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We introduce a spinful variant of the Sachdev-Ye-Kitaev model with an effective time reversal
symmetry, which can be solved exactly in the limit of a large number N of degrees of freedom. At low
temperature, its phase diagram includes a compressible non-Fermi liquid and a strongly-correlated
spin singlet superconductor that shows a tunable enhancement of the gap ratio predicted by BCS
theory. These two phases are separated by a first-order transition, in the vicinity of which a gapless
superconducting phase, characterized by a non-zero magnetization, is stabilized upon applying a
Zeeman field. We study equilibrium transport properties of such superconductors using a lattice
construction, and propose a physical platform based on topological insulator flakes where they may

arise from repulsive electronic interactions.

Understanding strongly correlated forms of supercon-
ductivity, going beyond the celebrated BCS [1-3] and
Migdal-Eliashberg [4-7] theories, remains an ongoing av-
enue of research. One of the main difficulties lies in
the rarity of tractable models [8-10] providing analytical
insight into this phenomenon. Recently, the advent of
exactly-solvable models of non-Fermi liquids, the family
of so-called SYK models [11-14], has sparked remarkable
progress in exploring correlated phases with intriguing
properties such as strange metallic transport and maxi-
mal chaos [15-24]. Solvable models of correlated super-
conductors have been similarly constructed — two popular
approaches consisting of explicitly adding pairing terms
to an SYK construction [25-27] or considering random
Yukawa electron-phonon interactions [28-32].

Building on these ideas, in this work we introduce a
simple model for correlated superconductivity with rich
phenomenology, where the superconducting correlations
are instead generated directly by disordered SYK-type
fermionic interactions [33, 34]. It consists of a pair of
coupled complex SYK (cSYK) models [11, 12, 35] with
random two-body interactions that are constrained by
an anti-unitary time reversal symmetry, and can thus be
regarded as a spinful generalization of the SYK model.
This is inspired by recent work on a related but subtly
different symmetry setting, where two SYK models are
instead related by a unitary symmetry [36-40], and which
hosts both (gapped) symmetry-broken and (gapless) non-
Fermi liquid phases with a holographic interpretation.

In analogy with the results of these works, at low
temperature the spinful SYK model shows the sponta-
neous breaking of a U(1) symmetry. However, rather
than the breaking of an azial U(1) symmetry leading to
a “traversable wormhole” phase [38-40], the global U(1)
symmetry is instead broken, driving the system to a cor-
related spin-singlet superconducting phase. This super-
conductor shows an enhanced gap ratio compared to the
BCS prediction, and might also exhibit connections to
holography. It is separated by a first-order transition
from an SYK non-Fermi liquid, in the vicinity of which
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FIG. 1. (Left:) IHlustration of the coupling terms in the spin-
ful SYK model, Eq. 2. (Right:) Low temperature (3J = 100)
phase diagram as a function of Zeeman field B and interac-
tion parameter «, at charge neutrality 4 = 0. For a < 0
the SYK non-Fermi liquid is stable, whereas for a > 0 we
find an instability to a gapped spin-singlet superconductor.
Interestingly a region of gapless superconductivity with finite
magnetization is stabilized at non-zero B. White dashed lines
denote first-order phase transitions.

a gapless superconducting phase, characterized by a fi-
nite magnetization, is stabilized upon applying a Zeeman
field B (see a schematic low-temperature phase diagram
in Fig. 1). Using a lattice construction with spinful SYK
models at each site we compute the equilibrium transport
properties of the two SC phases, finding sharp qualitative
differences in their supercurrent-phase relations.

The model. — We consider a variant of the SYK model
that consists of a (0+1)-dimensional “quantum dot” with
a large number N of degrees of freedom, each coming in
two flavors a =1, ). We assume all-to-all, random inter-
actions between degrees of freedom of the same flavor,
described by the complex SYK Hamiltonian

N
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where the coupling constants are drawn from a Gaussian
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distribution with zero mean and variance |J%,[? = 5%,
and p, are chemical potentials that can be tuned in-



dependently for the two species. Fermionic commuta-
tion relations impose the constraints Jj. ., = —Jj5, =
=I5 = (Jipi;)" on the coupling constants. In the
following we also impose the stronger requirement that
Ji 4y be fully anti-symmetric [41]. We then require in-
variance under the anti-unitary symmetry © = 77K,
where 7% is a Pauli matrix acting on the flavor degree
of freedorn and K denotes complex conjugation. This

enforces JJ Bl = (J” kl)

We now couple the ¢SYK models with two-body inter-
actions that conserve charge for each flavor (with U(1)
® U(1) symmetry), of the form Jg%,c/, L,Ckaczb Con-
sistency with the anti-unitary symmetry requires that
kal = (ngkl)*' For concreteness we consider the cou-
pling constants generated by Coulomb interactions in a
degenerate manifold that is constrained by © (see Ap-
pendix for details and connections to a proposed experi-
mental platform based on a topological insulator flake).
This enforces the constraints Jﬁf’kj = oty = aJ}C’l;ij,
with « a dimensionless constant controlling the ratio of
inter to intra-flavor interactions. In the proposed phys-
ical platform a > 0 (o < 0) corresponds to repulsive
(attractive) inter-flavor interactions. We thus consider
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where we expressed pr; = p £+ B in terms of a (global)
chemical potential u and a Zeeman term B which breaks
the anti-unitary symmetry ©. For y = 0 the Hamiltonian
is invariant under the combination of flavor and particle-
hole transformation c;ra > ¢ with a # b.

