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We propose a bosonic string dual to large N chiral Yang-Mills theory in two dimensions at finite "t Hooft
coupling. The worldsheet theory is a -y system deformed by a chiral Polchinski-Strominger term. We
reproduce the partition function on a torus, cylinder three-point amplitudes, and the area law for Wilson
loops. We also present candidate string duals to symmetric product orbifolds for general seed conformal
field theories with ¢ < 24 and their 7T, JT deformations. The results hint at interrelations among
confining, nonrelativistic, and matrix strings and AdS;/CFT,.
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Introduction—The idea of reformulating gauge theory in
terms of strings has a long history, originating with "t Hooft’s
large N expansion [1] and loop equations [2,3]. A major
early success came from ‘“noncritical string theory” [4—6];
dualities between simple large N matrix models and string
theory in less than one dimension. The idea later culminated
in the AdS/CFT correspondence [7], offering concrete
examples of dualities between supersymmetric gauge the-
ories and string theory in anti—de Sitter (AdS) spacetime.

A common feature in these dualities is the emergence of
an extra spatial direction—often called “holographic” or
“Liouville”—linked to an additional scalar mode on the
string worldsheet. While this is often viewed as a hallmark of
gauge-string duality, recent lattice studies of confining flux
tubes [8—12] challenge this paradigm, suggesting that the
extra scalar is absent for Yang-Mills theory in three and four
dimensions. Relatedly, effective field theories for confining
flux tubes [13—15] are formulated without an extra scalar,
although they are not UV complete. This leads to a question:
Is there a UV-complete string dual of a confining gauge
theory without an extra scalar?.

In this Letter, we answer yes, presenting a dual for the
simplest confining gauge theory; chiral two-dimensional
(2D) Yang-Mills (YM) theory. As a by-product, we also
propose candidate duals to symmetric product orbifolds for
any seed conformal field theories (CFTs) with ¢ < 24 and
their 77 and JT deformations. Notably, none of these
constructions require supersymmetry, unlike many top-
down examples of holography.
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String dual of chiral 2D YM theory—Two-dimensional
YM theory has been a subject of interest due to its confining
nature and solvability. Importantly, its partition function at
large N factorizes into chiral and antichiral parts, each of which
receives 1/N corrections. In addition, there are nonfactoriz-
able corrections, Zop ynm = Zehiral Zang + O(1/N?) + -+

Key developments in the past include the following.
(i) References [16,17] showed that the 1/ N expansion can be
interpreted as a genus expansion of string theory, although
an explicit worldsheet theory reproducing the expansion was
not constructed. (i1) Cordes et al. [ 18] identified a dual of the
zero-coupling limit of 2D YM theory as topological string.
However, it remains to be understood how to generalize it to
finite coupling. See [19] for a recent proposal on the
deformation of Gromov-Witten theory. (iii) A “rigid topo-
logical string” action was proposed as a candidate dual to 2D
YM theory at finite coupling [20]. Because of the unconven-
tional structure of the world sheet theory, however, its
analysis poses technical challenges. This approach has
recently been revisited, with detailed studies focusing on
the zero-coupling regime [21]. (iv) It was shown that
topological string on certain Calabi-Yau manifolds repro-
duce the partition function of the g-deformed 2D YM theory
at finite coupling [22,23]. See also Refs. [24-26] for further
analyses including the undeformed limit.

Below, we present a bosonic string dual of chiral 2D YM
theory that allows computation of observables beyond the
partition function, including scattering amplitudes—unlike
earlier proposals. However, it requires a flat target space:
R!!, torus, or cylinder.

