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Understanding flux string dynamics can provide insight into quark confinement and hadronization.
First-principles quantum and numerical simulations have mostly focused on toy-model Abelian lat-
tice gauge theories (LGTs). With the advent of state-of-the-art quantum simulation experiments,
it is important to bridge this gap and study string dynamics in non-Abelian LGTs beyond one
spatial dimension. Using tensor network methods, we simulate the real-time string dynamics of
a 241D SU(2) Yang—Mills LGT with dynamical matter. In the strong-coupling regime and at
resonance, string breaking occurs through sharp Casimir reduction along with meson and baryon-
antibaryon formation, a distinctively non-Abelian feature. At finite baryon density, we discover a
baryon blockade mechanism that delays string breaking. Away from resonance, the magnetic term
drives purely non-Abelian fluctuations: glueball loops and self-crossed strings that resolve two SU(2)
intertwiners with distinct dynamics. For higher-energy strings, we uncover representation-dependent
tension-reduction resonances. Our findings serve as a guide for upcoming quantum simulators of

Real-Time String Dynamics in a 2 + 1D Non-Abelian Lattice Gauge Theory:
String Breaking, Glueball Formation, Baryon Blockade, and Tension Reduction

non-Abelian LGTs.

Introduction.—In non-Abelian gauge theories such
as quantum chromodynamics (QCD), confinement mani-
fests as color-electric flux strings between static charges;
at large separations, these strings can break by produc-
ing dynamical matter, thereby flattening the heavy-quark
potential and directly connecting to hadronization [1-3].
Such phenomena lie beyond perturbation theory and in-
spired the development of lattice gauge theories (LGTs)
[4, 5] in both Lagrangian [6, 7] and Hamiltonian formula-
tions [8]. Although Euclidean path integral Monte Carlo
(MC) methods for LGTs [9-12] have delivered bench-
mark results on confinement [13-15] and static potential
[16], exploring finite-density regimes and real-time dy-
namics has presented significant challenges. There, MC
methods suffer from sign problems that obstruct impor-
tance sampling and analytic continuation [17-19].

These challenges have motivated alternative Hamilto-
nian approaches to LGTs that underlie the current ma-
jor effort to quantum-simulate high-energy physics [20—
36], with recent years witnessing a large collection of
impressive LGT quantum simulation experiments [37—
83]. In parallel to this body of experimental work, com-
plementary and benchmarking studies of Hamiltonian-
formulated LGTs have been performed using classical
variational methods such as tensor networks (TNs) [84-
89]. In the last two decades, they have provided fun-
damental contributions to static properties [90-97] and
real-time dynamics of Abelian [98-114] and non-Abelian
[115-119] LGTs.

In particular, recent TN simulations have uncovered
new string dynamics phenomenology in 2 + 1D Abelian
LGTs, from the roughening transition [120, 121] to string
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FIG. 1. Real-time string dynamics in a 2+1D SU(2)
LGT. On a square lattice with staggered SU(2) dynamical
matter fields on sites and SU(2) gauge fields on links, a generic
string is created by connecting two static background SU(2)
charges within a (gray) patch. In a strong-coupling regime,
the string undergoes two scenarios: (a) string breaking (and,
more generally, tension reduction), where string links down-
grade their Casimir j — j — %, allowing for meson and baryon
creation; (b) string oscillations, where magnetic effects allow
for glueballs and self-crossing strings. This scheme is for il-
lustration purposes only; throughout this work, we consider
a 4 x4 string patch on an 8x 8 lattice.

breaking [112, 113, 122], accompanied by various quan-
tum simulation experiments in 141D [74-76] and 2+ 1D
[71-73]. These results provide a concrete blueprint for
nonequilibrium higher-dimensional LGT dynamics and
motivate exploring this physics in non-Abelian models,
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where real-time string dynamics with dynamical matter,
especially at finite density, has so far only been inves-
tigated in one spatial dimension [115, 123], and where
quantum simulation proposals are emerging [63, 124—
128].

