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Theory of noninteracting fermions and bosons in the canonical ensemble
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We present a self-contained theory for the exact calculation of particle number counting statistics of nonin-
teracting indistinguishable particles in the canonical ensemble. This general framework introduces the concept
of auxiliary partition functions, and represents a unification of previous distinct approaches with many known
results appearing as direct consequences of the developed mathematical structure. In addition, we introduce
a general decomposition of the correlations between occupation numbers in terms of the occupation numbers
of individual energy levels, that is valid for both nondegenerate and degenerate spectra. To demonstrate the
applicability of the theory in the presence of degeneracy, we compute energy-level correlations up to fourth

order in a bosonic ring in the presence of a magnetic field.
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I. INTRODUCTION

In quantum statistical physics, the analysis of a fixed
number N of indistinguishable particles is difficult, even
in the noninteracting limit. In such a canonical ensemble,
the constraint on the total number of particles gives rise to
correlations between the occupation probability and the corre-
sponding occupation numbers of the available energy levels.
As aresult, the canonical treatment of noninteracting fermions
and bosons is in general avoided, and it is often completely
absent in introductory texts addressing quantum statistical
physics [1-3]. The standard approach is to relax the fixed
N constraint and instead describe the system using the grand
canonical ensemble. While in most cases this approximation
can be trusted in the large-N limit, it can explicitly fail in
the low-temperature regime [4,5]. The situation is even worse
if the low-temperature system under study is mesoscopic,
containing a relatively small number of particles.

Recent advances in ultracold atom experiments [6—15] are
making such conditions the rule rather than the exception,
where the interactions between particles are often ignored,
especially in the fermionic case [16]. Thus an accurate sta-
tistical representation of these systems should be canonical,
enforcing the existence of fixed N. In a different context,
particle number conservation can reduce the amount of quan-
tum information (entanglement) that can be extracted from a
quantum state [17-25] and thus the fixed N constraint requires
a canonical treatment. This is reflected in the calculation of
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the symmetry resolved entanglement which has recently been
studied in a variety of physical systems [26-37]. In more
general settings, the presence of conservation laws could de-
mand a canonical treatment, as in the case of nuclear statistical
models [38-56].

Given its pedagogical and now practical importance, as
well as the long history of the problem of noninteracting
quantum particles, the last 50 years has provided a host of
results, varying from general recursive relations that govern
the canonical partition functions and the corresponding oc-
cupation numbers [5,57-67], to approximate [4,68—72] and
exact results for some special cases [73—-81]. More recently,
for the case of nondegenerate energy spectra, the exact de-
composition of higher-order occupation number correlations
in terms of the occupation numbers of individual bosonic and
fermionic energy levels has been reported [63,64].

In this paper, we present a unified framework for the calcu-
lation of physical observables in the canonical ensemble for N
fermions or bosons that is applicable to general noninteracting
Hamiltonians that may contain degenerate energy levels. We
present an analysis of the mathematical structure of bosonic
and fermionic canonical partition functions in the noninter-
acting limit that leads to a set of recursion relations for
exactly calculating the energy-level occupation probabilities
and average occupation numbers. Using argument from linear
algebra, we show how higher-order correlations between the
occupation numbers can be factorized, allowing them to be
obtained from the knowledge of the occupation numbers of
the corresponding energy levels, a canonical generalization
of Wick’s theorem [82]. The key observation yielding sim-
plification of calculations in the canonical ensemble is that
occupation probabilities and occupation numbers can be ex-
pressed via auxiliary partition functions (APFs)—canonical
fermionic or bosonic partition functions that correspond to a
set of energy levels that are obtained from the full spectrum

Published by the American Physical Society


https://orcid.org/0000-0001-7037-2342
https://orcid.org/0000-0001-9483-8258
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.043206&domain=pdf&date_stamp=2020-11-09
https://doi.org/10.1103/PhysRevResearch.2.043206
https://creativecommons.org/licenses/by/4.0/

BARGHATHI, YU, AND DEL MAESTRO

PHYSICAL REVIEW RESEARCH 2, 043206 (2020)

of the targeted system by making a subset of the energy levels
degenerate (increasing its degeneracy if it is already degener-
ate) or alternatively by excluding it from the spectrum. Results
obtained via auxiliary partition functions are validated by
demonstrating that a number of previously reported formulas
can be naturally recovered in a straightforward fashion within
this framework.

In a noninteracting system, observables such as the aver-
age energy and magnetization can be obtained solely from
the knowledge of average occupation numbers; however, the
calculation of the corresponding statistical fluctuations in such
quantities, i.e., specific heat and magnetic susceptibility, re-
quires knowledge of the fluctuations in occupation numbers
and (in the canonical ensemble) correlations between them.
Therefore, the factorization of correlations between occupa-
tion numbers in terms of the average occupation numbers
of individual energy levels provides a simplified approach to
calculate quantities such as specific heat and magnetic sus-
ceptibility of a given system. Here, we highlight a method to
compute such correlations by considering a degenerate system
of a finite periodic chain of noninteracting bosons that is
influenced by an external uniform magnetic field.

The auxiliary partition function approach presented here
provides a set of tools that can be used to analyze experi-
mental data in low-density atomic gases where the number
of particles is fixed. The application of the physically rele-
vant canonical ensemble can eliminate errors introduced via
the grand canonical approximation (especially in the inferred
temperature) and lead to a more accurate interpretation of
experimental results, including an improved diagnosis of the
role of weak interaction effects. It is hoped that the relative
simplicity of the mathematical approach presented in this pa-
per may encourage the inclusion of the interesting topic of the
canonical treatment of Fermi and Bose gases in college-level
textbooks.

In Sec. II we present the general formalism of the theory,
where we introduce APFs and write occupation probability
distributions, occupation numbers, and their correlations in
terms of the APFs. In the same section, we also show how
some of the previously known results can be recovered in a
straightforward fashion. In Sec. III, considering fermionic and
bosonic systems, we derive the decomposition of higher-order
occupation number correlations into individual energy-level
occupation numbers for nondegenerate and degenerate energy
spectra, alike. To illustrate the applicability of the theory, in
Sec. IV, we consider a bosonic ring in the presence of a
magnetic field. We conclude in Sec. V.

II. NONINTERACTING INDISTINGUISHABLE
PARTICLES IN THE CANONICAL ENSEMBLE

As the thermodynamic properties of a system of noninter-
acting particles are governed by the single-particle spectrum
and the underlying particle statistics, we begin by consid-
ering the general one-particle spectrum ¢;, with i € S =
{1,2,,..., M}. For an unbounded spectrum M — oo. In the
canonical ensemble defined by fixing the total particle number
N, the canonical partition function Zy = Zy(S) for N indis-

tinguishable particles is defined by

Zy =) X(nly), (1
nly
where
X(nly) =[]e P )
ieS

are the Boltzmann factors at inverse temperature 8 = 1/kgT
and the components {n;} of the vector n|y = (ny, ..., ny)ln
are the occupation numbers for the corresponding energy lev-
els satisfying ) ;s n; = N. The summation in Eq. (1) runs
over all the possible occupation vectors n|y which, in addition
to conserving the total number of particles N, obeys occupa-
tion limits for each of the energy levels ¢;: n; < n"™™, thus
N < Npax = ;™.

Consider the spectrum defined by S as the union of disjoint
subsets (subspectra) S and S® = S\ SV, ie, S =SD U
S@. Under this decomposition the Boltzmann factors in S can
be factorized as X (n|y) = X (V)X 0@ |y_i), where n(1)|k
and n®|y_; represent occupation vectors of k = Y, s n( )
and N — k particles in S and S@, respectively. Summing
X (n|y) over all possible nW|, and n®|y_ gives

D0 Xmly) =2z (SM)Zv-i (S?). 3)
nW) n® |y

where we have introduced the auxiliary partition functions
(APFs)

W)= X(m"). @)

n(l)h

Y X(m®y). (5)

n@|y_x

Zus(5?) =

For Eqgs. (4) and (5) to satisfy the restrictions imposed by the
per-energy-level maximum occupancies {n"**} and the fixed
N, k must satisfy max(0, N — N;"*) < k < min(N, N™™),
where N"* and N, are the maximum numbers of parti-
cles allowed in S1 and S, respectively. Additionally, any
vector n|y under these constraints can be decomposed into
two allowed vectors n"|; and n®®|y_; and vice versa. Thus
the sum in Eq. (1) can be similarly decomposed as Z W =

Zi“‘“,‘{mm PRI anlw . where knin = max(0, N — N&)) and
kmax = min(N, N1 ), yielding the full partition function

max

Zi(SM)Zy—(8?). (6)

Employing the convention that Zy(S) = 0 whenever N is
negative, or when it exceeds the maximum number of particles
set by S, the limits in the above summation can be simplified
to Zivzo. The above notation can be made more explicit by
specifying the subset of levels that are not included in the
partition function

23" = zy(S\ S8Y), )
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and thus, for SV = {j|, jo,...
Eq. (6) is equivalent to

, Je} containing £ levels,

N
Zy =Y Ziljre jar - JDZYWI ®)

k=0

To obtain a physical interpretation of Eq. (8), recall that in
the canonical ensemble the likelihood of the N-particle system
being in a microstate defined by the occupation vector n|y
is given by the ratio X (n|y)/Zy. Accordingly, for the subset
of energy levels with indices {ji, jz, ..., j¢}, the joint proba-
bility distribution of the corresponding occupation numbers

Py niysee n;, can be obtained by performing the summation

> u)y_,» Where k = S, n, yielding

-B Zf:] €jrNjr .o .
Pty = o 7 A ©)
It follows that the probability P, ({ji, j2, .- ., je¢}) of finding k
particles in {ji, j, ..., j¢} and, of course, N — k particles in

S\ {J1, j2,-.., je} can be obtained by applying the summa-
tion Zn“)lk5
. o Ze o JeNZY )
Pc({J1s jasr -5 Je)) = Z , (10)
N

where the normalization of P.({ji, j2, ..., j¢}) is guaranteed
by Eq. (8). Note: The considered spectra S and its subsets
could include degenerate levels, despite the distinct indices
used to label the energy levels.

So far the analysis of the partition functions has been
completely general and we have not specified what type of
particles are being described. Now, let us be more specific
and consider a system that solely consists of either fermions
or bosons.

