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Chaos-integrability transition in the BPS subspace of the A" =2 SYK model
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We study a chaos-integrability transition purely within a BPS subspace, the subspace of exactly
degenerate ground states annihilated by the supercharges, in a supersymmetric model that interpolates
between the chaotic N' = 2 SYK model and an integrable ' = 2 “commuting” SYK model. Since all BPS
states are degenerate under the Hamiltonian, conventional Hamiltonian level statistics cannot diagnose
chaos within the BPS subspace. Using the framework of BPS chaos, we instead analyze the spectrum of a
simple operator projected onto the BPS subspace. We numerically find that its spectral statistics exhibit
random-matrix behavior near the SYK regime and undergo a smooth crossover to Poisson statistics
near the integrable regime. Our results provide a direct example in which the BPS data alone diagnose the

chaos-integrability crossover.
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I. INTRODUCTION

Quantum chaos plays a central role in understanding
the quantum nature of black holes [1,2]. The Sachdev-
Ye-Kitaev (SYK) model [3-5] provides a tractable setting
for studying this connection, as it exhibits quantum chaos,
while its low-energy dynamics is closely related to nearly-
AdS, gravity, known as Jackiw-Teitelboim (JT) gravity
[6,7], through the Schwarzian effective theory [8,9].
Various deformations of SYK models have been discussed
to investigate chaos-integrability transition [10-13], offer-
ing a useful laboratory to explore the relation between
chaos and black hole dynamics.

Supersymmetric black holes provide a particularly valu-
able setting for microscopic studies of black hole physics;
for instance, their protected entropies can often be
counted from the dual conformal field theory (CFT) to
match with an area of the horizon. However, supersym-
metric black holes consist of Bogomol nyi-Prasad-
Sommerfield (BPS) states, which are degenerate ground
states, so the conventional diagnostics of quantum chaos
based on spectral correlations of the Hamiltonian cannot be
directly applied, in contrast to the belief that black holes
should exhibit chaotic property.

A recent proposal, known as BPS chaos, addresses this
issue by considering the spectrum of a “simple” operator O
projected onto the BPS subspace [14-16],
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OBPS = PBPSOPBPS' (1)

Random-matrix statistics in the spectrum of Ogpg are then
interpreted as a signature of quantum chaos within the BPS
subspace. Relatedly, the notion of fortuity classifies
BPS states according to whether they can be continued
to larger N [17]. The associated chaos-invasion picture
suggests that the spectral properties of finite-energy states
may be inherited by fortuitous BPS states [16].

These developments motivate a natural question: Can a
chaos-integrability transition be detected solely in a BPS
subspace?

In this work, we answer this question affirmatively in a
deformed N = 2 supersymmetric SYK model. We con-
sider a supercharge that interpolates between the usual
chaotic N/ =2 SYK supercharge [18] and an integrable
“commuting” supercharge. After confirming the chaos-
integrability transition in the conventional setting of a non-
BPS sector, we focus instead on a BPS subspace and study
the spectrum of a projected operator. This provides a direct
example of a chaos-integrability crossover diagnosed
purely within a BPS subspace. Our results also suggest
that BPS-sector diagnostics may be useful for probing the
breakdown of black-hole-like chaotic descriptions in super-
symmetric holographic systems.

II. /' =2 SYK MODEL AND ITS DEFORMATION

We consider the N' = 2 supersymmetric SYK model with
N complex fermions y;, whose supercharge is given by

N
Osyk = Z Cijiw iy W (2)

i<j<k
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where the coupling constants C;;; are taken to be indepen-
dent Gaussian random complex variables with zero mean
and nonzero variance

. 2
CijkCijk = N2 (3)

Then the Hamiltonian H is given by an anticommutator

Hgyk = {Qsyk. Oy }- (4)

The R-charge associated with this Hamiltonian is the
fermion number

N
f=Y vy, (5)
i=1

and the Hilbert space is decomposed into sectors fixed by
fermion number, denoted by H .
For generic states W, (4) leads to the following inequality.

(P|Hsyk|¥) = ||OsykP||* + ||Q§YK‘P||2 >0, (6)

which means that the eigenvalues of Hqyg are all non-
negative, and this bound is called the BPS bound. The states
that satisfy this bound are zero-energy ground states and we
call them BPS states [19]. A subspace spanned by BPS
states is called BPS subspace and we denote it as H3™

within . In particular, the BPS subspace H}™ is a set of
states annihilated by both Qgyx and Q;YK.

