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We suggest that the holographic principle, combined with recent technological advances in
atomic, molecular, and optical physics, can lead to experimental studies of quantum gravity.
As a specific example, we consider the Sachdev—Ye—Kitaev (SYK) model, which consists of
spin-polarized fermions with an all-to-all complex random two-body hopping and has been
conjectured to be dual to a certain quantum-gravitational system. Achieving low-temperature
states of the SYK model is interpreted as a realization of a stringy black hole, provided that
the holographic duality is true. We introduce a variant of the SYK model, in which the random
two-body hopping is real. This model is equivalent to the original SYK model in the large-N
limit. We show that this model can be created in principle by confining ultracold fermionic atoms
into optical lattices and coupling two atoms with molecular states via photo-association lasers.
This development serves as an important first step towards an experimental realization of such
systems dual to quantum black holes. We also show how to measure out-of-time-order correlation
functions of the SYK model, which allow for identifying the maximally chaotic property of the
black hole.

Subject Index AB3, B21, 122

1. Introduction

The quantum nature of black holes is one of the most important subjects in theoretical physics since
the theoretical discovery of particle emissions from a black hole due to quantum effects [1,2], which
are often referred to as the Hawking radiation. Although there have been experimental searches for
quantum black holes at the CERN LHC motivated by the predictions on the basis of theories of Te V-
scale quantum gravity [3—5], no evidence of black-hole creation has been observed thus far [6-9].
In this paper, we present a completely different route to experimental studies of quantum gravity
by exploiting both the holographic principle and the unprecedented controllability of optical-lattice

systems loaded with ultracold gases'.

! Our proposal is different from the sonic black hole [10,11], which models the Hawking radiation with the
emission of phonons, in the sense that we aim to build a real black hole in an actual quantum-gravitational
system.

© The Author(s) 2017. Published by Oxford University Press on behalf of the Physical Society of Japan.
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In order to resolve paradoxes associated with the black-hole evaporation that results from the
Hawking radiation, the holographic principle [12,13] emerged, which claims that black holes, and
more general quantum-gravitational theories, are equivalent to nongravitational theories in dif-
ferent spacetime dimensions. As a concrete example, the gauge/gravity duality conjecture [14],
which claims the duality (i.e., the equivalence) between superstring/M-theory on certain spacetimes
and quantum field theories, has been studied extensively. Although this conjecture has not been
proven yet, it is believed to be correct at least in some of the simplest cases. For example, max-
imally supersymmetric matrix quantum mechanics (also known as the matrix model of M-theory
[15,16]), which is conjectured to describe a black hole in type ITA superstring theory near the ’t
Hooft large-N limit [17], has been studied numerically, starting in Ref. [18]. The agreement with
the dual superstring theory prediction has been confirmed, including the effect of virtual loops of
string [19].

Thanks to their high controllability and cleanness, experiments with ultracold gases in optical lat-
tices have succeeded in realizing various theoretical models, which were introduced in the contexts of
condensed-matter physics but did not have quantitative experimental counterparts. Examples include
the Bose—Hubbard model [20], the Lieb—Liniger model [21,22], the Aubry—André model [23], the
Harper Hamiltonian [24,25], and the topological Haldane model [26]. There have also been theo-
retical proposals for realizing lattice gauge models studied in high-energy physics [27-29]. These
circumstances tempt one to expect that it may also be possible to realize quantum field theories dual
to quantum-gravitational systems.

In this paper, we propose a possible way to create the Sachdev—Ye—Kitaev (SYK) model
[30—-33] experimentally with the use of ultracold gases in optical lattices. The SYK model con-
sists of spin-polarized fermions with an all-to-all random two-body hopping. Its thermal state is a
non-Fermi liquid with nonzero entropy at vanishing temperature, which is called the Sachdev—Ye
(SY) state [34], and has been conjectured to be holographically dual to charged black holes with
2D anti-de Sitter (AdS;) horizons [30,35]. For the purpose of experimental realization, this model is
advantageous over the other known models with holography in the sense that it consists of nonrel-
ativistic particles and is not supersymmetric. Here we emphasize that the experimental realization
of the SY state in optical-lattice systems is equivalent to that of a quantum black hole if the duality
is true.

Our strategy to achieve the SYK model is twofold. We first simplify the model into a form that can be
accessed more easily in experiments. Specifically, we numerically demonstrate that the original SYK
model, which has a complex two-body hopping with Gaussian randomness, can be quantitatively
approximated by the model possessing a real two-body hopping mediated via random couplings to
multiple molecular states. The SYK model is exactly reproduced in the limit with infinitely many
molecular states. Second, we show that the latter model can be created in principle by confining
ultracold fermionic atoms into a deep optical lattice and utilizing photo-association (PA) lasers [36]
that couple all the combinations of two atomic bands with molecular states. However, a practical
realization of the proposed scheme is still difficult even with current experimental technology. We
describe such practical difficulties together with possible solutions to some of them. We also present
a protocol to measure two physical quantities characterizing the black hole dual to the SY state,
namely, out-of-time-order correlation (OTOC) functions [31,37] and the single-particle Green’s
function [30]. In the following, we set the reduced Planck constant and the Boltzmann constant to
beh=4kg = 1.
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2. Sachdev-Ye—Kitaev model

The SYK model [30,31] is a model of Q spin-polarized fermions on N sites. The Hamiltonian is
given by?

- 1 Afata A
H = Ny > Jij,klcjcjckcla (1)
ikl

where indices run from 1 to N, the creation and annihilation operators ?:j and ¢; satisfy the
anticommutation relations

{eng)={ehefl =0 elo)=a @)

and Jj; s is a complex Gaussian random coupling constant that satisfies

Jiji = —Jjij = —Jij ks Jijj = Ty - (3)
and

——  |J?2 (i)} # k1

(Re Jjj 1) =: 2/ ({l, / A (4)
J ({i.j} = {k,1})

—— |2 i) # kD

(Im Jjj 10)? = [ / ({l. J.} # . (5)
0 ({i.j} = {k,1})

Here - stands for the disorder average. This system is strongly coupled when J /T (T': temperature)
is large. Only planar diagrams survive in N — oo with J fixed. In the following we take J as the
unit of energy.

This system, in the large-N and strong-coupling limits, has properties strikingly resembling a
black hole. Firstly, Sachdev [30] pointed out that this theory has the same entropy density as a black
hole in AdS;. He also found the agreement of several correlation functions. Furthermore, Kitaev
[31] calculated the Lyapunov exponent and found that it has a pattern proposed by Maldacena et
al. [37] for quantum theories with dual gravity description. Namely, the Lyapunov exponent takes
the maximum value 27 T at the strong-coupling limit ./ /T — oo. Therefore, it is expected that the
SYK model is actually equivalent to classical gravity in the large-N limit. Then, because this theory
admits the 1/N-expansion, it is natural to expect that the 1 /N correction describes the effect of loops
of strings in a similar way to the case of gauge theories [38]°.

We slightly modify the SYK model in order to make the experimental implementation easier. The
Hamiltonian is still Eq. (1), but the random coupling Jj; ; is taken to be real. The Gaussian random
coupling is modified to

Jijj = —Jjij = —Jij ik (6)

2 This Hamiltonian is the one with complex fermions [30], which is slightly different from the one that uses
real fermions [31]. They are equivalent at the large-N limit with fixed J, after the disorder average is taken.