A. Inverted analogy between fermionic and bosonic statistics

Having developed an intuition for the general structure
of the canonical partition function under a bipartition into
subspectra, we now observe how this can provide insights into
the relationship between fermionic (" = 1) and bosonic
("™ — oo) statistics of N noninteracting particles. To dis-
tinguish the two cases we introduce a new subscript on the
partition function (F for fermions and B for bosons).

If the set SV represents a single energy level with an index
J1 = j then using our convention we have

Zeali) {eﬁqk N (an
U= 0 otherwise
for fermions and
) e Pek k>0
Zgi({J}) = { , 12)
0 otherwise
for bosons. Substituting into Eq. (8) we immediately find
Zrn =20 +e Pzl (13)
N .
Zyy =y etz (14)
k=0

The relations in Egs. (13) and (14) formally describe the
procedure for generating the canonical partition function of
the N-particle system after introducing an energy level €; to
the preexisting spectrum S \ {;}.

Examining the structure of Eq. (13) suggests a simple
matrix form Z = AZ\J} where Z = Zros Zpas -2 )s M =
(ZF\ Z} .), and the matrix A, = 8, + € P48,y is
bidiagonal and can be inverted such that

N
) =Y (=D Zy (15)
k=0
Comparing this expression with Eq. (14), we observe an iden-
tical structure apart from exchanging the factor e=#¢ with
(—e~P<). Thus we can obtain the inversion of Eq. (14) by
replacing e~#¢ with (—e#<) in Eq. (13), i.e.,

2V = Zyny — e P Zy . (16)

The relations Egs. (15) and (16) exemplify the elimination
of an energy level as they represent the inverse of Eqgs. (13)
and (14), respectively.

If we absorb the negative signs in Eqs (15) by shifting the
energy ej by +im /B, we can write Z, FN = Zk, e PR e N
where e =e¢€; L im/B. As the general bipartition into sub-
spectra 1ntr0duced in Eq. (6) holds for energy levels with
mixed statistics, and does not require real entries for the ¢;, we
can build the bosonic partition functions Zgn s Jas oo Jed)
using the shifted energies {e [ e}g} and then combine
them with the Z¢ y to generate a nnxed form:

Zzgkah,n,...,jmzw_k. (17)

@{Il 22

This expression can also be validated using Egs. (14) and (15)
with a proof included in Appendix A. The effect of shifting
the single-particle spectrum by a constant w on the canon-
ical partition function Zy is captured by a rescaling factor
e PN and the resulting N-particle partition function of the
shifted spectrum is e #*NZy. Using Z; ({j1. jo. ..., je}) =

etk Zp (L1, jas - - - je}) then yields

Z( D Zgi (i, jos - -

k=0

A JDZen—k (18)

Starting from Eq. (16) and following the same argument, we
obtain an equivalent expression for bosons:

N

=Y (=D"Zilljr, fos - -

k=0

A  JeDZan—k.  (19)

The last two equations can be seen as a generalization of
Egs. (15) and (16). However, they also recover the symmetry
between fermionic and bosonic statistics. To this end, we
show how to obtain the partition function of a given spectrum
using the APFs of two complementary subsets of the spec-
trum through Eq. (8). Also, Eqgs. (18) and (19) show that this
relation can be inverted, i.e., we can calculate the APFs of a
subset of energy level using the APFs of its complement with
the opposite statistics and the partition functions of the full
spectrum.
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B. Energy-level occupations and correlations

For fermions, the Pauli exclusion principle restricts the
number of particles occupying an energy level €; to n; =0
or 1. Equivalently, n’/’ = n; for any p > 0, simplifying the cal-
culation of energy-level occupation numbers and the correla-
tions between them, including higher moments. More specif-

ically, the average (nf'n!’.. '”.;7: N = (njinj, . ..nj)EN,
where p; > 0, i € {1,..., £}, and in general
(nj]njz...nje)p.N = Z njlnjz--'njz’]%,nj],n,-z ..... nj,
n({ji,j2,-je})
(20)
using the probability
=B Y i ity
e r=1¢. . .
_ \{J1sJ2seees Je}
7%,;1/] My nj, — ZF,N ZF,Nfzle n;, 5 (21)

defined in Eq. (9). The only term that survives in Eq. (20) has

nj, =nj =---=n;, = 1, giving
B
eP L ‘
(njnj, .. -nj[>F’N = Zn Zp\%'_ﬁf """ 7, (22)

Following the same procedure, Eq. (20) can be generalized
to describe both correlations and anticorrelations between
energy levels:

4
<1‘[ [n),y), + (1 —n;)(1 — Vj,)]>
F.N

r=1

— 1 e—ﬁ Zf:l € Vir Z\[jlsz ~~~~~ Je} (23)

Z;‘,N F‘N72f21 V]V ’

where y; = 1, 0. For the latter with y; = 0, the occupation
numbers in Eq. (20) have been replaced with their comple-
ments, 1 — n; . Thus, we find that fermionic level occupations
and correlations can be directly written in terms of APFs
without resorting to the usual definition (n;nj, ...n;)ry =
1 3 Ze
Zr N 3(=Bejy)..0(=P¢€jy)

When considering a single level (£ = 1), the occupation
probability of the jth fermionic level immediately follows:

which yields equivalent results.

() = ———NL 24)
JjIF,N Z«",N
with the associated probability
e Pein; :
_ S A\
O (25)

For bosons, the occupation numbers (n;)gy can be
calculated from the corresponding occupation probability dis-
tribution ,; which is obtained from Eq. (9):

e Bein;

P, =~ i, (26)
and for the £-point correlations
-8 Z[::I €jrMjy . .
e r
R, A VIRV I 13
7%»”_,'1 My sy nj, — Z;N ZB.N—Zf:] n;, : (27)

However, unlike the fermionic case, such an approach requires

performing the unrestricted summation Zn({ el

An alternative method which avoids this difficulty can
be developed by exploiting the inverted analogy between
fermionic and bosonic statistics introduced in Sec. IT A. In the
fermionic case, the occupation number of an energy level €; is

proportional to the APF Z;%’_ , [Eq. (24)] which corresponds
to the actual spectrum of the system missing the energy level
€;. This suggests a route forward for bosons via the analogous
inversion of doubly including the energy level €; instead of
removing it, i.e., we construct an APF where this level is
twofold degenerate. We denote the corresponding N-boson
APF by ZBU,E/ "and distinguish the two levels using the dressed
indices j© and j( such that the resulting combined spectrum
has level indices {1, ...j — 1, j(o), j(l), j+1,..., M} where
€j = €;0 = €;m.

Returning to the general definition of the canonical parti-
tion function in Eq. (1), we can write Z;,E/} = Zn’IN Xy,
where the occupation vectors n’|y have one extra component:
n;inn|y is replaced by n o and a). The modified Boltzmann
factors are

X |y) = e Peilnjotn;ml l_[ o Peini (28)

i O j

and thus their value is dependent only on the total occupancy
of the jth level, njo +njo. As a result, X(n|y) = X|n)
for any occupation vectors r|y and n’|y with all i # j com-
ponents equal as well as [n|y]; = n; = njo + n;um. For fixed
nly, the number of vectors n'|y that satisfies the previous
conditions is equal to n; + 1, or the number of ways in which
n; bosons can occupy two energy levels. The APF can then
be written in terms of the original occupation vector n|y by
inserting a frequency factor to account for the extra level j:

Zi' = "+ DX (nly)

nly
=Zn(n; + lipn (29)

and thus we can write
(nj)en = Zgy' [ Zan — 1. (30)

Applying Eq. (16) gives Z;\/' = Zgy + e P92\, which
can be substituted into Eq. (30) to arrive at
e~ hei Ui/}
njlan = %, (31)
which is in the same form as Eq. (24) for fermions.

To generalize this expression to £-level correlations with
£ > 1 we examine the numerator of Eq. (31), recalling that
we have added an extra copy of energy level j to the partition
function for N — 1 particles such that it now appears m; +
1 = 2 times in the associated spectrum where, in general, m;
is the number of the added copies of energy level j:

e_ﬂf/'Z;,E/ll =e P Z X(n'|y-1)

nly-
(A D=1\
_n%:( (mj+1)—1 )e X(nly-1)
- Z n;X (n|y). 32)
Wi
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Here we obtain the second line using the same trick as in
Eq. (29) to convert X (n'|y_;) into X(n|y_;) by accounting
for the degeneracy where [n|y_1]; = 7i; > O is the total num-
ber of particles occupying the level j as it appears in the

Boltzmann factor X (n|y_;) = e #</% [Ty e~P<" The com-

plicated looking binomial coefficient (ﬁ’&f]"_'ﬁrgl_)fl) = ((m:zl )
is the multiset coefficient that counts the number of ways 7i;
bosons can be distributed amongst the m; + 1 levels with en-
ergy €;. Finally, the last line is obtained by using the fact that
e PiX(n|y_;) = X(n|y) where [nly]j=n;=7;+12> 1.
Equation (32) can be immediately extended to the case

where we add copies of not one but £ levels {ji, ..., j¢}:
¢ . . ¢
e P Xz = N (]‘[ n ,-,>x<n|N> (33)
nly \r=1

where the conditions n; > 1 in the occupancy vector can
be neglected as any n; = 0 terms do not contribute to the
sum due to the multiplicative string. Finally, we can write the
desired result:

(njnj, ... o M- (34)
An immediate extension of Eq. (34) will turn out to be useful,
which introduces an APF with higher-order degeneracy. We

consider m;, extra copies of the rth level €; withr € {1, ... ¢}
and find
¢
<l—[ <”J —qj + mj)>
r=1 nj, BN
. i) ()
= —1 e_ﬂ Zf:l G/rquZU{Jil) """ i “"J».El) """ i (35)

¢
BN=3,_qjr

0

where the g;, < m;, allow for the added freedom of choice of
how many particles are associated with each of the degenerate
levels and allow us to write the left-hand side in terms of the
desired occupations n; = [nr|y];. Note: To simplify notation
we only include a superscript on the levels in the bosonic
APF and only if we are adding more than one extra copy per
original level.