Our current work advances this frontier. Using tree
tensor networks (TTNs), we simulate real-time string dy-
namics of a 2+ 1D SU(2) Yang-Mills LGT with dynam-
ical matter at system sizes and timescales beyond cur-
rent quantum-computing capabilities, while retaining ab
initio gauge invariance (also with background charges)
and controlled access to finite-density sectors. We un-
cover purely non-Abelian signatures in two spatial dimen-
sions, including baryon-antibaryon production at break-
ing, slowed-down breaking in finite density regimes, and
intertwiner-resolved self-crossed strings away from break-
ing resonances. In addition, for strings with nonmini-
mal energy, we reveal representation-dependent tension-
reduction phenomena. These results connect real-time
SU(2) string dynamics in 241D to qualitative features
relevant to 3+ 1D QCD. They further provide con-
crete targets for near-term quantum simulators and next-
generation TN methods for non-Abelian LGTs beyond
one spatial dimension.

Model.—To detect non-Abelian features of string
breaking, we consider the SU(2) Yang-Mills LGT with
flavorless dynamical matter [96, 117-119] on a 241D
square lattice A containing N sites with indices n =
(ng, ny) and lattice spacing ag. Correspondingly, the lat-
tice link connecting two neighboring sites n and n + g,
along the direction k¥ € {z,y} is denoted by (n, ;).
This model is described by the following Kogut—Susskind
Hamiltonian [8] with staggered fermions [129]:

H=-w Z [“/’ g+p1¢n+ﬂz7ﬁ
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The first term describes the staggered hopping interac-
tion, with w = 2 , between quark matter fields liv-
ing on nelghbormg s1teb and SU(2) gauge fields on the
links in between. The quark field is represented as
a staggered fermion 1[111’,1, which satisfies the canoni-

(1)

cal anticommutation relations {1/}n7a,1/311,75} = On,n' 00,3
and {z/;n,(,,@/}n/ﬁ} = 0 [129], where the «,f indices
live in the fundamental SU(2) irreducible representa-
tion (irrep). The local matter basis is given by:
{19, 91 19), 9119, 915 1)}, where [©) represents an
empty matter site, while {r, g} are shorthand notations
for {£1}, and j is implicit [96, 117-119]. Matter fields

have a corresponding staggered mass-energy term with
coupling m. The last two terms of Eq. (1) represent the
(chromo) electric and magnetic gauge-field energies cou-

pled with gg =32 and gp = respectively, where gq

2g§a0 ’
is the gauge couphng.

Here, we express gauge link states in the chromo-
electric basis |j, mr, mr), where j € N/2 indicates the
spin irreps and mg, mr, € {—J,...,+j} label the states
within the spin shell j. On this basis, the link en-
ergy density operator is diagonal and coincides with the
quadratic Casimir, E2|j,my, mg) = j(j+1)|j, mw, mg)
[130]. Correspondingly, the magnetic energy density is
expressed in terms of a four-body plaquette operator
Un = Sap,0 Ustie, Ut o, Onessy i, U, n this
study, we truncate the infinite-dimensional gauge fields
[96] to j € {0,3,1} retaining the states that can be
reached from the singlet |j=0, mLme 0) by apply-
ing the parallel transporter U*? at most twice. Such
an approximation is perfectly reasonable in the confined
phase, where strings and their breaking are well-defined.

Non-Abelian SU(2) gauge invariance is then locally im-
posed with SU(2) generators G,, = (GZ, GY, G2) satisfying
Gn |¥ibn1) = bn |¥ip, 1), ¥n € A, where by is the back-
ground charge at lattice site n. Using a dressed-site ap-
proach [96, 117-119], we defermionize [131] the original
LGT and build a local Hilbert space that retains only
those states that satisfy Gauss’s law. In the hardcore-
gluon approximation (i.e., jmax = Jb = %), we have a
30-dimensional local basis for each site with zero back-
ground charge |j, =0, m, =0), and with a 42-dimensional
local basis on each of the two lattice sites where we
place the static background charges {|jb: %, mb::i:%)}.
When jmax = jp = 1, we have a 317-dimensional ba-
sis for each site with a static background charge and a
168-dimensional basis for each site with zero background
charge; see Supplemental Material (SM) [132].

String initialization.—To study the real-time string
dynamics of the model, we focus on the strong-coupling
regime of Eq. (1), gg, m>gp,w, where the electric term
dominates and spontaneous matter creation and plaque-
tte dynamics are suppressed. On top of a bare vacuum
configuration with empty even and doubly occupied odd
sites [118], we set the initial string state [¢) placing two
static SU(2) background charges j, = 3 within a patch
centered in the lattice bulk and connecting them by a

path of active j=3 links (see Fig. 1 for a sketch).