World sheet action: Our proposed dual for U(N) 2D
YM theory at large N with “t Hooft coupling A = g3N is

d*z - — _
S = / 2 1gax+ + pox— + 4 £y
2r 2

A _ _
n ?” (0X*0X~ — 0X*0X")] + be ghost, (1)
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where X+ are light-cone coordinates of the target space
X* =X"4+ X% and L¢p is a “chiral composite linear
dilaton” action,

- A oXtox~
Lerp = 209009 + R, ¢ = log (R2>’ (2)

where R is the length scale of the target space and R is the
worldsheet Ricci scalar. A few comments are in order:
(i) The anomaly cancellation sets ¢ =1 (see below).
(i1) The B-y system shows up also in nonrelativistic string
theory [27-29]. Our theory can be viewed as its noncritical
generalization. (iii) Lcpp resembles the Polchinski-
Strominger term [13] in the Polyakov formalism [15],
differing only by the lack of dX*dX ™ in ¢. (iv) Despite high
nonlinearity due to L p, the path integral can be evaluated
explicitly by first integrating out s, which sets X (X~) to
be (anti)holomorphic. (v) Similar actions were proposed in
the studies of lightcone gauge string field theory [30],
Green-Schwarz string in the semi-lightcone gauge [31], and
TT deformation [32]. We discuss the relationships in
Supplemental Material [33] and note that the last one does
not exhibit conformal invariance in its current form.

From the action (1), the operator product expansion
(OPE) can be derived [34],

PN~ = PN~
PP ~ 2000, | sl )
The stress tensor of the matter sector reads
1@ =X (@) +20(X" @

with {X*, z} being the Schwarzian derivative. The OPE of
stress tensors can be computed from (3) as

1412 2T(w) | 0,T(w)

)T = (z—w)* * (z—w)? * z—w )

This shows that the matter action in (1) has central charge
c=2+24qg and g=1 is needed for the conformal
anomaly cancellation.

Torus partition function: Let us take the target space to
be Euclidean torus TZ with modulus ¢ and size R,

Xt - X =X"+iXx?, X" - X=X'"-ix?

(X ~X+27xR ~X +27R{), (6)
and study the genus-1 worldsheet partition function
Z4(R,{) on this background. Below, we sketch the

computation relegating the details to Supplemental
Material [33].

First, integrating out oscillator modes of § cancels the
bc-ghost contributions and sets X (X) to be (anti)holomor-
phic except for zero modes. This forces X to be a map from
the worldsheet torus T2, to T3, characterized by four
winding numbers, m'? and w'?,

X(z,7)
=

(M —7W)z + (cW — M)z ;

T—7 ' 9

Here M = m' + {m? and W = w! + {w?, and z parametr-
izes T2, as z~z +2m ~z + 27,

Second, the integral of zero modes of $’s produces the &

function that localizes the world sheet to “covering maps”

from T2, to T%g, leading to the following expression
for Z:

£ d*t M\ _
Zos = 22 =5 —— |e S, (8
N {n;a}“m2 FT Tw)e ®)

where {, =Im{, 7, =Imrz, and F is the fundamental
domain of the torus moduli and S, ,, is an on-shell action,

W — 2. (9)

To evaluate the moduli integral (8), we extend the integra-
tion domain to the upper half plane using part of the sum
over {m®, w} [35], resulting in

zwsziey; S (atd.  (10)

K=1 ad=K adeZ,

where A is the area of T2g. This precisely matches the free
energy of chiral 2D YM theory at large N [6,17,36]. Note
that the zero-winding sector K = 0 does not contribute
thanks to the CLD action, as will be explained around (25).

Three-point amplitudes: Because of the absence of
local dynamics, wave functions of chiral 2D YM theory
on S' are given simply by class functions of the holonomy
U [36]. In particular, a convenient basis at large N is the
multitrace basis {|o)},

Y, (U) = (Ulo) = [ J(er(U"))k, (11)

¢

where k, denotes the number of cycles of length £inc € S,
with r = )", k.. As discussed in [37], |o) corresponds to
a multistring state with k, strings with winding number . It
can be expressed with string creation operators as

o) = T [(ap)I€2). (12)

4

where [ay, a]] = kb, ;. The Hamiltonian on S' of radius R is
then given by [37]

231603-2
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H = Hfree + Hintv Hfree = ﬂlRZaLdm,
m

7RA +
Hint = T Zajn-&-naman + aj—nanam+n' (13)
n,m

Viewing H,, as the interaction Hamiltonian, one can
compute the perturbative S matrix of winding strings. In
particular, the 2 — 1 amplitude reads

4/171'2R

S=- Wiwow3S(Ey + Ey = E3)0y 1y wys (14)
where w, and E; = AzRw, are the winding number and the
energy of the kth string, respectively.

