poles p, are real and simple, this definition coincides with
the one (2.18) and thus 0 becomes the direct product g?, in agreement with the main text.
The main generalisation introduced in equation (A.11) is the Lie algebra structure involving
the additional indices k& € {0,...,m, — 1} associated with higher-order poles, which are
sometimes termed the Takiff modes. Recall also that the last N, components of a vector in 0
are related to the previous ones by the antilinear involution 7 : g¢ — g€. The fact that 7 is
an automorphism, i.e. it preserves the bracket [-,-] on g€, ensures that the right-hand side of
equation (A.11) also satisfies these conditions. Therefore, it really defines a skew-symmetric
bracket [, -] : @ x 9 — 0. Finally, with a little bit of algebra, one shows that the bilinear
form (A.9) on 0 is ad-invariant with respect to the Lie bracket (A.11).

We note that each pole p, is naturally associated with a subalgebra of 9, composed by
elements X = (Xr,k)fz?:::::ﬁ"_l with X5 = 0 for s # r. This subalgebra takes the form
of a so-called Tukiff Lie algebra, which can be realised in terms of truncated loops. More
precisely, a real pole of order m is associated with the Takiff algebra T 1g ~ g ® R[¢]/RE™
and a pair of complex conjugate poles with its complexification T g ~ g ® C[¢]/CE™. In
particular, simple poles are attached to Tg ~ g or T9gC ~ ¢C, i.e. the gauge algebra or its
complexification. In contrast, for higher-order poles, T !g and T g are more exotic
Lie algebras, which in particular are not semi-simple and possess abelian ideals. In the end,
the whole defect algebra can then be seen as the direct sum

Ny N+Ne
0= (@Tm’“_lg> e ( ) Tmr—lgc) : (A.12)

r=1 r=N;+1
Lifts from algebras to groups. Recall that g is the Lie algebra of the connected gauge
group G. Similarly, we lift the defect algebra (A.12) to a defect group

Nr Nr+Nc
D= (H Tmr_1G> <| J] T'GY|, (A.13)
r=1

r=Nr+1
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with Lie(D) = 2. Here TPG (resp. TPGC) denotes the real (resp. complexified) Takiff group
of order p. TPG is often also called the p*P-jet group of G. Let us illustrate this concept
with simple examples. The 0%-jet group is simply the group itself, i.e. TG ~ G. As a
manifold, the 15'-jet group is identified with the tangent bundle T'G ~ TG, whose elements
are described by the choice of a point in G and a tangent vector at this point. There exists a
unique Lie group structure on this manifold which lifts the Lie algebra structure of T'g: one
then shows that T'G is isomorphic to the semi-direct product G x g (where the Lie algebra g
is seen as an abelian group with addition, on which G acts by the adjoint action).

For brevity, we will not detail here the structure of the jet group TPG for general p and
refer to [50, 80] for a more thorough discussion. However, to give some intuition on this
object, we include the following heuristic description. If f: R — G is a G-valued function
and x( is a given point in R, the evaluation (f(zo),d,f(z0)) of f and its derivative can
naturally be seen as an element of the tangent space TG, i.e. the 15-jet group. Similarly,
the evaluation (a’;f(xo))k:Q___p

element of the ptP-jet group TPG. As a manifold, the latter is isomorphic to the product of

of f and its first p derivatives is naturally interpreted as an

G with p copies of the vector space g. Moreover, the group structure on TPG is characterised
by the property that f — (8§f(:z))k20 o
functions (equipped with pointwise multiplication) to the jet group TPG.

is a homomorphism from the group of G-valued

After this Lie theoretic interlude, let us return to our 4d Chern-Simons theory. Earlier,
the Lie algebra structure on 0 allowed us to describe the effect of infinitesimal gauge transfor-
mations on the jet A of the gauge field — see equation (A.10). As one may expect, the lift of
this structure to the defect group D is useful to discuss finite gauge transformations A — A".
Indeed, in the same spirit as the heuristic discussion above, the jet u = (8§u)fj1)”.‘:::ﬁr_l of
the gauge parameter can be naturally interpreted as a D-valued function on ¥. The induced

gauge transformation on the jet then takes the form
Ay — AL =u'Asu +u'oLu, (A.14)
where the adjoint action and Darboux derivatives are that of the defect group (A.13).

Maximally isotropic subalgebra b. Let us now return to the defect term (A.8), written
in terms of the jet Ay € 0 and the bilinear form ((,-)), ,- As in the main text, we ensure
that this term vanishes by imposing the boundary condition (2.21), i.e. that Ay is valued
in a maximally isotropic subalgebra b of 0. Moreover, denoting by B the unique closed
subgroup of D with Lie(B) = b, we restrict the local parameter u of gauge transformations
to have a jet m = (Ofu)f:?:::::ﬁﬁl valued in B, as in (2.26). By equation (A.14), this
ensures that the boundary condition Ay € b is preserved by these gauge transformations
(this is the main reason behind the requirement for b to be a subalgebra). Moreover, one
can show ([49], Theorem 4.2) that the transformations satisfying this boundary condition
leave the action (2.9) invariant and thus correspond to proper gauge symmetries. This is
completely analogous to what was discussed in the main text around equation (2.25), for
the case of simple poles. We refer to this discussion for more details.

Summary. In conclusion, we have defined the 4d Chern-Simons theory associated with the
data (w, 7*, G, b), with w now allowed to have an arbitrary pole structure. The key message
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of this appendix is the following: once the defect algebra 0 is appropriately generalised to
the case of arbitrary poles, the rest of the construction follows exactly as in the case of real
simple poles. In particular, following the construction of subsection 2.2 of the main text, one
can extract a 2d integrable o-model from this 4d setup. As in the case of simple real poles,
the target space of this o-model is the double coset B\ D / Ggiag. The main difference here is
hidden in the definition of the defect group D, which now takes the form (A.13) in terms
of Takiff/jet groups, instead of D = GV. To be complete, we still have to describe how the
diagonal subgroup Ggiag of D is defined in the case of higher-order poles. As mentioned above,
a real pole p, is associated to the factor T"" 7@ in the defect group (A.13). This factor
naturally contains a subgroup isomorphic to G.32 Similarly, a pair of complex conjugate
poles is associated with a jet factor T ~1GC, which possesses a subgroup isomorphic to
GC, which itself includes G as a subgroup. We then define Giag as the diagonal embedding
of G as a subgroup in each of these jet factors.

