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The Maldacena-Qi model describes two copies of the Sachdev-Ye-Kitaev model coupled with an additional
coupling and is dual to the Jackiw-Teitelboim gravity, which exhibits an eternal traversable wormhole in the
low-temperature limit. In this work, we study an experimental consequence of the existence of the traversable
wormhole by considering the tunneling spectroscopy for the Maldacena-Qi model. Making comparisons to the
high-temperature black-hole phase where the bulk geometry is disconnected, we find that both the tunneling
probability and the differential conductance in the low-temperature wormhole phase show nontrivial oscillation,
which directly provides an unambiguous signature of the underlying SL(2) symmetry of the bulk geometry.
We also perform bulk calculations in both high- and low-temperature phases, which match the results from the

boundary quantum theory.
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I. INTRODUCTION

Holographic duality has established many valuable con-
nections between some strongly interacting quantum systems
and the semiclassical gravity theory [1]. The Sachdev-Ye-
Kitaev (SYK) model [2-5], which describes N randomly
interacting Majorana zero modes, is one of the concrete ex-
amples where a holographic description exists. In the large-NV
and low-temperature limit, the model effectively describes the
Jackiw-Teitelboim gravity in two-dimensional nearly anti—de
Sitter (AdS,) space-time [6]. Later, several generalizations
of the SYK model have been introduced to study different
physics [7-22], including tunneling spectroscopy [7—10] for
generalizations with U(1) symmetry [11-13]. Moreover, the
quantum simulation of the SYK model [23] has been per-
formed in NMR systems [24] and there are several other
proposals for realizing the SYK model in different experimen-
tal systems [25-28].

Meanwhile, wormholes have become a central topic in the
fields of gravity and quantum information. It is an essential
entry point to understand the quantum teleportation [29,30],
the late-time behavior of the spectral form factor [31], and the
resolution of the information paradox [32,33]. Besides, a sim-
ple quantum model for wormholes is the coupled SYK model
introduced by Maldacena and Qi [14]. The Maldacena-Qi
(MQ) model consists of two copies (left/right) of the original
SYK model, with additional direct hopping between corre-
sponding modes. Each copy of the SYK model corresponds
to a boundary of the AdS space-time. In the low-temperature
limit, a traversable wormhole [29,30] between the left and
the right boundary is formed. At higher temperatures, there
is a first-order transition to a geometry with two disconnected
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black holes. Dynamical evolution and equilibrium properties
of the MQ model have been studied in [34-36]. Later, the
model is generalized into the complex fermion version with
U(1) symmetry [37,38] and is found to be related to the large-
M random spin models [39]. There is also an experimental
proposal for realizing the MQ model [40].

In this work, we study the experimental consequence of
the eternal traversable wormhole in the bulk from the trans-
port perspective. As in the conventional experimental setup
for measuring the tunneling current, we consider attaching
leads to each side of the complex MQ model, as shown in
Fig. 1. We then apply a voltage at the left lead and measure
the current through the right lead. Intuitively, when the MQ

FIG. 1. Schematics of the setup where we couple each side of the
MQ model to a lead that allows us to measure the tunneling current.
Here the blue/red blob represents specific SYK interaction terms
for the L/R copy, which acts nontrivially on four fermion modes.
V represents bias voltage added to the left lead and the current on the
right lead J is measured by the ammeter A. The inverse temperature
is B, for the left lead, B for the right lead, and B for the complex MQ
model system.
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model is in the wormhole phase, an electron in the left lead
dives into the traversable wormhole and will appear in the
right lead, leading to a large tunneling probability when the
energy matches the intrinsic modes of the AdS, space-time.
On the other hand, if the MQ model is in the black-hole phase,
the correlation between the two sides becomes much weaker,
and the tunneling probability becomes small. We show that
this intuition is indeed consistent with detailed calculations on
either the quantum side or the gravity side, and the tunneling
spectroscopy provides an unambiguous signature of the bulk
geometry.

II. MODEL

We consider coupling each side of the complex MQ model
to a different lead described by noninteracting fermions. The
Hamiltonian is

A = Auq + Aieaa + Y _(il] 1y, + dih g, + Hee),

i.p
. . (D
where Hyig and Hj ¢aq read
5 A oAt A A AT AT A A
Hvq = Z Jij~k1(cL,icL.ch,kCL,l + CriCr jCriCr1)
i<jk<l
Af A AT A
+u Z(CL,iCR,i + CriCLi)s 2)
i
. shoa P
Hyead = Z Gp(%,p%,p + ¢R,p¢R,p)'
p
Herei, j,k,I =1,2,...,N.¢, g, is the annihilation operator

in the left/right copy of the SYK model, where two copies are
coupled by . xﬁL /&, p describes fermions in the left/right lead
with momentum p with a gapless dispersion €,. Note that the
number of modes in leads does not scale with N. J;; x;, and A;
are independent random Gaussian variables with zero mean
and variance:

27— A2

e WP = 3)
Here D is the number of coupled modes in the lead.

We first consider the total system at thermal equilibrium
and inverse temperature 8. Since the leads only contain O(1)
modes, to the leading order of 1/N, the two-point function
of the MQ model is not modified by a finite A. Conse-
quently, the system still contains two different phases. In the
low-temperature limit, the MQ model is dual to an eternal
traversable wormhole, where two copies of the SYK model
are connected through a holographic bulk. Here the perfect
correlation between two copies plays an important role for ob-
taining a wormhole solution in the low-temperature limit [14].
At higher temperatures, the system turns into a black-hole
phase where the emergent space-times in the gravitational
description correspond to nearly disconnected black holes.

