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After release from the trap the momentum distribution of an impenetrable gas asymptotically approaches
that of a spinless noninteracting Fermi gas in the initial trap. This phenomenon is called dynamical fermion-
ization and, very recently, has been experimentally confirmed in the case of the Lieb-Liniger model in the
Tonks-Girardeau regime. We prove analytically and confirm numerically that following the removal of axial
confinement the strongly interacting Bose-Fermi mixture exhibits dynamical fermionization and the asymptotical
momentum distribution of each component has the same shape as its density profile at + = 0. Under a sudden
change of the trap frequency to a new nonzero value the dynamics of both fermionic and bosonic momentum
distributions presents characteristics which are similar to the case of single component bosons experiencing a
similar quench. Our results are derived using a product representation for the correlation functions which, in
addition to analytical considerations, can be implemented numerically very easily with complexity which scales

polynomially in the number of particles.
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I. INTRODUCTION

The realization that integrable systems do not thermalize is
one of the main reasons for the renewed interest in the study
of nonequilibrium dynamics of solvable many-body systems
[1-4]. A flurry of activity in the past decade has resulted in
the introduction of powerful methods like the quench action
[5,6] or generalized hydrodynamics [7,8], which were used
to theoretically investigate various nonequilibrium scenarios.
While a large body of knowledge has accumulated the vast
majority of the literature is focused on the case of single
component systems [9-28] with very few results reported in
the case of multicomponent models [29-34]. The need for re-
liable analytical results on the quench dynamics of integrable
systems with internal degrees of freedom cannot be overstated
when we take into account that such systems are now routinely
realized in laboratories and, in addition, they are expected
to present even more intriguing quantum dynamics due to
the interplay of the interaction, charge, and spin degrees of
freedom and statistics of their constituents [35,36].

The phenomenon of dynamical fermionization (DF) was
theoretically predicted in the case of the Tonks-Girardeau
(TG) gas (bosonic Lieb-Liniger model with infinite repulsion)
in [37], where it was shown that after the release of the trap
the momentum distribution evolved from bosonic to fermionic
(see also [38-43] and [44] for the anyonic TG gas). These
predictions were experimentally verified in a recent exper-
iment [45], which also confirmed the breathing oscillations
induced by a sudden change of the trap frequency [38,46].
While for the TG gas the wave functions are obtained via
the Bose-Fermi mapping [47,48], in the case of strongly in-
teracting multicomponent systems due to the decoupling of
the charge and spin degrees of freedom the wave functions
have a product form [49-56]. Using such wave functions
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Alam et al., proved DF for the spinor Bose and Fermi gases
in [57]. We should point out another distinctive feature of
multicomponent systems. In the TG (impenetrable) regime the
ground state of such systems has a large degeneracy. Averag-
ing over all the degenerate states one obtains the correlators in
the spin-incoherent Luttinger liquid (SILL) regime [58-60],
which have completely different properties from their counter-
parts in the Luttinger liquid (LL) phase [61]. Computing the
correlators in the LL regime requires the identification of the
eigenstate which is continuously connected with the unique
ground state of the system at strong but finite interaction.
Analytical formulas or determinant representations for the
correlators of multicomponent systems in the LL regime are
exceedingly rare in the literature; one such example will be
provided in Sec. III.

In this article we investigate the nonequilibrium dynamics
of the harmonically trapped strongly interacting Bose-Fermi
mixture (BFM). We report on the derivation of analytical
formulas for the correlation functions in the LL regime, which
we use to investigate, both analytically and numerically, the
dynamics after (a) release from the trap and (b) sudden change
of the trap frequency. The formulas for the one-body reduced
density matrices, which constitute one of the main results of
this paper, can be implemented numerically very efficiently
due to the fact that their numerical complexity depends poly-
nomially in the number of particles and not exponentially
like in other approaches. From the analytical point of view
we will prove that if we remove the axial confinement the
following properties hold: (0) the density profiles at t =0
are proportional to the density of spinless noninteracting
fermions (this is the fermionization of the mixture), (1) the
asymptotic momentum distribution of each component has
the same shape as its density profile at + = 0, and (2) the
total asymptotic momentum distribution will approach the
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momentum distribution of spinless noninteracting fermions
in the initial trap. Compared with the similar investigation
in the case of general bosonic and fermionic spinor gases
[57], our explicit expressions for the correlators allow for the
derivation of analytical expressions for the initial densities and
asymptotic momentum distributions of the individual compo-
nents (bosonic and fermionic) and not only for their sums.
The numerical investigation of the dynamics after a quench
of the trap frequency revealed, rather unexpectedly, that the
evolution of the fermionic momentum distribution has charac-
teristics similar to the case of the bosonic TG gas subjected to
a similar quench [38], i.e., oscillatory behavior with additional
minima when the gas is maximally compressed [22,23].

The plan of the article is as follows. In Sec. II we introduce
the model and its eigenstates and in Sec. III we present the
analytical formulas for the correlation functions. The deriva-
tion of the analytical formulas for the correlators, which is
based on a new parametrization of the wave functions, is
described in Secs. IV A and IV B. The time evolution of the
correlators for the nonequilibrium scenarios considered in this
paper is described in Sec. V. In Sec. VI we present the analyt-
ical derivation of dynamical fermionization and in Sec. VII
we investigate the nonequilibrium dynamics after a sudden
change of the trap frequency. We conclude in Sec. VIII. Some
examples of the wave functions, their orthogonality and nor-
malization, and other technical calculations are presented in
four Appendixes.

II. MODEL AND EIGENSTATES

We consider a one-dimensional mixture of bosons and
spinless fermions with contact interactions in the presence of
a time-dependent harmonic potential. The Hamiltonian is

Mo /dx[

+ %w;wg%% + gr VWLV W, (1)

—a VW, +Vx,HWiw }
o={B,F}

with  V(x,t) = mw*(t)x*/2 the trapping potential,
o(t) the time-dependent frequency, m the mass of
the particles, and Wg(x) and Wg(x) the bosonic and
fermionic fields satisfying the commutation relations
(@, f = {B,F}). Wa(0)W4(y) = hapWj()Wa(x) + 8apd(x —
V), Wo()We(y) = hepWp(y)Wo(x), where hyg =1 fora =
B=B; hyg=—1fora =B =F; hygp = —1fora # B. We
should point out that, while we have chosen that the bosonic
and fermionic fields anticommute an equally valid choice
would have been to choose commutation relations. Each
choice results in different wave functions but the final results
are the same. We will consider the case of impenetrable
particles (ggg = grr = g = 00) which is amenable to an
analytical description, but we mention that the Hamiltonian
(1) is also integrable in the homogeneous case, V(x,t) = 0,
for any value of ggp = gpr [62,63].

Att = 0 the eigenstates of a system of N particles of which
M are bosons are [x = (x,...,xy), dx = ]_[f\]=1 dx;]

[N,M]
[Py, X)) = / dx Z At Gl MWL ()
..... F}
. \If; (x1)]0), 2)

where the summation is over all sets of «’s of which M are
bosonic and N — M are fermionic, constraint which is denoted
by [N, M], and |0) is the Fock vacuum satisfying ¥, (x)|0) =
(O|\IJ; (x) = 0 for all x and «. In this article f dx will denote
the integral over the real axis. The eigenstates (2) are indexed
by two sets of unequal numbers (in each set separately) j =
(Jis .-, jyv)and XL = (A, ..., Ay ), which describe the charge
(orbital) and pseudospin degrees of freedom. The normalized
wave functions are

1 opy 0P,
Xnw (el A) = N,NW[Z Y N(X)G(Px)]

PESN
X dlgt (). )]y pei o 3)

where the sum is over all the permutations P of N elements,
O0(Px) =0(xp < -+ <xp,) = ]_[1}/:29(@ —xp,_,), and 0(x)
the Heaviside function, which is 1 when x > 0 and zero oth-
erwise. The determinant on the right side is defined in terms
of the quantum harmonic-oscillator wave functions

1 V4 oy /
(27 jH'? (n;al)io) e_ng’( ml(;ox)’ @
]!

with H;(x) the Hermite polynomials, wy = w(0), and we in-
troduce lyo = +/h/(mwy). The pseudospin wave functions are

¢;(x) =

My (M) = dﬁt (einakh)a,b=1 ..... M ®)

where A = ()_»1, ..., Ay) is a subset of cardinality M of the
solutions of e?*¥ = 1 andn = (ny, ..., ny)is aset of integers
n, € {1, ..., N}, describing the positions of the bosons in the

ordered set {xi, ...,
Appendix A).