Then, to detect string breaking, we measure the over-
lap Pr=|(tk[1>(t))]? of the time-evolved wave function
[9(t)) =e~ |1y with any flux configuration |+, of the
same length as the string of the initial state |1)g). Cor-
respondingly, we track the expectation value of local ob-
servables (O) = (1(t)|O](t)) at any time ¢, properly nor-
malized by the number of lattice sites (Npaten) or links
(Lpaten) in the patch of the string. In particular, we focus
on the quadratic Casimir operator and particle densities,
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FIG. 2. String breaking vs. oscillations. String dynamics
starting from a minimal L-string. String breaking at the res-
onance m = £ g manifest in the (a) decay of string-manifold
overlaps over time, (b) decay of the Casimir and increase in
the populations of mesons and baryons, defined in Eq. (2),
and (c) a rapid continual growth in the entanglement entropy.
Out of resonance, persistent string oscillations appear where
(d) the probability of being in a string is always close to unity,
(e) matter creation is suppressed, and (f) entanglement en-
tropy saturates at later times.

such as mesons and (anti)baryons:
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which are defined by means of the local number occu-
(0] (2]

pation operators: (zero) (pn') = 1— (ﬁy) —(pn"), (sin-
8le) (ph') =30 (¥ atn.a) ~2(pn), and (double) (') =
<7/A)L,-7/A1n,r1/;;ﬂ’gz/3n,g>. Ultimately, we measure the bipartite
entanglement entropy S=—Tr[g log 04], where g4 is the
reduced density operator of half the system. Throughout
this work, all the results are obtained from TTN simula-
tions of time evolution under Eq. (1) on an 8 x 8 lattice
and a 4 x4 patch setting the couplings gp = w = 1.
String breaking.—In the strong-coupling regime, the
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FIG. 3. Glueball and self-crossing string formation.
String oscillations starting from a maximal S-string. Among
all the degenerate string configurations P (whose sum stays
close to unity) available out of resonance, we highlight in (a)
the superpositions of type-ss and type-tt self-crossing strings
and loop configurations (glueballs) of single and double loops,
respectively. The lower panel shows how four j = 1 (cyan)
gauge links can fuse into a singlet using the SU(2) intertwiner
scheme: the ss-type (b), where each link pair intermediately
fuses to j = 0 (black), and the tt-type where each link pair
intermediately fuses to j = 1 (dark blue).

string energy is well approximated by the number of ac-
tive links L,ctive times their electric cost:

E(t = 0) = <’(/)0|ﬁ‘¢0> ~ j(] + 1)9E£active~ (3)

Under unitary time evolution, (first-order) string break-
ing for j= % is enabled when the energy j(j+1)gr = %gE
of removing one active link matches the energy 2m of
creating a particle-hole pair at the sites connecting it.
At this resonance point R.:%:m = %gE, any string con-
figuration of length equal to that of the initial string
resonantly hybridizes with shorter strings carrying dy-
namical matter: the Casimir along the path decreases,
the total string-manifold weight P = >, Pi (sum over
degenerate minimal-string configurations) collapses, and
matter production proliferates, leading to a rapid and
continual growth in the bipartite entanglement entropy
[see Fig. 2(a,b,c) for a minimal initial L-string].

Unlike the Abelian case [112], matter production at
resonance is not limited to mesons: SU(2) fusion rules
also enable spontaneous baryon-antibaryon formation,
visible in Fig. 2(c). Moreover, due to the use of stag-
gered fermions, higher-order string breaking processes
(i.e., multiple local breaks) can occur at the same res-
onance Rj:%. Videos of this dynamics are available on
YouTube [133].

String oscillations: glueballs and self-cross.—
Out of resonance, i.e., for m # %gby the initial string can-
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FIG. 4. Baryon blockade. Effect of the baryon number
sector Npar on the string-breaking mechanism in terms of the
first observed minimum (tpreak) in the time evolution of the
Casimir operator. The inset panel shows the scaling of tbreax
as a function of the baryon number sector Npar.

not break; the plaquette term only reshuffies flux among
configurations with the same number of active links. Ac-
cordingly, the patch-averaged Casimir remains constant
without particle creation. At the same time, the entan-
glement entropy peaks near maximal superposition of the
degenerate string configurations and minimizes when a
single configuration dominates; see Fig. 2(d,e,f).

