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We introduce a non-perturbative continuum framework to study the dynamics of quantum field
theory (QFT), applied here to the CP(N-1) model. We show that the ambiguities in perturbation
theory due to infrared renormalons are exactly canceled by corresponding ambiguities in the non-
perturbative sector coming from amplitudes of certain non-perturbative objects: neutral bions and
bion-anti-bions. This provides an explicit weak-coupling interpretation of the IR-renormalons. We
use Ecalle’s theory of resurgent trans-series and the physical principle of continuity to continuously
connect QFT to quantum mechanics, while preventing all intervening rapid cross-overs or phase
transitions. The quantum mechanics contains the germ of all non-perturbative data, e.g., mass
gap, of the QFT, all of which are calculable. For CP(N-1), the results obtained at arbitrary N are
consistent with lattice and large-N results. The trans-series expansion, in which perturbative and
non-perturbative effects are intertwined, encapsulates the multi-length-scale nature of the theory,
and eliminates all perturbative and non-perturbative ambiguities under consistent analytic continu-
ation of the coupling. A theorem by Pham et al implies that the mass gap is a resurgent function, for
which resummation of the semi-classical expansion yields finite exact results in the weakly coupled
domain.
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I. INTRODUCTION

The 1970s-80s witnessed an intensive research program on two-dimensional (2D) asymptotically free non-linear
sigma models, motivated by their relevance to antiferromagnetic spin systems and four dimensional (4D) QCD [1-6].
Many results were found in the large-N limit, particularly concerning dynamical mass generation and chiral symmetry
breaking. However, concrete results in finite-N theories remain scarce [7]; and even at large-N the microscopic
mechanism by which a mass gap is generated remains open to date. The inheritance from this époque is a list of deep
problems/puzzles about CPY~1. A partial list includes:

1. Invalidity of the dilute instanton gas approximation on R2. In a theory in which the instanton has size moduli,
the dilute instanton gas picture is ill-defined, since it assumes that the typical inter-instanton separation is much
larger then instanton size. This is a variant of Coleman’s “infrared embarrassment” problem.

2. Perturbation theory leads to a non-Borel-summable divergent series even after regularization and renormaliza-
tion. Attempts to Borel resum perturbation theory yield a class of ambiguities associated with singularities in
the complex Borel plane [8]. While some such ambiguities are cancelled by non-perturbative ambiguities (asso-
ciated with 2D instanton-anti-instanton events), via a QFT version of the Bogomolny-Zinn-Justin mechanism
[9, 10], there are other (more relevant) ambiguities associated with infrared (IR) renormalons [5, 6, 8, 12], and
there are no known (semi-classical or otherwise) 2D configurations with which these ambiguities may cancel.
Therefore, even Borel resummed perturbation theory by itself is ill-defined, due to the IR renormalons.

3. There is not complete understanding of the microscopic mechanism underlying the large-N mass gap for CPV 1.
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mg = A = pe = pe 92N where u and A are the renormalization and strong scale.

4. The precise connection between large- N results and the instanton gas approximation is only partially understood
[2-4, 13].

In this paper we propose a new approach to asymptotically free quantum field theories that directly addresses the first
three of these questions. Our approach is based on a mathematical formalism known as resurgent asymptotic analysis
[14], in which physical quantities are expanded in terms of trans-series rather than perturbative series. A trans-series
is an expansion that unifies both perturbative and non-perturbative expansions, in a manner that is self-consistent
under analytic continuation of the various parameters and couplings. Resurgent trans-series have been studied for
quantum mechanics [10] and for some simple quantum field theories and matrix models [15], but here we propose



an application to the more difficult case of asymptotically free quantum field theories, such as CPY~! models. More
details can be found in [16], and applications to 4D gauge theories in [17, 18].

