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Conformal field theories (CFTs) with U(m) x U(n) global symmetry in d = 3 dimensions have
been studied for years due to their potential relevance to the chiral phase transition of quantum
chromodynamics (QCD). In this work such CFTs are analyzed in d = 4 —¢ and d = 3. This
includes perturbative computations in the ¢ and large-n expansions as well as non-perturbative
ones with the numerical conformal bootstrap. New perturbative results are presented and a variety
of non-perturbative bootstrap bounds are obtained in d = 3. Various features of the bounds
obtained for large values of n disappear for low values of n (keeping m < n fixed), a phenomenon
which is attributed to a transition of the corresponding fixed points to the non-unitary regime.
Numerous bootstrap bounds are found that are saturated by large-n results, even in the absence of
any features in the bounds. A double scaling limit is also observed, for m and n large with m/n
fixed, both in perturbation theory as well as in the numerical bootstrap. For the case of two-flavor
massless QCD existing bootstrap evidence is reproduced that the chiral phase transition may be
second order, albeit associated to a universality class unrelated to the one usually discussed in the
€ expansion. Similar evidence is found for the case of three-flavor massless QCD, where we observe

a pronounced kink.
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1. Introduction

The Lagrangian of quantum chromodynamics (QCD) with N; massless flavors of fundamental
Dirac fermions (quarks) ¢*, i =1,..., Ny, has U(Ny)1, x U(Ny)r global symmetry. This is easiest
to describe if we decompose ¢ into left- and right-handed quarks, qi, qlﬁ, in which case it acts on
¢t and ¢k by independent Ny x Ny unitary matrices and is thus chiral. Two U(1) symmetries are
part of this symmetry group: the vector U(1), commonly denoted by U(1)y, which acts on left-
and right-handed quarks by the same phase, and the axial U(1), commonly denoted by U(1)a,
which acts on left- and right-handed quarks with opposite phases. With the exception of U(1)a,
which is broken by an anomaly, the global symmetry group of the Lagrangian of QCD persists in
the quantum theory. Starting from the original symmetry group of the classical theory, henceforth
denoted by Grrva = SU(Ny), x SU(Ns)r x U(1)y x U(1)a,! the remaining symmetry at the
quantum level is then Grry = SU(Ny)L x SU(Ny)r x U(1)y.

"We ignore factors of Zy, that result from the isomorphism U(N) ~ [SU(N) x U(1)]/Znx.



If we consider nuclear matter at finite temperature, the global symmetry Grry (or Gprrva
depending on the fate of U(1)a at finite temperature) may or may not be broken depending on the
temperature. More specifically, chiral symmetry is spontaneously broken at low temperatures due
to a non-zero vacuum expectation value for a quark bilinear (quark condensate), namely <qﬁq§),
which breaks Grry (or Grrva) to SU(Nys)yv x U(1)y, where SU(Ny)y is the diagonal subgroup of
Grr = SU(Ns)1, x SU(Nyf)r. At high temperatures, however, the quark condensate is zero and thus
Girv (or GLryva) remains unbroken. The order of the associated phase transition at the critical
temperature T, with an order parameter given by the quark condensate, has phenomenological
consequences and has been the subject of multiple investigations over the years, starting with the
seminal work of Pisarski and Wilczek [1].

Due to its non-chiral nature, the U(1)y part of Grry is expected to play no role in the
symmetry breaking and it is common in the literature to neglect it and discuss the group Grr
instead. On the contrary, the U(1)s part of Gpgrya is of paramount importance. Despite the fact
that U(1)a is anomalous in QCD, it may be effectively restored when non-zero temperature effects
are considered [1-4]. If that is the case, then the chiral symmetry to consider in the unbroken
phase (T'> T¢) is GLra = SU(Ny)1, x SU(Ny)r x U(1)a and not Grr. The two cases that have
been considered in the literature are those of symmetry Grr and Gigra.

Quarks are not massless and so consequences obtained in the strict chiral limit are not expected
to hold unaltered. However, quark masses much smaller than 7. can be treated as perturbations
of the strict chiral case, and then the Ny = 2 massless case is of particular interest (with all
other quarks treated as infinitely heavy). This is because the critical temperature is given by
T. ~ 160 MeV, which is two orders of magnitude larger than the masses of the up and down
quarks. T is slightly larger than the mass of the strange quark, so one may consider the Ny = 3
massless case and treat the mass of the strange quark as a perturbation as well, although this
approximation may not be as well justified as in the case of up and down quarks.

For the case Ny =2, Gr becomes SU(2)1, x SU(2)r ~ SO(4), while Grra becomes SU(2)y, x
SU2)r x U(1)p =~ SO(4) x SO(2).2 In the GLra case the order of the chiral phase transition was
originally suggested to be first order using the £ expansion [1], and supporting evidence for this
conclusion has also been reported |[5,6]. However, the conformal bootstrap method applied to this
scenario in [7] (for a review see [8]) produced evidence for the existence of a potentially relevant
O(4) x O(2) universality class in d = 3 dimensions. The work [9] has also provided evidence in favor
of a second order phase transition in the case of effective restoration of U(1)a using renormalization
group methods and resummations. For Ny = 3 Grra is SU(3)r, x SU(3)r x U(1)a and perturbative
methods have not found a fixed point that would open the possibility of a second-order chiral
phase transition in three-flavor massless QCD. A recent Monte Carlo analysis for O(4) x O(2) can

be found in [10], whereas the three-flavor case has been studied recently in [11,12]; see also [13] for

ZNote that we drop factors of Z in the isomorphism SU(2) x SU(2)/Z2 ~ SO(4) for convenience of notation.



an overview.

In this work we study conformal field theories (CFTs) with mn complex scalar fields and
U(m) x U(n) global symmetry. The scalar fields are assembled into a complex m X n matrix
® which transforms as a bifundamental under the action of U(m) x U(n). Our results for the
case m = n = 2,3 are of potential relevance to the case of the chiral phase transition of two-
and three-flavor massless QCD, respectively.> We note that U(m) x U(n) is the symmetry group
that naturally arises in the corresponding Landau—Ginzburg model built with ® as a fundamental
field [1,5,9,6], which has been discussed in the context of the chiral phase transition of QCD for
many years (as discussed above).

Before proceeding to outline our methodology and results, let us point out which results will
be relevant if the symmetry of QCD at high temperature is GLra, and which will be relevant if it
is Grr. Our non-perturbative numerical results, due to the bootstrap, will apply to both cases.
The logic is very similar to that of [14]. The relevant difference between the groups U(n) and
SU(n) for our purposes is in the existence of the n-index Levi-Civita tensor, which is an invariant
of SU(n) but not U(n). This will affect the case U(4) x U(4), which will not be equivalent to
SU(4) x SU(4), in that there will be more sum rules in the SU(4) x SU(4) case. However, without
further assumptions these additional sum rules would not yield different results for the bounds
obtained in this work using the U(4) x U(4) sum rules. On the other hand, our perturbative
results will apply to the case of GLra only. That is because, as discussed in [1] for example, the
absence of the U(1)5 symmetry allows one to add the schematic term g(det(®) + det(®T)) to the
Lagrangian, where g is some coupling. To find controlled perturbative fixed points in our work we
necessarily take g = 0, which enhances the symmetry to Grra.

We analyze the U(m) x U(n) model in the standard e expansion below d =4 up to three loops
and also in the large-n expansion at leading order in 1/n using analytic bootstrap methods. Our
results include expressions for the scaling dimensions of scalar operators quadratic (bilinear) in ®
that belong to various irreducible representations (irreps) of the global symmetry group. Dimensions
of such non-singlet operators determine crossover exponents. We also use the non-perturbative
numerical conformal bootstrap [15] (for a review see [16] and [17]; for a pedagogical introduction
see [18]) to obtain upper bounds on various operator dimensions by considering the constraints of
unitarity and crossing symmetry in the four-point function of .

For the Ny =2 case our numerical bootstrap bounds coincide with those obtained in [7]. This
includes a kink that indicates the possible existence of a CFT with O(4) x O(2) symmetry (see
also [19]). For Ny = 3 we also obtain bounds with kinks. Our results provide possible evidence
in favor of a second order chiral phase transition in the case of QCD with two or three massless
flavors. The associated universality classes, however, do not appear to be continuations of the ones

predicted by the standard e expansion for U(m) x U(n) theories with n sufficiently larger than m.

3We may think of ® as the order parameter (grqr) of the phase transition.