For initial strings of nonminimal length, like the snake
S-string in Fig. 3, the magnetic term generates fluctu-
ations into shorter strings, pure-gauge loops (glueballs)
[134], and self-crossed strings. While glueballs and self-
crossings also appear in Abelian Z; LGTs [112], the
SU(2) self-crossing case is richer because a four-valent
vertex with four j = % links supports two nonequivalent
singlet intertwiners [135]. We label them: type-ss, where
the two link pairs fuse as singlets (3 ® %) — 0 and then
(0®0) — 0 [see Fig. 3(b)]; and type-tt, where the pairs
first fuse as triplets ($®1)—1 and then (1®1)—0 [see
Fig. 3(c)]. Despite being completely equivalent in terms
of Hamiltonian interactions, the two intertwiners display
different dynamics, with the type-ss slightly dominating
in time; see Fig. 3(a). Such a discrepancy might origi-
nate from plaquette flips acting on one link pair of such
configurations: the two j = % links preferentially reduce
to j =0, naturally feeding the ss-channel and depriving
type-tt of resonant pathways. Videos of this dynamics
are available on YouTube [133].

Baryon blockade mechanism.—Unlike MC simu-
lations, where finite (baryon) density regimes are chal-
lenging because of the sign problem [19], here the baryon
number is a quantum number associated with the global
particle-hole U(1) symmetry of Eq. (1), and can be easily
fixed in exact diagonalization (ED) [136] and TN sim-
ulations [89, 137]. It is then interesting to investigate
the role of finite baryon density on the dynamical string
breaking mechanism.
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FIG. 5. String tension reduction mechanism. At the
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A good measure for the string breaking is the break
time tpreax corresponding to the minimum of the aver-
age Casimir operator. Indeed, as previously shown in
Fig. 2(a,b,c), the Casimir minimum occurs in parallel to
the minimum of the string-manifold weight P and the
peak of meson and baryon formation (see also [132]).

As shown in Fig. 4 for an initial S-string, adding SU(2)
baryons at the resonance m = % gE progressively delays
tpreak- We attribute this to a baryon blockade effect:
finite density reduces the availability of final states for
meson creation and prunes plaquette-mediated resonant
paths, suppressing the string breaking mechanism.

String tension reduction.—The hardcore-gluon
truncation at jpax = % and the minimal background
charge j, = % in the confinement phase already cap-
tures pure non-Abelian string dynamics. Enabling larger
gauge-field truncations (and static charges) enriches the
physics by opening representation-changing resonances
where the string reduces its tension without fully break-
ing. Consider an initial string with j=1, i.e., j(j+1)=2,
between two static charges with j, = 1, whose energy
still follows Eq. (3). Then, a single particle-hole pair cre-
ation on neighboring sites along the path can reduce a
link from j=1 to j= %, lowering its chromo-electric en-
ergy by AE(1 — 3) = (2— 3)gp = 2gp at the cost of
2m. Crucially, such a process only occurs at the tension-
reduction resonance Rj—1:m= %QE and is not compati-
ble with the subsequent breaking (% —0), whose energy
cost AE(3 —0)=2 gg does not match 2m =2gg. Hence,
the string does not fully break; it relaxes at lower ten-
sion (j = %), as further shortening requires off-resonant
(plaquette-assisted) or higher-order processes.

As shown in Fig. 5 for an initial L-string at R;—i,
tension reduction manifests as a reduction of the patch-



averaged Casimir (2gp — % gr) accompanied by me-
son and baryon-antibaryon production. In general, for
arbitrarily large-j strings, (first-order) string-tension re-
duction (j — j f%) occurs for a family of resonances
R;:2m = gg (j + 1)7 which coincides with string break-
ing only when j=3.

Summary and outlook.— We have performed the
first TN real-time simulations of string dynamics in
a 2+1D SU(2) Yang-Mills LGT with dynamical mat-
ter. In a strong-coupling regime, we have identified
a resonance where string states anticross with broken-
string manifolds, forming mesons and baryons. We
uncovered a many-body, non-Abelian effect—Dbaryon-
blockade string breaking—where finite baryon density de-
lays string breaking at fixed resonance. Out of resonance,
the magnetic term generates pure non-Abelian glueballs
and self-crossed strings that resolve two SU(2) inter-
twiners at a four-valent vertex, with type-ss favored by
electric-energy detuning and plaquette flips. Finally, at
higher gauge field truncations, we observe representation-

dependent tension reduction (j —j— %) resonances.

