
ALEXANDER ROTHKOPF - UIS

Open-Quantum-Systems: 
Precision Thermometry at the Extremes

THEORETICAL PHYSICS COLLOQUIUM – ARIZONA STATE UNIVERSITY – NOVEMBER 24TH 2021 – VIRTUAL

Alexander Rothkopf
Faculty of Science and Technology

Department of Mathematics and Physics
University of Stavanger

Some selected references:
O. Ålund, Y. Akamatsu, F. Laurén T. Miura, J. Nordstöm, A.R. JCP 425 (2021) 109917

A.R. ”Heavy Quarkonium in Extreme Conditions” Phys.Rept. 858 (2020)
T. Miura, Y. Akamatsu, M. Asakawa, A.R. PRD101 (2020) 034011

M. Mehboudi et.al. PRL122 (2019) 030403, Olf et.al. Nature Physics 11 (2015) 720 Norwegian Particle, Astroparticle
& Cosmology Theory network

AP
T

N
C



ALEXANDER ROTHKOPF - UIS

Temperatures at the extremes

Theoretical Physics Colloquium – ASU – Nov. 24th 2021 – virtual

OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES

2.7K

Outer Space Sun’s Corona

5x106K10-9K

Bose Einstein Condensate (BEC)
from trapped ultracold atoms

NIST/JILA/CU-Boulder

1012K

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

CERN/CMS



ALEXANDER ROTHKOPF - UIS

What is Temperature

Theoretical Physics Colloquium – ASU – Nov. 24th 2021 – virtual

OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES

T is a parameter governing the statistical distribution of energy

For a system with large enough number of degrees of freedom

density matrix probability for a 
state with Ek

⇢(T ) =
X

k

1

Z
e�Ek=kBT |EkihEk |

<latexit sha1_base64="xNbiLqDKRoChfEKzdhE7tOBd9Nw="></latexit>

stationary state 
of energy Ek
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probe P in equilibrium 
with medium M

probe P not necessarily
in thermal equilibrium

Dynamic

M

P

P

Efficient formalism to describe in-medium 

quantum properties of the probe:

Open-Quantum Systems

Probeless

passive imaging

M

active imaging

M
measure the (non-)equilibrium 

properties of the small probe system 

measure statistics of E
or other T dep. observable

P
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TrM

M

P

⇢probe = TrM[⇢tot]
<latexit sha1_base64="cIAI+cqzGte//yf1XuQ8ZvEj6u0="></latexit>

reduced density matrix

Need general approach to describe (small) probe coupled to a thermal medium

TrM

M

P
Unitary time

evolution

M

P

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

Dissipative
dynamics

M

P

Htot = Hprobe ⌦ IM + Iprobe ⌦HM +Hint = H
†
tot

<latexit sha1_base64="jSIRVuTQnS/8ANLD7qXCl1MVnTY="></latexit>

⇢tot =
X

k

1

Ztot
e�Ek=kBT |EkihEk |
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d

dt
⇢tot = �i [Htot; ⇢tot]

<latexit sha1_base64="p0cLNvDmWDDC/55OcZszwioVt/4="></latexit>

d

dt
⇢probe =

<latexit sha1_base64="ccDP/Ye6cllSIFpkKXSVGXE+KZI="></latexit>

?

Medium relaxation scale       : intrinsic probe scale      : probe relaxation scale       :
Separation of time-scales determines the nature of the e.o.m. : 

fiM
<latexit sha1_base64="16TJwkk8ExqHwkDf8AIsjVhODIY="></latexit>

hÔM(t)ÔM(0)i ⇠ e
�t=fiM
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see e.g. Breuer, Pettrucione
The theory of Open Quantum Systems
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Bose Einstein Condensate (BEC)
from trapped ultracold atoms

NIST/JILA/CU-Boulder
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In 1924 Einstein & Bose predicted a new phase of bosonic matter at low T: BEC

trap
potential 

laser
light 

boson gas momentum profile

regular atoms
Maxwell-Boltzmann

p

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

condensed
atoms

A. Einstein König. Preuß. Akad. Wiss. (1924) 261
S. N. Bose Zeitschrift für Physik. 26 (1924) 178

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

D. J. Wineland et.al. PRL40 (1978) 1639

see e.g. Anderson et.al. Science 269 (1995) 198
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mg

System of interest is destroyed during
the process!