3Tt may still be possible that the SYK model is not an exact dual of string theory. Even then, the model
would provide us with a consistent ultraviolet completion of classical gravity. Moreover, our proposal would
still have an important meaning that it could lead to an experiment of a strongly chaotic quantum system that
saturates the bound of the Lyapunov exponent proposed in Ref. [37].
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Jijjd = I ij (7
J2 o ({i ) # k1
Vg =1" (8)
275 (i)} = {k,1}),
and for {i,j} # {k, 1}
Tkt Ipgrs = % {(8ir8js — 8is8r) (Skpdly — Skgdp)
+ (5zp8jq tq ) ((Skrélv 8ks51r)}- (9)

The coefficients have been chosen so that the eigenenergy distribution coincides with that of the
original SYK model. The second term inside {- - - } in Eq. (9) is absent in the original SYK model.
Due to this, each Feynman diagram receives some correction after the disorder average. However,
such corrections are 1/N-suppressed in general, and hence this modified model agrees with the
original model at large N. In the following, we call the original SYK model with complex J;; z; and
the modified one with real J;; ; “complex SYK” and “real SYK”, respectively. The 1/N corrections
to the real and complex SYK models are described by different sets of Feynman diagrams. In
analogy to the duality between gauge theory and superstring, it is natural to expect that these two
theories describe slightly different quantum-gravitational systems whose classical limits coincide.
In Appendix A, we indeed perform numerical comparisons between the two models to demonstrate
that the computed physical quantities of the two models rapidly approach each other as N increases.

One of the severest bottlenecks for realizing the SYK model in optical-lattice experiments is the
implementation of the all-to-all two-body hopping, because particles on lattice systems in general
move dominantly via nearest-neighbor one-body hopping. In order to overcome this bottleneck, we
consider a situation in which two atoms are coupled with n,s molecular states, described by the
following Hamiltonian:

Nms Nms
=" vl g + Z il i+ g (leiey — melel ) ¢ (10)
s=1 =1 ij

Here, vy, U, ¢, and g ;; denote the detuning of molecular state s, the onsite interaction between
two molecules in states s and s’, and the atom—molecule coupling constant. Using the degenerate
perturbation theory up to the second order, we obtain the following effective Hamiltonian:

o 85,ij8s .kl ntata

Hoe = 57%’1 Us C; Cj CkCy. (11)
See Appendix C for more detailed derivations of the effective Hamiltonian. A similar way of designing
a kind of two-body hopping term, namely, the ring exchange interaction, by means of intermediate
two-particle states has been pointed out in previous work [39]. In the next section we elaborate how
to prepare such a situation in optical-lattice systems while in this section we show that Eq. (11)
serves as a quantitative approximation of the complex SYK model (1) when ny,g is sufficiently large
and vy is appropriately tuned.

Let us suppose that vi = vo = -+ = v, X /fims. Then, if npy is large enough, ) ¢ g“’v—f'”"
should become Gaussian except for the diagonal elements (i,j) = (k,!) or (i,j) = (/, k) (note that
gsz, i is always positive). This happens because it is simply an nyg-step random walk for each set of
indices (i,/, k, /). In order to improve the behavior of the diagonal elements, we take ny to be even,
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samples. For all of (a), (b), and (c), the weight of real g, ; is Gaussian, T

Vs = +./Ime/ for even s and vy = — /ngeJ for odd s.

and set vy = +./nmso, for even s and vy = — . /nmso,, for odd s. We assume that the distribution of

2 = 52, with 02/0,) = J/(2N)3/2. In this section we

the real g, ; is Gaussian having the variance o 2> s

setoy, =0y =J/(2N )3/2 for simplicity.

As explained in Appendix B, if we identify ) g“’v—‘f”‘l defined in this way with J;; z;/ (2N )3/2,
the properties needed in the real SYK model are satisfied at n,s = 0o0. We collected samples by
using independent real Gaussian random values of {g;;}. In Fig. 1, we plot the distribution of J;; z
with {i,j} # {k,I} and 10* samples (a) and the diagonal elements Jij,ij with 103 samples (b). The
distributions have different shapes for smaller values of npg, but they quickly approach Gaussian
distributions with corresponding variances for the real SYK model as ny,g increases. In Fig. 1(c), we
plot the energy spectrum of this model using 10* samples with N = 10 and Q = N /2. The energy
spectra become closer to that of the real SYK model as ny,g increases (for comparisons regarding
other quantities, see Appendix A).

3. Creating the model

In this section, we explain how to create the model (11), a simplified version of the SYK model,
in a system of optical lattices loaded with ultracold gases. We consider a 2D gas of spin-polarized
fermionic atoms confined in an optical lattice. In the proposed scheme, we utilize the PA process
that coherently converts two atoms into a bosonic molecule in a certain electronic (or hyperfine),
vibrational, and rotational state [36]. We assume that molecules are also confined by the optical-lattice
lasers confining atoms. However, since in general the lattice depth for molecules may be controlled
independently from that for atoms, we assume that the former has the sign opposite to the latter. In
this situation, the potential minima of the molecular optical lattice sit right next to those of the atomic
optical lattice, as illustrated in Fig. 2(a), such that we do not have to take into account the effects
of the onsite interactions between an atom and a molecule, which would otherwise complicate the
levels of the atomic and molecular bands. We assume that the optical lattices are so deep that atoms
and molecules in each lattice site are completely isolated. To make the manipulation of the system
easier, we remove all the atoms in the lattice sites neighboring occupied sites. We also assume that
each occupied atomic lattice site contains Q atoms. We regard the band degrees of freedom in the
atomic site as the physical site index of the SYK model. More specifically, the first, second, third,
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(a) (b) —_—

Molecular site

Atomic site
Ea 4

PA lasers

Fig.2. Schematic illustrations of the energy levels of the atomic and molecular states relevant to our protocol
(a) and the PA process (b) for N = 4 and n,,s = 1.

..., Nth bands correspond to i = 1,2,3,..., N sites. We write the energy of the lowest molecular
band and that of the ith atomic band as E,, and E, ;.

Let us introduce a PA laser, which couples atomic bands i(< N) and j(< N) with the lowest
molecular band. The frequency of the PA laser is chosen as

2
where E,-(’?) = E,; + E,j, and v denotes the detuning. We consider a situation in which all the

combinations of the two atomic bands (i,;) are coupled via independent PA lasers as shown in
Fig. 2(b). For such a situation to be possible, |v| has to be larger than the linewidth of the PA lasers
I'pa and that of the molecular state I'y,s. In addition, the condition |v| < Amin has to be satisfied,
where Api, denotes the minimum level spacing in El.(j) < EZ(\,le - The number of necessary PA
lasers is N(N — 1)/2. The PA process is described by the following Hamiltonian:

A

U
oy = v i+ fmm + ) gy’ ge; + hee), (13)
Ij

where the atom—molecule coupling constant is given by

1
gij:zsgn(/' — i)/d" Qi j (Wi (MW, () wa (r) . (14)

2, ;(r) denotes the intensity of the PA laser while wy, (r) and w,;(r) represent the Wannier function
of the 1st molecular band and the ith atomic band. The absolute value of the detuning |v| is assumed
to be much smaller than the onsite interaction U between two molecules in order to avoid double
occupancy of the molecules. For the same reason, U has to be much smaller than the minimum level
spacing Apip in £ l.(j) or sufficiently larger than the maximum level spacing Apax in E l.(j). Moreover,
the level spacing between the first and second molecular bands App is assumed to be larger than
Amax 1n order to avoid accidental couplings between higher molecular bands and the atomic bands
via the PA lasers.