The wave functions (3) represent the generalization of the
Bethe ansatz result from [63] in the case of harmonic trapping
and it was introduced in a slightly different form in [64].
Let us give some arguments supporting our choice. In first
quantization the quantum-mechanical Hamiltonian (1) is

>+g28<x,—x, 6)

i<j

xy} (for more details and examples, see

N

HZ(

where in the impenetrable case we have g = co. The wave
functions (3) are eigenfunctions of the Hamiltonian (6),
which by construction vanish when two coordinates coin-
cide (the hard-core condition) and it is easy to see that
they are symmetric (antisymmetric) under the exchange
of coordinates of two bosons (fermions). Exchanging the
coordinates of two fermions affects only the determinant
comprised of harmonic-oscillator functions and therefore
the wave functions acquire a minus sign. Exchanging the

i 92
2m Bx

ma)ox
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coordinates of two bosons affects both the charge and pseu-
dospin determinants and the two minus signs cancel leaving
the wave functions unchanged. In addition, the eigenstates
(2) are normalized (Appendix B) (we have §;y =1 if
the two sets j' and j are equal modulo a permutation)
( Oy (G, MNPy (s X)) = Snndurmdjrj Sy form a com-
plete set and satisfy H| Dy pm(J, X)) = E(j)|Pym(J, L)) with
E() = vazl hiwo(j; + 1/2). We make an important observa-
tion. While in (3) we have chosen for the pseudospin sector the
wave functions of free fermions on the lattice (5) in analogy
with the Bethe ansatz solution of the homogeneous system
[63], we should point out that an equally valid choice would
have been any system of functions which ensures that (a) the
wave functions (3) have the correct symmetry and (b) (2) form
a complete set of states (for a pedagogical discussion in the
case of the Hubbard model in the strong-coupling limit which
is very similar to our case, see Appendix 3.G.1 of [65]).

It is also instructive to look at the wave functions (3) in
two limiting cases. When the system contains only fermions
(M = 0) the wave functions become

1
XN =) = [Z e(Px)] det [, ()] (7)

PGSN

and using ) . sy 0(Px) = 1 we recognize the Slater determi-
nant for N free fermions in a harmonic trap. In the opposite
case when there are no fermions in the system (M = N) there
is only one pseudospin state A = %’(O, 1,...,N — 1) and the
wave functions are

Xt Gl L)

d iakp
_ % [Z(—l)PQ(Px)} det [¢;,(x)].  (8)
: PeSy

Now it is easy to see that [}, (—1)°6(Px)]dety[d), (xp)]
= [[ 1., sgn(x, — x,)] dety[¢;, (x)], which is the wave func-
tion of N hard-core bosons. The pseudospin determinant
dety (¢'™) (which in this case is of Vandermonde type) is just
a constant factor and it can be showed (using the same meth-
ods as in Appendix B) that dety (e =) dety (¢’ )/NV = 1.
At zero temperature the ground state is highly degen-

erate and is characterized by j =0, 1,... ,NA— 1 and any
A= (A1, ..., Ay) with A; distinct solutions of eV =1, a =
1, ..., M. Averaging over all the degenerate eigenstates would

produce results for the SILL regime [58—60]. In this article
we will consider the correlators in the LL regime, which are
computed by considering the state (M is odd) described by

j=(0711~-~7N_1)s (93)
po (LMoL NN ML N
_N ) 2,...,2,..., B B .

The A described by Eq. (9b) is the same as the one identified
by Imambekov and Demler for the LL ground state of the
homogeneous BFM in [63] and our choice is justified by
the fact that the description of the pseudospin sector in both
the homogeneous and inhomogeneous case is the same as in

Q).

III. ANALYTICAL FORMULAS FOR THE CORRELATION
FUNCTIONS

The field-field correlation functions, also known as one-
body reduced density matrices, are defined as

8o (51, 62) = (P m (G, MIW] (€D W6 (£)| Py (i, 1), (10)

with o € {B, F'}. From the correlation functions we can obtain
the real-space densities p,(§) = g, (£, £) and the momentum
distributions

1 .
no(p) = > / ePERhg (£, 8)dEdE, (1)

which are important experimental quantities. Introducing « =
(B---BF---F), cg=(N—M)!(M—1)!, and cr = (N —
M — 1)!M!, the field-field correlation functions can be written
as

N [+
gpé1,5) = /dej Iva (€L X, . xnlf, )
=2
X xnar(E2s X2, o xn 1L M), (12a)
W~ e, .
gr&1, &) = - / dej v Xt o xv—1, E1lJL L)
F .
j=1

XXy X1y« Xn—1, &217, ). (12b)
Because g, (&1, &) = g5(&2, &) (the bar denotes complex
conjugation) it will be sufficient to consider the case & < &;.
The details of the derivation, which are rather involved, will
be presented in Secs. IV A and IV B; here we only present the
results. For & < &, and r = 0 the correlation functions of the
Bose-Fermi mixture can be expressed as sums of products of

pseudospin and charge functions

1 N N
D Soldr, d)I(dy, dy3 &1, &),

cs N’
4 di=1 dy=d;

861, 6) =
(13)

where [I(d,,d»;&1,&) is the same for both correla-
tors, while the pseudospin functions Spr(di,dy) are
different. The charge functions have the form [Cy =

. i1
1720 @7 /m 20121077

2 dr—d ‘ilz,f% TdY —hy
I(dy, dr;§1,8) = Cy(=1)*"%e o —e
0

2

2

y f” 49 a1
0 2

X IgllEt] [Cj+k(w1 ¢|§1a EZ)]j.kZI.“.,N—l’

(14)

with ¢; (¥, ¢l&1, &) = [1772[eV fOe) + €9 f1 (1) + f2(1)]dt
and  fO12(t) = 1oy 2e7 /lho(5 —1)(& —1). Here 1o,
are the characteristic functions of three intervals
Ag = (=00, &1, A1 = [€1, 8], Ay = [&, +00), ie., 1;=1
when t € A; and zero otherwise. The bosonic pseudospin
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functions are
Sp(dr. dy) = (N — M)(M — 1))(—1 )= g Voldo=d)

with Yo =—(M —1)/2+N/2

B _ 27 d¢
and  f. 1,1 = Jo 3

M M—ri+1 _ where sp(, ¥, 1, j) = €s%(dy, da, j, 1)+ €Vsh(dy, da,
x YN e s (5 D)+ sh(di.da, j. 1) and s5"2(dy. do, j. 1) are given by
r=1l rn=l1 |
d171 N N . .
sg(dl, dr, j, 1) = Z e_%("‘_l)’(e_%’ — e_%d‘)(e%t — e%dz), (16a)
=1
sll;(dl, d>, j, 1) = e~ N U= Ze’%(j’l)’(e’%t — e’%d‘)(e%(“l) — e%dz), (16b)
t=d;
s,zg(dl, dr, j, 1) = Z e_%”'_l)’(e_%’ — e_%d‘)(e%’ — e%‘b). (16¢)
t=dy+1
In the case of the fermionic correlator we have
M+1M—r+2 »
Sp(dy. dy) = (N =M — DIMI(=1)"= 3" 3" e WHW-bygF (17)
rn=1 n=lI

with  ff,,, = SO SaeT e [T Qe DY i detyy
[‘S"F(d)v Il/’l’j)]],j:l,...:M7 where SF(¢a ‘ﬁ,l,l) ==
e’¢s%(d1,d2, D+ e”/’s}p(dl, dy, j, 1)+ s%(dl, dy, j, 1) with
sg'l’z(dl ,da, j, 1) simple functions

di—1 v
Sy, dy, j 1) =Y e T

t=1

(18a)

dy )
se(dy,da, j. 1) = e T 3T e~ FU (18b)

t=d,+1
N
2mio;
sp(di dy, j.ly= Y e WU (18¢)
t=dr+1

Even though Egs. (13), (14), (15), and (17) may seem cumber-
some they are in fact extremely efficient from the numerical
point of view due to the fact that their complexities scale
polynomially and not exponentially in the number of particles.
In addition, the pseudospin functions (15) and (17) do not
depend on the space separation so they need to be computed
only once for given N and M. The functions c;(v/, ¢|&;, &)
appearing in the definition of the charge function Eq. (14)
can be expressed in terms of the complete and incomplete
Gamma functions and in fact we need only 2N — 3 evaluation
of these integrals for a given space separation because the
determinant appearing in the definition is of Hankel type of
dimension N — 1 (the numerical evaluation of a determinant
of dimension N takes N? operations). Using the fractional fast
Fourier transform for the calculation of the double integrals
[66,67] the computation of the correlation functions for 30
particles and given & and &, takes less than 4 s using an
interpreted language on a common laptop. For other methods
of numerically computing the correlators in multicomponent
systems see [32,68-76].