Saddle-point equations.— We first consider the charge
neutrality point, 4 = 0. The Euclidean-time path in-
tegral formulation of the model at inverse temperature
B = 1/kpT reads Z = [[D[c,c']e™ with the effective

action S = fo dr (Zw ¢ (T)0rcia(T) + H) Averaging
over quenched disorder in the couplings J;;xi, and consid-
ering only replica-diagonal solutions (assuming no spin
glass physics [42]), we obtain an effective action writ-
ten in terms of the (standard and anomalous) averaged
Green’s functions G ./ %Zj(TCjT(T)C;T(T/» and
Frp =% >_i(Tejr(r)ejy (")) and their respective self-
energies 3 and II (see Appendix for details). From this
effective action the semiclassical (N — oo) saddle-point
equations are obtained by taking functional derivatives

with respect to the Green’s functions and self-energies,
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D, D, (3)
where D,, = (B + %, + iw,)? — I12. Here we used time

translation invariance to express G, = G,_,/, while
G, = G(wy,) (and similarly) are Fourier transformed ex-
pressions in terms of fermionic Matsubara frequencies
wn, = (2n+ 1)7T. This set of coupled equations can be
solved self-consistently through an iterative method until
convergence is attained. In practice, as coupled models
of this type [36-40] often exhibit first-order phase tran-
sitions, we sweep the Zeeman field B back and forth and
feed the converged solution for the next value of B con-
sidered. This gives rise to hysteresis curves from which
one picks the solution with the lowest free energy density
F =-TIlnZ/N, given in the large N limit by substitut-
ing the saddle point solutions in the action [43],

-F D,
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T " +§:{n<(iwn)2

3
> + 3 (EnGn + 11, Fy)
(4)
Similarly, the entropy density S = (U — F) /T is ob-
tained, with the energy density

U=T [2BGp + 3Gy + 11, F,], (5)
Wn

and the magnetization M = 5% > (ct CjpCit — T-icﬂ) can
be read off from M = % G —o+-

Phase diagram.— We first explore the low-temperature
physics of the model by self-consistently solving the
saddle-point equations as described above. The result-
ing phase diagram is shown in Fig. 2. For attractive
interactions between the two flavors (o < 0) we find an
SYK non-Fermi liquid with extensive residual entropy.
In contrast, for repulsive interactions (a > 0) there is
an instability to a gapped superconducting phase gen-
erated by the spontaneous breaking of U(1) charge con-
servation. This should be compared to the results of
Refs. [38, 39], showing a spontaneous breaking of the ax-
ial U(1) symmetry with quantum number Q_ = Q+—Q,
whereby an “excitonic” order parameter 4 ; (chc;f L is
generated for o < 0. Indeed, the Hamiltonian studied in
Refs. [38, 39] is related to Eq. 2 by a particle-hole trans-
formation for a single flavor c}l < ¢;; combined with
o — —a, according to which we expect a spontaneous
expectation value A = F,_o = > ;{ejrejy) to develop
for « > 0. That is, in our case the global U(1) sym-
metry with @ = 94 4+ Q| is instead broken, leading to
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FIG. 2. Phase diagram of the model [Eq. (2)] at low-temperature 8J = 100 and charge neutrality © = 0. The superconducting
order parameter A (left panel), magnetization M (middle panel) and residual entropy density So (right panel) are obtained
from the self-consistent solutions of Eqs. (3) as a function of o and B. Dashed white lines indicate first-order phase transitions.

a spin-singlet SC state, and the instability now interest-
ingly occurs for repulsive inter-flavor interactions.

In the presence of a weak Zeeman field B, the SC
phase remains non-magnetized (M = 0) as expected for
a fully gapped spin-singlet superconductor. The break-
ing of time-reversal symmetry is however reflected in the
different spectral gaps for the hole and electron sides,
as shown in Fig. 3. In contrast, the non-Fermi liquid
phase can be continuously magnetized by tuning B, a
reflection of the compressibility of the underlying ¢cSYK
models [12, 35]. At sufficiently large B a first-order phase
transition takes the system to a gapped, fully polarized
state with M = % The discontinuous jump in residual
entropy between the non-Fermi liquid and gapped phases
signals a first-order phase transition. The transition be-
tween the two gapped, ordered phases (SC with A # 0

1

and polarized phase with M = 3) is also of first order,

as expected from standard Landau arguments.

A surprising result is the appearance of an interme-
diate phase which is gapless and superconducting, upon
applying a Zeeman field B. This phase exhibits exten-
sive residual entropy and magnetization associated with
the SYK non-Fermi liquid, as well as a non-zero SC or-
der parameter A. The presence of a non-zero M and A
seems contradictory, but can occur e.g. in a “phase coex-
istence” scenario where only part of the system sponta-
neously breaks the U(1) symmetry [38]. Here the Green’s
function G, exhibits power-law decay at long times, in
contrast to the exponential decay observed in the gapped
SC phase (see Fig. 3). When tuning the chemical poten-
tial away from charge neutrality, i # 0, we find that both
the gapped and gapless SC phases are compressible, as
described in more detail in the Appendix.

Gap ratio enhancement.— We now increase tempera-
ture and consider the transition out of the gapped SC
phase. In Fig. 4 we show the temperature dependence of
A for B = 0. For large  we find that A smoothly goes to
zero at T, indicative of a second-order transition, which
is however not BCS-like as shown from comparing with
the self-consistent solution of the BCS gap equations in
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FIG. 3. Comparison of the regular and anomalous Green’s
functions G, and F; in the gapped (solid lines, & = 0.4 and
B = 0.1J) and gapless (dashed lines, & = 0.4 and B = 0.2J)
SC phases at low temperature SJ = 200. We show both
negative (left) and positive (right) imaginary times 7.

the weak coupling limit [1? , 2]. In particular, in BCS
theory the following universal relations hold (with kg = 1
and Ag the SC order parameter at 7' = 0):

T
Do=176T. , AT = T.)=3.06T\/1~ = (6)

Here we find that neither relation is satisfied, highlighting
the strongly-correlated nature of superconductivity. Fur-
ther, the data collapse near T, suggests that the SC tran-
sition becomes of first order when decreasing «. There is
also a significant gap ratio enhancement [20] with Ay /T,
seemingly diverging for small a;, which can be traced back
to the empirical observation that T, ~ « while Ag de-
pends only weakly on the interaction strength.
Equilibrium transport.— We finally consider transport
properties of the SC phases identified above. To do so we
build a lattice model out of spinful SYK building blocks,
connected by random hoppings similarly to Ref. [18],

H=> H,+ Y
@ (

z,x') 1jo

xx’ T
tijacicm:chI" (7)

Here H, describe spinful SYK models, Eq. 2, with an
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FIG. 4. (Left:) Temperature dependence of the superconducting order parameter A for various values of @ and y = B = 0. The
weak-coupling BCS scaling is shown by dashed lines. (Middle:) Data collapse of A/A¢ against /1 — T'/T.. There is a jump
from a second to a first order phase transition when the interaction strength « decreases. (Inset:) The ratio Ao/T. increases
as @ — 0 and is greatly enhanced compared to the BCS result (dashed line). (Right): Phase diagram showing A in the T — «
plane, with second-order (solid line) and first-order (dashed line) phase transitions out of the gapped superconducting phase.