A PA molecule has many vibrational and rotational states. When Apax < A, we can extend the
scheme described above to include couplings of two atoms with multiple molecular states, where A
denotes the minimum level spacing of the molecular states involved. The extended system is now
described by Eq. (10). When |vg| > |gs,;|, one can integrate out the molecular degrees of freedom
through the second-order perturbation theory with respect to the atom—molecule couplings, leading
to the effective Hamiltonian of Eq. (11). Notice that the precise condition for the second-order
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Fig. 3. Spatial profile of the optical lattice of Eq. (D.1) for V5 < 0, R = 0.59, and & = 7 /6. The dark and light
colors indicate the high- and low-potential regions. This means that the lightest (darkest) spots correspond to
the atomic (molecular) sites.

perturbation theory to be valid is shown in Appendix C. We emphasize that the coupling constant
gs,ij can be controlled independently with respect to indices s, i, and j because each coupling is
created via an independent PA laser. Setting vy to be bimodal, /0, for even s and —,/nyso, for
odd s, and the distribution function of g ;; to be Gaussian with the variance o= agz, the coupling
Jijx = Q2N )3/2 Y s &s,ij&s.k1/ Vs becomes Gaussian random for sufficiently large nys, as shown in the
previous section.

It is useful to summarize the necessary conditions for this scheme to be valid in terms of the several
relevant energy scales:

max(t) < 1/texp < J, (15)
max(I'pa, Mms,s) < |vs] < Apin, for all s, (16)
Amax < AMB < A, (17)
lvs| < |Usg|, for all s and ', (18)
|Uss'| < Amin OF Amax < |Uyy/, for all s and . (19)

Here, #; and ey, denote the intersite hopping for atoms in the ith band and the lifetime of the
experimental system, which is approximately a few seconds in typical experiments of ultracold
gases in optical lattices. Notice that the total number of necessary PA lasers in this scheme is
fims X N(N — 1)/2. In Appendix D, we discuss the feasibility of this proposed scheme by taking °Li
and a double-well optical lattice [40,41] (see also Fig. 3),
Vor(r) =V [0032 (%) + sin? (2)

a

+R <cos (? — 9) + cos (%))2] , (20)

as specific choices of atomic species and lattice configuration.
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4. Measuring observables

Once the SYK model is realized in optical-lattice systems, various observables can be measured.
One of the most interesting signatures of black-hole formation is the fast scrambling quantified by
OTOC functions [37], with which the chaotic nature of the system can be studied quantitatively.
Recently, Swingle et al. have proposed a general protocol to measure the OTOC functions [42]:

F@) = (Wi ow @i o)). (21)

We follow the protocol to explain how to measure the OTOC functions in our system in the specific
case that ¥V = & and W = ¢, namely,

Cij () = (] 2] 01)&:(0)). (22)

Since the SYK model is homogeneously random and has no meaningful distance, this correlation
function takes only two different cases, namely, the onsite case (i = j) and the offsite case (i # j).
Hence, it is sufficient to show the cases in which i,j € {1, N}.

The protocol requires a control qubit interacting with the probed system [42]. We assume that a
double well occupied by a single atom plays the role of a control qubit and regard the state in which
the atom occupies the right (left) well as the |0)¢ (]1)¢) state of the qubit, as shown in Fig. 4(a).
We also assume that the species of the qubit atoms is different from that of the SYK atoms and
that the optical-lattice potential for the former can be controlled independently of that for the latter.
We locate the qubit double well in such a way that its left well is well overlapped with the site for
the SYK atoms (see Fig. 4(b)). In this situation, the qubit atom has the onsite interactions U; with
the SYK atom in band i when the qubit state is |1)¢. Specifically, supposing that the optical lattice
for the SYK atoms is given by Eq. (D.1), that for the qubit atoms may be formed by the following
double-well optical lattice [40,41]:

Vip(r) =V, [cos2 (H) + cos? <Q)
a a

+R (sin (?) + cos (%))2} , (23)

whose spatial distribution for ; < 0 and R" = 0.3 is depicted in Fig. 5.

@
0, %

(b) \ site for atoms
in another

state

SYK

atomic
site

double well
for a qubitfatom

Fig. 4. Schematic illustrations of the qubit states (a) and the configuration for measuring the OTOC functions
of Eq. (22) (b).
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3| occupied occupied occupied

-3/ occupied " occupied occupied
=8 =D =1 0 1 2 3
xla

Fig.5. Spatial profile of the optical lattice of Eq. (23) for qubit atoms, where V; < 0 and R = 0.3. The dark
and light colors indicate the high- and low-potential regions. This means that the lightest spots correspond to
the sites for the qubit atoms.

The protocol to measure C; j(¢) is summarized as follows:

(i) Prepare (|0)c + [1)c)/+/2,
(i) Is ®10)(0lc + & ® [1)(1]c,
(iii) e ' @ Io,

(iv) & ®le,

) e @,

(vi) & ®10)(0lc +1s ® [1)(1c,
(vil) Measure X¢ or Ye,

where I denotes the identity matrix. X and Y denote the x and y components of the Pauli matrices
for the control qubit. Taking the offsite case that i = 1 and j = N, let us elaborate on this protocol
item by item. The onsite case can be treated in a very similar way. First, since (|0)¢ + [1)¢)/ V2 is
the ground state of an atom in the symmetric double well for U; = 0, it can be straightforwardly
prepared by turning off U; with use of the Feshbach resonance.

In process (ii), we need to annihilate an atom at site i/ when the qubit state is |1)¢. For this purpose,
we prepare a lattice site for an atom in another state a’, which is neighboring the SYK site, as shown
in Fig. 4(b). This state ¢’ may be a different hyperfine state or an electronically excited state as long
as the linewidth of the state is sufficiently small. At t = 0, where t denotes the present time during
the protocol, the interaction between the qubit atom and the SYK atom is set to be attractive, i.e.,
U; < 0. At the same time, we apply a 7r-pulse with frequency w = E, — E,q1— U1, which resonantly
couples the £, 1 and E, states if the qubit state is |1)c. Here £, denotes the energy of the lowest
band of the atoms in another state. Hence, the application of the 7 -pulse leads to the operation of ¢;
for the |1)¢ state and that of the identity matrix for the |0)¢ state, thus creating process (ii).

We next turn off the atomic interaction and perform the unitary time evolution of the system until
7 = ¢t. This corresponds to process (iii). At T = ¢, we apply a 7w -pulse with frequency w = Ey —E, v,
which resonantly couples the £,y and E,; states. This corresponds to the operation of ¢y, namely,
process (iv).
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Process (v) requires the sign of the Hamiltonian to be inverted. Such a manipulation can be made
for our SYK model simply by inverting the sign of the detuning for all the PA lasers. We perform
the unitary time evolution of the inverted Hamiltonian until T = 2¢. At T = 2¢, we set the atomic
interaction to be repulsive (U; > 0) and apply a 7 -pulse with frequency w = E, — .1, which leads
to the operation of ¢ for the |0)¢ state and no operation for |1)¢. This is nothing but process (vi).

In order to obtain (X¢), we need to measure the population of the bonding state in the qubit double
well. Such a measurement can be made by means of the band-mapping techniques used in Ref. [41].
On the other hand, in order to obtain (f/c), we need to measure the current between the two wells,
which is possible using the optical-lattice microscope techniques [43—47]. Thus, process (vii) is
feasible.

It has also been suggested that the degeneracy of the ground state in the SYK model can be read
off from the low-temperature behavior of the single-particle Green’s functions [30]:

Gij(t) = (&] (12:(0)). (24)

We suggest that G; ;(¢) can be measured in a way very similar to the one described above. Specifically,
skipping processes (iv) and (v) corresponds to a protocol to measure G; ;(¢). The offsite case (i # j)
is also possible simply by replacing the ¢; operation in process (vi) with ¢;.

5. Bottlenecks and possible solutions

While we have shown in the previous sections that the SYK model can be realized in principle by
using ultracold fermionic atoms in optical lattices coupled via PA lasers, there remain difficulties in
practice, which have to be resolved in order to realize actual experiments. In this section, we describe
such difficulties and discuss possible solutions to them.