IV. NEW PARAMETRIZATION FOR THE WAVE
FUNCTIONS AND DERIVATION OF THE ANALYTICAL
FORMULAS FOR THE CORRELATORS

The method used to derive the product formulas for
the correlation functions presented in Sec. IIl can be un-
derstood as the generalization to the inhomogeneous case
of the technique used by Imambekov and Demler [63] in
their study of the homogeneous BFM. The main ingredient
is a new parametrization of the wave functions with a =
(B---BF ---F),called the canonical ordering, which appears
in the expressions (12) for the correlation functions. We intro-
duce a set of N ordered variables

Z={-00<z71 <2< <2y < +oo}, (19)

which describes the positions of the particles independent
of their statistics. For a given set of x = (x, ..., xy) ex-
changing the position of any pair of particles means they
will be described by the same ordered set z = (zy, ..., Zv)-
Because originally the wave function was defined in R" and
the z variables belong to (19) we need to introduce an addi-
tional set of N variables denoted by y = (v, ..., yy), which
specify the positions of the ith particle in the ordered set
71 < - < 2N V1, - - - Y specify the positions of the bosons
and yp41, ..., yy the position of the fermions and they sat-
isfy z,, = x;. For example, if we consider the (5,2) sector
(N=5and M =2) with x3 < x| <X < x4 < X5, then z =
(21,22, 23, 24, Z5) = (X3, X1, X2, X4, X5) and y = (2,3, 1,4, 5).
Note that the yy, ..., yy variables are equivalent with the n’s
in the original definition (Sec. II) for the canonical ordering.
In the new parametrization the wave function takes the form

Xovm @, $1J, 2) = (1) det (¢"*) det [, (z5)],
(20)
with (—=1Y = HN>i>k>1 sgn(y; — yx). It is important to note
that the first determinant depends only on the positions
of the bosons yi, ..., yy; the dependence on yu+1,..., Y5

NINM/2
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appears only in the (—1) factor. This parametrization has the
advantage of making clear the factorization of the pseudospin
and charge degrees of freedom in the expressions for the
correlators (12) as it is shown in Appendix C.

A. Bose-Bose correlator

The results of Appendix C show that in the new
parametrization the Bose-Bose correlator in the region &; < &
can be written in a factorized form as

1
881, 6) = N = M)IM — 1IN
N N
X DY Spldi, d)I(dy, d:£1,8),  (21)
di=1dr=d,
with

N

I(dy, d2;§1,8) = / dz; dlst [).(@)]

Zay.ay €1:82) 7 g,
x det[¢),(z})] (22
and

Sp(di, dy) = )

yeY(yi=d)
In (22) Z4, .4,(&1, &2) is defined as

Zga, &1, 8)={—o00o < <+ <21 <& < 2041

(=1)" det (e7™") det (™). (23)

<<z, &< 211 < N < +oo}
(24)
and 7’ satisfies the constraint
o< =< <y =1 <& <7y =24
Loovees S =2 $E <254 = Ut
<o <Kzy =2 < Foo, (25)

while in (23) Y(y; =d) ={y € Sy| withy; =d}, and the
connection between y and y’ is given by

VW=da, y1=d,

yi=y fory <d,

vi=yi—1 fordy <y <d,

yi=y; ford; <y (26)

In the region &, < & the correlator can be obtained from
the previous expression (21) through complex conjugation
gp(&1, &) = gp(&, &1). While (21), (22), and (23) describe
the Bose-Bose correlator in any eigenstate of the system be-
low we will be interested in computing gp(§;, &») in the LL

Remembering that 7’ and z satisfy the constraint (25) (this
also applies to ¢’ and ¢ after changing the indices) we see

ground state, which is characterized by (9). We will start with
the computation of the charge functions.

1. Calculation of the charge functions I1(d,, d,; &, &)

In the LL ground state j = (0, 1, ..., N — 1). This means
that the determinants appearing in (22) are of Vandermonde
type and we can apply Vandermonde’s formula

det(poi@apr v= ] @-z). @D

1<a<bs<N

valid for p,(z) monic polynomials of degree a (a polynomial
in z of degree p is monic if the coefficient of z” is 1). The
harmonic-oscillator wave functions can be written as

_2 2\ 1
. — . 252,07 L —
$;() = cje Fofi2), ;= (nm],!) ST @
HO
with ﬁj(z) =l]];,0Hj(z/lH0)/2f monic polynomials. Using

Vandermonde’s formula (27) we find

det [¢, (z5)] = <]_[ ¢ )
(29)

with z4 = &;. This expression can be rewritten in a more
computationally friendly way by moving the d; column (con-
taining z4, = &) to the first position [this produces a (— 1)d-!
factor] and introducing N — 1 new variables of integration
t; = z;fori < dj and t; = z;,1 for i > d;. We obtain

1 2 2
(++22)
52 %1 ‘N
Mo | | (zp — 2a)s

1<a<b<N

N—1
1 o E )
= Cy(—=1)" e o T T T — &)

i=1
<[] @—1),

1<a<b<N-1

N—1
g Gt )
=Cy(=1)" e o T T - £1)

i=1

d}st (@), (zp)]

(30)

. N—1 .. .
where we have introduced Cy = [, ¢;. In a similar fashion
we have

N—-1
1 g @t
= (="l Tio T @ - &)

i=1

det ¢, (z)]

€2V

<tvet < +oo}. (32)

that the product of (30) and (31) is invariant by exchang-
ing #; and ¢; with —oo < #;,¢; < & and is zero when ¢; =
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t; in the same region. The same property holds for the
regions & < 5,1 < & and & < 1;,¢; < 400, which means
that the integral over Z; 4,(&1,§2) can be written as an
integral over

Tya,(61,8) ={—0c0 <ty ytg—1 <& Sty ooy ta—t
< é_‘z < tdZ’ -"atN—l X +Oo}a (33)

1/[(di — Di(d2 — d))IN —db)!].  Ex-
determinants in (30) and (31) we

multiplied by
panding the
obtain

J

& &, t) = e Mo —1)(E —1) for —oo <t < £,
&L e = iog —1)E —1) forg <1t <&,
A&, 6, t) = €7t2/1‘%’0(§1 —1t)(& —t) foré& <t < +oo,

QP, which can be done for any permutations P and P’, we find

and writing P’ =

—%(éﬁs%)

I(dy, dy; 861, 6) =

——— (] +83)
C]%](_l)dzfdle 22,01 02

(dl _ 1)|(d2 — dl)‘(N - dZ)' /7‘111,(12(51’;.2)

xl_[dt, > =i

PeSn—1 P'€Sn—i

I(dy, d2;§1, &) =

l_[ P 1 P-—l PR /IHU([ —El)(tl EZ)]

(34)
Introducing three functions
0 otherwise,
0 otherwise,
0 otherwise, (35)

Cy(=1)=%e 0 o (PAHOP=2 20
@ - Dl — o —don 2 2 D H/ S St di

PeSy—1 QeSn—1

ldl

dr—1
(1_[/ P+QP 2f (él»g%tl)dtl)(

[ / R g (sl,sz,r,)dr,) (36)

ldz

Using two “phase” variables ¥ and ¢ (this is a similar trick as the one employed in [50] and [63]) this result can be written as

1 g2 g2
I(dl, d2;$1’ %-2) — Cﬁ(—l)d27d1€ 27, (i +Ez)/
0

2w dlﬁ

2w
4y —iai-ny / a9,
0 2

21

4o a1y

(Z( 1>Q]_[f T2V O, B ) + €0 F E B v) + fREL £ ) ]dv,> (37)
Q€Sy-1

The equivalence of (36) and (37) can be seen as follows. In
(36) the sum over P € Sy_; can be decomposed as a sum
over CN 1CN i“ =1 terms which give the same result with
“degeneracy” given by (d; — 1)!(d, — d)!(N — d»)!. This is
because if we choose a permutation with the first d; — 1
elements given by Pj, ..., P;_; all the permutations of this
set leave the first parenthesis in (36). The second paren-
thesis is invariant by permuting the next d, — d; elements

J

2
d .
Iy, doi 1, £2) = Co(— 1yt g ST+ / DY -t /
0 0

(

Py, ..., Ps,_; and the last parenthesis will also give (N — d5)!
equal terms. The integral in (37) over the product will also
give C{IZ ZIICZZLT(‘J‘_]) terms which are obtained by selecting
d; — 1 terms containing e”¥ out of the N — 1 v;’s and then
selecting d, — 1 terms containing e’® out of the remaining
N — 1 — (d; — 1) v;’s. They are in one-to-one connection with
the similar terms from (36). Equation (37) can also be written
as

2
d_¢e—i(d2—1)¢

2 2
oW, ¢)  al,$) @, d) en—2(¥, )
aW,¢) o, ) en-1(¥, ¢)
X 1‘3‘3& : : : : ’ (38)
en2(W @) eno1 (W, ) en(Yr, ) coN—a(Y, @)
with
ci(y, plE1, &) = / t2 e O & t) + €0 f1 &L B 1) + f2(E1L 6, 1)] dt, (39)

which is Eq. (14) of Sec. III.
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2. Calculation of the pseudospin functions Sg(dy, d>)

Using the relation (26) between y and y’ and taking into
account that (—1) measures the number of transpositions
necessary to order the set y, it can be shown that for any y €
S(y; =d;) we have (1P = (=1)2=%. The pseudospin
function Sp(d;, d>) depends on yp41, ..., yy only through
this sign prefactor so we can write