A.2 1-loop renormalisation for arbitrary pole structure

Setup. We now discuss the 1-loop renormalisation of the 2d integrable o-model built in
the previous subsection and associated with the data (w, Zi, G,b). The case where w has
simple real poles was treated in section 3 of the main text. Our main goal in this appendix
is to generalise this result to the case of an arbitrary pole structure. Our starting point
is the universal approach of [62], which allows us to determine the 1-loop divergence of
the model in terms of its Lax connection. The computation of this universal divergence
in subsections 3.1-3.4 of the main text is in fact perfectly valid also for general poles. In
particular, the equation (3.26) describing the RG dependence of the 1-loop effective action
in terms of the 4d-CS gauge field A also applies in the present case. For convenience, we
recall it here:

d =~ 1 1
B = /M 0.0(2) dz A CS[A] + Cuetect (A.15)

where the second contribution is the ‘defect term’
1
= 5 -0 z Al . Al
Clefect 16721 /M 0 (Z) dz A CS[ ] ( 6)

In these equations, the function ¥(z) is defined as in subsection 3.4. More precisely, ¥(z)
is characterised by the following properties: it has the same pole structure as ¢(z) in the
complex plane, is bounded when z — oo and satisfies the property (3.21) at the zeros
7* = {zli}fiil of w.

The main result left to generalise is that of subsection 3.5, namely that we can absorb the
flow (A.15) as a running of the defining parameters (w, Z%, G, b) of the model. We note that
G and the splitting of zeros into the sets Z* are essentially discrete data and thus cannot run.
In contrast, the twist 1-form w encodes an important part of the continuous parameters of the
theory. As was the case for simple poles, these parameters are expected to run with the RG

32Recall the heuristic description of the group TPG as being composed by jets (8f f(xo)) —0np of functions
f:R — G. In this context, the natural embedding of G in TPG is obtained from constant functions f, whose

jets take the form (f7 0,...,0).
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flow. More precisely, there exists a conjecture (3.28) for the flow of w regardless of its pole
structure [23]. We will recall it in the next paragraph and will discuss how its consequences
differ in the case of higher-order poles. The behavior of the maximally isotropic subalgebra
b under renormalisation is a bit more subtle. It can depend on continuous parameters and
could thus encode running couplings as well: its RG flow has not been thoroughly discussed
so far in the literature. In the case of real simple poles, we showed in the main text that the
universal divergence can be absorbed into a flow of only w, with b remaining RG-invariant.
As we will see in this appendix, this will no longer be true for general pole structures, where
we will also encounter a non-trivial flow of b.

The structure of this subsection is the following. We will first describe the expected RG
flow of w and b, starting from the conjecture of [23]. We will then show that the induced
flow of the action matches the universal divergence computation (A.15), thus proving that
the model is 1-loop renormalisable.

Expected RG flow of w. We will work with the partial fraction decomposition (A.4) of
the twist 1-form w = ¢(z) dz, written in terms of the parameters (py, ¢,1). The latter are
expected to flow with the RG-time t. This flow can be compactly encoded in the ‘formal
derivative’ of w with respect to t, defined as

N my—1
__E:E:(?&k 1 +dm(k+naﬁ>dl "

el —p )R dt (2 — p, kT2

In terms of this object, the conjecture that we aim to prove [23] (see also [27, 53]) is

(31—(': = 0,¥(z)dz, (A.18)
where U(z) is the function appearing in equation (A.15). Recalling that ¥(z) has the same

pole structure as ¢(z), it will be useful to rewrite this function as

U(z) = —f(2)w(2), (A.19)

where f(z) has singularities at the zeros Z* = {zli}f\fl of w, but is regular at its poles
P = {p,}_,. Comparing equations (A.17) and (A.18), one can extract the flow of the poles
pr and the levels 7, predicted by the conjecture. We get

dgrk mT?l f(lJrlik) (pr)

dgr 0 _
= Prie = (I+1—k)

:f(pT)v T{ZO and

dp,
dt

i, (A20)
1=k

This generalises the equation (3.31) found for simple poles.?® The main difference here is that
the levels are not all RG-invariants. More precisely, the standard residues ¢, o = res,—, w are
still RG-invariants but the higher-order levels /,; with k > 0 are generally running.

33The equation (3.31) was written in terms of the residues v, of ¥(2). To compare with (A.20), we note
that 1, = — f(p,) €. The alternative formulation used here in terms of the function f(z) will turn out to be
quite convenient to treat general poles.
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RG flow of the bilinear form. This non-trivial flow of the levels will be the main technical
difference that we have to address in the case of higher-order poles. It means in particular that
the bilinear form ((-,-)), , does not stay constant along the RG flow, as its expression (A.9)
depends explicitly on the levels. More precisely, we get

1

my

d N
ECRIEDY

k
> Brok (Xt Yeg) (A.21)
r=1 k=1 1=0

Il
—

for elements X = (Xnk)f:?:::."’;\,”’“_l and Y = (Kq7k)f:?7’::::ﬁr_l of 0 that do not depend on
the RG-scale t. As a consequence, it follows that the maximally isotropic subalgebra b
will also have to run under the RG flow, since the notion of isotropy itself will evolve with
the energy scale.

The derivation A. Let us use the function f(z) to define the following linear map on ?:

k=0,....m,—1

k=0,...,mp—1 k FER=0(p,)
A (X, i X ' A
( ’k)rzl,...,N - (; (k +1- l)! ! =1,...,N ( )

Using the expression for f, in (A.20), one checks that the RG flow (A.21) of the bilinear
form ((-,-)), , can be rewritten in terms of this map as

LK Ve = (AX, Yy + (X, AV, (A2

Moreover, A is a derivation of the defect Lie algebra 0, in the sense that
AX, Y], = [AX, Y]a + [X, AY]D. (A.24)
This can be checked explicitly using the expression (A.11) for the Lie bracket [, 5.