We then analyze modes in the leads. Without the coupling
to the SYK dots, the left and the right leads are decoupled.
When A is turned on, the fermion can tunnel from the left lead
to the right lead through the MQ model. Explicitly, we define
the retarded Green’s function Gx(t) = —if(t){[O(t), O7(0)])
and focus on the local fermion modes ¥, = Zp 1&0‘, »/ VD

ijl?> =

with o« = L/R that couple to the MQ model. In other words,
we put the contact point of the lead to the SYK models
at x = 0. Taking into account the self-energy from the MQ
model, the Schwinger-Dyson equation of i reads

(Gﬁ(wrl)ay = (ijo(w)*‘)w — 2GR (@) @)

Here Gf(a))ay is the retarded Green’s function of the MQ
model (ay cqmponent). Gﬁ’o(w)w = —im pody, is the bz}re
Green’s function of leads. Here we assume that the density
of states of leads can be approximated as a constant pg.
Other real-time Green’s functions Gi‘ and GZ{ are then de-

termined by G;'(w) = G}§ ()" and at inverse temperature
the fluctuation-dissipation theorem gives

GX (0)eq = (GR () — G (@) Fy(w), 5)

where Fg(w) =1— ZfﬁF(a)) = tanh(Bw/2), with fff(w) be-
ing the Fermi-Dirac distribution function.

III. TUNNELING SPECTROSCOPY

Now we consider the nonequilibrium problem of calcu-
lating the tunneling current. The charge of the right lead
is defined as Qg = Zp 1&1‘? plﬁR’ - Consequently, the current
flowing from the right SYK model to the right lead reads

Jr=—ilH, Orl = =i ) (il g, = Mgl (6)
ip

When the full system is at thermal equilibrium, the current
vanishes. We are interested in the setup shown in Fig. 1, where
we tune the voltage V and the inverse temperature f; of the
left lead while fixing all other parts of the system to V =0
and B. Measuring (Jz) then detects how many particles from
the left lead can tunnel through the MQ model.

The calculation of the tunneling current can be analyzed
using the Schwinger-Keldysh formalism. The contours of this
path-integral method contain a forward and a backward evo-
lution with fermionic fields cq i r/» and ¥ p r/p. After the
Keldysh rotation

Cayi1/2 = Caji,f T Cajibs  Ca,iyl /2 = Cai,f TF Ca,isbs

and similarly for ¥, ,1,2. The Green’s function Go(a))gf}’,
becomes 4 x 4 matrices withbothw, y = L/Randa, b= 1/2
labels. Explicitly, in 1 /2 space we have

G (w)y
b y), Q)
Gv, (a))ay

G (®)a
Gv,(a})a}, = ( v 0 4

and similarly for G.(w)s,. As in Eq. (4), the Schwinger-
Dyson equation for Gy, (@) now reads

(Gy () P = (G‘;(w)‘l);’; - 12Ge(@).  (8)

Similarly to the equilibrium case, G, is the equilibrium real-
time Green’s function of the MQ model, which satisfies the
fluctuation-dissipation theorem, Eq. (5), at 8 without addi-
tional chemical potential. On the contrary, Gy, does not satisfy
the fluctuation-dissipation theorem since the left lead is at
a different temperature and chemical potential. Nevertheless,
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we have relations for the bare Green’s functions of leads:

G ()L = —2mipoFp, (@ — V), o
Gy (@) = —27ipoFp().

Then the tunneling current (Jg) can be computed to the
leading order under the 1/N expansion. Diagrammatically, we

Here the dashed line represents v fields and the solid line
represents ¢ fields. The black dots represent the insertion of
the identity operator (/ ® I) in L/R and 1/2 space, while
the open circles represent vertex A%(Pg ® o). Here Py is the
projector into the R space and oy is in the Pauli matrix in the
1/2 space. Implicitly, all internal labels of modes, momenta,
and the frequency w should be summed up or integrated over.
Summing up all diagrams gives

A fdo
have (Jr) = 5 Etr[GC(PR ® 0:)Gy — Gy (Pr ® 0,)Gc].
an
”;”’ o jw no Here the trace is taken in both L/R and 1/2 space. Using the
2 () :Q N b ‘- L explicit formula for G, and G, we find

dw

> . (Jr) = f 7 T@P(f@=V) = ff@), (12
— (Reverse all arrows). (10) with
|
21 (G¥) ’
IT (@) = < R : (13)
(F(Gc )LL - F(Gc )LR - l) (F (Gc )LL + F(Gr )LR l)

Here we have defined I' = 7 pyA>. |T (w)|* can be understood
as the tunneling probability from the left lead to the right lead.
Explicitly, the tunneling current is O if there is no left-right
correlation in the MQ model. In the following sections, we
analyze the tunneling current in different phases, focusing on
the B; = B case. One can also derive a similar formula for the
energy current with an additional factor of w [8].