Together, these results provide ab initio, real-time,
many-body signatures of confinement dynamics in two
spatial dimensions, beyond the reach of MC methods.
It is important to note that the evolution times and sys-
tem sizes we access in our TN simulations go significantly
beyond the state-of-the-art quantum simulation experi-
ments on string dynamics in 2 + 1D LGTs [71, 72, 80].
Furthermore, several features of the phenomenology un-
covered in this work are distinctively non-Abelian, which
not only goes beyond the accessible physics of the afore-
mentioned experiments, but also beyond previous TN
works since we probe far-from-equilibrium non-Abelian
string dynamics in 2 + 1D. Consequently, our results
push the state of the art in TN simulations of higher-
dimensional non-Abelian LGTs and delineate concrete
targets for near-term quantum simulators of these phe-
nomenologically rich models.
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Supplemental Online Material for

“Real-Time String Dynamics in a 2 4+ 1D Non-Abelian Lattice Gauge Theory:
String Breaking, Glueball Formation, Baryon Blockade, and Tension Reduction”

In this Supplemental Material, we detail the model derivation and the numerical techniques employed in this study.

DRESSED-SITE FORMULATION OF THE SU(2)
LGT WITH BACKGROUND CHARGES

To map the Kogut—Susskind SU(2) lattice Yang—Mills
Hamiltonian of Eq. (1) to the dressed-site formulation
adopted in numerical simulations, we follow the prescrip-
tion developed in [96] and lately replicated in [117-119].
In detail, we: (i) decompose the SU(2) gauge fields in
terms of a direct sum of irreps j; (ii) truncate the links
representation up to a fixed jmax [96]; (iii) build the
gauge-singlet local dressed basis accounting for the pres-
ence of eventual background charges; and (iv) gauge-de-
fermionize the theory.

Decomposition of matter and gauge fields

We start by decomposing both matter and gauge local
Hilbert spaces in SU(2) irreps. We adopt the irrep basis
|7, mL, mr) for gauge links, and the Fock basis {|¢)} =
{10}, |r),]g9) = z/AJ,TW [0}, |2) = z/AJ,Tlﬁ(T] |0)} for matter sites.
Matter basis states are associated with the following spin
labels (j,m):

0) < (0,0) |r),lg) < (0,+1/2)  [2) «+(0,0). (S1)

Irrep decomposition specifies how local gauge rotations
act on a site n and its neighboring links. The generators
of the infinitesimal rotations read Vv € {x,y, z}:

On=Ropn T @n+ Lunip: (52)
where QY =2 0p @L,aSélﬁ/Q)”z/;nﬁ rotates the quark field

at n, while RY,_ pon and I:ﬁn 4y account for the transfor-
mation of the gauge links at its left and right [130]:

Gl LY [jmyme) = 85,559 S+ (S3)

S(j)V . (S4)

(' mimi | R [Jmume) = 65,50 e Sy,

where SU)¥ are the spin-j su(2) matrices. From these
operators, we build the (chromo)electric energy operator
E?2 =% (R")* =5 (L")? i.e., quadratic Casimir [130]:

E?|jmymg) = j(j + 1) [jmimz) . (S5)

Correspondingly, the action of the parallel transporter
Uy, is given in terms of Clebsch-Gordan coefficients
[130]:

2+ 1 ogme
2j'+ 1

-/ ’
J My
1 g ’ 1 “a .
533 my,  5.6855,mr

(S6)

(5'mpmp | U |jmyme) =

Then, the local SU(2) gauge-invariance of Eq. (1) reads
Gx [V (0,3) = U [¥p,), Vn (S7)

where b7 is the static background-charge present on the
lattice site n in the QMB state |¥).

Gauge field and background charge truncations

Within the irrep basis, gauge fields and static back-
ground charges can occupy arbitrarily high spin shells.
To deal with a finite gauge-link Hilbert space, we con-
sider a maximal irrep jpax which yields an energy cutoff
152 < (jmax(jmax + 1)) on the Casimir spectrum (]| - |
denotes the matrix norm) [96, 117-119]. A similar trun-
cation is performed on the irreps of the static background
charges (jy, m"), where j, < j° .