Exponentiating the derivation. The map A : 0 — 0 depends on the parameters encoded
in w and thus implicitly on the RG-scale t. We will ‘exponentiate’ it by defining another
t-dependent map p : 0 — 0 by the first order differential equation

d
ap = po A, Wlth P’t:(] = Ida . (A25)

Since we have specified its initial condition at t = 0, this uniquely determines p. Formally, it
can be seen as the t-ordered exponential of the integral of A. We note that p is then invertible
on 0. Crucially, the fact that A is a derivation of ? implies that p is an automorphism, i.e.

p[X, Yo = [pX, pY]s . (A.26)
Proof. Let us define a bilinear map J : 0 x 9 — ? by
J(Xa Y) = ,O[X, Y]D - [an pY]D .

We then want to prove that J vanishes. Since pli—g = Idy, it is clear that J|t—o = 0 at the
reference scale. Moreover, using the differential equation (A.25) obeyed by p, we get
d

aJ(X,Y) = p(A[X, Y]U) - [p(AX),pY] - [,OX, p(AY)] :
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We now use the derivation property (A.24) of A to get

LI, ¥) = p[AX, Y]y + p[X, AY]y — [o(AX), p¥]  [6X, p(AY)] = J(AX, ¥) + J(X, AY).

Let us fix a basis {T,} of 0 and write J(Ta, Tg) = Jo5” T and A(T,) = A,” T, in ‘tensor
form’. The above equation then translates to
4
dt

The entries J,37 thus obey a system of homogeneous first-order linear differential equations.

ap” = Ba" Jyg? + Ap" Jan -

Since their initial condition at t = 0 vanishes, we deduce that J,3” = 0 along the whole flow.
This means that J = 0, ending the proof of the automorphism property (A.26). O

Solution of the RG flow for the bilinear form. We will now use the map p to explicitly
write the evolution of the bilinear form ((X,Y)), , under the RG flow. More precisely, we
will prove that

(XYoo = (0%, pY))g 4, (A.27)

where ¢y = l|i—o is the value of the levels at the reference scale t = 0.

Proof. Define a bilinear form U : 9 x 9 — R by

UK, Y) = (X, Yo o = (0X, pY))o g, -

We will prove that U vanishes. Since £|i—g = ¢p and p|i—o = Idy, it is clear that Uli—o = 0
at the reference scale. Using the formula (A.23) for the flow of ((, -)), , and the differential
equation (A.25) defining p, we get

UG Y) = (K, W + (5, Ay o — (p(AX), 5V, — (K, oAV, -

Therefore, we have
d
aU(X,Y) =U(AX)Y) + U(X,AY).
As for J above, the entries of U in a basis of 0 obey a system of homogeneous first-order
linear differential equations. Since their initial condition at t = 0 vanishes, they vanish for all

t. This means that U = 0, ending the proof of the identity (A.27). O

Expected flow of b. As observed earlier, the choice of maximally isotropic subalgebra b
of 0 cannot stay the same along the RG flow since the bilinear form ((,-)), , defining the
notion of isotropy is itself flowing. Let us denote by by the choice made at the reference
scale t = 0, which is then isotropic with respect to the bilinear form (-,-)), , . We note
that the subspace p~'by C 0 is

1. a subalgebra of d, since p is an automorphism;
2. isotropic with respect to ((, ")), ,, using equation (A.27);

3. of maximal dimension since dim(p~1bg) = dim(by) = 5 dim .
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Therefore, the choice
b=p by (A.28)

is a very natural candidate for the role of maximally isotropic subalgebra at RG-scale t.
Equivalently, this can be reformulated as an infinitesimal RG flow of the subalgebra, i.e.
as a differential equation with respect to t:

ib A(b) (A.29)
dt ’ '
by which we simply mean that b is the set of vectors X; evolved from Xy € by by the
ODE 4X, = —A(Xy).

RG dependence of the effective action. We have arrived at the conjectured 1-loop
flows (A.18) and (A.28) of (w,b). They correspond to a particular dependence of the 1-loop
effective action on the RG-scale ¢t = log . To confirm this expectation, we need to show that
this t-dependence matches the log-divergent universal counterterm (A.15) computed above.
Thanks to the 4d Chern-Simons construction, the action of the o-model can be written in
terms of the 4d gauge field as (2.36). The computation of the derivative of this action with
respect to t starts exactly as it did for simple poles in equation (3.35) of the main text. In
particular, there are two subtle points to take into account. First, when taking the derivative

of the integral [, w A CS[A], one needs to use the ‘measure derivative’ dw

dt
meas

differs from the formal one (A.17) by distributions arising from the flow of the poles p, —

of w, which

see equation (3.32) and appendix B.2. The second thing to account for is a variational term
coming from the t-dependence of A itself. Altogether, the conjectured counterterm in the
effective action then takes the form

dasm _
dt 16972

/ .0(2) dz A CS[A] + Caist + Crar (A.30)
M
including a distributional term Cyist and a variational one Cl,;, which we compute below.

