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Multiband Dispersion and Warped Vortices of Strongly Interacting Photons
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We present a theoretical study of quantum correlations between interacting photons realized through
co-propagating Rydberg polaritons. We show that the spatial evolution of the n-photon wavefunction
is governed by a multiband dispersion featuring one massive mode and multiple massless modes with
degenerate Dirac points and n-fold rotational symmetry. The resulting band structure is warped, departing
from the single-band, parabolic approximation commonly assumed for interacting polaritons. Our
analytical results are supported by rigorous numerical modeling that fully accounts for photon propagation
inside the finite atomic medium. These findings advance the understanding of multiphoton interactions
and support the development of future multiphoton control tools.
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Rydberg polaritons, formed by coupling propagating
photons to Rydberg atoms in a dense atomic ensemble,
provide a powerful platform for studying quantum inter-
actions between a few particles [1,2]. Their strong inter-
actions arise from the long-range dipolar coupling between
their Rydberg constituents. In the quantum nonlinear
optics regime [3], Rydberg polaritons have been used to
suppress the transmission of more than one propagating
photons [4-7] and to demonstrate large conditional phase
shifts [8,9], bound states [10-12], and multimode inter-
actions [13,14] of two or three polaritons. Recently,
stronger interactions enabled the observation of vortex-
antivortex pairs in the two-polariton wavefunction
w(x1,x,) and vortex rings and tubes in the three-polariton
wavefunction y(x;, x,,x3) [15]. Here, x; are the photon
coordinates along the propagation direction, i.e., in one
spatial dimension.

These developments establish Rydberg polaritons as a
promising platform for multiphoton control and determin-
istic quantum logic. They also highlight the need for a
rigorous theoretical framework to quantitatively describe
quantum correlations arising from the propagation and
interaction of several photons, including vortex formation.
While previous theoretical models of interacting Rydberg
polaritons—such as the adiabatic potential approximation
[16], quantum field theory and Green function approaches
[17-19], and waveguide quantum electrodynamics models
[20-23]—offer valuable insights, they do not fully capture
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the spatial evolution of few-polariton wavefunctions in
an extended medium. Although the model in Ref. [10]
successfully describes two-polariton dynamics, it neither
predicts the three-photon vortices observed in Ref. [15] nor
captures their unique symmetry reported here. Moreover,
its extension to higher-order correlations remains unclear.

Here, we study the stationary wavefunction
w(xy,...,x,) of interacting polaritons in a spatially
extended medium. We reveal that y follows a multiband
Dirac-like dispersion in spatial momentum space, describ-
ing the dependence of the center-of-mass wavevector
K(k;---k,) on the relative wavevectors k; - - -k,. In the
minimal model capturing the full symmetry of the prob-
lem, the dispersion features one symmetric massive mode
and n — 1 gapped antisymmetric modes. For n > 3, the
antisymmetric modes are point-degenerate at zero momen-
tum and exhibit linear dispersion.

As an approximation, these antisymmetric modes can
be eliminated by assuming they adiabatically follow
the massive mode, thereby reducing the model to a
Schrodinger-like equation for a single massive mode in
n—1 dimensions with an (n!)-fold symmetry. This
approximation has already provided valuable insight into
the polariton dynamics in terms of two-photon and three-
photon bound states [10,12]. However, as shown in Figs. 1
and 3, the parabolic single-band approximation fails to
retain key features of the multiband structure, particularly
the linear-dispersion regions and the reduced n-fold dis-
crete rotational symmetry. Both are essential for describing
the evolution in finite media and capturing the effects of
interaction-dependent group velocity.

The multiband dispersion significantly impacts photon
correlations starting from n = 3 photons. It reduces the
wavefunction’s rotational symmetry from 3! =6 to 3,
by distinguishing between cases where a photon pair

Published by the American Physical Society
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FIG. 1. Analytical momentum-space dispersion. (a) Two pho-
tons: Center-of-mass dispersion K(k) for two non-interacting
polaritons. The dotted line represents the single-band Schro-
dinger approximation of the massive polariton branch, while the
solid lines show the full two-band Dirac-like dispersion.
(b) Three photons: Center-of-mass dispersion K(k,, k) for three
polaritons, highlighting the emergence of trigonal warping. The
black surface represents the single-band Schrodinger approxi-
mation, which fails to capture the warping. K (k) and K(k,, k;)
are found from Egs. (8) and (10), and all units in pg*/(cA).

propagates ahead of or behind a single photon. This
symmetry reduction was previously detected at a few-
percent level in photon correlation functions with a
single atom or an effective superatom (a fully blockaded
Rydberg ensemble) [11,24,25]. Here, we develop analyti-
cal and numerical models that capture these dynamics and
show that this asymmetry can be large and manifest as a
trigonal warping of the vortex ring formed by three-photon
interactions.

I. RESULTS
A. Multiband model for two and three photons

We begin with a minimal analytical model that correctly
captures the symmetry of few-polariton states in the
stationary regime.

Consider a medium of three-level ladder-type atoms
hosting Rydberg polaritons under conditions of electro-
magnetically induced transparency [4,26]. The single-
polariton propagation along the medium is governed by
H(x)y = idyy, where

icoy  \/pg 0
VP9 A+l Q (1)
0 Q o+ iy

H(x)=—

is the effective Hamiltonian for the atoms and photon. The
polariton wavefunction w(x) = [E(x), P(x), S(x)]" con-
sists of amplitudes E(x) for a single photon (all atoms
in the ground state |g)), P(x) for one atom in the
intermediate state |p), and S(x) for one atom in the
Rydberg state |s). Here, g is the coupling strength of

the photon to the |g) <> |p) transition, p is the medium
density, Q is the Rabi frequency of the |p) <> |s) driving,
I is the decay rate of |p), y is the decoherence rate of |s),
and A and ¢ are the one-photon and two-photon detunings.
We consider |A|>T and, for simplicity, assume
'=6=y=0.