Recovering the full, untruncated gauge group is not
essential for the present investigation. Indeed, all the
discussed string dynamics phenomena have been studied
in the strong coupling regime gg, m > gp,t, where the
chromoelectric energy and the mass term dominate the
Hamiltonian, suppressing any gauge irrep fluctuations
arising from the plaquette term or the hopping interac-
tion. In this regime, even the simplest nontrivial approx-
imation jmax = 2. = 1/2, called hardcore-gluon approx-
imation, faithfully captures all the predicted string phe-
nomena in and out of resonance. As shown in the main
text, considering larger irrep truncations j—j' =j+1/2
generalizes the string breaking within string-tension re-
duction occurring when gg(j' (7' +1) = ge(j(j +1)+2m.

Dressed-site basis with background charges

Regardless of the gauge-field and the background-
charge truncations, we observe that L¥ and R” from
Eq. (S3) act nontrivially only on the mj, and mg index,
respectively. We can then factorize each gauge link in a
pair of rishon degrees of freedom, living at its edges [137].
Combining each matter site with its two adjacent (left
and right) gauge-rishons and the attached background
charge, we forge a composite d-dimensional dressed-site
basis where Gauss’s law is automatically satisfied [96].
Moreover, since Vn, [Qn—bn,ﬁ] = 0, each background-
charge sector is completely decoupled and does not in-
teract with each other [119]. This guarantees that any
background charge placed in the lattice remains static
and unaffected by the system dynamics.



Within the hardcore-gluon truncation [96, 117-119],
corresponding to jmax = joax = 1/2, we have a d = 72-
dimensional local dressed-site Hilbert space, which is
divided into two sectors identified by the value of the
background charge: the first 30 states of the basis be-
long to the gauge-invariant sector with zero background-
charge by = |jp =0,mp =0) [96], while the remain-
ing 42 states belong to the sector with a background-
charge b =|j» = 1/2,my € {+1/2,-1/2}) [140] and cor-
responds to the sites hosting the edges of the string con-
figurations investigated in this study. Similarly, when
extending the truncation up to jmax = 1 = j2,.., all the
lattice sites with no background charge have a dressed-
site Hilbert space with 168 states (see Tab. 1 of [97]),
while the two sites hosting the edges of the string have a
Hilbert space with 317 states with a background charge
bi=lj» = 1,my € {+1,0,—1}).

Rishon decomposition of gauge fields

The dressed-site formalism previously introduced is
equivalent to the original LGT description in Eq. (1) as
long as it recovers the original physical space. This re-
quires that the left and right rishons on each link, identi-
fying the left and right gauge link components, must be in
the same spin irrep j (i.e. must have the same Casimir).
Namely, Vn, g € A, it must hold:

Z<E’V"")2 Z(R;'ﬂh )2' (S8)

This condition can be easily imposed as a two-body U(1)
symmetry via ED [136] or TN [138] simulation and is pre-
served during the system’s time evolution. Correspond-
ingly, the parallel transporter in Eq. (S6) can be decom-
posed into its action on the left and the right halves of
the gauge link, named rishons, to which we can associate
a fermionic statistics (see [96, 131, 141]).

The general Rishon decomposition of U*P for an arbi-
trary truncation of the maximum allowed spin shell juax
is a bilinear form, which separately accounts for the ac-
tion of both rishons increasing the irrep 7 — 7 + %, and
both decreasing the irrep j — j — % Namely [96]:

Un n+u CA n7u<B n+p,—p + CB n,u CA ntp,—p (59)

where the two gt—rishon species, A and B, act respectively
as raising and lowering the spin shell of the SU(2) gauge
irrep. Moreover, they are related to each other as:

éfl = Z'JZﬂCAgT CAXT = Z‘Ug”@ég' (S10)

We can then rewrite Eq. (S9) just in terms of one species,
e.g., B. Dropping the index, i.e. (% = (¢, it holds:
Ues = iy, C

nntp Cn-s—u quva gu I’I+u7—u' (S11)

For a chosen truncation jyay of the SU(2) irrep, ¢-rishons
are defined as follows [96]:

1 .

Jmax—3%
¢=1 3 X(i,m, 9(r) 15,m) (G + 5, mT3l |,
j=0 m=—j
(S12)
where the function x(j, m, a) reads
jFm+1
x(d,m, g(r)) = (513)

Vi(2j+1) 23—1—2

In the hardcore-gluon approximation, the parallel trans-
porter reduces to [130]:

0 H’aar§5g_6a7‘5ﬁ7‘+50456ﬂ9_6a9667‘

eg0pr| O 0 0 0
Uaﬂ:72 aglsy O 0 0 0
0005, O 0 0 0
00,055 O 0 0 0

(S14)
where the 1/ V2 factor ensures that the hopping term
preserves the state norm on its support. Similarly, also
the rishon-decomposition in Eq. (S9) simplifies to:

UI?,B CQ,HCn-‘,—M, (815)
where (-rishons in Eq. (S12) reduce to:
0|10 1 0101
(=—-—=|0lo0| {=—==|-l00], (S16)
2 ’ 2
V2 110 0 V2 0100

It is possible to prove [96, 141] that such a definition of
the SU(2)-rishons satisfies all the needed properties.