Resurgent trans-series are physically important because they make perturbation theory consistent for problems with
degenerate classical vacua. For example, in quantum mechanical models with degenerate classical vacua, perturbation
theory leads to a divergent and non-alternating series [10]. This leads to two immediate problems: (i) analysis of
these divergent series (for example, by Borel summation) leads to imaginary contributions to observables (such as the
energy) that should be real; (ii) this Borel summation procedure is actually ambiguous, with the ambiguity manifest
in the sign of the imaginary non-perturbative contributions. Resurgent trans-series analysis produces an expression
for the observable (such as the energy) that unifies the perturbative series with a sum over all non-perturbative
contributions. The various terms in this trans-series are inter-related by an infinite ladder of intricate relations, in
such a way that the full expression is unique, unambiguous and real. For example, the ambiguous imaginary term
arising from a Borel analysis of the perturbative series is exactly cancelled by an identical term coming from the
instanton/anti-instanton interaction, which lives in the non-perturbative part of the trans-series. “Resurgence” states
that these cancellations occur to all orders, producing a consistent, real and unambiguous result.

This Bogomolny-Zinn-Justin (BZJ) mechanism of cancellation of ambiguities between the non-Borel-summable
perturbative expansion and the non-perturbative multi-instanton sector has been explored in some detail for quantum
mechanics (QM) problems with degenerate vacua [9-11], but in fact the resurgent structure is a general property
of perturbation theory that should also be relevant for quantum field theory (QFT), particularly when there are
degenerate vacua. For example, in asymptotically free quantum field theories such as 4D SU(N) gauge theory or
2D CPN—! theories, there are infrared renormalons that lead to non-Borel summability of perturbation theory. This
is a serious problem, because it means that perturbation theory on its own is ill-defined and incomplete, just as
is the case for the QM problems with degenerate vacua. But the naive analog of the quantum mechanical BZJ
cancellation mechanism does not resolve this problem in the QFT case, for the following reason. The infrared (IR)
renormalons lead to non-perturbative exponential factors exp [—2Sinst/B0], where the exponent involves twice the
instanton action (as in QM), but divided by the one-loop beta function, which scales like N. But there are no such
semi-classical non-perturbative objects in these theories defined on R* or R?, respectively. Instanton-like configurations
have non-perturbative factors of the form exp [—Si,st], without the 1/N factor in the exponent, and so are sub-leading.
Therefore, there are no non-perturbative semi-classical amplitudes that can cancel the ambiguous non-perturbative
terms arising due to these IR renormalons. This is the puzzle.

Our proposed resolution of this puzzle is motivated by the fact that the instanton gas analysis of the non-perturbative
sector is also ill-defined on R* or R?, respectively, because the classical scale invariance implies that instantons of any
size have the same action, leading to an infrared divergence in the instanton gas picture. A regularization of the QFT
by spatial compactification leads to twisted boundary conditions that produce fractionalized instantons, which are
associated with non-perturbative factors of the form exp [—Sinst/N], appropriate for canceling the ambiguities from
the IR renormalon poles. For 4D gauge theory, the dependence is parametrically correct [17, 18], while here we show
that for CPN~! the N dependence matches perfectly the expected N dependence coming from the IR renormalons; for
more details see [16]. In Section II we introduce a new order parameter for the spatially compactified CPY~! model,
and show that this spatial compactification is stable and provides a consistent weak-coupling semi-classical window
into the confined regime, in contrast to what happens for thermal compactification. In Section III we discuss the
fractionalized semi-classical instanton and bion (instanton/anti-instanton molecule) configurations, and show that
neutral bion amplitudes have non-perturbative ambiguities. In Section IV we show explicitly (see equation (10)) that
the ambiguities in neutral bion amplitudes cancel precisely against the ambiguities coming from IR renormalons, and
we compute the non-perturbative mass gap from a microscopic Hamiltonian. In the Conclusions we summarize and
comment on outstanding questions.

II. NEW ORDER PARAMETER OF THE CP"~! MODEL ON R x S}

The CPY~! model is described by a quantum field n(x) in the coset space % The action is
2 1G]
S = /de L?Q (Dun)T D,n — 2277; €u(Dyn) Dyn (1)

where D, = 0, +iA4,, A, is an auxiliary field, and © is the topological angle. We consider the CPY~!model on
a spatially compactified cylinder R x St. The CPY~!model has a global U(N) symmetry, and a local U(1) gauge
redundancy, n — €***)n. We parametrize CPY ~! by locally splitting the n-field into a phase and modulus, n; = e*®ir;,

involving (N — 1) phase fields {¢1,..., 0N}, Zfil ;i =0 mod(27) by U(1) gauge redundancy, and (N — 1) modulus



fields {r1,...,rn}, Zil r? = 1. We also consider adding N + species of Dirac fermions, although here we mostly deal
with the bosonic Ny = 0 theory.