Importantly, realistic experiments [10-12,15] are con-
ducted under the steady state conditions, d,iy = 0, allowing
us to simplify the model by eliminating the |p) states from
the equation H(x)y = 0 via P = —(/pgE + QS)/A. The
resulting Hamiltonian with eliminated P states reads

v —ico, VP92
H@%z(x@g 2. @)
A A

for [E(x), S(x)]”. Here, the shift v = pg?/A stems from the
photon hybridization with the atomic states.

The Hamiltonian (2) can be straightforwardly general-
ized to two and three interacting polaritons, characterized
by multicomponent wavefunctions. For example, two
polaritons are represented by four wavefunction compo-
nents, EE, ES, SE, and SS, corresponding to each polar-
iton residing either in the propagating-photon state or
Rydberg state. The two-polariton Hamiltonian can be
written as H(x;,xp) =H(x;)®1+1Q® H(x,) +V, where
the interaction potential V' acting on SS originates from
van-der-Walls (vdW) interactions between Rydberg atoms
and is given by Eq. (A3).

Typically, n interacting polaritons are described by a
single effective equation for the scalar many-polariton
wavefunction [16-23]. The key feature of our multiband
description is that we no longer aim to obtain a single
equation for a scalar wavefunction . Instead, we keep n
equations for n interacting photons; this procedure natu-
rally preserves the wavefunction symmetry.

In particular, for n = 2 photons, we further simplify the
equations in the reduced E—S subspace by expanding to the
lowest nonvanishing order in Q2. valid for our parameters
Q/(y/pg) ~ 107 < 1. The coupling of the EE component
to ES and SE can then be neglected. The equations for the
remaining [ES, SE, SS| components read

v— icdx] 0 % ES
0  v—ic, V=2 SE | =0,
VP IR VP 9Q 202 Cs SS
A A AT o—nf
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We can now eliminate the S state to obtain the equation
governing the two-polariton propagation:
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with w = [ES, SE], where the renormalized interaction
potential V, is given below. Similarly, we find for three
polaritons:

o, 0 0 st
ic] 0 9, 0 w—vw+§ 11 1]|y=0,
0 0 o,
(5

with w = [ESS, SES,SSE] corresponding to a single
propagating photon with the other excitations in the
Rydberg states.

A key feature of Egs. (4) and (5) is the all-to-all
interaction between the wavefunction components, arising
from their coupling to the state with all excitations in the
Rydberg state (SS or SSS). The interaction potentials V,
and V3 depend on the polariton coordinates,

2 & rs -1

Veo=v|l1+- — 6

! ( i ; |x; _xj|6> ©
J=Li<j

for n > 2 polaritons. We illustrate the spatial profile of the

V,, potentials in Fig. 2. It is useful to present them in the

normalized relative coordinates: r = (x; — x,)/v/2 for
n=2 and the spatial Jacobi coordinates 1 = x;,/v/2
and ¢ = (x;5 +x23)/V6 for n =3, with Xij = X; = Xj.
The potentials vanish inside the “Rydberg blockade”
volume, when any two polaritons are closer than the
blockade radius r, = (CqA/2Q2)'/°, where Cg is the
vdW coefficient, and approach the constant value v at
large separations. Notably, for n = 2, V,, reduces (up to
sign and offset) to the effective potential used in the
approximated Schroédinger model, see Fig. 2(a). Before
further discussing the interaction effects between polar-
itons, we examine the spatial dispersion outside the
blockade region.

In a homogeneous medium, Egs. (4) and (5) remain
independent of the normalized center-of-mass coordinate
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FIG. 2. Two-photon (a) and three-photon (b) effective poten-
tials. Here, the distances are plotted in terms of r,, and the
potential is normalized to v.

R=>" x;/v/n. To this end, we assume translational
invariance and replace the spatial derivatives —idg, —io,,
—i0d,, by the corresponding momenta K, k, k.. This
allows Egs. (4) and (5) to be solved for the dispersion
law—the normalized center-of-mass momentum K as a

function of k and k = (ky. ke).

The dispersion law we now analyze is obtained with-
out including the vdW interactions and, in principle,
is identical to that of non-interacting polaritons.
Consequently, it governs the propagation of polaritonic
wavepackets even in the absence of interactions. Here,
however, we work in the reduced basis of the polariton
bands containing one propagating excitation and the
remaining excitations stored as Rydberg states, such that
the analysis naturally focuses on the bands that are most
strongly affected once vdW interactions are included. The
multiband dispersion therefore provides the propagation
framework within which the interaction-induced vortices
emerge and evolve.

For two photons, Eq. (4) yields in the center-of-mass
frame

AN B e S A LN
SR = A\ 0 k)T T\ )Y

where v = V,(c0) = pg?/A. Replacing —idg by K and
diagonalizing the matrix, we obtain

w2
Ki(k):—z—cyi E(g) e )

This characteristic Dirac dispersion is plotted in Fig. 1(a).
Atk = 0, there is a gap, and the eigenstates are the even and
odd superpositions, ES, = (ES + SE)/+/2. Near k =0,
the dispersion is parabolic [dotted curve in Fig. 1(a)],
corresponding to the Schrodinger approximation [4,10],

1 vV V2V,

0
s, = (-
"oR O ( mor e ¢

)ES+, )

where m = —v/(v/2c) is the effective mass. For large k, the
dispersion becomes linear and deviates from the
Schrodinger approximation.