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

t1

t2

BEC momentum profile

non-condensed
atoms - Maxwellcondensed

atoms

v

/ e�
m

kBT (v2
x+v2

y+v2
z )
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2 kBT
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i
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Only non-condensed atoms relevant, signal 
may be shadowed by condensated peak

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

see e.g. P. Lett, et.al. PRL61 (1988) 169
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“Too cold to touch” – impurity probes must be
embedded in the ensemble (thermal equilibrium)

majority gas |F=1, mF=-1>, minority of
states via RF pulse into |F=1, mF=0>
quasiparticle impurities spinwaves

Quasiparticle magnons quickly thermalize
but kept dilute enough not to condensate

NATURE PHYSICS DOI: 10.1038/NPHYS3408 LETTERS
Create magnons
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Figure 1 | Magnon thermometry. a, Magnons are created and decohere
rapidly in a non-degenerate spinor Bose gas at an intermediate trap depth.
Forced evaporative cooling to a final, variable, trap depth reduces the
temperature and the majority gas undergoes Bose–Einstein condensation.
b,c, Images and corresponding integrated line profiles of the momentum
distribution of the majority (b) and magnon gas (c) are each shown at three
di!erent final trap depths. Line profiles are shown o!set for clarity.
A condensate obscures the momentum distribution of the non-condensed
fraction of the majority gas, especially at low temperatures. In contrast, the
magnons can have little to no condensed fraction, allowing non-condensed
magnons to be identified and the temperature determined.

The advantage of using incoherent spin excitations to measure
temperature is exhibited in Fig. 1, which compares the momentum
distribution of the majority gas (b) to that of the magnons (c).
At T ! 0.3 Tc, the non-condensed fraction of the majority gas is
obscured by the condensed fraction, the distribution of which is
broadened owing to interactions and imaging resolution. In con-
trast, the temperature can be easily extracted from the momentum
distribution of the thermalized magnons. Temperatures extracted
from the magnons (Fig. 2a) agree with those extracted from the
majority gas under conditions where bothmomentum distributions
can be measured. At lower temperatures, the magnon thermometer
allows measurements in a hitherto unmeasurable regime.

Our measurements reveal that forced evaporative cooling
produces Bose gaseswith extremely low temperature and entropy.At
the lowest trap-depth setting (dashed circles, Fig. 2), we measure an
average gas temperature ofT =1.04(3)stat(7)sys nK, corresponding to
T/Tc =0.022(1)(2), where Tc is calculated using themeasured atom
number, N =8.1×105, and optical trap frequencies. The numbers
in parentheses indicate statistical and systematic uncertainties in
the last decimal place, respectively. For this gas, kBT/µ≈0.07, with
µ the chemical potential, meaning that thermal excitations in the
high-density region of the condensed gas (in the majority spin
state) are predominantly phonons. Measurement procedures, error
estimates and calculations of Tc and µ are detailed in Methods.

We observe that evaporative cooling is highly efficient with
respect to particle loss in the regime µ/kB <T <Tc (Fig. 2b). When
T < µ/kB, the cooling efficiency reduces, consistent with the fact
that the chemical potential accounts for a non-negligible amount
of the energy carried away by each atom lost to evaporation. The
relevance of the chemical potential in evaporation is also indicated
in Fig. 2a by the observation that η ≡U/(kBT ), the ratio of trap

depth to thermal energy, increases at lower trap depths, and that
the temperature at a fixed trap depth depends on the number of
atoms. In an evaporatively cooled gas, the temperature responds to
the effective trap depth, Ueff =U − µ, the potential energy depth
minus the chemical potential, rather than the trap depth alone, and
in the regime T <µ/kB, the difference U −Ueff =µ is significant.