Each —0,¢; = A, transforms as a “gauge” connection, A, ; — A,; — 0,«, and we refer to it as the “o-
connection”. With spatial compactification on R xS} | we define a new order parameter, the “o-connection holonomy”,

making a circuit around the compact direction:

(EQ); (1) = I o2 As — giles(e1.0)=se1.0)
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Under an aperiodic global gauge rotation, the line operator “Q(z;) — e LQ(xy), k=1,...,N, reflecting the
theory’s global Zx center-symmetry. (The fact that it is not U(1) follows from the constraint, Ef\il »; = 0 mod(27),
ie., det” Q(x1) = 1.) The matrix-valued gauge invariant o-holonomy, £Q(z1), plays an analogous role to the Wilson
line in non-abelian SU(N) gauge theory. Crucially, this operator contains more refined data than the familiar U(1)
Wilson line in the CPN 1 model: W = ¢t Jo dv242,

A typical classical background of the o-connection holonomy is “€, = Diag [62”“1 ,e2mine o e2minn | Classically,

this background is equivalent to imposing twisted boundary conditions for the CPN~1 fields, of the form n(xy,xs +
L) = LQun(x1,22) [19, 20]. Undoing the twist by a field redefinition is equivalent to the substitution, 9, —

O +1 02 2% Diag [ul, Hay ... »HN]a analogous to turning on a Wilson line in compactified SU(N) gauge theory (and

further reason to call —0,¢; = A, ; o-connection). In the small-L weak coupling regime, the quantum mechanical
stability of a given background can be determined via a one-loop analysis of the potential for the holonomy (2), similar
to gauge theory. Integrating out weakly coupled Kaluza-Klein modes, we find

2 =1
VikQ) = — > — (-1 4 Ny (#1)") (Jtr “Qn| — 1)
n=1

where — (+) refers to thermal (spatial) compactification, where fermions have anti-periodic (periodic) boundary
conditions. For Ny > 0, the N-fold degenerate minima in the thermal case are LQghe”“al = ¢i*f* Iy,k=1,...N, a
clumped configuration of holonomy eigenvalues. In sharp contradistinction, for Ny > 1 and in the spatial case, the

L (spatial : j2x ;2N —1) . o
L = Diag (1,e'~,...,e"~ , a non-degenerate, Zy-symmetric holonomy, similar to

QCD(adj) [21, 22]. The N; =1 case follows from non-perturbative effects [16].
Since there are no phase transitions (for finite-NV) on R x S}, one may wonder what qualitative differences these
two different backgrounds entail. In the thermal case, the potential at the minimum is the free energy density of the

hot CPY~!model, F = V_[LQfrermal] = —(2N — 2)Z (1 + %) T? ~ O(N?'), the Stefan-Boltzmann result; whereas

in the cold regime, F ~ O(N?), because the spectral density of physical states is O(N?). There is a rapid cross-over
from a hot deconfined regime to the cold confined regime at the strong scale at finite- IV, which becomes a sharp phase
transition at N = co. With spatial compactification, the “free energy” density at small-L is F ~ O(N?), just like the
cold regime of the thermal theory. Therefore, there is no intervening rapid crossover (finite-N) or phase transition
(N = o) as one dials the radius from large to small. This is the reason that the spatially compactified theory provides,
in the small L regime, a weak-coupling semi-classical window into the confined regime [21, 22], whereas the thermally
compactified theory provides, at small 3, a weak coupling semi-classical window of the deconfined regime [4].

In the pure bosonic theory (Ny = 0) in which there is no distinction between the thermal and spatial compactifi-
cation, a Zy-symmetric background is unstable. However, one can define a deformed bosonic CPY¥~! (analogous to
deformed YM) by introducing heavy fermions m > A, so that the theory at distances larger than m~! emulates the
pure bosonic theory. Then, render the KK-modes sufficiently high such that the heavy fermions appear light with
respect to the KK-modes, i.e., m < LQ—K, Thus, from the point of view of the one-loop potential, we can use the result
of the massless theory, and at the same time, at distances larger than m™', the theory is the bosonic CPY~! model
on a stable Zy-symmetric background.