While not immediately relevant for finite temperature QCD with a small number of massless
flavors, we also probe various parameter limits of U(m) x U(n) symmetric CFTs, such as large
n and m/n fixed with both m and n large (for a pedagogical discussion around the significance
of fixed points with m/n fixed see [20] and [21]). These are expected to be interesting from the
point of view of field theory, given that we make numerous comparisons between perturbative and
non-perturbative predictions. Notably, we observe that at large n a lot of our exclusion plots are
almost exactly saturated by the perturbative predictions. In some cases this happens even in the
absence of any feature in the exclusion plot. Typically, in the numerical conformal bootstrap, kinks
are seen as signals of an exclusion bound being saturated by a CFT. In the present work we see
explicit examples where this is not strictly necessary. We also see kinks due to theories, that at
least naively according to the € expansion, should be non-unitary.

This paper is organized as follows. In the next section we review known results regarding
theories with U(m) x U(n) global symmetry in the ¢ = 4 — d expansion. In section 3 we work
out the group theory required for our analysis of U(m) x U(n) CFTs. These results are used
in section 4 to derive € expansion results up to three loops (following the methods developed
in [22]), and in section 5 to derive results in the 1/n expansion valid in any d. In section 6 we
obtain non-perturbative numerical bootstrap bounds relevant for U(m) x U(n) CFTs in d = 3. We
conclude in section 7. In two appendices we include two different but equivalent ways to derive
the crossing equations required in our bootstrap problem, which are of course also equivalent to

the way described in section 3 of the main text.

2. Fixed points of theories with U(m) X U(n) global symmetry in the € expansion

In the theories we consider, the mn complex scalar fields (2mn real scalar fields) are assembled
into an m X n complex matrix ®,., a =1...,m, r=1,...,n. The Hermitian conjugate of ®,, is

®l,. Using these fields, we may construct the U(m) x U(n) invariant Lagrangian [1,5, 6]
L = ', 0,80 + 2u (D], D)2 + L00f 0,00 By, (2.1)

where repeated indices are summed over and we consider up to quartic terms but neglect the mass
term m? @Ia¢>ar.4 As far as interactions are concerned, we have the two couplings v and v. A

theory with v = 0 preserves O(2mn) symmetry. To examine stability of the quartic potential we

“We note that either U(m) or U(n) can realize the U(1) transformation ®,, — e**®,,.. Therefore, strictly speaking,
the global symmetry group of (2.1) is [U(m) x U(n)]/U(1). With this in mind, we will continue to refer to the global
symmetry of (2.1) as U(m) x U(n) for brevity. For completeness, let us mention that it is also possible to construct a
fully U(m) x U(n) symmetric multiscalar Lagrangian using results of [23]. This would have two distinct mass terms.
To our knowledge the existence of a non-trivial fixed point in such a theory in the ¢ expansion has not been studied in

the literature.



choose m < n without loss of generality and we find that stability requires v+ v > 0 if v < 0 and
utLlo>0ifv>05
The number of real fixed points of the Lagrangian (2.1) depends on the values of m and n.

There are four regimes:

(I) For n > n™(m) there are four real fixed points (Gaussian, O(2mn), U_, Uy). Stable® fixed
point: Uj.

(IT) For n~(m) < n < n*(m) there are two real fixed points (Gaussian and O(2mn)). They are
both unstable.

(III) For ng(m) < n < n~(m) there are four real fixed points (Gaussian, O(2mn), U_, Uy).
Stable fixed point: Uj.

(IV) For n < ng(m) there are four real fixed points (Gaussian, O(2mn), U_, Uy ). Stable fixed
point: O(2mn).

The Gaussian fixed point has u = v = 0, while the O(2mn) fixed point has u > 0,v = 0. The
fully-interacting fixed points (i.e. the ones besides Gaussian and O(2mn)) both have uv # 0 and
U(m) x U(n) global symmetry. These fixed points move around in the u-v coupling plane as m,n
change. For every m there is a value of n, indicated by n™(m) above, for which U_ and U, collide
in the real u-v plane and subsequently move to the complex u-v plane as we go below n™(m). For
n > nt(m) the U, fixed point is stable and has v > 0, as does U_, but for n < n*(m) there is
no real stable fixed point. However, for some n~(m) < n™(m) these two fixed points reappear in
the u-v plane—this time they have v < 0 and U, is again stable. Furthermore, there is a value
nf (m) < n~(m) below which the O(2mn) fixed point is stable, since one of the fully interacting
fixed points of the nf(m) < n < n~(m) regime crosses the v = 0 line and acquires v > 0, while

the other remains with v < 0. These four regimes are depicted in Fig. 1.

SLet X = ®®'. X is an m x m Hermitian matrix and by the Cauchy—Schwarz inequality with inner product
(A, B) = Tr(AB) for two Hermitian matrices A, B, by taking A = X and B = 1,, we find (Tr X)? < mTr X2,
Additionally, since X is positive-definite, we have (Tr X)? > Tr X 2.

A fixed point with only one relevant scalar singlet operator, namely the mass operator ®f,®,,, is called stable.
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Fig. 1: Schematic flow diagrams corresponding to the four regimes mentioned in the text. The location of the
fixed points should not be viewed as precise, but the fixed points are placed at locations consistent
with the sign of the coupling v for which they occur. The region between the hatched lines in each

diagram represents the basin of attraction of the stable fixed point.

The values of n*(m) can be estimated in the e expansion:

(5m — 4)(5m + 4)
2,/6(m —1)(m +1)

nE(m) = 5m £ 2/6(m — 1)(m + 1) — <5mi >€—|—O(€2). (2.2)
In a recent paper, these results have been extended to six loops, or order €® [6]. The value of
nt(m) is of interest due to applications to m-flavor QCD. In particular, if n™(m) < m in d = 3,
then there exists a unitary 3D CFT with U(m) x U(m) global symmetry (corresponding to Uy
in regime (I) above). However, the essential conclusion of the £ expansion after resummations is
that n™(m) > m [5,6] in d = 3. This has been used to argue that there is no stable unitary fixed
point of (2.1) for m = n that could describe the m-flavor chiral phase transition of QCD, which
requires a stable fixed point as well as v > 0 for the appropriate symmetry-breaking pattern and
thus could not lie in regimes (II), (III) or (IV).

3. Group theoretic considerations

In this section we describe the group theoretic ingredients that will allow us to derive results in
the € expansion as well as the crossing equation that we will use for our analytic and numerical
bootstrap studies.

For our purposes’ it is more economical (index-wise) to consider the replacement [24]

B = Tl , O =T o, i=1,...,2mn, (3.1)

“Converting to a one-index real-field notation allows us to readily extract results from existing ¢ expansion

computations in the literature. The reader directly interested in numerical bootstrap sum rules may see Appendix A.



where the 2mn complex m x n matrices T,,’ encode the complex nature of ®,,., while the 2mn
fields ¢; are real. Essentially, the fields ® and ® are repackaged into their real and complex parts,
schematically (® + ®f) and —i(® — ®1).® The T matrices satisfy

TTrai Tbsi = 5ab(57"s s Tari Tbsi =0 TTmi Tsti = O,

o - - o 5 (3.2)
Thd Tofd + Thd Ty = Te(TTT7 + TV T = 57

3.1. Rank-four invariant tensors

The T matrices allow us to construct the rank-four (in the indices i,7,...) invariant tensors of
U(m) x U(n). These can be used to derive a variety of results in the ¢ expansion up to three
loops as described in [22].”

For m # n there is one fully symmetric traceless rank-four primitive invariant tensor, (i,

three rank-four primitive invariant tensors w, jjr, v = 1, 2,3, with symmetry properties
Waijkl = Wujikls W klij = Wuijkl » WyiGikl) = 0, Wikl = 0, (3.3)

and two fully antisymmetric rank-four primitive invariant tensors, v, ;jx, * = 1,2. With the
addition of the non-primitive rank-four invariant tensors d;;05;, d;x0; and ;05 we have a total
of 12 independent rank-four invariant tensors.'® One can check that products of these 12 tensors
with four free indices (such as e.g. wy, ijki Crimn) close on themselves, i.e. they do not produce any
additional tensors. For m = n we can treat the two U(n)’s as distinguishable or indistinguishable.
In the latter case one of the w and one of the v tensors disappear and we are left with 9 independent
invariant tensors.

With the use of the real scalar fields ¢;, the U(m) x U(n) invariant Lagrangian takes the form!
&L = 50" 900 + AD°)° + 319Cijmbidi bk (3.4)

where ¢? = ¢;¢; and

m-—+n

1
G = 5 T [T THTY] — =

(5ij5kl + 5z‘k5jl + 5il5jk) , (3.5)

where parentheses around indices are used to denote symmetrization of the enclosed indices.'? Due

to cyclicity of the trace there are 12 distinct terms among the 24 produced by the symmetrization

8As an explicit example, consider ®11 = ¢1 + i¢2; then Tiit =1 and Ty = 3. Also, all other elements, such as e.g.
Tt or T4417 are zero. With this example in mind, the reader may convince themselves by inspection that (3.2) holds

(up to normalization).
“With the recent work of [24] some of these results can be extended to six loops.
OThere are two inequivalent index permutations and therefore two independent invariant tensors for each w.
1We consider terms up to quartic in ¢ and neglect the mass term %m2¢2.