First, the severest bottleneck is the number of necessary PA lasers, nms X N (N — 1) /2. For instance,
when npg = 36 and N = 16, 4320 PA lasers are required. Implementation of lasers with as many
frequencies as O(103) in a single experiment is difficult with current experimental technology. A
possible way to circumvent this difficulty is as follows. The Gaussian randomness of the coupling
Jij i in the SYK model, which requires the use of multiple molecular states leading to the factor
of nys in the number of necessary PA lasers, might be needed only to make the theory analytically
solvable. In other words, the modified SYK model of Eq. (11) with only one or a few molecular
states may exhibit the SY state at low temperatures. Indeed, in a supersymmetric generalization of the
SYK model, which has been proposed very recently, the system exhibits the SY state even though
the coupling J;; 47 is not Gaussian random [48]. In future theoretical studies, it will be important
to examine the robustness of the SY state in the absence of Gaussian randomness in more general
situations without supersymmetry. I[f the SY state can survive at nyns = O(1), the number of necessary
PA lasers for N > 10 will be reduced to O(10?). Even in this case, preparing such a number of PA
lasers remains a challenge.

The second bottleneck is that all of the multiple PA lasers have to have ultranarrow linewidths.
This requirement stems from condition (16), meaning that the linewidth has to be much smaller
than the detuning |vs|. As shown in Appendix D, if we choose the double-well optical lattice of
Eq. (D.1) and set N = 16, Vo = —60ER, R = 0.59, and 6 = /6, then the minimum level spacing
is given by Anin = & x 66.7Hz such that I'pa < 27 x 1 Hz is required. State-of-art experiments
have successfully stabilized a laser with a single frequency to the extent that I'pp ~ 27 x 0.1 Hz,
aiming its application to optical-lattice atomic clocks [49—51]. However, achieving such a narrow
linewidth for lasers with multiple frequencies is challenging for current experiments. An alternative
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route to circumvent this difficulty may be to design a new configuration of optical lattice optimized
for enlarging Ani, significantly compared to the case of the double-well optical lattice.

Third, it is unclear which molecular states are suited for our purpose because some information
regarding molecular properties is currently unknown. Specifically, while it is more desirable to have
stronger coupling between atomic and molecular states, i.e., a larger Franck—Condon factor, we do
not know which molecular states have relatively stronger coupling. Information regarding linewidths
of electronically ground-state molecular states is insufficient as well. Moreover, in order to satisfy
conditions (18) and (19), we need to confirm that |Uj | is not too small by accident but currently
we do not know the values of the s-wave scattering lengths determining the interaction between
two molecules. These unknown properties can be revealed in a step-by-step manner with current
experimental technology but it requires a lot of effort.

Fourth, while we have assumed that the optical-lattice depth for molecules can be controlled inde-
pendently of that for atoms, such a situation has not been realized in experiments thus far. However,
assuming that a PA molecule consists of two electronically ground-state atoms with different hyper-
fine states, at least one of the two atoms forming the molecule has a hyperfine state different from
atoms in the SYK system. An optical lattice whose depth can be controlled independently of two
hyperfine states has already been realized in experiments [52,53]. An optical lattice of this type
should also allow for independent control of the lattice depths for the atoms and molecules.

Finally, as for the measurement scheme of the time-dependent correlation functions, the prepara-
tion of qubit atoms interacting with the probed system has not been realized thus far, while some other
theoretical works recently proposed similar measurement schemes using control qubits [42,54,55].
Specifically, although ultracold two-species mixtures have been created in many laboratories,
developing optical-lattice microscope techniques for such mixtures still stands as an experimen-
tal challenge. Nevertheless, given the fact that optical-lattice microscope techniques have been
rapidly developed in recent experiments for several different atomic species, including 87Rb [44,45],
174y1b [56,57], ®Li [58], and “°K [59-61], it is expected that future experiments will be able to
overcome this challenge.

6. Conclusion

We have suggested that ultracold gases in optical lattices can be applied to experimental studies
of quantum gravity under the assumption of the holographic principle. As a specific example, we
have proposed that creating the SYK model, whose low-temperature state has been conjectured
to be dual to AdS; black holes [30], is in principle possible. We have shown how to measure the
OTOC functions and the single-particle Green’s function, which characterize the properties of the
black hole, with use of a control qubit consisting of an atom in a double well. Moreover, we have
discussed practical difficulties in realizing our proposal with current experimental technology, and
how they might be circumvented. We emphasize that while our proposal to realize the SYK model
in experiment is incomplete in a practical sense because of the remaining difficulties, it has made
a first step towards the experimental realization of the SYK model. In this sense, the present work
has significantly advanced our original idea that quantum gravity can be studied in optical-lattice
systems loaded with ultracold gases with the help of the holographic principle.

We chose our specific example because it looked the simplest among the currently available
models with holography. However, the SYK model is still rather complicated in the sense that it has
an unnatural two-body hopping that has to be Gaussian random. Hence, it will be useful to explore
its simplified variants or other quantum gauge models with holography that can be created more
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easily in optical-lattice experiments. We finally note that while the Hawking radiation is one of the
most important issues regarding quantum black holes, whether the Hawking radiation can be seen
in the SYK model is not clear at this stage. Answering this question will be an imperative task for
future theoretical studies. At the very least, it should be possible to study a variant of the information
puzzle, associated with the way that the information is encoded in a black hole [62].
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Appendix A. Comparison of the SYK model with its variants

In this appendix, we compare the three versions of SYK model, namely, the original (complex) one,
the real one, and the modified one (11) to demonstrate that the last one is a quantitative approximation
of the original one even at finite N and np,g. We set the reduced Planck constant and the Boltzmann
constantto be i = kg = 1.

We first compare the complex and real SYK models. In Fig. A1, the (7 /J)-dependence of Q/N in
the complex and real SYK models is shown, where Q denotes the number of fermions, or the charge,
defined as the eigenvalue of the number operator O = va: i = va: | éjéi that commutes with all
the Hamiltonians considered here. We label the energy eigenvalues of each model Hamiltonian by
the charge as {EfQ)}i and obtain

B ZQQ'Z(Q)

O)rg Z

, (A.1)

. . . . .- . (9] .
in which Z'9 is the canonical partition function Z©@ = Y. e7F" /T and Z = 202 @ is the grand
canonical partition function. In Fig. A2, the (7'/J)-dependence of the energy in the complex and real

,\
2
=
g

I complex ISYK; N= 6I e 6 --—
0.6 Y real SYK; N=6 ------ i 0.06 8 : g
I A complex SYK; N=8 ------- 2+
= i\ real SYK; N=8 3
Eﬂ complex SYK; N=12 ———- EL
real SYK; N=12 ------- s 0.04 -
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9o ]
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Fig.Al. (a) Comparison of the (7'/J)-dependence of (Q) /N between the the original (complex) and real SYK

models for different N. (b) The difference of (Q) between the real and complex SYK models, which is N times

the difference between the values of (Q)/N. The chemical potential is set to zero, i.e., © = 0. 10° samples are
taken for N = 6, 8, and 12.
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Fig.A2. (a) Comparison and (b) difference of the (7'/J)-dependence of (E) between the complex and real
SYK models and different N. The chemical potential is set to zero, i.e., u = 0. 10° samples are taken for
N =6,8,12.

SYK models, normalized by dividing by N, are shown. The energy E is calculated as

Soi B e ENT

= (A2)

(E)rg =
The disorder averages (E) and (Q) are taken by using random couplings. From the plots, we can see
a clear agreement at large N. As expected from the standard 1/N-counting, two theories give the
same values of (E) and (O) up to the subleading corrections of order N°.
We have also calculated the entropy S defined by

- (E) ——
S = % + log Z. (A.3)
Note that log Z < log Z in general. The result is shown in Fig. A3. For T/J > 1, S/N is already
almost converged at N = 6, while, for smaller 7', S/N is an increasing function of N. Notice that
the entropy of the complex SYK model at finite N has also been computed in Ref. [63].

