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Periodic Airy process and equilibrium dynamics of edge fermions in a trap
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We establish an exact mapping between (i) the equilibrium (imaginary time) dynamics of non-
interacting fermions trapped in a harmonic potential at temperature T = 1/8 and (ii) non-
intersecting Ornstein-Uhlenbeck (OU) particles constrained to return to their initial positions after
time (. Exploiting the determinantal structure of the process we compute the universal correlation
functions both in the bulk and at the edge of the trapped Fermi gas. The latter corresponds to the
top path of the non-intersecting OU particles, and leads us to introduce and study the time-periodic
Airys process, Ag(u), depending on a single parameter, the period b. The standard Airys process
is recovered for b = +00. We discuss applications of our results to the real time quantum dynamics
of trapped fermions.
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I. INTRODUCTION
A. Background: from Ornstein-Uhlenbeck process to Airy, process

The Airys process was introduced in Ref. [I] in the context of the discrete space, continuous time polynuclear growth
model. Since then this process has appeared in many different contexts, such as directed last passage percolation [2],
Dyson’s Brownian motion [3], non-intersecting Brownian bridges and excursions (watermelons) [, 5], growth models
[6], random tilings [7], interacting particle transport [8] and in the continuum KPZ equation [9] (for a review see
[10, 1]). To understand this process one can consider the following simple example. Consider a single Ornstein-
Uhlenbeck (OU) process [12] where the position of a particle (7) in a one-dimensional harmonic potential evolves by
the Langevin equation:

dx(T)
dr

= —pox () +0(7) | (1)

where 7(7) is a centered Gaussian white noise, with correlator n(7)n(7') = (v — 7’). Consider the process starting at
xo at time 7. The probability density Pou(x,7|zg, 7o) (the so called classical OU propagator) to arrive at x at time
T > 79 has a Gaussian form

_ — o (T—70))2
POU($77|$0,70)\/7T Ho exp <No(m xo€ ) ) ' 2)

(1 — e—2p0(T=70)) 1 — e—2no(T—70)

We now define an OU bridge over the time interval |79, 7] as a conditioned OU process that connects the initial
position xg at 79 and the final position g at time 7. To calculate the probability density of the OU bridge at time
T € [19, 7], we split the time interval into two pieces: [ry, 7| and [r,7f]. For the first interval, the propagator is given
in Eq. (2). For the second interval, we consider a further propagation of this process from time 7 to time 7y > 7
such that the final position is again xo at time 7;. Therefore, the probability density function (PDF) at z at an
intermediate time 79 < 7 < 75 of the OU bridge over the time interval [0, 7] is given by the product

POU(JJ, T|£l707 TO)POU(x07 Tf‘.’I}, T)
Pou(xo, 7f|z0, T0)

3)

Pbridge (‘T7 T) =

The denominator in Eq. ensures that Phrigee(%, 7) is normalized to unity, i.e., ffooo Piridge(z, 7) dz = 1, for any
7o < 7 < 74 If we now take the limits 79 — —oo and 7 — 400, it is easy to see from Egs. and that
Pbridge(sc, 7) is independent of 7 and is given by

/ 2
Pygat (-T) = % e Mo ) (4)

where the subscript “stat” indicates that this PDF is stationary, i.e., independent of time 7. Note that Pstat(x) for the
OU bridge in Eq. is also the large 7 limit of the standard OU propagator in Eq. (identical to the equilibrium
Gibbs measure of a particle in a quadratic potential poz?/2 at temperature 1/2). In fact, this OU bridge process can
also be identified to a time-periodic OU process (to be elaborated later in the paper) with period infinity [13].

We can now generalize this OU bridge to an N-particle system, i.e, N OU bridges, conditioned not to cross each
other, z1(7) > x2(7) > -+ > xn(7), at any time 79 < 7 < 77. As in the case of N = 1, the N-body free-propagator
over the time interval [y, 7], such that they do not cross each other, can be obtained using the celebrated Karlin-
McGregor formula [I4]. Similarly, one can write the propagator for the N non-crossing OU paths over the right
interval [r,t]. Then, as in the N = 1 case (3) , we take the product of the two propagators. We then take the
limits 79 — —oo0 and 74 — +o00, assuming that they started close the origin (respecting the above ordering) at time
To — —oo and are conditioned to return to the same initial positions at time 74 — 4-00. As in the N =1 case, the
joint PDF (JPDF) of the positions of the N OU bridges become independent of 7 and is given by [15]

N
N 2
Pstat(xla"' 7$N) = 14Ne_uoz:j:1 i H(xl _l‘j)Q (5)

j=1

for x1(7) > xo(7) > - -+ > xn(7), and zero otherwise, where Ay is a normalization constant. This JPDF is isomorphic
to the JPDF of the eigenvalues of a random matrix belonging to the Gaussian Unitary Ensemble (GUE) [16]. As in
the N = 1 case, these non-intersecting OU bridge processes can be identified to the non-crossing time-periodic OU
paths with period infinity (see later).



We now consider the trajectories of these non-intersecting OU bridges, and study the correlations between observ-
ables at different times. In particular let us consider the position of the top path 1 (7) as a function of 7. This process
x1(7), properly centered and scaled, converges in the large N limit to a stationary process, As(u), as a function of
a rescaled time u (to be defined more precisely later), called the Airys process. This construction of the Airys pro-
cess presented here is equivalent to the similar construction using Dyson’s Brownian motion [T, [I1]. This particular
construction is useful for us for generalization to finite temperature later.

Note that in a system of non-intersecting Brownian bridges (known as the watermelon problem [I} 2] [l [T7H20])
the statistics of the top path, properly centered and scaled, is described by As(u) — u?, where u is again the rescaled
time. Likewise, in the context of the (1+1)-dimensional KPZ class growth models in the curved (droplet) geometry,
the rescaled height h(z,t) of the interface, at a fixed large time ¢, converges to As(u) — u? (where u in this case the
represents rescaled spatial position x) [1I, 2] 2T, 22].

Let us now describe briefly the main characteristics of the Airyy process. Its one point marginal distribution at
fixed time 7 is given by the Tracy-Widom GUE distribution Fy(s) [23]

Prob(Ax(u) < s) = Fa(s) = Det[l — PsKa;Ps] = exp (TrIn(I — PsKa; Ps)) (6)

where I is the identity, P; is the projector on the interval [s, +o00[ and Det stands for a Fredholm determinant on the
space L?(R) with the Airy kernel

+oo
Kai(r,r") = /0 dv Ai(r +v)Ai(r' +v) . (7)

Note that Eq. @ can be evaluated in several ways, one being to use the expansion Trin(I — A) = — Z;r:i %TrAp.
In addition, one can generalize this one time distribution to multi-time JPDF. For example the two-time joint

cumulative distribution function (JCDF) reads [, [10]

(8)

Prob(Ag(ul) < 51,./42(1@) < 83) = Det (I ~PaKuun B —FaKua B, ) )

_Ps Kug,u1P81 I_PszKuz,uzpsz

2

where K, is the extended Airy kernel defined as

0+°° dv Ai(r 4+ v)Ai(r +v)e @) for  w >
Ky (r,r') = 9)
— fix; dv Ai(r + v)Ai(r +v)e @) for w <’ .

The right hand side of Eq. is a generalization of the standard Fredholm determinant, where the kernel itself has
a 2 x 2 matrix structure. To evaluate the Fredholm determinant in one may use, as above, an expansion in traces
of powers of the matrix-operator in , which has a block structure (for an example see section . By analyzing
the asymptotics of this extended kernel, one can show that the connected part of the correlation function is stationary
and has a power law tail [T}, 24]

1

Prob(Asa(u1) < s1, As(ug) < s2) — Prob(Asz(u1) < s1)Prob(Az(uz) < s2) ~ m ’

(10)
for large |u; — ug|. Similarly the n-time correlation function of the Airys process can be written as a Fredholm
determinant, where the kernel itself has a n x n matrix structure. This property is a consequence of an underlying
determinantal structure which will be explained later.

Another interesting application of this process, which we will develop extensively in this paper, concerns the
quantum mechanical problem of N non-interacting fermions in a harmonic trap at zero temperature. In a recent
series of papers we have studied the connection between the position of the trapped fermions x; and the eigenvalues
of the GUE random matrix [25H30] (see also [3I], B2]). Indeed the quantum JPDF for the positions of the fermions
in the many-body ground state is identical to the JPDF of the GUE eigenvalues, given in . As a consequence,
the average density of fermions in the trap at zero temperature, T' = 0, in the large N limit, is given by the Wigner
semi-circular law for the GUE eigenvalues which vanishes outside a finite interval. Hence this predicts that the Fermi
gas in a harmonic trap has a sharp edge where the density vanishes. One immediate consequence of this mapping
is that the position of the rightmost fermion, xmax at 7' = 0, suitably centered and scaled, converges in the large N
limit, to the GUE Tracy-Widom distribution @ In addition the suitably scaled n-point correlation functions of the
Fermi gas near the edge, can be expressed as an n x n determinant based on the Airy kernel. In [31] these properties
have been shown to hold more generally for other smooth trapping potentials.

Moreover, these zero temperature properties of the trapped Fermi gas were extended to finite temperature 7' > 0 [277
29]. In the large N limit, the determinantal structure of the correlation functions persist even at finite temperature,
with a T-dependent kernel, generalizing the T'= 0 Airy kernel. Interestingly the same kernel was found to appear in
the solution of the continuum 141 dimensional KPZ equation at finite time [27, [29].



B. Summary of the main results of this paper

All the above results on trapped fermions concern only static quantities at equilibrium. It is natural to ask how
these systems of fermions at equilibrium evolve in imaginary time 7 (which can be seen as the analytic continuation
of the real time equilibrium quantum dynamics of the fermions 7 = 4t). Similar questions have been studied in
the condensed matter literature [33H38] but mostly in the bulk of the Fermi gas, or in the absence of a confining
potential. Our main focus here is on the dynamics at the edge, for which it is useful to exploit connections to random
matrices [39] and determinantal processes [40]. In this paper we address the question of the dynamics of trapped non
interacting fermions in both imaginary and real time. It is useful first to summarize our main results.

e First we establish an exact mapping between the quantum propagator in imaginary time of N non interacting
fermions in a harmonic potential, and the transition probability of a collection of N non-intersecting classical
Ornstein-Uhlenbeck (OU) processes.

e Next, we extend this mapping to the imaginary time dynamics of N non interacting fermions in a harmonic
potential at finite temperature 7' = 1/8 and a collection of N non-intersecting classical Ornstein-Uhlenbeck
(OU) processes, periodic in time with period S (see Fig. . In particular the positions of the fermions at the
edge of the trapped Fermi gas correspond to the positions of the top paths of the collection of the time periodic
OU processes. An immediate consequence of our results is that at ' = 0 for the fermions in the harmonic
trap, the imaginary time dynamics of the rightmost fermion, properly centered and scaled, is the Airys process,
discussed in the introduction. This is thus a new application of the Airys process. Furthermore we show a direct
mapping between the (imaginary) time-dependent fermion positions and the time-dependent eigenvalues in the
Dyson’s Brownian motion.

e Using the Eynard-Mehta (EM) theorem [41] known in random matrix theory, we show that both the fermion and
the OU problems possess an extended determinantal structure, which we exploit to compute several correlation
functions as determinants of an extended kernel. We provide, both in the bulk - of the Fermi gas and
at the edge —, explicit forms both in space and time of the kernel at finite temperature in the large NV
limit. We show that, for a large class of confining potentials, these scaling forms are universal, i.e. independent
of the details of the trapping potential. At the edge this universal kernel ICnge depends on a single parameter,
the reduced inverse temperature b = o N/3p.

e Recalling that the imaginary time dynamics of the position of rightmost fermion, Zyax(7), in a harmonic
potential at zero temperature, suitably scaled, converges in the large N limit to the Airy, process, it is then
natural to ask what is the process zmax(7) at finite temperature T = 1/8 > 0 in the large N limit. Here we
provide this generalization, which we call the periodic Airys process. We denote this process by A”(u) where
u = br/f is the rescaled time. This process is stationary, periodic of period b, and invariant in distribution
under parity transformation v — —u. We show that it also has a determinantal structure which involves the

universal kernel ]nggc given in Egs. —.

e The real time dynamics of the fermions both in the bulk and at the edge, at finite temperature, can be described
using an analytic continuation from our results in imaginary time. In particular we provide the exact result
for the two time density-density correlation function: while the result in the bulk can be related to results for
free fermions known in the literature (with no trap), the results at the edge are non-trivial. We show that the
large time decay at the edge is ~ t=3/2 at T = 0, with a crossover to exponential decay at finite temperature.
Finally, we also show that successive quantum measurements of the fermion positions can be addressed by
similar techniques.