2Here and hereafter symmetrization and antisymmetrization of indices is defined without an overall factorial

normalization factor.



of the indices. Choosing, without loss of generality, m < n, the bound
3(m—1)(m+1) (m—1)(n—1)

3
)2 < Gijrdid; < %)? 3.6
e T (O < Gty < S g (3.6
is satisfied. The couplings A, g of (3.4) are related to the couplings u,v of (2.1) via
1 m-+n 1
)\:§<u+mn+1v>, g=5v. (3.7)
The tensor (. satisfies
1
Gijmn Gmnkl = Zmm—1° (mn (001 + 6adjk) — 0i50m) + € wuijir + b Cijit (3.8)
with
- 6(m—1)(m+1)(n—1)(n+1)
B (mn +1)?2 ’
2 2
elz(m;n), e=m-—n, 63:5(2m+2n+3), (3.9)
b= 2(m +n)(mn —5)
B 3(mn+1) ’
where

wuﬂl:Symsﬁn{%TraiTﬂﬂqy—TVQTyﬂ-—T&ﬂqﬂrf+7%nTmrg
]
—2[Tr (TVT;) Tr (THT}) + Tr (THT) Tr (THT)) — 2 Tx (T5T5) T (THT))] }

dmn+m+n
(001 + 00k — 20i0k1) ,

2(2mn — 1)
.t t ot m-n (3-10)
wa,ijkl = Sym SZ;H [ Tr (TVT;T%T, — TV TYT;)| + m(@'kﬁsﬂ + 805k — 26i50k1) 5
ij

mﬂmzwm%Pﬁ}@MMTdﬂﬂD+H@%EH&@M”—QEﬂﬂEYH@%EH
ij
mn
_ m((sikéﬁ + 6il(5jk — 252'3'(5]4;[) .
The operator Sym,; simply symmetrizes the indices 4,j of the expression on which it acts.

There are further identities like (3.8) involving the w, tensors in the left-hand side. These take

the form
Wa,ijmn Cmnkl = fuv Wy, ijkl + Iy Cijkl ) (311)
with
2 2
1 m‘n+mn®+8mn —5m —5n+8 2 1 3 9
- = = — = = 5
h 3omn 1 1) o ffmamen), STmgmansd),
m+n)(mn—1
f=3meny, gp=EOERZU e ),
mn+1 (3.12)
PR F2-0 f3__2(4mn+3m+3n+4) '
3 — 73> 3 — Y, 3 = 3(mn+1) )
" _2(mA4n+2)(mn+1) b _ A(m —n)(mn + 1) fe — 2(mn +1)
e 3(2mn — 1) ’ 2T T 3@mn—1) 5T T 30@mn—1)°

8



and

1
Wa,ijmn Wo,mnkl = ma/m; (mn(8irbji + 6udjk) — 6ij0kt) + €l Wuijkt + by Ciii (3.13)
with the parameters appearing also determined but not quoted here.
Further relations involving the w, tensors in the left-hand side require the 9, tensors in the
right-hand side:

1
(mn+1)(2mn —1

Wu,imjn Wy, kmin =

)2 (CNLuv 51k(5]l + duq) (5i15jk + auv 5’LJ6kl)
(3.14)
Frm 1 v gkt Cu” W ikt) + by Gijkt + du” Vil »

and there are similar relations for wy imjn ¥zmnkt and Vg ijmn¥ymnki- The tensors v, are given by
V1w = Tr (THLT;TYT) Yo iim = Tr (TVT;) Tr (TTy)
where brackets around indices are used to denote antisymmetrization of the enclosed indices. There

are 12 distinct terms in ¢; and 6 in .

Finally, there is a relevant identity involving four ( tensors,

Giir i Ciirvrme Crjrvrmt Qermmy = 5 A (8i50k1 + b0 + 0a6j1) + ¢ Cijia (3.15)
with
1 2 u
A= N 1a((N—2)a+2(N—1)b ) —aehy,
3.16
_2(m+ n)(5m3n® — m2n? + Tlmn — 20m3n — 20mn> + 4m? + 4n? + 29) (3.16)

(mn +1)3,

When m = n the two U(n) factors in the global symmetry group U(n) x U(n) may be treated

as distinguishable or indistinguishable. In the former case one simply needs to take m = n
in the various expressions given in this work. In the latter case the indices carried by & are
indistinguishable, the global symmetry is enhanced to U(n)? x Zo and the tensors wy and 1) vanish.

We will comment on this case separately at various points below.

3.2. Rank-four projectors

To derive the projectors we will convert to invariant tensors that are not traceless. This is not

essential and is only done for simplicity of the expressions for the projectors. We thus define

~ m n
Gijkl = Gijkt + W((sikéﬂ + 00k + 0ij0k1)

+1
- m+n+2
W10kl = Wiijkl — m(éikéjl + 0udjk — 20i50k1) 5
o (3.17)
W2ijkl = W2ijkl — m(éikéjl + 05105 — 20450k1)
- 1
W3 ikl = W3,ijki + m(éikéj‘l + 05105 — 20450k1) -

9



The @, tensors satisfy all but the last of the properties in (3.3). Using these tensors one can define

the 12 rank-four projectors

SEVED J— 1 ..
Pijkl - 2mn(5w(5k17

Sead _ _ 1 (- ~ g
‘Pijk:l - 3mn (w3,1]kl + 2w3,zk]l + 7/}2,7,jkl) ’
RSeven 1
Pz]kl = T om 5”51# + (kal + W1 ijki — wz ikl T 2ws z]kl)
RS, 1 . ~ 1~ ~
Pt = _67n(w1,z'jkl + 201 kg1 + 5 @20k + ©2,ikj1 + U1,ijk1)
1 . .
- 73mn [(m + 1)(@3.4jk1 + 203,ik51) + V21581 »
PSReven —_ 6 5 (C 2 )
A W R +— Gy Gkl + @1k + 3 Dijh 2030k
SR 1 ~ 1~ ~
PSFoas — o (@it + 2Q1ikj1 — 592,15k — D2,ikjl + V1,ik1)

1 N -
- %[(n + 1)(@3,4k1 + 203 ik51) + V2,i5ki] 5

1 m+n -~
Pf;]ﬁeven — %(5#@5][ + 5215_716) — %5U(Skl GTC’LJM
a %[(m + @15k — 5 (M — N)@2iji + (3mn + 2m + 2n)@3 45k ,

1 - - - -
Pt = = Gindjt — 8adsn) + go—(m+m) (@101 + 200i851) + (m — n) (@t + 252,171

- - m-—mn mn — 1
+ (mn 4 2m 4 20+ 2)(@s 5 + 203,0k50)] + oS — =Y

TTeven __ 1 17 1~ 1 ~

P = 30kt + 0adjn) + 135Gk — 5010k — 739305k -

Pioss — _ 15,65 — 8ubjn) + 15 (@oijh + 202.k51) — 15 (@348 + 203.0kj1) — 15 P1ijh + s
ijkl — T g \Yik0ji ilOj5k 12 \ W25kl 2,ikjl 12 \W3,ijkl 3,ikjl 12 W1,ijkl 6 ¥Y2,i5kl »
PALoad = 1685 — 0adjn) — 5 (@2ijm + 2@2,im1) — 15 (@3.ik1 + 2@3ik51) + 13 V1ijk + sU2.ij
ijkl — T g \Yik0ji W95k 12 \W2,ijkl 2,ikjl 12 \W3,ijkl 3,ikjl 12 ¥1,ijkl 6 ¥Y2,i5kl »
AAeven __ 1 1~ 1~ 7~

Pl = g(0dj + 6udjn) — 153Gk + 5010k + 7303,i5k0 » (3.18)

where the subscripts “even” and “odd” refer to the Lorentz spins with which the corresponding
irreps appear in the ¢; X ¢; OPE. Note that w0, jix + 20y jrit = —@u,ijkl — 2@y ikji S0 that the “odd”
projectors are odd under i <+ j (and under k <> [). The projectors satisfy

Pzgmnpnmkl z]kl 6IJ Z ijkl — lldjk ) lejkl 5i16jk = d7I" ) (319)

where d! is the dimension of the irrep indexed by I:

-

dy = ([, [(m = 1)(m + D]z, [(n = 1)(n + D]z, [(m — 1)(m + 1)(n — 1)(n + 1),

(3.20)
tm(m+Dn(n+ 1), sm(m+1)(n — n, 1 (m — )mn(n + 1), 1 (m — 1)m(n — 1)n)

where by [z]o we mean that x appears two consecutive times.