minimum is unique,

III. KINK-INSTANTONS AND BIONS IN CPY~'ON R x S}
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In CP!, in the small-L regime, the Lagrangian associated with the zero mode of the KK-tower is (¢

L
5700 = 55 [ (00)° +sin®0(0,6)" +€sin® 0, (3)
R
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where the kinetic term describes a particle on S? ~ CP!, and the potential follows from the Z, stable background.
This action has a semi-classical kink-instanton solution, which we call K1, interpolating from 6 = 0 to § = 7, and
1

with action S; = g%(Qf) = ‘;—7; X (g — p1) = % Its topological charge is Q = 5. There is also an independent

kink-instanton, Ko, with action Sy = %, interpolating from 8 = 7 to 8 = 0, also with topological charge @) = % It is
important to note that Ky is not the anti-kink /C;, which has @ = —%. The kink-instanton K, is associated with the
affine root of the SU(2) algebra [19, 20].

This construction generalizes to CPY 1 : there are N types of kinks, associated with the extended root system of
the SU(N) algebra, each of which carries a topological charge @ = % The amplitude of KC; has a non-perturbative
factor

1
3
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Ki:e %0 =e 92N:674TN67WI, i=1,...,N (4)
It is crucial to note the appearance of the 't Hooft coupling, g?>N = ), in the amplitude. Thus, the kink-instantons
A7 _4m

are exponentially more relevant than the 2D instanton: e 9N > ¢ 92,

At second order in the semiclassical expansion, there are self-dual and non-self-dual configurations. The non-self-
dual topAological molecules are in one-to-one correspondence with the non-vanishing elements of the extended Cartan
matrix A;; of SU(N). For each entry A;; < 0 of the extended Cartan matrix, there exists a charged bion, B;; ~ [Kizj],
which plays a crucial role in the mass gap of the theory with Ny > 1, similar to the magnetic bion in QCD(adj) on

R3 x S1 [22]. For each diagonal entry, .21\” > 0, there exists a neutral bion, B;; ~ [K;K;], with zero topological charge,

L

(RN
N8

FIG. 1: Defining left (right) Borel sum By_q+, and left (right) neutral bion amplitude [Bi;]g_o=. The g* > 0 line is a Stokes
ray, the mathematical reason underlying the divergence of perturbation theory.

and indistinguishable from the perturbative vacuum [17, 18]. The B;; generate a repulsion among the eigenvalues
of the holonomy (2). For g? > 0, the constituents of the neutral bion interact attractively at short distances and
the quasi-zero mode integral yields an amplitude which is naively meaningless. However, this is actually a mirror
reflection of the “Stokes phenomenon” as will be discussed. We can evaluate, in the Ny = 0 theory, the neutral bion
amplitude as shown in Fig. 1. First, take g% — —g¢2, where the neutral bion amplitude is well-defined. Then, analytic
continuation along Cy to = 0% yields left and right amplitudes

[’Cifi]gzoi =Re [K:Lfl] +¢Im [K:ifi]g:()i

N 16 _ _s=x 16w _ &=

= <log <g87r ) - ’y) 92N6 92 N :I:ig27Ne 92N (5)
The absence of a well-defined § — 0 limit means that the semi-classical expansion by itself is also ill-defined. Ecalle’s
resurgent approach is to simultaneously apply this analytic continuation to the Borel summation of the perturbative
sector and to the non-perturbative sector, in such a way that all ambiguities cancel, yielding an unambiguous and
exact “trans-series” result. This mathematical technique has only been partially explored in QFT [15, 18], as most
semi-classical studies only capture the first order. In quantum mechanics, this effect is studied in [9, 10]. Surprisingly,
in QFT there appears to be universal behavior for the jump in the amplitude of neutral topological defects, arising
from analytic continuation of the quasi-zero-mode integrals [16-18, 23].