Equations (23) and (35) are the major results of this sec-
tion, and demonstrate that for both fermions and bosons
£-level correlations can be written in terms of APFs for N — ¢
particles with ¢ energy levels removed (added) for fermions
(bosons).

C. Recovering known results via the APF theory

In this section, we illustrate the utility of our auxiliary
expressions in simplifying the derivation of known recursion
relations that govern the canonical partition functions and
occupation numbers for fermions and bosons.

Beginning with fermionic statistics, if we use the definition
of (n;)rny in Eq. (24) to substitute for ZI>,{1{/} and Z}{I{,}_l in
Eq. (13), we obtain the well-known recursion relation for
occupation numbers [57,59]:

AN o1 — (n,)en).

(nj)FN1 = (36)

N+1

(nj)r,n can be written explicitly in terms of the partition func-
tions by substituting for ZF\%}_I in Eq. (24) using Eq. (15) as

1
Zrn

(nj)rn =

N
S0 P ey BT
k=1

and using the canonical condition ) ,(n;)ry = N we find the
original 1993 result of Borrmann and Franke [58]:

Lo
Zen = N Z(—l)k_ICkZF,N—k, (38)

k=1
where G, =}, e Peik,

Bosonic statistics can be treated in analogy to the fermionic
case. Assigning the roles played by Eqgs. (24), (13), and (15)
to Egs. (31), (16), and (14) [83], respectively, we obtain the
known bosonic equivalents [57-59]:

Zzn

(n)pni1 = e P91+ (n)gn), (39)
 N+1
1 N
(njpy = =— Y e P*Zn 4, (40)
ZN i
1 N
Zn = k;ckzwv,k. 1)

Due to the Pauli exclusion principle for fermionic statistics,
the occupation number (n;)ry of an energy level j gives us
direct access to the occupation probability distribution 73,
of the level. Despite the absence of any such simplification in
the bosonic case, the occupation probability distribution 7,
of a single energy level can be related to the corresponding
partition functions as

7% = e—ﬂé,'n] —ZiNinf _ e_ﬂéj(”j+l)ZiN7n‘f71 (42)
" N Zyy

which is obtained by using Eq. (26) to substitute for ZB\E\{}_,’/
in Eq. (16), after replacing N with N — n; [61]. In summary,
within the unified framework of APFs, it is straightfor-
ward to obtain most of the well-known general relations
in the fermionic and bosonic canonical ensemble that were
previously derived using a host of different methods. This
highlights the utility of this approach as a unifying framework
when studying N indistinguishable noninteracting particles.

D. General expressions for probabilities and correlations

De facto, the APFs can also be used to generalize previous
results, and in a form that is highly symmetric with respect
to particle statistics. To accentuate this, let us introduce the

notation
)+
= {7

Then, the recursive relations for energy-level correlations can
be obtained using Eqs. (13) and (16) for fermions and bosons,
respectively. The number of initial values of correlations
needed is equal to the number of the involved points; e.g., for

< B < bosons

& F < fermions’ 43)
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the two-level correlations we find

(ninjlenta = Z?— e PErD (1 — (mnj)ew)
N42
%NJFI —Bei —Be;
Z€N+2 (" +e PN mnj) vy (44)

Further, for the set of levels S, = {ji,..., je}, Egs. (21)
and (27), define the joint probability distributions of the oc-
cupation numbers in terms of the APFs ZF\f‘ and ng‘, which
can be reexpressed using Egs. (18) and (19) as

e —BEo Nttt
Ry, = > D2 ST -nk (45
’ k=0

where B = Y'_, €;.n;, and ns = Y_'_, n;,. To avoid con-
fusion we note again the convention in use that Z_, (S;) = 0
whenever k exceeds the maximum number of particles set by
S, for fixed particle statistics.

Now, as the level occupation correlations of fermions and
bosons are represented by the APFs ZF\‘Z‘ and ZBUS‘ in Egs. (22)
and (34), we can write

e IBZr—l Jr N-t
(nj, ...nj)eny = —Z§ Z31(Se)ZeN—t—k  (46)
Zy iz

where we note that the k-particle bosonic partition function
for the levels S, appears in both fermionic and bosonic corre-
lations.

Alternatively, the APFs Z}S’ \S’ , and Z; St can be com-
puted recursively using Egs. (38) and (41). This has the
potential to simplify the calculation of the related full joint
probability distribution, as it only requires calculating the
corresponding APF with a number of particles in the range
k=0,...,N

1. Simplification for degenerate levels

The expressions derived in the previous section have a
very simple form when the involved levels are degenerate,
if we consider correlations between the set of levels
{](0> oo JD), where €0 =€ fors € {0, ..., £ — 1}. The
canonical partition function of N bosons in ¢ degenerate en-
ergy levels is

Zan({J@. ... j*V) =

and thus such correlations for fermions and bosons can be
computed directly from Eq. (46) as

Zg.ki

where we have shifted the summation. The numerical com-
plexity of calculating Eq. (48) differs from that of Eq. (37)
or Eq. (40) by the number of multlpllcatlons and additions
needed to calculate the extra factor ( — 1) which can be viewed
as a polynomial in k of degree £ — 1. Thus calculating Eq. (48)
requires an additional ~ (N — £)(£ — 1) multiplications, and
a similar number of additions which still scales linearly with
N for a moderate value of £.

(" e @D

e PHRZni (48)

(n_,-m) nju l)

2. Expectation values of higher moments of degenerate levels

Let us now focus on the case of bosons and revisit Eq. (35)
considering a single energy level €;:

1 ;o

(O = e 0z A

J0s J0)

Similarly, using Eq. (6), we can write the APF Z
in terms of the system partition function and the bosomc APF

Zan—qg({j Y, ..., j™}) of m; degenerate levels. As a result,
we obtain
N
(78 e S0
k=q
where g < m;. Note that if we set bothm; = £ and g = £ then

comparing with Eq. (48) we see that

nj(:)>> —(n(()
= j...Nn
(7)), = e

iD)BN (51

fors € {0, ..., £ — 1}. This demonstrates that the correlations
between degenerate levels can be expressed in terms of mo-
ments of the occupation number of any of the degenerate
levels. This also helps to simplify the calculation of such
moments; for example, we can write

(7l = (3 + ("
which can be simplified using Eq. (50) as

(3 )on = ZBN Z(zk— De P Zgy . (52)

In the same fashion, we can write
(il = ((Dan + 45 Daw +(("37)an

and thus

il = 7 Z(3k2 —3k+ De PRy (53)

III. DECOMPOSITION OF LEVEL CORRELATIONS INTO
OCCUPATION NUMBERS

In the previous section, we illustrated that the joint
probability distributions of the occupation numbers and cor-
responding level correlations can be represented by auxiliary
partition functions. The APF is distinguished from the actual
partition function of the N-particle system through either the
inclusion or exclusion of a set of levels from/to the complete
spectrum under study. The resulting complexity of performing
an actual calculation thus depends on the size of the modified
set as demonstrated by, e.g., Eq. (46).

It is known that the resulting complexity can be reduced
by relating higher-order correlations between nondegenerate
levels to the related level occupation numbers [63,64], rep-
resenting an approach similar to Wick’s theorem which only
holds in the grand canonical ensemble. In this section, we di-
rectly obtain many known results using the APF method and,
more importantly, generalize them to deal with degenerate
energy levels.
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Before we introduce the general and systematic approach
to this problem, let us return to Eqs. (23) and (35) and consider
two specific examples of increasing difficulty.

A. Examples

1. Two-level correlations

Consider the expectation value of two bosonic energy lev-
els j; and j, where €;, # €;,: (nj nj,)pn. Employing Eq. (35)
withm; =mj;, =1,q;, =0,and g;, =1, we find

g7ﬁ5j2 _—
= Z i (54)

and upon exchanging the values of ¢;, and g;, we have

<(n.il +1 )njz >B,N

(n. — ﬂ Ulj1,ja}
<n11(”12 +1))B,N T Zgy BN (55)

Next, eliminating the APF from the two equations yields our
final result:

1y = € )
P Joy — €2y )y

eﬂffl — erBE.fQ

(njmpyy = — (56)

Similarly, if the levels are fermionic, we use Eq. (23) with
(Yj,» vj,) = (0, 1) and (1, 0) to find

eifn,, )F,N — 2 (n), )F,N
ePeir — ePein

(n./lnjz)F,N = (57)

These known results [63,64] are thus obtainable within the
APF approach with a few lines of algebra by generating a set
of independent equations. We now extend this idea to three
energy levels.

2. Three-level correlations

The previous example for bosons is modified by adding a
third level j3 with mj, = 1 and ¢, that is different than both
€;, and €;,. Setting (¢, qj,,qj,) = (1,0,1) and (1,1, 0) in
Eq. (35) gives the two equations

—B(ej, +€j3) L
e ZQVN ZBL’J[E/J:ZJLJS}’ (58)
e—ﬂ(e/] +e€j,) L

U]{]]lélzyh}7 (59)

ZgN T

respectively. Solving for (n; nj,n;,)gy leads to

_ efen (njl nj, >3N — e (njl nj, >B,N (60)

(”j]"jz”js)B,N - ePein — oPéis ’

<”j| (nj, + l)nj3>B,N =

<nj1 nj, (njs + D)ﬁN =

which can be further broken down into single-level occupation
numbers by application of Eq. (56).

A slightly modified approach can be used if two of
the energy levels are degenerate, €, = €;, # €;,. As above,
we denote degenerate levels via superscript and we relabel
Jj» = jéo) and j3 = j;l) Then it is clear that (n n (0))3}\/ =

(n. i J<1>)B ~ and Eq. (60) is not immediately apphcable How-

ever, this can be resolved by replacing one of the choices of
(qjl, g0, qjén), say (1, 1, 0), with (0, 1, 1), which gives

ePeir lenj£1)>BN — ePen <nj(20) njél)B,N

P () n-(|)> = —
éIlJl Jé) Jo "IBN 8,36“ _gﬂefz

(61)

‘We now turn to the general decomposition of £-level corre-
lations into functions of the occupation numbers of the energy
levels for both the nondegenerate and degenerate spectra.

B. Systematic approach

In the following we show that Egs. (6), (18), and (19)
can be directly employed to systematically relate higher-order
correlations to level occupation numbers. We begin by con-
sidering the set of levels Sy = {ji, J2, ..., j¢} and relate the
corresponding £-point correlations to the r-point correlations
for any nonempty subset of levels S, = {i|, i, ..., i,} C S¢.