10



In the case where m = n and we treat the two U(n) factors as indistinguishable, then, as
a consequence of the disappearance of @, and 1), instead of separate projectors PTSeven and
PSBeven we only have the sum PRSeven 4 pSReven 13 and the same happens for PfSeda pSFoaa and
PTAcaa pAToad - Consequently, we have a total of 9 independent rank-four projectors.

In Appendices A and B we give projectors using different ways of parametrizing the scalar fields.
Parametrizing the field with a suitable number of indices, one is able to express the projectors
solely in terms of Kronecker deltas for both real and complex fields. These have the advantage of

being the most straightforward tensors one can write down.

4. Results in the £ expansion

The results of the previous section suffice to determine beta functions and anomalous dimensions

up to three loops following [22]. With the rescalings (A, g) — 1672(), g) and using N = 2mn, these

are
B = —e A+ (N +8)A2 +ag?, (4.1)
B = —cg+12XAg+3bg?, |
B = —3(3N +14) \* — L(5N +82) arg® —2abg?, (4.2)
4.2
BP = —(5N +82) \2g + mu\ﬂ — 17N +34)ag® —6b(6 \g*> + bg®) + 3e“h, g°,
and

B = %(33]\72 +922N + 2960) X* + 12(5N + 22)¢3 A*

\ —

(N? 4 500N + 3492) a \2¢* + 12(N + 14)(3 a A\ g?

ooh—t =
—~ <

27N + 470) abAg® + 48C3 abAg®

_ﬁ(7N2—33N+114)a '+ Bab* gt — Laeh, g* +3AG g4,

—1(13N? — 368N — 3284) X’g + 48(N + 14)(3 \%g
g( 3N 4 1334) b A%g? + 432¢3 b \*g?
7 (BN? +33N —50)aAg® + 156 6% Ag® — 42" hy Ag® + T2 A/a (3 Ag®
— W(n N? — 289N +626) abg® + 2 b°g* — 2(29be"hy, — 8" £, hy)g* + 12¢3c g*.

(4.3)
The ¢ anomalous dimension matrix is 41y with
2
7 = LN +2)(02 + Lag?) (4.4)

13in which case we will refer to the corresponding irrep as RSSR
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and

7 =~ LN +2)(N +8) 33 — L(N +2)(6arg® +abg?). (4.5)
Relevant operators quadratic in ¢ can be considered by extending (3.4) by
L= L4500 +5pi¢id5,  pi=0. (4.6)
The corresponding beta functions for o, p are then [22]
B =(N+2 A0, B ==3(N+2)(\+¢ag)o,
B3 = L(N 4 2)(12(5N + 37)A\° + (N + 164) a g’ + 27 abg’) o,

G
BtV = 2X pij + g Cijra pra »

2_
Boif? = — (N +10)A% — W ag®)pij — (4Ng + b G%) Cijri prt + 5 € Wit Pit »
2 _ 2_
Bpif® = = 1(3(BN? — 84N — 444)\? — BIAIN=E2 g 2 4 o ONES ab g%) py;
1

(3(9N +146)g A +192bg%N — W ag® +32b% g3 — 22€%h, g?’) Gijkl Pl

~/~ @

3°A+ 2bg*)e wuijk pr + 97 € fu Wo ikl Pr - (4.7)
In general, 8, = 7,0, but anomalous dimensions for p are determined by the eigenvalue problem
Gijkl Ukl = HV4j , W, ijkl Vkl = HuVij Vij = Vji, vy =0, (4.8)

requiring, using (3.8), (3.11) and (3.13),

N2:6uﬂu+bﬂ+%aa Nﬂu:fuvﬂv+huﬂa /lu,uv:e/uvw,UIerb/uvﬂJr%a/uv- (49)
The results (4.1)—(4.5) and (4.7), (4.9), for the appropriate a,b,c,e", f,/, h*, a.,, b, and €,",
apply to any scalar theory with a global symmetry group that has a unique rank-four symmetric
traceless primitive invariant tensor [22]. In this work we will focus on the two fixed points of (3.4),

labeled U, that preserve U(m) x U(n) symmetry.'* At leading order in the ¢ expansion,

1
MY = e (A £ By Ronn )
4 1)D
(T” 1) Do (4.10)
g:(tl): (an:F3V Rmn)57
2Dmn
where
Apn = 2m%n? + 14mn + m3n + mn® — 11m? — 11n® + 36, Bomn = m?n+mn? — 5m — 5n,,
Dyn = 2m®n? — 16mn + m>n + mn>® — 8m? — 8n% + 108, Ry = m? +n? — 10mn + 24.
(4.11)

There are two further fixed points of (3.4): the free theory and the O(2mn) model.
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The two fixed points coincide when R, = 0, in which case the upper bound of [25] on the
quantity A;jrAijr at leading order in the € expansion, namely A;jrAijn < %N€2, is saturated.
Using [26] we find that the Diophantine equation R,,, = 0 has an infinite number of positive
integer solutions given by (without loss of generality we assume m < n)

Mip1 =N;, Nip1 =—m;+10n;, 1=1,2,...,
(4.12)

The solution with smallest N is m =5, n =49, N = 490, since for m =1 g(il) is singular at n = 5.
When the Uy fixed points coincide they annihilate and move off to the complex (), g) plane as
discussed in section 2. The solutions (4.12) correspond to n™ of (2.2) at £ = 0.

To present results in compact form we will assume, without loss of generality, that m < n and
present anomalous dimensions in a large-n expansion up to three loops but at leading order in
1/n. The full unexpanded in n results are straightforward to compute with our methods and they

are included in an ancillary file. The anomalous dimension of ¢ is

_m. 9 13 _(m=1)(m+1), 5 4 3
Yot =g, (8 —18) Vo= e CH LR (4.13)
The dimension of ¢ at the fixed points Uy is equal to AL =1 — %e + v
For the ¢? operator (leading scalar in the irrep Seven above) we find
m m—1)(m+1
Vo4 = — —(3e— LB+ 37, Vo— = ( I )(35—%52—1—1—3653). (4.14)
n mn
Finally, for the p;;¢;¢; operators we find a decomposition into five distinct cases, with
_ ..M. 52, 3.3 _ b 2 _5)e —B5(m2—5)e2 4+ L(3m2 — 11)3
Vo1, + = € n(5 7T 16€7), Y- =€ mn[(m )e = 3(m )e” + 15(3m )],
_m 1.2 5.3 _(m-1)(m+1) 1.2 53
7p2,+—g(5—15 —165): o = n (-1 — 1),
Yogt = m(sz—ls?’) v, _:—i[s—l(m2+1)52+i(m2—5)53]
3, 4n, 4 ’ P3; mn 4 16 ’
_ 1 L — 912 — L 03 _m—1 L — 112 — L 53
Vort = [e+3(m—2)e? — s(m+4)e’], - = — [e+ (m—1)e? — z(m+5)e’],
1 m+1
Yoot =~ e~ 4 m A9 — km— 9], s = =T e~ Lm A 1)+ fym —5)eY].

(4.15)

These correspond to the leading scalar operators in the irreps RSeven, S Reven, RReven, 1 Teven,
AAgven above, respectively. The dimensions of the quadratic in ¢ operators at the fixed points U
are equal to Ay p+ =2 — €+ Y5 p,+. Since 75,4 and v,, + are equal to € at n — oo, there should
exist a large n expansion (independent of the ¢ expansion studied in this section) in which the
scaling dimensions of these operators at the corresponding fixed points go to 2 in the infinite-n

limit. In the next section, using the analytic bootstrap, we will compute the % corrections for d
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arbitrary. We will see that indeed the € and large-n expansions agree in their region of overlapping
validity. Our non-perturbative numerical bootstrap results in d = 3 below are also consistent with
the existence of the large-n limit.

When m = n from (4.11) we have R,,, = 8(3 —n?) and thus the ¢ expansion gives a unitary
fixed point for n? < 3.° For positive integer n this is only satisfied for the uninteresting case
n=1.

When m = n > 1 and we treat the two U(n) factors as indistinguishable, then the indices
u,v,w in (4.9) take only two values (as opposed to three in the m # n case). As a result, the
pij¢id; operators decompose into four distinct cases (as opposed to the five in (4.15)), due to the
fact that RSeven and SReven can no longer be distinguished. The anomalous dimensions of the
corresponding operators are real when n? < 3.