independent disorder realization on each site x. This en-
sures that the effective action only features local Green’s
functions and self-energies. The hopping terms connect
nearest neighbors (x,2’) and are drawn from a Gaussian
distribution with zero mean and variance [t} | = %

To drive a supercurrent in the system we consider a
ring geometry with L sites threaded by a magnetic flux
®. This introduces Peierls phase factors in the hopping
parameters through tfﬂe"‘b, with ¢ = £ f A-dl= %”(}%
and the flux quantum ®3 = % If the hopping parame-
ters are taken to be uncorrelated between the two spin
components, the disorder average yields only the Green’s
function G, which is insensitive to the magnetic flux
insertion. It is thus crucial to require invariance of the
hopping terms under the anti-unitary symmetry © — that
is, tff{ = ( fﬁ/)* Combined with a translation-invariant
ansatz, whereby G, = G, and F, . = F,, we obtain
saddle-point equations (see Appendix) that can be solved
self-consistently. The free energy density F/L is com-
puted using the appropriate generalization of Eq. 4, with
the induced supercurrent

[ OF 20 (F
S0P hop\L)’

where ¢ = 2¢ is the phase carried by Cooper pairs when
tunneling between SYK dots.

The limit of weak hopping t corresponds to Josephson
tunneling between neighboring SC islands that are phase
biased. Accordingly, we obtain sinusoidal supercurrent-
phase relations I(¢) = I.sin (¢ + §), as shown in Fig. 5
for @« = 0.5 and various values of B. In the gapped phase
we find 6 = 0 and the maximal supercurrent I. ~ t2/.J,
as expected in perturbation theory from the tunneling of
Cooper pairs between neighboring sites. For sufficiently
large B the gapless SC phase is stabilized (see also Fig. 2),
which in transport is manifest as a phase-shifted super-
current relation with § = 7. In other words, the system’s
free energy is minimized for a staggered order parameter
A, with a 7 phase difference between neighboring sites.
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FIG. 5. Equilibrium transport properties of the two supercon-
ducting phases, here for o = 0.5. (Left:) Supercurrent-phase
relation I(y) [computed through Eq. 8] in the lattice model
for various values of the Zeeman field B/J (color scale) and
t/J = 0.01. The jump to a m-shifted sinusoidal profile coin-
cides with the first-order transition between the gapped and
gapless SC phases at the critical Zeeman field B.. (Right:)
The superfluid density p (in arbitrary units) is independent
of B in the gapped phase and shows a recovery after a sudden
drop at B..

The superfluid density p ~ g—;\¢_,5 is independent of B
in the gapped phase, but interestingly shows a recovery
with B in the gapless phase, following a sudden drop
at the phase transition at B.. The gapless SC phase is
however more fragile to competing energy scales, as seen
from the rapid decrease in p/t? as a function of ¢.

Discussion.— In this work we introduced a simple
“spinful SYK” model for strongly-correlated supercon-
ductivity. Its exact solvability in the large N limit al-
lowed us to map the model’s phase diagram which ex-
hibits two different (gapped and gapless) superconduct-
ing phases, and show how their behavior strongly devi-
ates from BCS theory. The transport properties of such
phases, going beyond the equilibrium picture presented
here, could be explored in future work. Indeed, the lat-
tice model (Eq. 7) hosts not only correlated SC phases,
but also a strange metal and a heavy Fermi liquid (de-
pending on the ratio ¢/J) in the limit & = 0, where it
reduces to two decoupled (spinless) SYK chains [18]. Tt



would be interesting to study the thermal and electrical
conductivity across this rich phase diagram, which bears
some resemblance to the phenomenology of cuprates.

In summary, this work adds to the growing body of lit-
erature on SYK superconductivity [25-34] by highlight-
ing the role of anti-unitary symmetries in promoting SC
instabilities. Further, the model’s simple structure and
connections to physical platforms where superconducting
instabilities are expected for repulsive electronic interac-
tions raise the hope of stimulating new experimental de-
velopments. An interesting open question concerns the
effect of (finite N) fluctuations away from the saddle-
point, which should restore the broken U(1) symmetry
at low energy in accordance with the Mermin-Wagner
theorem [14, 44].

Acknowledgments.— We are grateful to Stephan Plugge
for discussions and collaborations on related projects,
and to Nikolay Gnezdilov and Yuxuan Wang for insight-
ful comments on the first version of this manuscript. This
research was supported in part by the National Sciences
and Engineering Council of Canada (NSERC) and the
Canada First Research Excellence Fund (CFREF).

[1] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, “Mi-
croscopic theory of superconductivity,” Phys. Rev. 106,
162-164 (1957).

[2] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, “Theory
of superconductivity,” Phys. Rev. 108, 1175-1204 (1957).

[3] LP Gor’Kov, “On the energy spectrum of superconduc-
tors,” Sov. Phys. JETP 7, 158 (1958).

[4] AB Migdal, “Interaction between electrons and lattice
vibrations in a normal metal,” Sov. Phys. JETP 7, 996—
1001 (1958).

[5] GM Eliashberg, “Interactions between electrons and lat-
tice vibrations in a superconductor,” Sov. Phys. JETP
11, 696-702 (1960).

[6] Yoichiro Nambu, “Quasi-particles and gauge invariance
in the theory of superconductivity,” Phys. Rev. 117, 648—
663 (1960).

[7] F. Marsiglio, “Eliashberg theory: A short review,” Ann.
Phys. 417, 168102 (2020).

[8] Philip W. Phillips, Luke Yeo, and Edwin W. Huang,
“Exact theory for superconductivity in a doped mott in-
sulator,” Nature Physics 16, 1175-1180 (2020).

[9] Guo-Zhu Liu, Zhao-Kun Yang, Xiao-Yin Pan, and Jing-
Rong Wang, “Towards exact solutions for the super-
conducting 7. induced by electron-phonon interaction,”
Phys. Rev. B 103, 094501 (2021).

[10] Valentin Crépel and Liang Fu, “New mechanism and ex-
act theory of superconductivity from strong repulsive in-
teraction,” (2020), arXiv:2012.08528.

[11] Subir Sachdev and Jinwu Ye, “Gapless spin-fluid ground
state in a random quantum heisenberg magnet,” Phys.
Rev. Lett. 70, 3339-3342 (1993).

[12] Subir Sachdev, “Bekenstein-hawking entropy and strange
metals,” Phys. Rev. X 5, 041025 (2015).