A. Wormbhole phase

We first consider the system in the zero-temperature limit
and focus on small w/J. Holographically, the MQ model
is dual to the eternal traversable wormhole geometry in
the global AdS, space-time with a metric ds* = (—di; +
dx?)/ sin” x. The left/right copy of the SYK model lies on the
boundary near x = 0 or x = . This indicates that both the di-
agonal and the off-diagonal components of Green’s functions
are conformal [14]. At zero temperature, after performing
Fourier transform for the conformal Green’s functions given
in [14], we find

275/* sin (@) sec 2 ®)

GRyn(@)ea = — - :
” V({f)ﬂsm(w) (14)
GRo (@)g = —214@)
(@ == p e T

where « # &. We have defined D,(x) = I'(u — x)I['(u + x)
and @ = w/t’ for conciseness. Here I'(z) = fooo dxx*"le™ is
the standard gamma function. ¢’ is an additional parameter
which is proportional to J'/3u?/3. It relates the global time
t, to the boundary time ¢ as #, = t't. The pole of GR(w) lies
at o] = w, =t (1/4+n) with n=0,1,2,.... This tower
of the spectrum is fixed by the SL(2) symmetry of the AdS,
space-time.

The full expression for the tunneling probability |7 (w)|?
can then be derived as

8

Jt' cos? (27 ®)D3/4(0)?
73212

T (w))*=

475212

T Dsa (@) —4cosRrw)+8

s)

We plot |T (w)|? using the conformal solutions in Fig. 2(a).
For extremely small coupling I', the fermion modes can only
tunnel through the MQ model when they are on resonance
with the MQ model. As a result, we have narrow peaks for the
tunneling probability near w, with |7 (w)|*> ~ 1. This shows
that the tunneling current is a direct probe of the eternal
traversable wormhole and the underlying SL(2) symmetry.
For larger coupling I', the narrow peaks get broadened, and
the two peaks at +w( merge to a single broad peak.

If we further increase I', we find the peaks shift to ), =
++'(3/4 + n) at small w. At large I", Eq. (15) asymptoti-
cally approaches (2Jt'D; /4(&))2)/ (3/*I'?), which gives rise
to the shift of peaks at w),. Physically, this means that in the
large-T" limit, the low-energy tunneling is dominated by the
contribution of bulk fields with scaling dimension 3/4, which
corresponds to the operator i,; = Zj;k<l Jl‘j,klé;jéaﬁkéa,l'
Similar effects have been studied in the SYK chain model [41]
and give rise to the low-high voltage duality for the tunneling
spectroscopy of the single SYK model [7].

We then consider the finite temperature and the finite w/J
corrections within the wormhole phase. In this case, we nu-
merically solve the retarded Green’s functions for the MQ
model [34,35] and then compute the tunneling probability
|T (w)|?. As found in [34,35], at finite temperature, the real-
time Green’s functions decay and there is a finite lifetime
for quasiparticle modes. Moreover, the weight of modes de-
cays quickly when n increases. Consequently, as shown in
Fig. 2(b), the tunneling probability, although still showing a
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FIG. 2. (a) The tunneling probability obtained from conformal
solutions, Eq. (15). (b) The tunneling probability obtained by directly
using the solutions of the Schwinger-Dyson equation in Eq. (13).
The Green’s functions are self-consistently calculated in 8J = 120
and u/J = 0.025, which results in #'/J = 0.3. (c) The differential
conductance defined by taking the derivative of Eq. (12). We also
use the same Green’s functions as in (b). In (a)—(c), the left panel
exhibits peaks at w, = t'(n + 1/4) and the right panel exhibits peaks
atw, =t'(n+3/4).

few peaks, becomes smaller than 1 when n becomes large. We
also plot the differential conductance d(Jg)/dV in Fig. 2(c).
As an essential physical quantity in condensed matter exper-
iments, we find that differential conductance measurement
at finite temperature also shows multiple peaks at w, or w),
providing the prominently nontrivial predictions for the ex-
periments.

B. Black-hole phase

If we increase the temperature T > p, there is a first-order
transition in the MQ model after which the system gets into
the black-hole phase where each side lives on the boundary
of a separate Rindler space-time with ds* = —r(r — 2)dt3 +

(a) 30 (b)
—~ 25 —~ 0.3
215 2
§ 1.0 5 %0.1
= 05 =
0.0 0.0
-4 -2 0 2 4 o 1 2 3
Bw /21 BV 2w

FIG. 3. (a) The tunneling probability and (b) the differential con-
ductance in the black-hole phase for I'/J = 0.3 and 8J = 5.

dr?/r(r — 2). This is an analogy of the Hawking-Page tran-
sition in higher dimensions. In the black-hole phase, from the
gravity perspective, the Rindler space-times of the black holes
emulated by left/right SYK models are disconnected. Adding
the quantum correlation propotional to i, we can approximate

" _JBH T(;-i%E)
Cepn(@ea = =15 r(3—ig)

and G?,BH(w)O‘& = /L(G?BH (@)ga)?. We have kept terms up to

order u and assume BJ > 1. We can then expand |T (w)|? to
the O(u?) order and obtain

(16)

4u? /T2

12T 3 % 4
Differently from the wormhole phase, the spectral function is
now a single peak near w ~ 0. We expect similar behavior
for the tunneling probability, as verified in Fig. 3(a). We also
plot differential conductance d(Jg)/dV in Fig. 3(b), which,
in contrast with the wormhole phase, shows no oscillating
behavior. Plus, according to Eq. (17), the magnitude of the
tunneling probability is proportional to (/J)? in the small-
w/J limit and is much smaller than the wormhole phase result
in the order of magnitude 1.