If we take m,n large with m/n held fixed, then we observe that Ay — = Ay 4, A +As 4 =d
and A, _ = A, 1 fori=1,...,5. Assuming m,n > 0 and n = am, then R,,, in (4.10), (4.11)
is positive when o < 5 — Qﬁm or a>5+ 2\/6\/@ If m is assumed large and
n > m, then we may focus in the region a > a. = 5+ 2v/6, where the fixed points Ui are unitary.
The value of a, has an ¢ expansion that follows from (2.2). As we will see below, the numerical
conformal bootstrap provides evidence that for large m,n the fixed points Uy either remain unitary
down to a. = 1 in d = 3, or their non-unitarities are small enough to still allow the bootstrap
to produce a kink. Lastly, let us mention that the results in (4.15) have the same strict double
scaling limit, & = m/n fixed with m and n large, with the corresponding results in [19], differing
only in subleading 1/n corrections. We will see this reflected in one of our plots later (see the

discussion around Fig. 8).

5. Results in the large-n expansion

In this section we use analytic bootstrap methods as outlined in [19, Sec. 3| to determine scaling
dimensions of operators at leading order in 1/n as a function of the spacetime dimension d.
Our basic assumption is that there exist auxiliary Hubbard—Stratonovich fields as leading scalar
operators in some irreps. This assumption can be verified a posteriori by means of a comparison
with the € expansion results of the previous section.

The essential ingredient needed for our application of the analytic bootstrap method is the

crossing equation. The four-point function of ¢ is written in the form

(G180 ) = s Z 1 Gr(u,v) (5.1)

12~T34

15This holds for € infinitesimal. When ¢ is finite, this value is expected to change.
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where Pzgkl are the projectors (3.18), u, v are the usual cross-ratios defined by

2 .2 2 .2
TYod TI,T

U= 52 34, v = %4 33, Tij = T — T, (5.2)

L1394 T13T24

and
2
Gr(u,v) = ZCWOIGAOI/OI (u,v), (5.3)
Or

with Ga ¢(u,v) the usual conformal block [27-29].16 The crossing equation follows from exchanging
operators at xo and x4 and can we written as
u\ Lo
Gr(u,v) = My () Gslv,u), (5.4)
where the explicit form of the 12 x 12 matrix Mj; is easy to work out and is included in an
ancillary file.

Imposing that the leading spin-two operator in the irrep Seven is the stress-energy tensor with
dimension d, and that the leading spin-one operators in the irreps RSo,qq and SRyqq are conserved
currents with dimensions d — 1, we may determine the dimensions of operators at leading order in
1/n in each of the Uy fixed points. Here we report only the leading scalar operators. We have

included operators of higher spin in an ancillary file. First let us define y = d/2 and

(1 —2)I'(2p — 1) sin(mp)

m = (5.5)
()l (e + 1)
At Uy we find, at leading order in 1/n,
mn 3d 1 2m
A — - 1 —_— = —
bt = +2n 24_37r2n7
2 —1)(2pu —1 16
Ag, =g 2=D@p=1)mm .y _ 16m
’ 2—p n 3m2n
2(u —1)%2mny 3d am
Apgy =2 £/ iy
RS+ 2—pu  n 3n2n’
pmom 3d 16m
A =2A —_ 21
SR+ ¢++2—Mn +37r2n’
3d dm
RR,+ o+ + 372,
Ko 3d 4(m+ 3)
A =2A — = =1
T+ o+ + 2—un + 3m2n
B 3d 4(m — 3)
A =204y — ———— =1 5.6
Ad+ AN W + 3m2n (56)
At U_ and again at leading order in 1/n we find
—1 1 1 2m—1 1
NN CER R Wl 2m—1m+1)
’ 2m n 2 3m2mn

160ur conventions for the normalization of the conformal block are those of [30].
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p(dp = 5)(m —1)(m + 1) m 3d ,  16(m—1)(m+1)

Ag_ =274 i <1
B o (2 —p)m n * 3m2mn ’
2 4p* —6p+1 4(m —2 2
Aps_ =2— —[(u—1)2m— 200+ 1m sdy  4(m—2)(m+ )’
’ 2—u m n 3m2mn
ASR_=2A¢_+”(m_1)(m+1)@ 9§1+16(m—1)(m+1)’
7 (2 —p)m n 3m2mn
KoM 3d 4(m — 2)(m + 2)
ARp_ =2Ay_ — ——— — 21
e ¢ (2—pmn * 3m2mn ’
p(m —1)m 3d 4(m —1)(m +4)
Arp_ =2A4 + 7= e
o = (2—p)mn * 3m2mn ’
p(m+1)m 3d 4(m —4)(m+1)
Apga_ =20y — ———— =1 . 5.7
A ’ (2=pmn * 3m2mn (5:7)

We have checked that the p-dependent results are consistent with (4.13), (4.14) and (4.15) when

expanded in ¢ with y =2 —¢/2. To our knowledge the large-n results presented here are new.

6. Numerical bootstrap results

We start this section by noting that in the various plots we will label bounds for U(m) x U(n)
theories by U, , for brevity. We emphasize here that, since our bootstrap bounds are obtained with
the four-point function of ¢ only, they apply to theories with U(m) x U(n), [U(m) x U(n)]/U(1),
and SU(m) x SU(n) global symmetry.!” For the case m = n we may treat the two U(n) factors
as distinguishable or indistinguishable and we will explicitly mention our choice in context. With
the latter choice those are bounds for theories with U(n)? x Zy global symmetry, and we will label
these by lA]nm in the corresponding plots.'® Whenever squares and circles appear in the plots, these
correspond to the location of the U, and U_ fixed points of the corresponding Lagrangian theories,
respectively, according to the large-n results (5.6) and (5.7). Straight lines connecting squares and
circles are added to illustrate that the connected fixed points correspond to the same m,n. It
is emphasized that the fixed points Uy are added in plots without examining the issue of their
existence as unitary fixed points. The parameters used in the numerics are discussed in Appendix
C. The crossing equations are included in an ancillary file.

In Fig. 2 we present bounds for the dimension of the first scalar operator in the RS irrep as a
function of the dimension of ¢. We work with U(2) x U(n) theories, but similar behavior is seen
in bounds at higher m. These bounds display sharp kinks at large n. Using our analytic large-n

results of the previous section, we see that the U_ fixed points are responsible for these kinks.!?

Y[U(m) x U(n)]/U(1) bounds are necessarily weaker than corresponding U(m) x U(n) bounds, but the two may

also coincide.
1877 (n) x U(n) bounds are necessarily weaker than corresponding U (n)? x Z2 bounds, but the two may also coincide.

19That being said, we observed that extracting the spectrum at e.g. the U(2) x U(20) kink, there was no sign of
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0.5 0.505 0.51 0.515 0.52 0.525 0.53 0.535

Fig.2: Upper bound on the dimension of the first scalar RS operator in the ¢ x ¢ OPE as a function of the
dimension of ¢. Areas above the curves are excluded in the corresponding theories. The locations
of the fixed points as predicted by the large-n results (5.6) and (5.7) for n = 5,10, 20 are also given
as squares and circles for the U, and U_ fixed points, respectively. (The lines between squares and

circles are added to illustrate that the corresponding fixed points have the same symmetry.)

An interesting question is whether there exists a kink in the U(2) x U(2) theory. The corre-
sponding Aprg bound is seen in Fig. 3. There we see that the Arg bound for the U(2) x U(2)
theory is much stronger than the Arg bound for the U(2) x U(3) theory. The difference is much
more significant than that between the U(3) x U(3) and U(3) x U(4) theories, which are also shown
in Fig. 3 for comparison. This indicates that the U(2) x U(3) theory is sensitive to a potential
fixed point which has no extension to the U(2) x U(2) theory. Indeed, a kink is clearly forming in
the U(2) x U(3) bound, while no kink at all is present in the U(2) x U(2) bound.?’ Comparing
with Fig. 2, it seems plausible that the kink in the U(2) x U(3) bound in Fig. 3 is due to the
corresponding U_ fixed point. Note that [6] estimated n'(2) = 4.373(18) in d = 3, which if correct
would imply that both U(2) x U(4) and U(2) x U(3) kinks in Fig. 2 correspond to non-unitary
fixed points.

the “¢*-type singlet with dimension Ag = 2 + O(1/n) expected from the large-n description. A similar observation
was made for the bound corresponding to the O(2) x O(10) anti-chiral fixed point in [19]. Let us also mention that
operators have been known to be missing from the extracted spectrum even in theories which are under very good
control in the numerical bootstrap, such as the Ising model. For example, in Figure 11 of [31], while the second and
fourth Z2-odd spin-0 operators are captured by the numerics and agree with perturbative estimates, the third operator
is not seen.