The rest of the paper is organized as follows. In section [[I} as a warm up, we provide an exact correspondence
between imaginary time quantum propagator of N non interacting fermions in a harmonic potential and the transition
probability of a collection of N non-intersecting classical Ornstein-Uhlenbeck (OU) processes. In Sectionwe extend
this connection to finite temperature 7" for the fermion problem, which then corresponds to non-intersecting classical
OU paths periodic in time of period 8 = 1/T. In section we recall the Eynard-Mehta (EM) theorem and the
associated determinantal structure for the multi-time (imaginary time) correlation function of the fermions. In section
[V] we apply the EM theorem to the ground state of fermions, and provide the scaling forms of the extended kernels
in the bulk and at the edge at zero temperature. In section [VI we extend these results to finite temperature. In
section [VII] we infer the corresponding consequences for the time-periodic OU processes. In particular, by considering
the time evolution of the top path of the OU processes, we define and characterize the periodic Airys process, A°(u),
where b is the period, and calculate explicitly some asymptotic properties of the two-time correlation function of this
process. In section [VIII] we consider non-intersecting time-periodic Brownian motions in more general potentials and



argue that the top line is always described by the universal periodic Airys process. In section [[X] we apply the results
of the previous sections to study the real time quantum equilibrium dynamics of the fermions at the edge of the Fermi
gas. Finally we conclude in section [X]

More details are provided in the Appendices. The Appendix [A] contains an explicit mapping between the Dyson’s
Brownian motion, the non-crossing OU processes, and the fermions in an harmonic trap. The Appendix [B] contains
an explicit construction of a time-periodic OU process. In Appendices [C] [D] and [E] we provide more details on the
Eynard-Mehta theorem, the extended kernel and the multi-time correlation functions, respectively.

II. DYNAMICS OF N FERMIONS IN A HARMONIC TRAP AND N NON-CROSSING
ORNSTEIN-UHLENBECK PROCESS

In this section we provide an exact mapping between the imaginary time quantum propagator of N non inter-
acting fermions in a harmonic trap and the transition probability of a collection of N non-intersecting classical
Ornstein-Uhlenbeck (OU) processes. We first recall the N = 1 single particle case, and later provide the many-body
generalization.

A. Single particle

We start with the single particle OU process in Eq. . The PDF P(x,7) of the particle position satisfies the
Fokker-Planck equation

0.-P = %@%P—l—,uo 0z (xP) , (11)

with initial condition P(x,79) = d(z — x0) at time 7 = 79. The solution is the OU propagator given in Eq. For
79 — —oo the distribution is time independent at any finite 7 and is given by .
We now recall how this propagator can be related to the quantum propagator in imaginary time of a simple harmonic
oscillator with Hamiltonian
- h? o2 1 hw
H=—— "+ _mwa? - —. 12
omor? 2T T2 (12)
A shift in the potential energy has been added for later convenience so that the quantized energy levels are given by
€, = hw k, where k = 0,1,2,.... The corresponding eigenfunctions are denoted by ¢ (x). From now on, for simplicity,
we will work in the units where i =m =1 and set w = p to make the correspondence between the OU process and
the quantum problem. In these units the normalized eigenfunctions are

o 1/2 a2
o) = (o) F HVED). (13)

where Hy, is the Hermite polynomial of degree k. The imaginary time propagator for this harmonic oscillator, between
7o and 7 can be written in quantum mechanical notations as [42]

A +m
G(z,7|r0,70) = (wle™ 77T |ag) = Z br(x) Py (wo)e ™+ (T7T0) (14)
k=0

and satifies
0.G = —HG , (15)

with initial condition G(x,79|zo70) = d(z — o). It is easy to check that
2

2 c
Pou(a, |0, 70) = e 1T Gz, T|zo, o) €03 (16)

which identifies the quantum propagator in imaginary time of a single particle in a harmonic trap, with the classical
propagator of the OU process.



B. N particles

Let us now start with the fermion problem. Consider N non-interacting fermions in a one-dimensional harmonic
trap with N-body Hamiltonian

N
HN = foj , (17)
j=1

where the single particle Hamiltonian is given in . For non-interacting fermions each many-body eigenstate of
Hy associated to energy F, and denoted by ¢¥g(x1, -+ ,2n), is a Slater determinant, normalized to unity, consisting
of occupied single-particle states

1
Ye(T1,- 0, oN) = N 135'1,?th¢’“"(%) ; (18)
where k1 < ko < --- < ky are the labels of the single particle eigenfunctions ¢y (z). The quantum propagator in

imaginary time of the N fermion system can be written as

G(N)(xla"’ >$N;T|yla"' 7yN70) = <=Tla"' 7SCN|67HNT|?J17"‘ 7yN> = ZwE(‘rla 7:L'N)w%(y17 ayN)eiET (19)
E

where the loose notation of summation over F includes possible degeneracies, and where the 1g’s are given in .
Using the determinantal form of the ¥g’s in and the Cauchy-Binet formula for a discrete integration measure,
we obtain a determinantal formula for the N fermion quantum propagator

1 N
(N) . 0) = — . 50 Vo T 2pe €
G (xly va7T|y17 7yN70) - N Z 1§%?2N¢ki(xj)1§(3?%N ¢ki(yj)e =1k (20)
0<k;<ke<--<kn
LS g ) det enpeShe ()
N2 1<ig<N N g iy TR
k1,k2, ,kn=0
1
= det G(zy,7ly;,0), (22)

N! 1<ij<N

where G(z;,7|y;,0) is the single particle quantum propagator given in equation . Evidently, for N = 1 it reduces
to the single particle quantum propagator.

We now define the transition probability PC()J[\_/I) (1, ,xN;T|y1, -+ ,yn;0) that a set of N distinguishable OU
processes z;(t), ¢ = 1,..N, 0 < t < 7, starting at the initial positions y; > yo2 > --- > yy at time 0 arrive at
X1 > Ty > -+ > ry at time 7 and have not crossed each other in the time interval ¢ € [0,7]. For N particles the
generalization of Eq. can be written (in the ordered sector)

N — ko 5N g2 Ho SN 2
PéU)(I17"'axN;T‘yl7"'ayN;O):N!e 20 i=1%; G(N)(xl,"',xN;T|y1,"',yN;O)€ 20 Z‘L:lyl . (23)

Note that the factor N! comes from the fact that the N OU processes are distinguishable, while the corresponding
quantum particles are indistinguishable. Using the determinantal form for the quantum propagator, and Eq.
this transition probability can also be written as

Pé]IVJ)(xh ,Z‘N;T|y1,"' 7yN7O) = 1<(3?t<NPOU(xi7T‘yj7O)7 (24)

thus recovering the celebrated Karlin-McGregor formula for non intersecting paths [I4], in this particular case of OU
processes. Note that Eqgs. 7 are valid only in the ordered sector of coordinates, and furthermore that the

transition probability POJIVJ), when integrated over the ordered sector of x; coordinates, gives the probability that the
N paths do not cross each other up to time 7.

There also exist an interesting connection between the N non-crossing OU paths and the Dyson’s Brownian motion,
which is detailed in Appendix [Al Using this correspondence one can infer that the (imaginary time) evolution of the
positions of the fermions maps onto the time evolution (via the DBM) of the eigenvalues of a GUE matrix.



IIT. N FERMIONS IN A HARMONIC TRAP AT FINITE TEMPERATURE AND NON-CROSSING
TIME-PERIODIC OU PATHS

So far we have been addressing the quantum-classical correspondence between the imaginary time dynamics of N
trapped fermions and the stochastic dynamics of N non-crossing OU processes. In this section, we consider the single
time properties of N fermions prepared at thermal equilibrium at temperature T. We show that there is again a
mapping to a classical stochastic process of N non crossing OU paths, but the paths are now periodic in the time
direction with period § = 1/T. We call this process the time periodic non-crossing OU process. In the following
sections we will combine these two aspects (state preparation and dynamics) to study the multi-time correlations at
thermal equilibrium. In this section also, we start with a single particle and then generalize to N particles.

A. Single particle

Consider a single quantum harmonic oscillator at finite temperature 7' = 1/ in the canonical ensemble. The PDF
of the position of the particle, obtained from the quantum density matrix, is

+oo

Pr(e) = o 3 [onla)lPe P = W (25)
k=0

where 77 = ;:OZ e B¢ is the partition sum and the propagator G is defined in Eq. 1'

One can now ask how to interpret this quantity in terms of the OU process. Consider the OU process on the time
interval [0, 8] with the condition that x(0) = x(/). This is called the time periodic OU process, to emphasize that
the periodicity here is in the time direction and not in the spatial direction. Setting x = z¢ in , it follows that

Pr(x) = Zilpouu,mx, 0), (26)

where Poy(z, T|zg,0) is given in . One can visualize this process as a fluctuating directed line wrapped around the
cylinder of perimeter 8 in a quadratic well, see Fig. From Eq. (2, and evaluating the partition function Z;, we

obtain
Pr(z) = /2 tanh (52“0) ¢~ tanh( %52 )o? (27)
i

One can check that Pr(z) is normalized to unity upon integration over x. Note that although it is a simple Gaussian
distribution, it actually involves a sum over all excited states of the harmonic oscillator. Clearly, as § — +oo0, i.e.
T — 0, one obtains Py(z) = Pstat () as in . Thus Pr(z) in is the stationary measure of the time-periodic OU
process on a cylinder of perimeter 3 (see Appendix [B|for a more precise description).

B. N particles

We consider the canonical ensemble with a finite temperature T = 1/8. The quantum JPDF of the N fermion
positions is given by the generalization of the single particle formula in

Pr(zi,---,2n) = #(5) Z g (z1, - on)Pe P (28)
E

where ¥ (21, -, 2 ) is the many-body energy eigenfunction with energy F and the sum is over a complete orthonor-
mal basis of eigenstates. The partition sum Zy(8) = Y e PF is the normalization constant which ensures that Pr
is normalized to unity in RV. Note that Pr is a symmetric function in all of its arguments.

Hence one can rewrite the JPDF as

_ 1 12,80 ek,
Pr(z:, - on) = N1Zy(B) 0<k ;<k | 1§§?2N¢ki ()" o (29)
SRkl N
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FIG. 1. N = 3 nonintersecting OU processes wrapped around the cylinder of perimeter 5. The imaginary time 7 runs
anticlockwise over the interval 7 € [0,3] where 8 is the inverse temperature. The vertical direction denotes space with
z1(7) > x2(7) > x3(7) being the coordinates of the three processes at time 7.

where €, are the eigenenergies of the occupied levels, and the sum is over all possible fillings of the single particle
levels by the fermions, with at most one fermion in a given level. The partition sum is thus

In@E) =Y = Y R (30)
E

0<ky < <kn

and one can explicitly check the normalization to unity of Py on RY. Since the determinant vanishes for coinciding
ki one can replace (using the invariance under permutation of the k;’s) the sum >, _  _, by the unconstrained sum

% Zkl .. ky- Next, using the discrete version of the Cauchy-Binet formula, one obtains

1 det G(zy,B|z;,0) (31)

P o) = Nz ) 105w

where

w

1/2 y
27TSH1h(5w)> exp <_2s1nh(ﬂw)((x + 2') cosh(fw) — 2zz )) (32)

+o0o
G, 812", 0) = Y dnlw)i(a)e " = (
k=0

is just the single-particle harmonic oscillator propagator in imaginary time 5. Note that Pr(x1,- -+, xy) is a symmetric
and positive function which integrates to unity on RY. Clearly for N = 1 the formula for the JPDF reduces to

Eq. . Using we can rewrite equation as
1

Pr(zy,-- ,zn) = WIS%?%NPOU(%»BW%O) (33)
Therefore we have from
PT(xla"' ,SCN) = #Péﬁ)(xla axN;B‘xla"' 7xNa0) . (34)
NZn(B)

Note that since the arrival and final points here are the same, this identity is correct for arbitrary ordering of the x;.
One can check that Pr given by this formula is normalized to unity. This is the generalization for N particles, of the
formula for N = 1. We can visualize this as a set of N distinguishable non-crossing OU paths wrapped on the
cylinder of perimeter 8 as shown in Fig. This completes the correspondence between the quantum (equal time)
JPDF for the fermion problem, and a set of N non-crossing time-periodic OU processes. A similar construction was
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used in the context of fluctuating (1 + 1)-dimensional non-intersecting interfaces in an external potential [43]. Note
that in the limit 7' — 0 one can see that the JPDF Py(x1,--- ,zn) becomes equal to the JPDF of the eigenvalues of
a GUE random matrix as given in . Hence Pr(z1,--- ,xy) is the finite temperature generalization of this JPDF,
but evaluated at any fixed time 7 € [0, 5].