N
Sp(dy, dy) = (N — M)! Z Z

\21 =

—Wu)\b det( Ua)\b)’

(40)
where we have used the fact that the determinants are zero
when two of the y’s are equal. In the LL ground state (9) the
A’s are also equidistant so we can again write the determinants
in a Vandermonde form. We obtain [y = —(M +1)/2 +
N/2]

J

M—1
det (e_iya)"b) — e~ Zyo(di+n+-+iy-1) l_[
M

i=1
M-1

det (eiy;,\,,) — o Voldat+ty ) l—[
M 1
i=

e _ “’dz) det (e =i

det (et = o~ Fvoldityattm) Jot (e—%(l—l)y,v)
M M ’

— e iy (dy+y2+--+ym)

< 1

ISji<jpsM

(e—%y_/z — e Fi ) 41

and

dll?lt (eiyf,)\b) —=e Lo (dy+y+-- +yM)det (ez;' -1y, )l’

2mi 27 2
— o T 0ldrtys i) 1—[ (e T _ o, )
I<ji<j2sM

(42)

Like in the previous section we want to extract a determinant
of dimension (M — 1) x (M — 1) multiplied with the contri-
butions of y; and y}. Introducing the new variables #; = y;|
andt =y;,, forie{l,...,M — 1} we find

) ga (D), “3)

(44)

We break the summation appearing in (40) as follows: we choose r; — 1 of the #; satisfying #; < dj, r, — 1 of the ¢; satisfying
d; < t; < dy, and the rest of the (M — 1) — (r; — 1) — (r, — 1) variables will satisfy d, < t;. Then, we have

M M—(r—1)

Sp(dy, dr) = (N — M)! Z Z

=1 n=l1
with the domain of summation for Sg(d,, do; r1, r2) being

T(dy, do;ri, ) = {1 <

Hyooostym1 <dp <ty ...

cM-lcM D= =Dg(dy, dysry, 1), (45)

rn—1"rn-—1

5 tr|+r272 < d2 < tl‘1+r2*17 RN V| g N} (46)

Expanding the determinants in (43) and (44) we find [note that for some values of r; and r, the Sg(d, da; |, r2) functions will

be zero]

Sp(dy, dasr1,12) = (—1)d27d]€7%%(d17d2+r271) Z Z (=D

fi=1

i=r| ti=d,

P'eSy_1 PeSy—1

r 1 d] 1
Zm /_ _ 27 _ 27 27i 2mi
x 1_[|:§ :e (B =Dti—(Pi— l)t,]( T o Ndl)(eNt eNdz):|

r1+r2—2 dz . . . . .
x 1‘[ Z e—%[(H—l)ti—(a—l)u,-—l)](e—%t,- _ e—%dl)(e%(t,—n _ e%dz)

M—1 N
« H [ Z e—%[(l’,-’—l)t,—(ﬂ—l)r,]( — Xy _e—%dl)(e%n _ezﬁ'dz):| (47)

i=ri+rn—1 Lt;=d,+1

Using the functions so L 2(dl, ds, j, 1) defined in (16) and writing P’ =

Sp(dy, do; 11, 1) = (—1)274

QP, then (47) can be written as

r—1

b TN ()2 [ s da, QP P)

PeSy—1 QeSy—1 i=1
ri+r—2 M-1
x ] spd.d2, QP P) ] sp(dr.da, QP P) (48)
i=r i=ri+rn—1
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and

M M—(ri—1)

M —1)!

Suldid) =N =MD" Y i

=1 n=1

Sp(dy, dy; 11, ). (49)

— 7+ DI = DI — 1)

Like in the previous section the spin function can be expressed as a double integral over a determinant of dimension (M — 1) x

(M — 1) by introducing two “phases” with the result

dry—d L iy (di —d 1) o d¢ (r1—ho o dw (n—Dy
Si(dy, d2) = (N — M)I(M — 1)l(—1 )% ¢ F ot / 49 - / D -
SB(¢1¢7]11) SB(¢71/I32’]) SB(¢717[[3M_]71)
sp(d, ¥, 1,2) sp(d, ¥, 2,2) sp(d, ¥, M —1,2)
x det : : : : (50)
SB((I)! W»l,M_l) SB(¢7 wsva_l) SB(¢7 wsM_l7M_l)
where
sp(d, U, 1, j) = 5%y, da, j, 1) + eV sp(dy, dy, j, 1)+ s5(dy, da, J, 1) (51)

Because the determinant appearing in (50) is of dimension M — 1 we have det[¢, Y] = >

M—1

M-I e i , i
w0 Lomeo fmn€™?e™ . Using this

expression in (50) we obtain our final expression for the bosonic pseudospin functions [Eq. (15) of Sec. III]

M M—(ri—1)
Spdr.dy) = (N = MM — D=1y e T ¥lamd 37 H 7 o hlnp . (52)
ri=l1 r=l1

B. Fermi-Fermi correlator

From Appendix C the Fermi-Fermi correlator can be writ-
ten in a factorized form as
1 N N
, = Sr(dy, d
8r €1 6) = T IN > Seldr.dy)
dy=1 dy=d,
x I(dy, d3;§1, &), (53)

with 1(d;, d»; &1, &) given by the same expression as in the
case of the Bose-Bose correlators (22) and the pseudospin
function defined as

Sr(dy, dy) = Z (—1y det (e7P™) det (&),

yeY¥(yn=d)
(54)
with the connection between y and y’ given by
y;\/ = d21 YN = dlv
yi=yi fory <d,
vi=yi—1 ford) <y <d,
yi=yi ford, <y (55)

Note that in this case yi, ...
the values d; and d5.

,ym and yj, ..., ¥, cannot take

1. Calculation of the pseudospin functions Sg(dy, d,)

The I(d;,d,;&,&) function has been calculated in
Sec. IVA'1 so we need to focus only on Sg(d;, d>). Like in
the bosonic case we have (—1Y+" = (=1)2~% and the spin

J

T(d,dyri, ) ={1<t,....t, 1 <di <t,..

(

function depends on yp41, ...
prefactor, so we can write

, yn—1 only through this sign

N

Sr(did) =N —M—-1! Y
n=1yi#d
N . .
Y det(en™ M) det (™). (56)
yu=L,yu#d,

Introducing new variables #; =y; and f/ =y, for i€
{1, ..., M} (this is superfluous but it is done in order to use
the same notations as in the bosonic case) the determinants
can be written in Vandermonde form

det (e = = R Voltit=tn) det (e % (=10 y

det (e44) = T Wt do (¢ U1)

The summation appearing in (56) is broken as follows: we

choose r; — 1 of the ¢;’s that will satisfy #; < d;, r, — 1 of

the variables will satisfy d; < t; < d», and the rest of the

M — (r; — 1) — (r, — 1) variables will satisfy d, < t;. The

fermionic pseudospin function then can be written as
M+1M+1—(r—1)

Sp(di dy)=(N-M—-D1Y > M ¢l

r=l1 rn=l1

x Sp(dy, dyy 11, 12), (59)

with the domain of summation for Sg(d;, d»; ry, r2) being

-atr1+r2—2 < d2 < tr1+r2—la sty SN} (60)
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Using (57) and (58) we find

r—1 fdi—1
2mi . / 2mi / —(P—1)t:
Sp(dy, dr;r1, 1) = (_l)dZ_dle_T‘/fO('Z_l) E § (_1)P+P | | ( e~ V[ =Dti—(F 1)1,])
i=1 1

P'eSy PeSy ti=

ri+rn—2 dy M
27i /
% 1_[ ( Z e—N[(P,-—l)li—(Pi—l)(li—l)]) 1_[ (

i=r ti=d,+1 i=ri+rn—1

N
2mi /
3 e—N[Gr4m—m—nm>. 61)

ti=dr+1
Writing P’ = QP then (61) can be written as

rn—1

Sedr.dsi . r) = (1= E900 Y SN 100 ] s do. 0P B

PeSy QeSy i=1
ri+r—2 M
x ] skdi.d, QPP [] si(di.da, QP P, (62)
i=ry i=ri+r,—1
with s(}(dl ,da, j, 1) defined in (18) and
M+1M—ri+2 M)
Sp(d dy)=(N-M—1D!>" > : Sp(dy. dy; 11, r2). (63)

M—ri—r+2)!(r — Dl(ra — D!

r1=1 }’2=1

Introduction of two “phases’ allows one to express the spin function as a double integral over a determinant of dimension M x M
(compare with the bosonic case)

Sp(dy, dy) = (N — M — DIM (=1 %Miﬂe—z‘ﬁ%(’r”/h 49 p-n-s /2ﬂ DV -ty
oyl 0 2w 0o 2m
se(. v, 1, 1) sp(g, 9, 2,1) se($, ¥, M, 1)
«de sF(¢,t:p,1,2) sF<¢,n:p,2,2) sF(¢,w:,M, 2| )
Se(d W, 1, M) sp(d, .2, M) S (@, ¥, M, M)
where
se(. v, 1 j) = ePsh(dy. do, j. 1)+ €V sp(dr. do, j. 1) + sp(dy. da, . D). (65)

Because the determinant appearing in (64) is of dimension M we have det[¢, ¥1= 3" _  SM  f,..e™®e™ . Using this
expression in (64) we obtain our final expression for the fermionic pseudospin function

Sp(di dy) = (N =M — DIMI(=1)E=0 3" 3™ o=y

which is Eq. (17) of Sec. IIL.