20We have obtained the U(2) x U(2) Ars bound up to A, = 0.7 and no kink is seen.
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Our conclusion from the Agg bounds is that the U(2) x U(2) theory does not have a unitary
U_ fixed point. This is consistent with expectations from perturbative methods [5,6]. We do stress,
however, that this does not in principle exclude some other fixed point of a different type for this
symmetry (e.g. a fixed point inaccessible through standard perturbation theory); see [9], [7] and

also our discussion below pertaining to Fig. 6.
Ags

2.4+

2.2 ¢

1.8 ¢
1.6 1
1.4 ¢

1.2 ¢

1 1 1 1 1 1 1 1 A¢
0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57

Fig. 3: Upper bound on the dimension of the first scalar RS operator in the ¢ x ¢ OPE as a function of the
dimension of ¢. Areas above the curves are excluded in the corresponding theories. The U(2) x U(2)
and U(3) x U(3) bounds are obtained assuming the two factors of the global symmetry group are
distinguishable. The location of the fixed points Uy (square) and U_ (circle) as predicted by the
large-n results (5.6) and (5.7) for the U(2) x U(3) theory are also shown. (The line in between is

added to illustrate that the corresponding fixed points have the same symmetry.)

In Fig. 4 we plot bounds for the dimension of the first scalar operator in the SR irrep as a
function of the dimension of ¢, again for U(2) x U(n) theories for various values of n. Here we do
not see kinks as sharp as those of Fig. 2, but at large n we do observe changes in slope that are
saturated by the Uy fixed point. This is more clear for the U(2) x U(20) theory in Fig. 5, where
we plot bounds on the dimensions of the leading operators in all five scalar non-singlet irreps that
appear in the ¢ x ¢ OPE. The blue circle in each plot in Fig. 5 corresponds to the O(80) model,
which saturates the Agrgr, Arr and Ay bounds. Note that the Appr bound in Fig. 5 is saturated
both by the O(80) model and U_ for different values of Ay, without sharp kinks in either case.

In Fig. 6 we plot bounds on the leading scalar non-singlet operators in the case of U(2) x U(2)
symmetry with the O(8) fixed point marked in blue. As we have already mentioned, the Agrg
bound does not display a kink, which is interpreted as the absence of a unitary Uy fixed point

for m = n = 2. However, the A4 bound displays a kink around Ag = 0.53. This kink was first
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observed in the O(2) x O(4) studies of [7,19] (see [7, Fig. 3] and [19, Fig. 3]).%!

In Fig. 7 we plot bounds on the leading scalar non-singlet operators for 3D CFTs with
U(3) x U(3) symmetry. The O(18) fixed point is marked in blue. Here we observe no kinks at all,
indicating that the Uy fixed points of the € expansion do not appear to survive as unitary fixed

points for m =n = 3.

Ag
14 ¢
Us3
1.3 | Uz4
Uss
1.2 +
—Us10
— U320
1.1+
@
1 . . . . . . { A¢
0.5 0.505 0.51 0.515 0.52 0.525 0.53 0.535

Fig. 4: Upper bound on the dimension of the first scalar SR operator in the ¢ x ¢ OPE as a function of the
dimension of ¢. Areas above the curves are excluded in the corresponding theories. The locations
of the fixed points as predicted by the large-n results (5.6) and (5.7) for n = 5,10, 20 are also given
as squares and circles for the U, and U_ fixed points, respectively. (The lines between squares and

circles are added to illustrate that the corresponding fixed points have the same symmetry.)

%' The bounds in Fig. 6 are valid for 3D CFTs with either U(2) x U(2) or [U(2) xU(2)]/U (1) =~ SU(2)x SU(2) xU(1) =~
SO(4) x SO(2) global symmetry. The fact that the As4 bound in Fig. 6 coincides with a bound obtained for 3D
CFTs with O(4) x O(2) global symmetry means that 3D CFTs with U(2) x U(2) symmetry, should any exist, lie in the

allowed region of the A4 4 bound.
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Fig.5: Upper bounds on the dimensions of the first scalar operators in the various irreps that appear in the
¢ x ¢ OPE as functions of the dimension of ¢ for U(2) x U(20) global symmetry. The blue circle
marks the location of the O(80) fixed point, which for all plots in the vertical axis is given by the
dimension of the leading scalar two-index traceless symmetric operator in that theory. The UL fixed
points are also shown as green circles (U_) and squares (U, ), connected by a thin line to indicate that

they have the same global symmetry. Areas above the curves are excluded.
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Fig. 6: Upper bounds on the dimensions of the first scalar operators in the various irreps that appear in the
¢ x ¢ OPE as functions of the dimension of ¢ for U(2) x U(2) global symmetry, where the two U(2)
factors are considered distinguishable. The blue circle marks the location of the O(8) fixed point,
which for all plots in the vertical axis is given by the dimension of the leading scalar two-index traceless
symmetric operator in that theory. Areas above the curves are excluded. The Aggr bound is identical

to the Agrg one.
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Fig. 7: Upper bounds on the dimensions of the first scalar operators in the various irreps that appear in
the ¢ x ¢ OPE as functions of the dimension of ¢ for U(3) x U(3) global symmetry, where the two
U(3) factors are considered distinguishable. The blue circle marks the location of the O(18) fixed
point, which for all plots in the vertical axis is given by the dimension of the leading scalar two-index
traceless symmetric operator in that theory. Areas above the curves are excluded. The Aggr bound is

identical to the Aprg one.

From our results so far it appears that the Uy fixed points of the ¢ expansion are not of
importance for the chiral phase transition of two- and three-flavor massless QCD. Using our setup
we can extend this question to QCD with (parametrically) many massless flavors. In Fig. 8 we
present bounds on the dimension of the leading scalar operator in the RSSR irrep, where we
assume m = n and that the two U(n) factors are indistinguishable. We have also obtained Agrg
and Agpr bounds assuming that the two U(n) factors are distinguishable, which are identical
between themselves and differ slightly from the ones shown in Fig. 8 only for n = 2,3. For large n
the Agrg, Aggr bounds coincide with the corresponding Agrgssr bound of Fig. 8. As we observe,
despite the absence of a kink for low n a kink is clearly seen at large n.?? From Fig. 9 we expect
this kink to be due to the U_ fixed point.

We note that the m = n = 100 bound in Fig. 8 is essentially identical to the one in [33, Fig.
12]. This explains the origin of the kink seen in that bound. Note that the operator Ziajb in that

22\ similar situation has been encountered in the bootstrap of four-point functions of scalar adjoint operators in 3D
CFTs with SU(N) global symmetry [32, Fig. 2].
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work is equivalent (when a,b=1,2) to a bifundamental operator ¢;; of O(n) x O(n) in the case
where the O(n) factors are indistinguishable. Then, following our discussion at the end of section

4, it becomes clear why these bounds can coincide at large n.

ARssr

1.8 ¢

1.6 |

U100,100 ~_
U1000,1000 ~ Uto,10
14 |

1.2 ¢

1 . . . . . . { A¢
0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57

Fig. 8: Upper bound on the dimension of the first scalar RSSR operator in the ¢ x ¢ OPE as a function of
the dimension of ¢. The global symmetry group for the various bounds here is U(n)? x Zy. Areas

above the curves are excluded in the corresponding theories.
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Fig.9: Upper bound on the dimension of the first scalar RS operator in the ¢ x ¢ OPE as a function of

the dimension of ¢. The Uigoo,1000 bound has been obtained treating the two U(1000) factors as
distinguishable; however, it is identical to the 5'1000’1000 bound in Fig. 8. Areas above the curves
are excluded in the corresponding theories. The location of the U(100) x U(1000) U_ fixed point as
predicted by the large-n results (5.7) theory is also shown. The U(100) x U(1000) U, fixed point is at

the same location.
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Fig. 10: Upper bounds on the dimensions of the first scalar operators in the various irreps that appear in the
¢ x ¢ OPE as functions of the dimension of ¢ for U(1000) x U(1000) global symmetry, where the
two U(1000) factors are considered distinguishable. Areas above the curves are excluded. The Agpr

bound is identical to the Agrs one.

The (/]\1000’1000 kink in Fig. 9 (which is identical to the Arg kink in Fig. 10) is also relevant
for the possible existence of a U(m) x U(n) 3D CFT at m,n large with m/n fixed and close to
1. As we discussed at the bottom of section 4, when m,n are both large but m/n is sufficiently
small, the Uy fixed points are unitary. Since the kink in Fig. 9 survives as we increase the ratio
m/n towards 1, we may conclude that either the Uy fixed points survive as unitary fixed points in
that case, or the possible non-unitarities are too small to stop the kink from forming. Therefore,
QCD?? with 1000 massless flavors may undergo a (near) second order chiral phase transition due
to the presence of the Uy fixed point. It would be interesting to compute the value of n*(1000) in
the e expansion using the results of |6] and see which of the two pictures it corroborates. If the
fixed point is indeed non-unitary this could give us a quantitative measure?® of the sensitivity to
non-unitarities in the bootstrap.

Let us comment on Fig. 10. We have already discussed the kink in the Agrg bound. We
additionally observe that the Agrg, A7, Aa4 bounds essentially coincide. This coincidence is also

230r, more appropriately, Yang-Mills theory with a sufficiently large number of colors if one wants it to be confining.