IV. EYNARD-MEHTA THEOREM, NON-INTERACTING FERMIONS AND DETERMINANTAL
PROCESS

In section [[T] we have obtained the complete quantum propagator in imaginary time for N non interacting fermions.
It has the form of a N x N determinant of single particle propagators . It is however a daunting task to extract,
from this large determinant, explicit results for multi-time correlation functions. It turns out, however that if one
prepares the system in any eigenstate |F) of the N body Hamiltonian, it is possible to obtain more explicit formulae
for correlation function. In this section we demonstrate this fact. We will show that the multi-time JPDF possess
an extended determinantal structure which allows to express any marginal JPDF (obtained by integrating over any
subset of positions) as a determinant constructed from a single extended kernel. We show that this can be achieved
by exploiting the Eynard-Mehta (EM) theorem [4l, 4T}, 44}, 45], which is recalled below. For concreteness, we consider
N fermions in a harmonic trap, though the results of this section are actually valid for more general potentials.

A. Joint multi-time PDF in a given many-body fermionic eigenstate

To proceed we first consider the N non-interacting fermions in a given, arbitrary, many-body eigenstate of energy
E of Hy . We can conveniently label such a state by introducing the set of occupation numbers, denoted by
{nk}, & =0,1,2,... with np = 0,1, with ng, = ng, = ... = ng,, = 1 for the occupied single particle states and
ng = 0 otherwise. They satisfy the constraint Z;ozo ng = N. The corresponding many-body eigenfunction is given
by a Slater determinant, with the corresponding eigenenergy,

1 o0
Ugp(x)=V,1(x) = — det (x;) , E=FEpy= nke 35
E(x) (e} (%) m1§i7jSN¢kl( i) {nr} kz:% K€k (35)
with, e.g. E = po (k1 + ko + -+ + ky) for the harmonic oscillator. From now on we use the shorthand notation
x ={x1, - ,zn}. For convenience we also use the quantum mechanical notation ¥ g(x) = (E|x).

To each eigenstate |E) we associate its m-time quantum JPDF at time slices 71 < 79 < -+ < Ty, with 7 € [0, 5],

1
Pe(xM, ... x(M) = B (BElxW)y (xW e (2mm) M |x @)y L (x (M=) o= (Tm=Tm—1)Ha | M)y (x (M) | By (36)

where H y is the N-body Hamiltonian defined in the previous sections. Here
Bynm = <E|€—(Tm—ﬁ)HN|E> = ¢~ Blrm—71) (37)
is a normalization constant such that

[ |

i=1/¢=1

Pp(x®, . xlm) =1 (38)

obtained by using the completeness relation [ Hfil d$§£)|x(£)><x(€)| = I where the I is the identity in the N body

Hilbert space. Note that Pg is a symmetric function upon any permutation of the particles at each given time, i.e. in

each set (a:g), e ,x%)) for each /. Note also that for the case m = 1 one recovers the usual one time quantum JPDF

Pp(x) = [(Ex)|* = [¥p(x)|* . (39)

Let us note that the matrix elements in are the N fermion quantum propagator and can be written as
determinants of the quantum propagator of the single particle problem

1
—TH — W) . 0) = — ) .
<X|€ N‘y> =G (xlv 7xN7T‘y17 ayNaO) - NI IS?,?%NG(LE“T‘:UJ’O) (40)

as demonstrated in .



11

B. Determinantal structure of the multi-time JPDF in a given fermionic eigenstate

We now define the correlation functions associated to the quantum probability measure for a fixed eigenstate
of the energy |E). We first recall the definitions and properties of the correlation functions at a fixed time. For this
we set m =1 in (36). Using By,1 = 1 in (37)), we obtain the JPDF as a determinant [29]

Pp(x) = [¢p(z1,-- ,on)]? Pk, (25)]? K(xi, xj;{nk}) (41)

= —_— det = — det
N!'1<ij<N N! 1<ij<N

in terms of the fixed eigenstate kernel

“+oo
K(z,y; {ni}) = Y i (2)du(y) | (42)
k=0

where nj, are the occupation numbers (= 0, 1) associated to the eigenstate |E), defined above. Note that this kernel
has a self-reproducing property

/ A=K (2, 7 {n ) K (29 (1)) = K (2, : {ni}) (43)

One now defines the n-point correlation functions R,, in the eigenstate |E) as

Ro(x1, -+ ,xn;{nk}) = (Nji'n)' /dmnH ---deyPg(x) . (44)

Using the determinantal form for P and the self-reproducing property one can show that all the R,,’s can
be written as n X n determinants

Ry (z1, - yzn; {ni}) = det K(x;,z;{n}) . (45)

1<i,j<n

This is usually referred to as the determinantal structure associated to non-interacting fermions. Accordingly, their
positions form a determinantal point process. In particular the density is given by

N 400
Non(y) = Baly) = ( 30w =) = K.y {ni}) = Y nalen(y)P (46)
i=1 k=0

where (---)p denotes the average in the quantum state |E) i.e., with respect to (w.r.t.) (41).

We now consider a number of time slices m > 1, in equation . We recall that for m = 1 we could write Pg as a
determinant . The theorem of Eynard-Mehta states that for any m > 1, Pg can also be written as a mN x mN
determinant as follows [41] 44]

1 /
M ... x(my = o . .
Pgp(x',. - x\™) N 1§i,j§]\(/1,61t§€,2’§m K(z; " me3z; 1o {ng }) (47)

in terms of the extended kernel given by

K(z, 7y, 755 {ni}) = Y e TG (2)dnly) o> 7y (48)
k=0
K(z,miy,mi{ne}) = = > (1= np)e g8 () dnly) 1 <75 (49)
k=0

Note that in the original EM theorem the kernel is not expressed explicitly in terms of the occupation numbers
ng. Here we re-expressed this kernel in terms of the nj variables using the formulation of Ref. [44] as detailed in
the Appendix [C] We found this formulation of the extended kernel the most convenient way to generalize to finite
temperature (see next section). Note that for the case m = 1 we only need to consider the first equation since
7; = 7;, and we recover the known result for m = 1 in (41). Note that the ordering in ([48))-(49) concerns only the slice
index j. Although we used it in a situation where the variables 7; are in increasing order, the determinantal formula
extends formally to a more general case (as used below in the study of real time dynamics).
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The Eynard-Metha theorem in fact guarantees that there is an extended determinantal structure for all spatio-

temporal correlations: upon integration of 1E| over any subset of the space coordinates a:( ) at various times, the
corresponding marginal probability remains a determinant with the same kernel. In partlcular consider the natural
generalization of the density involving several times, i.e. the following correlation function

Ron(1,713 s Yo Toni {i}) = <Za Za "~ ym)) (50)

which is by definition symmetric under the exchange of any pair (y;, 7;) and (y,,7;). For a given ordering of the times
71 < --- < T, it can be expressed as an m X m determinant using the EM theorem

R (Y1, 715 5 Yo Tins {0 }) = 1<gl§,‘ﬂ<mK(ye,Te;yef,Te/; {n}), (51)

where K is given in (48)-(49). For instance, for m = 2, the two time density-density correlation reads, for 71 < 72

Ray1i i, y2i 723 {ne}) Z"p|¢p (y1)] Z”k|¢k (y2)” + Z(l - ”p)nk¢;(yl)¢p(y2)¢k(yl)(i’z(yz)e_(ep_e’“)(”_”) .

.k
(52)
By integration over y; one finds NRy(y2). For 75 = 71 one finds instead
Ro(yr: 71,92 71 {ma}) = an\cﬁp )l an\cﬁk y2)I” =D npnrdy(y1) 0 (y2) ok (1) ok (y2) (53)
p,k
= d K(yza Yjs3 {nk}) R2 (yh yQ) ) (54)

1<4, <2

recovering the formula for the two point same time correlation function Ro. Similar determinantal formulas are
available for more general space time correlation functions, as detailed in the Appendix [C] where the self-reproducing
properties of the extended kernel are also discussed.

One consequence of the determinantal structure is that one can express as Fredholm determinants averages of the
form [40, [45]

(TTT (1 0eet™))) 5 = Do+ (59
1—1i=1

where (gKC) o (x,y) with 1 < £,¢" <m is the matrix kernel
(9K) e (2, y) = ge(@) K (x, 75y, 705 {n }) - (56)

Let us choose now g¢(x) = Pj,(x) — 1 = —Pj, () where P;(z) denotes the indicator function (i.e., projector) on
the subset J of R, with Pj(z) =1 if z € J and P;(z) = 0 otherwise, and J denotes the complementary subset. This
allows to express the generalized multi-time ”hole probabilities” (see Fig. [2]) as

Prob( EJg,Z—l <+ ,N;¢=1,--- ,m) = Det[I — PK] (57)
(PR) e (z,y) = Py, (x)K (2, 75y, o5 {ne }) (58)

which generalizes the standard hole probability for m = 1.

V. APPLICATION OF THE EM THEOREM: EXTENDED KERNELS AT THE BULK AND THE EDGE
OF THE GROUND STATE OF N FERMIONS IN A HARMONIC TRAP

In this section we specialize to the case where |E) is the ground state, of wave-function denoted |¥q). We apply
the results the previous calculation to study the imaginary time dynamics at the bulk and the edge of the Fermi gas
at T = 0. The occupation numbers are np =1 for k =0,--- ,N — 1 and n = 0 for £ > N. This leads to the JPDF
of the positions of the fermions at equal time as

1
Po(x) = do(1, - an)P* = 5 | det Ky (i2)), (59)
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space

FIG. 2. Sketch of the hole probability for N = 4 fermions and m = 3 different times. Note the periodic boundary condition in
the time direction.

in terms of the GUE kernel

N—-1

Kn(z,y) = > ¢p(x)on(y) - (60)
k=0

Note that Eq. identifies with the GUE measure in (f)), see Ref. [29] (section III).