As an example of a two-point function, in Fig. A4 we present the same-site density—density

correlation function Cpy (¢), which is defined using the number operator 77; = éjéi by

Cin () = (A (A (0)) — (A (1)) - (A:(0)) = (A ()A:(0)) — ()2 = (A (1)7:(0))conns (A.4)

Cn = 1 32 0. (A5)

1

Here, the operator @(t) at time ¢ is @(t) = eH!Oe=H! and the expectation values are calculated as
in the cases of the charge and the energy:

OO @
(...):ZQJe <ZJ L) (A.6)

with |1//J.(Q)) being the many-body wavefunction corresponding to the eigenenergy £ J.(Q).
Having corroborated the quantitative agreement between the complex and real SYK models, we
next compare the modified SYK model of Eq. (11) with the real SYK model. As shown in Fig. A5
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Fig.A3. (a) Comparison and (b) difference of the (7 /.J)-dependence of (S)/N between the complex and real
SYK models and different N. The chemical potential is set to zero, u = 0. The entropy approaches S = N log2
as the temperature T is increased, which is expected from the fact that all 2" states can equally contribute in
the high-temperature limit.
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Fig.A4. The real-time, same-site density—density correlation function ), (7;(#)7;(0)) — (n;(t)) - (1;(0))/N
calculated for (a) N = 6 using 10° samples, and (b) N = 10 using 10 samples. The data for 7 = 1 and 0.1
for the complex and real SYK models are plotted together with the data for the model (11).

for (Q) and (E), we observe that the results are already similar for ny,s = 8 for N = 6 and 10. In
Fig. A6(a) we plot the entropy S as a function of the temperature for N = 6,8, 12 for nys = 16,
along with the result of linear extrapolation to 1 /N — 0. As in Fig. A6(b), for T = 0.1J the obtained
entropy is almost linear in 1/N; however, for lower temperatures the dependence of S on 1/N is
more convex, indicating that the linear fit from N = 6, 8, 12 may be underestimating the value of
S(N — 00) at T — 0 and that S may converge to a finite value.

It is worth stressing the importance of large np,g. Even when ny,g = 1, the model (11) looks like the
real SYK model if we identify J;; 1/ (2N )3/2 with gijgk1/v, where g;; = g1;; and v = v;. However,
the distribution of the latter is not Gaussian in general for a given distribution of {g;;} and is even
worse, i.e., the randomness is not strong enough; for instance, when g1>g12/v and g34g34/v are large,
g12834/Vv 1s also large. Note also that g;;g;; is always positive.
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Fig.A5. The (7 /J)-dependence of (a) (Q) and (b) (E) for N = 6 for ny, = 2,4,8,16,32. The chemical
potential is set to zero, & = 0. The results for the real SYK model are shown for comparison. 10* samples are
used and the standard error estimates (not shown) are typically on the order of the width of the lines.
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Fig.A6. (a) Comparison of the (7' /.J)-dependence of S/ (kgN), the modified SYK model (11) with 7,,s = 16,
extrapolated to N = oo by a linear fit of the value against 1/N. The chemical potential is set to zero, u = 0.
(b) (S)/(ksN) plotted against 1 /N for N = 6,8, 10, 12. For higher T the obtained normalized entropy is linear
in 1/N; however, for T/J < 1 the curve is more convex, which suggests that the actual N — oo limit may
be significantly larger than the value plotted and may converge to a finite value as 7 — 0.

Appendix B. Properties of J;;;; = QN)*2 Y "™ g g /v,
In this appendix, we explain the basic properties of J; 5 = (2N)3/2 Y ms £ ”vgs M We take vy =

s=1
+ . /nmso,, for even s and vy = —,/nys0, for odd s, and the Gaussian weight of g ;; is chosen to be

ng /(202) . . . .
JzLTag with crg2 /o, = (2N)~3/2J . It will turn out that this corresponds to the Gaussian random
g

coupling J;; 1; needed for the real SYK model, with J = 1. Generic values of J can be realized by
rescaling g5 ;; and/or vy.
Firstly let us show that the distribution of x = Jj; iy converges to e //7 for (i,j) # (k,I) and
e=X/2 /27 for (i, ]) = (k ). Then, we should show that, when real numbers xs and y; are distributed

o2 /2 v_s/2

with the weight ‘/257 , (1) F Yoims xgys and (2) \/7 > s (x2 — y2) converge to a
Gaussian distribution with w1dth 1 and +/2. The statements (1) and (2) are actually equivalent;
indeed, by using X; = %% and ¥, = %72 we can rewrite the former as x;y; = (X2 — ¥2)/2 with

2 72

. 2 .
the same weight, e~ HD/2 = e~ (PH+YD/2 Hence we consider only the former. Because the sum
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with respect to s can be regarded as a random walk, the distribution should be Gaussian. Then, in

order to determine the width, we only have to calculate the average of ( N yooms Yy;) . It can be
evaluated as

2
1 Nms Nms 3
<< — szys) >=< szys> = /x ye (et )/dedy =1, (B.1)

=1

which means that the width is 1.
We can also show that Jjj s1.Jpgrs ¢ (8ipSjq — ig8jp) (Si8is — Sksdir) + (i <> kl). Let us note
that we only have to show that Jj; s1.Jpg.rs X 8ip8jgS1-8is + (ij <> kl) fori < j, k < I, p < g and

r < s. It is equivalent to show that (3" gl(s)gﬁs)/vs)(z g}s )gg ) Jvg) = O unless I = P,J = Q or

I = Q,J = P, where the indices /,J, P, Q represent (i, ), (k,[), (p,q), and (7, s). With this notation,

( Z g"gs” /vy ) ( Z g gy’ vy ) = Z e ep 2y 1 (svy). (B.2)
s’ 5,8’

If I #J or P # Q, we can rewrite it as

Z 8"¢)"e gp 1 vsvy) = Z o2 ey, ®-3)

where we have used the invariance of the Gaussian weight w.rt. a flip of sign of any of

gl(s), g}s) g}f ), g(Qs ) and vsz = nms. Then, again due to the invariance of the weight w.r.t. a flip of sign

of any of g, unless I = P,J = Q or I = Q,J = P the average vanishes. When/ =J # P = Q,

(ng )/vs)<2g(y) (5/)/Vs> _ (Zg[(s)g}s)/vs) <Zg(s’) (5)/1)5) =0-0=0.

(B.4)

It is a bit tricky to show that JJJ = 0; actually it holds when 7y is infinity. For simplicity, let us
suppose that I #=J, P = Q, V #= W. Then,

( Y gl Vs) ( Z g2y’ Vs’) ( g g/ vs//>
S

S//

=Y &g e 'epe) gy v
N

= O(1//fms) — 0 (nms — 00). (B.5)
For the same reason, we have
JITT = JJ - JJ 4+ O(1 /nms), (B.6)

and so on. ¥
We further note that, if we can introduce complex g5 ;;, we may identify 2N )3/2 D w with
Jij k1, with both the distributions of J;; 7 (see Fig. B1) and other quantities discussed in the main text

quickly approaching the distributions for the complex SYK model as 7y is increased.
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Fig. B1. (a) Distribution of J; 5y = (jﬁn%}sz (X seven &€ — Dosoda &si&e) With only the off-diagonal compo-
nents (i.e., (i,j) # (k,1), (I, k)). (b) Distribution of the real Jj; = 222 (3 g o2 — 3 1geil?). The

N
. L . ) 3272 n o ReUmigsi /o) o
weights of Reg; ; and Img; ; are Gaussian with variance o, = (2N)™/“J"/2, B~ The distribution
o~ (Redy 2 /02 L . . . 5 - .
of ReJj; ;s converges to — which is shown in (a) as “Gaussian (6° = J*/2)”. The distribution of

) 2
Jj; converges to the standard normal distribution (for J = 1), %, as shown in (b). The numbers of

samples taken are 10* (a) and 10° (b), respectively.