Distributional term. For simple poles, the measure derivative of w was computed in
equation (3.34). In the present case, following appendix B.2, this generalises to

d N my— 1 r do- .
faad =0,¥(z)dz + 227TZ Z kP o*6(z—p,). (A.31)
dt meas r=1 k— 0 d

The distributions in the second term contribute to the flow of the action by

Ttor) [ 054,00

To get this formula, we have carried out the integral over (z,%), imposed the equation of

N mq— 1
Cdlst =

(A.32)

[ —t Z=pr

motion F;_[A] = 0, discarded some total derivatives and used the equation (A.20) to express

d(f? = f(pr) (see (3.38) and above for the analogous computation in the case of simple poles).
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Variational term. We now turn our attention to the variational term Cly,, arising from the
flow % of the gauge field. Such a variation is computed using equation (2.12). The bulk
term in this equation vanishes on-shell due to the equation of motion F[A] = 0, while the
boundary term does not contribute since A falls off at the boundary of Y. The second term

is a defect one and can be computed using the formula (A.8). We find

cum L L),

dA dA
In this equation, a0 denotes the jet of e defined as

dA_<18de

k=0,...,my—1
Ly (s . A34
ot k!zdtz_p> €0 (4.34)

r=1,...,N

dA
Crucially, this does not coincide with T i.e. the t-derivative of the jet A = (£9FA| Z:pr)f,

since we are taking evaluations at points p, that are themselves t-dependent. Recalling from

dpy
equation (A.20) that (i = f(p,), we get
dA  dA f(p,) m k=0,...,m,—1
= T ak—l—lA r a?akA ‘ A35
di - de ( R N R (A.35)

Flow of the boundary condition. To compute the variational term (A.33), we will need
to take into account the boundary condition imposed on A and its behavior under the RG
flow. This condition (2.21) is exactly where the maximally isotropic subalgebra b enters
the 4d Chern-Simons construction. In equation (A.28), we have proposed a natural guess
for the dependence of b on the RG-scale, namely that b = p~'bg. In this expression, the
dependence on t is hidden in p, while bg is the initial condition for b and thus is independent
of t. Under this ansatz, the boundary condition (2.21) reads p(A) € bg. Taking the derivative

1

with respect to t, using the definition (A.25) of p and further acting by p~, we get

dA
q TAM) €. (A.36)

We now take the pairing with A, which also belongs to the isotropic subspace b by construction.
We then find

(&5 )), =~ ta A, (437

Together with equation (A.35), we rewrite (A.33) as

Clar = siw /E (a,B+ IPI%>>M , (A.38)

)

with

B=A(A) + <f<lqu)a§+1A’Z:pr)k and B = <‘IE(I:T)0§(35A)|Z:M)]€ . (A.39)

,51,



Computing the variational term. Let us analyse in more detail the field B defined in
equation (A.39). To do so, we use the explicit definition (A.22) of the derivation A and apply
it to the jet (A.6). The two terms entering B then combine to

- ) e
B = Al : A4
= r=1,....,IN
From the generalised Leibniz rule, we recognise the quantity
1 k=0,....my—1
B = < O (f(2) 0. 4)| ) . (A.41)
k! Z=pr r=1,...N

Substituting this expression into equation (A.38) and using the explicit definition (A.9) of
<<"'>>D,Z7 we obtain

N m,—1

1 I k1
var— Z Z ZZ)!/Z<82:A|Z:I)T782 (f(z) azA)|z:pT>
T =1 k=0
Yot 5 T(r) I k1
Py Y0 N e KCEIRE
r=1 k=0 1=0
We then use the generalised Leibniz rule again to find
1 N mr 1
Crar = k[ (0 (5 (4,0.4) + T 0 (4,0:)
71 k =

Comparing with equation (A.32), we see that the second term coincides with the opposite
of the distributional contribution Cyist, and hence

1 N mr—l

Cdist + Cvar = 8 / ak A 0 A)))

rlkzO

(A.42)

Z2=pr

Matching with the universal computation. We now claim that the formula (A.42) can
be rewritten as the defect term (A.16) appearing in the universal computation, i.e. that

Cdist + C'var = Cdefect . (A43>

To prove this, we first recall that the component of A along dz decouples on-shell from the
universal counterterm (see the discussion below equation (3.25)) and can thus be set to zero
in the computations. We then rewrite the defect term (A.16) as

Cactot = 7o 71'2 / 0-W(z) dz A CS[A] = 16”2 / O-U(z)dz AdZ A (A,0.4).  (A.dd)

Recall that ¥(z) is a meromorphic function with poles P = {p, N_,. Therefore 3:¥(z) is a
sum of derivatives of J-distributions located at these points and the above integral localises
to ¥ x P. We also recall that U(z) = —f(2)¢(z), where ¥(z) and ¢(z) share the same
pole structure along P, while the poles of f(2) coincide with the zeros 7% of ¢(z) and thus
disappear from the product ¢(2)f(z). Writing 9V (z) = —f(2)0z¢(z) — 0zf(2)p(2), we see
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that the first term gives a contribution of the expected form, with distributions located along
I@’, while the second term would a priori give unwanted distributions along Z*. We thus
expect this second term to disappear: this is indeed the case since the distributions along 7+t
in 0z f(z) are multiplied by corresponding zeros in ¢(z) and thus vanish in the distributional
sense. We thus get 0;U(z)dz A dzZ = —f(2)0zp(2)dz A dZ = f(2)dw, hence

1
Cyefect = ——— dw A A, 0,A). A.45
et = g3 |, 490N F(2) (4,0.4) (A.45)
Inserting the partial fraction decomposition (A.4), the standard defect computation gives
1 N mT 1
Cdefect - A a A>))
= 1 k 0 #=pr

This expression matches (A.42), proving the claim (A.43).

To conclude, the identification (A.43) implies that the universal counterterm (A.15)
matches the conjectured flow (A.30) of the effective action. We thus proved the renormalis-
ability of the model, with the expected RG flow of w and b.

B Integrals over CP' and their derivatives

B.1 Integration against meromorphic 1-forms on CP!

Generalities. Let w = ¢(z)dz be a meromorphic 1-form on CP!. Our goal in this appendix
is to define and study integrals of the form

/ (WAA, where A= f(z,2)dz (B.1)
CP

is a smooth (0, 1)-form on CP!'. Without loss of generality, we restricted ourselves to A being
a (0,1)-form, i.e. having a component only along dZ, since w is proportional to dz. Note that
A = f(z,%Z)dz is not assumed to be an anti-holomorphic form, i.e. it can depend on both z
and z, but is taken to be smooth on CP!. Integrals of the form (B.1) are central in the 4d
Chern-Simons theory, for instance in the definition of its action (2.9).3* To be more precise,
in that context, the integrals are taken over the direct product CP! x ¥ and A is replaced by a
3-form f(z,z,2%,27)dzZAdx" Adz~, where (z, 2 ™) are coordinates on Y. This appendix can
then be understood as dealing with the partial integration over CP!, working point-wise in .