Let us now discuss the large N limit. In that limit there are asymptotic Plancherel-Rotach formula (see for instance
Ref. [46]) for the eigenfunctions ¢y (z) of the harmonic oscillator, which allow to describe the system at large N. As
is well known the density py(z), Eq. 7 converges to the Wigner semi-circle law

o ax 1 5
pM@=¢Nm<ﬂ0 C fwle)=tva = (61)

It exhibits a sharp edge Zeqge = V2N /a, where here o = \/w as we chose i = m = 1, such that for N — +oo the
density vanishes outside the interval [—Zedge, Zedge|- It is well known (see [29] for a recent review) that there are thus
two regions of interest:

e In the bulk, the density is finite and one can define a typical interparticle spacing at point x

2

TNpy(z) (©2)

In(z) =

On that scale, the kernel exhibits the following scaling form in the large N limit, for |z — y| = O(n(2)), in
terms of the sine-kernel

~ 1 butk (1 =yl bulk () _ sin(2z)
Ry(eg) = i (F20) iy - 220 (63)

e Near the edge Tqqqe, the density vanishes and at finite IV there are strong quantum fluctuations. The density is
smeared on a scale of order

1
av2

and the kernel, in the region |z — Zedge| = O(WnN), |Y — Tedge| = O(wn), takes the scaling form

wN = N6 (64)

1 — 4edge — Jedge
zmmwzmm%xx%7ym@> (65)
WN wN wN
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in terms of the Airy kernel

+oo
Kedee(s, 8') = / dvAi(s + v)Ai(s" +v) . (66)
0

Let us now discuss the multi-time generalization of these results. Specializing the formulas (47 . ) to the ground
state, we obtain that the multi-time correlations are given as determinants in terms of the so called extended Hermite
kernel

N-1

Kn(z,mi3y,m5) = > e ™06k (@)gnly) 7> 7 (67)
k=0

Ky (2, 7359,7)) Ze"““(”‘”)ﬂé (@)r(y) » 7 <7j- (68)

In the large N limit the asymptotics of this kernel has been obtained, and exhibit again two regimes:

e In the bulk, one finds the extended sine-kernel (see for instance Ref. [24], Egs. (7.1) and (7.11))

1 z—yl -7y
K . N bulk J
G ) zzv(x)lC <€N(x) ’fN(fc)2> o
2
KUK (2, 7) = l/ o7/2 cos(vz)dv , T3>0 (70)
™ Jo
L[t .
K:bulk(277_) _ _7/ ev T/2 COS(UZ)d'U , T< 0. (71)
™ J2

Note that there is a global factor e3w’@®(ri=m) iy which we discarded since it drops in any correlation
function.

e Near the edge Zeqge = V2N, in the region |z — Zeqge| = O(wWnN), |y — Tedge| = O(wn) one finds the extended
Airy kernel with the scaling form (see Ref. [39] and Ref. [24] Eq. (7.1) and (7.3))

1 T — Tedge — Tedge
Kn(z,m5y,7)) ~ mKEdge( deg ’y deg (i —Tj)WN1/3) (72)

in terms of the Airy kernel
+oo
Kedee (s, 8" u) = / dve ""Ai(s + v)Ai(s' +v) , u>0 (73)
0
Kedee (s, ' u) / dve™"Ai(s +v)Ai(s' +v) , u<0. (74)

The third (time) argument of the scaling function K°48¢ reflects that in the scaling region the time 7 scales as
N—1/3 for large N. This is a manifestation of the local Brownian scaling with 7 ~ w?; where wy ~ N-1/6 [see

Eq. (64)] is the relevant length scale at the edge. Note that there is a global factor eV« ("i=7) in which we
discarded since it drops in any correlation function. This extended Airy kernel also describes the correlations
of the Airy, process, as discussed in the introduction, and will be discussed in more details below.

VI. APPLICATION OF THE EM THEOREM: GENERALIZATION TO FINITE TEMPERATURE
A. General framework

We now consider N fermions in a harmonic potential in the canonical ensemble at finite temperature 7' = 1/, as
described in section By analogy with the one-time finite temperature JPDF in , and , we define the
canonical multi-time JPDF at finite temperature as

Py(x®, ... x(m)y xD .o x(M)e=PE (75)
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where Pg(x™),---  x(™) is given in . Note that for m =1, Pg(x) = Pr(x1,--- ,xy) defined in . Using
it is easy to rewrite this finite temperature JPDF as

ﬁﬁ(x(l), s xmy = #<x(1)|e—(”—“)7“N\x(2)) e (x (M em Tm = Tm— )M 5 (M) (3 (M) o= (B=(Tm —m1)) M | (1)
Zn(B)
(76)
Note that 155 is a symmetric function under any permutation in each set (xge), e ,x%)) for each ¢. It is normalized

to unity upon integration of the coordinates over RY™. Note that integrating over all time slices except one leads to

_1
Zn(B)

where Pr, given in , is the equilibrium JPDF at a single time.

Although this canonical JPDF for arbitrary N is a product of determinants, see Eq. , and is thus itself
a determinant, the associated point process is not determinantal as correlation functions (i.e obtained by integrating
over some of the variables) are not themselves determinants. To preserve the determinal structure, as was noted in
the case m = 1 [27], [29] [47] it is necessary to study the problem in the grand canonical ensemble where the number of
fermions N fluctuates. One defines the grand canonical partition function as

Z(Bp) =) e PN (78)
E,N

/dx<2> e d™ Py (D) M) = (x Ve x D) — pr(a® ... HD) (77)

In the large N limit the averages of physical observables, such as correlation functions, become identical in the
canonical and grand canonical ensembles.

Note that the total number of fermions and energy are, respectively, N = >, n, and E = >, . nyep where
ny = 0, 1 depending on whether the k-th single particle level is empty or occupied. Consequently, in the grand canonical
ensemble the occupation numbers ny are i.i.d. Bernoulli random variables. We now define the multi-correlations at
finite temperature both in the canonical and grand canonical ensembles. Here we give only the multi-time density
correlation. The canonical correlation is

N N
Ron(y1, 75+ 1Y T3 B) = ﬁZf”(ZWE” —yn) e Yo - ym)>E (79)

Zn( 7 pt =
1
= K : ’ ’: -8 Zkzo Nk€k N
Zn(B) Z lgggﬁgm (Yes Tes yor s Ters {n e ) an’ (80)
{nk} k>0

where the last delta is a Kronecker delta function, while the grand canonical correlation is

N N
. 1 _BE_ m
R (1,715 3 Y T B ) = 206 et ”N<Z5(x§1) —y1) Y o )—ym)>E (81)
B N i=1 j=1
1

- Al T —B k0 MkER—I D >0 Tk
P> et K e s e B me s Enan ] (s)
n

where, in these formula, the superscript ‘G’ refers to the grand-canonical ensemble and K is the extended kernel given

in (15)-(10).

We now use the property that

< det K(ye’T£§yl'7T€/;{nk})>= det K (ye,me;90 mor: {(ni)}) (83)

1<0,0<m 1<0,0<m

which holds for any averaging such that the variable ny are independent. Note that we also use the linearity of K in
the ny (see [29] for a proof). This property can be used in the grand canonical ensemble with

1
eBler—p) 417

(k) = (84)

Hence the grand canonical correlation can be written as the following determinant

RE (y1, 705+ 5 Yy Tom; By 1) = 1<§1g,t<mK(yevTe;yeum;ﬁ,u) (85)
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where the extended, grand canonical kernel, obtained by replacing ny by (ng) in — is

00 (ep—m)(Ti—75
> k=0 ﬁ o (@)Pr(y) » 7>y
K(x, 759,755 8, 1) = (86)

(fk ) (=

Zk OWM)J)@C( Yor(y) i < T

where for convenience we have inserted in the kernel a global factor e #(7i=7) which cancels out in any correlation
function. The extended kernel is a function only of the time difference 7; — 7; and is not continuous at 7; = 7; where
it has a jump

(K (7359, 755 85 1] e = (K (27359, 755 B, )] e = (2 =) - (87)
Note that the second form is obtained from the first one by replacing 7, — 7; — 8 + 7; — 7;, more precisely
K(z, 73y, 75:8,1) = —K(z, 7 + By, 753 8,0) » 7 <7 and 7 +B2>7;. (88)

Hence the extended kernel is an anti-periodic in each time variable with period 5. As a consequence it is sufficient to
consider the fundamental domain (7;,7;) € [0, 5] x [0, 8]. For any other value of (7;,7;) one can construct the kernel
using the anti-periodicity property (88).

In the fermionic literature this extended kernel is known as the “temperature Green’s function” which however
is often studied for non-interacting fermions in absence of external confining potential (i.e., using plane waves as
single particle eigenfunctions), see for instance Ref. [33] p. 233 Chapter 7 formula (23.30) where we can identify
K(z,735y,75; 8, 1) with G°(y, 7j;2,7;) given there in the absence of the confining potential - note the order of the
arguments. In that context, determinantal formulas such as can be seen as consequences of the Wick theorem [4§]
extended to non-equal times and arbitrary confining potentials, although they are not often explicitly stated as such
in the condensed matter literature.

B. Bulk and edge regime in the harmonic trap at finite temperature

We now derive the expressions for the extended kernel in the limit of large N both in the bulk and at the edge.
We do not give details since the derivation is a simple combination of the results of [27, 29] and the zero temperature
results discussed above.

e In the bulk, the characteristic temperature scale is Nw, which is the Fermi energy, hence one introduces, as in
[27, 29], the scaling variable

y=pSNw. (89)

The relation implies that the chemical potential is related to the mean number of particles N as e®#* = ¥ —1.
Then one finds a finite temperature generalization of the extended sine-kernel

K(w, 739,75 B, 1) = eNl(x) Ky <|ZV_( y)l 7 ETN&;) (90)
L [oree g2 1+(/) dv , 0<71<TH

Kk (2, 7) = o (91)
—= O+Oo v 7/271+e,i352(/iz()6y71)dv , —1m3<7<0

75 = B/ln(x)? = %(1 —wi?/(2N)). (92)

To derive we have used equation for ¢ (x) and the expression for the density py(z) in equation (61)).
Note that as we discussed in the previous section the kernel K(7;, z; 7, y; 8, i) is antiperiodic with period 3 (88))

Hence the scaled kernel in Eqs. , is antiperiodic in the variable 7 with period 75 given by in the
chosen rescaled units. It is easy to check that

KM (2, 7 = 0F) — K2 (2,7 = 07) = 6(2) (93)

in agreement with the general property . Since 75 < y/2 one can check that the integrals in are always
convergent, and that the process is thus well defined.
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time

FIG. 3. Sketch of a trajectory of N = 4 non-intersecting time-periodic OU processes contributing to the multi-time correlation
function Ps(x™M,x® x®) i.e., with m = 3 [see Eq. }

e Near the edge Zedge = \/m, in the region |z — Zedge| = O(WN), |y — Tedge| = O(wn) the relevant temperature
scale is N'/3w, hence one defines

b= BwN/3 . (94)

Then one finds the finite temperature extended Airy kernel, with the scaling form

1 edge [ L — Ledge Y — Ledge
K(IvTi;y,Tj;@M) = E’deg ( wy & ) wN & a(TiTj)WN1/3> (95)

in terms of the finite temperature extended Airy kernel

4 fj:oo dU%Ai(S +v)Ai(s'+v) , 0<u<b
K% (s, 8", u) = . (96)
— 23 dv s ALl H o)Al +v) . b <u <0

The same remark as above holds for the antiperiodicity of the kernel. The rescaled kernel is now antiperiodic
in the variable u with period b. Again one easily checks that

edge _ edge —0") —
K58 (s, 8", u=07) — K5 (s,s",u=07) = (s — 5") (97)

in agreement with the general property .

VII. RELATION TO MULTI-TIME CORRELATION FUNCTIONS IN THE OU AND FINITE
TEMPERATURE AIRY PROCESS

A. Link between fermions at finite temperature and non-intersecting time-periodic OU processes

Here we discuss the connection between the multi-time JPDF of fermions at finite temperature and the time-periodic
N non-intersecting OU processes. The one-time case was studied before in section I We start from the multi-time
JPDF of the fermions Py (xM ... x(M)) defined in Eq. . Each term in the m-fold product can be interpreted in
terms of the OU propagator. Using Egs. (19)) and we can thus rewrite Eq. as

m—1
- 1
oo ) = s | T Ror 6 mea x| o< PG ¢,y B ) (98)
’ =1

where in this case, at variance with Eq. , each x(¥) = xge) > > x%) is an ordered set of coordinates, and the
times are ordered as 0 < 713 < 15 < --- < 7y < 8. We can therefore see the right hand side as the probability that the
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time-periodic non-intersecting OU process, wrapped on a cylinder of perimeter 3, passes through the ordered points
x(®) at times 7 (see Fig. .
To check the normalization of the above formula let us recall that

/ dy P (x, 7ly, )P (v, ]2, 7) = P (x, 7z, 7") (99)

where the integration [ dy here can either be over the ordered coordinates, or unordered coordinates (it does not

change the result, since P((DJIVJ) (x, 7|y, ") vanishes unless the orders of x and y coincide). Integrating Eq. on both
sides over all variables except x(!) it is easy to see, using the symmetry of Ps under any permutation of each set

(x(lg), e x%)) for each ¢, and (99), that one recovers formula .