Gauge defermionization

Within the dressed-site formulation adopted so far, the
model still describes degrees of freedom with fermionic
(matter fields) and bosonic (gauge fields) statistics.
While specific quantum hardware [142-145] and dedi-
cated TN ansétze [146] can handle fermionic statistics,
mixing fermions and bosons at a numerical level, espe-
cially beyond one dimension, can be very challenging
[131]. However, the existence of a Zy-subgroup within
the SU(2) gauge group enables the complete defermion-
ization of the model in Eq. (1) [96] while dealing with
bosonic dressed-site operators. In practice, we need
to associate a fermionic statistic to each f“—rishon in
Egs. (S12) and (S16), in such a way that they anti-
commute among themselves at different orbitals and with
matter fields:

{Conrlln} =0, {Capbns}=0 va, g . (517)
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FIG. S1. Convergence in time step and bond dimension Convergence behavior of the observed string-breaking dynamics
as a function of (a)-(c) the time step dt (at fixed bond dimension x =150) and (d)-(f) bond dimension x (at fixed time step
dt =0.01) adopted in the TVDP protocol for TTN time evolution. From left to right, plots show the time evolution of (a,d)
the Casimir operator, (b,e) the meson population, and (c,f) the baryon population.

For a generic system with fermionic particles arbitrarily
sorted along a certain path, a generic fermionic operator
F, acting on the n*" position along the path reads

Fo=.. (S18)

~Pn72®Pn71®Fn®ln+l®1n+2~~~

where P, = P} = P! is a fermion parity operator that

n
gets inverted after the action of a fermionic operator:

{Pna Fn} =0 [Pna Fn/;én] =0 vna n el (819)
Therefore, any matter field admits its own notion of par-

ity satisfying Eq. (S19). For Dirac fermions, we have:

~ 01 A +1 0
irac — P irac — S20

where the subscript F' reminds that the 1[) matrix behaves
as a fermion, with the global action in Eq. (S18). Simi-
larly, we can define the SU(2) Rishon parity operator P¢
with an even (41) parity sector on integer irreps and odd
(—1) sector on semi-integer ones (see Eq.1.3.30 of [141]).

Correspondingly, the parallel transporter U’ﬁ‘i 4, Teads:

_s -y Ayt ABT s Y Fa Ay
=10 0 CnuCntp,—p T 195, Cn gt —pe

=+i0g, (C;(,Tu ’ PC,n’u) ® Cﬁiuﬁu
+ wgw( B PC’n,u) ® Cg+”,,u

ugs

n,n+p

(S21)

In this way, the hopping term of Eq. (1) can be rewritten
as a two-body interaction of two adjacent dressed site
bosonic operators, each one made of a pair of fermions
(one matter field and one rishon field).

TENSOR NETWORK METHODS FOR
REAL-TIME EVOLUTION

Tensor Network (TN) methods provide efficient rep-
resentations of quantum many-body states by exploiting
the fact that low-energy states of local Hamiltonians typ-
ically obey the entanglement area law [147, 148]. Instead
of storing the exponentially large number of coefficients of
a generic wavefunction, a TN approximates the state with
a polynomial number of parameters, controlled by the



bond dimension x. Tuning x interpolates between prod-
uct states (y = 1) and exact representations (x ~ d"),
making x the key parameter for controlling accuracy.

Among the various TN architectures, Tree Tensor Net-
works (T'TNs) [89, 149] are particularly suitable for high-
dimensional lattice models [94, 96, 97, 114]. Their loop-
less hierarchical structure allows efficient contraction and
polynomial computational cost, e.g., O(Nd?x? + Nx*)
for binary TTNs [89, 150]. This favorable scaling enables
reaching relatively large bond dimensions compared to
other higher-dimensional ansétze such as Projected En-
tangled Pair States (PEPS). However, the absence of in-
ternal loops means that TTNs do not automatically en-
code the area law in two or more dimensions [151]. The
precision of TTN simulations must therefore be carefully
monitored, typically by studying convergence as x in-
creases.