In the rest of this appendix, it will often be useful to write A as a J-exact form, i.e. as

A = 0h = 8:h(z,%)dz, (B.2)

where h is a smooth function on CP!. Such a rewriting always exists since the Dolbeaut
cohomology group HD(CP!) is trivial. Moreover, the function % is unique up to shifts
by a constant term h(z,Zz) — h(z,%Z) + a (indeed, the difference between two solutions of
Ozh = f is by construction holomorphic on CP! and thus constant by Liouville’s theorem).
We will call h a O-primitive of A.

34Technically, the integrals considered in this appendix are slightly less general. Indeed, we supposed here
that A is smooth on CP' while in the 4d-CS theory it would generally be allowed to have singularities, located
at the zeros of w so that these poles cancel in the integrand w A A. We do not consider this more general
setup for simplicity but expect most results of the appendix to extend to that case as well.
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A simple example. Before considering the most general case, let us investigate the simple
example of the meromorphic 1-form

1 1
W :€< — )dz, (B.3)
Z—p1 Z2—DP2

with pi,pe € C. It has two simple poles at z = p; and z = po, with residues +¢ and —/

respectively (note that the opposite signs ensure that w is regular at infinity). Introducing
polar coordinates (p,,0,) by 2z, = p, + pre%" and using dz A dZ = —2ip, dp, A df,, one sees
that the 2-form ws A A ~ —2ife~ " dp, A db, is locally integrable around z = p, (with the
singularity in w being compensated by the factor p, in the measure). Therefore, the integral
Jopt ws A A converges, despite the presence of poles in ws. Working in polar coordinates,
the integration can be performed explicitly in terms of the d-primitive h(z,Z) introduced
in equation (B.2), yielding

/ (ws ANA = 2iml(h(p1,p1) — h(p2, P2)) - (B.4)
CP

Recall that this O-primitive is not unique, as one can shift it by a constant, h(z,Z) — h(z,Z)+a.
As a consistency check, we note that the right-hand side of equation (B.4) is invariant under
such shifts, so is independent of the choice of primitive.

General case. We now consider a general meromorphic 1-form w. We denote its poles by
pr, 7 € {1,..., N}, and their multiplicities by m, € Z>1. For simplicity, we will work with a
coordinate z on CP! such that each p, is in the finite complex plane. We further introduce
the levels ¢, for k € {0,...,m, — 1} through the partial decomposition

ey,
w:}_: 3 Wd (B.5)

If m, > 1, then the 2-form w A A is not locally integrable around the pole z = p,. To make
sense of the integral (B.1), one needs to consider a regularised version of this 2-form, as
explained in [49]. Essentially, it is obtained by adding a d-exact form to w A A:

(WA A)reg =w AN+ 0x. (B.6)

ar

The (0,1)-form x is chosen in such a way that (w A A)reg ~ ;25-dz A dZ around each pole

pr, ensuring that (w A A)yeg is integrable on CP'. Such a x always exists (see [49] for an
explicit ‘minimal’ construction). Moreover, different choices of x would lead to regularised
2-forms (w A A)yeg that differ from the 9-derivative of a smooth form on CP', whose integral
vanishes. Therefore, this procedure uniquely defines a regularised integral [cpi(w A A)reg. In
the rest of this appendix and the paper, we always assume that integrals [rp1 w A A have been
regularised in this way when w has higher-order poles and omit the index ‘reg’ to lighten
the notation. Heuristically, this notion of regularisation amounts to discarding all integrals
Jept Ox of O-exact forms, even if x posseses singularities.

With this definition, the integral [rpi1 w A A can be computed explicitly in terms of the
pole structure of w and the d-primitive h of A. Namely, we find:

Nmrl

/(Cplw/\A—sz Z ’"’“a’f h(pr,Dr) - (B.7)

r=1 k=0
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This generalises the simple example (B.4) treated earlier, corresponding to two simple poles
at p1 and pa. As one should expect, the right-hand side of equation (B.7) is independent of
the choice of -primitive of A. Indeed, a shift h(z,%z) — h(z,%z)+a adds a term 2mia 33N, 0,
which is proportional to the sum of all residues of w and thus vanishes by the residue formula.

Distributions and integration by parts. Note that w A A = w A Oh = w A dh, since w is
along dz. To be able to do concrete computations with integrals against meromorphic 1-forms,
we want some standard rules such as integration by parts to hold, despite the presence of
poles in w. In particular, we want to have

/ wAA= wAdh = dwAh, (B.8)
(02 (0.2 CP!

without any boundary term since JCP! is empty. Comparing with the explicit result (B.7),
one sees that this requires treating dw as a distribution. More precisely, we get

N m,q— 1
dw = —0zp(z )dz/\dz-ZmZ Z Tk(?ké(z—pr)dz/\dé. (B.9)
r=1 k=0

Here §(z — p,) is a 2d Dirac-distribution localised at z = p, (and normalised with respect to
the measure dz A dz) and 0%6(z — p,) is its k-th derivative, satisfying

[, 956 = po) bz, ) dz A dz = (1) 0h(pr ). (B.10)
CP?

B.2 Derivatives of integrals

Formal and measure derivatives. Let us consider the meromorphic 1-form w in equa-
tion (B.5), written in terms of complex parameters II, = (p,, ¢, ;). We now suppose that
these parameters depend themselves on an external variable t. We then get a continuous
family of t-dependent 1-forms w. We define its formal derivative with respect to t as

N m,—1
Ow dII <d€rk 1 dpr (k + 1)€r,k ) d (B.ll)

dw a
&t za: ol, dt 7; 2:: —p)Ftl o dt (2 — pp)kt2

This is still a meromorphic 1-form on CP!, whose data is equivalent to the knowledge of
the flow of all parameters I, = (p,, 4 k).