Hence we have shown that the finite temperature fermion JPDF Pg(x(1), - .- x(™)) can be identified with the multi-
time JPDF of the positions of IV non-intersecting OU process wrapped on a cylinder of perimeter 3. This identification
demonstrates that for any fixed N there is a classical interpretation as a stochastic process behind the finite temper-
ature fermions. Note however that for any finite N (in the canonical ensemble) the fermion positions do not form a
determinantal point process, except at zero temperature. Consequently, the non-intersecting OU process also is not
determinantal for fixed N, except in the zero temperature limit (8 — +oo limit). However, as we have discussed in
previous sections, in the grand canonical ensemble the finite temperature fermions form an extended determinantal
process, thanks to the EM theorem. For large NV, using the equivalence between canonical and grand canonical en-
sembles it then follows that all multi-time correlations of the time-periodic OU process also become determinantal in
the limit N — 400, at any finite temperature.

B. Periodic Airy process

We can now define the periodic version of the Airyy process as follows. It can be done equivalently on the finite
temperature fermions and on the non-intersecting time-periodic OU processes, using the above equivalence. For
convenience we start with the fermion picture. We are interested in the trajectory in imaginary time 7 of the
rightmost fermion at finite temperature. Using the equivalence to the OU process, this corresponds to the top of the
N non-intersecting paths, propagating over the cylinder of perimeter 5. At zero temperature, when the cylinder is of
infinite perimeter, this process, properly centered and scaled in the large N limit, is precisely the Airys process. The
finite perimeter of the cylinder 3 deforms this process which we call the “periodic Airys process”.

In order to describe this process more precisely, in principle we should start with the formula for Pg (x(l), e ,x(m))
in which describes the JPDF of the positions of the N fermions at m different times 7 < --- < 7,,. Ordering the
coordinates at each time slice and defining the rightmost position at time 73 as x%lx = Maxi<i<N a:l(-e), we would like
to integrate over the lowest N — 1 positions at each time slice. This will give us the periodic Airys process which is
characterized by the multi-time joint cumulative distribution function (JCDF)

Prob(z{!)

max

<z, 2 <z (100)

max

Using the equivalence to OU processes this JCDF then also describes the multi-time CDF of the position of the top
path. Note that by construction this process is periodic, of period 3, in the time direction.

In the large N limit the position of the rightmost fermion is described by the edge statistics. Hence we consider
the rescaled process £(u) in rescaled time

@
&0 = g(uy) = el (101)
wWN

up = wr N3 , (102)

where we recall that Tegge = V2 Ny/w and wy = Nfl/ﬁ/\/% as in Eq. . Note that the time scale involved
in this process is 7 ~ w% ~ N —1/3_ a manifestation of Brownian scaling. For large N it converges to an extended
determinantal process described by the finite temperature extended Airy kernel given in Egs. -. We will
denote this process as the periodic Airys process

§(u) = A(u) (103)

which depends on the single dimensionless parameter b = BwN'/3. By construction this process is periodic in time
with period b. It follows from its definition that the multi-time JCDF of the rescaled process A%(u) is given by a
Fredholm determinant with the extended finite temperature kernel .
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To be more precise we start with the one-time CDF F¥(s) of the periodic Airy, process
F2(s) := Prob(AS(u) < s) = Det[I — P,K;"&°P,] (104)

where P; is the projector on the interval [s, +oo[, with the edge kernel

s, = |

— 00

+o0 1

UmAi(s +v)Ai(s' +v) , (105)
where ICnge(s,s’) = ICnge(s,s’,u = 0) is obtained from by setting u = 0. The Fredholm determinant FJY(s)
based on the kernel K;*¢°(s, s') converges to the Tracy Widom GUE distribution, Fy(s), in the limit b — +-oo.
For any finite b it gives the centered and scaled distribution of the position Zmax(T) of the rightmost fermion at
finite temperature and has also been found [27, 29] to identify with a generating function which appears in the KPZ
equation growth problem at finite time, with the correspondence txpz = b®. Note that F¥(s) here is called Qp(s) in
Eq. (137) of [29] and the scaled edge density, /Czdge(s7 s), is denoted by Fy (s) in Eq. (126) of [29).

Let us consider now the two-time JCDF of the periodic Airys process. It is expressed as the Fredholm determinant
of a 2 x 2 matrix kernel

b b o I— P51K0P81 _PleU1—U2P82
Prob(As(u1) < s1,A3(u2) < s2) = Det (]332[(u2_ulps1 12 P K,P,, (106)
where we denote K, ,» = K,_,s with the definition
fj:: dvef%:ilAi(s +0)Ai(s’+v) , 0<u<b
Ku(s,8') = K% (s, 5" u) = (107)
- fjooj dv%Ai(s +v)Ai(s'+v) , -b<u<0

and we have Ky(s,s') = IC;dge(s, s'). The kernel K, is antiperiodic of period b (see section which allows to obtain
its value for arbitrary u from the above equation. The antiperiodicity of the kernel guarantees that all correlation
functions of the process are periodic in time. Let us note that in the zero temperature limit, i.e. for b — +o00 one
recovers exactly the two-time JCDF of the standard Airys process [see formula } This is more general, and extends
to arbitrary multi-time correlations, i.e. one has A%(u) — Az(u) as b — oo, as a process in u.

It is useful to define

Kusyo50(5,8) = Ku(s + 51,8 + 82) = K38 (s + 51,8 + 59, 0) - (108)

Then one can rewrite, in more compact notations, the Fredholm determinant of the 2 x 2 matrix kernel

_POKU2*U1;82,81P0 I— POKO;SQ,SQPO
= Det [(SZJI - POKUi—Uj;Sij Po]

Prob(.Ag(ul) < 81, Ag(w) < s2) = Det ( I = PoKo:sy.o o POK“1_7‘2;81’S2P0>

i (109)

C. Application: tails of the two-point function

As an application we will extract the tails of the two-point function for large s1, s3 and focus on two cases: zero
temperature (b large) and high temperature (b < 1). As will be discussed below, for these tails we can consider
the trace expansion to second order of the Fredholm determinant in . We denote the block matrix inside the
Fredholm determinant in as I — M where M has the structure

M= (g g) . (110)

We can now use the general expansion

Det(I — M) :1—TrM+%((TrM)2—TrM2)+O(M3). (111)
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In the following we will be interested in the limit where all A, B,C, D are small (in some sense to be made more
precise below). For this it is useful to first substract the diagonal parts (setting B = C' = 0) which leads to

-4 -B -4 0 -4 0 I ~B(I- D)~
Det(—c I—D>_Det( 0 I—D>2D8t< 0 I—D) (Det<C(IA)1 S >_1>
— Det(I — A)Det(I — D) (Det(I — B(I — D)~ C(I — A)~}) — 1)
= —TrBC + O(B?C? BCA,BCD) . (112)

Using (112)) in ((109)), and fixing u; > us for convenience, we obtain, for large s; and so, the connected part of the
two point joint CDF of the A% process as

Prob (A} (u1) < s1, A%(u2) < s2) — Prob(AS(u1) < s1)Prob(A%(ug) < s2) (113)

—+oo +oo
~ —Tr[Ps, Kuy—uy Poy Kuy—uy | = —/ ds/ ds' Ky —uy (8,8 ) Ky —uy (87, 8) . (114)
S1 So

Using the definition of the finite temperature extension Tracy-Widom CDF F2(s) in , and taking derivatives of
(TT4) with respect to s; and sz, we obtain the JPDF P(s1,u; 82, u2) = 05,05, Prob(A5(u1) < s1, A5(uz) < sq) for
0<us <u; < as

P(slaul;SQaUQ) - 851F2b(31)852F2b(82) = 7Ku1—u2(slaSQ)Ku'z—ul(SleQ) (115)

+oo ef(ulfug)v +oo e*(UZ*ul)”/
= LOO dvai(sl + v)Ai(sg +v) x /700 dU’WAi(sl +v")Ai(s2 +v') (116)

= u(51, 82, U1 — u2)p(51, 82, U1 — us) , (117)

where we have defined, for future convenience, the two integrals depending on the variable u

+o0 U ) )
op(s1,82,u) = [m dval(Sl + v)Ai(se +v) (118)
B “+oo e U
db(s1,82,u) = /700 dUWAi(sl +v)Ai(sg +v) . (119)
They satisfy the relation
Gy (51, 52,1) = Pp(s1,52,b — u) . (120)

Note that for b = 0 it reduces to the Airy propagator, provided u > 0 (or, more generally for u complex with a
non-negative real part)

+oo 1

2p—o(51, 52, 1) = 20p—0(s1, 2, —u) = / dve™ Ai(sy +v)Ai(se +v) = NE

We now use these relations to study the various interesting limits b — co and b — 0.

2 ud
67%7%u(81+52)+ﬁ . (121)

(i) Zero temperature limit b — +00.
At zero temperature, changing v’ — —v’ in the second integral in (116)) and taking b — oo limit gives

P(Sh U1, S2, UQ) — 8SIF2(81)882F2(82> (122)

+o0 +oo
= / dve™ (1792 Ai(s) + v)Ai(sg + v) X / dv'e= (1 =u2)V (s — v')Ai(sy — v') .
0 0

We now give only the large u; — us behavior

Ai(s1)2%Ai(s9)?
P(Sl,ul;SQ,Ug) —831F2(31)832F2(52) ~ M s (123)
lu1 — us|
which is consistent, in the limit where s1, so are large, with the known result valid for any s1, so [I}, [24]
Fl(s1)F5(s _
Prob(Az(u1) < s1,A2(u2) < s2) = Fa(s1)Fa(s2) + Fols1)Fy(s2) + O(Jur —uo| ™). (124)

luy — uz|?
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Note that the coefficient of the 1/|u; — uz|? term can be retrieved by keeping all orders in A, D in the sec-
ond line of Eq. (112)). Indeed taking a derivative of (104) w.r.t. s leads to the following identity Fj(s) =
Fy(s)(Ai|(1— PsKa; Ps) 71| Ai). Noting that at large |u; —usz|, B and —C become projectors equal to | A7) (Ai|/|us —ua|,

one obtains that —Fy(s1)Fa(s2)TrB(I — D)~1C(I — A)~1 ~ Fi(s1)Fy(52) o4 large |u; — ug|.

[u1 —uzl?