The difference between the parabolic approximation
and the full model is more pronounced for three polaritons,
as shown in Fig. 1(b). To derive the multiband structure,
we rewrite Eq. (5) using the relative momenta k, . and
center-of-mass coordinate R,
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and transform to the basis ESS, = (ESS+ SES+
SSE)/\/3, ESS_ = (ESS — SES)/\/2, ESS_ = (ESS +
SES —2SSE)/+/6,

0k, ke
i 0 1
L %y |k k/V2 k/V2
1 0 0
“YuiPlo o oy (11
C C
0 0 O

Atk = 0, solving Eq. (11) for K yields one symmetric
state, ESS, [blue surface in Fig. 1(b)], and two degenerate
antisymmetric states, ESS_ and ESS_ [red surfaces

in Fig. 1(b)]. Near k=0, the symmetric state ESS_
acquires mass,

> 1 ck?
K(k) =—=—, (12)
0=
while the two antisymmetric states split, forming charac-
teristic Dirac cones described by

v 1K
K:_ﬂzi\—&, where k= \/kj +kZ.  (13)

Far from k = 0, all three states mix, yielding warped
dispersion with C;, symmetry. This effect is similar to the
trigonal warping of Dirac cones in graphene [27], where
warping arises from the crystalline symmetry. Here, it
emerges naturally from the three-polariton coupling and
permutation symmetry. Importantly, this warping cannot
be captured by the parabolic equation Eq. (12), which
approximates the warped cone as a rotationally symmetric
paraboloid [black surface in Fig. 1(b)].

We note that Egs. (4) and (5) that rely on |p)-state
elimination retain the minimal number of bands sufficient
to capture the symmetry. We provide a comparison to the
full model—without state eliminations—in Appendix D
and Figs. 6 and 7. Figure 7 demonstrates for n = 3 photons
that the full model, comprising 3% =27 components,
features 19 bands and two degenerate Dirac-like points,
resulting from the splitting of the Dirac point in Fig. 1(b).
This splitting can be seen as a fine structure of the model

Eq. (5), that is sensitive to the contribution of |p) states
and appears in the next order in /A. Our analysis shows
that the minimal model Eq. (5) very well describes the
dispersion of the experimentally relevant ESS, band,
shown by the blue warped cone in Fig. 1(b).

B. Real-space consequences

We now demonstrate how the difference between the
single-band Schrédinger and multiband Dirac-like disper-
sions manifests in the real-space wavefunctions. For
simplicity, we consider a uniform medium of length L
(one typically chooses L ~ /27 for a Gaussian cloud
with width 20 [15]). For two photons, it is instructive to
divide the Hilbert space into quadrants corresponding to
zero, one, or two photons inside the atomic medium, as
shown in Fig. 3(a). Photon-photon interaction, mediated
by the atoms, occurs only when both photons are inside
(i.e., in the gray-shaded quadrant O < x;, < L). The green
lines x; = 0 and x, = 0, marking the entry points of the
first and second photons, define the boundary conditions
for the onset of interaction. These lines serve as effective
light-cone boundaries for the development of correlations.
Nevertheless, to simplify semi-analytic modeling, the
boundary conditions are typically adjusted so that the
interaction begins earlier, at R = 0 for all r [dashed line
in Fig. 3(a)] [10,15]. Initially uncorrelated photons are
represented by the wavefunction w(R = 0, r) = 1, which
accumulates phase as it propagates.

The steady-state wavefunction in the single-band
Schrédinger approximation is shown in Fig. 3(c). Phase
accumulates more rapidly when photons are close
together, generating vortex-antivortex pairs. The genera-
tion mechanism is robust, as it results from interference
between the two-photon bound state and the unbound part
of the wavefunction [15]. These vortex-antivortex pairs are
similar to those generated in a viscous flow around an
obstacle [28], also occurring, for example, in polariton
condensates [29] or electron hydrodynamics [30]. The
essential feature of our system is that the interaction kernel
plays the role of the obstacle. While the single-band
polariton model predicts these vortices, it also produces
unphysical correlations below the light-cone boundaries
R = |r| (i.e. at x; , < 0, where only one photon is inside).
These arise because the Schrodinger equation does not
impose a speed limit on information propagation.

By contrast, our dual-band Dirac-like model, Eq. (4),
naturally enforces the light-cone limits, as seen in
Fig. 3(d). Furthermore, since two-photon interaction starts
only at R = |r| in the dual-band model, the vortices shift
forward by AR. This shift can thus be understood as a
consequence of the light-cone limits imposed on the phase
pattern in Fig. 3(d).

For three photons, the impact of the multiband
dispersion is more pronounced and includes symmetry
reduction. We first analyze this effect analytically. The
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FIG. 3. Analytical multiband model, real-space propagation. (a) Two-photon coordinate space: Schematic showing the propagation
center-of-mass coordinate R and relative coordinate r. Two-photon interaction occurs only inside the medium (0 < x;, < L, gray
area). The entry points x; = 0 and x, = 0 (green lines) serve as light-cone boundaries, below which two-photon correlations cannot
develop. (b) Three-photon coordinate space: Interaction occurs already when photon pairs are inside the medium (light-blue sections),
while full three-photon interaction requires all 0 < x;,3 < L. Regions above the green (red) lines correspond to a closely spaced
photon pair propagating behind (ahead of) a single photon. (c,d) Two-photon phase profiles: The phase of the two-photon wavefunction
under the single-band model (c) shows a vortex-antivortex pair at finite propagation distance R (gray line) but also unphysical
correlations outside the light-cone boundaries (x; , < 0). The full two-band dispersion (d) corrects the unphysical behavior, confining
correlations within the light cone and introducing a propagation delay AR in vortex formation. The calculation has been performed for
R =0...20c¢/v for vr,/c = 0.43. Thin vertical lines show the scale of the interaction potential, x; — x, = +r,. (e—g) Three-photon
phase profiles: The phase of the three-photon wavefunction under the single-band model (e) retains a sixfold rotational symmetry and
fails to capture the warping. The multiband model (f) reduces the rotational symmetry to threefold, with the delay AR manifesting here
as a delay of the vortex formation along the pair-ahead (red) lines. In (g), the isosurfaces of |V arg(y)| reveal a vortex ring with trigonal
warping, a hallmark of the three-photon interaction captured by the multiband model. Calculations in (e.f,g) follow Eqgs. (C4)-(C7)

with vry/c = 1, as detailed in Appendix C. Panels (e,f) correspond to R = 7.6¢/v.