1T (w)]* =

7)

IV. HOLOGRAPHIC PICTURE

Now we analyze the problem from a bulk perspective. To
get a simple holographic picture, we now choose a specific
dispersion €,. We assume that each lead can be described as a
half-infinite line with both massless left-moving and massless
right-moving Dirac fields living on a flat space-time; we show
that a gravity calculation can reproduce previous results.

We first give a brief introduction of the holographic dic-
tionary [1]. The holographic duality states that there is an
equivalence between a strongly correlated quantum many-
body system and a semiclassical system with gravity. The best
understood example is the duality between an AdS gravity
theory with space-time dimension d + 1 and a conformal
field theory with space-time dimension d, where the isometry
group of the AdS space-time matches the conformal group of
the quantum theory. Mathematically, the holographic duality
says

(18)

—J’

/Dd) eiSQFT[¢]+fJO — eisbu]k[d)vg] o
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FIG. 4. The gravity picture for the tunneling probability in the
(a) wormhole geometry and (b) black-hole geometry. Here the col-
ored region in (a) corresponds to the AdS, space-time, and the
colored region in (b) corresponds to two copies of the Rindler space-
time. In both cases, we consider an ingoing Dirac fermion from the
left lead and determine the tunneling amplitude Ty, (@) by solving
the Dirac equation. In (b), the wiggle line corresponds to the coupling
v introduced in Eq. (37), and we impose the in-falling boundary

condition 1//1‘”’(;’) = 0 at horizon r = 2.

which is known as the GKPW formula. Here on the left-hand
side, we have a path integral for quantum fields ¢, with exter-
nal source coupled J to the field O. On the right-hand side, we
take the saddle-point solution of a gravity theory, where we
require that the boundary value of bulk fields should be equal
to J, which is specified in more detail below. This formula
enables us to compute the correlation function of a quantum
system by solving classical equations.

To illustrate how a holographic calculation works, we con-
sider reproducing the Green’s function, Eq. (16), of the single
SYK model from a bulk calculation. The calculation here is
standard but may benefit general readers. The single SYK
model in the low-energy limit is a conformal field theory in
0 + 1 dimension, which, as mentioned in the last section, is
dual to the AdS, Rindler geometry with metric ds? = —r(r —
2)dt1% +dr?/r(r — 2). This geometry can be illustrated as the
left side of Fig. 4(b). This means that one should imagine the
bulk action contains some gravity part, with a solution of the
corresponding metric. We then just need to solve the equation
of motion for bulk fields in this geometry. Since Eq. (16) is
the Green’s function for fermionic operators, it is natural to
consider the Dirac equation in the bulk:

Spulk = / V—=gdrdtg ((V DY — mYW). (19)

Here we have included the mass m, which, as we see, is related
to the scaling dimension of the operator A in the quantum the-

ory asm = 1/2 — A. The Dirac equation in Rindler geometry
can be solved exactly and the full expression can be found in
the Appendix. Here we only focus on certain limits.

A general solution for the Dirac equation contains two
independent coefficients C; and C,, whose relation should
be determined from the boundary conditions. The space-time
contains two important limits: I, the horizon at r — 2; and
II, the space-time boundary at r — oco. We first consider the
solution near the horizon. Expanding the general solution,
(A6), around r = 2, one finds

%)

27t E g (r —2)7i % ese (n (L + i)
r(! —io)(io+1)

vl = + )

k]

W :2—%—%n(r - 2)_“15"10520 (7 (3 —iw))
I(iw+ 3)
5 (Cl l“(ila)—i— 5 +.m) B C2r(i1w +1 —.m))‘
F(E —i—m—lw) I’(z—m—lw)
(20)

Here we use the label I to represent the Dirac field near
the horizon r = 2, as shown in Fig. 4(b). From the factor
of (r —2)*/2, we find that ! represents a wave moving
towards r = 2, which is called an in-falling solution, and
w}r represents a wave moving outwards, which is called an
outgoing solution. Physically, one might expect that a physi-
cal object should only contain in-falling components, which
means that we should impose the boundary condition that
W}. = 0 when computing the retarded Green’s function [1].
This determines the relation between C; and C»:

G T(z+m—io)l(iw+ 3 —m)

G Tl —m—io)T(iw+1+m)

2D

We then study the asymptotic behavior of the solution at
the AdS boundary at » — oo. The result reads

I Pt (L= m)T( —m +iw) [ 1
(Jm)=e ()
1 27T(1 —2m)T (L + iw)
rm T+ m)E( + m+ iw) (1>
27mT(1 + 2m)T(3 + iw) 1

(22)
+ C

Likewise, we use the label II for the result expanded near
r = co. Now we should specify what is the boundary value
of the bulk fields. Near r — oo, we see that there are two
independent solutions proportional to r~!/2+"(1, —1) and
r~1/27m(1, 1). The boundary value of the bulk field is defined
as the coefficient of the solution »~/2="(1, 1). This relates the
source J(w) and Cy,

T +mTI (G +m+iw)
2-mT(1 + 2m)T( + iw)’

J(w) =C (23)
which fixes the solution, Eq. (A6), in the bulk together with
Eq. (21).

One can then determine the right-hand side of Eq. (18)
by using the solution, with additional boundary counter-terms
for the holographic renormalization [1]. The result shows that
there is a shortcut to this calculation, where the coefficient of
the other solution near r — o0 is just proportional to the ex-
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pectation of the boundary operator (O(w)); with finite source
term J:

T(1 —m)(5 —m+iw)
2nT(1 —2m)T (3 +iw)

(O(w)); < G (24)

The Green’s function is then determined by

(O());  4"T(m+ 3)T(—m—io+3)

J(@) r({—mT(m—io+1)

Gpo(®@) =

(25)
This exactly takes the form of the conformal Green’s function
in 0 4+ 1 dimension with a scaling dimension A = 1/2 — m,
which matches Eq. (16) for m = 1/4, if we also make the
substitution w — wf /27 due to the relation between the
boundary and the global Rindler time t = Stg/27.