We calculate the Bogoliubov energy spectrum of the
confined quantum degenerate gas, including the effects of
trap anharmonicity, and find its entropy per particle at equilibrium
(see Methods) to be S/N = 1 × 10−3 kB, the lowest value ever
reported for an atomic gas. By comparison, the 500 pK Bose gas
reported in ref. 1 has S/N = 3.6 kB(T/Tc)

3 ∼ 1.5 kB using relations
for a non-interacting gas at T/Tc ∼ 0.75. Other reported values
include S/N ∼0.05kB at the centre of a resonantly interacting Fermi
gas6, S/N =0.27kB (ref. 21) or∼0.1kB (ref. 2) for bosons in a lattice,
and T/Tc ∼ 0.15 in a double-well Bose–Einstein condensate22.
Thermometry based on imaging incoherent phonons indicated a
temperature around seven times higher than reported here in a
87Rb condensate of similar density23.

Having magnons present during evaporative cooling reduces the
temperature of the trapped gas by increasing the efficacy of evapora-
tive cooling. Forced evaporative cooling froma trapwith an effective
trap depth Ueff & kBT has a cooling power proportional to the
number of thermal excitations with excitation energies above Ueff.
In a weakly interacting single-component degenerate Bose gas, the
number of thermal excitations is determined by the temperature and
is independent of the total particle number, fixing the evaporative
cooling rate. By seeding the gas with additional spin excitations at
constant total particle number, the total number of thermal excita-
tions, and thus the evaporative cooling power, increases.

We observe that, for T "µ/kB, this magnon-assisted evaporation
leads to T/Tc lower than that reached by single-component
evaporation at the same final particle number (‘×’ points in Fig. 2b).
When T !µ/kB, we find magnons not to reduce the temperature,
perhaps because of the small number of non-condensed magnons
and the decrease in evaporative cooling efficiency in general.
Magnon-assisted evaporation is also evidenced by the fact that
the per-atom loss rate is higher for the magnon gas than for the
majority gas: for both populations, the atom loss reflects the selective
evaporative loss of thermal excitations. For the majority atoms,
thermal excitations are just a small fraction of the total population,
whereas they represent a much higher fraction of the magnons.

Unbiased thermometry of the majority gas is performed by
extrapolating measurements with various numbers of magnons to
the zero-magnon limit (Fig. 2a inset). In addition, by examining
evaporative cooling in a state-dependent optical trap, we have
confirmed that the temperature indicated by the magnons varies
with the trap depth of the majority gas, even for a fixed trap
depth of atoms in the |mF =0〉 state. This observation gives further
confidence that the magnon thermometer accurately records the
temperature of the majority gas.

The same characteristics that make dilute magnons a good
thermometer—high relative energy and entropy per particle—
enable them to cool without lowering the trap depth, beyond what
can be achieved by magnon-assisted evaporation. Spin excitations
created in a degenerate Bose gas decrease its temperature by
a process known as decoherence cooling24 or demagnetization
cooling2,25. Immediately after the RF pulse is applied, the magnon
population has the same energy and momentum distribution as
the initially polarized degenerate Bose gas, with a large condensed
fraction, which carries no energy above the chemical potential, and
a small normal fraction, which carries on the order of kBT of energy
per particle. On thermalization, the normal fraction within the
magnon gas increases, bounded from above by its critical number
for condensation, and the energy and entropy of the magnons
increases. The energy gained by the magnons is energy lost by the

NATURE PHYSICS | VOL 11 | SEPTEMBER 2015 | www.nature.com/naturephysics 721

© 2015 Macmillan Publishers Limited. All rights reserved
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Figure 1 | Magnon thermometry. a, Magnons are created and decohere
rapidly in a non-degenerate spinor Bose gas at an intermediate trap depth.
Forced evaporative cooling to a final, variable, trap depth reduces the
temperature and the majority gas undergoes Bose–Einstein condensation.
b,c, Images and corresponding integrated line profiles of the momentum
distribution of the majority (b) and magnon gas (c) are each shown at three
di!erent final trap depths. Line profiles are shown o!set for clarity.
A condensate obscures the momentum distribution of the non-condensed
fraction of the majority gas, especially at low temperatures. In contrast, the
magnons can have little to no condensed fraction, allowing non-condensed
magnons to be identified and the temperature determined.