The main goal of this subsection will be to study the behaviour of the integral (B.1)
when the external variable t varies (also allowing A to depend on t). Our main result will
be that the t-derivative of this integral will take the form

d dw dA

— ANAN) = — ANA N — B.12

dt </(C[P>1 w ) /(C[[Dl ( dt Imeas tw dt > ( )
where dw is another object that we will call the measure derivative of w. As we will see,

meas
dw
the latter does not exactly coincides with the formal derivative T and includes additional

distributional terms, arising from the flow of the poles p,.
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Back to our simple example. Before investigating the general case, it is instructive to
consider the simple example treated in the previous subsection. There, we considered the
1-form wy given by equation (B.3), possessing two simple poles and depending on 3 parameters
II* = (p1,p2,¢). The integral [p1 ws A A was computed explicitly in equation (B.4), in terms
of the O-primitive h. A direct derivation then yields

d
dt

d . de _ ) d B
T (/@Pl ws A A) = 2im - (h(p1. p1) — h(p2, p2)) + 2iml ((ilazh(pl,pl) _ mazh(pz,p2)>

+ 2iml (ddf(Pl,pl) déff(m,pa))

dh dh )

+ 2imdl (dt (p1,p1) — It —(p2,p2) (B.13)

where we have used dzh = f in the second line. The last line takes into account the explicit
dependence of the function A on t: namely, %(z, Z) is defined as the t-derivative of h(z, z)
keeping (z, z) constant. This derivative is related to the one of f by %(2,2) =0z (‘éfg(z z))
Using the identity (B.4), we can then rewrite the last line of equation (B.13) as [rp1 ws A E'

Comparing with equation (B.12), the first and second lines of (B.13) should therefore
A A, serving as a definition of the measure derivative of ws. On

L. . dws
coincide with f@]}ﬂ W|meas

the other hand, its formal derivative reads
dws dl 1 1 dpy 1 dpo 1 )
= — — dz+ ¢ — - — ] dz. B.14
dt dt (z—pl z—pg) + ( dt (z—p1)2  dt (z —p2)? z ( )

Using the identity (B.7) for the form %=, we then find

dws . dg _ _ . dpl B dp2 B >
A =2 ¢ h - h 2 T Zh’ ’ - T 1. zh 9 .
/(C1P>1 It A mdt( (p1,D1) (pz,pz)) + 27r€< m 0.h(p1,p1) " 0.h(p2, p2)

This coincides with the first line of the right hand side of equation (B.13). We thus see
. More

meas
precisely, they differ from a distributional term, whose presence accounts for the second

dw w
that the formal derivative — cannot coincide with the measure derivative —

line in equation (B.13). Explicitly, we find

_ dws
meas  dt

dw, . dpt dpz

General case. We can straightforwardly extend the analysis of the previous paragraph
to the general meromorphic 1-form (B.5). Namely, one can take the t-derivative of the
integral (B.7) and compare it to the integral [qp1 (%—‘f AN+ wA %), computed using the
formal derivative (B.11). One finds that these two quantities do not coincide and differ from a
distributational term. Eventually, we extract the following relation for the measure derivative:

dw —+2 f:mildp’“ — T’faka( — ) (B.16)
dt Imeas . oo dt k:' 2O P '

We note that there is another (more symbolic) way of justifying this formula. Indeed, one
can also interpret the measure derivative of w as

dIl, Ow dﬁa Ow
Z( dt oIl, dt 6Ha> ’ (B.17)

dt

meas
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where we recall that I, = (pr, £, ) are the complex parameters defining w. The first term
is nothing but the formal derivative (B.11), while the second term gives a distributional
contribution using the formal rule

0 1 2Z7T 2im(—1)k
— | = 8k5 - :78’{5 = B.18
55 (o) = G okt =) = 2T okt ). (B.19
Distributional and variational terms. We end this appendix by introducing some
terminology that will be useful in the main text. Consider the expression (B.12) for the
t-derivative of the integral [rp1 w A A. It will be useful to separate the different contributions
in this equation by writing

d dw
4 A= [ A At Cut Con B.1
dt(/@pl“ ) /m "2 A+ G+ C (B.19)

The first term involves only the formal derivative of w, as defined in equation (B.11). The
second one, called the distributional term, is the contribution of the distributions in the
measure derivative (B.16), which explicitly reads

N m,—1

dpr &, _
Caist —2Z7TZ Z dt k'k ak (pmpr)- (B'20)
r=1 k=0

Finally, the last term arises from the explicit t-dependence of A and is defined as

dA
Cvar = /C w A E (BQ].)
In the main text, we will typically take [rp1w A A to be the 4d Chern-Simons action of a
classical configuration of the gauge field A. In this context, Cy, then measures the variation
of the action arising from the t-dependence of this field configuration: we will thus refer
to it as the wariational term.

C 1-loop RG flow for Lax in terms of R-matrix

The purpose of this appendix is to carry out a general version of the universal computation
of the 1-loop divergences of integrable o-models by writing the Lax connection in terms
of a classical R-matrix:

< R(z = 12, 717 (C.1)

Ny
1=2 Z .
This argument will generalise the one for rational integrable theories in sections 3.1-3.2,
replacing the role of partial fraction decomposition on CP! with the classical Yang-Baxter
equation (cYBE) (4.16). The argument will therefore apply as long as the Lax connection
takes this form regardless of the spectral parameter’s topology. In particular, it will allow
our results to be extended to the elliptic case in section 4.2. It should be noted that most of
the computation does not rely on R : g — g taking a difference form as we have written it in
section 4 and in this appendix: however, the properties assumed in subsection 4.2 actually
enforce this as long as c¢g # 0 [71, 72].
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C.1 Extracting equations of motion from zero curvature

Usefully for what follows, we will still be able to use the universal path integral computation
from section 3.2, which is formulated abstractly in terms of equations of motion for the
currents appearing in the Lax connection. Our first task is therefore to extract these equations
of motion from the zero-curvature equation of the Lax connection,

