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Abstract:
Entanglement in quantum many-body systems is typically fragile to interactions with t
interactions, i.e. those that preserve a system's symmetry, however, can enforce non-t

We show that the highly mixed steady states of strongly symmetric unital guantum ch
symmetry are generically entangled. Remarkably, for non-Abelian continuous symme
entanglement of formation scales logarithmically "< log N with the number of qudits N. Nc¢
steady states can also arise in models which exhibits quantum Hilbert space fragmenta
hierarchical entanglement structure, with volume-law negativity but sub-volume law en
study strongly symmetric Gibbs states, or the canonical ensemble, at finite temperatur
global on-site symmetries. Unlike the usual Gibbs state, we prove that the canonical e
temperatures even for Abelian symmetries, and has no sudden death of entanglement.
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Fate of entanglement under noise

Long range entanglement is a resource for quantum information processing, and also a
framework for distinguishing phases of matter.

What happens to the structured entanglement in the presence of environment?

Energy, .
&Y, Information loss

Information
«off | Environment j
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Fate of entanglement under noise

What happens to the entanglement in the presence of environment?

Short d"jpth Can preserve long range entanglement,
local noise and be a good quantum memory.
4 [Shor 1995, .. ]

Large depth  Typically the steady state is
local noise  unentangled, *unless the noise
- > channel is intricately designed.

*|Verstraete, Wolf, Cirac, 2009]

h T Generically unentangled at high T.

v

[Bakshi.. Tang 2024]

3
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Fate of entanglement under noise

What happens to the entanglement in the presence of environment?

Short depth
@ local noise

Large depth
local noise

v

l B
1 t p & >

Is there a minimal

restriction on the system- # h T
environment interaction to §
avoid the erasure of

L 4

entanglement? S
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Can preserve long range entanglement,
and be a good quantum memory.

[Shor 1995, ..]

Typically the steady state is
unentangled, *unless the noise
channel is intricately designed.

*|Verstraete, Wolf, Cirac, 2009]

Generically unentangled at high T.

[Bakshi.. Tang 2024]
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Symmetry of mixed states

What happens if the system-environment interaction is symmetric?

A mixed state can be symmetric under the symmetry in two inequivalent ways:

(a) Weak symmetry: U(g)pU(g)' =p Vg €G.

— mixture of pure states with fixed, but possibly different, ‘charges’.

(b) Strong symmetry: U(g)p = A(g)p for a complex phase A(g). [Buca, Prosen 2012

. ) Albert, Jiang 2014]
— mixture of pure states with the same ‘charge’.

Strong = Weak.

Strong symmetry: = V decompositions p = Zpily/i)(yfil s U@y =48 |w)

1
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This talk

Large depth
symmetric
local noise

B

Symmetric
h thermal states
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For (unital) channels with non-Abelian symmetry, the
steady state in the invariant subspace is generically
entangled.

Furthermore, the bipartite entanglement structure of the
steady state can be completely characterised!

Remains entangled till arbitrarily
high temperatures.
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This talk

Steady states of symmetric local noise

1. ArXiv: 2406.08542, PRX Quantum (2024)

Amin Moharramipour, Leonardo Lessa, Chong Wang, Timothy Hsieh,
Subhayan Sahu

(See also Li, Pollmann, Read, Sala '24)

2. ArXiv: 2506.04637, PRA (2025)
Subhayan Sahu, Yahui Li, Pablo Sala y |

“ Symmetric thermal states

3. ArXiv: 2508.20166

Amirreza Negari, Leonardo Lessa, Subhayan Sahu .
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Entanglement dynamics under quantum

In the Kraus form, the channel is determined by the Kraus operators {K;} such that

Np)= Y KpK] Y KK =1
i i

Quantum channels are unital if they satisfy Z KJ-KiT = [.

]

Under unital channels, the identity matrix is a fixed point, A/ ([) I
and, the entropy of the state is non-decreasing, AS(p) > 0.

A strong symmetric channel is such that each Kraus operator commutes with the symmetry,
K, U(g)] =0, [K],U(g)] = 0.
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Entanglement dynamics under random unital

dynamics

Pirsa: 26050065

Random 2 gubit measurements

Steady state is separable.

Measure of mixed state
entanglement used:
Logarithmic Negativity* of
half of the system.

)= log|pTA|1

*[Vidal, Werner 2002]

9
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Entanglement dynamics under random
symmetric unital dynamics

N qubits in the total spin 0 sector, and
a channel that respects the global

SU(2) symmetry of the spins, such as

1.4

1.2

singlet-triplet measurements...

1.0

(t)

Now, the steady state has large amount
of half-chain bipartite entanglement,
which scales as ~ log N.

0.8

N_
Ei.n
iy

0.6

0.4

Z2=z=z=
Innn
= 0 O &

0.2

0.0

1] 2 4 6 8 10

10
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Entanglement dynamics under random
symmetric unital dynamics

N qubits in the total spin 0 sector, and
a channel that respects the global

SU(2) symmetry of the spins, such as

singlet-triplet measurements...