The advantage of using incoherent spin excitations to measure
temperature is exhibited in Fig. 1, which compares the momentum
distribution of the majority gas (b) to that of the magnons (c).
At T ! 0.3 Tc, the non-condensed fraction of the majority gas is
obscured by the condensed fraction, the distribution of which is
broadened owing to interactions and imaging resolution. In con-
trast, the temperature can be easily extracted from the momentum
distribution of the thermalized magnons. Temperatures extracted
from the magnons (Fig. 2a) agree with those extracted from the
majority gas under conditions where bothmomentum distributions
can be measured. At lower temperatures, the magnon thermometer
allows measurements in a hitherto unmeasurable regime.

Our measurements reveal that forced evaporative cooling
produces Bose gaseswith extremely low temperature and entropy.At
the lowest trap-depth setting (dashed circles, Fig. 2), we measure an
average gas temperature ofT =1.04(3)stat(7)sys nK, corresponding to
T/Tc =0.022(1)(2), where Tc is calculated using themeasured atom
number, N =8.1×105, and optical trap frequencies. The numbers
in parentheses indicate statistical and systematic uncertainties in
the last decimal place, respectively. For this gas, kBT/µ≈0.07, with
µ the chemical potential, meaning that thermal excitations in the
high-density region of the condensed gas (in the majority spin
state) are predominantly phonons. Measurement procedures, error
estimates and calculations of Tc and µ are detailed in Methods.

We observe that evaporative cooling is highly efficient with
respect to particle loss in the regime µ/kB <T <Tc (Fig. 2b). When
T < µ/kB, the cooling efficiency reduces, consistent with the fact
that the chemical potential accounts for a non-negligible amount
of the energy carried away by each atom lost to evaporation. The
relevance of the chemical potential in evaporation is also indicated
in Fig. 2a by the observation that η ≡U/(kBT ), the ratio of trap

depth to thermal energy, increases at lower trap depths, and that
the temperature at a fixed trap depth depends on the number of
atoms. In an evaporatively cooled gas, the temperature responds to
the effective trap depth, Ueff =U − µ, the potential energy depth
minus the chemical potential, rather than the trap depth alone, and
in the regime T <µ/kB, the difference U −Ueff =µ is significant.

We calculate the Bogoliubov energy spectrum of the
confined quantum degenerate gas, including the effects of
trap anharmonicity, and find its entropy per particle at equilibrium
(see Methods) to be S/N = 1 × 10−3 kB, the lowest value ever
reported for an atomic gas. By comparison, the 500 pK Bose gas
reported in ref. 1 has S/N = 3.6 kB(T/Tc)

3 ∼ 1.5 kB using relations
for a non-interacting gas at T/Tc ∼ 0.75. Other reported values
include S/N ∼0.05kB at the centre of a resonantly interacting Fermi
gas6, S/N =0.27kB (ref. 21) or∼0.1kB (ref. 2) for bosons in a lattice,
and T/Tc ∼ 0.15 in a double-well Bose–Einstein condensate22.
Thermometry based on imaging incoherent phonons indicated a
temperature around seven times higher than reported here in a
87Rb condensate of similar density23.

Having magnons present during evaporative cooling reduces the
temperature of the trapped gas by increasing the efficacy of evapora-
tive cooling. Forced evaporative cooling froma trapwith an effective
trap depth Ueff & kBT has a cooling power proportional to the
number of thermal excitations with excitation energies above Ueff.
In a weakly interacting single-component degenerate Bose gas, the
number of thermal excitations is determined by the temperature and
is independent of the total particle number, fixing the evaporative
cooling rate. By seeding the gas with additional spin excitations at
constant total particle number, the total number of thermal excita-
tions, and thus the evaporative cooling power, increases.

We observe that, for T "µ/kB, this magnon-assisted evaporation
leads to T/Tc lower than that reached by single-component
evaporation at the same final particle number (‘×’ points in Fig. 2b).
When T !µ/kB, we find magnons not to reduce the temperature,
perhaps because of the small number of non-condensed magnons
and the decrease in evaporative cooling efficiency in general.
Magnon-assisted evaporation is also evidenced by the fact that
the per-atom loss rate is higher for the magnon gas than for the
majority gas: for both populations, the atom loss reflects the selective
evaporative loss of thermal excitations. For the majority atoms,
thermal excitations are just a small fraction of the total population,
whereas they represent a much higher fraction of the magnons.