[13] A. Kitaev, “A simple model of quantum holography,” in

KITP Strings Seminar and Entanglement 2015 Program
(2015).

[14] Juan Maldacena and Douglas Stanford, “Remarks on
the sachdev-ye-kitaev model,” Phys. Rev. D 94, 106002
(2016).

[15] Sumilan Banerjee and Ehud Altman, “Solvable model for
a dynamical quantum phase transition from fast to slow
scrambling,” Phys. Rev. B 95, 134302 (2017).

[16] Shao-Kai Jian and Hong Yao, “Solvable sachdev-ye-
kitaev models in higher dimensions: From diffusion to
many-body localization,” Phys. Rev. Lett. 119, 206602
(2017).

[17] Yingfei Gu, Xiao-Liang Qi, and Douglas Stanford, “Lo-
cal criticality, diffusion and chaos in generalized sachdev-
ye-kitaev models,” J. High Energy Phys. 2017, 125
(2017).

[18] Xue-Yang Song, Chao-Ming Jian, and Leon Balents,
“Strongly correlated metal built from sachdev-ye-kitaev
models,” Phys. Rev. Lett. 119, 216601 (2017).

[19] Zhen Bi, Chao-Ming Jian, Yi-Zhuang You, Kelly Ann
Pawlak, and Cenke Xu, “Instability of the non-fermi-
liquid state of the sachdev-ye-kitaev model,” Phys. Rev.
B 95, 205105 (2017).

[20] Aavishkar A. Patel, John McGreevy, Daniel P. Arovas,
and Subir Sachdev, “Magnetotransport in a model of
a disordered strange metal,” Phys. Rev. X 8, 021049
(2018).

[21] Debanjan Chowdhury, Yochai Werman, Erez Berg, and
T. Senthil, “Translationally invariant non-fermi-liquid
metals with critical fermi surfaces: Solvable models,”
Phys. Rev. X 8, 031024 (2018).

[22] Xiaochuan Wu, Xiao Chen, Chao-Ming Jian, Yi-Zhuang
You, and Cenke Xu, “Candidate theory for the strange
metal phase at a finite-energy window,” Phys. Rev. B 98,
165117 (2018).

[23] Peter Cha, Nils Wentzell, Olivier Parcollet, Antoine
Georges, and Eun-Ah Kim, “Linear resistivity and
sachdev-ye-kitaev (SYK) spin liquid behavior in a quan-
tum critical metal with spin-1/2 fermions,” PNAS 117,
1834118346 (2020).

[24] Jaewon Kim, Xiangyu Cao, and Ehud Altman, “Low-
rank sachdev-ye-kitaev models,” Phys. Rev. B 101,
125112 (2020).

[25] Aavishkar A. Patel, Michael J. Lawler, and Eun-Ah Kim,
“Coherent superconductivity with a large gap ratio from
incoherent metals,” Phys. Rev. Lett. 121, 187001 (2018).

[26] Y. Cheipesh, A. I. Pavlov, V. Scopelliti, J. Tworzydtlo,
and N. V. Gnezdilov, “Reentrant superconductivity in
a quantum dot coupled to a sachdev-ye-kitaev metal,”
Phys. Rev. B 100, 220506 (2019).

[27] Hanteng Wang, A. L. Chudnovskiy, Alexander Gorsky,
and Alex Kamenev, “Sachdev-ye-kitaev superconductiv-
ity: Quantum kuramoto and generalized richardson mod-
els,” Phys. Rev. Research 2, 033025 (2020).

[28] Ilya Esterlis and Jorg Schmalian, “Cooper pairing of in-
coherent electrons: An electron-phonon version of the
sachdev-ye-kitaev model,” Phys. Rev. B 100, 115132
(2019).

[29] Yuxuan Wang, “Solvable strong-coupling quantum-dot
model with a non-fermi-liquid pairing transition,” Phys.
Rev. Lett. 124, 017002 (2020).

[30] Yuxuan Wang and Andrey V. Chubukov, “Quantum
phase transition in the yukawa-syk model,” Phys. Rev.
Research 2, 033084 (2020).


http://dx.doi.org/10.1103/PhysRev.106.162
http://dx.doi.org/10.1103/PhysRev.106.162
http://dx.doi.org/10.1103/PhysRev.108.1175
http://dx.doi.org/10.1103/PhysRev.117.648
http://dx.doi.org/10.1103/PhysRev.117.648
http://dx.doi.org/10.1016/j.aop.2020.168102
http://dx.doi.org/10.1016/j.aop.2020.168102
http://dx.doi.org/10.1038/s41567-020-0988-4
http://dx.doi.org/10.1103/PhysRevB.103.094501
http://arxiv.org/abs/2012.08528
http://dx.doi.org/ 10.1103/PhysRevLett.70.3339
http://dx.doi.org/ 10.1103/PhysRevLett.70.3339
http://dx.doi.org/ 10.1103/PhysRevX.5.041025
http://online.kitp.ucsb.edu/online/entangled15/
http://online.kitp.ucsb.edu/online/entangled15/
http://online.kitp.ucsb.edu/online/entangled15/
http://dx.doi.org/10.1103/PhysRevD.94.106002
http://dx.doi.org/10.1103/PhysRevD.94.106002
http://dx.doi.org/10.1103/PhysRevB.95.134302
http://dx.doi.org/10.1103/PhysRevLett.119.206602
http://dx.doi.org/10.1103/PhysRevLett.119.206602
http://dx.doi.org/ 10.1007/jhep05(2017)125
http://dx.doi.org/ 10.1007/jhep05(2017)125
http://dx.doi.org/10.1103/PhysRevLett.119.216601
http://dx.doi.org/10.1103/PhysRevB.95.205105
http://dx.doi.org/10.1103/PhysRevB.95.205105
http://dx.doi.org/10.1103/PhysRevX.8.021049
http://dx.doi.org/10.1103/PhysRevX.8.021049
http://dx.doi.org/10.1103/PhysRevX.8.031024
http://dx.doi.org/ 10.1103/PhysRevB.98.165117
http://dx.doi.org/ 10.1103/PhysRevB.98.165117
http://dx.doi.org/10.1073/pnas.2003179117
http://dx.doi.org/10.1073/pnas.2003179117
http://dx.doi.org/10.1103/PhysRevB.101.125112
http://dx.doi.org/10.1103/PhysRevB.101.125112
http://dx.doi.org/10.1103/PhysRevLett.121.187001
http://dx.doi.org/ 10.1103/PhysRevB.100.220506
http://dx.doi.org/10.1103/PhysRevResearch.2.033025
http://dx.doi.org/10.1103/PhysRevB.100.115132
http://dx.doi.org/10.1103/PhysRevB.100.115132
http://dx.doi.org/10.1103/PhysRevLett.124.017002
http://dx.doi.org/10.1103/PhysRevLett.124.017002
http://dx.doi.org/ 10.1103/PhysRevResearch.2.033084
http://dx.doi.org/ 10.1103/PhysRevResearch.2.033084

[31] Daniel Hauck, Markus J. Klug, Ilya Esterlis, and Jorg
Schmalian, “Eliashberg equations for an electron—phonon
version of the sachdev—ye—kitaev model: Pair breaking
in non-fermi liquid superconductors,” Ann. Phys. 417,
168120 (2020).

