Alice and Rob Revisited

How Quantum Reference Frames can provide New Insights into
Entanglement Degradation

o (D

June 23, 2026
CAP 2026 (U. Ottawa)
Everett A. Patterson

WATERLGD | 5




Outline

* (1) Introduce Quantum Reference Frames (QRFs)
+ Entanglement Degradation

* (2) Results in Relativistic Quantum Information (RQI)
and in Quantum Information (QI)

* (3) Discussion



Why Quantum Reference Frames?

* All physics is described relative to some Reference Frame
* Implicitly or Explicitly

* Assume the Universe is fundamentally qguantum
* Self-consistent description of Quantum Theory?

* Requires notion of Quantum Reference Frame (QRF)

* Renewed interest in last 10 years

literature "quantum reference frame"
1988 2026



Exa m p le (Q R F) Cepollaro etal. 2025 PRL

4 N
@ . B8
\ \. y
c ¢
SO~ = 10) 4 (0] ® 15 + |1)ca(l] ® o

_ a) _ 10)5(0)c + [1)p|1)c
Wk = AR 0 W) = 7




Entanglement & Coherence (QRF) ceoteroetal 20258
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Entanglement Degradation i, s e oo oo

* “Entanglement is observer-dependent quantity in non-inertial

B F frames”
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* “Consequence of the Unruh effect”



Fuentes, Mann 2005 PRL

Entanglement Degradation

* Fermionic field in flat spacetime
* Alice and Rob share a pair of entangled field modes

1

D) AR \/i(|0>A‘O>R+|1>A|1>R)

* Rob undergoes uniform acceleration
-> Rindler modes
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Entanglement Degradation i, s e oo oo

: 1 :
e Joint state |¢r) sp5 = E(COST‘OOO) + sinr|011) + |110)),

* Want entanglement between

Alice and Rob il
* Trace over anti-Rob 0_8\
0.6
* Compute entanglement of 0.4
reduced density matrix 0.2




Entanglement Deg. w QRFs

1
* Same set up as before  |¢,) oz = —=(cos7|000) + sinr|011) + [110)),
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* But ‘Perspective Assighment’
: R 1
ratherthan trace 60 = 75 (cosrl00) + sinr{10) + |11)



Entanglement Deg. w QRFs

Global state Perspectival State

1 :
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Compute Entanglement Entropy: Lo}
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Entanglement Deg. w QRFs

Global state Perspectival State

1 :
br) ARE = 7(cosr|000) + sinr|011) + |110)), m—)p |<£5r AR = \/E(COS'T'“)O) +sin7|10) + [11))
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Coherence w QRFs

* What about coherence?



Coherence Generation(!) w QRFs

* What about coherence?

e Coherence increases
with acceleration!
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E+C for RQI

* What about coherence?

e Coherence increases
with acceleration!
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E+C for RQI

* What about coherence?

e Coherence increases
with acceleration!

* AND exactly offsets the
lost entanglement!

* Thermalization no longer
a good explanation!
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E+C for RQI
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* What about other
subsystem coherence?

e E+C should be invariant
for QRF transformations.



E+C for RQI
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E+C for RQI
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E+C for RQI
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E+C for RQI

Rob (b) 7 (€W, CR)



E+C for RQI

Entropy
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Entanglement Transference

1011)

Ebe +Cp = Ec,ap

1101)

* Connects perspectival and
global quantum resources! 1000)

)

* Restricted to “Parity States’

* Because of perspective
assignment procedure E) = E1[000) + E» |011) + E3[101) + E4[110)

O) =30} 001) + Oy 010) + O3 100) + Oy |111>




Concluding Remarks sl
1 €an
0.6{ C(H_)
* QRFs seem interesting and useful 04| fR) L ol e
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Open questions include: ’ 10 s 1 !
* Other resources?
* Apply QRFs to the ‘non-inertial frames’ @;. E@
* QRFs insights for you? 3
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Perspective Assignment

* Describe the 5-step procedure

* Comment on the reduction of state space and compression of
iInformation

|1/J>ABO: Z az‘jk|’5jk>

5,5,k€{0,1}

A 1 1 1 1
)0 = (a200 + a311) 7 |00) + (ad; + a210)2 [01) + (a210 + a301) 7 |10) + (a21; + aZgo) 2 [11)



Perspective Assignment

Given an N-qubit pure state, the perspective assigning operation Rp : (C?)®V — (C?)®N—1 takes
an initial N-qubit state to the (N — 1)-qubit state from the perspective of one of the qubits, P. This
operation can be described in 5 steps:

1. Express the N-qubit pure state as a density matrix, for a preferred basis.
2. Apply a generalized dephasing channel to the N-qubit system.