24Gince one may tune the size of the non-unitarity by tuning 1/n.
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seen in the large-n results (5.6) and (5.7) when we take m large and equal to n, although taking
m large in those results is not justified. We have also compared with the large-m,n O(m) x O(n)
results of [19] and we find the same set of scaling dimensions.

In Fig. 11 we show the RS exclusion bound for m = 3 fixed and increasing n. At large n these
bounds have kinks that are saturated by the corresponding U, fixed points. For n = 3,4 no kinks
are found up to Ay = 0.54, and so we expect n(3) > 4. Nevertheless, the U(3) x U(3) bound
does have a kink as we see in Fig. 12. This kink appears to be unrelated to the Uy fixed point
of the ¢ expansion. As we see from Fig. 13 this kink disappears as we increase n with m = 3
fixed. Its relevance for the nature of the chiral phase transition of QCD remains to be seen, but
its existence opens the possibility that it may be second order. We stress, however, that this fixed
point need not necessarily be due to a multi-scalar theory, but may also be due to a gauge theory
or a Gross-Neveu-Yukawa (GNY) theory.?’

Ars — Uz 0
591 —Us o
9|
18 | Uz
1.6 | Us,3
1.4 ¢
1.2 ¢+
1 Ag

05 0505 051 0515 052 0525 053 0535  0.54

Fig. 11: Upper bound on the dimension of the first scalar RS operator in the ¢ x ¢ OPE as a function of the
dimension of ¢. Areas above the curves are excluded in the corresponding theories. The locations of
the fixed points as predicted by the large-n results (5.6) and (5.7) for n = 3,4,10, 20 are also given
as squares and circles for the U, and U_ fixed points, respectively. The lines between squares and
circles (for n = 10,20) are added to illustrate that the corresponding fixed points have the same

symmetry. These plots were run with parameters “D” in Appendix C.

25 As it is located at values of Ay larger than the typical ones expected for multi-scalar theories (0.5 4 corrections).
We remind the reader that, for example in GNY theories, one obtains a correction to the anomalous dimension of ¢ an

order earlier in perturbation theory (at one loop instead of two loops as in a pure scalar field theory).
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Fig. 12: Upper bound on the dimension of the first scalar RS operator in the ¢ x ¢ OPE as a function of the

dimension of ¢. The area above the curves is excluded.
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Fig. 13: Upper bound on the dimension of the first scalar RS operator in the ¢ x ¢ OPE as a function of the

dimension of ¢. Areas above the curves are excluded in the corresponding theories.
Before concluding, let us discuss a few more plots that present features which may be of interest

to the bootstrap in general. In Fig. 14 we present bounds on operators in various representations

of the global symmetry for the U(3) x U(20) CFTs. There are a couple of features that stand
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out. Firstly, the exclusion bound for the [ =1 RR operator is almost exactly saturated by the
U_ fixed point, even though the plot is essentially a straight line, absent of even the mildest
feature. Secondly, the bound on the [ = 0 T'T operator is also saturated very well by the U, fixed
point, albeit in this case it does have a very minor feature (a very minor change of slope). In
fact, throughout this work, we found that the T'T" bound was always saturated very well by the
analytic predictions despite only having a very weak feature. These examples show that a lot of
mundane looking bootstrap plots may actually be much richer than initially thought. To reiterate,
we saw explicitly that the TT" bound is saturated by not just one, but two fixed points. Lastly, in
Fig. 15 we plot the T'A exclusion bound as a function of increasing spin. For [ = 1 we see that
the bound is saturated by the U_ fixed point. Then, at [ = 3 the bound is almost saturated by
three distinct fixed points, again despite having no feature. As the spin is further increased the

agreement becomes progressively worse, which may be due to loss of constraining power.
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Fig. 14: Upper bound on the dimension of various operators in the ¢ x ¢ OPE as a function of the dimension

of ¢ for m = 3 and n = 20. The spin of each operator is labeled by a superscript. Areas above the
curves are excluded in the corresponding theories. The locations of the fixed points as predicted by
the large-n results (5.6) and (5.7) are also given as squares and circles for the U, and U_ fixed points,
respectively. The lines between squares and circles are added to illustrate that the corresponding
fixed points have the same symmetry. The blue circle marks the location of the O(120) fixed point.

The first two plots were run with parameters “B” and the rest with parameters “C” in Appendix C.
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Fig. 15: Upper bound on the dimension of AT operators of various spins in the ¢ x ¢ OPE as a function of

the dimension of ¢ for m = 3 and n = 20. The spin of each operator is labeled by a superscript.
Areas above the curves are excluded in the corresponding theories. The locations of the fixed points
as predicted by the large-n results (5.6) and (5.7) are also given as squares and circles for the U
and U_ fixed points, respectively. The lines between squares and circles are added to illustrate that
the corresponding fixed points have the same symmetry. The blue circle marks the location of the

0(120) fixed point. These plots were run with parameters “B” in Appendix C.

7. Discussion and future directions

In the present work we performed a comprehensive study of U(m) x U(n) symmetric CFTs. This

included perturbative computations in the ¢ =4 — d and large-n expansions, and non-perturbative

computations with the numerical conformal bootstrap in d = 3. When m = n we analyzed the

cases where the two U(n) factors in U(n) x U(n) are considered distinguishable or indistinguishable.

Our study was motivated both by phenomenological applications to the chiral phase transition of

massless QCD, as well as purely field theoretical considerations.

For

the phenomenologically interesting values of m = n = 2 for two-flavor massless QCD,

we found that as n is lowered from n = 3 to n = 2 with m = 2 fixed (see Fig. 3), there is a

large change in the corresponding bootstrap bound. More specifically, the bound becomes much

stronger (i.e. it excludes much more of parameter space) and lacks a kink that existed for larger
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values of n (see Fig. 2). This could be explained by the disappearance of a unitary fixed point
as we lower the value of n, such that the bootstrap may then exclude the region in parameter
space originally occupied by that fixed point. If so, whatever fixed point was responsible for the
feature in the U(2) x U(n) exclusion bounds for large n, cannot exist for U(2) x U(2). We stress,
though, that this does not exclude the possibility of some other U(2) x U(2) fixed point. For
example, novel fixed points with O(n) x O(2) symmetry were reported in [34] (remember that
0(4) x O(2) ~ SU(2) x SU(2) x U(1)). Indeed a kink is observed in the A44 bound of Fig. 6,
which may be attributed to a unitary CFT unrelated to the fixed points found in the € expansion.
The Aga bound of Fig. 6 is identical to a bound obtained for 3D CFTs with O(4) x O(2) global
symmetry [7,8,19]. We note that recently [10] found the O(4) x O(2) transition to be first order.

For m =n = 3, a case relevant for the chiral phase transition of three-flavor massless QCD, we
also observe a pronounced kink in our bootstrap bound; see Fig. 12. Therefore, our work produces
evidence that this transition may be second order.

On the field theoretical side, we observed that computations in the large-n limit provided very
accurate predictions for the scaling dimensions of numerous operators; see e.g. Fig. 5. Additionally,
we found that large-n results saturated bootstrap bounds, even in the complete absence of kinks.
Another interesting observation is that in Fig. 9 the unitary m = 100,n = 1000 fixed point seems
to evolve into the m = n = 1000 fixed point as m is increased. One interpretation of this is that for
large m,n a unitary U(m) x U(n) CFT exists even when m/n — 1. An alternative interpretation
is that in the limit m/n — 1 with n — oo the non-unitarities become suppressed enough for the
bootstrap bound to display a kink. Note that the double scaling limit reported in this work also
exists in the results of [19].