[32] Gaopei Pan, Wei Wang, Andrew Davis, Yuxuan Wang,
and Zi Yang Meng, “Yukawa-syk model and self-tuned
quantum criticality,” Phys. Rev. Research 3, 013250
(2021).

[33] Debanjan Chowdhury and Erez Berg, “Intrinsic super-
conducting instabilities of a solvable model for an inco-
herent metal,” Phys. Rev. Research 2, 013301 (2020).

[34] Debanjan Chowdhury and Erez Berg, “The unreasonable
effectiveness of eliashberg theory for pairing of non-fermi
liquids,” Ann. Phys. 417, 168125 (2020).

[35] Yingfei Gu, Alexei Kitaev, Subir Sachdev, and Grigory
Tarnopolsky, “Notes on the complex sachdev-ye-kitaev
model,” J. High Energy Phys. 2020, 157 (2020).

[36] Juan Maldacena and Xiao-Liang Qi, “Eternal traversable
wormhole,” (2018), arXiv:1804.00491.

[37] Jaewon Kim, Igor R. Klebanov, Grigory Tarnopolsky,
and Wenli Zhao, “Symmetry breaking in coupled syk or
tensor models,” Phys. Rev. X 9, 021043 (2019).

[38] Sharmistha ~Sahoo,  Etienne Lantagne-Hurtubise,
Stephan Plugge, and Marcel Franz, “Traversable worm-
hole and hawking-page transition in coupled complex
syk models,” Phys. Rev. Research 2, 043049 (2020).

[39] Igor R. Klebanov, Alexey Milekhin, Grigory Tarnopolsky,
and Wenli Zhao, “Spontaneous breaking of u(1) symme-
try in coupled complex SYK models,” J. High Energy
Phys. 2020, 162 (2020).

[40] Antonio M. Garcia-Garcia, Jie Ping Zheng, and Vaios
Ziogas, “Phase diagram of a two-site coupled complex
syk model,” Phys. Rev. D 103, 106023 (2021).

[41] In the large N limit such fully anti-symmetric terms are
expected to dominate as their number scales as ~ N*,
rather than N or N? for interaction terms with one or
two repeated indices. In mesoscopic systems, these omit-
ted terms could however play an important role.

[42] In the context of SYK physics, replica off-diagonal so-
lutions are believed to be sub-leading in the large-N
limit [45-48]. An extension of this analysis to the spinful
SYK model is beyond the scope of the present work.

[43] Here we regularized the free energy (divided by T) us-
ing its value for 2N non-interacting complex fermions,
23" In(iwn) = 2In2, to regularize divergences at large
frequencies in the numerical evaluation of D,,.

[44] Dmitry Bagrets, Alexander Altland, and Alex Kamenev,
“Sachdev—ye—kitaev model as liouville quantum mechan-
ics,” Nucl. Phys. B 911, 191-205 (2016).

[45] Alexei Kitaev and S. Josephine Suh, “The soft mode
in the sachdev-ye-kitaev model and its gravity dual,” J.
High Energy Phys. 2018, 183 (2018).

[46] Hanteng Wang, D. Bagrets, A. L. Chudnovskiy, and
A. Kamenev, “On the replica structure of sachdev-ye-
kitaev model,” J. High Energy Phys. 2019, 057 (2019).

[47] Irina Aref’eva, Mikhail ~ Khramtsov, Maria
Tikhanovskaya, and Igor Volovich, “Replica-nondiagonal
solutions in the SYK model,” J. High Energy Phys.
2019, 113 (2019).

[48] C. L. Baldwin and B. Swingle, “Quenched vs annealed:
Glassiness from sk to syk,” Phys. Rev. X 10, 031026
(2020).

[49] Anffany Chen, R. Ilan, F. de Juan, D. I. Pikulin, and
M. Franz, “Quantum holography in a graphene flake with
an irregular boundary,” Phys. Rev. Lett. 121, 036403
(2018).

[50] Ippei Danshita, Masanori Hanada, and Masaki Tezuka,
“Creating and probing the sachdev—ye—kitaev model with
ultracold gases: Towards experimental studies of quan-
tum gravity,” Prog. Theor. Exp. Phys. 2017, 083101
(2017).

[61] Chenan Wei and Tigran A. Sedrakyan, “Optical lattice
platform for the sachdev-ye-kitaev model,” Phys. Rev. A
103, 013323 (2021).

[62] Tian-Gang Zhou, Lei Pan, Yu Chen, Pengfei Zhang, and
Hui Zhai, “Disconnecting a traversable wormhole: Uni-
versal quench dynamics in random spin models,” Phys.
Rev. Research 3, 1022024 (2021).

[63] Peng Cheng, Canli Song, Tong Zhang, Yanyi Zhang,
Yilin Wang, Jin-Feng Jia, Jing Wang, Yayu Wang, Bang-
Fen Zhu, Xi Chen, Xucun Ma, Ke He, Lili Wang,
Xi Dai, Zhong Fang, Xincheng Xie, Xiao-Liang Qi, Chao-
Xing Liu, Shou-Cheng Zhang, and Qi-Kun Xue, “Lan-
dau quantization of topological surface states in bisses,”
Phys. Rev. Lett. 105, 076801 (2010).

