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We derive a systematic approach to the thermodynamics of quantum systems based on the underlying
symmetry groups. We first show that the entropy of a system can be described in terms of group-theoretical
quantities that are largely independent of the details of its density matrix. We then apply our technique to
generic N identical interacting d-level quantum systems. Using permutation invariance, we find that, for
large N, the entropy displays a universal asymptotic behavior in terms of a function sðxÞ that is completely
independent of the microscopic details of the model, but depends only on the size of the irreducible
representations of the permutation group SN . In turn, the equilibrium state of the system and macroscopic
fluctuations around it are shown to satisfy a large deviation principle with a rate function
fðxÞ ¼ eðxÞ − β−1sðxÞ, where eðxÞ only depends on the ground state energy of particular subspaces
determined by group representation theory, and β is the inverse temperature. We apply our theory to the
transverse-field Curie-Weiss model, a minimal model of phase transition exhibiting an interplay of thermal
and quantum fluctuations.
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Symmetries play a fundamental role in shaping physical
theories, from quantum mechanics to thermodynamics [1].
In the context of nonequilibrium physics, symmetries are
crucial for the understanding of stochastic energetics [2,3],
dynamical phase transitions [4–6], and quantum thermo-
dynamics [7–9]. Studying the entropic, energetic, or
dynamic signatures of underlying symmetries in quantum
systems is an active field of research, from fundamental
questions about entropy scalings, ground state properties,
thermalization and open quantum systems thermodynamics
[10–19], to the optimization of quantum computing or
numerical simulation procedures [20–26]. This research is
gaining momentum due to rapid experimental advances
[16,22], particularly in cold atoms [27,28].
In this Letter, we give a systematic description of how the

underlying symmetry of a quantum system determines its
entropic and energetic profile. First, we show that if the
density matrix of a system is invariant under the action of a
group G, its von Neumann entropy simplifies into a
contribution that only depends on a structural property
of the group, namely the dimension of its irreducible
representations, and another that is model dependent but
can be bounded from above by other group theoretical
quantities. Second, we consider many-body quantum
systems composed of N identical interacting d-level sys-
tems and invariant under the action of the permutation

group G ¼ SN . At equilibrium, we prove that the only
extensive contributions to entropy are completely indepen-
dent of the microscopic details of the system and are only
shaped by the structure of SN . The extensive contributions
to energy are, in turn, given by the ground states of
particular restrictions of the Hamiltonian, defined from
group representation theory. Third, we illustrate the use-
fulness of our results on the transverse-field Curie-Weiss
model, which—despite the apparent simplicity of its
Hamiltonian—exhibits a highly nontrivial behavior result-
ing from the interplay of quantum and thermal fluctuations
[29–32]. We highlight that the main strength of our group
theory approach is that, unlike standard mean-field meth-
ods, it enables us to perform a large deviation analysis
[33,34] and to obtain the rate function of the free energy,
giving access to the full statistics.
von Neumann entropy using group theory—If a quantum

state (i.e., density matrix) ρ̂ is symmetric with respect to a
given finite group G, we can exploit representation theory
to write ρ̂ in block diagonal form. This will be instrumental
in understanding the impact that symmetry-related effects
have on thermodynamics. Given a quantum system with
Hilbert spaceH and a group G [35] acting on it, Maschke’s
theorem [36,37] allows us to decompose H into a direct
sum of representations of G, that is, subspaces of H that
remain invariant under the action of any element ĝ∈G. A
representation that cannot be further decomposed (i.e., does
not contain invariant subspaces) is called irreducible. The
Hilbert space has a unique decomposition in terms of
irreducible representations, hereby called Vλ
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H ¼ ⨁
λ

⨁
deg λ

k¼1

Vλ
k; ð1Þ

where λ is a suitable index [38] labeling the irreducibles of
G in the decomposition of H. Note that, in general, the
same irreducible can appear with multiplicity, denoted as
deg λ in Eq. (1). A symmetric state ρ̂ is, by definition,
invariant under the action of G, namely ½ĝ; ρ̂� ¼ 0 for all
ĝ∈G [39], so it can be fully characterized by Schur’s
lemma [36,37]. The latter implies that the density matrix
is block diagonal in the sectors with fixed λ. Defining
the total probability associated with a given block as
pλ ¼ Tr½ρ̂Pk Π̂λ;k�, with Π̂λ;k the projector on Vλ

k, we
obtain

ρ̂ ¼
X
λ

pλρ̂λ; ð2Þ

where ρ̂λ ≡P
k;k0 Π̂λ;kρ̂Π̂λ;k0=pλ are the conditional (nor-

malized) density matrices associated to the blocks. A
second implication of Schur’s lemma is that every subblock
of ρ̂λ with fixed k, k0 is proportional to the identity matrix