0+L_(2) —0_Li(z)+ [L(2),L_(2)] =0  Vz. (C.2)

Inserting the Lax connection (C.1) expressed in terms of a general R-matrix, we find the

following equations of motion for the currents Jy (1.9

N m; 1 14 N mi—1
0=2. (_;) <6é7€(z — % )31,0+77 M)> - (_ <8HR(Z — 2 )32, 0- j >2
=1 £=0 = j=1 n=0 2
S mi__lmj_l (_1)Z+n (i,€) n)
+ Z Z il <[8”R(z — 2; )32, 0iR (2 — 2; )31} VA jj > 1o (C.3)

i,j=1 ¢=0 n=0 i ==

where the first line comes from 04 L_(z) — 0_L(z) and the second line from [L4(2), L_(2)],
and we have recalled that the commutator in (C.2) is only non-trivial in the third tensor
factor of g. Using the cYBE (4.16) of R as well as the ad-invariance of the bilinear form
(-,), we can re-express the trace in the second line as:

(= )Hn< [3"73(2« — 2] )a2, OLR(z — Zi—>3—1} ’j({{)jﬂgv

1

= +(—-1)"9"- <R(z — 2 )31, [<8§_R(2_ iz, Ty ,J_(’jf)] > (C.4)
‘ ’ 1

2

_ (—1)58} <R(z — zJ.r)Q, [<8§+R(zj+ —2; )21“7(21f)> "ngb)] >
J J /1 B 2

<

This rewriting collects all the z-dependence into a single R-matrix, which makes the following
analysis easier. Note, however, that this comes at the cost of having one of the two derivatives
act on both R-matrices. Distributing these derivatives using Leibniz rule and re-shuffling
some terms, we are left with the commutator [L, L_] being written as

N m; —1 Y N ™ ; i
2 ( ;) <5'§'R(ZZZ_)1,Z Z n!((Tnlzg)![<3:%m_eR(zi_zj)127j s > j(l m)}>

- 1

N \n N m; -1 IR/ ) )
Sy D <agn(z—zj+>2,z DY N(m”n), Ka’im "R(: - T ) ,jﬁgﬂh.

i=1 (=0 m=n
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We then notice the similarity between (C.5) and the first line of (C.3). Requiring these two
lines to cancel for any value of z, we can read off the equations of motion for the currents:

m;r—l m; —1

LRSI

j=1 n=0 m={

N> P

i=1 ¢=0 m=n

(o R 2, TP5), T = 0, (Coa)

n'm €

<a€+m "Rz} — 2 )21, T > 7Y ]:o. (C.6b)

These are the generalisations of (3.8a) and (3.8b) to also include the elliptic integrable
field theories.
C.2 1-loop divergence

The equations of motion (C.6), match the general form in equation (3.9) of the main text,
with the operators O and P identified as

i’k —1)™ m
O((j/’nz,) w0 (Xl = 5i’:i5€>k7(€ )k) <8 PR (2 — 212, X2> , (C.7a)
2
P(J ,m) [X] 5 Y (_1)16<an+km'R(Z4+ — 27)12 X2> (C7b)
( k)( ) l =) n mk'(n_m)' Z; J R “ 27

for X € g. Thus, the general computation of the universal path integral in section 3.2 applies,
and the general result (3.12) gives in this case

d 5 2 (i k) @'m)
aS( ) — /d z Trg [adJ(1 5)0(] S m) (i,é)adjfv”)Pij’,k) (J}n)] , (C.8)

where summation over all indices is implied. Note that, given a basis {To‘}iiflg of the Lie
algebra, for an operator @) : g — g the trace can be written as Try[Q] = (T, Q[T4]), where
the split Casimir C is defined by Ci12 = 17 Tn 2. We would then like to unpack (C.8) by
essentially reversing the steps that led us from (C.3) to (C.5). We use Leibniz theorem and
ad-invariance to write it in the form

Trg {ad (i, [)O( ad

k) (4',m)
(') (i,0) P )} (C.9)

gGm @ ) G

Nm—lm—

=2 > X Maz Ot ([RGT =22 R = =) [T, Cus j<]n>123'

i,j=1 (=0 n=0 ‘

It would then be natural to use the cYBE to simplify the commutator. However, we have
to be careful: we will seemingly generate terms where the two arguments of the R-matrix
are the same, but this is precisely where we assumed in (4.17) that R has a pole. Using
the asymptotic behaviour of R(z) ~ C/z alongside the property [Ciz2, X1] = — [Ci2, X2|
and the skew symmetry of R, we find

[R(_Z)Q’R(Z)@ = —0, [R(z)ﬂv C@ : (C'l())
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We can insert this in (C.9), to obtain
i - F J—
8z;8z;r <[7€(zZ zi )12, R(2) — 2; )2 } [.7 1 ,013:| j >ﬁ

= (—1)E+18:f€+1<< [R(z]+ — 2 )a1, CE} , [Jy 013} > 3¢7J(r )>

J

(C.11)
2

We can then use the identity ([X1,C1s], [Y1,C13]),5 = 2cq (X1, Y1), to compute the trace
over 3, which leaves us with a simple expression for the log-divergent terms in the 1-loop
effective action:

AR

D Example: the Principal Chiral Model

Nm* jfl

V4
) <0Z+*“1R<zf—zi th“fJ(”} . (C12)

z]lEOn:O 12

This appendix reviews the simplest model obtained from 4d Chern-Simons, the Principal
Chiral Model (PCM): a o-model with a Lie group as its target space. We will follow
refs. [46, 47], and refer the reader to [54] for a more introductory disccussion.