space (xy,x,,x3) is divided into sections based on the
number of photons inside the medium [Fig. 3(b)]. The
faces of the three-photon section 0 < xy,3 < L (gray
shaded) act as effective light-cone boundaries, warping
the wavefunction. To understand the warping symmetry,
we identify two types of regions in that section: Three
“single ahead” regions, where a single photon propagates
ahead of a tight photon pair (e.g., x; ® x, < x3, 0or { <0
for n ~ 0), and three “pair ahead” regions, where a single
photon lags behind a pair (e.g., x3 < x; ® x,, or { > 0 for
n=0). The single-ahead regions of the wavefunction
evolve predominantly from the section edges [green lines
in Figs. 3(b), 3(e)-3(g)], while the pair-ahead regions
evolve from the face centers (red lines).

As evident from the geometry, single-ahead configura-
tions begin to experience three-photon interaction at an
“earlier” R = (x; + x, + x3)/ /3 compared to pair-ahead
configurations. They develop stronger correlations during

propagation, further reducing the wavefunction symmetry.
This effect is amplified by the group velocity dependence
on photon-photon interaction. Since a closely spaced
photon pair moves faster than a single photon [10,23,31],
the single-ahead configurations gradually compact and
interact more, while in pair-ahead configurations, the
single photon lags behind.

This behavior is captured by the multiband model
Eq. (5) in numerical wavefunction evolution [Fig. 3(f)].
It yields a reduced C;, symmetry, with correlations
building up faster for single-ahead compared to pair-ahead
configurations, as evident in Fig. 3(f) by the greater
accumulated conditional phase along the green lines
relative to the red lines. The symmetry of the wavefunction
becomes lower than that of the interaction potential V3,
compare Figs. 3(f) and 2(b). In contrast, the single-band
model retains the Cg, symmetry [Fig. 3(e)]. The three-
photon interaction ultimately produces a phase vortex

043002-5



BANKIM CHANDRA DAS et al.

PRX QUANTUM 7, 043002 (2026)

ring [15], which the multiband model predicts to exhibit
a trigonal warping [Fig. 3(g)]. We further explore this
warping in the next section.

C. Trigonal warping of three-photon vortices

We have developed a full numerical model to simulate
the exact dynamics in a Gaussian-shaped atomic cloud,
extending previous two-photon models [4,26]. We explore
the formation of three-photon vortices by numerically
solving all the 27 propagation equations [Eq. (A4)], as
shown in Fig. 4. The calculation details are given in
Appendix A. This provides the complete three-photon
wavefunction w(x,, x,, x3) with its 33 = 27 components
inside the cloud. For reference, Fig. 4(a) displays the
vortex-antivortex pair in the two-photon wavefunction.
A vortex is always accompanied by an antivortex due to
the bosonic symmetry, w(x;,x;) = y(x,,x;). For the
three-photon wavefunction w(xy, x,,x3), although the
C3, bosonic symmetry still holds, the single-ahead
(x; ® x, < x3) and pair-ahead (x3 < x; & x,) configura-
tions exhibit markedly different behavior.

At intermediate interaction strengths [Fig. 4(b)], vorti-
ces form only in the single-ahead configuration. Increasing
the interaction enables vortices in both configurations
[Fig. 4(c)], though the wavefunction remains asymmetric.
The phase diagram in Fig. 4(d) maps the parameter
regimes for forming single-ahead vortices (gray shading)
and all vortices (green shading). We quantify the inter-
action strength and duration using the dimensionless
parameters 4 o« OD} and ¢ « OD, respectively [15] (see
Appendix B for exact expressions). Here, OD is the optical
depth of the medium, and ODy, = OD - r,/L is the optical
depth of the blockade range. Similar to the threshold for
two-photon vortices [15], we identify thresholds for both
types of three-photon vortices (black and green lines).

Figures 4(e), 4(f) illustrate the corresponding three-
dimensional vortex structures. The first regime [Fig. 4(e)]
is characterized by three disconnected vortex tubes, each
originating from a single-ahead vortex. Their trigonal
symmetry, their emergence only when the three photons
are inside the medium, and their curved trajectories all
signal the presence of genuine three-body interactions.
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FIG. 4. Numerical simulations of three-photon vortices with threefold rotational symmetry Cj;,. A Gaussian-shaped atomic cloud is
centered at x = 100 pm (1o = 30 pm, OD = 78-115). (a) Phase of the stationary two-photon wavefunction w(x,, x,), showing a
symmetric vortex-antivortex pair. (b,c,e,f) Phase of the stationary three-photon wavefunction y/(x;, x,, x3), displaying different vortex
tube and ring configurations for (b,e) intermediate and (c,f) strong interactions. (e,f) show isosurfaces of |V arg(y)|, while (b,c) present
cross sections of arg(y) along the shaded planes in (e,f). For an intermediate interaction strength (b,e), three-photon vortex tubes form
only in the single-ahead configurations (e.g., x; & x, < x3), consistent with faster pair propagation. For longer and stronger interactions
(c,f), vortex tubes also form in the pair-ahead configurations (e.g., x3 < x; & X,), and the six tubes merge into a warped vortex ring with
a reduced C;, symmetry. (d) Phase diagram of three-photon vortex formation. The shaded regions mark the parameter regimes for
(gray) single-ahead and (green) pair-ahead vortices as a function of interaction strength 1 o« OD and ¢ « OD, defined in Appendix B.
The red circle and square correspond to the conditions of (b,e) and (c,f), respectively. Calculations here follow Eq. (A4), with the
following parameters: v/2z6 = 75 pm, r, = 15.3 pm, Q = 9.5 MHz, I" = 3.03 MHz, y = 0.07 MHz, A = 28.5 MHz, § = 1.03 MHz
(note that decay rates and Rabi frequencies are given in the half-width convention throughout this paper). The optical depths are:
OD =90 (¢ =2.21x, 4 =2.03) for Fig. 4(a), OD =78 (¢ = 1.92n, A = 0.42) for Figs. 4(b), 4(e), and OD = 115 (¢ = 2.82x,
A =0.47) for Figs. 4(c), 4(f).
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In the second regime [Fig. 4(f)], three pairs of vortex
tubes emerge already from pair-ahead vortices before the
third photon enters, reflecting two-body interactions with a
sixfold symmetry. As the third photon joins, these tubes
merge into a central three-body vortex ring. The warped
ring clearly reflects the trigonal symmetry of the under-
lying dispersion and the light-cone boundaries.