IV. CANCELLATION OF AMBIGUITIES BETWEEN IR RENORMALONS AND THE
NON-PERTURBATIVE SECTOR

The low energy Hamiltonian for (3), dropping ¢-angle states in the Born-Oppenheimer approximation, is

1 d2 52
= —— — + _—
2d6%? 442

Zero

[1 — cos(2¢0)] (6)



The asymptotic form of the ground state energy, £(g?), at large-orders in perturbation theory is evaluated in [24],
using methods developed by Bender and Wu [25]:

) 2 (1)
&(9?) = Eo&™ Zan ; Qg ™~ —— (> q! (7)

The series is “Gevrey-1” [14], non-alternating, and hence non-Borel summable; a manifestation of the fact that
we are expanding the ground state energy along a Stokes ray in the complex-g? plane. The Borel transform is

T 1—

q
given by BE(t) = 2 (46) = —2_1._ " and has a pole singularity on the positive real axis Rt (i.e., non-
ag

Borel summability or amblgmty of the sum). However, the series is right- and left- Borel resummable, given by
So=E(g%) = g% fCi dt BE(t) et/ 92, where the contours Cy pass above (below) the singularity. Equivalently, taking
g> — —g?, the series (7) becomes Borel summable. Analytically continuing the sum back along Cy yields the two
“lateral” Borel sums:

16r _ &=«

So+&(g?) = ReBy F igz—Ne 97N (8)

Q

where the imaginary part is the leading non-perturbative ambiguity of resummed perturbation theory, which is
O(e 5kikil) v 7250 ~ ¢=251/N and Re By ~ O(1) is the unambiguous real part.

We now come to the crux of the matter: the resummed vacuum energy has an imaginary part, but it is not associated
with the Dyson instability, or decay of the vacuum. Rather, this ambiguous imaginary part is a direct reflection of
the fact that (resummed) perturbation theory by itself is ill-defined. Furthermore, the ambiguity that we find for
CPV~lon R x S} is parametrically the same as that of the elusive IR-renormalons. Therefore, what was viewed as
a problem, in fact becomes a blessing in disguise: consider the ©-independent part of the vacuum energy density in
a trans-series expansion (combining perturbative and non-perturbative terms), and collect unambiguous terms and
ambiguous terms together:

go,transseries(g2) - Z aO,q(g2)q + [Bu] Z a2,q(92)q +... (formal)
q=0 q=0

— By g—ot + [Biilp=0=B2 g—o+ + ... (BE — resummation)
= Re Bo + Re [B”]Re BQ +1 [Im BO 9=0% + Re BQIHI [Bm‘]gzoi]
= ReBy + Re[B;;]ReB2, uptoe —450 (9)

In our explicit computation, we have taken By = ag ¢ + O(g?), and kept only ag o for consistency because we are also
only accounting for the leading large orders asymptotics in (7). The sum of the left (right) Borel resummation of
perturbation theory and non-perturbative left (right) neutral bion amplitude is unambiguous at order e~2% = ¢=251 /N,
as encoded in our perturbative-non-perturbative “confluence equation” in (9):

ImBj g—o+ + ReBoIm [B;]g—o+ = 0, up to e~ 450 (10)

The passage from § = 0~ to § = 0 is accompanied by a “Stokes jump” for the Borel resummation (8), which is
mirrored by a jump in the neutral bion amplitude in the opposite direction (5) such that the sum of the two gives
a unique result, with a smooth limit up to ambiguities at order e=*%°. Eq.(10) is conjectured to hold in (deformed)
Yang-Mills in [17, 18], and here we verify it by explicit computation for CPY~1. Confluence equations are crucial for
giving a non-perturbative continuum definition of QFT. We refer to the procedure in (9) as Borel-Ecalle resummation,
after Ecalle’s seminal work [14], which formalized asymptotic expansions with exponentially small terms (trans-series)
and generalized Borel resummation to account for the Stokes phenomenon.

As an application, we calculate a physically interesting non-perturbative quantity. The mass gap is the energy
required to excite the system from the ground state to the first excited state. For CP!, in the standard notation for

Mathieu functions, the pair of states ce,(0,q) and se,+1(0,q) (¢ = %), n = 0,1,2,..., become degenerate to all
orders in perturbation theory: their asymptotic expansions are identical. As g% — 0, the splitting £(b,11) — E(ay) is
purely non-perturbative. The mass gap is defined as m, = £(b1) — £(ap) and is given by

8m 79 4 -2z -S
— 1— 02~ e S1/2 11
mg 7 ( T6m +0(g%) ) e e (11)



This also justifies the Born-Oppenheimer approximation, because low-lying states are non-perturbatively split, whereas
their separation from the higher states is an order one gap: m, < £(a1) — E(b1) ~ A&y, where A&y is the gap in
: N—1 f : : 1 —S;/N
the ¢-sector in (3). For CP , generalizing the above discussion, we find mg ~ \/ﬁe 2N ~ e 51/
a kink-instanton effect (4). We are not aware of any previous microscopic derivation in CPY~! of the all-important
non-perturbative mass gap ~ e~ 5//N_ The gap at small-L may be considered as the germ of the mass gap for the

theory on R2. At large-N, this agrees with the mass gap obtained by the master field method [1].