V. TIME EVOLUTION OF THE CORRELATORS

We want to investigate the dynamics of the BEM in two ex-
perimentally relevant nonequilibrium situations: release from
the trap and a sudden change of the trap frequency. In both
cases we will deal with the following quench scenario: the
system is prepared in the LL ground state of the Hamiltonian
(1) with w(t < 0) =wy and we suddenly change the trap
frequency to a new value w(t > 0) = w; (when w; =0 we
have free expansion). The time evolution of the system will
be governed by (1) with the new frequency.

If we denote by |<I>;‘\’,f’M(j,l)) the ground state of the
prequench Hamiltonian, a general method of investigating
the dynamics is to expand this state in the eigenstates
of the postquench Hamiltonian, which we will denote by
|3y (J’s 1)), and then apply the time-evolution operator

M+1M—r+2
(66)

r1:1 7'2:l

(

(see [17] for the Tonks-Girardeau gas). However, in the case
of multicomponent systems the presence of the pseudospin
degrees of freedom makes the application of this general
method almost impossible. Now, we make two observations
which will allow for the analytical and numerical investigation
of the dynamics. The first observation is that the eigenstates
of both Hamiltonians are described by the same formulas (2),
(3), and (5), the only difference being that the Slater deter-
minants describing the charge degrees of freedom contain
Hermite functions of frequency wy (w;) for the prequench
(postquench) Hamiltonian. The second observation and the
most important is that due to the product form of the wave
functions and completeness of both charge and pseudospin
wave functions the pseudospin structure of the initial state
remains unchanged during time evolution. This can be seen
easily by expanding the prequench state in the eigenstates of
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the postquench Hamiltonian obtaining (see Appendix B)

D G D) = Y 1PN, G MDY, G, AR, (G M)
Jw

=Y " SiwBGL IR G )
j/,)»/

= > BG. j)I@y, G ), (67)

J

with B(j, j') defined in (B10) result which shows that the
pseudospin configuration is frozen during the dynamics. Tak-
ing into account this observation and the factorized form of the
wave function (3), this means that the time dependence of the
system is encoded in the charge degrees of freedom. The time
evolution of the harmonic oscillator with variable frequency is
well known [77,78] and is given by the scaling transformation
1 X 0 mx? b B 68

$i(e 1) = ﬁ,"”(z’ )exp [’Ez i ,r(r)}, (68)
where b(t) is a solution of the Ermakov-Pinney equation b=
—w(t)*b + a)(z) /b3 with boundary conditions b(0) = 1, b(0) =
0, and E; = hawo(j + 1/2) and the rescaled time parameter is
given by 7(t) = fé dt’ /b*(t'). From (3) and (12) we see that
the dynamics of the correlators is given by

1 _ib Elzfzz
8o (&1, 8251) = Ega(%, %;0>6 b0 2o (69)
The evolution of the densities is given by p,(&,1) =
g,(&,&;1) = py(§/b)/b and the momentum distribution sat-
isfies

R G

b —ib
ne(p, 1) = Z/&(%‘uéz;@e [ Yao "

]dgldfz-

(70)

Formulas (69) and (70) show that in order to investigate
the dynamics of the BFM after a sudden change of the trap
frequency we only need to know the correlation functions
at t = 0 which were presented in Sec. III and the solution
of the Ermakov-Pinney equation. We should point out that
these results remain valid in other quench scenarios like the
case of a sinusoidal modulation of the trap frequency of the
form w?(t) = w3(1 — « sin Q) for ¢ > 0 with o, Q arbitrary
parameters.

In Ref. [57] the authors proved the existence of dynamical
fermionization in multicomponent Bose and Fermi gases as-
suming that the spin degrees of freedom remain frozen during
the expansion. The results of this section can be easily ex-
tended to prove this assumption in the case of multicomponent
Bose or Fermi gases, the only necessary ingredients being the
(pseudo)spin-charge factorization of the full wave functions
and the completeness of the (pseudo)spin and charge wave
functions. For example, in the case of the bosonic or fermionic
trapped Gaudin-Yang model [79,80] the eigenstates and wave
functions have the same form as (2) and (3) (we identify the
spin-down particles with bosons and spin-up particles with
fermions) but in this case the spin sector can be described by
the XX0 spin chain [50] (equivalent to hard-core bosons on
the lattice) or the XXX spin chain. Then, the proof that the

spin configuration remains frozen during expansion is similar
with the derivation of (67) and the results of Appendix B.

VI. ANALYTICAL DERIVATION OF DYNAMICAL
FERMIONIZATION

Using the results for the correlators presented in Sec. III
and Eqgs. (69) and (70) we can investigate both analytically
and numerically the dynamics of a BFM after release from the
trap along the same lines as the case of the Tonks-Girardeau
gas [38]. Even though the dynamics is encoded in the charge
degrees of freedom the pseudospin structure of the initial
ground state plays an important role influencing the momen-
tum distribution of each component of the mixture during the
time evolution. Compared with the analysis of [57], because
we use an explicit form of the wave functions (3) we will be
able to analytically investigate the densities and momentum
distributions of both types of particles and not only their sums.

When the trap is released and the system evolves freely
we have w; =0 and the solution of the Ermakov-Pinney
equation is b(t) = (1 + wjr*)"/%. We will derive the three
properties mentioned in the Introduction starting with the
determination of the mixture’s densities at t = 0. When &, =
& = & Eq. (13) takes the form (see Appendix C)

N

1
Po(&) = g€, 8) = ) —Sp(d, DI(d, d:£,8), (1)

d=1 "¢

and it is shown in Appendix D that Sp(d,d) = (N —
MYMINY' and Sp(d,d)= (N —M — D)IMINY-I(N —
M). From Appendix C we can see that ZQZ/:] 1d,d;&,&) =
prr(&) with pprp (&) = Y1) ¢;(€)¢;(&) the density of a sys-
tem of N free fermions in the initial trap. These identities
are independent of A, which means that the results derived
below are also valid in the SILL regime. From these previous
relations we find (this is the fermionization of the mixture)

N-M
N prr(§),

pB(&) + pr(§) = prr(§), (72)

which shows that at + = 0 the densities of the BFM are pro-
portional to the density of spinless free fermions (property
0). In the large ¢ limit the integrals appearing in (70) can be
investigated using the method of stationary phase (Chap. 6 of
[81] or Chap. 2.9 of [82]). For both integrals the points of
stationary phase are & = pwol 1%10 /(bh) and we find

M
pp(§) = NPFF(S):)’ pr(€) =

2
a)olHO

ne(p,t) o 3

oo

[,(p“).ol%m,pw.ol%m;o). (73)
bh ' bh

Using lim,_, o b(t) = wpt, lim;_, oo b(t) = wy the last relation
can be rewritten as n,(p,t) ~ [5,05(pl5o/h,0), prov-
11— 00
ing that the asymptotic momentum distribution of each
component has the same shape as its initial real space den-
sity (property 1) [in i =m = wp = 1 units this takes the
form n,(p,t) ~ ps(p,0)]. Using the results for the ini-
—00
tial densities and the identity npr(p) = I3, prr(plio/h) (see

Appendix E) where npp(p) is the momentum distribution of
spinless noninteracting fermions we find that, in the large ¢
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limit,

M
np(p,t) ~ ﬁnFF(P): np(p,t) ~ nrr(p),

ng(p, 1) +np(p, 1) ~ npp(p), 74
which proves the dynamical fermionization of the mixture
(property 2). The dynamics after release from the trap of
a system of N = 26 particles of which M = 11 are bosons
is shown in Fig. 1. The bosonic momentum distribution in
the LL ground state which can be seen in Fig. 1(e) presents
similar quasicondensate characteristics like in the case of the
Tonks-Girardeau gas but we should point out that, while for
the homogeneous TG gas nrg(p) ~ |p|~'/2, in the case of the
homogeneous BFM mixture we have ng(p) ~ |p|~!+1/CKs)
with Kz = 1/[(1 — M/N)*> + 1] [83]. The presence of the
harmonic trap smoothens this singularity significantly. The
initial fermionic distribution [Fig. 1(f)] presents N — M local
maxima (similar to the free fermionic case) but is narrower
than the momentum distribution of a similar number of free
fermions subjected to the same harmonic trapping. At large
momenta both the bosonic and fermionic momentum distri-
butions behave like lim,_. o np r(p) ~ Cpr/ p* with Cpr
the Tan contacts [74,84-91]. After the harmonic potential
is removed the system undergoes dynamical fermionization
Figs. 1(g)-1(1) with the asymptotic momentum distributions
being described by Eq. (74) (dashed lines in the last three rows
of Fig. 1).