Beyond ground-state optimization, TTNs can be used
to simulate real-time dynamics [152]. A robust approach
is the Time-Dependent Variational Principle (TDVP)
[153, 154]. In TDVP, the time-dependent Schrédinger
equation is projected onto the tangent space of the cho-
sen TN manifold (e.g., TTNs of fixed x). This guarantees
conservation of the norm and energy of the evolved state,
with a computational scaling per time step that is com-
parable to a variational ground-state sweep [155].

The accuracy of TDVP depends on two key param-
eters: time step dt and bond dimension x. Choosing
0t too large compromises the approximation, while too
small steps increase computational cost. Convergence
must then be checked by systematically varying 6t. Sim-
ilarly, during out-of-equilibrium evolution, entanglement
generally grows, leading to a required x big enough to
maintain accuracy. [156, 157].

In the simulations presented in the main text, we al-
ways initialize the dynamics from a product state and
evolve it using a single-tensor TDVP update at each step.
To avoid variational locking and allow the entanglement
support to grow when needed, we employed a pad of the
initial tensor network up to x (cf. single-tensor expan-
sion ideas in [152, 158, 159]). This makes the simula-
tion much faster on GPUs, since we do not need to use
SVDs [160]. Both the time step and the bond dimension
adopted in our simulations are chosen sufficiently small
and large, respectively, to ensure convergence of all re-
ported observables. As shown in Fig. S1, entanglement
entropy and local observables converge well already at
x = 150 and 6t = 1072, Remarkably, although TN dy-
namics are generally constrained to moderate times, we
reached long enough evolution times on lattices up to
A = 8 x 8 to unambiguously observe string breaking and
related phenomena. This is facilitated by the fact that, in
the coupling regimes investigated, the dynamics remain
effectively confined to the patch between the two static
background charges, which keeps entanglement growth
under control and enables reliable long-time simulations.
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FIG. S2. Fluctuations outside the patch. Size of per-
turbative fluctuations outside the patch defined by the two
static charges. Results are obtained from TTN simulation of
a A = 8 x 8 lattice with a 4 x 4 patch.

QUANTUM FLUCTUATIONS ON
OBSERVABLES

Although the entire string dynamics remains confined
within the patch, outside the patch, the system detects
small perturbative fluctuations (due to hopping and mag-
netic terms in the Eq. (1)) which add noise to the ob-
servables averaged over the entire lattice. As shown in
Fig. S2, these fluctuations (< 1072) can be clearly de-
tected and removed from local observables, simply by
comparing the single-site average over the patch and the
corresponding one performed on the whole lattice (and
then normalized on the patch, as in Eq. (2)). Conversely,
fidelities cannot be cleaned up, as they are obtained by
states intrinsically defined on the entire lattice.

DETECTION OF STRING BREAKING VIA
CASIMIR MINIMUM

The most direct way to detect string breaking is to
evaluate the string-manifold weight P(t), summing the
fidelities between the time-evolved state v (t) and all the
unbroken string states:

Pt) =D Pul(t) =Y | ((®)|vw) [* (522)
p %

The minimum of P(t) signals maximal string breaking.
However, measuring P(t) can be numerically expensive,
as the number of unbroken string states grows fast with
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FIG. S3. Baryon Blockade mechanism with ED simula-
tions. Simulation of the baryon blockade slowdown obtained
with ED on a 6 x 2 patch in terms of the string manifold
weight and the Casimir operator.

the size of the patch. For instance, the initial snake S-
string, such as the one adopted to study the baryon block-
ade mechanism in Fig. 4, can resonate, through the effect
of the plaquette term, with 203 different unbroken string
states. Computing all these fidelities at each time step
dramatically slows down the simulations. However, since
string breaking reduces the energy related to the Casimir
C(t) by creating particles (as explained in the main text),
we can alternatively use the minimum of C(t) as a proxy
for string breaking. To further justify this approach, we
show that P(t) and C(t) undergo a similar baryon block-
ade slowdown on a 6 x 2 lattice with ED simulations. As
shown in Fig. S3, there is a strong correlation between
the breaking time tpreax, determined via C(t) minimum,
and the corresponding one obtained with the P(¢) min-
imum. Moreover, this approach is free of the quantum
fluctuation discussed above, facilitating the identification
of the breaking point.
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