Unbiased thermometry of the majority gas is performed by
extrapolating measurements with various numbers of magnons to
the zero-magnon limit (Fig. 2a inset). In addition, by examining
evaporative cooling in a state-dependent optical trap, we have
confirmed that the temperature indicated by the magnons varies
with the trap depth of the majority gas, even for a fixed trap
depth of atoms in the |mF =0〉 state. This observation gives further
confidence that the magnon thermometer accurately records the
temperature of the majority gas.

The same characteristics that make dilute magnons a good
thermometer—high relative energy and entropy per particle—
enable them to cool without lowering the trap depth, beyond what
can be achieved by magnon-assisted evaporation. Spin excitations
created in a degenerate Bose gas decrease its temperature by
a process known as decoherence cooling24 or demagnetization
cooling2,25. Immediately after the RF pulse is applied, the magnon
population has the same energy and momentum distribution as
the initially polarized degenerate Bose gas, with a large condensed
fraction, which carries no energy above the chemical potential, and
a small normal fraction, which carries on the order of kBT of energy
per particle. On thermalization, the normal fraction within the
magnon gas increases, bounded from above by its critical number
for condensation, and the energy and entropy of the magnons
increases. The energy gained by the magnons is energy lost by the

NATURE PHYSICS | VOL 11 | SEPTEMBER 2015 | www.nature.com/naturephysics 721
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“Too cold to touch” – impurities of different atom
species (polarons) embedded in the ensemble (equilibrium)

39K

⇠ 1p
N

<latexit sha1_base64="pZSTjmluI9ayVAoNUa6fBcMV8uM="></latexit>

classically
random var.

‹T [Ô] =
hÔ2i � hÔi2q

N�2
T [Ô]

<latexit sha1_base64="esbOhXB/MS+9boWYPWMt0amorJE="></latexit>

spread in impurity property 

# of measurements how sensitive is O to T

error in T
measurement

quantum
Cramer-Rao

bound
Fisher information

� 1p
NF [T ]

<latexit sha1_base64="XoVFEe8+A/2FLKZZylF6e4QZO+E="></latexit>

Optimum sensitivity                                                       reached via unique quantity       :�T [Ô] = @‰Tr[⇢probe(‰)Ô]‰=T
<latexit sha1_base64="gCZ0GUgd4N2nblSCZn/FxHUeuqg="></latexit>

“symmetric logarithmic derivative”
⇤̂T ⇢̂probe + ⇢̂probe⇤̂T = 2@T ⇢̂probe

<latexit sha1_base64="uGWtLBjHyZe0o4SADkknXOq815o="></latexit>

⇤̂T ⇢̂probe + ⇢̂probe⇤̂T = 2@T ⇢̂probe
<latexit sha1_base64="uGWtLBjHyZe0o4SADkknXOq815o="></latexit>

optimal observable from ρprobe

⇤̂QBM
T = Cx(x̂

2 � hx̂2i) + Cp(p̂
2 � hp̂2i)

<latexit sha1_base64="ICRB7zvGndAGCHe5Re4ukoPfhKU="></latexit>

174Yb

Laser cool majority gas 39K together
with minority gas 174Yb. (Quantum) Brownian motion!

see e.g. M. Mehboudi et.al. PRL122 (2019) 030403

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

see e.g. M. Mehboudi et.al. J. Phys. A52 (2019) 303001
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Iconic model of an Open Quantum System: heavy 
point-like impurity in a medium of harmonic oscillators

wave packet
undergoing
stochastic
evolution

gk: all details M-P interaction
Htot = Hprobe ⌦ IM + Iprobe ⌦HM +Hint

<latexit sha1_base64="vT/RgrgmZ1TxFb+DxTBPdvefdfM="></latexit>

p̂2

2mp
+

X

k

Ek b̂
†
k b̂k +

X

k

~gk x̂(b̂k + b̂†k)
<latexit sha1_base64="Qza32+yw8DY30bIGakCzD9ArCAc="></latexit>

TrM

M

P

M

P

how to derive an evolution equation for the probe particle? 