II. MULTIPHOTON MODEL

The simplified multiband model, Egs. (4) and (5),
extends naturally to n > 3 photons. For instance, for
n = 4, the Hamiltonian generalizes straightforwardly to:

Hlxy-x) =Hlx) @I Q1®1
+IQHX) @IQI+ - +1QIQI® H(xy),
(14)

and y = [ESSS, SESS, SSES, SSSE] after eliminating the
SSSS state. The general result is a system of n equations

Zu/,, (15)

i'=1

0‘//,

(Wi +W/l

ot

n Xl,

where y; is the wavefunction amplitude with the ith
polariton in state E and the others in state S, and V, is
the rescaled vdW interaction potential Eq. (6).

In the blockade range, where any two polaritons are
close, V,, = 0. Without the interaction term V, > " | y;,
Eq. (15) describes n free photons, each propagating
independently with linear (massless) dispersion,
w; o« e atiki%i \where w; = ck, k; is the wave vector
of ith photon, and we assume the translation invariance.
Since the photons are hybridized with the Rydberg state,

|

% K1 + % K3 0 0
io 0 skt 1K 0
20r" 0 0 Ly — ks
0 0 0
where the relative motion wavevectors are k; = —id,

and —idyr = K. The massive eigenstate of Eq. (18) corre-
sponds to
2
cK
=—, 19
2 (19)
where k* = > "~ k7. At k = 0, when all k; are the same,
K is equal to zero as shown above for general n.
The corresponding four-photon dispersion is shown in
Fig. 5. The dispersion exhibits similarities to Fig. 1(b) for

the coupling term persists even at large separations, where
V., approaches the constant V,, . = v.

Following the approach for n = 2,3, we solve Eq. (15)
in a translationally invariant system for the normalized
center-of-mass momentum K = > " k;/\/n in the sta-
tionary regime. We assume that the photons are suffi-
ciently far apart so that V, =v. The structure of the
multiband dispersion can be understood already for iden-
tical k; = K//n, when Eq. (15) becomes

cK
—uy; + v) Wi (16)
vl >
Summing equations with different i, we find
cK &
=D W= va, Y =0 ()
\/ﬁ i=1 i'=1

Thus either K =0 or ) " ,w; = 0 which means that
—+/nv/c to satisfy Eq. (16). The solution with K = 0
corresponds to a single massive mode with y; = 1//n,
and the solution with ) ", w; = 0 is n — 1-fold degener-
ate. When k; # K/+/n the mode with y; = 1/+/n exhibits
a parabolic dispersion consistent with the Schrodinger
approximation [4,10]. However, for large k, the dispersion
becomes linear, deviating from the Schrodinger model.
The n — 1 degenerate modes split linearly when k; become
unequal.

We now illustrate this in more detail for n = 4 photons.
Using the center-of-mass reference frame and the gener-
alized Jacobi coordinates [32], we define R = ) " | x;/2,
m = (1 =) /V2,m = (03 = x4)/V2, and 3 = (x+
Xy —x3 — x4)/2. The four-photon dispersion equation
then becomes

0
0 1 1 1 1
vi1 1 11
I I 1 1 1
\/sz 2K'3

n = 3 photons. However, in this case, we observe a warped
cone (blue) with a fourfold rotational symmetry rather than
a threefold one. Additionally, a more complex threefold
degeneracy (red bands) emerges, which splits for x > 0.
Such a dispersion law has similarities with a dispersion of
chiral fermions in three-dimensional crystals [27].

The progression from two to three photons, together
with the general n-photon multiband model developed
above, suggests a corresponding hierarchy of multiphoton
vortex structures. Preliminary analysis indicates that, for n
photons, the vortex core forms an (n — 2)-dimensional
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2.
0-
-2
-4
-6 - Y 0 ) 0 iﬂ}
K1

FIG. 5. Analytical multiband model for n = 4 photons. The
surfaces show momentum-space dispersion calculated following
Eq. (18) for k3 = 0. Shaded paraboloid shows the Schrodinger
approximation result, Eq. (19). All units are v/c.

closed manifold in the relative-coordinate space (e.g., a
ring for n =3 and a spherical surface for n = 4), sur-
rounded by the corresponding family of (n — 1)-photon
vortices. A detailed analysis of these higher-order struc-
tures is beyond the scope of this work.

III. DISCUSSION AND OUTLOOK

To summarize, we have analyzed how the spatial
symmetry of the wavefunction w(xy, -, x,) of n inter-
acting polaritons emerges from its multicomponent
structure. We provide analytical models and solutions
for multi-polariton dispersion and spatial propagation,
as well as a full numerical model for three photons that
describes the evolution in a nonuniform, finite medium.

Our model predicts C3, symmetry of warped vortex
rings present in the phase of y(x;, x,, x3). This symmetry
arises from the interplay between the multiband nature of
the dispersion and the medium’s finite spatial extent. Both
ingredients are essential for its emergence in the steady
state. Thus, strongly interacting polaritons should manifest
effects not captured by the traditionally accepted models of
interacting particles with parabolic dispersion and contact
interactions [12,17]. The predicted warped vortex struc-
tures and symmetry reduction are directly accessible
through multiphoton correlation measurements in existing
Rydberg-polariton platforms.