It was shown in [20] that the nilpotency of Q and QF
induces a further orthogonal decomposition,

My =Hf & H; & HIS, (7)

where H]f and H; are non-BPS subspaces spanned by
states ¥ satisfying

Osyk¥ =0,  O{y¥#0, (8)

and

Osvk¥ #0. Qg =0, 9)
respectively. It was also shown in [20] that spectral
statistics in each sector Hf are governed by random matrix
theory, which means that the N' = 2 SYK model exhibits
quantum chaos in each non-BPS sector.

As a concrete illustration of this quantum chaotic
behavior of the N/ =2 SYK model, let us take N = 12
and consider H;;ﬁ, for example. This sector is described by

the random matrix theory of the Gaussian unitary ensemble
(GUE) [21].

To characterize correlations between neighboring energy
levels, we use two standard local spectral diagnostics: the
averaged gap ratio (r) and the nearest-level-spacing dis-
tribution P(s). Let E; < E, <--- < Ep be the ordered
eigenvalues of the Hamiltonian in the sector under con-
sideration, and define the consecutive gaps 6; = E; | — E;.
The averaged gap ratio, which compares the relative sizes
of two consecutive gaps, is

— min(6i’ 5i+1)
max(8;, 8iy1)

(10)

(r)=—— i i

The nearest-level-spacing distribution P(s) is the proba-
bility density of the normalized spacing between adjacent
eigenvalues. To obtain normalized spacings, we unfold the
spectrum so that the local mean spacing is unity. Denoting
the unfolded eigenvalues by x;, P(s) is defined as

1 D-1

P(s) = ﬁZa(s —s). (11)

i=1

Si = Xip1 — X,

Here and below, the overline denotes the ensemble average.
Generic integrable systems show a Poisson distribution
P(s) = e™*, whereas quantum chaotic systems show a
Wigner-Dyson (WD) distribution, which is P(s) =
i—%sze“”z/ * for GUE. Correspondingly, (r) =2 log2 — 1 =
0.386 for Poisson and (r) = 0.599 for GUE [22]. The result
for the level-spacing distribution in H}L=6 is shown in
Fig. 1. It agrees well with the GUE WD distribution,
indicating the quantum chaos in H?:6. We also find
(r) =0.598 - - -, consistent with GUE.

The spectral form factor (SFF) is another useful diag-
nostic of quantum chaos, as it probes long-range spectral
correlations.

HE (N=12)
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FIG. 1. Nearest level spacing distribution for H;_¢ in N =2
SYK model. The histogram is obtained by averaging over 4000
realizations, while the dotted curves represent the Poisson and
GUE Wigner-Dyson predictions. It agrees well with the GUE
prediction.
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FIG. 2. SFF for Hflé in =2 SYK model averaged over
4000 realizations. It exhibits a slope-ramp-plateau structure
reflecting the chaotic spectrum.

SFF(r) = ) "e~/(EEi, (12)
i.j

Figure 2 shows a plot of the SFF computed using the
spectrum in H};6. This characteristic behavior referred
to as the slope-ramp-plateau is a sharp signal of quan-
tum chaos.

To investigate a possible chaos-integrability transition,
we study the finite NV crossover induced by a deformation in
terms of a supercharge

N/3
Qcom = Z Cal//3a—2l//3a—ll//3a’ (13)

a=1

with random coupling constants C, drawn from the same
ensemble as C;j;. Here, the subscript “com” refers to the
fact that the corresponding Hamiltonian decomposes into a
sum of mutually commuting blocks, making this theory
manifestly integrable. In fact, using the occupation number
n; at the ith fermion site, we can write the Hamiltonian

Heom = {Qcom’ ngm} as

N/3
Z |Cal?[M30-21130-11134

a=1

+ (1 =n3,0)(1 = n301)(1 = n3,)],  (14)

Hcom =

demonstrating that the spectrum is given by a linear
combination of |C,|*’s. This can be viewed as a super-
symmetric generalization of [23].