Now, the steady state has large amount
of half-chain bipartite entanglement,

N=4 ]
N=s which scales as ~ log N.
—— N=8
—— N=10
—— N=12 " .
—~— N=14 Does this generalise?
[} 2 4 ] 8 10 12 14 . ?
t Is the entanglement genuine?

How fine-tuned is this example?

10
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Steady states of strongly symmetric unital
channels

The unique steady state is the maximally mixed invariant state*

g : e )

e e Y aal =P

i @ DL, = dj=o
@ : How non-trivial is this state?

Svmmetric gates

Maximally mixes within
the singlet subspace -
total entropy ~N

11
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Entanglement in mixed states

A state is entangled if there is no decomposition such that it is separable,
p # E Pa @i | W)W 4 [Werner, 1989]
[0

Faithful measures, such as entanglement cost and distillable entanglement are HARD to
compute (Log negativity is not faithful)!
p ESEP & E*=0

A state is long-range entangled if there is no decomposition such that each pure state is short
range entangled,

p# ) Pul SREG)(SRE, |, where |SREq) = Uppyy | 00-+-0).

p ESRE => E* ~ O(1)

12
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Entanglement in the Maximally Mixed
invariant state

All bipartite entanglement measures can be computed easily for the MMIS

Results:
AEntanglement*
(1) The entanglement cost and entanglement of :
el C Abelian
distillation for any bipartition of the MMIS are | =
S o
equal and exactly computable. N
(2) The bipartite entanglement has the following o 1
symmetry-based classification: Discrete 1=
—_—
Non-Abelian " 7% /|~
; 1 o
Extensive long-range log N entanglement from Continuous .

decoherence!
13
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Entanglement in the Maximally Mixed
invariant state

FoBF 225D
v v N\ el B Lo

W Singlet J =0 — 8= g=
Convenient
D;i:(}“ =2 ONB for a /®' /®, /®, @,

particular v
bipartition. ' -

*Ask for detailed proofs!

Invariant pure states (“singlets”).
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Entanglement in the Maximally Mixed
invariant state

1

1
S$=0 §=0 (1) The entanglement cost < 510g2+51083

(2)Distillation: A an B measures their total spin,
gets pure entangled states!

The entanglement of distillation

1 1
> —log2+—1log3
=7 1085508

1 1
(3)Thus, Eo = E, = %) log2 + g log 3!

MMIS of 4 qubits: Equal mixture of these states
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Entanglement in the Maximally Mixed

Invariant state

(2) Symmetry based classification:

| Abelian
N, <N
Epac (P?fw) = DN 2, D'Djlxlogd,
inv JE;AAC

Non-Abelian

Abelian: d; = 1 Discrete

Non-Abelian discrete: d; is finite
Non-Abelian Lie groups: d; increases with N

Non-Abelian O(log N)

Continuous’

Pirsa: 26050065

AEntanglement h
> | A|
N
A
A

16
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Mixed states with Hilbert space fragmentation

We can generalise strong symmetry beyond symmetries described by groups.

Consider local Kraus operators which generate a bond algebra, /(N) = ((K,K]'))
Its centraliser, the commutant algebra € (N), characterises the strong symmetry.

When € (N) has certain algebraic structure, the invariant subspace can be decomposed
in terms of orthonormal singlets => entanglement quantities can be exactly computed!

[Li, Pollmann, Read, Sala '24]

17
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Temperley Lieb algebra in open spin chains

Temperley-Lieb algebra generated by the local terms,

d
ejjr1= Y (laa) (BBl)j 41 = lo—s)(o—s|

a,B=1
Its (non-abelian) commutant algebra has been fully characterised.

The Hilbert space fragments in an entangled basis, y
TL

= . ]
-

£o

Liouvillian gate m

Pirsa: 26050065

[Read, Saleur ‘07,
Li, Sala, Pollmann, ‘23,

Li, Pollmann, Read, Sala ‘24]

18
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Entanglement in the maximally mixed invariant
state

The strategy of decomposing the mixed We can exactly compute various
state into singlets still works! entanglement measures exactly!

e Highly entangled steady states.

e First example of physical many-
body states where we show that
log negativity diverges
parametrically from other
operational measures.

10*

L 1 G R | 1
6 x 101 102 2 x 102
N

19
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Summary

e Strongly symmetric unital channels with a global symmetry can lead to highly entangled
steady states in certain symmetry sectors: coexistence of high entanglement with maximal

classical entropy

ar t
° ymmetry

Abelian

Non-Abelian

Discrete

Continuous'

Non-Abelian 0= "

Result 3

Entanglement™

| A|
N

Result 5 )

T = Q(N)

Todap = 2(log N)

ArXiv: 2406.08542

Moharramipour, Lessa, Wang, Hsieh, SS

e Quantum fragmented maximally mixed states are highly entangled, but not operationally
volume law, even though its negativity is volume law!

