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Temperatures at the extremes (1) of Stavanger
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Quark-Gluon Plasma (QGP) from
relativistic heavy-ion collisions

Outer Space Sun’s Corona
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OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES
L[ of Stavanger

What is Temperature

For a system with large enough number of degrees of freedom

1
p(T) = p_ e "/ E)(Exl
k

T is a parameter governing the statistical distribution of energy
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Thermometry — Measuring Temperature

OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES ( ;

Probeless Probe based

measure statistics of E
or other T dep. observable

passive imaging

descy in-megiitt
: 10 g
- mall :
+um propertie= .
" o yantum
Dynamic

. _ measure the (non-)equilibrium
active imaging properties of the small probe system
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Open quantum systems

OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES g

Need general approach to describe (small) probe coupled to a thermal medium
1 _
Hiot = Hoprobe ® It + Torobe ® Hivt + Hine = Hly S—e BT EL) (B

p _—
tot - Ztot
Unitary time
evolution

d )
Eptot = _/[Htotr Ptot]

Pprobe = TI’|\/| [ptot]

< 3
Dissipative

. ddynamics -

Epprobe —

In general, e.0.m. is a dissipative master equation with memory of past:
BEYOND THE STANDARD SCHRODINGER EQUATION

Separation of time-scales determines the nature of the e.o.m. :
Medium relaxation scale ™wm : intrinsic probe scale 7p : probe relaxation scale Trel :

(Om(£)Om(0)) ~ e~/ e ~ 1/|wi — wjl (p(t)) oc et/
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The coldest matter in the universe (1 ofstavanger
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OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES
LI of Stavanger

Bose-Einstein Condensation
In 1924 Einstein & Bose predicted a new phase of bosonic matter at low T: BEC

Below a critical temperature, significant
fraction of bosons condense into
ground state with macroscopic wavefunction.

boson gas momentum profile

condensed
atoms

regular atoms
Maxwell-Boltzmann

Laser light shone on monoatomic gas induces viscous
force, which reduces gas kinetic energy: T ~100nK

By changing the trapping potential the Maxwell tail
of the gas can be evaporated off: T<nK
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OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES
LI of Stavanger

A common way to measure T

Goal: measure statistical distribution of v at low T
via active imaging: Time-Of-Flight method

Velocity mixture in Maxwell-Boltzmann leads Y mg
to a T-dep. expansion of free-falling gas cloud

BEC momentum profile

non-condensed T
atoms - Maxwell

m 2 2 2
x e ks | 0|

\"

condensed
atoms

g(to — t)z]

PTOF(t) X eXp[ — 2@

" 0]
t
System of interest is destroyed during P
the process! ]

Only non-condensed atoms relevant, signal
may be shadowed by condensated peak
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OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES
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Probes as precision enhancer

“Too cold to touch” — impurity probes must be
embedded in the ensemble (thermal equilibrium)

majority gas |F=1, mg=-1>, minority of e
states via RF pulse into |F=1, mg=0> —’j
quasiparticle impurities spinwaves

Quasiparticle magnons quickly thermalize .
but kept dilute enough not to condensate

TOF

7

T=16.2nK

50 5 05 10 10 -5 0 5 10
majority gas magnons
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Non-destructive precision thermometry LS of Stavanger
“Too cold to touch” — impurities of different atom s

species (polarons) embedded in the ensemble (equilibrium)

Laser cool together
with minority gas 174Yb. (Quantum) Brownian motion!

174y

What properties of the probe allow us
to obtain most precise measurement (sensitivity)?

N\

32 2
57—[0] — <O > — <O> classically i eraurzgtlj;nao > !
\/Nx%[é] random var. VN vound . /NF[T]

Optimum sensitivity XT [O] = aET'V[/Oprobe(f)O]EzT reached via unique quantity /A\T ;

/A\Tlaprobe =+ p\probe//\\T — 2an\probe /A\7Q-BM = Cx()?2 - <)?2>) + Cp(l32 - <l/52>)
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OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES
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Quantum Brownian Motion

Ilconic model of an Open Quantum System: heavy wave packet
point-like impurity in a medium of harmonic oscillators m
Hiot = Hprobe ® Im + Iprobe ® Hm + Hint
B2