In the rest of the paper, we take N to be a multiple of 3 to
appropriately define Q.,,, and we would like to consider a
theory that has a supercharge

Qg = Qcom + 2_‘(]N/ZQSYK’ (15)

with a coupling constant ¢ [24]. Specifically, the
Hamiltonian of the deformed model is defined by

HE (N=12)
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FIG. 3. Nearest level spacing distribution for the deformed
model (15). Deviation of the distribution from GUE is shown as g
increases. The average is taken over 4000 realizations for each
value of g.

H,= {Qg’ QZ} (16)

Therefore, the positive semidefiniteness of the Hamiltonian
(6) continues to hold, and the decomposition of the Hilbert
space (7) continues to hold for the deformed model (15),
since the deformation by Q.. preserves the nilpotency and
the fermion number (5).

We can observe a chaos-integrability crossover in H;:6
as shown in Fig. 3. Since H,, is exactly solvable, its
spectrum is highly structured and contains degeneracies.
Consequently, the raw level-spacing distribution does not
display a clean Poisson form [25]. For the same reason, the
SFF does not smoothly approach the integrable limit.
Nevertheless, the disappearance of the ramp region in
Fig. 4 indicates a loss of quantum chaos.

These observations motivate us to raise the question
whether we may observe a similar crossover in the BPS
subspace, in which the usual analysis based on spectral
statistics does not simply apply. It turns out that we can see

HE (N=12)
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g=2
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FIG. 4. SFF for the deformed model (15) averaged over 4000
realizations for each g. The plateau for Q,,,, alone arises from its
degeneracy in the spectrum. As g increases, the ramp becomes
small and approaches Q.,,, indicating a loss of chaotic behavior.
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a clear crossover in the BPS subspace by making use of the
notion of BPS chaos.

III. BPS CHAOS AND FORTUITY

We would like to diagnose the chaos-integrability cross-
over by focusing solely on the BPS subspace of the
deformed model (15). Since all BPS states are exactly
degenerate zero-energy ground states, ordinary level sta-
tistics of the Hamiltonian cannot be used to probe chaos
within this subspace. Nevertheless, the notion of BPS chaos,
originally motivated by Lin—Maldacena—Rozenberg—Shan
(LMRS) [14,15] and further developed in [16], provides a
way to characterize chaotic behavior among BPS states.

An important question is how random-matrix behavior
can arise among BPS states whose energies are exactly
protected. A proposed explanation is the mechanism
of chaos invasion [16], which depends on the idea of
fortuity [17].

To formulate this idea, let us consider a sequence of
theories with increasing N, in which the fermions and
couplings already present at smaller N are retained [26].
Since the Hilbert spaces at different N are different,
continuing a BPS state does not mean keeping the same
state vector. Rather, it means uplifting the corresponding
Q-cohomology class [27] to a nontrivial class in the theory
at larger N. Some BPS states admit such an uplift
repeatedly and therefore remain BPS at arbitrarily large
N; these are called monotone states. For other BPS states,
every possible sequence of uplifts terminates at a finite
value of N, beyond which the corresponding state is no
longer BPS; these are called fortuitous states. Thus, the
distinction describes whether BPS protection persists as the
theory is enlarged, rather than a property defined within a
single fixed-N theory.

Fortuitous states have been conjectured to describe
typical microstates of supersymmetric black holes, whereas
monotone states are associated with smooth horizonless
geometries [17]. This motivates the expectation that for-
tuitous BPS states should exhibit stronger signatures of
quantum chaos than monotone ones. The chaos invasion
picture qualitatively describes this expectation: a fortuitous
BPS state at a given N originates from a finite-energy non-
BPS state at larger N. Therefore, if the original finite-
energy states are chaotic, their random matrix character
may persist after they enter the BPS subspace.

Following the LMRS proposal [14,15], chaos within a
BPS subspace, or BPS chaos, can be probed by restricting a
generic simple operator O to the BPS subspace. In a basis
{]a)} of BPS states, the resulting operator Ogpg, defined in
Eq. (1), has matrix elements (Ogps),;, = (a|O|b). Random
matrix statistics that arise in this restricted matrix are
interpreted as a chaotic property of the BPS subspace [28].

Motivated by this criterion, we will diagnose chaos in the
BPS subspace of the deformed SYK model by studying the
spectral statistics of a projected simple operator.