[654] R. Yoshimi, A. Tsukazaki, Y. Kozuka, J. Falson, K.S.
Takahashi, J.G. Checkelsky, N. Nagaosa, M. Kawasaki,
and Y. Tokura, “Quantum hall effect on top and bot-
tom surface states of topological insulator (bil-xSbx)2te3
films,” Nat. Commun. 6 (2015).


http://dx.doi.org/10.1016/j.aop.2020.168120
http://dx.doi.org/10.1016/j.aop.2020.168120
http://dx.doi.org/10.1103/PhysRevResearch.3.013250
http://dx.doi.org/10.1103/PhysRevResearch.3.013250
http://dx.doi.org/10.1103/PhysRevResearch.2.013301
http://dx.doi.org/10.1016/j.aop.2020.168125
http://dx.doi.org/10.1007/jhep02(2020)157
http://arxiv.org/abs/1804.00491
http://dx.doi.org/10.1103/PhysRevX.9.021043
http://dx.doi.org/10.1103/PhysRevResearch.2.043049
http://dx.doi.org/10.1007/jhep11(2020)162
http://dx.doi.org/10.1007/jhep11(2020)162
http://dx.doi.org/10.1103/PhysRevD.103.106023
http://dx.doi.org/10.1016/j.nuclphysb.2016.08.002
http://dx.doi.org/ 10.1007/jhep05(2018)183
http://dx.doi.org/ 10.1007/jhep05(2018)183
http://dx.doi.org/10.1007/jhep09(2019)057
http://dx.doi.org/ 10.1007/jhep07(2019)113
http://dx.doi.org/ 10.1007/jhep07(2019)113
http://dx.doi.org/ 10.1103/PhysRevX.10.031026
http://dx.doi.org/ 10.1103/PhysRevX.10.031026
http://dx.doi.org/10.1103/PhysRevLett.121.036403
http://dx.doi.org/10.1103/PhysRevLett.121.036403
http://dx.doi.org/ 10.1093/ptep/ptx108
http://dx.doi.org/ 10.1093/ptep/ptx108
http://dx.doi.org/ 10.1103/PhysRevA.103.013323
http://dx.doi.org/ 10.1103/PhysRevA.103.013323
http://dx.doi.org/ 10.1103/PhysRevResearch.3.L022024
http://dx.doi.org/ 10.1103/PhysRevResearch.3.L022024
http://dx.doi.org/ 10.1103/PhysRevLett.105.076801
https://doi.org/10.1038/ncomms7627

Experimental platforms and electronic interactions

In this Appendix we consider a simple solid-state platform that provides an approximate physical realization of the
spinful SYK model, Eq. 2. This platform is largely inspired by Refs. [38, 49], but the same symmetry setting might
be relevant for other platforms based on ultracold atoms [50], optical lattices [51] or spin chains [52].

We consider a (0+1)-dimensional “quantum dot” geometry inspired by the graphene flake of Ref. [49]. Here we
promote this setup to a topological insulator (TI) flake with the two surfaces denoted by 1,2. Each surface hosts a
single Dirac fermion, which can described by the low-energy Hamiltonians

hi(k) = +hpo -k —l | ho(k) = —hvpo -k — pol (9)

where o are Pauli matrices acting on the electron spin, vp is the Fermi velocity and p,/5 are chemical potentials,
which in general could be different on the two surfaces (e.g. due to the TI flake being deposited on a substrate). The
opposite signs of the Fermi velocity in Eq. 9 capture the fact that the two TI surfaces have opposite normal vectors.
When a strong (perpendicular) magnetic field B = V x A = B2 is applied to the sample (see Fig. 6), the Dirac
surface states collapse to a series of flat Landau levels [53, 54]. The low-energy theory for the two surfaces reads

hi(k) = +hvpo - (k+eA) + Bzo* — un1,
ho(k) = —hvpo - (k+ eA) + Bzo® — poll, (10)

with the Zeeman energy By = %guBB where g is the Landé factor and pp the Bohr magneton. For py = us the two
surfaces are related by the unitary rotation 0% — in other words the system is invariant under the unitary U = 7%~
where 7% is a Pauli matrix acting on the surface pseudospin. Let us set the chemical potential of each surface to lie
within its respective zeroth Landau level at energy Ey = —Bz. Similarly to the case of graphene, where the zeroth
Landau level is sublattice polarized (within each valley), the zeroth Landau level of a TT flake is spin-polarized, with

0

o) = | P10 | ()

®j2,(r)

Here j labels the degenerate LLj wavefunctions, and the unitary symmetry U imposes the constraint ¢;1(r) = ¢;2,(r).
Following the reasoning described in Ref. [38, 49], when including Coulomb interactions within a strongly disordered
zeroth-Landau level manifold (where the disorder mainly comes from a controllable source such as the irregular
boundary of the flake, such that it is correlated between the two surfaces), this setup leads to an approximate physical
realization of coupled identical ¢cSYK models, as analyzed in Ref. [38, 39]. (More precisely, each surface would be
described by a sparse or “low-rank” SYK model which nevertheless shows interesting conformal behavior [24]).

One can imagine a slightly different setup where an effective time-reversal symmetry is preserved globally, while
time reversal is broken at the level of an individual surface. This could be accomplished by using an inhomogeneous
field configuration that points mostly towards (or away from) the TI flake, using e.g. two bar magnets with their
north poles pointing towards the flake as shown in Fig. 6. In this hypothetical setup the magnetic field on the two
surfaces is opposite, with

hi(k) = +hvpo - (k+ eA) + Bzo® — i1
ho(k) = —hvpo - (k — eA) — Bzo® — poll. (12)
When p; = po the two surface theories are now time-reversed partners, with the anti-unitary time-reversal operator

taking the form © = 7%¢®K with ©2 = +1. This can be understood as a combination of the spinful TRS ic¥K with
the unitary rotation U = 7%¢* mentioned above. As a consequence, the spin polarization of LL wavefunctions (again

with energy Ey = —By) is opposite on the two surfaces, with
0
$j11(r)
(r) = 5 ].3
QSJ( ) ¢j2T(r) ( )
0
and time-reversal © imposes the constraints ¢;1(r) = ;‘72T(r). The surface and spin degrees of freedom being locked,

we use a single index a =7, ] in the following to denote the LL states on the two surfaces, matching the notation in
the main text.



Tl flake Tl flake

Y A

FIG. 6. Schematic diagram of proposed physical realizations of coupled cSYK models using the lowest Landau level (LLo)
surface states (marked in red, with the corresponding spin polarization denoted by a red arrow) of a topological insulator (TT)
flake with an irregular boundary. (Left): Under a strong perpendicular magnetic field B the two surfaces host identical spin-
polarized LLg states, leading to an approximate physical realization of the model discussed in Refs. [38, 39], where an instability
to an excitonic phase is expected for attractive inter-flavor interactions. (Right): A pair of bar magnets creates a magnetic
field configuration that points in opposite directions at the two surfaces, leading to time-reversed LLg states with opposite
spin projections. This provides an approximate physical realization of the spinful SYK model in Eq. 2, where superconducting
instabilities are expected for repulsive inter-flavor interactions.