+ Z Ei bl by + Z hgiR(bi + bY)

2m

how to derive an evolution equation for the probe particle?

d .
Epprobe(t) = —ITI’|\/| [[Htot, pprobe X pM]}
Trel > ™ TP > ™

yields the Caldeira-Leggett master equation
d |~ ~ 2mykgT

N

o A Y rw ra A
Epprobe — _E[Hprobev pprobe] - ﬁ2 [X, [X, pprobe]] - F[X’ {P, pprobe}] -

Y15, [P, Borobel]
8mpkBT P
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The Lindblad equation 1) of Stavanger

A general mathematical structure is hiding in the Quantum-Brownian motion e.o.m.

Summarize medium effects on probe by one operator and one damping rate

—_— X | I i

d i A A A 1 a4 4 .
d_tpprobe — —E[Hprobe' Pprobe] + ;'Yk (ﬁkarobeLL - 5[5251« Pprobe])

: : : G. Lindblad Commun. Math. Phys. 48 (1976) 119,
Linblad equation for Markovian open quantum systems V. Gorini, et.al. J. Math. Phys. 17 (1976) 821

prove
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E<P> motion
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The hottest matter in the universe LS oF Stavange

Quark-Gluon Plasma (QGP) from
relativistic heavy-ion collisions
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OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES
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Quark-Gluon Plasma

In 1965 Hagedorn hinted at existence of a new phase of nuclear matter at high T. QGP

nuclear matter at T=276K: strongly-interacting quarks and gluons confined into hadrons
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hadrons é liquid-like QGP gas-like QGP
7 (strongly correlated) (weakly correlated)
crossover due to
Tc =155MeV - 1.8x10"2K asymptotic freedom

QGP filled the universe shortly after the Big Bang — possibly exists inside neutron stars

Theory basis: Quantum ChromoDynamics (QCD), the field theory of quarks & gluons
endowed with a triple valued charge called color (r,g,b)

ALEXANDER ROTHKOPF - UIS Theoretical Physics Colloquium — ASU — Nov. 24th 2021 — virtual



OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES . .
University

Relativistic heavy-ion collisions (1) of Stavanger

\T//

//1\\4’

.| p*pcollision (reference) A+A heavy-ion collision
= e
X LINAC

®| Vast amount of kinetic energy transformed
into new quarks and gluons

®| In RHICs: high enough number density of
quarks to form a locally thermal QGP

H| Compare p+p result vs. A+A results to
infer presence and properties of medium
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Radiation Thermometry 1) of Stavanger
Photon spectrum emitted by a RHIC 0
) T
:" g P‘b-Pb \E‘ = 2.76‘ TeV | | | = \
= 10%=  [e] 0-20% ALICE — PDF: CTEQ6MS, FF: GRV =
g ; _ E20'4O°/° ALICE (n)PDF: CTEQ61M/EP809,§
> 10°c § [+140-80% ALICE ~ FF:BFG2 =
= } = JETPHOX ]
% B 10 ©PDF:CT10, FF:BFG2 3
Q = nPDF: EPS09, FF: BFG2 A
3 1= (all scaled by N, —
- F L :
K10 = passive imaging
10-2; é . i i
7 H| At high pr: photons from highly energetic
10°F E quark collisions before formation of QGP.
104 - similar to multiple p+p collisions added.
g 5 H At low pr, expect photon emission from
-6 | .
0 the QGP to dominate:
107 = excess over rescaled p+p
10_8;7\ L1 ‘ L1 1 ‘ L1 1 ‘ L1 1 ‘ L1 1 ‘ L1 1 ‘ L1 1 l; ] ] [ .
0o 2 4 8 12 12 M| Fijtting excess with Maxwell-Boltzmann:
p. (GeV/c)

300 <T<400MeV >> Tg
H| Challenge: photon source not obvious — really from the QGP?
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Heavy Quarkonium LI of Stavanger

o QQ pairs either color singlet
“Too fast to watch” — need to use collision (attractive) or octet (repulsive)

remnants as probe particles.