Appendix C. Derivation of the effective Hamiltonian

In this appendix, on the basis of the degenerate perturbation theory, we present a detailed derivation
of the effective Hamiltonian of Eq. (11) from the coupled atom—molecule model of Eq. (10) and
discuss parameter regions in which the effective Hamiltonian is valid.

Let us write the Hamiltonian in the following form:

H,=Hy+V, (C.1)

where the nonperturbative part Hj and perturbative part V are given by

A e Uy 5.t . .
Hy = Z vsm;fms + Z 255 m;fms,ms/ms, (C.2)
s=1 s,s
Nms
7= g (ﬁa;‘eiej - ﬁzsejej) . (C.3)
s=1 ij

We see from Eq. (C.2) that the nonperturbative energy depends only on the number of particles
in each molecular state. This means that all different atomic configurations with no molecules are
degenerate in Hy. The nonperturbative energy of these degenerate states is given by £y = 0. We
define the Hilbert subspace spanned by all these degenerate states with no molecules as D. We
note that states with one or two molecules appear as virtual states in the second- or fourth-order
perturbation.

In order to derive the effective Hamiltonian, we perform the Schrieffer—Wolff transformation [64],
P S T S -
Hq¢ = Poe” Hye > Py, (C4)

where P is the projection operator on D. To determine the transformation matrix S we require that
n eSI:Ime*S all the matrix elements connecting states in D with those outside of D are zero, i.e., that
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esﬁme_g is block-diagonal [65]. While our main purpose is to derive Eq. (11) of the main text, which
corresponds to the effective Hamiltonian up to the second-order perturbation, we here describe the
terms up to the fourth order,

; £ (2 4
A ~ G + A, (C.5)

in order to discuss the validity condition of the second-order approximation. Notice that the odd-
order terms do not exist in the effective Hamiltonian because in ¥ all the matrix elements connecting
two states with the same number of molecules are zero.

The second- and fourth-order terms can be formally written as

A = PoV AV P, (C.6)

AAAAAAAA

~ 1 A A A A
A8 = PoV AVAVAY P + - : (Po DAV Py AT Py + Py AV Py VAZVP()) (C.7)

where
. 1-P
A=—"2 (C.8)
Eo — Hy

Substituting Egs. (C.2) and (C.3) into Egs. (C.6) and (C.7), we obtain

) atata A
g =) Kyuele/ed, (C.9)
ijkl
@ _ atatatata a
Hyp = — Z Liv j e e} ) ¢j Cylrrcicy
il jj kK’ I
— 3" Laguewelelepeel e (C.10)
i’ jj k' I
where
8s,ij8s,kl
Kiu =Y ==, (C.11)
s S
~ &s1,ii' 8s7 ,jj' 8o kk' &s3,1I'
Livjaewr =Y . : (C.12)

253 5125253 Vg (ng + Vg, + Uslsz)VS3

1 1 1
Lii jjr ke a1 = Z > 8s.ii's.jj 8’ k' s' I (v— + —2> : (C.13)

2
ss’ 5 Vs Vs vs/

It is obvious that ﬁéé) is equivalent to Eq. (11) of the main text. Since we have assumed that
|vs| < |Usy|, the first term on the right-hand side of Eq. (C.10) is much smaller than the second
term. Hence, we neglect the first term and compare £ e(?f) with the second term in & é;}f) in the following
discussions.

We recall that g, ;; is assumed to be Gaussian random with the standard deviation o = o, (see
Eq. (21) of the main text) and that vy is assumed to be (—1)*/nms0,,. Combining these assumptions
with Eq. (C.11), we obtain

Q

4
K =0, K5 = =5 (C.14)

2
oy

18/22

Downl oaded from https://academ c. oup. com ptep/article-abstract/2017/8/ 083101/ 4098171/ Cr eat i ng- and- pr obi ng-t he- Sachdev- Ye- Ki t aev- nodel
by CERN - European Organization for Nuclear Research user

on 02 Cctober 2017



PTEP 2017, 083101 I. Danshita et al.

for {i,j} # {k,l}. Moreover, when {i,i'}, {j,j’}, {k,k’}, and {/, !’} are not equal to one another, we
obtain

8
0, L2 -

‘. . C.15
i’ i k! 1 2nmsO'U6 ( )

Liy jj gk g1 =

The scale of the eigenenergies of Iflgf) is set by ,/ 4N3IC§ /3! while that of I:[e(?f) is set by

\/ 8N 7/51.21./ v /7! [32]. In order for the second-order approximation to be valid, the former must
be much larger than the latter. This condition implies that

2

/P o

74 >2< fims . (C.16)
N of

In Appendix D, we show that the condition of Eq. (C.16) can be safely satisfied in a realistic situation.

Appendix D. An example: double-well optical lattice

In this appendix, in order to discuss the feasibility of our scheme for creating the SYK model, we
consider the following optical lattice:
Voi(r) =V |:cos2 (E) + sin? <Q) +R (cos <E — 0) ~+ cos <Q))2] , (D.1)
a a a a
which is Eq. (20) of the main text. This optical lattice consists of two square optical lattices and a
represents the lattice spacing of the one with the shorter period. We assume that Vy < 0 for atoms
while 7y > 0 for molecules. In Fig. 3 of the main text, we show the spatial profile of this potential for
Vo < 0,R =0.59,and 8 = /6. Such an optical lattice is often used to create a double-well optical
lattice [40,41], whose unit cell is a double-well potential, which is advantageous for the proposed
scheme in the sense that the band levels of the atomic site have no degeneracy, as shown in Fig. D1,
where the eigenenergies of a single atom in the optical lattice at zero quasi-momentum are plotted
for Vo = —60ER, R = 0.59,and 0 = /6. ER = % denotes the recoil energy. If there are any
degenerate levels, then A, = 0 such that the condition (16) cannot be satisfied.

120} -

-140 ¢ -

-160

Single-particle energy: &,/ E;

-180 [ ~ ) ) ) ]
0 5 10 15 20
band index: i

Fig. D1. Eigenenergies of the Schrodinger equation for a single atom in the optical-lattice potential of Eq. (D.1)
at zero quasi-momentum, where Vy = —60 Ex, R = 0.59, and 6 = 7/6. From this energy spectrum, one can
evaluate that A, = 0.00228 Er and A« = 104 Eg for N = 16.
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To evaluate the energy scales appearing in the necessary conditions (15)—(19), let us specifically
choose °Li as the fermionic atoms confined in our system. Use of this species in cold-atom experi-
ments is rather standard. Setting the lattice spacing to be a standard value, namely, d = 532 nm, leads
totherecoil energy Er = hx29.2 kHz. Taking the values of the parameters used in Fig. D1 and setting
N = 16 immediately give max(#;) ~ h x 0.5 Hz, Apin = h x 66.7Hz, and Apax = £ x 1.96 MHz. If
we set |vg| = A x 10 Hz, nyps = 36,and oy /0y, = 0.3,thenJ = h x 27.2 Hz. Hence, the first condition
(15) is safely satisfied. We note that with these values of N, |vsl, ns, and o4 /0y, the condition (C.16)
is safely satisfied as well.