Let us now analyze the form of interactions. Within the LLy manifold, we consider the (projected) Coulomb
interactions

Z Zpa ab r—r )pb(r/> (14)

a,b r;r’

where V,;(r —r') is the screened Coulomb potential. In the graphene flake setup of Ref. [49], where a and b denote spin
projections living in the same spatial region, the Coulomb potential does not distinguish between spin components,
leading to SU(2) symmetric interactions [38]. However, in the TI flake where a,b =7, ] denote spin-polarized LLg
states on different surfaces, the intra-surface interactions are expected to be stronger than inter-surface ones. We
thus set Vip(r) = Viy(r) = Vo(r) and V4 (r) = Vi4(r) = aV(r) with 0 < a < 1 expected for repulsive Coulomb
interactions. We however consider both signs of « in the main text for completeness.

The local charge density at point r reads

pa(r C!‘acra Z ¢7,a (bka C C/Ca (15)

in terms of the LLo wavefunctions, which leads to an interaction Hamiltonian Ho = 3, ;> /55, klcjac;bckaclb with
interaction parameters

Zj kl Z ¢za (I‘ -r )(bkll( )(blb(rl)’ (16)

rr’

where we assumed that all indices i, j, k,l are different. This is a useful simplifying assumption also used e.g. in
Refs. [35, 38, 49] (see also footnote [41]). The anti-symmetry © imposes the following symmetries on the tensor of
couplings:

W gt N 00
ho 1ij ng g i ki = aJij kD
Jkl ¥ ng skl 0 ']k:j il = J’Lj RN (17)

Because Hermiticity imposes J.‘E.l?kl = (J,?lb;ij) , we have J#kl = (JTJTM) — the two ¢cSYK models have coupling

1, 7
constants that are complex conjugated. The Hamiltonian thus reads, using the constraints in Eq. 17,

H, = Z Jijiki {Cch;[-TCkTClT + CJ]rQCLCiiCjJ, +« (C;[TCLCICTCJL + C£¢C}¢CiiclT) } , (18)
igkl

as in Eq. 2 in the main text.



Effective action

We now derive the large-N saddle-point equations of our model, mostly following Ref. [38]. We start by writing the
corresponding partition function in the Euclidean time formalism at inverse temperature 5 = 1/T,

B
Z:/D[c, c'lexp —/O dr Z C}La(T)aTCia(T)-‘rH , (19)

i,a=1,]

where H is given in Eq. 2. We first rewrite the interaction terms using only independent coupling constants by
restricting the sum,

t ot tT o
Ho= ) Jijm { ( chelrenren + Cm%%%) +2a ( CipCryCrrCiy — CjpCy  ChpCil — CipCr CipCy) + CjTCkLClTCii> }
1<j,k<l
(20)

We then obtain the partition function corresponding to the quenched average over the Gaussian-distributed coupling
constants, Zave = [ d[J, J*|P(Jijx)Z = [ Dlc,ctle™ with P(Jiji) = exp (—Mjfi’;ll), which leads to the effective

action

B o2
S:/O dr ZCIG(T)(('“)T—ua)cm(T) -3 Z DijkiPriij, (21)

1<j;k<l

with the variance 02 = |J; |2 = J?/8N3, and where we defined

@

Bijr1 = 4/ dr [( TCTTC]CTC[T + Cmczlcw%) + 5 (CITCLCMCN - C%CLCMCN — CITCIL¢CITCJ¢ + C;TCL¢CITCi¢)} , (22)
with the imaginary time dependence of the Grassmann fields implied. Expanding this term and replacing ) _, k<l
i Zijkl, the second term in Eq. 21 becomes

T T

4N3 Z/ dT TCTTCICTCIT + ckicuclicﬂf + — 5 (CITCuCkTCji — C;’TCL,C’CTCN« — CITCLLC”CN« + C}TCM/C”CN()}
ijkl

g AP Tt S A TouT 7ot ToT
X /0 dr [cchchiTCﬁ + ¢, ¢ Cricy + 3 (cchjicmc“, — CppCi  Ci1CLL — CpCj CitCry + cchuchcu)} . (23)
Expanding this product, one sees the fundamental difference with the solution of coupled ¢cSYK models in the presence
of a unitary symmetry [38, 39]: the disorder average yields anomalous terms of the form )", C;[TCIL' These terms will
lead to spontaneous breaking of the global U(1) symmetry if they develop a finite expectation value in the saddle-point

solutions.
In order to integrate the fermion fields we introduce Green’s functions and their associated self-energies using

Gy(r',7) ch D

N
deT S (r,7) lGi(T',T) - ;Zc;(#)cw(ﬂ]) : (24)
i=1

1~ /’DZTDGT exp ( /deT Si(r, 7))

1~ /DZ\LDGlleXp

as well as their anomalous counterparts

1~/DH'DFeXp (N drdr' (T, 7")

L
F(r',r) - N cir(T )ci¢(7)1> ,
1~ /DﬁDF’ exp N drdr'(r,7') | F(7',7) — x ic- (7')el (7‘)]) (25)
’ N — il i1
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Exploiting time translation invariance, whereby G, (7,7") = G,(7 — 7’) and so on, we get

S=Sy—NB / dr Zz ) + TH(=7) F(r) + Ti(—7) E(7)
+—{ZG2 7)+2F2(r)F 4aZG )E(r)F(=)
a (GT<T>G¢<T>G¢<—T>G¢<—T> + F(=r)F(r)F(r)F(~7) + 2GT<T>G¢<T>F<—T>F<—T>) o e

Here Sy denotes the free fermion part of the action, which must be analyzed in Nambu space to account for the
anomalous pairing terms generated by the SYK interactions. Writing u4 | = ¢+ B as in Eq. 2, we have

So=%" / drdr W (r) [AS(7 — ') + 0,8, (r — 1) — S(r, )] W, (7), (27)

with the Nambu spinors ¥, = (¢4, CL)T and the matrices

A= <‘“0_ vl B) N = @T((TTQ gf(ii))) (28)