(i1) High temperature limit b — 0.
To investigate the small b regime, it is first convenient to rewrite (116 in the form

P(s1,u1;52,u2) — Fy(s1)Fy(s2) = ¢u(s1,52,b — (u1 — u2))¢p(s1, s2,u1 — up) (125)
where we have defined the integrals in . Although one already see in formula (121]) the diffusion kernel appearing,
as it will also appear below, it does not help us here to evaluate ([125)) which is restricted to the interval 0 < uy < uy < b.
To analyze (125 at small b, since the dependence in u;, uy is periodic with period b it is natural to rescale

Uy = b7.~L1 s Ug = b’ag (126)

where 0 < @; < @p < 1. Let us first recall that the one-point CDF F¥(s) of the process, in the limit b < 1 and
s> 1/b is given by [29)

1
OsF2(s) =~ e b 127
Ho) = —— (127)
This shows that in the small b limit the natural rescaling of s is
S1 :gl/b s S92 :gg/b (128)

and we study 51,52 of order one, but large, which is the tail regime. In addition, since uy — ua ~ b the Brownian
scaling of the underlying OU process indicates that one should focus on the regime sy — s; ~ /b, hence we denote
Sog — 81 = §21\/B. One can thus rewrite (119 as

+oo b(’&lfﬂz)v
du(s1, 82, u1 — ug) :/ dveebvﬁAi(sl + v)Ai(sy +§21\/5+v) (129)
1o eltamizw /5 4 s tw
:g/m dw ewHAl( ; )Al( 3 +321\/E>, (130)

where we have defined w = bv. This integral is dominated by the region w + §; < 0. In this regime we use the fact
that the product of Airy functions in the integral can be replaced by

: . , . . Vb - .
Ai((w + 31)/b)Ai((w + 51) /b + Vb3g) — m cos(v/ |51 + w|821) (131)

which amounts to neglect fast oscillating terms. Inserting in (130 and making a change of variable y = /|51 + w|
we obtain

1 T Gt — o)y 1 S B (ay—an)s
o(51,82,u1 —uz) = 67<u17m)81/ dy cos(ysgy e (MTIW — T dm w  (TU% (139
(51,80, w2) = O (y321) e (132)
where we have replaced 1/(1+e~¥ =) ~ 1, since we study the tail §; > 1.
1 ~ 1 - 1 _ 83, _ 83, -
P(s1,u1;80,up) — —e 251 = —e 51 e -  T-Gh-m) 4+ O(e” %) . (133
R = T ) (). (133

This is the finite temperature analog of the zero temperature result given in (123]). Note that in the limit @ — @y — 0
we find

P(s1,u1;82,u2) — L6_1’5(5(51 — 89) ~ D5, F(51)6(s1 — s2) , (134)
@1 —a2—0% \/47h

which is consistent since one must recover the one-point PDF in that limit. In the picture of the OU process, the result
in has the following nice interpretation in the original variables s,u. Consider the top path of the periodic OU
process. Given its position s; at time uq, the probability to propagate to a position sy at time us is simply given, for
large values of s1, by the propagator of a Brownian bridge on the interval [0, b]. This reflects the fact that in the high
temperature limit and for high values of sq, s9, the non-crossing condition becomes irrelevant in the dynamics. Note
that the one point function is different from the one of the single particle OU process which is a Gaussian .
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VIII. UNIVERSALITY OF THE TIME-PERIODIC AIRY. PROCESS

Until now we have studied specifically the example of the Ornstein-Uhlenbeck process which corresponds to the
quantum harmonic oscillator. Let us start with the single particle problem. One can consider a larger class of
stochastic processes described by the Langevin equation of a particle diffusing in a classical potential U ()

dx (T
B0 — 0(a(r) + () (135)
-
where 7(7) is a centered Gaussian white noise, with correlator n(r)n(r’') = 6(r — /). For U(z) = Lpox? this

corresponds to the OU process in . For general U(x) the propagator for this classical process is given by [12]
Py(z,7|z0,70) = e V@ Gy (2, 7|20, T0 )V *O) (136)

where Gy (x, T|zo, 7o) = (2]eH (770 |z4) is the quantum propagator associated to the Hamiltonian

1
)

which is such that the ground state energy of H is automatically zero. It is easy to see that the ground state wave
function () is given by, up to a normalization constant g (z) ~ e~V and the stationary measure of the process
(135) is given by Puai(z) ~ e 2U(®) which is assumed to be normalizable. In the case of the OU process one has
V(z) = ipoz? — L [see Eq. (12)].

We now consider N- non intersecting particles, each evolving with the Langevin equation . Following the
OU example, as described in section [[TI} this N non-crossing particle process can be mapped onto the quantum
problem of N non interacting fermions trapped in the quantum potential V(z). We can now apply the universality
properties which were shown in [29] and that we now recall. We assume that the quantum potential V (z) is smooth
and sufficiently confining. In this case the average density at zero temperature is given by

o () = K (,2) = — /20— V(D)0 — V() (138)

where 0(z) is the Heaviside theta function (i.e., 8(z) = 1if z > 0 and 6(z) = 0 if z < 0) and p is determined by the
normalization condition [ dxpn(x) = 1. This density has an edge at & = Zeqge Where the density is vanishing, i.e.,

V(ease) = 1 (139)

In [29] it was shown that at finite temperature the one-time correlation functions are given, in the edge region, by
determinants of a kernel which takes the same scaling forms as for the harmonic oscillator with renormalized width
and reduced temperature (see equations (281) and (282) in [29])

H= 08 4+V() , V()= (-U" )+ U@, (137)

WN = (2|V/($edge)|)_l/3 , b= 2_1/3‘V/(xedge)‘2/36 . (140)

It is now easy to see that the multi-time correlations for the more general process described above are again given by
determinants of an extended kernel. This extended kernel takes a universal form at the edge given by

1 edge [ L — Ledge Y — Ledge
K(x,Ti;yaTj;ﬁ»N)’i E’deg ( Wn = ) Wn £ »(Ti_Tj)b/ﬁ) (141)

where K(gdge is the same function as for the harmonic oscillator. The scale factors wy and b depend on the
explicit form of V(z) and are given in ([140).

In conclusion this shows that the top path of N non-crossing particles diffusing in the generic potential U(z) as in
(135)), wrapped around a cylinder of perimeter /3, properly centered and scaled, is described by the universal periodic
Airys process. This holds provided the corresponding quantum potential is sufficiently confining to provide the soft-
edge universality of the fermion problem. Equivalently this universality also holds for the multi-time (in imaginary
time) correlation functions for the trapped fermions.

IX. APPLICATION TO REAL TIME EQUILIBRIUM DYNAMICS OF TRAPPED FERMIONS:
DYNAMICAL DENSITY-DENSITY CORRELATIONS

Here we consider the real time quantum dynamics of fermions. We restrict to equilibrium dynamics at finite
temperature T, which can be obtained from the analysis of the previous sections.
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A. Real time quantum dynamics of a single particle

Let us recall first the one-particle problem. Let us recall that in quantum mechanics the time dependent average
(over measurements) denoted (O); of an observable O (for instance the position & or the momentum p etc..), is given
by the expectation value

(O)ue) = (WOIOI®) = (OO (0) = Tr |[¥(0)):(0)] O] (142)

where [1(t)) is the quantum state of the system at time ¢. By definition
O(t) = eft/h O e~/ (143)

is the observable in the Heisenberg representation (where it becomes time dependent), which allows to take expectation
values over the initial state [¢(0)). Here H is the Hamiltonian of the system, and we restrict to time independent
Hamiltonians H (in the time dependent case one needs time-ordered exponentials). If several measurements are

performed successively, of observables Oj at times t;, with ¢; < to < .. < ¢,,, then the joint average (over quantum
measurements) is given by the expectation value of the product

(O1(t1) - Om(ti)y(0) = (W(0)|Om(tn) - - - Or(1)[8(0)) = Tr [|w(0)><w(0)| O (tm) - "Ol(tl)] ; (144)

where Oj (tj) — iHt;/h Oj e—iHt; /R
At finite temperature, in the canonical ensemble, the system is described not by a single quantum state but by a
statistical mixture of states represented by a density matrix, and one must replace in the above formula

1 1 2

0 0)| = = e Per =—_— e PH 145
OO 57 D owle ™ 0l = 55 (145)

and obtain the correlation function at temperature T'= 1/

1 TN A
= —-BH

(O(12)+ Oltm))r = 55T (€775 Op(tm) -+ O (1) (146)
with Z(8) = Tre=#H. Tt is immediate to see that the one-time observable (O1(t1))r = %Tr [676& O(t1)] =

ﬁTr {6’3 a O] is independent on ¢; and given by the canonical equilibrium expectation value. The n-time correla-

tions with m > 1 are however non-trivial functions of the m — 1 time differences to — t1,- - ,t; — tym_1, a property
called time translational invariance (TTI). These functions describe the quantum equilibrium dynamics. Note that
if one considers instead evolution from a pure state |¢)(0)) as above, the m-time correlations are in general not TTI
(hence they depend on all the m times) unless the initial state is an eigenstate of H in which case they are TTI (see
example below). This is the case for instance for the ground state.

By choosing in the operators Oj = |20))(2Y)| and the initial condition ¥(0) = ¢, an eigenstate k of the
harmonic oscillator (for instance the ground state) we define a real-time quantum correlation function involving times
t; as

O (@D, - ) = efon(tmn =) (g ) ) et —trn) =D (o) =i t2=t0)]g (D) oDy} (147)
= eiek(tm—tl)<¢k|x(vn)>g(x(m)7m(m—l);i(tm —tmo1)) - G(x(2)7x(1); i(ty — t1))<$(1)|¢k> ,

where G(x,2';7) = G(x,7;2’,0) is the Euclidean quantum mechanical propagator of the harmonic oscillator, given
in Eq. taken at argument 7 — it since we are considering here the real time dynamics.
Similarly at finite temperature one defines the following quantum correlation at times t;

1 - - )
Cr(z®, .. 2M) = Z(5) (x| H (tm=11)=B) | (m)y (3:(m) | g=iH (b —tm—1) | p(m=D)y . (22| =iH (t2=t2) | (1) (148)
1 _ L |
= mG(m‘(l),x(m); B —i(tm — t1)))G (@™, 2V it — tm-1)) - - G(@®, 2W;i(ty — t1)) .

Let us now compare the expressions for the real time correlations in (147) and in (148) with the multi-time JPDF
in imaginary time given in , and respectively, upon setting N = 1 for the single particle case that we
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are considering here. These results are related to each other by the replacement 7 — it as expected [33]. Indeed
the expressions and can be reordered using that the respective probabilities are ordered. Stationarity of
the imaginary time process corresponds to the TTI property of the real time evolution. There are however two
important differences between these observables in real and imaginary times. First, the process is periodic of period g
in imaginary time, while it is defined on the real line for real time ¢. Secondly, both real time correlations in and
are not a priori real, hence do not have a probabilistic interpretation, unlike their imaginary time counterparts.

B. Real time quantum dynamics of non-interacting fermions in a harmonic trap
1. General framework

The real time dynamics of N non-interacting fermions can be studied by similar methods. One substitutes [1(0))
as a N-fermion state, H > H N, and Oj as N-body observables, in all formula above. Considering the operators
0; = |xD) (x| in (144), Eq. generalises into a formula for the quantum correlation of the real time dynamics
starting from an eigenstate |E) (pure state) of the N-body Hamiltonian. This formula is identical to the one for the
quantum JPDF, Pg (X(l), e ,X(m)), in Eq. with the replacement 7; — it;. Hence it has a determinantal property
with exactly all the same formula for multi-time correlations given by determinants as in section [[VA] In particular
if we choose |E) to be the ground state of the harmonic oscillator we obtain, replacing 7 — it in Eq. @—, the
real time extended Hermite kernel

N—-1

Ky (x,tizy,t;) = e ™Gk (@)gn(y) >t (149)
k=0

Ky (@, ti;.t; Ze Wl G () grly) st <ty (150)

where the superscript r indicates real time. For instance we obtain the multi-time quantum correlation of the number
density operator

D t1)---p m,tm == det K ,t; /7t/ , 151
(p(y1,t1) - ply NE (et N, tesyer ter) (151)

where the number density operator (i.e. normalized to N) is defined as

—iHt

py)e , (x[py) Z 8(zi — y)d(x —x') . (152)

Py, t) = et

We can also study the real time dynamics of the fermion system at finite temperature. As in the case of imaginary
time it is more convenient to consider the grand canonical ensemble. One finds again that the correlation functions
can be written as determinants with the extended, grand canonical kernel in real time

eiler—1)(t;

Pyl Om¢k( )or(y) i =t
K" (z,ti3y,t5; 8, 1) = (153)
50 i(ep—p)(t;—t
— 2 k=0 e—kﬂ(ikiu)_ﬂ¢k( )or(y) ,ti <t

where for convenience we have inserted in the kernel a global factor e~ #(*i—*i) which cancels out in any correlation
function. This extended kernel is a function only of the time difference ¢; — ¢; and is not continuous at ¢; = t; where
it has a d(z — y) jump as in . Note that the second line in is obtained from the first one by replacing
t; —t; — —if +1; — t;. In fact this extended kernel is an anti-periodic in each time variable with period —ig.