Bound states of heavy quarks cc (charmonium) \
bb (bottomonium) >\ R

=| decay into hadrons

forbidden (OZI rule): keV widths

= significant decay into dileptons:
clean experimental signals

=| non-relativistic since Aqcp/Mmg<<1 & described by a LA
simple 2-body potential (known from QCD) 00165 o S cms | 7
A A . 0.014; pl >4 GeV _f o

- % | <24 ‘ 8'

.C_U (& ¢ Data S

o g — Total fit 3 g

E — Y(33s1 ) \\u': - Signal _i %

O g Background -
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D P it 13

c — Y(1Sy) PR N
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r M, (GeV) ©
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OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES q

Quarkonium in heavy-ion collisions

“Too fast to watch” — need to use collision
remnants as probe particles. '\
Bound states of heavy quarks cc¢ (charmonium)

bb (bottomonium)

=, still non-relativistic since T¢/mg << 1
Quantum Brownian Motion !

O
O
=| presence of QGP modifies the @ . @’

interaction potential

< 4 @ 93<,103, e POPD 368 b (5.02TeV) ‘G

= 3 ke 1 »

< g | e M g

"G_J‘ = 7b p‘;>4GeV _: o

o) > <2 + 1 S

o O 6 Centrality 0-100% PbPb Data §

E —— Y(3281) é 5F i — Total fit g

- E - > .\Q 4 = :ackgro::d '_—"E

3 h exp[—r/rs] |=—— v(31s,) g s -

= ~ —Qs 2 3

1 r ~

C 1 S

= o i ©

Early realization: screening by medium will weaken . S
quarkonium and modifies production yields
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A Lindblad equation for quarkonium

OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES g

Caldeira Leggett not applicable as probe has finite extent and carries color charge.
Progress: QBM Lindblad equation from QCD at high T (weakly coupled regime)

d . I~ . A A 4 1 A+ 4
J:Pe0 = _E[HQ@’ Pool + Z (ﬁkPQQE}: - §[£}:[’k, PQQ])
k

In-medium Hamiltonian exhibits a screened potential:

Hog =

Behind the scenes: In QCD, quarkonium interacts with medium via gluon exchange
which induces momentum transfer & color rotation

fluctuations dissipation g
( ) 05<_> corr
_ /D(k k 1 ikr/2 (T3 |
Lia = 2 [1 1 4mgT - (§PCM T prel)] € (T ® 1) 0.4 HTL mp=0.1...1GeV

03
medium acting on the quark A

D(k) k 1 :
— /=11 - -(—P r )} kr/2(1@ T2 0.1
2 |: 4mQT 2 CM 1 Prel ) | € ( ® )
0'8.0 0.5 1.0 1.5 2.0 2.5 3.0
medium acting on the anti-quark r [fm]
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color rotation acts coherently on Q and Q color rotation acts individually on Q and Q
see discussion in S. Kajimoto, Y.Akamatsu, M. Asakawa, A.R., PRD97 (2018), 014003
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Solving the 1d Lindblad equation 1) of Stavanger

®| For the first time: possible to thermalize quarkonium in a fully quantum fashion

1 :.

No(0)=1, No(Mt) —+— 1
N L .
N1(0)=1, No(Mt; -*- ] = Start either with single ground state or single

BB B ¢ excited state and monitor survival probability

"! Late-time results independent of initial
conditions: steady-state

0.01
0 1000 2000 3000 4000
Mt
0.5 T T T T T T T
No(0)=1, TIM=0.1 +—+— |
Important step towards promoting the study of quarkonium in heavy-
e O1FT ion collisions to a precision thermometry tool ann
i caveat: current derivation only for weak couplin konium
[ ' y pling Derature.
0.01 : - -

-0.1  -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06
E/M
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Summary LI of Stavanger

%! Open Quantum Systems: impurities as quantum probes play an essential role
in precision thermometry at vastly different energy scales

Quark-Gluon Plasma (QGP) from
relativistic heavy-ion collisions

®| Theory framework developed to describe Open Quantum Systems (e.g. Lindblad
equation) provides a common language among formerly disparate research fields

u| Exciting prospect for collaboration between ultracold atoms and heavy-ion
collision community on impurity physics (quarkonium, jets, hadronization,....)
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