Born approximation

d

dt
⇢probe(t) = �iTrM

h
[Htot; ⇢probe ⌦ ⇢M]

i

<latexit sha1_base64="5rpivqXWMhyAom6VYmkPkCrBkTI="></latexit>

see e.g. Breuer, Pettrucione The theory of Open Quantum Systems

yields the Caldeira-Leggett master equation

coherent dynamics fluctuations dissipation

“damping rate” γ(gk) explicitly computable
d

dt
⇢̂probe = � i

~ [Ĥprobe; ⇢̂probe]�
2m‚kBT

~2 [x̂ ; [x̂ ; ⇢̂probe]]�
i‚

~ [x̂ ; {p̂; ⇢̂probe}]�
‚

8mpkBT
[p̂; [p̂; ⇢̂probe]]

<latexit sha1_base64="18BAFGibur1AaPCNtxT5+ULM/L0="></latexit>

A.O. Caldeira and A.J. Leggett: Physica 121A (1983) 587 & Annals of Phys. 149 (1983) 374

>
Markovian approximation

fiM
<latexit sha1_base64="16TJwkk8ExqHwkDf8AIsjVhODIY="></latexit> >

Brownian motion limit

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

proven conservation of relevant properties during evolution: 

hn|⇢probe|ni > 0; 8n
<latexit sha1_base64="XwG3sLQc/0+DhnEFJR72x+RO7NY="></latexit>

⇢†probe = ⇢probe
<latexit sha1_base64="MH82VJTHHnQ+IeqKwoqhHN0x8Es="></latexit>

Tr[⇢probe] = 1
<latexit sha1_base64="yvBVh4+av2Yhy0hdwvIxciXvT5w="></latexit>

sanity check via Ehrenfest equations:
d

dt
hx̂i = 1

m
hp̂i

<latexit sha1_base64="uXLWeRR+500tjtMbE4pPZauj2fM="></latexit>

d

dt
hp̂i = �2‚hp̂i

<latexit sha1_base64="QfDWb3dXClaZ+DbuW+VqUmKJymA="></latexit>

hx̂(t)i = hx̂(0)i+ 1

2mp‚
(1� e�2‚t)hp̂(0)i

<latexit sha1_base64="jmxtomdVsrebmzQF/AkiwirrZ28="></latexit>

hp̂(t)i = e�2‚thp̂(0)i
<latexit sha1_base64="O+bcwkDNX8HouId9oidd4HGUFfw="></latexit>

asymptotically similar 
to classical Brownian motion

hx̂2(t)i � hx̂(t)i2 t!1
=) kBT

mp‚
t

<latexit sha1_base64="umKM35EDJoSEiwpGQRtr5YBtgsg="></latexit>

‹T [Ô] =
hÔ2i � hÔi2q

N�2
T [Ô]

<latexit sha1_base64="esbOhXB/MS+9boWYPWMt0amorJE="></latexit>

All ingredients are ready to compute predictions for precision 
low T thermometry using Quantum Brownian probe particles

caveat: neglected possible memory effects etc. - simplest case study 

⇤̂QBM
T = Cx(x̂

2 � hx̂2i) + Cp(p̂
2 � hp̂2i)

<latexit sha1_base64="ICRB7zvGndAGCHe5Re4ukoPfhKU="></latexit>

L̂ =

r
4mpkBT

~2 x̂ + i

s
1

4mpkBT
p̂

<latexit sha1_base64="sBQ44+Us3I8uoCd2KocDMmnOhmQ="></latexit>

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

Lindblad operator for QBM

Linblad equation for Markovian open quantum systems

d

dt
⇢̂probe = � i

~ [Ĥprobe; ⇢̂probe] +
X

k

‚k

“
L̂k ⇢̂probeL̂†

k �
1

2
[L̂†

k L̂k ; ⇢̂probe]
”

<latexit sha1_base64="Px2yyLT66EGKFEKRLKAWFOV1v1M="></latexit>

G. Lindblad Commun. Math. Phys. 48 (1976) 119, 
V. Gorini, et.al. J. Math. Phys. 17 (1976) 821
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Quark-Gluon Plasma (QGP) from
relativistic heavy-ion collisions