Since the second condition (16) requires information on the linewidths, let us first estimate ;. If
a PA molecule consists of one electronically ground-state alkali atom and one electronically excited
alkali atom, a typical scale of the linewidth is I'ys ~ 27 x 10 MHz [36], which is much larger
than |v,| and cannot be used for the present scheme. In contrast, if a PA molecule consists of two
electronically ground-state alkali atoms, 'y, is much smaller in general. A coherent coupling to
such an electronically ground-state molecule can be created with use of the two-photon Raman PA
techniques [36]. For instance, in the case of 8’Rb atoms confined in an optical lattice, molecular
states with linewidths as narrow as I',s ~ 27 x 1kHz have been observed [66]. In the case of
6Li atoms, detailed experimental searches for linewidths of electronically ground-state molecules in
optical lattices have not been performed. However, it is known at least that Feshbach molecules of
®Li, which correspond to an electronically ground-state molecular state, can have lifetimes as long
as 10 s in the absence of an optical-lattice potential [67,68], meaning that their linewidths can be as
narrow as ['yg ~ 27 x 0.1 Hz.

As for I'py, state-of-the-art experiments have developed lasers with ultranarrow linewidths for
application to optical-lattice atom clocks such that the linewidth can be as low as I'pp ~ 27 x
0.1 Hz [49-51]. Using electronically ground-state molecules and the state-of-the-art lasers, condition
(16) can be overcome in principle. Notice, however, that implementation of such narrow linewidths
for all PA lasers with many different frequencies has not been realized thus far.

Furthermore, we assume that Vo = 2 x 10 Eg for the molecular optical lattice so that Ay =
h x 10.9 MHz. Since the level spacing of the rotational states of a ®Li, molecule is typically A ~
h x 100 MHz, the third condition (17) is also satisfied. Finally, we estimate that |U ¢| ~ 3 MHz
under the assumption that the s-wave scattering lengths between two molecules take a typical value
las| ~ 100ap, where ag denotes the Bohr radius. With this estimation of |Uy ¢|, the fourth and fifth
conditions (18) and (19) are satisfied. This means that it is in principle possible to create the modified
SYK model (11) at least up to N = 16 by means of the proposed scheme with the specific choices
of the optical-lattice potential of Eq. (D.1) and the atomic species of °Li.

References

[1] S. W. Hawking, Nature 248, 30 (1974).
[2] S.W. Hawking, Commun. Math. Phys. 43, 199 (1975) [Commun. Math. Phys. 46, 206 (1976)].
[3] S. Dimopoulos and G. Landsberg, Phys. Rev. Lett. 87, 161602 (2001).
[4] S.B. Giddings and S. D. Thomas, Phys. Rev. D 65, 056010 (2002).
[5] X. Calmet, Mod. Phys. Lett. A 25, 1553 (2010).
[6] CMS Collaboration, J. High Energy Phys. 07, 178 (2013).
[71 CMS Collaboration, Phys. Rev. D 91, 052009 (2015).
[8] CMS Collaboration, Eur. Phys. J. C 76, 317 (2016).
[9] ATLAS Collaboration, Phys. Rev. Lett. 112, 091804 (2014).
[10] W. G. Unruh, Phys. Rev. Lett. 46, 1351 (1981).
[11] O. Lahav, A. Itah, A. Blumkin, C. Gordon, and J. Steinhauer, Phys. Rev. Lett. 105, 240401 (2010).

20/22

Downl oaded from https://academ c. oup. com ptep/article-abstract/2017/8/ 083101/ 4098171/ Cr eat i ng- and- pr obi ng-t he- Sachdev- Ye- Ki t aev- nodel
by CERN - European Organization for Nuclear Research user
on 02 Cctober 2017


http://dx.doi.org/10.1038/248030a0
http://dx.doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF01608497
http://dx.doi.org/10.1103/PhysRevLett.87.161602
http://dx.doi.org/10.1103/PhysRevD.65.056010
http://dx.doi.org/10.1142/S0217732310033591
https://doi.org/10.1007/JHEP07(2013)178
http://dx.doi.org/10.1103/PhysRevD.91.052009
http://dx.doi.org/10.1140/epjc/s10052-016-4149-y
http://dx.doi.org/10.1103/PhysRevLett.112.091804
http://dx.doi.org/10.1103/PhysRevLett.46.1351
http://dx.doi.org/10.1103/PhysRevLett.105.240401

PTEP 2017, 083101 I. Danshita et al.

[12]
[13]
[14]
[15]
[16]
[17]
[18]

[19]
[20]
[21]
[22]
[23]

[24]
[25]
[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]
[41]

[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

G. 't Hooft, Dimensional reduction in quantum gravity, Salamfest 1993:0284-296.

L. Susskind, J. Math. Phys. 36, 6377 (1995).

J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)].

T. Banks, W. Fischler, S. H. Shenker, and L. Susskind, Phys. Rev. D 55, 5112 (1997).

B. de Wit, J. Hoppe, and H. Nicolai, Nucl. Phys. B 305, 545 (1988).

N. Itzhaki, J. M. Maldacena, J. Sonnenschein, and S. Yankielowicz, Phys. Rev. D 58, 046004 (1998).
K. N. Anagnostopoulos, M. Hanada, J. Nishimura, and S. Takeuchi, Phys. Rev. Lett.

100, 021601 (2008).

M. Hanada, Y. Hyakutake, G. Ishiki, and J. Nishimura, Science 344, 882 (2014).

M. Greiner, O. Mandel, T. Esslinger, T. W. Hiansch, and I. Bloch, Nature 415, 39 (2002).

H. Moritz, T. Stoferle, M. Kohl, and T. Esslinger, Phys. Rev. Lett. 91, 250402 (2003).

T. Kinoshita, T. Wenger, and D. S. Weiss, Science 305, 1125 (2004).

G. Roati, C. D’Errico, L. Fallani, M. Fattori, C. Fort, M. Zaccanti, G. Modugno, M. Modugno, and M.
Inguscio, Nature 453, 895 (2008).

M. Aidelsburger, M. Atala, M. Lohse, J. T. barreiro, B. Paredes, and 1. Bloch, Phys. Rev. Lett.
111, 185301 (2013).

H. Miyake, G. A. Siviloglou, C. J. Kennedy, W. C. Burton, and W. Ketterle, Phys. Rev. Lett.

111, 185302 (2013).

G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger, D. Greif, and T. Esslinger, Nature
515, 237 (2014).

K. Kasamatsu, I. Ichinose, and T. Matsui, Phys. Rev. Lett. 111, 115303 (2013).

U. J. Wiese, Nucl. Phys. A 931, 246 (2014).

E. Zohar, J. I. Cirac, and B. Reznik, Rept. Prog. Phys. 79, 014401 (2016).

S. Sachdev, Phys. Rev. X 5, 041025 (2015).

Talks by A. Kitaev at KITP Santa Barbara (2015).

J. Maldacena and D. Stanford, Phys. Rev. D 94, 106002 (2016).

K. Jensen, Phys. Rev. Lett. 117, 111601 (2016).

S. Sachdev and J. Ye, Phys. Rev. Lett. 70, 3339 (1993).

S. Sachdev, Phys. Rev. Lett. 105, 151602 (2010).

K. M. Jones, E. Tiesinga, P. D. Lett, and P. S. Julienne, Rev. Mod. Phys. 78, 483 (2006).

J. Maldacena, S. H. Shenker, and D. Stanford, J. High Energy Phys. 08, 106 (2016).

G. 't Hooft, Nucl. Phys. B 72, 461 (1974).

H. P. Biichler, M. Hermele, S. D. Huber, M. P. A. Fisher, and P. Zoller, Phys. Rev. Lett.

95, 040402 (2005).