Π̂λ;kρ̂λΠ̂λ;k0 ¼
1

dim λ
½ρ̃λ�kk0 Iλkk0 ; ð3Þ

where we gathered the proportionality coefficients in a new
operator ρ̃λ (with elements ½ρ̃λ�kk0 ) and Iλkk0 denotes the
identity map between Vλ

k and V
λ
k0 . Note that ρ̃λ is defined on

a reduced Hilbert space indexed by k; k0 ∈ ½1; deg λ�, and
that the normalization dim λ≡ dimVλ

k ¼ dimVλ
k0 ensures

that Tr½ρ̃λ� ¼ 1. Using the new “coarse-grained” state ρ̃λ,
we may rewrite ρ̂λ as

ρ̂λ ¼
1

dim λ
ρ̃λ ⊗ Iλ; ð4Þ

where we used that Iλkk0 are all copies of a unique identity
matrix of dimension dim λ, above denoted by Iλ. We now
use Eqs. (2) and (4) to compute the von Neumann entropy
[40], given by Sðρ̂Þ≡ −Tr½ρ̂ ln ρ̂�. Since the blocks with
different λ are disconnected [see Eq. (2)], the final result
will be a sum over the contributions of the different blocks.
In addition, the inside-block degeneracy emerging from
Eq. (4) yields an additional dim λ factor, resulting in our
first main result (see Sec. I in [41]):

Sðρ̂Þ ¼
X
λ

pλ½ln dim λþ Sðρ̃λÞ� þHðpÞ; ð5Þ

where HðpÞ ¼ −
P

λ pλ lnpλ is the Shannon entropy [42]
of the classical probability distribution p ¼ fpλgλ. The first
contribution in Eq. (5) depends on the dimension of a given
irreducible representation, i.e., a universal property of the
group G. On the contrary, the second and third terms

depend on the details of ρ̂, yet they can be bounded from
above by other state-independent parameters coming from
Eq. (1). Using that ρ̃λ is defined on a reduced Hilbert space
of dimension deg λ,

Sðρ̃λÞ ≤ ln deg λ: ð6Þ
Similarly, the Shannon entropy HðpÞ cannot exceed the

value of the logarithm of the total number of irreducible
representations appearing in the direct sum (1), that we
call Λ

HðpÞ ≤ lnΛ: ð7Þ

Equations (5)–(7) allow us to give a universal description of
the von Neumann entropy of any quantum system given its
symmetry group G.
Universality of macroscopic entropy—For a collection of

N identical d-level systems, the Hilbert space has the form

HðdÞ
N ¼ ⊗

N

i¼1
CðiÞ
d ; ð8Þ

where CðiÞ
d is the d-dimensional complex vector space of

the ith system. The set G of symmetries of a given system
depends on the properties of the system itself. Common
examples in many-body physics are the cyclic symmetry
(e.g., in Ising chains with periodic boundary conditions
[43,44]) and the permutation symmetry, associated, respec-
tively, with the cyclic group ZN and with the symmetric
group SN .
From now on, we focus on the permutation group. Each

element π ∈SN acts on the tensor product basis of HðdÞ
N by

exchanging its local components:

πðje1i⊗ je2i::⊗ jeNiÞ¼ jeπð1Þi⊗ jeπð2Þi::⊗ jeπðNÞi; ð9Þ

where πðjÞ is the particle occupying the position j after the
permutation took place and jeii with ei ¼ 1;…; d is a basis

vector for CðiÞ
d . To obtain a decomposition of the form (1)

for HðdÞ
N and G ¼ SN , let us first introduce the occupation

numbers μj, which represent the number of particles in the
state j for j ¼ 1;…; d. We then introduce the subspacesMμ

with fixed occupation number vector μ ¼ ðμ1;…; μdÞ. By
construction, the basis elements of Mμ are vectors je1i ⊗
je2i:: ⊗ jeNi such that the value j is taken exactly μj times
by the ei’s, for j ¼ 1;…; d. From the relation (9), it is clear
that the subspaces Mμ are invariant under the action of SN ,
so we can preliminarily decompose