We now reproduce it from genus-0 amplitudes in string
theory (1) on a Lorentzian cylinder X* ~ X* + 2zR. The
vertex operator for the wy-winding state is [27,34]

Vk(zk) _ eika fz"' (ﬂdz—ﬂdi)e—iEkXO. (15)
Inserting them in the path integral and integrating out /s,
we find that (X*, X™) localizes to the Mandelstam map

(p.p),

X" (z) > p(z) = —szkR log(z — z). (16)

As a result, we obtain the following expression for the
three-point amplitude:

G; = gs<:1:[1Vk<Zk)>

= igS/\/'Sz27r5 (ZEk) 27[1?(32:A Wke_r[/’]leU 2
k

i<j

’

where N g is the normalization coming from the sphere
partition function and the path-integral measure and I'[p] is
the renormalized on-shell action for (¢/2) [ Lcrp [30,38],

n=2
Tl — H W) ZW % Hazp](qZ[) !
k=1

=1
where Z,’s are the “interaction points,” where dp vanishes.
Here, we absorbed the divergence around the interaction
points by renormalizing g, as in the light cone string field
theory [30,38,39]. Setting n=3 and g =1 gives

e = wiwows [, 2|7 We thus have

—4q
. (18)

G3 = i(zﬂ')zRgsNSZW1W2W3(S(ZEk)(sZ W' (19)
T k

Continuing the third state from the in- to out-state by E; —
—E; and w; - —w;, (19) reproduces (14) under the

identification of parameters [40],

AR? 2

i —— 20
2N’ N R? (20)

gs =

Wilson loop:  We now consider a disk amplitude for the

theory on R2. It is convenient for the analysis to take the
“winding gauge” [41]

0X =0X = (21)

In this gauge, the disk amplitude of a string ending on a
curve C C R? is given by evaluating the on-shell action.
The result reads

Zpxe s, (22)

reproducing the area law for the Wilson loop in 2D YM
theory.

Symmetric product orbifolds—

Action and partition function: We next provide evi-
dence that a generalization of (1) is a potential dual to
symmetric product orbifolds for arbitrary seed CFTs. The
worldsheet action reads

dz[ - - o g
Ssym = P ﬁax+ﬂ0X+E£CLD + Sseed

Pz, o
~B / 4—Z(aan—aan) + be ghost,  (23)
T

with ¢ = (24 — ¢)/24, where ¢ and S,.4 are the central
charge and the action of the seed CFT.

The genus-1 partition function on a torus
(X ~X+27nR ~X +27R{) can be evaluated as in 2D
YM theory thanks to the localization,

>, pd & b+al b+
:Zid bzzeeed< ag ag)’ (24)

a,d=1

where p = B /(21 and Z. is the torus partition

function of the seed CFT. This agrees precisely with the
grand-canonical free energy of the symmetric product
orbifold [42]. Note that the duality relates string theory
to a grand-canonical ensemble of CFTs rather than a theory
with a fixed central charge, as was the case with super-
symmetric tensionless AdS;/CFT, [43,44].

Holomorphic map vs covering map: Let us briefly
discuss higher genus corrections. Because of the f inte-
grals, the string path integral always localizes to holomor-
phic maps p. However, holomorphic maps, in general,
admit extra branch points [dp(Z;) = 0] while the partition
function of symmetric product orbifolds is given by a sum
over covering maps [45]; holomorphic maps without such
branch points.