CERN/CMS
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Quark-Gluon Plasma

Theoretical Physics Colloquium – ASU – Nov. 24th 2021 – virtual

OPEN-QUANTUM-SYSTEMS: PRECISION THERMOMETRY AT THE EXTREMES

T
liquid-like QGP

(strongly correlated)
hadrons

nuclear matter at T=276K: strongly-interacting quarks and gluons confined into hadrons

crossover
TC = 155MeV – 1.8x1012K

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

gas-like QGP
(weakly correlated)

due to 
asymptotic freedom

In 1965 Hagedorn hinted at existence of a new phase of nuclear matter at high T: QGP
R. Hagedorn Nuovo Cimento, Suppl. 3, no. CERN-TH-520 (1965): 147

for a review see T. Hatsuda and K. Fukushima Rept.Prog.Phys. 74 (2011) 014001

QGP filled the universe shortly after the Big Bang – possibly exists inside neutron stars
Annala et.al. Nature Physics 16 (2020) 907Hatsuda et. al. “QGP: From Big Bang to little Bangs” Cambridge 
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Relativistic heavy-ion collisions
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p+p collision (reference)

Vast amount of kinetic energy transformed 
into new quarks and gluons

A+A heavy-ion collision

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

Compare p+p result vs. A+A results to 
infer presence and properties of medium
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Direct photon production in Pb-Pb ALICE Collaboration
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Fig. 5: (Color online) Direct photon spectra in Pb–Pb collisions at √sNN = 2.76 TeV for the 0-20% (scaled by a
factor 100), the 20-40% (scaled by a factor 10) and 40-80% centrality classes compared to NLO pQCD predictions
for the direct photon yield in pp collisions at the same energy, scaled by the number of binary nucleon collisions
for each centrality class.

the space-time evolution of the medium. In order to extract the slope parameter, a pT region is selected
where the contribution of prompt direct photons is small. The pQCD contribution from the calculation
by Paquet et al. [59], shown as a dashed line in Fig. 5, is subtracted and the remaining excess yield
is fit with an exponential function ∝ exp(−pT/Teff). The extracted inverse slope parameter is Teff =
(297± 12stat± 41syst)MeV in the range 0.9 < pT < 2.1 GeV/c for the 0–20% class and Teff = (410±
84stat±140syst)MeV in the range 1.1< pT < 2.1 GeV/c for the 20–40% class. Alternatively, to estimate
the sensitivity to the pQCD photon contribution, the slope was extracted without the subtraction of pQCD
photons. This yields inverse slopes of T nosubtreff = (304± 11stat ± 40syst)MeV for the 0–20% class and
T nosubtreff = (407±61stat±96syst)MeV for the 20–40% class. The dominant contribution to the systematic
uncertainty of the inverse slopes is due to the type B uncertainties.

A significant contribution of blueshifted photons from the late stages of the collision evolution with high
radial flow velocities has to be taken into account [22, 63]. This makes the relation between the medium
temperature and the inverse slope parameter less direct and a comparison to full direct photon calcu-
lations including the photons emitted during the QGP and hadron gas phase is necessary to extract the
initial temperature. A comparison to state-of-the-art direct photon calculations is shown in Fig. 6. All
shown models assume the formation of a QGP. The hydrodynamic models, which fold the space-time
evolution with photon production rates, use QGP rates from Ref. [64] and equations of state from lattice

12

Photon spectrum emitted by a RHIC

[ALICE collaboration] Phys.Lett.B 754 (2016) 235

Radiation Thermometry
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passive imaging

pT

vs

At high pT: photons from highly energetic
quark collisions before formation of QGP.
similar to multiple p+p collisions added.

At low pT, expect photon emission from
the QGP to dominate: 
excess over rescaled p+p

Fitting excess with Maxwell-Boltzmann: 
300 < T < 400 MeV   >>  TC

Challenge: photon source not obvious – really from the QGP?

see e.g. K. Reygers CERN Courier 55 (2015) 22
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Heavy Quarkonium
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“Too fast to watch” – need to use collision
remnants as probe particles.

decay into hadrons 
forbidden (OZI rule): keV widths
significant decay into dileptons:
clean experimental signals 

non-relativistic since ΛQCD/mQ<<1 & described by a 
simple 2-body potential (known from QCD)

ϒ(31S1)

ϒ(32S1)
ϒ(33S1)