Using time translation invariance to express 3(7, 7') = 3(7—7"), we Fourier transform the action in terms of Matsubara
frequencies w,, = (2n + 1)7/B. Integrating out the Grassmann fields using the spinors ¥,, = (¢;4(wy,), cL(—cun))T7 we
thus obtain Sy = —N Indet M with

M-g (u — B~ Sy(wn) — iw ﬁ<wn>) w) , 29)

Saddle-point equations

Putting everything together, the action now reads

2 —Indet M + Z (ET W) G (wn) + 3 (wn) G (wn) + T (wn) Fwn) + ﬁ(wn)ﬁ(wn))

5J2 2( ) .
/ {ZG ™)+ 2F2(7) 4aZG VF(r)F(—7)

a (Gﬂr)@(r)&(—r)@(—r) + F(-1)F(n)F(-)F(7) + 2GT<T>G¢<T>F<—T>F<—T>) b e

We obtain the saddle-point equations by taking functional derivatives of the action:

B N 2

() = —J2 | F(7)F(=7) = aF(7) Y Ga(r)Gal=7) + 5 (F(D)F(F(=7) + Gy{(1)G () F(-7))
)

2
(r) = —J? | F2(7)F(—7) — aF (1) ZGG(T)GG(—T) + % (F(T)F(T)F(_T) + G4 (TG (T)F(—7) 1 , (31)
and _
GT(wn) _ 14 B ‘DE(J(;J(:J)TL) WWn, 7 Gi(wn) _ _,u + B +‘DE('(];E:J)7L) + an’
— ﬁ(w") n w _ H(Wn)
F(wn) - D(wn) ’ F( n) - D(wn)’

D(wn) = (p+ B + Xt (wn) +iwn) (—p + B + X (wn) + iwn) — H(wn)ﬂ(wn)' (32)
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These are the general saddle-point equations, valid without additional symmetries, and are used to analyze the model
in Eq. 2 with 4 # 0. At charge neutrality (u = 0), the Green’s functions respect G4(7) = G| (1) and F(1) = F(7)
(and similarly for the self-energies). The saddle-point equations above thus simplify to

a? a?
N(r) = —J? [(1 + 2) G*(1)G(—=7) — 2aG(T)F(T)F(—7) + 7F2(7')G( |,
a? a?
(1) = —J? [(1 + 2) F2(1)F(—7) — 2aF(1)G(T)G(~7) + 2G2(T)F(T)} , (33)
_ B+ E(wn) +iwn o) = I(wy,)
D(wn) = (B + Swn) + iwn)? — T (), (34)

as in Egs. (3) in the main text.

Effective action for the lattice model

We now extend the saddle-point calculation to the lattice construction discussed in the main text, focusing on the
charge neutrality point (@ = 0) for simplicity. The lattice model, Eq. 7 contains two independent sets of Gaussian-
distributed random variables (the SYK couplings J;;i; and the hopping parameters t;;), which can be averaged
separately. The previous solution for the spinful SYK model thus carries over, with an additional lattice site index .
We have

Zong = / A, JVdlt, 1P (1) P(Jiia) Z = / D|@, T)e~ (S50, (35)
with the “local” action S; as defined above, but with an explicit  dependence in the correlators and self energies,

ZlndetM —22 G (wn) + Iy (wn ) Fy (wn)) (36)

o Z/ {( )(GQ( )GA(=7) + F7 (1) F2(=7)) —4an(T)G1-(—T)Fx(T)F£(—T)+oz2Gi(7-)Ff,(—7-)},

as well as the hopping contribution S; which, mirroring the steps leading to Eq. 21, reads

, B , ,
_ ——Z S, oAn = /0 dr (el i + €70l e ) (37)

0,5 (x,x’)

with the phase ¢ = 2—“% as introduced in the main text. Expanding this expression, using translation invariance in

imaginary time and the Green’s function definitions in Eqgs. 24 and 25 leads to

Sf_zw? / dr {Gor ()G (—7) — Fo (1) Fy(—7) cos 26} (38)

As remarked in the main text, we stress that the presence of the anomalous correlators F'(7) in the hopping contribution

to the effective action, Eq. (38) relies on the time-reversal symmetry in the hopping parameter distribution. This is

crucial in obtaining a finite supercurrent, as the magnetic flux ® only renormalizes the anomalous correlators.
Taking functional derivatives of this effective action then leads to the modified self-energy equations

2 2
5, = _J2[ (1 + O;) G2G_, — 2aG.F,F_, + %FEG_T] + 242G,

O[2 OL2
=72 (1 + 2) F2F_, — 2aF,G,G_, + 7GEF_T} — 2t% cos(20) F,. (39)
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Here we assumed that the averaged correlators respect translation symmetry at the saddle-point level, with the
ansatz G, (1) = G(7), Fy(1) = F(7) and similarly for the self-energies. The sum over nearest neighbors then simply
contributes a factor of z which is the coordination number of the lattice (z = 2 for our ring model threaded by a
magnetic flux), while the remaining sums over & become trivial and yield a factor of L (the number of lattice sites).
The free energy density can be computed by substituting the saddle-point equations in the effective action,

f
L —_T
L
n
05
0.4
— A
03 - 0
0.2 — M
— s
0.1
0.0
0.0 0.2 0.4 0.0 0.2 0.4
ulJ ulJ

FIG. 7. Stability of superconductivity to tuning the chemical
potential p away from charge neutrality. We take o = 0.5 and
low temperature 8J = 100, with B/J = 0.1 (gapped, left)
and 0.2 (gapless, right). We plot the SC order parameter A,
charge density Q, magnetization M and entropy density S as
a function of u. The superconductors are compressible, until
they disappear through first-order phase transitions.

2In2+ Y In ((Z,f")2> + %Z {£,Gp + I, F, — 2t* (G2, — Fcos2¢) }| . (40)

Finite chemical potential

We finally consider the effect of tuning the chemical
potential away from charge neutrality, u # 0 in Eq. (2),
using the generalized saddle-point equations Egs. 31 and
32. In Fig. 7 we show how various physical quantities
evolve as a function of u. We find that both SC phases
are compressible, with a tunable charge density as a func-
tion of p. At larger p the system undergoes first-order
phase transitions to non-SC phases. While the gapped
SC directly transitions to a trivial phase with Q = 1/2,
the gapless SC first transitions to a non-Fermi liquid with
roughly half of the SYK residual entropy, reminiscent of
the “small black hole” phenomenology of Ref. [38].
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