Pirsa: 26050065

ArXiv: 2506.04637

SS, Li, Sala 20

Page 22/38



This talk

Steady states of symmetric local noise

1. ArXiv: 2406.08542, PRX Quantum (2024)
w/ Amin Moharramipour, Leonardo Lessa, Chong Wang, Tim Hsieh

(See also Li, Pollmann, Read, Sala '24)

2. ArXiv: 2506.04637, PRA (2025)
w/ Yahui Li, Pablo Sala

“ Symmetric thermal states

Z 3. ArXiv: 2508.20166

¢ w/ Amirreza Negari, Leonardo Lessa
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What happens at finite temperature?

Consider a bath at temperature 7, which allows thermalisation of the system
without changing its global symmetry label.

Symmetric bath

e Energy, non-symmetry resolved information M

¢ Symmetry resolved information x Canonical ensemble
—pH
IT,e
System
[H,U] =0 J“
Bath Grand canonical ensemble
* Energy, non-symmetry resolved information M e—ﬂH—y Z,- Qi

¢ Symmetry resolved information f’

22
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Entanglement of Gibbs states

Theorem. For a local Hamiltonian on N qudits, the Gibbs state is separable at high enough
temperatures f < fop(IN) ~ O(1) even in the thermodynamic limit N = oo.

i.e., above this temperature Pp= e PH undergoes a sudden death of entanglement

Pp = Zpa ®i |Wa,i)(Wa,i| for f < ﬁSD ;
a

E

W
=D

Pirsa: 26050065

[Bakshi, Liu, Moitra, Tang 2024]
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Our result:
Entanglement persists in canonical Gibbs states

e Canonical ensemble remains entangled at arbitrarily high temperatures.

e Gibbs ensemble remains symmetrically entangled at arbitrarily high

temperatures. S lecti
No superselection uperselection
(e.g. fermions)
E Eg
Gibbs
ensemble
o—BH @ [Ua(g), H] # 0 (SEC)
> B > B
E
Canonical
ensemble
—BHTI [Ua(g), HIa # 0 (EC)

s 3 [Negari, Lessa, SS 2025]

24
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Symmetric separability, superselection and
entanglement

Setup. Consider an Abelian on-site symmetry U(g) = ®, U(g).

Symmetric separability: p € symSEP iff there is a separable decomposition,

p = Zpipi,A ® p; p, such that p; , ® p; pis weakly symmetric, i.e. [p; 4 ® p; g, U(g)] = 0.
i
Otherwise, p is symmetrically entangled. [Banuls, Cirac, Wolf 2007]

25
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Symmetric separability, superselection and
entanglement

Setup. Consider an Abelian on-site symmetry U(g) = ®, U(g).

Symmetric separability: p € symSEP iff there is a separable decomposition,

p = Zpipi,A ® p; p, such that p; , ® p; pis weakly symmetric, i.e. [p; 4 ® p; g, U(g)] = 0.
i
Otherwise, p is symmetrically entangled. [Banuls, Cirac, Wolf 2007]

26
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Fermionic Gibbs states (superselection rules)

Fermionic operator algebra spanned by mutually anti commuting Majorana operators,

{Ci’ C]} — 2511 .

Any physical fermionic state must be weakly symmetric with fermion parity P = Hci.

i

This modifies the definition of separability — symmetric separability with fermion parity.

p EFSEPffp =) pips; ® ppwith [py Pyl = 0,and [y, Pyl =0,

1

[Banuls, Cirac, Wolf 2007]

27
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Symmetric separability, superselection and
entanglement

Lemma. p is symSEP with on-site symmetry <= p € SEP and [U,(g),p] = 0, i.e. it must
commute with the localised symmetry.

Thus, it is easy to detect symmetric entanglement: check for the linear condition [U,(g), p] # 0

28
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Persistence of entanglement in canonical

Gibbs state

Theorem. H is a Hamiltonian with an on-site Abelian symmetry
U(g). Then, [Us(g),H] # 0 = symmetric entanglement
persists till arbitrarily high temperatures in Gibbs state.

Es

[Ua(g), H] # 0 (SEC)

> B

Similarly, generically entanglement does not undergo a sudden death in Ppi p
: i

Theorem. H is a Hamiltonian with an on-site Abelian symmetry
U(g). Then, [U,(g), H]I1, # 0 = entanglement persists till
arbitrarily high temperatures in the canonical Gibbs state.

*Ask for detailed proofs!

Pirsa: 26050065

E

[Ua(g), HIII # 0 (EC)

> B

29
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Persistence of entanglement negativity in
canonical Gibbs state

We can also detect this entanglement using probes such as logarithmic negativity, a computable
mixed-state entanglement monotone, E,, = log | p'a |4

Pp.a

Theorem.[U,(g), H]Il, # 0 = logarithmic negativity persists

till arbitrarily high temperatures in the canonical Gibbs state i.e.

the canonical Gibbs state does not have PPT bound entanglement. 0 A O ES)
> B

30
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