, which is

V. CONCLUSIONS

We have shown that for the CPY ~! model defined on Rx S} , the Borel singularities due to infrared renormalons occur
at precisely the same location as the singularities corresponding to certain non-perturbative objects: neutral bions
and bion-anti-bions. We have demonstrated the cancellation of the two ambiguities, from the perturbative and non-
perturbative sector, leaving an unambiguous answer. This is the first explicit demonstration of the BZJ mechanism
in a non-trivial asymptotically free quantum field theory. We have argued that the spatial compactification leads
to a continuity by which this result obtained in the small L regime can be continued smoothly, without any phase
transition or rapid crossover, to the large L regime. If this latter claim could be rigorously proven, then we would
have a simple and elegant resolution of the first two problems listed in the introduction: the failure of the instanton
gas picture for CPN~1 | and the ambiguities arising from the non-Borel-summability of perturbation theory due to
infrared renormalons. This QFT result is in both qualitative and quantitative agreement with lattice and large-N
results.

We have also given an explicit microscopic computation of the mass gap. Notice that in our mass gap result
(11) there is a perturbative series multiplying the kink-instanton amplitude, which is itself a divergent asymptotic
(non-Borel-summable) series. One can ask what this means. This question has been answered in the mathematics
literature, and is the essence of resurgence. An important result by Pham et al, and Delabaere [26], using Ecalle’s
theory of resurgence [14], proves that the semi-classical expansions for the energy levels of the QM double-well and
periodic potentials are indeed resurgent functions, resummable to finite, unambiguous, exact results. In the small
L regime this is precisely the result we need to argue that these cancellations occur to all orders. Our primary
contribution here is that we have found the conditions under which a non-trivial QFT, such as the asymptotically free
CPN~1model, is connected to QM without any rapid cross-over or phase transition; i.e., by guaranteeing continuity.
This permits us to derive the germ of all non-perturbative observables in the QFT in the small-S! domain using
these rigorous QM results of Pham et al. Furthermore, introducing the © dependence leads to a ‘grading’ of the
resurgent trans-series structure [16]. We hope that this remarkable connection between QFT and QM may be used to
explore other non-perturbative properties of general QFTs, and eventually lead to a fully consistent non-perturbative
definition of non-trivial QFTs in the continuum.

Acknowledgement

We acknowledge support from DOE grants DE-FG02-92ER40716 (G.D.) and DE-FG02-12ER41806 (M.U.), and
we thank P. Argyres, F. Bruckmann, M. Golterman, G. Miinster, S. Peris, E. Poppitz, R. Schiappa, M. Shifman, A.
Vainshtein and A. Wipf for discussions and comments.

[1] A. D’Adda, M. Luscher and P. Di Vecchia, “A 1/n Expandable Series of Nonlinear Sigma Models with Instantons,” Nucl.
Phys. B 146, 63 (1978);

[2] E. Witten, “Instantons, the Quark Model, and the 1/n Expansion,” Nucl. Phys. B 149, 285 (1979).

[3] A. Jevicki, “Instantons And The 1/n Expansion In Nonlinear Sigma Models,” Phys. Rev. D 20, 3331 (1979).

[4] I. Affleck, “Testing The Instanton Method,” Phys. Lett. B 92, 149 (1980); “The Role Of Instantons In Scale Invariant
Gauge Theories,” Nucl. Phys. B 162, 461; B 171, 420 (1980).

[5] F. David, “Instantons and condensates in two-dimensional CP**(n-1) models”, Phys. Lett. B 138, 139 (1984).

[6] V. A. Novikov, M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, “Two-Dimensional Sigma Models: Modeling Nonper-
turbative Effects of Quantum Chromodynamics,” Phys. Rept. 116, 103 (1984).