Imposing fermionic level statistics on the spectrum
S, we can relate the correlations (njnj,...n;)ry to
(ni,ni, ... n; )r.n by connecting their corresponding APFs, i.e.,
Zp \S[ ¢ and ZF\ v, This can be achieved by building Z} V_1 Via
Eq (6) to combine the APFs of S\ S; with that of S, \ S,
through

L—r

TN = D B SOBN (62)

k=0

We note the upper limit in the previous summation is £ —
r, where in general it should be ky,x = min(€ —r, N —r)
[Eq. (6)]. This is because the fermionic APF ZF\ "(S¢) cannot
describe more than £ — r particles, as this is the number of
levels that are in S, \ S,. Further, for N < £ the correlations
(n;mnj,...nj,)y = 0 for general particle statistics. As a result,
we only consider £-point correlations with N > £. Moreover,

we can obtain ZF\ "(S¢) by removing the contribution of the
levels S, from the APF of S, using Eq. (18), as

k
258 = Y (1" Zan(S) Zraem(Se). (63)

m=0

If we isolate the last term in the summation in Eq. (62),
ie., ZF\ (S )Z} ~v_¢» While substituting for ng’(sg), using
Eq. (63) in all other terms, we find

b—r—1 k

Z = > Y " Z (S k- (SOZ

k=0 m=0
+ 225 SOz, (64)

After changing the order of the summations and shifting the
indices k — k—r +1 and m — m — r, we obtain the un-
wieldy expression

-1

Z = (=D (=" 2 (S

m=r

S, S
X ZZ':k m+l(S£)%:N k— 1+ZI>( r(‘SZ)Zp}NZ A
k=m—1

(65)

Next, we substitute for ZF\S‘ and Z,} ~N_,» using Eq. (22)
and the fully occupied fermionic APF ZF\ A(S) =
¢ PLiesis v Multiplying the result by e #Zies v /Z; v
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yields
-1
Yr0(Se) + ZAm(Sr)YF,m(SK) =br(S)) (66)
where
Yro(Se) = (njnj,...nj)r N, (67)
- & -
Yr 1<m<e—1(Se) = ——— ZF j—m+1(SO)Zp Ny 1
Zr N

k=m—1
(68)

are independent of S,. Therefore, for each choice of the subset
S, we can write the linear nonhomogeneous equation (66)
in the ¢ variables Yr , with coefficients Ag = 1, Agcp<r =
O» and Arémﬁ[—l (Sr) = (_ 1 )r—] e_ﬁ Z[“G‘S’ €iv ZB,m—r(Sr)~ The
homogeneity of the linear equation is violated by the term
bp(S,) = (njynj, ...n; )p N

With this formulation, we observe that for any of the 262
choices of S, we can write a linear equation in the same £
variables Yr ,,, where Yr o = (n;nj,...nj,)r y is the £-point
correlation while the remaining £ — 1 variables are auxiliary
and depend symmetrically on the levels in S;. Also, the r-
point correlation (n;,n;, ... n; )r y of the levels in S, plays the
role of the nonhomogeneous term in the linear equation and
the coefficients A,, of the equation can be determined by the
bosonic APFs of S,. An analogous expression can be obtained
for bosonic statistics, with the same coefficients A,,:

-1
YB,()(SZ) + ZAm(Sr)YB,m(SZ) = bB(Sr)a (69)

m=r
where, in this case, the variables are
Y 1<mse—1(Se) =
(_1)m+1 =2 ' US,
—— Y D' Zrkemi (SOZN e (70)
ZB’N k=m—1 ’

Viag,...,ap) = |:

Thus the fermionic £-level correlation can be simplified as

£

(nj)r.N
(njnj, JOEN ; nk;ﬁr [1 — eﬁ(éjk—éjr)]

This expression was also recently derived using an elegant
second quantization scheme [63].

An equivalent procedure can be performed for bosons,
again using the set S, to yield £ linearly independent equa-
tions:

(75)

-1

(nj)en =Y e "9 ¥ n(Sh), (76)

m=0

with YB,O(S({) = (—l)e_l(njlnjz Ce nﬂ)B,N and bp(S,) =
(=1 "Ynn;,...n; )pn (see Appendix B for a complete
derivation).

1. Nondegenerate levels

Consider the set S, specifying a set of distinct energy levels
and choose S,—; such that it contains only one of the ¢ levels
in S;. We can use Eq. (66) or (69) to construct a set of £ linear
equations each corresponding to one level j; € S, with energy
€j,. For fermions the equations are

-1
(e =Y e "5V (Sp), (1)
m=0
where the coefficients A,, were obtained from the single-
level bosonic APF Zg ,,,({j,}) = e "B in Eq. (12). Therefore,
using the set of the ¢ independent linear equations in ¢
variables defined by Eq. (71), we can solve for Yr ¢(S¢) =
(I’ljll’ljz .. .I’lﬁ)F’N as

(nj)pn e P B,
(n; - (nj)rn e P B,
nj ...Nnj)FN = 1 e Pen e~ B,
1 e P e—BU=De;,
(72)

This result was recently obtained by Giraud, Grabsch, and
Texier [64], using the properties of the Schur functions and it
can be simplified using Vandermonde determinants:

l
—1 BY L. e
<njlnjz cee njz)F,N = z:(—l)A (an)F’Ne B2 jiis €ii

s=1

VAU (e=Ben . ePeir)
—,  (73)
V(e e, ..., e Pei)
where
otf_l
= H(Olj — ;). (74)
af_l i<j

(

such that (nj,n;, ...n;)py = (—1)*"1¥5,0(S¢) can also be ex-
pressed in terms of determinants leading to [64]

¢
_ (n;,)B.n
(n-,n...n-t>B_N=(—1)(Z ! — .
) J ; l—[k#r [1 — ePlej EM]
(77

2. Degenerate levels

Up until this point we have considered ¢-point level corre-
lations in two opposite regimes.

(I) When all £ levels are degenerate Eq. (48) provides a
direct route to the correlations through the determination of
all partition functions up to N particles.
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(IT) When all £ levels are distinct, an associated set of £
linear equations yields the correlations in terms of individual
level occupation numbers.

The independence of these linear equations, and thus the
existence of a unique solution, is violated in the presence of
degeneracy.

We now study the most general possible £-level correlation
function defined by the set S; which could include both degen-
erate and nondegenerate levels. Consider the subset of level
indices S, = {i”,...,i™~D} c S, which contains m; > 1
degenerate levels (for m; = 1, we reproduce the nondegener-
ate analysis discussed above). As a result, the corresponding
m; equations, out of the total set of £ linear equations defined
by Egs. (71) and (76) for fermions and bosons, respectively,
are identical, as they are distinguished from each other only
via the energies of the involved levels and their occupation
numbers. Moreover, S; could contain multiple subsets of
degenerate energy levels, further complicating the problem.
Equations (75) and (77) cannot be applied in this case, as is ap-
parent from their vanishing denominators whenever €;, =¢;, .

To resolve the complication introduced by degenerate sub-
sets, we generalize the procedure in Sec. III A2 to treat the
case where a three-level correlation contained a subset of
two degenerate levels. More explicitly, we relate the £-point
correlations not only to the occupation numbers of the degen-
erate subsets, but to all of the m; distinct r-point correlations
between the degenerate levels with 2 < r < m;. This is useful
as we have already introduced Eq. (48), which simplifies

J

the calculation of the correlations between degenerate energy
levels for fermionic and bosonic statistics. In addition, it will
result in the generation of m; new independent equations that
could be used to calculate £-point correlations.

Accordingly, for any choice of S, = {i¥, ..., "V} c
Sm; C S, the corresponding coefficients in the constructed
linear equations are Ay = 1, Ag<p<r = 0 and

—1
Argmge_1(8r>=<—1>’—‘<": - )e"‘ (78)

1

where ¢; is the energy of all degenerate levels in S,,, and we

have substituted for Zg ,,_.({i?, ..., i"}) = ('f:ll)e’(m”)’gef
a bosonic partition function of r degenerate levels.
The nonhomogeneities b (S) =

(=&)Y Hmmne ...nje-v)e Ny can be calculated using
Eq. (48), and thus the original set of m; identical equations
can now be replaced with the following m; independent
equations:

-1 _1
YeolSo)+ > (=1 (":_ 1)e"’ﬁffY(,m(Sl) = b:(S)),
(79)

m=r
for fermions (¢ = —1) and bosons (¢ = +1).

To illustrate how this works in practice, consider the four-
point correlation of the levels {j o, jio, ji®, j, }, labeling
distinct energies €; and €. The resulting new set of £ equa-

tions can be solved for both fermions and bosons to give

<nj|(0) nj M >€,N 0 0 e
(—{)(njl(o) nja ){,N 0 —e 2Py —De3Be)
<”./'1<0) Ve e Bei e8¢ e3¢y
(nj2 >C,N e P e 2P¢i e 3Pei
<”j1(o)nj](1>nj1(2)nj2 )C,N =(=¢) 1 0 0 o 3be, (80)
1 0 —e e e
1 e Fen e 2B¢i e 3B¢<
1 e Pén e 2Pe), e 3P¢i

IV. APPLICATIONS

To illustrate the applicability of our results for degenerate
noninteracting systems of particles with fixed number and
highlight the practical usage of Eq. (80) we consider a one-
dimensional tight-binding chain of N spinful bosons hopping
over L lattice sites. Code, scripts, and data used to produce all
figures for the bosonic chain results can be found online [84].
The bosonic chain is subject to a static external magnetic field
B applied along the z axis. Spin-S bosons are described by the
Hamiltonian

T At ~ A az A
H=—tY (), 05, +Hc)—h > &S a,,.
o,0

o,0,0’

1)
where &/, , and &, , are creation and annihilation operators
for a boson at site ¢ with o € {—S,...,0,...,S} satisfying
[ay s al,yo,] = 84.0'80,0- and t measures the hopping ampli-
tude. S} ,, = 03, are the matrix elements of the diagonal z

projection of the spin-S representation of the spin operator S.