VII. BREATHING OSCILLATIONS

A sudden change of the trap frequency to a nonzero value
w induces in the system the so-called breathing oscillations,
which can have large amplitudes when wy/w; >> 1 and were
experimentally investigated in the case of the Lieb-Liniger
model in [28,45,46]. In this case the solution of the Ermakov-
Pinney equation is b(t) = [1 + (a)(z) — w%) sinz(a)lt)/a)%]l/z,
which is periodic with period T = 7 /w; and takes values
between 1 and wy/w; (note that the solution for the expansion
can be obtained in the limit w; — 0).

While the dynamics of the real-space density [see Eq. (69)]
consists of self-similar breathing cycles with no damping,
Figs. 2(a) and 2(b), the dynamics in momentum space presents
a richer structure represented by bosonic-fermionic oscilla-
tions as can be seen in Figs. 2(c)-2(h). Let us focus first on the
time evolution of the bosonic momentum distribution. Similar
to the case of the TG gas which was investigated in [22,23] the
bosonic momentum distribution of the Bose-Fermi mixture
presents periodic narrowings which occur at twice the rate of
the density’s oscillations. This phenomenon is absent in the
case of free spinless fermions in the trap and was interpreted
as a quantum many-body bounce effect [22,23]. In order to
get a clearer picture of this phenomenon in Fig. 3 we plot the
time evolution of the momentum distribution’s full width at
half maximum (FWHM) of a system with N = 18 particles
and different number of bosons. The results for the FWHM of
np(p) are shown in Figs. 3(a), 3(c) and 3(e) (blue continuous
lines) along the similar results for the FWHM of a TG gas
with the same number of bosons undergoing the same quench
(dashed black lines).

Bosonic Fermionic

pe(x, 1) lHo (b) pr(x, 1) o

0.75
0.50
0.25
0.00

ng(p, /lao nr(p, )/luo

- (e) 1=0xZ ®H t=0x22
s
= 1
8 2
S J L
0 0
-10 0 10 —-10 0 10
2 2
10 () i r=0.1x22 (h) fommoe(=0.1X 5
§ :f.: \\\\ 1 5 ]
205 ol k F h
= A L I b
0.0 > 2
-10 0 10 —-10 0 10
cl") ) areaa =02 X2 6 N = 02X 2
<0.5 r ) i \
& i | 0.5 ] \
0.0 0.0
-10 0 10 —-10 0 10
_[® oz [0 X
S :
205 / \
Sy e L
0.0 0.0
-10 0 10 -10 0 10
pluo plHo

FIG. 1. Expansion and dynamical fermionization of a BFM with
N =26 and M = 11. Here wy = 6 and Iyo = 1. (a), (b) Evolution
of the real-space densities pg r(x, t)lyo and (c), (d) momentum dis-
tributions ng r(p, t)/luo as functions of the dimensionless time wyt.
(e)-(g) Momentum distributions for wot = {0, 0.1,0.2,4} x 27. In
the initial LL ground state the bosonic momentum distribution (e)
presents quasicondensate features [significant fraction of particles
with ng(p) ~ 0], while np(p) (f) is narrower than the momentum
distribution of trapped free fermions. In the last three rows the dashed
lines represent the predictions of Eq. (74).

The bosonic FWHM dynamics is very similar with the
case of single-component TG bosons [38] and is charac-
terized by a rapid initial increase which can be understood
as a partial dynamical fermionization due to the fact that
wp > ;. What is not necessarily intuitive is the presence of
local minima att = mT /2 (m integer) revealing a distribution
which is narrower and taller than the one at t = O [for the
TG gas n(p; T /2) = (wy/w; )n(wop/wy;0)] and the fact that
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Bosonic Fermionic

pe(x, 1) lgo M =9 (b)  pr(xDIlgo M=9

(f) ne(p, )/lgo M=9

(h) IIF(]J.I)/[H() M=15

FIG. 2. Dynamics of the BFM after a confinement quench with
wo =6 (Iypo =1) and w; = 1. (a), (b) Evolution of the real-space
densities pp r(x,t)lyo as functions of the dimensionless time w,?
for N = 18 and M = 9. Different number of bosons do not change
this picture significantly. Evolution of the momentum distributions
ngr(p,t)/lno for N =18 and M =3 (c), (d), M =9 (e), (f), and
M =15 (g), (h). In the bosonic case note the periodic narrowing
of the momentum distribution occurring at twice the rate of the
density oscillations. In the fermionic case the narrowing at t = mT'
is strongly influenced by the number of bosons in the system and it
eventually disappears for a purely fermionic system (M = 0).

the FWHM has additional minima at t = mT where the real
space density is the narrowest feature, which is not present
in a noninteracting system. We should also point out that
the periodic narrowing occurring at ¢t = mT takes place on a
relatively short time scale compared with the one occurring at
t = mT /2. The bosonic FWHM of the BFM presents the same
features with two particularities: (a) the FWHM at t = mT is
narrower than the FWHM of a TG gas with the same number
of bosons and (b) the FWHM at all ¢ is almost independent on
the number of bosons and depends only on the total number
of particles N of the mixture.

The dynamics of the fermionic momentum distribution
presents significant changes compared to the case of spin-

Fermionic

Bosonic
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FIG. 3. FWHM dynamics of the momentum distributions (blue
continuous lines for bosons and green continuous lines for fermions)
after a confinement quench with the same trap parameters as in Fig. 2
for N = 18 and M = {3, 9, 15}. In (a), (c), and (e) the dashed black
lines represent the FWHM dynamics of the momentum distribution
of M Tonks-Girardeau bosons subjected to the same confinement
quench. In (b), (d), and (f) the dashed black lines represent the
FWHM dynamics of the momentum distribution of N — M free
fermions in the same quench scenario.

less free fermions subjected to the same quench and can
be seen in Figs. 3(b), 3(d) and 3(f) (the continuous green
lines are the momentum distribution’s FWHM of the BFM
fermions, while the dashed black lines represent the momen-
tum distribution’s FWHM of a system of N — M free fermions
undergoing the same quench). As a result of the interaction
between the bosonic and fermionic particles the fermionic
momentum distribution of the BFM at + = mT is narrower
than the momentum distribution of a similar number of free
fermions and this narrowing becomes more pronounced as
the number of bosons in the mixture increases. Therefore,
while in the free fermionic case the FWHM presents maxima
at t = mT and minima at t = mT /2 and is monotonic in
between the fermionic momentum distribution of the mixture
presents features which are similar with the bosonic one and
depends heavily on the bosonic fraction M/N of the system.
Not only the fermionic momentum distribution of the interact-
ing system becomes significantly narrower at t = m7T (which
are local minima) but it also presents local maxima at ¢ # mT
similar to the bosonic case. It is interesting to note that while
after release from the trap the system effectively “fermion-
izes” in the case of the breathing oscillations initiated by a
sudden change of the trap frequency the dynamics (especially
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in the case of the full momentum distribution) is similar to
the one of the TG gas phenomenon, which can be dubbed
“dynamical bosonization.”

VIII. CONCLUSIONS

In this article we have derived an analytical description
for the correlation functions of the Bose-Fermi mixture in
a harmonic trap which can be easily implemented numeri-
cally with a complexity which is polynomial in the number
of particles. Our results represent a substantial improvement
over other numerical approaches of trapped multicomponent
systems which have an exponential complexity in the number
of particles or require hybrid techniques in which the charge
degrees of freedom are examined using analytical methods
while the spin sector is investigated with the infinite time-
evolving block decimation (iTEBD) or the density matrix
renormalization group (DMRG) algorithms. Using the prod-
uct form of the wave functions we have demonstrated that
in various nonequilibrium scenarios the pseudospin sector of
the BFM remains frozen with the dynamics being encoded
in the charge degrees of freedom. Our proof can be easily
generalized to any strongly interacting gas with an arbitrary
number of components and any statistics of the particles. We
have also proved, analytically and numerically, that dynamical
fermionization occurs in the BFM after the release from the
trap and that the asymptotic momentum distribution of each
component approaches the shape of their initial real-space
densities. In the case of a quench of the trap frequency which
induces breathing oscillations we have shown that, contrary
to usual expectations, the system exhibits features which are

J

similar to a system of single component bosons and not that of
a system of polarized fermion subjected to a similar quench.
In this case we can say that the system effectively exhibits a
sort of “dynamical bosonization” in contrast with the case of
free expansion.