The 4d setup. Let us consider the twist 1-form

2

w=h 1;722 dz, (D.1)
depending on a real parameter h. It has simple zeros at zfc = 41 and double poles at
p1 = 0 and py = oo. The latter have vanishing residues, i.e. £, g = res,—,, w = 0, which will
correspond to the absence of Wess-Zumino terms in the resulting 2d action. We note that we
have moved away slightly from the conventions of the main text and appendix A, by allowing
the twist 1-form to have a double pole at infinity. While this choice makes most formulae in
this appendix simpler, it is inconsequential: all the results of the main text apply to this case,
sometimes with minor modifications (see also the related discussion below equation (D.3)).
Since w has poles at p; = 0 and ps = 0o, we need to impose boundary conditions on the

gauge field at these points. To obtain the PCM, we choose the simple boundary conditions?
Ai|z=0: Ai‘z:oo: 0. (D.2)

The 2d field. Let us reparameterise the gauge field A in terms of (g, L), as in equation (2.27).
The group-valued field g is subject to the 4d gauge symmetry § — ug, where the gauge
parameter is a smooth function on CP' x © required to satisfy u|,—o = ul,—c0 = Id to
preserve the boundary condition (D.2). The only degrees of freedom left in g are thus the
2d group-valued fields g = g|,—9 and § = §|.—o0- The model is further invariant under the

35These boundary conditions can be reformulated in the language used in the main text and appendix A, in
terms of defect algebras. More precisely, the defect algebra is ? = (g x gab)Q, where gap is the vector space
g equipped with an abelian Lie algebra structure, on which g acts by the adjoint action. The boundary
condition (D.2) can then be translated as the statement that the jet of the gauge field belongs to the isotropic
subalgebra b = ({0} X gap)? of 0.
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redundancy g — gv, where v : ¥ — G is independent of (z,Z) — see section 2.2. This results
in a local 2d Ggjag-symmetry acting as (g, g) — (gv, gv). For simplicity, we will fix this gauge
symmetry by setting g to the identity, and we are left with only g. To summarise, the only
physical degree of freedom is a 2d field g : ¥ — G, and g satisfies

gl:=0=1y9 and Glz=00 = 1d. (D.3)

Note that we have used the Ggjag redundancy to fix the value of g at z = co. In practice,
this makes the model behave quite similarly to one where w has no pole at infinity. This
actually means that most formulae used in the main text and appendices A and B.1 are
still valid in the present case without modifications.

Lax connection. Following equation (2.30), the Lax connection can be written as

(1)

Li(z) =24+ 79, D.4
+(2) STl + T (D.4)
Recall the relation Ay = gL1g~ ' — (0+9)g~" between this connection and the gauge field.
Using the equation (D.3), the boundary conditions (D.2) translate to the constraints L4 (0) =
g '0+g and Li(oo) = 0. This fixes jj(to) = 0 and Jj(tl) = 79 '01¢: as a result, we obtain

the Lax connection

_ g o4y

La() =7 (D.5)

Note that the vanishing of the constant term Jj(to) in L (z) is a consequence of the gauge-fixing
Jlz=c0 = Id of the local Ggiag-symmetry. This is a choice of gauge similar to the one done
in section 3 of the main text — see the discussion above (3.4).

Action. Recall that A = L9 '. The standard identity for the gauge transformation of the
Chern-Simons 3-form gives

CS[A) = CS[L7 '] = (L.dL) +d(g7dg, ) + 1 (55,5 dg A g dg). (D)

The first term does not contribute to the action since wA 0L = 0. We will further work in the
so-called archipelago gauge [47], where g is the identity everywhere except in a neighbourhood
of p1 = 0, where it interpolates between a plateau at the value g and the identity (in agreement
with the condition (D.3)). Following [46, 47], the third term in the above equation yields a
WZ term in the action proportional to the residue res,—gw. In the present case, the latter
vanishes, so that we are only left with the contribution of the second term. Discarding
integrals of spatial derivatives, we get

1
16in2

/ wAD(G "dsg, L) . (D.7)
CP!'x%

This can be computed using the rule (B.7). Due to our choice of gauge for g, we only get
contributions from the double pole p; = 0, which has levels /19 = 0 and ¢1; = h. This gives

h .
- I D.
S 87T/E<g dsg,9.L|,_,) (D.8)
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or, in light-cone coordinates,

h L ;
S = 87Ad$+ A dx (<g 6+gaazL_‘2:O> — <g 8_9,3ZL+’ZZO)) . (Dg)

Equation (D.5) provides the quantities 82Li|z:0 = +¢7'0+g. Then taking into account
d?z = —2dz* A dz~, we end up with the 2d action

S=o [ty 0g.970), (D.10)
81 Jx

which is precisely the standard action of the Principal Chiral Model.

RG flow. The 1-loop renormalisation of the PCM (D.10) is a standard computation using
the formulation as a Ricci flow (1.2) (without B-field). One then finds that the model is
renormalisable, with the coupling A running according to

d
—h=cg. D.11
1t cG ( )

This RG flow translates to the following log-divergent term in the 1-loop effective action:

d ~ c _ _
o= i/zdzw@/ 0,9,9"0_g), (D.12)

by simply taking the t-derivative of the classical action and using the expression (D.11)
for %h. In terms of the currents JE) = F¢~'0.g appearing in the Lax connection (D.4),
this expression can be written as

dg cc 1 n )
dsm_ _co / ( 42 D.13
dt 21 (2 — 27 )? 2<j+ I &, ( )
which precisely agrees with the universal result (3.6) above.
Let us now turn to the RG flow of the twist 1-form w. According to the general
formula (3.28), this flow should be controlled by a specific meromorphic function ¥(z) (see
subsections 3.4 and A.2). In the present case, it takes the form

1
U(z) = —cq ( + z) . (D.14)
z
As required, it shares the same poles as w and satisfies W(2{) = W(+1) = F2¢¢.*0 The

flow (3.28) then becomes

d 1
Y= v = cq (22 — 1) dz. (D.15)

Comparing this with the form (D.1) of w, one can extract from this formula the same
flow (D.11) of the coupling h.

Data Availability Statement. This article has no associated data or the data will not
be deposited.

36 Contrarily to the setup of subsections 3.4 and A.2, ¥(z) is not bounded at infinity due to the linear term
z. This is because in this appendix we allowed w to have a double pole at infinity.
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