As we have stated it before, in absence of the confining potential, i.e. when the system is translationally invariant
(free fermions), this kernel has been well studied in the solid-state physics literature. However there it is usually
presented in the frequency domain. To make contact with this literature, it is useful to give the expression of this
extended kernel in the general case in the frequency domain. We first reexpress the kernel in to make apparent
the time translational invariance as K" (x,t;;y,t5; 6, 1) = K" (x,y;t; — t;; 8, 1). One finds

Hoo = —{n n
[ttt it o = i Y et (e ) s
k=0

o WHp—€+1m wHp—€ —1in

where (ny) is the Fermi factor given also in .
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2. Real time dynamics at the edge

As an application let us consider the real time dynamics near the edge. We obtain that it is described by the real
time extended edge kernel

1 — —
KT(%E,ZJ,%,ﬁ,M) ~ E’Cle)dgem (.’L’ wll:\;adge, Yy w‘f\’;dge,(ti _ t])wN1/3> (155)

in terms of the finite temperature real time extended Airy kernel

f+°° Aot Ai(s + 0)Ai(s +v) = gp(s, s iu) , u>0

—oc0 e~bvt1

Kodeer (s, 8 u) = (156)
B e Ai(s + v)Ai(s" +v) = —gp(s, 8, —tu) , u<O0,

— 00 eb”-‘rl

which is now defined for arbitrary real u. Note that these integrals are convergent. Recalling that we have defined
B(ex — pu) = —bu, it is easy to see that the first line in corresponds to contributions from states below the Fermi
surface and the second from states above the Fermi surface.

From this kernel we can calculate the density-density correlation at temperature T' as

~ ~ ]- d T — Tedge Y — Tedge
¢ ¢ _ _~ edge g g t—t N1/3 157
() e = e (7200 U0 (1 gy (157)
950 (5, 8" u) = KO8T (5,5, 0) g 8" (57, 87, 0) — K8 (s, 8, u) Ky 8" (5, 87, —u) (158)
= Gy(s,5,0)hp(s", 5", 0) + p(s, s, i) (s, s, iu) (159)

which is a complex and even function of u, the last line being true only for u > 0, and b = wN'/3/T and Kﬁdge’r(s, s u)
is given in ([156). Note that we can write the result in the frequency domain as

; oo P ®
Kodeer (s, 8 w) = /due_w“_”lu‘lCzdge’r(&s’,u) = —i/ dv [ >(U), + <(v). (160)
o wH+v+in w4 v—1in
1 . . 1 . .
- (v) = WAI(S +v)Ai(s' +v) , Po(v) = mm& +v)Ai(s’ +v) (161)

where = 0, and the functions ®.(v) and ®~(v) correspond to contributions from below and above the Fermi
surface, respectively.

3. Real time density-density correlation at the edge

Let us now analyze the behavior of the density-density correlation function. For u = 0 one recovers the equal

time equilibrium correlation gsdge(s,s’ yu=10)= ggdge(s,s' ), given below Eq. (133) in [29], and which vanishes at

coinciding points, i.e., glfdge(s, s,u=0)=0. For u =07 one has

9008 (5,8 u = 0F) = K98 (5,5, 0)0(s — &) . (162)

In the large time difference limit [t; — 1| — 400 one expects that
(s 1)y 12))r — (s t)) 1oy, £2))7 = o (@) (1) (163)
where we have used the fact that the single time expectation value of the density is time-independent. As shown in

Egs. (125)-(126) in [29] it takes the scaling form near the edge

1 _
pn(z) = —F1, (W> L Fuy(s) = K% (s, 5) = KS¥°7 (s, 5,0) (164)
WN wN

where K98 (s, 5,u) is defined in ([56). It can be seen indeed in (T58)-(159) that the second term decreases to zero
as u — oo leading to

lim g2 (s, s, u) = K98 (5,5, 0) K57 (', 87, 0) (165)

U— 00



26

1.07103
x1n4 L |
— 8.0"10
3
05\ 4
w  6.0107 r ]
N—
o-\
5
2 w104 L 1
S 40410
)
207107 | 1
0 4 8 12 16 20
Uu
FIG. 4. Plot of the modulus of the connected correlation scaling function at coinciding points gi*®*(s, s, u) for s = 1.0 as a

function of w for b = 10.. The solid line corresponds to the numerical evaluation of the exact formula given in Eq. (168) while
the dotted line corresponds to the asymptotic result (173]) valid for large u and large b with u ~ b.

We thus define the connected part of the density-density correlation

(b, t1)p(y, 12))7 = (P, 1) Ay, t2))r — (P, 1)) (A, t2)) 7 (166)
1 edge,c [ L — Ledge Y — Tedge 1/3

= —5 ' t1 —ta)wN 167

w]gvgb ( Wy 9 Wy 7( 1 2)0} ( )

ggdge’c(s, s’ u) = —Iczdge’r(s, s',u)lCnge’r(s, s',—u) = gu(s, s, iu) (s, s, iu) . (168)

We now study the low temperature scaling limit b — 400 and u — 400, keeping the ratio u/b fixed. We will use
the following relation

+oo

7 . . 1 INCET LI _iud .
(s, 8 iu) + dp(s, s iu) = e~ T piulsts) =ity 21/ d
VAamiu S

In this low temperature limit one easily shows that for v > 0 and large uw ~ b — 400 one has

sin(uwv)
v——"
e tv 41

Ai(s +v)Ai(s' +v) . (169)

oo et oo sin(uw) v
——Ai Ai(s’ = ——=Ai Ai(s’ ~ —j————Ai(s)Ai(s") . (1
/_Oo dveibv 1 i(s+v)Ai(s' +v) /_OO dveibv 1 i(s+v)Ai(s" +v) stinh(%) i(s)Ai(s") . (170)
This implies
7 /o . ™ : Y
~ —j———Ai(s)A 171
(s, 8, iu) stinh(”—b“) i(s)Ai(s") (171)

1 e 11
—CE e ) (172)

S,S,,iu >~ ——€ 4iu —%iu(s-{-s’)—i 12 4 @] (7 _
Pl R rer b u

where we have used (170) and in (169 we can neglect the last term which is of order O(1/b) or O(1/u) as compared
to the first term which is, in modulus, of order O(1/+/u). Putting together these two results, the connected part of
the density-density correlation function is given by (for u > 0)

Ai(s)Ai(s)  —i(-S5 s+ 43 )
T ——— .
2bsinh( % )ul/?

9298 (s, 8" u) ~ —Vim (173)

We note that the last term is the quantum Airy propagator which describes a particle in a linear potential, and we can
interpret the Airy function factors as the amplitudes to create and destroy a hole respectively at s and s’ (which then



27

propagates in a linear potential). In the zero temperature limit b — 400 the connected correlation scaling function
decays algebraically as a function of time as

gnge’C(&s’,u) ~ 32 (174)

while in the opposite limit v > b it decays exponentially as

U
ggdge’c(s, s’ u) ~u" Y2 exp <_T) ) (175)
In Fig. |4 we show a plot of the modulus of gngC’C(s7 s,u) at coinciding point and as a function of u and compare it

with the asymptotic result in Eq. .

Let us compare this result at the edge with the result for free fermions (non-interacting fermions in the absence
of a confining potential), at T' = 0 for simplicity [34] [35]. The real time Green’s function (with the notations of the
present paper)

/+oo dre ™ GE_ (2,0,0) = (—0(k — kp)0(—t) + 0(kp — k)0(t)) e'2*"? (176)

— 00

where kp is the Fermi momentum. The connected density-density correlation function is given by the product

</3($7 t)/s(07 O)>%:O,free = ?ree (l‘, t7 O’ O)Ggree(x’ _t; 07 0) . (177)

One of the factors is the hole Green’s function (involving integration below the Fermi level) which at large time
behaves as

k +

[ B [ o -
0 2'/T 0 27T ’

while the other one is the particle Green’s function (involving momentum integration above the Fermi level) which

decays at large time as

/ dk ittt 41 (179)
k 27T

F

Note that the same results can also be derived in the bulk, in presence of a confining potential from Eq. (69). This
is of course expected since deep inside the bulk the fermions do not feel the confining potential. Putting both factors
together thus leads to an asymptotic t~3/2 real time decay of the connected density correlation both for free fermions
and in the bulk of confined fermions. Although the exponent 3/2 is the same as the one obtained above in the case
of the edge, the detailed mechanism seem different. Indeed at the edge the t~'/2 decay comes from the particle
contribution (above the Fermi surface) while the ¢t=! decay comes from the hole contribution. Interestingly there
seems to be a “role reversal”, between the bulk and the edge, of the time decay.

C. Joint measurements

Let us finish this section on real time dynamics by mentioning the problem of joint quantum measurements at
different times. For simplicity let us focus on two measurements at two different times (m = 2). We start with a
single particle and perform successive measurements of its position at times ¢; and to > £;. As is well known from
the principles of quantum mechanics, the possible outcomes of the measurement of an observable O in the quantum
state |1)) are the eigenvalues « of O, obtained with respective probabilities || P,|1)||? where P, is the projector on the
corresponding eigen-subspace &,. Importantly, just after the measurement the new quantum state is P,|v)|. Hence
we must introduce projectors associated to the observable. If we measure position and if the particle lives on a lattice
the relevant projector is P, = |z){x|. In the continuum one may consider instead a projector e.g. on an interval
Pr = [, dx|z) (x| , which indeed statistfies P7 = Pr. Given these preliminaries, we can now write the probability of
the joint outcome of two successive measurements of the position as

PI‘Ob(.ﬁl e l,t1;x0 € Ig,tg) =Tr |:P]2€7iﬁ(t27tl)P[1672‘Ht1f)eiﬁtlpjl eiH(t27t1)P]2:| (180)
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where the last Pr, on the left can be omitted thanks to cyclicity of the trace. In this formula D is the initial density

matrix, that is D = [1(0))(1(0)| if one considers the evolution starting from a pure state, and D = e=#H /Z(3) for
the evolution in thermal equilibrium. If we work on a lattice we can write the same formula, with P(x1,t1;22,t2) on
the L.h.s. (the probability to obberve ry at t; and then xo at to) and Pr, = |x;)(x;], j = 1,2.

The normalization of is subtle. Clearly setting I = I, = R yields unity, and setting either P, = 1 or

Py, = 1 yields the correct probablhtles for a single measurement P(z;,t;) = (x;le” iHt; PeiHt; i|x;) Hence setting
e.g. Pr, = 1 means that no measurement has been performed at time ¢;. Going to the lattice case, we see that
Z:L’QGZ P(x1,t1;20,t2) = 1, but that Ez ez P(x1,t1;2,12) # 1. This is because by performing a measurement at
time t1, one perturbs the system (one projects its quantum state into one of the eigen-subspace associated to the
observable) and, even if one does not read the outcome of the measurement, it is different from not performing the
measurement.

Consider now the evolution from an energy eigenstate |E). We first evolve this state for a time ¢, perform the
measurement at ¢y, evolve further from time t¢; to ¢t5 and perform the measurement at t;. The probability of the
outcome is then
2

Prob(acl €, t1;xo € IQ,tg) :/ dzo <l‘2‘€_if{(t2_tl)/ d$1|$1><l’1|E> (181)
12 Il
:/ dml/ !, [ dua(Ble)G o, wasi(ty — £2))Glas, (ks — 1)) ()| ) (182)
n n I
in terms of the quantum propagator
G(z,xo;it) = <x|e_“H|x0 Z¢k Vo5 (z0)e Rt (183)

Let us now discuss the case of N non-interacting fermions. The formula extends to this case, replacing
x; — x(9) the set of coordinates of the N fermions, and |E) being the N-fermion energy eigenstate, where we use the
notations of section We can now compare the integrand in (with these replacements) with the formula
and we see that it is equal to PE(X(I),X(z),X(3) = x(l)’) for m = 3 with the replacement 7o — 71 — i(t; — t2)
and 75 — 73 — i(t2 — t1). Following the discussion in the section we know that this quantity can be written
as a determinant, see Eq. , thanks to the Eynard-Mehta theorem. This shows that the EM theorem can also
be a useful tool to analyze the probability of outcomes of quantum measurements in real time for N non-interacting
fermions.