[7] M. Bogli, F. Niedermayer, M. Pepe and U. J. Wiese, “Non-trivial theta-Vacuum Effects in the 2-d O(3) Model,” JHEP
1204, 117 (2012) arXiv:1112.1873.

[8] G.’t Hooft, “Can We Make Sense Out of Quantum Chromodynamics?,” Subnucl. Ser. 15, 943 (1979).



[9] E. B. Bogomolny, “Calculation Of Instanton - Anti-instanton Contributions In Quantum Mechanics,” Phys. Lett. B91,
431 (1980).

[10] J. Zinn-Justin, “Multi - Instanton Contributions In Quantum Mechanics,” Nucl. Phys. B 192, 125 (1981); Quantum field
theory and critical phenomena, (Oxford, 2002); U. D. Jentschura and J. Zinn-Justin, “Instantons in quantum mechanics
and resurgent expansions,” Phys. Lett. B 596, 138 (2004) arXiv:hep-ph/0405279.

[11] I. I. Balitsky and A. V. Yung, “Instanton Molecular Vacuum In N=1 Supersymmetric Quantum Mechanics,” Nucl. Phys.
B 274, 475 (1986).

[12] M. Beneke, “Renormalons,” Phys. Rept. 317, 1 (1999) arXiv:hep-ph/9807443.

[13] M. Aguado and M. Asorey, “Theta-vacuum and large N limit in CPY~! sigma models,” Nucl. Phys. B 844, 243 (2011)
arXiv:1009.2629.

[14] J. Ecalle, Les Fonctions Resurgentes, Vols. T - III, (Publ. Math. Orsay, 1981).

[15] 1. Aniceto, R. Schiappa and M. Vonk, “The Resurgence of Instantons in String Theory,” arXiv:1106.5922; M. Mario,
“Lectures on non-perturbative effects in large N gauge theories, matrix models and strings,” arXiv:1206.6272.

[16] G. V. Dunne and M. Unsal, “Resurgence and Trans-series in Quantum Field Theory: The CP(N-1) Model,” arXiv:
1210.2423 [hep-th], JHEP11 (2012) 170.

[17] P. Argyres and M. Unsal, “A semiclassical realization of infrared renormalons,” Phys. Rev. Lett. 109, 121601 (2012),
arXiv:1204.1661. .

[18] P. C. Argyres and M. Unsal, “The semi-classical expansion and resurgence in gauge theories: new perturbative, instanton,
bion, and renormalon effects,” JHEP 1208, 063 (2012), arXiv:1206.1890.

[19] F. Bruckmann, “Instanton constituents in the O(3) model at finite temperature,” Phys. Rev. Lett. 100, 051602 (2008)
arXiv:0707.0775.

[20] W. Brendel, F. Bruckmann, L. Janssen, A. Wipf and C. Wozar, “Instanton constituents and fermionic zero modes in
twisted CP**n models,” Phys. Lett. B 676, 116 (2009) arXiv:0902.2328.

[21] M. Unsal, “Abelian duality, confinement, and chiral symmetry breaking in QCD(adj),” Phys. Rev. Lett. 100, 032005
(2008) arXiv:0708.1772.

[22] M. Unsal, “Magnetic bion condensation: A New mechanism of confinement and mass gap in four dimensions,” Phys. Rev.
D 80, 065001 (2009) arXiv:0709.3269.

[23] M. Unsal7 “Theta dependence, sign problems and topological interference,” arXiv:1201.6426.

[24] M. Stone and J. Reeve, “Late Terms in the Asymptotic Expansion for the Energy Levels of a Periodic Potential,” Phys.
Rev. D 18, 4746 (1978).

[25] C. M. Bender and T. T. Wu, “Anharmonic oscillator,” Phys. Rev. 184, 1231 (1969); “Anharmonic Oscillator 2: A Study
of Perturbation Theory in Large Order”, Phys. Rev. D 7, 1620 (1973).

[26] E. Delabaere, H. Dillinger and F. Pham, “Exact semiclassical expansions for one-dimensional quantum oscillators”, J.
Math. Phys. 38, 6126 (1997); E. Delabaere, “Spectre de 'opérateur de Schrodinger stationnaire unidimensionnel & potentiel
polynéme trigonométrique”, C. R. Acad. Sci. Paris 314, 807 (1992).