Following the arguments of [57] it can be argued that in
the case of the expansion of the system some of the fea-
tures derived in Sec. VI remain valid in the case of strong
but finite interaction. In this case the full wave functions (to
leading order) are still of product form (see [92]) with the
charge degrees of freedom described by Slater determinants
of Hermite functions but with the spin sector described by
the wave functions of an XXZ spin chain [56] with variable
exchange coefficients C;. What is remarkable is that in the case
of harmonic trapping the time evolution of these coefficients is
given by Ci(t) = C;(0)b~3(z) [93], which results in an overall
scaling of the spin Hamiltonian. Therefore, an eigenstate of
the spin Hamiltonian at # = O remains an eigenstate at ¢ > 0,
resulting in a frozen spin configuration like in the impenetra-
ble case and then the same logic applies like in Sec. VI. The
results obtained in this paper reveal the interesting phenomena
resulting from the interplay between the strong interaction, in-
ternal degrees of freedom, and statistics which can be probed
using current ultracold gases’ experiments.
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APPENDIX A: EXAMPLES OF THE WAVE FUNCTIONS FORN =4ANDM =2

A distinct feature of the BFM wave function compared with the case of the bosonic or fermionic Gaudin-Yang models [50] is
that the ordering of the set of integers n = (ny, ..., ny), n, € {1, ..., N}, describing the positions of the bosons in the ordered
set {xy, ..., xy} is relevant. If we consider N =4, M = 2, « = (BFBF'), and the wedge 0(x; < x, < x3 < x4), thenn = (1, 3).
For the permutation P = (3214) the pseudospin wave function in the sector 8(x3 < x < x| < x4) is dety (e"™) withn = (3, 1)
because the first boson is in the third position of the ordered set, while the second boson is in the first position. Let us present
the full wave functions for N = 4, M = 2, and two sets of a. The full expressions are rather long so we introduce the notations
(jklm) = 0(x; < xx < x; < X;,) and [ jk] = eVt Hhh2) _ (ikhi+jr2) First, we consider the case @ = (BBF F), which describes a
system in which the first (second) boson has the coordinate x| (x;). The wave function is

dety [¢;, (xp)]
4 x 41
s { [12](1234) + [12](1243) + [13](1324) + [14](1342) + [13](1423) + [14](1432)

+[21](2134) + [21](2143) + [31](2314) + [41](2341) + [31](2413) + [41](2431)
1+ [23](3124) + [24](3142) + [32](3214) + [42](3241) + [34](3412) + [43](3421)
+[23](4123) + [24](4132) + [32](4213) + [42](4231) + [34](4312) + [43](4321) }.

BBFF .
X (1, X2, X3, X4, A) =

When e = (BF BF ) the wave function is

dety [¢;, (xp)]
4 x 41
x { [131(1234) + [14](1243) + [12](1324) + [12](1342) + [14](1423) + [13](1432)

+[23](2134) + [24](2143) + [32](2314) + [42](2341) + [34](2413) + [43](2431)
+[211(3124) + [211(3142) + [311(3214) + [41](3241) + [311(3412) + [41](3421)
+[24](4123) + [23](4132) + [34](4213) + [43](4231) + [32](4312) + [42](4321) }.

BFBF .
X (1, X2, X3, X4, A) =
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BBFF()C] BFBF (xl
b 9

It is now easy to see that yx
symmetry

X2, X3,X4) = —X X3, X2, X4), which is just a particular case of the generalized

P oy Qe
KOO e Xy XLy e s XND) = R XTI TN (X, X, X, X)), (AD)

satisfied by the wave functions [the exchange of x, with x3 means for example that (1342) transforms in (1243)].

APPENDIX B: ORTHOGONALITY AND NORMALIZATION OF THE EIGENSTATES

Here we will prove that the eigenstates defined in Sec. II are orthogonal and normalized. The eigenstates of different (N, M)
sectors are obviously orthogonal so we will focus on computing

Ay =(Pvm (G APy p(f, L))
(N, M] (N,M]

N
- / [Tasay; > S el O ol
j=1

ap,....,ay={B,F} p1,....By={B,F}
X (01Wp, (1) - Wg, GWWE o) -+ W (x1)][0), (B1)

where we have introduced x = (x, ..., xy)andy = (y1, ..., yy). This is a rather daunting expression so it is useful to consider
some particular cases. In the case of the (2,1)-sector repeated applications of the commutation relations give for the part involving
the fields

(0w, (YI)LIJﬁZ(YZ)le(XZ)\D; (x1)10) = hey g, 80, 8,00, 8 (X1 — ¥2)8(X2 — Y1) + 808,802 (X1 — ¥1)8(x2 — ¥2) (B2)

and, therefore,

[2,1]
Ap) = f dxidxy Y [ae X33 s 21 7 M52 (or, 2ol M)+ XS e 2ol M) xS (e 2l V)]
op,00= {B F}
[2,1]
=2 [dndn Y Rl VR @l (B3)
ay,00={B,F}

where in the last line we have used the generalized symmetry (A1). The generalization of (B3) in the (V, M) sector is

[N.M]

N
A(N,M):Nz/]_[dx, D ANl A @l . (B4)
j=1

ay,....,ay={B,F}

Using the expression for the wave functions (3) we get

[N.M]
A = NWM / H Xy [ YRS )H(Px)MZ Mo aQ”(l)G(Qx)} det [, (x)] det [, (xp)]. (BS)
PESN

Alyenny ay={B,F} QeSy

Now we need to make two important observations. The first observation is that 8 (Px)0(Qx) = 0(Px)dp¢ for arbitrary permu-
tations P and Q and the second observation is that for any permutation P the sum ) Pesy nap‘ o A ap‘ e (k) is the same
due to the fact that the spin wave functions involve determinants and therefore their product is symmetrlc in n’s. Using these
observations we obtain

(N, M]
Ay = N,NM / de,[ Z_{Bp}nm ANy “Pm)}gewx)det 67, det[g;, ). (BO)

We focus now on the term in the square parentheses. Because the product 77 is symmetric in n’s and vanishes when two of them
are equal we have

& O‘Pl “Apy O‘Pl APy ol J —1A’ np iAalp
3] = 5 3 g ), o
Ayenny =1 u=1

ay={B,F}

with the 1/M! factor appearing because for a symmetric function there are M! permutations for a particular n which give the
same result. Expanding the determinants from the right-hand side (RHS) of (B7) we obtain

fas = 7 3 2 (S Tl ) (STl

" =1 ny=1 \PeSy QeSy
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X (X perefle )

=1 ny=1 \PeSy QeSy
—in(Ap.—%g;)
7 2 Eere] (e )
eSy QeSy n=1
=— Z > = 1)P+QHN5A’ 2o, = N"81s, (BS)
PESN QGSN
where in the third line we have summed the geometric series and used the fact that N = ¢MN = 1 for all jefl,...,M}.

Using this last relation in (B6) and that Pesy 6(Px) is the identity in RY we have

N N
Awmy = 8” /dej(z(_l)PHqu},k(xk))(Z(_l)gn¢jgk(xk)>
k=1

PeSy QeSn k=1

_ /de] 2.2 1)P+QH iy, ()b, ()]

PESN QESN

= Sx, Z Z( 1)P+QH3/p jo. = 0jj0as (B9)

! PeSy QeSy

by using the orthonormality of the Hermite functions. This concludes the proof.
In the same way it can be shown that (&3, (j", M), (j, L)) = & B(j, j') with

BU.J) = / ]"[dx, Yoy = 1)P+Q]"[ By, (ks 01, (s )], (B10)

PeSy QeSy

where ¢;(xi; w) is the Hermite function of frequency w, |®y’,,(j, 1)) is the ground state of the prequench Hamiltonian, and
|<I>["\jf w (' A")) is an eigenstate of the postquench Hamiltonian. In the case of the free expansion (w; = 0) the determinant
dety[@;, (xp)] in the wave function is replaced by dety [eika
system [63] but otherwise the same logic applies.

*] with {k,} satisfying the Bethe ansatz equations of the homogeneous

APPENDIX C: SOME RELEVANT INTEGRALS IN THE NEW PARAMETRIZATION

The parametrization introduced in Sec. IV has the advantage of making explicit the factorization of the pseudospin and charge
degrees of freedom in the definition of important physical quantities. In this Appendix we present these factorizations for some
relevant integrals including the expressions for the correlators (12) in an arbitrary state.

Normalization integrals. The simplest case is represented by the integrals that appear when calculating the normalization
of wave functions such as [we drop unnecessary subscripts when there is no risk of confusion and we recall that o =
(B---BF ---F)]

=/ndxj)'((x1,...,x,l)x(xl,...,xn). (C1)
j=1

In the new parametrization we have (¢ = 1/[(N N2NMY)

_cZ/ndz,x(zl,.. SZ VX (21, - 2 Y)

YESN

=c |;Z( y+ det( ! det Dakr) :| |:/ l_[dz, det [@;, (zp)] det [¢ja(zb)]:| (C2)

ESN

N 1

which shows the factorization of the charge and spin degrees of freedom. In this case I = 1 and S = (N — M)!M !N
Densities’ integrals. The following type of integrals appear in the expressions for the densities p, (§) = g, (&, £). We have to
treat the bosonic and fermionic cases independently. We start with the bosonic case. Introducing

Zg)={-00<z1 << 2q-1 <& <2941 < - <2y < +o0} (C3)
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and
Y(y1 =d)={y € Sy| withy, =d}, (C4)

then the relevant integral is

N
AB(5>=/I'§N4 [T dxix @ 2, oo00x(E 0,2
j=2

N N
YD / T dox|enboaey |x (e 6oy
d=1ye¥ (y=d) * %4 j=1 j£d ! !