IV. CHAOS-INTEGRABILITY TRANSITION IN
THE BPS SUBSPACE

A key observation here is that the BPS states of both
QOsyk and the integrable deformation Q.,, are all fortu-
itous. The chaos invasion picture suggests that the spectral
statistics of finite-energy states can be inherited by fortu-
itous BPS states. Therefore, Qgyk is expected to transmit
chaotic random-matrix behavior to the BPS subspace,
whereas the deformation Q.,, may instead transmit
Poisson-like statistics from its integrability. This motivates
us to investigate whether the deformed model (15) exhibits a
chaos-integrability transition directly within its BPS subspace.

The fortuitous nature of these BPS states can be under-
stood as follows. For Qgyk, the BPS subspace exhibits the
R-charge concentration discussed in [26]: BPS states are
concentrated within an O(1) range around H,_y,,. An
uplift of Q-cohomology preserves the fermion number,
hence cannot remain within the concentration window
around f = N/2 for arbitrarily large N. Therefore, these
BPS states are fortuitous. For Q,.,, we can see from (14),
that a state is BPS only when each block (labeled by a)
contains either one or two fermions. Therefore, the BPS
subspace is supported in the range % <f< 271\/ for fixed N.
Although this distribution is not concentrated, its states
likewise admit no infinite BPS uplift. A Q-cohomology
uplift adds an empty block giving a positive contribution in
(14). Hence this uplift does not remain BPS, and these
states are also fortuitous.

For simplicity, we focus on N = 12 and the sector H?ig,
in which we find that the dimension of the BPS subspace
remains unchanged throughout the interpolation in g. To
see a clear transition, we need to choose a probe operator O
that does not have a degenerate spectrum in H}F3. A

natural choice for such an operator is
N
0=> Awlwi (17)
=1

where A; are Gaussian random real variables with zero
mean and unit variance [29].

Now, defining Ogps ¢ as the operator O projected onto
H?z%, we are ready to investigate the chaos-integrability
crossover in 1?73, Using the spectrum of Ogps ¢, We can
compute (r), the nearest level spacing distribution, and the
SFF, in the same way as was done in Sec. II with the
spectrum of the Hamiltonian.

More explicitly, let 4; <4, <--- <1p be the ordered

eigenvalues of Opgpg_g, and define 550) =i — 4. We
can define the gap ratio for this spectrum as

_ . 0] 0
L0 o min@”.57)
<r> - Zri ’ ri - (0) (0) . (18)
D-2 i=1 max(éi ’5i+l
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FIG. 5. Dependence of the averaged gap ratio (r) defined in
Eq. (18) on the deformation parameter g, computed from the
spectrum of Ogpg s—¢ for N = 12. The average is taken over 500
realizations. The result exhibits a smooth crossover from the GUE
value to the Poisson value around g = 1.

(0)

Denoting the unfolded eigenvalues of Ogpg;_¢ by x; 7, we
can also define the nearest level spacing distribution

1 D-1

0 0 0 o

89 =0 =x P =5 0= (19)
i=1

Figures 5 and 6 both show a clear crossover from GUE to
Poisson statistics around g = 1.

Figure 7 shows the SFF defined directly from the
eigenvalues of Ogpg—¢ by

2
(20)

SFFy (1) = ‘ D el it

Here, the subscript O represents the dependence on our
choice of the operator. The Gaussian filter [30] is intro-
duced to suppress edge effects and focus on bulk spectral
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FIG. 6. Nearest level-spacing distribution P(s) defined in
Eq. (19) for the spectrum of the projected operator Opps ¢_¢ in
the deformed model (15) for 4000 realizations. The distribution
shows a crossover from GUE to Poisson around g = 1.
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FIG. 7. Filtered spectral form factor SFF,(z) defined in
Eq. (20), averaged over 4000 realizations, with ¢ = 0.2. The
ramp region seems to disappear around g = 1.2, suggesting the
chaos-integrability transition.

correlations. Note that 7 is conjugate to differences between
the eigenvalues of Ogps s and does not represent physical
time evolution generated by H, Therefore, this SFF
cannot, in general, be identified with a dynamical corre-
lation function of O and instead probes spectral correlations
of Ogps -

In Fig. 7, we observe a disappearance of the ramp region,
suggesting a chaos-integrability transition.