3. Apply the (non-unitary) perspective operator for the P-th qubit.

4. Trace out the P-th qubit, to recover an (N — 1)-qubit system.

5. Purify the resulting perspectival state and project over the ancilla degrees of freedom, to recover
the (N — 1)-qubit system as a pure state.



Perspective Assignment (1-3) Wasc= 2. euxlidh),

i,J,k€{0,1}

(1.) Density Matrix. We can express the state as a density matrix papc = |¥) 4o apc (¥l

(2.) Dephasing. We then apply the dephasing operator to our initial state. The single-qubit
dephasing channel has Kraus operators Ko = /1 —p 1 and K; = /p ¢, where p is the dephasing
parameter. Here, we choose p = 1/2 which corresponds to maximal dephasing. For 3-qubit dephasing,
we define the joint Kraus operators as K, = K; ® K; ® K.

The 3-qubit dephasing operator can then be expressed as D(papc) = Zz’jk K;jkp ABCKij- The

resulting density matrix has the square of the amplitudes agj . along the diagonal and vanishing off-
diagonal entries, i.e., the dephased state has no coherence (in the preferred basis).
(3.) Perspective Operator N (P), Once we have the dephased state, we apply the perspective operator

NP = 10)0| p @V 15 + [0X1] p @V 62 (31)

Concretely, if we wanted to implement the perspective of subsystem A to our 3-qubit state, we would
have the perspective operator

NW = 10)0], ® 13 ® 1¢ + |0)(1] , ® 0% ® 0&. (32)
This results in the state

A
ﬁ(AB)’C‘ = (agoo+at11) [000X000|+(ago; +aiig) [001)001]+(ag,o+aiy;) [010X010|+(ag;, +aing) [011)011].



Perspective Assignment (4-5) ¥asc= 2. aslijk),

i,J,k€{0,1}

(4.) Trace out the p-th qubit. We now apply a partial trace on the perspective of the system that

has been taken. Taking the partial trace will leave us with the reduced density matrix with diagonal
: 2 2 .
entries equal to ik T Qi (1— ) (1—k)*

A
P.(Bc)* = (agoo + @711) 100X00] + (agys + ai1o) |01X01| + (adyo + ainy) [10X10] + (agi; + afgo) [11)11]. (34)

(5.) Purification. Finally, we apply quantum state purification and project over the ancilla degrees
of freedom, leaving us with the desired final state.

Let |\IJ)J(,_;%( pr) be the purification given by
A 1 1 1 1
|‘I’>53(2v(DE) = (agoo+ain)? |00) [00)+(agor +at10) 2 [01) [01)+(agio+aior)? [10) [10)+(ag1 +ateo)? [11) [11),
(35)
with ancilla qubit systems D and E.
Project over the ancilla qubit systems to recover the desired perspectival state

A 1 1 1 1
W)EBC)* = (agoo + ai11)2 |00) + (ago; + ai10)? [01) + (agyo + af1)? [10) + (ad;; + afe)? |11).  (36)



Ent. Deg. Set-Up (RQI)

* Include figure of set-up

* Mention Dirac (fermionic) fields

* Bogoliubov transformation 0k) = cosT|0k) £10_k) % + sinr| 1) f 1),
* Single-Mode Approximation 16)™ = [1k) £10-k) %,



QI Definitions

* Entanglement Entropy
* Relative Entropy of Coherence

* Entanglement of Formation

* Linear Entropy
* L_2-norm of Coherence

5(|¢>AB) = S(pa),

oA - 3 1 A ___ _*a1__

Clp) = S(p) — S(pa),

In particular, if we quantify the entanglement and
subsystem coherence using the measures of entangle-
ment entropy defined as £(|¢) ,5) = S(pa), where
pa = Trp(|¥) sg 45 (¥|) is the reduced density matrix
of system A and S(p) = —Tr(plogp) is the von Neu-
mann entropy, and relative entropy of subsystem co-
herence defined as C(p) = S(p) — S(pa), where pg is
the state consisting of only the diagonal elements of p
in the group element basis {|g)},eq. Then their sum
& 4+ C, when appropriately defined on the subsystems, is

invariant under QRF transformations?.