J. Sebby-Strabley, M. Anderlini, P. S. Jessen, and J. V. Porto, Phys. Rev. A 73, 033605 (2006).

M. Anderlini, P. J. Lee, B. L. Brown, J. Sebby-Strabley, W. D. Phillips, and J. V. Porto, Nature
448, 452 (2007).

B. Swingle, G. Bentsen, M. Schleier-Smith, and P. Hayden, Phys. Rev. A 94, 040302(R) (2016).
N. Gemelke, X. Zhang, C.-L. Hung, and C. Chin, Nature 460, 995 (2009).

W. S. Bakr, J. I. Gillen, A. Peng, S. Folling, and M. Greiner, Nature 462, 74 (2009).

J. F. Sherson, C. Weitenberg, M. Endres, M. Cheneau, 1. Bloch, and S. Kuhr, Nature 467, 68 (2010).
C.-L. Hung, X. Zhang, N. Gemelke, and C. Chin, Phys. Rev. Lett. 104, 160403 (2010).

T. Fukuhara et al., Nat. Phys. 9, 235 (2013).

W. Fu, D. Gaiotto, J. Maldacena, and S. Sachdev, Phys. Rev. D 95, 026009 (2017).

Y. Nakajima et al., Opt. Express 18, 1667 (2010).

H. Inaba et al., Opt. Express 21, 7891 (2014).

M. Takamoto et al., Compt. Rendus Phys. 16, 489 (2015).

D. McKay and B. DeMarco, New J. Phys. 12, 055013 (2010).

B. Gadway, D. Pertot, R. Reimann, and D. Schneble, Phys. Rev. Lett. 105, 045303 (2010).

C. W. Mansell and S. Bergamini, New J. Phys. 16, 053045 (2014).

M. T. Mitchison, T. H. Johnson, and D. Jaksch, Phys. Rev. A 94, 063618 (2016).

M. Miranda, R. Inoue, Y. Okuyama, A. Nakamoto, and M. Kozuma, Phys. Rev. A 91, 063414 (2015).
R. Yamamoto, J. Kobayashi, T. Kuno, K. Kato, and Y. Takahashi, New J. Phys. 18, 023016 (2016).
M. F. Parsons, F. Huber, A. Mazurenko, C. S. Chiu, W. Setiawan, K. Wooley-Brown, S. Blatt, and M.
Greiner, Phys. Rev. Lett. 114, 213002 (2015).

21/22

Downl oaded from https://academ c. oup. com ptep/article-abstract/2017/8/ 083101/ 4098171/ Cr eat i ng- and- pr obi ng-t he- Sachdev- Ye- Ki t aev- nodel
by CERN - European Organization for Nuclear Research user

on 02 Cctober 2017


http://dx.doi.org/10.1063/1.531249
http://dx.doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1023/A:1026654312961
http://dx.doi.org/10.1103/PhysRevD.55.5112
http://dx.doi.org/10.1016/0550-3213(88)90116-2
http://dx.doi.org/10.1103/PhysRevD.58.046004
http://dx.doi.org/10.1103/PhysRevLett.100.021601
http://dx.doi.org/10.1126/science.1250122
http://dx.doi.org/10.1038/415039a
http://dx.doi.org/10.1103/PhysRevLett.91.250402
http://dx.doi.org/10.1126/science.1100700
http://dx.doi.org/10.1038/nature07071
http://dx.doi.org/10.1103/PhysRevLett.111.185301
http://dx.doi.org/10.1103/PhysRevLett.111.199903
http://dx.doi.org/10.1038/nature13915
http://dx.doi.org/10.1103/PhysRevLett.111.115303
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.102
http://dx.doi.org/10.1088/0034-4885/79/1/014401
http://dx.doi.org/10.1103/PhysRevX.5.041025
http://dx.doi.org/10.1103/PhysRevD.94.106002
http://dx.doi.org/10.1103/PhysRevLett.117.111601
http://dx.doi.org/10.1103/PhysRevLett.70.3339
http://dx.doi.org/10.1103/PhysRevLett.105.151602
http://dx.doi.org/10.1103/RevModPhys.78.1041
http://dx.doi.org/10.1007/JHEP08(2016)106
http://dx.doi.org/10.1016/0550-3213(74)90154-0
http://dx.doi.org/10.1103/PhysRevLett.95.040402
http://dx.doi.org/10.1103/PhysRevA.73.033605
http://dx.doi.org/10.1038/nature06011
http://dx.doi.org/10.1103/PhysRevA.94.040302
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature08482
http://dx.doi.org/10.1038/nature09378
http://dx.doi.org/10.1103/PhysRevLett.104.160403
http://dx.doi.org/10.1038/nphys2561
http://dx.doi.org/10.1103/PhysRevD.95.069904
http://dx.doi.org/10.1364/OE.18.001667
http://dx.doi.org/10.1364/OE.21.007891
http://dx.doi.org/10.1016/j.crhy.2015.04.003
http://dx.doi.org/10.1088/1367-2630/12/5/055013
http://dx.doi.org/10.1103/PhysRevLett.105.045303
http://dx.doi.org/10.1088/1367-2630/16/5/053045
http://dx.doi.org/10.1103/PhysRevA.94.063618
http://dx.doi.org/10.1103/PhysRevA.91.063414
http://dx.doi.org/10.1088/1367-2630/18/2/023016
http://dx.doi.org/10.1103/PhysRevLett.114.213002

PTEP 2017, 083101 I. Danshita et al.

[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]

L. W. Cheuk, M. A. Nichols, M. Okan, T. Gersdorf, V. V. Ramasesh, W. Bakr, T. Lompe, and M. W.
Zwierlein, Phys. Rev. Lett. 114, 193001 (2015).

E. Haller, J. Hudson, A. Kelly, D. A. Cotta, B. Peaudecerf, G. D. Bruce, and S. Kuhr, Nat. Phys.

11, 738 (2015).

A. Omran, M. Boll, T. A. Hilker, K. Kleinlein, G. Salomon, I. Bloch, and C. Gross, Phys. Rev. Lett.
115, 263001 (2015).

J. M. Maldacena, J. High Energy Phys. 04, 021 (2003).

W. Fu and S. Sachdev, Phys. Rev. B 94, 035135 (2016).

J. R. Schrieffer and P. A. Wolff, Phys. Rev. 149, 491 (1966).

S. Bravyi, D. P. DiVincenzo, and D. Loss, Ann. Phys. 326, 2793 (2011).

T. Rom, T. Best, O. Mandel, A. Widera, M. Greiner, T. W. Hansch, and I. Bloch, Phys. Rev. Lett.
93, 073002 (2004).

S. Jochim, M. Bartenstein, A. Altmeyer, G. Hendl, C. Chin, J. H. Denschlag, and R. Grimm, Phys. Rev.
Lett. 91, 240402 (2003).

T. Kohler, K. Géral, and P. S. Julienne, Rev. Mod. Phys. 78, 1311 (2006).

22/22

Downl oaded from https://academ c. oup. com ptep/article-abstract/2017/8/ 083101/ 4098171/ Cr eat i ng- and- pr obi ng-t he- Sachdev- Ye- Ki t aev- nodel
by CERN - European Organization for Nuclear Research user

on 02 Cctober 2017


http://dx.doi.org/10.1103/PhysRevLett.114.193001
http://dx.doi.org/10.1038/nphys3403
http://dx.doi.org/10.1103/PhysRevLett.115.263001
http://dx.doi.org/10.1088/1126-6708/2003/04/021
https://doi.org/10.1103/PhysRevB.94.035135
http://dx.doi.org/10.1103/PhysRev.149.491
http://dx.doi.org/10.1016/j.aop.2011.06.004
http://dx.doi.org/10.1103/PhysRevLett.93.073002
http://dx.doi.org/10.1103/PhysRevLett.91.240402
https://doi.org/10.1103/RevModPhys.78.1311


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