V. CONCLUSION AND OUTLOOK

In this paper, we demonstrated that a chaos-integrability
crossover can be observed directly within the BPS subspace
of a deformed N =2 SYK model, using the diagnostic
framework of BPS chaos. In particular, the projected
operator spectrum transitions from GUE to Poisson sta-
tistics as the deformation parameter is varied. Since both
endpoints contain only fortuitous BPS states, our results
indicate that fortuitous BPS states can inherit qualitatively
different spectral characteristics depending on the structure
of the finite-energy spectrum from which they descend.

The holographic interpretation of this crossover is an
important open question. Since the N’ =2 SYK model is
described at low energies by the super-Schwarzian or JT
supergravity [31], the disappearance of random-matrix
behavior suggests a breakdown of the black-hole-like
chaotic description as the model approaches the integrable
regime. More broadly, in supersymmetric holographic
systems where a bulk description can be followed along
a deformation, BPS chaos diagnostics may provide boun-
dary probes of changes in the dominant semiclassical
saddle, for example between black-hole-like and horizon-
less descriptions. A relation between wormhole length and
an appropriately defined Krylov complexity in the BPS
subspace of the N = 2 double-scaled SYK was discussed
in [32] and may provide useful insight in this regard.

Whether this finite N crossover sharpens into a genuine
transition in the large N limit remains an open question.

066011-5
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It would be worthwhile to investigate whether an analytic
large N description can be developed for our model,
perhaps in line with the analysis of the deformed SYK
model in [10]. Another promising direction is to study the
double-scaling limit [33] and formulate the model in terms
of a chord path integral established in the analysis of chaos-
integrability transition in ordinary double-scaled SYK
model [34-36].

Although we have used the spectral form factor of a
projected operator as a diagnostic of BPS chaos, it would
be interesting to ask whether other probes can be adapted
to detect the same crossover within the BPS sector.
Possible candidates include out-of-time-order correlator
(OTOC) [1,2], entanglement entropy [37], relaxation
fluctuations of correlation functions [38], Krylov com-
plexity [39,40], and (generating function of) spectral
complexity [41-43]. For extensions to more general
supersymmetric models, the spectrum of the Berry cur-
vature may provide an intrinsic diagnostic of BPS
chaos [44].

Finally, clarifying the precise relation between fortuity
and chaos is another important problem. The present model
provides a useful example in this regard: Q.,, has only
fortuitous BPS states despite being integrable. It would be
interesting to investigate whether the sharpness of the
R-charge distribution of BPS states is correlated with
quantum chaos, since for Qgyk, the BPS states are con-
centrated within O(1) charge window, whereas for Q.o
they are supported over the O(N) range, N/3 < f < 2N/3.
Another model with fortuitous BPS states distributed over
the O(N) range of R charge, while being integrable, was
proposed in [45].
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APPENDIX: INTEGRABILITY OF Q.

In the main text, the nearest level spacing distribution for
H, did not show clear Poisson distribution at large g, as
shown in Fig. 3. This is due to the degeneracy in the
spectrum of H_,,. For completeness, we show in Fig. 8
that the nearest level spacing distribution for H,,, alone
indeed exhibits Poisson-like statistics, if we remove the
degeneracy.

HE (N=12)
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0.0 05 10 15 20 25 30 35 4.0

FIG. 8. Nearest level spacing distribution for Hf:s in Hep
alone with degeneracy removed. The histogram is obtained by
averaging over 10000 realizations. It agrees well with the Poisson
distribution, indicating its integrability.

[1] Y. Sekino and L. Susskind, Fast scramblers, J. High Energy
Phys. 10 (2008) 065.

[2] J. Maldacena, S. H. Shenker, and D. Stanford, A bound on
chaos, J. High Energy Phys. 08 (2016) 106.

[3] S. Sachdev and J. Ye, Gapless spin-fluid ground state in a
random quantum heisenberg magnet, Phys. Rev. Lett. 70,
3339-3342 (1993).

[4] A. Kitaev, A simple model of quantum holography,
Talks at KITP, April 7, 2015 and May 27, 2015,
available at: http://online.kitp.ucsb.edu/online/entangle
d15/kitaev/.

[5] J. Maldacena and D. Stanford, Remarks on the
Sachdev-Ye-Kitaev model, Phys. Rev. D 94, 106002
(2016).

[6] R. Jackiw, Lower dimensional gravity, Nucl. Phys. B252,
343 (1985).

[7] C. Teitelboim, Gravitation and Hamiltonian structure in two
space-time dimensions, Phys. Lett. 126B, 41 (1983).