Here, h = gupB, where g is the corresponding spin-S g factor
and pp is the Bohr magneton. We employ periodic boundary
conditions, such that a, o = &]ﬁ, and to avoid having an
unbalanced nondegenerate excited state we fix the parity of L
to be odd.

The tight-binding Hamiltonian in Eq. (81) can be diagonal-

ized:
H=Y €onjo (82)
j.o
where 71, counts the number of bosons with energy
2w j
€j.0 = —2t cos - ) ho, (83)
and j runs over the finite set S = {—ﬂ,...,O,...,%

when L is odd such that |S| = L. An examination of the
single-particle spectrum shows that each energy level, ex-
cept the ground state €y , = —2t — ho, is twofold degenerate,
where €_;, = € 5, a result of the right-left symmetry of the
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chain. Turning off the magnetic field and fixing S > 0 gives
rise to an extra degeneracy factor of (25 + 1) that affects all
levels.

For all numerical results presented in this section, we fix
L = 1001 and N = 1000 and measure the inverse temperature
B = kBLT in units of 1/¢, where T is the absolute temperature
and kg is the Boltzmann constant.

A. Spinless bosons (S = 0)

We begin with the study of spinless bosons, where the
model is insensitive to the applied magnetic field and we can
drop the subscript o without loss of generality. Using the
single-particle spectrum defined in Eq. (83) with 0 = 0 and
h =0 in combination with Eq. (27), we calculate the joint
probability distribution Pg ,, », of the occupation numbers of
the ground state and the first excited state, where we choose
the level j =1 out of the two degenerate levels j = %1.
Note that we do not bother to use the superscript notation
to distinguish degenerate level indices (1 = 1©, —1 = 11)
here as there are no ambiguities due to the sign of the index j.

The calculation proceeds by obtaining the APFs Zl\gf,?’l} for
0 < k < N using the recursion relation Eq. (41), where the
factors Cy are calculated using the spectrum S\ {0, 1}. The
resulting distribution is

e Bleonotern)

AN (84)

'B,N—ng—ny’

,PB,noJll =

Zg N

where Zg y can be found by enforcing normalization.

We expect Eq. (84) to exhibit interesting features at low
temperature where the particles are mostly occupying the
ground state with some fluctuations amongst the low-lying
energy levels. To obtain an estimate of low in this context,
we choose a value of the inverse temperature 8 such that the
ground state has a macroscopic occupation corresponding to
50% of the particles. We compare the ratio of the Boltzmann
factors of having all particles in the ground state with that of
having N/2 particles in the first excited state and the rest in
the ground state. Setting the ratio of these factors e~#(co—<)N/2
to ~0.1 suggests § ~ 100/¢t. The results are illustrated in
the left panel of Fig. 1, where the relative broadness of the
distribution can be attributed to the degeneracy of the first
exited level j = £1.

If we now calculate the three-level joint probability distri-
bution Pg »,.,.n , and consider the fixed slice with n_; =0,
as presented in the right panel of Fig. 1, we see that the
distribution becomes significantly sharper, as blocking the
level j = —1 makes the resulting non-normalized conditional
distribution more sensitive to the conservation of the total
number of particles.

We now turn to the calculation of the two-level connected
correlation function for our bosonic system:

C(nj,nj) = (mnj)py — (ni)pn(nj)pN- (85)

The first step is to obtain the system partition function Zp y,
recursively, using Eq. (41) starting from Zgo up to Zgn.
The occupation numbers (n;)p x can then be easily calculated
using Eq. (40). All that remains is to calculate the two-point
correlations using Eq. (56) for the nondegenerate levels. For

ny ni
0 200 400 600 800 1000 0 200 400 600 800 1000
1000 | | | | | | | | | |

,Pnoynl

Pno ,mni1,m—1=0

800

600

o

400

200

0

 — ——————

0 4x10~6 8x106 0

 —— ——

4x10~8 8x10~%

FIG. 1. The joint level probability distribution for N = 1000
spinless bosons on a chain of L = 1001 sites described by Eq. (82)
with 0 = 0 and & = 0 at inverse temperature 8 = 100/¢. Left panel:
PB.ng.n, - Right panel: Ppg 4, »_, projected into the plane n_; = 0.

the correlations between degenerate levels ((n_;n;)p n), we
use Eq. (48), with ¢ = +1.

The results for C(n;, n;) for all levels i and j at inverse
temperature 8 = 1/¢ are shown as a heat map in the lower
panel of Fig. 2. Here, we chose temperature 8 = 1/¢ in order
to distribute the correlations amongst higher-energy levels.
The upper panel of Fig. 2 shows C(n;, n;) as a function of
n; for fixed 0 < j < 500 corresponding to horizontal cuts
through the lower panel. The red open circles are correlations
C(n_j, nj) for the degenerate levels obtained from Eq. (48)
demonstrating consistency with the rest of the graph. In the
positive quadrant of the correlation heat map, we use the val-
ues of ((y)) sy (marked with black circles) instead of (n3)p .,
where the former is also consistent with surrounding data, as
expected from Eq. (51), where (n_jn;)pn = (("-"))B,N and the

2
symmetry C(n;, nj) = C(n_;, nj) due to the degeneracy.

B. Spin-1 bosons (S = 1)

To illustrate the utility of auxiliary partitions functions in
studying correlations in a highly degenerate spectrum, we
consider the case of spin-1 bosons. In the absence of a mag-
netic field (h = 0), each level picks up a degeneracy factor of
28 + 1 = 3, such that the ground state is threefold degenerate
and all of the excitation levels are sixfold degenerate.

Degeneracy effects are apparent in the two-level connected
correlations C(n; ¢, nj, ) at f = 1/t, which we calculate for
various values of 4 as shown in Fig. 3. The top-left panel of
the figure presents C(n;q, njo ) for h = 0, where the choice
of o and ¢’ matters only in the presence of a magnetic field.
A comparison with the heat map of Fig. 2 shows an overall
broadening and a reduction of one order of magnitude in the
maximum of C(n; , nj ) for S = 1, as compared to the S = 0
case.

Removing the energy-spin degeneracy by applying a strong
magnetic field of 4 = 5¢ results in a splitting of the spectrum
into three bands, each with bandwidth 4¢ and separated from
each other via an energy band gap of 7. In this case, we first
focus on correlations between the levels in the lower-energy
band (o0 = 1, bottom-left panel of Fig. 3), and see a partial
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—-1077 —10—5 —1073 —107t
C(ni, nj)

FIG. 2. Lower panel: Heat map depicting two-point connected
correlations C(n;, n;) = (minj)gn — (n;)pn(n;)py in a system of

= 1000 spinless bosons on a lattice of L = 1001 sites at 8 = 1/.
Upper panel: Horizontal cuts from the upper half of C(n;, n;) at
different values of the index j > 0. The circled data points are
calculated using Eq. (48), where the red-circled points are C(n_;, n;)
for the degenerate levels j and — j, while the black-circled points are
lim;_; C(n;, n;) = ((§))sn — (n))3y-

recovery of the spinless bosons case (Fig. 2). Correlations
that involve higher-energy levels (o = 0 and —1) are orders of
magnitude weaker, at the considered temperatures, as shown
in the right panels of Fig. 3.

Finally, we turn to correlations between a set of levels
that is partially degenerate, an interesting feature of spin-1
bosons. We consider the four-level (disconnected) correla-
tions (ni,lnjylnj,onj,_ﬁB,N between the levels €1, €j,1, €50
and €; _;, where, in the absence of a magnetic field, the last
three levels are degenerate for any j. We employ the bosonic
version of Eq. (80) with ¢ = 1 with results shown in Fig. 4.
According to Eq. (35), the results that we obtain, in this case,

h=0.0 h=5t,c=1,0/=0
500
—10—3
250
=0 _10-5
—250
~500 —1077
h=5,0=1,0/=1 h=5t0=
500
—1071
250
—1073
-0
—10—5
—250 0
~500 —1077
—500 0 500 —500 0 500
1 (]

FIG. 3. Two-level connected correlation function C(n; s, ;)
at B = 1/t for N = 1000 spin-1 bosons on L = 1001 sites. Panels
correspond to different values of o, ¢’, and the applied magnetic
field (h = gupB) as indicated.

also represent (7; o (”fé”’))B,N, for any o and o’ € {1,0, —1}.
For the fully degenerate case i = —j, we use Eq. (48). Once
more, Eq. (35) guarantees that (n; jn_; n_jon_;_1)pny =
((”2”))3’1\;. Therefore, we use (("j‘”)) p.v instead of (nﬁa)B,N,
for the diagonal elements of the four-level disconnected corre-
lations presented in the lower panel of Fig. 4. The consistency
of our calculations using different equations and methods
described herein is demonstrated in the upper panel in analogy

with Fig. 2.

V. DISCUSSION

In summary, we have presented a statistical theory of
noninteracting identical quantum particles in the canonical
ensemble, providing a unified framework that symmetrically
captures both fermionic and bosonic statistics. Table I in-
cludes a listing of our most important results for fermions
and bosons. We achieve this by (1) representing correlations
[Egs. (23) and (35)] and joint probability distributions [(21)
and (27)] via auxiliary partition functions and (2) deriving
general relations between the canonical partition function of
a given spectrum and that of the auxiliary partition function
describing a spectral subset, as captured by Egs. (8), (18),
and (19).

These key equations can be manipulated to simplify the
derivation of the known recursive relations for partition func-
tions in the canonical ensemble and lead immediately to
generalizations and, more importantly, provide useful formu-
las for calculating the correlations between degenerate energy
levels and for calculating higher moments of the occupation
number distribution. Also, Eqs. (23) and (35) can be used
to reduce the complexity order of the desired correlations,
or to relate them to the occupation numbers of the involved
levels and correlations between entirely degenerate levels [see
Eq. (48)]. Moreover, the ability to manipulate the way an
auxiliary partition function is built out of other ones allows us
to construct a systematic approach towards the decomposition
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FIG. 4. Lower panel: Four-level correlations (n; 171101 -1)p N
at B =1/t for N = 1000 spin-1 bosons on L = 1001 sites with
no magnetic field applied (h = 0). Upper panel: Horizontal cuts
from the upper half of the (n;n;njon;_1)py heat map at dif-
ferent values of the index j > 0. The circled data points are
calculated using Eq. (48), where the red-circled points are the
fully degenerate case i = —j, while the black-circled points are

limi»j("i,lnj,lnj.o"j,fl>B,N = (('Z))B,N-

of many-energy-level correlations in terms of individual level
occupancies. This reflects the additional constraints between
energy levels due to fixed N even in the absence of interactions
that are not present in a grand canonical description. Thus, we
present an approach to working in the canonical ensemble that
includes a generalization of Wick’s theorem, where we obtain
previous results for nondegenerate levels [63,64] and extend
them to the case of a degenerate spectrum.

