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Impurities as key observables

Jets/Quarkonia inside the quark- Cold atoms inside Bose-Einstein
gluon plasma (QGP) condensates

1% Pb+Pb, ysw = 5.02 TeV
TLAS photon + multijet event
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Quarkonium as a QGP probe

* The environment (QGP) and the
probe (quarkonium) are in equilibrium.

* Can establish melting temperatures
for different quarkonia.
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Quarkonium as a QGP probe

T(lS) J * The environment (QGP) and the

probe (quarkonium) are in equilibrium.

\ * Can establish melting temperatures
\ for different quarkonia.

g * Static picture: loss of information
.-==~._  from the initial conditions.



Open Quantum Systems

» State weakly coupled to a thermal medium (bath):

d
Hr=H®Ig+1Q® Hp + Hing %:_i[HTapT]

* Reduced density matrix: p = Trg|pT]




Open Quantum Systems

» State weakly coupled to a thermal medium (bath):

d
Hr=H®Ig+1® Hg + Hin T

— 2| H
At 7’[ T?IOT]

* Reduced density matrix: p = Trg|p7]
* Markovian dynamics = Lindblad equation:

dp , 1
ar —i[H, p| + Z% (Lka,JL ) {LLL/%P})
k

(n|p|n) > 0,Yn
pl=p, Tr[p] =1



Quarkonium OQS (1+1D)

JCP 425(2021) 109917
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Po and P4 survival probabilities

Quarkonium OQS (1+1D)
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Quarkonium OQS (3+1D)

VLP & A. Rothkopf in preparation
https://doi.org/10.5281 /zenodo.14011860
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Quarkonium OQS (3+1D)

VLP & A. Rothkopf in preparation
https://doi.org/10.5281 /zenodo.14011860
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Quarkonium OQS (3+1D)
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6D density matrix
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Quantum metrology

* Well established in cold atoms.
* Error in temperature measurement:

Nx7[A]




Quantum metrology

e Well established in cold atoms.
* Error in temperature measurement:

ST[A] = \/ <AJ2V>><;T [iﬁy x7[A] = 0rTr[pA]

* The most sensitive observable is the “"symmetric logarithmic
derivative’ (SLD), A :

Orp = %{A, p} — p(A)




From the density matrix

* The density matrix, e.g., in quantum Brownian motion (QBM):

1 1 (z+2\° o2
AN o I % _\2
,O(CC,CC ) T 27_‘_0_323 exp[ 20_;213 ( 2 ) 2h2 (.CIZ L ) ]




From the density matrix

* The density matrix, e.g., in quantum Brownian motion (QBI\/I):

1 1 T+ 2 02
"N . Cp N2

* Decomposing the SLD into Hermitian operators (observables):
AN=c,x+ CpD + c{x’p}{x,p} + xx2w2 + Cp2p2 4 e = Z c; A;

()




From the density matrix

* The density matrix, e.g., in quantum Brownian motion (QBM):

Ip

a) = L eple o (EEE T T
T.X p— eXD|— — —\T — X
P Jaro? g2 \ T2 212

* Decomposing the SLD into Hermitian operators (observables):

AN=c,x+ CpP + c{x’p}{x,p} -+ xx2x2 —+ Cp2p2 4 ... = Z c; A;
e Obtain: i
A%BM = C,2 (x2 — <x2>) + ¢ (p2 — <p2>) PRL 122(2019) 030403

4p*)*xr(z?) + Woxr (p*)

Cp2 =

8(x?)?(p?)? — h?/2




Limitations of the method

* Explicit density matrix only known for simple systems (point
particle, etc.).
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Limitations of the method

* Explicit density matrix only known for simple systems (point
particle, etc.).

* Explicit density matrix only known in the steady state (equilibrium)
* No information about energy loss.
* No information about transport.




From the master equation
* Master equation: Op(t,T) = L|T|p(t,T)

+ SLD definition: drp(t, T) = %{A(T), o(t, T)Y — p(t, T)A)(t, T)




From the master equation
* Master equation: Op(t,T) = L|T|p(t,T)
* SLD definition: Orp(t,T) = %{A(T), p(t,T)} — p(t, T){(A)(t,T)

* Schwarz's theorem: 0; (07 p) = O (0:p)




From the master equation

* Master equation: O;p(t,T) = L|[T]p(t,T)

* SLD definition: Orp(t,T) = %{A(T), p(t, TV} — p(t, T)(A)(t,T)
* Schwarz's theorem: 0; (01 p) = Or(0:p)

‘A = Z c;A; ., project over different observables to obtain ¢;:
C T {0U0rp) - Or(dip)} Ay] = 0




Proof of principle: Caldeira-Legget model

2 1
* Caldeira-Legget master equation: H = §—m + imw%z
dp ? 2mykpgT 1y
— =——|H,p| — — —
D = 2 (H, )~ T o[, pl) — Lz, p, o}




Proof of principle: Caldeira-Legget model

2 1
* Caldeira-Legget master equation: H = f—m + §mw2$2
dp ? 2mykpgT 1y
— =——|H,p| — — —
D = 2 (H.0) — T o[, pl) — Ll p o}

e Static limit gives:
4(p*)*xr(2?) + I xr (p?)
8(x2)%(p?)? — h'/2

Cp2 =

Same result!




Squeezed Gaussian state (out of equilibrium)

8 i ] <X2> ] C)-;-X
— (D2
okt 0.06 =cr
6} == (Xp + PX Xp+pPX
- CT

2
squeezed Gaussian =5

SH RS

Expectation values
N

wI N

squeezed Gaussian

SHERS

0 5 10 15 20 25 30
time tm

0 5 10 15 20 25 30

time t'm

arXiv:2506.23600




Information about the decay ratel

g Sk (X2 e

= = (p?) Y

@® — CPP

> 6} == (Xp + PX) %

S - C);p+px

= | R Co>-

L)

(@)

(D)

o 2F

n dG an £22 w 2

H SqUeszed Laussian m 3 squeezed Gaussian —=—
op--°--- 05 m3
0 5 10 15 20 25 30 0 5 10 15 20

arXiv:2506.23600




Quantum Fisher Information

* Quantum Fisher 30
Infor_matlon (Q.F_I): 25
maximum precision

achievable in 2.0
estimating a parameter L .
encoded in a quantum ©
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Conclusions and outlook
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Conclusions and outlook

* Impurities as a tool to study static and dynamic properties of the
medium: new observables.

* Open Quantum Systems to obtain the master equation.
* Proof of principle: Quantum Brownian Motion
 Application to quarkonium master equation.

* Temperature (7'), screening mass (M p), color correlation length
(£), viscosity (n/S), energy-loss (§)...
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