Given our results, it would be interesting to extend the existing perturbative data available
for these theories. More precise perturbative predictions could allow us to follow theories from
infinitesimal values of the control parameter to the physically interesting values (e.g. ¢ = 1 or
m =n = 2,3). For example, in [31] in the case of the Ising model within the context of the e
expansion, the perturbative data was found, a posteriori, to be a very accurate description of the
full non-perturbative theory (at least in the absence of operator mixing). The extension of results
for U(m) x U(n) theories in the € expansion to higher order in perturbation theory and more
operators is possible with the results of [24]. Extension of our large n results to higher orders
would also be desirable, especially seeing the usefulness of even leading order results, when used
in conjunction with the numerical bootstrap. On the numerical side, we would like to be able
to precisely pinpoint the values of m and n which separate the different regimes of fixed points

(which we discussed in section 2).
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Appendix A. Kronecker tensor structures for complex fields

In this appendix we demonstrate how a product of two operators can be decomposed onto irreps
of U(m) x U(n) in the picture where we work with complex fields. For simplicity we will start
with just U(n). The generalization to U(m) x U(n) is trivial. The main utility of working with
complex fields is that the projectors take their simplest form possible, namely as combinations of
Kronecker deltas with the least number of indices possible. The real field picture can also have its
projectors expressed in terms of Kronecker deltas, albeit at the cost of more indices. We hope that
presenting our projectors in three different pictures will make our work more intuitive. In order to
capture all irreps that can appear in the real field notation, and hence not miss any information in
the bootstrap algorithm, we need to consider two OPEs, namely <I>;r x ®; and ®; x ®;. Below we
show how they may be decomposed onto irreps:

o x 0 ~ (@)@, - %51-]@2@,{7) + %&jqﬁ@k, o

Q; X O~ (D5 + O;P;) + (PP — 2;Dy).
The first line in (A.1) shows the decomposition into the adjoint (R) and singlet (S) representations,
where as the second line shows the decomposition into the symmetric (7') and antisymmetric

representations (A). To read off the projectors from (A.1) it is useful to remember

OX

ij

where O is the exchanged field in some irrep, e.g. OT, ~ @05 + ®o®;. The first relation in (A.2)

X X
~ P Pr®y, Oj;

X
~ P00, (A.2)
can be used to read off the T" and A projectors, whereas the second can be used for S and R.
Notice that we have implicitly assumed that fields are inserted at different positions in order for

antisymmetric irreps to not vanish identically. The projectors can be read off as?®

)

1 1
P = 55@5% Pl = 6idj — E‘Szj(skl’ (A.3)

26Note that we take the correlator to be <‘1)1‘L¢'j @kd)j) which is why the projector of the adjoint representation is

equal to i};':kl = 5ik5jl — %61']'51“ instead of Pz};kl = 5il(5jk — %6”(51@1
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1 1
Pl = 5 Oikdj + dadje) Pl = 5 Oikdj = dadjk) (A.4)

The dimensions of the corresponding irreps are (1,(n — 1)(n +1),in(n+ 1), 3n(n —1)). As the
reader may have observed from the main text, or the next appendix, when going from the complex

field picture to the real field picture the above dimensions get multiplied by a factor of 2. For

( D n(n+1)
2

example becomes n(n + 1). This is because each of the initial complex elements

contains two real elements. The last step now is to write down the projectors for U(m) x U(n).

This is trivial, in the sense that they are just products of U(m) with U(n) projectors. We have

pPS PS.pPS PRS = PR ps PSE = PS5 PR

ijklmnop — L7ijkld mnop » ijklmnop — * ijkl* mnop > ijklmnop — * ijkl* mnop >
R T
Pwklmnop P’ijlenop ’ PZ]klmnop P’ijlpmnop ’ PZ]klmnop P’ijlpmnop ’ (A5>
T A
Pz]klmnop ‘szklenop ’ Pz]klmnop ‘szklenop

The sum rules that can be derived with the above projectors can be checked to be completely
equivalent to those derived from the projectors of real fields outlined in the main text. Another
observation is that, compared to real fields, we do not need separate projectors for even and odd

spins.

Appendix B. Kronecker tensor structures for real fields

The projectors that correspond to a four-point function of real fields can be intuitively presented
in terms of Kronecker deltas if we add an additional index. This form is useful since one may
directly extract the form of exchanged operators, as we will show. The form of exchanged operators
is useful to know since it can guide us with respect to assumptions we may impose. Also, we
expect it to be easier to work with in a mixed correlator system. We start by labeling the real

and complex parts of an operator ®; with an index (we start with U(n) for simplicity)
_ 41 . 12
Qi = ¢y +1i97, (B.1)

where the upper case ® denotes the complex operator and the lower case ¢ denote real fields. We
must now simply plug in (B.1) to the expressions for the representations of the previous appendix.
For simplicity we will do this for the singlet representation, and then quote the results for rest
of the representations. Note that implicitly we consider the two external fields of the OPE at

different positions, for otherwise the antisymmetric combinations would vanish identically. We have

OID, = (¢} + 9267) + i(dLo? — P201), (B.2)

where the first parenthesis corresponds to what was called Seyen in the main text, and the second

parenthesis corresponds to what was called Sogqq. As expected Soqq vanishes identically if we don’t

33



insert powers of derivatives between the operators. The projectors are now very straightforward to

write down by recalling the relation

O’Lj ab = zjkl abcdq5 ¢j ) (B3)

where X stands for some specific irrep and indices from the beginning of the latin alphabet take
the values 1,2. Notice that (B.3) is simply the statement that projectors must project products of

operators onto irreps. We have

S ven ..
Pzﬁcleabcd m 5ab§cd51j Okl »

1
Pg(l);lldabcd m (5ac(5bd - 5ad5b0)5ij O -

Indeed, one may confirm that, for example,

SCVCD 2 2 SCVCI] d

Ot ~ (107 + 9707) ~ Pri1ca ol - (B.5)
This procedure can be repeated for the rest of the irreps. The resulting projectors are

Seven ..
F)z]kl -abed — m 5abécd6w 5kl )

1

szlidabcd m (5ac(5bd - 5ad5bc)5ij5kl y
1

P;;lzf;bcd 5ab‘scd <5z‘k5jl - ﬁ@'j&cl) s

1
I)Z]]%lz?ccilbcd %(5(1051)(1 - 6ad6bc) <5ik5jl — ﬁéwékl) ,

R??fgbcd 2 (8ac0bd + Saadve — Sapded) (Sikdji + 6udj1) ,
P, o= 1(0acObd + Saadbe — Sabdea) (Dikdjt — Gudjy)

The dimensions of the corresponding irreps are (1,1,(n—1)(n+1),(n—1)(n+1),n(n+1),n(n—1)).

Using the above expressions, it is now trivial to write down the U(m) x U(n) projectors:

Seven Seven Seven Sodd Sodd
ijklmnop;abedefgh — Pijkl;abcd Pmnop efgh + ngl ;abed ™ mnopsefgh

Sodd chcn Sodd Sod chcn
ijklmnop;abedefgh — ‘Pijkl;abcd Pmnop;efgh + ijl ;abed Pmnop;efgh )
RSeven PReven PSeven PRodd Sodd
igklmnop;abedefgh — © ijkl;abed™ mnop;efgh ijkl;abed™ mnopsefgh
RS dd R, S R dd S
zjkl?nnop,abcdefgh Pijlz‘l/;e;bcdpmnop ;efgh szlgl abchm?r:;; sefgh?
SRcvcn chcn Rcvcn Sodd
ijklmmnop;abcdefgh — ‘Pijkl;abcdpm’rwp'efg PZ] ki, abchmnop sefgh?
SRod Seven Ro d Sodd Reven
ijklmnop;abedefgh — Pijkl;abcdpmnop sefgh Pz]kl abchmnop‘efgh ’
RR R R Roda Roa
zjkli;;‘;nop,abcdefgh P.ijl?l/;ec?bcdpmz‘s;;efg szlgl abchmnop,efgh )
RRodd PRcvcn PRodd PRodd PRcvcn
ijklmnop;abedefgh — * ijkl;abed™ mnop;efgh ijkl;abed™ mnop;efgh ?
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Tchcn — Pchcn chcn
ijklmnop;abedefgh — * ijkl;abed™ mnop;efgh ?

TAodd Teven Aodd

i7klmmnop;abcede f gh = Pijkl;abcdpmnop;efgh ’
ATodd — PAodd Teven
ijklmnop;abedefgh — © ijkl;abed™ mnop;efgh ?

AAeven _ PAodd Aodd
ijklmnop;abedefgh — © ijkl;abed™ mnopsefgh *

(B.7)

From these expressions we can also see explicitly that when m = n, if we choose to consider the
two U(n) symmetries as indistinguishable (which we remind the reader is not strictly necessary),

the RS irreps become the same as the SR irreps. The same also happens for TA and AT.

Appendix C. Numerical parameters

For most of our plots, the bounds are obtained with the use of PyCFTBoot [30] and SDPB [38]. We
use the numerical parameters m_max = 6,n_max = 9,k_max = 36 in PyCFTBoot, and we include
spins up to 1_max = 26. The binary precision for the produced xml files is 896 digits. SDPB is run
with the options --precision=896, --detectPrimalFeasibleJump, --detectDualFeasibleJump
and default values for other parameters. We refer to this set of parameters as “A”. Unless otherwise
stated, our plots are run with parameters “A”.

For some of the plots we used m_max = 5,n_max = 7,1_max = 36,k_max = 42 and m_max =
6,n_max = 9, 1_max = 36, k_max = 42, referred to as “B” and “C” respectively. Lastly, we also used
gboot [39], with A = 15, n_max = 500, v_max = 25 and | = {0-49, 55, 56, 59, 60, 64, 65, 69, 70, 74, 75,
79,80, 84,85,89,90} referred to as “D”.
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