231603-3



PHYSICAL REVIEW LETTERS 135, 231603 (2025)

This discrepancy can be resolved for seed CFTs with
¢ < 24. Evaluating the on-shell action of Ly p around the
branch point Z;, we get

d’z
exp [‘%/ﬁﬁcw] D |2¢,0%p(Z;)|?

(25)

where ¢; is a radius of a small circle around Z; excised for
the regularization. This shows that, in the limit ¢; — 0, the
maps with branch points do not contribute as long as g > 0,
1.e., ¢ <24. The same mechanism removes the zero-
winding sector in the partition functions (10) and (24).

Comparison to AdS;/CFT,: The bosonic action for
string on AdS; supported by k units of NSNS flux reads
[46]

d’z RO
Sads, = k/ 2 <4aq>aq> + poy + [jay —e 2<I>ﬁﬂ _ k)'
i T

(26)

For k=1, it was argued in [47] that the path integral
localizes to classical solutions near the boundary given by
O =—loge — %log 0y07. After this substitution and appro-
priate rescalings, the action (26) coincides with our
proposed action (23). Thus, our action can be viewed as
a theory where the (nondynamical) Liouville mode ® is
integrated out. A key difference is that our action (23)
always exhibits localization and produces the correct
partition function for any seed CFT with ¢ < 24, while
the result of [47] holds only for specific supersymmetric
seed CFTs.

TT and JT deformations—We now further extend our
action (23) to describe symmetric product orbifolds of 7T -
and JT-deformed CFTs. Technical details are explained in
Supplemental Material [33].

TT deformation: We conjecture that symmetric prod-
uct orbifolds of TT-deformed CFT [48] is dual to the
following action:

u [d’z -
Srr = Ssym - ;/Eﬁ/}v (27)

where Sy, is given by (23). The simplest way to under-
stand the connection to the 77 deformation is to employ the
winding gauge (21). In this gauge, the worldsheet stress
tensor for Sy, is

T(Z> = _:BaX + ZCI{X’ Z} + Tseed - _ﬂ + Tseed’ (28)

where T4 18 the stress tensor of the seed CFT. Imposing
the Virasoro constraint 7(z) = 0, we get # = T.eq. Thus,
the deformation term in (27) can be identified with the
operator TgeeqT seeq- () A related observation connecting the
deformation of nonrelativistic string and 77 deformations

has been made in [49-51]. (ii) Similar actions were
obtained by expanding deformed AdS; actions near the
AdS boundary [52,53]. A key difference is that the
boundary expansion in [52,53] comes with an extra
Liouville mode and hence the dual CFT inevitably includes
the linear dilaton as part of the seed CFT. On the other
hand, our action can be defined for more general seed CFT.
Another important point is that the full deformed AdS;
action before the boundary expansion is not dual to the
symmetric product orbifold (cf. Ref. [54]) and the boundary
expansion only captures a subsector of the full theory in a
certain limit. (iii) In the special case of the symmetric
product orbifold of TT-deformed theory with four free
bosons and four free fermions, [55] analyzed the corre-
sponding worldsheet dual using tensionless AdS;/CFT,.
They reproduced the partition function and identified the
connection between the worldsheet deformation and the 7T
operator.

The relation to the TT deformation can be verified more
directly by computing the torus partition function. To do so,
we integrate out  and /3 to obtain a Polyakov-type action

7
S+ = | —0XoX + --- 29
TT / 2% + (29)

and use the winding gauge 0X =0X=1; see
Supplemental Material for details [33]. The result reads

ZPKTK

K>0

[+ p*Tkl2_].  (30)

where 7 g is the Hecke operator [42],

1
K

TK[f] =

al+b al+b
d = d )’(31)

f(om
ad=K 0<b<d.d>0

and Z, are the partition functions with winding num-
ber +1,

Zi _ JZRZCZ/H (JZT

2R
,l; \C:FTPZ
H 7,)?

seed (Tv %)’ (32)

where H , is the upper half plane. Crucial differences from
symmetric product orbifolds (24) are the contribution from
negative-winding sectors and the absence of localization of
the worldsheet moduli.