[8] K. Jensen, Chaos in AdS, holography, Phys. Rev. Lett. 117,
111601 (2016).

[9] J. Maldacena, D. Stanford, and Z. Yang, Conformal
symmetry and its breaking in two dimensional nearly
anti-de-Sitter space, Prog. Theor. Exp. Phys. 2016,
12C104 (2016).

[10] A.M. Garcia-Garcia, B. Loureiro, A. Romero-
Bermuidez, and M. Tezuka, Chaotic-integrable transition
in the Sachdev-Ye-Kitaev model, Phys. Rev. Lett. 120,
241603 (2018).

066011-6


https://doi.org/10.1088/1126-6708/2008/10/065
https://doi.org/10.1088/1126-6708/2008/10/065
https://doi.org/10.1007/JHEP08(2016)106
https://doi.org/10.1103/PhysRevLett.70.3339
https://doi.org/10.1103/PhysRevLett.70.3339
http://online.kitp.ucsb.edu/online/entangled15/kitaev/
http://online.kitp.ucsb.edu/online/entangled15/kitaev/
http://online.kitp.ucsb.edu/online/entangled15/kitaev/
http://online.kitp.ucsb.edu/online/entangled15/kitaev/
http://online.kitp.ucsb.edu/online/entangled15/kitaev/
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1016/0550-3213(85)90448-1
https://doi.org/10.1016/0550-3213(85)90448-1
https://doi.org/10.1016/0370-2693(83)90012-6
https://doi.org/10.1103/PhysRevLett.117.111601
https://doi.org/10.1103/PhysRevLett.117.111601
https://doi.org/10.1093/ptep/ptw124
https://doi.org/10.1093/ptep/ptw124
https://doi.org/10.1103/PhysRevLett.120.241603
https://doi.org/10.1103/PhysRevLett.120.241603

CHAOS-INTEGRABILITY TRANSITION IN THE BPS ...

PHYS. REV. D 114, 066011 (2026)

[11] T. Nosaka, D. Rosa, and J. Yoon, The Thouless time for
mass-deformed SYK, J. High Energy Phys. 09 (2018) 041.

[12] A.M. Garcia-Garcia, Y. Jia, D. Rosa, and J.J.M.
Verbaarschot, Sparse Sachdev-Ye-Kitaev model, quan-
tum chaos and gravity duals, Phys. Rev. D 103, 106002
(2021).

[13] M. Tezuka, O. Oktay, E. Rinaldi, M. Hanada, and F. Nori,
Binary-coupling sparse Sachdev-Ye-Kitaev model: An im-
proved model of quantum chaos and holography, Phys. Rev.
B 107, L081103 (2023).

[14] H.W. Lin, J. Maldacena, L. Rozenberg, and J. Shan,
Holography for people with no time, SciPost Phys. 14,
150 (2023).

[15] H.W. Lin, J. Maldacena, L. Rozenberg, and J. Shan,
Looking at supersymmetric black holes for a very long
time, SciPost Phys. 14, 128 (2023).

[16] Y. Chen, H. W. Lin, and S. H. Shenker, BPS chaos, SciPost
Phys. 18, 072 (2025).

[17] C.-M. Chang and Y.-H. Lin, Holographic covering and the
fortuity of black holes, arXiv:2402.10129.

[18] W. Fu, D. Gaiotto, J. Maldacena, and S. Sachdev, Super-
symmetric Sachdev-Ye-Kitaev models, Phys. Rev. D 95,
026009 (2017); 95, 069904(A) (2017).

[19] Usually, they are called supersymmetric states because
they preserve all the supercharges, i.e., Q¥ = Q'W =0,
but we call them BPS states in a sense that they satisfy
the BPS bound. Generally, when there are multiple
supercharges, not all of them can be preserved at the
same time. In fact, in a suitable basis, supercharges Q;
should follow the relation {Q;, O]} = H —¢q; >0, with
central charges ¢;. Then the BPS bound becomes
H = max;(q;), and states that saturate this bound are
called BPS states.

[20] T. Kanazawa and T. Wettig, Complete random matrix
classification of SYK models with A" =0, 1 and 2 super-
symmetry, J. High Energy Phys. 09 (2017) 050.

[21] For the classification of general pairs of (N, f), see (6.13) in
[20].