HðdÞ
N ¼ ⨁

μ
Mμ; ð10Þ

where πðMμÞ ⊆ Mμ for all π ∈SN . To further reduce the
susbspacesMμ, we do the crucial observation (see Sec. II in
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[41]) that they coincide with standard objects of represen-
tation theory, called permutation modules of index μ.
Permutation modules can be completely reduced, using
textbook approaches [37], as

Mμ ¼ ⨁
λ
⨁
Kλ;μ

h¼1

Sλ
h;μ; ð11Þ

where Sλ
h;μ are the irreducible representations of SN . While

the superscript λ spans different irreducibles, the subscript μ
keeps track of the original μ sector and the subscript h is a
degeneracy index running between 1 and a value Kλ;μ that
can be computed analytically and is known as the Kostka
number [37]. The vector indices λ, μ are d-dimensional
partitions of N (decreasing vectors of positive integers
summing to N,

P
d
j¼1 μj ¼

P
d
j¼1 λj ¼ N), and, together

with h in Eq. (11), constitute a complete set of quantum
numbers labeling the irreducibles in the decomposition

of HðdÞ
N .

To study the behavior of the von Neumann entropy of a
permutation-invariant state in the large N limit we apply
Eqs. (5)–(7) to the decomposition (10). After replacing k
with the specific notation for SN given by μ, h, the
asymptotic of the entropic contributions can be obtained
from known combinatorial formulas: (i) dim λ is given by
the Hook length formula [36], a combinatorial rule based
on the concept of Young tableau. The Vershik-Kerov
theorem and related results [45–47] show that dim λ is
exponentially large in N for N → ∞. After introducing a
rescaled variable x≡ ðλ=NÞ and an intensive volume
entropy associated with dim λ, we find (see Sec. III in [41])

sðxÞ≡ lim
N→∞

1

N
ln dimðNxÞ ¼ −

Xd
j¼1

xj ln xj; ð12Þ

where sðxÞ turns out to be a Shannon entropy over the
rescaled variable x. (ii) deg λ is the multiplicity of the
irreducible labeled by the partition λ, which can be obtained
from Eqs. (10) and (11). An upper bound for this quantity is
derived (see Sec. III in [41]) by noting that it coincides with
the logarithm of the Schur polynomial of index λ and all
arguments equal to 1 [36]

ln deg λ ¼ ln
X
μ

Kλ;μ ≤
dðd − 1Þ

2
lnN; ð13Þ

so the contribution of deg λ is nonextensive, as long as the
thermodynamic limit does not involve any scaling of the
local Hilbert spaces dimension d. (iii) Λ is the number of
distinct irreducible representations appearing in Eq. (11). If
the Hilbert spaces of the single constituents have dimension
d, then λ spans all the partitions of N composed by d
elements. This quantity has a known asymptotic value for

large N [48], that we can use to derive

lnΛ ∼ ðd − 1Þ lnN: ð14Þ

Plugging Eqs. (13) and (14) into Eqs. (5)–(7) it is clear
that the only extensive contribution to Sðρ̂Þ comes from the
term proportional to dim λ, thus

lim
N→∞

Sðρ̂Þ
N

¼ lim
N→∞

X
λ

pλ

N
ln dim λ ¼

Z
pðxÞsðxÞdx; ð15Þ

where pðxÞ≡ Ndpλ¼Nx. We stress that sðxÞ is a universal
property of SN , and as such is completely independent from
any detail of the state ρ̂, that are gauged only through
pðxÞ [49].
To show the versatility of our approach, we complete this

section with a concise discussion of the cyclic group case
G ¼ ZN . Since ZN is an Abelian group, the dimension of
irreducible representations dim λ is always 1. The number
of distinct irreducibles Λ can be shown to be upper-
bounded by the number of elements of ZN [50], that is
equal to N. We conclude that the contributions related to
ln dim λ and HðpÞ are subextensive for ZN, meaning that
the only extensive contributions to the entropy come from
Sðρ̃λÞ and are strongly state dependent, as opposed to what
happens for the permutation group SN .
Macroscopic equilibrium thermodynamics—A system at

equilibrium is described by the free energy

F≡ −
1

β
ln Tr½e−βĤ�; ð16Þ

where Ĥ is the Hamiltonian and β is the inverse temperature
of the system (we set kB ¼ 1). If the Hamiltonian is
invariant under the action of a generic group G, i.e.,
½Ĥ; ĝ� ¼ 0 for all ĝ∈G, we can characterize Ĥ using
Schur’s lemma. The procedure for decomposing Ĥ is easier
than the one followed for states in Eqs. (2)–(4). In the latter
case, we needed to interpret ρ̂λ and ρ̃λ as legitimate density
matrices, adding proper normalization factors [e.g., intro-
ducing pλ in Eq. (2)]. In the present case, we can simply
write Ĥ ¼ P