Similarly, one can consider the wormhole geometry, where
there are two boundaries. The solution of Dirac equations can
also be derived analytically. Its asymptotic form near each
boundary also contains two terms with different powers of
coordinate as in Eq. (22), whose coefficients determine the
value of the source term and the operator expectation. Similar
calculations on a global AdS can reproduce Eq. (14).

A. Wormbhole geometry

Having introduced the basic idea of holographic calcu-
lations, we are now ready to explain the calculation of the
tunneling probability. We first focus on the wormhole phase
where the correlation between the left and the right system
is from a nontrivial bulk geometry. The MQ model in the
wormhole phase is equivalent to a fermionic field in the global
AdS, space-time with mass m = 1/2 — A. Recall that we
assume the leads are described by massless Dirac fermions in
flat space-time, and we consider the following action of bulk
Dirac fermions on the geometry shown in Fig. 4(a),

Syl — / V=gdxdty ((V PV —m(x)VW),  (26)

where ) is the covariant derivative of spinors on curved
space-time. The metric ds®> = (—dtg2 +dx?)/¢%(x) and the
mass m(x) depend on the spatial coordinate as

(€,0),
(sinx, 1/4),

x € (—00, €) U (r—¢, 00),

(¢ (x), m(x))={

x € (e,m —¢€).

27)
Here € is a cutoff where we glue different geometries and it
should be related to I'. We also assume that € < 1 and neglect
higher orders of €. As we see, this corresponds to a large
coupling A in the original model. Note that we have assumed
a solid background of AdS, geometry for the MQ model,
which is a direct consequence of having a small number of
probe fields. When the external field contains O(N) degrees
of freedom, there will be back-reaction, which changes the
AdS, geometry.

The tunneling probability |T (w)|* corresponds to a scat-
tering problem in the gravity theory. Writing the Dirac field
as W = (Y_, ¥4), in the x < € region, we consider an ingo-
ing right-moving fermion v, (x) = €* with momentum p =
w and a reflected left-moving fermion ¥_(x) = R(w)e **.

In the x > m — € region, only a right-moving component
Y1 (x) = Thuk(w)e™ exists.

To determine Tpyk(w), we need to match the boundary
condition between the global AdS space-time and the flat
space-time by requiring the Dirac field is smooth. The com-
plete solution of the Dirac equation in this coordinate is given
in the Appendix. In the limit of small €, we only need the
asymptotic behavior of ¥ near x = 0 and x = . Near x = 0,
we have the expansion for the spinor fields

Yl = 274G,

~ (28)
Yy () = 2V,
while expanding around x = 7, we find
234 Gr: iC
YR (x) = 14( 11 (3) " 12w>,
(r —=)VA\T(3)D34(@)  Di(w)
8 (29)
Gr(i iC
w_é?(x) — 21/47_[(]_[ —X)1/4< - 2 (4) + Lw )
F(Z)Z)m(a)) Di(w)

Here L/R represents that the general solutions with con-
stants C; and C, are expanded around x = 0 or x = 7. As
we define in the Appendix, the linear combinations of these
spinor fields give rise to the left-moving or right-moving
component at each boundary. The continuous condition of
the left-moving component at the right boundary x =7 — €
leads to the constraint Y2 (m —¢€) = (Iﬁf(n —€)— 1//5(71 -
€))/(2i) = 0, which finally can be simplified as

G o_ V2(D34(0) cos2r ) Dy ja(w) — 2im? /€ sin(rw))
G VeD14(0)cos2rw)Dsu(w) — din? sin(rw)

(30)
Moreover, the continuous conditions of the right-moving
component at the left or right boundary give that

e = (Y1) + ¥3(e))/2,
Toui (@) = (Yf(m — €) + Y5 (m —€)) /2.

These two equations determine the tunneling probability
| Thuk (@)]* as

3D

eiw(2€7n)wf(n —€)+ YR —€) 2
Yi(e) + vy(e)
8

€ cos? (2 w) D34 (w)?
D3/4(0)?

| Tounc(@))* =

T 4D;5,(0)?
€D3/4(w)?

—4cosRrw) + 8

(32)
Finally, we find that | Tiu(@)|? becomes exactly the same as
Eq. (15) once we identify € = Jt'Dj3,4(0)*/7>/*I"? and recall
that in the bulk calculation we are measuring energy with
respect to t,, which differs from the boundary energy ¢ by a
factor of ¢, i.e., , = t't, and the  here corresponds to & in
Eq. (15).

B. Black-hole geometry

We then consider the bulk calculation in the black-hole
phase. Geometrically, the left and the right system are de-
coupled and each side of the MQ model can be replaced by
a massive Dirac fermion in the Rindler space-time. The bulk
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action then reads

BH __
Sbulk -

> / J=gdrdig (U DYy — m(r)Ta¥y). (33)

a=L/R
with ds? = —dt,%/{z(r) + ¢2(r)dr?* and m(r) being
(€,0),

(1/3/r(r = 2), 1/4),
(34

Here boundary I, r = 2, is the location of the horizon, and
the Rindler space-time is connected to the flat space-time at
boundary II, » = 1/€, where € is not necessarily the same
as €. The boundary time ¢ is related to tz as t = Btg/27.
Furthermore, to distinguish the left (L) and right (R) systems,
we introduce additional labels & = L/R on spinor fields and
constants. Equation (20) and Eq. (22) now read

r € (1/€&, o0);

@), m(r) = { )
re(2,1/e).