The existence of high-order dispersion degeneracies for
chiral fermions in three-dimensional solids, extending
beyond traditional Dirac or Weyl models, is well estab-
lished [27,33,34]. Here, we show that analogous degen-
eracies, potentially in even higher dimensions, are intrinsic

to the multicomponent interacting polaritons in the many-
body quantum optics regime, leading to observable phe-
nomena. We note that the emergence of topological struc-
tures from internal degrees of freedom is not unique to the
quantum few-photon regime. Analogous phenomena are
known in other multicomponent wave systems, including
classical vector waves with polarization degrees of freedom.
Likewise, in the mean-field regime, the non-scalar structure
of spinor condensate wavefunctions can support additional
topological singularities, such as half-vortices [35,36].

Generally, the formation of the vortices and antivortices
seems to be a universal phenomenon for the interacting
polaritons. It is tempting to associate it with the nontrivial
topological indices, for example, stemming from the
unidirectional propagation of the polaritons encoded in
the Hamiltonian Eq. (1) with the chiral —id, terms.
However, since the vortices and antivortices always come
in pairs, and the total topological charge is zero, it is not
immediately obvious whether this can be done. Our
extensive numerical simulations of two interacting photons
indicate that the formation of vortex and antivortex trains
is a universal feature holding for photon interactions,
which is present as long as the interaction potential
supports a bound state. The formal proof of this result
is out of the scope of this work.

While we do not foresee an immediate application of our
results in the sense of a new quantum-information protocol
enabled directly by the multiband structure, the results are
still relevant for quantum technologies based on strongly
interacting photons. In particular, deterministic photonic
quantum gates and few-photon state engineering require
precise control of photon-photon interactions, and the
multiband effects should be considered to achieve high-
fidelity operations. More generally, the multiband struc-
ture and the resulting symmetry reduction may provide
new ways to engineer and manipulate multiphoton
quantum states. We expect these ideas to be relevant for
future studies of flying photonic vortices and counter-
propagating interacting photons, and in particular to
multiphoton operations heralded by the detection of
auxiliary photons, where the internal structure of the
few-photon wavefunction is likely to play an important
role. This also applies to other quantum platforms with
propagating polaritons, for example, based on waveguide-
coupled atoms [22] or Rydberg superatoms [11,37].
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APPENDIX A: NUMERICAL MODEL FOR THREE INTERACTING POLARITONS

For the numerical model, we consider a weak coherent state of light, y(¢), impinging on the medium of three-level
atoms. The total wavefunction is given by

ly (1)) = €]0) + /delA (x1,1)al (x1)]0) + //deldszA (x1. X2, )&} (x1)a} (x2)]0)

(AT)
1 : AT A A
"‘5/// Z dx dxydxsA;A AL (x1, X0, x5, 1)) (x))a) (x2) ) (x3)[0).
=
where A = [E, P, S|, and the excitation operators are a = [&, p,§]. We assume |e¢| < 1 and neglect four or more

excitations. As described in the main text, the ground |g), excited |p), and Rydberg |s) states are coupled via the ladder-
type scheme

9:\/P Q
lg) == |p)=Is),
Al Sy

forming Rydberg polaritons. The Hamiltonian governing the single-polariton propagation H(x)y =0, where
w(x) = [E(x), P(x), S(x)]T, is given by Eq. (1) with parameters defined therein.

The two- and three-polariton wavefunctions y(x;, x,) and y(x;, x,, x3) have 3> and 3* components, respectively. The
effective Hamiltonian for a free three-polariton propagation is thus given by a 27 x 27 matrix constructed from H(x) as

H(x1.x0.03) = I Q H(x,) @ I+ I @ I Q H(x3) + H(x)) ® I Q 1, (A2)

where [ is the 3 x 3 identity matrix. Additionally, the Rydberg interaction between the polaritons is described by the
Hamiltonian

— %// dxdx'VSS(x, x')S’T(x’)S"I'(x)S’(x)S’(x’), (A3)

where S(x) is the excitation operator to the Rydberg state, and Vi (x,x') = C¢/|x —x'|® is the Rydberg interaction
potential. In our calculations, we project this Hamiltonian onto the three-polariton space.
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We consider an atomic cloud with a Gaussian density profile p = p(x) centered at x,/2 = 56, such that the range
x €10, x,] fully contains the cloud. The equations of motion for the three-photon amplitudes then read:

iA)EEP + ij(x;)PEP + ij(x,)EPP + if(x3)EEE + iQEES,

0,EEE = —c(0,, + 0, + 0,,)EEE + ig(x,)PEE + i§(x,) EPE + ig(x3)EEP,
0,EEP = —c(0,, + 9,,)EEP — (T —
0,EES = —c(0,, + 0,,)EES — (y —

0,EPE = —c(0,, + ) EPE —
0,EPP = —cd, EPP —2(T —

0,EPS = —cd, EPS — (T — iA)EPS — (y
0,ESE = —c(0,, + 0,,)ESE — (

0,ESP = —cd, ESP — (T — iA)ESP — (y
0,ESS = —cd, ESS —2(y — i6)

9,PEE = —c(axZ + 0, )PEE — (T —

9,PEP = —cd, PEP —2(T —

0,PES = —cd, PES — (I — iA)PES — (y —
0,PPE = —cd, PPE —2(T —

9,PPP = —3(I' —

9,PPS = —2(T" — iA)PPS —

0,PSE = —cd, PSE — (T — iA)PSE — (y —
9,PSP = —2(T" — iA)PSP —

9,PSS = —(I' —

0,SEE = —c(0,, + 0,,)SEE — (y —

0,SEP = —c0,, SEP — (I — iA)SEP — (y
0,SES = —c0,,SES —2(y 15)SES +iG(x,)SPS + iQPES + iQSEP —
0,SPE = —cd, SPE — (T — iA)SPE — (y
9,SPP = —2(T — iA)SPP — (y —

9,SPS = —(I' — iA)SPS — 2(y —

0,SSE = —c0, SSE — 2(y —

9,SSP = —(T' —

0,SSS = —3(y — i6)SSS + iQPSS + iQSPS + iQSSP —

Here, the three-body interaction term is defined as
Vs (X1, X2, X3) = > i Vi (%, x;),  and  the spatially

dependent coupling is given by §(x) = g\/p(x). These
27 equations can be solved to obtain the steady state three-
photon amplitude EEE(x;, x,, x3) inside the medium, i.e.,
within the range 0 < xy,3 < x,.