λ H̃λ ⊗ Iλ, where the definition of Ĥλ is
obtained replacing ρ̂ with Ĥ in Eq. (3) and removing the
factor dim λ. We can use the decomposition above in the
free energy (16). Since the different λ subspaces are
orthogonal, we have e−βĤ ¼ P

λ e
−βH̃λ⊗Iλ , leading to

F ¼ −
1

β
ln
nX

λ

dim λTr½e−βH̃λ �
o
; ð17Þ

where dim λ emerges from the trace of Iλ. We now consider
G ¼ SN . To study the contributions of H̃λ to Eq. (17) in the
large N limit we introduce the associated intensive free
energy
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eðxÞ≡ − lim
N→∞

1

βN
lnfTr½e−βH̃ðxÞ�g; ð18Þ

where H̃ðxÞ ¼ H̃λ=N is an operator acting on the
space spanned by μ, h. However, as discussed in
Eqs. (6) and (13), the intensive entropy associated
with such contributions vanishes when N → ∞,
and eðxÞ reduces to the sole energetic contribution, that
is, limN→∞N−1Tr½H̃ðxÞe−βH̃ðxÞ�=Tr½e−βH̃ðxÞ�. Moreover,
assuming that at least the ground state energy, E0

x, of
H̃ðxÞ is extensive [51], the latter will dominate eðxÞ (since
the contributions due to the excited states are exponentially
suppressed):

eðxÞ ¼ lim
N→∞

Tr½H̃ðxÞe−βH̃ðxÞ�
NTr½e−βH̃ðxÞ� ¼ lim

N→∞

E0
x

N
: ð19Þ

This reduces the calculation of eðxÞ to a much simpler
ground state problem. Using Eq. (17) with Eqs. (12) and
(18), we can express the intensive free energy as

lim
N→∞

F
N

¼ − lim
N→∞

1

βN
ln
Z

e−NβfðxÞdx ¼ fðx�Þ; ð20Þ

where we introduced the free energy function

fðxÞ≡ eðxÞ − β−1sðxÞ ð21Þ

and its minimum x� ¼ argminxfðxÞ. Since the equilibrium
density matrix of the system is ρ̂ ¼ e−βĤ=Tr½e−βĤ�, which,
using (16), may be rewritten as ρ̂ ¼ e−βðĤ−FÞ, then, using
Eq. (2), we find that pλ ¼ dim λTr½e−βðH̃λ−FÞ�. This implies

lim
N→∞

1

N
lnpλ ¼ −β½fðxÞ − fðx�Þ�; ð22Þ

so that fðxÞ corresponds to a genuine rate function [33].
The dominant contribution to the entropy of the system can
then be calculated, using Eq. (15), as

lim
N→∞

S
N

¼ sðx�Þ; ð23Þ

and the energy, E ¼ F þ β−1S, as

lim
N→∞

E
N

¼ lim
N→∞

Tr
�
Ĥe−βðĤ−FÞ�

N
¼ eðx�Þ: ð24Þ

The macroscopic thermodynamics of the system is thus
fully characterized by the minimum of the free energy
function (21) that can be obtained from the knowledge of
the ground state of the coarse-grained Hamiltonians H̃ðxÞ
[see Eq. (19)] and the universal sðxÞ resulting from the
structure of the permutation group [see Eq. (12)].

Application—To illustrate the power of our approach, we
use it to describe the phase diagram of the transverse-field
Curie-Weiss model, consisting of N spin-1=2 particles
interacting via the Hamiltonian

Ĥ ¼ −ω
XN
i¼1

ŜðiÞz −
α

N

XN
i;j¼1

ŜðiÞx ŜðjÞx ; ð25Þ

where ℏ ¼ 1, ŜðiÞz;x are spin-1=2 operators, ω is the trans-
verse magnetic field, and α is the Ising-type ferromagnetic
(antiferromagnetic) interaction for α > 0 (α < 0). Despite
its apparent simplicity, this model exhibits a highly non-
trivial behavior resulting from the interplay of thermal and
quantum fluctuations [29–32]. The model is permutation
invariant, with d ¼ 2 in Eq. (8). In this case, λ is a two-
dimensional partition of N and can be fully parametrized in
terms of a single rescaled variable l ¼ ½ðλ1 − λ2Þ=2N� ¼
ðλ1=NÞ − 1