Expanding Z..4 in (32), Z, reproduces the standard
TT-deformed spectrum [48],

7R 2,uE
E =—1-1 1 ,
() (1) P + +55 2R2 7R
Piy(u) = P, (33)
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where E and P are undeformed energy and momentum. On
the other hand, the expansion of Z_ gives

2uE

E(_)(ﬂ): l‘l— 1+ 2R2+ IR )

e

U
Py =P (34)
In the undeformed limit 4 — 0, E_) diverges as o 1/u.
Thus, negative-winding sectors can be viewed as non-
perturbative corrections to the full partition function, as was
notegi also in [56].

JT deformation:  The discussion around (28) suggests
that the JT deformation [57] corresponds to deforming the
worldsheet action by f d*z3J. For concreteness, let us
assume that the seed CFT contains a compact boson of
radius r,

d’z .
Sgt = [ —adyoy, y~y+2zar. (35)
4r
We conjecture that the dual worldsheet action is given by
d’z -
SJT = Osym _/_ﬁa (36)

Unlike the TT deformation, the action is linear in ’s. Thus,
integrating out f#’s gives a 6 function that localizes the
worldsheet moduli. As a result, we get

=Y PXTk[Z)+pXTk[2],  (37)
K>0
with
(et
Z.(R () = D S (38)
where deedv> is the seed CFT partition function in the

m, w)-winding sector of y. Expanding 2 i Z4 (38),
qeed
we obtain the spectrum,

2 2u’R
ER(+)(ﬂ) :/% <R —l%> \/(R —M7Q> i;z Ep

P(yy(u) =P, (39)

2 24%R
-5 (22) o (o2

where Ex = (E—P)/2 and Q = (n/r) + (wr/2) is the
U(1) charge. The positive-winding spectrum (39) agrees
with the JT-deformed spectrum obtained in the literature
[58—60], while the negative-winding spectrum (40) gives
nonperturbative corrections.

Conclusion—We proposed string duals to 2D chiral
Yang-Mills theory and to symmetric product orbifolds of
general seed CFTs with ¢ < 24, including their 77 and JT
deformations. We presented supporting evidence, but
further tests—such as higher-point amplitudes in 2D YM
theory and correlation functions in symmetric orbifolds—
are desirable [34,61].

It is also important to clarify connections with other
proposals for 2D YM duals, particularly the topological
string dual to g-deformed YM theory [23]. Such compar-
isons may also lead to improved formulations of our
composite linear dilaton action.

A notable feature of our proposed duals for TT and JT
deformations is the inclusion of negative-winding sectors.
These correspond to alternative sign choices in square roots
and give nonperturbative corrections to the partition func-
tion. In nonrelativistic string, they correspond to modes that
decouple in the nonrelativistic limit. As noted in [56], such
modes are crucial for the S duality of the partition function.
Understanding their role in 77 deformations—possibly via
resurgence analysis [62-64]—may be an interesting future
direction.

Our proposal shares similarities with matrix string
conjecture [65,66], which relates the discrete light cone
quantization (DLCQ) of nonperturbative type IIA super-
string to 2D N = 8 super-Yang-Mills (SYM) theory. In this
context, the perturbative IIA string corresponds to the IR
limit of SYM theory, described by a symmetric product
orbifold of supersymmetric R®. Meanwhile, the T dual of
the DLCQ string [67,68] is nonrelativistic string [27-29]
described by a -y system. Together, these imply a duality
between the symmetric orbifold of R® and nonrelativistic
type IIA string—a supersymmetric counterpart of our
proposal. In addition, similarities between matrix string
and 2D YM theory were discussed in interesting papers
[69,70]. Exploring these webs of dualities (cf. Ref. [71])
further would be highly illuminating.
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