Interestingly, despite the substantial difference between
fermionic and bosonic statistics, the resulting formulas show
evident similarity. If we compare Eqs. (36), (37), and (38)

TABLE I. A summary of the main results presented in this paper
that can be utilized to determine energy-level occupation numbers,
correlations, and probabilities for N noninteracting fermions (F)
and bosons (B) with energy spectra €; with i € S ={1,2, ..., M}
in the canonical ensemble. Here #; is the occupation of the jth level,
vj, =0and 1, and 0 < ¢;, < m;, € Z. All computations rely on the
introduction of auxiliary partition functions that describe a modified
spectra or subset of levels connected to S through the removal of
levels or the addition of degeneracy.

Fermionic results

Level correlations, Eq. (23):

4
<1_[ (v, + (1 —n;)0 — V./r)]>
F.N

r=1

_ P pa € vjr 7\ .jzs}nje) )
ZF,N FN=Y,_; Yir

Joint probability distribution, Eq. (21):
B e

e PRt A
ZF,N FvN_Zf:l njr

Auxiliary partition function, Eq. (18):

N
Z Rt = Z(—l)kZB,k({jl, Jas oo JeDZE Nk
k=0
Bosonic results
Level correlations, Eq. (35):
¢
<H (njr —4qj + m/>>
rel mj, BN
mj) mj,)
— 1 e BT fjr‘IerU(-/{l) vvvvv i Py
ZB,N B’N’Z£:1 qjr
Joint probability distribution, Eq. (27):
—-B ZK:] € n:
e r: jritjr P .
PB.n Mo sens nj, — Z\Ul"/zyzqﬂ) .
U ZpN BN=3 i nj

Auxiliary partition function, Eq. (19):

N
230 = NN D Ze i ooy JeD i
k=0

with Egs. (39), (40), and (41), respectively, we see that the
differences between the fermionic and the bosonic formulas
can be captured by simple £1 factors. In view of the cur-
rent theory, such similarity is associated with the interplay
between fermionic and bosonic auxiliary partition functions.
The inverted symmetry between the two distinct statistics is
apparent via a comparison of Eqs. (13) and (14) with Egs. (15)
and (16) reflective of the fact that adding a fermionic energy
level to the partition function is similar to excluding a bosonic
one and vice versa.

While the focus of this paper is on quantum canon-
ical statistics, it is worth mentioning that one can also
obtain the well-known formulas of the grand canonical par-
tition functions for both fermionic and bosonic statistics
from the theory of auxiliary partition functions. For a given

043206-12



THEORY OF NONINTERACTING FERMIONS AND BOSONS ...

PHYSICAL REVIEW RESEARCH 2, 043206 (2020)

chemical potential p, applying the factor eV to Eq. (13),
followed by performing the summatipn Y Neo» We obtain
the simple recursive relation Zz = 2,V (1 4 ef=¢), where
Zp =Y n_o€’"™NZp y is the grand canonical partition func-
tion and ZI\,“ "is an auxiliary one. This leads immediately to
Zr=T[;0 + ePh=€)) Starting from Eq. (16), the bosonic
grand canonical partition function can be obtained in a similar
fashion.

The presented formulas for combining and resolving aux-
iliary partition functions allows for their construction via
different routes which we have utilized to obtain exact ex-
pressions for the decomposition of correlations in terms of
single-level occupation numbers. These different forms may
also have value in overcoming the known numerical insta-
bilities of the recursive formula for the fermionic partition
function due to the influence of alternating signs [63,85]. In
addition, the simplicity of the presented theory suggests a
possible generalization to cover different energy-level occu-
pation constraints beyond the fermionic and bosonic ones.
This includes classical Maxwell-Boltzmann statistics in the
canonical ensemble.

We envision that the results presented herein could have ap-
plications in the computation of entanglement entropy in the
presence of superselection rules, as well as in modeling cold
atom experiments. In the context of quantum information, the
spectrum of the reduced density matrix corresponding to a
mode bipartition of a state of conserved number N of itinerant
particles on a lattice can be associated with that of a fictional
entanglement Hamiltonian. For noninteracting particles, the
entanglement entropy can be obtained via the so-called corre-
lation matrix method [86—89] which requires the evaluation of
the canonical partition function of the resulting noninteracting
entanglement Hamiltonian. For trapped ultracold atoms at low
densities where N is fixed and interactions can be neglected,
the analysis of experimental results in the physically correct
canonical ensemble provides improved thermometry, espe-
cially for the case of fermions.

Finally, the ability to directly study level statistics in the
canonical ensemble for bosons and fermions may have peda-
gogical value in the teaching of statistical mechanics, where
the more physical concept of a fixed number of particles is
quickly jettisoned and replaced with a grand canonical reser-
voir for the sake of simplifying derivations.
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APPENDIX A: ADDITIONAL PROOF OF EQ. (17)

Here we provide another proof for Eq. (17) of the main
text via mathematical induction. First, we substitute for

€; = €; Fir/BinEq. (15):
N
2 =" 25 (W2 N (AD)
k=0
where Z , ({j}) = e Pk is the single-level bosonic APF. This

validates Eq. (17) for the removal of a single level, i.e., for £ =
1. Next, we use Eq. (15) to remove an additional energy level,

€)1,y » from Z}{.{\‘,’jz""‘”} and substitute fore;,,, =€}  Fin/p:
N
Zi =2 "M (A2)
m=0

where S = {j1, jo, ..., je} and Ser1 = {j1, jo, ..., Jes1}
Now we assume that Eq. (17) holds for removing ¢ levels and

use it to substitute for Z}Slf,fm in the above equation. This gives

N N—m
S —mpe’
257 =Y e " Y 74 (SOZpN-mk -
m=0 k=0

(A3)

Performing the index change k — k — m and reordering the
summations yields

N k&
Zl}‘iy] = Z Z e "Plen Zg t—m(SOZp Nk -
k=0 m=0

(A4)

From Eq. (14), the inner summation is simply Zp , (S¢+1) and
thus Eq. (17) holds for removing £ + 1 levels, i.e.,

N
S,
Z>,1<l+l = Zzz/;,k(sz-rl)ZF,N_k .
k=0

(A5)
This proves Eq. (17) in general.

APPENDIX B: DERIVATION OF EQ. (69)

Starting with the sets of levels S, = {ij, i3, ...
{j1, J2, - ., je} and using Eq. (19) we have

5iV}C8€=

l—r

Z3 =Y (=D (SOZy (B1)
k=0

Next, we substitute for Z}‘Sk (S¢), using Eq. (63), except for the

last term (—1)“”2.1\?:54’4(85 )Z;f\,‘f , Which we ss:parate from
the rest of the previous summation; thus we obtain

—r—1 k

Zivo, = > (=" 2y (SOZE ke (SO Zy N
k=0 m=0

+ (=D SOz,

If we rearrange the summations and perform the index change
k—k—r+1landm — m—r, we get

(B2)

-1
ZyS =Y (1" Zy (S
e_
x (—D*Zp i1 (S Zga
k=m—1

+ (=D S0z,

S}

Il
3

(B3)
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Now, using Eq. (34), we substitute for Z;‘;’:f_z and Z;‘Zg\,’_r

as well as the APF Z}‘.SL,,(SZ) = ¢ PXiesns S After mul-
: (-1 ),,] e P YiveSy €y

tiplying the resulting equation by Zox , We can
write
-1
Y50+ Y Apm(S)¥sm = bs(S,), (B4)

where
-2
D D Zr w1 (SOZy iy

k=m—1

_1)m+1

Y 1<m<oe—1 = (
Zp.n

(B5)

Yso = (—1D)Yn;nj,...nj)en, Ao =1, Apem<r =0, and
Aremce—1(8,) = (=1 e Plies 75, (S,). Also, the
term bB(Sr) = (—1)”71 (n,»ln,-2 . I’l,"_>B,N.

[1] C. Kittel, Thermal Physics, 2nd ed. (Freeman, San Francisco,
1980), pp. 121-225.

[2] L. D. Landau and E. M. Lifshitz, Statistical Physics, 3rd ed.,
Part 1 (Elsevier, New York, 1980), pp. 158—183.

[3] R. K. Pathria and P. D. Beale, Statistical Mechanics, 3rd ed.
(Elsevier, New York, 2011), p. 148.

[4] D. J. Bedingham, Bose-Einstein condensation in the canonical
ensemble, Phys. Rev. D 68, 105007 (2003).

[5] W. J. Mullin and J. P. Fernandez, Bose-Einstein condensation,
fluctuations, and recurrence relations in statistical mechanics,
Am. J. Phys. 71, 661 (2003).

[6] A.N. Wenz, G. Ziirn, S. Murmann, I. Brouzos, T. Lompe, and S.
Jochim, From few to many: Observing the formation of a Fermi
sea one atom at a time, Science 342, 457 (2013).

[71 M. F. Parsons, F. Huber, A. Mazurenko, C. S. Chiu, W.
Setiawan, K. Wooley-Brown, S. Blatt, and M. Greiner, Site-
Resolved Imaging of Fermionic ®Li in an Optical Lattice, Phys.
Rev. Lett. 114, 213002 (2015).

[8] L. W. Cheuk, M. A. Nichols, M. Okan, T. Gersdorf, V. V.
Ramasesh, W. S. Bakr, T. Lompe, and M. W. Zwierlein,
Quantum-Gas Microscope for Fermionic Atoms, Phys. Rev.
Lett. 114, 193001 (2015).

[9] E. Haller, J. Hudson, A. Kelly, D. A. Cotta, B. Peaudecerf,
G. D. Bruce, and S. Kuhr, Single-atom imaging of fermions in
a quantum-gas microscope, Nat. Phys. 11, 738 (2015).