N
cZ Z (— I)Y+ydet( _"“’\”)det Dakv) /zd(g) 1_[ dzjdlst[éja(Zb)]djst[@a(Zb)]

d=1 [ yeY(n1=d) Jj=1.j#d

Sp(d) 1(d;§)

N
= cZSB(d)I(d;g). (C5)

d=1

In the fermionic case we have

N-1
Ar§) = /R [T dxixta. . oo )x @ ov-1.)
j=1

N
Z Z / 1_[ dzj x| z1,---, &, ....z2v3¥ | x zl,...,é,;,...,zN;y
d

d=1yeY Gy=d) " Z4®) j=1 jd i

N
=c Z Z (—1y* szt (e7e™) dﬁst (") / l_[ dz; det (), ()] det (¢, (z5)]

d=1 | ye¥ (yy=d) Za@) j=1, jd

Sr(d) 1(d;§)

N
=c Y Sp(dI(d;§), (C6)

where Y (yy = d) is defined analogously with (C4) but in this case yy = d. From (C5) and (C6) we see again that the relevant
integrals factorize and that while the pseudospin functions are different the charge integral is the same in both cases.
Correlator integrals. These are the integrals that appear in (12a) and (12b). We start with the bosonic integral

N
A& = [ [T o) )
RN—I j:2
We will consider the case & < &, and because in general £, # &, we have to introduce two sets of parameters for the two wave
functions: z, y for ¥ and z’,y" for x. These two sets are not fully independent as we have x5 = x5, ..., xj, = xy. In order to see
the connection it is useful to consider a particular case. Consider (N, M) = (7,3) and d; = 3 and d, = 5. Now we consider one
of the wedges in which &) is on the d;th position in the ordered set &, x, . .., xy and &, is on the d,th position in the ordered set
&, x2, ..., xy. If we consider the particular wedges
X={-00<xn<x3<E <x<xs < x < x7 < 00},
X' ={—0c0<x <3 <xy < x5 <& < < a7 < 00},
then, in z variables, they correspond to
Zg(§) ={-00<z1 <22 <& <74 <25 <26 < 77 < +o0},
Zy(E)={-00< < <<y <h << <too={—o<u<n<y <6 <z <77 < too). (CB)
The y parameters are y = (3,1,2,4,5,6,7) and y' = (5,1,2,3,4,6,7). In the general case the connection between the y

parameters is the following (d; < dy):

Vi=dr, y1=d,
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yi=y fory <d,
yl{ =Yyi— 1 fOI‘d[ <Y < dz,
vi=y ford, <y, (€9)

while for the z parameters we have the constraint

—o< g =u< <z =21 <& <7y =241 <
<y 1 = SE Sy = < Sy =y < F00 (C10)
Introducing
Zay 4,81, &2) = Z4, (51) N 24, (62)
={—co< < <Lzg-1 L& < 2g41 << 2g, €5 K< 2gy41 - Ky < oo, (C1D)

we find

N N N
Apr&)=c) Y > / [] dzx GBI [X z;,...,.s;?,...,z;v;y'

di=1 dy=dy yeY (y=d) * %142 E182) j jza,

d d

N N N
— 1yt —iyahp A ) e (S
e3P DM TS / PR | T ICACHESI S

1=1dy=d, | ye¥(y1=d) 142735 Jj=1,j#d

Sp(dy,d2) I(dy,d2;61,62)

N N

=c Y Y Sp(di, d)I(dy, do; 1, &), (C12)

di=1dr=d,

where y’ depends on y via (C9) and 7’ satisfies the constraint (C10).
The fermionic integral is defined by

N—1
Ar(§1,86) = /szq l_[dxj)_((xlv con N1, EDX (1, e XNt 62). (C13)
=1

A similar analysis as above shows that the z’ variables satisfy the same constraint as in the bosonic case (C10); however, now
the connection between y’ and y’ is given by

y;\]:d21 yN:dlv
yi=yi fory; <d,
vi=yi—1 ford; <y <d,

yi=y fordy <y;. (C14)
Note that in this case the variables yy, ..., y) cannot take the value d;. Similar calculations as in the bosonic case give
N N N
_ +y' —iyah i . e o
ArGré)=c)y Y | D (=1 det(e7M) det (%) /Z [T dzdetid;, @)l detis;, ;)]
dy=1dy=d; | ye¥(yn=d;) oy §182) i jora,
Sp(dy,d2) I(dy,dr;61,62)
N N
=c) Y Spdi.d)Idy. dy: &1, &), (C15)
dy=1 dr=d,

with 2’ and y’ satisfying the constraints (C10) and (C14). The charge functions are the same in the bosonic and fermionic case
but the pseudospin functions are different.

APPENDIX D: EVALUATION OF Sg(d,d) AND Sr(d, d)

When d| = d, = d the pseudospin bosonic function (23) is given by

Sp(d.dy="Y_ (=1y™ det (e7e™) det (X, (D1)
Yer(yn=d)
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with y = y’. Because the dependence on yy.1, ..., yy is encoded in the sign factor we have
sat. = o= 3o 3 (S L) (Sl
=1 yu=1 \PeSy 0eSu

=N —-M)! Z Z (= 1)PHCe=MGr =20 1‘[ (Z o0, —hg, )

PeSy QeSy Jj=2 \y=1

=3 3 (-1t W]_[ N8, 1)

PeSy QeSy
= (N — M)IMIN"-1, (D2)
where in the second line we have used that %" = ¢
The pseudospin fermionic function is

= 1 after the summation of the geometrical progression.

_ _1yd —iyahp iy,
Sr(d.d)= Y (=17 det (e7) det ("), (D3)
yeY(yy=d)
with y = y’ but in this case yy, ..., yy cannot take the value d. Similar to the bosonic case we have
N .
SF(d, d) (N M _ 1)' Z Z( 1)P+Q 1_[ Z e*ly(}LPJ-*)»Qj)
PeSy QeSy j=1 \y=1,y#d
M N .
=WN-M-D!Y S DT DD et
PeSy ReSy j=1 \y=1,y#d
=N-M-D!Y > (-1)f HF( , PR)), (D4)
PESM RESM

with F(P;, PRj) = N[§;, M,R]_ — e 0n =) /N Tt is easy to see that the N-by-N matrix with elements e~¢*i~*) /N where
Aj = i = J with j € {0,. — 1} is of rank 1. Then, using von Koch’s formula (valid for any M-by-M matrix S)

detM(l—yS)—l—i—Z( 70 Z det(Si, )", _, (Ds)

.....

for the determinant ) ", ¢ (—1) ]_[_1]‘-4:1 F(P;, PR;) we obtain NM(1 — 21}4:1 e 0r =) Ny = NM(1 — M/N) due to the fact
that only the n = 1 terms in (D5) survive (the rest of the minors are zero). Therefore, Sp(d,d) = (N — M — 1)!M'NM(1 —

M/N).

APPENDIX E: ONE-POINT CORRELATION FUNCTION AND MOMENTUM DISTRIBUTION
OF TRAPPED FREE FERMIONS

For a system of N harmonically trapped free fermions the wave function of the ground state is

,,,,,

1
XFr(X1, ..., Xn) = \/]Vdet[% 106) 0. p=1

where ¢, (x) = c,e™ /2IH0H (x/lHO)/lHO, cn =1/ /)12 Iy = (h/mw)/?, and the field-field correlator can be easily
computed as

grr(é1,86) = N/ XrrE X2, oo, xn)xer (82, X2, ..o, xn) dxy - - - dxy,

N-1

grr(€1, &) =Y GiEi(&). (El)

i=0

The density of particles in the trap is prr(§) = grr(§,§) = SV i(E)pi(€). The momentum distribution npr(p) =
[[ ePEr=5)/Mgpr (&, &) dE1dE>/(2r) can be computed with the help of the following formula, which can be derived using
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Eq. 7.374(8) of [94]:

+o00
f R e IO (ax)dx = i"bN 21 (2a*D — 1)"/2H,l[

[ee]

abzk K2p?
— /2
—(2a2b2 1)1/2:|e s a, b eR. (EZ)

We find
N—1 2 2
_ 2 - ( Plio Plio
nrr(p) = lyo §¢i<7)¢i<7),

2 plIZ-IO
nrr(p) = lyo Prr w ) (E3)

which shows that the momentum distribution of a system of trapped free fermions is proportional with its real-space density. In
units of i = m = w = 1 this relation becomes nrr(p) = prr(p).
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