=it (r —2)"i"% esc (7 (5 + iw))
I(} —io)T(io+ 1)
273 S (r —2)7i Y ese (n (L — iw))
Mo+ 1)’
T (io+3+m) T (io+3 —m)
(f‘l — — G — ,>,(35)
F(§+m—la)) I‘(E —m—la))

e o r (1 — m)L(4 —m+iw)< 1 >
e 2T —2mI( i)\~
roi (L + m)T(G 4 m + i) <1>

27mT(1 + 2m)T(5 + iw) 1

yplee = v +cp

)

Yoo =

o
1

(36)

Up to now, the left and right copies are still decoupled. To
have a nonvanishing contribution, we further need to add the
coupling between the boundary II in different copies:

ASER ~ v / V=ydir(VEWE + He)) (37)
Here W2 is the corresponding boundary operator at side o
and y is the reduced metric on the boundary. The coupling
constant v should be proportional to w. This geometry is
illustrated in Fig. 4(b).

The tunneling probability can now be determined perturba-
tively. When v = 0, by again imposing the in-falling boundary
condition near the horizon, we can compute an ingoing Dirac
fermion in the left lead scattered by the left black hole. The
metric in flat space, defined in Eq. (34), reveals that the in-
going Dirac fermion is a mode ¢~¢’" in the left lead which
moves towards » = 2. Note that the sign of the ingoing mode
is determined by the convention of coordinates. Here the ingo-
ing mode moves to the direction that r decreases, in contrast
to the wormhole phase where the ingoing mode moves to the
direction where x increases, as denoted in Figs. 4(a) and 4(b).
The matching between the mode and Eq. (22) at r = 1/& gives

o i0F — 1#{I,L(l/g).
Here we have added the L/R indices for the bulk fields to
distinguish two Rindler space-times. Together with the result

(38)

of in-falling boundary conditions,
C¢  T(3+m—io)l(io+ 3 —m)
¢ Ty —m—io)T(iw+1+m)

(39)

Eq. (38) determines the wave function (Y% (r), wi(r)) on the
left copy.

We then take the coupling, Eq. (37), into account pertur-
batively. The coupling term can be understood as a source
term on the right boundary, whose strength is proportional to v
times the expectation of the left system boundary operator [1],
i.e., the coefficient in Eq. (36) that is proportional to r~!/2+"
This gives

CHr ()i + )
v .
214 /mT (io + 1)
With this additional contribution, we can determine two con-

tinuous conditions at the right copy to the leading order of v.
First, the absence of the ingoing wave at boundary II of the

right copy ensures that (1/&)73/45JR + wII’R(l/E) = 0. This
can be written explicitly:

SIR =

(40)

22T (iw + 3)
FCHT(iw+ 1)
Second, the outgoing wave can be similarly calculated as

Tou(@)ei®® = (1/2)-348J% + yILR(1/2). Finally, we obtain
the tunneling probability:

Ckr@ "¢k —vck=0.  41)

ILr 2

2 (1/6)’3/48JR+1#+ (1/é)
[ Toui|” = i
Y- (1/€) "
_ 4v%e “2)
Ty YErOrGie) [V
|1+ A=
By identifying

2 2
v=p/(TVE), ¢ =4ﬁ1r(§) /(ﬂle"(j—l) ) 43)

and again making the substitution ® — wf /27, we find that
| Thuik (@)]? matches the result [Eq. (17)] on the quantum side
exactly.

V. CONCLUSION

We consider the tunneling spectroscopy for the MQ model
by coupling each side to a different lead. In the low-
temperature wormhole phase and for small coupling to leads,
both the tunneling probability |7 (w)|*> and the differential
conductance dJg(V)/dV show peaks at |w,| =t'(1/4 + n),
which is fixed by the SL(2) symmetry. In the high-temperature
black-hole phase, there is only a single peak near v = 0. We
further give a holographic picture in both phases and find an
exact match for the calculation between the gravity side and
the quantum side.

There are several extensions of the current work. One can
consider adding chemical potential to the complex version of
the MQ model, which should be dual to adding gauge fields
in the bulk. It is also interesting to consider a large number
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of modes in the leads, and then there will be nontrivial back-
reaction for the AdS, background and the problem should be
solved self-consistently. We defer these to further studies.
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APPENDIX: THE SOLUTION OF THE DIRAC EQUATION

In this Appendix, we give the general solutions of the Dirac
equation in both the wormhole geometry and the black-hole
geometry. We first consider the global AdS, space-time for the
wormhole geometry with metric ds*> = (—dtg2 + dx?)/ sin® x.
In terms of left-moving and right-moving components ¥ =

J

(1 + cos(x))i~%
A/sin(x)
22+m
1—

Y1(x) =

+6
(1 + cos(x))i*?

A/sin(x)

v, 12’ M
14 2m

Y (x) =

{c}(l — cos(x))i™

~/sinx(¥_, ), the Dirac equation reads
1(3, + 0V (1g, x) = —m_(tg, x) csc(x),
1(3, — 0V (g, x) = —myy (g, x) csc(x).