[10] S. Pegahan, J. Kangara, I. Arakelyan, and J. E. Thomas,
Spin-energy correlation in degenerate weakly interacting Fermi
gases, Phys. Rev. A 99, 063620 (2019).

[11] B. Mukherjee, Z. Yan, P. B. Patel, Z. Hadzibabic, T. Yefsah,
J. Struck, and M. W. Zwierlein, Homogeneous Atomic Fermi
Gases, Phys. Rev. Lett. 118, 123401 (2017).

[12] K. Hueck, N. Luick, L. Sobirey, J. Siegl, T. Lompe, and H.
Moritz, Two-Dimensional Homogeneous Fermi Gases, Phys.
Rev. Lett. 120, 060402 (2018).

[13] B. Mukherjee, P. B. Patel, Z. Yan, R. J. Fletcher, J. Struck, and
M. W. Zwierlein, Spectral Response and Contact of the Unitary
Fermi Gas, Phys. Rev. Lett. 122, 203402 (2019).

[14] R. Onofrio, Cooling and thermometry of atomic Fermi gases,
Phys. Usp. 59, 1129 (2016).

[15] G. A. Phelps, A. Hébert, A. Krahn, S. Dickerson, F. Oztiirk,
S. Ebadi, L. Su, and M. Greiner, Sub-second production of a
quantum degenerate gas, arXiv:2007.10807 (2020).

[16] S. Giorgini, L. P. Pitaevskii, and S. Stringari, Theory of
ultracold atomic Fermi gases, Rev. Mod. Phys. 80, 1215
(2008).

[17] M. Horodecki, P. Horodecki, and R. Horodecki, Limits for
Entanglement Measures, Phys. Rev. Lett. 84, 2014 (2000).

[18] S. D. Bartlett and H. M. Wiseman, Entanglement Constrained
by Superselection Rules, Phys. Rev. Lett. 91, 097903 (2003).

[19] H. M. Wiseman and J. A. Vaccaro, Entanglement of Indistin-
guishable Particles Shared Between Two Parties, Phys. Rev.
Lett. 91, 097902 (2003).

[20] H. M. Wiseman, S. D. Bartlett, and J. A. Vaccaro, Ferreting
out the flufty bunnies: Entanglement constrained by generalized
superselection rules, in Laser Spectroscopy (World Scientific,
Singapore, 2004), pp. 307-314.

[21] J. A. Vaccaro, F. Anselmi, and H. M. Wiseman, Entanglement
of identical particles and reference phase uncertainty, Int. J.
Quantum. Inform. 01, 427 (2003).

[22] N. Schuch, F. Verstraete, and J. I. Cirac, Nonlocal Resources
in the Presence of Superselection Rules, Phys. Rev. Lett. 92,
087904 (2004).

[23] J. Dunningham, A. Rau, and K. Burnett, From pedigree cats to
fluffy-bunnies, Science 307, 872 (2005).

[24] M. Cramer, M. B. Plenio, and H. Wunderlich, Measuring En-
tanglement in Condensed Matter Systems, Phys. Rev. Lett. 106,
020401 (2011).

[25] I. Klich and L. S. Levitov, Scaling of entanglement entropy and
superselection rules, arXiv:0812.0006 (2008).

[26] S. Murciano, P. Ruggiero, and P. Calabrese, Symmetry resolved
entanglement in two-dimensional systems via dimensional re-
duction, J. Stat. Mech: Theory Exp. (2020) 083102.

[27] M. T. Tan and S. Ryu, Particle number fluctuations, Rényi
entropy, and symmetry-resolved entanglement entropy in a two-
dimensional Fermi gas from multidimensional bosonization,
Phys. Rev. B 101, 235169 (2020).

[28] S. Murciano, G. D. Giulio, and P. Calabrese, Entanglement
and symmetry resolution in two dimensional free quantum field
theories, J. High Energ. Phys. 8 (2020) 073.

[29] L. Capizzi, P. Ruggiero, and P. Calabrese, Symmetry resolved
entanglement entropy of excited states in a CFT, J. Stat. Mech.:
Theory Exp. (2020) 073101.

[30] S. Fraenkel and M. Goldstein, Symmetry resolved entangle-
ment: Exact results in 1D and beyond, J. Stat. Mech.: Theory
Exp. (2020) 033106.

[31] N. Feldman and M. Goldstein, Dynamics of charge-resolved
entanglement after a local quench, Phys. Rev. B 100, 235146
(2019).

[32] H. Barghathi, E. Casiano-Diaz, and A. Del Maestro, Opera-
tionally accessible entanglement of one-dimensional spinless
fermions, Phys. Rev. A 100, 022324 (2019).

[33] R. Bonsignori, P. Ruggiero, and P. Calabrese, Symmetry re-
solved entanglement in free fermionic systems, J. Phys. A:
Math. Theor. 52, 475302 (2019).

043206-14


https://doi.org/10.1103/PhysRevD.68.105007
https://doi.org/10.1119/1.1544520
https://doi.org/10.1126/science.1240516
https://doi.org/10.1103/PhysRevLett.114.213002
https://doi.org/10.1103/PhysRevLett.114.193001
https://doi.org/10.1038/nphys3403
https://doi.org/10.1103/PhysRevA.99.063620
https://doi.org/10.1103/PhysRevLett.118.123401
https://doi.org/10.1103/PhysRevLett.120.060402
https://doi.org/10.1103/PhysRevLett.122.203402
https://doi.org/10.3367/UFNe.2016.07.037873
http://arxiv.org/abs/arXiv:2007.10807
https://doi.org/10.1103/RevModPhys.80.1215
https://doi.org/10.1103/PhysRevLett.84.2014
https://doi.org/10.1103/PhysRevLett.91.097903
https://doi.org/10.1103/PhysRevLett.91.097902
https://doi.org/10.1142/S0219749903000346
https://doi.org/10.1103/PhysRevLett.92.087904
https://doi.org/10.1126/science.1109545
https://doi.org/10.1103/PhysRevLett.106.020401
http://arxiv.org/abs/arXiv:0812.0006
https://doi.org/10.1088/1742-5468/aba1e5
https://doi.org/10.1103/PhysRevB.101.235169
https://doi.org/10.1007/JHEP08(2020)073
https://doi.org/10.1088/1742-5468/ab96b6
https://doi.org/10.1088/1742-5468/ab7753
https://doi.org/10.1103/PhysRevB.100.235146
https://doi.org/10.1103/PhysRevA.100.022324
https://doi.org/10.1088/1751-8121/ab4b77

THEORY OF NONINTERACTING FERMIONS AND BOSONS ...

PHYSICAL REVIEW RESEARCH 2, 043206 (2020)

[34] H. Barghathi, C. M. Herdman, and A. Del Maestro, Rényi
Generalization of the Accessible Entanglement Entropy, Phys.
Rev. Lett. 121, 150501 (2018).

[35] M. Kiefer-Emmanouilidis, R. Unanyan, J. Sirker, and M.
Fleischhauer, Bounds on the entanglement entropy by the num-
ber entropy in noninteracting fermionic systems, SciPost Phys.
8, 83 (2020).

[36] S.Murciano, G. D. Giulio, and P. Calabrese, Symmetry resolved
entanglement in gapped integrable systems: a corner transfer
matrix approach, SciPost Phys. 8, 46 (2020).

[37] M. Goldstein and E. Sela, Symmetry-Resolved Entangle-
ment in Many-Body Systems, Phys. Rev. Lett. 120, 200602
(2018).

[38] H. Sato, Nucleus as a canonical ensemble: Entropy and
level density at low temperature, Phys. Rev. C 36, 785
(1987).

[39] S. Cheng and S. Pratt, Isospin fluctuations from a thermally
equilibrated hadron gas, Phys. Rev. C 67, 044904 (2003).

[40] S. Pratt and J. Ruppert, Quark-gluon plasma in a finite volume,
Phys. Rev. C 68, 024904 (2003).

[41] V. D. Toneev and A. S. Parvan, Canonical strangeness and dis-
tillation effects in hadron production, J. Phys. G: Nucl. Partic.
31, 583 (2005).

[42] S. V. Akkelin and Y. M. Sinyukov, Quantum canonical ensem-
ble and correlation femtoscopy at fixed multiplicities, Phys.
Rev. C 94, 014908 (2016).

[43] A. Parvan, V. Toneev, and M. Ploszajczak, Quantum statistical
model of nuclear multifragmentation in the canonical ensemble
method, Nucl. Phys. A 676, 409 (2000).

[44] C. Das, S. Das Gupta, W. Lynch, A. Mekjian, and M. Tsang,
The thermodynamic model for nuclear multifragmentation,
Phys. Rep. 406, 1 (2005).

[45] B. K. Jennings and S. Das Gupta, Canonical partition
function in nuclear physics, Phys. Rev. C 62, 014901
(2000).

[46] R. Rossignoli, Canonical and grand-canonical partition func-
tions and level densities, Phys. Rev. C 51, 1772 (1995).

[47] N. Canosa, R. Rossignoli, and P. Ring, Canonical treatment of
fluctuations and random phase approximation correlations at
finite temperature, Phys. Rev. C 59, 185 (1999).

[48] R. Rossignoli, N. Canosa, and J. Egido, Finite temperature
canonical treatments in the static path approximation, Nucl.
Phys. A 605, 1 (1996).

[49] K. K. Gudima, A. S. Parvan, M. Ploszajczak, and V. D. Toneev,
Nuclear Multifragmentation in Nonextensive Statistics: Canon-
ical Formulation, Phys. Rev. Lett. 85, 4691 (2000).

[50] V. Vovchenko, B. Donigus, and H. Stoecker, Canonical sta-
tistical model analysis of p—p, p-pb, and pb-pb collisions at
energies available at the CERN Large Hadron Collider, Phys.
Rev. C 100, 054906 (2019).

[51] V. Vovchenko, B. Donigus, and H. Stoecker, Multiplicity de-
pendence of light nuclei production at LHC energies in the
canonical statistical model, Phys. Lett. B 785, 171 (2018).

[52] L. Y. Jia and C. Qi, Generalized-seniority pattern and thermal
properties in even Sn isotopes, Phys. Rev. C 94, 044312 (2016).