C
or

ne
ll 

po
te

nt
ia

l

⇠ �¸S

r
<latexit sha1_base64="67zLK7FfxRfp/IoF2HfsbM0P9s4="></latexit>

⇠ �r
<latexit sha1_base64="jUKcbVJamqIPYiraadQmBNvR2s8="></latexit>

⇠ const:
<latexit sha1_base64="VXA0NhbkpAyBgznD/tomQT0r+gE="></latexit>

Q

Q

QQ pairs either color singlet 
(attractive) or octet (repulsive)

Bound states of heavy quarks cc (charmonium)
bb (bottomonium) for a review see Brambilla et.al. 

Eur.Phys.J.C 71 (2011) 1534

[C
M

S collaboration] PLB
 790 (2019) 270
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[C
M

S collaboration] PLB
 790 (2019) 270

Quarkonium in heavy-ion collisions
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“Too fast to watch” – need to use collision
remnants as probe particles.

Bound states of heavy quarks cc (charmonium)
bb (bottomonium) 

b

b

ϒ(31S1)

ϒ(32S1)
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iu
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l

⇠ �¸S
exp[�r=rS]

r
<latexit sha1_base64="z4TFi4Cv9sVW8plstqAdNfylmf0="></latexit>

still non-relativistic since TC/mQ << 1
Quantum Brownian Motion ! 

presence of QGP modifies the
interaction potentialM

see e.g. Y. Burnier, O. Kaczmarek, A.R. JHEP 12 (2015) 101

Early realization: screening by medium will weaken
quarkonium and modifies production yields

Matsui & Satz
Phys.Lett.B 178 (1986) 416

?
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fluctuations dissipation

A Lindblad equation for quarkonium
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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

dt
⇢̂QQ̄ = � i

~ [ĤQQ̄; ⇢̂QQ̄] +
X

k

“
L̂k ⇢̂QQ̄L̂

†
k �

1

2
[L̂†

k L̂k ; ⇢̂QQ̄]
”

<latexit sha1_base64="NFnHmaoYf5gk8ucFGIGkYC4m/e8="></latexit>

ℓcorr
D(r,T) explicitly known from QCD

Ta 3x3 matrix 
in color space

Y. Akamatsu PRD91 (2015) 056002

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

Lk;a =

r
D(k)

2

h
1� k

4mQT
·
“1
2
PCM + prel

”i
e ik·r=2

`
T a ⌦ 1

´
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medium acting on the quark

medium acting on the anti-quark
see T. Miura, Y. Akamatsu, M. Asakawa, A.R. PRD101 (2020) 034011

In-medium Hamiltonian exhibits a screened potential:

VQQ̄(r) = �¸S
exp[�r=rS(T )]

r
<latexit sha1_base64="Y1pywuu7dhSiizaD10hKKtiSFdc="></latexit>

rS(T) explicitly
known from QCDHQQ̄ =

p2rel
mQ

+ VQQ̄(r)
<latexit sha1_base64="Di2M5UylqF9dzfuNv8ewIGI2HbI="></latexit>
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screening

Screening and Decoherence
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X

X

X
X

X

X

X
Xrs~1/mD

X

X

X
X

binding force acts efficiently among Q and Q medium impedes gluons mediating force

increasing temperaturedecoherence
X

X

X
Xℓcorr

X

X

X
X

X

X

X
X

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

Start either with single ground state or single
excited state and monitor survival probability 

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

Steady state characterized by Boltzmann 
distributed occupation numbers. Quarkonium
temperature very close to medium temperature.

Nocc
i / e�Ei=T

<latexit sha1_base64="SFDkXqkNQO1Pqmv8H7IAwYSEtjw="></latexit>

Important step towards promoting the study of quarkonium in heavy-
ion collisions to a precision thermometry tool

caveat: current derivation only for weak coupling

T. Miura, Y. Akamatsu, M. Asakawa, 
A.R. PRD101 (2020) 034011
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Summary
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Bose Einstein Condensate (BEC)
from trapped ultracold atoms Quark-Gluon Plasma (QGP) from

relativistic heavy-ion collisions

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

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

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

NIST/JILA/CU-Boulder

CERN/CMS