Specifically, left-moving is defined as the direction x de-
creases, and vice versa. After performing Fourier transform
on the global time 7, and getting the corresponding frequency
w, the equations become

oV (0, x) +id Yy (w,x) =
CUW—(w,X)-iaxw,(w,x)::

Next we abbreviate ¥_, (w, x) as ¥_,.(x) for simplicity.
This set of differential equations can be analytically solved.
By introducing the new variable vq(x) = ¥ (x) 4+ iv_(x)
and Y (x) = ¥ (x) — iy_(x) (here we use bold indexes 1 and
2 to avoid possible confusion with the label on the Keldysh
contour), the solution of (A2) reads [44]

(AD)

—my_(w, x) csc(x),

—myry (w, x) csc(x).

(A2)

- m 1
|:C1(1 —cos(x))it5 LR (—w, w,m+ 3 sin® (%))

m+w+

(1 cos( ))4 2,F —l—l L3 ;sin® (x)
‘x 2 1 m a) 29 2’2 m, l 2 9

m 1 ) X
2B | —w, a);z — m; sin <§)

1 1 3
(1 — cos(x))4+ 2F1(§ +m—w, 3 +m+ w; > + m; sin? (§>>:|

(A3)

where ,F](a, b; c;y) is the standard hypergeometric function and we have two undetermined constants, C, and Gs.
We then consider the black-hole geometry with metric ds? = —r(r — 2)dt} +dr?/r(r —2). Now we define the ¥ =

(¥—, ¥4), which gives

ai’?/w((% V=200 e 1) + 5
i ,
% + P = 200,y 1)+

-1
1// (tR,V)‘i‘”’”/fJ,.(tR, r)—O
2 ( _2) (A4)
mer(tR»r)‘i‘mW (tR1 V)—O

The bulk wave function moving to the direction where r increases when m = 0 is labeled by 1 (g, 7), and vice versa. Then we
perform Fourier transform on the Rindler time #z and get the corresponding frequency w. The equation becomes

VD S 20, () + 5 s

NE=)

L) L = D) +

Na=)

Y (r)+ myy (r) =
2 ( -2 (AS)

mmm +my_(r) =
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Here we also abbreviate ¥_, | (w, r) as ¥_, (r). The solutions of these differential equations have the form [13]

(r? =211 = 2m)I (iw + §)

oy (T 100 =3 T 0 )i+ L 1)
A (2 — 2r) AT 2m + DT (i + 1)
Lo M) T —m(1 - ) T (om+io+ 1) oFi(—m, —m — o+ 31— 2m; %))
2 £

(A6)

o= (6,27 Q) T+ D0 =) (i +4) oF (mm i+ §:2m 4 1:2)
Yvie(r) =G (r2 = 2r)V4T 2m + 1)1“(1'0) + %)
c 27 () 70 = m)(1 = 2) T (—m + i + 1) 2By (—m, —m + i + 11— 2m; %)>
—_— 2 .

(r2 =2r)'"AT(1 = 2m)T (iw + 1)

Here we have two undetermined constants, C; and Cs.

[1] S. Hartnoll, A. Lucas, and S. Sachdev, Holographic Quantum
Matter (MIT Press, Cambridge, MA, 2018).

[2] A. Y. Kitaev, Talks at KITP, University of Califor-
nia Santa Barbara, (unpublished), http://online.kitp.ucsb.edu/
online/entangled15/kitaev/, http://online.kitp.ucsb.edu/online/
entangled15/kitaev2/.

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

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

[5] A. Kitaev and S. J. Suh, J. High Energy Phys. 05 (2018) 183.

[6] J. Maldacena, D. Stanford, and Z. Yang, Prog. Theor. Exp. Phys.
2016, 12C104 (2016).

[7] N. V. Gnezdilov, J. A. Hutasoit, and C. W. J. Beenakker, Phys.
Rev. B 98, 081413(R) (2018).

[8] A. Kruchkov, A. A. Patel, P. Kim, and S. Sachdev, Phys. Rev.
B 101, 205148 (2020).

[9] A. Altland, D. Bagrets, and A. Kamenev, Phys. Rev. Lett. 123,
226801 (2019).

[10] O. Can, E. M. Nica, and M. Franz, Phys. Rev. B 99, 045419
(2019).

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

[12] R. A. Davison, W. Fu, A. Georges, Y. Gu, K. Jensen, and S.
Sachdev, Phys. Rev. B 95, 155131 (2017).

[13] Y. Gu, A. Kitaev, S. Sachdev, and G. Tarnopolsky, J. High
Energy Phys. 02 (2020) 157.

[14] J. Maldacena and X.-L. Qi, arXiv:1804.00491.

[15] S. Banerjee and E. Altman, Phys. Rev. B 95, 134302 (2017).

[16] X. Chen, R. Fan, Y. Chen, H. Zhai, and P. Zhang, Phys. Rev.
Lett. 119, 207603 (2017).

[17] P. Zhang, Phys. Rev. B 96, 205138 (2017).

[18] S.-K. Jian and H. Yao, Phys. Rev. Lett. 119, 206602 (2017).

[19] Y. Gu, X.-L. Qi, and D. Stanford, J. High Energy Phys. 05
(2017) 125.

[20] D. V. Khveshchenko, Lith. J. Phys. 60, 185 (2020).

[21] D. V. Khveshchenko, Condens. Matter 5, 37 (2020).