[53] V. V. Begun, M. I. Gorenstein, and O. S. Zozulya, Fluctuations
in the canonical ensemble, Phys. Rev. C 72, 014902 (2005).

[54] J.-H. Fu, Higher moments of multiplicity fluctuations in a
hadron-resonance gas with exact conservation laws, Phys. Rev.
C 96, 034905 (2017).

[55] P. Garg, D. K. Mishra, P. K. Netrakanti, and A. K. Mohanty,
Multiplicity fluctuations in heavy-ion collisions using canonical
and grand-canonical ensemble, Eur. Phys. J. A 52, 27 (2016).

[56] S. Acharya et al. (ALICE Collaboration), Production of
(anti-) *He and (anti-)’H in p-Pb collisions at Sy = 5.02
TeV, Phys. Rev. C 101, 044906 (2020).

[57] H. Schmidt, A simple derivation of distribution functions for
Bose and Fermi statistics, Am. J. Phys. 57, 1150 (1989).

[58] P. Borrmann and G. Franke, Recursion formulas for quantum
statistical partition functions, J. Chem. Phys. 98, 2484 (1993).

[59] P. Borrmann, J. Harting, O. Miilken, and E. R. Hilf, Calculation
of thermodynamic properties of finite Bose-Einstein systems,
Phys. Rev. A 60, 1519 (1999).

[60] S. Pratt, Canonical and Microcanonical Calculations for Fermi
Systems, Phys. Rev. Lett. 84, 4255 (2000).

[61] C. Weiss and M. Wilkens, Particle number counting statistics in
ideal Bose gases, Opt. Express 1, 272 (1997).

[62] J. Arnaud, J. M. Boé, L. Chusseau, and F. Philippe, Illustration
of the Fermi-Dirac statistics, Am. J. Phys. 67, 215 (1999).

[63] K. Schonhammer, Deviations from Wick’s theorem in the
canonical ensemble, Phys. Rev. A 96, 012102 (2017).

[64] O. Giraud, A. Grabsch, and C. Texier, Correlations of occupa-
tion numbers in the canonical ensemble and application to a
Bose-Einstein condensate in a one-dimensional harmonic trap,
Phys. Rev. A 97, 053615 (2018).

[65] K. Tsutsui and T. Kita, Quantum correlations of ideal Bose and
Fermi gases in the canonical ensemble, J. Phys. Soc. Jpn. 85,
114603 (2016).

[66] C.-C. Zhou and W.-S. Dai, Canonical partition functions: ideal
quantum gases, interacting classical gases, and interacting
quantum gases, J. Stat. Mech.: Theory Exp. (2018) 023105.

[67] D. S. Dean, P. Le Doussal, S. N. Majumdar, and G.
Schehr, Noninteracting fermions at finite temperature in a d-
dimensional trap: Universal correlations, Phys. Rev. A 94,
063622 (2016).

[68] R. Denton, B. Miihlschlegel, and D. J. Scalapino, Electronic
Heat Capacity and Susceptibility of Small Metal Particles, Phys.
Rev. Lett. 26, 707 (1971).

[69] R. Denton, B. Miihlschlegel, and D. J. Scalapino, Thermody-
namic properties of electrons in small metal particles, Phys.
Rev. B 7, 3589 (1973).

[70] K. Schonhammer and V. Meden, Fermion-boson transmutation
and comparison of statistical ensembles in one dimension, Am.
J. Phys. 64, 1168 (1996).

[71] A. Svidzinsky, M. Kim, G. Agarwal, and M. O. Scully,
Canonical ensemble ground state and correlation entropy of
Bose-FEinstein condensate, New J. Phys. 20, 013002 (2018).

[72] P. K. Jha and S. Hirata, Finite-temperature many-body perturba-
tion theory in the canonical ensemble, Phys. Rev. E 101, 022106
(2020).

[73] K. C. Chase, A. Z. Mekjian, and L. Zamick, Canonical and
microcanonical ensemble approaches to Bose-Einstein conden-
sation: The thermodynamics of particles in harmonic traps, Eur.
Phys. J. B 8, 281 (1999).

[74] K. Schénhammer, Thermodynamics and occupation numbers of
a Fermi gas in the canonical ensemble, Am. J. Phys. 68, 1032
(2000).

[75] V. V. Kocharovsky and V. V. Kocharovsky, Analytical theory of
mesoscopic Bose-Einstein condensation in an ideal gas, Phys.
Rev. A 81, 033615 (2010).

043206-15


https://doi.org/10.1103/PhysRevLett.121.150501
https://doi.org/10.21468/SciPostPhys.8.6.083
https://doi.org/10.21468/SciPostPhys.8.3.046
https://doi.org/10.1103/PhysRevLett.120.200602
https://doi.org/10.1103/PhysRevC.36.785
https://doi.org/10.1103/PhysRevC.67.044904
https://doi.org/10.1103/PhysRevC.68.024904
https://doi.org/10.1088/0954-3899/31/7/005
https://doi.org/10.1103/PhysRevC.94.014908
https://doi.org/10.1016/S0375-9474(00)00203-7
https://doi.org/10.1016/j.physrep.2004.10.002
https://doi.org/10.1103/PhysRevC.62.014901
https://doi.org/10.1103/PhysRevC.51.1772
https://doi.org/10.1103/PhysRevC.59.185
https://doi.org/10.1016/0375-9474(96)00161-3
https://doi.org/10.1103/PhysRevLett.85.4691
https://doi.org/10.1103/PhysRevC.100.054906
https://doi.org/10.1016/j.physletb.2018.08.041
https://doi.org/10.1103/PhysRevC.94.044312
https://doi.org/10.1103/PhysRevC.72.014902
https://doi.org/10.1103/PhysRevC.96.034905
https://doi.org/10.1140/epja/i2016-16027-0
https://doi.org/10.1103/PhysRevC.101.044906
https://doi.org/10.1119/1.16123
https://doi.org/10.1063/1.464180
https://doi.org/10.1103/PhysRevA.60.1519
https://doi.org/10.1103/PhysRevLett.84.4255
https://doi.org/10.1364/OE.1.000272
https://doi.org/10.1119/1.19228
https://doi.org/10.1103/PhysRevA.96.012102
https://doi.org/10.1103/PhysRevA.97.053615
https://doi.org/10.7566/JPSJ.85.114603
https://doi.org/10.1088/1742-5468/aaa37e
https://doi.org/10.1103/PhysRevA.94.063622
https://doi.org/10.1103/PhysRevLett.26.707
https://doi.org/10.1103/PhysRevB.7.3589
https://doi.org/10.1119/1.18339
https://doi.org/10.1088/1367-2630/aa910a
https://doi.org/10.1103/PhysRevE.101.022106
https://doi.org/10.1007/s100510050691
https://doi.org/10.1119/1.1286116
https://doi.org/10.1103/PhysRevA.81.033615

BARGHATHI, YU, AND DEL MAESTRO

PHYSICAL REVIEW RESEARCH 2, 043206 (2020)

[76] J.-H. Wang and Y.-L. Ma, Thermodynamics and finite-size
scaling of homogeneous weakly interacting Bose gases within
an exact canonical statistics, Phys. Rev. A 79, 033604
(2009).

[77] W. Magnus, L. Lemmens, and F. Brosens, Quantum canonical
ensemble: A projection operator approach, Physica A 482, 1
(2017).

[78] A. Grabsch, S. N. Majumdar, G. Schehr, and C. Texier,
Fluctuations of observables for free fermions in a har-
monic trap at finite temperature, SciPost Phys. 4, 14
(2018).

[79] M. Kruk, M. Lebek, and K. Rzazewski, Statistical properties
of cold bosons in a ring trap, Phys. Rev. A 101, 023622
(2020).

[80] J. Grela, S. N. Majumdar, and G. Schehr, Kinetic Energy of a
Trapped Fermi Gas at Finite Temperature, Phys. Rev. Lett. 119,
130601 (2017).

[81] K. Liechty and D. Wang, Asymptotics of free fermions in a
quadratic well at finite temperature and the Moshe-Neuberger-
Shapiro random matrix model, Ann. Inst. Henri Poincaré
Probab. Statist. 56, 1072 (2020).

[82] G. C. Wick, The Evaluation of the Collision Matrix, Phys. Rev.
80, 268 (1950).

[83] Here we replace Zp , with Z;(X” and Z;f){’ with Zg , in (16) and
(14).

[84] All code, scripts and data used in this work are included in
a GitHub repository: https://github.com/DelMaestroGroup/
papers-code-CanonicalEnsembleTheory.
https://doi.org/10.5281/zenodo.3970773.

[85] H.-J. Schmidt and J. Schnack, Thermodynamic fermion-boson
symmetry in harmonic oscillator potentials, Physica A 265, 584
(1999).

[86] 1. Peschel, Calculation of reduced density matrices from corre-
lation functions, J. Phys. A: Math. Gen. 36, L205 (2003).

[87] 1. Peschel and V. Eisler, Reduced density matrices and entan-
glement entropy in free lattice models, J. Phys. A: Math. Theor.
42, 504003 (2009).

[88] V. Eisler and I. Peschel, Analytical results for the entanglement
hamiltonian of a free-fermion chain, J. Phys. A: Math. Theor.
50, 284003 (2017).

[89] I. Peschel, Special review: Entanglement in solvable many-
particle models, Braz. J. Phys. 42, 267 (2012).

Permanent  link:

043206-16


https://doi.org/10.1103/PhysRevA.79.033604
https://doi.org/10.1016/j.physa.2017.04.069
https://doi.org/10.21468/SciPostPhys.4.3.014
https://doi.org/10.1103/PhysRevA.101.023622
https://doi.org/10.1103/PhysRevLett.119.130601
https://doi.org/10.1214/19-AIHP994
https://doi.org/10.1103/PhysRev.80.268
https://github.com/DelMaestroGroup/papers-code-CanonicalEnsembleTheory
https://doi.org/10.5281/zenodo.3970773
https://doi.org/10.1016/S0378-4371(98)00654-2
https://doi.org/10.1088/0305-4470/36/14/101
https://doi.org/10.1088/1751-8113/42/50/504003
https://doi.org/10.1088/1751-8121/aa76b5
https://doi.org/10.1007/s13538-012-0074-1