[22] Y. Y. Atas, E. Bogomolny, O. Giraud, and G. Roux,
Distribution of the ratio of consecutive level spacings in
random matrix ensembles, Phys. Rev. Lett. 110, 084101
(2013).

[23] P. Gao, Commuting SYK: A pseudo-holographic model, J.
High Energy Phys. 01 (2024) 149.

[24] The exponential N dependence of the coefficient is chosen
in analogy with the generalized Rosenzweig-Porter model
[46,47], where the strength of off-diagonal mixing scales as
a power of the Hilbert-space dimension. In our numerics, the
smooth transition occurs around g =1 due to this N
dependence.

[25] If one further resolves the Hilbert space using the
additional conserved block quantum numbers of H_,,,
the remaining level statistics are expected to become
Poisson. However, these block quantum numbers are not
preserved once the Qgyi is turned on, and hence the
same refinement cannot be employed for the deformed
model (15).

[26] C.-M. Chang, Y. Chen, B.S. Sia, and Z. Yang, Fortuity in
SYK models, J. High Energy Phys. 08 (2025) 003.

[27] For H ={Q,Qf}, the Hodge decomposition implies
that every nontrivial Q-cohomology class has a unique
representative annihilated by both Q and QY. Hence the
Q-cohomology is isomorphic to the BPS subspace. The
same statement holds for Qf-cohomology.

[28] Here, BPS chaos is diagnosed through the spectral statistics
of the restricted operator Ogps. This diagnostic is distinct
from operator growth under Hamiltonian time evolution,
which is not studied in this work.

[29] The randomness of A; alone does not generate random-
matrix statistics, since the same probe ensemble yields
Poisson-like statistics at the integrable endpoint. A fixed

probe such as O = 1//}1//1 gives the same qualitative cross-
over, although its degeneracies make the spectral statistics
less clean.

[30] H. Gharibyan, M. Hanada, S.H. Shenker, and M.
Tezuka, Onset of random matrix behavior in scrambling
systems, J. High Energy Phys. 07 (2018) 124; 02 (2019)
197(E).

[31] G.J. Turiaci and E. Witten, ' =2 JT supergravity and
matrix models, J. High Energy Phys. 12 (2023) 003.

[32] S.E. Aguilar-Gutierrez, Evolution with(out) time: Rela-
tional holography & BPS complexity growth in N =2
double-scaled SYK, J. High Energy Phys. 02 (2025)
229.

[33] M. Berkooz, N. Brukner, V. Narovlansky, and A. Raz, The
double scaled limit of super—symmetric SYK models, J.
High Energy Phys. 12 (2020) 110.

[34] M. Berkooz, N. Brukner, Y. Jia, and O. Mamroud, From
chaos to integrability in double scaled Sachdev-Ye-Kitaev
model via a chord path integral, Phys. Rev. Lett. 133,
221602 (2024).

[35] M. Berkooz, N. Brukner, Y. Jia, and O. Mamroud, Path
integral for chord diagrams and chaotic-integrable transi-
tions in double scaled SYK, Phys. Rev. D 110, 106015
(2024).

[36] S.E. Aguilar-Gutierrez, R.N. Das, J. Erdmenger, and
Z.-Y. Xian, Probing the chaos to integrability transition
in double-scaled SYK, J. High Energy Phys. 06 (2026)
109.

[37] X. Wang, S. Ghose, B. C. Sanders, and B. Hu, Entanglement
as a signature of quantum chaos, Phys. Rev. E 70, 016217
(2004).

[38] T. Pathak, Relaxation fluctuations of correlation functions:
Spin and random matrix models, Phys. Rev. E 111, 024201
(2025).

[39] V. Balasubramanian, P. Caputa, J. M. Magan, and Q. Wu,
Quantum chaos and the complexity of spread of states,
Phys. Rev. D 106, 046007 (2022).

[40] B. Bhattacharjee, P. Nandy, and T. Pathak, Krylov complex-
ity in large q and double-scaled SYK model, J. High Energy
Phys. 08 (2023) 099.

[41] L. V. lliesiu, M. Mezei, and G. Sarosi, The volume of the
black hole interior at late times, J. High Energy Phys. 07
(2022) 073.

[42] M. Miyaji, S.-M. Ruan, S. Shibuya, and K. Yano, Non-
perturbative overlaps in JT gravity: From spectral form
factor to generating functions of complexity, J. High Energy
Phys. 06 (2025) 251.