[22] 1. R. Klebanov, A. Milekhin, G. Tarnopolsky, and W. Zhao,
arXiv:2006.07317.

[23] L. Garcia-Alvarez, L. L. Egusquiza, L. Lamata, A. Del Campo,
J. Sonner, and E. Solano, Phys. Rev. Lett. 119, 040501 (2017).

[24] Z. Luo, Y.-Z. You, J. Li, C.-M. Jian, D. Lu, C. Xu, B. Zeng, and
R. Laflamme, npj Quantum Info. 5, 1 (2019).

[25] 1. Danshita, M. Hanada, and M. Tezuka, Prog. Theor. Exp. Phys.
2017, 083101 (2017).

[26] A. Chen, R. Ilan, F. de Juan, D. I. Pikulin, and M. Franz, Phys.
Rev. Lett. 121, 036403 (2018).

[27] C. Wei and T. A. Sedrakyan, arXiv:2005.07640.

[28] A. Chew, A. Essin, and J. Alicea, Phys. Rev. B 96, 121119(R)
(2017).

[29] P. Gao, D. L. Jafferis, and A. C. Wall, J. High Energy Phys. 12
(2017) 151.

[30] J. Maldacena, D. Stanford, and Z. Yang, Fortschr. Phys. 65,
1700034 (2017).

[31] P. Saad, S. H. Shenker, and D. Stanford, arXiv:1806.06840.

[32] A. Almheiri, T. Hartman, J. Maldacena, E. Shaghoulian, and A.
Tajdini, J. High Energy Phys. 05 (2020) 013.

[33] G. Penington, S. H. Shenker, D. Stanford, and Z. Yang,
arXiv:1911.11977.

[34] S. Plugge, E. Lantagne-Hurtubise, and M. Franz, Phys. Rev.
Lett. 124, 221601 (2020).

[35] X.-L. Qi and P. Zhang, J. High Energy Phys. 05 (2020)
129.

[36] J. Maldacena and A. Milekhin, arXiv:1912.03276.

[37] S. Sahoo, E. Lantagne-Hurtubise, S. Plugge, and M. Franz,
Phys. Rev. Res. 2, 043049 (2020).

[38] N. Sorokhaibam, arXiv:2007.07169.

[39] T.-G. Zhou, L. Pan, Y. Chen, P. Zhang, and H. Zhai,
arXiv:2009.00277.

[40] E. Lantagne-Hurtubise, S. Plugge, O. Can, and M. Franz, Phys.
Rev. Res. 2, 013254 (2020).

[41] S.-K. Jian, Z.-Y. Xian, and H. Yao, Phys. Rev. B 97, 205141
(2018).

[42] Y. Chen, X.-L. Qi, and P. Zhang, J. High Energy Phys. 06 (2020)
121.

[43] Y. Chen and P. Zhang, J. High Energy Phys. 07 (2019)
033.

[44] We acknowledge that the solutions of (A2) were obtained by
Yiming Chen.

224305-9


http://online.kitp.ucsb.edu/online/entangled15/kitaev/
http://online.kitp.ucsb.edu/online/entangled15/kitaev2/
https://doi.org/10.1103/PhysRevLett.70.3339
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1007/JHEP05(2018)183
https://doi.org/10.1093/ptep/ptw124
https://doi.org/10.1103/PhysRevB.98.081413
https://doi.org/10.1103/PhysRevB.101.205148
https://doi.org/10.1103/PhysRevLett.123.226801
https://doi.org/10.1103/PhysRevB.99.045419
https://doi.org/10.1103/PhysRevX.5.041025
https://doi.org/10.1103/PhysRevB.95.155131
https://doi.org/10.1007/JHEP02(2020)157
http://arxiv.org/abs/arXiv:1804.00491
https://doi.org/10.1103/PhysRevB.95.134302
https://doi.org/10.1103/PhysRevLett.119.207603
https://doi.org/10.1103/PhysRevB.96.205138
https://doi.org/10.1103/PhysRevLett.119.206602
https://doi.org/10.1007/JHEP05(2017)125
https://doi.org/10.3952/physics.v60i3.4305
https://doi.org/10.3390/condmat5020037
http://arxiv.org/abs/arXiv:2006.07317
https://doi.org/10.1103/PhysRevLett.119.040501
https://doi.org/10.1038/s41534-018-0113-z
https://doi.org/10.1093/ptep/ptx108
https://doi.org/10.1103/PhysRevLett.121.036403
http://arxiv.org/abs/arXiv:2005.07640
https://doi.org/10.1103/PhysRevB.96.121119
https://doi.org/10.1007/JHEP12(2017)151
https://doi.org/10.1002/prop.201700034
http://arxiv.org/abs/arXiv:1806.06840
https://doi.org/10.1007/JHEP05(2020)013
http://arxiv.org/abs/arXiv:1911.11977
https://doi.org/10.1103/PhysRevLett.124.221601
https://doi.org/10.1007/JHEP05(2020)129
http://arxiv.org/abs/arXiv:1912.03276
https://doi.org/10.1103/PhysRevResearch.2.043049
http://arxiv.org/abs/arXiv:2007.07169
http://arxiv.org/abs/arXiv:2009.00277
https://doi.org/10.1103/PhysRevResearch.2.013254
https://doi.org/10.1103/PhysRevB.97.205141
https://doi.org/10.1007/JHEP06(2020)121
https://doi.org/10.1007/JHEP07(2019)033