To obtain the three-photon steady state, we numerically
evolve the system over time until convergence at suffi-
ciently large 7. The evolution is performed hierarchically
on the different sections of the (x,x,,x3) space in
Fig. 3(b). We begin by solving for the steady-state wave-
function of a single polariton y;(x), with i = {E, P, S},
within the brown sections in Fig. 3(b). These solutions
serve as (stationary) boundary conditions for the three

i8)EES + ig(x,)PES + ig(x,)EPS + iQEEP,

(D — iA)EPE + ig(x,)PPE + i§(x,) EEE + i§(x3)EPP + iQESE,
iA)EPP + ig(x,)PPP + i§(x,)EEP + ij(x3)EPE + iQEPS + iQESP,
— i8)EPS + ig(x,)PPS + ig(x2) EES + iQEPP + iQESS,
y —i6)ESE + ig(x;)PSE + ig(x3) ESP + iQEPE,

— i6)ESP 4 ig(x,)PSP + ij(x3) ESE 4+ iQEPP + iQESS,
ESS +ig(x,)PSS + iQEPS + iQESP —

iV (x0,x3)ESS,

iA)PEE + ig(x,)EEE + ig(x,)PPE + ig(x3) PEP + iQSEE,
iA)PEP + ig(x,)EEP + i§(x,)PPP + i§(x3)PEE + iQPES + iQSEP,
i8)PES + ig(x,)EES + i§(x,) PPS + iQPEP + iQSES,
iA)PPE + ig(x,)EPE + i§(x,)PEE + ij(x;)PPP + iQPSE + iQSPE,
iA)PPP + ig(x,)EPP + i§(x,)PEP + ig(x3)PPE + iQPPS + iQPSP + iQSPP,
(y — i6)PPS + i§(x,)EPS + ig(x,) PES + iQPPP + iQPSS + iQSPS,
i8)PSE + ig(x,)ESE + i§(x3) PSP + iQPPE + iQSSE,

(A4)

(y — i8)PSP + ig(x,)ESP + i§(x3) PSE + iQPPP + iQPSS + iQSSP,
iA)PSS — 2(y — i8)PSS + ig(x,)ESS + iQPPS + iQPSP + iQSSS — iV (xy, x3) PSS,
i8)SEE + ij(x,)SPE + ig(x3)SEP + iQPEE,

— i8)SEP + ij(x2)SPP + i§(x3)SEE + iQPEP + iQSES,

iV (x1,x3)SES,

— i8)SPE + ij(x»)SEE + i§(x3)SPP + iQPPE + iQSSE,
i8)SPP + i§(x,)SEP + if(x3)SPE + iQPPP + iQSPS + iQSSP,
i8)SPS + i4(x,)SES + iQPPS + iQSPP + iQSSS —
i8)SSE + i§(x3)SSP + iQPSE + iQSPE — iV (x,.x,)SSE,
iA)SSP — 2(y — i8)SSP + ifj(x3)SSE + iQPSP + iQSPP + iQSSS —

iVss(xl, .X'3>SPS,

iV (x1,x,)SSP,
iVsss(xl , X2, X3)SSS

|
light-blue sections [4,10,15]. We then compute the two-
photon steady-state wavefunction y;;(x,x’) within these
sections, using the initial condition y;;(x;,x;,t=0)=0
and solving the nine equations of motion for two interact-
ing polaritons (a reduced form of Eq. (A4), e.g., Eq. (S5) in
Ref. [15]). Finally, these solutions are used as boundary
conditions for the main (gray) section,

Wi (X = 0,x2, x3,1) = w;(x; = 0)y i (x2, Xx3),
wik(x1, %0 = 0,x3, 1) = w;(x = 0y (x1, x3),
Wijk(x1, X2, x3 = 0,1) =y (x3 = 0)y(xy, x2),

(A5)

and we solve Eq. (A4) for the three-photon steady-state
amplitude ;;(x;, x,,x3) with the initial condition
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w(xy, x5, x3,t =0) =0. Examples of these results are
shown in Fig. 4.

APPENDIX B: PHASE DIAGRAM PARAMETERS

Here, we describe the parameters used for the phase
diagram in Fig. 4(d). Following Eq. (6) in the main text, we
assume that the two- photon 1nteract10n is governed by a
nearly-square potential V) (r) = U/(1 + 8r°/r%), where
U represents the change in the refraction index due to the
Rydberg blockade, U = v/2pg?/(Ac), and the (negative)
effective mass m = —U/(2c) arises from single-photon
dispersion. The interaction strength is quantified by the
parameter A = |[Um|cr} and the interaction duration is

quantified by ¢ = UL/+/2. We note that these expressions
differ slightly from those in Ref. [15] due to a different

choice of rotated coordinates. Here we use r = (x; —

x,)/v/2 and R = (x| + x,)//2, whereas in Ref. [15], the
definitions were r = x; — x, and R = (x| + x,)/2.