066011-7


https://doi.org/10.1007/JHEP09(2018)041
https://doi.org/10.1103/PhysRevD.103.106002
https://doi.org/10.1103/PhysRevD.103.106002
https://doi.org/10.1103/PhysRevB.107.L081103
https://doi.org/10.1103/PhysRevB.107.L081103
https://doi.org/10.21468/SciPostPhys.14.6.150
https://doi.org/10.21468/SciPostPhys.14.6.150
https://doi.org/10.21468/SciPostPhys.14.5.128
https://doi.org/10.21468/SciPostPhys.18.2.072
https://doi.org/10.21468/SciPostPhys.18.2.072
https://arXiv.org/abs/2402.10129
https://doi.org/10.1103/PhysRevD.95.026009
https://doi.org/10.1103/PhysRevD.95.026009
https://doi.org/10.1007/JHEP09(2017)050
https://doi.org/10.1103/PhysRevLett.110.084101
https://doi.org/10.1103/PhysRevLett.110.084101
https://doi.org/10.1007/JHEP01(2024)149
https://doi.org/10.1007/JHEP01(2024)149
https://doi.org/10.1007/JHEP08(2025)003
https://doi.org/10.1007/JHEP07(2018)124
https://doi.org/10.1007/JHEP02(2019)197
https://doi.org/10.1007/JHEP02(2019)197
https://doi.org/10.1007/JHEP12(2023)003
https://doi.org/10.1007/JHEP02(2026)229
https://doi.org/10.1007/JHEP02(2026)229
https://doi.org/10.1007/JHEP12(2020)110
https://doi.org/10.1007/JHEP12(2020)110
https://doi.org/10.1103/PhysRevLett.133.221602
https://doi.org/10.1103/PhysRevLett.133.221602
https://doi.org/10.1103/PhysRevD.110.106015
https://doi.org/10.1103/PhysRevD.110.106015
https://doi.org/10.1007/JHEP06(2026)109
https://doi.org/10.1007/JHEP06(2026)109
https://doi.org/10.1103/PhysRevE.70.016217
https://doi.org/10.1103/PhysRevE.70.016217
https://doi.org/10.1103/PhysRevE.111.024201
https://doi.org/10.1103/PhysRevE.111.024201
https://doi.org/10.1103/PhysRevD.106.046007
https://doi.org/10.1007/JHEP08(2023)099
https://doi.org/10.1007/JHEP08(2023)099
https://doi.org/10.1007/JHEP07(2022)073
https://doi.org/10.1007/JHEP07(2022)073
https://doi.org/10.1007/JHEP06(2025)251
https://doi.org/10.1007/JHEP06(2025)251

LEON MIYAHARA and SHONO SHIBUYA

PHYS. REV. D 114, 066011 (2026)

[43] M. Miyaji, S.-M. Ruan, S. Shibuya, and K. Yano, Universal
time evolution of holographic and quantum complexity,
Phys. Rev. Lett. 136, 151602 (2026).

[44] Y. Chen, S. Colin-Ellerin, O. Mamroud, and K.
Papadodimas, Chaos of Berry curvature for BPS micro-
states, arXiv:2604.23287.

[45] Y. Chen, Fortuity with a single matrix, arXiv:2511.00790.

[46] N. Rosenzweig and C. E. Porter, “repulsion of energy levels”
in complex atomic spectra, Phys. Rev. 120, 1698 (1960).

[47] V.E. Kravtsov, I. M. Khaymovich, E. Cuevas, and M.
Amini, A random matrix model with localization and
ergodic transitions, New J. Phys. 17, 122002 (2015).

066011-8


https://doi.org/10.1103/fsdt-d3p9
https://arXiv.org/abs/2604.23287
https://arXiv.org/abs/2511.00790
https://doi.org/10.1103/PhysRev.120.1698
https://doi.org/10.1088/1367-2630/17/12/122002

	Chaos-integrability transition in the BPS subspace of the N=2 SYK model
	I. INTRODUCTION
	II. N=2 SYK MODEL AND ITS DEFORMATION
	III. BPS CHAOS AND FORTUITY
	IV. CHAOS-INTEGRABILITY TRANSITION IN THE BPS SUBSPACE
	V. CONCLUSION AND OUTLOOK
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX: INTEGRABILITY OF Qcom
	References