X. CONCLUSION

In conclusion, we have extended our previous works on the statics of one-dimensional trapped non-interacting
fermions to the equilibrium dynamics. In imaginary time we have established an exact mapping between the quantum
propagator of the fermions, and the transition probability of a set of N non-crossing classical Ornstein-Uhlenbeck
processes. For fermions at thermal equilibrium at temperature T', we have shown that there exists a similar mapping,
but the corresponding non-crossing Ornstein-Uhlenbeck processes are now periodic in time of period f = 1/T. We
have unveiled an extended determinantal structure of the space time correlations in these two problems, based on
an application of the Eynard-Mehta theorem of random matrix theory. Thanks to these properties, we were able to
derive the precise universal form of the space-time correlation kernel at the edge of the trapped Fermi gas, at finite
temperature. This is a non-trivial extension of the zero temperature result known previously. This also allowed us to
introduce and study a new classical stochastic process, which we called the time-periodic Airys process that describes
the temporal evolution of the top path of N non-intersecting OU processes constrained to return to their initial
position after a time period b ~ 1/T. The zero temperature version of this process, that is b — 400, corresponds
to the standard Airys process known in the literature. We showed that the joint cumulative distribution function of
the process at finite b can be expressed in terms of Fredholm determinants involving the extended edge kernel which
we computed explicitly. Although our results were derived for the harmonic trapping potential, we argued that this
extended edge kernel, as well as the associated periodic Airys process are universal, i.e independent of the details
of the trapping potential. This implies the corresponding universality for the classical non-intersecting diffusions in
more general potentials.

The special case of the harmonic trapping potential has some additional interesting properties. For example in the
fermion problem, the position and momentum variables play a symmetric role. Hence all the results obtained here
for position variables, also hold for the momentum variables. For example we have shown that the (imaginary) time
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evolution of the fermion positions are isomorphic to the time evolution of the eigenvalues of a Hermitian matrix under
the Dyson’s Brownian motion. Hence, replacing all position variables by the momentum variables, and using the
symmetry between position and momentum, it follows that the (imaginary) time evolution of the fermion momenta
is also isomorphic to the time evolution of the eigenvalues of a GUE random matrix under the Dyson’s Brownian
motion.

As another application of our results, we have studied the real time quantum dynamics of the trapped fermions at
the edge of the trapped Fermi gas. We have derived the scaling function of the dynamical density-density correlation,
and obtained its large time asymptotic decay, found to be a power law t~3/2 at T = 0 and exponential at finite 7.

The present work raises several interesting questions for future works. For instance, we can ask whether the periodic
Airy, process introduced here will also appear in other problems of statistical physics or probability theory. This
may not be too far-fetched given the fact that the standard Airys process itself appears in many different contexts,
such as in the large time limit of the (1+1)-dimensional KPZ growth models. In fact our previous results provide
a tantalizing hint in that direction. Indeed in [27] we showed that the PDF of the time-periodic Airys process at a
single point, A5(0), coincides exactly (up to a convolution with a Gumbel distribution) with the height of the KPZ
equation at time tx pz with droplet initial condition, with the correspondence txpz = b3. Whether these facts can be
tied together is an open subject for future research.

ACKNOWLEDGMENTS

We thank D. Bernard, A. Borodin and D. S. Dean for useful discussions.

Appendix A: Non-crossing OU paths, Dyson’s Brownian motion and trapped fermions in imaginary time

In this appendix we first recall the relation between N non-crossing OU paths and the Dyson’s Brownian motion.
Then we establish a relation between the DBM and the quantum imaginary time propagator of N non-interacting
fermions in a harmonic trap.

It is interesting to note that the transition probability ngj) of the non-crossing OU processes, defined in ,
can be related to the propagator of the Dyson’s Brownian motion (DBM) for the GUE. We recall that the DBM
corresponds to considering a complex Hermitian N x N matrix whose independent entries (both real and imaginary
part) perform an OU process in time 7. One can then show the N real eigenvalues x;’s evolve with 7 via the Langevin
equation [3], [16]

e ) :—Moxi(7)+2;()+m(7), (A1)

i LL’Z‘(T)—{,CJ‘ T

where the 7;(7)’s are independent unit white noises. If the initial z;’s are ordered, they keep the same order at all times

automatically, i.e. they do not cross each other. Let us define the probability density PL()]}\Q\/[ (1, 2N Ty, -, yn; 0)
that the set of eigenvalues, starting initially from y; > yo > -+ > yy end up at &y > xo > -+ > xy at time 7 (which
is normalized to unity if integrated over the x; in this ordered sector). It is then easy to check that the DBM and the
non-crossing OU process are related by (see for example Refs. [111 [49, [50])

_ Jhcicjen(@i = xi)PUV)

pw) = (x1, N3 Ty, -+, yN; 0) (A2)
[li<icjen(i—us) oY

DBM(x17"' amN;lelf" >yN,O)

To check that PI(DIEQ\/I is indeed normalized to unity, when integrated over the ordered sector of the x;’s, we proceed as
follows: we insert the exact form for P(()]IVJ) from , in (A2). Then we note that the many-body ground state

wave function is

Yo(z1,- -+ ,an) = AN H (i — zj)e” F EZat (A3)

1<i<j<N

where Ay is a normalization constant. Using the antisymmetry of the Slater determinants, we can extend the
integration over the full space of the x;’s and then use orthonormality of the eigenstates, leading to the expected
normalization to unity.
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In addition, using (A2]) and , we can also relate the DBM directly to the imaginary time evolution of fermions,
as seen explicitly in the following relation [using (A3])]

1/)0(3717"' ,.f]\/‘)

- 1/’0(@/1 yN) <I17_.. "rN|e_HNT‘y17"' 7yN> . (A4)

Péj\é%\/l(mh ,.Z'N,7'|y1, 7yN7O>

This is a direct relation between the classical propagator of the eigenvalues of a complex Hermitian matrix, starting
from arbitrary matrix entries, and the quantum propagator for the positions of the fermions. Note that in this relation
the (imaginary) time dependent positions of the fermions are put in correspondence to the eigenvalues of the time
dependent matrix evolving via the DBM.

Appendix B: More on the time-periodic OU process

In this section we provide a prescription to construct a time-periodic OU process. Because of the periodicity
constraint in the time direction it is not evident that this is a stochastic process evolving via a Markov rule local in
time. We restrict here to a single particle for simplicity, though it can be generalized to N-particle system.

1. Langevin equation local in time

Consider a single Brownian particle moving in a harmonic potential in one dimension following the Langevin
equation . If we now impose a constraint that this particle has to return to its initial position after a fixed time g
(the OU bridge), can one write an effective Langevin equation, local in time, such that this condition is automatically
satisfied by the evolution and that the process is generated with the correct statistical weight. This is indeed possible,
as was shown in Ref. [51], for a large class of constrained stochastic problems. In the case of the time-periodic OU
process, the appropriate Langevin equation reads (see Eq. (26) in Ref. [51])

dz xo — x cosh((8 — 7)po)

— = T 5 x 0 =29 , Bl

ar =M b (8 — ) +n(7) (0) = zo (B1)
where 7)(7) is the unit white noise. This Langevin equation is such that if we run it with initial condition z(0) = zg
we obtain the process conditionned to return in xg at time S. In addition to match with the one-time marginal
distribution of the time-periodic OU process, we must choose the initial condition xzy with the measure Pr(z¢) given
in Eq. . This automatically generates the correct propagator for the time-periodic OU process.

2. Identification as the stationary measure of a confined Edwards-Wilkinson model

Another method to generate the measure of the time-periodic OU process is as follows. Consider a single OU
process evolving as (|1)). The measure over the path x(7) can be written as

Plao(r)] ~ e I8 arl(52 tuoatr))?] |, (=4 i ar[ (52 +ua(r?) (B2)

To obtain the second relation we have performed an integration by part and used the periodicity of the path z(3) =
2(0). One way to generate the measure over paths given in is the following. We think of the path z(7) as a
fluctuating field in “space” 7 with periodic boundary condition of period 8. We now introduce an additional ”time
evolution” of a field z(7, s), with periodicity 8 in the 7 variable, in a fictitious time s with evolution equation

0sx(1,8) = 02x(1, 8) — pia(r,s) + &(r, 5) (B3)

where £(7,s) is a Gaussian white noise with zero mean and correlator (£(71,$1)&(T2,$2)) = 26(11 — 72)0(s1 — S2),
periodic in space 7 with period 5. It is easy to see that in the limit of large “time” s the measure of z(7, s) converges
to an equilibrium measure given precisely by (B2).

Appendix C: How to express Pg in using the Eynard-Mehta theorem

In this Appendix we provide some details on the derivation of the specific representation of the EM theorem as
stated in the text in Eq. . We follow the exposition of the theorem given in [44] (section 7.4). The correspondence
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of notations is as follows. The time slice index there k = 1,--- ,m is denoted £ = 1,--- ,m here. The label of states
n there, is called k here. The ¢y, (z) of [44] are the same orthonormal basis ¢ (z) as introduced here (which is
independent of the index ¢ since our Hamiltonian is time independent). Furthermore we have the correspondence
between the notations of [44] (on the left hand side below) and ours (right hand side) in section [[V 4]

k=t , n—k (C1)
Chsk1im — € F T =T0) (C2)
or(X) - det ¢, (x;) (C3)
vk,k+1(xay) — G(x775+1|y77—5) (04)

where G(z, 7o11|y, 7¢) is defined in (32).
The transition probability of the Markov process defined in [44] (in their notations, and using superscripts for
different times)

det(/bl( )detvl o(; (1) a:(z)) -det vy,— 1m(x(m 1) )det@( (m))

Prob(X®M, ..., x(M) = S (C5)
Hk o e~ ex(Tm—71)
where, here, det stands for deti<; j<ny and in [44] all X ) are ordered :vg ) . < xsn) (here they are denoted x(O

and are not necessarlly ordered). Hence one can check that our quantum probablhty , in one given sector ordered
in all the X reads

Pp(x®M ... x(m) = Prob(X™W, ... x(m) (C6)

Nl
which is consistent with the normalizations (unordered one here, ordered one in [44]). Note that this correspondence,
as stated above, gives directly the result when |E) is the ground state. However it is easily extendable to any N-
fermion eigenstate |E) of H parameterized by a set of occupation numbers nj = 0, 1, such that ), np = N. Indeed,
one can just relabel the single particle states ¢, () of [44] so that the N occupied ones (with nj = 1) correspond
to the labels b = 0,--- ;N — 1 (and in that case the denominator in Eq. changes to [[7o, e ™+ ("m=7)) This
leads to the statement of the EM theorem in terms of occupation numbers as given in Eq. (47)) in the text. Finally
note that [44] focuses for simplicity on position variables xy)
©

on a discrete lattice, but is straightforward to extend it

to continuous space z;* € R and considering probability densities instead of probability at a discrete site.

Appendix D: Self-reproducibility of the extended kernel

It is interesting to note the following self-reproducibility property of the extended kernel defined in Eqs. (48)-(49)).
Using the orthonormality of the wave functions, and the fact that nZ = ny, for fermion occupation numbers, we find

/ dy K (2,739, 73 IV K (5, 73 2, 7 i }) = Drops oo K (2,75 2, 75 {i}) (D1)
with
Nr>r'>r7 = +1 Nr'>ri>r = -1 (D2)

and 7, .+ -+ = 0 in all other cases.

Appendix E: Determinantal form of general correlation functions

In the text we have defined multi-time correlations involving a single particle at each time slice, i.e. the spatio-
temporal correlation of the fermion density, in Egs. —. Here we define more general correlation functions,
involving arbitrary number ¢; of fermions in each time slice 75, j = 1,--- ,m, and give a determinantal expression for
such a correlation. For 71 < --- < 7, one defines the correlation function in a fixed eigenstate |E) of the N-body
Hamiltonian, labeled by a set of occupation numbers {ng}

Re,,.s,, <{:c§”,n;--- ~x§?,n} o ™ Ty 2™ T ) (E1)

/ H H da(® Pp(x™), ... x(™) (E2)

—n
o) k=1 i=Lp+1



32

where Pg is given in . The Eynard-Mehta theorem implies that it is given by

Reyoocn {2V sl m}y o 2™ s al™ 7)) (E3)
- det E(@? mp ' 75 {ni})) - (E4)

1<p,qg<m,1<i<t,,1<5<l, ‘
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