APPENDIX C: PROPAGATION OF TWO
AND THREE POLARITONS

Our results for the two-polariton propagation in
Figs. 3(c), 3(d) have been obtained by using a standard
finite-difference scheme in the real space. We rewrite
Eq. (4) in the center-of-mass frame, which is obtained
from Eq. (7) by replacing v in the last term by the
interaction term V,. Next, we replace the derivatives over r
and R with the finite differences. We introduce a cutoff for
r = £60r,, where we apply periodic boundary conditions
and propagate the solution from R =0 to R =20c/v
with the initial conditions ES, =1, ES_ = 0. For the
Schrodinger equation, we apply the same finite-difference
scheme for Eq. (9).

Results for three interacting polaritons in
Figs. 3(e), 3(f), 3(g) have been obtained from Eq. (5)
where the dependence on 7 and ¢ is described in the
reciprocal space. We outline the calculation technique
below.

We solve Eq. (5) in the center of mass frame for
w(n,¢,R) with the initial condition w(n,{,R=0)=
[1,0,0]7. The wavefunction is represented as

Zl//b

where b are the reciprocal lattice vectors, defined as

»7'7+b§C)

w(n.C.R) = (C1)

b,, = nb, + mb,, (C2)
2zD 22D (1 /3
blzTel, b2—T<§el+7€2>. (C3)

Here, n, m are integers, e, , are Cartesian basis vectors,
D > ry is the lattice period, and S = \/§D2/2 is unit
cell area in real space. The numerical calculation in
Fig. 3(g) has been performed taking into account 1069
vectors b and D = 120r,. Using this representation,
Eq. (5) is transformed into a system of 3N linear equations,
where N is the chosen number of basis states,

0 b, b
.0
IRWe = by bi/V2  b)/V2 |
by by/V2 —bi/V2
1 0 0
3Vipy
_|_wa_2@ 0 0 0 |yy.
c - c
b 0 00

(C4)

This expression is similar to Eq. (11) with the additional
interaction term. Here,

1 .
Vipp = 5// dndge="mtb OV, (n, £) (C5)

is the Fourier component of the interaction potential.
Following Eq. (12), the Schrodinger equation approxima-
tion is obtained by replacing Eq. (C4) with the single-band
model for a single scalar amplitude y:

0 c
- - bZ b2
1SR N (by + b2 )ws <
T 3v . Z \/§V3$b—b’
o Yp - Ve -

We diagonalize Eq. (C4) to find the eigenvectors

w P (R)  eKiR with the corresponding eigenvalues K,.

The solution is then expressed as

E etKR

n”"'bg{

2 (ul0), (C7)

where (u|0) = [1//(()” )]15“ is the overlap of the eigenvector
with the homogeneous initial solution.

APPENDIX D: PHOTON DISPERSION
IN THE FULL MODEL

Here we present the results of the numerical calculation
of the dispersion law K(k; ---«k,) for the center-of-mass
wave vector K. We consider both n =2 and n=3
photons. As a starting point, we use either the full
Hamiltonian of the single photon coupled to atoms
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—ck /Py 0
0 Q o+1iy

[Eq. (1) in the main text] or the Hamiltonian with
eliminated p states

ko
vk Tam) (D2)

HES(k) = ( \/ﬁgg Qz
A A

where k is the polariton wave vector. Next, we construct
the two-polariton and three-polariton Hamiltonians

H(ky, ky) = H(ky) @ I +1® H(kz), (D3)
Hki ky,k3) = H(k)) @ I ® I +1 Q H(k,)
RI+1Q1Q Hks) (D4)

Finally, we solve the Schrédinger equation Hy = oy to
find the dispersion law w(k; - - - k,). For example, for the
two-photon model with eliminated p states, we find

H(ky, ky) =
cky +2v+ ck, @ % 0
N cki +v+2 0 N
v 0 kg LR
0 VP92 VP gL 202
A A A
(D5)

We consider the stationary regime, when @ = 0. Thus,
we solve the equation w(k, - - - k,,) = 0 numerically to find
the center-of-mass wave vector K = (k; + -+ k,)/v/n
as a function of the relative wave vectors given by

ki — k>
k = n=2) and

V2 ( )

ky — k, ki +ky — 23
k: s k:7n23.
Y

A comparison of the results of the dual-band model and
of the full 9-band model for two photons is presented in
Fig. 6. The calculation demonstrates that the full model
exhibits Dirac-like cones, which are satisfactorily repro-
duced by the model.

Figure 7 presents a comparison between the three-band
model Eq. (5), the 8-band model with eliminated p states,
and the full 27-band model. Both the 8-band model and the
3-band model very well reproduce the ESS, band, which
is relevant for experiments [15]. However, the 27-band
model features even more complicated dispersion with two
split Dirac cones, instead of a single Dirac cone in 8-band
and 3-band models. This splitting of the Dirac cones can
be interpreted as an analogue of spin-orbit splitting in

T T T

FIG. 6. Two-photon dispersion law w(k,, k,) =0 under the
stationary conditions. Dashed lines correspond to the dual-band
model based on Eq. (4), solid lines correspond to the 9-band
model. Calculation has been performed for /pg/A = 300,
Q/A =1/3. The wave vectors on all axes are normalized

by pg*/(cA)

solid-state band structure, where the polaritons’ degrees of
freedom related to the p-state components play the role of
a (pseudo)spin degree of freedom. The two panels in Fig. 7
are calculated for two different values of Q/A, with panel
(b) corresponding to the realistic value Q/A = 1/3 [15].
Comparing these two panels, we see that the splitting
between the Dirac cones increases with Q/A.

(a) (b)

—27 bands
—8 bands ||

==xDirac

ke, ky ke, ky
FIG. 7. Three-photon multiband structure under the stationary
conditions. Dotted lines correspond to the 3-band model based
on Eq. (5), thin black lines to the §-band model with eliminated p
states, thick red lines to the full 27-band model. Calculation has
been performed for /pg/A = 300 and for two values of (a)
Q/A =0.02 and (b) /A = 0.33. The wave vectors on all axes
are normalized by p ¢*/(cA).
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