2
∈ ½0; 1

2
�. Physically, the representations λ are the

subspaces corresponding to a definite eigenvalue L of the
total angular momentum operator L̂2 ¼ L̂2

x þ L̂2
y þ L̂2

z,

where L̂x;y;z ¼
P

N
i¼1 Ŝ

ðiÞ
x;y;z. The variable l ¼ L=N is then

the rescaled total angular momentum. In particular, in the
magnetic system it corresponds to the rescaled total
magnetization.
For the model considered, the entropic factor sðlÞ is

expressed, using Eq. (12), as

sðlÞ ¼ −
�
1

2
− l

�
ln

�
1

2
− l

�
−
�
1

2
þ l

�
ln

�
1

2
þ l

�
: ð26Þ

To compute the energetic factor eðlÞ we use the mentioned
correspondence between l and the total angular momentum.
The Hamiltonian (25) can then be written in a block-
diagonal form [see discussion below Eq. (16)] with

H̃l ¼ −ωL̂ðlÞ
z −

α

N
L̂ðlÞ
x L̂ðlÞ

x ; ð27Þ

where L̂ðlÞ
x;z are spin-ðlNÞ operators. The matrix elements of

the operator (27) in the L̂ðlÞ
z eigenbasis can be written in

terms of the Clebsch-Gordan coefficients. After this step,
for finite system sizes, Eqs. (18) and (19) can be evaluated
numerically. For N → ∞, we can further use a quantum-
classical correspondence for large L ¼ lN to calculate the
ground state energy E0

l as the minimum energy of a
corresponding classical Hamiltonian (see Sec. IV in [41]).
This yields

eðlÞ ¼
�−ωl for l ≤ ω

2α ;

−l2α − ω2

4α for l > ω
2α :

ð28Þ

Interestingly, eðlÞ is nonanalytic at l ¼ ω=ð2αÞ. This may
seem surprising, as the equilibrium free energy function is
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often assumed to be an analytic function of its arguments
(e.g., in Landau theory of phase transitions [52]), and
similar nonanalyticies of the rate function are often
regarded as a feature of nonequilibrium systems [53–55].
To test our method, in Fig. 1 we present the free energy

function fðlÞ calculated for large N ¼ 1500 using three
different approaches: without any approximation using
Eq. (17), then with asymptotic formulas (12) and (19),
and finally using the analytic expression (28) for eðlÞ. All
three approaches match well, which confirms the validity of
our theory.
In Fig. 2(a) we present the phase diagram of the model in

ðβ; αÞ coordinates, specifically, the behavior of the argu-
ment l� minimizing the free energy function, which
corresponds to equilibrium total magnetization. As one
can observe, l� is strongly enhanced in the ferromagnetic
regime (α > 0) for β > βc, where βc ¼ 2 tanh−1ðω=αÞ=ω is
the critical inverse temperature (top right corner of the plot).
This region corresponds to the ordered phase, where the
Ising interaction induces magnetization in the x direction.
Below βc and in the antiferromagnetic regime (α < 0), l� is

well described by the formula for the magnetic-field-
induced magnetization in the z direction in the para-
magnetic phase: l� ¼ tanhðωβ=2Þ=2. In Fig. 2(b) we plot
a cross section of this graph for the constant α, calculated
using the same approaches as for Fig. 1. As shown, the
analytic solution exhibits a nonanalytic behavior at the
phase transition point β ¼ βc, in agreement with both exact
and asymptotic numerical results.
Final remarks—Our findings are particularly relevant to

characterize emergent phenomena in many-body quantum
systems, where they can be used to drastically simplify
problems that have so far resisted analytical or numerical
treatment. We focused here on the permutation group, with
an emphasis on the case d ¼ 2, but the scalings obtained
can be straightforwardly applied to the case of all-to-all
interacting d-level systems with d ≥ 2. The case d ¼ 3was
recently experimentally studied using Rydberg atoms [56].
If d is not finite, bounds of the forms (6), (7) still exist (see,
e.g., the Hardy-Ramanujan formula for counting the
number of unrestricted partitions [57]), and our theory
can be easily extended to the case where the local Hilbert
spaces have an extensive spectrum. It would also be
interesting to study other groups, in particular those where
ln dim λ is extensive; in such cases, we anticipate nontrivial
phase transitions to occur. Finally, extending our frame-
work to open quantum systems could be insightful for the
perspective of building a quantum counterpart to classical
macroscopic fluctuation theory [34,58–62].
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